Bull. Chem. Soc. Ethiop. 2025, 39(4), 643-657. ISSN 1011-3924
© 2025 Chemical Society of Ethiopia and The Authors Printed in Ethiopia
DOI: https://dx.doi.org/10.4314/bcse.v39i4.4 Online ISSN 1726-801X

INVESTIGATING THE COMPARATIVE ADSORPTION OF METHYL ORANGE
AND METHYL GREEN ON COMMERCIAL BENTONITE

Houria Rezala!*, Amaya Romero? and Naoual Tidjani?

'Laboratoire de Valorisation des Substances Naturelles, Faculté des Sciences et de la
Technologie, Université Djilali Bounaama de Khemis-Miliana, Route de Theniet E1 Had, 44225
Khemis-Miliana, Algérie
*Department of Chemical Engineering, Higher Technical School of Agronomical Engineers,
University of Castilla-La Mancha, Ronda de Calatrava 7, E-13071, Ciudad Real, Spain
3Electronic Department, Blida University, Road of SOUMAA PO Box 270, 09000 Blida,
Algeria

(Received June 5, 2024; Revised December 31, 2024; Accepted January 3, 2025)

ABSTRACT. This paper presents the utilization of commercial bentonite obtained from Biochem Chemopharma
Company, in France, as an adsorbent for the anionic dye methyl orange (MO) and cationic dye methyl green (MG)
in aqueous solutions. The material was analyzed using X-ray fluorescence (XRF), Fourier transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD). Nitrogen adsorption at 77 K and thermogravimetric analysis
(TGA) were performed for characterization. The study evaluated the impact of various experimental parameters
such as contact time, solution pH, adsorbent dose, initial dye concentration, and temperature. Batch adsorption
studies revealed that MO exhibited a maximum of 90 mg/g in an acidic medium, with an equilibrium time of 20 min
and an adsorbent dosage of 1 g/L. On the other hand, MG demonstrated maximum adsorption of 165 mg/g in a
natural medium, with an equilibrium time of 5 minutes and an adsorbent dose of 0.6 g/L. The adsorption of MO
followed a pseudo-first-order kinetic model and the isotherms were well-fitted by the Freundlich model for MO and
both Freundlich and Langmuir models for MG. Thermodynamic analysis indicated an exothermic, spontaneous, and
physical adsorption process. Lastly, the adsorption performance of commercial bentonite for MO was compared
with that of MG.

KEY WORDS: Methyl orange, Methyl green, Commercial bentonite, Adsorption, Isotherm models, Kinetic models

INTRODUCTION

The dyes of particular relevance are utilized in numerous industries, including the textile, paper,
leather, food, and cosmetics industries [1]. These companies may release colored wastewater,
which could be hazardous to the environment and threaten bioaccumulation. These dyes are also
more soluble in water and exhibit good stability against oxidants, heat, and light [2]. Dye pollutant
concentrations can be exceedingly detrimental to aquatic environments, even at low levels [3].
Depending on the ion load of their molecules, dyes are categorized as cationic, anionic, or
nonionic. In comparison to anionic dyes, cationic dyes are more hazardous.

Methyl green (MG) is a dicationic dye that belongs to the triphenylmethane family and is
utilized in different applications, including textile dying, medicine, and staining paper [2]. It is
toxic to aquatic organisms, severe skin burns and eye damage, causes long-term adverse effects,
and irritates the respiratory tract. Research labs, the textile industry, and the printing paper-making
process frequently utilize methyl orange (MO), an anionic dye. It can have adverse consequences
on people, including vomiting, cyanosis, diarrhea, elevated heart rate, and tissue necrosis [4].
Thus, before their release into the environment, adequate previous treatment is unquestionably
required [5].
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Several techniques have been used to remove dyes from contaminated wastewater, such as
photocatalysis, chemical oxidation, ion exchange, membrane, filtration, peroxi-coagulation and
peroxi-electrocoagulation, biodegradation and adsorption [2, 4, 6]. Adsorption is widely utilized
and simple due to its accessibility, affordability, and high efficacy [7]. Currently, many adsorbents
have been used to remove these dyes from water, including activated carbon [8], zeolite [3, 9],
graphene [10], metal-organic frameworks [11], clays, and modified clays [12].

Numerous studies have extensively explored the use of clays for the adsorption of organic
dyes due to their cost-effectiveness, abundance in nature, and high efficiency. Among these clays,
bentonite has gained significant recognition as an effective adsorbent. Currently, various
commercial bentonite products are available in the market. Commercial bentonite has
demonstrated improved removal efficiency for substances such as carbendazim [13], aflatoxins
[14], pyrene [15], and manganese [16]. However, only one existing report on using commercial
bentonite was obtained from Biochem Chemopharma Company for adsorption purposes [17].
This study compared the adsorption of MB using nickel oxide-modified montmorillonite and
commercial bentonite, with the results indicating that commercially available bentonite
outperformed the nickel oxide-modified montmorillonite.

This study aimed to utilize commercial bentonite obtained from Biochem Chemopharma
Company for the adsorption of MG and MO. The adsorbent was characterized using XRF, FTIR,
XRD, nitrogen adsorption at 77 K, and TGA. Batch adsorption experiments were conducted to
investigate the effects of contact time, adsorbent mass, solution pH, initial dye concentration, and
temperature. The kinetics and isotherms of the adsorption process were determined. Additionally,
the adsorption performance of commercial bentonite for the anionic dye MO was compared to
that of the cationic dye MG.

EXPERIMENTAL
Materials and chemicals

The Biochem Chemopharma company (France) provided the dyes MG (chemical formula
C»7H35C1LN3. ZnCl,, molecular weight = 608.79 g/mol, Amax = 630-635 nm, solubility in water = 1
g/L), and MO (chemical formula C;4H;4N3NaOsS, molecular weight = 327.34 g/mol, Amax = 466
nm, solubility in water = 5 g/L), as well as chemicals (NaOH, H>SO,) and commercial bentonite.
These were utilized exactly as received, requiring no additional purification. Distilled water was
used to prepare all of the solutions.

Characterization methods

The chemical composition of the commercial bentonite was determined by X-ray fluorescence
spectrometry (PHILIPS-PW2404 Pananalytical, Magix-Pro model) of 4 kW of power. Semi-
quantitative measurements were made with the Ommian application using 27 mm sample holders
with a full range measurement sweep. The Fourier transform infrared (FTIR) of the samples was
obtained using a SPECTRUM TWO spectrometer (Perkin Elmer, Inc.), while ZnSe (550-6000
cm!) and KBr (350-8300 cm ') pellets were used. The XRD study was obtained using a
diffractometer (PHILIPS, PW-1711) equipped with CuKa radiation (I = 0.15404 nm). Using
nitrogen as the sorbate gas at 77 K, the textural qualities were measured using a Quantachrome
Quadrasorb SI system. The samples were outgassed for 18 h at 373 K under a high vacuum (1072
Torr). Total surface areas were calculated using the multipoint BET method and pore size
distributions with BJH using N, adsorption/desorption data [18]. The thermal stability of the
generated aerogels was assessed using a thermal analyzer (TGA, 2STARe System, Mettler
Toledo) at a heating rate of 10 °C min' in an air environment.

Bull. Chem. Soc. Ethiop. 2025, 39(4)



Comparative adsorption of methyl orange and methyl green on commercial bentonite 645
Adsorption experiments

For the adsorption experiment, a water bath shaker was used to perform tests with a constant speed
of 150 rpm by mixing in glass vials a series of 25 mg of commercial bentonite with a series of 25
mL of initial dye solutions at 100 mg/L. The material's adsorption properties were examined
during a time ranging from 5 to 90 min, solution pH (2 - 10), adsorbent dose (0.2 — 4 g/L), initial
concentrations of dyes (4 - 100 mg/L) and temperature (20 — 50 °C) for optimizing operating
conditions. The experiment was conducted three times to assess the error, which consistently fell
within the + 5% range around the mean values. As the adsorption experiment concludes, the
adsorbent was separated from the solution by centrifuging the commercial bentonite-dye system
to centrifugation at 1500 rpm for 20 min. The liquid portion is a UV-Vis spectrophotometer (UV-
3100, J. P. Selecta, Spain) at the highest wavelength of 466 nm and 632 nm for MO and MG,
respectively. Calibration curves were utilized to determine the dye concentration in each
experiment, wherein the absorbance was plotted against the dye concentration.

The pH levels of dye solutions were modified by introducing a few drops of H,SO4 aqueous
solutions (0.1 mol/L) and NaOH (0.1 mol/L) and subsequently assessed using a pH meter (Basic
20+, Crison Instruments S. A., Spain). The experimental procedure involved the addition of 25
mg of commercial bentonite to 25 mL of dye solutions with varying concentrations ranging from
4 to 200 mg/L for desired contact time and pH. The equilibrium amounts of adsorbed dye per unit
mass of the sample, denoted as q. (mg/g), and the removal efficiency of the dye, denoted as E
(%), were determined using equations (1) and (2), respectively.

de =V (Co — Cc)/m (1
E(%) = 100 (C, — Cc)/Co (2

where Cy represents the starting concentration of dye (mg/L), C. is the equilibrium concentration
of dye (mg/L), V is the volume of dye solution (L), and m is the mass of commercial bentonite

(g)-
RESULTS AND DISCUSSION

Commercial bentonite characterization

The X-ray fluorescence results for commercial bentonite are shown in Table 1. The main oxides
are SiO; (47.7%) and ALOs (17.9%), indicating that this adsorbent belongs to aluminosilicate
materials. Fe,O; (7.8%) also plays a role in the sample's coloration. Other oxides are present in
small percentages. The bentonite is predominantly sodium montmorillonite (sodium type) due to
its Na* content, which aligns with previous findings [ 14, 19] on commercial bentonite from South
Oil Company and Argentinean bentonites.

Table 1. X-ray fluorescence for commercial bentonite.

Compound | NaxO | MgO | AlLOs SiOs P20s SO Cl K20 Ca0O
Weight (%) | 2.429 | 2.986 | 17.863 | 47.701 | 0.084 | 0.699 0.387 0.875 | 1.014
Compound | TiO2 V205 | CrO; | MnO Fe;0; | Co304 | NiO CuO ZnO
Weight (%) | 1.798 0.024 | 0.026 0.052 7.821 0.015 0.013 0.010 | 0.011
Compound | Ga2Os | Br Rb2O SrO Y203 ZrO; Nb2Os | BaO Loss on
ignition
Weight (%) | 0.004 0.001 | 0.004 0.027 0.004 | 0.037 0.004 0.011 | 16.103
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The characteristic functional groups of the commercial bentonite were investigated using the
FTIR technique. The spectra in the range of 4000400 cm ! are shown in Figure 1a. The vibrations
of the Si-OH bond result in a band at 3690 cm ™. The band at about 3625 cm™! corresponds to the
stretching vibration of octahedral O-H groups, attached to AI*" or Mg?* [20]. The band at 1632
cm! corresponds to the H-O-H deformation vibrations of water. The most intense band at 997
cm ! is attributed to the asymmetric Si—O-Si stretching vibrations of the tetrahedral sheet. The
occupancy of the octahedral sheets is indicated by the 913 cm ™! band, representing Al-Al-OH
bending vibrations. The montmorillonite is characterized by the bands at 516 and 461 cm™,
corresponding to the bending and stretching vibrations of Si-O bonds.
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Figure 1. The commercial bentonite’s a) FTIR spectra. b) XRD patterns. ¢) TGA and DTG curves.
d) N, adsorption-desorption isotherms. e) Pore size distribution.

The XRD patterns and relative basal spacing of the commercial bentonite are shown in Figure

1b and Table 2. The major peaks correspond to montmorillonite, with diffraction angles 20 at
around 7.1°, 12.3°, 19.7°, 28.5°, 34.9°, 55° 62°, and 72.3°. The dyy; value of the basal bentonite
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peak (12.55 A) suggests that the main interlayer cation is sodium, consistent with the XRF
analysis. Similar findings have been previously reported in the literature [4, 7, 19, 21]. Other peaks
observed are impurities such as kaolinite with diffraction angles 20 at 25°, and quartz or SiO, with
diffraction angles 20 at 26.7°, 50.2°, 59.9°, and 68°.

Thermal gravimetric and derivative thermal gravimetric curves of commercial bentonite are
presented in Figure 1c. The TG curves exhibit continuous mass loss and could be divided into
three sections. The first substantial reduction in mass has been seen within the temperature range
of 25-200 °C, with the DTG peak centered at 110 °C. This peak is characteristic of sodium
montmorillonite and is attributed to the loss of adsorbed water, and can be prolonged up to 250
°C [22]. The second small mass loss in the temperature range of 200-300 °C with a DTG peak
centered at 270 °C could be attributed to the loss of interstitial water bound by hydrogen bonds
[23]. The temperature ranges of 400-600 °C exhibit a third mass loss, with the DTG peak centered
at 507 °C, which is correlated with the sodium ions within the interlayer cavity [23].

The nitrogen adsorption-desorption isotherm of commercial bentonite is shown in Figure 1d.
When the relative pressures were low (p/po < 0.05), the isotherm exhibited type I isotherms as
classified by Brunauer, Deming, Deming, and Teller (BDDT) [24], which is characteristic of
microporous systems [25]. Nevertheless, the isotherm is correlated with the type IV class when
the p/po value is greater, indicating that the system has a wide range of pore sizes. The
identification of hysteresis loops, type H3 as described by Sing et al. [25], suggests the existence
of mesoporosity inside this material. The mesopore distribution for the sample was determined
using the Barret-Joyner-Halenda (BJH) method). Figure le shows commercial bentonite is
characterized by an unimodal pore size distribution with a maximum radius of 1.92 nm. The
textural properties of the commercial bentonite are shown in Table 2. The specific surface area of
the commercial bentonite used is 77 m*g. This value is higher than that reported by [12, 26].
Thus, the micropore surface area, micropore volume, and pore volume are higher than Algerian
bentonite [7].

Table 2. Basal spacing (doo1) and textural properties of commercial bentonite.

Basal spacing | BET surface | Micropore surface | External surface Micropore Pore volume
doo (A) area (m%g) area (m%g) area (m%/g) volume (cm®/g) (cm’/g)
12.55 76.97 27 49.97 0.013 1.15

Dyes adsorption

The influence of contact time on the adsorption of dyes is a crucial determinant of the equilibrium
time. The adsorbed amounts of both dyes as a function of contact time are depicted in Figure 2a.
Two stages of dye uptake were observed. During the early stage, the removal of MG and MO
occurred rapidly, within (t < 5 min and t < 20 min for MG and MO, respectively). This can be
attributed to the abundance of active sites that were available for adsorption. In the second stage
(from 5 to 90 min and from 20 to 90 min for MG and MO, respectively), the adsorption amount
remained constant as the active sites became saturated. The final adsorption capacities were
calculated to be approximately 79 mg/g for MO and 99 mg/g for MG. No further adsorption was
observed beyond this point. Therefore, a contact time of 5 min for MG dye and 20 min for MO
dye was deemed sufficient for subsequent experiments. This equilibrium period surpasses
previously reported values [4, 27].

The kinetic of MG adsorption by commercial bentonite was not carried out because the
adsorbed amount was very fast and reached equilibrium within the first 5 min. The kinetics
process has been modeled using pseudo-first-order and pseudo-second-order models to examine
the kinetics and mechanism of MO adsorption on commercial bentonite. The linear form of the
pseudo-first-order equation [28] is given by:
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log(qe — q¢) = logqe —kyt/2.303 3)
The expression of the linear form of the pseudo-second-order model [29, 30] is given as:

Ya = 1/kz ¢ +t/3e @

The MO (mg/g) adsorbed on the adsorbent at equilibrium and at a specific time t (min) are denoted
as qe and qq, respectively. The ki (min!') and k» (g/mg.min) represent the Pseudo-first-order and
pseudo-second-order rate constants, respectively. The kinetic fit curves are shown in Figures 2b
and 2c. Table 3 presents the kinetic parameters and correlation coefficient data. The pseudo-first-
order model demonstrated a strong match with the experimental results, as indicated by an R?
value of 0.998. In addition, the obtained q. value of 82 mg/g from the pseudo-first-order model
closely approximated the experimental value of 79 mg/g, hence demonstrating the model's
efficacy in accurately representing the MO data.
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Figure 2. a) Effect of contact time on MO and MG removal onto commercial bentonite (adsorbate
concentration: 100 mg/L, adsorbent dose: 1 g/L). b) pseudo-first-order model for the
adsorption of MO by commercial bentonite. ¢) pseudo-second-order model for the
adsorption of MO by commercial bentonite.

Table 3. Adsorption kinetic parameters of MO on commercial bentonite.

Adsorbent Pseudo-first-order model Pseudo-second-order model
ge (mg/g) | ki (min) R? ge (mg/g) | ka(g/mg.min) R?
Commercial 82.66 0.082 0.998 96.15 4.59+10* 0.60
bentonite
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The pH of the solution is an essential parameter in all sorption studies because it affects the
surface charge of the adsorbent and the degree of ionization and speciation of the adsorbate. The
impact of the pH of the solution on commercial bentonite has been studied, and the results are
shown in Figure 3a. The point of zero charge (pHy.) is an important parameter that indicates
surface charge [7]. In this study, the effect of pH was studied in the ranging from pH 2 to 10. The
adsorbent surface exhibits a negative charge when the pH of the solution is greater than the pHpzc
and a positive charge when the pH of the solution is less than the pH of the pHpzc [31]. The pHy,.
of the commercial bentonite was found to be 2.4. For pH > 2.4, the surface of the commercial
bentonite becomes negatively charged and the dye's structure varies depending on the medium in
which it is present, whether it is an acid or basic solution. For pH < pK, = 3.4, the MO dye exists
mainly in its protonated form (it was present as a sulfonic acid or quinone structure) while for pH
> pK,, it loses its protons and changes to its deprotonated form (pH > 4.4), it was present as a
sodium sulfonate salt (azo structure), as shown below:

HsC, HsC
\ o\
N — N—NH SOy =—> N N==N S05
/ +H/
HsC H;C
MO (Quinone structure) MO (Azo structure)

The adsorption capacity of MO is maximum at pH 2 (< 3.4). At the pH range of 2-3.4, there
was strong adsorption, due to the electrostatic interactions between the N-positive ion which can
become a new adsorption site of the quinone structure of MO with the negatively charged of the
commercial bentonite. At the pH range of 3.4-4.4, there was a slight adsorption attributed to the
existence of the two MO forms (quinone and azo structures). On the contrary, the increasing pH
solution, from 4.4 to 10 caused a decrease in the adsorption capacity of adsorbent, resulting in
electrostatic repulsions between the negatively charged surface of commercial bentonite and the
negative charges of MO (azo structure). Similar results have been reported by previous works [4,
32, 33].

Furthermore, it is known that methyl green has a divalent cation MG?* in an acidic solution
and has a monovalent cation (carbinol®) in in neutral or basic solution [34], as shown below:

MG?*" + OH™ « carbinol”

It is seen that there was a high adsorption capacity of MG for the entire pH (from 2 to 10) region
and this can be due to the high electrostatic attractions between the positive charges of MG
molecules and the negatively charged surface of the adsorbent. Similar results were obtained for
the adsorption of methygreen by polymeric resins [35]. According to these results, the optimum
pH of 2 is fixed for MO and retained the pH solution without adjustment for MG in the rest of the
adsorption experiments.

Another important parameter in dye adsorption is the adsorbent dose. The impact of the
adsorbent dose on the adsorption capacity of MO and MG is depicted in Figure 3b. Initially, the
adsorption process increases with an increase in adsorbent mass, attributed to a higher number of
active sites. However, after reaching an optimal dose of 90% for MO and 99% for MG, the
adsorption capacity remains constant. Further, the inclusion of additional adsorbent does not yield
a substantial impact on the adsorption process, potentially attributable to the occurrence of
adsorption site overlap resulting from the dense arrangement of adsorbent particles [36, 37].
Therefore, an optimum dose of 0.6 g/L for MG and 1 g/L for MO was selected and used in
subsequent experiments.

Equilibrium investigation provides valuable information on the interactions between
adsorbate and adsorbent. The study additionally establishes a correlation between the
concentration of adsorbate in a solution and the quantity of adsorbate adsorbed on the surface of
the adsorbent at the time that both liquid and solid phases are in a state of equilibrium [38]. The
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isotherms are formed by plotting the adsorbed amount of dye versus the equilibrium
concentration. Figure 4a depicts the effect of initial dye concentration as well as adsorption
equilibrium isotherms of the MO and MG removal by the adsorbent. The quantity of dyes
adsorbed exhibits a positive correlation with the initial concentration of the adsorbate, owing to
the heightened driving force exerted by the concentration gradient [7]. Other articles have also
reported similar findings for MG [10] and MO [32] dyes.
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Figure 3. a) Effect of solution pH on the adsorption of MO and MG by commercial bentonite
(adsorbate concentration: 100 mg/L, contact time: 20 min (MO) and 5 min (MG),
adsorbent dose: 1 g/L). b) Effect of adsorbent dose on dye removal (contact time: 20
min (MO) and 5 min (MG), pH =2 (MO), adsorbate concentration = 100 mg/L).

To better understand the adsorption mechanism by which MO and MG adhere on commercial
bentonite, Langmuir [39], Freundlich [40], and Temkin [41] models were applied. The Langmuir,
Freundlich, and Temkin models can be represented in their linear forms using equations (5), (6),
and (7), respectively.

Ce/qe = 1/qum + Ce/qm (5)
log q. = logKs + 1/n (logC,) (6)
(e = BT In KT + BT In Ce (7)

where qm (mg/g) is the maximum adsorption capacity, K; (L/mg) is the Langmuir constant, K
(mg/g) and n are the Freundlich constants, Kt (L/mg) is the Temkin constant, By = RT/b, T is the
temperature (K), R is the universal gas constant (8.314 J/mol K) and b is the Temkin constant
related to heat of adsorption (J/mol).

Figures 4b, 4c, and 4d present the adsorption isotherm fitting plots of commercial bentonite.
Table 4 displays the estimated values of the corresponding parameters.

The adsorption isotherms of commercial bentonite for MO were found to be more in line with
the Freundlich model, with the highest coefficient of correlation (R? = 0.98) (Table 4).
Additionally, for MG, the results indicate that both the Langmuir and Freundlich models fit the
equilibrium data well, as evidenced by high R? values (0.99), suggesting that the adsorption occurs
on both monolayer and heterogeneous surface conditions.
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Figure 4. a) Adsorption isotherms of MO and MG onto commercial bentonite (contact time: 20
min (MO) and 5 min (MG), pH = 2 (MO), adsorbent dose: 1 g/LL (MO) and 0.6 g/L
(MG)). b) Langmuir model. c¢) Freundlich model. d) Temkin model.

The equation for calculating R, may be determined based on K and the initial concentration of
methyl orange Co.

Ry = 1/(1 + k. Cp) ®)

The Ry parameter quantifies the extent of interactions occurring between adsorbate ions and
the surface of the adsorbent. The adsorption process is advantageous 0 < Ry < 1, unfavorable Ry
> 1, linear adsorption Ry = 1, and irreversible adsorption Ry = 0 [42].

In addition, the values of the Freundlich constant (n) indicate if the adsorption process is
favored or not favored: good adsorption n = 2—10, moderately difficult adsorption n = 1-2, and
poor adsorption n < 1 [6]. For both dyes, n values are higher than 1 and R values are between 0-
1, indicating the favorable adsorption of MG and MO dyes on the surface of the commercial
bentonite.

The analysis of Figures 2 to 4 reveals a notably superior adsorption performance of the
adsorbent towards cationic dyes (MG) in comparison to anionic dyes (MO). This behavior can be
elucidated by several factors: (i) cation-exchange processes, wherein Na ions are displaced by
MG adsorbed molecules; (ii) the presence of OH groups associated with the oxide layers SiO, and
Al0s, as to be rephrased by XRF analysis; (iii) interactions involving the © electronic clouds of
MG and cations such as Na* located on the surface or interlayer of the clays (doo1 = 12.55 A), in
alignment with findings from XRF, TGA, and XRD analyses; (iv) the formation of hydrogen
bonds between the nitrogen atoms of MG and the hydrogen atoms bonded to the oxygen atoms of
the silanol (Si-OH) groups in the clay, consistent with FTIR analysis; (v) electrostatic attractions
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between the positively charged MG and the negatively charged surface of commercial bentonite;
(vi) the presence of Van der Waals forces between MG and commercial bentonite; and (vii)
electrostatic attraction between the R-N* group of the dye and deprotonated SiO™ and/or AlO
groups on the surface of commercial bentonite.

Table 4. Isotherm model and thermodynamic parameters for the adsorption of MO and MG onto commercial

bentonite.
Langmuir Freundlich Temkin
Dye Ko Kr Kr
m(m, R? n R? B R?
(ML) | (mg) (mg/e) T | (Umg
MO 92.93 0.66 0.93 2.32 | 28.44 | 0.989 11.67 40.85 0.807
MG 333.33 0.01 0.988 1.12 3.78 0.998 | 27.67 0.54 0.862
Dye AH® (kJ/mol) AS° (J/mol.K) AG® (kJ/mol)
293 K 303K | 313K 323K
MO -6.07 -2.82 -5.24 -5.22 -5.19 -5.16
MG -17.90 -35.82 -7.40 -7.04 | -6.69 -6.33

Table 5 presents a summary of the results collected from the literature on the adsorption of
methyl green by different adsorbents, for comparison. The table illustrates that the commercial
bentonite obtained from Biochem Chemopharma company in France has a notable affinity for
MG molecules, resulting in significantly greater removal effectiveness (99%) compared to prior
findings [35, 43-48]. Moreover, commercial bentonite exhibits favorable adsorption properties
for the removal of MG dye due to its higher surface area, reaching 77 m?/g, in comparison to
Algerian bentonite, which is consistent with the nitrogen adsorption at 77 K. Also, the results
indicated that this material causes an accelerated mass transfer rate in less contact time (5 min),
this is an important economic reason from the perspective of scaling up productions for industrial
applications. Furthermore, using low masses of commercial bentonite with the shortest adsorption
time is economically more favorable. No pre-treatment was applied to the adsorbent in this work
to increase its use.

Table 5. Comparison of MG adsorption by various adsorbents.

Adsorbent Concentration Adsorbent Time Efficiency Reference
(mg/L) mass (g/L) (min) (%)
NiFe204-CNTs 100 1.4 120 56.19 [43]
Loofah fibers 5 0.4 250 75.8 [44]
Bamboo 5 1 140 79.4 [45]
Bio-based 40 2.667 60 96.51 [46]
chitosan/Fe>03/NiFe2O4
CPAuNPs 50 0.05 180 86.02 [47]
Pomegranate Peels 100 1 70 90 [48]
Amberlite XAD-2 resin 25 0.014 150 95 [35]
Commercial bentonite 100 0.6 5 99 This study
(France)

The adsorption process is significantly influenced by temperature. Figure 5a displays a graph
illustrating the relationship between temperature (293, 303, 313, and 323 K) and the uptake of
MO and MG. As the temperature climbed from 293 K to 323 K, the adsorbed quantities of both
dyes, MO and MG, fell somewhat from 89.69 to 86.37 mg/g and 101.83 to 98.67 mg/g g,
respectively. The obtained outcome suggests that the adsorption onto the commercial bentonite is
advantageous under low-temperature conditions, so implying that the adsorption process is
exothermic. According to Rezala et al., the dye molecules escape from the solid phase to the

Bull. Chem. Soc. Ethiop. 2025, 39(4)



Comparative adsorption of methyl orange and methyl green on commercial bentonite 653

solution with an increase the temperature. Similar findings were obtained for the adsorption of
MG by Zeolite ZSM-5 [49], MO by modified montmorillonite nanomaterials [4], and MO by
polyhydroxyl gemini surfactant-modified montmorillonite [32]. As a result, the ambient
temperature was given the best-adsorbed amount, and it was selected as the optimum removal
temperature for both dyes.

104
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Figure 5.a) Effects of temperature on the MO and MG adsorption capacities of commercial
bentonite (contact time: 20 min (MO) and 5 min (MG), pH = 2 (MO), adsorbent dose: 1
g/L (MO) and 0.6 g/L (MG)). b) Thermodynamic analysis for MO and MG adsorption
by the commercial bentonite at different temperatures (adsorbate concentration = 100
mg/L, pH =2 (MO), contact time: 20 min (MO) and 5 min (MG), adsorbent dose: 1 g/L.
(MO) and 0.6 g/L (MG)).

A thermodynamic parameter analysis was conducted to assess the Gibbs free energy (AG’),
entropy (AS"), and enthalpy (AH’) based on the temperature investigation.

Ke = ¢gem/C, ©)
LnK, = AS°/R — AH /RT (10)
AG = AH® — TAS® (11)

where K. is the thermodynamic equilibrium constant, q. is the amount of dye adsorbed at
equilibrium (mg/g), m is the adsorbent dose (g/L), Ce is the equilibrium concentration (mg/L) of
the dye in solution, R is the universal gas constant (8.314 J/mol.K) and T is the absolute
temperature (K). AH® and AS® are calculated from the slope (-AH°/RT) and intercept (AS°/R) of
Van’t Hoff scheme of LnK. versus 1/T (Figure 5b). Table 4 provides a summary of the
thermodynamic parameters.

The values of AG® are negative at various temperatures, indicating that the adsorption of both
dyes on commercial bentonite was a spontaneous process under the experimental conditions. The
presence of a negative value for AH® indicates that the process of dye adsorption onto the
adsorbent is exothermic. Additionally, the negative value of AS° denotes a decrease in the level
of disorder at the interface between the solid and solution throughout the adsorption process. The
determination of the magnitude of AH® can offer valuable insights into the underlying adsorption
mechanism. Values below 40 kJ/mol are indicative of physical adsorption, while values beyond
40 kJ/mol suggest chemical adsorption [50]. The value of AH® in this study is below 40 kJ/mol,
indicating that physical adsorption is the primary mechanism. The thermodynamic characteristics
of the current material exhibit similarities to those reported in existing literature [4].
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CONCLUSION

In this study, commercial bentonite from Biochem Chemopharma Company (France) was used to
remove two dyes: methyl orange (anionic dye) and methyl green (cationic dye) from aqueous
solutions. The material was characterized using XRF, FTIR, XRD, nitrogen adsorption at 77 K,
and TGA. The factors such as contact time, solution pH, adsorbent amount, initial dye
concentration, and temperature, influenced the adsorption process. Optimal parameters were
determined: a contact time of 20 min for MO and 5 min for MG, pH of 2 for MO and natural pH
for MG, adsorbent dose of 1g/L for MO, and 0.6 g/L for MG. The adsorption of MO followed
pseudo-first-order kinetics. The Freundlich model fits best for MO, while both the Freundlich and
Langmuir models fit well for MG. Thermodynamic studies showed that the adsorption is
spontaneous, exothermic, and a physical process. Cationic dye exhibited better adsorption
compared to anionic dye. Commercial bentonite can be considered a cost-effective and efficient
adsorbent for cationic dyes in water treatment.
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