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Published: 7 September 2026 area, and FTIR, were conducted to characterise the adsorbent. Key parameters
influencing adsorption, such as pH, temperature, initial dye concentration, contact
time, and adsorbent dosage, were systematically evaluated. Results indicated that at
30 °C, tea ash removed approximately 95.87% of MG dye from a 25 mg/L solution,
with optimal performance observed in alkaline conditions. Column experiments
revealed a maximum adsorption capacity of 75.02 mg/g. The Temkin isotherm model
best described the adsorption equilibrium with a high correlation coefficient of 0.95.
Thermodynamic analysis indicated an endothermic, spontaneous process; kinetic data
best fit the pseudo-first-order model, consistent with physisorption.
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1. Introduction

Access to clean and safe drinking water has become an increasingly pressing issue worldwide. One of the
most significant challenges we face in this regard is water pollution, which has severe and far-reaching
consequences. As freshwater is a crucial resource for humans and wildlife alike, its degradation poses a severe risk
to ecosystems and public health. The discharge of dye-contaminated wastewater poses significant environmental
and public health risks, including the destruction of aquatic ecosystems, contamination of groundwater, and
adverse impacts on human health [1-4]. The presence of synthetic dyes in wastewater is a challenging issue that
requires efficient and effective treatment methods (Figure 1). Malachite green (MG) dye is a synthetic dye used in
various industrial processes and as a coloring agent in the textile, paper, leather, and plastics industries [5-8]. The
use of malachite green dye has been linked to several adverse effects that pose significant health hazards to humans,
animals, and the environment. One of the most significant concerns regarding malachite green dye is its toxicity
and potential carcinogenicity. Exposure to malachite green dye is known to cause genetic mutations, DNA damage,
and an increased risk of cancer in humans and animals. This dye is known to be harmful to the liver and kidneys,
leading to liver and kidney damage or failure. Malachite green dye is toxic to aquatic organisms such as fish,
invertebrates, and plants. The dye can cause a decrease in their reproductive capacity, growth, and survival, leading
to ecosystem imbalances and the loss of biodiversity. Continued exposure to malachite green dye can also lead to
the accumulation of this dye in the environment, persistent organic pollutants, and the transfer of these pollutants
to humans and animals through the food chain [9-11].
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Figure 1. Dye pollution and its toxic effect.

Various treatment methods have been employed, including chemical precipitation, adsorption, membrane
filtration, and biological treatment [ 12—16]. The choice of the optimal treatment method depends on several factors,
including the type of dye, the wastewater composition, and the desired effluent quality. It is critical to adopt
sustainable practices in industries that use dyes to minimize the release of dye-contaminated wastewater into the
environment. This can be achieved by developing more efficient dyeing processes that use less water, reducing
the concentration of dyes in the wastewater, and implementing water reuse strategies.

Tea, derived from the dried and processed leaves of the Camellia sinensis plant, is the most widely consumed
non-alcoholic beverage worldwide, prized for its aromatic fragrance and refreshing taste [17] and is considered a
staple of many cultures according to the International Tea Committee’s report. The major contributors to tea
production in India are the northeastern states of Assam and West Bengal [18-22]. The production of tea involves
the extraction of tea leaves using hot water, which generates a significant amount of spent tea leaves as a waste
byproduct. As a result, discovering a use for this waste material has become a pressing concern for tea
manufacturers. The abundance of tea waste has prompted researchers to evaluate its potential use as an adsorbent.
The conversion of tea waste into adsorbent material is not only economically feasible due to its ready availability,
but also offers the additional benefit of waste management. Therefore, tea waste-derived adsorbents represent a
promising solution that is environmentally sustainable and economically viable [20,23].

The utilisation of tea waste ash shows promise as an excellent adsorbent material for water treatment
applications. Ash is a carbonaceous material obtained from the pyrolysis of organic substances, including tea
waste. Ash’s porous nature makes it an efficient adsorbent, capable of removing impurities from water (as depicted
in Figure 2). Compared with other adsorbents, tea waste ash offers several noteworthy benefits. First and foremost, it
is a cost-effective adsorbent, as it can be obtained from a readily available waste material such as agricultural waste
and requires a straightforward production process. Moreover, the use of tea waste ash in water treatment applications
can help manage the accumulation of waste in landfills, thereby supporting a sustainable approach [24]. The use of
tea waste ash for the removal of malachite green from water is a promising approach due to its adsorption
properties. Tea waste ash has a high surface area and pore volume, which allows it to adsorb malachite green from
water effectively. It is an easily available and low-cost adsorbent that can be found in every household. Several
studies have reported the use of tea waste-derived ash and other biomass-based adsorbents for dye removal from
aqueous media. However, most of these adsorbents require chemical activation, surface modification, or
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incorporation of nanomaterials to achieve high adsorption performance, which increases production cost,
processing complexity, and environmental concerns. Furthermore, limited studies have explored the direct
utilisation of Camellia sinensis waste ash prepared by simple calcination without any chemical treatment,
particularly for the removal of Malachite Green dye. This represents an important research gap in developing low-
cost, sustainable, and readily scalable adsorbents from tea waste. Therefore, the present study investigates, for the
first time, the adsorption performance of unmodified Camellia sinensis ash as a non-conventional adsorbent for
Malachite Green removal. Unlike many chemically modified biomass-derived adsorbents reported in the literature,
the proposed adsorbent is prepared through a simple calcination process without the use of activating agents or
hazardous chemicals [25-27]. Despite its simple preparation, it exhibited excellent dye removal efficiency and
favourable adsorption kinetics, demonstrating that waste tea ash can serve as an efficient, economical, and
environmentally benign adsorbent for wastewater treatment. The findings highlight a sustainable approach to
valorising tea waste while providing a practical alternative to chemically modified biomass adsorbents.

Adsorbate

Adsorbent

Figure 2. Adsorption process demonstration.

2. Methods and Materials

Tata tea waste was collected from a retail outlet in Koni Bilaspur and thoroughly washed using distilled
water. It was then air-dried to remove excess moisture and subjected to a pulverization process to generate a fine
powder. The powder was incorporated into a muffle furnace at 500 °C for 5 h, where the resultant ash was allowed
to cool at room temperature for 24 h before subsequent tests. After calcination, we obtained 5 g of tea ash from
100 g of oven-dried tea waste. The efficiency of the tea powder ash was evaluated based on dye solutions of
malachite green. The findings revealed that the tea powder ash demonstrated a remarkable ability to remove
malachite green dye within a short duration of contact time. Further testing was conducted using different
concentrations of the malachite green dye, ranging from 10 mg/L to 40 mg/L.

2.1. Adsorption Experimental Design

To assess the effectiveness of tea powder ash in eliminating MG dye, several parameters, such as temperature,
contact time, adsorbent dosage, pH levels, and the initial dye concentration, were evaluated in a batch. The process
began by creating a stock solution of MG dye. Various concentrations of the dye solution were subjected to spectral
readings, with the results demonstrating a linear relationship between the absorbance and the dye concentration.

The effectiveness percentage of tea powder ash was calculated by introducing 10 mg of the adsorbent into a
10 mL solution of MG dye and determining the remaining dye concentration via absorbance measurements
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conducted at Amax = 617 nm. The adsorption capacity of tea powder ash for MG dye, defined as the quantity of dye
(in mg) adsorbed per gram of adsorbent (Q.), was calculated utilizing appropriate equations.

Dye Removal (%) :( - %) x 100 )
C,—C
Qt — ( — t)v (2)
_ (Co B Ce)v
Qo= e G)

In these equations, C. (mg/L) and C; (mg/L) represent the initial and final concentrations of dye, respectively.
V (L) represents the initial volume of the dye solution, and m (mg) represents the weight of adsorbents [25].

2.2. Study of Adsorption Isotherm

The adsorbent-dye interaction behavior and distribution of MG dye molecules between the solid and liquid
phases were assessed using three distinct adsorption isotherm models -Freundlich, Langmuir, and Temkin.
Implementing these adsorption isotherm models provides an opportunity to deepen the understanding of adsorption
phenomena and express complex mechanisms in quantifiable variables. The nonlinear Freundlich model
characterizes a form of physical adsorption in multiple layers, with relatively weak bonds between the absorbent
and adsorbate (multilayer). Additionally, the Freundlich isotherm provides insight into the linearity of the
relationship between the adsorbate solution and adsorption process, which can fall into several categories of linear
and nonlinear adsorption chemical interaction adsorption and physical interaction adsorption [28].

According to the nonlinear Langmuir isotherm model, a monolayer of adsorbate on the adsorbent surface
defines the maximum adsorbent capacity. This suggests that the most significant quantity of adsorbate that can be
adsorbed onto the adsorbent material is the point at which a monolayer is formed.

The linear Temkin model evaluates the interaction and affinity between the adsorbent and adsorbate, ensuring
the binding energy is uniformly distributed across the surface.

To facilitate comprehension of these models, the graph is plotted between Ce and qe and fitted according to
the nonlinear equations of Freundlich isotherm and Langmuir isotherm in (Equations (4) and (5)), respectively,
and the linear Temkin equation according to Equation (6).

Freundlich adsorption isotherm:

Ge = Kp(C'™) @
Langmuir adsorption isotherm:
9, _dmkiCe
e:?+K]I:Ce ®)
Temkin adsorption isotherm:
RT RT
Q. =—InC, +-—1InK; (6)
by by

The amount of adsorbate absorbed at equilibrium by an adsorbent is Qe (mg/g) based on the equilibrium
concentration of the dye solution, Ce (mg/L). These parameters are defined by empirical constants, such as Krand
n for the Freundlich isotherm, K; and Qg for the Langmuir isotherm, and br and Kr for the Temkin isotherm.
These constants consider all the variables that impact the adsorption process [29-32].

R = Gas constant and value of 8.314 J/mol K,

T = Temperature in Kelvin. In the Freundlich isotherm,

Krand 1/n = Adsorption Capacity and Surface Heterogeneity. For the Langmuir isotherm,

Qv and K = Adsorption Capacity and Energy Adsorption. For the Temkin isotherm,

Kt = Associated with the Equilibrium Binding Energy

bt = Heat of adsorption.
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2.3. Adsorption Kinetics Study

The subject of adsorption kinetics research is how quickly absorbate is either absorbed or released at the interface
between a solid substance and an aqueous solution. We can compare the goodness of fit index to identify the best model
after conducting a variety of linear or non-linear analysis to comprehend how the process operates [33,34].

Pseudo-first order (Largergren model)

log(Qx — 00) = log(Q.) — 5 5=t g
Pseudo second order
et ®)
Q Qe k0Q2
Inter-particle-diffusion kinetics
Qe =kit'*+C €

where Q. (mg g 1) and Q: (mg g !) are values of the adsorbed adsorbate at equilibrium and at time t, respectively, and ki (min!)

is the pseudo-first-order rate constant and ko (g/mg min) is the pseudo-second-order rate constant ki stands for interparticle
diffusion rate constant.

2.4. Thermodynamics Study

The thermodynamic study [35] of adsorption involves the analysis of the energy changes that occur when a

substance is adsorbed onto a surface. Free energy (G), enthalpy (H) and entropy (S) for the adsorption of the dye
were calculated by using Equations (10) and (11).

Q. AS AH
C."RRT (10)
AG = AH — TAS (11)

3. Result and Discussion
3.1. Characterisation of Camellia Sinensis Ash (Tea Powder Ash)

The Fourier transform infrared spectrum presented in the accompanying Figure 3 depicts the characteristic
peaks of Camellia sinensis ash. Broad peaks are observed in the range of 2900-3700 cm™!. The peak observed at
2350 cm™! indicates the stretching vibrations of O=C=0 (Carboxyl) groups, The peaks observed at 1405 cm™! are
assigned to the asymmetric and symmetric stretching of the carboxylate groups [33]. Additionally, the band at
1039 cm™! is assigned to the (C-H) vibration of the aromatic ring. Broad Peak at 3405 cm ™! is characteristic of the
stretching vibrations of -OH groups, likely associated with hydroxyl groups on the adsorbent surface [32].
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Figure 3. FT-IR spectrum of Camellia sinensis ash.
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The crystalline structure of Camellia Sinensis ash was analysed by X-ray diffraction. X-ray diffraction of
before and after adsorption of Camellia Sinensis ash is shown in Figure 4. The tea ash’s nanocrystalline structure
is confirmed by the computed average crystallite size of 34 nm. The thermal breakdown of organic components
and the subsequent crystallisation of naturally occurring inorganic minerals during calcination at 500 °C are
responsible for the production of nanosized crystallites. Potassium, calcium, silica, magnesium, and phosphorus
found in tea leaves are the main sources of the crystalline phases. The existence of a significant calcium-rich
crystalline phase, most likely calcite, is indicated by the prominent diffraction peak at about 26 = 29°. Various
diffraction peaks correspond to various silicates and mineral oxides. Because it offers a larger specific surface area
and more accessible adsorption sites, the nanocrystalline structure with an average crystallite size of 34 nm is
beneficial for adsorption applications, improving the interaction between the adsorbent and adsorbate.
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Figure 4. X-ray diffraction of Camellia sinensis ash.

The Brunauer—-Emmett-Teller (BET) method was employed to determine the specific surface area and pore
characteristics of the adsorbent. Based on the BET isotherm plot (Figure 5), the adsorbent exhibited a mesoporous
structure, as evidenced by the hysteresis loop and average pore radius. The presence of mesopores provides
accessible sites for the adsorption of dye molecules of different sizes. The BET surface area of the pristine
adsorbent was found to be 42.626 m?/g, which decreased to 20.96 m?/g after adsorption of MG dye. Similarly, the
total pore volume decreased from 0.214 to 0.175 cm?/g, while the average pore radius of 15.277 A confirmed the
mesoporous nature of the adsorbent. The reduction in surface area and pore volume after MG adsorption can be
attributed to the occupation and partial blockage of the accessible pores by dye molecules, which restricts the
accessibility of nitrogen molecules during BET analysis [36]. In addition, interactions between MG molecules and
the adsorbent surface may lead to pore filling and/or aggregation of adsorbent particles, resulting in a decrease in
the accessible surface area and pore volume. These changes further support the successful adsorption of MG within
the porous structure of the adsorbents [37].
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Figure S. BET plot of the N2 adsorption—desorption isotherm.

SEM image analysis of Camellia sinensis ash provides comprehensive insights into its structure and potential
applications. Such analyses can guide the development of sustainable practices by utilizing agricultural waste
effectively and contributing to circular economy practices. The SEM images (Figure 6) provide strong evidence
for the successful adsorption of Malachite Green dye onto Camellia sinensis ash (tea waste ash). The significant
change in surface morphology, characterized by increased roughness and the presence of fine particles, indicates
that the dye molecules have interacted with the ash surface and become attached. This conclusion aligns with the
observed decrease in dye concentration in the solution after the adsorption process.
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Figure 6. SEM image of Camellia sinensis ash before and after adsorption.

3.2. Effect of Initial Dye Concentrations

To investigate the influence of initial dye concentration on the adsorption efficiency of the adsorbent. An
adsorbent mass of 10 g was utilised, and the dye concentrations were varied between 5 mg/L and 25 mg/L at
standard temperature. It was observed that the removal efficiency of the adsorbent was relatively low for lower
dye concentrations, but increased gradually as the contact time increased. The findings were further illustrated in
the accompanying Figure 7. After 240 min of contact time, a maximum removal efficiency of 95.87% was achieved
for a dye concentration of 25 mg/L. The observed increase in adsorption capacity can be attributed to a greater
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mass gradient between the dye solution and the adsorbent when the initial dye concentration is higher [38].
However, once the adsorbent reaches its maximum saturation capacity, adsorption is limited, and no further dye
removal can be obtained.
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Figure 7. Effect of initial dye concentration of MG dye.

3.3. Effect of Adsorbent Dose

The impact of varying adsorbent dosage on the adsorption efficiency of MG dye was evaluated by altering
the adsorbent quantity in the range of 10 mg to 50 mg, while keeping the dye concentration constant at 20 mg/L.
The findings, as depicted in the accompanying Figure 8, demonstrate that the removal percentage of MG dye
increases proportionately with an increase in the quantity of adsorbent used. The observed increase in MG dye
adsorption can be attributed to an increase in the surface area of the adsorbent and the number of active sites,
which become available with an increase in the adsorbent dosage [28].
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Figure 8. Effect of adsorbent dose on removal of MG Dye by using Tea Powder Ash as an adsorbent.
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3.4. Effect of pH

The effect of pH on the adsorption of Malachite Green (MG) dye onto Camellia sinensis ash was investigated
over the pH range of 3—10 using 5 mg of adsorbent and 5 mL of a 20 mg/L dye solution. The results (Figure 9)
showed that the adsorption of MG increased gradually with increasing pH and reached its maximum under alkaline
conditions. This behaviour can be explained based on the point of zero charge (pHpzc) of the adsorbent, which
was determined to be approximately 9 (Figure 10). At pH values below the pHpzc, the adsorbent surface is
predominantly positively charged due to protonation of the surface functional groups. Since Malachite Green is a
cationic dye, electrostatic repulsion between the positively charged adsorbent surface and dye molecules reduces
the adsorption capacity. As the solution pH approaches the pHpzc, the positive surface charge decreases, resulting
in reduced electrostatic repulsion and improved dye adsorption. At pH values above the pHpzc, the adsorbent
surface becomes negatively charged because of deprotonation of the surface functional groups. This promotes
strong electrostatic attraction between the negatively charged surface and the positively charged MG molecules,
leading to the highest adsorption efficiency. In addition to electrostatic interactions, pore diffusion and surface
functional groups may also contribute to the adsorption process [36].
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Figure 10. Point zero charge of Camellia sinensis ash (Tea Powder Ash).
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3.5. Effect of Temperature

The impact of temperature on the adsorption process was investigated, and it was found to play a significant
role in the efficiency of adsorption. To explore this phenomenon, adsorption experiments were conducted for a
duration of 3 h at varying temperatures, including 40 °C, 45 °C, 50 °C, and 55 °C. In these experiments, 10 mg of
adsorbent was subjected to 5 mL of 10 mg/L dye for adsorption. The accompanying Figure 11 illustrates that the
amount of dye removed showed a slight increase with temperature increments. The observed trend can be attributed
to the effect of temperature on the equilibrium capacity of the adsorbent and adsorbate [39]. Factors such as a
decrease in solution viscosity and an increase in the diffusion rates of dye molecules over external barriers could
also contribute to the observed trend [40].
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Figure 11. Effect of temperature on removal of MG Dye by using Tea Powder ash as an adsorbent.

3.6. Column Procedure for Removal of MG dye

To assess the practical use of Camellia sinensis ash as an adsorbent, we conducted a column experiment to
test its ability to remove Malachite Green (MG) dye. During the static bed trial, we observed a complex
breakthrough curve, which is a graph showing how the dye was removed over time (as illustrated in the
accompanying Figure 12). Initially, there were many available spots on the surface of the ash for the dye to attach,
which resulted in complete removal of the dye from the solution. At this stage, the ratio of the concentration of
dye in the column (C,) to the initial concentration (Co) was zero. As time passed, we noticed a different trend: the
dye concentration began to increase slightly in the effluent. This gradual increase continued over the duration of
the experiment, leading to the formation of the breakthrough curve. We calculated the area under this curve to be
884.42 cm?, which reflects the overall performance of the column. We found that the total amount of MG dye
adsorbed per gram of the adsorbent was 75.02 mg/g. [41-43]
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Figure 12. Breakthrough curve (line, left vertical axis) and integral area (shaded, right vertical axis) of MG on

Camellia sinensis in a fixed bed column experiment.
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3.7. Study of Adsorption Isotherm

The equilibrium isotherm value is a widely accepted approach for presenting adsorption data, which involves
depicting the quantity of adsorbate removed per unit adsorbent in relation to the solid phase concentration of the
sorbent and the concentration of the adsorbate in the liquid phase. The development and improvement of an
adsorption system that is utilized in eliminating dyes from aqueous solutions largely depend on the accuracy of
the equilibrium isotherm value. Selecting the most fitting correlation for the equilibrium curve is crucial when
analysing the interaction between adsorbents and dyes. Several adsorption isotherms are available to investigate
this interaction, and in this study, the Freundlich, Langmuir, and Temkin isotherm models were employed to
analyse the interface between MG dye and tea powder ash. The results and parameters of the adsorption isotherm
fits are presented in Figure 13 and Table 1. The relationship between the remaining dye content and the three
adsorption isotherms was evaluated, and it was determined that the Temkin isotherm had the most suitable fit for
this study, as determined by the coefficient of determination (R?). The R? value is used in adsorption to represent
the proportion of dependent variable variance that can be predicted from the independent variable. The results of
this experiment indicate that the linear Temkin adsorption isotherm was the most suitable, with an R? value of
0.95. In the Freundlich isotherm, the intercept value is Ky, which was calculated to be 33.24, while the slope is 1/n,
with n equal to 0.007. The Langmuir isotherm provided useful information regarding the extent of interaction
between the adsorbent and adsorbate. From the findings, the maximum value is identified as 36.35 mg/g, and K.
is determined to be 0.53. The Temkin model is designed to account for the interaction between the adsorbate and
the adsorbing species. It assumes that there is a uniform distribution of binding energies, and that the heat of
adsorption of each molecule in the layer decreases linearly with temperature instead of logarithmically with
coverage. Another important parameter in the Temkin model is the constant C, which provides valuable
information about the thickness of the bound layer and its resistance to external mass transfer [44,45]. The
Langmuir isotherm showed a relatively low correlation coefficient (R? = 0.60), indicating that the adsorption of
Malachite Green onto tea waste ash does not follow ideal monolayer adsorption on a homogeneous surface. In
contrast, the Freundlich (R? = 0.93) and Temkin (R? = 0.95) models provided a much better fit to the experimental
data, suggesting that the adsorbent surface is heterogeneous and contains adsorption sites with different binding
energies. The superior agreement with the Temkin model further indicates that adsorbate—adsorbent interactions
influence the adsorption process and that the heat of adsorption decreases progressively as surface coverage
increases. Therefore, the adsorption of Malachite Green onto tea waste ash is better described as occurring on a
heterogeneous surface through multiple adsorption sites rather than by the assumptions of the Langmuir model.
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Figure 13. The plot of adsorption isotherm (a) Langmuir isotherm (nonlinear) (b) Freundlich isotherm (nonlinear)
and (¢) Temkin isotherm (linear).

Table 1. Adsorption isotherm parameters.

Freundlich Isotherm Langmuir Isotherm Temkin Isotherm
n Kf R2 Qmax KL R2 bT KT R2
0.007 33.24 0.93 36.35 0.53 0.6 2.97 0.99 0.95

3.8. Kinetic Study of Adsorption

The adsorption behavior of tea powder ash materials can be attributed to the active groups and bonds present
on their surface. A kinetic analysis of the adsorption process is essential in determining the adsorption efficiency
since aqueous phase adsorption exhibits rapid kinetics. In this study, various kinetic models, including inter-
particle diffusion, pseudo-first order, and pseudo-second-order methods, were employed to analyze the collected
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data. Initially, the Lagergen pseudo-first-order model was employed to evaluate the kinetics data in the current
system. The collected kinetic data was then examined using linear kinetics models. The correlation coefficient
model was found to have the highest R? value, indicating that it provides the best description of the kinetics and
measures the degree of agreement between the experimental data and the chosen kinetic model. The fitting plots
for all the examined kinetic models are presented in Figure 14 and the corresponding values are summarized in
Table 2. Based on the results, it was concluded that the first order kinetic model exhibited the best fit with a
regression coefficient of 0.98. For the pseudo-second order and interparticle diffusion kinetics models, the
correlation coefficients were 0.93 and 0.79, respectively. The data indicated that the adsorption process is primarily
physical, as it involves weak attractions between the MG molecules and the adsorbent. The experimental q. value,
determined using the pseudo-first order kinetics model, was 23.966 mg/g, which was similar to the calculated data.
Additionally, compared to the pseudo-second-order model’s prediction of 28.653 mg g, the computed
equilibrium adsorption capacity (Qe) from the pseudo-first-order model (22.76 mg g™') is closer to the
experimental adsorption capacity. This further demonstrates that the pseudo-first-order model offers the best
explanation of the adsorption kinetics of Malachite Green onto tea waste ash, along with its better correlation
coefficient [46—49].

10 |pseudo second order - Interparticle diffusion
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Figure 14. The linear plot of (a) Pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c)
intraparticle diffusion model.

Table 2. Values of kinetics parameters.

Q. (mg/g) Pseudo First Order Pseudo Second Order Intraparticle
cme'e Q. Ki R? Q. K: R? Ki C R
23.966 22.760 0.0357 0.982 28.653 0.005 0.93877 0.061 11.140 0.797

3.9. Thermodynamic Study

The kinetics of the adsorption process were found to be faster at higher temperatures, indicating the
significant impact of temperature on the process. The thermodynamic parameters, such as AG, AH, and AS, were
evaluated using Equations (10) and (11) based on mathematical formulas. The values of AH and AS were obtained
from the slope (AH/R) and intercept (AS/R) of the linear plot of In(Qs/mC.) versus 1/T (see Figure 15). The
calculated thermodynamic parameter values are reported in Table 3. It was observed that a negative value of AG
was obtained for each of the four temperatures, suggesting that the adsorption process is spontaneous. The negative
values of AG indicate that the adsorption process is spontaneous, and the decrease in AG (i.e., becoming more
negative) with increasing temperature demonstrates that the adsorption becomes more thermodynamically
favourable at higher temperatures. This observation is consistent with the positive value of AH, confirming the
endothermic nature of the adsorption process [50]. The adsorbent/adsorbate interaction is more random when AH
and AS values are positive [51]. Since the value of AH is less than 40 kJ/mol the adsorption is physisorption in
nature [52].

Table 3. Thermodynamic parameters.

AG(kJ/mol) at Temperatures
AH(kJ/mol) AS(kJ/mol/K) 308.15 K 313.15K 31815 K 323.15K 32815 K
36.879 0.12005 ~0.114 ~0.804 —1.4049 ~2.005 ~2.605
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Figure 15. Linear Plot of In (Qem/Ce) versus 1/T to give thermodynamic parameters.

3.10. Desorption of Adsorbed MG and Reusability of Adsorbent

Adsorbent reusability and sludge management after sorption are the main goals of the desorption
experiments. For practical and cost-effective uses, adsorbents must be reusable over several sorption-desorption
cycles. The high cost of wastewater purification systems has made adsorbent regeneration and reuse more
commercially relevant. Adsorbents are costly for industrial application if they cannot be used again or if their
adsorption efficacy is greatly diminished with repeated use. They also cause secondary environmental damage.
Therefore, it is necessary to perform desorption research of MG (25 mg/L). According to Figure 16, the adsorbent
can remove 53.65% of the MG dye after four consecutive cycles of adsorption—desorption [53,54].

100
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[=2]
o
1

% Removal of Dye
3
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Figure 16. Desorption curve of MG.

13 of 17



Kumar et al. Environ. Guard. 2026, 1(1), 3

3.11. Performance Comparison of the Present Adsorbent with Other Biomass-Based Materials for Malachite
Green Removal

The Camellia sinensis ash adsorbent developed in the present study exhibited a malachite green adsorption
capacity of 75.02 mg/g (Table 4). Among unmodified/minimally processed plant-based adsorbents, it
outperformed willow tree leaves ash (21.44 mg/g), palm leaves ash (62.80 mg/g), Juniperus excelsa cone ash
(38.02 mg/g), and water hyacinth ash (102.35 mg/g), while showing comparable or higher capacity than most
literature-reported materials without requiring chemical activation or modification. As shown in Table 4, several
modified or activated biomass-derived adsorbents exhibit higher adsorption capacities than the present adsorbent.
For instance, Myriophyllum aquaticum biochar reported an adsorption capacity of 1772.3 mg g™!, which can be
attributed to its engineered preparation and enhanced surface characteristics, while activated plantain leaf biochar
achieved 266.80 mg g! following chemical activation. Although these modified adsorbents demonstrate superior
adsorption performance, their preparation involves additional processing and chemical activation, increasing
production cost and complexity. In contrast, the Camellia sinensis ash used in this study is produced by simple
calcination without any chemical modification and still exhibits a competitive adsorption capacity (75.02 mg g™!)
together with excellent dye removal efficiency, highlighting its potential as a low-cost, sustainable, and
environmentally friendly adsorbent for wastewater treatment [55].

Table 4. Adsorption performance of different unmodified and modified plant-derived adsorbents for malachite
green dye removal.

Amount of Dye

Material Used Adsorbed per g Kinetics Model Adsorption Isotherm Reference
Followed Followed
Adsorbent (mg/g)

Lo . . Present
Camellia sinensis ash (tea powder ash) 75.02 Pseudo-first-order Temkin work
Willow tree leaves ash (Salix alba L.) 21.244 Pseudo-second-order Langmuir and Freundlich [45]
Water lily stem ash (Nymphaea lotus) 102.35 Pseudo-first-order Langmuir [46]
Palm leaves hydrochar (activated) 62.80 Pseudo-second-order Langmuir [47]
Myriophyllum aquaticum ash 1772.3 Pseudo-second-order Langmuir [48]
Juniperus Excelsa cone ash (modified) 38.023 Pseudo-second-order Langmuir [49]
Mandarin peel ash (with nZVI) 909.09 Pseudo-second-order Freundlich [50]
S\j[is;iv;eg;el ash 282.64 Pseudo-second-order Langmuir [51]
Plantain leaf ash (activated) 266.80 Avrami fractional Redlich-Peterson [52]

4. Conclusions

In conclusion, our studies show that Camellia sinensis ash (tea powder ash) is an effective material for
removing Malachite Green (MG) dye from water. We carefully evaluated various factors that influence its
adsorptive capacity, including pH, temperature, initial dye concentration, contact time, and the amount of
adsorbent used. Notably, at a temperature of 30 °C, the ash was able to remove approximately 95.87% of the MG
dye from a 25 mg/L solution. Our findings also revealed that increasing the amount of tea waste ash enhances the
dye removal capability. The pH tests indicated that tea ash performs particularly well in alkaline conditions when
adsorbing cationic dyes like MG. From our column experiments, we determined that the total amount of MG dye
adsorbed was 75.02 mg of dye per gram of adsorbent. The best-fitting model for our adsorption data was the
Temkin isotherm, achieving a high correlation coefficient of 0.95. Kinetic analysis indicated that the adsorption
process is endothermic, and among the three kinetic models we examined, the pseudo-first-order model provided
the best fit. This suggests that the dye adsorption occurs mainly through physisorption, a physical process.
Thermodynamic studies further confirmed that the adsorption process occurs favourably and spontaneously at
elevated temperatures. Overall, these results suggest that tea powder ash is a cost-effective and efficient adsorbent
for the removal of Malachite Green dye from aqueous solutions.
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