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Some Oxidation Properties of Manganese and its Lower Oxides
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Oxidation of the pulverised samples of Mn,
MnO and the equilibrium Mn,0,-Mn,;0, have
been studied. The investigations were made
in the temperature range 200— 1000 °C and at
oxygen partial pressures of 0.01, 0.20 and 1
atm. The techniques employed were thermo-
gravimetry and differential thermal analysis.
Mn,0, was found to be the oxide finally formed
by oxidation of the metal, MnO and Mn,0, in
the temperature range from 400 °C to the
equilibrium temperature of decomposition.
T%e equilibrium temperature for the system
Mn,0,-Mn,0, could be determined by decom-
posing the partially oxidized MnO or Mn,O,
using the TG-DTG technique. The thermo-
dynamic aspects are discussed.

The ability of manganese to appear in different
oxidation states gives rise to the existence of
various solid oxide phases. The methods of
preparation and the properties of these phases
have been comprehensively described by Moore
et all It was further established *-* that the
oxide phases appeared as crystalline compounds
which might be represented by ideal formulae
MnO Mn,0,, Mn,O, and MnO,;. MnO and
Mn,0, were shown to exhibit a considerable
non-stoichiometry. The higher oxides were
found to be convertible to the lower ones and
vice versa, by a proper choice of temperature
and oxygen pressure.®?

The experimental results of many authors,
however, differ somewhat as to which type of
the oxide is formed and which temperature
corresponds to the equilibrium value of de-
composition. Mn,0, or Mn,0, are thus reported
to form from MnO up to ca. 850 °C, while MnO,
should be the product up to ca. 500°C. Similarly,
Mn,0, is said to decompose to Mn,O, at 920 —
970°C. Hahn and Muan *° found the equilibrium
Mn;0;-Mn,O, to be attainable in both direc-
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Fig. 1. Diagram showing the equilibrium ox-
ygen pressure of the system MnyO,—Mn,0, as
a function of reciprocal temperature. @ This
work, O Hahn and Muan.!®

tions and determined approximately the equi-
librium temperatures as indicated in Fig. 1.
Kim et al.! confirmed by a different method
their values.

The oxidation of pure manganese in air was
studied by Baldwin and co-workers.’* By X-
ray and metallographic analysis they identified
MnO, Mn,O, and Mn,0, in the oxide scale be-
low 825 °C and MnO with some Mn,0, above
this temperature. According to Paidassi and
Echeverria 13 the oxide scale up to 850 °C con-
sists of MnO, Mn,0, and MnQO,, while at 900 —
1200 °C the oxides present are MnO and Mn,0,.
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The purpose of the present work was to
determine what kind of oxide is formed at
various oxygen partial pressures (pg,) in the
temperature range 200 — 1000 °C when samples
of pulverized Mn metal or MnO are heated
either continuously or at selected tempera-
tures. A further objective was to explore the
possibility of investigating the equilibrium
Mn,;0,-Mn;0, by the TG-DTG technique.

EXPERIMENTAL

Starting materials. MnO was prepared by
heating manganese powder in the nitrogen
atmosphere containing about 100 ppm oxygen
at 800 °C for 18 h. The product was obtained
as & hard grey-green mass containing 4.1 weight
9% manganese metal. Mn,O; and Mn;O, were
produced by complete oxidation of Mn, MnO
or Mn,0,, and by decomposition of Mn,0Oy,,
respectively.

The grain size of the manganese powder and
the oxides varied between 1 and 3 u for about
90 9 of the grains.

Apparatus and experimental procedure. The
investigations were made using a micro-thermo-
balance (Mettler) with the additional equip-
ment enabling TG, DTG and DTA curves to
be simultaneously recorded as a function of
temperature and time. The experimental and
instrumental parameters used were as follows:
Weight of the samples: 50— 80 mg; reference
substance: Cr;0; BaCO,; (estimation of 4H
for the reactions); crucibles of S platinum;
sensitivity of the measurements: TG, 5x 102
mg; DTG, 10 mg/min; DTA, 100 uV (Pt-Rh
thermocouples); temperature control: + 1.5 °C;
the heating rates used: 1—15 °C/min; the gas
atmospheres employed: O, Ar+O,, po,=0.20
atm; N+ 0, po,=0.01 atm; gas flow: 6 1/h.

In studying the oxidation of MnO, Mn,0,
and Mn,0,;, TG, DTG and DTA curves were
recorded during heating of the samples up to
1000 °C. Systematic runs were made then at
temperatures corresponding to the maxima
of the appearing exothermic peaks, as well as
some other selected temperatures.

Manganese powder was oxidized continuous-
ly up to 1000 °C and also at some lower, con-
stant temperatures in the atmospheres of py, =
0.20 atm and 0.01 atm.

Each run was terminated when the DTG
curve essentially stabilized close to its initial
value. This indicated either a zero or insignificant
weight change of the sample. The heating of
the furnace was then interrupted and the
samples were cooled as quickly as possible in
the furnace atmosphere.

The products were examined by X-ray
diffractometry, IR-spectroscopy and optical
microscopy. Calculations, where feasible, were
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also made on the basis of weight gain or loss
(TG) or the peak areas of the DTA curves.

RESULTS

Ozidation of Mn. On continuous heating of
the samples up to 1000 °C the thermograms
were such as schematically depicted in Fig. 2.
The data for the subsequent runs are presented
in Table 1. The weight increase appeared to
be most pronounced in the temperature range
of about 400—600 °C. At py,=0.01 atm the
weight gain in this range was a linear function
of time because of the limited oxygen supply.
At the temperatures following from the figure
a well-defined decomposition of the higher
oxide took place. The diffraction patterns of
the products before and after this decomposi-
tion were those of a-Mn,0O; and Mn,O,, re-
spectively. One or two strongest reflections for
Mn,O, often appearing in the Mn,0, pattern
suggested the occurrence of a layer of Mn,O,
beneath that of Mn,0,. The IR spectra taken
on Mn,0, and Mn,;O, agreed with those pub-
lished.!*
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Fig. 2. The TG curves obtained in oxidizing
the pulverized Mn up to 1000 °C at py,=0.20
atm and 1 atm.

Table 1. Oxidation of Mn powder up to 1000 °C
at po,=0.20 atm and 0.01 atm.

20, Temp. Time at const. Products
temp.

(atm) (°C) (h)

0.20 1000 (heat. rate 1 °C/min) Mn,0,

0.01 1000 (12 at 600 °C) Mn,O,

0.01 600 16 1Us

0.20 470 18 Mn,0,
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Fig. 3. The TG, DTG and DTA curves obtained
in oxidizing MnO up to 1000 °C at py,=0.20
atm and 1 atm.

Ozidation of MnO. The essential appearance
of the thermograms when oxidizing MnO at
Po,=1 atm and 0.20 atm at 1000 °C is shown
in Fig. 3. Two exothermic peaks and one endo-
thermic peak are apparent on the DTA curves
at the temperatures indicated in the figure.
The data characteristic of the constant tem-
perature runs at pg,=0.20 atm are given in
Table 2.

In the run made at a temperature corre-
sponding to the first exothermic reaction
(480 °C) the DTG curve levelled off after ca.
1 h. X-Ray analysis revealed the presence of a
small amount of Mn,O, and the weight gain
corresponded to almost complete oxidation of
the Mn metal present in MnO, to Mn,0,.

The reaction corresponding to the second
exothermic peak was suggested by X-ray
patterns and thermogravimetrical calculations
to be that of oxidation of MnO over Mn,O,
to Mn,O,.

Table 2. Oxidation of MnO at constant tem-
peratures and po,=1 atm and 0.20 atm.

Temp. Time at const. Products
temp.
(°C) (h)
480 1 MnO, Mn,0,
610 4 Mn,0;, some MnO
780 6 Mn,0,
450 23 Mn,0,;, MnO
330 12 MnO (some Mn,0,

and Mn,O, of strong-
ly distorted X-ray
patterns)

The product after the endothermic reaction
was always found to be Mn,O,.

Mn0,— Mn,0, system. Mn,0, was oxidized
at a heating rate of 10 °C/min up to 870 °C at
P0o,=0.20 atm. The oxygen uptake was most
rapid in the range of 650— 770 °C. Increasing
the temperature out of this range produced a
decreased oxidation rate. Mn,0O, could be con-
verted into Mn,0, within 2 h at 700 °C.

When the temperature of a partially oxidized
sample of MnO or Mn;O, attained the wvalue
determined as the equilibrium temperature
(T'eq), the DTG curve showed an abrupt change
in the slope. The TG curve, at the same time,
formed a small plateau before the onset of an
observable decomposition. The plateau was
more prolonged when Mn,0,, prepared by in-
complete oxidation of MnO, was decomposed.

The values of the equilibrium temperature of
decomposition obtained at py,=1 atm, 0.20
atm and 0.01 atm corresponded to 1246 K,
1151 K and 983 K, respectively, with a mean
deviation of 3 K. The plot of their reciprocal
values versus log po, is shown in Fig. 1. 4H®
for the reaction 3Mn,0,-+»2Mn,O,+ 30, was
evaluated from the peak area of the DTA
curve. Using the reference value of 4.3 kcal/
mol for BaCO, !* the 4H° value was found to
be 24.6 kecal/3 mol Mn,0,. The value obtained
from the slope of the plot in Fig. 1 was 21.8
kecal/3 mol Mn,0, being thus close to that
commonly accepted (21.6 keal/3 mol Mn,;0,)!»

DISCUSSION AND CONCLUSIONS

The solid oxide phases obtainable by oxida-
tion of Mn or MnO may be summarily written
as MnO,,, where, for ideal stoichiometric
molar ratios, z equals to 0.33, 0.50 and 1.00.
Using the tabulated data !* and the formula
for the computation of 4G° in the form

AG° = 4H,+ (2.303a log T+I)T+
bx 10-T% 4 ¢ x 108/T (A)

a comparison was made of the thermodynamic
stability of the oxides. 4G-values per mol MnO
were calculated at 700 K and po,=0.20 atm
for Mn,0,, Mn,0, and MnO, and also at 600 K
and 800 K for the latter two oxides. The
formula used was

4G =24G°(MnO, ) — 4G°(MnO) —
(2/2)BT In po, (B)
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Fig. 4. The free enthalpy of formation per
mol MnO for the higher manganese oxides at
P0,=0.20 atm.

and the values obtained were plotted in Fig. 4.
Above 700 K Mn,0, appears to be the most
stable oxide while below this temperature the
existence of MnQO; should be favoured. The
limiting value of pg, estimated for the system
Mn,0,-Mn;O, from the formula (B) is of the
order of 10~ atm at 700 K.

The experimental results obtained tend to
confirm that Mn,0,; is the only oxide finally
formed above 700 K. The yield of Mn,0, per
unit time is then a function of the grain size,
the operating time and the oxygen supply.
No evidence of the formation of MnO, has
been found. The oxidation, however, proceeds
extremely slowly at lower temperatures
(<700 K) and a considerably longer time is
therefore required to attain equilibrium.

In studying the system Mn,0,; —Mn;O, Hahn
and Muan ! equilibrated the samples side by
side at selected temperatures for between 40
and 300 h. In this investigation the duration
of the measurements was reduced to less than
2 h. The change in the slope of the TG and
DTG curves during heating was used to indicate
the attainment of equilibrium. In order to ob-
tain observable slope changes on the curves,
partially oxidized samples of Mn,0, were em-
ployed. Prepared by the oxidation of Mn,
MnO or Mn,O, they consisted of grains con-
taining layers of MnO, Mn,O, and Mn,O, or
Mn,O, and Mn,Q,, respectively.

The presumed oxidation mechanism behind
this method of determining the T¢, values is
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Fig. 6. The profiles of the oxygen pressure
inside the grains of incompletely oxidized
samples of Mn,0, in the region of the equi-
librium temperature of decomposition (T'¢q)
of Mn,0, to Mn,0O,.
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outlined in Fig. 5. When approaching the
region of equilibrium the profiles of py, within
a grain are assumed to be approximately as
illustrated in the figure. At temperature T'< T'¢q
the oxidation of Mn;O, to Mn,0, and MnO to
Mn,O, takes place and the weight change
occurs continuously. On reaching the equi-
librium temperature 7T, the oxidation of
Mn,O, to Mn,0, is stopped resulting in the
slope change of the DTG curve.

In the presence of only Mn,O, the oxygen
pressure gradient (ypgy,) is removed and the
TG curve stabilizes since no more oxygen can
be taken up. When, however, MnO is also
present & certain dpg, still exists through the
Mn,O,; layer. The TG curve then increases
slightly giving rise to a prolonged plateau at a
low heating rate. At temperatures T'>T¢ a
negative pg, i built up within the Mn,0,
layer and the decomposition of Mn,0, to
Mn,O, is then a rather rapid process.

From the data compiled ** the value of Tq
can be evaluated. Using the formula (A) Teq
at po,=1 atm is calculated to be about 1530 K.
The experimentally determined Te,=1246 K
at po,=1 atm gives a value of 4G° equal to
1.6 kcal/mol Mn,0,. This is about 1 9, of the
4G° values for Mn,0, or Mn,0, and may repre-
sent a measure of the error in the determina-
tion of these values. Since the 4G° (Mn,0;—
Mn,0,) is calculated as a difference of AG°
values for the oxides this formula may be in-
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appropriate to an accurate calculation of T,

The values of T, obtained in this investiga-
tion compare well with those reported.'!* This
indicates that the above TG-DTG technique
may provide a simple method for investigating
solid oxide equilibria.
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