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Abstract 33 

A secure aquatic environment is essential for both aquatic and terrestrial life. However, rising 34 

populations and the industrial revolution have had a significant impact on the quality of the 35 

water environment. Despite the implementation of strong and adapted environmental policies 36 

for water treatment worldwide, the issue of organic dyes in wastewater remains challenging. 37 

Thus, this study aimed to develop an efficient, cost-effective, and sustainable material to treat 38 

methylene blue (MB) in an aqueous environment. In this research, maize extract solution 39 

(MES) was utilized as a green cross-linker to induce precipitation, conjugation, and enhance 40 

the adsorption performance of graphene oxide (GO) cross-linked with durian shell activated 41 

carbon (DSAC), resulting in the formation of a GO@DSAC composite. The composite was 42 

investigated for capability to selectively adsorb methylene blue (MB) in aqueous solutions. 43 

Physicochemical characterization demonstrated that the cross-linking method significantly 44 

influenced the porous structure and surface chemistry of GO@DSAC. BET analysis revealed 45 

that the GO@DSAC exhibited dominant mesopores with a surface area of 803.67 m²/g. EDX 46 

and XPS measurements confirmed the successful cross-linking of GO with DSAC. The 47 

adsorption experiments were well described by the Harkin-Jura model and they followed 48 

pseudo-second order kinetics. The maximum adsorption capacity reached 666.67 mg/g at 318 49 

K. Thermodynamic evaluation indicated a spontaneous, feasible, and endothermic in nature. 50 

Regenerability and reusability investigations demonstrated that the GO@DSAC composite 51 

could be reused for up to 10 desorption-adsorption cycles with a removal efficiency of 81.78%. 52 

The selective adsorptive performance of GO@DSAC was examined in a binary system 53 

containing Rhodamine B (RhB) and methylene orange (MO). The results showed a separation 54 

efficiency (α) of 98.89% for MB/MO and 93.66% for MB/RhB mixtures, underscoring 55 

outstanding separation capabilities of the GO@DSAC composite. Overall, the GO@DSAC 56 

composite displayed promising potential for the effective removal of cationic dyes from 57 

wastewater. 58 

Keywords: Wastewater treatment; Organic dyes; Adsorption; Graphene oxide; Composite 59 

material; Statistical modelling.  60 

1. Introduction 61 

Recently, the contamination of water bodies has become a worldwide concern (Ahmadian et 62 

al., 2023). Rapid industrial development, population growth, urbanization, and agricultural 63 

activities have significantly contributed to the escalation of water pollution (Cao et al., 2023). 64 

Organic dyes, extensively used in industries such as textiles, paper, pharmaceuticals, paints, 65 

plastics, leather, cosmetics, tanneries, pigments, and inks, are a major source of pollution (Mu 66 



et al., 2023; Jiang et al., 2023). These water-soluble dyes pose serious threats to the ecological 67 

environment due to their mutagenic, carcinogenic, toxic, and non-biodegradable nature 68 

(Karmakar et al., 2023). Therefore, it is crucial to develop sustainable, efficient, and cost-69 

effective technologies for treating organic dye-contaminated water bodies, ensuring the 70 

preservation and protection of the ecological system and water resources. 71 

Numerous research studies have explored various technologies for organic dye treatment in 72 

wastewater, including advanced oxidation, coagulation and flocculation, reverse osmosis, 73 

photocatalytic degradation, ion-exchange, filtration, and membrane technology (Wang et al., 74 

2020; Ihaddaden et al., 2022; Saini et al., 2023; Rajesh et al., 2023; Sinha et al., 2021; David 75 

et al., 2020; Yan et al., 2021). However, these methods present specific advantages and 76 

drawbacks, such as high operating costs, by-product formation, complex operation, and low 77 

adsorption capacity (Pandey et al., 2023). Among these methods, adsorption-based treatment 78 

has gained significant attention due to its simplicity, high removal efficiency, environmental 79 

friendliness, cost-effectiveness, energy-saving properties, regenerability, and reusability 80 

(Bhagat et al., 2023; Brandão et al., 2023). However, the success of adsorption treatment relies 81 

on the use of efficient adsorbent materials with readily available, abundant surface 82 

functionalities, well-developed porous structures, and a high specific surface area. Although 83 

various adsorbent materials have been studied, there is a need to develop a novel adsorbent 84 

with high selective adsorptive behavior, outstanding adsorption performance, and rapid 85 

kinetics (Thakkar et al., 2023). 86 

Graphene oxide (GO) is an effective and attractive adsorbent for wastewater treatment due to 87 

its desirable physical and chemical properties, such as thermal stability, tunable structure, 88 

exceptional adsorptive ability, high surface area, and high electron mobility (Rajendiran et al., 89 

2022). The presence of surface functionalities, such as epoxy, hydroxyl, and carboxyl groups, 90 

allows GO to interact with cationic dyes through chelation or electrostatic interaction (Moradi 91 

et al., 2022). However, GO has an edge-to-center distribution of hydrophilic and hydrophobic 92 

domains due to the presence of oxidized groups and an unoxidized graphitic lattice, 93 

respectively. In addition, it is susceptible to agglomeration in water, which decreases its surface 94 

area and reduces its ability to remove pollutants due to strong stacking interactions (Adel et al., 95 

2022; Obayomi et al., 2023a). Therefore, its separation from wastewater after the adsorption 96 

of pollutants may be difficult and costly. To overcome these challenges, surface modification 97 

of GO with other adsorbent materials is recommended to prevent particle agglomeration, 98 

improve adsorptive capacity, and enhance separation and recovery (Jiang et al., 2023). 99 



Activated carbon (AC) is widely recognized as a promising adsorbent for organic and inorganic 100 

dyes in aqueous solutions due to its favorable surface area-to-volume ratio, chemical stability, 101 

well-developed porous structure, non-toxicity, durability, and excellent adsorptive 102 

performance (Goswami and Dey, 2022; Obayomi et al., 2022). The two main approaches for 103 

AC preparation are high-temperature carbonization and physical or chemical modification of 104 

biochar (Joshiba et al., 2022). However, commercial activated carbon derived from non-105 

sustainable and costly materials like coal is considered expensive (Gul et al., 2022; Tokula et 106 

al., 2023). Therefore, there is a need to develop low-cost alternative adsorbents with 107 

comparable adsorption capacities to commercial AC to meet global demand and enhance dye 108 

removal efficiency (Yadav et al., 2022). Durian shell (Durio zibethinus), an abundant 109 

agricultural by-product, has gained attention as a potential raw material for AC production, 110 

given its large quantities and availability worldwide. It is estimated that approximately 600,000 111 

metric tons of durian are produced annually, resulting in around 350,000 metric tons of shell 112 

waste (Chandra et al., 2007). To avoid environmental pollution caused by the direct disposal 113 

of this waste, the development of AC using discarded durian shells has become imperative (Liu 114 

et al., 2023). 115 

In order to enhance the adsorptive performance of GO and expand its application in wastewater 116 

remediation, a surface modification approach was employed to develop a GO-based composite. 117 

While various modification methods have been reported, some involve the use of hazardous, 118 

complex, and expensive materials (Abd-Elhamid et al., 2019). However, in order to overcome 119 

these challenges, this study aimed to employ fermented maize extract solution (MES) as a 120 

cross-linker to induce the precipitation and conjugation between GO and AC. The use of MES 121 

demonstrates the benefits of no by-product generation, easy separation, rapid preparation, and 122 

reduced GO loss. Maize grain contains proteins, minerals (magnesium, potassium, sodium, and 123 

calcium), and carbohydrates (glucose, amylopectin, and amylase). Recent research by Xu et al. 124 

(2018) suggested that the presence of sulphur groups (-SH), which can transform into -S-S 125 

bonds during thermal treatment, could facilitate stronger cross-linkage with functional groups 126 

such as carboxyl, hydroxyl, and epoxide groups present in GO and AC (Ndagijimana et al., 127 

2021). Additionally, the polysaccharides, starch, and proteins in maize grain have gelatinizing 128 

properties, making them suitable as gelling agents.  129 

This study prepared a novel and effective durian-derived activated carbon (DSAC) and GO 130 

composite using fermented maize grain extract solution (MES) as a cross-linker. The aim was 131 

to develop a sustainable and environmentally friendly adsorbent for the selective adsorption of 132 

cationic methylene blue (MB) from aqueous solutions, which, to the best of our knowledge, 133 



has not been reported previously. The objectives of the present study were to, (i) prepare 134 

GO@DSAC using a sustainable, cost-effective, and eco-friendly technique; (ii) investigate the 135 

influence of adsorption variables such as pH, initial MB concentration, temperature, contact 136 

time, adsorbent dosage, and competing ions on the adsorptive behavior of GO@DSAC towards 137 

MB; (iii) fit the adsorption equilibrium data to adsorption kinetics and isotherm models; (iv) 138 

examine the selective adsorption performance of GO@DSAC in a binary mixture; (v) study 139 

the regenerability and reusability of the composite through multiple cycles and propose the 140 

plausible adsorption mechanism governing the process; and (vi) statistically model the 141 

adsorption process using selected variables (pH, temperature) based on the response surface 142 

methodology-central composite design (RSM-CCD) approach. 143 

2. Materials and methods 144 

2.1 Materials 145 

Analytical-grade chemicals, including hydrochloric acid (HCl, 37.0%), graphite (99.0%), 146 

potassium hydroxide (KOH, 99.9%), hydrogen peroxide (H2O2, 30.0%), methylene blue (MB, 147 

99.9%), sulfuric acid (H2SO4, 98.0%), sodium nitrate (NaNO3, 99.0%), and potassium 148 

permanganate (KMnO4, 99.0%), were obtained from Merck Chemicals and Sigma-Aldrich, 149 

Malaysia. The durian shells and maize grain were procured from e-mart in Miri, Malaysia. 150 

2.1 Synthesis of graphene oxide (GO) 151 

Graphene oxide was synthesized using Hummer's method. Two grams of powdered graphite, 152 

one gram of NaNO3, and 50 mL of H2SO4 were measured and transferred into a 500-mL beaker. 153 

The beaker was placed in an ice bath and continuously stirred using a magnetic stirrer for one 154 

hour. Then, 15 g of KMnO4 was gradually added at 15 min intervals to maintain the temperature 155 

of the mixture below 10 °C. The ice bath was then removed, and the mixture was heated at 35 156 

°C overnight while stirring. After the reaction, 100 mL of deionized water was added drop by 157 

drop, and the mixture was heated to 98 °C for 45 min. Next, 20 mL of H2O2 was added, and 158 

the mixture was stirred for an additional 3 h at room temperature. The resulting brown solution 159 

was centrifuged at 3000 rpm for 15 min and washed (using a 5% HCl solution and deionized 160 

water). The mixture was then filtered, dried at 60°C overnight in an oven, and finally stored in 161 

a sealed container. 162 

2.2 Durian shell activated carbon preparation (DSAC) 163 

Briefly, the durian shells were sliced into smaller sizes, thoroughly washed to remove dirt, and 164 

dried in an oven at 105 °C for 18 h. Then, 30 g of the dried durian shell was measured into 165 

crucibles and heated in a muffle furnace at a rate of 15 °C/min, reaching a temperature of 550 166 

°C. The process was carried out under flowing nitrogen gas (10 mL/min) for 1 h. Subsequently, 167 



the biochar obtained was impregnated with KOH in a 1:2 (char/KOH) ratio. The mixture was 168 

left overnight at room temperature and then washed with 1 M HCl and deionized water to 169 

achieve a neutral pH range of 6.7-7.0. Finally, the activated biochar, now referred to as durian 170 

shell activated carbon (DSAC), was dried at 80 °C for 24 h and stored in a sealed container for 171 

future use. 172 

2.3 Fabrication of GO cross-linked DSAC (GO@DSAC) 173 

First, 10 g of maize grains were winnowed, washed and soaked in a 100 mL of distilled water. 174 

The grains were fermented for 3 d. Then, the grains were collected, crushed, and the extract 175 

solution (MES) was obtained by sieving through a muslin cloth. Next, 2 g of GO was dispersed 176 

in 50 mL of deionized water in a 100 mL beaker using ultrasonication for 30 min. The mixture 177 

was then stirred on a magnetic stirrer at 70 °C for 30 min. Afterwards, 4 g of DSAC was added 178 

to the mixture under continuous stirring for another 20 min. Subsequently, 3 mL of MES was 179 

slowly added to the solution and allowed to stir for an additional 30 min. Once the reaction was 180 

complete, the mixture was left for 2 h, and the resulting black precipitate (GO@DSAC) was 181 

washed with deionized water. The GO@DSAC was then dried at 80°C for 12 h and thermally 182 

treated at 350 °C for 1 h. Finally, it was stored in an airtight plastic bag for further use. 183 

2.4 Material characterization 184 

The GO@DSAC composite was characterized to examine surface charge, surface functional 185 

groups, crystallinity, textural morphology, thermal stability, elemental composition, and the 186 

atomic electronic state of the material. The elemental composition and morphological structure 187 

were examined using a scanning electron microscope (SEM) equipped with an energy-188 

dispersive X-ray analyzer (SEM-EDS, QUANTA 450 FEG D9844, FEI) and an Xplore EDS 189 

detector with AztecLiveLiteL software (Oxford Instruments, UK). The functional groups of 190 

the material were determined using Fourier-transform infrared spectroscopy (FTIR, Agilent 191 

Cary 660). The surface area and porosity of the material were measured using a Brunauer-192 

Emmett-Teller analyzer (BET, TriStar II 3020, Micromeritics) at 77.36 K. The material's 193 

surface charge was investigated using a Zeta potentiometer (NanoPlus-3 HD, Zeta Potential 194 

and Nano Particle Analyzer, Micromeritics). Insights into the material's crystallinity properties 195 

were assessed using powder X-ray diffraction (PXRD, AXS D8 Advance, Bruker, Billerica, 196 

MA, USA) with Cu Kα radiation (Kα = 1.541 Å). The material's thermal stability was 197 

determined under a N2 atmosphere with a thermogravimetric analyzer (TGA, Pyris 1 model, 198 

PerkinElmer, Waltham, MA, USA) using a heating rate of 10 °C/min over a temperature range 199 

of 25–1000 °C. The chemical structure and atomic electronic state of the material were 200 

examined using X-ray photoelectron spectroscopy (XPS, Mg Kα (1253.6 eV), Kratos Axis 201 



Ultra DLD, UK). The material's size distribution and surface topography were investigated 202 

using a high-resolution transmission electron microscope (HRTEM, JEM-2100F, Japan) and 203 

atomic force microscopy (Cypher AFM, Oxford Instruments, UK). 204 

2.5 MB adsorption study 205 

A batch adsorption test was conducted in this study to investigate the adsorptive performance 206 

of GO@DSAC towards MB. In brief, 50 mg of GO@DSAC was placed in a 250-mL beaker 207 

containing 100 mL of various MB concentrations (10-50 mg/L). Then, the mixture was placed 208 

on an isothermal shaker at a shaking speed of 600 rpm. The impact of contact time (0-180 min), 209 

pH (2-11), adsorbent dosage (0.1-0.6 g/L), and temperature (298-328 K) on the sorption 210 

efficiency of GO@DSAC towards MB was examined. Prior to reaching equilibrium, samples 211 

were drawn at different time intervals, filtered using a 0.45 μm Millipore filter, and MB residual 212 

concentrations were measured at 664 nm using a UV-VIS spectrophotometer (Shimadzu UV-213 

1601 spectrophotometer, Japan). The percentage removal of MB (%) and the adsorption 214 

capacity (mg/g) were calculated using Equations 1 and 2, respectively. 215 

% 𝑀𝐵 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝐶𝑜−𝐶𝑓

𝐶𝑜
) × 100                                                                                                                        (1) 216 

𝑞𝑒 =
(𝐶0−𝐶𝑒) × 𝑉

𝑊
                                                                                                                                                         (2) 217 

where Co, Cf, and Ce represent the initial, final and equilibrium concentrations of MB dye in 218 

mg/g; V is the dye solution volume (mL); and W represents the mass of the adsorbent (g). 219 

2.6 Adsorption selectivity study 220 

The selective adsorption performance of GO@DSAC towards MB was investigated in a binary 221 

mixture containing MB/MO and MB/RhB. 50 mg of GO@DSAC was weighed and transferred 222 

into two separate 250-mL beakers, each containing 100 mL of equal concentrations (50 mg/L) 223 

of MB/MO and MB/RhB. The mixtures were then placed on an isothermal shaker at a shaking 224 

speed of 600 rpm for 60 min. Thereafter, samples were drawn, filtered, and measured to 225 

examine the residual MB concentration using a UV-VIS spectrophotometer. The absorbance 226 

of MB, MO, and RhB were measured at 664 nm, 463 nm, and 553 nm, respectively. 227 

2.7 Statistical optimization study 228 

Statistical optimization is an approach used to optimize the key operational variables that 229 

influence the adsorption process. In this study, a central composite design (CCD) based on 230 

response surface methodology (RSM) was employed to determine the optimal conditions for 231 

maximum removal of MB. The statistical model also provides insights into the interaction 232 

between the selected factors. The modeling and optimization of MB adsorption onto 233 



GO@DSAC were performed using Design-Expert software (version 11.0). Based on the 234 

preliminary experimental study, which employed a single-factor approach, it was found that 235 

temperature, adsorbent dosage, and pH had a significant impact on MB removal using 236 

GO@DSAC. Therefore, these variables were chosen as input variables for the RSM 237 

optimization process, while the output variable was the percentage removal of MB. The 238 

independent variable was divided into three levels: 2n axial runs (6 points), 2n factorial runs 239 

(8 points), and six center runs (6 points), resulting in a total of 20 experimental runs. All 240 

experiments were conducted with an initial MB concentration of 50 mg/L for a duration of 60 241 

min. The variables considered and their coded levels are summarized in Table S1. The 242 

relationship between the selected input factors and the response (MB removal) was established 243 

using a quadratic model represented by Equation 3. 244 

𝑦 = 𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑋𝑖
2

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑖<𝑗

                                                                                  (3) 245 

where y represents the MB removal efficiency; Xi is the measured factors; (β0, βi, βii and βij) 246 

are the model relations representing the intercept, quadratic, linear, and interaction coefficients, 247 

respectively. Analysis of variance (ANOVA) was performed to determine the relevance and 248 

adequacy of the postulated model by calculating the values of the regression parameters, 249 

including the lack-of-fit, adjusted R2 and correlation coefficient (R2). The relevance of the 250 

independent variables on the adsorption process was assessed based on the proposed model at 251 

95% confidence level. 252 

3. Results and discussion 253 

3.1 Material characterization 254 

The SEM examination of the GO@DSAC composite (Fig. 1c) revealed a well-developed pore 255 

structure with a heterogeneous mesoporous structure, providing abundant adsorption sites for 256 

dye molecules (Elabboudi et al., 2023). The incorporation of DSAC with GO through the cross-257 

linking process resulted in a significant morphological change in the GO@DSAC composite, 258 

as evident in Fig. 1a and b, compared with GO and DSAC. The EDX analysis of the composite 259 

(Fig. 1d) showed the presence of carbon (26.31%), oxygen (71.22%), sulphur (1.66%), and 260 

potassium (0.81%). The lower percentage of carbon compared to oxygen suggests the pyrolysis 261 

of C-atoms from DSAC and GO, while the higher percentage of oxygen indicates an increase 262 

in the C-O bonds of alkoxy, epoxy, and carboxylic groups in GO and DSAC. The presence of 263 

sulphur confirms the successful cross-linking of GO and DSAC using the green method 264 

(Ndagijimana et al., 2022). Additionally, the presence of potassium can be attributed to the 265 



chemical activation (KOH) of DSAC. The TEM picture of the GO@DSAC composite (Fig. 266 

1e) reveals that the surface of GO had spherical dark spots of DSAC. AFM analysis was 267 

conducted under ambient conditions using tapping mode probes with constant amplitude, and 268 

the scanning was performed at multiple positions, as shown in Fig. 1f. The surface roughness 269 

of the composite (measured using nasoscope image processing software) was computed as 270 

follows: average roughness (Ra) = 17.6 nm, root mean square (Rq) = 27.9 nm, bearing area of 271 

13.3 𝜇𝑚 and maximum surface roughness (Rm) = 84.9 nm. The Rq-Ra value of 10.3 nm 272 

confirms the distribution of DSAC on GO. Furthermore, the surface of GO@DSAC appeared 273 

smooth with unevenly distributed aggregated particles dispersed on the surface. 274 

 275 

Fig. 1. SEM images of (a) GO, (b) DSAC, and (c) GO@DSAC; EDX analysis of (d) 276 

GO@DSAC; TEM/AFM image of (e-f) GO@DSAC; FTIR spectra and XRD pattern of (g-h) 277 
GO, DSAC, and GO@DSAC; and TGA/DTG analysis GO@DSAC composite. 278 

 279 
The FTIR spectra of GO, DSAC, and the GO@DSAC composite in the wavenumber range 280 

between 4000 and 400 cm-1 are as presented in Fig. 1(g). The FTIR pattern of GO exhibited a 281 

broad peak at 3468 cm-1, which corresponds to the O-H stretching vibration of the hydroxyl 282 

group due to adsorbed water molecules (Sajjad et al., 2022). The peak at 1751 cm-1 can be 283 

attributed to the C=O (-COOH) vibration stretching of the carboxyl group (Rostamian et al., 284 



2022). The appearance of absorption bands at 1630 and 1570 cm-1 indicates C = C stretching 285 

vibrations, while the peaks at 1416 and 1149 cm-1 correspond to C-OH and C-O of the epoxide 286 

group (Babakir et al., 2022). The FTIR spectra of DSAC displayed a broad peak at 3468 cm−1, 287 

corresponding to the O-H stretching vibration of the hydroxyl groups found in lignin, cellulose, 288 

and hemicellulose. The peaks at 2904 and 1630 cm-1 could be attributed to the aliphatic C-H 289 

group and C=O stretching vibration of the carboxyl group and hemicellulose, respectively 290 

(Jawad et al., 2022). The peaks at 1570 and 1416 cm-1 clearly indicate the presence of axial 291 

deformation of C=C aromatic lignin and C-OH stretching (Joshiba et al., 2022). The IR 292 

spectrum of GO after cross-linking with DSAC (GO@DSAC) using fermented MES revealed 293 

peaks at 3468 and 1630 cm-1, suggesting that the O-H group and C=C stretching in the GO and 294 

DSAC spectra were retained. The peak at 2904 cm-1 in the DSAC spectra, corresponding to the 295 

aliphatic C-H group, was reduced to 2360 cm-1. The band at 1149 cm-1 in the GO spectra, 296 

attributed to the C-O epoxide group, was reduced to 1107 cm-1. The formation of a new peak 297 

at 756 cm-1 could be due to C-H bending and the disulphide group (-S-S-), indicating 298 

successful cross-linking (Jasri et al., 2023). 299 

 300 
The X-ray diffraction pattern of GO, DSAC, and GO@DSAC is as shown in Fig. 1(h). The 301 

XRD crystallography pattern of GO exhibited two peaks at 11.6° and 42.8°, assigned to the 302 

(001) and (100) crystal planes of the orthorhombic GO phase. This finding suggests that the 303 

oxidation of graphite produced the GO phase and introduced oxygen functional groups into the 304 

graphite layer (Cahyana et al., 2022). The DSAC diffraction pattern showed three peaks at 305 

24.2°, 29.4°, and 42.8°, respectively. The two primary broad peaks at 24.2° and 42.8°, which 306 

can be attributed to the (002) and (100) crystal planes, indicate the graphitization of carbon and 307 

the formation of an amorphous structure, which is advantageous for materials with clearly 308 

defined pores (Mirzaee et al., 2022; Serafin et al., 2023). The XRD diffraction pattern of the 309 

GO@DSAC composite exhibited peaks at 24.2°, 30.8°, and 42.8°. The major peak (002) of 310 

DSAC and one of the GO phase peaks (100) were evident in the composite material. However, 311 

disappearance of GO crystal phase XRD diffractogram could be attributed to the small amount 312 

of GO in the composite, favourable GO dispersion with the matrix and the existence of 313 

interfacial interactions. The emergence of GO and DSAC in the composite material 314 

demonstrates the successful cross-linking approach for incorporating DSAC into GO (Singh et 315 

al., 2022). 316 

The thermal decomposition behavior of GO@DSAC is as presented in Fig. 1(i). The 317 

thermograms of GO@DSAC revealed two thermal degradation steps. In the first stage, a 318 

weight loss of 4.3% was observed between the temperature ranges of 25-107 °C, which could 319 



be due to the evaporation of adsorbed water and the decomposition of volatile organic matter 320 

(Li et al., 2022). The weight loss of 8.93% as the temperature increased from 107 to 450 °C 321 

could be attributed to the graphitization of carbonaceous material corresponding to the 322 

decomposition of the carboxylic group (Chen et al., 2022). GO@DSAC exhibited high thermal 323 

stability between 450-900 °C, which can be attributed to the successful cross-linking of GO 324 

with DSAC using MES (Abd-Elhamid et al., 2019). The DTG curve demonstrated that the 325 

maximum degradation temperature was experienced at 580 °C. 326 

The BET measurement (Fig. 2a-c) showed that the BET surface areas of GO, DSAC, and 327 

GO@DSAC were 82.41, 698.23, and 803.67 cm2/g, respectively, with average pore volumes 328 

of 0.0303, 0.165, and 0.216 cm3/g, and pore diameters of 3.48, 5.88, and 5.73 nm, respectively. 329 

The N2 adsorption-desorption isotherm curves exhibited a type IV behavior, as described by 330 

the IUPAC classification. Moreover, based on pore classification, the GO, DSAC, and 331 

GO@DSAC composites are dominated by mesopores (2-50 nm). Furthermore, the enhanced 332 

surface area of GO@DSAC could be attributed to the cross-linking of GO and DSAC and the 333 

disappearance of volatile carbon mass from the composite surface during thermal treatment, 334 

thereby providing more pore volume and pore diameter (Saghir et al., 2022). 335 

 336 

Fig. 2. BET measurement of (a) GO, (b) DSAC, and (c) GO@DSAC and XPS analysis of 337 
GO@DSAC for (d) survey spectra, and high-resolution spectra for (e) C 1s, and (f) O 1s. 338 

 339 

The XPS survey spectra of the GO@DSAC composite (Fig. 2d) revealed the presence of 340 

mainly carbon and oxygen (Mwizerwa et al., 2022). The high-resolution C 1s spectra (Fig. 2e) 341 

exhibited three peaks located at 284.4, 286.9, and 289.2 eV. The peak at 284.4 eV is due to C-342 

C bonding (sp2), the peak at 286.9 eV corresponds to carbon atoms bonded to oxygen (C-O), 343 

while the peak at 289.2 eV is assigned to O-C=O (Harraz et al., 2022). The peak at 284.4 eV 344 



clearly indicates the hybridization of the majority of the C-atoms, suggesting the presence of 345 

hybridized sp2 carbon atoms. The peaks at 286.9 and 289.2 eV are due to C-O and O-C=O, 346 

indicating the presence of oxygen-related functional groups on the edges and surface of 347 

GO@DSAC (Thombare et al., 2022). The high-resolution spectra of O 1s (Fig. 2f) showed 348 

peaks at 531.6, 533.2, and 536.2 eV. The peak at 531.6 eV is attributed to O=C-O, relating to 349 

the carboxyl groups (COOH). The peak at 533.2 eV is associated with the hydroxyl groups (C-350 

OH), and the peak near 536.2 eV is attributed to weakly bound oxygen resulting from the 351 

adsorption of water on the surface of GO@DSAC (Chandraraj and Xavier, 2023). 352 

 353 
3.2 Adsorption performance study 354 

The impact of contact time was investigated over a varied time range of 0-180 min at a constant 355 

temperature (318 K), pH (8), adsorbent dosage (50 mg), and an initial MB concentration (50 356 

mg/L). The experimental results (Fig. 3a) revealed that the adsorption of MB was rapid within 357 

the first 20 min for the different concentrations studied, after which it increased gradually and 358 

reached equilibrium at 60 min. However, a slower adsorption rate was observed after 359 

equilibrium was established, which could be attributed to the saturation of the majority of sites 360 

on the GO@DSAC surface (Xu et al., 2023). Furthermore, it was observed that equilibrium 361 

was reached faster at lower MB concentrations compared to higher concentrations. This can be 362 

explained by the availability of more adsorption sites on the GO@DSAC composite with fewer 363 

MB molecules to occupy them, resulting in a rapid adsorption process at lower concentrations 364 

(Han et al., 2023). 365 

 366 

The influence of initial MB concentration on the performance capacity and removal efficiency 367 

was examined by varying the concentrations from 10 to 50 mg/L while keeping other 368 

parameters constant (constant time=60 min, pH=8, adsorbent dosage=50 mg, and 369 

temperature=318 K). The results (Fig. 3b) revealed that the MB percentage removal decreased 370 

from 96.35% to 80.71% while the performance capacity increased from 118.7 mg/g to 413.7 371 

mg/g with increasing MB concentrations. The decrease in MB efficiency at higher 372 

concentrations can be attributed to the saturation of limited adsorption sites, resulting in a queue 373 

formation of MB molecules waiting to be adsorbed (Thakkar et al., 2023). Additionally, the 374 

adsorption process involves various steps such as the movement of molecules to the external 375 

adsorbent surface, diffusion into the adsorbent pores, and further diffusion into the inner pores 376 

(Wang et al., 2023; Obayomi et al., 2023b). The increase in adsorption capacity at higher 377 

concentrations can be attributed to the competition among more MB molecules present in the 378 

solution for the available binding sites on the adsorbent, resulting in a higher adsorption 379 



capacity. Moreover, higher MB concentrations provide more driving force for the diffusion of 380 

MB molecules onto the GO@DSAC adsorption sites (Kazak et al., 2023).  381 

 382 

The point of zero charge (PZC) of GO@DSAC was measured to determine the adsorbent 383 

surface charge. The graph of zeta potential against pH (Fig. 3c) revealed that the PZC of the 384 

GO@DSAC composite is 4.69, indicating that the overall GO@DSAC surface is positively 385 

charged at pH values below 4.69 and negatively charged at pH values above 4.69 (Yu et al., 386 

2021). Furthermore, the PZC of GO@DSAC increased from 4.69 to 6.51 after MB adsorption, 387 

indicating inner sphere complexes (the process at which the MB binds directly to the 388 

GO@DSAC surface without the interference of water molecules) and strong electrostatic 389 

interaction between GO@DSAC and MB. 390 

 391 

The effect of pH on MB adsorption capacity and removal efficiency was investigated by 392 

varying the pH between 2 and 11 at the optimum conditions (constant time=60 min, initial MB 393 

concentration=50 mg/L; temperature=318 K, and adsorbent dosage= 50 mg) as depicted in 394 

Fig.3(d). The positively charged surface of GO@DSAC had low affinity for positively charged 395 

MB molecules in acidic conditions due to electrostatic repulsion (Rimzim et al., 2023). 396 

Moreover, a higher abundance of positively charged GO@DSAC surface was available at 397 

lower pH, resulting in stronger electrostatic repulsion and thus smaller MB removal and 398 

adsorption capacity. On the other hand, as the pH exceeded the PZC, the GO@DSAC surface 399 

became negatively charged, leading to a stronger affinity for positively charged MB due to 400 

electrostatic interaction (Albishri and Katouah, 2023). Furthermore, at higher pH values, the 401 

GO@DSAC surface became more negatively charged, resulting in higher MB percentage 402 

removal and adsorption capacity. The maximum removal and adsorption capacity, which were 403 

found to be 98.82% and 511.7 mg/g, respectively, were achieved at pH 8. Therefore, the 404 

adsorption of MB on the GO@DSAC surface is primarily governed by electrostatic 405 

interactions. 406 

 407 
The effect of GO@DSAC mass was studied by varying the dosage from 0.1 to 0.6 g/L at 408 

constant optimum conditions (constant time=60 min, initial MB concentration=50 mg/L; 409 

temperature=318 K, and pH= 8). The plot of adsorption capacity and removal efficiency against 410 

dosage (Fig. 3e) showed that the percentage MB removal increased with decreasing adsorption 411 

capacity as the dosage was increased. The increase in percentage removal can be attributed to 412 

the availability of more adsorption sites and the enhanced surface area of GO@DSAC 413 

(Demirezen et al., 2023). However, an adsorbent mass increase from 0.1 to 0.3 g/L resulted in 414 

99.01% removal, while further mass increase beyond this point (0.35-0.6 g/L) yielded 96.29% 415 



removal. The decrease in MB removal as the adsorbent mass was further increased could be 416 

due to agglomeration on the adsorbent surface, hindering MB molecule adsorption. A 417 

significant decline from 126.9 mg/g to 82.3 mg/g was observed in the adsorption capacity of 418 

GO@DSAC towards MB with increasing adsorbent mass. This is because at higher adsorbent 419 

mass, the number of adsorption sites increases, but at a specified concentration, the adsorption 420 

sites are less utilized (Rostamian et al., 2022). 421 

 422 
The influence of temperature on the adsorption capacity and removal efficiency of MB onto 423 

GO@DSAC was examined to determine the endothermic or exothermic nature of the 424 

adsorption process. The plot of adsorption capacity and percentage removal against varying 425 

temperature (298-338 K) at optimal conditions (constant time=60 min, initial MB 426 

concentration=50 mg/L; pH= 8, and adsorbent dosage 0.3 g/L) is as presented in Fig. 3(f). The 427 

results revealed that increasing the reaction temperature led to a significant increase in the 428 

adsorption capacity and removal efficiency. For example, by increasing the reaction 429 

temperature from 298 to 338 K, the MB removal increased from 88.72% to 98.91%, while the 430 

adsorption capacity increased from 113.7 mg/g to 126.6 mg/g. Therefore, the adsorption 431 

process of MB onto GO@DSAC was endothermic in nature, and this phenomenon enhanced 432 

the interaction between the MB molecules and the active surface of GO@DSAC, providing 433 

enough kinetic energy needed for the movement of the MB molecules within the adsorbent 434 

surface (Thakkar et al., 2023). 435 

 436 

The influence of interfering ions on the adsorptive performance of GO@DSAC towards MB 437 

was examined by varying NaCl concentrations ranging from 0 to 0.1% at constant equilibrium 438 

conditions (constant time=60 min, initial MB concentration=50 mg/L; temperature=318 K, 439 

pH= 8, and adsorbent dosage 0.3 g/L). The results displayed in Fig. 3(g) revealed a significant 440 

reduction in the percentage removal and adsorption capacity with increasing NaCl 441 

concentration. The drastic decrease in the percentage removal and adsorption capacity can be 442 

attributed to the fact that the dissolution of NaCl in the MB solution promotes the formation of 443 

Na+ ions. These ions compete with the positively charged MB molecules for the negatively 444 

charged GO@DSAC adsorption sites, thereby leading to a reduction in the percentage removal 445 

and adsorption capacity. Furthermore, the presence of salt in the MB solution interferes with 446 

the electrostatic interaction between the GO@DSAC surface and the MB molecules. 447 



 448 
Fig. 3. The plots (a) contact time, (b) initial MB concentration, (c) PZC, (d) adsorbent 449 

dosage, (e) temperature, and (f) competing ions on MB removal by GO@DSAC. 450 



3.3 Adsorption isotherm study 451 

The distribution of adsorption molecules between the liquid and solid phases is controlled by 452 

the adsorption isotherm in an equilibrium adsorption condition (Jia et al., 2022). Moreover, 453 

adsorption equilibrium is reached when, at a fixed temperature, the amount of adsorbate in the 454 

liquid and on the surface of the adsorbent is evenly distributed, and no further net adsorption 455 

occurs. Although numerous isotherm models have been developed in an effort to fit the 456 

experimental data, none of them are precise, and all entail assumptions (Pandey et al., 2022). 457 

The experimental data obtained from MB adsorption onto the GO@DSAC composite was 458 

fitted to eight different isotherm models: Langmuir, Freundlich, Temkin, Dubinin–459 

Radushkevich, Jovanovic, Harkins-Jura, Halsey, and Redlich-Peterson. The isotherm model 460 

fitting equations and curves are shown in Table S2 and Fig. 4(a-h). The model parameters and 461 

their corresponding values (Table S3) revealed that the adsorption process of MB onto the 462 

GO@DSAC surface was better explained by the Harkins-Jura isotherm (>0.99) model, 463 

followed by Jovanovic (<0.99), Halsey (<0.96), Redlich-Peterson (<0.96), Freundlich (<0.96), 464 

Temkin (<0.90), Langmuir (<0.84), and Dubinin–Radushkevich (<0.80). This conclusion was 465 

based on their high coefficient of correlation (R2) and smaller Hybrid fractional error function 466 

(HYBRID), smaller sum of square errors (SSE) values. The compatibility of the Harkins-Jura 467 

model with the adsorption process suggests that MB adsorption onto the GO@DSAC 468 

composite is dominated by multilayer adsorption occurring on a heterogeneous surface, and 469 

this is also supported by the Freundlich (R2= 0.951) and Halsey models (R2= 0.952). The 470 

Temkin and Dubinin–Radushkevich models suggest that the adsorption process is physical in 471 

nature and occurs as a result of weak van der Waals forces (bT and E < 8 kJ/mol) (Al-Jubouri 472 

et al., 2023). 473 

 474 
Furthermore, the maximum adsorption capacities calculated from the Langmuir model were 475 

523.56, 588.23, and 666.67 mg/g at 298, 308, and 318 K, respectively. The high adsorption 476 

capacity could be due to the following reasons: first, the GO@DSAC possesses a porous 477 

structure and high surface area, which allows the MB molecules to diffuse and access the pore 478 

sites of the composite. Secondly, the abundant negatively charged GO@DSAC surface is able 479 

to adsorb positively charged cationic MB dye through strong electrostatic interaction (Hou et 480 

al., 2023). The maximum adsorption capacity of GO@DSAC towards MB was compared with 481 

other adsorbents, and the results are depicted in Table 1. The results revealed that the adsorptive 482 

performance of GO@DSAC exhibited a higher adsorption capacity than most adsorbent 483 

materials reported in previous studies. 484 

 485 

 486 



 487 
  Table 1. Comparison of GO@DSAC adsorption capacity on MB with other adsorbents 488 

Adsorbent Experimental conditions Qm (mg/g) References 

β-CD/GO pH 7, 343 K, 60 min 76.4 Yang et al., (2021) 

GT-CAG-cl-polyAA 720 min, 303 K 312.7 Sharma et al., (2022) 

CMC/PAA/GO pH 9, 250 min, 298 K 138.0 Hosseini et al., (2022) 
Fe3O4/TiO2/graphene sponge pH 9, 10 min, 328 K 224.0 Maimaiti et al., (2022) 

CMC/GAs-30  298 K 222.7 Liu et al., (2022) 

2Ala-2Car-1GO pH 9.2, 298 K 132.4 Rather et al., (2022) 
MSGO-4  pH 8, 90 min 260.9 Zhu et al., (2023) 

PDOP/GO pH 7, 1440 min, 298 K 270.0 Thu et al., (2023) 

GO-PLA pH 7, 298 K 332.5 Nouri et al., (2023) 

ZA/GO pH 6, 240 min, 298 K 145.1 Jing et al., (2023) 

GO@DSAC pH 8, 60 min, 318 K 666.7 This study 

 489 
 490 

3.4 Adsorption kinetics study 491 

The present study investigated the rate-limiting step during the adsorption process of MB onto 492 

GO@DSAC. The experimental data were fitted to the pseudo-first-order, pseudo-second-order, 493 

Elovich, intraparticle diffusion, and Boyd models. The model equations and fitting curves are 494 

as presented in Table S2 and Fig. 4(i-m). Comparison of the kinetic model parameters based 495 

on their R2 and standard error (SE) values, as depicted in Table S4, revealed that the adsorption 496 

behavior of MB on GO@DSAC was better explained by the pseudo-second-order kinetic 497 

model due to its high R2 (>0.997) and smaller SE (<0.004) (Li et al., 2023). Furthermore, the 498 

experimental adsorption capacity (qe, exp) values at different concentrations were closer to the 499 

calculated adsorption capacity (qe, cal) values for the pseudo-second-order model during the 500 

experimental study (Du et al., 2023). In addition, the Elovich model adsorption rate constant 501 

(α) values calculated at different concentrations were higher than the desorption rate constant 502 

(β), suggesting that MB adsorption onto GO@DSAC was higher at the initial stage of 503 

adsorption. The intraparticle diffusion plot shown in Fig. 4(l) demonstrated that the adsorption 504 

behavior contained three stages, suggesting that the adsorption process was controlled by the 505 

boundary layer at the initial stage, followed by slow intraparticle diffusion, and finally, the 506 

equilibrium stage. The first stage, which was the fastest, showed that MB molecules moved 507 

rapidly into the mesoporous structure of GO@DSAC and occupied the adsorption external 508 

sites. During the second stage, the MB molecules diffused slowly through the liquid film into 509 

the interior GO@DSAC surface. At the final stage, which was the slowest, the equilibrium 510 

position was established as a result of the adsorbent surface saturation caused by adsorbed MB 511 

molecules (Shimizu et al., 2022). Furthermore, as observed from the intraparticle diffusion 512 

plot, the experimental data fitting did not pass through the origin, indicating that the adsorption 513 

behavior was not completely controlled by intraparticle diffusion but that external diffusion 514 

might be involved. Furthermore, the Boyd model fitting plot depicted in Fig. 4(m) clearly 515 



demonstrated that the straight line did not pass through the origin, suggesting that both 516 

intraparticle diffusion and external mass transfer governed the adsorptive behavior of 517 

GO@DSAC towards MB molecules (Al-Jubouri et al., 2023). 518 

         Thermodynamics evaluation 519 

The thermodynamic properties of MB adsorption on GO@DSAC composite was investigated 520 

using the adsorption isotherm data at different temperatures to reveal the driving force and 521 

degree of the adsorption process (Obayomi et al., 2023c). 522 

∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇 ln 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜                                                                                                               (4) 523 

−∆𝐺𝑜 = 𝑅𝑇 ln 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜                                                                                                           (5) 524 

∆Go= ∆Ho -T∆So                                                                                                                                                                                           (6) 525 

The Van’t Hoff equation is given as; 526 

ln 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜 = −

∆𝐻𝑜

𝑅𝑇
+

∆𝑆𝑜

𝑅
                                                                                                          (7) 527 

 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜 =

(𝐾𝐿×𝑀𝑤×1000)×[𝐶𝑜]

𝛾
                                                                                               (8) 528 

where 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜  is the thermodynamic equilibrium constant (dimensionless), 𝑀𝑤 stands for 529 

the MB molecular weight (319.85 g/mol),  𝐾𝐿 represents the Langmuir constant, KL (L/mg), γ 530 

is the coefficient activity of MB in solution (dimensionless) and [C]° is the standard 531 

concentration of the MB (1 mol/L). Since the MB dye solution is very diluted, the activity of 532 

coefficient (γ) is considered unitary (Lima et al., 2019). The adsorption activation energy was 533 

calculated to further confirm the nature of adsorption during MB with GO@DSAC. The 534 

Arrhenius equation is represented by; 535 

ln 𝑘2 = −
𝐸𝑎

𝑅
(

1

𝑇
) + ln 𝐴                                                                                                             (9) 536 

Where 𝐸𝑎  is adsorption activation energy (kJ/mol), A is the Arrhenius constant, and 𝑘2 is the 537 

rate constant for the pseudo-second order. The values of 𝐸𝑎 and A were determined from the 538 

slope and intercept of the plot of ln 𝑘2 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 
1

𝑇
 (plot not shown). Values of Ea between 5-40 539 

kJ/mol suggest physical properties while values between 40-80 kJ/mol reveal chemical 540 

properties. The values of ΔSo and ΔHo were obtained from the slope and intercept of 541 

ln 𝐾𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝑜  versus 1/T as shown in Fig. 4(n). The thermodynamics results presented in 542 

Table S5 shows that the negative ∆𝐺𝑜 values calculated suggest that the adsorption of MB on 543 

GO@DSAC occurs spontaneously and feasibly. Furthermore, the ∆𝐺𝑜 values decrease with 544 

increasing temperature, indicating that the adsorption process is more favoured at higher 545 

temperature (Ahmad and Ejaz, 2023).  546 

 547 



The positive ∆𝐻𝑜 values revealed that the interaction between the MB molecules and 548 

GO@DSAC was physical and endothermic in nature. This was also confirmed by ∆𝐻𝑜 and Ea 549 

(< 40 kJ/mol) values. The positive ∆𝑆𝑜 values demonstrated an increase in randomness during 550 

the adsorption process at the MB-GO@DSAC interface (Wang et al., 2023). Finally, the 551 

activation energy during the adsorption of MB on GO@DSAC was 22.122 kJ/mol. 552 

 553 
Fig. 4. Adsorption isotherms (a-h), kinetics (i-m), thermodynamics (n), and reuseability study 554 

(o) plots for MB adsorption by GO@DSAC. 555 



 556 
3.6 Regenerability and reusability study 557 

To explore the reusability of the GO@DSAC composite and achieve sustainable application, a 558 

desorption experiment was conducted after the completion of the adsorption process by 559 

thoroughly washing the composite with a solution mixture containing 5% acetic acid in ethanol. 560 

Acetic acid was used to destroy the electrostatic interaction between MB and GO@DSAC. The 561 

composite was then washed with deionized water six times, centrifuged at 3000 rpm for 10 562 

min, and finally dried in an oven at 102°C for 4 h. The adsorption-desorption process was 563 

repeated 10 times following the same procedure. The cyclic experimental results (Fig. 4o) 564 

revealed that the MB percentage adsorption reached 98.22% in the first cycle and decreased to 565 

81.78% after the tenth cycle. The decrease in the percentage MB removal after each cycle could 566 

be due to blockade of pores by unflinching MB molecules thereby reducing the active sites of 567 

the GO@DSAC composite. Together, the results suggest that the composite material has good 568 

stability and reusability performance, making it a sustainable adsorbent for wastewater 569 

treatment. 570 

3.7 Adsorption mechanism 571 

To examine the mechanism governing the interaction between MB molecules and GO@DSAC, 572 

pH, BET, XRD, FTIR, AFM, and XPS analyses were performed before and after adsorption. 573 

The effect of pH on the adsorptive performance of GO@DSAC towards MB revealed that the 574 

electrostatic interaction was the primary mechanism governing the adsorption process. When 575 

the pH of the solution was above the PZC (4.69), the adsorption sites on GO@DSAC were 576 

positively charged, thereby promoting a strong electrostatic attraction with the cationic MB. 577 

BET measurements also demonstrated that the BET surface area and pore volume of 578 

GO@DSAC before MB adsorption were 803.67 m2/g and 0.216 cm3/g, respectively, while 579 

after MB adsorption, they were 489 m2/g and 0.0998 cm3/g. The FTIR analysis of the 580 

adsorption mechanism between MB and porous GO@DSAC before and after adsorption is as 581 

depicted in Fig. 5(a). A shift in the peak assigned to O-H stretching vibration was observed 582 

from 3468 cm-1 to 3440 cm-1, suggesting hydrogen bonding between MB and GO@DSAC. 583 

The peak at 2360 cm-1 corresponding to the aliphatic C-H group shifted to 2372 cm-1. This shift 584 

was likely a result of surface modification; at pH 8, the hydrogen ions and carbonyl group on 585 

the GO@DSAC surface transformed into carboxylic and hydroxylic groups, creating an avenue 586 

for the MB molecules to be more easily captured (Zhang et al., 2023). Furthermore, the peaks 587 

at 1630 cm-1 and 1107 cm-1, relating to C=C stretching and C-O of the epoxide group, were 588 

seen to be broader, demonstrating that the surface of GO@DSAC was successfully covered 589 

with MB molecules. The XRD diffraction pattern before and after MB adsorption, presented 590 



in Fig. 5(b), revealed no observable change in the crystal structure of GO@DSAC (no 591 

formation or disappearance of peaks), indicating that the adsorption process involved a physical 592 

adsorption mechanism. The SEM analysis depicted in Fig. 5(c) showed that the morphological 593 

structure of the material was not damaged but rather the porous surface of the adsorbent was 594 

filled with the adsorbed MB, suggesting that the adsorption process involved physical 595 

adsorption. Furthermore, the AFM analysis before and after adsorption, presented in Fig. 5(d), 596 

showed that the maximum surface roughness of the porous material increased after MB 597 

adsorption from 84.88 nm to 101.20 nm, suggesting the successful adsorption of MB 598 

molecules. The XPS full spectra of GO@DSAC before and after MB adsorption, depicted in 599 

Fig. 5(e), demonstrated the presence of N Is in the GO@DSAC structure after adsorption, 600 

confirming that MB adhered to the surface of GO@DSAC. The N 1s deconvolution spectrum 601 

depicted in Fig. 5(f) showed three peaks at 400.4 eV, 399.6 eV, and 398.2 eV corresponding 602 

to –NH3
+ (protonated amino), C-N-C, and –NH2 (amino) groups. The functional groups were 603 

fully involved in the adsorption process of MB on GO@DSAC via electrostatic interaction 604 

(Kumari et al., 2020). Finally, based on the aforementioned findings, hydrogen bonding, 605 

physical adsorption, pore-filling, and electrostatic interaction might be the major factors 606 

governing the interaction between MB and GO@DSAC. 607 



 608 

Fig. 5. (a) FTIR, (b) XRD, (c) SEM, (d) AFM, and (e-f) XPS analysis of MB adsorption on 609 

GO@DSAC before and after adsorption. 610 

 611 
3.7 Selective adsorption study 612 

In practical applications, the performance of an adsorbent material depends on its outstanding 613 

adsorptive selectivity for a specific dye from a binary or multiple mixture system. The present 614 

study examined the adsorptive performance of GO@DSAC towards cationic dyes (MB and 615 

Rhodamine B (RhB)), anionic dye (methylene orange (MO)), and in a binary mixture system 616 

(MB/MO and MB/RhB) under optimum conditions of pH 8, adsorbent dosage of 0.3 g/L, initial 617 

concentrations of 50 mg/L, temperature of 318 K, and a contact time of 60 min. In the singular 618 

component system, the performance of GO@DSAC was tested towards MB, MO, and RhB, as 619 

depicted in Fig. 6(a-c). The percentage removal of MB, RhB, and MO was 97.2%, 32.32%, 620 



and 4.62%, respectively. The results suggested that electrostatic attraction and hydrogen 621 

bonding might play an important role in the interaction between GO@DSAC and the dyes. The 622 

low percentage removal of MO was understandable because at pH 8, the overall surface of the 623 

adsorbent was deprotonated, making GO@DSAC negatively charged. This led to electrostatic 624 

repulsion with the anionic, negatively charged MO but facilitated electrostatic attraction 625 

between the cationic, positively charged MB (Konno and Tsukada, 2020). Furthermore, the 626 

percentage removal of 32.32% recorded for RhB could be due to the fact that RhB (pKa = 3.7) 627 

ionizes with increasing pH, resulting in the formation of a more negative charge (Meng and 628 

Nan et al., 2022). Therefore, as the pH is increased to 8, RhB becomes more negatively charged, 629 

enhancing electrostatic repulsion between RhB and GO@DSAC. The color comparison of MB, 630 

RhB, and MO before and after adsorption onto GO@DSAC revealed no obvious change in the 631 

color of RhB and MO, suggesting that GO@DSAC has a weak affinity for RhB and MO 632 

(Kumari et al., 2020). 633 

 634 
Fig. 6. UV–Vis absorbance spectra and pictorial view of (a) MB (b) MO, and (c) RhB in a 635 

singular component before and after adsorption on GO@DSAC. 636 

 637 
The adsorptive selectivity of GO@DSAC in a binary mixture (MB/MO and MB/RhB), using 638 

MB as the target dye, and RhB or MO as the competing species, was investigated, and the 639 

results are presented in Fig. 7(a-d). The pictorial representation of the mixed color before and 640 



after adsorption by GO@DSAC, depicted in Fig. 7(a-b), showed that the color of the binary 641 

mixture after adsorption was almost close to that of the MO and RhB solutions. This fact 642 

suggests that in the binary dye component, cationic MB was mostly adsorbed by GO@DSAC, 643 

confirming that GO@DSAC had higher adsorptive selectivity towards cationic MB. As 644 

observed in Fig. 7(c-d), the UV-vis absorbance spectra corresponding to MB were observed to 645 

have declined significantly, while the absorbance spectra of RhB and MO decreased slightly 646 

after adsorption by GO@DSAC. Furthermore, the separation efficiency (∝) calculated for MB 647 

in MB/MO and MB/RhB was 98.89% and 96.66%, respectively. It is evident from the results 648 

that the interaction between the dyes and GO@DSAC was primarily governed by electrostatic 649 

force (Xu et al., 2023). Therefore, the selective adsorption experiments conducted in a basic 650 

medium facilitated the adsorption of cationic MB and repelled the adsorption of RhB and MO 651 

onto the GO@DSAC surface (Zhang et al., 2023). Thus, as an efficient adsorbent with 652 

outstanding adsorptive selectivity, GO@DSAC has a wide prospect in the treatment of 653 

wastewater containing cationic dyes. 654 

 655 

Fig. 7. Pictorial representation (a-b), and UV–Vis absorbance spectra (c-d) for a binary 656 

mixture of MB/MO, and MB/RhB before and after adsorption of by GO@DSAC. 657 

 658 



3.9 RSM optimization of MB removal  659 

In order to examine the influence of independent variables such as temperature, adsorbent 660 

dosage, and pH, as well as their interactive effects on the maximum MB removal on 661 

GO@DSAC, a Central Composite Design (CCD), which is an aspect of Response Surface 662 

Methodology (RSM) statistical modeling, was employed using the optimal results from the 663 

singular variable at a time experimental approach. The results obtained from the 20 664 

experimental runs, as predicted by the CCD, revealed that the minimum and maximum MB 665 

removal, as shown in Table S6, were 98.97% and 44.40%, respectively. 666 

Furthermore, the model response (MB removal) using the RSM-CCD modelling was employed 667 

to develop a second-order quadratic polynomial model that relates the variables (temperature, 668 

adsorbent dosage, pH) to the response (MB removal). The GO@DSAC composite adsorptive 669 

behaviour towards MB is expressed using the quadratic regression model: 670 

MB removal (%) =+91.58 + 5.05 𝐴 − 4.67 𝐵 + 10.72 𝐶 + 2.63 𝐴𝐵 + 1.03 𝐴𝐶 −671 

3.41 𝐵𝐶 + 2.34 𝐴2 − 11.69 𝐵2 − 18.68 𝐶2                                                                         (11) 672 

 673 

However, the adequacy of the RSM-CCD model was examined using the analysis of variance 674 

(ANOVA) test, and the results are presented in Table S7. It was revealed that the quadratic 675 

model had an F-value of 354.92 with a P-value of <0.0001 (p < 0.05), suggesting that the model 676 

was significant, and the lack-of-fit was not significant, which is acceptable. The correlation 677 

coefficient (R2), which measures the model fitness, was 0.997, demonstrating the closeness of 678 

the predicted response to the actual response (Sadeghnezhad et al., 2022). The adjusted and 679 

predicted R2 values of 0.994 and 0.981 presented in Table S8 revealed that the model was 680 

sufficiently good to predict the adsorption process. The model predicted that temperature, 681 

adsorbent dosage, and pH had a significant effect on the adsorption process (p-values < 0.05) 682 

in terms of linear, two-factor, and quadratic interaction. The normal plot of residuals based on 683 

residuals, externally, and internally studentized residuals (Fig. S1(a-c)) revealed that the points 684 

were closer to the straight lines and followed a normal distribution (Boulahbal et al., 2022). 685 

The 3-D response surfaces and 2-D contour plots illustrated in Fig. 8(a-c) were further 686 

employed to understand the interaction effect between two independent variables when used 687 

simultaneously to predict the optimal conditions for achieving the maximum MB removal. The 688 

interactive effect of temperature and adsorbent dosage at a constant pH is presented in Fig. 689 

8(a). An increase in temperature resulted in a significant increase in the percentage removal, 690 

while an increase in adsorbent dosage from 0.1 to 0.3 g/L also resulted in higher MB removal 691 

but decreased with further increase in adsorbent dosage. However, the maximum MB removal 692 



was achieved at the highest temperature (318 K) and a moderate adsorbent dosage (0.3 g/L). 693 

The highest MB removal with increasing temperature could be due to the increase in kinetic 694 

energy, which was sufficient to reduce the viscosity of the solution and allow MB molecules 695 

to diffuse and move freely on the GO@DSAC surface. 696 

The combined effect of temperature and pH at a constant adsorbent dosage is depicted in Fig. 697 

8(b). The synergetic effect of temperature and pH minimally influenced the removal of MB, as 698 

indicated by their small F-value (8.53) in Table S7 compared to other interactive variables. The 699 

highest MB removal was achieved with a high temperature and a moderate pH. Specifically, 700 

the highest MB removal was observed at a temperature of 318 K and a pH of 8. In an acidic 701 

medium, the adsorbent surface was protonated (pH < PZC), resulting in electrostatic repulsion 702 

between the cationic MB and the positively charged GO@DSAC. However, as the pH 703 

increased (pH > PZC), the composite surface was deprotonated, making the adsorbent surface 704 

more negatively charged, which facilitated the adsorption of cationic MB through electrostatic 705 

attraction. However, further increases in pH above 8 resulted in a decrease in MB removal, 706 

suggesting an oversaturation of the adsorbent adsorption sites by MB molecules. 707 

The impact of pH and adsorbent dosage at a constant temperature is depicted in Fig. 8(c). The 708 

3-D and contour plots show that the effect of pH and adsorbent dosage had the most significant 709 

impact on MB removal, which is confirmed by their highest F-value (93.16) as shown in Table 710 

S7. Increasing the pH from 2 to 8 and the adsorbent dosage from 0.1 to 0.3 g/L resulted in the 711 

highest MB removal. The maximum MB removal was achieved at pH 8 and an adsorbent 712 

dosage of 0.3 g/L. However, increasing the adsorbent dosage (>0.3 g/L) and pH (>8) beyond 713 

this point resulted in a decrease in MB removal. This decline may be due to adsorption site 714 

blockage resulting from particle agglomeration on the adsorbent surface as the adsorbent 715 

dosage increases. 716 

The main goal of the statistical analysis was to model optimal conditions for maximum MB 717 

removal efficiency during the adsorption process using numerical optimization. Based on the 718 

desirability of the model (1.0), the selected optimal conditions of temperature = 316.17 K, 719 

adsorbent dosage = 0.26 g/L, and pH = 9.13 resulted in a removal efficiency of 98.41%. A 720 

confirmatory test was then performed to further validate the predicted MB removal using the 721 

selected optimal variables. The experimental and predicted results obtained for MB removal 722 

were 98.97% and 98.41%, respectively, suggesting a good a close agreement between the 723 

predicted and experimental values. 724 

 725 



 726 

Fig. 8. 3-D response surface and 2-D contour plots for MB removal on GO@DSAC a 727 
function of (a) temperature and adsorbent dosage (b) temperature and pH and (c) adsorbent 728 

dosage and pH. 729 

 730 

4. Conclusion 731 

In this study, we employed cost-effective and fermented maize extract solution (MES) as a new 732 

cross-linker to enhance the adsorptive performance of a graphene oxide-based durian shell-733 

derived activated carbon composite (GO@DSAC) for MB treatment. The MES facilitated the 734 



gelatinization of the GO@DSAC composite, resulting in rapid precipitation without the 735 

production of byproducts. This demonstrates the benefits of easy separation, quicker 736 

preparation, and reduced GO loss. The as-synthesized GO@DSAC composite was fully 737 

characterized using techniques, including BET, FTIR, SEM/EDX, AFM, TEM, Zeta-potential, 738 

and XPS analysis. The SEM and BET examinations revealed that the composite material has a 739 

well-developed porous structure with an enhanced BET surface area of 803.67 m2/g. The 740 

adsorption of MB was influenced by pH, initial concentration of MB, temperature, adsorbent 741 

dosage, contact time, and interfering ions. The adsorption kinetics and isotherms were well 742 

explained by the pseudo-second-order and Harkins-Jura models, respectively. The 743 

temperature-dependent thermodynamic parameters suggested that the adsorption process was 744 

spontaneous, feasible, and endothermic in nature. The adsorption process of MB on 745 

GO@DSAC involves both physical and chemical adsorption but more dominated by chemical 746 

rather than physical. Moreover, the regenerability and reusability studies revealed that the 747 

GO@DSAC composite could be effectively regenerated and reused for up to 10 consecutive 748 

cycles. The adsorption process demonstrated that the interaction between MB and GO@DSAC 749 

was governed by hydrogen bonding, pore-filling, and electrostatic attraction. The optimization 750 

study of the adsorption process using RSM-CCD revealed that the selected optimum conditions 751 

of temperature (316.17 K), adsorbent dosage (0.26 g/L), and pH (9.13) resulted in a maximum 752 

MB removal of 98.41%. This suggests that the developed composite could be employed in 753 

practical applications for the treatment of MB-containing wastewater. 754 

 755 

 756 
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