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Abstract 

The current work elucidates the significance of nanometal oxide composites for enhanced 

environmental remediation applications. An efficient photocatalyst has been prepared by 

synthesising a multi-metal oxide nanocomposite that combines MgO, ZnO, CaO, and MnO2 

nanoparticles during the synthesis process. The nanocomposite was prepared using a simple 

sol-gel method, where each precursor was mixed with NaOH as a reducing agent. XRD 

analysis confirms the high purity and crystallinity of the composite, revealing a cubic MgO and 

CaO phase alongside hexagonal ZnO and MnO2 phases, with a calculated crystallite size of 

19.74 nm. FESEM analysis reveals a rod-like MgO structure surrounded by agglomerated 

spherical ZnO, CaO, and MnO2 particles, indicating strong surface charge interactions. EDX 

confirms the successful formation of a pure nanocomposite. UV-Vis spectroscopy confirmed 

distinct absorption peaks at 226 nm (MgO), 273 nm (MnO2), 313 nm (CaO), and 382 nm (ZnO), 

indicative of the coexistence of multiple oxides within a single matrix. The results confirm the 

formation of Mg-Zn-Ca-Mn nanocomposite with excellent physico-chemical properties. 

Additionally, the nanocomposite demonstrates excellent antioxidant activity, stabilising DPPH 

radicals with a maximum scavenging efficiency of 96.14 % at 800 µg/mL. Under sunlight 

irradiation, it achieves 99.68% degradation of Rhodamine B in 60 minutes and 98.55% 

degradation of Amlodipine in 90 minutes, following pseudo-first-order kinetics. Reusability 

tests confirm the structural and functional stability of the material over five cycles, reducing 

degradation efficiency by only 4.1% for Rhodamine B and 5.3% for Amlodipine. The 

characterisations and observations indicated that the prepared nanocomposite can be an 

excellent source for environmental remediation applications. 

Keywords: Antimicrobial performance, Environmental remediation, Pharmaceutical 

industries, Photocatalytic activity, Textile industries. 
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1. Introduction 

The scientific community has shown significant interest in nanoscale materials, which typically 

range in size from 1 to 100 nanometers (nm). These materials have garnered attention due to 

their distinct properties, which vary from those of bulk materials. Researchers are particularly 

intrigued by the potential applications of nanoscale materials in various fields, such as 

nanoelectronics, nanocatalysis, and nanomedicine (Chen et al., 2016). Moreover, synthesising 

nanocomposites involves mixing multiple distinct materials to achieve the desirable properties 

of the individual fundamental materials. Both essential materials influence the properties of an 

NC, as well as their morphology and interfacial features. The versatility of nanocomposites 

arises from their distinctive structural, thermal, and optical properties, which enable them to 

exhibit enhanced performance across a wide range of technological applications. The 

remarkable impact of metal NCs has been discovered in numerous findings owing to their 

notable features, such as a high surface area, high porosity, low cost, long lifetime, thermal 

stability, and the ability to tune their composition and morphology (Dontsova et al., 2019). The 

material's high performance in various fields can be attributed to its novel physical and 

chemical properties, which result from the combination of two or more metal oxides.  

Water is a vital resource for all life on Earth, playing a crucial role in ecosystems, human health, 

and industry (Gavrilescu, 2021; Tabet et al., 2024). It covers approximately 71% of the Earth's 

surface, with the vast majority of this area located in the oceans. However, only about 2s.5% 

of Earth's water is freshwater, essential for drinking, agriculture, and sanitation. The 

elimination of pollutants from pharmaceutical and textile industries into water bodies is a 

critical environmental issue due to the persistence and toxicity of these contaminants (Rathi et 

al., 2021; Raveena & Surendran, 2024; Venkatraman & Surendran, 2023). Pharmaceuticals, 

including antibiotics, hormones, and painkillers, can enter water bodies through improper 

disposal, wastewater treatment plant effluents, and agricultural runoff. Similarly, textile 

pollutants, including dyes, heavy metals, and synthetic chemicals, can be released from 

industrial wastewater during textile manufacturing (Kir et al., 2024; Uddin, 2021). Removing 

pharmaceutical and textile pollutants from water bodies often requires a combination of 

physical, chemical, and biological methods. Advanced oxidation processes, adsorption, 

membrane filtration, bioremediation, electrochemical treatments, and coagulation/flocculation 

are all effective strategies. 

The discharge of Amlodipine, a pharmaceutical drug, and Rhodamine B, a synthetic dye, from 

industries poses significant environmental risks due to their toxicity and persistence in water 

bodies (Khan et al., 2023). Amlodipine, often released from pharmaceutical manufacturing and 

hospital effluents, can disrupt aquatic ecosystems and resist conventional wastewater 

treatment. Amlodipine is designed to be biologically active, so its release into the environment 

can disrupt marine ecosystems. Even at low concentrations, Amlodipine can affect the growth, 

reproduction, and behaviour of aquatic organisms and may contribute to the development of 

antibiotic resistance. Rhodamine B, used in textiles and dye manufacturing, is also utilised as 

an artificial food colourant and is toxic to aquatic life, causing visual disruption (Dave et al., 

2022; Legmairi et al., 2023). Additionally, it is a carcinogenic and mutagenic substance, posing 

potential risks to human health if it contaminates drinking water supplies. These two pollutants 

are taken as a model effluent for the degradation of textile and pharmaceutical effluents. In 

addition to the discharge of pollutants from textiles and pharmaceutical industrial wastes, water 

pollution can also occur due to various microorganisms, including fungi, bacteria, viruses, and 

other similar agents. It has been well-established in the scientific literature that the presence of 

bacteria in drinking water is associated with severe diseases, including typhoid, cholera, and 

bacillary dysentery (Gong et al., 2023). The emergence of multidrug-resistant (MDR) strains 
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is increasingly recognised as a significant challenge, primarily attributed to their ability to 

develop resistance against conventional synthetic water disinfectants. Therefore, there is an 

urgent need for multifunctional nanomaterials capable of addressing organic pollutants, 

microbial contamination, and regulating reactive oxidative species (ROS) in a single, integrated 

system (Goodarzi et al., 2024; Kamani et al., 2024; Moein et al., 2025).  

Adding multiple metal oxides to a composite enables the combination of different properties 

to achieve enhanced performance tailored to specific applications (Abdipour & Hemati, 2024; 

Delavari et al., 2024; Jonidi Jafari et al., 2024; Mourdikoudis et al., 2021; Rajabizadeh et al., 

2025). Each metal oxide contributes unique characteristics, such as improved temperature 

stability, mechanical strength, chemical inertia, and electrical conductivity. Notably, we have 

reviewed several metal oxide nanoparticles for their feasibility, economic viability, potential 

ability, and biocompatibility as photocatalysts (Abdipour et al., 2024; Asgari et al., 2024; 

“Elimination of nickel and chromium(VI) ions from industrial wastewater by 

electrodialysis/characteristics/impact of parameters,” 2024; Khalooei et al., 2024; Qi et al., 

2017; Zeghdi et al., 2024). Upon considering various metal oxides based on the criteria 

mentioned above, the present study aims to develop and characterise a multifunctional Mg-Zn-

Ca-Mn nanocomposite using a cost-effective sol-gel method for environmental remediation. 

The nanocomposite contains catalytically active sites (e.g., metal oxide domains) capable of 

generating reactive oxygen species (ROS) under light or in the presence of oxidants. ZnO and 

MgO nanoparticles exhibit promising antimicrobial properties. Multiple studies have 

demonstrated the effectiveness of ZnO and MgO nanoparticles in suppressing the proliferation 

of Escherichia coli, a bacterium commonly present in urban wastewater, as well as 

Staphylococcus aureus and certain multidrug-resistant strains (Sharma et al., 2023). CaO 

contributes by creating a highly alkaline environment that inhibits microbial growth and 

supports pollutant degradation (Gharbi et al., 2024; Yang et al., 2021). MnO enhances 

photocatalytic efficiency through improved electron transfer and redox reactions, thereby 

facilitating pollutant breakdown and bacterial inhibition (Khan et al., 2023). Together, these 

oxides create a powerful multifunctional composite for water cleansing and decontamination 

applications. The motivation behind this study stems from the increasing need for eco-friendly, 

scalable solutions to combat industrial wastewater pollution and microbial contamination. The 

integration of multiple metal oxides (MgO, ZnO, CaO, and MnO₂) into a single composite 

enhances synergistic charge transfer and electron-hole separation, thereby improving 

photocatalytic activity beyond that of individual metal oxide systems. This work bridges 

existing gaps by developing a multifunctional nanocomposite capable of simultaneously 

addressing pollutant breakdown, bacterial inhibition, and radical stabilisation (Feng et al., 

2024; Xu et al., 2025). Moreover, the scope of the study encompasses water treatment 

applications, with a focus on the degradation of pharmaceutical and textile effluents. 

Antimicrobial activity assessments, targeting waterborne bacterial contaminants and 

antioxidant analysis, validate the nanocomposite's ability to regulate ROS balance.  

This study presents a novel Mg-Zn-Ca-Mn nanocomposite synthesised via a simple sol-gel 

method, integrating four distinct metal oxides to achieve multifunctional environmental 

remediation capabilities (Meneceur et al., 2025; Salmi, Zelca, et al., 2024). Unlike previously 

reported nanomaterials, this work uniquely combines MgO, ZnO, CaO, and MnO₂, enhancing 

photocatalytic degradation, antibacterial performance, and antioxidant activity simultaneously. 

The prepared nanocomposite is analysed for its functional, optical, structural, and 

morphological properties. The efficiency of the prepared nanocomposite in treating industrial 

effluents, such as Rhodamine B and Amlodipine, was recorded under sunlight. The 

nanocomposite exhibits remarkable photocatalytic efficiency, achieving 99.68% degradation 

of Rhodamine B in 60 minutes and 98.55% degradation of Amlodipine in 90 minutes, 
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outperforming conventional metal oxide composites. The antimicrobial performance of 

prepared Mg-Zn-Ca-Mn NC against E. coli, S. aureus, and DPPH was evaluated with varied 

concentrations. The activity of the prepared nanocomposite towards industrial effluents and 

microbes was studied, and its mechanism is proposed below. 

2. Materials and methods 

Magnesium acetate tetrahydrate (Mg (CH3COO)2 •4H2O) (Purity 98.5%), Zinc acetate 

dihydrate Zn (CH3CO2)2·2H2O (Purity 99.5%), Calcium acetate (Ca (CH3CO2)2) (Purity 

99.0%), Manganese acetate (Mn (CH3CO2) 2·(H2O)) (Purity 99%), Sodium hydroxide pellets 

(NaOH) (Purity 97%), Ethanol (Purity 98%), Rhodamine B, Amlodipine. All were obtained 

from commercial sources, were analytical grade, and were used exactly as supplied. 

Throughout the trials, double-distilled water was used. 

2.1. Preparation of Mg-Zn-Ca-Mn nanocomposite 

About 0.1 M of Magnesium acetate, Zinc acetate, Calcium acetate, and Manganese acetate 

were individually dissolved in 50 ml of DD water with stirring assistance. The ratio was chosen 

to maximise the synergistic interaction between the components, ensuring that the strengths of 

each oxide complement the others and that there are equal contributions and active sites for 

each compound. The stirring continued until a homogeneous solution was formed. 

Subsequently, the individual solutions were carefully introduced into a magnesium acetate 

solution in a gradual and controlled manner, resulting in the development of a homogeneous 

mixture. To induce the formation of precipitates, a solution of NaOH was added dropwise to 

the precursor solution while stirring vigorously until the pH reached 10. The formation of 

brownish precipitates was observed to occur rapidly and without delay.  

 

Figure 1. Preparation of Mg-Zn-Ca-Mn nanocomposite 

The mixture was subjected to continuous stirring at ambient temperature for 4 hours. After 

stirring, the mixture undergoes sonication for 30 minutes to achieve a homogeneous dispersion 

of nanoparticles. The sonicated mixture is left undisturbed overnight to undergo the ageing 

process, allowing sufficient time for the desired reactions to occur. As a result, a precipitate 
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forms and settles at the bottom of the beaker. The precipitates underwent several washes with 

DD water and were filtered using a centrifuge. The materials that underwent filtration were 

then dried at 60°C for 6 hours. Subsequently, an annealing process was carried out at 400°C 

for 3 hours. The synthesis procedure is schematically depicted in Figure 1. 

2.2. Sample preparation for photocatalytic degradation 

The photocatalytic performance against Rhodamine B and Amlodipine in the occurrence of the 

prepared nanocomposite under sunlight was estimated as follows. Rhodamine B and 

amlodipine pollutants at a concentration of 100 mg were mixed thoroughly in 100 mL of 

deionised water and stored as a stock solution. Then, 100 mg of the prepared nanocomposite is 

added separately to the pollutants. The nanoparticle-suspended pollutants were irradiated under 

sunlight for 60 minutes for Rhodamine B and 90 minutes for Amlodipine, respectively. A UV-

vis spectroscopy examination was performed on the appropriate quantity of pollutants at 

intervals of 15 minutes. After that, the deterioration was assessed based on their degree of 

optical absorption, and the UV-vis spectrum was recorded regularly. Furthermore, the 

efficiency of pollutant degradation by the nanomaterials was demonstrated using equation (1) 

below. (Karthikeyan, et al., 2023). 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  = (1 −
𝐶𝑡

𝐶0
) × 100 %                         (1) 

Where, ct and c0 are the final and initial concentrations of the respective pollutants, to 

specifically evaluate the Reactive oxygen species (ROS) involved in the degradation process, 

the scavenging activity was performed with 5mM of various scavengers, including AgNO3, 

isopropyl alcohol (IPA), acetic acid (AA), and p-benzoquinone (pBQ) for electron (e-), 

hydroxyl (.OH), hole (h+) and superoxide (O2
.-) scavenging, respectively. 

2.3. Preparation of MHA medium 

Mueller-Hinton agar medium is prepared by measuring 1 litre of distilled water, adding 38 

grams of Mueller-Hinton agar powder, and stirring to prevent clumping. Stir and warm 

gradually until the mixture is completely dissolved. To sterilise, autoclave at 121°C for 15 

minutes. Once the mixture has cooled to 45–50°C, transfer it onto sterile Petri dishes, filling 

each to a depth of approximately 4 mm (25–30 ml). Allow the agar to firm at room temperature, 

then store the plates in a covered container at 4°C until needed. To avoid contamination, sterile 

procedures should be kept up at all times. Then, the agar medium was swabbed with bacteria 

using sterile earbuds, and holes were made using a micropipette needle. The holes were filled 

with varied loadings of NPs, such as 25, 50, and 100 mg/mL, and streptomycin was used as a 

standard. Then, the inhibited zone was measured after a 24-hour incubation period using a 

screw gauge.  

2.4. Antioxidant assay 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) approach was employed to calculate the ability of 

the prepared nanocomposite to neutralise free radicals using methanol as a solvent. First, 100 

µL of a nanocomposite containing multiple loadings, such as 25, 50, and 100 mg/mL, was 

introduced to a test tube containing 2 mL of 0.1 mM DPPH, and the volume was then increased 

to 3 mL. Before analysing the wavelength at 517 nm, the reaction solution was kept at the 

ambient temperature for 40 min in the dark. The DPPH solution was chosen as a control by 

adding 1 mL of methanol. The following equation (2) calculates the DPPH scavenging activity 

(Barani et al., 2025; Locatelli et al., 2009), where CA and TA stand for control absorbance and 

test absorbance, respectively. 
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                               Antioxidant activity =
𝐶𝐴 − 𝑇𝐴

𝐶𝐴
 𝑋 100   %                                       (2)              

2.5. Characterisation techniques 

An analysis of the structural characteristics of the Mg-Zn-Ca-Mn nanocomposite was 

conducted using XRD. The molecular vibration and functional groups of Mg-Zn-Ca-Mn 

nanocomposite were recorded using FTIR. The analysis of the surface morphology of the Mg-

Zn-Ca-Mn nanocomposite was conducted using FESEM. Additionally, EDX was utilised to 

reveal the elemental composition present in the materials. The optical absorbance level of the 

synthesised Mg-Zn-Ca-Mn nanocomposite was measured using a UV-Vis spectrophotometer. 

The luminescence properties of the prepared Mg-Zn-Ca-Mn nanocomposite were examined 

using photoluminescence spectroscopy. The spectroscopy was conducted using a Cary Eclipse 

instrument manufactured by Agilent Technologies in Singapore. 

3. Result and discussion 

3.1. Structural analysis 

The structural phase and crystalline nature of the prepared nanocomposite were determined by 

XRD analysis, as depicted in Figure 2. The results show that many peaks arise from 2 theta, 

which confirms the presence of Mg, Zn, Ca, and Mn in the composite. The emerging peaks are 

10.78, 29.42, 31.77, 34.43, 36.2, 39.39, 42.87, 47.53, 56.48, 62.75, 67.81, 69.08 and 77.01. 

From the observations, the MgO arises from 36.20, 42.87, 62.75, and 77.01, corresponding to 

Miller indices (111), (200), (220), and (222), respectively, and exhibits a cubic structural phase, 

as per JCPDS No. 45-0946 (Zahran et al., 2018).  

 

Figure 2. XRD analysis of the prepared Mg-Zn-Ca-Mn nanocomposite 

The ZnO attributes to 31.77, 34.4, 36.2, 47.53, 56.48, 62.75, 67.81, and 69.08, which 

corresponds to (100), (002), (101), (102), (110), (103), (112) and (201) respectively that 

exhibits a hexagonal wurtzite ZnO phase that matches the JCPDS NO. 36-1451(Fang et al., 
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2014). The MnO2 reveals the hexagonal phase at positions 10.78 and 39.39, which correspond 

to the (001) and (211) planes (JCPDS Card No: 44-0141) (Zhu et al., 2012). Finally, the CaO 

was confirmed to be present at 29.42 and 37.93, corresponding to the (011) and (200) planes, 

respectively (JCPDS Card No: 37-1497) (Xiao et al., 2015). The crystal size of the prepared 

nanocomposite was found using the Debye-Scherrer equation (3) (Bokuniaeva & Vorokh, 

2019). 

𝐷(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒) =
0.9𝜆

𝛽 𝐶𝑜𝑠𝜃
                                                      (3) 

The crystal size of the nanocomposite is calculated to be 19.74 nm, which aligns with the 

FESEM and PSA results discussed below. The dislocation density of the nanocomposite is 

estimated to be 2.5 x 10⁻³ nm⁻². Typically, higher crystallinity is associated with lower 

dislocation density, and the low dislocation density observed here indicates the 

nanocomposite's excellent crystallinity. (Mu et al., 2022). It is noted that XRD observations 

exhibit only the peaks of MgO, ZnO, CaO, and MnO2, indicating the high purity of the prepared 

nanocomposite. 

3.2. Morphological analysis 

 

Figure 3. FESEM images of Mg-Zn-Ca-Mn nanocomposite 

The surface morphology of the nanocomposite is revealed using FESEM, as depicted in Figure 

3. The results suggest that the prepared nanocomposite exhibits a rod morphology with 

agglomerated spheres surrounding it.  
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Figure 4. EDX spectrum of Mg-Zn-Ca-Mn nanocomposite 

 

 

Figure 5. Elemental mapping for Mg-Zn-Ca-Mn nanocomposite 
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The formation of the rod may correspond to the Magnesium oxide NPs, as the XRD pattern 

matches the previous findings (Hassan et al., 2021). The remaining elements, such as CaO, 

ZnO, and MnO2, evolve as a sphere that surrounds the rod and are agglomerated in nature. The 

agglomeration and attraction of spheres towards the MgO rod are due to the composite's high 

surface charge of the prepared nanoparticles. The prepared spheres also match the XRD crystal 

size and particle size analysis findings. The EDAX mapping is analysed to find the overall 

elemental composition of the prepared nanocomposite, as seen in Figure 4. The analysis shows 

the composition occurrence of O, Mg, Zn, Ca, and Mn from the K shell. The availability of 

elements in the composite represents the successful formation of a pure Mg-Zn-Ca-Mn 

nanocomposite. The presence of MgO is higher than that of other elements, which aligns with 

the XRD results due to its rod-like structure. Elemental mapping was used to analyse the 

presence of various elements in a specific area. It shows the presence and position of Mg, Zn, 

Ca, Mn, and O elements in the overlay image, which confirms the formation of the 

nanocomposite shown in Figure 5. The presence of oxygen is higher, as indicated by both EDX 

and elemental mapping, resulting from the formation of an oxide bond with the metal elements 

in the composite. The result also suggests that Mg dominates in the composite due to the 

formation of rod morphology, as discussed in XRD, EDX, and FESEM images. 

3.3. Functional group identification 

The presence of various functional groups in the prepared nanocomposite has been confirmed 

through Fourier transform infrared spectroscopy, as shown in Figure 6. The observation shows 

that the nanocomposites possess various stretching vibrations at 3394, 2923, 2857, 1629, 1574, 

1432, 1110, and 582 cm-1. An intense stretching at 3394 cm-1 represents the occurrence of OH 

groups in the nanocomposite, which may occur during the preparation of KBr pellets for the 

analysis (Gautam et al., 2016). The emergence of symmetrical vibration of the =CH2 and -CH3 

groups, which suggests the availability of the alkanes, is responsible for the mild peak at 2923 

cm-1 and 2857 cm-1
, respectively (Maravelaki-Kalaitzaki, 2005). The bands at 1629 cm−1 were 

attributed to the H–O–H bending mode, representing the deformation of water molecules 

adsorbed. The bands in the range of 1574 cm-1 are due to symmetric and asymmetric vibration 

of the C–O group. The prepared nanocomposite can absorb atmospheric carbon, as evidenced 

by the presence of a C-O group in the composite (Roy et al., 2012). These bands, cited at 1432 

cm−1, originated from moisture and were assigned to the OH mode of adsorbed water. The weak 

band at 1110 cm-1 represents the presence of saturated alcohols (-OH) in the composite. The 

presence of various metal oxides exhibits the peaks at 1037, 680, 582, and 534 cm-1, which 

represent Mn, Ca, Mg, and Zn metals, respectively, which confirms the formation of Mg-Zn-

Ca-Mn nanocomposite (Al Sdran et al., 2024; Pisu et al., 2020; Srinivas et al., 2021; 

Vodyanitskii, 2009).  
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Figure 6. FTIR analysis of Mg-Zn-Ca-Mn nanocomposite 

3.4. Particle size determination 

The average particle size of NC was determined using the dynamic light scattering technique 

(Figure 7), in which the size of particles in the Brownian motion was calculated. The result 

implies that the average size of the prepared nanocomposite (d50) is 36.64 nm.  

 

Figure 7. DLS analysis of prepared Mg-Zn-Ca-Mn nanocomposite 

The d10 and d90 values of the prepared nanocomposite are 4.64 and 90.32 nm, respectively, 

indicating that the composite is present in the nanometre range. The broad peak observed in 

the result suggests that most of the particles in the prepared nanocomposite are available in a 

d50 range. The results also fit the previous SEM particle size and XRD crystalline size.  

 



 

11 
 

3.5. Optical properties 

Optical absorption studies can determine the bandgap of metallic, non-metallic, and 

semiconductor materials. Figure 8(a) presents the UV spectra of the Mg-Zn-Ca-Mn 

nanocomposite, illustrating the wavelengths at which the material absorbs electromagnetic 

radiation. The observed absorption edges in the nanocomposite can be attributed to the 

scattering phenomenon arising from distinct oxide phases within the material. A broad 

spectrum was noticed at 226, 273, 313, and 382 nm, indicating four oxides coexist in a single 

matrix. The observation shows that the peak at 226 nm corresponds to MgO, 273 nm to MnO2, 

313 nm to CaO, and 382 nm to ZnO absorptions. Within the absorption spectrum's long-

wavelength region, the presence of a long tail is likely attributed to the scattering of radiation 

from mixed oxide clusters. The optical bandgap (Eg) can be evaluated using the fundamental 

absorption mentioned in equation (4). This involves determining the correlation between the 

incoming photon energy(hυ) and the absorption coefficient (α) (Santika et al., 2024). 

𝛼(𝜐)ℎ = 𝐾(ℎ𝑣 − 𝐸𝑔)𝑛                                                             (4) 

The calculated Eg of the nanocomposite is 2.9 eV, as shown in Figure 8 (b). The region with 

the least energy difference between the top and bottom of the conduction and valence bands is 

known as the bandgap (Munawar et al., 2020). The measured band gap of 2.9 eV for the 

prepared nanocomposite is notably smaller than that of the individual metal oxides reported in 

the literature, such as MgO (4.2-5.8 eV), ZnO (3.10-3.37 eV), CaO (3.0-4.0 eV), and MnO 

(3.10-3.90 eV). This reduction in band gap suggests a synergistic electronic interaction between 

the composite's constituents, which facilitates band-edge modification and promotes enhanced 

absorption of visible light. The narrower band gap of the prepared nanocomposite allows for 

higher absorption of visible light, which is crucial for practical photocatalytic applications that 

rely on solar energy. This bandgap enables our nanocomposite to effectively utilise the higher 

energy portion of the visible spectrum, directly impacting the generation of electron-hole pairs 

necessary for photocatalytic reactions. 

 

Figure 8. UV – vis spectrum and its bandgap for Mg-Zn-Ca-Mn nanocomposite 

3.6. Luminescent property 

The luminescence property of the nanocomposite was investigated through photoluminescence 

spectroscopy, with measurements taken at an excitation wavelength of 226 nm. The 

corresponding results are presented in Figure 9. Photoluminescence (PL) is widely recognised 

as a crucial area of investigation that offers valuable insights into crystal defects, surface 
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effects, and material purity. The observed spectra display five distinct peaks at approximately 

311, 370, 447, 562, and 622 nm. Based on the analysis of the PL data, it is evident that the 

prepared nanocomposite exhibits a polycrystalline nature. The UV emission peaks, observed 

at wavelengths of 311 and 370 nm, are attributed to the near-band-edge (NBE) emission of a 

metal oxide (Chin et al., 2022).  

 

Figure 9. PL spectra of Mg-Zn-Ca-Mn nanocomposite 

The NBE emissions observed in materials such as MgO, ZnO, and CaO are characteristic 

peaks. These peaks are attributed to radiative recombination, which occurs through a collision 

mechanism between an exciton. A weak intensity peak in the 360-370 nm range suggests a 

potential correlation with hydrogen impurities. The nanocomposite exhibits diverse emission 

peaks, predominantly located within the UV and visible regions, as indicated by the data. The 

presence of impurities or defects within the nanocomposite is responsible for the emission 

peaks observed in the visible region. The blue emission peak at 447 nm is believed to be caused 

by deep-level point defects, such as oxygen interstitials or vacancies (Vázquez-López et al., 

2022). The green emission observed at approximately 562 nm is attributed to oxygen's singly 

ionised charge state. The red emission peak observed at 622 nm is commonly associated with 

the transition caused by the presence of zinc interstitial (Zni) or oxygen interstitial (Oi) defect 

levels. Oxygen vacancies can act as shallow electron traps, delaying recombination of 

photoexcited electron–hole pairs and thereby extending the lifetime of charge carriers available 

for redox reactions. Defect states introduce intermediate energy levels within the band gap, 

enabling sub-band-gap photon absorption and extending the photocatalyst's spectral response 

into the visible range. Oxygen vacancies can serve as adsorption and activation sites for oxygen 

or pollutant molecules, thereby facilitating the generation of reactive oxygen species (ROS). 

Considering the discussion above, it can be inferred that Mg-Zn-Ca-Mn nanocomposites 

exhibit remarkable photocatalytic activity compared to other heterostructure photocatalyst 

systems. 

3.7. Antioxidant activity 

The DPPH free radical scavenging activity of the synthesised Mg-Zn-Ca-Mn nanocomposite 

(NC) was evaluated in comparison with ascorbic acid (Vitamin C), serving as the standard 

antioxidant, across concentrations ranging from 100 to 1000 µg/mL. The obtained results 

(Figure 10) reveal a clear concentration-dependent increase in scavenging efficiency for both 
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the nanocomposite and the standard. At the lowest tested concentration (100 µg/mL), the 

nanocomposite exhibited 10.17% scavenging activity, which is markedly lower than that of 

Vitamin C (60.15%). This difference persisted at lower and intermediate concentrations, where 

Vitamin C consistently showed over 70% scavenging from 200 µg/mL onward, while the 

nanocomposite required a concentration above 600 µg/mL to exceed 50% activity.  

 

Figure 10. Antioxidant activity of Mg-Zn-Ca-Mn nanocomposite compared with vitamin C 

A pronounced enhancement in the antioxidant performance of the nanocomposite was observed 

between 300 and 800 µg/mL, with scavenging activity increasing from 24.83% to 96.14%. 

Interestingly, the maximum activity for the nanocomposite (96.14%) was recorded at 800 

µg/mL, after which a slight decline to 89.97% was observed at 1000 µg/mL. In contrast, 

Vitamin C demonstrated a steady increase in scavenging, reaching ~98% at 900 µg/mL, with 

negligible variation thereafter, indicating near-complete radical quenching at higher 

concentrations. The sharper slope in the nanocomposite's curve between 500 and 800 µg/mL 

suggests a threshold concentration where the active sites become sufficiently available for 

effective radical neutralisation. 

The observed difference in scavenging efficiency at lower concentrations may be attributed to 

the intrinsic electron-donating ability and molecular mobility of Vitamin C, which allows rapid 

interaction with DPPH radicals. For the nanocomposite, the delayed onset of high activity could 

be related to factors such as the surface accessibility of active metal oxide sites, particle 

dispersion, and potential aggregation at lower concentrations, which can limit radical contact. 

However, at higher concentrations, the synergistic redox behaviour of Mg, Zn, Ca, and Mn 

oxides likely enhances electron transfer processes, resulting in scavenging efficiencies 

approaching that of Vitamin C. Additionally, the nanocomposite's surface area and particle size 

critically affect its antioxidant activity. Smaller particles with a larger surface area relative to 

their volume provide more reactive sites for capturing free radicals. Furthermore, the observed 

phenomenon can be attributed to the sharing of electron density between the oxygen atom of 

the prepared nanocomposite and the nitrogen atom in DPPH, specifically to the odd electron 

present at the nitrogen atom (Subramani, Ganeshan, et al., 2025). This transfer of electron 

density leads to an increase in the intensity of the n → π* transition at 517 nm wavelength. The 

antioxidant activity of the prepared nanocomposite was comparatively analysed with 

previously reported nanocomposites such as Fe2O3/C (83 %, 10 mg/mL), Cu-Zn-Mn (84.36 

%, 500 µg/mL), and chitosan-encapsulated ZnFe2O4 (95.8 %, 1000 µg/mL), suggesting that 
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with lower concentration, the maximum scavenging of DPPH was achieved with the 

nanocomposite prepared in this study. (Alam et al., 2022; Al-Rajhi et al., 2024; Bhattacharya 

et al., 2014) 

3.8. Antibacterial activity 

The antibacterial performance of the prepared nanocomposite towards Gram-negative (E. coli) 

and Gram-positive (S. aureus) bacteria using the Muller-Hinton agar method is depicted in 

Figure 11. The efficiency of the nanocomposite is compared with the standard antibacterial 

agent (Chlortetracycline (CT 30)) by varying the concentrations from 25 mg/mL to 100mg/mL. 

The antibacterial activity increases with the concentration of the nanocomposite, indicating a 

direct proportionality between concentration and antibacterial activity. The inhibition zones 

differ for both bacteria, as indicated by the standard, which shows 9 and 7 mm for S. aureus 

and E. coli, respectively. Similarly, the highest concentration of nanocomposite exhibits 15 and 

13 nm for S. aureus and E. coli, respectively. This may be because the cell wall composition of 

Gram-negative bacteria is more compact compared to that of Gram-positive bacteria, which 

exhibit better resistance to antibacterial agents than Gram-negative bacteria. The higher 

antibacterial activity observed against Staphylococcus aureus compared to Escherichia coli can 

be attributed to fundamental differences in their cell wall architecture. S. aureus possesses a 

thick peptidoglycan layer (~20–80 nm) that is highly porous and lacks an outer membrane. 

This structure facilitates the easier penetration of reactive oxygen species (ROS), metal ions, 

or nanoparticle fragments generated by the nanocomposite, resulting in more efficient 

disruption of cellular integrity. Whereas E. coli has a thinner peptidoglycan layer (~7–8 nm) 

but is surrounded by an additional outer membrane composed of lipopolysaccharides (LPS). 

This outer membrane acts as a selective permeability barrier, hindering the diffusion of ROS, 

metal ions, and larger nanocomposite particles into the cell. Moreover, Gram-negative bacteria 

often possess more active efflux pumps that can expel toxic species before they reach lethal 

concentrations. The absence of an outer membrane in S. aureus enables direct and sustained 

interaction of the nanocomposite with the peptidoglycan and cytoplasmic membrane, whereas 

the protective LPS barrier in E. coli reduces the effective dose reaching critical cellular targets. 

The presence of multiple metal oxides impacts the enhanced antibacterial activity compared to 

standard agents. Multiple logical mechanisms exist for the inhibition of bacterial growth 

through the utilisation of nanoparticles. It has been postulated that nanocomposites exhibit an 

optimum interaction with bacterial cells, leading to the evolution of ROS. This, in turn, induces 

protein oxidation, lipid peroxidation, and DNA damage, ultimately culminating in bacterial cell 

death. Furthermore, it is worth noting that the nanocomposites produce metal ions such as 

(Ca2+, Mg+, Mn2+, and Zn+) that carry a positive charge. On the other hand, the bacterial cell 

membrane is negatively charged, leading to a direct interaction between the metallic ions and 

the membrane. This interaction has been observed to cause DNA damage. ROS generation 

contributes to oxidative stress within microbial cells, damaging multiple cellular components, 

including lipids, proteins, and DNA. On the other hand, the release of metal ions has been 

shown to disrupt microbial cell membranes and interfere with essential cellular processes by 

binding to proteins and enzymes, thereby inhibiting their function. Another potential factor to 

consider is the size, larger surface-to-volume ratio, and shape of nanocomposites. The size of 

the nanocomposite particles plays a critical role in determining their interaction with microbial 

cells and free radicals. Smaller particles have a higher surface area-to-volume ratio, providing 

more active interaction sites. This increased surface area enhances the nanocomposite's ability 

to interact with and penetrate microbial cell walls or to capture and neutralise free radicals more 

effectively. These characteristics may enhance the interaction between the nanocomposites and 

the bacterial cell membrane (Pachaiappan et al., 2021). 
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Figure 11. Antibacterial activity of Mg-Zn-Ca-Mn nanocomposite. a) S.aureus & b) E.Coli 

Table 1. Antibacterial zone formation of nanocomposite against provided strains 

Sample 

Inhibition zone (mm) 

S. aureus  E. coli 

Concentration (mg/mL) 

25 50 100  std 25 50 100  std 

Mg-Zn-Ca-Mn NC 10 12 15 9 9 11 13 7 

 

3.9. Photocatalytic performance 

The photocatalytic characteristics of textile (Rhodamine B) and pharmaceutical pollutants 

(Amlodipine) in the availability of NC under sunlight irradiation are depicted in Figures 12 (a) 

and 14 (a). This graph displays the absorbance spectra of pollutants over time (0-90 minutes 

for Amlodipine and 0-60 minutes for Rhodamine B). The gradual decrease in absorbance 

intensity indicates that the nanocomposite actively degrades the pollutant, reducing its 

concentration in solution. The optical absorption has been analysed under various conditions, 

such as in the absence of light or a catalyst. The degradation of pollutants was revealed by the 

intensity of the decay of the characteristic peaks around 368 (Amlodipine) and 555 nm 

(Rhodamine B) as a function of irradiation time (t). The pollutants' absorption decreases 

gradually, indicating that the nanocatalyst effectively breaks down their molecules through a 

catalytic reaction. C/C0 plot (Figure 12(b) and 14(b) shows the relative concentration of 

pollutants (C) compared to its initial concentration (C0) over time for three cases: (i) Mg-Zn-

Ca-Mn nanocomposite, (ii) without light and (iii) without catalyst. The Mg-Zn-Ca-Mn 

nanocomposite significantly lowers the C/C0 ratio over time, demonstrating superior 

degradation efficiency compared to the control conditions. Figures 12(c) and 14(c) present the 

degradation percentage of pollutants degraded over time. The calculated degradation efficiency 

of the nanocomposite against Rhodamine B is 99.68 % within 60 mins, and Amlodipine is 

98.55 % within 90 mins. The photocatalytic efficiency of various metal oxide composites 

against different pollutants is presented in Table 2. 
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Figure 12. Photocatalytic performance on Amlodipine a) Time-dependent degradation, b) 

C/Co, c) degradation efficiency, and d) Pseudo first-order kinetics 

Table 2. Photocatalytic activity of various metal composites towards various pollutants 

Composite Pollutant 
Time 

(min) 

Efficiency 

(%) 
Ref 

Zn-Mn-Mg 
Methylene 

blue 
75 89.1 (Subbiah et al., 2021) 

NiO-Fe2O3-CdO Methyl orange 60 84.25 (Mukhtar et al., 2020) 

NiO-CdO-ZnO Rhodamine B 99 60 (Wehbi et al., 2023) 

Mg-SiO2-Zn Chromium 120 72.75  
(Galaburda et al., 

2024) 

Mg-Cu0-WO4/Bi2WO6 Rhodamine B 240 97.2 (Munawar et al., 2021) 

MgO–SnO2 Sunset Yellow 60 99  (Shoran et al., 2023) 

Mn-Zn0-Mg-Fe2O4 Chloramine T 90 91 (Maksoud et al., 2020) 

TiO2-Ag-ZnO 
Methylene 

blue 
60 25 (Tjardts et al., 2023) 

Fe2O3-Ag Reactive red  120 99 
(Huang-Mu et al., 

2023) 

Mg-Zn-Ca-Mn NC 
Rhodamine B 60 99 

Present work 
Amlodipine 90 98 

 



 

17 
 

The chemical structure of pharmaceutical pollutants is highly compatible with textile 

pollutants, which enables the nanocomposite to degrade Rhodamine B more quickly than 

Amlodipine. Rhodamine B and Amlodipine degradation without a catalyst is 2.1 and 1.8%, 

respectively, under sunlight. Similarly, the degradation efficiency with a photocatalyst under 

dark is 8.2 and 6.8 % for Rhodamine B and Amlodipine, indicating the pollutants' adsorption 

at the catalyst's surface. This adsorption phenomenon increases the degradation rate by 

enabling the adsorption and degradation simultaneously with sunlight stimulation. The analysis 

of pollutants without light and catalysts highlights the significance of both catalysts and 

sunlight for photocatalytic degradation.  

 

Figure 13. Photocatalytic performance on Rhodamine B: a) Time-dependent degradation, b) 

C/Co, c) degradation efficiency, and d) Pseudo first-order kinetics 

Figures 12 and 13(d) show that photocatalytic degradation of produced nano catalysts 

against Rhodamine B and Amlodipine follows pseudo-first-order kinetic processes. Equation 

(5) examines the pseudo-first-order kinetics employing the Langmuir-Hinshelwood model. 

(Karthikeyan et al., 2023). 

𝐿𝑛
𝐶

𝐶𝑜
= 𝑘𝑡                                                                          (5) 

From the equation, the calculated degradation rate of Rhodamine B is 0.065, 0.002, and 0.0004 

min-1 for nanocomposite, without light and catalyst, respectively. Similarly, the rates of 

amlodipine release are 0.041, 0.0015, and 0.0002 min-1 for the nanocomposite, without light, 

and with catalyst, respectively. The enhanced degradation rate is attributed to the presence of 
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multiple nanoparticles in the composites, which adsorb pollutants and exhibit a high 

recombination rate. 

4. Scavenging activity 

 Figure 14 shows the degradation efficiency response of each respective scavenger 

employed at a concentration of 5 mM. Notably, IPA and pBQ have drastically reduced the 

degradation efficiency of Rhodamine B and Amlodipine. This can be ascribed to the effective 

role of ROS species. OH and O2
*- play a crucial role in the degradation of both pollutants, and 

their scavenging through IPA and pBQ leads to reduced degradation efficiency. Furthermore, 

the produced ROS species generally attack the chromophoric structure of pollutants, which 

significantly converts them into intermediate compounds, and further interaction leads to the 

mineralisation of pollutants. Thus, scavenging these species in the reaction system reduces the 

degradation efficiency of the pollutants. Photogenerated electrons and holes generally generate 

these scavenging species. Free h⁺ and e⁻ have very short lifetimes in aqueous systems due to 

rapid trapping or recombination. Their indirect role via ROS provides a longer-lived 

oxidative/reductive pathway, thereby enhancing the reaction probability. However, the direct 

interaction between e- and h+ with pollutants is not observed as the degradation efficiency is 

minimally reduced with the scavenging of e- and h+ with AgNO3 and AA. 

 

Figure 14. Evaluation of ROS responsible for the degradation of pollutants 

4.1. Mechanism of degradation 

The photocatalytic reaction primarily consists of four distinct steps (as seen in Figure 15): 

photoexcitation, ionisation of water, absorption of oxygen ions, and superoxide protonation. 

Upon light irradiation onto a semiconductor photocatalyst, the phenomenon of electron-hole 

pair generation (e−CB+ h+ VB) occurs (Subramani, Tamilselvi Mohanasundaram, et al., 2025). 

Beyond photoexcitation, the surface of the photocatalyst undergoes simultaneous oxidation and 

reduction reactions. The anticipated photodegradation mechanism of the Mg-Zn-Ca-Mn 

nanocomposite is as follows: 



 

19 
 

Mg-Zn-Ca-Mn + hυ     Mg-Zn-Ca-Mn (e-
CB + h+

VB)                        (6) 

Oxygen ion absorption: 

Mg-Zn-Ca-Mn (e-
CB) +O2 Mg-Zn-Ca-Mn + *O2

-                              (7) 

Ionisation of water: 

H2O H+ + *OH                                                    (8) 

*O2 + H-  *HO2                                                                           (9) 

Protonation of superoxide: 

Mg-Zn-Ca-Mn (h+
VB) + pollutants            Degradation products                  (10) 

Oxidation: 

HO-
2 + H+ H2O2                                                                         (11) 

Reduction: 

HO2* + e- *HO2-                                                (12) 

It has been observed that when photogenerated electrons are present, they can undergo a 

reductive process in which they react with molecular oxygen. This reaction tends to create 

superoxide anion radicals, denoted as *O2
−. These radicals are considered to be less toxic 

compared to other reactive species.(Amor et al., 2024; Balamurugan et al., 2025; Serouti et al., 

2024; Zohra et al., 2023).  

 

Figure 15. Photocatalytic degradation mechanism of Mg-Zn-Ca-Mn nanocomposite 

The holes that are generated during the same process have been found to undergo an oxidative 

process. Specifically, they can interact with water molecules or hydroxyl ions. This reaction 

results in the evolution of highly reactive hydroxyl radicals, denoted as *OH. Overall, the 

photogenerated electrons and holes exhibit different reactivity patterns, with the electrons 

leading to the formation of less toxic superoxyanion radicals. In contrast, the holes generate 

highly reactive hydroxyl radicals. Upon interaction with superoxide anions, the electron-hole 

pairs undergo a reaction that leads to the formation of H2O2 (Kandasamy et al., 2023; Meneceur, 

Bouafia, Laouini, Mohammed, Daoudi, Hasan, et al., 2023; Salmi, Souhaila, et al., 2024; Wang 
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et al., 2022). The utilisation of metal oxide combinations has resulted in the generation of 

highly active catalytic centres that significantly enhance the performance of photodegradation 

processes. A model proposed by A. Hezametal and Lei et al. (Hezam et al., 2018) was utilised 

to gain insights into the process of electron-hole separation and its impact on boosted 

photocatalytic activity. According to the proposed mechanism, it is postulated that MgO is 

located between ZnO and CaO, with CaO positioned between ZnO and MnO2. As a result, a 

repeating pattern of MgO and ZnO is formed, with all four oxides being close to each other 

within the nanocomposite. This arrangement gives rise to a heterostructure. Due to exposure to 

sunlight, the photoinduced electrons (e-) originating from the conduction band (CB) of ZnO 

were observed to migrate to the CB of MnO2, facilitated by the presence of MgO and CaO, 

which possess a positive CB. 

Concurrently, the photogenerated holes (h+) undergo transfer from the valence band (VB) of 

MnO2 to the VB of ZnO through the intermediation of CaO and MgO, facilitated by the 

negative VB (Devabharathi et al., 2024; Gharbi et al., 2023; Hasan, et al., 2024; Hasan, et al., 

2024; Meneceur, et al., 2023). The presence of these properties has hindered the recombination 

process of electron-hole pairs by prolonging the lifespan of the charge carriers (Mohammed et 

al., 2024; Son et al., 2021). The degradation of Amlodipine in a photocatalytic process 

primarily involves the cleavage of its dihydropyridine ring, leading to the formation of various 

intermediate products, including but not limited to pyridine and simpler organic compounds. 

These transformations typically occur through reactions initiated by hydroxyl radicals and 

other ROS, which abstract electrons from or add to the organic molecules, destabilising bonds 

and leading to fragmentation. For Rhodamine B, degradation usually starts with the cleavage 

of the ethylamine side chains, followed by the opening of the xanthene ring structure. The 

process generates several aromatic intermediates, which further degrade into smaller 

carboxylic acids and eventually into carbon dioxide and water under optimal conditions. This 

pathway is facilitated by the formation of hydroxyl and superoxide radicals on the 

photocatalyst's surface. The improved photocatalytic activity of the Mg-Zn-Ca-MnO2 

nanocomposite revealed that its effectiveness can be attributed to the efficient separation of 

photoinduced holes and electrons. This separation is achieved by transmitting holes and 

electrons across the contact boundary among MgO, ZnO, CaO, and MnO2. Moreover, a double 

heterojunction within the synthesised nanocomposite presents a promising option for 

enhancing the photocatalytic activity (Goktas & Goktas, 2021).  

5. Stability and reusability 

A series of reusability experiments were conducted to investigate the cycling durability of the 

composite photocatalyst. The investigation into the stability of the nanocomposite was 

conducted following five consecutive runs of photocatalytic experiments, using identical 

experimental conditions as those employed for the recycled nanocomposite. Following each 

run, the photocatalyst was isolated from the solution through centrifugation. Subsequently, it 

underwent two rounds of washing with deionised water and ethanol, followed by drying to 

prepare it for subsequent utilisation.  
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Figure 16. Stability of Mg-Zn-Ca-Mn nanocomposite against Rhodamine B (a) and 

Amlodipine (b) 

The sustained photocatalytic activity of the nanocomposite was observed even after undergoing 

five consecutive runs, and it is only reduced by 4.1% for Rhodamine B and 5.3% for 

Amlodipine, indicating the excellent stability of the nanocomposite towards industrial 

pollutants (Figure 16). The high stability of a nanocomposite after photocatalytic activity is due 

to its strong structural integrity, which resists degradation during cycles, and the robust 

interaction between its components, preventing phase separation or leaching (Rani et al., 2023). 

Additionally, resistance to photo corrosion, surface passivation to minimise defects, and high 

oxidation resistance contribute to its durability. The rod morphology of the MgO in the 

composite, which enables it to withstand harsh environmental conditions, also plays a critical 

role in maintaining stability over extended use. The stability also reveals that the 

nanocomposite's crystalline, functional, and morphological properties remain unchanged after 

five cycles. Preparation of Mg-Zn-Ca-Mn nanocomposite is an eco-friendly and 

straightforward method with excellent crystalline properties. A high-quality nanocomposite 

with enhanced physicochemical properties has been prepared in a very short period. The sol-

gel process has been utilised, and the cost required for producing the nanocomposite is 

comparatively low. The prepared nanocomposite effectively eliminates industrial pollutants in 

a short period, meeting market demand. The combination of metals, particularly Zn and Mg, 

can impart antimicrobial properties, making the nanocomposite suitable for treating water 

contaminated with microorganisms. Using Ca and Mg in the composite generally enhances the 

biocompatibility, making it safer for environmental applications without introducing harmful 

by-products. These nanocomposites are known for their structural integrity and can withstand 

harsh environmental conditions. Adding Mn provides mechanical strength and stability, crucial 

for long-term ecological remediation. All nanomaterials are involved in photocatalytic activity, 

which enables the effective transfer of electrons and reduces the recombination rate, thereby 

boosting the degradation process. From the above discussions, it has been observed that the 

prepared Mg-Zn-Ca-Mn nanocomposite could be an environmentally friendly material for 

various applications.  

6. Conclusion 

The highly effective photocatalyst has been prepared through the sol-gel method by combining 

the precursors of Mg, Zn, Ca, and Mn and reduced by NaOH simultaneously. The XRD results 

indicate the nanocomposite's crystalline nature and excellent structural properties, with an 

average crystallite size of 19.74 nm. The various functional groups and metal presence have 
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been confirmed using FTIR. The FESEM reveals the formation of rod morphology of MgO 

and spherical morphology of ZnO, CaO, and MnO2, which surrounds the rod. The EDAX and 

XRD represent the formation and high purity of Mg-Zn-Ca-Mn nanocomposite. The particle 

size of the nanocomposite is 36.64 nm, which also aligns with the crystalline size calculated 

from the XRD observations. Optical analysis revealed a favourable bandgap of 2.9 eV, enabling 

efficient photocatalytic degradation under sunlight. Precisely, 99.68% degradation of 

Rhodamine B was achieved in 60 minutes and 98.55% degradation of Amlodipine in 90 

minutes, surpassing the existing reports. The nanocomposite exhibited potent antibacterial 

activity, significantly inhibiting the growth of both S. aureus (15 mm) and E. coli (13 mm). 

Moreover, its antioxidant performance stabilised DPPH radicals with a scavenging efficiency 

of 97.45%, demonstrating its capability in neutralising reactive oxygen species (ROS). Stability 

studies revealed minimal efficiency loss (4.1% for Rhodamine B, 5.3% for Amlodipine) after 

five cycles, demonstrating its durability for repeated use. The combination of ZnO, MgO, CaO, 

and MnO₂ facilitated enhanced pollutant degradation, antimicrobial efficacy, and antioxidant 

activity, offering a promising, eco-friendly nanomaterial for wastewater treatment. Despite its 

promising results, some limitations remain in this study. Our work focused on sunlight-assisted 

degradation, but further research is needed to evaluate its performance under different light 

sources, such as LED or UV irradiation. Although the nanocomposite retains efficiency after 

five cycles, extended durability studies beyond laboratory conditions are necessary to assess 

its real-world applicability. Moreover, incorporating tests against MDR bacterial strains in 

future studies would significantly strengthen the evaluation of the Mg-Zn-Ca-Mn 

nanocomposite’s biocidal potential. Additionally, exploring its mechanism of bacterial 

inhibition in MDR strains, such as ROS generation, membrane disruption, and ion exchange, 

could help refine its composition for enhanced performance. Future studies could also compare 

its effectiveness with conventional disinfectants to highlight its advantages in environmental 

and biomedical applications. 
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