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Abstract
In this research, manganese ferrite (MnFe2O4) nanoparticles (NPs) were synthesized using the sol-gel hydrothermal process
through different hydrothermal durations and polyvinyl alcohol (PVA) contents. The synthesized NPs were characterized by X-
ray diffraction (XRD), vibrating sample magnetometry (VSM), and field emission scanning electron microscopy (FESEM)
techniques. The effect of adding PVA as a surfactant and hydrothermal treatment duration on phase formation, microstructure,
and magnetic properties of NPs have been discussed in this article. Rietveld-refined XRD patterns proved formation of magnetite
and nonstoichiometric manganese ferrite phases along with MnFe2O4 in samples. The existence of a hematite phase was
observed in samples prepared without PVA at the hydrothermal durations of 15 and 20 h, while adding PVA caused the hematite
phase to disappear. FESEM images showed that adding PVA caused angular and coarser particles to form. The hysteresis loops
of the samples confirmed the ferrimagnetic behavior of some samples while others presented superparamagnetic characteristics
depending on their processing conditions. The saturation magnetization (Ms) and magnetic coercivity (Hc) values of NPs varied
between 38 and 64 emu/g and 15–85Oe, respectively. Addition of PVAwith the average hydrothermal duration of 7.5 h provides
the sample with the highestMs (equal to 64 emu/g), which is mainly composed of MnFe2O4, Mn1.03Fe1.97O4, and Fe3O4. On the
other hand, the sample P10 prepared with PVA addition at the hydrothermal treatment duration of 10 h presented the highest
value of MnFe2O4 according to the Rietveld refinement results of XRD patterns performed by Maud program.
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1 Introduction

Manganese ferrite (MnFe2O4) is a soft magnetic material with
a reverse spinel structure belonging to the space group of
Fd3m. Spinels are magnetic oxides with general formula of
AB2O4 where A and B are divalent and trivalent cations, re-
spectively, occupying either octahedral or tetrahedral sites.
Oxygen anions occupy FCC sites in this structure. If all diva-
lent cations occupy tetrahedral sites, the structure is defined as
a normal spinel structure. When octahedral sites are occupied
by a fraction of divalent cations, equivalent amounts of triva-
lent cations occupy tetrahedral sites. This structure is defined
as a partially inverted spinel structure [1].MnFe2O4 is a partial
inverse spinel ferrite in which 80% of Mn ions occupy

tetrahedral (A) sites and the remaining 20% of ions occupy
octahedral (B) sites [2, 3]. This material has attracted much
attention because of its appropriate properties such as high
chemical stability, proper mechanical hardness [4], high mag-
netic permeability, high saturation magnetization (Ms), and
low loss [5]. Particle size and crystal morphology play a major
role in properties and application of materials that are strongly
dependent to synthesis method and its conditions. Magnetic
interactions between nanoparticles (NPs) provide novel prop-
erties in comparison with bulk material due to their small
volume and high surface to volume ratio [6]. MnFe2O4 NPs
are used in many areas such as high-density information stor-
age [7], biosensors [8], drug delivery [9], magnetic resonance
imaging [10], ferrofluids, gas sensors [11], and many other
high-technological applications.

MnFe2O4 is widely used as a sensing material due to its
multiple valence states of Mn. Vignesh et al. [12] presented
the promising properties of MnFe2O4 NPs for toxic gas, am-
monia, sensing application operating at room temperature
with high sensitivity and selectivity towards ammonia.
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MnFe2O4 is also used as a photocatalyst for environmental
applications including elimination of azo dyes from wastewa-
ter, because of its excellent properties such as great optical
absorption over low energy photon, chemical stability, large
surface area to volume ratio, and high Ms [13]. In addition,
MnFe2O4 NPs are advantageous candidates for magnetic hy-
perthermia applications and direct tumor targeting due to their
high magnetization, high chemical stability, high specific loss
power, and low toxicity [14–16]. These NPs are also capable
of binding to drugs, proteins, enzymes, antibodies, or nucleo-
tides, and can be heated in alternating magnetic fields [17].
Aghajanzadeh et al. [18] have shown that MnFe2O4 NPs are
suitable for anticancer drug delivery of therapeutic drugs.
Moreover, MnFe2O4 NPs are used as a powerful negative
contrast agent for multimode magnetic resonance imaging of
cancer cells with the ability to enhance surrounding water
proton signals on the T1-weighted image [19].

Several methods have been used to synthesize MnFe2O4

NPs such as chemical bath deposition [20], chemical co-
precipitation [21], combustion [22], hydrothermal [23], re-
verse micelle process [24], thermal decomposition [25], mech-
anochemical [26], solvothermal [27], high-energy wet milling
[28], sol-gel [29], sonochemical [30], and sol-gel hydrother-
mal [31] techniques. Gas condensation, microemulsion, laser
vaporization, and vacuum deposition and vaporization are
other techniques used to synthesize nano-crystalline ferrites
[32, 33].

All the methods used for synthesis of nano-sized ferrites
have their advantages and shortcomings. The inert gas aggre-
gationmethod is a simple, continuous, and flexible method for
producing ferrites and multi-component NPs such as multi-
core/shell structures, providing ultrafine-grained materials
with narrow grain size distribution, clean grain boundaries,
high purity, and excellent resistance to grain growth.
However, the method suffers from some drawbacks such as
agglomeration of particles, high cost, and difficulty of main-
taining a clean vacuum. The method is slow and limited to a
laboratory scale. It also requires rather high vapor pressure
metals and presents a source-precursor incompatibility, tem-
perature variations, and dissimilar evaporation rates [34, 35].
Likewise, vacuum deposition and vaporization have advan-
tages such as high deposition rates and economical yield;
however, many compounds are difficult to be deposited using
this technique. Additionally, the laser vaporization technique
presents several advantages compared to other heating tech-
niques by producing a high density of vapor in a very short
time, which is useful for direct deposition of particles [32, 36,
37]. Nevertheless, laser evaporation is less effective in the
evaporation of a metallic target in comparison with an oxide
target and the high Ms of the particles leads to high agglom-
eration tendency. Laser evaporation may also alter the mean
particle size and magnetic phase of the sample in the evapo-
ration chamber [38].

Chemical co-precipitation is widely used for the synthesis of
magnetic NPs and is a simple, low-cost, environmentally
friendly, and high yield method, which provides homogeneous
and size-controlled particles of materials [11, 14]. Co-
precipitation provides composition flexibility of products and
large-scale preparation; nevertheless, the tendency of agglom-
eration is one of the issues concerning the synthesis of magnetic
NPs by this method [39, 40]. Moreover, high pH value of the
reaction mixture has to be controlled in both the synthesis and
purification steps, which leads to less uniform and monodis-
perse NPs [41]. Thermal decomposition, another promising
way for the preparation of magnetic NPs, provides particles
with a very narrow size distribution as well as controlled size
and morphology [42]. The issues faced to this method are the
necessity for laborious purification steps and surface treatment
[17]. Themicroemulsion process, as well, has many advantages
such as ease of preparation, thermodynamic stability, minimal
agglomeration of nano-sized particles, narrow size distribution,
and composition control. Though, the shortcomings of this
method include requiring large amounts of surfactants and lim-
ited solubilizing capacity for substances with high melting
points [42, 43]. Also, sonochemical synthesis of ferrite particles
has nanometric size range, moderate Hc, and low remanence
ratio, making themmore appropriate for application in electron-
ic gadgets [30]. However, the powders prepared by the
sonochemical method are usually porous, amorphous, and ag-
glomerated [17]. Additionally, major drawbacks of the milling
procedure are the difficulty of adjusting the desired particle size
and shape. The milling procedure also leads to lattice defects
that change the magnetic properties of particles [42].

The sol-gel method is a multi-purpose method widely used
for synthesis of nanomaterials due to its simplicity, low cost,
and high efficiency [44]. Final products prepared by this meth-
od are homogeneous and relatively high in purity. The sol-gel
method enables synthesis at a low temperature and allows for
fine control of the product’s chemical composition. Despite
these, the method is relatively time-consuming and some or-
ganic solvents may be harmful to the human body [43]. The
hydrothermal method has many advantages for synthesis of
nanomaterials because of its low synthesis temperature, well-
crystallized products, and simplicity of controlling various
factors, such as time of treatment, stirring rate, size, morphol-
ogy, agglomeration, and composition of products [45–47].

The sol-gel hydrothermal synthesis provides advantages of
both sol-gel and hydrothermal methods. This method has
attracted much attention for several advantages provided in
the synthesis of nanomaterials, such as high purity, high crys-
tallinity, narrow particle size distribution, low synthesis tem-
perature, excellent compositional control, homogeneity on the
molecular level, and controlled morphology of the final prod-
ucts [48–50].

Providing monodispersed particles in nanoscales is a con-
siderable issue in the synthesis of nano-ferrites. This issue
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could be managed by polyvinyl alcohol (PVA) addition,
which plays a noteworthy role in the synthesis of
nanomaterials by controlling polymerization of the gel, NPs
growth, morphology, agglomeration, and producing NPs with
uniform shapes because of its unique structure, which forms
steric layers against aggregation and particle growth [51–53].
PVA as a surfactant also reduces the interfacial tension of the
solution or emulsion and provides stabilization of mixture in
the first step of particle preparation [51]. Up to now, there has
not been any research about the influence of adding PVA and
hydrothermal treatment duration on phase formation, micro-
structure, and magnetic properties of MnFe2O4 NPs synthe-
sized by the sol-gel hydrothermal process. In this paper, syn-
thesis procedure, phase formation, microstructure, and mag-
netic properties of different samples synthesized with and
without PVA addition using different hydrothermal treatment
durations have been investigated.

2 Experimental

2.1 Materials

All chemicals used in this study were of analytical grade ob-
tained from Merck Co. and were used as received without
further purification. Materials used for synthesis of
MnFe2O4 NPs were manganese acetate (Mn(CH3COO)2
.4H2O, 99% Merck) and iron(III) chloride (FeCl3, 98%
Merck) as metal sources, citric acid (C6H8O7.H2O, 99.5%
Merck) as a homogeneous distributer of metal ion, sodium
hydroxide (NaOH, 98% Merck) as a mineralizer, and PVA
(98% Merck) as a surfactant.

2.2 Synthesis of MnFe2O4 NPs

To prepare 0.01 mol MnFe2O4, 2.4509 g of manganese acetate
powder, 3.2440 g of iron chloride powder, and 2.1014 g of
citric acid were dissolved in 25 ml of distilled water separately
(the molar ratio of Mn:Fe was 1:2 and the molar ratio of man-
ganese acetate:citric acid was 1:1). After complete dissolution,
citric acid solution was poured into the manganese acetate so-
lution to obtain a homogeneous aqueous solution after stirring.
Afterwards, 0.1 vol.% PVA was added to some particular sam-
ples while stirring. Iron chloride solution was added to the
mixture and the mixture was stirred for more 30 min. Finally,
the NaOH solution was gradually added to the obtained sol to
reach pH to 12. The mixture was stirred for 1 h while conden-
sation reactions turned it to a dark brownish gel. The obtained
gel was poured into a Teflon-lined stainless steel autoclave and
was placed in an oven for different hydrothermal treatment
durations of 5, 7.5, 10, 15, and 20 h at 180 °C. The precipitates
were filtered and washed several times with distilled water and
were dried for 4 h using an oven at 80 °C. Table 1 illustrates the

structure of sample coding based on the absence or presence of
PVA and duration of hydrothermal treatment.

2.3 Experimental Techniques and Data Treatment

The phase formation of NPs has been studied by a Philips
PW1730 X-ray diffractometer (XRD) using Cu Kα radiation
(λ = 0.1541 nm). The XRD patterns were submitted to a
quantitative analysis by the Rietveld method using MAUD
(material analysis using diffraction) software to obtain weight
percentage of phases as well as their lattice parameters.

Magnetic properties of the samples were investigated at
room temperature using a vibrating sample magnetometer
(VSM) model MDK6 at maximum applied field of 10 kOe.
The morphology of the samples was studied using a field
emission scanning electron microscope (FESEM) model
Mira 3-XMU.

3 Results and Discussion

3.1 XRD Analysis

XRD patterns of MnFe2O4 NPs synthesized with and without
PVA by the sol-gel hydrothermal technique at 180 °C and
hydrothermal durations of 5, 7.5, 10, 15, and 20 h are present-
ed in Fig. 1. To determine the structural features of the sam-
ples, Rietveld refinement of XRD patterns has been performed
using the MAUD program. Figure 2 shows Rietveld refine-
ment of XRD data of the N5 sample. In Fig. 2, the black
spheres represent experimental data; the red solid line shows
calculated values obtained by the Rietveld method; and the
black line at the lower box shows residuals.

Phase analysis associated with the Rietveld refinement of
XRD patterns assured formation of a variety of phases with
different weight percentages in different samples. Table 2 pro-
vides a detailed information of all the phases observed in
samples. The mean crystallite size of the three as-mentioned

Table 1 The coding structure of samples

Sample code PVA (vol.%) Hydrothermal duration (h)

N5 0 5

N7.5 0 7.5

N10 0 10

N15 0 15

N20 0 20

P5 0.1 5

P7.5 0.1 7.5

P10 0.1 10

P15 0.1 15
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phases was calculated using the Debye-Scherrer equation.

L ¼ 0:89λ
β cosθ

ð1Þ

where L is the crystallite size, λ is the X-ray wavelength of Cu Kα

radiation = 0.1541 nm, θ is the Bragg diffraction angle of the
highest peak, and β is the full width of the highest peak at half
maximum (FWHM) in radian after instrumental broadening cor-
rection [52]. The intensity of the main diffraction peak of cubic
spinel ferrites, MnFe2O4 and Fe2.937O4, at the (311) plane and the
intensity of themain diffraction peak ofα-Fe2O3 at the (104) plane
were considered as a measure of their degree of crystallinity.

The weight percentage for the phases of different samples
was calculated with the Rietveld method. Phase content,
weight percentage, and mean crystallite size of all samples
are listed in Table 3.

XRD patterns of the obtained diffraction patterns ensured
formation of MnFe2O4 with a spinel structure in all samples
with different quantities. The XRD pattern of the MnFe2O4

coincides well with the standard data of the cubic spinel
MnFe2O4 (Jacobsite) phase (ICDD card no. 01-088-1965).
The obtained peaks indexed to the (111), (220), (311), (222),
(400), (422), (511), (440), and (533) crystal planes of the
MnFe2O4. On the other hand, the resultant Rietveld-refined
XRD patterns showed that formation of Mn1.03Fe1.97O4,
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Fig. 1 XRD patterns of MnFe2O4

NPs synthesized with and without
PVA at 180 °C and hydrothermal
durations of 5, 7.5, 10, 15, and 20
h
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Mn0.43Fe2.57O4, Fe3O4 (magnetite), and Fe2O3 (hematite) also
occurs with different weight percentages in different samples.
The results of XRD patterns illustrate that by increasing hy-
drothermal durations of samples prepared without PVA, the
quantity of MnFe2O4 phase decreases. At higher hydro-
thermal treatment durations of 15 h and 20 h of samples syn-
thesized without PVA (N15 and N20), an additional phase
named hematite with a rhombohedral structure (ICDD card
no. 01-079-1741) appeared and progressively increased in
amount with the increase of hydrothermal duration. The

corresponding observed peaks of hematite phase could be
indexed as (012), (104), (110), (113), (024), (116), (214),
and (300) diffraction planes. Increasing hydrothermal duration
causes the decomposition ofMnFe2O4 phase and formation of
hematite phase as it has been seen by M. Jalalian et al., which
was reported for cobalt ferrite at high hydrothermal durations
[53]. As a result, remained manganese ions must have formed
the Mn1.03Fe1.97O4 phase or have been dissolved in the water
of the system and have been washed out from products
through filtration.

Table 2 Detailed information of all the phases observed in samples

Chemical formula Mineral name Reference code Crystal system Space group Lattice parameters (Å)

MnFe2O4 Jacobsite syn 01-088-1965 Cubic Fd-3m 8.4970

Mn0.43Fe2.57O4 - 01-089-2807 Cubic Fd-3m 8.4500

Fe3O4 Magnetite, syn 01-089-0688 Cubic Fd-3m 8.4045

Mn1.03Fe1.97O4 - 01-074-2435 Cubic Fd-3m 8.5180

Fe2O3 Hematite, syn 01-079-1741 Rhombohedral R-3c a: 5.0342
b: 5.0342
c: 13.7460

Table 3 Phase content, weight
percentage of phases (obtained by
Rietveld refinement), and mean
crystallite size (obtained by
Debye-Scherrer formula) of
different samples

Sample code Main phases Weight % of phases Mean crystallite size (nm)

N5 MnFe2O4

Fe3O4

84.70

15.30

26.84

N7.5 MnFe2O4

Mn1.03Fe1.97O4

Fe3O4

58.82

38.34

2.84

24.19

N10 MnFe2O4

Mn1.03Fe1.97O4

Mn0.43Fe2.57O4

69.51

28.41

2.08

34.70

N15 MnFe2O4

Mn1.03Fe1.97O4

Mn0.43Fe2.57O4

Fe2O3 (hematite)

53.47

22.11

16.06

8.36

36.91

N20 MnFe2O4

Mn1.03Fe1.97O4

Fe2O3 (hematite)

Fe3O4

49.42

26.37

20.82

3.39

34.21

P5 Mn1.03Fe1.97O4

MnFe2O4

Mn0.43Fe2.57O4

57.42

37.5

5.08

31.76

P7.5 MnFe2O4

Mn1.03Fe1.97O4

Fe3O4

58.08

25.20

16.72

25.38

P10 MnFe2O4

Mn0.43Fe2.57O4

Fe3O4

91.86

4.11

4.03

34.54

P15 Mn1.03Fe1.97O4

MnFe2O4

Fe3O4

59.12

27.40

13.48

40.57
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In contrast with the samples prepared without PVA, sam-
ples synthesized with PVA present higher MnFe2O4 content
with higher hydrothermal durations until the hydrothermal
duration of 10 h. These samples do not show a noticeable
percentage of hematite phase in their XRD patterns. It seems
that in sample P5, the pressure of the system and reaction time
were not adequate to perform ion exchanges in crystal struc-
ture and form desirable phase structure [54]. Increasing hydro-
thermal treatment duration in the samples prepared with PVA
causes the Mn1.03Fe1.97O4 phase to decrease in content and
leads to the formation of higher quantities of MnFe2O4 at
sample P10 with more than 90 wt.% at shorter hydrothermal

durations than that reported by Ibrahim et al., which was equal
to 48 h [31]. Probably, in sample P10, PVA prevents decom-
position of MnFe2O4 and formation of additional phases.
PVA reduces the surface tension of the solution and lowers
the energy needed for the formation of MnFe2O4 [55]. In
addition, as hydroxyl groups of PVA can make hydrogen
bonds with anions, the solubility of the metal salt in the solu-
tion increases which leads to the growth of crystallites.
Moreover, the polymeric network of PVA prohibits cation
mobility and leads to the maintenance of local stoichiometry
as well as reducing the formation of additional undesirable
phases [56].

(a) (b) (c)

(d) (f)(e)

(i)(h)(g)

SEM HV: 15.0 kV
SEM MAG: 150 kx

WD: 3.97 mm
Det: InBeam SE

SEM HV: 15.0 kV
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Fig. 3 FESEM images of N5 (a), N7.5 (b), N10 (c), N15 (d), N20 (e), P5 (f), P7.5 (g), P10 (h), and P15 (i) nano-powders
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Due to the rather high similarity of the XRD patterns of
different spinel structures, overlapping of magnetite and
MnFe2O4 diffraction peaks could be possible in the obtained
patterns.

The estimated results of Table 3 showed that the mean
crystallite size of samples varies between 24 and 46 nm. The
lowest crystallite size was observed at the hydrothermal treat-
ment duration of 7.5 h in both samples prepared with and
without PVA. Although the variation of crystallite size does
not show any sequence in both series of samples, which could
be due to the formation of a variety of phases in each sample,
the results revealed that increasing hydrothermal treatment
time favors the growth of the crystallite size. Increasing reac-
tion time causes pressure of the system to increase and pro-
vides more time for metal ions to transfer and form spinel
structure. Therefore, with the increased reaction time from
7.5 to 15 h in the samples prepared with and without PVA,
the size of crystallites and the system crystallinity increase

[54]. In the hydrothermal duration time of 20 h in sample
N20,MnFe2O4 crystallites havemost likely been decomposed
and some of them have been turned to hematite, which made
hematite crystallites to disport from MnFe2O4 crystallites and
caused the particle size reduction. Crystallite size of samples
synthesized with PVA is higher than that of samples prepared
without PVA in the same hydrothermal treatment times,
which could explain the role of PVA in facilitating crystallite
growth. PVA increases the reaction rate and solubility of met-
al ions and enhances their tendency to form crystal structure or
crystallite growth [56]. PVA accelerates the reaction kinetics,
forcing nanocrystals to be formed at shorter hydrothermal
treatment durations and increases their growth rate and size
[53].

3.2 FESEM Investigations

Figure 3 shows the microstructure of samples. The
matching between the crystallite sizes calculated with
the Debye-Scherrer formula and that obtained from
FESEM images is quite reasonable. All of the samples
have nano-sized particles. The increase of particle size
is observed as the hydrothermal treatment duration in-
creases, which can be due to the increase of the forma-
tion of Fe2+ ions accelerating the growth of grain size.
These images demonstrate that NPs have tendency to
form agglomerates because of the strong magnetic inter-
actions between ferrite particles, high reactivity of par-
ticles, and formation of inter-particle London-van der
Waals bonds either in the wet or dry state due to their
fine particle size [22, 57–59]. In addition, it can be seen
that samples, which were synthesized with PVA, have
more irregular and coarser shapes. PVA molecules can

Table 4 Results of
magnetic measurements
for synthesized samples

Sample code Ms (emu/g) Hc (Oe)

N5 62 15

N7.5 59 19

N10 62 25

N15 38 85

P5 53 35

P7.5 64 17

P10 54 53

P15 52 40

Ms saturation magnetization, Hc magnetic
coercivity

Fig. 4 Magnetization curves of
samples
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modulate the growth rate along certain directions with
high surface energy, which causes a variety of nano-
crystal shapes [60]. For instance, a proper amount of
CTAB surfactant often induces the synthesis of triangle
Fe3O4 nanocrystals [61].

Particle formation involves many steps, which can be in-
fluenced by the surfactant. The reaction rate, product, and
stereochemistry may significantly vary from those observed
in dilute aqueous solution [62].

Table 5 Comparison of the magnetic properties of MnFe2O4 NPs and other ferrite NPs reported in literatures

Synthesized material Particle size (nm) Ms (emu/g)
at 300 K

Hc (Oe) Synthesis method Ref.

Ni-Zn ferrite
Zn-Mn ferrite
Ni-Mn ferrite

20–40 4.5
9
7

~0 Reverse micelle [77]

Fe3O4

Fe0.9Mn0.1Fe2O4

Fe0.8Mn0.2Fe2O4

Fe0.7Mn0.3Fe2O4

Fe0.6Mn0.4Fe2O4

Fe0.5Mn0.5Fe2O4

- 1.83
1.62
1.32
1.82
1.82
0.76

23.57
16.33
23.51
20.59
17.29
16.41

Chemical co-precipitation [78]

Mn-Zn ferrite 20 23.65 20 Rf thermally plasma synthesized [79]

Fe3O4, wustite, and hematite
were also present

7–14 60–80 57–92 Pulsed laser ablation in liquids (methanol,
ethanol, and acetone)

[80]

Fe3O4 10 1.25 ~0 Sonochemical synthetic route [81]

Fe3O4

Fe3O4@SiO2 (0.5 ml TEOS as a coat)
11.7
15.06

63.7
48.7

~0 Hydrothermal [82]

Bi2S3@ Fe3O4 nanocomposites 20–30 5.05 ~0 Hydrothermal [83]

Fe3O4/gelatin/metoprolol
nanocomposite

70 3.5 50 Hydrothermal [84]

Fe3O4

PDA-coated Fe3O4

Silica-coated Fe3O4

Silver-coated Fe3O4

8–10
6–12
89
44

63.2
36.2
28.5
22.1

~0 Co-precipitation [85]

Fe3O4-PbS nanocomposites 40 8.2 ~0 Precipitation in water using green capping agents [86]

Mg0.9Mn0.1Fe1.8O4 7–13 38.41 20.25 Solution combustion [87]

NiFe2O4 15–50 52.9 50 Inert gas condensation followed by annealing
at 450 °C

[88]

NiFe2O4 30 48 115 Thermal plasma-assisted vapor phase condensation [89]

MnFe2O4 (undesirable α-Fe2O3) 16–23 38–45 54–67 Sol-gel using wheat flour and potato flour as
surfactants

[90]

MnFe2O4 42 18 1200 Sonochemical Synthesis (calcination temp.: 750 °C) [30]

MnFe2O4 80 33.57 25.55 Co-precipitation using FeSO4.7H2O and
MnSO4.H2O as starting materials

[91]

MnFe2O4 10 33 ~0 Thermal decomposition of metal nitrates at 350 °C [92]

MnFe2O4 30 80 50 Combustion [22]

MnFe2O4 5 69 ~0 Chemical co-precipitation [11]

MnFe2O4 12 41 60 Reverse microemulsions (thermal treatment at 800 °C) [33]

MnFe2O4 31 69.5 ~0 Aqueous co-precipitation of proper salts [14]

MnFe2O4 5
6
10
15

8
12
19
41

~0 Chemical co-precipitation [40]

MnFe2O4 26.84
24.19
34.70
36.91
31.76
25.38
34.54
40.57

62
59
62
38
53
64
54
52

15
19
25
85
35
17
53
40

Sol-gel hydrothermal This work
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3.3 VSM Studies

Figure 4 presents hysteresis curves of the samples. Values of
Ms and magnetic coercivity (Hc) are listed in Table 4.

The Ms value of all samples is beneath the Ms value of the
bulk MnFe2O4 that is equal to 77 emu/g [63]. The reduction in
Ms value is due to the spin canting effect in the disordered
surface layers of NPs with large surface to volume ratio
[64–66]. Ms in spinel ferrites is influenced by many factors
such as preparation route, cation distribution, crystallite size,
particle size, and sintering conditions calculated by the ex-
change interactions between octahedral and tetrahedral sites.
Total Ms is equal to difference of magnetic moments of these
two sites [55, 66]. According to Neel’s model, as occupancy
of B sites with Fe3+ or Mn2+ ions increases, the Ms value
increases. In contrary, as the occupancy of A sites with mag-
netic ions increases, the Ms value decreases [67]. Ms values
also decreased with the decrease of crystallite size and the
increase of spin canting [68, 69].

Mostafa et al. reported the value of 31.08 emu/g for theMs

ofMnFe2O4 NPs synthesized by hydrothermal route at 180 °C
in the presence of NaOH as a mineralizer [70]. The reported
Ms value for nano-sized MnFe2O4 synthesized by
mechanosynthesis is about 49.77 emu/g [71]. MnFe2O4 NPs
synthesized using sonochemical synthesis have also shown
the values of 15, 18, and 22 emu/g for Ms of particles with
the size of 34, 42, and 46 nm, respectively, which were pre-
pared in different calcination temperatures [30]. TheMs value
of 69 emu/g was also reported for MnFe2O4 NPs prepared via
the low-power ultrasonic-assisted co-precipitation method
[72]. Zhang et al. have also reported the Ms value of 54.5
emu/g for MnFe2O4 NPs synthesized by a co-precipitation
method in the presence of CTAB [73].

Ms values of the samples synthesized without PVA addi-
tion range from 38 to 62 emu/g, which does not show any
sequence with hydrothermal duration variations; however,
Hc values increase with the increase of hydrothermal duration
from 15 to 85 Oe. As is shown in Table 4, sample N5 has a
largeMs value which may be due to the existence of magnetite
phase with a large Ms of 92 emu/ that is much larger than the
Ms ofMnFe2O4 (77 emu/g) [63]. At the hydrothermal duration
of 7.5 h,Ms reduces. This is due to the elimination of magne-
tite phase and formation of a great deal ofMn1.03Fe1.97O4 with
lower Ms than that of magnetite or MnFe2O4. The lower Ms

also may be due to the lower crystallite size and effect of spin
canting in the disordered surface layers and lower crystalliza-
tion [74]. At the hydrothermal duration of 10 h, the Ms in-
creases, which could be due to the existence of the MnFe2O4

phase with larger crystallite sizes than N5 and N7.5. Ms has
been extensively reduced at the hydrothermal duration of 15 h.
This phenomenon is most likely due to the presence of
Mn1.03Fe1.97O4 and formation of hematite phase, which is a
nonmagnetic phase.

Ms values of samples with PVA addition show an increase
until hydrothermal duration of 7.5 h from 53 to 64 emu/g, and
then it decreases to 52 emu/g. Ms values of samples P5, P10,
and P15 are in the same range and are smaller than those of
sample N5, which may be due to the existence of larger
amounts of Mn1.03Fe1.97O4 and antiferromagnetic hematite
(in sample P10) with lower Ms values [75, 76]. Sample P7.5
shows the highest value of Ms, which is equal to 64 emu/g.
This sample presents large values of magnetite phase with
higher Ms compared to other manganese iron oxide phases.
On the other hand, polymer molecules are probable to form
bonds with the surface of ferrite NPs and reduce the surface
spin disorder, which leads to the increase in Ms. As a result,
higher Ms values of the samples prepared with PVA can be
explained [27].

Hc values of the samples prepared with PVA do not show
any sequence and are higher than those of bulk sample which
is equal to 20 Oe [22].Hc is affected by surface distortions due
to the crystal defects and dislocations. Variation ofHc may be
due to the effect of size, disordered spins in the surface layer,
ion exchange, and cation distribution variations, which causes
network strain [54, 57, 71].

In order to show the status of our results and compare the
magnetic properties of our prepared MnFe2O4 NPs with other
ferrite NPs reported in a variety of literatures, we have per-
formed a comparative study on the magnetic values and par-
ticle size of MnFe2O4 NPs and other ferrites prepared by dif-
ferent synthesis methods in Table 5. Comparing the results of
the table below indicates that our MnFe2O4 NPs synthesized
by the simple and low-cost sol-gel hydrothermal process pres-
ent great magnetic properties as well as nano-sized particle
size compared with other techniques used to prepare magnetic
ferrites. The maximum value ofMs (64 emu/g) obtained from
the sample with PVA addition and hydrothermal duration of
10 h is amongst the highest values ofMs achieved from other
techniques in literatures. In addition, in terms ofHc evaluation,
our synthesized NPs with different processing parameters pre-
sented different magnetic behaviors: some presented ferrimag-
netic and some presented superparamagnetic characteristics.

4 Conclusion

In this research, MnFe2O4 NPs were synthesized using the
sol-gel hydrothermal process at 180 °C. Samples were synthe-
sized either with or without PVA addition with treatment du-
rations of 5, 7.5, 10, 15, and 20 h. Phase content of samples
was largely affected by the hydrothermal treatment duration
and PVA addition. The Rietveld refinement results of XRD
patterns have shown that alongside with theMnFe2O4 phase, a
variety of undesirable phases such as nonstoichiometric man-
ganese ferrite and magnetite phases form in the samples.
Samples synthesized without PVA addition had a secondary
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phase (hematite) formed at hydrothermal durations of 15 and
20 h while with PVA addition, this phase eliminated in the
XRD patterns. The hysteresis loops of the samples confirmed
the ferrimagnetic behavior of some samples while others ex-
hibited superparamagnetic behavior depending on their pro-
cessing conditions. The Ms and Hc of the samples were be-
tween 38 to 64 emu/g and 15 to 85 Oe, respectively.
Microstructural studies represented that all the samples were
of nanometer grade and PVA addition led to the formation of
coarser particles. Microstructure studies illustrated spherical
particles for the samples synthesized without PVA addition
and angular particles for the samples synthesized with PVA
addition. Also calculated mean crystallite sizes of the samples
by the Debye-Scherrer equation show an increasing trend
from 7.5 to 15 h of hydrothermal treatment duration with the
lowest crystallite size attributed to the samples N7.5 and P7.5.
Addition of PVA with the average hydrothermal duration of
7.5 h provides the sample with the highest Ms (equal to 64
emu/g), which is mainly composed of MnFe2O4,
Mn1.03Fe1.97O4, and Fe3O4. On the other hand, the sample
P10 prepared with PVA addition at the hydrothermal treat-
ment duration of 10 h, presented the highest value of
MnFe2O4 according to the Rietveld refinement results of
XRD patterns performed by MAUD program.
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