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Abstract

The presence of synthetic dyes in water causes serious environmental issues due
to the poor water quality, toxicity to the environment and human carcinogenic effects.
Adsorption has progressively become an economical and feasible method for dye
wastewater decontamination. Clay minerals are an interesting alternative for
removing colorants from colored aqueous solutions because they are inexpensive,
easy to extract and handle, and non-toxic. In this work, a bentonite treated with
H2SOa4 is used to adsorb an azoderivative dye such as methyl orange (MO). The
physicochemical properties of the solids were evaluated through X-ray powder
diffraction (XRD), Brunauer Emmett Teller surface area analysis (BET), Scanning
electron microscopy coupled with Energy dispersive spectroscopy (SEM-EDS), and
Fourier transform infrared spectroscopy (FTIR). The initial dye concentration,
adsorbent mass, contact time, temperature and pH influence the adsorption
capacity. Acid modification of the clay increased its capacity to adsorb MO. For a
concentration of 200 mg/L MO, an adsorption capacity of 125 mg/g was achieved.
The adsorption process follows the pseudo second-order kinetic model. The
thermodynamic study indicates that the adsorption is spontaneous and exothermic.
The adsorption isotherm is best fitted to the Freundlich mathematical model. The
results obtained show that, after receiving an acid treatment, clay can be effectively

used to remove MO in aqueous solution.
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1. Introduction

Color is very important for our senses, as it determines the way in which we
perceive the world. The color industry has grown considerably in recent years, as
well as its toxicity. Today, water pollution by organic dyes resulting from the chemical
and textile industry has attracted global attention due to the negative impact on
public health [Bao et al., 2011]. Generally, dyes are stable to light, heat and oxidizing
agents [Wang and zZhu, 2006]. Likewise, dyes have a synthetic origin and a complex
aromatic molecular structure that makes biodegradation more complicated [Ai et al.,
2011]. These substances have chromophore compounds with high molecular weight,
which accumulate in water bodies, thus reducing luminosity and photosynthetic
activity [McMullan et al., 2001]. Additionally, most of the synthetic dyes affect the amount
of dissolved oxygen, favoring eutrophication processes by increasing the organic
load. The colored wastewater becomes the ecosystem in a dramatic source of
aesthetic pollution and disturbance on aquatic life [Parsa et al., 2007]. Furthermore,
several dyes have carcinogenic and mutagenic effects on living beings [Aguiar et al.,
2015].

Dyes can be classified according to their functional group, charge and
usefulness. Dyes classified by their chemical structure include azo, anthraquinone,
indigoid, nitro, triarylmethane, etc., and based on their application, they may be
classified as cationic dyes, anionic dyes (acid, reactive and direct), and non-ionic
dyes (vat and disperse dye) [Pajak 2021; Zhou et al. 2019]. The most important feature
of dyes is their charge, as it influences the efficiency of the adsorption process [Tan
et al., 2015]. A widely used dye from the azo group is MO, which also has very low
biodegradability, rendering it a problem for the environment. Therefore, it is very
important to subject the water courses containing this dye to some kind of treatment.

When treating wastewater from textile processes, the removal of dyes is one
of the main objectives. However, since dyes were designed to be resistant to

degradation by light or an oxidation agent, they are more difficult to remove by



conventional water treatment methods. Therefore, the methods used for this purpose
need to evolve and improve constantly. Different methods have been studied and
applied for the treatment of this type of wastewater, including chemical, biological,
catalytic and physical processes. It is also very common to use a combination of
these technologies [Hussein and Jasim 2021; Tianzhi et al. 2021; Dasgupta et al. 2017; Paredes-
Quevedo et al. 2021; Dasgupta et al. 2016; Dasgupta et al. 2015; Hynes et al. 2020].

The methodologies classified as physical are considered to be inexpensive
and simpler than the others. The adsorption process belongs to this category and
has many advantages, such as the simplicity of its design and operation, its high
performance and, most importantly, the fact that it is more inexpensive than other
methods. In addition to its effectiveness in removing dyes from aqueous media, the
adsorption strategy offers many advantages for industrial scales, such as its cost-
benefit ratio, its rapid and straightforward protocol, the fact that the adsorbed dyes
can be collected via desorption, among others [Saputra et al. 2021]. All these qualities
make adsorption one of the most widely used methods for treating colored water
[Shirazi et al. 2020, Chaari et al. 2021; Dehmani et al. 2021]. For the adsorption process to be
a feasible, inexpensive and effective alternative, adsorbents are required. Among
the most commonly used conventional adsorbent solids there is activated carbon,
which works due to its excellent adsorption capacity. As disadvantages of this solid,
we can mention its high cost and how complicated its regeneration process is [Liu et
al., 2019; Espana et al., 2019]. As a result, in recent years several research groups have
committed to studying and designing different adsorbent solids [Saputra et al. 2021, Lafi
and Hafiane 2016; Li et al. 2018; Singh et al. 2018]. Hynes et al. (2020) classified adsorbents
in general as organic and inorganic, regardless of whether they exhibit natural,
synthetic, industry/agro/domestic waste properties. Within the group of natural
materials, we find clays, an interesting option to be studied as an adsorbent. In
modern life, clay minerals are one of the most important materials for a large number
of industrial applications, and they are also the most abundant ones on Earth. Clays
are used in the elimination and deposit of dangerous chemical products for the
protection of the environment [Suryadi et al., 2015; Sarkar et al., 2019.]. They present a

laminated structure, porosity, specific active sites, large surface area, high cation-



exchange capacity and thermal stability [zhou et al., 2019; Kausar et al., 2018]. Clays can
be modified to improve their adsorption capacities by subjecting them to various
treatments, such as replacement of the cations present in the clay, thermal
treatments, or acid treatments, in order to obtain solids that can be used for a specific
pollutant [Sarkar et al. 2019; Gao et al. 2015; Yan et al. 2015; Satlaoui et al. 2019]. The purpose
of inorganic acid modification is to enhance the adsorption capability of clay minerals
by increasing the surface area, pore volume, and number of acid sites. The most
widely used acid for this purpose is sulfuric acid (H2SOs4), which is preferred over
hydrochloric acid due to its lower cost and fewer detrimental effects [Suryadi et al.,
2015; Barakan and Aghazadeh 2021].

Bentonite is a rock composed of smectite (at least 50%), particularly
montomorillonite with quartz, feldspar, gypsum and/or other minerals present as
impurities [Martinez Stagnaro and Volzone 2019, Queiroga et al. 2019]. Bentonite is composed
of two silica tetrahedral sheets with a central Al octahedral sheet. The permanent
negative charge of bentonite was attributed to the isomorphous replacement of AI3*
with Si** in the tetrahedral layer, and of Mg?* with AI** in the octahedral layer. This
negative charge is balanced by the presence of exchangeable cations (Na*, Ca?*,
etc.) in the lattice structure, and these cations are exchangeable with inorganic
and/or organic polycations, resulting in pillared materials, which enhance the
adsorption of cationic, anionic and organic pollutants [Anirudhan and Ramachandran,
2015; Chinoune et al., 2016]. As bentonite is highly available and environmentally safe,
it seems to be an economical material for the removal of colorants. The only potential
disadvantage of this material is its low affinity to adsorb anionic dyes due to its
negative charge. Performing an acid treatment on a montmorillonite not only
improves its adsorption capacity but also makes it suitable for retaining anionic dyes.

When studying the adsorption process of a dye, one of the main objectives is
to find out the optimum operating parameters. For this purpose, numerical
optimization is used to determine the quantities or values necessary for the different
parameters to achieve maximum removal efficiency. These parameters include: pH,

temperature, contact time, adsorbent mass and adsorbate concentration.



The problems caused by high levels of pollution make it clear that research to
mitigate the damage is essential. Within the context of adsorption, the search for
solids that work as adsorbents for highly contaminating dyes and that are highly
effective is an ongoing enterprise. Finding inexpensive, natural and nature-friendly
solids is very important. Additionally, in order to optimize the adsorption process, it
is essential to study the parameters that affect the process, which are inherent and
specific to each adsorbate/adsorbent system. Under this assumption, in this work, a
natural bentonite and a treated one were characterized and studied as methyl
orange adsorbents in an aqueous solution. The uptake time, initial concentration,
sorbent dosage, pH and temperature effects were investigated, as well as the

equilibrium, kinetics and thermodynamics.

2. Materials and Methods
2.1. Materials

Methyl orange (ucb) is an acid dye that, together with reactants and direct
dyes, form the set of anionic dyes. This is commercially known as acid orange 52,
azoderivated with color change from red to orange-yellow between pH 3.1 and 4.4.
The indicator name is 4-Dimethylaminoazobenzene-4’-sulfonic Acid Sodium Salt.
Nowadays, it is applied in pharmaceutical preparations, dyeing and oil processes.

The physical properties of methyl orange (MO) are shown in Table 1. For each
experiment, MO solutions were prepared with distilled water.

The solid adsorbent used in this work is a low swelling magnesium calcium
bentonite from San Juan (Argentina), which was supplied by Bentonitas Santa
Gema. Natural clay (RC) was treated with concentrated sulfuric acid at 413 K in a
pressure reactor, then it was washed to remove traces of acid, and finally the water
content was removed by a spray dryer. The solid thus obtained is called treated clay
(TO).

2.2. Methods
2.2.1. Characterization



The crystalline structure of solids was studied by X-ray diffraction (XRD) using a D-
Max Il (Rigaku) with Cu Ka 1 radiation (A=1.5405 A, 40 kV, 30 mA), with Ni filter,
and scanning an angular range of 26 between 10° and 70°, at a 3°min~! rate. The
JCPDS (Joint Committee for Powder Diffraction Data-International Centre for
Diffraction Data) database was used to analyze the diffraction peaks.

Fourier transformed infrared (FTIR) spectroscopy, Perkin-Elmer Spectrum
RX1 analysis was performed in the range of 4000-400 cm™. The samples were
ground with KBr (analytical grade) and the mixture was pressed to produce disks for
the FTIR analysis.

The surface areas and pore volumes were determined from nitrogen
adsorption isotherms measured at 77K in a Gemini V2.00 surface analyzer
(Micromeritics Instrument Corp.).

The micrographs of the samples were obtained by scanning electron
microscopy (SEM) using Philips 505 Model equipment provided with an EDAX DX
PRIME 10 energy dispersive X-ray analyzer.

The Cation exchange capacity (CEC) is one of the important properties in clay
minerals. It is a measure of the capacity of clay minerals to exchange cations from
the solution. The CEC was obtained by the methylene blue method. The natural clay
has a CEC of 95 meq/100g.

2.2.2. Adsorption Experiments

The experiments were carried out in a batch reactor with thermostatic bath.
50 mL of a colored solution with an initial concentration of dye (Ci) and with a mass
of adsorbent (M) was used. It was stirred magnetically at 350 rpm. The samples
were taken at different time intervals and the final concentration (Ct) was analyzed
in an UV-visible spectrophotometer (UV-1800 SHIMADZU), where absorbance at
maximum wavelength was evaluated. The calibration curve was performed in a
concentration range for this work from 2 to 24 mg/L using the photometric method

with UV-Probe Program.



To study the pH influence, it was adjusted to the desired value in a pH range
of 3-10 at 298K, using a solution of 0.1 mol/L HCI (Merck) and 0.1 mol/L NaOH
(Sigma-Aldrich, >97% wi/w).

To measure the temperature effect, the experiments were conducted in a
thermostatic bath at 298, 323 and 373 K. The adsorption capacity and the

adsorption percentage were calculated using the following equations:

Q=(C-Cor (1)
Removal% = (1 — %).100 (2)

Where V is the volume of dye solution (L), C; is the initial concentration of
the dye solution (mg/L), Ct s the final concentration (mg/L), and M is the adsorbent
mass (Q).

The description of the adsorption procedure begins with the treated clay, and

consist of several sequential steps, as explained in Figure 1.

3. Results and Discussion
3.1. XRD Analysis

The XRD pattern of adsorbent solids, RC and TC are present in Figure 2(a).
It can be observed that the RC consists of montmorillonite as the main mineralogical
phase, specifically a calcium-magnesium-hydrated aluminium silicate belonging to a
montmorillonite-15A [ICDD PDF-2 00-003-0015]. In addition, it is noticeable the
presence of minor amounts of cristobalite, quartz, feldspar and calcite. In the case
of acid treated clay, the montmorillonite phase is preserved, indicating that it is
resistant to acid attack.

The clays have a typical peak around 26 = 5° [yan et al., 2015]. The natural clay
which is studied in this work has a peak at 26 = 5.88°, similar to the cited one. When
comparing the natural clay with the treated one, it can be seen that the angle 26 has
suffered a displacement of 5.88° to 5.17° respectively. The calculated distance d is
7.52 A (0.752 nm) and 8.55 A (0.855 nm) for RC and TC respectively, and this

expansion suggests an exchange of ions. [Silva et al., 2012; Koswojo et al., 2010].



The XRD patterns of TC before and after reacting with MO are indicated in
Figure 2(b). The value of 26 for the diffractogram of clay with MO after adsorption
(TC-MO) is 5.60, while for TC without adsorbed dye is 5.17. This shift towards higher
values reveals an increase in the interlaminar spacing, caused by the MO retained

in the clay.

3.2. FTIR Spectra

The IR spectrum of a clay mineral is dependent to its chemical composition,
iIsomorphous substitution and layer arrangement order. Figure 3(a) shows the FTIR
spectra of the RC and TC. The adsorption band at 3640 cm™ represents the
stretching vibration of the OH groups in the silicate layers; this band is attributed to
the montmorillonite [Temuujin et al., 2006; Aguiar et al., 2017]. The band at 1640 cm was
assigned to the bending vibration of water. The RC exhibits a band with a maximum
located about 1030 cm™ and a shoulder at 1116 cm™ assigned to the symmetric
stretching vibration mode of Si-O-Si groups [Madejova, 2003].

The bands located at about 915 and 880 cm, which are observed in RC and
TC, are attributed to the bending vibration mode of Al-Al-OH and Al-Mg-Al
respectively. These bands weaken in treated clay, suggesting that there is a partial
Al and Mg reduction [Temuuijin et al., 2006]. Another characteristic band that increases
its intensity in acid-treated clay is the 800 cm™ band, which is attributed to
amorphous silica. [Madejova, 2003]. The presence of bands at 520 and 470 cm™
assigned to Si-O-Al (octahedral Al) and Si-O-Si [Madejova, 2003] suggests that the
octahedral Al cations are retained and amorphous silica are observed respectively.
This means that the original structure of the montmorillonite was not fully destroyed
in agreement with the XDR result.

The FTIR method is extensively used to study the clay materials-organic
intercalation. The FTIR spectra of MO and treated clay before the adsorption of dyes
are shown in Figure 3(b). In the spectrum corresponding to dye, the band at 1609
cmtindicates the vibration of phenyl groups of MO anions. The bands at 1118 and

1200 cmwere attributed to the vibration of C-N of amines. The symmetric stretching



vibration of the SO3™ group appears at 1038 cm™. The absorbance at 1006 cm is
due to the C-H bond corresponding to benzene rings. [El Hassani et al., 2017]. These
signals are defined in treated clay after the adsorption process, which would suggest

that the MO molecules have been embedded in the surface of solid.

3.3. Textural Properties

The reason for the high adsorption capacity of clay is its high surface area. If
a particular clay has an elevated surface area, this means that it has a high
adsorption capacity compared to clays with a low surface area.

Both the natural and treated clay showed (Figure 4) a type V isotherm
according to the ALOthman classification [ALOthman 2012], which is typical of
mesoporous materials (pore width from 2 nm to 50 nm). This isotherm is associated
with capillary condensation occurring in mesopores, a limiting adsorption in an
extended P/Po range and a monolayer multilayer adsorption at isotherm onset. The
isotherm corresponding to the TC exhibits a hysteresis type H3 (IUPAC
classification), which corresponds to a system formed by slot shaped pores having
a vertical adsorption branch at relative pressures close to the unit, and a desorption
branch at approximately medium pressure [Chinoune et al., 2016].

From the parameters obtained for the RC and TC represented in Table 2, the
effectiveness of the acid treatment applied to the clay in increasing the surface area
(SeeT), pore size (Dp) and pore volume (Vp) was verified.

The surface area of TC increased significantly from 29.34 (natural clay) to
76.12 m?/g, which represents an increase of 160%. A similar situation occured with
the average pore volume, which went from 0.099 to 0.134 cm?/g, representing an
increase of 35%. Acidification removes impurities, replacing interchangeable cations
(like Na*, Ca?*) with hydrogen ions and leaching other cations (Mg?*, Al**) from the
octahedral and tetrahedral sites produced by some damage on the silicate layer,
which exposes the edges of platelets [Toor and Jin, 2012, Barakan and Aghazadeh 2021].

The good quality of an adsorbent is determined by its surface area and pore

volume values. Both parameters are significantly improved in the modified solid (TC)



with respect to RC; therefore, the former would be expected to have a great ability
to retain the dye.

On the other hand, the Cger value is related to the monolayer adsorption
enthalpy [Chinoune et. al, 2016]. An elevated Cget value indicates a strong adsorbent-
adsorbate interaction. Table 2 shows that this value is much higher for TC than RC,

probably due to chemical changes during acid treatment.

3.4. Surface Morphology

The clay samples were examined using SEM and EDS to analyze their
morphological characteristics with respect to the raw and treated bentonites. Herein,
representative SEM images are present in Figure 5 (a) and (b), where there are
noticeable differences between the two samples. In the image corresponding to
natural clay (Fig. 5(a)), particles forming aggregates of different sizes are observed.
In the case of treated clay (Fig. 5(b)), the size of the particles is smaller and
homogeneously distributed, which is consistent with the results obtained with BET,
which show a great increase in the surface area.

The results of EDS (Table 3) show semiquantitative quantities of O, Al and Si
elements, which are part of the clay main structure. This table also includes Fe and
K elements. Surface contents of Na, Mg and Ca disappear in the TC. The elemental
mapping images are presented supplementary material Figure S1. The acid
treatment carried out leads to a solid with a more porous surface due to the leaching
of cations. This is because the bentonite cations are replaced by H* ions, generating
empty spaces on the surface. This has resulted in a morphological modification of
the clay physico-chemical surface, which would favor the process of dye adsorption.
Saputra et al. (2021) argue that mesoporous properties, high surface area, and pore
volume, as well as enrichment with functional groups are beneficial features provided
by an adsorbent. The TC has all of these features.

The area of the treated bentonite has increased markedly with respect to the
natural bentonite and, what is more, its surface has been morphologically modified

in such a way that its dye-capturing capacity has been improved.



3.5. Effect acid treatment

To study the efficiency of solids adsorption, 50 mL of a MO solution with an
initial concentration of 100 mg/L with 60 mg of natural and treated clay were
subjected to magnetic stirring at room temperature. The percentage of dye removal
is shown in Figure 6(a).

The TC has a high adsorption capacity to remove MO in aqueous solution
with a removal rate of 86%, reaching equilibrium within 3 hours of contact. This
clearly shows the marked difference between both solids in their behavior as
adsorbents. The high removal percentage of the TC as compared to the little activity
exhibited by the RC shows that the acid treatment performed on the natural bentonite

is effective for removing an anionic dye.

3.6. Effect of pH
The pH of the solution plays an important role in modifying the medium in
which the two phases meet: the colored solution and the surface of the solid
adsorbent [Elmoubarki et al., 2015].

The effect of pH on the adsorption was studied with 60 mg of adsorbent and
an initial MO concentration of 100 mg/L. Experiments were carried out during 10, 20,
30, 60, 120 and 180 minutes at a constant stirring rate. The results are shown in
Figure 6(b).

The graph proves that the mass of MO adsorbed per mg of TC, Qq, is high at
an acidic pH and then decreases slightly as the pH increases, although this reduction
is very slow until a pH value of 7 is reached. As long as protons slowly disappear
from the solution, the adsorption capacity reaches a maximum of 42 mg/g at pH 4.

Two adsorption mechanisms are possible: electrostatic interactions between
the surface groups of the clays and the functional groups of the dye molecule, and/or

a chemical reaction between the clays and the dye [EImoubarki et al. 2015, Singh et al.,
2018].
These adsorption mechanisms could be explained, on the one hand, because

the MO molecule is protonated at a pH below pKa (3.47). Figure 6(c) shows the
positively and negatively charged species of MO according to pH. At a pH equal to



or greater than 3.2, the protonated ion predominates, forming two resonant
structures, one of which is a double-charged zwitterion. When the pH increases until
it reaches the pKa of the dye, the amount of H* decreases, thus generating a
deprotonated MO, and it remains like this even at an acidic pH of 4.4. At pH values
close to the pKa, the molecule is deprotonated, thus reaching a negative charge and
becoming an anion [Seyhan Ege, 2013].

At low pH values, the dissociated species of the MO are attracted by the
positively charged surface of the solid through electrostatic interactions that take
place between the double positive and negative charge of the MO of the resonant
forms. This double charge present in the zwitterion has an additional electrostatic
interaction, which is relevant for the removal of the azo dye. When the hydroxyl
concentration increases, the dye has a persistent negative charge on the sulfonic
group, thus generating a hydrogen bridge between the oxygen of the sulfonic group
and the protons of the hydroxyls present on the clay surface.

On the other hand, the adsorption for MO molecules is high due to the
formation of the cation 1 interaction between the positively charged surface of the
TC and partial negative charge of the aromatic rings within the MO molecular
structure.

When the pH begins to increase, the removal of the MO decreases
dramatically until it becomes non-existent at alkaline pH. The TC surface becomes
deprotonated and negatively charged. At this point, a gradual decline of the MO
adsorption takes place as the result of the partial ionization of the sulfonic group
within the MO structure, thus creating the anionic form of MO that leads to the
electrostatic repulsion with the surface of the acidic bentonite [Ong et al., 2014].

The weak adsorption of the anionic dye at alkaline pH could be attributed to
the abundance of hydroxyl ions, OH", which compete with the anionic dye for the
same adsorption sites [Elmoubarki et al. 2015].

Based on the explanation above, it is suggested that the removal of the azo
dye is increased at an acidic pH. The results of this study are consistent with the

work carried out by other researchers in determining how the electrostatic attraction



occurs between the adsorbent solid and the dye [zZhou et al. 2010, Umpuch et al. 2013,
Pajak, 2021, Dadou et al., 2019].

3.7. Effect of Contact Time and Dye Concentration

The effect of contact time and initial concentration of the dye was studied
using different concentrations of dye: 20, 70, 100 and 200 mg/L. Experiments were
carried out using 60 mg of TC at different contact times (0-180 min), at 298 K and
pH 4. Each sample was centrifuged to separate the remaining solid from the solution.
The supernatant liquid was optically measured in the UV.

Figure 6(d) depicts how the adsorption capacity of the TC is modified with the
range of selected initial concentrations of the azo dye. The experimental results
show that the TC quickly removes the MO. The adsorption capacity increases from
12 to 125 mg/g when the initial concentration increases from 20 to 200 mg/L of MO.
The initial concentration values decline when the stirring time increases. The
increase of molecules in the solution is the driving force that enhances removal over
time. A higher initial concentration of MO promotes the overcoming of the resistance
to mass transfer between this species in the solution and the solid phase. As a result,
with an increase in the initial concentration, there is also a decrease in the
concentration of MO in the solution within a certain period of time, thus resulting in
an improvement in the adsorption process.

For all the initial concentrations, the adsorption capacity increases when the
stirring time increases. Removal of the MO increases as the contact time between
the solid and the colored solution elapses. During the first 20 minutes after the
adsorption process is started, MO removal is fast, the curves at any Ci have a high
slope, which evinces strong adsorption. After 20 minutes, the evolution of adsorption

is progressive but slow, until equilibrium is reached at approximately 180 minutes.

3.8. Effect of Amount of Adsorbent

Yagub et al. (2014) explain that the adsorbent dose is an important parameter
of the process to determine the capacity of an adsorbent under certain operating
conditions. Generally, the percentage of removed dye rises with the increase in

adsorbent concentration, due to the greater number of adsorption sites that will be



available. The influence of the amount of adsorbent gives an idea of the ability to
remove a dye. Using less adsorbent is economically beneficial.

In this study, the adsorption of MO was performed using 70 mg/L, at 298 K
and pH 4, varying the amount of adsorbent used in a range of 5-100 mg. Figure 6(e)
shows that as the concentration of adsorbent increases, the removal of MO
increases, because a greater amount of TC means there are more active sites to
attract the pollutant. Mohammed et al. (2021) published similar conclusions.

For the lowest concentrations used (0.04 and 0.1g/L) no changes were
recorded in the dye spectrum. Regarding doses higher than 1.2 g/L and 2.0 g/L, the
removal percentage was 48% and 75%, respectively (Figure 6(e) and 6(f)). It is then
proven that the color of the MO solution fades as the adsorbent mass increases,
which means that the removal efficiency increases. An opposite effect is observed
with an increase in the mass of dye per gram of adsorbent (Qt), wherein 28 and
26 mg/L are obtained for the same doses (1.2 and 2.0 g/L). This may be attributed
to the formation of aggregates of the adsorbent solid, which implies that the sites for
the adsorption of the MO block each other, thus reducing the available surface area
and causing a reduction in Qtas a result. This behavior was also observed by Saeed
et al. (2020) and Chinoune et al. (2016).

3.9. Adsorption Kinetics

Figure 7 shows the adsorption kinetics under the following conditions: 100
mg/L of Ci and 60 mg of TC. It evidences that it takes approximately 3 hours to reach
equilibrium.

To study the rate of adsorption, the adsorption kinetics of MO on the
adsorbent solid was analyzed using two kinetic models on the experimental results
at various initial concentrations of the dye. The Pseudo First (3) and Pseudo Second
(4) Order Models are represented in the following way:

In(Qe = Q¢) = InQc — kit (3)

For pseudo-first order kinetics (equation 3), the kinetic parameters were
calculated using the In(Qe-Qt) graph as a function of t. For this purpose, a nonlinear
regression was performed with MATLAB software. From this, it was obtained ki
(1/min), and the theoretical Qe (mg/g). Whereas, for the pseudo-second order



equation, the kinetic parameters resulted from the graph of t/Q: as a function of t,
where Qe [mg/g] and k2 [g/mg-min] were calculated from the slope and the ordinate

to the origin respectively.
t 1

1
=—+—t (4
Q kQZ Qe (4)

By linearizing this expression, is called h, from which the value of the constant k

kQ2
of adsorption velocity can be obtained. The results suggest that the removal of dye
is done by a pseudo-second order model. Equation (4) is based on the assumption
of a chemical mechanism in which the speed-controlling step is a chemisorption or
an activation process. The different data obtained (maximum adsorption capacity,
pseudo-second velocity constant and first order and linear regression coefficient) are
grouped in Table 4.

Generally, the values of the constant rate of adsorption of the treated clay
decreased with the increase of the initial MO concentration. The calculated Qe values
were very similar to those obtained experimentally. The results obtained indicate that

the pseudo-second order Ho model fits better (R? about 1).

3.10. Adsorption Isotherms

Unbalanced and unsaturated molecular forces are present on the surface of a
solid. When the solid comes into contact with a solute, interaction forces appear; the
surface of the solid tends to balance the residual forces by attracting and retaining
the solute molecules on its surface. This results in a high concentration in the surface
neighborhood compared to the concentration in the fluid. In adsorption, it must be
clear that two types of forces are involved: physical forces (dipolar momentum,
polarization forces, dispersive forces or short-distance repulsive interactions) and
chemical forces (involving chemical reactions and interactions responsible for the
formation of chemical compounds). The adsorption of MO onto TC at different
temperatures is determined as a function of equilibrium dye concentration (Ce) and
the corresponding adsorption isotherms are plotted in Figure 8(a). The adsorption
isotherms were performed in a concentration range (20-1000 mg/L) and at three

temperatures: 298, 323 and 373 K. Initially, a gradual increase in the amount of



adsorbed dye (Qe) is observed, followed by a moderate increase for higher
concentration values. The Qe decreases with an increase in temperature, which
specifies an exothermic nature of the existing process.

The relationship between the amount of solute on the surface of an adsorbent
in equilibrium with the concentration of the solute in the liquid phase defines the
equilibrium of the adsorption process, and it is important for understanding the
adsorption process itself. This equilibrium process is described by Adsorption
Isotherms, whose equations were originally developed for the description of gas
phase absorption processes. However, these can be used for liquid phase
adsorption by applying the corresponding approximations in each case. The most
commonly used equations for correlation of experimental adsorption data for
hazardous substance systems-mineral clays are Langmuir and Freundlich. There
are also equations that involve a greater number of parameters such as: Dubinin-
Radushkevich, Temkin, Toth, Slips, BET, among others. The adsorption isotherms
receive a strong influence of temperature. Depending on whether it is high or low,
the amount adsorbed will be lower or higher, depending on whether it is a physi-
adsorption or chemi-adsorption. The results are presented in Figures 8(b)-8(d) and
the parameters of the isotherms are presented in Table 5. By discussing about
isotherm constants, it can be determined whether an adsorption system is favorable
or unfavorable.

The Langmuir isotherm assumes that adsorption occurs in a monolayer on
the surface containing a finite number of adsorption sites without transmigration of
adsorbate on the surface plane [Langmuir, 1916]. This phenomenon is expressed in the

following way:

g_i = i C.+ ﬁ (5)

Where Ce is the concentration of absorbate in equilibrium (mg/L), Qe is the amount
of absorbate adsorbed per unit of adsorbent mass in equilibrium (mg/g), K is the
Langmuir adsorption constant (L/mg), and Qm is the theoretical maximum amount
adsorbed on a monolayer on a surface containing a finite number of identical sites,

per unit of adsorbed mass (mg/g). For the Langmuir isotherm, the following results



are obtained by linearizing equation (5), where Ce/Qe Vs Ce is plotted. Therefore, Qm
is obtained from the slope and KL is obtained from the ordinate to the origin.
The characteristics of this equation can also be expressed in terms of a

dimensionless factor defined as (6):

1

RL =
1+K;Co

(6)

The RL value indicates the type of isotherm obtained; favorable (0<RL<1), not
favorable (R.>1), linear (RL=1) or irreversible (R.=0). Table 5 shows that the RL
values are between 0 and 1 so that the adsorption of MO onto treated clay is
favorable.

On the other hand, Freundlich isotherm [Freundlich, 1907] takes into account
heterogeneous systems and is not restricted to the formation of the monolayer. This
isotherm is expressed in the following way:

InQ, = InKp +~InC,  (7)
Where Kk is a distribution coefficient expressing the amount absorbed per unit of
adsorbent equilibrium concentration, and n provides an indication of how favorable

the adsorption process is, both are the Freundlich constants. According to the result

of Table 5 the MO/TC system shows an adsorption moderately difficult [Ong et al.,
2014].
The Dubinin-Radushkevich (D-R) isotherm model does not assume a

homogenous surface or constant adsorption potential as other models [Chen et al.,
2011]. The D-R isotherm has been written by the following equations:

Qe = Qme™® (8)
e=RTIn(1 +Ci) (9)

E,=(2B)F (10)
Where B is a constant related to the adsorption energy, Q,,is the theoretical
saturation capacity, and ¢ is the Polanyi potential.
From the equations (8-10), Ea can be calculated, the values of which are
presented in Table 5. The values of Ea at different temperatures are between 5 and
8 KJ/mol for the three temperatures studied. The average energy of adsorption is

the change of free energy when a mole of ions is transferred from the solution to the



surface of the solid. The values of this parameter can give information about the
adsorption mechanism: in a range of 1 to 8 kJ/mol, they show physical adsorption
[Onyango et al., 2004]; between 8 and 16 kJ/mol, they indicate that the adsorption
process is by ion exchange; while if the values are between 20 and 40 kJ/mol, they
indicate chemisorption [Tahir and Rauf, 2006]. According to the values shown in Table
5 the MO/TC system would indicate a physical adsorption.

By comparing the correlation coefficients R?, it can be deduced that the
experimental equilibrium adsorption data are well described by the Freundlich

equation compared with Langmuir and D-R models.

3.11. Effect of Temperature on Adsorption

On the other hand, the process of adsorption in equilibrium is related to
variables that are not possible to measure directly through the thermodynamics of
the process, such as AH’ (standard enthalpy change), AS® (standard entropy
change), and AG® (Gibbs free energy), which is the most important of all. AG®
expresses whether the adsorption process is possible or not, that is to say, whether
the process is spontaneous or not.

The diffusion of the adsorbate molecules through the outer surface and
internal pores of the adsorbing particles is affected by temperature. In order to study
the effect of temperature on the dye/TC system, the following experiments were
carried out with a Ci of 100 mg/L, with an adsorbent mass of 60 mg of TC at different
temperatures (298K, 323K and 373K) and at different stirring times (20, 60,120 and
180 min). Figure 6(g) shows how the effect of temperature influences the time that
sorbent and dye are together. It is observed that the removal percentage decreases
with increasing temperature.

Thermodynamic parameters such as Gibbs G° free energy, standard enthalpy
H° and standard entropy S° were studied to better understand the effect of
temperature on adsorption. The thermodynamic parameters were studied using
equations (11) and (12):

AS° AH®

LnKD = ?_E (11)

Kp = Q— (12)



Where the ideal gas constant is R=8.314 J/mol K, T is the temperature in
Kelvin and Kb is the distribution coefficient. The graph of In Ko vs 1/T gives a straight
line, and the slope and the ordinate to the origin correspond to AH°/R and AS°/R
respectively.

The free energy values of Gibbs AG® at different temperatures were obtained
from:

AG° = AH° — TAS®  (13)
AG®° = —RT InK) (14)

The results are detailed in Table 7. Negative AG° values at different
temperatures indicate the feasibility of the process and the spontaneous nature of
the adsorption, and when the temperature increases, the AG° values increase, which

shows that the adsorption is lower at high temperatures.

3.12. Comparison of adsorption processes for methyl orange removal

Table 7 compares the maximum adsorption capacities (Qmax) of other
research papers with different solid adsorbents for MO. Different parameters have
been considered, such as: initial concentration, pH, adsorbent mass, and time,
because Qmax is dependent on them.

Various adsorbents have been used and continue to be designed to remove
methyl orange from a colored solution. A great variety of solids, from natural clays,
organic waste, coals and zeolites, have been modified by different acid, basic and
thermal treatments.

A group of clays treated with sulfuric or hydrochloric acid were found to be
good adsorbents to remove MO; they have a maximum adsorption capacity ranging
from 10 to 47 mg/g [Fernandes et al. (2020), Bendaho et al. (2017), Ma et al. (2013)]. Other
clays of the zeolite type were modified by Raador et al. (2021) with
hexamethylenediamine (HMDA), improving the positive charge of the surface and
causing the MO adsorption performance to increase as a result. Similar materials
modified with organic compounds, such as the solids worked on by Zayed et al.
(2018) and Chen et al. (2011), attained an advantageous removal capacity for the

MO/adsorbent system. Other more complex adsorbents were also found in the



literature, e.g.: chitosan-kaolin with the addition of Fe composites [zhu et al., 2010] and
chitosan-modified clay from Umpuch et al., (2013), which yielded significant results
but had the disadvantage that large amounts of the solid or a great amount time
were needed to accomplish the removal, which is unfavorable from an economic
standpoint. Gamoudi and Srasra (2019), experimented with a clay modified with a
surfactant and achieved an adsorption efficiency of 100 mg/g within one hour of
stirring and with an initial concentration of 200 mg/L of MO. All of these works provide
evidence of an acceptable adsorption capacity; however, the solid studied in this
work has been shown to have a better performance. The maximum adsorption
capacity was determined to be about 125 mg/g, and this result was better than those
adsorbents reported in the Table 7.

In summary, the bentonite from San Juan modified with sulfuric acid proposed

in this work as an adsorbent has many advantages for removing MO.

4. Conclusions and Recommendation

The results obtained in this work show that clay from San Juan, Argentina,
after receiving an acid treatment, can be effectively used to remove an anionic dye
in aqueous solution. Analytical characterization techniques led to the conclusion that
acid treatment modifies the morphological surface of natural clay, favoring the
adsorption process. An initial concentration of the azo dye (20-1000 mg/L) with a
mass of the acidified bentonite (5-100mg) were contacted in a batch reactor. At 298
K, the adsorption capacity of the TC increases with an increasing Ci for the same
mass of the solid. The pH of the colored solution has a decisive impact on the
adsorption process caused by the pKa value of the MO. When the concentration of
H* begins to increase, removal reaches a peak and then drops dramatically at
alkaline pH. The adsorption process followed the pseudo second order rate kinetic.
The Ho model is the best-fitted one, with an R? close to 1, which predicts the way in
which adsorption occurs. The adsorption isotherm for MO/TC system is best fitted
by Freundlich. This fit indicates an adsorption process wherein removal takes place
by means of physical adsorption, through electrostatic interactions between species

with opposite charges. The thermodynamic study indicates that the adsorption is



spontaneous and exothermic. The process cost for dye removal by adsorption
depends mainly on the cost of the adsorbent. The bentonite studied here is an
excellent choice for its abundance, easy handling and low cost when treated to
improve its efficiency. This solid adsorbent has a promising future to improve the
treatment of effluents from the textile industry. Therefore, it would be a great
opportunity to continue the research on the influence of other chemical compounds
present in agueous waste such as acids, bases, mordants or other dyes. In this way,

the TC would be studied in conditions closer to reality.
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Table 1. Chemical Composition and physics properties of dye

Methyl orange

o

ch’N
Structure N :
SO5

3

Molecular Formula C14H14N3NaO3S
Molecular Weight 327.34 g/mol
Type lonic, anionic, azo dye
CAS number 547-58-0

Color Index 13025

Amax 464

PKa 3.47 (25°C)




Table 2. Results obtained from BET analysis.

Raw Clay | Treated Clay
BET surface area (m?/g) 29.34 76.11
BJH pore volume (cm?/g) 0.099 0.134
Pore size (A) 12.46 73.50
Ceer 136.53 899.54




Table 3. EDS analysis surface atomic contents of clays

Raw Clay Treated Clay
Element Atomic % Atomic %

O 49.94 56.57
Na 2.03 n.d.

Mg 2.51 n.d.

Al 10.53 12.81
Si 33.05 29.17
K 0.22 0.58
Ca 1.02 n.d.

Fe 0.70 0.87




Table 4: Kinetic Parameters

Pseudo Second Order Pseudo First Order
Ci (mg/L) k2 Qe (My/g) R? ka Qe (Myg/g) R?
70 6.53.103 11.64 0.99973 0.0479 9.8812 0.977
100 2.04.10°% 28.05 0.99949 0.0479 24,5755 0.9216
200 2.36.10* 70.77 0.99491 0.0406 45.59 0.8031




Table 5: Parameters of the isotherms Langmuir, Freundlich and Dubinin-

Radushkevich
298K 323K 373K
Qm 467.289 456.621 215.517
KL 0.00322 0.00223 0.00276
Langmuir RL 0.23696 0.30959 0.26595
R? 0.77534 0.79792 0.65863
SD 0.38992 0.39293 1.53913
Ke 2.85071 1.545735 0.49038
n 1.26708 1.173846 1.01196
Freundlich

R? 0.92462 0.94441 0.88879
SD 0.48512 0.42263 0.66851
Qm 155.888 154.3248 140.016
B 0.00767 0.01224 0.01996

Dubinin-
Raduschkevich Ea 8.0739 6.3913 5.0050
R? 0.80271 0.8808 0.92992
SD 0.7595 0.6087 0.5364




Table 6: Thermodynamic adsorption parameters

Dye Concentration AH° AS® AG® (KJ/mol K)

(mg/L) (KJ/mol) (J/mol K) 298K 323K 373K

20 -25.34 -79.66 -1.57 0.33 4.39

70 -2.97 -12.36 0.73 0.98 1.65

100 -13.11 -45.05 0.52 1.06 3.85

200 -15.60 -45.03 -2.09 -1.22 1.26

300 -25.78 -8.56 -0.88 -0.23 1.05

400 -16.20 -5.33 -0.51 -0.10 0.70

500 -23.52 -6.91 0.10 0.68 1.86

1000 -14.14 -52.94 1.918 2.45 5.82




Table7: Comparison of the Qmax of MO dye by various adsorbents

Ci

Adsorbent

Adsorbents (mg/L) pH Mass (g) Time(min) | Qe(mg/g) Reference
Bentonite Fernandes et
modified 50 6 0.1 240 478 al. (2020)
Activated Bendaho et

clay 26.2 €) 0.08 30 10 al.(2017)
Activated Ma et al.
clay 80 7 0,5 120 11 (2013)
Mesoporous Radoor et al.
zeolite 10 1 0.12 260 3 (2021)
Organic-
matter rich 100 2 0.1 240 24 Zayed et al.
(2018)
clay
Surfactant Chen et al
modified 300 4 0.05 60 78 '
i (2011)
silkworm
Chitosan- Zhu et al.
caolin 20 €) 0.05 240 100 (2010)
Arcilla- Umpuch et
chitosan 200 ! 01 60 96 al.(2013)
Gamoudi and
Modified clay 200 (b) 0.1 60 100 Srasra
(2019)
Bentonite 200 4 0,06 180 125 This work
modified

(a) date not specificated

(b) independen adsorption of pH
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Figure 6. Influence of experimental factors: (a) acid treatment; (b) pH; (c) MO at different pH values [Seyhan Ege,
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Figure 3. FTIR spectra: (a) RC and TC; (b) MO and TC after adsorption.
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Figure 7. Adsorption Kinetics curve for the adsorption of MO on TC.
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Dubinin-Radushkevich model.



ASANENEN

Clays are low-cost solids that can be used to remove colorants.

Acid treatment of bentonite can enhance its adsorption capacity.

Initial concentration of dye and mass of adsorbent influence adsorption capacity.
Acid bentonite removes more than 80 % of methyl orange.
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