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Abstract
Organic dye pollution poses a serious environmental threat, and while activated carbon (AC) is commonly used to adsorb these
dyes, its effectiveness is often limited by challenges in separation and regeneration. To address this, activated nanomagnetic
biochar (ANB) was developed via a coprecipitation method, utilizing oil palm trunk biomass to create a variant called ANBO for
removing malachite green (MG) from water. The synthesized ANBO's physical characteristics were examined using scanning
electron microscopy (SEM), Brunauer-Emmett-Teller (BET), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction
(XRD) techniques. This study examined the impact of several process variables, including adsorbent dosage (g), time (minutes),
and pH, on the percentage of MG eliminated from aqueous solutions, an application of a Box–Behnken design (BBD) with three
factors and three levels within the response surface methodology (RSM) framework, ultimately optimizing MG adsorption with
ANBO as the adsorbent. Analysis of variance (ANOVA) revealed that adsorbent dosage had the most significant effect (F = 
142.16), followed by pH (F = 37.82) and contact time (F = 20.41). The highest removal efficiency was achieved at optimal
conditions of 0.08 g of adsorbent, pH 8, and 1 hour. In conclusion, this research supports Sustainable Development Goals 6
(Clean Water and Sanitation) and 3.9, which aim to reduce health risks from hazardous chemicals and pollution by 2030, aligning
with the environmental standards set by the local Department of Environment (DOE).

1. Introduction
Dyes are widely employed in numerous industries, such as textiles, paper, plastics, and leather, for the purpose of coloring items
(Lei et al., 2015). Annually, more than 1 million tons of textile dye wastewater are produced worldwide, with approximately 30%
being released into untreated water bodies (Ewuzie et al., 2022; Lei et al., 2015). These colors present considerable hazards to
both environmental integrity and human health, with many associated with allergies, cancer, and mutations (Liu et al., 2022).
Malachite green (MG) is a basic dye widely used in aquaculture due to its demonstrated antibacterial and antifungal properties.
The dyeing of silk, cotton, paper, wool, and leather is a possible application for it (Das et al., 2024; Yazid et al., 2024). The feeding
behaviors and survival of fish may be influenced by decreased fertility, decreased growth rates, and congenital defects caused by
low levels of malachite green (Sharma et al., 2024). Consequently, the elimination of these colors from dye effluent prior to
release is a critical concern.

A variety of technologies have been implemented in the past to remove MG dye, aiming to deliver a cost-effective and sustainable
solution, and have attracted significant attention (Prasad et al., 2024). These procedures can be classified into biological, physical
(including adsorption, coagulation-flocculation, and membrane filtering), and chemical (including advanced oxidation processes)
categories (Pramanik et al., 2024). In contrast to other methods, the adsorption method represents a notable strategy for treating
dye-contaminated wastewater because of the excellent physical and chemical properties of the absorbent (Liu et al., 2022; Pan et
al., 2025). It also generates fewer secondary pollutants, has minimal initial costs, and has rather easy design and operation of the
treatment equipment (Krishna Murthy et al., 2020).

Activated carbon (AC) serves as a highly effective option for adsorbing dyes from wastewater due to its diverse pore structure,
which includes micropores, mesopores, and macropores, along with its substantial specific surface area and adjustable chemical
groups (Jawad & Surip, 2022). However, commercial AC is commonly expensive (Gündüz & Bayrak, 2018); alternatively, biomass
is widely utilized as an adsorbent for pollutant removal due to its broad functionalities (Krishna Murthy et al., 2020), non-toxicity,
low cost, and biodegradability (Gündüz & Bayrak, 2018). Nevertheless, the comparatively lower adsorption efficiency and
extended separation time for dye solutions have constrained the practical application of biomass adsorbents (Peng et al., 2020).
Therefore, numerous chemical modification methods, including treatments with acids, bases, oxidants, and organic reagents,
have been employed to enhance raw biomass by increasing the abundance of functional groups (Krishna Murthy et al., 2020;
Peng et al., 2020; Yalvaç & Bayrak, 2020). These modifications serve to create additional binding sites, thereby addressing the
limitations encountered in the adsorption process. In addition, magnetically responsive modifications of biomass adsorbents are
gaining increased attention because of their enhanced efficiency and ease of separation from dye solutions (Angelova et al.,
2016).

Moreover, optimizing process conditions is essential for producing high-quality AC suitable for various environmental and
industrial applications (Sakhiya et al., 2023). When executing experimental procedures, it is essential to use a factorial design
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with three levels to employ the Box–Behnken design (BBD) in response surface methodology (RSM). According to Abdullah et al.
(2021) and Neisan et al. (2023), BD–RSM can be utilized to achieve ideal adsorption conditions while simultaneously reducing the
number of tests and the amount of chemicals used. To the authors' knowledge, no inquiry has been conducted to optimize
synthetic dye removal through the utilization of activated nanomagnetic biochar generated from oil palm trunks (OPTs).
Consequently, throughout this inquiry, OPT was utilized as a raw material for the creation of activated nanomagnetic biochar, also
known as ANBO. X-ray diffraction (XRD), scanning electron microscopy (SEM), BET surface area analysis, and Fourier transform
infrared spectroscopy (FTIR) were employed as subsequent methods to characterize the biochar. The adsorption capacity of
ANBO was assessed by removing malachite green (MG) during the experiment. A full-factorial experimental strategy was
employed to optimize the removal of MG using ultraviolet-visible (UV-vis) spectroscopy. The percentage of MG that was removed
from aqueous solutions was investigated using ANBO as the adsorbent. The independent factors investigated included the
dosage of the adsorbent, the duration of time, and the pH of the solution. To determine the optimal amount of MG removal and
investigate the correlations between the independent variables and the removal of MG components, a BBD design was employed.

2. Experimental

2.1 Materials
All of the synthetic chemicals and solvents were purchased from Merck and Sigma Aldrich, and they were utilized as provided,
including iron (III) chloride hexahydrate (FeCl3.6H2O; 99%), iron (II) sulfate heptahydrate (FeSO4.7H2O), phosphoric acid (80%),
sodium hydroxide (NaOH, 2 M) and ethanol (98%).

2.2 Collection and synthesis of adsorbents
The oil palm trunk (OPT) biomass was sourced from the residual waste generated during wood manufacture that the factory
intended to dispose of. The biomass was ground and sieved into small particles (size between 200 and 400 µm).

The chemical activation of biochar was conducted according to the method outlined by Dechapanya & Khamwichit (2023), with
certain modifications implemented. A 500 mL solution was prepared using 85% V/V phosphoric acid (H3PO4). A 2-g sample of
finely ground biochar was immersed in 300 mL of pre-prepared H3PO4. The biochar was immersed in acid for 24 h. The activated
biochar (AB) was subsequently rinsed with distilled water to reach a pH level of 7. The AB was then dried in an oven at 105°C for a
period of 24 hours.

The synthesis of ANB was conducted via the chemical coprecipitation method, adhering to the prescribed process. The synthesis
of Fe3O4 nanoparticles was accomplished through the use of dissolved hydrate compounds, namely FeCl3.6H2O and FeSO4.7H2O.

The compounds function as sources of Fe3+ and Fe2+ ions, with a mass ratio of 2:1 (Subbaiah Munagapati et al., 2022). 2 g of AB
was dispersed in 200 mL of distilled water at 80 ℃. After 10 min, 7.8 g of FeCl3.6H2O and 3.8 g of FeSO4.7H2O were added (Jain
et al., 2018). The resulting mixture was heated for 30 minutes at 80 ℃ while maintaining magnetic stirring at 100 rpm. Following
the increase of stirring to 1000 rpm, 30 mL of 2 M sodium hydroxide (NaOH) was added dropwise to adjust the pH to a range of
10–11 (Karami et al., 2024). The resulting mixture was heated for 1 h at 80 ℃ while stirring at 100 rpm. The solid was
subsequently separated from the solution using a permanent magnet and then washed with 2 L of distilled water and 100 mL of
ethanol until the pH approached neutrality. It was then dried at 100 ℃ for 24 h (Dobrzyńska et al., 2022). The magnetic field
produced by a permanent magnet was utilized in this deposition process to improve its efficiency (Rubangakene et al., 2023).

2.3 Experimental Design
The percentage of MG removed from an aqueous solution was the response analyzed using a BBD. The three independent
variables that influenced the removal of MG from the solution were the adsorbent dosage, represented by X1 (g), the contact time,

represented by X2 (minutes), and the pH, represented by X3. The trial edition of the Design Expert 13.0 program was used to
generate the experimental design matrix. The range of values for each of the three independent criteria that were taken into
consideration in this investigation is presented in Table 1. Table 3 presents the actual and coded levels of the independent
variables employed in the experimental design.
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Table 1
Independent variables and their corresponding MG

removal efficiencies for ANBO adsorption
Variables Units Codes -1 0 + 1

Dosage g A 0.02 0.05 0.08

Time min B 30 60 90

pH   C 6 7 8

All tests were carried out in a randomized manner to minimize the influence of systematic errors on the observed results. The
BBD model, based on the second-order polynomial regression indicated in Eq. (1), was employed to demonstrate the correlation
among the dependent variable and the operational independent variables.

 Eq. (1)

Where 𝛾 represents the projected response (MG removal), β0, βii, and βij represent the linear, quadratic, and interaction
coefficients, respectively, Xi and Xij representing the input coded and independent variables, and t representing the residual error
(El-Sharkawy et al., 2024).

To determine the validity of the model, an analysis of variance (ANOVA) was conducted. This allowed for the evaluation of the
correlation between the response and the process variables following the suggested model. To determine whether the model was
statistically significant, both the Fisher F-distribution test and the p-value were utilized simultaneously (Abdullah et al., 2021;
Zamani & Abdullah, 2018).

2.4 Characterization
A series of 50 mL NaCl solutions was mixed with 0.10 g of ANBO to determine the zero-point charge pH (pHzpc). The initial pH
range was between 2 and 10. To achieve this pH, 0.1 M NaOH or HCl was used. After a 24-hour period, the pH of each filtrate was
determined using a pH meter that had been calibrated (Milwaukee 150). To evaluate the surface morphology of ANBO, a scanning
electron microscope (SEM-EDX, TESCAN VEGA3) equipped with an energy-dispersive X-ray analyzer was utilized. Analyses of the
synthesized functional groups of the ANBO were accomplished using an FTIR spectrometer with a wavenumber range of 400 to
4000 cm−¹, mounted on a PerkinElmer infrared spectrometer equipped with an attenuated total reflection (ATR) accessory. To
determine the surface area of the ANBO, a Brunauer-Emmett-Teller (BET) analyzer, specifically a Micromeritics TriStar II Plus, was
used. To investigate the phase purity and crystalline characteristics of the ANBO synthesized, powder X-ray diffraction (XRD) was
employed. To conduct this investigation, a PAN analytical apparatus was used, employing a Cu-Kα radiation probe beam with a
wavelength of 1.54056 Å. Within a temperature range of 10–80°, the sample was analyzed.

2.5 MG adsorption study
8 mg of ANBO were combined with 50 mL of an MG solution that had a concentration of 10 ppm. After that, the mixture was
placed in an incubator shaker set to 100 rpm, allowing the contact time to be calculated using RSM based on the optimized value.
An external magnet was used to separate the adsorbent once the adsorption process was complete. To determine the adsorption
capacity of MG, a UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan) was used, with the maximum wavelength (λmax) set at
617 nm. Both the adsorption capacity (Qe) and the removal efficiency (R) were calculated using Equations (2) and (3),
respectively. (Zhang et al., 2023).

 Eq. (2)

 Eq. (3)

3. Results and Discussion

γ = β 0 + ∑ n
i=1β i Xi + ∑ n

i=1X β iiX
2
i + ∑ n

i=1 ∑
n
i=jβ ijXiXj + t

Qe = × V
C0− Ce

m

R (%) = × 100
C0− Ce

CO
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3.1 Zero Point of Charge (pHzpc)
When the total surface charge of ANBO is equal to zero, the pH reaches its highest, which is known as the pHzpc. The data in
Fig. 1 indicates that ANBO's pHzpc value is 6.3. When the pH falls below 6.3, the ANBO surface maintains its positive charge.

However, as the pH rises beyond 6.3, the negatively charged surface of ANBO facilitates the adsorption of the positively charged
MG dye through ionic or electrostatic interactions.

3.2 Functional group analysis by FTIR
The FTIR spectra in Fig. 2 display the vibrational bands of the various materials, which were recorded between 4000 and 400 cm− 

1. Comparing the ANBO spectra pre- and post-adsorption revealed notable differences. The peak, which is roughly 3410 cm− 1, is

associated with the distinctive stretching vibration of hydroxyl groups. The C = O peak is located at 1585 cm− 1, whereas the
deformation vibrations of the C = C stretching bonds are responsible for another band at about 1355 cm− 1. Because the reaction
takes place during the adsorption between ANBO and the MG solution, there are minor variations in the FTIR spectrum for ANBO
after adsorption as compared to that before adsorption. The C-H symmetric stretching vibrations and C-H in-plane deformation
are represented by the peaks at 1166 cm− 1 and 904 cm− 1 (Abdullah et al., 2021). The stretching vibrations of Fe-O bonds were

identified as the source of the peak at 564 cm− 1 (Zhang et al., 2023), indicating the successful synthesis of magnetic properties
in ANBO.

3.3 Scanning electron microscopy (SEM) analysis
SEM characterized the form and size of the adsorbents. Figure 2 illustrates the surface morphology of OPT, activated biochar
(AB), and ANBO before and after adsorption. A comparison of the microstructure of OPT (Fig. 3(a)) and ABO (Fig. 3(b)) revealed
that ABO had higher porosity than OPT. Moreover, a rougher surface with a large number of granular bulges can be observed in
ANBO (Fig. 3 (d)). This result suggested that Fe3O4 was successfully loaded on the ABO after the magnetization reaction via the
coprecipitation method which improved the porosity and number of surface functional groups (Ntinkam Simo et al., 2024; Zhang
et al., 2023). After MG adsorption, the surface changed into a more uneven structure (Fig. 3 (e)), indicating that MG was attached
to ANBO. The diameter of 100 particles per image was quantified via ImageJ software to analyze the particle size distribution
(Karami et al., 2024).

Figure 4 displays the energy dispersive X-ray spectroscopy (EDX) analysis results for ANBO before adsorption. Based on the
elemental composition analysis in Fig. 4 (e), the main elements present in ANBO were carbon (C), oxygen (O), and iron (Fe).
However, the other elements that were detected in ANBO included calcium (Ca), sodium (Na), and silica (Si), which were not the
major elements. The presence of gold (Au) in the spectra was due to its use for sample coating.

Figure 5 shows the EDX analysis results for ANBO after adsorption. This observation indicated that the dye molecules were
dispersed uniformly across the ANBO surface. The strong signal from the increase in carbon content after the adsorption of MG
dye was attributed to the dye molecules loaded onto the surface of ANBO.

3.4 BET Analysis
Figure 6 illustrates the N2 adsorption-desorption isotherms of ANBO. Table 2 shows the BET surface area, pore volume, and
average pore diameter of ABO and ANBO. Table 2 indicates that ABO possessed a BET surface area of 34.28 m²/g. Furthermore,
the pore volume and size were 0.010 cm³/g and 12.243 Å, respectively. Upon modification of ABO with Fe3O4, the BET surface

area was elevated to 76.07 m2/g in ANBO. The mean pore diameter was 10.378 Å, and there was a notable increase in pore
volume to 0.019 cm³/g. Consequently, the alteration of ABO with Fe3O4 significantly enhanced the surface area and pore volume.
The enhanced surface area is due to the uniform distribution of iron nanoparticles on the ABO surface. The augmentation of pore
volume mostly results from the elimination of contaminants and the expansion of micropores. The results of the current study
align with those of Kumar et al. (2023).
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Table 2
SBET, pore volume and pore diameter of ABO and ANBO

Materials SBET (m2/g) Pore volume (cm3/g) Pore size (Å)

ABO 34.28 0.010 12.243

ANBO 76.07 0.019 10.378

The N2 adsorption-desorption isotherm of ANBO (Fig. 6) was type IV, and the hysteresis loop at p/p0 ranged from 0.4 to 1.0, which
confirmed the presence of abundant mesopores (Xiao et al., 2025; Zhang et al., 2023).

3.5 XRD analysis
XRD analysis was used to assess the degree of crystallinity or amorphousness of the samples. Crystalline substances display
distinct peaks, whereas noncrystalline or amorphous materials show broad peaks (Ngernyen et al., 2023). The XRD patterns of
ABO and ANBO before and after adsorption are shown in Fig. 7. During ABO, activation caused a modification in the diffraction
pattern. No distinctive peaks were present in the spectra of ABO, and a broad peak appeared at a diffraction angle 20–30° with
corresponding planes of 002, indicating that ABO was not crystalline and possessed an amorphous structure according to JCPDS
No. 75–1621 (Jawad & Surip, 2022). The results obtained may be explained by the significant iron deficiency observed, which is
consistent with earlier findings. In comparison, multiple sharp peaks were observed in the 2θ range of 20–80° for ANBO before
and after adsorption, implying that the degree of crystallinity in the phases present in the ANBOs. X-ray diffraction of ANBO after
adsorption at 30.2°, 35.6°, 43.3°, 57.2° and 62.9° can be observed, which is related to diffraction from planes (220), (311), (511),
(400), and (440) of magnetite (ICCD 005-4319) (Rubangakene et al., 2023).

3.6 Box–Behnken (BB) design
Table 3 presents the experimental outcomes obtained through the optimization of MG removal using the BBD, which involved 17
randomly conducted experimental trials. The BB design is a second-order response surface methodology that assesses each
variable at three different levels (El-Shafie et al., 2024). Three independent variables (adsorbent dosage, contact time, and pH)
were chosen to identify the most significant factors affecting MG removal. The experimental results obtained from the full-
factorial BBD were modelled using a quadratic equation through multiple regression analysis. The quadratic model for the
elimination of MG (response) as a function of three independent variables is shown in Eq. (4):

Eq. (4)

Where γ is the estimated response (MG removal), and A, B, and C are the independent variables of the adsorbent dosage, contact
time, and pH, respectively.

MG removal (γ ) = 91.8 + 11.875A + 4.5B + 6.125C − 1.25AB − 0.5AC − 7.75BC − 12.9A
2 − 6.15B2 − 1.4C

2
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Table 3
Experimental design for ANBO adsorption with independent variables and

experimental and predicted values of the response
Run Adsorbent dosage (A) Contact time (B) pH (C) MG removal (%)

Actual Predicted

1 0.05 30 8 94 93.62

2 0.08 60 6 84 83.75

3 0.02 30 7 55 55.12

4 0.02 60 8 72 72.25

5 0.02 60 6 62 59.00

6 0.08 60 8 92 95.00

7 0.02 90 7 64 66.63

8 0.08 30 7 84 81.37

9 0.05 90 6 90 90.38

10 0.05 60 7 92 91.80

11 0.05 90 8 90 87.13

12 0.08 90 7 88 87.87

13 0.05 30 6 63 65.87

14 0.05 60 7 91 91.80

15 0.05 60 7 93 91.80

16 0.05 60 7 93 91.80

17 0.05 60 7 90 91.80

Table 4 displays the ANOVA findings derived from the established quadratic model for the elimination of MG under the specified
experimental conditions. The results of the study indicated statistical validity of the model, as evidenced by the F-value of 38.66
and the p-value of less than 0.001. With an F-value of 142.16, the results reveal that A was the most significant parameter,
followed by C with an F-value of 37.82. Furthermore, C was the second most significant parameter. Parameter B, with an F-value
of 20.41, had the least influence. The p-value must be less than 0.05 for the model to be declared statistically significant
(Abdullah et al., 2021). The lack-of-fit rating calculated was 16.25, indicating that the lack of fit is insignificant compared to the
error that would occur solely by chance. There was a statistically significant likelihood of 2.69% that the lack of fit was caused by
noise. This indicates that the ANOVA predictive model is in strong alignment in this regard (Zamani & Abdullah, 2018).
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Table 4
ANOVA results for MG removal

Source Sum of Squares Degree of Freedom Mean Square F -Value P -Value

Model 2760 9 306 38.66 < 0.0001

A-Dosage 1128.125 1 1128.13 142.16 < 0.0001

B-Time 162.00 1 162.00 20.41 0.0027

C-pH 300.12 1 300.12 37.82 0.0005

AB 6.25 1 6.25 0.7876 0.4043

AC 1.0000 1 1.0000 0.1260 0.7331

BC 240.25 1 240.25 30.27 0.0009

A2 700.67 1 700.67 88.29 < 0.0001

B2 159.25 1 159.25 20.07 0.0029

C2 8.25 1 8.25 1.04 0.3418

Residual 55.55 7 7.94    

Lack of fit 48.75 3 16.25 9.56 0.0269

Pure error 6.80 4 1.70    

Std. Dev. 2.82   R2 0.9803  

Mean 82.18   Adj R2 0.9549  

      Predicted R2 0.7193  

The correlation coefficient of the model quantifies the link between the variables. A number approaching 1 indicates a more
robust match. The R² score is 0.9803, while the corrected R² is 0.9549, demonstrating a strong correlation with the polynomial
equation. The model demonstrated considerable prediction and was statistically significant (Ma et al., 2023). Figure 4 illustrates a
contrast between the expected and actual percentages of MG eradication. The residual distribution fit plot demonstrates the
discrepancy between predicted and experimental values; a reduced degree of residual distribution signifies enhanced model
accuracy (Zhang et al., 2023). The experimental analysis and linear models in ANOVA assume that the residuals follow a normal
distribution and are independent (Mohammadpour et al., 2023). Figures 8 (a) and (b) corroborate these assumptions,
demonstrating the suitability of the selected model for data analysis.

3.7 Response surface plots and Pareto charts
The Pareto chart serves as a tool for evaluating the importance of evaluated variables and their magnitudes, although it does not
indicate the direction of these magnitudes (El-Shafie et al., 2024). Figure 9 illustrates the Pareto chart, whereby % R represents the
response being optimized (MG dye solutions). Any variable that surpasses the reference line is statistically significant. The
examination of the standard effects (exceeding 2.36) derived from the Pareto diagram revealed that the interactions among
several factors had a more pronounced impact than the isolated effects of each factor individually (Ntinkam Simo et al., 2024). A
comparison of single factors revealed that the reaction dosage was the most influential parameter in terms of MG removal.

Three-dimensional (3D) and two-dimensional (2D) plots were generated to illustrate the correlations between the independent
variables (A, B, and C) and the response variable (MG removal), as depicted in Fig. 10. The results revealed that the response
surface was convex, indicating that the optimal circumstances were clearly delineated and that each variable possessed a
maximum value. Moreover, the contour form may intuitively depict the degree of engagement. The ellipse signifies a substantial
interaction between two components, while the circular shape denotes a divergent relationship (Ma et al., 2023). Figure 10
illustrates that the P-value for BC (0.0009) was below 0.05, indicating a robust interaction between time and pH, which suggests
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that both factors significantly influence MG removal effectiveness, corroborating the findings from the analysis of variance
(Table 4). The data in Figs. 10 (a) and (b) are virtually circular, indicating that the interaction between the components was nearly
negligible.

The experiment was validated at optimal settings to achieve maximum MG elimination, as presented in Table 5. The findings
indicated that the optimal adsorption parameters for MG were as follows: adsorbent dosage = 0.08 g; time = 60 min; pH = 8; and
predictive adsorption capacity = 95%. To simplify the practical operation, the adsorbent dosage used in the verification
experiments was similar to the optimum condition, 0.08 g, for 1 hour, and the pH was maintained at 8. The verification experiment
demonstrated that the MG adsorption value was 91%, with a maximum error of only ± 4.21%. The response surface optimization
method is dependable, and the determined optimal conditions provide considerable practical value. (Ma et al., 2023).

Table 5
Values of the process parameters for the maximum percentage of MG removed.
Setup Description Optimization

Percentage of MG Removal (%) is target = 100

A (Adsorbent Dosage, g) is in range

B (Time, min) is in range

C (pH) is in range

Suggestions MG Removal (%) 95

A (Adsorbent Dosage, g) 0.08

B (Time, min) 60

C (pH) 8

Desirability 1.00

Predicted result MG Removal (%) 95

Actual experimental results MG Removal (%) 91

  Error (%) ± 4.21

4. Conclusion
This study revealed that ANBO, synthesized from oil palm trunk (OPT), functions effectively as an adsorbent for removing MG dye
from aqueous solutions. SEM analysis of the synthesized ANBO revealed a porous architecture with a textured surface, favorable
for dye adsorption. FTIR identified the existence of several carbon–carbon, carbon–oxygen, carbon–hydrogen, and Fe-O linkages
that likely facilitated the adsorption of dyes onto the surface of ANBO. The adsorption value was optimised using the response
surface methodology through the Box–Behnken design. This study investigated the impact of various parameters, including
adsorbent dosage, contact duration, and pH, on the adsorption of MG by ANBO. The ANOVA findings demonstrated that a
maximum MG removal of 91% was attained under ideal conditions: an adsorbent dosage of 0.08 g, a contact period of 60
minutes, and a pH of 8. The verification experiment performed under ideal conditions revealed that the experimental MG
clearance rate of 91% nearly matched the predicted rate of 95%. In conclusion, ANBO, derived from biomass waste, is a promising
and economical adsorbent for removing pollutants from aqueous solutions.
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Figure 1

Plot of the pHzpc of ANBO

Figure 2

FTIR spectra of ANBO before and after adsorption
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Figure 3

Sem images (magnification = 1000x) of (a) OPT, (b) OPTB, (c) ABO, (d) ANBO Before and (e) ANBO After Adsorption
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Figure 4

EDX analysis of (a) a selected image of ANBO prior to adsorption with matching mapping pictures for C, O, and Fe shown in (b),
(c), and (d), respectively, and (e) the elemental spectra and composition.
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Figure 5

The EDX analysis of (a) a particular image of ANBO after adsorption, together with the associated mapping images for carbon,
oxygen, and iron in (b), (c), and (d), respectively, and (e) the elemental spectra and composition of the ANBO sample

Figure 6

N2 adsorption–desorption isotherms and BJH pore size distribution curves (inset) of ANBO

Figure 7

X-ray diffraction patterns before and after the adsorption of MG on ANBO and ABO



Page 17/18

Figure 8

(a) Normal probability of residuals, and (b) predicted MG removal vs. actual MG removal via ANOVA.

Figure 9

Pareto chart of standardized effects (response is %R) for MGs



Page 18/18

Figure 10

3D surface plot and 2D contour plot for the effects of (a) dosage and pH, (b) dosage and time, and (c) time and pH on the
percentage of MG removed


