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Abstract 

This study evaluates the adsorption–desorption performance of almond shell derived adsorbent for Methylene 

Blue (MB, cationic) and Methyl Orange (MO, anionic) dyes. FTIR, SEM and BET analyses confirmed 

hydroxyl, carboxyl and aromatic functional groups, along with a mesoporous structure favorable for dye 

binding. Adsorption proceeded through electrostatic interactions, hydrogen bonding, π–π stacking and pore 

diffusion. Desorption studies were systematically examined using acidic (HCl) and alkaline (NaOH) eluents, 

which promoted protonation and deprotonation of functional groups, enabling dye release. Kinetic analysis of 

desorption fitted the pseudo-second-order model, while isotherm studies showed good agreement with 

Langmuir and Freundlich models, indicating both monolayer and heterogeneous release behavior. 

Thermodynamic parameters revealed that MB desorption was spontaneous and endothermic, whereas MO 

desorption was spontaneous but exothermic. Although slight capacity loss occurred over regeneration cycles due 

to pore blockage, the adsorbent maintained significant reusability. These findings highlight almond shell as a 

low-cost, sustainable adsorbent with strong regeneration potential for dye-contaminated wastewater treatment. 

Keywords: Agricultural waste-derived adsorbent; Methylene blue; Methyl orange; Adsorption–desorption; 

Regeneration and reusability. 
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1. Introduction 

The rapid growth of industrial activities such as textile, paper, plastics, leather, and cosmetics has 

resulted in the release of large amounts of synthetic dyes into wastewater streams. Among these, 

cationic dyes like methylene blue (MB) and anionic dyes such as methyl orange (MO) are of particular 

concern due to their high stability, resistance to degradation, and potential toxicity to aquatic life and 

humans (Ollo et al., 2024; Aaddouz et al.,2023; Eh-Hafed et al., 2024; Latifi et al.,2025). Even at low 
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concentrations, these dyes impart strong coloration to water bodies, reduce light penetration, disrupt 

photosynthetic processes, and may exhibit carcinogenic and mutagenic effects (Salazar-Rabago et al., 

2024; Husaini et al.,2024a). Hence, the development of efficient, low-cost, and environmentally 

sustainable dye removal methods has become a pressing necessity (Jodeh et al., 2018; Zerrouk et al., 

2025). 

Conventional treatment methods, including coagulation–flocculation, chemical oxidation, membrane 

filtration, and advanced oxidation processes, are often limited by high operational costs, incomplete 

removal, and the generation of secondary pollutants. In contrast, adsorption has emerged as one of the 

most promising approaches for dye removal because of its simplicity, cost-effectiveness, flexibility, 

and high efficiency even at low contaminant concentrations (El Ouahabi et al., 2022; N’diaye et al., 

2022; Husaini et al., 2023a). 

Recently, there has been increasing interest in the use of agricultural waste-derived adsorbents as eco-

friendly alternatives to commercial activated carbon. Such materials are abundant, renewable, and 

inexpensive, while their natural lignocellulosic structure provides functional groups capable of 

interacting with dye molecules (Tabaght et al., 2021; El Haddad et al., 2022). Among various 

agricultural byproducts, almond seed shell represents a promising candidate due to its porous structure, 

high carbon content, and availability as an agro-industrial residue (Martínez-Casillas et al., 2024). 

Several studies have demonstrated its efficiency in removing cationic dyes such as methylene blue 

(Gharbi and Bouchdoug, 2021; Khalfaoui and Abdennouri, 2021; Husaini et al., 2023b) and even 

anionic dyes like methyl orange (Bouziani et al., 2024). However, while adsorption performance is 

well reported, there is still limited research on the regeneration and reusability of almond shell 

adsorbents, which are critical factors for assessing long-term economic and environmental feasibility 

(Bouchouirbat et al., 2022; Othmani and Amami, 2024). 

The regeneration of spent adsorbents allows for repeated use in multiple adsorption–desorption cycles, 

thereby reducing operational costs and minimizing solid waste disposal issues. For instance, El 

Haddad et al. (2022) demonstrated that NaOH-modified almond shell retained significant adsorption 

capacity for MB after six regeneration cycles, while Othmani and Amami (2024) showed that activated 

coconut shells could be efficiently regenerated without significant loss of efficiency. Furthermore, 

evaluating the reusability of almond seed shell adsorbent in removing both cationic (MB) and anionic 

(MO) dyes provides valuable insights into its practical applicability in treating complex dye-

contaminated effluents (Husaini et al., 2025a; Ranjbar and Ghasemi, 2025). 

Therefore, this study investigates the regeneration and reusability performance of almond seed shell–

derived adsorbent for the removal of MB and MO dyes. The research focuses on (i) preparing and 

characterizing the adsorbent, (ii) evaluating its adsorption efficiency for cationic and anionic dyes, (iii) 
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assessing the regeneration capacity using suitable desorption agents and (iv) analyzing the reusability 

over multiple cycles. The findings aim to contribute to sustainable wastewater management by 

advancing the application of agricultural waste-derived adsorbents in dye removal. 

 

2. Materials and Methods 

2.1. Materials 

Raw almond seed shells were collected from Federal Polytechnic Idah, thoroughly washed with 

distilled water to remove adhering dust and impurities, and then dried in an oven at 105 °C for 24 h. 

The dried shells were ground and sieved to obtain particle sizes between 250–500 µm, as reported in 

similar studies using agricultural wastes as adsorbents (Rajendran et al., 2024; El Ouahabi et al., 

2022). All chemicals used were of analytical grade. Methylene blue (MB, cationic dye) and methyl 

orange (MO, anionic dye) were obtained from Sigma-Aldrich. Hydrochloric acid (HCl), sodium 

hydroxide (NaOH), and ethanol were used for pH adjustment and regeneration experiments (Husaini et 

al., 2023c; Mbarek et al., 2024). Double-distilled water was used throughout the study. 

 

2.2. Preparation of Almond Seed Shell Adsorbent 

The dried almond seed shells were subjected to a chemical activation process. Briefly, the powdered 

shells were impregnated with phosphoric acid (H₃PO₄, 1 M) at a ratio of 1:3 (w/v) and allowed to soak 

for 24 h. The impregnated samples were then heated in a muffle furnace at 500 °C for 2 h under 

limited oxygen conditions. After cooling, the carbonized material was repeatedly washed with distilled 

water until neutral pH was attained, oven-dried at 110 °C, and stored in airtight containers for further 

use. This approach follows protocols reported in recent agricultural waste-based adsorbent studies (El 

Haddad et al., 2022; Husaini et al., 2025b). 

 

2.3. Characterization of Adsorbent 

The prepared almond seed shell adsorbent was characterized using a range of analytical techniques to 

determine its structural and surface properties. Fourier Transform Infrared (FTIR) spectroscopy was 

employed to identify the functional groups responsible for dye binding, while X-ray Diffraction (XRD) 

was used to determine the degree of crystallinity. Surface morphology was examined using Scanning 

Electron Microscopy (SEM) and textural properties, including porosity and surface area, were 

evaluated using Brunauer–Emmett–Teller (BET) analysis. These characterization techniques are 

consistent with previous works on agricultural waste-derived activated carbons (Husaini et al., 2025c). 
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2.4. Desorption and Reusability Experiments 

Adsorption was conducted under fixed conditions: pH 6, dosage 1.0 g/100 mL, dye concentration 100 

mg/L, contact time 120 min and temperature 25 °C (Husaini et al., 2024b). After dye uptake, 

desorption was performed to assess regeneration potential. Dye-loaded adsorbents were rinsed with 

distilled water and treated with 0.1 M HCl, 0.1 M NaOH, or ethanol solutions (50 mL per 0.5 g 

adsorbent) in 250 mL flasks, shaken at 150 rpm for 2 h at room temperature. The materials were then 

filtered, washed to neutral pH and oven-dried at 105 °C. Desorption efficiency (D%) was calculated as 

the ratio of desorbed dye to the initial uptake. Regenerated adsorbents were reused in fresh adsorption 

cycles under identical fixed conditions. The process was repeated up to five cycles and changes in 

removal efficiency were monitored to evaluate stability. This approach follows established 

regeneration protocols for bio-based adsorbents (El Haddad et al., 2022; Discover Chemistry, 2025). 

Equation 1-4 were used to evaluate the adsorption-desorption process 

Adsorption capacity: qe = 
(C0− Ce) × v

m
       1                                                                                                    

Removal efficiency: R (%) = 
𝐶0− 𝐶𝑒

𝐶0
 × 100      2                                                                                                               

Desorption efficiency: D (%) = 
𝑞𝑑

𝑞𝑒
 × 100      3 

Regeneration Efficiency: RE (%) = 
𝑞𝑛

𝑞0
 × 100     4 

Where C0 (mg/L) and Ce (mg/L) are dye concentration initially and at time t, respectively, V is the 

volume (L) of the dye solution and m is the mass (g) of the adsorbent, 𝑞𝑑 = amount of adsorbent 

desorbed (mg/g), 𝑞𝑛 = adsorption capacity of regenerated adsorbent (mg/g) after n-th cycle, 𝑞0 = 

adsorption capacity of fresh adsorbent (mg/g) 

2.5. Regeneration and Reusability Studies 

To assess reusability, dye-loaded adsorbents were subjected to desorption using 0.1 M HCl, 0.1 M 

NaOH and ethanol solutions as regenerating agents. The spent adsorbent was soaked in 50 mL of 

regenerant solution and agitated for 2 h, followed by filtration, washing with distilled water and drying 

at 105 °C. The regenerated adsorbent was reused for subsequent adsorption cycles under identical 

conditions. Adsorption–desorption cycles were repeated up to five successive runs and removal 

efficiency was recorded to evaluate performance decline over cycles. This regeneration protocol 

follows similar procedures applied in recent dye adsorption studies (El Haddad et al., 2022; Discover 

Chemistry, 2025).  
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3.  Results and Discussion 

3.1 Characterization of Almond Shell Adsorbent 

3.1.1 Fourier Transform Infrared (FTIR) Analysis 

The FTIR spectra of almond shell–derived adsorbent before and after dye adsorption revealed 

characteristic functional groups responsible for dye binding. The broad absorption band around 3400 

cm⁻¹ corresponds to –OH stretching vibrations of hydroxyl groups, while peaks near 1700 cm⁻¹ 

indicate C=O stretching of carboxyl and carbonyl groups. Aromatic C=C vibrations were observed at 

1600 cm⁻¹, confirming the presence of lignin-derived structures. After adsorption of MB and MO, 

slight shifts and reductions in peak intensity were observed, suggesting active involvement of hydroxyl 

and carbonyl groups in dye binding. These results are consistent with previous reports on agricultural 

waste–derived adsorbents (Rajendran et al., 2024; Husaini and Ibrahim 2025). 

Figure 1. FTIR Spectra 

3.1.2 X-ray Diffraction (XRD) Analysis 

The XRD analysis of the almond shell–derived adsorbent revealed two broad peaks at 2θ ≈ 22° and 

43°, confirming the amorphous nature of carbon with partial graphitization. From Table 1, the halo at 

22° is associated with disordered cellulose and lignin structures, while the weak crystalline peaks at 

29.7° correspond to residual mineral impurities. The reduction in peak intensity after adsorption 

indicates surface interaction and partial coverage of the active sites by dye molecules. However, the 

absence of any new diffraction peaks or major shifts in existing ones suggests that the adsorption 

process occurred mainly on the surface without altering the fundamental crystalline structure of the 

adsorbent. This stability highlights the robustness of the material for repeated adsorption applications 

(Ali et al., 2025). 

 

Table 1. XRD peak positions of almond shell adsorbent 
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2θ (°) Phase Assignment 
Intensity Before 

Adsorption 

Intensity After 

Adsorption 

22.5 Amorphous cellulose Broad, strong Reduced 

29.7 Mineral impurities Weak Weak 

43.2 Carbon-related phase Broad, medium Reduced 

 
Figure 2. XRD Spectrum 

3.1.3 Scanning Electron Microscopy (SEM) 

The SEM analysis of the almond shell–derived adsorbent revealed a highly porous and rough surface 

with irregular cavities, which are favorable for dye adsorption. Before adsorption, the presence of 

cracks and channels indicated abundant active sites. After MB adsorption, the pores appeared partially 

filled and smoother regions became visible, suggesting partial surface coverage by dye molecules. In 

contrast, after MO adsorption, significant pore blocking and a noticeable dye layer deposition were 

observed, indicating stronger surface coverage. These morphological changes confirm successful dye 

attachment onto the adsorbent and align with the FTIR findings, demonstrating the efficiency of the 

adsorbent in capturing both dyes without structural collapse (Elmansouri et al., 2024; Husaini et al., 

2023d). 

 

Figure 3. SEM (a) Before Adsorption (b) After MB Adsorption (c) After MO Adsorption 

 

(a) (b) (c) 
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3.1.4 BET Surface Area Analysis 

The BET surface area analysis of the almond shell–derived adsorbent revealed a high surface area of 

612.4 m²/g, a pore volume of 0.45 cm³/g and an average pore diameter of 3.7 nm, confirming its 

mesoporous structure (Table 2). The large surface area provides numerous active sites for dye 

adsorption, while the mesoporous channels facilitate efficient diffusion of MB and MO molecules into 

the adsorbent. These values are higher than many reported for agricultural waste–based adsorbents, 

highlighting the effectiveness of almond shells as a precursor material. The combination of high 

porosity and optimal pore size enhances adsorption performance, making the adsorbent suitable for 

wastewater treatment applications (Ali et al., 2024). 

          Table 2. BET surface characteristics of almond shell adsorbent 

Parameter Value 

BET surface area (m²/g) 612.4 

Pore volume (cm³/g) 0.45 

Average pore diameter (nm) 3.7 

3.2 Adsorption–Desorption Performance and Reusability 

3.2.1. Adsorption Performance of MB and MO 

The almond shell–derived adsorbent showed strong affinity for both dyes, with MB removal efficiency 

reaching 95% and MO about 70% (Figure 4). The higher adsorption of MB may be attributed to 

stronger electrostatic interactions between the cationic dye and negatively charged functional groups 

on the adsorbent surface. Similar findings were reported by El Mrabet et al. (2024), who observed 

efficient MB adsorption on almond shell activated carbon. Comparable efficiency was also noted for 

anionic dyes such as MO in almond shell–based carbons (Farch et al., 2024; Husaini et al., 2023e), 

supporting the dual capability of this material. 

 

Figure 4. Adsorption performance of MB and MO 
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3.2.2. Desorption Efficiency with Different Eluents 

Desorption studies indicated that 0.1 M HCl was most effective for MB (82%), while 0.1 M NaOH 

worked better for MO (65%) (Figure 2). This is likely due to protonation and charge reversal effects, 

which weaken dye–adsorbent interactions. Comparable regeneration trends were observed in earlier 

work where modified almond shell adsorbents achieved high desorption efficiencies for MB 

(Aljeboree et al., 2022). The variation between MB and MO also aligns with differences in ionic 

character reported in other almond/walnut shell studies (Sahu and Gupta, 2024). 

 

Figure 5. Desorption efficiency of MB and MO using different eluents 

3.2.3 Reusability Across Cycles 

Reusability cycles demonstrated gradual decreases in adsorption and regeneration efficiencies over 

five cycles, with MB removal declining from 95% to 78% and MO from 70% to 52% (Figure 6). The 

gradual decline suggests partial loss of active sites due to fouling and incomplete desorption. This is 

consistent with prior reports where repeated cycles led to efficiency reduction but still maintained 

practical reusability (Aljeboree et al., 2022; Farch et al., 2024). The sustained performance confirms 

the potential of almond shell adsorbent for multiple dye removal applications in wastewater treatment. 

 



M. Husaini et al. / Arab. J. Chem. Environ. Res. 12(2) (2025) 152-166                                                                  160                                                                       

 

AJCER 

Figure 6. Reusability performance of almond seed shell adsorbent over five cycles 

3.2.4 Comparative Insights 

The reusability trends observed here align with other studies on nut-shell and fruit-shell adsorbents, 

which typically show 10–20% loss in adsorption efficiency after five cycles (Kumar et al., 2023; 

Mbarek et al., 2024). Thus, almond seed shell-based adsorbent demonstrates comparable regeneration 

potential, making it a promising candidate for sustainable dye removal. 

3.3 Desorption Kinetics 

The desorption kinetics of MB and MO from almond shell–derived adsorbent were evaluated using 

pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models, similar to adsorption studies. 

Desorption experiments were carried out using the most effective eluents identified earlier (0.1 M HCl 

for MB and 0.1 M NaOH for MO). 

The experimental data fitted better with the pseudo-first-order (PFO) model, as evidenced by higher R² 

values (>0.97), indicating that dye release from the adsorbent surface occurs primarily through a 

diffusion-controlled process and reversible surface interactions. In contrast, the PSO model provided 

lower correlation values, suggesting that desorption is not governed by chemisorption but by physical 

desorption facilitated by protonation/deprotonation of functional groups (Husaini et al., 2025d). 

The calculated kinetic parameters are presented in Table 3. For MB, the desorption rate constant (k₁) 

was higher than for MO, reflecting faster release of cationic species in acidic conditions compared to 

anionic dye release in alkaline medium. These findings are in agreement with earlier regeneration 

studies where PFO kinetics described desorption more effectively (Aljeboree et al., 2022; Sukmana et 

al., 2025). 

       Table 3. Desorption Kinetic Parameters 

Dye Model 
qₑ,exp 

(mg/g) 

qₑ,cal 

(mg/g) 
k₁ (min⁻¹) 

k₂ 

(g/mg·min) 
R² 

MB PFO 8.2 8.0 0.045 — 0.978 

MB PSO 8.2 7.4 — 0.0061 0.921 

MO PFO 6.5 6.3 0.032 — 0.971 

MO PSO 6.5 5.8 — 0.0047 0.915 

3.4. Desorption Thermodynamics 

The desorption of MB and MO from almond shell adsorbent was studied using 0.1 M HCl (for MB) 

and 0.1 M NaOH (for MO) at different temperatures (25–50 °C). The equilibrium constants for 

desorption (Kd) were calculated and the standard Gibbs free energy change (ΔG°), enthalpy (ΔH°) and 

entropy (ΔS°) were determined using Van’t Hoff equation (Table 4).  

 

       Table 4. Desorption Thermodynamic Parameters  
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Dye Temp (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K) 

MB 298 -4.10 15.4 65.2 

MB 308 -4.60   

MB 318 -5.20   

MO 298 -3.20 12.3 48.6 

MO 308 -3.60   

MO 318 -4.00   

Negative ΔG° values for MB and MO indicated that desorption is spontaneous, though less favorable 

than adsorption. Positive ΔH° values indicate endothermic desorption, suggesting that higher 

temperatures facilitate dye release. Positive ΔS° values reflect increased disorder at the solid–solution 

interface as dye molecules diffuse back into the solution (Husaini, 2024; Husaini, 2021). These results 

confirm that the almond shell adsorbent can be regenerated efficiently under controlled conditions, 

supporting multiple reuse cycles. (Aljeboree et al., 2022; Farch et al., 2024). 

3.5 Desorption Isotherms 

Desorption data of MB and MO were analyzed using Langmuir and Freundlich models. For MB, the 

Langmuir isotherm gave a better fit, indicating monolayer release of cationic dye molecules from 

uniform active sites under acidic conditions. The Freundlich model for MB showed a slightly lower 

correlation, still suggesting favourable but less homogeneous desorption. In contrast, MO desorption 

followed the Freundlich model more closely compared to Langmuir, implying heterogeneous site 

interactions and multilayer release in alkaline medium. The results confirm that MB desorption is 

mainly governed by uniform site interactions (Langmuir-type), while MO desorption proceeds via 

heterogeneous surface mechanisms (Freundlich-type). This agrees with the desorption kinetics, 

reinforcing that dye release is dominated by reversible, physically controlled interactions (Husaini et 

al., 2023f). 

 Table 5. Desorption Isotherm Parameters  

Dye Model qmax (mg/g) Kᴸ (L/mg) Kf n R² 

MB Langmuir 9.1 0.054 — — 0.982 

MB Freundlich — — 2.3 1.8 0.947 

MO Langmuir 7.4 0.041 — — 0.951 

MO Freundlich — — 1.7 1.5 0.973 

3.6 Adsorption–Desorption Mechanism 

The schematic illustrates the adsorption–desorption mechanism of MB and MO on almond shell–

derived adsorbent. Adsorption occurs through multiple interactions: electrostatic attraction (MB 

binding to negatively charged sites and MO to positively charged regions), hydrogen bonding (via –

OH and –COOH groups), π–π stacking (between aromatic structures of dyes and adsorbent surface) 

and pore diffusion (as confirmed by SEM/BET). During desorption, acidic eluent (HCl) protonates the 
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adsorbent surface to release MB, while alkaline eluent (NaOH) induces deprotonation, facilitating MO 

release. The refined figure highlights these mechanisms with clearly marked functional groups, visible 

positive (+) and negative (–) sites and color-coded pathways. This schematic supports the FTIR, 

isotherm and regeneration findings, providing a visual explanation of the interaction and release 

processes. 

Figure 7. Adsorption-Desorption Mechanism of MB and MO 

Conclusion 

Almond shell–derived adsorbent demonstrated efficient removal and recovery of MB and MO dyes 

through adsorption–desorption processes. Adsorption was governed by multiple interactions, while 

desorption kinetics confirmed pseudo-second-order behavior, with isotherms fitting both Langmuir 

and Freundlich models. Thermodynamic analysis showed spontaneous and endothermic desorption for 

MB and spontaneous but exothermic desorption for MO. Acidic eluent (HCl) effectively regenerated 

MB-loaded adsorbent, whereas alkaline eluent (NaOH) facilitated MO release, validating the role of 

protonation–deprotonation in the regeneration process. Despite a gradual decline in efficiency across 

cycles due to partial pore blockage, the adsorbent maintained good reusability. Overall, almond shell 

represents a promising, renewable and eco-friendly material for sustainable dye removal and recovery 

in wastewater treatment. 
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