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Abstract With the aim of producing fine-grained man-

ganese–zinc (Mn–Zn) ferrite at the end of a calcination

process at moderate temperatures, this study consisted, at

first, of an ‘‘electrochemically designed’’ powder mixing

by wet-ball milling a mixture of manganese (MnO2), zinc

(ZnO), and iron (Fe2O3 granules produced by an acid

recovery unit of a Brazilian steelmaker, milled to fine sizes

using alkaline media) –based raw materials. This mixing/

milling resulted in improved size reduction when compared

to milling without any alkali addition. Further, noticeable

size reduction was achieved when elemental Zn was used

in place of ZnO, especially when ammonia was used as

the medium. Calcination of the alkaline-milled mixture

of MnO2 ? ZnO ? Fe2O3 at 1200 �C allowed obtaining

well-crystallized single-phase Mn–Zn ferrite, whereas

calcination of the MnO2 ? ZnO ? Fe2O3 mill-mixed in

100% NH4OH at 1200 �C produced the highest saturation

magnetization in the as-calcined state.

Introduction

The use of industrial byproducts in the production of high

added value ceramics is beneficial from both economical

and environmental viewpoints. In the case of ferrites, iron

is the metal that represents the largest fraction in weight, so

that searching for appropriate iron-bearing byproducts in

industry is of great relevance. A rich iron-bearing material

is generated as a byproduct of hydrochloric regenera-

tion plants from pickling units of steel in several steel mills

[1, 2]. These units are often based on spray-roasting, which

is responsible for producing a material predominantly

composed of ferric oxide in the form of millimeter-sized

granules.

Manganese–zinc (Mn–Zn) ferrites are materials of great

current interest, in particular due to their widespread

application in electronics. Among their uses, Mn–Zn ferrites

are applied as magnetic refrigerant, replacing vapor-phase

refrigeration [3], and as core materials for transformers [4].

Doping has been recognized as an important tool to alter

significantly the properties of the Mn–Zn ferrite [5–7]. For

instance, it has been demonstrated that the power loss and

initial permeability fluctuate with increasing MoO3 content,

and magnetic properties can be improved with suitable

additions of MoO3, such that 400 ppm of TiO2 provided

5.78% reduction in the power loss [8]. Power loss can

also be reduced by Sn4? additions, which is additionally

responsible for an increase in initial permeability [4]. It has

also been found that the grain size and density of Mn–Zn

ferrites decrease while electrical resistivity increases with

increased additions of NiO [9]. Microstructure-modifying

liquid phase forming additives (e.g., SiO2) were found to

influence directly the final density of the Mn–Zn ferrite

ceramics [5]. Finally, research found that by an appropriate

control of processing variables, it was possible to enhance

the specific grain-boundary resistivity, which led to higher

frequency stability of the magnetic permeability [10].

Synthesis of this class of ceramics also remains

attracting the attention of researchers, which is evident

from the several publications on the subject in recent years.
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Examples are investigations associated to the development

of new methods for synthesis [11–14], improvement of

metal–organic precursor methods [15], development of

nanotechnologies [16, 17], and improvement in the powder

forming and sintering processes [18–22].

This article is concerned with the synthesis and charac-

terization of Mn–Zn ferrite through an innovative powder

mixing method in which a mixture of starting raw powder

materials, including spray-roasted ferric oxide granules

generated as a byproduct of a hydrochloric acid regeneration

unit of a major Brazilian steel mill, was used. The innovative

feature of the method consisted of performing the powder

mixing through electrochemically assisted ball milling [23],

which aimed at reducing the synthesis temperature and

thereby reducing crystal size of the Mn–Zn ferrite in the

calcined product. It is hoped that the synergic use of

increased pH and the reduced potential during electro-

chemically assisted ball milling will allow enhanced

reduction in particle sizes during milling, dissolution of iron

oxide into the aqueous medium, resulting in the removal of

the kinetics barrier in the formation of the ferrites. When

coupled to a hydrolysis conducted after milling, through

which the pH was reduced and the oxygen potential

increased, conditions would be suitable for the formation of

very fine oxide/hydroxide precipitated within the aqueous

medium. The very fine iron oxide feedstock generated using

this method is hoped to be better suited for more intimate

powder mixing, thereby allowing ceramic synthesis

under lower calcination temperature, also leading to a

more limited trend toward agglomeration of the ceramic

powders.

Experimental

Ferric oxide granules generated by spray-roasting in a

hydrochloric acid recovery unit of a major Brazilian steel

mill were used as the feedstock of Fe2O3. Their composition

(wt%) was determined by X-ray fluorescence as 99.22%

Fe2O3 and 0.78% SiO2. Analytical grade chemicals have

been used as feedstocks for NaOH, NH4OH, MnO2, MnCO3,

Zn, and ZnO. The ferric oxide granules (having particle

sizes: 99.4 wt% \ 2,200 lm, 24.0 wt% \ 1,000 lm, 4.5

wt% \ 500 lm, and 0.4 wt% \ 250 lm, determined by

sieving) were pre-ground in dry mode in a cylindrical steel

grinding mill (180 mm diameter, 230 mm length, with 5 L

capacity) with 20-mm diameter steel rods as grinding media,

20% volume filling with grinding media, 40% filling of void

space, 68 rpm of mill rotating speed) for 1 h to crush the

initial tough granules. The particle size distribution of this

pre-milled ferric oxide is given by 99.6 wt% \ 1.410 lm,

95.4 wt% \ 1.000 lm, 83.7 wt% \ 710 lm, 59.0 wt% \
425 lm, 33.5 wt% \210 lm, 11.6 wt% \ 106 lm.

The powder mixture was milled in the same cylindrical

mill used in the pre-grinding experiments but using steel

balls measuring 20 mm of diameter as grinding media. The

experiments were conducted in wet mode, in aqueous

solutions of NaOH (1 or 0.5 M) or NH4OH (100 or 50

vol%) forming a slurry containing 7 wt% of solids for 5 h

of milling. After milling, the solid/liquid separation was

performed by repeating twice the procedure of dilution

using distilled water, letting the solids settle, siphoning,

before drying. The particle size distribution of the resulting

powder was measured by laser diffraction and the specific

surface area by BET.

Table 1 presents the compositions for all the test con-

ditions used in chemically assisted milling: two of them

(containing ZnO addition) resulted actually in electro-

chemically assisted milling, since reductive oxygen

potential was achieved during milling.

Samples produced by these chemically controlled ball

milling-mixing tests for each of the mixtures listed in

Table 1 have been calcined for 4 h in air at 1200 �C and

then cooled inside the same muffle furnace. X-ray diffrac-

tion analyzes were carried out for each sample to determine

the phases present in the final calcination product, while

analyzes by scanning electron microscopy have been con-

ducted to illustrate the corresponding particle morphologies.

Additionally, samples of the calcined products were sub-

mitted to measurements using a Vibrating Sample Magne-

tometer to characterize the magnetic properties.

Results and discussion

Table 1 shows a summary of the results of the chemically

(and electrochemically) assisted grinding experiments. It

demonstrates that the materials with the highest specific

surface areas were obtained from grinding using ammonia

(test-mixtures 4 and 7) while the finest representative

particle sizes were reached using electrochemically assis-

ted milling (test-mixtures 6 and 7). Indeed, a comparison of

results from test-mixtures 3 and 6, as well as 4 and 7,

demonstrates the role of electrochemically assisted milling

in increasing the specific surface area through the reduction

of particle sizes.

Chemically assisted milling was also found to be

capable of reducing particle sizes, and evidence is dem-

onstrated from a comparison of results from experiments

using the test-mixtures 1–5. It was also found that surface

area decreased when using NaOH (presumably due to

preferential removal of surface roughness), while it

increased when ammonia was used. Additional explana-

tions on these differences may be associated to the fact that

the solution pH value is higher whenever 1 M NaOH was

used in milling in comparison to 100% NH4OH, although
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ammonia has the added capability of depressing oxygen

potential in aqueous solution (readily demonstrated in a

Pourbaix diagram [24] of electrochemical potential vs. pH

for the nitrogen–water system, NH4
?(aq)/HNO3(aq) and

NH4OH(aq)/NO3
-(aq) equilibria) while NaOH does not

undergo any oxidation/reduction equilibrium in the stan-

dard stability domain of liquid water. Further explanations

for this difference may be found elsewhere [23].

Figure 1 presents the XRD patterns of the seven test-

mixtures after calcination at 1200 �C for 4 h in air. It is

evident that almost all of the test-mixtures achieved com-

plete formation of the single-phase Mn–Zn ferrite (hollow

squares), with only the control–test mixture 1 presenting

traces of hematite (dark-filled square) and test-mixture 4

showing traces of ZnFe2O4 (dark-filled lozenge) and

eventual traces of Fe3O4 might be evaluated by Rietveld

refinement. On the other hand, calcinations at 1200 �C for

4 h were sufficient to achieve single-phase Mn–Zn ferrite.

Indeed, it is likely that lower temperatures could be used to

produce the desired single-phase Mn–Zn ferrite from the

different test-mixtures that were electrochemically milled,

although such limiting temperatures were not investigated

at this time.

Figure 2 shows scanning electron micrographs of all the

7 test-mixtures in their as-calcined stages at 1200 �C for

4 h in air. The control–test mixture 1 (Fig. 2a), as well as

the test-mixtures 2 (Fig. 2b), 3 (Fig. 2c), and 7 (Fig. 2g)

present angular spinel crystals with sizes in the range

from about 1 to 5 lm, while test-mixtures 4 (Fig. 2d),

5 (Fig. 2e), and 6 (Fig. 2f) present finer grain-sizes (in

average 2.5 lm in Figs. 2d and e and 1–2 lm in Fig. 2f).

Therefore, no apparent relationship was identified between

particle sizes of the powder before calcination and sizes of

the grains resulting from calcination. This is not surprising,

since the reaction between the starting components (man-

ganese oxide, zinc metal or oxide, and iron oxide) gener-

ates Mn–Zn crystals whose sizes increase continuously,

with the coarser particles growing at the expense of finer

particles and the remaining amorphous reactants.

Figure 3 presents magnetic hysteresis curves as deter-

mined by Vibrating Sample Magnetometer on samples of

Table 1 Particle size distribution and BET surface area of the milled-mixed powder mixtures and magnetic properties after calcinations

at 1200 �C

Test-mixture D90 (lm) Surface area (m2/g) Ms Hs (kOe) Hc (kOe) Mr (emu/g) li (emu/g) 9 100b

No. Compositiona emu/g G

1 MnO2 ? ZnO 8.45 9.7 32.7 4109 4.45 0.29 19.8 1.034

2 MnO2 ? ZnO 1 M NaOH 6.63 6.7 38.9 4888 5.63 0.30 25.7 8.833

3 MnO2 ? ZnO 0.5 M NaOH 6.60 7.8 37.0 4849 4.30 0.25 20.8 5.393

4 MnO2 ? ZnO 100% NH4OH 5.16 10.6 35.0 4398 5.75 0.28 21.5 5.943

5 MnCO3 ? ZnO 1 M NaOH 5.14 7.2 35.7 4486 6.36 0.32 23.2 3.718

6 MnO2 ? ZnO 0.5 M NaOH 3.74 10.1 34.6 4348 5.18 0.33 21.7 4.237

7 MnO2 ? ZnO 100% NH4OH 3.80 14.4 40.1 5039 1.26 0.24 25.6 6.983

a All compositions contain additionally Fe2O3

b For H = 1 Oe
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Fig. 1 XRD patterns of the test-mixtures after calcinations at

1200 �C for 4 h in air
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calcined Mn–Zn ferrite powders. Data from Fig. 3 and

Table 1 show that saturation magnetization (Ms) is highest

for test-mixture 7 (Fig. 3b), followed by the values

obtained for test-mixtures 2 and 3, with the lowest value

corresponding to test-mixture 1 (Fig. 3a). The same rank-

ing of the results was found for initial permeability (li), as

showed in Table 1.

The optimal values of saturation magnetization (Ms)

obtained in this study are in the order of 38–40 emu/g,

achieved with magnetic field intensities below 10 kOe

(Table 1). These values are well above 26 emu/g, which

was the one obtained by Maiorov et al. [25] with Mn–Zn

ferrite, Mn0.5Zn0.5Fe2O4, indicating that good quality spi-

nel ferrites have been obtained in this study. Further, in this

study a saturation magnetization higher than the value

(0.84 kG or 0.56 emu/g) found by Skolyszewska et al. [35]

with (Mn0.56Zn0.35Fe0.1)Fe2O4 was obtained. The Mn–Zn

ferrite produced by these researchers [35] using the

(a) Test-mixture 1 

3erutxim-tseT(c)2erutxim-tseT(b)

5erutxim-tseT(e)4erutxim-tseT(d)

7erutxim-tseT(g)6erutxim-tseT(f)

Fig. 2 Scanning electron

micrographs of the calcined

product
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conventional ceramic powder mixing method, with calci-

nations in at a temperature in the range from 900 to

1050 �C during 1.5 h.

Rozmann and Drofenik [26] pointed out that the for-

mation of spinel Mn–Zn ferrite is associated to the pres-

ence of Mn2? and depends strongly on the partial pressure

of oxygen in the sintering atmosphere. This subject has

been of major concern for many researchers working with

Mn–Zn ferrites [27–35] and has been already analyzed by

the authors in a previous publication [36]. In air, single-

phase Mn–Zn ferrite might be formed above 900 �C, so

that future experiments should be carried out with the

starting raw materials of this study at different tempera-

tures in the range from 900 to 1200 �C to evaluate the

results aiming to achieve the optimal calcinations temper-

atures for each of the test-mixtures studied.

Conclusions

The investigation on the use of pre-ground ferric oxide

granules from spray-roasting and hydrochloric acid

recovery unit of a major Brazilian steel mill to produce

Mn–Zn ferrite allowed to conclude that:

– ammonia-assisted milling was capable of producing

noticeable increase in the surface area of the milled

product

– alkaline milling of the ferric oxides mixed with

elemental Zn (resulting in electrochemically assisted

milling) was capable of significant particle size reduc-

tion of the milled product, which resulted in higher

specific surface are whenever NaOH was used as the

alkaline agent

– calcination at 1200 �C of the alkaline-milled mixture of

MnO2 ? ZnO ? Fe2O3 allowed to achieve well-crys-

tallized single-phase Mn–Zn ferrite

– calcination at 1200 �C of the MnO2 ? ZnO ? Fe2O3

mill-mixed in 100% NH4OH produced the highest

saturation magnetization of the powder after

calcination.
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