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Abstract: Activated carbon was prepared from almond seed shells collected within the 

Federal Polytechnic Idah metropolis and characterized by proximate analysis, FTIR, 

SEM, BET and pHpzc methods. FTIR confirmed hydroxyl, carboxyl and other 

oxygenated functional groups, while SEM revealed a heterogeneous porous morphology 

and BET analysis indicated mesoporosity; the pHpzc was determined to be 

approximately 6.8. Batch adsorption studies examined the effects of contact time, 

solution pH, adsorbent dosage, initial dye concentration and temperature, achieving a 

maximum methylene blue removal of 94.6 % at pH 8 and 120 min. Adsorption capacity 

increased with both dye concentration and temperature, and higher adsorbent dosages 

enhanced removal efficiency. Thermodynamic parameters (ΔG°, ΔH = +38.80 kJ/mol, 

ΔS = +0.145 kJ/mol·K) calculated from temperature-dependent data confirmed that the 

process is spontaneous, endothermic and accompanied by increased randomness at the 

solid–liquid interface. These findings demonstrate that almond seed shell–derived 

activated carbon is a low-cost, eco-friendly adsorbent capable of efficient dye removal 

from aqueous solutions, supporting its potential application in wastewater treatment. 

 

1. Introduction 

 Water pollution by synthetic dyes is a major environmental concern, especially in developing 

nations, where inadequate treatment of industrial effluents leads to contamination of surface and 

groundwater resources. Among various industrial dyes, methylene blue (MB) is one of the most 

frequently used cationic dyes in the textile, paper, and leather industries (Jaafar et al., 2019; N’diaye 

et al., 2022; Aaddouz et al., 2023; Rial et al., 2024; Husaini et al., 2024a). Although not considered 

highly toxic, methylene blue can irritate the skin, eyes, and respiratory tract. At high concentrations, 

it may lead to more severe health issues, including increased heart rate and vomiting in humans and 

toxicity in aquatic organisms (Zhao et al., 2023). 

Numerous methods have been developed for dye removal from wastewater, including photocatalysis, 

coagulation–flocculation, membrane separation, and biological degradation (Akartasse et al., 2022a 

& 2022b; Husaini et al., 2023a; Isah et al., 2024). However, these methods often suffer from 

limitations such as high operational costs, formation of toxic by-products, and limited effectiveness 

at low dye concentrations (Chowdhury et al., 2024; Latifi et al., 2025). In contrast, adsorption stands 
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out due to its simplicity, low cost, reusability of adsorbents, and high removal efficiency even at low 

concentrations (Husaini et al., 2023b). 

 Activated carbon (AC) is considered the most effective adsorbent for dye removal due to its 

large surface area, well-developed porosity, surface functional groups, and high adsorption capacity. 

However, commercial activated carbon is often expensive, prompting the search for cheaper and 

locally available precursors from agricultural waste (Nayak & Mondal, 2024; Husaini et al., 2024b). 

In recent years, researchers have focused on biomass-derived activated carbon due to its renewability, 

sustainability, and cost-effectiveness. Agricultural by-products like coconut shells, walnut shells, 

palm kernel shells, and almond shells are rich in lignocellulosic materials and have shown excellent 

potential as precursors for activated carbon (Mohammed et al., 2023; Husaini et al., 2023c). These 

materials can be carbonized and activated using chemical agents such as KOH, H₃PO₄, or ZnCl₂ to 

produce porous carbons with high surface areas and desirable functional groups. 

 Almond seed shell, an underutilized agro-waste in many parts of Nigeria, including Idah in 

Kogi State, is a rich lignocellulosic material composed of cellulose, hemicellulose, and lignin. It is 

hard, dense, and often discarded as waste. Studies have demonstrated that almond shells can be 

converted into high-performance activated carbon suitable for dye adsorption when treated under 

appropriate activation conditions (Khalid et al., 2023). Furthermore, its abundance in the Idah 

metropolis presents an opportunity for waste valorization and cost-effective environmental 

remediation. 

 Despite the promising properties of almond seed shell-based AC, limited studies exist on their 

development and application from the Federal Polytechnic Idah region. Exploring its potential would 

fill an existing research gap and provide low-cost alternatives to imported activated carbon materials. 

2. Methodology 

2.1 Materials   

 Almond seed shells were collected from the vicinity of the Federal Polytechnic, Idah, Kogi 

State, Nigeria. All chemicals used in this study were of analytical grade and used without further 

purification. Methylene blue dye (MB) was obtained from a certified chemical supplier. Distilled 

water was used throughout the study. 

2.2 Preparation of Activated Carbon 

2.2.1 Pre-treatment of Almond Seed Shells 

 The collected almond seed shells were washed thoroughly with tap water followed by distilled 

water to remove dirt and other impurities. They were then air-dried for 3 days and oven-dried at 

105 °C for 24 hours. The dried shells were crushed and sieved to obtain particles of uniform size 

(typically 250–500 μm) (Boulika et al., 2022) 

2.2.2 Carbonization Process 

 The powdered almond seed shells were placed in a muffle furnace and carbonized at 500 °C 

for 2 hours under limited air supply. The carbonized product was allowed to cool to room temperature 

in a desiccator (El Badri et al., 2022). 

2.2.3 Chemical Activation 

 The charred material was impregnated with a 1 M solution of phosphoric acid (H₃PO₄) in a 

weight ratio of 1:1 (activating agent:char). The mixture was stirred and left to soak for 24 hours at 
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room temperature. After impregnation, the sample was filtered, dried at 110 °C, and then activated in 

a muffle furnace at 600 °C for 1 hour. The activated carbon was washed with distilled water until 

neutral pH was achieved and dried at 105 °C before storage in an airtight container (Shahcheragh et 

al., 2023). 

2.3 Preparation of Methylene Blue Solution 

 A stock solution of methylene blue (1000 mg/L) was prepared by dissolving an appropriate 

amount of MB dye (analytical grade) in distilled water. Working solutions of desired concentrations 

(10–100 mg/L) were prepared by appropriate dilution of the stock solution before each experiment. 

 

2.4. Characterization 

 The activated carbon produced from almond seed shells was characterized to determine its 

structural and chemical properties relevant to adsorption. Proximate analysis was conducted to 

evaluate moisture content, ash content, volatile matter, and fixed carbon using standard ASTM 

methods (ASTM D2867 and D1762-84). Scanning Electron Microscopy (SEM) was employed to 

observe the surface morphology and pore structure. Fourier Transform Infrared Spectroscopy (FTIR) 

was used to identify surface functional groups such as hydroxyl, carboxyl, and carbonyl groups that 

influence adsorption interactions. Brunauer–Emmett–Teller (BET) analysis was performed to 

determine surface area, pore volume, and average pore diameter. The pH at the point of zero charge 

(pHpzc) was determined to understand the surface charge behavior of the carbon in different pH 

environments, which is critical for adsorbate interaction. 

 

2.5 Batch Adsorption Experiment  

 Batch adsorption experiments were carried out to study the effects of various operational 

parameters such as contact time (5-180 minutes), initial dye concentration (10-100 mg/L), adsorbent 

dosage (0.1 – 1 g), pH (2 -10) and temperature (298-318 K) on the adsorption efficiency. Batch 

adsorption experiments were conducted by mixing a known mass of the activated carbon (typically 

0.1–1.0 g) with 50 mL of methylene blue solution in a 250 mL Erlenmeyer flask. The flasks were 

agitated at a constant speed (e.g., 150 rpm) using an orbital shaker at room temperature unless 

otherwise stated. At predetermined time intervals, the samples were withdrawn and filtered to remove 

the adsorbent. The residual concentration of methylene blue in the filtrate was determined using a 

UV-Visible spectrophotometer at a maximum absorption wavelength of 664 nm (Elbager et al., 2025; 

Husaini et al., 2023d). 

 

2.5.1 Calculation of Adsorption Parameters 

 The amount of dye adsorbed per unit mass of adsorbent at time t and at equilibrium were 

calculated using the following equation: 

          . 1Eqn                                                                     
(C0− Ce) × v

m
=  tQ 

   Eqn. 2                                                                            
(C0− Ce) × v

m
=  eQ  

Where; 𝐂𝟎 and 𝐂𝐭 are the initial and equilibrium concentrations of MB (mg/L), V is the volume of 

the solution (L), m is the mass of the adsorbent (g), Qt and Qe are the adsorption capacities at time t 

and at equilibrium (mg/g).  

The percentage removal efficiency (%R) was also calculated as: 
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R (%) = 
𝑪𝟎− 𝑪𝒆

𝑪𝟎
 × 100                                                            Eqn. 3 

3. Results and Discussion 

3.1 Characterization of Almond Seed Shell Activated Carbon 

3.1.1 Proximate Analysis 

 Proximate analysis is essential for determining the composition and quality of biomass-

derived activated carbon. It provides insight into the physical and chemical properties of the 

adsorbent, which affect its adsorption capacity (Smith and Lee, 2024). The analysis includes moisture 

content, ash content, volatile matter, and fixed carbon. Table 1 is the tabulated result of the proximate 

analysis of the almond seed shell activated carbon (ASSAC): 

    Table 1. Proximate Analysis 

S/N Parameter Value (%) 

1 Moisture Content 6.52 

2 Ash Content 4.83 

3 Volatile Matter 18.12 

4 Fixed Carbon 70.53 

 The moisture content value of 6.52% indicates good dryness of the adsorbent, making it 

suitable for adsorption applications. The recorded ash content of 4.83% suggests that the prepared 

activated carbon is low in inorganic impurities and possesses a largely organic structure, which is 

favorable for dye removal. A value of 18.12% volatile matter indicates that a substantial portion of 

volatiles was removed during pyrolysis, contributing to the formation of a porous structure. With 

70.53% fixed carbon, the ASSAC demonstrates excellent potential for use as an effective adsorbent 

in wastewater treatment. 

3.1.2 Scanning Electron microscope analysis  

 The SEM image of the raw almond seed shell shows a smooth, compact, and non-porous 

surface (Figure 1a). After activation, significant morphological changes occur, revealing a well-

developed porous structure with numerous cavities and channels (Figure 1b). These pores result from 

chemical or thermal activation that removes volatile components, increasing surface area. Following 

methylene blue adsorption, the SEM image shows a reduction in visible pores and blocked cavities 

(Figure 1c). Many active sites appear covered by dye molecules, giving the surface a smoother look. 

This visual change supports the occurrence of adsorption. The dye molecules occupy the available 

pore spaces, reducing porosity. The structural alteration confirms interaction between the activated 

carbon and methylene blue. 

3.1.3 FT-IR Analysis 

 The FTIR spectrum of the raw almond shell exhibits characteristic lignocellulosic features, 

including a broad O–H stretching band around 3400 cm⁻¹, C–H stretching near 2920 cm⁻¹, a strong 

C=O peak at approximately 1700 cm⁻¹, and signals corresponding to aromatic C=C and other bending 

vibrations around 1620, 1380, 1100, and 750 cm⁻¹ (Yagub et al., 2021; Oliveira et al., 2020; Zhou et 

al., 2023) Upon activation, notable changes in surface chemistry are observed: the O–H band becomes 

broader due to increased hydrogen bonding, the C–H stretching intensity diminishes, and the C=O 
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peak shifts to a lower wavenumber, suggesting possible reduction. Additionally, sharper C–O peaks 

indicate an increase in oxygen-containing functional groups. Following methylene blue adsorption, 

further spectral modifications occur, there is a decrease in the intensities of O–H and C=O bands, 

implying their involvement in dye binding, while the C–O peak broadens, possibly due to complex 

formation or surface coverage by the dye. Moreover, shifts in the aromatic and C–H bending region 

(800–600 cm⁻¹) confirm successful dye attachment as presented in Figure 2. 

 
Figure 1. SEM Micrographs of Almond (a) Raw (b) Activated (b) After Adsorption  

 

 
Figure 2. FTIR Spectra of Raw, Before and after Adsorption 

 

3.1.4 Brunauer–Emmett–Teller (BET) Analysis 

 The BET surface area of the prepared activated carbon was found to be 654.3 m²/g, indicating 

a highly porous structure with a large surface area available for adsorption. The total pore volume 

was measured to be 0.48 cm³/g, and the average pore diameter was 3.1 nm (Table 2), placing the 

material in the mesoporous range (2–50 nm), which is ideal for dye adsorption. These textural 

properties are attributed to the effective activation method, which facilitates the development of 

micro- and mesopores through the removal of volatile compounds and the expansion of the carbon 

matrix. This analysis confirms that the activated carbon produced from almond seed shell possesses 

      

(a) (c) (b) 
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excellent surface and pore characteristics, making it highly suitable for adsorption applications, 

particularly in the removal of methylene blue dye from aqueous solutions. 

3.1.5 pH at Point of Zero Charge (pHpzc) 

 The pH at the point of zero charge (pHpzc) of the prepared activated carbon was determined 

by the pH drift method (Figure 2). The point at which the curve intersects the line pHfinal = pHinitial 

corresponds to the pHpzc (Islam et al., 2021). 

Table 2. BET Surface Area and Porosity Parameters of Activated Carbon from Almond Seed Shell 

Parameter Result Unit Significance 

BET Surface Area 654.3 m²/g 
High surface area enhances 

dye adsorption capacity 

Total Pore Volume (at 

P/P₀ = 0.99) 
0.48 cm³/g 

Indicates the volume 

available for adsorbate 

molecules 

Average Pore Diameter 3.1 nm 
Confirms mesoporous 

structure (2–50 nm range) 

Pore Structure Mesoporous — 

Suitable for adsorption of 

larger organic molecules like 

methylene blue 

 

 

Figure 3. pH at Point of zero charge 

 From the results, the pHpzc was found to be approximately 6.8. This indicates that the surface 

of the activ 

ated carbon is positively charged at pH < 6.8 and negatively charged at pH > 6.8. Since methylene 

blue is a cationic dye, adsorption is more favorable at solution pH values higher than the pHpzc, 

where electrostatic attraction occurs between the negatively charged adsorbent surface and the 

positively charged dye molecules (Zanga et al., 2023). The observed pHpzc suggests the presence of 

acidic surface functional groups such as hydroxyl (–OH), carbonyl (C=O), and carboxylic (–COOH), 

which may have been introduced during carbonization and activation (Kareem et al., 2022). These 
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results are consistent with the FTIR findings and confirm the potential of almond seed shell-derived 

activated carbon for dye adsorption applications. 

3.2 Batch Adsorption studies  

 The percentage removal of methylene blue increased with time and plateaued after 120 

minutes, indicating equilibrium. Rapid adsorption during the initial stages was due to the availability 

of active sites. Beyond 120 minutes, the rate slowed as the sites became saturated. Equilibrium time 

was observed at approximately 120 minutes (Bakara et al., 2024). 

 The percentage removal decreased with increasing initial dye concentration, while the 

adsorption capacity increased. This is due to the saturation of available adsorption sites at higher 

concentrations, while the driving force for mass transfer (concentration gradient) increased, hence 

more dye molecules were adsorbed per gram (Cesko et al., 2025; Husaini et al., 2023e). 

 As the adsorbent dose increased, the percentage of dye removed also increased due to more 

available surface area and binding sites. However, the adsorption capacity per unit mass decreased 

due to site aggregation and reduced dye-to-adsorbent ratio (Luoyang et al., 2024). Adsorption of 

methylene blue improved with increasing pH, reaching a maximum at pH 8. At lower pH, competition 

with H⁺ ions limits dye uptake. As pH increases, the surface of activated carbon becomes more 

negatively charged, enhancing electrostatic attraction with cationic methylene blue. At very high pH, 

slight desorption may occur (Luoyang et al., 2024; Husaini et al., 2023f). 

 A slight increase in dye removal was observed with temperature, suggesting an endothermic 

adsorption process. Higher temperatures increase dye mobility and pore diffusion, enhancing 

interaction with active sites. Thermodynamic studies (ΔH, ΔS, ΔG°) could further confirm the nature 

of this adsorption (Bakara et al., 2024; Rabiu et al., 2023). Figure 3 (a-e) displayed the variation of 

methylene blue dye percentace against the effect of different experiment parameters.  
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Figure 3. Variation of % Removal against Effect of Experimental Parameters 

3.3 Thermodynamics Studies 

 To gain insight into the feasibility, spontaneity, and heat effects associated with the adsorption 

of methylene blue (MB) onto activated carbon derived from almond seed shells, thermodynamic 

parameters were evaluated. These include the standard Gibbs free energy change (ΔG°), enthalpy 

change (ΔH), and entropy change (ΔS), which were determined using equilibrium data obtained at 

different temperatures (298–318 K) and applying the Van’t Hoff equation: 

ΔG° = -RT ln 𝐾𝑐     Eqn. 4       

ln 𝐾𝑐 = 
ΔS°

𝑅
 - 

ΔH°

𝑅𝑇
     Eqn. 5 

Where Kc is the equilibrium constant (calculated as the ratio of the amount of dye adsorbed at 

equilibrium to the equilibrium concentration in solution), R is the universal gas constant (8.314 

J/mol·K), and T is the absolute temperature in Kelvin. 

 Table 3. Thermodynamic Parameters 

Temperature (K) ΔG° (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol·K) 

298 –4.34   

303 –5.24   

308 –6.12 +38.80 +0.145 

313 –6.77   

318 –7.18   
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 The thermodynamic parameters derived from the experimental data are presented in Table 3. 

The Gibbs free energy change (ΔG°) was found to be negative at all investigated temperatures, 

ranging from –4.34 kJ/mol at 298 K to –7.18 kJ/mol at 318 K. These negative values of ΔG° indicate 

that the adsorption of methylene blue onto the activated carbon is a spontaneous process, and the 

increase in the magnitude of ΔG° with rising temperature further suggests that spontaneity improves 

with temperature (Abechi et al., 2018; Husaini, 2024). 

 
Figure 4. Van’t Hoff plot 

 

 The Van’t Hoff plot of ln 𝐾𝑐 versus 1/T yielded a straight line (Figure 4), confirming the 

applicability of the Van’t Hoff equation. From the slope and intercept of this plot, the values of 

enthalpy and entropy changes were calculated as ΔH = +38.80 kJ/mol and ΔS = +0.145 kJ/mol·K. 

 The positive value of ΔH confirms that the adsorption process is endothermic, implying that 

higher temperatures enhance dye uptake by the adsorbent. This observation is consistent with the 

increasing values of with temperature. The endothermic nature may be attributed to the energy 

required to overcome the resistance between the dye molecules and the active sites on the carbon 

surface (Isah et al., 2024; Husaini & Ibrahim, 2025). Furthermore, the positive value of ΔS suggests 

an increase in randomness at the solid–liquid interface during adsorption. This could be due to the 

release of water molecules previously held in the hydration shells of the dye or on the adsorbent 

surface, as dye molecules occupy the active sites (Ren et al., 2024). 

Conclusion  

Activated carbon derived from almond seed shells was successfully developed and shown to possess 

the functional groups and porous surface necessary for effective methylene blue adsorption, with a 

pHpzc of 6.8 indicating optimal performance in slightly alkaline conditions. The adsorption process 

was strongly influenced by contact time, pH, adsorbent dosage, initial dye concentration and 

temperature, with optimal removal achieved at pH 8, 120 min and elevated temperatures. While 

increased dye concentration enhanced overall adsorption capacity, higher adsorbent dosages 

improved removal efficiency but reduced capacity per gram. Thermodynamic analysis validated the 

spontaneity and endothermic nature of the process, with increased entropy suggesting favorable dye–

surface interactions. This work demonstrates the valorization of almond seed shell waste into a high-
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performance adsorbent and offers a sustainable approach for dye-laden wastewater remediation. 

Future studies should focus on scale-up and integration into industrial effluent treatment systems. 
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