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Abstract. When discharge into the environment, antibiotics like chloramphenicol (CAP), can pose significant
environmental hazards, including harm to aquatic ecosystems. This pressing issue motivated the current study,
which focuses on the development of sago bark-based activated carbon (SBAC) for the effective removal of CAP
from water. SBAC was synthesized through a combined physicochemical activation approach involving chemical
activation with potassium hydroxide (KOH) and subsequent microwave-assisted physical activation using carbon
dioxide (CO2) gas. The synthesis process was optimized using response surface methodology (RSM) with a central
composite design (CCD). The optimal conditions were identified as a radiation power of 343.56 W, an activation
time of 17.13 minutes, and a KOH impregnation ratio (IR) of 1.62 g/g. Under these optimized parameters, the
SBAC achieved a CAP adsorption capacity of 68.87 mg/g and a production yield of 32.81%. The predictive
models demonstrated high reliability, with actual results closely matching the predicted values, evidenced by low
error rates of 2.41% for CAP uptake and 1.45% for yield. Structural analysis using scanning electron microscopy
(SEM) highlighted a stark transformation in the material’s morphology. The raw sago bark exhibited a dense,
non-porous surface, whereas the activation process significantly enhanced its porosity, producing a highly porous
SBAC surface. This confirmed the effectiveness of the combined activation techniques in creating a material with
superior adsorption properties. The Brunauer-Emmett-Teller (BET) surface area of SBAC was 1003.23 m%g.
Isotherm studies revealed that the adsorption of CAP onto SBAC adhered to the Freundlich model, indicative of
multilayer adsorption on a heterogeneous surface. The material demonstrated an impressive maximum adsorption
capacity, Qm of 131.83 mg/g, showcasing its potential as an efficient adsorbent for mitigating antibiotic
contamination in water.
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1. INTRODUCTION

Chloramphenicol (CAP) is a broad-spectrum antibiotic widely used to treat bacterial infections
in humans and animals. As a well-recognized chlorinated nitroaromatic compound, CAP plays an
essential role in food production supply chains, particularly in livestock such as cattle, poultry, swine,
and aquaculture species [1]. Aquatic environments can become polluted by CAP and its active
metabolites excreted through urine and feces, originating from sources such as wastewater treatment
plant effluents, hospital discharges, and agricultural runoff [2]. CAP has been widely banned in many
countries, including the United States, Canada, China, and European Union member states, due to its
harmful effects on human health. These adverse impacts include leukaemia, fatal aplastic anaemia, gray
baby syndrome, and various blood disorders (EFSA CONTAM Panel 2014) [3]. Traditional wastewater
treatment methods often fail to fully remove CAP, allowing it to persist in aquatic environments. Due
to its persistence, the growth and reproduction of non-target organisms can be adversely affected,
potentially disrupting aquatic ecosystems. Additionally, continuous exposure to residual CAP may
accelerate the emergence of antibiotic-resistant bacteria among environmental microorganisms, posing
a significant public health concern [4]. Adsorption is commonly used for the removal of pollutants,
including antibiotics [4], heavy metal [5] and others. Adsorption is valued for its simplicity, high
efficiency, and cost-effectiveness. Activated carbon (AC), a popular choice for this process, is
traditionally sourced from coal, a non-renewable material associated with environmental concerns and
high costs. Consequently, researchers are exploring the production of AC from agricultural by-products
such as jackfruit peels [6] and coconut shell [7] as sustainable alternatives. In literature, the adsorption
of CAP has been investigated using various adsorbents, including amino-functionalized silica, silica
core-shell imprinted polymer [3], bamboo-based biochar, chemically treated bamboo-based charcoal,
and commercial AC (F-300, ROW 08 Supra, and WG-12) [8]. However, these materials exhibit
relatively low CAP adsorption capacities (Qm) of below 100 mg/g.

Given the numerous parameters influencing optimal performance, enhancing AC production
has become a key focus of recent research. Response Surface Methodology (RSM) is a statistical
approach commonly used for efficient multivariable optimization and process modelling [9]. A
commonly preferred method in Response Surface Methodology (RSM) is the Central Composite Design
(CCD). This approach effectively builds predictive mathematical models that link input variables to
corresponding responses while reducing the number of experimental trials needed. It also facilitates a
comprehensive examination of interaction effects among the variables. Additionally, three-dimensional
(3D) plots are utilized to visualize the influence of parameters, and Analysis of Variance (ANOVA) is
employed to confirm the accuracy and significance of the results [10]. Microwave irradiation offers
several advantages over conventional pyrolysis, including faster and more uniform heating, reduced
processing time, and improved energy efficiency due to direct internal energy transfer. Additionally,
microwave heating enables better temperature control, resulting in higher product yields and enhanced
material properties. It also minimizes energy loss, reduces greenhouse gas emissions, and allows for
selective heating, which can enhance the activation process and pore formation in AC [11]. The
objective of this study was to synthesize AC from sago bark (SBAC) using a microwave activation
method to effectively remove CAP from aqueous solutions, followed by optimization through RSM.
The sago tree (Metroxylon sago), widely recognized for its production of sago flour, is considered an
important crop in several countries, including Malaysia, Indonesia, the Philippines, and New Guinea
[12]. With an estimated annual yield of 20 kilotons in Malaysia, sago bark is an abundant agricultural
residue that offers a sustainable and environmentally friendly alternative [13].

2. MATERIALS AND METHODS
2.1 Materials and SBAC Preparation
The raw material used was sago bark, sourced from Mukah, Sarawak, Malaysia. Hydrochloric

acid (HCI, 37% assay) and potassium hydroxide (KOH pellets, 85% purity) were procured from Sigma-
Aldrich. MOX Gases Berhad, Malaysia, supplied high-purity carbon dioxide (CO:) and nitrogen (N2)
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gases with a purity level of 99.99%. The sago bark precursor was thoroughly rinsed with distilled water
and oven-dried at 60 °C for approximately 48 hours. It was then carbonized at 550 °C for 1.5 hours
under a continuous flow of N> gas at 150 cm?/min, yielding the char material. To prevent oxidation and
preserve its unique characteristics, the char was cooled under an inert flow of N2 gas after carbonization.
Following the cooling process, the char was impregnated with KOH for 24 hours at an impregnation
ratio (IR) ranging from 0.5 to 2.0 g/g. The IR was calculated by dividing the weight of KOH (Wkon)
by the weight of char (Wchar) as follows:

e (1)

Impregnation ratio (IR) = "
char

The impregnated samples were then dried and activated in a microwave oven for durations of 2 to 20
minutes, at power levels between 264 and 616 W. A constant flow of CO: gas at 150 cm?/min was
maintained throughout the activation process [6,14].

2.2 Optimization Investigation

The dataset was processed using Design Expert software (version 12, STAT-EASE Inc.,
Minneapolis, USA) for optimization. The study employed Response Surface Methodology (RSM) with
a Central Composite Design (CCD) to investigate the effects of three independent variables: radiation
power (X1), radiation duration (Xz), and impregnation ratio (IR, Xs). The two main responses analysed
were the CAP uptake (Y1) and the yield of SBAC (Y2). The levels +1, 0, and -1 were used to define the
experimental ranges for the variables. These levels corresponded to radiation power settings of 264,
440, and 616 W; durations of 2, 11, and 20 minutes; and IR of 0.50, 1.25, and 2.0 g/g, respectively. The
yield of SBAC was calculated by dividing the weight of SBAC (Wsgac) by the weight of the precursor
(Woprecursor) and multiplying by 100%, as follows:

Yield (%) = —23B4€ . % 100% Q)

precursor
2.3 Characterization Methods

The study meticulously assessed the physicochemical properties of the materials, including
surface area (determined by BET analysis), mesoporous characteristics, pore size distribution, and total
pore volume. These analyses were conducted using a Micromeritics ASAP 2010 volumetric adsorption
analyser. Elemental composition was determined using a PerkinElmer Series II 2400 analyser (USA).
Additionally, surface morphology was examined through scanning electron microscopy (SEM) using a
Quanta 450 FEG microscope (Netherlands), capturing detailed structural features.

2.4 Isotherm Investigation

Six different initial concentrations of CAP (Co, mg/L) were prepared in Erlenmeyer flasks for
the isotherm study: 10, 20, 40, 60, 80, and 100 mg/L. These flasks were placed in a water bath shaker
set at 80 rpm. The temperature (30 °C), the mass of optimized SBAC, Wggac (0.20 g), and the solution
volume, V (200 mL) were kept constant throughout the experiment. The residual concentration of CAP
in the solution at equilibrium (C., mg/L) was measured using a UV-Vis spectrophotometer (Agilent
Cary 60, USA). The amount of CAP adsorbed at equilibrium (qe, mg/g) was then calculated using the
following formula [4]:

_ (Co - Ce)V

WSBAC

(3)

e
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Three adsorption isotherm models—Langmuir, Freundlich, and Temkin—were used to analyse the
experimental results. Below are the related equations for each model [14,15]:

Langmuir:
QmKLCe
— <mL>e 4
9= 11 K,C, @
Freundlich:
— l/nF
qe = KFCe (5)
Temkin:
RT
e = Fln(ACe) (6)

where Ky is the Langmuir constant associated with the adsorption strength (mg/g), and Qn is the
maximum adsorption capacity based on the Langmuir model (mg/g) in these equations. The level of
surface heterogeneity is indicated by nr (dimensionless), whereas Kr stands for the Freundlich constant
((mg/g)(L/mg)'/*). The Temkin model constants for the adsorption energy and heat of adsorption are
denoted by the parameters A and B, respectively.

3. RESULTS AND DISCUSSION
3.1 Optimization Process
3.1.1 Regression Models Development

The complete experimental design framework for synthesizing the enhanced SBAC showed
variations in CAP adsorption capacity, which spanned from 39.63 to 93.22 mg/g and the SBAC yield,
which ranged from 13.22% to 38.96%, as shown in Table 1. These variations underscore the
effectiveness of the synthesis process in tailoring the properties of SBAC for optimal performance. To
achieve reliable predictions of these outcomes, quadratic models were suggested by the software, using
coded variables that effectively captured the relationships between input parameters and response
variables, given below:

CAP uptakes (%), Y1
Y; = 64.33 + 9.28X; + 8.68X, + 9.00X; + 2.80X;X, — 0.1575X, X3 + 3.57X,X3 —
1.78X2% + 0.9186X3 — 3.46X3 @)

SBAC yield (%), Y»

Y, = 33.80 — 5.92X; — 5.12X, + 1.63X3 — 2.00X; X, — 0.5750X; X5 — 1.07X,X5 +
1.08X? — 1.66X3 — 6.69X2 (8)
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Table 1: Experimental runs for SBAC preparation

Variables Responses
Run Radiation power, X Radiation time, IR, X3 CAP uptake, SBAC yield,
(watt) X (minute) (g/g) Ycar (mg/g) Yyield (%)
1 264 (-1) 2 (-1) 0.50 (-1) 39.63 33.12
2 616 (+1) 2 (-1) 0.50 (-1) 51.77 25.64
3 264 (-1) 20 (+1) 0.50 (-1) 45.17 28.96
4 616 (+1) 20 (+1) 0.50 (-1) 68.42 13.96
5 264 (-1) 2 (-1) 2.00 (+1) 70.52 30.99
6 616 (+1) 2 (-1) 2.00 (+1) 62.21 29.65
7 264 (-1) 2 (-1) 2.00 (+1) 50.78 38.96
8 616 (+1) 20 (+1) 2.00 (+1) 93.22 13.22
9 264 (-1) 11 (0) 1.25 (0) 50.12 38.59
10 616 (+1) 11 (0) 1.25 (0) 73.42 28.96
11 440 (0) 2 (-1) 1.25 (0) 57.52 36.52
12 440 (0) 20 (+1) 1.25 (0) 71.41 25.54
13 440 (0) 11 (0) 0.50 (-1) 50.96 23.44
14 440 (0) 11 (0) 2.00 (+1) 69.22 28.55
15 440 (0) 11 (0) 1.25 (0) 61.22 33.25
16 440 (0) 11 (0) 1.25 (0) 63.45 33.98
17 440 (0) 11 (0) 1.25 (0) 64.54 34.27
18 440 (0) 11 (0) 1.25 (0) 65.11 34.85
19 440 (0) 11 (0) 1.25 (0) 66.27 35.19
20 440 (0) 11 (0) 1.25 (0) 68.55 35.74

Figures 1(a) and (b) display the regression plots comparing the predicted values with the actual
values for CAP uptake and SBAC yield, respectively. The statistical analysis reveals high coefficients
of determination (R?) and adjusted R? (adj-R?), measured at 0.9787 and 0.9595 for CAP uptake, and
0.9781 and 0.9583 for SBAC yield. These values indicate that the regression models provide an
excellent fit to the experimental data, capturing a significant portion of the variability in the dependent
variables. Moreover, the standard deviations (SD) associated with the models were notably low,
calculated as 2.41 for CAP uptake and 1.45 for SBAC yield, which signifies high precision and minimal
prediction error. The low SD highlights the robustness of the models in replicating experimental results
with minimal deviations. The models' reliability is further supported by the adequate precision (AP)
values, which were 31.59 for CAP uptake and 26.65 for SBAC yield. These AP values far exceed the
recommended minimum threshold of 4, underscoring the models' strong signal-to-noise ratio. This
robust ratio confirms the ability of the models to reliably predict the responses within the tested
experimental range, ensuring their validity and applicability for further optimization studies [16].
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Figure 1: Plots of predicted versus actual values for (a) CAP update and (b) SBAC yield
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3.1.2 Analysis of Variance (ANOVA)

Table 2 presents the results of the analysis of variance (ANOVA) for CAP uptake and SBAC
yield, highlighting their statistical significance and contributing factors. Both responses exhibited p-
values below 0.0001, confirming the models' overall significance [10]. For CAP uptake, the analysis
identified the significant model terms as Xi, Xz, X3, X1Xz, X2X3, and Xs2. In the case of SBAC yield,
the significant terms included X1, Xz, X3, X1X2, and X3%, emphasizing the influence of linear, interactive
and quadratic effects on the response. The F-values further clarify the contributions of these factors.
For CAP uptake, the responses were nearly equally influenced by radiation power (F = 147.81),
radiation time (F = 129.35), and IR (F = 138.96), indicating balanced contributions from these variables.
In contrast, SBAC yield was predominantly affected by radiation power (F = 166.49) and radiation time
(F =124.67), with IR playing a comparatively smaller role. These findings underline the importance of
optimizing linear, interactive and quadratic effects to achieve desired outcomes for CAP uptake and
SBAC yield, demonstrating the robustness and reliability of the statistical models employed. The p-
values for the lack-of-fit test in the ANOVA for CAP uptakes and SBAC yield responses were 0.5541
and 0.0692, respectively, indicating that the lack of fit was not statistically significant. This is desirable,
as it suggests that the chosen model adequately represents the data without systematic deviations [17].

Table 2: ANOVA results for CAP uptakes and SBAC yield responses

Response 1, Y1: CAP uptakes by SBAC Response 2, Y2: SBAC yield
Source  Sum of Mean F Sum of Mean F
Squares Square  Value p-value Squares Square  Value p-value
Model 267799 9 29755 51.05 <0.0001 938.90 9 10432 49.58 <0.0001
Xi 861.56 1 861.56 147.81 <0.0001 350.35 1 35035 16649 <0.0001
X 753.94 1 753.94 129.35 <0.0001 262.35 1 26235 124.67 <0.0001
X3 810.00 1 810.00 138.96 <0.0001 26.41 1 26.41 12.55 0.0053
XXz 62.61 1 62.61 10.74 0.0083 31.92 1 31.92 15.17 0.0030
XiX3 0.1984 1 0.1984  0.0340 0.8573 2.64 1 2.64 1.26 0.2884
X5X5 101.96 1 101.96  17.49 0.0019 9.16 1 9.16 435 0.0635
X2 8.68 | 8.68 1.49 0.2504 3.24 | 3.24 1.54 0.2432
X5? 2.32 1 2.32 0.3981 0.5422 7.58 1 7.58 3.60 0.0870
X5? 32.85 1 32.85 5.64 0.0390 123.26 1 12326 5858 <0.0001
Lack

of fit 27.28 5 5.46 0.8799 0.5541 17.03 5 341 4.25 0.0692

3.1.3 Three-dimensional (3D) Surface Plot

Figure 2(a) displays a three-dimensional (3D) surface plot illustrating the combined effects of
radiation power and impregnation ratio (IR) on CAP uptake, while Figure 2(b) depicts a 3D surface plot
showing the influence of radiation power and radiation time on SBAC yield. In Figure 2(a), the
maximum CAP uptake of 93.22 mg/g was achieved at the highest radiation power of 616 W and an IR
of 2.00 g/g, demonstrating the significant positive impact of these parameters. The plot reveals that as
radiation power increased from 264 to 616 W, CAP uptake exhibited a marked rise, particularly within
the IR range of 1.00 to 2.00 g/g. This trend highlights the synergistic interaction between radiation
power and IR in enhancing CAP adsorption. The improvement in CAP uptake can be attributed to the
increased radiation power, which facilitates more effective heating. This process accelerates the
removal of volatile substances from the material, thereby creating additional pores and significantly
enhancing the surface area. These structural changes improve the adsorption capacity of SBAC, making
it more efficient in capturing CAP molecules. This analysis underscores the critical role of optimizing
radiation power and IR to maximize the adsorption performance of SBAC [18]. Likewise, a higher IR
led to a greater concentration of K* ions, which facilitated deeper penetration into the material's matrix.
This enhanced ion interaction promoted more extensive pore development within the structure, resulting
in improved porosity and surface characteristics [19].

304



Siti Zawiyah Baharom et al. / Malaysian Journal of Microscopy 2025 21(1) 299-310

Figure 2(b) illustrates the relationship between radiation power and radiation time on SBAC
yield, highlighting that the minimum yield of 13.22% was recorded at the highest radiation power of
616 W and the longest radiation time of 20 minutes. This observation underscores the adverse impact
of prolonged exposure to high radiation power and time on the material's yield. As the radiation time
extended from 11 to 20 minutes, a progressive decline in SBAC yield became more pronounced,
especially at elevated radiation power levels ranging from 440 to 616 W. The combined effect of
increased radiation power and extended exposure time intensified the thermal cracking process. This
process, while potentially beneficial for enhancing porosity, compromises the overall material retention,
leading to lower yields. These findings emphasize the importance of optimizing radiation parameters to
balance the trade-off between enhancing adsorption performance and maintaining a satisfactory yield
of SBAC.

CAP Uptake (mg/q)

SBAC yield (%)

B: Radliation time (minutes)

Figure 2: 3D surface plots for (a) CAP uptakes and (b) SBAC yield

The optimal conditions for the process variables and target responses were identified by
minimizing the input variables while maximizing the desired outcomes. Through RSM, the ideal
parameters were determined to be 343.56 W for radiation power, 17.13 minutes for radiation time, and
1.62 g/g for the IR. Under these conditions, the predicted optimum responses were 68.87 mg/g for CAP
uptake and 32.81% for SBAC yield. Experimental validation of these optimized conditions yielded
actual response values of 70.10 mg/g for CAP uptake and 33.46% for SBAC yield. The discrepancies
between the predicted and actual values corresponded to low error percentages of 1.75% and 1.94%,
respectively. These minimal deviations highlight the high accuracy of the developed models in
predicting the responses.

3.2 Characteristics of Samples
3.2.1 Surface Area and Pores Characteristic

Table 3 shows the surface area and pore characteristics for the samples. The precursor exhibited
minimal porosity, with a BET surface area of only 2.11 m*/g and an almost negligible total pore volume
0of 0.0001 cm?/g. Additionally, no mesopore surface area or average pore diameter could be detected in
the precursor. Following carbonization and activation, the optimized SBAC displayed remarkable
improvements. The BET surface area increased dramatically to 1003.23 m?*g, accompanied by a
mesopore surface area of 725.33 m%*g and a total pore volume of 0.3326 cm?®/g. The average pore
diameter also showed a significant rise, from 2.24 nm in the char to 2.76 nm in the SBAC. This
enhancement can be attributed to the synergistic effects of KOH chemical activation and CO:
gasification. KOH treatment played a crucial role in expanding the pore network, while the
bombardment of CO: gas further refined the pore structure and enhanced the overall surface area. Such
an improvement in porosity and surface properties aligns with previous studies, such as those involving
teak wood-based AC, where the combined use of KOH and CO: effectively increased the pore size from
2.64 nm to 2.97 nm. These results underscore the efficacy of KOH/CO: activation in developing well-
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structured porous materials and enhanced adsorptivity [20]. Moreover, the unique texture of sago bark,
which is firm but not excessively hard, allows for efficient activation, leading to a significant increase
in BET surface area, mesopore surface area, and total pore volume, making SBAC an excellent choice
for adsorption applications. Therefore, choosing SBAC was a good decision from the start.

Table 3: Surface area and pore characteristics of samples

Samples BET surface area Mesopores surface  Total pore volume A.Wrage pore
(m?/g) area (m?/g) (cm’/g) diameter (nm)
Precursor 2.11 - 0.0001 -
Char 489.63 318.86 0.2146 2.24
SBAC 1003.23 725.33 0.3326 2.76
3.2.2 SEM Images

Figure 3 illustrates the scanning electron microscopy (SEM) images, showcasing the surface
morphology of the samples. In Figure 3(a), the precursor's surface is observed to be compact, dense,
and devoid of any distinguishable pores. This appearance aligns with the structural composition of
lignocellulosic materials, predominantly containing lignin, cellulose, hemicellulose, and residual tar,
which inhibit the formation of a porous structure at this stage [17]. The compact nature reflects the
unprocessed state of the material prior to carbonization and activation. In stark contrast, Figure 3(b)
highlights the dramatic transformation observed in the optimized SBAC. The surface of the SBAC is
highly porous, characterized by an abundance of visible empty cavities. This significant change is
attributed to the thermal and chemical processes employed during its synthesis. Initially, the precursor
underwent carbonization, during which moisture, volatile organic compounds, and other light elements
evaporated and escaped, leaving behind a rudimentary porous framework [20]. The subsequent
activation process further enhanced this structure. Chemical activation with KOH played a critical role
by infiltrating the material and reacting with the carbon matrix, expanding existing pores and creating
new ones. This was followed by CO: gasification, where the interaction of CO, with the material’s
surface intensified the pore development by etching away weaker carbon bonds and removing residual
impurities [10].

Figure 3: SEM images of (a) sago bark and (b) SBAC
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3.3 Adsorption Isotherm

Figure 4 shows the isotherm plots and Table 4 shows the summary of isotherm parameters for
AMOX-SBAC system at 30 °C. Among the tested models, the Freundlich isotherm provided the most
accurate representation of CAP adsorption onto the SBAC. This conclusion is supported by its lowest
RMSE value of 1.19 and an error percentage of 4.40%, indicating a high degree of reliability in
predicting the adsorption behaviour. The Freundlich model describes adsorption as a multilayer process
occurring on a heterogeneous surface, which is consistent with the observed data. The heterogeneity
factor, nf, calculated from the model, was found to lie between 1 and 10, which is 1.51, confirming that
the adsorption process was favourable. This range suggests that the SBAC surface possesses active sites
with varying affinities for CAP molecules, promoting efficient adsorption across a diverse set of
interactions [4]. The Qm value reached 131.83 mg/g, demonstrating the material's ability to adsorb CAP
effectively. This Qm value was significantly higher than that of CAP adsorption by amino-functionalized
silica (29.60 mg/g), silica core-shell imprinted polymer (32.26 mg/g) [3], bamboo-based biochar (8.46
mg/g), chemically treated bamboo-based charcoal (2.35 mg/g), and commercial AC — F-300 (0.10
mg/g), ROW 08 Supra (0.12 mg/g), and WG-12 (0.11 mg/g) [8] — demonstrating the superiority of
SBAC over other adsorbents in removing CAP.

80 -
70 - A
X
60 - o
50 -
—~ 40 - g <O Experimental data
QQ X
%D 30 - @ OLangmuir
> 4 X AFreundlich
8 - g X Temki
10 - é emkin
0 X

0.00 5.00 10.00 15.00 20.00 25.00 30.00
Ce (mg/L)

Figure 4: Isotherm plots representing CAP-SBAC adsorption system at 30 °C

Table 4: Isotherm parameters for CAP-SBAC system at 30 °C

Isotherm models Parameters CAP-SBAC
Qm (mg/g) 131.83
Kv (L/mg) 0.04
Langmuir
RMSE 2.05
Error (%) 7.92
nF 1.51
Kr (mg/g)(L/mg)'™ 7.86
Freundlich Vne 0.66
RMSE 1.19
Error (%) 4.40
At (L/mg) 0.83
Br(L/m 20.30
Temkin ( e
RMSE 5.32
Error (%) 22.44
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4. CONCLUSIONS

SBAC was effectively synthesized under the optimal conditions identified using response
surface methodology (RSM), which included a radiation power of 343.56 W, an activation time of 17.13
minutes, and an impregnation ratio (IR) of 1.62 g/g. These conditions yielded an SBAC with a CAP
adsorption capacity of 68.87 mg/g and a production yield of 32.81%. Regression analysis reinforced
the model's robustness, exhibiting high R? of 0.9787 for CAP adsorption and 0.9781 for SBAC yield.
Furthermore, the models displayed low SD of 2.41 and 1.45 for CAP uptake and yield, respectively,
alongside high AP values of 31.59 and 26.65, underscoring the predictive strength and precision of the
optimization framework. ANOVA revealed that CAP uptake was equally influenced by radiation
power, activation time, and IR, while the SBAC yield was predominantly affected by radiation power
and activation time. Characterization of the optimized SBAC demonstrated exceptional properties,
including a BET surface area of 1003.23 m?/g, a mesopore surface area of 725.33 m?/g, a total pore
volume of 0.3326 cm?/g, and an average pore diameter of 2.76 nm, confirming its mesoporous nature.
SEM analysis further validated the successful activation process, revealing a well-developed porous
structure that enhances its adsorption capacity. The adsorption behaviour of CAP onto the optimized
SBAC was best described by the Freundlich isotherm model, with Qn of 131.83 mg/g.
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