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Reduction of manganese ores from the Wessel mine of South Africa has been investigated in 
the temperature range 1100 ~ to 1350 ~ with pure graphite as the reductant under argon 
atmosphere. The rate and degree of reduction were found to increase with increasing temperature 
and decreasing particle sizes of both the ore and the graphite. The reduction was found to occur 
in two stages: (1) The first stage includes the rapid reduction of higher oxides of manganese 
and iron to MnO and FeO. The rate control appears to be mixed, both inward diffusion of CO 
and outward diffusion of CO2 across the porous product layer, and the reaction of carbon mon- 
oxide on the pore walls of the oxide phase play important roles. The values of effective CO-CO2 
diffusivities generated by the mathematical model are in the range from 2.15 x 10 -5 to 
6.17 x 10 -5 cm 2. s -I for different ores at 1300 ~ Apparent activation energies range from 
81/3 to 94.6 kJ /kg/mol .  (2) The second stage is slower during which MnO and FeO are reduced 
to mixed carbide of iron and manganese. The chemical reaction between the manganous oxide 
and carbon dissolved in the metal phase or metal carbide seems to be the rate-controlling pro- 
cess. The rate constant of chemical reaction between MnO and carbide on the surface of the 
impervious core was found to lie in the range from 1.53 x 10 -8 to 1.32 x 10 -7 mol.  s -~ ' cm -2. 
Apparent activation energies calculated are in the range from 102.1 to 141.7 kJ /kg/mol .  

I. INTRODUCTION 

M A N G A N E S E  ore production in South Africa is es- 
timated to be the second largest in the world after the 
former USSR. m Manganese ore deposits in South Africa 
that are situated in the Northern Cape Province include 
Wessel, Mamatwan, and Hotazel mines. Wessel type is 
a hydrothermally upgraded, carbonate poor, braunite, 
hausmannite, bixbyite, and braunite II bearing man- 
ganese ore. 12j 

Prereduction of manganese ore with carbon could be 
a promising route to increase cost-effectiveness of fer- 
romanganese production, t31 The prereduced material may 
then be smelted in an open-arc furnace to produce ferro- 
manganese and slag. It was reported that the energy con- 
sumption has dropped from about 3000 kWh/ton FeMn 
to about 1600 kWh/ton FeMn when prereduced pellets 
were used instead of ore in the electric furnace, t41 

Most of the investigators who studied the reduction of 
metal oxides by carbon assumed that the overall rate of 
reaction was controlled by the reaction between carbon 
dioxide and carbon at temperatures up to 1000 ~ 
At higher temperatures, this reaction (also known as 
Boudouard reaction) is quite fast, and hence, the rate- 
controlling step of reduction of metal oxides could be 
different. [8] 

CO2 + C = 2CO [1] 

At low temperatures up to 1000 ~ to 1050 ~ the rate 
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of Reaction [1] is dependent upon the temperature and 
is controlled by chemical reaction. At temperatures 
above 1100 ~ the rate is controlled by diffusion, tg-191 
The kinetic studies on the C-CO2 reaction have not pro- 
duced a generally accepted value for activation energy 
for Reaction [1]. The reported activation energies vary 
from 246.6 to 405.5 kJ /kg/mol ,  t6'l~ Kor I191 inves- 
tigated the rate of reduction of MnaO4 to MnO by carbon 
between 900 ~ and 1200 ~ and concluded that the 
overall rate is controlled by the rate of oxidation of 
carbon in CO2; although, there is a considerable overlap 
between pore diffusion control and chemical reaction 
control for the Boudouard reaction in the range 1000 ~ 
to 1100 ~ t2~ Tereyama and Ikeda t231 reduced MnO 
with carbon under helium atmosphere in the range 
1100 ~ to 1200 ~ and reported that the overall rate 
seemed to be controlled by the rate of oxidation of 
carbon by carbon dioxide. 

Rankin and Van Deventer t241 developed a kinetic 
model for the reduction of MnO by graphite derived on 
the conclusion that the gasification of graphite was the 
rate-controlling step in the temperature range 1200 ~ to 
1425 ~ for which an activation energy of 240.4 k J /kg /  
tool was calculated. Koursaris et  a l .  t251 found that the 
stages of reduction of Mamatwan ore with carbon in the 
range between 1200 ~ and 1600 ~ involve complex 
mineralogical changes, which includes (1) the break- 
down of Braunite and gangue minerals, (2) the reduction 
of higher manganese oxides to MnO and hematite to me- 
tallic iron, and (3) the formation of slag as a result of 
the reaction between gangue and manganous oxide. 
They also stated that further reduction of the ore involves 
the carburization of the metallic phase and the reduction 
of solid MnO, or MnO dissolved in the slag, by solid 
carbon or carbon dissolved in the metal. Dewar and 
See 1261 investigated the influence of different carbona- 
ceous reducing agents on the rate of reduction of 
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Mamatwan manganese ore and concluded that there 
were no significant differences in the mode of reduction 
with different reducing agents. 

Antonov and Chyfarov t27J found that addition of Fe203 
to a mixture of MnO and carbon under a carbon mon- 
oxide atmosphere between 1300 ~ and 1380 ~ in- 
creased the rate of MnO reduction by formation of  
(Fe, Mn)O, which in turn facilitates the reduction reac- 
tion. Tsylev t28~ stated that it was possible that the solid- 
state reduction of manganese and iron oxides proceeds 
v ia  an intermediate reducing agent like Fe3C. Van Hien 
and Ryzhonkov t291 found that the presence of FeO low- 
ered the temperature for solid-state reduction of MnO 
with carbon. Ashin and Rostovchev t3~ proposed that 
over the temperature range from 1310 ~ to 1400 ~ the 
reduction of MnO by carbon occurs via  carbon dissolved 
in the liquid manganese product. 

Grimsely t311 proposed a two-step process for the re- 
duction of preheated Mamatwan manganese ore between 
1000 ~ and 1300 ~ The first step includes the reduc- 
tion of Mn304 by carbon and carbon monoxide, while 
the second step involves the reduction of MnO by a car- 
bide. The reduction of preheated ore was faster than that 
of pure Mn304 during the second step of the reduction. 
This was attributed to the presence of iron in the ore that 
could form an intermediate carbide through which 
carbon is transported to the reaction interface. During 
the second, longer step, MnO and CaMn204 (which were 
formed during the first step) were reduced to carbides 
by carbon dissolved in the ferromanganese phase. 

Misra 132J examined the response of manganese ore pel- 
lets to the prereduction by the use of a coke powder 
under nitrogen in the range 800 ~ to 1260 ~ and ob- 
served that the reaction rate was high at the beginning 
but slowed down to an asymptotic value as the time 
proceeded. He calculated an activation energy of  
37.4 kJ /kg /mol  from the reduction rates for the initial 
region of the kinetic curves for the reduction to MnO 
stage and attributed this low activation energy to the in- 
direct reduction by means of carbon packing by which 
he assumed that the overall rate was controlled by the 
rate of oxidation of carbon. Eric and Burucu, t33j who in- 
vestigated the mechanism and kinetics of reduction of 
the Mamatwan manganese ore with graphite under argon 
atmosphere between 1100 ~ and 1350 ~ proposed a 
three-stage process. The first stage was between a 0- and 
30-pct reduction during which higher manganese oxides 
and iron oxide were reduced to MnO and FeO for which 
an apparent activation energy of 61 kJ /kg /mol  was cal- 
culated and attributed to the gaseous diffusional pro- 
cesses across the porous oxide product layer. The second 
stage took place between 30- and 70-pct reduction and 
included the random nucleation of iron, followed by for- 
mation of iron-rich Fe-Mn carbides and a silicate phase. 
During this stage, chemical reaction between oxide 
phase and gaseous phase was proposed to be the rate- 
controlling step with an activation energy of 
153.3 kJ /kg /mol .  During the last stage, which started 
after 70 pct reduction level, the remaining oxide was re- 
duced by carbon dissolved in the carbide phase. The dif- 
fusion of Mn 2§ ions in the oxide was assumed as the 
slowest process with an apparent activation energy of 

310.4 kJ /kg/mol .  On the other hand, there is no infor- 
mation on the reduction and smelting behavior of  Wessel 
manganese ores. 

II.  E X P E R I M E N T A L  DETAILS 

Experiments were conducted by use of a thermo- 
gravimetric analyzer (TGA) consisting of a vertical 
molybdenum-wound resistance furnace with a recrystal- 
lized alumina work tube of 50-ram internal diameter. 
The molybdenum wires were protected from oxidation 
by cracked anhydrous ammonia atmosphere. Furnace 
temperature was controlled by a B-type thermocouple 
(Pt-6 pct Rh/Pt-30 pct Rh) suspended in the work tube 
just above the crucible, which was connected to a 
Eurotherm thyristor-coupled controller. Sample temper- 
atures were measured by a separate B-type thermo- 
couple. The digital electronic balance was placed in a 
gas-tight perspex box, and the pan of the balance was 
replaced with an alumina rod and pedestal. The balance 
case was connected to the furnace work tube, from the 
bottom by gas-tight flexible rubber bellows. The balance 
could be moved up and down by a hoisting mechanism. 
Weight loss measurements during reduction were stored 
on a personal computer, which was interfaced to the bal- 
ance. Kinetic curves (reduction percent vs  time) were 
plotted by the computer, utilizing data points that were 
averaged at 1-minute intervals. The ancillary parts of the 
experimental apparatus included a gas-cleaning train in- 
volving a column filled with anhydrous Mg(C104)2 as a 
desiccant and a tube furnace heated to 500 ~ containing 
copper chips as a deoxidant, flow meters, and a digital 
temperature display. All throughout the experimental 
runs, alumina crucibles were used to hold the samples. 

Manganese ores designated as WH, W1, and W4 from 
the Wessel mine in the Kalahari field were supplied by 
Samancor, the chemical analyses of which are given in 
Table I. The reducing agent used in the reduction ex- 
periments was spectrographically pure graphite, which 
contained less than 10 parts per million impurities. The 
graphite particle size was 100 pc t - -0 .044 mm. 

Manganese ore and graphite were mixed in the ratio 
of four parts of ore to one part of graphite (by mass) 
under acetone in an agate mortar. The wet mixture was 
poured into a 36-mm-diameter • 56-mm-high alumina 

Table I. The Chemical Compositions 
of Wessel Manganese Ores 

Percent (by Mass) 

Constituents WH W 1 W4 

MgO 0.30 0.20 0.20 
A1203 0.30 0.40 0.30 
SiO2 3.90 3.10 5.51 
CaO 4.80 4.80 9.41 
Mn20~' 75.09 68.69 50.78 
Fe20** 12.86 17.53 27.20 
CO2 0.90 0.70 1.10 
H20 0.10 0.20 0.20 

*Total manganese expressed as Mn203. 
**Total iron expressed as Fe203. 

14--VOLUME 26B. FEBRUARY 1995 METALLURGICAL AND MATERIALS TRANSACTIONS B 



crucible and was dried in an oven at 105 ~ The cru- 
cible was weighed with and without its contents prior to 
experiments and after completion of reduction runs. The 
crucible, together with its contents, was placed on the 
balance pedestal, the rubber bellows was connected to 
the furnace, and argon purging was started. The cruci- 
ble, together with the balance, was raised into the hot 
zone of the furnace by use of the hoisting mechanism 
under an argon flow rate of I000 cm3/min (measured at 
25 ~ and at atmospheric pressure). Weight loss 
measurement was started as soon as the sample was 
raised into the hot zone after zeroing of weight reading 
on the balance. Experimental runs were allowed to pro- 
ceed up to 120 minutes, whereupon they were stopped 
by lowering the balance assembly quickly so that the 
sample could cool in a flow of argon gas. The checking 
of the weight of the crucible before and after the reduc- 
tion on a separate balance proved that the reduction per- 
centages calculated by the computer were correct, and 
the results were reproducible within 1 pct. 

Furthermore, at the end of each of the 20 runs, du- 
plicate runs were conducted at the same conditions with 
the same charge materials. These runs were also repro- 
ducible within 1 pct all throughout the reduction period. 
In order to ensure that there were no leaks, a carbon 
blank run was carded out also at the end of each of the 
20 runs. 

The reduced samples were split into representative 
portions and were analyzed (1) chemically by X-ray flu- 
orescence of inductively coupled plasma emission spec- 
troscopy, (2) by X-ray diffraction (XRD) for phase 
identifications, (3) metallographically, and (4) by scan- 
ning electron microscopy-energy-dispersive X-ray anal- 
ysis (SEM-EDAX) for microanalysis of phases. 

The data on mass loss were converted to reduction 
percentage, based on the assumption that the loss in 
mass of the sample was due to carbon monoxide evo- 
lution. The existence of appreciable amount of carbon 
dioxide is not possible at temperatures above 1000 ~ in 
the presence of carbon. This was further ensured by 
using excess carbon. The percentage reduction was, 
therefore, described as 

mass of CO evolved 16 
R pet = x 100 

mass of original removable oxygen 28 
[2] 

Two oxides, Mn203 and Fe~O3, were considered to be 
reducible under the prevailing conditions. The stoichio- 
metric amount of carbon was calculated, based on the 
reduction of Mn203 to Mn7C a and the reduction of Fe203 
to FeaC. 

III. RESULTS AND DISCUSSION 

In the presentation of results and in kinetic calcula- 
tions, the data gathered on all three ore types, namely, 
W1, W4, and WH, were used. The behavior of all three 
ore types are the same, the only differences being small 
changes in reduction levels due to small differences in 
their compositions. 

A. Reduction Experiments 

The most significant factor influencing reduction rate 
and degree was temperature, causing about a threefold 
increase in reduction degree from 1100 ~ to 1350 ~ 
as illustrated in Figure 1. All the reduction vs time 
curves showed a marked slowdown in the rate from 
about 6 minutes of reaction time. This point of change 
in the slopes of kinetic curves corresponded to approx- 
imately a 33-pct reduction at temperatures above 
1200 ~ Thus, the reduction proceeded in two stages: 
a short initial stage during which the rate and degree of 
reduction were affected slightly by temperature and a 
second longer stage during which the effect of temper- 
ature on the degree of reduction was substantial. 

The effect of ore particle size on the rate and degree 
of reduction was not very pronounced up to approxi- 
mately a 35-pct reduction. Thereafter, there was a large 
decrease in reaction rate and extent when ore particle 
size was increased to between 0.210 and 0.297 ram. The 
effect of particle size on the reduction rate and degree 
at 1300 ~ is shown in Figure 2, where curve 1 depicts 
the behavior of a composite sample containing all par- 
ticle sizes from -0.297 mm downwards. 

The particle size of graphite has also influenced the 
reduction extent and rate. There was a considerable de- 
crease in the reduction rate and amount when the particle 
size of graphite was increased to between 0.150 and 
0.210 mm, as shown in Figure 3. This result is sup- 
ported by a number of investigations on the reduction of 
manganese ores and manganese oxide. 123,24,3~1 

The effect of carbon content over and above the stoi- 
chiometric amount had a slight effect: increasing the 
degree of reduction by about l0 pct when the carbon 
amount was increased from the stoichiometric require- 
ment to an 8-pct excess. Further increase in the carbon 
amount had a negligible effect. 

The influence of various factors such as the Mn:Fe 
ratio and Fe203 and Mn203 contents on reducibility of 
Wessel manganese ores at 1300 ~ is summarized in 

100 

1350~ 

80  ~ 300~ 

~ = 60 

ft. 

2 o 1 [  . . . 

20 40 60 80 100 120 140 160 

Time (rnin.) 

Fig. 1 - - E f f e c t  of  temperature on the reduction of WH ore. 
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Fig. 2 - -  Effect of particle size on the reduction of W 1 ore at 1300 ~ 

Table II. The reduction curves of three different man- 
ganese samples reduced at 1300 ~ are illustrated in 
Figure 4. The Mn203 content of the ore samples used in 
this investigation ranges from 50.78 to 75.09 pct man- 
ganese:iron ratios vary from 1.86 to 5.82, while Fe203 
content changes from 12.86 to 27.20 pct. Considering 
Table II and Figure 4 together, several important factors 
emerge between the chemical components and reduci- 
bility. The most easily reduced ore, W4, had the lowest 
Mn:Fe ratio and the highest Fe203. Conversely, the ores 
that were more difficult to reduce, WH and W1, had 
higher Mn:Fe ratios and the lower Fe203 content. This 
result is in accord with those of Rankin and Van 
Deventer, [24] Grimsley, p~} and Eric and Burucu. D3] 

For the reaction between MnO and carbon to produce 
metallic manganese, the standard free-energy change 
does not become negative before 1420 ~ is reached. 
Thus, manganese metal cannot appear in this system 
before it melts (melting point of manganese is 1244 ~ 
by which time manganese carbide forms, t34] It is thus 
apparent that the iron content of the ores accelerated the 
rate of reduction by formation of an intermediate carbide 
through which the carbon is transported to the reaction 
interface. 

Figure 5 illustrates the variation in the reduction per- 
centage of W1 ore reacted with only carbon monoxide 
and with carbon in argon and carbon monoxide atmo- 
spheres, respectively, at 1300 ~ The overall degrees 
of reduction achieved with carbon monoxide only and 
with carbon in carbon monoxide atmosphere were well 
below the percentage reduction that was achieved with 
carbon in argon atmosphere. On the other hand, the rate 
and amount of reduction with solid carbon in carbon 
monoxide atmosphere were slightly higher than when 
only carbon monoxide was used. Reduction curves sup- 
ported by X-ray and EDAX revealed that the reduction 
in an atmosphere of carbon monoxide (with or without 
carbon) proceeded until higher manganese oxides were 
reduced to MnO and iron oxides to metallic iron. Thus, 
it is apparent that carbon monoxide plays an important 
role in the reduction of higher valency manganese oxides 
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Ore Particle Size: -0.297mm 
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Fig. 3 - -Ef fec t  of carbon particle size on the reduction of Wl ore at 
1300 ~ 

Table II. Effect of the Chemical Components 
on the Reduction of Wessel Manganese 

Ores Reduced at 1300 oC for 60 Minutes 

Manganese Mn203 Fe203 Mn/Fe Reduction 
Ore (Pct) (Pct) Ratio (Pct) 

WH 75.09 12.86 5.82 68.47 
W1 68.69 17.53 3.90 75.85 
W4 50.78 27.20 1.86 86.01 

100 

80  

60  
t -  
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- -  W l  
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Part ic le size of Ore: -0 .297mm 
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Fig. 4- -Reduct ion  v s  time curves for three different manganese ores 
reduced at 1300 ~ 
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Fig. 5- -Effec t  of carbon monoxide on the reduction of Wl ore at 
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to lower oxides. Manganous oxide reduction to metal 
with carbon monoxide requires very high Pco/Pco2 ratio 
in the gaseous phase, according to the standard free- 
energy change of the following reaction: 

MnO + CO = Mn + CO2 [3] 

AG ~ (kJ/kg/mol)  = + 102.3 + 0 . 0 1 T . . .  

(25 ~ to 1227 ~ 

= +116.7 + 0 . 0 I T . . .  

(1227 ~ to 1727 ~ 

B. Results of Mineralogical Analysis 

The main phases detected from the diffraction patterns 
of the original unreduced Wessel manganese ores are 
shown in Table III, in decreasing order of abundance, 
as measured from the relative peak intensity on the 
diffractograms. The compositional changes taking place 
during the reduction (with excess graphite) at 1300 ~ 
under argon atmosphere are summarized in Table IV. 
The samples subjected to short reduction times from 2 
to 10 minutes contained magnetic phases such as Fe304, 
MnFe204, and metallic iron (after 6 minutes). With an 
increase in retention time, the magnetic phases dis- 
appeared, and the major phases that were present were 
carbides. Manganous oxide was present in all samples 
that were subjected to reduction times of up to 

50 minutes. With a further increase in reduction time, 
the MnO phase disappeared, and some of it was con- 
verted to ferromanganese carbide, while at the same 
time, the remaining MnO was dissolved in the silicate 
slag. The silicate slag started to appear from about 
20 minutes of reduction time. The specific composition 
of the silicate phase could not be determined by XRD 
analysis; however, judging from the green color of the 
silicate slag, it was decided that some manganese must 
have been dissolved in it. At 1350 ~ the peaks of man- 
ganous oxide showed a slight shift due to the presence 
of FeO in solid solution. The composition of the silicate 
slag phase resembled (Ca, Mn)2SiO4, which shifted 
toward Ca2SiO2 as manganese was removed from it. The 
presence of a iron in some of the samples was a function 
of the reduction of the iron-containing oxide minerals in 
the ores and retention time of the sample at temperature. 
The Fe203 component of the ore was rapidly reduced to 
magnetite and, with an increase in retention time, even- 
tually to metallic iron. 

The main carbides that were identified were FeTC3 and 
MnsC2. The reaction product MnsC2 was also reported 
by Rankin and Van Deventer. t241 Fe3C and MnlsC4 car- 
bides were found only in trace amounts. The Fe7C3 car- 
bide was probably stabilized by dissolving some 
manganese. 

On the other hand, XRD analysis showed that man- 
ganous oxide (MnO) and metallic iron were the major 
phases detected in samples reduced in the carbon mon- 
oxide atmosphere, confirming the results of reduction 
curves that slowed abruptly after the conversion of 
higher manganese oxides to MnO and iron oxide to iron 
metal. 

C. Results of Microscopic Examination 

Energy-dispersive analysis of X-rays was conducted 
on the same set of samples that were subjected to min- 
eralogical analysis. The results revealed that no metallic 
phase was formed at reduction times shorter than 
6 minutes, and the particle surface (reaction products) 
was porous, as shown in Figure 6. Reduction without 
the formation of metallic phase confirmed the reduction 
of higher manganese and iron oxides to their lower 
states. Nucleation of the metallic phase was observed, 
as seen in Figure 7, in the samples subjected to more 
than a 30-pct reduction level, which was about 6 minutes 
of reduction time. Stoichiometric calculations showed 
that in order to completely reduce Mn 3+ to Mn 2§ and 
Fe 3§ to Fe 2+, about 33-pct reduction level was required, 
which is in very good agreement with experimental ob- 
servations. Therefore, it can firmly be concluded that the 

Table III. Results of X-Ray Diffraction Analysis of Wessel Manganese Ores 

WH Ore W1 Ore W4 Ore 

Mineral Composition Mineral Composition Mineral Composition 

Braunite II Ca0.dMn, Fe)7 8i0.5012 Bixbyite 
Hausmannite Mn304 Manganite 
Hematite Fe203 Hausmannite 
Manganite 7-MnOOH Hematite 
Calcite CaCO3 Calcite 

(Mn, Fe)203 
y-MnOOH 
Mn304 
Fe203 
CaCO3 

Braunite II 
Hausmannite 
Hematite 
Calcite 
Androdite (trace) 

Cao.s(Mn, Fe)7SiO]2 
Mn304 
Fe203 
CaCO3 
Ca3Fe2SiOl2 
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Table IV. Major Phases Detected by X-Ray Analysis in W4 
Manganese Ore Samples Exposed to Increasing Extents of Reduction at 1300 ~ 

Reduction Time Reduction 
(Min) (Pct) Phases Detected* 

2 I 0.68 graphite, 
6 44.84 graphite, 
8 53.65 graphite, 

20 63.60 graphite, 
30 66.87 graphite, 
50 81.73 graphite, 
70 84.62 graphite, 

100 87.21 graphite, 
120 87.94 graphite, 

MnO, Mn304, Fe304 
MnO, a-Fe, Mn304, Fe304, MnFe204 
MnO, a-Fe 
Fe-Mn carbide, MnO, silicate slag 
Fe-Mn carbide, MnO, silicate slag 
Fe-Mn carbide, MnO, silicate slag 
Fe-Mn carbide, silicate slag 
Mn-Fe carbide, silicate slag 
Mn-Fe carbide, silicate slag 

*Phases detected are listed in order of decreasing intensity of diffraction peaks. 

first stage of reduction involved reduction of the higher 
manganese and iron oxides to their lower states. There- 
after, metallization started with nucleation of iron from 
wustite. Energy-dispersive X-ray analysis and electron 
microprobe analysis (EMPA) showed that the metallic 
nuclei were practically pure iron (about 96 pct Fe) with 
very low proportions of manganese. Random nucleation 
of iron may be attributed to the dispersion of iron oxides 
throughout the matrix. With an increase in reduction 
time, carburization of metallic iron occurred possibly by 
direct contact with carbon. Thereafter, this initial car- 
bide played an important role in the reduction of man- 
ganous oxide during the second stage of reduction. The 
oxide was found to be in the form of rounded grins that 
consisted of mainly manganous oxide (Figure 7). With 
increasing retention times, growth of small white nuclei 
that were iron manganese carbides on the edge of grey 
MnO grains occurred, as seen in Figure 8. The EDAX 

Fig. 6--Wessel: WH, manganese ore grain subjected to a 17.12-pct 
reduction for 4 min at 1300 ~ under argon atmosphere. SEM mag- 
nification times 450. 

Results of Quantitative Analyses by EDAX 

Point Mn Pct Fe Pct Ca Pct Si Pct Mg Pct 

1 49.90 5.52 2.54 5.31 0.00 
2 65.87 9.20 1.74 3.06 0.15 
3 71.80 9.58 0.15 0.17 0.12 

showed significant increase in the manganese concen- 
tration of the metal phase with increasing extent of re- 
duction. Growth of these metal nuclei and the increased 
amount of silicate phase are shown in Figure 9. As the 
reduction proceeded, the major phases were mixed car- 
bide of iron and manganese; manganous oxide; and a 
Ca-Mn silicate phase formed possibly as a result of the 
reaction between manganous oxide, calcium oxide, and 
silica. The EDAX showed that the silicate phase formed 
at a temperature of 1200 ~ or higher, consisted mainly 
of MnO, CaO, and SiO2. The average composition of 
the silicate phase formed is approximately 
(Ca, Mn)2SiO4. This composition shifted toward the 
CaESiO4 phase as reduction proceeded, confirming X-ray 
results. 

IV. THE REDUCTION MECHANISM 

A. First Stage of the Reduction 

At all temperatures studied, this stage of the reduction 
was completed within the first 6 to 10 minutes of reten- 
tion times. It is expected that reduction originally starts 
with the following reactions through direct contact be- 
tween ore and graphite particles: 

3Mn203 + C = 2Mn304 + CO [4] 

3Fe203 + C = 2Fe304 + CO [5] 

These reactions form carbon monoxide, which act as a 
reducing agent in addition to graphite: 

Fe304 + CO = 3FeO + CO2 [6] 

Mn304 + CO = 3MnO + CO2 [7] 

The CO2 is reduced back to CO through Reaction [1] by 
the excess carbon present in the system. It is assumed 
that reduction of FezO3 to Fe304 and Mn203 to Mn304 
occur instantaneously and that Reaction [6] is fast 
enough not to contribute to rate control. During this 
stage, reaction products are porous (Figure 6). The av- 
erage porosity of the oxide product layer were found as 
16.4 pct, l l . 2  pct and 20.5 pct for WH, W1, and W4 
ores, respectively, by the use of an image analyzer. 
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Fig. 7--Wessel :  WH, manganese ore grain subjected to a 33.87-pct 
reduction for 8 min at 1300 ~ under argon atmosphere. SEM mag- 
nification times 750. 

Element Concentrations Determined by EDAX 

Point Mn Pct Fe Pct Ca Pct Si Pct Mg Pct Possible Phase 

1 1.98 96.93 0.26 0.06 0.04 Fe-rich metal 
2 74.78 2.35 0.56 0.10 0.47 MnO 
3 36.25 3.69 5.28 I1.87 0.74 silicate phase 
4 0.69 95.15 0.09 0.04 0.04 Fe-rich metal 

B. Second Stage of the Reduction 

Metallic iron forms as a result of  the following 
reaction: 

FeO + CO = Fe (nuclei) + CO2 [8] 

Thus, second stage, which was virtually absent at tem- 
peratures at or below 1200 ~ starts with random nu- 
cleation of iron metal from wustite, both in the interior 
of the particles as well as on the surfaces exposed to the 
reducing agent. This random nucleation of iron may be 
attributed to the dispersion of iron oxides throughout the 
ore matrix. Formation of cracks and imperfections in the 
ore particles is very likely as a result of the reactions 
occurring during the first stage of reduction, which, in 
addition to those originally present, may be considered 
as the most active sites for nucleation during early pe- 
riods of the second stage. The metallic iron that is 
formed is an intermediate product and transforms into 
iron carbide as reduction proceeds. Thereafter, the iron 
carbide may act as a medium through which the carbon 
diffuses to the metal oxide-carbide interface, where 
more oxide is reduced. Figures 8 and 9 show that with 
an increase in retention time, an increase in the size of 
nuclei was accompanied by a significant increase in their 
manganese content, which is an indication of reduction 
of MnO-rich oxide grains, which are in contact with 
iron-rich mixed carbide. The EDAX showed that the 
mixed carbide was progressively enriched in Mn during 
this stage (Figures 8 and 9), while at the same time, a 
Ca-Mn silicate slag formed and spread as a result of  the 
reaction between manganese oxide, lime, and silica. 
Once the metallic phase starts covering the oxide phase, 
the reaction of oxide with carbide becomes dominant. 
The reduction of MnO may then be represented by the 
reaction 

MnO + (C)metal  = (Mn)metal + C O  [9] 

The composition of the carbide phases formed (obtained 
by EDAX) at different retention times above 1200 ~ 

Fig. 8--Wessel:  W1, manganese ore grain subjected to a 55.31-pct 
reduction for 30 min at 1300 ~ under argon atmosphere, SEM mag- 
nification times 850. 

Element Concentrations Determined by Edax 

Point Mn Pct Fe Pct Ca Pct Si Pct Mg Pct Possible Phase 

1 40.87 52.40 0.53 0.15 0.09 carbide 
2 73.05 1.11 1.11 0.24 0.68 carbide 
3 36.24 0.59 19.33 12.92 0.55 silicate 
4 42.73 53.51 0.43 0.14 0.07 carbide 
5 31.38 0.00 19.29 14.32 0.59 silicate 

Fig. 9--Wessel :  W4, manganese ore grain subjected to a 81.73-pct 
reduction for 50 min at 1300 ~ under argon atmosphere. SEM mag- 
nification times 900. 

Element Concentrations Determined by EDAX 

Point Mn Pct Fe Pct Ca Pct Si Pct Mg Pct Possible Phase 

1 55.79 41.68 0.15 0.08 0.00 carbide 
2 62.03 33.07 0.24 0.13 0.03 carbide 
3 77.08 1.33 1.36 0.22 2.40 MnO 
4 14.43 0.26 31.42 14.33 0.66 silicate 
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were compared with the compositions on the liquidus 
surface of the Fe-Mn-C system. [35j As the retention time 
increases, together with increasing manganese content, 
liquidus temperature of the carbide phase decreases, in- 
dicating the existence of a solid-liquid mushy state at 
temperatures above 1300 ~ which enhances the trans- 
port of reactants and products. 

With increasing reduction, while the metallic beads 
increase in size, the proportion of slag also increases. 
Further reduction of the manganous oxide appears to 
occur by first dissolution of manganous oxide into the 
slag and then reduction at the interfaces between the slag 
and the metal or between the slag and the reducing 
agent. It is difficult to conclude with certainty whether 
reduction by carbon dissolved in the metal or the reduc- 
tion by solid carbon was the dominant reaction. Reduc- 
tion at the interface between the metal and slag layer 
would become increasingly important as the amount of 
solid carbon decreases. There is evidence t36] that the rate 
of reduction of solid MnO by carbon dissolved in 
Fe-Mn-C melts is controlled by the rate of the chemical 
reaction, and it is highly possible that chemical reaction 
is the rate-controlling process during reduction of MnO 
dissolved in the slag by the carbon of the metal by the 
following reaction: 

MnOslag + Cmetal = Mnmeta, + C O  [10]  

V. T H E  KINETICS  OF REDUCTION 

A. Assessment of  Rate Control 

The present experimental data for each manganese ore 
were initially analyzed by using the chemical control 
equation outlined in the following: 

kt = [1 - (1 - F )  1/3] [11] 

where F is the fraction reacted, k is the rate constant, 
and t is time. 

When this equation was applied to the present data, 
very good fits were obtained. Correlation coefficients (r) 
for the chemical control equations to describe the re- 
duction process at temperatures between 1100 ~ and 
1350 ~ were above 0.97, and the calculated activation 
energies were 87.69 --- 4.8 kJ /kg /mol  for W4 ore, 
105.08 --- 7.3 kJ /kg /mol  for W1 ore, and 114.78 -+ 
7.2 kJ /kg /mol  for WH ore. The plus or minus varia- 
tions were obtained by testing the data on different par- 
ticle size ranges of the same ore with the same 
equations. These small variations can be considered to 
be within experimental error ranges, and the results in- 
dicate that the effects of chemical control are important 
in the reduction of the Wessel manganese ores. 

There are two major rate control processes involved 
in the topochemical mode of reduction of oxides: [37j (1) 
diffusion control and (2) mixed control, where both 
chemical and diffusional processes contribute. For dif- 
fusion control, the time (t) for reduction would be pro- 
portional to the square of particle size (rp) and for 
chemical reaction control, it would be proportional to the 
first power of rp. Thus, the variation of the initial rate 
that corresponds to the first stage of the reduction was 
plotted against the particle radius in Figure 10. The 
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Fig. 10--1nitial rate of reduction of  WH ore as a function of  particle 
radius at indicated temperatures. 

slopes of the curves increase with increasing particle 
radius, especially for particle sizes greater than approx- 
imately 0.02 mm. This behavior suggests the approach 
to mixed control for the first stage of the reduction. 
Furthermore, a plot of log [1 - (1 - F)  1/3] vs log t, as 
shown in Figure 1 l,  gave slopes from 1.22 to 1.88 for 
temperatures ranging from 1100 ~ to 1350 ~ This is 
also a clear indication of mixed control for the first stage 
of reduction, since for sole chemical control the slopes 
should have been unity, t38] However, for the second 
stage of the reduction, when the time to achieve a certain 
percentage of reduction was plotted against particle size 

0[ 
. , 1 3 5 0 ~  (4)  la0ooc/al 

I . 12oooc (2) 
~ . 2 ~ ~ 1 7 6  (1) 

. ~ ~ i z e : - 0 . 1 4 9 + 0 . 1 0 5  

0 0.2 0.4 0.6 0.8 1 1.2 
Log Time (min) 

Fig. 11 - -  Log-log plot of  the chemical reaction rate-control equation 
to W1 ore data in the temperature range 1100 ~ to 1350 ~ Cor- 
relation coefficients, r, for (1) 0.972, (2) 0.972, (3) 0.995, and 
(4) 0.995. Slopes: (1) 1.22 + 0.14, (2) 1.44 + 0.18, (3) 1.88 + 0.05, 
and (4) 1.88 + 0.05. 
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at different temperatures for each manganese ore, 
straight lines with slopes very close to unity were ob- 
tained especially for reduction percentages higher than 
65 pct. This was a clear indication that chemical reaction 
rate control dominated the second stage, t39] 

When the logarithm of the experimental initial rates 
corresponding to the first stage of reduction were plotted 
with respect to inverse temperature, the activation ener- 
gies (in the temperature range of 1100 ~ to 1350 ~ 
varied from 81.3 to 94.6 kJ /kg /mol  depending on 
the ore, as shown in Figure 12. Yun t4~ reported 
62.7 kJ /kg /mol  as the activation energy value for re- 
duction of Fe203 to FeO with carbon by chemical con- 
trol. For Fe203 reduction to iron with carbon, an 
apparent activation energy value of about 133 k J / k g /  
mol has also been reported mj for the chemical reaction 
rate-controlling mechanism. During MnO2 reduction to 
MnO with carbon, Misra t32] reported an apparent acti- 
vation energy value of 38 kJ /kg /mol  and attributed this 
value to the gaseous diffusion rate-controlling mecha- 
nism. It could thus be concluded that the first stage is 
mainly confined to the reduction of manganese oxides 
and of hematite to their lower valency states MnO and 
FeO, and that rate is mixed controlled. 

B. Mathematical Analysis 

For the first stage of the reduction, a mathematical 
analysis that depicts collectively the chemical reaction 
on the pore walls of the oxide and the gas diffusion in 
porous oxide was developed. Because of the porous 
nature of the product layer during this stage, the total 
pressure within the sphere is assumed to be constant and 
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Fig. 12- -Dete rmina t ion  of apparent activation energy for the first 
stage of reduction (R is percent reduction). 

essentially the same as that in the gas stream. The math- 
ematical analysis is for a binary gas mixture of CO-CO2 
for which the diffusivity is independent of gas compo- 
sition, and the effective diffusivities of CO and CO2 are 
equal. Furthermore, because of the relatively high ther- 
mal conductivity of the metal oxides, heat transfer was 
dismissed as a possible rate-controlling process. With 
these justified simplifications, the mathematical formu- 
lation is based on the following assumptions: (1) The 
reaction on the pore walls of oxide is accompanied by 
gas diffusion, depending on the porosity and gas diffu- 
sivity therein. There will be partial internal reduction 
slightly ahead of nominal product/oxide interface. (2) A 
quasi-stationary assumption is made for a first-order- 
type reaction involving CO and CO2 in a spherical 
porous particle. (3) The resistance to the film diffusion 
around the particle is negligibly small. (4) Isothermal 
and isobaric conditions exist. The mathematical devel- 
opment for this stage is very complex and involved, and 
it is beyond the scope of this article. However, it is 
based on the principles given by Ishida and Wen, t38j and 
thus, details can be found in their article. 

At the end of the first stage, the fractional conversion 
is given by the following equation: 

(thscoth t h i -  1) 
F s = 3 ~b~ [12] 

where ~b s is the kinetic-diffusion parameter known as the 
Thiele I421 modulus. It is frequently used to show the 
effect of gas diffusion on the reaction rates on catalyst 
pore walls and is defined as 

(SDk( 2 LKe)) 1/2 
~)f= ~ DefK e /t rp [13]  

where Ke is the equilibrium constant (for reduction 
Reaction [7]), Del is the effective CO-CO2 diffusivity, S 
is the pore surface area, k is the rate constant, rp is the 
initial particle radius, and p is the density of particle. 

The values of effective CO-CO2 diffusivities gener- 
ated by the model ~Enq - [13]) were 2.15 x 10 -5, 5.10 x 
10 -5, and 6.17 x , v  5 c m  2 " s - i  for WH, Wl ,  and W4 
ores, respectively, at 1300 ~ several orders of mag- 
nitude lower than the intermolecular diffusivities 
( 5 . 0 7  • 10 -3 ,  2.36 x 10 -3 ,  and 7.99 x 10 .3  c m  2.  s -1 

for WH, W l ,  and W4 ores, respectively) calculated by 
using the theoretical equations based on the kinetic 
theory and Lennard-Jones expression for intermolecular 
forces. L441 It is well known that in porous media the dif- 
fusive flux may occur via either molecular diffusion or 
Knudsen diffusion. Because the effective diffusivity 
values generated by the model are much lower than the 
molecular diffusivity values, it can be assumed that in 
this case, Knudsen diffusion is the predominant mode of 
diffusion. The value of the Knudsen diffusivity calcu- 
lated for the present study using the equation provided 
by Satterfield and Sherwood [43] is 6.66 x 10 -5 cm 2. sc -1 
at 1300 ~ which is found to be in reasonably ~ood 
agreement with the value of 3.03 x 10 .4  c m  2.  S- for 
the Knudsen diffusivity calculated by Grimsley I3q from 
the reduction data of Mamatwan manganese ore at 
1300 ~ Grimsely also calculated the effective CO-CO2 
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diffusivities that were in the range from 7.9 x 10 -5 to 
1.59 x 10 -4 cm 2- s -~. He attributed these values to the 
major role played by Knudsen diffusion. By using the 
effective diffusivities generated by the model, the values 
of Thiele modulus, ~b s, were calculated for different par- 
ticle sizes for the first stage of the reduction that was 
found to increase with increasing particle size. This 
shows that the mixed (diffusion-reaction) rate control in 
the first stage of reduction is confined to the pore mouths 
at the outer surface of the particles. When q5 s is small, 
at small particle sizes, there is rapid gas diffusion, and 
hence, uniform internal reduction occurs throughout the 
oxide particle, which was confirmed by the calculated 
effective diffusivities of CO in CO/COz mixtures. 

During the second stage, a clear interface develops be- 
tween the metallic phase containing iron and manganese 
carbides and manganous oxide. The chemical reaction 
between the manganous oxide and the carbon dissolved 
in the metal phase or with the metal carbide seems to be 
the rate-controlling process. The reaction is localized at 
the interface between manganous oxide and mixed car- 
bide of iron and manganese, which is evident from the 
photomicrographs taken from the second stage of the re- 
duction. In order to test the validity of this assumption, 
a given set of observations of fraction reacted (F) of 
manganese ores were tested for linearity by plotting 
[1 --  (1 - -  F )  1/3] v s  time. From these graphs, rate con- 
stants were calculated and used in an Arhenius plot to 
calculate the activation energy. The calculated activa- 
tion energies for the second stage of the reduction 
changed from about 102.1 kJ /kg /mol  for W4 ore to 
141.7 kJ /kg /mol  for WH ore with correlation coeffi- 
cients above 0.98 (Figure 13). These activation energy 
figures were well in the range of chemical reaction-con- 
trolled regimes, suggesting that during the second stage, 
the chemical control is predominant. 

The model prediction of reduction percentages during 
the second stage of the reduction, F,, can be found from 
the following equation used by King and Brown 144] for 
impervious core reactions: 

F,  = 1 + 6~F s -  6~ [14] 

where F s is the fractional conversion at the end of the 
first stage. In order to determine Fs, the dimensionless 
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Fig. 13--Determinat ion of  apparent activation energy for the second 
stage of  the reduction. 

radius during the second stage of the reduction given by 
Eq. [15] must be calculated: 

R, 
~,  = 1 - - -  ( t  - t s)  [ 1 5 ]  

3Csorp 
where Rs is the rate of reduction during the second stage, 
t s is the time taken to complete the first stage, and Cso 
is the initial concentration of solid reactant. 
Equation [15] gives the position of the outer interface 
during the second stage at time (t). In order to determine 
6s, certain key parameters such as time to complete con- 
version (ttot) and dimensionless time taken for complete 
conversion of MnO as a shrinking core (0,) had to be 
estimated by using the experimental data of the reduction 
during the second stage. The time required for the re- 
action to complete both the first stage and the second 
stage, tto,, can be found from Eq. [16]. 

3Csorp 
ttot = ts + [16] 

Rs 

A dimensionless ratio of the time to complete the first 
stage to the time taken for complete reduction of MnO 
as a shrinking core (Or) can be defined as t44~ 

3CgkSprp 
Or - - -  [17] 

Rs 

where Cg is total gas concentration. 
The time to complete conversion was estimated by 

using the experimental values. The tswas taken as 6 min- 
utes. The R, values changed between 1.53 x 10 -5 arid 
1.32 x 10 -7 mol.  s - l .  cm -2 for WH ore and W4 ore, 
respectively. The value for W1 ore was in between these 
two. Specific rate constants for the second stage of the 
reduction (ks) values varied from 3 x 10 -7 to 2.6 • 10 -6 
cm/s ,  which are much smaller than specific rate con- 
stants for the first stage of the reduction (ks), which were 
in the range between 3.9 x 10 -4  and 1. I • 10 -3 c m / s ,  

due to the fact that the rate of the second stage of the 
reduction is much slower than the rate of the first stage. 

The estimated R, values were then used in Eq. [16] 
from which the time to complete conversion can be pre- 
dicted. These values were later inserted in Eqs. [17] and 
[ 15] to predict the parameters Or and ~s, which were used 
to calculate the values for F~. The application of model 
by using Eqs. [12] and [14] to the experimental data can 
be demonstrated by studying the nature of the plots of 
reduction vs dimensionless time. These plots are given 
in Figures 14 through 16, together with the plot of re- 
duction percent vs dimensionless time determined by the 
TGA setup. A closer examination of the plots reveals 
that in the first stage of reduction between 0- and 35-pct 
reduction level, there is a slight difference between ex- 
perimental and predicted curves that is probably due to 
inadequacy of the assumptions that the effective diffu- 
sivities of CO and COz are equal and also constant at a 
given temperature. In addition to these in the definition 
of kinetic-diffusion modulus (~by), the pores are assumed 
to be uniform in cross sections, and the surface area re- 
mains unchanged throughout the process. These as- 
sumptions may have caused the small discrepancies 
between the model prediction and experimental data. 
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Fig. 14--Model  prediction compared with the experimental data for 
particle size -0 .105 + 0.074 mm at 1300 ~ with 0r -- 40 and ~: = 
8.9. 
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Fig. 15--Model  prediction compared with experimental data for par- 
ticle size -0 .074 + 0.063 rnm at 1300 ~ with O, = 25 and qbr = 
6.6. 
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Fig. 16--Model  prediction compared with experimental data for par- 
ticle size -0 .210 + 0.149 mm at 1300 ~ with Or = 15 and ~bf = 
5.6. 

Vl. SUMMARY AND CONCLUSIONS 

The rate and degree of reduction of the WH, W 1, and 
W4 type Wessel manganese ores were found to increase 
with increasing temperature and decreasing particle sizes 
of both ore and graphite, markedly, at temperatures 
1300 ~ and 1350 ~ under argon atmosphere. The 
effect of chemical composition of the manganese ores 
on the reduction degree and the rate has also been stud- 
ied. Results showed that the reduction rate increased 
with decreasing the Mn:Fe ratio of the ore and increasing 
the Fe203 content. The reduction process was found to 

occur in two distinct stages. For these two stages, a de- 
tailed kinetic model is developed, taking into account the 
chemical and diffusional factors affecting the process. 
The rate control in the first stage is mixed. The inward 
diffusion of CO and outward diffusion of CO2 across the 
porous product layer and the rate of chemical reaction 
between CO and solid oxide on the pore walls influenced 
the overall rate. For the first stage, the mathematical 
treatment gave the values of effective CO-CO2 diffusiv- 
ities as 2.15 • 10 -s, 5.10 • 10 -5 , and 6.17 x 10 -5 
cm 2. s -1 for WH, Wl,  and W4 ores, respectively, at 
1300 ~ It was shown that Knudsen diffusion domi- 
nated the gas transport mechanism. As reduction pro- 
ceeds, relative contribution of chemical resistance 
increases while that of the diffusional resistance de- 
creases. Apparent activation energies calculated from 
the reduction rate data corresponding to the first stage of 
the reduction were 81.3, 87.0, and 94.6 kJ/kg/mol for 
W4, W1, and WH ores, respectively. After about 
6 minutes, the second slower stage starts with nucleation 
of iron from wustite. The chemical reaction between 
manganous oxide and carbon dissolved in the metal or 
metal carbide seemed to be the rate-controlling process. 
The rate of chemical reaction between MnO and carbide 
was found to lie in the range from 1.53 • 10 -s 
to 1.32 • 10 -7 mol.s  -1.cm -2. Apparent activation 
energies calculated were 102.1, 107.8, and 
141.7 kJ/kg/mol for W4, W1, and WH ores, respec- 
tively. During this stage, the reaction is localized at the 
oxide/carbide interface and proceeds as a shrinking 
core. A calcium silicate phase containing some man- 
ganese dissolved in it also forms. It is possible that man- 
ganese is also reduced from this silicate phase. 
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