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Abstract: This paper presents the preparation and characterization of bentonite coated with hydroxide
double lamellar Mg/ Al-bentonite and Zn/Al-bentonite as a potential adsorbent material. The coating
process involved co-precipitation of mixed metal nitrate solution (Mg-Al) or (Zn-Al), followed by
immersion of bentonite (B-Na*) dispersion. The structures and morphologies of the coated bentonites
were characterized using XRD, FTIR, BET, and SEM analysis. The results of the BET analysis indicate
that Mg/ Al-bentonite and Zn/Al-bentonite have larger surface areas and pore volumes compared
to bentonite alone. Specifically, the surface area of Mg/ Al-bentonite is 209.25 m?/g with a pore
volume of 0.423 cm3/g, while Zn/ Al-bentonite has a surface area of 175.95 m?/g and a pore volume
of 0.313 cm3/g. In contrast, the surface area and pore volume of bentonite alone are 110.43 m?/g
and 0.132 cm?/g, respectively. The Mg/ Al-bentonite reaches 85% uptake within 3 h (equivalent
to 724.20 mg/g at 25 °C and pH 7), achieving rapid equilibrium. In contrast, the Zn/Al-bentonite
achieves a maximum adsorption of 74% within 5 h under identical pH and temperature conditions,
corresponding to 650.34 mg/g. The error function values, including the correlation coefficient R2, chi-
square test x2, and residual sum of squares RSS, were calculated to evaluate both kinetic and isotherm
models. The kinetic adsorption data agreed well with a pseudo-second-order model. The adsorption
process followed the Sips isotherm model, and the monolayer adsorption capacity of Mg/ Al-bent
and Zn/Al-bent composites was 872.41 (R? = 0.974) and 678.45 mg/g (R? = 0.983), respectively. The
thermodynamic analysis of the adsorption process revealed that it occurred spontaneously with an
endothermic characteristic. The parameters AS, AH, and AG were used to determine this.

Keywords: wastewater treatment; azoic orange II dye; adsorption; bentonite; layered double hydroxides

1. Introduction

Dyes are organic products that are extensively applied in the textile industry and
are released at relatively high concentrations in effluents. They contribute to the toxicity
of water and pose a growing danger to the environment, humans, and animals [1]. Azo
dyes are the largest category of dyes, representing 60-70% of all dyes used for industrial
purposes. Currently, there are more than 2000 azo dyes available on the market for dyeing
various materials, including wool, leather, viscose, silk, synthetic fibers, and cotton. They
are also used in plastic, paints, rubber, and varnishes.

The European Commission has supported several initiatives to evaluate the risks
associated with azo colorants. Certain azo dyes have been classified as carcinogens, which
is why their use is restricted in the EU. Simultaneously, assessments were conducted
to analyze the socio-economic impacts in Europe and the rest of the world that could
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result from these restrictions. It should be noted that a considerable quantity of azo dyes
is released as wastewater, resulting in persistent environmental impacts. The removal
of dyes from wastewater is a significant environmental concern. Dyes have complex
aromatic molecular structures that make them stable and resistant to biodegradation.
Previous studies have shown that biological methods can effectively eliminate azo dyes
from aqueous solutions [2—4].

Currently, there are several methods employed to eliminate dyes from industrial
wastewater [5-8]. Of these, adsorption is a highly effective technique for removing a broad
spectrum of dyes. The selection of an adsorbent should be based on characteristics such as
robust affinity, the ability to target specific compounds, and the feasibility of regenerating
the adsorbent [9-12].

Activated carbons are commonly used as adsorbents due to their high adsorption
capacities. However, activated carbon is relatively expensive, so many reports have consid-
ered other substitutes [13]. Clay minerals are gaining recognition for their potential use
as environmental remediation agents [14,15]. Due to its cost-effectiveness, wide availabil-
ity, and the high specific surface area provided by its sheet-like structure, bentonite is a
commonly used adsorbent. Bentonite is a commonly used clay mineral [16,17], composed
mainly of montmorillonite, which is a type of clay recognized as a 2/1 type aluminosilicate.
Its crystalline arrangement is characterized by octahedral alumina between two tetrahedral
silica layers. The clay has a negative surface charge due to the substitution of AI>* for Si**
in the tetrahedral layer and Mg?* for AI** in the octahedral layer. Exchangeable cations,
typically Na* and Ca?", neutralize the negative charges on the surface and counterbalance
this charge imbalance [18]. Although bentonite has a significant capacity for adsorbing
cationic dyes [19-21], it often struggles to effectively remove anionic dyes.

Because wastewater containing various pollutants has both positively and negatively
charged elements, it is crucial to create a customized adsorbent that can efficiently remove
both types of charges. To accomplish this, clay minerals have been modified to produce a
modified form of bentonite by introducing molecules, compounds, and organic/inorganic
complexes. These modifications increase their adsorption capacity for anionic organic
compounds. Several research investigations have explored modifying and characterizing
bentonite by intercalating hydroxyls or oxides in the basal spacing to enhance its adsorption
capabilities for anionic dyes. Hao et al. (2019) conducted a study on the adsorption
of dyes, including acid turquoise blue A (ATBA), basic green (BG), and basic fuchsin
(BF), by hydroxyaluminum-pillared bentonite [22]. Chinoune and colleagues developed
a magnesium hydroxide-coated bentonite for the efficient removal of anionic reactive
dyestuffs, in particular Remazolbrilliant blue R (RB) and Procion blue HP (PB), from
aqueous media [23]. Desai et al. developed chromium-metal polycations intercalated
with bentonite as adsorbents with varying chromium content using an economical and
sustainable method. These adsorbents were used to remove two different dyes: cationic
Basic Orange II and anionic Acid Blue 74 [24].

Composite development has been used to enhance bentonite performance for specific
applications by incorporating materials with different properties [25,26]. Synergistic combina-
tions of low-cost adsorbents, such as anionic and cationic clays, are gaining attention [27,28].
Anijonic clays significantly modify the charge of bentonite, also known as layered double
hydroxides (LDH). Anionic clays are hydroxides of metals that have positively charged layers.

Iyl - 111
These layers have a general formula of [M;_, M,"(OH), A"") x mHyO where M

and M'! represent trivalent and divalent metal cations, respectively. A"~ corresponds to
hydrated interlayer regions that balance the layers’ positive charges. x is given by the
ratio of M /(M + M) [29]. For the removal of the anionic dye Eriochrome Black T
(EBT), Mu’azu et al. prepared a composite of bentonite and LDH as an adsorbent using
the co-precipitation technique. The prepared sample demonstrated a superior affinity for
EBT adsorption. As a result, the EBT adsorption capacity was significantly increased from
361.01 mg/g of the starting material to 675.67 mg/g [30]. By heterocoagulation of LDH
colloids and delaminated bentonite, Hu et al. developed an adsorbent for the removal of the
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anionic dye Reactive Yellow 2 (RY2). According to the research, intercalating bentonite with
a Mg-Al-Cl LDH greatly enhances its ability to adsorb RY2, increasing it from negligible to
nearly 100% [31].

The adsorption of Orange II on LDH-coated bentonite has not been reported to our
knowledge. Our previous experiments have demonstrated that LDHs are highly effective
adsorbents for the azoic dye Orange IL

2. Materials and Methods
2.1. Materials

Acid Orange 7, also known as Orange II and identified by CAS number 633-96-5, is
an azo dye that was acquired from Sigma-Aldrich, located in Steinheim, Germany. The
adsorbent did not need to be purified prior to use. Scheme 1 shows the chemical structure
of Orange IL
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Scheme 1. Chemical structure of Orange II dye.

The bentonite utilized in this study was purchased from the ENOF company (El Har-
rach, Algiers, Algeria) and contains approximately 80% montmorillonite with the following
structural formula: (Si7.41A10.59)IV(Al2.82Feov24Mg0.48)VI(Cao.ogNa()y(,Ko.l)020(OH)2, as pre-
viously reported [32]. The cation exchange capacity of the bentonite was 101.25 meq/g,
measured by the methylene blue method [33]. To facilitate composite synthesis, the original
bentonite was purified and transformed into B-Na* by treatment with a 1 M NaCl solution
(Sigma-Aldrich, Steinheim, Germany), following the procedure described in [18].

MgCl, 5H,0, ZnClp 5H,0, AI(NO3)3-9H;0, and NaOH were used without purifica-
tion from Acros Organics (Geel, Belgium) with a purity of at least 99% for MgCl, 5H,O
and ZnCl, 5H,0, 99% for AI(NO3)3-9H,0, and >97% for NaOH.

2.2. Preparation of Coated Bentonite Composite

The coating procedure was conducted using co-precipitation, as shown in Figure 1.
First, a suspension of 1 g B-Na* in 100 cm® of distilled water was stirred for 48 h at room
temperature. This allowed the interlayer cations to hydrate and the lamellae to expand.
Then, a 50 mL metal solution was carefully added to this suspension. To prepare the Mg/ Al-
bentonite (named Mg/ Al-bent) and Zn/Al-bentonite (named Zn/Al-bent) composites,
two solutions were prepared, one containing 1.743 g of Mg(NO3), 6H,0 and 1.275 g of
Al(NO3)3 9H,0, and the second containing 2.022 g of Zn(NOj3), 6H,0 and 1.275 g of
AI(NO3)3 9H,0O, which were added to the clay suspension. The aim was to achieve a
stoichiometric ratio of M /Ml = 2 and a total metal concentration of 1 mol/L (refer to
Figure 1). Concurrently, a 0.5 M NaOH solution was added drop-by-drop. The alkaline
solution was carefully regulated to maintain a constant pH of 10 for (Mg?* + Al**) and a
pH of 8 for (Zn?* + AI**). The process was conducted under a nitrogen atmosphere. This
minimized contamination from atmospheric CO,. The solution was stirred vigorously and
allowed to age at room temperature for a period of 12 h. The precipitate was then filtered,
washed with distilled water until no NO3 was detected, and dried at 30 °C.
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Figure 1. Experimental setup for the synthesis of coated bentonite.

2.3. Characterizations

The powder X-ray diffraction patterns of Mg/ Al-bent and Zn/Al-bent were obtained
using a Siemens D-5000 diffractometer (Bruker, Karlsruhe, Germany) with monochromatic
CuK radiation (A = 1.5418 A) at 30 mA and 40 kV. The scanning rate was 4° /min, and
the 26 angle varied from 5° to 60°. FTIR analysis was performed with a PHILIPS PU 9714
spectrophotometer (Philips, Amsterdam, The Netherlands) using the KBr pellet technique.

To avoid diffusion effects, the sample was finely ground. Under vacuum at room
temperature, a mixture of 99 mg of pure KBr and 1 mg of the sample was compressed. A
Micromeritics ASAP 2460 adsorption apparatus (Micromeritics, Norcross, GA, USA) was
used to perform N2 adsorption and desorption studies at 77 K. The Brunauer-Emmett-
Teller (BET) method was used to calculate the specific surface area. For scanning electron
microscope (SEM) studies, the adsorbent samples were positioned on the SEM grid. A
sputter coater (SPI Supplies, West Chester, PA, USA) was used to deposit a thin gold layer
on the samples at 30 mA for 2 min. The characterization of the samples was performed
with a scanning electron microscope (SEM), model Joel JSM-5910, Jeol, Tokyo, Japan. The
SEM was operated under full vacuum. The accelerating voltage was 8 kV.

2.4. Adsorption Experiments

The batch technique was used to conduct adsorption experiments and investigate the
effects of adsorbent dosage, initial dye concentration, solution temperature, and contact
time. Stock solutions were prepared by dissolving an appropriate amount of dye in distilled
water to a concentration of 6 g/L Orange II, then diluting to the desired concentrations.
The experiments were performed at a pH of 7. The amount of Orange II adsorbed per
unit mass of Mg/Al-bent and Zn/Al-bent composites and the percentage of adsorption
efficiency were calculated using Equations (1) and (2).

ge = (Co — CE)% 1)

P(%) = 100(Co — C,)/Co 2)

where C, (mg/L) and Cy (mg/L) correspond to the equilibrium and initial Orange II
concentrations, respectively; m (g) stands for the mass of the coated bentonite; and the
volume of the dye solution is represented by V (L).

Control experiments were conducted under the same experimental conditions, but
without the adsorbent, to assess the natural removal of the pollutant.



Processes 2024, 12, 677

50f 20

3. Results
3.1. Characterization of LDH
3.1.1. XRD Analysis

The confirmation of the crystallinity of the obtained LDH composites was established
by comparing the diffraction peaks with those of the original bentonite, as shown in the
results of the powder XRD studies. Figure 2 shows the diffractograms of the original
bentonite B-Na* and the synthesized Mg/ Al-bent and Zn/Al-bent composites. In all cases,
the diffraction patterns show typical features of layered structures. The XRD pattern of
B-Na* shows all the reflections of a typical dioctahedral smectite [34]. The appearance of
a more intense line at 20 = 7.16° and two others at 20 = 19.96° and 26 = 28.76° indicates
that the bentonite is composed mainly of montmorillonite. These XRD patterns correlate
well with the standard JCPDS file (card no. 13-0135) [23]. The distance between the layers,
known as the basal spacing dy; and calculated from the position of the first basal reflection,
was determined to be 12.47 A.

001

=S Bentonite
L

-"? Mg/Al-
8 S Bentonite
(O]

<

Figure 2. XRD patterns of bentonite and the synthetic LDH-bentonite composites.

Two potential explanations may clarify the absence of the distinctive (001) line of
bentonite in the diffractograms of Mg/Al-bent and Zn/Al-bent composites: either the
exfoliation of the lattice distance during synthesis or insufficient clay quantity added, as
suggested by Kaur et al. in the fabrication of MgFe,O4-bentonite nanocomposites [35]. This
absence is due to the fact that the cationic hydrates are fully intercalated in the interlayer
space of the bentonite. As the clay was kept in water for 48 h under agitation, it is probable
that the lattice distance of the clay significantly expanded. The clay content of the LDHs
is more prevalent than that of the bentonite. This is supported by the emergence of new,
strong, and symmetrical peaks at low 26 values of 10.97°,23.10°, 32.083°, and 39.26°, which
are attributed to the diffraction of basal planes (003), (006), (012), and (015), respectively.
Less intense peaks are observed at 20 = 60.56° and 61.80°, which are generally asymmetric
at higher angular values for planes (110) and (113), respectively. These results are consistent
with the layered structure of LDHs. Additionally, it is evident that the (006) peak appears
as a doublet peak character, indicating that after modification, the synthetic composite
comprises both bentonite and LDH structures. The observations suggest that the bentonite
underwent structural delamination and that the Mg/ Al and Zn/ Al layers were incorpo-
rated into the bentonite layers rather than simply covering the surface. Characteristic
hydrotalcite-type diffraction peaks were observed in the composite structure.
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3.1.2. Analysis by Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a spectral technique that captures
changes in the vibrational and rotational states of molecular bonds. It provides valuable
insights into the presence of absorbed water molecules and structural hydroxyl groups
within clay minerals, making it an exceptional tool for discerning the composition of or-
ganic compounds and mineral structures. Figure 3 shows the FTIR spectra of different
composites, including Mg/ Al-bent, Zn/Al-bent, and bentonite (B-Na*) as a reference. The
spectra display similar features across all bands. The bentonite spectrum exhibits broad
absorption bands that correspond to the characteristic absorption profile of montmoril-
lonite minerals [36]. At 3628 cm !, an absorption band is attributed to the stretching
vibrations of O-H groups (von), indicating the presence of hydroxyl groups within the
silicate framework linked to octahedral cations (Al-OH-Al). A shoulder is observed around
3447 cm™ !, attributed to the stretching vibration of H-O-H in water molecules within the
interfoliar space.

3628 3447

Absorbance

oot )
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of B-Na*, Mg/ Al-bent, and Zn/Al-bent.

Additionally, the angular deformation of water molecules (5(H-O-H)) between layers
appears at 1635 cm ! [37]. Furthermore, bands in the 400-600 cm ! range indicate angular
deformation in Si-O-M (M = Al, Mg, Fe, Li) bonds within layered silicates. Additionally,
bands between 900 and 1000 cm ! signify metal-oxygen M-O and O-M-O vibrations [38].
The IR analysis reveals modifications in bentonite, highlighted by the emergence of a
novel peak at 1357 cm ™. This peak corresponds to a bond between nitro compounds and
LDH bentonite [39], providing evidence for the intercalation of LDH within the layers of
bentonite. It also affects Si-O vibrations in the 1200-950 cm~! region. The intense peaks at
1033 cm ! are assigned to the carbonate mode, showing that the LDH phase intercalated
contains some CO32~. The peaks observed at 523, 463, and 671 cm~1 are attributed to the
deformation of Si-O-Al, Si-O-Mg, and Si-O-Si, respectively. The 981 cm~! band corresponds
to the valence vibrations of the Si-O bond in the plane. The redistribution of the OH
group among Fe, Mg, and Al atoms in octahedral positions can induce frequency shifts in
vibrations (6 Al-Al-OH, & Al-Fe-OH, and 6 Al-Mg-OH) to lower values, approximately 935,
861, and 814 cm ™.
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3.1.3. Analysis by BET

Figure 4 displays the nitrogen adsorption—desorption isotherms of B-Na*, Zn/Al-bent,
and Mg/ Al-bent samples, while Table 1 presents the surface area measurements. All of
the clay samples exhibit isotherms similar to Type IV, which is characteristic of porous
adsorbents with pore sizes between 15 and 100 A, in accordance with the classification
of the International Union of Pure and Applied Chemistry (IUPAC) [40]. The type IV
physisorption isotherm is associated with the capillary condensation that takes place in
the mesopores. The isotherm exhibits limited uptake over a wide range of P/P0 and
shows monolayer-multilayer adsorption features in the initial part of the curve [41]. The
provided classification offers initial details regarding the characteristics of the adsorbent.
The morphology of the adsorbent, including its specific pore structures and the degree of
compaction, influences the shape and position of the hysteresis loop. Changes in porosity
characteristics are suggested by the varying appearances of LDH-coated bentonite. B-Na*
exhibits a type IV isotherm with a broad H2-type hysteresis loop, which is thought to
be linked to ink-bottle-like pores of varying radii. These pores are usually formed by
agglomerating or compacting non-uniformly sized and arranged spherical particles [42].
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Figure 4. Cont.
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Figure 4. N, adsorption—desorption isotherms of (a,b) B-Na*, (c,d) Mg/ Al-bent, and (e, f) Zn/Al-bent.
The corresponding pore size distributions are shown as well for all samples.

Table 1. BET surface area, pore volume, and pore diameter of the original bentonite B-Na*, Zn/Al-
bent, and Mg/ Al-bent composites.

Materials SgeT (M?/g) Pore Volume (cm3/g)  Pore Diameter (nm)
B-Na* 110.43 0.132 5.145
Zn/Al-bent 175.95 0.313 7.179
Mg/ Al-bent 209.25 0.423 8.087

Both Mg/ Al-bent and Zn/Al-bent composites exhibit a well-defined H3 hysteresis
loop, indicating a system with slit-shaped pores. The adsorption branch is vertical at a
relative pressure close to one, and the desorption branch is roughly at medium pressure.
The specific surface areas are 110.43 m2/ g for B-Na®, 175.95 m2/ g for Zn/Al-bent, and
209.25 m? /g for Mg/ Al-bent. The pore volumes are 0.132 cm?®/g for B-Na*, 0.313 cm?®/g
for Zn/Al-bent, and 0.423 cm3/ g for Mg/ Al-bent.

The results indicate that the specific surface area of the composites is significantly
greater than that of the original bentonite. This can be explained by the increase in rough-
ness resulting from the intercalation of LDH or the deposition of nanoparticles, which
generates additional mesopores. The modification of the structure and enhancement of
the surface chemistry of bentonite by coating can promote adsorption processes. The pres-
ence of LDH will increase the porosity and surface area of intercalated bentonite. Table 1
shows that Mg/ Al-bent and Zn/Al-bent have higher BET surface areas than B-Na*. Other
modifications to the textural characteristics of bentonite are evidenced by the average pore
diameter and the total pore volume. The coating of LDH on the bentonite matrix causes
significant changes in the structural properties of the solid, resulting in an increase in pore
volume and surface area. The pore size distribution obtained by the Barrett-Joyner-Halenda
method from the desorption curves is shown in Figure 4. A peak radius between 10 A
and 50 A dominating the mesoporous region is observed in the distribution curves of
the samples.

3.1.4. Analysis by Scanning Electron Microscopy

Scanning electron microscopy was utilized to analyze the morphology and microstruc-
ture of Mg/ Al-bent and Zn/Al-bent composites, along with the B-Na* reference. Figure 5a
displays the SEM image of the B-Na* bentonite, which exhibits lamellar aggregates with an
irregular, plate-like structure. After modification, the Zn/Al LDH (Figure 5b) and Mg/ Al
LDH (Figure 5c¢) particles were bound to the surface of the bentonite. This is supported by
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the image showing ultrafine, thin crystal formations that resemble leaves, forming either
dense assemblies or a more open honeycombed texture.

Figure 5. SEM images of (a) B-Na*, (b) Zn/Al-bent, and (c) Mg/ Al-bent.

3.2. Adsorption of Orange 1l Dye

The interaction among adsorbent dosage, contact time, and initial dye concentration
can be intricate. For example, a higher initial concentration may quickly saturate the active
sites of the adsorbent, while an increase in adsorbent dosage could counterbalance this
saturation. Contact time could also affect adsorption kinetics, allowing more or less time
for dye molecules to bind to adsorption sites. At higher initial concentrations, there may be
more competing dye molecules for adsorption sites. This can affect the overall adsorption
efficiency. This competition could be mitigated or exacerbated by changes in adsorbent
dosage and contact time.

Additionally, the pH of the solution and the temperature can also influence adsorption
efficiency. Variations in temperature and pH could alter the chemical interactions between
the dye molecules and the surface of the adsorbent, affecting the overall adsorption process.

Although the sequence of experiments was not systematically approached, we meticu-
lously considered the potential interactions between variables and interpreted the results
with these factors in mind. Regarding pH, it was selected to work at a pH of 7, which
is close to the natural pH of the dye. Furthermore, under acidic conditions, the metal
hydroxides of the composites dissolve, while in an alkaline environment, the concentration
of competitive hydroxyl ions (OH™) may increase [43].

In aqueous solutions, the Orange II dye exists in various forms [44]. However, at
pH 2 to 9, only partial ionization (HL™) is present, while at pH > 12, full ionization is
predominant [45].

3.2.1. Effect of Contact Time

Based on our earlier observations, it appears that the bentonite does not have a
significant adsorption capacity for Orange II. The reason for that is the negative charged
layers in its structure that cause an electrostatic repulsive effect on the anionic Orange
II molecules [46]. However, when modified with LDH, the adsorption of Orange II is
significantly enhanced. Figure 6 illustrates the adsorption data of Orange II versus contact
time. Experiments were conducted at a constant temperature of 25 °C and pH 7, using an
adsorbent dosage of 4 g/L and an initial dye concentration of 3.4 g/L. The plots depict the
adsorption of Orange II on Zn/Al-bent and Mg/ Al-bent, revealing three distinct phases:
instantaneous adsorption in the first hours, progressive equilibrium in the second phase,
and a phase of ultimate equilibrium. At first, the composites Mg/ Al-bent and Zn/Al-bent
had many unoccupied active surface sites. However, over time, the number of available
sites decreases. The adsorption of Orange II on Mg/ Al-bent is particularly fast, achieving
complete adsorption within 3 h with an initial efficiency of 85% of the maximum capacity
(724.20 mg/g). Similar rapid kinetics were observed for Orange II on the Zn/Al-bent
composite. The dye was fully saturated after 5 h, resulting in a removal rate of 74%, which
corresponds to an adsorption capacity of 630.08 mg/g. The control experiments yielded
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results indicating that the contaminant concentration remained stable regardless of contact
time, suggesting a significant lack of adsorption in the absence of LDH composites.
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Figure 6. Fit of pseudo-first-order and pseudo-second-order kinetic models for the adsorption of Or-

ange I on Mg-Al-bent and Zn-Al-bent (C of dye = 3.4 g/L; adsorbent concentration = 0.4 g/100 mL;
pH =7; T =25 °C). Control experiments were conducted without the use of adsorbents.

The adsorption kinetics were modelled using the pseudo-first-order [47] and pseudo-
second-order [48] approaches. The equations are as follows:

qr = qe(l — e_klt) 3)
koqat

— _ 4

9t = 7 kg, t 4)

The variables g. and g; represent the dye adsorption amount (mg/g) at equilibrium
and at time f (min), respectively. The constants k; (min~1) and k, (g/(mg min)) denote the
pseudo-first-order and pseudo-second-order rates of adsorption, respectively.

The experimental isotherm data were simulated using the standard Origin® software
(version Pro 9.0). The most relevant model(s) for understanding the Orange II adsorption
process onto the composite were chosen. Based on the results presented in Table 2, the
R? values were relatively low, ranging between 0.978 and 0.995. The results indicate that
the adsorption of Orange II does not follow a controlled diffusion process. It does not fit
the pseudo-first-order equation proposed by Lagergren [47]. To determine the order of
adsorption kinetics of Orange II by the composites, the pseudo-second-order model is a
suitable method. This is supported by the correlation coefficient R3, which ranges between
0.995 and 0.999.

Table 2. Kinetic constants for pseudo-first-order and pseudo-second-order models for Orange II on
Mg/ Al-bent and Zn/Al-bent composites.

ge (exp)

Pseudo-First-Order Model Pseudo-Second-Order Model

Adsorbants (mg/g) kq e (cal) R2 ko ge (cal) R2
(min—1) (mg/g) 1 (g/mg min) (mg/g) 2

Zn/ Al-bent 630.08 0.433 672.61 0.995 0.490 813.11 0.999

Mg/ Al-bent 724.20 1.045 759.61 0.978 1.715 826.84 0.995
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Both models were evaluated by statistical analysis across several criteria, including
sum of squares, mean square, reduced chi-square, and residual sum of squares. Upon
examining the trends in these metrics, it became apparent that the pseudo-second-order
model exhibited generally superior performance compared to the pseudo-first-order model
(Table 3). Likewise, based on the g. values cited in Table 2, it is noted that the values
calculated by the pseudo-second-order model (ge = 813.11 and 826.84 mg/g) significantly
exceed those determined experimentally (ge = 630.08 and 724.20 m/g) for Zn/Al-bent and
Mg/ Al-bent, respectively.

Table 3. Anova results for pseudo-first-order and pseudo-second-order models (see Table 2). SS: sum
of squares; MS: mean square; ¥2: reduced chi-square; RSS: residual sum of squares.

Pseudo-First-Order Model Pseudo-Second-Order Model
Adsorbants
SS MS y2 RSS SS MS y2 RSS
Zn/Al-bent 3.654 1.827 1.787 x 1074 0.001 3.656 1.828 2.363 x 10~° 2.363 x 1074
Mg/ Al-bent 5.802 2.901 0.001 0.010 5.811 2.905 2103 x 104 0.002

The experimental kinetic data were compared with the results of the pseudo-second-
order model fit. The results showed a small difference, with a coefficient of variation of
1%, between the theoretical and experimental values. This result provides further evidence
for the suitability of the pseudo-second-order model in describing the kinetics of dye
adsorption by the composites [49].

These results confirm previous studies [50,51] that found the adsorption kinetics of
dyes on clay supports follow a pseudo-second-order model. The phenomenon is explained
by the fact that instead of occupying one adsorption site on the solid surface, adsorbate
molecules may occupy two, resulting in a dual behavior. Table 2 shows that the rate
constants for Zn/Al-bentonite and Mg/ Al-bentonite were 0.490 and 1.715 g/(mg min),
respectively. The results indicate that Mg/ Al-bentonite has a higher affinity for the dye
due to its higher adsorption capacity and faster kinetics towards Orange II compared to
Zn/Al-bentonite. This suggests that Orange II reacts more strongly with certain active sites
on the Mg/ Al-bent surface than with other sites on the Zn/Al-bent surface, possibly due
to the involvement of the mesoporous structure, which allows for better diffusion of the
dye molecule.

3.2.2. Effect of Adsorbent Concentration

In order to determine the optimal amount of Mg/ Al-bent and Zn/Al-bent composites
to be added to the dye solution, a series of experiments were conducted using 100 mL of a 1
g/L dye solution, with varying amounts of Mg/ Al-bent or Zn/ Al-bent introduced. Figure 7
shows the effect of the adsorbent dose on removing Orange II from the aqueous solution.

It is noteworthy that Mg/ Al-bent exhibits superior color reduction yields compared
to Zn/Al-bent. The amount of dye adsorbed by Mg/ Al-bent increases as the adsorbent is
added, up to a mass of 4 g. After this point, the decolorization yield plateaus. For Zn/Al-
bent, the maximum removal is achieved at a dosage of 6 g/L, with a negligible increase
in percentage removal thereafter. To illustrate these observations, the results for several
distinct adsorbent concentrations (2, 4, 6, 8, and 10 g/L) will be compared. The adsorption
capacity increases significantly, from 260.26 g/g (57.8%) for Zn/Al-bent to 316.00 g/g
(70.22%) for Mg/ Al-bent at 2 g/L of adsorbent; from 136.31 g/g (60.58%) for Zn/Al-bent
to 224.74 g /g (99.88%) for Mg/ Al-bent at 4 g/L of adsorbent; from 93.06 g/g (62.04%) for
Zn/Al-bent to 149.85 g/g (99.90%) for Mg/ Al-bent at 6 g/L of adsorbent; from 75.07 g/g
(66.72%) for Zn/Al-bent to 112.43 g /g (99.93%) for Mg/ Al-bent at 8 g/L of adsorbent; and
from 67.03 g/ g (74.48%) for Zn/Al-bent to 89.92 g/g (99.92%) for Mg/ Al-bent at 10 g/L
of adsorbent.

The increase in adsorption sites with the mass of the adsorbent is responsible for this
behavior, which reaches a saturation point in the decolorization process [52]. The initial dye
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concentration remains constant in this scenario. The addition of more clay mass to the solu-
tion results in an expanded transfer surface and an enhanced adsorption rate. It has been
confirmed that LDH-coated bentonite can remove dyes even at higher initial concentrations,
which suggests its potential applicability in real-world wastewater treatment.
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Figure 7. The impact of adsorbent dosage on the removal efficiency R (%) and equilibrium adsorption
capacity g. of Orange II was investigated under experimental conditions of pH =7, C;, =1 g/L,
T =25 °C, and contact time { = 6 h.

3.2.3. Adsorption Isotherms

Adsorptive isotherms are plotted as a ratio of dye adsorbed per unit mass of compound
(ge) to the equilibrium concentration (Ce) of dye in solution at a fixed temperature [53],
elucidating the equilibrium interactions between Mg/ Al-bent and Zn/Al-bent composites
with Orange II. Both composites exhibit impressive adsorption capacities for Orange 1II, as
shown in Figure 8. During the adsorption process, the concentration gradient facilitates the
absorption of dye molecules by Mg/ Al-bent and Zn/Al-bent composites. The adsorption
isotherm shows that Mg/ Al-bent absorbs the largest quantity of dye.

1000 '
’ O Mg/Al-bent (experimental)
_,%’-—, - O Zn/Al-bent (experimental)
L — — Langmuir isotherm
800 0 - - - Freundlich isotherm
. ---- Sips isotherm
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Figure 8. Adsorption isotherms for the removal of Orange II on Mg/ Al-bent ([J) and Zn/Al-bent
(O) were used under the following experimental conditions: adsorbent concentration = 0.1 g/25 mL;
contact time t =6 h; pH ="7;and T = 25 °C).
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Within the concentration range of 150-4000 mg/L, Zn/Al-bentonite and Mg/Al-
bentonite removed 68% and 99% of the dye, respectively. It is noteworthy that Mg/ Al-
bentonite has not yet reached saturation, indicating the potential for further adsorption.
This is hypothesized to be due to the formation of a monolayer on active surface sites,
with additional adsorption occurring on the already adsorbed dye, creating new adsorp-
tion sites [18]. The adsorption capacity of Orange II on Zn/Al-bent increases with the
initial concentration of dye, ultimately reaching saturation. All isotherms are H-shaped
according to the Giles et al. classification, indicating high adsorbate affinity for the ad-
sorbent, resulting in near-complete adsorption in dilute solutions [54]. Following the
initial steep rise, the isotherm plateaus, signifying the attainment of adsorption equilib-
rium. At equilibrium concentration, the dye adsorption on Zn/Al-bent and Mg/ Al-bent
reaches 650.34 and 892.03 mg/g, respectively. The micropore structure and surface area
primarily determine the affinity of Zn/Al-bent and Mg/ Al-bent for organic compounds.
Mg/ Al-bent has a larger Sggr of 209.25 m?/g and V), of 0.423 cm® /g compared to Zn/Al-
bent (Sggt = 175.95 m?/ gand V,, =0.313 cm3/ g), while the layered structures follow the
same order.

Modeling adsorption equilibria involves mathematically representing the balance
between the quantity of pollutant in the liquid phase (Ce) and the quantity of pollutant
adsorbed on the material (ge). This study analyzes the adsorption equilibrium using the
commonly employed Freundlich [55] (Equation (5)), Langmuir [56] (Equation (6)), and Sips
(Langmuir-Freundlich) [57] (Equation (7)) isotherms for studying adsorption isotherms in
adsorbent/adsorbate systems.

e clh
e = Ky Ce (5)
_ kiqm
e = 1+k.C, Ce (6)
- %muxbscf 7
= Jomarbes )
1+ bsC,

The Freundlich constants 1/7 and kg are related to the adsorption intensity and adsorp-
tion capacity, respectively. The Langmuir constant k;, is related to the affinity of the binding
sites (L/mg), while g4 represents the monolayer adsorption capacity of the adsorbent.
The maximum adsorption capacity, gsmax (SIPS), is expressed in mg/g, where b; is the
equilibrium constant for heterogeneous solids. The parameter that represents heterogeneity
is denoted as .

Table 4 and Figure 8 present the outcomes obtained from applying the Langmuir,
Freundlich, and Sips models.

Table 4. Langmuir, Freundlich, and Sips nonlinear parameters for Orange II adsorption on Zn/Al-
bent and Mg/ Al-bent composites.

Isotherms Parameters Adsorbents
Zn/Al-bent Mg/ Al-bent

Langmuir qr,max (Mg/g) 660.32 917.27
by (L/mg) 0.033 0.311

R? 0.980 0.932
Freundlich ke (mg/g)!~1/" 22477 290.22
1/n 0.147 0.223

R? 0.913 0.779

Sips (L-F) GSmax (Mg/g) 678.45 872.41
bs (L/mg) 0.059 0.192

B 0.823 1.903

R? 0.983 0.974
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The Langmuir and Sips models seem to be appropriate for the adsorption of Orange
II on Zn/ Al bentonite and Mg/ Al bentonite, as indicated by their R? values (>0.97). In
addition, a statistical analysis was performed on the results obtained from the three models.
This analysis considered different criteria, such as sum of squares, mean square, reduced
chi-square, and residual sum of squares. Table 5 shows that the Langmuir and Sips models
outperformed the Freundlich model. Additionally, the maximum adsorption capacity (max)
values calculated from the Sips and Langmuir models were consistent with the experimental
data, indicating the efficacy of these models in describing the dye adsorption process. The
Langmuir model assumes a homogeneous surface, implying that Orange II adsorption
on modified bentonite may be treated as a single-layer adsorption with no interactions
between adsorbed molecules. The strong interaction between adsorbent and adsorbate [58]
indicates that chemisorption is the primary uptake mechanism in the adsorption process of
dye molecules. This finding is consistent with the results of kinetic modeling.

Table 5. ANOVA results for Freundlich, Langmuir, and Sips models (see Table 4). SS: sum of squares;
MS: mean square; ¥2: reduced chi-square; RSS: residual sum of squares.

Adsorbants Freundlich Langmuir Sips
x> RSS sS MS x> RSS §sS MS x2 RSS
Mg/Al-bent  6.120 0.023 0.368 6.380 3.190 0.007 0.113  6.453 2.151 0.002 0.039

Zn/Al-bent 5.084

0.001 0.025 5103 2551 3.872x10~% 0.005 5.105 1.701 3.200x 10~% 0.004

3.2.4. Effect of Temperature

Analysis of the thermodynamics of the adsorption process is critical in determining the
nature and feasibility of a reaction. Thermodynamic parameters, such as standard Gibbs
free energy change (AG®), standard entropy change (AS°), and standard enthalpy change
(AH®), are used to calculate the adsorption change based on temperature and adsorption
procedure [59]. These parameters can be calculated using the following equation:

AH®  AS°

lTlKO:— RT + RT

(8)

The molar gas constant, denoted by R, has a value of 8.314 ] /(mol K). The absolute
temperature is represented by T. To determine the adsorption distribution coefficient (Kp),
In (g./C.) was plotted against C, at different temperatures and extrapolated to C, = 0 using
the method suggested by Khan and Singh [60]. The free energy of the adsorption process
can be determined using the following equations:

( AG® = —RTInKy ) ©)
AG® = AH° — TAS®

The literature extensively discusses the temperature effect, which affects the mobility
of dye molecules, and the dynamic equilibrium between equilibrium concentration and
adsorbed quantity. Previous studies have shown varying results. For example, a study
found a significant influence of decreasing temperature on the adsorbed quantity of Basic
Yellow 2 (BY2) dye on natural clay, suggesting an exothermic process [61]. However,
previous studies have shown that the adsorption of azoic tartrazine dye onto activated
carbon derived from apricot stones is an endothermic process [62].

The values for AS® and AH® were obtained from the intercept of the plot of the natural
logarithm of Ky and the slope versus reciprocal temperature (Figure 9) and are listed
in Table 6. The thermodynamic parameters were measured over a temperature range
of 283-298 K and 313 K and showed a negative AG® value, indicating the feasibility and
spontaneous nature of the adsorption on the modified clay. The AH® value suggests that the
adsorption process is endothermic. The rise in temperature activates the adsorption sites,
which is also reflected in the increase in the number of adsorbed molecules or particles.
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Figure 9. Plots of In K versus reciprocal temperature were used to evaluate the thermodynamic
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parameters of Orange II removal on Mg/ Al-bent (filled squares) and Zn/Al-bent (filled circles),
applying the following experimental conditions: adsorbent concentration = 0.1 g/25 mL; contact time
t=6h;and pH =7.

Table 6. Thermodynamic parameters for the adsorption of Orange II on Mg/ Al-bent and Zn/ Al-bent

composites.
T (°C) Adsorbents
Zn/Al-bent Mg/Al-bent
AG° AH? AS° AG? AH? AS°
(kJ/mol) (kJ/mol) (J/mol-K) (kJ/mol) (kJ/mol) (J/mol-K)
10 —5.087 —3.230
25 —0.976 45.125 145.431 —5.450 28.433 113.702
40 —0.115 —7.152

The positive AS° values suggest an increase in randomness at the solid solution interface
during dye adsorption on the composite. This observation is consistent with previous findings
for the adsorption of RB dye on activated carbon [63]. The magnitude of AH® can be applied
to distinguish between chemisorption (80-200 kJ/mol) and physisorption (2.1-20.9 kJ /mol),
and the optimized values fall within the range indicative of chemisorption.

4. Discussion

Azoic dyes exist primarily in an anionic form, which causes them to be repelled by
the negatively charged surfaces of bentonite. Our aim in the modification process was to
incorporate Mg/Al and Zn/Al LDHs into the interlayer space by replacing compensating
cations. The objective was to create micro-mesoporous materials while preserving the
layered structure. The methodology was supported by X-ray diffraction results, which
revealed a two-dimensional network, and by BET isotherm outcomes, which demonstrated
an increase in pore volume and specific surface area. Modifying the clay with cationic clays
like LDHs makes the clay more hydrophobic towards organic molecules and balances the
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bentonite’s negative charge with a positive charge, thereby enhancing the adsorption of
anionic dyes.

4.1. Adsorption Mechanism

The adsorption mechanism of Orange II onto Mg/ Al-bentonite and Zn/Al-bentonite
composites operates through two pathways. The adsorption on the external surface takes
place by means of electrostatic interactions between the positively charged surface of the
composite (after the immobilization of the LDHs) and the negatively charged sulfonic
groups of the Orange II molecules (Dye-SO®~). This finding indicates a noteworthy contri-
bution to adsorption, consistent with prior research. The difference in adsorption quantity
between Mg/ Al-bentonite and Zn/Al-bentonite composites is due to variations in porosity,
which affect physical adsorption through the pore structure. Furthermore, the adsorp-
tion mechanism adheres to the pseudo-second-order kinetic model, suggesting primarily
chemical adsorption.

It has been demonstrated that the adsorption process involves primarily chemical
adsorption, which includes electrostatic interactions, as well as physical adsorption within
the pore structure acting as auxiliary adsorption.

On the basis of the structural characterization of the exhausted materials after the
adsorption, it can be concluded that the mechanism of the adsorption of Orange II on
the studied materials is related to electrostatic interactions. This conclusion aligns with
the results of previous studies on the adsorption of various anionic dyes on comparable
adsorbent materials [64—67].

The difference in adsorption quantity between Mg/ Al-bentonite and Zn/ Al-bentonite
composites may be attributed to the dye’s affinity and the surface properties of the two
composites. According to the proposed mechanism, Orange II could adsorb onto the
external surface of the composites and infiltrate the interlayer spaces. The surface that
adsorbs became more positive after immobilizing the LDHs. This facilitated the adsorption
of the anionic dye through electrostatic interactions. The correlation coefficients of the
pseudo-first-order kinetic model were lower than those of the pseudo-second-order model.
This suggests that the adsorption of Orange II onto Mg/Al-bent and Zn/Al-bent was
chemical in nature. Increasing the dosage of modified clays resulted in increased adsorption,
allowing more adsorbate molecules to form chemical bonds with the adsorbent surface. The
thermodynamic parameters suggest that the adsorption of Orange II onto Mg/ Al-bent and
Zn/Al-bent is both spontaneous and endothermic. The experimental data fit well with the
Sips and Langmuir isotherm models. This indicates a monolayer adsorption phenomenon.
However, the experimental data did not fit well with the Freundlich isotherm model.

4.2. Comparison of the Adsorption Capacities with the Literature

To demonstrate the effectiveness of low-cost composites for Orange II adsorption, a
comparison of the adsorption capacity of this material with that of other low-cost adsorbents
is essential. Table 7 shows a comparative analysis of the adsorption capacities of the
developed compounds for Orange II and other adsorbents described in the literature. The
results highlight the superior adsorption capabilities of coated bentonite for the removal of
this pollutant.
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Table 7. A comparison was made between the adsorption capacities obtained from Langmuir
isotherms of Mg/ Al-bentonite and Zn/Al-bentonite adsorbents for Orange II dye and those of
various adsorbents described in the literature.

qe (mg-g~")
Taken from Langmuir Studied Concentrations Ref.
Isotherm
Co = 200-800 mg-L~*
Polyethylene glycol-modified LDH 724.64 T=50°C [68]
pH=67
Cationic polymer-bentonite 1
poly([2—(meIzha};ryloyloxy)ethyl] 208k Co = 50-500 gL
: : ) . T=25°C [69]
trimethylammonium chloride), Natural pH
(PMETAC)-modified bentonite (Bent-PMETAC). P
Activated carbon fiber, ACFT 230 Cp =30-80 mg-L*1
ACFC (CARBOFLEX, Anshan East Asia Carbon 1260 T=30°C [70]
Natural pH
- -1
ZnyAl-layered double hydroxide, LDH-R 36.9 Co= z#):zgg %g‘L 1]
ZnyAl-layered double hydroxide, LDH-W 425 pItI 63
Co=10-250 mg-L~*
Iron-benzenetricarboxylate (Fe(BTC)) 435 T=25°C [66]
pH=7
Mg/ Al-bentonite 917.27 Present study
Zn/ Al-bentonite 660.32 Present study

5. Conclusions

The literature has not extensively explored the synthesis of bentonite-modified LDH
and its surface functionalization. However, these cost-effective composites show promise
as an alternative to conventional methods for removing azo dyes from water. In this
study, we utilized a low-cost approach by using bentonite, a material abundant in Algeria.
Mg/ Al-bentonite and Zn/Al-bentonite adsorbents are highly effective for treating effluent
due to their high specific surface area, large pore volume, predominantly microporous pore
size distribution, rapid adsorption kinetics, and high adsorption capacity. These materials
are particularly suitable for adsorbing organic pollutants, including anionic dyes.

This study focuses on the adsorption of the anionic dye Orange II onto composites
based on bentonite modified with LDHs. The results show remarkable adsorption efficiency,
particularly at higher concentrations and shorter equilibrium times. The experimental
data fit well with a pseudo-second-order kinetic model, and the equilibrium data agree
well with Langmuir and Sips isotherms. The adsorption of Orange II follows a chemical
sorption process. The monolayer adsorption capacities for Zn/Al-bent and Mg/ Al-bent are
660.32 and 917.27 mg/g, respectively. The thermodynamic calculations of the adsorption
data indicate that the adsorption of Orange II onto Zn/Al-bent and Mg/ Al-bent occurs
spontaneously and is of an endothermic nature.
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