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Photocatalytic activity and
anticancer properties of green
synthesized ZnO-MgO-Mn, O,
nanocomposite via Ocimum
basilicum L. seed extract
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Green synthesis using plant extracts such as Ocimum basilicum L. (OBL) seed has attracted

attention due to its sustainable and environmentally friendly nature. In this study, ZnO-MgO-Mn,0,
nanocomposites were synthesized using OBL seed extract at two different calcination temperatures
of 500 °C and 600 °C, and evaluated in terms of photocatalytic application and cytotoxicity.
Phytochemicals in OBL seeds act as reducing and masking agents in the production route, which leads
to the formation of nanomaterials with unique properties. Characterization techniques, including
XRD, FE-SEM, and DRS were used to analyze the structural, morphological, and optical features of
the nanocomposite. XRD results confirmed increasing crystal size from ~32 nm (500 °C) to ~ 84 nm
(600 °C). Also, FE-SEM images showed formation of irregularly shaped nanocomposites and the EDX
spectra of the samples confirmed the presence of zinc, magnesium, manganese, and oxygen elements.
The photocatalytic behavior of the nanocomposite cacined at 500 °C was investigated for different
organic pollutants. Removal percentages of 97% for Eriochrome Black T dye (pH =10 for 90 min),

99% for methylene blue dye (pH =10 for 60 min), 89% for methyl orange dye (pH =10 for 105 min),
and 86.9% for Rhodamine B dye (pH =3 for 90 min) were obtained. Moreover, the cytotoxicity of the
synthesized nanocomposite at 500 °C was evaluated on the 4T1 cell line to investgate its effect on
biological systems, and the IC,, value was obtained around 323 pg/mL.

Keywords Plant-mediated synthesis, ZnO-MgO-Mn,O, nanocomposite, Ocimum basilicum L. seed,
Anticancer, Photocatalytic

Abbreviations

ZnO Zinc oxide

MgO Magnesium oxide

Mn,O, Manganese (III) oxide

ROS Reactive oxygen species

DRS Diftuse reflectance spectroscopy
OBL Ocimum basilicum L.

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MB Methylene blue

RhB Rhodamine B

MO Methyl orange

DI Deionized

EBT Eriochrome black T
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DMSO Dimethyl sulfoxide
DMEM Dulbecco’s modified eagle medium

IC,, Half-maximal inhibitory concentration
FT-IR Fourier transform-Infrared

UV-Vis Ultraviolet-visible

XRD X-ray diffraction

EDX Energy dispersive X-ray

FE-SEM  Field emission scanning electron microscopy
PSA Particle size analyzer

In recent years, nanotechnology has emerged as a transformative field with wide applications in energy, medicine,
and environmental sustainability. Metal oxide nanocomposites are innovative materials that combine several
metal oxide components at the nanoscale, offering improved properties and diverse applications"2. Trimetal
oxide nanocomposites are powerful tools for environmental remediation, which consist of three different metal
oxides. They have emerged as promising materials for environmental remediation due to their unique properties
and synergistic effects. Some of the key properties of these materials are: 1: High surface area: This property
increases the capacity to absorb pollutants and turns them into efficient absorbers, 2: Strong oxidation and
reduction properties: trimetallic oxides often show strong oxidation and reduction properties, enabling them to
degrade pollutants through oxidation-reduction reactions, 3: Photocatalytic activity: when these materials are
exposed to light, they can produce reactive oxygen species (ROS) that can decompose organic pollutants'=->. The
synergistic effects of the constituent metal oxides give rise to the properties of new materials with a wide range
of potential applications. These nanocomposites take advantage of the synergistic effects of their components,
leading to improved performance compared to their counterparts. Synthesis of nanocomposites can be achieved
through traditional chemical methods as well as innovative green synthesis techniques, each offering unique
advantages and considerations. The chemical method involves the controlled manipulation of chemical reactions
to synthesize metal oxide nanocomposites. Researchers can adjust the composition, size, shape, and structure
of nanocomposites by carefully selecting metal precursors, solvents, and reaction conditions®. Traditional
methods of large-scale synthesis of nanomaterials, such as chemical and physical methods, have disadvantages
including high costs, negative environmental effects, and energy consumption’. In response to these challenges,
“green synthesis” has emerged as a promising alternative. This technique uses organic materials such as plant
extracts as reducing and stabilizing agents in the process of producing nanoparticles®’. Incorporating organic
materials such as plant extracts into the synthesis process not only reduces the environmental impact but also
opens up exciting avenues for applications in various fields, from environmental remediation to biomedicine'°.
The green synthesis method focuses on sustainable and eco-friendly procedures for producing metal oxide
nanocomposites'!"13. By using natural sources such as plant extracts, microbes, or bio-waste as reducing and
stabilizing agents, researchers can minimize the use of toxic chemicals and reduce the environmental impact
of the synthesis process'*~!”. The synthesis process begins with the extraction of plant components, especially
polyphenols, which act as reducing and stabilizing agents'®!°. These bioactive compounds play a key role in the
formation and stability of nanocomposite by coordinating with metal ions during the synthesis process.

Pollutants such as heavy metals, organic dyes and pharmaceutical compounds can have significant adverse
effects on human health. Exposure to these pollutants can lead to a variety of health problems including:
cancer, neurological disorders, respiratory problems, and skin problems. Zinc oxide (ZnO) nanoparticles (a key
component of nanocomposites) exhibit unique properties such as high surface area, excellent photocatalytic
activity, and biocompatibility?’. The use of ZnO nanoparticles in photocatalysis and their potential cytotoxicity
towards cancer cells show the diverse range of applications that nanomaterials can have in environmental
improvement and health care. The challenges faced by ZnO nanoparticles, such as the fast recombination of
electron-hole pairs and poor absorption of visible light, highlight the importance of exploring nanocomposites
and modifications to enhance their performance?'. Magnesium oxide (MgO) nanoparticles (another essential
component) have properties that increase the overall performance of the nanocomposite. MgO nanoparticles
have been widely studied for their photocatalytic activity, biocompatibility, and potential applications in drug
delivery and imaging methods?*>?. In addition, MgO nanoparticles have a band gap in the UV region, which
enables them to efficiently absorb UV light and generate electron-hole pairs that facilitate redox reactions
for advanced photocatalysis. Their ability to generate reactive oxygen species (ROS) makes them promising
cytotoxic agents against cancer cells??. Manganese oxide nanoparticles (Mn,0O,) bring more advantages to the
nanocomposite because of their high surface area, visible light absorption, and catalytic attributes**. Mn,O,
nanoparticles have been shown in applications such as water purification, supercapacitors, and targeted cancer
treatment®®. Their cytotoxic effects on cancer cells, primarily cause oxidative stress and damage to cellular
components?. By exploring the synergistic effects of ZnO, MgO, and Mn, O, in a nanocomposite form through
green synthesis, researchers aim to unlock new possibilities for efficient photocatalysis and targeted cytotoxicity
toward cancer cells, shedding light on the promising applications of nanotechnology in addressing key challenges
in environmental and biomedical domains.

In recent years, many studies have been conducted on the synthesis of metal oxide nanocomposites and
their photocatalytic properties and cytotoxicity. In 2020, Zgura et al. synthesized ZnO-CdS nanocomposite by a
simple chemical precipitation method and investigated its photocatalytic effect for removing methylene blue dye
and its toxicity effect on BJ cells*’. In 2021, Shubha et al. synthesized ternary ZnO/Eu,0,/NiO nanoparticles by
a simple one-pot combustion method and its photocatalytic activity was investigated for the photodegradation
of methylene blue?®. In 2023, Yadav et al. synthesized Cu,0/RGO nanocomposite using orange pulp extract
as a reducing and stabilizing agent and used it as a catalyst for the photocatalytic degradation of DC in water
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samples?’. In 2024, M. Abdelbar et al. synthesized CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite by green
sonochemical method and studied its photocatalytic effect in the degradation of Rhodamine B dye*.

The objective of current research is a green synthesis of the new ternary ZnO-MgO-Mn,O, nanocomposite
through an environmentally friendly process using Ocimum basilicum L (OBL) plant extract. OBL extract is used
in the synthesis of nanomaterials due to its rich composition of bioactive compounds, especially flavonoids that
can act as reducing agents and facilitate the reduction of metal ions to form nanoparticles. They can also act as
capping agents, stabilizing nanoparticles and preventing their aggregation. On the other hand, flavonoids are
generally biocompatible, which is important for the development of nanomaterials for biomedical applications.
The photocatalytic ability of the synthesized nanocomposite to remove different dyes (MB, EBT, MO, and RhB)
from aqueous solution under UV light irradiation was investigated. In addition, a cytotoxicity evaluation of
the synthesized nanocomposite performed to study its effectiveness against cancer cells. This study undeniably
verify that the ZnO-MgO-Mn,O, nanocomposite has promising applications in a wide range of applications in
the fields of biomedicine and environmental protection.

Experiential section

Materials

The chemicals were used without undergoing any purification. Zn(NO,),. 6H,0, Mg(NO,),. 6H,0, Mn(NO,),.
4H,0, methylene blue (C, H,,CIN,S), rhodamine B (C,;H,,CIN,0O,), eriochrome black T (C,;H ,N,O_SNa),
methyl orange (C,,H, ,N,NaO,S), HCI, and NaOH were bought from Sigma Co. In this project, deionized (DI)

water was used to make all solutions.

Preparation of nanocomposite

To prepare the OBL plant extract for the synthesis of the nanocomposite, OBL plant were first collected from
areas of Hezar Masjed in Dargaz, Iran, and the seeds were separated from its flowers. After that, they were washed
twice with distilled water and dried in the dark. Next, 1 g of dried plant seeds was mixed with deionized water
(0.1 L) and stirred for 120 min (60 °C). Then it was filtered using the Whatman 42 paper for twice and stored in
a cool place to be used in the synthesis process. To synthesize ZnO-MgO-Mn,0, nanocomposite, the solutions
of zinc nitrate (50 mL), magnesium nitrate (50 mL), and manganese nitrate (50 mL) with a concentration of
0.5 M were prepared separately. Later these solutions were mixed and stirred on a magnetic stirrer (700 rpm)
for 45 min. Meanwhile, 30 mL of OBL seed extract was added to the previous step solution and kept at 80 °C for
6 h to form a gel. Finally, the obtained gel was dried for 8 h at 80 °C and then calcined at 500 °C and 600 °C for
2 h to form ZnO-MgO-Mn,O, nanocomposites*'. Figure 1 schematically shows the stages of nanocomposite
synthesis.

Characterization

The XRD patterns of the green-synthesized ZnO-MgO-Mn,O, nanocomposites calcined at 500 °C and 600 °C
were recorded utilizing an X-ray diffractometer at 26 =10-80". FT-IR analysis was used to identify functional
groups in nanomaterials (in the range 400-4000 cm™1!). UV-Vis-DRS analysis has been used to study the optical
properties and band gap energy of the nanocomposites. FE-SEM analysis is used to investigate the morphology
of nanocomposite which provides high-resolution images. Digimizer software measured the particle size
distribution according to FE-SEM images. EDX analysis has been employed to determine atomic and weight
percentages of elements in the nanocomposite, which gives insight into the composition and distribution of
elements in the sample. These characterization techniques provide detailed information on the structural,
morphological, and optical attributes of the ZnO-MgO-Mn,O, nanocomposite, contributing to a comprehensive
understanding of its properties and potential applications.

Trials about photodegradation

The efficiency of ZnO-MgO-Mn,O, nanocomposite was investigated for removal of MB, MO, EBT, and RhB dyes
from aqueous solution under UVA light irradiation. Initially, 27.9 mg of the photocatalyst was introduced into
100 mL of each of the dye solutions (10~> M). Before exposure to UV light, the combined solutions underwent
agitation in darkness for 45 min, which allowed for the equilibrium of dye molecules’ adsorption and desorption.
The photodegradation process commenced with the activation of UVA light, which catalyzed the degradation of
the dyes. At regular intervals of 15 min, an amount of the solution (2 mL) was removed to monitor the progress
of the degradation route. This periodic sampling ensured continuous assessment of degradation efficiency
over time. Next, the collected samples were centrifuged to separate the catalyst from the solution (12,000 rpm
for 10 min). Then, the absorption of the samples was measured using UV-Vis spectroscopy. The degradation
efficiency of dyes was determined using a specified formula (Eq. 1), which includes the initial concentration of
dyes and the remaining concentrations after the photodegradation process*>*.

Degradation (%) = [(Ao — A¢)/Ag] x 100 (1)

where A, indicates absorbance after a specific period and A, indicates starting absorbance. Reaction kinetic
models are valuable tools for explaining the time-dependent correlation between the system’s operational
parameters and the degradation rate of organic pollutants or the inactivation rate of microorganisms. The
following relationships can be applied to find pseudo-first-order kinetic (Eq. 2)**3> and pseudo-second-order
kinetic behaviors (Eq. 3)%%%.

C
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Fig. 1. Schematic steps of ZnO-MgO-Mn,O, nanocomposite synthesis, (1) Preparation of extract, (2)
Preparation of salt solutions, (3) Mix the salt solutions with the extract, (4) The formation of gel, (5) Dried at
80 °C for 8 h, (6) Calcination at 500 °C and 600 °C for 2 h.

CO: Initial concentration, C . Concentration at a certain time, and K5 is the reaction rate constant.

Lo Lt ;
qt_qu qe ()

where g, is the adsorbent quantity at equilibrium, and g, is the amount absorbed at time t.

Results and discussion

XRD

Figure 2 shows the XRD patterns of the ternary metal oxide nanocomposite (ZnO-MgO-Mn,0,). The diffraction
peaks were identified and indexed based on the standard JCPDS database. The observed peaks at 20 of 31.77,
34.43, 36.26, 47.55, 56.61, 62.87, 67.97, and 69.11° correspond to the (100), (002), (101), (102), (110), (103),
(112), and (201) crystal planes of ZnO (JCPDS card # 01-079-0206)*%°. Similarly, the peaks at 26 values of
36.93,42.91, 62.3, and 74.69° can be assigned to the (111), (200), (220), and (311) crystal planes of MgO (JCPDS
No#00-045-0946)%%41, Additionally, the peaks at 26 values of 23.13, 32.95, 34.68, 38.23, 45.18, 55.19, and 65.8°
are attributed to the (211), (222), (321), (400), (332), (440), and (622) crystal planes of Mn,0, (JCPDS No #
00-041-1442)*243, Scherrer’s Eq. (4) was used to estimate the grain size of the nanomaterials, and the results
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Fig. 2. XRD patterns of the synthesized ternary ZnO-MgO-Mn,0, nanocomposites.

Tem (°C) | Crystallinity (%) | *SSA (m?/g) | *8 (line/m?) | Grain size (nm) | *e
500 51.64 39.27 1.8 322 2.86
600 54.29 32.42 1.3 389 4.10

Table 1. The crystallographic data and sample characteristics. *SSA: Specific surface area. *§: Dislocation-
density. *e: Micro strain.

show the increase in crystallite size with increasing calcination temperature**>. Also, according to Eq. (5),
the crystallinity (%) of the synthesized nanocomposites is estimated by comparing the area under the XRD
peaks to the total area of the XRD pattern®®. Furthermore, the dislocation density for the nanocomposites were
derived using Eq. (6)*, while Eq. (7) evaluated deformation or crystal defects in the nanocomposites in terms
of strain*®*°. On the other hand, Eq. (8) was used to compute the specific surface area (SSA)>*°!. All calculated
parameters are presented in Table 1.

D =0.89) /(B cosb) (4)

where D is average crystallite size, A is X-ray wavelength, f is full width at half maximum (FWHM) of the peak,
and 0 is the diffraction angle.

Crystallinity (%) = (ACP/AT) x 100 (5)

where A is the region below crystalline peaks and A, is total area.
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s=1Yp» (6)
4 is dislocation density,
e= B /A tan 0 7
where ¢ is the lattice strain, and
Specific surface area = 6000/p % D (8)

p is the density as determined from XRD analysis.

FT-IR

FT-IR spectra of the synthesized nanocomposites are illustrated in Fig. 3. The prominent peak at 470 cm
is an indicative of the metal-oxygen bond’s stretching vibrations, suggesting excellent dispersion of the metal
oxide nanocomposite®?. Additionally, a distinct peak detected about 1460 cm™! corresponds to the stretching
vibrations of the C-C bond, possibly originating from organic molecules in the OBL extract®®. The absorption
band at 3440 cm™! implies the presence of O-H group stretching vibrations®%. The comparison of the FTIR
spectrum of the OBL extract with the samples 500 °C and 600 °C shows that the intensity of the O-H peak is
significantly lower for the nonocomposites. This shows that water molecules and hydroxyl groups are removed
from the samples at high temperatures. Also, various characteristic absorption peaks present in the spectrum of
OBL extract are absent in the spectra of the nanocomposites that verifies the removal of organic matter during
the calcination process and the formation of a more crystalline metal oxide structure.
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Fig. 3. FT-IR spectra of the synthesized ZnO-MgO-Mn, O, ternary nanocomposites. The FTIR spectrum of
OBL extract is included for comparison.
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Morphology study

FE-SEM images of ZnO-MgO-Mn,0O, nanocomposites calcined at 500 °C and 600 °C are shown in Figs. 4a and
5a, respectively. FE-SEM images indicate formation of relatively irregular particles for both nanocomposites,
however, the nanocomposite calcined at 500 °C exhibits a more uniform appearance and smaller particle size
than the 600 °C sample. To accurately analyse the images and determine the average particle size, FE-SEM images
were processed using Digimizer software and analyzed using SPSS software. The particle size distribution curves
obtained from the analysis are shown in Figs. 4b and 5b for the samples 500 °C and 600 °C, respectively. It should
be noted that the results indicate a significant increase in the average particle size from 31.8 nm at 500 °C to
83.8 nm at 600 °C. To identify and quantify the constituent elements in the ZnO-MgO-Mn,0, nanocomposites,
EDX analysis was performed on the samples and Figs. 4c and 5c¢ confirmes the presence of zinc, magnesium,
manganese and oxygen in the synthesized samples. Also, the atomic and weight% of the elements are shown in
a table in Figs. 4 and 5. Furthermore, the mapping images (Figs. 4d and 5d) show the elemental distribution in
the synthesized nanocomposites, which confirms a uniform dispersion of the constituent elements throughout
the samples.

UV-Vis-DRS analysis

It is very important to understand the efficiency of a photocatalyst in photodegradation with key parameters
such as band gap energy and absorption coefficient playing an important role®. The absorption spectra of the
synthesized ZnO-MgO-Mn,0, nanocomposites and their corresponding Tauc plot for band gap determinaion
are revealed in Fig. 6a,b. It is noteworthy that both nanocomposites exhibit high absorption in a wide range of
DRS absorption spectrum including visible and near-infrared regions as can be seen in Fig. 6a. This behaviour is
promising in optical applications need high absorption of light such as photocatalytic reactions.
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Fig. 4. (a) FE-SEM images of ZnO-MgO-Mn,O, nanocomposite calcined at 500 °C, (b) particle size
histograms; (¢) EDX spectrum, and (d) mapping (e).
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Fig. 5. (a) FE-SEM images of ZnO-MgO-Mn,0, nanocomposite calcined at 600 °C, (b) particle size
histograms; (¢) EDX spectrum, and (d) mapping (e).

To determine the band gap of the nanocomposite, Eq. (9) (Tauc equation) was used and the band gap values
are presented in Fig. 6b°. In addition, the Kubelka-Munk function Eq. (10) was used to accurately determine the
absorption coefficient>”8. To obtain band gap values, it is necessary to use techniques such as linear fitting, which
emphasizes its pivotal role in revealing the optical complexities of nanocomposites for potential applications in
advanced photocatalysis

(ahv)® = A(hw — E,) )

where « is the absorption coeflicient, hv is photon energy, A is a constant, E_is band gap energy, and » is Tauc
exponent (typically is 1/2 to 2 depending on the nature of the optical transition).

2
o =F(Re) =g = G =) (10)

F(R) is the Kubelka-Munk function; (R) is the reflectance of the sample.

The calculated band gaps of the ZnO-MgO-Mn,0, nanocomposites calcined at 500 °C and 600 °C are 5.36 eV
and 5.40 eV, respectively, as depicted in Fig. 6b. The results indicates that the increase in calcination temperature
from 500 to 600 °C did not have much effect on the band gap values of the synthesized nanocomposites.
The typical band gaps of constituent metal oxides are 3.5 eV, 5.2 eV, and 1.5 eV for ZnO, MgO, and Mn,0,,
respectively, as reported in the literatures®*’. On the other hand, the absorption spectra of the synthesized
nanocomposites obviously exhibit three distinct absorption egdes occurred at ~800 nm, 400 nm, and 240 nm
that can be well attributed to the band gaps of the nanocomposite components i.e. Mn,O, ZnO, and MgO,
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Fig. 6. Absorbance spectra (a) and Tauc plots (b) of ZnO-MgO-Mn,0, nanocomposites.

respectively. However, the fundamental band gap of the synthesized nanocomposites as determined by Tauc
method is close to the band gap of MgO component.

Synthesis mechanism

In the synthesis process of ZnO-MgO-Mn,O, nanocomposite, the phytochemicals in OBL extract act as reducing
and masking agents that control the size, shape and stability of nanoparticles. Polyphenols, flavonoids and other
bioactive compounds are extracted from basil seeds using water as a suitable solvent. Next, the reduction of
metal ions occurs in such a way that the plant extract is added to metal ions (Zn>*, Mg*, Mn®*). The reducing
agents in the extract, such as polyphenols, donate electrons to metal ions and reduce them to their elemental
state. The following redox reactions (reactions 1-3) may occur here:

Zn*T 4+ 2¢7 = zZn°
Mg*t + 2¢7 — Mg°
Mn*" + 27 —» Mn°

Atoms of the reduced metal combine to form a nucleus. On the other hand, capping agents from the extract
adsorb onto the surface of the nuclei, preventing further growth and agglomeration. Nanoparticles grow through
the addition of more metal ions and the subsequent reduction process. Next, metal nanoparticles are oxidized
by oxygen in the air or by oxidizing agents in the solution. The oxidation process leads to the formation of metal
oxide nanoparticles. The specific mechanism of oxidation may involve complex reactions including hydrolysis,
condensation and redox reactions. Finally, individual metal oxide nanoparticles (ZnO, MgO, and Mn,0,)
interact with each other through various mechanisms such as electrostatic interactions, hydrogen bonding, or
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covalent bonding to form the ZnO-MgO-Mn,0, nanocomposite. These interactions leads to the formation of
the nanocomposite with unique structure and properties.

In summary, according to the results, although the samples calcined at 500 °C and 600 °C are not significantly
different in terms of crystalline structure, chemical composition, and optical properties. However, FE-SEM
results showed that the particles calcined at 500 °C are more uniform with smaller particle size than the sample
calcined at 600 °C. For this reason, this sample is selected for photocatalytic and cytotoxicity tests.

Photocatalytic activity

When incident light of suitable energy interacts with the semiconductor photocatalyst material, valence band
electrons absorb this energy and move to the conduction band with higher energy, leaving holes in the valence
band®!. In the valence band, water molecules generate hydroxyl radicals under oxidative reactions facilitated by
holes®2. Simultaneously, with the reduction of dissolved oxygen by electrons in the conduction band, superoxide
anion radicals are produced®. Hydroxyl radicals and superoxide anions have strong redox properties that cause
the oxidation of pollutants. Under certain conditions, superoxide anions may react with h* ions in the aqueous
medium, leading to the generation of excess hydroxyl radicals (OH'). These radicals play an important role in
further oxidation reactions. Hydroxyl radicals (OH) produced during the process undergo rapid decomposition
and contribute to redox reactions and continuous formation of hydroxyl radicals to drive the oxidation process
forward. The detailed reactions of the photocatalytic mechanism are outlined in reactions 4-8, which elucidate
the complex set of events leading to the degradation of pollutants and organic compounds.

hv + (ZnO — MgO — MnsOs) — h™ +e” (4)
H,O+h™ — H" +OH ()

O+ e — O 5 (6)

Dye +h' — Oxidation products (7)

Dye + e~ — Reduction products (8)

Considering the importance of pH parameters, its effect on the removal of different dyes from aqueous solution
was investigated. This research discusses how different pH levels affect the degradation/adsorption of dyes (MB,
MO, EBT, and RhB) using ZnO-MgO-Mn,0, nanocomposite. So, in conditions with a dye concentration of 10~
M and catalyst concentration of 1073 M, the effects of pH were investigated on the degradation process of MB
(pH: 3, 7, and 10), RhB (pH: 3, 7, and 10), MO (pH: 3, 7, and 10), and EBT (pH: 3, 7, and 10) dyes. Based on the
findings, with increasing pH, higher removal percentages were observed for MB (pH =10, 99%), MO (pH =10,
88.5%), and EBT (pH=10, 97%) dyes, while for RhB dye, more removal percentage was detected at lower pH
values (pH=3, 86.9%) (Fig. 7). It was noticed that the surface uptake of MB and MO dyes was negligible as
shown in Fig. 8a and c. However, Fig. 8b and d indicate that the surface adsorption of EBT dye under dark
conditions was approximately 30, 40, and 50%, for the acidic, neutral, and alkaline conditions, respectively.
For RhB, surface adsorption was observed only at pH =3, with an approximate value of 20%, while negligible
adsorption occurred at pH 7 and 10.

Also, the kinetic diagram of photocatalytic degradation of all dyes is presented in Fig. 8. The results show that
all photocatalytic reactions follow pseudo-first-order kinetic. Based on the results, this nanocomposite had the
best performance for MB dye at pH = 10 among other dyes. In the period between 0 and 15 min, a rapid increase
in degradation was observed, followed by a slower rate. Also, the photocatalytic reaction constant obtained for
MB, MO, RhB, and EBT are 0.068, 0.019, 0.025, and 0.020, respectively.

A comparison of the photocatalytic activity of the ZnO-MgO-Mn,0, nanocomposite produced by the
green chemistry method with ZnO and some other similar metal oxide nanocomposites is presented in Table 2
that demonstrated a promising photocatalytic performance of the synthesized sample in the degradation of
dye pollutants. Also, a proposed mechanism of photocatalytic activity of the synthesized ZnO-MgO-Mn,O,
nanocomposite at 500 °C is represented graphically in Fig. 9 providing a visual guide to the sequence of steps
involved in harnessing light energy for catalytic reactions and pollutant cleanup®*°.

Evaluation of anticancer activity

In this study, the cancerous 4T1 cells were grown in complete DMEM culture media under specific conditions
and incubated (37 °C and 5% CO,) for 24 h. To determine the selective toxicity of the synthesized ZnO-MgO-
Mn,O, nanocomposite, the cells were placed in a 96-well plate with a density of 1x10* cells per well. Next
24 h, the cells were treated with various concentrations of ZnO-MgO-Mn,O, nanocomposite (7.5 to 1000 pg/
mL). After 48 h, the culture medium was exchanged with fresh medium including MTT dye (5 mg/mL), and
incubated for a further 4 h. The resulting insoluble formazan was dissolved in DMSO for 15 min. The absorbance
of the dissolved formazan at 570 and 630 nm was measured to determine the number of viable cells using
a specific Eq. (11). This experimental setup allowed for the evaluation of the synthesized ZnO-MgO-Mn,O,
nanocomposite impact on cancerous cell lines, providing insights into its potential as an anti-cancer agent”>.

Cell survival (% ) = Sample absorbance/ Control absorbance (11)

The results presented in Fig. 10 show that the green-synthesized ZnO-MgO-Mn,O, nanocomposite has a
significant cytotoxic impact on cancerous 4T1 cells (P-value less than 0.001). The calculated IC, value confirms
the selectivity of ZnO-MgO-Mn,O, nanocomposite in reducing the 4T1 cells’ survival and the minimum IC,
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Fig. 7. The influence of pH on the degradation process of MB (a), EBT (b), MO (c), and RhB (d).

value was 323 pg/mlL, indicating that 4T1 cells are sensitive to ZnO-MgO-Mn,O, nanocomposite exposure at
lower doses. Table 3 reportes anticancer activities of some different metal oxide nanocomposites to compare
with the results of the present study.

Conclusions

In this paper, novel ternary ZnO-MgO-Mn,O, nanocomposites were successfully synthesized employing an
environmentally friendly approach, using OBL seed extract under different temperature conditions (500 and
600 °C). By using a comprehensive set of analytical techniques including XRD, UV-Vis/DRS, FTIR, EDX, and FE-
SEM, the structural features, dimensions, and morphology of the nanocomposite were investigated. XRD results
verified formation of three different phases ofZnO, MgO, and Mn,0, and it was observed that with the increase
in the synthesis temperature, the crystallite size increased but the crystalline structure of the nanocomposites
were almost similar. The DRS results showed not noticeable change of band gap values with calcination
temperature, however, the samples exhibit high absorption in the wide range of the UV-Vis-NIR spectrum.
Distinct absorption adges originated from consitutent metal oxides were detected in the absorption spectra of
the synthesized ternary ZnO-MgO-Mn,0, nanocomposite. On the other hand, by examining the photocatalytic
activity, the effect of pH on the removal of four different dye pollutants from aqoues solution was tested. Based
on the findings, with increasing pH, higher degradation percentages were observed for MB (pH =10, 99%), MO
(pH=10, 88.5%), and EBT (pH=10, 97%) dyes, while for RhB dye, more degradation percentage occurred at
acidic pH (pH =3, 86.9%). Finally, cytotoxicity evaluation of ZnO-MgO-Mn,O, nanocomposite on 4T1 cancer
cell line presented an IC, value of 323 ug/mL. These promising results are well applied to the use of ZnO-MgO-
Mn,0, nanocomposite in various applications, from industrial and biomedical sectors to a revolution in water
and wastewater treatment and cancer treatment.
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341eV

Methylene blue 90 92.6
Methyl orange 90 90.5
ZnO 6
Rhodamine B 75 93.2
Pararosaniline 75 92.9
Methylene blue 120 95
ZnO-CdS-CdO o7
Rhodamine B 120 95
N-doped ZnO/GO | Brilliant green 90 100 o8
CuO/CuS/ZnO Rhodamine B 160 93.2 ©
ZnO/Au/Pd Methylene blue 180 97 7
La-ZnO-GO Eosin yellow 210 100 7
Methylene blue 90 96
ZnO/g-C,N,/Ag 72
Malachite green 90 99
Methylene blue 60 99
Methyl orange 105 87.3
ZnO-MgO-Mn,0, Present work
Rhodamine B 75 96.5
Eriochrome Black T | 90 97.2

Table 2. Comparison of the photocatalytic activity of the ZnO-MgO-Mn,O, nanocomposite produced by the
green chemistry method with some other similar nanocomposites described in the literatures.
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Table 3. Comparison of the anticancer activity of the ZnO-MgO-Mn,0O, nanocomposite produced by the
green chemistry method with some other similar nanocomposites described in the literatures.
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