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To improve the adsorption of hydrogen sulfide (H2S) by using coconut shell-activated
carbon xerogel (CSACX), we adopted the response surface methodology (RSM) with a
central composite design (CCD). This material was created by incorporating a cross-
linker agent, initiator agent, and polymer. The process of creating CSACX involved
synthesizing coconut shell activated carbon into a wet gel using chemicals such as
sodium alginate, calcium carbonate, glucono delta-lactone (GDL), and distilled water in
a sol-gel method to obtain a xerogel. Afterward, the gel was dried in an oven at 60°C for
24 hours. Subsequently, it was used as an adsorbent for the adsorption test. The
adsorption test was conducted at two different initial concentrations of H»S, 25 ppm, and
50 ppm, to assess the effectiveness of HaS removal at different concentrations. In the
RSM approach, we selected adsorption pressure (1-3 bar) and H2S flow rate (100-300
L/hr) as the process variables while maintaining a constant contact time (5 minutes),
adsorbent weight (11 g) and temperature (30°C). The removal efficiency of H2S (%) was
chosen as the response. Our findings showed that the optimum conditions for HaS
removal were at 1 bar and 100 L/hr for 25 ppm of HaS and 1 bar and 100.3830 L/hr for
50 ppm of H2S. The model generated from RSM predicted that maximum H>S removal
can be achieved at a lower pressure and flow rate for any H»S initial concentration.

1. INTRODUCTION

both acute and chronic health issues. The Agency for Toxic
Substances and Disease Registry (ATSDR) recommends a

A safe environment is crucial for all living organisms, as
pollutants from industrial activities can contaminate air and
water, posing significant threats to ecosystems. Hazardous
materials, including hydrogen sulfide (H-S), are of particular
concern due to their toxic and corrosive nature, which can
damage industrial equipment and harm human health even at
low concentrations. The study focuses on H.S, which is a
major pollutant in the production of natural gas and crude oil
and can cause severe respiratory issues and other health
hazards when released into the environment [1-3].

H,S is a highly toxic and foul-smelling gas. Exposure to H,S
can have serious health effects, including coma, irritation of
the eyes, and respiratory system irritation. Even at
concentrations as low as 0.5 parts per million (ppm), the
human nose can detect its characteristic odor [4, 5]. HaS is
volatile in water and can dissolve in certain polar organic
solvents. Prolonged or excessive exposure to H>S can lead to
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minimum inhalation risk level of 0.02 ppm for H,S.
Concentrations of H>S equal to or greater than 500-1000 ppm
pose a significant threat to human life and can cause
immediate harm to the body [6]. To protect employees, the
Occupational Safety and Health Administration (OSHA) has
set an exposure limit of 20 ppm for general industry during the
workday. The Occupational Safety and Health Administration
(OSHA) has set an exposure limit of 20 ppm for general
industry during the workday to protect employees.
Additionally, a maximum permissible level of 50 ppm is
allowed for a maximum duration of 10 minutes. Exposure to
high levels of H,S can result in fatalities [7, 8]. To address the
acute and chronic toxicity of H,S, the Environmental
Protection Agency (EPA) has recommended an oral reference
dose (RFD) of 0.003 mg/kg/day and an inhalation reference
concentration (RFC) of 0.001 mg/m?®. Given the dangers
associated with hydrogen sulfide, it is crucial to implement
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strict safety measures and adhere to regulatory guidelines to
prevent exposure and protect human health.

There are several sources of H,S that can be found in
various natural and industrial sources. For natural sources, H,S
is created during the bacterial breakdown of organic matter in
stagnant waters with low oxygen content, such as bags and
swamps. This gas can also be released from the Earth's crust
through geothermal vents or during volcanic eruptions in
geothermal systems [4, 9, 10]. It is frequently produced by
specific bacteria that thrive in warm, sulfur-rich conditions.
These bacteria can produce H>S when they come into contact
with hot water or steam that contains dissolved sulfur
compounds, such as sulfates. As for the industrial sources, H>S
may be found in the crude oil or natural gas streams during the
refining of petroleum and natural gas. It is frequently
discovered in sour natural gas and crude oil, which have
greater sulfur compound concentrations [11]. H.S s
eliminated from these hydrocarbon streams using specialized
techniques like desulphurization. Moreover, a feedstock or
intermediary in the process of several compounds is H»S. It
can be produced while processing methanol, sulphuric acid,
and other substances that include sulfur. In the pulp and paper
industry, H»S can be produced when wood fibres or lignin are
broken down to create a pulp [12].

Various treatment technologies are available to control the
emission of H,S through ventilation systems. These
technologies can be classified into physicochemical, chemical,
biological, and electrochemical methods. They include
stripping, catalytic oxidation, biofiltration, wet scrubbing
(absorption), and adsorption. Physicochemical methods are
commonly used for H,S removal due to their high efficiency
and ease of operation [13, 14]. For example, oyster shells have
been successfully employed as adsorbents for H»S due to their
excellent removal capabilities [15]. Another approach
involves impregnating activated carbon (IAC) with sodium
carbonate in anaerobic conditions for fixed-bed adsorption of
H,S at low concentrations [16]. Adsorption is a widely applied
technique for removing organic substances from aqueous
media, even at low concentrations. Researchers have recently
focused on utilizing both natural and synthetic adsorbents for
H,S removal, with an emphasis on using biodegradable
materials when possible [17, 18].

Table 1. Comparison between organic gels and their drying

method
Organic Xerogel Aerogel Cryogel
Gels g g ryog
Drying Oven drying Supercritical CO2 Freeze-
method at 60°C drying drying

Above all, new solid material has been created over the past
few decades, such as organic gel, to capture H»S. Organic gel
can be divided into various types of gels based on its drying
method. These types are classified into xerogel, aerogel, and
cryogel, depending on their specific drying conditions. Table
1 below shows the comparison between the organic gel and its
respective drying method. However, xerogels have been
widely used as an adsorbent for effective separation and
gaining high purity of substance. This is due to their high
surface area and their permeability properties. Moreover, its
simplification in preparing the xerogel requires low
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temperature and pressure, making the xerogels preferable to
another gel. To increase its chemical properties, xerogel can
be chemically treated with biochar [19].

Historically, lignocellulosic precursors or biomass such as
palm kernel, wood, coconut shells, rice husks, and other
lignocellulosic materials have been carbonised to form porous
activated carbons. The resulting biochar is then often activated
to further develop its porous texture by carbonizing dry
organic gels. Porous carbon gels are produced by the sol-gel
polymerization of organic monomers under acidic or basic
conditions at specific temperatures [20]. Biomass, normally
worthless yet expensive to dispose of, is now a useful resource
for the manufacture of biochar. Biochar made from biomass is
just one of the numerous useful bioenergy and bioproducts
created during pyrolysis. Biochar that is carbon-enriched
results from the burning or driving off volatile gases, including
methane, carbon monoxide, and other combustible gases,
hydrocarbons, and the majority of the oxygen in the biomass.
In terms of the total area planted, coconut ranks fourth among
important industrial crops in Malaysia, behind oil palm, rubber,
and paddy [21]. Malaysia is a significant exporter of coconut
goods. Due to its high carbon content, hardness, and reputation
as being better than those produced from other sources,
coconut shell was chosen for this experiment.

The gap identified in this study is the need for improved
cost-effective adsorbents for hydrogen sulfide (H-S) removal,
specifically focusing on enhancing the adsorption capacity,
selectivity, and stability of carbon xerogels (CX) derived from
coconut shell biochar waste. While current methods, including
the use of various agricultural waste-derived adsorbents and
commercial activated carbon, have shown potential, they
suffer from limitations such as low adsorption capacity, weak
adsorption strength, and environmental concerns many
research made a modification on the surface to enhance the
adsorption capacity according to [22-24].

Response surface methodology (RSM) is currently the most
often used tool for optimization processes due to its ability to
describe the interaction and quadratic effects of the process
variables [25]. It uses a final set of equations that can create a
response theoretical value based on the parameters and data
input from the experiment. The results come from a carefully
planned regression analysis that is based on the controlled
values of independent variables. The experiment test stage is
made more effective by using the RSM approach in the
optimization process because it simply takes a short amount of
time to evaluate all the parameters related to the researcher
evaluation. Additionally, parameter estimation can highlight
the factors that are significantly influencing the model,
allowing researchers to concentrate on the precise factors that
influence the proposed product [26]. Numerous papers have
recently been published that use the (RSM) to find the best
parameters for minimising the number of experimental runs
and figuring out the optimum operating parameters for H2S
adsorption [27].

The primary objective of the study is to optimize H.S
adsorption using coconut shell-activated carbon xerogel
(CSACX) through response surface methodology (RSM) by
varying pressure and H-S flow rate while keeping other factors
constant. The study prepared CSACX, conducted adsorption
tests in a laboratory-scale column, and analyzed the results
using statistical methods, contributing to the knowledge of
CSACX as an effective H»S adsorbent.



2. METHODOLOGY

2.1 Material,
CSACX

preparation, and characterizations of

Coconut shell was the organic precursor for this experiment.
Coconut shell that has been commercially available was
obtained and acquired. Furthermore, this coconut shell is
readily activated.

In producing CSACX, other chemical substances are
needed, such as cross-linker substances, an initiator, and a
polymer. For this study, calcium carbonate is chosen as the
cross-linker and sodium alginate as its polymer. These two
chemical substances were supplied by Universiti Teknologi
MARA Shah Alam. For the initiator, glucono delta-lactone
(GDL) was purchased from Orc Chem Technologies Sdn. Bhd.
Throughout this entire experiment, distilled water is used in
preparing the sodium alginate solution.

The sol-gel process for creating CSACX involves three
main stages: sol-gel formation, gel aging, and gel drying.
Initially, 4.11 grams of sodium alginate is dissolved in 500 ml
of distilled water to achieve a 2% alginate concentration in
solutions [28]. The alginate solution should be prepared 24
hours in advance to reduce the dissolution time. Then, 1.72
grams of calcium carbonate and 2.85 grams of CSAC are
added to the alginate solution step by step and stirred at 400
rpm, forming a colloidal suspension (sol) through hydrolysis
and condensation. The sol transforms into a gel via cross-
linking, facilitated by polymerizing calcium carbonate. Finally,
4.6 grams of glucono delta-lactone (GDL) is added to the
mixture to induce ionization, completing the process as shown
in Figure 1 below.

Precursor
Solution

Figure 1. Steps for xerogel synthesis

In the sol-gel formation section, an alginate solution is made
by thoroughly dissolving 10 g of sodium alginate in 1000 mL
of distilled water. 24 hours before the preparation of the
sample, the alginate solution is made. The purpose of this step
is to speed up the process of dissolved sodium alginate in
distilled water. At 400 rpm of mixing rate and 40°C on a hot
plate, 2 g of calcium carbonate powder were poured into the
alginate solution and is mixed vigorously until it is
homogenous. Then, 10 g of grinded activated coconut shell
were added into the alginate/calcium carbonate solution and
producing colloidal suspension or sol. By crosslinking the
calcium ions (Cat) in calcium carbonate solution with sodium
alginate, sol is allowed to convert into gel by polymerisation
process. After the solution is homogenised, 10 g of GDL is
added to the solution. This is important as it allows for
dissolution of calcium carbonate and alginate by hydrolysing
into gluconic acid [29]. Hence, the formed wet gel will be
produced at the end of the mixing process after 10 minutes of
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mixing with GDL.

The formed wet gel is transferred in a mold and then put in
the freezer for 15 minutes before proceeding for the drying
process. To increase the stability of the wet gel, the aging
process is done by keeping the wet gel at room temperature for
24 hours after freezing. Then, the wet gel is dried at 60°C for
24 hours for complete drying and to obtain the coconut shell-
activated carbon xerogel [30]. Lastly, the dried xerogel is
crushed into fine powder and is prepared for H,S adsorption
experiment.

Characterization of the coconut shell activated carbon
xerogel (CSACX) involved several analytical techniques to
assess its properties. The CHNS-O analysis was conducted
after degassing the samples at 90°C for 1 hour and 300°C for
4 hours under nitrogen circulation, we found as shown in Table
2 below.

Table 2. EA test results

C H
40.67 0.94

N S
1.54 0.65

0]
56.27

Raw Materials
PKSAC

The Brunauer-Emmett-Teller (BET) analysis, using a
micrometric 3 flex surface analyzer, involved a nitrogen (N»)
adsorption and desorption process at 77 K, with a sample
weight of 0.2 g and a heat rate of 10°C/min. The BET analysis
was carried out at 40°C over 6 hours shows the results in the
Table 3 below.

Table 3. CSACX using BET analysis

Materials SSA (m%*g) Pore Volume (cm’/g) Pore Size (nm)
CSACX 4.2559 0.01983 6.2480

Table 2 presents the specific surface area (SSA), pore
volume, and pore size of the coconut shell-activated carbon
xerogel (CSACX). CSACX has a (SSA) 0f4.2559 m?/g, a pore
volume of 0.01983 cm?®/g, and an average pore size of 6.2480

nm, indicating its moderate porosity and surface
characteristics suitable for adsorption applications.
Fourier Transform Infrared Spectroscopy (FTIR),

conducted according to ASTM E1252-98 standards, used a
Perkin Elmer Spectrum 2000 FTIR to examine structural
composition changes at wavelengths ranging from 4000 to 515
cm'. Figure 2 shows the FTIR functional group of CSACX.

Trancmirtance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. FTIR spectrum of CSACX

The FTIR spectrum helps in identifying the functional
groups present in the sample in the figure represents the
transmittance (%) of infrared light as a function of



wavenumber (cm™) [31]. The peaks in the spectrum
correspond to the absorption of infrared light by specific
functional groups in the material. Each peak represents a
particular vibration mode of the bonds within the molecules.
The broad peak around 3300-3500 cm™ likely indicates the
presence of O-H stretching vibrations, 2900-2800 cm™ could
be attributed to C-H stretching vibrations from aliphatic
hydrocarbons, the region around 1700-1600 cm™ is often
associated with C=O stretching vibrations, which could
indicate carbonyl groups and peaks around 1500-1000 cm™
might correspond to C-O stretching and C-H bending
vibrations, typical of various organic compounds.

Thermogravimetric analysis (TGA), following the ASTM
D5142-02a standard, was employed to evaluate the material's
stability and the sample stand up to 980°C as shown in Figure
3 below.
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Figure 3. TG-DTG characterization for CSACX

25 ppm and 50 ppm of H»S will be utilised throughout this
experiment to compare the adsorption capability by using
CSACX. These HoS gas were obtained in a cylinder tank. 25
ppm of H,S was obtained from Alpha Gas Solution Sdn. Bhd,
while 50 ppm of H,S was obtained from Linde Malaysia Sdn.
Bhd.

2.2 Optimization by RSM

In this study, Design Expert (version 13) software was used
to improve the mathematical model and determine the
regression analysis, analysis of variance (ANOVA) and the
response surface. The removal efficiency of H>S by using
CSACX was studied with RSM design using a central
composite design (CCD). The CCD method selected for the
experimental design is suitable for efficiently fitting a
quadratic surface with minimal experiments, which aids in
effectively optimizing the process parameters. Moreover, this
method facilitates the examination of the interactions among
these parameters, providing valuable insights into their
combined effects [32].

From the literature review of H,S adsorption analysis, two
significant variables were simultaneously optimized using
RSM which is pressure (A) and the gas flowrate (B). Therefore,
this study optimised these 2 variables and improvised it by
comparing two different H»S gas concentrations at 25 ppm and
50 ppm to extend this scope of study further. Thus, these two
variables were selected as the independent variables, and H,S
removal efficiency (%) was chosen as the response in the RSM
method.
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RSM-CCD consists of 8 full factorial designs enhanced
with a group of star points (axial), two center points, and a
value of alpha (a) of 1.41421 was chosen to design the
experiments. Each mentioned variable in the design was
conducted using two different parameters, as shown in Table
4. As for the number of experiments, RSM-CCD optimised 10
experiments with H»S removal efficiency (%) as the response.

Table 4. Variables and levels used in RSM

Variables Unit Low (-1) High (+1)
A: Pressure bar 1 3
B: H,S Flowrate L/hr 100 300

—-a +a
0.5858 3.4142
58.5786 341.4210

Statistical tools, including coefficient of determination (R?),
Fisher value (F-value), probability value (P-value), and
residual analysis, were employed to assess the significance of
the model equations and their individual terms. Additionally,
graphical representations, such as three-dimensional plots,
were utilised to analyze the combined effects of various factors
on the responses. Furthermore, predicted versus actual value
plots were generated for the response variables to provide a
visual assessment of the model's accuracy.

The optimization process involved determining the most
favorable operating conditions for the process variables. To
achieve this, specific goals were established by taking into
account various constraints. For the factors of pressure and
HoS flowrate, the goals were set within “in range”, with
constraints between 1-3 bar for pressure and 100-300 L/hr for
the H»S flowrate. The primary objective was to maximize the
response surface, so removal efficiency was set “maximise”.
As a result, RE was designated as the objective function or
performance index, guiding the optimization process toward
achieving the highest possible removal efficiency for H»S.

Model validation was done to assess the accuracy and
reliability of the predicted values by the model and the
experimental values obtained during the study. By conducting
an adsorption experiment under optimum operating conditions,
model validation was carried out.

The adsorption test was done by using a laboratory-scale
adsorption column in the Gas Lab provided by the faculty of
CSACX was examined to check the removal efficiency of
various concentrations of H>S gas coming from the cylinder
tank. A sample of 11 g of CSACX was measured and used for
each run with a constant contact time and temperature of 5
minutes and 30°C, respectively. The removal efficiency (RE)
for H»S was calculated using Eq. (1):

Co—Ce
Co

RE (%) = x 100%

M

where, Cy and C. are the initial concentration of H,S and the
final concentration of H,S at 5 minutes, respectively. The final
concentration of H»>S was measured by using portable gas
detection equipment. All adsorption experiments were done
using gas masks as a safety measure.

3. RESULTS AND DISCUSSION
3.1 Responses obtained from adsorption test
The design matrix of this study for H>S concentrations are

shown in Table 5. From Table 5, the lowest values of RE for
25 ppm and 50 ppm of H,S were 55.2% and 50.4%,



respectively. On the other hand, the highest RE for 25 ppm and
50 ppm of H>S were 94.8% and 91.2%, respectively. These RE
values of H,S by using CSACX were calculated by using Eq.
(1). Table 6 presents the regression statistics models for RE for
both initial concentrations of H»S gas at 25 ppm and 50 ppm.

In the case of RE at equilibrium for 25 ppm, the linear model
demonstrates the lowest R? value of 0.9191, accompanied by
a standard deviation of 0.0252. Surprisingly, the cubic model
outperforms the linear model with a greatly higher R? of
0.9777 and a smaller standard deviation of 0.0247. However,
it is worth noting that the cubic model is found to be aliased
for this study. Alternatively, the linear model displays an
impressive maximum adjusted R? value of 0.8960, along with
a predicted R? 0f 0.8339 compared to the other models, making
it a viable option for analysis.

Moving on to the regression statistics for initial
concentration of 50 ppm, the linear model exhibits the lowest
R? value of 0.9676, but it is accompanied by a relatively high
standard deviation of 0.0178 compared to the other models. In
contrast, the cubic model is aliased and emerges as a strong

contender with a significantly higher R? of 0.9954 and a
smaller standard deviation of 0.0126. The quadratic model
also displays promising results with an R? value of 0.9892 and
a standard deviation of 0.0136. Hence, the linear model is
again suggested for 50 ppm of H,S gas as the adjusted R? and
predicted R?is the highest at 0.9583 and 0.93444, respectively,
compared to the other models.

Overall, the cubic model proves to be highly effective for
all initial concentrations of H,S, as it consistently
demonstrates a high R? value while maintaining relatively low
standard deviations. A higher R? value close to unity indicates
that it is a good agreement between the experimental and the
predicted values from the models. Moreover, a smaller
standard deviation indicates that the model is better as it gives
the predicted values closer to the actual values for the response.
However, the linear model could be considered as a valid
alternative, given its strong performance and stability in the
results, as this model maximizes the adjusted R and the
predicted R2.

Table 5. Experimental design matrix and results

Run Variables Response: Removal Efficiency (%)
A: Pressure (bar) B: H2S Flowrate (L/hr) 25 ppm 50 ppm
1 2 58.5786 87.4 91.0
2 3 100 86.8 78.4
3 1 100 94.8 91.2
4 2 341.4210 56.8 50.4
5 2 200 66.8 70.8
6 2 200 73.6 74.8
7 3 300 552 53.4
8 3.4142 200 72.0 68.6
9 0.5858 200 74.0 77.3
10 1 300 65.6 61.4

Table 6. Regression statistics for removal efficiency at various H»S concentrations.

Initial Concentration  Source  Standard Deviation R? Adjusted R*? Predicted R”* Comment
Linear 0.0252 0.9191 0.8960 0.8339 Suggested
25 ppm 2FI . 0.0261 0.9253 0.8879 0.7431
Quadratic 0.0293 0.9373 0.8588 0.6042
Cubic 0.0247 0.9777 0.8997 0.5442 Aliased
Linear 0.0178 0.9676 0.9583 0.9344 Suggested
50 ppm 2F1 0.0192 0.9677 0.9515 0.9158
Quadratic 0.0136 0.9892 0.9757 0.9362
Cubic 0.0126 0.9954 0.9793 0.9538 Aliased

3.2 Development of regression model equation

This study developed a correlation between the adsorption
test variables and the removal efficiency using a regression
analysis called central composite design (CCD) to fit the
response function. Based on Table 6, the predicted R? for both
H>S initial concentrations are in reasonable agreement with the
adjusted R? as the difference is less than 0.2. The design
involved finding the center point to estimate experimental
errors accurately. By employing the sequential model sum of
squares, the most appropriate order of polynomials was
determined to select the optimal model. To evaluate the quality
of the model in predicting the response, two key factors were
considered: the standard deviation, which should be
minimized, and the R? value, which ideally should be as to 1
as possible [33]. By achieving a smaller standard deviation and
a higher R? value, the model demonstrates a better ability to
predict removal efficiency. Ultimately, the Design Expert
software recommended a linear model for 25 ppm and 50 ppm,
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as given in Egs. (2) and (3), respectively. Moreover, this model
represents the best fit for the experimental data and can be used
to make accurate predictions regarding H,S gas removal
efficiency based on the input variables.

log,o RE (%) = 2.04664 — 0.016260A @)
—0.000776B

log,o RE (%) = 2.07328 — 0.024955A 3)
—0.000877B

where, the variables take their coded values, represents A as
pressure (bar) and B as H»S flowrate (L/hr).

To further assess the suitability and validity of the model,
Analysis of Variance (ANOVA) was employed. The ANOVA
results provide valuable insights into the linear model's
performance in predicting removal efficiency of H»S. These
findings are presented in detail in Table 7 below.



Table 7. Analysis of variance (ANOVA) and lack of fit test for a response surface linear model for RE

Res. Co Sources Sum of Squares df Mean Square F-value P-value Comment
Model 0.0503 2 0.0252 39.77 0.0002 Significant
A: Pressure (bar) 0.0021 1 0.0021 3.34 0.1103  Not significant
25 ppm  B: HaS flowrate (L/hr) 0.0482 1 0.0482 76.20  <0.0001 Significant
Residual 0.0044 7 0.0006
RE (%) Lack of Fit 0.0035 6 0.0006 0.6666 0.7335  Not significant
° Model 0.0665 2 0.0332 10441 <0.0001 Significant
A: Pressure (bar) 0.0050 1 0.0050 15.65 0.0055 Significant
50 ppm  B: HaS flowrate (L/hr) 0.0615 1 0.0615 193.17 <0.0001 Significant
Residual 0.0022 7 0.0003
Lack of Fit 0.0019 6 0.0003 1.14 0.6154  Not significant
Predicted vs. Actual Predicted vs. Actual
2.05 2.05
2 A 2 4
1.95 4 1.95 4
% 1.9 4 g 19
"g. 1.85 E 1.85 A
& &
:.-' 1.8 A ;:; 1.8
1.75 1.75
17 17 A
1.65 1.65 T T T T T T T

1.85 1.9 1.95

Actual

(a)

1.65 1.7 1.75 1.8

2.05

1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

Actual

(b)

Figure 4. (a) Predicted vs. experimental removal efficiency for 25 ppm of H,S gas; (b) Predicted vs. experimental removal
efficiency for 50 ppm of H,S gas

For 25 ppm of H,S concentration, the linear model for RE

has an F-value of 39.77, indicating that the model is significant.
P-value less than 0.05 indicates the model terms are significant.

Thus, the significant model term is only B in this case, while
only A is the insignificant term as the P-value is greater than
0.10. The insignificant term indicates the variable did not
affect the model generated by the software, and it was removed
from the model. The lack of fit F-value of 0.6666 implies the
lack of fit is insignificant relative to the pure error.
Insignificant lack of fit is good, and it shows that the suggested
model is appropriate to predict the removal efficiency within
the range of variables studied [34].

As for the 50 ppm of H»S concentration, the ANOVA and
lack of fit test for this concentration showed that the linear
model is significant as the F-value of 104.41 and P-value less
than 0.0001. Therefore, the significant model terms are A and
B. Lack of fit for this concentration shows an insignificant
model implies that linear model also is appropriate same as at
25 ppm.

The final experimental model in terms of coded factors after
excluding the insignificant terms for removal efficiency for
H>S initial concentration at 25 ppm are shown in Eq. (4) while
at 50 ppm remain the same as Eq. (3).

log,, RE (%) = 2.04664 — 0.000776B (4)
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Figure 4 illustrates the predicted values versus the
experimental values for H,S removal efficiency. From Figure
4, the obtained experimental values for H>S initial
concentrations were quite close to the predicted values. This
shows that the developed model was a succeed in determining
the correlation between the selected variables for adsorption
test (pressure and H»S flowrate) to the H»S removal efficiency.

3.3 Factors combined effect on response of removal
efficiency

The experimental H,S adsorption data was fitted to the
response model represented by Eq. (3) and Eq. (4), and the
results are depicted in Figure 5. In order to investigate the
impacts of the two variables (pressure and H,S flowrate) on
H,S adsorption, Response Surface Methodology (RSM) was
employed. This allowed the generation of insightful three-
dimensional plots.

The utilization of the RSM response model facilitated a
comprehensive analysis of how different factors influence H>S
adsorption. By visualizing the data in three-dimensional plots,
this gained a deeper understanding of the interplay between
the variables and their effects on the adsorption process. This
approach offered valuable insights into the optimal conditions
for maximizing H,S adsorption and shed light on potential



relationships between the wvariables and the adsorption
response.

Figure 5 shows the combination between two variables on
the H>S removal efficiency at constant adsorbent weight,
contact time and temperature for 25 ppm and 50 ppm of H,S,
respectively. From the figure, it shows that pressure (A) and
H,S flowrate (B) has a significant effect on the H»S adsorption.
In Figure 5(a), maximum removal efficiency of HoS of 94.8 %
was achieved at the lowest pressure and the lowest flowrate of
1 bar and 100 L/hr, while in Figure 5(b) at 1 bar and 100 L/hr,
the H,S removal was maximized at 91.2 % when operating at
a lower condition. It shows that at any H>S concentration, the
removal efficiency can improve progressively at a lower
pressure and flowrate.

The adsorption of H>S onto CSACX is a surface
phenomenon. The H,S molecules are attracted to the surface
of the CSACX and adhere to it. The adsorption process is
influenced by several factors, including the surface area of the
absorbent, the pressure and flow rate of the gas [35]. Operating
at low pressure creates a concentration gradient between the
gas phase of H,S and the CSACX surface. This gradient drives
the H>S molecules to move from the gas phase to the surface
of the CSACX, increasing the removal efficiency [36]. In this
study, at a lower pressure of 1 bar, the H»S molecules have a
higher probability of interacting with the CSACX surface,
leading to a higher removal efficiency. On the other hand, a
low flowrate of H»S allows for a longer contact time between
the H>S molecules and the CSACX surface. This extended
contact time enhances the chances of adsorption, leading to a
higher removal efficiency [37]. Hence, at a lower flowrate of
100 L/hr, the H,S molecules have more time to interact with
the CSACX surface, increasing the probability of adsorption.

The result of this study is comparable with several studies
that were conducted almost similar to the present study. A
study by the author investigated the effect of the duration of
the adsorption step and purge flow rate on the performance of
a demand-driven pressure swing adsorption system. The
results showed that a longer adsorption duration and a lower
purge flow rate led to a higher adsorption capacity [38].
Zulkefli et al. [39] examined the adsorption-desorption
behavior of H>S on a modified activated carbon surface. The
adsorption tests were conducted with a constant feed
concentration (5000 ppm H,S diluted in N,), flowrate (5.5
L/min) and absolute pressure (1.5 bar). The results showed that
a low flowrate and low pressure led to a higher adsorption
capacity. Moreover, Verner et al. [40] investigated the effect
of different adsorbents, including activated carbon, on the
competitive adsorption of gaseous emissions. The results
showed that a low pressure and low flowrate of gas led to a
higher adsorption capacity for all the adsorbents tested.

3.4 Optimization and model validation

Design Expert software analysis led to the identification of
optimal conditions for maximizing the responses (RE) at two
different H>S concentrations: 25 ppm and 50 ppm. For 25 ppm,
the best combination was achieved with a pressure of 1 bar and
at H,S flowrate of 100 L/hr. Meanwhile, for 50 ppm, the
optimum values were a pressure of 1 bar and a slightly higher
H,S flow rate of 100.3830 L/hr.

It is worth noting that the experimental results for both
initial concentrations (25 ppm and 50 ppm) were closely
matched the values predicted by the RSM model, with errors
ranging between 1 % and 3 %. These findings are summarized
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in Table 8 and Figure 5, and based on these parameters, an
adsorption test can be designed for further experimental
investigation.

Removal Efficiency (%)

Removal Efficiency (%)

Figure 5. (a) Three-dimensional response surface plot of
removal efficiency (effect of pressure and H,S flowrate) for
25 ppm of H»S gas; (b) Three-dimensional response surface

plot of removal efficiency (effect of pressure and H,S
flowrate) removal efficiency for 50 ppm of H,S gas

Table 8. Model validation

Initial H>S Concentration 25ppm 50 ppm
A: Pressure (bar) 1 1
B: H:S Flowrate (L/hr) 100 100.3830
Theoretical RE (%) 89.84 91.33
Experimental RE (%) 92.80 90.40
Error (%) 3.29 1.02

As aresult, the RSM model equation has been deemed valid,
demonstrating its ability to accurately predict the response
variable in the adsorption process. This prediction capability
makes it a valuable tool for optimizing adsorption conditions
in future studies.

4. CONCLUSIONS

This study successfully developed and characterized a novel
coconut shell-activated carbon xerogel (CSACX) using a sol-
gel process. The combination of sodium alginate as a polymer,
calcium carbonate as a cross-linker, and glucono delta-lactone



(GDL) as an initiator proved effective in forming a stable gel
that could be dried and transformed into CSACX with suitable
adsorption properties. The material's characterization using
CHNS-O analysis, BET analysis, FTIR, and TGA
spectroscopy revealed its moderate porosity, specific surface
area, and the presence of functional groups favourable for
adsorption applications and stability.

The optimization of hydrogen sulfide (H»S) removal using
CSACX was rigorously analyzed through response surface
methodology (RSM) with a central composite design (CCD).
The study identified pressure and gas flow rate as critical
parameters affecting the removal efficiency (RE) of H,S at two
different concentrations, 25 ppm and 50 ppm. The linear
regression model was found to be the most suitable for
predicting RE, demonstrating strong adjusted and predicted R?
values, thereby affirming its reliability for H,S adsorption
predictions under the given experimental conditions.

The experimental results underscored the efficacy of
CSACX in removing H>S, with the highest removal
efficiencies reaching 94.8% for 25 ppm and 91.2% for 50 ppm
of H,S. The statistical models developed provided a robust
framework for understanding the influence of pressure and
flow rate on the adsorption performance. Despite the cubic
model's higher R? values, the linear model was preferred due
to its stability and lower risk of aliasing, making it a more
practical choice for the prediction and optimization of the
adsorption process.

Despite the promising results, this study has several
limitations. First, the study was conducted on a laboratory
scale. Second, the adsorption experiments were limited to
specific H-S concentrations (25 ppm and 50 ppm). Future
research should focus on scaling up the process to pilot and
industrial levels to assess the practicality and economic
viability of using CSACX for large-scale H>S removal.

The findings of this study have significant practical
implications for industries where H>S removal is crucial, such
as natural gas processing, wastewater treatment, and biogas
purification. The optimized CSACX adsorbent offers a cost-
effective and environmentally friendly alternative to
traditional adsorbents, with potential applications in reducing
other hazardous gas emissions and improving air quality for
example CO», SO,, and CHa.
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