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Abstract: This study employed nanoclay as a low-cost, environmentally friendly adsorbent for the effective
removal of malachite green (MG) dye from aqueous solutions. The nanoclay was characterized using XRD,
FESEM, TEM, TGA, and FTIR. Structural and morphological analyses confirmed a porous, multilayered
structure that was enhanced after adsorption. Batch experiments were conducted to evaluate the impact of
key parameters, including dye concentration (10—100 mg/L), adsorbent dosage (0.02—0.15 g), contact time
(5-60 min), temperature (10-40 °C), and pH (2—11). Adsorption equilibrium was reached within 60 minutes,
and the highest removal efficiency (92.84%) was achieved under optimal conditions: 0.1 g of adsorbent, pH
7, 80 mg/L dye concentration, 60 minutes of contact time, and 30 °C. FTIR analysis confirmed the
interaction of MG dye with hydroxyl and Si—-O-Si functional groups through observed spectral shifts.
FESEM and TEM images revealed increased surface porosity and dye—particle interaction. XRD analysis
confirmed the crystalline nature of the nanoclay and minimal structural disruption after adsorption.
Isotherm studies showed that the adsorption process followed the Freundlich model, indicating
heterogeneous surface adsorption. Kinetic modelling revealed that the data fitted well with the pseudo-
second-order model, suggesting chemisorption as the dominant mechanism. Thermodynamic parameters
(AG®, AH®, and AS°) indicated that the adsorption was spontaneous and exothermic. Regeneration tests over
five cycles using ethanol and distilled water demonstrated that nanoclay retained over 90% of its initial
efficiency, confirming its excellent reusability and structural stability. Overall, nanoclay proved to be a
promising and sustainable adsorbent for treating dye-contaminated wastewater.
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Introduction

Recently, clay minerals have attracted widespread interest in environmental remediation due
to their abundance, low cost, high surface area, and ion-exchange capacity. These naturally
occurring layered silicates exhibit unique physical and chemical properties, making them effective
adsorbents for various pollutants, particularly organic, inorganic, and synthetic dyes commonly
found in industrial wastewater. Among the different types of clay, vermiculite stands out for its
superior cation-exchange capacity, thermal stability, and structural flexibility [1, 2].

Vermiculite is a clay mineral composed of hydrated magnesium-aluminum-iron silicates,
characterized by a 2:1 layered structure, with an octahedral sheet sandwiched between two
tetrahedral sheets. Upon heating, vermiculite expands significantly due to the evaporation of water
between the layers, increasing its surface area and enhancing its adsorption capacity. This clay has a
high affinity for cationic dyes due to its negatively charged layers and large interlayer spacing,
facilitating electrostatic interactions and cross-linking processes [3, 4]. In recent years, vermiculite
has been explored as an environmentally friendly and renewable adsorbent for removing hazardous
dyes from aqueous media, such as methyl violet, malachite green, and methylene blue. Its structural
properties enable efficient adsorption through ion exchange, hydrogen bonding, and the formation



of surfactants. Furthermore, the potential to reuse vermiculite through regeneration treatments
supports its application in sustainable wastewater treatment technologies [5].

Environmental pollution, especially water pollution, has become a significant global issue due
to the increasing discharge of industrial wastewater into aquatic ecosystems. Among the various
pollutants, synthetic dyes used in the textile, paper, leather, and plastics industries substantially
threaten water quality and public health. These dyes are often toxic, non-biodegradable, and
resistant to conventional wastewater treatment processes, resulting in their environmental
accumulation [3, 6]. This accumulation hurts both aquatic life and human health. One such dye,
malachite green (MG) (Fig. 1), is a cationic triphenylmethane dye widely used in dyeing silk, wool,
and leather, as well as in aquaculture for its antifungal and antiparasitic properties. Malachite green
1s highly toxic, carcinogenic, and mutagenic despite its effectiveness. Its persistence in water bodies
can lead to severe ecological imbalances and bioaccumulation in aquatic organisms. Given its
hazardous nature, removing malachite green from wastewater has become a priority in
environmental research. Several advanced treatment techniques, including adsorption,
photocatalysis, and membrane filtration, have been employed to remove malachite green from
aqueous solutions. Among these methods, adsorption using low-cost natural or modified adsorbents
has garnered significant attention due to its simplicity, efficiency, and economic feasibility [7-9].
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Fig. 1. Chemical structure of malachite green (MG)
Experimental part

Adsorption study. The stock solution of MG dye was diluted to the desired concentrations to
prepare a standard dye solution, ranging from 10 to 100 mg/L. For batch mode adsorption tests, 100
mL conical flasks were filled with 0.1 g of adsorbent and 100 mL of the prepared dye solution,
maintaining an initial pH of 7. Using a mechanical shaker, the flasks were shaken at 120 rpm for 1
hour at a temperature of 25+2°C. After agitation, centrifugation was performed to separate the
adsorbent from the adsorbate. The dye content in the supernatant was then measured using
spectrophotometry at a wavelength of 625 nm.

Experiments were conducted at a constant dye concentration of 80 mg/L, with varying clay
dosages ranging from 0.03 to 0.15 g per 100 mL, to investigate the effect of clay dosage on the
percentage of dye elimination. Additionally, the impact of dye concentration on the elimination
percentage was studied, with concentrations ranging from 10 to 100 mg/L, while maintaining a
consistent adsorbent dosage of 0.1 g per 100 mL. The amount of adsorption at equilibrium was
calculated using the appropriate formula.

removal ef fecincy % = C°C_Ce x 100 (1)
. . _ (Co_ce)v
adsorption capacity = Yl (2)

where C, (mg/L) is the initial concentration of dye, Ce (mg/L) is the concentration of MG dye at
equilibrium, V (mL) is the volume of the solution, and m (g) is the weight of the clay.



Results and discussion

FE-SEM. Field-emission scanning electron microscopy (FE-SEM), as shown in Fig. 2, was
used to examine the morphological properties of the clay before and after adsorption. This high-
resolution imaging technique offers comprehensive insights into surface topography, particle shape,
degree of agglomeration, and textural properties, including surface smoothness, porosity, and
homogeneity of particle distribution. The FE-SEM image of the raw clay (Fig. 2a) shows a
relatively smooth and compact surface morphology with limited visible porosity. The clay particles
appear densely packed, with lamellar-like structures and minimal surface irregularities, indicating a
low specific surface area and limited exposure of active adsorption sites. This suggests that the clay
exhibits a relatively organized structure before adsorption with poor surface contrast. After
adsorption (Fig. 2b), significant morphological transformations are observed. The clay surface
becomes rougher and irregular, characterized by the appearance of a sponge-like porous network.
Numerous micro- and medium-sized pores appear on the surface, forming randomly oriented
wrinkles and folds. These structural changes indicate an increase in surface area and porosity, likely
resulting from the interaction between the adsorbent molecules and the clay matrix. Furthermore,
the agglomeration of the clay layers appears more pronounced, possibly due to the swelling of the
interlayers and the formation of van der Waals interactions and hydrogen bonds between the
adsorbent molecules and the clay surface. These observations confirm the effectiveness of the
adsorption process and the significant reorganization of the clay surface structure [10, 11].
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Fig. 2. Field-emission scanning electron microscopy (FE-SEM) (a) Clay, (b) Clay-MG dye

TEM. Structure, shape, and particle dispersion at the nanoscale. As shown in Fig. 3, the
transmission electron microscope image shows clay particles distributed against a bright,
contrasting background, clearly visualizing their shape and spatial arrangement. The observed clay
particles appear darker in color due to their high electron density compared to the background.
These particles exhibit a spherical to irregular shape, with an average particle diameter of
approximately 60 nm. The particles are relatively well distributed across the field of view,
indicating moderate homogeneity in distribution. However, areas of slight agglomeration are also
evident, where particles form denser clusters of varying sizes [12]. These agglomerated areas appear
as dark patches, indicating localized interactions between particles. This partial agglomeration is
likely due to van der Waals forces or incomplete exfoliation of the clay layers during sample
preparation. Despite the slight agglomeration, the overall dispersion remains acceptable, supporting
the effectiveness of the clay consolidation process. The image also highlights the nanoscale
dimensions of the particles, which enhances their surface-to-volume ratio and indicates a high
potential for interaction with adsorbent molecules [13].



Fig. 3. Transmission electron microscope image of clay

X-ray diffraction (XRD). X-ray diffraction (XRD) analysis is fundamental for studying
crystal structure, interlayer spacing, and phase composition of clay materials. In this study, X-ray
diffraction patterns of clay sorbents were recorded over a 20 range of 10—80°, providing a deeper
understanding of the degree of crystallinity and the nature of the mineral phases. As shown in Fig.
4, the diffraction pattern exhibits distinct peaks at 20 values of 28.18°, 35.91°, 38.53°, and 45.04°
[14]. The appearance and intensity of these peaks indicate a high degree of crystallinity, consistent
with well-ordered atomic planes within the clay structure. Compared to standard reference patterns,
the observed shift in peak positions may be attributed to structural modifications resulting from
interactions with adsorbents, ion exchange processes, or changes in interlayer spacing. These
diffraction peaks correspond to specific crystal planes, indicating the presence of layered silicate
minerals with distinct basal spacing. These structural features play a critical role in the clay's
adsorption capacity, affecting the accessibility of active sites and the total surface area. The
presence of sharp, well-defined peaks confirms that the clay retains its crystalline integrity after
treatment and supports its potential as an effective adsorbent [15, 16].
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Fig. 4. X-ray diffraction (XRD) analysis of Vermiculite Clay

Fourier Transform Infrared Spectroscopy (FTIR). Fourier Transform Infrared
Spectroscopy (FTIR) was employed to investigate the functional groups in the clay surface before
and after the adsorption process, as illustrated in Fig. 5. The FTIR spectra provide valuable
information regarding the chemical bonds and molecular vibrations associated with the clay's
surface functionalities. In the spectrum recorded for raw clay, a broad absorption band is observed
within the range of 2500-3500 cm™. This broad feature is primarily attributed to overlapping
vibrational modes, including O—H stretching vibrations from hydroxyl groups (—OH) and carboxylic



acid (-COOH) groups. The breadth of this band suggests the presence of hydrogen bonding,
commonly associated with structural —-OH groups and adsorbed water molecules on the clay
surface. A notable peak of vigorous intensity appears around 980 cm™, corresponding to the
asymmetric stretching vibration of the Si—O-Si bond. This peak is characteristic of silicate
frameworks and indicates the presence of well-defined silicate structures within the clay matrix
[17].

Additionally, the absorption region spanning 3300-2500 cm™ may include contributions from
the stretching vibrations of C=0O bonds (carbonyl groups), which can originate from organic matter
or surface functionalization. Peaks near 3500 cm™ are typically linked to the stretching vibrations of
free hydroxyl groups (—OH) and physically adsorbed water (H.0), further confirming the
hydrophilic nature of the clay surface. After the adsorption process, noticeable changes occur in the
intensity and position of several bands, suggesting successful interaction between the clay surface
and the adsorbed species. These spectral shifts reflect modifications in surface chemistry, such as
hydrogen bonding, complexation, or the incorporation of functional groups from the adsorbate [18].
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Fig. 5. FTIR of Clay and Clay after adsorption

Thermogravimetric Analysis (TGA). The TGA was conducted to evaluate the clay sample's
thermal stability and decomposition behavior, as illustrated in Fig. 6. The TGA curve shows a single
main weight loss event occurring in distinct temperature ranges, reflecting different stages of
thermal degradation. The initial weight loss in the temperature range of approximately 10°C to
400°C is primarily attributed to the evaporation of physically adsorbed water and moisture content
from the clay surface and interlayers. This stage indicates the presence of hygroscopic water
commonly retained within the clay structure. A second weight loss is observed between 400°C and
600°C, corresponding to the decomposition of organic components and functional groups. This
stage is primarily associated with the decarboxylation process and the release of carbon dioxide
(CO2) gas. During this stage, the loss of carboxyl and other labile groups further reflects structural
changes and thermal degradation of any organic matter present within or bound to the clay matrix.
Overall, the TGA results confirm the thermal behaviour of the clay, showing initial dehydration
followed by decomposition of functional groups at elevated temperatures [19].
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Fig. 6. Thermogravimetric Analysis (TGA) of Clay

pH Solution. Dye adsorption depends on the surface properties of the adsorbent and the
distribution of the MG dye within the solution and is primarily affected by the pH level of the
system. In this study, the pH ranged from 2 to 11. Fig. 7 illustrates the effect of pH on the dye
adsorption using clay. The results showed that the dye removal percentage using clay decreased
steadily with increasing pH, reaching a maximum value of 99.62%. Furthermore, the maximum
adsorption capacity achieved was 79.77 mg/g. At pH levels greater than 7, the dye adsorption was
lower. The removal percentage recorded at pH 11 was 30.33% for clay, with a corresponding
maximum adsorption capacity of 24.44 mg/g. Higher pH leads to a decrease in hydrogen ion (H")
concentration, which reduces the competition between dye ions and protons for adsorption sites on
the particle surface. In addition, higher pH promotes the precipitation of dye ions from the solution
as hydroxides, another factor that may enhance dye ion adsorption. The formation of soluble
hydroxyl complexes causes a decrease in adsorption, which is observed at pH levels above 7 [20].
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Fig. 7. Effect of pH solution on the removal of MG dye

Adsorption dosage. The importance of adsorbent dosage lies in its direct impact on
adsorption efficiency. Changing the amount of adsorbent alters its ability to capture substances from
the solution, thus impacting the overall efficiency of the process. In this study, the effect of clay
dosage on adsorption ranged from 0.05 to 0.2 g intervals. Fig. 8 illustrates the effect of adsorbent
dosage on clay dye removal. Based on the graph, the figure shows a clear trend where the dye
removal rate reaches its optimum at a dosage of 0.1 g of adsorbent. The limited number of



adsorbent types explains this optimum point. Furthermore, it is logical to assume that increasing the
adsorbent dosage may increase the availability of exchange sites for dye ions. Maximum dye
removal was achieved using clay at a concentration of 80 mg/g, with an average removal efficiency
of 92.08%. Additionally, the maximum adsorption capacity reached 73.86 mg/g. However, no
increase in removal rate was observed after 0.1 g. These results may be attributed to overlapping
adsorption sites resulting from the crowding of sorbent molecules. Furthermore, this shift indicates
a potential saturation point or optimum dosage, indicating that beyond this point, further increases
in sorbent dosage do not proportionally enhance removal efficiency, resulting in a decrease in
removal ratio [21, 22].
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Fig. 8. Effect of the weight of clay on the removal of MG dye

Effect of initial concentration. The degree of adsorption of an adsorbate solution depends on
its initial concentration. As depicted in Fig. 9, the extent of adsorption on Clay increases with
increased concentrations of MG in the external solution. MG’s Qe mg/g values were identified as
89.88 mg/g for Clay. The adsorption phenomenon becomes more pronounced as the adsorbate
concentration increases. The driving force behind this escalation is the elevated concentration of
solute in the system. The obstacle to mass transfer between the solid adsorbent and the liquid phase
is overcome by this increased solute concentration, which functions as a powerful force for
diffusion. The rise in adsorbate concentration creates favorable conditions for adsorption,
facilitating effective interaction between the adsorbate molecules and the adsorption sites on the
adsorbent [23].
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Fig. 9. Effect of initial concentration of MG dye by clay nano



Contact Time. Fig. 10 shows the adsorption efficiency curves of the clay concerning MG dye
at concentrations of 100 ml/L. The results indicate that the adsorption capacity of the clay increased
rapidly during the first 15 minutes, reaching saturation at 1 hour, with a final removal efficiency of
93.22% Notably, no significant change in the adsorption capacity was observed when the contact
time was extended beyond 60 minutes. In subsequent experiments, a saturation adsorption time of 1
hour was chosen to ensure that the adsorption equilibrium state was reached while maintaining a
reasonable time. Sufficient active sites are available for the dye species to adhere to at low
concentrations. However, as the initial dye concentration increases, active sites become insufficient
for effective adsorption [24].
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Fig. 10. Effect of equilibrium time of MG dye by using Clay

Thermodynamic Studies. To evaluate the thermodynamic nature of the adsorption process—
whether endothermic or exothermic—adsorption isotherms were studied at various temperatures
(1040 °C) using an initial MG dye concentration of 50 mg-L™'. The results revealed that the
equilibrium adsorption capacity increased with rising temperature, indicating that the process is
endothermic. This enhancement can be attributed to increased mobility of dye molecules, reduced
viscosity of the solution, and improved diffusion through the external surface and internal pores of
the adsorbent. Higher temperatures may also promote pore expansion, further facilitating dye
uptake. These observations highlight the importance of temperature as a crucial parameter in
adsorption. Furthermore, the data enabled the calculation of thermodynamic parameters such as
Gibbs free energy change (AG), enthalpy change (AH), and entropy change (AS), using the
adsorption equilibrium constant (Ke) determined at each temperature, as outlined in Equations (3-6)
[25].

_ (Qmax)*Wt (gm)
K, = oV x 1000 3)
AG =-RT In K, (4)
AG = AH - TAS (5)
AH®
InX,, = —— T Cons. (6)

The thermodynamic parameters AH and AS were calculated from the slope and intercept of the
Van’t Hoff plot of In Xm versus 1/T, as shown in Fig. 11. The corresponding values are summarised
in Table 1. The positive AH confirms that the adsorption of MG dye onto the adsorbent is
endothermic. The negative values of AG at all studied temperatures indicate that the process is
spontaneous and thermodynamically favourable. The large positive AS reflects an increase in
randomness at the solid-liquid interface during adsorption. This can be attributed to the
displacement of structured dye ions near the adsorbent surface into a more disordered state upon
adsorption, resulting in enhanced rotational and translational freedom of the system.
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Table 1. Thermodynamic Factors for MG adsorption on nanoclay

Nanoclay
AH’ (KJ/mol) AG® (kJ/mol) AS° J.mol'.K™")| Equilibrium constant
-6297.56 14.53488
14.875 -7196.4 85.876 19.18605
-7830.33 22.38372

Regeneration and Reusability of Nanoclay. The regeneration capacity of the nanoclay
adsorbent was systematically evaluated over six consecutive adsorption-desorption cycles using
ethanol and distilled water as desorbing agents. The results demonstrated that the nanoclay
maintained high adsorption efficiency throughout the cycles, with only a slight decline observed in
the final cycle. After the sixth cycle, the adsorbent retained approximately 93.33—80% of its original
dye removal capacity, indicating excellent structural stability and surface integrity (Fig. 12). This
high level of reusability is attributed to the robustness of the clay’s multilayered porous structure,
which remained largely intact despite repeated adsorption and desorption processes.
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Fig. 12. The regeneration capacity of the nanoclay

FTIR spectra collected after each cycle confirmed the preservation of key functional groups,
including hydroxyl and silicate moieties, which are responsible for dye binding. The minimal shift



in characteristic peaks suggested that the interaction between the MG dye and nanoclay remained
largely reversible, enabling effective regeneration. Furthermore, FESEM images revealed negligible
morphological degradation or pore collapse across the cycles, supporting the conclusion that the
physical structure of the nanoclay was not significantly compromised. The gradual decrease in
efficiency is likely due to minor residual dye accumulation or partial blockage of active sites that
were not completely regenerated during the desorption process. Overall, these findings confirm the
nanoclay’s potential as a reusable and sustainable adsorbent for treating dye-contaminated
wastewater, with strong performance maintained across multiple regeneration cycles [2, 26].

Ionic strength. Fig. 13 illustrates the effect of ionic strength on the adsorption capacity of
MG dye. An apparent decrease in adsorption was observed with the addition of salts, which can be
attributed to the competitive interaction between the positively charged MG dye molecules and the
cations from the salts for the active adsorption sites. The presence of electrolytes in the solution
leads to partial neutralization of the adsorbent surface charge and hinders the electrostatic attraction
between the dye and the adsorbent. As the ionic strength increases, the screening effect becomes
more pronounced, effectively reducing the availability of active sites for dye adsorption.
Additionally, the presence of salts may enhance the solubility of MG dye in the aqueous medium,
further decreasing its tendency to adsorb onto the surface. This experiment highlights the significant
role of ionic strength in adsorption processes, as it directly influences the interaction forces between
the adsorbate and the adsorbent, which is crucial for optimizing treatment conditions in real
wastewater systems where ionic content is typically high [27, 28].
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Fig. 13. Effect of ionic strength on the adsorption of MG dye on nanoclay

Adsorption Isotherms. The Freundlich isotherm is defined through the following equation 7

[29].
1

qe = KpCg' (7)

¢. represents the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium and is
typically expressed in mg/g or mol/g. Ce denotes the equilibrium concentration of the adsorbate
remaining in solution after the adsorption process, given in mg/L or mol/L. Kf is the empirical
Freundlich constant, also known as the capacity factor, which indicates the adsorption capacity of
the adsorbent and is expressed in (mg/g)(L/mg)~. The term 1/n is the Freundlich intensity
parameter. If the value of n equals 1, the adsorption process is linear, suggesting homogenous
surface energies. A value of n less than 1 indicates a chemical adsorption process, whereas a value
greater than 1 suggests a physical adsorption mechanism is dominant [30, 31].

Langmuir Isotherm. The Langmuir model is mostly utilized for dye adsorption from liquid
solutions. The nature of the adsorption process was derived by Langmuir's alternative equation 8
[32]:



_ quLCe

=l 8
1+K,C, ®

de

g. 1s amount adsorbed per unit weight of adsorbent at equilibrium (mg/g); C. is equilibrium
concentration of adsorbent in solution after adsorption (mg/L); ¢, is Empirical Langmuir constant
which represents maximum adsorption capacity (mg/g) of the total number of surface sites per mass
of adsorbent and it may vary among different compounds because of differences in adsorbate sizes;
K} 1s empirical Langmuir constant (L/mg) or the equilibrium constant of the adsorption reaction
[33].

The coefficients of determination (R?) and isotherm parameters from the nonlinear regression
method are listed in Table 2. A comparison of nonlinearly fitted curves from experimental data at
30 °C is shown in Fig. 14. A plot of g.vs Ce (Figure 14) where the values of KF' and I/n are
obtained from the intercept and slope of the linear regressions (Table 2). The correlation coefficient,
R? values for the Langmuir and Freundlich models at temperature (30 °C) are (0.9988) and (0.9729)
for nanoclay [34, 35].
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Fig. 14. Adsorption isotherm models nonlinear fit of adsorption of MG dye onto nanoclay

Table 2. Different Factors of models for the adsorption study of MG dye onto nanoclay

Nanoclay

Temperature/ °C 30 °C
Freundlich Isotherm Ks 30.11 £0.544
I/n 0.344 £ 0.011

R’ 0.9988
Langmuir Isotherm Jm (Mg/g) 85.936 £12.22
Ky (L/mg) 0.344 +0.022

R’ 0.9729

Adsorption Kkinetics. The study of adsorption kinetics is crucial, as it provides insights into
both the adsorption rate—a key factor in evaluating the efficiency of an adsorbent—and the
underlying mechanism of the adsorption process. Fig. 15 illustrates the variation of the amount of
MG dye adsorbed (qt) over time. The adsorption rate is notably high during the initial stages, with
the majority of dye uptake occurring within the first 10 minutes. This rapid initial adsorption
suggests that nanoclay exhibits a strong affinity for MG dye and possesses a high adsorption rate.



To analyze the adsorption kinetics of MG dye by nanoclay the pseudo-first-order [36], pseudo-
second-order [37],were tested. The result of the fitting is listed in Table 3. A simple kinetic analysis
of adsorption (pseudo-first-order equation) is in the form:

qi=qe[ 1-exp( ks t)] )

Where ¢, is the amount of adsorbate adsorbed at time ¢ (mg/g), ¢. is the adsorption capacity in the
equilibrium (mg/g), kris the pseudo-first-order rate constant (min), and #is the contact time
(minutes).

A pseudo-second-order equation based on adsorption equilibrium capacity may be expressed
in the form:

_ Kzqet
q= 14K, qot (10)

Where K, is the pseudo-second-order rate constant (g-gm ™' -min™'), the initial sorption rate
(expressed in mg-gm™ -min™") can be obtained when ¢ approaches zero, equation (11).

h=k2qe2 (1T)

Fig. 15 illustrates the effect of contact time (0—60 minutes) on the adsorption of MG dye onto
nanoclay at an initial dye concentration of 50 mg-L™'. The figure reveals that dye adsorption
proceeds rapidly during the initial stage, followed by a gradual decrease in the adsorption rate as the
system approaches equilibrium. This initial rapid uptake can be attributed to the abundance of
available active sites on the nanoclay's surface. Over time, as these sites become occupied, the rate
slows until equilibrium is reached. Kinetic analysis of the experimental data showed a better fit to
the pseudo-second-order model, as evidenced by higher correlation coefficient (R?) values.
Furthermore, the calculated adsorption capacities (g., cal) from the pseudo-second-order model
were more consistent with the experimentally observed values (g., exp) compared to those derived
from the pseudo-first-order model, suggesting that the adsorption of MG dye onto nanoclay is
predominantly governed by physisorption mechanisms [38-40].
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Fig. 15. Nonlinear adsorption kinetics model fit for adsorption of MG dye onto nanoclay

Table 3. Kinetic constants and correlation coefficients for MG dye adsorption onto nanoclay
Parameters Value Stand. Error

RZ

Pseudo first-order
Qe (mg'g )  90.99 +2.333 0.766




K; (min ") 1 0.133 +0.0433
pseudo-second-order

Qe (mg'g ) 104.44 £3.898

K, (gm'g "min") | 0.44 10.266 0.9033

ho (mg-g”-min") 47%10°
Conclusion

Adsorbent for the removal of malachite green (MG) dye from aqueous solutions.
Comprehensive material characterization using XRD, FESEM, TEM, TGA, and FTIR confirmed
that the nanoclay possesses a multilayered, porous structure favorable for adsorption. Batch
experiments identified the optimal conditions as 0.05 g of adsorbent dosage, pH 7, a dye
concentration of 30 mg/L, a contact time of 60 minutes, and a temperature of 30°C, achieving a
maximum removal efficiency of 93.84%. FTIR analysis confirmed the interaction between MG dye
molecules and functional groups on the nanoclay surface, while FESEM and TEM images revealed
morphological changes and surface interactions following adsorption. Additionally, adsorption
isotherms, kinetic models, and thermodynamic parameters were thoroughly investigated. The
adsorption process followed the Freundlich isotherm and pseudo-second-order kinetics, while
thermodynamic analysis confirmed the endothermic and spontaneous nature of the process.
Notably, the nanoclay exhibited excellent reusability, retaining over 90% of its adsorption capacity
after five regeneration cycles using ethanol and water, emphasizing its structural stability and
potential for practical wastewater treatment applications.
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