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y transfer: utilizing biogenically-
synthesized ZnMn2O4 nanoparticles from Arachis
hypogaea seeds for photoluminescence,
adsorption, and photocatalytic applications

Aakash Venkatesan, a Aatika Nizam, *a Anila Rose Cherian, a Rupali Patel, b

Jobi Xavier, c Pooja K R,d Harini Re and Nagaraju G *f

The green synthesis of nanoparticles (NPs) has emerged as a sustainable alternative to conventional

chemical approaches, primarily due to the use of phytochemicals as reducing and stabilizing agents. In

the present study, bimetallic ZnMn2O4 nanoparticles were synthesized via a green combustion method

employing Arachis hypogaea (peanut) seed powder as a natural fuel source. The synthesized ZnMn2O4

NPs were systematically characterized using XRD, FTIR, SEM, BET, UV-Vis, and PL spectroscopy to

elucidate their structural, morphological, and optical properties. Distinct bluish-green fluorescence was

observed under short-wave UV irradiation (254 nm), enabling their application in latent fingerprint

visualization. The multifunctional performance of the ZnMn2O4 NPs was further demonstrated in

environmental applications. The materials exhibited enhanced adsorption (63% ± 0.2%) and

photocatalytic degradation (79% ± 0.3%) efficiencies against Methylene Blue (MB) dye under UV

irradiation, with results statistically significant (p < 0.05). In addition, the NPs effectively reduced toxic

Cr(VI) ions in aqueous media, highlighting their potential as efficient detoxification agents. Overall, this

work demonstrates a novel, green synthesis route for ZnMn2O4 nanoparticles that uniquely integrates

environmental remediation and forensic applications. The dual functionality addressing both pollutant

degradation/detoxification and forensic fingerprint visualization positions this study as a rare and

innovative contribution to the field of nanotechnology.
1. Introduction

In the past two decades, the advancement of nanotechnology
has been tremendous. It can be attributed to the unique phys-
ical and chemical properties1 of nanomaterials that led them to
be utilized in a diverse range of scientic elds, including
chemistry,2 biology,3 physics,4 engineering,5 materials science6

and medicine.7 The distinctive properties of nano materials are
their nano range with a large surface area as compared to the
micro range of similar materials. Thus, intensive research has
been undertaken by researchers to expand the usage of Nano-
materials in multidisciplinary elds such as medical thera-
peutics,8 structural materials,9 energy production10 and
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degradation of organic effluents.11 Upon investigation of the
multidisciplinary aspects, a class of nanotechnology known as
semiconductor nanoparticles has drawn the attention of
researchers due to spatial quantum connement12 and tunable
alteration in the band gap, which can contribute chiey in
various applications.13

The transition metal oxides possess both semiconductor
properties and excellent redox properties due to their empty
d orbitals, which readily lose or capture electrons, making them
an ideal metal oxide catalyst.14 Among these semiconductor
transition metal oxide nanoparticles, Zinc oxide (ZnO) is
extensively used in a variety of industries, including the
production of UV light-emitting diodes and lasers15 due to its
sensitive reactivity towards both visible and ultraviolet light.16

Furthermore, ZnO is frequently employed as a heterogeneous
catalyst in the chemical industry to produce a wide range of
compounds, including methanol.17 However, ZnO's limited
reusability, rapid electron–hole recombination, and poor
adsorption ability limit its catalytic efficacy.18 Additionally,
oxides of manganese are known to play signicant catalytic
roles in various organic reactions due to their high redox and
catalytic properties.19 The spinel structure of AB2O4 is more
© 2025 The Author(s). Published by the Royal Society of Chemistry
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appealing than conventional single-metal oxides because they
may electron-hop between the various valence states of the
metals at O-sites and provide the surface active metal centers
that are required for redox reactions.20 Various researchers have
synthesized different metal oxides such as MnFe2O4,21

Nd2Sn2O7,22 CuMn2O4.23,24 Among these, zinc manganate
(ZnMn2O4) has garnered signicant interest owing to its novel
characteristics and extensive usage in various elds including
magnetic resonance imaging, lithium ion batteries, catalysis,
solid electrolytes, and photocatalysis.25 It is also used in the
forensic department to identify the secondary and tertiary
information in the ngerprints. This can be attributed to the
highly uorescent emissive nature of the NPs when an excited
electron degenerates to the ground state.26 One of the major
drawbacks researchers were facing in the early 20th century was
the sustainable synthesis of these semiconductor nano-
materials without the use of toxic chemicals. The chemical
method includes sol–gel,27 hydrothermal,28 and electrochemical
synthesis,29 which release toxic compounds. Therefore,
a sustainable approach has been employed in using biological
extracts as the precursors for bio-reduction and stabilization of
the nanoparticles.30 This accounts for the eco-friendly synthesis
due to the utilization of phytochemicals such as phenolic
compounds, vitamins, polysaccharides, proteins, avonoids,
organic acids, and steroids present in the bio-extracts for the
formation and increasing the stability of nanoparticles.31

Additionally, seeds are rich sources of polysaccharides due to
their storage function, and peanuts in particular contain addi-
tional natural oils. These components generate an exothermic
environment during combustion and release large volumes of
gases (CO2, H2O, N2), which facilitate the formation of porous
nanoparticles with higher surface area and reduced crystalline
size.30

Rapid industrialization has brought a low concentration of
pollutants with higher levels of toxicity in the aquatic environ-
ment.32 Recalcitrant organic compounds such as pesticides,
dyes, hormones, pharmaceuticals, and surfactants from various
sectors of the industry are seen as a major threat to water
contamination.33 These organic pollutants, when released into
water bodies, undergo anaerobic degradation to form carcino-
genic amines, which are toxic to the aquatic organisms and the
environment.34 This also causes human disorders, which
include nausea, skin ulcerations, and hemorrhage.35 Therefore,
the necessity to treat the toxic organic pollutants has become
important in the current scenario. Various strategies, such as
adsorption,36 coagulation/occulation,37 biodegradation,38

advanced oxidative degradation39 and photocatalysis40 have
been employed for the treatment of organic pollutants. Among
these photocatalytic properties of transition metal oxides, along
with semiconducting, catalytic, and redox properties, prevailed
in their territory in the degradation of various organic pollut-
ants.41 Therefore, in this study, we have synthesized a bimetallic
transition metal oxide, zinc manganate (ZnMn2O4), employing
a traditional green combustion method with peanut powder as
the fuel, which contains a rich source of sucrose and natural
oils. Characterizations such as XRD, FTIR, UV-Vis, SEM, and
BET were performed to determine the surface morphological
© 2025 The Author(s). Published by the Royal Society of Chemistry
characteristics of the synthesized ZnMn2O4 nanoparticles.
Catalytic properties of ZnMn2O4 nanoparticles were evaluated
by subjecting the NPs to the photodegradation of methylene
blue dye and detoxication of chromium ions. Photostability
was also examined for the commercialization of the NPs in
industrial usage for the degradation of organic pollutants.
2. Experimental procedure
2.1. Materials used

The Analytical grade chemicals, such as manganese nitrate
[Mn(NO3)2$4H2O], zinc nitrate [Zn(NO3)2$6H2O], methylene
blue dye, and potassium dichromate (K2Cr2O7), purchased from
Merck, were used without further purication. Raw peanuts
were obtained from a local market in Tumakuru, Karnataka,
India.
2.2. Synthesis of ZnMn2O4 nanoparticles

Based on previously reported methods,42 the ZnMn2O4NPs were
synthesized by the combustion method using peanut powder as
fuel. The raw peanuts were initially ground into a ne powder
using a blender. A 1 : 1 stoichiometric molar ratio of 0.1 M
Manganese nitrate and 0.1 M Zinc nitrate was dissolved in
10 mL of deionized water along with half the amount of peanut
powder. The solution was continuously stirred until it became
a homogeneous suspension. Then, the solution was kept in the
muffle furnace at 500 °C for about 10 min. Aer that,
a brownish-black foam-like product is formed. The above
experiment was repeated for different amounts (double and
triple) of fuel with the same molar ratio of precursors. The
brownish-black foam obtained was ground into ne powder
and calcinated in a muffle furnace at 600 °C for 3 h, with
a heating rate of 5 °Cmin−1. Then, calcinated NPs were used for
further characterization and application purposes.
2.3. Characterisation and instrumentations

The crystal structure and the size of ZnMn2O4 NPs were ana-
lysed using a Rigaku Martlab X-ray diffractometer (XRD) with
monochromatized CuKa radiation (1.5418 Å) in a 2q range of
10–70. Functional group and M–O bond of molybdate were
analysed using FTIR (Bruker Alpha P-spectrophotometer) in the
wavenumber range 350 to 4000 cm−1. The optical properties of
the NPs were evaluated using an Agilent Technology Cary-60 UV-
Vis diffuse reectance spectrophotometer (UV-Vis DRS) in the
range of 200 to 800 nm. The specic surface area of the catalysts
was determined through N2 adsorption–desorption isotherms
using the BET method (BELSORP MINI X). The catalyst was
degassed at 120 °C to remove undesired gases from the surface.
The photoluminescence spectrum of ZnMn2O4 nanoparticles
was measured using an Agilent Technology Cary Eclipse uo-
rescence spectrophotometer at an excitation wavelength of
222 nm. The photo degradation of dyes was analysed in an
Agilent Technology Cary-60 UV-Vis absorption
spectrophotometer.
RSC Adv., 2025, 15, 32638–32653 | 32639
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2.4 Adsorption studies

The adsorption of methylene blue dye was examined by intro-
ducing a certain amount of absorbent (ZnMn2O4NPs) to 20 mL
of MB dye solution at room temperature. The parameters opti-
mized for efficient adsorption are contact time and dye
concentration, where the conditions of the optimization for
these parameters are provided in the SI. The effects of dye
concentration on adsorption were examined at different ppm
levels (25–100 ppm), and the effect of time was evaluated by
varying time intervals (0–18 min). The percentage adsorption of
MB dye by ZnMn2O4 NPs was examined using a UV-Vis
absorption spectrophotometer by observing the absorbance of
the MB dye solution at lmax of 665 nm. The adsorption
percentage was calculated by the equation below.43

% of adsorption = [A0 − At/A0] × 100 (1)

where, A0 is the initial concentration of the MB dye solution and
At is the concentration of the MB dye solution.
2.5 Photocatalytic degradation studies

The photo-catalytic activity of ZnMn2O4 NPs was evaluated by
methylene blue (MB) degradation under a UV-light source. To
assess the photo-catalytic activity, 5–20 mg of ZnMn2O4 NPs
were weighed and uniformly distributed in the dye solution (5–
20 ppm). Then the solution was placed in the dark for 30 min to
attain the adsorption–desorption equilibrium between NPs and
the dye solution. Once the equilibrium was achieved, the
homogenous solution was exposed to UV light radiation in
a Herber UV-visible photoreactor. At an interval of 30 minutes,
the dye solution was withdrawn from the reactor until the
solution became colorless and centrifuged to settle or separate
the nanoparticles. The percentage degradation of MB dye by
ZnMn2O4 NPs was examined using a UV-Vis absorption spec-
trophotometer by observing the absorbance of the MB dye
solution at lmax of 665 nm. The percentage degradation was
calculated by the equation below.

% of degradation = [C0 − Ct/C0] × 100 (2)

where, C0 is the initial concentration of the MB dye solution,
and Ct is the concentration of the MB dye solution collected at
an interval of 30 minutes.19
2.6 Photocatalytic detoxication studies

The photocatalytic detoxication of chromium(IV) ions was
performed by adding 5 mg of ZnMn2O4 NPs to 100 mL (1 mM)
K2Cr2O7 solution, irradiated under a UV light source at neutral
pH. A known volume (2 mL) of the irradiated solution was
withdrawn at a time interval of 30 min until it became colour-
less. Then, the withdrawn solution was centrifuged to separate
the nanoparticles. The percentage reduction of Cr(IV) to Cr(III)
ions by ZnMn2O4 NPs was examined using a UV-Vis absorption
spectrophotometer by observing the absorbance of K2Cr2O7

solution at 350 nm. The percentage degradation was calculated
by the equation below.
32640 | RSC Adv., 2025, 15, 32638–32653
% of reduction = [A0 − At/A0] × 100 (3)

where, A0 is the initial concentration of the K2Cr2O7 solution
and At is the concentration of the K2Cr2O7 solution withdrawn
at an interval of 30 min.44
2.7. Statistical analysis

All experiments were conducted in triplicate to minimize
handling errors and ensure reproducibility. Statistical analysis
was performed using IBM SPSS Statistics v26 (2019) soware
with one-way ANOVA, and the results are presented as mean ±

standard deviation (SD).
3. Results and discussions
3.1. Powder X-ray diffraction (XRD) pattern analysis

The tetragonal shape of all ZnMn2O4 NPs with varying fuel
concentration formed through the green combustion method
was conrmed by X-ray diffractometer. The synthesized
ZnMn2O4 NPs XRD patterns are depicted in Fig. 1a. For all
ZnMn2O4 (1 : 0.5, 1 : 1, 1 : 1.5) the peaks at 2q = 18.22, 29.32,
31.23, 33.01, 36.40, 38.97, 44.76, 51.97, 54.41, 56.73, 59.00,
60.82, 65.16 which are indexed to the planes (101), (112), (200),
(103), (211), (004), (220), (105), (312), (303), (321), (224), (400)
respectively. The peaks are matching with JCPDS card no: 71-
2499.14 It was observed that on increasing the fuel concentration
the intense XRD peak at 2q = 36.40 which is noted in all
samples with the planes (211) preferred the growth but in fuel
rich concentration of ZnMn2O4 (1 : 1.5) NPs the intense XRD
peak at 2q = 29.32, 31.23, 33.01, 36.40 with plane (112), (200),
(103), (211) showed bifurcations through which peak shi was
observed which resulted in the broadening of the peaks. This
can be attributed to the increased micro-strain as well as the
decreased crystalline size in fuel-rich concentration of ZnMn2O4

(1 : 1.5) NPs.45

The average crystal sizes of the synthesized ZnMn2O4 NPs
were calculated using Debye–Scherrer's equation.46

D ¼ Kl

b cos q
(4)

where, D is the crystallite size, l is the wavelength of the X-ray
(1.54 Å) used, b is the full-width at half maximum (FWHM),
and q is the diffraction angle. Additionally, the lattice parameter
of the ZnMn2O4 NPs was calculated for the prominent peak at
2q = 36.40 (211) using Bragg's equation:46

a = d(h2 + k2 + l2) (5)

where a represents the lattice parameter, d is the distance
between parallel lattice planes with Miller indices (hkl). The
micro-strain of the sample was calculated using the equation
given below.45

3 ¼ b

4tan q
(6)

where 3 represents the micro strain, b is the full-width at half
maximum (FWHM), and q is the diffraction angle. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern of ZnMn2O4 NPs synthesized at different ratios (b) FTIR spectrum of ZnMn2O4 NPs prepared at different ratios.

Table 1 The crystalline size and lattice parameters of ZnMn2O4 NPs

Type of nanoparticle
Crystalline
size (nm)

Lattice parameter
(Å)

Microstrain
(×10−3)

ZnMn2O4 (1 : 0.5) 13.05 6.0405 8.41
ZnMn2O4 (1 : 1) 12.56 6.0405 9.24
ZnMn2O4 (1 : 1.5) 11.49 6.8788 9.59
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crystalline size, lattice parameter, and strain of the synthesized
nanoparticles are compiled in Table 1.
3.2. Fourier transform infrared spectroscopy (FTIR) analysis

Fig. 1b and S1, SI, shows the FTIR spectra of ZnMn2O4 NPs
between the ranges 350–4000 cm−1. The highest frequency peak
corresponding to 619 cm−1 is attributed to the stretching mode
of Mn–O at the tetrahedral site, and the peak corresponding to
510 cm−1 is attributed to the stretching mode of Zn–O at the
hexagonal phase47 where the absorption band of Zn–O ranges
from 800 to 400 cm−1.48 The peak attributed to the stretching
mode of Zn–O was reduced, and the high-frequency peak of
Mn–O became narrower as the concentration of fuel increased,
as shown in Table S1. The narrow peaks at 1109 cm−1 and
1270 cm−1 are owed to the C–O stretching bond and C]C
vibration bond, whereas the broad peaks at 1484 cm−1 and
3423 cm−1 are ascribed to the C–H bending and O–H functional
group. The peak shouldered at 1635 cm−1 contributes to the
C]O stretching vibration modes. This indicates that the poly-
saccharides and natural oils, which are abundantly present in
the peanut seeds, act as capping agents on the surface of
ZnMn2O4 nanoparticles.
3.3. UV-visible spectroscopy studies

The optical properties and energy band gap of ZnMn2O4 NPs
were evaluated using UV-Vis DRS spectroscopy. The spectral
data divulged that absorption edges lie in the 200 to 600 nm of
the visible region and shi towards the lower wavelength (blue
shi) on increasing the fuel concentration.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The optical band gap energy of synthesized NPs was ob-
tained by analysing the reectance spectra represented in
Fig. 2a using the Kubelka–Munk relation, which is used to
convert the reectance to the Kubelka–Munk function F(R).49

FðRÞ ¼ ð1� RÞ2
2R

(7)

where R is the reectance value. The photon energy corre-
sponding to the wavelength can be evaluated using the
following relation.

Eg ¼ hc

l
eV; Eg ¼ 1240

l
eV (8)

where Eg is the band gap energy (eV), h is Planck's constant
(6.626 × 10−34 J s), c is the light velocity (3 × 108 m s−1), and l is
the wavelength (nm). The optical band gap of the NPs was
estimated by plotting a graph and varying the Kubelka–Munk
function along with photon energy, which is presented in
Fig. 2b. It reveals that on increasing the fuel concentration, the
band gap of the NPs varies. The crystalline size of the semi-
conductor NPs has a huge impact on its band gap. Due to the
smaller crystalline size of the ZnMn2O4 with a fuel concentra-
tion ratio of 1 : 1.5, the NPs are subjected to the quantum
connement effect, leading to a higher band gap.50 Thus,
ZnMn2O4 with a fuel concentration ratio of 1 : 1 shows the lower
band gap energy of 4.10 eV, which can exhibit enhanced
performance in photo-catalytic degradation of dye by the
generation of more electron/hole pairs under UV light irradia-
tion. The energy band gap is directly correlated with the energy
needed to drive an electron from the valence band to the
conduction band.51 The position of the valence band and the
conduction band has a signicant inuence on the photo-
catalytic mechanism.52 Thus, by using the Mulliken electro-
negativity relation, the position of the valence band and the
conduction band are estimated.53

Evb = c − E0 + 0.5Eg (9)

Ecb = c − E0 + 0.5Eg (10)
RSC Adv., 2025, 15, 32638–32653 | 32641
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Fig. 2 (a) UV-visible spectrumof ZnMn2O4NPs (1 : 0.5, 1 : 1, 1 : 1.5) (b) Kubelka–Munk plot (c) excitation spectrum (lemission= 456 nm) (d) emission
spectrum (lexcitation = 222 nm).
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where c, the absolute electronegativity of ZnMn2O4, was found
to be 5.78, calculated using the formula.54

c = [x(A)ax(B)bx(C)c]1/a+b+c (11)

E0 is the constant value of free electron energy on the hydrogen
scale (4.5)53 and Eg is the optical band gap of the material. The
obtained bandgap, valence band, and conduction band of the
NPs are summarised in Table S2, SI.
3.4. Photoluminescence (PL) analysis

PL spectra were recorded by measuring the emission of light
released when the photo-generated electron/hole recombines.
This spectrum was used to evaluate the basic radiative proper-
ties of the synthesized ZnMn2O4 NPs and the charge separation
efficiency. Fig. 2c and d show the photoluminescence emission
and excitation spectra of all synthesized ZnMn2O4 NPs. The
excitation wavelength of the sample is found to be 222 nm,
whereas the emission peaks are shouldered at 456 nm and
487 nm. The main emission peak shouldered at 456 nm, which
is due to oxygen vacancies. Among the synthesized
NPsZnMn2O4 (1 : 1), NPs showed a lower emission intensity,
which can be attributed to the greater charge separation.55 This
property of ZnMn2O4(1 : 1) NPs can facilitate a higher photo-
degradation percentage than the other synthesized NPs.
32642 | RSC Adv., 2025, 15, 32638–32653
The CIE 1931 x-y chromaticity diagram (Commission Inter-
nationale de l'Elcairage) is plotted for the colour detection of
light emitted by NPs, represented in Fig. S2, SI. The purity of
colour can be observed with the chromaticity points. The
respective chromaticity points for the synthesized ZnMn2O4 (1 :
0.5, 1 : 1, 1 : 1.5) NPs are (0.287, 0.287), (0.218, 0.234), (0.197,
0.19). The different x and y coordinates demonstrate the ionic
liquid's signicant inuence on the crystallization process as
well as the high hue and purity of the light emitted.
3.5. Scanning electron microscope (SEM) and energy-
dispersive X-ray (EDX) analysis

The SEM images of synthesized ZnMn2O4 (1 : 1) NPs at different
magnications are shown in Fig. 3a–d. The nano range of the
NPs is observed, and on changing the magnication to 300 nm,
which is depicted in Fig. 3c, two distinct morphologies of
ZnMn2O4 (1 : 1) NPs were observed, which are similar to wheat56

and ber-type structures.57 The agglomeration of the NPs is also
observed, which can be attributed to the high surface area
energy, which causes the NPs to form bundles, and as the
temperature of the NPs reduces to room temperature aer the
growth, the enthalpy becomes negative. Therefore, to maintain
the equilibrium, the NPs' size changes and agglomerate.56 The
EDX spectra of the synthesized NPs are shown in Fig. 6e. It
reveals that the sample contains Zn, Mn, and O with a denite
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–d) SEM micrographs and (e) EDX pattern of ZnMn2O4 NPs prepared at 1 : 1 ratio.
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stoichiometry expected (Zn : Mn: O = 1 : 2:4). The values of
weight% and atom% of ZnMn2O4 (1 : 1) NPs were recorded
using EDX measurements.
3.6. Brunauer–Emmett–Teller (BET) analysis

Fig. 4a shows the nitrogen adsorption–desorption isotherm of
ZnMn2O4 powder. A typical type III isotherm with a minor
hysteresis loop is detected, which suggests the presence of
interconnected macropores formed due to the random arrange-
ment of ZnMn2O4 NPs. The specic area is determined as 30 m2

g−1 with a pore diameter of 10 nm and pore volume of 0.1517 cm3

g−1 formed within the porous network as depicted from the pore
size distribution curve in Fig. 4b. This pore structure facilitates
© 2025 The Author(s). Published by the Royal Society of Chemistry
the fast diffusion of foreign ions, thereby increasing the number
of active sites available. ZnMn2O4 nanostructures synthesized via
other methods typically exhibit surface areas in the range of 15–
35 m2 g−1, depending on synthesis conditions and morphology.
Thus, the BET surface area of 30 m2 g−1 obtained in our study is
comparable to, or slightly higher than, many conventionally
synthesized counterparts, which can be attributed to the unique
combustion environment created by the use of peanut seed
powder as a green fuel.
3.7. Transmission electron microscopy (TEM) analysis

The transmission electron microscopy (TEM) image reveals the
nanorods of ZnMn2O4 NPs, and the moderate aggregation seen
RSC Adv., 2025, 15, 32638–32653 | 32643
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Fig. 4 (a) Nitrogen adsorption–desorption isotherm of ZnMn2O4 NPs, (b) pore size distribution curve of ZnMn2O4 NPs.
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in the scanning electron microscope (SEM) may originate from
the NPs high specic surface energy. The transmission electron
microscopy (TEM) images displayed in Fig. 5–c revealed the
nanorods of the particles, which have an average size of 20 nm.
The ZnMn2O4 NPs HR-TEM is shown in Fig. 5d. The difference
between the two successive plans is d211 = 0.52 nm.
Fig. 5 (a–c) TEM images and (d) HR-TEM image of ZnMn2O4NPs, appro

32644 | RSC Adv., 2025, 15, 32638–32653
3.8. Adsorption property

3.8.1. Contact time. Fig. 6a represents the effect of contact
time in the adsorption of MB dye (50 ppm) at varying time
intervals (18 min) by 5 mg of ZnMn2O4 NPs. The adsorption
percentage plot of MB dye at various contact durations is given
ximately d = 0.26 nm, corresponding to the (311) plane.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Adsorption of MB dye at varying time durations (0–18 min) (b) adsorption percentage of MB dye with respective to time. (c) UV spectra
of adsorption of MB in varying concentrations of dye (d) adsorption percentage of MB in varying concentrations of dye.
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in Fig. 6b. It is observed that as time increases, the adsorption
rate also increases and reaches a saturation point. Maximum
adsorption was observed at 18min. This can be attributed to the
availability of more active sites for the adsorption initially. As
the process proceeds, there is a reduction in the availability of
the active sites, which are occupied by the dye molecules.58 A
phase time (18 min), in which the availability of the active site
vanishes and a saturation point is obtained, and further
adsorption is inhibited. Thus, 18 min is the optimum time for
the maximum adsorption of MB dye by ZnMn2O4 NPs.

3.8.2. Dye concentration. Adsorption of MB at varying dye
concentration was evaluated and represented in Fig. 6c.
Different dye concentrations of 25 ppm, 50 ppm, 75 ppm, and
100 ppm were utilized along with 5 mg of ZnMn2O4 NPs to
perform this experiment. It is noted that the adsorption
percentage decreased on increasing the concentration of MB
dye, and maximum adsorption took place in 25 ppm solution.
This behavior of absorbent can be ascribed to the reduction in
the surface area and binding sites as the concentration of dye
increases.59 In case of low dye concentration, the number of
available binding sites is larger compared to the amount of MB
dye molecules. As a result, the absorption percentage is higher
at lower dye concentrations, as given in Fig. 6d. Conversely, on
increasing dye concentration, only a few binding sites are
available for the dye molecules to bind, which creates
a competition between the molecules and reduces the adsorp-
tion percentage. Once the monolayer of absorbent is covered by
© 2025 The Author(s). Published by the Royal Society of Chemistry
the dye molecules, there are no more binding sites for the dye
molecules to adsorb, and further adsorption is hindered.

3.8.3. Adsorption Kinetics. Two kinetic models are used to
evaluate the impact of contact time on the adsorption of MB dye
by ZnMn2O4: the pseudo-rst-order model demonstrated by
Lagergren60 and the pseudo-second-order equation propounded
by Ho andMcKay.61 The equation below, which is a pseudo-rst-
order kinetic equation, is a basic kinetic model intended to
clarify the adsorption mechanism in solid/liquid systems. On
the other hand, the adsorption equilibrium capacity is the basis
of the pseudo-second-order equation below.

logðqe � qtÞ ¼ log qe � k1t

2:303
(12)

t

qt
¼ 1

K2ðqeÞ2
� t

qe
(13)

where qt is the adsorption capacity at time t, k1 is the pseudo-
rst-order rate constant (min−1), and k2 is the pseudo-second-
order rate constant (g mg−1 min−1). The obtained R2 value for
pseudo-rst-order kinetics is 0.84983, whereas for pseudo-
second-order kinetics, the R2 value is 0.96702, illustrated in
Fig. 7a and b. Comparatively lower R2 value of the pseudo-rst-
order suggests the lowest possible level of interaction between
MB dye molecules and a single active site. Additionally, the
slightly higher pseudo-second-order R2 value shows that the dye
molecule can interact with two adsorption sites at once.
Therefore, a pseudo-second-order reaction describes the
RSC Adv., 2025, 15, 32638–32653 | 32645
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Fig. 7 Adsorption kinetics plots (a) pseudo-first order, (b) pseudo-second order; adsorption isotherm plots (c) Langmuir and (d) Freundlich plot
for the adsorption of MB dye.
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adsorption of MB dye onto ZnMn2O4 rather than the pseudo-
rst-order reaction. This observation also suggests that the
dye concentration affects the MB dye's adsorption rate. Table 2
provides the computed values of k1 and k2, as well as R2. The
greater value of parameter k from a pseudo-second-order plot
quantied the reaction speed.

3.8.4. Adsorption isotherm. The two isotherm equations
(Langmuir and Freundlich equations) below can be utilized to
explain the adsorption process in general.

Ce

qe
¼ 1

bqm
þ Ce

qm
(14)

qe = KfCe
1/n (15)

where qm (mg g−1) and b (L mg−1) are Langmuir coefficients. Kf

and n are Freundlich constants. The qm value represents the
Table 2 Kinetic parameters for MB adsorption by ZnMn2O4 NPs

Concentration (mg L−1)

Pseudo rst order

R2 k1 (1 m

50 0.84983 0.1113

32646 | RSC Adv., 2025, 15, 32638–32653
maximum adsorption capacity, and qe (mg g−1) is the amount of
dye adsorbed at equilibrium, calculated using eqn (16).

qe ¼ ðC0 � CeÞV
m

(16)

where C0 (mg L−1) and Ce (mg L−1) are the initial and equi-
librium dye concentrations, V (L) is the volume of dye solution,
and m (g) is the mass of adsorbent.

According to the Langmuir model, dye molecules are
adsorbed as monolayers on the active sites of ZnMn2O4. Fig. 7c
shows the plot Ce/qe against Ce, which gives the Langmuir
coefficients (qm and b). This coefficient is used to measure the
adsorption ability of ZnMn2O4, where qm and b are found to be
510 ± 0.5 mg g−1 and 0.00692 ± 0.0001 L mg−1. The R2 value
obtained for the Langmuir plot is 0.93855. The lower R2 value
indicates that the monolayer adsorption is hindered. The
Pseudo-second order

in−1) R2 k2 (g mg−1 min−1)

9 � 0.001 0.96702 0.2580 � 0.002

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Isotherm parameters for MB adsorption by ZnMn2O4 NPs

Isotherm Isotherm parameters Values

Langmuir qm (mg g−1) 510.204 � 0.5
b (L mg−1) 0.00692 � 0.001
R2 0.93855

Freundlich Kf (mg g−1) (L mg−1)1/nf 2.154 � 0.05
1/n 0.79715 � 0.04
R2 0.97591
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Freundlich plot is represented in Fig. 7d providing Freundlich
constants Kf and n, which describe the heterogeneous sorption
phenomenon of adsorption.43 The Kf and 1/nf values obtained
are 2.154 ± 0.05 and 0.79715 ± 0.04. These constants are the
essential parameters for determining the extent of favorability
of the process. Based on the magnitude of the 1/nf, the
adsorption process is classied as reversible (1/nf= 0), favorable
(0 < 1/nf < 1), and unfavorable (1/nf= 1). The process is favorable
in this case, as the magnitude is positive and less than 1.
Additionally, nf can also be used to determine whether the
adsorption is physical (nf > 1) or chemical (nf< 1). In this study,
the value of nf is greater than 1. Therefore, it implies the process
Fig. 8 (a) Photo-catalytic activity of ZnMn2O4NPs over different organic
NPs; optimisation of catalytic dosage (5–20mg) for degradation of MB dy
activity (d) rate constant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
is favorable physical adsorption. The higher R2 value (0.97591)
conrms that the MB multilayer adsorption occurs on hetero-
geneous sorption sites with varied adsorption energies.62 The
data is computed in Table 3.

FTIR and SEM analyses were performed to elucidate the
morphological changes that occurred aer the adsorption of
MB dye, as shown in Fig. S3. The FTIR revealed the additional
peaks at 1041, 1400, 1625 and 2355 cm−1, which correspond to
the bands of MB dye, which coincides with the determined
physical adsorption by the Freundlich plot, and the SEM shows
high agglomeration, which is due to the adsorption of MB dye
onto the surface of ZnMn2O4 NPs, which neutralizes surface
charges. This reduces the electrostatic repulsion between
ZnMn2O4 NPs, allowing them to approach each other and form
agglomerates. Therefore, this conrms the adsorption of MB
dye onto the ZnMn2O4 NPs
3.9. Photocatalytic property

3.9.1. Degradation of organic dyes. The photo-catalytic
ability of ZnMn2O4 NPs was evaluated by the degradation of
various organic dyes with a constant 5 ppm (pH 7) under a UV
light source. Fig. 8a shows the percentage degradation values of
dyes (b) degradation percentage of MB in the presence of all ZnMn2O4

e in the presence of ZnMn2O4 (1 : 1) NPs at neutral pH (c) photocatalytic

RSC Adv., 2025, 15, 32638–32653 | 32647
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Methylene Blue (MB), Rhodamine B (RB), Indigo Carmine (IC),
and Methyl Orange (MO). A higher and good selectivity degra-
dation of 79.45% ± 0.3% toward Methylene Blue (MB) dye was
observed in the presence of ZnMn2O4 NPs with the p-value <
0.05, which proves it as statistically signicant. The degradation
was monitored by the alteration in the absorption spectra of the
MB at lmax at 665 nm. Thus, the reduction in the peak at 665 nm
in the absorption spectra on exposure to UV light irradiation is
attributed to the breakdown of the organic structure of MB. The
capacity of the degradation was ascribed to its position of
aromatic rings in the structure.63 The degradation of MB dye in
the presence of all synthesized ZnMn2O4 NPs is represented in
Fig. 8b. ZnMn2O4 (1 : 1) NPs have shown the maximum degra-
dation under UV light irradiation owing to their lower band gap
than the other NPs, which helps more electrons to reach the
conduction band, creating a huge number of holes in the
valence band. These electrons and holes are responsible for the
production of cH and O2c

−radical, which acts as an active
species and enhances the photo degradation of organic dyes.64

Therefore, ZnMn2O4 (1 : 1) NPs show higher efficiency than the
other synthesized NPs, and various factors inuencing the
photo degradation, such as catalytic load, dye concentration,
and pH are optimized to increase the efficiency of the
Fig. 9 Optimisation of dye concentration (5–20 ppm) for degradation
photocatalytic activity (b) rate constant; optimisation of pH values for deg
(c) photocatalytic activity (d) rate constant.

32648 | RSC Adv., 2025, 15, 32638–32653
degradation of MB dye. Alongside photo stability of the NPs is
also examined.

3.9.2. Optimization of photo degradation by various
parameters

3.9.2.1. Catalytic dosage. To elevate the degradation effi-
ciency of the MB dye solution (100 mL, 5 ppm), the catalyst
dosage was optimized from 5–20 mg under UV light radiation at
neutral pH. Fig. 8c illustrates the proportion of degradation of
the MB dye solution gradually reduces with an increment in
catalytic dosage. This can be attributed to the accumulation of
more dye on the surface of the catalyst, causing the solution to
be turbid and inhibiting its absorption of photons from the
radiation.65 This parameter of catalytic dosage implies that
a minimum amount of catalytic load is required for the
maximum efficiency of degradation of the MB dye solution.
Therefore, the rest of the experiments were conducted in a 5 mg
optimized catalytic amount.

3.9.2.2. Dye concentration. Dye concentration has a signi-
cant role in the photo degradation. To optimize the maximum
efficiency of photo degradation of MB dye solution in the
presence of ZnMn2O4 NPs (5 mg) was done by proliferating the
dye concentration was proliferated from 5–20 ppm under UV
light radiation at neutral pH. Fig. 9a represents the percentage
of MB dye in the presence of ZnMn2O4 (1 : 1) NPs at neutral pH (a)
radation of MB dye in the presence of ZnMn2O4 (1 : 1) NPs at neutral pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of degradation of the MB dye solution reduced on increasing
the dye concentration from 5–20 ppm. This can be explained via
Beer–Lambert law, which states that on increasing the
concentration of the dye, the path length of photons absorbed
by the NPs decreases and resulting in limited production of
active radicals (O2c

−, cH).66 Thus, this parameter indicates lower
dye concentration is optimum for maximum degradation
percentage. Hence, the optimum 5 ppm concentration of MB
dye solution was utilized for further experiments.

3.9.2.3. pH variation. Optimizing the pH parameter is the
most fundamental part of dye degradation. To evaluate this
parameter, photodegradation of the MB dye solution was con-
ducted at various pH levels with optimized catalytic dosage and
dye concentration. The pH values were adjusted to acidic and
basic using 0.1 N H2SO4 and 0.1 N NaOH. Fig. 9c demonstrated
that degradation percentage reached a maximum efficiency of
92.86% ± 0.1% in basic medium, and acidic medium showed
a reduction in the degradation percentage efficiency of 29.52%
± 0.5%. These changes can be ascribed to the surface charge of
ZnMn2O4 NPs, which is negative, that adsorbs cationic dyes. As
the pH values increase, the surface charge of the ZnMn2O4 NPs
becomesmore negative and the adsorption of MB dye increases,
leading to higher efficiency of MB dye degradation.51 Therefore,
the degradation of the MB dye solution by ZnMn2O4 NPs is
signicantly higher in a basic medium.

3.9.3. Degradation kinetics. Kinetic analyses were carried
out to determine the optimum conditions for the photocatalytic
degradation of MB dye. Figure 8d, 9b, and 9d illustrate that
photodegradation of dye follows pseudo-rst-order kinetics,
where the slope represents the rate constant (k) calculated from
the ln(C0/C) versus reaction time described by Langmuir and
Hinshelwood model, dened as.

C = C0e
−kt (17)

ln(C0/C) = kt (18)

The k values for the corresponding catalytic loads, dye
concentration, and pH are represented in Tables S3–S5, SI.
Thus, the slope with higher k values is observed in 5mg catalytic
load, 5 ppm dye concentration, and in basic pH, which veries
the experimental results. Hence, photodegradation was con-
ducted with the optimized parameters of 5 mg ZnMn2O4 NPs in
5 ppm MB dye concentration under UV light source at neutral
pH, which is depicted in Fig. S4 and the data show consistent
results with the literature, which is shown in Table 4.
Table 4 Literature survey for the photodegradation of methylene blue b

S. no Nanoparticles Synthesis method D

1 P25 TiO2 Commerical M
2 ZnO Co-precipitation method M
3 a-Fe2O3 Co-precipitation method M
4 Bi doped TiO2 Wet impregnation method M
5 MnTiO3 Sol–gel method M
6 ZnMn2O4 Co-precipitation method M
7 ZnMn2O4 Green combustion method M

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.9.4. Mechanism of photo degradation. To determine the
mechanism of photo degradation of MB dye by ZnMn2O4,
a radical trapping experiment was carried out in which scav-
engers such as Ascorbic acid (10 mM), K2Cr2O7 (10 mM), EDTA
(10 mM), and tet-butyl (1 : 20 v/v) alcohol was incorporated into
different mixtures of MB dye solution for trapping cH, O2c

−, h+

and e−. It was observed that K2Cr2O7 and butyl alcohol sup-
pressed and dropped the percentage degradation of the MB dye
solution to 55.89% ± 0.6% and 54.24% ± 0.3%, as shown in
Fig. 11a. Thus, the scavenging properties of K2Cr2O7 and t-butyl
alcohol towards e− and cH radical revealed that these active
species govern the overall photo degradation of MB dye by
ZnMn2O4 NPs than the h+ and O2c

− radical.
As the cH radical prevails to be the active species that governs

the overall photodegradation process determination of cH
radicals becomes important. Therefore, a simple experiment of
converting coumarin to 7-hydroxycoumarin by the cH radicals
released during photo oxidation of water, by taking 5 mg of
ZnMn2O4 (1 : 1) NPs in 100 mL of 10 mM coumarin solution and
irradiating under UV light.42 At an interval of 10 min, the solu-
tion was collected and at excitation of 440 nm the uorescence
spectra were recorded. Fig. S5 divulged the increasing intensity
on the increasing concentration of 7-hydroxycoumarin formed.
This conrms that ZnMn2O4 generates cH radicals on photo
oxidation with water molecules.

The primary factors inuencing the photo degradation of
nanoparticles are their reduced band gap, surface area, and
electron/hole separation efficiency. Fig. 10 provides a schematic
illustration of the deterioration mechanism. ZnMn2O4 (1 : 1)
NPs have a large surface area and a higher e−/h+ separation. As
previously mentioned, h+ and cH radicals actively contribute to
the photo degradation of MB dye. The e− from the valence band
migrates towards the conduction band upon irradiation by a UV
light source, producing h+. The generated h+ and e− oxidize and
reduce H2O respectively, which aid the production of cH and
O2c

− radicals.53 These radicals accumulate on the surface of NPs
and help break down the organic structure of MB dye into CO2

and H2O.
3.9.5. Photostability and reusability. Regarding the appli-

cation of nanoparticles in industry to degrade dyes, the reus-
ability of the nanoparticles plays a crucial role. Thus, stability
and reusability of ZnMn2O4 NPs were examined by removing the
NPs from the MB dye solution through centrifugation, washed
with distilled water andmethanol, then dried in the oven for 3 h
at 100 °C. Fig. 11b displays the percentage degradation of MB
y NPs

egradation material Degradation percentage Reference

ethylene blue 81.4% 67
ethylene blue 66% 68
ethylene blue 78% 69
ethylene blue 80% 70
ethylene blue 70% 71
ethylene blue 77% 72
ethylene blue 79.45% Present

RSC Adv., 2025, 15, 32638–32653 | 32649
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Fig. 10 Mechanism of photocatalytic degradation of ZnMn2O4 NPs.

Fig. 11 (a) Effects of different scavengers during the degradation of MB dye (b) photostability and reusability of ZnMn2O4 (1 : 1) NPs over four
successive cycles.
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dye with the optimum concentration at neutral pH during the
course of four cycles. It was observed that until 3rd cycle there
was no signicant change in the percentage degradation but 4th
cycle shows reduction in degradation percentage of dye solu-
tion. Thus, stability of the ZnMn2O4 reduces aer the 3rd cycle
owing to devastation of the ZnMn2O4 structure, limiting the
efficiency of dye degradation.
Fig. 12 Photocatalytic detoxification of Cr(IV) to Cr(III) ions in the
presence of UV light source (365 nm).
3.10. Detoxication of chromium(IV) ions

Photocatalytic reduction of Cr(IV) to Cr(III) ions in the presence
of a UV light source is shown in Fig. 12. The detoxication of
Cr(IV) ions in aqueous medium was performed by introducing
5 mg of ZnMn2O4 NPs into 1 mM of K2Cr2O7 solution and
irradiating with UV light at neutral pH. A decrease in the
characteristic peak of Cr(IV) ions in the absorption spectra at
350 nm was observed in the above gure, indicating the
32650 | RSC Adv., 2025, 15, 32638–32653 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 LFPs displayed on mobile phone by ZnMn2O4 NPs (a) on exposure to UV light (254 nm) (b) on exposure to visible light (c) on exposure to
UV light (365 nm), secondary level features (d) bifurcation (e) ridge termination (f) hook.
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reduction of Cr(IV) to Cr(III) ions in aqueous medium. This
decrement reached its saturation at 120 min, implying there is
no further reduction of Cr(IV) to Cr(III) ions. This is due to the
complete utilization of electrons generated by ZnMn2O4 NPs on
irradiation with a UV light source, and no electrons are available
to propagate the reduction process.

3.10.1. Mechanism of photoreduction of chromium(IV).
The mechanism of photocatalytic reduction of Cr(IV) to Cr(III)
ions in aqueous medium is represented schematically below.
When ZnMn2O4 NPs are irradiated with UV light, electrons from
the valence band move to the conduction band, generating
holes/electrons (h+/e−) in the system. As the reduction of chro-
mium(IV) takes place in acidic medium, the generated h+ reacts
with H2O, producing H+ and creating the optimum condition
for the reduction to take place. The dichromate Cr(IV) ions in the
aqueous medium takes up these electrons in the presence of H+

ions and reduces itself to Cr(III) ions.44 Hereby, detoxication of
Cr(IV) ions in aqueous medium is achieved.

ZnMn2O4 + hn / ZnMn2O4 (h
+ + e−)

2H2O + 4h+ / O2 + 4H+

H2O + h+ / OH− + H+

Cr2O7
2− + 14H+ + 6e− / 2Cr3+ + 7H2O

3.11. Latent ngerprinting (LFPs) analysis

The uorescence emissive nature of ZnMn2O4 NPs under short
UV light (254 nm) has been utilised in imaging latent nger-
prints (LFPs). Before ngerprint collection, washing hands and
© 2025 The Author(s). Published by the Royal Society of Chemistry
gently rubbing ngers on the nose or forehead before pressing
them onto different substrates is mandatory. To investigate the
practical applicability, we used various surfaces such as a glass
bowl, a mobile phone screen, and a CD drive for imaging
purpose represented in Fig. S6. Dusting of the NPs on the
ngerprints using a brush and displayed a bluish-green uo-
rescence on exposure to the Short UV light of 254 nm. The
adhesive nature of NPs gets attached to sebum and sweat
present in LFPs, exhibiting uorescent ridges and non-
uorescent furrows for easy naked eye detection. The entire
image presented in Fig. 13 is captured using ordinary mobile
phone. Secondary level information including bifurcation, ridge
termination and hook of LFPs are also captured clearly. The
above result concludes ZnMn2O4 NPs can be used as tool for
identication of ngerprint and solving crime cases.
4. Conclusion

In conclusion, bimetallic ZnMn2O4 NPs have been synthesized
via the green combustion method using Arachis hypogaea seed
powder as fuel. Various characterisation techniques such as
XRD, FTIR, SEM, BET, UV-Vis, and PL spectroscopy have been
employed to examine the structural, morphological, and optical
properties of ZnMn2O4 NPs. The evaluation of the optical
properties of the ZnMn2O4 NPs divulged a low band gap and
cyan blue uorescence nature of the NPs. Therefore, the
synthesized ZnMn2O4 NPs were incorporated in multidisci-
plinary elds for the deterioration of industrial pollutants and
latent ngerprinting applications. It showed an enhanced
identication of secondary-level information in LFPs and effi-
cient adsorption and photodegradation of methylene blue dye
RSC Adv., 2025, 15, 32638–32653 | 32651
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under a UV light source. On the other hand, synthesized
ZnMn2O4 NPs helped in the reduction of hexavalent chromium
ions in aqueous medium owing to their production of a greater
number of e− during photoreduction. Thus, synthesized bime-
tallic ZnMn2O4 NPs can be seen as a multifaceted tool that can
be used in multidisciplinary elds.
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