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Abstract

The development of sustainable and low-cost materials for wastewater treatment remains an important environmental challenge. In
this study, a bentonite-biochar (Bnt—Bc) composite was prepared through structural modification of bentonite using rice husk—derived
biochar followed by KOH-assisted activation. The physicochemical properties of the materials were systematically characterized
using XRD, BET, FTIR, SEM, and UV-Vis diffuse reflectance spectroscopy. The results revealed that biochar incorporation modified
the interlayer structure of bentonite, resulting in reduced crystallinity, pore structure alteration, and the introduction of additional
oxygen-containing functional groups. These structural changes contributed to improved surface reactivity and enhanced interaction
with dye molecules. The performance of the materials was evaluated for methylene blue (MB) removal under Visible Light irradiation.
The Bnt—Bc composite exhibited significantly higher removal efficiency compared to pristine bentonite and biochar, achieving up
to 98% MB removal within 150 min. Kinetic analysis indicated that the removal process followed a pseudo-first-order model.
The enhanced performance is attributed to the combined effects of improved adsorption capacity, surface functional groups, and
photo-assisted degradation under Visible Light irradiation. This study demonstrates that biochar-modified bentonite composites
derived from agricultural waste represent a promising and environmentally friendly material for dye-contaminated wastewater

treatment.
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1. INTRODUCTION

Clay minerals play a crucial role in environmental remediation
due to their layered structures, high cation exchange capacity,
surface reactivity, and chemical stability (Banat et al., 2009).
Among them, bentonite has been extensively investigated as
an effective adsorbent for the removal of dyes and organic con-
taminants from wastewater, particularly cationic dyes such as
methylene blue (MB) (Gnanamozhi et al., 2028; Yontar et al.,
2022; Zahara et al., 2023). However, the removal performance
of pristine bentonite is predominantly governed by physical ad-
sorption and ion exchange processes, which limits its ability to
achieve complete degradation or mineralization of pollutants.

Photocatalytic degradation has emerged as a promising
strategy to overcome these limitations by enabling the break-
down of organic molecules into less harmful species under
light irradiation (Bopape, 2026; Macllale et al., 2021). To

date, most clay-based photocatalytic systems reported in the

literature rely on the incorporation of conventional semicon-
ductor materials, such as TiOgq (Janani et al., 2021; Qian et al.,
2018; Xu and Ma, 2021), ZnO (Chakrabarti and Dutta, 2004 ),
or metal oxides (Janani et al., 2021; Saravanan et al., 2013),
onto clay surfaces to impart photocatalytic functionality. While
such hybrid systems show improved degradation efficiencies,
they often suffer from drawbacks including complex synthesis
routes (MacHale et al., 2021), potential metal leaching (Dhila
et al., 2025), light-shielding effects, and reduced sustainability
(Ashamary et al., 2025).

In parallel, biochar derived from agricultural residues has
gained increasing attention as a carbonaceous material with
abundant surface functional groups, tuneable porosity, and
strong adsorption capacity (Kambo and Dutta, 2015). Rice husk
biochar, in particular, is rich in silica and oxygen-containing
functional groups, making it a promising candidate for interac-
tion with clay minerals. Nevertheless, biochar alone exhibits
limited photocatalytic activity and is typically employed only as
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an adsorbent or as a support for semiconductor catalysts (Abdu
et al., 2025; Zhou et al., 2024).

Recent studies have suggested that structural modification
of clay interlayers using organic or carbon-based materials
can significantly alter textural properties (Ramesh and Ragha-
van, 2025), surface chemistry, and mass transfer behaviour
(Liu et al., 2024). Despite this potential, the use of biomass-
derived biochar to directly modify bentonite interlayers for
photo-assisted dye degradation without the addition of con-
ventional semiconductor photocatalysts remains largely unex-
plored. In particular, the relationship between interlayer modi-
fication (Zhao et al., 2026), pore evolution, surface functional
groups (Sewu et al., 2019), and photocatalytic performance
has not been systematically addressed (Ramesh and Raghavan,
2025).

In this study, we demonstrate that interlayer-modified ben-

tonite using rice husk biochar can act as an efficient semiconductor-

free photocatalytic material for methylene blue degradation
through a synergistic adsorption—photocatalysis mechanism.
The rice husk biochar-bentonite (Bnt—=Bc) composite was syn-
thesized via impregnation and chemical activation, and its struc-
tural, textural, and surface properties were investigated using
XRD, BET, and FTIR analyses. The photocatalytic perfor-
mance toward MB degradation under irradiation was system-
atically evaluated and compared with pristine bentonite and
biochar. The findings provide new insights into clay—carbon in-
teractions and highlight the potential of sustainable clay-based
composites for advanced wastewater treatment applications.

2. EXPERIMENTAL SECTION

2.1 Chemicals and Instruments

Methylene blue (Merck), potassium hydroxide (KOH, Sigma-
Aldrich), and bentonite (Merck) were used as received with-
out further purification. Deionized water (Bratachem) was
employed throughout the experiments, while rice husk was
collected from paddy fields in Ogan Ilir, Indonesia, and used
as the biomass precursor for biochar preparation. The con-
centration of methylene blue was measured using a Thermo
Scientific Genesys 150 UV-Vis spectrophotometer. Structural
and physicochemical characterizations were carried out using
a Shimadzu Prestige-21 Fourier Transform Infrared (FT-IR)
spectrophotometer, a Rigaku MiniFlex 600 X-ray diffractome-
ter (XRD), and a Jasco V-760 UV-Vis diffuse reflectance spec-
trophotometer (UV-DRS, 200-800 nm). Textural properties
were determined via Ny adsorption—desorption analysis using
a BELSORP-miniX Brunauer—-Emmett-Teller (BET) surface
area analyser. Surface morphology was examined by scanning
electron microscopy (SEM) using a Hitachi SU3500 instru-
ment at a magnification of up to 5000x.

2.2 Preparation of Rice Husk Biochar and Bentonite—Biochar
Composite

The preparation of the composite material was adapted from

the method reported by Liu et al. (2024) with minor mod-

ifications in the bentonite composition. Rice husk was first
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thoroughly washed with deionized water to remove adhering
impurities, followed by air-drying under sunlight until com-
pletely dry. The dried rice husk was then further dehydrated
in an oven at 100°C for 48 h to ensure complete removal of
residual moisture. Subsequently, the dried rice husk was sub-
jected to pyrolysis at 500°C for 2 h under a continuous flow
of nitrogen (Ng) atmosphere to prevent oxidation and ensure
an inert environment, resulting in the formation of rice husk
biochar.

For the impregnation process, 10 g of rice husk biochar
was mixed with 10 g of bentonite and 40 g of KOH. The mix-
ture was dispersed in 500 mL of deionized water and stirred
until a homogeneous suspension was obtained. The suspen-
sion was then maintained at room temperature for 24 h to
promote adsorption and intercalation between biochar and
bentonite. After impregnation, the mixture was dried in an
oven at 105°C until a constant weight was achieved, yielding
the bentonite-biochar composite.

2.3 Evaluation of Methylene Blue Removal under Visible
Light Irradiation

Evaluation of Methylene Blue (MB) Removal under Visible
Light irradiation was conducted using the bentonite—biochar
(Bnt-Bc), Biochar (Bc) and Bentonite (Bnt) composite as the
catalyst. Prior to irradiation, all suspensions were magnetically
stirred in the dark for 80 min. The effect of catalyst dosage was
investigated by adding 25—-250 mg of Bnt—Bc to 25 mL of MB
solution (50 mg L1), followed by Visible Light irradiation for
60 min. To evaluate the effect of irradiation time, 200 mg of
materials was added to 25 mL of MB solution (50 mg L!), and
aliquots were collected at predetermined time intervals (0-125
min). The influence of initial dye concentration was examined
using MB solutions with concentrations ranging from 10 to 50
mg L1 (20 mL) in the presence of 200 mg of materials, under
Visible Light irradiation for 60 min. The residual MB concen-
tration was determined using a UV-Vis spectrophotometer at
the maximum absorption wavelength of 665 nm.

3. RESULT'S AND DISCUSSION

3.1 Characteristic of Materials

The raw rice husk was successfully prepared under a continu-
ous flow of Ny gas to enhance the generation and transport of
pyrolysis vapours within the reactor. The primary function of
Ny gas is to remove oxygen from the reactor, thereby ensuring
that the pyrolysis process occurs under inert conditions. The
pyrolysis temperature was set at 500°C. According to Hidayat
et al. (2023); Palapa et al. (2028) at a pyrolysis temperature
of 5650°C, the SiOg concentration exceeds 89.47%, and higher
temperatures further promote the formation of silicate com-
pounds. This phenomenon is attributed to the use of biomass
containing a high proportion of amorphous silicon, where py-
rolysis within the temperature range of 250-350°C can induce
cracking of the carbon layers in the C—Si—C structure of the
biomass, thereby increasing the solubility of silicon in the result-
ing biochar (Bc). Then, Bnt-Bc was successfully synthesized by
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impregnation method. The obtained materials as the starting
material were characterized using FTIR, XRD, surface area by
BET method, UV-Drs and SEM analyses.

Table 1. Surface Properties of Materials

Materials Surface Area Pore Size
Biochar (Bc) 2.5377 m%/g  878.4045 A
Bentonite (Bnt) 90.6243 m?/g  46.8661 A
Bentonite-Biochar 14 1 159 2/ 166.6582 A

(Bnt-Bc)

The Ny adsorption—desorption isotherms and pore size dis-
tribution profiles (Figure 1c) reveal distinct textural differences
among bentonite (Bnt), biochar (Bc), and the Bnt-Bc compos-
ite. All samples exhibit type IV isotherms with pronounced
hysteresis loops at P/Pg >0.4, confirming the predominance of
mesoporous structures. According to the BET results (Table 1),
biochar incorporation significantly modifies the pore architec-
ture, resulting in an approximately sixfold increase in specific
surface area compared to the pristine material. Bentonite shows
high nitrogen uptake over the entire relative pressure range,
particularly at P/Py >0.5, due to its layered structure and well-
developed interlayer porosity. In contrast, biochar presents
limited adsorption at low and intermediate P/Py, followed by a
sharp increase near P/Py = 0.9-1.0, indicating the presence of
larger meso- and macropores formed during pyrolysis (Dira
et al.,, 2026). The Bnt—Bc composite displays intermediate
adsorption behaviour, suggesting a synergistic pore structure;
however, the reduced adsorption relative to pristine bentonite
indicates partial blockage of interlayer spaces by biochar, lead-
ing to decreased accessibility of bentonite-derived surface area.
Similar findings by Ramesh and Raghavan (2025) that the
interlayer of bentonite was intercalated by biochar. However,
this intercalation simultaneously promotes pore widening and
the formation of new mesoporous channels.

X-ray diffraction (XRD) analysis was performed to investi-
gate the phase composition and structural properties of ben-
tonite (Bnt), rice husk—derived biochar (Bc), and the Bnt—Bc
composite (Figure 1a). The diffraction patterns of Bnt and
Bnt—Bc are dominated by broad reflections, indicating pre-
dominantly amorphous or poorly crystalline structures typical
of clay—carbon composites. Characteristic bentonite peaks ap-
pear at 260 = 10° (001), 20.07° (008), and 60° (110), confirming
its layered structure. The basal spacing (dg), calculated using
Bragg’s law, is approximately 0.88 nm for pristine bentonite,
consistent with montmorillonite-type clays (Salah et al., 2025).
After biochar incorporation, the (001) peak shifts to lower
intensity with a reduced d-spacing (Sun et al., 2021), suggest-
ing partial occupation or collapse of interlayer galleries due to
biochar intercalation bentonite (Dhar et al., 2023; IHass Cae-
tano Lacerda et al., 2020). The composite also exhibits a peak
at 20 = 26.66°, assigned to crystalline SiOq from rice husk
ash, along with a broad band around 24° corresponding to
turbostratic carbon, indicating a disordered graphitic structure

© 2026 The Authors.
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(Ajayi et al., 2021). These structural modifications correlate
well with BET results, where partial interlayer blockage and
lamellar disruption contribute to altered porosity and the devel-
opment of a hierarchical pore system in the Bnt—Bc composite.

Thus, Figure 1b. showed that FTIR spectroscopy was
used to identify surface functional groups and to elucidate
adsorption-related interactions in biochar (Bc), bentonite (Bnt),
and the biochar-bentonite composite (Bnt—Bc). A broad band
at 8600-3200 cm™!, attributed to —OH stretching of structural
hydroxyls and adsorbed water, is more pronounced in Bnt and
becomes broader in Bnt—Bc, indicating enhanced hydrogen
bonding between oxygenated biochar groups and bentonite
surfaces. The presence of aliphatic C-H stretching bands at
2920-2850 cm™! confirms the retention of biochar-derived
organic functionalities in the composite (Aziz et al., 2023). The
band near 1630-1650 cm™!, associated with H-O—H bending
and C=0 stretching, suggests increased surface polarity, favour-
ing electrostatic interactions with charged adsorbates. Strong
Si—O-Si and Si—~O-Al stretching vibrations at 1040-1000 cm™!
remain evident in Bnt—Bc, indicating preserved clay frame-
works, while reduced intensity implies interlayer modification.

The optical properties of the materials are presented in
Figures 1(d) and 1(e). Figure 1(d) illustrates the Tauc plots
used to estimate the optical band gap energies of both samples.
The band gap of pristine bentonite (Bnt) was determined to be
approximately 1.15 eV, whereas the Bnt—Bc composite exhib-
ited an increased band gap of about 1.66 V. This enlargement
of the band gap suggests that incorporation of rice husk biochar
modifies the electronic structure of bentonite, promoting more
efficient electron excitation from the valence band to the con-
duction band under visible-light irradiation. Consequently,
this modification enhances light-harvesting capability and im-
proves the potential Adsorption—Photocatalytic Degradation
performance of the composite material.

Figure 1(e) shows the UV-Vis diffuse reflectance spectra
(DRS) of Bnt and Bnt—Bc. Both materials display absorption
in both the UV and visible regions, suggesting their capabil-
ity to be activated under visible-light irradiation. However,
pristine Bnt displays a higher absorption intensity, particularly
characterized by broad absorption bands in the visible region
(Priatna et al., 2024). Despite this, the incorporation of biochar
broadens the overall absorption range of the composite, which
may facilitate improved utilization of the solar spectrum. The
observed absorption behaviour suggests that silica-based com-
ponents in bentonite contribute to photoactive semiconductor
characteristics, while the addition of biochar enhances light
absorption across a wider wavelength range, thereby poten-
tially strengthening photocatalytic activity (Abdu et al., 2025;
Darmawan et al., 2025). The UV-region absorption bands are
associated with functional groups within the biochar matrix,
which facilitate photo-induced interactions in the composite
system.

Figure 2 presents the SEM micrographs of Bnt, Bc, and
the Bnt—=Bc composite. Pristine bentonite (Bnt) exhibits a char-
acteristic layered, plate-like morphology with stacked lamellar
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sheets forming dense and compact agglomerates, indicative of
strong interparticle interactions and limited visible microporos-
ity (Boostani et al., 2025; Rupngam et al., 2025). In contrast,
biochar (Bc) shows a highly heterogeneous and fragmented
structure with a rough surface texture, loosely packed particles,
and evident voids and cavities, reflecting the porous carbona-
ceous framework generated during pyrolysis (Rupngam et al.,
2025). The BNT-BC composite displays integrated morpho-
logical features of both components, where the lamellar clay
structure remains discernible but is partially covered and inter-
spersed with irregular biochar fragments. This incorporation
results in a less compact structure with increased surface rough-
ness and more open architecture, suggesting improved textural
properties that may enhance surface reactivity and mass trans-
fer performance (Dira et al., 2026).

3.2 Evaluation of Methylene Blue Removal under Visible
Light Irradiation

The performance of bentonite (Bnt), biochar (Bc), and the
biochar-bentonite composite (Bnt—Bc) was evaluated under
irradiation, as shown in Figure 8. Figure 3(a) presents the
temporal evolution of the normalized concentration (C/Cy).
The Bnt—Bc composite exhibits the most pronounced decrease
in C/Cy over time, reaching values below 0.15 after 150 min,
whereas pristine bentonite shows a relatively limited removal
efficiency. This similar findings by Sun et al. (2021) that the
biochar displays rapid initial removal and showed good perfor-
mance for photocatalytic. The kinetics were further analysed
using a pseudo-first-order model, In(C/Cg) = -kt (Figure 3(b)).
The apparent rate constant (k) of Bnt=Bc (0.0084 min~!, R? =
0.8691) is higher than that of bentonite (0.0019 mln'l, R? =
0.7416), confirming the superior photocatalytic activity of the
composite. Although biochar exhibits a higher apparent slope
(0.0106 min’!), its lower linearity suggests that the photocat-
alytic degradation was reached equilibrium earlier.

Figure 3(c) illustrates the effect of catalyst dosage. The
Bnt—Bc composite achieves high removal efficiency (>85%) at
relatively low mass loadings and maintains stable performance
up to 200 mg, whereas bentonite shows a declining trend due
to light scattering and limited active sites. The consistently
high efficiency of Bnt—Bc indicates improved light utilization
and enhanced accessibility of reactive sites.

© 2026 The Authors.

As shown in Figure 3(d), the Bnt=Bc composite demon-
strates the highest efliciency across the tested concentration
range (50-100), achieving up to 98% removal. This superior
performance is attributed to synergistic effects between biochar
and bentonite, including enhanced removal capacity, improved
charge separation, and increased availability of surface func-
tional groups, in agreement with BET, XRD, and FTIR analy-
ses.

Table 2 summarizes the Adsorption—Photocatalytic Degra-
dation of methylene blue using various materials reported in
the literature and compares them with the -Bc composite de-
veloped in this study. Conventional semiconductor photocata-
lysts such as metal oxide exhibit high degradation efficiencies;
however, their performance is often limited by UV-light depen-
dency, particle agglomeration, and poor recyclability (Behna-

jady et al., 2006; Janani et al., 2021; MacHale et al., 2021).

Carbon-based materials such as pristine biochar primarily rely
on adsorption rather than true photocatalytic degradation, re-
sulting in high initial removal but limited mineralization (Yon-
tar et al., 2022).

The FTIR spectra of fresh and used Bnt-Bc are presented
in Figure 4. The absorption band around 1400 em™! can be at-
tributed to conjugated hydrocarbon carbonyl groups and N-H
bonds observed in the composite after Visible Light irradiation,
while the peak at 1102 em™ corresponds to -C—O-H stretch-
ing vibrations (Obaideen et al., 2025). A significant change in
the absorption intensity associated with silanol (Si—-OH) groups
is observed compared to that of the C-O functional groups,
suggesting that silanol groups play a more dominant role in the
adsorption process than carbonyl-related functionalities (Ren
et al., 2025).

3.3 Reusability Test

The reusability performance of the catalysts demonstrates dis-
tinct stability trends over consecutive cycles (as shown in Figure
5). Pristine bentonite (Bnt) exhibits moderate initial degra-
dation efliciency (77.06%) but rapidly loses activity after the
first cycle, indicating limited structural stability and active site
durability. In contrast, biochar (Bc¢) maintains high degrada-
tion efficiency across four cycles, decreasing only slightly from
91.42% to 77.09%, reflecting its superior structural robustness
and resistance to deactivation. The Bnt-Bc composite shows
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Table 2. Comparison of MB Photocatalysis by Several Treatments

Materials Methods Results References
Bentonite UV irradiation ~85-90% MB removal within 60 (Banat et al., 2009)
min; pH 4

ZnO nanoparticles

UV light-assisted photo-
catalysis

g-CgNy Visible-light photocatalysis

Biochar Adsorption +  pseudo-
photocatalysis

TiOg9/ExG Photocatalytic activity

Bentonite Adsorption-assisted process

Biochar/TiOg com-

UV-Vis photocatalysis

posite

Clay-based compos- UV photocatalysis
ite  (Bentonite/ox-

ide)

LDH-POM UV photocatalysis

Biochar—Bentonite

(this work)

Adsorption—photocatalysis
synergy

~88% degradation in 90 min; lim-
ited stability

~75-80% degradation in 120 min;
low surface area
~70-85% MB
adsorption-dominated
TiOg9/EXG (70.7%) after 2 hours
of UV exposure

~65-75% MB removal; no true
photocatalysis

>90% MB degradation; improved
charge separation

~80-90% degradation; moderate
kinetics

removal;

80-90% MB degradation

~98% MB removal within 150
min; £ ~ 0.0084 min~'; high sta-
bility

(Behnajady et al.,

2006)

(Masri et al., 2025)
(Dhila et al., 2025)
(Jain et al., 2024)
(Dhar et al., 2023)
(Bopape, 2026)
(Banat et al., 2009)
(Hanifah and Ah-

mad, 2025)
This study

© 2026 The Authors.
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intermediate behaviour, with degradation efficiency declining
progressively from 82.20% to 27.12% after the fourth cycle,
suggesting partial loss of active sites and possible surface fouling
during repeated use.
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Figure 5. Reusability Performance of the Materials Over
Successive Cycles

The enhanced recyclability of Bc and the improved initial
stability of the composite can be attributed to the porous car-
bon framework and improved interfacial interactions, which
facilitate mass transfer and mitigate catalyst deactivation, as
widely reported for biochar-based and clay—carbon compos-
ite photocatalysts in recent studies (Zhang et al., 2026; Chen
etal, 2011; Li et al., 2028; Wang et al., 2022). Overall, these
findings indicate that biochar incorporation enhances catalyst
durability, although further optimization is required to improve
long-term stability of the composite system.

The mechanism of methylene blue (MB) removal over
the Bnt-Bc composite under visible light irradiation is pre-
sented in Figure 6. UV=-DRS analysis indicates a band gap of
approximately 1.66 eV, confirming that the material can be ac-

© 2026 The Authors.
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" mp Degraded
Product

Figure 6. Sketch of the Mechanism of Photocatalytic Activity

tivated by visible light. When exposed to irradiation (hv > E,),
electrons are promoted from the valence band (VB) to the
conduction band (CB), leading to the formation of electron—
hole (¢7 /h™) pairs (Shu et al., 2023). The excited electrons
subsequently interact with dissolved oxygen to generate su-
peroxide radicals (-Og ), while the photogenerated holes react
with water molecules to produce hydroxyl radicals (-OH. These
reactive oxygen species contribute to the degradation of MB
molecules adsorbed on the composite surface into intermediate
compounds and eventually less harmful end products (Alburaih
etal., 2028). The improved removal performance is associated
with the complementary functions of bentonite, which offers
abundant adsorption sites, and biochar, which enhances charge
transport and reduces electron—hole recombination, thereby
promoting more efficient removal under visible light irradia-
tion.

4. CONCLUSIONS

A bentonite-biochar composite (Bnt—Bc) was successfully pre-
pared using rice husk—derived biochar and evaluated for pho-
tocatalytic degradation of methylene blue. XRD analysis con-
firmed partial modification of bentonite interlayer spacing after
biochar incorporation, while BET results revealed pore enlarge-
ment and redistribution, leading to improved accessibility of
active sites. FTIR spectra indicated the presence of abundant
oxygen-containing functional groups, supporting adsorption
mechanisms dominated by hydrogen bonding, electrostatic
attraction, and cation exchange. Photocatalytic experiments
demonstrated that the Bnt—Bc composite achieved a high MB
removal efliciency of approximately 98%, outperforming pris-
tine bentonite and biochar. The enhanced performance arises
from the synergistic interaction between adsorption and photo-
assisted degradation, rather than conventional semiconductor-
driven photocatalysis. These findings highlight the potential
of clay-biochar composites as cost-effective, environmentally
friendly materials for dye-contaminated wastewater treatment
and provide a promising alternative to traditional photocata-
lysts.
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