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Abstract: This study introduces a new strategy for the environmentally friendly catalytic degradation
of Reactive Red 24 (RR24) dye using sunlight. We developed a cost-effective quaternary nanocom-
posite by immobilizing a sodium alginate biopolymer over bioengineered Co-Zn-Ce nanoparticles,
forming an SA@Co–Zn–Ce nanocomposite (where SA means sodium alginate). This composite also
demonstrated an exceptional antioxidant potential of approximately 89%, attributed to the synergistic
effect of sodium alginate and green-synthesized Co–Zn–Ce nanoparticles (biosynthesized using
Ocimum sanctum leaf extract as a reducing agent). Scanning electron microscopy revealed grain
sizes of 28.6 nm for Co–Zn–Ce NPs and 25.59 nm for SA@Co–Zn–Ce nanocomposites (NCs). X-ray
diffraction showed particle sizes of 16.87 nm and 15.43 nm, respectively. Co–Zn–Ce NPs exhibited a
zeta potential of 1.99 mV, whereas the sodium alginate-anchored Co–Zn–Ce showed −7.99 mV. This
indicated the entrapment of negatively charged ions from sodium alginate, altering the surface charge
characteristics and enhancing the photocatalytic degradation of RR24. Dynamic light scattering
revealed an average particle size of approximately 81 nm for SA@Co–Zn–Ce NCs, with the larger size
due to the influence of water molecules in the colloidal solution affecting hydrodynamic diameter
measurement. The SA@Co–Zn–Ce NCs exhibited a CO2 adsorption capacity of 3.29 mmol/g at 25 ◦C
and 4.76 mmol/g at 40 ◦C, indicating temperature-dependent variations in adsorption capabilities.
The specific surface area of Co–Zn–Ce oxide NPs, measured using Brunauer–Emmett–Teller (BET)
analysis, was found to be 167.346 m2/g, whereas the SA@Co–Zn–Ce oxide nanocomposite showed a
surface area of 24.14 m2/g. BJH analysis revealed average pore diameters of 34.60 Å for Co–Zn–Ce
oxide NPs and 9.26 Å for SA@Co–Zn–Ce oxide NCs. Although the immobilization of sodium alginate
on Co–Zn–Ce oxide NPs did not increase the adsorption sites and porosity of the composite, as evi-
denced by the N2 adsorption–desorption isotherms, the SA@Co–Zn–Ce oxide NCs still demonstrated
a high photocatalytic degradation efficiency of RR24.
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1. Introduction

With the constant growth of industrialization and urbanization, environmental pol-
lution has become an escalating global concern, needing proactive efforts to alleviate its
detrimental impacts [1,2]. In particular, the textile industry is one of the major contributors
to pollution, discharging large amounts of toxic dyes into water bodies [3]. Reactive azo
dyes are a significant portion of these released dyes. These compounds contain one or more
azo (–N=N–) groups and heterocyclic and aromatic rings, along with functional groups
such as chloride and sulfonates [4]. The azo groups pose multiple hazards due to their
limited biodegradability. Therefore, it is crucial to effectively remove these dyes before they
are discharged into the environment [5,6]. In response to this imperative, nanotechnology
holds promise, utilizing the exceptional properties of nanomaterials to address environmen-
tal challenges [7,8]. Various approaches have been employed to treat reactive azo dyes in
wastewater, including adsorption, photocatalysis, oxidation, and coagulation [9]. Among
those, adsorption stands out as a highly efficient methodology for eliminating dye effluents,
offering numerous advantages such as a straightforward design, minimal generation of
harmful byproducts, cost-effectiveness, and excellent performance [10].

Ocimum sanctum, commonly known as the Tulsi plant, exhibits unique properties
and has been extensively recognized for its pharmaceutical and therapeutic benefits [11].
Previously, leaf extracts of Tulsi have been commonly employed for the production of
monometallic nanoparticles such as cobalt, zinc, cerium, silver, gold, and platinum [12].
Green synthesis methodologies ensure environmental sustainability in the manufactur-
ing process and emphasize the importance of designing materials that minimize waste
production and energy consumption. This aligns with the principles of green chemistry
and promotes the development of eco-friendly solutions for wastewater treatment. The
chemical value of the synthesized nanocatalyst holds great promise for the industrial,
nanotechnological, and engineering fields [13].

Metal-based nanocomposites have garnered significant attention due to their excep-
tional adsorption and photocatalytic capabilities. Cobalt, as a monometallic element,
demonstrates outstanding adsorption affinity, making it an ideal candidate for capturing
dyes from wastewater [14]. The incorporation of zinc as a bimetallic component synergisti-
cally enhances the adsorption capacity and stability of the nanocomposite, facilitating effi-
cient dye removal and recyclability through simple regeneration processes [15]. Moreover,
the unique photocatalytic properties of cerium allow for the catalysis of the degradation of
adsorbed dyes under light irradiation, transforming pollutants into benign byproducts [16].
Therefore, the incorporation of cerium enables the creation of a nanocomposite, synthesized
for the first time in this work using Ocimum sanctum.

Sodium alginate is a biocompatible and biodegradable polysaccharide well known for
its excellent film-forming and metal-ion-binding properties [17]. Its use as a template for
the controlled synthesis of metal-based nanocomposites enhances the structural reliability
and stability of the resulting composite, ensuring its eco-friendly nature [18]. These func-
tionalities give the nanocomposite multifunctional innovative possibilities for sustainable
wastewater treatment in industries struggling with dye pollution [19]. Sodium alginate
beads have previously been studied for the removal of dyes such as reactive red 195 [20]
and Orange 16 [21].

In this context, to further enhance stability, the incorporation of sodium alginate
over bioinspired cobalt–zinc–cerium nanoparticles using Ocimum sanctum represents a
novel approach to environmental pollution control. The chemical significance of the
synthesized sodium alginate (SA)-anchored nanocomposite, SA@Co–Zn–Ce, reverberates
across various sectors, notably in the textile industry. By providing a highly efficient
and cost-effective photocatalytic degradation process for Reactive Red 24 (RR24) dye,
the SA@Co–Zn–Ce nanocomposite offers a pathway to enhance wastewater treatment in
textile manufacturing units [22]. The potential economic and environmental benefits are
significant, reducing the industry’s ecological footprint while complying with stringent
environmental regulations [23].
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This study explores the unique application of Tulsi plant extract as a reducing agent
in the synthesis of cobalt–zinc–cerium oxide NPs. To the best of our knowledge, the
synthesis of such oxide NPs has not been previously reported in the literature using
Ocimum sanctum, which has mainly focused on monometallic cobalt, zinc, and cerium oxide
NPs, as well as zinc-doped cerium oxide NPs. This research aims to fill this knowledge
gap and establish the feasibility of using Tulsi extract as a sustainable reducing agent for
the synthesis of unique nanomaterials. These materials are further stabilized with the
addition of sodium alginate to form a novel nanocomposite, SA@Co–Zn–Ce. The structural,
morphological, and compositional attributes of SA@Co–Zn–Ce have been explored using
several characterization techniques. The main objective of this research article is to assess
the antioxidant potential and photocatalytic degradation efficiency of SA@Co–Zn–Ce
nanocomposites towards RR24 dye.

2. Results and Analysis
2.1. UV-vis

The UV-vis results of Ocimum sanctum leaf extract reveal a maximum absorption
peak at 284 nm (Figure S1), likely due to aromatic substances such as alkaloids and
flavonoids [24]. The synthesis of Co NPs using this extract resulted in a shift in absorp-
tion to 314 nm, indicating an interaction between the phytoconstituents and Co2+ ions
(Figure 1) [25]. The addition of Zn to obtain Co–Zn oxide nanoparticles shifted the peak to
328 nm [26]. Incorporating Ce to produce the Co–Zn–Ce oxide nanoparticles led to multiple
absorption peaks at 303, 351, and 376 nm, indicating complex nanoparticle formation [27].
Sodium alginate anchoring to Co–Zn–Ce oxide nanoparticles exhibited maximum absorp-
tion at 284 nm and some smooth peaks within the visible spectrum, possibly due to the
interaction between sodium alginate and the nanoparticles.
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2.2. FTIR

The FTIR spectrum (Figure 2a) of O. sanctum exhibits a peak at 3390 cm−1, representing
the hydroxyl bond and confirming the presence of phenolic constituents in the extract [28].
Peaks at 2900 cm−1 and 2840 cm−1 correspond to the stretching vibrations of C-H in
aliphatic hydrocarbons. A peak at 2112 cm−1 confirms the C≡C of alkynes. The peak at
1970 cm−1 shows C=O stretching vibrations of carboxylic acid. The peak at 1620 cm−1

confirms the C=C bonds regarding the cyclic aromatic structure. The peak at 1437 cm−1

confirms the carbon–carbon bond, while the peak at 1020 cm−1 indicates the carbon–
nitrogen bond of aliphatic amines found in the extract.
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Figure 2. FTIR results: (a) Leaf extract of Ocimum Sanctum, (b) Co oxide NPs, (c) Co−Zn oxide NPs,
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The FTIR spectra of synthesized nanoparticles are shown in Figure 2b–d. Cobalt oxide
nanoparticles synthesized by reducing O. sanctum showed broad peaks at 3132.8 cm−1

and 3356.47 cm−1, confirming the presence of the hydroxyl group or water absorbed by
nanoparticles during synthesis. Peaks at 2253 cm−1, 2342 cm−1, and 2515.95 cm−1 could
be attributed to various functional groups such as C≡N or N–H stretching vibrations.
Peaks in the 2000–1650 cm−1 range are often related to C=C or aromatic structures of
phytoconstituents like alkaloids/flavonoids present in the leaf extract. The absorption in the
range of 1100–900 cm−1 is due to the C–O group, while the peak in the lower-wavenumber
region, such as 800 cm−1, could be associated with cobalt oxide nanoparticles [29,30].
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The interaction of metal ions of Co–Zn oxide NPs with various functional groups
resulted in minor displacement in the peaks of the FTIR spectrum of O. sanctum Co NPs.
Peaks at 3324 cm−1, 2885 cm−1, 2120.9 cm−1, 1869 cm−1, 1772 cm−1, 1653 cm−1, and
1039 cm−1 confirm that some biomolecules from the extract were attached to the surface
of NPs, reducing as well as stabilizing these Co–Zn oxide NPs. The lower-wavenumber
region, such as 1039 cm−1, is associated with the O. sanctum Co–Zn oxide NPs [26,29].

In the FTIR spectra of O. sanctum Co–Zn–Ce oxide NPs, a broad peak in the high-
wavenumber range, like 3199 cm−1, is often associated with hydroxyl groups, like those
found in water molecules. The peak at 1718 cm−1 confirms the carbonyl group (C=O
stretch), indicative of a ketone or aldehyde functional group. The peaks in this region
(1319 cm−1, 1405 cm−1, and 1615 cm−1) could indicate organic functional groups, possibly
related to organic molecules on the surface of the metal oxides. Peaks at 1103 cm−1,
1149 cm−1, and 1209 cm−1 may also correspond to vibrational modes of C–O stretching.
Peaks around 818 cm−1 and 1043 cm−1 are associated with vibrations of specific chemical
bonds related to cobalt/zinc oxides [31].

In the FTIR spectrum of the SA@Co–Zn–Ce oxide nanocomposite, the broad peak
in the high-wavenumber region is often associated with O-H stretching vibrations or the
presence of the OH group of sodium alginate. The peak at 1742 cm−1 suggests the presence
of C=O stretching, which is indicative of a ketone or aldehyde functional group also found
in sodium alginate. Peaks in the 2000–3000 cm−1 range (2038 cm−1, 2107 cm−1, 2853 cm−1,
and 2924 cm−1) might be due to vibrations like C-H of hydrocarbons. Peaks at 820 cm−1

besides 939 cm−1 correspond to metal oxides and functional groups in sodium alginate [32].
The appearance of new peaks or changes in the intensity of existing peaks in specific spectral
regions (e.g., below 1000 cm−1 for metal–oxygen bonds) indicates chemical interactions
and bonding among Co–Zn–Ce oxides. By analyzing these changes in the FT-IR spectra,
it can be inferred that the Co-Zn-Ce NPs are chemically linked through covalent bonds,
rather than being a physical mixture of functionalized CoO, ZnO, and CeO2. In the case
of SA@Co–Zn–Ce, the FT-IR spectrum likely shows shifts in peak positions, changes in
peak intensities, and the appearance of new peaks. These spectral changes indicate the
formation of a composite material with strong interactions within the Co–Zn–Ce NPs and
with the sodium alginate.

2.3. PXRD Analysis

XRD was employed to analyze the phase distribution and crystalline structure of the
obtained nanoparticles and nanocomposites. The XRD results of Co oxide NPs, Co–Zn
oxide NPs, Co–Zn–Ce NPs, and the Co–Zn–Ce oxide nanocomposite are presented in
Figure 3. The XRD pattern of Co-containing material reveals distinct characteristic peaks
located at angles of 31◦, 36◦, 44◦, and 55◦, corresponding to the crystallographic planes 220,
311, 400, and 422 of Co3O4, respectively (JCPDS Card No. 09-0418).

In the diffractogram of Co–Zn oxide NPs, ZnO is identified by peaks located at 2θ = 47,
56, and 62◦, indexed as 102, 110, and 103 diffraction lattice planes, respectively (JCPDS
card no. 80–0075). Between 30 and 40◦, there is a possibility of peak superimposition
corresponding to the 100 and 101 planes, similar to those of Co3O4. In the XRD pattern
for Co–Zn–Ce oxide NPs, cerium oxide shows peaks at 28◦ and 69◦, corresponding to
the crystallographic planes 111 and 400 (JCPDS no. 81-0792). Additionally, there may be
superimposition at 47◦ of the peak from the 220 plane with the ZnO peak mentioned above.
The XRD pattern of the SA@Co–Zn–Ce oxide nanocomposite indicates a polycrystalline
structure, showing a diffraction peak of low intensity of sodium alginate at 2θ = 22◦. The
Scherrer equation was used to determine the average particle size:

D = k λ/β cosθ

where D represents the average particle size, k is a constant, λ denotes the wavelength of
the X-ray source (0.154 nm), θ indicates the peak position, and β represents the full-width
at half-maximum (FWHM) in radians. The average particle sizes of the prepared cobalt



Catalysts 2024, 14, 471 6 of 25

oxide, Co–Zn oxide NPs, Co–Zn–Ce oxide, and SA@Co–Zn–Ce oxide nanocomposite were
17.65 nm, 17.36 nm, 16.87 nm, and 15.43 nm, respectively.
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Figure 3. X-ray diffractograms of Co oxide NPs, Co–Zn oxide NPs, Co–Zn–Ce oxide NPs, and
SA@Co–Zn–Ce oxide NCs.

2.4. FE-SEM and EDX Analysis

SEM analysis was carried out to observe the influence of sodium alginate incorporation
on the morphology of Co–Zn–Ce oxide NPs. SEM micrographs of Co–Zn–Ce oxide and
SA@ Co–Zn–Ce are depicted in Figure 4a–d. Concerning Co–Zn–Ce NPS, some cerium
oxides appear as a dispersed rod-like strand. In contrast, others seem submerged in the
clusters of cobalt–zinc oxide, and this non-uniformity comes from agglomeration. These
clusters can result from attractive forces between the nanoparticles, such as van der Waals
forces, which cause them to stick together. The agglomerates of Co–Zn–Ce nanoparticles
appear compact and dense in SEM images, with a minimal spacing between individual
particles. This compactness can lead to a high particle density within the agglomerates.
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On the other hand, in the SEM images of SA@Co–Zn–Ce oxide, some nanoparticles of
Co–Zn–Ce oxides may be located on the surface of the beads, creating a rough texture. In
contrast, others may be partially embedded within the bead matrix. The SA@Co-Zn-Ce
oxide composite beads exhibit irregular spherical shapes, and these irregularities can result
from the immobilized nanoparticles, which have modified the shape of the original SA
beads. The size distributions of Co–Zn–Ce oxide NPs and SA@Co–Zn–Ce oxide NCs are
shown in Figure 4e,f, characterized by peaks centered at 28 nm and 25 nm, respectively.
Co–Zn–Ce nanoparticles have an average particle size of 28.62 nm, and the SA@Co–Zn–Ce
nanocomposite has an average particle size of 25.59 nm, with a grain size range of 20 to
35 nm. SEM micrographs show larger particle sizes than the XRD data, indicating that each
particle is likely composed of many aggregated crystallites or grains, which contributes to
the observed size disparity.
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An energy-dispersive X-ray (EDX) spectrum (see Figure 5a) was collected from the
Co–Zn–Ce oxide NP sample used during the SEM examination, as shown in Figure 4.
From Figure 5a, it is clear that peaks corresponding to cobalt (Co), zinc (Zn), and cerium
(Ce) are present. The atomic percentages (at. %) of these elements were determined to be
13.08% (Co), 16.9% (Zn), 46.05% (Cu), and 87.5% (O). The prominent oxygen peak confirms
that the sample is a metal oxide. The EDX analysis indicated that no other elements were
detected, confirming the purity of the Co-Zn-Ce oxide NPs and the absence of surfactants
or other impurities.
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In contrast, an EDX spectrum of the SA@Co–Zn–Ce oxide nanocomposite (NC) sample,
shown in Figure 5b, revealed the presence of calcium (Ca) and chlorine (Cl) peaks. These
peaks are attributed to sodium alginate in the SA@Co–Zn–Ce oxide NCs. The calcium
peaks suggest gel structure formation, where calcium ions link with the alginate chain.
Meanwhile, the chlorine peaks, likely from residual sodium chloride (NaCl), affect ionic
strength and stability without influencing gel formation. The atomic percentages in this
sample were 10.08% (Co), 46.05% (Zn), and 80.9% (O). The lower intensity of the Ca peak,
compared to Co, Zn, and Ce, indicates a smaller amount of calcium, consistent with sodium
alginate acting as a support rather than a major component. These findings support the
application of Co–Zn–Ce oxide NPs in metallic coatings.

2.5. XPS Analysis

The photocatalytic performance of photocatalysts is significantly influenced by their
surface chemical state. In this study, X-ray photoelectron spectroscopy (XPS) was utilized
to determine the oxidation state and chemical composition of the SA@Co-Zn-Ce oxide pho-
tocatalysts. The results, presented in Figure 6a,b, show peaks at 779.80, 794.97, 121.79, and
144.83 eV, corresponding to Co 2p3/2, Co 2p1/2, Zn 2p3/2, and Zn 2p1/2, respectively [33].
Additionally, the presence of Ce oxide NPs is confirmed by five peaks in the Ce 3d spectrum
(Figure 6c) at binding energies of 882.19, 888.10, 897.43, 900.40, and 903.21 eV, originating
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from Ce 3d5/2 and Ce 3d3/2 [33]. The peak at a binding energy of 529.76 eV (Figure 6f) is
attributed to O 1s in metal oxides, validating the presence of tri-metal oxides.
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The formation of SA@Co-Zn-Ce oxide NCs is further supported by the peaks at
binding energies of 347.20 and 350.41 eV, attributed to Ca 2p3/2 and Ca 2p1/2, and
the peaks at 284.81 and 288.91 eV, corresponding to C=C and C=O groups in alginate
molecules, as shown in Figure 6d–f. Additionally, the presence of a second peak in the O
1s spectrum (Figure 6f) at a binding energy of 531.93 eV is attributed to C=O groups in
alginate molecules [33]. These XPS results confirm the synthesis of SA@Co-Zn-Ce oxide
NCs and the incorporation of alginate molecules, indicating strong interactions between
the metal oxides and the alginate support.

2.6. Zeta Potential

The evaluation of the zeta potential of Co–Zn–Ce oxide and sodium alginate-anchored
Co–Zn–Ce oxide reveals significant differences in their surface charge characteristics
(Figure 7). The Co–Zn–Ce oxide material exhibits a zeta potential of −2.07 mV, signi-
fying a surface with a slight negative charge. In contrast, when sodium alginate is used to
anchor Co–Zn–Ce oxide, the zeta potential dramatically shifts to −12.28 mV, indicating a
highly negatively charged surface. This substantial change in zeta potential highlights the
successful anchoring of sodium alginate and the alteration of the surface charge properties,
which can have important implications for applications involving these materials in various
contexts. This change in zeta potential value indicates that the metal oxides entrapped in
sodium alginate exhibit greater stability compared to the metal oxides alone [34].
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Figure 7. Zeta potential of Co−Zn−Ce oxide NPs and SA@Co−Zn−Ce oxide.

2.7. DLS

The DLS method was utilized to measure the particle size of the SA@Co–Zn–Ce
oxide nanocomposite with the Zetasizer. Through the application of this technique, the
nanocomposite was evaluated for the polydispersity index (PDI), size distribution (SD),
and average particle size (APS), with the results presented in Figure S2. The measurements
indicate an average size of approximately 81 nm. The PDI for the SA@Co–Zn–Ce oxide is
0.87 [34,35]. The increased size of the SA@Co–Zn–Ce oxide nanocomposite is attributed
to the presence of a water layer enveloping the nanoparticle surfaces, influencing the
hydrodynamic diameter measurement. The water layer adds to the overall measured size
by contributing to the apparent dimensions of the nanoparticles.

2.8. N2 Adsorption at −196 ◦C

The synthesized Co-Zn-Ce NPs and SA@Co–Zn–Ce oxide nanocomposite were char-
acterized by the adsorption of N2 at −196 ◦C. Figure 8a,b show the respective isotherms.
The adsorption–desorption plots show type IV isotherms, which are characteristic of meso-
porous materials. The BET surface areas of the Co–Zn–Ce oxide nanoparticles (NPs) and
the SA@Co–Zn–Ce oxide nanocomposite are 167.346 and 24.14 m2/g, respectively. Their
average pore diameters were determined to be 34.6 and 9.3 Å, respectively, through Barrett–
Joyner–Halenda (BJH) analysis, as depicted in Figure 8(c, d), confirming their mesoporous
nature [36]. These findings highlight the reduced pore volume and mesoporous structure
of the SA@Co–Zn–Ce oxide nanocomposite, which can serve as a versatile host for a range
of applications. This is particularly relevant in the photocatalytic degradation of the RR24
dye [37,38].
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Figure 8. (a,b) Adsorption–desorption isotherms for Co−Zn−Ce oxide NPs and SA@Co−Zn−Ce ox-
ide NCs. (c,d) BJH pore size distribution for Co−Zn−Ce oxide NPs and SA@Co−Zn−Ce oxide NCs.

2.9. Antioxidant Potential

The antioxidant activity of Co NPs, Co–Zn NPs, Co–Zn–Ce oxide NPs, and the SA@Co–
Zn–Ce oxide nanocomposite produced from O. sanctum extract was evaluated via the free
radical DPPH scavenging assay. Results are shown in Table S1. The primary mechanism of
antioxidant action is electron transfer, which also causes the solution color to shift from
purple to pale yellow. The general reaction of DPPH with antioxidants is illustrated in
Figure 9. The formation of a stable DPPH molecule involves the attainment of electrons or
hydrogen from Co oxide NPs, Co–Zn oxide NPs, Co–Zn–Ce oxide NPs, and the SA@Co–
Zn–Ce oxide composite. After analyzing the samples at various concentrations (50, 75, and
100 µg/mL), it was found that the proportion of DPPH free radicals was more scavenged
when the quantities of the materials were increased. When these NPs and nanocomposite
interacted with DPPH, they released electrons, which caused the absorbance to decline and
the color to shift from purple to pink. As depicted in Figure 10, the results indicated that
the samples showed significant free radical inhibitory effects, specially at a concentration
of 100 µg/mL. At that concentration, the maximum percentages of DPPH free radical
scavenging for Co NPs, Co–Zn NPs, Co–Zn–Ce oxide NPs, and the SA@Co–Zn–Ce com-
posite were 78%, 81.31%, 88.44%, and 89.31%, respectively. Among all oxide samples, the
final product, SA@Co–Zn–Ce oxide NCs, demonstrated the highest DPPH free radical
scavenging potential.
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2.10. Photocatalytic Degradation of RR24

The SA@Co–Zn–Ce oxide nanocomposite was used as a photocatalyst to degrade RR24
dye. The assessment of λ max (532 nm) for RR24 is shown in Figure S3. Figure 11a reveals
that the degradation of RR24 by photolysis was only 16% in 20 min, 9% by adsorption in
the dark, and 55% by photocatalysis at the same time. The photocatalytic degradation of
RR24 dye using SA@Co–Zn–Ce oxide was tracked through UV–vis spectroscopy, focusing
on the absorption bands at 532 nm and 280 nm (see Figure 11b). When SA@Co–Zn–Ce
oxide was added and exposed to sunlight, a noticeable reduction in the intensity of these
absorption bands was observed (see Figure 11b). The average sunlight flux, measured with
a pyranometer, was approximately 645 W/m2. It can be easily observed that the absorption
of RR24 dye decreases with time because of photocatalytic degradation by the SA@Co–Zn–
Ce oxide catalyst. The disintegration of aromatic rings of reactive red 24 dye was considered
responsible for the steady decrease in the absorbance peak over time [35,36]. Figure S4
illustrates the factors that were effective on photocatalytic degradation (concentrations of
catalysts, H2O2 and dye, pH, and temperature). Table 1 compares several catalysts for the
degradation of RR24 dye, showing that our composite is very effective.
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Table 1. Comparison of different photocatalysts for the degradation of RR 24.

Photocatalyst Time (min) %Degradation Light Source References

K6SiW11O39SnII (SiWSn) 180 52 Sunlight [39]

SBB-ZnO3 (modified with sugarcane bagasse biochar) 60 85.28 Visible light [40]

CRHB-ZnO3 (modified with cassava root husk biochar) 60 75.32 Visible light [40]

Photo-Fenton reagent 9 76 Visible light [41]

TiO2 60 88.69 UV light [39]

FePc-mBC (iron phthalocyanine-doped millet biochar) 120 93 Visible light [42]

ultrasound/exfoliated graphite/H2O2 120 89.09 Visible light [43,44]

SA@ Co–Zn–Ce oxide nanocomposite 90 95 Sunlight Present work

2.10.1. Influence of RR24 Dye Concentration

Experiments focused on how the initial concentration of the RR24 dye influenced its
degradation efficiency. To assess the catalyst impact under sunlight, separate experiments
were conducted under both dark and sunlight conditions [45]. In the absence of sunlight,
when the dye degradation experiment was performed with the catalyst, a minimal reduction
in absorbance was observed (Figure 12). This highlights the dependency of dye degradation
efficiency on the presence of both SA@Co–Zn–Ce oxide NCs and sunlight. The results of
comparing various initial RR24 dye concentrations (5–15 ppm) are depicted in Figure 12. It
can be seen that with an increase in the concentration of RR24 dye, a greater number of
dye particles adhered to the photocatalyst surface. This increased particle presence led to a
reduction in the generation of active sites during the reaction, as it obstructed the passage
of light [39]. Consequently, the efficiency of the SA@Co–Zn–Ce oxide NC photocatalyst
notably diminished due to the limited availability of active sites.



Catalysts 2024, 14, 471 14 of 25
Catalysts 2024, 14, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 12. The absorbance of dye in the dark and sunlight in the presence of catalyst; 5 ppm–15 ppm 
of SA@ Co–Zn–Ce oxides at 30 °C. 

2.10.2. Influence of pH 
The pH of the dye solution is another crucial factor that significantly influences dye 

degradation. Varying the pH value affects the chemical characteristics of the photocatalyst 
as well as the RR24 dye utilized for degradation. Since RR24 dye is an anionic dye, it ex-
hibited maximum degradation at acidic pH levels due to a higher concentration of hydro-
gen ions [46,47]. In other words, SA@Co–Zn–Ce oxide could potentially exhibit a much 
higher efficiency in an acidic medium due to the greater adsorption of the anionic dye 
over the catalytic surface. When the dye degradation experiment was performed without 
sunlight but with the catalyst, a slight decrease in absorbance was noted (Figure 13). This 
demonstrates that the effectiveness of dye degradation hinges on the concurrent presence 
of both SA@Co–Zn–Ce oxide NCs and sunlight. At a pH value of 3, the color of the RR24 
dye faded almost completely. The percentage efficiency of the photocatalyst at different 
pH values is depicted in Figure 13. 

 

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Time (min)

 5ppm
 10ppm
 15ppm

Dark

Sunlight

0 20 40 60 80 100

Time (min)

 3pH
 5pH
 7pH

Dark

Sunlight

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Figure 12. The absorbance of dye in the dark and sunlight in the presence of catalyst; 5 ppm–15 ppm
of SA@ Co–Zn–Ce oxides at 30 ◦C.

2.10.2. Influence of pH

The pH of the dye solution is another crucial factor that significantly influences dye
degradation. Varying the pH value affects the chemical characteristics of the photocatalyst
as well as the RR24 dye utilized for degradation. Since RR24 dye is an anionic dye, it
exhibited maximum degradation at acidic pH levels due to a higher concentration of
hydrogen ions [46,47]. In other words, SA@Co–Zn–Ce oxide could potentially exhibit a
much higher efficiency in an acidic medium due to the greater adsorption of the anionic dye
over the catalytic surface. When the dye degradation experiment was performed without
sunlight but with the catalyst, a slight decrease in absorbance was noted (Figure 13). This
demonstrates that the effectiveness of dye degradation hinges on the concurrent presence
of both SA@Co–Zn–Ce oxide NCs and sunlight. At a pH value of 3, the color of the RR24
dye faded almost completely. The percentage efficiency of the photocatalyst at different pH
values is depicted in Figure 13.
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Figure 13. Variation in absorbance of dye with time in both dark and sunlight at pH 3, 5, and 7 (5 ppm
dye solution; 15 mg of SA@ Co–Zn–Ce oxide NCs at 30 ◦C).

2.10.3. Influence of Temperature

In the absence of sunlight, with the catalyst present, a slight decrease in absorbance was
observed during the dye degradation experiment (Figure 14). This indicates that the efficacy
of dye degradation is reliant on the presence of both SA@Co–Zn–Ce oxide NCs and sunlight.
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The obtained results show that at 20 ◦C, a reduced desorption of dye particles is inevitable,
minimizing the reaction, as seen in the literature [48]. On the other hand, as the temperature
is raised to 40 ◦C, the adsorption of dye particles on the catalyst is also no longer preferred,
which restricts the degradation reaction, as reported elsewhere [40,44]. Hence, higher
temperatures reduce the efficiency of photocatalysts. Temperature optimization favors
efficient photocatalytic degradation. According to the findings in Figure 14, particles of
dye are more likely to bind to the surface of the SA@Co–Zn–Ce oxide NC catalyst at a
temperature of about 30 ◦C, as also seen by other authors [44].

Catalysts 2024, 14, x FOR PEER REVIEW 15 of 26 
 

 

Figure 13. Variation in absorbance of dye with time in both dark and sunlight at pH 3, 5, and 7 (5 
ppm dye solution; 15 mg of SA@ Co–Zn–Ce oxide NCs at 30 °C). 

2.10.3. Influence of Temperature 
In the absence of sunlight, with the catalyst present, a slight decrease in absorbance 

was observed during the dye degradation experiment (Figure 14). This indicates that the 
efficacy of dye degradation is reliant on the presence of both SA@Co–Zn–Ce oxide NCs 
and sunlight. The obtained results show that at 20 °C, a reduced desorption of dye parti-
cles is inevitable, minimizing the reaction, as seen in the literature [48]. On the other hand, 
as the temperature is raised to 40 °C, the adsorption of dye particles on the catalyst is also 
no longer preferred, which restricts the degradation reaction, as reported elsewhere 
[40,44]. Hence, higher temperatures reduce the efficiency of photocatalysts. Temperature 
optimization favors efficient photocatalytic degradation. According to the findings in Fig-
ure 14, particles of dye are more likely to bind to the surface of the SA@Co–Zn–Ce oxide 
NC catalyst at a temperature of about 30 °C, as also seen by other authors [44]. 

 
Figure 14. Effect of temperature (both dark and sunlight) on % degradation at pH 5 (5 ppm dye 
solution; 15 mg of SA@ Co–Zn–Ce oxide NCs). 

2.10.4. Effect of Concentration of SA@ Co–Zn–Ce Oxide NC Photocatalyst Dose 
As the amount of catalyst increases, a greater number of active sites are generated on 

the catalytic surface [47]. When the dye degradation experiment was conducted in the 
dark with the catalyst, a modest reduction in absorbance was observed (Figure 15). This 
underscores that the effectiveness of dye degradation depends on the presence of both 
SA@Co–Zn–Ce oxide NCs and sunlight. The results are presented in Figure 15, and the 
degradation efficiency decreased after 20 mg because the excess catalyst blocked the pas-
sage of light. As a result, 20 mg was chosen as the ideal catalyst dosage. 

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Time (min)

 20°C
 30°C
 40°C

Dark

Sunlight

Figure 14. Effect of temperature (both dark and sunlight) on % degradation at pH 5 (5 ppm dye
solution; 15 mg of SA@ Co–Zn–Ce oxide NCs).

2.10.4. Effect of Concentration of SA@ Co–Zn–Ce Oxide NC Photocatalyst Dose

As the amount of catalyst increases, a greater number of active sites are generated
on the catalytic surface [47]. When the dye degradation experiment was conducted in
the dark with the catalyst, a modest reduction in absorbance was observed (Figure 15).
This underscores that the effectiveness of dye degradation depends on the presence of
both SA@Co–Zn–Ce oxide NCs and sunlight. The results are presented in Figure 15, and
the degradation efficiency decreased after 20 mg because the excess catalyst blocked the
passage of light. As a result, 20 mg was chosen as the ideal catalyst dosage.
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Figure 15. Effect of concentration of SA@ Co–Zn–Ce oxide NCs on % degradation in both dark and
sunlight at pH 5 in 5 ppm dye solution.
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2.10.5. Influence of H2O2 Concentration

Hydrogen peroxide (a green oxidant) is one of the most popular oxidizing agents. It
was used to improve the generation of ·OH radicals during the reaction to enhance the
photocatalytic degradation. It competes with other species for electrons when added to the
reaction mixture. However, because hydrogen peroxide is a powerful agent, the likelihood
of electrons being grabbed by this substance is increased. As a result, the degradation rate
increases while the phenomenon of electron–hole recombination decreases [47,49]. The
results of Figure 16 reveal that introducing hydrogen peroxide improves the efficiency of
photocatalysis and reduces the time and sunlight needed for color removal. To evaluate the
catalyst impact individually under sunlight, control experiments were performed under
both dark and sunlight conditions, as in previous cases. In the absence of sunlight, with the
catalyst present, a minimal change in absorbance was observed during the dye degradation
experiment (Figure 16). This highlights the critical role of both SA@Co–Zn–Ce oxide NCs
and sunlight in enhancing photocatalytic activity.
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Figure 16. The effect of H2O2 on degradation with time in both dark and sunlight.

2.10.6. Recyclability of SA@Co–Zn–Ce Oxide NC Photocatalyst

For practical applications to be possible, an effective photocatalyst must display
chemical stability and recyclability. The degrading efficacy of SA@Co–Zn–Ce oxide NCs
decreased from 95% in the initial cycle to 80% in the fourth cycle, as shown in Figure 17.
This fact reveals its amazing catalytic potential because of its good stability and crystalline
nature. It was observed that during the recovery processes, a portion of the catalyst
was washed away, slightly diminishing the photocatalytic effectiveness. However, the
remarkable reusability demonstrated that SA@Co–Zn–Ce oxide NCs remain an effective
photocatalyst for practical applications.
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2.10.7. Effect of Scavengers

The influence of scavengers on the photodegradation of RR24 dye was investigated
using sodium sulfate (Na2SO4), sodium chloride (NaCl), and sodium carbonate (NaHCO3)
during a 90 min irradiation period, as depicted in Figure 18. NaCl exhibited notable
inhibition (65%) by scavenging photogenerated holes, thereby generating OH radicals.
Similarly, Na2SO4 (72%) and NaHCO3 (80%) scavenged holes through reactions with
hydroxyl ions and by producing carbonate radicals [45].
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Figure 18. Effect of scavengers on the degradation of RR24 by SA@Co–Zn–Ce NCs.

2.10.8. Photocatalytic Degradation Mechanism of RR24

Figure 19 depicts the mechanism of the photocatalytic degradation of RR24 dye.
Valence band (VB) electrons in SA@Co–Zn–Ce oxide NPs become excited and move in the
direction of the conduction band (CB) once they are subjected to sunlight. The Schottky
barrier, created at the interface by the presence of cobalt, zinc, and cerium metals as
active centers, inhibits electrons and holes from rapidly recombining. In addition, the
holes formed in the VB of SA@Co–Zn–Ce oxide NPs destroy the RR24 dye molecules
through direct contact or by the production of hydroxyl radicals through the oxidation of
H2O molecules. Co, Zn, and Ce metal ions serve as a Schottky barrier and facilitate the
promotion of electrons for surface plasmon resonance, which activates the production of
reactive oxygen species, such as the O2

− radical, leading to the breakdown of the RR24
dye [49].

2.10.9. Kinetic Studies of Photocatalytic Degradation of RR24

The results obtained for the kinetics of RR24 degradation are more closely related
to the pseudo-first-order model [50]. In this context, a pseudo-first-order reaction was
employed for kinetic assessment, which involves treating a second-order reaction as if it
were pseudo-first-order by utilizing a large amount of one reactant to yield more precise
outcomes. This approach is beneficial since only one analyte concentration, i.e., RR24, can
be precisely measured. Thus, the kinetic studies were evaluated with the pseudo-first-order
reaction, which is commonly used to assess azo dyes in previous studies [40,50]. The rate
equation for the pseudo-first-order reaction is described below:

−ln (At/Ao) = kt

where “Ao” signifies the initial absorbance at time t = 0, “At” is the absorbance at time t,
and “k” denotes the rate constant. Figure S5a,b depict the plots of Ao/At vs. time and ln



Catalysts 2024, 14, 471 18 of 25

(At/Ao) versus time for 10, 15, and 20 mg of catalyst; Figure S6a,b for 5, 10, and 15 ppm
of RR24 dye; and Figure S7a,b for 3, 5, and 7 pH values. Table S2 shows the R2 values
and rate constant kobs (min−1) for the photocatalytic degradation of RR24 dye using the
SA@Co–Zn–Ce nanocomposite.
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3. Materials and Methods
3.1. Chemicals and Reagents

Cobalt chloride hexahydrate (CoCl2·6H2O, Sigma Aldrich 99%, Taufkirchen, Ger-
many), zinc chloride dihydrate (ZnCl2·2H2O, Sigma Aldrich 99%), ammonium cerium
nitrate ((NH4)2[Ce(NO3)6], Sigma Aldrich 99%), sodium alginate (NaC6H7O6, Sigma
Aldrich 99%), calcium chloride (CaCl2, Sigma Aldrich 99%), and deionized water (99.99%,
PAEC PK, Islamabad, Pakistan) were utilized without further purification. Reactive Red
24 dye (C26H17ClN7Na3O10S3, Sigma Aldrich 99%) was employed for degradation. Leaves
of the Ocimum sanctum (Tulsi) plant were collected from The Islamia University of Ba-
hawalpur, Pakistan.

3.2. Preparation of Tulsi (Ocimum sanctum) Leaf Extract

Fresh leaves of Tulsi were initially washed with distilled water to remove dust particles
and then air-dried in darkness for one week. Once dried, the leaves were ground into a fine
powder using a mortar and pestle. Next, 20 g of the dried leaf powder was weighed into a
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conical flask containing 120 mL of deionized water and left to stand for one day. Following
this, the mixture was magnetically stirred at 80 ◦C for 40 min after the initial 24 h period.
The resulting solution was then filtered through filter paper to obtain the leaf extract, which
was stored for future experiments. The detailed process is illustrated in Figure S8.

3.3. Biosynthesis of Co Oxide NPs

CoCl2·6H2O was used as a precursor salt for the synthesis of cobalt nanoparticles.
A 0.5 M solution of cobalt chloride hexahydrate was prepared in 100 mL of deionized
water. Then, 20 mL of O. sanctum leaf extract was added dropwise into 30 mL of the
cobalt solution and stirred for 2 h at 80 ◦C. The solution was cooled for 30 min at room
temperature. Subsequently, centrifugation was carried out at 6500 rpm for 15 min at 25 ◦C,
and the product was rinsed with distilled water. The cobalt oxides formed were then
calcined at 70 ◦C to obtain fine precipitates. The end product was pulverized into fine
particles. The preparation scheme is shown in Figure S9.

3.4. Biosynthesis of Co–Zn Oxide NPs

ZnCl2·2H2O and CoCl2·6H2O were used as precursor salts for the fabrication of cobalt–
zinc nanoparticles. Separate 0.5 M solutions of zinc chloride dihydrate and cobalt chloride
hexahydrate were prepared in deionized water. An amount of 40 mL of O. sanctum leaf
extract was heated to 80 ◦C with continuous stirring on a hot plate, and the cobalt chloride
hexahydrate solution was added dropwise. After a few minutes, the zinc chloride solution
was introduced, and the mixture was kept at 80 ◦C for 2 h. The suspension was then cooled
for 1 h at 25 ◦C. Centrifugation was carried out at 6500 rpm for 15 min at 25 ◦C, and the
product was washed with deionized water. The nanoparticles were then calcined at 70 ◦C
to obtain a fine precipitate. After drying, the final product was pulverized into fine particles.
The process is shown in Figure S10.

3.5. Biosynthesis of Co–Zn–Ce Oxide NPs

Ammonium cerium nitrate was also added along with CoCl2·6H2O and ZnCl2·2H2O
as a precursor salt for the fabrication of cobalt–zinc–cerium nanoparticles. Separate 0.3 M
solutions of ammonium cerium nitrate, zinc chloride dihydrate, and cobalt chloride hexahy-
drate were prepared in deionized water. An amount of 40 mL of O. sanctum leaf extract was
heated to 80 ◦C with continuous stirring on a hot plate, and the cobalt chloride hexahydrate
solution was added dropwise. Then, after a few minutes, the solutions of zinc chloride
and ammonium cerium nitrate were introduced as well, and the mixture was stirred with
heating for 3 h. The suspension was cooled for 1 h at 25 ◦C. Centrifugation was carried out
at 6500 rpm for 15 min at 25 ◦C, and then the product was rinsed with ethanol. Afterward,
the Co–Zn–Ce oxide NPs were calcined at 80 ◦C. After drying, the product was pulverized
into fine particles. The scheme is shown in Figure S11.

3.6. The Reduction Mechanism of Co–Zn–Ce Oxide NPs

The synthesis of Co–Zn–Ce oxide nanoparticles is evidenced by a noticeable color
change in the solution, confirming the reduction of metal ions. Upon introduction of the
Tulsi (Ocimum sanctum) extract, the solution rapidly transitions to a dark brown hue, indi-
cating the formation of Co–Zn–Ce oxide nanoparticles [22]. Biochemical compounds within
the Tulsi extract, particularly flavonoids, play a pivotal role in stabilizing these nanoparti-
cles. Flavonoids act as effective reducing agents, facilitating nanoparticle formation through
interactions with various functional groups [51]. As flavonoids convert from their enol
to keto forms during this process, hydrogen atoms are released, which in turn reduce Co
ions to Co (0) nanoparticles. However, the exact mechanism behind the plant-mediated
synthesis of cobalt oxide nanoparticles remains elusive. It is hypothesized that oxygen from
the environment or other biochemicals binds to the reduced metal ions, contributing to their
stabilization [52]. The electrostatic attraction of metal oxide ions results in the formation of
nanoparticles, which are subsequently stabilized by diverse biochemicals present in the
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plant extract to prevent agglomeration. Despite the need for further detailed mechanistic
understanding, the biological synthesis of nanoparticles using plant extracts holds promise
due to its non-toxic, cost-effective, and environmentally friendly characteristics.

3.7. Synthesis of SA@Co–Zn–Ce Oxide Nanocomposite

An amount of 0.2 g of Co–Zn–Ce oxide NPs was introduced into a 5% w/w CaCl2
solution and stirred for 60 min. Subsequently, 0.4 g of sodium alginate was added to
50 mL of deionized water. The sodium alginate solution was then added drop by drop
to the solution containing the suspension of Co–Zn–Ce oxide nanoparticles and calcium
chloride for 1 h with constant stirring. Following the addition of the sodium alginate
solution, bead formation could be instantly observed. The resulting solution was subjected
to three rounds of washing with deionized water to eliminate any excess unreacted calcium
chloride. Finally, the alginate composite was calcined by heating it at 90 ◦C, and the end
product was a powdered nanocomposite, i.e., SA @Co–Zn–Ce, where the nanoparticles
were effectively encapsulated within the sodium alginate matrix. The preparation scheme
is shown in Figure S12.

The interaction among ternary metal nanoparticles in the SA@Co–Zn–Ce photocat-
alyst significantly enhances its catalytic efficiency. Co plays a crucial role by facilitating
charge transfer and reducing recombination rates through its electron acceptor and donor
capabilities. Moreover, its magnetic properties contribute to the photocatalyst’s stability
and reusability. Zn exhibits a high electron transfer ability, enhancing the oxygen reduction
activity and thereby improving the photocatalytic efficiency. It also enhances catalyst stabil-
ity and reduces corrosion. Ce acts effectively as an oxidizing agent, boosting the generation
of reactive oxygen species (ROS) essential for breaking down RR24 dye. Its electronic
configuration supports charge transfer and redox reactions. The combined presence of Co
and Zn forms a robust Co–Zn double orbital, which enhances electron transfer and catalyst
stability. The incorporation of Ce into the system creates a ternary structure that further
enhances charge separation and ROS generation. The synergy among Co, Zn, and Ce leads
to increased photocatalytic efficiency, improved charge transfer, enhanced stability, and
greater reusability, ultimately resulting in the efficient degradation of RR24 dye. Thus,
the synergistic effects of Co, Zn, and Ce in the SA@Co–Zn–Ce photocatalyst significantly
elevate its photocatalytic performance. This combination leverages the strengths of each
metal while compensating for their individual weaknesses, yielding a more efficient pho-
tocatalytic material. Enhanced charge transfer, improved stability, and effective pollutant
degradation are hallmarks of these advancements.

3.8. Characterization

Several analytical techniques were employed to characterize the synthesized materials,
as described below.

3.8.1. Ultraviolet–Visible Spectroscopy

Samples were suspended in water, and their absorbance spectra were recorded in
the 200–750 nm range using ultraviolet–visible (UV-Vis) spectroscopy. Measurements
using UVD-3400/UVD-3500 (Labomed, Los Angeles, CA, USA) equipment revealed their
optical properties. The nanoparticles displayed distinct absorbance peaks in solution, with
the bright colors caused by surface plasmon resonance excitation or interband transitions.
Cobalt oxide nanoparticles (Co oxide NPs) exhibited a striking dark brown color due to their
unique UV-Vis absorption characteristics. Nanoparticles of Co–Zn frequently appeared
caramel when coupled with zinc, indicating a change in electronic structure. Co–Zn–Ce
oxide nanoparticles changed from caramel to greenish-brown due to cerium’s additional
absorption properties. By adding sodium alginate as a stabilizing agent to Co–Zn–Ce oxide
nanocomposites, the optical properties were further altered, leading to more complex colors
such as brownish or grayish-green.
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3.8.2. Fourier-Transform Infrared Spectroscopy

FTIR spectroscopy shows interactions between functional groups and metal nanopar-
ticles, especially when multiple functional groups are present in the capping agent. FTIR
measurements were conducted using the conventional KBr pellet method using a Perkin
Elmer FTIR spectrometer (Perkin Elmer, Waltham, MS, EUA) covering the 4000–400 cm−1

spectral range.

3.8.3. X-ray Diffraction

The powder X-ray diffraction (PXRD) analysis of dry nanoparticles and nanocompos-
ites was performed using a Bruker D2-phaser XRD (Bruker, Manama, Bahrain) system
equipped with a LYNXEYE XE-T Detector and operated at 220 V/60 Hz. The XRD scan
range covered 2θ values from 10 to 80◦, with a scan rate of 2◦ per minute and a step size
of 0.05◦.

3.8.4. Field-Emission Scanning Electron Microscopy

Field-emission scanning electron microscopy (FE-SEM) was utilized to analyze the
surface morphology of nanomaterials and to examine porosity, material uniformity, surface
texture, and grain size. FE-SEM was conducted on a JSM IT-100 JEOL (JEOL, Tokyo, Japan).

3.8.5. Zeta Potential

The zeta potential was employed to assess the charge and stability of nanoparticles
by quantifying the electric potential difference existing at the interface between a particle
surface and the surrounding dispersion medium. The zeta potential was determined using
a Malvern Zetasizer Nano ZSP (Malvern Panalytical, Malvern, UK) device. The test was
carried out in water with a small amount of KCl (pH 7).

3.9. Dynamic Light Scattering

Dynamic light scattering (DLS) was employed to investigate particle and molecule size
distributions as well as dynamic properties in a solution. It was performed in a Litesizer
DLS 500 (Anton Paar, Ashland, VA, USA).

3.10. N2 Adsorption at −196 ◦C

N2 adsorption experiments were carried out at −196 ◦C using a Quanta Instruments
NOVA 1200 (Quantachrome, Odelzhausen, Germany). Samples were pretreated at 200 ◦C
for 17 h before the experiments. Brunauer–Emmett–Teller (BET) analysis was utilized to
determine the specific surface area, while the Barrett–Joyner–Halenda (BJH) method was
employed to analyze the porosity of solid materials.

3.11. Antioxidant Potential

The antioxidant activities of Co oxide NPs, Co–Zn oxide NPs, Co–Zn–Ce oxide NPs,
and the sodium alginate composite SA@Co–Zn–Ce were assessed using the 1,1-diphenyl-2-
picrylhydrazil (DPPH) radical method [20].

3.12. Photocatalytic Degradation Experiments

The photocatalytic efficacy of the SA@Co–Zn–Ce oxide composite was evaluated by
measuring the removal of Reactive Red 24 dye (RR24) in the presence of visible light.
Experiments were conducted as follows: a 5 ppm dye concentration and 15 mg of the
as-synthesized SA@Co–Zn–Ce oxide composite were used. Before starting the degradation
experiment, the mixture of the SA@Co–Zn–Ce oxide nanocomposite and RR24 dye was
well sonicated for 10 min in the dark, followed by 60 min of stirring in the dark to establish
the adsorption–desorption equilibrium of RR-24. Initially, readings were taken by adsorb-
ing RR24 onto the catalyst in the dark for about 30 min to achieve an equilibrium state
(adsorption/desorption) between the dye and the photocatalyst. For the photocatalytic
degradation of this reactive dye, the suspension was magnetically stirred for 30 min. To
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ensure accurate UV/vis measurements throughout the reaction, samples were collected at
10 min intervals and subsequently subjected to centrifugation to eliminate the photocatalyst
particles. The efficiency of the SA@Co–Zn–Ce oxide composite in degrading the dye was
determined using the following equation:

% Degradation efficiency = (A − Ai/A) × 100

where A and Ai denote the absorbance of the dye solution before and after photocatal-
ysis, respectively. UV-vis was utilized to observe and assess the degraded RR-24 dye
concentrations during the photocatalytic reaction.

The influence of several factors was tested as follows:

3.12.1. Influence of RR24 Dye Concentration

Hydrochloric acid and sodium hydroxide were employed as reagents to study the
effect of pH. Various concentrations (5 ppm, 10 ppm, and 15 ppm) of dye were tested
to determine the optimal degradation efficiency at specific dye concentrations. For each
photoreaction, 20 mg of SA@Co–Zn–Ce oxide catalyst and a 5 ppm RR24 dye solution were
added to a pH range between 3 and 7 at a temperature of 30 ◦C for 100 min to assess the
pH factor.

3.12.2. Influence of pH

The effect of temperature on RR24 degradation was tested at pH values of 3.5 and 7. A
volume of 50 mL of RR24 dye was degraded using 20 mg of SA@Co–Zn–Ce oxide at the
pH values mentioned earlier.

3.12.3. Influence of Temperature

The effect of temperature on RR24 degradation was tested at 20, 30, and 40 ◦C. A
volume of 50 mL of RR24 dye was degraded using 20 mg of SA@Co–Zn–Ce oxide at pH 5.

3.12.4. Effect of Concentration of SA@Co–Zn–Ce Oxide Photocatalyst Dose

Using 10–20 mg of SA@Co–Zn–Ce photocatalyst for 50 mL of dye solution (5 ppm)
at pH 5, the effect of photocatalyst dosage on RR24 dye degradation was observed. The
duration of each reaction was 100 min.

3.12.5. Influence of H2O2 Concentration

To further understand its effects, H2O2 was introduced to the photocatalytic reaction
at different concentrations ranging from 0 to 10 mmol/L.

3.12.6. Recyclability of SA@Co–Zn–Ce Photocatalyst

In order to test the recyclability of the SA@Co–Zn–Ce oxide photocatalyst, the material
was separated through centrifugation at 3000 rpm for 15 min, allowing it to be reused in
successive experiments.

3.12.7. Effect of Scavengers

RR24 dye degradation was examined at the ideal pH, temperature, and reaction time
using a variety of salts like NaCl, NaHCO3, and Na2SO4 [45].

4. Conclusions

In this research, Co oxide NPs, Co–Zn oxide NPs, and Co–Zn–Ce oxide NPs were
successfully synthesized through green synthesis by reducing leaf extract from the Oci-
mum sanctum plant. Subsequently, a sodium alginate-anchored Co-Zn-Ce nanocomposite,
SA@Co–Zn–Ce oxide NCs, was synthesized by the co-precipitation method. An analysis
of the nanoparticles and nanocomposite was conducted using various characterization
techniques to elucidate their structural and chemical properties. Among the synthesized
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nanoparticles, SA@Co–Zn–Ce oxide exhibited the highest antioxidant potential (89%) com-
pared to Co oxide NPs (52%), Co–Zn oxide NPs (81%), and Co–Zn–Ce oxide NPs (88%)
nanoparticles, as determined by DPPH radical scavenging activity. This finding under-
scores the promising applicability of this nanomaterial in combating oxidative stress and
related health issues. Furthermore, SA@Co–Zn–Ce oxide NPs demonstrated remarkable
photocatalytic potential in the degradation of Reactive Red 24 dye and could be reused
up to four cycles. Kinetic studies confirmed that the photodegradation using this cata-
lyst followed a pseudo-first-order reaction, highlighting the efficiency of the developed
nanocomposite for environmental remediation applications. This research not only con-
tributes to the bioengineering and analysis of novel nanomaterials but also demonstrates
the potential of SA@Co–Zn–Ce oxide NCs as highly effective catalysts in the remedia-
tion of organic pollutants, offering promising prospects for addressing environmental
pollution challenges.
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sanctum; Figure S12. Synthesis of SA@Co-Zn-Ce NCs; Table S1. % DPPH Free Radical Scavenging
potential; Table S2. Summary of R2 and rate constant kobs (min−1) for photocatalytic degradation of
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