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Abstract

Dyes represent an important category of pollutants that are harmful for
aquatic organisms, human health and the environment. The present study
aims to prepare activated soybean hulls carbon (ASHC) in order to apply for
the removal of methylene blue (MB) dye. To this end, the phosphoric acid
chemical method was adopted for the synthesis of activated carbon from soy-
bean hulls. Furthermore, physicochemical and textural characterizations were
performed, including analyses by thermogravimetric (TG-DTG) analysis, X-
ray diffraction (XRD), scanning electron microscopy (SEM), energy-disper-
sive X-ray (EDX) spectroscopy, and the Lopez-Ramon method (1999). An ex-
perimental study of MB dye removal using the batch method was carried out
for ASHC adsorption capacity evaluation. First-order and second-order ad-
sorption kinetics, Langmuir and Freundlich adsorption isotherms, and intra-
particle 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 (pHzpc= 4.25) were determined. XRD indicates
the absence of crystallization in the activated charcoal. SEM at 25 um illus-
trates the picture of the surface of the charcoal. EDX analysis of the activated
charcoal reveals the presence of carbon and oxygen. Characterization and ex-
perimental results show that the ASHC is amorphous. Experimental adsorp-
tion studies reveal an MB removal rate exceeding 96%; the pseudo-first-order
kinetic model, the second-order model, and intraparticle diffusion were inves-
tigated. ASHC is therefore a potential alternative adsorbent for wastewater
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treatment. The results of the adsorption data were better described by pseudo-
second order kinetic model. It is revealed that both Langmuir isotherm model
and Freundlich isotherm model fit the equilibrium data.

Keywords

Soybean Hulls, Activated Carbon Characterization, Methylene Blue Dye,
Adsorption

1. Introduction

In the recent years, the dyes production has increased worldwide because of high
demand. There are approximately 10,000 distinct categories of dyes and the global
production of dyes is estimated at 7105 tons annually. The textile industry uses
synthetic dyes to color various products such as fibers and yarns [1] [2]. These
synthetic dyes are non-biodegradable organic compounds with aromatic struc-
tures and can cause severe undesirable effects. They are very harmful for the hu-
man health due to their toxic, mutagenic, and carcinogenic properties [3] [4].
Wastewater generated by these industries is heavily laden with dyes. This indus-
trial wastewater is often discharged into rivers, streams, lakes, and the environ-
ment. The presence of these dyes in surface waters poses a threat to the environ-
ment, human health, and aquatic life. Methylene blue (MB), a dye with a stable
aromatic structure, can cause gastrointestinal irritation, nausea or vomiting, dysp-
nea, and cyanosis if ingested [5]. These dyes have the properties to reduce solar
infiltration into waters, consequently altering the photosynthesis activity, disrupt-
ing aquatic life and degrading water quality [1] [6]. In this context, it is an emer-
gency to propose alternative techniques in order to completely remove dyes from
wastewater. Adsorption is the emergent technique among diverse methods due to
its advantages. The adsorption is simple in application, ease of operation, low cost
process, non-generation of dangerous by-products and is efficient for effluent
treatment [7]. For the industries, the low-cost adsorbents such as activated carbon
with high adsorption capacities become an interesting option among the conven-
tional adsorbents.

Agricultural activities lead to the production of ever-increasing by-products
rich in cellulose, hemicellulose, and lignin. 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 [8] [9]. Previous studies have addressed the production and uses of
activated carbon. Furthermore, activated carbons are adsorbents that find ap-
plications in water treatment, gas purification, and dye removal [10] [11]. Vari-
ous local agricultural residues have been used as precursor materials for acti-
vated carbons. For example, cotton residue [12], corn cobs and stalks [13] [14],

peanut shells [15], bean husk [16] and coconut shells [17] have been used to
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prepare activated carbons using the chemical activation method. In reality, there
are two activation modes: chemical activation (400°C - 700°C) and physical ac-
tivation (800°C - 1000°C) [18] [19]. 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 pro-
liferation of micro- and mesoporosities in the coal matrix [20]. The applications
of adsorbents depend on understanding their properties, which are in turn de-
duced from physicochemical and textural characterizations.

The soybean, Glycine max, is cultivated for its protein-rich seeds in various re-
gions (Plateaux, Centrale) of Togo. After harvesting and shelling, the seeds are
discarded; they are part of the agricultural residues generated and left behind after
harvest. However, soybean hulls contain cellulose (48.1%), hemicellulose (19.7%),
lignin (4.3%), protein (11.8%) and low ash (3.7%) [21] [22] and can be used to
produce value-added products, such as activated carbon.

The most widespread method for treating soybean by-products remains com-
bustion, which generates harmful gases, contributing to environmental pollution.
The preparation of activated carbon requires an economic investment that im-
pacts its use, even though it is effective for water treatment [23]. It is necessary to
find simple, local resources to ensure the production of adsorbents at a lower cost.
Soybean husks, available locally, are a biomass that can be transformed into acti-
vated carbon, as an alternative to commercial activated carbon. Therefore, pre-
cursor materials, soybean hulls, were collected from farmers in the Plateaux Re-
gion of Togo for processing into activated carbon.

The objective of this study is to prepare activated carbon from soybean hulls 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. Char-
acterization techniques include X-ray diffraction (XRD), thermogravimetric (TG-
DTGQG) analysis, scanning electron microscopy (SEM) coupled with energy-disper-
sive X-ray spectroscopy (EDX), the Lopez-Ramon method, and ash content deter-
mination. First-order and second-order adsorption kinetics, Langmuir and Freun-

dlich 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 soybean hulls.
These precursor materials, soybean hulls, were collected from farmers at the Plat-
eaux Region of Togo. To prepare the activated carbon and perform the physico-
chemical analyses, the following chemical reagents were used. Phosphoric acid
H;PO, (85%) is purchased from Park Scientific Limited, Northampton, UK; hy-
drochloric acid (ACS, 37%) is from Merk KGaA, Darmstadt Germany, USA; so-
dium chloride (NaCl, 299.5%), sodium hydroxide (NaOH, 98%), methylene blue
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(Molecular mass: 319.85 g-mol™, chemical formula: C;6H1sN3SCl) are purchased
from Sigma Aldrich, St Louis, MO, USA.

2.2. Preparation of Activated Charcoal

The preparation of activated soybean hulls carbon (ASHC) is performed as de-
scribed Akpolou et al (2026) [24]. The sample was then washed with distilled wa-
ter to remove impurities and dried at room temperature on a laboratory bench.
Using a blender, the hulls were ground into small pieces (1 mm particle size) and
then dried again, this time in an oven (ISUZU brand) at 105°C for 24 hours before
impregnation.

After drying, the soybean hulls were impregnated with a dilute H;PO, 50%
phosphoric acid solution at a ratio of 2:1 (Zphosphoric acid/ Mprecursor). The resulting
mixture was thoroughly kneaded using a stick and stored in an airtight container
for 24 hours before 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
in inert conditions. The temperature rises from ambient to 400°C at heating rate of
5°C-min™’, where it stabilizes within a range for 2 hours before decreasing. The car-
bonized material, activated carbon, is removed from the furnace, placed in a desic-
cator for cooling, and then weighed before washing. The mass yield of production

and the activation rate (burn-off) of activated carbon are determined by (1) and (2).

Mass (%) =—4C—x100 (1)
mPrecursor
Bum_off(%) — mPrecursur — mAC % 100 (2)
mPrecursor

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 tex-
tural analysis techniques, including X-ray diffraction (XRD), scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray (EDX) analysis, thermo-
gravimetric analysis, the Lopez-Ramon method (1999), and the ash content deter-
mination method.

X-ray diffraction (XRD) techniques performed at angles 260 ranging from 5° to
69.8° using a Brucker D8 Advance diffractometer equipped with a copper anode
and the ash content determination technique [13] were used to identify the miner-
alogical composition and crystalline phases present in the coal. Scanning electron

microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) en-
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abled observation of the pore distribution on the surface of the activated carbon
and its elemental chemical composition. 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) [12] 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 adsorp-
tion capacity of the analyzed activated carbon, but will also guide its application

in the context of pollutant removal.

2.4. Mechanism of Adsorption of MB Dye: Experimental Study

To determine the usefulness of activated soybean hulls carbon (ASHC), as an ad-
sorbent, 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 the
1000 mL volumetric flask with distilled water. Several daughter solutions were pre-
pared by diluting an appropriate volume of the stock solution, and then calibration
was performed. The experimental studies (solution preparation, adsorption, con-
centration determination) were carried out in laboratory at ambient temperature
fixed at 20°C. The adsorption volume is 200 mL. The contact time of mixture
(ASHC + MB) is relative to initial concentration C;, of MB solution: 27 min, 65
min, 45 min, 55 min respectively for 20 mg-L™!, 30 mg-L™, 40 mg-L™, 50 mg-L".

The absorbance of the solutions was read using an Ultraviolet-visible (UV-vis)
spectrophotometer (INESA 754N) at a wavelength of 1 = 620 nm.

Figure 1 displays calibration curve of methylene blue and correspondent equa-
tion applied to calculate the residual concentrations of the MB solutions (mg-L™*).
It is obtained by plotting MB concentration (mg-L™") versus the absorbance line

by Origin. The MB concentration range for calibration is from 0 to 10 mg-L™.

0 2 4 6 8 10
1.0 T T T T T 1.0
0.8 0.8
y= 0.0857x+0.0005 ; R* = 0.9998
3
S 0.6 -0.6
©
K<)
[
3
2 0.4 -0.4
<
0.2 0.2
0.0 T T T T T 0.0
0 2 4 6 8 10
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Figure 1. Calibration curve; MB concentration range: from 0 to 10 mg-L™".
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Experimental studies of MB adsorption on ASHC were conducted by applying
a batch method. Some quantity of ASHC was introduced into a 250 mL beaker
containing 200 mL of a MB solution of a given initial concentration. The mixture
(ASHC + MB) was then subjected to magnetic stirring (using Thermo SCIEN-
TIFIC brand stirrer) at 300 rotations per minute (rpm). At regular intervals, sam-
ples were taken, the residual concentrations of MB were determined. Further-
more, the effect of ASHC mass, the effect of solutions pH and the effect of initial
concentrations on the equilibrium contact time adsorption were investigated. The
initial concentrations of MB solutions ( C; ) values such as 20 mg-L™!, 30 mg-L™!,
40 mg-L™}, 50 mg-L™! were used to carry out the adsorption experiment on 0.1 g,
0.2 g, 0.3 gand 0.4 g of ASHC. The influence of pH on MB (30 mg-L™") were con-
ducted using pH values ranging from 2 to 10. The pH of each solution was ad-
justed by adding 0.1 mol-L™" HCI or NaOH solutions. Subsequently, 0.1 g of acti-
vated carbon was added to 250 mL beakers containing 200 mL of the BM solu-
tions.

The amount of MB adsorbed per unit mass and the percentage of ASHC elimi-

nation are determined by using the equations (3) and (4).

C,—-C )xV
q(mg-g*)=—( o= Co) (3)
m
Removal (%) = %x 100 (4)

0

where 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, and intraparticle diffu-
sion were explored to explain the interactions between MB molecules and ASHC.
To investigate the adsorption mechanism of BM dye onto activated soybean hull
carbon (ASHC), it was essential to determine the adsorption kinetics (first-order
and second-order), adsorption isotherms (Langmuir and Freundlich models), and

intraparticle diffusion.

2.5. Kinetics, Isotherms Adsorption and Intraparticle Diffusion

2.5.1. Adsorption Isotherms

Adsorption isotherms describe the process by which an adsorbate attaches to the
surface of an adsorbent at a constant temperature. Furthermore, they serve as in-
dicators to quantify the substances adsorbed onto the solid surface and to deduce
the affinity between the adsorbate and the adsorbent.

The Freundlich isotherm assumes that the adsorbent’s surface sites are hetero-
geneous. The linear form of the Freundlich isotherm allows for the determination
of the surface heterogeneity intensity and the associated energy distribution.

The Langmuir adsorption isotherm is characterized by plotting the graph of

1 1
(—) versus (F ) whereas the Freundlich adsorption isotherm is obtained from

e e
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the plot of In(g,) versus In(C,).]If the resulting plot yields a straight line for a

given model, that model can describe the dye adsorption process. Equations 5 and

6 represent Langmuir and Freundlich isotherms models respectively [4] [25]-[27].
1 1 1 1

—= i — (5)
qe qmax K L Ce qmax

1
ln(qg)zln(K/)+;ln(C8) (6)

K, (Lmg")and g,, (mgg") respectively denote the Langmuir constant and
the maximum adsorption capacity; K, characterizes the interactions between
the BM dye and the ASHC; K, characterizes the strength of an adsorption. The

1
parameters ¢,.., K;, R, (Lmg™), —, K, are determined by equations 7,
" .

8,9,10and 11.
1
max — T L (7)
Intercept
1
K =—— 8
" Slopex gy, ®
1
- 9
"1+CxK, ©
1
— = Slope (10)
n
K, = Antiln (Intercept ) (11)

where C, (mg-L™) is initial concentration of adsorption solution. Note that K p

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

1 . L .
— measures the heterogeneity of the adsorption intensity or the degree of non-
n

linearity [3].

2.5.2. 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(g, —g,) versus time (¢) and the graph of L versus ¢

t

(time), represented by equations 12 and 13 respectively.

In(g,—¢,)=1n(q,)-kt (12)
¢ 1 1
—= +—t (13)
qt que2 qe

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
12 and 13.
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Pseudo-first-order kinetics assume 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 assume
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 adsorp-

tion.

2.5.3. Intraparticle Diffusion

The adsorption of dye can be explained by the intraparticle diffusion model.
When adsorption reactions occur via intraparticle diffusion, the curve represent-
ing the quantity of dye adsorbed per unit mass of adsorbent ( g, ) versus square

root of time (2 ) is a straight line, represented by equation 14.

1
q, =kjt*+C (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 [28].

3. Results and Discussion

3.1. Mass Yield and Activation Rate

The mass yield of activated carbon soybean hulls is 44.85%, and the corresponding
activation rate is 55.15%. This high activation rate, or loss on ignition (great 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, ulti-
mately creating pores within the material [12]. The nature of the pores depends

on the precursor materials, as well as the preparation conditions.

3.2. The Ash Contents

The ash content of activated carbon is one of parameters used to appreciate his
adsorption capacity. In the present investigation, the standard method is applied
to determine the ash content of the activated carbon elaborated. In terms of result,
the ash content value of is relatively low and equals to 5.59%. This result is char-
acteristic of the amorphous solid, without or very low mineralogical composition.
Then, the activated carbon prepared from soybean hulls is amorphous porous
solid. Additionally, approximate results have been reported in the literature for
activated carbon made from cashew nut shells at 400°C (5.66%) [29] and activated
carbon prepared from the kernel shell of Balanites aegyptiaca (6.66%) [30]. In-
deed, the high ash content of activated carbons reduces their pollutant adsorption
capacity; the minerals constituting the ash obstruct certain pores [31] [32] and

prevent access to adsorption sites.
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3.3. The pH at the Point of Zero Charge of Activated Carbon

Figure 2(a) shows the result of the pH at the point of zero charge (pHpzc) of acti-
vated carbon analyzed by the bisector method. So, the value of pH at point of zero
charge (pHpzc) is equal to 4.25.

This may be due to the raw material and the phosphoric acid chemical activa-
tion 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 (pHpzc = 5.08) [31], cottonseed cake (pHpzc = 5.3) [12], and corn cobs
(pHpzc = 5.3) [13]. At the point of zero charge, the surface of the carbon carries as
many negative charges as positive charges, which neutralize each other. Adsor-
bents with high values of pHpzc have a great affinity for adsorbing anionic pollu-
tants, while those with low values are more favorable for binding cationic pollu-
tants [33]. If the pH is low (pH < pHbyzc), there is protonation of the 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 > pHbrzc), the
surface of the adsorbent becomes negatively charged, which is favorable to the

adsorption of cations from pollutants through electrical attraction [34].

3.4. X-Ray Diffraction Analysis

To evaluate the structural properties of the carbon composite material, the X-ray
diffraction method was used to accurately verify its structural properties. The
findings from this comprehensive analysis are illustrated in Figure 2(b).

The X-ray diffraction (XRD) method is used to evaluate the crystallographic
structure of the activated carbon of soybean hulls. The diffractogram indicates two
broad peaks around 25 and 43 for 26", characteristic of an amorphous structure of
soybean carbon [35]-[37]. This result is comparative to XRD analysis result from
previous work on activated carbons prepared from plant precursors, showing the
absence of crystallization [38]. But, there is difference when this result is compared
with the XRD analysis results of activated carbon elaborated from corn cobs by

chemical activation with phosphoric acid, which has a crystalline structure [39] [40].

(=== Initial pH versus final pH curve
[—e— First bisectrix curve

PHzpc= 4.25

6 8
PHinitial

10 12
412
410
~~ ‘L
ds al!
1< B
N
2 \
5] \
da = N\
— \\-’,/‘”“—_\\_
- 2 \q\““w-“h"*' ]
s A 10 20 30 40 50 0
2 Theta (°)

Figure 2. (a) pH at point of zero charge graph, (b) XRD analysis diffractogram.
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3.5. Thermogravimetry Analysis

Thermogravimetric and derivative thermogravimetry (DTG) analyses were per-
formed employed thermobalance (NETZSCH TG 209F1). The samples analyzed
in alumina crucible. The heating rate was set to 10°C/min, starting at 30°C and
increasing to 1000°C in inert atmosphere.

Figure 3 presents the thermogravimetric (T'G) and derivative thermogravimet-
ric (DTG) curves for the activated carbon derived from soybean hulls (ASHC).
Examination of the thermogravimetric (TG) curve reveals that the initial mass loss
of the activated carbon occurs in three main phases as the temperature rises. The
first mass loss results from dehydration specifically, the removal of moisture pre-
sent in the carbon [41]; this loss begins at 25°C, ends at 140°C, and accounts for
9.97% of the activated carbon’s initial mass. The second mass loss, which is smaller
than the first and represents 1.89% of the initial mass, is recorded between 140°C
and 380°C. This loss may be attributed to the degradation of cellulose and hemi-
cellulose structures [42]. The third mass loss occurs between 380°C and 890°C,
corresponding to 19.53% of the initial mass of the ASHC. In this temperature
range, the mass loss is linked to the elimination of volatile matter and the break-
down of lignin and lignocellulosic structures. In addition, there is fourth mass loss
corresponding to 3.93% of initial mass, between 890°C and 988.8°C. Furthermore,
the residual mass of the analyzed ASHC is 64.68% of the initial mass at 988.8°C.
This demonstrates the thermal stability of the activated carbon derived from soy-
bean hulls and prepared via chemical activation at 400°C.

The derivative thermogravimetric (DTG) curve shows two endothermic
peaks. The first, highly intense endothermic peak at 58.1°C spanning the range
from 22°C to 150°C corresponds to the removal of water associated with the
ASHC. A second, less intense, broad-based endothermic peak is observed at
657.0°C, between 550°C and 800°C. This can be attributed to decomposition
accompanied by a rearrangement of atoms or functional groups on the surface
of the ASHC.

TG /% DTG /(%/min)
1004 e Ma§s\0ha§ge -7.18 % ;0.0
/ VAl //\‘/AV'\‘I-\,‘I\','V./.V-/‘-I-A./ Ay, N
95 ; \ Mass c@ﬁe;ﬁ;g % i [-0.2
[ t [ // K\“*\- L el W‘l’t A,
i [ M e VI 04
901 ! , \N\Nn . “JM’ Mass Change: -16.67 %
% | itk 06
85]! |
l! " Peak: 712N, -0.61 %/min +-0.8
80 1 ‘ ,
‘.‘ i 1.0
75] 1!
i l 1.2
70 L\ Mass change: -3.93 1] 14
R Dﬁm"\c, 1.36 %/min Residual Mass: 6957 % (987.8°C) |
100 200 300 400 500 600 700 800 900
Temperature /°C
Figure 3. Thermogravimetric (DT-DTG) analysis graph.
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3.6. Scanning Electron Microscopy Coupled with
Energy-Dispersive X-Rays

Figure 4 shows the scanning electron microscopy image (SEM) of ASHC at 25 um
and the EDX micrograph of the ASHC, while Figure 5 highlights the main chem-
ical elements of ASHC by energy-dispersive X-ray (EDX) analysis.

Figure 4. Image of SEM of ASHC.

B Spectre somme de carte

T L L L L LA e L e e

8 10 12 14 16 18 keV

Figure 5. EDX image of ASHC.

Scanning electron microscopy (SEM) technique is used to investigate the mor-
phology of ASHC. An image of SEM shows that the surface of ASHC presents an
irregular porosity and amorphous structure; 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 [43]. Therefore,
it is observed that the ASHC presents an irregular distribution of pores promoting
a heterogeneous surface. The diversity of pores and the presence of cavities in
ASHC contribute to promoting the development of adsorption actives sites.
Thereby, this can enhance the adsorption capacity of ASHC [44]. The activating
agent, phosphoric acid H;PO, and the carbonization processes have played an im-
portant role for the porosity development in ASHC. Under the effect of heat, these

activating agent molecules, as well as other chemical species, escape from the ma-
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terial as a gaseous mixture, subsequently leaving voids or pores [39] [45] [46].

Energy-dispersive X-ray (EDX) spectrum presents the elemental chemical com-
position of ASHC. Table 1 displays the elemental chemical with their atomic per-
centage in the analyzed charcoal. It is noted that the ASHC is composed primarily
of carbon (58.78%) and oxygen (39.46%), along with trace amounts of other ele-
ments such as potassium (0.98%), calcium (0.43%), magnesium (0.23%), alumi-
num (0.07%), silicon (0.03%), and sulfur (0.02%). Furthermore, the aluminum
and silicon originate from impurities and the materials used during the analysis.
This chemical composition is consistent with the plant-based origin of the pre-
cursor material, namely soybean hulls.

Table 1. Chemical elements content of ASHC.

Element C o Mg Al Si S K Ca Total

% atomic  58.78 39.46 0.23 0.07 0.03 0.02 0.98 0.43 100

3.7. Adsorption Study

3.7.1. Mass Influences of Activated Carbon

Figure 6(a) shows the percentage of MB adsorption per unit mass of ASHC as a
function of time at different masses (0.1 g, 0.2 g, 0.3 gand 0.4 g). In this study of mass
influences, initial concentration (30 mg-L™), pH (5.8) of adsorption volume (200 mL)
were fixed at ambient temperature (20°C). It is mainly revealed a correlation between
activated carbon dose and dye removal. The maximum percentage of MB adsorbed
is reached at a short time as the mass of ASHC increases. The greater the mass of
activated carbon used, the faster the adsorption reaction of MB onto ASHC. The
number of adsorption sites increases with the mass of the adsorbent. Access to ad-

sorption sites by dye molecules promotes rapid dye removal at shorter times [4].
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Figure 6. (a) Dosage of ASHC on BM dye (C; = 30 mg-L™",) removal, (b) concentration influence on MB dye removal on ASHC

(0.2 g); experimental conditions: pH = 5.8; agitation speed: 300 rpm; temperature: 20°C; adsorption volume: 200 mL.
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3.7.2. Influences of Initial Solution Concentrations

Figure 6(b) shows the percentage of MB adsorption per unit mass of ASHC versus
time, at different initial MB concentrations C, (20 mg-L™}, 30 mg-L™', 40 mg-L™!
and 50 mg-L™); the adsorbent mass (0.2 g) and the adsorption volume (200 mL)
were fixed constant at ambient temperature 20°C. It ensures that the removal of
the MB dye is approximately above 96% after 30 minutes in some conditions (20
mg-L™}, 30 mg-L™'). The maximum rate of removal is highly dependent on the in-
itial concentrations of the solutions. The removal time is shorter for solutions with

low initial concentrations than for solutions with high concentrations.

3.7.3. Influence of pH

Figure 7 shows the results of pH influences on the removal of MB from aqueous
solutions; the experiment was carried out in conditions where adsorbent mass (0.1
g), initial concentration of MB (C; =30 mg-L™") and adsorption volume (200
mL) were fixed. The initial pH values of various adsorption volumes were sepa-

rately adjusted from 0 to 10, at ambient temperature (20°C).
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Figure 7. pH influence on MB removal; experimental conditions: adsorbent mass: 0.1 g; agitation speed: 300 rpm; temperature:

20°C; adsorption volume: 200 mL.

During the first 10 minutes of adsorption, the rate of MB removal increases rela-
tively to the initial pH values (2, 4, 6, 8, 10). However, in the subsequent minutes
leading up to adsorption equilibrium, the trend of the curves indicates that the op-
timal pH for MB removal using ASHC is 10. At higher pH (pH > pHzpc), the ASHC
surface carries a negative charge. This promotes MB removal through electrostatic
attraction during the initial minutes of contact (BM + ASHC) [4] [47]. At low pH
(pH < pHzec), the ASHC surface undergoes protonation and becomes positively
charged; this creates competition between H* ions and the cationic dye (MB) for

adsorption sites and reduces dye removal due to repulsive electrostatic forces. In this
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condition, the remarked adsorption can be explained by electrons interactions 77
due to the presence of aromatic rings in both the structure of the dye and the acti-
vated carbon derived from soybean hulls (cellulose, hemicellulose, lignin) [48].

The resulting curves show three phases, indicating that MB adsorption occurs
in three phases. In the first phase, 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 ex-

plain the slowness of adsorption until equilibrium is reached.

3.7.4. Adsorption Isotherms, Adsorption Kinetics and Intra-Particle
Diffusion

The experimental data were collected in the same conditions for adsorption iso-
therms as kinetics adsorption and intraparticle diffusion. The average pH of initial
solutions concentrations C, (20 mg-L™!, 30 mg-L™, 40 mg-L™', and 50 mg-L™)
was 5.8; the mass of ASHC applied for adsorption is 0.2 g.

1) Adsorption isotherms

Figure 8 displays the relationship between the quantity of adsorbate molecules
per unit of adsorbent mass in an equilibrium phase (g, ) and MB concentration
in an equilibrium phase ( C, ). The linear curve obtained corresponds to a type C
adsorption isotherm in the aqueous phase, according to Giles et al (1974) [49].
This class of isotherm results in linear adsorption, characterised by a constant par-
tition between the solution (adsorbate) and the adsorbent. This implies that the
number of available active sites remains constant during adsorption; once ad-
sorbed, the solute molecules cause the gradual opening or activation of new, un-
used sites. Thus, the number of active sites increases in proportion to the rate of
adsorption. The penetration of particles into the micropores proceeds in a regular

manner until the pores are filled [49].
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Figure 8. Adsorption isotherm of; experimental conditions: pH = 5.8; adsorbent mass: 0.2
g; agitation speed: 300 rpm; temperature: 20°C.
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Langmuir and Freundlich adsorption isotherms models were applied for the
analysis of experimental data of the adsorbent-pollutant system.

Figure 9(a) and Figure 9(b) represent Langmuir and Freundlich models graphs

respectively. These graphs are obtained by plotting the linear fit of CL versus L
e q.

and In(g,) versus In(C,) successively.

1 1
The graph of el versus — islinear, with a correlation coefficient R® equals
e qe

0.998. The experimental data and isotherms parameters are illustrated in Table 2.
According to the Langmuir model, separation factor ( R, ) determined from data
analysis (0.903, 0.861, 0.823, 0.789) is low than for MB solutions (30 mg-L™, 40
mg-L™, and 50 mg-L™"). Note that the Langmuir separation factor ( R, ) is such that
0 <R, <1. Therefore, the adsorption process of MB on ASHC is favorable. This
implies that the adsorption of MB on the ASHC surfaces occurs in a monolayer with

a reduction of interactions between molecules [3] [4].
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Figure 9. (a) Langmuir adsorption model, (b) Freundlich adsorption model; experimental conditions: pH = 5.8; adsorbent mass:

0.2 g; agitation speed: 300 rpm; temperature: 20°C.

Table 2. Adsorption isotherm parameters of MB.

Adsorption isotherm Langmuir isotherm Freundlich isotherm
q, (mgg") K, (gmg) R’ Ky (gmg™) n R
Parameters
208.333 0.00534 0.9983 0.9794 1.00118 0.9999

The graph of In(g,) versus In(C,) is linear, with a correlation coefficient
R? equals 0.999. The constants K, (0.979)and n (1.001) are both near to 1.
The correlation coefficient of the Freundlich model is approximatively equal to
the Langmuir model. Therefore, the Freundlich isotherm model describes the ad-
sorption of the MB dye onto the ASHC. This suggests that MB adsorption occurs

through the formation of a multilayer structure on a non-homogeneous surface,
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with interactions between the molecules constituting the layers. Thereby, both of
Langmuir and Freundlich models have tendency to describe equilibrium adsorp-
tion data of MB dye on ASHC [50].

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-or-
der adsorption kinetics implies that the reaction rate is proportional to the meth-
ylene 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 assumes a chemical adsorption
process with distinct steps.

Figure 10(a) and Figure 10(b) represent pseudo-first-order kinetic and pseudo-

second-order kinetic models graphs respectively. These graphs are obtained by

plotting the linear fit of ln(qe—q) versus ¢ and L versus ¢ successively.
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Figure 10. (a) Pseudo-First-Order kinetic, (b) Pseudo-Second-Order kinetic; experimental conditions: Ph = 5.8; adsorbent mass:
0.2 g; agitation speed: 300 rpm; temperature: 20°C.

The results of the calculations of kinetic models parameters are illustrated in Ta-
ble 3. The experimental values of the amount of BM adsorbed per unit mass of car-
bon at equilibrium (18.123, 23.052, 27.628, 26.957 mg-g') show a large discrepancy
with the amounts of MB adsorbed calculated using pseudo-first-order kinetics
(6.927, 8.655, 8.549, 5.812 mg-g™!). This discrepancy implies that there is no corre-
lation 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
ASHC 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 ASHC. Regarding the second-order kinetic model, it should
be noted that the results of the calculations of the quantities of BM adsorbed per
unit ASHC of coal at equilibrium (19.383; 27.255; 31.162; 27.746 mg-g™!) are ap-
proximately equal to the experimental data (18.123, 23.052, 27.628, 26.957 mg-g™),
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t
mainly at 20 and 50 mg-L™. The plot of the representative curves — versus ¢ is
4,

linear, and the correlation coefficient value R* (0.99) is close to 1, regardless of the
initial concentrations of the solutions. Then, it clearly appears that second-order

adsorption kinetic model better describes MB dye adsorption on ASHC.

Table 3. Kinetic model parameters of MB adsorption, intraparticle diffusion model parameters.

Pseudo-First Order kinetic Pseudo-Second Order kinetic Intraparticle Diffusion model
CO qe,exp
(mgL™") (mgg?) ki 9ecal R k, 9o cal R ky C R
(min™)  (mg-g™) (mg-g”min™")  (mgL™) (mg-gmin""?) (mgg™)
20 18.123 0.194 6.927 0.942 2.718.1072 19.383 0.999 2.359 7.537 0.858
30 23.052 0.070 8.655 0.976 3.269.107 27.255 0.989 2.952 2.163 0.938
40 27.628 0.122 8.549 0.983 6.452.1073 31.162 0.998 3.863 5.638 0.966
50 26.957 0.081 5.812 0.892 2.091.1072 27.746 0.999 2.122 14.096 0.662

Consequently, the removal of MB dye on ASHC is potentially chemisorption-
related; this involves not only valence forces, or electron exchange, but also inter-
actions between the adsorbate molecules and the adsorbent surface [25] [51].
These interactions potentially have facilitated the removal of the MB dye [24].

3) Intraparticle diffusion

The intraparticle diffusion model applied to experimental adsorption data of
dye removal is illustrated in Figure 11. This model is determined by plotting the
amount, of dye adsorbed per mass unit of adsorbent ( g, ) versus the square root of
time ( 12 ). The characteristic parameters such as the diffusion rate constant (),
the correlation coefficient ( R?), and the diffusion constant ( C ) have been calcu-
lated and are illustrated in Table 2. The values of these parameters are important
to interpret the interactions between adsorbate-adsorbent in aqueous phase.
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Figure 11. Intraparticle diffusion model of MB adsorption; experimental conditions: pH =
5.8; adsorbent mass: 0.2 g; agitation speed: 300 rpm; temperature: 20°C.
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The diffusion constant being positive implies that the diffusion process to the
sites happens quickly and adsorption is rapid [52] [53]. At the initial concentra-
tion of 40 mg-L!, the diffusion coefficient k, (3.86 mg-g™'-min ") is great, the
linear correlation coefficient R* (0.96) is high, and the corresponding diffusion
constant C (5.63 g:'mg™") is positive. Therefore, the diffusion process of MB dye
particles into the pores of activated carbon under these conditions happens
quickly with rapid adsorption. So, it can be noted that the best condition in which
an intraparticle diffusion model better explain the MB adsorption on ASHC is
close to 40 mg-L™ [52] [53].

4. Conclusion

This study aimed to remove methylene blue (MB) dye from aqueous solutions
using activated soybean hulls carbon elaborated by chemical activation with 50%
phosphoric acid. The results of production and characterization of ASHC are in-
teresting, and it was able to remove efficiently MB dye. X-ray diffraction analysis
and the low ash content (5.59%) indicate that the activated carbon prepared by
chemical activation with phosphoric acid is an amorphous solid. The pH at point
of zero charge (pHpzc = 4.25) shows the acidity of ASHC surface. Scanning elec-
tron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDX) illustrates the heterogeneous pore distribution and the elemental chemical
composition of the carbons. Indeed, Energy-dispersive X-ray (EDX) analysis of
the activated carbon highlights the presence of carbon (58.78%) and oxygen
(39.46%). The experimental results reveal that MB dye removal by ASHC exceeds
96%. The pseudo-second-order kinetic model best describes the adsorption of
methylene blue by the carbon. Especially, both Langmuir and Freundlich models
describe equilibrium adsorption data. The best conditions for intra-particle diffu-
sion are those in which the initial concentration of the solution is close to 40
mg-L™". The adsorption process is strongly influenced by the pH, concentration of
dye and the mass of adsorbent. ASHC is therefore a potential alternative adsorbent

for wastewater treatment.
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