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Abstract  
 

The removal of synthetic dyes such as Methylene Blue from aqueous effluents is a critical environmental challenge. This 

study investigates the efficacy of activated Carbon derived from Pterocarpus santalinoides Fruit as a low-cost and 

renewable adsorbent of Methylene Blue dye. The Pterocarpus santalinoides activated carbon was analyzed using scanning 

electron microscopy and Fourier transform infra-red spectroscopy. The Box-Behnken design of response surface 

methodology (RSM) method was adopted to optimize the adsorption process variables such as contact time (20 – 100 min), 

adsorbent dose (0.1 – 0.5 g), initial dye concentration (10 – 50 mg/l), and temperature (30 – 60 ℃). The characterization 

result revealed the good adsorptive properties of the Pterocarpus santalinoides activated carbon. The ANOVA result 

indicates that quadratic model was reliable for predicting methylene blue removal with R2 of 0.9267 and 0.9618 for 

adsorption capacity. The optimum condition for the maximum removal efficiency of 95.90 % and adsorption capacity of 

5.70 mg/g were achieved at contact time (56.33 min), adsorbent dose (0.43 g), MB concentration (36.26 mg/l) and 

temperature (55.91 ℃). Both Henry and Langmuir isotherms were well fitted to the adsorption data. The adsorption kinetics 

was best described by the Psuedo–second order model indicating a chemisorption-dominated process. Equilibrium 

Isotherm data showed a high correlation with the Langmuir model suggesting a monolayer adsorption on a homogeneous 

surface. This study successfully demonstrated the efficiency of Box Behnken Design of Response Surface Methodology 

(BBD – RSM) as a powerful tool for modeling and optimizing the adsorption process, providing a clear path-way for 

maximizing the efficiency of Pterocarpus santalinoides based activated Carbon for dye wastewater treatment and 

environmental remediation. 
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1.0 INTRODUCTION 
The textile, pharmaceutical, and leather 

industries extensively utilize synthetic dyes to color their 

products; with methylene blue (MB) being one of the 

most widely applied cationic dyes owing to its intense 

color and chemical stability. MB finds applications in 

dyeing natural fibers such as cotton, wool, and silk, as 

well as in biological staining procedures and as a redox 

indicator in chemical analysis (Berradi et al., 2019). 

However, the discharge of untreated effluents containing 

such dyes into aquatic environments poses serious 

ecological concerns. These effluents elevate biochemical 

oxygen demand (BOD) and chemical oxygen demand 

(COD), thereby disturbing the balance of receiving water 

bodies (Hossain et al., 2022). Synthetic dyes like MB are 

highly persistent and resistant to natural degradation 

processes, leading to bioaccumulation along food chains 

and potential long-term risks to aquatic life and human 

health (Rawat et al., 2018). 

 

A major contributor to dye pollution is the low 

fixation efficiency of dyeing processes, where up to 15% 

of applied dyes can remain unbound and enter 

wastewater streams as colored effluents (Khan et al., 

2014). This coloration reduces light penetration in water 

bodies, inhibiting photosynthesis in aquatic plants and 

creating oxygen-depleted (anoxic) conditions that harm 

fish and other organisms (Berradi et al., 2019). 

Traditional wastewater treatment approaches, including 

biological degradation and chemical oxidation, 

frequently prove inadequate for removing recalcitrant 

dyes such as MB, owing to their resistance to 

https://doi.org/10.36348/sijcms.2026.v09i05.001
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biodegradation and the risk of forming harmful 

secondary byproducts (Hossain et al., 2022). Moreover, 

advanced methods such as membrane filtration and 

photocatalysis are often prohibitively expensive and 

energy-intensive, restricting their adoption in resource-

limited settings and perpetuating the widespread problem 

of industrial dye contamination in developing regions 

(Ismail et al., 2022). 

 

Addressing dye pollution through sustainable, 

cost-effective adsorbents is therefore of critical 

importance. The development of biomass-derived 

activated carbons has received considerable attention 

because agricultural residues provide renewable carbon 

sources for wastewater treatment applications. Biomass-

based adsorbents offer advantages including low 

precursor cost, availability, waste valorization potential, 

and tunable surface chemistry after activation. Recent 

studies have demonstrated that fruit wastes, agricultural 

residues, and plant-derived materials have been 

successfully converted into activated carbons for 

methylene blue removal, with adsorption performance 

strongly influenced by activation conditions, pore 

structure, surface functional groups, and experimental 

parameters (Shelke et al., 2022; Tan et al., 2016). 

Although numerous biomass-derived activated carbons 

have been reported, adsorption performance varies 

significantly depending on precursor composition and 

preparation conditions. Parameters such as BET surface 

area, pore volume, surface functional groups, pH, 

adsorbent dosage, initial dye concentration, and 

temperature strongly influence adsorption behaviour 

(Shelke et al., 2022; Al-Ghouti & Da’ana, 2020). 

Therefore, investigation of locally available and 

underutilized biomass resources remains important for 

developing sustainable adsorption materials. 

 

In the present study, Pterocarpus santalinoides 

fruit was investigated as a precursor material for 

activated carbon production. The study contributes to the 

existing literature by combining biomass conversion 

with statistical optimization using Box–Behnken 

Response Surface Methodology. RSM provides an 

efficient approach for evaluating the individual and 

interactive effects of multiple adsorption parameters 

while reducing the number of experimental runs 

compared with conventional one-factor-at-a-time 

approaches. The application of optimization techniques 

has been widely recognized as an effective strategy for 

improving adsorption process performance and 

understanding variable interactions (Myers et al., 2016). 

 

2.0 METHODOLOGY 
2.1 Sample Collection and Pretreatment 

Pterocarpus santalinoides fruits were collected 

from Federal Polytechnic Nekede, Owerri, Imo State, 

Nigeria. The collected material was thoroughly washed 

with tap water to remove dirt, dust, and surface 

impurities, followed by rinsing with distilled water. The 

cleaned biomass was sun-dried for 14 days and then 

oven-dried at 105 °C for 24 h to achieve constant weight 

and remove residual moisture. The dried material was 

pulverized using a mechanical grinder and stored in an 

air tight container. 

 

2.2 Preparation of Activated Carbon 

Activated carbon was prepared from 

Pterocarpus santalinoides fruit through a simple 

physical activation process. The dried and ground fruit 

was placed in a muffle furnace and heated at 500 °C for 

3 hours. After activation, the furnace was allowed to cool 

to ambient temperature under vacuum conditions. The 

resulting activated carbon was dried at room 

temperature, ground further, and sieved to obtain a fine 

powder with a particle size of 250 mesh. The final 

powdered adsorbent was labeled, stored in airtight plastic 

bottles, and kept in a desiccator until required for 

characterization and adsorption experiments. 

 

2.3 Characterization of Activated Carbon 

The surface functional groups of the activated 

carbon before and after methylene blue adsorption were 

characterized by Fourier Transform Infrared (FTIR) 

spectroscopy (Happ-Genzel). The surface morphology 

of the activated carbon before and after adsorption was 

investigated using Scanning Electron Microscopy 

(Phenom Prox). 

 

Batch Adsorption experiments 

The adsorption experiment were studied based 

on the influence of contact time (20, 40, 60, 80, 100 

mins), adsorbent dose (0.1, 0.2, 0.3, 0.4, 0.5 g), MB 

concentration (10, 20, 30, 40, 50 mg), and temperature 

(30, 40, 50, 60 ℃) respectively. The removal of MB dye 

in solution was determined by measuring MB’s 

absorbance before and after treatment with Pterocarpus 

santalinoides activated using UV-Vis spectrophotometer 

(D-8 Drawell) at maximum wavelength of 664 nm. The 

MB dye removal percentage and adsorption capacity (qe) 

was calculated according to equation 1 and 2, 

respectively: 

Removal (%) = 
𝐶𝑜−𝐶𝑒

𝐶𝑜
 × 100    (1) 

qe =   
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
 × 100    (2) 

 

Where CO and Ce are the initial and the 

equilibrium methylene blue concentration (mg/l), 

respectively, V is the volume of solution (L) and m is the 

mass (g) of the adsorbent.  

 

Design of Experiments Using BBD 

Optimization of variables in removal of 

methylene blue dye was studied using Box-behnken 

design (BBD) of research surface methodology (RSM) 

provided by the Design Expert 13 software (start- Ease 

Inc., USA). Four experimental factors with three levels 

were selected as displayed in Table 1. The contact time, 

adsorbent dose, initial MB concentration, and 

temperature were set as parameters. Percentage removal 

efficiency was set as a responsive parameter. Based on 
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factorial experimental design, four factors with three 

levels, 29 runs were obtained by the Design Expert 

software version 13. 

 

Table 1: Experimental range and coded levels of the selected process parameters 

Parameters Coding Units Design range and coded levels 

-1 0 +1 

Contact time (min) A min 20 60 100 

Adsorbent dose B g 0.1 0.3 0.5 

Dye concentration C ppm 10 30 50 

Temperature D ℃ 30 45 60 

 

3.0 RESULTS AND DISCUSSION 
3.1 Characterization of Adsorbent 

3.1.1 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) 

spectroscopy was used to identify the surface functional 

groups on Pterocarpus santalinoides activated carbon 

(PSAC) before and after methylene blue (MB) 

adsorption and to explore the dominant adsorption 

mechanisms. 

 

Before adsorption (Figure 1A), the FTIR 

spectrum revealed several characteristic bands, including 

a broad O–H stretch at 3382 cm⁻¹ and sharper peaks at 

3576–3817 cm⁻¹, indicating phenolic and alcoholic 

hydroxyl groups. Aromatic C–H stretching appeared at 

3125 cm⁻¹, and the C=C stretch at 1633 cm⁻¹ suggested 

π-electron-rich domains from lignin structures. Aliphatic 

C–H stretching occurred at 2945 cm⁻¹, with a C=O 

stretch at 1862 cm⁻¹ from lactones or carbonyl groups. 

Additional C–O stretching at 1273 cm⁻¹ and minor bands 

at 2020, 2135, 2455, and 2657 cm⁻¹ pointed to 

activation-related impurities. 

 

After MB adsorption (Figure 1B), several FTIR 

bands shifted or changed intensity, indicating the 

involvement of specific functional groups in binding. 

The O–H stretch shifted to 3201 cm⁻¹, and the free O–H 

region at 3578–3819 cm⁻¹ remained, suggesting 

hydrogen bonding with the cationic nitrogen of MB. The 

aromatic C–H stretch shifted to 3014 cm⁻¹, and the C=C 

aromatic band at 1633 cm⁻¹ remained, indicating π–π 

stacking interactions with the dye. The C=O stretch 

slightly shifted to 1880 cm⁻¹, suggesting coordination or 

ion-exchange interactions. Additional C–O stretching at 

1309 and 1097 cm⁻¹ highlighted the role of oxygen-

containing groups in polar and electrostatic interactions. 

An out-of-plane aromatic C–H bending appeared at 934 

cm⁻¹. 

 

The observed changes in FTIR bands after 

methylene blue adsorption indicate possible involvement 

of surface functional groups during dye uptake. 

However, FTIR peak shifts alone cannot independently 

confirm specific adsorption mechanisms. Therefore, the 

adsorption process should be interpreted using combined 

evidence from FTIR analysis, equilibrium modelling, 

kinetic behaviour, and thermodynamic parameters. The 

interaction between methylene blue and activated carbon 

surfaces may involve several contributions, including 

electrostatic attraction between charged surface sites and 

dye molecules, π–π interactions involving aromatic 

structures, hydrogen bonding, and pore filling. Similar 

multi-mechanistic adsorption behaviour has been 

reported for biomass-derived activated carbons used for 

methylene blue removal (Hameed et al., 2007; Shelke et 

al., 2022). 
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Figure 1: FT-IR Spectrum of Pterocarpus santalinoides activated carbon (A) before and (B) after adsorption of MB 

 

3.1.2 SCANNING ELECTRON MICROSCOPY 

The surface morphology of Pterocarpus 

santalinoides fruit-derived activated carbon (PSAC) 

before and after methylene blue (MB) adsorption was 

analyzed using Scanning Electron Microscopy (SEM). 

Before adsorption (Figure 2A), the SEM image shows a 

highly porous and heterogeneous surface with an 

interconnected network of pores and irregular cavities, 

typical of activated lignocellulosic materials. This 

structure provides abundant active sites, enhancing its 

potential as an adsorbent for cationic dyes like MB. After 

MB adsorption (Figure 2B), the surface morphology 

changes significantly, with many pores filled or reduced, 

resulting in a smoother surface. The reduced pore 

openings suggest that MB molecules have occupied the 

pores and adsorbed onto the surface. These observations 

confirm that MB is primarily adsorbed via pore-filling 

and surface attachment mechanisms, highlighting 

PSAC's strong binding affinity and high adsorption 

capacity for methylene blue, making it an effective, low-

cost adsorbent for dye removal. 

 

 
Figure 2: SEM image of Pterocarpus santalinoides activated carbon (A) before and (B) after adsorption of MB 

 

3.2 Adsorption Study 

3.2.1 Effect of Contact Time on Methylene Blue 

Adsorption 

The effect of contact time on methylene blue 

(MB) adsorption onto Pterocarpus santalinoides fruit-

derived activated carbon (PSAC) was studied with an 

initial dye concentration of 40 mg/l, an adsorbent dose of 

0.1 g per 100 ml, and room temperature. The results in 

Figure 3 show that MB removal increased rapidly from 

76.43% at 20 min to 86.45% at 40 min (q_e = 34.58 

mg/g), reflecting abundant surface sites. After 40 min, 

efficiency slightly decreased to 79.68% at 100 min due 

to site saturation, competition, and minor desorption. The 

rapid initial increase followed by a slower approach to 

equilibrium aligns with pseudo-second-order kinetics 

and chemisorption. Thus, 40 min is the optimal contact 

time, confirming PSAC as an effective, low-cost 

adsorbent for cationic dyes. 
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Figure 3: Effect of contact time on percentage removal of methylene blue by Pterocarpus santalinoides activated 

carbon 

 

3.2.2 Effect of Initial Methylene Blue Concentration 

The effect of initial methylene blue (MB) 

concentration on adsorption using Pterocarpus 

santalinoides fruit-derived activated carbon (PSAC) was 

studied at concentrations from 10 to 50 mg/l, with a fixed 

adsorbent dose of 0.1 g per 100 ml and a 60-minute 

contact time at room temperature. The results in Figure 4 

show that MB removal remained high (99.03–99.85%) 

across concentrations, peaking at 99.85% at 10 mg/l. 

Equilibrium adsorption capacity increased from 9.97 

mg/g at 10 mg/l to 39.61 mg/g at 40 mg/l. The consistent 

high removal at lower concentrations indicates abundant 

active sites, while the slight decrease at 40–50 mg/l 

suggests site saturation. Optimal performance occurs 

around 30–40 mg/l, confirming PSAC as an effective 

adsorbent for cationic dyes. 

 

 
Figure 4: Effect of initial MB concentration on percentage removal of methylene blue by Pterocarpus santalinoides 

activated carbon 

 

1.2.3 Effect of Adsorbent Dosage on Methylene 

Blue Adsorption 

The effect of adsorbent dosage on methylene 

blue (MB) removal using Pterocarpus santalinoides 

fruit-derived activated carbon (PSAC) was studied with 

dosages from 0.1 g to 0.5 g in 100 ml of 40 mg/l MB 

solution, at a fixed contact time of 60 minutes and room 

temperature. The results in Figure 5 show that MB 

removal increased significantly from 74.25% at 0.1 g to 

99.93% at 0.4 g and 0.5 g, due to more available active 

sites and surface area. However, equilibrium adsorption 

capacity decreased from 29.70 mg/g at 0.1 g to 7.99 mg/g 

at 0.5 g as the dye was distributed across more sites. 

Removal efficiency rose sharply at low dosages and 

leveled off near 100% at 0.4 g, making it the optimal 

dosage for near-complete MB removal. 
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Figure 5: Effect of adsorbent dose on percentage removal of methylene blue by Pterocarpus santalinoides activated 

carbon 

 

1.2.4 Effect of Temperature on Methylene Blue 

Adsorption  

The effect of temperature on methylene blue 

(MB) adsorption onto Pterocarpus santalinoides fruit-

derived activated carbon (PSAC) was studied at 30–60°C 

using 100 ml of 40 mg/l MB solution, 0.1 g adsorbent, 

and a contact time of 60 minutes. The results in Figure 6 

shows that MB removal increased from 82.68% at 30°C 

to 87.13% at 50°C (qe = 34.85 mg/g), indicating an 

endothermic process. Higher temperatures improve dye 

mobility, intraparticle diffusion, and adsorbent-dye 

interactions. However, removal efficiency slightly 

decreased to 86.08% at 60°C, likely due to weakened 

interactions or increased thermal agitation. These 

findings confirm optimal performance at 50°C, 

demonstrating PSAC's effectiveness in MB removal at 

moderate temperatures. 

 

 
Figure 6: Effect of solution temperature on percentage removal of methylene blue by Pterocarpus santalinoides 

activated carbon 

 

3.3 Box-Behnken Design (BBD) of Response Surface 

Methodology 

The Box-Behnken Design (BBD) analysis 

results is tabulated in Table 2 and result, revealed that 

methylene blue (MB) adsorption onto activated carbon 

derived from Pterocarpus santalinoides fruit is strongly 

influenced by adsorbent dose, initial dye concentration, 

and their interactions. Increasing the adsorbent dose 

generally enhanced removal efficiency due to the 

availability of more active sites, while higher MB 

concentrations increased the driving force for adsorption, 

leading to higher adsorption capacities (Ren et al., 2024). 

Contact time also played an important role, with longer 

times promoting greater dye uptake, although adsorption 

occurred relatively rapidly even at shorter durations. 

Temperature had a moderate effect, suggesting that the 

adsorption process is predominantly governed by 

physisorption mechanisms. The BBD model 

successfully predicted experimental outcomes, with 

minor deviations, confirming the suitability of the 



 
 

Nleonu, E. C. et al, Sch Int J Chem Mater Sci, Sep-Oct, 2026; 9(5): 318-330 

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates                                          324 
 

 

quadratic model for optimizing adsorption conditions. 

The relationship between the independent parameters, 

and MB removal and adsorption capacity were expressed 

by the following quadratic model Equation 4 and 5.  

 

Removal Efficiency = +102.90 - 0.035A + 14.66B + 

0.30C – 0.73D + 1.2AB – 0.00081AC – 0.001AD + 

0.39BC – 0.092BD + 0.002CD + 0.0005A2 – 36.65B2 – 

0.0052C2 + 0.0078D2.   (4) 

 

Adsorption Capacity = +29.08 – 0.08A – 124.19B + 

0.826C – 0.459D + 0.04AB – 0.0047AC – 0.0010AD – 

1.749BC + 0.0267BD – 0.0067CD + 0.0059A2.         (5) 

 

Overall, the optimized conditions identified 

through BBD were a contact time of 60 minutes, 

adsorbent dose of 0.3 g, MB concentration of 30 ppm, 

and a temperature of 45 °C, achieving approximately 94–

96% removal efficiency and 9.41 mg/g adsorption 

capacity. These results demonstrate that Pterocarpus 

santalinoides fruit-derived activated carbon is a highly 

effective, rapid, and reliable adsorbent for methylene 

blue removal. The study also highlights the importance 

of considering variable interactions, as adsorption 

performance depends not only on individual factors but 

also on their synergistic effects, providing a strong 

foundation for practical wastewater treatment 

applications. 

 

Table 2: Batch adsorption process parameters used in BBD with the Experimental and predicted values for the 

response 
Number 

of Run 

Contact 

Time 

(min) 

Adsorbent 

Dose (g) 

Concentration 

(ppm) 

Temperature 

(℃) 

Removal 

Efficiency 

(%) 

Experimental 

Removal 

Efficiency 

(%) 

Predicted 

Adsorption 

(mg/g) 

Experimental 

Adsorption 

(mg/g) 

Predicted 

1 100 0.1 30 45 89.37 90.48 26.81 27.02 

2 60 0.3 30 45 94.1 94.10 9.41 7.72 

3 60 0.5 30 60 94.1 94.79 5.64 5.89 

4 60 0.1 30 60 93.7 92.29 28.11 27.54 

5 100 0.3 50 45 96.7 94.80 16.11 17.22 

6 20 0.5 30 45 95.7 94.35 5.74 5.53 

7 100 0.5 30 45 95.1 95.49 5.7 5.93 

8 60 0.3 50 60 95.9 96.59 15.98 17.48 

9 100 0.3 30 60 94.7 94.76 9.47 9.54 

10 60 0.5 50 45 96.64 96.71 9.66 6.50 

11 60 0.5 10 45 88 87.48 1.76 4.46 

12 60 0.3 30 45 94.1 94.10 9.41 7.72 

13 20 0.3 30 60 96.6 96.78 9.66 9.92 

14 20 0.1 30 45 93.9 93.27 28.17 27.94 

15 60 0.3 30 45 94.1 94.10 9.41 7.72 

16 60 0.5 30 30 96.3 97.02 5.77 5.95 

17 60 0.1 10 45 86.7 87.56 8.67 12.22 

18 60 0.3 50 30 97.12 97.09 16.18 17.68 

19 60 0.3 10 30 93.1 92.17 3.1 1.60 

20 20 0.3 50 45 97.18 96.91 16.19 17.55 

21 60 0.1 30 30 94.8 93.43 28.44 27.80 

22 60 0.3 30 45 94.1 94.10 9.41 7.72 

23 20 0.3 10 45 88.3 89.51 2.94 1.44 

24 20 0.3 30 30 96.4 97.26 9.64 9.96 

25 100 0.3 30 30 96.9 97.65 9.69 9.82 

26 60 0.3 10 60 89.5 89.29 2.98 1.48 

27 60 0.1 50 45 89.1 90.54 44.55 42.24 

28 100 0.3 10 45 90.4 89.98 3.01 1.26 

29 60 0.3 30 45 94.1 94.10 0.94 7.72 

 

3.3.1 Model Validation and Analysis of Variance  

Table 3, 4, and 5 displays the box-behnken 

design (BBD) validation and analysis of variance model 

for methylene blue adsorption onto Pterocarpus 

santalinoides fruit-derived activated carbon was 

validated through statistical analysis, showing its 

significance with an F-value of 12.64 and p-value < 

0.0001. Initial methylene blue concentration was the 

most influential factor, followed by adsorbent dose and 

temperature, indicating that increasing carbon dose and 

optimizing temperature enhance dye removal. Several 

interaction and quadratic terms were significant, 

confirming nonlinear relationships. The model showed 

high reliability for predicting methylene blue removal, 

with an R² of 0.9267 for removal efficiency and 0.9618 

for adsorption capacity, both indicating strong model fit. 

Adsorbent dose and MB concentration were found to 

have the most impact on adsorption capacity, while 

contact time and temperature had minimal effects. The 

results confirm that the quadratic model is statistically 

significant and effective for optimizing the process. 
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The relationship between the normal % 

probability against externally studentized residuals, 

residuals against run number, residual against predicted 

value, and predicted response against experimental data 

are depicted in Figure 3a-d in order to evaluate the 

correlation between the optimization model and the 

experimental data. The normal probability plot of 

residuals in Fig. 3a shows that the experimental data 

points are consistently distributed, confirming the 

assumptions of the empirical model. Figure 3b reveal 

that the data points are uniformly distributed over the 

range of −3.93041 to +3.93041 studentized residuals, 

falling between the lower and upper bounds of outlier 

detection. A homogeneous distribution around the basic 

lines is displayed by the residual against expected values 

plot in Figure 3c, with almost half of the residuals falling 

below and the other half above the basic line. This 

distribution reveals that the residual values were 

dispersed randomly with no discernible trend, and that 

the average residual values are very close to zero. The 

actual and predicted values of the response have a 

significant correlation as displayed in Fig. 3d, suggesting 

excellent agreement between the two values. This 

indicates that the statistical model applied effectively 

represents the relationship between the four variables 

investigated in the MB adsorption process (Bekele et al., 

2024; Chima et al., 2023). 

 

Table 3: ANOVA for methylene blue removal efficiency onto Pterocarpus santalinoides 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 247.98 14 17.71 12.64 < 0.0001 significant 

A-Contact Time 2.01 1 2.01 1.43 0.2511 
 

B-Adsorbent Dose 27.82 1 27.82 19.85 0.0005 
 

C-MB Concentration 111.87 1 111.87 79.82 < 0.0001 
 

D-Temperature 8.53 1 8.53 6.09 0.0271 
 

AB 3.86 1 3.86 2.76 0.1192 
 

AC 1.66 1 1.66 1.19 0.2943 
 

AD 1.44 1 1.44 1.03 0.3280 
 

BC 9.73 1 9.73 6.95 0.0196 
 

BD 0.3025 1 0.3025 0.2158 0.6494 
 

CD 1.42 1 1.42 1.01 0.3319 
 

A² 3.79 1 3.79 2.70 0.1224 
 

B² 13.94 1 13.94 9.94 0.0070 
 

C² 27.58 1 27.58 19.68 0.0006 
 

D² 19.82 1 19.82 14.14 0.0021 
 

Residual 19.62 14 1.40 
   

Lack of Fit 19.62 10 1.96 
   

Pure Error 0.0000 4 0.0000 
   

Cor Total 267.60 28 
    

 

Table 4: ANOVA for methylene blue adsorption capacity onto Pterocarpus santalinoides 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 2801.01 14 200.07 25.21 < 0.0001 significant 

A-Contact Time 0.2002 1 0.2002 0.0252 0.8761 
 

B-Adsorbent Dose 1418.75 1 1418.75 178.74 < 0.0001 
 

C-MB Concentration 771.36 1 771.36 97.18 < 0.0001 
 

D-Temperature 0.0800 1 0.0800 0.0101 0.9214 
 

AB 0.4356 1 0.4356 0.0549 0.8182 
 

AC 0.0056 1 0.0056 0.0007 0.9791 
 

AD 0.0144 1 0.0144 0.0018 0.9666 
 

BC 195.72 1 195.72 24.66 0.0002 
 

BD 0.0100 1 0.0100 0.0013 0.9722 
 

CD 0.0016 1 0.0016 0.0002 0.9889 
 

A² 5.87 1 5.87 0.7393 0.4044 
 

B² 408.67 1 408.67 51.48 < 0.0001 
 

C² 3.19 1 3.19 0.4018 0.5364 
 

D² 8.47 1 8.47 1.07 0.3192 
 

Residual 111.13 14 7.94 
   

Lack of Fit 53.73 10 5.37 0.3745 0.9053 not significant 

Pure Error 57.39 4 14.35 
   

Cor Total 2912.13 28 
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Table 5: Analysis of variance (ANOVA) results for the response model of methylene blue degradation and 

adsorption 

Parameter Removal Efficiency Adsorption Capacity 

Model  Quadratic  

Standard deviation 1.18 2.82 

Mean 93.68 12.16 

Coefficient of variance (CV,%) 1.26 23.18 

Coefficient of determination (R2) 0.9267 0.9618 

Adjusted R2 0.8534 0.9237 

Predicted R2 0.5777 0.8629 

Adequate precision 11.9388 20.2253 

PRESS 113.02 399.12 

 

  

  
Figure 8: (a) Normal plot of residuals, (b) residuals vs run number, (c) predicted vs actual value (d) fitted models 

for MB adsorption 

 

3.3.2 Interaction effect of studied variables on the 

removal of MB 

The three dimensional (3D) response surface 

plots against any two independent process variables 

created from the Box-behnken design demonstrate that 

the removal of methylene blue was govern by the 

combined effects of the studied variables rather than the 

individual effects alone (Nayeri et al., 2019; Elmoubarki 

et al., 2017). Statistical significant terms in the ANOVA 

(p<0.005) of the combined effects of the investigated 

process variables confirm that out of the six interactions, 

only adsorbent dose and initial MB concentration shows 

a significant interaction.  

 

3.3.2.1 Adsorbent dose and Initial MB 

concentration 

Figure 8 displays the combined effect between 

adsorbent dose and initial MB concentration on the 
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adsorption performance of Pterocarpus santalinoides 

fruit activated carbon. The plot demonstrates that 

increasing the adsorbent dose directly increases MB 

removal because of availability of more adsorption sites 

and a larger total surface area. Also, increasing the initial 

MB concentration increases the number of dye 

molecules competing for available adsorption sites. The 

response plot shows that at low MB concentrations, 

higher amount of the dye molecules can be removed 

because the available adsorption sites are present in 

excess compared to the number of MB molecules.  As 

the initial MB concentration increases, the adsorbent 

sites become progressively highly loaded, and the 

available sites diminishes (Nayeri et al., 2019). This 

observation highlights the need for higher adsorbent 

dosage at higher MB concentrations to compensate 

saturation effects on the adsorbent sites. The interaction 

between adsorbent dosage and contaminant 

concentration provides valuable insight for optimizing 

adsorbent requirements, as higher pollutant loads 

generally require appropriate adjustment of dosage to 

achieve efficient removal (Ghaedi et al., 2019; Sahu et 

al., 2024). 

 

 
Figure 8: 3D surface plots of the effect of initial MB concentration and adsorbent dose on the percentage removal 

of MB 

 

Numerical optimization 

Numerical optimization of MB removal was 

analyzed using BBD-RSM method, the highest removal 

efficiency of MB was prioritized as desirable aim while 

optimizing the operational parameters. The optimal 

variables of contact time = 72.1237, adsorbent dose = 

0.4778, MB concentration = 31.3279, temperature = 

30.2448, removal efficiency = 97.6801 and adsorption 

capacity = 5.74285. The removal efficiency of MB 

achieved was 96.59 and 89.37 respectively. 

 

Table 6: Optimal conditions of the selected factors for MB adsorption onto Pterocarpus santalinoides 

Optimized process parameters   

Desirability Adsorbent 

dose (g) 

Contact 

time (min) 

Initial 

concentration 

(ppm) 

Temperature 

(℃) 

Removal 

efficiency 

(%) 

Adsorption 

capacity (mg/g) 

0.478 72.12 31.33 30.24 97.68 5.743 1.000 

 

3.3 Adsorption Isotherm Model Parameters 

Adsorption isotherm studies investigate the 

effective removal of MB from aqueous solution using 

Pterocarpus santalinoides. The studies use Henry, 

Langmuir, Freundlich, Temkin, Flory-Huggins, 

Jovanovic, and Halsey models, to determine the 

adsorption capacity of Pterocarpus santalinoides. 

Adsorption models showed a relationship between the 

amounts of MB solution in Pterocarpus santalinoides. 

The adsorption isotherm model equations applied are 

presented in equations 6 to 17 (Table 7). Where qe (mg/l) 

is the amount of adsorbate adsorbed per gram of the 

adsorbent, Ce (Mg/l) is the concentration of adsorbate at 

equilibrium, qmax (mg/g) is the maximum monolayer 

coverage capacity KL is Langmuir isothermal constant 

(L/mg), KF is Freundlich isothermal constant (mg/g), 

KHE is Henry’s adsorption constant (mg/l), KT is Temkin 

isotherm constant (L/g), KJ is Jovanovic adsorption rate, 

and KH is Halsey isotherm constant (mg/l). The 

adsorption isotherm constants and correlation 

coefficients for various models are shown in Table 8. The 

Langmuir isotherm best fit the methylene blue (MB) 

adsorption data on Pterocarpus santalinoides fruit-

derived activated carbon (PSAC), with R² = 0.9999, 

indicating monolayer adsorption on a homogeneous 

surface. The maximum monolayer capacity (qₘ) was 
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37.037 mg/g. The suitability of the Langmuir model 

suggests that methylene blue adsorption may involve 

predominant occupation of available adsorption sites 

until saturation is approached (Nleonu et al., 2026). 

However, the adsorption system may still involve 

heterogeneous interactions due to the complex surface 

chemistry of biomass-derived activated carbons. The 

Henry model (R² = 1.0000) described low-coverage 

behavior but couldn't account for site saturation. These 

findings confirm monolayer chemisorption and PSAC’s 

effectiveness as a low-cost adsorbent for cationic dyes. 

 

Table 7: Adsorption isotherm equations used in adsorption studies of MB on Pterocarpus santalinoides 

Descriptions Equations Equation No 

Langmuir isotherm Ce

qe

 =  
1

qmKL

 +  
Ce

qm

 
6 

Freundlich isotherm 
Logqe=  =  LogKf  +  

1

n
LogCe 

7 

Henry isotherm qe=  =  KHECc 8 

Halsey isotherm 
qe  =  

1

nH

InKH  −  
1

nH

lnCqe 
9 

Temkin isotherm 
qe  =  

Rt

b
InKT + 

RT

b
lnCqe 

10 

Flory-Huggins 
𝑙𝑜𝑔

𝐶0  −  𝐶𝑒

𝐶0

 = 𝑙𝑜𝑔𝐾𝐹𝐻  + 𝑛𝑙𝑜𝑔(1 − 𝜃) 
11 

Jovanovic 𝑞𝑒  =  𝑞𝑚(1 − 𝑒−𝐾𝐶𝑒) 12 

Pseudo-first order  In 
𝐴𝑜

𝐴𝑡
= 𝐾1𝑡   13 

Pseudo-second order 1

At
−  

1

Ao
= K2t   14 

Intraparticle diffusion models 𝑞𝑡  =  𝐾𝑖𝑡1/2 + 𝐶 15  
Gibbs free energy change ΔG = -RTlnKd 16 

Enthalpy and Entropy ΔG = ΔH° - TΔS° 17 

 

Table 8: Adsorption isotherm model parameters 

Isotherm Model k 𝒒𝒎 n b(KJ/mol) R2 

Henry 40 - - - 1 

Langmuir 37.0370 50 - - 0.9999 

Freudnlich 30.4579 - 7.1788 - 0.4173 

Temkin 9.624×10⁹ - - 0.78 0.4879 

Halsey 3.4866×10²⁴ - 7.1839 - 0.4173 

Jovanovic 0.0360 1215.07 - - 0.1615 

Flory-Huggins 2.506×10–⁰⁵ - - - 0.5837 

 

3.4 Adsorption Kinetics Study 

The adsorption kinetics of methylene blue (MB) 

onto activated carbon from Pterocarpus santalinoides 

fruit were evaluated using pseudo-first-order, pseudo-

second-order, and intraparticle diffusion models (Table 

9). The pseudo-second-order model best fit the data, with 

the highest correlation coefficient (R² = 0.9964) and 

equilibrium capacity (qₑ = 32.22 mg/g), indicating 

chemisorption as the rate-limiting step. The pseudo-first-

order model showed poor correlation (R² = 0.4152), 

suggesting minimal physisorption, while the intraparticle 

diffusion model fit well (R² = 0.9082) but was not the 

sole rate-controlling mechanism. These results align with 

prior studies on plant-derived activated carbons, where 

pseudo-second-order kinetics commonly describes dye 

adsorption (Francis & Jock, 2023). However, fitting 

adsorption data to the pseudo-second-order equation 

does not independently prove that chemisorption is the 

dominant mechanism. Previous studies have emphasized 

that kinetic models are mathematical representations of 

adsorption behaviour and should not be interpreted as 

direct mechanistic evidence without additional 

supporting analyses (Tran et al., 2017). Therefore, the 

present adsorption mechanism was interpreted by 

integrating kinetic results with FTIR observations, 

equilibrium models, and thermodynamic analysis. The 

results suggest that surface interactions between 

methylene blue molecules and activated carbon 

functional groups contribute to adsorption, while 

diffusion and pore accessibility also influence the 

adsorption process. 
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Table 9: Kinetic model parameters 

Kinetic Model K 𝒒𝒆 C R2 

Pseudo-first order 0.0125 17.80  0.4152 

Pseudo-second order 0.00096 32.22  0.9964 

Intraparticle Diffusion Model 10.95  2.48 0.9082 

 

3.5 Thermodynamic Parameters for the Adsorption 

of Methylene Blue 

Thermodynamic parameters for methylene blue 

(MB) adsorption onto activated carbon from Pterocarpus 

santalinoides fruit are summarized in Table 10. Negative 

Gibbs free energy (ΔG°) values (–25.19 kJ/mol at 303 K 

to –27.69 kJ/mol at 333 K) confirm the adsorption is 

spontaneous and thermodynamically favorable. The 

positive enthalpy change (ΔH° = 69.70 kJ/mol) indicates 

an endothermic process, while the negative entropy 

change (ΔS° = –439.27 J/mol.K) suggests an ordered 

arrangement of MB molecules. A strong linear 

correlation (R² = 0.9992) validates the thermodynamic 

assessment. The increased spontaneity with temperature 

rise points to improved diffusion and chemisorptions 

(Nleonu et al., 2023). These findings align with previous 

studies on plant-derived activated carbons, supporting 

the potential of Pterocarpus santalinoides fruit-derived 

activated carbon for methylene blue removal. The 

thermodynamic results obtained in this study suggest that 

methylene blue adsorption onto Pterocarpus 

santalinoides activated carbon is favourable under the 

investigated conditions. 

 

Table 10: Thermodynamic parameters for the adsorption of methylene blue 

Temperature(K) ΔG°(KJ/mol) ∆𝐻°(KJ/mol) ∆𝑆°(J/mol) R2 

303 −25.19  

69702.59 

 

−439.27 

 

0.9992 313 −26.02 

323 −26.85 

333 −27.69 

 

4.0 CONCLUSION 
The study successfully optimized the adsorption 

of methylene blue using activated carbon derived from 

Pterocarpus santalinoides fruit through Box-Behnken 

Design (BBD) and Response Surface Methodology 

(RSM). The experimental results and model predictions 

showed good agreement, confirming the reliability of the 

quadratic models for both removal efficiency and 

adsorption capacity. Among the process variables, 

adsorbent dose, methylene blue and temperature 

concentration were identified as the most significant 

factors influencing adsorption, while adsorbent dose and 

temperature influenced adsorption capacity. The 

statistical analysis, including ANOVA and lack-of-fit 

tests, indicated that the models were significant and 

adequately fitted the experimental data. The coded and 

actual factor equations further highlighted the non-linear 

behavior and interaction effects among the variables, 

providing a robust predictive tool for optimizing 

adsorption conditions.  

 

5.0 RECOMMENDATION  
1. Future studies should focus on scaling up the 

adsorption process to pilot or industrial levels to 

assess its practical applicability in wastewater 

treatment.  

2. Exploring the regeneration and reusability of 

activated carbon to enhance its economic feasibility 

and sustainability.  

3. Investigating adsorption performance for other 

industrial dyes and contaminants to broaden the 

versatility of the adsorbent.  

4. Optimizing operating parameters under continuous 

flow systems, combined with kinetic and isotherm 

modeling, to better understand adsorption 

mechanisms and facilitate real-world 

implementation in water treatment facilities.  
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