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Abstract 
This study investigated the removal of methylene blue (MB) from aqueous solution via adsorption onto a biosorbent derived 

from Persea americana Mill (PAB) kernels.  Adsorption was studied in batch mode by varying contact time (0 to 390 min), 

initial concentration of MB (1 mg/L to 100 mg/L), and the temperature (301 K to 323 K). The results showed that the adsorption 

capacity and percentage of adsorption at different temperatures increase with contact time. This increase is due to the availability 

of free adsorption sites on the surface of the biosorbent. The kinetic and equilibrium results obtained in this study show that the 

pseudo-second-order model (R² = 0.8422) is a better fit than the pseudo-first-order model (R² = 0.8149) for describing the 

adsorption kinetics of MB on the PAB biosorbent. The Langmuir equilibrium model (R² = 0.7771) better describes the 

adsorption equilibrium of MB on the PAB biosorbent compared to the Freundlich model (R² = 0.7752). The Langmuir separation 

parameter RL and the Freundlich 1/n parameter less than 1 suggest that the adsorption of MB on the PAB biosorbent is favorable. 

The determined ΔG values for each temperature show that the adsorption of MB onto PAB is favorable and spontaneous. The 

positive ΔH° values indicate that the adsorption is endothermic and physical.  

Keywords: Persea americana, Methylene Blue, Adsorption, Biosorbent, Isotherm, Kinetic 

Résumé 
L'élimination du bleu de méthylène (BM) en solution aqueuse par adsorption sur un bioadsorbant à base des noyaux de Persea 

americana Mill (PAB) a fait l’objet de cette étude. L'adsorption a été étudiée en mode batch en variant le temps de contact (0 

min à 390 min), la concentration initiale de la solution de BM (1 mg/L à 100 mg/L) et la température (301 K à 323 K). Les 

résultats obtenus ont montré que la capacité d'adsorption et le pourcentage d'adsorption à différentes températures augmentent 

avec le temps de contact. Cette augmentation est due à la disponibilité des sites libres d'adsorption à la surface du bioadsorbant. 

Les résultats de la cinétique et d'équilibre obtenus montrent que le modèle pseudo-second ordre (R² = 0,8422) est meilleur 

comparé au modèle pseudo-premier ordre (R² = 0,8149) pour décrire la cinétique d'adsorption du MB sur le biosorbant PAB. 

Le modèle d'équilibre de Langmuir (R² = 0,7771) décrit mieux l'équilibre d'adsorption du MB sur le bioadsorbant PAB par 

rapport au modèle de Freundlich (R² = 0,7752). Le paramètre de séparation de Langmuir RL et le paramètre 1/n de Freundlich, 

inférieur à 1, suggèrent que l'adsorption de MB sur le bioadsorbant PAB est favorable. Les valeurs de ΔG < 0, pour chaque 

température, montrent que l’adsorption de BM sur PAB est spontanée et favorable. Les valeurs positives de ΔH° < 40 kJ mol⁻¹ 

obtenues indiquent que l’adsorption est endothermique et essentiellement physique.  

Mots clés: Persea americana, Bleu de méthylène, Adsorption, Biosorbant, Isotherm, Kinetic 
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1. Introduction 

Various human activities are major sources of 

water pollution. Among the main water pollutants are 

organic dyes, pesticides, organic solvents, and trace 

metal elements. Several industries use organic dyes to 

color textiles, leather, paper, plastics, cosmetics, food, 

and pharmaceutics, as well as for printing inks and 

applications in photography or scientific research. 

These compounds are also used in biology, medicine, 

and in other works (Kifuani et al., 2025; Razia et al., 

2022). Organic dyes can have significant effects on 

both human health and the environment. Regarding 

human health, some synthetic dyes, particularly azo 

dyes, can break down aromatic amines such as 

benzidine, which are known carcinogens associated 

with an increased risk of bladder, liver, and spleen 

cancers. Direct contact or inhalation of these 

compounds can also cause allergic reactions, skin 

dermatitis, eczema, asthma, and irritation of the eyes 

and respiratory tract. In the environment, the discharge 

of colored effluents causes serious problems even at 

low concentrations (Merbouh et al., 2020; Amal et al., 

2024; Ibrahim et al., 2026). Dye strongly colors water, 

reducing light penetration and inhibiting 

photosynthesis in aquatic plants and algae. Many dyes 

are directly toxic to aquatic life, affecting fish, 

crustaceans, and microorganisms. Furthermore, certain 

dyes and their degradation products can bioaccumulate 

in food chains, leading to long-term ecological risks. 

Methylene blue is a widely used organic dye with 

several important applications in medicine, pharmacy, 

biology, aquaculture, and industries. In the 

environment, methylene blue is toxic to fish and 

invertebrates at concentrations from 10 to 50 mg/L and 

inhibits algal growth. It has low biodegradability, 

persists in water bodies, and resists removal by 

conventional wastewater treatment.  

The removal of methylene blue, as well as other 

organic dyes, is therefore necessary. Several methods 

and techniques are used for the removal of methylene 

blue or other organic dyes from wastewater. The 

methods for removing organic dyes from water can be 

biological, chemical, or physical. These methods 

include the following techniques: adsorption, advanced 

oxidation, chemical and electrochemical oxidation, 

coagulation, flocculation, Fenton electron process, 

microbial and fungal decolorization, photocatalysis, 

nanofiltration, ozonation, and reverse osmosis 

(Narayana et al., 2019; Elie et al., 2024; Alhawtali et 

al., 2024). Of all these techniques, adsorption has 

proven to be a very effective technique. Activated 

carbon is the most widely used adsorbent for water 

treatment. But for the treatment of wastewater, its high 

production cost and its difficult regeneration make its 

use expensive. 

Currently, several studies report the use of 

biomass from agricultural waste for trials to remove 

organic dyes from water. This biomass includes apricot 

stones, banana pith, coconut coir dust, cotton stalk, 

hazelnut shell, green pea peels, mango seed kernel, oil 

palm shell, orange peel, Curcumeropsis manni shells, 

and Manihot esculenta kernels (Kifuani et al., 2018b; 

Tshene et al., 2024). These materials contain organic 

substances such as polyphenols, lignin, tannins, 

flavonoids, cellulose, starch, and proteins, which 

provide active surface functions, such as carboxylic 

acid, ketone, aldehyde, phenol, lactone, and pyrone, 

responsible for the adsorption of organic dyes or other 

pollutants on their surface. In a recent article (Mateso 

et al., 2025), the adsorption of methylene blue onto a 

biosorbent derived from Persea americana kernels was 

studied under various conditions, including biosorbent 

mass, contact time, concentration, and pH of the 

methylene blue solutions. This study investigated the 

effects of contact time, initial concentration, and 

temperature for the same biosorbent to determine the 

influence of temperature on adsorption. 

2. Material and methods  
2.1. Biosorbent preparation 

The study was carried out using Persea 

americana seeds from Mbanza Ngungu, in the Kongo 

Central Province, Democratic Republic of the Congo. 

The biomass of seeds was first sun-dried, then oven-

dried at 105°C (DESPATCH Oven Co., type Elect) to 

eliminate the water content.  The obtained dry matter is 

ground in a grinder (industrial high-speed grinder 100 

A) and then sieved to obtain a powder with a particle 

size ≤ 500 µm. The Persea americana biosorbent 

(PAB) thus obtained was stored in airtight packaging 

and placed in a desiccator at laboratory temperature 

(28°C) to keep it free from moisture contact and 

oxidation (Kifuani et al., 2018b). 

2.1.1. Characterization of the biosorbent 

Various physicochemical parameters of the 

biosorbent (PAB) were determined and included grain 

size, moisture content, dry matter, ash content, surface 
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chemical functional groups, pH at zero point of charge, 

specific surface area, and the maximum observed 

capacity. 

2.1.2. Grain size 

The grain size of the grains was determined by 

sifting using a sieve (Retsch AS200 Tap). 

2.1.3. Moisture content and dry matter 

The moisture content (M) and the dry matter 

(DM) of the biosorbent were determined using the 

gravimetric volatilization method. For this purpose, 5 g 

of the biosorbent were heated (105°C) in an oven for 

48 hours; after that, the residue was weighed. The 

moisture content (%M) of the biosorbent is then given 

by equation 1 (Ajala et al., 2024).    

 %𝑀 =
( m1  -  m2 )  .  100

𝑚1
                                   [1]  

Where m1 and m2 are the weights of the biosorbent 

before and after steaming, respectively. 

The dry matter level (%DM) is calculated after 

deducting the moisture content (%M)    from 100% of 

the initial sample.  

2.1.4. Ash content 

Ash content of the biosorbent was determined by 

calcining 5 g of sample in a muffle furnace at 550°C 

(Naber, model N7H) for 8 hours to obtain the ash. The 

ash content (%A) was calculated using the following 

equation 2 (Basma et al., 2024). 

%𝐴 =
( m4  -  m0 )  .  100

( m3 -  m0 ) 
                                   [2] 

Where, m4 the weight of the ash and empty 

crucible after calcination; m3, the weight of the sample 

and empty crucible before calcination; and m0, the 

weight of the empty crucible. 

2.1.5. Surface chemical functional group 

determination 

Surface functional groups were determined using 

the Boehm method, which corresponds to acid-base 

titration. Acidic and basic groups were quantified in 

their entirety. To do this, 1 g of biosorbent was 

contacted with 50 mL of a 0.1 N solution of the base 

(NaOH) and 0.1 N of the salts (NaHCO₃ and Na₂CO₃) 

for 72 hours with stirring to determine acidic or 

phenolic groups, then with 50 mL of a 0.1 N HCl 

solution to determine basic groups. Subsequently, the 

different solutions were filtered. Then, 10 mL of the 

filtrate from each solution was titrated. The basic 

solution was titrated with 0.1 N HCl, and the acidic 

solution with 0.1 N NaOH. The desired function is 

given, in milliequivalents per gram, by the following 

equation 3 (Kouadio et al., 2022): 

nmeq = NiVi - NfVf                               [3]                

Where, nmeq the number of milliequivalent 

grams that have reacted, NiVi number of 

milliequivalent grams before the reaction, and NfVf the 

number of milliequivalent grams after the reaction. 

2.1.6. Determination of pHZPC 

The pH at the point of zero charge (pHZPC) was 

determined using the Boehm method, also known as 

the pH drift method. For this purpose, 100 mL of 0.01 

mol/L NaCl solutions are placed in different adsorbers 

(LACOPE ADX), and the pH of these solutions is 

adjusted from 2 to 12 by the addition of 0.1 N HCl or 

0.1 N NaOH solutions to adjust the acidic or basic 

solutions, respectively. 1000 mg of biosorbent was then 

added to each solution, and the suspension was stirred 

for 72 h and centrifuged at 3000 rpm (Centrifuge 

Labofuge 200 Heraeus). The final pH of each solution 

was determined using a pH-meter (Hanna Instruments). 

The point of intersection of the curve obtained by 

plotting the final pH as a function of the initial pH of 

each solution determines the pHZPC (Musah et al., 

2020). 

2.1.7. Determination of the maximum observed 

capacity (Qmo) and specific surface area (SMB). 

The specific surface area of the biosorbent was 

determined by adsorption of methylene blue using the 

Kifuani volume variation method (KVVM). This 

method consists of studying the adsorption of 

methylene blue at equilibrium time, using a low mass 

of adsorbent. For this purpose, to 5 mg of adsorbent, 

increasing volumes (100 mL to 1000 mL) of the MB 

solution 50 mg/L are added. The suspension is stirred 

at the equilibrium time previously determined 

experimentally.   

The determination of the residual concentration of 

the supernatant by UV-spectrophotometry makes it 

possible to calculate the maximum adsorption capacity 

(Qm) and the maximum adsorption capacity (%mAds) 

using equations 4 to 6. The curve obtained by plotting 

the maximum adsorption capacity (Qm) as a function of 

the volume (V) of the MB solution makes it possible to 

determine the true maximum adsorption capacity, 

which we call the maximum observed adsorption 

capacity (Qmo), the others being apparent maximum 

capacities (Qm). The maximum observed adsorption 

capacity is given by the plateau of this curve (Kifuani, 

2013; Kifuani et al., 2018a). 

   𝑄𝑚 =
(𝐶𝑜 -  C𝑒) V

𝑚𝐵
                                               [4] 

 % m𝐴𝑑𝑠 =  
𝐶𝑜 -  C𝑒

𝐶𝑜
 x 100            [5]
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With, Qm being the maximum adsorption capacity 

of the biosorbent (mg g⁻¹), Co the initial concentration 

of methylene blue solution (mg L⁻¹), Ce the residual or 

equilibrium concentration (mg L⁻¹), V the volume of 

the methylene blue solution (L), and %moAds the 

maximum observed adsorption percentage. 

The specific surface area (SMB) is then calculated 

according to the following equation 6 (Kifuani , 2013): 

SMB = Qmo. NA. S                           [6] 

Where, SMB is the specific surface area 

determined using MB as adsorbate (m² g-1), Qmo the 

maximum observed adsorption capacity (mg g⁻¹), NA 

the Avogadro number (6.022 × 1023 mol- 1), and S the 

area occupied by a MB molecule (175 Å²). 

2.2.  Adsorbate and adsorbate solutions 

In this study, methylene blue dye was used as a 

model of organic dye because of its flat surface known 

in the literature (175 Å²). His IUPAC name is 3,7-

Bis(dimethylamino)phenothiazine-5-ium chloride. 

Methylene blue is a cationic dye having the chemical 

formula C₁₆H₁₈N₃SCl and Mw of 319.852 g mol⁻¹. All 

reagents used in this study were from Merck and were 

used without further purification. Figure 1 gives the 

structure of methylene blue dye. 

S+

N

NN

H3C

CH3

CH3

CH3

Cl-

 
Figure 1. Chemical structure of methylene blue 

The preparation of MB solutions was made by 

dissolving MB crystals in distilled water and diluting 

the resulting solution to obtain solutions ranging from 

1 mg L-1 to 100 mg L-1. The MB solutions, before and 

after adsorption, were analyzed using a UV-Vis 

spectrophotometer (HACK Spectrophotometer, SP, 

model 1105) at their self-maximum wavelength 

determined experimentally at their natural pH (pH = 

6.05). The residual concentration of MB solution was 

calculated using the Beer-Lambert equation (equation 

7) (Kifuani et al., 2018a; Raiyyaan et al., 2021). 

A = ɛ.l.C                                                             [7]   

With, A the absorbance, ε the molar absorption 

coefficient (L mg-1 cm-1), l the thickness of the cell (1 

cm), and C the concentration of the MB (mg L⁻¹). 

2.3. Batch adsorption experiments 

The adsorption tests were carried out in batch 

experiments with adsorbers (LACOPE ADS) using 100 

mL of MB solutions and a biosorbent mass of 600 mg, 

the optimal mass determined in previous research 

(Mateso et al., 2025). The concentrations of MB 

solutions were varied from 5 mg/L to 100 mg, and the 

temperature was varied from 301 K to 323 K. All 

adsorption tests were performed at the self-equilibrium 

pH (6.05) of the solutions. Several bioadsorbent 

samples were weighed using an analytical balance 

(HEB-E 303). After stirring for the required time, the 

suspension was centrifuged at 3000 rpm for 30 

minutes, and the supernatant was analyzed with a UV-

Vis spectrophotometer at the appropriate wavelength 

(662 nm) to determine the residual concentration of the 

MB solution. Each experiment is repeated three times 

to determine the absolute error. The adsorption 

capacity (Qe) and the adsorption percentage (%Ads) 

were calculated using equations 8 and 9, respectively 

(Mobalaji et al., 2021): 

Qe=   
(𝐶𝑜 -  C𝑒) V

𝑚𝐵
                                                   [8] 

% Ads = 
𝐶𝑜 -  C𝑒

𝐶𝑜
 x 100           [9]  

With, Qe being the apparent adsorption capacity 

or the equilibrium capacity of the biosorbent (mg g⁻¹), 

Co the initial concentration of MB solution (mg L⁻¹), Ce 

the residual or equilibrium concentration (mg L⁻¹), V 

the volume of MB solution (L), and %Ads the 

adsorption percentage. 

2.4. Adsorption kinetics 

The modeling of the adsorption kinetics was done 

according to the Lagergren kinetic model (Mekky et al., 

2020) using the kinetic equations of the surface 

reaction of pseudo-first-order and pseudo-second-order 

developed by Kifuani (2013) (Equations 10 and 11): 

Kifuani pseudo-first-order kinetic model: 

ℓ𝑛
𝑞𝑒 

(𝑞𝑒 - q𝑡)
   =   k1𝑡                         [10] 

With, qe being the adsorption capacity at 

equilibrium (mg g⁻¹), qt the adsorption capacity at time 

t (mg g-1), qe-qt the adsorption capacity of free sites, t 

the time (s), and k1 the constant rate of pseudo-first-

order reaction (min⁻¹). The plot of ℓ𝑛
𝑞𝑒 

(𝑞𝑒 - q𝑡)
  versus t 

gives a line whose slope corresponds to k1, the rate 

constant of a pseudo-first-order reaction. 

Kifuani pseudo-second-order kinetic model: 
𝑞𝑡

𝑞𝑒(𝑞𝑒 - q𝑡 )
 =   k2t                         [11]  

With, k₂ being the rate constant of the pseudo-

second-order reaction (g mg-1 min-1). The plot of 
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𝑞𝑡

𝑞𝑒(𝑞𝑒 - q𝑡)
 versus t gives a line whose slope corresponds 

to k₂, the rate constant of the pseudo-second-order 

reaction. 

2.5. Adsorption isotherms 

The modeling of the adsorption equilibrium was 

done using the Langmuir and Freundlich models given 

by the following equations 12 to 14 (Alouani et al., 

2018; Mekhalef et al., 2018): 

Langmuir model: 
1 

𝑄𝑒
  =    

1

𝑄𝑚
  +   

1

𝑄𝑚 K𝐿
 .  

1

𝐶𝑒
          [12] 

Where, Qe being the apparent adsorption capacity 

of the biosorbent (mg g-1), Qm the adsorption capacity 

at saturation or maximum adsorption capacity (mg g⁻¹), 

KL the equilibrium constant adsorption (L mg⁻¹), and Ce 

the equilibrium concentration. The plot of 1/Qe versus 

1/Cₑ gives a line that allows determining Qm and KL 

from the intercept and slope, respectively. 

The Langmuir separation parameter (RL) was 

calculated using equation 13 (Hajir et al., 2024): 

RL=
  1

1 + K𝐿 C𝑜
                                                        [13] 

With, KL being the Langmuir constant (L mg⁻¹) 

and Co the initial dye concentration (mg L-1). 

Freundlich model: 

log Qe = log KF + 
1

𝑛
 log Ce                         [14] 

With Qe being the adsorption capacity at 

equilibrium (mg g⁻¹), KF the adsorption constant 

(Freundlich constant), Ce the concentration of the 

adsorbate at equilibrium (mg L⁻¹), and n the Freundlich 

constant characterizing the affinity of the solute for the 

adsorbent (affinity parameter). The plot of log Qe 

versus log Ce gives a line that allows to determine KF 

and 1/n from the intercept and slope, respectively. 

2.6. Thermodynamic parameters 

Plotting lnKd = f(1/T) yields a straight line whose 

slope allows the calculation of the standard enthalpy 

(ΔH°), and the standard entropy (ΔS°) is obtained from 

the y-axis. These two parameters allow the calculation 

of the standard Gibbs free energy of adsorption (ΔG°) 

and the Gibbs free energy (ΔG) at different 

temperatures, using the Van T'hoff equation 14 (Amal 

et al., 2024): 

∆G° = - RT ln Kd                                      [14]    

Where, R is the gas constant (J mol⁻¹ K⁻¹), T the 

absolute temperature (K), and Kd the distribution 

coefficient (mg L⁻¹). 

𝑙𝑛𝐾𝑑 =
𝛥𝑆°

𝑅
−

𝛥𝐻°

𝑅𝑇
                               [15]    

 

 

3. RESULTS  
3.1. Characteristics of the biosorbent PAB 

The physicochemical properties summarized in 

Table I show that PAB has a specific surface area of 

102.86 m²/g and a maximum observed adsorption 

capacity of 31.22 mg/g. The pH of zero potential 

charge (pHZPC) of the adsorbent is 4.27. The surface 

functional groups determined by the Boehm method 

indicate the presence of carboxylic, lactonic, and 

phenolic acid groups and basic groups (table II).  

Table I. Physicochemical characteristics of the 

PAB biosorbent 

 

 

 

 

 

 

 

 

 

 
 

Table II. Surface chemical functional groups of 

PAB 

 

 

 

 

 

 

 

 

 

 

3.2. Temperature effect 

The effect of temperature on the adsorption of 

PAB by MB was studied by varying the temperature 

from 301 K to 323 K.  The results obtained, shown by 

figures 2 and 3, show an increase in the adsorption 

capacity and percentage adsorption with rising 

temperature. In fact, increasing the temperature from 
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301 K to 323 K slightly increased the adsorption 

capacity from 8.097 mg/g to 8.222 mg/g, as shown in 

table III. 

Table III. Values of Qm and %mAds at different 

temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Maximum adsorption percentage of 

PAB (%mAds) vs temperature 

3.3. Contact time effect 

The adsorption capacity and percentage of MB on 

PAB increase with contact time at different 

temperatures (table IV). This increase is rapid during 

the initial phase (first 240 minutes) and gradually 

decreases until it reaches a steady state (figures 4 and 

5). After this steady state, indicated by a horizontal line, 

the adsorption capacity and percentage do not change 

regardless of the contact time. Thus, the maximum 

adsorption capacity and percentage are reached. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table IV. Adsorption of the BM onto the PAB as a function of time at different temperatures 

 

 

Figure 2. Maximum adsorption capacity of PAB (Qm) vs. 

Temperture 
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Figure 4.  Equilibrium adsorption capacity (Qe) 

vs. time 

(Co: 50 mg/L; V: 100 mL; mPAB: 600 mg). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Equilibrium adsorption percentage (%Ads) 
vs. time 

(Co: 50 mg/L; V: 100 mL; mPAB: 600 mg). 

3.4. Modeling of adsorption kinetics 

The experimental data were analyzed using 

pseudo-first-order and pseudo-second-order kinetics. 

Graphs of  𝑙𝑛
𝑄𝑒

𝑄𝑒−𝑄𝑡
  and 

𝑄𝑡

𝑄𝑒(𝑄𝑒−𝑄𝑡)
Qt as a function of 

time t were plotted to determine the parameters k1, k2, 

and R2. The results obtained are presented in Table V. 

These results show that the overall correlation 

coefficients (R²) for the pseudo-first-order and the 

pseudo-second-order are 0.8149 and 0.8422, 

respectively. 

Table V. Pseudo-first-order and pseudo-second-

order parameters for MB adsorption on PAB at 

different temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Adsorption isotherms 

The isotherms obtained for the adsorption of MB 

onto PAB at different temperatures are given in figure 

6. These isotherms are of S type with an initial upward 

concavity (at temperatures 301 K, 318 K, and 323 K) 

and of L type (at temperatures 308 K and 313 K). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Adsorption isotherms of MB onto PAB at 

different temperatures 

3.6. Modeling of Adsorption Isotherms 

By linearizing the Langmuir and Freundlich 

equations, we were able to determine the parameters 

Qm, KL RL, Kf, and n. The results obtained (table VI) 

indicate average values of 0.642 and 0.085 for 1/n and 

RL parameters, respectively. There is a weak 

correlation according to the Langmuir and Freundlich 

models. The average correlation coefficient for the 

Freundlich model (R² = 0.7752) is slightly lower than 

that of the Langmuir model (R² = 0.7771). 
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Table VI. Langmuir and Freundlich parameters 

for the adsorption of MB onto PAB  

 

 

 

 

 

 

 

 

 

 

 

3.7. Thermodynamic parameters 

The calculated thermodynamic parameters are 

given in table VII. The results obtained show an 

increase in the variation of the   Gibbs free energy with 

increasing temperature. The variations of standard 

enthalpy and entropy are positive, while the variation 

of the standard Gibbs free energy is negative. 

Table VII. Thermodynamic parameters  

 

 

 

 

 

 

 

 

 

 

 

4. DISCUSSION 
4.1. Characteristics of the biosorbent PAB 

The pHZPC of PAB shows that the surface of the 

biosorbent is neutral at pH 4.27 (table I). Below this 

pH, the surface of the biosorbent is positive; above this 

pH, the surface of the biosorbent is negative. Other 

authors have also obtained acidic pHZPC values for 

other types of biosorbents (Bagheri et al., 2016; 

Mustapha et al., 2019; Adeyi et al., 2020; Litefti et al., 

2024). The maximum observed adsorption capacity 

(Qmo=31,22 mg/g) of PAB is lower than that reported 

by Rahimian & Zarinabadi (2020), whith 40.0 mg·g⁻¹ 

for the pine needle biosorbent. The results given by 

table II show that acidic groups predominate, with a 

total of 1.61 meq/g. The high value obtained for the 

acidic functional groups would explain the acidic 

pHZPC (4.26) value. This indicates the acidic nature of 

the biosorbent. 

4.2. Temperature effect 

The increase in capacity and percentage of 

adsorption as a function of temperature (figures 2 and 

3) is due to the diffusion of MB molecules through the 

boundary layer and internal pores of the adsorbent 

particles, following thermal agitation. 

4.3. Contact time effect 

The increase in capacity and percentage over time 

at different temperatures is due to the presence of a 

large number of free sites at the beginning, which 

gradually become saturated until reaching the 

maximum apparent adsorption capacity, represented by 

a horizontal floor (figures 4 and 5). At this point, the 

sites are saturated, and adsorption becomes constant. 

Other researchers have also reported the same 

observation (Nigist et al., 2022; Gani et al., 2023; 

Kifuani et al., 2024; Mateso et al., 2025; and Kifline et 

al., 2025). 

4.4. Adsorption kinetics 

The pseudo-second-order model provided a better 

fit for describing the adsorption of MB onto PAB, with 

a correlation coefficient (R² = 0.8422), compared to the 

pseudo-first-order model (R² = 0.8149) (Table V). The 

best fit with the pseudo-order model indicates that the 

adsorption is governed by the free sites of the 

biosorbent and the MB molecules. Similar results have 

been reported by Adeyi et al. (2019), Bharath et al. 

(2022), and Kouadio et al. (2022). 

4.5. Adsorption isotherms  

The S-shaped isotherm obtained (figure 6) 

indicates a vertical adsorption of the MB molecules 

onto the PAB biosorbent, while the L-shaped isotherm 

indicates a horizontal adsorption of these molecules. 

These results are consistent with the literature (Tahina 

et al., 2022; Belete et al., 2024).  With a slightly higher 

correlation coefficient, Langmuir’s model is better 

suited to describe the adsorption of MB on PAB (table 

VI). The correlation with the Langmuir model indicates 

that adsorption occurs preferentially in a monolayer. 

Belete et al., 2024, reported similar results for 

adsorption on other matrices. Amin et al. (2015) and 

Tshene et al. (2024) indicated that if the value of 1/n 

and RL are less than 1, this means that adsorption is 

favorable. The average values of 1/n and RL lower than 

1 (table VI) indicate that the adsorption of MB onto 

PAB is favorable. The equilibrium parameter or 

separation parameter, RL, indicates the affinity of the 
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biosorbent towards methylene blue, which can be 

favorable (RL < 0), linear (RL=1) or unfavorable (RL> 

1). 

4.6. Thermodynamic parameters 

The determined ΔG < 0 (Table VII) indicates the 

spontaneity and feasibility of adsorption. The positive 

ΔH° less than 40 kJ/mol indicates that the adsorption is 

endothermic and physical. The positive entropy values 

show that the adsorption of MB onto PAB is 

accompanied by an increase in disorder. 

5. Conclusion  
The main objective of this study was to 

investigate the adsorption of methylene Blue (MB) 

onto a biosorbent (PAB) at different temperatures. The 

adsorption tests were carried out in batch mode by 

varying different parameters. The results obtained have 

led to the following conclusions: The adsorption 

capacity and percentage of adsorption increase with 

contact time until reaching a constant, represented by a 

horizontal floor corresponding to the maximum 

adsorption capacity and percentage.  

This increase is due to the availability of free 

adsorption sites on the biosorbent. The Langmuir and 

Freundlich models can adequately describe the 

adsorption of BM on PAB, and the Langmuir model 

was the most appropriate. The pseudo-second-order 

kinetic model (R² = 0.8422) better describes the 

adsorption of MB onto PAB compared to the pseudo-

first-order model. The negative value of the free Gibbs 

energy change indicates spontaneity and feasibility of 

adsorption. The positive ΔH° less than 40 kJ/mol 

indicates that the adsorption is endothermic and 

physical. 
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