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Abstract

Background: The development of advanced materials catalyzing solar-driven degradation is essential for sustainable water remedia-
tion strategies. This study sheds light on how zeolitic supports influence the microstructural and charge-transfer properties of ternary
photocatalysts. Methods: Hybrid Titanium dioxide (TiO2)-cadmium sulfide (CdS) composites supported on natural (clinoptilolite) and
synthetic (NaA) zeolites were synthesized via an in situ sol–gel method. The structural and optical properties of these composites were
characterized using instrumental techniques, and their photocatalytic performance was evaluated through the degradation of methylene
blue (MB) under simulated solar light. Results: X-ray diffraction identified anatase as the dominant phase. Williamson-Hall analysis
revealed a reduction in TiO2 crystal size (from 7.2 nm for bare TiO2 to 5.6 nm for the optimal composite) and support-dependent com-
pressive lattice deformation. Specific surface area increased (from 65.88 to 78.91 m2/g) with the emergence of hierarchical porosity.
The TiO2-CdS/clinoptilolite composite with a moderate zeolite content (TiO2-CdS/CLI0.5) exhibited the most balanced performance,
featuring an optimal crystallite size, a moderate compressive lattice strain, a low recombination rate, and an absolute photocatalytic MB
degradation of 53% (as well as 16% dark adsorption), outperforming synthetic NaA counterparts. Conclusions: The zeolitic support
strongly influences structure–property relationships in TiO2-CdS/zeolite composites. By acting as rigid nanoreactors, the matrices induce
microstrain and facilitate charge separation via a direct Z-scheme mechanism, thereby enhancing visible-light photocatalysis.
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1. Introduction
Water contamination by persistent organic pollutants

remains one of the most pressing environmental challenges,
as industrial effluents frequently contain dyes and recal-
citrant composites that are difficult to remove using con-
ventional physicochemical or biological treatments [1,2].
Among these contaminants, synthetic dyes such as methy-
lene blue (MB) exhibit high chemical stability, resistance
to biodegradation, and strong light absorption, which limits
solar penetration in aquatic systems and disrupts ecological
balance [3,4]. Consequently, the development of advanced
materials capable not only of adsorption but also of catalytic
degradation is essential for sustainable water remediation
strategies.

Heterogeneous photocatalysis has emerged as a
promising approach due to its ability to mineralize organic
pollutants under light irradiation [5]. Titanium dioxide
(TiO2), particularly in its anatase phase, is one of the most
widely investigated photocatalysts owing to its chemical
stability, low toxicity, and strong oxidative capacity. How-

ever, its wide band gap (~3.2 eV) restricts photoactivation
predominantly to the ultraviolet region, limiting solar en-
ergy utilization [5]. To overcome this limitation, narrow-
band-gap semiconductors such as cadmium sulfide (CdS,
~2.4 eV) have been coupled with TiO2 to extend light ab-
sorption into the visible range. The formation of TiO2-
CdS composites enhances charge separation efficiency and
broadens the spectral response. In fact, advanced interfacial
designs utilizing CdS, such as S-scheme heterojunctions,
have recently been shown to highly optimize reaction ki-
netics and directed charge-transfer pathways for enhanced
photocatalytic performance [6]. Despite these mechanis-
tic advantages, challenges related to the photocorrosion and
long-term structural instability of CdS in aqueous media re-
main [5].

Beyond band gap engineering, the structural design of
composite materials plays a crucial role in determining their
functional performance. The deliberate design of hybrid in-
terfaces has been shown to significantly enhance material
properties by optimizing physical and chemical interactions
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at the interface [7]. In multiphase photocatalytic systems,
these interfacial interactions between semiconductors and
supports become even more critical; they can induce lattice
distortions, modify defect densities, and create synergistic
effects at the heterojunctions. Such synergistic enhance-
ment strongly dictates charge-carrier dynamics, ultimately
leading to highly efficient and recoverable dye degradation
under visible light [8].

In this context, porous aluminosilicate frameworks,
such as zeolites, have attracted attention as functional sup-
ports due to their high surface area, tunable pore struc-
tures, and ion-exchange capacity [5]. Zeolites not only im-
prove dispersion and inhibit nanoparticle aggregation but
also modulate adsorption behavior and facilitate interfacial
bonding (e.g., Ti-O-Si linkages), thereby impacting crystal-
lite growth and strain within semiconductor phases.

Recent studies have highlighted the potential of
zeolite-supported TiO2 systems for enhanced environmen-
tal applications [5]. However, limited attention has been
paid to how the topology and ionic composition of natu-
ral versus synthetic zeolites influence the structural param-
eters of TiO2-CdS composites, including crystallite size, lat-
tice strain, and defect-related recombination processes. In
particular, clinoptilolite (rich in exchangeable cations such
as Ca2+, K+, and Mg2+) and NaA-type zeolite (dominated
by Na+ ions and smaller pore apertures) provide distinct
physicochemical environments that may significantly affect
composite formation and structure–property relationships.

Therefore, the present study focuses on the synthe-
sis of TiO2-CdS/zeolite hybrid composites via the sol-gel
method, employing both natural (clinoptilolite) and syn-
thetic (NaA) zeolites as supports. While numerous stud-
ies have explored TiO2-CdS heterostructures, the novelty of
this work lies in the in situ sol-gel synthesis method, which
systematically correlates how the different topological and
ionic environments of NaA zeolites determine structural
microdeformation and charge-carrier dynamics. This study
directly compares how these specific zeolitic structures,
which differ in pore opening and exchangeable cations,
physically restrict TiO2 crystal growth and modulate inter-
facial defects. Through this sol-gel strategy, we elucidate
the fundamental mechanisms by which zeolitic support en-
hances photocatalytic efficiency under visible light, beyond
traditional band-gap reduction.

2. Materials and Methods
2.1 Chemicals and Materials

Titanium tetrabutoxide (Ti[OC(CH3)3]4, Sigma
Aldrich, St. Louis, USA, 97%), anhydrous ethanol
(C2H6O, JT Baker, New Jersey, USA), hydrochloric acid
(HCl, Sigma Aldrich, St. Louis, USA), cadmium acetate
((CH3COO)2Cdꞏ2H2O, Sigma Aldrich, St. Louis, USA,
99%), sodium sulfide (Na2Sꞏ9H2O, Sigma Aldrich, St.
Louis, USA, 98%), and deionized water were utilized for
material synthesis. The natural zeolite used was calcium

clinoptilolite from El Cajón, Sonora, Mexico, sieved
through #360 mesh, and type A sodium zeolite was used
as the synthetic zeolite (Sigma-Aldrich, St. Louis, USA).
Analytical grade MB (C16H18ClN3S, JT Baker, New
Jersey, USA) served as the model contaminant.

2.2 Synthesis of TiO2

A solution containing 25 mL of C2H6O and 13 mL of
Ti[OC(CH3)3]4 was maintained under magnetic stirring for
30 minutes. Subsequently, 1 mL of HCl was added as a
catalyst. Separately, a solution of 10 mL of C2H6O and 2.7
mL of deionized water was prepared and added dropwise to
the Ti[OC(CH3)3]4 mixture. The titration process required
approximately 20 minutes under constant magnetic stirring.
The resulting solutionwas stirred for an additional 20 hours.
Themixture was then dried in a water bath at 90–100 °C un-
til a white powder formed, which was ground using an agate
mortar. The material was heat-treated in a tubular furnace
at 500 °C under an oxygen flow for 1 hour. The final sample
was labeled as TiO2.

2.3 Synthesis of CdS
CdS was obtained using the sol-gel method, based

on the methodology of Manzoor et al. [9]. A 0.5 M
(CH3COO)2Cdꞏ2H2O solution was prepared in 100 mL of
deionized water, stirred for 30 minutes, and then subjected
to static aging for another 30minutes. The resulting product
was recovered by centrifugation and then washed repeat-
edly with deionized water and ethanol. This material was
then dried at 90 °C in a water bath to facilitate the removal
of residual solvent and finally ground into a fine powder for
subsequent use.

2.4 Synthesis of TiO2-CdS/Zeolite Composites
The synthesis of the TiO2-CdS/Zeolite composites

was carried out similarly to the methodology used for the
preparation of TiO2. The incorporation of zeolite and
CdS was carried out by adding 0.074 g of CdS (previ-
ously synthesized) and different amounts of zeolite (0.5 g
and 1.5 g) during the preparation of the sol phase. The
rest of the process is similar to that previously described
for the synthesis of TiO2. The samples were labeled
TiO2-CdS/CLI0.5, TiO2-CdS/CLI1.5, TiO2-CdS/NaA0.5,
and TiO2-CdS/NaA1.5 for the composites with 0.5 g and
1.5 g of natural (CLI) and synthetic (NaA) zeolites, respec-
tively.

2.5 Characterizations and Equipment
The structural characterization of the samples was per-

formed using X-ray diffraction and Raman spectroscopy. A
Bruker D2 Phaser (Billerica, Massachusetts, USA) diffrac-
tometer was used, emitting Cu Kα radiation (λ = 1.5406
Å). Diffractions were recorded in the 2θ range of 10–80°
at a scan rate of 4°ꞏmin⁻1 under standard equipment con-
ditions. Raman analysis was performed on a Horiba–Jobin
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iHR550 spectrometer (Horiba, Kyoto, Japan) using a 533
nm (green) laser excitation source at room temperature.
Optical analysis was performed using Ultraviolet-Visible
(UV)-Visible spectroscopy (SHIMADZU UV-2600, Ky-
oto, Japan) and photoluminescence (PL) spectroscopy (λ
= 533 nm; Horiba-Jobin iHR550 monochromator (Kyoto,
Japan) and a Peltier-cooled Synapse CCD detector with
a collection lens system for emission capture). Textural
analyses were performed by nitrogen (N2) physisorption
on an Autosorb iQ (Anton Paar, Graz, Austria). Before
measurement, the powdered samples were degassed at 200
°C (473.15 K) under vacuum to remove moisture and ph-
ysisorbed species, ensuring clean surfaces. N2 adsorption-
desorption isotherms were recorded at 77 K (−196.15 °C)
using a liquid nitrogen bath.

The photocatalytic tests were performed using a fully
reflective Sciencetech solar simulator (London, Ontario,
Canada) that employs a 500 W xenon short-arc lamp as the
irradiation source, whichwas calibrated to deliver a light in-
tensity of 1 sun (approximately 100 mW/cm2) at the sample
surface. The reaction was monitored using a UV-Vis spec-
trophotometer with the main MB band located at 665 nm.
The photocatalytic tests were designed as proof-of-concept
evaluations to assess the baseline visible-light activity of
the composites.

3. Results
3.1 X-Ray Diffraction (XRD)

X-ray diffraction was used to determine the crystalline
structure of the composites synthesized with varying zeolite
percentages. Fig. 1 shows the diffractograms of the sol-
gel-synthesized samples. The data were compared with the
JCPDS 21-1272 card. All samples exhibit peaks that can be
indexed to the anatase phase of TiO2 (tetragonal structure),
which has three principal planes (101), (200), and (004) lo-
cated at approximately 2θ: 25°, 38°, and 48°, respectively
[10].

Fig. 1a shows the composites synthesized with natural
zeolite. These samples were compared with the JCPDS 39-
1383 card. In the TiO2-CdS/CLI1.5 sample, a greater num-
ber of peaks corresponding to clinoptilolite- Ca [11] can be
distinguished than in the TiO2-CdS/CLI0.5 sample, which
is associated with the amount of zeolite incorporated in the
synthesis process, since a higher mass percentage of zeo-
lite results in more crystal planes that can diffract the X-ray
beam [12]. A similar phenomenon is observed in the sam-
ples made with synthetic zeolite. In the TiO2-CdS/NaA0.5
sample, it is not possible to distinguish any peak associ-
ated with the sodium zeolite, while the TiO2-CdS/NaA1.5
sample exhibits the planes (642), (660), (1200), and (1088),
located at 2θ: 27°, 32°, 45°, and 56°, respectively [13].

In none of the samples were peaks corresponding to
CdS in the cubic zinc blende phase observed, due to the
amount of precursor salt used in the synthesis. Further-
more, the (200) plane of CdS overlaps with the (101) plane

of TiO2, complicating indexing. However, the TiO2 planes
exhibit shifts to the right and left, as well as broadening, as
shown in Fig. 1c. This behavior in the diffractograms indi-
cates that the CdS particles generate strain in the TiO2 lat-
tice. Although the low precursor concentration and the crit-
ical overlap between the CdS (200) and TiO2 (101) planes
limit the direct detection of the CdS phase via XRD, its suc-
cessful incorporation and dispersion are unequivocally con-
firmed by complementary spectroscopic analyses discussed
in the following sections.

The Williamson-Hall uniform deformation model
(UDM) was employed to estimate lattice deformation in
TiO2 resulting from the incorporation of CdS particles and
the application of zeolites as supports. The UDM model
considers [14]:

β cos θ =
Kλ

D
+ 4ε sin θ. (1)

where K is a shape factor (0.9), and ε is the microstrain.
From a linear fit of the graph of β cosθ vs 4 sinθ for the
diffraction peaks, we can determine the slope and intercept
on the ordinate axis, representing the strain and crystallite
size, respectively [15] (Fig. 2a). The data obtained are sum-
marized in Table 1.

Table 1 shows that the compressive lattice strain of
TiO2 increases with higher proportions of CdS and zeolites,
particularly in the TiO2-CdS/CLI1.5 and TiO2-CdS/NaA1.5
composites. In contrast, the microstrain slightly relaxes for
the 0.5 composites compared to bare TiO2. These structural
perturbations alter the “a” and “c” lattice parameters due to
the incorporation of cadmium ions. The presence of Cd and
S atoms causes structural imbalances in TiO2, as titanium
ions can be replaced by cadmium ions, or these new ions
may occupy interstitial spaces [16,17], resulting in modi-
fications to the lattice parameters (Fig. 2c). Some reports
suggest that the incorporation of Cd species into TiO2 can
generate local lattice distortions due to ionic size mismatch
and possible substitutional or interstitial incorporation [18].

These structural perturbationsmay lead to uniform lat-
tice deformation, modifying the lattice parameters and in-
ducing strain within the anatase structure. Such distortion
effects are consistent with the shifts observed in the diffrac-
tion peaks and the strain values obtained from Williamson-
Hall analysis.

When the zeolite amount decreases in compos-
ites (TiO2-CdS/CLI1.5 and TiO2-CdS/NaA1.5), the TiO2
diffraction peak intensity also drops, which may be asso-
ciated with possible Ti-O-Si interfacial interactions, as sug-
gested by similar supported systems [19].

Negative lattice strain values in Table 1 indicate com-
pressive forces [17]. These forces stem from two effects:
localized lattice distortions due to the ionic radius mismatch
between Cd or S species and TiO2. It is well established that
substitution or interstitial placement of ions with differing
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Fig. 1. X-ray diffraction patterns of the composites with different percentages of zeolites: (a) TiO2-CdS/CLI and (b) TiO2-
CdS/NaA. (c) Magnified view highlighting the shift and broadening of the TiO2 diffraction peaks. TiO2, Titanium dioxide; CdS,
cadmium sulfide.

Table 1. Structural parameters estimated by X-ray diffraction (XRD) of TiO2 particles synthesized with different percentages
of zeolites, natural and synthetic.

Sample Average crystallite size (nm) Strain (slope) R2 Lattice parameters (Å)
a c

TiO2 7.2 –0.00434 ± 0.00208 0.49 3.7870 9.5109
TiO2-CdS/CLI0.5 5.6 –0.00401 ± 0.00225 0.51 3.7963 9.5338
TiO2-CdS/CLI1.5 4.6 –0.00772 ± 0.00305 0.75 3.7934 9.5341
TiO2-CdS/NaA0.5 6.0 –0.00262 ± 0.00251 0.21 3.7811 9.4756
TiO2-CdS/NaA1.5 6.5 –0.00520 ± 0.00305 0.54 3.7892 9.4848

ionic radii forces the host unit cell to locally deform, thereby
generating microstrain [18,20]. Physical confinement by
rigid zeolitic pores acts as nanoreactors, which restrict TiO2
crystallite expansion during thermal treatment. This spatial
constraint, discussed in zeolite catalysis studies, prevents
complete structural relaxation and results in residual com-
pressive stress upon cooling [21]. To assess the reliability of
the UDM, a statistical error analysis was performed (Table
1). The linear fits showmoderate-to-low R2 values and data
scatter, a known UDM limitation reflecting the anisotropic
anatase tetragonal lattice, where strain isn’t uniform in all
directions. Despite this, standard errors confirm the trend:
CdS and zeolitic supports induce net compressive micros-
train in TiO2 compared to the bare material. In Fig. 2b,
TiO2 crystallite size generally decreased with the incorpo-
ration of the zeolites, since these inhibit the aggregation and
growth of TiO2, ensuring that the semiconductor particles
are dispersed in the support [22,23], in addition to the fact
that the pores of the zeolites act as micro-reactors, which
restrict the growth of TiO2 [24].

It is worth noting that the incorporation of the zeolitic
matrix from the initial synthesis stages is fundamentally
required to prevent the severe nanoparticle agglomeration
typically observed in bare TiO2-CdS binary systems. By
acting as rigid structural templates, the zeolites ensure high
nanometric dispersion and protect the active phases, which
is why the ternary composites are evaluated against the fun-
damental bare TiO2 benchmark rather than a highly aggre-
gated binary control.

3.2 Raman Spectroscopy

According to group theory, the tetragonal structure of
TiO2 (space group I4/amdD19

4h) has 15 optical modes [25]:

Γ = A1g +A2u + 2B1g +B2u + 3Eg + 2Eu. (2)

Since, A1g, B1g and Eg are Raman-active, six sig-
nals would be expected in the anatase phase spectrum.
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Fig. 2. Structural parameters of the synthesized materials. (a) W-H analysis of TiO2 particles using the uniform deformation model
(UDM). Linear fit of the data; strain is extracted from the slope, and crystallite size is obtained using the y-intercept. (b) Crystal size and
(c) lattice parameters of the tetragonal structure of the anatase phase.

The TiO2, TiO2-CdS/CLI0.5, and TiO2-CdS/NaA0.5 sam-
ples were structurally analyzed by Raman spectroscopy; the
spectra are presented in Fig. 3. All the analyzed samples
exhibit characteristic signals of the anatase phase. The sig-
nals located at ~144 cm–1 (Eg1) and 197 cm–1 (Eg2) are as-
sociated with the symmetric vibrational mode of the O-Ti-
O bond stretching [26]. At 395 cm–1 (B1g), a signal asso-
ciated with the symmetric bending of these same bonds is
observed [27].

The signal located at ~514 cm–1 is composed of the
A1g and B1g modes, which are associated with antisym-
metric and symmetric bending, respectively, of the Ti-O-Ti
[28]. Finally, the signal at ~640 cm–1 (Eg3) confirms the
anatase structure in the synthesized samples.

We observe that these signals exhibit intensity changes
and blue shifts in the samples containing CdS and zeolites.
The changes in intensity can be attributed to the scattering
of TiO2 particles within the zeolite matrix, the inhibition of
TiO2 crystal growth, and the formation of Si-O-Si bonds
[24,29].

On the other hand, the shifts to higher wavenumbers
corroborate the strains generated in the TiO2 lattice by the
CdS particles, due to the difference between the lattice pa-
rameters of these two materials, as well as the possible sub-
stitutions of Cd2+ with Ti4+ or the interstitial arrangement
of Cd2+ in the anatase structure. Furthermore, these shifts
are associated with a decrease in TiO2 crystal size in the
synthesized composites [27]. In addition to the characteris-
tic signals of the anatase phase, two additional signals were
observed for the pure TiO2 sample, located at 280 and 585
cm–1. These signals have been reported as structural disor-
ders. The disappearance of both signals in the composites
confirms that the zeolites and CdS particles cause the TiO2
crystals to shrink and promote their ordered growth [16].

3.3 UV-Vis Spectroscopy and Photoluminescence (PL)

Fig. 4a shows the absorption spectrum for TiO2 parti-
cles and composites synthesized with different percentages
of zeolites. All samples exhibit an intense absorption edge
in the UV region (200–400 nm), typical of the anatase phase
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Fig. 3. Raman spectra at room temperature of TiO2 particles and sol-gel synthesized composites.

of the material [30]. In the synthesized composites, absorp-
tion in the UV region increased due to the presence of zeo-
lites, which absorb only in this region of the spectrum, ~250
nm [31].

It can be observed that all composites, except for TiO2-
CdS/NaA0.5, exhibited an increase in absorbance in the vis-
ible region compared to pure TiO2. This can be attributed to
the CdS particles, whose absorption boundary extends from
400 nm to 600 nm [32].

The energy gap (Eg) value for each sample was de-
termined by extrapolating from the Kubelka-Munk plots
(F (R) · hν)

1
2 νshν (inset Fig. 4a). The energy gap val-

ues were in the following order: TiO2 (3.21 eV) < TiO2-
CdS/CLI1.5 (3.24 eV) < TiO2-CdS/NaA0.5 (3.25 eV) <
TiO2-CdS/CLI0.5 (3.26 eV) < TiO2-CdS/NaA1.5 (3.28
eV). Although CdS has a narrower band gap (~2.4 eV),
the slight increase in the estimated band gap values of the
composites compared to pure TiO2 can be attributed to two

main factors. First, the reduction in the size of the TiO2
crystals, as determined by X-ray diffraction (XRD), may
induce quantum confinement effects, leading to a slight
increase in the band gap. Second, Tauc analysis indi-
cates that the anatase phase of TiO2; therefore, the im-
provement in visible light activity is not directly associ-
ated with a decrease in the band gap, but rather with bet-
ter interfacial charge separation between TiO2 and CdS,
as corroborated by the photoluminescence results. As evi-
denced by our Williamson-Hall analysis, the incorporation
of CdS induces a compressive microstrain in the TiO2 lat-
tice. Recent fundamental studies have demonstrated that
such strain-induced structural distortion promotes charge
delocalization and achieves ultralow exciton binding en-
ergies, thereby providing a strong driving force for spa-
tial charge separation [33]. Consequently, this strain-driven
mechanism, alongside the formation of the heterojunction,
facilitates the transfer of electrons from CdS to TiO2, which
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Fig. 4. Optical properties of the synthesized materials. (a) Ultraviolet-Visible (UV)-Vis absorption spectra of the TiO2 and TiO2-
CdS/Zeolite composite samples. Inset: Tauc plot of the samples with indirect transitions. (b) Photoluminescence (PL) spectra recorded
at room temperature with excitation at 533 nm.

reduces recombination and promotes photocatalytic effi-
ciency despite the slight increase in apparent bandwidth val-
ues.

Fig. 4b presents the photoluminescence spectra. It is
important to note that a 533 nm (sub-bandgap) excitation
source was deliberately utilized for the PL measurements.
While intrinsic band-to-band excitation of pure TiO2 re-
quires UV irradiation, sub-bandgap excitation allows spe-
cific probing of deep trap states, such as oxygen vacan-
cies, and evaluates the recombination dynamics associated
exclusively with the visible-light response induced by the
CdS heterojunction [34]. Under this visible excitation, the
pure TiO2 sample displays a defect-related band at approxi-
mately 621 nm, which is fundamentally attributed to the re-
combination of excitons trapped in oxygen vacancies [35].

In the composites, the PL signal intensity is signifi-
cantly quenched. PL emission directly indicates the radia-
tive recombination of photogenerated electron-hole pairs,
so this pronounced reduction shows a strongly suppressed
recombination rate. The proposed direct Z-scheme mech-
anism effectively separates charges at the interface, pro-
longing charge-carrier lifetime. As a result, more highly
reactive electrons and holes survive and migrate to the cat-
alyst surface. This process links quenched PL intensity with
the enhanced photocatalytic performance of the composites
(particularly TiO2-CdS/CLI0.5), as more separated charges
drive the generation of reactive oxygen species (O2 ⋅– and
OH⋅) required for dye mineralization [36,37,38]. Addition-
ally, the composites display a band near 565 nm, which is
linked to sulfur vacancies or surface defects in CdS. The
observed blue shifts in the composites are likely related to
the interface ratio between CdS and TiO2 particles [39,40].

3.4 N2 Physisorption
The N2 adsorption-desorption isotherms and the cor-

responding BJH pore-size distribution curves for all synthe-
sized materials are shown in Fig. 5.

Specific surface area was estimated using the
Brunauer–Emmett–Teller (BET) multipoint method. Ac-
cording to the International Union of Pure and Applied
Chemistry (IUPAC) classification, all samples exhibit
type IV adsorption isotherms with a hysteresis loop H3
[41]. These characteristics reveal the hierarchical nature
of the zeolites used as supports; that is, they combine the
nature of micro- and mesopores [42], which are beneficial
in photocatalytic tests because they increase the contact
surface with contaminants, thus promoting their removal.
As observed in the Barrett–Joyner–Halenda (BJH) plots
(Fig. 5, insets a–e), all samples exhibit a monomodal
distribution centered at 5 nm.

Overall, the composites demonstrated an increase in
specific surface area, ranging from 78.91 to 98.60m2/g, and
a decrease in pore size by approximately 27 to 31 percent
compared to pure TiO2. In contrast, the TiO2-CdS/NaA1.5
composite demonstrated a 13.7 percent decrease in specific
surface area (56.83 m2/g) and a 12.5 percent reduction in
pore size. This behavior may be related to the microporous
nature of the zeolites and/or the collapse of large pores due
to the heat treatment of the samples or the incorporation of
the TiO2-CdS particles into the porous structure of the ze-
olites, as shown in Fig. 5f. This composite arrangement
prevents TiO2 particles from agglomerating during photo-
catalysis in the aqueous system.
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Fig. 5. Textural properties and the proposed charge-transfer mechanism. (a–e) N2 adsorption-desorption isotherms. Inset: pore size
distribution of TiO2 particles and TiO2-CdS/Zeolite composites. (f) TiO2-CdS/Zeolite formation and proposed separation and charge
transfer for the composite.

3.5 Photocatalytic Evaluation

The photocatalytic efficiency of the TiO2-CdS/Zeolite
composites was evaluated using MB (10 ppm) as a model
molecule. 80 mL of the solution was used, and 24 mg of
the catalyst was added. Prior to irradiation, the solution was
placed in an ultrasonic bath in the dark for 30 min to reach
adsorption-desorption equilibrium.

Photocatalytic degradation was carried out over 240
min using a fully reflective Sciencetech solar simulator with
a 500 W xenon short-arc lamp. At 30-min intervals, an
aliquot (approximately 5 mL) of the solution was taken and
centrifuged to separate the particles and monitor changes
in the absorbance intensity of the main MB band located
at 665 nm. The Total Removal Efficiency was calculated
using the following equation:

ED(%) =
C0 − Ct

C0
∗ 100 =

A0 −At

A0
∗ 100. (3)

Where C0, A0 correspond to the initial concentration and
absorbance of the dye, respectively. Ct, At are the concen-
tration and absorbance of the dye at time t, respectively.

Fig. 6a shows the absorbance spectra of MB, indicat-
ing that the intensity of the main band at 665 nm decreases
with increasing irradiation time. Fig. 6b displays concen-
tration versus time graphs, indicating that irradiation alone
has a negligible effect on the dye. The TiO2-CdS/CLI0.5
and TiO2-CdS/CLI1.5 composites exhibit higher contami-
nant adsorption, at 16% and 54%, respectively, compared

to TiO2-CdS/NaA0.5 and TiO2-CdS/NaA1.5, which reach
only 4% and 8% (shaded area in Fig. 6b). This substantial
difference in adsorption capacity is attributed to the ions
present in the supports: clinoptilolite contains K+, Mg2+,
and Ca2+ ions, which are more readily exchanged with MB
molecules than the Na+ ions in synthetic zeolite [43]. Ad-
ditionally, NaA-type zeolite possesses smaller pores than
clinoptilolite, which restricts the adsorption of contaminant
molecules [13].

Due to the initial adsorption process, the starting con-
centration for each sample differs at the onset of irra-
diation. Total removal efficiencies for both phases are:
TiO2-CdS/CLI0.5, 69%; TiO2-CdS/CLI1.5, 87%; TiO2-
CdS/NaA0.5, 43%; and TiO2-CdS/NaA1.5, 40%. During
the irradiation phase, the absolute photocatalytic degrada-
tion contributions, determined by subtracting Dark Adsorp-
tion % from Total Removal %, are 53%, 33%, 39%, and
32%, respectively.

The Langmuir-Hinshelwood (L-H) kinetic model was
employed to estimate the kinetic constants for the photo-
catalytic degradation of MB. The following equation was
utilized for this analysis:

− ln
(
Ct

C0

)
= kt (4)

Here, k represents the first-order pseudo-rate constant.
Fig. 6c presents plots of –ln(Ct/C0) versus time for the
photocatalysts during MB degradation. The linear fits used
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Fig. 6. Photocatalytic performance and degradation kinetics of methylene blue (MB). (a) Absorption spectra, (b) (C/C0) versus
time graphs for MB degradation recorded at different intervals during the photocatalytic test by the TiO2-CdS/Zeolite composites and (c)
degradation kinetics for MB by the composites.

Table 2. Summary of MB pollutant concentrations at the photocatalytic assessment stages.

Sample Adsorption (Dark) (%)
Absolute Photocatalytic Degradation (%)

Ci (%) Cf (%) ED (%) k (min–1)

TiO2-CdS/CLI0.5 16 84 31 53 0.0042
TiO2-CdS/CLI1.5 54 46 13 33 0.0051
TiO2-CdS/NaA0.5 4 96 57 39 0.0022
TiO2-CdS/ NaA1.5 8 92 60 32 0.0014

to determine k values (rate constants) demonstrated strong
agreement with the data points (R2 ≥0.98). Table 2 sum-
marizes these results.

As summarized in Table 2, the TiO2-CdS/CLI1.5 com-
posite shows the highest apparent rate constant (k = 0.0051
min–1), mainly due to its high initial dark adsorption (54%),
which boosts dye concentration near the catalyst and speeds
up degradation. However, the TiO2-CdS/CLI0.5 composite
(k = 0.0042 min–1) remains the most balanced and efficient
photocatalyst, achieving high degradation without relying
primarily on physical adsorption from the zeolitic support.

In the photocatalytic process, the redox reactions re-
sponsible for degrading pollutant molecules occur at the
photocatalyst’s surface. Therefore, it is essential to ensure
that the pollutant molecules are adsorbed onto the surface
so that the photogenerated electron-hole pairs can perform
their function. The following illustrates the possible mech-
anism for electron-hole pair generation and the photocat-
alytic degradation of MB using TiO2-CdS/Zeolite compos-
ites.

Based on the structural properties and visible-light ac-
tivity of the composites, a direct Z-scheme charge trans-
fer mechanism is proposed. Under visible light irradia-
tion, both TiO2 (due to its sub-bandgap defect states) and
CdS are excited, generating electron-hole pairs. In a typi-
cal Z-scheme heterojunction, the photogenerated electrons
in the conduction band (CB) of TiO2, which have a lower
reduction potential, recombine directly with the holes in
the valence band (VB) of CdS [44]. This efficient interfa-
cial charge transfer significantly reduces bulk recombina-
tion within each semiconductor. Consequently, the highly
reductive electrons in the CB of CdS remain available to
reduce dissolved oxygen into superoxide radicals (O2·−)
while the highly oxidative holes in the VB of TiO2 oxidize
water molecules into hydroxyl radicals (OH .). These reac-
tive oxygen species are ultimately responsible for the break-
down of the MB dye, as described by the following primary
reaction steps [45,46]:
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(TiO2 − CdS/Zeolite)+ hν −→ (TiO2 − CdS/Zeolite)
+e− + h+

(5)

(TiO2 − CdS/Zeolite) (e−) +O2 −→
(TiO2 − CdS/Zeolite) +O2·−

(6)

O2 ·− +H2O −→ HO2 ·+OH− (7)

H2O + (TiO2 − CdS/Zeolite)
(
h+

)
−→ H+ +OH .

(8)

HO−
2 +H+ −→ H2O2 (9)

O2 ·− +MB −→ CO2 +H2O+ Intermediate products
(10)

OH . +MB −→ CO2 +H2O+ Intermediate products
(11)

h+ +MB −→ CO2 +H2O+ Intermediate products
(12)

4. Discussion
For the photocatalytic process, the TiO2-CdS/CLI0.5

composite exhibited the most balanced performance when
considering both adsorption capacity and photocatalytic
degradation efficiency. This behavior can be rationalized
through a structure–property correlation analysis. The in-
corporation of clinoptilolite as a support promoted effective
dispersion of TiO2 crystallites, resulting in a reduced aver-
age crystallite size (~5.6 nm) without reaching the critical
dimension (<5 nm) at which excessive surface defects may
favor charge recombination [47,48,49].

Furthermore, Williamson-Hall analysis revealed mod-
erate compressive lattice strain in this composite, suggest-
ing interfacial structural distortion induced by CdS incor-
poration and potential interfacial interactions (such as elec-
trostatic or partial Ti-O-Si linkages) with the zeolite frame-
work. Such controlled lattice distortion can enhance charge
separation by promoting internal electric fields at the het-
erojunction interface. This is consistent with the reduced
photoluminescence intensity observed for the composite,
indicating a decrease in electron-hole recombination.

In contrast, although the TiO2-CdS/CLI1.5 sample
exhibited higher adsorption due to increased zeolite con-
tent, the smaller crystallite size (<5 nm) may limit light
absorption efficiency and increase surface defect density,
negatively affecting charge carrier dynamics. Therefore,
the superior photocatalytic response of TiO2-CdS/CLI0.5
is attributed to different parameters such as crystallite size,
moderate lattice strain, interfacial bonding, and reduced
recombination rate, highlighting the importance of sup-
port and ionic composition in the performance of TiO2–
CdS/zeolite hybrid composites.

Limitations

While this study establishes the fundamental mi-
crostructural and optical properties of the TiO2-CdS/Zeolite
composites, certain limitations should be acknowledged.
The photocatalytic evaluations were conducted as ini-
tial proof-of-concept tests using a single model pollutant
(methylene blue) at a fixed concentration and a specific cat-
alyst dosage. Exhaustive multi-batch reproducibility anal-
yses, kinetic scavenger modeling for the absolute quan-
tification of reactive oxygen species, and long-term stabil-
ity/recyclability cycles were not performed at this funda-
mental stage. Future operational studies must address these
engineering parameters to facilitate the transition of these
materials toward scalable environmental remediation appli-
cations.

5. Conclusions
The development of TiO2-CdS/Zeolite heterostruc-

tures demonstrates that Clinoptilolite and Zeolite A ma-
trices function as rigid nanoreactors that restrict crystallite
growth, prevent agglomeration, and induce a net compres-
sive micro-strain through ionic radius mismatch. This mi-
crostructural distortion, along with the generation of deep
trap states, such as oxygen and sulfur vacancies, extends
optical absorption into the visible light spectrum. Further-
more, the synergistic integration of TiO2 and CdS operates
via a direct Z-scheme charge-transfer mechanism, which
maximizes the system’s redox potential by efficiently sep-
arating photogenerated electron-hole pairs and mitigating
recombination.

In particular, the TiO2-CdS/CLI0.5 system exhibited
enhanced visible-light photocatalytic activity. While this
study establishes the fundamental microstructural and opti-
cal properties of these ternary compounds, future research
will focus on the exhaustive optimization of operational pa-
rameters, statistical reproducibility, long-term stability cy-
cling, and mechanistic scavenger evaluations.
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