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Abstract 

This study explores the effectiveness of activated carbon produced from almond residues collected within the 

Federal Polytechnic Idah premises for the removal of methyl orange dye from aqueous solutions. The prepared 

adsorbent was characterized using Scanning Electron Microscopy (SEM), Fourier Transform Infrared 

Spectroscopy (FTIR), Brunauer–Emmett–Teller (BET) surface area analysis, point of zero charge (pHpzc), bulk 

density, and iodine number determination. SEM analysis revealed a porous surface structure favorable for 

adsorption, while FTIR confirmed the presence of hydroxyl, carboxyl, and other functional groups involved in 

dye interaction. BET analysis showed a high specific surface area, and the iodine number indicated strong 

adsorption potential. Batch adsorption experiments were conducted to assess the influence of contact time, initial 

dye concentration, adsorbent dosage, and pH. Kinetic modeling showed that the adsorption process followed a 

pseudo-second-order model, indicating chemisorption as the primary mechanism. The results demonstrate that 

almond-residue-based activated carbon is a cost-effective, environmentally friendly, and efficient material for the 

remediation of dye-contaminated wastewater. 
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1. Introduction 

Water pollution is one of the most pressing environmental challenges facing the modern world, 

particularly in developing regions where industrial and domestic effluents are often discharged into 

water bodies with minimal treatment (Lema, 2025; Lemessa et al., 2023; Akartasse et al., 2022). Among 

various pollutants, synthetic dyes, phenolic compounds, and heavy metals are especially hazardous due 
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to their toxicity, persistence, and resistance to biodegradation (Al-Hyali et al., 2023; Husaini et al., 

2023a, Nairat et al., 2022; Akartasse  et al., 2017). These contaminants not only affect aquatic life but 

also pose serious health risks to humans through contaminated drinking water and food chains. 

Therefore, effective and sustainable wastewater treatment methods are essential to ensure water safety 

and environmental protection (Chouli et al., 2024, Azzaoui et al., 2023). 

Adsorption is widely regarded as one of the most efficient, economical, and eco-friendly methods for 

wastewater treatment. It offers significant advantages over conventional treatment technologies such as 

coagulation-flocculation, membrane filtration, or advanced oxidation, due to its simplicity, low energy 

requirements, and high selectivity for a wide range of contaminants (Ali et al., 2023; Husaini et al., 

2024a, Er-rajy et al., 2025, Alshahateet et al., 2024). Activated carbon (AC), in particular, is one of the 

most effective adsorbents due to its high surface area, porous structure, and rich surface functional 

groups that facilitate strong interactions with pollutants (McCaffrey et al., 2024; Husaini et al., 2023b, 

Latifi et al., 2025, Azzaoui et al., 2024, Deghles et al., 2019). 

Traditionally, commercial activated carbon is derived from non-renewable sources such as coal or peat, 

which are expensive and environmentally unsustainable. In recent years, there has been growing interest 

in producing activated carbon from renewable agricultural wastes, including coconut shells, rice husks, 

sawdust, and various fruit shells (Ahmad and Aftab, 2024, El Hammari et al., 2023). These precursors 

are abundant, inexpensive, and offer a sustainable solution to both waste management and water 

purification. Among these, almond shells have attracted attention due to their high lignocellulosic 

content, hardness, and carbon-rich structure, which make them excellent candidates for the production 

of high-quality activated carbon (Chen et al., 2025; Husaini and Ibrahim, 2025).  

This study aims to explore the conversion of almond shell residues collected at the Federal Polytechnic 

Idah premises into activated carbon, and to assess its efficiency in removing model pollutants such as 

methyl orange dye from aqueous solutions through the adsorption process. The adsorption data will be 

modeled using kinetic equations such as pseudo-first-order, and pseudo-second-order models. This study 

not only provides a low-cost solution to local water pollution issues but also promotes waste valorization, 

contributing to sustainable environmental management within the institution and beyond. 

 

2. Materials and methods 

2.1. Collection and Preparation of Raw Material 

Almond residues (specifically almond seed shells) were collected within the Federal Polytechnic Idah 

premises. The raw materials were washed thoroughly with distilled water to eliminate surface impurities 

and then sun-dried for several days. The dried shells were further oven-dried at 105 °C for 24 hours to 

remove residual moisture. 

https://pubmed.ncbi.nlm.nih.gov/?term=Akartasse+N&cauthor_id=29086813


M. Husaini et al. / Arab. J. Chem. Environ. Res. 12 (2) (2025) 110-123                                                                  112                                                                       

 

AJCER 

2.2. Carbonization and Activation 

The dried almond shells were ground to a fine powder and subjected to carbonization in a muffle furnace 

at 400 °C for 1 hour under limited oxygen supply. The resulting char was chemically activated by 

soaking it in 0.5 M phosphoric acid (H₃PO₄) in a 1:1 weight ratio. After impregnation, the sample was 

heated at 500 °C for 1 hour. The activated carbon was washed repeatedly with distilled water until neutral 

pH was attained, and then dried at 105 °C for 12 hours (Muhammad et al., 2023). 

 

2.3. Preparation of Methyl Orange Dye Solution 

A stock solution of methyl orange dye (1000 mg/L) was prepared by dissolving an accurately weighed 

amount of dye in distilled water. Working solutions of varying concentrations (10–100 mg/L) were 

prepared by appropriate dilutions. 

 

2.4. Characterization  

Activated carbon was prepared from almond residues and characterized to determine its suitability for 

methyl orange adsorption. BET surface area and porosity were determined using nitrogen adsorption 

techniques. SEM was used to observe surface morphology and pore structure. FTIR analysis was 

performed to identify functional groups involved in dye binding. The pH at the point of zero charge 

(pHpzc) was measured to assess surface charge behavior. Bulk density was determined by measuring the 

mass-to-volume ratio, and iodine number was used to evaluate micropore content. These methods 

collectively assessed the adsorbent’s physical and chemical properties for effective dye removal. 

 

2.5. Batch Adsorption Experiments.  

Batch adsorption studies were conducted to investigate the removal efficiency of MO by AAC. The 

effect of various parameters such as contact time (10–180 min), initial dye concentration (10–100 mg/L), 

adsorbent dose (0.1–1.0 g), pH (2–10), and temperature (25–45 °C) were studied.Each experiment was 

carried out by adding a known amount of AAC into 100 mL of dye solution in a 250 mL conical flask 

(Abu Al‑Rub et al., 2024). The mixture was agitated at 150 rpm in an orbital shaker. After the 

predetermined contact time, the mixture was filtered, and the residual dye concentration was analyzed 

using a UV-Vis spectrophotometer at λmax= 464 nm (Husaini et al., 2024b). 

 

2.6. Determination of Adsorption Parameters 

The amount of dye adsorbed and the percentage removal efficiency were calculated using the equations: 

Qt = 
(C0− Ce) × v

m
                                                                        1 



M. Husaini et al. / Arab. J. Chem. Environ. Res. 12 (2) (2025) 110-123                                                                  113                                                                       

 

AJCER 

 Qe = 
(C0− Ce) × v

m
                                                                  2    

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: 

R (%) = 
𝑪𝟎− 𝑪𝒆

𝑪𝟎
 × 100        3         

                                           

3. Results and discussion 

3.1 Characterization  

3.1.1. SEM Analysis 

SEM images presented in Figure 1 revealed notable morphological changes from raw almond shell to 

activated carbon and after methyl orange adsorption. The raw material showed a smooth, compact 

surface with minimal porosity. After activation, the surface became rough and porous, indicating 

increased surface area suitable for adsorption. Following methyl orange adsorption, the pores appeared 

blocked and the surface smoother, confirming successful dye uptake by the activated carbon. These 

changes demonstrate the effectiveness of the activation process and the carbon's adsorption capacity. 

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

3.1.2. FT-IR Analysis 

The FT-IR spectra (Figure 2) show chemical changes from raw almond shell to activated carbon and 

after methyl orange adsorption. Raw almond shell exhibited peaks at 3340 cm⁻¹ (–OH), 2920 cm⁻¹ (C–

H), 1730 cm⁻¹ (C=O), and 1040 cm⁻¹ (C–O), indicating lignocellulosic structure (Tcheka et al., 2024; 

El-Gendy and Younis, 2023). After activation, reduced C–H and C=O peaks and a new band at 1600 

   
 

(a) (b) (c) 
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cm⁻¹ (C=C) suggest decomposition of organics and formation of active sites (Desta and Lemma, 2023). 

Upon adsorption, shifts in –OH and C=O bands and appearance of a peak around 1500 cm⁻¹ (N=N, C=C) 

confirm dye interaction. These spectral changes imply successful adsorption via hydrogen bonding, π–

π interactions, and electrostatic attraction (Woldemariam and Alemayehu, 2024). The results confirm 

that surface functional groups played a key role in methyl orange uptake. 

 

 
Figure 2: FTIR Spectra of (a) Raw Almond Shell (b) Activated Carbon (c) Activated Carbon after MO 

Adsorption 

3.1.3.     BET Analysis 

The Brunauer–Emmett–Teller (BET) analysis was conducted to determine the surface area, pore volume, 

and pore size of the activated carbon prepared from almond residues (Table 1). These parameters are 

critical in evaluating the adsorptive capacity of the material for methyl orange removal (Hasan et al., 

2024; Mohamed and Salama 2022). 

 

         Table 1. BET Analysis Result 

Parameter Value Unit 

BET Surface Area (SBET) 823.45 m²/g 

Total Pore Volume (Vtotal) 0.462 cm³/g 

Average Pore Diameter (Davg) 2.25 nm 

The BET analysis reveals that the almond-residue-derived activated carbon possesses a high specific 

surface area of 823.45 m²/g, indicating a significant availability of active sites for adsorption. The 

average pore diameter of 2.25 nm falls within the mesoporous range (2–50 nm), which is particularly 

favorable for adsorbing large dye molecules like methyl orange. The total pore volume of 0.462 cm³/g 

also supports the potential for efficient diffusion and retention of dye molecules within the carbon matrix.  



M. Husaini et al. / Arab. J. Chem. Environ. Res. 12 (2) (2025) 110-123                                                                  115                                                                       

 

AJCER 

3.1.4. pH at Point of Zero Charge (phpzc) 

The point of zero charge (pHpzc) of the prepared activated carbon was determined using the salt addition 

method to understand the surface charge characteristics of the adsorbent. The pHpzc is defined as the pH 

at which the net surface charge of the activated carbon is zero (Tigrine et al., 2024). At pH values below 

the pHpzc, the surface of the adsorbent is positively charged, favoring the adsorption of anionic dyes such 

as methyl orange. Conversely, at pH values above the pHpzc, the surface becomes negatively charged, 

which may repel the dye molecules due to electrostatic repulsion (Akinyeye and Adedeji, 2023). 

 
Figure 3. pH at Point of zero charge 

The pHpzc of the almond-based activated carbon was found to be approximately 6.8 (Figure 3) This 

indicates that the surface is positively charged under acidic to near-neutral conditions (pH < 6.8), which 

enhances the adsorption of methyl orange, an anionic dye. The result implies that the adsorption of 

methyl orange is favored in acidic conditions where electrostatic attraction dominates. This behavior 

aligns with the expected interaction between negatively charged dye molecules and the positively 

charged adsorbent surface at lower pH levels. 

Therefore, knowledge of the pHpzc is essential in optimizing the adsorption process, particularly when 

treating dye-laden wastewater under varying pH conditions. 

 

3.1.5. Bulk Density and Iodine Number 

The bulk density and iodine number are critical physicochemical parameters that influence the 

adsorption capacity of activated carbon. Bulk density reflects the compactness and porosity of the 

adsorbent, while the iodine number provides an estimate of the surface area and micropore content, 

especially useful in predicting its effectiveness in removing small molecular weight contaminants such 

as dyes (Farch et al., 2024; Sahu et al., 2025). The values obtained for the almond shell-based activated 

carbon (ASAC) are presented in Table 2. 



M. Husaini et al. / Arab. J. Chem. Environ. Res. 12 (2) (2025) 110-123                                                                  116                                                                       

 

AJCER 

 

            Table 2. Bulk Density and Iodine Number 

Parameter Value Unit Method Used 

Bulk Density 0.52 g/cm³ Tapped density method 

Iodine Number 843.75 mg/g ASTM D4607-94 

The bulk density of the prepared ASAC was found to be 0.52 g/cm³, which falls within the acceptable 

range for powdered activated carbon (0.25–0.65 g/cm³). A moderate bulk density suggests good packing 

and manageable flow properties, important for column applications (Chen et al., 2025). 

The iodine number was determined to be 843.75 mg/g, indicating a high surface area and microporosity. 

This value is comparable to that of commercial-grade activated carbon and suggests that ASAC is 

suitable for removing low molecular weight pollutants such as methyl orange. These properties imply 

that the prepared carbon has a high potential for adsorption of methyl orange, due to its adequate 

microporous structure and surface activity. 

 

3.3 Adsorption Studies  

The efficiency of activated carbon derived from almond residues in the adsorption of methyl orange dye 

from aqueous solution was investigated by varying key operational parameters as presented in Figure 4 

(a-e). 

From Figure 4a, the percentage removal of methyl orange increased steadily with time, reaching 76.0% 

at 60 minutes. A rapid increase was observed in the first 30 minutes, indicating the availability of 

abundant active sites on the adsorbent surface. After 40 minutes, the adsorption rate slowed and 

eventually plateaued, suggesting that the remaining active sites were less accessible due to repulsive 

forces between adsorbed dye molecules and the bulk solution (Farch et al., 2024; Husaini et al., 2023c). 

This behavior is typical of a two-stage process: an initial rapid surface adsorption followed by slower 

intraparticle diffusion. Equilibrium was essentially reached at 60 minutes, indicating that this is an 

optimal contact time for methyl orange removal using this adsorbent. 

Figure 4b, illustrates that increasing the adsorbent dosage from 0.1 g to 1.0 g resulted in a higher 

percentage removal of methyl orange (from 19.0% to 86.4%). This can be attributed to the increase in 

surface area and the number of available adsorption sites as more adsorbent was introduced into the 

system. However, the adsorption capacity (qe) decreased with increasing dosage. This inverse 

relationship is due to the unsaturation of adsorption sites at higher adsorbent dosages, as more sites are 

available than needed to accommodate the dye molecules present. This phenomenon also suggests some 

degree of particle aggregation at higher dosages, which reduces the effective surface area (Husaini et al., 

2023d). 
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Figure 4. Effect of Various Experimental Parameters 

 

As shown in Figure 4c, At low concentrations (20 mg/L), 81.0% of methyl orange was removed, 

corresponding to a qe of 0.64 mg/g. At higher concentrations (100 mg/L), removal dropped to 57.0%, 

but the amount adsorbed per Gram of activated carbon increased to 5.70 mg/g. the adsorption capacity 

(qe) increased with increasing initial dye concentration, while the percentage removal decreased. This 

trend occurs because higher initial dye concentrations provide a stronger driving force to overcome mass 

transfer resistance between the aqueous and solid phases. However, the fixed number of adsorption sites 

on the activated carbon becomes saturated at higher dye concentrations, leading to a reduced percentage 

removal (Husaini et al., 2023e). 

pH plays a crucial role in dye adsorption, particularly for anionic dyes like methyl orange. From Figure 

4d, it is evident that maximum adsorption occurred in the acidic pH range (pH 3–5), with a peak removal 

of 78.8% at pH 5. As the pH increased beyond 7, the removal efficiency decreased, dropping to 61.0% 

at pH 11. This behavior can be explained by electrostatic interactions. In acidic solutions, the surface of 

activated carbon becomes positively charged, which enhances the electrostatic attraction with the 
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negatively charged sulfonate groups of methyl orange. At higher pH levels, the surface charge becomes 

more negative due to deprotonation, leading to electrostatic repulsion between the adsorbent and the 

anionic dye, thereby reducing adsorption (Husaini et al., 2023f). 

Temperature plays a vital role in the adsorption process as it affects the mobility of dye molecules and 

the affinity of the adsorbent surface for the adsorbate. Figure 4e shows that the removal efficiency 

increased with temperature, suggesting an endothermic nature of the adsorption process. This may be 

due to enhanced dye diffusion into the pores of the activated carbon at higher temperatures and the 

generation of additional active sites on the adsorbent surface. The increase in adsorption capacity with 

temperature supports the assumption of increased interaction between the dye molecules and the 

activated carbon surface. This behavior is consistent with chemisorption, which is often associated with 

stronger interactions and energy uptake (Rabiu et al., 2023; Husaini, 2024). 

 

3.4 Adsorption Kinetics  

To evaluate the mechanism and rate of methyl orange adsorption onto the prepared activated carbon, the 

experimental data were fitted to two widely used kinetic models: the pseudo-first-order and pseudo-

second-order models. The results are presented in the Table 3. 

 

Table 3: Kinetic Parameters for the Adsorption of Adsorbates by BPAC 

Kinetic Model Parameters  Values 

Pseudo-first order k1(min-1) 0.047 

 qe exp (mg/g) 3.60 

 qe cal (mg/g) 3.82 

 R2 0.961 

Pseudo-second order K2 (g/ mg min) 0.017 

 qe exp (mg/g) 3.80 

 qe cal (mg/g) 3.82 

 R2 0.997 

 

3.4.1 Pseudo-First-Order Kinetics 

The pseudo-first-order model assumes that the rate of occupation of adsorption sites is proportional to 

the number of unoccupied sites (Hii, 2021).  

ln (𝑞𝑒 - 𝑞𝑡) = ln 𝑞𝑒 - 𝑘1t                                                         4             

The linear form was applied using the experimental data from the time-dependent adsorption study. As 

shown in Table 3, the calculated rate constant (k₁) was 0.047 min⁻¹, and the correlation coefficient (R²) 

was 0.961. 

Although the model gave a reasonable fit (Figure 5a), there was a noticeable deviation between the 

experimental equilibrium adsorption capacity (qe,exp = 3.6 mg/g) and the calculated value (qe,cal = 3.82 
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mg/g). This suggests that while some adsorption occurs through physisorption processes, the pseudo-

first-order model does not fully describe the adsorption mechanism. 

 

3.4.2 Pseudo-Second-Order Kinetics 

The pseudo-second-order model assumes that adsorption follows a chemisorption mechanism involving 

valency forces through sharing or exchange of electrons (Cordova et al., 2021).  

𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2 + 

𝑡

𝑞𝑒
                                                5 

The linear form provided an excellent fit (Figure 5b) to the experimental data. The rate constant (k₂) 

was found to be 0.017 g/mg·min, and the correlation coefficient (R²) was 0.997, which is significantly 

higher than that of the pseudo-first-order model. Additionally, the calculated qe value (3.80 mg/g) was 

nearly identical to the experimental value, confirming the model’s suitability. 

 
Figure 5: Plot for (a) Pseudo-first order (b) Pseudo-second order 

The high R² value and good agreement of qe values suggest that chemisorption is the dominant rate-

limiting step in the adsorption of methyl orange onto almond-based activated carbon. This likely 

involves electrostatic interactions and possibly hydrogen bonding between the functional groups on the 

adsorbent surface and the dye molecules. Therefore, the methyl orange adsorption process onto the 

almond residue-based activated carbon follows pseudo-second-order kinetics, indicating that chemical 

interactions between the dye and the surface-active sites are more significant than simple physical 

adsorption. 

 

Conclusion 

The findings of this study confirm that activated carbon derived from almond residues is an effective 

adsorbent for the removal of methyl orange dye from aqueous solutions. The material exhibited excellent 

adsorption characteristics, as supported by surface morphology, functional group analysis, and textural 

properties. The adsorption process was strongly influenced by pH, contact time, and initial dye 

 

 

0
5

10
15
20
25
30
35
40
45

-4 -2 0 2

ln
(q

e
-q

t)
 

t 

(a) 

0

10

20

30

40

50

60

0 5 10 15

t/
q

t 

t 

(b) 



M. Husaini et al. / Arab. J. Chem. Environ. Res. 12 (2) (2025) 110-123                                                                  120                                                                       

 

AJCER 

concentration, with optimal performance occurring in slightly acidic conditions (around pH 5–6). 

Kinetic analysis revealed that the adsorption followed a pseudo-second-order model, suggesting that the 

process was governed primarily by chemical interactions between the dye and the surface functional 

groups of the carbon. The high iodine number and BET surface area also support its strong adsorption 

capacity. Overall, the use of almond-based activated carbon offers a sustainable and low-cost approach 

to treating dye-laden wastewater, contributing to circular waste utilization and environmental protection. 
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