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Abstract Manganese ferrite nanopowder was prepared

by the thermal decomposition of gels obtained from man-

ganese, iron nitrates, and polyvinyl alcohol. The evolution

of the gels during the thermal treatment was studied by

means of thermal analysis and FT-IR spectrometry. X-ray

diffractometry evidenced that manganese ferrite can be

obtained as single crystalline phase at temperatures lower

than 500 �C. Starting with 500 �C, a secondary phase

containing Mn(III) appears, while the annealing at 700 and

1,000 �C leads to Mn0.176Fe1.824O3 and (Fe0.42Mn0.58)2O3,

where Mn is at oxidation state (III). The decomposition of

manganese ferrite was evidenced also by TG/DSC com-

bined technique of the powder obtained at 400 �C, con-

taining MnFe2O4 as single crystalline phase. Scanning

electron microscopy images evidenced the formation of

very fine spherical particles (d\ 15 nm) of manganese

ferrite, in case of the sample annealed at 400 �C. This

powder showed good catalytic activity for the oxidative

degradation of phenol, in the presence of peroxydisulfate as

oxidant agent, so it might be considered a promising

nanomaterial for environmental applications.

Keywords Manganese ferrite � Nanoparticles � Polyvinyl

alcohol � Thermal decomposition

Introduction

In the last years, nanoscale spinel ferrites have drawn

major attention because of their technological applications

in magnetic recording, ferrofluids, and catalysts [1]. The

reduced size and the effects of magnetic interactions be-

tween nanoparticles give to these nanoferrites different

characteristics in comparison with the bulk material [1].

Superparamagnetic spinel ferrites MFe2O4 (M = Mn, Fe,

Co, Ni) are currently considered among the most promising

magnetic nanoparticles in medical applications for contrast

enhancement in magnetic resonance imaging (MRI),

magnetical drug delivery, and hyperthermia cancer therapy

[2]. One of magnetic ferrites applications extensively

studied in the last decade is the removal from wastewater

of heavy metals [3] and of very toxic organic pollutants

(e.g., phenol and its derivatives) [4] that can cause con-

siderable damage and threat to the ecosystem and to the

human health even at low concentrations.

Manganese ferrite is a magnetic ferrite with cubic spinel

structure, which has been used in various technological

applications (magnetic materials, gas sensor, and absorbent

material for hot gas) [5–7]. The properties of manganese

ferrite depend on the composition, morphology, and size,

which are strongly related to the synthesis parameters [8].

Several methods have been developed to synthesize

MnFe2O4 nanoparticles, such as solid-phase reactions

[9, 10], mechanical ball-milling [11], thermal decomposi-

tion [12], hydrothermal [13], coprecipitation [14], com-

bustion [15], and microemulsion method [16]. It was

reported that at elevated temperatures, MnFe2O4 is unsta-

ble in air and Mn2? ions on the surface oxidize to form

Mn3? ions resulting in the dissociation of the formed

MnFe2O4. Thus, it was concluded that any preparation

method involving a calcination step is not suitable for the

preparation of manganese ferrite nanoparticles [15].

Nanosized manganese ferrite was reported to be a

promising material for environmental applications, as ad-

sorbent material for different inorganic and organic
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pollutants [5, 17] as well as catalyst for pollutants degra-

dation [18, 19]. It was also reported that MnFe2O4 presents

high activity in activating peroxymonosulfate (PMS)

to produce sulfate radicals for degradation of organic dyes

and could be separated with a magnet without any loss [20].

In this paper, we report the obtaining of manganese

ferrite as very fine nanoparticles, by thermal decomposition

of the precursor formed between metal nitrates and poly-

vinyl alcohol (PVA). Thermal analysis has been used to

characterize the precursor and the powders annealed at

different temperatures, in order to evidence the evolution

of the oxidic system with the annealing temperature.

MnFe2O4 nanopowder obtained at 400 �C was tested as

catalyst for the oxidative degradation of phenol, in the

presence of peroxydisulfate anion as oxidant.

Experimental

Materials and methods

The reagents used in synthesis and catalysis experiments

were of analytical grade and were used without further

purification: Mn(NO3)2�4H2O, Fe(NO3)3�9H2O, PVA

(M = 60,000 g mol-1), phenol C6H5-OH, potassium per-

oxydisulfate K2S2O8, nitric acid HNO3, and sodium hy-

droxide NaOH.

In a typical synthesis, the necessary amount of man-

ganese nitrate is dissolved in a 4 % PVA aqueous solution,

calculated for a molar ratio PVA (monomer) : NO3
- = 1:1.

The solution was kept under stirring for an hour, then was

slowly heated up to 100 �C, and kept at this temperature

until it became a gel. The temperature was finally increased

up to 140 �C where the sample was kept for 8 h, in order to

complete the redox reaction between PVA and metal ni-

trates. The precursor powder obtained was further calcined

at 300, 400, 500, 700, and 1,000 �C. The synthesis pro-

cedure is shown in Scheme 1. All powders were charac-

terized by combined TG/DTA techniques, FT-IR

spectroscopy, XRD analysis, SEM microscopy, and mag-

netic measurements.

Characterization techniques

Thermal behavior of the precursor was studied using a

1500 D MOM Budapest derivatograph, in static air atmo-

sphere in the range of 25–1,000 �C with a heating rate of

10 �C min-1, using alumina crucibles. Thermal behavior

study of the powders calcined at 300 and 400 �C was

performed on a Netzsch STA 449C thermobalance, in air

atmosphere at a flow rate of 20 cm3 min-1. The TG/DSC

curves were recorded in the temperature range

25–1,000 �C with a heating rate of 10 �C min-1, using

alumina crucibles.

The phase composition of the samples was determined

by XRD, using a Rigaku Ultima IV diffractometer (CuKa

radiation). Crystallite size was calculated using the whole-

pattern profile-fitting method (WPPF). The instrument in-

fluence was subtracted using the diffraction pattern of a Si

standard recorded in the same conditions as the patterns of

the samples. FT-IR spectra were recorded using a Shi-

madzu Prestige-21 spectrometer in the range 400–

4,000 cm-1, using KBr pellets and a resolution of 4 cm-1.

The morphology of the nanopowders was investigated by

scanning electron microscopy (SEM), using a FEI Quanta

FEG 250 microscope (at 30 kV and working distance of

5 mm). The behavior in external magnetic field of the

obtained nanopowders was studied using an installation

equipped with a data acquisition system [21].

Results and discussion

Due to the difficulties in the obtaining of manganese fer-

rite, generated by the easy modification of manganese

oxidation state, we started the study regarding the obtaining

of MnFe2O4 from iron and manganese nitrates and PVA

with the study of the interaction between manganese nitrate

and PVA. In our previous studies [22], we showed that

iron(III) nitrate interacts with PVA forming some coordi-

nation compounds with PVA oxidation products, generally

carboxylate anions, used as precursors for iron oxides. By

thermal decomposition of this precursor at temperatures up

to 400 �C, c-Fe2O3 is obtained as major crystalline phase,

while at temperatures higher than 500 �C, a-Fe2O3 is

PVA

PVA 4%

Fe(NO3)3·9H2O

Mn(NO3)2·4H2O

Air

Dissolving

Dissolving + homogenization

Oxidation at 150 °C
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Nox (nitrogen oxides)

H2O

H2O, CO2, Air

MnFe2O4

H2O

Scheme 1 Stages of obtaining manganese ferrite from metal nitrates

and PVA
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obtained. The formation of the spinelic c-Fe2O3 phase fa-

vors the obtaining of spinelic ferrite, if the M (II) oxide

(MO) forms also at low temperatures.

In case of manganese ferrite formation, the determining

factor is the nature of manganese oxide resulting from the

thermal decomposition of the precursor (formed in the re-

dox interaction between manganese(II) nitrate and PVA).

In order to see how the involved metal nitrates

(Fe(NO3)3 and Mn(NO3)2) and their mixture interact with

PVA, we prepared solutions of each nitrate with PVA

(molar ratio 1:1 as in the synthesis). The samples were

named MnPVA, FePVA, and MnFePVA. These solutions

have been heated at 60 �C until they became gels (around

4 h). The obtained gels (MnPVA, FePVA and MnFePVA)

have been studied by thermogravimetric (TG) and differ-

ential thermal analysis (DTA). The registered thermo-

analytical curves are presented in Fig. 1a–c.

From the evolution of TG and DTA curves in case of

MnPVA gel (Fig. 1a), it results that, after the endothermic

dehydration of the gel, which occurs up to 170 �C, there

are two exothermic processes. The first one, accompanied

by a fast mass loss of *16 % and a sharp exothermic

effect with maximum at 210 �C, can be assigned to the

interaction of manganese nitrate with PVA and the burning

of the formed precursor; the remaining organic residue

further burns around 280 �C. Thus, around 300 �C the

thermal decomposition of the precursor is complete.

In case of the FePVA gel, we clearly see the redox

interaction of iron nitrate with PVA, around 180 �C, as the

first weak exothermic process, with formation of iron car-

boxylates compounds that further burn in the range

250–350 �C, generating a large exothermic effect.

When a mixture of the two metal nitrates is present in the

PVA gel, the thermal behavior is different from that of the

individual ones. The redox interaction of nitrate ions with

PVA takes place around 190 �C, followed by the combustion

of the formed precursor in one step, which finishes at 300 �C.

Thus the presence of Fe3?, which forms relatively stable

carboxylate compounds in interaction with PVA, stabilizes

the system, allowing the formation of intermediary com-

pounds, which further decompose to the oxidic system. On

the other hand, the presence of Mn2? ions promotes, through

their catalytic activities, the thermal decomposition of the

formed Fe(III) and Mn(II) carboxylates.
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Fig. 1 TG and DTA curves of the gels: a MnPVA; b FePVA; c MnFePVA
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In order to complete the redox reaction between NO3
-

ions and PVA and to obtain the corresponding oxide pre-

cursor, the MnPVA, FePVA, and MnFePVA gels were kept

at 180 �C for 6 h. The obtained products, with spongeous

aspect (voluminous, porous structure) were grinded into

fine powders. In case of MnPVA gel, a self-propagating

combustion took place, leading to a black fluffy product,

confirming the conclusion of thermal analysis. The pow-

ders obtained at 180 �C were characterized by FT-IR

spectrometry. Figure 2 presents the FT-IR spectra of initial

gels (Fig. 2a) and of the powders obtained after thermal

treatment at 180 �C (Fig. 2b).

During the drying process at 60 �C, FePVA gel showed

some gas emissions, suggesting that the redox reaction has

already started. This was also proved by the presence in the

FT-IR spectrum of two bands characteristic to COO- and

COOH groups (1,672 and 1,568 cm-1) resulting from the

oxidation of –CH2-OH groups [22]. The presence of the

strong band located at 1,381 cm-1 may be due to the

presence of the unreacted NO3
- overlapped with the band

generated by the symmetric stretching vibrations of COO-

groups. Bands characteristic to C–OH bonds in PVA are

present in the range 900–1,100 cm-1. The MnPVA gel

exhibits more intense bands characteristic to PVA gel (848,

1,037, 1,697, 1,749, 2,800–3,000, 3,600–3,700 cm-1 [23]).

The presence of manganese nitrate is less visible in the FT-

IR spectrum.

After thermal treatment at 180 �C in the corresponding

FT-IR spectra (Fig. 2), the formation of metal carboxylates

was evidenced through the characteristic bands (msim(COO)

and mass (COO)) only in case of FePVA sample (1,552 and

1,386 cm-1) and MnFePVA sample (shoulder around

1,550 cm-1 and the band located at 1,305 cm-1). In case

of MnPVA sample, the FT-IR spectrum exhibits only the

bands characteristic to the adsorbed water molecules (3,441

and 1,629 cm-1) and the bands characteristic to Mn–O

bonds, confirming the burning of the organic part and the

formation of the corresponding manganese oxide. Ac-

cording to the literature, the two bands located at 503 and

623 cm-1 are characteristic to Mn3O4 [24, 25].

In order to establish the temperature at which the ther-

mal decomposition of manganese ferrite precursor

(MnFePVA) obtained at 180 �C finishes, we have studied

its thermal behavior (Fig. 3). Both TG and DTA curves

show that the redox reaction between nitrate ions and PVA

was almost finished (a smaller mass loss was recorded

around 200 �C associated with a very weak exothermic

effect). The combustion of the formed precursor finishes

around 325 �C. Thus, we have chosen to calcinate the

precursor at different temperatures, starting with 300 �C.

4000 3500

3377
1662

1388

1087

819

667
3284

2953

1672

1425
1305

1078

981

796

657
528

503623

1334
1396

1629

29292856

12651037

848659

4351435
1606

1697

1749

1672
1568

1381

1076
1033

2924

FePVA

MnPVA

MnFePVA

FePVA

MnPVA

MnFePVA

3439

3792

3716
3608

3151
2997

2889

2816

800

3000 2500 2000
Wavenumber/cm–1

Tr
an

sm
itt

an
ce

/a
.u

.

Tr
an

sm
itt

an
ce

/a
.u

.

1500 1000 500 4000 3500 3000 2500 2000
Wavenumber/cm–1

1500 1000 500

3441

3604

3082
2926

1681
1552

1386
1423

1037

798661

(a) (b)

Fig. 2 FT-IR spectra of the gels FePVA, MnPVA, and FeMnPVA (a) and the powders obtained at 180 �C (b)
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Usually, the manganese ferrite was reported to be obtained

at low temperatures (up to 200 �C) from wet methods

[2, 26, 27]. The only reported synthesis method that leads

to manganese ferrite at higher temperatures is the com-

bustion method [28]. When the ferrite is obtained at low

temperatures, where the crystallinity of the product is low,

it might be possible to have individual oxides with spinelic

structure. In order to facilitate the crystallization of the

phases, we chose a long calcination time (6 h).

The XRD patterns of the powders annealed at different

temperatures are shown in Fig. 4a. The data derived from

XRD analysis are given in Table 1. From these data, one

may notice that cubic MnFe2O4 is present in all samples.

As the annealing temperature increases, the average size of

the crystallites increases from 2 to 21 nm, and the pro-

portion in the sample decreases from 100 % at 300 and

400 �C to 6–7 % at 700 and 1,000 �C. The lattice pa-

rameter (a) also increases with temperature, and at 700 and

1,000 �C the value (8.499 Å) is close to the one in the

JCPDS (Joint Committee on Powder Diffraction Standards)

file (8.498 Å).

In the sample annealed at 500 �C, MnFe2O4 is still the

main phase (72 %) but rhombohedral Mn0.176Fe1.824O3

appears as secondary phase. Mn0.176Fe1.824O3 becomes the

main phase at 700 �C (65 %), while at 1,000 �C, its pro-

portion decreases to 25 %. At this temperature, the main

phase is cubic (Fe0.42Mn0.58)2O3 (68 %) which was also

present in the sample annealed at 700 �C, in a smaller

proportion (29 %). For Mn0.176Fe1.824O3 the values of the

lattice parameter slightly increased from 500 to 1,000 �C,

remaining close to the ones in the JCPDS file (a =

b = 5.031 Å; c = 13.716 Å) at all temperatures.

In order to understand the evolution of the crystalline

phases in this system, we have also shown the XRD pat-

terns of the individual iron oxides (Fig. 4b) and manganese

oxides (Fig. 4c), obtained from the gels FePVA and

MnPVA under the same thermal treatment as FeMnPVA

gel. The XRD pattern of the powder MnFePVA annealed at

300 �C evidences a weak crystallization degree, only some

broad diffraction peaks being present. By annealing the

precursor MnFePVA at 400 �C for 6 h, the spinelic crys-

talline phase becomes better crystallized. Comparing the
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XRD patterns of MnFePVA sample at 400 �C with the

ones of FePVA and MnPVA at the same temperatures, it

results that the only possible spinelic phase is MnFe2O4, as

in the same conditions FePVA sample contains only a-

Fe2O3, and MnPVA sample contains a mixture of two

manganese oxides. The absence of any diffraction peaks

characteristic to any manganese oxides or a-Fe2O3 sug-

gests that in our system manganese ferrite is the formed

spinelic phase, even at 300 �C. By raising the calcination

temperature at 500 �C, for 6 h, a secondary phase, auto-

matically identified as Mn0.176Fe1.824O3, appears besides

the spinelic ferrite. Thus, starting with this temperature

manganese ferrite begin to decompose in other phases,

probable due to the oxidation of Mn(II) to Mn(III) by the

O2 contained in the oven atmosphere [15]. After annealing

at 700 �C, the content of manganese ferrite phase is very

low, but there are two crystalline phases, Mn0.176Fe1.824O3

and (Fe0.42Mn0.58)2O3, both containing Mn3?; thus, at this

temperature, most of Mn2? ions are oxidized. This is

confirmed also by the XRD pattern of the MnPVA sample

annealed at 700 �C (Fig. 4c), where Mn2O3 is the pre-

dominant crystalline phase, contaminated with MnO2. In

the powder annealed at 1,000 �C, the same three crystalline

phases are present, but the phase (Fe0.42Mn0.58)2O3 be-

comes predominant. It can be noticed that the XRD pattern

of the MnPVA sample shows that Mn3O4 is present as

single crystalline phase, thus a part of manganese was re-

duced at Mn(II).

The decomposition of the manganese ferrite was also

evidenced by thermal analysis of sample MnFePVA cal-

cined at 400 �C (Fig. 5). Both TG and DSC curves evi-

dence two thermal processes around 600 �C: one process

with a small corresponding mass loss associated with a

spread, weak exothermic effect on DSC curve that can be

Table 1 Data derived from XRD analysis

Sample Temperature/�C Identified phases % d/nm Lattice parameters

a/Å b/Å c/Å

MnFePVA 300 MnFe2O4 Jacobsite, syn 100 2.0 8.333 8.333 8.333

400 MnFe2O4 Jacobsite, syn 100 6.1 8.352 8.352 8.352

500 Mn0.176Fe1.824O3 Manganese Iron Oxide 28 30.3 5.028 5.028 13.720

MnFe2O4 Jacobsite, syn 72 8.0 8.360 8.360 8.360

700 Mn0.176Fe1.824O3 Manganese Iron Oxide 65 66.4 5.035 5.035 13.734

(Fe0.42Mn0.58)2O3 Bixbyite, ferrian 29 93.2 9.384 9.384 9.384

MnFe2O4 Jacobsite, syn 6 7.4 8.498 8.498 8.498

1,000 Mn0.176Fe1.824O3 25 35.3 5.036 5.036 13.735

Manganese Iron Oxide

(Fe0.42Mn0.58)2O3 Bixbyite, ferrian 68 117.8 9.411 9.411 9.411

MnFe2O4 Jacobsite, syn 7 20.8 8.499 8.499 8.499
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by assigned to the burning of residual carbon [29]; the

second process with a very small mass gain associated to a

sharp but weak exothermic effect suggests that an oxida-

tion takes place. The corresponding temperature

(*610 �C) is in agreement with the evolution of crys-

talline phases derived from the XRD patterns.

All powders have been characterized by SEM mi-

croscopy in order to study their morphology. Figure 6a–d

presents the obtained SEM images. In case of the powders

calcined at 300 and 400 �C, fine spherical particles have

been obtained, with diameters up to 15 nm, smaller in case

of the powder obtained at 300 �C. Due to the fine nature of

the particles, the sintering starts even with 500 �C, where a

porous mass is obtained. The sintering process is more

advanced at 1,000 �C.

The magnetic behavior of the obtained MnFePVA

powder showed a significant decrease in saturation mag-

netization with the increase in annealing temperature above

400 �C, due to the decomposition of manganese ferrite into

nonmagnetic phases. The powder obtained at 400 �C ex-

hibits a superparamagnetic behavior (Fig. 7), confirming

the fine nature of ferrite nanoparticles. The low value of

maximum saturation magnetization reached at a field of

5 kOe (16 emu g-1) is also a consequence of the small size

of ferrite nanoparticles [12]. However, this value of

saturation magnetization is high enough to insure the

possibility of magnetic separation of the powder from a

suspension, with a normal magnet.

The powder obtained at 400 �C, which contains man-

ganese ferrite as single crystalline phase was tested as

catalyst for the oxidative degradation of phenol. The pre-

liminary catalysis experiments for the degradation of phe-

nol with peroxydisulfate in the presence of manganese

ferrite as catalyst evidenced a good catalytic activity of the

synthesized nanopowder. High phenol removal efficiency

values, above 90 %, have been obtained at pH = 3–3.5,

phenol initial concentration around 50 mg L-1, per-

oxydisulfate–phenol mass ratio of 10:1 and a catalyst dose

of 3 g L-1. Total organic carbon measurements showed

that the degradation of phenol goes, in these conditions, to

mineralization.

Fig. 6 SEM images of MnFePVA powders calcined at a 300 �C;

b 400 �C; c 500 �C; d 1,000 �C
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Conclusions

Magnetic MnFe2O4 nanopowder was successfully obtained

by a facile synthesis method based on the redox reaction

between manganese(II) and iron(III) nitrates and PVA,

with formation of a fluffy precursor; the thermal decom-

position of this precursor at 400 �C, led to a fine MnFe2O4

nanopowder. The redox interaction of manganese(II) ni-

trate, iron(III) nitrate, and of their mixture with PVA was

evidenced in the corresponding TG/DTA curves. The

complete thermal decomposition of the precursor up to

300 �C allows the obtaining of nanocrystalline manganese

ferrite at temperatures below 500 �C, avoiding its decom-

position. The oxidation of nanocrystalline manganese fer-

rite in the range 500–620 �C was evidenced by combined

TG/DSC technique, and confirmed by X-ray diffraction.

XRD analysis evidenced the presence of MnFe2O4 as sin-

gle crystalline phase in the powder calcined at 400 �C. The

magnetic powder obtained at 400 �C showed good cat-

alytic activity for the oxidative degradation of phenol in

aqueous solutions, in the presence of peroxydisulfate anion

as oxidant, so it might be considered a promising nano-

material for environmental applications.
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