
Facile Phyto fabrication of Mg interconnected ZrO2 nanocomposites for 
effective decontamination of infected water bodies

M. Pushpa a,*, S. Mageswari b,**, S. Na Shereenaa c, S. Surendhiran d

a Department of Physics, Vivekanandha College of Engineering for Women, Elayampalayam, Tiruchengode, 637205, Tamil Nadu, India
b Department of Chemistry, Vivekanandha College of Engineering for Women, Elayampalayam, Tiruchengode, 637205, Tamil Nadu, India
c Department of Physics, Swamy Vivekanandha Physiotherapy College, Elayampalayam, Tiruchengode, 637205, Tamil Nadu, India
d Centre for Nanoscience and Technology, K.S. Rangasamy College of Technology, Tiruchengode, Namakkal (Dt.), 637 215, Tamil Nadu, India

A R T I C L E  I N F O

Keywords:
Green synthesis
Zirconium oxide
Mg doping
Photocatalytic
Dye degradation
Bacterial activity

A B S T R A C T

This study uses Eucalyptus leaf extract to present a green synthesis approach for pristine and magnesium-doped 
zirconium oxide (Z and ZM) nanocomposites. The synthesis was performed with varying doping concentrations 
(1 %, 3 %, and 5 %) and characterized using advanced techniques. The XRD analysis confirmed the crystalline 
nature, with peaks corresponding to the monoclinic phase of ZrO2 and the cubic phase of MgO. Notably, Mg 
incorporation reduces the crystallite size from 32.27 nm (Z) to 11.8 nm (ZM3). FE-SEM analysis revealed uni-
formly distributed quasi-spherical particles with smooth surfaces. At higher doping levels, particles elongated, 
indicating significant structural changes and stronger interparticle forces. FT-IR and EDX analysis confirmed the 
presence of Zr, Mg, and O elements. The UV–Vis spectra revealed that Mg doping in ZrO2 resulted in redshifts of 
the absorbance peaks, accompanied by a decreasing bandgap of 2.8eV for higher concentrations (ZM3). Under 
100 min solar irradiation, ZM3 achieves the highest photocatalysis of 95.43 % with k → 0.027 min↑1 for 
Rhodamine B (RhB), and 97.08 % with k → 0.03 min↑1 for Brilliant Blue (BB). ZM3 also exhibits superior cycling 
stability, retaining 90.3 and 92.1 % efficiency after five consecutive runs. Antibacterial activity demonstrated 
that ZM3 exhibited the highest zones of inhibition at 100 μg/mL, measuring 19.2 mm against S. aureus and 18.3 
mm against E. coli. The performance gains are attributed to Mg-induced oxygen vacancies and defect states that 
enhance charge separation, suppress e↑/h↓ recombination, and increase ROS generation. The study highlights 
the potential of phyto-fabricated Mg-doped ZrO2 nanocomposites as a sustainable, reusable photocatalyst for 
applications in wastewater treatment and antimicrobial applications.

1. Introduction

Water pollution is one of our most pressing global challenges, with its 
effects threatening ecosystems, public health, and sustainable develop-
ment. The contamination of water sources by industrial discharges, 
agricultural runoff, and domestic waste has led to a growing demand for 
advanced water treatment solutions. While conventional treatment 
methods (coagulation–flocculation, filtration, chlorination, reverse 
osmosis) struggle with persistent dyes and emerging pathogens, and 
may entail high energy or secondary pollution [1–3]. Researchers have 
turned to nanotechnology to address these limitations, which offers 
innovative and efficient ways to tackle water contamination. Nano-
structured metal oxides provide a route to solar-assisted advanced 

oxidation with reusable catalysts. Zirconium oxide nanoparticles (ZrO2 
NPs) have shown significant promise among various nanomaterials 
explored due to their unique physicochemical properties [4,5].

ZrO2 NPs are renowned for their exceptional thermal stability, me-
chanical strength, and catalytic properties. These attributes make them 
highly effective in eliminating many water toxins, including heavy 
metals, organic pollutants, and pathogens. However, synthesizing these 
nanocomposites is vital in determining their properties, performance, 
and environmental impact [6,7]. Traditional chemical synthesis 
methods often involve toxic reagents and energy-intensive processes, 
raising concerns about their sustainability. This has driven the explo-
ration of green synthesis approaches, which utilize natural, eco-friendly 
reducing agents derived from plant extracts or other biological sources. 
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Plant extracts are particularly popular in green synthesis due to their 
abundance of phytochemicals, such as alkaloids, flavonoids, and poly-
phenols. These compounds facilitate the reduction of metal precursors to 
nanoparticles while also ensuring stability and uniformity in particle 
size [8–10].

Additionally, plant-assisted synthesis provides benign reducers/ 
capping agents (polyphenols, flavonoids, terpenoids) that stabilize 
nuclei, regulate growth, and reduce hazardous reagents. Recent surveys 
have shown that Eucalyptus globulus extracts have been successfully 
used to phyto-fabricate diverse nanoparticles, including ZrO2, MgO, 
TiO2, ZnO, and CuO, with demonstrated photocatalytic and antibacte-
rial functions, highlighting the scalability and low-toxicity processing. 
This evidence supports our choice of Eucalyptus as a renewable, widely 
available phytochemical source to produce Mg-doped ZrO2 with the 
required surface chemistry for dye degradation and pathogen control. 
Moreover, the widespread availability of Eucalyptus leaf ensures that the 
synthesis process remains cost-efficient and scalable for large-scale ap-
plications [11–13].

In advanced water treatment, solar and visible-light photocatalysis 
enhances adsorption and membrane processes by degrading organic 
compounds, rather than merely transferring them, and is applicable in 
dispersed conditions. A phytochemical approach reduces synthesis risks 
and facilitates scalability, whereas Mg-induced lattice defects (oxygen 
vacancies) and band-edge tuning enhance sunlight absorption and 
durability during repeated utilization. The selected materials and test 
dyes correspond with such goals and are compatible with realistic 
aqueous matrices [14,15]. Additionally, the functional performance of 
zirconia nanoparticles can be further enhanced through doping. This 
study explores the integration of green synthesis methods with the 
production of Mg-doped zirconia nanoparticles, aiming to develop a 
sustainable and efficient solution for advanced water treatment. Mg 
doping introduces defects in the zirconia lattice, which can enhance its 
catalytic activity by providing more active sites for chemical reactions. 
These defects also improve the material’s light absorption properties, 
enabling the utilization of a broader spectrum of light in photocatalytic 
processes [16–18].

The simultaneous antibacterial action is ecologically significant as it 
reduces dependence on residual disinfectants and their byproducts, 
while also decreasing biofouling on catalyst surfaces and subsequent 
membranes. Exhibiting efficacy against Gram-positive (Staphylococcus 
aureus) and Gram-negative (Escherichia coli) bacteria indicates extensive 
applicability for therapeutic regimens addressing mixed microbial in-
fections. Mg doping in our work enhances carrier separation and ROS 
formation, providing preliminary research for dual dye degradation and 
antibacterial function, which is desirable in current water-quality ap-
plications [19,20]. Although widely used photocatalysts such as TiO2, 
ZnO, and g-C3N4 deliver good activity, ZrO2 offers a distinctive combi-
nation of chemical/thermal stability, photocorrosion resistance, and 
tunable defect chemistry (oxygen vacancies) that can be engineered by 
aliovalent doping to improve visible-light harvesting and charge sepa-
ration [21–24]. Recent reviews summarize how defect/vacancy engi-
neering, heterojunctions, and cation/anion doping significantly enhance 
the photo efficacy of ZrO2 for wastewater treatment, positioning it as a 
robust platform when long-term reusability is critical. In particular, 
oxygen-vacancy formation narrows the effective bandgap and amplifies 
visible-light absorption, a strategy validated in current ZrO2 research.

Parvathiraja Chelliah et al. (2023) synthesized ZrO2 NPs using 
Murraya koenigii leaf extract with their spherical morphology, mono-
clinic structure, and wide bandgap (4.7 eV). They demonstrated signif-
icant degradation of MB dye (94 % within 20 min) and potent 
antibacterial activity against E. coli and S. aureus. Moreover, they 
highlight the potential of bio-mediated ZrO2 NPs for applications in 
antimicrobial development, environmental remediation, and waste-
water treatment, reinforcing the viability of green synthesis as a superior 
alternative to chemical methods [25]. Nitha et al. (2025) 
green-synthesized ZnO/MgO nanocomposites (1:1 and 1:2 ratios) 

exhibited well-defined heterostructures, porous flake-like morphologies, 
and band gaps of 3.14 and 3.27 eV, respectively. The 1:1 composite 
exhibited superior photocatalytic degradation of the crystal violet dye 
(99.72 % within 75 min, k → 0.07 min↑1) compared to the 1:2 composite 
(97.04 %, k → 0.05 min↑1). Both materials demonstrated stability over 
four cycles, exhibited vigorous antioxidant activity (82 % inhibition), 
and showed anticancer potential (IC50 → 58.52 and 65.74 μg/mL), 
supporting the literature on eco-friendly multifunctional nanomaterials 
[26]. Abdul Muhaymin et al. (2024) presented the green synthesis of 
MgO NPs using Hyphaene thebaica fruit extract, demonstrating an envi-
ronmentally friendly and cost-effective approach. Characterization 
techniques confirmed the cubic crystalline structure, quasi-spherical 
morphology, and presence of Mg–O bonds. The MgO NPs exhibited 
notable photocatalytic efficiency, achieving 98 % degradation of the MB 
dye under visible light within 110 min, highlighting their potential for 
environmental remediation [27].

To our knowledge, the synthesis of Mg-doped ZrO2 using Eucalyptus 
leaf extract has not yet been reported. Phyto-fabrication of Mg-doped 
ZrO2 using Eucalyptus leaf extract, then links the resulting defect 
chemistry to dual sunlight photocatalysis and antibacterial perfor-
mance. The present work aims to develop a green, scalable phyto- 
fabrication of pristine and Mg-doped ZrO2 using Eucalyptus leaf extract 
with tunable Mg doping and elucidate structure-property relations by 
comprehensive characterization and further quantify sunlight-driven 
photocatalytic degradation of two charge-opposite model dyes, Rhoda-
mine B (cationic) and Brilliant Blue (anionic), using UV–Vis monitoring 
and pseudo-first-order kinetics. Moreover, cycling stability and reus-
ability over five consecutive runs were assessed, and the antibacterial 
efficacy against S. aureus and E. coli was evaluated to establish a dual- 
function platform for advanced wastewater treatment.

2. Experimental details

2.1. Materials

Eucalyptus Leaves, zirconium oxychloride (ZrOCl2⋅8H2O, ↔99 %, 
CAS No. 13520-92-8), as the source of zirconia, and magnesium nitrate 
hexahydrate (Mg(NO3)2⋅6H2O, ↔99 %, CAS No. 13446-18-9) are used as 
the doping materials. Deionized Water and Ethanol (99 %, CAS No. 64- 
17-5) as a solvent. Anionic Brilliant blue (BB) dye (C37H34N2Na2O9S3, 
CAS No. 3844-45-9) and cationic Rhodamine B (RhB) dye 
(C28H31ClN2O3, CAS No. 81-88-9) are used. Diphenyl-trinitrophenyl 
imino azanium (CAS No. 1898-66-4), Nutrient broth, Muller Hinton 
agar, Whatman filter paper, Streptomycin antibiotic (CAS No. 3810-74- 
0), Staphylococcus aureus (ATCC 25923), and Escherichia coli (ATCC 
25922) bacterial cultures.

2.2. Leaf extract preparation

Collect the leaves, wash them thoroughly with distilled water to 
remove dirt, dust, and any surface contaminants, and then dry them 
under shade for 2–3 days to reduce their moisture content. Further, 
grind the dried leaves into a coarse powder. Add 10 g of powder to a 
beaker containing 100 mL of distilled water. Heat at 80 ↗C for 30 min, 
stirring occasionally to ensure even extraction. Then, the extract is 
filtered using filter paper to separate the solid residues from the liquid 
extract. Collect the clear filtrate, which contains the bioactive com-
pounds, and store it in a clean, airtight container [28,29].

2.3. Nanoparticle synthesis

Dissolve 0.1 M zirconium oxychloride in 100 mL of deionized water 
under continuous stirring, and slowly add the Eucalyptus leaf extract 
dropwise to the zirconium solution. A color change or the formation of a 
cloudy precipitate indicates the presence of zirconia nanoparticles [30]. 
For Mg doping, prepare three separate solutions of magnesium nitrate 
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hexahydrate in deionized water with doping concentrations (1 %, 3 %, 
and 5 %) and gradually add the magnesium nitrate solution to the Zir-
conium-Eucalyptus mixture under constant stirring. Later, the reaction 
mixture was allowed to sit undisturbed for 12 h to ensure complete 
precipitation and stabilization of nanoparticles. Centrifuge the reaction 
mixture (at 7000 rpm for 10 min) to separate the nanoparticles, followed 
by washing the nanoparticles multiple times with deionized water and 
ethanol to eliminate unreacted precursors and impurities. The nano-
particles are then dried at 80 ↗C. Further, the dried nanoparticles are 
calcined at 700 ↗C. This step crystallizes the nanoparticles, enhancing 
their stability and functional properties [31,32]. Here, ZrO2 NPs are 
represented as Z, and different Mg concentrations (1 %, 3 %, and 5 %) 
are denoted as ZM1, ZM2, and ZM3, respectively.

2.4. Characterization techniques

Various advanced characterization techniques were employed to 
evaluate the properties of the nanocatalyst. X-ray diffraction using the 
X’Pert PRO (Netherlands) was employed to assess the crystal phase. 
Fourier Transform Infrared Spectroscopy (Spectrum 100, USA) was used 
to identify the vibrations of molecules and functional groups in the 
nanoparticles. Particle size analysis was conducted using Nanophox 
(Germany) to analyze the mean particle size, which analyzes the 
Brownian motion of nanoparticles in a colloidal suspension. The scat-
tered light intensity provides information about particle size distribu-
tion. FESEM (Carl Zeiss, Sigma 300 (Germany)) to analyze the surface 
morphology of the nanoparticles. EDX integrated with FESEM to identify 
the elemental composition of the nanoparticles. UV–visible spectro-
photometry (Cary 8454 (Agilent, Singapore)) was used to measure the 
optical absorbance of the synthesized nanoparticles. The spectropho-
tometer measures the absorbance of light across the UV–visible spec-
trum (200–800 nm).

2.5. Antibacterial activity

The antibacterial behavior of the synthesized Mg-doped ZrO2 nano-
composites was assessed using the well-diffusion method. The bacterial 
strains were first cultured in Nutrient Broth to promote their growth, 
and then incubated at 36 ↗C for 12 h to ensure sufficient bacterial 
multiplication. Mueller-Hinton Agar (MHA), a nutrient-rich medium, 
was prepared and solidified in Petri dishes. The pre-cultivated bacterial 
strains were then evenly inoculated into the solidified MHA medium. 
Further, wells were carefully created on the inoculated agar plates, and 
the synthesized NPs were prepared at various concentrations (25, 50, 
and 100 mg/mL). A fixed volume of the NPs solution at each concen-
tration was added to the respective wells. Streptomycin (S25 mcg), a 
standard antibacterial agent, was used to compare the effectiveness of 
the NPs. The nanoparticle-treated plates were incubated at 36 ↗C for 24 
h, allowing the bacteria to grow and interact with the NPs. After incu-
bation, the plates were examined for clear zones around the well. The 
zone of inhibition (ZOI) indicates the area where bacterial growth was 
inhibited by the NPs [33,34].

2.6. Photocatalytic activity

The catalytic behavior of the prepared nanoparticles was evaluated 
by assessing their ability to degrade two model dyes, Brilliant Blue 
(anionic) and Rhodamine B (cationic), under sunlight. Separate solu-
tions of each dye were prepared in distilled water, maintaining a stan-
dard concentration of 20 mg/L (20 ppm). 100 mL of each dye solution 
was exposed to direct sunlight without adding any NPs to assess the 
natural degradation of the dyes under sunlight. Further, 100 mg of the 
synthesized NPs were added to 100 mL of each dye solution in separate 
beakers. These NPs-dye mixtures were then exposed to direct sunlight to 
activate the photocatalytic process. The mixtures were subjected to 
sunlight for 100 min, with samples collected every 10 min to monitor 

degradation progress. After each interval, the samples were analyzed 
using a UV–visible spectrophotometer to record changes in the dye’s 
optical absorption spectrum [35]. The degradation efficiency (η) was 
calculated using the formula: 

η→C0 ↑ Ct

C0
X 100% 

Where, C0 - Initial concentration of the dye. Ct - Dye concentration at a 
time.

2.7. Scavenging activity procedure

Active-species trapping experiments were carried out to identify the 
dominant ROS involved in the ZM3 photocatalytic process. In a typical 
run, 100 mg of the ZM3 catalyst was dispersed in 100 mL of a 20-ppm 
dye solution (BB and RhB) and ultrasonicated for 5 min. This was fol-
lowed by stirring in the dark for 30 min to establish adsorp-
tion–desorption equilibrium. Specific scavengers were then introduced: 
isopropanol (IPA, 10 mM) as a hydroxyl radical (*OH) scavenger, p- 
benzoquinone (p-BQ, 1 mM) as a superoxide radical (*O2

↑) scavenger, 
methanol (10 mM) as an electron (e↑) scavenger, and potassium iodide 
(KI, 1 mM) as a hole (h↓) scavenger. The suspensions were subsequently 
exposed to natural sunlight with continuous stirring for 100 min, and 
aliquots were withdrawn at 10-min intervals, centrifuged, and analyzed 
using UV–Visible spectrophotometry at the respective λmax of each dye. 
The degradation efficiencies obtained in the presence of each scavenger 
were compared with the no-scavenger control to determine the relative 
contribution of each reactive species to the photocatalytic mechanism 
[36].

3. Results and discussion

3.1. Crystal phase analysis

The XRD spectra of the synthesized Z and ZM1, ZM2, and ZM3 
nanocomposites are shown in Fig. 2. The peaks observed correspond to 
specific crystallographic planes of ZrO2. The intensity and sharpness of 
the peaks indicate that the materials are crystalline in nature. Prominent 
diffraction peaks are typically associated with the monoclinic phases of 
ZrO2 with a space group of P 1 21/c1 (JCPDS No. 37–148). 2θ positions 
for ZrO2 include 30.2↗, 35.2↗, 50.2↗, 60.0↗, 62.9↗, and 74.7↗, which 
correspond to specific Miller indices (101), (002), (112), (211), (202), 
and (220). The peak at 28.2↗ is characteristic of the (↑111) plane of the 
monoclinic phase of ZrO2 [25,33]. The diffraction peak at 42.8↗ (200) 
corresponds to the cubic MgO (PDF#45–0946), indicating partial for-
mation of MgO at higher doping levels. With increasing Mg doping (ZM1 

Fig. 1. XRD pattern of ZrO2 and its nanocomposites.
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→ ZM3), slight shifts in peak positions and variations in intensity are 
noticeable. The similar 2θ positions for all major peaks across the sam-
ples suggest that the low Mg doping levels and the slight ionic radius 
difference between Mg2↓ (0.72 Å) and Zr4↓ (0.84 Å) allow substitution 
without significant lattice distortion. Minor variations in peak intensity 
and broadening are observed with increased Mg content, which are 
attributed to lattice strain, oxygen-vacancy formation, and a reduction 
in crystallite size [37,38].

The average crystal size is calculated to be 32.27 nm (Z), 18.96 nm 
(ZM1), 14.53 nm (ZM2), and 11.8 nm (ZM3) using the Debye-Scherrer 
equation. When concentration increases, the crystal size decreases. At 
the highest Mg doping (ZM3), the crystal size further decreases because 
excessive Mg doping can lead to the formation of additional defects, 
including oxygen vacancies. From an application perspective, reduced 
crystallite size is favorable for both photocatalytic and antibacterial 
efficacy. In photocatalysis, the increased surface-to-volume ratio of 
smaller particles enhances the concentration of active sites for dye 
adsorption and the formation of ROS. The increased defect density in 
smaller crystallites facilitates charge separation and prolongs carrier 
lifetimes, hence allowing efficient production of *OH and *O2

↑ radicals. 
In terms of antibacterial activity, decreased particle size and increased 
defect density enhance proximity to bacterial cell membranes, concen-
trating reactive oxygen species at the bacteria catalyst interface and 
thereby enhancing oxidative damage. These factors help explain why 

ZM3, which has the smallest crystallite size and the highest defect 
density, exhibits the largest antibacterial zones of inhibition and supe-
rior photocatalytic efficiency, shown in Tables 2 and 3.

The prepared ZrO2 and Mg–ZrO2 (ZM1, ZM2, and ZM3) nano-
composites were used for qualitative analysis to perform Rietveld 
refinement on the XRD patterns, utilizing the Pseudo-Voigt function, as 
shown in Fig. 2. The space group of P 1 21/c 1 (14) with a monoclinic 
structure for pure ZrO2 and a cubic structure with space group of Fm -3m 
(225) for the nanocomposite sample (ZM1, ZM2, ZM3). Table 1 depicts 
the refined parameters, which agree with prior findings.

Fig. 2. Rietveld refinement of synthesized ZrO2 (a), ZM1 (b), ZM2 (c), and ZM3 (d) nanocomposites.

Table 1 
Refinement parameters of the synthesized nanoparticle and its nanocomposite.

Sample Crystal size (nm) Volume (106 p.m.3) Dislocation density (x 1015 lines/m2) Lattice parameter (Å) Rexp Rp Rwp Chi2

Z 32.27 140.7 0.96 a → 5.1480 8.12 6.92 9.86 1.21
b → 5.2100
c → 5.3160

ZM1 18.96 132.23 2.78 a → b → c → 5.0860 6.84 7.56 9.16 1.9
ZM2 14.53 132.37 4.74 8.12 6.83 9.78 1.2
ZM3 11.8 131.94 7.18 8.3 6.81 11.48 1.38

Table 2 
Nanocatalyst with kinetic rate constant and degradation efficiency for 100 min.

Sample Dye 
used

Kinetic rate 
constant (x 10↑2 

min↑1)

Degradation 
efficiency (%)

Stability efficiency 
after five cycles (%)

Z BB 1.27 70.09 65.7
ZM 1 1.44 77.79 72.49
ZM 2 1.97 87.87 82.7
ZM 3 2.7 95.43 90.3
Z RhB 1.57 78.97 73.45
ZM 1 1.8 84.45 79.9
ZM 2 2.13 89.96 84.66
ZM 3 3.01 97.08 92.18
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3.2. FTIR spectral analysis

The FTIR spectra of the prepared materials (Z, ZM1, ZM2, and ZM3) 
exhibit several characteristic peaks and are presented in Fig. 3. Notably, 
the intensity variations across the samples reflect differences in doping 
levels and structural modifications. The broad absorption band centered 
around 3405 cm↑1 corresponds to the stretching vibrations of O–H 
groups. The wavenumber at 2926 cm↑1 is defined as C–H stretching 
vibrations, likely due to organic residues. 1632 and 1382 cm↑1 peaks 
represent the bending vibrations of adsorbed water molecules, further 
confirming the hydrophilic nature of the material surface. 1382 cm↑1 

peak is related to the symmetric stretching of carbonate groups (CO3
2↑). 

The sharp peak at 1101 cm↑1 is characteristic of metal-oxygen (M ↑ O) 
vibrations, indicating the Zr–O and Mg–O bonds, confirming the inte-
gration of Mg into the ZrO2 lattice. Moreover, ZM3 shows more prom-
inent peaks in the low-wavenumber region, suggesting enhanced metal- 
oxygen bonding due to higher Mg doping, which contributes to 
improved charge separation and photocatalytic activity [6,25,32].

3.3. FE-SEM analysis (Microstructure analysis)

The surface morphology was determined by FE-SEM analysis, and 
the micrographs are shown under similar magnification. Fig. 4a shows a 
relatively uniform distribution of quasi-spherical particles with a 
smooth surface. The smooth morphology is characteristic of undoped 
ZrO2. Similar to ZrO2 (Fig. 4b), quasi-spherical particles are retained, 
but the increased agglomeration compared to pure ZrO2 suggests that 
Mg doping has introduced interparticle interactions. Fig. 4c) shows that 
the less spherical and rougher particles indicate that further Mg doping 
has disrupted the lattice structure, increasing surface defects [25,39]. 
Fig. 4d) shows the elongated particle morphology, which could be 
attributed to the highest level of Mg doping. This morphology suggests 
that doping has a strong influence on particle shape and structure at 
higher concentrations. Thus, increased doping levels result in stronger 
interparticle forces due to changes in surface charge, contributing to 
agglomeration [40].

From an application perspective, this morphological evolution is 
advantageous for both photocatalysis and antibacterial activity. Higher 
doping levels result in rough, defect-rich surfaces that offer increased 
active sites for dye adsorption, enhance light harvesting, and promote 
charge separation, which leads to improved ROS generation. The 
morphological features enhance contact with bacterial membranes, 
thereby supporting superior photocatalytic performance and antibac-
terial efficacy [39,40].

The EDS analysis confirms the elemental composition and weight 
percentage of the synthesized samples, as well as the successful 

Table 3 
A comparable assessment of the synthesized catalyst with previous literature outcomes.

Plant source Nanoparticle Nanoparticle 
Concentration

Dye Dye 
concentration

Irradiation 
Light 
source

Irradiation time 
(min)

Degradation 
Efficiency (%)

Ref

Kappaphycus 
alvarezii

MgO 100 ppm Rhodamine B 100 mg Visible 180 94 [53]
Methylene 
blue

150 98

Ocimum basilicum 
seed

ZnO–MgO–Mn2O3 27.9 mg Methylene 
blue

100 mL UV 60 99 [54]

Methyl orange 105 87.3
Rhodamine B 75 96.5
Eriochrome 
Black

90 97.2

Morus nigra CaO 0.4 g Rhodamine B 100 mL – 60 98.2 [55]
Cymbopogon 

citratus
ZnO/MgO (1:1 
ratio)

0.6 g/L Crystal violet 30-ppm Sunlight 75 99.72 [26]

ZnO/MgO (1:2 
ratio)

97.04

Gum Moringa 
Oleifera

TiO2–ZrO2 0.1 g Methylene 
blue

20 mg/L Sunlight 150 96.34 [56]

Rhodamine B 94.52
Ficus elastic ZnO–ZrO2 20 mg Rhodamine 6G 50 mL Solar 55 97.30 [57]
Diospyros kaki 

leaves
Zr–NiO/ZnO 20 mg Brilliant green 50 mL Solar 90 86.4 [58]

4-nitrophenol 89
Moringa oliefera SnO2 100 mg Rhodamine B 60 mL Solar 90 86 [59]
Ficus elastica ZnO–ZrO2 20 mg Rhodamine 6G 50 mL Sunlight 330 98.94 [60]
Eucalyptus leaf Z 100 mg Brilliant Blue 100 mL Visible 100 70.09 This 

workZM1 77.79
ZM2 87.87
ZM3 95.43

Eucalyptus leaf Z 100 mg Rhodamine B 100 mL Visible 100 78.97
ZM1 84.45
ZM2 89.96
ZM3 97.08

Fig. 3. FTIR spectrum of synthesized ZrO2 and nanocomposite.
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incorporation of Mg into the ZrO2 matrix at varying doping levels, which 
are analyzed and illustrated in Fig. 5. The spectrum for pure ZrO2 
(Fig. 5a) reveals only the presence of Zr (50.41 wt%) and oxygen (49.59 
wt%). Where oxygen shows a higher content, confirming the formation 
of ZrO2. For ZM1 (Fig. 5b), a small peak corresponding to Mg is 
observed, indicating low-level doping. The appearance of a small Mg 
peak (2.33 wt%) alongside O (52.11 wt%) and Zr (45.56 wt%) confirms 
the successful doping of Mg at a low concentration. In ZM2 (Fig. 5c), the 
Mg peak (4.09 wt%) becomes more pronounced, indicating a higher Mg 
concentration than in ZM1. This suggests successful doping with 
increased Mg incorporation. Finally, ZM3 (Fig. 5d) exhibits the highest 
Mg content (10.24 wt%), confirming a significant increase in Mg doping 
compared to the other samples. The EDS results conclusively demon-
strate the successful doping of Mg into the ZrO2 matrix [26].

Fig. 6 shows the elemental mapping of synthesized ZM3 

nanocomposites. The combined elemental map (Fig. 6a) represents the 
distribution of Zr, O, and Mg within the sample. The overlay confirms 
that Zr and O form the primary ZrO2 matrix, with Mg as an introduced 
dopant. The green colour (Fig. 6b) indicates the presence of oxygen (O) 
throughout the sample. The blue colour (Fig. 6c) represents Zr, which is 
evenly distributed throughout the sample. This indicates that the ZrO2 
matrix is homogeneously formed and serves as the dominant phase of 
the material. The red colour (Fig. 6d) represents Mg, which appears 
localized in specific regions rather than being uniformly distributed.

3.4. UV–visible spectral analysis

The UV–visible spectra of ZrO2 and Mg–ZrO2 (ZM1, ZM2, ZM3) 
samples reveal distinct absorbance peaks (Fig. 7), indicating changes in 
the electronic structure with increasing Mg doping. The ZrO2 spectrum 

Fig. 4. Morphology analysis of synthesized ZrO2 and nanocomposite.

Fig. 5. EDS analysis for synthesized ZrO2 and its nanocomposite.
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shows a strong absorption peak at 201 and 273 nm. The peak at 201 nm 
is attributed to the charge transfer between Zr4↓ and O2

↑ in the ZrO2 
lattice, and the peak at 273 nm corresponds to defect states or oxygen 
vacancies present in ZrO2, which can influence optical properties [29]. 
The ZM1 absorption peak is redshifted slightly to 226 nm compared to 
ZrO2. This shift suggests slight variations in the electronic band structure 
resulting from the addition of Mg ions. The peak at 275 nm represents 
localized energy states introduced by Mg ions. The peak shifts to 362 
nm, indicating a stronger interaction between Mg ions and the ZrO2 
matrix. The absorption peak shifts further to 368 nm, marking the most 
significant red shift among the samples. This shift is due to the increased 
substitution of Zr4↓ by Mg2↓ ions in the ZrO2 lattice, which lowers the 
energy gap by creating defect levels near the conduction band. Mg 
doping introduces oxygen vacancies and other defects into the ZrO2 
matrix, creating localized energy states within the bandgap and 
reducing the effective optical bandgap [41,42].

3.5. DLS analysis

The average size (d50) distribution of synthesized ZrO2 and ZM 
nanocomposites is shown in Fig. 8. The particle size distribution anal-
ysis, represented by the d50 values, shows a progressive decrease in 
particle size with increasing Mg doping concentrations in ZrO2. The d50 
values reduce from 48.12 nm for pure ZrO2 to 21.56 nm for the highest 
Mg-doped (Z3) sample. This reduction in particle size can be attributed 
to the influence of Mg ions, which disrupt the crystallization and grain 
growth of ZrO2 due to their smaller ionic radius [17,33].

3.6. X-ray photoelectron spectroscopy (XPS) analysis

XPS analyses the top few nanometers of a surface, providing infor-
mation on elemental composition and chemical states via binding en-
ergy (BE). The wide-scan (survey) spectrum (Fig. 9a) reveals O 1s, Mg 
1s, and Zr 3d signals, therefore validating the expected elements of the 
heterostructure. The high-resolution O 1s spectrum (Fig. 9b) is separated 
into two primary components. The low-BE peak at 529.2 eV is associated 
with lattice O2↑ in Mg–O and Zr–O environments. The peak at 531.3 eV 
is attributed to defect-related oxygen and surface OH/adsorbed species. 
These species are advantageous for catalytic processes; oxygen va-
cancies enhance charge separation and electron donation, while surface 
–OH groups serve as reaction/adsorption sites, accelerating the gener-
ation of reactive oxygen species. The Mg 1s core level (Fig. 9c) at 1303.9 
eV is indicative of Mg2↓ in MgO, indicating the presence of Mg as an 
oxide rather than in its metallic form or as suboxides.

The singular symmetric envelope and absence of a higher binding 
energy shoulder, often associated with Mg(OH)2/MgCO3, suggest a 
predominantly oxide environment with minimal secondary surface 
phases. A little BE shift in relation to bulk MgO may result from inter-
facial Mg–O–Zr bonding and localized lattice strain, indicating elec-
tronic interaction across the heterojunction [26]. The Zr 3d region 
(Fig. 9d) displays the predicted spin-orbit doublet, with Zr 3d5/2 at about 
181.3 eV and Zr 3d3/2 at approximately 183.7 eV (splitting approxi-
mately 2.4 eV), aligning with Zr4↓ in ZrO2. Significantly, no further 
components at lower binding energy are detected, suggesting that 
decreased Zr3↓ species are negligible and that stoichiometric ZrO2 

Fig. 6. Elemental mapping analysis of synthesized ZM3 nanocomposite.

Fig. 7. Absorption spectrum of synthesized ZrO2 and its nanocomposite.

Fig. 8. Particle size distribution of synthesized ZrO2 and its ZM 
nanocomposites.
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primarily characterizes the surface. The survey and primary analyses 
validate a pristine ZM heterostructure characterized by Mg2↓/Zr4↓

oxidation states, contributions from lattice oxygen and –OH, as well as 
significant interfacial electronic coupling [43,44]. Defect-rich, 

hydroxylated surfaces and Mg–O–Zr bonds are expected to enhance 
adsorption, accelerate interfacial charge transfer, and therefore boost 
photocatalytic efficacy.

Fig. 9. XPS of the prepared ZM3 Nanocomposite.

Fig. 10. Time-dependent degradation graph for BB dye. a) Z; b) ZM1; c) ZM2 and d) ZM3 nanocomposite.
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3.7. Dye degradation activity

The catalytic efficiency of ZrO2 and Mg–ZrO2 (ZM1, ZM2, and ZM3) 
nanocomposites was evaluated using RhB and BB as model pollutants. 
The UV–visible absorbance spectra of the dye solutions treated with the 
nanocatalyst under direct sunlight irradiation (Figs. 10 and 11) showed 
a significant reduction in absorbance over a fixed time of 100 min, 
indicating effective dye degradation with an interval of 10 min. Fig. 12
(a & c) illustrates the C/C0 graph, which progressively decreases with 
increasing irradiation time due to the absorption of photons, generating 
electron-hole pairs that facilitate the interruption of dye molecules.

Fig. 13 (a & b) presents the pseudo-first-order kinetic fitting data 
curves, showing a progressive increase with specific irradiation time, 
and the photocatalytic method follows pseudo-first-order kinetics. 

ln
)

C
Co

[
→ ↑ kt 

The equation shows a log of dye concentration (C) to initial con-
centration (C0) and the constant rate of reaction (k) with specific irra-
diation time (t). The results demonstrate a progressive improvement in 
photocatalytic activity with increasing Mg doping concentrations. For 
BB, ZrO2 exhibits a kinetic rate constant of 1.27 x 10↑2 min↑1 and a 
degradation efficiency of 70.09 %, while the values progressively 
improve for ZM1 (1.44 x 10↑2 min↑1 with 77.79 % efficiency), ZM2 
(1.97 x 10↑2 min↑1; 87.87 %), and ZM3 (2.7 x 10↑2 min↑1; 95.43 %). 
Similarly, for RhB, the kinetic rate constant increases from 1.57 for ZrO2 
to 1.8 for ZM1, 2.13 for ZM2, and 3.01 x 10↑2 min↑1 for ZM3 nano-
composite. The corresponding degradation efficiencies also increase 
from 78.97 % for Z to 84.45 %, 89.96 %, and 97.08 % for ZM1, ZM2, and 
ZM3, respectively. The kinetic data show that ZM3 achieves the highest 
degradation rate, as indicated by its highest rate constants (2.7 x 10↑2 

min↑1 for BB dye and 3.01 x 10↑2 min↑1 for RhB). Table 2 presents the 
nanocatalyst data for the kinetic constant and degradation efficiency.

In undoped ZrO2, these pairs tend to recombine quickly, limiting 
their effectiveness. Mg introduces defects into the ZrO2 lattice, creating 
additional active sites and enhancing the separation of photogenerated 

electron-hole pairs. The increased number of active sites enhances the 
interface between the dye molecules and the photocatalyst, resulting in 
faster degradation. This reduces charge recombination and increases the 
production of ROS (superoxide anions (*O2

↑) and hydroxyl radicals 
(*OH)), which are responsible for breaking down dye molecules, and 
doping often results in structural changes, such as smaller particle sizes 
or increased porosity, which in turn increase the surface area of the 
photocatalyst. A larger surface area provides more adsorption sites for 
dye molecules, improving the catalyst’s interaction with pollutants and 
enhancing the rate of degradation. Furthermore, cationic dyes (RhB) 
may have a higher susceptibility to attack by ROS due to their strong 
adsorption on the catalyst surface [45–47].

3.8. Scavenging activity and degradation mechanism

The degradation mechanism of the prepared photocatalyst with BB 
and RhB dyes is shown in Fig. 14. Upon illumination, photons with 
energy equal to or greater than the bandgap of the nanocatalyst are 
absorbed, exciting electrons (e↑) from the valence band (VB) to the 
conduction band (CB) and leaving behind positively charged holes (h↓) 
in the VB. This photoexcitation initiates the redox processes responsible 
for dye degradation. The photogenerated CB electrons migrate to the 
catalyst surface, where they reduce dissolved oxygen molecules to su-
peroxide radicals (*O2

↑). Simultaneously, the VB holes oxidize surface 
hydroxyl groups (-OH) or water molecules to form highly reactive hy-
droxyl radicals (*OH). The doping further enhances the photocatalytic 
efficiency by introducing oxygen vacancies and structural defects into 
the material. These defects act as charge traps, which sustain the pho-
togenerated electrons and significantly reduce the recombination rate of 
these electrons. The ROS species actively attack the aromatic rings and 
chromophoric structures of textile dye pollutants, breaking their com-
plex molecular framework into smaller intermediate compounds. These 
intermediates undergo further oxidation by ROS, eventually yielding 
environmentally benign end products, including water and carbon di-
oxide [48–50].

Scavenging experiments were conducted to identify the primary 

Fig. 11. Time-dependent degradation graph for RhB dye. a) ZrO2; b) ZM1; c) ZM2 and d) ZM3 nanocomposites.
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Fig. 12. C/C0 and efficiency graph for BB (a & c) and RhB dye (b & d).

Fig. 13. Kinetics graph for BB (a) and RhB dye (b).

Fig. 14. Degradation mechanism of the prepared photocatalyst nanocomposite.
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reactive species involved in ZM3 photocatalysis (Fig. 15). ZM3 demon-
strated high degradation efficiencies of 95.43 % for BB and 97.08 % for 
RhB in the absence of scavengers, indicating its significant photo-
catalytic activity. The incorporation of IPA significantly decreased the 
efficiencies, suggesting that *OH is the primary oxidizing species. The 
addition of p-BQ resulted in a significant decrease, thereby confirming 
the predominant role of *O2

↑. Methanol moderately decreased the effi-
ciencies, indicating that direct electron-mediated degradation is less 
critical than ROS-driven mechanisms. The addition of KI reduced the 
efficiencies, suggesting that surface-bound holes (h↓) contribute, yet to a 
lesser extent. The prevalence of *OH and *O2

↑ is due to their significant 
oxidative potential [47,51].

The dominance of *OH is due to its high oxidation potential (↓2.8 V 

vs NHE), which enables the non-selective oxidation of dye molecules. 
*O2

↑ contributes to degradation both directly and indirectly by produc-
ing additional *OH through secondary reactions. The ZM3 photo-
catalytic mechanism is primarily influenced by *OH and *O2

↑ radicals, 
while electrons and h↓ serve secondary functions. The high efficiency of 
ROS generation is due to Mg-induced oxygen vacancies and defect 
states, which improve charge separation and prolong the stability of 
reactive species [52,53].

The photocatalytic degradation efficiency of the synthesized nano-
materials was validated by comparing the results obtained in this study 
with those previously reported in the literature. A comparative evalua-
tion is crucial to demonstrate the relative performance and advance-
ments achieved through the present green synthesis method, as shown in 
Table 3. This comparison examines key parameters, including catalyst 
type, target pollutant, irradiation conditions, and degradation percent-
age. The findings presented in Table 3 indicate that this study demon-
strates enhanced photocatalytic activity compared to previous research, 
suggesting its potential application in wastewater treatment and envi-
ronmental remediation.

3.9. Photocatalytic degradation stability and reusability

The cyclic stability of the synthesized photocatalysts was evaluated 
by assessing their photocatalytic degradation efficiency over five 
consecutive cycles using RhB and BB, as shown in Fig. 16. The results 
provide valuable insights into the durability and reusability of the ma-
terials under photocatalytic conditions. For RhB degradation, the per-
centage loss in photocatalytic efficiency after five cycles was observed to 
be 7.52 %, 6.01 %, 5.31 %, and 4.03 % for Z, ZM1, ZM2, and ZM3, 
respectively. Similarly, BB degradation occurred with efficiency losses 
of 8.22 %, 7.49 %, 6.45 %, and 5.16 % for the same samples. These 
findings indicate that cyclic stability improves significantly with 
increasing Mg doping, with ZM3 exhibiting the least loss of efficiency for 
both dyes.

The enhanced stability of the samples can be attributed to the 

Fig. 15. Scavenging activity efficiency of ZM3 nanocomposite.

Fig. 16. Stability for nanocatalyst: C/C0 and efficiency for BB (a & c) and RhB dye (b & d).
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improved structural integrity and reduced susceptibility to photo- 
corrosion resulting from the incorporation of Mg. Mg doping in-
troduces oxygen vacancies and structural defects that enhance the 
durability of the ZrO2 matrix by providing additional charge-trapping 
sites and increasing resistance to photo corrosion [45]. These va-
cancies also improve the separation of photogenerated charge carriers, 
thereby reducing electron-hole recombination and preserving photo-
catalytic activity over prolonged use. The slight decrease in efficiency 
after repeated cycles is primarily due to the adsorption of degradation 
byproducts on the catalyst surface, which can block active sites and 
reduce light absorption. However, washing the samples with ethanol 
before each reuse effectively minimized these effects, maintaining 
consistent photocatalytic performance across multiple cycles.

In contrast, the undoped ZrO2 exhibited the highest degradation loss 
due to its limited resistance to photo-corrosion and higher electron-hole 
recombination rates, thereby reducing its durability. Thus, Mg doping 
enhances the robustness and reusability, making ZM3 the most stable 
and efficient material for dye degradation under repeated use. The 
recycled samples underwent FTIR analysis, and the functional groups 
were investigated. Fig. 17 (a & b) presents the FTIR analysis of nano-
particles following photocatalysis, including BB and RhB dye.

By confirming the presence of functional groups and surface-bonded 
species in the as-prepared nanocomposites, which are directly related to 
their photocatalytic and antibacterial applications, FTIR analysis plays a 
significant role in this study. Lattice oxygen vibrations and surface hy-
droxyl groups (-OH) are necessary because they may serve as active sites 
for the production of *OH during photocatalysis. These groups facilitate 
the adsorption of water and dye molecules, which is essential for the 
efficient production of ROS when exposed to sunlight. Fig. 17 (c & d) 
presents the XRD analysis of nanoparticles following photocatalysis, 
including BB and RhB dyes. For both dyes, all Z and ZM patterns pre-
serve the same 2θ positions as those in the previous spectra (Fig. 1). No 
new crystalline phases (Mg(OH)2, MgCO3, Zr(OH)4) or dye-derived 
crystalline residues appear. This demonstrates that the ZM nano-
composite is crystallographically stable under the reaction conditions. 
The small peaks present are primarily related to surface-adsorbed dye 

residues after photocatalysis. Since the prominent ZrO2/MgO peaks 
remain intact. XRD comparison demonstrates that Z, ZM1, ZM2, and 
ZM3 maintain their crystalline phases and heterostructure integrity after 
photocatalytic degradation of both BB and RhB dyes, with only minor 
surface related broadening, suggesting excellent structural stability and 
reusability of the catalysts.

Following photocatalytic activity, the FTIR spectrum of the used 
catalyst exhibits intensity fluctuations and, occasionally, minor peak 
shifts. Because they contribute to the production of ROS, these alter-
ations may be linked to the partial removal or alteration of surface hy-
droxyl groups as well as the adsorption of dye degradation 
intermediates. While new or modified peaks in the fingerprint area can 
represent leftover organic molecules that were partially adsorbed on the 
catalyst surface, a reduction in the intensity of the –OH peak indicates 
that surface hydroxyls were consumed during the oxidation process 
[52].

3.10. Antibacterial behaviour

The antibacterial activity of the synthesized ZrO2 and Mg–ZrO2 
(ZM1, ZM2, and ZM3) nanocomposites was evaluated against Staphy-
lococcus aureus and Escherichia coli using the well-diffusion method. The 
graphical representation of the antibacterial activity is shown in Fig. 18. 
The ZOI of the samples is presented in Fig. 19. The standard strepto-
mycin (S25) antimicrobial agent was used as a reference to compare the 
efficacy of the samples. The synthesized materials exhibit promising 
antibacterial activity, with enhanced performance against Staphylo-
coccus aureus compared to Escherichia coli. The ZOI values increase with 
nanoparticle concentration, indicating concentration-dependent activ-
ity. For Staphylococcus aureus, the ZOI values for Z, ZM1, ZM2 and ZM3 
were 12.4, 15.1, 16.8, and 19.2 mm at 100 μg/mL, respectively, 
compared to the standard S25 (11.3 mm), similarly, for Escherichia coli, 
the ZOI values measuring 11, 12.7, 14.6, and 18.3 mm for Z, ZM1, ZM2 
and ZM3 respectively, at 100 μg/mL.

The increased antibacterial activity of the nanocatalyst is attributed 
to its enhanced generation of ROS under sunlight. Mg doping facilitates 

Fig. 17. XRD and FTIR analysis after photocatalytic activity for BB (a & c) and RhB (b & d).
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charge separation and reduces electron-hole recombination, thereby 
increasing ROS yield. These ROS attack bacterial membranes, causing 
lipid peroxidation and disrupting the structural integrity; this effect is 

more pronounced in Staphylococcus aureus due to its simpler membrane 
architecture. Once the membrane is compromised, ROS penetrate the 
cells and oxidize intracellular components, including proteins and DNA, 
ultimately leading to cell death [61,62]. Additionally, positively 
charged Mg2↓ ions interact electrostatically with the negatively charged 
bacterial membrane, further enhancing membrane disruption and ROS 
penetration. Higher Mg doping in ZM3 amplifies these effects, making 
ROS production and membrane targeting critical factors in its superior 
antibacterial action. Fig. 20 presents the antibacterial plate images with 
the ZOI obtained.

Although Staphylococcus aureus and Escherichia coli are widely stud-
ied, they remain relevant due to their unique cell wall structures and 
resistance mechanisms. Staphylococcus aureus, a Gram-positive bacte-
rium, possesses a thick peptidoglycan layer and no outer membrane, 
making it more susceptible to oxidative stress. At the same time, 
Escherichia coli has a thinner peptidoglycan layer but an outer membrane 
enriched with lipopolysaccharides that can hinder ROS penetration [63,
64]. The higher doping level enhances the generation of ROS, resulting 
in greater damage to bacterial cells. Fig. 18 presents a graphic picture of 
the antibacterial mechanism.

4. Conclusion

Mg-doped ZrO2 nanocomposites were synthesized using Eucalyptus 

Fig. 18. Graphical representation of the antibacterial mechanism.

Fig. 19. Antibacterial ZOI activity of prepared samples against a) Escherichia coli and b) Staphylococcus aureus.

Fig. 20. Antibacterial images of Z, ZM1, ZM2, and ZM3 nanocomposites against Staphylococcus aureus (a–d) and Escherichia coli (e–h).
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leaf extract, with a comprehensive characterization of their structural, 
optical, and functional properties. The presence of crystalline mono-
clinic and cubic phases is confirmed through XRD and Rietveld refine-
ment analysis. XRD analysis confirmed the successful incorporation of 
Mg into the ZrO2 lattice, evidenced by minor shifts in peak positions that 
suggest lattice distortion and the formation of oxygen vacancies. The 
average crystal size exhibited a progressive reduction with increasing 
Mg doping, decreasing from 32.27 nm for ZrO2 to 11.8 nm for ZM3 due 
to lattice strain. FTIR analysis revealed the presence of Zr–O and Mg–O 
bonds, along with an increase in hydroxyl group intensity following 
repeated use, indicating surface modifications that improve photo-
catalytic performance. The UV–visible spectra indicate that Mg doping 
successfully modifies the optical properties of ZrO2, demonstrating a 
notable narrowing of the bandgap with increased Mg concentration, as 
shown by the red shift in absorption peaks for ZM3 (368 nm), which 
enhances light absorption in the visible spectrum. FESEM analysis 
revealed a morphological transition from quasi-spherical particles in 
ZrO2 to elongated structures in ZM3, with increased surface roughness 
and agglomeration, which enhances the availability of active sites for 
photocatalytic and antibacterial activity. The d50 values reduced from 
48.12 nm for ZrO2 to 21.56 nm for ZM3 following Mg doping. The 
reduction in size results from the substitution of Mg2↓, which inhibits 
grain growth and increases surface area and defect density, thereby 
improving functional performance. The photocatalytic performance of 
the samples, evaluated with BB and RhB dyes under sunlight, demon-
strated maximum degradation efficiencies of 95.43 % and 97.08 % for 
ZM3, respectively, attributed to improved charge separation and reac-
tive oxygen species generation. The cyclic stability tests demonstrated 
that ZM3 maintained over 90 % efficiency after five consecutive cycles, 
signifying superior reusability and structural integrity. Antibacterial 
studies indicated that ZM3 displayed the highest activity, with a ZOI of 
19.2 mm for Staphylococcus aureus and 18.3 mm for Escherichia coli, 
demonstrating greater efficacy against Gram-positive bacteria attributed 
to their simpler membrane structure. These results demonstrate the 
potential of Mg–ZrO2 nanocomposites as sustainable and multifunc-
tional materials for environmental applications, such as wastewater 
treatment and antimicrobial resistance.
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