DE GRUYTER

Open Chemistry 2024; 22: 20240116

Research Article

Raja Saad Alruwais*

Investigating dye adsorption: The role of surface-
modified montmorillonite nanoclay in kinetics,
isotherms, and thermodynamics

https://doi.org/10.1515/chem-2024-0116
received August 26, 2024; accepted November 4, 2024

Abstract: The study presents a straightforward, eco-friendly
method for removing toxic dyes, such as methylene blue
(MB) and acid red (AR), from aqueous solutions through
solid-phase extraction using adsorption on surface-modified
montmorillonite nanoclay. The nanoclay, containing 25-30 wt%
methyl dihydroxyethyl hydrogenated tallow ammonium (MM-
MDH nanoclay), functions as the environmentally benign
adsorbent. The physical properties of MM-MDH nanoclay
were characterized utilizing scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, Fourier
transform infrared spectroscopy, and surface area analysis.
Optimal conditions for dye removal, including solution pH,
nanoclay dosage, contact time, solution temperature, and ionic
strength, were systematically investigated. Experimental
results demonstrated that MM-MDH nanoclay effectively
removed the majority of dyes within 90 min. Isotherm
data indicated an adsorption capacity of 34.33 mg/g for AR
dye and 20.19 mg/g for MB dye under optimal conditions.
The adsorption process was analyzed kinetically and ther-
modynamically, revealing that the pseudo-second-order
kinetic model accurately described the adsorption behavior.
Thermodynamic analysis confirmed that the process was
spontaneous and exothermic for AR dye and spontaneous
and endothermic for MB dye. The effectiveness of MM-MDH
nanoclay was further validated by removing dyes from
three different real samples, demonstrating high perfor-
mance in dye removal over four consecutive cycles.
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1 Introduction

Water is an essential resource for life, supporting ecosystems,
human health, and economic development. However, water
contamination with toxic dyes from industrial effluents poses
a significant threat to aquatic environments and public
health. Methylene blue (MB), a cationic dye, is extensively
used in industries such as textiles, paper, and plastics due
to its vibrant color and chemical stability [1]. Similarly, acid
red (AR), an anionic dye, is commonly used in textile dyeing,
food processing, and cosmetics, contributing significantly to
industrial wastewater [2]. Both dyes are known for their
resistance to degradation, posing persistent environmental
hazards due to their ability to inhibit aquatic photosynthesis
and potentially cause toxic effects on marine life [3]. By
focusing on these dyes, our study addresses contaminants
that are not only prevalent in industrial effluents but also
pose significant challenges in water treatment due to their
chemical properties. This relevance ensures that the findings
of our research have practical implications for improving
industrial wastewater management and environmental con-
servation efforts. Numerous countries globally depend signif-
icantly on the textile industry for economic prosperity. Efflu-
ents from several industrial sectors such as textiles, dyeing,
and leather processing often contain synthetic dyes. These
effluents, characterized by their vivid coloration, significantly
pollute water bodies. Currently, the market offers more than
10,000 types of dyes, each with unique chemical properties.
Depending on their molecular ionic charge, these dyes are
classified into three groups: anionic, cationic, and nonionic
[4]. Dyes in aquatic environments can severely impact marine
life by obstructing oxygen consumption and photosynthesis.
Additionally, some dyes have the potential to be toxic or even
carcinogenic [5-7]. Many dyes resist breakdown via hydro-
lysis due to their stability against light, oxidation, and aerobic
processes. The presence of industrial dyes in the environment
is problematic, as they and their byproducts can be carcino-
genic and toxic. Addressing the pollution caused by synthetic
organic dyes in wastewater has become increasingly

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/chem-2024-0116
mailto:ralruwais@su.edu.sa

2 —— Raja Saad Alruwais

important. These dyes are particularly challenging to treat
because they originate from synthetic materials, contain aro-
matic compounds, and do not readily biodegrade. To treat
dyed wastewater, a variety of biological and physical/chemical
approaches have been used. Photodegradation [8], coagulation/
flocculation [9], oxidation/ozone [10], membrane separation
[11], and adsorption [12] are some of these processes. Adsorp-
tion stands out as a crucial technique for extracting dyes from
wastewater, among various chemical and physical methods
successfully implemented. Currently, a significant challenge
in sorption technologies involves identifying and deploying
novel adsorbents capable of efficiently eliminating diverse pol-
lutants from water-based environments [13,14]. Traditional
methods of dye removal, including chemical precipitation, oxi-
dation, and biological treatment, often fall short due to ineffi-
ciency, high cost, or secondary pollution issues. Therefore,
there is an urgent need for simple, cost-effective, and eco-
friendly methods to address this problem. This study explores
the use of surface-modified montmorillonite nanoclay, specifi-
cally MM-MDH nanoclay, as an adsorbent for the removal of
MB and AR dyes from aqueous solutions. The modification of
montmorillonite with methyl dihydroxyethyl hydrogenated
tallow ammonium enhances its adsorption capacity and envir-
onmental compatibility. MM-MDH nanoclay represents a sig-
nificant advancement in the field of adsorbents due to its
unique composition and enhanced performance characteris-
tics. Unlike traditional adsorbents, MM-MDH nanoclay is
modified with methyl dihydroxyethyl hydrogenated tallow
ammonium, which notably increases its hydrophobicity and
affinity for organic molecules. This modification allows MM-
MDH nanoclay to achieve superior adsorption capacities,
particularly for organic dyes like MB and AR 1, which are
prevalent in industrial effluents. Furthermore, the nanoclay’s
surface modification enhances its selectivity, enabling it to
target and remove specific contaminants more effectively
than unmodified clay or other conventional adsorbents [15].
Additionally, MM-MDH nanoclay offers practical advantages in
terms of environmental impact and cost-efficiency. It is more
environmentally friendly, as it can be regenerated and reused
in multiple cycles without significant loss of efficacy, reducing
both waste and operational costs. These attributes make
MM-MDH nanoclay a novel and advantageous solution in
the treatment of polluted water, addressing both effective-
ness in contaminant removal and sustainability concerns.
To effectively contextualize this study within the broader
field of research, it is essential to examine previous studies
that have articulated the environmental challenges posed by
synthetic dyes in water systems. A review of the literature
reveals a significant gap, while numerous methods have been
explored for dye removal [16-18], few have effectively addressed
the simultaneous demands of efficiency, cost-effectiveness, and

DE GRUYTER

environmental sustainability. Most existing studies focus on the
immediate efficacy of removal techniques without considering
long-term environmental impacts or feasibility in varied opera-
tional settings. This lack of comprehensive approaches to dye
pollution has left a critical gap in sustainable water management
practices. Our research addresses this gap by not only enhancing
the adsorptive efficiency of montmorillonite nanoclay through
surface modification but also emphasizing its reusability and
minimal environmental footprint. By advancing a solution that
upholds these core values, this study contributes uniquely to the
ongoing dialogue on sustainable industrial practices and envir-
onmental stewardship.

This study aimed to evaluate the effectiveness of removing
AR, an anionic dye, and MB, a cationic dye, from aqueous solu-
tions and real water samples using MM-MDH nanoclay. This
nanoclay contains 25-30 wt% methyl dihydroxyethyl hydroge-
nated tallow ammonium. The morphology of MM-MDH nano-
clay was analyzed using various chemical and physical methods.
Subsequently, different experimental conditions were tested and
optimized for extracting AR and MB dyes from aqueous solu-
tions using MM-MDH nanoclay. The kinetic and thermodynamic
characteristics of the adsorption method were examined to gain
insights into the desorption mechanism and the spontaneity of
the process, aiming to enhance its efficiency. Finally, the study
extended its findings to real-world scenarios by testing the effec-
tiveness of MM-MDH nanoclay in removing AR and MB dyes
from real water samples. This step was pivotal in confirming the
practical utility of the nanoclay for environmental cleanup
efforts, particularly showcasing its viability for purifying dye-
polluted water sources. The findings underscored the substantial
promise of MM-MDH nanoclay as an effective and eco-friendly
adsorbent, offering considerable benefits for dye elimination
across a spectrum of water treatment scenarios.

2 Materials and methods

2.1 Chemicals and materials

Nanoclay modified with methyl dihydroxyethyl hydroge-
nated tallow ammonium, identified as MM-MDH nanoclay
(product number 682640) from Aldrich, was used in con-
junction with AR 1 dye, MB dye, and hydrochloric acid
(37%) purchased from Sigma Aldrich, USA. All employed
chemicals and solvents were of reagent-grade quality and
were used as received. Stock solutions of 500 mg/L were
prepared for both dyes by dissolving 0.05g of each in
100 mL of deionized water. These solutions were further
diluted using deionized water to achieve concentrations
ranging from 5 to 50 mg/L. Furthermore, a series of buffer
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solutions from Britton-Robinson and an NaOH/HC] mixture
ranging from pH 2 to 10, as well as 0.1 M hydrochloric acid,
were used as the aquatic adsorption medium in this method.

2.2 Characterization techniques

The morphology of the MM-MDH nanoclay was character-
ized using a Quanta 600 FEG scanning electron microscope
(SEM) and further analyzed with a JEOL JEM-1230 transmis-
sion electron microscope (TEM). The crystalline structure
of the material was investigated through X-ray diffraction
(XRD) using a Philips X-pert pro diffractometer. Fourier-
transform infrared (FT-IR) spectroscopy was conducted
with an RX1 FT-IR spectrometer, covering a range of
500-4,000 cm™. The specific surface area of the nanoclay
was determined using a NOVA 3200e automatic gas sorp-
tion system.

2.3 Adsorption experiment

The study investigates the effectiveness of MM-MDH nano-
clay as a solid-phase extractant for the removal of MB and
AR dyes from aqueous solutions. A precisely measured 0.01
+ 0.002g of MM-MDH nanoclay was introduced into a
25mL aqueous solution of AR dye, with a concentration
of 20 mg/L, in a conical flask. Hydrochloric acid (0.1 M)
was used to adjust the solution’s pH to 2. In another experi-
ment, 0.0075 = 0.002 g of the same nanoclay was added to a
25 mL solution of MB dye, with a concentration of 8 mg/L,
and the pH was set at 8. Both mixtures were agitated for
120 min to reach equilibrium. Post agitation, the solutions
were filtered, and the concentration of dyes left in the
solution was quantified. The residual dye content was
assessed using a UV-Vis spectrophotometer by comparing
the absorbance values before and after adsorption at
530 nm for AR and 664 nm for MB [19]. Finally, the separa-
tion efficiency percentage (%E) is expressed by equation
(D). Then, the quantity of dye adsorbed (q) on MM-MDH
nanoclay is expressed by equation (2).

%E = (C, - C)/C, x 100, D
q. = (G- CQV)im, [7A)

where C, is the concentration of initial dyes and C, is the
remaining concentration of dyes in the solution after
shaking.
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2.4 Practical investigation

To evaluate the effectiveness of MM-MDH nanoclay solid
phase in the adsorption and removal of AR and MB dyes,
water samples were collected from three distinct sources
in Jeddah, Saudi Arabia. These included seawater from the
Red Sea, wastewater from King Abdulaziz University’s
treatment facility, and tap water from the university’s
laboratories. The samples were filtered using a 0.45 pm
membrane and stored at 5°C in dark conditions in Teflon
containers. For experimental purposes, 25 mL of each sample
was adjusted to pH 2 with 0.1 mol/L. hydrochloric acid for AR
dye and to pH 8 for MB dye. The samples were then agitated
with MM-MDH nanoclay, and the dye concentrations were
subsequently measured using spectrophotometry.

3 Results and discussion

Figure 1 shows the electronic spectra of AR dye and MB dye
in the presence and absence of MM-MDH nanoclay. The
figure depicts absorption spectra data, showing how the
dyes’ absorbance characteristics change when they interact
with nanoclay. The data indicate a shift in the absorbance
peak of the dyes when treated with MM-MDH nanoclay. For
AR dye, one can infer that the initial absorption spectrum
(without nanoclay) might display specific peak characteris-
tics, which alter upon the addition of MM-MDH nanoclay
due to interactions between the dye and the nanoclay parti-
cles. These interactions could include physical adsorption,
where the dye molecules adhere to the surface of the nano-
clay, or chemical interactions, leading to changes in the dye’s
electronic environment and thus its optical properties [20].

Similarly, for MB, the absorption characteristics before
and after treatment with nanoclay demonstrate how effec-
tively the nanoclay alters the dye’s molecular environ-
ment. A reduction in peak intensity or a shift in the peak
wavelength could indicate that the nanoclay is effective in
binding or altering the dye, potentially by encapsulating it
or changing its solubility and dispersion characteristics in
the solution.

These spectral changes are critical as they indicate the
potential of MM-MDH nanoclay in wastewater treatment
applications. The ability of MM-MDH nanoclay to alter the
absorption spectrum of toxic dyes implies that it could be
used to remove or degrade these dyes from industrial efflu-
ents, thereby mitigating environmental pollution. From a
scientific perspective, analyzing these spectra provides
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insights into the interaction mechanisms at the molecular
level between the nanoclay and the dye molecules. It also
helps in optimizing the conditions for maximum removal
efficiency, such as adjusting the nanoclay’s concentration,
contact time, and the pH of the solution. The initial spectrum
for AR1 (20 mg/L) without MM-MDH nanoclay [Figure 1 ()A]
would show the dye’s characteristic absorption peak, which
the article mentions as occurring at 530 nm. This peak repre-
sents the wavelength at which AR1 absorbs most of the light,
corresponding to its chromophoric groups’ electronic transi-
tions. After the addition of 10 mg of MM-MDH nanoclay, the
spectrum [Figure 1 ()B] shows a significant reduction in the
peak at 530 nm. This decrease suggests that the nanoclay is
interacting with the AR1 dye, possibly through adsorption or a
chemical interaction that alters the dye’s environment, thus
reducing its ability to absorb light at this wavelength [21,22].
Similar to the AR, MB dye (8 mg/L) initially shows a prominent
absorption peak at 664 nm [Figure 1 (IDA]. Upon the addition of
7.5 mg of MM-MDH nanoclay, the peak at 664 nm significantly
diminishes [Figure 1 (IDB], which again indicates the adsorp-
tion or interaction of the dye with the nanoclay particles. This
reduction in peak intensity underscores the effectiveness of
MM-MDH nanoclay in removing dyes from water.

Surface modifications of montmorillonite nanoclay signifi-
cantly impact the electronic environment of adsorbed dye mole-
cules through a variety of interactions that alter their electronic
properties [23]. When montmorillonite nanoclay is modified,
typically with organic cations or other functional groups, it
enhances its affinity for dye molecules through increased
surface area and altered surface charge characteristics [24].
These modifications facilitate stronger electrostatic attractions,
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hydrogen bonding, and potential m—n stacking interactions
between the nanoclay and the dye molecules. Such interac-
tions can influence the electron density distributions within
the dye molecules, leading to changes in their electronic tran-
sitions. This, in turn, affects the absorption spectra of the
dyes, causing shifts in the wavelengths at which they absorb
light. The modified surface of the nanoclay effectively creates
a new microenvironment around the dye molecules that can
stabilize or destabilize certain electronic states, thus directly
impacting their optical properties and behavior under light
exposure. This makes MM-MDH nanoclay a potent material
for targeted dye adsorption and removal from aqueous solu-
tions. Electrostatic interactions, hydrogen bonding, and n—mn
interactions significantly influence the spatial configuration
and electron density of dye molecules when they are
adsorbed on surfaces such as modified nanoclays [25]. Elec-
trostatic interactions occur when there is a charge attraction
between the negatively charged surface areas of the mod-
ified nanoclay and the oppositely charged sections of the dye
molecules [20]. This can lead to a reorientation of the dye
molecules to maximize the interaction with the clay surface,
potentially altering the electronic distribution within the
molecule. Hydrogen bonding, involving the sharing of a
hydrogen atom between the dye and functional groups on
the clay, can change the electronic environment by creating
new electronic pathways and altering electron density dis-
tributions. This can lead to shifts in the absorption charac-
teristics of the dye due to changes in their electronic states
[26]. Lastly, n—m interactions, which occur between the aro-
matic rings of the dye molecules and similar structures on
the clay surface, can stabilize specific spatial configurations
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Figure 1: Absorption spectra analysis: Panel I (a): Baseline absorption spectrum of AR dye (concentration: 20 mg/L) without MM-MDH nanoclay. Panel
I (b): Spectrum post interaction with 10 mg of MM-MDH nanoclay. Panel II (a): Initial absorption spectrum of MB dye (concentration: 8 mg/L) without
MM-MDH nanoclay. Panel II (b): Spectrum after exposure to 7.5 mg of MM-MDH nanoclay.
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Figure 2: SEM images of MM-MDH nanoclay.

of the dyes. Such interactions can compress or extend the
electron cloud of the aromatic rings, thus modifying the
electron density and affecting the molecular absorbance
and fluorescence properties [27]. Together, these interac-
tions not only fix the dyes in certain positions relative to
the clay surface but also modify their electronic properties,
impacting their optical behaviors in significant ways.

3.1 Characterization of MM-MDH nanoclay

The SEM images in Figure 2 display montmorillonite nano-
tubes, providing a clear visualization of their tubular structure
and surface morphology. SEM allows for the examination of the
surface details and the porosity of the nanotubes, which are
critical characteristics that influence their chemical reactivity
and physical properties. The images likely depict a uniform and
consistent tube-like structure, indicating a high degree of purity
and structural integrity [28]. This morphology is significant
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because the surface area and pore structure of montmorillonite
nanotubes are key factors that determine their effectiveness.
The TEM images of montmorillonite (Figure 3), displayed at
different magnifications, provide insight into the internal struc-
ture and wall thickness of the nanotubes. TEM is employed to
gain a deeper understanding of the ultrastructural features of
these nanomaterials. The varying magnifications help highlight
the layered silicate structures typical of montmorillonite and
halloysite, which are not as easily discernible in SEM images
[29]. These images are crucial for assessing the nanotubes’
dimensional properties, including inner and outer diameter
and wall thickness, which can significantly influence their
loading capacity and release characteristics in drug delivery
applications. The detailed visualization provided by SEM and
TEM plays a pivotal role in the ongoing development and uti-
lization of these nanomaterials in various scientific and indus-
trial fields [30].

Figure 4 presents the FT-IR spectroscopy results for mon-
tmorillonite nanotubes. Broad peaks at 3,400 cm™" typically
indicate the O-H stretching vibrations, suggesting the pre-
sence of hydroxyl groups or water molecules within the nano-
tube structure. This is common in clays due to their hydro-
philic nature and the ability to intercalate water molecules
between the layers. The sharp peaks around 1,630 cm™ are
characteristic of O-H bending vibrations, often associated with
water absorbed in the material. The peaks at 1,000-1,100 em™?
are indicative of Si-O stretching vibrations in the silicate
layers, fundamental to the structure of montmorillonite [31].
The sharpness and position of these peaks can give insight into
the degree of order in the silicate framework and any substitu-
tions within the lattice. The lower frequency peaks (below
600 cm™) can be attributed to metal-oxygen bonds, such as
Al-0 and Mg-O [32], which are integral to the octahedral and
tetrahedral sheets of the montmorillonite structure. The FT-IR
spectrum of montmorillonite nanotubes confirms the complex
structure of these materials, highlighting their potential for

Figure 3: TEM analysis of MM-MDH nanoclay across multiple magnifications.
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Figure 4: FT-IR of MM-MDH nanoclay.

various applications. The presence of functional groups like
hydroxyls suggests their capability for further chemical mod-
ifications or functionalization, which could be beneficial in
applications ranging from catalysis to drug delivery systems.
Additionally, the spectral features indicating water content are
crucial for applications in the removal of toxic dyes.

Figure 5 displays the XRD pattern of montmorillonite
nanoclay. The peak around 7° (26) corresponds to the (001)
basal reflection of montmorillonite, indicating the inter-
layer spacing of the clay [33]. The position and intensity
of this peak are important for understanding the layer
structure and the degree of swelling or intercalation within
the clay layers. The peaks between 19° and 25° (260) are
generally associated with the quartz impurities in the
clay and the crystalline silica components [34]. The pre-
sence of these peaks indicates that the nanoclay contains
quartz as a minor phase, which is common in natural clays.
The sharp peak at 35° (20) typically corresponds to the (004)
plane of the crystalline silica within montmorillonite, pro-
viding further evidence of the crystalline nature of the
silica impurities [35]. The broad peak around 62° (20) can
be attributed to the overlapping of several minor crystal-
line phases, possibly including various metal oxides that
are often present as trace components in montmorillonite
[36]. The XRD pattern of montmorillonite nanoclay reveals

its semi-crystalline nature and provides insights into its struc-
tural components. The prominent basal spacing peak at a low
angle suggests a well-defined layer structure, which is char-
acteristic of smectite clays like montmorillonite [37]. This fea-
ture is particularly significant because it affects the clay’s
abhility to absorb and intercalate various ions and molecules,
which is essential for applications in catalysis, drug delivery,
and environmental remediation. The presence of quartz and
other crystalline phases indicates the natural origin of the
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Figure 5: XRD spectra of MM-MDH nanoclay.
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clay and suggests that it may have properties influenced by
these minor components, such as mechanical strength and
thermal stability [38]. Understanding these impurities is cru-
cial for applications where purity and phase composition
affect the material’s performance.

Figure 6 illustrates the BET surface area analysis of
montmorillonite nanoclay, conducted at a temperature of
77K. The curve starts with a steep rise at lower relative
pressures, indicating monolayer adsorption of nitrogen
gas. This initial portion is crucial as it reflects the accessible
surface area of the montmorillonite nanoclay. As the relative
pressure increases, the slope of the curve becomes moderate,
suggesting the beginning of multilayer adsorption up to the
point where the curve starts to plateau [39]. Towards higher
pressures, the isotherm plateaus, indicating that the max-
imum adsorption capacity has been reached, and the pores
are filled with nitrogen gas. The specific surface (BET) was
calculated to be 76.4 m* g, The significant rise at low pres-
sures suggests a high surface area, which is characteristic of
clays with fine particle sizes and open structures [40]. High
surface areas are beneficial for applications requiring effi-
cient interaction with other substances, such as in catalysis
or adsorption processes. The shape of the isotherm can give
indications about the pore size distribution. The montmoril-
lonite nanoclay likely possesses a range of pore sizes, as
inferred from the continuous adsorption beyond the mono-
layer formation, suggesting the presence of mesopores [41].
The high surface area and porosity make montmorillonite
nanoclay an excellent candidate for dye removal.

3.2 The effect of pH on the removal of AR
and MB dyes

Figure 7 illustrates the effect of pH on the adsorption of
AR and MB dyes using MM-MDH nanoclay, detailing the
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Figure 6: BET surface area of MM-MDH nanoclay at 77 K.
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percentage adsorption across a pH range from 2 to 10. The
graph shows a high adsorption percentage for AR dye at
acidic conditions, particularly at a pH of 2, where adsorp-
tion peaks. The adsorption sharply declines as the pH
increases, with a significant drop noted between pH 3
and 6 and continuing to decrease up to pH 10. This trend
suggests that the acidic environment enhances the electro-
static attraction between the negatively charged dye mole-
cules and the positively charged sites on MM-MDH nanoclay
[42]. At higher pH levels, the surface charge of the nanoclay may
become more negative, reducing the electrostatic attraction to
the anionic dye molecules, thereby decreasing adsorption effi-
ciency [23]. In contrast, the adsorption of MB dye increases with
rising pH, reaching its maximum around pH 8 and stabilizing
thereafter. This indicates that the basic conditions favor the
adsorption of this cationic dye. The increase in adsorption
with pH could be attributed to the increased negative charge
on the nanoclay’s surface under alkaline conditions [43], which
enhances the attraction to the positively charged MB dye mole-
cules. The results indicate that adjusting the pH can significantly
affect the adsorption capacity and efficiency, suggesting a need
for precise pH control in treatment facilities to maximize dye
removal and enhance the sustainability of the process.

3.3 Influence of MM-MDH nanoclay mass on
adsorption of dyes

Figure 8 depicts the influence of MM-MDH nanoclay mass
on the adsorption efficiency for AR and MB dyes, con-
ducted using a constant dye concentration (20 mg/L for
AR and 8 mg/L for MB). The graph shows the adsorption

——A.R

—e—MB

Figure 7: Impact of pH on dye adsorption percentages for AR (a) and MB
(b) using MM-MDH nanoclay; 0.01 + 0.002 g for AR and 0.0075 + 0.002 g
for MB.
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Figure 8: Effect of MM-MDH nanoclay quantity on the adsorption rates of
dyes AR (a) and MB (b) over a 120-min duration at 22°C.

percentage increasing as the dose of MM-MDH nanoclay is
increased from 2.5 to 30 mg for both dyes. The adsorption
percentage of AR dye increases dramatically from 33.5%
at a 2.5mg dose of nanoclay to 98.7% at a 30 mg dose.
This steep increase suggests a significant enhancement in
adsorption capacity with the increase in nanoclay amount.
Similarly, MB dye shows an increase in adsorption from
43.6% at the lowest nanoclay dose to 99.6% at the highest
dose. The adsorption efficiency improves consistently as
the dose increases. As the amount of MM-MDH nanoclay
increases, so does the total available surface area. More
surface area provides more active sites for dye molecules
to adhere to, which enhances the adsorption capacity [44].
Higher doses of nanoclay improve the likelihood that dye
molecules encounter an available adsorption site, thus
reducing the probability of dye molecules remaining in
the solution. The primary mechanism here appears to be
physical adsorption, where dye molecules are trapped on
the surface of nanoclay particles. The findings underscore
the importance of optimizing nanoclay dosing in treatment
processes to maximize dye removal while considering eco-
nomic factors. These results could guide the development
of scaled-up water treatment protocols that use MM-MDH
nanoclay as an adsorbent for removing dye pollutants
from industrial effluents.

3.4 Influence of shaking time on adsorption
of dyes

Figure 9 demonstrates the effect of shaking time on the
adsorption percentages of AR dye and MB dye by MM-
MDH nanoclay at a temperature of 22°C. The graph pre-
sents time intervals ranging from 5 to 120 min and show-
cases how the adsorption efficiency changes over these
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Figure 9: Effect of varying shaking durations on dye removal efficiency
for AR (a) and MB (b) using MM-MDH nanoclay at 22°C.

intervals for both dyes. The adsorption of AR dye starts
at a moderate level and significantly increases with time,
peaking at 120 min. This increase is gradual, indicating that
the interaction between the dye and the nanoclay surfaces
strengthens over time [45]. Similarly, MB dye shows an
increase in adsorption efficiency as time progresses, with
the highest adsorption also occurring at the end of the 120-
min interval. The pattern of increase is steady, suggesting a
continuous accumulation of dye on the nanoclay. The
increase in dye removal over time can be attributed to
the kinetics of the adsorption process, where initially, a
large number of active sites are available, and over time,
these sites gradually become occupied [21]. The continuous
increase up to 120 min suggests that the saturation point of
the nanoclay is not reached within this duration for both
dyes. This implies that longer contact times could poten-
tially lead to even higher adsorption efficiencies until all
active sites are filled.

3.5 Influence of temperature on adsorption
of dyes

Figure 10 illustrates the effect of temperature on the
adsorption efficiency of AR dye and MB dye using MM-
MDH nanoclay. This graph presents the adsorption percen-
tages at various temperatures, ranging from 10 to 50°C. The
adsorption efficiency of AR dye increases as the tempera-
ture rises from 10 to 50°C. Starting at a relatively low per-
centage of 10°C, there is a significant improvement in
adsorption as the temperature increases, demonstrating
higher efficiency at elevated temperatures. Similarly, MB
dye shows an increase in adsorption percentage with tem-
perature. The adsorption starts at a moderate level of 10°C



DE GRUYTER

100

y=0.7069x - 136.88
R?=10.9984

90
80
70
60

50

%E

40

30
®A.R
20
oMB
10 y=-0.5091x + 213.17

R?=10.9904

275 285 295 305 315 325 335
Temperture, K

Figure 10: Temperature influence on the removal efficiency of dyes AR
and MB using MM-MDH nanoclay over 120 min.

and progressively increases, reaching its peak at 50°C.
Higher temperatures provide more kinetic energy to the
dye molecules, increasing their movement and the prob-
ability of contacting the adsorbent sites on MM-MDH nano-
clay [41]. This enhanced movement helps overcome any
resistance to mass transfer between the aqueous phase
and the adsorbent surface. Temperature influences both
the adsorption capacity and the rate of adsorption. For
physisorption, increased temperature typically enhances
the rate of adsorption until a certain point, after which the
adsorptive forces may weaken [46]. However, for chemisorption,
which may also play a role here, higher temperatures could
promote stronger and more stable chemical interactions between
the dye molecules and the nanoclay [47]. While higher tempera-
tures can increase adsorption rates, they can also cause increased
desorption [48]. In this case, the increasing trend suggests that the
adsorption effects are dominant over desorption up to 50°C for
both dyes. The findings indicated that increasing the temperature
of the solution significantly enhanced the removal efficiency
of MB dye by MM-MDH nanoclay, as illustrated in Figure 10.
This trend supports the conclusion that the adsorption process
is endothermic [45]. Raising the temperature of the solution
resulted in reduced efficacy of AR dye removal by MM-MDH
nanoclay, as illustrated in Figure 10. This trend indicates that
the adsorption process is exothermic [45].

3.6 Influence of KNO; on the removal of dyes

Figure 11 demonstrates the impact of KNO3 concentration
on the adsorption efficiency of AR and MB dyes using MM-
MDH nanoclay at a constant temperature of 22°C. The
figure tracks the change in dye removal percentage as
the concentration of KNO; varies. The removal efficiency
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Figure 11: Impact of KNO3 concentration on dye removal efficiency of AR
(a) and MB (b) using MM-MDH nanoclay at 22°C.

of AR dye is adversely affected by increasing concentrations
of KNOs. The graph shows a noticeable decline in adsorption
percentage as the KNO; concentration increases. In contrast,
the removal efficiency of MB dye appears less affected by
changes in KNO; concentration, displaying relatively stable
adsorption percentages across the different concentrations of
KNOs;. The KNO; alters the ionic strength of the solution,
which can affect the electrostatic interactions between the
dye molecules and the nanoclay [49]. For AR dye, the increase
in ionic strength likely enhances the competition between the
potassium (K*) and nitrate (NO3) ions and the dye molecules
for adsorption sites on the nanoclay, resulting in decreased
dye removal efficiency [50]. The presence of KNO; may also
screen the charges on the nanoclay surface, reducing its
ability to attract and bind dye molecules through electrostatic
forces [51]. This effect is more pronounced with AR dye due to
its specific chemical interactions with the clay. Adding KNO3
can cause slight changes in the pH and solubility of the dye in
water, potentially influencing the dye’s state and its interac-
tion with the adsorbent.

The removal mechanism of MB and AR dyes using MM-
MDH nanoclay primarily relies on adsorption facilitated by
the clay’s modified surface. MM-MDH nanoclay, enriched
with methyl dihydroxyethyl hydrogenated tallow ammo-
nium, exhibits enhanced adsorption capabilities due to
its increased surface area and modified charge properties
[52]. For MB, a cationic dye, the adsorption is enhanced
under basic conditions (pH 8) due to increased electrostatic
attraction between the negatively charged surface of MM-
MDH nanoclay and the positively charged dye molecules.
Conversely, the removal of AR, an anionic dye, is more
efficient in acidic conditions (pH 2) where the clay’s surface
exhibits a positive charge, facilitating attraction to the
negatively charged dye molecules.
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3.7 Kinetic study

The study of the kinetic behavior of pollutants like dye
species in aqueous solutions using a solid-phase sorbent
is critically important as it offers deep insights into che-
mical reactions and the mechanisms of adsorption steps.
The overall rate of transport, including intraparticle diffu-
sion and film diffusion, significantly affects the quantity of
dyes adsorbed onto the surface of MM-MDH nanoclay, with
the quickest process determining the overall transport rate
and thus influencing the amount of dye retained. The experi-
mental results regarding the impact of shaking time allowed
for the analysis of the kinetic model for the removal of AR1
and MB dyes using a solid-phase method.

The fractional power function kinetic model is described
by the equation below [53]:

Ing = Ina+bInt 3)

In the experimental setup, q; represents the amount of
dye adsorbed at any given time ¢, normalized by the mass
of MM-MDH nanoclay. Constants a and b, where b is less
than 1, are mathematical coefficients integral to the frac-
tional power function equation. When this equation is
employed to analyze the adsorption data (refer to Figure
12), it shows compatibility, as evidenced by the R? values
for AR and MB dyes. The specific values for a and b are
listed in Table 1. These results affirm the applicability of
the fractional power function kinetic model in describing
the adsorption behaviors of AR and MB dyes on the surface
of MM-MDH nanoclay.

A crucial formula utilized to analyze the adsorption
rate is known as the Lagergren equation. The most popular
formulas for describing adsorption rates in liquid-phase
methods is the Lagergren equation or pseudo-first order,
and the next equation was employed [54,55]:

35
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Figure 12: Fractional power model curves for dye species using MM-
MDH nanoclay under conditions specified in batch extraction.

DE GRUYTER

Table 1: The parameters for various kinetic models for removal of AR
and MB dye onto MM-MDH nanoclay at 22°C

Fractional power function kinetic model

a b ab R?
AR 9.116 0.267 2.433 0.991
MB 5.847 0.257 1.501 0.985

The pseudo-first-order kinetic (Lagergren) model

qe, exp (mg/g) qe, calc (mg/g) k1 RZ
AR 31.26 26.79 0.04 0.978
MB 19.01 16.21 0.043 0.967

The pseudo-second-order kinetic model

qe, exp (mglg) qe, calc (mg/g) k2 RZ
AR 3126 34.25 24x1073 0997
MB 19.01 20.83 44 x107* 0.998
Elovich kinetic model
a (g/mg min) B (mg/g min) R?
AR 0.251 6.103 0.993
MB 0.514 3.601 0.989
Kiag
lo -q) =logq. - ——=t. 4)

The amount of dyes adsorbed per unit weight of MM-
MDH nanoclay at equilibrium is denoted by ¢., while g;
represents the amount of dyes adsorbed per unit weight
of the nanoclay at any given time t. The constant K,
indicates the rate of the first-order reaction. A plot of log
(ge — q) versus time (shown in Figure 13) reveals a linear
trend. The values for Kj g qe, and the coefficient of deter-
mination R* concerning the adsorption of AR and MB dyes

®AR

y=-0.0176x + 1.4281 EMB

R?=10.9782

< 05
=
'
&
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-0.5 y=-0.0187x + 1.2101
R*=0.967
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Time, min

Figure 13: Lagergren kinetics curve for AR and MB dye absorption by
MM-MDH nanoclay over time, with experimental conditions detailed in
the batch extraction phase.
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using MM-MDH nanoclay are detailed in Table 1. The
observed data suggest that the first-order kinetics model
does not adequately describe the adsorption behavior of
AR and MB dye species on MM-MDH nanoclay [56].

The pseudo-second-order kinetic model can be repre-
sented through the equation provided below. This model
operates under two key assumptions: first, the total number
of available binding sites is defined by the equilibrium con-
centration of the adsorbate, and second, the concentration of
the adsorbate does not change during the process. The fol-
lowing equation illustrates this model [57]:

LA . Ht. ©)
G sz[e qe

In the formula, g, represents the equilibrium concen-
tration of dyes absorbed per unit weight of MM-MDH nano-
clay, while g denotes the concentration at any given time ¢.
The variable k, stands for the pseudo-second-order rate
constant. Plots of t/q, versus ¢ displayed linearity under
these conditions, as shown in Figure 14. By analyzing the
intercept and slope of these plots for AR and MB dyes,
values for the second-order rate constant (k;) and the equi-
librium capacity (q.) were calculated and are documented
in Table 1. The results confirm that the pseudo-second-
order kinetic model effectively describes the adsorption
dynamics of AR and MB dyes on MM-MDH nanoclay. This
model’s applicability is influenced by several experimental
parameters including contact time, pH levels, dye concen-
tration, and ambient temperature [58].

The kinetic model described is derived from the Elovich
equation [42], commonly employed to quantify adsorption
capacities. This model is particularly applicable to chemisorp-
tion processes and proves effective in scenarios featuring
heterogeneously adsorbing surfaces. The model is mathema-
tically represented by the following equation:

y = 0.0484x + 0.5231

R*=0.9977 .
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Figure 14: Kinetic adsorption curves for AR and MB dyes on MM-MDH

nanoclay over time with previously described batch conditions.
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Figure 15: Elovich model dynamics for AR and MB dye adsorption on
MM-MDH nanoclay over time, with experimental conditions specified in
previous batch adsorption descriptions.

¢ = BIn(ap) + plnt.

The parameters a and S, representing the initial adsorp-
tion rate and the desorption coefficient, respectively, were
quantified using the Elovich model. Linear relationships
between ¢, and In(¢) are depicted in Figure 15. From these
plots, the values of the a and S coefficients were calculated
using the slopes and intercepts. The derived data are detailed
in Table 1.

The Weber and Morris model of intraparticle diffusion
for AR and MB dyes removal by MM-MDH nanoclay is
derived as follows:

(6

q = Ka®)" + C, ™

where kiq is the intra-particle diffusion rate constant (mg/g
min'?) and C (mg/g) is a constant proportional to the thick-
ness of the boundary layer. Applying the intra-particle dif-
fusion model to all the adsorption experimental data in
Figure 16 with zero intercept converged well and had

4
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Figure 16: Graphical representation of intra-particle diffusion for AR and
MB dye removal via solid-phase extraction.
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straight lines pass through the origin as well as presented
in the figure, which indicate the not suitability of the intra-
particle diffusion model for all the experimental data and
the value of Kijq was equal 2.593 for AR and equal 1.562 for
MB with correlation coefficient (R%) 0.911 for AR1 and 0.895
for MB, respectively, as is illustrated in Figure 16.

The kinetic analysis, drawing from correlation coeffi-
cients displayed in Table 1 and data derived from various
models, including fractional power function, Lagergren
pseudo-first-order, pseudo-second-order, and Elovich, indi-
cates that the pseudo-second-order model is most suitable
for characterizing the adsorption kinetics of dye species AR
and MB on MM-MDH nanoclay.

3.8 Adsorption isotherms for AR1 and CV
dyes uptake by MM-MDH nanoclay

Figure 17 illustrates the adsorption capacity (¢g.) of AR and
MB dyes onto MM-MDH nanoclay against their equilibrium
concentrations (C,) at a constant temperature of 22°C. This
plot is critical for understanding the adsorption isotherms,
which describe how dyes interact with the adsorbent at a
constant temperature. For AR, the adsorption capacity (q.)
increases with increasing equilibrium concentration (C.) up
to a certain point, after which it may plateau. This suggests
that more sites on the nanoclay become occupied until satura-
tion is reached. Similarly, MB shows an increase in g with Ce.
The plot would typically show how efficiently MM-MDH nano-
clay adsorbs MB dye from the solution, potentially reaching a
plateau as the available adsorption sites become fully occupied.
Critical analysis was done on the retention patterns throughout
a range of equilibrium values (5-40 mg/L) for AR and range
values of (1-15 mg/L) for MB dyes via the aquatic solutions on

40.0

35.0 ° ° ° °
30.0

qe mg/g
°

@®AR
4 MB

000{’

0 5 10 15 20 25 30
Ce, ppm

Figure 17: Graphical representation of AR and MB dye adsorption on
MM-MDH nanoclay (mg/g) versus equilibrium concentration (Ce) at 22°C.
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Figure 18: Langmuir adsorption isotherms for AR and MB dyes on MM-
MDH nanoclay at 22°C.

the utilized sorbent under ideal conditions. The amount of dyes
retained in the solution showed a linear correlation with the
quantity of dyes adsorbed by the MM-MDH nanoclay at mod-
erate sample concentrations. The adsorption capacity for AR
was determined to be 34.33 + 0.12 mg/g, and for MB, it was 20.19
+ 0.09mg/g onto MM-MDH nanoclay. The behavior of both
dyes can be analyzed using adsorption isotherm models like
Langmuir and Freundlich, which describe how contaminants
interact with adsorbent surfaces. The initial steep portion of
the curve typically indicates that a large number of available
sites are being quickly occupied [59]. As the curve flattens, it
indicates that fewer sites are available, and the adsorption
process becomes limited by the availability of sites rather
than the concentration of the dye [60]. The molecular structure
and chemical properties of AR and MB dyes influence their
interaction with MM-MDH nanoclay. AR, being an anionic dye,
and MB, a cationic dye, may interact differently with the
charged sites on the nanoclay, affecting the adsorption capacity
and efficiency.

The next form of linearity represents the Langmuir
isotherm equation applied to the retention of AR and MB
dyes on SP sorbent [61]:

Ce 1 Ce

= +—. (€]
4. quL an

The term C. denotes the equilibrium concentration
(mg/L) of dyes (AR and MB) within the solution being
tested, while g, refers to the amount of the dye adsorbed
per unit mass of the adsorbent at equilibrium (mg/g). The
parameters ¢, and k;, are known as Langmuir constants.
(n correlates to the maximum adsorption capacity of the
adsorbent for forming a monolayer, whereas Kj, is the
equilibrium constant reflecting the energy of adsorption
independent of temperature. The plot of Cc/q. against C
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for various concentrations of AR and MB dyes on MM-MDH
nanoclay was found to be linear, as shown in Figure 18,
with correlation coefficients (R?) of 0.9987 for AR dye and
0.9989 for MB dye. This suggests that the adsorption of
these dyes on the surface of MM-MDH nanoclay is uniform
and conforms well to the Langmuir adsorption model. The
values for q,, and Ki, were calculated from the slope and
intercept of this linear plot and are presented in Table 2.
Additionally, the dimensionless separation factor Ry is a
key feature of this model and is defined as follows:

1

R=——.
L7 1+ KC,

9)

Ry, values for the adsorbent equal 0. 0.075 for AR and
equal 0.307 for MB dyes (0 < Ry, < 1), which indicates favor-
able monolayer adsorption [62].

The retention behavior of AR and MB dyes from aqu-
eous solution onto the used sorbents was subjected to the
Freundlich system represented in the next form of line-
arity [63]:

logq, = logKr + (1/n)logCe. (10)

The Freundlich constants, Kr and 1/n, relate to the
maximum capacity of solute sorption (mg/g). These para-
meters are defined where g, represents the equilibrium
concentration of AR and MB dyes adsorbed on the MM-
MDH nanoclay per unit mass (mg/g), and C. indicates the
concentration of dyes remaining in the aqueous solution
(mg/L). The estimated values for K¢ and 1/n are presented
in Table 2, derived from the intercept and slope observed
in Figure 19. The 1/n value was found to be equal to 0.151 for
AR and equal to 0.329 for MB dyes, which are a lesser
amount than unity (1/n < 1); thus, sorbents’ surfaces were
favorable sorption of AR and MB dyes by the MM-MDH
nanoclay. The correlation coefficients (R?) of the Freun-
dlich model for AR and MB dyes do not have good values,
which recommends that the adsorption model was better
explained by the Langmuir model.

Table 2: The parameter of Langmuir and Freundlich isotherm models
for the retention of AR and MB dyes on MM-MDH nanoclay at 22°C

Models of sorption isotherms AR dye MB dye

Langmuir Gm (Mg/qg) 34.96 20.92
K, (L/g) 0.615 0.282
R 0.075 0.307
R 0.9987 0.9989

Freundlich K (mg/q) 21.97 13.18
1/n 0.151 0.329
R? 0.9765 0.9626
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Figure 19: Graph of logarithmic adsorption capacity versus equilibrium
concentration for AR and MB dyes on MM-MDH nanoclay at 22°C
(Freundlich isotherms).

3.9 Thermodynamic properties of BG and AR
dyes adsorption using MM-MDH
nanoclay

The absorption of AR and MB dyes using MM-MDH nano-
clay was extensively investigated across a temperature
spectrum from 283 to 323K to assess dye retention by
MM-MDH nanoclay. Thermodynamic parameters such as
enthalpy (AH), entropy (AS), and Gibbs free energy (AG)
were calculated using specific equations [64]:

AH  AS

In K, = — + —, (11)
RT R

AG = AH - TAS, (12)

AG = RT InK,, (13)

where the temperature is T (Kelvin), the gas constant is R,
and the equilibrium constant is K. The following equation
was used to compute the values of constant K. for the
adsorption of AR and MB dyes:

G

ko= 22,
c C.

(149)
The term C, refers to the equilibrium concentration of
AR and MB dyes in an aqueous solution, expressed in milli-
grams per liter (mg/L), whereas C, denotes the amount of
AR and MB dyes adsorbed on the solid surface at equili-
brium, also measured in milligrams per liter (mg/L).
Figure 20 presents two curves showing the natural loga-
rithm of the distribution coefficient (In K.) against the inverse
of temperature (multiplied by 1,000, ie., 1,000/T) for the
uptake of two dyes, AR and MB, from an aquatic solution
using MM-MDH nanoclay. The graph displays two contrasting
trends: the uptake of AR dye decreases exponentially with
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Figure 20: Logarithmic plots of equilibrium constants (In K.) versus
inverse temperature (1,000/T) for AR and MB dye adsorption from aqu-
eous solutions by MM-MDH nanoclay.

increasing temperature, while the uptake of MB dye increases
exponentially as temperature rises. For AR, the negative
slope indicates that the adsorption is exothermic; higher tem-
peratures reduce the adsorption efficiency [65]. This could
be due to the weakening of interactions between the dye
and the adsorbent at higher temperatures. For MB, the posi-
tive slope suggests endothermic adsorption; higher tempera-
tures enhance the adsorption efficiency. This could be due to
increased molecular motion, improving interactions between
the dye and adsorbent sites [66]. The decrease in In K, with
increasing temperature could be attributed to the desorption
of AR from the nanoclay, possibly due to the breakdown of
weaker physical bonds like hydrogen bonds or van der Waals
forces at higher temperatures. The increase in In K. with
temperature (MB dye) suggests that stronger or additional
chemical bonds (e.g., covalent or ionic) might be forming at
higher temperatures, enhancing adsorption. The differing
trends for AR and MB with temperature change are rooted
in the thermodynamic properties of the adsorption process.
These include changes in enthalpy (AH) and entropy (AS),
which dictate whether adsorption becomes more or less
favorable with temperature. The specific characteristics of
MM-MDH nanoclay, such as surface area, pore size, and func-
tional groups, also play significant roles in how it interacts
differently with AR and MB dyes under varying thermal
conditions.

3.10 Practical investigation
To assess the efficacy of MM-MDH nanoclay solid phase in

adsorbing and removing dye contaminants from water, it
is essential to test its application in real water scenarios.
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Investigations were carried out on three different water
types: seawater, wastewater, and tap water. These samples
were initially analyzed for the presence of AR and MB
dyes, which were not detectable by UV-Vis spectroscopy.
Subsequently, each sample was enhanced with 20 mg/L of
AR dye and treated with 30 mg of MM-MDH nanoclay at a
pH of 2. The mixtures were agitated for 120 min at a tem-
perature of 295 K. In a similar experimental setup, but with
a pH adjusted to 8, the samples were spiked with 8 mg/L of
MB dye and treated with the same amount of nanoclay
under identical conditions. Figure 21 shows the efficiency
of AR and MB dye removal by MM-MDH nanoclay from
three different water types: tap water, wastewater, and
seawater. The experiment was conducted under controlled
conditions with a fixed volume, contact time, pH, tempera-
ture, amount of nanoclay, and initial dye concentrations.
The data show that AR dye removal efficiency in tap water,
wastewater, and seawater is 96.68, 94.05, and 92.30%,
respectively, while MB dye removal efficiency is slightly
higher at 97.10, 94.76, and 93.04% for the same water types.
Both AR and MB dyes show the highest removal efficiencies
in tap water and the lowest in seawater. This trend suggests
that the ionic composition and possibly organic content of
seawater interfere more with dye removal compared to the
relatively cleaner tap water. The high-efficiency rates across
all water types highlight the effectiveness of MM-MDH nano-
clay as an adsorbent for both dyes under varying water qua-
lities. The differing pH conditions for AR (pH 2) and MB (pH 8)
during testing likely affect the charge interactions between
the dyes and the nanoclay, influencing the removal efficiency.
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Figure 21: Removal efficiency of AR and MB dyes using MM-MDH
nanoclay across three real-world samples (experimental conditions:

25 mL solution, contact time = 120 min, pH solution = 2, temperature =
295K, 30 mg of MM-MDH nanoclay and 20 mg L™ concentration for AR
dye, and for MB dye 25 mL solution, contact time =120 min, pH solution =
8, temperature = 295 K, 30 mg of MM-MDH nanoclay, and 8 mg L™
concentration).
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Both wastewater and seawater contain more competitive ions
and possibly organic matter that can occupy adsorption sites
on the nanoclay or interact with the dyes, reducing the effi-
ciency of dye removal compared to tap water [67]. The ionic
strength of seawater could lead to a shielding effect, reducing
the effective charge interactions necessary for optimal dye
adsorption on nanoclay [68]. The chemical nature and the
amount of competing substances in wastewater and seawater
likely interfere with the adsorption process, making it less
efficient than in tap water. The consistency in high removal
efficiencies across different waters suggests that MM-MDH
nanoclay has a robust adsorption capacity, although slightly
reduced in more complex matrices like seawater.

Figure 22 illustrates the reusability of MM-MDH nano-
clay in the removal of AR and MB dyes over four cycles.
Each cycle involves treating 25 mL of dye solution under
controlled experimental conditions, using 30 mg of MM-
MDH nanoclay at specified pH and temperature settings
for each dye. The data reveal that AR dye removal efficiency
using MM-MDH nanoclay decreases over four cycles, starting
at 98.43% in the first cycle and reducing to 92.58% by the
fourth cycle. Similarly, MB dye removal efficiency starts
at 99.14% in the first cycle and diminishes to 93.99% in
the fourth cycle, showcasing a gradual decline in the adsor-
bent’s performance with repeated use. The gradual decline in
removal efficiency for both dyes over successive cycles sug-
gests a reduction in the adsorptive capacity of MM-MDH nano-
clay. This trend is typical for adsorbent materials, where initial
cycles utilize more active sites, and subsequent cycles exhibit
saturation and reduced efficiency. MB dye consistently shows
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Figure 22: The reusability effect of MM-MDH nanoclay for removal of AR
and MB dyes four times, (experimental conditions: 25 mL solution, con-
tact time =120 min, pH solution = 8, temperature = 295 K, 30 mg of MM-
MDH nanoclay and 8 mg L™ concentration for MB dye, and for the AR dye
25 mL solution, contact time = 120 min, pH solution = 2, temperature =
295K, 30 mg of MM-MDH nanoclay and 20 mg L™ concentration).
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Table 3: Comparison between the MM-MDH nanoclay and other
reported adsorbents for removal of AR and MB dyes

Dyes Solid phase Uptake Reference
capacity

AR Black tea leaves 30.3 [5]

AR Carboxylated alginic acid 9.17 [70]

AR Ferrous sulfate flocs 6.623 [71]

AR Activated carbon 18.76 [51]

AR Halloysite nanoclay 13.89 [42]

AR Zinc ferrite Mng gZng ,Fe;04 49.90 [72]
magnetic

AR MM-MDH nanoclay 34.33 This work

MB Green tea dredge 7.4 [73]

MB Sugarcane bagasse 12.42 [74]

MB Treated sugarcane bagasse 58.9 [75]

MB Sodium alginate hydrogel 51.34 [76]

MB Magnetic chitosan-PEGDE-EDTA  5.04 [771
composite

MB Activated corn husk waste [78]

MB MM-MDH nanoclay 12.5 This work

slightly higher removal efficiencies compared to AR dye across
all cycles. This might indicate a stronger affinity of MB dye
molecules for the binding sites available on MM-MDH nano-
clay, possibly due to differences in molecular structure or
interactions under the experimental pH conditions. Incomplete
desorption of dyes from the nanoclay between cycles could
block sites or alter the surface characteristics, hindering
further adsorption efficiency [24]. The stability of the nano-
clay under the experimental conditions across multiple cycles
could also influence the observed decline in efficiency, where
physical or chemical changes to the adsorbent material affect
its performance [69]. These findings highlight the potential
for using MM-MDH nanoclay as a reusable adsorbent in dye
removal applications, although they also indicate the need for
regeneration strategies to maintain high efficiency over mul-
tiple cycles.

The performance of MM-MDH nanoclay as a solid
adsorbent for extracting AR and MB dyes was assessed
against other established adsorbents, focusing on adsorp-
tion efficiency and duration. Data presented in Table 3
indicate that MM-MDH nanoclay shows potential as an
effective and viable option for the adsorption of AR and
MB dyes from solutions.

4 Conclusion

The study successfully demonstrates a simple, eco-friendly
method for the removal of toxic dyes, specifically MB and
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AR 1, from aqueous solutions using MM-MDH nanoclay.
Through systematic investigation, it was found that MM-
MDH nanoclay effectively adsorbed these dyes, achieving
significant removal within 90 min. The adsorption capaci-
ties under optimal conditions were 34.33 mg/g for AR dye
and 20.19 mg/g for MB dye. Kinetic studies indicated that
the adsorption followed a pseudo-second-order model, while
thermodynamic analysis revealed that the process was spon-
taneous and exothermic for AR dye and spontaneous and
endothermic for MB dye. The application of MM-MDH nano-
clay in real water samples further validated its high perfor-
mance in dye removal, maintaining efficiency over multiple
cycles. This highlights the potential of MM-MDH nanoclay as a
sustainable and effective adsorbent for treating dye-contami-
nated water, offering a viable solution for industrial waste-
water management and environmental protection.

Future research on MM-MDH nanoclay should priori-
tize evaluating its long-term stability and regeneration
capabilities to fully ascertain its practical utility for dye
adsorption. Long-term stability studies would involve sub-
jecting the nanoclay to extended periods of use under
varying environmental conditions to observe changes in
its structural integrity and adsorption capacity. Such stu-
dies will provide invaluable data on the material’s degra-
dation patterns and lifespan in real-world applications.
Furthermore, exploring the regeneration of the nanoclay
after dye adsorption is crucial. This would involve devel-
oping and optimizing cost-effective and environmentally
friendly methods for desorbing adsorbed dyes and rejuve-
nating the nanoclay’s adsorptive properties. Investigating
these aspects will enhance our understanding of the nano-
clay’s reusability and its potential for multiple cycles of
use, thereby contributing to sustainability and economic
feasibility in industrial applications. This line of inquiry
not only extends the practical applications of the nanoclay
but also aligns with environmental sustainability goals by
reducing waste and the need for continual raw material
consumption.
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