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SYNOPSIS

Samples (15 to 20 g) of pre-calcined Mamatwan manganese ore or pure Mn 304 smaller than 48 mesh were reacted
at temperatures in the range 1000 to 1300°C with samples of spectrographically pure graphite smaller than 325
mesh. Samples (I g) of ore or pure Mn02 smaller than 46' mesh were reacted at temperatures of 1000 and 1200°C
with pure graphite fines in argon, with graphite in carbor, .'1onoxide, and with carbon monoxide alone. In each case,
the loss of mass as a function of time was recorded with a ,hermobalance.

The rate and degree of reduction were found to increase with additions of carbon and with increasing temperature
up to 1300QC, when they reached their maximum. The shape of the reduction curves, together with the results
obtained from examination of the products of reaction by microscopy and X-ray diffraction, were used as the basis
for a postulated reduction mechanism. Some details are given of an initial kinetic model that was used to verify the
proposed mechanism.

It was found that the reduction of Mamatwan ore by graphite at temperatures in the range 1000 to 1300°C
occurs in two stages:
(i) an initial stage during which the higher oxides of manganese are rapidly reduced to MnO with concurrent

formation of CaMn 20
4'

and
(ii) a longer stage during which CaMn.O 4 and MnO are reduced to carbides by carbon dissolved in the ferro-

manganese phase.

SAMEVATTING

Monsters (15 tot 20 g) van voorafgekalsineerde Mamatwan-mangaanerts of suiwer Mn 304 kleiner as 48 maas is by
temperatuur in die bestek 1000 tot 1300°C laat reageer met monsters van spektrografies suiwer grafiet kleiner as
325 maas. Monsters (I g) van die erts ofsuiwer Mn02 kleiner as 48 maas is by temperatuur van 1000 en 1200°C in
argon laat reageer met suiwer fyngrafiet, in koolstofmonoksied met grafiet, en net met koolstofmonoksied. Die
massaverlies is in elke geval met 'n termobalans geregistreer.

Daar is gevind dat die tempo en mate van reduksie toeneem met die byvoeging van koolstof en 'n verhoging van
die temperatuur tot 1300°C waar dit 'n maksimum bereik het. Die vorm van die reduksiekrommes, tesame met die
resultate wat deur 'n ondersoek van die reaksieprodukte deur mikroskopie en X-straaldiffraksie verkry is, is as
grondslag vir 'n gepostuleerde reduksiemeganisme gebruik. Daar word besonderhede verstrek van 'n aanvanklike
kinetiese model wat gebruik is om die voorgestelde meganisme te verifieer.

Daar is gevind dat die reduksie van Marnatwan-erts deur arafiet in die temperatUurbestek van 1000 tot 1300°C in
twee stadiums plaasvind:
(i) 'n aanvanklike stadium waartydens die hoer mangaanoksiede vinnig tot MnO gereduseer word, met die gelyk-

tydige vorming van CaMn 20
4'

en
(ii) 'n langer stadium waartydens CaMn 20 4 tot karbiede gereduseer word deur koolstof wat in die ferromangaan-

fase opgelos is.

Introduction
In South Africa, higher-grade manganese ores, such

as the Hotazel and Wessels deposits, are becoming
depleted and it is therefore important for the large
reserves of lower-grade ores like Mamatwan manganese
ore to be utilized in the production of ferromanganese
and manganese metal. Methods currently in use by
South African producers of ferromanganese and man-
ganese metal may not be optimum for the processing of
lower-grade ores, and more efficient alternative tech-
niques should be sought. On'J such technique is the
prereduction of manganese ore with carbon to yield
material having a suitable carbon content. This material
may then be melted in an open-arc furnace to produce
ferromanganese and slag by a procedure similar to the
DIMECA process for the production of medium-carbon
ferrochromium1.

The investigation reported here was undertaken to
determine the nature and extent of the reactions
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occurring during the reduction of Mamatwan manganese
ore by solid carbon. It was hoped that the information
obtained regarding the characteristics, rate, and mech-
anism of reduction of Mamatwan ore would be useful in
the prediction of the reduction reactions that take place
in the upper portions of ferromanganese furnaces and in
rotary kilns for the reduction of manganese-ore fines
in the production of manganese metal by electrolysis.
The investigation is part of a programme within the
Pyrometallurgy Research Group of the National In-
stitute for Metallurgy on the reduction of Mamatwan
manganese ore for the production of manganese alloys.

The degree and mechanism of reduction of Mamatwan
manganese ore by graphite was determined at temp-
eratures ranging from 1000 to 1300°C, the reduction

being carried out in a resistance furnace in argon or

carbon monoxide atmospheres. The change in mass of

the sample during reaction was measured with a thermo-

balance, and the products of reaction were examined
by X-ray diffraction and optical microscopy. A model

was then developed for prediction of the rate of reduction

of the manganese ore.
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Previous Work

Stability of Manganese Oxides

The manganese oxides Mn02' Mn2O3' M~04' and MnO
have been studied extensively2-15, and it has been
established that their relative stabilities depend on
temperature and partial pressur~ of oxygen. T~ermal
decomposition takes place accordmg to the reactiOns

4 Mn°2 =2Mn2O3+02 , (I)

and 6 Mn2O3=4Mn3O4+02 , (2)
In air, reactions (I) and (2) occur between 400 and

700°0 and between 800 and 1l00002, 5-8,12-15 respect-
ively. M~04 is the stable form of manganese oxide in
air from 1000 °0 up to its melting point of 1567 °05,
although there is a change in structure from tetragonal
M~04 (low hausmannite) to the cubic spinel (high
hausmannite) at about 1160008, 16.

Possible Reactions in the Reduction of Manganese
Oxides

Several possible reactions must be considered in the
proposal of a mechanism for the reduction of manganese
oxides in the presence of OaO, Si02, and iron oxides.
Data from Elliott and Gleiser17 and McGannon18 on the
standard free energies of formation of the various
manganese oxides, manganese carbides (Mn3O2' Mn703)'
cementite (Fe30), carbon monoxide, and carbon dioxide
were used for calculation of the standard free energy
changes for several possible reactions as a function of
temperature.

According to Kuo and Perssonl9, (Fe, Mn)30 and
(Fe, Mn)703 are the manganese carbides most likely to be
present at temperatures ranging from 1000 to 1300 °0.
Identification of individual carbides by X-ray diffraction
analysis of reduced samples of ore was not possible,
since insufficient diffraction data were available and
there was overlapping of the diffraction peaks of the
phases. Reduction of Mn2O3 and Mn304 can take place
according to any combination of the reactions

3 Mn203+0 = 2Mn304+ 0O . . (3)
3 Mn2O3+00 =2~04+002

"""

(4)
3 Mn203+Fe30=2Mn304+3Fe+00 (5)

and
M~04 +0 =3MnO +00 . . . . . . . (6)
M~04 +00 =3MnO +0O2 , (7)
~04 +Fe30=3MnO +3Fe+00 (8)

The standard free energy changes for these reactions
as a function of temperature reveal that, above 700°0,
the reduction of Mn2O3 and ~04 by either Fe30 or
carbon is more thermodynamically favourable than that
by carbon monoxide, although reduction by carbon
monoxide remains thermodynamically feasible.

The final stage in the reduction process may be repre-
sented by one of the following reactions
(a) Reduction to metallic manganese:

MnO+OO =Mn+002 . . . . . . . . . (9)
MnO+O =Mn+OO ..., (10)
MnO+Fe30=Mn+3Fe+00 . . (ll)

(b) Reduction to manganese carbide:
MnO+4/3 0 =1/3 Mn3O +00 (12)
MnO+4/3 Fe30 =1/3 Mn3O +4Fe +00

MnO+1O/70
. . . . . . . . (13)

=1/7 M~03+00 (14)
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MnO+10/7 Fe30=1/7 M~03+30/7 Fe+OO
. . . . . . . . (15)

The standard free energy change for reaction (9) is
positive over the temperature range 25 ° to 2000 °0, and
it is generally accepted that gaseous reduction of MnO
does not take place3, 10, 12, 14, 15, 20-25. The standard
free energy changes for the reduction of MnO by carbon
or Fe30 to metal or carbide are almost identical in the
temperature range from 800° to 1300°0. Over this
temperature range, M~03 is the product most likely to
result.

Effect of Heat on Mamatwan Manganese Ore

The major constituents of the ore (for which the
analysis is given in Table I) are braunite
(3Mn2O3 . MnSi03), calcite (OaO03)' dolomite
((Oa, Mg) 003), and hausmannite (Mn304)' minor amounts
of bixbyite ((Mn, Fe)203) and hematite (Fe203) being
present12, 26-29.

Pentz12 and De Villiers29 show that the following
mineralogical changes occur during the heating of
Mamatwan ore in air:

700 °0 Decomposition of dolomite
800 ° to 900 °0 Decomposition of calcite with the for-

mation of OaMn03, and possibly some
Oa(OH)2

900 °0 Beginning of the formation of OaMn2O4
and the decomposition of braunite

1000°0 Beginning ofthe formation ofjacobsite
(MnFe204) while braunite decomposes
to tetragonal Mn304 and Si02.

During heating in air from room temperature to
1000°0 Mamatwan ore loses water and carbon dioxide
from the carbonatesl2. Pentz12 recommends preheating
of the ore to at least 800 °0 to promote decomposition of
the carbonates prior to any reduction studies.

Experimental

Materials

Mamatwan manganese ore (for which the analysis is
given in Table I) was crushed and ground to material
smaller than 48 mesh Tyler (see Table II for the screen
analysis). The ore was then calcined in argon at 1000°0
for 25 minutes. Carbon for the reduction experiments

TABLE I
ANALYSIS OF MAMATWAN ORE

Constituent Mass %

MnO.
MnO
H.O
CO.

Fe.O.
MgO
AI.O.
SiO.
CaD

Total Mn
Total Fe

Mn/Fe ratio

29,2*
25,0

1,8
15,5
6,2
2,8
0,14
4,6

13,1
37,8

4,35
8,7

*Calculated from the difference
between the total manganese
in the ore and that reported as
being present as MuO.
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TABLE IT
SCREEN ANALYSIS OF MAMATWAN ORE

Mesh size Particle Mass Mass Cumulative
(Tyler) size per cent

mm g % finer than

<48> 65 0,295 57,15 10,7 100,0
< 65> 100 0,208 81,01 15,2 89,3

< 100> 150 0,147 65,23 12,3 74,1
< 150> 200 0,104 30,21 5,7 61,8
<200 0,074 298,54 56,1 56,1

Ore or oxide Carbon Comments
Mass added

g g

Mamatwan ore 20,0 2,73 Stoichiometric
carbon (SC)*

Preheated Mamatwan
ore 16,0 0,8 to 8,0 0,33 to 3,0 SC

Mn3O. 17,5 3,6 SC

MnO. 0,14 SC

TABLE III
PROPORTIONS OF ORE, OXIDE, AND GRAPHITE

~ ~_u_----

~

*Stoichiometric carbon (SC) is the amount of carbon required to
reduce the manganese and iron oxides to their metals.

was spectrographically pure graphite having an im-
purities content of less than 10 p.p.m., and of size
grading 100 per cent passing 325 mesh.

The ore, oxide, and graphite were blended carefully in
the proportions indicated in Table Ill.

Design and Calibration of Apparatus

Large-scale experiments
Experiments were carried out on samples of approxi-

mately 20 g of ore and reducing agent. The apparatus
consisted of a vertical molybdenum-wound resistance
furnace with a top-pan Mettler electromechanical
balance, Model PE 162, mounted below the furnace. The
thermobalance had a maximum deflection of 150 g and a
sensitivity of 10 mg.

An inert atmosphere was maintained in the furnace by
passing argon at 1 Ifmin through the thermobalance box
and into the furnace tube. The furnace temperature was
monitored by a Pt-6 %Rhfpt-30 %Rh thermocouple and
controlled by a Eurotherm Thyristor controller unit,
type 070. The hot zone of the furnace was 55 mm in
length, and could be maintained at within 5 °C of the
desired temperature. The furnace temperature and the
mass of the crucible and its contents were recorded
continuously on a 2-pen Rikadenki chart recorder.

The samples were weighed before and after reaction on
a second Mettler balance, Model P1200, which had a
maximum deflection of 1200 g and a sensitivity of 10 mg,
as a check on the loss in mass measured with the thermo-
balance. In all cases, the error was less than 50 mg for a
total loss in mass of more than 3 g, i.e. less than 2 per
cent.

Small-scale experiments
Experiments in which atmospheres of argon, carbon

monoxide, and air were used, were carried out with a
Stanton Thermogravimetric Analyser, Model HT-M,
type no. SIO0-1-92. The thermobalance had a total
capacity of 100 g and a sensitivity of 1 mg. This system
had the advantages of increased sensitivity and more
rapid heating of the smaller sample. The furnace temp-
erature was controlled by a PtfPt-13 %Rh thermocouple
placed between the furnace winding and the mullite
work tube at the centre of the hot zone of the furnace,
which was 25 mm in length. The electromechanical
balance was standardized against a Mettler HIOW
single-pan balance having a maximum deflection of
100 g and a sensitivity of 0,1 mg. The error in the Stanton
t,hermobalance was less than 3 mg for a total loss in mass
of 200 to 250 mg, i.e., less than 2 per cent. The furnace
temperature and sample mass were recorded con-
t,inuously on the 2-pen chart recorder incorporated in the
equipment.

Experimental Procedure

jJ1easurement of heating rate for the sample
The average heating rates to 1000 or 12oo°C for the

1 g samples and to 1000, 1100, 1200, or 1300 °C for
the 20 g samples were measured by the rapid raising
of samples of ore into the hot zone of the furnace con-
cerned. A Pt-6 %RhfPt-30 %Rh thermocouple was
lowered into the centre of the sample, and temperature
readings were taken every 30 seconds for the 1 g samples
and every 60 seconds for the 20 g samples. The measure-
ment of sample heating rates was necessary to determine
the effect of this initial period of heating on the initial
rate of reduction.
Reduction experiments

Samples of carbon and ore or preheated ore in alumina
crucibles were rapidly introduced into the hot zone of the
furnace and reacted on the appropriate thermobalance
in an atmosphere of argon or carbon monoxide for up to
two hours.

The change in mass was continuously recorded on a
chart recorder, and at the end of the run the reduced
samples were rapidly removed from the hot zone of the
furnace and cooled in air.
Chemical analysis

The total manganese content, as determined by
potentiometric titration, was within 1 per cent of the
contained manganese30. The total iron content was
determined to within 2 per cent of the amount present
by an X-ray-fluorescence technique developed by
Austen et al.3I.

The final carbon content of the samples of reduced ore
and oxide was determined with a Leco carbon analyser
that has a precision of approximately 0,1 per cent. This
determination was necessary as a check on the calcu-
lations for the degree of reduction of the samples of ore
and oxide.

X-ray diffraction analysis
X-ray diffraction was used for the detection of changes

in the mineralogy of the samples of ore and oxide
at various stages in the reaction with carbon.
Cooling in air of samples of reduced ore or oxide was too
slow to prevent the reaction products from undergoing
t,ransformation of the phases. However, X-ray diffraction
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Fig. 2 The reaction of 16 g of preheated Mamatwan ore with graphite in argon at IJOO°C. The change in sample
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analyses of a sample of reduced manganese ore quenched
in water at a cooling rate of approximately 120°C per
second revealed that cooling was still too slow to prevent
the occurrence of very rapid transformations of the
phases.

Results

Reduction with Solid Carbon

The effects of variations in graphite additiof1.s on the
percentage reduction of 16 g of preheated lV!amatwan
ore at 1000 and 1300 °C are shown in Figs. I and 2
respectively. (The percentage reduction is defined as the
percentage removal of the available oxygen, Le., the
oxygen present in the ore asEociated with manganese
and iron). The percentage reduction with time increased
markedly as the temperature increased, and the extent
of reduction for a given addition of graphite increased
markedly with temperature, as was also shown by other
runs at 1l00 and 1300°C.

Graphite addi~ions above 10 per cent (by mass) had
very little effect on the extent of reduction at 1000 and
1l00°C, but the effect of increased graphite additions
became more important at 1200 DC, and even more
marked at 1300°C.

In Fig. 3 the rates of reduction at temperatures of
1000, 1l00, 1200, and 1300°C are shown for a graphite
addition of 15 per cent (by mass) of 16 g of preheated
Mamatwan ore. The amount of graphite added was
slightly less than the stoichiometric requirement of
16,51 per cent (by mass). Increase of the temperature
from 1000 to 1l00°C had little effect on the rate and
degree of reduction, but when the temperature was
increased to 1200° to 1300°C the effect was much greater.

From Figs. I to 3 it can be seen that the reduction
proceeded in two steps: a relatively short initial stage
during which the rate and degree of reduction were

80
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affected only slightly by the carbon added and by
temperature, and a second, longer stage in which the
effects of increases in either the carbon addition or the
temperature were more marked. The first stage took
from 10 to 20 minutes depending on the reaction temp-
erature, whereas the second stage continued for up to
100 minutes.

X-ray diffraction analysis of quenched samples was
used for deductioIl of the mineralogical changes ,occurring
during the reduction of preheated Ma,ma,twan ore. The
results of this study are superimposed on the curves for
reduction versus time at 1000 and 1300°C in Figs. I and
2 respectively. At 1000 DC, the reaction was limited to
the reduction of the higher oxides of manganese down
to MnO, whereas, at 1300°C, a high degree of metalli-
zation was obtained. Determination of the relative
proportion<; of MnO and CaMn204 in samples of reduced
ore presented some difficulties owing to overlapping of
the major X-ray diffraction peaks of these two phases.

Protlems were also experienced with identification of
the phases collectively la1::elled 'carbide' in Fig. 2. For
easier identification of the phases, 17,5 g of pure MIlaO4
was reacted with 20 per cent (by mass) graphite in
argon at 1300 DC, and the reaction products were ex-
amined by X-ray diffraction. The results of the X-ray
diffraction analyses and the graph of reduction versus
time for MIlaO4 indicated that the short initial stage of
the reduction correspond to the reduction of MfiaO4 to
MnO, whereas the longer second stage involved the
formation of manganese carbide by the reduction of
MnO with carbon and the gradual disappearance of

MnaO4'

Reduction with Solid Carbon and Carbon
Monoxide

Several experiments were carried out with Mamatwan
ore and with pure MnO2 for determination of the role

'"'

c

B
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B '.,1100.C .
C 1200.C,
D 1300.C .
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Time, min

90 100 110 120

Fig. 3- The reaction of 16 g of preheated Mamatwan ore with 15 per cent (by mass) graphite
in argon, The heating curves have been omitted for clarity
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played by carbon monoxide in the reduction of
Mamatwan ore with carbon.

The reduction of pure MnO2 at 1200 °C for three
different sets of reducing conditions is shown in Fig. 4.
Almost complete reduction to MnO was achieved within
the first 10 minutes when MnO2 was reacted with graphite
in a carbon monoxide atmosphere, with graphite in
argon, and with carbon monoxide alone. Further re-
duction of MnO occurred only with graphite in argon.

Fig. 5 illustrates the variation in percentage reduction
at 1200°C of preheated Mamatwan ore reacted with
carbon monoxide alone, and with carbon in atmospheres
of argon and carbon monoxide respectively. The overall
degree of reduction achieved with carbon monoxide
alone was well below complete reduction to MnO, which

suggests that CaMn2O4 is not easily reduced by carbon
monoxide. Reduction of preheated ore by graphite in an
atmosphere of carbon monoxide proceeded rapidly
until the iron oxide was reduced to metal and the
manganese oxides were reduced to MnO. The reaction
then ceased abruptly, and no further reduction of MnO
to a manganese carbide occurred.

The reaction of 1 g of preheated ore with graphite in
argon gave a result similar to that for the 16 g sample
reduced with 15 per cent (by mass) graphite in argon at
1200°C (Fig. 3) although the heating rates for these two
samples differed considerably as a result of their
difference in mass. This result indicates that the heating
rate was not a critical factor in determining the shape of
the curves for reduction.

Plate I-Mamatwan ore heated to IOOO°C(or 30 minutes. The light areas are braunite and
Mn 30 .. the dark areas decomposed carbonates and gangue. (Magnification 250X)

Plate IJ-Mamatwan ore reacted with 15 per cent (by mass) graphite at 1300°C (or 40
minutes. Note the random (ormation of white metallized regions. (Magnification 250X)
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Microscopic Examination of Reduced Ore and
Reduced MnOs

Details of the technique for mounting of the samples
are given by Grimsley32. The stages in the reduction of
preheated Mamatwan ore by graphite at 1300 QC in
argon are shown in Plates I to V. Plate I illustrates an ore
particle after heating in air to 1000 DCfor 30 minutes to
decompose the calcium and magnesium carbonates. The
dark areas are the decomposed carbonate and the gangue
minerals; the light areas are the bra unite and Mn304.

Intermediate stages in the reaction between ore and
carbon are shown in Plates 11 to IV. The white areas
indicate metal; the darker areas are the unreduced MnO
or CaMn2O4' In Plate 11, which illustrates the stage of

the reaction at which metal was first produced, random
nucleation can be seen of the metal throughout the ore.
The next stage in the production of metal, which is
shown in Plate Ill, occurred as the result of growth of
the nuclei shown in Plate 11. However, this mechanism is
contradicted by the 'shrinking-core' reaction illustrated
in Plate IV. Reduced particles similar to that shown in
Plate IV were not as common as those resulting from
random nucleation, and therefore it was considered that
the 'shrinking-core' mechanism makes an insignificant
contribution to the overall rate of reduction.

The final stage in the reduction of preheated
Mamatwan ore by carbon is complete reduction of the
oxide particle to metal or carbide, as shown in Plate V.

Plate III-Mamatwan ore reacted with 15 per cent (by mass) graphite at 1300°C for 60
minutes. The metallic areas have increased in size as the reaction increased. (Magnification

2S0X)

Plate IV-Mamatwan ore reacted with 15 per cent (by mass) graphite at 1300DC for 60
minutes. Note 'shrinking-core' appearance. (Magnification 2S0X)
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Plate V-Mamatwan ore reacted with 15 per cent (by mass) graphite at 1300QC for 120
minutes. The particle has been etched with I per cent nitric acid in ethanol to show

carbide structure. (Magnification 250X)

The particle has been etched with 1 per cent nitric acid
in ethanol to reveal a structure similar to that of carbide.

For easier interpretation of the microscopic examin-
ation of reduced ore samples, the stages in the reduction
of pure Mn3O4 by carbon in argon were also examined32.
There was no evidence of the random nucleation observed
in samples of reduced ore, and, as the reaction progressed,
there was continued growth of the metallized areas
formed initially rather than the formation of new
metallic areas. The distribution of metallic areas
exhibited by particles of reduced ore may be due to the
finely intergrowth nature of the ore12, 29 and to the
dispersion of the iron oxide and the manganese oxide
throughout the ore matrix.

The final product of the reduction of Mn304 by carbon
in argon at 1300 QC was a carbide similar to that illu-
strated in Plate V. Microscopic examination and X-ray
diffraction analysis indicated that Mn02 is reduced by
carbon in argon in the sequence Mn02-Mna04-manga-
nese carbide.

Discussion

The Mechanism of Reduction of Mamatwan Ore
by Carbon

Figs. 1 to 3 indicate that the reduction of preheated
Mamatwan ore by carbon, at temperatures ranging
from 1000° to 1300°C, occurs in two stages:
(i) an initial stage during which most of the higher

oxides of manganese are rapidly reduced to MnO
with concurrent formation of CaMn204 and iron
oxide is reduced to metal or carbide, and

(ii) a second, longer stage during which MnO and the
remaining CaMn2O4 are reduced to metal or carbide.

The first stage of the reaction was complete within the
first 10 to 20 minutes at all the temperatures and for all
the carbon additions studied. During this period, the
braunite and much of the Mn3O4 were reduced to MnO

with concurrent formation of CaMn2O4" Fig. 1 shows
that bra unite was reduced rapidly at 1O00°C and that
Mn3O4 was reduced mainly towards the end of t,he
initial stage, both minerals being reduced to MnO. It was
more difficult for the first stage of the reaction to be
followed in detail at 1300 °C since the rate of reaction
at this temperature was more rapid. However, it was
established that MnO was the major product of reduction
in this stage. At 1000 and at 1l00°C, reduction was
limited mainly to the first stage, since CaMn204 and
MnO were not easily reduced at these temperatures.

The second stage of the reaction was virtually absent
below 1200°C, but, at 1200 and 1300°C, the reaction
continued for up to two hours, depending on the carbon
content. During this stage, the remaining CaMn2O4 and
MnO were reduced to metal or carbide.

Pure Mna04 was reacted with carbon at 1300°C, and
the reaction products were compared with those obtained
from the reduction of ore. For the reduction of pure

Mn304' all the manganese oxide was reduced to MnO in
60 minutes at 1300°C, whereas CaMn2O4 appeared to
persist throughout the reaction of the ore with carbon.

From the work of Riboud and Muan33, it appears that
CaMn204 may be Mn304 (Mn2+Mn23+04) with some of the
Mn2+ ions replaced by Ca2+ ions. The enhanced stability
of CaMn204 cannot be readily explained since the
structure of CaMn2O4 has not been studied in detail and,
at present, the exact mechanism of reduction of this
phase is not known34.

The Role of Carbon Monoxide

At temperatures above 700 QC,the reduction of Mn203
and Mn304 by solid carbon was more favourable
thermodynamically than that by carbon monoxide.
However, these oxides are reduced to MnO by carbon
monoxide3, 10, 12,14, 15, 20-25, and Dressel and Ken-
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worthy3 showed that braunite is easily reduced to MnO
with carbon monoxide at 1000°0.

From Fig. 4, it can be seen that the rate of reduction
of pure Mn02 by solid carbon at 1200°0 was initially
greater than that by carbon monoxide. However, the
rate of reduction by solid carbon decreased rapidly, and
complete conversion to MnO occurred more quickly
with carbon monoxide. The fact that Mn02 was not
reduced beyond MnO by carbon monoxide is in agree-
ment with the thermodynamic calculations and previous
investigations.

At 1200°0, carbon monoxide rapidly reduced braunite
and Mns04 to MnO, as shown in Fig. 5. The reduction
products were MnO and OaMn2O4'

A product likely to result from the reduction of MnO
by solid carbon is ~03' The possible reactions are

MnO+IO/7 0=1/7 ~03+00 ., (14)
and MnO+IO/7 Fe30=1/7 ~03+30/7 Fe+OO . (15)

At 1200°0, the equilibrium partial pressures of carbon
monoxide for these reactions are 31,4 and 18,2 kPa
(0,31 and 0,18 atm) respectively, and, as the partial
pressure of carbon monoxide for curve A in Fig. 5 was
83,1 kPa (0,82 atm-atmospheric pressure in Johannes-
burg) the reaction ceased at the formation of MnO.

Reduction by carbon monoxide is therefore limited
to the first stage of the reaction, and the reaction
sequence is

Mns04+0 =3MnO+00 . . . . . . (6)
Mna04+00=3MnO+002 . . . . . . . . . . (7)
002 +0=200 (16)
Reduction is initiated by reaction (6), and subse-

quently perpetuated by reactions (7) and (16) until all
the manganese oxide has been converted to MnO.
This reaction sequence explains the higher initial rate of
reaction of Mamatwan ore with activated char as
compared with that with graphite32 since activated char
has greater reactivity to carbon dioxide by reaction (16),
which is considered to be the rate-determining step in
reaction mechanisms of this kind35.

The Role of Metallic Iron and Man~anese

Microscopic examination of samples of Mna04 after
reaction with graphite indicated that the final stage of
the reaction involved reduction of MnO by carbide or by
carbon dissolved in manganese metal. Particles of
reduced ore showed an apparently different mechanism
in which nucleation of the metal appeared to be
important and to have occurred at random. This random
nucleation could have been caused by the dispersal of
iron and manganese throughout the ore matrix in the
finely intergrown ore29, 34. Once metallic particles had
formed in a random distribution, they increased in size
with time, since they acted as a medium through which
carbon could be transferred to the reaction interface.

Mathematical Analysis of the Reaction-rate Data

For verification of the proposed mechanism, a mathe-
matical model of the process was developed32. Qualitative
observations of the reduction of Mamatwan ore by
carbon indicate that the reaction proceeds in two stages,
and that, during reduction, a clear interface develops
between the phase cont~Wng iron and manganese

carbides (and possibly some metal) and the phase con-
taining MnO. No such interface was observed for the
reduction of Mns°4 to MnO. In the development of the
model, it was assumed that the considerable amount of
braunite (Mn2O3) in the ore had been instantaneously
reduced to Mna04' This assumption is justified by the
large negative standard free energy change for the
reaction of carbon with Mn2O3 over the temperature
range considered. Previous studies12 have also indicated
the amenability of this oxide to reduction.

The very rapid rate of reduction for Mn203 above
1000°0 and the absence of thermodynamic data for
OaMn2O4 made it necessary for the model to be con-
structed on the basis of the reduction of Mna04 to MnO,
followed by the reduction of MnO to carbide. Also, in
the experiments carried out, the uncertainty regarding
the actual temperature of the solids during the very
early stages of reduction did not justify any elaboration
of the model.

Hence, the reactions considered in the model are
Initial 3Mn20a+0 =2Mns°4 +00 (3)

Reaction (1) Mns04 +00 =3MnO +002 (7)

Reaction (2) MnO +10/70=1/7 Mn7Oa+00 (14)
Reaction (3) Mna04 +0 =3MnO +00 (6)

Equilibrium conditions must be considered in the
development of the model, since, at temperatures from
1000 to 1300 °0, the equilibrium constant for reaction (2)
is close to 1.

The model proposed is based on semi-infinite linear
geometry, and is shown in Fig. 6. It is assumed that the
system exhibits quasi-stationary behaviour, and that
the diffusivities of carbon monoxide and carbon dioxide
in Mna04 are equal. The detailed development of this
model is given elsewherea2.

An example of the comparison between the predictions
of the mathematical model and the actual reduction
data is given in Fig. 7, in which the data from Fig. 3 are
reproduced. Fig. 7 illustrates the dependence on temp-
erature of the model for a fixed addition of carbon.

For all cases in Stage 1, the model fits the experimental
data very well except during the first few minutes of the
reaction. The init,ial effect of temperature, as shown by
the experimental curves, is not apparent for the theo-
retical curves, which are based on isothermal behaviour.
For this reason, the theoretical curves do not pass
through the origin of the axes. The change in direction
of the curves from Stage 1 to Stage 2 is sharper on the
theoretical curves since, in practice, not all of the
particles reach the end of Stage 1 at the same moment.

Although, as shown in Fig. 7, the theoretically derived
reduction curves fit the experimental curves fairly well,
there are deviations for which there may be several
explanations. A major cause of these differences may be
the complex mineralogy of the ore. In this respect,
several basic assumptions were made regarding the
reduction of OaMn204 and iron oxides, the effective
diffusivities of carbon monoxide and carbon dioxide,
and the particle-size distribution of the ore, for which
determination was particularly poor, especially in the
small sizes, as can be seen from Table H.

In an attempt to ascertain the importance of
mineralogical factors, the predictions of the model at
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1300°C were compared with the r~q.lJction q~~Q. for
pure M~O4 at this tempera~~re32. A~ pne reslliWf,j:f this
?ompanson were not ~s posItIve as h/.ll4 peen h'~p~~, the
Importance of the mIneralogy of tll�rQfe h~~fiQ~ been
clearly established. .

Variations in particle size and the nqp-uniform~~y of
particles probably also contributed to ~he devlaticm,s of
the model from the experimental data; The modflf was
originally developed on the premise of infinite l\pear
geometry, and the particle-size distribu:tion was super-
imposed on the model at a later stag$: so that finite
limitations on particle size could be taken into account.
This may account for the lesser degree of curvature

exhibited by the theoretical curves during St,~~.
For the model, it was assumed that the carffi'i\')p- the

metallized layer was uniformly distributed at'itlLtiimes.
Hence there is no apparent depletion of carbon at the
manganese carbide-MnO interface. However, if in
practice the diffusion of more carbon through the metal
to the interface were relatively slow, it would have an
effect on the overall rate of reaction.

In spite of its various limitations, particularly in the
evaluation of model parameters32, it appears that the
model can be of value in the formulation of an overall
reaction mechanism for the reduction of Mamatwan
manganese ore by carbon.
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Summary

The reduction of Mamatwan manganese ore by carbon
at temperatures in the range 1000 to 1300°C occurs in
two stages:
(i) reduction of the higher oxides of manganese to

MnO by carbon and carbon monoxide with con-
current formation of CaMn204' and

(ii) reduction of CaMn204 and MnO to carbide by carbon
dissolved in the ferromanganese phase.

At 1000 and 1l00°C, very little reaction occurs during
:the second stage, and the products of reaction arc
'CaMn2O4 and MnO. At 1200°C, the second stage account,s
for up to one-half of the total reduction; at 1300°C,
if sufficient carbon is present, most of the reduction
occurs during the second stage, the product probably
being (Fe, Mn)7C3,

The rate and overall degree of reduction at 1300°C
increase as the carbon addition is increased up to 30 per
cent (by mass) or 2,4 times the stoichiometric amount
of carbon required to reduce the iron and manganese
oxides to their metals. Further increases in the amount
of carbon added have no apparent effect on the rate and
overall degree of reduction.

Details and an evaluation are given of a mathematical
model to fit the experimental reduction data.
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