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Preface

Ferrites have raised considerable interest in basic research as well as potential appli-
cations due to their broad range of novel and enhanced physio-chemical properties.
As an important family of magnetic materials, spinel ferrites in nanostructured form
with diverse morphology and physio-chemical properties have attracted increasing
attention. This is due to their unique characteristics of spinel structure to form an
extremely wide variety of total solid solutions, which leads to appealing applications
especially in the field of advanced electronics, microwave devices, biotechnology
as well as biomedical sciences. There are many literatures available where different
spinel nanoferrites and their applications in different area of industry exist but only in
scatteredmanner.However, complete informationwhere this important class ofmate-
rials, their structures, physio-chemical properties and use for advanced applications
is missing.

This book is aimed at highlighting the complexity of the spinel nanoferrites,
their synthesis, physio-chemical properties and prospective applications in the area
of advanced electronics, microwave devices, biotechnology as well as biomedical
sciences. It will serve as an overview of spinel nanoferrites: synthesis, properties and
applications for a wide audience: from beginners and graduate-level students up to
advanced specialists in both academic and industrial sectors.

São Luis, Brazil Surender K. Sharma
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Progress in Ferrites Materials: The Past,
Present, Future and Their Applications

Anita Manhas, Mahavir Singh, Muhammad Irfan Hussain, Yasir Javed,
and Surender K. Sharma

Abstract Ferrite is a magnetic substance consist essentially of an oxide of iron
combined with one or more other metals such as manganese, copper, nickel, or zinc.
They are being routinely utilized especially in electronic devices owing to its good
magnetic properties along with high resistivity.

Keywords Ferrites · Composition · Crystal structure · Magnetism · Applications

1 History of Ferrites

Ferrites, in the broader sense, aremagneticmaterials.Magnetism andmagneticmate-
rials have a long and eminent history. Ancient peoples discovered the property of
magnetism around 600 BC. The oldest identified references to magnetic properties
were established by sixth century BC by Greek philosopher Thales of Miletus [1].
Some naturally occurring stone-like materials were found with inherent character-
istics of being magnetized and the ones that attract iron. That magnetic material
is “magnetite”, named after their production in the Magnesia region of Thessaly,
Greece. Magnetite is one of the main iron ores, with the chemical formula Fe3O4 [2].
Later, the naturally-magnetized piece of magnetite was named as a “lodestone” used
by ancient navigators to invent the magnetic compass and is considered a “ferrite”
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by both engineers and geologists. The term “Ferrite” emanates with the Latin word,
‘Ferrum’, meaning that Iron. Different scientists have considered ferrite in different
ways. According to geologists, ferrites belong to the family of rock minerals with
certain utilization of iron oxide. For scientists and electrical engineers, ferrites were
like a treasure, since for them ferrites are a group of promising materials based on
iron oxide with interesting magnetic and dielectric properties to be employed in elec-
tronic industries. In this way, the journey of ferrites begun, which today, influences
every essential area of interest to modern human society from health to communica-
tion applications and will continue in the future with its incredible contributions to
the cutting-edge scientific technologies.

Ferrite is known to exist for hundreds of years. In 1909, one of the earliest scientific
studies on genetic and constitutive correlations in magnetic properties of ferrites and
iron oxides reported from Hilpert [3]. It is worth mentioning, Hilpert had explained
theories on the origin of magnetic properties like ferromagnetism and their corre-
lation with the structure of ferrites. He had successfully synthesized various spinel
ferrites by substituting them with different elements such as Zn, Cu, Mg, Mn and
Co, as well as alkaline-earth and lead ferrites [4]. Furthermore, in 1909, Hilpert took
out a German patent on the manufacturing method of magnetic materials having
small electric conductivity for electric andmagnetic devices [5]. Hilpert gave pioneer
results about high resistivity of ferrites as the eddy current losses were negligible
but in response to magnetic properties, results were not desirable as ferrites showed
low permeability with high total losses. Thereafter, the essential study on chem-
istry of ferrites and its magnetic properties was attempted by Forestier in 1928 [6]
by synthesizing different compositions of ferrites to measure saturation magneti-
zation with Curie temperature. In the same year (1928), Herroun and Wilson [7]
also reported permeability, susceptibility and coercive force for copper and magne-
sium ferrites in the compressed form. However, copper ferrite has obtained a high
maximum permeability, but it was still far below that of the pure magnetite. Till that
time, the magnetic properties of ferrites were not improved effectively to that of a
commercial level for electronic industries.

The innovative research of Kato and Takei in 1930 paved a new path for the
applicability of ferrites, [8] by performing experiments on sinter powder-compacted
ferrite at high temperature with a sufficient level of magnetic permeability and
loss properties especially for electronic devices and high-frequency applications.
They have achieved good magnetic power in zinc ferrite at high temperatures by
precisely accessing with temperature, compositions of ferrites and their magnetiza-
tion, which was well presented in their research paper in 1930 [8]. Furthermore, in
1933, Kato and Takei [9] were performed experiments, by paying specific attention
to the consequences of heat treatment, on the magnetostriction and the anisotropy of
cobalt ferrites in single-crystal as well as in polycrystal forms to obtained permanent
magnets [10, 11]. They developed ferrites from a commercial point of view from
their knowledge that the ferrite’s magnetic properties are not only greatly affected
by its chemical composition but also by its microstructure [12].
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In the period 1933–1945, extensive work has been performed on magnetic mate-
rials and developed theories of ferromagnetism by taking into account magneto-
strictive strains and crystal anisotropy, which has been employed in form of core
material in loading coils in various laboratories all over theworld especially by Snoek
[13], Kleis [14], Williams [15], Becker and Döring [16], McKeehan and Grabbe [17]
and Rathenau and Snoek [18]. The research performed by these researchers and other
scientists became important factors to determine the permeability of ferrites to be
used at high frequencies.

Since 1933, for Snoek and other Philips, the ferrites had been turned into the
field of extensive investigations, at the Philips Research Laboratories Netherland,
especially for its uses at high-frequency applications. In 1936, Snoek has reported
the values of resistivity, coercivity and saturation magnetization of Mn, Cu, Ni, Mg
ferrites, mixed ferrites and iron oxides [19]. In 1938, he measured permeability
with time, i.e. with magnetic aging [20]. Snoek and other researchers at Philips
renewed interest for obtaining such types of ferrites, which hold higher frequencies
with superior permeability at low-loss factor. By 1945, Snoek had laid down the
foundation of physics and technology of practical ferrite materials.

In 1947, Snoek published his book, “New developments in ferromagnetic mate-
rials” [21] and reported in his research paper [22] the “Ferroxcube” (a mixture of
nickel ferrite and zinc ferrite, and a mixture of manganese ferrite and zinc ferrite)
material exhibited excellent magnetic properties, high electrical resistivity and also
explained their high-frequency possible permeability with low relaxation losses at
which absorption and dispersion set in by giving practicable frequency range limits
for the utilization of ferrite named as “Snoek Limit” [22]. Within the Snoek’s limits,
the permeability and resonant frequency can be changed within a feasible range by
optimizing synthesizing methods, varying the sintering temperature and composi-
tions of ferrites by proper selection of substituents. As a consequence of this Snoek’s
work has brought about very fast growth in the ferrite core industry for electronic
materials and for future ferrite applications.

In 1948, Néel enlightened with an idea of Kramers [23] about the theory of
exchange interaction between metal ions through the intermediate non-magnetic
oxygen ions and developed a new theory for antiferromagnetism oxides and later
for ferrites. Néel gave a molecular-field theory of magnetic ordering for explaining
the mechanism of magnetization in those magnetic systems which comprise non-
equivalent substructures of magnetic ions. This theory named “Néel theory of ferri-
magnetism” [24]. Later, in 1950, Anderson [25] refined Kramers’s theory based on
calculus, which now specified with “Superexchange interaction”. In 1952, Yafet and
Kittel [26] extended Néel’s theory and method of calculation, based on a Weiss
molecular field theory of exchange interactions in spinel ferrites, exists in different
spin lattices by suggesting the presence of non-collinear or canted spin arrangements
on sublattices and calculating the canting angle between them. Also, in the mean-
time, Rado et al. [27] explained the mechanism of dispersion in ferrites at very high
frequencies. The magnetoplumbite ferrites having hexagonal structure, also named
as hexagonal ferrites or hexaferrite, were first invented byWent, Ratenau, Gorter and
van Oosterhout in 1952 [28].
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Through this journey and combined efforts of various scientific communities
all over the world, ferrites came into the existence in the research world for the
betterment of basic human life necessities. This remarkable progress leads to the
diversification of ferrite industry especially for electronic industries, globe-girdling
with intercontinental telecommunication applications at higher frequencies as well
as in the health sector which is using till date and will be using after that.

2 Composition of Ferrites

The general chemical formula of ferrite is MeFe2O4, as it is clear from the definition
of ferrite that “Ferrite is a magnetic substance consist essentially of an oxide of iron
combined with one or more other metals”, where ‘Me’ represents divalent metal
ion, with ionic radius approximately was 0.6 to 1 Å. ‘Me’ can be chosen as Mn,
Fe, Co, Ni, Zn, Mg, Cu and Cd element to form simple ferrites or a combination of
cations which have an average valency of two. A combination of these ions led to
the formation of a large variety of ferrites solid solutions or of mixed ferrites. One
can easily interpret that the formula of ferrite (MeFe23+O4) derived from Magnetite,
Fe3O4 or Fe2+Fe23+O4, by replacing Fe2+ ions by suitable ‘Me’ cation. Furthermore,
Fe3+ can also be replaced by a trivalent cation (Me′). Consequently, the general
chemical formula of ferrite can be extended to MeFe2–x3+Me′

xO4, for modification
of the chemical properties of ferrites for specific applications, where Me′ can also
completely or partly be substituted with trivalent cation or a combination of cations
with an average valency of three. In ferrite composition formula, the variable “x”
can take any values from zero to two, provided x cannot be exactly two, otherwise,
these oxides would not remain ferrites anymore.

The possible uniqueness in ferrites due to their exceptionalmagnetic and dielectric
properties, obtained essentially via synthesizing ferrites with proper combinations
of chemical constituents, researchers were inspired to synthesize a variety of simple
ferrites and mixed ferrites. In the early synthesized simple ferrites, where “x = 0”,
‘Me’ can be represented as a combination of ions with an average valency of two
such as Li1+–Fe3+ in lithium ferrite, Li0.5Fe2.5O4 [29] and Cu+–Fe3+ in copper ferrite,
Cu0.5Fe2.5O4 [30]. The MgFe2O4 [19, 31, 32], NiFe2O4 [19, 33, 34], MnFe2O4 [19,
35] and CoFe2O4 [36] have been prepared and studied. Initially, while synthesizing
different compositions the much attention of the scientists has been drawn to the
magnetic behaviours of the ferrites being its inherent magnetic nature. Many exper-
iments have been performed by scientists and researchers. Of these, the important
discovery is to obtain the enhanced value of magnetic saturation in the solid solution
or mixed ferrites of magnetic ferrites with Zn substitution, which had also predicted
by the Neel theory of ferrimagnetism [24]. For enhancing magnetic properties for
electronic industries, Zn substituted ferrite like Fe-Zn [37, 38], Cu–Zn [39, 40], Mn–
Zn [21] and Ni–Zn [41, 42] have been studied. Zn and Cd are diamagnetic elements
and Cd ferrite has been discovered to be the same as Zn ferrite, Cd substituted
ferrite like Cu–Cd [39], Ni–Cd [43], Co–Cd [44] and Mn–Cd ferrites [45] have been



Progress in Ferrites Materials: The Past, Present, Future … 5

synthesized and investigated with good magnetic properties. Me also represented
Mn–Mg in Mn–Mg ferrite [46]. Of these, Mn–Zn ferrite and Ni–Zn ferrite is substi-
tuted ferrimagnet which has long been the topic ofmuch theoretical and experimental
investigation for the power applications, magnetic heads and magnetic recording due
to their high saturation magnetization and for telecommunications and microwave
applications due to high permeability with low loss.

The partial substitution of Fe3+ ion by trivalent ions, i.e. Me′=Al, Cr, Ga, Rh
and V were reported by researchers, whereas the formation of solid solutions by
complete substitution of Fe3+ ion by these trivalent ions is also possible, resulting
mixed crystals with aluminates and chromites [47]. Additionally, mixed ferrites have
also been reported in which when Fe3+ ion partially substituted by tetravalent ion,
the valency of an equal part of Fe3+ ions is lowered by one, i.e. the formation of
mixed ferrites with the substitutions of tetravalent ions Ti4+ and Ge4+ in combination
with divalent ions Fe2+, Ni2+, Co2+ or Mn2+ has been existed. Different series of
VxFe3–xO4, by partially substituting Fe3+ ion by trivalent ionV3+ inmagnetite Fe3O4,
has reported by Nivoix and Gillot [48]. The CaFe2O4ferrite has been synthesized by
substituting Fe2+ by Ca2+, the maximum value of the atomic percentage of Ca2+ is
20% [49].

Another important ferrimagnet is a cubic spinel structure of γ-Fe2O3, maghemite,
with a large number of vacant positions distributed over the cation lattice sites of the
spinel. Its chemical formula can be written as U1/3Fe2/33+Fe23+O4, where a symbol
U representing a vacant site. This formula revealed the special case of the divalent
Me-substitution, representing the combination of 2/3 Fe3+ ion and 1/3 vacancies [50,
51]. Later, in 1967, γ-Fe2O3 is reported as the best material for magnetic recording
tape. Then, the development of high-density recording material has grown and a
high storage magnetic material came into consideration. In response to this, a small
amount of cobalt was added to γ-Fe2O3 particles to obtain a new type of highly
coercive (high storage) Co-γ-Fe2O3 particles [52–54].

Different compositions have been synthesized from years for achieving different
properties such as higher curie temperature, lower hysteresis losses, negligible eddy
current losses, large anisotropy field, high impedance, high resonance frequency
obtaining ferrites with good resistivity, that could potentially more desirable results
for high-frequency dielectric behaviour and number of other important characteristics
as per requirements for different applications. The applications of ferrites will be
mentioned in the “Applications of the spinel ferrites” section, in this chapter.

A variety of ferrites, with certain combinations of chemical constituents, can be
synthesized by determining the valency of metal ions through an analysis of the
oxygen concentrations. However, in some cases of mixed ferrites or solid solutions
of ferrites the oxygen analysis is not sufficient to reveal the valency of constituent
ions that occur with multiple valency state. Besides, the possible chemical formula
maybe determined bymagnetic properties, i.e. saturationmagnetization, based on the
Néel theory, as the saturationmoment is related in a simplemanner to the distribution
of magnetic ions among the available lattice sites with particular valency. There are
plentiful research papers on the different types of the composition of solid solutions
between spinel ferrites which reveal that the formation of different ferrimagnetic
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iron oxides, by selecting a suitable different variety of the chemical composition,
is possible. This wide variety in the composition of ferrites with its large range of
physical and chemical properties makes it a significant magnetic material and of
remarkable interest by altering these properties for significant utilization.

3 Structure of Ferrites

The structure of ferrite is spinel, named after the mineral spinel MgAl2O4, which
crystallizes in the cubic system. In 1915, Bragg and Nishikawa [55, 56] were first
reported that magnetite, Fe3O4, is a member of this spinel group of crystals. The
structure has cubic symmetry and belongs to the space group of Fd3m. The unit
cell of the spinel lattice contains eight “molecules” of MeFe2O4 and, therefore, 32
Oxygen ions are there in the unit cell (Verwey and Heilmann [57]) The relatively
large oxygen ions (anions) form a cubic close-packed (or face-centred cubic, fcc)
structure with a large number of interstices between them, which are partially filled
with the smaller metal ions (cations). These interstitial sites can be categorized into
two types based on closed packed structure; first is known as tetrahedral site, which
positioned at the centre of a tetrahedron surrounded by oxygen ions, i.e. 4 oxygen
ions at the corner sites of tetrahedral (Fig. 1a) and the other is octahedral site, as
the oxygen ions around it occupy the corners of an octahedron i.e. the octahedral
sites are surrounded by 6 oxygen ions (Fig. 1b). As illustration in the cubic unit cell,
it depicts 64 tetrahedral sites and 32 octahedral sites. Of these, only 8 tetrahedral
(represented as A sites) and 16 octahedral (represented as B sites) sites involved for
cations in full unit cell, respectively.

The dimensions of the unit cell are measured in units of Angstrom which are
equivalent to 10−8 cm. The lengths “a” of a unit cell of some spinel ferrites are listed
in Table 1.

Fig. 1 (a) Tetrahedral and (b) octahedral sites in the cubic close-packed structure
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Table 1 Unit cell lengths of
some spinel ferrites.

Ferrite Unit cell length (Å)

Zinc ferrite 8.44

Manganese ferrite 8.51

Ferrous ferrite 8.39

Cobalt ferrite 8.38

Nickel ferrite 8.34

Magnesium ferrite 8.36

Taken from Goldman [58]

Fig. 2 The elementary cube
of edge “a” represents the
unit cell of the spinel ferrite.
The four shaded and the four
non-shaded octants are filled
with metal ions in the similar
way as shown in Fig. 3

To understand the unit cell of the spinel ferrite, it is convenient to consider it as an
elementary cube of edge a. This cube consists of 8 octants with edge 1/2a, as shown
in Fig. 2.

Each octant comprised with four oxygen ions (anions) which form the corners of
a tetrahedron and in all octants, the anions are located in the same way but there are
two types of octants, shaded and non-shaded (Fig. 2), with different locations for the
cations as is shown in Fig. 3.

The edge of the fcc oxygen lattice is 1/2a. In Fig. 3, the locations of the anions and
cations are specified in two adjacent octants. In one of the octants, cations occupiedA
sites located in the centre and on four of the eight corners of the octant, whereas,
in the adjacent octant the site in the centre is unoccupied by a cation, because of
translational symmetry, four of the eight corners of the octant are again occupied.
The A sites form two interpenetrating fcc lattices with an edge a, displaced relative
to each other over the distance 1/4a

√
3 in the direction of the body diagonal of the

cube and all octahedral ions collectively placed on four interpenetrating fcc lattices
having an edge a, which are shifted relative to each other over the distance 1/4a

√
2

in the directions of the face diagonals of the cube.
The oxygen ions (anions) create fcc lattice but in this fcc structure, a slight distor-

tion does occur due to the presence of cations. All A sites are expanded, as A sites
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Fig. 3 The spinel structure reveals two octants. The oxygen ions (anions) represented by large
size spheres. As indicated the metal ions (cations) with small black and white spheres also verifies
the tetrahedral and octahedral sites, respectively. A pioneering work [47] reported on “Ferrites,
Philips technical library.” Eindhoven

are often smaller than B sites to accommodate a metal ion, by equally shifting of four
anions outwards along the body diagonals of the cube as shown in Fig. 3. Besides,
it was found that these four anions continued to hold the corners with expanded
tetrahedron which in turn holds the same cubic symmetry for each A ion. The four
anions in the octahedral octants are displaced in such a way as to shrink the size of the
octahedral cell by the same amount as the A site first expands as depicted in Fig. 3. As
a consequence of this, the sizes of the two-interstitial sites become more equal as the
displacements of the anions mentioned-above make the A sites larger and the B sites
smaller in size. In Fig. 4, the anions move along the arrow. The displacement of the
tetrahedral oxygen is denoted by a quantity called the oxygen parameter “u” which
means distance (as shown in Fig. 3) between an anion and the face of the cube edge
along the cube diagonal of the octant, expressed as “au”. The ideal distance (uideal) or

Fig. 4 Demonstration of nearest neighbours of an oxygen ion (anion) in the spinel structure.
The octahedral (B) sites denoted by small white spheres represented the metal ions (cations). The
tetrahedral (A) site denoted by black sphere exhibiting metal ion (cation). The arrow indicates the
direction in which the oxygen ion is displaced, where u > 3/8. Taken from [47] reported work on
“Ferrites, Philips technical library.” Eindhoven
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fcc parameters (if there is no enlargement of the tetrahedrons) is theoretically equal
to 3/8. Thus, in the above-mentioned slightly distorted structure, the distance “u” is
greater than uideal. Table 2, listed some ferrites with the values of oxygen parameter
“u” which is found by using the X-ray or neutron diffraction. Owing to these small
displacements, the radii of the spheres in both types of interstitial sites are determined
by performing simple calculations which are given as [47]:

rA = (u − 1/4) a
√
3−R0

rB = (5/8−u) a−R0

Table 2 Crystallographic parameters of ‘stoichiometric’ spinel ferrites

Ferrite Lattice parameter
(Å)

Cation distribution Oxygen
parameter

Density
(g/cm3)

Fe3O4 8.398 Fe3+[Fe2+ Fe3+] 0.379 5.193

AlFe2O4 8.263 ∼ Fe2+1−δFe
3+
δ 0.385 4.77

[Fe2+δ Fe3+1−δAl
3+]

CdFe2O4 8.70 Cd[Fe2] 0.390 5.81

CoFe2O4 8.381 CoδFe1−δ 0.3852 5.294

[Co1−δFe1+δ]
0.07 < δ < 0.24

Cu0.5Fe2.5O4 8.413 Cu0.22Fe0.78[Cu0.28Fe1.72] 0.388 5.25

CrFe2O4 8.396 Fe3+0.3Fe
2+
0.7 0.385 5.11

[Fe2+0.3Fe3+0.7Cr3+]
Li0.5Fe2.5O4 (o) 8.3143 Fe[Li0.5 Fe2.5] 4.79

(d) 8.2923 Fe[Li0.5 Fe2.5] 0.382 4.82

MgFe2O4 8.372 MgδFe1−δ 0.3856 4.53

8.398 [Mg1−δFe1+δ] 4.49

0.14 < δ < 0.26

MnFe2O4 8.525 Mn1−δFeδ 0.390 4.94

8.515 [MnδFe2−δ] 4.96

0.07 < δ < 0.23

MoFe2O4 8.509 Fe[FeMo] 0.383 5.86

NiFe2O4 8.337 Fe[FeNi] 0.386 5.38

TiFe2O4 8.538 Fe[FeTi] 0.390 4.77

VFe2O4 8.418 Fe2+0.4Fe
3+
0.6 0.378 5.05

[Fe2+0.6Fe3+0.4V3+]
ZnFe2O4 8.443 Zn[Fe] 0.387 5.32

Reproduced with permission from [73]
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where R0 is the radius of the anion i.e. oxygen ion.
So far, it has been cleared to the readers that in the unit cell of the spinel ferrites

eight tetrahedral (A) and sixteen octahedral (B) sites are occupied by the metal
ions. It is significant to know, the distribution of divalent and trivalent metal ions
over these two A and B interstitial sites present in the unit cell of spinel ferrites.
Researchers or scientists over the world worked progressively and working even
today, experimentally and theoretically, by using various technological tools like X-
ray diffraction orNeutrondiffraction to understand the different possible distributions
of cations. To begin with, it was believed that each site is simply occupied by one
type of cation which means that tetrahedral sites comprised with all divalent ions and
octahedral siteswith all trivalent ions and thus this type of cation distribution is named
as a normal distribution. In 1932, Barth and Posnjak [59] have drawn everyone’s
attention by reporting the ground-breaking work on the structure of spinel ferrites
with the inverse distribution of cations. In this inverse distribution, the octahedral
sites are formed with divalent ions and the trivalent ions are uniformly distributed
over the remaining octahedral and tetrahedral sites, and, thus, such ferrites are called
inverse spinels.

The distribution of cations in ferrites has long been of significant interest. Initially,
researchers acquire information about the distribution of ions over A and B sites,
from the general understanding of magnetic interactions by obtaining the magnitude
of the saturation magnetization of spinel ferrites and more specifically in connection
with the Néel theory of ferrimagnetism [60]. However, in some cases of ferrites, it
is not feasible to understand the distributions by magnetic interactions. For instance,
Mn2+ and Fe3+ possessed same electronic configurations, so the preference between
alternative cations distributions based on saturation magnetization measurements
is not feasible. Apart from that, the cation distribution has been determined by
frequently using saturation magnetization data at 4 K, provided the spin configu-
ration or magnetic structure must be known exactly. For example, Li et al. [61]
carried out the magnetic studies on Fe3–xTixO4 specimen by performing high field
magnetization measurements which revealed that for a higher concentration of Ti ion
spin canting occurs but for low concentration of Ti, i.e. x = 0.5, the spin configura-
tion is of collinear Néel type (magnetization in A and B antiparallel). This indicates
that the cation distribution determined from saturation magnetization is only valid
for the lower concentrations of Ti ions [61]. For the experimental investigation of
structural studies, some direct techniques have been used. The most often used tech-
niques were X-ray diffraction, neutron diffraction, and Mössbauer spectroscopy. In
the X-ray technique, the scattering power of atoms is determined by the number
of electrons in the atom. Thus, transition elements have only a small difference in
the scattering cross-section of atoms, which in turn, create uncertainty regarding the
distribution of cations as it is incapable of reasonably distinguishing between transi-
tion elements and, thus, unsuitable to a determination of cation distribution among
the spinel sublattices. The spinel ferrites which had studied by the X-Ray diffraction
technique, further studied by neutron diffraction. In the neutron diffraction technique,
the scattering power is obtained by the nuclearmagneticmoment of the atom, because
of the simultaneous interaction of neutron spin. This can give sufficient information



Progress in Ferrites Materials: The Past, Present, Future … 11

on the cation distribution of transition elements on two spinel sublattices as it distin-
guishes for the atoms even possessed equal number of electrons. It can also use to
find the “chemical” details and relevant oxygen parameter “u”, in addition to that,
its sensitivity of effective magnetic scattering measures the average moment to be
related with each kind of spinel sublattice. This helps in comparing the magnitude
and relative orientation about average and individual magnetic moments of the ions,
according to the Néel theory to determine suitable alternative cation distributions.
Mössbauer spectroscopy is a powerful technique to obtain the cation distribution of
ferrites, as it possesses the great differences between the hyperfine parameters of
Fe2+ and Fe3+ ions. Experimentally, by using these different ways researchers have
studied and reported various spinel ferrites with their suitable cation distributions.
However, X-ray diffraction experiments had not been sufficient, so, latter workers
developed an indirect method in which, indirect derivations from the lattice constants
helped in distinguish between normal and inverse spinels, which was further largely
confirmed by neutron scattering power. It has been shown by Barth and Posnjak [59]
and by Verwey and Heilmann [57] from a discussion of the lattice constants that
Mn, Fe, Co, Ni, Cu and Mg ferrites possess the inverse structure, whereas Zn and
Cd ferrites possess the normal structure. They point out that the lattice parameter
“a” increases by an amount equal to 0.04 to 0.06 Å for all ferrites, amongst which
are those of Mg and Cu with a known inversed structure, and the normal spinels
structure information especially for Cd and Zn confirmed by X-ray data, for which
the increase in “a” is 0.12 Å. This was confirmed by neutron diffraction. Also, in
1953, Hastings and Corliss [33] found, by using neutron diffraction, that ZnFe2O4 is
normal spinel and NiFe2O4 is certainly inverse spinel ferrite. In 1972, Abe et al. [62]
has reported MoFe2O4 with a lattice parameter, a = 8.509 Å which were determined
from both X-ray and neutron diffraction experiments and exhibits completely inverse
spinel structure.

The general cation distribution for completely normal, completely inverse and
mixed spinel ferrites can be represented as:

Me2+δ Fe3+1−δ

[
Me2+1−δFe

3+
1+δ

]
O2−

4 ,

where the cations on tetrahedral (A) sites are given in front of the square brackets
comprising the tetrahedral sublattices, while the cations enclosed by the square
bracket occupy octahedral (B) sites comprising the octahedral sublattices and the
quantity δ is the inversion parameter as it is a measure of the inversions occur in
the structure of spinel ferrites. In general, for an inverse spinel δ = 0 and on other
case for a normal spinel δ = 1, instead of this, for completely random distribution
or mixed spinel, 0 < δ < 1. In some ferrites, the extent to which this process of
inversion occurs depend on the method of preparation which reported by Bertaut
[63] by using X-ray diffraction and, Néel [64] and Pauthenet [65] by using magne-
tization measurements on CuFe2O4 and MgFe2O4 ferrites quenched from various
temperatures. They showed that the inversion or cation distribution in these ferrites
is temperature dependent and results validated by the Boltzmann distribution law:
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δ(1 + δ)

(1 − δ)2
= e−E/KT ,

where E value is approx. 0.14 eV. The dependence of inversion parameters on the
condition of preparation is also shown by Weil et al. in 1950 [66] by reporting that
CuFe2O4 has a distorted spinel structure. They obtained that the temperature of the
specimenwas heated above 760 °C and then quenched to ambient temperature, which
reveals cubic structure instead of normal and inverse spinel. It was rather a disordered
structure, that reveals two types of ion in both sites. In 1956, the same distortion in the
structure was reported by Prince and Treuting [67] by indicating that CuFe2O4 is a
tetragonally distorted inverse spinel.Also, F.G.Brockman in1950 [68] published that
the distribution in Cu ferrite is not simply Fe[FeCu]O4 but even estimated the most
randomdistribution as Fe2/3Cu1/3[Fe4/3Cu2/3]O4 whenCu ferrite is quenched andmay
be Fe0.82Cu0.18[Fe1.18Cu0.82]O4 for slowly cooled Cu ferrite and, i.e., when neither
Cu2+ nor Fe3+ is positioned preferentially in A or B sites. In 1953, Corliss et al. [32]
have reported the dependence of the degree of inversion on condition of preparation,
by performingneutron diffraction studies ofMgFe2O4 anddiscussed that if the degree
inversion is 0.88, the fraction of A sites occupied by Fe3+ ions is 0.88 and the fraction
of B sites occupied by Fe3+ is 0.56 which yielded the value of δ equal to 0.16. In
1956, Hastings and Corliss [69] have reported the results for MnFe2O4 obtained by
different preparations and found that the value for the fraction of tetrahedral sites
comprised with Mn2+ are found to be around 0.80, which substantially reveals that
manganese ferrite is more nearly normal than inverted, corresponding to the formula
Mn0.8Fe0.2[Mn0.2Fe1.8]O4. In 1968, Sawatzky et al. [70] proved by using Mössbauer
spectroscopy that CoFe2O4 spinel is not completely inverse and heat treatment of the
sample can play a vital role for the degree of inversion. The cation distributions for
the slowly cooled and for the quenched cobalt ferrite are Co0.04Fe0.96[Co0.96Fe1.04]O4

and Co0.21Fe0.79[Co0.79Fe1.21]O4, respectively.
The cation distribution of spinel ferrites over the A and B sites are determined by

some significant factors such as ionic size, the short-range Born repulsion energy, the
Coulomb energy of the charged ions in the lattice, crystal field effects, the ordering
of the cations and covalency, and polarization effects.

Initially, the ionic size believed to be one of the important factors as the simple
geometry reveals that the smaller cations would prefer the smaller tetrahedral sites.
Trivalent ions often have a smaller ionic radius as comparison of divalent ion.Accord-
ingly, the trivalent ion will occupy tetrahedral sites which favour the inverse spinel
structure. This indicates that for normal spinel, where trivalent ions will occupy
octahedral sites, other factors are leading to the distribution of cations.

The cation distribution of certain ferrite is determined by the total crystal energy
and one of the contributions to the crystal energy initiates from the Coulomb inter-
actions between the charged ions. This interaction which determines the distribu-
tion of cations also named “Madelung energy”. Verwey et al. [71] determined the
Madelung constants as a function of the oxygen parameter “u” for cations distri-
bution. They reported that normal spinels have the highest Madelung constant for
oxygen parameter “u” larger than the ideal value, which means that these spinels are
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electrostatically most favourable. It was concluded from the calculations made by
Verwey and Heilmann [57] and De Boer et al. [72] for the complete lattice that the
inverse spinels, comprising divalent and trivalent cations, is electrostatically more
stable or has the lowest lattice energy for oxygen parameter “u” less than 0.379, even
though the normal spinel is electrostatically more stable for “u” more than 0.379.
After the results reported by Verwey et al., many researchers reconfirmed electro-
static stability in cation arrangement and there were small differences between the
results obtained by other methods by various researchers which the reader can find
in detail in Chap. 3 published by Brabers [73] in “Handbook of magnetic materials”
book [73]. However, in Table 2, the worth noting that the normal spinel structure
of Zn and Cd ferrite are in agreement with the high oxygen parameter (Zn – 0.387
and Cd – 0.390) but the inverse distribution of cations in Ni ferrite and interme-
diate distributions in Mn, Co, Cu and Mg ferrite is not in agreement with oxygen
parameter as it has larger values. This reveals that there are other factors, which are
competing with the Madelung energy, contributing to the total energy of the crystal.
These factors are the short-range Born repulsion energy and crystal field effects.

Various researchers Kriessman and Harrison [74], Miller [75], Driessens [76],
O’Neill and Navrotsky [77] worked on short-range force term in the crystal energy
and McClure [78] and Dunitz and Orgel [79] explained the crystal field stabiliza-
tion for octahedral and tetrahedral symmetry of the transitionmetals ions fromoptical
spectra. If the reader goes profoundly in a study reported by O’Neill and Navrotsky
[77], it will find that they well-thought-out only on the electrostatic contribution in
detail by considering the impractical assumption that all simple ferrites are normal
spinels and ignored the crystal field and other effects. Even though, their final deduc-
tion, that the enthalpy change accompanying cation disorderingwas quadratic depen-
dent on the inversion parameter, might be beneficial to explain the temperature
dependence of the cation distribution in certain ferrites.

Thereafter, all factors such as electrostatic contribution, short-range Born energy
and crystal field effects were considered in the theoretical study of lattice energy
calculations reported by Cormack et al. [80], that contributed correct prediction
about the cation distribution and structure of various spinels based on “interatomic
potentials” which are obtained from the pertinent binary oxides. In this model further
modifications have been done by including covalency effects, displacement polariz-
ability and ionic polarizability. However, the existence of short-range cation order in
inverse spinels [81] generates an enthalpy contribution which is only partially taken
by Cormack et al. They investigated the cation distribution by finding the energy
difference between the normal and inverse distribution [73] without including the
entropy effects and magnetic interactions. It had been proved already by Anderson in
1956 that the short-range order can be responsible for substitution of divalent ions on
the B sites and it is possible to maintain the finite entropy while achieving essentially
perfect short-range order.

Till 30 years ago, researchers progressively keep on determined the various signif-
icant reasons or parameters for the distribution of cations in spinel ferrites. Now,
if readers look over the last 20 years, they will come to know that these years are
epicentre around the variousmethods or techniques to find the cations distributions in
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spinels. Most of the researchers obtained cation distribution in spinels by analysing
the intensities of reflections obtained from X-ray diffraction (XRD). Bertaut [66]
and Furuhashi et al. [82] determined the distribution of cations in spinel ferrite
by comparing diffraction intensities of reflections, due to the plane (hkl), observed
experimentally and those calculated for different types of crystal structures theoret-
ically. The information on the distribution of cation can be acquired to its best by
comparing experimental and calculated intensity ratios especially for those reflec-
tions having intensities which: (1) are closely independent of the oxygen parameter
“u”, (2) vary with the distribution of cation in an opposite ways, and (3) does not
differ significantly. Buerger in 1960 [83] has determined intensity of reflection of
the plane (hkl) using this equation:

Ihkl = |Fhkl |2P.LP

where Ihkl indicates the intensity of plane (hkl), LP is the Lorentz polariza-
tion factor,Fhkl indicates structure factor andP is themultiplicity factor. The formulae
for the Lorentz polarization factor and multiplicity factor are best explained by B. D.
Cullity in his books “Elements of X-Ray diffraction” [84]. The extent of accuracy
of cation distribution depends on the closeness of the theoretical and experimental
intensity ratio. The most appropriate reflections in spinel ferrite are (220), (400)
and (440). Further, Furuhashi et al. in 1973 [82] proposed a formula to decides the
finest-simulated structure by investigating the degree of linearity of the equation:

ln
(
I obshkl /I

calc
hkl

) = lnk − 2Beff
(
Sin2θ/λ2

)
,

where k is the scale factor, Beff is the effective Debye parameter in the effec-
tive temperature factor, I obshkl is the observed intensity and I calchkl is the theoretical
intensity for the diffraction line hkl, and (θ ) is the diffraction angle of the line hkl, λ
indicates wavelength of the incident X-rays.

A number of authors have employed these XRD intensities formulae for obtaining
cation distributions till date. Trivedi et al. [85] determine the ionic distribution in
Li0.5xNi1–xFe2+0.5xO4 (x = 0.0–0.8) by using equation suggested by Buerger [83].
They reported the B site preference of Li2+, Ni2+ and Fe3+ as follows: Ni2+ > Li1+

> Fe3+. Patange et al. [86] found cation distribution in NiCrxFe2−xO4 (x = 0.0–1.0)
by Bertaut method [66, 87] of XRD intensities and revealed that Cr3+ and Ni2+ both
have a strong preference towards B site. The same method has utilized by Kavas
et al. [88] for investigating Zn2+ and Fe2+ ions distribution in ZnxNi1–xFe2O4 (x = 0,
0.2, 0.4, 0.6, 0.8 and 1) synthesized by using surfactant polyethylene glycol assisted
hydrothermal method. They reported occupancy of Zn2+ ions mostly in B site and
A site were comprised Fe3+ ions, under synthesis conditions utilizing surfactant and
low temperature. The samples possess almost inverse-spinel ferrite and validated by
the results of the magnetic studies. Also, Gomez et al. [89] reported Ni1−xZnxFe2O4

(x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) ferrites synthesized by solid-state reaction technique
to show the occupation of Zn2+ andNi2+ ions in all samples by using the line intensity
ratios of diffraction peaks. They confirmed that in pure Zn ferrite (x = 1.0), Zn2+ ions
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prefer A sites, and in pure Ni ferrite (x = 0.0), Ni2+ ions prefer B sites. Furthermore,
Zn2+ and Ni2+ ions can occupy both A and B sites on mixing-up the ferrite samples
with these two ions. Nikmanesh and Eshraghi [90] synthesized CoCrxFe2−xO4 (x =
0.0, 0.25, 0.50, 0.75, 1.0) ferrites forming mixed spinel structure in which iron and
cobalt ions occupy both A and B sites, while chromium ions reside in the B site.

Cvejic et al. [91] reported cations distribution obtained by using Rietveld refine-
ment for sites orientation to show that in Fe2.85Y0.15O4, Y3+ ions with 16d sites
and in Fe2.55In0.45O4, In3+ ions randomly distributed on both 8a and 16d sites with
space group Fd3m and spinel-type structure. Patange et al. [87] has reported cation
distribution of NiFe2–xAlxO4 (x = 0.0–1.0) which confirmed through X-ray diffrac-
tion and Rietveld refinement method. It was found that Al3+ ions prefer B site and
force Ni2+ ions to migrate at A site. The structure of synthesized ferrites changes to
normal spinel with an increase in the concentration of Al3+ ion.

Kumar et al. [92] published a paper of CoFe2O4 powder synthesized by citrate
precursor and co-precipitationmethods labelled as S1 and S2 ferrite samples, respec-
tively. By refining the structure of both samples, they were showed significant depen-
dence of cation distribution on synthesis conditions as well as annealing. Notably,
the nucleation and growth rates can be varying due to synthesis condition. Further, it
was well-suited for both the samples that comparatively low thermal energy, because
of lower annealing, is insufficient to cross the energy barrier to an ordered (stable)
cation distribution. With the increase in annealing temperature, the cation redistribu-
tion betweenA and B sites occur to relax the strain at the sublattice. At comparatively
higher annealing temperature, there is sufficient thermal energy which allows the
cations to migrate between both sites, which in turn, create an ordered (stable) cation
distribution and this transfer of cations continuous until their free energy reached
to a minimum value. This alteration of cation distribution also provide modified
lattice constant and optimized bond lengths. The random distribution (metastable
distribution) of cations of sample S1 over A and B sites are turned to an inverse
distribution (stable cation distribution) at high annealing (800 °C). It was visual-
ized that due to annealing the crystallite size of sample S1 increased to 48 nm and
the cations distribution over A and B sites is nearly an inverse structure. The most
noteworthy of annealing at high temperature is that the sample S1 showed possible
variation from nanocrystalline to bulk form if compare with size of the sample S2
(33 nm). However, sample S2, annealed at 800 °C, still remains as mixed (random
or metastable distribution) spinel as in the case of nanocrystalline ferrite, the pref-
erence of cation over a specific site does not hold good because of surface effects.
This clearly reveals that the cation distribution between A and B sites in nanocrys-
talline form is completely different from that of bulk. As evidence, sample S1 shows
a higher degree of inversion than sample S2, under identical annealing conditions.

Many authors determined cation distribution with Mössbauer spectroscopy.
Gismelseed et al. [93] reported cation distributions of NiCrxFe1–xO4 (0 ≤ x ≤ 1.4)
ferrites, obtained form the area under the resonance curve of each site in Mössbauer
spectra which showed that the ferrite samples are gradually changed from perfect
inverse spinel to partially normal spinel structure. Mittal et al. [94] reported Mg2+

ion distribution in NixMg1–xFe2O4 (0≤ x ≤ 1) by usingMössbauer spectroscopy and
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the entropy change of the system. In spinel, cation distribution attains equilibrium
by achieving minimum Gibbs free energy at a given temperature, represented by the
equation:

�G = �U−T�S + �(PV )

where�U is the change in the internal energy, T is temperature, change in entropy
is indicated by �S and change of the product of pressure and volume is indicated
with �(PV ). �G depends only on �U and �S. In solid sample cases �(PV ) is
negligible. The �U depends on site preference energy of the cations, which in turn,
depends on a number of factors such as cationic radii and charge, crystal field
stabilizing energy (CFSE), and electrostatic contribution to lattice energy. By these
analyses, they were observed that the higher percentage of Mg2+ occupies the A sites
with higherNi2+ concentration in spinel. The trend showed saturation forNi2+ content
x < 0.4 which means that Mg2+ % in A site is almost constant. This reveals that Mg2+

distribution is mostly controlled by Ni2+. The distribution of Mg2+ is elucidated in
terms of site preference energy ofNi2+,Mg2+ andFe3+ and entropy change associated
with the cation distribution.Kumar et al. [95] gave a strong push towards cation distri-
butions of Al-substituted CoFe2O4–NiFe2O4 soild solutions prepared by sol gel
auto combustion technique. The cation distributions calculated via Rietveld refine-
ment and Mössbauer spectroscopy reveal that Fe3+(tetrahedral)/Fe3+(Octahedral)
occupancy-ratio increased with an increase in Al3+ content and the preference of
Ni2+ ions is to occupy B site and, Co2+ and Al3+ ions redistributed in both A and B
sites, in the ratio 2:3.

Tang et al. [96] and Han et al. [97] have been proposed Quantum–mechan-
ical (Q.M.) route for calculating ion distributions in spinel ferrites. This approach
is significant for assessing the cation distribution in doped ferrites. The four basic
principles of this method are following:

The cation distribution is affected by two significant factors such as the cation ionization
energy and the distance between the cation and the anion in an ionic compound. It is to be
noted that neighbouring cations and anions established a square potential barrier between
them, and the width and the height of this barrier is related to the ionization energy of the last
ionized electron and the distance between cation-anion pair, respectively. Thus, the content
ratio (R) of the different cations is related to the probability of their last ionized electrons
transmitting through the potential barrier and takes the form:

R = TC
TD

= VD

VC
exp

[
10.24

(
rDV

1/2
D − crCV

1/2
C

)]
,

where TC (TD) represents the probability of the last ionized electron of C (D) cations,
jumping to the anions through the potential barrier with the width rC (rD) and height VC
(VD); VC and VD are the ionization energies of last ionized electron of the cations C and
D, respectively; and, rC and rD are the distances from the cations C and D to the anions,
respectively; The parameter c is a barrier shape correcting constant.
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• The third important factor is Pauli repulsion energy of the electron cloud between
neighbouring cations and anions. It can be taken into consideration utilizing the
effective ionic radius, as the smaller ions should be located at the interstitial sites
with smaller accessible space in the lattice.

• The divalent ions transfer from sites B to A due to charge density balance forces,
overcoming the potential barrier VBA, arises from the Pauli repulsion energy of
the electron cloud and the magnetic ordered energy.

• Themagnetic sub-lattice substitute with non-magnetic ions resulting in a decrease
in the magnetic moment of that sublattice.

Ji et al. [98] reported ionicity of cubic spinel ferrite Fe3O4, measured by the
density of states calculations with plane–wave pseudopotential density functional
theory (DFT) method as implemented in the Cambridge Serial Total Energy Package
(CASTEP) program. The experimental magnetic moments were fitted by calculated
content ratios between Fe ions at both A and B sites, which resulting in the ionicity
of Fe3O4 to be 0.879. As an application, the distributions of cations at (A) and [B]
sites of (A)[B]2O4 ferrites, i.e. MFe2O4, where M=Fe, Co, Ni, Cu, were measured
with the help of current values of ionicity, are listed in Table 3.

Raman spectroscopy reported, as one of the important tools to investigate the
cation distribution, by Nandan et al. [99] for analysing Ni1–xCoxFe2O4 (x = 0.0, 0.4,
0.5, 0.6, 1.0) ferrites. The results proved that nickel ferrite is a nearly inverse structure
(Ni2+ ion occupy 96% B sites). In addition, doping of Co2+ ion in nickel ferrite leads
to the formation of partially inverse mixed structure and in Ni0.5Co0.5Fe2O4, nearly
18% Co2+ ion occupying A sites and in CoFe2O4, the occupancy of A sites by Co2+

ion reaching a maximum of 25%.
Manjunatha et al. [100] reported the composition of Ni1–xCdxFe2O4 (x = 0–

1) ferrite, using 57Fe-Zero Field Nuclear Magnetic Resonance (ZFNMR) carried
out at 77K and the spectra are deconvoluted using the Gaussian fit. They found a
novel technique of using the NMR signal to quantify the composition of the inverse
spinel systems involving both sites. For x = 0, Ni enters B sites, 57Fe NMR of Fe3+

ions give two signals of equal integral intensities in spectral lines corresponding to

Table 3 Contents of the various ions at (A) sites and [B] sites per formula of the spinel structure
ferrites MFe2O4 (M=Fe, Co, Ni, Cu), where M2 and M3 are the contents of M2+ and M3+ ions,
respectively; F2 and F3 are the contents of Fe2+ and Fe3+ ions, respectively. “a” is the unit cell
constant in nm

M Unit cell
constant “a”
(nm)

Cation total
valence

(A) Sites [B] Sites

F3 M2 M2 M3 F2 F3

Fe 0.839 7.0320 0.4165 0.5835 0 0 1.3845 0.6155

Co 0.838 6.9052 0.6515 0.3485 0.5904 0.0611 1.1559 0.1926

Ni 0.834 6.8556 0.7594 0.2406 0.7402 0.0192 1.1636 0.0770

Cu 0.837 6.8185 0.8149 0.1851 0.8143 0.0006 1.1821 0.0030

Reproduced with permission from [98]
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these lattice positions. Accordingly, the contribution of Fe3+ nuclei varies for A and
B sub-spectra by doping with Cd2+ ion. By determining the distribution of Fe3+

ion on A and B sublattices, which are obtained from the relative spectral areas of A
and B NMR sub-spectra, the cation distribution is estimated and confirmed by the
binomial distribution.

4 Magnetic Studies of Ferrites

The mineral magnetite, Fe3O4, comprises of 1 Fe2+, 2 Fe3+ and 4 O2− ions, from
which it was expected that the saturation moment is come out to be 4 + 5 + 5 =
14 μB. However, the experimental value determined by Weiss and Forrer (1929) is
4.08 μB. After 19 years, the reason behind this discrepancy has been understood
by Néel [60]. Néel’s theory of ferrimagnetism explained magnetic ordering in the
simple ferrites. According to the Néel model, the magnetic exchange interactions
between the ions at A and B sites (AB interaction) in ferrites are negative and the
interactions between the ions at the same site (AA and BB interaction) are weak.
Néel predicted magnetic properties by using Weiss molecular field theory. In spinel
ferrites, the metals ions Me and Me

′
are separated by the O2− ions, thus, there is no

direct exchange, rather, the exchange energy in ferrites is of indirect (superexchange)
type. The value of the negative exchange forces between two metals ions on different
sites based on the distances between these ions and the O2− ions, and on the angle
Me–O–Me′; in this way, the electron densities can possibly overlap so as to give
exchange interaction. In 1934, Kramers [23] presented theoretically the possibility
of indirect exchange interaction between cations via anions when he found that in the
crystal structure of MnO, the Mn atoms interact with each other despite having non-
magnetic O2− ion between them. Later, Anderson [25] in 1950 worked out Kramer’s
model. According to Anderson’s theory, the indirect (superexchange) interaction is
highly persistent for such Me–O–Me′ colinear configurations (180°), in which the
net consequence was negative indirect interaction in case of certain 3d-transition
metal ions, including Fe3+ and that indirect interaction in general decreases with
increasing distance. For right-angle configurations (90°), the interaction is weakest.
Gorter [101] has given most probable arrangements of metal ion pairs in spinel struc-
ture with suitable metal ions and anion distances, and angles for effective magnetic
interactions. Figure 5, shows the arrangements of ion pairs occupied sites in the
spinel lattice. However, in the spinel structure, the arrangement with 180° angle does
not arise, whereas, the 125° A-O-B angle, as shown in Fig. 5, still gives a substantial
strong interaction for Fe3+ ions, in comparison to the 90° B–O–B interaction. Owing
to the smaller angle as well as the larger distance the weakest interaction of A-O-A
does not affect the magnetic interaction as far as there are sufficient magnetic ions
on the B sites. Consequently, for a significant concentration of Fe3+ at both A and
B sites in ferrite, the criterion to attain a collinear Néel configuration seems to be
satisfied. Experimentally, it has been established that the Néel model can be fitted
satisfactorily with the magnetic moment of some simple ferrites [47].
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Fig. 5 Representation of the arrangements of ion pairs which possibly make the greatest contribu-
tions to the indirect exchange interaction in the spinel lattice. Metal ions A and B are on tetrahedral
and octahedral sites, respectively, and oxygen ions indicated with a large open circle. The centre-
to-centre distances of the ions, expressed in the lattice constant “a” and oxygen parameter “u”
are reported in the attached table below the figure. Taken from Smit and Wijn [47]

As per the Néel Model, AB interactions are dominant over AA and BB interac-
tions. As a consequence of this, the net observed moment should be the difference
between the two average sublattice magnetic moments. This theory can also be appli-
cable to the mixed ferrites. With the Néel configuration, the saturation moment at
0 K is given by

Ms(inμB) = M(B)−M(A)

whereM(B) andM(A) are the magnetic moments at (B) and (A) sites, respectively.
When the AB antiferromagnetic interaction is dominant over the other two interac-
tions, then below a transition temperature, A and B will be magnetized in opposite
directions with a different magnitude which resulting in a special case of ferromag-
netism called as “ferrimagnetism” and orbital magnetic moments are assumed to be
quenched. In the cases, where BB interaction is dominant, Néel obtained that the
above transition will not occur and decided that the compound remains paramag-
netic down to the lowest temperatures. This Néel’s predominant conclusion fails as
in the presence of strong exchange energy some kind of magnetic ordering may be
predicted to occur at low temperatures. Also, discrepancies occur while explaining
the behaviour of pure ZnFe2O4. The ferrite ZnFe2O4 has a normal spinel structure.
As the Zn2+ is non-magnetic, the A site has no magnetic moment. Accordingly, BB
interaction resulting in the antiferromagnetic ordering in the B site. The discrepan-
cies between the Néel theory and experimental results were attempted to describe
by M. A. Gilleo, reported in his paper published in 1958 [102] and 1960 [103],
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Table 4 Theoretical and experimental values of the saturatonmagnetizaton of simple spinel ferrites
in Bohr Magnetons at 0K

Ferrite Postulated ion
distribution

Magnetic
moment of
tetrahedral
ions

Magnetic
moment of
octahedral
ions

Magnetic moment per
molecule MeFe2O4

Tetrahedral
ions

Octahedral
ions

Theoretical Experimental

MnFe2O4 Fe3+0.2 +
Mn2+0.8

Mn2+0.2 +
Fe3+1.8

5 5 + 5 5 4.6

Fe3O4 Fe3+ Fe2+ +
Fe3+

5 4 + 5 4 4.1

CoFe2O4 Fe3+ Co2+ +
Fe3+

5 3 + 5 3 3.7

NiFe2O4 Fe3+ Ni2+ +
Fe3+

5 2 + 5 2 2.3

CuFe2O4 Fe3+ Cu2+ +
Fe3+

5 1 + 5 1 1.3

MgFe2O4 Fe3+ Mg2+ +
Fe3+

5 0 + 5 0 1.1

Li0.5Fe2.5O4 Fe3+ Li+0.5 +
Fe3+1.5

5 0 + 7.5 2.5 2.6

Taken from Smit and Wijn [47]

by explaining the superexchange interaction energy through some statistical models
by considering linkage approach and by taking into care various nearest magnetic
neighbours contributing to the magnetization. Moreover, some changes to the same
approach were tried by Ishikawa [104], Nowik [105], Geller [106] etc.

Theoretical and experimental results of simple spinel ferrites elucidate values of
the saturation magnetization in Bohr Magnetons at 0 K are depicted in Table 4,
in which the average values of the magnetic moments, measured from the value of
the saturation magnetization of the polycrystalline sample, are represented. Owing
to the relative magnitudes of the magnetic change interactions it has been expected
that the spins of the A and B ions in spinel ferrites were oppositely oriented, thus at
T = 0, there will be two saturated and oppositely magnetized sublattices existing.
Accordingly, the net magnetization is the difference between the magnetization of
the B sublattices and that of the total A sublattices, by which the first will generally
possess the greatest value. This was first proposed by Néel [60] and well-explained
through experiments for different simple ferrites, as listed in Table 4, by a number of
authors from the value of the saturation magnetization of spinel ferrites at 0 K [65,
101, 107–110].

In Table 4, forMgFe2O4 andCuFe2O4, the deviation in themagneticmoment from
theoretical values occur. Measured value of saturation magnetization is increased in
these spinel ferrites after quenching rather after slow cooling. Also, the ions may
possess orbital moment in addition to the spin moment as the orbital moment cannot
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Fig. 6 The magnetic
moment per formula unit of
the mixed Me1-δZnδFe2O4
ferrites extrapolated to 0 K.
Reproduced with permission
from [73]

be completely quenched, this especially takes place in cobalt ions [47]. Furthermore,
the deviations may be occurred due to the antiparallel orientation of the moments of
ions presents at both A and B sites which have been described for NiFe2O4 by the
author Hastings [33] and MgFe2O4 by Corliss and Bacon [32, 111].

In a variety of technical soft ferrite, the enhancement of saturation magnetization
is attained by the substitution of A site’s magnetic ion content with non-magnetic
Zinc ions. In consequence of this, mixed Zn ferrite shows one of the very important
features of ferrimagnetism owing to the preferential occupation of Zn ions (non-
magnetic) for A sites, which in turn, leads to the smaller magnetization at A sites
than that of simple ferrite and as Fe3+ ions possess the largest magnetic moment, at
absolute zero point, the magnetization of a mixed ferrite is expected to increase with
increasing the Zn concentration. Figure 6 shows the plots of magnetic moment at 0 K
for the relevant mixed zinc ferrite series as a function of Zn ion content. Themagnetic
collinearNéel structure iswell-defined for an increase in saturationmoment at a small
concentration of Zn ion [101, 107, 108], however, does not predict the trend for a
higher concentration of Zn ion where saturation magnetization drastically reduced
with an increase in Zn content because of the moment of few remaining Fe3+ ions on
A siteswhich are not anymore capable to line up all themoments at B sites antiparallel
to themselves as it is opposed by negative BB interaction. In this situation, B lattice
will then split itself into sublattices, the magnetic moment of which make an angel
with each other. The condition for this splitting is that the ions on the same sublattice
have lower interaction with each other than the ions on other sublattices. As such, the
phenomenal fact emerges that the dilution of magnetic ions in spinel ferrite by non-
magnetic ions results in an increase in the saturation magnetization. In addition to
Zn2+ ion other non-magnetic ions like Cd2+ [57], Ga3+ [112] and In3+ [113] increase
themagnetization of spinel ferrites at 0 K, althoughGa3+ and In3+ are less perceptible
for A sites and, so, small content is sufficient to increase the magnetization.
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Thereafter, in 1952, Yafet and Kittel [26] extended the Néel theory and explained
this subdivision of B sublattices by introducing the triangular uniform canting config-
uration. They took into consideration the antiferromagnetic AA and BB interactions
that are not as insignificant as compare to AB interactions. They suggested that in
spinel ferrites, if the exchange integral |JAB| is smaller than 3/2 |JBB| SB/SA, then
B sublattice divide into two sublattices with magnetizations making an angle (θYK)
between each other. It means B sublattice splits into two, mostly B1 and B2 with
an equal moment at an angle (θYK) with the direction of resultant moment of B
sublattices at 0 K owing to the presence of non-magnetic sublattice in one sublattice
which creates non-collinear or canted spin configuration on the other sublattice and a
net moment antiparallel to the A-site moment. The existence of splitting is obtained
by the interactions responsible for the magnetic ordering. Yafet and kittle [26] were
developed a split sublattice model to measure the uniform canting angle (θYK). The
modified formula has been written as:

Ms(μB) = MBCosθYK − MA

with an increase in angle (θYK), CosθYK decreases resulting in a decrease in
the magnetic moment. Later, in 1962, Lyons et al. [114] noticed that in the case
of cubic spinel symmetry, the Yafet-Kittel triangular configuration is not stable but
may be stabilized by appropriate tetragonal distortion and that otherwise, a spiral
configuration represents the ground state.

Another exchange mechanism is proposed by Zener [115] named as “double
exchange”, a ferromagnetic interaction that can be found in oxidic spinels. This
exchange occurs because of the hopping of electrons between cations in different
valence states in one sublattice. In 1977, Lotgering and Van Diepen [116] have
reported the existence of the double exchange in the Zn1.5–xTi0.5+× Fe3+1−2xFe

2+
2x O4

sample, which comprises only Fe2+ and Fe3+ on B sites. The benefit of studying
the ZnTi ferrite is that the diamagnetic ions prefer only to occupy A-sublattice,
thus, AB and AA superexchange interactions do not interfere. And for a magnetic
system with only BB exchange interactions, the condition is more intricate due
to the anomalous property of the B sublattice which attains ‘perfect’ short-range
order while maintaining a finite entropy. Anderson [81] has explained that nearest
neighbour magnetic interactions may not individually sustain long-range magnetic
order, which signifies that alongwith these interactions othermuchweaker forces like
magnetic anisotropy and dipole interactions are also responsible for the long-range
order.

Themagnetic characteristics of the simple spinel ferrites are based on the composi-
tion of the ferrites. The basic compositions, proper selection of dopants and synthesis
conditions determined the magnetic structure of the ferrite systems. Consequently,
in order to obtain the physical magnetic properties as per our requirements, like satu-
ration magnetic moment, coercivity, magnetic anisotropy or magnetostriction, etc.,
the pre-requisite conditions are to choose a suitable composition of ferrites based on
intrinsic magnetic properties of the elements comprises a certain composition. For
applications, simple spinel ferrites based onNi, Li,Cu,Mg,Co andMnare found to be
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very significant from their high saturation magnetization values obtained by various
researchers. However, ferrite with a high content of Co has high magnetocrystalline
anisotropy resulting in low value of permeability, which makes Co ferrite not appro-
priate for the high permeability applications. Various researchers and authors have
reported numerous magnetic properties of different simple ferrites by performing a
number of experiments. Here, readers can go through some simple ferrites which are
highlighted revealing their interesting magnetic properties.

Initially, the magnetic structure of that NiFe2O4 has found to be a collinear having
complete inverse structure reported by Leung et al. in 1973 [117], whereas Morel
in 1967 [118] proposed ferromagnetic interaction between octahedral Fe3+ and Ni2+

ions. If we consider the past 20 years, it will be interesting to know the valuable
magnetic properties of Ni ferrites. Chinnasamy et al. in 2002 [119] published work
on nanocrystalline NiFe2O4 spinel ferrites and ascribed increase in magnetization
value to the cation redistribution in the crystal latticewhen particles are in nano range.
Owing to the cation redistribution, ultra-fine NiFe2O4 exhibits an 8% more satura-
tion magnetization, compared with the theoretically predicted value. In 2009 Alarifi
et al. [120] prepared NiFe2O4 nanoparticles via facile and economical route using
Ni and Fe nitrates, and glycine. The ferromagnetic behaviour of the NiFe2O4 ferrite
confirmed using magnetization measurements at ambient temperature, obtained
saturation magnetization around 2.387–57 emu/g at 15 kOe. In NiFe2O4 nanoparti-
cles measured coercivity were varied from 65.58 to 148.8 Oe following the change
in the ratio between nitrates and glycine. Nawale et al. [121] have reported satu-
ration magnetization and coercivity values of the ferromagnetic nanoparticles of
nickel ferrite which relying on the different operating parameters. The high satura-
tion magnetization i.e. 48 emu/g has been obtained due to the high degree of crys-
tallinity, high temperature during the growth, and the redistribution of the cation.
The high value of coercivity e.g. 115 Oe is dependent on the possible lattice defects
arising from the redistribution of the cation. Similarly, Zabotto et al. [122] reported
specimen of nickel ferrite sintered at 1200 °C exhibited a coercive field verging on
superparamagnetic values, yet keeping the high values of saturation magnetization,
as a consequence of the possible formation of a mixed spinel structure. The work
presented by Thakur et al. [123] has shownmagnetic properties of Ni0.58Zn0.42Fe2O4

at different pH values (<9.6, 9.6, 10.96 and 11.40) prepared by reverse micelle
method. All the samples show superparamagnetic behaviour at ambient tempera-
ture (300 K) and negligible hysteresis at low temperature (5 K). The low value of
saturation magnetization is explained based on spin canting.

Lithium-based ferrite reportedbyDormannet al. [124], revealed that in the ordered
as well as in the disordered crystallographic structure, Li0.5Fe2.5O4 appeared to be a
collinear Néel ferrimagnet. Further, in 2006, K. U. Kang et al. fabricated ordered Li
ferrites via sol–gel method and reported magnetic properties [125]. They reported
that for the sample which is annealed below 500 °C, obtained 46 emu/g saturation
magnetization and drastically raised up to 63.3 emu/g during annealed at 700 °C,
while the coercivity of the samples has obtained maximum value of 152.5 Oe at
500 °C. The ordered cation distribution by the local symmetry reduction of sublattice
reveals a practical interpretation of the magnetic characteristics of nanoparticles. The
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detailed studybyGeorge et al. [126] onfineparticles of lithium ferrite achieved a large
value of saturation magnetization (75 emu/g) as compared with the value proposed
by Neel’s two sublattice model. This difference in value is quite obvious as Neel’s
model is known to obeyed by Li0.5Fe2.5O4 in the bulk. There are a number of factors
for the occurrence of deviation in the value of saturationmagnetization.Among them,
most prominent factors are surface effects/surface spins/cation redistribution.Various
researchers have stated this deviation by giving different hypothesis and theories to
describe the tuned magnetic properties for ultra-fine particles. In ultra-fine range,
when surface-to-volume ratio increases then the bulk properties determined by the
surface contribution. However, the variation in magnetization is not only occurred
through the grain size variation. In the ulta-fine range, the increase in saturation
magnetization is due to the ultra-fine grains. But, a further decrease in magnetization
values may be attributed to a number of other factors. Li0.5Fe2.5O4 sample sintered
at 300 °C has a saturation magnetization of 42.8 emu/g and the sample sintered
at 600 °C drops to 40.8 emu/g. This reduction is owing to the volatilization of
lithium and oxygen. The loss of Li2O results in the formation of α-Fe2O3. Thus,
the occurrence of haematite which is antiferromagnetic in nature considerably leads
to a reduction in the saturation magnetization. Also, Anantharaman et al. [127] and
Shenoy et al. [128] have reported that the ultra-fine particles of zinc ferrite become
magnetic because of surface effects as the contribution to the total magnetization of
the ultra-fine Zinc ferrite occurred from the surface spins.

Copper ferrite (CuFe2O4) can exist in two crystallographic structures and the
magnetic structures remain collinear down to 4.2K in afield of 6T reported by Janicki
et al. in 1982 [129] and Hannoyer et al. in 1985 [130]. However, Narayanasany and
Hagström in 1983 stated a small canting in lower fields of 4 T. CuFe2O4 is one
of the significant spinel ferrites owing to its structural phase transformation and
reduction of the crystal symmetry, which is, known as Jahn–Teller effect [131]. This
distortion effect occurs when Fe3+ ion substitute by Cu2+ ion at the (A) tetrahe-
dral site, which in turn, leads to a magnetic dilution that causes the cubic spinel to
have a tetragonal distortion [132]. Furthermore, Abdellatif et al. [133] reported that
the magnetic ordering in CuFe2O4 is identified which associated with the domain
interaction, under presence of a large fraction of volume of domain boundary in the
CuFe2O4 powder. They presented that in CuFe2O4 nanoparticles, in addition to the
Jahn-Teller effect there appears another type of anisotropy, which probably due to
the surface state of the magnetic ions in the crystal field. The interaction energy
between two magnetic ions varies with the angle between the spontaneous magneti-
zation and the line linking the two magnetic ions in a crystal field. Chatterjee et al.
[134] reported that the field-dependent magnetization studies for the iso-oriented
uniform spherical ensembles of CuFe2O4 nanoparticles, prepared by solvothermal
method, at low temperature shows a step-like rectangular hysteresis loop (MR/MS

∼ 1), which signifies the presence of cubic anisotropy in the system. The variation
in the coercive field shows dependence on temperature, which is associated with the
variation of effective anisotropy (KE). A high-temperature improvement of KE and
so as coercivity agrees well with strong spin–orbit coupling in the sample which is
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further proved by important alteration of Cu/Fe–O bond distances. The nanocrys-
tals at the mesoscopic scale with the spherical arrangement, aligned easy axis of
magnetization along the direction of the applied magnetic field which results in a
step-like rectangular hysteresis loop. A detailed neutron diffraction study of copper
ferrite is reported by Balagurov et al. [135]. They performed experiments in a broad
temperature range from 2 to 820 K and observed a completely inverted tetragonal
spinel CuFe2O4 with space group I41/amd up to a TC ≈ 660 K, where a cubic phase
of CuFe2O4 with space group Fd3m emerges and up to T ≈ 700 K, both structural
phases of CuFe2O4 coexist. Structure deformation corresponds to the Jahn–Teller
effect. Néel ferrimagnetic model, a ferromagnetic ordering of the moments of Fe3+

ion at A sites and moments of Cu2+ and Fe3+ ions at B sites with magnetization in
opposite direction, vanishes at TN ≈ 750 K. At T < 30 K, the magnetic moment at
A sites (Fe3+) are equal to 4.06 (6) μB and at B sites (Fe3+ + Cu2+) are equal to 4.89
(8) μB. The difference between these two values agrees with the magnetic moment
of Cu2+ ions. The magnetic study revealed that the collinear Néel order in CuFe2O4

stabilized by, antiferromagnetic interaction between A and B sublattices obey the
superexchange theory.

The thermal treatment can change the cation distribution in MgFe2O4 which may
influence the magnetic structure of the sample. De Grave et al. [136] observed 94%
of the Mg-ions in B sites, for a slowly cooled sample, with a collinear magnetic
structure down to 4.2. Aliyan et al. [137] have reported nanoparticles of MgFe2O4

with saturation magnetization value increased from 8.02 to 13.41 emu/g varying
with the calcination temperature from 600 to 700 °C. The maximum saturation of
13.41 emu/g was obtained due to the low degree inversion factor. The reason for high
saturation at 700 °C is due to the maximummisbalance of Fe3+ ions at A and B sites.
However, due to the surface spin canting effect, the saturation magnetization for
700 °C is lower than that of bulk (26.9 emu/g), which prevents the core spins to align
along the direction of the field. Thus, the magnetization increases with the increase
of crystallite size. Furthermore, the experimentally achieved magneton number by
VSM approximately comparable with the calculated magneton number using XRD,
approving the collinear magnetic structure. The same concept of reduction in magne-
tization value for oxide nanoparticles, with respect to the bulk value, has reported
by Chandradass et al. [138]. This reduction has been attributed to the existence of
spin-glass like behaviour of the surface spins or the presence of a magnetically dead
layer on the surface of the particle. Also, Aslibeiki et al. [139] reported saturation
magnetization ofMgFe2O4 which increases with the increase of crystallite size. They
have explained the temperature dependence of Ms in terms of spin-wave excitations
in the core and surface spin canting. They applied a modified Bloch law, [Ms(T ) =
Ms (0) (1 − βTα)] and concluded a dependence of size on the Bloch constant β and
the exponent α. With the decrease in the particle size, the value of β increases and α

decreases.
In the case of CoFe2O4, the measurement of the spin structure is hindered by

the existence of high magnetic anisotropy and due to the inversion degree range
between 80 and 95%. Initially, the magnetic structure was found to be collinear as
per research reported by Prince [140], but Petitt and Forester [141], and Hauet et al.
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[142] mentioned non-aligned spins, with canting angles θA, ~ θB ~ 25°, found at 4 K
in magnetic fields up to 6 T. However, Persoons et al. [143] claimed that the non-
aligned collinear structure is not because of canted structure but to the non-saturation
of the specimen caused by the high magnetic anisotropy and almost equal A- and B-
site angles are also substantiating the non-aligned spins. Lopez et al. [144] described
magnetic properties of CoFe2O4 sample at 4.2 K with a coercivity of 14.7 k Oe and
saturation magnetization of 27.3 emu/g. The squareness ratio is 0.43, smaller than
the predicted value for randomly oriented isolated particles with cubic anisotropy
(0.8) and particles with uniaxial anisotropy (0.5), respectively. The squareness ratio
caused by the struggle between interparticle interactions and intraparticle anisotropy
on the spin relaxation process, which produces frustration. At 4.2 K, the value of
effective magnetic anisotropy was obtained to be, Keff = 6 × 106 erg/cm3. In the
work of Eshraghi andKameli [145] themagnetizationmeasurements of the CoFe2O4

nanoparticles showed that with the increase in the particle size from 3.5 to 7.2 nm,
the magnetization and coercivity, at room temperature, increases from 8 to 30 emu/g
and from 0 to 152 Oe, respectively. The effective anisotropy constant was obtained
as Keff = 9.2 × 106 erg/cm3, which is higher than the bulk value due to the surface
effects.

Initially, the magnetic structure ofMnFe2O4 is a topic of controversy as Sawatzky
et al. [146] observed no evidence for spin canting of the Fe-ions, however, the
magnetic moment at 4.2 K (4.5–4.8 μB/formula unit) is too small to justify for a
collinear structure (5.0 μB/formula unit). The valence state of the Fe2+ and Mn3+

cations on the B sites have been proposed to induce the lower magnetic moment
but Mössbauer investigation performed by Sawatzky et al. [146] and Lotgering and
Van Diepen [147], reveal that the Fe2+ and Mn3+ valences are not the ground state.
Sawatzky et al. [146] proposed that only the B sites Mn2+ spins are canted, that
suggestion was further advanced by Simsa and Brabers [148]. Li et al. [149] have
investigated the detailed magnetic studies of MnFe2O4 nanoparticles treated at 450,
500 and 700 °C, as shown in Fig. 7, with the maximum applied magnetic field
is 6 kOe. At room temperature, the MnFe2O4 nanoparticles obtained at 450 and
500 °C exhibits low coercivity reveals their superparamagnetic nature. If the temper-
ature is lower than the magnetic ordering temperature, thermal energy is enough to
alter the magnetization direction of the entire crystallite. Therefore, the M-H curve
shows a remnant magnetization and a coercivity that can be almost close to zero. By
increasing the calcination temperature to 700 °C, the coercivity increases to about
68 Oe. The Stoner–Wohlfarth theory is employed to explain the magnetocrystalline
anisotropy energy of a single-domain particle. The almost normal spinel structure
(
[
Mn2+0.8 Fe

3+
0.2

][
Fe3+1.8Mn2+0.2

]
O4) of MnFe2O4, studied by Mossbauer spectroscopy,

reveal that more Mn2+ ions enter into the B sites leads to the transfer of Fe3+ ions
from the B to A sites, which in turn, increase the magnetocrystalline anisotropy
constant. With an increase in calcination temperature, the size of magnetic particle
increases which results in higher magnetocrystalline anisotropy energy. In compar-
ison to the change in the cation distribution, an increase in the coercivity with an
increase in calcination temperature is often ascribed to the larger particle size.
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Fig. 7 M-H curve of MnFe2O4 nanoparticles measured at room temperature. Reproduced with
permission from [149]

The MnFe2O4 nanoparticles calcined at 450, 500 and 700 °C have a satura-
tion magnetization of 8.5, 9.5 emu/g and 41.5 emu/g, respectively. The decrease
of saturation magnetization with decreases in particle size can be attributed to spin
canting occur in the disordered surface layer, thus the saturation magnetization of the
MnFe2O4 nanoparticles obtained at 450, 500 and 700 °C increases with increase in
particle size. Also, with an increase in temperature from 450 to 700 °C, the occupa-
tion ratio of Fe3+ ions at the B sites decreases from 42.5 to 38.9%, which in turn, leads
to an increase in the net moment. However, in their experiments, the particle size is
the main aspect affecting the saturation magnetization. The research work presented
by Huang and Cheng [150] demonstrated the magnetic orders in MnFe2O4 by using
density functional methods. According to them, MnFe2O4 generally crystallizes in a
mixed phase comprising of both the inverse-spinel structures with, fitted experimen-
tally obtained, saturation moments of 3 μB per formula and normal spinel structures
of 5 μB per formula. They determine that in the normal spinel the magnetic moment
can be attributed by the high-spin Mn2+ ions at the A site and in the inverse spinel
by the intermediate-spin Mn2+ ions at the B site.

5 Applications of Spinel Ferrites

The consistent and great efforts have been made by many researchers and scientists
in physics and chemistry since 1936 to establish a firm progress of spinel ferrites for
various applications in telecommunications, electrical appliances, automotive and
entertainment. In the early practical ferrites, Cu–Zn, Mn–Zn or Ni–Zn have been
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widely used for antennas and transformers. Later, of these, the Mn–Zn and Ni–Zn
ferrites constitute a vast majority, even at present, in the industrial products of core
materials. The Mn–Zn ferrite has found its extensive applications in the 1960s [151]
based on its basic characteristic. Its high initial permeability value with low loss leads
to the formation of wideband and pulse transformers and, inductors and telecommu-
nications parts. Also, utilized as ferrite electromagnetic wave absorbers which have
been used to reduce the echoes in ship’s radar signals and leakage of electromagnetic
waves from a variety of electrical equipment. In the 1970s, Ni–Zn ferrite [151] has
been used asmicrowave ferrites to enhance the development inmicrowave communi-
cation through mobile and satellite communications. This microwave application of
ferrites encouraged researchers over the world to develop ultra-low loss microwave
devices which are economically favourable. Thereafter, spinel ferrite ofMn–Mg–Zn,
as well as lithium ferrites [152], also comes into consideration as microwave ferrites.

The important material for magnetic recording media is γ-Fe2O3 which has been
utilized to produce high-quality magnetic recording tapes [153]. Thereafter, in 1974
Philips corporation was established systems for optical recording. The demand for
optical recording systems had been rapidly increased in the market which gradually
lowered the demand of magnetic heads using high-density Mn–Zn or single-crystal
Mn–Zn ferrite. Consequently, Mn–Zn ferrite magnetic heads have been substituted
by magnetic resistance (MR) heads or giant magnetic resistance (GMR) heads [154].
Also, ferrites with rectangular hysteresis loop, i.e. material with more coercivity are
being utilized for memory in digital computers. For this memory application, Mn–
Mg ferrites were also considered as potential candidates, which totally disappeared
in the 1980s.

In the 1990s the miniaturization of electronic components has been begun. The
concept of miniaturization led to rapid technology evolution for competing systems,
especially, integrated circuits. This, in consequence, resulted into the development
of multilayer ferrite chip inductors to be utilized in television receivers, hard disk
drive systems, headphone stereos, personal computers, automobile parts, etc. [155].
In response to this, Ni–Cu–Zn ferrite has been synthesized for useful applications
including multilayer chip components and also used in noise filters and rotary
transformers [156].

Presently, if look over the last few years, readers will find the importance of
these different compositions of ferrites in various sectors. In the last 20 years, wide
applications of ferrites have been developed. The Mn–Zn ferrites have their signifi-
cant application in the wireless sensor networks and also used in power Electronics
IntegratedLCFilters [157]. Ferrites are established aswell-knownmaterials for fabri-
cating different types of sensors. For instance, Mg-doped ZnFe2O4 nanoparticles can
be used for relative humidity sensors [158], Mn-doped CuFe2O4 nanoparticles also
used in liquefied petroleum gas sensor applications [159].

Sample of Mn–Zn ferrite containing zirconia (ZrO2) and calcia (CaO) reported,
by Waqas et al. [160], as one of the best materials appropriate for high-frequency
applications owing to its high resonance frequency and high magnetic impedance. It
has a potential application to be utilized for the fabrication of compact and lightweight
cores [160]
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Ni–Cu–Zn ferrite found its extensive applications in various electromagnetic
devices due to high resistivity, high permeability with low magnetic losses. Wide
research on Ni–Cu–Zn ferrite systems illustrates improved performance with
Ni0.35Cu0.15Zn0.50Fe2O4 compositions, reported by Huq et al. [161]. Also, Ni–Zn–
Cu–Co ferrites are excellent composition of soft ferrites owing to their complex
permeability along with their low core losses, which in turn, led to the fabrication
of miniaturized magnetic components without lowering down the efficiency. These
requirements are necessary to achieve in the field of next-generation high-frequency
Switched-Mode Power Supplies [162].

For recording media applications, Nd-doped Lithium cobalt ferrites nanocrystals
play a very significant role reported by Gilani et al. [163]. Its improved dielectric
properties with doping make Li–Co ferrite beneficial for fabricating high-frequency
devices and an increase in magnetization and coercivity make this material to be used
in high-density recording media.

Nanoparticles of Li0.5Fe2.5−xGdxOs ferrite studied by Abdullah Dar et al. [164]
and nanoparticles ofMnDopedMg–ZnFerrite investigated by Sharma et al. [165] are
reported as a best potential candidate for microwave device application. Gaba et al.
[166] revealed the super-paramagnetic nature of La-dopedMg ferrite which is useful
for microwave absorbance purposes. Bhongale et al. [167] investigated electromag-
netic properties of nanocrystalline Mg–Cd ferrites and reported the variation of real
permittivity (4.2–6.12), real permeability (0.6–1.12) and, dielectric loss tangent (2.9
× 10–1–6 × 10–2) and magnetic loss tangent (4.5 × 10–1–2 × 10–3) with frequency
and concentration of Mg in X-band frequency range. The variation of reflection loss
with frequency revealed that Mg–Cd ferrites samples are a potential candidate for
microwave applications in X-band.

Ferrite material plays a tremendous role in the health sector for humanwell-being.
In recent years, remarkable growth has been observed in the biomedical application
of nanostructured biomaterials. The spinel ferrite, MFe2O4 (where M=Co, Zn, Mg,
Mn etc.), asmagneticmaterials are a significant class for biomedical applications. For
instance, Wu et al. [168] indicated CoFe2O4 nanoparticles prepared by solvothermal
synthesis loaded on multiwalled carbon nanotubes for magnetic resonance imaging
(MRI) and drug delivery. Cai et al. [169] reported the bio-inspired formation of 3D
hierarchical CoFe2O4 porous microspheres for drug release systems. Nanoparticles
of ZnFe2O4 and ZnO/ZnFe2O4 composites possessing bifunctional properties useful
for MRI and catalytic applications. Also, the drug release application of ZnFe2O4

hollowmicrosphere core/mesoporous silica shell composite particles are very signif-
icant [170]. Das et al. [171] investigated the superparamagnetic nature of the Mg
ferrite nanosphere for hyperthermia applications.

Furthermore, the knowledge of synthesizing ferrites with polymer has opened up
an immense possibility for various medical applications by harnessing the magnetic
characteristics of the ferrites. Ferrite magnetic material itself is very significant for
hyperthermia applications. In ferrites, Mn dopant, i.e. MnFe2O4 ferrite came into the
limelight for biomedical applications due to its thought-provoking magnetic proper-
ties with better chemical stability. Mn ferrite exhibited significant properties, which
are useful to defines the needful applications, such as the Mn ferrite surface offers
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great adaptability for ligand functionalization and exhibiting high reactivity toward
several organic groups. Consequently, a keen curiosity has been developing among
researchers to find a different technique to coat MnFe2O4 particles for utilizing their
complete potential in various biomedical applications especially magnetic hyper-
thermia, drug or gene delivery systems including MRI and protein immobiliza-
tion. In response to this many researchers have reported well-established results for
health sector applications. Arana et al. [172] reported a sample of Mn0.4Zn0.6Fe2O4

nanoparticles whichwere coatedwith chitosan for the preparation of a biocompatible
ferrofluid. The magnetic nanofluid showed good stability for 12 h with better perfor-
mance for hyperthermia according to Intrinsic Loss Parameter (ILP) results ((0.40
± 0.03) nH m2 kg−1). Thus, this fluid is an outstanding substitute to the other usual
fluids and other commercially existing ferrofluids of Fe-oxides in biomedical appli-
cations. In the year 2019, Monfared et al. [173] reported Mn0.6Zn0.4Fe2O4 magnetic
nanoparticles coated with thermo-responsive copolymer N-isopropylacrylamide co-
acrylic acid co acrylamide P by mini-emulsion method, which is used to synthesize
intelligent ferrogels (these gels comprise of functional hydrogel incorporating ferrite
magnetic nanoparticles). This ferrogel are being employed in controlled drug delivery
systems along with magnetic fluid hyperthermia applications.

Anupama et al. [174] has published work on Mn–Zn ferrite (Mn0.7Zn0.3Fe2O4)
powder comprising irregular-shaped particles, prepared by solution combustion
method, which is a magnetically soft material with high saturation magnetization.
By dispersing these magnetic particles in silicone oil, a magnetorheological fluid
(MRF) was prepared. Magnetorheological fluids (MRFs) are smart fluids owing to
their interesting mechanical properties which can be precisely and instantaneously
controlled by an external magnetic field. Great yield strength of the MRFs makes
it highly desirable for device applications and MRFs is a potential candidate for
state-of-the-art mechanical shock mitigators and vibration isolators.

Presently, among all the nanomaterial-based adsorbents, nanocomposites of
graphene and graphene-based metal ferrites having compositionsMFe2O4 (whereM
can be Co, Ni, Fe, Mn, etc.) finds its extensive applications for the removal of organic
pollutants, for wastewater treatment, gas sensors and in numerous other applications.
The synthesizedReduced graphene oxide (rGO)/Mn–Zn ferrite nanocomposite holds
interesting photocatalytic activity under UV light owing to its properties such as effi-
cient charge separation andmagnetic separation, adsorption enhancedphotocatalysis,
the small amount required, low leaching of catalyst, oxygen vacancy and bandgap in
the visible spectral range. The nanocomposite of rGO-based ferrite effectively photo
decomposes the compound of acid dye in water [175]. Mylarappa et al. [176] have
reported samples of Mn-ZnFe2O4 and rGO/Mn–ZnFe2O4 nanocomposite synthe-
sized from the waste battery using the hydrometallurgical method and studied their
electrochemical and photochemical activity. rGO/Mn–ZnFe2O4 nanocomposite is a
thermally more stable material and utilized in optoelectronics or device applications.
Zhou et al. [177] have reported rGO/Ni0.7Zn0.3Fe2O4 composite having exceptional
broad range absorption potential in GHz, leading to several benefits for research field
in particular EM-wave absorbing materials.
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6 Future Prospects of Spinel Ferrites

Readers can understand the importance of ferrites, as it is described in the chapter,
how progressively production and consumption of ferrites have been increased
each year for numerous applications for different social purposes. The scientists
and researchers who are interested to contribute in the advanced technologies for
society by using magnetic characteristics, they can research and investigate further
the immense possibilities of ferrites based on its history. For that, the potential
of ferrite material can be enhanced by making its composites with other mate-
rials like polymers, two-dimensional material like graphene oxide (GO) or reduced
graphene oxide (rGO). For example, Sreeprasad et al. [178] have reported that nickel
ferrite-GO composite is a better reaction media than iron ferrites, because of having
higher catalytic and electron transfer efficiency through the Ni2+ in the nickel ferrite.
Furthermore, many other reports have revealed the remarkable removal of impuri-
ties/chemicals by using ferrite magnetic nanoparticles/graphene or GO composites.
Recently, Ligamdinne et al. [179] have published some papers on the significant
research of removing Co, Pb, Cr, As and radionuclides, U and Th from water, by
synthesizing “nanocomposite of nickel ferrite-GO”. Consequently, in the future, the
magnetic ferrite-GO based nanocomposites are economically favourable, promising
and can be separated by the external magnetic field.

For future research, we have to go deeper to investigate the precise chemical and
physical knowledge of ferrites. The innovation becomes outstanding when experi-
mental studies of ferrites match well with their theoretical studies. For example, let’s
suppose, the UV optical absorption studies of ferrites investigated experimentally
must be authenticated by the theoretical studies performed quantum mechanically
or by density functional theory, etc. In one of the latest published (2020) research
papers, the authorsGharibshahi, et al. [180] reported theoretical studies for the optical
absorption with different size of CoFe2O4 ferrite nanoparticles and equated the
experimentally observed results with the predicted properties of optical absorption
based on quantum mechanical principles, assisted via the finite element simulations
using COMSOL Multiphysics. They demonstrated that the predicted band gap has
good consistencies with band gap energies derived experimentally. This consistency
in obtained results enhances the authenticities, which will provide window to tune
the structure of CoFe2O4 nanoparticles using facile pathways and effective strategies
for practical applications where it wildly exploits for example sensors, electronic and
microwave devices.

Moreover, it seems that the research field of ferrite is almost towards satura-
tion as there is no basic research of physics and chemistry of ferrites left to be
investigated, but they are even useful in the field of permanent magnets. Permanent-
magnet materials will play a central role in the advancement of future science and
technology in societal development such as wind power generators, wind energy
turbines, automobile sectors like electric cars and smart mobile phones. It will be
a great initiation towards generating renewable energy sources because the present
high-performance permanent-magnet materials are synthesized by using compounds
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comprising rare-earth, in particular Nd–Fe–B and Sm–Co and rare-earth elements
bound the applications due to their scarcity and high cost, as dispersed in small
contents and expensive to extract from ore. Also, only a few countries have access
to rare-earth elements. In the world, the reservoir of rare earths is existing in China,
California, India, Brazil, Australia, South Africa and Malaysia. At the global level,
China has rare-earth elements production rate within 80 to 95% that play a signif-
icant role in the progress of revolutionary technologies in the research fields of
energy, defence, medical devices and information and communication technology
[181, 182]. Consequently, the growth of new permanent magnets with lower content
of rare-earth elements becomes most useful need of the present scenario to increase
the demands of permanent magnets at a large industrial scale for energy conversion
applications. The permanent-magnet materials can be synthesized as nanocompos-
ites by combing soft and hard ferrites and we can work on this to increase the energy
product. Also, we can enhance the area of hysteresis loss or coercivity of soft ferrite
up to the range exhibited by rare-earth magnets. In response to this, some recent
work has been reported by Li et al. [183]. They synthesized nanocomposite of hard
and soft magnetic material to fabricate a novel bi-morphological anisotropic bulk
nanocomposite for investigating ultra-strong permanent magnets with lesser content
of expensive rare-earth elements. The nanocomposite has been regarded as one of
the most promising for energy product (28 MGOe), owing to exceed energy product
up to 58%with less rare-earth elements as compared to pure rare-earth magnets. The
role of pure permanent-magnet amendment to make a viable type next-generation
stronger nanocomposite at lower costs leads to many other innovative approaches.
Also, inspiring progress has been made toward increasing the energy product of
nanoscale exchange-spring compositions. Torkian and Ghasemi [184] have reported
ferrite based hard-softmagnetic nanocomposites presenting energy product enhance-
ment in single-phase exchange spring-coupled behaviour with high coercivity aswell
as high saturation. The synthesized nanocomposite comprises of soft phase (15 wt%)
exhibited a 10.5% increase in the high energy product in comparison with the pure
hard phase and approaches a maximum value of 29.5 kJ/m3 which is a maximum
value of (BH)max.

A comprehensive review presented by Radulescu [185] based on the design
analysis of unique spoke-type ferrite-magnet generator topologies for suitable use
in micro-wind power applications.

Furthermore, ferrites work as a catalyst to transform solar energy into hydrogen
energy which will be a breakthrough in hydrogen energy technologies. Few authors
have presented research articles on Hydrogen production. Bhosale [186] reported
Ni-ferrite based such thermodynamic analysis, where the splitting of H2O converts
to H2 under solar thermochemical cycle. Goikoetxea et al. [187] have explained
thermochemical water-splitting cycles based on Ni and Co ferrites for hydrogen
production.

In this way, with deep research and investigation, which is growing faster than
before, the future prospects of ferriteswill be becoming evenmore thought-provoking
and motivating than what is happening now and will become the topic of great
research among researchers throughout the globe. There will be smart connected
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devices from communication to the health sector and renewable energy sources
which will touch almost every aspect of human life.
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Abstract This chapter aims at providing a better understanding of soft ferrites and
their role in ultra-high-frequency applications. In wireless communication industry
trends of miniaturized, highly efficient and wide-band antenna become the new
research areas of the antenna technology.Antennaminiaturization cannot be achieved
by simply changing the structural design, and it is important to improve the material
characteristics of antenna substrates. Furthermore, to improve the antenna efficiency,
almost matched permittivity and permeability values and low magnetic as well as
dielectric loss tangents are required especially at ultra-high frequency (UHF), L-
band, and S-band frequency range. For efficiency improvement and miniaturization
of antennas, magneto-dielectric materials have significant advantages with matching
permittivity and permeability values alongwith sufficiently lowmagnetic and dielec-
tric loss tangents. Ferrites with very high resistance have been reported as the best
host materials to produce low loss magneto-dielectric materials for high-frequency
antenna applications as they present moderate permeability and permittivity values.
In this chapter, the emphasis is given on the soft ferritesMn–Zn, Ni–Zn spinel ferrite,
and Co2Z type barium hexaferrite. The chapter also explains the effect of substitution
of different dopant ions on the properties of soft ferrites.
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1 Introduction

Nanoferrites with specific features like low eddy current losses, high electric resis-
tivity, quantum size effect, superparamagnetic behavior, and magnetic tunneling
effect have been fascinating due to their wide applications in several areas such
as energy storage, environmental protection, biotechnology, wastewater treatment,
microwave devices, and communication technology. Beside these unique character-
istics, they possess intriguing properties like high permeability, high permittivity,
and low losses at ultra-high frequencies and reported as the best host materials for
variety of commercial and defence-related applications [1–4] as they present both
permeability and permittivity values. Based on their magnetic properties, ferrites are
often classified as; “Soft Ferrite” and “Hard Ferrite” which refer to their low and
high magnetic coercivity, respectively. The classification of soft and hard ferrites is
based upon some important features like [5]:

1. The remanent magnetizationMR, magnetization left behind in the material after
removing the magnetic field.

2. Saturation magnetizationMS, the maximum magnetic field that can be induced
in the materials.

3. Coercivity HC, the external magnetic field that brings to magnetization to zero
when the magnetic field is applied in the opposite direction.

Soft Ferrites Soft ferrites are the class of magnetic materials which can be easily
magnetized/ demagnetized and possess very low value ofHC. They are used in elec-
tronics industry tomake efficient magnetic core called ferrite core for high-frequency
inductors, antennas, transformers, and in microwave components. In general, the
chemical composition of soft ferrites can be written as MFe2O4 where M is a diva-
lent metal ion such as Zn2+, Ni2+, Mg2+, Mn2+or a combination of these ions. The
most common examples of soft ferrites are NiFe2O4, MnFe2O4, (MnZn)Fe2O4,
(NiZn)Fe2O4 ferrites; all these exhibit higher resistivity, higher permeability, and
moderate magnetization [6–9] and having a cubic crystal structure and categorized
as spinel ferrites.

Hard Ferrites Hard ferrites with hexagonal crystal structure are permanent
magnetic materials and have large MS, high HC relatively high value of anisotropy
constant. These hard ferrites with hexagonal structure are also referred to as hexafer-
rites or hexagonal ferrites. They are magnetically very stable and difficult to demag-
netize either by external magnetic fields or by mechanical shock. They are broadly
used as permanent magnets with have high HC. Hexagonal ferrites were first identi-
fied by Went, Rathenau, Gorter, and Van Oostershout in 1952 and Jonker, Wijn, and
Braun 1956 [10]. Hexagonal ferrites are referred to as hard ferrites, as the direction of
magnetization cannot be changed easily from easy direction to another. These hexag-
onal ferrites can be classified as M-, W-, U, X-, Y-, and Z-type ferrites according to
their crystal structure and arrangement of respective S, R, and T-blocks. Hexagonal
ferrites have gained considerable technological importance in recent years because
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Table 1 Subclasses of
hexaferrites with their
chemical formulae

S. No Hexaferrite type Chemical
formula

Crystallographic
build-up

1 M AFe12O19 RSR*S* (MM*)

2 W AMe2Fe16O27 MSM*S*

3 X A2Me2Fe28O46 MM*S

4 Y A2Me2Fe12O22 3TS

5 Z A3Me2Fe24O41 MYMY

6 U A4Me2Fe36O60 MM*Y*

of their good electromagnetic performance, higher resonance frequency, high elec-
trical resistivity, and relatively high permeability. Table 1 shows the subclasses of
hexaferrites with their chemical formulae, where A denotes Ba, Pb or Sr, and Me
may be divalent transition metal ion or a combination of metal ions as in spinels or
may be Mg, Zn, Co, Ni, etc.

If Me is cobalt, then these hexagonal ferrites can be abbreviated as Co2Y, Co2W,
Co2X, Co2U, and Co2Z [11]. The complex crystal structures of all hexaferrites can
be considered as a superposition of S, R, and T-blocks along the hexagonal c-axis and
related to each other. S block represents a spinel block which consists two oxygen
layers with composition Fe6O8. R is a three-oxygen layer block with composition
BaFe6O11. T is a block of four layers of oxygen ions with composition Ba2Fe8O14.
In these ferrites, metal ions at some layers are present with same ionic radii as that of
oxygen ions, and the oxygen ions are in the spinel structure and are closely packed.
Most of these larger metal ions are barium (Ba2+), strontium (Sr2+), or lead (Pb2+)
that replaces oxygen ions in the lattice [12].

The most common examples of hexagonal ferrites are strontium ferrites,
SrFe12O19 (SrO.6Fe2O3) and Barium ferrite, BaFe12O19 (BaO.6Fe2O3). Due to
microwave device applications, they have received much consideration in the recent
years. Because of high uniaxial anisotropy and large resistivity of barium hexafer-
rite is of great interest for use in monolithic microwave integrated circuits, hybrid
microwave devices, even as a future replacement for yttrium iron garnet [13]. The
upcoming magnetic microwave devices such as circulators, isolators, phase shifters,
and filters will be low loss, self-biased, planar, and operate better than today’s devices
[14]. The applications of hexaferrites include DC-DC converters, EMI filters, current
sensors, switch mode power supplies, handheld devices, computers and communi-
cation systems, automobiles, and ignition coils common mode chokes, peripherals.
[15].

Among the hexagonal ferrites, Co2Z type hexaferrite Ba3Co2Fe24O41 has lately
attracted great deal of attention and considered to be a promising candidate for
the commercial use in high-frequency operation above 1 GHz [16–20]. This is the
only material in the hexaferrite family with planar magneto-crystalline anisotropy
at room temperature exhibiting soft magnetic character and good electromagnetic
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properties at higher frequencies especially high ferromagnetic resonance frequen-
cies up to 3 GHz compared with the low resonance frequency below 300 MHz for
spinel ferrites [21]. Therefore, Z-hexaferrites are in great demand for hyper frequency
communication applications and in microwave region for inductor cores.

In Co2Z type hexaferrite with large permeability and high resonance frequency,
the easy magnetization direction lies in the basal plane (c-plane) of the hexagonal
structure at room temperature. Co2Z has a c-plane anisotropy with a small in-plane
anisotropy field of about 120 Oe and a large out-of-plane anisotropy field of 12,000
Oe [22, 23]. Here, a small field is sufficient for the moment in the c-plane. Hence,
these materials with very small coercivity (HC) values are magnetically “soft” in
the c-plane. Co2Z thus can be considered for use as electromagnetic materials with
broad bandwidth at microwave frequency [24, 25].

2 Crystal Structure of Soft Ferrites

Spinel Ferrites The structure of spinel ferrites is derived from that of the mineral
spinel MgOAl2O3. An ideal spinel structure comprises of a cubic close-packed (fcc)
array of oxygen anions in which 32 oxygen ions form the unit cell. In this face
centered cubic arrangement, there are two kinds of spaces between anions: tetrahe-
drally coordinated sites (A), surrounded by four nearest oxygen atoms, and octahe-
drally coordinated sites (B), surrounded by six nearest neighbor oxygen atoms. In
total, there are 64 tetrahedral sites and 32 octahedral sites in the unit cell, of which
one eighth of the tetrahedral (A) sites and one half of the octahedral (B) sites are
occupied, resulting in a structure that is electrically neutral [26, 27]. One-unit cell
consists of eight formula units AB2O4, with 64 tetrahedral sites, 16 octahedral sites
[28].

The factors such as the electrostatic energy of the spinel lattice, ionic radii, the
electronic configurationof themetal ions, andmore recently the preparation condition
can influence the distribution of the metal ions over tetrahedral and octahedral sites
[29, 30]. The distribution of metal ions in spinel lattice may be represented by Eq. (1)

(
M2+

x Fe3+1−x

) [
M2+

1−xFe
3+
1+x

]
O2−

4 (1)

where the cations in the parenthesis occupy tetrahedral sites comprising the tetra-
hedral sublattice, while the cations in the square bracket occupy octahedral sites
comprising the octahedral sublattice. Here, x is the inversion parameter and x = 0
and 1, stand for the inverse and normal spinel, respectively, and for mixed spinel, 0
< x < 1. Figure 1 shows crystal structure of a cubic ferrite with the tetrahedral A site,
octahedral B site where metal ions occupy only 1/8th of the A sites and 1/2 of the B
sites.

Z-typeHexaferrite The crystal structure ofCo2Z type hexagonal ferrite is the super-
position of four S-blocks, two T-blocks, and one R block shown in Fig. 2. The struc-
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Fig. 1 Crystal structure of spinel ferrite

ture may be designated as a stack of blocks S, T, R, S*, T* and R*, where spinel S
block, hexagonal R block, and hexagonal T block are independent, and asterisk (*)
shows that the corresponding block is rotated 180° around the hexagonal c-axis. The
stacking order is STSRS*T*S*R*. Z-type hexaferrite is composed of two simple

Fig. 2 Crystal structure of Z-type barium hexaferrite. Reproduced with permission from [34]
Copyright (2003) Elsevier
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hexaferrites, namely M-type (BaFe12O19) and Y-type (Ba2Co2Fe12O22) [31]. Here,
the divalent and trivalent metallic ions are distributed among 10 different lattice sites
in a complex crystal structure of Z-type hexaferrite, and the unit cell comprises 140
atoms (two formula units) and belongs to the P63/mmc space group. The Wyckoff
notations for the 10 different sublattices are 12kVI (corresponding to R-S block),
2dV and 4f VI (corresponding to R block), 4f VI*, 4eIV and 4f IV (corresponding to S
block), 2aVI, 4eVI, 4f IV* (corresponding to T block), and 12kVI* (corresponding to
T-S block). The subscript IV, V, and VI signifies the corresponding coordination for
the sublattices, which is tetrahedral, fivefold, and octahedral, respectively. Co2Z type
hexaferrite with planar hexagonal structure involves high temperature upto 1300 °C
synthesis (Z-phase cannot be formed below 1200 °C) is one of the most complex
compounds in hexaferrite family from the crystallographic point of view. Zhang
et al. testified that Z-type hexaferrite particles were hexagonal with an average size
of 5.0 μm, formed at 1200 °C [32]. The complexity of the structure of Co2Z type
hexaferrite mainly due to large Ba2+ ions, Ba2+ prefers the oxygen site rather than the
interstitial sites because the ionic radii of Ba2+ ions is comparable to that of O2− ions.
Metal ions Fe2+, Fe3+, Co2+, and Cu2+, however, are located in ten non-equivalent
interstitial sites. The presence of strongly anisotropic Co2+ ions and extremely large
unit cell of Co2Z hexagonal ferrite gives rise to the complexity of its electromagnetic
properties [33].

3 Low Loss Soft Ferrites

Ferrite materials possess moderate to high values of magnetization, permeability,
permittivity, and low losses at high frequencies which make them potential candi-
date for microwave devices and modern communication. Soft spinel ferrites have
high saturation magnetization, high resistivity, initial high permeability, and low
magnetic anisotropy field. The applications of soft ferrites can be divided into two
fields according to the demand of application frequency range. One is the field with
frequency range less than 300 MHz where high permeability and low power loss are
required, whereas other is the microwave region with frequency range 300 MHz or
higher where magnetic resonance is required. Among the soft ferrites, Ni–Zn and
Mn–Zn have been widely utilized in microwave application below 1 GHz. Ni–Zn
and Mn–Zn ferrite materials allow the use of soft ferrites from audio frequencies to
several hundred megahertz and are used in modulators, pulse transformers, antennas
inductances and reflection coils, etc. [35]

The basic difference between these two soft ferrites is that Mn–Zn has higher
permeability, and Ni–Zn has higher resistivity. Mn–Zn ferrites are primarily used for
applications such as filter cores, magnetic recording head, inductor and transformer
core, etc., at frequencies less than 2MHz, whereas Ni–Zn ferrites can be used in low-
and high-frequency applications and are one of the versatile, low cost magnetic mate-
rials. Ni–Zn ferrite can operate from 1–2MHz to several hundred megahertz because
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of high resistivity and used in applications such as transformer or electromagnetic
cores at frequencies higher than for Mn–Zn ferrites.

High performance devices with miniaturized structure is highly demanded
in modern wireless communication systems. For antenna substrate materials,
the ideal parameters are high permeability with equivalent permittivity and low
magnetic/dielectric losses [36–44]. Such materials enable miniaturization and
enhancing antenna gain and bandwidth. The literature reveals that spinel ferrites
(NiZn) and Z-type hexaferrites (Co2Z) with excellent electromagnetic properties
are the potential candidates for high-frequency microwave antenna applications.
NiZn ferrites have been widely used for high-frequency applications. However,
these ferrites cannot be used above 300 MHz because they exhibit relatively low
cut-off frequencies and therefore limits their applications at high-frequency range.
When used in the high-frequency range, spinel ferrites cannot provide high perme-
ability due to the Snoek’s limit also their Snoek product is much lower than that of
hexagonal ferrites. Hexaferrites havemoderate to high saturationmagnetization, high
magnetic anisotropy field, high electrical resistivity, and moderate Curie tempera-
ture. Due to the unique property of high magnetic anisotropy field compared with
spinel ferrites, hexaferriteswith high cut-off frequency in gigahertz (GHz) range have
superiorities for use in microwave region for inductor cores and ultra-high-frequency
communications [45–49].

The Snoek product of spinel ferrites can be expressed as [50]

(μ′ − 1) f0 = (1/3π)γ Ms (2)

where f 0 is the cut-off frequency, γ is the gyromagnetic ratio, Ms is the saturation
magnetization.

For hexagonal ferrites, the Snoek product ismuch higher than that of spinel ferrites
and is expressed as [50]

(μ′ − 1) f0 = (1/4π)γ Ms

√
H θ

k

Hφ

k

(3)

where f 0 is the cut-off frequency, γ is the gyromagnetic ratio, Ms is the saturation
magnetization, H θ

k is the anisotropy field for deflection in the vertical direction,
and Hφ

k is the anisotropy field for deflection in the horizontal direction. Literature
revels that among the hexaferrite (hard ferrite) family (M, W, Y, U, X, and Z),
Z-type hexaferrite shows soft magnetic characteristics, i.e., low coercive field and
is therefore called soft ferrite among other hard ferrites. Recent studies on Co2Z
type hexaferrites have shown that this material with high permeability and high
ferromagnetic resonance frequency can be used for electromagnetic noise absorbers,
inductor cores, antenna cores, and other microwave devices that send receive and
manipulate electromagnetic signals in high-frequency region above 1 GHz [18, 42,
51, 52].The soft magnetic properties and high ferromagnetic resonance frequency
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are unbeatable features for microwave applications as antenna substrates, inductor
cores, and electromagnetic band gap (EBG) structures at high-frequency range.

Co2Z hexaferrite and Ni–Zn ferrites materials have advantages depending on
the tunable application frequency, and Co2Z hexaferrite is a promising material for
microwave devices, whereas NiZn ferrites are still technologically and commercially
important from application point of view. Regardless of the type of soft ferrites, it
is very difficult to reduce the magnetic and dielectric losses at the same time, but it
is relatively easy to match the permeability and permittivity. The later will therefore
be the focus of future research in such kind of materials at higher frequencies up to
S-band. Magnetic and dielectric losses are critical parameters for microwave device
performance [53]. The imaginary part of the permittivity expressed the dielectric
loss (due to damping of the vibrating electric dipole moments). Magnetic loss comes
from the magnetic damping related with ferromagnetic resonance and domain wall
motion and expressed by the imaginary part of the permeability. Ferrite materials
with high permeability and low magnetic loss are ideal candidates for microwave
high-frequency antenna substrates and inductors applications. Hexaferrites, such as
Co2Z with planar anisotropy, have relative high permeability and higher resonance
frequency compared to spinel structures. In polycrystalline ferrites, the frequency
dispersion of permeability is affected by two main resonance mechanisms, namely
the natural resonance and domainwall resonance [54]. Sincemicrowave devices with
ferrite materials like antennas and inductors are operated in off-resonance condition,
the operating frequency andmagnetic loss of the devices are affected by the resonance
frequency and resonance linewidth of the ferrite materials, respectively. Decreasing
the grain sizes of ferritematerialswill reduce the domainwall resonance effect, which
will help to lower the magnetic loss. However, it may decrease the real permeability
value at the same time.

Because of high magneto-crystalline anisotropy fields and high permeability,
cobalt substituted Z-type (Co2Z) has much higher ferromagnetic resonance frequen-
cies of above 1.0 GHz [55–57]. Studies on microwave properties of Z-type hexafer-
rites, represented by complex permittivity and permeability, have been reported [58–
61]. The most important technological properties for good performance in low- and
high-frequency applications are electric and magnetic losses, saturation magnetiza-
tion (MS), initial permeability (μi), and coercive force (HC). If themagneto-dielectric
materials used for antenna substrates have samepermittivity (ε′) andmagnetic perme-
ability (μ′) over a much wider bandwidth, then it is easy for antenna designers to
simply fabricate and enhance antenna efficiency. Both the electromagnetic band gap
(EBG) structures and antenna can be miniaturize by the magneto-dielectric mate-
rials, however, using moderate values of permittivity and permeability (n = √

ε′μ′)
compared to the dielectric-onlymaterials with high permittivity. The use of matching
ε′ andμ′ values has twobenefits: it produces better band gap rejection levels formulti-
layer EBG structures, [11]; for antennas, an equivalent ε′ to μ′ allows for ease of
impedance matching over a much wider bandwidth, which gives more flexibility of
antenna design in order to simply fabrication and efficiency of antennas. It has been
very challenging to use such materials at ultra-high frequency (UHF) and S-band.
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At the same time, for antenna applications, it is a major challenge to realize low
magnetic and dielectric losses of magneto-dielectric materials.

By varying the compositions or adding additives or by selecting the proper
synthesis technique, one can to a large extent control most parameters for any partic-
ular applications. Keeping in view the major challenges, the researchers are trying to
synthesize low loss nanoferrites with enhanced permittivity and permeability values
for high-frequency antenna applications inGHz region. It is reported that substitution
of divalent or trivalent ions may improve the dielectric and magnetic properties of
hexaferrites such as permittivity, permeability, saturation magnetization, and coer-
civity [62–67]. It has been reported that the properties of Ni–Zn spinel ferrite and
Co2Zhexaferrite can be tailor-made for suitable applications by substituting them
with different divalent ion dopants such as Co2+, Mg2+, Mn2+, Cu2+, Zn2+, Ni2+etc.

To reduce the sintering temperature of Co2Z nano hexaferrite and Z-phase forma-
tion, partial substitution of Co2+ ions with Cu2+ ions have been suggested [68].
It is well documented that the substitution of Zn2+ ions in Co2Z nanohexaferrite
improves the magnetic properties [69]. B. B. V. S. Vara Prasad has reported the
effect of indium substitution on the electrical and magnetic properties of Ni–Zn
ferrite [70]. Parvatheeswara and Rao [71] have studied the doping of indium ions
in the Ni–Zn ferrite. They found that for a certain concentration of indium ions,
the saturation magnetization increases slightly thereafter it decreases. This type of
anomalous behavior of saturationmagnetization as a function of indium ions concen-
tration in Ni–Zn ferrite systems was confirmed by Lakshman et al. [72] and Ghosh
et al. [73] in their experiments on indium substituted Mg–Mn ferrite. They inter-
preted this effect in terms of distribution of the indium ions behavior at tetrahedral
and octahedral sites.

4 Microwave Properties of Soft Ferrites

For high-frequency applications, both the dielectric properties as well as magnetic
properties are very important, particularly in microwave devices and wireless
communication systems. The central properties of interest for many applications
are permittivity, resistivity, and permeability, which in general at higher frequencies
should be as high as possible. There have been several investigations on electromag-
netic properties of soft ferrites represented by complex permittivity and permeability
spectra. Complex permittivity (E = E′ − jE′′) and complex permeability (μ = μ′ −
jμ′′) represent the dielectric and dynamic magnetic properties of magnetic materials.
The real parts of ε and μ symbolize the storage capability of electric and magnetic
energy.The imaginaryparts represent the loss of electric andmagnetic energy through
tan δM = μ′′/μ′ and tan δD = ε′′/ε′.

Electron hopping between Fe2+ and Fe3+ leads to the conduction mechanism in
ferrites. Electric dipoles are formed by the metal cations and the oxygen anions,
creating an intrinsic dielectric polarization. Due to the damping of vibrations of
electrical dipoles, dielectric losses occur in polycrystalline materials, and the crystal
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structure causes intrinsic losses, while the extrinsic losses are due to grain boundaries
in polycrystallinematerials, impurities, and porosity, dominate at higher frequencies,
causing an excessive decrease of permittivity inmostmaterials atmicrowave frequen-
cies. Nevertheless, the effective magnetic permeability μeff is virtually independent
of frequency, but there is a critical frequency f c, above which μeff falls rapidly as a
function of frequency due to eddy current losses. This generally has a lower value for
materials with a higher permeability, but also related to the resistivity and thickness
of the material. The critical frequency is given by Eq. (4)

fc = 4R

πμi d2
(4)

where R is the specific electrical resistance of the piece of material, μi the initial
permeability, and d the thickness. Despite being resistive materials, however, the
ferrites still have a limiting frequency f c because in ferrites f c is also connected to
magnetic spin effects, so there is a gyromagnetic critical frequency, f g, also known
as the spin relaxation frequency. This is determined by the gyromagnetic ratio, γ ,
which is the ratio of the magnetic moment to torque for an electron and is therefore
independent of the dimensions of the sample. The gyromagnetic ratio f g is given by
Eq. (5) where Ms is the saturation magnetization.

fg = 0.1γ Ms

μi
(5)

It has been shown that if f g is plotted against Ms or μi over a range of frequen-
cies, a variation in f g is observed, caused by Bloch wall movement and/or the rota-
tion of magnetic domains. If both phenomena have an effect of ferromagnetic reso-
nance (FMR), the resonances due to spin rotation occur at high frequencies than
domain wall resonances. At a point where μi increases slightly before dropping,
these phenomenon occur, resulting in a resonance frequency around f g, which is
called ferromagnetic resonance or FMR. If a plot is made of the two components of
the complex permeability, the real permeability μ′, and the imaginary permeability,
μ′′ this resonance can be seen. In a static field,μ′′ is lower thanμ′, and the two values
remain constant at low frequencies, rising slowly to a peak. As the magnetic losses
μ′′ increase at higher frequencies,μ′ suffers a sudden decrease, but remains constant
at this point until it also drops at a slightly higher frequency. Just before μ′′ drops, it
experiences a slight increase from the FMR around the critical frequency f g, giving
it a maximum value. This maximum in μ′′ should occur at the same frequency at
which μ′ has dropped to half of its original value, and this is the FMR frequency, f r,
and it should equal or be very close to f g [12].

MnZn Ferrite De Fazio et al. have investigated the influence of lithium substi-
tution on structural, magnetic, and dielectric properties of MnZn soft ferrite
Li0.5xMn0.4Zn0.6−xFe2+0.5xO4 (0.0 ≤ x ≤ 0.4) prepared by ceramic method [74].
Complex permeability of toroids and complex permittivity of pallets were measured
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by material analyzer from 1 to 1800 MHz (1.8 GHz). The complex relative perme-
ability spectra of the studied ferrites (Fig. 3) show that until the frequency is raised
up to a certain value, the real part of permeability (μ′) remains almost constant.
The imaginary permeability (μ′′) gradually increases with the frequency; at a certain
frequency, the real permeability rapidly decreases and imaginary permeability (μ′′)
presents a broad maximum (natural resonance). It was observed that in the low-
frequency region below 10 MHz, the real permeability increases with increasing Li
substitution. The natural resonance frequency (the value where the imaginary perme-
ability has a maximum value) shifts toward a lower frequency (from 52 to 17 MHz)
as x is increased. It is reported that as the Li concentration (x) increases, the imagi-
nary permeability in the low-frequency region below 100MHz also increases. This is
attributed to two mechanisms domain wall movement and spin rotation contributing
to the permeability spectra.

Various factors influence the dielectric properties of the ferrite samples such as
synthesis approach, chemical composition, grain size, sintering conditions, etc. The
microwave permittivity spectra (ε′) of these ferrites indicate that the real parts do
not change with frequency in the studied range as shown in Fig. 4. The ε′ values
decrease from 7.2 to 4.6 for x = 0 to x = 0.4. For the permittivity dispersion, two
mechanisms are responsible: electron polarization and ion polarization. Li addition
modifies the original Fe3+/Mn2+ ratio (refer to the stoichiometric formula) so permit-
tivity decreases, while resistivity slightly increases from 2.1 × 10–7 to 4.4 × 10–7

� cm for x = 0 to x = 0.4, respectively. Permittivity losses profiles (ε′′) show that
resonant phenomena occur at frequencies higher than 1.9 GHz.

Fig. 3 Real and imaginary permeability of the studied samples in 1 MHz–1.8 GHz range.
Reproduced with permission from [74] Copyright (2011) Elsevier
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Fig. 4 Real and imaginary permittivity of the studied samples in 1 MHz-1.8 GHz range.
Reproduced with permission from [74] Copyright (2011) Elsevier

The electromagnetic wave absorption (reflection loss) characteristics of polycrys-
talline Li–Mn–Zn ferrite is shown in Fig. 5. It was found that the samples exhibit the
potential of relatively wide-band absorption in the frequency region from 140 MHz
to 1.8 GHz. The center frequency shifted to lower values as x is increased, and it can
be tunable in the range from 150 to 304 MHz. These ferrites can be used as EMI
shielding between 10–40 MHz in order to achieve an absorption greater than 20 dB
(>99% absorption). Lithium inclusion for x = 0.4 enhances microwave absorption
with a maximum reflection loss of 45 dB at 140 MHz. These characteristics suggest
that high-frequency devices such as single-layered electromagnetic wave absorbers
can be designed using these polycrystalline Li–Mn–Zn ferrites.

Ni–Zn Ferrite An investigation by Jacobo et al. [75] on the microwave absorp-
tion properties of yttrium (Y3+) substituted Ni0.5Zn0.5YyFe2−yO4 (0.01 ≤ y ≤ 0.05)
ferrites show that with yttrium content, the dielectric constant decreases and showing
a constant behavior in the explored frequency range in the frequency range 1MHz to
1.8 GHz. Also with yttrium inclusion, the maximum of the magnetic losses dimin-
ishes and shifts to higher frequencies. TheseYttrium-substitutedNi–Zn ferrites (with
Y content ≤0.05 per formula unit) prepared by sol-gel method can be considered
as good attenuator materials in the explored microwave frequency range 1 MHz
to 1.8 GHz. It is clear from Fig. 6 that the undoped sample (Ni–Zn ferrite) has the
maximum value of permittivity (ε), which means it has both a maximum polarization
as well as a maximum valence exchange. As with yttrium substitution, the dielectric
constant decreases, showing a constant behavior in the explored frequency range. It
is reported that the hopping of electrons between ions of the same element, but in
different oxidation state leads to the mechanism of polarization in polycrystalline
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Fig. 5 Calculated absorption spectra of Li0.5xMn0.4Zn0.6–xFe2+0.5xO4. Reproduced with permis-
sion from [74] Copyright (2011) Elsevier

Fig. 6 Dependence of complex permittivity E (real (E′) and imaginary (E′′) contributions) of the
yttrium ferrite samples as a function of frequency (1 MHz–1.8 GHz). Reproduced with permission
from [75] Copyright (2016) Elsevier
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ferrites such as Fe2+ → Fe3+ [76, 77]. Interfacial polarization is caused when an
electric field is applied the electrons reach the grain boundaries, they pile up and a
charge build-up takes place. The possibility that ions exist in different valance states
is rather low because the ferrites are sintered at a relative low temperature during a
short time, which reduces the probability of electron hopping and hence of polar-
ization, resulting in a low dielectric constant. It was found that with yttrium content
in Ni0.5Zn0.5YyFe2−yO4 electrical conductivity decrease, which is correlated to the
decrease in permittivity [78]. Yttrium ions block the Fe2+–Fe3+transformation and
do not participate in the conduction process hence limit the degree of Fe2+–Fe3+

conduction and decrease in conductivity. The probable reason for this behavior is
that the more electric dipoles are induced by substitution, so the imaginary part of the
relative complex permittivity increases [79]. It is usually believed that the dielectric
loss mainly consists of the electron polarization, the ion polarization, and the elec-
tric dipolar polarization. For electron and ion polarizations, the losses are relatively
weak in the microwave range and strongly occur at higher frequencies [80]. Thus, it
is concluded that the dielectric loss of all the studied samples results mainly from the
electric dipolar polarization. As magnetic losses are related to the absorption effect,
tan δM profiles versus frequency were analyzed (Fig. 7). For all compositions, tan
δM steeply increases for frequencies higher than 1 GHz.

Sharma et al. investigated the microwave properties of doped nanocrystalline
Ni0.58 Zn0.42 Co0.15 Cu0.05 Fe1.8O4 (Ni–Zn) spinel ferrite prepared by sol-gel auto-
combustion method and reported the low dielectric and magnetic loss values close to
zero [81]. Microwave properties were measured using cavity perturbation technique
in the frequency range 1.6–3.5 GHz. Figure 8a, b illustrated the frequency depen-

Fig. 7 Dependence of magnetic losses (tan δM = μ′′/μ′) with frequency. Reproduced with
permission from [75] Copyright (2016) Elsevier
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dence of real part of permittivity and permeability (ε′ and μ′) of NiZn spinel ferrite
over the frequency range 1.6–3.5 GHz. The dielectric behavior of ferrites can be
explained by Verway hopping mechanism [82] of electrons/holes transfer between
Fe2+–Fe3+, Co3+–Co2+, Ni3+–Ni2+ and Cu3+–Cu2+ pairs of ions. The permittivity of
nanoferrites at higher frequencies is due to the atomic and electronic polarization.
The microstructure, grain size, impurities, and density of the sample also affect the
permittivity of nanoferrites. The variation of complex permittivity at higher frequen-
cies is explained by Maxwell-Wagner theory [83]. The low values of permittivity
(ε′) and permeability (μ′) as shown in figure for the prepared NiZn spinel ferrite
are explained due to the blocking of Verwey hopping mechanism in the system and
the spin rotation, respectively, as the grain size is much lower. It is well known that
the permeability of polycrystalline ferrites results from two different magnetizing
mechanisms: spin rotation and domain wall motion [84].

Figure 9a, b illustrates the frequency dependence of imaginary part of permittivity
and permeability (ε′′ and μ′′) of Ni0.58 Zn0.42 Co0.15 Cu0.05 Fe1.8O4 (NiZn) spinel
ferrite over the frequency range 1.6 GHz to 3.5 GHz. It is clear that over the whole
measured frequency range 1.6–3.5 GHz, both electric and magnetic losses remain

Fig. 8 a, b Frequency
dependence of ε′ and μ′ of
NiZn spinel ferrite.
Reproduced with permission
from [85] Copyright (2016)
Ph.D. thesis
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Fig. 9 a, b Frequency
dependence of ε′′ and μ′′of
NiZn spinel ferrite.
Reproduced with permission
from [85] Copyright (2016)
Ph.D. thesis

very low close to zero. At frequency 3.5 GHz, the reported electric and magnetic
losses (ε′′ and μ′′) for nanocrystalline NiZn spinel ferrite are 0.0018 and 0.004. The
impurities and imperfections present in the ferrite structure cause higher magnetic
and dielectric losses. The low dielectric and magnetic loss values measured at such
higher frequencies 1.6–3.5 GHz are attributed to the uniform and homogeneous
structure of the prepared NiZn nanoparticles by sol-gel auto-combustion method.

Ba Hexaferrites Microwave properties of sol-gel auto-combustion processed Co2Z
barium hexaferrites were investigated by Sharma et al. using cavity perturbation
technique [86]. They reported how the Zn2+ ions substitution for Co2+ ions affect
the values of real part of permittivity (ε′) and permeability (μ′) for all the samples
over the high frequencies from 1.6 - 4 GHz. The results shown in Fig. 10a, b clearly
indicates an increase of ε′ and μ′ with the addition of Zn2+ ions. The best results
obtained were ε′ = 3.07, μ′ = 2.59 at frequency 2 GHz, and ε′ = 2.33, μ′ = 2.94 at
frequency 2.5 GHz for the composition Ba3Co1Cu0.2Zn0.7Ni0.1Fe24O41(sample Z2).
The striking point in this investigationwas the enhancement in real part of permittivity
and permeability with controlled electric and magnetic losses close to zero over
such a high-frequency range1.6–4 GHz. It has been reported that ε′ decreases with
increasing frequency beyond frequency 2 GHz. Such type of dispersion is a normal
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Fig. 10 a, b Frequency spectra of ε′ and μ′of Co2Z-hexaferrites. c, d Frequency spectra of ε′′ and
μ′′ of Co2Z-hexaferrites. Reproduced with permission from [85] Copyright (2015) Elsevier

dielectric dispersion behavior of all ferrites which is due to Maxwell and Wagner
type interfacial polarization in accordance with Koop’s phenomenological theory
[87, 88]. The electron hopping between Fe3+ ions and Fe2+ ions cannot follow the
alternating electric field above a certain frequency and results in a decrease of ε′ with
increasing frequency. Beyond 2.5 GHz, with increasing frequency, the permeability
μ′ is found to decreased due to the decrease in domain wall motion and spin rotation
effect. At higher frequencies, when the domain wall motion reduces, spin rotation
plays a relatively more important role [89].

It is evident from Fig. 10c, d that at all frequencies from 1.6 to 4 GHz, the
imaginary part of permittivity and permeability remain very low close to zero. The
low values of electric and magnetic losses may be attributed to the homogeneity and
uniformity of the prepared nanoparticles at the structural level by the sol-gel auto-
combustion method. The experimental results obtained clearly indicate that among
the sol-gel auto-combustion processed Co2Z-hexaferrites, sample Z2 with improved
high-frequency electromagnetic properties and low loss tangent (tanδ) at frequencies
2 and 2.5 GHz could be very useful to the miniaturization of antennas for mobile
handheld wireless communication devices.
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5 Summary

To summarize, we have discussed the electromagnetic properties of MnZn, NiZn
spinel ferrites and Co2Z type barium hexaferrite, and the effect of substitution of
diverse dopant ions on their properties. Our investigations showed that the soft
ferrites have very useful electromagnetic properties, i.e., real part of permittivity
and permeability (ε′ and μ′) and low electric as well as magnetic losses (ε′′ or μ′′)
for high-frequency applications.

Li-dopedMn–Zn ferrites synthesized by ceramicmethod showedgoodmicrowave
absorption properties from 1 MHz to 1.8 GHz. Real permeability (over 1 MHz) is
increased with Li inclusion while as the Li content increases the natural resonance
frequency shifts to lower values. The results showed that the samples with higher
Li content (x = 0.4) have maximum resistivity (~4.4 × 107 � cm) and minimum
dielectric constant (~4.65) values. Microwave absorption with a maximum reflection
loss of 45 dB at 140 MHz for x = 0.4 was found to enhanced by Li inclusion. There-
fore, these polycrystalline Li–Mn–Zn ferrites can be used for microwave devices
such as single-layered electromagnetic wave absorbers. Microwave measurements
done by Jacobo et al. showed that Yttrium (Y3+) plays an important role in Ni–Zn
ferrites in modifying the saturation magnetization, permeability, and permittivity in
the explored frequency range 1 MHz to 1.8 GHz. As with yttrium content, dielec-
tric constant was found to decrease, showing a constant behavior in the explored
frequency range, and with yttrium substitution, the maximum of the magnetic losses
diminishes and shifts to higher frequencies. Yttrium-substituted Ni–Zn ferrites (with
Y content ≤0.05 per formula unit) can be considered as good attenuator materials
for microwave devices. Microwave measurements of substituted Ni–Zn nanoferrites
by cavity perturbation method confirmed that the prepared composition has low
magnetic and electric losses close to zero over the frequency range 1.6–3.5 GHz that
make these nanoferrites ideally suitable for high-frequency antenna applications.
High-frequency electromagnetic properties of soft Ni–Zn ferrite are controlled by
the variety of dopants and optimized physical conditions. At frequency 3.5 GHz, the
reported magnetic and electric losses are 0.004, 0.0018, respectively. Also, solution
combustion processed Co2Z barium hexaferrite showed almost matched real part of
permittivity and permeability (ε′ andμ′) along with controlled electric and magnetic
losses (ε′′ or μ′′) close to zero over a wide frequency range from 1.6 to 4 GHz.
The results showed that with the addition of Zn2+ ions, the real part of permeability
increases. These electromagnetic properties, in particular the controlled electric and
magnetic losses close to zero in the frequency range from 1.6 to 4 GHz make these
nanoferrites probable candidates for miniaturization of antennas for mobile handheld
wireless communication devices.
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Wet Chemical Synthesis and Processing
of Nanoferrites in Terms of Their Shape,
Size and Physiochemical Properties

Sarveena, Gagan Kumar, Neha Kondal, Mahavir Singh,
and Surender K. Sharma

Abstract Nanoferrites are found to showcase superior and substantially
distinct properties due to the ease with which they can be synthesized and modi-
fied chemically. The nanoparticles are synthesized by various methods classified
primarily into two categories: top-down and bottom-up methods. Wet chemical
synthesismethods offer unlimited control over size distribution and shape of nanopar-
ticles and provide the opportunity of scale-up for production of nanomaterials in bulks
for practical application. This chapter covers sol-gel, solvothermal, co-precipitation,
thermal decomposition and microwave-assisted methods for the production of nano-
ferrites. A variety of nanoferrites and its composites with remarkable properties can
be synthesized by these methods mentioned in this chapter.

Keywords Nanoferrites · Bottom-up approach · Thermal decomposition ·
Sol-gel · Ethylene glycol

1 Introduction

Nanoferrites enriched with multifunctional properties have emerged as forefront
materials due to their promising applications in wide arenas like nano-electronics,
communication technology, magnetic devices, microwave devices, biomedicine,
material engineering,wastewater treatment, astronomy and environmental protection
[1]. To explore the wide range of applications of nanoferrites, one of the most indis-
pensable aspects is to comprehendmany possible synthesis techniques to discover the
optimum conditions to produce application oriented nanoparticles (NPs) [2]. Many
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methods are employed to advance the properties, reproducibility and to shrink the
production costs. The top-down and bottom-up methodologies are the two universal
approaches employed to make NPs. Two methods are distinguished on the basis of
starting material of nanoparticle preparation. In top-down methods, the bulk mate-
rial is used as starting material, and particle size is reduced to nano range by using
different processes [3]. Both top-down and bottom-up synthesis techniques have their
ownmerits and demerits, and the bottom-upmethod is simple, scalable and construc-
tive approach of NPs synthesis. Bottom-up methods are based on wet chemical
synthesis which provides better control over morphology of the resulting NPs.

The wet chemical route has evolved as most talented method due to its reason-
able cost, reproducibility and efficiency to produce high yield nanoferrites [4]. This
method helps to control and tune various parameters like surfactant, type of precursor,
pH temperature and concentration of substrate. The most commonly used wet or
liquid phase-based chemical methods for synthesis of metal oxide nanoparticles are
sol-gel, thermal decomposition, solvothermal, reverse micelle, microwave-assisted
method, co-precipitation and flow synthesis [5]. This chapter will mainly cover sol-
gel, solvothermal, co-precipitation, thermal decomposition and microwave-assisted
hydrothermal method.

2 Sol-gel Method

Sol-gel method also called as sol-gel auto-ignition/combustion/auto-combustion
method is a widely used to make a range of nanomaterials. It offers various advan-
tages such as low crystallization temperature, possibility of shape and size control,
which provide final product with better chemical homogeneity [6, 7]. The synthesis
in sol-gel method takes place in two steps; first is the synthesis of sol followed by gel
formation. Cross-linkage of sol results in the formation of gel structure. The method
develops its name due to formation of a gel from the sol. The sol is comprised of
dispersed colloidal suspension of nanoparticles in a solvent, and gel consists of a
rigid network. The interactions between colloidal nanoparticles are conquered by
Van der Waals forces and undergo Brownian motion in the liquids. These solutions
can be used to make the polymers or particles from which can be used to synthesize
the ceramic materials [8]. This method involves mainly five steps; hydrolysis, poly-
condensation, aging, drying and thermal decomposition [9]. Different processing
techniques are employed to synthesize the different materials like powder, films,
dense ceramics, bulk and nanoparticles.

Step 1 Hydrolysis
Hydrolysis process takes place in either water or alcohols. It is identified as aqueous
sol-gel route if water is used as reaction medium and non-aqueous sol-gel route if the
organic solvent is used as reaction medium. An acid or a base helps in the process
of hydrolysis. In hydrolysis reaction, the OH− ion is involved to the metal ions (M),
as in the reaction [8].
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M(OR)4 + H2O → HO − M(OR)3 + ROH (1)

where M = metal; R = alkyl group (CnH2n+1).
Completion of the reaction depends upon the amount of water and catalyst; the

hydrolysis is complete when OH replaces the all OR.

M(OR)4 + 4H2O → M(OH)4 + 4ROH (2)

During the condensation, if the amount of water is high, it produces a more
branched and polymerized structure. Completion of hydrolysis depends upon the
various parameters like the amount of water and the presence of hydrolysis catalysts
such as acetic acid or hydrochloric.

Step 2 Condensation
The condensation is accompanied by the production of small water or alcohol
molecule along with linkage of metal oxide and polymer networks which grow to
colloidal dimensions in the liquid state. Partial hydrolysis may also stop the reaction
and results in intermediate species M(OR)4–x(OH)x. Two intermediate species can
combine in a condensation reaction, for example,

(OR)3M − OH + HO − M(OR)3 → (OR)3M − O − M(OR)3 + H2O (3)

Condensation or polycondensation increases the viscosity of solvent and results
in formation of porous structure which helps to maintain the liquid phase known as
gel. Gels are noncrystalline and can be crystallized by appropriate heat treatment.
The size and the bonding between the colloidal particles are highly dependent upon
the pH of solution and precursor [9].

Step 3 Aging
Aging brings the changes in the properties and structure and of the gel. Mother
solution is used to age the gel which helps in increasing the gel strength to resist
cracking during drying. In aging process, the polycondensation and reprecipitation
of the gel network take place, which results in increase of thickness and decreases
of porosity between colloidal particles [10].

Step 4 Drying
The solvent is detached from pore network of gel by the process of aging. In this
process of drying, the challenge is to keep the structure intact by preventing the
cracking and subsequent shrinkage of the dried gel during the removal of water
and organic components. There are diverse drying processes: ambient pressure
drying/subcritical drying, supercritical drying and freeze drying [9, 11].

An alternative drying process known as supercritical drying process helps to
preserve the gel structure and prevent the presence of any intermediate vapor–liquid
transition and surface tensions in the gel pores, preventing the pore collapsing of the
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gel structure. In freeze-drying process, the solvent is removed by when the tempera-
ture of the gel is decreased below, the crystallization temperature of the solvent and
cryogel is obtained.Ambient pressure/subcritical drying is popular as it is resourceful
and significantly inexpensive. In the ambient pressure, drying of gel takes place at
ambient pressure and is dependent upon the processes of surface modification [12].

Step 5
In the final step, the residues and water molecules from the anticipated sample are
removed by thermal treatment or calcinations. The calcination temperature plays
crucial role in controlling the density of the material [9].

In the sol-gel process, the startingmaterial used are nitrates precursor of the essen-
tial metal ions, an appropriate chelating agent (or fuel), namely as urea/glycine/citric
acid, as they are effortlessly soluble in water. In general, the ratio of metal nitrate to
citrate acid (1: x) used is 1:3. The flowchart of the method is given schematically in
Fig. 1.

There are various synthesis parameters like type of fuel/chelating agent, ratio of
fuel to nitrate, and pH which affects the properties of prepared nanoferrites. It is

Fig. 1 Flowchart of the
sol-gel auto-combustion
method
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very important to choose the right fuel to nitrate ratio because it affects the magnetic
properties and size of the nanoferrites. Nasir et al. [13] synthesized the high-purity
Zn-doped NiFe2O4 nanoparticles without water and surfactants (WOWS) method
and studied the effect of molar ratio of ethylene glycol to metal salts. The molar ratio
of 14:1 of ethylene glycol to metal salts helped in dissolving the salts uniformly.
Single-phase spinel cubic structure with spherical shapes was obtained.

The another parameter which influences the combustion rate and the morphology
of nanoparticles is the pH value. Aurelija et al. [6] have reported the synthesis of the
different nanoferrites by an aqueous sol-gel procedures. At low sintering temperature
(up to 1000 °C), single-phasemetal ferriteswere obtained.Theparticle sizewas found
to depend upon the nature of transition metal (CoFe2O4 > ZnFe2O4 > NiFe2O4).

Sagar et al. [14] synthesized CoDy0.1Fe1.9O4 nanoparticles by sol-gel-based auto-
combustion technique at diverse pH values from 2.5 to 10. The combustion rate was
found to increase with increasing pH 2.5–7.5, afterward decreased for pH = 10. The
best results were obtained at pH = 7.5, where the combustion rapidly propagated to
form ferrite powders and single-phase nanoferrites was obtained. The particle size
was found to increase with increasing pH till 7.5 and further increase in pH value
resulted in decrease of particle size. Pradeep et al. [15] synthesized theNiFe2O4 nano-
ferrites by sol-gel auto-combustion technique at pH values of 7 and 8 and reported
the pH 8 which was the optimum for the preparation of the NiFe2O4 nanoferrites.
The formation of the single-phase cubic spinel nanoparticles with a high degree of
crystallinity was obtained at a pH of 8, whereas NiFe2O4 nanoferrites prepared at
pH 7 showed the presence of impurity phases.

Seyedeh et al. [16] reported synthesis of CoFe2O4 nanoparticles by sol-gel auto-
combustion in the presence of ethylene glycol (EG) and agarose as complexing agents
and analyzed their influence on the structural andmagnetic properties. Figure 2 shows
the field emission scanning electron microscopy images of the prepared CoFe2O4

nanoparticles samples A (agent-free sample) and B (with chemical reagents/Nitrates

Fig. 2 FE-SEM images of a sample A (agent-free sample) and b sample B (with chemical
reagents/Nitrates = 0.25). Reproduced with permission from SM Hashemi et al. [16]
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= 0.25). In sample B, the nanoparticles are less agglomeration as compared with
sampleA.The average crystallite size and agglomeration between nanoparticleswere
found to decrease, whereas the coercivity and saturation magnetization enlarged by
the appropriate addition of EG and agarose.

The properties of the nanoferrites are affected by the combustion process which
depends upon the fuel or chelating agents. Dumitrescu et al. [17] synthesized
NiFe2O4 nanoferrite by the sol-gel auto-combustionmethod, using cellulose different
chelating/fuel agents; cellulose–citric acid mixture, hexamethylenetetramine, citric
acid, tartaric acid, glycine and urea. Effect of these chelating/fuel agents on combus-
tion process, and hence, on the structure, morphology and catalytic activity was
studied. The combustion process takes longer time when cellulose–citric acid
mixture, citric acid, tartaric acid and cellulose are used, whereas in the case of
urea, it completes in 2 min. Glycine and hexamethylenetetramine induce instanta-
neous and an extremely violent combustion process. Higher catalytic activity was
observed for the nanostructured NiFe2O4 obtained by hexamethylenetetramine, urea
and tartaric acid as chelating/fuel agents. Tamara Slatineanu et al. [18] analyzed the
impact of the chelating/combustion agents on structural and magnetic properties of
ZnFe2O4. Six chelating/combustion agents: citric acid, glucose, egg white, tartaric
acid, glucose, glycine and urea were used to obtain monophase Zn nanoferrite by
sol-gel auto-combustion method. The intensity of the reaction and thermal treatment
duration is influenced by the nature of fuel, which affects the structural and magnetic
properties of zinc nanoferrite. At low calcination temperature (973 K) citric acid,
glycine, tartaric acid and egg white can be considered as good chelating/combustion
agents to obtain single phase Zn ferrite nanoparticles. Glycine or glucose can be
considered as a good candidate to achieve the ferrimagnetic behavior and egg white
to obtain the paramagnetic behavior.

3 Solvothermal Method

Solvothermal synthesis method is an interesting variation of the hydrothermal
method. Hydrothermal and solvothermal methods are both different with only a
small difference and so called depending upon the solvent utilized during the
synthesis process. In the hydrothermal method, solvent used is water, whereas in the
solvothermal method, organic solvents are used. Different types of organic solvent
having high boiling temperature can be used in solvothermal method. It can have
higher reaction temperatures than hydrothermal method. In this method, not only
acid or bases but also large variety of surfactants are employed to control size, shape,
morphology and properties of nanomaterials [19].

The solvothermal synthesis is performed in a sealed container known as auto-
clave at a temperature exceeding the boiling point of the solvents. The solvent
will be automatically generated in high pressure which helps to promote the reac-
tion and enhance the crystallinity of the synthesized nanomaterials. The increase of
both the temperature and pressure facilitates the solubility and the reactivity of the
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reagents [20]. Since the reactions occur in a sealed autoclave, it is difficult to analyze
the growth mechanism of this synthesis process. Experimental conditions highly
affect the solvothermal method; hence, the crystallization and growth of particles
can be controlled by various process parameters such as concentration of precur-
sors, solvents, surfactants and/or polymers, temperature, pressure and time [21, 22].
Oxides of Group II–VI, III–V and IV, transitional-metal NPs and metal-organic
frameworks (MOFs), are prepared by this method [23]. It offers various advantages
such as low processing temperature, less energy consumption, simple reaction condi-
tions and short synthesis time which helps in producing highly crystalline nanoma-
terials and with controlled morphology and size. The precursors which are sensitive
to water can be handled in solvothermal process, and the products obtained are free
from foreign anions.

Solvothermal synthesis is commonly carried out in a reaction vessel known an
autoclave, as shown in Fig. 3 [24]. These autoclaves are fabricated from high strength
alloy, such stainless steel, cobalt-based super alloys, nickel, iron, titanium and its
alloys, to tolerate the pressure developed during the reaction. In general, the autoclave
has an extra beaker, can or tube made of Teflon, gold, platinum or silver a liner
which makes them chemically inert vessel for the reaction and also protect them
from corrosion. Sometimes, a Bourdon gage is fixed to the autoclaves to directly
monitor the pressure, and stirring accessories are used to minimize the concentration
gradient. Depending on the degree of autoclave filling, pressures of some hundred bar
can be obtained, even at low temperatures. For the reactor selection, the parameters
like temperature, pressure and corrosive resistance are the very important. To ensure
the safety, it is important to estimate the pressures generated in a sealed container
and control it below the strength of martials of autoclave [23].

Recently, solvothermal method has received much attention for its improvement
with new mixing technologies such as microwave solvothermal synthesis methods

Fig. 3 Autoclave (acid digestion vessel). Reproduced with permission from Nunes et al. [24]
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which are used in different systems. Synthesis in solvothermal method is a crys-
tallization process directly from solutions that involve two steps: crystal nucle-
ation and subsequent growth. The compound dissociates in solution to produce the
precursor atoms, and then, precipitation occurs to form the nanocrystals. In precip-
itation process, the nucleation is followed by a crystal growth [24]. The second
step plays crucial role in controlling the size and shape of the NPs by controlling
processing variables, such as reactant concentrations, temperature, pH and additives.

The crystals growth takes place sequentially or concurrently by a series ofmethods
which involve the incorporation of growth units. The different procedures can be
largely categorized into fourmajor steps: transport of units through solution, addition
of units to the surface, movement of units on the surface and addition of units to
growth sites.

Wang et al. [25] reported fabrication of NiFe2O4 nanoparticles by modest
solvothermal method using EG as solvent and NaAc as electrostatic stabilization.
The diameter of the NPs was controlled from 6 to 170 nm by fine-tuning the various
experimental parameters such as initial concentration of the reactants, reaction dura-
tion, amount of protective reagents and the type of acetates. EG is the high-boiling
point solvent (197.5 °C) and is preferred for variable-temperature synthesis, which
is desirable to control the reaction rate and to obtain products with enhanced crys-
tallinity. It served not only as solvent, reducing agent and complexing agents for the
nickel (α) and iron(β) reactants but also as stabilizing agents to obtain the nanocrys-
talline nickel ferrite. Agglomeration of particle was prevented by using NaAc as
electrostatic stabilizer.

Wen et al. [26] synthesized the Dy3+ doped Co–Ni–Zn ferrites
(Co0.5Ni0.25Zn0.25DyxFe2–xO4 (0.0 ≤ x ≤ 0.24) at altered temperature using
the solvothermal process in glycol–water solution. The prepared nanoparticles
exhibit rod-like morphology at higher temperature (900 and 1000 °C) and composed
of many end-connected spherical particles. This phenomenon was observed due to
the glycol which interfere the hydrogen bonding and cohesive forces between water
molecules and also lowers surface tension and improveswettability on a hydrophobic
surface. Certain oxalates crystal facets becamemore stable, results in the synthesis of
higher aspect ratio oxalates particles. Co0.5Ni0.25Zn0.25Dy0.16Fe1.84O4 composition
of Co–Ni–Zn ferrites and calcination temperatures of 1000 °C were found to be
appropriate for high- act as a reducindensity data storage devices.

There are various publications on the synthesis of nanoferrites by solvothermal
synthesis [27–29]. The choices of solvent, surfactant, temperature affect the phys-
iochemical properties of nanoparticles. Solvothermal processes are characterized by
mild temperature conditions. Gérard Demazeau [30] has reviewed various factors
which affect the solvothermal synthesis process in detail. Solvothermal synthesis is
used for scalable production with controlled size and shape.
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4 Thermal Decomposition Method

A chemical procedure in which metal precursor is heated at high refluxing temper-
atures in high-boiling point organic solvents is known as thermal decomposition.
Among all wet chemical methods, the thermal decomposition method is an innova-
tive, simple, convenient and low-cost method to synthesize stable monodisperse NPs
with high purity. This method offers many advantages such as no need of solvent, no
particular stabilizing agent (stabilizer), low energy consumption, control of process
conditions, simple reaction technology, high yield and synthesis at low temperature
[31, 32]. The force of reactionwith the ligands in coordination compounds and nature
of metallic ion impacts the pressure and temperature at which thermal decomposition
method occurs.

Thermal decomposition method has also been used for those systems which use
high boiling point solvents where one of the reactants acts as a reducing agent both
in the presence and absence of a polyol [33]. Several parameters such as nature and
amount of organometallic compounds, types of surfactants, reaction time, temper-
ature, stabilizers, reactants concentration and capping agents (surfactants) can alter
the structure, morphology, size and hence the properties of the prepared nanoferrites
[34, 35]. The narrow size distributions of nanoparticles can be further improved by
subsequent precipitation, re-dispersion and centrifugation [36].

The appropriate precursors for thismethod aremainly organometallic compounds,
metal salts, metal ion complexes or chelates. Metal acetylacetonates [M(acac)n]
where M: transition metal such as Fe, Mn, Co, Ni, Cr and n = 2 or 3, cupfer-
ronates (MxCupx) where cup: N nitrosophenylhydroxylamine (C6H5N(NO)O),
carbonyls, for example, iron pentacarbonyl [Fe(CO)5], etc., are most commonly used
organometallic compounds. The surfactants which are generally used in this method
are as follows: oleic acid, oleylamine, fatty acids and hexadecylamine. Diphenyl
ether, octylamine, diethylene glycol, octyl ether, hexadecanediol, 1-octadecene and
1-hexadecene are more often used as high-boiling point organic solvents. The poly-
mers or macromolecules such as polyvinyl alcohol (PVA), oleic acid (OA), triph-
enylphosphine (TPP), polyethylene glycol (PEG) and oleylamine (OAm)(C18H37N)
can also be used as capping agents [37, 38]. The capping agents prevent the uncon-
trolled particle aggregation by avoiding interaction ofNPswith one another andmake
the NPs biocompatible to be used in various biomedical applications. The ratios of
the surfactant, organometallic compounds and solvent are crucial parameter to obtain
the NPs with controlled morphology and size.

The synthesis setup for thermal decomposition process involves of a three-neck
round-bottom flask which is mounted on a heating/stirring plate equipped with
condenser. During the reaction, inert atmosphere is maintained in order to prevent
any unwanted side reactions (e.g., oxidation of oleic acid) by the continuous flow of
nitrogen or argon gas. A thermometer mounted on the heating/stirring plate which
is immersed in silicon oil’s beaker can be used to monitor the temperature.

Thermal decomposition method is generally used to synthesize variety of nanos-
tructures including metal oxides, metals and sulfides, etc. Varieties of nanoferrites,
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Fig. 4 Synthetic process to obtain MnFe2O4 Oleyl amine capped nanoparticles. Reproduced with
permission from Singh et al. [39]

composites and hybrid system with different morphologies as per the applications
have been synthesized using this method. Singh et al. [39] synthesized MnFe2O4

nanoferrites by thermal decomposition method passing inert gas (N2) and used oley-
lamine to control the size/shape of MnFe2O4 nanoparticles. Figure 4 shows the
synthetic procedure to obtain manganese ferrite (MnFe2O4) Oleyl amine capped
nanoparticles.

The molar ratio of 3:3:5 of oleic acid, oleylamine and 1,2-hexadecandiol was
used. The oleic acid-acetylacetonate solution was stabilized by using oleylamine as
a surfactant. Crystalline MnFe2O4 nanoferrite with pure cubic spinel structure was
obtained with spherical shape and the average crystallite size of 22.7 nm.

Mahhouti et al. [40] studied the role of reagents such as oleic acid or oleylamine
and hexadecanediol on the synthesis of CoFe2O4 nanoparticles by decomposition of
acetylacetonate precursors at high temperatures. Highly monodisperse CoFe2O4NPs
which are nearly spherical were obtained. These NPs were surfaced by organic
molecules and were stabilized in an organic solvent. The fine dispersion of the NPs in
hexanewas accomplishedwith the help of surfactants. Hexadecanediol originated the
reaction by stimulating the decomposition of the metal precursor’s acetylacetonates.
The equation of the reaction is as follows

Co(C5H7O2)2 + Fe(C5H7O2)3 → CoFe2O4 + CH3COCH3 + CO2 (4)

Equation shows that the thermal decomposition of acetylacetonates of cobalt and
iron produced CoFe2O4 nanoparticles with acetone and CO2 as by-products in the
presence of oleic acid, oleylamine and 1,2-hexadecanediol. The benzylether proved
to be a appropriate solvent for this process due to its higher boiling temperature
(298 °C) than the decomposition temperature of precursors.

In our work, Sarveena et al. [41] synthesized the iron oxide and Au–iron oxide
nanocomposites by a thermal decomposition method by passing pure oxygen at
different temperatures (125–250 °C). A organized improvement in the morphology
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Fig. 5 HRTEM images of
Au–iron oxide nanoparticles
(AIONPs) oxidized at
a 125 °C, b 150 °C, c 200 °C
and d 250 °C for 30 min
during cooling from 315 °C
[41]

was observed by tuning the reaction time as well as the oxidizing temperatures.
Figure 5 shows the HRTEM images of Au–iron oxide nanoparticles (AIONPs)
oxidized at (a) 125 °C, (b) 150 °C, (c) 200 °C and (d) 250 °C for 30 min
during cooling from 315 °C. Morphology of the particles was found to change
with increasing oxidization temperature, and fully grown core–shell heterostruc-
tures were obtained at higher oxidation temperature. Magnetic properties showed
strong dependence on particlemorphology (or shape anisotropy). Prepared iron oxide
nanoparticles remained intact showing no aging effect. Hence, thermal decomposi-
tion method provides long-term stabilization to the nanoparticles so that they can
be used in various applications. The calorimetric study shows the potential of these
nanoparticles for hyperthermia application.

Oleic acid and ethylene glycol were used as capping agent and solvent, respec-
tively, in the synthesis of NiFe2O4 nanoparticles by a thermal decomposition
[42]. Ethylene glycol resulted in well-dispersed NiFe2O4 nanoparticles and oleic
acid controlled the morphology and size. Spherical-shaped single nanocrystalline
NiFe2O4 nanoparticles with an average particle diameter of 12.3 ± 0.69 nm were
obtained.

5 Co-precipitation Method

Co-precipitation is a well-established classical method for preparing of nanoferrites
and their composites. In this method, precipitation of NPs takes place a continuous
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fluid solvent [43]. Various advantages of co-precipitation method are rapid synthesis,
low cost, simple process, control in pHvalue, low-temperature synthesis, control over
particle crystalline size morphology and composition [44–46]. In co-precipitation
process, nucleation, growth, coarsening and/or agglomeration processes take place
simultaneously [47]. Morphology and size can be controlled by controlling the rates
of nucleation and growth during synthesis or by annealing the sample at higher
temperature.

Co-precipitation method can be summed up in three steps [48]:

1. solution preparation in the liquid phase with chemical composition
2. thermal treatment that directly affects the crystallinity, structure andmorphology

of the NPs
3. adding a precipitation agent (e.g., NaOH, NH4OH, Na2CO3, or urea).

For synthesis of nanoparticles of metal ferrite, the aqueous solutions of Fe(III)
and M(II) salts (where M(II) is a d-block transition metal) are usually mixed in an
alkaline solution which produces the magnetic precipitate. The chemical reaction
which takes place during the co-precipitation method can be described as [45]:

M2+(aq) + 2Fe3+(aq) + 8HO−(aq) → MFe2O4(s) + 4H2O(l) (5)

Inorganic metal salt, such as chloride and nitride, is dissolved in water. The metal
cations are added to basic solutions, such as NaOH or NH4OH, hydrolyzed species
condense, which are then washed, filtered, dried and calcined to obtain the final
product [43].

In order to obtain the size- and shape-controlled NPs, it is important to control the
various reaction parameters such as the type of precursors, molarity of the precursors,
pH value, reaction temperature, ionic strength, type or concentration of alkaline agent
and if the process is homogenous or heterogeneous [45, 49]. Since there is a tendency
of agglomeration which can affect the size distribution, the use of various organic
additives (such as gluconic, citric or oleic acid) or polymer surface complexing
agents (carboxydextran, dextran, starch or polyvinyl alcohol) during the formation
of nanoparticles help in controlling the size distribution.

During the chemical reactions in co-precipitation method, the pH of the precursor
solution is a important factor which control the particle size, morphology and hence
the their properties [50–53]. Lamdab et al. [54] synthesized the MnFe2O4 nanopar-
ticles by a co-precipitation method with varying pH values of 9.0, 9.5 and 10.0 and
analyzed pH effect on its adsorption properties. MnFe2O4 nanoparticles synthesized
at pH 10.5 exhibit highest efficiency of RhB removal which was attributed to large
pore size and surface charge of MnFe2O4 nanoparticles. Iranmaneshs et al. [55]
synthesized NiFe2O4 nanoferrites by one-step capping agent-free co-precipitation
route and analyzed the effect of pH value on its structural, optical and magnetic
properties. The particle size increased with increasing pH from 9 to 11 which may
be due to the large ions in reaction medium which decreases the surface by lowering
the interfacial tension. Increase in pH increased themagnetization and band gap value
of Ni ferrite nanoparticles which is the indication of pronounced surface effects in
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the small nanoparticles. The reaction temperature affects the crystallite size of nano-
ferrites. When reaction temperature increases, the rate of nucleation increases which
improves the crystallite size at higher reaction temperatures. Hence, the crystallite
size of nanoferrites increased with increasing the reaction temperature [56–62].

Surfactant additives have shown great impact on the dispersion property, purity,
crystallite size and agglomeration of the particles [63–66]. The addition of surfac-
tant has shown great potential in controlling and improving nucleation and growth by
creation of polarization on the surface of the NPs, which restrict coalescence process
of the first nuclei resulting in improvement of crystallite size [67]. Lu et al. [68]
prepared the nano-strontium ferrite (SrFe12O19) by co-precipitation method using
different types of dispersants such as cationic surfactant (CTAB), anionic surfactant
(SDS) and nonionic surfactant (PEG-6000). These surfactants helped in lowering the
size of aggregates and improving the dispersibilty of the strontium ferrite nanoparti-
cles owing to the steric hindrance and stabilization properties of surfactants. Figure
6 shows the TEM micrographs of SrFe12O16 powders: (a) without surfactant, (b)
SDS as surfactant, (c) CTAB as surfactant and (d) PEG-6000 as surfactant. Severe
aggregation of sample without surfactant is seen in Fig. 6a while in Fig. 6b–d, when
surfactant is used, particles with little aggregation can be observed.

Fig. 6 TEM images of SrFe12O16 powders: a without surfactant, b SDS as surfactant, c CTAB as
surfactant and d PEG-6000 as surfactant. Reproduced with permission from Lu et al. [68]



76 Sarveena et al.

The particle size is smallest in case of surfactant CTAB, moderate in case of
PEG-6000 and poorest in case of SDS. This variation in particle size may be due
to different types of charge possessed by these surfactants. The cationic surfactants
such as CTAB can be simply absorbed on the surface of the precipitate particles
and form a molecular film on the surface of the particles to avoid the aggregation.
Macromolecular surfactants (such as PEG) are goodwater-soluble surfactant and also
play certain steric hindrance effect. In anionic surfactant such as SDS, the repulsive
force results in poor absorption and aggregation.

6 Microwave-Assisted Method

In the recent past, the microwave-assisted method has revolutionized chemical
synthesis and has been successfully applied for nanomaterial synthesis. They have
been used to synthesize different inorganic materials such as metallic nanoparti-
cles, semiconductors, amorphous and nanoporous materials, bioceramics, core–shell
particles, pure and mixed metal oxides [69–73]. Microwave-assisted synthesis has
several advantages over conventional reactions. Generally, the chemical reactions are
faster than traditional convection heating methods and penetrate inside the material
where heat is generated through direct microwave-material interaction. Microwave-
assisted methods provide excellent control over reaction optimization and rapid
analogue synthesis, high yield and less side products. It uses less energy and solvent,
can selectively heat either the solvent or the precursor molecules for nanomaterials,
which is an attractive attribute [47, 74].

The heating is based upon the direct interaction of microwaves at a certain
frequency with the charged particles of materials which produces heat by colli-
sion or by conduction sensation. The microwave energy changes its polarity in each
cycle simultaneously which produces heat by rapid orientation and reorientation of
the molecule [75]. Microwave dielectric heating phenomena such as dipolar polar-
ization, ionic conduction mechanisms and interfacial polarization produce heating
[75, 76]. Interfacial polarization is a combination of the dipolar polarization and
ionic conduction. When the applied field oscillates, the dipole or ion field tends to
realign itself with the alternating electric field and molecular friction and dielectric
loss results in the heat loss. The amount of heat which is produced during the process
is associated with the frequency of the field and how quickly molecules align [69,
74]. The capability of a specific solvent to convert microwave energy into heat at
a given frequency and temperature is determined by the loss factor tan δ. This loss
factor is expressed as [77]:

tan δ = ε′′

ε′

where ε′′ is dielectric loss and represents the efficiency with which electromagnetic
radiation is converted into heat, and ε′ is the dielectric constant or relative permittivity
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and describes the ability ofmolecules to be polarized by the electric field. For efficient
absorption, a reaction medium with a high tan δ value is required which facilitate
the rapid heating. The solvents used in microwave heating can be classified on the
basis of their loss tangent (tan δ): low (tan δ < 0.1), high (tan δ > 0.5), medium (tan
δ ≈ 0.1–0.5) [35]. Solvents having high microwave-absorbing capacity like water
and alcohol give high heating rates. Ionic liquids have high ionic conductivity and
polarizability which makes them very good microwave-absorbing agents and can be
used for the preparation of metal nanostructures.

Microwave-assisted synthesis has been performed in many ways. In early days
of microwave-assisted synthesis, domestic household oven has been also used for
synthesis as they were easily available and inexpensive. But this type of synthesis
poses risk to user and also lack of control in microwave synthesis led to many
accidents. One solution to this was to carry out synthesis without solvent. Solvent
free approach provides safety by avoiding low boiling solvent. The use of such
apparatus cannot be recommended, and it is good to use dedicated apparatus for
microwave-assisted synthesis.

Nowadays, for the synthesis, commercially available dedicated microwave reac-
tors are used which have in-built magnetic stirrers, direct temperature control of
the reaction mixture with the help of fiber optic probes or infrared (IR) sensors and
software that enables online pressure/temperature control by regulating microwave
power output. The microwave instruments can be classified into two types: multi-
mode and monomode reactors [78, 79]. They differ from each other in a way that
in monomode systems typically only one vessel can be irradiated at a time, whereas
in multimode cavities, various reaction vessels can be irradiated simultaneously in
multi-vessel rotors (parallel synthesis), and high electromagnetic field densities can
be developed inside the cavity causing higher heating rates in monomode systems
as compared to multimode system. Figure 7 shows multimode and monomode
applicators.

The multimode applicators are generally in the form of rectangular closed metal
box called cavity. As the microwaves get reflected from the cavity walls, there exists
a large number of resonance modes inside the cavity. The reflections from the cavity
walls result in multiple modes of the electromagnetic waves which interact with the

Fig. 7 a Multimode microwave applicator and b monomode microwave applicator [80]
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cavity material (load). The heated material (load) is subjected to a microwave field
which is highly non-uniform regardless of the application of a mode stirrer or a
rotating disk to support the load. only one mode is present in monomode microwave
reactor and is used for small scale synthesis. In the monomode applicators., more
stable single-standing wave is generated inside the cavity. Usually, the irradiated
material is kept in one of the maxima of the electromagnetic field which implies that
their volume and the material load are strictly limited in size [81].

In microwave cavity when reactions are carried out under pressure are bene-
fited from the rapid heating and remote heating of microwave dielectric heating.
Multimode cavity microwave can be used when using higher volume, and an alter-
nate approach is to use the continuous flow system. In continuous flow system, the
same heat profile can be maintained even for large-scale synthesis. Continuous or
stop-flow reactors are available for both single and multimode cavities that enable
the synthesis of kilograms of materials by microwave technology where the reac-
tion mixture is passed through a relatively small microwave heated flow cell, which
prevents penetration depth problems [82–84]. The rapid transition from laboratory
research platforms to industrial research development is possible with these contin-
uous flow processes with the merits of flow synthesis, such as the ability to observe
the reaction in real time and make changes to reaction conditions accordingly [85].

Bensebaa et al. [86] reported the preparation of cobalt ferrite nanoparticles
by microwave-assisted method under reflux conditions. The synthesis conditions
produced stable and above yield particles with an average size of about 5 nm that
is much smaller than the critical size for single-domain CoFe2O4 of about 70 nm.
AhmedShebl [87] used simple template-freemicrowave-assisted hydrothermal green
synthesis technique to produce manganese zinc ferrite (Mn0.5Zn0.5Fe2O4) nanopar-
ticles at different temperatures (100, 120, 140, 160 and 180 °C). The prepared
manganese zinc ferrite nanoparticles were appropriate for use as fertilizer. The
particle size increased with the increase in microwave temperature, and shape of
NPs was cubic. As the synthesis temperature was increased, the pore size distribu-
tion and surface area of nanoferrites decreased. Nano-fertilizer prepared at 160 °C
(T-160) has highest fruit yield of squash per hectare (54.8 and 55.2 t/ha).

Zhenyu et al. [88] prepared MnZnFe2O4 nanoparticles by low temperature
microwave-assisted method. Microwave can accelerate reaction to prepare nanopar-
ticles in short time due its high heating efficiency. In the presence of the microwave,
the energy was transmitted directly to the reactants due to localized high temper-
atures, and more energized molecules were formed rapidly. Average particle size
obtained was 10 nm, and longer microwave heating resulted in increased particle
size of nanoparticles. The samples which have nanoparticles of small size can absorb
more water as compared to those samples prepared at longer heating time.

Manikandan et al. [89] showed that the microwave-assisted synthesis is a quick
process. Spinel CoxMn1–xFe2O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrite
were synthesized in microwave oven at microwave energy of 2.45 GHz multi-
mode cavity at 850 W in 10 min. The prepared nanoferrites were analyzed for
catalytic activity. Chen et al. [90] reported one-step microwave-assisted ball milling
method for low-temperature synthesis of MgFe2O4 nanoferrites. They observed
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that the coupling effect of microwave and ball milling plays crucial role in the
preparation of the MgFe2O4 nanoparticles along with the intermediate product
Mg6Fe2CO3(OH)16·3H2O. The formation of the final product MgFe2O4 at low
temperature is due the microwave which stimulates the microscopic incorporation
of Fe ions into the lattices of magnesium compounds at the sheared interfaces. There
are various publications on successful application of microwave-assisted method for
the synthesis of nanoferrites and their composites [91–96].

7 Conclusion

This chapter has provided a summary of the various wet chemical synthesis methods
for the nanoferrites. Each synthesis technique has its own strengths and limita-
tions. To select, the suitable synthesis technique is of prime importance to prepare
the application-oriented nanoferrites. In many applications, the NPs with certain
morphologies are preferred; thus, the concept of shape and size-controlled synthesis
has been vastly studied. Controlled and large-scale production of nanoferrites require
more attention to understand the role of each parameter influencing the synthesis of
nanoferrites and hence their properties. Hence, it is very important to discover the
optimum conditions to enhance the reproducibility and the quantity of nanoferrites.
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Modern Applications of Ferrites:
An Important Class of Ferrimagnetic
System
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and Surender K. Sharma

Abstract Magnetic nanoparticles (MNPs) have been used in engineering applica-
tions for different purposes in the last few decades, increasing their relevance recently
on biomedical studies, with alternative treatments to most complex diseases, and
microelectronic fields, as an excellent way to improve aspects such as thermal and
electric conductivity. The use of nanomagnetic ferrite particles in cancer therapy
and to control antibacterial agents is also noteworthy, because of their advantages
in terms of resistance to temperature variations, chemical stability, and long-term
durability. One of the promising applications of these nanoparticles includes water-
purifying systems. In this chapter, those outstanding aspects of nanoparticle ferrites
were treated since their very applicable point-of-view. In this sense, the structure
properties of this class of materials are a very important matter to discuss, investi-
gating how their unique ferrimagnetic face centered behavior could directly influence
their potential in technological fields and innovative medical treatments.

Keywords Nanomagnetic ferrites · Synthesis · Surface functionalization ·
Biomedical & bioengineering · Technological and physical field

1 Introduction

Ferrites are usually ferrimagnetic ceramic compounds, a metallic oxide mixture
with 70% of this composition constituted with hematite (Fe2O3) and the remains
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30% filled with other bivalent transition metals. Those nanoparticles show structural
formula MFe2O4, which M represents an bivalent ion (as Ni2+, Mn2+, Cu2+ etc.),
and the crystal structure is classically composed by divalent and trivalent ions on an
atomic packing with face-centered cubic symmetry where the oxygen ions occupies
positions in tetrahedral and octahedral symmetry sites [1].

Spinel ferrites XFe2O4 (where X=Al, Co, Mg, Mn, Fe, etc.) have cubic crystal
structure. Spinel ferrites have two interstitial sites that are entitled as tetrahedral
and octahedral sites. Tetrahedral sites are predominantly filled with divalent ions
while octahedral sites occupied with trivalent ions [2]. Unit cell is equanimous of
64 tetrahedral and 32 octahedral sites, from which un-occupied sites are 56 tetra-
hedral and 16 octahedral sites [3]. Spinel ferrites are diversified into normal spinel-
structure and inverse spinel-structure to mixed (partial) spinel structures. Structural
formula of normal spinel is Me2+[Fe23+]O4

2−. In normal spinel structures, tetra-
hedral and octahedral sites is occupied by divalent and trivalent cations respec-
tively. Structural formula of inverse ferrites are Fe3+[Me2+Fe3+]O4

2−. Magnetic
moments of inverse spinels are remunerated mutually leads resulting moments
because of cations magnetic moments. In inverse spinel structures, octahedral site
is consists upon divalent cations while trivalent cations are distributed indiscrim-
inately on octahedral and tetrahedral sites. Mixed spinels have structural formula
Me1–δ2+Feδ

3+[Meδ
2+Fe2–δ3+]O4

2− (here δ represents degree of freedom). In Mixed
(partial) spinel ferrites, divalent and trivalent cations are distributed arbitrarily [3–5].
Fe2+ cations are present on 1/8 tetrahedral sites while ½ octahedral sites are filled by
Al3+ cations. This degree of inversion can be varied by varying synthesis techniques.

With wide possibilities of structural symmetry, ferrites can be natural and found
in certain minerals or artificially produced in research laboratories. These mate-
rials ratify their extreme importance in various science fields due to the unique-
ness of their optical, magnetic, and electric properties [6]. Although ferrites are
composed of a mixture of oxides, their electrical and magnetic characteristics are
derived from the metals that compose it. In general, they present great permeability,
highmagnetization saturation, and highmagnetocrystalline anisotropy [6, 7]. Among
the alternatives of magnetic materials, spinel ferrites are usually particularly attrac-
tive for physical and biological applications due to their unique properties, such
as chemical and thermal stability, guaranteed by their cubic crystalline structure
[8]. Several promising applications such as catalysis, sensors, storage systems, thin
films, magnetic fluids, and medical treatments are already in use, with new solutions
in growing development emerging every day [9].

Saturation magnetization values of magnetic ferrites are smaller as compared to
ferromagnetic alloys. Properties of ferrites such as higher corrosion resistance and
greater heat resistance make them promising candidates towards many applications
[7, 10]. In recent years, spinel ferrite NPs have been of great interest in biomedical
applications, need precise control on morphology, dispersion, and particle size, as
well as of other prompting factors that influence these types of properties.
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2 Synthesis and Fabrication of Nanomagnetic Ferrites

On nano scale, materials having low dimensional structures with advanced morpho-
logical features are extensively attracted towards potential applications due to their
distinctive properties in magnetic, optical, and electronic devices. Hybrid nanomate-
rials exhibiting additive effects and facilitate as multifunctional have been fabricated
through different techniques [11]. Several techniques are reported for synthesizing
spinel ferrite nanoparticles including solid-state reaction, microemulsion, combus-
tion, sol–gel, mechanicalmilling, chemical coprecipitation, andmicrowave synthesis
(Fig. 1) [12]. Each one of that processes exhibits excellent results in terms of physical
and chemical properties, and some of that synthesis techniques offers greater control
over homogeneity, powder morphology and elemental composition.

2.1 Solid-State Reaction Method

This method is a relatively novel progress and possesses great advantages likewise
their extreme simplicity and the fact that give a high yield of products. In addi-
tion, this method involves less solvent, which is preponderant to reduce contamina-
tion under the products. Several authors [12, 14] reported Ni ferrite nanoparticles

Fig. 1 Synthesis protocols for nanomagnetic ferrites. Reprinted with permission from [13]



88 G. A. Gomes et al.

produced through this method, annealing Ni and Fe nanoparticles in ambient condi-
tions [12] or using NaCl as dispersant in an ambient with calculated proportions of
sodium hydroxide, ferrous and nickel sulfate [15]. Superparamagnetic Zn [16] and
Mn–Zn [17] ferrites are reported to be synthesized by a low-temperature solid-state
reaction (LTSSR) method. In each case, a simple stoichiometric mixture was applied
using simple reagents such as ferric chloride, sodium hydroxide (NaOH), manganese
chloride and zinc chloride.

2.2 Microemulsion Method

The microemulsion involves the thermodynamically stable dispersions of relatively
immiscible two liquids stabilized by surfactantmethods [9]. Somemain recompences
of this method include the variety of synthesis paths only varying the combination
of surfactants, co-surfactant, and oil–water ratio, which leads to an effective particle
size control. This method is also one of the most cost-effective routes to obtain
ferrite nanoparticles with a refined control over impurities [9]. This reaction is favor-
able and eco-friendly, which can be perform even at low temperatures. This type
of synthesis protocol allows reuse of surfactants for many times during preparation
method, which lead towards their use in commercial products [8]. This leads striking
aspect about microemulsion is that stable nanosized ferrites can be produced, and
the fact that method permits for the reuse and recovery of oil and surfactants oil
for NPs synthesis cycles [9]. However, the particles obtained sometimes exhibits a
poor crystalline nature due to prerequisite of large amounts of solvents involved and
are more polydisperse due to the slow nucleation proportion at low temperatures
[17]. There are two major categories of this method: the reverse water-in-oil and
normal oil-in-water andmonodisperse nanometric droplets are shown in the dispersed
phase, which offers a curbed environment for the preparation of nano-scale parti-
cles. Some reported nanoparticles synthesized by the microemulsion method involve
Fe2Mn0.5Zn0.5O4 [18, 19], and Fe3O4 [20].

2.3 Combustion Solution Method

The solution combustion synthesis (SCS) drives other methods for the synthesis of
nanoparticles maintaining its owing characteristics. This technique is very known
for oxide materials; however, it is no very common to produce superparamagnetic
materials which were reported recently for the first time [21]. This technique can
synthesize homogeneously form particles through atomization of the liquid before
the explosiveflora of the reaction itself. Firstly, a homogeneitymust be achieved in the
system between the hydrate nitrates precursors and the complexing agent (commonly
citric acid, glycine, or urea), which is achieved by stoichiometric balance. Given that
the system is mixed on an atomic scale in solution leading to a diffusion this process
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is restricted to the size of the liquid drop before drying [22]. A chemical pyroliza-
tion occurs in the fluid compound powder, usually a mixture of metal oxides as the
eventual result of the method. The triumph of the process is because of an excellent
blending amid the constituents using an appropriate fuel through an exothermic redox
reaction of complexing agent in an aqueous medium between oxidizer Magnetite
(Fe3O4), Maghemite (α-Fe2O3) and fuel were reported to be produced by the SCS
method with dissimilar fuel-to-oxidant molar ratios with urea as a fuel and ferric
nitrate as oxidizer [21]. Copper-silver ferrites (Cu1-xAgxFe2O4) were synthesized
for the first time by a modification of the SCS using glycine (C2H5NO2) as reducing
agent [22]. It is noticed that a major effect in regulating particle size and microstruc-
ture of the artifact for combustion depends on different fuel-to-oxidant ratios. One
of the most advantages in using the combustion solution synthesis is that be very
economical, fast, and practical. The self-sustained combustion process occurs on the
entire volume and normally taken no more than a few minutes to be reached, lead
towards high-volume powder with dark precipitates distinct by the amount of oxides
present in the samples.

2.4 Sol–gel

The sol–gel synthesismethod is an attractive andwidely used technique for the prepa-
ration of metal oxide nanosized particles. This technique normally includes the use
of metal alkoxide solutions and exhibits some interesting advantages such as great
stoichiometric control and the manufacturing of ultrafine particles with a slight size
distribution in a comparatively short processing time at lesser temperatures [17, 23].
In this method, the metal solution undergoes condensation polymerization reactions
and hydrolysis to form a gel at room temperature [4]. The reaction temperature in
sol–gel varies between 25 and 200 °C, which is very interesting due to the possibil-
ities to synthesize NPs with narrow size distribution and controlled shape. In order
to obtain the final crystalline state, any volatile impurities that may appear during
synthesis could be removed further by heat treatment after the combination reac-
tion [23]. This lack of purity of the final product could be understood as one of
the major limitations of the sol-gel technique, and thus heat treatment is needed
after the production to attain the high purity state [24]. Other advantages of the
sol-gel synthesis method include the fact that it functions under low temperature,
cost-effective and no special instruments are needed to carry it on. The ease in terms
of synthesis procedures merged with these advantages makes the sol-gel method a
very attractive route for synthesize nanocomposites. Normally citric acid is used as
conventional chelating agent, but other reagents like polyacrylic acid (PAA) which
is reported to being additional carboxylic acid groups to formulize chelates with
mixed cations could be used to produce superparamagnetic ferrites such as NiFe2O4

[23] and CoFe2O4 [25, 26]. Because of these outstanding benefits, sol–gel is one
of the preferred synthesis methods to achieve homogeneity, composition control,
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microstructure, particle size, and particle distribution of NP, by regulating different
limitations such as sol concentration, stirring rate, and annealing temperature [9, 16].

2.5 Mechanical Milling

The mechanical milling technique, as reported by its name, is a recurrent method
used for the preparation of nanoparticles and involves a top-down approach. This
method is a low-cost alternative for a rapid and simple synthesis route and offers
the possibility to obtain a large-scale quantity of materials for various applications.
Some ferrimagnetic nanoparticles synthesized by this method include CuFe2O4 [27–
29] and nickel-substitute manganese ferrite (Ni1-xMnxFe2O4) [23, 29]. One of the
disadvantages of this technique is frequent contamination of nanoparticles during
longtime milling, which in turn will change the stoichiometry of the obtained NPs.
Also, some studies show that increasing the calcination temperature the saturation
magnetization Ms from almost 10 emu g−1 and a decrease in coercivity from above
25 Oe, which changes the average size to about 15 nm. These results demonstrate the
impact of synthesis method on the magnetic properties and shows that refining the
synthesis technique is one of themost required conditions to get ferrites nanoparticles
with higher crystallinities and outstanding superparamagnetic properties [27].

2.6 Coprecipitation

The chemical coprecipitationmethod is one of themost frequently applied techniques
to synthesize magnetic oxides, due to its simplicity, good control of grain size, and
uniformity of NPs produced. However, some reports [30] observed that some unde-
sirable intermediate phases could be found among the other metallic phases, which
led to poor magnetic properties and irregular shape for the derived ferrite particles.
This method employs a solution mixture of divalent to trivalent transition metals
soluble salts, bonded in 1:2 molar ratio commonly adjustable in an alkaline medium.
It is notable that this synthesis method needs a controlled monitoring of pH solution,
which is usually attuned through ammonium solution or sodium hydroxide solution
[8]. The coprecipitation method involves synthesize of mixed FNPs with different
magnetic properties, such as by doping rare earth metals (Nd, Eu, and Gd) into
CoFe2O4 [12, 30]. The major disadvantage of this method is the low crystallinity of
prepared superparamagnetic ferrites and hence following heat treatment is essential
in order to attain better crystallinity [31].
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3 Surface Functionalization of Magnetic Nano Ferrites

One of the crucial steps involved in the fabrication of nanodevices is surface function-
alization of synthesized nanomagnetic ferrites, as functionalization controls many
physio-chemical processes which tune electrical, optical, and magnetic properties
according to the requirement. However, in situ functionalizations of prepared ferrite
NPs can be done throughmany synthetic methods.Many environmental and biomed-
ical applications required different types of hydrophilic coatings possessing definite
chemical groups [32, 33]. one of the important features for surface functionalization
is accessibility of superficial transition metals with d orbitals working ass Lewis
acids in existence of donor ligands. Spinel ferrite surface behave reactive towards
different chemical groups, which provide a chamber for multiple combinations.
Ligands provide many high and low-weight compounds. For surface complexation,
many functional groups are available including amides, hydroxamic acids, carboxylic
acids, phosphonic, and hydroxyl [34, 35].

Three major approaches are involved to make NPs hydrophilic in nature: (1)
polymer coatings, (2) silica coatings, and (3) ligand exchange reaction. Ligand
exchange reactions efficiently transfer many hydrophobic particles to the aqueous
medium by replacing hydrophobic ligands without changing magnetic core consid-
erably with different hydrophilic ligands. Silica coatings provide an excellent chem-
ical stability and also prevent magnetic interactions, which denigrated the colloidal
stability. Stober established the hydrolysis-condensationmethod to attain silica shells
with meticulous thickness by adding tetraethyl orthosilicate to the dispersion of NPs
without appearing single silica particles for enhancing the magnetic interactions.
Silica coatings can be used with many organosilanes consisting groups such as -
NH and -SH [36, 37]. Two major possibilities for polymer coatings of NPs are: (i)
NPs surface functionalization with a molecule which acts as initiator for controlled-
interfacial polymerization and (ii) preparation of polymer following the first step
by surface anchoring. Second route is more simpler and allows variety of macro-
molecules for surface binding with suitable functional groups. Former route is more
laborious and possess the advantage of controlling surface density by monitoring the
length of chains and grafting the polymer [38].

Zhao et al., synthesized hydroamic acide coated Fe3O4/poly(acrylaide) nanocom-
posites (PAM). Authors treated amide bonds with the hydroxylamine solution [39].
While, Zhao et al., familiarized amine groups by ethlenediaminewith epoxymoieties
consisting polymer attached with the Fe3O4 NPs [15]. A similar method was also
reported with the addition of NaSH into episulfide moieties. Ester and amide forma-
tions are good strategies to achieve better conjugation of NPs; carbodiimides are
used as a coupling agent in these reactions. Ren et al., fused EDTA ligands with
Fe3O4@silica@chitosan particles through amide bonding between NH2 groups
and EDTA-COO− moieties in chitosan shells (Fig. 2) [40]. Ge et al., introduced
polycarboxylic acid in amine coated magnetite [41].
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Fig. 2 Synthesis protocol followed for EDTA-consisting nano ferrites by amidation of chitosan.
Reprinted with permission from [40]

4 Applications of Magnetic Ferrites

Magnetic semiconductors, heusler alloys, and metal oxides are amidst materials that
are considered auspicious candidates for wide applications in spintronics (Fig. 3).
Exceedingly essential requirements for appropriate and multi-functioning of these
devices are high curie temperature, low eddy currents, and high spin polarization.
Ferrites are not regarded conventionally asmagneticmaterials but they are considered
as magnetic in nature due to their advanced magnetic/structural properties, high
degree of freedom, flexibility, high resistivity ranges, low leakage inductances, less
eddy current losses, and multiple functionalities that motivate scientists to search for
such type of materials [2, 3, 42, 43].

4.1 Applications in Biomedical and Bioengineering Fields

Magnetic nanoparticles show tremendous potential in several applications owing to
their unique material properties. The use of magnetic nanoparticles for clinical and
biological applications is one of the most thought-provoking research areas in the
field of nanomagnetism [17, 44]. The ability to precisely control the behavior of the
material using an externally appliedmagnetic field hasmadeMNPs a promising nano
agent in biosensors,magnetic separation, antibacterial control, targeted drug delivery,
magnetic hyperthermia, magnetic resonance imaging (MRI) (Fig. 4) [45, 46]. In that
way, the use of MNPs for drug delivery in cancer therapy has gained recent attention
as a more effective tool than the usual chemotherapy and radiotherapy treatments
[47].

Advancements in technology provide many targeted approaches in NPs domain
uptake in tissues, assembling the complexes to target specific tissues [48]. This
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Fig. 3 Modern applications of nanoferrites [1]

research area is considered as a novel, with the increasing attention of different
research groups around the world that have been exploring the role of different
NPs in the treatment of cancer. Iron oxide nanoparticles such as Fe3O4 and γ-
Fe2O3 show great therapeutic potential, which make them a good candidate for
magnetic hyperthermia due to excellent superparamagnetic properties, nontoxicity,
and higher biocompatibility [48]. Different types of agents are administrated during
chemotherapy, which affects transcription phenomenon and DNA replication in
dividing cells [46, 48].less side effects have been generated during targeted delivery
systems, which enhances the capability of administrated therapeutic agents linked
with their ligands. These NPs are functionalized with different types of cancer-
specific antibodies/folic acid [49]. While drug delivery efficiency can be enhanced,
NPs synthesis is required with responsive pH, rendering to different types of body
tissues. These nanomaterials have many advantages which make them attractive
candidate in drug carrier materials, which accumulates in tumor tissues, easy pene-
tration by cellular membranes in different types of intracellular environments with
higher specific surface area, which result in efficient drug loading [47].
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Fig. 4 Due to heat activity of ferrimagnetic nanoferrites have been used in gene therapy, drug
carrier, and cancer treatment. Magnetic NPs also utilized as contrast agents in magnetic resonance
imaging and magnetic particle imaging [55]

Hyperthermia is a treatment performed through heat generation at a specific site
and focused on regional, local, and whole body. Among different types of hyper-
thermia, local hyperthermia is gainingmuch attention inwhich tumor cells are treated
between 42 and 46 °Cheat produced through spinel ferriteNPs. Tumor cells are sensi-
tive towards hyperthermic effects as compared to the normal healthy cells because
of higher metabolic rates [50–54].

4.2 Applications in Technological and Physical Field

Spinel ferrites were focused from the last few years for technical applications such as
remote monitoring, computers, industrial automation, and communication technolo-
gies. Ferrites are considered as excellent materials for their use in electrochemical
biosensing due to their greater sensing accuracy, quick analysis, and low detection
levels of different analytes (Fig. 5). For optimization in electronic devices, nano-
materials specially ferrites are used widely due to higher permeability, saturation
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Fig. 5 Zinc ferrite nanorods as gas sensors for ethanol and acetone detection: a–e TEM images
of nanorods. f Response of zinc ferrite nanorods as gas sensor for different acetone and ethanol
concentration. g Response curve for acetone and ethanol for different times at 260 °C. Reprinted
with permission from [57]

magnetization, and greater magnetic relaxation frequency. These types of ferrites
are used in electrical and electronic industries especially magnetic recording heads,
transducers, magnetic memory chips and transformers, etc. [56].

Ferrites also play an important role as multilayer chip inductor and wire-wound
chip inductor magnetic materials, used primarily for microwave gyromagnetic
devices, capacitors, transformers, and components in electronic products like cell
phones, wireless communication systems, and laptops [58]. Additionally many other
metal ferrites composites, like CoFe2O4 and SnFe2O4 among others, have been
largely used in supercapacitors applications, such charge storage applications, due
to their outstanding electrochemical activity [58]. Other applications of ferrite mate-
rials include electromagnetic microwave absorption [58] and photocatalysis studies
[59] and storage devices [60].
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Removal of Organic and Inorganic Contaminants by Using Different Adsorp-
tion Techniques For removal of toxic elements from waste/drinking water, majorly
due to high efficiency and simplicity; basic advantage is sorbent separation during
adsorption process, which ismore energy consuming and tedious. For adsorption, use
of magnetic materials make this task easier through magnetic decantation with the
help of a permanent magnet. At room temperature, higher surface area of ferrites-
based NPs enhances the binding specificity and superparamagnetic properties for
strong binding of functional groups at the surfaces of NPs, which makes them the
ideal candidates for the development of many innovative adsorption techniques [61].

Heavy Metal Cations In waste/natural water, heavy metal cations are present due
to many industrial activities, consist of many toxic substances with high impact on
humans. Here we focus on those studies which concentrate on two aspects: (1) on
adsorption mechanism, shedding light at atomic and molecular level (2) improving
selectivity and adsorption capacity towards certain contaminant through surface func-
tionalized ferrite NPs [62]. Ren et al., noticed the adsorption capacity ofmetal-EDTA
complex stability: Cu(II) > Pb(II) > Cd(II). Authors verified themetal-carboxl.coated
NPs through Fourier transform infrared spectroscopic measurements. Carboxyl-
coated NPs from crotonic and acrylic acid copolymer were tested for Pb(II), Cd(II),
Cu(II), and Zn(II). However, authors did not provide the spectroscopic evidences
based on metal-carboxylated interactions, adsorption capacity increases with the
increment in hardness of Lewis acid. Mahdavian et al., discussed adsorption prop-
erties of Cd(II), Cu(II), Ni(II), and Pb(II) with a nanoplatform containing chains of
polyacrylic acid grown on magnetite NPs surface. pH increased with metal uptake,
suggested the formation of chelates [36, 40].

Oxidation Technology Oxidation technology comprises upon assisted degradation
mechanism of pollutant through the use of highly transient oxidizing species. These
species can be activated through substances which can act as catalyst. Since toxicity,
removal, and reuse of catalysts are the main concerns, studies have been reported
on the synthesis of heterogeneous magnetic materials which can efficiently active
the oxidizing mechanism of pollutants and as well minimize some contamination
events. Because of these major reasons, ferrite NPs are becoming potential candi-
dates towards many applications: (1) onset superparamagnetic properties activate
the facile removal of catalysts; (2) catalytic activity enhanced due to large surface to
volume ratio; (3) chemically stable ferrite structure avoids metal leakage in the envi-
ronment and (4) ferrite compositions versatility enhances photodegradation mecha-
nisms. Improved catalytic properties can be achieved using rGo andmultiwall carbon
nanotubes. This synergic effect is the result of large surface-to-volume ratio of the
synthesized compositeswith enhanced electronic properties as evidenced in thefigure
below. Fu et al., reported CoFe2O4/rGo nanocomposites with concentration greater
than 40% of GO, no H2O2 was needed to achieve catalytic degradation. For dye
degradation mechanism, CoFe2O4TiO2 nanocomposites were required.

Inductors magnetic ferrites are promisingly sued in inductors as inductive compo-
nents in different electronic circuits such as voltage-controlled oscillators, low noise
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amplifiers, impedance matching networks, and filters. Their applications in induc-
tors possess general trend in integration and miniaturization for multi-functional
electronic devices. This multilayer technology has become important for the mass
production ofmultilayered integrated devices, which allow high degree of integration
density. Multilayered capacitors are introduced few decades ago in the market, while
inductors penetrated in 1980s [63]. Basic components such as metallic coils and soft
ferrites are used to produce inductance. Ferrites-based thin films are used to produce
higher permeability at the given operational frequency. Such type of films can be
produced through sputtering, but composition and accuracy is difficult to control.
Pulsed laser deposition provide high-quality thin films, while method involving the
synthesis protocol for ferrite films by a combination of spin coating and sol-gel seems
cost-effective and easier [64].

Electromagnetic Interference Suppression (EMI) Many electronic equipments
such as digital camera, digital high-speed interface based notebooks, scanners, and
computers in small areas has enhanced technology by electromagnetic interference.
Fast development in the field of wireless communications led towards the inter-
ference produced by magnetic and electric fields. Electromagnetic interference is
the degradation in electronic systems produced by the electromagnetic disturbance.
Noise produced by the electric devices produced at higher frequency than circuit
signals. To reduce/avoid the EMI, different types of suppressors worked at low-pass
filters in circuits to block higher frequency signals [65, 66].

5 Conclusions

In this chapter, ferrite nanoparticles were presented as one of the most interesting
materials applicable in several applications, for very distinguished areas of science
and technology. In this way, magnetic spinel nanoparticles attract attention due to
their possibility to be manipulated under application of an external magnetic field.
These properties lead spinel ferrites to be utilized on electronic devices, gas sensors,
bacterial inactivation, smart drug delivery, photocatalysts, and others. The crystal
structure, magnetic and optical properties of spinel ferrites depend on the preparation
method, and some usual synthesis methods (microemulsion, sol-gel, combustion
solution, coprecipitation, etc.) could be employed depending on the refinement or
property optimization required. The efficiency of spinel ferrites in different kinds of
science fields shows that those materials are highly versatile products, which makes
the ferrite nanoparticles suitable formany biomedical and technological applications.
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Abstract Nanotechnology has introduced new techniques and therapeutic
approaches for the treatment of different cancer types. Current cancer-curing drugs
have many limitations such as use of high concentrations, effects on other cells,
and non-confinement at cancer sites, which reduce the efficacy of drugs and also
induce toxic effects in other normal cells. Nanomaterials have provided new ways to
increase the efficacy of already used cancer drugs by providing drug delivery systems.
Anticancer drugs can be encapsulated/attached with the nanomaterials and deliv-
ered at specific sites and cells under certain microenvironment conditions. Among
metallic oxide nanoparticles, iron-based particles have shown great potential in drug
delivery and at the same time for cancer treatment by producing localized heat. There-
fore, researchers have focused on iron oxide nanoparticles as drug delivery vehicles.
This chapter highlights the synthesizing methods of iron oxide nanoparticles such
as co-precipitation, thermal decomposition, microemulsion, sol–gel, and additional
chemical methods including hydrothermal, sonochemical decomposition, and elec-
trochemical for their wide range of biomedical applications. It also provides a brief
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overview of recent developments in iron oxide nanoparticles, some limitations in the
explored research areas. and suggests future directions to overcome these limitations.

Keywords Iron oxide nanoparticles · Drug delivery · Biocompatibility · Surface
modification · Antibodies

1 Introduction

Cells in the human body grow systematically; however, sometimes there might be
abnormal growth, which leads toward unwanted cells in the body. These cells can be
toxic in nature and move freely to other parts of the body to cause a malady called
cancer. The uncontrolled multiplication of these cells takes many forms to make
tumor masses [1]. When the masses are detected to be small or at an early stage,
surgical approaches can be considered the best for their removal, but some tissues
or organs are very sensitive such as brain and pancreatic tissue due to the presence
of number of healthy tissues nearby [2–4]. Once a cancerous cell starts to grow, it
moves from the source site and migrates to nutrient-rich and suitable environment
to develop more conveniently. According to World Health Organization (WHO), it
is the second global death causing disease with an estimation of about 9.8 million
people in 2018 [5].

The cancer cells are mostly removed from the infected area at an early stage by
surgery, radiotherapy, and chemotherapy so that these will not be harmful to other
cells; however, early detection is one of the limitations in the case of cancer. Although
early detection is now possible, most of the time these strategies are not very viable
due to their side effects [6, 7]. Therefore, scientists have started working to find some
sustainable solutions for cancer treatment and then some useful therapies come in
this field such as hormonal therapies [8], checkpoint-inhibitor therapy, photody-
namic therapy (PDT) [9], and photothermal therapy (PTT) [10, 11]. There are some
hormone-sensitive cancers such as breast, prostate, adrenal gland, and endometrium.
In hormone therapeutic approach, hormone related to cancer is used for destroying
the cancer cells. Checkpoint-inhibitor treatment hits immune checkpoints, which is
responsible for significant regulators of the immune system that when stimulated
can inhibit the immune response for the stimulus. Some cancers can protect them-
selves from attack by stimulating immune checkpoint targets. Checkpoint therapy
can block inhibitory checkpoints by restoring immune system function. Photothermal
and photodynamic therapies are light-based treatment approaches to kill cancer cells
by thermal (infrared rays) and oxidative stress, respectively.

Diseases are commonly started by disturbing cellular activities at molecular level,
which needs to be reconnoitered for diagnostic, treatment, and prevention. The
production of substances as nanoscale helps in this area with the advancement of
nanotechnology approaches.Most common types of nanoparticles aremetallic,metal
oxide, and carbon-based nanoparticles, used for cancer treatment.
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Size of the employed nanomaterial is important for their activity while nanoscale
materials especially 1–100 nm are emerged due to their applications in sensors
and medical devices. Structure, synthesis approaches, and manipulation are other
important factors for nanoparticles. For medical applications, the particles should be
non-toxic for normal cells, can absorb light-specific wavelength, target-specific, and
degradable.Many nanoparticles change their structure during photothermal approach
to ameliorate their treatment value.While for target-specific, sometimes, a biological
signal molecule is attached, which leads the particles to target-specific site [12].

Among metal oxide NPs, iron-based particles show their great potential in cancer
treatment as shown in further sections. Iron-based nanoparticles are commonly used
in two oxidation forms called magnetite (Fe3O4) and maghemite (γ-Fe2O3). Both
of these structures are media-based to let the particles a stable form, which may
be further modified by the addition of organic acids, hydrophilic, or polysaccharide
molecules [13–15].

2 Synthesis Methods

Confirmation and morphology are two characteristics on which magnetic properties
of iron oxide nanoparticles (IONP) are dependent. Therefore, selection of an appro-
priate approach to construct these nanoparticles is important for the surety of cell
size, shape, and size distribution. Chemical, physical, and biological synthesis are
the three approaches used for IONP synthesis [16–19]. Control of particle size by
physical method is hard in nanometer size range [19]. Microbes and plants are good
in utilization of salts for themselves via enzyme and phytochemicals, respectively,
and convert the salt molecules into nanoparticles. This biological means of nanopar-
ticle production is eco-friendly, and the products attained by means of such trials
incline to demonstrate virtuous biocompatibility. The size ranges are diverse in this
approach along with low productivity. Chemical approach is most commonly used,
which is more than 90% of all approaches to produce nanoparticles [16].

2.1 Co-Precipitation

This is the most commonly used laboratory approach to synthesize IONP, where
Fe2+ and Fe3+ aqueous salt solutions are precipitated at the same time in the presence
of a base. However, type of base, salt, temperature, and pH are main parameters,
which influence size, shape, and magnetic properties of NPs. Yield of NPs is quite
high in this approach, but higher polydispersity and low degree of crystallinity are
drawbacks which lower their activity. Since easy use in commercial aspects, co-
precipitation is modified to overcome their drawbacks, which includes utilization
of magnetic field, ultrasound succor, special base solutions such as alkanolamines,
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in situ co-precipitation in a carboxyl-functionalized polymer matrix, and finally, co-
precipitation of FeCl3·6H2O, FeSO4·7H2O, and Gd(NO3)3 aqueous solutions by the
addition of NaOH [20–24].

2.2 Thermal Decomposition

When organic iron salt and stabilizing surfactants are mixed with organic solvent,
then organic iron salt is thermally decomposed, which results in the production of
nanoparticles with fine-size dispersal and virtuous crystallinity [25, 26]. Surfactant
molecules are mostly amphiphilic in nature, which improve nucleation and growth
kinetics of particles. Oleic acid, oleylamine, fatty acids, and hexadecyl amine are
some of the known examples. While this approach is beneficial in terms of size
and crystal morphology, but on other side, due to utilization of toxic chemicals in
the reaction, makes it non-environmentally friendly. For biomedical application of
nanoparticles, manufacturing via this approach also requires water-dispersible and
biocompatibility. Three major factors which influence the size and morphology of
particles are heating time, temperature, and precursor-to-surfactant ratio [27].

2.3 Micro-Emulsion

In this method of NPs formation, isotropic scattering of two or more immis-
cible liquids is stabilized thermodynamically. There are two methodologies used
in microemulsion, i.e., reversed micelles (water in oil) and normal micelles (oil
in water). For the synthesis of nanoparticles, dispersion phase is used because
liquid phases deliver suitable medium for nucleation of controlled growth. There are
numerous types of amphiphilic surfactants such as polyethoxylates, SDS (sodium
dodecyl sulfate), DSS (dioctyl sodium dodecyl sulfate), and CTAB (cetyltrimethy-
lammonium bromide) [28] utilized during the reaction. Microemulsion method has
advantages over other nanoparticle fabrication methods due to its ability to produce
superparamagnetic iron oxide nanoparticles. In this method, the size of nanoparti-
cles is controlled by changing the micelles’ size. However, the size of nanoparticles
is improved by the polydispersity of comparative homozygous-sized micelles. In
microemulsion, a relatively lower temperature is used during the fabrication process
as compared to other methods, which is the main drawback of this technique. The
low-temperature-based fabrication methods give poor crystal structure, abnormal
morphology, and lower yield. Therefore, high temperature and thermal annealing are
being used for IONPs synthesis, which improves the yield and structural characteris-
tics [29, 30]. Complications associated with uncomplimentary properties and larger
quantities of surfactant residual severely affects the characteristics of the IONPs [18].
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2.4 Sol–gel

This approach is commonly used for formation of IONPs coated by silica due to
colloidal solutions. This colloidal solution is formed by condensation and hydrolysis
of two different solutions such as 30% aqueous H2O2 with Fe3+ solutions and TEOS
(tetraethyl orthosilicate) in ethanol. Three-dimensional iron oxide network can be
obtained due to chemical reaction or solvent extraction. Additional crushing step is
required for obtaining iron nanoparticles. Another way to obtain nanoparticles is the
addition of surfactant, which lowers the system energy and would not proceed to
crystallization of particles and formed nanoparticles instead of formation of a 3D
network. Monodisperse and moderately bigger sized particles are obtained in this
approach with good yield. The reaction is mostly conducted at room temperature;
therefore, post-treatment is required for proper crystal formation. Different types
of byproducts are also formed during the reactions, which need to be extracted for
purification of IONP. The pH and temperature are the main restrictions for solvent,
whereas concentration of salt precursors impacts the assembly and the characteristics
of the IONPs. The viscosity of the silica shell is archetypally tweaked by monitoring
the volume of TEOS and ammonia [31–33].

2.5 Additional Chemical Methods

With the advancement in research on nanomaterials and drawbacks as mentioned
above, scientists are trying to find more suitable methods for development so that
high yield, sustainability, stable structure, and environment-friendly nanoparticles
can be obtained.Hydrothermal, sonochemical, and electrochemical are some of those
methods more frequently used.

2.5.1 Hydrothermal

In this method, the solution of iron salt is put into teflon-lined stainless-steel auto-
clave and then kept there till the temperature will cross 200 °C for different times.
As the temperature enhances, the pressure inside the container also enhances. This
high temperature and high pressure cause synergistic effect on iron salt, which
improves their magnetic and morphological characteristics. Temperature, pressure,
salt concentration, and reaction time are key factors, playing an important role in
formation and size of nanoparticles. However, this is not easy to achieve the target
size, andmany times polydisperse particles are obtained via this method [18, 19, 34].
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2.5.2 Sono-Chemical Decomposition

In thismethod, ultrasonic radiations are used for creatingheat in the solution to around
5000 °C. Transformation of monodisperse nanostructures is with a diversity of forms
under suitable environments and without the requisite of long or high thermal condi-
tions. It is commonly observed that high temperature causes low crystal structure.
Although in sonochemical approach, enormous chilling rate of cavitation’s through
quenching avoids the IONP crystallization. The resultant nanoparticles can be further
treated in powder form at high temperatures for crystallization [18, 19, 34–36].

2.5.3 Electrochemical

In this method, electric current is used for making nanoparticles. This current is
passed through a solution that contains anode and cathode. Metal ion species are
oxidized from anode andmove via electrolyte toward cathode where cathode reduces
these ions. Stabilizer is also present in electrolyte, which provides controls growth
process of the nanoparticles. In this way, the highest purity nanoparticles are obtained
while the size can be manipulated by changing the voltages. This method does
not require high temperature, thus, forming byproducts. Commercialization of this
approach is quite difficult due to the requirement of large amount of electricity
[16, 37].

3 Surface Modification of Iron Oxide Nanoparticles

After finding a suitable approach for the formation of nanoparticles, next step is to
find an appropriate molecule for their stability in biological fluids. Some approaches
provide this step during synthesis reaction while others do not. This modification is
important so that the molecules would not be oxidized, and the biocompatibility of
nanoparticles is enhanced. It is also done by using some functional molecules so that
it can target only specific cancerous cells.

There are some common examples of constituents used to coat IONPs (Fig. 1);
polymers [18, 35, 38], such as amino acids (cysteine, lysine, tyrosine, phenylala-
nine, and arginine) [39–41], fatty acids (dodecylphosphonic acid, lauric acid, stearic
acid, and oleic acid) [42–46], metals (silver, gadolinium, and gold) [47–49], and
oxides (TiO2 and silica) [50–52]. Polymers are undoubtedly the utmost common
coating materials among these materials. Recently, there are numerous synthetic and
natural polymers used during the fabrication methods of superparamagnetic IONPs;
synthetic polymers such as PLGA (polylactic-co-glycolic acid), dendrimers [53,
54] (polyvinyl alcohol) [55], PVA, PEG (polyethylene glycol) [56–59], and PVP
(polyvinyl pyrrolidone) [60], while natural polymers are casein [61], chitosan [62,
63], dextran [64–66], albumin [67], alginate [62, 68], polydopamine [69, 70], starch
[71], and gelatin [72].



Potential of Iron Oxide Nanoparticles as Drug Delivery Vehicle 107

Fig. 1 Different functional moieties used for enhancing biocompatibility of IONPs [73]

Manipulation of nanoparticles with polymer coating is common. For selecting an
appropriate polymer, the following two features must be considered [74, 75].

(i) Obligation as GRAS (generally regarded as safe)
(ii) After transformed intravenously, macrophages existing in liver and spleen

should not detect it and avoid producing antibodies before reaching target
site.

Polyether and their derivative molecules are exceedingly compatible for surface
manipulation and remain intact during vascular circulation of nanoparticles. Most
common polyether compounds are PEG and PEGylated starch. Cytotoxicity, circu-
lation time in the arteries, and stability of IONPs depend on PEG molecular
weight and density of surface [71, 76]. Another type of molecules commonly
used for compatibility is dextran or their derivates (such as carboxydextran and
carboxydmethyl-dextran), which itself is not causing any toxicity to cells, but when
it will be metabolized, their degraded part may cause disturbances in cellular activity
[28, 65, 75, 76].

Along with these ordinary polymers, countless exertions have participated in
recent times in evolving stimuli-responsive polymeric (SRP) coatings. The SRP
manipulates the inflammation behavior and proceeds toward reversible phase tran-
sition under environmental stress. The stress acts as stimuli, which may be any
abiotic factor such as enzymes, light, pH, ionic strength, magnetic field, electric
field, and temperature. Temperature and pH are common stimuli among all, which
are mostly studied. A polymer with temperature stimuli factor depends on lower
critical solution temperature (LCST), whose characteristics may be varied due to
nearby environmental temperature. They are distended in solution media when the
temperature is lower than LCST and experience a phase transition after the temper-
ature is augmented above the LCST. However, pH-sensitive coating depends on the
presence of weak acidic group on polymer, which varies during external pH due to
carboxyl group protonation manipulation [77–82].

Polymeric micelles and liposomes are two types of vesicles that capture IONPs
inside themselves [83–90]. Polymeric micelles are core–shell materials, containing
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hydrophobic section. Environmental conditions are apposite for hydrophobic IONPs
and provide stability to nanoparticles in the presence of chemical or biologicalmedia.
The liposome is an amphiphilic bilayer structure of phospholipidswhosemiddle layer
is resonating. This area can capture IONPs of hydrophobic nature [83–91].

4 Characterization of Iron Oxide Nanoparticles

There are numerous analytical approaches used to analyze the physiochemical char-
acteristics of IONPs (iron oxide nanoparticles). The flame atomic-absorption spec-
trometry, ICP-MS, and 1, 10-phenanthroline assay have been used for the measure-
ment of iron concentrations in samples. The morphology, core size distribution, and
core size of IONPs can be determined by atomic force microscopy and transmission
electron microscopy [92, 93]. The superparamagnetic IONPs crystallographic phase
and composition can be determined by XRD, high-resolution TEM, and selected
area electron diffraction (SAED) [94]. The nanoparticle tracking analysis (NTA)
and dynamic light scattering (DLS) techniques are used for the measurement of
hydrodynamic size distribution and hydrodynamic diameter of IONPs. These tech-
niques also are used for identification of aggregation behavior and colloidal stability
of IONPs in suspension. However, DLS is very sensitive to large aggregates present
in the solution; therefore, proper dispersion is very important before measurement.
The NTA has a narrow spectrum identification limit as compared to DLS [95].

The X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy,
and nuclear magnetic resonance are used to identify the elemental composition,
functional groups, surface-to-volume ratio, and size with size distribution of IONPs,
respectively. The size with size distribution, shape, and pore sizes of IONPs can be
identified by employing ultra-small angle X-ray scattering and small-angle X-ray
scattering. [96]. Superconducting quantum interference measurement device is used
for the analysis of magnetic characteristics of IONPs [92].

To examine the application of superparamagnetic IONPs for magnetic resonance-
based imaging, T2* (effective transverse), T2 (transverse), and T1 (longitudinal)
relaxation time with consistent relaxation rates such as R2*, R2, and R1 (these are
the inverse of T2*, T2, and T2), respectively, are identified by NMR spectroscopy and
MR scanners. Themeasurement of changes in the contrast agents (R1 and R2) inMRI
have functions according to the concentration used and matching relaxivity r1 and r2
are identified according to concentration of contrasting agents. The concentrations
of contrast agents in MRI are measured in mM−1 s−1. There are various constraints
of IONPs which have collective impact on transverse and longitudinal relaxivity
such as size, size distribution, coating of nanoparticles, morphology, hydrodynamic
diameter, and core size of IONPs. r2 exhibits linear direct relation to the core size of
NPs, it varies from 5 to 18 nm. On the other hand, r1 remains slightly in-variant as
compared to r2, i.e., the core size of particle is greater than 8 nm.

The r2 progressively increases with the increment in hydrodynamic diameter for
smaller cluster up to the 80 nm in diameter because the superparamagnetic IONPs
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have the capability to steadily distribute in aqueous medium and diffusion of proton
into the magnetic cores. If the hydrodynamic diameter is higher than the 90 nm, the
r2 gradually decreases because of the surface accessibility reduction by arising of the
proton exchange rate with aqueous medium. The characteristics of contrast agents
and their relaxivity itself depend on various parameters such as dispersion of contrast
agent into biological fluid, temperature, and magnetic field to be applied [97–100].

The full width at half maximum (FWHM), point-spread function (PSF) as well
as signal-to-noise ratio (SNR) in blood, water, and serum can be evaluated on the
basis of measurement of magnetic particle imaging (MPI). The capability of IONPs
for delivering the attired imaging in MPI is by adopting SNR parameter. The SNR is
known as the ratio of power of background noise with power of sample signal. The
SNR identification for tracer requirements is to be standardized with concentrations
of iron because of the different MPI tracers comprise of various quantities of iron.
These changes are the modifications as the purpose of applied drive field for the
identification of magnetization changes by PSF of IONPs. However, Schmale et al.
[101, 102] have reported the technique used for the identification of spectroscopic
magnetic particle imaging from PSF. The �x (spatial resolution) that is attainable in
the devise ofMPI is acquired by FWHMof PSF, and FWHMis inversely proportional
to the spatial resolution. Higher spatial resolution in MPI linked with lower values of
FWHM. Likewise, other MPI also disparagingly depends on various parameters that
influence the magnetization expression such as size and size distribution of IONPs
[101, 102].

The SPION can be exposed to microwaves, ultrasound waves, radiofrequency, or
any other medium. The specific absorption rate (SAR) is defined as the magnetic
power absorbed per unit mass of magnetic specie for the assessment hyperthermia
presentation. The SAR is also associated to the amplitude ofmagnetic field, magnetic
characteristics, monodispersity, structural, frequency, and size of IONPs. The SAR
values are typically in various ranges from 4 to 100 W/ g for IONPs dispersions
commercially available. The amplitude of magnetic field and frequency rather than
composition and structure of IONPs play a significant role in SAR and generation
of heat [103, 104].

5 Analysis of the Biocompatibility of Iron Oxide
Nanoparticles

The significant clinical use of IONPs requires cautious evaluation of their toxicolog-
ical traits particularly for healthy as well as patients. Consequently, each constraint
used in diagnostics requires to be comprehensively estimated with concern to their
potential side effects. Generally, if the level of iron is exceeded from normal ranges,
then extra quantity of iron ions is amajor cause for creation of reactive oxygen species
(ROS) by Fenton reaction. If in normal cells, the accumulation of iron is increased,
ROScan be created,which enhanced the lipid peroxidation,DNAdamage, and ability
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of cell’s scavenging and ultimately induces cell death by ferroptosis [105]. Rather
than cytotoxicity of IONPs, ROS contribute in the regulation of redox reaction in
various signaling processes of cells. These ROS triggers the cell motility, prolif-
eration, death, and phagocytic capability and also involve in M1-like polarization
malfunctioning which is responsible for defending of the body from various types
of pathogens [106, 107].

There are numerous in vivo and in vitro protocols that have been used for
the biocompatibility assessment of IONPs. There is slight cytotoxicity reported at
100 μg/ml when the cell is exposed to IONPs in vitro. Generally, the cytotoxicity
depends upon numerous types of factors such as size of the particle, protein-IONPs
interaction, hydrodynamic diameter, coating material nature, time of exposure, and
dose rate [108–111]. There is the activation of many important pathways of immune
system when IONPs is coated with polyethyleneimine (PEI) exposed to cell in vitro.
These immunological pathways comprise induction ofmacrophages byM1-like acti-
vation and dendritic cell activation by the exposure of PEI-coated IONPs [112–114].
For cell tracking determinations, when IONPs are loaded with cells, attention should
be paid that cataloging does not affect the function, motility, and proliferation of the
cells. Previous reports revealed that IONPs coatedwith sugars present various cellular
functions and phenotypic effects on various types of cells such as tumor cells [115],
endothelial cells [116, 117], mesenchymal stem cells [118, 119], and dendritic cells
[120]. There are various techniques used for the determination of in vitro IONPs cyto-
toxicity such as analysis of gene expression, immune system marker (necrosis and
apoptosis) based staining, assessment of cellmembrane integrity by themeasurement
of lactate dehydrogenase, and MTT or XTT assay for checking the redox activity of
mitochondria. These types of IONPs cytotoxicity assays used for in vitro measure-
ment of adverse effects deliver a significant biocompatibility impression for these
nanoparticles’ formulation. Including these factors, there are many other aspects
accounted for in vivo biocompatibility such as cellular accumulations, deposition of
IONPs into organ, and distribution of particles.

There are numerous studies that have been reported on intravenous administra-
tion of IONPs and have little or no toxic effect on the patient body. A case study has
reported on cytotoxicity of administered ferucarbotran and various adverse effects
exhibited such as headache, pain, and irritation at the site of injection. In this study,
few patients expressed these types of toxic effects by the administration of feru-
carbotran [121]. Approximately, there are less than 1% cases of severe side effects
comprising hypotension, dyspnea, chest pain, and anaphylatic shock and about 10%
to 20% showedmoderate side effects such as urticarial, headache, and back pain. The
adverse effects of IONPs administration also depend on administration rate, place
of injection, and time of injection [122, 123]. Normally, IONPs are accumulated in
spleen, liver, high-phagocytic-capacity-containing cells, fenestrated blood vessels,
and other tissues having larger vascularization when it is injected intravenously.
Generally, these organs accomplish their physical state with the accumulation of
IONPs, e.g., liver is a main vital organ and having the ability to store iron in the body
[122]. Recently, zebrafish (Danio rerio) embryo assay has been developed for detec-
tion of biocompatibility-based cytotoxicity analysis with the addition of relatively
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high throughput analysis in vivo because this fish has more complicated system as
cell culture in case of an intermediate model system [123].

6 Use of Iron Oxide for Drug Delivery

The evaluation of adverse effects of variousmagnetic nanoparticles acted as nanocar-
riers coated with drugs in patients revealed that there are not any considerable
outcomes obtained, primary to end of medical improvement in phase II/III. An alter-
nate approach for drug delivery into system established on IONPs is the coating of
these structures with directing moieties such as targeting peptides, folate, hyaluronic
acid, antibodies, transferrin, and aptamers (Fig. 2). These directing moieties can
be identified by particular receptors/ integrins that are over regulated precisely on
the surface of tumor cell consequential in reducing of the quantity and decreasing
off-target. The drug delivery with targeted moieties for the delivery of anticancer
drugs, the novel drug delivery system is magnetic nanoparticle with a goal to deliver
recommendations on the improvement of IONPs through discussion.

6.1 Transferrin and Its Analogues

An important tumor-targeting ligand is transferrin (Tf), which is an Fe ion-combining
blood plasma glycoprotein that participates in the transport of Fe ions and has low
immunogenicity [124, 125]. The Tf has a high affinity to the Tf receptor (TfR) over-
expressed on diverse tumor cells, most notably breast cancer cells [126]. The overex-
pression ofTfRon tumor tissues has been successfully employed to construct targeted

Fig. 2 Graphical description of drug attachment with iron oxide nanoparticles or core–shell
nanoparticles
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Tf-conjugated delivery systems for cancer therapy in phase I/II clinical trials. Indeed,
examples of such use include CALAA-01 (a polymer-based nanoparticle containing
siRNA), MBP-426 (TfR-targeted liposomal formulation of oxaliplatin designed by
Mebiopharm), SGT-94 (RB94 gene encapsulated by a liposome targeting the TfR
single-chain antibody fragment), and SGT-53 (an intravenous, tumor-targeted lipo-
somal p53 delivery system) [127].As a ligand, Tf also binds to the surface of IONPs to
selectively transfer therapeutic drugs [DOX, paclitaxel (PTX), and cisplatin] or genes
(CYP2B1,ETR, andLacZ) into cancer cells overexpressingTfRby theTfR-mediated
endocytosis pathway [128–130].

Yang et al. [131] developed a tumor-targeting nano-immunoliposome platform
to efficiently encapsulate IONPs (scL nanocomplex) without chemical modification.
The scL nanocomplex consisted of a diagnostic (MRI contrast agent [132]) or a ther-
apeutic (p53 DNA [133] and anti-HER-2 siRNA [134]) payload and a single-chain
antibody Fv fragment (TfR-scFv) [135]. The results exhibited that the scL nanocom-
plex could specifically deliver the therapeutic payload (p53 DNA and anti-HER-2
siRNA) to the tumors, leading to an increased response to conventional chemotherapy
with dramatic tumor growth inhibition compared to the untreated group [131].

Some polymers have been decorated on the surface of Tf-conjugated IONPs for
drug and gene delivery. Ghadiri et al. [136] developed a targeted drug delivery
system (TDS-NPs) using dextran-spermine biopolymer-modified Tf-conjugated
IONPs for capecitabine delivery across the blood–brain barrier (BBB). Compared
with dextran-spermine-IONPs and free capecitabine, TDS-NPs with capecitabine
displayed remarkable cellular uptake and enhanced cytotoxicity to U87MG cells.
Furthermore, in vivo biodistribution and histological studies showed a significant
increase in Fe concentration in the brain. Recently, Wang et al. [125] constructed
an innovative multifunctional IONPs nanoplatform containing chitosan (CS), an
antitumor drug (DOX), tumor-specific ligand Tf, and fluorescent dye rhodamine B
isothiocyanate (RBITC) for evaluation of their biological properties in brain tumor
cells. The results exhibited that the fluorescent Tf-CS/IONPs containing a contrast
agent could be employed as probes for simultaneous MRI and fluorescence imaging.
Furthermore, the drug-loaded Tf-CS/IONPs could effectively inhibit cell prolifer-
ation and induce cell apoptosis and autophagy. These results display that the Tf-
CS/IONPs have high potential as anticancer targeted drug delivery systems and as
MRI/fluorescence imaging probes for the therapy and diagnosis of human brain
tumors (Fig. 3).

Singh et al. [138] used the epoxide functionality of PGMA to covalently attach
Tf onto the surface of Dtxl-Np to obtain Tf-Dtxl-Np. By comparing Tf-free Dtxl-Np
and Tf-tethered Dtxl-Np, they demonstrated that the two mechanisms of anticancer
targeted delivery systems are active targeting and passive accumulation, which inter-
related and dosage dependent. Tf-Dtxl-Np could more efficiently inhibit cell prolif-
eration than Dtxl-Np at lower doses. However, there is no statistical difference in
therapeutic efficacy between Dtxl-Np and Tf-Dtxl-Np in the higher dose group,
indicating that the EPR effect of cancer tissues is the main factor affecting the effi-
cacy of actively and passively targeted nanomaterials at higher doses. Rajkumar and
Prabaharan conjugated iron oxide nanoparticles with DOX, PEG, and folic acid and
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Fig. 3 DOX loaded PEG-folic acid conjugated iron oxide nanoparticles. DOX releasewas observed
at pH 5.6 rather than usual release pH 7.4. Reprinted with permission from [137]

employed for drug delivery and as theranostics. Higher uptake was observed in the
presence of folic acid and drug releasewas observed at pH5.6. Formulation presented
enhanced cytotoxicity against HeLa cells [137].

In addition to polymers, inorganic materials have also been used to modify Tf-
conjugated IONPs, resulting in nanoparticles with the significant ability of drug
delivery and optical imaging [139]. Chen et al. [140] developed a versatile multi-
component nano-system (Fe3O4@CNT-HQDs-Trf) containing magnetic nanopar-
ticle (MNP)-filled carbon nanotubes (CNTs), Tf, CdTe quantum dots (QDs), and
DOX for the magnetically guided delivery of anticancer agents and targeted optical
imaging. In general, the active surface of CNT-conjugated MNPs and QDs can
decrease the drug storage capacity and the magnetic-fluorescence dual functionality
[141, 142]. Therefore, MNPs were encapsulated inside the CNTs to provide a large
effective surface area for improving the drug loading of Fe3O4@CNT-HQDs-Trf
while avoiding aggregations of MNPs. Tf on the exterior and MNPs in the interior
of CNTs could be employed as double-targeted drug delivery systems to penetrate
cell membranes, followed by the delivery of DOX to tumor cells by targeting the
Tf receptors overexpressed on HeLa cells and magnetically guided targeting by the
external magnetic field. These results displayed that Fe3O4@CNT-HQDs-Trf has
excellent capabilities including magnetically guided tumor-targeted optical imaging
and drug delivery [140].

In addition, lactoferrin (LF) is an analog of Tf and belongs to the transferrin
family of proteins with a molecular mass of approximately 80,000 Da [143]. The LF
is widely found in a variety of body secretions including milk, tears, mucus, blood,
and saliva [144]. Furthermore, it has favorable transport properties with a very high
affinity for Lf receptors on cancer cells [145]. Thus, some researchers found that the
behavior of LF-tethered nanoparticles is similar to that of Tf-tethered analogs. Gupta
and Curtis [146] observed that LF-tethered IONPs demonstrated high specificity for
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Lf receptors on the cell surface mainly thanks to the ligand–receptor interactions.
Thus, they suggested that these nanoparticles might serve as contrast agents for MRI
and/or drug delivery in vivo homed cells.

Overall, Tf has been widely applied as a targeting ligand in the active targeting
of anticancer agents and IONPs into tumor cells by TfR-mediated endocytosis.
However, LF is not internalized by its specific receptor, and it acts by releasing its
iron at the plasma membrane without itself being internalized. Regardless of the way
Tf or its analogues (e.g., Tf, Rsc, Fv, and LF) enter the cell, they can be conjugated
with IONPs and cationic polymers (e.g., CS and PGMA), liposomes, nanoparticles
(e.g., QD and CNTs), or other molecules (e.g., RBITC) to achieve targeted drug
delivery and/or monitoring in cancer tissues.

6.2 Antibodies

Antibodies are glycoproteins that belong to the superfamily of immunoglobulin.
Various antibodies have higher affinity to several receptors or antigens overex-
pressed on the surface of cancer cells, including epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGF), human epidermal
receptor-2 (HER-2), hyaluronan receptor (CD44), and PSMA (prostate-specific
membrane antigen) [147]. These antibodies or their fragments when combined with
nanoparticles can selectively target tumor cells [148].

7 Anti-EGFR Family

It is known that the EGFR family includes HER1 (EGFR and ErbB 1), HER2 and
HER3 (ErbB 3), and HER4 (ErbB 4) and have been employed as tyrosine kinase
cellular transmembrane receptors that can bind to various closely related ligands
such as EGF and transforming growth factor α (TGF-α) [149].

When EGFR is activated by its ligand, the downstream signaling promotes prolif-
eration, migration; consequently, angiogenesis can be triggered [147]. In addition, a
highEGFRexpression level is strongly correlatedwith poor prognosis [150]. Further-
more, HER-2 correlates with 16–29% of breast cancers [151], 7–34% of gastric
cancers [152, 153], and approximately 30% of salivary duct carcinomas [154], indi-
cating that HER2 is a tumor biomarker and can be considered as a target in cancer
treatment. Therefore, several strategies have been already examined in the clinical
therapy against cancer, including (i) inhibition of EGFR activation by humanized
antibodies such as cetuximab (colorectal and head/neck carcinomas) [155, 156],
panitumumab (colorectal carcinomas) [157], nimotuzumab (head/neck carcinomas)
[158], and single-chain antibody fragment (ScFv) against EGFR [159] (ScFvEGFR,
breast carcinomas) [160], and (ii) HER-2 activation by humanized antibodies such
as emtansine and trastuzumab [161, 162] conjugated with nanomaterials [163–165].
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Polymers have been combined with cetuximab and IONPs for targeting of therapy
and imaging of selective cancer cells [166]. Liao et al. [167] described the prepara-
tion of cetuximab-immuno-micelles, in which the thiolated cetuximab has chem-
ically coupled to poly (ethylene glycol)-block-poly(ε-caprolactone) (PEG-PCL)
nano-micelles. Cetuximab-immuno-micelles could be effectively loadedwith IONPs
(16.1%) and DOX (3.8%) and significantly combined with EGFR-overexpressing
tumor cells, resulting in a large number of IONPs and DOX being transferred to these
cells. Moreover, immuno-micelles are more effective at inhibiting of cell prolifera-
tion than their nontargeting counterparts [168]. Recently, cetuximab-modified IONPs
(anti-EGFR-PEG-IONPs) are also synthesized as a targeted contrast agent and a
synergistic agent for MRI-guided focused ultrasound surgery (MRgFUS) to ablate
lung carcinomas (Fig. 4). The result showed that the anti-EGFR-PEG-IONPs could
enhance the tumor-ablative efficacy and imaging sensitivity for clinical MRgFUS.

In addition to the complexes of cetuximab to polymer-encapsulated IONPs, cetux-
imab has been conjugated with lipid-encapsulated IONPs by Chen et al. [169]. They
found that such nanoparticles could selectively bind to human glioblastoma (U-
251 GBM) cells overexpressing EGFR. Furthermore, the coating of the lipid on the
surface of IONPs generated a potent nonfouling performance that could effectively
suppress the nonspecific sorption of IONPs.

In addition to cetuximab, nimotuzumab has been combined with MNPs, resulting
in efficient uptake of the drug by EGFR-overexpressing tumor cells. Ma et al. [170]
synthesized nimotuzumab (mAbh-R3)-labeled core–shell Fe3O4@SiO2 nanoparti-
cles (MNP@SiO2-mAbh− R3 NPs), which could significantly improve the cellular
uptake and inhibit tumor cell growth in vitro when compared with their nontargeting

Fig. 4 Schematic representation of the formulation of anti-EGFR-PEG-IONPs for MRI-guided
focused ultrasound surgery. Reproduced with permission from [167]
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counterparts. mAbh-R3 can promote the uptake rate of Fe3O4@SiO2 nanoparticles
by EGFR-receptor endocytosis.

Compared with intact EGFR antibody, ScFvEGFR, which contained the specific
EGFR-combining region, but lacked the Fc region, possessed several advantages
including small size, low molecular weight, less accumulation in normal organs,
and immunogenicity [171]. Although the binding affinity of a ScFvEGFR to its
receptor is weaker than that of intact antibody, when ScFvEGFR is attached on
the surface of the nanoparticles, they could facilitate greater functional affinity
[172]. Chen et al. [165] investigated block copolymer poly (ethylene oxide)-block-
poly(γ-methacryloxypropyl-trimethoxysilane) (PEO-b-PγMPS)-coated IONPs and
conjugate them with ScFvEGFR for forming EGFR-targeted IONPs (ScFvEGFR-
IONPs), which interacted strongly with breast tumor cells (MDA-MB-231) overex-
pressing EGFR, but not with EGFR-negative cells (MDA-MB-453 cells). The results
displayed that the signal reduction in the tumor is due to the accumulation of targeted
IONPs.

Trastuzumab is the first humanized immunoglobulin type G (IgG) 1 monoclonal
antibody approved by the Food and Drug Administration (FDA) for the therapy
of breast cancer cells overexpressing HER-2, and it can inhibit the tyrosine kinase
activities of HER-2 receptors by signal transduction. Trastuzumab has been conju-
gated with IONPs to enhance MRI sensitivity for the surveillance of carcinoma
markers [173] and improved anticancer efficacy. Lee et al. [174] described an ultra-
sensitive magnetic resonance probe agent in which trastuzumab was conjugated
to IONPs for monitoring small implanted tumors. Similarly, Chen et al. [175]
conjugated trastuzumab onto the surface of IONPs containing dextran to form
new MRI contrast agents, which could enhance the internalization of nanoparti-
cles by receptor-mediated selectivity in targeting carcinomas, resulting in intensified
magnetic resonance signal intensity.

To utilize trastuzumab for a combination therapy against cancer, it has been
combined with other drugs (such as DOX and PTX) [176], nanoparticles [177], and
micelles [178]. In earlier studies, IONPs, DOX, and trastuzumab-bearing CS have
been used by Choi et al. [179] to obtain multipurpose nanocarriers (IONPs/DOX-
MFNC). Compared with the nanocarriers without trastuzumab, these nanocarriers
can not only increase the diagnostic ability, but also improve antitumor activity by
ligand–receptor interactions, providing potential use for early tumor diagnosis and
combination treatment for HER2-overexpressing breast cancer. In another study,
trastuzumab has been conjugated with pH-sensitive dual-emulsion nanocapsules
(DENCs) to simultaneously coat hydrophobic PTX and hydrophilic DOX for combi-
nation therapy of HER-2-positive cancers. DENCs combined with magnetic targeted
nanoparticles andHER-2-specific trastuzumab (trastuzumab-boundDENCs) showed
a remarkable cell uptake in SkBr3 cells overexpressing HER-2. The trastuzumab-
bound DENCs have been injected into nudemice bearing SkBr3 tumors, and it inhib-
ited tumor growth more effectively than single-targeted chemotherapy using PTX or
DOX. These results indicated that the combination therapy system is a powerful tool
in the therapy against tumor, resulting in potential clinical applications [180].
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In addition, HER-2-targeting affibody is a small 7000 Da molecule and its perfor-
mance is similar to that of antibodies. The HER-2-targeting affibody has been
combined with IONPs to form a target-specific contrast agent, which can noninva-
sively image tissues or cells expressing HER-2 by MRI [181]. Similarly, the HER-2
affibody has been also coated on IONPs labeled with NIR830 (a near-infrared dye)
to obtain a dual-imaging modality nanoparticle probe, which showed specificity and
sensitivity in optical imaging and MRI of primary and metastatic ovarian tumors
[182].

Recently, DARPin G3 (ankyrin repeat protein G3), which is a new combining
protein containing picomolar appetency for HER-2, has been labeled with
fluorescein-5-maleimide to combine with IONPs (IO-G3-5MF) for imaging HER-2.
These nanoparticles can selectively bind to and image HER-2-overexpressed breast
tumor cells in vivo [183].

7.1 Anti-VEGF antibody

VEGF is an important signaling protein inducing neovascularization, and the major
driver of cancer vasculogenesis and angiogenesis [184]. Therefore, anti-VEGF
monoclonal antibodies such as bevacizumab, aflibercept and anti-VEGFR2 [185]
have been used as drug delivery systems to control the progression of vascular-related
diseases by the inhibition of VEGF expression [186–188].

Bevacizumab has been labeled with a radionuclide or a dye to be conjugated with
IONPs for cancer multimodality imaging and therapy. Zhao et al. [189] synthe-
sized technetium-99 m (99mTc)-IONPs-bevacizumab nanoparticles which could
increase tumor penetration and accumulation. Recently, Lin et al. [190] described
a multimodal VEGF-targeted molecular imaging probe (NIR830-bevacizumab-
IONPs) including IONPs and NIR830-labeled bevacizumab (Avastin®) for optical
imaging andMRI of cancer cells overexpressing VEGF. Compared with nontargeted
IONPs, VEGF-targeted NIR830-bevacizumab-IONPs displayed higher accumula-
tion in tumor cells of mice. They recommended to use NIR830-bevacizumab-IONPs
as VEGF-targeted double-modality molecular imaging probes and drug delivery
systems for the treatment and diagnosis of tumors overexpressing VEGF.

In addition to bevacizumab, other anti-VEGF monoclonal antibodies were conju-
gated with IONPs for the diagnosis and treatment of tumors [191]. A method for
the preparation of vector nanoparticles composed of anti-VEGF monoclonal anti-
body (anti-VEGF) and IONPs has been established by Abakumov et al. [192],
and the nanoparticles could maintain the immunochemical activity of antibody.
The resultant nanoparticles containing immunoglobulin could accumulate in the
brain tumor after 14 days of tail vein injection. Additionally, stimuli-sensitive poly-
mers have been added to magnetic nanoparticle-based drug delivery systems for
enhancing their therapeutic effect. An acid-sensitive polymer, p(aspartate)-graft-
p(ethylene glycol)-dodecylamine-hydrazone-(adriamycin-levulinic acid) (PASP-g-
PEG-DDAHyd-(ADR-LEV)), has conjugated with IONPs and anti-VEGF to obtain
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Fig. 5 DOX-loaded IONPs complex conjugated droplets for ultrasound-based targeted drug
delivery. Reprinted with permission from [195]

MRI-visible and anti-VEGF-conjugate@IONPs for specific diagnosis and treatment
of hepatocellular carcinoma. In vitro drug release studies showed that anti-VEGF-
conjugate@IONPs are stable under neutral pH and could be degraded under low
pH that mimicked the acidic conditions of endo/lysosomes. Compared with the
conjugate@IONPs, the anti-VEGF-conjugate@IONPs could significantly accumu-
late in liver tumors, indicating their potential application value in MRI detection and
treatment of hepatocellular carcinoma [193].

Furthermore, VEGF receptor 2 (VEGFR2) is specifically and highly expressed
on vascular endothelial cells of many carcinomas including gliomas [194]. Wang
et al. [195] developed a highly integrated droplet system (IO-embedded droplets)
composed of anti-VEGFR2 antibodies, IONPs, and DOX to satisfy the multifunc-
tional demands of clinical applications (Fig. 5). Iron oxide embedded droplets
possessed the ability of dual-modal imaging including ultrasound imaging and MRI
and provided a cocktail treatment strategy by combining with DOX to inhibit tumor
growth. This formulation could improve targeting efficiency and cell destruction
owing to their capability of magnetism-assisted targeting and insonation-induced
acoustic droplet vaporization, suggesting that they are potentially suitable as agents
for tumor diagnosis and treatment for clinical applications [196].

8 Conclusion and Future Prospects

Tremendous progress has been made toward the development of multifunctional
nanodrug delivery systems for targeted tumor treatment and imaging. Among the
drug delivery platforms, targeted delivery systems based on IONPs are particularly
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promising. They can be not only accumulated in the cancer cells by the EPR effect
and under an external magnetic field due to the superparamagnetic characteristics of
IONPs, but also used as tracers to clearly show the location and state of disease in the
body because of their excellent MRI-enhancing ability. Furthermore, IONPs can be
biodegraded into ferric ions in the human body, especially under the acidic conditions
of cells (such as lysosome and endosome), thereby reducing their potential toxicity
comparedwith other inorganic nanoparticles including carbon- and gold-based coun-
terparts. More importantly, the surface of IONPs can be easily functionalized with
different types of targeting molecules including Tf, antibodies, aptamers, HA, FA,
and targeting peptides through several conjugation strategies. In general, magnetic
nanoparticle-based delivery systems with these targeting moieties can be specifically
recognized through receptors on the surface of a cell, and they can also enter into
tumor cells through both receptor-mediated endocytosis and adsorptive endocytosis
pathway.

The Tf has been widely applied as a targeting ligand in conjugation with IONPs in
the active targeting of tumor cells by TfR-mediated endocytosis. Its analog, LF, is not
internalized by its specific receptor, and the activity of the Lf receptor can be activated
by releasing its iron at the plasma membrane. In addition, antibodies are valuable
targeting molecules, especially regarding their highest specificity, in the formation
of anticancer agent delivery systems including IONPs. However, the difficulty in
obtaining regulatory approval, cost, and complexity of preparation can prevent their
clinical application. The aptamermimics the natural properties of the antibody, and at
the same time, it contrasts with the antibody. Furthermore, the aptamer exhibits other
superior properties including rapid tissue penetration, low toxicity, and immuno-
genicity. The interaction of CD44 with HA is often utilized as a tumor marker in
some cells, and HA has been employed as a targeting ligand for modifying and
conjugating with polymers and IONPs to improve anticancer therapy and imaging.
In comparison to targeted macromolecules (including Tf, antibodies, aptamers, and
HA), small targeted molecules (FA and some targeted peptides including chloro-
toxin, RGD, LHRH, EPPT, CREKA, and CGKRK peptides) attract great attention
owing to their many potential advantages including significant simplicity, ease of
production, good repeatability, and biodegradability. Thus, targeting tumors using
small targetedmolecules attracts increasing attention. These small targetedmolecules
can be conjugated with polymer- or amine-functionalized IONPs, therapeutic drugs,
and/or near-infrared fluorescingmolecules by either electrostatic interaction or cova-
lent amide bond formation to obtain receptor/integrin-targeted multimodal imaging
probes and therapeutic agents.

In summary, drug delivery systems coated with IONPs and targeting molecules
are identified as valuable tools for early disease diagnosis, magnetic heat treatment,
and delivery of anticancer drugs to target tumor sites, thereby attracting interest in
clinical practice. However, to date, various problems are restricting the use of targeted
imaging and therapeutics from research labs to clinics, such as inefficient endosomal
escape, hematolytic effects, high renal toxicity, and short circulation time. Magnetic
nanoparticle-based targeted delivery systems bound to other materials including
biocompatible and biodegradable polymeric micelles, modified natural biological
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materials including polysaccharides and polypeptides, carbon-based materials, fluo-
rescing molecule, and/or siRNA/microRNAmay overcome some of the above obsta-
cles. In addition, more research should be performed to better characterize these
systems, including long-term toxicity and pharmacokinetic studies because these
targeted delivery systems are composed of multiple additional components. Further-
more, various targeting molecules conjugated with magnetic nanoparticle-based
delivery systems may be employed to guide and correct the targeted distribution
of therapeutic agents. The development of nanotechnology is integrating all of the
above functionalities and new molecular targets identified will lead to changes in
traditional tumor treatment and diagnostic approaches.
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Abstract Magnetic hyperthermia is becoming a very propitious supplementary
technique for cancer treatments such as chemotherapy radiotherapy and radio-
therapy. In this regard, magnetic nanoflowers (MNFs) are novel system in terms
of morphology showing a structure similar to flower and exhibiting higher
stability and enhanced heating efficiency when compared with similar nanoparticles
displaying standard formats; enabling them for magneto-hyperthermia applications.
In this chapter, different types of nanoflowers such as magnetic-oxide, magneto-
plasmonic, and magnetic-organic/inorganic and their applicability are discussed.
Moreover, a discussion on the most common chemical routes to design nanoflowers
emphasizing hydro/solvothermal techniques, microwave-assisted hydrothermal, co-
precipitations, and polyol are highlighted. Furthermore, the nucleation of MNFs and
their growing process with a physical parameter are presented. At last, the magnetic
hyperthermia properties of MNFs and their recent findings are critically scrutinized
along with their future perspectives in biomedicine.
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1 Introduction

Nanomaterials (NMs), ultrathin particles in size of less than 100 nm, are extremely
reactive and versatile as compared to their bulk counterparts due to their high
surface-area-to-volume ratio. These features, in turn, provide excessive possibili-
ties to improve their unique optical, magnetic, and mechanical properties [1, 2].
Particularly, magnetic NPs (MNPs) have enlarged great deal of consideration in
biomedicine owing to their multifunction and tunable magnetic behavior and their
tendency to be functionalized at both molecular and cellular levels. More precisely,
the unique magnetic properties exhibited by MNPs and their biocompatibility as
well as less toxicity based upon the size/shape led researchers work with these NPs
to explore the potential use in biomedical field [3–10]. Several works have been
done to design different morphologies NPs, i.e., nanocubes, nanorods, nanowires,
nanodisks, nanorings, nanotubes, nanoflowers, etc. [11–19]. Among such different
nanoparticulate systems, nanoflowers (NFs) are novel nanoparticles with structural
outlook similar to plant flowers (See Fig. 1a–c) in a scale of 100–500 nm. Like
general flowers found in nature, different parts of flowers are given in Fig. 1a. They
are made up of distinct layers of petals to encompass a larger surface area in a small
scale, considering several applications: magnetic hyperthermia (MH), photodynamic
and photothermal therapy (PDT/PTT)). Especially, magnetic nanoflowers (MNFs)
have been considered as a prevailing candidate for magnetic hyperthermia (MH)
due to their substantial heating properties [20–23]. It is well recognized that higher
magnetic losses through hysteresis is found in ferrimagnetic particles than superpara-
magnetic ones [24–26]. However, remanence (Mr) is a foremost issue which causes
the agglomeration in ferrimagnetic nanoparticles, and hence restrict their suitability
for biomedical applications. Nevertheless, magnetic nanoflowers can retain their
soft magnetic properties even for larger than 50 nm, which led to consider MNFs
as appropriate candidates for MH replacing the superparamagnetic NPs [27]. In
this article, we have explored different types of magnetic nanoflowers with special

Fig. 1 a Flower, b microflower, c nanoflower, and d flow-chart of the chapter
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emphasis on their synthesis, nucleation and growth mechanism, and utilization in
magneto-hyperthermia application.

2 Synthesis Routes of Magnetic Nanoflowers

The synthetic route is one of crucial factor to design a particular nanoparticle for a
specific kind of application, which determine the physico chemical and consequently
their magnetic properties. The final morphology depends largely on the synthetic
process, where thermodynamic/kinetic features limit the reaction and preferential
adsorption of capping molecules to specific facets [28–31]. Nowadays, the synthesis
ofMNFs has gainedmore consideration to improve efficiency and stability of surface
reaction due to its simple method either from inorganic, or organic materials and
sometimes a combination of both. In recent years, a lot of research has been done
aiming to develop novel methods to synthesize NFs displaying better properties,
with multifunctionality, at lower cost than the existing ones. NFs can be synthesized
by joining up atoms, molecules or, clusters, which is usually referred as a ‘Bottom-
up’ method. Bottom-up method effectively covers the several chemical routes to
strengthen the performance of nanomaterials having improved properties aiming to
get better restraints over the size/shape disseminations as well as surface chemistry.
Based upon the structural, compositional, magneto-optical properties important for
specific applications of magnetic NFs, the most employed chemical methods are
discussed here in the following section:

2.1 Co-precipitation

Co-precipitation is the most widely accepted method for the synthesis of MNPs
with controlled sizes/shapes for biomedical applications [32–34]. In co-precipitation,
MNPs are generally synthesized by adding a basic solution under an inert atmosphere
either at ambient temperature or at high temperature, fromaqueous salt solutions [35].
It largely depends on the hydrolysis of a mixture of Fe2+ and Fe3+ ions which are
used to fix the A to B molar ratio in the inverse spinel structure during the synthesize
of magnetite. In co-precipitation method, Fe2+ and Fe3+ ions are usually precipitated
in alkaline solutions, such as NH4OH, KOH or NaOH. In general, the synthesis are
performed in the temperature 70–80 °C [36] or at higher temperatures. The influence
of different techniques, stirring rate [37], required time [38], pH value and the applied
field [39, 40] resultingmagnetic properties, onparticle size andmorphology shouldbe
considered important factors. In addition to their great benefits, the main drawback
with this synthesis is larger specific surface area and high surface energy due to
the formation of extremely small particles which have a tendency to agglomerate.
Thus, care should be taken to tackle such issues; for example, the effect of reaction
temperature, alkali, and emulsifier,which generally decides the final product [41, 42].
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Fig. 2 A schematic design of Fe3O4@Au nanostars synthesis stages, drug binding, and NIR-
triggered drug release. MNPs (Fe3O4) and Tenofovirdisoproxil fumarate (TDF); near-infrared
(NIR). (Reprinted with permission from Ref. [43]. Copyright © 2020, Springer Nature)

Tomitaka et al. [43] have synthesized a near-infrared (NIR) responsive Fe3O4@Au
nanostars using a two-step process as shown in Fig. 2. In the first step, Fe3O4 was
synthesized by co-precipitation of Fe2+and Fe3+ ions and then gold coating of Fe3O4

by seed-mediated growth strategy. Here, sodium citrate and Fe3O4 was used as a
reducing agent whereas seeds for Au3+ ions, respectively. The core–shell Fe3O4@Au
NPswith spherical shapeswere obtained. In the second step, Fe3O4@Aunanospheres
as seedswere used for altering themorphology of these core–shellNPs from spherical
to star shape by the thermal annealing process, silver nitrate (AgNO3) plays to give
rise to anisotropic growth ofAu andL-ascorbic acid as a reducing agent forAu3+ ions,
and to control the shape of Au nanoparticles, silver ions were utilized in the seed-
mediated synthesis as a supplementary to drive the specific shape of nanoparticles.
After the reduction of silver ions on the Au surface, the anisotropic growth of Au is
evolved and form several branches [44].

2.2 Hydrothermal Synthesis

Hydrothermal synthesis ismost easier and a simple possible approach as compared to
the operationally complicated micro-emulsion or thermal decomposition processes,
which provide highly crystalline NPs with well-defined morphology and crystal
phase. This approach is based on the aim of growing dislocation-free crystalline
lattices in a sealed container at high vapor pressure (from 0.3 to 4MPa), high temper-
atures (130–250 °C), and for long periods of time (an hour to several days). Simply
in the hydrothermal routes, distilled water is considered as solvent whereas organic
solvent is used in solvothermal routes [45–48]. Hydrothermal approach generally
suited helps to prepare metal oxide nanoparticles in subcritical and supercritical
water using batch reaction and flow reaction systems [49–51]. Themoderate reaction
temperature (<300 °C) set to tackle the number of issues, for example, stoichiom-
etry control, rapid growth, etc., which run across in the high-temperature reaction
synthesis method.

Ramesh and coworkers [52] have successfully prepared single crystalline Fe3O4

nanoflowers (Fig. 3a) with size of ~ 30 nm by simple one-pot surfactant-assisted
hydrothermalmethod using 0.9 g FeCl3. 6H2O, ethylene glycol (50ml) and by adding
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Fig. 3 a, b Transmission electron microscopy (TEM) image of Fe3O4 (Reprinted with permission
from Ref. [52]. Copyright © 2011 Elsevier B.V. All rights reserved) and Ag/Fe3O4 nanoflowers
(Reprinted with permission from Ref. [53]. Copyright ©2016 American Chemical Society)

tetraethylene tetramine (TETA) under continuous stirring. Polyhedron to flower-
shaped morphology evolution of the Fe3O4 nanoparticles were achieved by varying
the amount of TETA. The saturation magnetization of Fe3O4 nanoflowers was found
to be ~66 emu/g. Das et al. [53] have fabricated coreAg@Fe3O4 nanoflowers using
a one-step solvothermal process; where 1.16 g Fe(NO3)3·9H2O was dissolved in
35 ml of ethylene glycol, 2.9 g of sodium acetate, and 0.1 g of AgNO3. The prepared
Ag@Fe3O4 nanoflowers exhibited an interesting heating efficiency by acting as dual
agents for both magnetic hyperthermia (Fe3O4) and photothermal therapy (Ag). The
morphology of Ag@Fe3O4 nanoflowers is shown in Fig. 3b.

2.3 Microwave-Assisted Hydrothermal

The microwave hydrothermal (microwaves and water heat) is a combination of both
microwave and hydrothermal methods. Because of many advantages such as shorter
reaction time and higher reaction rate, yield, selectivity, supplying swift chemical
reactions and quickmaterials preparation in minutes/seconds, however, conventional
heating methods require hours or even days, which leads to relatively inexpensive,
energy-economic, and high efficiency for materials-output, therefore microwave
heating technology is emerging as an alternative heat source for rapid volumetric
heating as compared to the conventional heating methods [54–56]. The generation of
microwave (MW) heat is based on electromagnetic fields itself divided into magnetic
and electric fields, and follow a different interaction mechanism with materials due
to different properties of each fields. The medium is heated by electric field of the
microwave and such heatingmedium is mainly carried out by twomechanisms of ion
conduction and dipole polarization. On the other hand, magnetic field heating also
affects microwave heating. The effect of the microwave magnetic field is stronger
than the one from the electric field in some ferrite based magnetic materials [57].
In addition, there is the popular term “microwave effects” which is a non-thermal
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phenomena affect microwave heating [58]. It is important to have an idea of inter-
action of microwaves with different materials. Depending upon the dielectric loss
factor (δ), materials can be divided into three categories: low dielectric loss material
also know as transparent materials, non-metallic and polymers; opaque (conductor),
such as metals and alloys; absorption (high dielectric loss material), for instance,
water [57, 59].

Polshettiwar et al. [60] have synthesized star shape α-Fe2O3 using microwave
hydrothermal method by heating the K4[Fe(CN)6]. In the course of reaction, disso-
ciated [Fe(CN)6]4− ion grew rapidly, yielding the α-Fe2O3 materials of diameter
48 nm. The obtained single crystal nanoparticles have morphology similar to a pine
tree (Fig. 4a, b), and designated as ‘micropine particle’.

A few reports demonstrated the effects of physicochemical parameters on
the morphology of nanoflowers and it was found that both are crucial factors
to control/tune the flower-shape NPs. Sharpness of branched dendrite particles
decreases with an increase in the concentration and finally evolved as branched parti-
cles (Fig. 4c–e). Likewise, mild temperatures of 150 °C scaled-up nanoflowers were
obtained in 3 h; however, below this temperature (3 h), the formation of nanopar-
ticles needed some extra reaction time. These nanoflowers were prepared using
K4[Fe(CN)6] with concentrations of 0.01, 0.02, and 0.03 mol respectively at 150 °C.
Higher concentration of K4[Fe(CN)6] produces the thick nanorods branches of the
dendrites. Broadening depending on substrate concentration was noted at the temper-
ature of 180 °C. These results suggest that the kinetic parameters (temperature and
concentration) are key factors to tune the morphology of flower NPs in MW assisted

Fig. 4 a,bField-emission scanning electronmicroscopy (FESEM)of dendriticα-Fe2O3, c–e repre-
sent TEM of α-Fe2O3particles using a 0.01, b 0.02, and c 0.03 mol of K4[Fe(CN)6] at 150 °C
under MW irradiation, and f and g TEM and HRTEM micrograph of a sixfold-symmetric α-
Fe2O3dendrite. (Reprinted with permission from Ref. [60]. Copyright ©2009 American Chemical
Society)
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route. Hu et al. [61] demonstrated the single crystalline α-Fe2O3 self-assembled
nanoparticles by using an aqueous solution of K3[Fe(CN)6]. Figure 4f show TEM
images of a flower-shaped α-Fe2O3 nanoparticles. A closer view showed that the
central trunk displayed a pagodas-like instead of a nanorods. Tripod-nanoparticles
are considering as a building block in a head-to-head fashion into the central trunk
as shown in Fig. 4g.

2.4 Polyol Synthesis

Polyol synthesis is a robust and versatile liquid-phase synthesis for preparation of
precise metal NPs in terms of size, shape, phase composition, and crystallinity in
high-boiling and multivalent alcohols [5]. Ethylene glycol (EG), commonly solvent
and simplest reagent, comprise into two main series of molecules on the basis of EG:
(i) diethylene glycol (DEG), triethylene glycol (TrEG), tetraethylene glycol (TEG),
and so on up to polyethylene glycol (PEG) and (ii) propanediol (PDO), butanediol
(BD), pentanediol (PD), and so on. Usually, a polyol acts as reducing agent, solvent
and ligand, to prevent theNPs agglomeration. There are several advantages of polyols
synthesis method in various aspects. Polyols has good capabilities to solubilize the
startingmaterials hence allow the use of simple and cheapmetal precursors as starting
compounds. Polyol have chelating abilitywhich is another beneficial factor to control
nucleation and its size evolution, and the cluster formation of the NPs. Despite these
superiorities, in case of convective heating for the production of NPs several hours of
heating are required. So, it is suggested that microwave heating using polyol could
be a unique way to prepare high quality of metal/metal oxide NPs, which not only
reduces heating time, but also improves the quality of NPs [62–64].

Ognjanović et al. [65] demonstrated a modified polyol synthesis of iron salts with
NaOH inN-methyldiethanolamine (NMDEA) and diethylene glycol (DEG) to inves-
tigate flowerlike iron oxide (IO) NPs with sufficient thermal properties where poly-
(acrylic acid) (PAA), and poly (ethylene glycol) (PEG), citric acid (CA) were key
agents to bind the several radio nuclides efficiently. These coatings increase binding
potential, biocompatibility and also prevent aggregation of IONP. The heating effi-
ciency of PAA-coated nanoparticles was higher than other and high radiolabeling
production with in number of radionuclides, warrant the further in-vivo experiment
to demonstrate their possibility as a theranostic agent. Bender et al. [23] have synthe-
sized a dextran-coated iron oxide nanoflowers and performed a profound analysis
connecting the magnetic properties with morphology of nanoflowers. They found
that due to an exchange coupling between the cores, the individual nanoflowers
had a remanent magnetization, and observed the role of shape anisotropy in prefer-
ential magnetization. Hugounenq et al. [21] have developed maghemite (γ -Fe2O3)
nanoflowers aiming to be used in efficient magnetic hyperthermia. It is found that
the mixture of DEG and NMDEA added in the synthetic process, the alkaline
hydrolysis of iron(II) and iron(III) chlorides gave the NPs with flowerlike struc-
ture. The assembly of maghemite nanoparticles produces the flowerlike structure of
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Fig. 5 Electron tomography image of iron oxide nanoflowers (a) (Reprinted with permission
from Ref. [23]. Copyright ©2018 American Chemical Society) and b TEM image of iron oxide
nanoflowers (Reprinted with permission from Ref. [21]. Copyright ©2012 American Chemical
Society)

the nanoparticles. The synthesis technique allows controlling the size/shape, poly-
crystallinity, and the magnetic properties which results the enhancement of their
hyperthermia properties as compared to conventional approaches (Fig. 5).

3 Different Types of Magnetic Nanoflowers

The increasing curiosity in magnetic nanoparticles for therapy and diagnosis appli-
cations [66, 67] is due to their biocompatibility, chemical stability and non-toxicity,
and the intense response when exposed to an external magnetic field [68–70]. The
shape and size-dependent properties of magnetic nanoflowers and these nanoflowers
combined with other materials (such as Au, Ag, organic/inorganic ions etc.) led them
to be considered as a potential candidate in thermal therapy applications.

3.1 Magnetic-Oxide Nanoflowers

The witness of magnetic-oxide nanoflowers have shown a remarkable property with
higher transverse and longitudinal relaxivities for MRI contrast generation [5] and
increased specific absorption rate (SAR) values for magnetic fluid hyperthermia
[22]. In the recent year, Fernández et al. [71] have reported monodispersed flower-
like superparamagnetic manganese iron oxide NPs controlling the anisotropy of the
core and the surface to enhance the hyperthermia properties by tuning: (a) amount
of Mn2+, (b) shape to add an additional anisotropy, and (c) maximizing NPs-cell
affinity through conjugation with a biological targeting molecule to reach the NPs
concentration required to increase the temperature. The developed strategies to opti-
mize particle anisotropy were a favorable direction to ameliorate the thermal prop-
erties of these nanoflowers in the different cell line, for example, human glioma
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cell line. Further, Nidhin et al. [72] have synthesized CoFe2O4 nanoflowers (CFNFs)
combining the effect of starch; employed as a complexing agent andCTAB; employed
as a structure director. From this study, comparatively, CFNF was found more stable
as an aqueous dispersion than cobalt ferrite nanoparticles (CFNPs). In addition to
the dispersion advantage, CFNF was advantageous as compared to CFNP due to
the following reasons: (a) drug carrier in the surface and internal regions, (b) great
protection layer that avoids the degradation, (c) exhibits better functioning during
imaging. Further, the transverse relaxivities showed that theCFNFs adds the better T2
weighted contrasts as compared to the nanoparticles alone. Their results concluded
that the nanoflower contributes toward the increased hyperthermia andmagnetic reso-
nance imaging properties. In addition, they suggested multi-core CFNFs assembly
could improve drug carriage making the ideal multifunctional nanostructures and
also ideal for the functionalization of tumor-targeting antibodies.

Gavilan and co-worker [73] have analyzed the complete synthetic procedure
and magnetic behavior of assemble maghemite nanoflowers synthesized via polyol
process with average size 63 nm. Figure 6a shows the detail of the formation mech-
anism and crystallization of NFs. Figure 6b shows the magnetic properties of the
nanoflowers for different aging steps from 2 to 48 h in a detail. It was found that the
magnetization increased from 48 to 90 Am2/kg with the time (4, 8, 16, and 48 h), and
a high value of coercivity ∼0.5–2 kA/m at 290 K (Fig. 6b). The initial mass suscep-
tibility (χo) of NF-4, NF-8, and NF-48 are observed in the range of 2.3–2.5 m3/kg,
shown in Fig. 6c. The aggregation of cores resulted in the magnetic susceptibility
enhancement and form densely packed nanoflowers [22].

Fig. 6 Maghemite nanoflowers: a evolution during the aging process, b magnetic properties at
290K for the samplesNF-2-48, cmass initial susceptibility (χo) for the samplesNF-2-48. (Reprinted
with permission from Ref. [73]. Copyright ©2017 American Chemical Society)
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3.2 Magnetic Plasmonic Nanoflowers

The plasmonic nanomaterials, for example, gold (Au), silver (Ag), and platinum
(Pt), etc. have investigated their possibility in several imaging systems, such as
biosensing and thermal therapy, owing to the natural biocompatibility, great func-
tionality, and controllable optical properties [53, 74–77]. These materials show an
intense absorption of the incident light under the exposure of light illumination
caused by the coherent oscillation of conduction electrons on their surface [78].When
surface plasmon resonance (SPR) arises under the magnetic field with the resonance
frequency, themost effective absorption is observed.This resonance strongly depends
on the particles morphology. The tunability of SPR is very important to achieve effi-
cient penetration into deep tissues and to tackle the delimited penetration of optical
imaging systems. The biological window of near-infrared (NIR) light wavelength
in between 650 and 900 nm provides increased transparency to water and biolog-
ical molecules [79, 80]. Therefore, the plasmonic nanomaterials tuned within the
NIR have been discussing rigorously for advance optical imaging and photothermal
therapy. For image-guided therapy, the nanoparticles which possess dual magneto-
plasmonic behavior in a system are highly recommended. For creating a shell on the
magnetic core, these plasmonic NPs are used which is chemically inert in the physic-
ochemical system and biocompatible [81]. The core@shell nanoparticles are creating
an efficient platform for thermal therapy due to their unique magnetic and optical
properties [82]. The inner magnetic core is completely protected from a myriad
factor which is the main advantage of these plasmonic surfaces [83]. Taking these
an account, magneto-plasmonic nanomaterials allow more practical and clinically
result-oriented treatments by incorporating imaging properties into therapeutics.

Recently, Tomitaka et al. [43] have synthesized NIR-responsive
magnetic@plasmonic(Fe3O4@Au) nanostars, shown in Fig. 7a, for image-guided
drug delivery applications. The Fe3O4@Au nano stars exhibited multifunctionality
combining plasmonic and superparamagnetic properties, as well as drug binding and
controlled release capabilities. The magnetization curves of Fe3O4 and Fe3O4@Au
nanostars are shown in Fig. 7b, which showed superparamagnetic behavior. The
saturation magnetization of Fe3O4 and Fe3O4@Au nanostars were 52 emu/g and
3 emu/g, respectively with Au-to-Fe weight ratio of Fe3O4@Au nanostars 10.7
(89 wt% Au, 11 wt% Fe3O4).

Figure 7c shows NIR-triggered release profile of antiretroviral drug, tenofovir
disoproxil fumarate (TDF) from MNP@Au nanostars at different exposure times.
TDF release was observed as fast as 5 min of NIR stimulation and increased contin-
uously with the exposure time. The SPR effect created the rise in temperature of
Fe3O4@Aunanostars under NIR at the wavelength of 808 nm. It was found that the
total temperature rise was nearby +4.2 °C from room temperature for 30 min (see
Fig. 7d). Such light-to-heat conversion phenomena is a central principle for NIR-
triggered controlled release of drugs from gold nanomaterials. It was revealed that
the light-to-heat conversion property of Fe3O4@Au nanostars is outstanding features
that can be used for NIR-triggered controlled release of different types of drugs by
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Fig. 7 a TEM image Fe3O4@Au nanostars, b hysteresis loss of Fe3O4 and Fe3O4@Au nanostars,
c tenofovir disoproxil fumarate (TDF) release from MNP@Au nanostars after illumination with
NIR, d time-dependent heating efficiency of MNP@Au nanostars after NIR exposure (Reprinted
with permission from Ref. [43]. Copyright © 2020, Springer Nature)

splitting the bonding in between nanostars and the drug at the specific location in the
body.

Recently, as a part of nanoflowers/star family, the study of spiky (SP) shapes of
magneto-plasmonic nanoflowers is getting attention due to their large optical cross
sections for NIR photons necessary in therapy/imaging and drug delivery application
[84, 85]. It is believed that on combining the magnetic core with spiky plasmonic
shells of Au will significantly improve the cancer diagnosis/therapy [86], imaging
[87], DNA analysis [88], and drug delivery [89]. Due to the presence of Au on
the surface which contributes to the chemical stability and dielectric properties,
Fe3O4@Au SPs become well-defined plasmon resonances within the visible and
NIR spectra in the high electromagnetic fields. These nanoflowers are considered a
highly effective contrast agent in cancer diagnosis and therapeutics due to the spiky-
like structure. Plasmonmode dominates the optical response of the spiky SPs and can
be rationalized in terms of plasmon hybridization [90]. The hybridization results in a
multi peaked optical spectrumwhere themode coupling is controlled by the thickness
of the intermetallic dielectric layer and red-shifting of the collective plasmon modes
can be induced by the petals aperture angle and length effects. Enhancement in
extinction cross section is also caused by these petals. For the formation of spiky
nanoscale particles in concave shapes, Zhou et al. [91] have demonstrated a new
method of self-assembly approach by adding negatively charged Au attached on the
surface of previously fabricated negatively charged Fe3O4@Au core–shell particles.
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The mechanism showed important differences with the detailed overview of the
origin of spiky morphology in nanoscale structures.

3.3 Magnetic@Organic/Inorganic/Metal Ion Nanoflowers:

The development of advance nanotechnology has explored a number of nanoma-
terials, such as nanoporous silica [92], electrospun nanofibers [93], and magnetic
nanoparticles [94], which have been utilizing in enzyme immobilization. Briefly, it
is expected that enzyme reproducibility and reusability can be enhanced by enzyme
immobilization. Due to unique magnetic response of immobilized enzyme, they
realize several recycling of the enzyme and expand the enzymes life. After immobi-
lization, however, the enzyme functions are limited owing to conformation instability
[95], control mass-transfer and preparation complexity [95] which still impedes the
number of biomedical applications, for example, nanobiocatalysis. While talking on
enzyme immobilization, biomineralization is a central term that needs to be known
that depends on the inorganic nanomaterials in the living organisms [96]. There-
fore, to enhance the activity of enzymes and operational stability, the development
of an easy and effective way for the immobilization of enzymes is desirable. High
catalytic activity is found in the hybrid nanoflowers in comparison with most of
the reported immobilized enzymes and free enzymes. Moreover, organic–inorganic
hybrid nanoflower durable, activity and stability of entrapped organic biomolecules
and have received great attention.

Several techniques have been discussed to integrate the multiple enzymes within
hybrid nanoflowers to perceive the target analytes. Usually, it is reported that two
different enzyme components for the detection of target glucose via the GOx-HRP
mediated cascade enzyme reaction [97, 98]; glucose oxidase (GOx) and horseradish
peroxidase (HRP) with copper sulfate in phosphate buffered saline (PBS). The
organic components, for instance, streptavidin, antibody, or concanavalin, were
added to inorganic metal ions and generally used enzymes in order to develop
triple component-incorporated hybrid nanoflowers and also have high affinity for
their corresponding target molecules [99–101]. The disease-indicating biomarkers or
pathogenic bacteria in food can be detected bynanoflowers due to theirmultifunction-
ality. These examples show the effectiveness of nanoflowers and diversify their appli-
cability. Cheon et al. [102] have developed the nanoparticle combining the enzyme
which allowed for the close proximity of glucose oxidase (GOx) and inorganicMNPs
within copper-based nanoflowers. It is observed that for cascade reaction, theMNPs–
GOx (Fe3O4–GOx)NFs have highly enhanced peroxidase activity aswell as substrate
channeling, which leads to a highly specific and sensitive glucose detection system,
in addition to the magnetic reusability and excellent operational stability. High level
of glucose inhuman blood serum is diagnosed by this new biosensor which demon-
strates its analytical utility. Authors conclude that the Fe3O4–GOxNFs has opened up
a great potential, for the development of enzyme-inorganic hybrid nanoflowers with
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the substrate channeling mechanisms and also applicable in convenient detection of
clinically important target molecule and applications like, robust, and in rapid.

Bisphenol A (BPA) is well known organic chemical material which can cause
harmful effects in the living organism, such as carcinogenic activities, metabolic
disorders, chronic diseases, and obesity, [103]. This is commonly used in the prepa-
ration of polycarbonate plastics and epoxy resins into products for most aspects
of our lives [93]. Thus, increasing number of techniques were developed in order
to remove BPA from the environment. To improve the activity and the recy-
cling performance of the immobilized HRP, recently Han and Group [104] have
prepared the magnetic nanoflowers and their application for BSA removal. For this,
Fe3O4 magnetic nanoparticles were first synthesized and then 3- (methacryloxy)-
propyltrimethoxysilane (MPS) were used to modify the surface of Fe3O4 magnetic
nanoparticles to form numerous double bonds. Subsequently, a facile one-step distil-
lation precipitation polymerization (DPP) of glyceryl methacrylate (GMA) were
used to prepare the core/shell structural Fe3O4@PMGmagnetic nanoparticles. After
that, the compound of Fe3O4@PMG-IDAwas prepared, where IDA is iminodiacetic
acid, and then Cu2+ was adsorbed to the surface which gives Fe3O4@PMG-IDA-
Cu2+. The Fe3O4@PMG-IDA-Cu2+ was added to PBS solution and followed by
an incubation at 25 °C for a different time and finally obtained nanoparticles were
magnetic nanoflowers. The relationship between enzyme activity of the magnetic
nanoflowers and hierarchical structure were fully investigated. The optimization of
formation conditions of the magnetic nanoflowers has been analyzed; the effect of
the incubation pH, the effect of the HRP concentration, the effect of the incubation
time. Figure 8a1–a6 demonstrated that the concentration of HRP affect morphology
and size of the magnetic nanoflowers. It is found that the activity recovery of the
magnetic nanoflowers increased first and then decreased with the increase of the
HRP concentration. According to the results of the activity recovery of the magnetic
nanoflowers and morphology, the optimum synthetic concentration of HRP was
0.5 mg/mL, where the activity recovery and the encapsulation efficiency were 182%
and 83.21%, respectively.

The effect of the incubation time on the activity recovery of the magnetic
nanoflowers consistent with the morphology of magnetic nanoflowers forming
with the time evolution, shown in Fig. 8b1–b6. The activity recovery of these
magnetic nanoflowers was optimal when the complete hierarchical flower-shape
structures were formed. It was observed that 8 h was the optimum incubation
time of HRP in which the activity recovery and the encapsulation efficiency were
175% and 84.16%, respectively. Further, Fig. 8c1–c6 showed that at pH ~ 7,
the activity recovery reached the maximum value. These results suggested that
a synergistic effect between Fe3O4@PMA-IDA-Cu2+ and HRP immobilized in
the magnetic nanoflowers as shown in Fig. 8d. Figure 8e shows the catalytic
kinetics, and reaction rate of the oxidization of BPA by free HRP and the magnetic
nanoflowers. The reaction rate constants (K) of the nanoflowers and free HRP were
0.2132 min−1 and 0.0921 min−1, respectively whereas the enzymatic activity of the
magnetic nanoflowers (468.5 U/mg) was approximately 183% higher than free HRP
(256 U/mg) in solution.
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Fig. 8 Effect of different HRP concentrations on the morphologies of the magnetic nanoflowers:
a1 0.0 mg/mL, a2 0.1 mg/mL, a3 0.2 mg/mL, a4 0.5 mg/mL, a5 1.0 mg/mL, a6 2.0 mg/mL, and
other conditions: 0.1MCu2+, 0.2MPBS at pH 7.0, and incubation for 8 h at 25 °C; Effect of different
incubation time on the morphologies of the magnetic nanoflowers: b1 10 min, b2 1 h, b3 2 h, b4
4 h, b5 8 h, b6 16 h, and other conditions: 0.1M Cu2+, 0.2M PBS, and 0.5 mg/mL HRP at pH 7.0 at
25 °C; effect of different incubation pH on the morphologies of the magnetic nanoflowers: c1 pH=
5, c2 pH= 6, c3 pH= 7, c4 pH= 8, c5 pH= 9, c6 pH= 10, and other conditions: 0.1MCu2+, 0.2M
PBS, 0.5 mg/mLHRP and incubation for 8 h at 25 °C, d the removal efficiency of BPA catalyzed by
Fe3O4, Fe3O4@PMA-IDA- Cu2+, free HRP and the magnetic nanoflowers, and e catalytic kinetics
and reaction rate of the oxidization of BPA by free HRP and the magnetic nanoflowers. (Reprinted
with permission from Ref. [104]. Copyright © 2019 Elsevier B.V. All rights reserved

4 Theory of Nucleation and Formation of Magnetic
Nanoflower

Theory of Nucleation: The present cognition on the formation mechanism of
uniform nanoparticles is concerning the synthesis of micro/nano scale colloidal
nanoparticles. The current understanding of NPs formation is provided by a classical
model, which clearly discussed regarding the discrepancy in NPs sizes, shapes and
reaction conditions. Nanocrystal formation mechanism is well explained by Ostwald
ripening, diffusion-controlled growth, and burst nucleation [30, 31, 105–108]. Let
us start with formation of colloidal particles in which monomers are considered as
building units of nanocrystals and the first stage of a crystallization process. The
obtained solid phase from solution during crystallization is simply called ‘Nucle-
ation’. Nucleation is purely considered as a thermodynamic model describes the
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process of the physics of first-order phase transition of materials in solutions. It
discusses a new phase—the nucleus- in the metastable primary phase. The complete
physical process of the reaction in the solution well explained by classical nucleation
theory (CNT) [109, 110]. The unique idea of CNT in this process is a thermodynamic
system tends to minimize its Gibbs free energy. For growth processes of nanoparti-
cles such as LaMer’s theory, this thermodynamic theory was transferred [111–113].
The CNT only describes the nucleation, particle growth is separated as a subsequent
process. Growth processes such as Oswald ripening diffusion-limited growth and
aggregation can be used for further growth, after nucleation. Further approaches to
characterize the particle growth are models using rate equations defining the size
evolution of nanoparticles. Formulating and solving (in general numerically) these
expressions evolve a size distribution of the nanoparticles with the span of time. The
CNT proposes the two types of nucleation based upon the surface energy of parti-
cles, i.e., homogeneous and heterogeneous. Nucleation which occurs at nucleation
sites on solid surfaces contacting the liquid or vapor are referred to as heterogeneous
nucleation. For instance, in seeded-growth syntheses of nanoparticle a heteroge-
neous nucleation occurs at the surface of particles in solution providing nucleation
sites. On the other hand, homogeneous nucleation requires a supercritical state such
as a supersaturation, and occurs spontaneously and randomly. A stable nucleating
surface is present in heterogeneous nucleation and mostly occurs in liquid phase. By
looking at the total free energy of a nanoparticle, the process of homogeneous nuclei
formation can be considered thermodynamically.

Volmer and Weber [114] have elaborate the concept of Gibb’s free energy (G)
which is equal to sumof surface free energyμs and volume free energyμv (also called
bulk free energy). The free surface energy ‘μs’ is directly varied by the interfacial
tension ‘γ ’ (defined as the surface free energy per unit area) between the nanocrystal
surface and the surrounding solution. This indicates ‘γ ’ increases if the radius of
nuclei increases that presides a positive change in free surface energy. The positive
term describes an energy unfavorable bonding between a monomer and a cluster
or theoretically also in between several monomers leading to an enhance in the
free surface energy. The graphical representation of these phenomena is shown in
Fig. 9a on the other hand, volume free energy, μv is proportional to the negative of
volume nucleus. The negative term describes how an energy favorable such bonding
overriding to a lowering of the bulk energy. The reduced free energy is considered
as driving force for both nucleation and seed-mediated growth. Let Ci, Co, Vn, and
S are the concentration of the solute, equilibrium concentration, atomic volume, and
the supersaturation respectively, then bulk free energy �Gv per unit volume of solid
phase which depends on the concentration of solute and is given by,

�Gv = −kT

Vn
ln

Ci

Co
(1)

where S = Ci/Co, no nucleation if S = 0. When Ci > Co,�Gv is negative, nucleation
occurs at once. Consider r is the radius of spherical nucleus, then Gibbs free energy
or volume energy is given by,
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Fig. 9 a Represents the change in volume free energy �μv, surface free energy �μs, and total
free energy �G, as functions of radius, b schematic diagram showing the processes of nucleation
and subsequent growth in solution. (Reprinted with permission from Ref. [115]. Copyright 2012
American Chemical society), c schematic mechanism of NFs, and d concept of Ostwald’s ripening

�μv = 4

3
πr3�Gv (2)

The surface free energy which balances the reduced energy during the nucleation
of particles is given by,

�μs = 4πr2γ (3)

Which gives the total free energy of nucleus by adding Eqs. (2) and (3) given by,

�G = 4

3
πr3�Gv + 4πr2γ (4)

Roughly, surface free energy is proportional to the radius of nucleus,

�μs ≈ An ≈ r2 (5)

And similarly, the volume free energy �μv can be written as

�μv ≈ Vn ≈ r3 (6)
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Here, An is surface of nucleus and Vn is volume nucleus.
As shown in the Fig. 9b as long as S > 1, the volume term favors the formation of

crystals to release the unnecessary free energy of newly formed nucleus and becomes
stable if its radius exceeds critical radius r* that resist the dissolution and could evolve
further to reach in final state. At r = r∗ d�G

dr = 0 provides critical free energy �G*,
also referred as barrier energy, that is necessary to defeat in order to get a nucleation
of the particles. Thus, we have

r∗ = − 2γ

�Gv

and �G∗ = 16πγ

3(�Gv )2
(7)

If the size of nuclei is smaller than a critical radius ‘r*’, it cannot evolve further;
instead only dissolve back into the solution in the form ofmonomers to decrease their
free energywhich is imposedby surface for the formation of nuclei. The critical radius
represents the limit on how specific nanoparticles can synthesize understanding the
nucleation process. The Gibbs–Thomson equation gives a unique idea regarding
the nucleation at maximum supersaturation ‘Sm’ which varies with the temperature
[105, 115].

La Mer’s and coworkers [113] proposed the concept of burst nucleation to
explore further understanding the mechanism process of nucleation and growth
of colloids/nanoparticles on several oil aerosols and sulfur hydrosols. The burst
nucleation process favors the simultaneous generation of nuclei and subsequently
growthwithout further nucleation, i.e., it pertains to the configuration of the excessive
nuclei rapidly followed by growth without additional nucleation. The burst nucle-
ation concept in nanoparticle formation is to separate the nucleation and growth
phenomena. This allows to control the particle size distribution during growth. The
completemechanism shown in Fig. 9b follows several steps: (I) the increased concen-
tration of monomers reach to the critical supersaturation level at a certain time and
takes place a homogeneous nucleation; the supersaturation level is the foremost
requirement for the homogeneous nucleation. These unknown form of material crys-
talized during the first nucleation is considered as ‘primary nucleation’(II) the satu-
ration level at which the energy barrier (activation energy) can be overcome leading
to a rapid self-nucleation, i.e., secondary nucleation [116, 117], and (III) nucleation
period is ended due to the burst nucleation and the saturation level fall down imme-
diately below the self-nucleation level. After that, diffusion of further monomers
causes heterogeneous nucleation/growth of nanoparticles in solution. The concen-
tration monomers favor the rapid increase in the self-nucleation stage (II) and almost
constant during the final stage (III).

Supersaturation is the difference between the chemical potential of the solute
molecules in the supersaturated (μ) and saturated (μs) states, respectively. In ther-
modynamic, the chemical potential is also referred to as partial molar free energy
[109, 118].

�μ = μ − μs = kBT ln S (8)
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where S is supersaturation, kB is Boltzmann constant and T is the temperature and
S can be calculated further by taking ratio in between concentration of the solute in
solution Ci and saturated/equilibrium concentration of the solute Co, i.e.,

S = Ci

cb
(9)

if S > 1, nucleus grows and solid phase formed; if S < 1, nucleus dissolves and if
S = 0, nucleus and solution are in equilibrium.

Formation Mechanism of Magnetic Nanoflowers: The magnetic nanoflowers are
formed by combinatorial attachment of magnetic nanoparticles to the petal surface
of nanoflowers (NFs) due to the electrostatic attraction in between positive and
negative charge of MNPs and NFs, respectively. Generally, the organic groups,
for instance, amino groups, are used to functionalize the magnetic nanoparticles,
which produces large positive charges, while petals of the nanoflowers are negatively
charged. Although the interaction between proteins and metals is poorly perceived,
the assumptions on the formation of nanoflowers include the following succes-
sive steps: nucleation of MNPs, formation of petals, their attachment, and contin-
uous growth as nano flowers. The nucleation process of NPs is already discussed
in the aforementioned section and the growth mechanism is discussed in later
section. The formation of petals and its attachment with MNPs is a main task
to synthesize flower-shape NPs. Usually, sodium acetate (NAOAc), cupper phos-
phate (Cu3(PO4)2), copper sulfate (CuSO4), CTAB and PBS, etc. are used in the
solution to develop petals with negative charge. However, concentration of these
additives are responsible to develop either as petals or not during the synthesis.
In addition, size/length/thickness of petals is also leaned on the concentration of
these additives. Fu et al. [18] have synthesized laccase-loaded magnetic nanoflowers
where the influence of Cu2+ concentration was clearly observed. As per their find-
ings, when Cu2+ concentration was below 0.4 mM, (concentration did not reach
the point of supersaturation) no plump NFs were observed. The diameters of NFs
were increased with increase of Cu2+ concentration also the petals became more
crisp. Nanoflowers sizes decreased and more number of nucleation sites were avail-
able hence petals became more tightly with increase in laccase concentration (i.e.,
0.05, 0.1, 0.25, and 0.5 mg/mL). In brief from a mechanistic point of view, Cu2+ first
formed primary copper phosphate crystals by reacting phosphate groups in phosphate
buffered saline (PBS) and then laccase attached to copper phosphate through binding
reaction between the amine groups, and Cu2+to assemble NFs that induce the nucle-
ation of copper phosphate primary crystals. The anisotropic growth of these primary
particles gives the complete a flowerlike structure. After several experiments, the
author’s suggested that 0.1 m/mL laccase and 2.6 mM Cu2+ in PBS (pH 6.5) at 4 °C
were optimized conditions for the nanoflowers. Nidhin and coworkers [72] prepared
cobalt ferrite NFs (CFNFs) in the presence of CTAB as a surfactant which can easily
be visualized from the structure of a flower, whose petals assemble from a center.
They were able to obtained cobalt ferrite NPs without flower shape in the absence of
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surfactant. Here, due to a combined effect of starch employed as a complexing agent
and CTAB as a flower-shape structure director the nanoflowers are formed.

5 Growth Mechanism and Ostwald Ripening

Growth Mechanism: As we have discussed above that growth of nanoparti-
cles occurs immediately after the end of nucleation. When the concentration of
solutes/monomer’s falls below supersaturation, nucleation stops but does not stop
a further growth of nanoparticles. Generally, in smaller nanoparticles, the surface
to volume ratio is quite high that indicates surface excess energy becomes more
important constituting a non-negligible percentage of the total energy. Hence, the
thermodynamically non-equilibrium solution allows the formation of larger particles
from the combination of smaller ones that decrease the surface energy and favors
the further grow of nanoparticles. The particles in the solutions further growth by
a sequence of monomer diffusion followed by their reaction on the surface. Coars-
ening effects, controlled either by mass transport or diffusion, are often termed the
Ostwald ripening process. Reiss et al. [119] proposed a growth model called “growth
by diffusion” in which the growth rate of spherical particles depends solely on the
monomer flux supplied to the particles. Smaller particles will grow faster in presence
of larger particles if the diffusional growth depends only on the monomer flux, which
leads to a size focusing (narrowing of size distribution). This mechanism does not
include other effects such as coalescence or dissolution (Ostwald ripening), aggre-
gation and is, therefore, a very simplified mechanism. In addition, Sugimoto et al.
[120] including dissolution effects obtaining a size-dependent growth rate by consid-
ering the Gibbs–Thomson equation and extended Reiss’s model qualitatively. This
diffusion bounded Ostwald ripening phenomena is a principal mechanism of particle
growth and was explained collectively by Lifshitz, Slyozov, and Wagner, known as
the LSW theory. The growth of nanoparticles consists following mechanisms: (a)
diffusion to the surface, and (b) surface reaction.

Let ‘r’ is radius of spherical particles, J is the total flux of monomers, ‘x’ is the
diffusion layer, D is the diffusion coefficient and C is the concentration at distance
‘x’, then total flux of the monomers is given by Fick’s first law,

J = 4πDx2
dC

dx
(10)

Let Cb be the bulk concentration of monomers, Ci be the concentration of the
monomers at solid/liquid interface and δ be the distance between particle surface
to bulk concentration of monomers, i.e., thickness of diffusion layer and J is the
constant over diffusion layer at steady state, so Eq. (10) can be written as,

J = 4πDr(r + δ)

δ
(Cb − Ci ) (11)
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Integrating (11) from r + δ to r, we get,

J = 4πDr(Cb−Ci ) (12)

This flux is the consumption rate of the monomer at the surface of the particle.
That is,

J = 4πDr2k(Ci − Cr ) (13)

where k is rate of surface reaction and is independent of particle size. But in solution,
it is difficult to find out theCi, so it must be eliminated using the above two equations.

Now if this growth evolution is tuned by the diffusion process of monomers from
bulk solution to particle surface, then growth rate is given by,

dr

dt
= Dv(Cb − Cr )

r
(14)

where ν is the molar volume of the bulk crystal and Cr is the concentration on
the surface of solid particle. The growth evolution controlled by such diffusion
contributes to the formation of homogeneous size distribution of the particles.

On the other hand, when the diffusion occurs rapidly, the growth rate controlled
by surface process and the rate is given by,

dr

dt
= kv(Cb − Cr ) (15)

However, in the absence of controlled diffusion and surface reaction, the increase
in particle’s radius with respect to time can be written as,

dr

dt
= Dv(Cb − Cr )

r + D/k
(16)

This shows that the particle radius is sensitive and a key factor for the solubility.
According to the Gibbs–Thomson relation, the particles with radius ‘r’ has extra
chemical potential �μ. Thus Cr can be expressed as,

Cr = Cb exp

(
2γ v

r KBT

)
(17)

where v is the molar volume of the bulk crystal and Cb is the concentration of the
bulk solution.At last, it is worth to express the general equation of growth rate of
spherical NPs putting Eq. (17) in (16). We have,

dr∗

d
= S − exp

(
1
r∗

)
r∗ + K

(18)
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where dimensionless quantities are defined as, r∗ = RT
2γ v

r; RT
2γ v

is capillary length,

τ = K 2
BT

2DCb

4γ 2v
and K = KBT D

2γ vk is Damköhler number. The capillary length measures
the size effect of a particle on the chemical potential whereas Damköhler number
checks whether the diffusion rate (D) and/or reaction rate (k) influence the growth
reaction or not. It is clear from the above growth rate equations that the growth rate
of NPs is strongly affected by their size. When the chemical potential of monomers
is lower than it is in the solution, the dissolution reaction takes place. On the other
hand, the precipitate reaction dominates the surface reaction, for the larger particles.
When K /r∗ � 1, In this case, the smaller values of r and k make the surface reac-
tion the rate-determining step in the growth process, and this growth mode is called
reaction-controlled growth. In contrast, when K /r ∗ � 1, the reaction mode is called
diffusion-controlled growth, in which the monomer diffusion is the rate-determining
step. In this case, the monomers transported from the bulk solution precipitate imme-
diately onto the surface of the particle. In brief, the crystal growth process in solu-
tion consists of nucleation and growth as separate phenomena, which are affected
by the intrinsic crystal structure and the external conditions including the capping
molecules, temperature, kinetic energy barrier, time, and intrinsic crystal structure.
The formation of nanostructures after nucleation in solution relates to two primary
mechanisms: the aggregation growth process and the Ostwald ripening process after
the ‘burst nucleation’. Crystal growth by aggregation can occur by oriented aggrega-
tion, and random aggregation, and the Ostwald ripening process involves the growth
of larger crystals at the expense of smaller ones [113, 119–121]. Gavilan et al. [73]
have prepared a controlled single- and multi-core maghemite NFs which occurred
following burst nucleation, growth by aggregation, and recrystallization that takes
place over time. The growth of NFs over time is shown in Fig. 10 Sodium acetate
was found to be a key parameter governing the self-assembly process in overall reac-
tion. For higher acetate concentration, an author’s observed that massive nucleation
and growth by diffusion takes place, resulting in single-core particles. The initial
nanocrystalline subunits seem to grow by partial aggregation in hollow spheres, as
the amount of acetate is reduced. Initial nanocrystalline nuclei are formed on further
reduction in acetate and these nanocrystalline nuclei strongly aggregate to produce
the final flowerlike particles.

Ostwald ripening: ‘Ostwald ripening’ is the result of the Gibbs–Thomson relation
(smaller particles have a higher chemical potential). It is a final stage of first order

Fig. 10 Growth evolution of maghemite NFs with time. (Reprinted with permission fromRef. [73].
Copyright ©2017 American Chemical Society)
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phase transformations following growth stages and nucleation, and is often observed
in synthesis of nanoparticles [122], oil–water emulsions„ and during epitaxial growth
[106] binary alloys [123], two-phase mixtures composed of second phase in matrix
[108], and clusters on surfaces [124]. In the diffusion-controlled growth mode, all
of the solute that diffuses onto the crystal surface immediately precipitates when
the concentration of the solubility of the particle is much lower than solute. On
the other hand, dissolution of the particle occurs and direction of mass transport is
reversed with the concentration lower than the solubility of the particle. Some of the
particles dissolvewhen the driving force for crystallization isweak,while others keep
growing (Ostwald ripening). The dissolution reaction is faster than the precipitation
for the smaller particles when the solute concentration is low. On the other hand,
larger particles can grow by receiving solute from the dissolving particles and are
so stable. Under the Ostwald ripening process, mean size of the particles increases.
While the solute concentration and particle concentration generally decrease. In this
way, in Ostwald ripening smaller nanoparticles/clusters of atoms/molecules transfer
to bigger clusters, shown in Fig. 9d. and represents the spontaneous and continuous
evolution of precipitated nanoparticles/clusters. A driving force is induced because
of increased solubility of the smaller particles due to surface tension between the
precipitate and the solute. The driving force for the ripening process is the well
known curvature dependence of the chemical potential which, assuming isotropic
surface energy, is

μ = μ0 + γ κVm (19)

where κ is the mean interfacial curvature and μ0 is the chemical potential of an atom
at a flat interface, Vm is the molar volume and γ is the surface energy. It is clear
from the above Eq. (19) that the flow of atoms will be from high to low curvature
regions. This results in an increase in the size scale of dispersed second phase, which
is consistent with the necessary decrease in total energy of the two-phase system
and disappearance of surfaces possessing high curvature. Typically, the net effect
of Ostwald ripening is to broaden the size distribution of nucleated particles [125,
126]. As ripening takes place in epitaxial growth of quantum dot arrays [127–129],
in liquid [130–132] and gas-phase [17–20] fabrication of two nanoparticles, and
epitaxial growth of quantum dot arrays [127–129], it prevents the highly desirable
formation of narrow size distribution of particles. Besides understanding the funda-
mental growth of nanoparticles/clusters, study of Ostwald ripening is also important
in industrial applications to prepare uniform particles in closed system where large
seed particles will grow at the expense of large amount of small particles. Such closed
system keeps super saturation constant during particle which is its growth advantage
and by changing the size of small particles its level can be controlled. The known
mechanisms discussed in the literature for narrowing a particle size distribution
(PSD) are: (i) digestive ripening [131, 133], and (ii) inverse ripening [134–136].



Magnetic Nanoflowers: Synthesis, Formation Mechanism … 151

6 Magnetic Hyperthermia: Recent Findings on Magnetic
Nanoflowers

Currently, the critical problem in public health is the treatment of cancer and it chal-
lenges not only the medical practitioner but also scientists from physics, chemistry,
and biology from designing of material to the implementation in a body. The urgent
need of a new approach to assist in rapidly advancing diagnosis and treatment and
could be a supplementary technique for existing therapies based on chemotherapy
and radiotherapy. To tackle such problems, magnetic nanoparticles are introduced
in localized hyperthermia which has been emerging as very promising agents for
cancer treatment [76, 137–140]. Radiotherapy and chemotherapy can be replaced
by magnetic hyperthermia and photothermal therapy, as over the past two decades,
these are becoming very promising techniques. These approaches have substantially
amended their ability to execute the controlled treatments delivering the nanoparti-
cles into targeted tumor tissues, which release the therapeutic heat either upon AC
magnetic field exposure or laser irradiation [53, 141, 142]. The heat generated by
magnetic nanoparticles is prominently depend on the application of ac magnetic field
and frequency. Besides this,magnetic properties, i.e., magnetic saturation (MS), coer-
cive field (HC) and magnetic remanent (MR); structural properties, i.e., size, shape,
crystallography, composition, defects, etc.; anisotropic properties, i.e., surface and
shape anisotropy, etc. [143–145]. Several efforts have been made to design different
shapes, such as, nanospheres, nanohexanes, nanooctapodes, nanocubes, nanowires,
nanodisks, nanorings, nanoflowers, nanotubes, nanorings, and, etc. tuning the reac-
tants, volume, time, temperatures, and synthesis routes [11, 12, 15, 25, 100, 143, 146–
151]. In the recent years, for magnetic hyperthermia (MHT) magnetic nanoflowers
have emerged as promising candidates as a nanoheaters. It has been speculated that
their phenomenal heating behavior in MHT is primarily a result of an exchange
coupling between the cores,which leads to a super-ferromagneticmagnetization state
[21, 22, 27].Anunprecedented spikyflower shell around themagnetic core is themain
advantage of nanoflowers over other shapes. Such nanohybrids allowed exploring the
concept of a tri-therapeutic strategy mergingMHT, photothermal therapy (PTT), and
photodynamic therapy (PDT). The multiple expected functions of such nanohybrids
at increasing degrees of complexity from test tubes to animals were assessed, with
the aim to describe acritical comparison with the stand-alone treatments (MHT and
PTT), and to provide effective windows of applicability.

In this regard, Gavilan et al. [73] have recently investigated the magnetic hyper-
thermia properties of citric acid (CA) coatedmaghemite (γ -Fe2O3)NFs.Nanoflowers
with a core size of 23 nm (NF-48) have the highest SLP values, for example,
yielding1131.2 W/g Fe for a frequency of 710 kHz. It is observed that SLP values
of NF-48 nearly 5 times larger than those of nanoflowers with crystal size of 15 nm
(NF-4), nearly 4 times larger than hollow spheres (HS), and 1.5 times larger than
single-core (SC) nanoparticles, although these two latter samples (HS and SC) have
bigger core sizes of 27 and 36 nm, respectively. These results suggest that heating
capacity is influenced by both core sizes and the packing of the cores. Enhanced
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heating capacity is offered by nanoflowers with densely packed cores and large
cores compare to nanoflowers with smaller crystallite sizes, single-core nanoparti-
cles, and hollow spheres. In the recent past, Di Corato et al. [152] have reported
the systematic study of the heating power and magnetic dynamics in a controlled
cellular environment, magnetic properties of a broad range of nanomaterials with
different sizes, shapes, and in solution. They observed a rapid and systematic fall in
the heating capacity of all the nanomaterials tested, as soon as they associated with
the cell membrane or were internalized. Whether the nanoparticles were attached
to the cell membrane or contained within intracellular vesicles observed drop was
the same. Figure 11e, f are iron oxide nanocubes and nanoflowers, and Fig. 11g, h

Fig. 11 TEM images of the different structures: a single-core (SC) particles, b hollow spheres
(HS), and c nanoflowers (NF), d SLP values of samples of citric acid (CA)-coated SC, HS, NF-4,
and NF-48 at field amplitude 23.8 kA/m. (Reprinted with permission from Ref. [73]. Copyright
©2017 American Chemical Society). Measurement of heat-generating capacity (in terms of the
SLP (W/g)) for g iron oxide nanocubes (18 nm), and h iron oxide nanoflowers (25 nm), in water
and within cell model systems, according to the frequency of the applied magnetic field. (Reprinted
with permission from Ref. [152]. Copyright © 2014 Elsevier Ltd. All rights reserved)
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are their heating efficiency respectively. The heating efficiency of nanoflowers was
observed very high as compared to the nanocubes in water. However, the sharp drop
in their heating efficiency when nanocubes and nanoflowers were attached to the cell
membrane and internalized with cells. It was found that reduced heating efficiency
of nanoflowers is higher than nanocubes, i.e., SLP of nanoflowers reduced by about
10 times, whereas SLP of nanocubes reduced by 4 times on cell membrane and
internalized cells as compared to water. In cells, such decrease on SLP was due to
magnetic inter-particle interactions as a consequence of confinement of the particles,
and/or by the increase of the cellular surrounding viscosity and impeded mobility of
the particles.

Hugounenq et al. [21] have developed amaghemite nanoflowers beyond the super-
paramagnetic size range (24 nm) through polyol synthesis which show highly effi-
cient magnetic hyperthermia properties, i.e., SLP value 1992 ± 34W/g in compared
to other spherical and cubic nanoparticles [153, 154]. The highly enhancement of
heating properties was observed due to the size, the polycrystalline character, and the
magnetic properties of the nanoflowers along with their colloidal stability in culture
medium. Although the exact mechanisms for thermal losses in these nanoflowers
remain to be explored, their findings show a very enticing biocompatible nanoscale
platform for a variety of applications that rely on magnetic hyperthermia, espe-
cially cancer treatment and thermally assisted drug delivery. Curcio et al. [155]
have reported an optimize nanohybrid maghemite (γ -Fe2O3@CuS) nanoflowers
for cancer tri-therapy featuring a maghemite (γ -Fe2O3) nanoflowers conceived for
efficient magnetic hyperthermia (MHT) and photodynamic therapy (PDT), a spiky
copper sulfide (CuS) shell for a high near-infrared (NIR) absorption coefficient suit-
able for photothermal (PTT). In order to study MHT or the PTT modalities individ-
ually, or both at the same time, IONF@CuS heating efficiency was then evaluated
using eithermagnetic or photo-stimulation. Typical infrared (IR) images are shown in
Fig. 12, after 5 min exposure to alternating magnetic field (Fig. 12a), laser (Fig. 12b),
or both (Fig. 12c). In each case, the heating efficiency was measured at different
concentrations, equivalent copper concentrations of 20–320 mM and in the range of
iron concentrations of 3–50mM. Figure 12a clearly shows that the temperature eleva-
tion increases linearly with the concentration; as a result, the SAR is independent of
the concentration, with SAR value reaching ~350W/g. The SAR was also measured
for the bare magnetic IONF core, which featured a SAR of ~500 W/g in the same
conditions. Such a value is among the highest values reported for the frequency/field
used. Photothermal therapy (PTT) experiments were carried out using a 1064 nm
laser and the power density was set to 0.3 W cm−2 by positioning the fiber tip at a
4 cm distance from the target. The high efficiency puts these NFs among the most
promising materials for PTT. In contrast with MHT, the heating performance tends
to saturate when increasing the NFs concentration during PTT. As a result, although
the heating at high doses was similar for MHT and PTT, heating efficiency is much
higher for PTT at low doses as shown in Fig. 12b. The dual mode AMF and Laser
(Fig. 3c) allowed providing a cumulative effect at the full concentration range tested.
Indeed, the heating obtained by bi-modal stimulation closely corresponded to the sum
of the heating obtained for every single modality. These data prove the versatility of
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Fig. 12 Heating profiles attained by MHT, PTT, and bi-modal stimulation. Temperature increase
of IONF@CuS NFs dispersion at different concentration exposed to a alternating magnetic field
(AMF) at 471 kHz and 18 mT, b 1064 nm laser at the power of 0.3 Wcm−2 and c the combination
of both modalities. In the top panel of each figure, typical infrared images after 5 min heating
are displayed. d ROS production in NFs dispersions following laser stimulation: the blue columns
display the relative ROS increase as a function of Cu concentration after 5 min laser exposure
(1064 nm at 1 W cm−2) while the red curve shows the temperature elevation obtained by the NFs.
(Reprinted with permission from Ref. [155]. Open access)

NFs and attest to the cumulative effect of the two heating approaches, promising for
the delivery of therapeutic heating to cancer tissues. The stability of the nanohybrids
was conserved after several heating. cycles. As a result, the heating efficiency was
constant for repeated application, and the colloidal stability was retained.

The relative ROS increase was normalized by the signal obtained from the non-
irradiated samples. A probe was added to the nanohybrids at a concentration of
1.65 mM to detect the ROS level and provide a fluorescent signal when oxidized by
ROS. As a control, the nanohybrids were heated at a similar temperature reached by
the highest concentration using a water bath for the same time. Bender et al. [23]
have deliberated in-depth study of magnetic hyperthermia properties of iron oxide
nanoflowers (size ~39 nm). They found that due to an exchange coupling between the
cores, the individual nanoflowers had a remanent magnetization and preferentially
magnetized along their longest dimension due to shape anisotropy. The intrinsic
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loss power (ILP) of the nanoflowers with (~7 nHm2/kg Fe) was independent of the
viscosity of the surrounding medium and was high compared to conventional iron
oxide nanoparticles [156]. The insensitivity to viscosity agreed well with the obser-
vation that in the high frequency range, the relaxation dynamics of the nanoflowers
were dominated by internal moment relaxation. The average detected ILP value is
well described within the linear response theory, and hence the could be directly
connected to the quite large value of the imaginary part of the volume susceptibility
at high frequencies. The work established that the observed fast relaxation dynamics,
which is also resulted in finite values of χ ′′ at high frequencies, was related to the
fact that the nanoflowers constitute disordered spin systems caused by the nanocrys-
talline structure, but are easily magnetized by external magnetic fields, aided by an
exchange coupling.

Recently, Das and co-worker [53] have analyzed the heating efficiency
of Ag/Fe3O4 nanoflowers in separate experiment of magnetic hyperthermia,
photothermal therapy, and their combined modal. The heating efficiency through
combined effect of AC magnetic field and laser was greatly enhanced as compared
to distinct magnetic hyperthermia and photothermal therapy. Figure 13a, b represent
the heating curves of the nanoflowers under different values of the applied magnetic
field intensities, during irradiation with fixed laser power densities of 0.53 W/cm2

and 0.93W/cm2, respectively. For example, for HAC = 400 Oe, the achieved temper-
ature after 5 min of exposure changes from 30.8 °C for P = 0 to 41.1 and 48 °C, for
0.53 and 0.93 W/cm2, respectively. It is worth noting that a magnetic field of 600
Oe is required in absence of laser irradiation (not shown here) for reaching a target
temperature of 40 °C. When a laser power density of 0.93 W/cm2 is simultaneously
applied (Fig. 13c), this value decreases by a factor of 3 (200 Oe). This effect is
even more obvious in Fig. 13d, where the SAR values for different combinations of
magnetic field magnitudes and laser power densities are displayed. When a laser is
applied simultaneously, the SAR values increase considerably for all magnetic fields.
As a result, the heating ability at HAC = 200 Oe at P = 0 increased by more than one
order of magnitude (from ~10 W/g to ~130 W/g) for P = 0.93 W/cm2.

Therefore, the combined use of magnetic field and laser exposure is more capable,
laser-induced SAR enriched is sharper and it is more appropriate for clinic trials. The
above finding support the idea for a new class of efficient hyperthermia agents by
designing new hybrid nanostructures with synergic magnetic and plasmonic proper-
ties for simultaneous photothermal therapy and magnetic hyperthermia applications.
For Ag/Fe3O4 nanosystem, we noted that individually both Ag and Fe3O4 nanoparti-
cles are biocompatible, but the cytotoxicity remains to be examined. Further in- vitro
or in-vivo studies of Ag/Fe3O4 nanoparticles are therefore desirable to fully under-
stand their applications in biomedical field. Ognjanović et al. [65] reported citric
acid, poly (acrylic acid) (PAA) and poly (ethylene glycol) coated IONPs nanoflowers,
13.5 nm spherically shaped cores and 24.8 nm diameter, and their labeling with three
radionuclides, namely, technetium (99mTc), yttrium (90Y), and lutetium (177Lu),
with the aim of the potential use in cancer diagnosis and therapy. It was found that
best characteristics was shown by PAA-coated NFs (PAA@IONP) as they showed
excellent in-vitro stabilities with <10% of radio nuclides detaching after 24 h and
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Fig. 13 Magnetic fluid hyperthermia and photothermal therapy. a, b heating curves (time versus
temperature) for the Ag–Fe3O4 nanoflowers under different AC magnetic fields (100 < HAC < 800
Oe) at a fixed frequency, f = 310 Hz, under irradiation with a 442 nm laser at two different power
densities: 0.53 (a) and 0.93 (b) W/cm2 (c, d). Temperature reached after 300 s of heating (c) and
SAR (d) as a function of HAC for different laser power densities. The blue zone in (c) evidence the
therapeutic temperature window of 40–44 °C. (Reprintedwith permission fromRef. [53]. Copyright
©2016 American Chemical Society)

easy radio labeling with very high yields (>97.5%) with all three radio nuclides. In
an ac external magnetic field heating ability of PAA@IONP showed intrinsic loss
power value of ~7.3 nHm2/kg, which is higher among the reported values. Addition-
ally, no significant cytotoxicity to the CT-26 cancer cells, reaching IC50 at 60μg/mL
was observed by PAA@IONP. However, they showed hyperthermia-mediated cells
killing under the external magnetic field, and correlated with the time of exposure
and magnetic field strength. Meanwhile, PAA@IONP with excellent magnetic heat
induction are simple and easy to prepare, biocompatible, these nanoparticles radio
labeled with high-energy beta emitters 90Y and 177Lu, while radiolabeled with
99mTc could be used in diagnostic imaging and have valuable potential as agent for
dual magnetic hyperthermia and radionuclide therapy.
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7 Conclusion and Future Perspectives

Magnetic nanoflowers has gained a great attraction as a heat generator and recent
studies showed that the heating efficiency has been improved a lot. However, it is still
under research and several points, regarding the size and toxicity of nanoflowers, need
to be well understood in in-vivo before its clinical trial on humans. For imaging and
therapies, the optimum particle size is different, hence different magnetic properties.
In addition to the anti-cancer agents, nanoflowers have marvelous potential in phar-
maceuticals industry for protein drug delivery, multidrug delivery, bio-separation,
and detection of toxicity. For synthesis purpose of nanoflowers, several liquid-phase
approaches and biomineralization are used, which are eco-friendly and econom-
ical. To increase the stability and durability of enzymes and proteins, eco-friendly
methods for synthesizing nanoflowers are being developed in recent years; which
can be synthesized without any addition of capping and reducing agents. Via afore-
mentioned chemical routes, nanoflowers can be exploited to scale up production at
a large scale, due to the ease of downstream processing. Owing to the interesting
magnetic properties of nanoflowers, the applications in biomedicine are can be seen
even more than anti-cancer therapeutics heat generators. The granted magnetic prop-
erties shown by nanoflowers has to be transferred to the stage of in-vivo animal
tests to show practically their excellent performance for several bio-application. To
the date, only a few animal studies confirmed the promising heat generation from
nanoflowers in magnetic hyperthermia. Thus, based upon these facts, we proposed
that magnetic nanoflowers could be an advanced material and can be considered in
several biomedical applications.
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Abstract Magnetic resonance imaging (MRI) is the technique for the visualization
of targeted macromolecules or cells in biological system. Nowadays, superpara-
magnetic iron oxide nanoparticles (SPIONs) have been attracted and remarkably
emerging as a negative contrast agent (T 2-weighted) offering sufficient detection
sensitivity as compared to positive contrast agent (T 1-weighted). In the present
chapter, we first introduce the necessary background of superparamagnetic iron
oxide-based nanoparticles and MRI taking into an account to discuss both T 1–T 2-
weighted imaging. The liquid-based synthesis methods of SPIONs and their appli-
cability in MRI have been thoroughly revised. Finally, several nanohybrids such as
magnetic-silica, magneto-luminescent, magneto-plasmonic along with ferrite-based
SPIONs are thoroughly presented in light of MRI application.
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1 Introduction

Magnetic nanoparticles often possess unique magnetic properties due to their finite-
size effect, shapes including core@shell morphology allowing for use in a variety
of novel applications ranging from industrial technology, biomedicine, quantum
computing, etc., [1–4]. In case of biomedicine, themagnetic properties of these parti-
cles provide a great advantage by offering selective binding to functional molecules;
magnetic properties conferred by these nanoparticles to the functional molecules
help in their manipulation and transportation to the target site under a controlled
magnetic field. The biomedical use of the magnetic nanoparticles mostly dependent
on the chemical stability, shape, and size [5–7].

For early diagnosis of cancer, a number of exertionsmade tomodify the sensitivity
and accuracy of the early detection methods so that the efficiency of the treatment
method can be improved. In-vivo imaging techniques viz., computed tomography
(CT), magnetic resonance imaging (MRI), nuclear imaging of positron emission
tomography (PET), single-photon emission computed tomography (SPECT), and
optical (or fluorescence) imaging provide a non-invasive method for the diagnosis
of patients [6, 8, 9]. High spatial resolution (∼100 μm), rapid in-vivo acquisition of
images, absence of exposure to ionizing radiation, and long effective imagingwindow
of MRI technique offers great benefit over other techniques. The most apparent
characteristics of MRI are its excellent intrinsic soft-tissue contrast and radiation
safety as low level of radiation. MRI has promising future for in-vivo tracing of
cells. Albeit, sensitivity of MRI is generally lower as compared to SPECT and bio-
luminescence. Thus, the design of MRI contrast agents with high efficiency and
sensitivity becomes essential tool to allow successful bioimaging at both cellular
and molecular levels.

Use of superparamagnetic iron oxide nanoparticles (SPIONs) in MRI as a contact
agent (CA) has substantial advantage because of its high sensitivity and amenability
to surface modification. In principle, the iron core of SPIONs is useful as dephasing
T 2 contrast agent for MRI. SPIONs are promising as a contrast agent in MRI which
is due to the unique size-dependent magnetic properties, small enough to interact in
the region of interest, e.g., to promote tissular diffusion, potential in cell targeting,
and biocompatible/degradable [7, 10].

The synthesis of SPIONs is a challenging task because the size distribution, crys-
tallinity, stoichiometry, and the surface structure of SPIONs all directly linked with
their magnetic properties. Several methods have been utilized to address these issues
to improve the quality of nanoparticles further.

In this article, we have started by first discussing the theory of SPIONs
viz., finite-size and surface effect, theoretical background of MRI technique.
Later part of the article, we have emphasized on the most significant chemical
routes to synthesize SPIONs and their nanohybrids including magnetite/maghemite,
magnetic@silica/carbon, magnetic@plasmonic, and magnetic@luminescent with
particular attention to their utilization in MRI applications.
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2 Theory of Superparamagnetism: Finite-Size Effect
and Surface Effect

Superparamagnetism (SPM) is a special magnetic phase exist in tiny
ferro/ferrimagnetic nanoparticles around the size of few nanometer to a couple of
a tenth nanometer [11, 12]. Here, the total magnetic moment of the nanoparticles
is composed of all the individual magnetic moments of the atoms that constitute
the nanoparticles and can be considered as one giant magnetic moment. As per
rule, an assembly of non-interacting single-domain (i.e., size above SPM but below
ferromagnetic) isotropic materials exhibits a classical paramagnetic with very larger
(∼103–104 μB) magnetic moment μ per particle, but real particles can be a complex
(not uniform) in magnetic structure/behavior. Generally, albeit, the properties shown
by a single-domain nanoparticles are not considering an isotropic. The morphology
and crystal composition are important physical factor that contributes anisotropi-
cally to their energy profile. In the presence external magnetic field to the SPM state,
magnetic nanoparticles show quick response to change of magnetic field without
remanence (MR) and coercive field (HC). Under the influence of temperature, the
magnetization of sufficiently small nanoparticles can randomly flip its direction with
uniaxial anisotropy. This is due to the fact that below certain critical dimension, the
anisotropy barrier energy (�E) of a magnetic nanoparticle is decreased to the edge
point where this energy can be prevailed by thermal energy kBT (here, kB is the
Boltzmann constant, and T is the absolute temperature) [13]; this phenomenon is
collectively shown in Fig. 1a, b.

The single-domain particle has anisotropy energy and is varies with its volume V.
For the uniaxial anisotropy, the energy barrier Ean proportionally varies to KV; here,
K is anisotropy constant. This anisotropy energy depends on the size and decreases
with decrease in the particle size that leads the anisotropy energy very small, either
comparable or lower, than the thermal energy kBT if the nanoparticle size is lower

Fig. 1 a Schematic picture showing the coercivity (Hc) behavior of magnetic nanoparticles and its
relation with diameter and b energy barrier for magnetization reversal
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than a characteristic value. As a results, the magnetic reversal can be overcome
by this energy reinforcing the thermal fluctuation of total magnetic moment, and
such magnetic moment is plainly rotated but remain magnetically coupled (ferro-
magnetically or antiferromagnetically) within the particle. In such case, if external
magnetic field or temperature changes, it results in the rapid assembly of nanoparti-
cles approaching to thermal equilibrium. At H = 0, the two minima are detached by
an energy barrier of height �E = KV. The system exhibits like a ‘permanent’ ferro-
magnet; ifKV� kBT, then themoment cannot switch spontaneously.However, ifKV
~ kBT or less, then the natural switching of the ‘superspins’ can exist on the time scale
of the experiment, and the nanoparticles are in SPM state. The magnetic properties
of nanoparticles are affected by the measuring time (τm) of the specific experimental
approach with respect to the relaxation time (τ ) that is related with the overcoming of
the energy barriers.Magnetic nanoparticles having uniaxial anisotropy can randomly
overturn their magnetization direction induced by the thermal energy. The average
time required to overturn can be given by the relaxation time [14, 15];

τ = τ0 e
−�E/kBT (1)

where �E = KVsin2θ is the energy barrier, τ 0 ~ 10–9–10–12 s is the length of time
characteristic of thematerial, θ is angle between themagnetization and easy axis, and
T is absolute temperature [16]. When field is applied, then above Eq. (1) becomes,

τ = τ0 e
−�E(H,θ)/kBT (2)

with �E(H, θ ) is the field-dependent energy barrier, which can be derived as

�E(H, θ) = �E0 ·
(
1 − H

H 0
SW

)
(3)

where κ = 0.86 + 1.14 H 0
SW

H , H 0
SW = Ha

(sin2/3 + cos2/3)3/2
and Ha = 2K

MS
.

The magnetization, in superparamagnetic phase, is zero in the absence of external
magnetic field which is linearly varied with the application of field. Every experi-
mental technique has its ownmeasurement time scale τm, which can vary from 10–8 s
to 100 s. There are two conditional state that may explain with relating τm and τ , i.e.,
superparamagnetic and blocking state. The first is when τm � τ; if the average time
between the spin overturns (flips) smaller than the measurement time, the magne-
tization appears to fluctuate unless the external field applied. The magnetization
appears to be zero, and this magnetic arrangement is known as a superparamagnetic
state, whereas τm � τ when the average time between flips is much larger than the
measurement time, the system appears to be stuck, and given magnetic field has a
fixed magnetization in the field direction. The nanoparticles in this situation are in
defined state, known as a blocking state due to the blockage of magnetization in
one direction and stop flipping. Simply, the blocking temperature is the transition
temperature between blocking state and superparamagnetic state. If T > TB, then
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nanoparticle is in superparamagnetic state, and if T < TB, then is in blocking state
[17].

The energy required to form the domain walls is an important factor that deter-
mines the favorable state; if the energy required in the formation of the domain walls
is less than the difference between the magnetostatic energies of the single-domain
and multi-domain states, then the multi-domain state is energetically most favor-
able. When the dimensions of the particles are shrink, the resultant energy of the
ferromagnetic particles is changed due to the parallel contributions of the several
energies that account the surface energy of domain walls which is more important
as compared to the magnetostatic volume energy. As already mentioned above that
the particle size in between superparamagnetic and ferromagnetic is single-domain
particles. The magnetic behavior of a single-domain particle strongly depends on the
particle’s shape and magnetic anisotropy; for instance, the total magnetic moment of
the spherical particle is zero due to negligible anisotropic properties. It is expected
that magnetic moment aligns toward the easy direction if the magnetocrystalline
anisotropy is relatively high. The combined contribution from the energy parame-
ters; exchange stiffness constant ‘A,’ anisotropy constant ‘K,’ and particle volume
energy; introduces characteristic length scales, for example, the exchange length
lex = (A/MS)1/2, the Bloch wall thickness lw = (A/|K1|)1/2. The relative ordering of
the quantities lex, lw and the particle size ‘l’ is of great importance for the critical
properties (i.e., exchange coupling/interaction and magnetic properties, etc.) of the
nanoparticle. For l � lw < lex, the particle is dominated by the exchange interaction.
Finite-size effect arises from the geometric restriction of the particle volume origi-
nating due to cutoff of the characteristic length, i.e., exchange length, domain size,
etc. As the specimen characteristic dimension l approach to nanosized value and
the magnetic correlation length deviates at the critical temperature (TC), the corre-
lated fluctuating magnetic moments are controlled by the finite size of the specimen
[18–20]. With the decrease in the particle size, the Curie temperature also decreases.
However, the changes in the crystallography could mask and even inverse this effect
[21, 22].

Surface effects have a sort of finite-size effects since the surface influence is
highly significant in small nanoparticles. Because of the small size of nanoparticles,
a large fraction of all the atoms in a nanoparticle are surface atom, which prompt
surface effect. The surface contribution to the magnetization becomes significant
when there is an increase in the ratio of surface atom to the bulk atom. The surface
atoms have different environment than core because these have been affected by
the existence of different types of defect, for instance, changes in the atomic coor-
dination, dangling bonds, atomic vacancies, and lattice disorder. In particular, the
reduced atomic coordination at the surface leads to a reduction in the Curie temper-
ature ‘TC’ and significant deviation of the temperature dependence of the magneti-
zation in the thermodynamic limit [23]. The surface anisotropy that helps to enhance
the magnetic anisotropy which results on cluster demonstrating a significant change
in physical/magnetic properties for surface atoms [24, 25]. For example, thermal
measurements revealed that the strength of their surface anisotropy and the struc-
ture of nanoparticles control their magnetic properties [26]. The magnetization of
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oxide nanoparticles decreases for some oxide nanoparticles due to the existence of a
magnetically dead layer, canted spins, or the existence of a spin glass-like behavior of
the surface spins on the particle’s surface [21]. On the other hand, the magnetization
of some metallic nanoparticles (cobalt) was reported to increase [27]. A number of
experimental studies reported an increase in the effective magnetic anisotropy due
to surface effects [24, 27–29].

3 Synthesis of Superparamagnetic Iron Oxide (SPIONs)

Several chemical routes to synthesize SPIONs with various degrees of control over
the properties of the final product have been reported. In the past decade, bottom-
up chemical synthesis of magnetic nanoparticles has been actively used to design
new materials for biomedical applications [6, 30–34]. High-quality iron oxide-
based nanoparticles are synthesized by chemical methods viz., coprecipitation [4,
35, 36], thermal decomposition [37–42], sol–gel [43–47], microwave irradiation,
and hydrothermal reaction [48–55]. The most commonly used chemical routes are
highlighted here.

3.1 Coprecipitation

Coprecipitation is themostwidely used; owing to its protocols simplicity, speed,mild
operating conditions, the yield of nanoparticles is high, easy to scale up, and relatively
low-cost experiment. The only drawback associatedwith coprecipitation is the lack of
control over the uniformity of the nanoparticles [56]. In bioimaging, coprecipitation
is usually popular to produce very small nanoparticles, called ultrasmall iron oxide
nanoparticles (D < 5.0 nm) which show potential in positive MRI imaging [57–59].

Li et al. [60] have prepared a monodispersed water-soluble and biocompat-
ible UIONs through coprecipitation method and used thiol functionalized poly
(methacrylic acid), in-situ, as a stabilizers which showed a better control of particle
size and their distribution.Later, thesemagnetic nanoparticles havebeen tested as effi-
cient T 1—and T 2—contrast agents, by in-vitro and in-vivo experiments comparing
with clinically usedGd-DTPAagents. The in-vitro results show that their longitudinal
(r1) and transversal (r2) relaxivities are 8.3 m M−1 s–1 and 35.1 m M−1 s–1, respec-
tively, which larger than those of Gd-DTPA agent. The in-vivo results demonstrated
the better performance inT 1—andT 2—weightedMR imaging thanGd-DTPA. Thus,
synthesis of UIONs functionalized with poly (methacrylic acid) has a great potential
of UMIONs in dual contrast agents of MRI, especially as an alternative to Gd-based
T 1-contrast agents with known clinical risks. Tao and co-worker [61] have used three
macromolecule ligands that possessed negative, positive, and neutral charges with
carboxylic acid, i.e., poly (acrylic acid) (PAA), amino poly (allylamine hydrochlo-
ride), (PAH) and hydroxyl groups, i.e., polyvinyl alcohol (PVA), respectively, as a
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stabilizer for the coprecipitation synthesis of small magnetic Fe3O4 nanoparticles,
where the pH of PAA, PAH, andPVA in aqueous solutionwas 2.9, 5.8, and 3.8, respec-
tively. The obtained nanoparticles showed differences in size, water-dispersibilty,
cytotoxicity, and T 1-weight contrast performance. The MRI properties of Fe3O4-
PAA, Fe3O4-PAH, and Fe3O4-PVA, the T 1-weighted image and longitudinal and
transverse relaxation time (T 1 and T 2, respectively) with different concentrations
of materials in aqueous solution at 25 °C, have been studied. With the increasing
concentration of nanoparticles, all the T 1-weighted images of Fe3O4-PAA, Fe3O4-
PAH, and Fe3O4-PVA gradually brightened, indicating that they were able to exhibit
T 1-weighted contrast. According to the slope of the relaxometric curves, the longi-
tudinal molar relaxivities (r1) for Fe3O4-PAA, Fe3O4-PAH, and Fe3O4-PVA were
calculated to be 23.6, 60.8, and 30.9 mM−1 s−1, respectively. The high r1 relax-
ivity of these nanoparticles should be attributed to their small size and high surface
decorated with hydrophilic macromolecules, which can facilitate the water exchange
rate between the surrounding bulk water molecules and which coordinated with the
Fe ions. The transverse molar relaxivities (r2) for Fe3O4-PAA, Fe3O4-PAH, and
Fe3O4-PVA were determined to be 62.3, 232.3, and 224.5 mM−1 s−1, respectively.
Generally, the r2/r1 ratio is a crucial parameter for assessing the T 1 performance of
contrast agents. The r2/r1 ratio for Fe3O4-PAA, Fe3O4-PAH, and Fe3O4-PVA was
calculated to be 2.64, 3.82, and 7.27, respectively. For Fe3O4-PAA, the low r2 and
r2/r1 ratio indicated that it is adequate as a T 1-weighted contrast agent.

3.2 Thermal Decomposition

The thermal decomposition is greatly preferred to synthesize nanoparticles for MRI
application, as thismethod provides highly uniform, crystallinity, and control over the
size of the nanoparticles. Thekeypoints to control themagnetic properties,morpholo-
gies, size distributions, and particle size are amounts of precursors, solvents, and
surfactants. Generally, the reaction is performed in organic solvents (e.g., fatty acids,
oleic acid, and hexadecylamine, etc.) and not in aqueous phasewhich avoids the reac-
tivity of Fe3+ and/or Fe2+. Owing to the organic solvents and surfactants remains in
the final products which might be crucial for toxicity [31, 33, 62–64]. Therefore, the
purification process is required to remove the organic solvents and surfactants from
surface of nanoparticles and is a challenging task. Despite this inconvenience, the
control over the hydrodynamic size allows the attention of USPIO with potential in
positive contrast [65–68]. Wei et al. [69] synthesized the SPIONs from 2.5 to 7.0 nm
of a maghemite (γ -Fe2O3) core oxidized with trimethylamineN-oxide using thermal
decomposition of Fe(oleate)3 in the presence of 1-tetradecene, 1-hexadecene, and 1-
octadecene. After synthesizing the above inorganic core SPIONs, for the stabilization
of nanoparticles in water, the native hydrophobic oleic acid coating was exchanged
with a zwitter-ionic dopamine sulfonate (ZDS). The nanoparticles showed a modest
relaxivities, i.e., r1 = 5.2mM−1 s−1 at 1.5 T and 1.5mM−1 s−1 at 7 T. After analyzing
the r2/r1, it was observed that the positive contrast of this SPIONs is more preferable
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than that of other SPION-based MRI contrast agents including Feraheme, Resovist,
Feridex, Combidex, Supravist, Clariscan, and others [70–74]. The in-vivo results
demonstrated that small SPIONs show kidney clearance, and T 1 contrast power is
high enough that these particles can be used for magnetic resonance angiography
(MRA) and conventional positive MRI contrast agent. Interestingly, such Gd-free
MRI contrast agents that could be used for MRA in a way that is similar to the
Gd-based contrast agents (GBCAs). Thus, this nanosystem can be the basis for
developing positive Gd-free MRI contrast agents as alternatives to GBCAs in the
clinic.

The main drawback of thermal decomposition method is requirement of the
surface modification for the transfer of particles into aqueous media [5, 75]. In fact,
the thermal decomposition proceeds in the presence of long-chain surfactants which
lead to the formation of hydrophobic systems [76, 77]. However, such modification
can induce the formation of agglomerates, engendering inevitably a significant rise
of the transverse relaxivity alongside a slight decrease of the longitudinal relaxivity,
thus limiting their T 1 effect [3, 78]. In order to solve this issue, polyol methods have
been developed to synthesize water-soluble iron oxide nanoparticles. The polyol
methods are essentially thermal decomposition of organometallic compounds (i.e.,
precursors) in polyol solvents, which could also be the surfactants and/or reducing
agents [39, 79, 80]. Nevertheless, it remains a significant challenge to remove the
organic solvents and surfactants. Similar to the thermal decomposition, scale-up is
not easy as the removal of the organic solvents and surfactants is non-trivial.

3.3 Microwave-Assisted Hydrothermal

Microwave (MW)-assisted hydrothermal route yields the highly homoge-
neous/uniform particles in a very short span of time and facilitates for the outcome
of best functioning materials mitigating the possible toxic materials. It is diffi-
cult to preserve monodispersity of magnetic nanoparticles and hence would spurn
the goals of the synthesizing materials; indeed, the route of targeting application
depends on every step and the physical parameter involved during the synthesis.
The citrate-functionalized iron oxide nanoparticles (C-ESION) were synthesized
by MW synthesis route [81]. Later, Pellico et al. [82] reproduced extremely small
citrate-functionalized iron oxide nanoparticles (C-ESION), i.e., maghemite, through
MW synthesis at reaction temperature 60–140 °C for the investigation of MRI T 1—
weighted contrast properties. With the increase in reaction temperature, the size of
nanoparticles increases and thus larger at 140 °C, denoted as C-ESION140. The core
size of nanoparticles prepared below 120 °C reaction temperature was very small,
however, better magnetization, and a thick organic layer formulate them an ideal
candidate for T 1 contrast imaging. The relaxometric properties have been altered
by tuning the functionalize composition and thickness while keeping same crys-
tallography, magnetic behavior, and core size; yielding for T 1 high-resolution MR
imaging. In addition to the T 1 agents, synthesized at 140 °C gives larger crystalline
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nanoparticles with a thick-coated layer. CESION140 is tiny nanoparticles that apt the
motional regime for T 2 relaxation rates of superparamagnetic nanoparticles. These
C-ESION140 maghemite has a great possibility to utilize in standard T 2 contrast by
modifying the surface, which enables the full range of dual MRI applications. The
surface coating chemistry is crucial factor for the relaxometric properties of these
tiny nanoparticles that can be manipulate to engender nanoparticles with radically
different contrast natures. Further, the core doping of iron oxide nanoparticles carried
out by a microwave-driven protocol, which resulted in the production of extremely
small (~2.5 nm) 68Ga core-doped iron oxide nanoparticles. Themethodwas focused
to design nanoparticles for the new generation of hybrid systems, which could use
in nanotracer with improved stability, radiolabeling yield, and in-vivo performance
in dual PET/MRI [83]. Bhavesh et al. [84] synthesized fluorescein isothiocyanate
carboxymethyl (FITC-CM) dextran (4 KDa) functionalized iron oxide nanoparti-
cles (fdIONP) via microwave irradiation to produce extremely small nanoparticles
to explore the positive contrast agent. The main advantage of these small nanopar-
ticles is longer circulating times in blood. Here, dextran was used to functionalize
the surface composition owing to its biocompatibility, easily degradation in in-vivo,
hydrophilicity, and the stealth from the immune system when it considered under
circulation. The observed relaxivity values of fdIONP for r1 and r2 were 5.97 mM−1

s−1 and a 27.95 mM−1 s−1, respectively, at 1.5 T and 37 °C giving r2/r1 ratio of 4.7.
The high r1 value of fdIONP was due to the small size of the magnetic core which
leaves a number of Fe3+ cations (each with 5-unpaired electrons) on the surface
of the nanoparticles. These as-synthesized nanoparticles can be used for in-vitro
cell imaging, fluorescence imaging, and in-vivo imaging for magnetic resonance
angiography (MRA) due to exhibited fluorescent signal along with T 1 contrast.

Hu et al. [85] synthesized spherical shaped 12–20 nm crystalline iron oxide
nanoparticles through a MW-assisted method. The mixture of iron chloride salts
(FeCl2 and FeCl3) and sodium hydroxide was irradiated in an MW autoclave reactor
adjusting a constant pressure. Bano et al. [86] demonstrated a MW-assisted green
synthesis route to prepare superparamagnetic nanoparticles using fruit peel where
FeCl3 combined with different fruit peel: lemon pomegranate, apple, and orange.
The size of the obtained nanoparticles after functionalization ranged between 17 and
25nmwith almost sphericalmorphology.The reported nanoparticleswere colloidally
stabile and water dispersible having a large r2 value of 225 mM−1 s−1. These NPs
showed hemocompatible at concentrations as high as 400 μg/mL. Their utilization
in photodynamic therapy was assessed in HeLa cells which showed survival of 23%.
Further, Williams et al. [87] discussed the synthesis of multifunctional materials
comprising several factor such as magnetic cores, a polyelectrolyte stabilizer, and
an organic dye for imaging applications. For this, first FeCl3 and FeCl2 were mixed
in deoxygenated water. Subsequently, the mixture of rhodamine B polyelectrolyte
stabilizer (either poly (sodium 4-styrenesulfonate) (PSSS) or sodium polyphosphate
(SPP)) was dissolved in the solution and heated to 80 °C. After all, an ammonia
solution was added into the solution and stirred for 20 min and finally transferred
to the MW reactor to be heated at 150 °C for 20 min. The dynamic light scattering
(DLS) measurements of obtained materials reveal the hydrodynamic mean size of
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~100 nm. The zeta potential in the range of −40 mV in those materials clearly indi-
cates the excellent water stability until the last six months. The obtained relaxivities
ratio (r2/r1) of 8.18 for Fe3O4-PSSS and 6.21 for Fe3O4-SSP established them as
potential candidates for T 2 contrast agents.

4 Magnetic Resonance Imaging: Theoretical Background

MRI is a non-invasive imaging technique used to study the structure and function
of tissues in biomedical research and able to obtain highly contrasted images by
applying external magnetic fields in the whole body. The term non-invasive relies
on the water content to differentiate between diseased tissues from healthy ones. In
principle, MRI works depending upon the alignment and interactional behavior of
the protons that allow for the tissue imaging with an amplified resolution in both,
i.e., space and time in the presence magnetic field. The strong magnetic field (e.g.,
MRI scanner) allows to polarize the spins of hydrogen nuclei from a chaotic state to
ordered state in the direction of the magnetic field. The induced magnetic properties
under a perpendicular radio frequency (RF) pulse interact with the receiver coil in
which the spin polarization can be observed. The net magnetization will back to its
equilibrium position when RF pulse is removed. The time required for the magnetic
moments to reach at the equilibrium state, termed as a relaxation time, and is tissue-
dependent. In this process, two magnetization processes; the longitudinal and the
transverse magnetization have been accounted, which generate magnetic resonance
images. The exponential recovery of the longitudinal magnetization corresponds to
the T 1 relaxation, and it appears bright in T 1-weighted MR images, whereas on the
other hand, the exponential decay of the transversal magnetization corresponds to
the T 2 relaxation and appears dark in T 2-weighted MR images.

The relaxivities (r1 and r2) determine the efficiency of the contrast agents that
can be calculated as,

Ri = 1

Ti,0
+ riC (4)

where i = 1 or 2; Ri is the observed relaxation rate (s−1); Ti,0 is the relaxation time
before adding contrast agents (s); ri is the relaxivity coefficient (mM−1s1); and C
(mM) is the concentration of contrast agents. The r1 = 1/T 1 and r2 = 1/T 2 are contrast
agents determined by the slope of a plot (1/T 1 and 1/T 2) versus the concentration.

The distinct number of water protons in various organs is the foremost source of
contrast in magnetic resonance images that result in T 1 and/or T 2 relaxation times.
After intravenous, the iron oxide nanoparticles can reduce theT 1 and/orT 2 relaxation
times of water protons inside several organs, leading to contrast in the MR images
[48, 88–90]. The superparamagnetic nanoparticles assembled in the tissue offer the
MRcontrast enhancement by reducingT 2 relaxation time of its nearbywater protons.
The superparamagnetic iron oxide nanoparticles (SPIONs) in tissue are subjected to
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applied magnetic field; the align magnetic moments generate the heterogeneous field
gradients which allow the diffusion of water protons. Themain source of the efficient
spin dephasing, and to reduce the signal intensity, is the dipolar coupling between
the magnetic moments of water protons and the administered nanoparticles.

4.1 T1-Weighted Imaging

Magnetic spins turn-back to the thermal equilibrium (Boltzmann distribution) condi-
tion prior to a disturbance once the spin system is placed in a uniform magnetic field
during relaxation and spin–lattice relaxation (T 1 relaxation) resulted by exchanging
energy with the thermal reservoir (i.e., lattice) (Fig. 2). In this process, T 1 relax-
ation reestablishes the state of spin polarization that can be characterized by a net
magnetization (M0). Such net magnetization, obviously, depends on the applica-
tion of magnetic field (B0), nuclear spin intensity (I), gyromagnetic ratio (γ ), and
inversely proportional to the temperature. For a spin half (I = 1/2) system, T 1 relax-
ation reduces the energy of the system because of the quantum transition from high

Fig. 2 Overview of MRI principle using IONPs. a Alignment of spins in the application magnetic
field and precession under Larmor frequency ω0. b Spin relaxation mechanisms of T1 and T2
after applying RF pulse. c Hypothetical graphs of longitudinal and transverse relaxation with time.
(Reprinted with permission from Ref. [101]. Copyright © 2017, Springer Nature)
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energy level to the lower one; the energy difference is given by the fundamental
equation

E = hωo

2
= hγ Bo

2
;ωo = γBo (5)

where ωo is Larmor frequency, and h is Planck’s constant. Further, in T 1 relax-
ation, the phenomenological equation that shows the evolution of longitudinal
magnetization MZ from the initial MZ (0) is given by first-order equation,

dMz

dt
= −M0 − Mz

T 1
(6)

Which gives following solution,

Mz(t) = Mz(0) exp
− t

T 1 +M0

(
1 − exp− t

T 1

)
(7)

The protons relaxation times are in the range 0.1–10 s for liquids at room tempera-
tures [91–93]. The off-resonance technique and inversion recovery with on-resonant
water suppression are the general techniques that provide the effective T 1 contrast
images [1, 94]. The off-resonance technique employs the spectrally selective RF
pulses to excite and refocus the off-resonance water nearby SPIONs, whereas inver-
sion recovery with on-resonant water uppression applies the inversion of magne-
tization in conjunction with a spectrally selective on-resonant saturation prepulse
inducing the signal from off-resonant protons in close proximity to SPIONs.

The T 1 contrast effect can be altered by the interaction between the protons and
nearby paramagnetic ions; the gadolinium (Gd) is a widely used positive contrast
agents [95, 96]. Gadolinium (Gd3+) having seven unpaired electrons provides the
intense contrast effect. The Gd3+ ions, for example, Gd-chelates Gd diethylenetri-
aminepentaacetic acid (Gd-DTPA) and tetraazacyclododecanetetraacetic acid (Gd-
DOTA), are highly enticed for T 1 contrast agent [97]. All Gd-based contrast agents
used in the clinics nowadays are T 1 contrast agents [96]. Nevertheless, Gd3+ can be
separated from the complexes and induce severe side effects, such as Gd deposition
in the human brain [98] and nephrogenic system fibrosis (NSF) [99, 100].

Iron oxide nanoparticles can also be suggested as an alternative of T 1 contrast
agents instead of paramagnetic ones because of their high biocompatibility and
degradability in the body [7, 102, 103]. Albeit, various factors that are needed to
be controlled to consider iron oxide nanoparticles as T 1 contrast agent, for instance,
the size, surface state, and phase composition. It is well known that the dimen-
sion/magnitude of particles can greatly affect the magnetic behavior; for instance,
the magnetic spins of the on surface can be disordered due to the spin-canting effect
from where T 1 contrast effect comes from [104, 105]. Thus, the T 1 contrast can be
amplified by controlling the dimension/size of nanoparticles. Several investigations
have shown that iron oxide nanoparticles with size less than 10 nm (also called ultra-
superparamagnetic iron oxide, i.e., USPIOs) are considered as T 1 contrast agent.
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Recently, the MR relaxivities of nanoparticles ranging from 3 to 8 nm are studied
to investigate how the core size affects the relaxivity [9, 106]. These studies have
concluded that r2 values are strongly affected (very low) due to the size reduction
of the nanoparticles which is proportional to the magnetic moment. Consequently,
it is clear that low value of r2 gives a low r2/r1 ratio which is necessary factor
for T 1 contrast agent. It is worth to mention that the particles size less than 3 nm
which consists of the large surface-to-volume ratio significantly affects the quality
of T 1 contrast. Iron oxide nanoparticles with size ~2 nm show almost a paramag-
netic behavior due to their canted spins and have been reported as T 1 contrast agents
[107]. The high r1 relaxivity of 4.78 mM−1 s−1 and low r2/r1 ratio of 3.67 suggest
them as effective positive contrast agents. Further, the oxidation state (surface state
or surface composition) of paramagnetic metal ions on the surface is a key factor in
T 1 contrast. For example, Kucheryavy et al. [108] have reported the r1 relaxivities
of Fe3O4 and γ -Fe2O3 nanoparticles where both of them have similar r1 values. It
is believed that enhanced contrast effect of γ -Fe2O3 may be attributed to the higher
number of unpaired electrons of Fe3+ (5 electrons) than that of Fe2+ (4 electrons)
although the saturation magnetization of γ -Fe2O3 is ca. 20% smaller than that of
Fe3O4 of a similar size. In addition to these factors, authors have suggested that the
surface coating of material and their thickness also key factors in the T 1 contrast
effect.

4.2 T2- Weighted Imaging

Spin–spin relaxation (T 2) is the time constant of the exponential decay of transverse
magnetization (Mxy) after an RF pulse. This is associated to the time precessing’s
magneticmoments of protons to become randomly aligned in the xy-plane after anRF
pulsewhich provides a netmagneticmoment of zero in that plane. After RF pulse, the
spins start to interact with their neighbors by exchanging energy in non-dissipative
manner without net transfer to the lattice. The coherence established by the RF pulse
starts reducing, and the spins develop the phase difference between them in the xy-
plane. The dephasing process caused by a combination of local inhomogeneities in
the magnetic field owing to magnetic interactions of neighboring molecules and by
macroscopic effects related to subtle variations in the external magnetic field. T 2-
weighted images are acquired by the elimination the dephasing effects caused by
extrinsic magnetic field in homogeneities and thus account for the molecular inter-
actions alone. The enhanced longitudinal magnetization is related with the reduced
transverse component, therefore, T 2 ≤ T 1. The T 2 values for tiny molecules and
large water pools are in the range 10 ms–10 s and can be much shorter for solids.
The phenomenological description for the transverse relaxation can be given by a
first-order equation (in the rotating frame)

dMxy

dt
= −Mxy

T 2
(8)
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Which gives following solution,

Mxy(t) = Mxy(0) exp
− t

T2 (9)

This solution applies for weak and non-interacting spins. For the protons decaying
in biological environments and molecules of several dimensions/sizes, the decay is
non-exponential that can be described by a two exponentialmodel reflecting compart-
ments and exchange processes; for example, the decay in ice is well described by a
Gaussian rather than exponential process [91–93].

The particle size, composition, and crystallinity are three key factors which affect
the r2 relaxivity of SPIONs [109]. The size of SPIONs for effectiveT 2 contrast agents
is above 10 nm. It is established that the magnetization is highly influenced by the
particle size/dimensions; larger SPIONs generally have higher magnetization and
contribute to the higher T 2 relaxivity. However, superparamagnetic size has certain
limit in magnetic iron oxide [110]. Based on several theoretical evidences on how
the relaxivity affected by the particle, there are three separate regimes of r2 with
the increase particles size: (a) motional average regime (MAR), (b) static dephasing
regime (SDR), and (c) echo limiting regime (ELR) [111–114]. This is a region where
value of r2 relaxivity increases continuously with increase in size of nanoparticles
below SPM limit. Themagnetic fields are averaged by a rapid diffusion of the protons
in MAR due to the quick diffusion of water between particles. The size effect on a
T 2 contrast effect in MAR is envisioned with water-soluble superparamagnetic iron
oxide nanoparticles (WSIONs); the magnetization is increased with increase in size
of the particles and attributed to the higher r2 relaxivity [115].

The size regime, where the r2 relaxivity of the particles is constant even with
the increase in size within the certain limit and maximum r2 seems to be a plateau,
is called the SDR [111–114]. In principle, magnetic nanoparticles belong in the
SDR are usually ferrimagnetic. On the other hand, when nanoparticles are too large
(larger than SDR regime), the spin gets dephased rapidly that fewer spins can be
refocused by the echo sequence, leading to decrease in the r2 with increase in the
size. This regime is called the ELR in which r2 depends on the echo time [114].
However, the large nanoparticles in ELR can be used in the gradient echo MR
imaging, which is sensitive to the magnetic susceptibility [116]. The aggregation of
such nanoparticles is main issue to use in biomedical application due to the remanent
magnetization/dipole interaction. Nevertheless, these iron oxide nanoparticles can be
utilized to track the bio-distribution of labeled cells along with MRI because the cell
size is much larger than the aggregates of nanoparticles [117]. To obtain a better
stabilization and well dispersion, surface modification/encapsulation is necessary.
Recently, water dispersible ferrimagnetic iron oxide nanocubes were synthesized by
the encapsulation with an edge length of 22 nm within PEG phospholipids [118]

To prepare SPIONs with enhancing r2 relaxivity, the control aggregation method
has been reported which maintain the superparamagnetism. However, the SDR of
iron oxide nanoparticle clusters is ~100 nm which makes controlled aggregation of
nanoparticles difficult to achievemaximum r2 relaxivity [119, 120]. The controllable
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aggregation of nanoparticles into clusters produces the magnetic relaxation switch
effect [11, 121–123]. Although clustering of nanoparticles enhances the r2 relaxivity,
their relaxivities are usually lower than the theoretical estimation because of the
individual size of the nanoparticles and the fraction of the magnetic nanoparticles in
the cluster [119, 120]. Moreover, the crystallinity and the phase composition even in
the clusters are important for the relaxivity performance of nanoparticles.

The distribution of Fe2+ and Fe3+ ion in A- and B-site of iron oxide significantly
affects the magnetic properties. The magnetic spins of the ions in the octahedral
sites (B-site) are ferromagnetically coupled to each other and antiferromagnetically
coupled with tetrahedral sites (A-site). The magnetic spins of Fe2+ ions in the octahe-
dral sites contribute to the netmagneticmoment. It iswell known that the netmagnetic
moments are proportional to the magnetic spins of divalent ions except for Zn2+.
This implies that the magnetic properties of iron oxide nanoparticles can be control
replacing Fe2+ ions by other divalent transition metal ions, such as Mn2+, Co2+, Ni2+,
and Zn2+ ions [124–126]. Among the divalent ions, Mn2+ ions exhibit the strongest
magnetic moment due to five unpaired d-orbital electrons [126]. The relaxivity r2
value of Fe3O4 is 218mM−1 s−1, whereas the r2 relaxivity ofMnFe2O4 nanoparticles
is 358 mM−1 s−1 because the higher saturation magnetization (magnetic moment)
contributed by Mn2+. Lee et al. [126] reported that MnFe2O4 nanoparticles exhib-
ited the largest magnetic susceptibility and obviously the strongest T 2 shortening
effect among the series of metal-doped iron oxide MFe2O4 (M = Mn, Fe, Co, or Ni)
within the similar size distribution. In contrast to the inverse spinel structures (e.g.,
Fe3O4), ZnFe2O4 has a normal spinel structure. Owing to the non-magnetic property
of Zn2+ cations and antiferromagnetic coupling between Fe3+ cations, ZnFe2O4 is
unsuitable to be used as an MRI contrast agent. However, partial substitution of Fe2+

cations with Zn2+ increases the net magnetization [125, 127]. The magnetization of
ZnxFe1−xFe2O4 is at maximum when x is approximately 0.4 [127]. The r2 relaxivity
of the Zn0.4Fe2.6O4 nanoparticles is 860 mM−1 s−1 (Fig. 3).

Fig. 3 a Schematic and TEM image of the core–shell type dual-mode contrast agents and b repre-
sentation of the r2 and r2* varying with size of the nanoparticles in different regimes. (Reprinted
with permission from Ref. [88]. Copyright © 2015 American Chemical Society)
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4.3 Dual-Modal (T1- and T2-) Weighted Imaging

Anumber of researchers explained theoretical concept of SPIONs T 1 and T 2 contrast
effect with some examples. Although the MRI is not a new in biomedical, the clear
discussion on several factor that affects the signals inMRI is still lacking; the endoge-
nous artifacts viz., fat, hemorrhage, blood clot, and air could mislead theMRI signals
originated from the contrast agents [128, 129]. To overcome these issues and to obtain
simultaneously high sensitivity and biocompatibility, a complementary T 1–T 2 dual-
modal CA that provides T 1 and T 2 signal and MR images is highly desirable for
the diagnosis. Therefore, simultaneous acquisitions of T 1 and T 2 contrasts have
been extensively studied to investigate the harmonious information on T 1-weighted
and T 2-weighted MRI [130, 131]. However, both T 1 and T 2 contrast agents (CAs)
are suffered from their own limitations; thus, finding a new type of CAs is essen-
tial. Dual contrast agents (T 1–T 2—weighted) are advantageous that report the more
comprehensive information for the diagnosis [132]. Such combined CAs can be
achievable; however, it is challenging, by controlling the size and functionalization
factors [133, 134].

The T 1–T 2 dual-modal MRI agents can be prepared by direct conjuga-
tion/absorption of T 1 chelating agent on the surface of iron oxide nanoparticles.
While synthesizing those system, the magnetic nanoparticles and paramagnetic ions
should not be in closed contact to avoid the possible signal attenuation due to the
presence disturbance in T 1 relaxation by the resultant effect of T 2 contrast magnetic
materials. To circumvent such contact between magnetic and paramagnetic ions,
the surface modification to separate the layers is necessary which can be done by
using polymers/organic/inorganic materials, for instance, polyethylene glycol (PEG)
chain, citric acid, and silica shells, etc. [63, 131, 135]. It is worth to mention that
the dependency of r1 and r2 relaxivities on the thickness of separating layer [130].
Considering this approach, the SPIONs were prepared and coated by a polymer in
which later the gadolinium ions were added that provides the combined T 1–T 2 dual
mode for imaging [136]. The dual T 1–T 2 contrast agent efficiently lowers the T 1

and T 2 relaxation times and attains effective contrast in animals (mice) for both
T 1- and T 2-weighted images. The proper combination of chelating agents, coating
polymer, and SPIONs authorizes the acquisition of both highly detailed T 1-weighted
anatomical images and pathologically relevantT 2-weighted images in single imaging
probes. In addition, such a contrast probe allows enhanced T 1-weighted imaging of
brain tumors. However, frequently used gadolinium chelates such as gadolinium
diethylenetriamine penta-acetic acid (Gd-DTPA) cannot traverse the blood–brain
barrier (BBB) by the use of non-invasive techniques [137, 138], which restricts their
application in brain tumor imaging. The large surface area for the efficient addition
of biologically active moieties such as BBB-penetrating peptides for a non-invasive
brain tumor imaging is beneficial. For instance, the SPIONs labeled with chlorotoxin
(CTX) peptide can easily pass the BBB and successfully target the brain tumors in a
transgenicmousemodel [139–141].Xiao et al. [142] synthesized PEG functionalized
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superparamagnetic iron oxide nanoparticles in the addition of gadolinium as a poten-
tial dual-modal CAs for the brain glioma imaging. It was observed that the nanoparti-
cles exhibited a high r1 value and low r2/r1 ratio that supports remark its possibility as
a T 1–T 2 dual-modalMRI contrast agent. The in-vivoMRI demonstrated the simulta-
neous contrast enhancements in T 1- and T 2-weighted MR images toward the glioma
bearing mice. In addition, the in-vitro cytotoxicity assays and in-vivo and histolog-
ical analyses confirmed the biocompatibility of PEG-GdIO nanoparticles. The study
encouraged the potentiality of PEG-GdIO NPs in T 1–T 2 dual-modal imaging for
brain glioma diagnosis.

Cellulose nanocrystals (CNC) are a type of nanomaterials having a number
of appreciable properties such as low cost, biocompatibility, sustainability, high
mechanical strength, non-toxicity, hydrophilicity, large surface area, biodegrad-
ability, and high stiffness [143]. Torkashvand et al. [144] synthesized a T 1–T 2

dual contrast agent consisting of ultrasmall Fe3O4 nanoparticles and cellulose
nanocrystals-poly citric acid (CNC-PCA) nanoplatform. The CNC was synthesized
through acid-hydrolysis routes incorporating with PCA to obtained dispersible,
stable, biocompatible, and hydrophilic substrate. The nanocomposite could be
obtained by loading of ultrasmall Fe3O4 nanoparticles on CNCPCA nanoplatform.
The simultaneous use of ultrasmall iron oxide nanoparticles and cellulose nanocrys-
tals causes to many noteworthy properties for CNC-PCA/ Fe3O4 nanocomposites as
compared to other iron oxide-based system, for example, high zeta potential, ultra-
small hydrodynamic size, high saturation magnetization (~52.2 emu g−1), colloidal
stability, water dispersibility, and hydrophilicity as expected (Fig. 4).

The obtained nanocomposite non-toxic in in-vitro and considerable cellular
uptake toward the HeLa cell lines. The CNC-PCA/Fe3O4 nanoparticles exhibited
an outstanding contrast effect on both T 1- and T 2-weighted MR images providing a
high value of r1 (13.8 mM−1 s−1) and r2 (96.2 mM−1 s−1) relaxivity as compared
to commercial and clinical agents. Therefore, such biocompatible CNC-PCA/Fe3O4

nanocomposites could act as a potential dual contrast agent for MRI and further
biomedical applications.

5 Superparamagnetic Nanomaterials for Magnetic
Resonance Imaging Applications

5.1 Ferrite-Based SPIONs

The SPIONs are considered as an effective probe for the negative contrast (T 2-
contrast agents) because of their magnetic behavior along with size advantages.
Albeit, the dark signal detected in the T 2-image may be quite complicated to identify
the region of interest, for instance, glioma imaging, calcium deposits, and bleeding.
Pellico et al. [82] have developed citrate-coated IO nanoparticles (C-ESION), i.e.,
maghemite that demonstrated an outstanding positive (T 1 imaging) and negative
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Fig. 4 a T1- and T2-weighted MRI images of CNC-PCA/Fe3O4 at different Fe concentrations
(mM) at 3.0 T, and b, c T1 and T2 relaxation rates (1/T1 and 1/T2 s−1) as a function of the Fe
concentration (mM) for CNC-PCA/Fe3O4 nanocomposite at 3.0 T. (Reprintedwith permission from
Ref. [144]. Copyright © 2019 Elsevier Ltd. All rights reserved.)

contrast through modulating the physiochemical properties, i.e., composition and
coating thickness. The relaxometric experiment has shown that sample C-ESION120
has a very large r1 value of 11.9 mM−1 s−1 and an r2/r1 ratio of 1.9, and the authors
claimed that the obtained values are larger than themost traditionalGd-based contrast
agents available in the literatures. On the other hand, C-ESION140 nanoparticles
exhibited the traditional superparamagnetic properties forT 2-weighted imaging,with
r2 value of 74.9 mM−1 s−1 and a large r2/r1 ratio of 5.9. The reason for this very
different behavior was due to increase in synthesis temperature from 120 to 140 °C
which led to sharp increase in hydrodynamic size. In addition, the surface coating
chemistry and their thickness on nanoparticles surface are important factor to change
the relaxometric properties. Two different nanoparticles are favored for different
imaging; the C-ESION120 showed T 1-weighed contrast and C-ESION140 showed
T 2-contrast signal. The larger coating thickness in C-ESION140 led to slow down the
water diffusion that enhances the effect ofmagnetization onwater protons and leading
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toward the larger r2 value. Hence, the modified coating enabled the maghemite NPs
for T 1 high-resolution MR angiography and also provided standard T 2 contrast to
utilizing them for a full range of applications in MRI.

Lee et al. [126] examined a series of metal-doped magnetism-engineered iron
oxide (MEIO) nanoparticles of spinel MFe2O4 as shown in Fig. 5a, where M is
+2 cation of Mn, Fe, Co, or Ni, in the presence of oleic acid and oleylamine as
surfactants, to explore the possible applications in MRI contrast agent. After the
synthesis to investigate the metal-doped MEIO nanoparticles modulated MR signal
enhancement effect, the spin–spin relaxation time (T 2)-weighted MR images were
taken for each sample at 1.5 T. The performance of the MR contrast agent cross-
linked iron oxide (CLIO) under identical conditions was also assessed. They found

Fig. 5 aTEMimagesofMnFe2O4 (MnMEIO), Fe3O4 (MEIO),CoFe2O4 (CoMEIO), andNiFe2O4
(NiMEIO), b T2-weighted spin echo MR images, their color maps and relaxivity (r2) of a series
of MEIO nanoparticles at 1.5 T, c size-dependent MR contrast effect of MnMEIO and MEIO
nanoparticles TEM images, d T2-weighted MR images and color maps of MnMEIO nanoparticles,
e a plot of nanoparticle size versus r2, and f Relative HER2/neu expression levels of various cell
lines, T2-weighted MR images of cell lines treated with MnMEIO-Herceptin conjugate or with
CLIO-Herceptin conjugate and plot of relative HER2/neu expression level for each cell line versus
r2 enhancement (Reprinted with permission from Ref. [126]. Copyright © 2007, Springer Nature)
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that Mn-doped MnFe2O4 (MnMEIO) exhibited the strongest MR contrast effect
(Fig. 5b), with a relaxivity value (r2) of 358 mM−1 s −1. The r2 values are reduced to
218, 172, 152, and62mM−1 s−1 for the set of FeFe2O4 (MEIO),CoFe2O4 (CoMEIO),
NiFe2O4 (NiMEIO), and CLIO, respectively. The color-coded images based on r2
revealed that the colors changing from violet (high r2) to blue, green, and yellow
(low r2). Therefore, the tuning of particles composition is critical to modulate the
spin–spin relaxation of the protons. Further, their analysis has demonstrated that size
dependency of T 2-weighted MR signals of MnMEIO and MEIO. Here, they found
that the contrast effectiveness increased with in size of MnMEIO nanoparticles from
6 to 9 to 12 nm (Fig. 5c) corresponding to their r2 values 208, 265, and 358 mM−1 s
−1 which are consistent with their magnetization values 68, 98, and 110 (emu/mass
of magnetic atoms), respectively. From the color-coded images, colors corresponded
to the size of the nanoparticles: yellow (6 nm), green (9 nm), and violet (12 nm),
respectively, (Fig. 5d). In agreement with the above results, a similar size dependency
of the MR signals with MnMEIO and MEIO (Fig. 5e) was observed.

It was concluded that higher relaxivity values proportional to the betterMRwhich
means again larger nanoparticles (i.e., larger magnetization value) are responsible
for faster spin–spin relaxation processes. Among the several metal-doped MEIO
nanoparticles as studied, 12-nm MnMEIO nanoparticles showed the intense MR
enhancement effect. In-vitro experiment of these ferrites NPs has been performed in
the number of cell lines with different levels of HER2/neu overexpression: Bx-PC-3,
MDA-MB-231, MCF-7, and NIH3T6.7 (relative HER2/neu expression levels are 1,
3, 28 and 2300, respectively).With theMnMEIO-Herceptin conjugates, the detection
of the BxPC-3 cell line (Fig. 5f) showed noteworthy MR contrast (T 2-weighted MR
images). As the relative HER2/neu expression level increase to 3, 28, and 2300, the
MR contrast consistently increased by 40%, 70%, and 130% for the MDA-MB-231,
MCF-7, and NIH3T6.7 cell lines, respectively. On the other hand, with the CLIO-
Herceptin conjugates, only NIH3T6.7 cell line wasMR-detectable with an enhanced
r2 by 10%. These results concluded that MnMEIO-Herceptin conjugates provide the
better MR contrast effects than MEIO-Herceptin and CLIO-Herceptin conjugates.
Gao et al. [145] have studied the T*-weighted MR imaging of γ -Fe2O3 hollow
nanoparticles comparing with FePt@Fe2O3 yolk-shell nanoparticles and Pt@Fe2O3

yolk-shell nanoparticles; γ -Fe2O3 hollow nanoparticles exhibit the strongest MR
signal attenuation effect. It is well known that MR signals are widely affected by
geometry (size and shape) of NPs. It is worthy to mention that the hollow magnetic
particles are advantageous in to enhanceMR relaxation because of their inside-empty
geometry.

5.2 Magnetic @silica Nanomaterials

Kim et al. [146] have synthesized uniform iron oxide nanoparticle/mesoporous silica
core/shell nanoparticles (Fe3O4@mSiO2) to investigate their potential application in
therapy and MRI. The main advantage of these mesoporous nanoparticles was an
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ability to immobilized with an organic fluorescence dyes, for instance, fluorescein
isothiocyanate (FITC) and rhodamine B isothiocyanate (RITC) offering them as fluo-
rescent imaging probes. The surface functionalization of these NPs with poly (ethy-
lene glycol) (PEG) imparted biocompatibility and colloidal stability under physic-
ochemical conditions. In addition, these functionalized core@shell nanoparticles
were well-internalized into cells by endocytosis; the doxorubicin (DOX) loaded
nanoparticles were internalized by cancer cells that labeled with Fe3O4@mSiO2.
These labeled cells observed in the fluorescence image appeared as dark contrast
in the MR image due to enhanced T 2 relaxation and intense red emission due to
RITC. The multimodal imaging capability of this technique is convenient for both
non-invasive diagnosis and to provide the guidance to surgical treatment. The intra-
venous injection of Fe3O4@mSiO2 nanoparticles into the tail vain of tumor-bearing
mice resulted in the accumulation of these particles at the tumor sites which were
detected viaMRI. Based onMR and fluorescence imaging reports, authors suggested
as-prepared Fe3O4@mSiO2 nanoparticles could be an efficient nanoprobes for the
simultaneous cancer diagnosis and therapy.

Sato et al. [147] have designed the superparamagnetic hybrid nanoparticles
(HNPs) combining silica and magnetic iron oxides, i.e., magnetite/maghemite with
the mean diameter of 3–5 nm. These HNPs provided a good biocompatibility due to
the high viabilities ofHeLa cells stainedwith theHNPs.AllHNPswerewell up-taken
by HeLa cells even at high concentration, i.e., 100 μg/mL during the cell culture.
It was found that most of nanoparticles were in the cytoplasmic region suggesting
that the uptake does not affect the cell viability. The fluorescence imaging of HNPs
after the cellular uptake showed dusky-green light. In particular, green fluorescence
intensities in the cells for the HNPs with Fe content of 5.3% were relatively weak
as compared to those in an aqueous solution. Thus, the biocompatible HNPs can be
considered as a potential contrast agent for in-vitro/in-vivo imaging including MRI
monitoring, fluorescence optical imaging, and the magnetic field guided targeting in
living body.

Chio and co-workers [130] have developed magnetically decouple core − shell
concept to produce a dual-mode contrast agent (DMCA) which possesses not only
enhanced MR contrast effects but also the unique capability of displaying ‘AND’
logic signals in both the T 1 and T 2 modes. In principle, the magnetic layer-
paramagnetic nanoparticles give the information about T 1–T 2 contrast only if the
layer is formed by polymer such as silica shells that control the magnetic coupling
between T 1 and T 2 contrast materials. The simultaneous acquisitions of T 1 (positive)
and T 2 (negative) contrasts extensively provide the complementary information on
T 1-weighted MRI and T 2-weighted MRI. They reported that as the thickness of the
separating silica layer increases, the r1 relaxivity dramatically increased from 2.0 to
32.5 mM−1 s−1, while the r2 relaxivity moderately decreased from 340 to 213 mM−1

s−1.
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5.3 Magnetic@Plasmonic Nanomaterials

Plasmonic nanoparticles involves surface plasmon resonance phenomena that
enables to achieve the intensive selective absorption/scattering of light widely used in
photo-thermal therapy, bioassays, diagnostic tools, sensing, photodynamic therapy,
etc., as a biomedical application. The combination ofmagnetic and plasmonic proper-
ties supplies the unique possibility to be used in multimodal imaging. The combined
modalities of different physical properties in a single technique could provide an
extensive and through information for the diagnosis and the treatments of cancers.

Osborne et al. [148] reported the core–shell Fe-Au nanoparticles to investigate
their possibility in MRI as a contrast agents. The nanoparticles were able to affect
the T 1 and T 2 contrast in a concentration-dependent manner shown in Fig. 6a, b.
The decrease in signal intensity is due to increase in particle concentration. The T 2

effect of iron oxide-based nanoparticles typically dominates the relaxation at high
field strengths and limits their use as T 1 agents; however, this is not case for Fe–
Au nanoparticles. The Fe–Au nanoparticles have shown a great ability to conjugate
easily with any biomolecules of interest. The utilization of Fe–Au nanoparticles as
a vehicle for bead-based assay technology can be adapted for high-throughput MR,
optical or multimodal detection.

Fig. 6 Fe3O4–Au Janus NPs as MRI contrast agents. a Proton T2 relaxation time as a function of
iron concentration for NP-PEG in water and in 4T1 cells. The R2 value is determined by the slope of
the linear fitting. b T2-weighted images of NPs serial dilutions acquired at TE= 24ms in water (top
panel) and 4T1 cells (bottom panel). c Representative T2-weighted images of BALB/c mouse with
both flanks grafted 4T1 tumors captured before and within 24 h after NPs (6.6 mg kg−1 Fe3O4).
Areas with enhanced tumor contrasting are indicated by arrows. (Reprinted with permission from
Ref. [149]. Copyright © 2018, Springer Nature)
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Efremova et al. [149] have reported Fe3O4–Au hybrid NPs to investigate the
contrast effect in MRI. Figure 6a shows the proton 1/T 2 relaxation time and Fig. 6b
phantom images as function of Fe concentration for Fe3O4–Au-PEG inwater and 4T1

cells.A linear relationship reported for both specimens at all the concentrations. In the
respective regimes, it was not observed the agglomeration effects nor precipitation
during 40 min of measurement at 7 T. The transverse relaxivity coefficient r2 (the
slope in Fig. 6a; represented by R2) = 498.1 mM−1 s−1 for Fe3O4–Au -PEG in
water. Further, the diagnostic capabilities of these hybrid nanoparticles were tested
in in-vitro. After incubation of 4T 1 cells with Fe3O4–Au-PEG for 24 h, the obtained
r2 is reduced to 276.9 mM−1 s−1; however, it is still reasonably high for imaging. As
compared to the literature, the hybrid Fe3O4–Au NPs are more efficient than other
Janus NPs (r2 = 125.5–381.4 mM−1 s−1) [150–152]. The main reason of this values
of r2 is the perfect crystallinity which leads toward a stronger local magnetic field in
the vicinity of NPs. In addition to the stray field strength, the facets of NPs produce
strong stray field gradients �B, especially near the 6 corners and 8 edges of the
magnetic octahedrons. Furthermore, these nanohybrids were tested in in-vivo MRI.
4T 1-bearing mice or B16-F10-bearing mice was treated with NP-PEG (6.6 mg kg−1

Fe3O4), and T 2-weighthed images were captured before, 30 min, 6 h, and 24 h after
NPs injection as shown in Fig. 6c. Although 30 min after injection assemble NPs
was mainly found in liver, later at 6 and 24 h enhanced tumor contrasting was clearly
seen. The assemble NPs peak in malignant tissues was around 6 h after injection.
The high accumulation efficiency of these hybrid NPs in malignant lesions (up to
3%) coupled with MRI data makes Fe3O4–Au hybrid NPs an attractive platform for
tumor theranostics.

Wang et al. [153] have synthesized a folic acid functionalizedmagnetic plasmonic
NPs (F-Au@Fe3O4), which were based on Au nanocages (AuNCs) and ultrasmall
Fe3O4 nanoparticles, to associate in one signal nanosystem several different prop-
erties, such as tumor targeting, bright T 1 and dark T 2 dual MRI contrast enhance-
ment. It was observed that UV–vis absorption spectra of the Au nanocage and F-
AuNC@Fe3O4 in aqueous suspension exhibited very strong and broad absorption
from 600 to 800 nm with the maximum absorption at around 750 nm. The contrast
capability of these F-AuNC@ Fe3O4 for T 1 and T 2 weight MRI at different Fe
concentrations has been detected and found high relaxation efficiencies r1 of 6.263
and an r2 value of 28.117 mM−1 s−1. The high r1 relaxivity of F-AuNC@ Fe3O4

all can be attributed to the large number 5 unpaired electrons of Fe3+ ions on the
ultrasmall Fe3O4 nanoparticle surface. In addition, r2/r1 ratio is also an important
parameter to evaluate the efficiency of T 1 contrast agents. The r2/r1 ratio of F-
AuNC@ Fe3O4 was 4.48 demonstrating that it can be efficient T 1 contrast agents
claiming F-AuNC@ Fe3O4 which was the first example that exhibits high r1 relax-
ivity value for T 1-weight MR enhanced imaging. Figure 7a, b demonstrated the T 1

and T 2 modal MR images of F-AuNC@Fe3O4 with different Fe ion concentrations.
The signal enhancement progressively increases with increasing of the F-AuNC@
Fe3O4 concentrations,whichmanifests the potential of F-AuNC@Fe3O4 as powerful
multifunctional contrast agent for T 1 and T 2 MRI.
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Fig. 7 MRI contrast ability of F-AuNC@Fe3O4. a, b Plot of 1/T1 and 1/T2 over Fe concentration,
c in vivo T1 and T2 weight MRI images of nude mice bearing tumor after intravenous injection at
different timed intervals, and d T1 and T2 weighted MR images of various organs from the mice
treated with F-AuNC@Fe3O4 after 6 h post-injection. (Reprinted with permission from Ref. [153].
Copyright © 2016, Springer Nature)
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Further, for tumor targeting T 1 and T 2 modal MR imaging, T 1 and T 2 modal MRI
of tumor-bearing mice were recorded at various time intervals: before injection, 0.5,
1, and 6 h after injection, as shown in Fig. 7c. When compared with pre-injection,
a great contrast enhancement (brighten on the T 1-weighted and darken on the T 2

weightedMR images) in themouse body after post-injectionwhich demonstrates that
as-synthesized F-AuNC@ Fe3O4 can simultaneously enhance T 1 and T 2 relaxation
in the circulating system. The enhanced signal of blood vessel maintained for more
than 6 h, which is much longer than that of Gd complex small molecules with a
high excrete. It was reported that after 6 h, the T 1 and T 2 contrast intensity in the
body of mouse obviously decrease over time, while the contrast intensity in the
region of tumor increased over time, which confirm the F-AuNC@Fe3O4, has a
tendency to be enriched in the tumor tissue. Thus, it is concluded that F-AuNC@
Fe3O4 could be used for long-term blood pool T 1 and T 2 modal MRI contrast agent,
which is very important in clinical MR imaging. The long-term effect is critical
to obtain high-resolution and steady state images. Wu et al. [154] have proposed
PEG functionalized magnetic plasmonic NPs, synthesized using sodium dodecyl
sulfate (SDS), for their use as multimodal imaging agents. The molecular specificity
of the composite nanoparticles was tested on SK-BR-3 breast cancer cells and A-
431 keratinocytes and found that the cell-targeting agent demonstrates high cell
specificity and was preferentially taken up by cells with the complementary antigen.
This biocompatible magneto-plasmonic nanoparticles significantly impacted on the
development of point-of-care assays for the detection of circulating tumor cells and
in cell therapy with magnetic cell guidance and imaging monitoring.

5.4 Magnetic @Luminescent Nanomaterials

Fluorescent-magnetic nanocomposites can be used simultaneously in confocal fluo-
rescent microscopy and in MRI, so they serve as new dual function contrast agents.
In addition, fluorescent-magnetic nanocomposites can be used to perform optical
tracking of biological molecules and processes in combinationwithmagnetophoretic
manipulation. These multifunctional materials hold great importance as probes and
bio-labels for in-vivo cellular imaging. The utilization ofmultifunctional fluorescent-
magnetic nanocomposites as contrast agents has beenwell reported. These nanocom-
posites have optimized luminescent behavior and high magnetic or superparamag-
netic properties, so these nanohybrids are used as contrast agent in MRI. There is an
exponentially increase in the number of new developments per year in the field of
nanohybrids and become a fast-evolving branch of science. In magneto-luminescent
nanohybrids, it is important to control the spacing between the emitting species
and the magnetic, in order to keep both properties unaltered or at least not strongly
reduced in the hybrid system. Superparamagnetic NPs (magnetite NPs) and para-
magnetic NPs (gadolinium or gadolinium containing NPs) have been synthesized
and combined with several emitting species, such as quantum dots, fluorescent metal
NPs, fluorescence dyes, or lanthanide doping of either the magnetic NPs themselves
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or separate insulating NPs. Paramagnetic Gd3+ ions are widely used T 1 MRI contrast
agent owing to the existence of seven unpaired 4f electrons. By addingGd3+ and Ln3+

(Ln3+ = Er3+, Ho3+, Tm3+) ions in one nanocrystal, the integration of UCL imaging
and MRI has been achieved. Plus, the NCs overcome the leaching of Gd3+ ions in
Gd3+-chelates contrast agents.

The upconversion nanoparticles (UCNPs) can display both T 1- and T 2-weighted
MR imaging if linked with T 2 MR imaging contrast agents. Magnetic NPs such as
Fe3O4 show a negative T 2 imaging signal with the increase of Fe concentration. Chen
et al. [155] prepared PEGylated b-NaGdF4:Yb/Er and b-NaGdF4:Yb/Tm magnetic
upconversion nanophosphors with an iron oxide (Fe3O4) core, which showed great
dual-modalT 1–T 2-weightedMR imagingwith the value of r1 and r2 being 2.9mM−1

s−1 and 204 mM−1 s−1, respectively. Interestingly, the positive T 1- and negative T 2-
weighted MR imaging become brighter and darker, respectively, with the increase
of magnetic UCNPs concentrations. In addition, PEGylated Fe3O4@b- NaGdF4:
Yb/Tm nanoparticles showed a NIR emission at 800 nm, which is located within
‘optical transmission window (700–1000 nm)’ of biological tissue. The magnetic
upconversion nanoparticles injected into 1 cm thickness of chicken breast displayed
extremely bright upconversion photoluminescence, holding excellent projections
for MR/UCPL bioimaging. In contrast, Xia and Group [156] investigated the MR
imaging potentiality of NaYF4:Tm3+,Yb3+@Fe3O4 core/shell with shell thickness
5 nm. The r2 relaxivity of NaYF4:Yb3+, Tm3+@Fe3O4 core@shell nanocrystal is
189 mM−1 s−1. The second row of Fig. 8a represented a clear view of the negative
enhancement effect relative to the concentration, colored T 2-weighted MR images.
As the concentration of nanocrystals were increased, colors of the sample changed
from orange to green to purple. The T 2 relaxivity coefficient (r2) of the NaYF4:Yb3+,
Tm3+@ Fe3O4 nanocrystals could also be calculated from the curve of T 2 versus Fe
concentration as shown in Fig. 8b.

Further, Fig. 8c shows a series of in-vivoMR images of lymphatic node tissue over
a time sequence at 0, 10, and 30 min, before and after injection with NaYF4:Yb3+,
Tm3+@ Fe3O4 nanocrystals (1.5 mg/kg diluted in pH 7.2–7.4 PBS. The negative
enhanced effect was evident after several minutes of injection and absorbed as the
change in the contrast at the lymph node; although the content of the NaYF4: Yb3+,
Tm3+@ Fe3O4 nanocrystals was low. By comparison of color mapping coronal MR
images of the lymphatic node obtained at 0 min (Fig. 8c4), 10 min (Fig. 8c5), and
30 min (Fig. 8c6), it was found that the mean intensity of the signal at the lymph
node decreased corresponding to negative enhancements at 10 min and 30 min,
respectively.

6 Summary and Future Prospective

To summarize, taking the advantages of the finite-size effect and surface moieties,
SPIONs have gained intensive research interest in stem cell labeling as a contrast
agent due to their high MR sensitivity, where SPIONs less than 10 nm is utilized as
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Fig. 8 T2-weighted and color-mappedMRimages of variousmolar concentrations ofNaYF4:Yb3+,
Tm3+@FexOy nanocrystals. Deionized water (0 mg/mL) used as reference. b Relaxation rate R2
(1/T2) versus variousmolar concentrations of hydrophilicNaYF4:Yb3+,Tm3+@FexOy nanocrystals
at room temperature using a 3 T MRI scanner. c MR images of the armpit region after injection
with NaYF4:Yb3+, Tm3+@FexOy nanocrystals, and color-mapped coronal images of lymph node
at various time. The dose of NaYF4:Yb3+, Tm3+@FexOy nanocrystals is 1.5 mg/kg. (Reprinted
with permission from Ref. [156]. Copyright © 2011 Elsevier Ltd. All rights reserved.)

a positive (T 1) contrast agent, and the size between 10 nm to SPM range is utilized
as a negative (T 2) contrast agent. To the date, SPIONs-based T 2-CAs for the liver
provide dark image as compared to bright MR images of Gd-based T 1-CAs, so were
not able to compete against the currently used Gd-based small molecules due to the
clinical preference over the dark image of the T 2-CAs [157] and advances in MR
sequences and techniques (e.g., dynamic imaging).

Although several advances have been achieved from SPIONs in MRI, still some
key elements need to be determined in synthesis and their utilization in in-vivo appli-
cations. The liquid phase synthesis methods have resulted in great improvement in
size, morphology, crystallinity, and stoichiometry of SPIONs. However, some points
need to be tackled in such chemical synthesis routes, which include the enhance-
ment of monodispersity; the more regular and uniform shape/morphology; and the
uniform particle size and distribution. These challenges could overcome by reducing
the reaction rate (e.g., decrease the reaction temperature and/or concentration of iron
precursors) and prolong the reaction time.

Despite the rapid development of different SPIONs, i.e., magnetite/maghemite,
magnetic@silica, magnetic@plasmonic, and magnetic@luminescent, advancing
their contrast/magnetic properties, several problems remain to be tackled in current
technology: (1) the way to detect not only the location but also the function of the
labeled cells. This issue could overcome by developing a technique conjugatingMRI
with other non-invasive imaging modalities, such as positron emission tomography
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(PET), single-photon emission computerized tomography (SPECT), ultrasound, and
optical imaging [158, 159]; (2) the potential toxicity of SPIONs in vivo after the
SPION labeled cells being transplanted into the host, because SPIONs influence not
only the labeled cells but also possible to the liver and spleen of the host; and (3)
the way to translate cell tracking from pre-clinical models to human. For in-vivo
use of SPIONs, pre-clinical studies have to be conducted thoroughly with standard-
ized assays to assess the potential long-term toxicity. Thus, despite recent progress
with promising results and approval of SPIONs by the FDA [160], but before moving
forward from bench to bedside, the competitiveness with current technologies should
be considered. Specially, in case of iron oxide nanoparticles, as Feridex and Reso-
vist were already withdrawn and are no longer commercially available [161]. From
a technical point of view, external magnetic setups that can precisely focus on a
diseased target located in deep tissue with adequate strength are urgently needed.
SPIONs may become a very promising candidates for MRI, and other several fore-
front applications in biomedicine in the near future if above-mentioned issues are
resolved.
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Antibacterial Potential of Spinel Ferrites:
Current and Future Prospects

Hafeez Anwar, Beenish Abbas, Umair Subhani, and Muhammad Khalid

Abstract This book chapter is organized into three major parts. Firstly, it covers
an introduction of spinel ferrite nanoparticles in which an overview of the structure
and magnetism of spinel ferrites along with their types. In the second part, details
of antibacterial properties are discussed. A discussion on the mechanisms for the
antibacterial properties is also presented. The last part highlights the influence of
transition metal concentration on the physical properties, and antibacterial property
of transition metal substituted cobalt ferrite nanoparticles.

Keywords Spinel ferrites · Antibacterial mechanism · Cobalt ferrites · Doping
effects · Hemolysis · Antibacterial properties

1 Ferrites

We are surrounded by magnetic materials that played significant role in various
devices of everyday life. Magnetic materials were used in many applications such
as audio and video system that give information and entertainment on wide range,
cellphone and telecommunication system which linked the continents, data storage
system which interpenetrate in every human activity. The historical background of
magnetic materials were considered as the birth of man. The unusual properties
of magnetic ceramic, i.e., magnetic made military success of an ancient Chinese
Emperor [55].

In 1825 H. C. Oersted observed that magnetic field was produced by means of
electric current which bring a revolution in the field of magnetism. Many theories,
models, and discoveries were developed after this experiment. It was an interesting
fact that all variety of magnetic materials and their properties were originated from
three elements such as nickel, cobalt, and iron which were ferromagnetic at room
temperature.

Ferrites were extensively studied in the last 50 years and many theories or models
were established. The varieties of materials were obtained from metallic materials
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that can be used in wide range of technological applications.Magnetic ceramics were
utilized in every field of daily life. Ferrites were well established, but improvements
and innovation were continuously taken place. The exciting interesting theories,
applications, and preparation of new materials were currently under development.
The scientific study on ferrites at very large scale was held in japan at the occasion of
the sixth International Conference in October 1992 in which more than 550 research
papers were presented by 1159 authors [56, [57].

The research on spinel ferrites was continued by T. Taki, N. Kawai, and V. Kato
in Japan in 1930. J. Snoeck also studies the soft ferrites in Netherland at the same
time. J. Snoeck and his colleagues were succeeded to describe the practical ferrites
materialswhich possessed strongmagnetic properties, low relaxation losses, and high
electrical resistivity. The spinel ferrite was used in LC filters in frequency division
multiplexer equipment. It was the first practical application of the soft ferrites. Due to
strong magnetic properties and high resistivity, spinel ferrites were core materials for
filter operating in the frequency range of 50–450 kHz. Ferrites were used in television
as high voltage transformer and electron beam deflection. The spinel ferrites can be
used in modern applications such as in automotive markets, medical and cell phones
[58].

1.1 Types of Ferrites

The types of ferrites are listed below.

• Spinel ferrites or soft ferrites
• Hexagonal ferrites or hard ferrites
• Garnet ferrites
• Ortho ferrites.

2 Spinel Ferrites

Spinel nano ferrites are very important due to the interesting properties. The most
widely used magnetic ceramic are spinel ferrites. The general formula of soft ferrites
is MFeO4 or AB2O4 were M represent the divalent the metal cations. Naturally
occurred ferrite was magnetic (Fe3O4) and all other ferrites were man-made. All
the soft ferrites possessed a similar crystal structure of MgAl2O4 magnetic mineral.
In the magnetic spinel Mg2+ were replaced with divalent metal ions such as nickel,
cobalt, manganese, copper, iron, zinc, and their combinations. The trivalent metal
cation Al3+ can be replaced with Fe3+ and combination of Fe3+ with other trivalent
cations. The spinel ferrites unit cell consists eight metal ions per formula unit and
coordinated with four or six oxygen ions which produced two distinct sites named
A and B sites.
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Fig. 1 Unit of spinel ferrites

2.1 Structure of Spinel Ferrites

Bragg and Nishikawa were the first people who determined the crystal structure of
spinel ferrites in 1915. They observed that spinel structure was cubic closed packed
with oxygen ions layer. The eight A sites while sixteen B sites were filled by cations
in the structure of spinel lattice. In tetrahedral site, metal was surrounding by four
oxygen ions situated at the center from the tetrahedron. The metal in octahedral site
was enclosed of six oxygen ions located at the center of octahedron. The unit of spinel
ferrites was shown in Fig. 1. The spinel matrix unit cell contained 64 tetrahedral and
32 octahedral sites. When all the sites were occupied by divalent or trivalent cations
then positive charge was much greater than negative charge. So, the structure did not
remain electrically neutral. To overcome this effect only 8 A sites out of 64 were
occupied bymetal cations and out of 32 octahedral sites, only 16was filled by cations
[59].

The oxygen atoms were not located at the exact position of FCC sublattice in
the spinel structure. The positions of oxygen ions were determined by oxygen
positional parameter u. For an ideal closed-packed spinel structure, the value of
oxygen positional parameters was 0.37 or 3/8. The ideal situation did not exist and
the value of u for majority of the known spinel was in the range of 0.375–0.385. The
value of u increased due to the anions in tetrahedral sites were forcefully moved in
the direction of [111] plane. The ratio of tetrahedral cations radii was estimated from
u value [60, 55].

Ion Octahedral site Tetrahedral site

Fe2+ 0.78 0.63

Fe3+ 0.64 0.49

(continued)
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(continued)

Ion Octahedral site Tetrahedral site

Mn2+ 0.83 0.66

Zn2+ 0.74 0.60

In3+ 0.80 0.62

2.2 Types of Spinel Structure

FCC lattices in spinel structure were formed by oxygen ions. Spinel closed pack
structure possessed two kinds of crystallographic sites, named as A sites and B sites.
All cations resided on these two interstitial sites. The divalent metal cations occupied
available A and B sites with oxygen coordination. The cations distributions on these
interstitial sites in spinel lattice lead to from three types of structures,

1. Normal spinel
2. Inverse spinel
3. Intermediate spinel.

2.2.1 Normal Spinel Structure

The spinel structure said to the normal if all the divalent metal cations (Me2+) tend to
go A site while trivalent cations (Fe3+2 ) reside on B sites in the unit cell. Such type of
structure was known as normal spinel. The normal spinel structure was represented
by the structure formula (Me2+) [Fe3+2 ] O2−

4 , The example of normal spinel was
ZnFe2O4 and CdFe2O4 ferrites.

Degree of inversion δ for normal spinel is one.

(
M2+)A[

Fe3+2
]B
O2−

4

2.2.2 Inverse Spinel Structure

When trivalent cations (Fe3+2 ) distributed equally among tetrahedral and octahedral
sites and all divalent metal cations (Me2+) occupied on octahedral sites. In this crystal
structure remaining, cations were randomly distributed. Structural formula of inves-
tigated spinel structure was elaborated as (Fe3+2 ) [Me2+ Fe3+] O2−

4 . Nickel and cobalt
ferrites are the examples of such type of crystal structure. Degree of inversion δ for
inverse spinel is zero.

(
Fe3+

)A[
M2+Fe3+

]B
O2−

4
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2.2.3 Intermediated Spinel Structure

The proportional of (Me2+) and
(
Fe3+2

)
cations distributed among both sites such as

A sites and B sites represented the mixed spinel structure. The intermediated spinel
structure possessed δ between zero and one. Structural formula of mixed ferrite was
Me2+1−δ Fe

3+
δ [Me2+δ Fe3+2−δ] O

2−
4 The most common example of intermediated spinel

is MnFe2O4 has value of inversion parameter is 0.2. the mixed spinel ferrite [61, 60].

(
M3+xFe3+1−x

)A[
M2+

1−xFe1+x
]B
O2−

4

3 Antibacterial Activity

Bacteria can be divided into two parts Gram positive and Gram negative which are
based on the structure of the cell wall. Gram positive bacteria contained a thick layer
of peptidoglycan around the cell wall and Gram negative contained the thin layer
of peptidoglycan with another outer membrane which is called lipopolysaccharide.
There is an extra layer ofmembranewhich is known as periplasm [1–5].Many studies
were found that Gram positive bacterial was more resistant for the nanoparticle’s
mechanisms of action. The reason for this phenomenon was indicating different
cell walls. Therefore, Gram-negative bacteria Escherichia coli covered the layer
of lipopolysaccharides which have the thickness 1–3 µm and peptidoglycans which
have the thickness of almost 8 nm. This arrangement was helpful to the nanoparticles
to release the ions at the start of the cell. Grampositive such as Staphylococcus aureus
have a layer of peptidoglycan which is thicker as compared to the Gram-negative
bacteria, spanning over 80 nm with covalently attached acids of teichuronic and
teichoic shown in Fig. 2.

Fig. 2 Comparsion of bacterial cell wall structure
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4 Antimicrobial Mechanism of Metallic NPs

For antibacterial mechanism, metal and metallic salts were used for drinking water
as a silver spots in 4000 BCE [6, 7]. In the present research in nanophysics capable
the scientist to study the properties of antibacterial on many metallic nanoparticles
[8, 9]. The toxic mechanisms of antibacterial for the metallic nanoparticles is still
under debate. Three main mechanism are included such as,

1. The formation of reactive oxidative species (ROS)
2. Releasing process of ions
3. Interaction of nanoparticles with the cell membrane (Fig. 3)

Metallic nanoparticles as compared to their salts have increased the potential to
combat bacterial infections [10–13]. Mostly, the size of nanoparticles affects the
antibacterial mechanism [14–19].

4.1 Entering the Cell

In the first step, mechanism of antibacterial is that metallic ions in the range of
nanometer was attached to the cell membrane. When the metallic ions attached to
the bacterial cells than it is blocked the channels of transport and producing some
change in the structure of cell membrane [4, 20] all processes are depending upon the
size. Small size nanoparticles are more efficient but larger nanoparticles have large
absolute surface area permitting for better adhesion property of van derWaals forces.
So that, nanoparticles may be internalized, within the cell they produced ionization,
and damage the structure of intracellular resulting in cell death (Fig. 3) [10].

Fig. 3 Various mechanisms of antimicrobial activity of the metal NPs [10]
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4.2 Reactive Oxidative Species (ROS) Generation

In antibacterial mechanism, the production of reactive oxidative species (ROS) in
metal nanoparticles plays an important role (Fig. 3). Reactive oxidative species was
consisting of short-lived oxidants which are known as superoxide radicals (O−2),
hydrogen peroxide (H2O2), hydroxyl radicals (OH−1), and singlet oxygen (O−2) [21,
22]. Reactive oxidative species was damaging the peptidoglycan and cell membrane,
DNA, mRNA, ribosomes, and proteins due to the high reactive of these species
[12]. Reactive oxidative species was also preventing the transcription, translation,
enzymatic activity, and the chain of electron transport [12, 21]. Some nanoparticles
of metal oxide depend on the generation of reactive oxidation species as a main
mechanism of toxicity [4, 11, 20].

4.3 Protein Inactivation and DNA Destruction

The atoms of the metal can attach with thiol group of enzymes and damage the
function of enzymes. The metals ions are attached to the pyrimidine and purine
base pairs and also it is disturbing the hydrogen bonding between the two strands of
antiparallel and destruct the molecule of DNA (Fig. 3). Therefore, when the metal
ions enter the cell membrane it can attach with the DNA [23].

5 Detection Methods

For the growth of the microbial measurements, there are many direct and indirect
methods. In the method of direct some techniques such as plate count, serial dilution,
and disk diffusion method. while indirect methods were analyzed by turbidity, dry
weight, and by metabolic activity. In short, the description of direct and indirect
methods is as follows.

5.1 Viable Plate Count Method

In the method of plate count, for each reading petri dishes was used. The plate of
agar was prepared, one plate of inoculums and other plates with inoculum, and the
solution of the nanoparticle are spread on the plates with the help of sterile spreader.
This plate was incubated for 24 h at 37 °C and then calculated the colonies of each
plate. Then, the inhibition percentage growthwith each reading is calculated [24, 25].
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5.2 Disk Diffusion Method

In this method, the prepared culture of bacteria was mixed in nutrient broth to form
liquid culture. Then the solution of nutrient agar was sterile and put into dishes
and waited for the solution is solidified. Then, with the help of cork the holes are
generated. Holes are filled with the solutionmetallic nanoparticles and the stabilized.
After that, the plates are incubated for 24 h at 37 °C. The zones of inhibition were
observed after 24 h and it is calculated with the standard error. For the exact analysis,
proper replication of the experiments is done for the study of microbial [26].

5.3 Estimating Bacterial Numbers by Indirect Methods

Indirect methods are known as time-consuming methods, so that large numbers of
sampleswere prepared at a time.A spectrophotometerwasused to analyze theprocess
of turbidity by measuring the amount of light that transmits through a bacterial cell
suspension.When the transmission occurs through suspensionwas increased itmeans
that turbidity also decreases, indicating the reduction in bacterial cells and vice versa
[27, 28].

6 Antibacterial Activity of Cobalt Ferrite

In Fig. 4. Shows the results of the antibacterial effects of visible light to pure Ag3PO4

and the composite such as Ag3PO4 towards the E. coli. It is shown that under the
visible light the number of the E. coli was not decreased. Figure 4a clearly show that
theE. coliwas survive in the presence of visible light. InFig. 4bwas confirmed that the
numbers ofE. coli observed in the darkwhen the light is on the numbers of the bacteria
were decreased. In Fig. 4c. in the dark many bacteria colonies were formed. The
results of the antibacterial activities were showed that the 3% of AgPO4@NiFe2O4

composites increased the effects of antibacterial against the E. coli as compared to
the pure Ag3PO4.

El-Shahawy, Abo El-Ela,Mohamed, Eldine, &El Rouby, also studied the antibac-
terial activity of the CoFe2O4 and CoFe2O4 with Chitosan nanohybrid. S. aureus and
E. coli bacteria were used to test. Slants of Muller Hinton agar were used to maintain
the tested organisms and incubation was done at temperature 37 °C for time 24 h.
Every tested material was prepared by a standard concentration of 10 mg/ml. Cobalt
Ferrite with Chitosan and Cobalt ferrite were settled with various concentrations
(1000, 500, 250, 125, 62.5, 31.25, 15.6, 7.81, 3.9, 1.95, and 0.9 µg/ml). The antimi-
crobial actionwas assessed and calculated using a caliber as the zone diameters zones
in millimeters [29]. The antibacterial action was shown by the presence of zones of
inhibition around the pores. Both positive control and negative control tube were
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Fig. 4. The photocatalytic antibacterial activities of a light only, b pure Ag3PO4 and c 3%
Ag3PO4@NiFe2O4 composite against E. coli at different irradiation times

used to subculture the isolated organisms on Muller Hinton agar. The incubation of
these tested tubes was done for 24 h at 37 °C. Antimicrobial agent inhibits the growth
and its low concentration is MIC and to it, results were noted. Muller Hinton agar
was used to subculture a tube loop without noticeable growth and incubated for time
24–48 h at temperature 37 °C for the determination of MBC. The subcultured plates
were observed for growth after incubation.

Inhibition region against E. coli bacteria at various amounts of CoFe2O4 and
CoFe2O4 with chitosan as shown in Table 1. Results showed that the inhibition zone
diameter enhanced by enhancing the concentration of nanoparticles. The nanoparti-
cles of cobalt ferrite do not have antibacterial properties, while chitosan cobalt ferrite
has the antibacterial properties. Inhibition region of CoFe2O4 and chitosan CoFe2O4

nanoparticles beside S. aureus and E. coli as shown below in Fig. 5 25.5–28 mm and
10.5 mmwas the ZOI of the chitosan cobalt ferrite for a concentration of 1000µg/ml
and 15.6 µg/ml, respectively. Results show values of MIC for chitosan cobalt ferrite
at dilutions of (107 CFU/ml and 108 CFU/ml) were 125 and 1000µg/ml. For chitosan
cobalt ferrite, the tested nanomaterials had MBC values of 250 and 1000 µg/ml.

Inhibition region against S. aureus bacteria at various amounts of CoFe2O4 and
CoFe2O4 with Chitosan as shown in Table 2. Results show that the values of MIC for
Cobalt ferrite at bacterial dilutions (107 CFU/ml and 108 CFU/ml) were >500 µg/ml
whereas for cobalt ferrite with Chitosan the MIC values were 125 and 250 µg/ml.
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Table 1 Represents the ZOI at various amounts of CoFe2O4 and CoFe2O4 covered with Chitosan
towards E. coli and S. aureus bacterial strains

Sample Amounts
(Ug/ml)

ZOI (mm) Citation

E. coli S. aureus

108 CFU/ml 107 CFU/ml 108 CFU/ml 107 CFU/ml

Cobalt
Ferrite

1000
500
250
125
62.5
31.25
15.6
7.81
3.9
1.95

Bacterial
growth

Bacterial
growth

Bacterial
growth

Bacterial
growth

(El-Shahawy
et al. 2018)

Cobalt
Ferrite
with
Chitosan

1000
500
250
125
62.5
31.25
15.6

25.5
19.5
16
14
13
12.5
10.5

28***
21.5***
19.5***
16.5***
15***
13.5***
12.5***

32.5
25.5
19
16.5
14.5
13.5
11.5

39.5***
35.5***
21***
19.5***
17.5***
15.5***
13***

The results written in the table represent the mean values found in triplicate, Meaning: P ≤ 0.001,
P ≤ 0.01, P ≤ 0.05

The values of MBC were 62.5 and 125 µg/ml for the chitosan cobalt ferrite and the
Cobalt ferrite nanoparticles was >500 µg/ml [30].

7 Doping of Cobalt Ferrites with Metals

7.1 Silver

Mahajan, Sharma, Kaur, Goyal, &Gautam, used the disc diffusion process for testing
antibacterial property of silver substituteCoFe2O4 towardsE. coli, andListeriamono-
cytogenes. In this method used agar plate which is dispersed by analyzing bacteria,
and then paper-disks were included which were taken by the prepared nanoparticle.
Incubated these plates at 37 °C and after 24 h ZOI was studied for results. Figure 6
represents the antibacterial action of tulsi and garlic-based nanoparticles against E.
coli and Listeria manocytogenes. The ZOI results against bacteria as shown in Table
2. Figure 6a, b shows the antibacterial action in the presence of ZOI. Antibacterial
action depends on silver concentration which ZOI presents in Fig. 7. By comparing
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Fig. 5 Antibacterial actions of CoFe2O4 only, CoFe2O4 covered with Chitosan towards S. aureus
and E. coli

the dopant concentration in the two methods tulsi mediated synthesis (lower concen-
tration) and garlic mediated synthesis (higher concentration) the first one proved to
be the best antibacterial potent shown in Fig. 7a, b [31].

Satheeshkumar et al., also studied the antibacterial action Ag-substituted
CoFe2O4. Well diffusion method was used for testing the antibacterial action of the
CoFe2O4 and theAg-substitutedCoFe2O4 towardsE. coli, S. aureus, andC. albicans.
These tests performed on Mueller Hinton agar plates. Vernier caliper was utilized to
measure the inhibition zones around the covered samples. Table 1 andFig. 8 shows the
results and images of inhibition zone respectively. A decreased in microbial cultures
takes place by increasing nanoparticle concentration. Both nanoparticles were tested
with ZOI greater than 7 mm and they show strong antimicrobial action towards
S. aureus, E. coli, and C. albicans. Towards E. coli and C. albicans AgCoFe2O4

proved to be more effective than CoFe2O4. Because antimicrobial action of
AgCoFe2O4 depends on Silver ion concentration which results in distortion of cell
and bacterial species [32, 33].
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Fig. 6 Inhibition zone by prepared Nps using a tulsi seed obtain towards L. monocytogenes, and
b garlic obtain, towards L. monocytogenes

Fig. 7 Inhibition zone by prepared nanoparticles towards bacteria

7.2 Copper

Samavati and F. Ismail studied the antibacterial activity of Cu-doped CoFe2O3.
Antibacterial action of the nanoparticles synthesized in nanofluids form was inves-
tigated by measuring the E. coli growth curve preserved in a Luria–Bertani broth
method [34]. After incubation for 24 h, the IZD was calculated in millimeters. The
E. coli bacteria growth curves are shown in Fig. 9 with Nps presence with different
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Fig. 8 Antibacterial activity of CoFe2O4 and AgCoFe2O4 against Staphylococcus aureus (a) and
(b), E. coli (c) and (d), C. albicans (e) and (f)

concentrations of Copper and Cobalt. The optical density shows the bacteria absorp-
tion at 600 nm. In the case of Increasing bacteria numbers, light absorption increases.
High Copper concentration contributes to improving the antibacterial activity. It is
observed from Fig. 10 the substitution of Cobalt and Copper has an evident action
on pathogens of bacteria. Figure 10 explains the ZOI diameter for all samples after
incubation for 24 h. The samples which were prepared demonstrate antibacterial
activity. The IZD findings show that nanoparticle’s bactericidal strength is improved
with improving the concentration of Cu, as shown in Fig. 10 [35].
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Fig. 9 Copper concentration-dependent antibacterial behavior of Cu-doped CoFe2O3. Enclosure
displays the optical density within the 0–0.6 range for good comparison

Fig. 10 Inhibition region formed by copper-doped cobalt ferrite Nps (Co1−xCuxFe2O4 with x =
0.0, 0.3, 0.5, 0.7, and 1.0) beside E. coli



Antibacterial Potential of Spinel Ferrites … 221

7.3 Cerium

Elayakumar et al., discussed the antibacterial activity of nanoparticles of
CoCexFe2−xO4 (x = 0.2, 0.3, 0.4, 0.5) against Staphylococcus aureus and a Kleb-
siellapneumoniae. A culture was adapted to the 0.1 OD for each microorganism
and OD was adjusted at 0.1 and washed on Mueller Hilton agar plates. Incubated
these plates for 24 h at temperature 37 °C and calculate the ZOI diameter for results.
Figure 11a, b indicates that there is no inhibition zone over the control. Figure 12
shows that the bar diagram of change in the inhibition zone diameter. This indicates
that the ZOI rises with the rise in the dopant ratio [36, 37]. CoFe2O4 doping with a

Fig. 11 Antibacterial activity of CoCexFe2−xO4 (x = 0.2, 0.3, 0.4 and 0.5) towards a S. aureus
and b Klebsiellapneumoniae

Fig. 12 Graph of
CoCexFe2−xO4 (x = 0.2,
0.3, 0.4 and 0.5) antibacterial
action against S. aureus and
Klebsiellapneumoniae
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higher concentration of Ce affects higher antibacterial activity compared to Ce lower
concentration doped nanopowders [38].

7.4 Iron

Žalnėravičius, Paškevičius,Mažeika, & Jagminas, used the serial dilutionmethod for
evaluating the antimicrobial action of iron-doped cobalt ferrite against prokaryotic
microorganisms (S. aureus, E. coli) and eukaryotic microorganisms (C. albicans,
C. parapsilosis). During these studies, bacteria and yeast cultures were spread in
Sabouraud CAF and Nutrient agar medium for 48 h and 24 h at temperature 27 ±
1 °C and 30 ± 1 °C respectively. Microorganisms development was measured for
2–3 days incubation at temperature 30± 1 °C and 27± 1 °C. Using the field emission
scanning electron microscope, the morphological features of nanoparticles exposed
to microorganisms were observed.

A Kirby-Bauer procedure established that all CoFe2O4 nanoparticles had a fungi-
cidal impact against the pathogens evaluated after an incubation 48 h. The maximum
inhibition regionwas reported around theCoFe2O4 nanoparticles disks saturatedwith
L-lysine (Fig. 13). It has been established that cobalt ferrite nanoparticles doped with
Iron often exhibit strong killing performance besides all measured microbes. The
antimicrobial property of CoFe2O4 doped nanoparticles were then further explored
by examining the colony-forming units (CFU) against multidrug-resistant clinical
pathogens E. coli, S. aureus,Candida albicans, andC. parapsilosis. Figure 14 shows
the results found from these inquiries. Also, 1 gL−1of Fe3O4@Lys and 100 mgL−1of
L-lysine nanoparticle samples were incubated and studied. In this way, there was
a strong association was found between the overall amount of Co2+ in nanoparti-
cles and the microorganism’s survival. It is observed that maximum antimicrobial
strength was shown by the CoFe2O4 nanoparticles against all examined microor-
ganisms. Such nanoparticles demonstrated the killing efficiency of 93.1–86.3% and
96.4–42.7% for eukaryotic and prokaryotic strains respectively, as compared with
the control sample. The antimicrobial activity decreases by 11–24% and 21–70% of

Fig. 13 Inhibitory action of l-lysine (D) functionalized CoFe2O4 nanoparticles protected filter
paper samples towards microorganisms of C. albicans. In left side—control samples: a—filter
paper, b—L-lysine, c—Fe3O4, and d—CoFe2O4 nanoparticles
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Fig. 14 Antimicrobial actions of themanufactured pure and Fe-doped CoFe2O4 nanoparticles after
a 24 h & b 72 h cultivation with a C. albicans, b C. parapsilosis, c E. coli and d S. aureus

Co0.5Fe0.5Fe2O4 and Co0.2Fe0.8Fe2O4 respectively, after 24 h incubation compared
to CoFe2O4. The data comparison tests resulted that a huge amount of C. parapsilosis
was killed by using the same quantity of CoFe2O4 and Co0.5Fe0.5Fe2O4 nanoparticles
after cultivating for 72 h. Moreover when S. aureus and E. coli with pure L-lysine
for the time of contact 24 h reveals a bactericidal level of potency at 6% and 9%,
respectively. After incubation for 72 h in pure L-lysine, the number of microorgan-
isms increased compared to the control sample. Additionally Fig. 15 reveals the
quantity of prokaryotic and eukaryotic microorganisms developed on Nutrient and
Sabouraud agar plates as a result of Co2+content in the nanoparticles of CoFe2O4

Fig. 15 Images display the antimicrobial action of different Fe-doped CoFe2O4 nanoparticles for
development inhibition of S. aureus (bottom row) and C. albicans (top row) bacteria cultured in
the Nutrient and Sabouraud agar plates, respectively. All bacteria were processed in liquid medium
except (a & e) and by Co0.2Fe0.8Fe2O4 (b & f); Co0.5Fe0.5Fe2O4 (c & g) or CoFe2O4 (d &
h) nanoparticles for 24 h. The loading was 10 gmL−1
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showing a substantial decrease in colonies with a rise in the amount of Cobalt in iron-
doped nanoparticles of CoFe2O4. After incubation for 24 h with amount 10 g mL−1

of nanoparticles of CoFe2O4, only dozens of two to three bacteria S. aureus and C.
albicans remains feasible instead of thousands. Important substitution of cells of C
[39].

7.5 Neodymium

Rehman et al., examined Nd-doped CeFe2O4 nanopowders i-e CoNdxFe2−xO4 (x =
0.0, 0.1, 0.15, 0.2) towards S. aureus, E. coli, and Candida albicans bacteria. The
inoculum was formed by inoculating a newly formed single bacterial colony and
yeast on Sabauraud Broth and Mueller Hinton Broth, respectively. Incubated these
cultures at temperature 37 ± 2 °C for 18 h and temperature 28 ± 2 °C for 48 h. E.
coli and S. aureus colonies were recorded incubating for 18 h, and Candida albicans
colony for 48 h.

After finding the optical density, S. aureus growth was reported to decrease with
samples x = 0.15, 0.2 and compared with samples x = 0.0, 0.1. Whereas the growth
pattern of E. coli was similar to that of control by a minor change of x = 0.0. The
development of Candida albicans was observed to be minimized by 4 ratios with
deep inhibition in a case when controlled with minimumNeodymium (x = 0.0, 0.1))
(Fig. 16).

The test organisms viable cell count showed the amount of sustainable C. albi-
cans and S. aureus was sensibly less than that in a control state (Fig. 17a). In both
experiments, all the four concentrations have a major impact on S. aureus survival,
by a minimum survival percentage of 50%, 45%, 40%, and 30% observed with an
enhanced concentration of neodymium in the x = 0.0, 0.1, 0.15, 0.2, respectively. All
the four concentrations showed a negligible effect on E. coli with only 90% survival
at x = 0.0. But, In case ofC. albicans evolution, profound inhibition was shown with
excellent activity and also shown the survival rate 9, 20, 22, and 40% at all the given
four concentrations and x = 0.0 and x = 0.1 C. albicans shows a marginally better
inhibition (Fig. 17b).

It was observed that when the concentration of Nd rises to 0.2 from 0.0 it shows
increased anti-gram-positive bacterial behavior of nanoparticles while the anti-gram-
negative bacterial behavior was observed to be negligible [40].

7.6 Zinc

Sanpo,Berndt,&Wang, analyzedZn-dopedCoFe2O4 Nps for antimicrobial behavior
towards S. aureus and E. coli bacteria. Solid agar plates with Zn-doped CoFe2O4Nps
were used to perform all the tests. Incubation of these plates took place at temperature
37 °C and after 24 h counted the colonies on the Petri dishes. Antimicrobial effects
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Fig. 16 Development pattern of microbes handled at separate time intervals with amount 1 mg/mL
of CoNdxFe2−xO4 (x = 0.0, 0.1, 0.15, 0.2) nanoparticles, control; untreated cells

were assessed by survival percentage and the formula is shown below [41].

Survival % = Colony number of treated bacteria

Colony number of control bacteria
× 100

For measuring the inhibition zone, the lysogeny Broth agar plate was used on
which samples were put with E. coli production, and their incubation was done
overnight at 37 °C.

The inhibition region diameter of nanopowders of CoFe2O4 in the pure state is
smaller than zinc doped CoFe2O4 most probably when increasing the concentration
of zinc. The result shows less active interaction biocidal properties of nanopowders
of cobalt ferrite in a pure state as related to Zn-substitute CoFe2O4. Figure 18 shows
the antibacterial behavior of ZnCoFe2O4 towards S. aureus and E. coli. The devel-
opment of S. aureus and E. coli is minimized with nanopowders of ZnCoFe2O4 in
comparison to the control state. The killing rate of S. aureus is lesser than that of E.
coli in nanopowders of ZnCoFe2O4. When the concentration of Zinc increased, their
antibacterial behavior becomes greater [42].

Madhukara Naik et al., also studied the antibacterial action of Zn-doped CoFe2O4

Nps. Agar well diffusion technique was applied to test the antibacterial action of
CoFe2O4 and Zn-doped CoFe2O4 NPs towards Salmonella typhi and S. aureus
bacteria. 100 ml sterilized agar medium gain the volume to 250 ml flask at
room temperature. Clinical isolates of Salmonella typhi and Staphylococcus aureus
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Fig. 17 Culture plates a and survival percentage b of microbes treated with amount 1 mg/mL of
CoNdxFe2−xO4 (0.0 ≤ x ≤ 0.2) nanoparticles, control; untreated cells

bacteriawere taken at 37 °C for 24 h for sub-culturing the nutrient broth of agarmedia.
After incubation measured the ZOI for results. Antibacterial action of synthesized
nanoparticles towards the standard antibiotic was less significant than the selected
pathogens as shown inFig. 18.Table 2 showing thediameter of the inhibition regionof
selected pathogens in millimeters. The antibacterial action of Zn CoFe2O4 nanopar-
ticles towards S. aureus (15 mm) was less as compared to S. typhi (22 mm) when the
concentration was 100 µg/mL [43].
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Fig. 18 Antibacterial action images of pure CoFe2O4 and Zinc doped CoFe2O4 nanoparticles

7.7 Cu, Zn, Mn

Maksoud et al., selected agar-disc distribution process for testing antimicrobial action
of synthesized Fe-doped CFO NPs [44–48]. Staphylococcus sciuri, Staphylococcus
lentus, Staphylococcus vitulinus, S. aureus, Enterococcus columbae, and Aerococcus
viridians were bacterial strains. With a fixed UV–Vis. Spectrophotometer at 600 nm
and 0.5 McFarland (1–3) × 108 cfu/ml bacterial inoculums were set [49]. After
incubation for 24 h measured the inhibition region for results [49, 52–54]. The
activity of FO nanoparticles was determined by choosing a standard antibiotic disc.

Results show that among all pathogenic bacteria the highest activity was shown
by Zn0.75Co0.25Fe2O4 nanoparticles which are the most potent FO nanoparticles as
shown in Table 3. Figure 19 and Table 3 shown the antibacterial activity of CFO and
metal-doped CFO nanoparticles towards S. sciuri, S. lentus, S. aureus, S. vitulinus, E.
columbae, and A. viridians. The result shows order of increase in efficiencyMCFO <
CCFO < ZCFO nanoparticles. Zn0.75Co0.25Fe2O4 nanoparticles were shown greater
efficiency against S. aureus by 15 mm, E. columbae by 13 mm, and A. viridians
by 12 mm ZOI. The activity of ZCFO nanoparticles maximizes the increase of the
amount of Zinc substituted CFO nanoparticles where x = 0.75 > 0.50 > 0.25 as
noted in Table 3 and shown in Fig. 19a–f. In addition to it the 3-dimensional ZOI
images aligned with ZCFO nanoparticles discs (Fig. 19a–f), show the distribution
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Fig. 19 Antibacterial activity of CFO, MnxCo1−xFe2O4 nanoparticles; x = 0.25, 0.50, and 0.75
versus S. lentus (a), S. sciuri (b), S. vitulinus (c), S. aureus (d), A. viridians (e), and E. columbae
(f) as inhibition zone (mm)

effectiveness of the observed ZCFO nanoparticles [62, 53]. Its inevitability signi-
fies that the effectiveness of Mn0.75Co0.25Fe2O4 was identified as the same as S.
vitulinus (12.0 mm ZOI), whereas Cu0.75Co0.25Fe2O4 NPs represents the highest
activity against S. aureus (12.0 mm ZOI) [50].

7.8 Polyaniline/Ag

Kooti, Kharazi, & Motamedi used magnetic materials for performing an antibac-
terial test with the help of Kirby–Bauer disk diffusion method. In the above tests,
5, 10, 20, and 40 mg/ml concentration of CoFe2O4, CoFe2O4 with polyaniline and
CoFe2O4/polyaniline/silver were dispersed by a method of sonication after being
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Fig. 20 Images of inhibition region around CoFe2O4/polyaniline/silver composite for S. aureus
and E. coli

prepared in sterile water. The Gram-negative and Gram-positive bacteria tested
included S. aureus, B. subtilis, E. coli, and P. aeruginosa. Sterile cotton swabs with
0.5 McFarland turbidity on culture medium for the generation of lawn culture. Then
incubated these plates for 24 h at temperature 37 °C and measured and recorded
the ZOI around every disk based on mm. Although Ag has a strong antibacte-
rial activity, its potential cytotoxic action towards mammalian cells limits the use
of Ag NPs as a therapeutic agent [54]. The inhibition zone diameter (IZD) in
disk diffusion test results of this study are shown in Tables 2 and 3 shows that
CoFe2O4/polyaniline/silver nanocomposite antibacterial activity is quite high than
CoFe2O4 and CoFe2O4/polyaniline nanoparticles. This activity is quite high than a
few ordinary antibacterial drugs tested. The calculated value of IZD in the case of E.
coli is 16 mm and in the case of S. aureus is 17 mm. This shows that the potential
biocidal action of magnetic CoFe2O4/polyaniline/silver composite is nearly the same
for different types of bacteria. Figure 20 also shows the images of a zone of inhibi-
tion of the nanocomposite CoFe2O4/polyaniline/silver towards E. coli and S. aureus
for 24 h. Hence, the prepared CoFe2O4/ polyaniline/silver composite is regarded as
an antibacterial substance having a wide spectrum antibacterial capability towards
gram-negative bacteria and gram-positive bacteria [51].

8 Conclusion

Pathogenicmicrobes have become a serious challenge to public health and at the same
to the environment. These have the capability to form a biofilm that makes thesemore
dangerous to human beings and cause increased death andmortality rates. Therefore,
there is a dire need to develop novel materials that can cope with these issues having
enhanced antibacterial properties. Spinel ferrites are extensively investigated for their



Antibacterial Potential of Spinel Ferrites … 231

antimicrobial potential. These ferrites having various elemental substitutions showed
encouraging results regarding the inhibition of various pathogenic microbes. There
are still some challenges regarding the controlled growth and careful characterization
of these materials for antibacterial applications that need to be addressed. Owing to
their antibacterial properties, spinel ferrites hold good potential in pharmaceutical
and biomedical applications.
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Toxicity Assessment of Nanoferrites

Mariana Tasso, Fiorela Ghilini, Marilina Cathcarth, and Agustin S. Picco

1 Introduction to the Toxicity of Nanomaterials

This section opens with a brief introductory foreword about the aim and scope of
this chapter and about the areas in the field of nanoferrites that will be covered.
Here, we deal with the toxicity of nanomaterials whose main final projected appli-
cation is in the nanomedicine field. Nanomaterials destined to regenerative thera-
pies, implants, catalysis, bioremediation, ecological and occupational toxicity, coat-
ings, and additives in food, cosmetics or clothing, among others, are excluded from
consideration.

The focus here is placed on the toxicity of a subgroup of magnetic nanomaterials,
the (nano)ferrites, which have attracted increasing attention in the nanomedicine
field in the last years. The ferrites represent a novel avenue to the obtainment of
magnetic nanostructures of eventually enhanced properties as compared to their
closest relatives, the iron oxides magnetite (Fe3O4) andmaghemite (γ-Fe2O3). These
pure iron oxide nanoparticles, though of proven efficacy in disease diagnostics and
therapy, are oftentimes limited by their capacity to induce reactive oxygen species
in vitro and in vivo, by their high Curie temperature that prohibits self-regulating
hyperthermia [1] and by the fact that their iron atoms are rapidly incorporated into
hemoglobin, thereby potentially altering the iron homeostasis in the cells [2, 3].
By adding other ions, such as Ni2+, Mn2+ and Co2+ to Fe3O4 nanoparticles (NPs),
ferrites of a wide range of magnetic and biomedical properties can be obtained.
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Ferrites have low inherent toxicity, can be easily synthesized, have high physical and
chemical stabilities, and low production costs [4].

This chapter beginswith a general description of nanomaterials for nanomedicines
and their potential routes of uptake and administration in animals and humans. Then,
the fate of the nanomaterial in the body and the consequent physiological response
to it will be discussed depending on the exposure pathway. A broad array of possible
cell-nanomaterial interactions will be presented based on the nanomaterial physico-
chemical characteristics. Cellular responses to stress and prominent nanoparticle
features responsible for nanotoxicological effects will be subsequently described.
Finally, a brief description of the most accepted and reported methods to evaluate
the in vitro and in vivo toxicity of nanomaterials is presented. This introduction to
the toxicity of nanomaterials does not intend to be comprehensive but rather to lay
the foundations for a better comprehension of the following sections. For a detailed
description of these aspects, the reader is conveyed to other references [5–9].

1.1 Nanomaterials and Nanomedicine

The International Organization for Standardization (ISO) defines “nanomaterial” as a
“material with any external dimension in the nanoscale or having internal structure or
surface structure in the nanoscale” and “nano object” as a “discrete piece of material
with one, two or three external dimensions in the nanoscale”, with nanoscale being
in the 1–100 nm range [10]. Nanoscale objects present a higher proportion of surface
atoms compared to those in the core (or the surface-to-volume ratio), a fact that
can lead to thermodynamic instability and enhanced surface reactivity, propelling
dissolution processes, redox reactions or the generation of Reactive Oxygen Species
(ROS) [11]. These properties, together with other innate nanoparticle attributes, such
as size, shapeor the presence of surface ligands could constitute leadingdriving forces
for undesirable cellular responses that may result in cellular and organ toxicity [12–
14]. Given their small size, nanoparticles can interact with the cell membrane, the
cytoplasm and the organelles in ways that could not be accessible to larger particles.
These interactions may result in cellular stress and could therefore end up being toxic
[15, 16].

Nanomedicine comprises any sort of material, like proteins, polymers,
dendrimers, micelles, liposomes, emulsions, nanoparticles, and nanocapsules that
falls within the range of 5–250 nm [17] and that is proposed for an application in
the medical field, mostly as an analog of a medicament. Drug delivery nanosystems
and the magnetic nanomaterials that are since long being used as contrast agents in
magnetic resonance imaging (MRI) and that are also proposed as therapeutic tools
in hyperthermia or as carriers for (image-guided) drug/gene delivery, they all belong
to the nanomedicine field [18–20].
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1.2 The Nanomaterials’ Journey in the Body

Nanomaterials present in the air can naturally enter the human body through the
airways and the mucosae. Some nanoparticles can penetrate the lung, intestinal or
dermal skin barriers and translocate to the circulatory, lymphatic and nervous systems
[12, 21]. This translocation may result in nanoparticles reaching most body tissues
and organs, such as the brain, potentially disrupting cellular processes and causing
disease [8, 15, 22, 23]. The immune system provides then the main orchestrated
response to the presence of foreign objects inside the body. Immune cells present
in the airway and digestive mucosae, as well as in the skin, are the first to intercept
nanomaterials upon natural or accidental exposure. If the nanomaterial is adminis-
tered intravenously, injected inside a target organ or instilled through the airways, the
immune cells present in blood, in the muscle tissue, in the liver, spleen and kidney
are those who will mainly interact with the nano-objects [8, 24, 25]. If an immune
response is set in place, a cascade of events is launched to rapidly eliminate the NPs
via phagocytic, metabolic and degradative processes in immune cells.

The mononuclear phagocytic system (MPS), also known as reticuloendothe-
lial system (RES), comprises a family of cells that play a vital role in the defense
against microorganisms, micro/nano-objects and in immunity. Bonemarrow progen-
itors, blood monocytes and macrophages located in different organs, such as liver,
spleen, lymph nodes, bonemarrow, lung and brain belong to the RES [26–28].Tissue
macrophages, notably those residing in the liver and spleen, are the most relevant
cells in the clearance of NPs from blood circulation, being able to remove NPs from
the bloodstream within seconds of intravenous administration [25, 29]. Macrophage
recognition of the NPs is feasible thanks to the unspecific adsorption of opsonin
proteins, blood serum proteins that mark foreign objects for phagocytosis [30, 31].
Opsonization, the process related to the deposition of opsonins, is a major obstacle
for nanomedicines as it reduces blood circulation time and diminishes the likelihood
of arrival to the target site [31, 32]. Phagocytes eventually degrade the opsonized NPs
and, if that is not completely feasible, undigested material will either be removed by
the renal system (NPs < 10 nm) [25] or sequestered and stored in one of the MPS
organs [30, 31, 33].

If opsonization can be reduced (by, for instance, modifying the surface of the
NPs with certain ligands) [29, 34] and the MPS evaded, such NPs of longer circula-
tion times may still need to trespass the vascular endothelium barrier to reach target
organs. If that is achieved, nanomaterials out of circulation will be exposed to the
extracellular matrix, where they may move through its water channels or be spon-
taneously internalized by cells, mostly by the mechanisms of endocytosis [17, 35].
NPs uptaken by the cells usually end up in the lysosome, where they are exposed
to high concentrations of a wide variety of hydrolytic enzymes active on proteins,
polysaccharides and nucleic acids [36, 37]. NPs are then finally degraded in the
lysosome and exocytosed [38].



236 M. Tasso et al.

1.3 Cell-Nanomaterial Interactions and Cell Stress

As referred to above, there is amoment in theNPs’ journey through the body inwhich
NPs (already surface-modified by their interaction with biological fluids) come into
contact with cells, in particular with the cell membrane. Since NPs are, due to their
high surface-to-volume ratio, thermodynamically unstable, more surface reactive
and more biologically active, their presence in the cellular environment represents a
potential for inflammatory and pro-oxidant, but also antioxidant capacity [12].

The most commonly cited and explored mechanisms of nanoparticle-mediated
cytotoxicity are: oxidative stress (reactive oxygen and nitrogen species), inflamma-
tion, cell membrane damage, genotoxicity, immune system response, autophagy and
lysosomal dysfunction, ultrastructural changes in cell or cell organelle morphology,
lactate dehydrogenase release, inhibition of cell growth and cell death, among
others [37, 39–42]. A brief description of the most relevant mechanisms of
nanoparticle-mediated cytotoxicity follows.

(a) Reactive Oxygen Species (ROS) are a number of reactive molecules and
free radicals derived from molecular oxygen, like superoxide anion, hydrogen
peroxide and nitric oxide, that are continually produced during cell metabolic
processes, though their generation is normally counterbalanced by the action
of antioxidant enzymes and other molecules. Glutathione may be the most
important intra-cellular non-enzymatic small molecule that acts to counter-
balance the damaging effects of ROS [39]. The generation of ROS and the
related oxidative stress responses by the cells are frequent causes of nanopar-
ticle toxicity, from metal oxides to semiconductor and carbon nanomaterials,
among others [9, 13, 24]. Most of the metal-based nanoparticles (Fe, Si, Cu,
Ni) elicit oxidative stress through the generation of free radicals following
Fenton-type reactions [39, 43, 44]. Intracellularly-produced free radicals have
adverse effects on cell components, like proteins (protein oxidation), lipids
(lipid peroxidation) and DNA (DNA strand breaks) and also alter mitochon-
drial membrane potential to the point of inducing a mitochondrial dysfunction
and finally cell death [39, 45, 46].

(b) Inflammation is the process throughwhich the body repairs tissue damage and
defends itself against foreign materials. Tissue resident macrophages partici-
pate in the primary immune response of tissues, producing various cytokines
and immune regulators. The interaction of NPs with these macrophages can
polarize the latter towards pro-inflammatory or anti-inflammatory phenotypes
and that polarization may alter the natural equilibrium between macrophage-
produced pro- and anti-inflammatory cytokines [42]. Acute and chronic
inflammation can result from this unbalance [47, 48].

(c) Cell membrane damage can be a consequence of cell-NP interactions and
typically depends on nanoparticle attributes, such as size, surface charge or
hydrophilicity [14, 49, 50]. It has beenwell reported that NPs can cause cell and
organelle membrane disruptions and, eventually, cell death [15, 22, 50–52].
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(d) Genotoxicity refers toDNAdamage induced by the presence of theNPs,which
includes genome rearrangements, strand breaks and the formation of modified
DNA bases. These DNA lesions can lead to gene mutations, chromosomal
aberrations, apoptosis, carcinogenesis or cellular senescence if left unrepaired
[53]. A wealth of evidence supports the idea of a potential genotoxic risk
associated to many different NPs [8, 46, 54–56].

(e) Other negative physiological effects that can partially or completely impair
normal cell and organ functioning have been reported for NPs in the
nanomedicine field [9, 45, 57]. Among them, autophagy and lysosomal
dysfunction have been proposed as mechanisms of nanomaterial toxicity,
notably if the NPs are not biodegradable and accumulate in the lysosomes
without plausible exit [37, 58]. NPs can also adsorb on cell membranes and
block cellular ducts, cause structural changes to the membranes, or inhibit
mobility and nutrient or ion intake and result in cell death.

1.4 Nanomaterial Properties and Cytotoxicity

The interactions between nanomaterials and cells are intimately controlled and
defined by the nature and properties of the nano-object. The major interactions, such
as the adsorption of biomolecules like proteins or opsonins, the uptake by the cells,
the in vivo fate and biodistribution of theNPs and their overall toxicity, tightly depend
on the physico-chemical properties of the nanomaterial. Some relevant NP properties
include size, size uniformity, shape, composition, surface area, surface charge, state
of aggregation, degree of crystallinity, aspect ratio, surface functionalization, aging
in biological media, and the potential to generate ROS [8, 14, 35, 36, 59, 60]. A brief
description of these elements and their relationship to cytotoxicity is provided below.
A more comprehensive review of this topic can be found elsewhere [8, 16, 25, 60,
61].

(a) Size is possibly the most relevant property influencing the toxicity of a mate-
rial and its distribution within the body, the organs and the cell [29, 62–64].
Iron oxide NPs with a hydrodynamic diameter higher than 100 nm quickly
accumulate in the liver and spleen while NPs below 10–15 nm are likely to
be eliminated through the kidneys [25, 65]. Noteworthy, NP size dictates the
likelihood of NP extravasation and accumulation in tumors through their leaky
vasculature [66, 67].

(b) Size uniformity, shape, composition and surface charge. Size uniformity
and low polydispersity index are very much desirable properties for any nano-
material to be proposed for nanomedicine applications. The shape of the nano-
object is of critical importance to determine relevant properties, such as blood
circulation times [25], rapid accumulation in certain organs and clearance route
[68], rapid entrance to the cell [69], or interaction with the cytoskeleton [70].
Composition is another source of eventual toxicity, though iron and iron oxide
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nanomaterials are considered biocompatible and non-toxic since their disso-
lution yields iron ions which can be metabolized by the cells [71]. Neverthe-
less, excess iron can induce a dysfunction in the mitochondrial iron home-
ostasis mechanism and, as previously discussed, participate in the generation
of ROS and consequently of oxidative stress [72]. Surface charge, on the other
hand, strongly influences protein adsorption and the formation of a protein
corona, hence determining cell-NPs interactions and their blood circulation
time [29, 51, 73, 74].

(c) Surface functionalization may refer to both, the addition of a surface ligand,
such as a polymer, biomacromolecule, short peptide or other, and to the depo-
sition of a shell around the nanoparticle core. Given their susceptibility to
oxidation, pure metals, like Fe, Co, Mn, Ni and their metal alloys, are usually
covered with a shell to avoid exposure of the metal ions to oxidizing species
and a potential ion release. The deposition of inorganic components, like silica,
carbon, precious metals (Au, Ag) or oxides has been extensively reported, with
some of these shells also serving the purpose of carrying a drug or fluorescent
label [75–77].
The deposition of a shell or a ligand is typically associated with an enhance-
ment in NP colloidal stability and with a higher level of control over NPs’
interactions (hence diminishing NP aggregation) as well as over the inter-
actions between NPs, biomolecules and cells. Certain ligands are added to
promote a specific, desirable interaction between NPs and cells and could be
defined as target-binding units, e.g. folic acid added to iron oxide NPs and
proposed for imaging and therapy of various cancer types [78–80]. Polymer
ligands are frequently conceived to carry anchoring groups, spacing groups
(e.g. polyethylene glycol, PEG, or zwitterions to prevent protein/biomolecule
adsorption), and biofunctionalization groups [65, 81–83]. Anchoring groups
ensure a strong binding between the ligand and the nanoparticle surface, which
diminishes the probability of liganddesorption, its displacement by competitive
species present in biological media, and the consequent particle aggregation.
Long-term colloidal stability under dilute conditions, high salt concentrations
and elevated temperatures is a sine qua non condition for the use of NPs as
nanomedicines [65].

(d) Aging in biological media. Besides the almost inevitable formation of a
protein corona upon NP interaction with biological fluids that confers a new
biological identity on NPs distinct from the bare NP one [32, 84–86], long-
term exposure can result in nanoparticle partial degradation and continuous
modifications of its physicochemical properties, thereby altering the biolog-
ical response. Ligand destabilization, nanoparticle dissolution and aggrega-
tion, dynamic exchange of biomolecules onto the destabilized nanoparticle
surface, catalytic processes, among others, are all characteristic of long-term
nanomaterial aging in biological environments.
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1.5 In Vitro and in Vivo Methods for Toxicological
Examination of Nanoparticles

Theextensive list ofmethods frequently employed to evaluate the toxicity ofmaterials
and, in particular, of nanomaterials includes in vitro and in vivo assays, as well as
oftentimes in vitro assays employing 3D cellular models of various kinds. Here, a
brief description of the most cited in vitro methods will be presented. The focus is
placed on in vitromethods given their higher prevalence in the literature as a preamble
for further in vivo toxicological evaluations. For a more comprehensive review about
the toxicological assessment methods in vivo and in 3D cellular models, the reader
is conveyed to consult other sources [5, 87–89].

In vitro evaluation of nanomaterials and other compounds refers to their
screening in the context of cellular systems, such as conventional cell cultures and 3D
cellular models, but also of tissues, whole organs, subcellular organelles and uni- and
multicellular small organisms, like bacteria or nematodes asC. elegans. In vitro toxi-
cological evaluation of nanomaterials provides the required preamble for a further
in vivo evaluation and enables the obtainment of valuable information in terms of
possible adverse effects onto cells and permitted concentration ranges together with
the appropriate environment to assess the molecular mechanisms associated to cell
stress and cellular response [7, 90]. One very relevant outcome parameter of in vitro
assays is the half maximal inhibitory concentration, IC50, which represents the
concentration of a nanomedicine that results in a 50% inhibition of a given biological
or biochemical function after a defined exposure time to the cells. Cytotoxicity is a
term that refers to the potential of a compound or treatment to cause cell damage or
death [91, 92]. Alterations in cell growth rate, cell adhesion, morphology, metabolic
activity, secretion of biomolecules, DNA expression, out of equilibrium production
of enzymes or genes, among others, are considered examples of cytotoxicity mani-
festations [93]. There are several methods described in the literature to evaluate cell
viability and cytotoxicity, that either directly determine the percentage of viable cells
(e.g. Trypan blue exclusion assay) or assess any other parameter that could be linked
to an impaired cellular function, such as cell metabolic activity (e.g. MTT test) or
incipient cell membrane damage (e.g. LDH assay).

Cell metabolic activity is usually determined with theMTT,MTS and resazurin
assays [94, 95]. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) is a yellow dye that upon intracellular reduction forms a purple formazan
product [96]. Since the formazan product is insoluble and intracellularly-confined,
cell lysis with detergent solutions and solubilization of formazan with organic
solvents enables formazan resuspension in solution for its further absorbance deter-
mination. Besides MTT, other assays based on this principle have been developed,
such as the MTS [95], XTT, WST-1 or WST-8, though for them the formazan
product is chemically-modified to be rendered soluble. Resazurin, on the other
hand, is a blue dye that is converted by metabolically-active cells to resorufin, a
pink-colored dye that is fluorescent [97, 98]. Both, resazurin and resorufin are water
soluble and able to diffuse through the cell membrane.
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Cell viability can be ascertained by determining the capacity of the cells to
produce ATP, adenosine triphosphate, the most important energy carrier molecule
in cells. Dead cells do not synthesize ATP while the existing ATP is rapidly depleted
by endogenous ATPases [99]. The quantification of cell viability through ATP is
carried out by exploiting the ability of the firefly luciferase enzyme to oxidize the
pigment D-luciferin in the presence of ATP. This oxidation produces oxyluciferin,
other subproducts and emitted light (luminescence). The latter is proportional to the
amount of ATP present in the sample and hence to the number of viable cells. The
ATP-luciferase assay is one of the most sensitive tests to evaluate cell viability,
being able to detect between 4 and 5 cells in a well in 384 well plates [91, 100].

An alternative to the ATP-luciferase assay is the Neutral Red Uptake (NRU)
assay. Neutral red (3-amino-7-dimethylamino-2-methylphenazine hydrochloride) is
a dye able to penetrate the cell membrane at physiological pH. Thanks to the capacity
of the cells to maintain pH gradients through the production of ATP, the dye accu-
mulates in lysosomes from where it is then recovered by addition of a destaining
solution usually containing ethanol and acetic acid [101, 102]. Since dead cells do
not produce ATP and cannot maintain a correct pH gradient, they lack the dye and
will therefore not contribute to the measured signal.

The protein mass present in cells can be indicative of the total cell number
and, hence, of cytotoxicity [103]. The Sulforhodamine B (SRB) assay enables the
determination of total protein mass in fixed cells thanks to the use of a bright pink
dye that binds to basic amino acid residues in proteins under mild acidic conditions
[104, 105]. The dye is afterwards released from proteins under basic conditions
and resuspended for spectrophotometric reading (absorbance or fluorescence). The
amount of extracted dye is proportional to cell mass/number and that value can be
used as indicative of the cytotoxicity of a given compound.

Damage to the cell membrane (and eventually, cell lysis) can be assessed with
the Lactate Dehydrogenase (LDH) assay [106, 107]. The intracellularly-located
LDH enzyme catalyzes the conversion of pyruvate to lactate and, depending on
the conditions, is also able to catalyze the reverse reaction. If the cell membrane
is damaged, the enzyme can be found in the cell medium surrounding the cells.
Exposing that medium to an enzymatic substrate enables the formation of a cherry
red formazan product that can be quantified by its absorbance at 492 nm. The product
concentration is proportional to LDH amount/activity and that in turn correlates
with the number of damaged/dead cells. Used as explained, the LDH assay reveals
cytotoxicity. However, if undamaged cells are lysed and the LDH enzyme released
from them is recovered, the LDH assay can also be used to assess cell viability
[99, 100].

Oxidative stress can be viewed as an indicator of cytotoxicity, but also of cell
viability if its repercussions result in cell death. As discussed in the previous subsec-
tions, all aerobic cells produce Reactive Oxygen Species (ROS) during normal
oxygen metabolism. Whenever ROS production exceeds the neutralizing action of
cell-borne antioxidants, a state of oxidative stress develops, which may trigger apop-
tosis, DNA damage and lipid peroxidation [39, 41, 72]. Direct detection of ROS
and other free radicals is difficult because these molecules are short-lived and highly
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reactive [108]. That’s why indirect detection of secondary products of ROS, such as
DNA damage, lipid peroxidation and protein oxidation are usually preferred [108,
109]. In direct detection, ROS can be measured following staining with DCFDA (5-
(and -6)-carboxy-2,7-dichlorodihydrofluorescein diacetate) or its analogue DCFH-
DA (dichloro-dihydro-fluorescein diacetate) [110, 111]. This membrane-permeable
reagent can be hydrolyzed by intracellular esterase to DCFH, which then reacts with
H2O2 to give a fluorescent product, DCF (2,7-dichlorofluorescein). The amount of
peroxide produced by the cells can then be estimated from the DCF fluorescence
[110, 111]. Alternatively, superoxide molecules (O2

−) can be quantified by staining
with the fluorescent probe DHE, dihydroethidium. Inside the cells, DHE is oxidized
by O2

− yielding a fluorescent product, ethidium bromide [109, 110]. An analogue
is NBT, nitroblue tetrazolium, though its oxidation produces a stable intermediate
whose formation can be monitored spectrophotometrically (absorbance) [109].

On the other hand, protein damage due to oxidation can be measured using the
2,4-dinitrophenylhydrazine (DNPH) method [112]. Lipid peroxidation (LPO) is
mainly scrutinized by measuring its major end products, the free aldehydes malon-
dialdehydes (MDA), 4-hydroxy-trans-2-nonenal, isoprostanes and Acrolein [109,
110]. Single- and double-stranded breaks in the DNA are also generated during
oxidative stress conditions, as well as other types of DNA damage, like thymidine
glycol. DNA breaks can be detected using the comet assay, which will be introduced
below.

Besides the quantification of ROS species and the evaluation of their resulting
damaging effects onto lipids, proteins and DNA, it is possible to monitor the overall
redox status of a cell by measuring the activity of antioxidant enzymes and the
levels of antioxidant compounds present in the cellular milieu. The activities of
superoxide dismutase (SOD), catalase, glutathione peroxidase and glutathione S-
transferase (GST), as well as the levels of glutathione (GSH), and vitamins A, C
and E can be measured to elucidate the redox status of the cell [110].

Finally, genotoxicity can also result as a consequence of cell-nanomaterial inter-
actions. Genotoxicity refers to damage induced in the genetic material, which may
involve small lesions at DNA level (e.g. strand breaks, adducts, point mutations) or
abnormalities in chromosomes (e.g. alterations in the number of chromosomes (aneu-
ploidy) or chromosome fragmentation (clastogenicity) [46, 113, 114]. The comet and
micronucleus assays are the most popular tools for the screening of the genotoxic
potential of nanomaterials [40, 89]. The comet assay informs about primary DNA
damage while themicronucleus assay ascertains chromosomal alterations in prolif-
erating cells. Lesions detected with the comet assay are still potentially reversible
while those found with the micronucleus assay are irreversible.

In vitro toxicological evaluation of nanocompounds is by no means conclusive,
though if carried out comprehensibly and over the wide range of cells that are
expected to be in contact with the nanocompound in its journey through the body,
it can provide very valuable and insightful information. Specially, it can unveil the
molecular mechanisms behind the observed cytotoxicity and/or viability loss and it
provides a first-order approximation to the problem of optimizing a nanocompound
for its safe use as nanomedicine. The passage to 3D cell culture systems prior to
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in vivo assays is very much recommended as 3D cell systems possess features of
organized cellular arrangements that could better mimic cancer tissue and organs
than conventional 2D cell cultures.

2 Toxicity of Iron Oxide Nanomaterials

Iron oxides are the closest relatives to ferrites and therefore the material whose main
attributes may then be partially reflected in the physico-chemical and biological
characteristics of the ferrites. Iron oxide is modified at various degrees to obtain
ferrites: from the iron oxidesmagnetite (Fe3O4) andmaghemite (γ-Fe2O3) to ferrites
in the formMxFe2-XO4, M3Fe5O12, MFe12O19, MFeO3or M1-xNxFe2O4, were M
and N are co-ions [2, 4, 115]. These various levels of substitution can drastically
change the physico-chemical properties of iron oxides and, eventually also, their
interaction with cells, tissues, organs and whole organisms [116–119]. Nevertheless,
someof the toxicological issues associated to ironoxide nanomaterials are also shared
by ferrites, e.g. induction of ROS and incidence in the cellular iron homeostasis
process.

This chapter beginswith a brief introduction about iron oxides and their toxicolog-
ical issues and ends with a succinct description of the application areas of magnetic
nanomaterials (iron oxides and ferrites included) in the biomedical field.

2.1 Iron Oxides

Iron, one of the most abundant metallic elements in living organisms, is essential
for various biological processes, such as oxygen transport by hemoglobin, cellular
respirationby redoxenzymes,DNAsynthesis, andmetabolic energy [120]. Ironoxide
nanomaterials are a source of iron since their dissolution under acidic conditions
produces Fe3+ ions that can be fed into the natural iron homeostasis pathways. If the
dissolved iron concentrations exceed the capacity of the cell to restore iron levels to an
acceptable equilibrium, iron unbalance becomes cytotoxic. Toxicity is here related
to the capacity of iron to naturally interconvert between ferrous (Fe2+) and ferric
(Fe3+) forms and to generate free radicals [72]. Besides this potential drawback, and
compared to many other NPs, iron oxide nanomaterials are still considered benign,
non-toxic and biologically tolerated. They are one of the few nanomaterials that can
be administered to the body, naturally degraded and fed into metabolic pathways in
mammals [71].

Iron oxides are also one of the most common biocompatible magnetic nanomate-
rials nowadays employed in the medical field (e.g. Ferumoxytol for the treatment of
iron deficiency) [121] and assiduously proposed for further applications. Pure iron
oxides maghemite (γ-Fe2O3) and magnetite (Fe3O4) together with other iron-based
magnetic NPs are particularly attractive for in vivo therapy and diagnostics thanks
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to the combination of their high magnetization, well-described cellular metabolism
and relatively low toxicity [3, 66, 122–124]. Worth a note, iron oxide NPs under ~ 30
nm are superparamagnetic and possess no residual magnetization in the absence of
an externally applied magnetic field. These superparamagnetic NPs, named SPIONs
(superparamagnetic iron oxide nanoparticles) can be transiently magnetized in the
presence of an alternating magnetic field, hence only inducing heat generation in
magnetic hyperthermia when the magnetic field is applied [125]. In particular for
magnetic hyperthermia applications, ferrites are preferred to conventional iron oxide
NPs given their lower Curie temperatures that permit self-regulating hyperthermia
[1].

Finally, regarding the synthesis methods of iron oxide NPs and their physico-
chemical properties, several synthesis protocols have been proposed resulting in
nano-objects of various sizes, shell types, ligands, and diverse interactions with
biological fluids, cells and organs [20, 65, 71, 77].

2.2 Magnetic Nanomaterials in Nanomedicine

Magnetic nanomaterials have plentiful applications in the biomedical field that
comprise cell labeling and separation, cell tracking and magnetically-guided trans-
port of magnetically-labeled cells or nano-objects, for therapeutic purposes in hyper-
thermia and drug delivery, and for diagnostics, e.g. as contrast agents for magnetic
resonance imaging (MRI) or photodynamic therapy (PDT) [19, 65, 126–128].
Biosensing, alignment of cells for tissue engineering approaches and DNA transfer
are further examples of application areas of magnetic nanomaterials [18, 19, 129].
In DNA transfer, nucleic acid molecules are bound to the nanomaterial and trans-
ported to the target site by application of a magnetic field [130]. Alternatively named
magnetofection, this method has been used to deliver DNA and siRNA bound to
SPIONs to cancer cells and cancer tissue [131, 132]. For the siRNA, Fang et al.
demonstrated that the siRNAstrategy inhibited as expected the proliferation, invasion
and in vivo tumorigenicity of CD133+ human glioma stem cells [132].

In the imaging field, iron oxide nanomaterials present qualities that make them
advantageous for in vivo determinations since they are biocompatible, biodegradable
and have deeper imaging penetration in tissues than, for instance, fluorescent probes.
Nevertheless, as explained in Sect. 1, they can be opsonized and rapidly cleared from
the body by phagocytes. In that respect, certain ultrasmall superparamagnetic iron
oxide (USPIO) were found to present extended residence times in the bloodstream,
which enables long-term vasculature imaging as well as the arrival and retention
of higher numbers of NPs in areas of leaky vasculature, as those found in tumors
[25, 133]. Thanks to USPIOs’ accumulation in tumors, valuable information can be
extracted about cancer stage and potential for metastasis, increased neovasculariza-
tion and vascular leakiness [66]. Furthermore, USPIOs, such as ferumoxytol and
ferumoxtran-10, have shown excellent potential for brain tumor imaging because of
tumor’s impaired blood brain barrier [133]. Last but not least, magnetic materials
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have been combined with other types of materials to generate multimodal nano-
objects. For instance, SPIONswere combinedwith fluorescent nanoparticles for dual
magnetic and fluorescence imaging [75, 134, 135], while magnetic and photothermal
[117, 128, 136], optoacoustic [137], and plasmonic [138]modalities also exist. These
multimodal variants are flourishing these days and show great promise for enhanced
diagnostics and therapy [139]. For further examples about magnetic nanoparticle
applications, the reader is conveyed to a series of review articles [18, 19, 65, 66, 71,
125, 140].

3 Toxicity of Nanoferrites

This chapter section provides a detailed description about the toxicity of the nanofer-
rites most represented in the literature thereafter followed by a brief discussion about
their most salient toxicological features. This section is divided in different subsec-
tions describing ferrites sorted by specific (co-)ions. In addition to toxicity, details on
nanoferrites’ structure, properties andmain applications arementioned. The informa-
tion presented here is based on the analysis of the available literature corresponding to
each type of ferrite. The Scopus database was preferred, though others like PubMed
were also analyzed. Queries containing combined terms like “ferrite AND nanopar-
ticle AND toxicity” or specifying specific ions (e.g. “cobalt ferrite AND toxicity”)
in the title, abstract or keywords were firstly performed. From the initial screening,
scientific publications matching the searched terms and referring to applications
mostly in the biomedical field were retained. From those, most of conference and
proceedings papers were excluded, as well as reports that work with micron-size
particles instead of nanoparticles and those that present toxicological results only
in bacteria, yeast, algae or similar (unless deemed relevant from a nanomedicine
point of view). Furthermore, only reports referring to nanoparticles with chem-
ical formulae corresponding to the ferrites: MFe2O4 (or MxFe3-XO4), M3Fe5O12

(garnets),MFe12O19 (hexaferrites) orMFeO3 (orthoferrites) were retained, wereM is
the co-ion [115]. The mixed ferrites with formula M1−xNxFe2O4 (or even containing
more than two mixed co-ions) were also included. Once this selection was made,
the resulting scientific publications were sorted by co-ion. The mixed ferrites were
treated equally.

Regarding the subsections, a total of seven are presented below. Five of them
(Sects. 3.1 to 3.5) are devoted to nanoferrites containing themost represented divalent
co-ions (Co, Cu,Mn, Ni, Zn) in the literature; one (Sect. 3.6) groups those containing
less frequent co-ions (Bi, Gd, Sr, etc.) and the final Sect. (3.7) accounts for mixed
ion ferrites (e.g. NiZn). Most of the referred articles used spinel ferrites of the kind
MFe2O4 (or MxFe3-XO4). However, there are few works presenting results in non-
spinel ferrites, like the ones from Zioni [141] and Alvino [142] and their co-workers
who used Sr- and Ba-based hexaferrites.

Each subsection discusses in vitro and in vivo toxicity of the corresponding type
of ferrite. Results from in vitro tests are summarized in one table per subsection. In



Toxicity Assessment of Nanoferrites 245

the analysis of in vitro results, more attention is given to cytotoxicity and cellular
viability results, whereas the assessment of oxidative stress and genotoxicity is
mentionedmore succinctly. Presenting this information divided by co-ionmay enable
the intra- and inter-comparison among NPs of similar composition, size, synthesis
method and/or surface coating, to find analogies and differences to better compre-
hend (if possible) the interplay between NP properties and cellular responses. On the
other hand, since the evaluation of nanoferrites’ toxicity in vivo is relatively scarce
(compared to in vitro assessment), this information is presented in a combined single
table accounting for all co-ions (Table 8). Table 8 is more diverse than its precedent
in vitro tables, refers to several distinct evaluation methods and contains a wide array
of in vivo toxicological observations and experimental details.

3.1 Toxicity of Cobalt Nanoferrites

Cobalt ferrite nanoparticles (Co-FNPs) are among the most promising magnetic NPs
(MNPs) derived from iron oxides. They have the general chemical formula CoFe2O4

and present an inverse spinel crystallographic structure. Also, Co-FNPs with varying
amounts of Co (CoxFe3−xO4, with x < 1) [143] have been intensively studied and
will be considered in this section. Co-FNPs are usually hard magnetic materials that
exhibit high Curie temperature (ca. 520 °C), large coercivity, moderate magnetic
saturation (up to 80 emu/g), and high magnetic anisotropy [144]. In addition, they
are chemically stable and present excellent mechanical hardness. Due to these prop-
erties, they possess an enormous potential for diverse applications in the biomedical
field, like magnetic hyperthermia, MRI and magnetic drug delivery, among others
[144, 145].

Among the different ferrite based-nanoparticles, the toxicity of Co-FNPs is the
most studied in the literature [146]. Table 1 summarizes main results from represen-
tativeworks dealingwith the in vitro toxicological characterization of Co-FNPs. This
table focuses mainly on cytotoxicity results, whereas tests devoted to assessing other
toxicity aspects, like oxidative stress or genotoxicity are briefly mentioned. As it can
be seen, Co-FNPs cytotoxicity has been studied in a plethora of cell lines deriving
from normal and cancerous tissues of several different organs. For instance, Horev-
Azaria and co-workers reported IC50 values for commercial Co-FNPs of around 17
nm diameter in six different cell lines from diverse tissues (A549 and NCIH441,
human lung; Caco-2, human colon; HepG2, human liver; MDCK, dog kidney; TK6,
human lymphoblast), primary dendritic cells (mouse) and lung slices (rat) [147]. By
using different cell viability assays, such as MTT, Alamar Blue, Neutral red uptake
andWST-1, they showed that theCo-FNPs-induced cytotoxicity depended on the cell
type, being TK6 cells the most affected ones, while A549 and HepG2 cells exhibited
negligible changes.

Ahamed [148], Abudayyak [149], Zhao [150] and their co-workers have studied
different biomarkers related to oxidative stress (ROS, MDA, GSH, among others)
and shown that the latter plays an important role in Co-FNPs cytotoxicity. On the
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other hand, genotoxic effects of Co-FNPs have been less frequently investigated than
cytotoxicity and oxidative stress. For instance, Aşık et al. have demonstrated that Co-
FNPs induced primary DNA damage and presented clastogenic activity in human
breast cancerous (MDA-MB-231) and non-cancerous (MCF-10A) cells [56]. As it
can be seen in Table 1, no clear trend between Co-FNP size or synthesis method and
cytotoxicity can be deduced. Nanoparticle coating usually decreases Co-FNP cyto-
toxicity as long as the surface functionalization is biocompatible [151–153]. As an
example, Fig. 1 depicts how a silica coating diminished the cytotoxicity of Co-FNPs
of around 18 nm as determined by multiparametric flow cytometry [154]. On the
contrary, when coatings with known toxic effects (such as PEI, polyethyleneimine)
are used, coated Co-FNPs induced higher cytotoxic effects than bare ones [51].

a

b

c

d

Fig. 1 Viability of Jurkat cells after incubation with increasing amounts of CoFe2O4 and
CoFe2O4@SiO2 nanoparticles for 24 h (a, b) or 48 h (c, d) and analyzed by multiparametric
flow cytometry. Viability (a, c) was determined by Annexin V-FITC (AxV–FITC) and propidium
iodide (PI) staining (first row), yielding the percentage of viable (Ax − PI − ), early apoptotic (Ax
+ PI − ) and late apoptotic and necrotic (PI + ) cells. The status of the mitochondrial membrane
potential (b, d) was analyzed by DiIC1(5) (1,1′-dimethyl-3,3,3′,3′-tetramethylindodicarbocyanine,
iodide) staining and distinguishes cells with intact (DiIC1(5) positive) and depolarized (DiIC1(5)
negative) membranes (second row). Positive controls contain 2% DMSO and negative controls
represent the corresponding amount of solvent instead of ferrofluid. Concentrations are normalized
to their respective particle concentrations, not to the magnetic content. Reproduced from Lucht
et al. Nanomaterials 2019, 9, 1713, with the permission of MDPI
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Compared to in vitro toxicological characterization of Co-FNPs, much less works
devoted to in vivo studies are found in the literature. Main results from representative
toxicity reports investigating Co-FNPs together with ferrites based in other co-ions
can be found in Table 8. Most of these works were performed using rodents (mice or
rats) [153, 155–160] and some of them present both in vitro and in vivo results [153,
157, 159]. As shown in table 8, Co-FNPs usually tended to accumulate primarily in
the liver and spleen when injected. Alterations in liver (e.g. AST, ALT or bilirubin),
kidney (e.g. urea, BUNor creatinine) and/or blood (e.g.RBC,WBCor platelet count)
parameters were commonly observed [156, 157, 159, 161]. However, they returned
to normal values after relatively short times (8 days in the case of reference [159]).
On the other hand, when Co-FNPs were intratracheally instilled, they induced an
infiltration of neutrophils, lymphocytes and eosinophils in bronchoalveolar lavage
fluid, among other alterations [158].

3.2 Toxicity of Copper Nanoferrites

Copper nanoferrites (Cu-FNPs) are considered suitable for biomedical applications
since their constituents (copper, iron, oxygen) can be degraded by metabolic path-
ways in the body [181]. They exhibit high electronic conductivity, superparamag-
netic behavior and high thermal stability, among other interesting properties [182],
as well as the possibility to tune their size and shape using different synthetic
approaches [183]. Regarding applications, Cu-FNPs are frequently designed for
imaging applications [184, 185] and antibacterial treatments [186].

Table 2 summarizes representative articles studying Cu-FNPs’ toxicity in vitro.
The studies presented in the table used Cu-FNPs with sizes in the range 5–60 nm that
were frequently not toxic up to 0.1 mg/mL. Among the different articles analyzed in
this section, the one published by Ahmad and co-workers [187] presents a complete
in vitro cytotoxicity analysis of Cu-FNP of ca. 35 nm on A549 and HepG2 cells. The
authors showed that these Cu-FNPs reduce cell viability on both cell lines (MTT and
NRU assays). In addition, they demonstrated that oxidative stress plays a key role in
the cytotoxicity exerted by these nanoparticles (quantification of ROS, GSH and cell
viability in the absence and presence of N-acetyl cysteine). Khanna et al. obtained
similar results working with smaller Cu-FNPs and demonstrated that coating the
ferrites with silica reduced their cytotoxicity [181].

Regarding in vivo studies, a recent work by Liu et al. exhaustively describes the
synthesis and physicochemical properties of hemoglobin-functionalized Cu-FNPs
(Hb-CFNPs; size around 13 nm) for antimicrobial and wound healing therapies and
analyses their toxicity in vivo in mice [186]. Figure 2 displays in vivo results of
biodistribution, body weight monitoring and histological evaluation of major organs
after administration of the nanomaterial. In absence of any stimuli (like H2O2 or near
infrared irradiation, NIR), Hb-CFNPs mainly accumulated in the heart, kidney, liver
and scars and did not alter the histological structure of key organs. Moreover, the
authors also performed in vitro studies and showed that Hb-CFNPs were negligible
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Table 2 In vitro toxicity evaluation of copper nanoferrites

Author Method of
synthesis

Size Surface
coating

Cell line(s) Main results/observations

Kanagesan
et al. [184]

Sol–gel
self-combustion

~ 56
nm
(TEM)

• MCF-7 IC50 ~ 0.415, 0.320 and
0.260 mg/mL after 24 h, 48
h and 72 h of incubation,
respectively (MTT assay)

Ahmad et al.
[187]

Commercial
(Sigma-Aldrich)

~ 35
nm
(TEM,
XRD)
~ 450
nm in
water
(DLS)

• HepG2
• A549

Moderate to high
cytotoxicity above 0.010
mg/mL in all cell lines
tested (NRU, MTT and
apoptosis caspase-3 assays)
• Measurements of ROS
(DCFH-DA assay) and
GSH levels

• Evaluation of cell cycle

Liu et al.
[186]

Hydrothermal
method

~ 13
nm
(TEM)

Hemoglobin • NIH-3T3
• Mouse
RBC

Negligible cytotoxicity up
to 0.1 mg/mL (MTT assay).
Negligible hemolytic
activity up to 0.03 mg/mL

Khanna et al.
[181]

Sol–gel
(followed by
calcination)

~ 7 nm
(XRD)

Silica • J77
• A549

Bare NPs induce slight to
negligible cytotoxicity up
to 0.250 mg/mL. Similar
results were found for
coated NPs, though a slight
increase in cell viability
was observed (MTT assay,
ATP luminescent test, cell
flow cytometry)

Chakraborty
et al. [185]

Co-precipitation
Enriched with
65Cu

~ 30
nm
(TEM)
~ 175
nm in
MEM
media
(DLS)

• WRL68 NPs with chemical
composition
65Cu0.143Fe3.31O4 resulted
more toxic than those with
65Cu0.0887Fe2.085O4 in a
concentration range from
0.01 to 0.1 mg/mL (MTT
assay)
• Measurement of ROS
levels (DCFH-DA assay)

Abbreviations and Acronyms:
Characterization techniques: XRD X-ray diffraction, TEM Transmission electron microscopy, DLS
Dynamic light scattering
Cell Lines: NIH/3T3Mouse fibroblast,A549Human lung carcinoma cell,HepG2Human hepatocellular
carcinoma cell, MCF-7 Human breast cancer cell, WRL68 Human hepatic cell line (HeLa derivative
cell), J77 Human T lymphocyte
Primary cells and related: RBC Red blood cell
Toxicological methods: IC50 Inhibition concentration 50%, ROS Reactive oxygen species, GSH
glutathione, DCFH-DA 2′,7′-dichlorofluorescein diacetate, MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, NRU Neutral red uptake
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Fig. 2 In vivo toxicological assessment of Cu ferrite NPs in Kunming mice. Mice with a created
subcutaneous abscess (S. aureus) were injected with the nanomaterial suspension (directly in the
abscess). a Body weight change of mice in different groups as a function of time. b H&E-stained
tissue slices from major organs (heart, liver, spleen, lung and kidney) of different treatment groups
(I: PBS, II: H2O2 (1 mM), III: Hb-CFNPs (20 μg/mL), IV: Hb-CFNPs + H2O2, VII: Hb-CFNPs
+ NIR, and VII: Hb-CFNPs + H2O2 + NIR). Scale bar: 200 μm. c In vivo accumulation of Hb-
CFNPs in mice after various treatments. Reproduced from Liu et al. ACS Applied Materials and
Interfaces 2019, 11, 31,649, with the permission of the American Chemical Society (ACS)
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cytotoxic and hemolytic in NIH-3T3 cells and mouse red blood cells, respectively.
Representative results from in vivo studies from other authors are summarized in
Table 8.

3.3 Toxicity of Manganese Nanoferrites

Manganese ferrite nanoparticles (Mn-FNPs) exhibit some remarkable magnetic
properties like higher SAR, saturation magnetization and relaxation times than
magnetite (Fe3O4)-based nanoparticles [3, 116, 188]. In addition, they present good
biocompatibility and low cytotoxicity [3, 136, 189, 190]. Due to this, Mn-FNPs
are very promising platforms for biomedical and environmental applications, such
as magnetic hyperthermia [118, 189], MRI [34, 191–194], water remediation [195,
196] and theranostics [136, 190, 191, 194, 197], among others. Furthermore, Mn can
be found as part of ferrites containing mixed ions as it will be discussed in a separate
subsection. These nanoferrites are usually synthesized using diverse methods, like
wet chemical co-precipitation, thermal decomposition, electrochemical synthesis and
hydrothermal processing, and different morphologies and sizes are obtained (from
few nanometers to hundreds) [115, 150, 189, 191].

Table 3 presents representative results from in vitro toxicity studies concerning
Mn-FNPs. These nanoferrites have been tested in awide variety of cell lines including
HeLa [118, 136, 190, 191], L929 [136, 191] and A549 [150], among others. Most of
the works have shown that Mn-FNPs are not cytotoxic up to 0.1–0.2 mg/mL, mainly
using MTT assay to test cell viability after exposure to the nanomaterial [34, 118,
150, 159, 189–191, 193]. Although less explored, oxidative stress and hemolytic
activity of Mn-FNPs have been analyzed by many researchers. For instance, Zhao
et al. studied the alteration of ROS, GSH, SOD, lipid peroxidation and MDA levels
induced by a 5 nm Mn-FNP and showed that oxidative stress plays a central role
on the nanoferrite’s cytotoxicity [150]. On the other hand, Sharmiladevi and co-
workers demonstrated thatMn-FNPs decoratedwith carbon dots exhibited negligible
hemolysis in human red blod cells [194].

Representative work dealing with in vivo characterization of the toxicity induced
by Mn-FNPs is summarized in Table 8. As it can be extracted from the table, most
of the studies were carried out in mice and evaluated different parameteres, such
as blood, liver and kidney related parameters, among other evaluations [136, 159,
191–193]. As an example, Fig. 3 presents the results obtained byDeng et al. withMn-
FNPs of ~ 16 nm diameter and decorated with PEG and a photosensitizer. Selected
indicators of the function of critical organs, such as liver (Fig. 3c), kidney (Fig. 3d,
e) and heart (Fig. 3f) are presented.
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Fig. 3 In vivo IR/MRI imaging and long-term biocompatibility of Mn-FNPs of ~ 16 nm diameter
and decorated with PEG and a photosensitizer (MFO-IR). a Full-body IR thermal images of tumor-
bearing Balb/c mice after intravenous injection of saline and MFO-IR (dose 10 mg/kg) with or
without magnetic field (+/-MF) under 808 nm laser irradiation (1.0 W/cm2) taken at different
time intervals. b T2-weighted MRI images of H22 tumor-bearing mice before injection (i), post
intratumoral injection of MFO-IR (ii) and post intravenous injection of MFO-IR with an external
magnetic field (iii). The tumors are highlighted by white circles. c–f Blood test parameters for
control group and MFO-IR treated groups at different times after nanomaterial administration.
c Liver function as determine by alanine transaminase (ALT), aspartate transaminase (AST) and
alkaline phosphatase (ALP) activities. d, e Examination of kidney function through measurements
of blood urea nitrogen (BUN) and creatinine (CREA), respectively. f Heart function as evaluated
by creatinine kinase (CK). Reproduced from Deng et al. Journal of Materials Chemistry B 2017,
5, 1803, with the permission of the Royal Society of Chemistry (RSC)
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3.4 Toxicity of Nickel Nanoferrites

Nickel ferrite nanoparticles (Ni-FNPs) are well-known soft magnetic materials with
an inverse spinel structure in which Fe3+ is equally located at tetrahedral and octa-
hedral sites while Ni2+ is located at octahedral sites [2, 200]. Among all spinel
ferrites, Ni and Ni-Zn ferrites are very promising nanomaterials due to their low cost,
moderate saturation magnetization, good chemical and thermal stability, catalytic
behavior and ferromagnetic properties [2, 200, 201]. As for other spinel ferrites, Ni-
FNPs show paramagnetic to superparamagnetic behavior and have therefore found
applications in MRI, magnetic hyperthermia, targeted drug delivery, cell labeling,
photocatalysis, environmental remediation, among others [2, 48]. According to a
recent survey by Kefeni et al., cobalt ferrites are the ones possessing the highest
numbers of published papers among all ferrites in the biomedical field and are
followed by Mn, Ni and Zn ferrites, with no substantial differences between these
last three [200]. This survey highlights the relevance of Ni-FNPs as interesting NPs
in the biomedical field, though this does not seem to correlate with the notorious lack
of information about their toxicity, both in vitro and in vivo [201–203].

Nickel is considered a toxic material; its toxicological mechanism of action has
been linked to mitochondrial dysfunctions and oxidative stress, though epigenetic
alterations induced by nickel exposure were also found to perturb the genome [204].
Table 4 summarizes the main observations corresponding to a selection of scientific
publications dealing with the in vitro toxicological assessment of Ni-FNPs. Multiple
cell types have been considered, both cancerous or not, belonging to different tissues
and organs. NP size, synthesismethod andNP coating are various too.Worth a note in
the table is the work from Ahamed et al. that expands the usual cell viability assess-
ment commonly found in most of the literature to include genotoxicity, oxidative
stress and the rational use of a series of methods aiming at unveiling the molecular
cytotoxicity mechanisms [201, 202]. Working with either commercial or lab-made
NPs of similar size, ~ 20 nm (TEM) and ~ 100 nm (DLS in cell medium), and with
three human cancer cell lines, A549 (alveolar), HepG2 (liver) and MCF-7 (breast),
they found significant viability reduction below 85% at concentrations above 25
μg/mL for A549 or above 5 μg/mL for HepG2 and MCF-7 measured with the MTT
and NRU assays and confirmed by increased LDH production. Caspase 3 and 9
enzymatic activity and mRNA levels were also elevated above those concentrations
(Fig. 4) and the mitochondrial membrane potential was reduced. Oxidative stress,
the generation of ROS and depletion of GSH were also confirmed. Key apoptotic
protein p53 and apoptotic genes were upregulated while anti-apoptotic proteins and
genes like Bcl-2 were down-regulated.

Although adding a coating or ligand to NPs can oftentimes enhance cell viability,
this was not the case for oleic acid (OA) around 10 and 150 nm size NPs as evaluated
in Neuro 2A cells (mouse neuroblastoma) by the MTT assay [203]. NPs coated with
OA resulted more cytotoxic than bare NPs. Furthermore, NPs coated with one layer
of OA were more cytotoxic than those coated with two, and that for both NP sizes.
Working with NPs of ~ 70–80 nm size (TEM) obtained by co-precipitation followed
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Fig. 4 Nickel ferrite NPs induce apoptosis in HepG2 and MCF-7 human cancer cells. a mRNA
levels of relevant apoptotic (p53, Bax, CASP3, CASP9) and anti-apoptotic (BCl-2) genes after cell
exposure to 10 μg/mL of nickel ferrite NPs during 24 h as determined by quantitative real-time
PCR. b Caspase 3 and caspase 9 enzyme activity levels after cell exposure to 10 μg/mL of nickel
ferrite NPs during 24 h. Data correspond to themean± SD of three identical experiments carried out
in triplicate. *Significant difference compared to the controls (p < 0.05). Reproduced from Ahamed
et al. Chemosphere 2015, 135, 278 with the permission of Elsevier

by thermal annealing, Egizbek et al. found very promising viability results (> 85%)
up to 0.1 mg/mL Ni-FNPs in the three cell lines evaluated (HeLa, PC-3 and L929)
[205].

Finally, as for other ferrite co-ions, Table 8 presents a brief summary of in vivo
evaluations of Ni-FNPs. As observed in the table, only a few reports could be found
referring to this subject. This underlines the need for further investigations in this
area applied to relevant model organisms.

3.5 Toxicity of Zinc Nanoferrites

The introduction of Zn+2 ions into the tetrahedral sites of the ferrite structure
(replacing Fe+2 ions) reduces the magnetic properties (e.g. saturation magnetiza-
tion and coercivity, among others) of the derived materials [208, 209]. Thus, it is
very common to observe the use of Zn2+ in combination with other divalent ions to
formmixed co-ion nanoferrites (see Sect. 3.7 below) [115, 210]. Zinc-based nanofer-
rites (Zn-FNTs) are mostly used in supercapacitors, electrodes for lithium batteries
or for water splitting processing [115].

Table 5 summarizes representative articles reporting in vitro toxicity studies of
Zn-FNPs. As it can be observed in the table, these studies were performed using
synthesized NPs (thermal decomposition, polyol method, sol–gel process, among
other strategies) as well as commercial ones [207, 211, 212], and a wide variety of
cell lines and primary cells. For instance, Kanagesan et al. reported IC50 values in the
range of 0.2–0.3 mg/mL for Zn-FNPs of ~ 56 nm diameter in contact with MCF-7
cells (MTT assay) and demonstrated that the higher the incubation time the lower the
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IC50 [184]. Alhadlaq and co-workers showed that commercial Zn-FNPs of ca. 44 nm
size can be very cytotoxic above 0.01mg/mL for HepG2, A549 andA431 cells (MTT
and LDH assays), increasing ROS and reducingGSH levels [211]. On the other hand,
Saquib et al. performed an extensive study using commercial Zn-FNPs of 40–85 nm
in size and WISH cells [212]. The authors demonstrated that the nanoparticles were
cytotoxic above 0.060–0.080 mg/mL and induced primary DNA damage (comet
assay). In addition, they found that Zn-FNPs significantly reduced mitochondrial
potential (��m) and increased intracellular ROS generation suggesting the role of
these nanomaterials in the induction of oxidative stress leading to DNA damage (see
Fig. 5).

Studies about the in vivo toxicological effects of Zn-FNPs are really scarce in the
literature [213, 214]. Representative works can be found in Table 8. For instance,
Hadrup and co-workers studied the effects of commercial Zn-FNPs (10–30 nm size)
onmice intratracheally instilledwith the nanomaterial and demonstrated that the NPs
were slightly inflammogenic exhibiting neutrophil infiltration in bronchoalveolar
lavage (BAL) fluid after 1 and 3 days of exposure [48].

a

b

c

d

Fig. 5 Zn-FNPs mediate intracellular ROS generation. a Zn-FNPs concentration-dependent
enhancement in DCF (dichlorodihydrofluorescein) green fluorescence in WISH cells due to ROS
generation by ZnFe2O4 NPs after exposure for 48 h. b Comparative analysis of the fluorescence
enhancement of DCF obtained by flow cytometry at various time points with increasing Zn-FNPs
concentrations. c The effect of Zn-FNPs on the mitochondrial potential (��m) of WISH cells
measured as the change in the fluorescence intensity of rhodamine 123 (Rh123) after 48 h. d Flow
cytometry measurements of ��m in WISH cells at different time points after cell exposure to
increasing concentrations of Zn-FNPs. Reproduced from Saquib et al. Toxicology and Applied
Pharmacology 2013, 273, 289, with the permission of Elsevier
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3.6 Toxicity of Nanoferrites Containing Other Co-Ions

Ferrites containing other co-ions than Co, Cu, Mn, Ni and Zn are here labeled as
“other co-ion ferrites”. Their representation in the biomedical scientific literature
is far less prominent than that of the other ferrites [200], though possibly similarly
represented as the mixed co-ions ferrites as inferred from the literature search onto
which this chapter is based. Ba, Bi, Ca, Cu, Ga, Gd, Mg and Sr are examples of other
co-ions included in this group.

Some co-ion ferrites have a crystalline structure that differs from the cubic
spinel MFe2O4, though many are of that type, e.g. CaFe2O4, CuFe2O4, GaFe2O4

and MgFe2O4. For instance, barium ferrite is a hexagonal ferrite with the formula
BaFe12019 that is a permanent magnet with high Curie temperature, strong magneti-
zation, high coercivity and chemical stability [142, 217]. Bismuth ferrites, BiFeO3,
have a perovskite crystal structure and are perhaps the only multiferroic material that
is both ferromagnetic and ferroelectric at room temperature [218]. Bi ferrites have
high photoelectric absorption and are therefore excellent candidates for radiation
amplification, MRI and computed tomography [219]. Strontium ferrites, SrFe12019,
have a hexagonal crystal structure and are a typical hard magnetic material of high
saturation magnetization, low cost and good chemical stability [220].

Concerning the cytotoxicity of other co-ion ferrites, it can be better than that of
pure iron oxide NPs in as much as the co-ion in use is less toxic than Fe for the
organism, i.e. participates less in the induction of ROS that inevitably leads to cell
damage [123]. From the relevant literature analyzed in this section and summarized
in Table 6, the work from Song et al. [221] is certainly worth a note, though the
work from Rajaee et al. deserves a mention as they could obtain cell viabilities after
72 h higher than 85% up to a concentration of 1 mg/mL in MCF-7 (human breast
cancer) cells treated with bismuth ferrites of 28 nm (SEM) size [219]. Viability was
determined with the Cell Counting kit-8 (CCK-8), with and without posterior radio-
therapy. Song and co-workers devoted a special attention to cell-NP interactions,
both, after cells were already adhered to the culture plates and during the process
of cell adhesion [221]. For the first, they observed that cell morphology and granu-
larity were altered upon PC-12 cell exposure to the Bi-FNPs (30–90 nm (SEM)) at
concentrations of 50 and 200 μg/mL, with higher concentrations linked to increase
coverage of the cell membrane by the NPs. Such strong NP interaction with the cell
membrane -and the consequent apparent coverage of the cell body by the NPs- was
found to dilute over time as cell replication progressed. On the other hand, when
cells were plated together with the NPs, their adhesion was remarkably affected,
with 78% of cells displaying a round morphology after 24 h exposure to 50 μg/mL
Bi-FNPs. These effects onto cell morphology and adhesion were afterwards found
to correlate with the viability results: at 50 μg/mL, viability dropped to ~ 85% after
24 h incubation (MTT assay, Fig. 6a), though LDH increase was only substantial
at this concentration after 48 h (i.e. there were no significant differences at 24 h in
LDH production). The apoptosis/necrosis evaluation indicated that > 85% of cells
remained viable up to 48 h incubation with 200 μg/mL Bi-FNPs; the other 15% of
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Fig. 6 Bismuth ferrite NPs and their interaction with PC-12 cancer cells. a Cell viability (MTT
assay) of cells incubated with Bi-FNPs at various concentrations: 0–500 μg/mL during 3, 24 and
48 h. Data correspond to the mean ± SD (n = 3). *p < 0.05, **p < 0.01 versus the control group.
b Stack columns summarizing results of apoptosis and necrosis of PC-12 cells exposed to 0, 50 and
200μg/mL of Bi-FNPs during 3, 24 and 48 h. Necrotic cells are those stainedwith propidium iodide
only. Cells stainedwith Annexin-V only correspond to early apoptosis. Dual staining corresponds to
late apoptosis and no staining to viable cells. Reproduced from Song et al. Journal of Nanoparticle
Research 2014, 16, 2408, with the permission of Springer

cells underwent apoptosis and necrosis. Finally, although the authors reported ROS
generation and DNA damage, they also stated that such damage is possibly within
the range of the repairing capability of the cells, especially as time progresses and
cells divide, alleviating then the insult resulting from the exposure of the cells to the
NPs.

Table 8 assembles a series of in vivo evaluations of other co-ion ferrites. Of interest
are the results fromPark et al. [155] in ratswith calcium ferrites and ofNikiforov et al.
[222] in mice with gadolinium ferrites (Fe[Gd0.1Fe1.9]04). For the first, lethal dose
50% was 300 mg Fe/kg while for the second it was of 600 mg Fe/kg. The calcium
ferrites were visualized in all organs investigated, with higher amounts in the spleen
than in the liver, kidneys and lungs [155]. Gadolinium ferrites were observed in great
extent in the liver. The authors state that the liver was completely black after 3 and
21 days [222].

3.7 Toxicity of Nanoferrites Containing Mixed Co-Ions

The synthesis of nanoferrites containing two or more metallic ions (M(x−1)NxFe2O4,
for two ions, M and N) allows to engineer FNPs for different applications in the
biomedical field, like magnetic hyperthermia therapy [197, 224, 225], MRI [119,
225, 226] and magnetic drug delivery [197, 225, 227]. By changing the molar ratio
between co-ions, aswell as themagnetic character of the divalent cations, the physical
properties of the nanoferrites can be tuned and optimized for specific requirements,
such as having a low Curie temperature with a strong temperature dependence of the
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magnetization (valuable for MRI) [119] or possessing a high Specific Absorption
Rate (SAR) (valuable for MHT) [225, 228].

Table 7 summarizes the main results from in vitro toxicity studies of nanoferrites
containing mixed co-ions (Mix-FNPs). Within this category, the most studied are
those containing Zn and another co-ion, mostly Co [197, 228–230], Mn [210, 225–
228] and Ni [207, 228, 231]. On the contrary, works evaluating NPs composed of
three co-ions (e.g. Ni-Zn-Cu) are very scarce [232]. As it can be seen, most of the
studies evaluated cytotoxicity using tetrazolium-based cell viability assays [233]. To
a lesser extent, oxidative stress [119, 207, 225, 226, 231], and genotoxicity were
investigated [234].

Among these works, Al-Qubaisi et al. published two very comprehensive articles
on the toxicity of a commercial Ni-Zn-FNP [231, 234]. They reported IC50 values for
these NPs in four different human cell lines (HT29, MCF-7, HepG2 and MCF-10A)
using different cytotoxicity assays including MTT, LDH and Trypan blue exclusion
assay for cell viability and BrdU cell proliferation assay. They showed that the Ni-
Zn-FNPs were able to decrease cell viability and proliferation in all cell lines, being
MCF-10A the least sensitive. In addition, the authors measured ROS, GSH and
MDA levels and demonstrated that the nanomaterial generated oxidative stress [231].
Furthermore, they also studied the apoptosis (caspase-3 and -9 activities [234], and
Bax and p53 levels [231], among others), DNA fragmentation (diphenylamine assay)
[234] and alterations in mitochondrial transmembrane potential [231] induced by
Ni-Zn-FNPs.

The main results of the in vivo toxicity studies of Mix-FNPs are summarized
in Table 8. All the works presented in the table use Mix-FNPs containing Zn [48,
197, 229]. Among them, the research by Hanini and co-workers is perhaps the most
complete [229]. They studied the toxicity of Zn-Co-FNPs (of ~ 8 nm; see Fig. 7a)
on rabbits intravenously injected and found no alterations in body temperature and
red blood cell count (Fig. 7b). However, they observed increased white blood cell
count, and organs such as lungs, liver and kidney, among others, presenting evidence
of inflammatory processes under histological evaluation (Figs. 7b, c).
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Şi
nc
ai
et
al
.[
16
1]

C
o

5–
15

nm
D
og

W
hi
te
ra
t

In
do
gs
:S

lig
ht

al
te
ra
tio

n
in

cl
in
ic
al
si
gn
s
(c
ar
di
ac

rh
yt
hm

,
pu
lm

on
ar
y
ve
nt
ila
tio

n)
an
d

al
te
ra
tio

n
in

bl
oo
d
pa
ra
m
et
er
s

(i
nc
re
m
en
to

f
er
yt
hr
oc
yt
e

se
di
m
en
ta
tio

n
ra
te
,

le
uk
oc
yt
os
is
,p

ol
yc
yt
he
m
ia
,

am
on
g
ot
he
rs
)
at
10
0
m
g/
kg

In
ra
ts
:C

lin
ic
al
an
d

he
m
at
ol
og
ic
al
ch
an
ge
s
at

do
se
s
ab
ov
e
36
4
m
g/
kg

G
ök
çe

et
al
.[
23
8]

C
o

C
o-
pr
ec
ip
ita
tio

n
50
–1
10

nm
(S
E
M
)

D
ap
hn
ia
m
ag
na

LT
50

~
64

h
(a
cu
te
ex
po
su
re
)

L
C
50

~
0.
04

m
g/
m
L
(a
cu
te

ex
po
su
re
)

N
Ps

in
du
ce

m
in
or

m
or
ph
ol
og
ic
al
ch
an
ge
s

(l
en
gt
h,

w
id
th

an
d
sp
in
e

le
ng
th
)

(c
on
tin

ue
d)



284 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

A
kh
ta
r
et
al
.[
15
6]

C
o

C
o-
pr
ec
ip
ita
tio

n
B
ar
e
N
Ps
:~

25
nm

(X
R
D
)

40
–3
40

nm
(S
E
M
,m

ix
tu
re

of
sh
ap
es
)

~
79

nm
(D

L
S)

C
oa
te
d
N
Ps
:~

53
0
nm

(P
E
G
,D

L
S)

~
34
2
nm

(c
itr
at
e,
D
L
S)

PE
G
,

C
itr
at
e

A
lb
in
o
ra
ts

H
ep
at
ic
fu
nc
tio

n
(b
ili
ru
bi
n,

A
LT

,A
L
P,
A
ST

le
ve
ls
),
bl
oo
d

pa
ra
m
et
er
s
(h
em

og
lo
bi
n
le
ve
ls

an
d
R
B
C
,W

B
C
an
d
pl
at
el
et

co
un
t)
an
d
ki
dn
ey

fu
nc
tio

n
(B
U
N
,c
re
at
in
in
e,
ur
ea

le
ve
ls
)

al
te
re
d
1
da
y
af
te
r
N
P

in
je
ct
io
n.

N
or
m
al
fu
nc
tio

n
is

re
co
ve
re
d
af
te
r
8
da
ys
,e
xc
ep
t

fo
r
ba
re

N
Ps

th
at
st
ill

sh
ow

sl
ig
ht
ly

al
te
re
d
le
ve
ls
of

so
m
e

m
ar
ke
rs

To
xi
ci
ty

of
N
Ps

ca
n
be

ra
nk
ed

ro
ug
hl
y
as
:b

ar
e
>
ci
tr
at
e

co
at
ed

>
PE

G
H
is
to
lo
gi
ca
lo

bs
er
va
tio

ns
al
so

pe
rf
or
m
ed

M
ir
za
ee

et
al
.[
16
0]

C
o

C
o-
pr
ec
ip
ita
tio

n
~
23

nm
(X

R
D
)

<
10
0
nm

(c
lu
st
er
s,
SE

M
)

Su
cr
os
e

W
is
te
r
ra
ts

A
ft
er

on
e
w
ee
k
of

da
ily

in
tr
ap
er
ito

ne
al
in
je
ct
io
n
of

N
Ps

at
40

m
g/
kg
,s
lig

ht
m
od
ifi
ca
tio

ns
in

he
m
at
ol
og
ic
al

pa
ra
m
et
er
s
(e
.g
.i
nc
re
as
ed

W
B
C
)
w
er
e
ob
se
rv
ed

w
hi
le
no

su
bs
ta
nt
ia
la
lte
ra
tio

n
in

liv
er

fu
nc
tio

n
(A

LT
,A

ST
an
d
A
L
P)

w
as

de
te
ct
ed

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 285

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

A
kh
ta
r
et
al
.[
15
7]

C
o

H
yd
ro
th
er
m
al
m
et
ho
d

(n
an
op
ar
tic
le
)

So
lv
ot
he
rm

al
m
et
ho
d

(n
an
os
ph
er
e)

N
an
om

at
er
ia
ls
w
er
e

ra
di
oa
ct
iv
el
y
la
be
le
d
w
ith

99
m
T
c

N
an
op
ar
tic
le
s:

~
25

nm
(S
E
M

an
d
T
E
M
)

N
an
os
ph
er
es
:

80
–1
00

nm
(S
E
M

an
d

T
E
M
)

PE
G

K
un
m
in
g
SP

F
m
ic
e

B
ot
h
na
no
pa
rt
ic
le
s
an
d

na
no
sp
he
re
s
w
er
e
fo
un
d
in

bl
oo
d,

liv
er
,s
pl
ee
n,

ki
dn
ey
,

lu
ng

an
d
he
ar
t.
N
an
op
ar
tic
le
s

w
er
e
m
ai
nl
y
lo
ca
te
d
in

sp
le
en

an
d
he
ar
tw

hi
le
na
no
sp
he
re
s

w
er
e
m
ai
nl
y
in

th
e
sp
le
en

N
an
op
ar
tic
le
s
an
d

na
no
sp
he
re
s
w
er
e
ra
pi
dl
y

cl
ea
re
d
fr
om

th
es
e
or
ga
ns

(l
ow

do
se

re
m
ai
ni
ng

af
te
r
24

h)
.

N
an
os
ph
er
es

ac
cu
m
ul
at
ed

m
or
e
th
an

na
no
pa
rt
ic
le
s

(m
ea
su
re

of
ra
di
oa
ct
iv
ity

w
ith

a
ga
m
m
a
co
un
te
r)

B
ot
h
m
at
er
ia
ls
(n
an
os
ph
er
e
>

na
no
pa
rt
ic
le
)
af
fe
ct
liv

er
(A

LT
,A

ST
an
d
bi
lir
ub
in

le
ve
ls
)
an
d
ki
dn
ey

fu
nc
tio

n
(c
re
at
in
in
e,
B
U
N
,e
tc
.)

H
is
to
pa
to
lo
gi
ca
lo

bs
er
va
tio

ns
al
so

pe
rf
or
m
ed

H
w
an
g
et
al
.[
15
3]

C
o

C
om

m
er
ci
al
(B
ite
ri
al
s)

L
ab
el
ed

w
ith

68
G
a

B
ar
e
N
Ps
:

~
35

nm
(T
E
M
)

C
oa
te
d
N
Ps
:

~
50

nm
(T
E
M
)

Si
lic
a

+
A
m
in
e

+
PE

G
B
A
L
B
/c
-ν
-m

ic
e

B
ar
e
an
d
co
at
ed

N
Ps

pr
es
en
te
d

hi
gh
er

ac
cu
m
ul
at
io
n
in

liv
er

(5
0-
fo
ld
)
th
an

in
m
us
cl
e

B
ar
e
na
no
pa
rt
ic
le
s
in
du
ce
d

up
re
gu
la
tio

n
of

ge
ne
s
re
la
te
d

to
ce
llu

la
r
st
re
ss

in
liv

er
.

C
oa
te
d
N
P
di
d
no
ti
nd
uc
ed

up
re
gu
la
tio

n
of

th
e
m
en
tio

ne
d

ge
ne
s
(q
ua
nt
ita
tiv

e
re
al
tim

e
PC

R
an
al
ys
is
)

O
th
er

ge
ne
s
w
er
e
ev
al
ua
te
d

(c
on
tin

ue
d)



286 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

B
ill
in
g
et
al
.[
15
8]

C
o

H
yd
ro
th
er
m
al
m
et
ho
d

D
if
fe
re
nt

C
o:
Fe

ra
tio

s
us
ed

<
40

nm
(T
E
M
)

A
ls
o
D
L
S
da
ta
fr
om

ag
gl
om

er
at
es

C
57
B
L
/6

J
B
om

Ta
c
m
ic
e

N
Ps

ad
m
in
is
te
re
d
by

in
tr
at
ra
ch
ea
li
ns
til
la
tio

n
N
Ps

in
du
ce
d
in
fil
tr
at
io
n
of

ne
ut
ro
ph
ils

(a
ft
er

1
da
y)
,

ly
m
ph
oc
yt
es

(a
ft
er

3
da
ys
)
an
d

eo
si
no
ph
ils

(o
nl
y
la
te

re
sp
on
se
;c
or
re
la
te
d
w
ith

in
cr
ea
si
ng

C
o
co
nt
en
t)
in

br
on
ch
oa
lv
eo
la
r
la
va
ge

flu
id

(B
A
L
F)

N
Ps

in
du
ce
d
in
cr
ea
se
d

ex
pr
es
si
on

of
ac
ut
e
ph
as
e
ge
ne

Sa
a3

(a
ft
er

1
da
y)
,i
nc
re
as
ed

L
D
H
(a
ft
er

3
da
ys
)
an
d
to
ta
l

pr
ot
ei
n
le
ve
ls
in

B
A
L
F

N
Ps

in
du
ce
d
in
cr
ea
se
d
le
ve
ls

of
D
N
A
st
ra
nd

pr
im

ar
y

da
m
ag
e
in

B
A
L
F,
lu
ng
s
an
d

liv
er

D
et
ai
le
d
in
fo
rm

at
io
n
on

ex
te
ns
iv
e
pr
ot
eo
m
e
an
al
ys
is

pe
rf
or
m
ed

on
B
A
L
F
is

av
ai
la
bl
e

Pr
ad
ha
n
et
al
.[
15
9]

C
o

C
o-
pr
ec
ip
ita
tio

n
9–
11

nm
(X

R
D
)

9–
10

nm
(T
E
M
)

~
90

nm
(D

L
S)

Sw
is
s
m
ic
e

A
ft
er

in
je
ct
io
n
of

N
Ps

at
40
0

m
g/
kg

(2
4
h)

no
su
bs
ta
nt
ia
l

al
te
ra
tio

n
of

he
m
at
ol
og
ic
al

pa
ra
m
et
er
s
an
d
B
U
N
w
as

ob
se
rv
ed
,w

hi
le
A
LT

le
ve
ls

sl
ig
ht
ly

in
cr
ea
se
d
(n
ot

si
gn
ifi
ca
nt
ly

th
ou
gh
)

N
o
hi
st
op
at
ho
lo
gi
ca
lc
ha
ng
es

w
er
e
ob
se
rv
ed

in
liv

er
,l
un
g,

sp
le
en
,h

ea
rt
an
d
ki
dn
ey

N
Ps

ac
cu
m
ul
at
ed

pr
ef
er
en
tia
lly

in
liv

er
,l
un
g
an
d

sp
le
en

w
hi
le
th
ey

di
d
no
t

ac
cu
m
ul
at
e
in

ki
dn
ey
s
an
d

he
ar
t(
Pr
us
si
an

bl
ue

st
ai
ni
ng
)

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 287

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

L
iu

et
al
.[
18
6]

C
u

H
yd
ro
th
er
m
al
m
et
ho
d

~
13

nm
(T
E
M
)

H
em

og
lo
bi
n

K
un
m
in
g
m
ic
e

N
o
ap
pr
ec
ia
bl
e
in
fla
m
m
at
or
y

le
si
on
,i
nj
ur
y,
or

ne
cr
os
is

ob
se
rv
ed

in
he
ar
t,
liv

er
,

sp
le
en
,l
un
g,

an
d
ki
dn
ey

tis
su
es

(h
is
to
lo
gi
ca
l

ex
am

in
at
io
n
us
in
g
H
-E
)

N
o
ap
pr
ec
ia
bl
e
ch
an
ge
s
in

bo
dy

w
ei
gh
t

N
Ps

w
er
e
m
ai
nl
y
ac
cu
m
ul
at
ed

in
he
ar
t,
liv

er
,a
nd

ki
dn
ey

(c
le
ar
ed

af
te
r
N
IR

ir
ra
di
at
io
n)

G
ök
çe

et
al
.[
23
8]

C
u

C
o-
pr
ec
ip
ita
tio

n
50
–1
10

nm
(S
E
M
)

D
ap
hn
ia

m
ag
na

A
ft
er

96
h,

L
C
50

w
as

1.
45

m
g/
L

N
Ps

al
so

ha
d
a
ne
ga
tiv

e
ef
fe
ct

on
th
e
m
or
ph
ol
og
ic
al

de
ve
lo
pm

en
to

f
ne
on
at
es

(b
od
y
le
ng
th
,w

id
th
,a
nd

sp
in
e

le
ng
th
)

H
ig
h
m
or
ta
lit
y
w
as

ob
se
rv
ed

be
tw
ee
n
1–
10

m
g/
L

Pa
rk

et
al
.[
15
5]

C
u

C
o-
pr
ec
ip
ita
tio

n
67
C
u
us
ed

L
ec
ith

in
Sp

ra
gu
e–
D
aw

le
y
ra
t

R
at
s
w
er
e
in
tr
av
en
ou
sl
y

in
je
ct
ed

in
th
e
ta
il
ve
in

A
cu
te
to
xi
ci
ty

(s
in
gl
e
do
se
):

L
D
50

~
30
0
Fe
–m

g/
kg
.M

T
D

~
37
4
Fe
–m

g/
kg

Fe
rr
ite

na
no
pa
rt
ic
le
s
de
te
ct
ed

in
liv

er
,l
un
g,

ki
dn
ey

an
d

m
ai
nl
y
in

sp
le
en

(H
-E

an
d

Pr
us
si
an

B
lu
e
st
ai
ni
ng
)

(c
on
tin

ue
d)



288 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

Pr
ad
ha
n
et
al
.[
15
9]

M
n

C
o-
pr
ec
ip
ita
tio

n
~
10

nm
(T
E
M
)

L
au
ri
c
ac
id

Sw
is
s
m
ic
e

N
o
su
bs
ta
nt
ia
la
lte
ra
tio

n
of

he
m
at
ol
og
ic
al
pa
ra
m
et
er
s
(e
.g
.

R
B
C
,W

B
C
,a
m
on
g
ot
he
rs
),

A
LT

an
d
B
U
N
w
as

ob
se
rv
ed

af
te
r
in
je
ct
io
n
of

N
Ps

at
40
0

m
g/
kg

(2
4
h)

N
o
hi
st
op
at
ho
lo
gi
ca
lc
ha
ng
es

w
er
e
ob
se
rv
ed

in
liv

er
,l
un
g,

sp
le
en
,h

ea
rt
an
d
ki
dn
ey

N
Ps

ac
cu
m
ul
at
ed

pr
ef
er
en
tia
lly

in
liv

er
,l
un
gs

an
d
sp
le
en
,b
ut

no
ti
n
ki
dn
ey

an
d
he
ar
t(
Pr
us
si
an

bl
ue

st
ai
ni
ng
)

C
op
po
la
et
al
.[
19
5,

19
6]

M
n

O
xi
da
tiv

e
hy
dr
ol
is
is

~
75

nm
(T
E
M
)

~
60
00

nm
(D

L
S
in

sa
lt

w
at
er
)

M
yt
il
us

ga
ll
op
ro
vi
nc
ia
li
s

A
ft
er

24
h
ex
po
su
re

to
0.
05

m
g/
m
L
,n

o
si
gn
ifi
ca
nt

ch
an
ge
s

in
m
et
ab
ol
ic
pa
ra
m
et
er
s
w
er
e

ob
se
rv
ed

(e
le
ct
ro
n
tr
an
sp
or
t

sy
st
em

ac
tiv

ity
,g

ly
co
ge
n
an
d

to
ta
lp

ro
te
in
)

C
om

pa
re
d
to

th
e
co
nt
ro
l,
th
er
e

w
as

a
sl
ig
ht

in
cr
ea
se

in
R
O
S

pa
ra
m
et
er
s
(S
O
D
,L

ip
id

pe
ro
xi
da
tio

n,
G
SH

/G
SS

G
ra
tio

)
an
d
m
od
er
at
e

ne
ur
ot
ox
ic
ity

(A
ch
E
ac
tiv

ity
)

w
as

ob
se
rv
ed

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 289

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

N
un
es

et
al
.[
19
8]

M
n

C
o-
pr
ec
ip
ita
tio

n
8–
22

nm
(T
E
M
)

87
–9
0
nm

(D
L
S)

C
itr
at
e,
T
PP

W
is
ta
r
ra
ts

B
ar
e
an
d
co
at
ed

N
Ps

in
du
ce
d

di
re
ct
ef
fe
ct
s
on

th
e
ve
nt
ri
cu
la
r

co
nt
ra
ct
ili
ty

an
d
co
ro
na
ry

va
so
m
ot
ri
ci
ty

of
is
ol
at
ed

he
ar
ts
al
th
ou
gh

no
ef
fe
ct
on

he
ar
tr
at
e
or

ar
te
ri
al
bl
oo
d

pr
es
su
re

w
as

ob
se
rv
ed

in
vi
vo

(B
lo
od

pr
es
su
re

m
ea
su
re
m
en
t)

B
ar
e
N
Ps

in
du
ce
d
a
m
or
e

pr
on
ou
nc
ed

ef
fe
ct
on

co
nt
ra
ct
ili
ty

of
th
e
is
ol
at
ed

he
ar
ts
w
he
n
co
m
pa
re
d
w
ith

co
at
ed

na
no
pa
rt
ic
le
s

(C
or
on
ar
y
pe
rf
us
io
n
pr
es
su
re

m
ea
su
re
m
en
ts
,m

ec
ha
ni
ca
l

co
nt
ra
ct
ili
ty

of
ao
rt
ic
ri
ng
s)

Pe
rn
ia
L
ea
le
ta
l.
[3
4]

M
n

Se
ed
-g
ro
w
th

m
et
ho
d
(6

nm
M
nF

e 2
O
4
se
ed
s)

B
ar
e
N
Ps
:6

–1
4
nm

(T
E
M
)

C
oa
te
d
N
Ps
:2

0–
32

nm
(D

L
S)

PE
G
(3
K
D
a)

B
al
b/
c
m
ic
e

T
he

to
ta
lc
le
ar
an
ce

fr
om

th
e

bo
dy

w
as

24
h
an
d
48

h
fo
r
th
e

6
nm

an
d
14

nm
N
Ps
,

re
sp
ec
tiv

el
y
(M

R
I)

(c
on
tin

ue
d)



290 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

D
en
g
et
al
.[
13
6]

M
n

T
he
rm

al
de
co
m
po
si
tio

n
~
16

nm
(T
E
M
)

PE
G

+
ph
ot
os
en
si
tiz
er

B
al
b/
c
m
ic
e
w
ith

H
22

ce
ll

tu
m
or

N
o
si
gn
ifi
ca
nt

w
ei
gh
tl
os
s
w
as

fo
un
d
in

m
ic
e
w
ith

in
28

da
ys

R
en
al
(B
U
N
,c
re
at
in
in
e)
,h

ea
rt

(C
K
)
an
d
liv

er
(A

L
P,
A
LT

,
A
ST

)
fu
nc
tio

ns
w
er
e
no
rm

al
H
al
f-
lif
e
of

N
Ps

in
bl
oo
d

ci
rc
ul
at
io
n
w
as

~
0.
73

h
(M

n
de
te
rm

in
ed

by
IC
P-
M
S)

Y
an
g
et
al
.[
19
1]

M
n

T
he
rm

al
de
co
m
po
si
tio

n
on

gr
ap
he
ne

ox
id
e
(G

O
)

~
5
nm

(T
E
M
,a
tta
ch
ed

on
G
O
na
no
-s
he
et
s)

K
un
m
in
g
m
ic
e

A
ft
er

ad
m
in
is
tr
at
io
n
of

15
m
g/
kg

of
N
Ps
,t
he

tr
ea
te
d

m
ic
e
sh
ow

ed
no

ab
no
rm

al
be
ha
vi
or

ov
er

th
e
en
tir
e
st
ud
y

pe
ri
od
,w

ith
no
rm

al
sh
ap
e
an
d

bl
oo
d
ce
lls

co
un
t

Fi
ve

da
ys

af
te
r
in
tr
av
en
ou
s

in
je
ct
io
n,

liv
er

(A
LT

,A
ST

,
T
B
IL
)
an
d
ki
dn
ey

(c
re
at
in
in
e,

B
U
N
)
pa
ra
m
et
er
s
w
er
e
no
rm

al
N
Ps

ac
cu
m
ul
at
ed

m
ai
nl
y
in

liv
er

an
d
sp
le
en

(P
ru
ss
ia
n
bl
ue

st
ai
ni
ng
)

N
o
ob
vi
ou
s
tis
su
e
da
m
ag
e,

in
fla
m
m
at
io
n
or

le
si
on
s
w
er
e

de
te
ct
ed

in
va
ri
ou
s
or
ga
ns

(h
is
to
lo
gi
ca
le
xa
m
in
at
io
n

us
in
g
H
-E
)

N
Ps

w
er
e
m
os
tly

cl
ea
re
d
af
te
r

50
h
(I
C
P
m
ea
su
re
m
en
to

f
Fe

in
bl
oo
d)

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 291

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

Pa
cc
hi
er
ot
ti
et
al
.

[1
92
]

M
n

M
ec
ha
no
ch
em

ic
al
pr
oc
es
si
ng

(h
ig
h-
en
er
gy

ba
ll-
m
ill
in
g)

~
8
nm

(T
E
M
)

~
60

nm
(D

L
S)

C
itr
ic
ac
id

C
D
1
m
ic
e

A
ft
er

in
tr
av
en
ou
s

ad
m
in
is
tr
at
io
n
of

N
Ps
,t
he

tr
ea
te
d
m
ic
e
sh
ow

ed
no

ab
no
rm

al
be
ha
vi
or

ov
er

th
e

en
tir
e
st
ud
y
pe
ri
od

N
Ps

ac
cu
m
ul
at
ed

m
ai
nl
y
in

liv
er

an
d
ki
dn
ey
,a
nd

le
ss

in
to

sp
le
en

an
d
br
ai
n
6-
7
h
po
st

in
je
ct
io
n,

an
d
th
ei
r
re
ta
in
ed

am
ou
nt

de
cr
ea
se
d
gr
ad
ua
lly

un
til

21
h
(P
ru
ss
ia
n
bl
ue
,I
C
P

m
ea
su
re
m
en
ts
of

M
n)

N
o
re
le
va
nt

ch
an
ge
s
in

ce
ll

m
or
ph
ol
og
y
w
er
e
ob
se
rv
ed

af
te
r
lo
ng

pe
ri
od
s
(h
is
to
lo
gi
ca
l

ex
am

in
at
io
n
us
in
g
H
-E
)

Q
ia
n
et
al
.[
19
3]

M
n

H
yd
ro
th
er
m
al
sy
nt
he
si
s

N
an
oc
om

po
si
te
of

re
du
ce
d

gr
ap
he
ne

ox
id
e
an
d

M
nF

e 2
O
4
,l
ab
el
ed

w
ith

13
1
I

C
18
PM

H
-P
E
G

B
al
b/
c
m
ic
e
be
ar
in
g
4T

1
tu
m
or

N
Ps

ac
cu
m
ul
at
ed

m
ai
nl
y
in

liv
er

an
d
sp
le
en
,a
nd

le
ss

in
tu
m
or

an
d
ki
dn
ey

(M
R
I,

SP
E
C
T
)

B
od
y
w
ei
gh
tw

as
no
t

si
gn
ifi
ca
nt
ly

al
te
re
d

L
iv
er

an
d
ki
dn
ey

fu
nc
tio

n
pa
ra
m
et
er
s
w
er
e
in

no
rm

al
ra
ng
e
co
m
pa
re
d
to

th
e
co
nt
ro
l

gr
ou
p

N
o
ob
vi
ou
s
to
xi
ci
ty

w
as

fo
un
d

af
te
r
60

da
ys

in
liv

er
,s
pl
ee
n,

ki
dn
ey
,h

ea
rt
an
d
lu
ng
s

(h
is
to
lo
gi
ca
le
xa
m
in
at
io
n

us
in
g
H
-E
)

(c
on
tin

ue
d)



292 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

Pa
rk

et
al
.[
15
5]

N
i

C
o-
pr
ec
ip
ita
tio

n
65
N
iu

se
d

L
ec
ith

in
Sp

ra
gu
e–
D
aw

le
y
ra
t

R
at
s
w
er
e
in
tr
av
en
ou
sl
y

in
je
ct
ed

in
th
e
ta
il
ve
in

A
cu
te
to
xi
ci
ty

(s
in
gl
e
do
se
):

L
D
50

~
30
0
Fe
–m

g/
kg
.M

T
D

~
37
4
Fe
–m

g/
kg

Fe
rr
ite

na
no
pa
rt
ic
le
s
de
te
ct
ed

in
liv

er
,l
un
g,

ki
dn
ey

an
d

m
ai
nl
y
in

sp
le
en

(H
-E

an
d

Pr
us
si
an

B
lu
e
st
ai
ni
ng
)

G
ök
çe

et
al
.[
23
8]

N
i

C
o-
pr
ec
ip
ita
tio

n
50
–1
10

nm
(S
E
M
)

D
ap
hn
ia

m
ag
na

M
or
ta
lit
y
ra
te
an
d

m
or
ph
om

et
ri
c
ch
an
ge
s

m
ea
su
re
d
up

to
96

h
L
C
50

~
21
.7
m
g/
L
an
d

m
or
ta
lit
y
w
as

hi
gh
er

th
an

80
%

ab
ov
e
20

m
g/
L

T
he

N
Ps

dr
as
tic
al
ly

af
fe
ct
ed

lif
es
pa
n
an
d
gr
ow

th

K
ov
ri
zn
yc
h
et
al
.

[2
39
]

N
i

C
om

m
er
ci
al

(S
ig
m
a-
A
ld
ri
ch
)

<
10
0
nm

Z
eb
ra

fis
h

(D
an
io

re
ri
o)

Fo
r
ad
ul
tfi

sh
an
d
eg
gs
,L

C
50

>
1.
6
m
g/
m
L
(u
p
to

96
h
of

ex
po
su
re
)

Pr
em

at
ur
e
ha
tc
hi
ng

w
as

ob
se
rv
ed

fo
r
eg
gs

af
te
r
96

h
ex
po
su
re

at
1.
6
m
g/
m
L
.N

o
yo
lk

de
fo
rm

at
io
n,

bo
dy

sh
or
te
ni
ng

of
th
e
em

br
yo
s
or

ot
he
r
m
al
fo
rm

at
io
ns

w
er
e

ob
se
rv
ed

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 293

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

N
.
H
ad
ru
p
et
al
.[
48
]

N
i

C
om

m
er
ci
al

(N
an
oA

m
or
)

~
16

nm
(X

R
D
)

~
18
0
nm

(D
L
S
in

w
at
er

w
ith

2%
m
ou
se

se
ru
m
)

C
57
B
L
/6

J
B
om

Ta
c
m
ic
e

M
ic
e
w
er
e
do
se
d
0.
01
4,

0.
04
3

or
0.
12
8
m
g/
kg

by
a
si
ng
le

in
tr
at
ra
ch
ea
li
ns
til
la
tio

n.
R
ec
ov
er
y
pe
ri
od
s
w
er
e
1,

3
or

28
da
ys
.A

ft
er

on
e
da
y
of

re
co
ve
ry
,n

eu
tr
op
hi
li
nfl

ux
in
to

br
on
ch
oa
lv
eo
la
r
la
va
ge

flu
id

(B
A
L
F)

w
as

fo
un
d
at
th
e

tw
o
hi
gh
es
tc
on
ce
nt
ra
tio

ns
.I
t

re
m
ai
ne
d
hi
gh

fo
r
th
e
hi
gh
es
t

co
nc
en
tr
at
io
n
al
so

af
te
r
28

da
ys

re
co
ve
ry

(m
ic
ro
sc
op
ic

ex
am

in
at
io
n)

Pr
im

ar
y
D
N
A
da
m
ag
e
w
as

fo
un
d
in

B
A
L
F
at
th
e
hi
gh
es
t

N
P
co
nc
en
tr
at
io
n
af
te
r
on
e

da
y,
bu
tn

ot
ob
se
rv
ed

af
te
r
3

an
d
28

da
ys

N
o
D
N
A
da
m
ag
e
w
as

fo
un
d
in

lu
ng

an
d
liv

er
(C
om

et
as
sa
y)

A
lv
in
o
et
al
.[
14
2]

B
a

(B
aF

e 1
2
O
19
)

C
om

m
er
ci
al
(S
ig
m
a-
A
ld
ri
ch
)

~
32

nm
(T
E
M
)

>
10
00

nm
(D

L
S
in

va
ri
ou
s
ce
ll
m
ed
ia
)

C
ae
no
rh
ab
di
ti
s

el
eg
an
s

A
ft
er

72
h
of

tr
ea
tm

en
t,

m
or
ta
lit
y
at
0.
5
m
g/
m
L
w
as

ar
ou
nd

60
%

an
d
50
%

fo
r

yo
un
g
an
d
ad
ul
tw

or
m
s,

re
sp
ec
tiv

el
y
(m

ic
ro
sc
op
y)

N
Ps

si
gn
ifi
ca
nt
ly

af
fe
ct
ed

re
pr
od
uc
tio

n
fr
om

0.
05

m
g/
m
L
on
w
ar
ds

an
d
in
cr
ea
se
d

R
O
S
pr
od
uc
tio

n
fr
om

0.
01
5

m
g/
m
L
,b

ot
h
at
72

h
(m

ic
ro
sc
op
y
an
d
D
C
FH

-D
A

as
sa
y)

(c
on
tin

ue
d)



294 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

K
ov
ri
zn
yc
h
et
al
.

[2
39
]

B
a

C
om

m
er
ci
al
(S
ig
m
a-
A
ld
ri
ch
)

<
10
0
nm

Z
eb
ra

fis
h
(D

an
io

re
ri
o)

Fo
r
ad
ul
tfi

sh
an
d
eg
gs
,L

C
50

>
1.
6
m
g/
m
L
(u
p
to

96
h
of

ex
po
su
re
)

Pr
em

at
ur
e
ha
tc
hi
ng

w
as

ob
se
rv
ed

fo
r
eg
gs

af
te
r
96

h
ex
po
su
re

at
1.
6
m
g/
m
L
.N

o
yo
lk

de
fo
rm

at
io
n,

bo
dy

sh
or
te
ni
ng

of
th
e
em

br
yo
s
or

ot
he
r
m
al
fo
rm

at
io
ns

w
er
e

ob
se
rv
ed

Pa
rk

et
al
.[
15
5]

C
a

C
o-
pr
ec
ip
ita
tio

n
47
C
a
us
ed

L
ec
ith

in
Sp

ra
gu
e–
D
aw

le
y
ra
t

R
at
s
w
er
e
in
tr
av
en
ou
sl
y

in
je
ct
ed

in
th
e
ta
il
ve
in

A
cu
te
to
xi
ci
ty

(s
in
gl
e
do
se
):

L
D
50

~
30
0
Fe
–m

g/
kg
.M

T
D

~
37
4
Fe
–m

g/
kg

Fe
rr
ite

na
no
pa
rt
ic
le
s
de
te
ct
ed

in
liv

er
,l
un
g,

ki
dn
ey

an
d

m
ai
nl
y
in

sp
le
en

(H
-E

an
d

Pr
us
si
an

B
lu
e
st
ai
ni
ng
)

N
ik
if
or
ov

et
al
.[
22
2]

G
d

10
–1
2
nm

(T
E
M
)

C
57
B
1/
6j

m
ic
e

B
D
F1

m
ic
e

B
A
L
B
/c
m
ic
e

Tw
o
ro
ut
es

of
ad
m
in
is
tr
at
io
n

w
er
e
us
ed
:i
nt
ra
ve
no
us

an
d

in
tr
ap
er
ito

ne
al

Fo
r
Fe
[G

d-
0.
1
Fe

1.
9
]0
4
,t
he

L
D
50

w
as

of
0.
6
g/
kg

H
ig
h
N
P
ac
cu
m
ul
at
io
n
w
as

fo
un
d
in

liv
er

(h
is
to
lo
gi
ca
l

ex
am

in
at
io
n
us
in
g
H
-E

an
d

Pr
us
si
an

bl
ue

st
ai
ni
ng
)

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 295

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

Z
io
ni

et
al
.[
14
1]

Sr (S
rF
e 1

2
O
19
)

U
ltr
as
ou
nd

80
–1
00

nm
(T
E
M
)

30
–1
10

nm
(D

L
S)

N
Ps

di
sp
er
se
d
in

a
cr
ea
m

H
um

an
s

T
he

N
Ps

w
er
e
di
sp
er
se
d
in

a
cr
ea
m
,p

er
m
an
en
tly

m
ag
ne
tiz
ed

an
d
th
e
cr
ea
m

(0
.4

m
L
)
ap
pl
ie
d
to

th
e
fo
re
ar
m

of
hu
m
an

vo
lu
nt
ee
rs
ag
ed

18
–6
0

ye
ar

ol
d.

M
oi
st
ur
iz
at
io
n
of

th
e

up
pe
r
ep
id
er
m
al
la
ye
rs
w
as

m
ea
su
re
d
up

to
8
h
af
te
r
cr
ea
m

ap
pl
ic
at
io
n
by

el
ec
tr
ic
al

ca
pa
ci
ta
nc
e

R
iv
er
o
et
al
.[
21
4]

Z
n

E
le
ct
ro
ch
em

ic
al
sy
nt
he
si
s

~
12

nm
(T
E
M
)

~
16
0
nm

(D
L
S)

C
itr
ic
ac
id

X
en
op
us

la
ev
is

N
Ps

w
er
e
ev
al
ua
te
d
up

to
2

m
g/
m
L

N
Ps

in
du
ce
d
de
cr
ea
se

in
su
rv
iv
al
fa
ct
or
s
(d
os
e

de
pe
nd
en
t)
,p

he
no
ty
pi
c

ab
no
rm

al
iti
es

an
d
al
te
ra
tio

n
of

Fe
an
d
Z
n
m
et
ab
ol
is
m
s
in

em
br
yo
s/
ta
dp
ol
es

H
ad
ru
p
et
al
.[
48
]

Z
n

C
om

m
er
ci
al
(N

an
oA

m
or
)

~
10

nm
(X

R
D
)

~
98

nm
(D

L
S)

C
57
B
L
/6

J
B
om

Ta
c
m
ic
e

M
ic
e
w
er
e
do
se
d
0.
01
4,

0.
04
3

or
0.
12
8
m
g/
kg

by
a
si
ng
le

in
tr
at
ra
ch
ea
li
ns
til
la
tio

n.
R
ec
ov
er
y
pe
ri
od
s
w
er
e
1,

3
or

28
da
ys
.A

ft
er

on
e
da
y
of

re
co
ve
ry
,n

eu
tr
op
hi
li
nfl

ux
in
to

br
on
ch
oa
lv
eo
la
r
la
va
ge

flu
id

(B
A
L
F)

w
as

fo
un
d
at
th
e

tw
o
hi
gh
es
tc
on
ce
nt
ra
tio

ns
.I
t

re
m
ai
ne
d
hi
gh

fo
r
th
e
hi
gh
es
t

co
nc
en
tr
at
io
n
al
so

on
re
co
ve
ry

da
y
3
(m

ic
ro
sc
op
ic

ex
am

in
at
io
n)

Pr
im

ar
y
D
N
A
da
m
ag
e
w
as

fo
un
d
in

B
A
L
F
af
te
r
on
e
da
y,

bu
tn

ot
ob
se
rv
ed

af
te
r
3
an
d
28

da
ys
.N

o
D
N
A
da
m
ag
e
w
as

fo
un
d
in

lu
ng

an
d
liv

er
(C
om

et
as
sa
y)

(c
on
tin

ue
d)



296 M. Tasso et al.

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

Z
hu

et
al
.[
21
3]

Z
n

C
o-
pr
ec
ip
ita
tio

n
fo
llo

w
ed

by
so
lv
ot
he
rm

al
tr
ea
tm

en
t

~
11

nm
(T
E
M
)

20
–2
5
nm

(D
L
S
in

bi
ol
og
ic
al
flu

id
s)

D
M
SA

M
ic
e

A
ft
er

da
ily

in
tr
ag
as
tr
ic

ad
m
in
is
tr
at
io
n
fo
r
30

da
ys
,n

o
ab
no
rm

al
sy
m
pt
om

s,
bo
dy

w
ei
gh
tm

od
ifi
ca
tio

n,
or

re
m
ar
ka
bl
e
al
te
ra
tio

ns
of

ki
dn
ey

(e
.g
.B

U
N
)
an
d
liv

er
(e
.g
.A

ST
)
bi
oc
he
m
ic
al

pa
ra
m
et
er
s
w
er
e
ob
se
rv
ed

H
is
to
pa
th
ol
og
ic
al

ob
se
rv
at
io
ns
,o

xi
da
tiv

e
st
re
ss

an
d
Z
n
co
nt
en
ti
n
liv

er
an
d

ki
dn
ey

w
er
e
al
so

st
ud
ie
d

H
an
in
ie
ta
l.
[2
29
]

Z
n-
C
o

(x
=

0.
2)

Po
ly
ol

m
et
ho
d

~
8
nm

(X
R
D
an
d
T
E
M
)

N
ew

Z
ea
la
nd

ra
bb
its

R
ab
bi
ts
w
er
e
in
tr
av
en
ou
sl
y

in
je
ct
ed

in
th
e
ju
gu
la
r
ve
in
.

N
o
su
bs
ta
nt
ia
la
lte
ra
tio

n
of

re
ct
al
te
m
pe
ra
tu
re
,h

ea
rt
be
at

ra
te
,b

eh
av
io
r
an
d
R
B
C
co
un
t

af
te
r
in
je
ct
io
n
of

N
Ps

at
20

m
g/
kg

(4
h)

w
as

ob
se
rv
ed
.

H
ow

ev
er
,t
he

pr
es
en
ce

of
N
Ps

in
cr
ea
se
d
W
B
C
(+
50
%
)

in
di
ca
tin

g
an

in
fla
m
m
at
or
y

pr
oc
es
s.
Pe
ri
va
sc
ul
ar

in
fla
m
m
at
io
ns

in
lu
ng
s,

gr
an
ul
om

as
in

liv
er
,m

ul
tip

le
co
ng
es
tio

ns
in

ki
dn
ey
s
an
d

bl
ac
ki
sh

pa
rt
ic
le
s
in

th
e

in
te
ra
lv
eo
la
r
w
al
ls
w
er
e

ob
se
rv
ed

(H
is
to
lo
gi
ca
l

ob
se
rv
at
io
ns
)

(c
on
tin

ue
d)



Toxicity Assessment of Nanoferrites 297

Ta
bl
e
8

(c
on
tin

ue
d)

A
ut
ho
r

Io
n(
s)

Sy
nt
he
si
s
m
et
ho
d

Si
ze

Su
rf
ac
e
co
at
in
g

A
ni
m
al
m
od
el
(s
)

M
ai
n
re
su
lts
/o
bs
er
va
tio

ns

H
ad
ru
p
et
al
.[
48
]

N
i–
Z
n

(x
=

0.
5)

C
om

m
er
ci
al
(N

an
oA

m
or
)

~
12

nm
(T
E
M
)

~
20
0
nm

(D
L
S)

C
57
B
L
/6

J
B
om

Ta
c
m
ic
e

M
ic
e
w
er
e
do
se
d
0.
01
4,

0.
04
3

or
0.
12
8
m
g/
kg

by
a
si
ng
le

in
tr
at
ra
ch
ea
li
ns
til
la
tio

n.
R
ec
ov
er
y
pe
ri
od
s
w
er
e
1,

3
or

28
da
ys
.A

ft
er

on
e
da
y
of

re
co
ve
ry
,n

eu
tr
op
hi
li
nfl

ux
in
to

br
on
ch
oa
lv
eo
la
r
la
va
ge

flu
id

(B
A
L
F)

w
as

fo
un
d
at
th
e

hi
gh
es
tc
on
ce
nt
ra
tio

n.
A
ft
er

3
da
ys
,t
he
re

w
er
e
no
t

st
at
is
tic
al
ly

si
gn
ifi
ca
nt

le
ve
ls
.

A
ft
er

28
da
ys

re
co
ve
ry
,

ne
ut
ro
ph
il
in
flu

x
in
to

B
A
L
F

w
as

el
ev
at
ed

fo
r
N
Ps

at
th
e

hi
gh
es
td

os
e.
Pr
im

ar
y
D
N
A

da
m
ag
e
w
as

fo
un
d
in

B
A
L
F
at

al
lN

P
co
nc
en
tr
at
io
ns

af
te
r
on
e

da
y,
bu
tn

ot
ob
se
rv
ed

af
te
r
3

an
d
28

da
ys
.N

o
D
N
A
da
m
ag
e

w
as

fo
un
d
in

lu
ng

an
d
liv

er
(C
om

et
as
sa
y)

W
an
g
et
al
.[
19
7]

Z
n-
C
o

(x
=

0.
6)

Tw
o-
st
ep

py
ro
ly
si
s

C
or
e–
sh
el
lm

ag
ne
tic

na
no
cu
be
s,
M
N
C
s

C
or
e:

~
7
nm

(T
E
M
)

C
or
e–
Sh

el
l:

~
11

nm
(T
E
M
)

H
A
-P
E
G

H
eL

a
tu
m
or
-b
ea
ri
ng

m
ic
e

M
ic
e
w
er
e
in
tr
av
en
ou
sl
y

in
je
ct
ed

in
th
e
ta
il
ve
in

w
ith

M
N
C
s-
PE

G
/H
A
-D

O
X
(F
e:

0.
10

m
m
ol
/k
g)
.T

he
si
gn
al

gr
ad
ua
lly

da
rk
en
ed

0.
5
to

3
h

af
te
r
ad
m
in
is
tr
at
io
n
an
d

re
co
ve
re
d
af
te
r
4
h
(M

R
I)

A
bb

re
vi
at
io
ns

an
d
A
cr
on

ym
s:

C
ha
ra
ct
er
iz
at
io
n
te
ch
ni
qu
es
:
X
R
D

X
-r
ay

di
ff
ra
ct
io
n,

T
E
M

T
ra
ns
m
is
si
on

el
ec
tr
on

m
ic
ro
sc
op
y,
D
L
S
D
yn
am

ic
lig

ht
sc
at
te
ri
ng
,S

E
M

Sc
an
ni
ng

el
ec
tr
on

m
ic
ro
sc
op
y,
N
IR

N
ea
r
in
fr
ar
ed
,I
C
P
-M

S
In
du
ct
iv
el
y
co
up
le
d
pl
as
m
a—

m
as
s
sp
ec
tr
os
co
py
,M

R
I
M
ag
ne
tic

re
so
na
nc
e
im

ag
in
g,

SP
E
C
T
Si
ng
le
ph
ot
on

em
is
si
on

co
m
pu
te
d
to
m
og
ra
ph
y

Su
rf
ac
e
C
oa
ti
ng
s:
D
M
SA

M
es
o-
2,
3-
di
m
er
ca
pt
os
uc
ci
ni
c
ac
id
,H

A
H
ya
lu
ro
ni
c
ac
id
,P

E
G
Po

ly
et
hy
le
ne
gl
yc
ol
,T

P
P
T
ri
po
ly
ph
os
ph
at
e

To
xi
co
lo
gi
ca
l
m
et
ho
ds
:
L
D
50

L
et
ha
l
do
se

50
%
,
L
C
50

L
et
ha
l
co
nc
en
tr
at
io
n
50
%
,
LT

50
L
et
ha
l
tim

e
50
%
,
M
T
D

M
ax
im

um
to
le
ra
te
d
do
se
,
A
LT

A
la
ni
ne

am
in
ot
ra
ns
fe
ra
se
,
A
ST

A
sp
ar
ta
te

am
in
ot
ra
ns
fe
ra
se
,A

L
P
A
lk
al
in
e
ph
os
ph
at
as
e,
R
B
C
R
ed

bl
oo
d
ce
ll
co
un
t,
W
B
C
W
hi
te

bl
oo
d
ce
ll
co
un
t,
B
U
N

B
lo
od

ur
ea

ni
tr
og
en
,A

ch
E
A
ce
ty
lc
ho
lin

es
te
ra
se
,G

SH
/G
SS
G

R
ed
uc
ed

/o
xi
di
ze
d

gl
ut
at
hi
on
e
ra
tio

,H
-E

H
em

at
ox
yl
in
–e
os
in
,R

O
S
R
ea
ct
iv
e
ox
yg
en

sp
ec
ie
s,
D
C
F
H
-D

A
2′
,7

′ -d
ic
hl
or
od
ih
yd
ro
flu

or
es
ce
in
di
ac
et
at
e,
L
D
H
L
ac
ta
te
de
hy
dr
og
en
as
e,
G
SH

gl
ut
at
hi
on
e,
SO

D
Su

pe
ro
xi
de

di
sm

ut
as
e,
C
K

C
re
at
in
in
e
ki
na
se
,T

B
IL

To
ta
lb

ili
ru
bi
n



298 M. Tasso et al.

a

b

c

Fig. 7 a Zn0.8Co0.2Fe2O4 NPs morphology as observed by TEM in a collection of as-produced
particles (left image). Zoom in one representative particle (right panel). b, c In vivo toxicity of
Zn0.8Co0.2Fe2O4 nanoparticles: six New Zealand rabbits on each group received urethane (Sham,
control group) or Zn0.8Co0.2Fe2O4 NPs (20 mg/kg) by intravenous injection. b Numbers of white
(WBC) and red (RBC) blood cells were determined in the control group and inNPs-injected animals
4 h after administration. c Organs were collected 4 h post-treatment and processed for staining with
hematoxylin and eosin; red arrows correspond to black regions and inflammations. Reproduced
from Hanini et al. Environmental Toxicology and Pharmacology 2016, 45, 321, with the permission
of Elsevier

4 Concluding Remarks

Ferrites represent a class of versatile and very promising nanomaterials in the
nanomedicine field. As previously noted, though most of the literature corresponds
to cobalt ferrites, Mn, Ni and Zn as co-ions also gathered significant attention, with
plentiful scientific publications devoted to the synthesis, characterization and toxi-
cological evaluation of these nano-objects [200]. Ferrites possess a broad range of
magnetic and physicochemical properties that depend upon the degree of substitution
of the co-ion(s) and that enables the obtainment of nanomaterials with variable satu-
ration magnetization, Curie temperature, crystalline structure, magnetic properties
(e.g. ferromagnetic, ferroelectric), among others and, also, aptitude to interact with
cells, tissues, organs andwhole organisms in distinct ways. As it can be deduced from
the tables in this chapter, most of the here covered literature is devoted to in vitro
assays, and within them, to cytotoxicity and viability evaluations in cell lines. Geno-
toxicity and oxidative stress assessments are less common, though DNA techniques
enable nowadays the unveiling of many molecular biology mechanisms, notably
those behind cell cycle control and expression of, e.g. antioxidant enzymes and
biomolecules. In vivo evaluations are scarce and are carried out in a wide variety of
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animals and organisms, which makes any attempt to find relationships and/or trends
between, for instance, NP composition and size and the outcome of the organism-NP
interaction, almost inaccessible.

In analyzing the literature to carry out this work, we found that it was hard to
compare NPs of a same co-ion in terms of their toxicological characteristics to
attempt to extract any valuable information regarding, e.g. concentration ranges for
safe use in vitro. As expected, it was even harder to compare ferrites of different
co-ions among them, unless they were analyzed altogether in a unique work and had,
at the least, similar sizes and synthesis methods. Fortunately, there are some research
papers that suit these criteria and areworth amention. For instance, Zhao et al. studied
the cell viability and oxidative stress (ROS, GSH, MDA, SOD levels) in A549 cells
exposed to CoFe2O4, MnFe2O4 and Fe3O4 ultrasmall nanoparticles (~3 nm) [150].
The authors demonstrated that Co-nanoferrites were more cytotoxic and induced
higher oxidative stress than Mn-nanoferrites, and that these two were more toxic
than the Fe3O4 NPs under study. In this same line, Pradhan and co-workers evaluated
the effects of nanoparticles with similar composition but bigger sizes (9–11 nm) on
BHK-21 cells and also found that cobalt-based ferrites were themost cytotoxic [159].
On the other hand, Ovejero et al. compared Fe3O4, CoFe2O4,MnFe2O4 andNiFe2O4

nanoparticles (8–13 nm) and showed that the latter presented the highest cytotoxicity
towards HeLa cells producing an important decrease in cell viability, while the three
formers were found slightly cytotoxic [173]. After 24 h cell incubation with 0.1
mg/mL of NPs, cell viability was of ~ 70% for CoFe2O4 onto both, A549 (Zhao
et al.) and HeLa (Ovejero et al.) cells, showing here a concordance between two
different works, but NiFe2O4 NPs had ~ 40% viability onto HeLa (Ovejero et al.)
cells. Besides, Martínez-Rodríguez and co-workers studied the hemolytic activity
of Ni-, Zn- and ZnNi-based nanoferrites (sizes < 30 nm) together with magnetite
nanoparticles and found that only the mixed nanoferrite caused lysis to human red
blood cells [207]. In addition, they also proved that none of the tested nanoparticles
were cytotoxic for human peripheral blood mononuclear cells up to a concentration
of 0.2 mg/mL. Nevertheless, Ovejero et al. found that NiFe2O4 NPs resulted in ~
40% cell viability after 24 h incubation of HeLa cells with 0.1 mg/mL of NPs. So,
a concentration of 0.1 mg/mL of NiFe2O4 NPs is highly toxic for HeLa cells but
the double of that concentration is seemingly not toxic for human peripheral blood
mononuclear cells. Certainly, the NP size is not the same in both cases, neither is
it the surface coating (citric acid [173] vs. none [207]), so a straight comparison is
possibly incorrect, but it nevertheless illustrates about the challenges in this area and
their multi-parametric nature.

Establishing more standardized methods and model systems to evaluate in vitro
and in vivo the interactions of nanoferrites (and nanomaterials in general) with cells,
tissues, organs andwhole organismsmaybe a laborious processwhoseoutcomecould
provide the stepping stone to better understand these nanotoxicological phenomena
and to promote a more rational design of nanomaterials for nanomedicine applica-
tions. Last but not least, the inclusion of all cell types that are expected to interact
with the NPs in their journey through the body in the in vitro assays and a more
dedicated evaluation of the NP stability in biological media and under biological
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conditions (pH, ionic strength, presence of a multitude of biomolecules in solution,
etc.) may provide a more robust assessment of the NP suitability for further in vivo
studies.
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Cell stress response to two different types of polymer coated cobalt ferrite nanoparticles.
Toxicol Lett 270:108–118. https://doi.org/10.1016/j.toxlet.2017.02.010

52. Karlsson HL, Cronholm P, Hedberg Y, Tornberg M, De Battice L, Svedhem S, Wallinder
IO (2013) Cell membrane damage and protein interaction induced by copper containing
nanoparticles—importance of the metal release process. Toxicology 313(1):59–69. https://
doi.org/10.1016/J.TOX.2013.07.012

https://doi.org/10.1186/s11671-018-2728-6
https://doi.org/10.1016/j.cis.2015.01.007
https://doi.org/10.1186/1743-8977-9-20
https://doi.org/10.1093/jmcb/mjt022
https://doi.org/10.1155/2013/942916
https://doi.org/10.1201/b17191
https://doi.org/10.3390/nano5031163
https://doi.org/10.1100/tsw.2011.106
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.7150/thno.5411
https://doi.org/10.3390/ma3104842
https://doi.org/10.1016/j.biomaterials.2009.04.009
https://doi.org/10.1016/j.tox.2009.03.005
https://doi.org/10.1016/j.etap.2019.103303
https://doi.org/10.1080/17458080.2017.1413253
https://doi.org/10.1021/ar600012y
https://doi.org/10.1016/j.toxlet.2017.02.010
https://doi.org/10.1016/J.TOX.2013.07.012


Toxicity Assessment of Nanoferrites 303

53. Singh N, Nelson BC, Scanlan LD, Coskun E, Jaruga P, Doak SH (2017) Exposure to engi-
neered nanomaterials: impact on DNA repair pathways. Int J Mol Sci 18(7). https://doi.org/
10.3390/ijms18071515

54. Ahamed M, Alhadlaq HA, Alam J, Majeed Khan MA, Ali D, Alarafi S (2013) Iron oxide
nanoparticle-induced oxidative stress and genotoxicity in human skin epithelial and lung
epithelial cell lines. Curr Pharm Des 19(37):6681–6690. https://doi.org/10.2174/138161281
1319370011

55. Alarifi S, Ali D, Alkahtani S, Alhader MS (2014) Iron oxide nanoparticles induce oxidative
stress, DNA damage, and caspase activation in the human breast cancer cell line. Biol Trace
Elem Res 159(1–3):416–424. https://doi.org/10.1007/s12011-014-9972-0
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57. Lojk J, Repas J, Veranič P, Bregar VB, Pavlin M (October 2019) Toxicity mecha-
nisms of selected engineered nanoparticles on human neural cells in vitro. Toxicology
2020(432):152364. https://doi.org/10.1016/j.tox.2020.152364

58. Wang F, Salvati A, Boya P (2018) Lysosome-dependent cell death and deregulated autophagy
induced by amine-modified polystyrene nanoparticles. Open Biol 8(4). https://doi.org/10.
1098/rsob.170271

59. Oh N, Park JH (2014) Endocytosis and exocytosis of nanoparticles in mammalian cells. Int J
Nanomedicine 9(Suppl 1):51. https://doi.org/10.2147/IJN.S26592

60. Crisponi G, Nurchi VM, Lachowicz JI, Peana M, Medici S, Zoroddu MA (2017) Toxicity
of nanoparticles: etiology and mechanisms. Antimicrob Nanoarchitectonics 511–546. https://
doi.org/10.1016/B978-0-323-52733-0.00018-5

61. Zhang X-Q, Xu X, Bertrand N, Pridgen E, Swami A, Farokhzad OC (2012) Interactions of
nanomaterials and biological systems: implications to personalized nanomedicine. Adv Drug
Deliv Rev 64(13):1363. https://doi.org/10.1016/J.ADDR.2012.08.005

62. Xie Y, Liu D, Cai C, Chen X, Zhou Y, Wu L, Sun Y, Dai H, Kong X, Liu P (2016) Size-
dependent cytotoxicity of Fe3O4 nanoparticles induced by biphasic regulation of oxidative
stress in different human hepatoma cells. Int J Nanomed 11:3557–3570. https://doi.org/10.
2147/IJN.S105575

63. Vedantam P, Huang G, Tzeng TRJ (2013) Size-dependent cellular toxicity and uptake of
commercial colloidal gold nanoparticles in DU-145 Cells. Cancer Nanotechnol. 4(1–3):13–
20. https://doi.org/10.1007/s12645-013-0033-8

64. Kim T-H, Kim M, Park H-S, Shin US, Gong M-S, Kim H-W (2012) Size-dependent cellular
toxicity of silver nanoparticles. J Biomed Mater Res Part A 100A(4):1033–1043. https://doi.
org/10.1002/jbm.a.34053

65. Amstad E, Textor M, Reimhult E (2011) Stabilization and functionalization of iron oxide
nanoparticles for biomedical applications. Nanoscale 3(7):2819. https://doi.org/10.1039/c1n
r10173k

66. Barry SE (2008) Challenges in the development of magnetic particles for therapeutic
applications. Int J Hyperth 24(6):451–466. https://doi.org/10.1080/02656730802093679

67. Moghimi SM, Simberg D (2018) Nanoparticle transport pathways into tumors. J Nanoparticle
Res 20(6). https://doi.org/10.1007/s11051-018-4273-8

68. Huang X, Li L, Liu T, Hao N, Liu H, Chen D, Tang F (2011) The Shape Effect of mesoporous
silica nanoparticles on biodistribution, clearance, and biocompatibility in vivo. ACS Nano
5(7):5390–5399. https://doi.org/10.1021/nn200365a

69. Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME, DeSimone JM
(2008) The Effect of particle design on cellular internalization pathways. Proc Natl Acad Sci
105(33):11613–11618. https://doi.org/10.1073/PNAS.0801763105

70. Sargent LM, Shvedova AA, Hubbs AF, Salisbury JL, Benkovic SA, Kashon ML, Lowry DT,
Murray AR, Kisin ER, Friend S et al (2009) Induction of aneuploidy by single-walled carbon
nanotubes. Environ Mol Mutagen 50(8):708–717. https://doi.org/10.1002/em.20529

https://doi.org/10.3390/ijms18071515
https://doi.org/10.2174/1381612811319370011
https://doi.org/10.1007/s12011-014-9972-0
https://doi.org/10.1039/C6TX00211K
https://doi.org/10.1016/j.tox.2020.152364
https://doi.org/10.1098/rsob.170271
https://doi.org/10.2147/IJN.S26592
https://doi.org/10.1016/B978-0-323-52733-0.00018-5
https://doi.org/10.1016/J.ADDR.2012.08.005
https://doi.org/10.2147/IJN.S105575
https://doi.org/10.1007/s12645-013-0033-8
https://doi.org/10.1002/jbm.a.34053
https://doi.org/10.1039/c1nr10173k
https://doi.org/10.1080/02656730802093679
https://doi.org/10.1007/s11051-018-4273-8
https://doi.org/10.1021/nn200365a
https://doi.org/10.1073/PNAS.0801763105
https://doi.org/10.1002/em.20529


304 M. Tasso et al.

71. Ling D, Hyeon T (2013) Chemical design of biocompatible iron oxide nanoparticles for
medical applications. Small 9(9–10):1450–1466. https://doi.org/10.1002/smll.201202111

72. Bresgen N, Eckl P, Bresgen N, Eckl PM (2015) oxidative stress and the homeodynamics of
iron metabolism. Biomolecules 5(2):808–847. https://doi.org/10.3390/biom5020808

73. Thorek DLJ, Tsourkas A (2008) Size, charge and concentration dependent uptake of iron
oxide particles by non-phagocytic cells. Biomaterials 29(26):3583–3590. https://doi.org/10.
1016/j.biomaterials.2008.05.015

74. Salatin S, Dizaj SM, Khosroushahi AY (2015) Effect of the surface modification, size, and
shape on cellular uptake of nanoparticles. Cell Biol Int 39:881–890. https://doi.org/10.1002/
cbin.10459

75. Perton F, TassoM,MuñozMedina G,MénardM, Blanco-Andujar C, Portiansky E, Fernandez
van Raap M, Bégin D, Meyer F, Bégin-Colin S et al (2019) Fluorescent and magnetic stel-
late mesoporous silica for bimodal imaging and magnetic hyperthermia. Appl Mater Today
16:301–314. https://doi.org/10.1016/J.APMT.2019.06.006

76. Kim J, Kim HS, Lee N, Kim T, Kim H, Yu T, Song IC, Moon WK, Hyeon T (2008) multi-
functional uniform nanoparticles composed of amagnetite nanocrystal core and amesoporous
silica shell for magnetic resonance and fluorescence imaging and for drug delivery. Angew
Chemie Int Ed 47(44):8438–8441. https://doi.org/10.1002/anie.200802469

77. LuA-H, Salabas EL, Schüth F (2007) magnetic nanoparticles: synthesis, protection, function-
alization, and application. Angew Chemie Int Ed 46(8):1222–1244. https://doi.org/10.1002/
anie.200602866

78. Bonvin D, Bastiaansen JAM, Stuber M, Hofmann H, Mionić Ebersold M (2017) Folic acid
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238. GökçeD,Köytepe S,Özcan İ (2020)Assessing short-term effects ofmagnetite ferrite nanopar-
ticles on daphnia magna. Environ Sci Pollut Res 27(25):31489–31504. https://doi.org/10.
1007/s11356-020-09406-8
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Spinel Nanoferrites: A Versatile Platform
for Environmental Remediation

Komal, Sneha Singh, Sandeep Bansal, and Sonal Singhal

Abstract Owing to remarkably promising applications and distinctive characteris-
tics, spinel nanoferrites have gained immense research interest in the latest period.
Being magnetically separable nanocatalysts, spinel ferrites have revolutionized the
idea of environmental decontamination to a great extent. The present chapter high-
lights the most recognizable feature of nanospinels, i.e., their versatility in terms of
ease of degradationof diverse pollutants, specifically organic pollutants.Adeep struc-
tural insight and the detailed mechanism of pollutant degradation through distinct
routes has been discussed. A considerable attention has been paid toward miscel-
laneous modifications being recently followed for enhancing the applicability of
spinel nanoferrites such as substitution at the active sites, surface functionalization,
and composting with different scaffolds. Such beneficial modifications make spinel
nanoferrites a commercially exploitable and tunable platform for environmental
remediation.

Keywords Spinel nanoferrites · Organic pollutants · Degradation · Oxidation ·
Magnetically separable

1 Introduction

The world has witnessedmassive progress in the fields of industrial development and
urban modernization in twenty-first century. Apart from the numerous advantages,
the growing industrialization and urbanization has also left our environment polluted
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in the most brutal way. Over a few decades, the scientific advancements have alle-
viated the quality of day-to-day life to a great extent. These scientific advancements
besides proving beneficial are also slowly hollowing us from inside by introducing a
large number of contaminants which are fatal to ecosystem. These contaminants are
introduced into the environment in the form of industrial, agricultural, or domestic
wastes [1–3]. This introduction of contaminants through waste is the leading cause
of increase in all types of pollution, i.e., water, air, and soil either directly or indi-
rectly, making environmental pollution a matter of serious concern for scientific
community. Among the various problems emerging from environment pollution,
these contaminants are the root cause of water pollution as these contaminants are
directly disposed off in to the water bodies without any prior treatment [4, 5]. Water
bodies are relentlessly getting polluted with different effluents released from various
sources as depicted in Fig. 1.

Scientific literature discloses heaps of reports concerned with the urgent issue
of wastewater treatment. Jones et al. [6] have reported the contamination of water
bodies in urban areas due to medicinal plants which constitute a potential risk for
the ecosystems and living beings for long terms. Robinson et al. [7] have reported
the adverse effect of chemical reagents, inorganic, and organic compounds in textile
industries on the environment. Wang et al. [8] have studied the contamination caused
by mercury in aquatic systems and reported industrial wastes and agricultural mate-
rials as the main source of contamination. Gregory McIsaac [9] has reported the
industrially manufactured nitrogen fertilizers as the leading cause of surface water
pollution. Thus, the pollution of water bodies is becoming a major global problem
owing to the constant increase in the demand of freshwater supply due to the alarming
rise in human population rates.

Fig. 1 Different contaminants polluting water resources
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1.1 Water Pollution Current Status and Scenario

Clean water is an indispensable requirement for achieving human survival and well-
being, from an individual to the international level. The current status of water
consumption and water pollution around the globe can put any individual in a deep
shock. Water is the most stressed resource, and its consumption has been increasing
worldwide by about 1% per year and is expected to rise at similar rate until 2050,
which will account for an overall increase of 20–30% water consumption [10].
According to recent water pollution statistics, humans dump approximately 1.2 tril-
lion gallons of untreated wastewater into the water bodies each year. Across the
world, an average of 1.5 million children under the age of five die as a consequence
of waterborne diseases [11]. Currently, more than 20% of the entire population on
the earth is unable to get adequate access to safe water. With the increasing slope of
the graph of water pollution, it is anticipated that by 2050, about 47% inhabitants
out of a total population of around 8 billion will have to face the situations of water
scarcity [12].

Low-income countries typically treat only 8%of the total wastewater generated by
various activities, whereas the high income countries like USA, Canada, Germany,
and Japan are able to treat up to 70% of their respective wastewater. A recent report
by the world bank suggests that the release of pollutant streams in the environment
directly affects the economy of a region, especially in middle income regions like
India, where the impact of pollution has led to an approximate reduction of one half
in the growth of GDP. According to a recent report by world economic forum, it
has been estimated that around 70% of the ground surface water in India is unsafe
for direct consumption. Each day, approximately 40 million liters of wastewater
is being discharged into the rivers and other water sources with only a minuscule
portion acceptably treated [11]. Besides the huge expenditure on the treatment of
wastewater, the annual cost of health maintenance in regard to water pollution alone
has been estimated to be around INR 470–610 billion ($ 6.7–8.7 billion).

1.2 Major Water Pollutants and Sources

Water pollutants cause themost pivotal environmental problems by directly affecting
the sustainable development of a country. The major water pollutants released from
different sectors can be categorized as:

(i) Pathogens: The disease causing pathogenic organisms such as bacterium,
virus, or other microorganism majorly enter the water bodies through sewage
discharge or sometimes due to thewastewater generated fromslaughterhouses.
Suchwastewater can lead to severalwaterborne diseases like cholera, diarrhea,
typhoid, hepatitis, etc.
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(ii) Nutrients: The wastewater produced from fertilizer industries or generated
through agricultural run-off is often rich in nutrients like nitrogen and phos-
phorous. Such water may stimulate the growth of aquatic weeds like algae or
may cause skin and eye irritation, vomiting or other gastric problems when
consumed by human beings.

(iii) Macroscopic pollutants: These comprise of plastics, shipwrecks, papers,
nurdles, sand, silt, etc. They emerge in the water bodies through surface runoff
during rainy seasons, domestic activities, or through municipal sewerage
waters. Themacroscopic pollutants act as a hurdle for the sunlight to penetrate
the water which eventually affects the aquatic life.

(iv) Inorganic pollutants: Contaminants such as ammonia, heavy metals,
cyanides, nitrites, mineral acids, nitrates, sulfates, fall in this category, out
of which the high concentrations of heavy metals such as Hg, As, Cu, Pb,
Cd, and Se are predominantly known for their toxic effects. Several activities
of mining, transportation, agriculture, and industries are responsible for their
discharge in to the water sources.

(v) Organic pollutants: Although all the pollutants have detrimental effects
on water bodies, but among the various pollutants, organic pollutants are
considered to be the predominant contributors of water pollution. There are
several types of organic pollutants such as insecticides, defoliants, volatile
organic compounds, detergents, food processing wastes, fuel additives,
pharmaceuticals, paints, plastics, synthetic fibers, dyes, and solvents.

Organic pollutants (OPs) have been a cause of great apprehension due to their pres-
ence in a high concentration even in remote ecosystems despite the government bans
on the production and usage [13]. OPs are one of the vicious and worst water pollu-
tants which are creating huge pressure on the remedial waste water recycling units.
The industrial organic effluents vary in their corresponding molecular composition,
color, and chemical oxygen demand. Direct release of these noxious pollutants in to
the water bodies result in the formation of toxic compounds under oxidative condi-
tions and in turn contaminate the ground water resources as well as water employed
for the irrigation purposes. Such contaminants persist in the environment for long
durations as these are not removedor decomposedbynaturalmicrobial or degradation
action ofmother nature. TheseOPs can also be called as emerging contaminants as for
these no regulations have been established till date owing to which their addition to
the environment is neither questioned nor checked by the government. The primary
sources through which the organic pollutants enter the ecosystem include munic-
ipal and domestic sewage, pulp and paper mills, distilleries, slaughter houses, or
through manmade activities such as production and applications of different organic
compounds or through their spillage or leakage during transportation [14].

Among the various synthetic organic compounds, textile dyes are one of the
major groups of organic compounds to cause hazardous effects on the environment
as reported by Konstantinou and Albanis [15]. Mainly dyes are colored materials
having specific affinity toward substrates such as plastic, paper, hair, and textiles.
Dyes have emerged as a major concern among the researchers due to their variety
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and complex structures. In comparison with other wastes, removal of dyes from the
wastewater is often considered important because even a very small concentration of
dye is clearly visible and considerably affects the water environment [16]. They are
vastly used in textile industries, pharmaceutical industries, paper and pulp industries,
bleaching industries, and dyes and dye intermediates industries. Large amounts of
variety of dyes are annually produced making them foremost contributor of water
pollution.

1.3 Need for Environmental Remediation

Perilous water proves fatal to more people every year than any form of warfare and
violence combined.

In past half century, vigorous development of mankind, society, science and tech-
nology, industrial, and agricultural sectors have led to the use of chemicals which are
potentially toxic contaminants when released into the environment [17–20]. Unreg-
ulated discharge of such effluents from the distinct sources into the aquatic water
bodies has not only led to the formation of mixed pool of aquatic toxins, but also
it poses detrimental effect on human and aquatic life. Hence, it is necessary to treat
wastewater rich in chemicals before releasing in such a way so that it does not have
any adverse effect on the environment. These compounds when get entered into the
food chain have high toxic effects on humans, aquatic animals, and plantations. Their
persistence for long periods of time in the environment and property of accumulating
and passing from one species to the next through the food chain make them a major
global concern [21]. OPs have adverse effects on gastrointestinal, genito-urinary, and
cardiovascular system of human body and also have been reported to be carcinogenic.
Most of these compounds are toxic and resistant to microbial/bacterial degradation.
The presence of these pollutants in water make it unfit for plants, animals, and
humans. A number of these compounds are considered as environmental hormones
and are reported to have adversarial effects on the human and wildlife reproductive
cycles. Paris et al. [22] have reported endocrine disruptors (steroids, polychlori-
nated biphenyls, and dioxins) as the chemicals that mimic the natural hormones
and interfere with the normal functioning of the organisms. The presence of antibi-
otics in drinking water bodies have been detected as the cause of development of
resistant pathogens or the development of allergic responses in humans as reported
by Zuccato et al. [23]. A number of organic-based pesticides are reported to have
carcinogenic effects on human bodies by various researchers. DDT, an organochlo-
rine compound, readily accumulates in human adipose tissues and cause toxic effects
in human bodies, animals, and plants. Similarly, dioxins, furans, and polychlorinated
biphenyls have been reported to cause harmful effects to the environment [24]. The
toxic and carcinogenic effects of organic dyes along with hindrance in photocatalytic
activities of aquatic plants have been reported by Akpan and Hameed [25].
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1.4 Various Tools and Recent Developments in Wastewater
Remediation

The intricacy of the growing effects of water pollution necessitate the development
and appliance of novel technology in order to control the pollution of ground and
surface water and, eventually, to assure the security of drinkingwater. In recent years,
various research cohorts, present worldwide, are putting in continuous and dedicated
efforts to prioritize newmethods and technologies for the effective removal of organic
pollutants. Different techniques have been developed to minimize the concentra-
tion of pollutants to permissible limits prior to dumping them into the water bodies
whichwill assure the restoration and improvement of overallwater quality.Generally,
wastewater treatment is classified into four different levels viz. primary, secondary,
tertiary, and quaternary with each level focused to remove specific class of contam-
inant [26]. In primary treatment, suspended solids are removed from wastewater
using simple physical processes. The soluble materials are eliminated in secondary
treatment while tertiary and quaternary methods are designed to remove specific
contaminant thatwas not eradicated in previous steps. Besides thesemethods, various
technologies that have been adopted until now for wastewater abatement have been
listed in Table 1.

Amongst these, advanced oxidation processes (AOPs) have emerged as a robust
and cleaner alternative for the remediation of polluted wastewater. Primarily, AOPs
are free radical mediated chemical oxidation processes that have the ability to
successfully treat strenuous pollutants into nontoxic CO2, H2O, and inorganic salts.
Basically, it involves in situ generation of hydroxyl radical (·OH) using oxidants such
as O3, H2O2, and O2 at near-ambient temperature and pressure; thereby exploiting
high reactivity of ·OH as a driving force for oxidation of wide variety of organic
contaminants. The efficiency of AOPs is based on generation of highly reactive and
unselective ·OHwhich is a powerful oxidant (Eº= − 2.8 V) as compared to common
oxidizing agents (O3 (Eº = − 2.0 V) and H2O2 (Eº = − 1.8 V). Hydroxyl radical
is the second-strongest oxidant next to fluorine (Eº = − 3.03 V) and hence can

Table 1 Techniques used for treatment of organic pollutants from wastewater

Physical Biological Chemical Electro-chemical AOPs

Filtration
[27]

Microorganisms
[31]

Oxidation
[7]

Electro-coagulation
[33]

Photolysis [38]

Coagulation
[28]

Enzymes [32] Electro-flotation [34] Ozonation [39]

Adsorption
[29, 30]

Electro-oxidation
[35]

Wet air oxidation [40]

Electro-reduction
[36]

Photocatalysis [41]

Electro-disinfection
[37]

Fenton [42]
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non-selectively degrade variety of micropollutants with high rate constants (106–
109 mol−1 s−1). Owing to noteworthy advantages of AOPs, i.e., high reaction rates,
high oxidation potential of OH and indiscriminate oxidation of wide range of organic
contaminants; this technique is widely applied to treat wastewater, ground water,
remediation of soil and sediments, conditioning of municipal sludge, destruction of
volatile organic compounds, etc. [43].

Conventional AOPs only involve use of oxidants (O3, H2O2, and O2) for the
eradication of high concentration obstinate toxicwaste. However, there are huge piles
of reports present in literaturewhich support the fact that the introduction of transition
metal salts (such as Fe2+) and radiation sources (UV, visible, γ-rays, ultrasound, etc.)
into the system greatly improves the rate of oxidation by enhancing the production
of ·OH [44]. On the basis of these modifications, AOPs can be broadly classified
under following categories: ozonation, photolysis, wet air oxidation, photocatalysis,
and Fenton’s process.

1.5 Fenton’s Process

Fenton’s method is one of the most promising AOPs for oxidation and mineral-
ization of wide range of OPs [45]. The process is widely used due to its simpler
substrates and easy application ruling out the use of any special equipment for the
reaction. Its operation under normal temperature and pressure conditions also makes
it an economical process for wastewater treatment. The catalytic decomposition of
oxidizing agents in the presence of Fe2+ ions to generate ·OH is the core of Fenton
Chemistry and is often referred as Fenton’s reaction. In addition, to greatly improve
the efficiency of regular Fenton’s process, researchers have incorporated light (λ >
250 nm) as an additional component into typical Fenton’s reaction for production of
more ·OH and this process is widely known as Photo-Fenton process. This process
turns out to have edge over classical Fenton process because the presence of light
photochemically aids in reduction of excess Fe3+ into Fe2+ thereby regenerating the
catalyst quickly.

Another crucial parameter while talking of the Fenton/photo-Fenton process is
the choice of Fenton catalyst or the source of Fe2+ ions. The recent researches in
the era of AOPs mostly focus on the use of environmentally benign magnetically
recoverable nanocatalysts (MRNCs) as a Fenton catalyst, which possess advantages
such as low preparation cost, high activity, great selectivity, high stability, efficient
recovery, and good recyclability.Where, the extraction of conventional nanocatalysts
such as metal nanoparticles, metal oxides, silica, clay, metal organic frameworks,
zeolites, alumina, titania, grapheme, and carbon nanotubes is a tedious task owing to
the extremely small particle size and high dispersive nature, the use of MRNCs has
emerged as a savior [46]. They not only offer stable and high catalytic performance,
but also decrease the use of energy, effort and time required for their separation [47].
These MRNCs possess inherent magnetic character so can easily be separated out
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of the reaction mixture after the completion of the catalytic reaction with the aid of
an external magnet as illustrated in Fig. 2.

Among variousmagnetically recoverable nanocatalysts probed so far, nanoferrites
have emerged as proficient catalysts to aid in the oxidation of noxious pollutants.
Importance of nanoferrites as catalysts lies in their cost effectiveness, facile synthetic
methodologies, stability, inert nature toward harsh conditions, and their submissive
character toward further modifications (Fig. 3).

Nanoferrites are actually ceramicmagneticmaterialswhich aremajorly composed
of Fe2O3 combined chemically to one or more other metallic elements. On the basis
of structural characteristics, nanoferrites can be garnet, hexagonal, and spinel [48].
Spinel nanoferrites are the most widely employed class of nanoferrites from the
point of view of catalysis. Spinel nanoferrites have the basic formula of MFe2O4.
Here ‘M’ represents the divalent metal ions of Co, Ni, Cu, Zn, Mg, Cu, Ca, etc.
Spinel nanoferrites have been extensively exploited to address numerous environ-
mental applications. The catalytic activity of spinel nanoferrites is greatly affected
by the nature and the mutual synergistic interactions of the metal ions present in the
catalytically active sites [49].

External 
magnet

Magnetically 
recoverable 
nanocatalyst

Fig. 2 Facile separation of MRNCs using an external magnet

Heterogeinity
Magnetically 

seperable 
nature

Facile 
synthetic 
procedure

Stability

Fig. 3 Remarkable features of spinel nanoferrites
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The present chapter is aimed at critical and detailed investigation of spinel nano-
ferrites as potential catalysts for environmental detoxification while also focusng on
the future scope of these nanospinels.

2 Spinel Nanoferrites: A Versatile Tool for Environmental
Remediation

Spinel nanoferrites have gained much interest as heterogeneous catalyst for the
removal of pollutants owing to their unique properties, i.e., low cost, facile synthetic
procedure, stability at wider pH range, non-toxicity, and inherent magnetic character.
The emergence of spinel nanoferrites as potential candidates toward environmental
remediation could also be attributed to their higher surface area as compared to their
bulk counterparts. The aspects contributing toward the versatility of spinel nano-
ferrites for the removal of organic and inorganic pollutants and the reason for their
inherent magnetic character could be better understood by gaining an insight into
their crystal structure.

2.1 An Insight into the Crystal Structure of Spinel
Nanoferrites

Spinel nanoferrites are ceramic magnetic oxides with the general formula, MFe2O4

whereM is a divalent cation (M=Fe, Co, Ni, Cd,Mg, Zn etc.). In the crystal structure
of spinel nanoferrites, oxide ions (O2−) are arranged in face-centered cubic closed
lattice, thus generating two different sites, i.e., tetrahedral (A) and octahedral (B) for
the cations to occupy. The spinel crystal structure has Fd-3m space group and the unit
cell comprises of 32 oxygen (O2−), 8 divalent metal ions (M2+), and 16 trivalent iron
(Fe3+). Typical spinel structure of nanoferrites has been illustrated as Fig. 4. Each
unit cell consists of 64 tetrahedral (A) sites and 32 octahedral (B) sites; out of which
only 8 tetrahedral and 16 octahedral sites are occupied [50]. The crystal chemistry of
spinel nanoferrites can be best described using the general formula, (M2+

1−xFe3+x)
A [M2+

xFe3+2−x] B O4, where x is the inversion parameter which depends on factors
such as method of synthesis, different site preferences of metal ions, crystal field
stabilization energy (CFSE), and covalent bonding effects [51].

Depending upon the distribution of cations over A and B sites, spinel nanoferrites
can be classified into three classes:

(a) Normal Spinel (x= 0): In this structure, all M2+ ions occupy A sites and all
Fe3+ ions are found at B sites. Normal spinel nanoferrites can be structurally
represented as (M2+) A [Fe23+]B O4, e.g., zinc ferrite, (Zn2+) A [Fe23+]B O4

belongs to this class [52].
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A site ions

B site ions

Oxygen ions

Fig. 4 Crystal structure of spinel nanoferrites

(b) Inverse Spinel (x= 1): In case of inverse spinel nanoferrites, Fe3+ ions are
equally distributed among A and B sites with consequent migration of all M2+

ions into A sites. NiFe2O4 and CoFe2O4 possess inverse spinel structure and
their structural formula is (Fe3+) A [M2+ Fe3+]B O4 [53].

(c) Mixed Spinel (0 < x < 1): In most spinels, all M2+ ions and Fe3+ ions tend to
occupy both A and B sites resulting in mixed spinel structures. MnFe2O4 is an
example of such type of structure with inversion parameter of x = 0.2 and the
resulting structural formula is (Mn2+0.8Fe3+0.2) A [Mn2+0.2Fe3+1.8]B O4 [54].

Therefore, to sum up, if the value of x is 0, then the ferrite is normal spinel, if
its value is one, then the ferrite is inverse spinel; and if its value is between 0 and 1,
then the ferrite has a mixed spinel structure.

2.2 Inherent Magnetic Character of Spinel Nanoferrites

The journey of magnetic materials started with the discovery of a mineral called
magnetite (Fe3O4), the first magnetic material known to mankind. This magnetite or
lodestone is itself a ferrite or can be called as iron ferrite [55]. The inherent magnetic
character possessed by nanoferrites is due to their ionic structure, i.e., the constituent
magnetic moment of metal ions presents in the lattice sites contribute to net magnetic
moment possessed by nanoferrites. Nanoferrites are not ferromagnetic materials as
the total magnetism acquired by them is quite less than sum total of magnetization
of metal ions present in the lattice structure [56, 57].

Neel, for the first time suggested that magnetism attained by nanoferrites was
distinctly different from any other magnetic material. The magnetism of nanoferrites
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can be explained based upon Neel’s assumption [58] that exchange force acting
between themetal ions present in the two lattice sites, i.e., the octahedral sites and the
tetrahedral sites,was negative just like anti-ferromagneticmaterials. Such that lattices
ions present in tetrahedral sites are magnetized in one direction and those present in
octahedral site are magnetized in opposite direction [59]. Unlike anti-ferromagnetic
materials, the magnetization possessed by metal ions present in the two kinds of
sites is not equal, so there is some net magnetization left for nanoferrites to behave
as magnets. According to Neel’s two sub-lattice model, the magnetic moment per
formula unit in Bohr magneton nBN(χ) is expressed as:

nNB(χ) = MB(χ) − MA(χ)

where MB and MA are magnetization of B and A sub-lattices, respectively.

3 Pure Spinel Nanoferrites as Catalyst for Environmental
Remediation

Owing to its stability and fascinating magnetic and catalytic properties, spinel nano-
ferrites have been extensively employed as catalyst in reactions such as biodiesel
production [60], dehydrogenation of hydrocarbons [61], hydroxylation of benzene
[62], and reduction of carbondioxide [63]. Apart from numerous other applications,
spinel nanoferrites having a band gap capable of absorbing visible light can bewidely
utilized as photocatalyst for the degradation of pollutants. Organic pollutants such as
dyes, detergents, pharmaceuticals, and solvents have been reported to resist micro-
bial degradation, thus posing serious threat to the aquatic environment. The role of
magnetically separable nanoferrites has been widely extended toward environmental
remediation. Due to their ease of synthesis and non-toxicity, various research cohorts
have devoted their studies toward exploring the role of spinel nanoferrites in catalytic
abatement of toxic pollutants.

Dey et al. [64] have synthesized copper nanoferrites which possess good catalytic
activity for the reduction of 4-nitrophenol, which is one among the harmful aromatic
compounds that affect not only the environment but also human health. Fardood et al.
[65] reported the green synthesis ofmagnesium ferrite nanoparticles using tragacanth
gel by sol–gelmethod. The synthesized ferrite displayed high catalytic activity for the
removal of malachite green dye under visible light showing recyclability efficiency
up to fifth cycle. Lassoued et al. [66] have evaluated the catalytic capability of nickel
nanoferrites synthesized at different temperature (25, 50, 80 °C) using chemical co-
precipitation method for the photodecomposition of methyl orange. Results showed
that NiFe2O4 synthesized at 80 °C degraded 83% of the dye in 140min of irradiation.
Sharma et al. [67] have investigated the potential of four spinel nanoferrites (MFe2O4;
M=Co,Cu,Ni, Zn) as photo-Fenton catalyst for the deterioration of different phenolic
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compounds such as o/m/p-nitrophenol, o/m/p-chlorophenol, 2,4-dinitrop-henol, 2,4-
dichlorophenol, and 2,4,6-trinitrophenol using two different inorganic oxidants, i.e.,
hydrogen peroxide (HP) and peroxymonosulfate (PMS). These ferrites possess high
activity and remarkable stability for the removal of aforementioned organic pollutants
thus proved to be promising materials for wastewater treatment. Ibrahim et al. [68]
examined and compared the catalytic activity of spinel nanoferrites (MFe2O4; M =
Co, Cu, Ni, Zn) for the reduction of nitroarenes. The results demonstrated that the
reduction reaction followed pseudo first-order kinetics and best catalytic activity was
exhibited by MnFe2O4 that revealed 100% conversion into the corresponding amino
derivatives in 270 s.

3.1 Factors Affecting the Catalytic Activity of Spinel
Nanoferrites

(i) Cation Distribution: The distribution and concentration of cations present
at the tetrahedral and octahedral sites of the spinel lattice largely governs the
structural, optical, electrical, and magnetic properties of nanostructured ferrites
which significantly affects their catalytic activity. The surface sites contribute
majorly to the catalytic activity and in spinel structure the octahedral sites are
exposed to surface, while the tetrahedral sites are present in the bulk [69] as
shown in Fig. 5. Also themetal ions in the octahedral sites are placed at compar-
atively larger distances providing sufficient room for the reactant molecules to
interact freely. So the catalytic activity of spinel nanoferrites is greatly affected

Fig. 5 Effect of cation distribution on catalytic activity in spinel nanoferrites
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by the nature and the mutual synergistic interactions of the metal ions present in
the catalytically active octahedral sites. The distribution of cations at different
sites is influenced by various other factors such as ionic radii of metal ion, ionic
charge, octahedral site preference energy, and crystal field stabilization energy.
The preference order of some transition metal ions for octahedral site, based
upon the above-discussed factors and as suggested by Miller is Cr2+ > Ni2+ >
Mn3+ > Al3+ > Fe2+ > Co2+ > Fe3+ > Mn2+ [70].

(ii) Particle Size: The particle size of spinel nanoferrites is another important
parameter that determines their catalytic behavior. As the size of the particles
decreases, an increase in the ratio of surface to bulk atoms is there as depicted
in Fig. 6. It is well known that large surface areas of the nanocatalysts allow the
increased exposure of the active sites leading to dramatic enhancement in the
contact of reactants and catalyst and thereby enhancing the rate of the reaction
[71]. The variation in the particle size of nanoferrites depends upon the method
of synthesis as well as the annealing temperature, i.e., the heat treatment given
to the sample. Various research cohorts have focused on this parameter and
reported the effect of particle size on the catalytic performance of nanoferrites.
Goyal et al. [72] have studied the effect of decreased particle size on the
catalytic activity of Al substituted NiFe2O4 and CoFe2O4 for the reduction of
nitrophenols. Kapoor et al. [73] reported drastic enhancement in the catalytic

Fig. 6 Effect of particle size on the catalytic activity of spinel nanoferrites
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activity of Bi doped cobalt ferrite for the oxidative degradation of organic dyes
owing to their small crystallite size and octahedral site preference of Bi ions.
Ziarati et al. [74] have reported high reactivity of Eu doped nickel nanoferrites
for the synthesis of benzimidazole, benzoxazoles, and benzothiazoles on the
basis of small grain size and high surface area. Singh et al. [75] have reported
the enhanced catalytic activity of zinc ferrite nanoparticles in comparison with
cobalt ferrite nanoparticles for the degradation of dyes and have correlated
this increased catalytic activity with the smaller particle size of zinc ferrite
nanoparticles.

(iii) Particle Shape/Morphology: Spinel nanoferrites with different shapes and
morphology can be obtained by adopting different synthetic methodologies
such as sol–gel auto combustion method [76], hydrothermal technique [77],
co-precipitation method [78], and ball milling method [79]. Morphology
control helps to enhance the surface features and local exchange interactions;
thus, it is beneficial to synthesize multi-dimensional ferrite nanostructure,
such as one-dimensional wires, rods, and fibers [80, 81], two-dimensional
nanoflakes or nanoplatelets [82, 83], and three-dimensional nanospheres [84].
Tuning particle morphology is an important method to improve the catalytic
property of nanoferrites. The effect of variable morphology on the catalytic
activity of spinel nanoferrites has been presented in Fig. 7.

Dhiman et al. [85] successfully fabricated four differentmorphologies of ZnFe2O4

viz. nanoflowers, nanorods, microspheres, and nanoparticles and studied their

Fig. 7 Effect of variation in morphology of spinel nanoferrites on the catalytic properties
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catalytic performance for the photo-oxidative degradation of toxic dyes—Safranin-O
andRemazol brilliant yellow. The order of catalytic activitywas found to be nanorods
> nanoparticles > nanoflowers >microspheres. Themaximum degradation efficiency
of nanorods was attributed to greater surface area, greater band gap, and better delo-
calization of charged species along length of the rods. Wu et al. [86] studied the
variation in morphology of cobalt ferrite from sphere to nanorods with increasing
concentration of Pr and reveal the effect of particle morphology on the adsorption
capacity of nanoferrites.

All the above-discussed factors, whether it is cation distribution, particle size,
or particle morphology are mutually dependent on each other and modulate the
physical and chemical properties of spinel nanoferrites, thus affecting their catalytic
activity. Thus, extensive research has been devoted toward fabricatingmodified spinel
nanoferrites with improved properties and utilizing them as efficient heterogeneous
catalysts in a variety of water purification processes.

3.2 Possible Modifications in Spinel Nanoferrites

As already discussed above, pure spinel nanoferrites can be effectively used as
catalysts for the treatment of contaminated wastewater, but despite being versa-
tile catalysts they possess a limitation of being aggregated due to magnetic dipolar
interactions which affects their catalytic activity. The nanoparticles tend to agglom-
erate which reduces their specific surface area and thus hinders the catalytic activity
[87]. Thus, many scientists have been working effortlessly toward the modifica-
tion of spinel nanoferrites in order to enhance their catalytic activity. The catalytic
activity of pure nanoferrites can be enhanced by varying their physicochemical prop-
erties such as cation distribution, particle size, surface area, and morphology. Modi-
fication in ferrites can be done either by incorporating different metal/non-metal
ions into the ferrite lattice, surface functionalization via ligand exchange reactions,
polymer coating or silica coating, and heterojunction formation with various other
semiconducting materials (CdS, ZnO, TiO2, etc.).

These modifications in nanoferrites can be broadly classified into following three
categories, which are further discussed in detail.

(i) Substitution by different metal/non-metal ions
(ii) Composite formation with organic and inorganic moieties
(iii) Surface functionalization.

3.2.1 Substitution of Metal/non-Metal Ions at Different Sites

The substitution of different metal ions into the ferrite lattice results in the redistribu-
tion of cations into the tetrahedral and octahedral sites according to the respective site
preferences of the substituted ions, thus affecting the catalytic property of nanofer-
rites. According to the basic structure of spinel ferrite, i.e., MFe2O4, substitution can
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be done in twoways, i.e., the dopant metal ion either replaces the ions at iron site, i.e.,
substitution for ‘Fe’ or at the metal site, i.e., substitution for metal ‘M’. The effect of
doping on the catalytic properties of a photocatalyst depends on several factors such
as fabrication method, type and concentration of dopant, and other physic-chemical
properties of the catalyst. The substituted ion could belong to anyblock of the periodic
table. Several research reports confirmed that substituted spinel nanoferrites based
catalyst possesses great potential for enhancing visible-light-responsive photocat-
alytic activity. Thus, plethora of metals/non-metals has been explored as dopants for
modifying the structural properties of spinel nanoferrites which eventually affects
their photodegradation capacities against toxic environmental pollutants.

Lassoued et al. [88] reported the synthesis of Al substituted nickel ferrite
(NiAlxFe2−xO4; x = 0.00, 0.05, 0.10, and 0.15) and investigated the effect of substi-
tuting Al3+ on the structural, morphological, optical, and magnetic properties. The
synthesized nanoferrite have been utilized for the degradation of methyl orange
and the results showed that NiAl0.15Fe1.85O4 sample exhibited the best photocat-
alytic activity owing to its lowest crystallite size and improved light harvesting
capability. Dhiman et al. [89] fabricated solar-active Mg substituted Zn nanofer-
rites (Zn1−xMgxFe2O4; x = 0, 0.2, 0.4) which worked efficiently as catalyst for
the removal of sulfonamide drug, sulfadiazine. The dopant metal ion and oxygen
vacancies facilitates electron flow and reduces the recombination rate of e−/h+ pairs
thereby enhancing the catalytic activity, 99% sulfadiazine degradation was reported
in 90 min. Co-doping of two or more heteroatoms into spinel nanoferrites have a
synergistic effect on the band structures (conduction band and valence band) of the
system that leads to modified morphological characteristics or improved photocat-
alytic redox ability and selectivity that enhances the visible light response behavior.
Kirankumar and sumathi [90] studied the photocatalytic performance of copper and
cerium co-doped cobalt ferrite nanoparticles for the removal of Congo red (CR)
dye and Bisphenol A (BPA) from aqueous medium. They reported that co-doping
of Cu2+ and Ce3+ showed marked effect on the structural, optical, magnetic, and
photocatalytic activity. High removal rate of CR and BPA (99.09% and 99.33%) was
observedwithin 30min and 180min usingCo0.5Cu0.5Fe1.95Ce0.05O4.Wang et al. [91]
employed Ag doped MnFe2O4 as catalyst for the degradation of dibutyl phthalate by
ozone treatment. Ag doped spinel nanoferrites exhibited enhanced catalytic perfor-
mance due to reduced reduction potential and efficient cycling of electrons between
Ag and Mn on the surface that leads to production of more hydroxyl radicals by
ozone. Nair et al. [92] investigated the role of Cr substituted Zn ferrite nanocom-
posites for the catalytic abatement of 4-chlorophenol, 2, 4-dichlorophenol, and 2,
4-dichlorophenoxyacetic acid present in water. Doping of Cr increases the surface
area and oxidizing power of zinc ferrite catalyst making it a good oxidation cata-
lyst for the degradation of pollutants. Sharma et al. [93] reported the synthesis of
yttrium-doped cobalt ferrite with composition CoYxFe2−xO4 (x = 0.0, 0.1, 0.2, 0.3)
by sol–gel method. Effect of Y3+ on the catalytic activity of cobalt ferrite was studied
in the photo-Fenton degradation of RBY and RB5 dyes using two different oxidants
(H2O2 and PMS) under visible light irradiation. Best catalytic results were obtained
for CoY0.2Fe1.8O4 (x = 0.2) and were attributed to the octahedral site preference,
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reduced band gap, and high surface area as compared to pristine cobalt ferrite. Rashmi
et al. [94] have reported the preparation of Sm3+ doped MnFe2O4 (MnSmxFe2−xO4)
nanoparticles via co-precipitation method, and the effect of doping on the photo-
catalytic activity was studied for the degradation of rose Bengal (RB) dye under
sunlight irradiation. Maximum activity was observed for MnFe0.5Sm1.5O4, which
was attributed to its small particle size and efficient separation of charge carriers.
From the above literature, it is clear that interesting and noteworthy enhancement
in the catalytic performance of spinel nanoferrites can be achieved via substituting
different metal ions at different lattice sites.

3.2.2 Composite Formation with Organic and Inorganic Moieties

Although pure spinel nanoferrites are promising photocatalysts, but due to inherent
magnetic character, they tend to agglomerate which reduces their stability as well as
the catalytic activity. Formation of composites or heterostructures of spinel nanofer-
rites using various organic or inorganic materials is one such approach that not only
stabilizes them against aggregation but also improves their photostability by keeping
the redox reactions at two different sites. Various C-based materials such as carbon
nanotubes (CNTs), graphene, fullerenes, carbon dots, and semiconducting materials
such as CdS, ZnS, ZnO, SiO2, TiO2, and Al2O3 have been widely explored to be
coupled with nanoferrites for improved structural and catalytic properties as shown
in Fig. 8. Such coupled systems promotes the seperation of photogenerated electron–
hole pairs through different charge-transfer pathways and exhibit enhanced visible
light photocatalytic activity. Also, the photocatalytic performance of these coupling
systems is also related to the shape, size, and surface area of the heterostructure.
Several studies have witnessed the efficiency and strong photocatalytic capacity of
spinel ferrite nanocomposites for the removal of organic pollutants.

Naghshbandi et al. [95] studied the catalytic efficiency of graphene quantum
dots/MFe2O4 (M=Ni, Co) nanocomposites for the reduction of 4-nitrophenol.
NiFe2O4/GQD exhibited superior catalytic activity which could be due to several
factors such as reduced band gap, particle size, morphology, and distribution of
cations in the nanocomposite. Chen et al. [96] investigated the potential of CoFe2O4-
graphene oxide as catalyst for the degradation of norfloxacin via oxone treatment.
Graphene oxide possesses excellent adsorption capacity for organic compounds via
π–π interactions. Moreover, surface oxygen species at defective sites of GO played
a critical role in the degradation process. Boutra et al. [97] successfully fabricated
MnFe2O4/Tannic acid/ZnO nanocomposites for the photocatalytic degradation of
Congo red dye.

The coupling of MnFe2O4 with ZnO and tannic acid facilitates charge transfer by
reducing (e−/h+) recombination, enhances light absorption capability, and increases
the amount of active sites for pollutant adsorption, thus boosting the photocatalytic
performance of the nanocomposites for the elimination of organic pollutants. Nawaz
et al. [98] incorporated multiwalled carbon nanotubes (MWCNTs) into NiFe2O4,

and the photo-Fenton efficiency of the synthesized composite was assessed for
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Fig. 8 Effect of composite formation on the catalytic activity of spinel nanoferrites

the degradation of sulfamethoxazole. MWCNTs possess high specific surface area,
which retains the photogenerated charge carriers for longer time, thus exhibiting
high photocatalytic performance by generating more hydroxyl radicals. Thus, the
synergistic effect between NiFe2O4 and CNTs resulted in complete degradation of
drugwithin 2 h using 25wt%CNT-NiFe2O4 composite. Farhadi and Siadatnasab [99]
have reported the synthesis of cadmium sulfide-cobalt ferrite (CdS/CFO) nanocom-
posites by one-step hydrothermal decomposition of cadmium diethyldithiocarba-
mate complex on CoFe2O4 nanoparticles at 200 °C. The catalytic efficiency was
evaluated for the degradation of MB, MO, and RhB dyes in the presence of H2O2

as oxidant. The nanocomposites exhibited excellent photoactivity as compare to
pure CdS and CoFe2O4 and degraded all three dyes in less than 10 min. Hassani
et al. [100] have reported the synthesis of monodisperse CoFe2O4 nanoparticles
composite with g-C3N4 via thermal decomposition method, and the synthesized
nanocomposites were utilized for the photocatalytic degradation of MB, RhB, and
acid orange 7 dyes under UV light irradiation. The photocatalytic performance of
CoFe2O4/mpg-C3N4 nanocomposite was 1.2 times higher than that of pristine mpg-
C3N4 and was attributed to the synergistic effect between mpg-C3N4 and CoFe2O4

nanoparticles which improved the separation of photogenerated e−/h+ pairs. Reports
have also been available on the photocatalytic activity of the nanocomposites of pure
ferrite with multiple heterojunctions. Li et al. [101] have reported the synthesis of
Fe2O3/ZnO/ZnFe2O4 composites toward the photocatalytic degradation of RhB and
MO dyes under visible light irradiation. The synthesized nanocomposites showed
high photocatalytic activity toward the degradation of dye molecules. Sohail et al.
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[102] have studied the photocatalytic activity of TiO2/CNTs@CoFe2O4 nanocom-
posites toward the UV light-assisted degradation of MB dye. The nanocomposites
exhibited high catalytic activity as compared with bare TiO2. Thus, it has been very
well established from the above studies that composites of spinel nanoferrites have
some advantageous properties over pristine ferrites and are suitable to be used as
photocatalyst for wastewater remediation.

3.3 Surface Functionalization

Asalreadymentioned, pristine spinel nanoferrites tend to aggregate into large clusters
and lose their distinctive properties linked to their single domains. Thus, different
surface functionalization can be performed for ferrite nanoparticles to retain their
nanoscale properties which improve the dispersability and stability of the ferrite
nanostructures. These surface coatings can be inorganic metal oxides such as silica,
alumina, and titania; organic moieties such as dopamine, cellulose, chitosan, and
glutathione; polymers such as polyethylene glycol (PEG), polyvinyl alcohol (PVA),
and polyvinyl pyrrolidone (PVP), which can be used as such or further functionalized
with acidic or basic moieties. Also these can be used as sites for the immobilization
of metal nanoparticles or other active catalysts to generate core–shell structures to be
used as catalyst where synergy of each component contributes toward the catalytic
performance. A variety of core–shell nanostructures having ferrites as cores have
been synthesized by different research cohorts and widely utilized as photocatalyst
for the removal of organic pollutants from wastewater.

Jiang et al. [103] studied the application of MgFe2O4/conjugated polyvinyl chlo-
ride (CPVC) nanocomposite as magnetically recoverable, high performance visible
light catalyst for the treatment of Cr-VI polluted water. Conjugated polymers proved
to be efficient modifiers for enhancing the photocatalytic activity of semiconducting
materials like ferrites. They have band structures comparable to that of ferrites and
possess outstanding visible light absorbing ability, thus producing additional charge
carriers under visible light irradiation. The synthesized MgFe2O4/CPVC nanocom-
posite showed improved photocatalytic activity as compared to pristine ferrites for
Cr VI reduction with good stability and facile recovery from the aqueous suspension.
Tanwar et al. [104] reported the functionalization of Ni-Zn nanoferrites by cystamine
ligand and studied their photocatalytic application for the degradation of Brilliant
Blue G dye and Bisphenol A. The results conveyed that Ni0.5Zn0.5Fe2O4@cystamine
exhibited superior catalytic activity as compared to bare ferrites. The cystamine
functionalization not only prevents the agglomeration of Ni-Zn nanoferrites but
also enhances the catalytic activity of the reaction by providing more adsorption
and reaction sites. Singh et al. [105] fabricated the core–shell structure of silica-
coated nanoferrites (SiO2@MFe2O4;M=Zn, Co, Ni) through stobber’s method. The
effect of silica on the photocatalytic activity of nanoferrites was very well scruti-
nized using Rhodamine B dye as model pollutant. It was found that silica coating
on nanoferrites imparts hydrophilicity due to the presence of Si-OH group on the
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surface which improves their dispersibility. The dispersion stability of silica-coated
nanocomposites plays significant role in the reactant transfer processes which makes
thempotential candidates for photocatalytic applications. Also, the thickness of silica
shell significantly controls the photocatalytic behavior of nanoferrites. Malakootian
et al. [106] reported the synthesis of ZnFe2O4@CMC nanobiocomposite as a new
magnetic photocatalyst for the degradation of ciprofloxacin. Carboxymethyl cellu-
lose carbohydrate (CMC), a derivative of cellulose, is an anionic biopolymer which
plays an important role in improving the structural and catalytic properties of nano-
ferrites owing to its non-toxicity, optimal mechanical strength, and high adsorption
capacity. The removal efficiency of ZnFe2O4@CMCwas observed to be higher than
ZnFe2O4 due to the synergistic effect of narrow band gap and larger surface area.
Goyal et al. [107] synthesized transition metal functionalized core–shell nanostruc-
tures (M@Dop@CoFe; M=Cr, Mn, Fe, Co, Ni, Cu, Zn) having cobalt ferrite as
core and dopamine as organic shell. The catalyst was explored for the activation
of PMS for the oxidative degradation of nitrophenols. The hydroxyl groups present
in dopamine enhances the activation of PMS and terminal amine groups facilitate
the loading of different metal nanoparticles. Co@Dop@CoFe proved to be the most
efficient catalytic system which degraded the organic pollutants within 2-3 min in
which all the three components, i.e., the core, the shell, and functionalized transition
metal, all assist synergistically to activate PMS for the degradation of nitrophe-
nols. Bashir et al. [108] successfully synthesized a core–shell nanoferrite composite
(PANI/MgFe2O4) and its hybrid composite with silica gel (PANI/MgFe2O4/SiO2).
Both the composites were studied as photocatalyst for the decontamination of water,
and their catalytic activity was tested by evaluating their efficiency to photodegrade
water-soluble carcinogenic indigo carmine dye in aqueous solution. The authors
reported that the single-coated PANI/MgFe2O4 composite proved as efficient photo-
catalyst by presenting higher photodegradation percentage (97.52%) as compared to
hybrid nanoferrite composites (94.36%).

4 Proposed Pathway for Degradation of Pollutants Using
Spinel Nanoferrites

Before discussing the detailed mechanism for the photodegradation of organic pollu-
tants, some salient features of visible-light-responsive photocatalytic system need to
be focused on. First is the band gap or the optical properties of the system which
determines the visible light absorbing ability of the photocatalyst. The band gap of the
system needs to be in the visible range, for the photons to be excited upon visible light
irradiation. The second important feature is the crystallinity of the sample; highly
crystalline nanoferrites possess less crystalline defects, which would be beneficial
for reducing the recombination rate of photogenerated charge carriers (electrons and
holes). Surface area of nanoferrites is another significant factor that effects the chem-
ical reactions taking place on the surface of catalyst such as oxidation by holes and
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reduction by electrons. In general, the visible-light-activated photocatalytic system
should consist of a light harvesting antenna and other active species that induce the
degradation of pollutants.

When irradiated with light (hν), spinel nanoferrites generate electron–hole pairs
(e−/h+), due to photoexcitation of electron from valence band (VB) to conduction
band (CB) leaving hole behind. These e−/h+ pairs could easily move to the surface
of catalyst and initiate redox reactions. The chain reactions occurring on the surface
of the catalyst and in aqueous medium are in accordance with Eqs. (1–5).

Ferrites + hv → e− + h+ (1)

h+ + H2O → H+ + HO· (2)

h+ + HO− → HO· (3)

e− + O2 → HOO· (4)

2e− + HOO· + H+ → HO· + HO− (5)

The photocatalytic degradation of pollutants involves three main active species:
a hydroxyl radical (˙OH), photogenerated holes (h+), and a superoxide radical
(˙O2

−).The photogenerated hole (h+) reacts with water and hydroxide ion (HO−)
to generate HO·. Also, the electron (e−) in conduction band reacts with dissolved
oxygen to create superoxide radical anion (O2

−) which combines with H+ to produce
HOO· and finally decomposes to HO·. Hydroxyl radical acts as primary oxidant for
the oxidation of organic pollutants.

HO· + Organic pollutant → removal intermediates → CO2 + H2O

5 Use of Magnetic Spinel Ferrites as Photo-Fenton Catalyst
Using Diverse Oxidants

Apart from the photo-energy-driven photocatalysis of spinel nanoferrites and their
capability to generate reactive oxygen species, various research groups have taken
an initiative to further increase the catalytic activity of the MFe2O4 using different
oxidizing agents such as hydrogen peroxide (HP), potassium peroxymonosulfate
(PMS), potassium bromate (PB), and potassium peroxodisulfate (PDS). The reactive
species produced for degradation of organic pollutants depend on type of oxidizing
agent used. Addition of oxidizing agents significantly enhance the generation of
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active oxygen-containing species by converting it into photo-Fenton type system,
where Fe2+ or M2+ ions of spinel nanoferrite reacts with the oxidizing agent using
the cyclic electron transfer mechanism as detailed below.

(i) Hydrogen Peroxide (HP) as oxidant
Hydrogen peroxide is the most widely used inorganic oxidant in Fenton’s
process for degradation of wide range of organic contaminants at ambient
temperature and pressure. According to Haber and Weiss [109], the key active
species generated while activation of HP using spinel nanoferrites are the free
radicals (OH· and HOO·), and the generalized equation of Fenton’s process in
presence of HP is given below:

Mn+ + H2O2 → M(n+1)+ + HO· + HO− (M = Fe,Mn,Cu,Co etc.) (6)

Entire mechanism along with the reaction rates (k) as reported in literature is
outlined below [110]:

Fe2+ + H2O2 → Fe3+ +− OH + ·OH k1 = 51 mol−1s−1 (7)

Equation 7 is known as Fenton’s reaction and indicates the oxidation of Fe2+ to
Fe3+ to dissociate H2O2 to (·OH). This equation is generally reflected as the basic of
Fenton’s chemistry.

To understand the whole process, other reactions should also be studied. The Fe3+

ions generated in Eq. 7 can undergo reaction with H2O2 to again form Fe2+ and
radical species, thus leading to a cyclic mechanism.

Fe3+ + H2O2 → Fe2+ + ·OOH + H+ k2 = 2 × 10−3 mol−1 s−1 (8)

Fe2+ + · OH → Fe3+ +− OH k3 = 3.2 × 108 mol−1 s−1 (9)

Fe2+ + ·OOH → Fe3+ +− OOH k4 = 1.3 × 106 mol−1 s−1 (10)

Fe3+ + · OOH → Fe2+ + O2 + H+ k5 = 7.8 × 105 mol−1 s−1 (11)

Equations (8) to (11) are the rate limiting steps as H2O2 is being consumed in
the reactions and cyclic process of conversion of Fe3+ to Fe2+ is taking place. The
hydroperoxyl radicals (·OOH) thus produced may also attack the organic contami-
nants but are less reactive in comparisonwith ·OH.This reaction is known as Fenton’s
like reaction, and its rate of reaction is slower than Fenton’s reaction (Eq. 7).

·OH + ·OH → H2O2 k6 = 5.2 × 109 mol−1 s−1 (12)

·OH + H2O2 → ·OOH + H2O k7 = 3.3 × 107 mol−1 s−1 (13)
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·OOH + ·OOH → H2O2 + O2 k8 = 2.3 × 106 mol−1 s−1 (14)

·OH + ·OOH → H2O + O2 k9 = 7.1 × 109 mol−1 s−1 (15)

Equations (12)–(15) show the radical–radical reactions and H2O2-radical reac-
tions. All the equations from (7) to (15) imply toward the complexity of Fenton’s
process. The production of anticipated ·OH takes place through a chain reaction.
But the generated ·OH can undergo scavenging by Fe2+ ions (Eq. 9), H2O2 (Eq. 13),
OOH radicals (Eq. 15) or may even undergo auto-scavenging (Eq. 12).

·OH + R − H → H2O + R · k10 = > 108 − 109 mol−1 s−1 (16)

The ·OH thus generated can react with the organic compounds (represented as
R-H) present in wastewater leading to their mineralization into simpler compounds
(Eq. 16). The mechanistic pathway for the degradation of organic pollutants using
spinel nanoferrites is given as Fig. 9.

The mechanism clearly indicates that the mixture of Fe2+ and H2O2 promotes
initiation of a series of chain reactions leading to generation of free radicals which
are responsible for degradation of organic substrates. Various research cohorts have
directed their interest in utilizing spinel nanoferrites along with H2O2 as an oxidant
for the treatment of recalcitrant organic pollutants. Li et al. [111] successfully
synthesized metal-doped ZnFe2O4 from metal-rich industrial waste (pickling waste

Fig. 9 Mechanism of oxidation of pollutants in the presence of spinel nanoferrites as catalyst and
HP or PMS as oxidant under light irradiation
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liquor and electroplating wastewater) and pure ZnFe2O4 from chemical reagents via
microwave-assisted hydrothermal method. The catalytic activity was evaluated for
the degradation of Congo red (CR) dye. The authors observed best catalytic perfor-
mance at pH 6 with 0.8 g/L catalyst dosage in presence of 0.1 M H2O2. The reason
behind the degradation was studied, and it was due to the generation of OH● radicals
due to photogenerated charge carriers and H2O2 oxidation via metal ions present on
the catalyst surface. Hassani et al. [112] employed CoFe2O4-rGO nanocomposites
for the elimination of organic dyes under ultrasonic irradiation. Out of four different
studied dyes, the nanocomposites were found to be effective for the removal of AO7
dye. The removal efficiency was found to be 90.5% in 120 min of reaction time at pH
3, 3 mM H2O2, 0.08 g/L catalyst dosage, and 10 mg/L AO7 dye concentration. The
mechanistic study suggested that superoxide anion radicals were the major reactive
oxygen species in the sonocatalytic degradation process for the removal of AO7 dye.

Yao et al. [113] synthesized CuFe2O4@C3N4 core–shell photocatalysts for the
degradation of Orange II dye in the presence of H2O2 under visible light. The degra-
dation studies revealed that CuFe2O4@C3N4 (mass ratio: 2@1) exhibited enhanced
catalytic activity in comparison with pure counterparts, i.e., CuFe2O4 and g-C3N4,

as well as to the mixture of CuFe2O4 and g-C3N4. Dhiman et al. [114] reported the
synthesis of rare earthmetal (RE)-doped cobalt ferrite nanoparticles. The synthesized
nanoparticles were utilized for the degradation of both anionic and cationic dyes in
the presence of H2O2. The authors observed enhanced photocatalytic activity for
rare-earth-doped cobalt ferrite in comparison with pure cobalt ferrite nanoparticles.
Sundararanjan et al. [115] synthesized zinc-doped cobalt ferrite, Co1-xZnxFe2O4

(where 0 ≤ x ≤ 0.5) via microwave combustion method. The synthesized samples
were used as catalyst for the photocatalytic degradation of rhodamine B (RhB) dye
at optimized conditions of pH 2 and 6 mg/L initial dye concentration in pres-
ence of H2O2. It was observed that among all the synthesized doped samples,
Co0.6Zn0.4Fe2O4 exhibited best catalytic efficiency and degraded 99.9%of dyewithin
210 min of light exposure.

(i) Sulfate radical-based oxidants
The conventional Fenton oxidants generate hydroxyl radicals as the only fore-
most reactive species and exhibit higher effectiveness in acidic conditions.
Thus, it is highly desired to use such an oxidant in Fenton’s process which can
work at neutral pH. Apart from ·OH, sulfate radical (SO4

·−) is also a very strong
oxidant that can degrade organic contaminants.Hence, the use of sulfate radical-
based advanced oxidation processes (SR-AOPs) for chemical mineralization of
different organic pollutants is being explored by researchers nowadays.

Among all the sulfate radical-based oxidants, peroxymonosulfate salts have been
extensively chosen for oxidation of environmental contaminants owing to their appli-
cation at broader pH range and production of greater number of reactive oxygen
species such as superoxide anion radical, hydroxyl radical, sulfate radical, and singlet
oxygen. PMS is commercially available in the form of a versatile and environmen-
tally benign triple salt named oxone (2KHSO5.KHSO4.K2SO4). For the production
of reactive sulfate radicals, PMS can be activated by means of distinct routes such as
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thermal activation, light irradiation, ultrasound, and with the help of metals catalysts
[116–118]. Literature encompasses a variety of reports where spinel nanoferrites
have been exploited for the activation of PMS. Porous CuFe2O4 was used by Guan
et al. [119] to activate PMS for the degradation of atrazine. The authors observed 98%
of atrazine removal within 15 min at 1 mM PMS and 0.1 g/L CuFe2O4. Ding et al.
[120] prepared CuFe2O4 nanoparticles using sol–gel combustion method and char-
acterized it using diverse techniques. The magnetic catalyst effectively catalyzed
PMS to generate SO4

− for the degradation of tetrabromobisphenol A. The pollu-
tant (10 mg/L) was completely degraded in 30 min when 0.2 mmol/L PMS and
0.1 g/L CuFe2O4 were used as oxidant and catalyst, respectively. Substantially high
activity was ascribed to activation of PMS by both Cu(II) and Fe (III) in CuFe2O4.
Another spinel ferrite tested by researchers for PMS activation is CoFe2O4. Deng
et al. [121] used magnetic nanoscale CoFe2O4 for degradation of dichlofenac. The
authors studied the effect of varying calcination temperature, initial pH, catalyst, and
PMS dosage on degradation process. The obtained results demonstrated CoFe2O4

annealed at 300 °C exhibited best catalytic performance as complete dichlofenac was
degraded within 15 min. MnFe2O4 has been recently used by Pang and Lei [122] for
PMS activation. The authors prepared the catalyst by co-precipitation method and
evaluated the degradation of p-nitrophenol under varying conditions. The authors
used microwave (MW) radiations for enhancing catalytic activity, and observed
97.2% of nitrophenol was degraded within 2 min using PMS/MnFe2O4/MW. Ren
et al. [123] prepared magnetic ferrospinel MFe2O4 (M =Co, Cu, Mn and Zn) by
sol–gel process and used it as catalyst for di-n butyl phthalate (DBP) degradation in
water. The sequence of catalytic effect for degradation process followed the order
CoFe2O4 > CuFe2O4 > MnFe2O4 > ZnFe2O4.

The chemical reactions occurring during PMS activation via metal ions present
at the catalytically active octahedral sites of spinel nanoferrites are as follows:

Fe2+ + HSO−
5 → Fe3+ + SO−

4 + HO− (17)

Fe3+ + HSO−
5 → Fe2+ + SO·−

5 + H+ (18)

When the oxidative degradation takes place via PMS activation, the active species
is SO4˙−, which then reacts with water (H2O) and generates hydroxyl radicals (HO˙)
as illustrated below:

SO·−
4 + H2O → HO· + SO2−

4 + H+ (19)

The SO5˙− radical so generated reacts with water (H2O) and leads to the
production of singlet oxygen (1O2) as given:

2SO·−
5 + H2O → 1.51O2 + 2HSO−

4 (20)

The various other reactions occurring sideways are given below.
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HSO−
5 → SO2−

5 + H+ (21)

HSO−
5 + SO2−

5 →1 O2 + 2SO2−
4 + H+ (22)

HSO−
5 + H2O → H2O2 + HSO−

4 (23)

Fe3+ + H2O2 → Fe2+ + HO·
2 + H+ (24)

Fe2+ + HO·
2 → Fe3 + + HO2− (25)

HO·
2 → O·

2 + H+ (26)

HO·
2 + O·

2 →1 O2 + HO−
2 (27)

2O·−
2 + 2H+ →1 O2 + H2O2 (28)

The produced SO4˙−, O2 ,̇ and 1O2 are the primary active radicals which aid in
the oxidative degradation of noxious pollutants.

Besides PMS, potassium peroxodisulfate (PDS, K2S2O8) and persulfate (S2O8
2−)

are the alternative SR-AOPs that have recently been examined by researchers in
context of their activation by spinel nanoferrites for the degradation of various
pollutants [124–126].

6 Conclusion and Future Perspective

Recent years have witnessed a drastic upsurge in the environmental pollution levels
as a result of flourishing urbanization and industrialization. In this regard, nano-
ferrites are gaining immense global momentum and are presenting enormous path-
ways to revolutionalize environmental remediation due to their remarkable features.
In this chapter, we have comprehensively detailed the current progress in nanofer-
rites as catalysts for the degradation of distinct environmental pollutants, specifically
focusing on organic pollutants. The fundamentals of photodegradation using ferrites,
the effect of structural modifications, and the regulatory mechanism of pollutant
degradation have been discussed in detail. To extend the photocatalytic response of
nanoferrites, a variety of routes such as doping, exploring novel nanocomposites
of ferrites with organic/inorganic moieties, changes in morphology, etc., have been
adopted by various research cohorts. Such modifications prove to be beneficial in
terms of ease of degradation of variety of pollutants in lesser time. The magneti-
cally recoverable nature of the nanoferrites is their inherent advantage. Therefore,
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nanoferrites offer a significant promise for further growth of sustainable and envi-
ronmentally affable nanomaterials to ensure future environment safety. A brighter
prospect for environmental detoxification is anticipated through the integration of
multi-technology features using nanoferrites as the base for developing plenty of
magnetically separable nanostructures.
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New Chemical Modified of Rice Straw
with CoFe2O4 Ferrite Nanocomposite
for Heavy Metal Ions Adsorption
from Wastewater

Sara M. Younes, Alaa E. Ali, Waheed M. Salem, and Aml Z. Elabdeen

Abstract Different types of contaminants are released to wastewater with the rapid
increase in industrial activities, such as heavymetal ions, organics, and hazard organ-
isms which are serious harmful to human health. Heavy metal ions, like Pb2+, Cd2+,
Zn2+, and Hg2+ can cause severe health problems in animals and human for its
highly toxic nature. The use of agricultural by-products has been widely investi-
gated as an efficient alternative for current costly methods of removing heavy metals
from wastewater. Chemical composition of Rice Straw contains cellulose (32–47%),
hemicellulose (19–27%) and lignin (5–24%). Rice Straw has several characteristics
to predict the functional groups on the surface of the biomass that make it a potential
adsorbent with binding sites capable of taking up metals from aqueous solutions. In
our study, the active sites of Rice Straw were modified using CoFe2O4 nanoparticles
which cause increasing their metal-binding capacity. Adsorption experiments were
carried out using modified Rice Straw to absorb some heavy metals ions like Fe3+,
Mn2+, Cu2+, Cd2+, Zn2+, Ni2+ and Pb2+ from aqueous solution. The prepared samples
were characterized using different analytical techniques. Our results of adsorption
indicated that Rice Straw treated with CoFe2O4 spinel ferrite nanoparticles appeared
to be more efficient to remove heavy metal ions from wastewater.
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1 Introduction

Change of physical, chemical and biological properties of water can be defined as
“Water Pollution” which restricts its use in the various applications [1]. It occurs
when undesirable effluents disperse in water systems and so water quality changes.
There is heavy metal contamination in wastewater streams from various industries
such as metallic coatings, mining, wire drawing, printed circuit boards, as well as
agricultural sources where fertilizers and fungicides are widely used [2]. One of
the lignocellulosic malignant wastes in the world is Rice Straw. In terms of total
production, rice is the third most important grain crop in the world after wheat and
maize. In terms of chemical composition, steroids often contain cellulose (32–47%),
hemicellulose (19–27%), lignin (5–24%) [3]. Black cloud phenomenon is released
fromburning of Rice Straw and affects on human health, visibility, and global climate
by emitting gaseous pollutants. Rice Straw has binding sites that can able to remove
of metal from aqueous solution by adsorption [4]. Functional groups on the surface
of Rice Straw have binding characteristics capable to tack up metals from aqueous
solutions. Rice Straw an alternative low-cost biosorbent in the removal of heavy
metals from aqueous solutions [5].

Recently, fabrication of nanomaterial with large surface-to-volume ratios is very
important in treatment of pollutants in our life. Nanotechnology is playing an impor-
tant role in our environment, by providing new materials, sensors and remedia-
tion/treatment techniques and for monitoring purposes [6]. For water purification,
removal of toxic contaminants from the environment to a safe level is occurred so
rapidly, efficiently and within a reasonable costs framework. Thus, the development
of novel nanomaterials with increased capacity, affinity, and selectivity for heavy
metals. The nanoparticles (NPs) are ultrafine particles in the size of nanometer range
typically from 1 to 100 nm. The nano-sized magnetic materials show many novel
physio-chemical properties, especially, magnetization behavior different from the
bulk counterpart. Recently, the use of nano-sized magnetic material as adsorbents
has attracted increasing interest due to their high surface area and unique super-
paramagnetism behavior. These properties lead to high adsorption efficiency and
high removal rate of contaminants [7]. The stability of magnetic nanoparticles is
utmost important for their applications. This can be greatly improved by preventing
their oxidation and aggregation. Modification of the surface of magnetic nanoparti-
cles by attaching organic or inorganic materials is proven to be greatly enhance the
stability and prevents aggregation. Further, these attached groups provide specific
functionalities that can be selective for ion uptake [8].

Recently, several reports on magnetic oxides, especially Fe3O4, acting as nano-
adsorbents for the removal of various toxic metal ions from wastewater, such as
Ni2+, Cu2+, Cr3+, Co2+, As3+, Pb2+ and Hg2+ [9]. The main properties of magnetic
nanoparticles are large surface /volume ratio, easily bind with chemicals and then
be manipulated using a magnet. In water contamination, nanoparticles are especially
interesting and useful for removing water contaminants including bacteria, viruses,
and hazardous heavy metals like arsenic, nickel, chromium, etc. [10, 11].
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Cobalt ferrites (CoFe2O4) have been the subject of intensive research interest due
to its high saturation magnetization and coercivity. CoFe2O4 materials are known
to exhibit very high cubic magneto-crystalline anisotropy. The excellent magnetic
properties of CoFe2O4 are known to be mainly attributed to the Co ions in a spinal
lattice [12]. CoFe2O4 belongs to inverse spinel structure in which half of Fe3+ ions
occupy tetrahedral sites and the other half occupy the octahedral sites alongwithCo2+

ions. In the inverse spinel structure, the magnetic moment of Fe3+ in the tetrahedral
sites is aligned in opposite direction to that of Fe3+ in the octahedral sites and hence
the net magnetic moment produced from Fe3+ is zero. So the net magnetic moment
of CoFe2O4 is due to the magnetic moment of Co2+ in the octahedral sites [13].

Many synthetic methods to prepare highly crystalline and uniformly sized
magnetic nanoparticles of CoFe2O4 have been reported such as the precipitation
method [14], the solvothermal method [15], the co-precipitation method [14], the
hydrothermal method [16] and the sol–gel method [17]. Sol–gel is a simple way to
produce ultrafine powders due to their simple synthesis equipment and process. The
reason behind studying and opting for this sol–gel route is that the reactants used for
the process are cost-effective, safe and environmentally friendly [18].

Adsorption capacities of native plant materials usually show lower maximum.
Nevertheless, these capacities can be significantly increased with a suitable method
such as treatment with various hydroxides, acids; carbonization and hydrolysis
have been reported recently. Combination of non-magnetic powdered material with
magnetic nano or microparticles results in a formation of magnetically responsive
(bio) composites which exhibit response to external magnetic field [19].

2 Materials and Methods

2.1 Materials

All the chemicals were of analytical reagent (AR) grade and used without
further purification. Ferric chloride FeCl3.6H2O was obtained from (Applichempan-
reac), cobalt chloride CoCl2.2H2O was obtained from (Oxford Lab Chem), citric
acid C6H8O7 was obtained from (Almasria), ammonia solution NH4OH, sodium
hydroxide NaOH and hydrochloric acid HCl were obtained from (Adwic), nitric
acid HNO3 was obtained from (SDFCL) and ethyl alcohol C2H5OH, 95% was
obtained from (Egyptian company for chemical trading. All stages of the synthesis
used deionized water for the reactions.
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Fig. 1 a Photograph of raw Rice Straw. b Calcined CoFe2O4 nanoparticles and c prepared Rice
Straw-CoFe2O4 nanocomposites

2.2 Preparation of Adsorbent Materials

2.2.1 Rice Straw

By-product Straw remained after Rice being harvested was gathered from local
market, washed well to remove water soluble and dirt substances via soaking suitable
amount of Rice Straw into a detergent solution for 50 min, followed by extensive
washing 4–5 times with tap water for 1 h and left till next day in tab water, finally
washed with deionized water and squeezed. The Rice Straw then cut to small pieces,
dried in an oven at 65 °C until remains constant weight as shown in Fig. 1a. For
preservation, the Rice Straw was kept in plastic bags and preserved in desiccators
until the time of use to minimize contact with humidity [20]. The raw Rice Straw
was characterized using different techniques such as FTIR and SEM.

2.2.2 Synthesis of Cobalt-Ferrites Nanoparticles

The synthesis of CoFe2O4 nanoparticles was carried out as: 10.8 g of FeCl3 · 6H2O
was mixed with 3.3 g of CoCl2 · 2H2O and dissolved in 50 ml deionized water (Fe3+:
Co2+ ions, 2:1 molar ratio) according to the stoichiometric proportion of Co and Fe
in CoFe2O4. 1.28 g of citric acid was added as gelling agent (Co2+ ions: citric acid,
3:1 molar ratio) [21]. 4.0 M ammonia solution (NH4OH) was added in order to keep
the pH of the solution to 7.0 with continuous stirring using a magnetic stirrer. After
continuous stirring for 9 h at 85 °C, the clear sol was completely turned into a gel.
Finally, it was dried in oven at 80 °C till constant weight and grinded to fine powder.
After that, the powder was calcined at 550 °C for 5 h in furnace under air atmosphere.
Magnetic black nanoparticles in different size were synthesized as shown in Fig. 1b
[12]. The prepared nanoparticles were studied in terms of structure, morphology,
size and surface area using different techniques such as XRD, FTIR, SEM and TEM.
Rice Straw CoFe2O4 Nanocomposite used in the adsorption study was characterized
by using (FTIR) and (SEM).
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2.2.3 Preparation of Rice Straw-CoFe2O4 Ferrite Nanocomposite

In order to increase the adsorption capacities of adsorbent usedRiceStraw inmodified
form, 5 g ofRiceStrawwas added to 0.5 g ofCoFe2O4 nanoparticles and then refluxed
with 30ml ethyl alcohol and 30ml NaOH (2.5%) at 85 C˚ for 3 h, filtered andwashed
for several times with HCl (0.1 N) then by deionized water. Later, the modified Rice
Straw was dried at 105 °C until till constant weight [22]. A photograph of prepared
Rice Straw-CoFe2O4 nanocomposite is shown in Fig. 1c.

3 Characterization Methods and Instrumentation

3.1 Fourier Transform Infrared Spectroscopy (FTIR)

For identification of functional groups responsible for metal adsorption was done
using FTIR spectroscopy. CoFe2O4 nanoparticles and the Rice Straw before and
after modification was characterized by using (Bruker Tensor 37 FTIR) to predict
the functional groups on the surface of the biomass responsible for the adsorption
process and to reveal the systematic changes in the spectral features upon activation
with CoFe2O4 nanoparticles.

3.2 X-ray Diffraction (XRD)

The X-ray diffraction is a good tool to study the nature of the crystalline substances.
CoFe2O4 nanoparticles were characterized by using powder X-ray Diffraction (Lab.
XRD-6100 shimadzu). The instrument located at Egypt-Japan University of Science
and Technology (E-JUST).

3.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is useful for identifying the surface studies of metals,
biological materials and composites for both topography as well as compositional
analysis. CoFe2O4 nanoparticles and the Rice Straw before and after modifica-
tion were characterized by using (JEOL JSM-6360LA) Analytical Scanning Elec-
tron Microscope. The instrument located at The City of Scientific Research and
Technological Applications (SRTA-City), Borg Al Arab.
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3.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is one important technique for observing
the morphology and measures the size of synthesized nanoparticles. CoFe2O4

nanoparticles were characterized by using (FEI TECNAI SPIRIT) Transmission
Electron Microscope. The instrument located at central laboratory in National
Institute for Oceanography and Fisheries.

3.5 Atomic Absorption Spectroscopy (AAS)

In quantitative analysis for metals in the range (0.1–100 ppm), AAS technique is
the most widely used technique to detect various materials. For this, first preparing
a series of standard solutions for concentration range of the sample to be analyzed
and a standard curve is obtained by plotting absorbance versus concentration of the
samples by applying Beer–Lambert Law for the analysis. The concentrations of the
samples can be obtained from the plot using the value absorbance of sample. The
concentration of heavy metals in water samples before and after treatment were
measured by using Atomic Absorption Spectrometer (AAS) model [PerkinElmer
(PinAAcle 900 T)].

3.6 Method of Treatment-Removal of Heavy Metals:

The sewage water samples were collected from Zarkon channel. The samples were
transferred to laboratory in closed bottles and then filtered to remove any suspended
materials, distributed in sixteen 2-L beakers, each of them had 1-L water volume.
Beakers were subdivided into 4 treatments with each adsorbent for 24 h and 4 treat-
ments with each adsorbent for 72 h. The investigated polluted water (sewage water)
was mixed with varying adsorbent weight (1–4 g) to investigate the effect of adsor-
bent weight on removal efficiencies of different metals and contact time (24–72 h)
to investigate the effect of contact period on removal efficiencies of different inves-
tigated metals. Samples were placed in a shaker for 24 or 72 h at 120 rpm at room
temperature [23].

Adsorption was performed for initial heavy metal concentrations of 1.9 and
1.0 mg/L for Fe, 0.53 and 0.3 mg/L for Mn, 0.013 and 0.015 mg/L for Cu, 0.01
and 0.008 mg/L for Cd, 0.18 and 0.1 mg/L for Zn, 0.12 and 0.1 mg/L for Ni as
well as 0.163 and 0.1 mg/L for Pb. Metal ions remaining in aqueous solution were
determined by AAS. The amount of metal ion adsorbed was calculated as:

% Adsorption = ((Ci− Cf)/Ci) × 100
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whereCi andCf are the initial and final concentrations of themetal ions in the solution
(mg/L).

3.7 Desorption and Reusability

Regeneration is a process in which adsorbent loaded agricultural wastes are eluted
by using appropriate solvent to recover a small volume of concentrated pollutants
(especially metals). One of the important industrial applications of adsorption is
recovery of loaded pollutants from the adsorbent and simultaneous regeneration of
the adsorbent for reuse.Nanocomposites (RS/CoFe2O4) are undergoingunder several
investigation as reusability of the adsorbent, regeneration and desorption. Adsorbent
was separated from adsorption process is performed into process which includes:
(i) washing with deionized water to remove any unadsorbed metal ions; (ii) mixing
the resultant metal-loaded adsorbent with 20 mL of 0.10 M HNO3, (iii) stripping
agent in water shaker bath for one hour, and (iv) drying adsorbent. These steps were
repeated three times [24].

4 Results and Discussion

4.1 Characterization of Biosorbent: FTIR Study of CoFe2O4
Nanoparticles

Figure 2 shows that the FTIR spectrum of CoFe2O4 has two distinct absorption
bands around 469 and 608 cm−1. The absorption band at 469 cm−1 exhibits the
stretching vibration frequency of the metal–oxygen at the octahedral site from the
stretching vibration of the metal–oxygen at the tetrahedral site which has absorp-
tion band around 608 cm−1. These two metal–oxygen vibrational bands are the
characteristic bands of CoFe2O4 [25, 26]. The 1639 cm−1 band is due to the defor-
mation mode of absorbed H2O molecules, assigned to the bending vibration. At
3417 cm−1 stretches of hydroxyl groups is assigned due to water molecules and
hydrogen-bonded hydroxyl groups in cobalt and iron hydroxide [27].

4.2 FTIR of Rice Straw Before and After Treatment

Figure 3 shows the FTIR spectra of raw Rice Straw while Fig. 4 shows the FTIR
spectra of Rice Straw-CoFe2O4 ferrite nanocomposites. Figure 3 comprises bands
assigned to the main components of Rice Straw, such as cellulose, hemicellulose.
The bands at 3436, 2921, 1643 and 1430 cm−1 belong to vibration of O–H, C–H
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Fig. 2 FTIR for CoFe2O4 nanoparticles

Fig. 3 FTIR for raw Rice Straw
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Fig. 4 FTIR for Rice Straw—CoFe2O4 nanocomposite (modified Rice Straw)

stretching, vibration of –C=O and CH2 bending, respectively. The band at 1378 cm−1

can be ascribed to CH2 wagging vibrations in cellulose, while the band at 1162 cm−1

is representative of the antisymmetric bridge stretchingofC–O–Cgroups in cellulose.
Also, the band near 1058 cm−1 can be connected to the existence of valence vibra-
tion of –C–O of carboxylic acids. Generally, the spectrum indicates that carbonyl
and hydroxyl groups are appeared, these groups are the most important sites for
the binding of heavy metals. In general, some differences were also detected in
Fig. 6 in terms of intensity of the bands and disappearance of bands after treatment.
However, slight changes were found for some functional groups. For instance, a
broad absorption band at 3436 cm−1 in Fig. 5 became more broad in Fig. 4 and
shifted to a lower wave number value 3171 cm−1. Also, strong sharp peaks appeared
at 1625 and 1404 cm−1. Absorption band appear at 642 cm−1 which belongs to the
stretching vibration of the metal–oxygen. This difference indicated that the structure
of Rice Strawwas changed after treatmentwhich indicate the successfulmodification
process.

4.3 X-ray Diffraction

Figure 5 shows the XRD pattern for the calcinated CoFe2O4 nanoparticles. This
pattern matches well with the standard diffraction data of CoFe2O4 crystals and
showing the single-phase cubic spinel structure.All the peaks of the prepared samples
and its position at 2θ scale are completely compatible with the characteristic peaks
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Fig. 5 XRD pattern for CoFe2O4 Nanoparticles

Fig. 6 XRD pattern for Rice Straw-CoFe2O4 ferrite nanocomposite
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of cubic spinel CoFe2O4 and they are matched with the XRD card no. 22–1086. The
CoFe2O4 peaks are particularly sharp. Other oxides or secondary impurity phases
were not detectedwhich indicate that we have pure cubic spinel CoFe2O4 [18].While
Fig. 6 shows the XRD pattern of Rice Straw-CoFe2O4 ferrite nanocomposite.

4.4 Scanning Electron Microscopy

The structural morphology of cubic spinel CoFe2O4 nanoparticles and Rice Straw
before and after modification were investigated through SEM. Figure 7a shows the
SEM images of CoFe2O4 nanoparticles. The SEM images show that the CoFe2O4

nanoparticles prepared by sol–gel method were mainly consisting of spherical rods.
Some moderately agglomerated particles as well as separated particles were also
seen.

Figure 7b shows the SEM images of raw Rice Straw which appear in the shape
of fibers. By magnification, the pores appear which are responsible for adsorbtion
process. Figure 7c shows the SEM images of Rice Straw-CoFe2O4 nanocomposite.
SEM images show that the CoFe2O4 nanoparticles are presented on the surface of
Rice Straw.

4.5 Transmission Electron Microscopy

The TEM images presented in Fig. 8 reveals slightly agglomerate pseudo spherical
particles with a grain size ranging from 43 to 87 nm. The particles have generally
two different shapes; spherical and elongated as shown in the TEM images.

5 Removal Efficiency of Heavy Metals by Using Raw
and Modified Rice Straw

The concentrations of differentmetalsweremeasured in sewagewater samples before
and after treatment with different dosages of Rice Straw-CoFe2O4 nanocomposites
along with their removal efficiencies and the results are given below.
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Fig. 7 SEM images of a CoFe2O4 nanoparticles, b raw Rice Straw, c Rice Straw-CoFe2O4
nanocomposite
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Fig. 8 TEM images of the CoFe2O4 nanoparticles at a scale of 100 nm

5.1 Iron (Fe)

Iron concentration in non-treated water samples was the highest among the different
tested metals in the present study (1.9 and 1.0 mg/L for sample 1 and 2, respec-
tively). The investigated practice of applying different concentrations of raw Rice
Straw as a low-cost by-product and the modified Rice Straw kept in contact with the
samples of polluted water for different periods, showed a significant reduction in iron
concentration. Removal efficiencies influenced by adsorbent concentration as well
as contact period. Table 1 which illustrated the obtained removal efficiencies of iron
showed that the modified Rice Straw was more efficient than the raw Rice Straw.
The highest iron % removed from water was 48.42% by raw Rice Straw comparing

Table 1 Removal efficiencies of Fe metal ion by raw and modified Rice Straw

Fe metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 4.1 6.84 12.97 20.45

2.0 8.42 10.53 22.45 30.58

3.0 15.79 21.58 38.58 44.53

4.0 21.05 23.68 40.45 51.05

Sample 2 1.0 6.84 10.53 24.21 35.26

2.0 11.74 21.26 41.05 73.68

3.0 21.58 40.53 73.68 84.21

4.0 38.42 48.42 74.1 84.25
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as compared to 84.25% of iron removed from sewage water by modified Rice Straw.
After 24 h of contacting period with 1, 2, 3 and 4 g of both adsorbents: raw Rice
Straw and modified Rice Straw, respectively, the iron percentages removed were 4.1,
8.42, 15.79 and 21.05% from sample 1 while, 6.84, 11.74, 21.58 and 38.42% of iron
was removed from sample 2 by raw Rice Straw. The iron percentages removed by
modified Rice Straw were 12.97, 22.45, 38.58 and 40.45% for sample 1 and 24.21,
41.05, 73.68 and 74.1% of iron for sample 2, respectively.

Extending the contact period to 72 h with different concentrations of both adsor-
bents increased removal efficiencies of iron. The removal efficiencies for raw Rice
Straw were 6.84, 10.53, 21.58 and 23.68% for sample 1 and 10.53, 21.26, 40.53 and
48.42% for sample 2, respectively, while these values for modified Rice Straw were
20.45, 30.58, 44.53 and 51.05% for sample 1 and 35.26, 73.68, 84.21 and 84.25%
for sample 2, respectively.

5.2 Manganese (Mn)

Manganese concentration in non-treated water samples was 0.53 and 0.3 mg/L,
respectively. By applying different concentrations of raw Rice Straw and modified
Rice Straw kept in contact with the samples of polluted water for different periods,
the removal efficiencies were influenced by both adsorbent concentration as well as
contact period. Table 2 which illustrated the obtained removal efficiencies of Mn
showed that the modified Rice Straw was more efficient than the raw Rice Straw.
The highest Mn % removed from water was 66.04% by raw Rice Straw as compared
to 92.45% of Mn removed from water sample by modified Rice Straw.

Table 2 Removal efficiencies of Mn metal ion by raw and modified Rice Straw

Mn metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 12.97 21.58 22.45 30.4

2.0 23.3 29.05 35.23 54.53

3.0 35.79 47.17 68.58 73.58

4.0 40.45 48.68 70.45 81.05

Sample 2 1.0 15.09 26.42 32.08 33.96

2.0 26.42 33.96 63.58 64.91

3.0 47.17 52.83 81.13 86.79

4.0 50.94 66.04 84.91 92.45
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After 24 h of contacting period with 1, 2, 3 and 4 g of both adsorbents: raw Rice
Straw andmodified Rice Straw, respectively, the % ofMn removed were 12.97, 23.3,
35.79 and 40.45% for sample 1 and 15.09, 26.42, 47.17 and 50.94% for sample 2 by
raw Rice Straw. These values were 22.45, 35.23, 68.58 and 70.45% for sample 1 and
32.08, 63.58, 81.13 and 84.91% for sample 2 by modified Rice Straw, respectively.

Extending the contact period to 72 h with different concentrations of both adsor-
bents increased the removal efficiencies ofMn. The removal efficiencies for rawRice
Strawwere 21.58, 29.05, 47.17 and 48.68% for sample 1 and 26.42, 33.96, 52.83 and
66.04% for sample 2, respectively, while these values for modified Rice Straw were
30.4, 54.53, 73.58 and 81.05% for sample 1 and 33.96, 64.91, 86.79 and 92.45% for
sample 2, respectively.

It was observed that the removal efficiencies of Mn metal ion increased as both
adsorbent dosage and contact period increase. So, the optimum adsorbent weight
from the modified Rice Straw for the removal of Mn metal ion was 4.0 g and the
optimum contact time was 72 h.

5.3 Copper (Cu)

Cu concentration in non-treated water samples was 0.013 and 0.015 mg/L, respec-
tively. In the present investigated practice of applying, Rice Straw for heavy metal
removal from sewage water was potentially effective with Cu detected in the water.
Potentiality of the investigated practice was influenced by absorbent dosage as well
as period of contact between the absorbent and the tested polluted water. Cu removal
efficiencies in water samples after treatment were given in Table 3.

Table 3 Removal efficiencies of Cu metal ion by raw and modified Rice Straw

Cu metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 23.08 84.6 92.3 100

2.0 31.77 92.3 100 100

3.0 37.46 100 100 100

4.0 46.15 100 100 100

Sample 2 1.0 21.22 84.6 92.3 100

2.0 30.77 92.3 100 100

3.0 37.56 100 100 100

4.0 44.45 100 100 100
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The percentages of Cu removal efficiencies from polluted water sample after 24 h
of contact with 1, 2, 3 and 4 g of rawRice Strawwere 23.08, 31.77, 37.46 and 46.15%
for sample 1, and 21.22, 30.77, 37.56 and 44.45% for sample 2, respectively. After
72 h, the removal percentages were 84.6, 92.3, 100 and 100%, for the two samples,
whereas after 24 h of contacting with the modified Rice Straw, the removal % were
92.3, 100, 100 and 100% for the two samples. Prolonging of contact period with any
of the tested dosage of the modified Rice Straw to 72 h, removed all sewage water
copper.

It was observed that the removal efficiencies of Cu metal ion increased as both
adsorbent dosage and contact period increased. So, the optimum adsorbent weight
from the modified Rice Straw for the removal of Cu metal ion was 4.0 g and the
optimum contact time was 72 h.

5.4 Cadmium (Cd)

Cadmium exists in water in low concentrations, and its values were 0.01 and
0.008 mg/L, respectively. This low concentration greatly affected by applying of
Rice Straw. When non-treated water samples kept in contact with 1, 2, 3 and 4 g of
raw Rice Straw for 24 h; 9, 15, 28 and 48% for sample 1 and 12, 21, 40 and 66%
for sample 2 of Cd were detected. When the contact period prolonged to 72 h; the
removal efficiencies of Cd increased to 14.6, 22, 50, 80% and 15, 33, 60, 85% for
sample 1 and 2, respectively.

Table 4 reveals that the tested practice of applying the modified Rice Straw to
polluted water samples removed 58, 84.6, 90, 100% and 65, 90, 93, 100% of its
detected cadmium from sample 1 and 2, respectively when kept in contact with 1,

Table 4 Removal efficiencies of Cd metal ion by raw and modified Rice Straw

Cd metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 9 14.6 58 100

2.0 15 22 84.6 100

3.0 28 50 90 100

4.0 48 80 100 100

Sample 2 1.0 12 15 65 100

2.0 21 33 90 100

3.0 40 60 93 100

4.0 66 85 100 100



New Chemical Modified of Rice Straw with CoFe2O4 Ferrite … 365

2, 3 and 4 g of the modified Rice Straw for 24 h. However, prolonging the contact
period with any of the tested dosage of the modified Rice Straw to 72 h, removed all
water cadmium.

It was observed that the removal efficiencies of Cd metal ion increased as both
adsorbent dosage and contact period increased. So, the optimum adsorbent weight
from the modified Rice Straw for the removal of Cd metal ion was 4.0 g and the
optimum contact time was 72 h.

5.5 Zinc (Zn)

Zinc concentrations in non-treated water samples were 0.18 and 0.1 mg/L, respec-
tively. As given in Table 5, the investigated practice efficiently reduced zinc in water.
This reduction occurred in zinc values significantly influenced by the different adsor-
bent concentrations as well as its period of contact with the investigated polluted
waters. Zinc removal efficiencies from polluted water after 24 h of contact with 1, 2,
3 and 4 g of raw Rice Strawwere 26.67, 38.56, 45.89, 50% and 35,45.45, 63.89, 70%
for sample 1 and 2, respectively. However, keeping these concentrations of raw Rice
Straw in contact with water for 72 h, removed 45.56, 53.89, 65.56 and 71.67% of its
zinc for sample 1 and 55, 73,80 and 84.66% of its zinc for sample 2, respectively.

These values for modified Rice Straw after 24 h of contact period were 55, 70.56,
83.33 and 100% for sample 1 and 75,100, 100 and 100% for sample 2, respectively;
while after 72 h of contacting periodwith thementionedmodifiedRice Straw concen-
trations; 70, 95, 100 and 100% of water zinc were removed from sample 1, while all
water zinc was removed from sample 2 by any weight of the modified Rice Straw.

Table 5 Removal efficiencies of Zn metal ion by raw and modified Rice Straw

Zn metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by rice
Straw-COFE2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 26.67 45.56 55 70

2.0 38.56 53.89 70.56 95

3.0 45.89 65.56 83.33 100

4.0 50 71.67 100 100

Sample 2 1.0 35 55 75 100

2.0 45.45 73 100 100

3.0 63.89 80 100% 100

4.0 70 84.66 100 100
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It was observed that the removal efficiencies of Zn metal ion increased as both
adsorbent dosage and contact period increased. So, the optimum adsorbent weight
from the modified Rice Straw for the removal of Zn metal ion was 4.0 g and the
optimum contact time was 72 h.

5.6 Nickel (Ni)

Nickel concentrations in non-treated water samples were 0.12 and 0.1 mg/L, respec-
tively. As given in Table 6, the investigated practice efficiently reduced Ni in water.
This reduction occurred in Ni values significantly influenced by the different adsor-
bent concentrations as well as its period of contact with the investigated polluted
waters. Nickel removal efficiencies from polluted water after 24 h of contact with
1, 2, 3 and 4 g of raw Rice Straw were 20.63, 35.67, 50.43 and 55.29% for sample
1, while Ni removal efficiencies were 28.33, 41.67, 57.5 and 65% for sample 2,
respectively. However, keeping these concentrations of raw Rice Straw in contact
with water for 72 h removed 35, 53.23, 72.81 and 75% of Ni in sample 1 and 45,
63.33, 75.17 and 83.33% in sample 2, respectively.

These values for modified Rice Straw after 24 h of contact period were 35.67,
65, 85 and 89.33% for sample 1 and 41.67, 74.17, 95.83 and 99.17% for sample 2,
respectively; while after 72 h of contacting period with the mentioned modified Rice
Straw concentrations, 62.5, 85, 100 and 100% of water Nickel was removed from
sample 1 and 72.5, 95, 100 and 100%of water Nickel was removed from sample 2,
respectively. The obtained data revealed that efficiency toward Ni removal by the
modified Rice Straw was higher than that of non-modified Rice Straw in water.

Table 6 Removal efficiencies of Ni metal ion by raw and modified Rice Straw

Ni metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 ferrite
nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 20.63 35 35.67 62.5

2.0 35.67 53.23 65 85

3.0 50.43 72.81 85 100

4.0 55.29 75 89.33 100

Sample 2 1.0 28.33 45 41.67 72.5

2.0 41.67 63.33 74.17 95

3.0 57.5 75.17 95.83 100

4.0 65 83.33 99.17 100
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Table 7 Removal efficiencies of Pb metal ion by raw and modified Rice Straw

Pb metal ion

Weight of adsorbent (g) Percentage of removal (%)
by Rice Straw

Percentage of removal (%) by Rice
Straw-CoFe2O4 Ferrite
Nanocomposite

24 h (%) 72 h (%) 24 h (%) 72 h (%)

Sample 1 1.0 10.43 14.78 33.7 51. 3

2.0 18.88 32.3 56.2 85

3.0 27.54 46.93 75.8 91

4.0 34.6 55.09 80 100

Sample 2 1.0 15.52 27.78 41.1 71.17

2.0 29.86 57.3 73.62 95.09

3.0 40.54 66.93 95.7 100

4.0 54.6 65.09 99.14 100

It was observed that the removal efficiencies of Ni metal ion increased as both
adsorbent dosage and contact period increased. So, the optimum adsorbent weight
from the modified Rice Straw for the removal of Cu metal ion was 4.0 g and the
optimum contact time was 72 h.

5.7 Lead (Pb)

Lead concentrations in non-treated water samples were 0.163 and 0.1 mg/L, respec-
tively. El-Nabawi et. al (1987) reported that agricultural, beside industrial discharges
are primary sources of lead pollution in Egypt [28].

As shown in Table 7, remained Pb in the investigated polluted water sample,
significantly influenced by both absorbent dosage as well as contact period. Lead
removal efficiencies after applying 1, 2, 3 and 4 g of raw Rice Straw were 10.43,
18.88, 27.54 and 34.6% for sample 1 and 15.52, 29.86, 40.54 and 54.6% for sample
2, respectively. When contact period increased to 72 h, the removal efficiency was
highly increased. These values were 14.78, 32.3, 46.93 and 55.09% for sample 1 and
27.78,57.3,66.93 and 65.09% for sample 2, respectively. These percentages after 24 h
of contacting with the modified Rice Straw were 33.7, 56.2, 75.8 and 80%for sample
1 and 41.1, 73.62, 95.7 and 99.14% for sample 2, respectively.

Prolonging of contact period to 72 h, the removal efficiencies were 51.3, 85, 91
and 100% for sample 1 and 71.17, 95.09, 100 and 100% for sample 2, respectively.
The highest efficiencies obtained after applying 3 and 4 g of the modified Rice Straw
for 72 h with all Pb was removed from investigated water samples.

It is observed that the Pb removal efficiency obtained after 72 h by applying 4 g of
raw Rice Straw to water sample was lower than that obtained after applying 3 g only.
This means that some of lead captured by the adsorbent released again into the water.
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So, the optimum adsorbent weight from raw Rice Straw and modified Rice Straw for
the removal of Pb metal ion was 3.0 and 4.0 g, respectively and the optimum contact
time was 72 h for both adsorbents.

6 Effect of Adsorbent Weight

The adsorbent weight is an important parameter in adsorption studies because it
determines the capacity of adsorbent for a given initial concentration of metal ion
solution. The amount of adsorbent decides the extent of available surface binding
sites for adsorption. Hence, the % removal of adsorbate increases with adsorbent
dosage. The effect of variation of adsorbent amount on the removal of metal ions
by raw and modified Rice Straw was studied by varying adsorbent amount from (1
to 4 g). It is apparent that the metal ion concentration in solution decreases with
increasing adsorbent amount for a given initial metal concentration [29].

7 Effect of Contact Time

The removal of metal ions from solution in equilibrium time is effective factor.
Increasing of the contact time is accompanied with enhancing of uptake of both
metal ions due to the decreased coefficient of mass transfer for diffusion controlled
reaction between the metal ions and the adsorbent [30]. Equilibrium time for the
removal of metal ions is released from several experiments which were carried in
aqueous solution at initial concentration. The contact time varied from 24 to 72 h
and the observed relation between contact time and removal efficiency is in linearly
proportion [20]. The rate of ion sorption is faster for metal ion at initial stage as
cause to large number of available sorption sites for adsorption. For the initial blank
surface, adsorption proceeded with a high rate. At the end, the adsorption rate is
slower probably due to active sites become saturated and equilibrium is stabilized
[31]. The effect of adsorbent weight and contact time on removal efficiencies of
heavy metals by Rice Straw-CoFe2O4 Ferrite Nanocomposite is shown in Figs. 9
and 10.

In adsorption process, themost important factorwhich has a great impact is surface
area. This is due to the fact that decrease in a particle size is accompanied with more
number of binding sites for adsorption. Waste surface of agriculture is porous and
which contain mesoporous, micro-pores, and macro-pores. Along with volume, area
and diameter of pores are also influencing factors. Degree or extent of diffusion is
determined by volume and diameter of pore for pollutant molecules into the pores.
Diffusion is depended on the pore diameter and size of the molecule. If the diameter
of adsorbate molecule is smaller than the pore diameter, then the molecule diffuses
deeper into the pore. From that finding, the surface area is influenced on the number
of sorption site [32].
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Fig. 9 Effect of adsorbent weight (x-axis) and contact time on removal efficiency (Y-axis) of a Fe
metal ion, bMn metal ions, c Cu metal ions and d Cd metal ions by modified Rice Straw

Cellulose ofRiceStrawcanprovide binding sites for heavymetals, so it is potential
adsorbent for heavy metals when used as adsorbent without coating the CoFe2O4,
but the yield of removal is low and difficult separation of adsorbent from solution.
Other site removal of heavy metal with Rice Straw-coating CoFe2O4 nanoparticles
is higher yield of heavy metals because of the high surface area to volume ratio of
Rice Straw-CoFe2O4 nanocomposites [33].

8 Adsorption Mechanism

It can be seen in Fig. 11 that -OH groups of the Rice Straw have negative dipole
moments, and the surface of CoFe2O4 nanoparticles has a partial positive charge,
hence these different charges, negative and positive, can attract each other [33].
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Fig. 10 Effect of adsorbent weight (on x-axis) and contact time on removal efficiency (on y-axis)
of a Zn metal ions, b Ni metal ions and c Pb metal ions

On the other hand, for adsorption of heavy metal ions by RS/CoFe2O4 nanocom-
posite, CoFe2O4 nanoparticles act as a magnet when the metal ions approach the
composite, their surface change frompositive charge to a negative charge as CoFe2O4

nanoparticles is acted as temporary dipole, it means there will be cationic interaction
betweenCoFe2O4 nanoparticles andmetal ions. Therefore, the interaction is physical
interaction.

The suitable dispersion of nanoparticles as well as superior accessible active
sites could be of interesting for the higher removal of metal ions by RS/ CoFe2O4

nanocomposite thanwith rawRS. The dispersion of nanoparticles sites on the surface
of RS is better which provides more available adsorption for heavy metal ions. After
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Fig. 11 Schematic illustration of adsorption process for heavy metals by Rice Straw-CoFe2O4
nanocomposite

adsorption, the CoFe2O4 nanoparticles on the surface of RS separated to adsorbent
superparamagnetism as magnetic separation [24].

9 Conclusion

This study shows that the adsorption of metal ions by the modified Rice Straw was
suitable as compared with the unmodified adsorbent from wastewater. Modifica-
tion of Rice Straw with (CoFe2O4) nanoparticles, and practically use on adsorption
ions from wastewater, as it gives higher adsorption than unmodified Rice Straw.
The adsorption study showed that physically attraction between different charges
was responsible for metal ions removal. The results have shown that RS/CoFe2O4

nanocomposite exhibiting elimination with highly efficiency for of heavy metal
ions as good adsorbent from wastewater. From these studies, we have obtained the
optimum conditions for the removal by adsorption mechanism involved mainly is of
electrostatic attraction.
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Abstract Adsorption is a major process for heavy metal removal and the research
trend is focused toward the applications of new technologies in order to intensify the
already existing processes. Intrinsic properties of magnetic materials (arrangement
and surface-to-volume ratio) of adsorbate and adsorbent are critical for satisfactory
results. Magnetic field strength plays an important role as it indicates the alignment
of spins with the magnetic field to provide adsorbate mobility and generate hetero-
geneity at adsorbent surface. Applications of magnetic field for intensification of
adsorption process provide environment friendly, safe and economic alternative. This
chapter describes different types of magnetic ferrites-based hybrids for heavy metal
removal. Surface modification of magnetic nanohybrids through different surface
modification strategies and general adsorption mechanisms for different types of
pollutants are discussed comprehensively. Major thrust of this chapter is to provide
information about different features ofmagnetic ferrites for their potential application
as adsorbent for heavy metal removal.

Keywords Ferrites · Heavy metals · Adsorption kinetics · Adsorption isotherms

1 Introduction

Water is enlisted among the essentials for living things and is needed in all kind
of activities including domestic cares, industry and agriculture; consequently, its
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quality influences human life in food, energy, health and economy. Development of
affordable and efficient techniques is needed to access healthy water to humanity as
harmless water to drink is our basic need to protect our life [1]. Worldwide water
pollution is one of the serious health and environment problems. The types of pollu-
tants include microbial and radioactive species, heavy metals, organic and inorganic
materials. The quality of water may be affected by agricultural activates, industrial
discharge and mismanagement of hazardous materials, etc. Many approaches are
being used for water purification such as precipitation [2], particle trade oxidation
[3], electrochemical medications [4], buoyancy [5], adsorption [6], invert osmosis
[7], filtration [8] and biosorption [9]. However, there are certain pollutants which
cannot be removed completely by the above-mentioned methods, and there is also
plenty of room available for work on the present techniques of water purification [1].

Nano-magnetism is of a great interest for various potential applications. It is
important for general miniaturization of devices as well as physical properties are
drastically changed frombulk-sizemagneticmaterial [10]. For example, iron is ferro-
magnetic materials in bulk form, whereas at nanoscale, presented superparamagnetic
behavior. In magnetic NPs, the facts are more interesting as NPs have size compa-
rable to magnetic domains [11, 12]. On the basis of above discussion, two kinds of
behavior in nanoparticles are observed named as;

(a) single-domain ferromagnetism NPs
(b) superparamagnetic NPs

An assembly of single-domain NPs also showed hysteresis (magnetization vs
field dependence) loop. Bulk conventional ferromagnets (multi-domain) holds direct
proportionality betweenmagnetization and appliedfield because domainwallsmove-
ment enlarges the domain size which leads to increase net magnetization. Whereas
in the case of an array of single-domain nanoparticles, the magnetic moments of
different particles interact with each other and aligned all in the direction of the
applied field.

In recent years, water treatment using technology has arisen as an important area
of research due to its fast and economical process. Researchers have investigated the
potential of different nanomaterials for water purification. This includes removal of
heavy metals or degradation of organic dyes from the textile effluents [13]. From
inorganic nanomaterials, magnetic NPs have emerged as an important candidate
in water purification and enormous studies have been reported in the literature. In
magnetic nanomaterials, iron oxide and iron oxide-based nanomaterials are very
encouraging for water decontamination especially from heavy metals and organic
dyes as magnetic NPs can be separated easily by external magnetic field as shown
in Fig. 1 [14, 15]. Moreover, magnetic NPs have large surface area and high level of
stability. Ferrites are the most influential class of iron oxide-based nanomaterials and
being explored extensively during the last two decades for their properties, structure
and applications [16, 17]. This chapter will cover basic concepts about magnetic
materials, ferrites, their structures and applications for the removal of heavy metals.
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Fig. 1 Schematic representation of magnetic nanoparticles utilization for pollutant adsorption and
desorption. Reprinted with permission from [15]

2 Magnetic Materials

The amount of magnetization for bulk material is increased by domain walls nucle-
ation and rotation. Magnetization vector rotates away from the easy axis of magneti-
zation; moreover, only coherent magnetization rotation is observed as domain walls
movement is not possible for single-domain sample. In a single-domain range, coer-
civity varies as a function of particle diameter ranges 10–100 nm [18]. Sometimes for
the specific anisotropic materials, the limit of single domain can be extended up to
several hundred nanometers.However, themagnetizationwould not be stable, and the
particle is referred as superparamagnetic if the thermal energy is sufficiently larger
to overcome the anisotropy energy. Multiple NPs with each having own magnetic
moment can simply get saturated in the presence of external field. However, the
thermal fluctuations (both Mr and Hc are zero) results in magnetization returning to
zero after the removal of external field [19, 20]. The term “superparamagnetism”
refers to this behavior, which is like conventional paramagnets, but with a differ-
ence that it is joint magnetic moment of the whole particle rather than the individual
electronic spins featuring this fluctuating response. Blocking temperature is consid-
ered the most important quantity to define the magnetic behavior of the assembly of
particles due to its general transition from ferromagnetism to superparamagnetism.
At small particle volume, thermal fluctuation became dominant. Development of
synthesis routes for high anisotropic materials is a way to control these fluctua-
tions. High saturation magnetization along with low-saturation field and no remnant
magnetization have confirmed superparamagnetic materials as an ideal candidate for
biomedical applications [21, 22]. Ferrites are an important class of materials, have
applications in biomedical, catalysis and other fields.
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2.1 Ferrites

Ferrites are basically ceramics, mixed metal oxide having general chemical compo-
sition M2+ Fe23+ O4

2− where M is a divalent metal ion, i.e., manganese (Mn2+),
copper (Cu2+), nickel (Ni2+), cobalt (Co2+), magnesium (Mg2+) and zinc (Zn2+), etc.
In general, any ferromagnetic ceramic material can be termed ferrite. Both soft and
hard ferrites are needed in an ever-expanding industry due to their remarkable elec-
trical and magnetic properties which is evident from the intimated world of ferrites
production [23, 24].

To understand the phenomenon of magnetism in ferrites, the knowledge of spin
coupling of unpaired metal ions in oxides is essential. The oxide ions can mediate
the coupling of spins by super-exchange if it is shared by two metals ion. Depending
on the symmetry of orbitals involved and orbital filling, coupling can be antiferro-
magnetic or ferromagnetic. The Goodenough-Kanamori rules prognosticate super-
exchange coupling of electron spins in transition metal ions that results in local
magnetic ordering (ferromagnetic vs antiferromagnetic). The strongest coupling in
ferrites is between ions on neighboring tetrahedral and octahedral sites. These two
sites have reliably antiferromagnetic order of spin [25, 26].

In spinel or/and inverse spinel crystal, all tetrahedral and octahedral sites are
coupled together. It is worth to quote that ions will have same orientation on tetrahe-
dral sites, whereas will have opposite orientation on octahedral sites. If the number of
spins at two sites is the same, the material will be antiferromagnetic as in the case of
Fe3O4, CoFe2O4 andNiFe2O4, whereas if the spins have an unequal number, then the
material will be ferromagnetic [27]. This can be illustrated for Fe3O4 (magnetite or
magnetic oxide) where spins of Fe3+ (ferric cation) sites cancel each other because
half of them are down and half is up. However, for ferromagnetic, four unpaired
electrons are aligned in crystal in the same way [28, 29].

Ferrites can be classified into following types on the basis of their crystal structure
and magnetic properties;

(a) Spinel: general formula,MFe2O4, whileM= can be anymetal (Mn, Fe, Co,Ni,
Co, Zn and etc.), (b) Garnet: general formula, M3Fe5O12, while M is rare-earth
cation [27].

(b) Hexaferrite: For example, SrFe12O19 and BaFe12O19 and (d) orthoferrite,
MFeO3, M is rare-earth cation. Among all mentioned types, special attention
has been given to spinel ferrite NPs [30].

Spinel ferrites have cubic structure, with no preferred direction of magnetiza-
tion. Through the application of external magnetic field, it can be relatively easy to
changemagnetization as they exhibit magnetically soft character [31].Most common
example of ferrite is Fe3O4 which has complex unit cell and its subunits can be under-
stood as shown in Fig. 2. The subunit shows that four oxygen atoms are present at
four vertices of each of the cubes form complete unit cell. There are two types of
sites which the transition metal ions can occupy, tetrahedral sites (A) and octahedral
sites (B). In the spinel unit cell, only eight out of 64 possible tetrahedral sites are
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Fig. 2 Spinel structure of transition metal sites that are octahedral- and tetrahedral- coordinated
by oxygen anions. Reprinted with permission from [15]

engaged and 16 out of 32 possible octahedral sites are occupied. Therefore, one A
site and two B sites are occupied, in each formula unit of Fe3O4 [29, 32].

According to observations, the moment of Fe3O4 is 4pB per formula unit. The
interaction between the three moments may not be clear; however, assuming to triva-
lent moments cancel each other as in antiferromagnetic Fe2O and the net moment of
divalent iron is FeO. The reason behind seeking special intention by spinel ferrites
NPs is its tremendousmagnetic properties and versatility of applications in numerous
areas including water and wastewater management, catalyst, biomedical and elec-
tronic devices [33]. Its simple chemical composition is another add on benefit among
many. These composites are stable, easy to generate and can be reused in repeti-
tions without losing properties so reduces treatment cost for water purification and
wastewater treatment [34, 35].

3 Synthetic Routes of Preparation of Magnetic NPs

In the recent development, several approaches for synthesizingNPsbecamea range of
research in the arena of nanotechnology. These approaches considered mechanisms
for controlling shape, size and chemical composition of NPs [36].

3.1 Mechanical Milling Method

In this method, production of powders is basically associated with the mechanical
milling, in which bulk material is reduced to NPs. This happens by rubbing small
surfaces with one another in the presence of agitators or jets having high speeds to



380 M. K. Abbas et al.

produce friction and huge pressure. During the whole process, the parent bulk mate-
rial has to suffer elastic strain, structural defects, chemical disorders, which results in
nanostructures. There are different ferrite NPs produced by ball milling method [37].
Ding et al. [38] prepared ultra-fine nickel ferrite (NiFe2O4) particles by combining
co-precipitation and mechanical alloying methods. Pure nickel ferrite phase was
observed by directly using mechanical milling of hydroxide precursor. Ultra-fine
particles with a size of 10 nm have shown soft magnetic and superparamagnetic char-
acter. Baghbaderani et al. [39] synthesized Fe45Co45Ni10 alloy, investigatedmagnetic
properties and mechanism of nanostructure formation. A simultaneous increase in
dislocation density and low-angle grain boundaries formation was suggested. After
milling for 20–35 h, nanostructures have grain size, lattice parameter, saturation
magnetization and coercivity values of 10 nm, 0.28512 nm, 186 emu/g and 32 Oe,
respectively. Rashidi andAtaie [40] synthesized single-phase cobalt ferrite/polyvinyl
alcohol composites with a size of 20 nm via mechanical alloying method and
embedded into polymer matrix by intensive milling. By increasing polyvinyl alcohol
concentration and milling time, cobalt ferrite dispersed more homogenously in the
polymermatrix. Evaluation ofmagnetic properties of nanocomposite showed contin-
uous decrease in anisotropy, coercivity and saturation magnetization compared to
pure cobalt ferrite. But due to domain wall mechanism, coercivity was enhanced by
increasing amount of polyvinyl alcohol. Hosseini and Bahrami [41] studiedmagnetic
and structural properties of nanocrystalline powders of Fe–Si–Ni alloys. Mechanical
alloying process was used. Characterization of samples with different chemical ratio
and milling time revealed grain size variation from 8 to 19 nm. Crystallite size and
coercivity decreased by increasing mechanical alloying time. Fe87Si10Ni5 compo-
sition was obtained after 70 h milling time with highest saturation magnetization.
Waje et al. [42] prepared spinel cobalt ferrite NPs using mechanically ball milling
method. Variation in parameters such as milling time, ball-to-powder weight ratio
and sintering temperature revealed that milling time and ball-to-powder ratio played
a vital role in crystallite size. However, for the sintered samples, saturation and coer-
civity showed inverse relation. Rashidi and Ataie [43] synthesized cobalt ferrite NPs
by mechanical alloying of α-Fe2O3 and CoCO3 powder using ball milling method in
air. Milling time affected the morphology, phase composition and magnetic proper-
ties of the prepared powder. Single-phase CoFe2O4 NPs of mean size 15 nm, satura-
tion magnetization 52.19 emu/g and coercivity 831.95 Oe were observed after 25 h
milling time. Uhm et al. [44] prepared nanocrystalline Ni-doped TiO2 by mechanical
alloying. Three phases of TiO2 were observed, i.e., rutile, anatase and brookite in the
powder. Magnetic hysteresis loops were measured at room temperature and showed
increase in coercivity with the addition of Ni concentration.

3.2 Co-precipitation Method

Co-precipitation is the simplest, economical and productive technique for the
synthesis of NPs with high yield. This is a pH-dependent reaction where pH of the
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solution varies to basic level andmetal precursors react and formNPs. This reaction is
eco-friendly as no toxic gases evaporate into the air. Size and shape of the NPs can be
controlled by changing precursor concentration, pH, reaction time, stirring time, etc.
The tendency to agglomerate particles is the major problem to prepare magnetic NPs
(MNP) by co-precipitation method. Salavati-Niasari et al. [45] prepared magnetite
(Fe3O4) nanocrystals by chemical co-precipitation method assisted by surfactant
(octanoic) and reported the size range of 25 nmwith ferromagnetic properties. Matei
et al. [46] synthesized magnetic iron oxide NPs by co-precipitation and characterize
for removal of heavy metals from wastewater. Zhao et al. [47] produced Fe3O4 NPs
for localized hyperthermia applications by a co-precipitationmethod.Agglomeration
was controlled by using dodecylbenzene sulfonic acid. The synthesized NPs were
spherical in shape with sizes range from 10 to 30 nm. Surendra et al. [48] synthe-
sized magnetic NPs with sizes from 6 to 14 nm by varying the precursor to surfactant
concentration in co-precipitation method. Wang et al. [49] prepared monodispersed
Fe3O4 magnetic NPs (12 nm) by co-precipitation method using oleic acid and tween
80 as surfactants. Co-precipitation method is widely used for the preparation of
ferrite NPs because of its ease of implementation and less-hazardous materials and
procedures.

3.3 Sol–Gel Method

This procedure uses chemicals for the formation of gel. The steps performed after
mixing of chemical are precipitation and calcination, respectively. A fluid suspen-
sion of a colloidal solid or aggregates, usually metal hydroxyl particles in a liquid
called sol, is used for the casting of gel. Capping agents are added to avoid aggre-
gates. Factors considered important in sol–gel are hydrolysis and condensationwhich
influence structure, morphology and properties of the nanomaterials (Fig. 3). Surface

Fig. 3 Different steps involved in the sol–gel synthesis method. Reprinted with permission from
[55]
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properties of newly build materials are greatly affected by the variation in the value
of pH because this can change the porosity in the gel. Saldivar-Ramirez et al. [50]
prepared magnetic nanoparticles by sol–gel method and reported potential applica-
tions in cancer therapy by heating process. Chen and He [51] prepared NiFe2O4 NPs
by the sol–gel method and used polyacrylic acid (PAA) as a chelating agent. Charac-
teristic revealed that pure spinel structure with diameter 5–30 nm and specific surface
area of 20–55.2 m2/g can be achieved when gel precursor with different ratios of poly
acrylic acid is calcined at 300 °C in air for two hours. Poly acrylic contributed not only
as chelating agent, but its combustion heat also worked to increase the crystallinity
of NiFe2O4 NPs, as molar ratio of polyacrylic to total metal ion has inverse relation
with particle size but direct relation with crystallinity. Demonstration of its magnetic
analysis showed NiFe2O4 NPs as superparamagnetic with saturation magnetization
value of 0.19 emu/mol at 298 K. Goerge et al. [52] synthesized nickel ferrite through
sol–gel procedure with variable grain size. NiFe2O4 attained maximum coercivity at
grain size of 15 nm and hold inverse relation with further increase in grain size. Thota
and Kumar et al. [53] synthesized nickel oxide NPs sizes ranging from 4 to 22 nm
via sol–gel process. Precursors nickel acetate tetrahydrate and oxalic acid involve
in gel formation at 110 °C for 24 h to form nickel oxalate dehydrate, while ethanol
was taken as solvent. NiO powder yields after calcination at 300 °C. NiO showed
absence of spin glass behavior and presented ferromagnetic behavior. The increase
in blocking temperature (TB) as well as energy band gap (Eg) was observed with
decreasing particle size. Guan et al. [54] prepared magnetic silica particles coated
with hydroxy-terminated multi-walled carbon nanotubes (MWCNTs–OH) via sol–
gel method. Results proved sol–gel as a simple, effective and feasible technique.
Extraction efficiencies of different estrogens were calculated as diethylstilbestrol
(95.9%), estrone (93.9%) and estriol (52.4%) under optimum conditions.

3.4 Polyol Method

In this technique, finemetallic particles can be produced by the reduction of dissolved
metallic salt and direct metal precipitation in polyol solution at elevated tempera-
tures. In the polyol process, ethylene glycol (poly) acts as a solvent. Solubility of
metal reactants in polyols can be high or low. After this, stirred solution is heated to
boiling temperature of polyol to induce reaction under inert gas environment. At the
time of precipitation, controlling the kinetics leads to well-defined size and shape of
the NPs. Park et al. [56] synthesized silica-coated magnetic nanoparticle via polyols
technique and reported labeling human cord-blood-derived mesenchymal stem cells.
Results demonstrated that MNPs@SiO2 were biocompatible and useful tools for
human MSC labeling and bioimaging. Shen et al. [57] prepared Fe3O4 magnetic
NPs by combining co-precipitation and polyol method for surface functionalization,
possessed different size range 8, 12 and 32 nm. It was found that with the decrease
in particle size, surface area also increased and consequently adsorption capacity
of Fe3O4 improved. The factors influencing the adsorption of metal ions were pH,
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temperature, amount of adsorbent and contacting time. Laurent et al. [58] coated the
surface of the nanoparticle with hydrophilic polyol ligands. An easy dispersion in
water media and other polar solvents were observed. Narrower size distribution of
the NPs was observed than traditional methods. Cai et al. [59] had been successfully
synthesized magnetite NPs at elevated temperature in liquid polyols. It was proven
that for determining the morphology and colloidal stability of NPs, polyol solvent
played a crucial role. Characterization showed that these NPs were highly crys-
talline, monodisperse and superparamagnetic at room temperature. Due to coating of
hydrophilic polyol ligands layer on NPs, they dispersed easily in aqueous media and
other polar solvents. Caruntu et al. [60] prepared well-dispersed Fe3O4 NPs with size
6.6 and 17.8 nm in the non-aqueous solution of polyols. Investigation revealed that
smaller nanocrystals showed superparamagnetismwhereas biggest particles behaved
like ferromagnetic at room temperature. Disordered spin configuration on the surface
affected the saturation magnetization. Couto et al. [61] synthesized nickel NPs as
protective agent via modified polyols route (poly N-vinilpyrrolidone). Sodium boro-
hydride acts as a reducing agent. Obtained sample of different ratios of nickel indi-
cated face-centered cubic structure with the diameter (3.8 nm). Dipolar magnetic
coupling between particles caused single-domain non-ideal superparamagnetism.

3.5 Green Synthesis

Other techniques for the formation of NPs are bound to many constraints as being
expensive, high temperature and pressure requirement, toxic chemicals production,
etc. Due to these disadvantages, researchers are focusing on synthesizing magnetic
NPs by using plants and their extracts, and this technique is called green synthesis.
In this approach, one can control morphology, range of particle size and assembly.
Its benefits include cost-effectiveness and the process is environment friendly. In
green synthesis of NPs, organisms such as bacteria, plant and fungi play important
roles during the reaction. Plant extracts from different species and parts can be taken
such as flowers, seeds, leaves and stems for the synthesis of NPs as these contain
biomolecules such as terpenoids, enzymes, vitamins, flavonoids, protein, alkaloids,
amino acid and phenolic acids. (Fig. 4). These biomolecules act as reducing agent.
The reducing agent can mold metal ions for production of NPs of different sizes
and shapes. For example, Pelargonium graveolens extract and Trigonella foenum-
graecum extract cut ions of gold into NPs of size 20–40 nm and 15–25 nm, respec-
tively. Phenolate ions from plants are useful as it can transfer electrons to metal ions
in the process of synthesizing nanoparticle. For example, bioreduction of AgNO3

and HAuCl4 to form NPs with eugenol, a leading phenolic of clove extract. Forma-
tion of NPs because of bioreduction by extracts of plants also depends on many
other parameters such as reaction temperature and pH value. It is found that metal
ions nucleate slowly at low-pH solutions and cause agglomeration which produce
larger particles. On the other hand, higher pH value helps in the growth of nanosized
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Fig. 4 Different kinetics involved in green synthesis for metal and metal oxide nanomaterials [65]

particles. The shape of NPs is also pH dependent. On higher pH, NPs became spher-
ical and decahedral. Kumar et al. [62] reported synthesis of different shapes such as
hexagonal, spherical and triangular with sizes 15–25 nm of Au NPs via the Cassia
auriculata leaf extracts. At ambient temperature, HAuCl4 · 3H2O reduced in 10mins
and characteristic surface plasmon resonance was observed at 536 nm in UV–Vis
spectrum. Arunachalam et al. [63] reported one pot green synthesis of Au NPs of
size 50 nm using olive (Olea europaea) leaf hot-water extracts. It was observed that
precursor takes about 20 min for the bioreduction due to high phenolic contents at
room temperature. Ahmed et al. [64] synthesized purple-colored 22–35 nm size Au
NPs from leaves aqueous extract of Salicornia brachiate and assessed their antibacte-
rial efficiency toward Pseudomonas aeruginosa, Escherichia coli, Salmonella typhi
and Staphylococcus aureus. Moreover, these particles in the presence of sodium
borohydride reduced methylene blue dye.

4 Purification of Water from Heavy Metals

Heavy metals (Al, As, Cd, Pb, Cr, Hg, Cu, Co, Se, Mo, Ni and Zn) are the elements
having atomic weights ranging from (63.546 to 200.590 g mol−1) and density factor
greater than 4.00 g/cm3 and toxic in nature even in low concentrations. These metals
occur in the earth’s crust and are non-biodegradable in nature [66]. Although these
are essential for the metabolic activities in animals and human beings in very trace
amounts, their concentration above the safe level determined byWorld Health Orga-
nization (WHO) causes serious threats to human health. Heavymetals have the prop-
erty of bioaccumulation. Their toxic nature appears by forming protein complexes,
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Fig. 5 Schematic representation of in situ treatment using iron particles for groundwater. Reprinted
with permission from [69]

where they have CA (carboxylic acid “–COOH”), thiol “–SH” and amine “–NH2”
groups. These mutant biomolecules start malfunctioning and result in breakdown or
cell death as shown in Fig. 5 [67, 68].

Quality of surfacewater has been compromisedover the years because of extensive
farming, over-population and industrialization. Improper disposal of agricultural,
domestic and industrial effluents makes water reservoirs more vulnerable to the toxic
non-biodegradable contents, i.e., heavymetals.Moreover, some natural phenomenon
like volcanic eruption, erosion of minerals within sediments and leaching of ore
deposits also contributes to the addition of heavy metals in water [70, 71]. Heavy
metals possess distinct chemical properties and are largely used in the field of elec-
tronics, mechatronics and high technological applications; consequently, they can
enter the water reservoirs from various anthropogenic as well as natural geochemical
sources.Once thesemetals dissolve inwater, they can infiltrate into the food chain and
become fetal to humans and animals. The other main sources include contaminated
mining waste, municipality wastewater drainage, industrial waste aquatic products,
urban wastewater and chiefly from electroplating and metal finishing factory zones.
The new coming generations of machines can create serious problems for proper
disposal of waste products containing heavy metallic contents. Aquatic sources are
also facing higher concentrations of these metals [72, 73].

Heavy metals are extremely dangerous to the infants and can dent brain memory,
interrupt the functioning of red blood cells (RBCs) and central nervous system (CNS)
and sometimes induce psychological and physiological disorders. Higher toxicity
from these metals can cause different types of cancers. Plants being irrigated by the
water having higher concentration of heavy metals are observed to have morpho-
logical changes and their growth has been limited due to reduced photosynthetic
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rate. Genetic mutations have also been reported in some species of plants. Expo-
sure to heavy metallic ions can cause chlorosis, nutrient deficiencies, bleaching and
oxidation stress in plants by affecting the mitochondrial functions [71, 74].

Long-term exposure of aluminum concentration (more than 50 mg/L) can cause
skin damage. It is also a major factor promoting the “Alzheimer” and “Parkinson”
diseases along with senile and presenile dementia [75]. Cadmium (Cd) is one of
the most toxic heavy metals utilized for Ni–Cd batteries, pigments and plastics. Cd
can be transmitted into atmosphere and earth by phosphate fertilizers and dumping
of different wastes. Toxicity induced by Cd can cause lung cancer, bone softening
in humans and animals and increase blood pressure. Cigarette smoking is a prime
cause of Cd poisoning in humans. Cd concentration above 5 μg/L is considered
carcinogen reported by WHO and may also cause hypertension and arteriosclerosis
[76]. Chromium is widely used in the tanning industries, metal alloys and pigments
for papers, rubbers, paints and cements. Low-level exposure of Cr is observed to
cause ulceration and skin irritation, whereas high concentration exposure can cause
kidney and liver damage. It also affects the CNS severely. Lead is also another human
carcinogen metal above 10 μg/L [77]. Mercury is poisonous and is associated with
mental deterioration, hearing loss, visual impairment and muscular disorder. High
concentration of lead and mercury may also result “autoimmunity syndrome”: a
situation when immune system attacks its own cells. Chromium is also a carcinogen
associated with gastrointestinal and lung cancer. Copper (Cu) plays an important
role in activating some enzymes during photosynthesis; however, photosynthesis
retards significantly at the higher concentration of Cu in water used by plants [78].
In human beings, harmful effects on health have been reported. Exposure of higher
concentration of Cu dust can produce irritation in mouth, nose and eyes. Long-term
exposure can affect kidneys severely. Even with low concentration, Cu is found to
be toxic for various aquatic animals. High concentrations of Cu in water can be
neurotoxin and results in Alzheimer’s disease. Arsenic (As) poisoned the blood and
CNS, can cause skin and lung cancer, especially in third world countries, its presence
in drinking water is causing serious effects, anthropogenic sources such as metal
processing, pesticides manufacturing and their waste products are increasing the
level of As in drinking water [79]. Higher concentration of iron (Fe) and manganese
(Mn) in drinking water can be very toxic to newly born babies. Although their
presence in trace amount in body is essential for the synthesis of hemoglobin and cell
functioning. Human intestinal tract rapidly absorbs the Fe and higher concentration
causes toxic effects to liver, kidneys and heart. On the other hand, higher level of
Mn in water causes neurological imbalances and muscle malfunctioning. Zinc (Zn)
is another important component of our food. However, its higher concentration can
be health hazardous. Too much amount of Zn in water can cause queasiness, anemia
and cardiovascular problems in humans [79, 80].
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4.1 Pseudo-Kinetic Models and Adsorption Isotherms

For better understanding of liquid/solid adsorption behaviors of hybrid materials,
basic models of kinetics and adsorption are discussed here briefly.

4.1.1 Adsorption Kinetics

The mechanism in which solute molecules are attached to the adsorbent’s surface
is called adsorption. This phenomenon is carried out in column or batch set up.
Adsorption of different composites is usually investigated as a potential tool for the
sanitization of contaminated water as well as industrial and domestic effluents. In
situations where we are dealing with the treatment of wastewater, adsorption is a
viable method. Adsorption kinetics has become an important factor to be compre-
hended before applying adsorbents. To explain the process of adsorption, linear and
non-linear analysis of kinetics is used. A curve or line describing the retention rate
of solute in aqueous medium to solid-phase interface at doses of adsorbents, temper-
ature, pH and flow rate is known as adsorption kinetics. Two major reactions take
part in adsorption process: physisorption (physical) and chemisorption (chemical)
reactions. Physisorption is due to Van der Waals forces (interaction of weak forces)
and chemisorption results from strong bonding forces between adsorbent and solute
that indicate the transfer of electrons.

4.1.2 Pseudo-First-Order (PFO) Model

This is also called Lagergren kinetic model as the equation was initially introduced
by Lagergren [81]. PFOmodel explains the adsorption of liquid–solid phase systems
based on adsorption capacity. Equation 1 describe the adsorption rate of solute onto
the adsorbent followed the first-order mechanism [82].

dqt
dt

= (k1)(qe − qt ) (1)

where
qt : adsorbate adsorbed (mg g−1) onto adsorbent at given time t.
qe: equilibrium adsorption capacity (mg g−1).
k1: rate constant (1/min).
The integral of Eq. (1) with boundary conditions (t = 0, t = t) and (qt = 0, qt =

qt) provides the linear form of Pseudo-first order expression:

Ln(qe − qt ) = Ln(qe)− k1t
qt
qe

+ Ln(qe − qt ) = Ln qe − k1t
(2)
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Equation (2) can also be written as:

qt = qe
[
1− exp(−k1t)

]
(3)

The value of rate constant is obtained by plotting L.H.S of Eq. (2) vs time t. If qe
is calculated by experiment, then the fractional uptake can be determined:

F(t) = qt /qe (4)

It has been found that the rate constant (k1) is inversely proportional to the initial
concentration (Co) of the solute as more time is needed for high solute concentration
(initially).

Experimental conditions affect the control mechanism; therefore, the validity of
PFO model is varied under Henry regime adsorption and high sorbent dosage. In
order to account experimental difference, PFO model can be modified as:

dqt
dt

= qe
qt
[ k1(qe − qt )] (5)

In linear form,

qt
qe

+ Ln(qe − qt ) = Ln qe − k1t (6)

Plotting L.H.S of Eq. (6) vs time t provides better fit model as compared to
Lagergren model [83].

4.1.3 Pseudo-Second Order (PSO) Model

Pseudo-second order model depends on the adsorption capability of the solid phase.
This model considers that adsorption rate of solute is directly proportional to the
availability of sites on the adsorbent and rate of reaction depends on the concentration
of solute on the adsorbent’s surface. PSO model is used to calculate the initial solute
uptake and adsorbent’s adsorption capacity [83].

As deriving force is directly proportional to the available active sites on the
adsorbent:

dqt
dt

= k2(qe − qt )
2 (7)

Equation (7) represents the curvilinear form of PSO model; here k2 is the rate
constant. Integrating over the limits (t = 0, t = t) and (qt = 0 to qt = qt ), the linear
form obtained is given as:
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qt = t
1
k 2

(
1
qe

)
2+ t

qe

(8)

Equation (8) can be written as:

t

qt
=

[
1

k2(qe)2

]
+ t

qe
(9)

Dividing by “t”

1

qt
= 1

t

[
1

k2(qe)2

]
+ 1

qe
(10)

Further simplification can lead us to the

qt = qe −
[

1

k2qe

]
× qt

t
(11)

Finally

qt
t

= k2(qe)
2 − k2qeqt (12)

Using the above mathematics, curvilinear function of PSO model is linearized to
measure the distribution of error function of the same kinetic model. Among these
linearized equations, Eq. (9) provides better fit results as compared to others. Second
order constants can be found by plotting the term “ t

qe
” vs time “t” [84].

4.2 Adsorption Isotherms

To present the quantity of solute absorbed per unit weight of “adsorbent” as a func-
tion of equilibrium concentration at fixed temperature, adsorption isotherms are used.
Adsorption isotherms indicate a sequence of adsorption calculations done at fixed
temperature and obtained results are plotted between adsorbed and non-adsorbed
quantities. The structure of isotherms contains very valuable information related to
the nature of adsorption phenomenon, analyzing the adsorption capacity of adsor-
bents. Langmuir, Freundlich and Sips models are used for the determination of
adsorption isotherms [85, 86].
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4.2.1 Langmuir Model

Langmuir isotherms were introduced in 1918. It is generally appropriate for the
description of chemisorption process when transfer of electrons takes place between
adsorbent and adsorbate. This model anticipates an asymptotic approach to mono-
layer surface coverage as the partial pressure of adsorbate reaches to saturation; once
all the active sites of adsorbent are filled, there is no further adsorption over these
sites [87]. In linear form, Langmuir model can be represented as:

Ce

qe
= 1

bqm
+ Ce

qm
(13)

Here
qe: Adsorbent’s equilibrium adsorption capacity in mg g−1.
Ce: Adsorbate’s equilibrium concentration in mg L−1.
qm : Saturated single layer adsorption capacity in mg g−1.
b: Equilibrium adsorption constant.

4.2.2 Freundlich Model

Freundlich equation is an empirical equation established between solute concentra-
tion over the adsorbent surface to the solute concentration in liquid with which it has
contact. Herbert Freundlich put this model in 1909; it helps to explain the isothermal
variation in quantity adsorbed by unit mass of solid adsorbent with the change in
pressure of the system for a given temperature in non-ideal sorption case. The base
of the model is on the multilayered adsorption [87, 88]. Its linear form can be written
as:

qe = KC1/n
e (14)

Equation can also be written as:

Ln qe = Ln
(
K f C

1/n
e

)
(15)

Ln qe = LnK f + 1

n
LnCe (16)

Here
Kf : Freundlich constant (index of adsorption capacity).
n: another Freundlich constant (index of adsorption intensity or surface hetero-

geneity).
qe: Adsorbent’s equilibrium adsorption capacity in (mg g−1).
Ce: Adsorbate’s equilibrium concentration in (mg L−1).
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4.2.3 Sips Model

Sometimes a situation arises where we are dealing to estimate the heterogeneous
adsorption systems, then Sips model is used instead of Langmuir and Freundlich
models. The Sipsmodel is a combination (hybrid)model of Langmuir and Freundlich
models. The Sips model is reduced to Freundlich model when adsorbate concentra-
tion is low, whereas at higher adsorbate concentration, the Sips model anticipates
the monolayer sorption capacity characteristics of Langmuir model [89]. This hybrid
(Sips) model is represented as:

qe = qm(KsCe)
ns1+ (KSCe)

ns (17)

Here
qm : Sips max adsorption capacity (mg g−1).
Ks : Langmuir equilibrium constant (L mg−1).
nS: (nS = 1/nF) factor comparable to Freundlich heterogeneity.

5 Magnetic Hybrid Ferrites as Adsorbent

Existence of life onEarth owes to the provision of safewater. Althoughwater does not
contain any nutrients, it is essential for all themetabolic activities in living organisms.
Maintaining the balanced ecosystem for future generations is only possible when the
water resources are preserved. For this purpose, development of water purification
techniques can help to use the water which has to be disposed due to the addition
of some contaminants; consequently, pressure on available water resources can be
reduced. In recent years, magnetic hybrid ferrites are being used for the removal of
heavy metals from contaminated water as they are chemically stable, less toxic, can
be synthesized easily and possess good recycling ability. There are many methods
to synthesize composite materials, but successful application lies in the stability of
the NPs when introduced in solutions having different pH range, recovery time and
responses to external magnetic fields. Adsorbent-based hybrid ferrites can be used
for the purification of contaminated water with high precision [90, 91].

Removal of heavy metals from contaminated water using hybrid ferrites is a
better option than traditional purificationmethods like reverse osmosis, ion exchange,
membrane separation andfiltration due to the cost-effectiveness and ease of use. It has
been observed that traditional adsorption techniques are limited in their use because
of the hindrance in filtration and regeneration of specific adsorbents. However,
this problem can be overcome by using magnetic materials, but nanometal ferrites
have shown poor stability in aqueous medium. This issue has been investigated by
synthesizing hybrid magnetic ferrites, e.g., hybrid composite of magnetic ferrite and
graphene oxide synthesized by hydrothermal method enhanced the adsorption level
of heavy metals due to the presence of carboxylic, epoxy and hydroxyl functions at
the graphene oxide layer [92, 93].
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To remove lead (Pb) from the contaminated water, manganese-based nanoferrites
(hybrid) capped with carboxymethylated biopolymers can be used [94]. The proper-
ties of the hybrid ferrites were optimized by the pH variation. All the nanosorbents
have shown the elimination of Pb from the contaminated water samples nearly 100%
after the contact time of half an hour. Following the pseudo-second-order model with
adsorption capabilities in the range of 34–46mg g−1 formulated by Sipsmodel, it was
found that the adsorption had beenmore effective at pH 5.5. The nanosorbents can be
retrieved and reused for the extraction of Pb from the contaminated water as shown in
Fig. 6. Recently, the hybrid ferrite NPs having singled layer of GO with manganese
have shown excellent adsorption features to remove the Pb and arsenic from contam-
inated water. The adsorption data fitted well to the Langmuir isotherm, confirming
the highest adsorption capability. In order to estimate the enthalpy and free energy
of adsorption, temperature-dependent adsorption studies were made. Sustainability,
easy magnetic separation, high surface area and high removal efficiency made these
hybrid magnetic ferrites smart for commercial scale [95]. Extraction of Pb from
contaminated water was successfully made by using NiFe2O4/MnO2 hybrids with
three-dimensional hierarchical floral and core-shell-like structure prepared by simple
hydrothermal process. To study the effects of pH, primary Pb concentration and doses
of absorbents were studied using batch experiments. NiFe2O4/MnO2 nanocompos-
ites indicated the rapid Pb adsorption; the optimumadsorption capacity of 85.78mg/g
was recorded. The results of isothermal experiments showed that theLangmuirmodel
was better fitted rather than the Freundlich model which was evident from the mono-
layer adsorption process for Pb onto the composite surface. Six times regeneration
capacity of the hybridmagnetic ferrite from the solution andmaintaining the removal
efficiency of 80% made the smart composite a new adsorbent for heavy metals [96].

To remove arsenic (As) ions from contaminated water, two newly synthe-
sized hybrid ferrites, i.e., GO-manganese ferrites and titanium nanotube-manganese
ferrites were successfully tested. These composites work on adsorption mechanism
and were characterized by different tools prior to employ in the adsorption method.
The optimum adsorption capacities for As were 102 mg/g and 80.8 mg/g using
GO and Titania nanotube-based hybrids, respectively, when tested for contaminated

Fig. 6 Digital images of
lead ion solution with
Fe3O4@SiO2 composites
before (a), after (b) applying
external magnetic field.
Reprinted with permission
from [99]
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water having (As) concentration of 400 ppm. The adsorption capabilities of GO
and Titania nanotube-based hybrids were enhanced 27% and 6%, respectively, than
manganese ferrites. This enhancement was owing to the large surface area and higher
number of oxygenated groups. On the surface of hybrid materials, these characteris-
tics increased dispersion stability andnumber of active sites forAs [97].Chandra et al.
[98] synthesized 10 nm (average size) superparamagneticmagnetite/rGO composites
through chemical reaction which showed 99% adsorption capacity for the removal
of Arsenic. Zhang and his colleagues prepared magnetic ferro-hydroxide and GO
for the adsorption of As from contaminated water. They observed As removal at
different pH levels and various arsenate concentration levels (0.5 from 20 ppm) in
polluted water.

Some inorganic and organic pollutants such as acid black (AB 1) and chromium
(Cr) from contaminated water have been removed by silica-based hybrid cobalt
ferrites SiO2@CoFe2O4 functionalized with GO. In order to measure the highest
adsorption capacity of dye (AB 1) and Cr ions as function of contact time, pH and
adsorbent dosage, the batch mode investigations were made with the hybrid material.
The experimental results were fitted well to the Langmuir isothermal model. Adsorp-
tion capacity was affected by pH of the solution which was observedmaximum at pH
2 for AB 1 dye and pH 1 for Cr ions. Detailed kinetic investigations showed that the
process followed pseudo-second-order kinetic model for both contaminants. Desorp-
tion studies indicated the stable reusability of the sorbent, hence, making it a suit-
able choice on the commercial scale [100]. CoFe2O4/NOM (natural organic matter)
synthesized by greenmethod (s–gel) using enrichedwaterwith natural organicmatter
was successfully used to remove the chromium at natural pH of the contaminated
water especially of industrial effluent. The hybrid ferrites could remove 80–90%
Cr from the contaminated water within half an hour. Investigation of the kinetics
indicated the flexibility of the material, and it can be reused for up to five cycles
[101].

The porous magnetic ferrite nanowires having MnFe2O4 and Mn-doped Fe3O4

were prepared through thermal decomposition of organometallic compound using
nitrilotriacetic acid as a chelating agent to match with different ratios of iron (Fe II)
and manganese (Mn II) ions. The resulting nanostructures were found superpara-
magnetic in nature, having magnetic saturation values of 45.9 and 48.7 emug−1,
respectively. The Brunauer Emmett Teller explicit surface area for the MnFe2O4 was
37.8 m2/g and 45.4m2/g for Mn-doped Fe3O4. Nanomaterials hybrid ferrites showed
great capacity to remove heavymetal ions alongwith organic pollutants fromcontam-
inatedwater [102]. Surfacemodification byStobermethod ofmercaptopropyl-coated
cobalt ferrite (CoFe2O4) NPs prepared by co-precipitation process proved efficient
adsorbent for Hg2+ ions from contaminated water. It was observed that the pH of the
solution, mass of adsorbent, time of contact and temperature affected the adsorption
of heavymetal. At pH 7 the maximum removal efficiency of about 97%was obtained
[103]. In order to remove Zn(II) from contaminated water, magnetic hybrid silica-
based core shell NPs (Fe3O4–SiO2) have been prepared and tested as a nanosorbent.
These hybrid composites were synthesized by using co-precipitation and sol–gel
method. The maximum adsorption capacity of the hybrid material for the removal of
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Zn (II) was measured at 25 °C to be 119 mg/g using the Langmuir isothermal model.
Using the regeneration solution (1.0 M: HCl), the nanosorbent was easily separated
by applying magnetic field. Leaching of Fe3O4 was very less due to the presence
of Silica as a shell on the Fe3O4 nanomaterials [104]. The cadmium ions (Cd2+)
were removed from water by hybrid ferrites synthesized at different pH values. Such
prepared composites had shown excellent magnetism, when they were uniformly
distributed at nanoscale, which helped for liquid–solid separation. The optimum
pH value for the adsorption of cadmium ions was 8.0. The adsorption mechanism
followed the pseudo-second-order kinetics. Langmuir’s isothermal model suggested
the uniform distribution of active sites for cadmium ions adsorption with monolayer
coverage [105].

6 Conclusion

Magnetic properties of FerriteNPshavebeen explored for variety of applications such
as biomedical, industry, sensing and heavymetal removal fromwater. Higher surface
area of nanoparticles provides adsorption sites for heavy metal ions which results in
their removal fromwastewater and drinkingwater. Separation of ferrite nanoparticles
is easy from the solutionwhich increases its reusability. Althoughmany reports based
on magnetic nanoparticles for heavy matter removal are presented in the literature,
however, most of the ferrite nanoparticles are tested at laboratory stage. Limitations
still needed to be addressed particularly are cost effectiveness and technical handling.
These issues can be solved by making a coordination between different stakeholders
such as society, government and industries.
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Ferrites as an Alternative Source
of Renewable Energy for Hydroelectric
Cell
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Abstract There are many conventional ways of producing energy at large scales
such as fossil fuels, hydroelectric power station,wind energy, solar cell plants,marine
energy, etc., but most of these require bulky plantation, huge manpower, wide land
occupation and are non-portable and expensive to handle too. In the twenty-first
century, there is still a huge gap between worldwide energy supply and its demand.
The advances in the technology sector have also increased the consumption of energy,
but the sources of generating the renewable energy remain limited. In order to account
for these problems in recent years, several methods have been adopted and a signif-
icant research in this direction has been made by the invention of the hydroelectric
cell by Dr. R. K. Kotnala’s group in 2016. Instead of using the magnetic character in
the ferrite nanostructures, these nanomaterials were first time effectively exploited
for direct energy harvesting application by using their capability to dissociate the
absorbed water molecules on its porous surface. This allows the production of ions,
which is then followed by the charge transfer of hydronium, hydroxyl and hydrogen
ions between the electrodes of the ferrite nanostructures and results in the generation
of an electric current across the circuit. The concept of the hydroelectric cell is new,
and these cells are easily portable, inexpensive, biodegradable and eco-friendly in

M. C. Mathpal (B) · M. A. G. Soler (B)
Institute of Physics, University of Brasilia, Brasilia, DF 70910900, Brazil
e-mail: mohanmathpal@unb.br

M. A. G. Soler
e-mail: soler@unb.br

G. Niraula · S. K. Sharma
Department of Physics, Federal University of Maranhao, Sao Luis, Brazil

P. Kumar (B) · H. C. Swart
Department of Physics, University of the Free State, Bloemfontein 9300, ZA, South Africa

M. Chand
Nano Lab, Faculty UnB Planaltina Campus, University of Brasılia, Brasılia, DF 73300-000, Brazil

M. K. Singh (B)
Department of Physics, The LNM Institute of Information Technology, Jaipur 302031, India

S. K. Sharma
Department of Physics, Central University of Punjab, Bathinda 151401, India

© Springer Nature Switzerland AG 2021
S. K. Sharma (eds.), Spinel Nanoferrites, Topics in Mining, Metallurgy
and Materials Engineering, https://doi.org/10.1007/978-3-030-79960-1_13

399

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79960-1_13&domain=pdf
mailto:mohanmathpal@unb.br
mailto:soler@unb.br
https://doi.org/10.1007/978-3-030-79960-1_13


400 M. C. Mathpal et al.

nature. This chapter provides an insight on the concept of spinel ferrite nanostructures
for the application in the hydroelectric cell.

Keywords Spinel ferrite · Iron oxide · Green energy · Hydroelectric cell ·
Porosity · Electrical resistance · Magnesium ferrite

1 Introduction

The mankind have a huge dependency on natural resources of energies, which can
be obtained from different sources and then converted into the desired form of
energy. The different natural resources that are popularly known for the genera-
tion of electricity are wind energy, hydro energy, fossil fuels, marine energy, solar
energy, fuel cell, photovoltaic cell, hydrogen energy, geothermal energy and biomass
energy [1–20]. The extensive use of traditional sources such as oil, coal, natural gas
and other fossil fuels which not only make the environment unhealthy for living
but also has raised several questions such as continuous carbon emissions, global
warming, climate change, greenhouse effect and rapid depletion of natural resources
of energy [10, 14, 17, 21]. With the increasing comfort level of mankind by a myriad
of technologies in several areas including home, industrial and travel appliances, the
consumption of energy has also increased, whereas there is no remarkable worldwide
progress or strategy to fill the gap between the supply and demand of clean energy.
Among various renewable sources with their pros and cons, the hydropower, wind
energy, hydrogen energy, fuel cells and solar energy are considered the most environ-
mental friendly but some of these require large land occupation, heavy infrastructure
installation, expending time and money as well along with several geographical and
environmental restrictions [2, 5, 6, 8, 10, 13, 14, 21–24]. For example, the fabrication
of highly efficient solar cells is expensive andmost of the materials used for the fabri-
cation such as silicon, glass, dyes, polymers and electrolytes are also hazardous. In
fact, the recycling of the wastage components of solar cell and commercially avail-
able batteries is also expensive. Similarly, the fuel cell requires the supply of fuels, an
electrostatic separator with efficient oxidation and reduction processes to be useful
for applications [25].

Nowadays, the efforts for inexpensive, portable, long lasting and sustainable clean
energy sources at small scales are being made in several countries to replace the
consumption of fossil fuels. Widely studied sources of literature can be found for
the production of hydrogen energy by the means of several methods [6, 23, 26–38].
The hydrogen energy is a non-polluting fuel which can be generated from renewable
resources and can also be stored and transported. Q. Yuan et al. theoretically reported
the generation of hydroelectric voltage for nano-power cell applications for the first
time in water-filled single-walled carbon nanotube (SWCNT), which developed a
voltage of 17.2 mV at the two opposite ends of the tube [39]. The polarity of the
water molecules plays an important role to form a weak coupling between free
charge carriers and water dipoles in the nanotubes to induce a voltage difference
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between the two ends. Miljkovic et al. have shown that the jumping of the water
droplets from a hydrophobic copper oxide to the surface of the hydrophilic can
develop an electric power of about 15 pW/cm2 [40]. Wei et al. have used graphene
oxide to develop a cell that can generate a maximum power of 2 μW within an
active area of 0.1 cm2 by the use of an electrolyte and humidity [41]. The direct
sunlight can also be used to split the water molecules and to produce the hydrogen
gas. Recently, it has been shown that Zn-doped CdS and hematite (α-Fe2O3) can
also split the water molecules to produce the energy [26, 30]. Chandrasekhar et al.
have developed a spheroidal hybrid generator-based renewable energy source for
harvesting the energy from water waves by using the power from solar light [42].
The devicewas in fact enabledwith a self-powered position tracking system,which is
very useful for ocean navigation system. In a similar study, Liu et al. have developed a
blue energy harvester to scavenge the water wave energy with an aim of all-weather
internet-of-things (IoT)-based device applications by using the sunlight [43]. The
direct generation of hydroelectric voltage in ceramic nanostructures without using
an electrolyte or sunlight radiation has been challenging so far [20, 22, 30, 33–36, 38,
44, 45]. The electrolyte-based energy converting and storage devices are hydrophilic,
chemically active and thermally unstable which may hinder their performance under
certain solvents and atmosphere.

In order to overcome these challenges, a newconcept of producing energy has been
developed in the last decade by the use of hydroelectric cells (HECs) [25, 34, 46–61].
The hydroelectric cells are electrolytic free and generate electricity by the dissocia-
tion of absorbed water molecules on the surface of a porous ceramic/semiconducting
material [33, 58, 60]. TheHECswere first invented byDr.Kotnala’s group atNational
Physical Laboratory (NPL), New Delhi, India, in 2016 [54]. The first HEC devel-
oped by their group relied on the use of Li-doped magnesium ferrite nanomaterials.
The ferrite materials are well known for the production of hydrogen gas by splitting
the water molecules under the presence of sunlight [30, 38]. The splitting of water
molecules at room temperature was rigorously addressed by Parkinson et al. in 2011
on the surface of a synthetic magnetite (Fe3O4 (001)) single crystal [50]. Magnesium
ferrite, a highly resistive spinel ferrite material has been the focus of intense research
due to its soft magnetic properties and porous microstructure that has been widely
studied for humidity and gas sensing applications due to its high surface reactivity
and oxygen deficient stoichiometry [58, 62–64]. The general structural formula of
spinel ferrite materials is AB2O4, where A is a divalent transition-metal cation and B
is a trivalent cation. Magnetic ferrites display mainly two groups of crystal structures
such as the cubic comprising pure ferrites such as magnetite (Fe3O4) and maghemite
(γ -Fe2O3) and mixed ferrites AFe2O4, where A = Co, Cu, Mg, Ni and Zn [65–69].
The A and B sites of the spinel structure occupy the tetrahedral and octahedral posi-
tion, respectively, in the surrounded oxygen. There are eight molecules in a unit cell
of spinel ferrite which are accommodated in 16 octahedral sites with divalent metal
ions and eight tetrahedral sites with trivalent metal ions, therefore hosting a total of
24 metal ions in a unit cell. So, when the water molecules are absorbed on the surface
of these porous ferrite nanostructures or a ceramic oxide nanomaterial, then it has
the capability to dissociate it into the hydroxide and hydronium ions. These ions are
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collected by an anode of Zn/Al and a cathode of Ag electrodes at two opposite ends,
respectively, to produce the electricity [25, 54, 70]. A single water molecule can be
dissociated into its constituents with 1.23 V of potential energy. This energy can be
provided externally in the form of thermal, UV/catalysis, photons and biochemical
techniques at room temperature. The nanoporous surface as a main host of ferrite
and ceramic oxide materials are highly reactive sites for the dissociation of water
molecules, which is in fact even possible at room temperature. So far, only a few
ferrite nanomaterials and semiconductor nanostructures have been investigated for
the application in HECs. As of now, there is a lack of literature for the deep physical
insight on HEC as only a few groups of researchers have shown their interest to
develop the HECs. This chapter provides a comprehensive state of art of the hydro-
electric cell with an overview of efficient materials and signifies the importance of
resistive type spinel ferrite nanostructures in energy harvesting. The chapter is aimed
to boost the understanding andmotivate the new energy researchers to develop a low-
cost hydroelectric cell as an alternate source of renewable green energy. The readers
of this chapter are also encouraged to read an excellent review article by Das et al.
[60].

2 Concept of Hydroelectric Cell

The HEC materials are solid in nature and their preparation is neither sophisticated
nor expensive as compared to other cell materials and storage devices. These are
easily portable and compact in structure for flexible operation. The processing of
HEC involves simple and low-cost preparation technology by the use of acid and
alkali free, electrolyte free and environment friendly nanomaterials, which lead to an
effort to reduce the effect of greenhouse gases, CO2 emissions and other hazardous
emissions to the environment [34, 53, 55, 61, 71]. The HEC based on Li-doped
magnesium ferrite has been also proposed to be useful for light emitting diode (LED)
applications and for the non-polluting production of hydrogen gas without using the
electrolytes and solar energy [34, 56]. Ferrite-basedHECs can instantly start working
at room temperature without any external input except deionized water (DI).

The HEC works on the principle of conversion of energy released due to the
dissociation of water molecules to the electric energy. It is a non-photocatalytic
technique to split the water molecules to generate green energy. It has no external
input or biasing except the deionized water molecules to generate the electricity. The
key components of a HEC are a nanoporous pellet made of ferrite nanomaterials or
metal oxide nanostructures, two electrodes consisting of zinc anode and a cathode
based on silver paste. Figure 1 shows the schematic diagram of a magnesium ferrite-
based HEC [49, 60, 70]. Two electrodes that consist of an anode of zinc (Zn) sheet
and a cathode of interdigitated silver (Ag) paste are generally fabricated to collect the
charge ions species at the end of two opposite faces of the pellets made of a ceramic
material.
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Fig. 1 Schematic presentation of working principle of hydroelectric cell

The materials are prepared under special conditions in order to control their
porosity, oxygen deficiency and unsaturated surface cations to dissociate the water
molecules. These materials split the water molecules into H3O+ and OH− ions at
room temperature which results in the ionic conduction on the surface and within
the HEC. The OH− ions start migration toward the zinc anode, where these ions
oxidize the zinc to zinc hydroxide (Zn(OH)2), and as a result, two electrons are
released at the anode. On the other hand, the H3O+ ions migrate toward the inter-
digitated silver electrode and collect the electrons from anode, which results in the
release of hydrogen gas and water molecules at cathode [60]. The water splitting in a
HEC mainly involves two steps, namely (i) chemidissociation or chemisorption and
(ii) physidissociation or physisorption. The transportation of these dissociated ions
toward the anode and cathode takes place through both surface cations and capillary
diffusion (pink tubes in Fig. 1) of water molecules in porous microstructure of the
HEC.

The presence of oxygen vacancies and unsaturated surface cations plays an impor-
tant role in the absorption and splitting of water molecules at room temperature. The
trapped charge electrons in the oxygen vacancies generate high electric field, which
easily captures theOH− ions of thewatermolecules.Meanwhile, the strongCoulomb
interaction between the surface metal cations and the negatively charged oxygen of
the water molecules also takes place, which results in the formation of hydrogen
bonding that weakens the O–H covalent bonds of water molecules. Therefore, the
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first layer formed on the surface of the HEC material by water molecules is domi-
nated by OH− ions. This adsorption of first layer of water molecules on HEC surface
is popularly known as chemisorption process. Figure 1 illustrates this process clearly
where the positively charged unsaturated metal surface cations (green balls) and the
trapped charges at oxygen vacancies (blue balls) attract the OH− ions due to high
electro negativity of oxygen and its highly polar nature in the water molecules. As
a result, a spontaneous process for the dissociation of water molecules occurs over
the surface cations and vacancies. These metal cations have high charge density and
strong electrostatic fields; therefore, during this process, many hydrogen ions (H+)
are also released which are free to migrate within the surface lattice through the
natively present oxygen ions (red balls) in the lattice. This makes the protons mobile
at the surface or within the lattice as shown in Fig. 1 [72, 73]. Now, these mobile
protons move from one site to another site due to strong electrostatic fields and react
with the nearest oxygen ions (O2−) at surface to form another hydroxyl (OH−) group.
In this situation, the protons are tunneled from one molecule of water vapor to other
through hydrogen bonding. This process is well known as Grotthuss mechanism for
the diffusion of hydrogen (H+) and hydroxide ions (OH−) [73–76]. Therefore, diffu-
sion of hydrogen (H+) ions also take place in water molecules at the material surface
[77, 78]. The diffusion and mobility of hydroxide ions (OH−) play an important
role in protonic conduction. In fact, the self-ionization or surface collision of water
molecules results in the quick separation of protons (H+) and hydroxide ions (OH−).
This process can be compensated by the use of a single water molecule or double
water molecules as expressed follows [25, 77, 78].

H2O ⇔ H+ + OH− . . . eqn (1)

Now, this released hydrogen ions immediately protonate another water molecule
to form a hydronium ion (H3O+).

H2O + H2O ⇔ H3O
+ + OH− . . . eqn (2)

The dissociated hydrogen ions (H+) can also form the bonding with the surface
lattice oxygen atom (Oo) and create the hydroxyl groups (OH)− as

H+ + Oo ↔ OH−, . . . eqn (3)

Now, the hydroxyl groups at the surface can react with the metal ion species and
generate more free electrons. The generation of more free electrons increases the
conductivity with increasing water adsorption at HEC surface [79];

[OH]− + (Fe/Mg)++ ↔ [
OH−Fe/Mg

] + e− . . . eqn (4)

The layer formed by hydroxyl groups provides a channel for the formation of
hydrogen bonding to attach the further water molecules. After chemisorption of first
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layer of water molecules, further addition of water molecules results in physidisso-
ciation or physisorption of the water molecules in the first layer of hydroxyl ions.
Once the first layer of physisorbed water vapors is completed, then another layer
of water molecules is physisorbed via double hydrogen bonding with two neigh-
boring hydroxyl groups [72, 73]. And this process of physisorption is continued to
dissociate the water molecules and release more H+ ions which start hopping in the
second layer of physisorbed water molecules. Thus, the production of OH− ions and
H3O+ ions keeps going on during the process of water splitting. On the other hand,
the presence of nanopores (~50 nm) on the surface also plays a vital role to trap
these H3O+ ions that develop an electrostatic potential of the order of 104 V/cm to
further rapidly dissociate the water molecules [60]. The chemisorption and then the
physisorption of water molecules on the surface of HEC lead to H3O+ ion hopping
and then protonic hopping by H+ ions through the porous structure of the lattice.
These H3O+ ions and OH− ions are collected at anode and cathode, respectively,
where it goes under reduction and oxidation mechanism, and therefore, a voltage in
HEC is developed across two electrodes [47, 60]. The reactions that take place at
two electrodes are written as follows [60]:

At anode (Zn plate),

Zn + 2OH− → Zn(OH)2 + 2e−, Eoxidation = −0.76 V . . . eqn (5)

And at cathode (silver paste),

2H3O
+ + 2e− → H2(gas) + 2H2O, Ereduction = +0.22V . . . eqn (6)

and also,

2H+ + 2e− → H2 (gas) . . . eqn (7)

So, the total voltage developed across the hydroelectric cell of a 1-inch square
pellet is equal to 0.22− (−0.76)= 0.98 Vwith a current of about 8 mA for Li-doped
magnesium ferrite and about 77 mA for Co-doped SnO2 nanomaterials [57, 60,
70]. This process develops enough electric potential that can continuously dissociate
the physisorbed water molecules to regulate the current in HEC. The spontaneous
reactions at the electrodes generate cell potential that allows the flow of electric
current to the external circuit of HEC. A significant progress has been made to
improve the performance of ferrite-based HEC cell.
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3 Preparation and Characterizations of the Hydroelectric
Cell

The main process of HEC development is to control its microstructure properties
and optimize the synthesis of spinel ferrites or metal oxide nanomaterials. A pellet
based on ferrite or metal oxide nanostructures has to be prepared for cell applica-
tions. The formation of a pellet or compact disk can easily be done after preparing the
powder sample by one of the popularly known techniques such as sol–gel,mechanical
ball-milling, solid-state reaction, co-precipitation, hydrothermal and solvothermal
methods [60, 72, 80–88]. Now, these as-prepared powder samples can be compressed
to form a pellet or a compact shape of circular disk, by uniform compression under
a hydraulic pressing machine for half an hour at 4–8 tons of load pressure. The
pellet dimensions can be varied from sample to sample and as per requirements for
HEC applications. Depending on the material, the powder samples are pre-sintered
or annealed twice at the desired temperatures so that a nanoporous surface with
maximum oxygen deficiency can be obtained in order to enhance its performance
for the maximum dissociation of the water molecules. In accordance with the chosen
HEC, these pellets can be heat treated either in ambient conditions or in a different
gaseous atmosphere in a wide range of temperature from 400 to 1200 °C for 2–8 h in
order to maintain the porosity, oxygen concentration and the desired microstructure
[60, 62, 86, 89, 90]. Here, the important factor is to optimize the annealing atmo-
sphere, time and temperature of the HEC material because the annealing at higher
temperature (>800 °C) in certain ferrites and metal oxide nanomaterials can results
in structural instability and sample hardness, and therefore, the cell materials lose
their porosity and the surface reactivity [91].

The main characteristics features of HEC materials can be probed by using X-
ray diffraction (XRD), Raman spectroscopy (RS), Fourier-transform infrared spec-
troscopy (FTIR), high-resolution transmission electron microscopy (HRTEM) and
secondary electron microscopy (SEM) for analyzing their structural, morpholog-
ical, chemical and surface properties in order to optimize the cell performance.
The control of microstructure properties (particles shape, size, distribution, surface
roughness, etc.,) is the key consideration in order to maximize the dissociation of
water molecules in the HECs. Energy-dispersive X-ray spectroscopy (EDX) and
X-ray photoelectron spectroscopy (XPS) are very useful to confirm the presence
of elements and analyze the surface properties and composition of the cell mate-
rial. Brunauer–Emmett–Teller (BET) surface analyzer is useful to get information
about pore size distribution and specific surface area, which provides an idea about
the physical adsorption of water on HEC surface. Nitrogen adsorption–desorption
isotherms can be recordedwith high-purity nitrogen gas as adsorbate at 77K by using
an instrument like Micromeritics Gemini VII surface area and porosity system. The
specific surface area can be estimated by the five-point or multiple-point Brunauer–
Emmett–Teller (BET) method, and the pore size distribution can be derived from the
desorption branch of the isotherms by using the method of Barrett–Joyner–Halenda
(BJH) analysis [83]. The porosity (p) of the HEC pellets made of cubic spinel ferrite
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sample can be calculated from the relation p = 1− dexp/dth, where dexp is known as
the experimental density (dexp = mass/volume) and dth is known as the theoretical
density (dth = 8M/a3NA) for a spinel ferrite [60, 92].Here,M is themolecularweight,
a is the lattice constant and NAis the Avogadro’s constant. The specific surface area
(As) can be calculated by using the equation (As = s/Vdexp), where s andV are particle
surface area and volume, respectively. The HEC performance can be measured by
fabricating Zn anode electrode and an interdigitated silver paste-based cathode elec-
trode at two opposite faces of the pellet/disks [60]. The impedance and electrical
measurements can be performed by using different digital meters such as LCRmeter
LCR-8110G, Keithley 2400 and 2450 source meters and model DMM4050 made by
Tektronix. TheNyquist plots byusing electrochemical impedance spectroscopy (EIS)
can provide the useful information about ionic conduction in theHEC device because
it comprises of equivalent electrical circuits that consist of resistance, capacitance
and inductance. The ionic diffusion in the HECs can be explained by the presence
of distinct semicircle bands in different frequency ranges from 20 Hz to 120 MHz of
Nyquist plots in wet and dry conditions at a minimum voltage (~10 mV) [60]. The
important parameter to analyze the HEC performance is to examine the different loss
regions in the cell by using voltage–current (V–I) polarization curve. The V–I polar-
ization curve of HEC has been measured by using Keithley 2430 1 kW pulse source
meter [60]. It gives useful information about the voltage loss due to potential barrier
formation at electrode (or activation polarization loss), voltage loss due to resistance
by charge transport (known as ohmic polarization loss) and voltage loss due to mass
transport (also known as concentration polarization loss) in electrochemical reaction
at the electrode surface. The V–I polarization curve can be directly fitted to empirical
Eq. (8) to understand the contribution of losses in different regions for the amount
of current flowing through the pellet [71]. Total output voltage (V out) in HEC can be
expressed by using Eq. (8);

Vout = Eoc − B ln

(
I

I0

)
− I R − m

(
ln

(
1 − I

Il

))
. . . eqn (8)

where activation polarization loss,

Vact = B ln

(
I

I0

)
. . . eqn (9)

and ohmic polarization loss,

Vohm = I R . . . eqn (10s)

and concentration polarization loss,

Vconc = m

(
ln

(
1 − I

Il

))
. . . eqn (11)
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Here, Eoc is the open-cell voltage of HEC; B is the Tafel slope; Io is exchange
current; R is the ohmic resistance;m is a fitting constant and I l is the limiting current
in the cell [71]. Tafel equation (9) is useful to estimate the rate of electrochemical
reaction of anode and cathode (Ag/Zn) with dissociated ions in HEC. In the inter-
mediate current regions, the resistive losses are prominent, whereas in high-output
current regions, the concentration losses are dominant on both electrodes. In order
to evaluate the efficiency of a HEC, the voltage–current (V–I) characteristic curve
is plotted for the flow of current across its electrodes for an externally applied or
internally generated voltage through the device [57, 60]. The calculation of fill factor
(FHEC) could be important for an assessment of the performance of HEC as a better
performance can be indexed with the higher fill factor. The fill factor is defined as
the ratio of the maximum useful power to the ideal power of the HEC [57, 60],

Fill Factor (FHEC) = Pmax

Voc × Isc
= Vm × Im

Voc × Isc
. . . eqn (12)

here the maximum useful power is,

(Pmax) = Vm × Im . . . eqn (13)

and the maximum theoretical ideal power is,

(Ptheory) = Voc × Isc . . . eqn (14)

where Vm and Im are maximum voltage and maximum current, respectively, at the
maximum useful power. V oc is the maximum open-circuit emf voltage generated by
the cell under the condition if there is no current flowing through the device. Isc is
defined as the short-circuit current at zero resistance in the circuit [57, 60]. If there is
zero resistance, then the current flowing through the cell would bemaximized and the
voltage will drop to zero. The number of unpaired electrons that are responsible for
the dissociation of water molecules in the HEC can be calculated by using electron
spin resonance (ESR). Mott Schottky (MS) plot gives an idea about carrier density
in HEC [71]. Electron density can be calculated from MS plot by using the slope in
quasilinear region with following Eq. (15) [71]:

Nd
(
in cm−3

) = 2

eεεo
d
(

1
C2

)

d(V )

. . . eqn (15)

Here, Nd is the donor density, e is the electron charge, ε denotes the dielectric
constant of HEC pellet (for hematite 80), εo is the permittivity of vacuum and V is
the applied potential at electrode surface. A positive MS slope would mean an n-type
semiconductor-based HEC with electrons as the majority charge carriers [71].
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4 Overview of Different Materials for Hydroelectric Cell

The different materials for HECs that have been studied so far are CuO, NiO, CeO2,
TiO2, MgO, SnO2, ZnO, Cr2O3, Fe3O4, Fe2O3, Sc2O3, MgFe2O4, SiO2, V2O5,
LiFe2O4, Co3O4, Mn3O4, Al2-xMgxO3 (where x = 0–0.5) etc. [46, 47, 50–53, 56,
57, 60, 70, 93]. It is well known that most of these oxides are porous ceramic mate-
rials in nature and have been widely studied for humidity sensing and gas sensing
applications of different gases because of their low cost, easy fabrication, moderate
sensitivity and simple measurements techniques [72, 94–107]. The most common
feature behind these sensing properties is the chemisorption properties of water
and gas molecules at room temperature with high sensitivity on the porous surface
microstructure of these metal oxides due to the presence of high concentration of
unsaturated surface charge species [60]. The development of HEC based on different
metal oxide semiconductors also relies on a similar mechanism for the absorption of
water molecules on the surface and in the bulk of the porous ferrite or metal oxide
nanomaterials.

Titanium dioxide (TiO2) is a popularly known porous wide band gap metal oxide
semiconductor material with 3.2 eV band gap of anatase phase and 3.0 eV of most
stable rutile phase [108–110]. It has been widely studied due to its water-splitting
nature and high photocatalytic activity under direct sunlight radiation [111–116]. The
photocatalytic activity can take place by exciting the electron of titanium dioxide
in UV region which generates the electron–hole pairs that are useful to split the
water molecules. Unfortunately, the large rapid recombination of electron and hole
at the scale of 10 ns makes the process inefficient [12, 117]. Recently, Shukla et al.
exploited the concept of water splitting and prepared a TiO2-basedHEC cell by solid-
state reaction method. The effect of different dopants on the cell performance was
measured after the substitution of Li,Mg and Fe doping in the TiO2 [55]. The dopants
were taken in a molar ratio of 0.1:0.9 with respect to TiO2. The HEC performance
was recorded by fabricating the zinc and silver electrode on two opposite faces of a
square shaped-pellet. The addition of water on the cell surface quickly dissociates
it into H+ ions and OH− ions without using any external source. This leads to the
movement of ions toward silver and zinc electrodes where it forms zinc hydroxide
and hydrogen, respectively. This redox reaction between two electrodes makes the
cell functional by developing a potential that allows the flowing of the current in an
external circuit. The results showed that the Li and Mg doping increased the cell
current in TiO2, whereas the Fe doping has drastically reduced the cell current. The
maximum short-circuit current of 6 mA was recorded for Mg-doped TiO2 with an
open-cell voltage of 0.925 V. The enhanced cell performance was attributed to the
increased porosity, increased oxygen vacancies and improved specific surface area
of the TiO2 nanostructures, which help in the splitting of more water molecules at
the TiO2 surface [55].

SnO2 is a well-known wide band gap semiconductor with a tetragonal rutile
phase (P42/mnm space group), which has high chemical and thermal stability and
widely studied for transparent conducting oxides (TCO) due to its transparency in the
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visible region, dilutemagnetic semiconducting (DMS) properties, water purification,
photocatalytic properties and solar cell applications [60, 118–122]. There are four
oxygen ions (O2−) and two tin (Sn4+) ions in a unit cell. The Sn ions occupy the
octahedral position surrounded by six oxygen ions in the corners. The oxygen ions
are surrounded by three tin ions sitting at the corners of three equilateral triangles [57,
60, 123–127]. Recently, SnO2 has received huge attention among other metal oxide
semiconductors for HEC applications due to its high defect density, porous nature,
low bulk resistance and water dissociation properties [25, 47, 57]. Gaur et al. have
used sol–gelmethod to prepare nanoporous SnO2 materials forHECapplication [57].
In order to improve the HEC conversion efficiency, SnO2 nanomaterials were doped
with magnesium and cobalt ions. The interstitial substitution of Mg and Co doping
in SnO2 nanomaterials was confirmed by XRD. The average particles sizes of 16 and
12 nm were calculated by using TEM images for Co- and Mg-doped SnO2 samples,
respectively. These were in good agreement with the crystalline size calculated from
Debye Scherrer formula by using XRD pattern. The square pellets of an area of
4.08 cm2 were prepared for HEC device applications and the pellets are shown in
Fig. 2a–b. The zinc and silver electrodes were fabricated on two opposite faces of
the HEC device. Figure 2c shows the maximum current flowing through theMg- and
Co-doped SnO2-based HEC devices. The basic mechanism for water dissociation
at doped SnO2 surface remains the same as discussed in the previous section. It is
primarily governed by the chemisorption of OH− ions to the Sn cations and to the
trapped sites created by the oxygen vacancies which act as the unsaturated/dangling
bond. A maximum short-circuit current of 77.52 mA was observed for Co-doped
SnO2-based HEC device with an open-circuit voltage of 0.454 V and off-load output
power of 35.19 mW. In the case of Mg-doped SnO2-based HEC device, the short-
circuit current was 41.69 mA with an open-circuit voltage of 0.787 V and off-load
output power of 32.81 mW. Figure 3a–d shows the BET plot, V–I polarization,
cyclic voltammetry (CV) graph and Nyquist curve, respectively, for the Co-doped
SnO2-based HEC device. The surface area was calculated by using BET curves,
whose values are 46.22 and 46.81 m2/g for Mg- and Co-doped SnO2 nanomaterials,
respectively, with an average pore radius of ∼3 nm. The EIS was used to study the
charge transfer mechanism in Mg- and Co-doped SnO2 nanomaterials. The Nyquist
curves confirmed the ionic diffusion of H3O+ and OH− ions in the wet pellets in
comparison to their dry state (Fig. 3d). The resistance was suddenly dropped in wet
pellets from∼106 � to ~26� and ~54�, respectively, for Co- andMg-doped SnO2-
based HECs after soaking in distilled water. CV was used to understand the nature
of electrochemical reactions taking place at the surface of two different electrodes.
The peaks for anodic potential and cathodic potential were observed at 0.254 V and
0.139 V, respectively, for Co-doped SnO2-based HEC device. The redox reactions
were confirmed by the presence of these cathodic and anodic peaks in CV plot
(Fig. 3c). The V–I polarization curve (Fig. 3b) was plotted to understand the cell
voltage in terms of operating current in HEC. The V–I polarization curve is mainly
categorized into four types of control segments. The main segments are attributed
to the internal loss, activation loss at low current density, ohmic losses and the
concentration loss in the high current density regions. TheCo-doped SnO2 has shown
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Fig. 2 HEC device fabrication for a Co-doped SnO2 nanomaterials, and bMg-doped SnO2 nano-
materials and c current versus time (I–t) response of Mg and Co-doped SnO2 nanomaterials. Open
access journal; Reproduced under copyright 2020, ACS Omega [57]

promising behavior than other non-ferrite source of materials for HEC application
as an alternate of green energy [57].

In an interesting work, Solanki et al. have presented the dissociation of water
molecules in a SnO2-based hydroelectric cell by using a thin aluminum foil of 11μm
thickness as an anode and silver paste as a cathode [25]. The cell has generated a
high potential difference of ~1000 ± 20 mV between the electrodes at room temper-
ature by using 50 ml of DI water [25]. The cell has high stability of more than
3500 h. In this case, the OH− ions released the electron after reaction with the Al
electrode instead of the Zn electrode. The most impressive job that this HEC device
can do is generation of the electricity by using the moisture from the atmosphere
with the help of a moisture-absorbing layer of chlorinated porous CuO with a size of
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Fig. 3 Different graphs of HEC device for Co-doped SnO2 nanomaterials a BET plot, b V–I polar-
ization curve, c cyclic voltammetry graph and d Nyquist curve. Open access journal; Reproduced
under copyright 2020, ACS Omega [57]

6–8 nm. BET was used to confirm the porosity of the CuO, which has a specific BET
surface area of 6.95 m2/g and an average pore size of 6.6 nm. The composite mate-
rial of porous SnO2 for the HEC device was prepared by a green route hydrothermal
method that involves elemental de-alloying by thermal-assisted sequential removal
of highly mobile elements at high sintering temperatures [25]. The generation of the
hydroxyl radical for splitting the water molecules was confirmed by the UV–visible
absorbance and PL spectra of terephthalic acid (TA) degradation at the different time
intervals. The formation of Al(OH)3 at anode during the process of water splitting
was also confirmed by the XRD pattern recorded for the deposited residual that was
present over the Al electrode [25]. The various metal oxides of SnO2, Al2O3, ZnO,
TiO2, MgO, and SiO2-based HEC were developed by Kotnala et al. by solid-state
reaction method followed by their sintering in different ranges of temperatures in
two stages in order to obtain a nanoporous structure [47]. The cell performance was
compared and a maximum power of ~16.6 mW was observed for a SnO2-based
HEC with a highest current of 22.2 mA generated by a pellet of an area 4.48 cm2

[47]. The observed current was much higher than the magnesium ferrite-based HEC
developed by their group. The BET analysis confirmed the distribution of nanopores
within the size ranging from 3 to 6 nm in all the samples. The minimum porosity
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of 6.22% was observed in SnO2, whereas a maximum porosity of 38.4% for TiO2

was calculated by Archimedes principle. The calculated values of power densities
are: 6.4 mW for Al2O3, 4.5 mW for ZnO, 2.07 mW for TiO2, 1.41 mW for MgO,
and 1.05 mW for SiO2. The observed values of current densities are ~0.79 μA/cm2

in SnO2, 0.62 μA/cm2 in Al2O3, 0.587 μA/cm2 in ZnO, 0.168 μA/cm2 in TiO2,
0.142μA/cm2 inMgO and 0.119μA/cm2 in SiO2, respectively. Similarly, the poten-
tial difference between the electrodes was measured, whose values are 0.75 V for
SnO2, 0.93 V for Al2O3, 0.90 V for TiO2 and ZnO, 0.94 V for MgO, and 0.96 V
for SiO2, respectively [47]. Figure 4 shows the different morphology of some metal
oxides, and Fig. 5 shows the V–I polarization curves at room temperature whereas
Fig. 6 displays the complex impedance plots of dry metal oxide-based HECs. The
insets in Fig. 6 show the curve fitting of wet HECs for the complex impedance spectra
of metal oxides.

The defects concentration has been found to play a key role inwater dissociation in
HEC.Gupta et al. have recently shown that increasing theMgdoping concentration in
the host lattice of alumina (Al2O3)-basedHEChas significantly increased the number
of defects density in nanoporous Al2−xMgxO3 (x = 0–0.5) from ~1.45 × 1015 cm−3

(for x = 0.1) to 5.4 × 1016 cm−3 (for x = 0.5) [46]. The polycrystalline Mg-doped
alumina-based HECs were fabricated by a solid-state reaction method followed by
low-temperature thermal treatments. The pellets for HECs were prepared into a
dimension of 2 cm × 2 cm with a thickness of 0.1 mm and then finally annealed
at 850 °C for 2 h. The HECs performance was recorded after fabricating the Zn
and Ag electrodes at two opposite faces. The bare Al2O3 (for x = 0)-based HEC
has a current density of 1.12 mA/cm2, which was remarkably increased after Mg

Fig. 4 SEM images of different metal oxide samples fabricated for HEC application a SnO2,
b Al2O3, c ZnO, d TiO2, e MgO and f SiO2, respectively. Reprinted (adapted) with permission
from Ref. [47]. Copyright © (2018) American Chemical Society
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Fig. 5 Voltage–current (V–I) polarization curves with different polarization regions of various
metal oxide samples fabricated for HEC application a SnO2, b Al2O3, c ZnO, d TiO2, e MgO,
and f SiO2, respectively. Reprinted (adapted) with permission from Ref. [47]. Copyright © (2018)
American Chemical Society

Fig. 6 Complex impedance plots of different dry metal oxide samples fabricated for HEC appli-
cation a SnO2, b Al2O3, c ZnO, d TiO2, eMgO and f SiO2, respectively. Reprinted (adapted) with
permission from Ref. [47]. Copyright © (2018) American Chemical Society

doping with increasing the defects concentration from 1.75 mA/cm2 (for x = 0.1) to
3.75 mA/cm2 (for x = 0.5).

Themaximum current of 15mAwas achieved for the highest concentration ofMg
substitution (x = 0.5) with a maximum output power of 13.5 mW, which was higher
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than the output power (4.95 mW) of bare alumina-based HEC [46]. The Nyquist
spectra confirmed the ion–solid interaction in HEC during the process of charge
transportation. A small contribution from polaron-mediated ionic charge transporta-
tion was observed in the nanoporousMg-doped alumina-based HECs, which reduces
the internal resistance and increases the ionic conduction of the HEC [46].

5 Ferrites-Based Hydroelectric Cell and Its Applications

Iron oxide nanoparticles and ferrites nanomaterials are widely used to modulate
magnetic and electric properties and have applications in spintronics, biomedical
science, magnetic field sensors, LPG sensors, gas sensors, hydroelectric cell and
humidity sensors [62, 98, 99, 128–137]. In spite of having interesting magnetic prop-
erties, the ferrites nanomaterials show special characteristics such as their oxygen
vacancy and porous nature, which make them suitable for humidity, gas sensing and
hydroelectric cell applications wherein their magnetic properties are not utilized [47,
89]. The main idea of the generation of electricity by using the concept of hydroelec-
tric cell was originated from the moisture/water absorption properties of the porous
magnesium ferrite nanostructures, which make it a strategic material for humidity
sensor applications [70, 138, 139]. The presence of oxygen vacancies and unsaturated
surface cations/dangling bonds at the porous surface improves the surface reactivity
of the ferrite samples. Before exploiting the magnesium ferrite for HEC application,
it has displayed the utility for the humidity and gas sensor applications [64, 86, 140,
141]. For these applications, the porosity in ferrite nanomaterials is most important
which can be controlled by doping andmetallic particle incorporation or by preparing
composite nanostructures and controlling the process and synthesis conditions. The
change in pore size distribution can increase the resistance to the order of gega ohm
in ferrite nanomaterials. The HEC performance can be largely affected by surface
morphology and surface modifications, dopants, and adding catalyst.

The HECs based on ferrite materials have received significant attention due to
their promising alternate for green and eco-friendly behavior for energy harvesting.
The first practical HEC developed by Kotnala et al. was based on Li-substituted
magnesium ferrite synthesized by a simple solid-state reaction method [70]. The
powder of the precursor materials were firstly mixed and grounded for about 2 h
in a pestle mortar and then heat-treated in ambient conditions at 850 °C for 10 h.
The low temperature for synthesis is necessary in order to generate the nanopores in
the microstructure of ferrite-based HEC. The thermally treated powder was grinded
again for 30 min and then pressed into a pellet of volume 2.2 × 2.2 × 0.1 cm3 and
a disk of 4.6 cm diameter with 0.1 cm of thickness [70]. These prepared pellets and
circular disks were annealed to solidify at 1050 °C for 6 h in the presence of air
atmosphere. Now, a 0.3 mm thick plate of the Zn electrode as anode was attached
to one face of the pellet surface, whereas the other opposite face of the pellet was
coated with a comb electrode of silver with thickness of 0.1 μm to act as a cathode.
The circular disk was made bigger in size than the rectangular. The HEC pellets with
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three different dimensions with effective areas of 1.1, 4.8 and 17 cm2 were prepared
to study the scalability of the cell for large-scale applications. The electrostatic force
microscopy ofBrukerMultimodeAFMwas used to confirm the generation of charges
at the ferrite surface. XRD, SAED, SEM and TEM were used to confirm the desired
structural properties and to analyze the particle shape and size. TheBETmeasurement
of pellet was performed by using Quanta Chrome instrument (NOVA 2000e USA)
to analyze the porosity in terms of pore size distribution and specific surface area
from the nitrogen physisorption graph. Keithley 2430 1 kW pulse source meter was
mainly used to record the cell performance by measuring the current versus voltage
measurements of the HEC pellet. TheWayne-Kerr Impedance Analyzer 6500B (UK)
was used to record the data of Nyquist plot of the HEC to confirm the ionic diffusion
in the cell in a dry and wet state by applying an AC voltage of 10 mV in a range from
20 Hz to 120 MHz [70]. In dry condition, the HEC pellet showed a high reactance of
108 �, which was drastically reduced to approximately 100� after partially dipping
in DI water with resistance of 16 M�. As the HEC was dipped in DI water, the
dangling bonds of unsaturated cations and oxygen vacancies at the surface facilitate
the separation of H3O+ and OH− ions at room temperature. As a result, some of these
H3O+ ions are trapped into the nanopores which generate an electric field of the order
2.16× 104 V/cm, which is high enough for further dissociation of physisorbed water
molecules. During the process of ionic conduction, the oxidation at Zn electrode
takes place by hydroxide ion that converts the Zn metal partially into Zn(OH)2, and
a reduction reaction takes place at Ag electrode by H3O+/H+ which produces a clean
and green H2 gas through the cell. This is a continuous process that develops voltage
and current in cell, and the flow of the ionic current increases with increase in the
physidissociation of the water molecules in the HEC. The HEC exhibited a short-
circuit current of 82 mA and a maximum emf of ~0.920 mVwith a maximum output
power of 74mW for a cell with an area of 17 cm2. It was confirmed that the electrodes
played a negligible role for the ionic conduction of DI water as compared to the pellet
in HEC. The cost of preparation of the HEC is low and the performance displayed
by Li-substituted magnesium ferrite was repetitive, eco-friendly and stable over a
long time [70]. Up to date, the Li-doped magnesium ferrite-based HEC can deliver
a maximum voltage of 0.98 V with a current of about 17 mA/cm2 which is highly
comparable to solar cell output power and other portable energy sources which do
not use any electrolyte/acid/alkali except water [47, 58, 60, 70].

An optimized composition of lithium-substituted magnesium ferrite
(Mg0.8Li0.2Fe2O4) pellet-based HEC has been typically used for the produc-
tion of the hydrogen gas [34]. The generation of the H2 gas in ferrites by using
HEC is a non-photocatalytic technique, and it can be performed anywhere in dark
or light, which does not require any separator, electrolyte, membrane, and catalyst.
The continuous production of the H2 gas through HEC just requires DI water and
external source of DC voltage. The typical laboratory setup for the production of
hydrogen gas from Mg0.8Li0.2Fe2O4 pellet-based HEC is shown in Fig. 7 [34]. The
collection of hydrogen gas was done through a gas outlet in a sealed system, where
the HEC was partially dipped into the DI water. The produced H2 gas was collected
via a silicon tube in an upside-down measuring cylinder tube that is filled with DI
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Fig. 7 The typical laboratory setup for the production of hydrogen gas from Mg0.8Li0.2Fe2O4
pellet-based HEC. Reproduced with permission from Ref. [34]. Copyright 2017, Elsevier B. V

water. The anode and the cathode of the HEC were connected to voltage source
through conducting wires. The gas production was recorded for different voltages
by using separate pellets in the range from 1 to 4 V and the production of H2 gas
increases with an increasing external applied voltage. A large quantity of H2 gas
was produced that was increased from 1.426 mmol/h to 1.856 mmol/h for increasing
an applied voltage from 1 to 4 V, respectively. The results are comparable to other
techniques of producing H2 gas [34]. The XRD, surface morphology along with
nitrogen adsorption and desorption curve of Mg0.8Li0.2Fe2O4 pellet is shown in
Fig. 8a–d [34]. The N2 adsorption–desorption isotherm showed an average nanopore
size distribution of 3.8 nm. The TEM image displayed that the majority of the
particles have rectangular shape with rounded corners, whose size is in the range
of 50–200 nm, which are consistent to those observed in SEM images. Figure 9a, b
shows the gas chromatography (GC) test for the collected H2 gas from the HEC in
comparison to the reference H2 gas diluted with air [34]. The GC analysis confirms
the gas produced by HEC is a high-purity hydrogen gas with a retention time of
0.938 min, whose position was similar to that observed for a reference hydrogen
peak with a retention time of 0.919 min. Another intense peak observed in GC graph
with a retention time of 1.132 min is due to ambient air including nitrogen. The
details of GC measurements can be found elsewhere [34].

In fact, Shah et al. also reported the green route synthesis of zinc oxide (ZnO)
nanoparticles by using the same composition of a nanoporous Li-doped magnesium
ferrite (Mg0.8Li0.2Fe2O4)-based hydroelectric cell [48]. When the water molecules
were dipped into the HEC, the porous Li-doped magnesium ferrite pellet splits
the water molecules into hydronium and hydroxide ions. The hydroxide ions were
collected at the zinc electrode, where it forms the zinc hydroxide and the hydronium
ions react at the silver electrode to form the H2 gas as discussed above. After the
experiment, the residual of zinc hydroxide was collected from the Zn anode, which
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Fig. 8 Different characterizations of Mg0.8Li0.2Fe2O4 pellet-based HEC a XRD, b SEM image of
porous surface, c TEM image and inset shows the d-spacing for (511) plane and d N2 adsorption–
desorption isotherm curve with an inset for pore size distribution. Reproduced with permission from
Ref. [34]. Copyright 2017, Elsevier B. V

Fig. 9 Gas chromatography test a reference H2 gas diluted with air and b collected H2 gas
from Mg0.8Li0.2Fe2O4-based HEC. Reproduced with permission from Ref. [34]. Copyright 2017,
Elsevier B. V
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was subsequently thermally treated at 250 °C for the formation of ZnO nanoparticles
[48]. The structural, morphological, and optical properties of the ZnO nanoparticles
were confirmed and thoroughly analyzed by using XRD, Raman spectroscopy, high-
resolution transmission electron microscopy (HRTEM), UV–Vis spectroscopy, and
PL spectroscopy [48].

Jain and Shah et al. demonstrated that the magnetite (Fe3O4), maghemite
(γ -Fe2O3) and hematite (α-Fe2O3) nanoparticles synthesized by a chemical co-
precipitation method can produce plenty of oxygen deficiency and work in a similar
fashion as Li-doped magnesium ferrite for HEC application [51, 71, 93]. In these
samples, the Fe cations, oxygen vacancies, and trapped charges inside the pores
promote the dissociation of water molecules. A typical magnetite-based HEC with a
cathode of silver comb electrode and an anode of zinc electrode is shown in Fig. 10a
[93]. The V–I polarization curve and power produced by the magnetite-based HEC
after dipping in DI water are shown in Fig. 10b. Nyquist plot of magnetite for dry and
wet conditions shown in Fig. 10c, d has confirmed the ionic diffusion of dissociated
water molecules in magnetite-based HEC by the presence of a diffusion tail in wet
conditions [93]. The HEC resistance was drastically reduced to ~80 � from ~105 �

Fig. 10 Magnetite-basedHEC; a fabrication of cell,bV–I polarization curve after absorbingwater,
c Nyquist plot in dry condition and d in wet condition. Reprinted (adapted) with permission from
Ref. [93]. Copyright © (2018) American Chemical Society
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after placing the cell into DI water. The hopping of Fe2+/Fe3+ ions in the magnetite
was found to be responsible to reduce the contribution from ohmic loss that resulted
in a net increase in the cell current. HEC based on magnetite with an area of 4.8 cm2

generates an emf of 0.77 V and a maximum current of 50 mA with a maximum
output power of 38.5 mW. However, the peak power calculated by using the V–I
polarization graph is 6.4 mW [93]. On the other hand, a hematite (α-Fe2O3)-based
HEC can produce a current of 30 mA with an emf of 0.92 V by consuming approx-
imately 500 μL of DI water [71]. HEC based on hematite with an area of 4.84 cm2

has produced a maximum off-load output power of 27.6 mW which is apparently
~3.5 times higher than that reported of 7.84mW for Li-substitutedmagnesium ferrite
[70, 71]. The formation of Zn(OH)2 at the zinc anode during the redox reaction in
magnetite-based HEC was confirmed by XRD and the evolution of the H2 gas at the
Ag electrodewas detected by using anMQ-8H2 gas sensor. The continuous operation
of the cell resulted in deposition of an orange-brownish color of material over black
magnetite surface which was identified as α-FeOOH (goethite) by Raman spectra
as a result of oxidation of Fe2+ ions (Eq. 16) [93]. Moreover, the electrochemical
reactions occurring on the magnetite surface were confirmed by cyclic voltammetry.

Fe3O4 + 4OH− → 3FeOOH + 2H2O + e− (16)

The ionic states of iron and oxygen vacancies inmagnetitewere rigorously studied
by using X-ray photoelectron spectroscopy, which revealed a partial oxidation of
Fe3O4 to γ -Fe2O3 that might have occurred during the synthesis. The presence of
unsaturated/dangling bonds in Fe3O4 due to the existence of unpaired electrons with
a high spin density of 8.37 × 1024 spins/g was confirmed by electron spin resonance
(ESR) spectrum. This represents that a large number of active sites are available in
magnetite-based HEC surfaces for the dissociation of water molecules.

The mesoporous nature of the magnetite was confirmed from field emission scan-
ning electron microscopy images (FESEM), atomic force microscopy (AFM) topog-
raphy, andN2 adsorption–desorption isotherm curve fromBETmeasurements. These
images and graphs are shown in Fig. 11a–d. The FESEM images confirm the grain
size distribution in the range of 9–20 nm, with an average of 11 nm. The average
pore size calculated from SEM is about 10.0 nm, which corroborates well with AFM
observation. The mesopores observed in the images have a size of less than 50 nm.
Some distribution of macropores was also observed over the surface with a size
greater than 50 nm. The specific surface area of 89.78 m2/g and an average pore
diameter of 9.8 nm were estimated by using BET for magnetite-based HEC [93].
In the case of hematite-based HEC, an average grain size of 18.8 nm was calcu-
lated by using SEM/TEM with a distribution in the range from 11 to 27 nm [71].
The specific surface area of hematite 72.2 m2/g was estimated from N2 desorption
isotherm curve from multipoint BET measurements. The Barrett-Joyner-Halenda
(BJH) method was used to record the pore size distribution curve of hematite, which
resulted in an average pore size of 16.8 nm [71].

In a similar study, Gaur et al. have also synthesized the pure Fe3O4 and porous
Li-doped Fe3O4 (Li0.4Fe2.6O4) by chemical co-precipitation method [53]. The BET
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Fig. 11 a porous morphology of magnetite at 200 nm scale by FESEM; the inset shows the EDX
spectrum, b high resolution FESEM image for pore and particle size distribution, cAFM 2D topog-
raphy of magnetite shows the pore size ranging from 2 to 18 nm and d N2 adsorption–desorption
isotherm curves with an inset for pore size distribution. Reprinted (adapted) with permission from
Ref. [93]. Copyright © (2018) American Chemical Society

measurements of Li-doped Fe3O4 showed a specific surface area of 45 m2/g with
an average pore radius of ~4 nm. HEC based on Li-doped Fe3O4 with an area of
4.08 cm2 has generated a current of 44.91 mA, open-circuit voltage of 0.68 V, and
a maximum of off-load output power of 30.80 mW, whereas the pure Fe3O4-based
HEC has shown an output power of 3.31 mW [53]. However, the on-load peak
power estimated by using V–I polarization curve for Fe3O4 is 0.917 mW, whereas
for Li-doped Fe3O4 is 5.39 mW [53]. The CV measurement was used to confirm the
enhanced redox reactions at cathode and anode. Nyquist curve was plotted for both
pure and Li-doped Fe3O4-based HEC to confirm the ionic diffusion in the cells. In
the case of Fe3O4-based HEC, the resistance jump from 103 � (dry condition) to
2000 � after spraying the DI water over the surface. On the other hand, Li-doped
Fe3O4-based HEC exhibited a drastic drop from 103 � (dry condition) to 71� under
identical conditions [53].

In a latest report, maghemite (γ -Fe2O3) nanoparticles were synthesized by co-
precipitation method by Shah et al. for HEC application [51]. The magnetite powder
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was annealed at 300 °C for 2 h to obtainmaghemite powder,whichwas then grounded
and pressed into a pellet of dimension 2.48× 2.48× 0.1 cm3 followed by subsequent
thermal annealing at 350 °C for 2 h. During the synthesis process, the vacancies of
oxygen (VO) and iron (VFe) were developed in maghemite nanoparticles which were
analyzed by using XPS, PL, and Raman spectroscopy. The XPS, PL, and HRTEM
images of the sample are displayed in Fig. 12a–d. The TEM showed oval-shaped
nanograins with an average size of 13.1 nm and a distribution ranging between 9 and
17 nm. XPS study suggests that the VFe sites are preferable sites for water adsorp-
tion. A low concentration of iron in Fe2+ ionic state was also observed, which was
attributed to the reduction of few Fe3+ ions in the inert atmosphere and believed to be
responsible for decreasing the concentration of cation vacancy (VFe) in maghemite-
based HEC. The study revealed that the association of water molecules with VFe

sites in maghemite hinders the dissociation of OH− and H+ ions, which lower the
performance of maghemite HEC in comparison to magnetite HEC. The presence of
oxygen and iron vacancies is also evidenced by the presence of different emission
peaks in PL spectroscopy. The dielectric measurements were conducted to under-
stand the mechanism of ionic transport in the cell. The maghemite cell of 4.84 cm2

area has generated a maximum current of 19 mA, an emf of 0.85 V with a maximum

Fig. 12 a Deconvolution of Fe 2p XPS spectra of maghemite, bHRTEM image showing the (311)
lattice and defects regions of maghemite, c PL spectra of maghemite and d deconvolution of O
1s XPS spectra of maghemite for identification of oxygen vacancies. Reproduced with permission
from Ref. [51]. Copyright 2021, Elsevier B. V



Ferrites as an Alternative Source of Renewable Energy … 423

output power of 16.15 mW by using 200 μL water, which is 0.58 and 0.42 times
lower than magnetite- and hematite-based HECs, respectively, as discussed above
[51]. The study revealed that the prominence of hydrophobic VFe sites, low concen-
tration of oxygen vacancies and a large average pore size of ~10.8 nm are the key
factors for lower performance of maghemite-based HEC as compared to other iron
oxide-based HECs [51]. The BET measurement showed a high surface-to-volume
ratio of maghemite pellet with a specific surface area of 90.37 m2/g and a maximum
pore size of 120 nm. The reactance of the maghemite was remarkably dropped from
10 M� to K�s from its dry state to wet state. The EIS measurements and V–I
polarization graphs of maghemite-based HEC are shown in Fig. 13a–d.

The electrical conductivity has increased mainly due to the ionic conduction after
dissociation of water molecules by unsaturated surface ions and defect species. The

Fig. 13 aNyquist plot of wet maghemite HEC and its fitting with an equivalent circuit shown in the
inset, bMott Schottky plot of maghemite pellet as working electrode in 0.1M KOH solution, c V–I
polarization curve of maghemite-based HEC and black line is the fitted curve and d Tafel plots
of magnetite and maghemite-based HEC. Reproduced with permission from Ref. [51]. Copyright
2021, Elsevier B. V



424 M. C. Mathpal et al.

Nyquist plot shown inFig. 13awas fitted to an equivalent electronic circuit diagramas
shown in the inset to understand the mechanism of charge transfer. The circuit shown
in the inset is a parallel RC circuit, which has a contribution from the bulk region
(R1||C1), charge transfer through the grain boundaries of the crystallite (R2||C2),
and an electrode interface region at low frequencies ((Rin + W )||Cin) due to their
differing relaxation time constants [51]. Mott-Schottky analysis (Fig. 13b) was used
to calculate the electron density ofmaghemite asworking electrode, and its value 1.23
× 1018/cm3 is lower than the other phase of iron oxide (magnetite ~1.17× 1019/cm3,
and hematite ~4.86 × 1019/cm3, respectively) [51]. The fitting of V–I polarization
graph (Fig. 13c) of maghemite-based HEC in the presence of different loads has
confirmed the three operating current regions that correspond to the activation losses
(AB region), ohmic losses (BC region), and concentration polarization losses (CD
region). The slope in the Tafel plot (Fig. 13d) helps in understanding the initial
voltage drop due to weak electrochemical kinetics in spinel ferrite-based HECs.
Tafel graph suggests that activation of over-voltage-related electrochemical kinetics
in magnetite and maghemite HEC is dominated by anode activity, and the higher
slope in magnetite is because of high activation over-voltage drop [51].

In an attempt to improve the porosity and oxygen defects in HEC, a composite
material of a multiferroic compound BaTiO3 (BTO) and cubic CoFe2O4 (CFO) was
prepared at low temperatures by Shah et al. to increase the dissociation of water
molecules [52]. The different concentrations (x) of the BTO to CFO were chosen
in a ratio of (1−x) BTO: xCFO [where x = 0.0 (BTO), 1.0 (CFO), 0.85 (BTO85),
0.75 (BTO75), 0.65 (BTO65), and 0.55 (BTO55)]. The XRD and HRTEM results
confirmed that BTO–CFO composite nanocomposite has a compressive lattice strain
due to a lattice strain in BTO as a result of lattice mismatch between two phases.

The surface morphology of the nanocomposite was found to be varying with the
ratio of the composition. PL spectroscopy was used to assess the information about
defect states. The porosity (p) of the pellets of nanocomposite was estimated by
Archimedes principle, whose values are 2.3%, 7.8%, 10.8%, 7.15%, 6.18%, and
5.54% for BTO, CFO, BTO85, BTO75, BTO65, and BTO55, respectively. FESEM
images showed a porous microstructure with a grain size distribution in the range
of 66–300 nm. A typical laboratory setup for measuring the HEC performance of
BTO: CFO nanocomposites is shown in Fig. 14a, and the V–I polarization graphs
are shown in Fig. 14b [52]. Figure 14c, d shows the Nyquist plot and it is fitting
in dry and wet conditions for complex impedance of BTO85- and BTO75-based
HECs [52]. The current generated by BTO: CFO nanocomposites in wet state at
room temperature as a function of time is displayed in Fig. 15 [52]. This graph
demonstrates that the current initially fluctuates and then becomes constant for all
BTO–CFO HECs over a long period of time. This confirms that the redox reaction at
the electrodes and dissociation of water molecules can sustain for a long period. The
fixed load current value of 1.2, 0.9, 7.9, and 5.9 mA have been estimated for BTO,
CFO, BTO85-, and BTO75-based HECs, respectively. The composite material of
BTO–CFO-based HEC generated more current and voltage than an individual BTO
or CFO compound. The composite HEC consists of 0.85 BTO: 0.15 CFO (BTO85)
with zinc and silver electrodes with an area of 4.5 cm2 in the shape of circular
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Fig. 14 a A typical laboratory setup for recording the V–I graph of HEC by using a source meter,
b V–I polarization curve of different BTO:CFO nanocomposites-based HECs, c Nyquist plot of
BTO:CFO nanocomposites-based HECs and the fitted curve (solid line) in dry condition and d in
wet condition. Reproduced with permission from Ref. [52]. Copyright 2020, Elsevier B. V

disk has generated a voltage of 0.7 V with a maximum current of 7.93 mA and a
maximum output power of 5.55 mW [52]. The high performance of BTO85-based
HECwas attributed to the presence of highest porosity and high defect concentration
for enhanced dissociation of water molecules as confirmed by PL spectroscopy. The
V–I polarization curve showed that the cell voltage was reduced due to activation
polarization loss at low current to overcome against the initial potential barrier of
dissociated ions at electrode–material interface [52].

In order to promote the hydroelectric cell for renewable energy source, Saini
et al. have prepared an oxygen-deficient nanoporousmaterial based onNi-substituted
lithium ferrite (termed asLNFOwith compositionLi0.3Ni0.4Fe2.3O4) by following the
solid-state reaction method [61]. The pre-sintering temperature was varied in order
to control the defect concentration in the LNFO. The pre-sintering of the samples
was done at 750 and 800 °C for 8 h, whereas the final sintering was done at 950 °C
for 2 h. These samples are referred to as LNFO-1 and LNFO-2, respectively.
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Fig. 15 The current generated by BTO:CFO nanocomposites in wet condition at room temperature
as a function of time. Reproduced with permission from Ref. [52]. Copyright 2020, Elsevier B. V

The structural properties and porous microstructure were confirmed by charac-
terization like XRD, FTIR, FESEM, BET, DFT, XPS and PL measurements. XPS
and PL measurements corroborate the existence of defects states, whose concen-
tration decreases with increasing the pre-sintering temperature; therefore, LNFO-1
has higher defects than LNFO-2. The two different morphologies were observed
in FESEM image (Fig. 16) for LNFO-1 pellet. The average grain size calculated
for LNFO-1- and LNFO-2-based HEC is 475 nm and 488 nm, respectively [61]. It
has been observed that by increasing the pre-sintering temperature, the component
of lattice oxygen has also increased which is responsible for the stability of ferrite
lattice [61]. The V–I polarization curve and Nyquist plots in dry and wet condi-
tions of LNFO-1- and LNFO-2-based HEC are shown in Figs. 17a, b and 18a, b,
respectively. The V–I polarization curve confirms the smooth flow of ionic current
in the LNFO-1-based HEC. The calculated activation potential loss in LNFO-1 and
LNFO-2 HEC is 0.23 V and 0.32 V, respectively.

The maximum offload output power estimated for LNFO-1- and LNFO-2-based
HECs was 13.77 mW and 14.36 mW, respectively. Maximum offload current and
open-cell voltage of LNFO-1- and LNFO-2-based hydroelectric cells were measured
as 15.3 mA, 0.9 V and 14.5 mA, 0.99 V, respectively. The impedance of the hydro-
electric cell was rapidly dropped from ~108 � (for both LNFO-1 and LNFO-2
HECs) to few ohms after pouring the few drops of water into the cell. The current
densities of LNFO-1 and LNFO-2 pellets with an area of 4 cm2 are 3.8 mA/cm2

and 3.6 mA/cm2, respectively, which are approximately two times higher than that
reported for Li-doped magnesium ferrite-based HEC (1.7 mA/cm2) [61].
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Fig. 16 a, b FESEM images of LNFO-1, c, d FESEM images of LNFO-2, e Pore size distribution
curve of LNFO-1 and inset shows its BET isotherm, f Pore size distribution curve of LNFO-2,
and inset shows its BET isotherm. Reproduced with permission from Ref. [61]. Copyright 2020,
Elsevier B. V

6 Summary and Future Directions

The state of the art of the research herein highlighted shows that hydroelectric cells
are a promising alternative for clean renewable energy sources, whichwould be espe-
cially viable for military applications and to provide energy in rural and remote areas.
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Fig. 17 V–I polarization curves after absorbing thewater, a LNFO-1-basedHEC,bLNFO-2-based
HEC. Reproduced with permission from Ref. [61]. Copyright 2020, Elsevier B. V

Fig. 18 Nyquist plots of Ni-doped lithium ferrite in dry and wet condition at room tempera-
ture, a LNFO-1-based HEC, b LNFO-2-based HEC. Reproduced with permission from Ref. [61].
Copyright 2020, Elsevier B. V

For reaching this goal of large application, it would bemandatory to focus on different
ferrite and metal oxide-based semiconductors for their potential application as HEC
owing to their high surface reactivity, high porosity with high oxygen deficiency in
order to promote the splitting of the water molecules. In addition, the investigation on
optimization of process parameters such as choice of preparation technique, control
of pH value, stoichiometric composition, control over morphology, reaction time,
reaction temperature and environment, surface functionalities, hybrid nanocompos-
ites, annealing temperature and atmosphere, deposition methods, electrode choice,
etc., certainly will contribute to optimize the HEC devices. Among several reports,
the outcome of some of the remarkable ferrite/iron oxide-based HECs is summarized
in Table 1.
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Table 1 Summary of some remarkable HEC’s based on ferrite nanomaterials, NA-not available

Reference No.
and year

HEC Ferrite material
name

Maximum emf
voltage (V ),
current (mA),
maximum
power (mW)
generation, and
area

Specific surface
area (in m2/g)
and average pore
size (in nm) from
BET analysis

Preparation
methods

[54, 70]
2016

Li-doped magnesium
ferrite
Mg0·8Li0·2Fe2O4

8 mA, 0.98 V,
7.8 mW (area
4.8 cm2)
And, 82 mA,
0.92 V, 74 mW
(area 17 cm2)

165 m2/g
~4.2 nm

Solid-state
reaction

[93]
2018

Magnetite (Fe3O4) 50 mA, 0.77 V,
38.5 mW (area
4.8 cm2)

89.78 m2/g
~9.8 nm

Chemical
co-precipitation
method

[71]
2019

Hematite (α-Fe2O3) 30 mA, 0.92 V,
27.8 mW (area
4.8 cm2)

72.2 m2/g
~16.8 nm

Chemical
co-precipitation
method

[53]
2020

Li-doped
Fe3O4(Li0.4Fe2.6O4)

44.91 mA,
0.68 V,
30.80 mW (area
4.08 cm2)

45 m2/g
~4 nm

Chemical
co-precipitation
method

[52]
2020

Composite BaTiO3
(BTO) and cubic
CoFe2O4 (CFO)

7.93 mA, 0.7 V,
5.55 mW (area
4.5 cm2)

NA Sol–gel process

[52]
2020

Cubic cobalt ferrite
CoFe2O4 (CFO)

0.9 mA, 0.95 V,
0.85 mW (area
4.5 cm2)

NA Sol–gel process

[61]
2020

Ni-substituted lithium
ferrite
(Li0.3Ni0.4Fe2.3O4)

15.3 mA, 0.9 V,
0.85 mW (area
4.0 cm2)

NA
~2.5/4.6 nm

Solid-state
reaction

[51]
2021

Maghemite
(γ -Fe2O3)

19 mA, 0.85 V,
16.15 mW (area
4.84 cm2)

90.37 m2/g
~10.78 nm

Chemical
co-precipitation
method

HEC does not require any external source (such as other chemicals like
acid/alkali/electrolyte) except DI water to produce the electricity. In fact, it is demon-
strated that a copper layer in HEC can act as a pump for moisture absorption in the
surrounding environment to generate electricity. Interestingly, the end electrodes of
Zn and Ag at two opposite faces are pretty useful in the production of Zn(OH)2/ZnO
and a high purity H2 gas (99.9%), respectively. The byproducts of the HEC are also
non-hazardous, bio-compatible and reusable. Indeed the challenges remain unbeaten
to produce the unique hydroelectric cells with high voltage and high current output
which would not only reduce the cost but are also space and eco-friendly with high
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durability, field replaceable and, importantly, the fabrication of compact devices for
practical utility.
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13. Şen Z (2018) Hydro energy, 1–5
14. Yildiz AC (2018) Energy law and emerging legal issues, vol 1–5. Elsevier Ltd.
15. Yildiz I, Liu Y (2018) Energy units, conversions, and dimensional analysis Compr. Energy

Syst 1–5:1–23
16. Ilhami Y, MacEachern C (2018) Historical aspects of energy. Compr. Energy Syst 1–5:24–48
17. Turner JA (1999) A realizable renewable energy future. Science 80(285):687–689
18. Yildiz I, MacEachern C (2018) Food and energy. Compr Energy Syst 1–5:850–74
19. Dincer I, Zamfirescu C (2018) Thermodynamic aspects of energy, vol 1–5
20. Thounthong P, Davat B, Raël S, Sethakul P (2009) Fuel cell high-power applications IEEE

Ind. Electron Mag 3:32–46
21. Sweet ML (2016) The American association of petroleum geologists. AAPG Mem 111:iii
22. Blaabjerg F, Ionel DM (2015) Renewable energy devices and systems-state-of-the-art tech-

nology, research and development, challenges and future trends Electr. Power Compon Syst
43:1319–1328
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Abstract Controlling the moisture level in air and gases is an important aspect in
defense, weather station, industry, laboratory and healthcare systems. The accurate
measurement and sensing of the humidity/moisture level in the surrounding environ-
ment can help to maintain the temperature level for ideal living conditions; from a
safety point of view, it can help to prevent the virus/disease transmission; importantly,
it can protect expensive equipment, electronic devices and optical devices against
damage which are sensitive to high humidity in the atmosphere. The controlled
monitoring, regulation and management of humidity necessarily require humidity
sensors with high sensitivity, high stability and low response time. Currently, there
are various types of humidity sensors available in the market, but there are always
limitations on the practical applications as the main problems are associated with
their eco-friendly nature, cost, sensitivity, response time (rapid action) and lifetime.
Aiming to address these issues, the spinel ferrite nanostructures arise as promising
nanomaterials due to their moderate semiconducting features with high resistance,
porous nature and high surface activities enabling easy fabrication of the humidity
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sensors. This chapter provides an overview of the role of spinel ferrite nanostructures
for their applications in humidity sensors.

Keywords Spinel ferrite · Iron oxide · Humidity sensor · Relative humidity ·
Electrical resistance

1 Introduction

The content of water molecules in air or any gaseous environment is termed
as humidity. Humidity sensors are mandatory from a safety point of view,
which find their various applications for indoor air quality monitoring, humidi-
fiers/dehumidifiers, nebulizers, medical instruments, optical instruments, computer
components, air conditioning, domestic appliances, food processing and defog-
ging controlling devices [1–7]. If generated, then the combination of moisture with
harmful gas at a certain temperature in the open atmosphere or in its surrounding
can cause pollution, breathing problems, skin problems and even major accidents
and disasters. For instance, it was found that at certain temperature and humidity
conditions, certain viruses can exist in the form of aerosol and thus it can spread
and transmit easily from human to human and can be airborne in the hall with
close air circulation or in the rooms equipped with air-conditioner [8–12]. There-
fore, the speedy accurate measurement of the moisture content in the environments
becomes essential. There are various types of humidity and temperature sensors
commercially available. However, there are always limitations and the key issues
are their cost, selectivity, sensitivity response time (rapid action) and lifetime of the
sensors. Different types of humidity and temperature sensing technologies are avail-
able, and the scientific efforts are directed to overcome these problems for precise
humidity measurements. There are different categories of humidity sensors based
on their working principle such as change in electrical properties (resistive and
capacitive sensors), change in optical properties (absorbance, reflectance, fluores-
cence, refractive index, transmittance, etc.), change in mass and crystal frequency
(mainly gravimetric sensors based on quartz crystal microbalance), and change in
mechanical-optoelectronic properties [6, 13, 14]. The different humidity sensors
which have been widely considered so far include a sensing elements mainly made
of the organic polymers, electrolytes and porous ceramics materials [3–6].

The bare polymer and polymer-based composite structures have emerged as
promising humidity sensor because of their excellent physical and chemical proper-
ties. Several polymeric materials are also commercially available nowadays at low
cost, but these sensors are not adequate to work at high temperatures and most of
them are not stable with the exposure to the chemical attack. Their response and
mechanical stability in the presence of gaseous and corrosive environment become
suspicious. Especially in some cases, these are water soluble and become unstable at
low-humidity (≤20% RH) levels. On the other hand, the electrolyte-based humidity
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sensors are hydrophilic, chemically active, unable to perform in the presence of
ammonia or organic solvents and are thermally unstable [15].

In the recent years, the porous ceramic materials have drawn significant interest
in the development of resistive type humidity sensors to overcome some of these
difficulties. Among these transition metal oxides and their composite-based semi-
conductors comprising MgAl2O4, Fe2O3, TiO2, MgO, ZrO2-MgO, Cr2O3, SnO2,
ZnO, ZnCr2O4, ZnCo2O4, V2O5, Y2O3, VO2, WO3, Ag–Ni and Al–Ni metal oxides
nanoparticles have been widely studied because of their low cost, easy fabrica-
tion, moderate sensitivity and simple measurements techniques for both humidity
and gas-sensing applications [4, 5, 16–27]. As for instance, recently Chethan et al.
have yielded high-density nanorods of polyaniline/yttrium oxide (PYO) compos-
ites (Y2O3/PANI) by mechanical mixing for humidity sensing applications with a
response and recovery time of 3 s and 4 s, respectively, [24]. Li et al. reported on
the ultra-high sensitivity humidity sensor based on MoS2/Ag composite films [16].
Late et al. experimentally studied the single and multiple layers of crystalline MoS2
sheets to fabricate a transistor-based gas-sensing platform. The sensing performance
of these transistors for NO2, NH3, and humidity with and without gate bias and
light irradiation has been investigated to study the role of layered structures in gas–
solid interaction [17].However, various semiconductors, ceramicsmaterials and their
composite structure-based materials have shown good humidity response, tempera-
ture and gas-sensing behavior but some of these require heating treatment and suffer
with imperfect contacts with metal electrodes which prevent their potential appli-
cation for eco-friendly and flexible devices [7, 28–30]. The ceramic materials or
metal oxide-based semiconductor sensors are relatively expensive and display low
sensitivity at room temperature not favoring their applications. The positive aspect
of these ceramic sensors is their mechanical stability and these can withstand and
are sensitive at high temperature. Therefore, a heater can be coupled to the sensor,
which can quickly desorb themoisture from the sensor surface and restart the physical
adsorption of water molecules, hence increasing its stability, accuracy and lifetime
[2]. Though, the sensors which can operate only at high temperatures also consume
high energy. Overall, there are different disadvantages one over the other such as poor
selectivity, high fabrication costs, long-time instability, miniaturization of devices,
irreversibility issues, aging effect, operation in certain chemical environment, in
space applications and risk of poisoning.

Consequently, a sensor material fulfilling most of the above criteria’s, with suffi-
cient moisture absorption properties, high surface to volume ratio, high specific
surface area and environment friendly which can be operated in entire temperature
range (from room temperature to high temperature) is highly desirable. In the search
of such materials, the spinel ferrite nanostructures have gained a huge interest due
to their moderate semiconducting features with high resistance, porous nature and
high surface activities for easy fabrication of the humidity sensors.

The spinel ferrite structure presents a general formula AB2O4, where A is a diva-
lent transition-metal cation and B is a trivalent cation. Magnetic ferrites display
mainly two groups of crystal structures such as the cubic comprising pure ferrites
such as magnetite (Fe3O4) and maghemite (γ-Fe2O3), and mixed ferrites AFe2O4,
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where A=Co, Cu, Mg, Ni and Zn. Special attention is drawn to those produced with
the transition metals such as Fe, Co, Ni and their alloys. The second group is of
hexagonal structure, where the most important compounds are barium and stron-
tium ferrites [31, 32]. In particular, nanoferrites are widely employed to modulate
magnetic and electric properties of devices and have a large range of applications
such as in spintronics, biomedical science, magnetic field sensors, LPG sensors, gas
sensors, chemical sensors and humidity sensors [7, 17, 18, 33–44]. Moreover, spinel
nanoferrites are emerging fascinating material with huge attention to explore its
structural, magnetic and sensing properties as well as the interaction of the materials
with substrates for future nanodevices applications [45]. The ferrite nanostructures
possess electric, mechanical and thermal properties, and in fact, few of these have
potential in gas sensing for selected gases with high sensitivity, stability and good
response time due to their high surface-to-volume ratio [46, 47]. In spite of having
interesting magnetic properties, the ferrites nanomaterials show special character-
istics such as their oxygen vacancy and porous nature, which make them suitable
for humidity and gas-sensing applications wherein their magnetic properties are not
utilized [30].

In the last two decades, among various AB2O4 spinel ferrites researchers
have studied several highly resistive ferrite nanomaterials for humidity sensing
applications such as Ni ferrite [48], Al–Cd ferrite [49], Co–Mg nanocomposite
ferrite [50], polyhedrons shaped magnesium ferrite thin film [51], Co–Ni ferrites
[52], Mn doped Ni ferrite (Mn0.2Ni0.8Fe2O4 nanoparticles) [53], Neodymium-
doped iron oxide (NdxFe2–xO3) nanoparticles [54], set of CuFe2O4, CoFe2O4,
ZnFe2O4 and NiFe2O4 [30], MgFe2O4 [55, 56], Ce substituted magnesium ferrites
(MgCexFe2–xO4, with x = 0.00, 0.02, and 0.04) [57], copper-zinc-tungsten spinel
ferrite (Cu0.5Zn0.5W0.3Fe1.7O4) [58], ZnFe2O4 [59], Ca, Ti substituted Mg ferrites
(CaMgFe1.33Ti3O12) [60], Y3+ doped CdFe2O4 [61], Sm3+ added Mg–Cd ferrite
(Mg1–xCdx Fe2O4, with x = 0, 0.2, 0.4, 0.6, 0.8 and 1) [1], cerium oxide
added MgFe2O4 [62], Ni–Zn ferrite [63], magnesium ferrite/molybdenum trioxide
composite [64], Fe3O4 [65], bismuth substituted copper ferrite nanoparticles
(BixCuFe2–xO4, with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) [66], Mg–Zn ferrites
(MgxZn1–xFe2O4, with x = 0.2, 0.4, 0.6 and 0.8) [14, 41], set of copper, cobalt
and copper–cobalt ferrite (CuxCo1−xFe2O4 with x = 0, 0.5 and 1.0) [67]. The partic-
ular candidates of interest for ceramics humidity sensors based on spinel nanoferrite
magneticmaterials areMgFe2O4,NiFe2O4,ZnFe2O4,CuFe2O4,MnFe2O4,CoFe2O4

andCdFe2O4 due to their porosity, high sensitivity,mechanical stability andoperation
capability over wide humidity range [7, 13, 61, 64, 68, 69].

Nowadays, most of the humidity and gas sensors rely on the principle of change in
electrical properties (resistance, capacitance, etc.) of the sensingmaterial.Measuring
the resistance in the ceramic sensors materials is straightforward and much easier
than measuring the capacitance. It can be measured in terms of the dew point where
at a particular temperature and pressure the gas starts to condense into the liquid
form. The humidity in an environment at a particular temperature can be expressed
by either relative humidity (% RH) or absolute humidity (AH in g/m3). The most
employed technique to express the humidity is to measure the relative humidity (%
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RH). TheRHvalue ismeasured as the ratio of the vapor pressure (Hvp) ofmoisturized
air to its saturated vapor pressure (Hsvp) at a given temperature and is expressed as
[6]:

RH (in%) = Hvp

Hsvp
× 100% (1)

The absolute humidity (g/m3) is expressed as the ratio of the amount of water
vapor to the unit volume of dry air. In ceramic sensors, the change of air humidity
with the variation of resistanceR(rh) at relative humidity (RH) under a specific humid
condition rh follows a logarithmic equation, which can be represented by Eq. (2) [6]:

log

(
R(rh)

R0

)
= log a − log rnh

1 + b/rnh
(2)

whereR0 is the resistance at zero humidity, anda andb are the constants. Thehumidity
sensing response (SR) of a sensor material can be measured by using Eq. (3) [6]:

SR = Rh − R0

R0
× 100% (3)

where Rh represents the resistance at certain humidity and R0 refers to the sensor
resistance in air at ~3% RH.

Thehumidity response canbe largely affected by the surfacemorphology, dopants,
adding catalyst and surface coating. In iron-based materials, it was observed that the
humidity sensing in the low RH range becomes less sensitive in the high-frequency
region, whereas in the low-frequency region (10 and 100 Hz) it has high sensi-
tivity and good linearity. This happens due to the fact that at the high frequency
the absorbed water cannot be polarized, and the dielectric phenomena disappear [6,
70]. Therefore, to get high sensitivity and good linearity, a low-frequency region
is always desirable in most of the resistive and capacitive type humidity sensors.
In practice, the basic principle behind most of the commercial humidity sensors is
to either observe the change in the impedance through ionic conduction (mainly in
polymers) or to measure the change in the capacitance or resistance of the sensor
materials after the physisorption of water molecules. The capacitance-based change
in impedance involves complex electronic circuits to measure the humidity response,
and it is not a common feature of all ferrite nanomaterials, whereas measuring the
resistance is straight forward in spinel nanoferrite. This chapter provides an insight
for the basic concept of humidity sensors and a discussion about the key parame-
ters and the importance of resistive type spinel ferrite nanostructures in developing
humidity sensors. Moreover, a summary about recent developments of spinel ferrite
humidity sensors is presented.
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2 Basic Mechanism of Humidity Sensing in Ceramic
Sensors

The main mechanism of detecting the moisture level in ceramic sensors is to observe
a change in the resistance by the adsorption of water vapors from the environment.
In contrast, upon exposure to air/non-humid or an inert environment, the moisture
is desorbed from the surface of sensing materials, and the sensor resistance goes
back to their original state [39]. This change in the sensor resistance is due to the
transfer of electrons (donation of electron) from the water molecules after adsorp-
tion on the surface of a semiconductor oxide material. After surface adsorption,
the conductivity of the sensor material can either increase or decrease depending
upon the semiconductors that are either n-type or p-type [28]. The performance of
a humidity sensor depends on the interaction between moisture and reactivity of
the surface species of the metal oxide nanomaterials, sensor preparation methods,
porosity, surface morphology, particle and grain size distribution, surface composi-
tion and electrical conductivity (resistivity) [28]. Importantly, the surface with the
grain in the nanometer regime offers a high surface area for the adsorption and
detection of water molecules as compared to the grains in the micrometer regime at
the surface of the metal oxide semiconductor materials. The factors that influencing
the humidity sensing properties (selectivity, sensitivity and response time) of the
spinel ferrite nanostructures are their dimension; porosity; electronic structure at the
surface; type of charge carrier; high surface-to-volume ratio; number of edges; highly
exposed surface area (high specific surface area) that makes them highly sensitive to
the adsorption ofwatermolecules; kinks and corner atomswhich increase the number
of chemisorbed water molecules for adsorption at the surface [7, 13, 15, 39]. The
signal of humidity response is collected through the two electrodes by applying an
external DC voltage ranging from +0.5 to +5.0 V. In the bulk sample, the electrodes
are usually developed at the ends of the samples, whereas in the thick/thin films the
electrodes are developed on the top surface. The conduction starts mainly due to the
polarization of charges at the sensor surface, which involves either migration of H+

ions from the physisorption layer of the water molecules into the metal electrode
contacts or due to the electron migration from the metal contacts to any conducting
species at the surface. Hence, the positive charges are collected at the metal contacts
and a cation layer is developed between the sensor surface species and the metal
electrodes [6]. This conduction mechanism can be understood by Grotthuss reaction
for protonic conduction as discussed in the next section.

3 Protonic Conduction in Spinel Ferrite Humidity Sensors

The concept of moisture adsorption in the spinel ferrite-based humidity sensors is
due to their ceramic nature and porous structure, which allows themolecules of water
vapors for chemical adsorption (chemisorption), physical adsorption (physisorption)
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and/or the capillary condensation on the surface. This mechanism is illustrated in
Fig. 1 for a surface of magnesium ferrite nanostructures (showing Mg2+, Fe2+/3+,
O2

− ions) that are exposed to the moisture. The process is further explored with
a chemically bonded structure in Fig. 2. This is the basics for humidity sensing
of all ceramic materials which shows electronic conduction, capacitive type, solid

Fig. 1 Illustration of the working mechanism of a humidity sensor

Fig. 2 aMechanism of proton conduction in a hydrogen-bonded network betweenwater molecules
[74], b mechanism of proton transfers in hydroxide ions (OH−) [75] and c the adsorption of
moisture on ferrite surface in the form of multilayers. Open access journal, figure is reproduced
under copyright 2014, sensors [4]
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electrolyte and ionic conduction. In the porous structure, the ionic conduction takes
placewhere the conductivity increases with increasing the adsorption of water vapors
and thus it increases the dielectric constant of the sensor material [4].

Under equilibrium, the mobility of proton in water or moisture is very high and
thus accumulation of water molecules further increases the proton concentration at
the surface. In this situation, the protons are tunneled from one to another molecule
of water vapor through hydrogen bonding as shown in Fig. 2a. This process is well-
known as the Grotthuss mechanism for the diffusion of hydrogen (H+) and hydroxide
ions (OH−) [64, 71–73]. Therefore, the diffusion of hydrogen (H+) ions takes place
in the condensed water molecules at the material surface and conduction starts by
these protons [74, 75].

Indeed, the electrical conductivity is predominated by the protons conduction after
exposing the sensor to the humid environment. On the other hand, the diffusion and
mobility of the hydroxide ions (OH−) play an important role for the protonic conduc-
tion as shown inFig. 2b.At low-humidity levels, the sensor surface is partially covered
with moisture and dissociated hydroxyl functional groups. The self-ionization or
surface collision of water molecules results into the quick diffusion of protons (H+)
and hydroxide ions (OH−), which leads to the separation of water molecules in H+

and OH− ions:

H2O <=> H+ + OH− (4)

The released hydrogen nucleus immediately protonates another H2O molecule to
form a hydronium ion (H3O+),

H2O + H2O <=> H3O
+ + OH− (5)

In a humid environment, the surface of the ceramic sensor material is covered by
hydroxyl groups, which provides a channel for the formation of hydrogen bonding
to absorb the water vapors. The first layer of water molecules is chemically adsorbed
(chemisorption) on the activated sites ofmetal cations on the sensor surface and forms
the hydroxyl groups. Thesemetal cations have high charge density and strong electro-
static fields, which make the protons mobile at the surface as shown in Fig. 1 [4, 64].
Now, these mobile protons move from one site to another site due to strong electro-
static fields and reactwith the nearest oxygen ions (O2−) at the surface to form another
hydroxyl (OH−) group. In this process, the first layer of the moisture on the surface
is a chemisorbed layer which will not change by further exposure to the moisture
in the environment [4]. After the chemisorption of a monolayer of water molecules,
the further exposure to the moisture results in physical adsorption (physisorption)
of the water molecules on the first layer of hydroxyl ions. Once the first layer of
physisorbed water vapors is completed, then another layer of water molecules is
physisorbed via a double hydrogen bonding with two neighboring hydroxyl groups
as shown in Fig. 2c [4, 64].And this process of physisorption is continuous to form the
multilayer of water molecules until it is exposed to the humid environment. During
the multilayer formation in physisorbed layers, the water vapors are less ordered than
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the first physisorbed layer, which results in the singly bonding of some hydrogen to
the water molecules and formations of the continuous dipoles and electrolyte layers
between the electrodes. The formation of electrolyte layers increases the dielectric
constant and bulk conductivity of the sensor materials due to the synergic effect of
water protonation and protonic conduction at the surface [4, 64]. Importantly, the
physisorption of water vapor molecules usually takes place below a temperature of
100 °C, whereas the chemisorption process can occur up to 400 °C.

4 Main Parameters of Humidity Sensors

Besides considering the cost of the fabrication, it is important to take into account
the key parameters for developing an efficient humidity sensor. These parameters are
presented as follows.

(i) Humidity Response and Selectivity One of the main issues in most of the
ceramic sensor materials is their selectivity. Selectivity of a sensor means that it is
not sensitive to the presence of other gaseous species in the measuring environment.
This becomes a challenge for humidity sensing since many metal oxide materials
are optically active, and also, sensitive to different gases present in the atmosphere,
which hampers their practical utility for core humidity sensing. Therefore, in order to
develop a core humidity sensor, the material should be exposed to different gaseous
atmosphere and the obtained results should be compared with the exposure to a bare
moisture-containing environment or in any standard source of generating humidity.
For example,magnesium ferrite can also detect different gases such asLPG,methane,
ethanol, NH3, CO2, acetone and CO in different operating range of the temperatures
[51].

(ii) Reproducibility and Repeatability The material can reproduce easily and the
response measured by a set of sensors of a material should generate the same signal
under identical conditions irrespective of its time and location. It means that the
response from a single sensor material should not drift apart in each set of measure-
ment of the resistance or capacitance. The sensor should follow its own calibration
graph at each point of RH for reliable measurements.

(iii) Humidity Hysteresis and Reversibility The humidity hysteresis is defined as
the difference or drift in the humidity response plot when the measurements are
repeated in reverse order under identical conditions. For practical application, the
sensor should follow the same path, so the hysteresis becomes zero or a minimum.
The humidity hysteresis generally arises due to presence of defects and non-uniform
morphology across the sample, and these differences vary from sample to samples.
So, if the resistance of the sensors after measurements on increasing order of RH
from 20 to 80% is different than that measured on decreasing order from 80 to 20%,
then the sensor is said to have the humidity hysteresis. It indicates that the sensor
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has different adsorption and desorption rate of water molecules. The hysteresis error
(HE) is defined as [68]:

HE = ± �Rmax

2FFS
(6)

where �Rmax is the difference in the humidity response during the adsorption and
desorption process, and FFS is the full-scale output.

(iv) Response and Recovery Time The time taken by the sensor during the adsorp-
tion process of water molecules to achieve 90% of the total change of resis-
tance/or capacitance is known as response time, whereas the recovery time is
defined for the desorption process of the water molecules under identical conditions.
Though depending upon the desired application range, some researchers calculate
the response time in a particular RH range. In other words, it is the degree of sensi-
tivity that how quickly a sensor can respond to the highest (response time) or lowest
(recovery time) level of change in resistance. The response time and recovery time
of a humidity sensor are sensitive to its structure and morphology. It is a very impor-
tant property for humidity sensors because as low, as quick and as accurate is the
response time; their commercial utility will increase and will become much reliable.
In practice, the change is resistance from ~30 to ~70% RH values are recorded to
attain its 90% resistance at 70% RH during the adsorption and 30% RH during the
desorption process. For a porous magnesium ferrite pellet, the response and recovery
timemeasured byKotnala et al., at 70 and 30%RHwere 140 s and 180 s, respectively,
[15].

(v) Linearity An ideal humidity sensor response must be linear during the entire
range of measurements starting from the chemisorption process to the physisorp-
tion process. In general, the change in resistance is slow at the low-humidity range
and sharp (higher slope) in the high humidity range. This depends on the amount
of chemisorbed and then importantly physisorbed water molecules by the pores
on the surface of the sensor materials. The pore size distribution can be changed
by controlling the synthesis condition and its annealing time and temperature. A
nonlinear response at different humidity levels reflects that the sensor cannot accu-
rately measure the adsorbed water vapors, though in some cases the sensor may have
two different linear regions corresponding to the chemisorption and the physisorption
process, respectively.

(vi) Porosity The porosity is an important parameter in a resistive type known
humidity sensors. The change in pore size distribution increases the resistance to the
gega ohm order of the sensor materials, which is difficult to measure at low-humidity
levels; therefore, the sensor becomes insensitive or shows nonlinear response in low
range of humidity. In ferrite-based humidity sensors, the most suitable range of elec-
trical resistance is in the range of mega ohm at the low-humidity level (~10–30%
RH). Moreover, it is also complex for sensors to measure the high resistance by a
simple electronic circuit. The porosity in ferrite nanomaterials can be controlled by



State of Art of Spinel Ferrites Enabled Humidity Sensors 447

doping and metallic particle incorporation or by preparing composite nanostructures
and controlling the process condition. However, the effect of different dopants and
composite structure on the humidity sensing properties of spinel ferrite nanopar-
ticles are not yet fully understood and still the subject of deep investigation. The
role of pore size distribution can be understood from the Kelvin equation, where the
response of a resistive type humidity sensor is based on the condensation of adsorbed
water molecules in the pores in the form of capillaries (capillary condensation). If
the pores are of a cylindrical shape with one end close, then all the pores are in the
stage of condensation with a radius up to the “Kelvin radius” expressed by Eq. (7)
[2, 3]:

rK = 2γ M

ρRT ln(Ps/P)
(7)

where rK stands for the Kelvin radius, γ , ρ and M for the surface tension, density
and molecular weight of water, respectively, and P and Ps for water vapor pressures
in the surrounding environment and at saturation, respectively, [3]. Therefore, the
pores with small dimensions are filled with condensed water before than the large
radii, which leads to the impedance variations at a low moisture (low RH) contents
[2]. The water condensation occurs in all the pores with radius up to rK/2, at a given
temperature and constant pressure. For a smaller rK value, or a lower temperature,
water vapor condensation occurs in the capillaries more easily [4].

(vii) Stability The sensor response should be stable against the various gaseous
species, corrosive environment, aging effect, smoke test, oil test and water resistance
test at each point of a fixed relative humidity. The thermal and mechanical stability
are also important to avoid any physical damage of the sensor.

(viii) Lifetime The fluctuation in the humidity response of a ferrite sensor over a
long period of time should be zero or aminimum so that the sensor functionality is not
interrupted to work over the years. Therefore, the humidity response of the sample
at different relative humidity must be measured with respect of time of, say 1 week,
2 week, 1 month, 2 months, 4 months, 8 months, 1 year and 2 years, respectively.
A systematic drift in the electrical resistance at a specific humidity of 2–4% of the
sample over a period of 1 year can be acceptable. If the drift is not analogous at
all specific humidity levels, then the sensor is no longer good for humidity sensing
applications.



448 M. C. Mathpal et al.

5 Basic Synthesis and Characterizations Techniques
for Humidity Sensors

The key point in the development of a humidity sensor based on spinel nanoferrites
is the optimization of the process parameters for the synthesis of spinel ferrites. A
typical schematic for the process of development of ferrite-based humidity sensors is
shown in Fig. 3. The pellet and thick film-based ferrite nanostructures for humidity
sensor applications can be prepared by sol-gel, solid-state reaction, mechanical ball
milling, co-precipitation, hydrothermal and solvothermal methods, whereas the thin
film of ferrite nanostructures can be deposited via various techniques such as spin
coating, spray coatings, radio frequency (RF) magnetron sputtering of metal oxide
targets and pulse laser deposition (PLD) [4, 70, 76–82]. Tripathy et al. have listed
the various type of humidity sensing materials and their preparation methods [6].
For example, the popular humidity sensing material based on magnesium ferrite can
be prepared by using nitrate precursor with the following simple chemical reaction
[28]:

2Fe(NO3)3 + Mg(NO3)2 + 8NH4OH → 2Fe(OH)3

+ Mg(OH)2 + 8NH4NO3

2Fe(OH)3 + Mg(OH)2 → Fe2O3 + MgO + 4H2O

Fe2O3 + MgO → MgFe2O4 (8)

Fig. 3 A typical schematic for the development of ferrite nanostructures-based humidity sensor
device
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The as-prepared powder samples can be compressed to form a pellet or a compact
disk shape, by uniform compression under a hydraulic pressing machine at pressure
of 5–8 kN. This compact disk is usually heat treated in the range of 700–1100 °C
for 4–6 h, in a furnace to control its microstructure and retain its porous structure [7,
30, 80, 83]. Here, the important key is to optimize the annealing temperature of the
sensor material because the annealing at higher temperature may not be suitable for
humidity sensing applications as it can results into sample hardness, which reduces
the porosity and the surface reactivity and the samples also lose their grain size
distribution in the nano regime [84].

All the as-prepared sensor materials can be basically characterized by X-ray
diffraction (XRD), Raman spectroscopy (RS), Fourier-transform infrared spec-
troscopy (FTIR) high resolution transmission electron microscopy (HRTEM),
secondary electron microscopy (SEM) and atomic force microscopy (AFM) for
analyzing the structural, morphological, chemical and surface properties in order
to optimize the humidity sensing properties. The microstructure behavior (particles
shape, size, distribution and surface roughness) and cross-section (for growth orien-
tation and thickness) are the key parameters to optimize for humidity sensing. Energy
dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS)
are very useful to confirm the presence of elements, surface properties and detect any
impurities that can unintentionally persist in the samples. The film thickness of thin
films can also be determined by using a surface profiler (Tencor P-10). Brunauer–
Emmett–Teller (BET) surface analyzer is useful to get information about pore size
distribution and specific surface area, which provides an idea about the physical
adsorption of water and gas molecules on a solid surface. Nitrogen adsorption–
desorption isotherms can be measured by using a Micromeritics Gemini VII surface
area and porosity system with high purity nitrogen gas as adsorbate at 77 K. The
specific surface area can be estimated by the five-point BET method, and the pore
size distribution can be derived from the desorption branch of the isotherms by using
the Barrett–Joyner–Halenda (BJH) analysis [70]. The porosity (p = 1 − dexp/dth)
in the pellets made of powder samples of spinel ferrite can be calculated from the
relation of experimental density (dexp = mass/volume) and the theoretical density
(dth = 8 M/a3NA) [28]. Here, M is the molecular weight, a is the lattice constant
and NA is the Avogadro’s constant. The specific surface area (As) can be calculated
by using the equation (As = s/Vdexp), where s and V are the particle surface area
and volume, respectively. In case of thin film, the surface roughness/porosity can be
approximately measured using AFM.

The electrical properties of the sensor materials in the form of a pellet can be
measured by making silver electrodes, or Platinum electrodes, or Ag/Pd electrodes
or by applying silver paste at two opposite faces of the pellet/disk [2, 4, 6, 13, 70].
The platinum electrodes are expensive but considered as the primary choice due
to their low contact resistance, fast collection of charge carriers and high stability
and sensitivity to read out the impendence changes [2]. In the case of a thin film
with low thickness or in a layered structure, the electrodes at two ends on the top
surface for measuring the electrical properties of the thin film of the humidity sensor
device can be fabricated by depositing the combination of two metal electrodes of
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Au/Cr (200/5 nm) or Ti/Au (10/40 nm) by electron beam deposition /or a thermal
evaporation technique by using a shadowmask [85–87]. Recently, Zak et al. reported
the porous Fe3O4 nanoparticle prepared by a solvothermal method for humidity
sensing in the range of 10–70% RH. The sensor was fabricated on RCA cleaned Si–
P silicon wafers [65]. They developed chromium and gold metal contacts of 20 nm
and 100 nm thicknesses over silicon, respectively, by using thermal evaporation
technique followed by photolithography. The best method to measure the humidity
response of a ferrite thick/thin film is to fabricate the interdigitated electrodes (comb
electrode) made of gold or platinum on the top of film surface as shown in Fig. 4a–c
[2, 4, 6]. The impedancemeasurements at low frequency (~100 to 1 kHz) are essential
to study the humidity sensing properties that change with the change in concentration
of the moisture level in the surrounding of the sensor. The impedance and electrical
measurements can be performed by using different digital meters such as a LCR
meter LCR-8110G, Keithley 2400 and 2450 source meters and model DMM4050
made by Tektronix.

All the humidity sensing measurements should be performed under the identical
conditions at room temperature or in the range of different working temperature.

Fig. 4 Different views of interdigitated electrodes on the top surface of humidity sensor thin film:
a isometric view;b top view; c cross-sectional (side) view. Open access journal, figure is reproduced
under copyright 2014, sensors [6]
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The humidity sensing measurements can be done inside a commercially available
standard humidity generator such as an Aditi Associate Model ASC-10, Thunder
Scientific 2500 series, digital CEM DT-615 hygrometer and in a humidity chamber,
provided byGayatri Scientific,Mumbai. On the other hand, due to economic reasons,
one can follow a standard chart of saturated salts and their constant humidity values
given in Table 1 to get the desired range of RH [28]. A simplest schematic diagram for
measuring humidity sensing properties at low cost by using the method of saturated
salts is shown in Fig. 5 [64, 88, 89].

Table 1 Relative humidity RH above saturated salt solutions at 20 °C

Salt Relative humidity (%)

LiCl 11.3

K(CH3COO) 22.7

MgCl2 33.1

K2CO3 43.2

Mg(NO3)2 53.0

CoCl2 64.0

NaCl 75.7

KCl 85.1

K2SO4 97.6

Fig. 5 Schematic for a humidity sensor setup by using saturated salt solutions. Reproduced with
permission from Ref. [64]. Copyright 2018, Elsevier B. V
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6 Spinel Nanoferrites for Humidity Sensors

Doroftei and Rezlescu et al. have demonstrated the partial substitutions of two ions,
Sn4+ andMo6+,with different ionic sizes and charge states byMg and/or Fe inmagne-
sium ferrite (MgFe2O4) [28, 90]. Their results showed that the electrical resistivity is
heavily dependent on the surface composition, crystallite size, surface area and pore
size distributions (porosity) of the samples. The humidity sensitivity was enhanced
after the substitution Sn dopingwhere Sn ions partially replace (~10%) theMg ions in
the MgFe2O4 [28]. The Mo6+ substitution in magnesium ferrite yielded the smallest
resistivity, whereas the Sn4+ substitution resulted in the highest resistivity among all
the samples. The high resistivity in Sn doped MgFe2O4 was attributed to the fact
that partial substitution of the tetravalent Sn ions in octahedral Mg sites localize the
octahedral Fe2+ ions. This leads to the hopping conduction mechanism in ferrites
due to the electronic jumps between Fe2+ and Fe3+ ions and a net reduction in the
resistivity at room temperature [28].

Gadkari et al. studied the effect on humidity sensing properties of Sm3+ ions
doping in of Mg–Cd ferrites prepared by the oxalate co-precipitation technique [1].
The shortest humidity response time of 160 s with a recovery time of 279 s was
observed for Sm3+ doped Cd-ferrite sensor over a range of 40–90% RH. The phys-
ical adsorption of water molecules on the surface of a ferrite material leads to the
dissociation of hydrogen ions. The dissociated hydrogen ions (H+) form the bonding
with the surface lattice oxygen atoms (Oo) and create the hydroxyl groups (OH) as,

H+ + Oo ↔ [OH], (9)

Now, the hydroxyl groups at the surface react with the metal ions species and
generate the free electrons. The generation of more freer electron increases the
conductivity with increasing moisture adsorption at the material surface [1]:

[OH]− + Fe/Mg ↔ [
OH−Fe/Mg

] + e− (10)

The role of molybdenum trioxide (MoO3) in magnesium ferrite/molybdenum
trioxide nanocomposite for humidity sensing at room temperature was explored by
Reddy et al. [64]. The basic setup used by their group for humidity measurement
is shown in Fig. 5. They prepared the sample by using a mechano-chemical mixing
method and measured the humidity in the range of 11–97%RH at room temperature.

The active adsorption sites for water vapors were enhanced after MoO3 incorpo-
ration to MgFe2O4. The nanocomposite structure showed the best response of 45 s
and a recovery time of 74 s, respectively, whereas the bare magnesium ferrite showed
a response and recovery time of 225 s and 364 s, respectively. The nanocomposite
sample showed a stable humidity sensing ability and a low-humidity hysteresis.
The nanocomposite material was compressed into a cylindrical pellet, and then, a
conducting silver paste was coated on the opposite circular faces to act as electrodes
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Fig. 6 a Electrical resistance as a function of relative humidity of MgFe2O4 (MF) and
MgFe2O4@MoO3 (MFMO) nanocomposites, b response and recovery time,c MFMO humidity
hysteresis graph and d MFMO sensing stability. Reproduced with permission from Ref. [64].
Copyright 2018, Elsevier B. V

tomeasure the electrical resistance of the sensors. The variation of the electrical resis-
tance as a function of relative humidity of MgFe2O4 (MF) and MgFe2O4@MoO3

nanocomposites (MFMO) composite is shown in Fig. 6a, whereas their response and
recovery time graphs, humidity hysteresis and sensing stability ofMFMO composite
are shown in Fig. 6b–d [64]. It is important to note that the humidity sensing response
of the composite samples (MFMO) was highly stable even after 2 months, when
measured at 75% RH and 97% RH, respectively.

In a comparative study by Patil et al., the Ni–Zn and Mn–Zn ferrites
(NixZn1–xFe2O4 andMnxZn1–xFe2O4 with x=0.20, 0.40, 0.60 and0.80)were synthe-
sized by a chemical route to study their humidity sensing properties and observed that
the thick film sensor deposited over ceramic substrates consisting of Ni–Zn ferrites
are more suitable for designing the smart sensor module (SSM) [14, 41]. In their
study, they also revealed and discussed about two regions of humidity sensing due to
the nonlinear humidity sensitivity in the entire range of 30–95% RH corresponding
to the chemisorption and physisorption process of water molecules.

Copper ferrite is a p-type metal oxide semiconductor which has found its
application in organic synthesis as a catalyst [88]. Muthurani et al. reported the
nanostructured copper ferrite, cobalt ferrite and mixture of copper-cobalt ferrite
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(CuxCo1−xFe2O4) synthesized by auto-combustion method [67]. All the materials
were exposed to different humidity levels, among which cooper ferrite showed the
best humidity response. All the samples showed two linear regions instead of a single
linearity in the entire range of humidity sensingmeasurement. For instance, in copper
ferrite region (i) in the range of 38–58% RH, with poor sensitivity was observed, and
region (ii) in the range of 65–84% RH with relatively faster sensitivity in compar-
ison to region (i) was observed. Overall, 17-fold increased in the total conductivity
was realized in the entire range of 38–64% RH [67]. These results suggest that
copper ferrite and their composite with cobalt ferrite do not possess remarkable
sensitivity to be considered for their practical applications. Sathisha et al. reported
the humidity sensing properties of Eu doped CuFe2O4 nanoparticles with a composi-
tion ofCuFe(2–x)EuxO4 (where x= 0.00, 0.01, 0.02, 0.03)with best sensing properties
for x = 0.03 in the range of 11% to 97% RH [88]. The best response and recovery
time of 63 s and 164 s were recorded, respectively, for x = 0.03 sample, when the
sensor was switched from 11% RH to 97% RH. In another recent study, Sathisha
et al. reported the humidity sensing properties of 3 mol% Bi substituted CuFe2O4

nanoparticles [89]. They measured the humidity response at room temperature in the
range of 11% to 97% RH and observed a slow desorption process as compared to
the adsorption process. The sensing response and recover time were 73 s and 36 s,
respectively, in the range of 11–97% RH. In fact, the sample showed high stability
up to 54 days at relative humidity of 99% RH and 33% RH. The humidity sensing
properties of Bi-doped copper ferrites showed better response and linearity than that
of previously discussed for copper ferrite reported byMuthurani et al. [67]. This may
be due to the fact that with increasing bismuth doping concentration the particle size
has decreased and the porosity was enhanced.

Chavan et al. reported the humidity sensing properties of bismuth-doped copper
oxide (BixCuFe2–xO4, with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) nanoparticles and
observed the best sensitivity factor of 925.64 for Bi0.1CuFe1.9O4 nanoparticles in
the range of 10% to 90% RH at room temperature [66]. The electrical resistance
measurement was performed by applying a DC bias voltage of 1 V ± 0.0001 across
the electrodes of the pellet. Interestingly,with increasing concentration of the bismuth
substitution, the sensitivity factor has continuously decreased. This is due to the
fact that the presence of metal ions contributes for the conduction of electrons in
ferrites resulting into the change in local charge density on the pellet surface for the
adsorbed water molecules. Thus, bismuth ions uptake oxygen ions from the copper
ferrites by leaving Cu2+ ions in the bulk form and adsorption sites give the increased
surface charge [66]. Moreover, the lowest humidity sensitivity for Bi0.5CuFe1.5O4

was assigned to the less porosity, larger grains size and lower surface charge.
In earlier studies by Kotnala et al., they have performed rigorous studies

on humidity sensors and measured the humidity sensing properties of Li doped
MgFe2O4, carbon-dopedMgFe2O4, Pr dopedMgFe2O4, Li–Ce co-dopedMgFe2O4,
CeO2@MgFe2O4 composite and bareMgFe2O4 thin filmdeposited byRFmagnetron
sputtering [7, 15, 62, 80, 83, 91–94]. For Ex-magnesium ferrite, cobalt ferrites have
a good sensing property toward humidity depending on physical and electrical prop-
erties of ferrite materials. Most of the ceramic humidity sensor which is being widely
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used in themarket are capacitance based and are good sensitive to highhumidity range
in atmosphere, but the Kotnala et al. group has developed a resistive type humidity
sensor based on magnesium ferrite material which can work in the entire range
of 10–90% RH. Shah et al. reported the Pr doped (0.1 and 0.3 mol% concentration)
magnesium ferrite in the range of 10% to 90%RH for enhancing the humidity sensing
properties [91]. The concentration of the spin density/dangling bond as calculated by
electron paramagnetic resonance (EPR) was increased from 8.15 × 1020 to 15.6 ×
1020 for 0.3 mol% Pr doped in comparison with the bare magnesium ferrite sample.
Interestingly, the bulk porosity (from 8.4 to 34%) and sensitivity factor (from 24 to
113) were drastically increased after Pr doping. The humidity hysteresis was drasti-
cally decreased after Pr doping as compared to the bare magnesium ferrite sample.
During the adsorption process, the heat is exchanged because of the chemisorption
and physisorption of water molecules. This heat energy can be obtained by calcu-
lating the isosteric heat of adsorption, and its magnitude is useful to explore the
adsorption process. The isosteric heat of sorption is a measurement of the energy or
intermolecular bonding between the water molecules and absorbing surfaces [83].
The direct calorimetry method or by fitting the Clausius–Clapeyron heat equation
to the isothermal data one can determine the adsorption energy [7]. The expression
for isosteric heat of adsorption (qst) can be calculated from the Clausius–Clapeyron
Eq. (11) and written as follows [83]:

log P = −qst
R

(
1

T

)
(11)

where P = p/p0 is the ratio of vapor pressure at different temperature T (p) and the
vapor pressure at initial temperature (p0) and R is the gas constant. Shah et al. have
confirmed the conduction of water molecules due to mainly a physisorption process
on magnesium ferrite by measuring the isosteric heat of adsorption (<0.1 eV) [83].
Their results based on a multilayer adsorption model showed that magnesium ferrite
follows the Freundlich isotherm with an exponential decrease in the isotherm.

The humidity sensing properties of ferrite-based nanomaterials can be mainly
affected by annealing temperature, measuring environment, measurement frequency
and surface morphology. The following sub-sections explore the particular phys-
ical characteristics which affect the humidity sensing properties of several ferrites
nanostructures.

(i) Effect of Temperature/annealing Temperature on Measurements
It was shown by Seki et al. that ferrite can also be used as temperature-sensitive
humidity sensors [29]. Doroftei et al. have shown that by changing the temperature
and time of the heat treatment the grain size and surface morphology can be changed
of bareMgFe2O4 samples prepared by amethod of self-combustion [84]. Their study
showed the high humidity sensitivity with a response time of about 70 s of MgFe2O4

in the range 0–98% RH for the sample with thermal treatment in air at 1000 °C for
30 min [84]. They observed a huge difference in electrical resistivity measurements
of bare MgFe2O4 samples after heat treatment at different temperatures and time.
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In a similar study, by their coworkers N. Rezlescu et al. have reported the synthesis
ofMgFe2O4 +1wt%CaOandMgFe1.8Mn0.2O4 by a self-combustionmethod (SCM)
usingmetal nitrates, whereasMg0.5Cu0.5Fe1.8Ga0.2O4 andMg0.5Zn0.5Fe2O4 + 1wt%
KCl,were prepared byusing ceramic technology (CT) based on solid-state reaction of
oxide powders [56]. Figure 7 shows the comparison of electrical resistivity measure-
ments and response time of these ferrites samples [56]. The humidity response dras-
tically changes for the MgZn ferrite + KCl sample after annealing at two different
temperatures of 1050 and 1100 °C. The long response time over 5 min [see right
panel in Fig. 7] with a change of about two orders of magnitude in resistivity was
recorded for the Mn-doped Mg ferrite sample, which has a large number of pores
below 1 μm in diameter. On the other hand, a short response time was recorded for
the MgZn ferrite + KCl sample annealed at 1100 °C, which has a few micropores
below 1μm in diameter. These results showed that annealing at different temperature
affects the porosity, pores-size distribution which results in the change of sensitivity
and response time of a ferrite-based humidity sensor [56, 84].

Shah et al. investigated the adsorption–desorption ofwater vapors on amagnesium
ferrite pellet surface by calculating the activation energy for charge conduction from
an Arrhenius equation by measuring the conductivity in the range for 0–90% RH
at different temperatures from 25 to 45 °C with an interval of 5 °C [83]. There
were small changes observed in the activation energy with increasing RH. The BET
measurement was performed to measure the average pore radius, sample porosity
and specific surface area of the particles, which were about to be 16.3 Å, 38% and 72

Fig. 7 In left panel, humidity response of different Mg ferrite-based humidity sensor and right
panel show their response time. Open access journal; Reproduced under copyright 2015, Institute
of Physics Publishing [56]
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Fig. 8 a I–V characteristic of the electrodes in MgFe2O4 pellet, b DC conductance measurement
at different temperatures and c AC conductance measurement at different frequency. Reproduced
with permission from Ref. [83]. Copyright 2012, Elsevier B. V

m2/g, respectively. The sensor showed a fast recovery time of 44 s as compared to its
response time of 80 s. In order to measure the humidity response, the ohmic contact
was made by using a silver paste at two opposite ends and their ohmic nature was
confirmed bymeasuring the I–V characteristic within±10V as shown in Fig. 8a. The
conductivity measurements of the magnesium ferrite pellet were done in the range
of 10–90% RH at 1 V DC and also at 1 V AC at different frequencies 10, 100 Hz,
and 1 kHz to ensure that there is no polarization effect in water molecules at the
electrode interface and water electrolysis. The results of conductance measurements
in the range of 10–90% RH at different temperatures and working frequency are
shown in Fig. 8b–c [83]. The measured values of the AC conductance were slightly
lower than the corresponding DC conductance values due to dipole moment of water
molecules adsorbed on the sensor surface [83]. The physisorption of water molecules
was confirmed from the adsorption–desorption curve after complete recovery of the
conductivity values.

The humidity sensing properties of magnesium ferrite thin film were firstly
reported by Kotnala et al. [95]. They prepared the magnesium ferrite target material
for RF magnetron sputtering by using mechanical ball milling, which was followed
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by sintering. The films were deposited over on α-Al2O3 substrate by Ar+ bombard-
ment at a base pressure of 7 Pa for 2 h. These as grown films were further annealed
at a temperature of 400, 600 and 800 °C for 2 h.

The humidity sensing for the polycrystalline and porous film annealed at 800 °C
was highly sensitivewith a linear logR (Ohm) response in the entire humidity range of
10–90%RH. The AFMwas used to see the morphology and measure the surface root
mean square roughness. The surface roughness increased with increasing annealing
temperature and was in the range of 51–87 nm. The surface morphology, humidity
sensing behavior and the graph of response and recovery time are shown in Fig. 9a–
d, respectively. The sensor annealed at 800 °C showed the least drift in humidity
hysteresis and good reversibility and repeatability toward humidity sensing. Table 2

Fig. 9 Surface morphology by SEM and AFM (inset) images of MgFe2O4 thin film annealed at
a 600 °C, and b 800 °C. The figure (c) shows the humidity hysteresis graphs and figure (d) shows the
response and recovery time of MgFe2O4 thin film annealed at 800 °C. Reproduced with permission
from Ref. [95]. Copyright 2011, Elsevier B. V
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Table 2 Effect of annealing temperature on the surface morphology and humidity response of
MgFe2O4 thin films [7, 95]

Annealing
temperature (°C)

Pore size
distribution
(AFM) (μm)

RMS roughness
(nm)

Sensitivity factor
(R10%/R90%)

Response/Recovery
time (s)

400 0.01–0.2 51 2269 10/16

600 0.05–0.3 64 9090 8/15

800 0.07–0.9 87 20,888 4/6

shows the various annealing temperature dependent parameters of magnesium ferrite
thin films [7, 95].

(ii) Effect of Porosity/pore Size Distribution
Manikandan et al. have recently reported the highly sensitive thin films of lithium-
substituted copper-ferrite (Li0.2Cu0.8Fe2O4) nanomaterials by using the spray pyrol-
ysis technique [76]. The nanomaterials with particle size in the range of ∼1–31 nm
were prepared by a chemical co-precipitation method, and the humidity sensing
measurement was performed in the range of 10–99% RH. The plots of the humidity
sensitivity, aging effect and response time are presented in Fig. 10a–d [76]. The
humidity sensors have a sensitivity of 2.2 M�/% RH in the entire range of measure-
ments with fast response/recovery time of 7/36 s. The porosity of the sample was
analyzed by using BET at 77 K, and the plotted graphs are shown in Fig. 11a–c
[76]. The nitrogen adsorption–desorption isotherms showed (see Fig. 11a) that with
increasing pressure, the adsorption volume also increased which is attributed to the
condensation of more nitrogen gas on the pores.

The calculation from the BET analysis showed that the specific surface area is
59.211 m2/g, pore volume is 0.1360 cm3/g and a mean of the pore radius is 36.71.
The porosity of less than 50 nm in Li substituted CuFe2O4 confirms themicro-porous
nature of the sample. In evidence of its chemical stability andmechanical robustness,
the sensor has displayed ~99% reproducibility [76].

Tulliani et al. have reported the few alkali and alkaline-earth-doped hematite thick
film-based humidity sensors by a screen printing technique onto α-Al2O3 substrates
[2]. The samples were calcinated at different temperatures ranging between 850
and 950 °C. The humidity response in most of the samples was dependent on the
porosity (microstructure) of the thick film rather than the ionic radius of the different
dopants. The sensors doped with barium had no noticeable response, however, with
Li doping the sensor showed a significant decrease over a limited RH range, and for
other dopants, the materials showed a wider range of sensitivity. But in all the cases,
these hematite-based compositions were insensitive below 40–50% RH, which is
believed due to fact that the dopant cations increased the opened porosity but did
not strongly influence the pore size distribution in the sensor materials [2]. The
surface modification by doping with foreign elements and presence of dangling
bond produced by oxygen vacancies can drastically improve the humidity sensing
properties of the ferrite nanomaterials [7, 91, 92]. After Li substitution, the humidity
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Fig. 10 a Humidity sensing response of LieCuFe2O4 film, b reproducibility, c the aging effect
on humidity hysteresis graphs and d shows the response and recovery time. Reproduced with
permission from Ref [76]. Copyright 2019, Elsevier B. V

Fig. 11 a Nitrogen adsorption/desorption curve as a function of pressure, b relationship between
the pore radius and change in the pore volume with pore radius and c BET plot used for the
calculation of pore volume, surface area and pore-diameter. Reproduced with permission from Ref.
[76]. Copyright 2019, Elsevier B. V
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sensitivity of pure magnesium ferrite was increased, which was attributed to the high
surface charge density, large surface area and open pores formed on the surface of the
sensors. The easy dissolution of Li+ ions in the magnesium ferrite lattice prompts the
quick nucleation which results into the smaller grain size and pore size distribution
[92, 96].Magnesium ferrite is a potential candidate for resistive type humidity sensor
due to its porous microstructure and high resistance of the order of 107 �, which
is very crucial to measure the impedance in low humidity environment otherwise it
is difficult to measure in the materials with low electrical resistivity. Ferrite-based
humidity sensor can operate at a low DC voltage of 1–5 V and exhibit significantly
good response time [7, 66]. By substituting and doping of alkali element, rare earth
elements one can control the microstructure and surface activity of pure magnesium
ferrite [7, 33]. This pore size distribution and unsaturated bonds provide the active
surface sites for water vapors to adsorb on the material surface often decrease the
resistance of the materials. The magnesium ferrite is porous in nature with high
specific surface area and high electrical conductivity. Jyoti Shah et al. also reported
that the addition of 4 wt% of cerium oxide to pure MgFe2O4 powder improved the
porosity and increased the electrical resistance, which showed a good linearity in the
entire range of humidity with an enhanced humidity sensitivity at low value of RH
(<30% RH) [62].

(iii) Effect of Surface Morphology in Humidity Response
Cobalt ferrite nanoparticles (CoFe2O4 NPs) of different shapepreparedby controlling
the morphology via a solution route method were also tested for humidity sensing
in the range of 8–97% RH at room temperature. Kumar et al. obtained spherical
(CF-S), cubic (CF-C) and hexagonal shapes (CF-H) of CoFe2O4 NPs by tuning the
growth conditions like amount of solvent and reaction time [68]. These CoFe2O4

NPs showed morphology dependent chemisorption properties and a fast recovery
time as compared to the response time. CoFe2O4 hexagonal (CF-H) exhibited the
highest humidity sensitivity among all with a value of 590 and a response/recovery
time of 25/2.6 s at room temperature. The sensitivity of CoFe2O4 hexagonal (CF-H)
was 2.15 and 1.41 times higher than that of the CF-C and CF-S NPs. The spinel
ferrites have a lot of surface-activated water adsorption sites due to the presence
of multi-cation sites; therefore, the surface behavior for the humidity sensing can
be appropriately explained by the Freundlich adsorption isotherm process. This is
a relationship between S (relative deviation in resistance as a function of solute
adsorbed on the adsorbent) and C (percent relative humidity as a function of water
vapor concentration), which is expressed as S = k × Cα , where k and α are the
proportionality and exponent constants and represent the adsorption capacity and
adsorption strength [68].

The experimental results obtained by Kumar et al. were well fitted to Freundlich
adsorption isotherm model to understand the mechanism of surface adsorption for
humidity sensing at room temperature in different shape of the CoFe2O4 NPs [68].
The different morphology that is used for humidity sensing is shown in Fig. 12.

The humidity response, sensitivity, hysteresis characteristics, response and
recovery time, and a graph for relative deviation in resistance (�RH) as a function of
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Fig. 12 Different surface morphology observed by TEM for CoFe2O4 nanoparticles. TEM images
of aCF-S,bCF-C and cCF-HNPs (insets show size distribution histograms) andHRTEMimages of
d CF-S, e CF-C and f CF-HNPs (insets show the SAED patterns). Open access journal; reproduced
under copyright 2017, RSC Advances [68]

applied relative humidity are shown in Fig. 13a–h, respectively. The lower response
at low RH value was due to that fact that protons (H+) cannot move freely in the
chemisorbed water vapors and few initially physisorbed water layers over the sensor.
The humidity response of all these samples was stable in different RH conditions
even after 7–8 weeks.

(iv) Effect of Frequency on Humidity Response Measurements
Recently, Kuru et al. prepared a series ofMg–Zn–Cr ferrites and Al–Ni–Zn ferrite by
using simple chemical co-precipitation method and studied their structural, optical
and humidity sensing properties [97, 98]. The three different concentrations of Cr3+

dopants were used bymaintaining the stoichiometryMg0.75Zn0.25CrxFe2–xO4 (where
x = 0, 0.1, 0.3) [97]. They recorded the humidity response by applying an operating
voltage of 0.5 V at room temperature between 20% - 90% RH with the use of digital
CEM 615 hygrometer. They explored the frequency dependent humidity sensing
properties and showed that with increasing operating frequency the impedances of
all the samples decreases at all RH values as shown in Fig. 14a–c [97]. It was
demonstrated that at high frequencies the adsorbedwater cannot be polarized, and the
sensor is controlled by its geometric capacitance. On the other hand, with increasing
RH value, the impedance decreases which are because the conduction occurred in
the connected grains by the adsorption of water molecules. Likewise, as mentioned
before in the case of copper ferrite, they have also observed two linear regions with
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Fig. 13 The humidity measurements of different morphology of CoFe2O4 nanoparticles.
a Humidity response, b sensitivity, c hysteresis characteristics, and d–f response and recovery
times, and g relative deviation in resistance (�RH) and h log–log plot of (�RH) versus percent
relative humidity for CF-S, CF-C, and CF-H. Open access journal; reproduced under copyright
2017, RSC Advances [68]

different sensitivity toward humidity, which were attributed to the chemisorption
and physisorption process of water vapors in the crystal sites of Mg–Zn–Cr ferrites.
Under an applied electric field during the chemisorption process the adsorbed water
vapors on the surface gets ionized and produce hydronium ions, whose concentration
increaseswith an increasing number ofwatermolecules at increasedRH levels. These
hydronium ions serve as charge carriers therefore the areas with high concentration
of hydronium ions has low impedance, and it has high impedance in the areas where
the concentration of hydronium ions is low [97].

In addition, the low sensitivity with high impedance in the low-humidity region
is attributed to the initial stage of adsorption of water molecules in the pores of the
sample and the impedance decreases as the number of charge carriers increases.

On the other hand, in the high humidity region, the impedance decreases rapidly
because of the fast adsorption of the water vapors by the pores. The influence of Cr3+
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Fig. 14 Humidity sensing
behavior of
Mg0.75Zn0.25CrxFe2–xO4
ferrites, and a x = 0, b x =
0.1 and c x = 0.3.
Reproduced with permission
from Ref. [97]. Copyright
2020, Elsevier B. V

doping in Mg–Zn ferrites humidity sensitivity was clearly observed. The sensitivity
decreases with increasing Cr3+ doping concentration which was because of transfer
of charge density on the surface to water molecules as a result of uptake of oxygen
ions from the Mg–Zn ferrites.

In an another report by T. S. Kuru et al., they studied the humidity sensing prop-
erties in the 15–90% range of RH at room temperature of Al–Cd ferrite synthesized
by a chemical co-precipitation method [49]. They rigorously studied the frequency
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dependent humidity response and observed that Al–Cd ferrite humidity sensor device
has stable response at a working frequency of 1 MHz and even higher. Interestingly,
the humidity response at 15% RH was 4 times greater than that of 90% RH at a
frequency of 1 kHz. The sensor has a very fast response and recovery time of 5.5 s
and 8 s, respectively. The humidity hysteresis curve was recorded for its reliability
to check the difference between adsorption and desorption process under 1 V of
potential and 1 kHz of frequency at room temperature. Al–Cd ferrite has shown a
narrow humidity hysteresis with a maximum drift of 3% RH in the middle range
of RH. The graph for humidity-frequency-impedance map, sensitivity as a function
of frequency at different RH and humidity hysteresis curves of Al–Cd nanoparticle
system are shown in Fig. 15a–c, respectively, [49].

7 Summary and Future Directions

The technological progresses of several areas from space to biomedical science
demands the design and develop of novel humidity sensing materials with ultra-
high surface-to-volume ratios and strong surface activities working in the entire
range of humidity level by operating at a low or room temperature. The challenges
are to produce unique humidity sensors which are cost effective, portable, space and
eco-friendly, non-corrosive having high sensitivity, high selectivity and high dura-
bility with zero drift in reversibility. In this direction, significant research has carried
out on the ferrite-based nanostructures. Among important reports available in the
literature, the outcome from some of the strategic ferrite nanomaterials in the recent
years is summarized in Table 3. The listed spinel ferrite-based humidity sensors are
based on change in electrical resistivity, and their sensing material, working range
and conditions, response/recovery time and preparation methods.

It is important to point out that the effect of doping and metallic nanoparticles
incorporation in spinel nanoferrites thin films for humidity sensor applications is
not yet fully explored as most of the available literature is based on bulk and/or
pellet form/ thick films of ferrite nanomaterials. Therefore, optimizations of perfect
stoichiometric composition, choices of various substrates, deposition technique and
parameters are still a handy job to get the desired structure and morphology of thin
film for further improving the humidity sensing mechanism and the geometry of its
device fabrication. The continuous exposure to the humidity leads to the formation
of stable chemisorbed OH− ions on the ceramic sample surface, which requires an
additional heater to remove these ions by heating at a temperature higher than 400 °C.
The efforts can be directed to avoid the use of a heater and protect the sensor surface
by environmental contamination also.

In addition, one can tune the structural and optical properties to look out for other
readout methods such as change in absorbance and photoluminescence properties.
The new theoretical models can be developed, and the outcome of the experimental
results can be compared with theoretical values. Moreover, it is necessary to develop
such humidity sensor devices which can itself discard the detection of other gases
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Fig. 15 a Humidity-
frequency-impedance map of
Al–Cd nanoparticles system,
b humidity sensitivity versus
frequency in different
humidity levels and
c humidity hysteresis graph.
Reproduced with permission
from Ref. [49]. Copyright
2016, Elsevier B. V
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present in the atmospherewith a high degree of sensitivity. The surface functionalities
can be modified by doping and decorating with foreign elements and preparing
new nanocomposite structures where the synergic effect of porosity, low hysteresis,
sensitivity and selectivity can be easily addressed.

Acknowledgments GN and SKS are thankful to Brazilian funding agencies CAPES, CNPq and
FAPEMA. Mohan Chandra Mathpal is thankful to CAPES-PNPD fellowship, Brazil for providing
the funding to conduct this research (Process No.—23106.067256/2018-51). Maria A. G. Soler
acknowledges University of Brasilia (Edital DPI/UnB 04/2019) for support to conduct the research
work.

References

1. Ashok BG, Tukaram JS, Pramod NV (2013) Role of sm3+ addition on humidity sensing of
nanocrtsyallite Mg–Cd ferrites. Adv Mater Res 645:160–163

2. Tulliani JM, Bonville P (2005) Influence of the dopants on the electrical resistance of hematite-
based humidity sensors. Ceram Int 31:507–514

3. Yamazoe N, Shimizu Y (1986) Humidity sensors: principles and applications. Sens Actuat
10:379–398

4. Farahani H, Wagiran R, Hamidon MN (2014) Humidity sensors principle, mechanism, and
fabrication technologies: a comprehensive review vol 14

5. Pelino M, Cantalini C, Faccio M (1994) Principles and applications of ceramic humidity
sensors. Act Passiv Electron Compon 16:69–87

6. Tripathy A, Pramanik S, Cho J, Santhosh J, Osman NAA (2014) Role of morphological struc-
ture, doping, and coating of differentmaterials in the sensing characteristics of humidity sensors
Sensors (Switzerland) 14:16343–16422

7. Kotnala RK, Shah J (2015) Ferrite materials: nano to spintronics regime, vol 23. Elsevier
8. Morawska L, Cao J (2020) Airborne transmission of SARS-CoV-2: the world should face the

reality. Environ Int 139:105730
9. Lakshmi Priyadarsini S, Suresh M (2020) Factors influencing the epidemiological character-

istics of pandemic COVID 19: a TISM approach. Int J Healthc Manag 13:89–98
10. Srivastava A (2020) COVID-19 and air pollution and meteorology—an intricate relationship:

a review. Chemosphere 263:128297
11. Regalado A (2020) Here’s how long the coronavirus can live in the air and on packages. 1–9
12. Ahmed AT, Ghanem AS (2020) A statistical study for impacts of environmental conditions on

the rapid spread of new corona virus. Int J Environ Sci Technol 17:4343–4352
13. Blank TA, Eksperiandova LP, Belikov KN (2016) Recent trends of ceramic humidity sensors

development: a review. Sens Actuat B Chem 228:416–442
14. Patil SN, Pawar AM, Tilekar SK, Ladgaonkar BP (2016) Investigation of magnesium

substituted nano particle zinc ferrites for relative humidity sensors. Sens Actuat A Phys
244:35–43

15. Kotnala RK, Shah J, Kishan H, Singh B (2017) Resistive type humidity sensor based on porous
magnesum ferrite pellet. 1–10

16. Shaheen K, Shah Z, Khan B, Adnan OM, AlamzebM, Suo H (2020) Electrical, photocatalytic,
and humidity sensing applications ofmixedmetal oxide nanocomposites. ACSOmega 5:7271–
7279

17. Morán-Lázaro JP, López-Urías F, Muñoz-Sandoval E, Blanco-Alonso O, Sanchez-Tizapa
M, Carreon-Alvarez A, Guillén-Bonilla H, Olvera-Amador M de la L, Guillén-Bonilla A,
Rodríguez-Betancourtt VM (2016) Synthesis, characterization, and sensor applications of
spinel ZnCo2O4 nanoparticles Sensors (Switzerland) 16



472 M. C. Mathpal et al.

18. Jain A, Baranwal RK, Bharti A, Vakil Z, Prajapati CS (2013) Study of Zn–Cu ferrite
nanoparticles for LPG sensing Sci World J 2013

19. Chand M, Kumar S, Shankar A, Porwal R, Pant RP, Kumar A, Kumar S, Shankar A, Pant RP
(2013) The size induced effect on rheological properties of Co-ferrite based ferrofluid. J Non
Cryst Solids 361:38–42

20. Wang C, Yin L, Zhang L, Xiang D, Gao R (2010) Metal oxide gas sensors: sensitivity and
influencing factors. Sensors 10:2088–2106

21. Dey A (2018) Semiconductor metal oxide gas sensors: a review. Mater Sci Eng B 229:206–217
22. Bârsan N, Weimar U (2003) Understanding the fundamental principles of metal oxide based

gas sensors; the example of CO sensing with SnO2 sensors in the presence of humidity J Phys
Condens Matter 15

23. Shaheen K, Suo H, Shah Z, Khush L, Arshad T, Khan SB, Siddique M, Ma L, Liu M, Cui J,
Ji YT, Wang Y (2020) Ag–Ni and Al–Ni nanoparticles for resistive response of humidity and
photocatalytic degradation of methyl orange dye. Mater Chem Phys 244:122748

24. ChethanB,Raj PrakashHG,RavikiranYT,VijayaKumari SC,Manjunatha S, Thomas S (2020)
Humidity sensing performance of hybrid nanorods of polyaniline-yttrium oxide composite
prepared by mechanical mixing method Talanta 215:120906

25. CrochemoreGB, ItoARP,Goulart CA, de SouzaDPF (2018) Identification of humidity sensing
mechanism in MgAl2O4 by impedance spectroscopy as function of relative humidity Mater
Res 21

26. Pan M, Sheng J, Liu J, Shi Z, Jiu L (2020) Design and verification of humidity sensors based
on magnesium oxide micro-arc oxidation film layers. Sensors (Switzerland) 20

27. Nagarajan V, Thayumanavan A, Chandiramouli R (2017) Magnesium ferrite nanostructures
for detection of ethanol vapours—A first-principles study. Process Appl Ceram 11:296–303

28. RezlescuN,Doroftei C, Rezlescu E, Popa PD (2006) Structure and humidity sensitive electrical
properties of the Sn4+ and/or Mo6+ substituted Mg ferrite. Sens Actuat B Chem 115:589–595

29. Seki K, Shida J-I, Murakami K (1988) Use of a temperature-sensitive ferrite for tempera-
ture/humidity measurements. IEEE Trans Instrum Meas 37:468–470

30. Gopal Reddy CV, Manorama SV, Rao VJ (2000) Preparation and characterization of ferrites
as gas sensor materials. J Mater Sci Lett 19:774–778

31. Soler MAG, Paterno LG (2017) Magnetic nanomaterials. Elsevier
32. Cullity BD, Graham CD (2008) Introduction to magnetic materials. Introd Magn Mater
33. Thankachan S,KurianM,NairDS,Xavier S,MohammedEM(2014) Effect of rare earth doping

on structural, magnetic, electrical properties of magnesium ferrite and its catalytic activity. Int
J Eng Sci Innov Technol 3:529–537

34. Afiune LAF, Ushirobira CY, Barbosa DPP, de Souza PEN, LelesMIG, Cunha-FilhoM,Gelfuso
GM, Soler MAG, Gratieri T (2020) Novel iron oxide nanocarriers loading finasteride or
dutasteride: enhanced skin penetration for topical treatment of alopecia. Int J Pharm 587

35. Rivera LMR, Paterno LG, Chaves NL, Gregurec D, Báo SN, Moya SE, Jain M, Azevedo R
B, Morais PC, Soler MAG (2019) Biocompatible superparamagnetic carriers of chondroitin
sulfate. Mater Res Express 6

36. Letti CJ, Costa KAG, Gross MA, Paterno LG, Pereira-da-Silva MA, Morais PC, Soler
MAG (2017) Synthesis, morphology and electrochemical applications of iron oxide based
nanocomposites. Adv Nano Res 5:215–230

37. Viali WR, Alcantara GB, Sartoratto PPC, Soler MAG, Mosiniewicz-Szablewska E, Andrze-
jewski B, Morais PC (2010) Investigation of the molecular surface coating on the stability of
insulating magnetic oils. J Phys Chem C 114:179–188

38. Gumbi SW, Mkwae PS, Kortidis I, Kroon RE, Swart HC, Moyo T, Nkosi SS (2020) Electronic
and simple oscillatory conduction in ferrite gas sensors: gas sensingmechanisms, long-term gas
monitoring, heat transfer and other anomalies. ACS Appl Mater Interfaces 12:43231–43249

39. Chen Z, Lu C (2005) Humidity sensors: a review of materials and mechanisms. Sens Lett
3:274–295

40. Koli PB, Kapadnis KH, Deshpande UG (2019) Nanocrystalline-modified nickel ferrite films:
an effective sensor for industrial and environmental gas pollutant detection. J Nanostruct Chem
9:95–110



State of Art of Spinel Ferrites Enabled Humidity Sensors 473

41. Sn P, Am P, Jd D, Bp L (2017) Comparative study of ferrite based humidity sensor for smart
sensor module design. Int Res J Sci Eng 203–209

42. Kant R, Jhabarmal J, Mann AK (2018) A review of doped magnesium ferrite nanoparticles:
introduction, synthesis techniques and applications. IJSRSET 4:646–660

43. Ortiz-Quiñonez JL, Pal U, Villanueva MS (2018) Structural, magnetic, and catalytic evalua-
tion of spinel Co, Ni, and Co-Ni ferrite nanoparticles fabricated by low-temperature solution
combustion process. ACS Omega 3:14986–15001

44. Rivera LMR,Machado JG, ChandraMathpalM, ChavesNL, GregurecD, Báo SN, Paterno LG,
Moya SE, Azevedo RB, Soler MAG (2020) Functional glucosamine-iron oxide nanocarriers J
Mater Res 1–12

45. Alcantara GB, Paterno LG, Afonso AS, Faria RC, Pereira-Da-Silva MA, Morais PC, Soler
MAG (2011) Adsorption of cobalt ferrite nanoparticles within layer-by-layer films: a kinetic
study carried out using quartz crystal microbalance. Phys Chem Chem Phys 13:21233–21242

46. Alcantara GB, Paterno LG, Fonseca FJ, Pereira-Da-Silva MA, Morais PC, Soler MAG (2013)
Dielectric properties of cobalt ferrite nanoparticles in ultrathin nanocomposite films. Phys
Chem Chem Phys 15:19853–19861

47. Alcantara G, Paterno L, Fonseca F, Pereira-da-Silva M, Morais P, Soler MG (2013) Layer-by-
layer assembled cobalt ferrite nanoparticles for chemical sensing. J Nanofluids 2:175–183

48. Dumitrescu AM, Lisa G, Iordan AR, Tudorache F, Petrila I, Borhan AI, Palamaru MN,
Mihailescu C, Leontie L, Munteanu C (2015) Ni ferrite highly organized as humidity sensors.
Mater Chem Phys 156:170–179
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