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g–Al hydrotalcite/bentonite
composites for adsorption and visible-light-driven
photocatalytic degradation of Rhodamine B in
textile wastewater
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Thi To Loan Nguyen a and Truong Xuan Vuong *b

Dye pollution from textile effluents poses significant environmental challenges, necessitating efficient and

sustainable treatment technologies. In this study, Cu(II)-modified Mg–Al layered double hydroxide (5CuH)

and its bentonite-supported composites were synthesized via a facile co-precipitation strategy and

systematically characterized by XRD, SEM, BET, EDX, and UV-Vis DRS. Structural analysis confirmed

successful Cu incorporation and uniform LDH dispersion on bentonite, resulting in narrowed band gaps

(1.42–2.12 eV) and enhanced visible-light responsiveness. Under visible-light irradiation, 5CuH and

5CuH/Bent-2 achieved over 90% RhB degradation within 60 min at 50 ppm, accompanied by substantial

mineralization. The 5CuH catalyst maintained high stability over four cycles with only 4.7% efficiency

loss, while the composite showed moderate decline due to partial Cu2+ leaching but preserved

structural integrity. Both materials effectively treated real textile wastewater, reducing COD to meet

QCVN 40:2025/BTNMT discharge standards. This work demonstrates a synergistic clay-LDH design

strategy that enhances charge separation and reactive oxygen species generation under visible light.

Unlike adsorption-dominated systems, pollutant removal is primarily governed by photocatalytic

oxidation, enabling efficient degradation and mineralization in complex wastewater matrices. The

combination of low-cost raw materials, simple synthesis, and strong practical performance highlights the

scalability and industrial potential of clay-supported LDH photocatalysts for sustainable textile

wastewater remediation.
1. Introduction

Water pollution in Viet Nam has become increasingly serious,
particularly in rivers and lakes located near textile dyeing
villages and industrial zones.1 Textile effluents discharged
without proper treatment contain high concentrations of
synthetic dyes, surfactants, and auxiliary chemicals that persist
in aquatic environments, reduce light penetration, inhibit
photosynthesis, and pose risks to aquatic organisms and
human health.2 Among these pollutants, textile dyes are espe-
cially problematic due to their chemical stability and toxicity.3

Rhodamine B (RhB), a cationic xanthene dye widely used in
textile and printing industries, is frequently detected in dye-
contaminated wastewater.2 It exhibits high solubility, intense
coloration, and resistance to biodegradation. Prolonged
ty of Education, No. 20 Luong Ngoc Quyen
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exposure to RhB has been associated with toxic and potentially
carcinogenic effects in aquatic systems.2,4

Adsorption and photocatalysis are two widely investigated
strategies for dye removal.5 Adsorption enables rapid dye
capture onto solid surfaces and is operationally simple and
cost-effective;6 however, it predominantly transfers pollutants
from water to an adsorbent phase without chemical trans-
formation.6 Visible-light photocatalysis, in contrast, promotes
oxidative degradation of organic molecules into smaller inter-
mediates and, ideally, mineralized products such as CO2 and
H2O.7,8 Integrating adsorption with photocatalysis within
a single material architecture provides a rational route to couple
surface enrichment with in situ catalytic oxidation, thereby
increasing interfacial reaction probability and reducing mass-
transfer limitations.9,10

Layered double hydroxides (LDHs), also known as hydro-
talcites, have attracted considerable attention in environmental
catalysis owing to their tunable metal composition, layered
structure, and accessible redox-active sites.11 Mg–Al LDHs are
among the most extensively studied systems due to their
structural stability and relatively low cost.9,12 Partial substitution
RSC Adv., 2026, 16, 16001–16029 | 16001
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with transition metal ions such as Cu2+ or Ni2+ modies the
electronic structure, narrows the band gap, and introduces
localized redox centers that extend visible-light absorption and
inuence charge carrier dynamics.9,13 For example, Vu et al.
(2025) reported that Cu-substituted Mg–Al hydrotalcites ach-
ieved ∼94% visible-light degradation of Phenol Red within
120 min under 30 W LED irradiation.9

Despite these advantages, the intrinsically positively charged
LDH layers restrict interfacial accessibility toward cationic dyes
such as RhB due to electrostatic repulsion. This electrostatic
constraint limits adsorption-driven surface concentration and
reduces effective contact between dye molecules and catalytic
redox sites.

Beyond conventional LDH systems, recent investigations have
increasingly focused on electronic structure regulation and
interfacial engineering to improve visible-light photocatalytic
performance. Heterostructured LDH-based composites with
tailored band alignment and directional charge-transfer path-
ways have been shown to suppress electron–hole recombination
and enhance oxidative degradation efficiency.14 Transition-metal-
modied hydrotalcite systems with improved dispersion and
strengthened interfacial interaction demonstrated enhanced
adsorption–photocatalytic coupling.15 Earlier studies further
highlighted that compositional tuning and surface structural
control govern carrier migration behavior and catalytic stability.16

Collectively, these studies underscore that photocatalytic
performance in LDH-derived systems is not dictated solely by
band-gap narrowing, but by interfacial charge redistribution,
carrier separation efficiency, and spatial coupling between
adsorption domains and redox-active centers.

To address the electrostatic limitation of LDHs toward
cationic dyes, coupling LDH phases with negatively charged clay
minerals represents a structurally coherent strategy. Bentonite,
a naturally abundant and low-cost clay, possesses high specic
surface area and strong cation-exchange capacity.17,18 Its nega-
tively charged surface favors electrostatic adsorption of cationic
dyes. However, bentonite lacks sufficient redox-active centers
and sustained visible-light-driven charge separation.19 Although
measurable optical absorption has been reported (apparent
band gap 1.7–2.5 eV), partially attributed to trace metal species
such as Fe3+ or Ti4+, pristine bentonite cannot maintain
continuous reactive oxygen species (ROS) generation under
visible irradiation. Dye removal by bentonite is therefore
dominated by adsorption rather than photocatalytic oxidation.

Previous studies combining bentonite with photocatalyti-
cally active phases such as TiO2,20,21 g-C3N4,21 metal oxides,22 or
LDHs23 demonstrated enhanced degradation efficiency by
improving adsorption capacity and catalyst recoverability.19–22

For example, bentonite/TiO2 composites achieved up to 77%
removal of direct red 80 and 100% removal of methylene blue
under UV-assisted photocatalysis.19 Bouhent et al. (2024) re-
ported Mg/Al-bentonite and Zn/Al-bentonite composites for
Orange II removal with adsorption efficiencies of 99.92% and
74.48%, respectively.23

However, most reported systems primarily emphasize hetero-
junction formation or semiconductor band engineering. System-
atic investigation of electrostatic coupling between positively
16002 | RSC Adv., 2026, 16, 16001–16029
charged Cu-modied LDH platelets and negatively charged clay
substrates, particularly its inuence on interfacial charge redistri-
bution and carrier migration pathways, remains limited.

To contextualize recent advances, representative visible-
light-driven RhB removal systems reported during 2024–2025
are summarized in Table 1.

As summarized in Table 1, state-of-the-art systems predom-
inantly rely on heterojunction engineering, doping strategies, or
carbon-supported architectures to suppress recombination and
enhance visible-light utilization.24–28 While high decolorization
efficiencies are frequently reported, systematic assessment of
mineralization performance and validation in complex real
textile wastewater matrices remain comparatively limited. In
addition, the role of electrostatic-driven interfacial coupling
between LDH platelets and clay substrates has not been thor-
oughly examined from a charge-dynamics perspective.

Therefore, in this study:
(i) Cu(II)-modied Mg–Al hydrotalcite (5CuH, Mg : Cu : Al =

2 : 5 : 3) was synthesized via coprecipitation and integrated with
bentonite at different mass ratios. The selected metal ratio was
optimized based on prior benchmarks demonstrating superior
visible-light activity.9

(ii) Structural, morphological, textural, and optical proper-
ties were characterized (XRD, SEM, BET, UV-Vis DRS, EDX) to
elucidate structure–interfacial coupling–charge transport
relationships.

(iii) Adsorption behavior, visible-light photocatalytic degra-
dation of RhB, and COD reduction in real textile wastewater
were systematically evaluated.

This work establishes a structure–interfacial electrostatic
coupling–photocatalytic performance correlation, demon-
strating how Cu2+ incorporation and clay-assisted charge
redistribution cooperatively regulate adsorption enrichment,
carrier separation, and oxidative mineralization under visible-
light irradiation. The resulting composite platform provides
a mechanistically informed and scalable strategy for sustain-
able treatment of cationic dye-contaminated wastewater.
2. Materials and methods
2.1. Materials

All reagents were of analytical grade and used without further
purication. Magnesium nitrate hexahydrate, aluminum nitrate
nonahydrate, copper(II) nitrate trihydrate, sodium carbonate, and
EDTA-2Na were purchased from Merck (Germany). Sodium
hydroxide, hydrochloric acid, sulfuric acid, potassium dichro-
mate, silver sulfate, mercury(II) sulfate, potassium iodide, silver
nitrate, potassium hydrogen phthalate, isopropyl alcohol, ascor-
bic acid, and Rhodamine B were obtained from Xilong Scientic
(China). Natural bentonite clay was supplied from India. Deion-
ized water was used throughout all syntheses and experiments.
2.2. Synthesis of Cu-modied hydrotalcite (5CuH)

Cu-modied Mg–Al hydrotalcite (5CuH) was prepared via a co-
precipitation method. In a typical synthesis, 11.25 g of
Al(NO3)3$9H2O, 5.15 g of Mg(NO3)2$6H2O, and 12.10 g of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Representative recent studies (2024–2025) on visible-light-driven RhB removal

Study (year) Material(s) Mechanism Key result Conditions

g-C3N4/activated
biochar (2025)24

g-C3N4 + activated
biochar

Visible-light photocatalysis ∼98.7% Degradation
(120 min)

LED irradiation; improved
charge separation; >84%
stability

BiOCl/Bi2O3/bentonite
(2025)25

BiOCl + Bi2O3 +
bentonite

Adsorption + photocatalysis ∼99.68% Degradation Visible light; pseudo-rst-
order kinetics

Pd-In2O3/BiVO4 (2025)
26 Pd-In2O3/BiVO4

heterostructure
Photocatalysis Enhanced removal

efficiency
Heterojunction-assisted
charge transfer

In-doped ZnO (2024)27 In-doped ZnO
nanoparticles

Photocatalysis ∼93% Degradation Band-gap narrowing

Mn3O4/ZnO/AC (2025)28 Mn3O4/ZnO/activated
carbon

Photocatalysis +
mineralization

∼95.85% Removal;
80.56% mineralization

Carbon-enhanced interfacial
charge transfer

This work (2026) Cu-modied Mg–Al
hydrotalcite/bentonite

Adsorption + visible-light
photocatalysis +
mineralization

Signicant COD reduction
in real textile wastewater

Integrated adsorption–
photocatalysis platform
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Cu(NO3)2$3H2O were dissolved in 100 mL of deionised water in
a 500 mL beaker under magnetic stirring to obtain solution A.
The overall molar ratio of Mg : Cu : Al : CO3

2− was maintained at
2 : 5 : 3 : 1.5. Subsequently, 25 mL of 0.6 M Na2CO3 solution
(1.59 g) was added dropwise to solution A under continuous
stirring for 60 min at room temperature. The pH of the
suspension was then adjusted to 9.5 by the careful addition of
2 M NaOH, resulting in the formation of a green gel. The gel was
stirred for an additional 60 min at room temperature, followed
by hydrothermal aging at 80 °C for 24 h in aMemmert oven. The
precipitate was recovered by ltration and washed repeatedly
with hot water (70 °C) until the ltrate reached neutral pH
(z7.0). The solid was dried at 80 °C for 24 h and subsequently
ground in an agate mortar to yield a ne grey-black powder,
denoted as 5CuH.9,29 The synthesis process of the 5CuH mate-
rial is schematically illustrated in Fig. 1.
Fig. 1 Schematic representation of the synthesis process of 5CuH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
2.3. Synthesis of Cu-modied hydrotalcite/bentonite
composites (5CuH/Bent)

Bentonite-based composites containing Cu-modied Mg–Al
hydrotalcite were synthesised following procedures adapted
fromMohammed et al. (2023)30 and (2024).23 Three beakers (500
mL) were each loaded with 3.00 g of bentonite and 60 mL of
deionised water. The suspensions were le to swell for 24 h to
allow full hydration of the bentonite layers. Subsequently,
100 mL of precursor solution A, containing Al(NO3)3$9H2O,
Mg(NO3)2$6H2O, and Cu(NO3)2$3H2O in a molar ratio of Mg :
Cu : Al : CO3

2− = 2 : 5 : 3 : 1.5, was added dropwise to each
swollen bentonite suspension. The exact nitrate salt amounts
used in each synthesis are listed in Table 2.

The mixtures were stirred vigorously at 500 rpm for 60 min,
aer which 25 mL of 0.6 M Na2CO3 solution was introduced
RSC Adv., 2026, 16, 16001–16029 | 16003
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Table 2 Sample codes and precursor quantities used for the synthesis of bentonite/Cu–Mg–Al hydrotalcite compositesa

Sample code Precursor salts (g) Bentonite (Bent) (g) Bentonite content (wt%)

5CuH/Bent-1 Mg(NO3)2$6H2O 1.707 3.000 23.04%
Cu(NO3)2$6H2O 4.033
Al(NO3)3$9H2O 3.750
Na2CO3 0.530

5CuH/Bent-2 Mg(NO3)2$6H2O 3.413 3.000 13.02%
Cu(NO3)2$6H2O 8.067
Al(NO3)3$9H2O 7.500
Na2CO3 1.060

5CuH/Bent-3 Mg(NO3)2$6H2O 5.120 3.000 9.07%
Cu(NO3)2$6H2O 12.100
Al(NO3)3$9H2O 11.250
Na2CO3 1.590

a Bentonite content is expressed as a percentage of the total solid mass, calculated following ref. 31.
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View Article Online
dropwise. Stirring was continued for an additional 60 min,
followed by pH adjustment to 9.5 using 2 M NaOH to induce gel
formation. The resulting gels were stirred for another 60 min at
room temperature, then aged at 80 °C for 24 h in an oven. The
products were recovered by ltration and washed repeatedly
with hot water (70 °C) until neutral pH (z7.0). The solids were
dried at 80 °C for 24 h, ground in an agate mortar, and labelled
5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-3.

In these composites, the quantities of Mg(NO3)2$6H2O,
Cu(NO3)2$3H2O, Al(NO3)3$9H2O, and Na2CO3 were systemati-
cally varied: the salt masses used for 5CuH/Bent-2 and 5CuH/
Bent-3 were two- and three-fold higher, respectively, compared
with those used in 5CuH/Bent-1. The synthesis procedure of the
5CuH/Bent composite is illustrated in Fig. 2.

2.4. Preparation of Rhodamine B standard solutions and
UV-Vis calibration curve

A stock solution of Rhodamine B (RhB, 500 ppm) was prepared
by accurately weighing 0.500 g of RhB and dissolving it in
Fig. 2 Schematic illustration of the synthesis process of the 5CuH/Bent

16004 | RSC Adv., 2026, 16, 16001–16029
double-distilled water to a nal volume of 1000 mL (denoted as
solution A). From this stock, 100 mL was diluted vefold to
obtain an intermediate solution of 100 ppm (solution B). A
series of working solutions with RhB concentrations of 0.5, 1.0,
2.0, 4.0, 6.0, 8.0, 10.0, 12.0, and 15.0 ppm was subsequently
prepared from solution B to a nal volume of 100 mL each. The
UV-Vis absorption spectra of these solutions were recorded in
the wavelength range of 200–800 nm using a UV-1700 spectro-
photometer. The maximum absorption band of RhB at 553 nm
was selected for quantitative analysis, and a calibration curve
was constructed accordingly (see Table S1 and Fig. S1 in the SI).

2.5. Characterization techniques

The structural, morphological, and physicochemical properties
of the synthesized materials were investigated using a range of
complementary techniques. Powder X-ray diffraction (XRD)
patterns were recorded on a MiniFlex600 diffractometer
(Rigaku, Japan) to determine the crystalline phase composition
and average crystallite size. The surface morphology and layered
composite material.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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platelet structure were examined by scanning electron micros-
copy (SEM) using a Hitachi S-4800 instrument (Japan).
Elemental composition was analyzed by energy-dispersive X-ray
spectroscopy (EDS) with a HORIBA 7593-H system (Kyoto,
Japan). Fourier-transform infrared (FT-IR) spectra were
collected on a Spectrum Two DTGS spectrometer (PerkinElmer,
Waltham, MA, USA) to identify functional groups and bonding
environments. Textural properties, including nitrogen adsorp-
tion–desorption isotherms, specic surface area, pore volume,
and pore size distribution, were obtained using a TriStar II 3020
analyzer (Micromeritics, USA). The optical absorption edge and
band-gap energy of the samples were evaluated by UV-Vis
diffuse reectance spectroscopy (UV-Vis DRS) using a HITA-
CHI U-4100 spectrophotometer (Tokyo, Japan).
2.6. Adsorption experiments

2.6.1. Adsorption of Rhodamine B in the dark. The
adsorption performance of the synthesized materials toward
Rhodamine B (RhB) was evaluated under dark conditions to
exclude any photocatalytic contribution. In a typical experi-
ment, 0.20 g of catalyst was dispersed in 250mL of RhB solution
(50 ppm) contained in a 500 mL glass beaker. The beaker was
wrapped in black polyethylene lm to prevent light penetration
and magnetically stirred at room temperature (25–30 °C) for
30 min to establish adsorption–desorption equilibrium
between the dye molecules and the material surface. Aliquots
were withdrawn at equilibrium, centrifuged to remove sus-
pended solids, and analyzed by UV-Vis spectrophotometry to
determine the residual RhB concentration. The adsorption
efficiency (%) was calculated as:

Adsorption efficiency of RhB : R ð%Þ ¼ C0 � C

C0

� 100% (1)

where C0 is the initial concentration of RhB and C is the
concentration aer equilibrium was reached.

The adsorption behavior of ve samples, bentonite (Bent),
Cu-modied hydrotalcite (5CuH), and the composite materials
5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-3, was investigated
simultaneously under identical conditions. From the obtained
results, the RhB adsorption efficiency (%) and the equilibrium
adsorption time for each material were evaluated and
compared.

2.6.2. Evaluation of the photocatalytic dye degradation
activity of the material under visible light

2.6.2.1 Effect of irradiation time. For photocatalytic experi-
ments, 0.2 g of catalyst was dispersed in a 500 mL beaker con-
taining 250 mL of Rhodamine B (RhB) solution (50 ppm). The
beaker was wrapped in black polyethylene lm and stirred
magnetically at room temperature for 30 min to establish
adsorption–desorption equilibrium. Aliquots were collected to
evaluate the adsorption efficiency as described in Section 2.6.1.
This procedure was performed simultaneously for all ve
investigated catalysts.

Aer the adsorption equilibrium was reached, 1.2 mL of 30%
H2O2 was added to each suspension. The mixtures were then
irradiated with a 30 W LED lamp while stirring continuously at
© 2026 The Author(s). Published by the Royal Society of Chemistry
500 rpm (a 30 W Philips LED lamp, 6500 K, luminous ux of
2550 Lm, with a maximum emission wavelength at 464 nm).
The reaction process was carried out as described in Fig. S2 (see
SI). At xed time intervals (every 30 min), samples were with-
drawn, centrifuged, and analyzed by UV-Vis spectroscopy (UV-
1700, 200–800 nm) to determine the absorbance of RhB at
each interval. The RhB removal efficiency was calculated using
eqn (2):

RhB removal efficiency R ð%Þ ¼ C0 � C

C0

� 100% (2)

where C0 is the initial RhB concentration and C is the concen-
tration at survey time.

From the obtained results, the inuence of irradiation time
on the degradation efficiency of 50 ppm RhB by the tested
materials can be evaluated. Furthermore, based on these nd-
ings, the material exhibiting the highest RhB removal perfor-
mance among the ve samples investigated can be identied.
To determine the photocatalytic degradation efficiency of RhB,
one of the following equations can be applied:

Photocatalytic degradation efficiency of RhB ð%Þ

¼ Ceq � C

Ceq

� 100% (3)

where Ceq is the RhB concentration at equilibrium, and C is the
RhB concentration at the selected irradiation time.

Alternatively, the photocatalytic degradation efficiency of
RhB (%) can be calculated as:

Photocatalytic degradation efficiency of RhB = total removal

efficiency of RhB (%) − adsorption efficiency of RhB at equilib-

rium (%) (4)

2.6.2.2 Effect of RhB concentration. Two materials exhibiting
superior catalytic activity, namely 5CuH and 5CuH/Bent-2,
representing hydrotalcite and composite catalysts, were
selected to investigate the inuence of RhB concentration on
photocatalytic degradation under LED irradiation. For each
experiment, 0.2 g of catalyst was added to a 500 mL glass beaker
containing 250 mL RhB solution of varying concentrations (50,
75, and 100 ppm). The suspensions were wrapped in black
plastic to exclude light and magnetically stirred at room
temperature for 30 min to establish adsorption equilibrium.
Subsequently, 1.2 mL of 30% H2O2 was introduced, and the
mixtures were irradiated with a 30 W LED lamp while stirring at
500 rpm. Aer every 30-minute interval, aliquots were with-
drawn, centrifuged to remove solids, and the supernatants were
analyzed. For RhB concentrations of 75 and 100 ppm, the
samples were diluted tenfold prior to measurement. All exper-
iments were conducted in triplicate under identical conditions.
Based on the obtained results, the effect of RhB concentration
on the photocatalytic activity of the materials was evaluated.

2.6.2.3 Investigation of the role of light on the photocatalytic
activity. Two representative materials, 5CuH and 5CuH/Bent-2,
were employed to evaluate their performance in the degrada-
tion of 75 ppm RhB under two different conditions: (i) with LED
RSC Adv., 2026, 16, 16001–16029 | 16005
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irradiation and (ii) in the absence of light (dark conditions), in
order to assess the role of a 30 W LED source. The experimental
procedures followed those described in section “Effect of RhB
concentration”. For the dark condition, all room lights were
switched off and the reaction vessels were completely wrapped
in black polyethylene to prevent any external light from entering
the system.

2.6.2.4 Effect of solution pH. The pH of 100 ppm RhB solu-
tions was adjusted using 0.5 N NaOH or 0.5 N HCl to the desired
values, ensuring that the nal volume change was negligible.
The initial pH of the 100 ppm RhB solution was 3.9. For this
study, the pH was adjusted to 3.0, 6.0, 8.0, 10.0, and 12.0. Two
representative materials, 5CuH and 5CuH/Bent-2, were selected
to evaluate the inuence of solution pH on their catalytic
activity. Following 30 min of stirring in the dark to achieve
adsorption equilibrium at each pH, the experimental procedure
was carried out as described in section “Effect of RhB concen-
tration”. Based on the obtained results, the effect of pH on the
RhB removal efficiency of 5CuH and 5CuH/Bent-2 was assessed.

2.6.2.5 Investigation of radical trapping and proposed RhB
degradation mechanism. The advanced oxidation process (AOP)
is associated with the generation of photoinduced electron–
hole (e−–h+) pairs, reactive oxygen species (ROS) such as cOH,
O2c

−, HOOc, singlet oxygen (1O2), and reactive sulfate radicals
(SO4c

−, SO5c
−). These species can participate in the oxidation or

reduction of organic pollutants in aqueous environments,
leading to the formation of intermediates and ultimately CO2

and H2O. To identify the dominant reactive species involved in
RhB degradation (100 ppm), selective scavengers were intro-
duced, including AgNO3 (1 mM, e− scavenger), EDTA-2Na
(1 mM, h+ scavenger), ascorbic acid (1 mM, O2c

− scavenger),
and isopropyl alcohol (10 mM, cOH scavenger), following
previously reported protocols.32–34 Two representative samples,
5CuH and 5CuH/Bent-2, were tested. Aer the adsorption
equilibrium was reached, 1.2 mL of 30% H2O2 was added, fol-
lowed by 2.0 mL of the scavenger solution. The experiments
were carried out under the same conditions as described in
section “Effect of RhB concentration”. Based on the inhibition
effects observed with different scavengers, the key reactive
species responsible for RhB degradation could be identied,
allowing for the proposal of a degradation mechanism for the
studied materials.
2.7. Reusability and stability of the composites

The determination of the stability of two materials, with
different compositions (5CuH and 5CuH/Bent-2), was evaluated
for reuse by means of adsorption/desorption equilibrium fol-
lowed by LED lamp irradiation of the reaction mixture under
dark conditions. Reproduced, the initial reaction mixture con-
sisted of 0.200 g catalyst, 250 mL of a 100 ppm solution of RhB,
and 1.2 mL of 30% hydrogen peroxide (H2O2) solution in
addition to the catalyst. To reach adsorption/desorption equi-
librium, the mixture was stirred in the dark for 30 minutes prior
to the addition of H2O2. Once the reaction mixture was reacted
under UV light for 180 minutes using 30 W LED lamp,
approximately every 60minutes, approximately 7–8mL (to allow
16006 | RSC Adv., 2026, 16, 16001–16029
for centrifugation and determination of the absorbance of RhB)
was withdrawn from the reaction mixture, aer which the
catalyst was separated by centrifuging and diluted tenfold
before analysis. The time at which the derivative Cu2+ ions
leached from the material into solution was determined using
a vefold dilution of the ltered leachate before the analysis for
each of the sampling periods.

All of the suspension remaining aer the termination of the
photocatalytic test of both catalysts was made into a single
combined suspension, ltered, and thoroughly washed on the
Buchner funnel (under process conditions) to collect all of the
materials in distilled water at 70 °C until they produced a light
pink ltrate. All recovered materials were subsequently dried in
an oven overnight at 80 °C and were subjected to the same
process for further photocatalytic reactions. The use and reuse
of both catalysts were repeated using the same experimental
conditions, with comparisons and discussion made on the
durability of the individual catalysts, along with the change in
their catalytic activity as they were successively reused for pho-
tocatalytic reactions.
2.8. Real wastewater application

Two representative materials, 5CuH and 5CuH/Bent-2, were
employed to investigate their ability to treat diluted mat-dyeing
wastewater. Before the experiments, the raw wastewater was
diluted tenfold (initial pH as 5.08). Each reaction system con-
tained 0.2 g of catalyst and 1.2 mL of 30% H2O2. The suspen-
sions were rst stirred in the dark for 60 min to establish
adsorption–desorption equilibrium, followed by visible-light
irradiation. Aliquots were withdrawn at 30-minute intervals,
centrifuged, and diluted vefold before recording the UV-Vis
absorption spectra. The treatment efficiency for the dyes
present in the wastewater was calculated using eqn (5):

Dye removal efficiency R ð%Þ ¼ Abs0 �Abst

Abs0
� 100% (5)

where Abs0 is the initial absorbance of the wastewater solution
at its maximum absorption wavelength, and Abst is the absor-
bance at a given irradiation time t.
2.9. Mineralization capacity of the materials

2.9.1. Mineralization of RhB (100 ppm) at pH 6.0. The
composite sample 5CuH/Bent-2 was selected to investigate the
mineralization efficiency of RhB (100 ppm) over the treatment
period. At each sampling interval, aliquots were centrifuged to
remove suspended solids and subsequently analyzed for COD.
To eliminate residual H2O2, 2.5 mL of the RhB solution was
transferred into COD digestion cuvettes, adjusted to pH 10.0
with 3–4 drops of 2 N NaOH, and reuxed at 100 °C for 30min to
ensure complete decomposition of H2O2. Aer cooling, 1.5 mL
of the oxidizing reagent mixture (10.216 g K2Cr2O7 + 33.3 g
HgSO4 + 167 mL concentrated H2SO4, diluted to 1 L) and 3.5 mL
of the acid catalyst solution (5.5 g Ag2SO4 in 500 mL concen-
trated H2SO4) were added sequentially. The cuvettes were then
reuxed at 150 °C for 2 h, and the absorbance of the digested
samples was measured at 600 nm using a UV-1700
© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrophotometer. The COD values obtained were used to
calculate the degree of RhB mineralization according to eqn (6).

2.9.2. Mineralization of dyeing wastewater. The materials
5CuH and 5CuH/Bent-2 were also employed to evaluate the
mineralization of organic pollutants present in diluted mat-
dyeing wastewater during the treatment process. COD values
were determined at xed treatment intervals to assess the
degree of mineralization. These experiments were conducted in
parallel with the dye degradation tests described in Section 2.6.
At each 1 h interval, samples were withdrawn, centrifuged to
remove solids, and analyzed without dilution. Subsequent COD
determination followed the same procedure described in
Section 2.6. The extent of wastewater mineralization achieved
by the tested materials was calculated based on COD reduction
using eqn (6).

Mineralization degree ¼ COD0 � CODt

COD0

� 100% (6)

where COD0 was the COD value at the initial time and CODt was
the COD value at the sampling time.
3. Results and discussion
3.1. Structural and morphological characterization

3.1.1. X-ray diffraction analysis of the synthesized mate-
rials. The XRD pattern of the pristine bentonite sample (Fig. 3)
displays characteristic diffraction peaks at 2q = 7.17° (plane
(001)), 12.40° (planes (111) or (002)), 19.84° (planes (020) or
(110)), 20.89° (planes (220), (021), or (100)), 24.97° (planes (311)
or (004)), 26.72° (planes (320) or (101)), and 36.63° (plane (110)).
These reections are consistent with previously reported
data.31,35,36 In particular, the Na-bentonite (B-Na+) described in
a previous study35 exhibited a basal spacing of d_(001)= 12.47 Å
at 2q = 7.16°, which closely matched the result obtained in this
study (d_(001) = 12.32 Å at 2q = 7.17°). The montmorillonite
phase was identied by reections at (001), (110), (220), (311),
and (320), as indexed in the DB card number 1540237. Kaolinite
is characterized by peaks at (002), (020), (021), and (004) (DB
card number 1011045). Quartz is present with reections at
(110, 2q = 36.63°), (102, 2q = 39.56°), and (200, 2q = 42.52°)
Fig. 3 XRD patterns of the synthesized materials and pristine
bentonite: Bent (a), 5CuH/Bent-1 (b), 5CuH/Bent-2 (c), 5CuH/Bent-3
(d), and 5CuH (e).

© 2026 The Author(s). Published by the Royal Society of Chemistry
according to DB card number 9012600. Thus, the characteristic
peaks of montmorillonite, kaolinite, and quartz phases were
clearly observed in the XRD pattern of the bentonite sample
(curve a in Fig. 3).

The XRD pattern of the 5CuH sample exhibited the charac-
teristic reections of a hydrotalcite-like layered structure at 2q=
11.53° ((003) plane), 23.14° ((006)), 38.77° ((015)), 46.52° ((018)),
and 61.59° ((113)), in accordance with DB card number
9009272.37,38 The basal spacing was calculated as d003 = 7.667 Å,
with corresponding lattice parameters a = 3.01 Å and c = 23.01
Å (where a represents the cation–cation distance in the brucite-
like layer and c is the layer thickness, dened as a = 2d110 and c
= 3d003). These values conrmed that the 5CuH sample
retained a hydrotalcite-like structure with CO3

2− anions located
in the interlayer region.9,29,39

In addition, diffraction peaks assigned to tenorite-type CuO
were also observed at 2q = 35.55° ((11−1) plane), 38.77° ((111)),
48.72° ((20−2)), 53.56° ((020)), 58.29° ((202)), 61.59° ((113)),
66.07° ((311)), and 68.15° ((220)), consistent with DB card
number 9014580. These CuO reections closely match those
reported for CuO/MgAl-LDHs by other authors.37,40 A distinct
feature of 5CuH, when compared to Cu2+-substituted ZnAl- and
MgAl-hydrotalcites described in previous studies,9,29,39 was the
appearance of crystalline CuO. This was attributed to the aging
temperature of 80 °C applied during synthesis, at which partial
decomposition of Cu(OH)2 occurs, leading to CuO formation. In
contrast, materials synthesized at lower temperatures (e.g., 70 °
C) generally retained the hydroxide phase without CuO crys-
tallization. The formation of CuO at 80 °C was in agreement
with the report of Zhang et al. (2022),41 who demonstrated that
higher aging temperatures markedly inuenced the crystallinity
of LDHs. Specically, aging at temperatures $85 °C leaded to
the decomposition of Cu(OH)2 and Co(OH)2, resulting in the
formation of crystalline CuO and Co3O4 phases, which was
unfavorable for the direct synthesis of Co–Cu LDHs.

The XRD patterns of the composite samples 5CuH/Bent-1,
5CuH/Bent-2, and 5CuH/Bent-3 revealed the characteristic
reections associated with the crystalline phases of bentonite,
with the exception of the basal reection at 2q = 7.17° (d001),
which was absent in all three composites. This absence could be
explained by two factors: (i) the relatively lower bentonite
content compared with hydrotalcite 5CuH in the composite
formulations (see bentonite weight percentages in Table 1), and
(ii) the intercalation of bentonite platelets within the layered
structure of hydrotalcite 5CuH.31,35,42 When bentonite was
dispersed in water for 24 h, swelling occurs, increasing the
interlayer spacing and facilitating the intercalation of hydrated
cations (Cu2+, Mg2+, Al3+) into the interlayer galleries. As
a result, the obtained composites exhibited structural features
derived from both bentonite and hydrotalcite 5CuH. Further-
more, the structural delamination of bentonite during the
synthesis process allowed the hydrotalcite layers to be inte-
grated within the bentonite galleries rather than being merely
deposited on the bentonite surface.35

However, the XRD patterns of the composites 5CuH/Bent-1
and 5CuH/Bent-2 exhibited the characteristic reections of
both 5CuH and bentonite, with sharp and intense peaks,
RSC Adv., 2026, 16, 16001–16029 | 16007
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Table 3 Fundamental structural parameters of the synthesized materialsa

Sample d(001) (Å) d(003) (Å) d(110) (Å)
Lattice parameters
a, c of hydrotalcite (Å)

Crystallite size
of bentonite (Å)

Crystallite size
of hydrotalcite (Å)

Crystallite size
of CuO (Å)

Bentonite 12.32 60.88
5CuH — 7.67 1.50 3.01; 23.01 — 49.71 196.13
5CuH/Bent-1 — 7.43 1.50 3.00; 22.29 — 51.52 272.31
5CuH/Bent-2 — 7.62 1.50 3.01; 22.86 — 46.37 244.60
5CuH/Bent-3 — 8.46 1.50 3.01; 25.38 — 31.0 —

a The average crystallite sizes were calculated using the Scherrer equation with Cu Ka radiation (l= 0.154 nm) and “—” indicates that the parameter
could not be determined.
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particularly in the case of 5CuH/Bent-2. In contrast, the 5CuH/
Bent-3 sample showed pronounced differences compared with
pure 5CuH and bentonite: (i) the basal reection associated
with the hydrotalcite layered structure shis from 2q= 11.53° in
5CuH to 10.45° (003 plane), indicating a signicant collapse of
the hydrotalcite lamellar structure; and (ii) the intensities of the
characteristic reections of hydrotalcite, bentonite, and CuO
phases are all markedly reduced in this sample. Therefore, the
XRD analysis suggested that among the three synthesized
composites, 5CuH/Bent-2 retained the fundamental structural
features of both hydrotalcite and bentonite most effectively.

Table 3 summarizes the fundamental structural parameters
of the ve samples. The average crystallite size was calculated
using the Scherrer equation.30

D = 0.89l/b cos q (7)

where D is the average crystallite size, l is the wavelength of the
incident X-ray (l= 0.154 nm), q is the Bragg angle (half of the 2q
value, expressed in radians), and b is the full width at half
maximum (FWHM) of the diffraction peak (in radians).
Fig. 4 SEM micrographs of Bent (A and B), 5CuH (C and D), and 5CuH/

16008 | RSC Adv., 2026, 16, 16001–16029
3.1.2. Scanning electron microscopy (SEM) of the mate-
rials. Three representative samples, including bentonite (Bent),
5CuH, and 5CuH/Bent-2, were selected for SEM imaging in
order to examine their layered morphology and particle size
characteristics (Fig. 4A–F).

Fig. 4A and B showed SEM images of Bent recorded at two
different magnications. The Bent sample exhibited stacked
clay platelets with highly irregular sizes: while some platelets
measured only a few tens of nanometers, others reached several
hundred nanometers. In contrast, the 5CuH sample displayed
much smaller platelets compared to Bent, with dimensions of
only several tens of nanometers, and a more uniform distribu-
tion (Fig. 4C and D). When bentonite was combined with
hydrotalcite (5CuH), the resulting composite revealed an
intermixture of bentonite and hydrotalcite platelets (Fig. 4E and
F). Importantly, the bentonite platelets were markedly reduced
in size relative to the pristine material, while hydrotalcite
platelets appeared interspersed among them. These morpho-
logical observations were consistent with the XRD results di-
scussed above.
Bent-2 (E and F), obtained at magnifications of 1.00 mm and 2.00 mm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDS spectra of the representative samples 5CuH and 5CuH/Bent-2.
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3.1.3. Energy-dispersive X-ray spectroscopy (EDS) of the
materials. Two representative samples, 5CuH and 5CuH/Bent-2,
were subjected to EDS analysis to determine their elemental
composition. The EDS spectrum of 5CuH revealed the presence
of ve elements: O, Mg, Al, Cu, and C (Fig. 5 and Table S1 (in
SI)). In contrast, the 5CuH/Bent-2 composite exhibited a more
complex composition, containing eight elements: K, Cu, Mg, Al,
Si, Ti, Fe, and O (Fig. 5 and Table S2 (in SI)).

The molar ratio of Cu : Mg : Al in the 5CuH sample was
calculated to be 13.31 : 5.52 : 9.46, corresponding approximately
to 5.18 : 2.0 : 3.43. This ratio was in close agreement with the
theoretical metal ratio used for the synthesis of the material
(5.0 : 2.0 : 3.0). In the composite sample 5CuH/Bent-2, the Cu :
Mg : Al molar ratio was determined as 9.37 : 3.92 : 8.46, equiva-
lent to 4.75 : 2.0 : 4.32, which deviated slightly from the initial
theoretical ratio due to the incorporation of bentonite.
Furthermore, the EDS spectrum of 5CuH/Bent-2 revealed the
presence of additional elements, namely Si (6.96 at%), K (0.18
at%), Ti (0.14 at%), and Fe (0.81 at% (Table S2 (SI))). These
elements originate from the parent bentonite. Since calcium
was absent in the composition, the Indian bentonite employed
in this study can be classied as an alkali-metal bentonite
containing K.
Fig. 6 N2 adsorption–desorption (BET) isotherms of the synthesized
materials at 77 K. The isotherms are arranged from the lowest to the
highest adsorbed volume (at a relative pressure of P/P0 = 0.4) as
follows: Bent, 5CuH/Bent-3, 5CuH/Bent-1, 5CuH/Bent-2, and 5CuH.
(Bent: adsorption (a) and desorption (b) 5CuH: adsorption (c) and
desorption (d) 5CuH/Bent-1: adsorption (e) and desorption (f) 5CuH/
Bent-2: adsorption (g) and desorption (h) 5CuH/Bent-3: adsorption (i)
and desorption (j)).

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.4. N2 adsorption–desorption isotherms (BET) of the
materials. The N2 adsorption–desorption isotherms of the ve
materials are presented in Fig. 6. All samples exhibited
a hysteresis loop in the relative pressure range of 0.45–1.0,
indicating type IV isotherms with H3-type hysteresis according
to IUPAC classication, characteristic of mesoporous, plate-like
structures.42 Bentonite and 5CuH/Bent-3 displayed relatively
narrow hysteresis loops, whereas the remaining three samples,
5CuH/Bent-1, 5CuH/Bent-2, and 5CuH, showed broader loops,
with 5CuH exhibiting the widest hysteresis.42,43

BET surface area, pore volume, and pore diameter of the ve
materials (Table 4) showed that 5CuH exhibited the highest
specic surface area and pore volume among all samples. In
contrast, 5CuH/Bent-3 had the lowest BET surface area, despite
containing the same total mass of metal nitrates as 5CuH, but
with an additional 3.000 g of bentonite.

The BET surface areas of the three 5CuH/bentonite
composites decreased signicantly compared to 5CuH.
However, 5CuH/Bent-1 and 5CuH/Bent-2 showed only minor
reductions in BET surface area (4.7 and 1.0 m2 g−1, respectively)
relative to pristine bentonite. Meanwhile, the pore volume and
pore diameter of these two composites increased markedly
compared to bentonite. In the case of 5CuH/Bent-3, the BET
surface area dropped to 15.8 m2 g−1, the lowest among all ve
materials.

Overall, although the composites were less porous than
5CuH, they possessed well-developed mesopores with larger
pore diameters and volumes than bentonite, which reected
changes in layer ordering and intercalation between bentonite
and hydrotalcite, consistent with the XRD patterns and SEM
observations discussed above.
Table 4 BET surface area, pore diameter, and pore volume of the
synthesized materials

Sample
BET surface
area (m2 g−1)

Pore diameter
(nm)

Pore volume
(cm3 g−1)

Bent 32.1 6.54 0.035
5CuH 72.7 8.33 0.140
5CuH/Bent-1 27.4 19.12 0.111
5CuH/Bent-2 31.1 16.01 0.107
5CuH/Bent-3 15.8 11.31 0.038

RSC Adv., 2026, 16, 16001–16029 | 16009
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In addition to factors such as surface functional groups, the
BET surface area, pore volume, and pore diameter were critical
parameters that inuenced the adsorption performance of the
synthesized materials. Several studies reported composites that
exhibited signicantly higher BET surface areas compared to
the original bentonite, oen attributed to the use or absence of
ultrasonic treatment. For example, the BET surface areas of raw
bentonite, acid-activated bentonite, and bentonite–hydrotalcite
composites were reported as 27.84, 132.4, and 83.24 m2 g−1,
respectively.44 Similarly, CoAl and bentonite-CoAl samples
showed 44.20 and 119.14 m2 g−1.31 Bentonite, bentonite/
polyaniline, and bentonite/polyaniline@Ni2O3 composites had
91, 127, and 231 m2 g−1;45 bentonite and bentonite-CuAl
composites exhibited 38.87 and 82.81 m2 g−1;30 and B-Na+, Zn/
Al-bent, and Mg/Al-bent showed 110.43, 175.95, and 209.25
m2 g−1.35 Typically, Na-bentonite displayed BET surface areas in
the range of 20–30 m2 g−1, which could increase to 60–120 m2

g−1 upon Ca2+ modication46

Conversely, some composites showed a substantial decrease
in BET surface area relative to raw bentonite. For instance, raw
bentonite, ZnFe2O4, and ZnFe2O4/bentonite composite exhibi-
ted BET values of 56.3, 16.1, and 26.2 m2 g−1, respectively47 and
raw bentonite and citric-acid-modied bentonite had similar
BET values of 15.18 and 15.17 m2 g−1.43 In the present study, the
composites synthesized from bentonite and 5CuH exhibited
intercalation between bentonite layers and hydrotalcite sheets,
resulting in reduced BET surface areas compared to the original
bentonite and 5CuH samples.

3.1.5. UV-Vis diffuse reectance spectra of the materials
(UV-Vis DRS). The UV-Vis DRS proles of the ve materials
(Fig. 7) revealed three distinct absorption edges spanning the
UV to visible regions. The rst edge exhibited a pronounced
absorption peak at approximately 220 nm, extending to about
256 nm. The second absorption edge appeared within 256–
320 nm for the 5CuH sample and 256–335 nm for the 5CuH/
Bent-1 and 5CuH/Bent-2 composites, which were attributed to
charge transfer from O2− to framework metal cations (Mg2+,
Al3+, Si4+) in tetrahedral coordination. By contrast, the second
absorption edge of the Bent and 5CuH/Bent-3 samples extended
more broadly, from 256–458 nm and 256–560 nm, respectively.
These features were assigned to charge transfer transitions
Fig. 7 UV-Vis diffuse reflectance spectra (DRS) of the synthesized
materials: Bent (a), 5CuH (b), 5CuH/Bent-1 (c), 5CuH/Bent-2 (d), and
5CuH/Bent-3 (e).

16010 | RSC Adv., 2026, 16, 16001–16029
from O2− to Fe3+ and Ti4+ ions in bentonite, and from O2− to
Cu2+ in the 5CuH/Bent-3 composite.

The third absorption edge of 5CuH, 5CuH/Bent-1, and
5CuH/Bent-2 spanned 320–800 nm and 335–800 nm, respec-
tively. These transitions were associated with charge transfer
from O2− to Cu2+ ions as well as d–d transitions of Cu2+ in
octahedral coordination.9,29 For 5CuH/Bent-3, the d–d transi-
tions were assigned to the 560–800 nm region, whereas for
bentonite they occurred between 458–560 nm, consistent with
the presence of Fe3+ and Ti4+ as conrmed by EDS analysis.
Importantly, the red-shied absorption edges of all ve mate-
rials into the visible region suggested that these materials
possessed photocatalytic activity under visible-light irradiation.

The optical band gap energies of the ve materials were
estimated using the Kubelka–Munk function in combination
with Tauc plots. The Kubelka–Munk relation is expressed as:

(ahn) = A(hn − Eg)
n (8)

where a is the absorption coefficient, A is a proportionality
constant (oen referred to as the band-tail parameter), hn is the
photon energy, and n equals 1/2 for direct allowed transitions
and 2 for indirect allowed transitions in semiconductors. The
optical band gap energy (Eg) of the synthesized catalysts was
obtained by extrapolating the linear region of the (ahn)2 versus
hn plot to the intercept at a = 0. Since the energy required to
excite an electron from the valence band (VB) to the conduction
band (CB) depends on the band gap, photocatalysts with opti-
mized Eg values in the visible-light region are expected to exhibit
superior performance.48

Alternatively, the band gap can also be estimated from the
absorption edge of the material using the following relation:

Eg = hn = hc/l = 1240/l (9)

where l is the wavelength corresponding to the intersection
point between the tangent of the absorption edge and the
horizontal axis.

In this study, the band gap was determined using the
Kubelka–Munk function adapted for direct-transition-type
semiconductors,34 expressed as:

(ahn)2 = A(hn − Eg) (10)

The calculated band gap values of the ve materials are
presented in Fig. 8, S3 and Table S3 (SI).

As shown in Table S3 (SI), all ve samples exhibited relatively
narrow band gaps, ranging from 1.42 to 2.5 eV. In addition, the
band gap values of 5CuH, 5CuH/Bent-1, 5CuH/Bent-2, 5CuH/
Bent-3, and Bent corresponded to absorption edges in the
UVA and UVB regions, consistent with the UV-Vis DRS results
discussed above. The relatively low band gap of bentonite was
attributed to the presence of Fe and Ti in its composition, which
likely enhanced its photocatalytic response under visible light.
Among the composite samples, the band gap values followed
the order: 5CuH/Bent-3 > 5CuH/Bent-1 > 5CuH/Bent-2 > 5CuH.
These band gap characteristics provided important insights
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Tauc plots for determining the optical band gap energy (Eg) of
the synthesized materials: Bent (a), 5CuH (b), 5CuH/Bent-1 (c), 5CuH/
Bent-2 (d), and 5CuH/Bent-3 (e).
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into the potential photocatalytic activity of the synthesized
materials for dye degradation.
3.2. Dark adsorption of RhB by the studied materials

The adsorption behavior of 50 ppm Rhodamine B (initial pH =

5.20) on the ve materials was investigated and the results are
summarized in Table S4 (SI) and shown in Fig. 9. The adsorp-
tion efficiency increased during the rst 30 minutes of dark
stirring and remained nearly constant aerward. Therefore, an
adsorption equilibrium time of 30 minutes was selected for all
materials. The highest adsorption efficiency was observed for
bentonite (36.4%), while the other four materials showed
negligible RhB removal, with adsorption efficiencies ranging
from 2.1 to 2.9%. Bentonite is an anionic clay and therefore
exhibits strong affinity toward cationic species. Since Rhoda-
mine B is a cationic dye, its adsorption efficiency on bentonite is
the highest among the ve tested materials. In contrast, the
5CuH hydrotalcite is a cationic layered clay, making it unfa-
vorable for adsorbing the cationic Rhodamine B molecules.

For the three composite materials, 5CuH/Bent-1, 5CuH/Bent-
2, and 5CuH/Bent-3, the higher proportion of 5CuH relative to
bentonite likely results in interlayer intergrowth between
hydrotalcite and bentonite, or even partial coverage of bentonite
Fig. 9 Adsorption efficiency of Rhodamine B (RhB, 50 mg L−1) as
a function of contact time over the synthesized materials: Bent (a),
5CuH (b), 5CuH/Bent-1 (c), 5CuH/Bent-2 (d), and 5CuH/Bent-3 (e).

© 2026 The Author(s). Published by the Royal Society of Chemistry
layers by hydrotalcite platelets. As a consequence, the adsorp-
tion behavior of these composites is dominated by the 5CuH
component, which explains their uniformly low Rhodamine B
adsorption efficiencies.

Rhodamine B is a cationic dye, whereas bentonite is a cation-
exchange clay, and hydrotalcite is an anionic clay. Bentonite
exhibited a strong cation-exchange capacity, allowing it to
achieve 36.4% adsorption within 30 minutes.35,44 In contrast,
the 5CuH hydrotalcite and the three composite materials
exhibited minimal adsorption because they primarily facilitated
anion adsorption and exchange, which was unfavorable for
cationic RhB. This observation was consistent with previous
reports.49

Furthermore, many hydrotalcite-based materials exhibited
positive zeta potentials and high points of zero charge (pHpzc),
resulting in positively charged surfaces that were unfavorable
for cation adsorption. For instance, Mg–Al–CuFe–CO3 LDH had
a pHpzc of 10.45, while the calcined CLDH at 550 °C showed
a pHpzc of 11.73.50 The pHpzc values of LDH, Cu4/LDH, and
Cu4C/LDH were 9.9, 9.7, and 9.8, respectively40 and that of B-
CuAl (bentonite-supported CuAl-LDH) was 6.3.30 For CoAl
LDH and B-CoAl LDH, the pHpzc values were 4.836 and 5.154,
respectively.31 The apparent zeta potentials of MgAl-LDHs and
CuO/MgAl-LDHs were +32.7 mV and +19.75 mV, respectively,37

and the 3CuAl sample exhibited a consistently positive zeta
potential at pH # 10.29 Therefore, under the initial solution
conditions of 50 ppm RhB (pH 5.20), the hydrotalcite and 5CuH/
Bent composite materials carried a net positive surface charge,
which was unfavorable for RhB adsorption.

For the determination of apparent zeta potential, three
representative materials, bentonite, 5CuH, and 5CuH/Bent-2,
were selected. The corresponding data (Fig. 10) were obtained
at pH 4.0, 6.0, 8.0, and 10.0. Bentonite carried negative surface
charges throughout the investigated pH range. The measured
values were −23.4, −21.5, −18.0, and −15.6 mV at pH 4.0, 6.0,
8.0, and 10.0, respectively, reecting a gradual shi toward less
negative values as the solution became more alkaline. In
contrast, both 5CuH and 5CuH/Bent-2 maintained positive
surface charges between pH 4.0 and 10.0. For 5CuH, the
apparent zeta potential decreased markedly from 26.7 mV at pH
4.0 to 19.1 mV at pH 10.0. A similar tendency was recorded for
Fig. 10 Apparent zeta potential of the three representative materials:
Bent (a), 5CuH (b), and 5CuH/Bent-2 (c).
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5CuH/Bent-2, with values declining from 33.3 mV to 15.7 mV
over the same pH interval. This charge behavior aligns with the
adsorption performance toward Rhodamine B discussed above.
The negatively charged bentonite surface favors electrostatic
attraction of the cationic dye, while the positive surface char-
acter of 5CuH-based materials explains the pH-dependent
interaction patterns observed during the adsorption
experiments.

The enhanced performance of the 5CuH/bentonite
composite is closely associated with interfacial interactions
between the negatively charged bentonite layers and the posi-
tively charged Cu-modied LDH platelets. Electrostatic attrac-
tion facilitates intimate interfacial contact and suppresses LDH
aggregation, resulting in improved dispersion of catalytic
domains, which has been shown to enhance interfacial charge
transfer in heterostructured photocatalysts.

Clay supports not only increase surface area and pollutant
enrichment but can also accelerate photogenerated electron
transfer across the interface while inhibiting recombination, as
reported for clay-based composites.

Meanwhile, layered double hydroxide-based composites
have been widely observed to exhibit synergistic adsorption–
photocatalysis mechanisms in pollutant removal, where
adsorption enriches target molecules near active sites and
enhances overall degradation efficiency.

3.3. Photocatalytic degradation of Rhodamine B under
visible light irradiation

3.3.1. Inuence of irradiation time on photocatalytic
performance. The photocatalytic degradation of RhB (50 ppm)
by the ve synthesized materials was evaluated under visible
light, and the results are summarized in Table S5 (SI) and
Fig. 11.

As shown in Table S5 (SI) and Fig. 11, both 5CuH and the
three composites (5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-
3) exhibited strong photocatalytic activity toward RhB degra-
dation under visible light. Aer 180 min of irradiation, the
degradation efficiencies of RhB (50 ppm) reached 92.7%, 95.7%,
Fig. 11 Removal efficiency of Rhodamine B (RhB, 50 mg L−1) over the
synthesized materials under visible light irradiation using a 30 W LED
lamp: Bent (a), 5CuH (b), 5CuH/Bent-1 (c), 5CuH/Bent-2 (d), 5CuH/
Bent-3 (e), and blank (f).

16012 | RSC Adv., 2026, 16, 16001–16029
94.4%, and 95.5% for 5CuH, 5CuH/Bent-1, 5CuH/Bent-2, and
5CuH/Bent-3, respectively. These results indicated that all four
catalysts were able to achieve nearly complete degradation of
RhB within 150 min. During the initial 60 min of irradiation,
the photocatalytic activity of 5CuH and 5CuH/Bent-2 was higher
than that of 5CuH/Bent-1 and 5CuH/Bent-3. Although the band
gap energy of 5CuH was lower than that of the composites, its
degradation efficiency was comparable to that of 5CuH/Bent-2
and higher than those of 5CuH/Bent-1 and 5CuH/Bent-3.

These ndings suggested that combining bentonite with
5CuH at an appropriate ratio maintained high catalytic perfor-
mance for RhB degradation while also lowering production
costs, as bentonite is inexpensive and readily available. In
particular, the amount of Cu, Mg, and Al nitrates required for
the pure 5CuH material was about 1.5 times greater than that
used in 5CuH/Bent-2, and the cost of these nitrates was
substantially higher than that of bentonite.

When compared with pure bentonite, the four Cu-
containing materials (5CuH, 5CuH/Bent-1, 5CuH/Bent-2, and
5CuH/Bent-3) showed markedly higher RhB removal efficien-
cies, highlighting the role of Cu2+ active centers in both the
brucite-like layers and CuO crystallites in enhancing photo-
catalytic activity. Nevertheless, bentonite itself also exhibited
relatively high activity, achieving 45% degradation of RhB (50
ppm) aer 150 min and up to 80.4% aer 180 min of irradi-
ation. This performance was consistent with its band gap
energy and the presence of Fe3+ and Ti4+ sites in the bentonite
structure, which acted as active catalytic centers under visible
light. In contrast, in the absence of a catalyst (H2O2 alone),
RhB degradation reached only 22.8% aer 150 min, which was
in good agreement with a previous report,51 where 20.67%
degradation was observed aer 120 min of irradiation. These
ndings suggested that the synergistic combination of cata-
lysts, H2O2, and visible light irradiation played a crucial role in
improving photocatalytic performance. The underlying reac-
tions responsible for this enhancement could be described as
follows:8,9,37,49

5CuH/Bent + hn / 5CuH/Bent(e−, h+) (11)

H2O2 + e− / HOc + OH− (12)

O2 + e− / O2c
− (13)

h+ + –OH (hydrotalcite) / HOc (14)

h+ + OH− / HOc (15)

HOc, O2c
−, h+ + RhB / intermediate oxidation products / .

/ final mineralization products (CO2 and H2O). (16)

The UV-Vis spectra of RhB solution (initial concentration 50
ppm) recorded over time under four conditions, (1) without
catalyst (Blank sample, Fig. 12A), (2) with bentonite (Fig. 12B),
(3) with 5CuH (Fig. 12C), and (4) with 5CuH/Bent-2 (Fig. 12D),
revealed clear differences in degradation behavior. In the
absence of a catalyst, the absorption peak of RhB at 553 nm
decreased only slightly aer 150 min of irradiation. With
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 UV-Vis spectra of RhB (initial concentration 50 ppm) as a function of irradiation time under different conditions: (A) Blank, (B) Bent, (C)
5CuH, and (D) 5CuH/Bent-2.
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bentonite, the peak intensity decreased steadily, but a signi-
cant absorption band at 553 nm still remained aer 150 min. By
contrast, in the cases of 5CuH and 5CuH/Bent-2, the absorption
peak at 553 nm dropped sharply within just 30 min of irradia-
tion and almost disappeared completely aer 60 min. Conse-
quently, the RhB removal efficiencies of 5CuH and 5CuH/Bent-2
reached 91.5% and 93.6%, respectively, within only 60 min of
visible-light exposure.

3.3.2. Effect of RhB concentration on photocatalytic
activity. To evaluate the ability of the ve materials to degrade
RhB at higher concentrations, RhB solutions of 75 ppm and
100 ppm were selected for investigation. The results are
summarized in Tables S6, S7 (SI) and Fig. 13 and 14A.

From the obtained results, it can be observed that when the
initial RhB concentration increased to 75 ppm and 100 ppm, the
Fig. 13 Removal efficiency of Rhodamine B (RhB, 75 mg L−1) by the
synthesized compositematerials under visible light irradiation: Bent (a),
5CuH (b), 5CuH/Bent-1 (c), 5CuH/Bent-2 (d), 5CuH/Bent-3 (e), and
Blank (f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalytic degradation rate was slower compared with that
at the lower RhB concentration of 50 ppm (Fig. 13 and 14A).
This outcome is consistent with the general trend that higher
pollutant concentrations in solution result in slower degrada-
tion. Specically, as the dye concentration increases, more dye
molecules are adsorbed onto the material surface, which
reduces the number of available active sites of the catalyst. At
the same time, dye molecules can block or scatter the incident
light, thereby reducing the generation of photoinduced elec-
tron–hole pairs, lowering the production of HOc radicals, and
ultimately decreasing the photocatalytic degradation
efficiency.31,49,51

When RhB removal was examined at these two higher
concentrations, the degradation efficiency increased rapidly
during the rst 30 min of irradiation, followed by a gradual
increase with prolonged irradiation. Accordingly, the UV-Vis
spectra of RhB solution with an initial concentration of
100 ppm showed that the absorbance peak of RhB at 553 nm
decreased sharply within the rst 30 min of irradiation, and
then gradually decreased at subsequent irradiation times of 60,
90, 120, and 150 min. Aer 180 min of irradiation, this peak
almost completely disappeared for both 5CuH (Fig. 15A) and
5CuH/Bent-2 (Fig. 15B).

When examined at RhB concentrations of 75 and 100 ppm,
the removal efficiencies of the four highly active materials,
namely 5CuH, 5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-3,
reached 98.1, 92.6, 98.1, and 90.9% at 75 ppm aer 180 min,
and 98.6, 95.9, 97.7, and 93.3% at 100 ppm aer 210 min of
irradiation, respectively. In contrast, the removal efficiencies
of RhB (75 and 100 ppm) by bentonite were signicantly lower,
only 68.7% and 67%, respectively. Moreover, in the absence of
the catalyst (Blank sample), the degradation efficiencies of
RhB (75 and 100 ppm) were negligible, with maximum values
RSC Adv., 2026, 16, 16001–16029 | 16013
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Fig. 14 Removal efficiency of RhB (100 ppm) by the synthesized composite materials under visible light (A), and linear fitting of pseudo first order
reaction kinetic plots (B)52 fitted curves of the pseudo-second-order kinetic model (C).53
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of only 14.8% and 14.5% aer 180 and 210 min, respectively.
Fig. S4 (SI) presents the evolution of the solution color of RhB
with an initial concentration of 100 ppm during the reaction in
the presence of three materials: bentonite (A, B), 5CuH (C),
and 5CuH/Bent-2 (D). The test tubes contain RhB solution (100
ppm) together with intermediate degradation products
formed during the reaction. For the 5CuH and 5CuH/Bent-2
systems (Fig. S4C and D), the initially deep red color gradu-
ally faded and became markedly lighter aer 180 min of irra-
diation (corresponding to 210 min of total reaction time).

In contrast, when bentonite was used (Fig. S4A), the undi-
luted solutions retained a relatively strong coloration. The
fading of the RhB solution and its intermediate products
proceeded more slowly and remained less pronounced than in
the two Cu-containing materials. A clearer visual difference
appeared aer ten-fold dilution of the solutions, as illustrated
in Fig. S4B. Under these diluted conditions, the progressive
Fig. 15 UV-Vis spectra of RhB recorded over time under irradiation
concentration of 100 ppm.

16014 | RSC Adv., 2026, 16, 16001–16029
decolorization becomes more distinguishable, reecting the
degradation of the 100 ppm RhB solution aer 210 min of
reaction in the bentonite system. In the kinetic analysis of RhB
degradation, both rst-order and second-order kinetic models
can be applied. The mathematical expressions describing the
rst-order degradation kinetics of RhB (eqn (17)) and the
second-order kinetics (eqn (18)) are given below:53

ln(C0/Ct) = k1t (17)

1/Ct − 1/C0 = k2t (18)

Fig. 14B presents the pseudo-rst-order kinetic proles for
the photocatalytic degradation of 100 ppm RhB by the
synthesized materials. The reaction rate constants (k1) for
5CuH, 5CuH/Bent-2, 5CuH/Bent-1, 5CuH/Bent-3, and
bentonite are 0.0197, 0.0160, 0.0130, 0.0109, and
in the presence of 5CuH (A) and 5CuH/Bent-2 (B) at an initial RhB

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.0058 min−1, respectively. With regression coefficients (R2)
ranging from 0.973 to 0.997, the pseudo-rst-order model
provides a good t for the degradation kinetics of RhB at
100 ppm. The reaction rate constants of 5CuH, 5CuH/Bent-2,
5CuH/Bent-1, and 5CuH/Bent-3 are 3.4, 2.8, 2.2, and 1.9
times higher than that of bentonite, demonstrating that the
incorporation of 5CuH catalytic centers in the three 5CuH/
Bent composites signicantly enhances their RhB degrada-
tion performance relative to pristine bentonite. Moreover,
when compared with CuxNi1−xFe2O4 (x = 0.4, 0.5) materials,
which exhibit similar rate constants, both 5CuH and 5CuH/
Bent-2 can effectively degrade RhB at much higher concen-
trations (100 ppm vs. 5, 7.5, and 15 ppm). This highlights the
superior photocatalytic capability of the 5CuH and 5CuH/
Bent-2 materials.

Fig. 14C presents the plots obtained from the second-order
kinetic model for RhB degradation. The calculated rate
constants for the degradation of 100 ppm RhB (k2, g
mg−1 min−1) were 0.002 for 5CuH (R2= 0.787), 0.0006 for 5CuH/
Bent-1 (R2 = 0.734), 0.0012 for 5CuH/Bent-2 (R2 = 0.743), 0.0004
for 5CuH/Bent-3 (R2 = 0.784), and 0.0001 for Bent (R2 = 0.994).
For all materials, these k2 values remain markedly lower than
the corresponding k1 values derived from the rst-order kinetic
model. The correlation coefficients associated with the second-
order model are also generally lower, with R2 ranging from 0.734
to 0.994. Under these conditions, the rst-order kinetic model
provides amore appropriate description of the RhB degradation
process. Similar kinetic behavior has been reported previously
by Aboraia et al. (2023).53

Furthermore, as shown in Fig. 13 and 14, there was a clear
difference in photocatalytic activity among the four materials:
5CuH, 5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-3. The
order of photocatalytic activity decreased as follows: 5CuH >
5CuH/Bent-2 > 5CuH/Bent-1 > 5CuH/Bent-3. At lower RhB
concentrations (50 and 75 ppm), the photocatalytic degrada-
tion efficiencies of 5CuH and 5CuH/Bent-2 were comparable,
as were those of 5CuH/Bent-1 and 5CuH/Bent-3. However, at
100 ppm, the 5CuH sample exhibited superior photocatalytic
activity compared with 5CuH/Bent-2 during the irradiation
period of 30–60 min, with removal efficiencies approximately
17.7–21% higher. This result was attributed to the presence of
CuO nanoparticles in the hydrotalcite framework, which
enhanced the photocatalytic activity of the material.37,40 In
addition, the greater number of CuO nanoparticles in 5CuH
compared to 5CuH/Bent-2 (since the mass of metal nitrate
precursors in 5CuH was 1.5 times higher than in 5CuH/Bent-2)
further contributed to the superior photocatalytic activity of
5CuH during the rst 120 min of irradiation.

In addition, the presence of CuO nanoparticles in these
materials explains why the RhB removal efficiencies (75 and
100 ppm) of 5CuH and 5CuH/Bent-2 were much higher than
that of CuH-3.0 (Cu : Zn : Al molar ratio = 3.0 : 4.0 : 3.0).49

Specically, the RhB removal efficiencies at 100 ppm reached
94.7% and 89.8% aer only 120 min of irradiation for 5CuH
and 5CuH/Bent-2, respectively, whereas the CuH-3.0 sample
required as long as 240 min of irradiation to achieve only
about 90%. Fig. 15 shows the time-dependent UV-Vis spectra
© 2026 The Author(s). Published by the Royal Society of Chemistry
of RhB for the two samples, 5CuH (Fig. 15A) and 5CuH/Bent-2
(Fig. 15B), at an initial concentration of 100 ppm. The absor-
bance peak of RhB at 553 nm remained nearly unchanged aer
30 min of adsorption–desorption equilibrium. However, the
peak at 553 nm decreased sharply during the rst 120 min of
photocatalytic irradiation and completely disappeared aer
180 min for both 5CuH and 5CuH/Bent-2. These results
demonstrate that all four synthesized materials (5CuH, 5CuH/
Bent-2, 5CuH/Bent-1, and 5CuH/Bent-3) are capable of effi-
ciently removing RhB at high concentrations within relatively
short irradiation times (150–180 min). In particular, 5CuH and
5CuH/Bent-2 exhibited signicantly higher photocatalytic
performance than 5CuH/Bent-1 and 5CuH/Bent-3.

Fig. 16A and B present a comparison of RhB degradation at
initial concentrations of 50, 75, and 100 ppm for 5CuH and
5CuH/Bent-2, respectively. As the initial RhB concentration
increased from 50 to 100 ppm, the photocatalytic degradation
efficiency decreased. For both 5CuH and 5CuH/Bent-2, RhB
degradation efficiencies above 90% were achieved within
90 min at concentrations of 50 and 75 ppm. However, at
100 ppm, a longer irradiation time of 120 min was required to
reach approximately 90% degradation efficiency.

3.3.3. RhB (75 ppm) removal in the dark by synthesized
materials. Transition-metal-containing materials (Cu, Fe, Co,
Ni, etc.) can act as heterogeneous Fenton-like catalysts when
combined with oxidizing agents such as H2O2, perox-
ymonosulfate (PMS), or peroxydisulfate (PDS).48,51 In the
review by Liu et al. (2021),54 hydroxyl radicals (HOc) were
described as highly reactive oxidants with a redox potential
ranging from 1.89 to 2.8 V, while sulfate radicals (SO4c

−)
possess comparable or even higher oxidative potential,
ranging from 1.81 to 3.1 V. Among heterogeneous Fenton
systems, Cu2+–H2O2 has been shown to generate reactive
species more rapidly than Fe2+–H2O2. The formation of
hydroxyl radicals (HOc) from H2O2 in the presence of Cu2+-
containing LDH materials occurs via the following reactions:51

Cu2þ þH2O2/Cuþ þHO
�

2 þHO� (19)

Cu+ + H2O2 / Cu2+ + HOc + OH− (20)

Hydroxyl radicals (HOc) can also be produced through the
following reactions involving Co–Cu LDH materials.55

^Cu2+ + H2O2 / ^Cu3+–OH + HOc (21)

^Cu3þ �OHþH2O2/^Cu2þ þH2OþHO
�

2 (22)

Ov^Cu2+ + H2O / Ov^Cu2+–H2O* (23)

Ov^Cu2þ �H2O*þH2O2/H2O
*
2 �Ov^Cu2þ �H2O* (24)

H2O
*
2 �Ov^Cu2þ �H2O*/Ov^Cu3þ �H2O*þHOc (25)

Ov^Cu3þ �H2O*þH2O2/Ov^Cu2þ �H2O*þHO
�

2 þHþ

(26)

where, Ov is an oxygen vacancy.
RSC Adv., 2026, 16, 16001–16029 | 16015
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Fig. 16 Comparison of RhB removal efficiency by 5CuH (A) and 5CuH/Bent-2 (B) at different initial RhB concentrations (50, 75, and 100 ppm).
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After that, HOc + RhB / intermediate products / CO2 +

H2O (27)

Subsequently, the hydroxyl radicals participate in the
degradation of RhB according to:

HOc + RhB / intermediated products / CO2 + H2O (28)

The results of RhB degradation under dark conditions using
the ve synthesized materials are summarized in Table S8 (SI)
and illustrated in Fig. 17A.

Based on the obtained results, all four synthesized materials,
including 5CuH, 5CuH/Bent-1, 5CuH/Bent-2, and 5CuH/Bent-3,
exhibited the ability to degrade RhB (75 ppm) in the absence of
light (Fig. 17A). The degradation performance followed the
order: 5CuH > 5CuH/Bent-2 > 5CuH/Bent-3 > 5CuH/Bent-1.
Among them, the 5CuH sample achieved the highest RhB
removal efficiency of 90.8%, while 5CuH/Bent-1 reached only
66.6% aer 150 min under dark conditions. For comparison,
bentonite exhibited a much lower efficiency of 41.2% under the
same conditions, and in the absence of materials (with only
H2O2 present), the removal efficiency was only 7.5% aer
150 min.

These ndings conrm that all four synthesized composites
function as heterogeneous Fenton-like catalysts, reacting with
H2O2 to generate hydroxyl radicals that drive the degradation of
RhB. This catalytic activity can be attributed to the presence of
Fig. 17 Removal efficiency of RhB (75 ppm) under dark conditions by the
kinetic plots (B).

16016 | RSC Adv., 2026, 16, 16001–16029
Cu2+ centers in the brucite-like layers and CuO nanoparticles,
both of which participate in the redox reactions (eqn (19) and
(20)) described above to produce HOc radicals.

Fig. 17B shows the linear plots corresponding to the rst-
order kinetic model for the degradation of 75 ppm RhB in the
dark. The reaction rate constants for the heterogeneous Fenton-
like degradation of RhB by 5CuH, 5CuH/Bent-1, 5CuH/Bent-2,
and 5CuH/Bent-3 are 0.0129 (R2 = 0.991), 0.0054 (R2 = 0.965),
0.009 (R2 = 0.960), and 0.007 min−1 (R2 = 0.976), respectively.
These results conrm that rst-order kinetics also adequately
describe the RhB degradation process under dark conditions.

When compared with the rst-order rate constant of Co–Cu
LDH for the degradation of 10 ppm RhB in the dark (k =

0.2070 min−1), the reaction rate constants of 5CuH and 5CuH/
Bent-2 for 75 ppm RhB are lower by factors of 16 and 23,
respectively.41 In this study, the lower rate constants relative to
Co–Cu LDH materials are attributed to the much higher RhB
concentration used (75 ppm), which inherently slows the reac-
tion kinetics.

Fig. 18 presents the UV-Vis spectra illustrating the temporal
changes in the absorption intensity of RhB. In the absence of
a catalyst (Blank, only H2O2), the absorption peak at 553 nm of
RhB decreased only slightly over time (Fig. 18A). By contrast, for
the 5CuH/Bent-2 sample, the peak height gradually declined at
a faster rate (Fig. 18C). It is worth noting that the 5CuH sample
exhibited the most pronounced degradation effect, where the
553 nm absorption peak decreased more rapidly than in the
synthesizedmaterials (A), and linear fitting of pseudo first order reaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 UV-Vis spectra of RhB (75 ppm) under dark conditions for Blank (A), 5CuH (B), and 5CuH/Bent-2 (C).
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case of 5CuH/Bent-2 (Fig. 18B). Aer 180 min of treatment, the
RhB solution had become visibly lighter in the two beakers
containing 5CuH and 5CuH/Bent-2.

A comparison of the RhB (75 ppm) removal efficiency of
5CuH and 5CuH/Bent-2 under two conditions, with and without
light irradiation, is presented in Fig. 19. It is evident that cata-
lytic performance under light irradiation was signicantly
superior to that under dark conditions. Aer 60 min of irradi-
ation, RhB removal efficiencies of 89.6% and 86.2% were ach-
ieved with 5CuH and 5CuH/Bent-2, respectively. In contrast,
under dark conditions with H2O2, the efficiencies were only
63.5% and 40.7% for 5CuH and 5CuH/Bent-2, respectively.
These results clearly demonstrate that light irradiation
substantially enhances the catalytic activity of the synthesized
Fig. 19 Comparison of Rhodamine B (RhB, 75 mg L−1) removal effi-
ciency under different conditions: 5CuH under light irradiation (a),
5CuH/Bent-2 under light irradiation (b), 5CuH under dark conditions
(c), and 5CuH/Bent-2 under dark conditions (d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
materials, consistent with the ndings reported by Zhang et al.
(2020).51 The comparative results of RhB degradation by
different catalytic systems in advanced oxidation processes are
summarized in Table 5.

Table 5 compares several recently reported studies on RhB
degradation, representing different approaches for treating this
dye. From this comparison, it was evident that both 5CuH and
5CuH/Bent-2 showed high photocatalytic activity, as their
removal efficiencies exceeded 90% for RhB concentrations of
50, 75, and 100 ppm within 60–120 minutes under 30 W LED
irradiation. Most previous studies focused on much lower RhB
concentrations (typically 10 ppm), whereas this work demon-
strated that efficient degradation was still achieved at higher
concentrations. This distinction highlighted one of the novel
aspects of the study.

The two materials tested are superior to nickel ferrite/(N,S)-
GO under conditions tested for RhB degradation (60, 80 and
100 ppm RhB) with both materials showing faster degradation
rates and being more energy efficient than Osram Bulbs (160W)
at the same light intensity (30 W LED light) and presenting an
additional novel contribution to the feasibility of energy-
efficient visible light photocatalysis at such low power
inputs.59 Furthermore, by using LED light, improved control of
the photocatalytic process was achieved and thus the efficiency
of the degradation of RhB was improved as this eliminated the
deviations in conditions that can occur when using sunlight.58

A further benet of these materials was the straightforward
preparation of 5CuH and 5CuH/Bent-2 through a co-
precipitation process at room temperature, with signicantly
lower costs due to the incorporation of Bent-5CuH and good
photocatalytic efficiency. Overall, ndings indicate that the use
of these two materials provides increased performance over
RSC Adv., 2026, 16, 16001–16029 | 16017
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Table 5 Comparison of RhB removal efficiencies by various catalytic materials in different AOP systems

No Sample Reaction conditions RhB removal efficiency Ref.

1 5CuH 1.2 mL H2O2 30%
(0.047 mol L−1), 0.2 g
catalyst, 250 mL RhB (50, 75,
100 ppm), 30 W LED

� 91.5% aer 60 min
irradiation (50 ppm RhB)

This study

� 95.6% aer 90 min
irradiation (75 ppm RhB)
� 94.7% aer 120 min
irradiation (100 ppm RhB)

5CuH/Bent-2 1.2 mL H2O2 30%
(0.047 mol L−1), 0.2 g
catalyst, 250 mL RhB (50, 75,
100 ppm), 30 W LED

� 93.6% aer 60 min
irradiation (50 ppm RhB)
� 94.5% aer 90 min
irradiation (75 ppm RhB)
� 89.8% aer 120 min
irradiation (100 ppm RhB)

2 ZnFe2O4/bentonite (10%) 0.1 M H2O2, catalyst dosage
1 g L−1, 30 W LED

99.73% aer 210 min
irradiation

43

3 Cu0.5Ni0.5Fe2O4 0.05 M H2O2, catalyst dosage
1 g L−1, 100 mL RhB
7.5 ppm, 300 W vis lamp

97.25% aer 120 min
irradiation

56

4 Nd3+-doped CoFe2O4

(CoNd0.05Fe1.95O4)
0.1 M H2O2, 100 mL RhB
10 ppm, 30 W LED

94.7% aer 180 min
irradiation

57

5 Co–Cut=65°C 10 mg Catalyst, 100 mL RhB
10 ppm, H2O2 240 ppm, dark
conditions

99.3% within 30 min 41

6 CuH-2.5, CuH-3.0, CuH-3.5 250 mL RhB 30 ppm, 0.2 g
catalyst, 0.047 M H2O2, 30 W
LED

90–93% aer 30 min
irradiation

49

250 mL RhB (75, 100 ppm),
0.2 g catalyst, 0.047 M H2O2,
30 W LED

∼90% aer 240 min
irradiation

7 Zn2SnO4/SnO2 50 mg Catalyst, 50 mL RhB
10 ppm, natural sunlight

70.6% aer 120 min
irradiation

58

8 CoFe2O4/g-C3N4 100 mL RhB 20 mg L−1,
Osram 160 W lamp

72.28% aer 60 min
irradiation

59

Nickel ferrite/(N,S)graphene
oxide, NF/(N,S)GO

100 mL RhB (60, 80,
100 mg L−1), Osram 160 W
lamp

87.5% (60 ppm RhB), 88.6%
(80 ppm RhB), 95.2%
(100 ppm RhB) aer 240 min
irradiation

9 Polyaniline-coated XTiO3 (X
= Co, Ni) nanocomposites,
such as PANI@CoTiO3,
PANI@NiTiO3

50 mL RhB 5 mg L−1, 50 W
LED lamp, 7 W UV lamp

� 94% aer 180 min
irradiation with 50 W LED
(PANI@NiTiO3)

60

� 87% aer 180 min
irradiation with 7 W UV
(PANI@NiTiO3)
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previously reported photocatalysts due to improved scalability,
reduced manufacturing costs, improved energy efficiency
(through use of greater numbers), and improved treatment
capabilities for higher concentrations of dye loaded into solu-
tion. This work thus represents one of the very few reported
instances of the use of a hydrotalcite-based catalyst with
bentonite as the support material, yielding >90% removal of
RhB (from 100 ppm) by low-power LED irradiation, establishing
both scientic and practical bases for future industrial appli-
cation related to wastewater treatment.

3.3.4. Effect of solution pH on RhB removal efficiency. Two
representative materials, 5CuH and 5CuH/Bent-2, were
employed to investigate the inuence of solution pH on the
removal of RhB (100 ppm). The initial pH of the RhB solution
was 3.9, and it was subsequently adjusted to 3.0, 6.0, 8.0, 10.0,
and 12.0 for the experiments. The removal performances of the
16018 | RSC Adv., 2026, 16, 16001–16029
two materials under these different pH conditions were
summarized in Tables S9 and S10 (SI), while the overall trends
were illustrated in Fig. 20.

Both 5CuH and 5CuH/Bent-2 show a signicant drop in their
ability to absorb or destroy light under strongly basic conditions
(pH between 10.0 and 12.0); however, the absorption of RhB
(100 ppm) by either of these materials showed no signicant
variation within the full pH range (between 3.0–12.0). Under
strongly acidic conditions (3.0), the materials exhibited
a noticeable difference in their photocatalytic activity; at this
pH, 5CuH achieved 93.6% removal of RhB aer 150 minutes,
whereas the composite material 5CuH/Bent-2 achieved only
57.7% removal of RhB. The difference was attributed to partial
dissolution of CuO and Cu(OH)2 in the brucite lattice of 5CuH,
resulting in the establishment of a homogeneous Cu2+–H2O2

Fenton-like catalytic system, effectively increasing its catalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09642a


Fig. 20 Removal efficiency of 100 ppm RhB under different pH conditions for 5CuH (A) and 5CuH/Bent-2 (B).
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activity.51 These observations were consistent with previous
studies on Phenol Red removal using 5CuH and 5CuH500 at pH
3.0,9 as well as ciprooxacin removal using CuH and CuCoH4 at
pH 3.0.29

Conversely, 5CuH/Bent-2 exhibited lower photocatalytic
activity under acidic conditions (pH 3.0), likely due to stronger
binding of CuO and Cu2+ within the brucite layers, caused by
the intercalation of hydrotalcite and bentonite layers. This
structural feature reduced the amount of Cu2+ ions released into
the solution, resulting in lower catalytic performance compared
to 5CuH.

However, the partial dissolution of CuO and Cu(OH)2 in the
brucite lattice at pH 3.0 signicantly reduced the photocatalytic
activity of 5CuH/Bent-2 compared to its performance at the
initial pH, pH 6.0, and pH 8.0. In general, when LDH or
hydrotalcite materials undergo dissolution, their structure is
altered and the number of active catalytic sites decreases,
resulting in a decline in photocatalytic activity.41,49 The observed
optimal pH range for 5CuH/Bent-2 was consistent with the re-
ported optimal pH range for bentonite/polyaniline@Ni2O3 (BE/
PANI@Ni2O3) composites.45

Upon illumination of 5CuH, the peak intensity at 553 nm
decreased sharply over time at pH 3.0 and 6.0, while it remained
almost unchanged at pH 10.0 (Fig. 21A–C). Signicantly, the
peak at 553 nm declined more rapidly at pH 6.0 than at pH 3.0,
indicating that a mildly acidic environment (pH 6.0) promoted
higher degradation efficiency compared to a strongly acidic
environment (pH 3.0). In contrast, under strongly basic condi-
tions (pH 10.0), RhB underwent negligible degradation.

A similar trend was observed for 5CuH/Bent-2 at pH 6.0 and
10.0 (Fig. 21E and F). At pH 6.0, the 553 nm peak decreased
rapidly upon illumination and RhB was completely degraded
aer 180 minutes. Conversely, the peak intensity at 553 nm
decreased slowly at pH 3.0 (Fig. 21D) and remained relatively
high, with the solution retaining a pink color even aer 180
minutes of illumination.

In addition to these factors the inuence of reaction
temperature on degradation behavior should also be consid-
ered. All photocatalytic experiments were performed at ambient
temperature (25 ± 2 °C). Under visible-light irradiation, the
reaction temperature remained stable due to continuous stir-
ring and effective heat dissipation. In this system, dark
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption contributed only marginally to RhB removal (z2–
3%), indicating that degradation is primarily driven by photo-
catalytic oxidation rather than adsorption equilibrium. While
temperature variations can inuence adsorption–desorption
balance and surface reaction kinetics in adsorption-dominated
systems,61 the present process is governed mainly by photoin-
duced charge carrier generation and reactive oxygen species
formation. Therefore, within the investigated temperature
range, the degradation efficiency is controlled predominantly by
photochemical rather than thermal effects. Further
temperature-dependent kinetic studies may provide additional
insight into activation energy and surface reaction dynamics
and will be explored in future investigations.

3.3.5. Proposed mechanism for RhB degradation by the
materials. To identify the reactive species and photogenerated
electron–hole pairs directly involved in the photocatalytic
degradation of RhB, scavenger experiments were conducted. In
these experiments, isopropyl alcohol (IPA), ascorbic acid,
AgNO3, and disodium ethylenediaminetetraacetate (EDTA-2Na)
were employed to quench hydroxyl radicals (cOH), superoxide
radicals (O2c

−), photogenerated electrons, and photogenerated
holes, respectively.29,33,37 The results of the scavenger tests for
5CuH and 5CuH/Bent-2 were summarized in Tables S11 and
S12 (SI), and illustrated in Fig. 22.

From the results presented in Tables S11, S12 (in SI) and
Fig. 22, it was concluded that photogenerated hydroxyl radicals
(cOH) directly participated in the oxidation of RhB, producing
intermediate degradation products that were ultimately
mineralized to CO2 and H2O. When 30% H2O2 was applied in
the presence of the materials and the reaction mixture was
illuminated, photogenerated electron–hole pairs (e−–h+)
contributed to the transformation of H2O2 and the –OH groups
in hydrotalcite and bentonite, generating reactive hydroxyl
radicals. These radicals directly participated in the photo-
catalytic degradation of RhB in solution.

The photocatalytic degradation process produced multiple
intermediate compounds. Rhodamine B, with m/z = 443 g
mol−1, was transformed into intermediates with m/z values of
415, 387, 359, 331, 282, 226, 181, 167, 148, 132, 122, 116, 90, and
others. These intermediates were further degraded into smaller
molecules and eventually mineralized to CO2 and H2O.59,60,62

According to acute and chronic toxicity studied on green algae,
RSC Adv., 2026, 16, 16001–16029 | 16019
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Fig. 21 Presents the UV-Vis absorption spectra of Rhodamine B (RhB) as a function of irradiation time under different pH conditions. (A–C) 5CuH
at pH 3.0 (A), 6.0 (B), and 10.0 (C); (D–F) 5CuH/Bent-2 at pH 3.0 (D), 6.0 (E), and 10.0 (F).
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sh, and Daphnia by Mohod et al. (2023), intermediate products
with molecular weights between 232 and 443 g mol−1 were
highly toxic, showing LD50, EC50, and ChV values all below 1.0.
In contrast, intermediates withm/z values between 90 and 155 g
Fig. 22 Removal efficiency of 100 ppm RhB at the initial pH (pH = 3.9) fo
(h+), and reactive oxygen species scavengers.

16020 | RSC Adv., 2026, 16, 16001–16029
mol−1 exhibited lower acute and chronic toxicity, with many
compounds being non-toxic. In general, smaller molecular
weight products displayed lower toxicity or were non-toxic.62
r 5CuH (A) and 5CuH/Bent-2 (B) in the presence of electron (e−), hole

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Therefore, to ensure that RhB was degraded into non-toxic or
low-toxicity products, it had to be rapidly degraded and
mineralized to form smaller molecules with molecular weights
below 155 g mol−1. Fig. 23 illustrates some of the intermediate
products generated during RhB treatment reported in the
previous studies.59,60,62 Based on the identied intermediate
products and their progressive transformation into smaller and
less toxic molecules, a plausible photocatalytic degradation
mechanism of RhB over the 5CuH/Bent composite under light
irradiation was proposed, as illustrated in Fig. 24.

Upon irradiation (hn), photogenerated electrons (e−) are
excited to the conduction band (CB) of the Cu-modied Mg–Al
hydrotalcite nanosheets, leaving holes (h+) in the valence band
(VB). The layered bentonite support facilitates the dispersion of
Cu species and enhances charge separation within the 5CuH/
Bent structure. The photogenerated electrons react with di-
ssolved O2 to form superoxide radicals (O2c

−), while the holes
oxidize H2O or H2O2 to generate hydroxyl radicals (cOH).
Meanwhile, RhB molecules are rst adsorbed on the catalyst
surface through electrostatic interactions and surface func-
tional groups. These reactive oxygen species (cOH and O2c

−)
subsequently attack the adsorbed RhB molecules, leading to
stepwise degradation into intermediate compounds, followed
by smaller organic molecules, and ultimately mineralization
into CO2 and H2O.
3.4. Reusability and stability

The results of the stability and reusability tests for the two
materials, 5CuH (Fig. 25A) and 5CuH/Bent-2 (Fig. 25B), showed
that the photocatalytic activity of both materials decreased aer
Fig. 23 Chemical structures of selected intermediate products formed

© 2026 The Author(s). Published by the Royal Society of Chemistry
each reuse cycle, with a more pronounced decline observed for
5CuH/Bent-2. For the 5CuH sample, the RhB (100 ppm) degra-
dation efficiency slightly decreased during the rst 120 minutes
of irradiation and dropped by only 4.7% aer 180 minutes
following four reuse cycles. The degradation efficiencies of
5CuH aer 180 minutes of illumination were 95.8%, 92.9%,
91.7%, and 91.1% for the rst, second, third, and fourth runs,
respectively.

In contrast, the photocatalytic activity of 5CuH/Bent-2
declined markedly at all illumination intervals (60, 120, and
180 minutes) during the four reuse cycles. Aer 180 minutes of
irradiation, the RhB (100 ppm) removal efficiency decreased
from 97.8% in the rst run to 92.9%, 79.6%, and 61.1% in the
second, third, and fourth runs, respectively, corresponding to
a total decrease of 31.8% aer four uses. These ndings indi-
cated that the 5CuH material retained its photocatalytic activity
much better than the 5CuH/Bent-2 composite over repeated
use.

The UV-Vis absorption spectra of RhB solution during illu-
mination with the 5CuH photocatalyst (Fig. 25C) showed that
the intensity of the main absorption peak at 553 nm in the
fourth reuse cycle (dashed curves) was slightly higher than that
observed in the rst cycle (solid curves) at 60 and 120minutes of
irradiation. However, the difference between the two cycles
became insignicant aer 180 minutes. In contrast, for the
5CuH/Bent-2 sample (Fig. 25D), the absorption peak at 553 nm
remained noticeably higher in the fourth cycle than in the rst
one at all corresponding illumination times, indicating
a stronger decrease in photocatalytic performance.
during the photocatalytic degradation of RhB.59,60,62
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Fig. 24 Proposed photocatalytic degradation mechanism of Rhodamine B (RhB) over the 5CuH/Bent composite under light irradiation.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
6:

29
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Quantitative analysis of Cu2+ ions in the reaction solution
revealed that the concentration of dissolved Cu2+ released from
5CuH was considerably greater than that from 5CuH/Bent-2.
Aer 3 hours of illumination, the Cu2+ concentrations in solu-
tion reached 30.4, 38.5, 22.2, and 19.7 mg L−1 for the rst to
fourth cycles of 5CuH, respectively (Fig. 26B), corresponding to
a cumulative Cu2+ loss of 110.8 mg L−1 aer four uses. In
comparison, the 5CuH/Bent-2 material released lower Cu2+

concentrations of 16.8, 11.3, 11.3, and 7.8 mg L−1 for the
respective cycles (Fig. 26C), resulting in a total loss of
47.2 mg L−1.

The progressive dissolution of Cu2+ ions into the solution
aer each reuse cycle was identied as the main reason for the
Fig. 25 RhB (100 ppm) degradation efficiency over time during four co
absorption spectra of RhB solution after 180 minutes of irradiation durin

16022 | RSC Adv., 2026, 16, 16001–16029
reduction in photocatalytic activity and the decline in RhB
degradation efficiency. In the case of the 5CuH/Bent-2
composite, the incorporation of bentonite with 5CuH
appeared to suppress Cu2+ leaching to some extent; however,
the loss of Cu2+ active sites still caused a pronounced decrease
in photocatalytic efficiency aer repeated use. Interestingly, the
XRD patterns of both 5CuH and 5CuH/Bent-2 aer four reuse
cycles (Fig. 26A) exhibited no signicant differences compared
with those of the fresh materials before RhB degradation. This
nding suggested that both photocatalysts retained good
structural stability, although the partial dissolution of Cu2+ ions
adversely affected their catalytic performance, particularly in
the 5CuH/Bent-2 sample.
nsecutive reuse cycles of (A) 5CuH and (B) 5CuH/Bent-2, and UV-Vis
g the first and fourth cycles for (C) 5CuH and (D) 5CuH/Bent-2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 XRD patterns of 5CuH and 5CuH/Bent-2 after four reuse cycles (A), and the concentrations of dissolved Cu2+ ions in solution over time
during the four consecutive reuse cycles of (B) 5CuH and (C) 5CuH/Bent-2.

Fig. 27 Removal efficiency of dyes in mat-dyeing textile wastewater
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3.5. Application in real textile wastewater treatment

3.5.1. Removal efficiency of dyes (RhB and others if
present). To evaluate the practical applicability of the synthe-
sized materials for wastewater treatment in the textile industry,
two materials, 5CuH and 5CuH/Bent-2, were further employed
to investigate their ability to degrade dyes and mineralize
pollutants present in real textile wastewater from mat dyeing.
The wastewater was collected from a small-scale cra workshop
in Quynh Ph _u commune, Thai Binh province. The untreated
wastewater was dark red, highly colored. Aer a 15-fold dilution,
the wastewater exhibited a pinkish-red color with a color value
of 775 on the Pt–Co scale. The measured pH was 5.67, and the
total suspended solids (TSS) concentration reached 75 mg L−1.
The treatment procedures were conducted as described in the
Experimental section 2.8 (see Materials and methods section).
The results of this investigation are presented in Table S13 (SI)
and Fig. 27.

Based on the absorbance values measured at 551–552 nm,
the initial absorbance (Abs0) and the absorbance at each
sampling time (Abst) were determined. From these values, the
dye removal efficiency of the two materials was calculated. The
results presented in Table S13 (SI) and Fig. 27 showed that aer
60 minutes of stirring in the dark, the adsorption efficiency of
dyes on 5CuH and 5CuH/Bent-2 reached 37.9% and 58.2%,
respectively.

This indicated that both materials exhibited good adsorp-
tion capacities for various dyes in real wastewater, with 5CuH/
Bent-2 performing better than 5CuH. Notably, these results
differed from the adsorption behavior observed for RhB alone.
This difference was attributed to the complex composition of
the textile wastewater, which contained multiple dye types,
© 2026 The Author(s). Published by the Royal Society of Chemistry
particularly those absorbing at 551–552 nm that were effectively
adsorbed by both materials.

Upon illumination of the reaction mixture, the rate of dye
degradation increased gradually over time. Unlike the case of
single RhB treatment, no rapid increase was observed between
30 and 60 minutes of illumination. Aer 270 minutes, the dye
removal efficiencies reached 95.6% and 96.3% for 5CuH and
5CuH/Bent-2, respectively. Remarkably, 5CuH/Bent-2 achieved
higher removal efficiency than 5CuH, which was attributed to
its superior adsorption performance, resulting in enhanced
photocatalytic degradation of the dyes.51 The temporal evolu-
tion of the dye color during the treatment process is presented
in Fig. S5A and B (see in SI). When the dye solutions were
observed without dilution, pronounced color variations became
visible throughout the reaction period. The initially deep red
solution gradually faded and appeared much lighter aer
300 min of reaction, corresponding to 4 h of irradiation.
by 5CuH (a) and 5CuH/Bent-2 (b).
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Fig. 28 UV-Vis spectra of dyes in wastewater as a function of time
over 5CuH/Bent-2: initial (0 min) (a), after adsorption in the dark for 60
min (b), and under light irradiation for 30 min (c), 60 min (d), 90 min (e),
120 min (f), 150 min (g), 180 min (h), 210 min (i), 240 min (j), and 270
min (k).

Table 6 Mineralization of 100 ppm RhB solution by 5CuH/Bent-2 as
indicated by COD values at pH = 6.0

Time (hour)
COD
(mgO2 per L)

Mineralization
(%)

0 185.3 0.0
4 52.0 71.9
5 42.0 77.3
6 35.3 80.9
7 22.0 88.1
8 15.3 91.7
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The UV-Vis spectra of the dye mixture in the wastewater over
time, examined with 5CuH/Bent-2 (Fig. 28), showed that
initially, before treatment, the wastewater exhibited two prom-
inent absorption peaks at 551 nm and 455 nm. Aer 60 minutes
of stirring in the dark to assess the adsorption capacity of the
material, the spectra showed peaks at 552 nm and 450 nm, with
both peak intensities signicantly decreased compared to the
initial values, particularly the peak at 450 nm, which exhibited
the largest reduction.

During the illumination period from 30 to 270 minutes, the
absorption peak at 450 nm nearly disappeared aer 30 minutes
of illumination, while the peak at 552 nm gradually decreased
in intensity with increasing illumination time. Aer 270
minutes of illumination, the red color of the reaction mixture
had noticeably faded compared to the initial mixture. The
overall dye removal efficiency reached 96.3% aer a total of 330
minutes of treatment.

3.5.2. Mineralization capability of the materials for dyes.
To evaluate the mineralization capability of the synthesized
5CuH/Bent-2 material for RhB, aer complete decolorization of
the RhB solution, the reaction mixture was further illuminated
to monitor the decrease in COD values. The results (Table 6 and
Fig. 29) showed that the COD gradually decreased and the
degree of dye mineralization increased with treatment time.
This trend contrasted with the rate of color removal by the
material. While the removal efficiency of 100 ppm RhB reached
97.7% aer only 180 minutes of illumination, resulting in
almost complete decolorization, the initial COD of the 100 ppm
RhB solution (185.3 mgO2 per L) decreased to 15.3 mgO2 per L
only aer 8 hours of illumination. Consequently, an extended
illumination time of 8 hours was required to achieve a miner-
alization efficiency of 91.7%. The investigation indicated that
the mineralization rate was much slower than the decoloriza-
tion rate. Therefore, to treat RhB without generating toxic
intermediate products, it was necessary to prolong the reaction
time to enhance the material's mineralization efficiency, even
though the solution had already become completely colorless.
16024 | RSC Adv., 2026, 16, 16001–16029
In addition to assessing the mineralization of RhB, experi-
ments were also conducted to monitor changes in the COD
index over time during the treatment of textile wastewater and
to evaluate the overall mineralization efficiency of the dyes by
the synthesized materials. In this experiment, aliquots of the
reaction mixtures containing 5CuH and 5CuH/Bent-2 were
collected at one-hour intervals, centrifuged to remove residual
solids, and subsequently analyzed for COD according to the
procedure described in Section 2.9 (see Materials and methods
section). The obtained results are summarized in Table S14 (SI)
and illustrated in Fig. 30.

Aer the textile wastewater was diluted tenfold to prepare the
samples for investigating dye removal and mineralization of
pollutants, the initial COD values were 715.3 and 718.3 mgO2

per L for the 5CuH and 5CuH/Bent-2 samples, respectively.
Following one hour of adsorption, the COD decreased to 495.3
and 405.3 mgO2 per L, corresponding to mineralization effi-
ciencies of 30.8% and 43.6% for the two materials. Upon illu-
mination, the COD continued to decrease rapidly while
mineralization gradually increased. Aer six hours of illumi-
nation for 5CuH and ve hours for 5CuH/Bent-2, the COD
dropped to 82.0 and 88.7 mgO2 per L, with mineralization
reaching 88.5% and 87.7%, respectively. These COD values met
the allowable limit in Column B for a discharge ow rate#2000
m3 per day according to QCVN 40:2025/BTNMT – the National
Technical Regulation on Industrial Wastewater (Vietnamese
standard) (COD # 90 mgO2 per L).

Aer ve hours of illumination, the COD decreased sharply
(from 262.0 to 98.7 mgO2 per L for 5CuH and from 215.3 to 88.7
mgO2 per L for 5CuH/Bent-2), likely due to the oxidation of dye
Fig. 29 Mineralization of 100 ppm RhB by 5CuH/Bent-2 at the initial
pH = 6.0.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 Mineralization of dyes in mat-dyeing textile wastewater by
5CuH (a) and 5CuH/Bent-2 (b).
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molecules into low-molecular-weight intermediates that were
more readily degraded. Extending the illumination time to nine
hours further reduced the COD to 55.3 and 48.7 mgO2 per L for
5CuH and 5CuH/Bent-2, respectively. However, the minerali-
zation rate slowed, reaching only 92.3% and 93.2%. In this
investigation, 5CuH/Bent-2 demonstrated faster dye degrada-
tion and higher pollutant mineralization rates compared with
5CuH. These results conrmed that both 5CuH and 5CuH/Bent-
2 exhibited high catalytic activity and mineralization efficiency,
demonstrating their practical applicability for the treatment of
textile wastewater.

3.5.3. Practical implications. The studies conducted on dye
removal and mineralisation showed that both 5Copper
Hydroxyapatite (5CuH) and the composite 5CuH/bentonite-2
(5CuH/Bent-2) performed exceptionally well for treating actual
textile wastewaters. The higher capacity for the adsorption of
dye molecules, and the increased activity of the catalysts
applying a combination of adsorption and photocatalysis,
resulted in a faster rate of color removal and signicantly higher
rates of mineralisation with the 5CuH/Bent-2 relative to the
5CuH samples. Decolorization and mineralisation were ach-
ieved when the COD was brought below the maximum allow-
able level (#90 mgO2 per L) within 5–6 hours of exposure to
light, clearly demonstrating that this combination of materials
is effective in reducing both the color and organic loading of
textile wastewaters in practical applications.

The research has demonstrated that complete mineralisa-
tion of the contaminants will require additional time of expo-
sure to light so as to avoid the accumulation of any potentially
harmful intermediate by-products that may be produced during
the process; therefore, enough time should be allowed for the
safe and complete removal of contaminants from textile
wastewaters as well.

From a practical standpoint, these materials have exhibited
excellent levels of catalytic activity, long-term stability, and high
potential for recycling, indicating that they will have a long
service life in the textile wastewater treatment industry. The
efficiencies of the 5CuH/Bent-2 in this regard, in addition to
their cost-effective means of treating textile wastewaters
(shortened period of time) and utilizing signicantly less
amounts of chemical additives than the treatment of textile
© 2026 The Author(s). Published by the Royal Society of Chemistry
wastewaters without these materials, create an incentive to
continue further research into the application of CuH and Bent-
2 for textile wastewater treatments. These ndings indicate that
the synthesisedmaterials are not only effective under laboratory
conditions but also have strong potential for scalable imple-
mentation in the textile industry.
3.6. Limitations and future perspectives

Despite the promising photocatalytic performance of the Cu(II)-
modied hydrotalcite–bentonite composites under visible light,
several limitations of the present study should be
acknowledged.

First, Cu-free layered double hydroxide materials and pris-
tine Mg–Al hydrotalcite were not systematically evaluated as
reference catalysts. Including these controls would provide
clearer insight into the role of Cu species in activating the LDH
structure under visible-light irradiation. Although previous
studies report negligible visible-light activity for pristine
hydrotalcite, future work should include systematic compari-
sons with Cu-free materials to better quantify the contribution
of Cu incorporation.

Second, catalyst stability requires further investigation. A
slight decrease in activity was observed during reuse experi-
ments, and possible Cu leaching was not quantitatively exam-
ined in this work. Future studies should therefore include
metal-leaching analysis and stability evaluation under varying
pH, ionic strength, and ligand conditions to better assess long-
term catalyst durability.

Third, Rhodamine B was used as a model pollutant, which
cannot fully represent the complexity of real textile wastewater.
Although preliminary experiments using actual wastewater were
performed, more systematic selectivity studies involving mixed-
dye systems and competing species are necessary to clarify
degradation behavior in complex matrices.

Finally, process optimization remains necessary for practical
application. The inuence of catalyst dosage and temperature
on photocatalytic efficiency was not systematically investigated,
and future work should address these parameters to better
evaluate the scalability and operational feasibility of the devel-
oped catalysts.
4. Conclusions

In this study, Cu(II)-modied Mg–Al layered double hydroxide
and its bentonite-supported composites were rationally
designed via a facile co-precipitation strategy to construct
visible-light-active photocatalysts for textile wastewater reme-
diation. Structural analyses demonstrated that Cu incorpora-
tion not only narrowed the band gap and introduced a CuO
phase but also modulated the electronic structure of the LDH
framework, while bentonite integration enhanced dispersion
and structural stability of active sites.

The optimized materials achieved >93% RhB degradation
under visible-light irradiation and exhibited strong minerali-
zation capacity, meeting national COD discharge standards.
Mechanistic investigation conrmed that pollutant removal was
RSC Adv., 2026, 16, 16001–16029 | 16025
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predominantly governed by reactive oxygen species (cOH and
O2c

−) generated through improved charge carrier separation,
rather than adsorption-driven processes.

The catalysts displayed good durability under repeated cycles
and maintained high efficiency in real textile wastewater,
demonstrating robustness in complex multicomponent
environments.

Importantly, this work establishes a synergistic clay-LDH
design principle that integrates electronic modulation and
structural stabilization to enhance photocatalytic efficiency
under visible light. The use of low-cost natural clay, simple
synthesis, and demonstrated real-wastewater performance
highlights the scalability and industrial relevance of this plat-
form for sustainable advanced oxidation processes.
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