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Abstract: The dyes poses a threat to the aquatic organisms, human health and the
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end, the phosphoric acid chemical method was adopted for the synthesis of activated
carbon. Furthermore, physicochemical and textural characterizations were performed,
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including analyses by Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
(EDX) spectroscopy, and the Lopez-Ramon method (1999). To evaluate the adsorption
capacity of the activated carbon, an experimental study of MB dye removal using the
batch method was conducted. First-order and second-order adsorption kinetics,
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Langmuir and Freundlich adsorption isotherms, and intraparticle diffusion were
determined. Specifically, the mass yield and low ash content, parameters indicating the
amorphous state of the adsorbent, and the pH at the zero-charge point (pH .= 5.16)

were determined. FTIR spectroscopy analysis reveals the chemical bonds related to
predominantly acidic functional groups, while XRD indicated the absence of
crystallization in the activated charcoal. SEM at 100 pum illustrates the picture of the
surface of the charcoal. EDX analysis of the activated charcoal reveals the presence of
carbon and oxygen. Characterization and experimental results show that the ABPC is
amorphous. Experimental adsorption studies reveal a MB removal rate exceeding 98%;

326-344. Langmuir and Freundlich adsorption isotherms, the pseudo-first-order kinetic model,

the second-order model, and intraparticle diffusion were investigated. ABPC is
therefore a potential alternative adsorbent for wastewater treatment.

1. Introduction

The textile industry uses synthetic dyes to color various products such as fibers and yarns
(Abdelhafez et al., 2025). These synthetic dyes are non-biodegradable organic compounds with
aromatic structures, known for their toxicity, mutagenic, and carcinogenic properties (Din et al.,
2024; Baari et al., 2025). Wastewater generated by these industries is heavily laden with dyes. This
industrial wastewater is often discharged into rivers, streams, lakes, and the environment. The
presence of these dyes in surface waters poses a threat to the environment, human health, and aquatic
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life. Methylene blue (MB), a dye with a stable aromatic structure, can cause gastrointestinal irritation,
nausea or vomiting, dyspnea, and cyanosis if ingested (Ismail er al., 2025). These dyes lead to
reduced light penetration into waters, limiting photosynthesis, disrupting aquatic life and degrading
water quality (Aljeboree et al., 2024; Abdelhafez et al., 2025).

Agricultural activities lead to the production of ever-increasing by-products. Whether cereals,
legumes, or tubers, a portion of crops is discarded as waste after harvest. These agricultural residues
are primarily composed of cellulose, hemicellulose, and lignin. Poor management and the
proliferation of these residues in the biosphere contribute to the degradation of quality of life, surface
water pollution, and environmental degradation. Transforming agri-food residues into activated
carbon offers a sustainable, value-added product alternative; it contributes to promoting the circular
economy and reducing environmental pollution (Alkhawaja & Abdul-Hameed, 2025; Kaga et al.,
2024). Previous studies have addressed the production and uses of activated carbon. Furthermore,
activated carbons are adsorbents that find applications in water treatment, gas purification, and dye
removal (Balogoun et al. , 2015; Akartasse et al, 2022; Faouzou et al., 2024). Various local
agricultural residues have been used as precursor materials for activated carbons. For example, cotton
residual (Tchakala et al., 2012), corn cobs and stalks (Armand et al., 2020; Kumaravel et al., 2024),
peanut shells (Diallo et al., 2022), Typha (N'diaye et al., 2022), and coconut shells (Saleem et al.,
2025) have been used to prepare activated carbons using the chemical activation method. In reality,
there are two activation modes: chemical activation (400°C—700°C) and physical activation (800°C—
1000°C) (Shamsuddin et al., 2016). The two most commonly used chemical agents are zinc chloride
and phosphoric acid. In recent years, phosphoric acid has been used more frequently in the chemical
activation of coal, not only for economic and environmental reasons, but also because it contributes
to the proliferation of micro- and mesoporosities in the coal matrix (Zayed et al., 2023). The
applications of adsorbents depend on understanding their properties, which are in turn deduced from
physicochemical and textural characterizations.

The common bean, Phaseolus vulgaris, is a legume cultivated for its protein-rich seeds in
various regions of Togo. After harvesting and shelling, the bean pods, the elongated coverings
containing the seeds, are discarded; they are part of the agricultural residues generated and left
behind after harvest. However, they can be used to produce value-added products, such as activated
carbon.

The most widespread method for treating bean by-products remains combustion, which
generates harmful gases, contributing to environmental pollution. The preparation of activated carbon
requires an economic investment that impacts its uses, even though it is effective for water treatment
(Atheba et al., 2014). It is necessary to find simple, local resources to ensure the production of
adsorbents at a lower cost. Bean husks, available locally, are a biomass that can be transformed into
activated carbon, as an alternative to commercial activated carbon. Therefore, precursor materials,
bean husks, were collected from farmers in the Maritime Region of Togo for processing into
activated carbon.

The objective of this study is to prepare activated carbon from bean pods and to characterize it
using physicochemical and textural methods. Furthermore, the study aims to apply the carbon to the
removal of methylene blue dye. The activated carbon is prepared using a chemical activation method
with phosphoric acid. Characterization techniques include X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX), the Lopez-Ramon method, and ash content determination.
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First-order and second-order adsorption kinetics, Langmuir and Freundlich adsorption isotherms, and
intra-particle diffusion were determined.

2. Materials and methods
2.1 Materials and chemicals

The raw materials used for the synthesis of activated carbon are bean pods (Phaseolus vulgaris).
These precursor materials, bean pods, were collected from farmers at the Maritime Region of Togo.
To prepare the activated carbon and perform the physicochemical analyses, the following chemical
reagents were used.

Phosphoric acid H,PO, (85%) is purchased from Park Scientific Limited, Northampton, UK;

hydrochloric acid (ACS, 37%) is from Merk KGaA, Darmstadt Germany, USA; sodium chloride
(NaCl >99.5%), sodium hydroxide (NaOH, 98%), methylene blue (Molecular mass: 319.85 g-mol™,
chemical formula : C,;H,,N,SCl) are purchased from Sigma Aldrich, St Louis, MO, USA.

2.2 Preparation of activated charcoal

The sample was then washed with distilled water to remove impurities and dried at room
temperature on a laboratory bench. Using a blender, the pods were ground into small pieces and then
dried again, this time in an oven (ISUZU brand) at 105°C for 24 hours before impregnation.

After drying, the pods were impregnated with a dilute H,PO, 50% phosphoric acid solution at a

ratio of 2 (2g of phosphoric acid to 1g of precursor). The resulting mixture was thoroughly kneaded
using a stick. The impregnated solution was then stored in a sealed container for 24 hours to allow for
carbonization. The impregnate is distributed into pre-dried porcelain crucibles; these are weighed and
placed in a container, a metal jar designed and adapted to hold the sample crucibles. The jar
containing the samples is placed in the electric furnace (SNOL brand). Carbonization is a pyrolysis
process carried out at 400°C for 2 hours. The temperature rises from ambient to 400°C, where it
stabilizes within a range for 2 hours before decreasing. The carbonized material, activated carbon, is
removed from the furnace, placed in a desiccator for cooling, and then weighed before washing. The
mass yield of production and the activation rate (burn-off) of activated carbon are determined by
Eqn. 1 and Eqn. 2:

Mass (%)= ——4Cx100 Eqn. 1

Precursor

Bum_Off(%):wx 100 Eqn. 2
Precursor
The activated carbon is washed first in a hydrochloric acid solution (0.1M) for 24 hours, then
thoroughly washed with distilled water until the residual water reaches a constant pH (pH200E
meter). After filtration and drying at 105°C for 24 hours, the activated carbon is stored in a sealed
container for characterization.

2.3 Characterization

The activated carbon produced is characterized using physico-chemical and textural analysis
techniques, including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) coupled with energy-dispersive X-ray (EDX) analysis,
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thermogravimetric analysis, the Lopez-Ramon method (1999), and the ash content determination
method.

X-ray diffraction (XRD) techniques performed at angles 20 ranging from 5° to 69.8° using a
Brucker D8 Advance diffractometer equipped with a copper anode and the ash content determination
technique (Armand et al., 2020) were used to identify the mineralogical composition and crystalline
phases present in the coal. Scanning electron microscopy (SEM) coupled with energy-dispersive X-
ray spectroscopy (EDX) enabled observation of the pore distribution on the surface of the activated
carbon and its elemental chemical composition. Fourier transform infrared (FTIR) spectroscopy was
used to study the surface chemistry by identifying chemical functional groups. Thermogravimetric
analyses (TGA) were performed to investigate the thermal stability of the prepared activated carbon
and to determine the different decomposition phases. The Lopez-Ramon method (1999) (Tchakala et
al., 2012)was used to determine the pH at the zero-charge point, and the burn-off value was
determined to infer the nature of the material's porosity.

Knowledge of these characteristics will not only allow us to evaluate the adsorption capacity of
the analyzed activated carbon, but will also guide its application in the context of pollutant removal.

2.4 Experimental study of activated carbon adsorption

To determine the usefulness of activated bean pods carbon (ABPC), as an adsorbent, the
adsorption of a model dye, methylene blue (MB), was studied. First, 1 g- L' of MB stock solution was

prepared by dissolving 1 g of MB powder in a 1000 mL volumetric flask with distilled water. Several
daughter solutions were prepared by diluting an appropriate volume of the stock solution, and then
calibration was performed. The absorbance of the solutions were read using a Ultraviolet-visible
(UV-vis) spectrophotometer (INESA 754N) at a wavelength of 4= 620 nm. The equation used to
calculate the residual concentrations of the MB solutions was determined by plotting the absorbance
versus MB concentrations (mg-L") line by Origin.

Experimental studies of MB adsorption on ABPC were conducted by applying a batch method.
A quantity of ABPC was introduced into a 250 mL beaker containing 200 mL of a MB solution of a
given initial concentration. The mixture (ABPC + MB) was then subjected to magnetic stirring (using
SCIENTIFIC brand stirrer) at 300 rpm. At regular intervals, samples were taken, the residual
concentrations of MB were determined. Furthermore, the effect of ABPC mass and the effect of
initial concentrations on the equilibrium time adsorption were investigated. The initial concentrations
of MB solutions values such as 20mg-L", 30mg-L"', 40mg-L"', 50mg-L"' were used to carry out

the adsorption experiment on 0.1g, 0.2g and 0.3g of ABPC.
The amount of MB adsorbed per unit mass and the percentage of ABPC elimination are
determined by using the equations Eqn. 3 and Eqn. 4:

Eqn. 3

gmg-g = C= W
m

Removal(%) = (C‘)C;Ce)

0

x100 Eqn. 4

C, and C, denote the initial concentration of MB and the equilibrium concentration of BM,

respectively; m and V represent the mass of ABPC and the adsorption volume, respectively. First-
order and second-order kinetic adsorption studies, Langmuir and Freundlich adsorption isotherms,
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and intraparticle diffusion were explored to explain the interactions between MB molecules and
ABPC.

2.4.1 Kinetic and isothermal studies of adsorption
2.4.1.1 Adsorption Isotherms

Adsorption isotherms relate, at a given temperature, the quantities of adsorbate molecules to the
quantities of adsorbents at equilibrium. They analyze experimental data and facilitate the description
of pollutant adsorption. The Langmuir and Freundlich models were applied to analyze experimental
data of the adsorbent-pollutant system. The Langmuir adsorption isotherm is obtained by plotting the
graph of (L) versus (L) while the Freundlich adsorption isotherm is obtained from the plot of

q, ¢,

In(q,) versus In(C,). Eqn. 5 and Eqn. 6 represent Langmuir and Freundlich isotherms respectively

(Abdelhafez et al., 2025; Bortoluz et al., 2020; Din et al., 2024).

L L+ ! Eqn. 5

qe qmaxKL Ce qmax

1
In(q,)=In(K ,)+—=In(C,) Eqn. 6
n
K, (mg-L") and q,, (mg-g") respectively denote the Langmuir constant and the maximum
adsorption capacity; K, characterizes the interactions between the BM dye and the CAH;

characterizes the strength of an adsorption. The parametersq,, ,K, ,R, L K, are determined by
n

Eqn. 7, Eqn. 8, Eqn. 9, Eqn. 10, and Eqn. 11.

—— _ Eqn. 7
Intercept
-t Eqn. 8
“ Slope- Qprax an-
1
Ri=——— Eqn. 9
1+C,-K,
1
—=Slope Eqn. 10
n
K =Antiln(Intercept) Eqn. 11

K, and 1 are Freundlich constants; K . determines the adsorption capacity and 1 measures the
n n

heterogeneity of the adsorption intensity or the degree of non-linearity (Baari ef al., 2025).

2.4.1.2 Adsorption kinetics

Adsorption kinetics according to two kinetic models, pseudo-first order and pseudo-second
order, were analyzed. The adsorption kinetics of the pseudo-first order and the adsorption kinetics of
the pseudo-second order are obtained by plotting the graph of In In(q,-q,) versus time (t) and the

graph of _t versus t (time), represented by Eqn. 12 and Eqn. 13 respectively:
q.
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In(q,- q,)=In(q,) - k, - t Eqn. 12

——+—t Eqn. 13

The rate constants k and k,the amount MB adsorbed at equilibrium are determined from the

equations of the linear fit lines corresponding to equations Eqn. 12 and Eqn. 13

Pseudo-first-order kinetics assumes that the reaction rate is proportional to the concentrations of
dyes/pollutants in the solution and is controlled by surface interactions of the adsorbent. However,
pseudo-second-order kinetics assumes that adsorption is chemical in nature and occurs in determinate
steps; it allows us to deduce whether there are interactions between the adsorbate molecules and the
adsorbent surface, interactions which will potentially enhance adsorption.

2.4.2 Intra-particle diffusion

The adsorption of dyes can be explained by the intra-particle diffusion model. When adsorption

reactions occur via intra-particle diffusion, the curve representing the quantity of dye adsorbed per
1

unit mass of adsorbent (q,) versus square root of time (t2) is a straight line, represented by Eqn. 14

1

q,=k, -t>+C Eqn. 14

k,is the intraparticle diffusion constant and C (mg-g") is the constant that characterizes the

boundary layer thickness. When the value of the constant C is zero, intraparticle diffusion is the
limiting phenomenon of the adsorption process; when it is negative, adsorption is slow; it is fast
when C is positive (Bassareh ef al., 2023).

3. Results and discussion

3.1 Mass yield and activation rate

The mass yield of activated carbon from bean pods is 44.32%, and the corresponding activation
rate is 55.68%. This high activation rate, or loss on ignition (greater than 50%), indicates that the
activated carbon will tend to develop medium to large pores (mesopores and macropores). Loss on
ignition (burn-off) is due to the loss of volatile matter and particles under the effect of heat during
carbonization, ultimately creating pores within the material (Tchakala ez al., 2012). The nature of the
pores depends on the precursor materials, as well as the preparation conditions.

3.2 The ash content

The mineral content of activated carbon is assessed based on the ash content. The ash content of
the activated carbon was determined using the standard method. The activated carbon produced has
an ash content of 2.51%. This relatively low value indicates that activated carbon prepared from bean
pods is an amorphous porous solid composed primarily of carbon. Similar results have been reported
in the literature for activated carbon made from cashew nut shells at 400°C (5.66%) (Brou Guillaume
et al., 2019) and activated carbon prepared from the kernel shell of Balanites aegyptiaca (6.66%)
(Maazou et al., 2018). Indeed, the high ash content of activated carbons reduces their pollutant
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adsorption capacity; the minerals constituting the ash obstruct certain pores (Mamane et al., 2018;
Ouedrhiri ef al., 2018) and prevent access to adsorption sites.

3.3 The pH at the point of zero charge of activated carbon
The pH at the point of zero charge (pH,,.) of activated carbon analyzed by the bisector method,

is shown in Figure 1.a and is equal to 5.16. This value, less than 7, is correlated with the acidic
functional groups (lactones, carbonyls, carboxyls) present on the surface of the produced charcoal.
This may be due to the raw material and the phosphoric acid chemical activation method used during
charcoal preparation. Similar results have been reported in some studies in the literature, particularly
for activated charcoals obtained by phosphoric acid activation of the kernel shells of Balanites
aegyptiaca (L.) Del. fruits (pH,.= 5.08) (Mamane et al., 2018), cottonseed cake (pH,.= 5.3)

(Tchakala et al., 2012), and corn cobs (pH,,.= 5.3) (Armand et al., 2020). The value of pH at the

point of zero charge contributes to predicting the adsorption mechanism of pollutants in aqueous
solution and helps to explain the optimal conditions for cationic or anionic adsorption (Asuquo et al.,
2017). At the point of zero charge, the surface of the carbon carries as many negative charges as

zprC

positive charges, which neutralize each other. Adsorbents with high values of pH,. have a greater

zpPC
affinity for adsorbing anionic pollutants, while those with low values are more favorable for binding

cationic pollutants (Usman et al., 2025). If the pH is low (pH<pH,,.), there is protonation of the

ZPC
oxygenated sites on the carbon surface, which becomes positively charged, leading to cation
repulsion. Thus, the adsorption capacity of the adsorbent for cationic pollutants under this condition
is reduced. However, when the pH is high (pH>pH,,.), the surface of the adsorbent becomes
negatively charged, which is favorable to the adsorption of cations from pollutants through electrical
attraction (Yunusa, Umar et al., 2020).

2 4 6 8 10 12

12 4| —m—Curve of relation Final pH=f(Initial pH)
~—&— First bisectrix curve

Final pH
Intensity (Cps)

. PHgzc=5,16

Initial pH 2Theta(*)

Figure 1. pH at the point of zero charge (a), X-rays diffraction (XRD) (b)

3.4 X-ray diffraction analysis (XRD)

The curve representing the results of the X-ray diffractometer analysis of activated bean pods is
shown in Figure 1.b. This curve illustrates the structure of the sample exposed to X-rays, which
characterizes the arrangement of atoms that constitute the sample matrix. Analysis of the
diffractometer reveals two broad peaks around 25° and 43° for 26, characteristic of an amorphous
structure present in the pod matrix (Suyoga Wiguna et al., 2024; Touzani ef al., 2024). The activated
bean pods are therefore an amorphous solid and contain no crystalline structure (Collins Ngoe et al.,
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2018). This is similar to XRD analysis results from previous work on activated carbons prepared
from plant precursors, showing the absence of crystallization (Kifuani Kia Mayeko ef al/ ., 2012;
Shamsuddin et al ., 2016; Zigzio et al ., 2020). However, a difference is noted when comparing with
the XRD analysis results of activated charcoal prepared from corn cobs by chemical activation with
phosphoric acid, which has a crystalline structure (Farma, 2019 ; Olorundare et a/ ., 2014) .

3.5 Fourier transform Infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed to identify the functional groups
present on the surface of the activated carbon and the raw material. For this purpose, infrared
spectroscopy, carried out in a wavenumber range of 500cm™ to 4500cm”, revealed peaks or
absorption bands characteristic of the functional groups. The infrared spectrum of the analyzed
activated carbon and raw material is shown in Figure 2. The main chemical bonds and their
absorption numbers are listed in Table 1. The absorption spectrum of activated carbon and the
material shows prominent bands with absorption peaks. The absorption band centered on 3655 cm™
is attributed to hydroxyl group (-OH) stretching vibrations (Ojstrsek et al., 2022) (Mahmoud et al.,
2025)of alcohols (Al-Asadi et al., 2025), phenols, and carboxylic acids. The intense absorption peaks
corresponding to wavenumbers 2956 cm™, 2914cm™, 2877 cm”, 2836 cm™ are due to the stretching
vibrations of the CH bonds (Allahkarami e al., 2023) (CH, ) and methyl (CH,) groups. (Salama et

al., 2024; Sanni et al., 2025). The appearance of low-intensity peaks in the CAH spectrum at 2173
cm”and 2034 cm™is associated with C=N bond vibrations (Salama et al., 2024) or C=C bond
vibrations of alkynes (Aljeboree ef al., 2014); while the peak appearing at 1739 cm™ is due to C=0
bond vibrations (Ojstrsek & Gorgieva, 2024) of aldehyde groups, saturated carboxylic acids or acetyl
groups in hemicelluloses (Shamsuddin ef al., 2016). These low-intensity vibrations observed are
associated with the aromatization and formation of oxygen groups (aldehyde, ketone, ester,
carboxylic acid) that occurred during phosphoric acid activation and calcination at 400°C.

——CAH
Raw material

Transmistance (%)

ARSI R S
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. Fourier Transform Infrared (FTIR) spectra of ABPC and raw material

The peak observed at 1155c¢cm™ can be attributed to the stretching vibrations of O-P-O (Al Lafi
& Khuder, 2025), P-O-C, P=0O, P=OOH (Zayed et al., 2023), characteristic of phosphates or
polyphosphates (Alouiz et al., 2025), while the peak identified at 1294 cm™ corresponds to the
presence of phenol and lactone groups (Kanawade & Gaikwad, 2011) or to the N-H bond
characteristic of amides III (Lv ef al., 2024). Peaks 1453cm™ and 1372cm” originate respectively
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from the vibrations of the C=C, C-C bonds of aromatic groups (Dunston et al., 2025; Fitri Faradilla et
al., 2021) and the vibrations of the OH groups of phenols (Raheel et al., 2024), or from the angular
deformation of the C-H groups of hemicelluloses (Bortoluz et al., 2020). In addition, the peaks
identified around 969 cm™and 836cm™ are attributed to the out-of-plane bending of the C-H bonds
(Dunston et al., 2025) attached to aromatic rings or alkene groups (Sudarsan er al, 2025).
Furthermore, the presence of functional groups (lactones, carbonyl, carboxyl) indicates that the
surface of activated carbon contains predominantly acidic chemical functions (Khadiran ef al., 2014)
(Fathy et al., 2012). This is consistent with the pH value at the zero charge point charge (pH, .=

ZPC
5.16). The presence of oxygenated groups (aldehydes, ketones, lactones, carboxylic acids, carbonyls,
esters) on the surface of the activated carbon justifies the lignocellulosic nature of the precursors,
bean pods (Balogoun et al., 2015). Furthermore, the presence of carboxyl acid, ketone, and phenol
groups makes ABPC a potential adsorbent of cationic pollutants (Saleem, 2024).

3.6 Scanning electron microscopy coupled with energy-dispersive X-rays (SEM/EDX)

The Figure 3 shows the image of the observation by the SEM at 100umand the EDX

micrograph of the ABPC, while Figure 4 highlights the main constituent chemical elements of
ABPC by energy-dispersive X-ray (EDX) analysis. Scanning electron microscopy observations at
100 um illustrate the diverse porosity developed on the surface of the ABPC; in addition to the pores,

particles are present on the surface of the activated carbon. The particles revealed are residues that
occurred during the carbonization of plant-based precursors (Hazourli & Ziati, 2007). Pore formation
depends on the activating agent used and the carbonization process. Indeed, phosphoric acid
molecules integrate into the biomass, modifying its structure by forming bonds with atoms during
impregnation.

[l Spectre somme de carte

Figure 3. SEM/EDX image of ABPC

During carbonization, these bonds between atoms and the activating agent molecules, phosphoric
acid, break. Under the effect of heat, these activating agent molecules, as well as other chemical
species, escape from the material as a gaseous mixture, subsequently leaving voids or pores (Fathy et
al., 2012; Olorundare et al., 2014). EvaporationH,PO, during carbonization promotes porosity

development and explains the porous nature of activated carbon (Zayed et al., 2023). Furthermore,
carbons with small accessible pores have a better adsorption capacity than adsorbents with large
pores (Atheba et al., 2014). The elemental chemical composition of ABPC, determined by energy-
dispersive X-ray (EDX) spectroscopy, is shown in Table 2. Each identified chemical element is
accompanied by its atomic percentage. Analysis of these elemental chemical composition results
indicates that activated carbon has a high carbon content (77.83%).
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Figure 4. EDX image illustrating the main elements constituent of ABPC

Table 1. FTIR Analysis, chemical bonds

Waves numbers | 3655 2956 2836 2173 1739 1453 1294 969

(cm™) 2914 2877 2034 1372 1155 836
Bonds O-H C-H C-H C=C C=0 C=C P-O-C C-H
C=N C-C P=0

O-H P=OOH

Table 2. Atomic percentages of chemical elements in ABPC

Element C 0) K Al | Mg Si P Ca S Cl

% atomic | 77.83 | 20.86 | 0.52 | 0.20 | 0.18 | 0.13 | 0.11 | 0.12 | 0.03 | 0.02

3.7 Adsorption study
3.7.1 Influences of initial solution concentrations

Figure 5.a shows the percentage of MB adsorption per unit mass of ABPC as a function of time,
at different initial MB concentrations (20mg-L"', 30mg-L', 40mg-L' and 50mg-L"). It can be
seen that the removal of the MB dye is approximately 98% in about 30 minutes. The maximum rate

of removal is highly dependent on the initial concentrations of the solutions. The removal time is
shorter for solutions with low initial concentrations than for solutions with high concentrations.

3.7.2 Mass influences of activated carbon

Figure 5.b shows the percentage of MB adsorption per unit mass of ABPC as a function of time
at different masses (0.1 g, 0.2 g, and 0.3 g). The maximum percentage of MB adsorbed is reached at a
short time as the mass of ABPC increases. The greater the mass of activated carbon used, the faster
the adsorption reaction of MB onto ABPC. The number of adsorption sites increases with the mass of
the adsorbent. Access to adsorption sites by dye molecules promotes rapid dye removal at shorter
times.
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Figure 5. Influence of initial concentration (a) and influence of mass (b) on the percentage of MB elimination
versus time

3.7.3 Intra-particle diffusion and isotherms
3.7.3.1 Adsorption isotherms

Adsorption isotherms relate, at a given temperature, the quantities of adsorbate molecules to the
quantities of adsorbent at equilibrium. They allow for the analysis of experimental data and facilitate
the description of pollutant adsorption. The Langmuir and Freundlich models were applied for the
analysis of experimental data of the adsorbent-pollutant system. The experimental results are
illustrated in Figure 6 and Table 4. The Langmuir separation factor (R, ) calculated from Eqn. 9 is

respectively 0.022, 0.015, 0.011, 0.009 for BM solutions with initial concentrations of 20mg-L",
30mg-L"', 40mg-L"', and 50 mg- L' and the linear correlation coefficient (R 2 ) is 0.95. Note that the
Langmuir separation factor R, is such that 0<R, <1. Therefore, the adsorption process of MB on

ABPC is favorable. This implies that the adsorption of MB on the adsorption surfaces occurs in a
monolayer with a reduction of interactions between molecules (Baari et al., 2025; Din et al., 2024).

20 30 40 50 60 30 3,2 34 36 38 40
60 40 ’ . . . . 4,0
» 1/q.=f(1Ce) 460
0 —— Linear fit of 1/q,=f(1/Ce) 3,8 4 ‘ . |Q(qc)=fﬁcc) 438
150 Linear fit of In(q,)=f(C,)|
P 3,6 4 436
k=)
40 -
E, J40 =
< £ 344 = 434
g
30 4 n
430 3,2 4 43,2
y=1,82935+0,83984x; R?=0,94927
29 = a J20 3,0 b 430
2 30 40 50 60 30 3.2 34 36 38 40
1/C,(L.mg™) In(C,)

Figure 6. Langmuir isotherm (a) and Freundlich isotherm (b)

The graph of In(q,) versus In(C,) is linear, with a correlation coefficient R? equals 1. The

constants K,and L are both equal to 1. The correlation coefficient of the Freundlich model is
n

significantly higher than that of the Langmuir model. Therefore, the Freundlich isotherm model
appears better suited to the adsorption of MB onto the ABPC. This suggests that MB adsorption
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occurs through the formation of a multilayer structure on a non-homogeneous surface, with
interactions between the molecules constituting the layers.

3.7.3.2 Adsorption kinetics

Pseudo-first-order and pseudo-second-order adsorption kinetics were applied to analyze the
sorption of methylene blue onto activated carbon. Pseudo-first-order adsorption kinetics implies that
the reaction rate is proportional to the methylene blue concentration and controlled by surface
interactions; furthermore, the adsorption reaction rate increases with the number of available
adsorption sites. However, the pseudo-second-order kinetic model posits a chemical adsorption
process with distinct steps. The graphs representing the first-order and second-order models are
shwon in Figure 7. The results of the calculations of the rate constants, the quantities of MB
adsorbed per unit mass of coal at equilibrium and the experimental values as well as the intraparticle
diffusion parameters are presented in Table 3.

The experimental values of the amount of BM adsorbed per unit mass of carbon at equilibrium
(19.61, 29.47, 39.45, 48.95mg-L") show a large discrepancy with the amounts of MB adsorbed

calculated using pseudo-first-order kinetics (3.76, 3.83, 6.80, 12.00mg-g™'). This discrepancy

implies that there is no correlation between the experimental data and the calculation according to the
first-order kinetic model. Consequently, it is deduced that the adsorption of the MB dye by ABPC
does not follow the pseudo-first-order kinetic model. The pseudo-first-order kinetic model of
adsorption is not suitable for describing the adsorption mechanism of methylene blue on ABPC.
Regarding the second-order kinetic model, it should be noted that the results of the Calculations of
the quantities of BM adsorbed per unit mass of coal at equilibrium (19.85; 29.67; 39.77;

49.65mg-g™) are approximately equal to the experimental data (19.61, 29.47; 39.45; 48.95mg-g™).

. t .. . .
The plot of the representative curves — versus t is linear, and the value of correlation coefficient R 2
4,

(0.99) is close to 1, regardless of the initial concentrations of the solutions. The second-order
adsorption kinetics model better describes the adsorption of MB on the ABPC, as it appears to fit the
experimental data better. Consequently, the removal of MB by ABPC is potentially chemisorption-
related; this involves not only valence forces, or electron exchange, but also interactions between the
adsorbate molecules and the adsorbent surface (Abdelhafez ez al., 2025; Luo et al., 2025). It is these
interactions that potentially facilitated the removal of the MB dye.
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Figure 7. Pseudo-First-order kinetic model (a) and Pseudo-second-order kinetic model (b)
Table 3. Pseudo-first order, pseudo-second order and intra-particle diffusion kinetics models
Geexp Pseudo-first order Pseudo-second order Intra-particle diffusion
Co ky qe R? k, qe R? ka C R?
. mo-1
(g-mg™) ol | min”' mg-g7t g-mg~t-min~! mg-g~! 1 mg-g’
m g g -1 : 2
mg-g -min
20 19.61 0.13 3.76 0.70 0.09 19.85 0.99 1.25 14.26 0.63
30 29.47 0.11 3.83 0.91 0.01 29.67 0.99 1.16 24.36 0.72
40 39.45 0.14 6.79 0.94 0.06 39.77 0.99 0.99 34.47 0.90
50 48.95 0.09 12.00 0.94 0.02 49.65 0.99 3.38 32.72 0.81

Table 4. Langmuir and Freundlich isotherm parameters

Adsorption Langmuir isotherm Freundlich isotherm
isotherm
qm K; R? Kg n R?
Constants = (mg-g™') @ (mg-L?) (mg-g71)
0.54 2.17 0.95 1 1 1

3.7.3.3 Intra-particle diffusion

The study of dye sorption can be explained by the intraparticle diffusion model. The curves

representing the amount of dye adsorbed per unit mass of adsorbent (q,) versus the square root of
1
time (t?) are shown in Figure 8.a. Characteristic parameters such as the diffusion rate constant (k,),

the correlation coefficient (R?), and the diffusion constant (C) have been calculated and are
illustrated in Table 3. The diffusion constant being positive implies that the diffusion process to the
sites happens quickly and adsorption is rapid (Bassareh ef al., 2023; Wang & Guo, 2022).

Figure 8.b illustrates the amount of MB adsorbed per unit mass of ABPC versus time (t), at
different initial MB concentrations (20mg-L', 30mg-L"', 40mg-L"', 50mg-L"). The resulting

curves show three phases, indicating that MB adsorption occurs in three phases. In the first phase,
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adsorption is rapid, becomes slow in the second phase, and then approaches equilibrium in the third
phase. Since free adsorption sites are available in the first phase, the molecules migrate from the dye
to the surface of the carbon and then into the internal pores where they are adsorbed.

The number of adsorption sites decreases as the process continues; this would explain the
slowness of adsorption until equilibrium is reached. At the initial concentration of 40mg-L", the

1
diffusion coefficient k, (0.99mg-g"-min ?) is smaller, but the linear correlation coefficient

R?(0.90) is higher, and the corresponding diffusion constant C (34.47mg-g™') is greater. Therefore,
the diffusion of MB dye particles into the pores of activated carbon under these conditions is not only
slow, but the maximum amount of MB adsorbed per unit mass of carbon is also greater. Thus, the
best adsorption condition for MB on carbon is when the initial concentration of methylene blue is
close to 40mg-L".

The adsorption of MB onto ABPC was carried out under conditions where the initial pH of the
MB (cationic dye) solutions was acidic, but exceeded the pH at the point of zero charge
(pH,,.=5,16) of ABPC. Thus, the surface of the carbon is predominantly negatively charged, and

adsorption is controlled by electrostatic interactions on the one hand. Electron interactions z-r due to
the presence of aromatic rings in both the structure of the dye and the activated carbon derived from

bean pods (cellulose, hemicellulose, lignin) are favorable to adsorption on the other hand (Bortoluz et
al., 2020).

05 10 15 20 25 3.0 3.5 40 45 50 55 6.0 0 10 20 30 40 50 60
60 T T T T T T 60 T T
50 - 50
50 - C,=50mg L";R?=0,81257 50
v
40 40
40 440
= _ a.p2_ N _ A
o - C,=40mg.L";R?=0,90289 20 —#—Cp=20mg.L"'| 4
£ ” M 1% g —e—Cy=30mg L
] by C,=30mg L ;R*=0,71994 o " a— C,=40mg L’ 1
1 ’_-__._LL__I—-‘—"—"'_"_'_" 1% —+— C=50mg L
C,=20mg.L"'; R*=0,63172
a
10 4 a 410 10 b 110
0 T T T T T T T T T 0 0 T T T T T T 0
05 10 15 20 25 3.0 3.5 40 45 50 55 6.0 0 10 20 30 40 50 60
t'2(min'?) t(min)

Figure 8. Intra-particle diffusion (a) and amount of MB adsorbed per gram of ABPC versus time at different
initial concentrations (b)

Conclusion

The production of activated carbon from bean pods by chemical activation with 50% phosphoric
acid was successfully carried out. The activation rate exceeding 50% implies that the activated
carbon would tend to develop meso- and macropores during pyrolysis at 400°C. X-ray diffraction
analysis and the low ash content (5.4%) indicate that the activated carbon prepared by chemical
activation with phosphoric acid is an amorphous solid. Infrared analysis revealed the presence of
functional groups characteristic of carboxylic acids, alkenes, lactones, carbonyls, amines, amides, and
phosphorus compounds. Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
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spectroscopy (EDX) illustrated the heterogeneous pore distribution and the elemental chemical
composition of the carbons. Indeed, the predominant atoms constituting activated carbon are carbon
(77.83%) and oxygen (20.86%), followed by small amounts of magnesium, potassium, and
phosphorus. Based on the physicochemical characterization results, the activated carbon obtained
possesses good characteristics, and its application for removing pollutants from wastewater is
feasible. Energy-dispersive X-ray (EDX) analysis of the activated carbon highlights the presence of
carbon and oxygen. The characterization and experimental results reveal that the activated carbon
from bean pods is amorphous, with a MB removal rate exceeding 98%. It is therefore a potential
alternative adsorbent for wastewater treatment. The pseudo-second-order kinetic model best
describes the adsorption of methylene blue by the carbon. The best conditions for intra-particle

diffusion are those in which the initial concentration of the solution is close to 40 mg-L".
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