(‘—k‘lm.

International Journal
o Chemical Science International Journal
& >
: Volume 33, Issue 3, Page 22-34, 2024; Article no.CSIJ.110963
s ISSN: 2456-706X
s (Past name: American Chemical Science Journal, Past ISSN: 2249-0205)

Mechanism and Kinetic Studies of the
Adsorption of Congo Red on Three
Adsorbent Materials

Elie Sogbochi 2, Guevara Nonviho &b,
Hervé K. J. Bokossa ¢, Crépin Agodji 2
and Dominique Codjo Koko Sohounhloue 2

a [ aboratoire d’Etude et de Recherche en Chimie Appliquée (LERCA), Université d’Abomey-CALAVI,
01 BP : 2009 Cotonou, Bénin.

b Laboratoire de Recherches Pluridisciplinaires de L Enseignement Technique (LARPET), Université
Nationale des Sciences Technologies Ingénierie et Mathématiques, Lokossa BP 133, Benin.

¢ Laboratory of Hygiene -Sanitation Ecotoxicology Environment Health (HECOTES) of the Interfaculty
Center of Training and Research in Environment for Sustainable Development (CIFRED), University
of Abomey-Calavi, 03 BP: 1463 Abomey-Calavi, Benin.

Authors’ contributions

This work was carried out in collaboration among all authors. All authors read and approved the final
manuscript.

Article Information
DOI: 10.9734/CSJI/2024/v33i3892

Open Peer Review History:

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,
peer review comments, different versions of the manuscript, comments of the editors, etc are available here:
https://www.sdiarticle5.com/review-history/110963

Received: 01/11/2023
Accepted: 04/01/2024
Published: 26/03/2024

Original Research Article

ABSTRACT

The enormous loss of agroforestry resources should attract the attention of the scientific
community. A cultivated plant has more unused organs than those harvested by the grower. For an
agroforestry resource to be put to good use, its parts, previously considered waste, must be
exploited for profit. This is why this study examined the potential of the hulls of Lophira lanceolata,
an agricultural waste product, as a precursor for adsorbent materials such as activated carbon and
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composite materials. The two adsorbent

to comply with discharge standards.

materials are obtained by
orthophosphoric acid in a 2:1 ratio, followed by activation and pyrolysis at 500°C. The use of these
adsorbent materials and clay for the removal of Congo red has proved effective, with removal rates
more than 90%. Adsorption on these materials is chemical in nature and occurs on energetically
heterogeneous surfaces, which fits well with the pseudo-second-order kinetic model and Freundlich
isotherms. The estimated gmax values for the Langmuir model are 145.0, 362.0, and 452.0 mg.g* for
clay, composite material and activated carbon respectively. The hulls of Lophira lanceolata could be
used to obtain various adsorbent materials for eliminating anionic dyes from industrial wastewater

impregnation with

Keywords: Biomass; clay; Lophira lanceolata; anionic dye; adsorption.

1. INTRODUCTION

Human health and the ecosystem are threatened
by rapid industrialization, urbanization and
population growth that have accelerated the
contamination of water resources by organic
pollutants [1,2]. Effluents from dye manufacturing
and use units and similar industries often contain
large amounts of dyes and suspended organic
compounds [3]. The elimination of synthetic dyes
in nature has become very important, because
some dyes and their derivatives are carcinogenic
and toxic, therefore, it cannot depend on
biodegradation alone.

“Anionic dyes (direct, acidic, and reactive dyes),
cationic dyes (basic dyes), and non-ionic dyes
(dispersive dyes) are the three main categories
of chemical dyes” [4]. “Methylene blue is a
cationic dye often used as a reference molecule
in laboratory adsorption tests. It is used in
textiles, cosmetics, paper coatings and medical
applications. Exposure to methylene blue causes
increased heart rate, vomiting, cyanosis,
hypertension, and tissue necrosis in humans if
ingested or in contact with the skin, etc” [4,5] The
researchers showed that methylene blue is
effectively processed by adsorption on different
adsorbent materials [6-8].

In view of this work, adsorption is widely used,
which confirms its great capacity for the removal
of dyes from water. In addition, it is noted that
sludge-free treatments are gaining more and
more importance over conventional methods,
such as coagulation and flocculation.

Adsorption is a physicochemical phenomenon
that takes place on the surface of solid materials
called adsorbents. Among these materials, we
have activated carbons, mineral adsorbents
(clay, zeolite, activated alumina and silica gel)
and synthetic adsorbents made from polymers
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[9]. The efficiency of the adsorbents is due to
physicochemical and textural properties such as
porosity, specific surface, surface functions,
density, etc. Apart from the cost, these properties
lead to further research to find more efficient
adsorbents more adapted to the molecules to be
treated.

A comparative study of the adsorption of Congo
red from three adsorbents, such as white clay,
activated carbon, and the composite material
developed from white clay and Lophira
lanceolata hulls, was performed. The adsorption
capacity, isotherm and adsorption kinetics were
analysed and discussed.

2. MATERIALS AND METHODS
2.1 Materials

The plant material consisted of Lophira
lanceolata hulls collected in Toucountouna, a
commune located in northwestern Benin. The
white clay used was collected in Se, a locality in
the commune of Houéyogbé in the Mono
department located in southwestern Benin
(Fig. 1). NaOH (Merck) was used to remove
mineral matter from the biomass. HsPO4 (Merck)
was used as an activating agent. Hydrochloric
acid (Merck) to wash the activated carbons.
Congo red (Merck) is used as adsorbates to test
the performance of the three adsorbent materials
produced.

2.2 Production of Adsorbent Materials

The natural clay used in this study is non-
pretreated. It was ground, sieved to 100nm and
then dried at 105 °C for at least 24 hours and
then stored in a dry place.
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Fig. 1. The map locating the place of collection of the clay

The collected Lophira lanceolata hulls were
grinded and sieved manually on a 2 mm mesh
sieve. The shreds were washed with tap water
and deionized with distilled water. It was dried at
105 °C for at least 24 hours and then stored in a
dry place. Then, the crushed Lophira lanceolata
hull was washed with a molar solution of soda
and dried in an oven at 105 °C for at least 24
hours. The pretreated biomass was impregnated
with orthophosphoric acid at impregnation ratio 2.
Carbonization was done in a high temperature
oven at 500 °C for 2h following the gradient of 10
°C.mint. The pyrolysate was cooled inside the
oven before being removed. A composite
material was produced under the same
conditions as the activated carbon by substituting
part of the biomass with clay at the ratio

(Mpiomass: mclay) (41,

The activated carbon obtained, and the
composite material are coded as CA-CLL. and
MC: respectively and then the biomass is the hull
of Lophira lanceolata.

2.3 Study of the Adsorption of Chemical
Dyes on Adsorbent Materials
initial

2.3.1 Effect of contact time and

concentration

Adsorption was studied as a function of time to
determine the amount of dye adsorbed at
different time intervals and the equilibrium time.
A mass m of activated carbon was suspended in
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a solution of volume V and initial concentration
C0. Samples were taken at predetermined time
intervals and separated using a syringe equipped
with filters (0,45 ym). The analysis of the residual
concentration of the adsorbats (Table 1) was
performed by UV-Visible absorption
spectrophotometry, where the dye solution
absorbs more light. The results obtained are
plotted in the form of curves q:=f(t) and R(%)=f(t).
The amount of adsorbed dye gt (mg.g?) and the
removal rate R (%) are calculated as follows [10—
12]:

Co—C)xV
q = o2 (1)
R(%) = == x 100 )
0

where Co and C are the initial and at time t (min)
of adsorbates concentration (mg.L?), V the
volume of solution (L) and m the dry weight of
the added adsorbent (g).

2.3.2 Kinetic study of the adsorption of
chemical dyes on adsorbent materials
[14-16]

The study of adsorption kinetics is important to
be able to define the adsorption efficiency.

To study the kinetics and determine its
parameters, the experimental data were
analyzed wusing pseudo-first order, pseudo-
second order, Elovich and intraparticle diffusion
models.
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Fig. 1. Different steps in the elaboration the adsorbants

Table 1. Informations on the molecule that were the subject of this study

Usual name Red Congo

Gross formula C32H22N606S2Naz

Semi-developed formula NH, &Ng
[13] \ o

o=s

Cé/ SONS H,N
IUPAC name Acide benzidinediazo-bis-1-naphtylamine-4-sulfonique
Wavelength (nm) 500
Molecular molar mass 696.66

(g.mol 1)
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Fig.3. Effect of initial concentration on the adsorption capacity of red Congo on the three
adsorbents

2.3.3 Modelling adsorption isotherms

The Langmuir, Freundlich and Tempkin
approaches are the most widely used for
modelling experimental data from adsorption
tests [14-16].

2.3.4 Error functions used in the selection of
appropriate models

The coefficient of determination (R?), the
sum of square errors (SSE, %) and the
average relative error (ARE, %) are
used by comparing the experimental data
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and the results predicted by each model. The
higher the R? value, the average relative error
and sum of square errors, the better the fit.
The sum or error squares (SSE, %) given by
[17]:

SSE (%) = M

®3)

The average relative error (ARE, %) given by
[17] Lutke and al. (2019):

100

N

N

ARE (%) _ v, Geexp—Ye,cal i (4)

Geexp

where N is the number of data points.
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3. RESULTS AND DISCUSSION

3.1 Influence of Contact Time and Initial
Concentration on the Adsorption
Capacity of Congo Red

Fig. 3 show that the amount and rate of
adsorption of Congo red increases rapidly during
the first 5 minutes of contact and saturation is
reached after 10 minutes of reaction. Fig. 3 show
that the composite material has the highest
adsorbed amounts of Congo red and the clay the
lowest. In addition, Fig. 4 shows that the
adsorbed amount of Congo red increases with
the initial concentration.

3.2 Adsorption Kinetics of Red Congo
on the Adsorbent Materials

This study allows us to describe the rates of the
phenomenon as a function of reaction time by
four kinetic laws that are represented in Figs. 5,
6, 7 and 8. These kinetic models were applied to
the adsorption of Congo red on the three
materials. The coefficients of determination of

the pseudo-second order kinetic model are the
highest (Table 2), so it is the most appropriate to
explain this adsorption process. In addition, this
model has the closest calculated adsorbed
guantities to the experimentally obtained
guantities; its SES (%) and ARE (%) are the
lowest (Table 2). This indicates that the
adsorption of Congo wheel molecules is perfectly
consistent with the pseudo-second order reaction
and that the adsorption process of these
molecules is controlled by chemisorption. The
intraparticle diffusion model plotted must be
linear if intraparticle diffusion is involved in the
adsorption process and when these curves pass
through the origin of the benchmark, such is not.
Therefore, this indicates some degree of
boundary layer control and shows that
intraparticle diffusion is not the only rate-limiting
step, but that other kinetic models can control the
adsorption rate, all of which can operate
simultaneously. Figs. 7 shows that the curves are
multilinear over the entire selected time range,
implying that more than one process affects the
adsorption, and that the adsorption process
contains both surface adsorption and diffusion
within the solid support.

¢ Kkinetics pseudo-first-order of Cono red adsorption

Fig. 5 presented the linearized forms of pseudo-first order kinetic.
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Fig. 4. Linearized forms of the pseudo-first-order model for the adsorption of Congo red on
adsorbent materials
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Fig. 6. presented the linearized forms of pseudo-second order kinetic.

Sogbochi et al.; Chem. Sci. Int. J., vol. 33, no. 3, pp. 22-34, 2024, Article n0.CSI1J.110963

Kinetics pseudo-second order

t (min)
100 ppm

t (min)
200 ppm

Fig. 5. Linearized forms of the pseudo-second-order model for the adsorption of Congo red on

¢

Intraparticle diffusion

adsorbent materials

Fig. 7 presented the intraparticle diffusion of Congo red molecules.
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Fig.6. Intraparticle diffusion for the adsorption of Congo red on adsorbent materials.
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Fig. 8 present the linearized forms of the Elovich model of the adsorption of Congo red molecules.

28



Sogbochi et al.; Chem. Sci. Int. J., vol. 33, no. 3, pp. 22-34, 2024, Article n0.CSI1J.110963

85 200
80
190
75

70 - 180

g: 1 éﬂ 170
S 60 c
554 160 -
%01 150
45 T T T T T
0,0 0,5 1,0 15 2,0 25
Int Int
100 ppm 200 ppm
Fig. 7. Linearized forms of the Elovich model for the adsorption of Congo red on adsorbent
materials
Table 2. Kinetic parameters of Congo red adsorption
Clay MC, CA-CLL,
Co (mg/L) 100 200 100 200 100 200
Qe.exp (Mg/g) 53.0 169.0 85.0 200 84.0 185.0
Pseudo- Qe cal (MQ/g) 6.77 21.20 4.05 15.70 23.47 16.22
first order K1 (mint) 0.09 0.04 0.06 0.03 0.008 0.02
r2 0.7453 0.9628 0.5461 0.8932 0.4445 0.7037
SSE (%) 356.0 1680.0 1097.0 2637.0 308.0 2188.0
ARE (%) 14.54 6.72 15.87 7.09 6.01 7.02
Pseudo- Qe.ca (Mg/g) 48.31 169.5 82.0 200 78.7 0.02
second Kz(min-1) 0.04 0.007 0.06 0.01 0.005 0.008
ordre r2 0.9960 0.9994 0.9997 0.9996 0.9719 0.9990
SSE (%) 1.44 0.015 0.62 0.04 1.98 0.01
ARE (%) 0.58 0.02 0.23 0.03 0.42 0.01
Elovich a 1.50.10¢ 2.57.107 4.76.10' 6.27.10° 1.67.10* 7.33.108
model B 0.28 0.10 0.44 0.13 0.133 0.11
R? 0.9651 0.9078 0.8221 0.954 0.4087 0.8441
Intraparticle ki 1.20 3.02 80.56 2.15 2.36 2.46
diffusion C 46.14 145.0 0.69 182.0 57.01 24.76
R? 0.9177 0.9786 0.7191 0.9322 0.5038 0.4609

q,(mg.g”)

500

400 ~

300

200

100

T
0 100

T T
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T T
400 500
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Fig. 8. Isotherms' adsorption of red Congo on adsorbent materials
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3.3 Adsorption isotherms of Congo red on adsorbent materials

The isotherms of the adsorption of Congo red on the three adsorbent materials show the beginning of
an S-type isotherm even if the equilibrium is not reached (Fig. 9). An adsorption in which the
interactions between the molecules but also with the adsorbent intervene. Consequently, the
adsorption of Congo red is multilayer and cooperative.

3.4 Modelling of Congo Red Adsorption Isotherms on Three Adsorbent Materials

The mechanism of adsorption of Congo red by the materials was explained by the Langmuir,
Freundlich and Tempkin models (Figs. 10, 11 and 12). The maximum adsorption capacities according
to the Langmuir model are presented in Table 3. According to this model, activated carbon shows the
highest amount of adsorbed Congo red molecules with 452 mg.g1. The Freundlich model (RZ > R% >
R?) was found to be the most credible model to explain the adsorption of Congo red in liquid phase. In
comparison the Freundlich model confirms the cooperative and multilayer adsorption of Congo red on
the adsorbent materials.

¢ Langmuir isotherm

The isotherms were plotted according to the equation (12) :

T T T T T T
0 100 200 300 400 500 600
Ce (mg/L)

Fig. 9. Forms linearized of the model Langmuir for red Congo adsorption on the three
adsorbent materials

¢ Freundlich isotherm

This model is presented according to the relation (14) :

T T T T T T T T
3,0 3,5 4,0 45 5,0 55 6,0 6,5
InC

e

Fig. 10. Forms linearized of the model Freundlich for red Congo adsorption on the three
adsorbent materials
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¢ Modéle de Tempkin

This model was presented according to the equation (15):

300

250
200 -
S 150

;» 100 +

50

= Clay
® MC,

Fig. 11. Forms linearized of the model tempkin for red congo adsorption on the three

adsorbent materials

Table 3. Parameter values of the congo red adsorption isotherm models and comparison with

other adsorbents

Langmuir isotherm Freundlich isotherm Tempkin References
isotherm

Gmax KL R? n  Ke RZ A B R%
Clay 145.0 0.011 0.050 153 0.01 0.960 0.01 8819 0.614 This work
MC2 362.0 0.003 0.446 090 1.02 0.878 0.05 63.82 0.813 This work
CA-CLL2 452 0.002 0.197 1.04 0.87 0.907 0.04 5860 0.735 This work
CoMgAl- 990.1 [19]
BLDO
Cellulose- 139.6 [20]
GNP
beads
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Fig. 12. Adsorption mechanism of red Congo on adsorbent materials [16]
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Fig. 13. Behaviour of the Congo Red solution during adsorption tests in an agueous medium.

3.5 Adsorption mechanism of red Congo
on adsorbent materials [16]

During the adsorption of Congo red, several
types of interaction can be noted. There are
electrostatic interaction, hydrophobic interaction,
hydrogen bonding interaction, -1 dispersion
interaction and n-1r interaction [18].

We note that oxygenated functional groups, such
as the carboxyl, carbonyl and hydroxyl groups of
adsorbent materials, and the amino groups (-
NH2) of the Congo red molecule could be
involved in the formation of hydrogen and
carbon-nitrogen (C-N) bonds. This bonding could
be promoted at high temperatures to form amide
bonds. 1 - 1 dispersion interactions could take
place between the 1 bonds of the adsorbent
materials and the aromatic rings of the Congo
Red molecules. In the presence of the adsorbent
materials, we can observe that the sulphonate
group (of the Congo Red molecules would be
repelled by the negative sites of the substrate
and the hydrophobic parts of the molecule can
be trapped.

Fig. 14.(a) shows the behaviour of the Congo
Red solution during the adsorption tests. The
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choice of carrying out the adsorption tests at the
free pH of the pollutant solution showed the
different changes in colour of Congo red as a
coloured indicator. Its blue, pink and red colours
in acid, neutral and basic media respectively
were revealed during the test (Fig.14.b). When
the Congo red is almost eliminated, the solution
is almost clear. Subsequently, however, it
reveals the nature of the polluting solution. It
turns blue when the acidity provided by the
adsorbent materials predominates, which can
also be explained by the reduction of Congo red
in the reaction medium. In addition, since a
coloured indicator is an acid/base couple, the
acid form could contribute to the increase in
acidity. The pink colour indicates neutrality or
pseudo-equivalence between the acidity and
basicity of the Congo Red solution in the effluent.
The red colouring shows the predominance of
Congo red in solution, i.e. its basic form, so the
carbonaceous material introduced was not
sufficient to eliminate its molecules, even if it
meant considerably reducing their level. This
phenomenon could be avoided by adding a
buffer, if we ensured that the Congo red
molecules were selectively adsorbed to the
detriment of the buffer molecules.
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4. CONCLUSION

In this work, the chemical route was used to
synthesize two adsorbent materials for
comparison with natural clay for the adsorptive
removal of Congo red. The kinetic study revealed
that the adsorption process reached equilibrium
before 60 min of reaction and obeyed the
pseudo-second-order kinetics, thus  the
adsorption was chemical. The adsorption
capacity determined by the Langmuir model is
classified as follows CA-CLL2 > MC: > Clay. The
adsorption isotherm data correlate better with the
Freundlich model. The composite material shows
high dye removal efficiency and is more
favourable to the adsorption of Congo red with
1/n <1 . Nevertheless, all three adsorbent
materials can be used for the removal of anionic
dyes from industrial wastewater to comply with
discharge standards.

Highlights

e Removal of anionic dye from aqueous
solutions by varieties adsorbents: Kinetic
and equilibrium studies.

e A variety of models are applied to fit
isotherms and adsorption kinetics.

e Adsorption of red Congo on low-cost
adsorbents.
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