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Abstract: The spinel ferrites have earned enormous interest worldwide because of their attractive
potential applications. This review highlights different synthetic protocols of spinel ferrites such as co-
precipitation, sol-gel, microemulsion, solid-state, hydrothermal, and thermal decomposition, where
each method can influence the properties of ferrites. The use of ferrites in heterogeneous catalysis of
various organic syntheses is discussed therein; the activity is mostly particle size-dependent. The
catalytic activity of spinel ferrites towards photo-irradiated dye degradation is also studied. In the
presence of H.O, producing a Fenton-type system, ferrites have tremendous potential for dye
degradation in an advanced oxidation process.
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1. Introduction

Spinel ferrites' considerable interest to the researchers exhibits their versatile
applications in fabricating various electrical devices, chemical sensors, catalysis wastewater
treatment, magnetic separation, transducers, transformers, actuators, etc. [1,2]. Ferrites are
composed of iron oxide, blended with a small amount of some other metal oxides [3-5]. On the
other hand, spinel structures have the general formula of AB.O4, where the metallic cations A
and B occupy two different crystallographic sites, tetrahedral (A site) and octahedral (B site);
which are coordinated to the oxygen atoms [6,7]. In this formula AB2Oa, when there is a Fe3*
ion present, the structure would be termed as ferrite. Therefore, the general formula of spinel
ferrite would be MFe>O4 (where M = Divalent metal cations) [8-10]. They have a face-centered
cubic structure. Along with spinel structure, ferrites can exist in different crystallographic states
such as garnet (MsFesO12; M = rare earth cations), hexaferrite (SrFe12019 and BaFe12019), and
orthoferrite (MFeOz; M = rare earth cations) [3, 11]. Amongst them, spinel ferrites have got
special attention because of their interesting properties and applications [11].

Generally, in spinel ferrites, the tetrahedral sites (A-sites) are occupied by the divalent
cations like Mg?*, Fe?*, Co?", Cd?*, Cu?*, Zn?*, etc., while the octahedral sites (B-sites) are
occupied by trivalent cations like Fe3*, AIP*, Gd**, Dy*, Eu®* and Tb%, etc. [12,13].
Depending on the distribution of cations in the structure, there can be three types of spinel
structures based on the cation distribution on these two sites: (a) Normal spinel where
M?*occupies A-sites and trivalent cations on B-sites; (b) Inverse spinel where divalent cations
(M?*) occupy the B-sites and trivalent cations occupy half of the A-sites and half of the B-sites
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by equal distribution (c) Mixed spinel in which both divalent and trivalent cations occupy A
and B-sites [14-16]. The physical and chemical properties of spinel ferrites depend on the type
and distribution of cations on different sites as well as on the morphological properties [6, 17].
The morphology of different spinel ferrites can be controlled by altering the elemental
composition and criterion of synthesis like sintering temperature, sintering time, rate of heating
and cooling, etc. [18-21]. Hence a suitable synthetic approach is essential to attain the desired
functions.

Nowadays, ferrites are being used as a potential material for heterogeneous catalysis in
organic synthesis [22,23], becoming an alternative to the catalysts typically used. On the other
hand, the activity of spinel ferrites as photocatalysts for the degradation of organic pollutants,
especially for dye, is very familiar [22]. The use of hydrogen peroxide as an oxidant in the
catalytic process develops a Fenton reaction system [23] and significantly increases the
catalyst's effectiveness. The major advantages of spinel ferrite particles being used as a catalyst
are their magnetic properties and the ease of retrievability and recyclability of the catalysts
after completion of the reaction. The present review aims to analyze the usability of different
synthetic methods of spinel ferrites.

|Synthesis| | Application |

R Catalysis
(Organic synthesis)

Sol-gel

Co-precipitation ——

AB,O0,

Spinel Ferrites

Solid-state

Micro-emulsion ——

Hydrothermal
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Thermal decomposition - ~ degradation

Figure 1. Overview of recent work.
2. Synthesis of Spinel Ferrites

Although there are many synthetic approaches to preparing spinel ferrite nanoparticles,
including chemical co-precipitation, thermal decomposition, hydrothermal, sol-gel, solid-state
reaction, microemulsion, etc., most of them have major drawbacks over their advantages.

2.1.Chemical co-precipitation.

Co-precipitation is a simple, easily accessible, and most frequently used method for
synthesizing ferrite particles. The major advantages of this method are the size and
homogeneity of the particles can be controlled by controlling reaction temperature, stirring
speed, pH, the concentration of the solution, rate of addition of alkali, etc. [24-26]. Thus,
particles of smaller sizes with enhanced reactivity can be obtained [27,28].

In a typical procedure, metal salts with a stoichiometric ratio are dissolved in water. As
nanoparticles tend to agglomerate, therefore, a surfactant mostly oleic acid, sodium dodecyl
sulfate, polyacrylic acid, etc., is added to the mixture to avoid agglomeration. Reaction to form
hydroxide from metal salts occurs when the pH of the solution is increased, generally between
10-13, by adding alkali solution to get a high yield. The mixture is then heated at 60-100 °C
temperature with constant stirring for a long time for the complete conversion into ferrite
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particles. Then the mixture is cooled down, the particles are separated and washed several times
by water and/or ethanol/acetone to remove the impurities, and then dried in an oven at 50-100
°C overnight. Finally, the dried product is calcined in a furnace at a higher temperature
(>400°C) in various time durations to observe the effect of calcination [29-37]. In order to get
a better crystallinity, a higher calcining temperature is needed [20], which would be a limitation
of this method. Also, the pH needs to be set to near neutral during the washing; otherwise,
particles could be agglomerated [38].

I
&
Muffle Furnace i .
g Spinel Nano-composites
Precipitate product Calcined

©_—Cp )

Figure 2. Chemical co-precipitation synthesis method of spinel nanocomposite.

2.2.50l-gel method.

The method Sol-gel is known for its simplicity, controlled morphology, small particle
size, and low reaction time. Originally, the method involves metal alkoxide as the precursor,
which can be modified with metal salts, which undergo hydrolysis and condensation, and a gel
formation occurs. A fuel (an organic complexant) is used to cause the condensation
polymerization to take place. In a general procedure, metal alkoxides or metal salts are
dissolved in a minimum amount of water, mixed together, and heated at 60-150 °C; thus, sol
formation by hydrolysis occurs. The fuel (such as citric acid, urea, glycine, starch, etc.) is added
to the mixture, which plays a vital role in the morphology and phase formation. The fuel makes
the gel formation happen via polycondensation followed by syneresis or aging, where
condensation continues within the gel networks and often expulsion of solvent due to shrinking.
The gel is further dried, and a dense xerogel is formed. Finally, it is calcined at a higher
temperature to remove the metal-hydroxyl bond, and the final particle is obtained. A base such
as ammonia solution is added to increase the pH (mostly at 7) to enhance metal cation binding
to citrate ions. In this reaction, the metal salts act as oxidizers and complexant as reductants,
and an exothermic, self-sustaining thermally-induced anionic redox reaction occurs in the
xerogel [39-54].

Now, some reports have described the sol-gel process of ferrite synthesis having some
modification with the materials, and thus mechanism described earlier, i.e., using ethylene
glycol with citric acid. Originally this method is known as the ‘Pechini process’ invented by
Maggio Pechini in 1967, where a polyesterification occurs between citric acid and ethylene
glycol, forming a viscous liquid of extended covalent network. Upon drying and heating this
on a furnace, all organic substances are removed, and finally, the metal oxide is obtained.
Polyvinyl alcohol can also be used, which will form a three-dimensional network. Also, citric
acid has been replaced with ethylenediaminetetraacetic acid (EDTA), which has an advantage
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with four carboxylate groups. But in this way, the ability to control the size and morphology is
reduced as the metal cations are trapped in the polymer network [46, 55-61].

2.3. Micro-emulsion method.

The Micro-emulsion method is based on the dispersion of two relatively immiscible
liquids stabilized by surfactant molecules. Both the normal micellar (oil-in-water) and reverse
micellar (water-in-oil) procedures are employed to synthesize particles. This method got
special attention because of its excellent particle size, shape, uniformity, and dispersity control.
Particles with extremely small sizes can be obtained by this method [62-65].

Here, an emulsion mixture is obtained by mixing metal salts with a surfactant, a polar
solvent (water), and a non-polar solvent in definite stoichiometry. Trimethylammonium
bromide (CTAB) and sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is the most extensively
used surfactant. Poly (oxyethylene)-4-laurylether or n-butanol is used as a co-surfactant, and
n-hexane, octanol, isooctane is used as the non-polar liquid. Solutions are mixed together
afterward, a reducing agent is added and stirred with heat treatment (20-80°C). Thus, the
particles are precipitated, separated, washed with water and ethanol, and finally dried in an
oven. The reducing agent such as hydrazine, sodium borohydride, sodium hydroxide or
ammonia solution makes the particle formed by increasing pH (9-12). Though the reaction
takes place at a lower temperature is advantageous, but the synthesized particles are low
crystalline in nature, also a large number of solvents is required [22, 66-72].

2.4. Solid-state reaction.

The solid-state method can be considered the simplest method of ferrite particle
synthesis, where only heat treatment involves particle formation. This method is commercially
advantageous because of its scope of less impure existence, also large-scale production.

In this method, metal oxide precursors in calculated stoichiometry are finely grounded
and mixed for a long time to obtain a homogenous mixture. Then the mixture is pre-sintered in
a furnace at a high temperature (>700°C) as if the solid mixtures react together to form the
particles. These pre-sintered particles are further ground into fine particles. Generally, the
particles are pressed into pellets applying pressure and sintered to a much higher temperature.
Though the method is simple and convenient, it also has some disadvantages, including higher
sintering temperature for a long time. Precursors are also milled for a long time, thus not so
time-efficient, and cannot be controlled if any unwanted phase formation occurs. Also, the
control over particle size is less [73-77].

Table 1. A comparison of the available synthetic methods of preparing spinel ferrites under different conditions.

Reaction Calcining Particle

Synthesis Example Temperatur pH Fuel/ surfactant/ | temperature | Calcination size Ref
methods e (°C) solvent (C) period (nm) '
CoFe204 110 7 Ethylene glycol 550 4h 77.21 [52]

Glycerin 86.12

Urea 65.84
Sol-gel FesO4 40-120 - Ethylene glycol 200 - 18 [78]

400 25

CoMnozFe1 404 60-90 - etﬁ;:;ﬁeag;gém 400 2h ~20 [56]
NiFe204 80 12 Oleic acid 600 10h ~8 [36]
Co-precipitation Fe304-CA? 60 105 - - - 17-30 [79]
MnFe204 70 11 - 400 2h 200-290 [35]
Solid-state MgFe204° - - - - 12.31 [80]
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Reaction Calcining Particle
Synthesis Example Temperatur H Fuel/ surfactant/ | temperature | Calcination size Ref
methods P e (-C) P solvent ({9) period (nm) '
Nio.65-x 480-
MgxZno.ssFe204( - - - 1250 2 he 1560 [81]
0.00<x<0.16)
Poly
oxyethylene 209+
MgFe204 . ) no(nylspl)her?yleth)er/ 600 2h 4.3 [82]
heptane
Acetic acid,
Micro-emulsion FesO4/Chitosan 60 i Trltcr)]n X-100/ n- ) i 50-92 [68]
exanol,
cyclohexane
Nio.ss ZNo.ss Sodium d!octyl
: ' 500 - sulfosuccinate, 1200 4h 8.4 [83]
Fe204 .
isooctane
NiFe204 150 10 - - - 53 [84]
Glycerol - - 13
Hydrothermal Sodium dodecyl
- - 12
sulfate
CoFe204 150-180 9 - 500 4h 34 [85]
Benzyl ether-
Thermal MnFe204 270 - O'EVLS';‘"T'Z_O'E'C - - ~18.9 | [86]
decomposition hexadecandiol
CoFez0s 200200 | - | Benaylether . . ~91 | [87]
oleic acid

a = Citric acid; b = Dried at 90°C for 2 h; ¢ = Pre-sintered at 900°C for 4 h;
2.5. Hydrothermal method.

The hydrothermal method is another feasible way to synthesize spinel ferrites where
control in the composition is high. The method is easily accessible, and particles with greater
morphological properties can be obtained [88]. Metal salts in required stoichiometry are
dissolved in water and mixed together by magnetic stirring. Reports are also available where
the method is assisted by stabilizing agents like sodium dodecyl sulfate, glycerol, plant extract,
etc. The pH of the mixture is increased to 9-12 by means of a base solution that plays a vital
role in particle formation. After subsequent magnetic stirring, the mixture is then transferred to
a Teflon-coated stainless-steel autoclave at 150-200°C in various time durations to complete
the reaction. The particles formed are then washed with water and ethanol to neutral pH, dried
in an oven, and finally calcined in a furnace to obtain the fine particles [84, 85, 88-91].

2.6. Thermal decomposition.

Thermal decomposition is another convenient method of spinel ferrite synthesis where
monodispersed particles with smaller sizes and better crystallinity are obtained. Also, this
method can employ in large-scale production [92,93]. This method obtains ferrite particles by
thermal decomposition of organometallic precursors using organic solvents with a high boiling
point and a stabilizing agent [94].

The organometallic precursors are mixed with organic solvent and surfactant using a
magnetic stirrer in an inert atmosphere. The mixture's temperature is then increased much
higher (<350 °C) for sufficient time duration to form the monodispersed spinel ferrites. The
mixture is then cooled, separated the particles, washed several times with ethanol/acetone, and
then dried overnight [86, 87, 93-96]. Though fine particle size can be obtained by this method,
this largely depends on the control over the reaction temperature. The method is not so cost-
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effective, requires high energy, also not so environmentally friendly when using toxic
substances as solvent.

Table 2. Advantages and limitations of synthesis methods of spinel ferrites.

Synthesis methods Advantages Limitations
Easy and simple synthesis Low crystallinity
Co-precipitation Particle size and homogeneity control Long time
Reactivity of the product Required pH control
Controlled morphology Lake of purity
Sol-gel - -
Small particle size
. . Excellent control over size and shape Large number of solvents required
Microemulsion —
Low temperature Poor crystallinity
Simpler procedure Higher calcining temperature
Solid-state Possibility of low impurity existence Milling for a long time
Large-scale production No control over unwanted phase formation
High control of composition Required special equipment
Hydrothermal Enhanced morphological properties High reaction temperature
Monodispersed and smaller size High temperature
Thermal decomposition Better crystallinity Toxic substances can be used as a solvent
Large-scale production Required organic solvents

3. Catalytic activities of spinel ferrites

3.1. Heterogeneous catalysis of the organic synthesis reaction

It has been stated that ferrites are an efficient material for catalysis. It can be used as a
heterogeneous catalyst in organic reactions [22]. Both simple ferrites and mixed-metal ferrite
composites are used for this purpose. Ferrite particles are stable, less toxic, and easily separable
from the reaction mixture due to their magnetic properties [97]. Therefore, interest in ferrite
catalyzed synthesis reactions is enormously [22, 98, 99] increasing.

The catalytic activity of spinel ferrites is site-dependent, i.e., the octahedral sites are
catalytically active while the tetrahedral sites are not. This is because reactant species can be
fairly coordinated to octahedral sites having a larger size. Therefore, knowledge about the site
preference of the selected metal cations is important to explore their catalytic behavior.
Spherical calcium ferrite (CaFe204) particles prepared by the citrate gel method with a mean
size of 500-600 nm are successively used for the selective oxidation of styrene. Dilute hydrogen
peroxide (H202, 30%) is used as an oxidizing agent. The oxidation reaction yields
benzaldehyde as a major product and phenylacetaldehyde as the minor one [22].

) CaFe,0y
Styrene. ————————®  RBenzaldehyde + Phenyl acetaldehyde
30% 1,0,

Figure 3. Selective oxidation of styrene using H,O; as oxidant and CaFe;O4 as a catalyst.

Among spinel ferrites, copper ferrite (CuFe204) is one of the most efficient catalysts.
B, v- unsaturated ketone was synthesized from acid chloride and allyl bromide/ cinnamyl
chlorides in THF (tetrahydrofuran) using copper ferrite as the catalyst. The same citrate gel
method is also used where the particle size is found to be 20 nm; therefore, no additives,
ligands, or co-catalyst are required [98].

o] . o]
R)Lcu N Br/\/ THF/ R)J\/\

room temp.

. = CuFe,0, particle
Figure 4. B, y -unsaturated ketone synthesis from allyl bromide in presence of spinel ferrite. R = (a) CsHs (b) 2-
CICgHa(c) 2-Br, 5-F, CsHs (d) 2-Br, 5-F, CgHs, () Furanyl (f) 5-Phenyl, 3-Methyl, 4- Isoxazolyl, (g) 5-(2, 5-
dichloro) Phenyl, 3-Methyl, 4lsoxazolyl, (h) (CH3)sC- (i) C11H23- (j) CisHa1-
https://biointerfaceresearch.com/ 4404
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)CL ~ ’ . /L/\/Q
R al ! ©/\/ THF/ R N

room temp.

. = CuFe,0, particle
Figure 5. B, v -unsaturated ketone synthesis from cinnamyl chloride. R = (a) CsHs (b) 2-CIC¢Ha (c) Furanyl (d)
-CH (CHj3)2

25 nm-sized cobalt ferrite (CoFe204) synthesized by the co-precipitation method was
used as a catalyst for oxidation of alkene to epoxide or aldehyde in the presence of tert-
butylhydroperoxide (t-BuOOH) as an oxidizing agent. It has been shown that at 70 °C with
constant reaction conditions, conversion of styrene is maximum in 1, 2-dichloroethane among
all other solvents [99]. The catalytic efficiency of ferric hydrogen sulfate supported on silica-
coated nickel ferrite (NiFe.Os@SiO.-FHS) was examined by one-pot synthesis of 1, 8-
dioxodecahydroacridines by mixing aromatic aldehyde (1 mmol), dimedone (2 mmol), and
ammonium acetate or aromatic amine (1 mmol) at 80 °C. The reaction was also carried out in
the absence of the catalyst, where no product was obtained. The best result was found using
0.025 g of catalyst at 80 °C under solvent-free conditions [100]. The mixed metal ferrite
CoMno.oFe1804 was used as a catalyst for the reduction reaction of nitroarenes to corresponding
aromatic amines. The sol-gel method was employed to fabricate the catalyst, and an average
particle diameter was found to be 20 nm. The reaction kinetics was also analyzed using 2-
nitroaniline as the model one under UV-Visible spectroscopy, where the reduction reaction
followed the pseudo-first-order kinetics [56].

Q

Nitro substrates ——————3 Amine derivatives

O = CoMny, ,Fe; g0, catalyst
Figure 6. Conversion of nitroarenes using CoMng2Fe;1 04 nanoparticles.

The electrocatalytic activity of larger-sized spinel NiFe2O4 particles (up to 500 pum) for
hydrogen evolution reaction (HER) in alkaline water electrolysis provided an active material
[101]. The electrocatalytic activity was also tested for nickel ferrites in hydrogen evolution
reaction with varying compositions where the trend was found to be Fe304 < NigeFe2404 <
Nio.2Fe2804 < Nig gFe2804 < Nig.4Fe2604[102]. Pyrazolopyridine derivatives were synthesized
by a four-component reaction of hydrazine hydrate, ethyl acetoacetate, aromatic aldehydes, and
ammonium acetate in the presence of mesoporous halloysite nanotubes (HNTs) modified by
CuFe204 nanoparticles (CuFe,04s@HNTS). Also, the reusability of the catalyst was tested,
resulting in no significant decrease in the activity for eight runs under the same reaction
condition [103]. a, B-unsaturated ketones were synthesized using CoFe.O4 nanoparticles (40-
50 nm) in ethanol from corresponding aromatic aldehydes, and aryl ketones also provided
satisfactory results [23].

3.2. Photocatalytic degradation.

The application of ferrites as photocatalysts is extensively studied mostly for the
degradation of dye, a major class of organic contaminants. Hydrogen peroxide (H20>) assisted
oxidative degradation of dye using ferrite photocatalyst is an effective and well-known
experimental area where a Fenton-type reaction between the metal cation and H»O- takes place,
followed by the production of reactive oxygen species from the decomposition of H,02[104].
https://biointerfaceresearch.com/ 4405
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The proposed mechanism says that in this oxidation process, initially, HO" is generated from
H>0, decomposition.

M™ + H02— M ™" + HO" + HO™

This HO" radical reacts with H202, and peroxide radical (HOQO") is generated, and the
reaction between this HOO" and M (™1 * produces oxygen (Oz). HO" radicals can also react
with the organic species (e.g., dye) in the oxidation process [105].

H,0, + HO® — H,0 + HOO"
MDD+ + HOO® — M™ + H* + O

Here, the photocatalytic activity of spinel ferrites for some commonly studied dyes is
reviewed below.

3.2.1. Degradation of methylene blue (MB).

MB is one of the most commonly studied dyes used as a redox indicator, staining agent
in medical diagnosis, or dyestuff in the textile industry. A cationic dye chemically called
methylthioninium chloride can contaminate water when disposed of these effluents untreated.
Spinel ferrites proved themselves a potential catalyst for the degradation of MB and other dyes
responsible for water pollution [106].

AN
H3C / CH3
SN &7 N~
| Cl |
CH, CH,

Figure 7. Structure of methylene blue.

Rate of degradation of dye using photocatalyst depends on various parameters like pH,
amount and morphology of catalyst, temperature, dye concentration etc. Visible light induced
CoxZnixFe204 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) with the aid of 0.1 ml 30 % H20, was used
to degrade MB dye showed maximum degradation of 77% in 1 hour when x = 0.5. ZnFe;04 (X
= 0.0) showed the least degradation (65%) and the percentage increased with the increase of
cobalt content. This is because, when Co?* was introduced to ZnFe,O,, it tended to occupy the
octahedral sites having larger volume [107]. Sol-gel synthesis of CoMnyFe,xOa(x = 0.2, 0.4,
0.6, 0.8 and 1.0) used to oxidative degradation of MB under visible light as well as in dark
showed the degradation increased drastically for CoMno2Fe1804 in light than dark in presence
of 5% H>0.. Although, for other manganese contents (x = 0.4, 0.6, 0.8 and 1.0) the variation
between light and dark is less. Overall, the catalytic activity is increased in the order of
CoMnFeOs> CoMnogFe1204> CoMnosFe1404> CoMnosFe1604> CoMng.2Fe1804>
CoFe>04[104]. Experiments based on copper substituted cobalt-zinc ferrite showed no
photocatalytic activity in absence of hydrogen peroxide, but complete degradation was
obtained after 90 mins in presence of H202[108]. Both NixZni1.xFe204 (x = 0.0, 0.2, 0.4, 0.6,
0.8 and 1.0) and NixMnixFe>O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoparticles showed
efficiency towards the degradation of MB, the activity increased from x = 0.0-0.6 then
decreased for x = 0.8-1.0 [109, 110].
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Table 3. Dye photocatalytic degradation efficiency of spinel ferrites.

Irradiation Irradiation Degradation
Dye Catalyst Source period pe?’centage Ref.
MB Co00.5ZNn0.5Fe204 Visible 1h 77 % 107]
MB Titania-silica/ CoFe204 uv 40 min 98.30% 111]
MB MgFe204 Visible 50 min 95% 112]
MB rGO/ZnFe204 Visible 120 min 99.23% 113
MO CoFe204-Fe304 uv 5h 93% 114]
MO NiFe204 Visible 5h 71% 115]
MO ZnFe204/TiO2 Visible 4h 84% 116]
MO CuFe204 uv 90 min 53% 117]
RhB Nio.8Zno.2Fe204 Visible 180 min 98.48% 118]
RhB SrFe204/g-C3N4 Visible 40 min ~100% 119]
RhB AgsPOs@MgFe 042 Visible 20 min 98% 120
RhB ZnFe;04° Visible 40 min 97.5% 121]
CR CdFe204 Microwave 10 min 94.40% 122]
CR C00.5Cuo.sFe204 Visible 90 min ~71% 123]
CR CoFe204 Visible 90 min ~69% 123]
CR MnFe204/TA/ZnO Visible 90 min 84.20% 124]

a = 10% concentration; b = Succinic acid-assisted synthesized particles; MB = methylene blue; MO =
methyl orange; RhB = rhodamine B; CR = congo red.

3.2.2. Degradation of methyl orange (MO)

Methyl orange is a water-soluble azo-dye commonly used as an acid-base indicator. It

is a widely used organic dye discharged in water from textile, food, paper, printing, etc.
0

|
H;C In
3 \ —<: :)— //N‘©78| o
N N

0

Figure 8. Structure of methyl orange

The catalytic activity of NiFe>Os synthesized by the co-precipitation method was
evaluated by the degradation of MO dye under direct sunlight. No significant degradation was
observed in the dark, while about 72% degradation was observed within 5 hours of direct
sunlight hence concluded this as a suitable heterogeneous photocatalyst [115]. Again, the core-
shell NiFe,Os@TiO, was employed as a photocatalyst under ultraviolet light radiation and
showed positive results for MO dye degradation. In this case, degradation efficiency increased
with the increase of TiO2 percentage. Degradation efficiency for 10% TiO. was 72.69% and
for 40% TiO, efficiency was 90.06%. The recovered core-shell catalyst was used for ten
successive runs without any significant loss of photoactivity [125]. The ultraviolet light
radiated photodegradation of MO dye was also carried out using nanocrystalline copper ferrite
(CuFe204). Found the degradation efficiency of 53% after 90 mins of UV light irradiation
[117]. A more significant result was obtained from MnFe>O4 for oxidative degradation of MO.
In the presence of 1 mL, H20, 98% degradation of MO dye was observed after 4 hours. This
high activity might be obtained from the high specific surface area and active absorbed oxygen
species [126].

3.2.4. Degradation of rhodamine B (RhB).

RhB is an organic chloride salt that is amphoteric. It contains a xanthene core, thus
having a property of fluorescence. It is extensively used in fluorescence microscopy,
fluorescence correlation spectroscopy, ELISA, etc. It can cause serious health danger to human
beings as well as a threat to the aquatic environment.

https://biointerfaceresearch.com/ 4407


https://doi.org/10.33263/BRIAC124.43994416
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC124.43994416

Figure 9. Structure of RhB dye.

Succinic acid-assisted hydrothermal synthesis of ZnFe;Os with two different
morphological properties was studied as a photocatalyst for the degradation of RhB dye. Zinc
ferrite synthesized with the aid of succinic acid was labeled as ZnFe,04-S1, having a regular
morphology of cube-shaped particles of 8-18 nm. And particle synthesized using the same
procedure except for the addition of any succinic acid was labeled as ZnFe»04-S2, having an
irregular flake-shaped structure with the edge length of 7-13 nm. The degradation efficiency of
the photocatalyst S1 was 97.5%, and S2 was 70% after 40 min under visible light. This might
result from the high crystallinity and smaller particle size. Also, the photocatalytic activity of
the S1 sample was unchanged till the three-cycle experiment [121]. Visible light-induced
photocatalytic activity of RhB using zinc doped cobalt ferrite, Co1-xZnxFe204 (x = 0.0, 0.1, 0.2,
0.3, 0.4 and 0.5) and magnesium doped cobalt ferrite, Co1-xMgxFe204 (x = 0.0, 0.1, 0.2, 0.3,
0.4 and 0.5) accomplished almost similar results. The maximum degradation efficiency was
99.5% when x = 0.4 for both the catalysts. Pure CoFe.O4 showed a minimum efficiency of
73%. And in both cases, degradation efficiency decreased after the maximum, i.e., for x = 0.5,
this might happen due to the structural changes happening due to doping saturation (Co: Zn/
Co: Mg = 50:50) [127, 128]. Nickel substituted zinc ferrite, NixZn1-xFe.O4 (x = 0.0, 0.2, 0.4,
0.6, 0.8, and 1.0) showed a more significant efficiency of 98.48% under visible light after 180
mins. The highest efficiency was observed when x = 0.8, as it has the highest surface area, thus
increasing the number of active sites [119].

3.2.5. Degradation of congo red (CR).

Congo red is another commonly used azo dye used as an acid-base indicator. However,
its use to dye cotton has been limited but used in histology to stain tissues for microscopic
examination. Treatment of this dye effluent is extremely important as it is found to be
carcinogenic in nature.

Hydrothermal synthesis of cadmium ferrite, CdFe>O4 with a narrow size range (20-30
nm) showed excellent efficiency for the degradation of congo red where almost 94.4% of CR
dye was degraded within 10 mins under microwave (MW) irradiation. However, the efficiency
was only 26.5% unless any MW light radiation thus proved the particle as a prominent
photocatalyst [122]. Electrochemical treatment of CR in a microbial fuel cell (MFC) using
MgFe204 as an anode modifier also degraded the dye successfully by an electron transport
system with electrical energy generation. Where degradation of CR produced aromatic amine,
another hazardous material, was also treated to break down to simple compounds [129]. Copper
substituted cobalt ferrite, CoosCuosFe204 was found to be more effective for the degradation
of CR (~71%) than the CoFe2Os alone (~69%) under visible light [123]. Magnetically
Separable MnFe;O4/TA/ZnO nanocomposites also degraded the CR dye in the presence of
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visible light for 84.2% in 90 min, while MnFe204 or ZnO alone couldn’t degrade significantly
(46.1% and 11.3%, respectively). Moreover, no catalytic activity is observed in the absence of
light radiation [124].

Figure 10. Structure of congo red dye.
4. Conclusions

Structure, morphology, and particle size determine the catalytic properties of spinel
ferrites, and the synthetic methods of the particle regulate these. In this review, some commonly
pronounced methods to synthesize spinel ferrites have been discussed; different parameters'
effect on particle size is also presented. Spinel ferrites possess excellent catalytic properties.
They have been corroborated as heterogeneous catalysts in organic synthesis and opened a new
pathway to researchers. The catalytic properties in the photo-irradiated oxidation process
carried out a fruitful result in the degradation of various organic dyes. However, ferrites, when
combined with other particles, i.e., core@ shell structure, the catalytic properties increase
significantly.
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