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A thermal treatment at 900 °C (under nitrogen) of a milled mixture MnO-Fe,O; yields
MnFe,O,4 mainly as the product of the reaction between Mnz;O, (produced by ball milling)
and Fe,0Os5. Under the same experimental conditions but starting from an unmilled MnO-—
Fe,O; mixture, the formation of MnFe,O, is only partial and occurs through Mn;0, (formed
by oxidation of MnO). The same thermal treatment (900 °C under nitrogen) of a milled
Mn;0,—-Fe,O; mixture yields MnFe,O,4 mainly as the product of the reaction between
Mn;0,4 and Mn,03/MnO, (the higher Mn oxides being produced by ball milling) and Fe,Os.
The effect of high energy milling is more pronounced in the case of the Mn;O,—Fe,O; system
since no MnFe,O, formation is observed when starting from a physical mixture.
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Introduction

The spinel ferrites [general formula M(Fe!™),04]
find applications in both technological and cata-
lytic fields [1] . In particular manganese ferrite be-
longs to a group of technically important materials
in the electrical and electronic industry. As start-
ing materials for manufacturing ceramics, fine-
grained, pure ferrite powders with well defined
chemical compositions are necessary. To prepare
such powders a number of wet routes such as co-
precipitation of hydroxides [2], carbonates [3] and
oxalates [4] or freeze-drying of mixed carboxylates
[5] have been proposed. These chemical precursor
methods are deemed to have an advantage over
the conventional, high temperature solid state syn-
thesis, which suffers of some drawbacks such as
non-homogeneity, large particle size (hence low
surface area) and poor sinterability. Dreraz et al.
[6] carried out solid state reactions between man-
ganese(Il) carbonate and iron(IIl) oxide. They
succeeded in obtaining MnFe,O, at temperatures
starting from 900 °C and demonstrated that Li,O
acts as a catalyst in MnFe,O,4 formation. This not-
withstanding, they concluded that complete con-
version from Mn,O;5 (produced from MnCOj; de-
composition) and Fe,O; to MnFe,O, requires
prolonged heating at T > 1100 °C.

In recents years we have undertaken a study of
the influence of high-energy ball milling on solid
state synthesis of ferrites of Li [7], Ba [8] and Sr
[9]- It has been shown that, starting from mechani-
cally activated mixtures of oxides/carbonates/oxa-
lates, the solid state synthesis takes place at sensi-
bly lower temperatures. This should allow to
obtain the desired product with smaller particle
sizes. Besides, the solid state reaction starting from
a milled reacting mixture very often leads to final
products through a single stage process. The pre-
sent work reports the results obtained in the study
of the solid state synthesis of MnFe,O, starting
from mechanically activated mixtures of hematite
with manganese oxides (MnO, Mn;0,). Thermo-
gravimetric analysis (TGA), differential scanning
calorimetry (DSC), X-ray powder diffractometry
(XRPD), flame atomic absorption spectroscopy
(FAAS) and chemical analysis have been used.

Experimental Section
1. Starting chemicals and sample preparation

The starting chemicals were purchased from Al-
drich Chimica (Italy): Fe,O5 (purity >99%), MnO
(purity >99%) and Mn;O, (purity 97%). Physical
mixtures of composition (in molar ratio) MnO-
Fe,O5 (1:1) and Mn304—-Fe,O5 (1:3) were pre-
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pared by weighing the appropriate amounts of the
components and by mixing them in agate jars
without milling media for 1h at 100 rpm. The
physical mixtures were dry milled for 130 h in a
high energy planetary mill (Pulverisette 7 by
Fritsch, Germany) at 350 rpm rotation speed with
3 agate balls (12 mm diameter) in agate jars. The
ball/sample mass ratio was 5:1. After the allotted
time the jars were opened and the samples were
scraped from the jars: henceforth we will refer to
these samples as milled or mechanically activated
mixtures. Finally they were subjected to the ther-
mal treatment described in the following.

2. Experimental techniques

® TGA measurements were performed with the
2950 thermogravimetric analyser (TA Instru-
ments Inc. USA) connected to the TAS000
computer (also by TA Instruments Inc. USA).
About 50 mg samples (both physical and milled
mixtures) were placed in a Pt sample holder
and heated at 5 K/min under a nitrogen flow of
100 ml/min at temperatures from 25 up to 600,
700, 800 and 900 °C. An isothermal stage of 12 h
was appended at the end of the ramps. The
physical and milled mixtures have also been
subjected to the following thermal schedule
(stepwise isothermal): about 50 mg samples
were placed in a Pt sample holder and heated
at 5 K/min under a nitrogen flow of 100 ml/min
from 25 up to 200, 300, 400, 500, 600, 700, 800,
and 900 °C with an isothermal stage of 5h at
each temperature.

e Some TG measurements were carried out on
the milled mixture with the thermobalance
(TGA 951 Thermogravimetric Analyser by Du-
Pont Inc. USA) connected to an FT-IR spec-
trometer (Model 730 FT-IR by Nicolet USA
equipped with OMNIC™ proprietary soft-
ware). The sample was heated to 500 °C to ana-
lyse the gases evolved. Nitrogen was used both
as purging gas (20 I/min) for the spectrometer
and to sweep (65 ml/min) the gaseous products
from the thermobalance into the FT-IR gas cell
heated at 200 °C. The spectra of the evolved
gases were obtained by fast Fourier transform
of 16 coadded interferograms collected at
8 cm~! resolution.

e X-ray diffraction patterns of the thermally
treated samples were taken by putting the sam-
ples on a non-diffracting silicon slide. Use was
made of an X-ray powder diffractometer
(Bruker D5005) equipped with a goniometer
and a graphite bent crystal monochromator.

XRD patterns were recorded in step scan mode
(Cu-K,, 40kV, 40 mA, step 0.02°, 3s/step, 29
range 20-70°).

® About 1 g samples of the milled mixtures were
heated in a tubular furnace (Carbolite MTF 12/
38/400) at 5 K/min up to 900 °C and kept at this
temperature for up to 8—12 h. The XRD pat-
terns were recorded in step scan mode (Cu-K,,
40 kV, 40 mA, step 0.02°, 5s/step , 2¢ range 15—
115°). From the XRD patterns the lattice
parameters of the samples have been calculated
by a least squares refinement procedure.

® The samples where only the presence of
MnFe,0, has been previously assessed were ex-
amined by DSC to check the Curie temper-
ature. Measurements were performed (DSC
2920 by TA Instruments Inc. USA) at 10 K/min
between 25 and 400 °C.

® The determination of the Mn content in the
samples was made by flame atomic absorption
spectroscopy (FAAS Perkin Elmer Model
1100B Flame Air Acetylene) following the
manufacturer’s instructions. Solid samples
(about 80 — 100 = 0.1 mg) were treated with
20ml of 6 M HCI on a hot plate. The limpid
solution was cooled to room temperature, di-
luted to a suitable volume and analyzed by
FAAS for total Mn content.

® Chemical analyses. The content of Mn(III) in
the samples has been determined as follows:
solid samples (about 80 — 100 + 0.1 mg) were
treated with 10 ml of deionized water, 10 ml of
0.1 N Fe(II) standardized solution and 5 ml of
5 M H,SO,. In cases where the starting sample
is pure Mn3O,, limpid solutions are obtained
and excess Fe(II) is titrated with standardized
0.1 N KMnOy. In the case of the mixtures with
Fe,Os, the obtained suspension is filtered be-
fore titration with KMnO,. The reactions taking
place are: MnO-Mn,O; + 8 H* + 2 Fe?>* —
3 Mn?* + 2 Fe** + 4 H,O and MnOj + 5 Fe?* +
8 H* — Mn?" + 5 Fe’* + 4 H,O. It has to be
underlined that Mn(IV) also undergoes the first
reaction (see comments in the text).

Results and Discussion
1. Mixture MnO - Fe,O3

Figure 1 reports the XRD patterns of the
MnO -Fe,O5 milled mixture: the MnO peaks are
barely visible as shoulders of those, rather broad,
that are characteristic of Fe,O5. No other Mn com-
pounds (oxides and/or carbonates) could be found
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Fig. 1. XRDP patterns of the milled MnO-Fe,O3 mix-
ture. A MnO (JCPDS file n. 07-0230); B Fe,O5; (JCPDS
file n. 33-0664)

by XRPD. A TG run at 10 K/min has been per-
formed on the milled mixture where the evolved
gas has been passed through a heated IR cell so
that the real time IR spectra could be recorded.
Figure 2 shows the IR spectra of the gaseous efflu-
ent released between 25 and 270 °C (a mass loss
of —1.14% was recorded): it can be seen that CO,
is the only gas evolved (peaks at =2350 and 670
cm~!). This means that milling is likely to have
caused the formation of some MnCOj;. By refer-
ring the mass loss recorded during the TG/IR
measurements to the reaction:

MnCOs; (s) — MnO (s) + CO, (g) (1)

a MnCOj; content of =3% by mass in the milled
mixture can be calculated which lies below the de-
tection limit of XRPD.

The effect of milling has been studied also on
pure MnO milled for 100 h under the same condi-
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Fig. 2. IR spectrum of the gaseous effluent released be-
tween 25 and 270 °C from a sample of the milled MnO—
Fe,O; mixture (10 K/min, nitrogen flow).

tions adopted for the MnO —Fe,O; mixture. A TG
experiment on milled MnO has been performed at
5 K/min (under N;) up to 820 °C. After a minor
mass loss (= —0.2%), the mass increases up to a
constant value (AM = +4.9%). Despite the fact
that the recorded mass increase is lower than that
expected for complete MnO — Mn;0, oxidation
(+7.5%), the XRD patterns of the sample recov-
ered after the TG run only show the Mn;0, re-
flexions meaning that partial MnO — Mn3;0, oxi-
dation occurred during milling (=0.33 moles of
MnO transform to Mn;O, yielding =10% Mn;0,
by mass in the milled mixture). Hence both
MnCO; formation and MnO — Mn;0, oxidation
take place as a consequence of high energy mill-
ing.

Figure 3 shows the TGA curves obtained by
heating the milled mixture under nitrogen at 5K/
min up to different temperatures (600—700-800—
900 °C + 12 h isothermal stage). Table 1 reports
the data relevant to some points of the runs (refer-
ence to Fig. 3 should be made). The mass loss be-
tween the beginning of the run and =400 °C (T ;)
is likely to be due to MnCO3; decomposition. Since
the mean value of M,,;, is 98.71%, a 3.4% of
MnCOj; by mass in the starting milled mixture is
calculated which agrees fairly well with the =3 %
found in the TG/IR experiment. The mass loss be-
tween =600 °C (T,,.,) and the end of the runs in-
creases with increasing the annealing temperature,
and a constant mass value is reached at 900 °C.
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Fig. 3. TG curves of the milled MnO-Fe,O; mixtures.
The samples were heated to 600 °C (solid line), 700 °C
(short-dashed line), 800 °C (long-dashed line), 900 °C
(dash-dotted line). At each temperature a 12 h isother-
mal period was appended to the heating ramp.
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Table 1. TG measurements performed on

Thinat Mmin [%] Tnin Mpax [%] Tmax AMpas-fin [%] the milled MnO—-Fe, O3 mixture. Ty, (°C)
represents the temperature where the mass
388 gg% gégig gg% ggg 34 _828 attains a relative minimum (M,in, % ). Tinax
300 08.88 37931 9901 565.05 _1'47 (°C) represents the temperature where the
900 08.61 11736 98.63 606.99 _1.88 mass attains a relative maximum M,,.x(%).
98.71 + 012 : 98'79 + 016 : - AM ax-tin (%) is the mass loss occurring be-
mean = 7= tween T,,.x and the end of the run.
The mass loss can be accounted for by the reac- 1
tion: 0.5 a ]
(1/3) MH304 (S) + F6203 (S) — % /”’
MnFe,0, (s) + (1/6) O, (g) ) z 107
T < ~..b
This reaction takes place if MnO has been par- 5 15 el K
tially oxidized to Mn3;O, during milling as it was e 5
the case with pure MnO. Figure 4 shows that the |
sample, after its annealing at 600 °C, only shows 207 100 200 | a0 | 400

the XRD peaks of Fe,O5, whereas the samples an-
nealed at T > 600 °C also show the peaks of
MnFe,0, that are the only diffraction effects of
the mixture annealed at 900 °C. This fact has been
confirmed by taking the XRD patterns of a mas-
sive sample annealed at 900 °C under N, for 12 h
in the furnace. The lattice constant of the obtained
product is a = 8.5200 + 0.0010 A in fair agreement
with that reported in the JCPDS file n. 10-0319.
Furthermore a DSC run performed on this same
sample showed a transition that corresponds to the
Curie temperature (see Fig.5 trace a). On the
other hand, if all of MnO had been oxidized dur-
ing milling, the mass loss of reaction (2) would
be —2.28% instead of —1.88%. The lower than ex-
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Fig. 4. XRDP patterns of the milled MnO-Fe,O3 mix-
tures recovered after 12 h isotherms at 600 °C (a), 700 °C
(b), 800 °C (c) and 900 °C (d). A MnFe,O, (JCPDS file
n. 10-0319); M Fe,O; (JCPDS file n. 33-0664)

Temperature (°C)

Fig. 5. DSC runs performed at 10 K/min on samples of
milled (a) MnO-Fe,O; and (b) (1:3)Mn;04-Fe,03
mixtures previously annealed (12 h 900 °C under N,).

pected mass loss demonstrates that only 0.822
moles of MnO were oxidized to Mn3;O, during
milling. However, the extent of MnO oxidation to
Mn;0O, is sensibly higher when the milling is per-
formed on the mixture with Fe,Ojs: such an en-
hanced “tribochemical” oxidation is likely to be
due to the mechanical stress exerted on the softer
(MnO) of the two phases as it could be observed
in other cases [10]. The fact that the only product
obtained at 900 °C is MnFe,O,4, means that some
reaction takes place also between MnO and Fe,O;
as it could be confirmed by the TG measurement
performed with the stepwise isothermal schedule.

Table 2. TG measurements performed on the milled
MnO-Fe,O; mixture with the stepwise isothermal
schedule. M;,;, and My, represent the initial and final
mass values for each isothermal stage. AMj,, is the corre-
sponding mass variation.

Tiso [OC] Minil [%] Mfin [%] AMiso [%]
200 99.02 99.05 +0.03
300 98.97 99.08 +0.11
400 99.08 99.20 +0.12
500 99.16 98.99 -0.17
600 98.88 98.72 -0.16
700 98.46 97.98 -0.48
800 97.78 97.29 -0.49
900 97.03 96.80 -0.23
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Table 2 reports the mass values recorded at the
beginning and at the end of each isothermal
period. After MnCO3; decomposition (step at
200 °C), a limited mass increase takes place at 300
and 400 °C whereas, from 500 °C, the mass begins
to decrease until it reaches a constant value. The
mass loss of —2.40% agrees fairly well with the
value expected for complete formation of
MnFe,O, (confirmed by the XRPD patterns of the
residue after the run) according to reaction (2).
Clearly in this TG measurement enough time is
allowed at 300—400 °C to complete MnO oxida-
tion to Mn;O,.

Figure 6 shows the TGA curves obtained by
heating the physical mixture under nitrogen up to
different temperatures (600, 700, 800 and 900 °C +
12 h isothermal stage). The sample mass attains a
final value (not constant at any temperature) that
decreases with increasing the annealing temper-
ature. The run up to 600 °C shows an increasing
mass up to a value (102.32%) which corresponds
to the oxidation of MnO to Mn;0O,. Indeed the
XRPD patterns of the residual sample only show
the peaks of Fe,O; and Mn3;O4. The sample re-
acted at 700 °C shows a mass increase up to a
value of 102.1%. Afterwards the mass slowly
decreases to 102.0% but no constant mass is
reached by the end of the run. The mass decrease
after the maximum indicates that the reaction be-
tween Mn3;0O, and Fe,Oj; to give MnFe,O, begins
at about 700 °C. The XRPD patterns of the resid-
ual sample show, besides those of Mn;O, and
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Fig. 6. TG curves of the physical mixture MnO —Fe,Os.
The samples were heated to 600 °C (solid line), 700 °C
(short-dashed line), 800 °C (long-dashed line), 900 °C
(dash-dotted line). At each temperature a 12 h isother-
mal period was appended to the heating ramp.

Fe, O3, the peaks of MnFe,O,4. The sample reacted
at 800 °C exhibits a mass increase up to a maxi-
mum (101.6%) which is lower than the maxima at
the two lower temperatures (600 and 700 °C).
After the maximum, the mass decreases to 101.4%
and the XRD patterns of the residual sample show
that the relative intensity of the peaks of Mn;O,
and Fe, O3 has decreased (with respect to the sam-
ple annealed at 700 °C) whereas the relative inten-
sity of the MnFe,O, peaks has increased. Clearly
at this temperature the reaction between MnO
and Fe,Os5 is competing with MnO oxidation to
give Mn;0,. The mass of the sample heated at
900 °C shows the same qualitative behaviour: the
relative maximum (101.0%) is lower than that at
800 °C whereas the subsequent mass decrease is
higher. The relative share of the reaction between
MnO and Fe,Oj; has increased with respect to that
of the reaction between Mn3;0O, and Fe,Os. The
intensities of the peaks of MnFe,O, are higher
than at 800 °C though XRD evidence of unreacted
Mn;0, and Fe,Os; is still present. The course of
the reaction in the case of the physical mixture is
confirmed by the stepwise TG measurement. Ta-
ble 3 reports the mass values recorded at the be-
ginning and at the end of each isothermal period.
The mass increases during each of the isothermal
steps up to 600 °C and this confirms that the only
reaction taking place in this temperature range is
MnO oxidation to Mn;0Oy,. The trend of the mass
reverses during the isothermal stage at 700 °C:
first the mass reaches a maximum value (102.20%)
that nearly corresponds to the complete MnO oxi-
dation to Mn3O, and then it starts to decrease as
reaction (2) gradually occurs. However in the case
of the physical mixture the mass at the end of the

Table 3. TG measurements performed on the physical
MnO-Fe,O; mixture with the stepwise isothermal
schedule. M;,;, and My, represent the initial and final
mass values. AMj,, is the corresponding mass variation.

Tiso [OC] Minil [%] Mﬁn(%) AMiso [%]
200 99.96 99.98 +0.02
300 99.98 100.20 +0.22
400 100.30 100.50 +0.20
500 100.50 101.10 +0.60
600 101.20 101.90 +0.70
700 102.00 102.10 +0.10
800 102.00 101.70 -0.30
900 101.50 101.00 -0.40
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Fig. 7. XRDP patterns of the milled (1:3)Mn;0,4—Fe,O3
mixture. A Mn3;O, (JCPDS file n. 24-0734); B Fe,O3
(JCPDS file n. 33-0664).

5 h-isothermal stage at 900 °C is higher than the
initial mass meaning that the formation of
MnFe,0, according to reaction (2) is far from
complete (as confirmed by XRD patterns of the
residual sample that show, besides those of
MnFe,O,, also the reflexions of unreacted Fe,Os5
and Mn3;0,).

2. Mixture Mn;0 ,—Fe,O3

Figure 7 reports the XRD patterns of the (1:3)
Mn;0,4-Fe,03 milled mixture: the Mn3;O,4 peaks
have disappeared and only the Fe,O; reflexions,
rather broad, are present. The apparent absence
of Mn;0Oy in the milled mixture is due to a prefer-
ential amorphisation of the softer of the two
phases (Mn;0,), which has been noted previously
[10, 11]. Figure 8 shows the TGA curves obtained
by heating the milled mixture under nitrogen up
to different temperatures (600-700-800-900 °C
+ 12 isothermal stage). Table 4 reports the data
relevant to some points of the run (reference to
Fig. 8 should be made). The mass loss (4AM,) be-

Table 4. TG measurements performed on the milled
Mn;0,4—Fe,O3 mixture. AM, (%) is the mass loss occur-
ring between 25 °C and Ty (°C). AMyr.iso is the mass
loss between T, and the end of the run.

Tiso (OC) 4 MO TO Y| MHT+iso
600 -1.35 404 -0.61
700 —1.45 394 -1.44
800 —-1.48 412 -2.07
900 —-1.46 417 —2.68
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Fig. 8. TG curves of the milled (1:3)Mn30,—Fe,O5; mix-
tures. The samples were heated to 600 °C (solid line),
700 °C (short-dashed line), 800 °C (long-dashed line),
900 °C (dash-dotted line). At each temperature a 12 h
isothermal period was appended to the heating ramp.

tween the beginning of the run and = 400 °C (T)
has been shown by TG/IR to correspond to the
release of both water and carbon dioxide. The
mass loss between T, and the end of the run
(AMyt.is0) increases by increasing Tjy, and, in the
case of the sample annealed at 900 °C, sensibly ex-
ceeds the value expected for reaction (2). It has to
be noted (see Fig. 9) that the residuals examined
by XRPD only showed the Fe,O; reflexions
(600 °C) whereas, by annealing at 700 and 800 °C,
also the peaks of MnFe,O, are present. This is the
only compound present after the annealing at
900 °C. This fact has been confirmed by taking the

Intensity (counts) —>
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0 35
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Fig. 9. XRDP patterns of the milled (1:3)Mn;04—Fe,O3
mixtures recovered after 12 h isotherms at 600 °C (a),
700 °C (b), 800°C (c) and 900°C (d). @ MnFe,O,
(JCPDS file n. 10-0319); A Mn3;0, (JCPDS file n. 24-
0734); B Fe,0O5 (JCPDS file n. 33-0664).
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XRPD patterns of a massive sample annealed un-
der N, at 900 °C for 12 h in the furnace. The lattice
constant of the obtained product is 8.5106 =+
0.0020 A which is in fair agreement with that re-
ported in the JCPDS file n. 10-319 (8.499 A).
Furthermore a DSC run on this same sample
showed a Curie temperature very close to that of
the sample obtained by subjecting to the same
thermal schedule a sample of the MnO-Fe,O;
milled mixture (see Fig. 5 trace b).

A more thorough TG examination of the milled
mixture has been performed by heating-cooling
(10K/min under N,) a sample between 25 °C and
400 °C. This cycle has been followed by a heating
up to 1200 °C. Such an experiment has been repli-
cated four times. The mean value of the mass loss
up to 400 °C is —1.53 = 0.18%. During cooling to
room temperature a mass gain of +0.36 = 0.08%
is recorded. The final heating shows two steps: the
first one ends at = 400 °C and involves a mass loss
of —0.34 + 0.02% whereas the second one shows
a mass loss of —2.81 + 0.09%. The fact that a share
of the mass loss up to Ty is reversible suggests it
is due to oxygen loss/intake. Therefore the resid-
ual mass loss within Ty (AM = —-1.17 £ 0.22% ) is
due to the release of the volatile impurities ab-
sorbed during milling. Again it is to note that the
mass loss of —2.81% is higher than the value
(-2.23%) expected for reaction (2). The reason
for such a higher than expected mass loss could be
hypothesized to be the presence of some Mn(III)
in the milled sample. In this instance the reaction
of MnFe,O, formation would be:

(X/3) MH304 (S) + [(1 - X)/Z] Mn203 (S) +
Fe,O5 (s) = MnFe, O, (s) + [(3 — x)/12] O, (g)  (3)

From the mass loss of —2.81% the x value of
0.475 can be deduced. If this interpretation is cor-
rect the content of Mn(IIl) in the milled mixture
would be 19.30% by mass instead of the expected
15.29%. Such an hypothesis has been confirmed
by chemical analysis that yielded a Mn(III)

content in the milled mixture of 19.7 £ 0.2% by
mass. In Table 5 the calculated and experimental
content (mean of 3 independent replicates) of
Mn(III) and of total Mn both in pure Mn3;O,
(milled and unmilled) and in (1/3)Mn;0,—Fe,O3
mixtures (milled and unmilled) is reported. How-
ever the analytical method employed involving
titration of manganese with Fe(II), does not distin-
guish between Mn (III) and Mn (IV). Therefore
the possibility that some Mn?* was been oxidized
to Mn (IV) [instead of Mn(III)] cannot be ruled
out. If this were true, it could be that the forma-
tion of MnFe,O, from the milled mixture is due
to some catalytic effect exerted by Mn (IV) rather
than to the mechanical activation of the mixture.
To try and establish this point a mixture Mn;O,
(with 2.5% by mass of MnO,)-Fe,O; (Mn:Fe mo-
lar ratio 1:2 in the mixture) was prepared and
heated at 5 K/min under N, up to 900 °C + 12 h
isothermal stage. A mass loss of —1.53% (vs. ex-
pected —2.37%) was recorded that points to a ca-
talytic effect of Mn(IV). It may well be that such
a lower than expected mass loss is due to the fact
that in this case Mn(IV) has been added deliber-
ately whereas it would be gradually forming in the
case of the milled mixtures so enhancing its homo-
geneous distribution and hence its catalytic effect.
However, it should be noted that, to obtain com-
plete formation of MnFe,O, at 900 °C , the MnO,-
doped mixture had to be milled before being an-
nealed at 900 °C (12 h, under N,). Work is in pro-
gress to gather more information on this aspect.

The stepwise isothermal experiment was run
also on this milled mixture. Within the isothermal
stage at 300 °C the mass reaches the 98.7% of its
initial value (due to loss of the volatile impurities).
The second mass loss process begins at 400 °C and
ends at 900 °C with a AM = -2.85%. Therefore
the value found in the dynamic runs performed at
10K/min up to 1200 °C is confirmed.

The physical mixture was also heated under N,
up to different temperatures (600-700-800-

Mn total (mass%)
Expected Found

Table 5. Calculated and experi-
mental values (mean of 3 inde-
pendent replicates) of Mn(III)

Sample Mn(I1T) (mass%)
Expected Found
Mn;0, unmilled 48.0 49.0 £ 0.5
Mn;0, milled 48.0 502 £ 1.0
(1:3)Mn304—F6203 unmilled 15.3 16.3 + 0.3
(1:3)Mn3;04—Fe,03 milled 15.3 19.7 £ 0.2

72.0
72.0
234
234

and total Mn content (% by

;8% f 82 mass) both in pure Mn;O,
231 + 03 (milled and unmilled) and and
234 ¥ 03 in (1:3)Mn;0,—Fe,O; mixtures

(milled and unmilled).
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900 °C + 12 h isothermal stage) : The TGA curves
show that, apart from some minor mass fluctua-
tions in the dynamic part of the run, there is no
significant mass loss and , accordingly, the XRD
patterns of the residual samples only show the re-
flexions of unreacted Mn;O, and Fe,Os.

Conclusions

® Thermal treatment at 900 °C (under nitrogen)
of a milled MnO-Fe,O; mixture yields
MnFe,0,4 mainly as the product of the reaction
between Mn3;0, (produced by ball milling) and
Fe,O;. No complete transformation to

MnFe,O, is obtained (under the same experi-
mental conditions) when starting from a MnO -
Fe,O; physical mixture.

® Thermal treatment at 900 °C (under nitrogen)
of the milled Mn3;O4—Fe,O; mixture yields
MnFe,0,4 mainly as the product of the reaction
between Mn;04 and Mn,O5/MnO, (produced
by ball milling) and Fe,O;. The effect of high
energy milling is more pronounced in this case
than with the MnO —Fe,O3 mixture. Indeed no
MnFe,O, formation is obtained (under the
same experimental conditions) when starting
from a Mn;0,-Fe,O3 physical mixture.
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