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nmental remediation through
hybrid adsorption-photocatalysis using ZnO/TiO2-
CaAlg composite catalysts
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Nada Hamrouche,d Amdjed Abdennouri,d Youghourta Belhocine,d Najoua Sbei,e

Seyfeddine Rahali, f Tarek H. Taha,g Fehmi Boufahja,g Walid Elfalleh,g

Stefania Garzoli,*h Hamdi Bendifg and Djihane Slimane Ben Alii

Due to the toxic, carcinogenic, and environmentally persistent nature of dyes such as crystal violet, water

pollution resulting from industrial dye discharges has become a critical global environmental issue. This

study investigates a hybrid approach to address water pollution by integrating adsorption and advanced

oxidation processes (AOPs) using ZnO/TiO2-CaAlg as a catalyst. Sodium alginate, a naturally occurring

biopolymer, was employed as the support matrix for the catalyst, taking advantage of its hydrophilic nature,

biocompatibility, and ability to form strong electrostatic interactions with cationic dyes. Key parameters

such as dye concentration, catalyst dosage, hydrogen peroxide volume, and solution pH were optimized to

maximize degradation efficiency. Both individual and combined processes were evaluated to assess the

synergistic effects on dye removal. The stability and reusability of the catalyst were evaluated,

demonstrating its potential as a scalable and environmentally sustainable solution for wastewater treatment.

The findings underscore the potential of ZnO/TiO2-CaAlg catalysts in mitigating persistent organic

pollutants, contributing to the development of advanced treatment methods for environmental remediation.
1. Introduction

Water contamination by synthetic dyes represents a major
global environmental concern, particularly due to large-scale
discharges from textile, cosmetic, pharmaceutical, plastic, and
pulp industries.1–5 Owing to their complex molecular structures,
dyes are oen highly stable, toxic, and potentially carcinogenic
ormutagenic, leading to severe risks for both human health and
aquatic ecosystems.6,7
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Crystal violet (CV), a cationic triphenylmethane dye, is widely
used in microbiology for Gram staining, as well as in histolog-
ical and pharmaceutical applications.8,9 Despite its usefulness,
CV is resistant to degradation and exhibits signicant toxicity
toward living organisms, causing irritation, tissue damage, and
adverse ecological effects when released untreated into water
bodies.10,11 For these reasons, crystal violet is frequently selected
as a model pollutant in dye-removal studies.

Conventional wastewater treatment methods, such as coag-
ulation, ltration, and adsorption, are commonly applied to
dye-containing effluents.12–15 However, these approaches oen
fail to achieve complete removal of recalcitrant organic pollut-
ants and may generate secondary contamination problems.16 In
this context, advanced oxidation processes (AOPs), including
photocatalysis, have emerged as effective alternatives due to
their ability to generate highly reactive species, particularly
hydroxyl radicals (cOH), capable of degrading persistent organic
compounds.17,18 More recently, hybrid systems combining
adsorption and AOPs under a “capture and destroy” strategy
have attracted increasing attention for enhancing pollutant
removal efficiency while minimizing secondary waste.19–21

Among photocatalysts, metal oxides such as TiO2 and ZnO are
widely investigated owing to their strong oxidative potential and
chemical stability.22–24 Nevertheless, the practical application of
suspended photocatalyst particles is limited by difficulties related
to recovery, reuse, and scalability, as well as by low quantum
© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiency and poor visible-light utilization.25–27 To overcome these
drawbacks, immobilization of photocatalysts on suitable support
materials has been proposed as a promising solution.28

Sodium alginate, a natural biopolymer derived from brown
algae, has gained considerable interest as a support material
due to its hydrophilicity, biocompatibility, non-toxicity, and low
cost.29–31 In the presence of divalent cations such as Ca2+, algi-
nate forms stable hydrogels via the well-known “egg-box”
structure, enabling effective immobilization of metal oxide
photocatalysts.32 Moreover, the negatively charged carboxylate
groups of alginate promote strong electrostatic interactions
with cationic dyes such as crystal violet, enhancing adsorption
capacity and overall removal efficiency.33 Similar advantages
have been reported for other natural supports, including chi-
tosan, cellulose derivatives, lignin, natural gums, and clay-
based composites, which contribute to improved catalyst
stability and pollutant adsorption.34–40

In this context, the present study investigates the degrada-
tion of crystal violet using ZnO/TiO2-CaAlg composite catalysts
through a hybrid adsorption–photocatalysis–AOP approach.
The effects of key operational parameters, including initial dye
concentration, catalyst dosage, H2O2 volume, and solution pH,
are systematically evaluated. The individual and combined
contributions of adsorption and photocatalytic oxidation are
examined, along with catalyst stability and reusability, to assess
the potential of ZnO/TiO2-CaAlg composites for efficient and
sustainable wastewater treatment applications.
2. Materials and methods
2.1. Chemicals

The photocatalysts used in this study include titanium(IV) oxide
(anatase powder, 99.8% trace metals basis), obtained from
Sigma-Aldrich (USA), and zinc oxide. Formaldehyde (formol)
Fig. 1 (a) Geographical location of Sargassum muticum on the Skikd
Sargassum muticum; (c) sampling of Sargassum muticum.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and sulfuric acid were also sourced from Sigma-Aldrich (USA).
Calcium chloride dihydrate and Mueller Hinton Agar, both of
laboratory reagent-grade materials, were acquired from Merck
(Germany), along with sodium carbonate and hydrogen
peroxide (30%). Sodium chloride was obtained from VWR
International LLC (USA). The dye used for degradation studies
was hexamethyl pararosaniline chloride (C35H30N3Cl; MW =

407.99 g mol−1, 95%), commercially known as crystal violet
(CV), also purchased from Merck (Germany). Sodium hydroxide
(NaOH, 98.7%) and hydrochloric acid (HCl, 35–37%) solutions,
both obtained from Sigma-Aldrich (USA), were used to adjust
the pH.
2.2. Collection, identication, and sample preparation of
Sargassum muticum

Sargassum muticum (Yendo) Fensholt was collected from rocky
substrates along the Skikda coastline (Stora, northeastern
Algeria; 36°53054.900 N, 6°52048.100 E) in January 2022 (Fig. 1).
The species was identied based on macroscopic and micro-
scopic observations and taxonomic keys.41 S. muticum is a brown
macroalga characterized by a exible thallus, pyramidal fronds
with yellow-green to reddish-brown coloration, and air-lled
vesicles (aerocysts) that facilitate otation, commonly found
in intertidal and subtidal rocky zones.42

The collected biomass was naturally rinsed by seawater to
remove epiphytes and debris, then washed with freshwater to
eliminate residual salts. To avoid photolytic and thermal
degradation, the samples were air-dried in the shade, coarsely
ground, and stored in dark sealed containers prior to use.43
2.3. Alginate extraction from Sargassum muticum

Alginate extraction carried out following the method outlined
by Torres et al. (2007)44 with modications. The algae were
a coastline (northeastern Algeria); (b) rocky substrates colonized by

RSC Adv., 2026, 16, 8226–8242 | 8227
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Fig. 2 (a) Schematic illustration of the alginate extraction process; (b) schematic illustration of the TiO2/ZnO-CaAlg composite preparation
process.
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immersed in a 2% formaldehyde solution for 24 hours, then
washed several times with distilled water and subsequently
ltered. The solid residue was placed in 0.02 N sulfuric acid at
60 °C for 2 hours, with continuous stirring (Fig. 2a). Aer acid
treatment, the algae were carefully rinsed with distilled water
and ltered. The retrieved substances were then carbonated in
a 4% sodium carbonate solution at 60 °C for 2 h, followed by
ltration. The ltrate, containing polysaccharides, was dialyzed
using a dialysis membrane with a 3500 Da molecular weight
cutoff for 48 hours. The resulting material was then dried and
preserved.
2.4. Synthesis of TiO2/ZnO-CaAlg composite beads

TiO2/ZnO-CaAlg preparation was adapted from the protocol of
Albarelli et al. (2009) 45 with modications (Fig. 2b). A 2%
sodium alginate (NaAlg) solution agitated continuously over-
night. Subsequently, 50 mL of the NaAlg solution were stirred
with various proportions of TiO2/ZnO under constant agitation
at 200 rpm. The mass ratios of TiO2 to ZnO employed were 2 : 2
(equivalent), 2 : 1, and 1 : 2 (non-equivalent). For the 1 : 1 ratio,
1 g of TiO2 and 1 g of ZnO were used. The mixture containing
NaAlg and TiO2/ZnO was continuously agitated for 2 h. Using
a burette, this mixture was gradually introduced into a 50 mL
calcium chloride (CaCl2) solution at a concentration of 20 g L−1,
8228 | RSC Adv., 2026, 16, 8226–8242
under constant agitation. The droplet height was maintained at
5.5 cm to ensure the formation of uniform beads. The TiO2/
ZnO-CaAlg beads were le in the CaCl2 solution overnight to
allow for complete formation and hardening. Finally, the beads
were washed with distilled water and dried in an oven at 80 °C
for 24 to 48 hours.
2.5. Characterization of TiO2/ZnO-CaAlg composite beads

The chemical composition of the substances was analyzed
using FTIR spectroscopy (ATR mode) with a Nicolet IS10 spec-
trometer (Thermo Fisher Scientic Inc., Waltham, MA, USA),
allowing for the identication of functional groups within the
materials. XRD analysis, performed with a Thermo Scientic K-
Alpha diffractometer (USA) equipped with an Al Ka anode, to
determine the crystalline structure and phase composition.
Diffraction patterns were recorded over a 2q range of 10° to 80°.
SEM imaging, conducted with a JEOL JSM-IT800 microscope
(JEOL Ltd, Tokyo, Japan), provided high-resolution views of the
materials' microstructure, while EDX analysis using a Bruker
detector (Bruker Corporation, Karlsruhe, Germany) on a Quanta
650 FEG microscope (Thermo Fisher Scientic, USA), revealed
the spatial distribution of elements. These complementary
techniques provided a comprehensive understanding of the
materials' structural and compositional properties.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6. Preparation of stock and working solutions of CV

A stock solution of CV, with the chemical formula C25H30N3Cl,
was prepared by dissolving 0.1 g of CV powder in distilled water,
with continuous agitation until complete dissolution. This
resulted in a stock solution with a concentration of 1 g L−1.
Using this stock solution, diluted solutions of 10 ppm, 25 ppm,
and 50 ppm were prepared according to the dilution formula
(eqn (1)).

C1V1 = C2V2 (1)

2.7. Preparation of hydrogen peroxide (H2O2) solution

To prepare a 1 mol L−1 hydrogen peroxide (H2O2) solution,
a concentrated H2O2 solution at 30% (approximately
9.8 mol L−1) was used. A precise 10 mL volume of the concen-
trated solution was measured using a graduated pipette and
transferred into a 100 mL volumetric ask. Distilled water was
then added to the ask up to the calibration mark to achieve
a nal volume of 100 mL.
2.8. Evaluation of sequential adsorption–photocatalysis and
advanced oxidation processes

2.8.1. Sequential adsorption and photocatalysis. All exper-
iments were designed according to a two-step protocol to
decouple adsorption phenomena from photocatalytic degrada-
tion. In a typical experiment, a predetermined mass of ZnO/
TiO2-CaAlg composite beads was introduced into 300 mL of an
aqueous CV solution and magnetically stirred at 200 rpm for
30 min under dark conditions to allow adsorption while pre-
venting any photocatalytic reaction.

Following the dark adsorption phase, the suspension was
transferred to the photocatalytic chamber and exposed to UV
irradiation (254 nm) for 50 min under continuous stirring at
room temperature. Samples were collected at regular time
intervals throughout the experiment, centrifuged, and analyzed
by UV-vis spectroscopy to monitor dye removal. The overall
duration of each experimental run was therefore 80 min.

2.8.2. Combined adsorption, photocatalysis, and advanced
oxidation processes (AOPs). The combined adsorption–photo-
catalysis–AOP experiments were conducted following the same
two-step protocol described above. Aer the initial 30 min dark
adsorption period and immediately prior to UV irradiation,
hydrogen peroxide (H2O2) was introduced into the suspension
as an external oxidizing agent. Photocatalytic degradation was
then carried out under identical UV irradiation conditions for
50 min. Additional H2O2 injections were performed at pre-
determined time intervals during the irradiation phase, as
detailed previously.
2.9. Quantication of adsorption and removal efficiency

The adsorption performance of a material refers to its ability to
capture and retain pollutants under specic conditions,
measured by the equilibrium adsorption parameter q. This
parameter represents the amount of pollutant absorbed per
© 2026 The Author(s). Published by the Royal Society of Chemistry
unit mass of the adsorbent. The formulas below were used to
compute the amount of CV adsorbed onto the biosorbents at
equilibrium (qe, mg g−1) or at a specic time interval (qt, mg g−1)
(eqn (2) and (3)):

qe = (C0 − Ce)/m × V (2)

qt = (C0 − Ct)/m × V (3)

where, C0 is adsorbate initial concentration at t = 0 (mg L−1), Ce

is adsorbate concentration at equilibrium (mg L−1), Ct denotes
concentration at a specic time t (mg L−1), V is the solution
volume (L), and (m) is adsorbent weight (g).
2.10. Dye removal efficiency

Dye removal efficiency refers to the proportion of dye adsorbed
at a given time relative to its initial concentration in the solu-
tion. The percentage of dye elimination is assessed as follows
(eqn (4)):

% Removal = (C0 − Ce)/C0 × 100 (4)

2.11. Point of zero charge (pHpzc)

The surface charge behavior during removal processes is
particularly important when electrostatic interactions play
a critical role, as typically observed in composite materials. To
investigate this, the pHpzc of TiO2/ZnO-CaAlg composites beads
was evaluated.46 In this process, 0.15 g of the composite mate-
rial was added to 50 mL of a 0.01 M NaCl solution. The initial
pH of each solution was adjusted within the range of 1 to 10
using 1 M HCl or NaOH. The samples were magnetically stirred
at 250 rpm for 24 hours at room temperature. Aerward, the
nal pH values were measured and compared to the initial
values to determine the pHpzc.47 The pHpzc corresponds to the
pH at which the nal and initial pH values are equal, indicating
that the material has no net surface charge.48
2.12. Assessment of microbial toxicity

The microbial toxicity of CV dye was assessed both before and
aer its removal using three bacterial strains from the American
Type Culture Collection (ATCC): Staphylococcus aureus
ATCC®6538 (Gram-positive), Pseudomonas aeruginosa
ATCC®27853 (Gram-negative), and Escherichia coli
ATCC®25922. These strains were obtained from the Algerian
Pasteur Institute. Toxicity testing, including the evaluation of
the dye and its byproducts, was conducted using the agar
diffusion method. Each bacterial strain cultivated in nutrient
broth at 37 °C for 18 h. The inoculum was then prepared by
standardizing the bacterial suspensions to concentrations of
10−5 and 10−6 CFU mL−1. The suspensions were equally
distributed on the surfaces of Muller-Hinton agar plates. Blank
and serially prepared disks were put on agar, each impregnated
with 30 mL of a 100 mg L−1 CV dye solution (both before and
aer removal via the TiO2/ZnO-CaAlg composite), were placed
on the agar. The plates were incubated at 37 °C for 24 hours.
RSC Adv., 2026, 16, 8226–8242 | 8229
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Fig. 3 FTIR spectra of TiO2/ZnO-CaAlg composites beads before and after CV adsorption.
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Aer incubation, inhibition zones surrounding the disks were
evaluated to assess microbial growth inhibition, providing an
estimate of microbial toxicity.49
3. Results and discussion
3.1. Structural characterization

3.1.1. FT-IR analysis. The FT-IR spectra of the ZnO/TiO2-
CaAlg composite beads recorded before and aer CV adsorption
(Fig. 3) reveal the characteristic vibrational features of both the
alginate matrix and the embedded metal oxides. Prior to
adsorption, the broad absorption band centered at approxi-
mately 3400 cm−1 is attributed to O–H stretching vibrations of
hydroxyl groups, while the bands in the 1600–1400 cm−1 region
correspond to the asymmetric and symmetric stretching modes
of carboxylate groups, conrming the presence of alginate
functional groups.43 In addition, metal–oxygen lattice vibrations
associated with TiO2 and ZnO are observed in the low-frequency
region between 400–700 cm−1 region.50

Following CV adsorption, a marked attenuation of the
carboxylate bands at ∼1600 and ∼1400 cm−1 is observed,
indicating the direct involvement of –COO− groups in dye
binding indicative of dye binding via electrostatic forces, while
modications in the broad O–H stretching region around
3400 cm−1 region suggest the formation of hydrogen bonds
between alginate hydroxyl groups and CV molecules.47 The
appearance or intensication of bands in the 1500–1600 cm−1,
characteristic of the aromatic rings of CV, further conrms the
successful adsorption of the dye onto the composite beads.
Notably, differences in spectral evolution among composites
8230 | RSC Adv., 2026, 16, 8226–8242
with varying TiO2/ZnO ratios underscore the role of the metal
oxides in the adsorption process. More pronounced spectral
changes are observed for the 2 : 1 TiO2/ZnO composite, whereas
the 2 : 2 formulation exhibits weaker variations, which may be
attributed to partial saturation or reduced accessibility of active
adsorption sites. Overall, the FT-IR analysis demonstrates that
CV removal proceeds through a combination of electrostatic
attraction and hydrogen-bonding interactions mediated by
alginate functional groups, with additional contributions
arising from the incorporated metal oxides.

3.1.2. X-ray diffraction (XRD) analysis. The XRD patterns of
the TiO2/ZnO-CaAlg composites beads recorded before and aer
adsorption and photocatalytic experiments are shown in Fig. 4.
For all investigated compositions (2 g TiO2–1 g ZnO, 1 g TiO2–2 g
ZnO, and 2 g TiO2–2 g ZnO), the diffraction patterns obtained
prior to treatment display the characteristic reections of
anatase TiO2 and wurtzite ZnO, conrming the successful
incorporation of both metal oxides within the alginate
matrix.51,52

Following adsorption and photocatalytic treatment, the
main diffraction peaks associated with TiO2 and ZnO remain
clearly visible, with no emergence of additional phases or loss of
characteristic reections characteristic reections. This obser-
vation indicates that the bulk crystalline structure and phase
composition of the composites are maintained throughout the
experimental processes. The minor variations in peak intensi-
ties observed aer treatment are attributed to surface-related
effects, such as dye adsorption, the presence of the alginate
matrix, and inherent experimental variability, rather than to any
crystallographic transformation or amorphization53–55
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD analysis of TiO2/ZnO-CaAlg composites beads before and
after adsorption and photocatalysis.
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Overall, the XRD results conrm the excellent phase stability
and structural integrity of the TiO2/ZnO-CaAlg composites
beads before and aer use, supporting their robustness and
suitability for repeated adsorption–photocatalysis
applications.56,57

3.1.3. SEM/EDS analysis. SEM/EDS analyses of TiO2/ZnO-
CaAlg composite beads with varying oxide ratios (2 : 2, 2 : 1,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 1 : 2) before and aer CV removal is shown in Fig. 5. Prior to
adsorption, SEM micrographs reveal distinct surface morphol-
ogies as a function of the TiO2/ZnO ratio. The 2 : 2 composite
exhibits a relatively homogeneous porous surface, indicative of
uniform oxide dispersion within the alginate matrix. In
contrast, the 2 : 1 composite displays porous agglomerates
interspersed with elongated, ZnO-like crystalline structures,
which are expected to increase surface roughness and enhance
the density of accessible adsorption sites.58 Conversely, the 1 : 2
composite is characterized by the predominance of well-dened
TiO2 crystalline domains, a morphology more conducive to
photocatalytic processes.

Following CV adsorption, all composites display partial pore
blockage and surface coverage, providing clear evidence of
effective dye accumulation on the bead surfaces.54,59

EDS analysis prior to adsorption conrms the presence of
carbon and oxygen originating from the alginate framework,
calcium associated with Ca-alginate ionic crosslinking, and zinc
and titanium corresponding to the incorporated metal oxides.
The relative intensities of Zn and Ti signals closely match the
nominal synthesis ratios, while trace amounts of chlorine are
detected before treatment.60,61 Aer CV removal, a pronounced
increase in carbon content is observed, corroborating the
immobilization of the dye on the composite surface. Minor
variations in the Zn and Ti signal intensities are attributed to
surface masking by adsorbed CVmolecules rather than to metal
oxide dissolution or leaching.60,61 Moreover, the persistence of
calcium signals and the absence of chlorine aer adsorption
highlight the structural integrity and chemical stability of the
Ca-alginate matrix throughout the treatment process, in good
agreement with previously reported ndings.40
3.2. Optimization of operating conditions

3.2.1. Initial concentration and contact time effect. The
inuence of contact time on CV removal by ZnO/TiO2-CaAlg
composite beads was investigated to determine the equilibrium
time and identify optimal operating conditions. Kinetic exper-
iments were conducted at the natural pH of the solution using
initial CV concentrations of 10, 25, and 50 mg L−1 and catalyst
dosages of 0.05, 0.10, and 0.20 g, in order to evaluate their
effects on degradation kinetics and to elucidate the underlying
removal mechanism (Fig. S1).

The experiments demonstrated that equilibrium was
reached rapidly, within approximately 60 minutes. The CV
removal process followed a triphasic kinetic prole. The rst
stage, occurring during the initial 40 minutes, is characterized
by a rapid degradation rate, attributed to the efficient interac-
tion of CV molecules with a large number of readily accessible
active sites on the composite surface, governed predominantly
by external mass transfer phenomena.62,63 This is followed by
a second, slower stage between 40 and 60min, during which the
degradation rate progressively decreases as surface active sites
become increasingly occupied. Finally, a plateau region is
observed between 60 and 90 minutes, indicating saturation of
the catalyst surface and the establishment of adsorption–
degradation equilibrium.
RSC Adv., 2026, 16, 8226–8242 | 8231
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Fig. 5 SEM and EDS analyses of TiO2/ZnO–CaAlg composite beads with different TiO2/ZnO ratios before and after CV removal: (A) SEM images
before adsorption, (B) SEM images after adsorption, (C) EDS spectra before adsorption, and (D) EDS spectra after adsorption.
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These results highlight the critical inuence of nanoparticles
surface characteristics and textural properties in governing CV
degradation efficiency. Among the investigated materials, the
8232 | RSC Adv., 2026, 16, 8226–8242
composite containing 2 g ZnO and 1 g TiO2 exhibited superior
performance, as evidenced by the lowest normalized concen-
tration (C/C0) values. Fig. 6 illustrates the temporal evolution of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-vis spectral changes of CV solution as a function of
degradation time using ZnO/TiO2-CaAlg composite beads.
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the UV-vis spectra of a CV solution (10 mg L−1) before and
during degradation in the presence of ZnO/TiO2-CaAlg
composite beads. The initial spectrum exhibits a distinct
© 2026 The Author(s). Published by the Royal Society of Chemistry
absorption band in the visible region at lmax = 590 nm, char-
acteristic of CV dye. As the reaction time increases, this band
progressively decreases and eventually disappears, indicating
effective dye degradation due to the action of reactive oxidative
species.64

3.2.2. Effect of catalyst mass. Catalyst mass is a critical
parameter governing both adsorption efficiency and photo-
catalytic degradation performance. To evaluate its inuence,
experiments were conducted using different catalyst dosages.
The results show that a catalyst mass of 0.10 g of the 2g ZnO/1g
TiO2-CaAlg composite beads produced the most pronounced
reduction in the normalized concentration (C/C0), reaching
a minimum value within approximately 50 min and continuing
to decrease thereaer (Fig. S2). This behavior indicates more
efficient utilization of active sites and enhanced generation of
reactive species, thereby identifying 0.10 g as the optimal cata-
lyst dosage for effective CV degradation under the investigated
conditions.

3.2.3. Effect of hydrogen peroxide (H2O2) volume on CV dye
degradation. Hydrogen peroxide (H2O2) serves as an important
source of hydroxyl radicals (OHc). The effect of varying H2O2

volumes on CV dye degradation was investigated using 2g ZnO/
1g TiO2-CaAlg composite beads as the catalyst, with H2O2

volumes of 1 ml, 1.5 ml, and 2 ml. As shown in Fig. S2, the
addition of H2O2 markedly enhanced CV removal, leading to
a rapid decrease in the C/C0 ratio within the rst 20–30minutes.
Among the evaluated conditions, an H2O2 volume of 1.5 mL
yielded the lowest C/C0 values aer 70 min of reaction, indi-
cating the most efficient degradation performance.

The proposed photocatalytic degradation mechanism,
involving the generation of reactive oxygen species through UV/
H2O2-assisted processes, is consistent with mechanisms widely
reported in the literature. However, it should be emphasized
that this mechanism represents a plausible interpretation of the
observed trends rather than a pathway directly conrmed by
experimental radical identication studies.65

3.2.4. Effect of initial solution pH. The solution pH is
a critical parameter inuencing both the adsorption behavior
and degradation efficiency of CV dye.66 In this study, the effect
of initial pH on CV degradation was investigated using 2 g ZnO/
1 g TiO2-CaAlg composite beads, as illustrated in Fig. S2.

The results demonstrate a dependence of CV removal effi-
ciency on solution pH. The most pronounced decrease in the
normalized concentration (C/C0), corresponding to an approx-
imate removal efficiency of 95%, was achieved at pH 8. In
contrast, higher C/C0 values were observed at pH 2, 4, and 10,
indicating reduced degradation performance under strongly
acidic or highly alkaline conditions. These ndings suggest that
a mildly alkaline environment provides optimal conditions for
CV degradation.
3.3. Point of zero charge (pHpzc)

The point of zero charge (pHpzc) corresponds to the pH at which
the net surface charge of a solid is zero.67 To determine the
pHpzc, a 50 ml NaCl solution was prepared in sealed tubes, with
the pH adjusted between 1 and 10 using sodium hydroxide and
RSC Adv., 2026, 16, 8226–8242 | 8233
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Fig. 7 Zero charge point (pHpzc) of ZnO/TiO2-CaAlg composite
beads.
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hydrochloric acid. A 0.05 g sample of ZnO/TiO2-CaAlg
composite beads was then added to each NaCl solution at
different pH levels. Aer 24 hours of stirring, the nal pH was
measured. A plot was created with the nal pH versus initial pH,
8234 | RSC Adv., 2026, 16, 8226–8242
and the point where the plot intersects the line where pH (nal)
= pH (initial) represents the pHpzc of the material. This value is
important as it affects the surface charge of the catalysts.63 Fig. 7
presents the pH at the point of zero charge (pHpzc) of the ZnO/
TiO2-CaAlg composite beads. The pHpzc of the composite con-
taining 1 g ZnO and 2 g TiO2 is approximately 6, whereas the
composites with 2 g ZnO/1 g TiO2 and 2 g ZnO/2 g TiO2 exhibit
pHpzc values close to 7. At solution pH values exceeding the
pHpzc, the surface of the composite beads becomes negatively
charged, favoring the adsorption of cationic species such as
crystal violet through electrostatic attraction. In contrast, at pH
values below the pHpzc, the surface acquires a net positive
charge, leading to electrostatic repulsion with cationic dye
molecules and consequently lower removal efficiency. These
results indicate that electrostatic interactions play an important
role in the adsorption process, particularly under neutral to
slightly alkaline conditions, although they may act in conjunc-
tion with other surface interactions on heterogeneous adsorp-
tion sites.68

3.4. Effect of temperature

Temperature is a key parameter inuencing photocatalytic
degradation processes, as it affects dye solubility, molecular
mobility, and the physicochemical properties of the catalyst
surface.69 An increase in temperature generally enhances
molecular diffusion by lowering solution viscosity, thereby
facilitating mass transfer and improving degradation effi-
ciency.70 In this study, the effect of temperature on the photo-
catalytic degradation of CV using ZnO/TiO2-CaAlg composite
beads was investigated over a temperature range of 20–60 °C
(Fig. S2).

A systematic decrease in the C/C0 ratio was observed with
increasing temperature, indicating enhanced dye degradation
and suggesting that the process is endothermic in nature.71 The
improved performance at higher temperatures can be attrib-
uted to increased molecular mobility of CV molecules and
strengthened interactions with the active sites on the ZnO/TiO2-
CaAlg surface, which collectively promote adsorption and
subsequent photocatalytic reactions.

At 60 °C, the lowest C/C0 values were obtained for the 1g
ZnO/2g TiO2, 2g ZnO/1g TiO2, and 2 g ZnO/2g TiO2 composites
beads, conrming the benecial effect of increased temperature
on photocatalytic activity across all investigated compositions.

3.5. Kinetic modeling of CV dye photodegradation

This study investigated the photodegradation kinetics of CV dye
using the synthesized ZnO/TiO2-CaAlg composites beads,
employing both pseudo-rst-order (Langmuir–Hinshelwood)
and pseudo-second-order models to assess photocatalytic
performance.72 In the pseudo-rst-order kinetic model, the
relationship between ln (C0/Ct) and time (t) is considered,
whereas in the pseudo-second-order model, the relationship
between (1/Ct – 1/C0) and time (t) is used. These equations are
presented in Table S1.

The apparent rate constants were obtained from the slopes
of the kinetic plots provided in Table S1, and the calculated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic model parameters and correlation coefficients for CV
dye removal by the prepared nanocompositesa

Composite catalysts

Pseudo-rst-order Pseudo-second-order

k1 (min−1) R2 k2 (L mg−1 min−1) R2

1g ZnO-2g TiO2 0.0192 0.9866 0.004 0.9531
2g ZnO-1g TiO2 0.0249 0.9799 0.007 0.9102
2g ZnO-2g TiO2 0.0251 0.9808 0.008 0.9619

a kinetic parameters were obtained from the overall removal process
following sequential adsorption and photocatalysis steps.

Table 3 Thermodynamic parameters for CV photocatalytic degrada-
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values are summarized in Table 1. For ZnO/TiO2-CaAlg
composites beads, the rate constants increase from
0.0192 min−1 and 0.004 L mg−1 min−1 (1g ZnO-2g TiO2) to
0.0249 min−1 and 0.007 L mg−1 min−1 (2g ZnO-1g TiO2),
reaching 0.0251 min−1 and 0.008 L mg−1 min−1 for 2g ZnO-2g
TiO2. This progressive enhancement reects improved photo-
catalytic activity, likely due to more efficient charge separation
and an increased density of active sites in the optimized
nanocomposite. The results demonstrate that the photo-
degradation of CV follows both pseudo-rst-order and pseudo-
second-order kinetics, with correlation coefficients exceeding
0.9.73
tion on ZnO/TiO2-CaAlg composite beads

CaAlg
nanoparticles

T
(°K)

DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

1g ZnO/2g TiO2 293 −0.66 14.29 51.93
303 −1.65
313 −2.52
333 −2.75

2g ZnO/1g TiO2 293 −3.80 18.10 75.54
303 −5.18
313 −5.99
333 −6.87

2g ZnO/2g TiO2 293 −2.42 15.62 61.61
303 −2.94
313 −4.06
333 −4.74
3.6. Adsorption and photodegradation isotherm modeling
of CV dye

Experimental data were analyzed using the Langmuir and
Freundlich isotherm models to describe the adsorption
behavior and elucidate interactions between CV dye molecules
and the catalyst surface.74,75 Adsorption isotherms of CV dye at
varying initial dye concentrations are presented in Fig. S3 and
were tted using the non-linear Langmuir and Freundlich
models (Table S1). The corresponding isotherm parameters for
ZnO/TiO2-CaAlg composite beads are summarized in Table 2.
High qmax or KF values indicate strong adsorption capacity,
while 1/n values between 0 and 1 conrm favorable
adsorption.76
Table 2 Adsorption isotherm model parameters obtained from experim

Isotherm models CaAlg nanoparticles

Langmuir 1g ZnO/2g TiO2

2g ZnO/1g TiO2

2g ZnO/2g TiO2

Isotherm models CaAlg nanoparticles

Freundlich 1g ZnO/2g TiO2

2g ZnO/2g TiO2

2g ZnO/2g TiO2

© 2026 The Author(s). Published by the Royal Society of Chemistry
As shown in Table 2, both Langmuir and Freundlich models
exhibit high correlation coefficients (R2$ 0.90), indicating good
agreement with the experimental data. The Langmuir model
provides an excellent t for the 2g ZnO/2g TiO2 (R

2 = 0.99) and
2 g ZnO/1g TiO2 (R2 = 0.96) composites suggesting that CV
adsorption predominantly occurs as a monolayer on energeti-
cally uniform surface sites.77 Based on the Langmuir model, 1g
ZnO/2g TiO2 shows the highest adsorption capacity (826.57 mg
g−1), followed by 2g ZnO/2g TiO2 (612.95 mg g−1) and 2g ZnO/1g
TiO2 (263.78 mg g−1). The Freundlich parameter 1/n values (0 <
1/n < 1) further conrm favorable adsorption on heterogeneous
surfaces.
3.7. Thermodynamic analysis of the process

Thermodynamic parameters, including Gibbs free energy (DG),
enthalpy (DH), and entropy (DS), were evaluated to assess the
spontaneity and energetic feasibility of CV adsorption on ZnO/
TiO2-CaAlg composite beads. The equations used for these
calculations are provided in Table S1.78

The thermodynamic parameters were obtained from the
slope and intercept of the ln (Kd) versus 1/T plot (Fig. S4) and are
ental data

Parameters

R2qmax (mg g−1) KL(L mg−1)

826.57 0.030 0.89
263.78 0.15 0.96
612.95 0.020 0.99

Parameters

R2KF (mg g−1) 1/n

26.46 0.87 0.88
42.43 0.59 0.90
14.92 0.84 0.98

RSC Adv., 2026, 16, 8226–8242 | 8235
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Fig. 8 Microbial toxicity of E. coli,P. aeruginosa, and S. aureus exposed to crystal violet and TiO2/ZnO-CaAlg composite-treated solutions.
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summarized in Table 3. The negative DG values over the studied
temperature range conrm the spontaneous nature of the
process, while their decrease with increasing temperature
indicates enhanced spontaneity at higher temperatures. The
positive DH value reveals that the adsorption process is endo-
thermic.79 Furthermore, the positive DS value indicates an
increase in randomness at the solid–liquid interface during
adsorption, reecting enhanced disorder as dye molecules
interact with the nanoparticle surface.
3.8. Evaluation of microbial toxicity and detoxication of CV
dye using ZnO/TiO2-CaAlg composite beads

Themicrobial toxicity test results (Fig. 8) showed that the crystal
violet stock solution (100 mg L−1) produced clear inhibition
zones, ranging from 12 mm for Staphylococcus aureus to 14 mm
for Pseudomonas aeruginosa and 20 mm for Escherichia coli,
conrming the acute toxicity of crystal violet toward the tested
bacterial strains.

In contrast, solutions treated with TiO2/ZnO-CaAlg compos-
ites beads prepared at varying oxide ratios (2 g ZnO–2 g TiO2, 2 g
Table 4 Comparison of CV adsorption capacities (qmax) of ZnO/TiO2-Ca
in the literature

Materials used Composition/ratio Po

ZnO/TiO2-CaAlg 1 g ZnO/2 g TiO2 C
ZnO/TiO2-CaAlg 2 g ZnO/2 g TiO2 C
ZnO/TiO2-CaAlg 2 g ZnO/1 g TiO2 C
Bentonite–alginate composite Bentonite/alginate C
Alginate/acid-activated bentonite Alginate/AAB C
Bentonite/alginate Activated bentonite + alginate C
Alginate/Pectin nanocomposite Alginate/pectin C
Alginate/gelatin/MMT Alginate/gelatin/montmorillonite C
Ionic-liquid alginate hydrogel IL-crosslinked alginate C
Alginate–whey Alginate/whey C
Alg@AgNPs Alginate/Ag nanoparticles C
Alg-Cst/Kal Alginate/chitosan/kaolinite C
Alginate/GO hydrogel Alginate/acrylamide/GO C
Alginate/ZnO/GO Graed alginate/ZnO/GO C
Alginate beads + sawdust Alginate/Cedrus deodara C
Guar gum/alginate hydrogel Guar gum/alginate C

8236 | RSC Adv., 2026, 16, 8226–8242
ZnO–1 g TiO2, and 1 g ZnO–2 g TiO2) exhibited no detectable
inhibition zones for any of the tested bacteria. This result
indicates a substantial reduction of microbial toxicity aer
treatment.

It is important to emphasize that the disappearance of
inhibition zones reects detoxication, dened here as the loss
of acute antimicrobial activity toward the tested microorgan-
isms. This outcome does not necessarily imply complete
mineralization of crystal violet, as adsorbed dye molecules or
transformation intermediates may still be present at non-toxic
concentrations. Nevertheless, the microbial assay provides
relevant evidence that the treated effluents no longer exert
harmful biological effects under the tested conditions, high-
lighting the potential of TiO2/ZnO-CaAlg composites for
detoxication-oriented wastewater treatment applications.
3.9. Comparative assessment of CV adsorption efficiency

The adsorption performance of the ZnO/TiO2-CaAlg composite
beads prepared in this study was evaluated and benchmarked
against various alginate-based composites reported in the
Alg composite beads with similar alginate-based composites reported

llutant qmax (mg g−1) Material type Ref.

rystal violet 826.57 Composite beads This work
rystal violet 612.95 Composite beads This work
rystal violet 263.78 Composite beads This work
rystal violet 601.93 Composite beads 80
rystal violet 582.4 Composite beads 81
rystal violet 546 Composite beads 82
rystal violet 619.22 Biopolymer nanocomposite 83
rystal violet 1000.0 Ternary composite beads 84
rystal violet 405.0 Functional hydrogel 85
rystal violet 220.0 Biopolymer composite 86
rystal violet 186.93 Bionanocomposite 87
rystal violet 169.49 Bio-nanocomposite 88
rystal violet 100.30 Hydrogel nanocomposite 89
rystal violet 13.85 Photocatalytic composite 90
rystal violet 4.80 Beads/biosorbent 91
rystal violet 3.25 Hydrogel 92

© 2026 The Author(s). Published by the Royal Society of Chemistry
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literature (Table 4). Among the three compositions tested, the
1 g ZnO/2 g TiO2 beads exhibited the highest maximum
adsorption capacity toward CV, with a qmax of 826.57 mg g−1,
followed by 2 g ZnO/2 g TiO2 (612.95 mg g−1) and 2 g ZnO/1 g
TiO2 (263.78 mg g−1). These adsorption capacities are compa-
rable to, and, in some cases, surpass, those reported for other
alginate-based composite beads, hydrogels, and nano-
composites, including bentonite–alginate (601.93 mg g−1),
alginate/acid-activated bentonite (582.4 mg g−1), and alginate/
pectin nanocomposites (619.22 mg g−1). Notably, only
alginate/gelatin/montmorillonite ternary composite beads ach-
ieved a higher qmax (1000 mg g−1), highlighting the excellent
performance of the ZnO/TiO2-CaAlg beads within the context of
alginate-based systems. These results indicate that adjusting
the ZnO/TiO2 ratio has a signicant impact on adsorption effi-
ciency, with higher TiO2 content promoting enhanced CV
adsorption.

4. Conclusions

This study investigates the challenge of effective wastewater
treatment by evaluating the degradation of crystal violet dye
using ZnO/TiO2-CaAlg catalysts. The results highlight the
effectiveness of a hybrid approach that combines adsorption
and photocatalysis, achieving optimal dye removal under
specic conditions, including pH, dye concentration, catalyst
dosage, and H2O2 volume. In summary, the key conclusions
from this work are as follows:

� The ZnO/TiO2-CaAlg composites beads, especially with
a ZnO : TiO2 ratio of 2 : 1, exhibit a porous structure with
abundant active sites, facilitating strong interactions with dye
molecules. Aer adsorption, a notable increase in carbon and
oxygen content conrms effective dye adsorption and photo-
catalysis, with signicant coverage of the crystal surfaces.

� XRD analysis shows distinct crystalline phases for ZnO
(wurtzite) and TiO2 (anatase) before adsorption, while
a decrease in peak intensity aer adsorption indicates struc-
tural modications. The 2 : 1 composite demonstrates the
highest efficiency in both adsorption and photocatalysis.

� FTIR analysis reveals the formation of chemical bonds
between the dye and the composite, as evidenced by the atten-
uation of carboxylate and hydroxyl groups aer adsorption.

� Antimicrobial tests show that while crystal violet dye
inhibits bacterial growth, treatment with the ZnO/TiO2-CaAlg
composites beads eliminates the dye's toxicity, with no residual
harmful effects on bacteria.

� The point of zero charge (pHpzc) of the composites varies
with the ratio, inuencing adsorption behavior, particularly at
different solution pH levels. For optimal decolorization, a 0.1 g
mass of the 2 : 1 composite achieves 98.5% dye removal effi-
ciency under optimal conditions.

The enhanced performance of ZnO/TiO2-CaAlg composites
stems from the synergistic integration of metal oxide nano-
particles within the alginate matrix, which provides abundant
accessible active sites, increased porosity, and optimized
surface area. These characteristics collectively enable efficient
crystal violet adsorption and effective photocatalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
degradation through improved charge separation and reactive
oxygen species generation. Notably, the 2 : 1 ZnO/TiO2-CaAlg
composition exhibits outstanding potential for dye removal and
microbial detoxication, highlighting its promise for advanced
wastewater treatment applications.
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