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cipitation synthesis,
characterization, and enhanced photocatalytic
performance of CaO/TiO2-supported g-Al2O3

nanocomposites (NCs) in wastewater treatment

Emaan Alsubhe *

Hybrid nanocomposites (NCs) have garnered significant attention for their potential applications,

including photocatalysis, energy storage, and gas-sensing. This study reports the preparation,

characterization, and photocatalytic activity of calcium oxide/titanium dioxide/gamma alumina (CaO/

TiO2/g-Al2O3) NCs fabricated through a one-step co-precipitation processes. Different analytical tools,

including X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron

microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX), Raman spectroscopy, Fourier

transform infrared spectroscopy (FTIR), photoluminescence spectroscopy (PL), ultraviolet-visible

spectroscopy (UV-Vis), and dynamic light scattering (DLS), were carefully applied to examine the

structural, morphological, and optical properties of the obtained NPs and NCs. The XRD results

exhibited an important improvement in the crystallinity and phase purity of g-Al2O3 NPs with

supporting CaO NPs and TiO2 NPs. TEM and SEM analyses verified that the synthesized NPs and NCs

have a spherical morphology with a decrease in particle size from 9.50 ± 1.2 nm to 8.21 ± 2.1 nm after

the addition of CaO NPs. EDX analysis revealed the presence of the elements calcium, titanium,

aluminum and oxygen (Ca, Ti, Al, and O) within the CaO/TiO2/g-Al2O3 NCs. Raman and FTIR spectra

determined the functional groups of the prepared samples. The reduction of the PL intensity indicates

that the recombination of the electron–hole pairs is decreased upon adding CaO NPs and TiO2 NPs.

DLS results showed the surface charge and particle distribution of the synthesized NPs and NCs. The

degradation of methylene blue (MB) dye under ultraviolet UV irradiation for 200 min was employed to

examine the photocatalytic activity of these samples. As shown in the results, the photocatalytic

activity of g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs reached up to 45%, 79%, and

98%, respectively. It can be observed that the CaO/TiO2/g-Al2O3 NCs achieved higher degradation

than the individual samples. These improvements in the observed photocatalytic performance can be

linked to various parameters, including the charge separation and increased surface area. The

incorporation of CaO and TiO2 into g-Al2O3 enhances its photocatalytic efficiency by improving

charge separation and expanding the surface area. They also promote light absorption and surface

reactivity, which help suppress and increase the number of available active sites. These results highlight

that the CaO/TiO2/g-Al2O3 NCs can enhance photocatalytic performance, especially the degradation

of organic pollutants in wastewater. This study is an important step toward further research to apply

these NCs in medical therapy.
1. Introduction

Environmental technologies have drawn much attention to
photocatalysis, which is a promising approach for degrading
organic pollutants.1,2 The current elimination of emerging
contaminants, such as pollutant dyes, and antibiotics, in rivers,
lakes, and seas remains a challenge for wastewater treatment
Taibah University, Yanbu 46423, Saudi

the Royal Society of Chemistry
processes.3–5 However, the serious environmental problem of
organic pollutants in water bodies has attracted and driven
signicant research studies toward nding efficient and
sustainable methods to eliminate these pollutants using
nanomaterials in different forms.6,7 Among these nano-
materials, g-Al2O3 nanoparticles (NPs) have been widely studied
as one approach in wastewater treatment processes owing to
their superior physicochemical properties, such as good
stability and excellent photocatalysis efficiency under UV and
visible irradiation.8,9 Nevertheless, it has many limitations, such
RSC Adv., 2025, 15, 24851–24861 | 24851
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as a wide band gap (∼3.6 eV), which plays a role in decreasing its
photocatalytic activity due to a high rate of recombination of
pairs (electrons (e−) and holes (h+)).10 To address these limita-
tions, different approaches have been applied to improve its
photocatalytic activity, including coupling with other metal
oxide nanoparticles (NPs) or doping with metal ions to create
a new nanocomposite.11,12 Moreover, the g-Al2O3 NP mixtures
support different metal oxide NPs, such as ZnO,13 ZrO2,14 TiO2,15

CaO,16 CuO,17 and SnO2 NPs,18 which have attracted increasing
interest because of their exceptional properties, including high
surface area and strong stability.

To optimize the photocatalytic properties of the hybrid metal
oxide NCs, synthesis plays a crucial role. Likewise, chemical,
physical, and biological techniques have been widely developed
to prepare hybrid metal oxide NPs like g-Al2O3 NPs to enhance
their potential applications. For example, Huang et al.19 used
the co-precipitation route to synthesize N-TiO2/g-Al2O3 nano-
structures for improved photodegradation (92.5%) of 2,4-
dichlorophenol dye under uorescence irradiation (60 W). In
another instance, the sol–gel process was applied to prepare Fe-
doped TiO2/g-Al2O3 NCs with high photocatalytic activity
compared with pure g-Al2O3. Mahdi et al.20 investigated the use
of clove extract to prepare g-Al2O3 NPs, revealing that they
exhibited high antimicrobial activity and effective removal of
metal ions from water. Dubadi et al.21 reported that various
metal oxide NPs, such as Fe2O3, CuO, ZnO, Bi2O3, and Ga2O3,
have been combined with g-Al2O3 using liquid-assisted
grinding to synthesize nanocomposites (NCs) with high
aromatic pollutant degradation. Moreover, Kudla et al.22

prepared Zr and Mg-doped g-Al2O3 NCs using hydrothermal
treatment to enhance the thermal stability. The Cu, Pd, Ni, Co/
g-Al2O3 demonstrated high photodegradation of the methylene
blue, 4-nitrophenol, nitrite, and nitrate dyes compared to pure
g-Al2O3.23 In the past few years, as a result of their physico-
chemical characteristics, the enhancement of photocatalyst
materials has attracted signicant attention in potential appli-
cations. Furthermore, several studies reported that different
oxide compounds of metal (e.g., TiO2, CuO, SnO2, ZnO and NiO)
have been combined with other metal oxide NPs to improve
their photocatalytic performance in environmental remediation
and wastewater treatment.24,25 Kanwal et al.26 have discovered
that Mn2O3/g-Al2O3 NCs exhibit better-quality photocatalytic
activity compared with the pure components. As a result, the co-
precipitation method provides a simple, cost-effective and
scalable route to synthesize nanocomposites with controlled
particle size, uniform composition and high purity, making it
superior to other methods such as hydrothermal treatment and
sol–gel synthesis for practical uses.19,27

The present work focuses on fabricating CaO/TiO2/g-Al2O3 as
a catalyst for enhancing photocatalytic performances, particu-
larly the degradation of organic contaminants. The chemical co-
perception process was successfully applied to synthesize
samples. The physicochemical properties of the prepared
samples were investigated through analytical methods,
including XRD, Raman, SEM with EDX, FTIR, PL, and DLS. The
degradation of the methylene blue (MB) dye under UV light was
used to investigate the photocatalytic efficiency of the catalysts.
24852 | RSC Adv., 2025, 15, 24851–24861
2. Experimental part
2.1 Chemicals and methods

In these experiments, all chemical materials were utilized
without further purication. Gamma-alumina (g-Al2O3)
(99.95% trace metals), titanium(IV) butoxide (Ti(O-But)4),
calcium nitrate (Ca(NO3)$4H2O), sodium hydroxide (NaOH),
andmethylene blue (MB) dye were supplied from Sigma-Aldrich
Company (St. Louis, MO, USA). In all experiments, distilled
water and ethanol were employed as solvents.
2.2 Preparation of CaO/TiO2/g-Al2O3 NCs

The chemical co-precipitation process was successfully applied
to prepare CaO/TiO2/g-Al2O3 (15 : 15 : 70) nanocomposites (NCs)
using the following procedures as a one-step method. Firstly,
0.07 mol of g-Al2O3 NPs was added to 30 mL of water and
a magnetic stirrer in a 250 mL round-bottomed ask. Next,
0.015 mol of Ti(O-But)4 was mixed with 10 mL of ethanol and
added to the above solution under stirring. Aer that, 0.015 mol
of Ca(NO3)$4H2O was mixed with the prior solution, followed by
stirring for 1 h. Then, 0.031 mol of NaOH in 15 ml water was
slowly added to the mixture solution with stirring at 65 °C for
5 h. Following ltration, the sample was repeatedly washed with
ethanol and water, then dried in the oven at 60 °C for 24 h. The
dried powder was calcined at 500 °C under air for 4 h to produce
CaO/TiO2/g-Al2O3 NCs. By applying the same procedures, TiO2/
g-Al2O3 NCs (30 : 70) were further produced with amount of g-
Al2O3 (0.1 mol) and Ti(O-But)4 (0.03 mol), and without Ca(NO3)$
4H2O.
2.3 Characterization tools

Several analytical techniques were used to investigate the
enhanced physicochemical properties. X-ray diffraction (XRD)
analysis (AXRD Benchtop, Proto Manufacturing, Inc., USA) was
used to examine the crystalline and phase purity properties. The
surface morphology, structure, particle size, and elemental
compositions of the synthesized samples were further exam-
ined via transmission electron microscopy (TEM) (JEM-2100F,
JEOL, Inc., Tokyo, Japan) and scanning electron microscopy
(SEM) (JSM-7600F, JEOL, Inc., Tokyo, Japan) with energy-
dispersive X-ray spectroscopy (EDX) techniques. Raman spec-
troscopy (STR 500 Confocal Micro Raman spectrometer) was
used to assess the crystal structure of the prepared samples.
Likewise, FTIR spectroscopy (PerkinElmer Paragon 500, USA)
was used to determine the functional groups of the synthesized
samples. PL spectroscopy (Hitachi F-4600) was applied to study
the optical properties. The surface charges and particle distri-
bution of the samples were evaluated through dynamic light
scattering (DLS) (Malvern, Worcestershire, UK).
2.4 Photocatalytic experiments

We usedmethyl blue (MB) dye to evaluate the g-Al2O3 NPs, TiO2/
g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs as catalysts. Initially,
10 ppm of the MB solution was mixed with 40 mg of each
catalyst. Then, the mixed solution was placed under dark
© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions with magnetic stirring for 30 minutes to test the
absorption–adsorption equilibrium. Aer that, it was irradiated
with a UV light source for 200 minutes. Aer being exposed for
20 minutes, a micropipette was used to take 3.0 mL of the
mixture solution. The sample was centrifuged at 4000 rpm for
10 minutes to remove it from the dye solution. Subsequently,
the absorbance of the MB solution was measured using UV-Vis
spectroscopy. The dye degradation efficiency was measured
using the following eqn (1):

Degradation efficiency (%) = [(C0 − Ct)/C0] × 100 (1)

where C0 is the rst absorbance of the MB dye without samples,
and Ct is the absorbance at a specic exposure time (t). The
constant rate (K) of the MB degradation was calculated using
eqn (2) as follows:

Kt = ln [C0/Ct] (2)

where K is the constant rate of degradation, C0 is the rst
absorbance of the MB dye without samples, and Ct is the
absorbance at exposure time (t). Under the same experimental
conditions, cyclic photocatalysis tests were performed using
CaO/TiO2/g-Al2O3 NCs. Aer dark adsorption, a 200 min pho-
tocatalytic decomposition of MB was applied, and the process
was repeated four times. Aer each cycle, the photocatalyst was
separated from the MB solution by centrifugation and washed
three times with ethanol. The powder was then dried at 60 °C
for 24 h before being reused.

3. Results and discussions
3.1 XRD study

XRD analysis was performed to investigate the crystallinity and
phase composition of the prepared samples. Fig. 1 depicts the
XRD pattern of the produced g-Al2O3 NPs, TiO2/g-Al2O3 NPs,
and CaO/TiO2/g-Al2O3 NPs. In Fig. 1a, the observed peaks of the
g-Al2O3 NPs were at 2q = 32° (220), 37° (311), 39° (222), 46°
(400), 61° (511), and 67° (440). These peaks conrm the struc-
ture of g-Al2O3, as demonstrated in previous studies.28,29 In the
analysis of the TiO2/g-Al2O NCs (Fig. 1b), several new peaks were
detected at 2q = 25° (101), 47° (200), 55° (105), 63° (204) and
assigned to TiO2, similar to earlier studies.30–32 Additionally,
peaks corresponding to the presence of g-Al2O3 were observed.
These ndings conrm the successful combination of TiO2–

Al2O3 NCs. In contrast, the XRD spectra of CaO/TiO2/g-Al2O3

NCs (Fig. 1c) exhibited sharp peaks compared to those of both
g-Al2O3 NPs and TiO2/g-Al2O3 NCs, indicating a higher degree of
crystallinity in the CaO/TiO2/g-Al2O3 NCs. Signicantly, new
peaks appeared at 31° (111), 44° (200), 44° (220) and 50° (220),
which agrees with previous studies of CaO.33–35 Additionally, the
peaks at 25°, 37°, 45° and 67° conrm the synthesis of CaO/
TiO2/g-Al2O3 NCs. The average crystalline size at 67° (440) for all
synthesized samples were calculated by Scherrer's eqn (3),
which is given as follows:28

Crystallite size ðDÞ ¼ Kl

b cos q
(3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where D is the crystallite size (in nanometers), and K is the
shape factor (0.9). l is the X-ray wavelength (Cu-Ka radiation, l
= 1.5406 Å), b is the full width at half maximum (FWHM) of the
diffraction peak in radians, and q is the diffraction angle (in
radians). It can be observed that the average crystallinity size of
the prepared g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-
Al2O3 NCs were 3.2 ± 1.4 nm, 2.4 ± 0.8 nm, and 2.7 ± 0.5 nm,
respectively, as illustrated in Table 1. These values indicate that
the addition of TiO2 and CaO played a role in enhancing the
crystal structure. The XRD spectra conrmed that CaO/TiO2/g-
Al2O3 NCs could be applied in potential applications, such as
photocatalysis, gas-sensing, and energy storage. The obtained
XRD results were in good agreement with earlier
investigations.29,31,33

3.2 TEM analysis

Fig. 2a–i displays the TEM images, HRTEM images, and the
particle size for Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-
Al2O3 NCs. As illustrated in Fig. 2a and c, the TEM image of the
pure g-Al2O3 NPs was found to be spherical in shape with an
average particle size of 9.55 ± 1.2 nm, similar to previous
studies.36,37 Fig. 2b shows that the d-spacing of g-Al2O3 NPs was
0.238 nm, which matched with the XRD data (Fig. 1a). For TiO2/
g-Al2O3 NCs (Fig. 2d–f), the particle size of NCs has a spherical
shape with a decreased size (7.60± 0.9 nm) compared with pure
g-Al2O3 NPs. The decrease in particle size is likely due to the
interaction of TiO2 with the surface of g-Al2O3, stabilizing
smaller particles and preventing their agglomeration.38,39 It was
observed that the d-spacing values for TiO2/g-Al2O3 were
0.193 nm and 0.321 nm for g-Al2O3 NPs and TiO2, respec-
tively.40,41 These values indicate that TiO2/g-Al2O3 NCs were
successfully prepared. Additionally, Fig. 2g shows the TEM
image of the prepared CaO/TiO2/g-Al2O3 NCs. As a result, the
particles of g-Al2O3 NPs exhibited more agglomeration with
increased size (8.21 ± 2.1 nm) aer the addition of the CaO
compared to an individual sample, as shown in Table 1. Recent
studies have reported that the crystallinity refers to the degree
of order or regularity in the arrangement of atoms within
a material, while the particle size (or crystallite size) refers to the
physical size of the individual crystalline domains.42,43 As
observed in the XRD data, the crystallites of the CaO/TiO2/g-
Al2O3 NCs are smaller (2.7 nm) compared to the g-Al2O3 NPs
and TiO2/g-Al2O3 NCs. This indicates that the CaO addition
leads to smaller, yet well-ordered crystalline domains. Fig. 2i
demonstrates the d-spacing of the structure, which was
0.235 nm, 0.312 nm, and 0.241 nm for g-Al2O3 NPs, TiO2 NPs
and CaO NPs, respectively. The TEM results were in good
agreement with earlier studies,9,39,44 and matched well with the
XRD data (Fig. 1a–c).

3.3 SEM with EDX analysis

The SEM and EDX analyses was performed on the fabricated
samples to study their surface morphology properties, as illus-
trated (Fig. 3a–d). It can be observed in Fig. 3a that the pure g-
Al2O3 NPs have a spherical shape with less agglomerations. As
illustrated in Fig. 3a–c, the structural morphologies of the
RSC Adv., 2025, 15, 24851–24861 | 24853
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Fig. 1 XRD pattern: (a) g-Al2O3 NPs, (b) TiO2/g-Al2O3 NCs, and (c) CaO/TiO2/g-Al2O3 NCs.

Table 1 Structural properties of synthesized metal oxide NPs and NCs

Catalyst used TEM (nm) XRD (nm)

g-Al2O3 NPs 9.55 � 1.2 nm 3.2 � 1.4
TiO2/g-Al2O3 NCs 7.60 � 0.9 nm 2.4 � 0.8
CaO/TiO2/g-Al2O3 NCs 8.21 � 2.1 2.7 � 0.5
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prepared samples were irregular in shape with more agglom-
eration, which might point to the combination of CaO and TiO2

into g-Al2O3 NPs. These results are also in line with previous
studies.9,45 Fig. 3a–c illustrates the presence of porosity, which is
considered one of the signicant characteristics for photo-
catalyst activity. As shown by previous research studies, it
increases the surface area, which plays a vital role in enhancing
the catalytic performance. In addition, the stability and reus-
ability of the catalysts can be enhanced by porosity.46,47

Furthermore, Fig. 3d presents the EDX spectra that reveal the
presence of Ca, O, Ti and Al in the synthesized CaO/TiO2/g-
Al2O3 NCs, reecting the formation of CaO/TiO2/g-Al2O3 NCs.
The presented SEM images were in good agreement with the
TEM results (Fig. 2).

3.4 FTIR analysis

FTIR analysis of the calcined g-Al2O3 NPs, TiO2–Al2O3 NCs, and
CaO/TiO2/g-Al2O3 NCs at 500 °C was carried out. Fig. 1 shows
the FTIR pattern of synthesized NPs and NCs. It can be seen in
the FITR of g-Al2O3 NPs and TiO2/Al2O3 NCs that the bands
observed at around 3449.8 cm−1 assigned to the O–H stretching
bands indicate the occurrence of surface hydroxyl groups or
24854 | RSC Adv., 2025, 15, 24851–24861
adsorbed moisture. This peak is usually broad due to hydrogen
bonding between the hydroxyl groups, as reported in many
previous studies.45,48 Similarly, the bands around 1628.6 cm−1

can be attributed to O–H bending vibrations. Furthermore, the
bands at 550–800 cm−1 are associated with the vibrational
stretching modes of the Al–O, Ti–O, and Ca–O bonds in the
oxide lattice. Importantly, the FTIR spectra of CaO/TiO2/g-Al2O3

showed similar absorption bands corresponding to hydroxyl
groups (O–H stretching at 3434.59 cm−1). Peaks were observed
at 1389.3 cm−1, indicating the presence of calcium carbonate
due to the reaction with CO2. The FTIR spectra of CaO–TiO2-g-
Al2O3 NCs show a strong basic property at 1500 cm−1, which can
be linked to the absorption of CO2 from the atmosphere. This
indicates the alteration of CaO and TiO into g-Al2O3. Our FTIR
results were in agreement with earlier studies.29,45,48
3.5 Raman analysis

The Raman pattern of the calcined g-Al2O3 NPs, TiO2/g-Al2O3

NCs, and CaO/TiO2/g-Al2O3 NCs are presented in Fig. 5. As
observed, the g-Al2O3 NPs display peaks at around 276.5 cm−1,
which is attributed to the O–Al–O bending mode. Furthermore,
peaks at around 563.5 cm−1 and 695.1 cm−1 are determined to
be Al–O stretching, in accordance with the formation of g-Al2O3

NPs.49 Moreover, the Raman spectra of TiO2/g-Al2O3 NCs
exhibited new peaks at 145.6 cm−1, 563.5 cm−1, and 691 cm−1,
as a similar reported study.50 The Raman shis demonstrate the
interactions at the interface of TiO2 and g-Al2O3. Additionally,
peaks at 1095.1 cm−1 and 2418.8 cm−1 could be caused by the
stretching vibration of O–H. Likewise, CaO/TiO2/g-Al2O3 NCs
present peaks at 145.6 cm−1,276.5 cm−1,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM and HRTEM images, and particle size: (a–c) pure g-Al2O3 NPs, (d–f) TiO2/g-Al2O3 NPs, and (g–i) CaO/TiO2/g-Al2O3 NCs.
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563.5 cm−1,691 cm−1,784.3 cm−1, 1095.1 cm−1 and 2429 cm−1.
The primary Raman active mode of CaO is detected at around
710 cm−1, arising from the stretching vibrations of the Ca–O
bond.51 Nevertheless, the high peak intensities could be
attributed to the crystallinity quality of CaO/TiO2/g-Al2O3 NCs.
The combined spectrum allows for the identication of all three
components, verifying the successful synthesis of the NPs and
NCs. These results agreed with the FTIR data (Fig. 4).

3.6 UV-Vis and PL study

The UV-vis absorption spectra of g-Al2O3 NPs, TiO2/g-Al2O3 NCs
and CaO/TiO2/g-Al2O3 NCs are presented in Fig. 6a. An
absorption peak at 380 nm was recorded, indicating the
formation of g-Al2O3 NPs, which is in good agreement with
recent studies.52,53 CaO/TiO2/g-Al2O3 NCs exhibited higher
absorption intensity compared to both g-Al2O3 NPs and TiO2/g-
Al2O3 NCs, demonstrating superior photocatalytic performance
under UV irradiation. From the absorption spectra, the optical
band gap energies were estimated to be 3.30 eV, 3.00 eV and
3.73 eV for g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-
Al2O3 NCs, respectively.

In addition, PL analysis was performed for g-Al2O3 NPs, TiO2/
g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs to understand the
© 2025 The Author(s). Published by the Royal Society of Chemistry
electronic and optical properties at an excitation wavelength of
355 nm. As shown in Fig. 6b, the higher intensity for g-Al2O3 NPs
occurred at 406.2 nm with band-to-band transitions, in agree-
ment with earlier studies.54,55 Shoulder peaks occurred at
425.1 nm and 477.9 nm, which could be linked to oxygen
vacancies or aluminum-related defects. The peak that appeared at
523.5 nm could be related to transitions involving defect states.
However, the intensity of the peaks of TiO2/g-Al2O3 NCs was
higher than those of g-Al2O3 NPs. Similarly, TiO2/g-Al2O3 and
CaO/TiO2/g-Al2O3 NCs exhibited the same peaks of g-Al2O3 NPs.
However, the intensity was higher than g-Al2O3 NPs and TiO2/g-
Al2O3 NCs.32 Furthermore, the peak at 523.5 nm of TiO2/g-Al2O3

NCs might be bound to Ti+3 ions.56 These nding shows that the
composite with CaO and TiO2 improves the PL properties of g-
Al2O3 NPs, making it benecial for catalyst applications.

3.7 Zeta potential analysis

Dynamic light scattering (DLS) determines the particle distribu-
tion, surface charge, and stability of synthesized samples. Fig. 7a
shows the particle distribution of the synthesized samples. It can
be observed that the average particle distribution of the synthe-
sized g-Al2O3 NPs, TiO2/g-Al2O3 NPs, and CaO/TiO2/g-Al2O3 NCs
were found to be 190.2 ± 68.1 nm, 180.5 ± 90.3 nm, and 188.2 ±
RSC Adv., 2025, 15, 24851–24861 | 24855
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Fig. 3 SEM Analysis: (a) SEM image of g-Al2O3 NPs, (b) TiO2/g-Al2O3 NPs, (c) CaO/TiO2/g-Al2O3 NCs. (d) EDX spectra of CaO/TiO2/g-Al2O3 NCs.

Fig. 4 FTIR spectra of g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/
g-Al2O3 NCs.

Fig. 5 Raman spectra of g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/
TiO2/g-Al2O3 NCs.
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75.0 nm, respectively, as shown in Table 2. These results were
supported by TEM data (Fig. 2). Moreover, the surface charge was
measured to evaluate the stability of the three samples, which is
critical for catalytic applications. The zeta potential of g-Al2O3 is
highly pH-dependent due to the ionization of the surface hydroxyl
groups. As represented in Fig. 4a, the zeta potential value of g-
24856 | RSC Adv., 2025, 15, 24851–24861
Al2O3 NPs was found to be −11.2 ± 16.6 mV, which could dene
the amorphous phase of g-Al2O3 NPs.57 This zeta potential result
might also be correlated with the aggregation of the sample
during synthesis. In contrast, the zeta potential of TiO2/g-Al2O3

NCs was −26.5 ± 6.5 mV, indicating better stability than g-Al2O3

NPs (Fig. 4b).44 Furthermore, the zeta potential of CaO/TiO2/g-
Al2O3 nanocomposites (NCs) was −28.9 ± 4.3 mV, signifying
a high surface charge due to the incorporation of CaO, as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-Vis pattern and (b) PL pattern of the prepared g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs.

Fig. 7 (a) Particle distribution and (b) zeta potential analysis for the prepared g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs.
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illustrated in Fig. 4c. Understanding the zeta potential of the NP
and NCs samples is fundamental for their application in catalysis,
adsorption processes, and as support materials in heterogeneous
catalysis, as it impacts the particle dispersion and reactivity.
3.8 Photocatalytic evaluation

The photocatalysis studies of the MB dye using pure g-Al2O3

NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs were carried
out under direct UV light for 200 min (Fig. 8a–f). As can be
observed in Fig. 8a, the UV absorption of g-Al2O3 NPs decreased
with increasing exposure time. Moreover, a notable reduction of
the UV absorption was achieved for TiO2/g-Al2O3 NCs for
a duration of 200 min (Fig. 8b). Additionally, a signicant
decrease in the UV absorption of CaO/TiO2/g-Al2O3 NCs was
Table 2 Summary of the DLS data of the prepared g-Al2O3 NPs, TiO2/g

Sample used Particle size (n

g-Al2O3 NPs 190.2 � 68.1
TiO2/g-Al2O3 NCs 180.5 � 90.3
CaO/TiO2/g-Al2O3 NCs 188.2 � 75.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
detected with an expansion in the duration time (Fig. 8c). This
observation of CaO/TiO2/g-Al2O3 NCs signies the essential
impact of the sample in breaking down organic pollutants.
Correspondingly, Fig. 8e demonstrates the constant rates of
0.0027 min−1, 0.0074 min−1 and 0.0140 min−1 for g-Al2O3 NPs,
TiO2/g-Al2O3 NCs and CaO/TiO2/g-Al2O3 NCs, respectively. As
shown in the results, the high color of the MB solution was
rapidly degraded with the CaO/TiO2/g-Al2O3 NCs compared to
the individual samples. Moreover, Fig. 8f displays the degra-
dation efficiency of the prepared samples, which was 45% for g-
Al2O3 NPs, 79% for TiO2/g-Al2O3 NCs, and 94.1% for CaO/TiO2/
g-Al2O3 NCs, respectively. These values showed that the addi-
tion of CaO and TiO2 into g-Al2O3 plays a role in enhanced
photocatalytic degradation (Table 3).
-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs

m � SD) Zeta potential (mV � SD)

−11.2 � 16.6
−26.5 � 6.5
−28.9 � 4.3

RSC Adv., 2025, 15, 24851–24861 | 24857
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Fig. 8 (a–c) UV-Vis absorbance of the MB dye solution by g-Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs. (d) Plot of (Ct/C0) vs.
irradiation time (min), (e) kinetics of the photocatalysis of theMB solutions for the prepared samples, and (f) degradation efficiency (D%) of theMB
solution using the synthesize d catalyst.

Fig. 9 Recycling stability of the synthesized CaO/TiO2/g-Al2O3 NCs.
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3.8.1 The recycling stability of the catalyst. In this investi-
gation, the same CaO/TiO2/g-Al2O3 NCs were used to degradeMB
dye under UV irradiation to evaluate its stability and the recycling
potential of the photocatalysts. Without any additional process-
ing, the CaO/TiO2/g-Al2O3 NCs were recycled four times under
the same conditions using centrifugation. Fig. 9 shows the
recycling stability of the prepared CaO/TiO2/g-Al2O3 NCs over
four cycles of photocatalytic degradation. As observed in the
results, the degradation efficiency remains high throughout the
cycles, with only a slight decrease from 94.1% in the rst cycle to
92.1% in the fourth cycle. This phenomenon demonstrates the
excellent stability and reuse potential of the prepared NCs. This
work suggests that the CaO/TiO2/g-Al2O3 nanocomposites (NCs)
could be utilized in potential applications, such as environ-
mental remediation and medical therapy.
Table 3 Comparison of the degradation efficiency between the presented samples and previous different samples

Sample used
Experimental
conditions

Irradiation
time (min)

Degradation
target

Degradation
efficiency (%) Ref.

CaO/TiO2/g-Al2O3 NCs UV light 200 MB 94.1% This study
Au/BiOBr/graphene Visible light 180 Phenol 64% 6
MgO/Fe2O3/g-Al2O3 NCs UV light 140 MB 90.4% 9
Mn–S co-doped TiO2 NCs Sun light 120 Phenol 59% 58
a-Fe2O3/ZnO NCs UV light 120 MB 91.6% 59
CuO/MoS2@gCN NCs UV light 35 Phenol 63.50% 60
Nb(2.0)/TiO2

nanocomposite
UV 160 Phenol 94% 61

24858 | RSC Adv., 2025, 15, 24851–24861 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Possible mechanism of the decomposition of the MB dye using the prepared CaO/TiO2/g-Al2O3 NCs.
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3.8.2 Mechanism of the photodegradation of the MB dye.
Fig. 10 describes a schematic representation of the proposed
mechanism for the degradation of MB dye using the prepared
CaO/TiO2/g-Al2O3 NCs. There is a different probable mecha-
nism of degradation of theMB dye as follows. Initially, when the
NCs are exposed to UV irradiation, the electron in CaO absorbs
photons and is excited from the valence band (VB) to the
conduction band (CB), as shown in eqn (3). Those electrons (e−)
will then transfer to TiO2 and are later transferred to g-Al2O3,
leaving holes (h+) that will then transfer to g-Al2O3, as illustrated
in eqn (4) and (5). Aer that, these electrons (e−) subsequently
reduce oxygen molecules to generate superoxide anions cO2

−

and the holes oxide hydroxide ions to form hydroxyl radical cOH
as demonstrated in eqn (6) and (7), respectively. Furthermore,
these cOH strike the phenol molecules and decompose them
down into smaller intermediates, therefore generating
compounds such as CO2 and H2O, as shown in eqn (8).62 The
reaction process is described in the following equations.

CaO/TiO2/g-Al2O3 NCs + hn /

CaO/TiO2/g-Al2O3 NCs (h+ + e−) (4)

CaO (e−) / TiO2 (e
−) (5)

TiO2 (e
−) / g-Al2O3 (e

− defect site) (6)

g-Al2O3 (e
−) + O2 / cO2

− (7)

g-Al2O3 (h
+) + OH− / cOH (8)

(cO2
− and cOH) + MB dye / CO2 + H2O (9)
4. Conclusion

This work successfully fabricated CaO/TiO2/g-Al2O3 NCs via the
one-step co-precipitation route with superior photocatalytic
activity. The characterization analysis included studies focused on
© 2025 The Author(s). Published by the Royal Society of Chemistry
the structural, morphological, optical, and stability of the syn-
thesised samples, and was accomplished using XRD, TEM, SEM,
EDX, Raman, FTIR, PL, and DLS spectroscopy. XRD data reveal
the enhanced crystallinity structure and phase purity with the
addition of CaO and TiO2 into g-Al2O3 NPs. TEM analysis of the
prepared samples shows a spherical shape with less agglomera-
tions of particles and a particle size of 8.21 ± 2.1 nm aer the
addition of CaO NPs. The percentages of elements (Ca, Ti, Al, and
O) in the prepared CaO/TiO2/g-Al2O3 NCswere conrmed through
EDX spectra. The bonds and functional groups within molecules
of the prepared samples were determined from Raman and FTIR
spectra. Optical properties that determine the recombination of
electron–hole pairs are revealed through PL analysis. DLS data
show that the average particle distribution of the synthesized g-
Al2O3 NPs, TiO2/g-Al2O3 NCs, and CaO/TiO2/g-Al2O3 NCs was
found to be 190.2 ± 68.1 nm, 180.5 ± 90.3 nm, and 188.2 ±

75.0 nm, respectively. Moreover, the zeta potential of the samples
decreased from −11.2 ± 16.6 mV to −28.9 ± 4.3 mV with the
addition of the supporting TiO2 and CaO NPs. Photocatalytic
experiments show that under irradiation by UV light for 200 min,
the CaO/TiO2/Al2O3 NCs achieved the highest degradation effi-
ciency (98%) of the MB dye compared to the individual samples.
These results indicate that the addition of TiO2 and CaO NPs into
g-Al2O3 improved the photocatalytic performance due to their
high surface area and promoted charge separation. This study
suggests that synthesized CaO/TiO2/g-Al2O3 NCs can be applied to
sustainable solutions in wastewater treatment and other envi-
ronmental applications.
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L. M. Anaya-Esparza, S. Ghotekar, O. A. González-Vargas and
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