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ABSTRACT
The kinetic behaviour of methylene blue (MB) dye solution in relation to unmodified biomass and activated carbon from plantain (Musa paradisiaca) peduncle was studied, considering both time-dependent and time-independent aspects. MB dye solutions were exposed to unmodified biomass and activated carbon from plantain peduncle at intervals ranging from 5 to 210 minutes, at fixed concentrations of 15 mg/L and 30 mg/L. Equilibrium times were recorded at 160 and 200 minutes. Classical and fractal-like pseudo-order kinetic models were applied to the adsorption data to determine the rate-controlling order and the surface complexity of MB molecule adsorption. The Hurst fractal exponent (h) was calculated to establish the fractal-like surface pattern of adsorption sites. For 15UM, the Hurst fractal exponent h was negative in both FL-PFO (-0.638) and FL-PSO (-1.2649). For 30UM, the exponents were 0.3031 and 0.2971 for FL-PFO and FL-PSO, respectively. For 15AC, the exponents were 0.7434 and 0.745 for FL-PFO and FL-PSO, respectively, while for 30AC, the exponents were 0.7245 and 0.7209 for FL-PFO and FL-PSO, respectively. The coefficient of determination (R²) and correlation coefficient (r) of the fractal fittings were both greater than 0.96, outperforming conventional pseudo-order kinetics. Time-dependent behaviour was observed in the samples with h > 0.5 (15AC and 30AC), suggesting a persistent and stable adsorption process. Time-independent behaviour was observed in samples with  0 < h < 0.5 (30UM) and h < 0 (15UM ).The Weber-Morris diffusion model was also used to assess intraparticle diffusion, revealing significant but not prevalent intraparticle diffusion. The presence of prevalent fractal-like kinetics indicates surface complexity in both plantain peduncle samples.
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INTRODUCTION
Environmental pollution is a global problem, impacting every corner of the world over time due to humanity's dependence on the environment for essential needs such as food, shelter, and clothing. Pollution arises from various human activities, both nearby and far away, causing significant effects. Hence, it is vital to remove or remediate pollutants from discharge points and process streams to safeguard human health and the environment.
Methylene blue (MB) is a potent cationic dye with numerous applications, often ending up in water bodies and soil based on its disposal method. Dyes like MB can damage aquatic ecosystems by obstructing light penetration, hindering photosynthesis, and decreasing gas solubility, leading to oxygen depletion and the death of aquatic organisms (Mehra et al., 2021). Despite its industrial usefulness, methylene blue is a harmful environmental pollutant due to its reactivity and non-biodegradable nature (Panczyk et al., 2024). It also poses health risks to humans due to its toxicity and turbidity. Therefore, various materials and methods have been explored for the removal or decontamination of methylene blue from water. Besides other optional methods, researchers have focused on remediation through adsorption.
Adsorption is an essential economic technology for treating wastewater, purifying gases and minerals, and enhancing targeted drug delivery, among other uses. Its effectiveness and wide range of applications have led to extensive research into developing adsorbent materials with diverse properties and functions. Agricultural wastes, as a source of inexpensive materials, have been utilized as renewable biomass for water pollution remediation before and after treatment or chemical modification (Noor & Khan, 2023). Some adsorbent materials used for MB dye removal from water include unmodified biomass of leaf wastes (Digbo et al., 2020), (Mussa et al., 2023), and plantain-peel-derived quantum dots (Meraj et al., 2024). Other plant materials used to remove MB efficiently from water include biochar (Ton-That et al., 2023), activated and nano-activated surfaces of biomass (Syafila et al., 2022), and modified activated carbon (Kuang et al.,  2020).
Plantain (Musa paradisiaca) is a fruit-bearing plant native to South America, Southeast Asia, and parts of Africa. The fruit peels and trunk wastes of this plant have been used as activated carbon and biochar for removing wastewater contaminants (Onawumi et al., 2025) and crude oil-contaminated soil (Osisami et al., 2024). Its fruit grows on a peduncle stalk, usually discarded as waste after harvest. The plantain peduncle is rich in fiber and cellulose, a biopolymer with electron-rich atoms that can bond with metal pollutants in water. Utilizing these low-cost cellulosic materials from plantain peduncles for pollution remediation adds value to agricultural waste and helps tackle environmental pollution.
Classical kinetic models like pseudo-first-order and pseudo-second-order equations are often inadequate for complex solid-liquid adsorption systems because they simplify assumptions, such as homogeneous surface and time-independent single-rate constants (El Bardiji et al., 2020). However, real adsorbents often have heterogeneous or multisite adsorption with different affinities for the adsorbate, and in many cases, the rate of adsorption is influenced by diffusion processes. Adsorbent surfaces can exhibit fractal properties due to surface heterogeneity or complexity. Therefore, considering fractal-like kinetics alongside classical models is necessary to provide a more accurate description of the adsorption process.
MATERIALS AND METHODS
Preparation of Adsorbents
Unmodified Sample: The agricultural waste used in this study is the plantain peduncle (Musa paradisiaca). The plantain fruit stalk was sourced from a vendor in a market in Yenagoa, Bayelsa State. The stalk was cut into several pieces, thoroughly washed to remove impurities, and sun-dried for two days, resulting in an initial weight of 4051 grams. The pieces were then oven-dried to eliminate moisture, reducing the weight to 350 grams. After grinding, the sample was sieved into different sizes, and the 0.15 mm biomass was used for the experiments.
Activated Carbon Sample: The plantain fruit stalk was obtained from the same source as the unmodified sample. The stalk was cut into pieces, washed with distilled water, and sun-dried for 48 hours, resulting in an initial weight of 5073.6 grams. The pieces were then oven-dried at 110°C for five days, with intermittent weighing until a constant weight of 356.57 grams was achieved.
The dried samples were placed on a metal plate and inserted into a Vecstar muffle furnace at 270°C for 75 minutes, yielding 125.62 grams of carbonized material. For chemical activation, 60 grams of NaOH was dissolved in 3 liters of distilled water. The NaOH solution was poured into a container, and the carbonized sample was added, stirred for 5 minutes, and left to stand for 12 hours. The solution was then decanted, and the carbonized sample was heated in the Vecstar furnace at 400°C for 60 minutes. After washing with 46 mL of acetic acid and rinsing with distilled water until the pH reached 6.14, the sample was oven-dried at 110°C. The dried sample was ground into a powder and sieved into different sizes: 0.15 mm, 0.30 mm, 0.60 mm, and 1.0 mm, with respective weights of 11.21 grams, 13.37 grams, 2.98 grams, and 7.89 grams. The 0.30 mm activated carbon was selected for the experiments and stored in an airtight container.
Preparation of Adsorbate (Dye Solution): A stock solution of methylene blue at 125 mg/L was prepared by accurately weighing 0.125 grams of the dye and dissolving it in a 1000 mL volumetric flask filled with distilled water up to the mark. Various working concentrations (5, 10, 15, 20, 25, 30, 35, and 40 mg/L) were created by diluting the stock solution using 100 mL of the 1000 ppm solution for each concentration.
Preparation of Calibration Curve: The spectrophotometer was calibrated using distilled water as the baseline. The stock solution of 125 mg/L was used to test the spectrophotometer at a maximum wavelength (λ_max) of 661 nm (Noorafsha et al.,2021), yielding an absorbance of 0.511. The spectrophotometer was then set to this wavelength, and the absorbance values for the working solutions at concentrations of  5, 10, 15, 20, 25, 30, 35, and 40 mg/L were recorded as 0.213, 0.284, 0.319, 0.321, 0.345, 0.360, 0.394, and 0.401, respectively.
Experimental Method:  0.2 grams of adsorbent were accurately weighed into three labeled test tubes, each containing 10 mL of 15 mg/L dye solution. The mixtures were agitated on a speed shaker at 150 rpm for 5 minutes. Each mixture was then filtered through filter papers into clean test tubes using funnels. The filtrate was analyzed with a UV spectrophotometer at 661 nm to determine the dye concentration at that time (5 minutes). This process was repeated at intervals of 10, 20, 30, 40, 50, 60, 80, 90, 100, 120, 140, 160, 180, 200, and 210 minutes. The procedure was then repeated with an initial concentration of 30 mg/L using both adsorbents: the unmodified plantain peduncle and activated carbon. Based on the absorbance readings from the UV spectrophotometer, the dye concentration at equilibrium, the equilibrium adsorption capacity, and the percentage of dye adsorbed were determined.
DATA ANALYSIS
The equilibrium adsorption capacity of the plantain peduncle powder was obtained using  mass balance equation  1
qe =                                                              (1)
The percentage adsorbed at equilibrium was calculated from the equation 2
R (%A) =                                                    (2)
Where, qe = quantity adsorbed at equilibrium(mg/g), v = volume of adsorbate used( L), m = mass of adsorbent used(mg), Co = Initial dye concentration(mg/L), Ce = Dye concentration at equilibrium
Kinetic Models
The kinetic and diffusion  processes of the sorption were assessed using  some  models as given in the following equations:
 Pseudo-first order Kinetics
The nonlinear relationship for the pseudo-first order kinetics is given in equation 3 

                                              (3)
Where, qe = quantity adsorbed at equilibrium(mg/g), qt = quantity adsorbed at time t(mg/g), k = pseudo-first order rate constant (min-1) , t = time.
Pseudo-second order kinetics
The  nonlinear pseudo-second order rate  model is as given in equation 4

                                                               (4)
Where, qe and qt are as interpreted for equation 3, k2 = pseudo-second order rate constant(gmg-1min-1). 

Weber-Morris Intraparticle Diffusion        

                                                           (5)                  
Where, ·  qt = Amount of adsorbate adsorbed at time t (mg/g or mmol/g)
 kID = Intraparticle diffusion rate constant (mg/g·min1/2 or mmol/g·min1/2)
 C  = Constant related to the initial adsorption rate (mg/g or mmol/g)
 T  =  Time (min)
Fractal-like Pseudo-order kinetics
Fractal-like kinetics was analyzed with the fractal pseudo-first and pseudo-second order equations  6 and 7

                                       (6)
Where, qe = quantity adsorbed at equilibrium(mg/g), qt = quantity adsorbed at time t(mg/g), kf = fractal pseudo-first order instantaneous rate constant (min-1) , t = time, α = fractional time index

                                          (7)
Where, qe and qt are as interpreted for equation 3, kf = fractal pseudo-second order instantaneous  rate constant(gmg-1min-1), α = fractional time index 

                                                    (8)
Where  kf = instantaneous  rate constant, k' = time independent rate constant and h = fractal exponent

                                                   (9)
RESULTS AND DISCUSSION 
The kinetic studies on the adsorption of methylene blue (MB) by unmodified biomass and activated carbon from plantain peduncle are presented in the figures and tables below. Figures 1 and 2 illustrate the effect of time on the amount and equilibrium concentration of MB adsorbed by both unmodified plantain peduncle biomass and activated carbon. The results demonstrate that MB was effectively adsorbed by both adsorbents, with adsorption increasing over time until equilibrium was reached (Benhachema et al., 2019). Figure 3 supports these findings, showing that over 99% of MB was removed at equilibrium, with residual concentrations as low as 0.03 and 0.08 mg/L from the initial concentrations of 15 and 30 mg/L, respectively (Kuang et al., 2020).
The data in Figure 1 indicates that higher concentrations of MB (30 mg/L) led to greater adsorption and shorter adsorption times compared to lower concentrations (15 mg/L) for both unmodified biomass and activated carbon samples (Üner et al., 2016). This may be due to a higher collision frequency, as there are more adsorbate molecules per unit volume of adsorbent surface in the more concentrated solution (Benhachema et al., 2019). These results in faster adsorption rates and a higher amount of dye adsorbed per unit mass of adsorbent. Consequently, the 30 mg/L solutions of both unmodified biomass and activated carbon exhibited greater adsorption than the 15 mg/L solutions of MB dye (Kuang et al., 2020).

[image: ]
Figure  1: Plot of effect of time on the quantity of MB adsorbed by unmodified Plantain peduncle biomass and activated carbon.
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Figure 2:Effect of time on the equilibrium concentration of MB adsorption by unmodified Plantain peduncle biomass and activated carbon.
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Figure 3: Effect of time on the percent adsorption of MB by unmodified Plantain peduncle biomass and activated carbon
Figures 4 to 7 illustrate various kinetic models applied to the adsorption data. The experimental kinetics is compared with the model curves to evaluate the correlation between the experimental data and the model patterns. The non-linear curve fitting of the experimental data with the model equations was performed using the KyPlot package. Both classical and fractal pseudo-order models are presented in the plots.
In Figure 4, the experimental curve closely follows the fractal order, particularly the FL-PSO curve, rather than the classical order (Yu et al., 2023). Figure 5 shows that the curve fitting for the adsorption kinetics of 30 mg/L MB by unmodified plantain peduncle biomass does not align closely with either the classical or fractal kinetic models. However, significant correlation was observed at higher r values for the unmodified adsorbent systems, as shown in Table 1 (Li et al., 2022). 
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Figure 4: Classical and Fractal-like pseudo-order kinetic plot of  adsorption of  15 mg/L MB  by unmodified Plantain peduncle biomass.
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Figure 5: Classical and Fractal-like pseudo-order  kinetic plot of the adsorption of 30 mg/L MB by unmodified  Plantain peduncle biomass.
In Figure 6, the curve fitting for the adsorption kinetics of 15 mg/L MB by plantain peduncle activated carbon follows a similar trend to Figure 4, aligning with the direction of the fractal models, though not very closely. The correlation coefficient r for the fractal pseudo-orders is also significant, as indicated in Table 1 (Chen et al., 2021). The classical orders show low correlation in this regression analysis.  
Figure 7 presents the curve fitting for the 30AC system, with the experimental data fitting resembling that of the 15AC system in Figure 6. The correlation coefficients for the fractal orders are more significant than those for the classical orders, as shown in Table 1 (Wang et al., 2020). Although the statistical correlation coefficients of the classical pseudo-orders are significant in some cases, such as 15 UM (r = 0.9476, PSO), 30 UM (r = 0.9831, PSO), and 15 UM (r = 0.9830, PFO), the fractal pseudo-order kinetic parameters exhibit higher correlation coefficients, r. The higher statistical values of fractal kinetics parameters, such as R² and r, suggest that the adsorbent surface is more heterogeneous and complex than assumed in classical pseudo-order kinetics (Zhou et al., 2019).
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Figure 6:Classical and Fractal-like pseudo-order  kinetic plot of the adsorption of 15 mg/L MB by   Plantain peduncle activated carbon.
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Figure 7:Classical and Fractal-like pseudo-order  kinetic plot of the adsorption of 30 mg/L MB by   Plantain peduncle activated carbon.
Diffusion Analysis
The diffusion analysis from the Weber-Morris intraparticle model shows a strong correlation in the experimental data, as demonstrated in Figure 8 and Table 2 (Dawood et al., 2024). The R² values for both unmodified biomass and activated carbon range from 0.9233 to 0.962, while the r values for the same adsorbents fall between 0.9609 and 0.9808. This indicates that intraparticle diffusion played a significant role, although it was not the sole mechanism for solute movement onto the adsorbent. Additionally, the intraparticle diffusion rate constants for all the systems studied were positive, suggesting an enhanced diffusion rate (Mittal et al., 2020).
The values of kID indicate the rate at which the methylene blue dye diffuses into the pores of the adsorbent. Higher values of kID (such as 0.6638 for 30UM and 0.4071 for 30 AC) suggest a faster rate of intraparticle diffusion, meaning the dye molecules are quickly penetrating the adsorbent's pores. Lower values (such as 0.1944 for 15AC) suggest a slower rate of diffusion. The differences in kID values can be attributed to the varying nature of the adsorbent materials or experimental conditions. The unmodified samples generally had higher values of kID than the activated ones, meaning that they had a faster rate of intraparticle diffusion (Benhachema et al., 2019).
The values of C represent the boundary layer thickness and reflect the external mass transfer resistance. Negative values of C (such as -0.5014, -0.9712, -0.05) indicate a thin boundary layer, suggesting that the initial adsorption phase is less influenced by external mass transfer resistance. A positive value of C (such as 0.0158) indicates a thicker boundary layer, implying a greater role of external mass transfer in the initial adsorption process. Higher kID values imply a faster intraparticle diffusion rate, indicating efficient penetration of dye molecules into the adsorbent's pores (Kuang et al., 2020).
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Figure 8: Intraparticle diffusion plots of the adsorption of MB by unmodified  Plantain peduncle biomass and activated carbon.
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Figure 9: Adsorption capacity based on (a) Kinetic models (b) Sorbate- Sorbent system
Adsorption Capacity and Fractal Exponent  Analysis
Figures 9(a) and 9(b) illustrate the adsorption capacity relative to the kinetic models and the sorbate-sorbent combinations. The highest adsorption capacity of 21.6538 mg/g is attributed to the FL-PFO model for the 30AC sample, indicating that 30AC had the highest adsorption efficiency and that FL-PFO was the dominant kinetic model for this adsorption process (Wongphat et al.,2024).
Figure 10 presents a bar chart depicting the fractal exponent  for the adsorbent samples. Both FL-PFO and FL-PSO models show negative values for the 15UM sample, suggesting that the data were not well suited for fractal analysis. 
For the 30UM, 15AC, and 30AC samples, the FL-PFO and FL-PSO models exhibit positive h values (Bashiri  & Shajari, 2014). However, for the 30UM sample, the h values are less than 0.5 (h < 0.5), indicating anti-persistent behaviour (Kale & Butar, 2005). This means that the adsorption process tends to revert to its mean, over time, leading to less predictable adsorption behaviour compared to higher h values (Cuculeanu & Pavelescu, 2019). Therefore, the adsorption process for 30UM is time-independent. In contrast, the fractal exponent for 15AC and 30AC is greater than 0.5 (h > 0.5), indicating persistent behaviour. This suggests that if the adsorption rate is high, it is likely to remain high, and if it is low, it is likely to remain low (Cuculeanu & Pavelescu, 2019). Hence, the adsorption process for these samples is more predictable and stable over time, indicating time-dependent behaviour. The h values above 0.5 implies a high degree of surface roughness and irregularity, leading to complex and multi-fractal behaviour.Thus the activated forms of the adsorbent had  fractal surfaces. 
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Figure 10: Chart of fractal exponent(h)  in sorbate-sorbent type


Table 1: Kinetic parameters of adsorption of  MB by unmodified  Plantain peduncle biomass and activated carbon. 
	Kinetic model
	Parameters
	                              Adsorbate/Adsorbent  System

	
	
	15 UM
	30 UM
	15 AC
	30 AC

	PFO
	qe
k1
R2
r
	0.7845
0.0187
0.9664
0.9830
	1.7203
0.0111
0.9625
0.9811
	0.6812
0.0402
0.5464
0.7392
	1.3528
0.0365
0.6104
0.7613

	FL-PFO
	qe
kf
α =1-h
R2
r
h
	0.7283
0.0019
1.6380
0.9936
0.9968
-0.6380
	4.5498
0.0115
0.6969
0.9730
0.9864
0.3031
	8.2793
0.0243
0.2566
0.9603
0.9799
0.7434
	21.6538
0.0165
0.2755
0.9616
0.9806
0.7245

	PSO
	qe
k2
R2
r
	1.0253
0.0164
0.9733
0.9473
	2.5003
0.0034
0.9665
0.9831
	0.7456
0.0924
0.7527
0.8676
	1.5029
0.0385
0.7851
0.8861

	FL-PSO
	qe
kf
α = 1 -h
R2
r
h
	0.8729
0.0003
2.2649
0.9938
0.9969
-1.2649
	2.7986
0.0024
0.7029
0.9730
0.9864
0.2971
	4.4484
0.0023
0.2550
0.9605
0.9801
0.7450
	9.5360
0.0004
0.2791
0.9620
0.9808
0.7209


TABLE 2. Diffusion parameters of adsorption of  MB by unmodified  Plantain peduncle biomass and activated carbon. 
	Diffusion model
	Parameters
	Adsorbate/Adsorbent  System

	
	
	15 UM
	30 UM
	15 AC
	30 AC

	Weber-Morris IPD
	KID
C
R2
r
	0.3541
-0.5014
0.9233
0.9609
	0.6638
-0.9712
0.9588
0.9792
	0.1944
0.0158
0.9620
0.9808
	0.4071
-0.0500
0.9604
0.9800



CONCLUSION
The sorption kinetics of methylene blue adsorption on unmodified plantain peduncle biomass and its activated carbon was investigated using both classical and fractal models. Experimental data analyzed via a non-linear method with KyPlot software revealed a stronger alignment with the fractal model, suggesting a more heterogeneous and complex adsorbent surface. Intraparticle diffusion significantly influenced porous adsorption, evident from high correlation values (up to 0.9808), though it was not the sole mechanism. The unmodified samples exhibited faster adsorption rates than the activated samples, attributed to differences in surface composition. This study underscores the potential application of plantain peduncle for wastewater treatment, promoting sustainable waste management through environmental remediation.
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