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Abstract

This study focused on the adsorption of Congo Red (CR) in aqueous solution
by activated carbons (AC) prepared from the bark of the asparagus palm
(Laccosperma robustum) through chemical activation with phosphoric acid
(HsPO,) and potassium hydroxide (KOH). The experiments were carried out
in batch mode. Adsorption parameters such as stirring time, AC mass, solu-
tion pH, and initial RC concentration were studied. The adsorption isotherm
and kinetics were also studied. This study showed that the optimal adsorption
conditions were 15 and 25 minutes for CAK and CAP stirring times, respec-
tively, a mass of 0.05 g, and a pH of 2 for both CA. The maximum RC adsorp-
tion quantities were 34.34 mg/g for CAP and 38.90 mg/g for CAK for a con-
centration of 100 mg/L each. The Freundlich and Temkin isotherms best de-
scribe the RC adsorption process on CAP and CAK. The pseudo-first-order,
pseudo-second-order, and Elovich kinetic models best describe the adsorption
kinetics of CR on PAC. Meanwhile, the pseudo-second-order and Elovich
models best describe the adsorption kinetics of CR on PAC. The results ob-
tained showed that activated carbons were effective for the adsorption of CR
in aqueous solution.
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1. Introduction

Industrial activities have contributed to the development of several countries but
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have also generated various types of pollution [1]. The water sector has been se-
verely affected by the discharge of industrial effluents into the environment, lead-
ing to pollution by dyes and heavy metals [2]. Numerous cases of river pollution
have been recorded in Gabon. These include: the Mikouagna and Moundjai rivers
in the province of Haut-Ogooué [3], the Irougou, Obsugue, and Dubanga rivers
in the province of Ngounié, causing changes in water color, vegetation degrada-
tion, foul odors emanating from the river, and fish deaths [4] [5]. Congo Red (CR)
is an acid dye belonging to the azo class. It was used to dye textiles but is now used
in histology and mycology [6]. Prolonged exposure to this dye causes allergic re-
actions, skin cancer, and bladder cancer [6]. According to the Danish Environ-
mental Protection Agency, cancer risk estimates require setting a limit concentra-
tion of 3.1 pg/L for azo dyes in drinking water [7]. Consequently, decontamina-
tion of water polluted by these chemical compounds is necessary for both human
health and environmental protection. As a result, several types of treatment have
been proposed, including reverse osmosis, membrane separation, ion exchange,
coagulation-flocculation, electrochemistry, chemical oxidation, and adsorption
[8]. Of all these separation processes, adsorption is often used because it is an eas-
ily achievable, inexpensive, and above all effective method for removing pollutants
even at low concentrations [8]. Activated carbon (AC) is the most widely used
adsorbent in the purification or separation of liquids and gases due to its very large
specific surface area [9]. The main objective of this work is the adsorption of RC
in aqueous solution by CA prepared from the bark of the asparagus palm (Zac-
cosperma robustum) through chemical activation with phosphoric acid and po-
tassium hydroxide. To this end, the effect of parameters such as stirring time, so-
lution pH, adsorbent mass, and initial concentration was studied in order to find
the ideal conditions for removing this dye from aqueous solution. Similarly, stud-
ies on the isotherm and adsorption kinetics were carried out to see which ones

best describe the adsorption mechanism.

2. Materials and Methods
2.1. Materials

2.1.1. Congo Red
CR is an acid dye belonging to the azo class, with the chemical formula
C32H2.N6sO¢Na,S; and a molar mass of 650.06 g/mol. The structure of CR is shown

in Figure 1 below:
<
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Figure 1. Structure of the Congo Red molecule.
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A stock solution of RC with a concentration of 500 mg/L was prepared by
weighing 0.5 g of RC powder and placing it in a 1000 mL volumetric flask filled to
% capacity with distilled water. The resulting solution was homogenized for 1
hour and then topped up with distilled water to the mark. Daughter solutions with
concentrations of 50, 60, 70, 80, 90, and 100 mg/L were prepared by successive

dilution of the stock solution in 100 mL volumetric flasks.

2.1.2. Activated Carbons
The ACs used in this work were prepared and characterized by Langama & al

[10]. Table 1 below presents some characteristics of these ACs.

Table 1. Some characteristics of CAs [10].

Adsorbents
Settings

CAP CAK

Iodine index (mg/g) 850.56 865.49
pHren 4.4 7

Carboxylic acids (mmol/g) 0.625 0.625
Lactones (mmol/g) 0.5625 0.0625
Phenolics (mmol/g) 1.5625 1.5625

Total Acid (mmol/g) 2.75 2.25

Total Base (mmol/g) 1 2.25

2.2. Methods

2.2.1. Adsorption of Congo Red in Aqueous Solution in Batch Mode

The adsorption of CR was carried out at room temperature by bringing different
masses of activated carbon (0.05, 0.06, 0.07, 0.08, 0.09, and 1 g) in 20 mL of the
solution at different pH levels (2, 3,4, 5, 6, 7, 8, and 9) and different concentrations
(50, 60, 70, 80, 90, and 100 mg/L). The mixtures were stirred for different periods
of time (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, and 80 minutes). After
stirring, the mixtures were filtered using filter paper and the filtrates obtained
were measured using a UV-visible spectrophotometer at a maximum wavelength
of 476 nm. The amount of RC adsorbed at equilibrium (Q.) was calculated using

Equation (1):

C. —-C. )xV
Q&G (1)
m
where,
Q. (mg/g): amount of solute adsorbed at equilibrium,
C, (mg/L): initial concentration of solute,
C. (mg/L): concentration of adsorbate at equilibrium,
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V (L): volume of solution,

m (g): mass of adsorbent.

The initial pH of the Congo red solutions was measured using a pH meter and
adjusted using hydrochloric acid (HCl) or sodium hydroxide (NaOH) solutions,
both with a normality of 0.1 N. The stirring speed was kept constant (500 rpm)
for all adsorption experiments. The parameters that were varied were the initial
pH of the solution, the contact time, the mass of activated carbon, and the initial

concentration of the solute in solution.

2.2.2. Study of the Isotherm and Adsorption Kinetics

The different nonlinear forms of the Langmuir, Freundlich, Dubinin-Kaganer-
Raduskevich (D-K-R), and Temkin isotherm models used in this work are shown
in Table 2 below:

Table 2. Isotherm models.

Modzeles d’isothermes Equations
Langmuir Q. :% 2
Freundlich Q. =kC" (3)
Temkin Q. =F;T—Tln(ATCE) (4)
D-K-R Q.=Q exp(—ﬂgz) (5)
where,

Q. (mg/g): amount of solute adsorbed at equilibrium,

Qn (mg/g): maximum amount of solute adsorbed,

C. (mg/L): residual concentration of solute at equilibrium in the solution,
K; (L/mg): Langmuir constant related to adsorption energy,
Kr (mg'/2LYg71): Freundlich constant,

n: Freundlich coefficient,

A7 (L/mg): Temkin constant,

b7 (J/mol): constant related to adsorption heat,

R (8.314 J/K/mol): ideal gas constant,

T (K): absolute temperature,

£ (mol*/J?): constant related to adsorption energy,

& Polanyi potential given by
1
&=RT In[1+—] (6)
Ce

This study was conducted using various models, the nonlinear forms of which

are presented in Table 3 below.
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Table 3. Kinetics models.

Models Kinetics Equations

Q=Q.(1-€“) (7)

Pseudo-first order

2Kt
Pseudo-second order Q= ].JrQeQﬁ (8)
1
Elovich Q= E In(eft+1) (9)

Intra-particle diffusion Q =kyt"?+C, (10)

where,

Q: (mg/g): amount of solute adsorbed at time t,

Q. (mg/g): amount of solute adsorbed at equilibrium,

K (min™): pseudo-first-order adsorption rate constant,

K; (g/mg/min): pseudo-second-order adsorption rate constant,

a (mg/g/min): initial adsorption rate,

p (g/mg): desorption constant,

Kiir(mg/g/minl/2): intra-particle diffusion rate constant,

C(mg/L): originally ordered.

Nonlinear regression was applied using the Solver function in Microsoft Excel
2016. The best fit of the experimental results was evaluated using the correlation
coefficient (&), the root mean square error (RMSE), and the nonlinear chi-square
test (). A high R value (or low RMSE and y* values) gives the best fit and simi-
larity between the model and the experimental data. The respective calculation
formulas for &%, RMSE, and 4* are as shown in Equations (11)-(13) below:

z::l(Qe‘exp,n - Qe. pre,n )

2

R =1~ s (a
znzl(Qe.exp,n - Qe.exp,n )
2 _ . (Qe.exp,n _Qe.pre,n)z
X —Z; 5 (12)
n=: e.exp,n
n 2
RMSE:\/Zn1(Qe-e>:i;Qe,pre,n) (13)

Q-..exp (mg/g): experimental equilibrium adsorption amount,
Q.pre (mg/g): predicted (theoretical) adsorption amount,
Qeexp (mg/g): average experimental equilibrium adsorption amount.

3. Results and Discussion

3.1. Calibration Line

The determination of the absorbances of the RC solutions at different concentra-
tions at Am. = 476 nm enabled the calibration curve shown in Figure 2 below to
be plotted:
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RC Calibration line
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Figure 2. RC calibration line.

The correlation coefficient B = 0.9988 indicates that approximately 99.88% of

the prepared daughter solutions lie on the calibration curve.

3.2. Influence of the pH of the RC Solution

The influence of pH was determined by varying the pH from 2 to 9 with a mass of
0.05 g of CA, an initial concentration of 100 mg/L, and a stirring time of 30

minutes. The results obtained are shown in Figure 3 below:

Influence of the pH of the RC solution
45

40
35
30

25

—0—CAP

Qe (mg/g)

15
10

pH

Figure 3. Influence of the pH of the RC solution.

The results in Figure 3 show that the amount of adsorbed RC molecules de-
creases from 27.859 to 11.915 mg/g for CAP and from 38.957 to 31.690 mg/g for
CAK as the pH increases from 2 to 11. The adsorption of molecules in an acidic
environment is thought to be due to electrostatic interaction forces between pos-
itively charged CAs and anionic RC [11]. CAP is positively charged due to its pKa
of 4.4, while that of CAK is 7 and RC molecules are negatively charged. There
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would be protonation of the two primary amines (-NH,) attached to the two naph-
thalene rings located at both ends of the RC molecules [12]. The decrease in the
amount of RC molecules adsorbed would be due to electrostatic repulsion be-
tween the RC on the negatively charged CA [11] [12]. Indeed, an increase in pH
leads to an increase in negatively charged sites. There would then be competition
between OH- ions and RC molecules. Similar results have been obtained by other
researchers [13] [14]. Consequently, pH 2 was chosen as the optimal pH for the
subsequent experiments.

3.3. Influence of Contact Time

The stirring time was varied from 5 to 60 minutes using a solution of RC at a
concentration of 100 mg/L, at pH = 2 and a mass of 0.05 g of CA. The results are
shown in Figure 4 below:

Influence of contact time

45

40 O~=C—=C=0—0=—0—C—0—C—C0—C—
3 [
30
25
20
15
10

Qe (mg/g)

—0—CAP
-CAK

0 10 20 30 40 50 60 70 80
Temps (min)

Figure 4. Influence of contact time.

Figure 4 shows that RC adsorption is rapid during the first 5 minutes for acti-
vated carbons, then slows down to reach equilibrium at 15 minutes for CAK and
25 minutes for CAP. The rapidity of RC adsorption in the first 5 minutes is
thought to be due to the availability of free adsorption sites on the surface of acti-
vated carbons [15]. Once the first CR molecules have bound to the surface of the
activated carbons, they clog the pores, preventing the remaining CR molecules in
solution from penetrating them. This explains the decrease in the adsorption rate
[15]. The maximum amounts of RC adsorbed were 26.732 mg/g for CAP at an
equilibrium time of 25 minutes and 39.465 mg/g for CAK at an equilibrium time
of 15 minutes.

3.4. Influence of Activated Carbon Mass

The influence of activated carbon mass was determined by varying the mass be-
tween 0.05 and 0.1 g during equilibrium times of 15 minutes for CAK and 25
minutes for CAP, at a concentration of 100 mg/g at pH 2. The results obtained are
shown in Figure 5 below:
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Influence of activated carbon mass
45
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25
20

15
10 —0—CAP
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—0— CAK
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Figure 5. Influence of activated carbon mass.

Figure 5 shows that increasing the mass of CA from 0.05 g to 0.1 g decreases
the amount of adsorbed RC molecules from 37.830 mg/g to 16.521 mg/g for CAP
and from 39.126 mg/g to 19.535 mg/g for CAK. This decrease may be due to the
aggregation of the additional amount of CA [6]. Indeed, the agglomeration of CA
particles forms flocs or aggregates that make it difficult for RC molecules to access
the adsorption sites and lead to an increase in the distance to be traveled.

3.5. Influence of the Initial Concentration of RC

The influence of the initial concentration of RC was determined by varying the
concentration between 50 and 100 mg/L during equilibrium times of 15 minutes
for CAK and 25 minutes for CAP, for a mass of 0.05 g of CA and at the optimal
pH of 2. The results obtained are shown in Figure 6 below:

Influence of the initial concentration of RC

45
40
35
30
25
20
15 —0—CAP
10

Qe (mg/g)

—0—CAK

40 50 60 70 80 90 100
Concentration (mg/L)

Figure 6. Influence of the initial concentration of RC.

Figure 6 shows that increasing the initial CR concentration from 50 to 100
mg/L increases the amount of adsorbed CR molecules from 18.788 to 34.338 mg/g
for CAP and from 19.577 to 38.901 mg/g for CAK. This increase could be ex-

DOI: 10.4236/jep.2025.1611059 1120 Journal of Environmental Protection


https://doi.org/10.4236/jep.2025.1611059

A. Bouraima et al.

plained by the fact that increasing the initial concentration of RC leads to an in-
crease in collisions between RC molecules and adsorption sites on the surface of
activated carbon [15]. Indeed, the reduction in the distance between the RC mol-
ecules and the adsorption sites leads to rapid access of the RC molecules to these
adsorption sites [15]. Similar results have been obtained by other researchers [16]
[17].

3.6. Study of Adsorption Isotherms

The study of adsorption isotherms was carried out using the Langmuir, Freun-
dlich, Temkin, and Dubinin-Kaganer-Raduskevich models, whose nonlinear plots

are shown in Figure 7 below:

40
35 .
30 -
w 25
)
£ 20 / ® Qe experimental
& 15 Langmuir
10 Freundlich
Temkin
5
e D-K-R
0
2 4 6 8 10 12 14 16
Ce (mg/L)
()
45
40 o
35 [}
__30
20
'é" 25 ® Qe experimental
g 20 e Langmuir
15 Freundlich
1
: Temkin
= D-K-R
0.5 1 1.5 2 2.5 3
Ce (mg/L)
(b)

Figure 7. Nonlinear isotherm models for CAP (a) and CAK (b).

The parameters and adjustment coefficients for the RC adsorption isotherms
on ACs are summarized in Table 4 below.

The results in Table 4 show that the Langmuir isotherm would not be appro-
priate for describing the adsorption of RC on activated carbon due to the differ-
ence between the calculated Q. value and the experimental Q. value. The experi-

mental Q.value is very different from the calculated value.
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Table 4. Parameters of the nonlinear isotherm model.

Adsorbents
Isotherm models Parameters
CAP CAK
Q- (mg/g) calculated 40.392 106.280
Q- (mg/g) experimental 34.338 38.901
Ki (L/mg) 0.278 0.216
Langmuir R 0.894 0.992
RMSE 1.863 0.614
X 0.660 0.969
R x 1073 2.980 3.841
Kr (mg!-VnLVn.g 1) 12.846 19.334
1/n 0.358 0.717
Freundlich R 0.940 0.987
RMSE 1.409 0.824
X 0.396 0.103
Ar(L/mg) 2.768 2.339
br (J/mol) 279.005 117.939
Temkin R 0.92 0.993
RMSE 1.625 0.597
X 0.506 0.065
Qs (mg/g) 32.195 39
B (mol?/]?) 1.09 x 10°¢ 2x107
DK.R E (kJ/mol) 0.677 1.58
R 0.797 0.821
RMSE 2.589 3.063
X 1.232 1.667

The Freundlich isotherm would be appropriate for describing the adsorption of
RC on activated carbons due to their correlation coefficients R* close to unity. In
addition, the surface area of activated carbons would be heterogeneous due to val-
ues of (1/n) that would be less than unity. These results are similar to the work of
other authors [18] [19].

The Temkin isotherm would be appropriate for describing the adsorption of
RC on activated carbons due to the correlation coefficient & values of activated
carbons being close to unity. Furthermore, brvalues below 8 kJ/mol could indicate
the presence of physisorption during the adsorption of RC on activated carbons.

The D-K-R isotherm would not be appropriate for describing the adsorption of

RC on activated carbons because its correlation coefficient B is very far from
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unity. Nevertheless, it provides information indicating that physisorption could
dominate the adsorption mechanism of RC on activated carbons due to E values
that are less than 8 kJ/mol.

3.7. Kinetic Study of Adsorption

The nonlinear curves of the pseudo-first-order, pseudo-second-order, Elovich,

and intra-particle diffusion models are shown in Figure 8 below:

35
30
25
)
E" 20 ® Qe experimental
g 15 —@— Pseudo-premier ordre
10 Pseudo-second ordre
Elovich
5 ovic
—@— Diffusion intraparticulaire
0
0 10 20 30 40 50 60 70
Times (min)
()
50
45
40
35
38 30

® Qe experimental

£25
& 20 —®— Pseudo-premier ordre
15 Pseudo-second ordre
10 Elovich
5 —@— Diffusion intraparticulaire
0

0 10 20 30 40 50 60 70
Times (min)

(b)
Figure 8. Nonlinear model plots of the adsorption kinetics of CAP (a) and CAK (b).

The parameters and adjustment coefficients for the kinetic models of RC ad-
sorption on CA are summarized in Table 5 below.

The results in Table 5 show that the pseudo-first-order kinetic model would be
appropriate for describing the adsorption kinetics of RC on CAP because its cor-
relation coefficient & is close to unity. In addition, the calculated Q. values and
those obtained experimentally would be fairly close. However, the pseudo-first-
order kinetic model would not be appropriate for describing the adsorption ki-
netics of RC on CAK because the experimental Q. value is higher than the calcu-

lated Q. value, despite its correlation coefficient & being close to unity.
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Table 5. Parameters of the nonlinear kinetic model.

Adsorbents
Kinetic model Parameters
CAP CAK
Q. calculé (mg/g) 27.202 39.393
Q. expérimental (mg/g) 26.732 39.465
Pseudo-first Ki (min™) 0.646 0.575
order R 0.988 0.999
RMSE 0.859 0.167
X 0.286 0.078
Q- calculé (mg/g) 28.806 39.811
Q- expérimental (mg/g) 26.732 39.465
Pseudo-second K> (mg/g/min) 0.618 0.081
order R 0.986 0.999
RMSE 0.919 0.241
X 0.328 0.016
a (mg/g/min) 5.44 x 10% 3.83 x 10%
B (g/min) 2.856 1.478
Elovich R 0.985 0.983
RMSE 0.966 0.401
X 0.359 0.047
Kair 2.222 3.374
G (mg/g) 13.843 19.205
Intra-particle
diffusion R 0.438 0.487
RMSE 9 8.139
X 7.08 9.319

The pseudo-second-order kinetic model would also be appropriate for describ-
ing the adsorption kinetics of RC on activated carbons due to its correlation coef-
ficient R* being close to unity. In addition, the calculated Q. values are higher than
or close to the experimental Q. values. These results are similar to the work of
other authors [8] [18] [20].

The Elovich kinetic model would be appropriate for describing the adsorption
kinetics of RC on activated carbons due to their correlation coefficients & close
to unity, and the values of a being higher than those of B could indicate that the
adsorption process occurs by chemisorption on energetically heterogeneous sur-
faces. All of this could confirm the presence of competition between physisorption
and chemisorption in the adsorption process.

Of all the kinetic adsorption models, the intra-particle diffusion model is the
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least appropriate for describing the kinetics of RC adsorption on activated carbons
due to the low values of the correlation coefficient &*. Nevertheless, the high Co
values could indicate that intra-particle diffusion is not the only step controlling

the RC adsorption process on activated carbons.

3.8. Fourier Transform Infrared Spectroscopy (FTIR) of Activated
Carbons before and after Adsorption of RCin Aqueous Solution

The IRTF spectra of CAP and CAK before and after adsorption are shown in Fig-
ure 9, respectively.
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Figure 9. (a) FTIR spectra of CAP before and after adsorption of RC in aqueous solution;
(b) FTIR spectra of CAK before and after adsorption of RC in aqueous solutions.

Figure 9 shows that the FTIR spectra of CAP and CAK before and after RC
adsorption are identical. This indicates that the adsorption mechanism is domi-

nated by physisorption.
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3.9. Different Maximum Adsorption Capacity of RC on Other
Adsorbents

Table 6 below shows the different capacities of RC on other adsorbents.

Table 6. Different maximum adsorption capacities of RC on other adsorbents.

Adsorbents Adsorption capacity (mg/g) References
Raw clay 27.03 [Ghribi et al., 2014]
Coconut fiber residues 23.25 [21]
Raw cowpea pod 161.29 [Ayuba et al, 2021]
Cattails 38.79 [Hu et al., 2010]
Activated carbon 15.80 [22]
Activated carbon from asparagus
. . 34.34 Present work
bark activated with HsPO,
Activated carbon from asparagus
38.90 Present work

bark activated with KOH

4. Conclusion

This work had a dual environmental impact: the recovery of organic waste
through the preparation of activated carbon from the bark of the asparagus palm
(Laccosperma robustum) and the decontamination of rivers through the adsorp-
tion of pollutants: RC red in aqueous solution using our activated carbon activated
by chemical activation with phosphoric acid and potassium hydroxide. This study
showed that the optimal adsorption conditions were 15 and 25 minutes for CAK
and CAP agitation times, respectively, a mass of 0.05 g, and a pH = 2 for both ACs.
The maximum adsorption quantities of RC were 34.338 mg/L for CAP and 38.901
mg/g for CAK for a concentration of 100 mg/L each. The Freundlich and Temkin
isotherms best describe the RC adsorption process on activated carbons. The
pseudo-first-order, pseudo-second-order, and Elovich kinetic models best de-
scribe the RC adsorption kinetics on CAP. Meanwhile, the pseudo-second-order
and Elovich models best describe the RC adsorption kinetics on CAK. The results
obtained showed that activated carbons are effective for the adsorption of effluents
present in our rivers, such as the Congo River. These less expensive activated car-
bons may be an alternative solution for decision-makers in the context of envi-

ronmental protection.
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