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This study provides insights for the development of efficient wastewater treatment systems targeting the
removal of pharmaceutical pollutants, particularly tetracycline hydrochloride. The findings can be applied
to advanced adsorption processes using modified bentonite, contributing to environmental sustainability

and public health protection.

Abstract: Pharmaceutical contamination of water sources has become a critical environmental
challenge. This study explores the potential of bentonite (BN), a natural clay mineral, and its acid-
treated form (BA1) as effective adsorbents for the removal of tetracycline hydrochloride (TC) from
aqueous solutions. Comprehensive characterization of BN and BA1 was performed using analytical
techniques, including XRF, XRD, SEM/TEM, XPS, TG/DTG, CO: and N2 adsorption-desorption
isotherms. Results indicated that BA1 is a mesoporous material with a surface area exceeding 165
m2.g71, exhibiting exceptional adsorption performance. The optimal adsorption pH of the drug was
5.0. The adsorption process adhered to a pseudo-second-order kinetic model, suggesting a
chemisorption mechanism. BA1 achieved a maximum adsorption capacity of 40.98 mg.g™! and
removal efficiencies of up to 99% within just 30 minutes. Equilibrium isotherm calculations for BA1
showed the best fit for the Freundlich model R? > 0.9923, indicating a favorable adsorption process.
These findings underscore the effectiveness, cost-effectiveness, and environmental sustainability of
bentonite as a promising material for addressing pharmaceutical pollutants in water treatment
applications. The tetracycline-loaded adsorbents were applied for desorption and reuse studies in
consecutive seven cycles for evaluating the regeneration ability of the clay mineral materials.

Keywords: Tetracycline hydrochloride; Bentonite; Removal environment pollution; Drug adsorption
process; Reuse adsorbent

1. Introduction

Pharmaceutical residues, particularly tetracycline hydrochloride (TC), have become critical
contaminants of emerging concern (CECs) due to their increasing presence in aquatic environments,
driven by improper disposal and inefficiencies in conventional water treatment methods [1]. In
Brazil, the pharmaceutical market generated R$20 billion in 2021, with significant amounts of
medications discarded improperly, contributing to the alarming estimate of 14,000 tons of expired

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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drugs discarded annually [2,3]. These residues are frequently found in groundwater and wastewater,
highlighting the need for effective remediation technologies [4].

TC, a common antibiotic used in healthcare and aquaculture, poses significant environmental
challenges due to its recalcitrant nature and low degradation potential. About 50-80% of
administered TC remains unmetabolized, entering aquatic systems and promoting antibiotic
resistance [5,6]. Among wastewater treatment methods, adsorption has gained attention for its cost-
effectiveness and efficiency. Bentonite, a natural clay mineral, shows promise as an adsorbent due to
its high surface area and cation exchange capacity. Acid treatment of bentonite enhances its
adsorptive properties by increasing porosity and removing surface impurities, improving
contaminant removal [7,8].

This study explores the effectiveness of natural (BN) and acid-treated (BA1) bentonite for TC
removal from aqueous solutions, using various characterization techniques (XRF, XRD, XPS,
SEM/TEM-EDS) and adsorption isotherms. The results provide insights into the mechanisms of
adsorption and contribute to the development of sustainable water treatment technologies to mitigate
pharmaceutical contamination.

2. Materials and Methods

2.1. Modification of Bentonite

In this study, natural bentonite (BN) was utilized alongside its acid-modified form (BA1) to
evaluate its adsorption performance. The modification process involved treating BN with
hydrochloric acid (HCl, 37%) at a concentration of 1 mol-L. The acid solution was combined with
BN under continuous stirring at 60 °C for 4 hours to enhance its adsorptive properties. Following the
acid treatment, the material underwent vacuum filtration to separate the solid phase, followed by
thorough washing to neutralize the pH. The treated material was then dried in an oven at 70 °C for
12 hours to ensure complete removal of moisture. The resultant acid-modified bentonite sample was
designated as BA1 and selected for subsequent adsorption studies based on superior performance
observed in preliminary evaluations.

2.2. Characterization of Bentonite

The materials, without drug (BN and BA1) and with drug (BNF and BA1F), were characterized
using a variety of advanced analytical techniques. X-ray diffraction (XRD) was performed with a
Bruker D2 Phaser instrument to identify the crystalline phases, while elemental composition was
determined using X-ray fluorescence (XRF) with a Bruker S2 Ranger. Thermogravimetric analysis
(TGA) was used to assess thermal stability and decomposition behavior, conducted on a NETZSCH
TG 209 F3 Tarsus under a nitrogen atmosphere, with a heating rate of 5°C-min-".

The presence of functional groups in the bentonite structure was identified through Fourier-
transform infrared spectroscopy (FTIR) using a Shimadzu IRAffinity-1 spectrophotometer, with
spectra recorded in the 4000-700 cm wavelength range. Morphological and elemental analysis was
carried out using scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS) on a Carl Zeiss Auriga 40 instrument, equipped with a Bruker XFlash 410-M detector. High-
resolution transmission electron microscopy (HRTEM) was conducted with a TALOS F200x
instrument, providing detailed imaging at 200 kV in scanning transmission electron microscopy
(STEM) mode, with a high-angle annular dark-field (HAADF) detector.

Surface area and pore structure were analyzed using nitrogen adsorption/desorption isotherms
at -196 °C, with measurements taken on a Micromeritics ASAP 2420 system. Lastly, X-ray
photoelectron spectroscopy (XPS) was performed with a PHI 5700 spectrometer using non-
monochromatic AlKa radiation to examine surface chemistry and elemental composition.

2.3. Preparation of TC Solutions
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To simulate a contaminated aqueous effluent, a sample of tetracycline hydrochloride (TC) was
utilized. Starting with a 500 mg.L-! solution of TC, kinetic, equilibrium, and thermodynamic isotherm
measurements were conducted with an initial concentration of 20 mg.L-'. After the adsorption tests,
the remaining drug concentration was measured using UV-Vis spectrophotometry (Shimadzu 1800)
at a wavelength of 360 nm to determine the final TC concentration.

2.4. Adsorption kinetics Studies

The adsorption mechanism of TC was investigated by evaluating the kinetic parameters over a
range of contact times. For these experiments, 0.3 g of adsorbent was added to 25 mL of a 500 mg-L™
THC solution. The tests were carried out at 25 °C (room temperature) under constant stirring at 150
rpm, with sampling intervals ranging from 1 to 1440 minutes (11 data points). Residual TC
concentrations were quantified using UV-Vis spectrophotometry.

The adsorption capacity and kinetic behavior were analyzed using multiple kinetic models,
including the pseudo-first-order, pseudo-second-order, Elovich, and Boyd film diffusion models,
described by equations 1, 2, 3, and 4, respectively. Data fitting and model comparisons were
conducted using Excel and Origin 2019b software to identify the most suitable kinetic mechanism
governing the adsorption process.

log log (qe — q:) = logq. — 2.2)3 )
t _ 1 t
¢ k2qZ | qe .
Inln (af) |, 1
do = % + %lnt Int @

In the kinetic models applied to analyze the adsorption process, q: represents the amount of
tetracycline hydrochloride adsorbed per gram of adsorbent at time ¢, while qe denotes the adsorption
capacity of the material at equilibrium, both expressed in mg-g™. The pseudo-first-order rate
constant, ki (L-min™?), characterizes the rate of adsorption as proportional to the difference between
ge and qt Similarly, the pseudo-second-order rate constant, k2 (g-mg™'min), reflects the
chemisorption kinetics, often associated with valence forces or electron exchange. The parameter 3
(g'mg™) is related to the activation energy for chemical adsorption and provides information about
the extent of surface coverage. Additionally, a (mg-g~-min) represents the initial adsorption rate,
describing the adsorption behavior as t - 0. These parameters, obtained by fitting experimental data
to the kinetic models, offer detailed insights into the adsorption dynamics and the mechanisms
governing the process.

2.5. Adsorption Equilibrium Study

Adsorption isotherms were determined using tetracycline hydrochloride solutions with
concentrations ranging from 25 to 500 mg-L-1. For each experiment, 0.3 g of natural or acid-treated
bentonite was added to 25 mL of the solution in 250 mL Erlenmeyer flasks. The mixtures were
agitated at 150 rpm for 30 minutes to ensure interaction between the adsorbent and the adsorbate.
After the adsorption process, the solid and liquid phases were separated via centrifugation at 3000
rpm for 20 minutes. The experimental data were analyzed using non-linear forms of the Langmuir,
Freundlich, Sips, and Temkin isotherm models, represented by Equations 5, 6, 7, and 8, respectively.
These models were employed to describe the equilibrium behavior of tetracycline adsorption and to
evaluate the adsorption capacity and the nature of the interactions between the adsorbent and the
adsorbate.

_ qm*KpxCe
Qe = 14 (Kueco) ®)
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1
qe = Kp * (g (6)

1

Qm(Ks*Ceﬁ)
e = — 1 (7

1+ (Kg* Ceﬁ)

RT
qe = TKt Ce (8)

where Ce is the equilibrium concentration (mg.L"); g is the amount of adsorbed dyes (mg.g1);
gm is the maximum adsorption capacity; Ki, Kr, Ksand K: are the Langmuir, Freundlich, Sips and
Temkin constants, respectively; and # Sips coefficient.

2.6. Influence of pH

To analyze the effect of pH on drug adsorption, 0.1 mol.L-! buffer solutions were used to test pH
levels of 2.5, 4.5, 6.5, and 8.5 with a 300 ppm drug solution. After the adsorption experiments, the
final concentration of tetracycline was determined using a UV-Vis spectrophotometer (Shimadzu
1800) at a wavelength of 360 nm.

3. Results

3.1. Influence of pH

The results presented in Figure 1 indicate that natural bentonite exhibits high tetracycline
hydrochloride (TC) adsorption at pH 2.5, which progressively decreases as the pH increases. These
findings are consistent with previous studies reporting tetracycline adsorption on natural clays [4].
At acidic pH, TC adsorption on natural clay is primarily driven by electrostatic interactions, with
cation exchange being the dominant mechanism. However, as the pH of the solution increases and
species of TC with lower affinity emerge, adsorption may occur via other mechanisms, such as
hydrogen bonding, hydrophobic interactions, or the formation of complexes with the surface groups
of the clay mineral [9].

]3¢

y=-0,4066x +73,911
R'=0,9983

Figure 1. Influence of pH on tetracycline adsorption with BN.

3.2. X-ray Fluorescence Spectroscopy (XRF)

The inorganic elements in natural bentonite (BN) and acid-treated bentonite (BA1) are shown in
Table 1. Silicon (Si) had the highest content in all samples. Aluminum (Al) and silicon are the primary
components of bentonite, with the high presence of Al expected due to its montmorillonite content.
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Cristobalite impurities are associated with silica (SiO,). Bentonite contained 2.73% Ca and 0.87% Na,
both of which were leached out after acid treatment, classifying it as Ca-bentonite. Additionally,
potassium (K) and magnesium (Mg) cations were reduced after treatment, confirming the
effectiveness of the acid modification [10,11].

Table 1. XRF of samples BN and BA1.

Elements BN - composition (%) BA1 - composition (%)

Si 52.35 62.51

Fe 18.57 13.13

Al 15.18 15.83

K 3.42 3.28

Ca 2.73 1.23
Na 0.87 0.00
Mg 2.06 1.93
Others 4.65 2.06

3.3. X-ray Diffraction (XRD)

The XRD (Figure 2) pattern of the studied clay shows peaks corresponding to montmorillonite,
quartz, and feldspar. The natural calcium bentonite is primarily composed of montmorillonite, with
characteristic peaks at don = 14.29 A and dox =4.49 A, and a basal spacing of don = 39.8 A, indicating
a calcium dominance and classifying the clay as Ca-bentonite. Other peaks correspond to quartz and
feldspar impurities. After acid treatment, the XRD pattern of activated bentonite shows broader
peaks and increased intensity, suggesting partial disruption of its layered structure and a decrease in
crystallinity. The increased quartz peak at around 26° 20 indicates that quartz, present as an impurity,
was not destroyed during activation [12,13].

—
z

Intensity (a.u.)

20 (°)
Figure 2. XRD of samples BN, BNF, BA1 and BA1.

3.4. Scanning Electron Microscopy (SEM) Coupled with Energy-Dispersive X-ray Spectroscopy (EDS) and
High-Resolution Transmission Electron Microscopy (HRTEM)

As reported in other studies [14], bentonite exhibits amorphicity due to its unclear morphology
at the nanometric scale. The particle sizes vary for each sample due to differences in the treatment
and composition of each. The SEM-EDS image shows some agglomerations in each sample, which
may be influenced by the particle size, as shown in Figure 3.
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Figure 3. SEM images of BN, BA1, BNF, and BA1F samples.

The HRTEM images (Figure 4) of natural bentonite (BN) and acid-treated bentonite (BA1) reveal
structures with irregular shapes, resembling stacked spheres, as previously reported by [15].

Figure 4. HRTEM of samples BN and BAI.

The images (Figure 5) from the EDS mapping analysis confirm the presence and dispersion of
atomic components of the clay minerals on the surfaces of the materials. Similar to the results from
the XRF analysis, the data indicate that the composition is primarily composed of aluminum and
silicon atoms.

.

Figure 5. EDX Mapping of samples BN (A) and BA1 (B).
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3.5. N2 Isotherm

The N2 adsorption-desorption isotherms at -196 °C for BN, BNF, BA1, and BA1F samples are
shown in Figure 6. According to IUPAC classification, these isotherms are of type IV with H2
hysteresis loops, with P/Po > 0.9. In the low P/Po region (P/P0 < 0.1), all samples exhibited a small
amount of N2 adsorption, suggesting that there is almost no microporosity in the acid-activated clays.
On the other hand, N2 adsorption increases significantly in the high P/Po region, indicating the
presence of mesopores in these clays [16]. Acid treatment increased the specific surface area (BET), as
shown in Table 1, opening structural channels during leaching, which dissolved octahedral cations
on the adsorbent surfaces. These results are summarized in Table 2 [17].
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Figure 6. N2adsorption isotherms of BN, BNF, BA1, and BA1F samples.

Table 2. N2 adsorption data of the samples.

Samples Seet (M2.g™h) Ve? (cmi.gh Pore Diameter (A)
BN 63 0.06 37.43
BAl 165 0.15 35.29
BNF 17.8 0.02 43.78
BA1F 121 0.09 32.67

3.6. X-ray Photoelectron Spectroscopy

The deconvolution of XPS spectra, shown in Figure 7, is closely linked to the materials' capacity
to adsorb tetracycline. The adsorption is strongly influenced by interactions between the functional
groups on the adsorbents and the antibiotic molecules. In the C 1s spectra, BA1F, BA1, and BNF
exhibit C-C/C-H (Csp?®) and oxygenated groups, such as C-OH and O-C=0, which are essential for
tetracycline adsorption. These groups interact with the antibiotic’'s amino and oxygenated
functionalities through hydrophobic interactions, hydrogen bonds, and van der Waals forces,
enhancing the adsorption capacity of the materials [18].

The O 1s spectra show that all materials contain oxygen bonded to carbonyl (C=0) and hydroxyl
(C-O) groups, which are also important for adsorption as they can form hydrogen bonds with
tetracycline. BN, with higher intensity in oxygen peaks, exhibits stronger interactions with
tetracycline, leading to more efficient adsorption [19,20]. Additionally, the presence of iron oxides,
particularly Fe?* and Fe® in BA1F, BA1, and BNF, increases the materials' affinity for tetracycline by
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coordinating with its functional groups, suggesting additional active sites for adsorption [21,22]. The
K 2p spectra indicates the presence of potassium, particularly in BN [23].

|

bwnrnity bans)

Ity s

L2
Lo 1)
LA
_,\:.
LAY
i
L d \
.
\  C-Oeon
con
B oo o -
x JA -
as 2 a ai
-
o Felp
na T AN
o 4 A\
et ne, P PRTY .
-
vy
nat e '.'." ‘r-‘_
. R \
A
aNi e P e
- Sidy 7
ez
Sl oo e
=\ Faetion ,.‘L e
~ o A
— e o

Sadag mwrgy ($V)

LU

rtanty faa)

nary

L]

[P

) ;3 Lt
‘ k‘ -

O

Wiading mmw (s

Figure 7. Deconvolution of the XPS spectrum of the elements present on the surface of the samples.

3.7. COz Isotherm

The CO, adsorption isotherms in Figure 8 reveal the amount of CO, adsorbed by the samples
BN, BA1, BNF, and BAIF as a function of pressure. BN shows the lowest adsorption capacity at
approximately 0.18 mmol.g-!, with a gradual increase in adsorption as pressure rises [24]. In contrast,

BA1l adsorbs more CO,, reaching about 0.26 mmol.g?, with a similar progressive increase in
adsorption as pressure grows [25]. BNF and BA1F exhibit the highest CO, adsorption capacities,
reaching 0.32 mmol.g! at higher pressures. Their isotherms are nearly identical, suggesting consistent
high adsorption efficiency [26]. All materials follow favorable adsorption behavior, with a positive
correlation between CO, adsorption and pressure [27]. The observed variations in adsorption
capacities indicate differences in surface properties, such as surface area, pore size, and CO; affinity,
which were evaluated using BET analysis, highlighting the impact of acid treatment on adsorption

efficiency.
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Figure 8. COz2adsorption isotherms of BN, BNF, BA1, and BA1F samples.

3.8. Thermogravimetric Analysis (IGA/DTG)

The thermogravimetric curves of the BN, BNF, BA1 and BA1F samples (Figure 9) reveal two
mass loss events, the first around 100 °C and the second around 740 °C. The thermogravimetric mass
loss during this phase was 8.52%. The significant mass loss and high rate suggest that the bentonite
had a high content of absorbed water and water between its layers, which was rapidly released [23].
The two hydroxyl groups present in the crystalline structure were removed as water molecules,
resulting in an endothermic peak and a mass loss at 447.5°C. At this stage, the thermogravimetric loss
was 0.53%. The temperature at which bentonite undergoes dehydroxylation serves as an indicator of
its heat resistance, reflecting its thermal stability. Despite the removal of its structural water and the
loss of some of its original characteristics, the montmorillonite crystal still preserves its structure,
with only distortions and twists in the layered structure, without evident signs of amorphization [28].
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Figure 9. Thermogravimetric Analysis (TG/DTG) of BN, BNF, BAl, and BA1F samples.

3.9. Adsorption Isotherms
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To describe the relationship between the adsorbent and adsorbate when the adsorption process
reaches equilibrium at different initial concentrations, the Langmuir, Freundlich, SIPS, and Temkin
isotherm models were applied, as shown in Figure 10. The model parameters provide insights into
the adsorption mechanism, specific surface properties, and the affinity between the adsorbate and
adsorbent. Equilibrium isotherm calculations for BA1 showed the best fit for the Freundlich model
(R? > 0.9923), indicating a favorable adsorption process in heterogeneous systems or multilayer
adsorption. Additionally, values of 1 <n <10 confirm the favorable adsorption of the pharmaceutical
under study [29].

The Temkin model also showed a good fit (R?> > 0.9163), suggesting a linear decrease in
adsorption heat as the adsorbent surface becomes covered, indicating a maximum adsorption energy
distribution [22,23]. The Langmuir model (R? > 0.5722) suggested a chemisorption mechanism, with
adsorption forming a monolayer on the adsorbent surface with a finite number of sites [30]. The
experimental data were fitted to the Sips equilibrium isotherm model, which showed an excellent fit
for both samples.

For BA1, the R? value was 0.9767, indicating a good description of adsorption with moderate
surface heterogeneity. The BN sample showed a higher R? of 0.9958, suggesting a better fit and
possibly greater surface uniformity or stronger adsorbate affinity. The difference in R? values
highlights material-specific variations in adsorption behavior. Overall, the Sips model proved
effective in predicting adsorption in heterogeneous systems and identifying adsorbent properties,
aiding in the selection of more efficient materials [31].

80 4

50+
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Figure 10. Adsorption Isotherms of BN and BA1 Samples.

3.10. Adsorption Kinetics

When comparing the untreated and treated clay minerals, BA1 exhibited the highest
experimental adsorption capacity (qe=41.35 mg.g™!). Adsorption studies with BA1 (qe =40.98 mg.g™)
showed an increase in the adsorbed amount of the drug compared to untreated BN (qe =40.60 mg.g™)
(Figure 11), highlighting the effectiveness of acid treatment in improving tetracycline adsorption.
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Figure 11. Kinetic Adsorption Graphs of BN and BA1 Samples for the Pseudo-Second Order Model (A), Pseudo-
First Order Model (B), Elovich Model (C), and Boyd Film Diffusion Model (D).

Among the three models studied, the pseudo-second-order model provided the best fit to the
data, with a determination coefficient near 1 (R? = 0.999). Additionally, this model showed a small
difference between experimental (41.35 mg.g™) and calculated (40.60 mg.g!) values of qe, suggesting
that chemisorption is the rate-determining step in the tetracycline adsorption process, involving
electron exchange or sharing between the adsorbent and adsorbate [23]. The Elovich equation was
also applied (Figure 11C) but showed a poor fit for BA1 (R? > 0.6831), indicating that the regression
model did not adequately explain data variability [32].

To investigate the diffusional parameters of the process in more detail, the Boyd film diffusion
theory was applied. The temporal evolution of the Bt parameter, shown in Figure 11D, did not display
linear behavior, suggesting that pore diffusion is not the rate-limiting step in the mechanism. This
points to significant resistance to mass transfer in the external film [33]. As shown in Table 3, the
liquid film diffusion rate constant (kb) was determined to be 0.03 min', indicating reduced diffusion
capacity due to the high initial concentration of the adsorbate [34].

Table 3. Parameters for the fitting to pseudo-first order, pseudo-second order, Elovich and Boyd’s Film Diffusion

models.
Kinects Parameters BN BA1
Qeexp (Mg.g1) 3.84 4.08
Pseudo-first order
k1 (min') -0.0008 -0.0026
Jecal (Mg.g™) 0.271 0.483
R2 0.9799 0.848
Pseudo-second order
k2 (g.mg1.min-) 0.0071 0.1232
Jecal (MG/g) 3.87 4.04
R2 0.9998 0.9998
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Elovich
a (mg.g' min) 7.30x10- 1.30x10-2
B (g.mg") 0.309 0.906
R? 0.9681 0.9679
Boyd’s Film Diffusion
Kb (min?) 0.01 -0.004
R? 0.86 0.80

3.11. Reuse of the Adsorbent

The adsorbents BN and BA1 exhibited exceptional performance in reuse for the removal of the
tested dyes (Figure 12). Although a gradual decline, between 10-14% for the utilized adsorbents, in
removal efficiency was observed over successive reuse cycles —expected due to material wear —the
methodology proved to be effective and reliable, preserving the adsorbents' functionality at a
satisfactory level. Notably, BA1 demonstrated remarkable recovery capability after TC removal, with
only a 10% decrease even after consecutive cycles. Even after the seventh reuse cycle, this adsorbent

maintained high removal efficiency, highlighting its stability and potential for repeated applications
in wastewater treatment processes [23].

100

80

60
1 2 3 A 5 6 7

Reuse Cycles

Drug Removal (%)

MEN WBA]

Figure 12. Reuse of BN and BA1 adsorbents after drug adsorption.

4. Conclusions

This study underscores the potential of bentonite-based materials as effective and sustainable
adsorbents for removing contaminants from pharmaceutical effluents, aligning with the United
Nations' 2030 Agenda, specifically SDG 12 on Responsible Consumption and Production. Among the
adsorbents tested, BA1 exhibited superior performance compared to BA2.5, reducing reagent
consumption and waste generation, while maintaining high adsorption efficiency. Advanced
characterization techniques such as XPS, XRF, EDS, SEM, and TEM revealed a silicon- and aluminum-
rich composition, with acid treatment significantly enhancing surface properties, such as increased
surface area and functional group availability.

The reuse analysis demonstrated that BA1 maintained high removal efficiency even after
multiple cycles, indicating its robustness and suitability for continuous applications in wastewater
treatment. The kinetic studies confirmed that the optimal adsorption conditions for BA1 are achieved
within 30 minutes using 0.30 g of adsorbent, following a pseudo-second order kinetic model and
Freundlich isotherm. This suggests a mixed adsorption mechanism involving both chemisorption
and physisorption.


https://doi.org/10.20944/preprints202501.1796.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 January 2025 d0i:10.20944/preprints202501.1796.v1

13 of 15

The modification of bentonite through acid treatment with HCl further enhanced adsorption
capacity by introducing oxygenated functional groups and altering oxidation states, particularly for
materials rich in iron. These modifications not only improved the adsorption of pharmaceutical
contaminants like tetracycline but also demonstrated the versatility of bentonite in adapting to
diverse industrial and environmental challenges.

Overall, this work highlights bentonite as a readily available, eco-friendly material with
immense potential for sustainable applications in the pharmaceutical industry, particularly in the
development of reusable, high-efficiency adsorbents. The results pave the way for further
innovations in material design, contributing to a circular economy and enhanced environmental
stewardship.
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