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Abstract: The development of low-cost and recyclable adsorbents is an urgent need in the field of wastewater 

treatment. There has been growing research interest in exploiting agricultural waste for cost-effective removal of 

different pollutants including dye colour in water bodies.  In this study, unmodified Biochar of African oil-bean seed 

shells (UBC) was prepared as adsorbent. The adsorption of methylene blue (MB) dye from aqueous solution onto 

UBC was studied by analyzing the effect of contact time, initial dye concentration, pH and temperature on the amount 

of MB dye adsorbed per unit mass of the adsorbent. An optimum adsorption capacity, qt of 27.8 mg/g was achieved 

during 90 min contact time using initial dye concentration of 250 mg/L of UBC adsorbent. The adsorption of the MB 

dye increased with increase in the initial dye concentration, time and pH but decreased with increase in temperature. 

The adsorption mechanism of the dye obeyed the Freundlich isotherm model. The thermodynamic study showed that 

adsorption of MB onto the adsorbent was spontaneous, exothermic and had good affinity of the biosorbent toward 

MB. The adsorbent was characterized with Fourier transform infra-red (FTIR) spectroscopy, scanning electron 

microscopy (SEM) and Brunauer-Emmett-Teller (BET). The findings highlight African oil-bean seed shell biochar as 

a potential low-cost adsorbent for cationic dyes. 
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Introduction 

Concentrations of dye in aqueous solution or 

wastewater from textile industries have been lowered 

using low-cost adsorbents such as fly ash, sorbents 

prepared from agricultural, industrial, and biological 

waste materials1,2,3. Deficiency of clean water is a 

global concern. The primary cause of clean water 

deficiency is very much due to water pollution. Water 

is the most basic necessary requirement of life4. 

However, the growing industrialization has created a 

deep impact on human health and the environment by 

introducing large quantity of untreated wastewater 

into our surroundings5. Textile industry is one of the 

most water-consuming industries and is listed as the 

main contributor of water pollution due to the 

tremendous amount of wastewater containing dyes 

released to the environment6. More than 7 x 105 tonnes 

of dyes are produced annually by this particular 

industry and it was estimated by the World Bank that 

approximately 17 % to 20 % of the world industrial 

water pollution emanates from both treatment and 

dyeing of textiles7. 

Methylene blue (MB) is a heterocyclic aromatic 

compound. As a cationic (basic) dye, MB, is a water-

soluble dye which was chosen as a model contaminant 

since it is one of the most important and widely used 

dyes in textile and paper industries7. Potential side-

effects of MB dye include tissue necrosis, mental 

confusion, methemoglobinemia and vomiting of MB 

toxicity8. Environmental adverse effects of dyes 

include restriction of penetration of sunlight and 

oxygen transfer into aquatic organisms8,9. Methods 

applied for the removal of dyes in wastewater include; 

adsorption, flocculation, oxidation, electrolysis, 

biodegradation, ion-exchange, filtration, membrane 

process and ozonation7,10. 

Adsorption is a process by which solid surface 

concentrations or other fluids attract component(s) in 

a liquid to its surface and form an attachment via 

physical or chemical bond and thus the process 

removes the component(s) from the liquid. It is also 

the process by which atoms, ions or molecules from a 

gas, liquid or dissolved solid adhere to a surface11. 

Advantages of adsorption over other methods of dye 
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removal include; cost-effectiveness, high efficiency, 

simple operation conditions, and no generation of 

harmful by-products8,9,10,11. 

Factors affecting dye adsorption in aqueous systems 

include contact time (saturation time), initial dye 

concentration, temperature, solution pH, and 

adsorbent dosage (adsorbent concentration). 

Pentaclethra macrophylla Benth, the oil-bean tree, is 

the sole member of the genus occurring naturally in 

the humid lowlands of West Africa. It is a leguminous 

tree (family: Leguminosae; sub-family: 

Mimosoideae)12. Pentaclethra macrophylla has been 

cultivated in Nigeria since 193712. Enormous amounts 

of African Oil-bean (Pentaclethra macrophylla) seed 

shells wastes are generated after the use of the useful 

parts. These wastes pose disposal challenges due to 

limited or no information on what they can be used for. 

This causes environmental menace. There has not 

been any known literature in which this adsorbent has 

been applied to adsorb MB dye. Hence, the research 

aims study its adsorbent potentials. 

 

MATERIALS AND METHODS 

Adsorbate Preparation 

MB dye used in this work as the adsorbate is a product 

of Luxion, China. It was purchased from laboratory 

chemicals supply company in Owerri, Imo State, 

Nigeria and used directly without further treatment. 

MB is a synthetic cationic (basic) dye soluble in water. 

Its structure is as shown in figure 1. It has molecular 

formula of C16H18N3SCL.3H2O, molecular mass, 

373.9g/mol. and wavelength of maximum absorbance 

(𝜆max), 663nm. 

 
Figure 1: Structural formula of MB 

 

 

The adsorbate solution was prepared by dissolving 1.0 

g of MB powder in 1,000 cm3 of solution using 

distilled water to obtain the stock solution of 1,000 

mg/L. Working solutions of 25 to 250 mg/L were 

prepared from the stock by serial dilutions. 

 

Adsorbent Preparation 

African oil-bean (Pentaclethra macrophylla,) seeds 

were obtained from the tree in Obowo, Imo State, 

Nigeria. They were shelled and the seed shells washed 

four times with tap water. They were further washed 

three times with distilled and deionized water, sun-

dried for four days and ground into small particles size 

using manual grinder (Corona, Landers YC1A. S.A. 

Table top, S.A). It was then ground further using 

electric grinder (Corona mills, REF 121, S.A.) and 

oven-dried at 105 0C for 8 hr to constant weight using 

the laboratory oven (LG, MC 2886, China). The 

ground, dried seed shells were sieved with 600 𝜇m and 

841 𝜇m sieve size.    

The prepared sample was then pyrolysed in the electric 

furnace at 600 0C for 2 hr at heating rate of 10 0C/min. 

Nitrogen gas at flow rate of 0.1 m3/hr was used as 

purge gas to keep the whole process inert12. The 

biochar produced was cooled to 30 0C and stored in 

air-tight container after milling into powder and 

sieving with laboratory mesh size of 600  𝜇 m and 

841 𝜇m. This product is the unmodified biochar (UBC) 

of African oil-bean seed shell. 

Characterization of the UBC Adsorbent 

Quantachrome high speed surface area and pore size 

analyzer model: Nova 4200, USA were used for the 

textural characterization of the UBC adsorbent. 

Surface area and pore size/pore volume 

determinations on the UBC adsorbent were made 

using Brunauer-Emmette-Teller (BET) and Berrett-

Joyner-Halenda (BJH) respectively. Agilent 

Technologies Microlab Cary 630 Fourier Transform 

Infrared (FTIR) spectrophotometer was employed to 

record the spectra of the UBC adsorbent in the 

investigation of the surface chemistry of the adsorbent. 

Data analysis was focused on the 400 to 4,000 cm-1 

region. The sample was formed into pellets with 

potassium bromide (KBr). 1 mg of UBC was 

encapsulated in 100 mg of KBr for the infrared (IR) 

study. The adsorbent (before and after adsorption) 

were collected in transmission and the background 

corrected in each case. The shift in the adsorption band 

of the FTIR spectra in the adsorbent after adsorption 

from those of the adsorbent before adsorption gave an 

insight on the functional groups responsible for the 

adsorption of MB13. Scanning Electron Microscope 

(SEM), Phenom Prox model, was used to examine the 

morphology and structure of the UBC adsorbent 

before and after MB adsorption. The pH point of zero 

charge (pHpzc), the pH at which the surface of an 

adsorbent is neutral was determined using pH drift 

method14.  
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Batch Adsorption Equilibrium Experiments  

These experiments were carried out in 250 ml conical 

flasks covered with glass stoppers using 200 ml 

working solution of 150 mg/L and 1 g adsorbent. The 

flasks were agitated at constant speed of 120 rpm for 

190 min in a water bath shaker (Thermofisher 

Scientific, SWB 15 Thermostated, USA) at 30 0C. The 

influence of initial dye concentration, was carried out 

at 25, 50, 100, 150, 200 and 250 mg/L, contact time at 

10, 20, 30, 60, 90, 120, 150, 160, 170, 180, 190 and 

200 mins. pH at 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 and 

temperature at 30, 35, 40, 45 and 50 0C. Other 

conditions remain constant. pH was adjusted using 

dilute HCl and NaOH. Samples were collected at 

predetermined time intervals, and analysed for 

residual dye concentration in solution using UV vis 

spectrophotometer (Model Shimadzu UV 752, M/s. 

Shimadzu, Japan) at the wavelength of 663nm. 

Calculation of the amount of MB dye adsorbed per 

unit of adsorbent, (mg/g) and the removal percent (%) 

were made using equations 1, 2 and 3 respectively.  

Triplicate measurements were made and the mean 

value used 

𝑞𝑒 = 
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
                                                                                            

(1) 

Where qe   (mg/g) is the amount of MB adsorbed per 

unit mass of adsorbent; Co is initial MB concentration 

in liquid phase; Ce is liquid phase MB concentration at 

equilibrium. The units of Co and Ce are mg/L. V is 

Volume of MB solution in litre (L); m is mass of dry 

adsorbent used in grammes (g). 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑡)𝑉

𝑚
      

    (2)    

𝑅% =
𝐶𝑜−𝐶𝑒

𝐶𝑜
×

100

1
                                                                                           

(3) 

Where qt  is amount of MB adsorbed per unit mass of 

adsorbent at time, t. Unit of qt is mg/g. Ct is liquid 

phase MB concentration at time, t. Unit of Ct is mg/L. 

R% is percent removal of MB. 

  

 

RESULTS AND DISCUSSION 

Characterization of the unmodified biochar (UBC) of Pentaclethra macrophylla (PM) 

Figure 2 displays FTIR spectrum of UBC before and after adsorption. 

 

 
Figure 2a: Spectrum of UBC before adsorption 

 

 

 

http://www.jofamericanscience.org/


Journal of American Science 2026;22(3)                      http://www.jofamericanscience.org       JAS  

 

39 
 

 
Figure 2b: Spectrum of UBC after adsorption 

 

The strong, broad band at 3227 cm-1 characterizing the presence of O-H stretching vibration of carboxylic acid 

functional group was shifted to a band at 3220 cm-1 indicating O-H stretching vibration of carboxylic acid. Also shifted 

after adsorption was band at 2564 cm-1, a broad band indicating O-H stretching vibration of carboxylic acid group. It 

was shifted to 2557 cm-1. 1595 cm-1 band, 1203 cm-1 and 767 cm-1 bands all disappeared after adsorption. There were 

new bands at 1576 cm-1 and 1174 cm-1 after adsorption. The band at 1595 cm-1, 1203 cm-1, 767 cm-1, 1576 cm-1 and 

1174 cm-1 are ascribed respectively to N-H bending vibration of amide group, C-O stretching vibration of alcohol 

group, C-Cl stretching vibration of alkyl halide group, ring C=C stretching vibration of aromatic compounds and C-

O stretching vibration of alcohol functional group. The functional groups of shifted and removed peaks were involved 

in adsorption while the retained ones were not used during adsorption. 

 

Scanning Electron Microscopy (SEM) 

SEM results before and after adsorption were presented in figure 3(a) and 3(b). 

 
(a) 

 
(b) 

Figure 3: SEM micrographs of UBC (a) before (b) after adsorption 
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Numerous pores of various sizes and shapes were revealed by the SEM micrograph before adsorption which got much 

reduced in the image obtained after adsorption. This indicated that adsorption had taken place15. This showed that the 

UBC is a potential adsorbent. 

 

BET and BJH Analysis 

Table 1 depicts the results of BET and BJH analysis, which examined the surface area, pore volume and pore 

diameter of the adsorbent. 

 

Table 1: Results of BET and BJH on UBC 

Characterization of Adsorbent Values obtained 

Surface area (m2/g) 325.5 

Pore volume (cc/g) 0.132 

Pore diameter (nm) 2.128 

 

BET analysis showed surface area of the sample and the BJH, the pore volume and pore diameter of the adsorbent. 

The specifications of sample porosity diameter as provided by IUPAC are as follows: micropores < 2 nm, mesopores 

2-50 nm, macropores > 50 nm16. Porous materials can act as suitable adsorbents for various fluids due to their 

conductive properties17,18. The UBC adsorbent used in this research is a mesoporous material (2.128 nm) and thus, a 

potential adsorbent. 

 

Point of Zero Charge of the Adsorbent 

pHpzc graph of UBC, which is the graph of ΔpH (pHf-pHi) against pHi is shown in figure 4. 

 
 

Figure 4: Graph of pHpzc for UBC 

 

From the graph of the pHpzc, pH point of zero charge of the UBC surface lies at about pH 7.4. 

 

Effect of Initial Dye Concentration (Co) and Contact Time on the Adsorption 

 

 

The influence of initial dye concentration and contact time in equilibrium uptake of MB from aqueous solution onto 

UBC is depicted in figure 5. 
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(b) 

 

Figure 5: Effect of Initial Concentration and Time Adsorption 

 

 

Figure 5(a) shows increase in adsorption capacity, qt with time and indicating fast adsorption occurring in the early 

stage of adsorption because the active sites available were in abundance. This could have been caused by physical 

adsorption or ion exchange at the surface of adsorption18. Equilibrium adsorption capacities were 3.6, 7.0, 12.9, 18.2, 

23.1 and 27.8 mg/g for the initial MB concentrations of 25, 50, 100, 150, 200 and 250 mg/L respectively. The rate of 

adsorption was then gradually reduced until saturation was attained. At the slower stage, the number of active sites 

became decreased and adsorption efficiency slowed down because as soon as saturation set in, additional adsorption 

became almost impossible. Figure 5(b) showed that as initial dye concentration (Co) increased from 25 to 250 mg/L, 

R % decreased from 72.4 to 55.5 %, depicting inverse relationship.  This result is in line with the trend obtained by 

other researchers 18,19,20. The removal percent, R % of the adsorption of MB by UBC recorded highest value of 72.4 % 

at a contact time of 120 mins for initial dye concentration of 25 mg/L. Higher yields obtained in the adsorption at 

lower dye concentrations is as a result of interaction of most of the MB dye molecules present in the solution with the 

binding sites on the surface of the adsorbent. All adsorbents have limited number of binding sites which attain 

saturation at given concentrations21. Increasing amount of the MB molecules, as a result, were not adsorbed when the 

initial concentration of MB was progressively increased, leading to decrease in R %. At lower concentrations, most 

of the dye molecules in solution interacted with the active sites of the adsorbent thereby facilitating adsorption. With 

higher dye concentration, after saturation of the adsorbent surface, unadsorbed dye molecules keep increasing, 

constituting decreasing removal percent (efficiency) as observed in figure 5b.  

The effect of initial dye concentration with respect to adsorption capacity on the adsorption of MB dye in aqueous 

solution onto UBC is presented in figure 5a. As Co increased from 25 to 250 mg/L, equilibrium adsorption capacity 

increased from 3.6 to 27.8 mg/g respectively. Adsorption capacity, qt increased with increase in initial MB 

concentration due to increasing concentration gradient22. The increasing concentration gradient acted as increasing 

driving force. This force acted to overcome all mass transfer resistances of the MB molecules between the aqueous 

and solid phase as initial MB concentration increased. This lead to continued increase in adsorption capacity until 

saturation of the adsorbent active sites was attained23,24,25.  

 

Effect of pH on the adsorption of MB from aqueous solution onto UBC: 

Solution pH is quite closely related to adsorption efficiency. This is because change in pH can cause adsorbent surface 

charge to be affected by protonation or deprotonation26. It also affects the degree of adsorbate ionization and 

speciation27. The effects of the different pH environments on adsorption capacity, qe and MB removal percent, R % 

are depicted in figure 6(a) and 6(b) respectively. 
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(a) 

 
(b) 

Figure 6: Graph of Effect of pH on Adsorption 

 

Adsorption capacity, qe and removal percent, R % increased with increase in solution pH as seen in figure 6 (a) and 

(b). qe and R % values increased slowly at low pH (acidic). At these pH values there was electrostatic repulsion 

between the H+ ions of the solution on the UBC surfaces and the positive ions of the MB dye (MB dye being a cationic 

dye). It is observed from the figures that after pH 6.3, sharp increases in qe and R % values were recorded. These sharp 

rise in qe and R % occurred after pH value exceeded the pHpzc of UBC (pH 6.3). There was competition between the 

H+ ions at lower pH and the cation groups of the MB dye for adsorption sites. As the solution pH increased there came 

a decrease in the H+ charge density. Hence the electrostatic repulsion between the cationic MB dye and the MB surface 

became reduced. This resulted to increase in the rate of adsorption28. Solution pH influenced the kinetics of the 

adsorption. For the cationic dye, as pH increased, the proton concentration decreased. This enhanced the chances of 

more dye molecules to react with the active sites on the adsorbent surface due to reduced proton competition29. 

 

Effect of Temperature 

Temperature has significant impact on adsorption process. The effect of temperature was investigated at five different 

temperatures (30, 35, 40, 45 and 50 0C). The results are displayed in figures 7(a) and 7(b). It was seen from the figures 

that temperature had an inverse relationship with adsorption capacity, qe and removal percent, R %. As temperature 

was raised from 30 to 50 0C, qe and R % decreased from 18.17 to 16.32 mg/g and 60.6 to 54.4 % respectively. 

Maximum qe and R % were at 30 0C for both. The decrease in qe and R % as temperature increased is likely to be as 

a result of desorption. The increase in available thermal energy may be the cause of the desorption. Higher temperature 

induces higher mobility of the adsorbate molecules. Beyond certain temperature, it results to desorption. Conversely, 

decrease in temperature resulted to adsorption increase meaning that the process of adsorption was exothermic30.\ 

 

 

 

 

 

 

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14

q
e(

m
g

/g
)

pH

0

20

40

60

80

100

0 2 4 6 8 10 12 14

R
 %

pH

http://www.jofamericanscience.org/


Journal of American Science 2026;22(3)                      http://www.jofamericanscience.org       JAS  

 

43 
 

 

 
 

(a) 

 
(b) 

Figure 7: Effect of Temperature on the Adsorption  

 

Adsorption Isotherm 

The plot that describes the way equilibrium concentration of adsorbent varies with the concentration of liquid phase 

at given temperature and pH is known as adsorption Isotherm. Such diagrammatic models are used to illustrate the 

interaction of adsorbent with the adsorbate under equilibrium condition at constant temperature31.  

 

Freundlich Isotherm Model  

Assumes the occurrence of multilayer adsorption on heterogeneous surfaces of adsorbent. It also assumes that active 

sites with higher energy are occupied first. With increase in the amount of adsorbate deposited on each other on the 

active sites, number of layers increase and binding forces decrease exponentially32,33.  

Freundlich isotherm model in its linearized form is presented in equation (6)  

                       logqe =  logKF + 
1

n
logCe       (6) 

Where KF and n are freundlich isotherm constants related to adsorption capacity and adsorption intensity respectively. 

qe and Ce are as explained for Langmuir isotherm model. The value of n gives the favourability of adsorption.  

The closer 1/n is to zero, the more heterogeneous the adsorbent surface becomes. 1/n value of 0.2 to 0.8 (good 

adsorption); 1/n values of 0.2 and below (better adsorption and stronger bond between adsorbate particles and 

adsorbent adsorption sites)34. 
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Figure 8: Freundlich Isotherm for UBC 

 

Freundlich adsorption isotherm model recorded the highest linear regression correlation coefficient, R2 of 0.9960 (very 

close to unity) indicating that Freundlich isotherm model was the most fitted model for this adsorption process. This 

suggests that the adsorption of MB onto UBC involved multi-layer adsorption with interactions between the MB 

molecules. It implied that the surface of the UBC was heterogeneous. 

 

Adsorption Thermodynamics 

Figure 9: Van’t Hoff plot for UBC 

 

Positive ∆H0 value indicated endothermic adsorption process while negative value showed that the process was 

exothermic. The ∆H0 was – 10.318 kJ/mol showing exothermic adsorption process. 

+13.552J/mol ∆S0 value obtained as shown in the table implied increased randomness at the solid/solution interface 

during the adsorption process35. All the values of ∆G0 obtained in this work were negative (-14.70 to -14.43 kJ/mol) 

showing spontaneous process at all temperatures investigated. These negative values of ∆G0 also implied that the 

adsorptions of MB at these temperatures do not need to be promoted by external forces. It was also observed from the 

table that the value of ∆G0 decreased with increase in temperature implying that the heat application benefitted the 

adsorption process36. Values of ∆G0 from -20 to KJ/mol indicate physisorption while values less than -40 kJ/mol imply 

chemisorption36. It was therefore concluded that the adsorption of MB from aqueous solution onto UBC was of 

physical nature. 

 

Conclusion 

Biochar was prepared with Pentaclethra macrophylla (African oil-bean) seed shell at a temperature of 600 0C using 

nitrogen purge system to make the system of preparation inert. FTIR was used to characterize the biochar (UBC) 

before and after adsorption which revealed functional groups present such as carboxylic acid group, alcohol group, 

alkyne and amide groups which were identified as taking part in the adsorption process. SEM image of the adsorbent 

showed large number of pores of various sizes suggesting UBC as a potential adsorbent. BET and BJH calculations 

and analysis showed high surface area and pore sizes revealing that the adsorbent was a porous material suitable for 

adsorption. 
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Examination of the effects of initial dye concentration on the adsorption showed that the adsorption capacity increased 

with initial dye concentration and with time until saturation while percent removal decreased with increase in initial 

dye concentration but increased with time. Rapid increase of adsorption capacity, qe occurred after the pHpzc of the 

adsorbent was exceeded. An optimum pH of 10 was recorded at a maximum qe of 26.15 mg/g. The maximum qt-

(adsorption capacity at given time, t of 90 minutes) was 27.8 mg/g. qe decreased with increase in temperature (30 0C 

to 50 0C). 

Freundlich isotherm model best explained the process; showing physical, heterogeneous adsorption with multilayer 

formation. Langmuir (Monolayer) maximum adsorption capacity, qm was 49.5 mg/g. The adsorption was exothermic, 

of increasing randomness and spontaneous. From the results of this investigation, UBC showed potential of a 

promising adsorbent. 
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