‘-».{: processes

Article

Synergistic Removal of Hazardous Dyes Using a Clay/Carbon
Composite Derived from Spent Bleaching Earth: Optimization
Using Response Surface Methodology

Freeman Madhau 209, Zhenjun Wu 130, Yahui Shi 1-3, Dongli Guo !, Dongjin Wan 3*, Shepherd Tichapondwa 4,

Yangyang Wang !, Bright Chisadza °

check for
updates
Academic Editors: Dragana D. Vasi¢
Anicijevi¢, Milo$ D. Milovié¢ and
Marija Je¢menica Duci¢
Received: 19 March 2025
Revised: 9 April 2025
Accepted: 11 April 2025
Published: 17 April 2025

Citation: Madhau, F; Wu, Z.; Shi, Y.;

Guo, D.; Wan, D.; Tichapondwa, S.;
Wang, Y.; Chisadza, B.; Zhu, B.
Synergistic Removal of Hazardous
Dyes Using a Clay/Carbon
Composite Derived from Spent
Bleaching Earth: Optimization Using
Response Surface Methodology.
Processes 2025, 13, 1217.
https://doi.org/10.3390/
pr13041217

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Beibei Zhu 1

School of Environmental Engineering, Henan University of Technology, Zhengzhou 450001, China;
jordanfm2015@gmail.com (EM.); wuzhenjun@haut.edu.cn (Z.W.); shiyahui_52@163.com (Y.S.);
gd12025@126.com (D.G.); yangwang4511@163.com (Y.W.); zbb980920@163.com (B.Z.)

Department of Water Resources Engineering, Bulawayo Polytechnic, Bulawayo P.O. Box 1392, Zimbabwe

3 Zhengzhou Key Laboratory of Water Safety and Water Ecology Technology, Zhengzhou 450001, China
Water Utilization and Environmental Engineering Division, Department of Chemical Engineering, University
of Pretoria, Pretoria 0002, South Africa; shepherd.tichapondwa@up.ac.za

Department of Crop and Soil Sciences, Faculty of Agriculture Sciences, Lupane State University,

Lupane P.O. Box 170, Zimbabwe; brightate@gmail.com

*  Correspondence: djwan@haut.edu.cn

Abstract: Industrial wastewater contains complex pollutants, including toxic dyes, necessi-
tating effective and sustainable remediation strategies. Conventional treatment methods
often struggle to remove multiple dyes simultaneously, underscoring the need for innova-
tive adsorbents. This study investigated a clay/carbon composite (SBE/C (500 °C)) derived
from spent bleaching earth (SBE) via pyrolysis for the simultaneous removal of methylene
blue (MB) and malachite green (MG) dyes. The pyrolysis process significantly enhanced
the specific surface area of SBE, improving its adsorption capacity. Using the Box-Behnken
design (BBD) and response surface methodology (RSM), we optimized key parameters (pH,
contact time, and dosage) at 45 °C and an initial dye concentration of 20 mg/L. The devel-
oped quadratic model demonstrated high predictive accuracy, with experimental results
closely aligning with predictions (R? = 0.9983 for MB, 0.9955 for MG), along with strong ad-
justed (R? = 0.9962 for MB, 0.9896 for MG) and predicted (R? = 0.9811 for MB, 0.9275 for MG)
values. Under optimal conditions, the maximum adsorption capacities reached 27.77 mg/g
for MB and 27.38 mg/g for MG. These findings highlight the potential of SBE/C (500 °C)
as a sustainable and cost-effective adsorbent for the simultaneous removal of MB and MG
from wastewater, offering a promising solution for environmental remediation.

Keywords: malachite green; methylene blue; pyrolysis; response surface methodology;
spent bleaching earth; simultaneous removal

1. Introduction

Methylene blue (MB) and malachite green (MG) are widely utilized in the textile
industry, where they are subsequently discharged into textile wastewater [1]. MB and MG
belong to the classes of phenothiazine and triphenylmethane dyes, respectively, and are
both positively charged cationic synthetic dyes that are water-soluble [2]. Due to their
complex molecular structures and xenobiotic nature, the removal of these pollutants from
environmental wastewater is particularly challenging [3]. These dyes pose significant
environmental and health risks due to their mutagenic properties, low biodegradability,
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resistance to degradation, carcinogenic potential, and intense color, which together con-
tribute to serious ecological and human health concerns [3,4]. Prolonged exposure to
MB and MG can have adverse effects on human health, including increased heart rate,
jaundice, vomiting, immune system suppression, and impaired reproductive function [5].
Consequently, effective dye removal is crucial to mitigating potential risks to human health
and ecosystems.

Various methods for dye removal, including membrane separation [6], ion ex-
change [7], coagulation [8], microbial degradation [9], and adsorption [10], have been
widely explored for treating wastewater containing high levels of organic pollutants.
Among these, adsorption has emerged as a particularly effective technology, due to its
simplicity, cost-effectiveness, and high removal efficiency [11]. Activated carbon is a well-
known adsorbent that has demonstrated superior performance in adsorbing gases and
liquids due to its high specific surface area, significant micropore volume, optimal pore size
distribution, rapid adsorption kinetics, and thermal stability [12]. However, the high pro-
duction costs of commercial activated carbon restrict its widespread utilization, particularly
in developing countries [13].

In response to this challenge, numerous studies have explored the use of various
low-cost carbon materials for dye removal [14-17]. Among these materials, clay/carbon
composites derived from spent bleaching earth (SBE) have shown great promise as effective
adsorbents for dye removal from wastewater [8]. SBE is primarily composed of clay
minerals, particularly aluminosilicate, and consists of 60-80% Al,O3 and SiO,. Additionally,
SBE contains approximately 20—40% oil residue by weight, along with various metal
impurities [18]. After the oil bleaching process, SBE remains as a byproduct [19]. Improper
disposal of SBE poses significant environmental risks, including spontaneous combustion,
the release of unpleasant odors, and secondary pollution. The calcination of SBE to produce
clay/carbon composites has been shown to enhance adsorption performance significantly,
making it a viable option for wastewater treatment [8,20,21].

Generally, the effectiveness of the adsorption process is highly dependent on the oper-
ating conditions. To optimize its performance, it is essential to investigate the influence of
various factors on the adsorption process and to determine the optimum conditions through
experimental design. Modern research increasingly relies on computer-aided methods and
experiments to explore how selected variables affect a process’s response [22]. Among
the statistical techniques available, response surface methodology (RSM) has proven to
be a powerful tool for optimizing adsorption processes, including dye removal [23,24].
The Box-Behnken design (BBD) and central composite design (CCD) are two of the most
widely used RSMs for process optimization. Among these, BBD has been shown to be
slightly more effective than CCD and other RSM approaches in terms of efficiency and
practical applicability [25]. Additionally, one of the key advantages of using the BBD for
optimization is its ability to avoid experimental runs at extreme combinations of variable
levels, which can be impractical or less relevant in real-world applications. In contrast, the
CCD investigates a broader range of variable levels, including extreme high and low points,
which may not always be necessary or relevant for the intended application. Therefore,
BBD offers a more practical and resource-efficient approach, especially when the focus is
on optimizing processes within a moderate and operationally feasible range [26].

In this study, the effects of three parameters, pH (4-9), contact time (120-300 min),
and adsorbent dosage (0.6-1.2 g/L), were examined using the RSM, specifically the Design
Expert software (version 13), to identify the optimum conditions for the simultaneous
removal of both MB and MG from wastewater using SBE/C (500 °C). These variables
were selected based on comprehensive insights from relevant literature and supported
by preliminary experimental findings, recognizing their critical roles in adsorption pro-
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cesses [27-30]. Analysis of variance (ANOVA) was employed to assess the suitability of the
model for predicting the dye removal capacities. The interactions between the parameters
were visualized using three-dimensional (3D) response surface plots, and diagnostic plots
were used to compare the predicted and experimental values, thus allowing for a deeper
understanding of the residual errors.

The significance of this study lies in its (i) novel application of SBE/C (500 °C) for the
competitive removal of MB and MG from wastewater, an important advancement given
that most previous studies have primarily focused on single-dye systems or employed
conventional adsorbents such as activated carbon, and agricultural waste materials [31,32],
and (ii) the use of advanced experimental design techniques to systematically investigate
the effects and interactions of multiple variables. This methodological approach not only
enhances the depth of analysis but also allows for process optimization with fewer exper-
imental runs, saving both time and resources compared with the traditional method of
varying one factor at a time. To the best of our knowledge, this study is the first to apply
SBE/C (500 °C) for the simultaneous removal of MB and MG from wastewater via RSM.

2. Materials and Methods
2.1. Chemicals

MB (C16H18CIN3S), MG (Cp3Hp5CIN,), NaOH, and HCI were purchased from Kermel
Reagent (Tianjin, China). All chemicals were used as received without further purification.
A stock solution of MB and MG was prepared by dissolving both MG and MB in a single
flask (1000 mg/L) with distilled water. The stock solution was then diluted with distilled
water to achieve the desired final concentrations. NaOH and HCI (0.1 mol/L) were used to
adjust the pH to the required levels.

2.2. Synthesis of the Adsorbent

SBE was provided free of charge by United Refineries Limited in Bulawayo, Zimbabwe.
The SBE was first dried at 105 °C for 12 h and then pulverized into a fine powder. To
ensure uniformity in particle size, the powder was sieved through a 100-mesh screen
(maximum particle size of 150 pm). The sieved SBE powder was pyrolyzed in a tube
furnace (01200-IC, Kejia, Zhengzhou, China) under controlled conditions. The heating rate
was gradually increased at 8 °C/min until the temperature reached 500 °C. The temperature
was maintained constant for 2 h, while a continuous flow of nitrogen gas (150 mL/min)
was supplied during the pyrolysis, and the organic components (oil residue) within the
SBE were converted into carbonaceous species leading to the formation of a clay/carbon
composite. The resulting clay/carbon composite was denoted as SBE/C (500 °C).

2.3. Adsorption Experiments

All adsorption experiments were performed by mixing the prepared SBE/C (500 °C)
with 200 mL of a 20 mg/L (MB and MG) mixture at 45 °C and 150 rpm. The experiments
were conducted under varying conditions of pH, adsorbent dose (g/L), and contact time
(min). The adsorption capacities for MB and MG (qe (mg/g)) under different experimental
conditions were calculated using Equation (1):

q; = (Co—C¢)V/m (1)

where Cj and C; (mg/L) are the initial and equilibrium concentrations of MB and MG at
time ¢ (min), respectively; V (L) is the volume of the solution; and m (g) is the mass of
the adsorbent.
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2.4. Analysis Methods

To ensure the reliability of the results, all experiments were conducted in triplicate.
MB and MG samples were analyzed using a UV-visible spectrophotometer (TU-1900,
Pgeneral, Beijing, China) at 664 nm for MB [27] and 618 nm for MG [33], respectively.
After the adsorption experiments, the SBE/C (500 °C) was separated from the solution by
filtration through a 0.45 um membrane (Shanghai Xin Ya Purification Equipment Co., Ltd.
Shanghai, China). Scanning electron microscopy (SEM) imaging was conducted using a
ZEISS GeminiSEM 300 instrument (Oberkochen, Germany). The specific surface area and
other physical properties of the materials were determined using the Brunauer—-Emmett—
Teller (BET) method with a Micrometrics ASAP 2460 instrument (Norcross, GA, USA).
Fourier transform infrared (FTIR) spectra were analyzed using a Nexus 670 spectrometer
(Madison, WI, USA) in the range of 4000—400 cm™ L

2.5. Experimental Design and Optimization Using RSM

Experimental optimization was performed using Design Expert Software (ver-
sion 13). The BBD was employed to evaluate the combined effects of three indepen-
dent variables: pH (4-9) (A), contact time (120-300 min) (B), and adsorbent dosage
(0.6-1.2 g/L) (C) on the removal capacity of MB and MG dyes [34]. The pH (4-9) was
selected to evaluate the adsorption behavior of MB and MG on the SBE/C (500 °C) under
both acidic and alkaline conditions, while avoiding extreme pH levels that could com-
promise data interpretation. This range also considered the pH sensitivity of MG, which
undergoes structural changes near its pKa (10.3) [35]; pH 9 was specifically included
to assess adsorption in its deprotonated state. The selected dosage range (0.6-1.2 g/L)
and contact time range (120-300 min) were guided by values commonly reported in the
literature and preliminary investigations, ensuring relevance and comparability with
previous studies [27,36-38]. These ranges were chosen to capture both lower and higher
operational limits, allowing for a comprehensive evaluation of adsorption performance
under conditions reflective of practical applications.

The optimization aimed to identify the conditions that would maximize the adsorption
capacities for both dyes. Table 1 presents the minimum —1 (low), 0 (center), and maximum
+1 (high) levels for each parameter. A total of 17 experimental runs were performed under
different operating conditions as determined by the design. The experimental data were
analyzed to develop a regression model based on an empirical polynomial equation, with
statistical significance evaluated using ANOVA. The interactions between the parameters
were visualized using 3D surface plots, generated with Design Expert Software (version 13)
to provide a comprehensive understanding of the adsorption process.

Table 1. Real values and their respective coded values.

Real Values Coded Values
Variable Low Center High Low Center High
pH(A) 4 6.5 9 -1 0 +1
Adsorbent dosage (g/L) (B) 0.6 0.9 1.2 -1 0 +1
Contact time (min) (C) 120 210 300 -1 0 +1

3. Results and Discussion

3.1. Characterization
3.1.1. Morphology of SBE and SBE/C (500 °C)

The Supplementary Material (Table S1) presents the structural properties of SBE
and SBE/C (500 °C), as determined by BET analysis. The specific surface area of SBE
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exhibited a significant increase after pyrolysis at 500 °C, which was approximately
401.65 times greater than its original value (0.17 m?/g to 68.28 m?/g). Additionally,
calcination at 500 °C led to an increase in the mesopore volume and average pore
diameter of SBE, increasing from 5.82 x 104 to 3.4 x 10~! cm3/g and from 13.83 to
19.93 nm, respectively. The significant improvement in the simultaneous adsorption of
MB and MG onto SBE/C (500 °C) could be attributed to the removal of oils and volatile
organic compounds during high-temperature pyrolysis. These findings aligned with
a previous study on the pyrolysis of SBE, which reported a comparable increase in the
specific surface area (up to 68.98 m?/g) after pyrolysis and an approximately 1.49-fold
increase in pore diameter (from 10.67 to 15.86 nm) [21].

Figure 1 presents digital photographs and SEM images of the SBE and SBE/C
(500 °C), illustrating the morphological transformations resulting from pyrolysis. The
digital photographs reveal a distinct color change from light yellowish to black after pyrol-
ysis at 500 °C, primarily due to the thermal decomposition and calcination of oil within
the SBE at elevated temperatures (500 °C). The SEM images (Figure 1a) indicate that SBE
possessed a rough and compact surface, whereas SBE/C (500 °C) (Figure 1b) exhibited a
highly porous and sheet-like structure. This structural evolution significantly contributed
to the enhanced adsorption capacity for MB and MG dyes, further demonstrating the
effectiveness of pyrolysis in improving the material’s adsorption performance.

Figure 1. SEM images: (a) SBE and (b) SBE/C (500 °C). The corresponding digital photographs are
inserted in (a) and (b).

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 2a shows a comparison of the FTIR spectra of SBE and SBE/C (500 °C). In
SBE, characteristic absorption bands associated with organic matter were observed at
2927, 2855, and 1466 cm~!. Only SBE exhibited these specific bands, demonstrating that
pyrolysis at 500 °C completely carbonized the organic components of SBE. Additionally,
the peak at 1743 cm ™! associated with the C=0 stretching vibration of the carboxyl
group [39] was present in SBE but absent in SBE/C (500 °C) indicating that the pyrolysis
process significantly reduced the organic matter content in SBE. FTIR analysis further
confirmed the presence of -COOH, -COOR, and —~OH groups in both SBE and SBE/C
(500 °C).
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Figure 2. (a) FTIR spectra of SBE and SBE/C (500 °C) and (b) pHp.. plots of SBE/C (500 °C).

3.1.3. pHp,c of SBE/C (500 °C)

The surface charge of the material surface, as indicated by the zero-point charge
(pHpzc), significantly affected the adsorption performance by influencing the nature of the
active sites. The pHp,. was determined by identifying the pH value at which the final pH of
the solution remained unchanged and was equal to the initial pH, showing a neutral charge
at that specific pH value. The pHp,. of SBE/C (500 °C) was 7.31, as shown in Figure 2b,
indicating that the surface charge of SBE/C (500 °C) was pH-dependent, becoming positive
at pH < 7.31 and negative at pH > 7.31. The pHp,. values of SBE/C (500 °C) reported in
previous studies (7.40 [8] and 8.05 [21]) were consistent with the pHy, value (7.31) obtained
in this study.

3.2. Response Surface Methodology

To investigate the combined effects of various parameters on the efficiency of MB
and MG removal by SBE/C (500 °C), a statistical experimental design based on RSM was
employed using Design Expert Software (Version 13). Table 2 presents the experimental
design matrix, including the corresponding response values, as well as the experimental
and predicted values.

The results presented in Table 2 show that the removal capacities for both the cationic
dyes MB and MG by SBE/C (500 °C) varied between 8.43 and 25.39 mg/g for MB and
between 7.18 and 24.05 mg/g for MG. The highest removal capacity for MB (25.39 mg/g)
was achieved under optimal operating conditions: pH (A) 6.5, contact time (B) 300 min,
and adsorbent dosage (C) 0.6 g/L. Similarly, the highest adsorption capacity for MG
(24.05 mg/g) was obtained at pH (A) 9, a contact time of (B) 210 min, and an adsorbent
dosage of (C) 0.6 g/L.

To determine the relationship between the independent variables and the correspond-
ing response, different models were evaluated, including two-factor interaction (2FI),
quadratic, linear, and cubic models. Among these the quadratic model proved to be the
most suitable based on the R? value. The results of the model summary statistic for the
MB and MG dye removal capacities for the examined models are shown in Table 3. Based
on the obtained results, the cubic model was aliased and therefore unsuitable for further
modeling of the experimental data. The software recommended a quadratic model for both
MB and MG removal capacities, with strong R? values of 0.9983 and 0.9955, respectively,
and corresponding adjusted R? values of 0.9962 and 0.9896, respectively. Therefore, further
analyses were conducted using the quadratic model [40]. Furthermore, previous studies
on optimizing the adsorption of cationic and anionic dyes using BBD [41], as well as the
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biosorption of MG with Spirulina Platensis mass [42], have employed the quadratic model

of RSM as it demonstrated the highest R? value compared with the linear, 2FI, and cubic

models.

Table 2. Experimental response matrix and response values.

Run pH (A) Contact Time, Adsorbent MB Adsorption MB Adsorption MG Adsorption MG Adsorption
min (B) Dosage (g/L) (C) Capacity (mg/g) Capacity (mg/g) Capacity (mg/g) Capacity (mg/g)
Experimental Predicted Experimental Predicted
1 9 300 0.9 19.68 19.59 19.46 19.49
2 9 210 0.6 22.68 22.95 24.05 23.92
3 6.5 210 0.9 14.42 14.23 13.30 13.30
4 9 120 0.9 15.52 15.46 15.31 15.91
5 4 210 12 8.43 8.16 7.61 7.73
6 4 210 0.6 14.59 14.71 9.21 9.71
7 6.5 210 0.9 14.08 14.23 13.30 13.30
8 6.5 210 0.9 14.49 14.23 13.30 13.30
9 6.5 120 12 15.46 15.64 14.72 14.63
10 4 300 0.9 10.18 10.24 7.18 6.58
11 6.5 120 0.6 20.55 20.33 20.21 19.74
12 6.5 210 0.9 14.07 14.23 13.30 13.30
13 6.5 300 1.2 15.88 16.10 15.00 15.48
14 6.5 210 0.9 14.08 14.23 13.30 13.30
15 6.5 300 0.6 25.39 25.21 21.40 21.49
16 9 210 12 15.83 15.70 15.29 14.79
17 4 120 0.9 8.93 9.03 7.59 7.56
Table 3. Model summary statistics for MB and MG adsorption capacities.
Source SD R? Adj-R? Pred-R? Comment
MB
Linear 2.6200 0.7246 0.6610 0.4499
2F1 2.8600 0.7467 0.5947 —0.1917
Quadratic 0.2769 0.9983 0.9962 0.9811 Suggested
Cubic 0.2075 0.9995 0.9979 Aliased
MG
Linear 2.6300 0.7644 0.7100 0.5201
2F1 2.6800 0.8122 0.6995 0.0901
Quadratic 0.4966 0.9955 0.9896 0.9275 Suggested
Cubic 0.0000 1.0000 1.0000 Aliased

An empirical polynomial regression model was used to analyze the interactions of
different parameters on MB and MG adsorption onto SBE/C (500 °C). The regression
Equations (2) and (3) provide a mathematical presentation of the adsorption for MB and

MG in terms of the coded factors [43,44]:

MB =14.23 +3.95A +1.33B — 345C+0.73 AB — 0.17 AC — 1.11 BC — 2.29 A% + 1.65 B2 + 3.45 C2

MG = 1330 +532 A +0.65B — 2.78C+1.14 AB — 1.79 AC — 0.23 BC — 2.36 A2 + 1.44 B2 + 3.09 C2

(2)

)

Positive coefficients corresponded to indicate an increase effect of a variable on adsorption

capacity, whereas negative coefficients denoted an inhibitory effect.

3.3. ANOVA Analysis

The statistical significance of the developed models, main interactions, and quadratic

effects were evaluated using F-test ANOVA, whereas p values were used to determine the
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significance and interactions of the experimental parameters, as presented in Tables 4 and 5.
If the p-value was <0.05 (95%), the terms in the model were deemed statistically significant,
suggesting a strong connection between those terms and the result [45]. Conversely, p-
values above 0.10 suggested statistical insignificance, implying a negligible or non-existent
relationship between the terms and the result [46].

Table 4. ANOVA for response surface quadratic model (MB adsorption capacity (mg/g)).

Source Sum of Squares df Mean Square F-Value p-Value Remarks
Model 322.57 9 35.84 467.56 <0.0001 Significant
A-pH 124.67 1 124.67 1626.30 <0.0001 Significant
B-contact time 14.26 1 14.26 185.98 <0.0001 Significant
C-dosage 95.19 1 95.19 1241.81 <0.0001 Significant
AB 2.13 1 2.13 27.76 0.0012 Significant
AC 0.1221 1 0.1221 1.59 0.2473 Not significant
BC 4.89 1 4.89 63.81 <0.0001 Significant
A? 22.17 1 22.17 289.15 <0.0001 Significant
B2 11.41 1 11.41 148.85 <0.0001 Significant
C? 50.08 1 50.08 653.27 <0.0001 Significant
Residual 0.5366 7 0.0767

Table 5. ANOVA for response surface quadratic model (MG adsorption capacity (mg/g)).

Source Sum of Squares df Mean Square F-Value p-Value Remarks
Model 379.35 9 42.15 170.94 <0.0001 Significant
A-pH 226.09 1 226.09 916.88 <0.0001 Significant
B-contact time 3.39 1 3.39 13.74 0.0076 Significant
C-dosage 61.82 1 61.82 250.71 <0.0001 Significant
AB 5.20 1 5.20 21.07 0.0025 Significant
AC 12.80 1 12.80 51.92 0.0002 Significant
BC 0.2042 1 0.2042 0.8283 0.3930 Not Significant
A? 23.37 1 23.37 94.76 <0.0001 Significant
B2 8.72 1 8.72 35.36 0.0006 Significant
C? 40.27 1 40.27 163.32 <0.0001 Significant
Residual 1.73 7 0.2466

Based on the findings presented in Tables 4 and 5, the quadratic model exhibited a
high level of statistical significance, as indicated by a p-value < 0.0001. This low p-value
strongly suggests that the quadratic model effectively captured the relationship between
the variables under investigation [47].

Tables 4 and 5 show that the pH, contact time (min), and adsorbent dosage (g/L) had
a significant effect (p < 0.05) on the MB and MG removal capacity using SBE/C (500 °C).
Furthermore, as presented in Table 4, for the quadratic effects and interactions, only the
interaction effect between MB (pH and adsorbent dosage (g/L)) had an insignificant effect.
The model F-value of MB (467.56) indicated that the model was significant (p < 0.05) [47].
Conversely, as shown in Table 5, for the interaction and quadratic effects of MG removal by
SBE/C (500 °C), only the interaction effect between MG (contact time (min) and adsorbent
dosage (g/L)) had a non-significant effect. Furthermore, the model F value of 170.94 for
MG indicated that the model was significant (p < 0.05) [47]. Therefore, the suitability of the
model for accurately representing experimental data was confirmed. The Pre-R? values
(0.9811 for MB and 0.9275 for MG dyes) aligned reasonably well with their Adj-R? values
(0.9962 for MB and 0.9896 for MG dyes), as did the coefficients of determination (R?) values
(0.9983 for MB and 0.9955 for MG dyes). The adequate precision values of 80.370 and
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45.540 for the MB and MG, respectively, confirmed the model’s provided signal-to-noise
ratio (>4), making them reliable for optimization purposes [48].

3.4. Statistical Analysis

Figure 3a,b show the correlation between the actual and predicted adsorption capac-
ities data for the cationic dyes, MB, and MG onto SBE/C (500 °C). The residuals were
randomly scattered near the straight line, indicating that the developed quadratic model
effectively predicted the MB and MG removal capacity responses within the investigated
parameter range [47]. Table 3 shows strong correlations for MB and MG, with R? values of
0.9983 and 0.9955, respectively, suggesting that approximately 0.17% (MB) and 0.45% (MG)
of the total variance were not adequately accounted for by the model [49]. Hence, the find-
ings indicated that the quadratic model was effective in predicting the response variables
for the experimental data related to the removal capacity of both MB and MG dyes onto
SBE/C (500 °C) [50].

(@) 5] ®

R>=0.9983
R?=0.9955

(]
S
1

Predicted (mg/g)
Predicted (mg/g)

T T T
8 10 12 14 16 18 20 22 24 26 6 8 10 12 14 16 18 20 22 24 26
Actual (mg/g) Actual (mg/g)

Figure 3. Actual and predicted plots of (a) MB and (b) MG dye removal capacities onto SBE/C
(500 °Q).

3.5. Interaction Effects of Factors

This RSM was used to explore the influence of various factors on the adsorption
capacities of SBE/C (500 °C) for MB and MG. This involved creating 3-D plots to visualize
the interactions. The ANOVA results, presented in Tables 4 and 5, revealed that the
interaction between AB (pH and contact time (min)) for both MB and MG had a significant
effect on the adsorption process. Conversely, the interaction between BC (contact time (min)
and adsorbent dosage (g/L)) and MB had a significant influence, whereas the interaction
between AC (pH and adsorbent dosage (g/L)) and MG had a significant influence. The
conclusions drawn from the analysis are as follows.

3.5.1. Interaction Effect of MB and MG AB (pH and Contact Time (min))

Figure 4ab illustrate the interactive effects of pH and contact time (min) on the
adsorption capacity of both MB and MG dyes onto SBE/C (500 °C) at a constant temperature
(45 °C), C, (20 mg/L), and dosage (0.6 g/L). For both cationic dyes, the adsorption capacity
increased as the pH increased from 4 to 9. The lower removal capacity observed at low pH
values indicated that excess H* ions competed with MB and MG cations for the available
binding sites on the material.
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Figure 4. Interaction effect of pH and contact time (min) on (a) MB and (b) MG adsorption capacities
by SBE/C (500 °C).

The negative surface charge of SBE/C (500 °C) (pHpc = 7.31) in the pH range of 7 to
9 (Figure 2b) promoted strong electrostatic attraction toward the cationic MB and MG dyes,
leading to enhanced adsorption [51]. Similar trends were reported in studies involving
MB adsorption onto ZnO nanoparticles [52] and MG adsorption onto Spiriluna platensis
mass [42], which also reported an increase in the MB removal capacity with increasing pH.
Notably, compared with MB, the removal capacity of MG was more significantly influenced
by the interactive effects of pH and contact time.

3.5.2. Interaction Effects of MB and MG BC (Contact Time (min) and Adsorbent
Dosage (g/L))

Figure 5a,b illustrate the combined effects of the contact time (min) and dosage (g/L)
on MB and MG adsorption at temperature (45 °C), C, (20 mg/L), and pH (6.5) for MB and
pH (9) for MG. As observed in Figure 5a, the highest adsorption capacity of MB (25.39 mg/g)
was achieved after 300 min of contact with an adsorbent dosage of 0.6 g/L. Similarly, as
illustrated in Figure 5b, for MG, the maximum adsorption capacity (24.05 mg/g) was
obtained at a contact time of 210 min. Notably, the interaction effect of contact time and
adsorbent dosage demonstrated a decreasing trend in removal capacity as the adsorbent
dosage increased for both cationic dyes. This behavior could be attributed to the surplus
of adsorption sites created by the higher adsorbent dosage, which surpassed the satura-
tion point. Consequently, only a fraction of the active sites was effectively occupied by
MB and MG molecules [53]. Previous research on the adsorption of MG using Manihot
esculenta crantz waste via the BBD [54] aligned with the current findings, demonstrating
that increasing the contact time enhanced the adsorption capacity, while increasing the
adsorbent dosage led to a reduction in the adsorption capacity.
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Figure 5. Interaction effect of contact time (min) and dosage (g/L) on (a) MB and (b) MG adsorption
capacity by SBE/C (500 °C).

3.5.3. Interaction Effects of MB and MG AC (pH and Adsorbent Dosage)

Figure 6a,b illustrate the combined effect of pH and adsorbent dosage (g/L) on MB
and MG adsorption onto SBE/C (500 °C) at C, (20 mg/L), temperature (45 °C), and 210 min
and 300 min for MB and MG, respectively. The adsorption capacity increased with pH (4 to
9) from 8.433 to 25.3922 mg/g for MB and from 7.177 to 24.0452 mg/g for MG. However,
despite increasing the adsorbent dosage, the ability to remove the dyes decreased in terms
of the adsorption capacity.

(b)
25
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€ s
1.2
1.1 9
| 8
0.9 7
C: Dosage(g/L)o'xo.7 5 6 A pH
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Figure 6. Interaction effect of pH and dosage (g/L) on (a) MB and (b) MG adsorption capacity by
SBE/C (500 °C).

3.6. Process Optimization

One of the primary objectives of this study was to identify the optimal process con-
ditions for maximizing the adsorption capacity of MB and MG cationic dyes onto SBE/C
(500 °C). To achieve this, a quadratic model was optimized using RSM. The optimal values
of pH, contact time (min), and adsorbent dosage (g/L) at C, (20 mg/L) and temperature
(45 °C) were determined to be 9, 300 min, and 0.6 g/L, at an initial dye concentration of
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20 mg/L (Co) and a temperature of 45°, resulting in a desirability index of 0.50 out of
65 possible solution sets, as summarized in Table 6.

Table 6. Optimal conditions and model validation.

CoMBand MG) T°C A B C qe (mg/g)
Pre (MB) Exp (MB) Pre MG)  Exp (MG)
20 45 9 300 0.6 27.769 25.39 27.379 24.05

Model validation experiments confirmed that under these conditions, the highest
removal capacities for MB and MG by SBE/C (500 °C) were 27.769 and 27.379 mg/g, respec-
tively (Table 6). These predicted values were slightly higher than the maximum adsorption
capacities observed experimentally, which were 25.39 mg/g for MB and 24.05 mg/g for MG,
as presented in Table 1. SBE/C (500 °C) exhibited satisfactory MB and MG adsorption ca-
pacities in comparison with other low-cost adsorbents, as reported in the literature [55-58]
(Supplementary Table S2).

4. Conclusions

The findings demonstrated that SBE/C (500 °C) effectively removed MB and MG
in a competitive adsorption environment. The optimization of the adsorption process
was performed using RSM with the BBD, aiming to identify the optimum experimental
conditions for maximizing removal capacity. The results revealed a strong correlation
between the experimental data and the predictive models, with high R? values of 0.9983 for
MB and 0.9955 for MG, further validating the accuracy and reliability of the model in
representing the adsorption behavior. Analysis of variance (ANOVA) indicated that the
pH and the adsorbent dosage were the most significant factors influencing the removal
capacity for both dyes, while the contact time had a comparatively lesser impact. The
optimum conditions for the simultaneous removal of MB and MG were found to be a pH
of 9, a contact time of 300 min, and an adsorbent dosage of 0.6 g/L, under a controlled
temperature of 45 °C and an initial dye concentration of 20 mg/L. Under these conditions,
the maximum removal capacities for MB and MG by SBE/C (500 °C) were 27.77 mg/g
and 27.38 mg/g, respectively. The competitive adsorption study further revealed that
SBE/C (500 °C) demonstrated a stronger affinity for MB molecules compared with MG
molecules. In conclusion, this study demonstrated that SBE/C (500 °C) is a promising
adsorbent for the simultaneous removal of MB and MG dyes from wastewater. Its high
efficiency, low cost, and sustainable nature make it a viable alternative to commercial
activated carbon. Implementing this approach in wastewater treatment could significantly
reduce dye pollution, contributing to cleaner water resources and a healthier environment.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/pr13041217/s1, Table S1: BET analysis results for SBE and SBE/C (500 °C);
Table S2: Comparison of maximum MB and MG dye removal capacities using different low-cost
adsorbents. References [55-58] are cited in the supplementary materials.
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