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Abstract. This brief review presents an analysis of data from the past five years on the "green" synthesis and
catalytic activity of cobalt and copper nanoferrites, which are characterized by a wide range of applications.
Due to their large reserves, availability, and abundance, plants are the best bioagents for the sol-gel synthesis
of ferrites, which utilizes plant extracts along with precursors. Extracts can be obtained from leaves, fruits,
roots, seeds, and flowers of plants, which contain polysaccharides, carbohydrates, phenols, flavonoids,
terpenoids, and amino acids, which can act as chelating, reducing, and stabilizing agents for ferrite
nanoparticles. Existing literature reviews examine the synthesis and application of green nanoferrites for
water purification, heavy metal removal, their antibacterial activity, photocatalytic activity in the degradation
of various dyes, and their potential use in biological processes. In contrast, this brief review focuses on a
comparative analysis of methods for obtaining extracts from various plants, as well as the processing
conditions of precursor and extract mixtures for ferrite synthesis. The influence of extract concentration and
heat treatment method on the properties of the synthesized ferrites and nanoparticle size is examined.
Examples of the few catalytic reactions involving nanoferrites synthesized by the sol-gel method using plant
extracts are provided. The development of new nanoferrite-based catalysts using green chemistry methods,
using plants, is a promising direction for the synthesis of various catalytic systems, both from an environmental

and economic perspective.
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1. Introduction

Green chemistry is a new and important
scientific field in chemistry that involves
conducting chemical processes with minimal
harm to the environment. One branch of green
chemistry is green synthesis, in which plant
extracts are used alongside precursors rather than
conventional toxic reagents. Since catalysts play
an extremely important role in the chemical
industry, and 90% of modern chemical
production is based on catalytic processes, the
application of green chemistry principles to
catalyst production is highly relevant.

One of the promising green chemistry
approaches for catalyst synthesis is the sol—gel
method, including its autocatalytic variant,
which exploits the energy released by exothermic
reactions. The main advantages of this method
include low energy consumption, short synthesis
time, and the possibility of simultaneous
conversion of precursors into the final product

using the energy of the chemical reaction.
Various compounds, such as organic acids and
alcohols, are used as complexing agents and fuels
in this method. Given that plant seeds, leaves,
and extracts contain flavonoids, terpenoids,
alcohols, carbohydrates, sugars, polyphenols,
and amino acids that act as reducing and
stabilizing agents, they can serve as alternatives
to synthetic organic reagents, thereby expanding
the potential of the green sol-gel method for
catalyst preparation.

This article provides a brief overview of
the literature data from the last 5 years on the
green sol-gel synthesis of cobalt and copper
ferrites using various plants. The interest in
ferrites is due to their wide range of applications.
They are widely used in radio engineering,
electronics, and computing for the purification of
wastewater from heavy metals and organic dyes,
as well as in medicine. Therefore, it is no
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coincidence that researchers are turning to green
synthesis of ferrites. The paper [1] provides an
overview of current trends in the field of
environmentally friendly synthesis of ferrite
nanoparticles and their promising applications.
Review [2] discusses biomedical applications of
green spinel ferrites. Works [3-4] also consider
green cobalt ferrite nanoparticles as a new
material for biomedical and environmental
applications. The review [5] examines the
possibilities of using green nanoferrites for water
purification, removal of heavy metals, their
antibacterial activity, and potential use in
biological processes.

As for the catalytic properties of ferrites,
ferrite-based catalytic systems are active in
processes such as oxidative dehydration of
hydrocarbons, aldol reactions, alkylation and
dehydrogenation reactions, synthesis of various
organic compounds, decomposition of alcohols
and hydrogen peroxide, purification of
automobile exhaust gases, oxidation of various
compounds, including alkenes, etc. [6]. Cobalt,
copper, nickel, and zinc ferrites, as well as their
combinations with Cr, Cd, Mn, and some
lanthanides, are mainly used as catalysts. Green
synthesis of nanoferrites further broadens their
application potential in the aforementioned
reactions from an environmental perspective.

This brief review discusses reactions
catalyzed by cobalt and copper nanoferrites

seeds, fruits,
Mowers)

=

‘ biomass (leaves, |

obtained via green sol-gel synthesis. The
development of new nanoferrite-based catalysts
using  plant-mediated  green  chemistry
approaches represents a promising direction for
creating diverse catalytic systems, offering both
environmental and economic advantages due to
the renewable nature of these resources.

2. General method for obtaining
nanoferrites using the green sol-gel method.
The general methodology for obtaining ferrites
using the green sol-gel method consists of
selecting plant material (seeds, leaves, fruits,
flowers, plant resins, etc.), obtaining an extract,
and using it in various concentrations as a
stabilizing and reducing agent. To synthesize
ferrite, the extract is mixed with aqueous
solutions of iron nitrates and the corresponding
metal. There are then two options: centrifuging
the extract and placing the precipitate in a muffle
furnace for calcination at a high temperature for
several hours, or slowly evaporating it to obtain
a gel, which ignites when dried in an oven, and
due to the heat of the exothermic reaction,
ferritization occurs in a very short time and at a
lower temperature, after which additional heat
treatment is carried out at 500-700 °C.
Microwave technology can also be used for gel
combustion and heat treatment of the residue.
Below is a general scheme for the synthesis of
ferrites using plants:

Precursors : Fe, Me
(Co, Cu) nitrate salts

Fe, Me (Co, Cu)
nitrate solutions

Sol: Fe, Me (Co, Cu)
nitrate solutions + extract,
stirring with a magnetic

microwave zel
combustion

=

[ xerogel

calcination in a
muffle furnace

heat treatment in a
muffle furnace

microwave heat
treatment
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2.1. Preparation of plant extracts.
Analysis of the literature showed that authors
mainly perform extraction with distilled water,
but there is no single methodology (amount of
plants, water, temperature), and the temperatures
of subsequent heat treatment also vary. Given the
complex phytochemical composition of plants,
the conditions for extracting organic components
from them are important, since, as noted above,
these components are complexing and stabilizing
agents for nanoparticles. Therefore, we decided
to examine these issues in detail.

Various authors have used Eucalyptus
leaves [7], Olive leaves [8], Hibiscus rosa-
sinensis  leaves [9], Aloé véra leaves [10],
Barleria lupulina  leaves [11],  Erythrina
variegata leaves [12], Dillenia indica fruit [13],
passion fruit [14], grape skin and pulp [15],
coconut water [16], cashew gum [17], and, for
the synthesis of copper ferrite, asturtium leaves
[18], Corchorus Olitorius [19], chlorella green
microalgae biomass [20], Moringa oleifera [21],
Morus alba L [22], and Zingiber officinale and
cardamom seed [23].

In study [7], eucalyptus leaf extract was
prepared by heating dry eucalyptus leaves (2.5 g)
with 100 ml of distilled water at 80 °C on a
magnetic stirrer with stirring for 30 minutes,
cooling, and subsequent filtration.

The olive leaf extract was prepared by
adding 200 ml of ethanol and 200 ml of distilled
water to 5 g of leaves, stirring for 3 hours at 60
°C, and filtering [8].

To obtain 100 mg of hibiscus rosa-sinensis
leaf extract, the leaves were mixed with 100 ml
of distilled water and then stirred while heating
and filtered, and the filtrate was used for ferrite
synthesis [9].

Aloe vera leaf extract was prepared from
air-dried leaves of the plant. To 20 g of finely
chopped leaves, 200 ml of distilled water was
added, and the mixture was boiled for 15 minutes
at 80 °C. After cooling to 37 °C, the mixture was
centrifuged for 20 minutes, and then the filtrate
was further filtered [10].

Barleria Lupulina leaf extract was
prepared by heating 200 ml of distilled water
with 10 g of crushed leaves at a temperature of
40 °C with stirring for 1 hour and subsequent
filtration of the solution [11].

The authors [12] used Erythrina variegata

leaf extract to prepare cobalt ferrite. To obtain the
extract, 20 g of leaves were boiled in 200 ml of
distilled water and then filtered.

In study [13], Dillenia indica fruit was used
to prepare the extract. The extraction was
performed in an Erlenmeyer flask using 10 g of
finely chopped fruit and pulp mixed with 200 mL
of distilled water. The mixture was boiled for 10
min and subsequently filtered.

Cobalt ferrite nanoparticles were obtained
using grape skin and pulp extracts in work [15].
The extracts were prepared by boiling grape
skins/pulp for 15 minutes, leaving the mixture
overnight, and filtering it the next day.

In work [18], copper ferrite nanostructures
were synthesized using nasturtium extract. For
each gram of dry plant powder, 20 ml of distilled
water was added and mixed at 27 °C, then left
overnight. The next day, the extract was
separated by centrifugation and filtration.

To prepare the Moringa oleifera leaf
extract, 10 g of crushed leaves were mixed with
100 ml of distilled water, and then the aqueous
extract was boiled for 10 minutes at a
temperature of 80°C. The plant extract was left to
cool at room temperature and then filtered [21].

When using cashew gum (Anacardium
occidentale, Brazil) for the green synthesis of
cobalt ferrite, a starting solution of 43.8 g of gum
in 200 ml of distilled water was prepared. The
solution was homogenized with intensive
mechanical stirring for 24 hours [17].

When using ginger root extract and
cardamom seeds for the synthesis of copper-
substituted cobalt ferrites, 10 g of ginger roots
were crushed, 50 ml of water was added, and the
mixture was boiled for 10 minutes, after which it
was cooled and filtered.  Five grams of
cardamom seeds were ground into powder, 50 ml
of distilled water was added, and the mixture was
stirred while heating for 4 hours and then filtered
[23].

In addition to leaves and seeds, some
authors use fruit waste for green synthesis. For
example, in work [14], the authors use citric acid
isolated from rotten passion fruit as a complexing
reagent and “fuel” in the synthesis of cobalt
ferrite.

2.2.  Green synthesis of cobalt
nanoferrite: synthesis conditions and heat
treatment. The synthesis of cobalt ferrite
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nanoparticles using eucalyptus leaf extract was
carried out by adding a calculated amount of iron
(III) and cobalt (IT) nitrates to it while stirring and
adding a 25% NH4OH solution to pH = 10 [7].
The resulting precipitate was separated, washed,
dried, and calcined at 800 °C for 1 hour. Thermal
analysis of the sample dried before calcination
showed that the carbon residue of the eucalyptus
extract is removed between 320 and 700 °C, with
a weight loss of ~2.5%. The results of the X-ray
diffraction method (XRD) analysis of the sample
calcined at 800 °C indicated the formation of a
CoFe20s spinel structure.

When different concentrations of olive leaf
extract were used for the synthesis of cobalt
ferrite [8], sucrose was added to the mixture of
metal nitrates and extract as a gelling agent. The
resulting gel was dried and calcined at 500, 600,
and 700 °C for 3 h. X-ray diffraction (XRD)
analysis showed that the extract concentration
did not affect the crystal structure of the obtained
cobalt ferrite samples and that no impurity phases
were detected. All diffraction patterns
corresponded to the cubic cobalt ferrite structure
with the space group Fd-3m. However, the
amount of extract influenced the crystallite size:
higher extract concentrations led to the formation
of smaller crystallites.

To synthesize CoFe204 nanoparticles using
Hibiscus rosa-sinensis leaf extract, the authors
[9] took a molar ratio (1:1) of Co(NO3)2-9H20
and Fe(NO3)3-6H20 salts.  Ten milliliters of
extract were added to the mixed nitrate solution
and stirred for 1 hour at a temperature of 60°C.
The solution was then transferred to an autoclave
and heated to 200 °C for 6 hours, after which the
samples were filtered, washed, dried, and
calcined at 300 °C for 2 hours. The crystallite
size of the obtained spinel nanoparticles was 24
nm.

In [11], 30 ml of Barleria Lupulina leaf
extract were added to 20 ml of a mixture of 10 ml
of 0.05 M Co(NOs3)2:6H20 and 10 ml of 0.1 M
Fe(NO3)3-9H20 solutions with vigorous stirring
for 2 hours. The temperature was then raised to
80 °C and heated until the water was completely
removed. The resulting residue was calcined at
600 °C for 4 hours in a muffle furnace. XRD
analysis of the sample showed the formation of
cobalt ferrite nanoparticles with a nanoparticle
size of 30.07 nm.

For the green synthesis of cobalt ferrite,

various concentrations (10, 20, 30, and 40 ml) of
the extract of Erythrina variegata leaves [12]
were added dropwise to a solution of metal
nitrates (0.1 mol Co™ and 0.2 mol Fe *") with
constant stirring. The solution was dried for 3 h
at 100 °C, and the resulting powder was placed in
a muffle furnace at 900 °C for 3 h for calcination.
The formation of the crystal structure of cubic
spinel CoFe204 nanoparticles was determined
using Powder X-ray Diffraction (PXRD)
analysis.

In the work [13], CoFe204 was synthesized
using the extract of the fruits and pulp of Dillenia
indica, adding 30 ml of 0.16 M CoCl2 and 30 ml
of 0.23 M FeSO4-7H20 to 50 ml of the extract
and stirring at 40°C for 1 h. Then 15 ml of 30%
NH4OH solution was added to the solution. The
resulting solution with the precipitate was
centrifuged, and the precipitate was separated,
which, after drying, was annealed at 300 °C for 2
h. The formation of ferrite nanoparticles was
confirmed by XRD, transmission electron
microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS) analyses. In the scanning
electron microscopy (SEM) images of the
samples obtained without using the extract,
nanoparticles with an irregular shape and slight
agglomeration were observed, and in the images
of the samples synthesized with the extract,
spherical particles with slight agglomeration
were observed.

Cobalt  ferrite  nanoparticles  were
synthesized using grape skin and pulp extracts by
a sol-gel combustion method [15] An aqueous
solution of Co(+2) and Fe(+3) nitrate salts was
heated to 65°C, and the extract was added
dropwise. The solution was heated for 25 min to
evaporate and cause autoignition. After the
autocombustion stage, the resulting powders
were washed with hot distilled water and
annealed at 400°C for 2 h. X-ray diffraction
showed that all samples contained pure CoFe204
with a cubic spinel structure and the Fd3m space
group. The size of nanoparticles synthesized
using grape skin extract was ~5 nm, and the size
of nanoparticles synthesized with grape pulp
extract was 25 nm.

In work [16], 47.90 g of coconut water
powder dissolved in 500 ml of water was used for
the synthesis of cobalt ferrite. Cobalt and iron
nitrates were taken in a ratio of Fe:Co = 1:1. The
nitrate and coconut water solutions were stirred
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on a magnetic stirrer at t=80°C for 2 hours and
t=100°C for 1 hour to obtain a high-viscosity gel.
The gel was then heat treated at 350 °C in an oven
for one hour to remove solvents and obtain a dry
powder. X-ray diffraction and Raman
spectroscopy confirmed the presence of a pure
CoFe204 phase in the sample treated at 1100 °C,
with an average grain size of 542 nm.

In the work [17], nitrates of these metals
and 20 ml of natural cashew gum extract were
used as precursors to prepare cobalt and nickel
ferrites with a molar ratio of Fe:Me(Co, Ni)=2:1.
After homogenization of the mixtures for 2 h at
300 K, a gel was formed, which was subjected to
heat treatment for 1 h at 773 K. X-ray diffraction
results showed the formation of single-phase
nanoparticles with the Fd-3m space group and a
crystallite size of 7.4 and 6.0 nm for cobalt ferrite
and nickel ferrite, respectively.

In the synthesis of cobalt ferrite using citric
acid isolated from passion fruit, cobalt-iron
citrate was first obtained by coprecipitation,
followed by pyrolysis in air at 850 °C. X-ray
diffraction revealed the formation of CoFe20Oa.

In the work [23], «cobalt ferrite
nanoparticles CuxCoix Fe204 (x = 0.0; 0.3; 0.6;
0.9) were synthesized using extracts of ginger
and cardamom seeds. For this purpose, an NaOH
solution was added dropwise to a mixed solution
of nitrates with ginger root and cardamom
extracts until pH = 12 was established with
stirring. The solution was then placed in an
autoclave and heated in an oven at 160 °C for 12
hours. After cooling and filtering the precipitate,
it was washed with distilled water and dried at 80
°C for 1 hour. The resulting ferrite nanoparticles
had a cubic spinel structure with a size of 7-45
nm (according to the Debye-Scherrer formula).
Scanning electron microscopy (SEM) analysis
revealed that the spherical nanoparticles with a
diameter of 13 nm for unsubstituted cobalt ferrite
transform into a hexagonal structure with a size
of 46 nm at a Cu concentration of (x = 0.9).

2.3. Green synthesis of copper
ferrite. In the work [18], spinel nanostructures of
copper ferrite (CuFe204) were synthesized using
an extract of Nasturtium officinale. For this
purpose, 3.2 g FeCl3:6H20 and 1.6 g
CuCl2-2H20 were added to 200 ml of an aqueous
extract of nasturtium at 60 °C with stirring, and
the pH of the mixture was increased to 10 by

dropwise adding 1 M NaOH solution. The final
solution was stirred for 2 h at 60 °C. The resulting
nanoparticles were washed with deionized water,
dried at 60 °C, and calcined at 500 °C for 8 h.

In the article [20], the green synthesis of
CuFe204 nanoparticles was carried out by a
hydrothermal method using the biomass extract
of green microalgae Chlorella. The results of X-
ray diffraction analysis showed that copper
ferrite nanoparticles synthesized with the
microalgae biomass extract and NaOH at pH 12
and 180 °C for 8 hours formed face-centered
cubic structures with the space group Fd3m, with
a nanoparticle size of 24 nm.

When using Moringa oleifera extract as a
reducing and stabilizing agent for the synthesis
of CuxZnixFe204 ferrite nanoparticles (where x
=0.6 and 0.7), precursors (CuSO4-5H20) (0.1N),
(ZnSO4-7H20) (0.1N), and (FeSO4 7H20)
(0.1IN) were used by stirring at 80°C for 20-30
minutes [20-21]. After this, the extract was added
to the solution, followed by a dropwise addition
of 20 ml of NaOH (0.1 N). The resulting
precipitate was filtered, washed with distilled
water, and air-dried. The samples were then
heated in a furnace at 150 °C for 4 hours and
sintered at 400 °C for 4 hours. X-ray diffraction
analysis revealed the crystalline nature of the
resulting ferrites. The particle size of the Cu o6
Zn 04 Fe2O4 sample ranged from 9.11 nm to
20.96 nm, while for the Cu 07 Zn 03 Fe2O4
sample, the particle size was 10.92 nm to 15.41
nm.

In work [22], CuFe 204 nanoparticles were
obtained using green synthesis with an extract of
Morus Alba L. leaves. X-ray diffraction data
confirm the formation of a CuFeO phase with a
cubic space group Fd-3m. The nanoparticles
have a spherical shape with a distributed particle
size in the range of 20—70 nm.

The authors of Ref. [19] reported a green
synthesis of copper and cobalt ferrites using
Corchorus olitorius (jute mallow) via a so-called
“dry method.” In this approach, powdered dried
leaves of Corchorus olitorius served as a fuel for
the combustion process. The metal precursor
composition corresponded to a stoichiometric
Fe/M ratio of 2 (M = Cu, Co). Equimolar
amounts of metal nitrates were mixed with 0.5 g
of the plant powder, thoroughly ground in a
crucible, and heated at 60 °C to remove residual
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moisture and increase the viscosity of the
precursor gel. Subsequent heating at 300 °C
initiated self-combustion of the gel, leading to
the formation of the ferrite products. Additional
calcination at 700 °C significantly enhanced the
crystallinity of both Co and Cu ferrite
nanoparticles. Surface morphological analysis by
SEM/EDS and transmission electron microscopy
(TEM) confirmed the formation of uniform,
nanosized ferrite particles.

Copper ferrite stabilized on clinoptilolite
was prepared using green tea (Camellia sinensis)
leaf extract [24]. After fixation on clinoptilolite,
the copper ferrite crystallite size was confirmed
by Field Emission Scanning electron microscopy
(FESEM) and TEM
images to be 48.7 nm, the average pore diameter
of the catalyst was 22.2 nm, and the BET surface
area of the catalyst was estimated to be 43.7 m*/g.

Green sol-gel synthesis has also been used
to  produce nanocomposites, such as
Fe203/CuFe204/chitosan [25]. Initially,
nanostructures of copper ferrite CuFe20O4 and
iron oxide Fe203 were prepared by the sol-gel
method using autocombustion, using onion as a
green reducing agent. Chitosan was then added
to the nanostructures dispersed in water.
Chitosan was used to improve surface properties
and enhance metal ion adsorption.

2.4. Use of animal products for the
synthesis of ferrites. In addition to plants, some
studies use animal products as fuel for the
synthesis of ferrites using the "dry" method.
Thus, in work [26], cottage cheese was used to
obtain cobalt ferrite nanoparticles. Metal nitrates
were ground with cottage cheese until a
homogeneous mixture was obtained.  The
mixture was held in a preheated muffle furnace
at 500°C for approximately 5 minutes. The
resulting powder was calcined at 650°C for 5
hours. The X-ray diffraction pattern of samples
calcined at 650°C shows the formation of a cubic
spinel structure of CoFe204 with the Fd3m space
group. No secondary phase was observed in the
sample.

In [27], egg white was used to synthesize
copper ferrite. Egg white and distilled water were
mixed in a 3:1 ratio at room temperature for an
hour to obtain a homogeneous solution.
Cu(NO3)226H20 and Fe(NO3)3°9H20 salts were
added to the solution in a 1:2 molar ratio and
stirred at room temperature for four hours. The

solution was then dried by heating at 80°C. The

resulting powder was calcined for three hours at

600°C to obtain the final product. According to

X-ray  diffraction data, the CuFe204

nanoparticles have a cubic spinel structure with a

particle size of 37.3 nm.

An analysis of the literature on the green
synthesis of ferrites indicates several common
features and methodological variations:

- First, during the preparation of plant
extracts, different ratios of plant material
to water or alcohol are employed, along
with varying extraction times and
temperatures. According to published
data, extraction is typically carried out at
temperatures between 40 and 80 °C, with
extraction times ranging from 10—15 min
to 3 h. In some studies, the obtained
extracts were left to stand overnight prior
to filtration.

- Second, ferrite synthesis is generally
performed by vigorously mixing the
appropriate metal salts with the plant
extract under heating at 60-80 °C.
Subsequently, several synthesis routes
are reported in the literature:

(a) continuous stirring of the reaction
mixture until gel formation, followed
by thermal treatment; in some cases,
gelling agents such as sucrose are
added to promote gel formation;

(b) gradual evaporation of the solvent by
slow heating until complete water
removal, followed by heat treatment of
the resulting solid residue;

(c) addition of a NaOH solution to the
mixture of metal precursors and plant
extract to induce precipitation,
followed by filtration, washing with
distilled water, drying, and subsequent
heat treatment;

hydrothermal treatment of the
precursor—extract mixture in an
autoclave, followed by filtration and
final heat treatment.

- The heat-treatment conditions reported in
the literature vary widely in both
temperature and duration. Calcination
temperatures range from 300 to 1100 °C,
while the treatment time typically spans
from 1 to 8 h, depending on the synthesis
route and the desired phase purity and

(d)
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crystallinity. In addition to extract-based
approaches, ferrites can also be
synthesized via a dry method, in which
plant biomass is directly used as a fuel
without prior extraction. In this case, the
combustion of a mixture of metal
precursors and plant material is followed
by an additional heat treatment, usually
performed at temperatures of 500-650
°C.

The combustion of gels or precursor
solutions can be achieved either by
conventional thermal heating or by
microwave irradiation. For example,
cobalt ferrite was synthesized using okra
extract by placing a solution containing
metal nitrates and the plant extract in a
quartz crucible and exposing it to
microwave radiation at a frequency of
2.45 GHz and a magnetron output power
of 850 W for 15 min [28]. X-ray
diffraction analysis demonstrated that
both conventional and microwave heating
led to the formation of single-phase
cobalt ferrite, with average crystallite
sizes of 47 and 55 nm, respectively. A
similar green  microwave-assisted
synthesis of cobalt ferrite using Opuntia
dillenii extract was reported in Ref. [29],
where X-ray diffraction confirmed the
formation of single-phase crystalline
CoFe204 nanoparticles. Scanning
electron microscopy revealed
predominantly spherical particles with
sizes ranging from 40 to 200 nm. The
relatively large particle size observed in
some samples (up to 200 nm) is likely
associated ~ with  the  microwave
processing  parameters,  particularly
prolonged irradiation times and high
magnetron power. Such conditions
promote particle sintering, leading to a
reduction in specific surface area, in
agreement with previously reported
results [30, 31].

In many studies, authors report the
phytochemical composition of the plants
employed, often supported by relevant
literature data. However, owing to the
complex and variable chemical nature of
plant materials, comprehensive

471

phytochemical analyses are not always
performed. In this context, Ref. [12] is
noteworthy, as it presents a detailed
phytochemical  characterization  of
Erythrina variegata leaf extract used for
the green synthesis of cobalt ferrite. The
extract was analyzed for the presence of

alkaloids, flavonoids, steroids,
terpenoids, saponins, anthraquinones,
coumarins, glycosides, tannins, and
phenolic  compounds. Similarly, a

phytochemical analysis of Morus alba L.
leaves revealed the presence of alkaloids,
flavonoids, and saponins [22].

Furthermore, thermal analysis aimed at
identifying residual plant-derived species
and determining ferritization
temperatures is not systematically carried
out in all studies. This omission is
particularly  critical ~ for  ferrites
synthesized and calcined at relatively low
temperatures  (300-500 °C), where
incomplete phase formation or residual
organic matter may persist. From this
standpoint, studies reported in Refs. [7,
12, 16] are of particular interest, as they
include thermal analysis data that provide
insight into decomposition processes and
ferrite formation mechanisms.

Nevertheless, in the vast majority of
studies, irrespective of the phytochemical
composition of the plant source,
extraction conditions, synthesis route, or
subsequent heat-treatment parameters, X-
ray diffraction analysis consistently
indicates the formation of cubic
nanoferrites with the spinel structure
(space group Fd3m), without the
detection of secondary phases.

At the same time, it should be emphasized
that the formation of single-phase ferrites
is thermodynamically feasible only when
the initial metal ratio strictly corresponds
to the stoichiometric composition, i.e.,
Fe:Me=2:1(Me = Co, Cu). In the case of
non-stoichiometric metal ratios, the
formation of secondary oxide phases is
unavoidable. From this perspective, the
results reported in Refs. [9,16], where
cobalt and copper ferrites were
synthesized using an initial metal ratio of
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Fe:Co(Cu) = 1:1 and the authors claimed,
based solely on X-ray diffraction data, the
formation of pure ferrite phases, should
be interpreted with caution. Under such
conditions, the coexistence of cobalt or
copper oxides is expected, even if these
phases are not clearly resolved in the
XRD patterns.

3. Catalytic Application of Ferrites.
However, as noted above, given the important
role catalysts play in the chemical industry, it is
important to extend the principles of green
chemistry to the production of catalysts for
various processes. Currently, the use of green
ferrites in catalytic processes is limited. Let's
review some recent studies devoted to catalysis
using green ferrites.

Thus, in the work [32], the authors
investigated green CuFe:0s4 nanoparticles
(particle size 60-75 nm) obtained using gum
tragacanth as a catalyst for the selective oxidation
of alcohols to aldehydes using oxone (potassium
hydropersulfate) as an oxidizing agent in the
presence of acetonitrile as a solvent at 40 °C. The
oxidation of benzyl alcohol and its halogen
derivatives, as well as aliphatic alcohols (2-
butanol and isobutanol), was studied. The
optimal catalyst loading was 7 mol% per 1 mmol
of alcohol. The oxidation time for aliphatic
alcohols was about 120 minutes with an aldehyde
yield of 98.6-99%. The oxidation time for benzyl
alcohol and its halogen derivatives was slightly
shorter, at 90-95 minutes, with a corresponding
aldehyde yield of 81-89%. The catalyst was
easily separated from the products by applying an
external magnet to the reaction vessel. The
authors reused the catalyst in five subsequent
cycles, with yields of 86, 86, 85, 84, and 84%,
respectively,  indicating  stable  catalyst
performance without a decrease in activity.

In Ref. [13], cobalt ferrite nanoparticles
synthesized using Dillenia indica fruit extract
were used for the first time for the facile ipso-
nitration and ipso-hydroxylation of arylboronic
acids for the cheaper and more efficient
production of nitroarenes and phenols of
pharmaceutical and industrial importance. The
authors note that the catalyst is easily recovered
and can be reused for up to five catalytic cycles
without loss of activity.

The study of cobalt ferrite synthesized
using grape skin extract showed that cobalt

ferrite with a 5 nm nanoparticle size is an active
catalyst for the decomposition of hydrogen
peroxide [15]. H202 decomposes by 97.4% on
this catalyst. A study of the catalyst surface
morphology after catalytic decomposition of
H>0: showed that it remains unchanged. The
authors believe that cobalt nanoferrites
synthesized using green methods can be used in
Fenton processes as catalysts. As is well known,
the Fenton reaction is a reaction between
hydrogen peroxide (H202) and iron ions (Fe*") to
form hydroxyl radicals (¢*OH), which are highly
reactive and can oxidize various organic
compounds. Given the important practical
application of this reaction for the purification of
wastewater and groundwater, as well as soil,
from organic pollutants (various dyes, solvents,
phenols, pesticides, etc.), the development of
green nanoferrites opens up the prospect of
making the entire process, from catalyst
synthesis to the purification of the listed objects,
completely environmentally friendly.

In study [33], extracts from tomato fruit,
persimmon, flax seeds, and ginkgo biloba leaves
were used to compare the effect of the nature of
the plant material used in the synthesis of cobalt
ferrite on its catalytic activity in the
decomposition of hydrogen peroxide. The
catalysts were obtained by the sol-gel method
with combustion. Testing of the catalysts showed
that cobalt ferrite obtained using persimmon and
tomato extract exhibits higher catalytic activity
than cobalt ferrite obtained with flax extract. In
the presence of catalysts synthesized with tomato
and persimmon extract, H2O2 with an initial
concentration of 100 mM decomposes by 90% in
1 hour. Based on experimental data, the authors
believe that the type of extract used affects the
structure and surface characteristics of CoFe204
samples and, thus, their catalytic properties.

The work [24] investigates the catalytic
activity of copper nanoferrite on clinoptilolite in
the production of benzodiazepine (the reaction of
o-phenylenediamine with ketones). Copper
nanoferrite was obtained using green tea leaf
extract (Camellia sinensis). After fixation on
clinoptilolite, the size of copper ferrite
crystallites was determined to be 48.7 nm using
the Debye-Sherrer equation. The average pore
diameter of the catalyst was 22.2 nm, and the
surface area was 43.7 m?*/g. The experimental
results showed that the reaction of o-
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phenylenediamine with ketones on the catalyst
proceeds under mild conditions and is easily
separated  from the reaction product,
benzodiazepine, using a magnet, and can also be
reused without a significant decrease in its
catalytic activity.

In the study [22], the catalytic properties of
copper nanoferrite CuFe204, synthesized using
mulberry leaves, were investigated in the
Mannich reaction. The green copper ferrite

demonstrated good catalytic ability, with the
yield of the naphthoquinone derivative being
83.83%.

As can be seen from the examples
provided, the use of green ferrites for catalytic
purposes is limited. However, these studies open
up new prospects for the green synthesis of
various nanoscale catalysts and their application
in catalytic processes.

Conclusions

The wvast diversity of plant species—
numbering in the tens to hundreds of
thousands—and their renewable nature provide

promising  opportunities  for  advancing
environmentally benign approaches in chemical
synthesis. The present literature review

demonstrates that leaf extracts, as well as plant
fruits, roots, and seeds, can be effectively
employed in the green sol—gel synthesis of cobalt
and copper ferrites. Irrespective of extraction

studies consistently indicate the formation of
nanoferrites with a cubic spinel structure. This
observation significantly broadens the prospects
for applying green sol-gel routes not only to
ferrite materials but also to other functional and
catalytic systems. Moreover, the integration of
green sol-gel synthesis with microwave-assisted
processing enables a substantial reduction in
thermal treatment time, further supporting
compliance with the principles of green

conditions or the specific phytochemical chemistry.
composition of the plant precursors, the reported
References

1. Divakara S.G., Mahesh B. A comprehensive
review on current trends in greener and
sustainable synthesis of ferrite nanoparticles
and their promising applications. Results in
Engineering, 2024, Vol. 21, 101702. DOI:
10.1016/j.rineng.2023.101702

2. Ali S.S.L., Selvaraja S., Batoo Kh.M.,
Chauhan A., Rana G., Kalaichelvan S.,
Radhakrishnan A. Green synthesis of cubic
spinel ferrites and their potential biomedical
applications. Ceramics International, 2024,
Vol. 50, p. 52159-52189. DOI:
10.1016/j.ceramint.2024.10.084

3. Dichayal S., Murade V., Deshmukh S.,
Pansambal S., Hase D., Oza R. Green
Synthesis of Cobalt Ferrite Nanoparticles: A
Comprehensive Review on Eco-friendly
Approaches, Characterization Techniques,
and Potential Applications. J. Chem. Rev.
2024, Vol. 6(4), p. 514-531. DOIL
10.48309/JCR.2024.471812.1361

4. Tamboli Q.Y., Patange S.M., Mohanta Y .K.,
Sharma R., Zakde K.R. Green Synthesis of

Cobalt Ferrite Nanoparticles: An Emerging
Material for Environmental and Biomedical
Applications. Journal of Nanomaterials,
2023, 9770212. DOI: 10.1155/2023/9770212

5. Alam M.W., Dhanda N., Almutairi H.H., Al-
Sowayan N.S., Mushtaq S., Ansari S.A. Green
Ferrites:  Eco-Friendly = Synthesis  to
Applications in Environmental Remediation,
Antimicrobial Activity, and Catalysis—A
Comprehensive Review. Applied
Organometallic Chemistry, 2025, Vol. 39(2),
€7962. DOI: 10.1002/a0c.7962

6. Kharisov B.I., Dias H.V.R., Kharissova O.V.
Mini-review: Ferrite nanoparticles in the
catalysis. Arabian Journal of Chemistry,
2019, Vol. 12(7), p. 1234-1242. DOL:
10.1016/j.arabjc.2014.10.049

7. Gingasu D., Culita D.C., Bartha C., Oprea O.,
Moreno J.M.C., Marinescu G., Preda S.,
Chifiriuc  M.C., Popa M. Synthesis of
CoFe204 through Wet Ferritization Method
Using an Aqueous Extract of Eucalyptus

CHEMICAL PROBLEMS 2026 no. 3 (24)



474

S.M. ZULFUGAROVA et al.

8.

Leaves. Coatings, 2023, Vol. 13, 1250. DOI:
10.3390/coatings13071250

Banifatemi S.S., Davar F., Aghabarari B.,
Segura J.A., Alonso F.J., Ghoreishi S.M.
Green synthesis of CoFe20s4 nanoparticles
using olive leaf extract and characterization of
their ~ magnetic  properties.  Ceramics
International, 2021, Vol. 47, p. 19198—-19204.
DOI: 10.1016/j.ceramint.2021.03

9. Velayutham L., Parvathiraja C., Anitha D.Ch.,

10

11.

12.

13.

14

Mahalakshmi K., Jenila M., Alasmary F.A.,
Almalki A.S., Igbal A., Lai W.-Ch.
Photocatalytic and Antibacterial Activity of
CoFe204 Nanoparticles from Hibiscus rosa-

sinensis Plant Extract. Nanomaterials, 2022,
Vol. 12, 3668. DOI: 10.3390/nano12203668

. Ansari M.A., Govindasamy R., Begum M.Y .,

Ghazwani M., Algahtani A., Alomary M.N.,
Jamous Y.F., Alyahya S.A., Asiri S., Khan
F.A., Almessiere M.A., Baykal A.
Bioinspired ferromagnetic CoFe204
nanoparticles: Potential pharmaceutical and
medical applications.  Nanotechnology
Reviews, 2023, Vol. 12(1), 20230575. DOI:
10.1515/ntrev-2023-0575

Sheena T.V., John J. Barleria lupulina leaf
extract-assisted biosynthesis of cobalt ferrite
nanoparticles: Characterization and
anticancer activity against MCF-7 cells.
Inorganic ~ Chemistry ~ Communications,
2024, Vol. 167, 112709.
DOI:10.1016/j.inoche.2024.112709

Kavitha R., Veni K.K., Sagadevan S., Nehru
L. Enhanced visible light-driven
photocatalytic activity of green synthesized
cobalt ferrite nanoparticles. Ceramics
International, 2024, Vol. 50, p. 4861-4874.
DOI:10.1016/j.ceramint.2023.11.229

Bora J., Dutta M., Chetia T., Chetia B.
Sustainable green synthesis of magnetically
recoverable cobalt ferrite nanoparticles for
the facile synthesis of nitroarenes and
phenols. Journal of Molecular Structure,
2025, Vol. 1319, 139418.
DOI:10.1016/j.molstruc.2024.139418

. Medang R.P., Nforna E.A., Fomekong R.L.,

Kamta HM.T., Yonti C.N., Tsobnang P.K.,
Lambib J.N., Bitondo D. Green synthesis of
cobalt ferrite from rotten passion fruit juice
and application as an electrocatalyst for the
hydrogen evolution reaction. Energy Adv.,

15.

16.

17.

18.

19.

20.

21.

2024, Vol. 3, p.
DOI:10.1039/d3ya00450c¢
Tatarchuk T., Danyliuk N., Shyichuk A.,
Kotsyubynsky V., Lapchuk I., Mandzyuk V.
Green synthesis of cobalt ferrite using grape
extract: The impact of cation distribution
and inversion degree on the catalytic activity
in the decomposition of hydrogen peroxide.
Emergent. Materials, 2021, Vol. 5, p. 89-
103. DOI: 10.1007/s42247-021-00323-1
Gomes P., Costa B., Carvalho J.P.F, Soares
P.I.P., Vieira T., Henriques C., Valente
M.A., Teixeira S.S. Cobalt Ferrite
Synthesized Using a Biogenic Sol-Gel
Method for Biomedical Applications.
Molecules, 2023, Veol. 28, 7737.
DOI:10.3390/molecules28237737

da silva E.B.S., da Silva Ferreira S.R., da
Silva A.O., Matiasa J.A.L., Albuquerquea
A.R., de Oliveira J.B.L., Morales M.A.
Cashew gum asa sol-gel precursor for green
synthesis of nanostructured Ni and Co
ferrites. International Journal of Biological
Macromolecules, 2020, Vol. 164, p. 4245-
4251. DOI: 10.1016/j.ijbiomac.2020.08.252
Jasim S.A., Patra 1., Opulencia M.J.C.,
Hachem K., Parra R.M.R., Ansari M.J., Jalil
A.T., Al-Gazally M.E., Naderifar M.,
Khatami M., Akhavan-Sigari R. Green
synthesis of spinel copper ferrite (CuFe204)
nanoparticles and their toxicity.
Nanotechnology Reviews. 2022, Vol. 11, p.
2483-2492. DOI: 10.1515/ntrev-2022-0143
Al-Kadhi N.S., Al-Senani G.M., Almufarij
R.S., Abd-Elkader O.H., Deraz N.M. Green
Synthesis of Nanomagnetic Copper and
Cobalt Ferrites Using Corchorus Olitorius.
Crystals, 2023, Vol. 13(5), 758. _DOL:
10.3390/cryst13050758.

Sathasivam K., Yanmaz E., Vijayakumar N.
Green synthesis approach of nanoparticle
CuFe204 with the assistance of chlorella
green microalgae biomass extract. Biomass
Conversion and Biorefinery. 2024, Vol. 15,
p. 25901-25908. DOI: 10.1007/s13399-024-
05576-4

Yadav K., Ahmed G., Chauhan H.S. Green
synthesis of Cu-doped zinc nano ferrite
materials using moringa oleifera leaves.
Journal of Indian Research, 2022, Vol.10(3-
4), p. 57-64

1367-1374.

CHEMICAL PROBLEMS 2026 no. 3 (24)



SYNTHESIS OF COBALT AND COPPER NANOFERRITES

475

22.

23.

24.

25.

26.

27.

Cahyana A.H., Liandi A.R., Yulizara Y.,
Romdonia Y., Wendaric T.P. Green
synthesis of CuFe204 nanoparticles
mediated by Morus alba L. leaf extract:
Crystal structure, grain morphology, particle
size, magnetic and catalytic properties in
Mannich reaction. Ceramics International,
2021, Vol. 47(15), p. 21373-21380.
DOI: 10.1016/j.ceramint.2021.04.146
Barkat F., Afzal M., Shahzad B., Adnan Kh.,
Mahwish S., Aiman B., Mehmood M.T., Wu
K. Formation Mechanism and Lattice
Parameter Investigation for Copper-
Substituted Cobalt Ferrites from Zingiber
officinale and Elettaria cardamom Seed
Extracts Using Biogenic Route.
Materials, 2022, Vol.15(13), 4374,
DOI:10.3390/mal15134374
Gholamrezaeenya N., Mahanpoor K.,
Ghodrati K., Abdoli-Senejani M., Marjani A.
Green synthesis of nano-
CuFexOq4/clinoptilolite and its use in
benzodiazepine synthesis. Green Materials,
2023, Vol.11(3), p.106-114.
DOI:10.1680/jgrma.22.00016
Ansari F., Sobhani A., Salavati-Niasari M.,
Ansarietal F. Green synthesis of magnetic
chitosan nanocomposites by a new sol-gel
auto-combustion method.  Journal
Magnetism and Magnetic Materials, 2016,
Vol. 410, p. 27-33.
DOI:10.1016/j.jmmm.2016.03.014
Naik M.M., Bhojya Naik H.S., Nagaraju G.,
Vinuth M., Vinu K., Viswanath R. Green
synthesis of =zinc doped cobalt ferrite
nanoparticles: Structural, optical,
photocatalytic and antibacterial studies.
Nano-Structures & Nano-Objects, 2019,
Vol. 19, 100322.
DOI:10.1016/j.nan0s0.2019.100322
Udhaya A., Ahmad A., Meena M., Abila
Jeba Queen M., Aravind M., Velusamy
P., Almutairi T.M., Mohammed A.A.A., Ali
Sh. Copper Ferrite nanoparticles synthesized
using a novel green synthesis route:
Structural development and photocatalytic
activity. Journal of Molecular Structure.

28.

29.

30.

of 3l1.

32.

33.

2023, Vol. 1277(5), 134807.
DOI:10.1016/j.molstruc.2022.134807
Kombaiah K., Judith Vijaya J., John Kennedy
L., Bououdina M., Jothi Ramalingam R., Al-
Lohedan H.A. Okra extract-assisted green
synthesis of CoFe204 nanoparticles and their
optical, magnetic, and antimicrobial
properties.  Materials  Chemistry  and
Physics, 2018, Vol. 204, p. 410-419. DOIL:
10.1016/j.matchemphys.2017.10.077

Kombaiah K., Judith Vijaya
J., John Kennedy L., Bououdina M., Al
Najar B. Self heating efficiency of
CoFe204 nanoparticles: A comparative
investigation on the conventional and
microwave combustion method. Journal of
Alloys and Compounds, 2018, Vol. 735(25),
p. 1536-1545.

Zulfugarova S.M., Azimova G.R,
Aleskerova Z.F., Ismailov E.H., Litvishkov
Yu.N., Tagiyev D.B. Microwave Sol-Gel
Synthesis Of Co, Ni, Cu, Mn Ferrites And
The Investigation Of Their Activity In The
Oxidation Reaction Of Carbon Monoxide.
Current Microwave Chemistry, 2022, Vol.
9(1), p. 37-46.
DOI:10.2174/221333560966622030310523
3

Zulfugarova S.M., Azimova G.R.,
Aleskerova Z.F., Tagiev D.B. Binary and
ternary copper ferrites in the oxidation of
carbon monoxide. Chemical Problems,
2025, Vol.  23(3), p. 329-342.
DOI:10.32737/2221-8688-2025-3-329-342
Ramazani A., Fardood S.T., Hosseinzadeh
Z., Sadri F., Joo S.W. Green synthesis of
magnetic copper ferrite nanoparticles using
tragacanth gum as a biotemplate and their
catalytic activity for the oxidation of
alcohols. Iranian Journal of Catalysis, 2017,
Vol. 7(3), p. 181-185.

Tatarchuk T., Shyichuk A., Kotsyubyns
V., Danyliuk N. Catalytically active cobalt
ferrites synthesized using plant extracts:
Insights into structural, optical, and catalytic
properties. Ceramics International, 2025,
Vol. 51(4), p. 4988-4999.
DOI:10.1016/j.ceramint.2024.11.470

CHEMICAL PROBLEMS 2026 no. 3 (24)



