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To search for cost-effective and sustainable adsorbents derived from agricultural residues is therefore an urgent 
environmental priority. In this study, Argan Nut Shells (ANS), an abundant byproduct of argan oil production, were 
investigated as a low-cost adsorbent for MR removal. Adsorption performance was evaluated under different conditions, 
and results showed that 80 mg of ANS removed 53.5% of MR from 20 mL of solution. Although this efficiency appears 
modest, it remains competitive when compared with other natural adsorbents such as rice husk and coconut shells, 
particularly considering the economic and ecological value of valorizing argan residues. Kinetic modeling demonstrated 
that the adsorption process followed a pseudo-second-order model, with intraparticle diffusion not being the sole 
rate-limiting step, while equilibrium was reached after 80 minutes of contact. The Freundlich model, indicating a 
heterogeneous adsorption surface, best described the adsorption isotherms. Thermodynamic parameters revealed that 
the adsorption of methyl red onto ANS was spontaneous (ΔG° < 0) and exothermic (ΔH° < 0). The point of zero charge 
(pHPZC) value was determined to be 3.68. Fourier-Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), 
Scanning Electron Microscopy (SEM), and Energy-Dispersive X-Ray Spectroscopy (EDS) analyses confirmed surface 
modification after MR adsorption and provided insights into the interaction mechanism. 

Keywords: adsorption, argan nut shells, methyl red, kinetic, Freundlich

1. Introduction
In recent years, significant attention has been focused on the environmental impact of pollutants stemming from 

textile dyeing due to their detrimental effects on aquatic ecosystems.1,2 These effects include reducing light penetration, 
disrupting photosynthesis in aquatic plants, and causing oxygen depletion, which can destabilize ecosystems and harm 
aquatic organisms. Among these pollutants, Methyl Red (MR),3,4 a synthetic dye widely used in various industries,5,6 
poses a significant threat due to its persistent nature and potential toxicity.7 Consequently, efforts to mitigate its 
presence and reduce environmental contamination have led to the exploration of sustainable and effective remediation 
methods such as advanced oxidation,8 electro-degradation,9 catalysis10 and adsorption11-13. This last solution represents 
a promising approach, especially considering the use of natural adsorbents such as raw chitin,14 clays,15,16 activated 
carbon,17-19 zeolites,20,21 and Argan Nut Shells (ANS).22,23

ANS represents an underutilized co-product of argan oil production, abundantly available in argan-producing 
regions. They provide an economical and sustainable alternative due to their low cost, wide accessibility, and inherent 
adsorption capabilities. The valorization of this agricultural by-product not only tackles waste management challenges 
but also contributes to the development of eco-friendly and efficient solutions for pollutant removal.24

The adsorption process involves the adherence of molecules or particles onto the surface of a solid material, 
making it an attractive method for removing contaminants from aqueous solutions.25 In this context, the adsorption of 
MR onto ANS emerges as a focal point for investigation due to its potential as an eco-friendly and efficient remediation 
approach.

This study aims to elucidate the parameters governing the adsorption process, specifically kinetics, isotherms, 
thermodynamics, and surface characterization. Understanding these aspects is crucial for optimizing the adsorption 
efficiency and unveiling the fundamental interactions between MR molecules and the surface of argan nut shells.

Firstly, the investigation focuses on a meticulous examination of the adsorption kinetics, aiming to ascertain the 
rate and mechanism of MR uptake onto ANS. Subsequently, isotherm studies will elucidate the equilibrium adsorption 
capacity and behavior of MR at varying concentrations. Moreover, thermodynamic analysis will provide insights into 
the spontaneity, heat change, and stability of the adsorption process.

Furthermore, this study includes a detailed characterization of the argan nut shell surface before and after MR 
adsorption using Fourier-Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD). Scanning Electron 
Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDS) techniques will be employed only before 
adsorption to analyze the structure and chemical composition of the ANS.
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2. Materials and methods
2.1 Chemicals

All the chemicals used in this study were of analytical grade. Figure 1 depicts the chemical structure of methyl red, 
with a molecular formula of C15H15N3O2. Sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 37%), and sodium 
chloride (NaCl, 99.8%) compounds were supplied by Sigma-Aldrich and used without further purification. All stock 
solutions were prepared with distilled water from POBEL for the preparation of materials and adsorption tests. 

OH

CH3

CH3

O

N

N
N

Figure 1. Chemical structure of methyl red

2.2 Preparation of argan nut shells

ANS were collected from a cooperative in the Agadir region, Morocco. After washing with distilled water and 
drying at 100 °C for 24 h, the shells were ground and sieved to obtain particles smaller than 100 µm. This size range 
was selected to maximize surface area and enhance adsorption efficiency. The prepared ANS were stored in airtight 
containers until use (Figure 2).

Argan fruit Argan nut shell

Collected
Dried in Oven at 
100 °C for 24 h

Washed with 
distilled water

Grinding 
and sieving

Powder of raw material

2 cm

2 cm

Figure 2. Preparation of argan nut shells

2.3 Characterization of adsorbent

FTIR spectroscopy, conducted using a Shimadzu FT-IR IRAffinity-1S, was used to analyze the molecular structure 
of the adsorbent before and after MR adsorption. XRD analysis was carried out using a Bruker D8 ADVANCE 
diffractometer with Cu Kα radiation (λ = 1.5406 Å) to investigate the crystallinity of the material. Diffraction patterns 
were recorded over a 2θ range of 2°–90° with a step size of 0.02° and a scanning rate of 1°/min, ensuring high precision 
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in peak position, intensity, and resolution. The surface morphology was studied using a JEOL JSM-IT500HR SEM, 
which provides high-resolution imaging with its high-brightness electron gun system, enabling rapid analysis with high 
sensitivity and spatial resolution. Elemental analysis was carried out using an EDS system and determination of the 
pHPZC to assess its zero-surface charge. 

FTIR plays a crucial role in the identification of surface chemical groups. The sample is composed of 5% solid 
material and 95% KBr, meticulously ground and pressed using a pellet press to create a compact pellet. This pellet is 
subsequently positioned along the path of the infrared beam. KBr facilitates the exclusive recording of absorption bands 
originating from the analyzed solid. Spectra, acquired with a resolution of 4 cm-1, necessitate 64 scans.

The X-ray diffraction technique involves irradiating a solid sample with radiation of wavelengths ranging between 
0.1 and 10 nanometers, at various 2θ angles. When the radiation diffracted by the atomic planes of the solid is in phase, 
it generates a coherent beam that is then detected. To characterize these samples, the diffractograms, recorded between 
2θ angles of 0° to 90°, allow for the analysis of the crystalline structure and identification of different phases present 
within the material.

The SEM used not only allows for the observation of the surface morphology of our adsorbent but also the 
determination of its chemical composition through an EDS associated with SEM. The principle involves bombarding 
the surface of the solid, previously coated with carbon or gold to make it conductive, with an electron beam. The atoms 
in the sample release electrons that are processed by a detector, providing an image of the sample’s surface.

To determine the point of zero charge (pHPZC), the solid addition method was employed.26 50 mL of a 0.01 M NaCl 
solution was poured into several beakers, and then the initial pH was adjusted using HCl or NaOH solutions within a 
range of 2 to 12. Precisely 1 g of the adsorbent was then added to each beaker, and the samples were kept in agitation, 
in contact with the solution, for 24 h. At the end of this period, the final pH of the solutions was measured. The 
determination of the pHPZC was achieved by identifying the point of intersection on the curve representing the change 
in final pH relative to the initial pH (pHf -pHi as a function of pHi). This method allowed us to establish the pHPZC with 
precision.

2.4 Adsorption experiment

The adsorption experiments were carried out in a controlled environment to assess the effectiveness of argan nut 
shells. For each experiment, a specific quantity of shells was added to a flask containing 20 mL of methyl red at an 
initial concentration of 30 mg/L. Subsequently, the mixture was placed in a temperature-controlled bath to maintain a 
stable temperature, thus ensuring uniform conditions throughout the experiment. The pH was adjusted to between 2 and 
12 using HCl or NaOH solutions to evaluate adsorption under acidic, natural, and alkaline conditions. 

After each contact time, the mixture underwent centrifugation at 2,500 revolutions per minute to separate the 
solid phase from the solution. The liquid phase was then subjected to filtration using a microporous filter. The resultant 
filtrate underwent analysis utilizing a UV-visible spectrophotometer, specifically the Shimadzu UV-1800, operating 
at a designated wavelength of λ = 517 nm. The residual concentration was ascertained by referencing a previously 
established calibration curve utilizing known concentrations of MR. Subsequently, the removal rate of MR (Rt (%)) and 
the quantity of MR adsorbed onto the surface of argan nut shells (Qt (mg/g)) were computed using the ensuing equations 
(1) and (2):

(1)0 e
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Where Qt signifies the adsorption capacity measured in (mg/g). C0 and Ce refer to the concentrations of MR before 
and after adsorption, respectively.
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2.5 Adsorption modeling
2.5.1 Adsorption kinetics

To investigate the adsorption process between the dye and argan nut shells, three models were applied to analyze 
the kinetics of this interaction, including the Pseudo-First-Order model (PFO), the Pseudo-Second-Order model (PSO),27 
and the intraparticle diffusion model.28 They will provide data on the rate at which adsorption occurs, thus facilitating 
the understanding of different stages within the interaction and offering a detailed insight into the process of methylene 
red absorption by argan nut shells.

The pseudo-first-order linear equation (3) below is widely used for the adsorption of the liquid/solid system: 

(3)e t e 1ln( ) lnq q q K t- = -

The linear equation (4) of the pseudo-second-order model is expressed as follows:

(4)2
t e2 e

1 1t t
q qK q

= +

The equation (5) of the intraparticle diffusion model proposed by Weber and Morris29 is as follows:

1
2t int iq K t C= + (5)

In this context, qt represents the amount of methyl red adsorbed at time t (mg/g), while qe signifies the amount 
adsorbed at equilibrium (mg/g). The pseudo-first-order rate constant is denoted by K1 (1/min), and t indicates time (min). 
For the pseudo-second-order model, K2 is the rate constant (g/mg·min) reflecting the adsorption speed. Additionally, Kint 
represents the intraparticle diffusion rate constant (mg/g·min1/2). Finally, (Ci) is a constant that denotes the thickness of 
the boundary layer, impacting the diffusion rate.

2.5.2 Adsorption isotherm

To analyze and understand adsorption isotherms, graphical representations are used to visualize how the adsorbed 
quantity (qe) varies at a constant temperature concerning the residual concentration of the adsorbate (Ce) at equilibrium. 
Additionally, specific mathematical models are employed. Two commonly used models include the Langmuir equation 
(6),30 and the Freundlich equation (7).31 These models mathematically describe the relationships between adsorption and 
equilibrium concentrations, providing a framework to interpret and predict adsorption behaviors across different systems 
and experimental conditions.

(6)e e

e l m m

1C C
q K q q

= +

Here, qm is the maximum adsorption capacity of the adsorbent (mg/g), representing the theoretical maximum 
amount of adsorbate that can be adsorbed per unit mass of adsorbent, qe (mg/g) denotes the amount of adsorbate 
adsorbed per unit mass of adsorbent at equilibrium (mg/g), Kl: is constant related to the adsorption energy (L/mg),
indicating the affinity of the adsorbate for the Langmuir adsorbent and Ce: represents the equilibrium concentration of 
the adsorbate in the solution (mg/L). 

e f e
1ln( ) ln( ) ln( )q K C
n

= + (7)
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Kf is the Freundlich constant, indicating the adsorption capacity of the adsorbent (mg(1-n)·Ln·g-1), and n is a 
dimensionless constant that reflects the adsorption intensity.

The term (1/n) is a key parameter that indicates the intensity of adsorption and the heterogeneity of the adsorbent 
surface. Specifically, the value of n reflects how readily the adsorbate adheres to the adsorbent: when n < 1, adsorption 
is favorable and suggests strong interactions; when n = 1, it indicates a linear relationship; and when n > 1, adsorption 
becomes less favorable.

2.5.3 Thermodynamic study

The standard thermodynamic parameters, including ΔG° (free energy), ΔH° (enthalpy), and ΔS° (entropy), were 
derived from experiments carried out at various temperatures: 25, 35, 45, and 55 °C. These parameters were obtained by 
calculating the slope and intercept from the linear plot of ln(Kc) against 1/T. The following equation (8) was used in this 
determination process:

clnG H T S RT K∆ = ∆ - ∆ = -   (8)

(9)
cln( ) H SK

RT R
∆ ∆

= - +
 

(10)ads
c

e
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C
K

C
=

Kc represents the equilibrium between the concentration of the adsorbate on the surface of the solid Cads and the 
concentration of the adsorbate in the solution Ce. Additionally, R denotes the gas constant (8.314 J·mol-1·K-1), and T 
represents the absolute temperature (K).

3. Results and discussion
3.1 Absorbent characterization
3.1.1 Analysis using FTIR

The FTIR spectrum of argan nut shells, presented in Figure 3, shows several characteristic bands corresponding 
to different functional groups. The broad band at 3,412 cm-1 is assigned to O-H stretching, typically associated with 
hydroxyl group, alcohols, or adsorbed water,32 which may act as potential hydrogen bonding sites during dye adsorption. 
The peak at 2,918 cm-1 is attributed to C-H stretching of alkyl groups (CH3 or CH2) confirming the presence of a 
lignocellulosic backbone.33 The band at 1,742 cm-1 corresponds to C=O stretching vibrations from acetyl and ester 
groups of hemicellulose,34 which can provide active sites for electrostatic interactions with dye molecules. In the region 
between 1,620 and 1,425 cm-1, peaks correspond to aromatic C=C stretching and carbonyl C=O vibrations.35 The intense 
peak at 1,043 cm-1 indicates C-O stretching in polysaccharides.36 Finally, the band at 607 cm-1 is associated with in-
plane deformation of cyclic structures, which may further enhance adsorption through hydrogen bonding.37 This FTIR 
spectrum thus suggests the presence of various organic functional groups and inorganic components in ANSs.
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Figure 3. FTIR spectrum of argan nut shells

3.1.2 X-ray diffraction analysis

The X-Ray Diffraction (XRD) spectrum of argan nut shells, presented in Figure 4, shows a broad diffuse band and 
a few poorly defined peaks, indicating a predominantly amorphous structure. The peaks located at 16.3° and 21.9° (2θ) 
are characteristic of crystalline materials, such as cellulose, present in the nut shells.38
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Figure 4. XRD pattern of argan nut shells

The absence of sharp and well-defined peaks in this region suggests a low degree of crystallinity, which is typical 
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of natural biopolymers, such as lignocelluloses, that form the matrix of plant cell walls. Regarding the crystalline phase, 
additional hydroxyl groups form numerous hydrogen bonds, creating an extensive network that significantly contributes 
to the compact crystalline structure.

3.1.3 SEM/EDS

The SEM image (Figure 5) of argan nut shells shows a complex and irregular fibrous structure, typical of 
lignocellulosic biomass. Such entangled fibers suggest the presence of pores and cavities, which increase the available 
surface area and facilitate the diffusion of adsorbate molecules. This porosity is a crucial property for adsorption 
processes, as it enhances contact between functional groups and pollutants. The heterogeneous microstructure is due to 
the presence of compounds like cellulose, hemicellulose, and lignin, which contribute both to structural rigidity and to 
diversity of active sites.

5 μm 5 μm

Figure 5. SEM images of argan nut shells
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Figure 6. EDS spectrum of argan nut shells

Regarding the EDS spectrum (Figure 6), two major peaks corresponding to Carbon (C) and Oxygen (O) are 
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observed, confirming the organic composition of these shells. These elements are typically associated with hydroxyl, 
carboxyl, and aromatic groups present in cellulose and lignin. The predominant presence of carbon and oxygen is also 
consistent with the lignocellulosic nature of the analyzed material.

3.1.4 Determination of the pH at the Point of Zero Charge (pHPZC)

The determination of the zero-charge point (pHPZC) of argan nut shells, which corresponds to the pH at which 
the surface of the adsorbent has no net charge, was carried out (Figure 7). According to the graph, the pHPZC of argan 
nut shells is 3.68. At this pH, the surface of the material is electrically neutral, meaning it neither attracts cations nor 
anions. When the pH of the solution is below this value, the surface of the adsorbent is positively charged, favoring the 
adsorption of anions. Conversely, when the pH is above 3.68, the surface becomes negatively charged, promoting the 
adsorption of cations. This parameter is essential for understanding and optimizing the effectiveness of argan nut shells 
as an adsorbent in water treatment applications or other adsorption fields.
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Figure 7. Point zero charge for argan nut shells

3.2 Adsorption of MR on argan nut shells
3.2.1 Effect of pH

Initial pH plays a critical role in the removal process of methyl red. To investigate the effect of pH on dye 
adsorption, the initial pH was varied from 2 to 12, maintaining a dye concentration of 30 mg/L, a temperature of 25 °C, 
and an adsorbent mass of 80 mg. Figure 8 shows the amount (mg) of dye adsorbed per gram of adsorbent according to 
the initial pH.

Results demonstrate a clear relationship between initial pH and the adsorption of methyl red by argan nut shells. 
At pH values below 4, where the adsorbent surface is positively charged, a significant amount of dye is adsorbed (4.9 
mg at pH 2). This can be explained by the strong electrostatic attraction between the oppositely charged surface and dye 
molecules. However, as the pH increases beyond the point of zero charge (pH 4), the adsorbed quantity progressively 
decreases because the surface becomes negatively charged, hindering the adsorption of the cationic dye. This decline 
is more pronounced at higher pH levels (8, 10, 12), indicating a drastic reduction in electrostatic interactions between 
the dye and the negatively charged surface. For instance, the bark of hopbush has been reported to show a decrease in 
adsorption capacity with increasing pH under similar conditions.39
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Figure 8. Effect of pH on methyl red adsorption

3.2.2 Effect of adsorbent mass

In most studies concerning the adsorption phenomenon, the amount of adsorbent has a considerable impact on the 
adsorption efficiency.40 To investigate this effect, various masses of Argan Nut Shells (ANS), ranging from 10 mg to 100 
mg, were brought in contact with 20 mL aqueous solution of Methyl Red (MR) at 30 mg/L. 
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Figure 9. Effect of adsorbent mass on methyl red adsorption

Figure 9 highlights an increase in the rate of MR removal as a function of increasing adsorbent quantity. This 
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trend can be attributed to the increase of the sorption-friendly surface and the increased availability of active adsorption 
sites.41 The maximum removal efficiency ANS reached 53.5% at 80 mg. While this performance may appear modest, it 
remains comparable to other agricultural waste-derived adsorbents. For instance, rice husk has been reported to remove 
48–55% of methyl red under similar conditions,42 whereas the mucilage of salvia seed achieved about 34–54% for azo 
dyes.43 Given the abundance and very low cost of ANS, their adsorption efficiency is competitive, particularly when 
considering the added ecological benefit of valorizing argan byproducts.

3.2.3 Adsorption kinetics of MR on argan nut shells

The kinetic representation of MR adsorption on ANS, shown in Figure 10, illustrates the vibration of the adsorbed 
quantity as a function of agitation time. This curve reveals a steady increase in the adsorbed quantity until it reaches a 
plateau, indicating the establishment of an adsorption equilibrium as the process evolves.44 This equilibrium point is 
achieved within 80 minutes, demonstrating a stabilized adsorption capacity at 6.7 mg/g. Initially, adsorption rapidly 
increases, driven by the accumulation of MR at the active surface sites of the adsorbent, sites that remain available for 
this interaction.45 It should be noted that ANS suspensions formed stable dispersions under the experimental conditions, 
which ensured consistent adsorption kinetics and reproducibility. However, the slower growth observed in a later stage 
is attributed to the diffusion of the dye into the pores of the adsorbent, as the external adsorption sites are fully occupied 
at this stage. 46 This alteration in the adsorption kinetics showcases the complex evolution of the process, transitioning 
from an initial rapid adsorption phase to a stage where diffusion into porous structures becomes predominant as surface 
sites become saturated.
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Figure 10. Impact of contact time on methyl red adsorption

To study the adsorption rate of MR on ANS, three kinetic models were employed: the pseudo-first-order kinetic 
model, the pseudo-second-order kinetic model, and the intraparticle diffusion model. These models contribute to 
elucidating the process through which the adsorbate is adsorbed onto the surface of the adsorbent.47

3.2.3.1 Pseudo-first-order kinetic models

The graph of ln(qe - qt) as a function of (t), as illustrated in Figure 11, corresponds to the Pseudo-First-Order (PFO) 
kinetic model. This model presents a linear evolution (red line) that does not fit well with the experimental data points, 
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since the regression factor R2 is almost low (0.972). This indicates that the kinetics of MR adsorption on ANS deviates 
from the pseudo-first-order kinetic model.
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Figure 11. PFO model for methyl red adsorption

3.2.3.2 Pseudo-second-order model
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The pseudo-second-order kinetic model is presented in Figure 12, showing the evolution of the t/qt ratio as a 
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function of time. The fitting of the curve resulted in a correlation coefficient (R2) of 0.999. From this plot, the parameters 
K2 and qe were determined as 0.127 g/mg·min and 6.878 mg/g, respectively, as listed in Table 1. The close agreement 
between the calculated qe (6.878 mg/g) and the experimental value (6.832 mg/g) confirms that the adsorption of MR 
onto ANS follows the pseudo-second-order kinetic model with high accuracy.

Table 1. Values of kinetic parameters in the PFO and PSO models concerning the adsorption of methyl red onto Argan Nut Shells (ANS)

Adsorbent Qexp

(mg/g)

Lagergren (Pseudo-first-order ) Ho and Coll (Pseudo-second-order)

K1 (min-1) Qcal (mg/g) R2 K2 (g/mg·min) Qcal (mg/g) R2

ANS 6.832 0.034 6.753 0.972 0.127 6.879 0.999

3.2.3.3 Intra-particle diffusion model 

The intra-particle diffusion model is shown in Figure 13 and reveals two distinct phases in the diffusion pathway 
of MR onto ANS. The first, fast phase corresponds to the migration of molecules to the migration of molecules to the 
external surface of the adsorbent, while the second, slower phase reflects the approach to adsorption equilibrium.48 If 
intra-particle diffusion were the sole rate-limiting step, the curve would pass through the origin. However, the plot in 
Figure 13 deviates from this expectation, indicating that other processes also influence the adsorption rate. The different 
parameters obtained from this model are listed in Table 2.
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Figure 13. Intra-particle diffusion model for methyl red adsorption
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Table 2. Parameters of the intra-particle diffusion model for the adsorption of methyl red on Argan Nut Shells (ANS)

Weber and Morris29

Adsorbent
Step 1 Step 2

Kint (mg/g·min1/2) C1 R2 Kint (mg/g·min1/2) C2 R2

ANS 0.209 5.618 0.997 0.047 6.336 0.957

3.2.4 Adsorption isotherm of MR on argan nut shells

To further investigate the adsorption of MR onto argan nut shells, adsorption isotherms were established at 25 °C, 
covering various concentrations of MR. The Langmuir and Freundlich models aimed to elucidate the nature of these 
isotherms, the maximum adsorption capacity, and the potential mechanisms of interactions between the adsorbent and 
the dye. These isotherms are graphically represented in Figure 14. They highlight significant disparities in the adsorption 
of MR onto ANS. Analysis of the experimental data using the Langmuir and the Freundlich models confirmed these 
differences. Specifically, the Freundlich model exhibited close correspondence with the experimental points, whereas the 
Langmuir model did not match most of the collected data. The parameters derived from these models are summed up 
in Table 3. The values recorded in this table indicate that the correlation coefficient R2 approaches 1 for the Freundlich 
model, whereas the Langmuir model one is far from 1. This observation leads us to conclude that the Freundlich model 
provides a more consistent representation of the experimental outcomes regarding the MR adsorption equilibrium onto 
argan nut shells, thus conforming with previous research findings.
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Figure 14. Linear regression of methyl red adsorption isotherms on argan nut shells: Langmuir and Freundlich models
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Table 3. Parameters of the Langmuir; Freundlich linear models for methyl red adsorption

Parameters
Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 KF (mg(1-n)·ln·g-1) n R2

Values -6.011 -6.274 0.686 1.044 0.603 0.944

3.3 Thermodynamic study

Thermodynamic analysis, depicted in Figure 15 with the plot ln(Kc) versus 1/T, reveals significant variations in the 
thermodynamic parameters of adsorption on argan nut shells, as detailed in Table 4. At 298 K, the entropy (ΔS°) displays 
a highly negative value (-91.382 J/K·mol), which reflects a high degree of order at the solid-liquid interface during 
adsorption. The negative entropy value can be attributed to the reduced randomness and restricted mobility of dye 
molecules once adsorbed onto the surface, compared to their more dynamic state in aqueous solution. The negative ΔH° 
value (-32.8 kJ/mol) indicates an exothermic process. The magnitude of ΔH° suggests a predominance of physisorption, 
with possible contributions from chemisorption through interactions between the azo groups of MR and the oxygenated 
functional sites of ANS. These findings imply that the adsorption process is favorable at ambient conditions, which 
is particularly advantageous for wastewater treatment applications where additional energy input is undesirable. The 
negative ΔG° values at all studied temperatures confirm that MR adsorption onto ANS is spontaneous. However, at 
higher temperatures (308 K, 318 K, and 328 K), there is a trend towards decreasing ΔG° values, respectively reaching 
-4.722 kJ/mol, -3.808 kJ/mol, and -2.894 kJ/mol. Despite becoming less negative, ΔG° remains negative, suggesting 
that adsorption continues to be a spontaneous process even with increased temperature. This variation also indicates a 
change in the adsorption efficiency with respect to temperature. Nevertheless, the process remains favorable under all 
studied conditions.
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Figure 15. Line of the Van't Hoff equation for the adsorption of methyl red
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Table 4. Thermodynamic parameters for methyl red adsorption on argan nut shells

Adsorbent T (K-1) ΔS° (J/K·mol) ΔH° (kJ/mol) ΔG° (kJ/mol)

Argan nut shells

298

-91.382 -32.867

-5.635

308 -4.722

318 -3.808

328 -2.894

3.4 Mechanism of methyl red adsorption

The FTIR spectra of argan nut shells before and after the adsorption of methyl red (Figure 16) reveal noticeable 
spectral changes, highlighting the interactions between the functional groups of the adsorbent and the dye molecules. 
The broad O-H stretching band initially observed at 3,412 cm-1 undergoes a slight shift toward higher wavenumbers, 
suggesting a transition from a hydrogen-bonded hydroxyl group (within polysaccharides) to a more free hydroxyl group 
due to interactions with methyl red.
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Figure 16. FTIR spectra of argan nut shells before and after methyl red adsorption

A notable decrease in the intensity of the C-H stretching band at 2,918 cm-1 indicates the possible involvement 
of aliphatic chains in the adsorption process. The band at 1,742 cm-1, typically assigned to carbonyl (C=O) stretching 
vibrations, remains present after adsorption, confirming that it does not correspond to methyl red itself but rather to 
intrinsic esters or carboxyl groups in argan shells. To ensure accurate analysis, the spectra should be normalized relative 
to this band.

Significant changes are observed in the aromatic C=C and carboxylate-related vibrations at 1,618 cm-1 and 
1,437 cm-1, with both shifts in position and intensity variation, suggesting strong π-π interactions between the conjugated 
systems of methyl red and argan shells. Additionally, the torsional vibration at 607 cm-1 exhibits modifications, which 
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may indicate specific interactions between the azo (-N=N-) groups of methyl red and active adsorption sites on the argan 
shells.
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Figure 18. Diffractograms of argan nut shells before and after methyl red adsorption

It is also important to verify the presence of characteristic peaks of methyl red by analyzing its independent FTIR 
spectrum (Figure 17). The spectrum (methyl red) does not exhibit a band at 1,742 cm-1, confirming that this peak is not 
associated with the dye. Further analysis of small shifts in key bands (e.g., hydroxyl group and aromatic regions) could 
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provide deeper insights into the adsorption mechanism. These spectral modifications suggest that hydrogen bonding and 
π-π stacking interactions between MR molecules and the aromatic or oxygenated functional groups of ANS. Although 
the FTIR evidence remains indirect, the normalization strengthens the mechanistic interpretation, suggesting that 
multiple non-covalent interactions act synergistically to drive adsorption.

The diffractograms of argan nut shells before and after dye adsorption are presented in Figure 18. They show a 
remarkable similarity, suggesting that the material undergoes no significant alteration following this interaction with the 
dye. This similarity between the diffractograms indicates that the crystalline structure or arrangement of the material’s 
components remains fundamentally unchanged after dye adsorption. This suggests that the dye adsorption did not 
induce major modifications in the arrangement of particles or the crystalline structure of the argan nut shells, at least not 
at a scale detectable by X-ray diffraction.

4. Conclusions
The study confirms the potential of argan nut shells as a sustainable and low-cost adsorbent for the removal 

of methyl red. The adsorption process followed a pseudo-second-order kinetic model and was best described by 
the Freundlich isotherm, with thermodynamic parameters indicating spontaneity and exothermicity under ambient 
conditions. Surface analyses (FTIR, XRD, SEM, and EDS) verified interactions between MR molecules and the 
functional groups of ANS.

Furthermore, the maximum removal efficiency (53.5%) is moderate compared with activated or chemically 
modified adsorbents; however, ANS remain competitive due to their abundance, negligible cost, and environmental 
value as an underutilized biomass. The main limitations of this study are the absence of specific surface area and pore 
structure measurements by the BET method, due to the unavailability of the required equipment, and the use of distilled 
water instead of real effluents. Future research should address these limitations by incorporating surface area and 
porosity analyses, exploring surface modification or composite development, and testing ANS in complex wastewater 
systems to enhance performance and applicability.

By valorizing argan residues for wastewater treatment, this work contributes to sustainable dye remediation 
strategies and supports a circular economy approach in regions where argan oil production is significant.
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