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Adsorption behavior and mechanism of malachite green dye onto natural bentonite

from Sa Bot district, Lopburi province, Thailand

Suchada Sawasdee” and Prachart Watcharabundit

Abstract

Dye-laden wastewater poses a persistent environmental challenge due to its toxicity and resistance to degradation. This
study reports the novel application of natural bentonite sourced from Sa Bot district, Lopburi province, Thailand, for the adsorption
of cationic malachite green (MG) dye. The distinct geological origin of this bentonite, which has not been previously investigated
for MG dye removal, underscores its unique physicochemical properties and local relevance. Comprehensive characterization
was performed using BET surface area analysis, FTIR spectroscopy, SEM-EDXS, and determination of the point of zero charge
(pHpzc). Batch adsorption experiments systematically examined the effects of pH, adsorbent dose, contact time, initial dye
concentration, and temperature. Optimal adsorption occurred at pH 9, with equilibrium being reached within 180 minutes, yielding
a maximum adsorption capacity of 35.97mg/g at 30°C. Equilibrium data were well fitted to both Langmuir and Freundlich models,
while the Redlich—-Peterson model indicated surface heterogeneity. Kinetic analysis confirmed pseudo-second-order behavior,
with intraparticle diffusion contributing alongside surface adsorption. Thermodynamic evaluation revealed that the process was
endothermic and spontaneous across 20-40°C, as evidenced by negative AG values throughout this temperature range.
Mechanistic insights highlighted electrostatic interactions, hydrogen bonding, n-TU interactions, pore filling, and ion exchange.
Furthermore, the bentonite demonstrated excellent reusability, maintaining stable performance over five regeneration cycles.
These findings establish locally sourced bentonite as a cost-effective, sustainable adsorbent with practical significance for
industrial wastewater treatment.
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Introduction

The rapid expansion of industries and technological advancements have resulted in severe water pollution,
with wastewater frequently containing hazardous chemicals at concentrations far exceeding WHO-recommended
limits. Among these contaminants, synthetic dyes, which more than 100,000 types are currently in use, pose a
major threat. As the approximately 7x1 0°to 1x10°tons produced annually, nearly 10-15% is discharged directly
into the environment. Such wastewater originates from diverse industrial sectors, including textiles, plastics,
cosmetics, and leather processing (Baidya & Kumar, 2021). Organic dyes are particularly concerning due to
their vivid coloration and stable aromatic structures, which hinder natural biodegradation and allow them to
persist in sewage and aquatic environments for extended periods. Their presence reduces sunlight penetration,
disrupts aquatic ecosystems, and renders water unsuitable for consumption. Moreover, industrial dye emissions
can contaminate food sources, thereby raising significant public health concerns (Abbas & Trari, 2020).

Malachite Green (MG) is a cost-effective and highly stable triphenylmethane-derived cationic dye extensively
utilized in the textile and paper industries, as well as in aquaculture for its potent antifungal, antiprotozoal, and
disinfectant properties (Abewaa et al., 2023). However, accumulating evidence demonstrates that MG is a persistent,
bioaccumulate, and genotoxic compound (Li et al., 2020). Its release into aquatic environments poses serious
ecological threats and is associated with carcinogenic and mutagenic effects, including gastrointestinal irritation
and adverse health outcomes in humans upon ingestion (Abewaa et al., 2023; Li et al., 2020). Accordingly, the efficient
removal of MG from contaminated water sources has become an urgent environmental and public health priority.

Remediation of dye-contaminated wastewater can be achieved through several primary techniques,
including adsorption, chemical coagulation, biodegradation, catalyst-based reduction, cation/anion exchange,
and hybrid material applications (Hakim et al., 2023). Adsorption onto solid surfaces is increasingly favored for
its cost-effectiveness and ease of maintenance in large-scale operations (Ukkund et al., 2021). The interfacial
interactions between the species and the adsorbent dictate adsorption phenomena. Such interactions are
typically attributed to a combination of forces, such as Van der Waals forces, hydrogen bonding, hydrophobic
effects, and chemical bonding (Maimulyanti et al., 2019). Although activated carbon remains a common choice due
to its high adsorption performance, its practical industrial use is often hindered by high costs (Nirmaladevi et al.,
2020). Consequently, there is a growing interest in utilizing sustainable inorganic materials as alternative adsorbents
that offer both efficiency and economic viability.

Although these technologies offer distinct pathways for dye eradication, their real-world application must
be critically evaluated based on their inherent operational trade-offs. For instance, chemical coagulation is relatively
inexpensive and operationally simple, yet it demands high chemical consumption and generates a massive
volume of secondary toxic sludge, which incurs substantial disposal costs (Kusumlata et al., 2024). Biodegradation
represents an eco-friendly and low-cost alternative; however, the process is inherently slow, requires strict
control of biological parameters, and is highly vulnerable to shock loading from toxic industrial effluents (Sehar

etal., 2022). Catalytic reduction possesses a distinct advantage in terms of its eco-friendly nature. However, a
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major limitation of this process is that the reaction is strictly restricted to the catalyst's surface, coupled with a
heavy reliance on expensive and scarce noble metals (Ramu & Choi, 2021). lon exchange is a technique used
for the purification, separation, and decontamination of aqueous and other ion-containing solutions. However,
it still possesses limitations, as it generates highly concentrated waste that requires careful disposal (Kathing
& Saini, 2022). According to Dutta et al., (2021), the development of hybrid materials and nanocomposites has
become a crucial approach to enhancing the efficiency of adsorption technology for dye removal. Attributed to
their high specific surface area and ease of fabrication, these hybrid materials can overcome the limitations of
conventional adsorbents and mitigating drawbacks associated with membrane technologies, such as their
susceptibility to pore blockage.

Among the numerous advantages of clays are their low cost, wide availability, environmental compatibility,
high specific surface area, superior adsorption capacity, nontoxic nature, and remarkable potential for
chemical modification and ion exchange (Queiroga et al., 2019). Bentonite, in particular, is a naturally occurring,
cost-effective, and eco-friendly clay that has shown considerable promise as an efficient adsorbent for dye
remediation (Hamad et al., 2024). Bentonite is mainly composed of expandable montmorillonite, whose fundamental
layer structure contains a single AT octahedral sheet. Through modification processes, the clay’s surface and
structural properties are altered by substituting the interlayer cations (such as Na+, K* and Caz+) with selected
species (Alexander et al., 2019). It is widely applied in environmental remediation, capturing cationic pollutants
through electrostatic attraction and ion exchange driven by the negative charge of its silicate layers. Acid
activation is recognized as a cost-effective method to enhance porosity and surface properties (Fernandes et al.,
2020). Bentonite is widely recognized for its distinctive physicochemical properties, including a layered microporous
structure, high swelling capacity, and excellent hydraulic conductivity. These intrinsic features, together with
its abundant availability, enable bentonite to effectively sequester pollutants, especially cationic dyes, from
agueous solutions (Bergaoui et al., 2023; Hamad et al., 2024). Reported applications include the removal of
anionic dyes (Fernandes et al., 2020), methylene blue (Momina et al., 2020), Telon Blue (Belkhodja et al., 2026),
Direct Yellow 50 (Mahmoud et al., 2022), and Orange G (Taibi et al., 2023).

However, limited studies have examined raw local bentonite deposits, particularly those from Lopburi
province, Thailand, under variable textile wastewater conditions. Most existing research focuses on standardized
commercial clays, leaving the distinctive mineralogy and adsorption pathways of regional materials unexplored.
Addressing this gap provides practical value by offering low-cost, decentralized treatment options that reduce
reliance on imported adsorbents and support circular economy practices. In this study, bentonite from Lopburi
province was employed as an abundant and effective adsorbent for malachite green removal through batch
adsorption experiments. The effects of operational parameters (pH, dosage, contact time, initial dye concentration,
and temperature) were systematically investigated to optimize performance. Adsorption isotherm models were
applied to estimate maximum capacity and identify the most suitable equilibrium model, while kinetic and

thermodynamic analyses elucidated the adsorption mechanism. Structural characterization (BET, FTIR, SEM-EDXS)
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and reusability tests further confirmed the material’s potential. These findings advance the development of
cost-effective and sustainable adsorbents for dye-contaminated water treatment.

In summary, this study provides the first comprehensive mechanistic insights into the adsorption behavior
of natural bentonite uniquely sourced from Sa Bot district, Lopburi province, Thailand. Its distinct physicochemical
characteristics, including specific surface area, point of zero charge, and mineral composition, enhance the
understanding of adsorption and thermodynamic pathways. Practically, the results highlight the potential of locally
available bentonite as a low-cost, sustainable, and regenerable adsorbent, offering added value for industrial

wastewater treatment and supporting eco-friendly remediation strategies.

Methodology
1. Preparation of the adsorbent
Bentonite was obtained in Sa Bot district, Lopburi province, Thailand. The bentonite was washed with tap
water and dried in a hot-air oven. The dried adsorbent was powdered and sieved with a particle size of 150-300pm.
2. Adsorbate
The chemical structure of the malachite green dye (MG) (Cl 42000, molecular weight=927.02g/mol;
Merck, Germany) is displayed in (Figure 1) (Boumad et al., 2024). The stock solution was made at 500mg/L to

prepare the dye solution, and it was then diluted to the necessary working solution concentrations.
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Figure 1 MG dye structure.
Source: Boumad et al., (2024)

3. Characterization of the adsorbent
The surface morphology and elemental composition were analyzed using scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDXS; HORIBA, Japan). Additionally, Fourier transform

infrared spectroscopy (FTIR; Model Two, PerkinElmer, USA) was employed to identify the surface functional groups.
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The surface area and pore structure of the bentonite were characterized via N, adsorption-desorption
measurements at 77K using an Autosorb 1MP instrument equipped with Quantachrome NovaWin software

(USA). The average pore diameter (Dp) was estimated from Equation (1).

SBET

where V, is the total pore volume (cm%g), and S, is the BET surface area (m*/g).

4. Determination of point of zero charge (pH_, )

The point of zero charge (pzc) is defined as the pH at which the net surface charge of an adsorbent
equals zero. When the solution pH is below the pzc, the adsorbent surface becomes positively charged and
favors anion adsorption. Conversely, at pH values above the pzc, the surface is negatively charged and favors
cation adsorption. Thus, adsorption behavior strongly depends on the relationship between solution pH and
the pzc value, which is determined by the intrinsic properties of the adsorbent.

To determine the point of zero charge (pH_,.), a series of 100mL KCl solutions (0.01M) was prepared with
initial pH values ranging from 2.0 to 12.0, adjusted using 0.10M NaOH or HCI. Subsequently, 1.0g of bentonite
was added to each solution. The mixtures were stirred at room temperature for 24h, after which the final pH
(pH,,,) of each suspension was measured. The pHpZC was determined by plotting the curve of each ApH (pH

final

- pH against pH.

initial*

niial) The pHpzc corresponds to the pH value at which the curve intersects the horizontal
line where ApH = 0.
5. Adsorption study

The influences of adsorption, including pH (2-10), adsorbent dose (0.25-1.0g), contact time (5-240min),
initial dye concentration (50-250mg/L), and temperature (20-40°C), were examined to evaluate the adsorption.
Batch experiments were conducted in triplicate at 30°C using 250mL Erlenmeyer flasks containing 100mL of
dye solution. The temperature-controlled orbital shaker was used for mixing the solution at a speed of 150rpm.
The supernatant was collected at the designated time, and a UV-visible spectrophotometer (Analytik Jena,
Specord 210 plus, Germany) at 625nm (Mahinroosta et al., 2024) was used to measure the amount of dye that

was remaining in the solution. Equations (2) and (3) were used to determine the percentage of adsorption and

the amount of dye adsorbed, respectively.

. Co—C
% adsorption = (Ozﬂ 2)
0
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where C, (mg/L) is the initial dye concentration, Ce and C, (mg/L) are the concentration at equilibrium and
atany time, respectively; q, (mg/g) is the amount adsorbed at any time; V(L) is the volume of the solution; and
W(g) is the mass of adsorbent.

6. Adsorption isotherm

The Langmuir isotherm in a linear form is represented by Equation (4) (Ullah et al., 2021)

C 1 1
—= = Ce + (4)
de dmax K1.qm

where C_ (mg/L) is the equilibrium concentration, g, (mg/g) is the amount adsorbed at equilibrium, K, is the

Langmuir constant, and g, (Mg/g) is the maximum adsorption capacity.

The fundamental characteristics of the Langmuir isotherm can be described by a dimensionless

separation factor, R, which is defined by Equation (5)

1

R, = (1+K;.Co)

The Freundlich isotherm in a linear form is represented by Equation (6) (Ullah et al., 2021)
1
log q. = log Kr + (Z) log C, (6)

1
where K_ (L/g) is the adsorption capacity, and — is the adsorption intensity.
n

The Redlich-Peterson isotherm in a linear form is represented by Equation (7) (Kalam et al., 2021):

log (C./q.) =B log C, — log Kr 7)

where Kr (L/g) is the Redlich-Peterson isotherm constant and @ is an exponent that ranges between 0 and 1.

7. Adsorption kinetics
Adsorption kinetic studies are essential for the treatment of aqueous effluents, as it provides critical
insights into the mechanisms governing the adsorption process. In this study, the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion kinetic models were employed to analyze the experimental adsorption
data as a function of contact time.
The pseudo-first-order kinetic model in a linear form is written as shown in Equation (8) (Ullah

et al., 2021):
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k
log(qe — q¢) = logqe — —=t )

2.303

where k, (1/min) is the rate constant of pseudo-first, and a, (mg/qg) is the amount adsorbed at any time (min).

The pseudo-second order kinetic model is represented by Equation (9) (Ullah et al., 2021)

t 1

1
= + —t (9)
ar  k2q;  de

where ko (g/(mg.min) is the rate constant for pseudo-second-order adsorption kinetics.

For the diffusion model of adsorption, the process is generally described in three sequential steps: (1)
diffusion across the liquid film surrounding the adsorbent particles (film diffusion); (2) diffusion within the pores,
known as intraparticle diffusion; and (3) adsorption-desorption interactions between the adsorbate molecules
and the active sites of the adsorbent (Hasani et al., 2022). The intraparticle diffusion equation, presented in
Equation (10), follows the Weber—Morris model. This model indicates that solute uptake is approximately proportional

to t"”. The slope and intercept of the linear intraparticle diffusion plot were used to calculate the intraparticle

12
)

diffusion rate constant Kid (mg/g.min“) and the boundary layer thickness (C), respectively.

qe = Kig ®)Y? +C (10)

8. Thermodynamic parameters of dye adsorption

The Gibbs free energy change (AG) in the adsorption process can be expressed by Equation (11)
AG = —RT In K, (11)

where K the equilibrium constant (KC = (C,-C/C,) is employed for the thermodynamic calculations of
adsorption (Keereerak & Chinpa, 2020). R is the gas constant (8.314J), and T is the absolute temperature in
Kelvin (K). Also, enthalpy (AH) and entropy (AS) changes can be estimated by Equation (12)

AS AH

logK,. = — 12
g e 2.303R  2.303RT (12)

where AH and AS can be determined respectively by the slope and intercept of the linear plot between log

Ke and 1/T.

9. Statistical analysis
The adsorption capacity obtained from triplicate experiments was evaluated using the mean and the

standard deviation.
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Results and discussion
1. Characterization of the adsorbent

The BET method was employed to determine the specific surface area of bentonite by nitrogen adsorption
at 77K. Before analysis, bentonite was degassed under vacuum at 120°C for 12h to remove moisture and volatile
impurities. Although adsorption isotherms were recorded over the full relative pressure range (0-1.0), the
Brunauer-Emmett-Teller (BET) equation was applied only within the interval of 0.05-0.35. This range is widely
accepted as appropriate for BET analysis because it reflects the region where monolayer adsorption dominates
and the BET assumptions remain valid. At higher relative pressures, multilayer adsorption and capillary
condensation effects become significant, which can lead to overestimation of surface area. The monolayer
adsorption capacity (Vm) was derived from the linear portion of the BET plot, and the BET constant (C) was
obtained from the slope and intercept. In this study, the calculation was based on the linear region of the BET
plot, corresponding to the relative pressure range of P/P = 0.1418-0.2615. The specific surface area (S.,) was
12.01m’/g, with a total pore volume (V) of 0.0319cm?g. Using these values, the average pore diameter (Dp)
was estimated from Equation (1), yielding 10.62nm. According to the IUPAC classification, pore diameters are
categorized as micropores (d<2nm), mesopores (2-50nm), and macropores (d>50nm) (Aggarwal et al., 2025).
Therefore, the bentonite used in this study was classified as mesoporous.

The relatively low BET surface area of Lopburi bentonite can be attributed to its reduced Si/Al ratio of 20.9/4.3
(Figure 3b), which contrasts with South African deposits (37.21m?%g; Vhahangwele & Mugera, 2015) and Indian
deposits (92m?/g; Pawar et al., 2016). This compositional difference results in a denser framework and fewer
micropores. Additionally, the high carbon content (32.8%, ((Figure 3b)) further contributes by coating surfaces and
blocking pore accessibility, thereby limiting adsorption capacity (Huang et al., 2017). Together, these compositional
factors highlight the influence of regional mineralogy and impurities on surface properties, underscoring the
importance of localized characterization for optimizing bentonite utilization in textile wastewater treatment.

2. FTIR analysis

FTIR analysis (500-4,000cm™") was performed on bentonite before and after malachite green adsorption,
as shown in (Figure 2). The broad band between 3,000 and 3,8OOCm’1 corresponds to the stretching vibrations
of OH groups in different environments (S6gut et al., 2021). The band at 3789cmis assigned to A-OH-AI groups
(Borah et al., 2022), while the band at 3696cm” s attributed to the stretching vibration of OH groups coordinated to
Si—-OH and AI-OH (Gandhi et al., 2022). The band near 1,OOOcm’1 corresponds to the stretching vibrations of
Si—-O-M groups, where M can be Al or Si. Symmetric and asymmetric Si—O stretching bands were also detected
with similar frequencies (Borah et al., 2022). Additionally, the bands in the 750-790cm™" range are indicative of Si-O
bond stretching in silicate structures (Uygun et al., 2023). The FTIR spectra of the adsorbent exhibited significant
changes before and after adsorption. Before adsorption, characteristic peaks were observed at 3,789, 3,696,

1,991, 1,734, 1,366, 980 and 772cm”. The FTIR spectra of bentonite exhibited unexpected bands at 1,991, 1,734
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and 1,366¢cm ', which are not typically associated with bentonite. In contrast, Borah et al., (2022) and Gandhi et al.,
(2022) did not report such bands in their spectra of purified and natural bentonite, respectively. This inconsistency
with previous findings may be attributed to variations in sample origin or provenance, differences in pretreatment

procedures, or the possible presence of adsorbed organic species.
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Figure 2 Fourier-transform infrared (FTIR) spectroscopy analysis before and after adsorption by bentonite.

Following the adsorption, notable shifts occurred, with peaks moving to 3,797, 3,694, 1,000, and 786cm .
These apparent peak shifts suggest the possible involvement of active aluminol (Al-OH), silanol (Si-OH), and
siloxane (Si-O-Si) groups on the adsorbent surface during the uptake of malachite green. This process is likely
driven by electrostatic interactions between the dye's positively charged sites and the deprotonated silanol
groups (Kurniawan et al., 2012). Additionally, n-TT interactions may potentially occur between the lone pair
electrons (n) of the oxygen atoms in the silanol/siloxane groups and the TT-electrons of the dye's aromatic rings
(Zhu et al., 2018).
3. SEM-EDXS analysis
As depicted in (Figure 3a), the SEM morphology of the raw bentonite exhibits a porous, irregular, and
heterogeneous surface. The presence of randomly scattered small pores suggests the availability of potential
active sites that may contribute to the entrapment of MG molecules. For (Figure 3b), EDXS analysis reveals an
elemental composition consisting of O (37.5%), C (32.8%), Si (20.9%), Al (4.3%), K (2.8%), and Na (1.7%) present

on the surface of the adsorbent.
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Figure 3 (a) SEM morphology and (b) EDS analysis of bentonite adsorbent.

4. Effect of pH

The pH of the solution strongly influences dye adsorption by controlling both the surface charge of the
adsorbent and the ionization state of the dye. The point of zero charge (pszc) is a critical parameter, which below
this value, the adsorbent surface is positively charged, leading to electrostatic repulsion with cationic dye
molecules, whereas above it, the surface becomes negatively charged, promoting electrostatic attraction and
enhancing adsorption efficiency. To evaluate this effect, the initial solution pH was varied from 2.0 to 10.0 at a
dye concentration of 50mg/L, a temperature of 30°C, and a bentonite dosage of 1.0g. This wide range reflects
the fluctuating chemical characteristics of textile dyeing wastewater, which often exhibits alkaline conditions
and heavy chemical loads depending on the batch process (Vojnovi€ et al., 2022). Results from triplicate
experiments are presented in (Figure 4). Since the |oHpZC of the adsorbent is 5.03 (plot not shown), the surface
carries positive charges at pH values below 5.03 and negative charges above this threshold. As illustrated in

(Figure 4), MG adsorption is low under acidic conditions but increases with pH, reaching a maximum at pH 9.
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Figure 4 Effect of pH on dye adsorption (experimental conditions: 1.0g of bentonite, 180min, 30°C).

Mechanistically, at pH<5.03, protonation of bentonite surface groups imparts a net positive charge, leading
to strong electrostatic repulsion with cationic MG molecules and thereby limiting adsorption efficiency (pH 2.0-4.0).
Nevertheless, minor adsorption still occurs, suggesting auxiliary non-electrostatic mechanisms such as hydrogen
bonding or n-TUinteractions (Liang et al., 2022). Conversely, at pH>5.03, deprotonation yields a negatively charged
surface, intensifying electrostatic attraction toward MG and facilitating rapid dye migration to active sites. This
enhancement is evident in the sharp increase in adsorption capacity from pH 4.0 to 9.0, with maximum
adsorption at pH 9.0 (Ullah et al., 2021). At this optimal pH, electrostatic forces act synergistically with chemical
interactions (cation exchange and hydrogen bonding), validating the comprehensive adsorption mechanism
proposed in this study.

5. Effect of adsorbent dose

The adsorbent dosage is a key parameter influencing dye removal efficiency. An increasing the dosage
provides a higher density of available active binding sites and a larger total surface area, thereby enhancing
overall removal. Experiments were conducted with adsorbent dosages ranging from 0.25-1.0g at an initial dye
concentration of 50mg/L, pH 9, temperature of 30°C, and a contact time of 240min. Results from triplicate
experiments are presented in (Figure 5), showing both percent adsorption and adsorption capacity. The adsorption
percentage increased (78.48, 83.65, 86.81 and 87.42%) with increasing adsorbent dosage (0.25, 0.50, 0.75,
and 1.0g), owing to the greater surface area and availability of active sites (Vithalkar et al., 2022). Similar trends
have been reported for COD adsorption on sugarcane bagasse-activated carbon (Sawasdee et al., 2018) and
methylene blue adsorption on montmorillonite clay (Almeida et al., 2009). In contrast, the adsorption capacity
decreased from 16.0 to 4.0mg/g as the dose increased. This reduction is attributed to two effects: (i) mass transfer
limitation, where excessive adsorbent reduces the likelihood of MG molecules contacting active sites, thereby

lowering per-unit adsorption efficiency; and (ii) pore blockage, arising from the aggregation of bentonite particles
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that partially obstruct pores and limit effective surface area utilization. Although higher dosages increase overall
removal rates, the sharp decline in adsorption capacity indicates underutilization of the material (Ma et al., 2026).

Similar adsorption was observed for methylene blue on the milk thistle seeds (Djelloul et al., 2017).

20 - ~ 90
18
. 88
16 5
14 - 86 2
5 =
g 12 1 L84 E
o 10 H S
3 L g2 8
@ 8 c
ES S
6 - 80 ©
4 2
5 | L 78 ®
O T T T T 76
0 0.25 0.5 0.75 1 1.25

adsorbent dose (g)

Figure 5 Effect of adsorbent dose on malachite green removal, showing the percentage adsorption (solid line)

and adsorption capacity (dashed line). (experimental conditions: pH 9, 180min, 30°C).

6. Effect of contact time and initial dye concentration
Contact time governs the extent of adsorbate interaction with active sites; insufficient time leads to
incomplete adsorption, while adequate time allows equilibrium and maximum uptake. Adsorbate concentration
likewise controls efficiency: low concentrations favor high removal due to abundant sites, whereas higher
concentrations increase competition, enhancing capacity until surface saturation is reached.

The adsorption process was investigated as a function of contact time (5-240min) at initial dye concentrations
of 50 and 100mg/L, pH 9, and a temperature of 30°C, using a constant bentonite dosage of 1.0g. The results,
averaged from triplicate experiments, are presented in (Figure 6). Adsorption proceeded rapidly during the first
15min, then gradually slowed, reaching equilibrium at 180 min (Ullah et al., 2021). In this phase, adsorption primarily
occurs on the external surface, where accessible sites are readily available (Mansour et al., 2020). As adsorption
progresses, the rate gradually decreases as readily accessible sites become occupied. Equilibrium is attained
at 180min, at which point the adsorbent surface is saturated with dye molecules. This behavior reflects the transition
from rapid external surface adsorption to slower intraparticle diffusion, where dye molecules migrate into the
pores to access less accessible sites. Moreover, (Figure 6) shows that the adsorption capacity increased
markedly with higher initial dye concentrations. At equilibrium, the capacity rose from 4.49mg/g at 50mg/L to
7.63mg/g at 100mg/L. This effect can be attributed to the stronger concentration gradient driving force observed at

higher initial dye concentrations (Abewaa et al., 2023).
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Figure 6 Effect of contact time on the adsorption capacity (mg/g). (experimental conditions: pH 9, 1.0g, 30°C).

7. Adsorption kinetics
The experimental data on the effect of contact time were analyzed using pseudo-first-order and
pseudo-second-order kinetic models, as well as the intraparticle diffusion model. The linear plots are presented

in (Figure 7), and the corresponding parameters are summarized in (Table 1).
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Figure 7 Kinetics of dye adsorption onto bentonite: (a) pseudo-first-order model, (b) pseudo-second-order model,

and (c) intraparticle diffusion model.
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The linear plots of the pseudo-first-order and pseudo-second-order kinetics (Figures 7a and 7b),
together with the R? values presented in (Table 1), demonstrate that the adsorption data are well described by the
pseudo-second-order kinetic model, providing a more accurate representation of the adsorption process than
the pseudo-first-order model. Furthermore, the adsorption capacities predicted by the pseudo-second-order
model, 4.85 and 8.17mg/g at initial concentrations of 50 and 100mg/L, respectively, are in closer agreement
with the experimentally observed values (ge,exp) of 4.49 and 8.85mg/g. This good fit indicates that the pseudo-
second-order model is suitable for describing the adsorption kinetics, however, it should not be overinterpreted
as direct evidence of a specific adsorption mechanism (Bullene et al., 2021). In addition, an increase in concentration
led to a corresponding increase in the initial adsorption rate (h = kpge?). The observed h values showed an upward
trend with elevated concentrations, likely due to the substantial influence of mass transfer as the driving factor
(Doke & Khan, 2012).

In the intraparticle diffusion test, (Figure 7c) depicts three distinct stages of adsorption: surface adsorption,
intraparticle diffusion, and equiliorium. The K, values, calculated from the slopes of the second stage of the plots,
were 0.092 and 0.264 at initial concentrations of 50 and 100mg/L, respectively. Since the plots do not pass through
the origin, it can be inferred that intraparticle diffusion was not the sole rate-limiting step. Additional rate-limiting
factors are therefore involved, with film diffusion (surface adsorption) also potentially contributing to the regulation
of the overall adsorption process (Kumar, 2013). Consequently, the results suggest that the adsorption process

might be simultaneously influenced by both surface adsorption and intraparticle diffusion mechanisms.

Table 1 Kinetic parameters of dye adsorption on bentonite.

initial dye concentration (mg/L)

kinetic models

50.000 100.000
de (exp) (mg/g) 4.490 8.850
pseudo-first order
de (cal) (mg/g) 3.400 4.990
K, (1/min) 0.002 0.020
2 0.994 0.951
R
pseudo-second order
de (cal) (mg/g) 4.850 8.170
K, (g/(mg.min)) 0.012 0.005
n 0.282 0.334
2 0.998 0.997
R
intraparticle diffusion
Ky 0.092 0.264
C 3.275 5.354

2

R 0.967 0.965
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8. Effect of initial dye concentration on equilibrium adsorption
The adsorption was examined as a function of the initial dye concentration (50-250mg/L) under
equilibrium conditions at 30°C using 1g of bentonite. The results, averaged from the triplicate experiments, are
presented in (Figure 8). The equilibrium adsorption capacity increased from 4.489 to 20.387mg/g with increasing
dye concentration. This behavior can be explained by the enhanced mass transfer driven by the concentration
gradient, which is directly related to the initial dye concentration (Abewaa et al., 2023). As shown in (Figure 8),
the plot of g, versus C, exhibits a curved trend and gradually approaches a plateau, indicating a favorable

adsorption process that has reached saturation.

25 -
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Figure 8 Effect of initial dye concentration (50-250mg/L) on equilibrium adsorption. (experimental conditions:

pH 9, 1.0g, 180min, 30°C).

9. Adsorption isotherm

Adsorption isotherms describe the equilibrium relationship between the amount of adsorbate sequestered
on the solid surface and its residual concentration in the liquid phase at a constant temperature. In this study,
the Langmuir, Freundlich, and Redlich-Peterson isotherms were applied to analyze the adsorption data. These
isotherms are fundamental in determining the maximum adsorption capacity, characterizing adsorbent properties,
and elucidating the underlying adsorption mechanisms (Cui et al., 2024). To determine the adsorption isotherms,
experiments were conducted with initial concentrations ranging from 50 to 250mg/L. The experimental data on the
effect of initial dye concentration were analyzed using the linearized forms of the Langmuir, Freundlich, and
Redlich—Peterson isotherm models, as shown in (Figure 9), and the corresponding parameters are summarized

in (Table 2).
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Figure 9 Isotherm plots of MG adsorption (a) Langmuir, (b) Freundlich, and (c) Redlich-Peterson isotherms.

The determination coefficients (Rz) for the Langmuir and the Freundlich models were 0.997 and 0.991,
respectively. The maximum adsorption capacity ( Imax ) was 35.97mg/g at 30°C. The adsorption isotherm data
were well fitted to the Langmuir isotherm, indicating that the primary chemical uptake occurs via homogeneous
monolayer coverage of the adsorbate on the adsorbent surface (Waghmare et al., 2024). This favorable behavior

was further confirmed by the dimensionless separation factor ( R, ).

Table 2 Parameters of the isotherm models for MG dye adsorption.

isotherm model values

Langmuir isotherm

Amax (MO/Q) 35.970
K, (L/g) 0.027
R 0.418-0.128

L

R’ 0.997
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Table 2 Parameters of the isotherm models for MG dye adsorption (continue).

isotherm model values

Freundlich isotherm

K. (L/mg) 1,557
1/n 0.686
R® 0.991

Redlich-Peterson isotherm

K (L/g) 1.555
B 0.314
R? 0.958

This parameter defines the sorption favorability as unfavorable (R, > 1), favorable (0<R < 1), linear
(R_=1), orirreversible (R = 0). In this study, R values ranged from 0.418 to 0.128 at dye concentrations of
50-250mg/L. Since all R, values lie within the favorable, with lower R, values at higher concentrations implying
a stronger driving force for adsorption.

The Freundlich exponent (1/n=0.686) falls within the range of 0-1, indicating favorable adsorption. Both
Langmuir (R? = 0.997) and Freundlich (R? = 0.991) models provided excellent fits, suggesting that adsorption
may involve monolayer coverage while surface heterogeneity also contributes. The Redlich—-Peterson model
yielded a lower correlation coefficient (R? = 0.958), suggesting it may not adequately capture the adsorption
behavior of this system. Overall, the results suggest that monolayer adsorption is dominant, with heterogeneity
of the bentonite surface playing a secondary role, and the fitted models should be regarded as indicative rather
than conclusive evidence of the adsorption mechanism.

10. Comparison of bentonite and other adsorbents for MG adsorption

(Table 3) summarizes the Langmuir adsorption capacities (qmax) of malachite green (MG) using
natural bentonite and other reported adsorbents. The adsorption capacity of bentonite in this study (35.97mg/qg)
was lower than that of several alternative materials, such as clay (180mg/g), zeolite (83.33mg/g), and Persian
kaolin (52.91mg/g). However, bentonite exhibits comparable performance to coconut shell activated carbon
(37.79mg/g) and wood apple shell (34.56mg/g), and superior capacity compared to diatomite (23.64mg/g).
Although activated carbons and certain clays demonstrate higher adsorption capacities, their preparation costs
and regeneration challenges often limit large-scale applicability. In contrast, natural bentonite offers advantages
of low cost, abundance, environmental friendliness, and stable reusability over multiple cycles, making it a
promising candidate for sustainable wastewater treatment. These findings suggest that while bentonite may
not achieve the highest adsorption capacity, its balance of efficiency, cost-effectiveness, and regeneration

potential underscores its practical relevance as an alternative adsorbent for MG removal.
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Table 3 Comparison of various adsorbent materials of malachite green.

adsorbent materials gmax references

fig (Ficus cartia) leaves 51.79 Gebreslassie (2020)
persian kaolin 52.91 Tehrani-Bagha et al., (2011)
clay 180.00 Messaoudi et al., (2021)
zeolite 83.33 Abbas et al., (2023)

java apple activated carbon 64.37 Bhat et al., (2023)

coconut shells activated carbon 37.79 Piriya et al., (2023)
diatomite 23.64 Tian et al., (2016)

wood apple shell 34.56 Sartape et al., (2017)
natural bentonite 35.97 this work

11. Thermodynamics of dye adsorption
The effect of temperature (20, 30, and 40°C) on the adsorption process was investigated at an MG
concentration of 50mg/L using 1g of bentonite. Experiments were performed in triplicate. Adsorption data were
plotted as log Kc versus 1/T, as shown in (Figure 10). Gibbs free energy (AG) was calculated using Equation (11), while
enthalpy (AH) and entropy (AS) changes were derived from the slope and intercept of the Van't Hoff plot

(Figure 10) based on Equation (12). The resulting thermodynamic parameters are summarized in (Table 4).
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Figure 10 The plot of log K, versus 1/T (experimental conditions: concentration 50mg/L, pH 9, 1.0g, 180min).

Table 4 Thermodynamic parameters for MG adsorption onto bentonite

temperature (°C) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol K)
20 -3.182 41.258 0.151
30 -4.327

40 -5.823
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As shown in (Table 4), the thermodynamic parameters provide valuable insights into the adsorption
behavior of MG onto bentonite. The Gibbs free energy (AG) values were negative at 20°C (-3.182kJ/mol), 30°C
(-4.327kJ/mol), and 40°C (-5.823kJ/moal), indicating that the adsorption is favorable and spontaneous at all studied
temperatures. This temperature-dependent spontaneous transition aligns with previous findings reported for
malachite green adsorption onto Fig (Ficus cartia) leaves (Gebreslassie, 2020). Such small magnitudes are generally
consistent with physisorption, where the uptake is governed by weak van der Waals forces or electrostatic
interactions rather than strong chemical bonding (Mansour et al., 2020).

The magnitude of AH provides insight into the nature of the forces governing the adsorption process.
Generally, the energy associated with chemical forces (typically > 60kJ/mol) significantly exceeds that of
physical interactions, such as van der Waals forces (4-10kJ/mol), hydrophobic bonds (5kJ/mol), hydrogen
bonding (2-40kJ/mol), and dipole interactions (2-29kJ/mol). In this study, the obtained AH value of 41.258kJ/mol
confirms that the adsorption of MG onto bentonite is primarily driven by hydrogen bonding (Lafi et al., 2019).
The positive entropy change (AS) indicates increased randomness at the solid-solution interface during MG
adsorption (Cheng et al., 2017). At temperatures of 20-40°C and above, the product T'AS exceeds AH;
therefore, the adsorption process is governed primarily by entropy rather than enthalpy.

12. Reusability of adsorbent

Considering its cost-effectiveness, bentonite was subjected to regeneration and reusability tests for
malachite green (MG) removal from aqueous solutions. The regeneration potential after each adsorption cycle
was evaluated by desorbing MG with 0.1M HCI at a solid-to-liquid ratio of 1g: 100mL for 3h. Each cycle was
conducted in triplicate. The regenerated bentonite was subsequently washed to neutrality and reused for MG
adsorption at a concentration of 50 mg/L. Over five consecutive cycles (Figure 11), the dye removal efficiencies
calculated using Equation (2) were 84.24, 79.63, 76.32, 71.12 and 68.87%, respectively. The observed decline
in adsorption efficiency after repeated cycles may be attributed to incomplete restoration of the adsorbent’s
properties during regeneration, progressive surface saturation, or fouling effects resulting from repeated use
(Hamad et al., 2024). Such deterioration is likely associated with the degradation of functional groups, which
reduces the number of available active sites. Lucaci & Bulgariu (2024) further reported that desorption
efficiency decreases with increasing cycles, and that protonated functional groups formed after mineral acid
treatment can interact via hydrogen bonding. These bonds are not readily broken upon pH adjustment in
subsequent cycles, thereby limiting regeneration efficiency and contributing to the decline in adsorption
performance. Nevertheless, maintaining a removal efficiency above 68% after five cycles demonstrates that
bentonite retains considerable reusability, highlighting its potential as a cost-effective and sustainable

adsorbent for dye removal applications.



RMUTSB Acad. J. (2026), 14(2): 271892 20 of 28

100 84.24

79.63 76.32
80 | 71.12 68.87
60 4

40

% adsorption

20 +

1 2 3 4 5

cycles

Figure 11 Reusability of bentonite for MG adsorption.

The reusability test highlights the practical potential of bentonite as an adsorbent. Although adsorption
efficiency declined after repeated cycles, this reduction may be attributed to partial pore blockage or irreversible
occupation of active sites, structural changes in the adsorbent, or incomplete desorption of MG molecules during
regeneration. These findings emphasize the need for further studies on regeneration strategies, surface modification,
and long-term stability to enhance the durability and reusability of bentonite in real wastewater treatment
applications. A similar markedly reduced in adsorption capacity after multiple regeneration cycles has been
documented in the literature for other biomass-derived adsorbents, such as calcined mussel shells, where the
capacity significantly marked decline due to repetitive structural stress and site blockage (El Haddad, 2016).

13. Mechanism of malachite green dye adsorption

According to the results of these investigations, the adsorption mechanisms were identified and are
illustrated in (Figure 12). At pH 9, the adsorption of malachite green (MG), a cationic dye, onto bentonite occurs
via interactions between the dye's positively charged molecules and the adsorbents negatively charged active
sites (AI-O™ / Si-O™). Thus, the predominant adsorption mechanism may be due to electrostatic attraction.

The adsorption mechanism involves the diffusion of adsorbate molecules into the porous network of the
bentonite. Given that the BET analysis classified the prepared bentonite as a predominantly mesoporous material
with an average pore diameter of 10.62nm, the intra-particle diffusion process mainly occurs within these
mesoporous channels rather than micropores. The relatively wide mesopore size (10.62nm) effectively minimizes
steric hindrance, allowing smooth mass transfer and accessibility for the dye/adsorbate molecules to interact
with the active sites inside the pore walls

For MG adsorption, the FTIR spectra of the bentonite (Figure 2) showed Al-OH and Si-OH stretching peaks
at3,789cm 'and 3,696cm ', which shifted to 3,797cm™ ' and 3,694cm” ', respectively, suggesting the possible
involvement of hydrogen-bonding interactions. Similar mechanisms have been reported for crystal violet adsorption
on kaolinite—bean peel composites (Mecheri et al., 2023). The observed spectral shift may contribute to the

formation of Yoshida-type hydrogen bonds between bentonite hydroxyl groups and the aromatic rings of MG.
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" and 772cm ', assigned to Si-O-Si/Al and Si-O vibrations, shifted to

Furthermore, the peaks at 1,000cm
980cm ' and 786cm ', respectively, which may contribute to n-TT interactions between oxygen lone pairs and MG
aromatic TU electrons. The randomly distributed mesoporous structure of the adsorbent provides abundant
active sites, thereby facilitating pore filing during adsorption. EDXS analysis confirmed the presence of Al, K, and

Na ions on the bentonite surface, which may contribute to cation exchange with positively charged MG molecules.

Dipole-Dipole H-bonding interaction Yoshida H-bonding interaction

1/2C2H204 . 1/2C2H204

1/2C:H204

/ APBK', Na® MG*
Pore —filling Cation exchange

Figure 12 Mechanistic insights into malachite green adsorption onto bentonite.

Conclusion
This study demonstrated the effective utilization of bentonite as a low-cost mesoporous adsorbent for
the removal of malachite green dye from aqueous solutions. The bentonite exhibited a BET surface area of
12.01m?/g with an average pore diameter of 10.62nm, confirming its mesoporous structure and suitability for dye
adsorption. Optimal removal was achieved at pH 9 with an equilibrium time of 180min. Adsorption equilibrium
data were well described by the Langmuir and Freundlich models, while the Redlich—Peterson model indicated
surface heterogeneity and a distribution of binding energies. Kinetic analysis revealed that the adsorption

process followed a pseudo-second-order kinetic model. Thermodynamic parameters showed that adsorption is
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endothermic and becomes favorable at 20-40°C. Mechanistic insights suggested that physisorption predominated,
governed by electrostatic interactions, hydrogen bonding, n-TU interactions, pore filling, and ion exchange.
The adsorbent maintained the stable performance over five consecutive regeneration cycles, although efficiency
declined slightly with repeated use. Collectively, these findings highlight the potential of natural bentonite as a
cost-effective alternative to synthetic adsorbents for dye removal. Although this study was conducted on a
laboratory scale, future work should explore pilot-scale and continuous-flow applications, particularly fixed-bed
column studies, to assess large-scale feasibility. The adsorption system is intended for treating textile wastewater
from dyeing processes, where high dye concentrations are common, underscoring its industrial relevance. A
limitation of this study is the use of synthetic dye solutions, which may not fully represent real wastewater complexity.
Therefore, future studies should validate the performance under realistic conditions to ensure long-term

stability and practical applicability.
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