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Effect of Moisture, Hydrogen, and Water—Gas Shift )

Check for

Reaction on the Prereduction Behavior of Comilog
and Nchwaning Manganese Ores

TRINE A. LARSSEN and MERETE TANGSTAD

The ore—gas reactions in the prereduction zone in a ferromanganese furnace are largely decisive
of the overall energy efficiency, carbon consumption, and climate gas emissions in
ferromanganese production. An increased understanding of the prereduction zone is thus
vital for optimization of the furnace operation. The ore—gas reactions are well known to be
governed by kinetics rather than thermodynamics. The raw materials contain various amounts
of both chemically bound and surface moisture when fed to the furnace, which may influence
the reaction kinetics. This paper presents the investigation of the potential influence of moisture
on the prereduction kinetics of two commercial manganese ores, i.e., Comilog and Nchwaning.
TGA experiments were carried out by comparing dry and wet ore, as well as introducing H(g)

or H,O(g) to the CO-CO» gas mixture.
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I. INTRODUCTION

MANGANESE ferroalloys are produced in sub-
merged arc furnaces from raw materials such as man-
ganese ore, metallurgical coke, and fluxes (and quartz
for SiMn). The furnace process is often divided into two
main zones, namely the prereduction zone and the
coke-bed zone. While the metal producing reactions
occur in the coke-bed zone, variations in energy
efficiency and climate gas emissions are predominantly
related to the behavior of the prereduction zone. The
prereduction zone may be defined as the temperature
range at which the raw materials remain in solid state (7’
< 1200 °C to 1400 °C).

As the manganese ore descends in the furnace, it will
experience increasing temperatures and a furnace gas
largely composed of CO and CO,. The main character-
istic of the prereduction zone is the stepwise reduction of
higher manganese oxides to MnO by CO in the
ascending furnace gas:
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1 ! !
MnO, + 5CIO(g) = EMI’IQO?, + ECO2(g) AH298

= 101 kJ/mol 1.1]

1 1 1 1
—Mn203 + —CO(g) = —MH304 + —COQ(g) AH(2)98

2 6 3 6
= —29kJ/mol
[1.2]
1 1 1
3Mn304 + 2CO(g) = MnO +COx(g) AHSq
= —17kJ/mol [1.3]

The extent of these reactions is given by the oxygen
level of the ore, which typically is close to that of MnO,
(high oxygen ores) or Mn,O5 (semi-oxygen ores). The
reduction of higher manganese oxides by CO(g) is highly
exothermic (as seen in Reaction 1.1-1.3) and will thus
heat the charge material, implying that a high oxygen
level will minimize the electrical energy requirement.
Furthermore, the reduction of the ore further influences
the energy efficiency and off-gas composition by deter-
mining the occurrence of the Boudouard reaction in the
industrial furnace. The Boudouard reaction is the
reaction between solid carbon and CO,, and it is highly
endothermic, as well as carbon consuming. It gains
significant reaction rates at temperatures exceeding
800 °C in an industrial ferromanganese furnace,!'’ where
its extent is limited by the available CO,, which is
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produced in the ore prereduction reactions. As such, the
reaction temperatures and rates of the ore—gas reduction
are of high importance. The solid-state reduction of
manganese ores is well known to be governed by kinetics
rather than thermodynamics. This has been observed in
various laborator%/—scale studies,” in addition to
industrial practice.” Particle size, ore porosity, heating
rates, and atmosphere are among the parameters seen to
affect the reaction rates.”” ' In line with the main
components of the furnace gas, the majority of the
reported investigations have been performed in
CO—CO, atmosphere.

The raw materials may both contain surface moisture
as well as chemically bound moisture when fed to the
furnace, where the concentrations of both types vary
with the ore type. The ores’ ability to retain surface
moisture is correlated to its porosity, where Comilog is
known to be a porous ore, whereas Nchwaning is
dense.”” Furthermore, the mineralogy of the ores
determine the amount of chemically bound moisture,
where it has been reported that Comilog ore contains
approximately 5 wt pct chemically bound moisture,
whereas insignificant amounts are present in Nchwaning
ore.*®! As such, higher concentrations of water vapor,
both surface and chemically bound, are expected in
industrial operation relying on Comilog ore compared
to Nchwaning ore as the manganese source. Evapora-
tion of surface moisture is an endothermic process and
will as such lead to an increased energy consumption.
According to Swamy and Robertson,! surface mois-
ture will lead to increased energy consumption as well as
a lower off-gas temperature but will not have any further
impact on the system. It was, however, stated that water
present at higher temperatures may affect the system.
The chemically bound moisture in Comilog ore has been
observed to be expelled at temperatures 200 °C to
500 °C.1"?! In addition to water vapor, hydrogen is
always detected in the off-gas in industrial furnaces at
small concentrations, e.g., 5 pct.'! The hydrogen may
have been produced through the water vapor present in
the system reacting according to the water—gas shift
reaction (Reaction 1.4), which runs to the right at
temperatures below approximately 800 °C. Another
source of hydrogen in the furnace are volatiles in the
reductants and electrode mass.!'"'?!

H:0(g) + CO(g) = Ha(g) + COx(g) AHYys = —41 kJ
[1.4]
Both water vapor and hydrogen will be present in the
industrial furnace at certain temperature ranges. While

few studies have evaluated the effect of water vapor, the
effect of hydrogen has previously been reported, mainly

in studies where hydrogen is the sole reducing gas
species. A recent publication investigated CO-CO, and
CO—-CO,-H, atmospheres, where the gas compositions
were calculated to correspond to similar theoretical
oxygen pressures.®! The presence of hydrogen promoted
the reduction of both Comilog and Nchwaning ore,
however, the effect was more profound for the former. It
was further reported that hydrogen increased the
occurrence of both carbon deposition and the Bou-
douard reaction.

This study aims to investigate the effect of moisture
on the prereduction of Comilog and Nchwaning ore in
CO—CO, atmosphere by comparing the reduction
behavior of wet and dry ore, as well as by introducing
water vapor to the gas mixture. Furthermore, the extent
of the water—gas shift reaction is evaluated by experi-
ments conducted in CO-CO,-H, and CO-CO,-H->0O
atmospheres.

II. EXPERIMENTAL

The evaluated materials were Comilog and Nchwaning
ore that had been dried at 105 °C for 24 hours. The ore
was crushed and sieved into a size fraction of 11.2 to
15.0 mm. The chemical composition of the ores is shown
in Table I. The oxygen level of manganese was deter-
mined by titration (ASTM 465-11:2017), where excess
oxygen relative to MnO is expressed as MnO,. Eltra
(combustion-IR) was used to determine the amount of
carbon, which was recalculated to CO,. Remaining
components were quantified by XRF. Comilog is a high
oxygen ore, where the oxygen level is close to that of
MnOQO,. The ore is further low in iron and contains no
carbonates. It contains approximately 5 wt pct chemi-
cally bound moisture found in minerals such as lithio-
phorite and nsutite, as recently reported by Larssen
et al™ Nchwaning ore is a semi-oxygen ore, where the
oxygen level is close to 1.5 correlating to Mn,O;. It
contains insignificant amounts of chemically bound
moisture but has a relatively high iron content and
smaller amounts of carbonate.

The experiments were conducted using a vertical
retort tube thermogravimetric furnace (Entech VTF 80/
15). The sample is loaded into a steel crucible (height 45
cm and diameter 4.8 cm) resting on a steel cage to ensure
even gas distribution. The gas inlet is located in the
upper part of the crucible from which it travels through
the double walls before meeting the sample from the
lower parts. This ensures preheating and premixing of
the gas. The crucible is suspended from a mass balance
(Mettler Toledo PR2003DR, Switzerland) enabling
continuous weight measurements. The gas outlet is

Table I. Chemical Composition of Comilog Ore (Size Fraction 11.2 to 15.0 mm)

Fe, tot Mn, tot MnO, MnO CaO SiO, Al,O4 K,O CO,

[Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct] [Wt Pct]
Comilog 3.1 51.0 76.4 3.5 0.1 3.5 5.6 0.7 0.1
Nchwaning 10.0 46.4 34.6 31.6 5.9 6.7 0.5 0.0 3.0
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connected to an off-gas analyzer (NDIR) that determi-
nes the CO and CO, concentrations in the off-gas. The
furnace temperature is controlled by an Eurotherm PID
controller in combination with a S-type thermocouple.
Another S-type thermocouple in an alumina tube is
inserted into the crucible, where the location is adjusted
so that the hot junction is in the center of the solid
sample. Figure 1 shows the crucible and the furnace in
the bottom position. The furnace is raised during
heating.

The reducing atmospheres evaluated in the study are
presented in Table II. Atmospheres labeled 1a and 2a,
respectively, contain merely CO and CO, and are used
as baseline experiments. The composition of these
correlates to 50 pct CO-50 pct CO,(p(0O,);) and 80 pct
CO-20 pct CO5(p(0O3),). The effect of moisture was
investigated in atmospheres of CO-CO,-H, and
CO-CO,-H,0 where the specific gas flow mixture was
calculated to give similar oxygen pressures as the
CO—-CO, atmospheres. The calculated oxygen pressure
at 800 °C is included in Table II to highlight the
comparable gas compositions. It is, however,

Fig. 1—Vertical tube furnace used for experiments.

emphasized that the oxygen pressures are similar at
the full temperature range of 25 to 800 °C. In addition
to introducing water vapor in the gas mixture, the effect
of water was also evaluated by comparing the reduction
behavior of dry and wet ore in CO-CO, atmosphere.
The ore was submerged in a beaker filled with water
allowing water to retain in the pores of the ore. Due to
the high density and low porosity of Nchwaning ore,
insignificant amounts of water were retained. Compar-
ison of wet and dry ore is thus done for Comilog ore
samples, where the amount of water retained in Comilog
ore was estimated to be 3 to 4 wt pct.

The reduction kinetics were evaluated in non-isother-
mal setups at 6 °C/min where the ores (75 g sample size)
were heated from room temperature up to target
temperatures in range of 500 °C to 700 °C. It is
mentioned that 500 °C to 700°C was the set point target
temperatures, however, the actual temperature experi-
enced by the ore will be affected by ongoing exothermic
reduction reactions. After target temperature was
reached, the furnace was moved to the lower position,
the power was shut down, and the gas atmosphere was
replaced by argon. The flow of argon was 4L/min in the
first 15 minutes of cooling to rapidly replace the
reducing atmosphere and was subsequently reduced to
I L/min for the remainder part of the cooling.

All reactions related to the prereduction of manganese
ores result in a weight loss. It has previously been shown
that the reduction of higher manganese oxides to MnO
in Comilog and Nchwaning ore may be linearly corre-
lated to the weight loss.'*” As such, reaction extents will
be evaluated from the recorded weight behavior. In
addition, the off-gas analyzer connected to the experi-
mental setup measures the concentrations of CO and
CO, exiting the crucible. While this implies that not all
present gas components are quantified for most of the
experiments, the behavior of CO and CO, may provide
information of the ongoing reactions.

III. RESULTS

A. Comilog Ore

1. Effect of moisture

Figure 2(a) shows the temperatures measured in the
center of the sample, as well as the furnace wall
temperature, during heating of wet and dry Comilog
ore in CO-CO, atmosphere. The gas composition was
50 pct CO-50 pct CO,, i.e., composition la (p(O,);))

Table II. Evaluated Gas Compositions

CO CO, H, H,O
[L/min] [L/min] [L/min] [L/min] Total [L/min] Log(p(0,)) at T = 800°C
la (p(Oy)1) 2.00 2.00 0.00 0.00 4.00 — 184
1b (p(0,)y) 1.75 1.75 0.50 0.00 4.00 — 184
Ic (p(0y)y) 2.24 1.25 0.00 0.50 3.98 — 184
2a (p(0y)2) 3.20 0.80 0.00 0.00 4.00 - 19.6
2b (p(0,),) 2.80 0.70 0.50 0.00 4.00 —19.6
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Fig. 2—(a) Temperature measurements during heating of wet and dry Comilog ore in CO-CO, atmosphere and (b) recorded weight loss as a
function of time during heating in 50 pct CO-50 pct CO,. Dashed lines represent repeated runs.

The gray line shows the furnace temperature, where the
development correlates to 6 °C/min. The sample tem-
peratures are affected by the ongoing exothermic reduc-
tion of the higher manganese oxides, causing the
temperature to increase relative to the furnace temper-
ature. This temperature behavior was typically observed
for ores with high oxygen levels, where the O/Mn ratio is
close to that of MnO,. The temperature is slightly lower
in the wet ore compared to the dry in the initial stages. A
spike in the temperature is initiated when the sample
temperature reaches approximately 550°C, correlating
to the decomposition of MnO,.* Figure 2(b) shows the
weight recorded by the mass balance during heating.
The weight starts to decrease at a lower process time for
the wet ore compared to the dry ore due to the
evaporation of surface moisture. Both samples experi-
ence a rapid weight loss step at approximately 70
minutes of process time, corresponding to the spike in
temperature. The total weight loss was 20.0 and 23.1 wt
pct for dry and wet ores, respectively, implying that
approximately 3 wt pct surface moisture was present in
the wet ore prior to heating.

The weight behavior was given a new starting point at
a temperature of 200 °C, where the resulting adjusted
curves are shown in Figure 3. A highly similar weight
reduction behavior is seen for the samples, implying that
the surface moisture had been evaporated at lower
temperatures. A lower weight loss (reduction extent) is
obtained in the initial stages at a given process time for
the wet ore, due to a lower sample temperature. This
lower reduction extent at low temperatures and process
time results in a larger extent of MnO, decomposition,
as more MnO, remains at the decomposition tempera-
ture of 550 °C.

The effect of moisture was further evaluated by
introducing small amounts of water vapor to the
CO—-CO, gas mixture. The specific gas flows of H,O,
CO, and CO, were calculated to obtain a similar oxygen
pressure at all evaluated temperatures as the CO-CO,
atmospheres, while still maintaining the same total gas
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flow. The results for Comilog ore are shown in Figure 4,
where (a) shows the weight as a function of time (where
correlating sample temperatures are included) and (b)
shows as a function of temperature. The reduction rate
governs the temperature, resulting in similar reduction
behavior as a function of temperature. This implies that
the effect of water vapor may be evaluated from the
reduction as a function of time. From Figure 4(a), it is
seen that a similar reduction behavior is observed in the
initial stages, up until approximately 47 minutes process
time, correlating to a sample temperature of 430 °C.
With increasing process time and temperature, the
sample heated in CO-CO,—-H,O experiences a faster
reduction rate compared to the CO-CO, atmosphere.
This increased reduction rate causes the sample to reach
the decomposition temperature of MnO, at a lower
process time, and the exothermic peak in temperature
occurs approximately 10 minutes prior to the CO-CO,
atmosphere. The promoting effect of the water vapor
decreases with increasing process time and temperature,
where the difference is at a minimum when the exper-
iments were terminated at 600 °C. The chemical anal-
yses of the reduced samples are presented in Table III,
showing that the O/Mn ratio was overall reduced to 1.21
when water vapor was present compared to 1.27 in
CO-CO..

2. Effect of hydrogen

Four different gas compositions correlating to two
different oxygen pressures were used to evaluate the
effect of hydrogen on the reduction behavior of Comilog
ore. Figure 5 shows the recorded weight as a function of
time and temperature, respectively, for the experiments
conducted in CO-CO, and CO-CO,—H, correlating to
p(05); (50 pct CO-50 pct CO,) and p(0O,), (80 pct
CO-20 pct CO,). The reduction (weight loss) is initiated
at approximately 200 °C for all atmospheres. At a
certain time after initiation, the samples heated in the
presence of hydrogen experience a faster reduction
compared to the CO-CO, atmospheres, indicating that
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Fig. 3—Recorded weight as a function of («) time and (b) temperature during heating of wet and dry Comilog ore in 50 pct CO-50 pct CO,,
where the weight values were given a new starting point at 200 °C.
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Fig. 4—Recorded weight during heating as a function of (@) time (where temperatures are included) and (b) temperature during heating in
CO-CO, and CO-CO,-H»0 where both atmospheres correlate to the same theoretical oxygen pressures (that of 50 pct CO-50 pct CO5).

Table III. Chemical Analysis of Comilog Ore (11.2 to 15.0 mm) Heated in Various Atmospheres

Ml’lOz MnO SIOZ A1203 KQO C

Gas SP [°C] Max [°C] Mn, tot Fe, tot [WtPct] [WtPct] [WtPct] [WtPct] [WtPct] [WtPct] O/Mn
CO:CO, 400 529 57.1 2.8 41.5 39.8 3.8 6.7 1.0 0.1 1.46
p(O2),

CO:CO,:H,» 400 580 61.9 2.2 29.2 56.2 3.9 5.4 0.8 0.2 1.30
p(O2),

CO:CO, 500 774 63.8 1.8 27.5 59.9 2.0 5.1 1.0 0.1 1.27
p(O2)

CO:CO,:H, 500 592 62.7 2.7 16.6 67.4 2.5 5.6 1.0 0.2 1.17
p(O2)

CO:CO,:H>,0O 500 757 61.7 2.0 20.2 63.2 7.1 5.9 1.2 0.1 1.21
p(02),

CO:CO, 500 632 59.2 2.9 27.4 54.1 3.9 6.9 1.0 0.1 1.29
p(02)2

CO:CO,:H>» 500 731 62.8 2.1 13.5 70.1 4.2 5.6 0.8 1.1 1.14
p(02)>

SP is the set point furnace temperature, whereas max indicates the maximum temperature experienced by the sample.
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the reduction rate is more affected by the presence of
hydrogen compared to the oxygen pressure. For the
CO-CO,-H, atmosphere correlating to p(0,);, the
characteristic exothermic temperature peak and rapid
weight loss at approximately 550 °C are not observed.
This suggests that all MnO, had been reduced prior to
this temperature. The difference in reaction extent for
the varying conditions decreases with increasing process
time and temperature. The weight loss behavior indi-
cates that the ore samples have obtained a similar
reaction extent at 600 °C in all four atmospheres. For
the CO-CO»—H, atmospheres, the analyses show that a
similar oxygen level of manganese was obtained at
target temperature. An O/Mn ratio of 1.17 was obtained
in the atmosphere correlating to 50 pct CO-50 pct CO,,
whereas 1.14 was obtained in the atmosphere correlating
to 80 pct CO-20 pct CO.. It is, however, observed that
the analyzed carbon content is considerably higher in
the latter, quantified at 1.1 wt pct compared to 0.1 to 0.2
wt pct for the remaining experiments. As Comilog
contains no initial carbonates, this is believed to be due
to carbon deposition. The deposited carbon may have
inhibited the reduction by decreasing the available
surface area. The stable weight observed between 60
and 80 minutes process time indicates that the Bou-
douard reaction occurs simultaneously as the ore
reduction, where the respective weight increases and
decreases the results in an apparent stable weight.

3. Water—gas shift reaction

The occurrence of the water—gas shift reaction was
evaluated by comparing the reduction of the ores in
three different atmospheres, ie., CO-CO,,
CO-CO,—H,0, and CO-CO,—H,, where all three atmo-
spheres correlated to the same theoretical oxygen
pressure (that of 50 pct CO-50 pct CO,). The recorded
weight is presented as a function of time and temper-
ature, respectively, in Figure 6. The fastest reduction is
obtained in CO-CO,—H, atmosphere, whereas CO-CO,

P T
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displays the slowest reduction. The CO-CO,-H,O
atmosphere shows an intermediate behavior relative to
CO-CO,-H, and CO-CO,. This indicates that the
water—gas shift reaction occurs to some extent, produc-
ing hydrogen, but that it is not at equilibrium. If
equilibrium was attained, the CO-CO,-H, and
CO—CO»,—H,O atmosphere would contain similar
amounts of the reducing gas species CO(g) and H,(g).

4. Off-gas behavior

The concentrations of CO and CO, in the off-gas
measured during the heating of Comilog ore in
CO-CO,, CO-CO»>-H,, and CO-CO»-H,O are pre-
sented in Figure 7. The concentrations are presented
relative to set point to highlight the changes, and the CO
concentrations are presented with inverted y-axis. The
CO and CO, concentrations appear to be inversely
related for all experiments, where an increasing CO,
correlates to a decreasing CO. The overall behavior of
CO/CO, corresponds to the observations made from the
weight behavior presented in Figures 4 and 5, indicating
that the change in CO/CO, ratio is largely attributed to
the prereduction reactions of Comilog ore. For the
experiments conducted in CO-CO,—H, atmosphere, the
pct CO, decreases below the set point value towards the
latter part of the experiment, i.e., from 70 minutes of
process time. As both the ore reduction and the
water—gas shift reaction correlate to an increasing
CO,, it is believed that the decreasing CO, is explained
by an occurring Boudouard reaction (C + CO, = 2
CO).

B. Nchwaning Ore

The chemical analyses of the heated Nchwaning ore
samples are seen in Table IV. It has previously been
shown that the weight loss and O/Mn ratio show a linear
correlation for Nchwaning ore heated in CO-CO,
atmosphere,””! and this relation was used here to
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Fig. 5—Weight as a function of («) time and (b) temperature for Comilog ore heated in CO-CO, and CO-CO,-H, atmosphere, where gas
compositions correlate to two distinct oxygen partial pressures, p(O,); and p(O;),.
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Fig. 6—Recorded weight as a function of (a) time and (b) temperature for Comilog ore heated in CO-CO,, CO-CO,-H,, and CO-CO,-H,0
atmosphere, respectively, where all three atmospheres correlate to similar theoretical oxygen pressure.
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Fig. 7—Pct CO, relative to set point as recorded by off-gas analyzer as a function of (@) time and (b) temperature and pct CO recorded by the
off-gas analyzer as a function of (c) time and (d) temperature during heating of Comilog ore in various atmospheres. Note the negative values on

the y-axis for (c) and (d).

calculate the obtained O/Mn ratio for two of the heated
samples, each denoted by an asterisk in the table. The
CO—CO, and CO-CO»,—H, atmospheres correlating to
oxygen pressure 1 (p(0,);) obtained a similar reduction
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of manganese oxides at both target temperatures
(500 °C and 700 °C). The chemical analyses further
show that a similar O/Mn ratio is obtained both in
CO-CO,, CO-CO,-H,, and CO-CO,-H,O correlating
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Table IV. Chemical Analysis of Nchwaning Ore (11.2 to 15.0 mm) Heated in Various Atmospheres

MnO, MnO SiO, CaO MgO CO,

Gas SP [°C] Max [°C] Mn, tot Fe, tot [Wt Pct] [WtPct] [WtPct] [WtPct] [WtPct] [WtPct] O/Mn
CO:CO, 500 567 46.4 20.1 26.9 31.9 5.8 3.0 0.6 0.6 1.41
p(02),

CO:CO,:H, 500 568 47.6 13.5 31.7 35.6 5.9 3.4 0.3 0.9 1.42
p(02),

CO:CO, 700 769 1.30%*
p(02),

CO:CO;:H, 700 763 50.8 8.0 23.5 46.4 5.5 7.5 1.0 33 1.29
p(02),

CO:CO,:H,O 700 760 47.0 11.5 22.3 42.5 5.1 6.7 1.2 2.5 1.30
p(02),

CO:CO, 700 764 1.27*
p(O2)2

CO:CO,:H, 700 761 50.0 9.7 13.5 53.5 5.3 7.9 1.1 4.5 1.17
p(02)2

*(O/Mn ratio calculated by relation between weight loss and O/Mn ratio for reduction of Nchwaning ore in CO-CO, atmosphere.

to p(O,); at the set point temperature of 700 °C. This
may suggest that the water—gas shift reaction is at
equilibrium, and further that hydrogen does not have a
promoting effect on the reduction of Nchwaning ore.
However, the results obtained from the experiments
conducted at oxygen pressure 2 (p(O»),) contradict this,
where an oxygen level of 1.27 was obtained in CO-CO,,
whereas 1.17 was obtained in the presence of hydrogen.
The analyzed carbon, which has been recalculated to
CO,, may either be carbon from carbon deposition from
the reverse Boudouard reaction or CO, present in
carbonates in Nchwaning ore

The CO and CO, concentrations measured in the
off-gas are presented in Figure 8 for the CO-CO, and
CO-CO,—H, atmospheres, where the four experiments
correlate to two different oxygen pressures. No reactions
seem to occur at temperatures 25 °C to 400 °C, as the gas
composition is unchanged. An increased CO, concentra-
tion is expected in accordance with the ore reduction,
which appear to be initiated at approximately 400°C in all
atmospheres. For the CO—CO,—H, atmosphere correlat-
ing to oxygen pressure 2 (p(O,),), the CO, rises to
considerably higher concentrations compared to the
remaining experiments. The larger CO, production could
be related to a faster reduction of the ore, or an ongoing
left-shifted Boudouard reaction, where CO gas decom-
poses into solid carbon and CO,. For the hydrogen
containing atmosphere correlating to p(O,);, the CO,
shows an increase relative to set point at temperatures
400 °Cto 550 °C, whereas a negative (relative to set point)
concentration is observed at increasing temperatures. It
reaches its minima at 730 °C from which it converges to
set point value. Furthermore, the CO concentrations
show a continuous increase relative to set point through-
out the experiment, indicating that CO is produced. It
reaches peak production at 750 °C.

Figure 9 shows the off-gas measurements from the
experiments in CO-CO, and CO-CO,—H,O atmo-
sphere, where the composition correlates to similar
theoretical oxygen pressure. It is seen that changes occur
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in the gas atmosphere at approximately 450 °C for both
atmospheres, which may indicate that the reduction of
the ore is initiated at similar temperatures in both
atmospheres. As no changes were seen in the off-gas
composition at temperatures below 450 °C, it may be
concluded that the water—gas shift reaction does not
occur at temperatures below 450 °C. With increasing
temperature and process time, it is seen that the amount
of produced CO, (and consumed CO) is considerably
larger for the CO-CO,—H,O atmosphere compared to
CO—-CO, atmosphere. This may be due to a promoted
reduction rate in CO—CO,—H,O atmosphere, but it may
also be due to an occurring left-shifted Boudouard
reaction or water—gas shift reaction. The experiments
conducted in CO-CO,, CO-CO,—H,, and
CO-CO,—H,0, where the compositions correspond to
the same theoretical oxygen pressure, are plotted
together in Figure 10 for convenience.

The off-gas composition showed that no reactions
occurred at temperatures below 450 °C in any of the
evaluated atmospheres. As such, weight behavior
measurements are presented at temperatures exceeding
400 °C. Figure 11 shows the recorded weight as a
function of time and temperature, respectively, for the
experiments conducted in CO-CO, and CO-CO,-H,
correlating to p(0,); (50 pct CO-50 pct CO,) and
p(05), (80 pct CO-20 pct CO,. The experiment
conducted in CO-CO,-H,; at p(0O,), shows a weight
increase at temperatures exceeding 550 °C up to peak
position at approximately 700 °C. This behavior is not
seen for the remaining experiments, which all show a
decreasing weight at temperatures exceeding 500 °C to
600 °C. The peak is located at similar temperature as
the peak in the CO, concentration observed in
Figure 8, which supports an occurring left-shifted
Boudouard reaction.

Figure 12 shows the weight as a function of (a) time
and (b) temperature for Nchwaning ore heated in
CO-CO, and CO-CO,—H»0, where the gas composi-
tions correlate to similar theoretical oxygen pressure.
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Fig. 8—Pct CO, relative to set point as recorded by off-gas analyzer as a function of (a) time and (b) temperature and pct CO recorded by the
off-gas analyzer as a function of (¢) time and (d) temperature during heating of Nchwaning ore in various atmospheres.

Highly similar behavior observed for the two experi-
ments correlates well with the O/Mn ratio determined by
analysis being 1.30 for both samples.

Figure 13 shows the weight behavior as a function of (a)
time and (b) temperature for Nchwaning ore heated in
CO-CO,, CO-CO,-H,, and CO-CO,-H,0, where all
three gas compositions correlate to similar theoretical
oxygen pressure. The experiments conducted with H,
show a small weight increase at 400 to 550 °C, which
could be due to carbon deposition. A weight loss is
observed at temperatures exceeding 550 °C, appearing to
be of similar reaction rate as the two remaining evaluated
atmospheres. The rate increases significantly when the
temperature reaches 700 °C, where the increased rate
continued until the experiment was terminated.

IV. DISCUSSION

A. Reduction behavior

According to thermodynamics, the stable manganese
oxide at the conditions evaluated in this study is MnO.
As none of the experiments led to a complete reduction
to MnO, it is clear that equilibrium was not attained.
This is in accordance with the previous investigations of
the prereduction of manganese ore, which has shown
that the reactions are kinetically controlled.>”
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Introduction of approximately 3 wt pct surface
moisture to the system resulted in a decreased temper-
ature during the initial stages of heating compared to
heating of dry Comilog ore. This was expected as energy
will be consumed in the evaporation of the moisture,
causing a delay in the increase in sample temperature. It
was seen that for Comilog ore, this decreased temper-
ature development resulted in a higher concentration of
MnO, present at the decomposition temperature of
MnO, at 550°C. The increased amount of MnO,
decomposing at threshold temperature resulted in a
higher temperature increase accompanying the highly
exothermic decomposition. At exceeding temperatures,
a similar reduction behavior was seen for dry and wet
ore.

Hydrogen had a promoting effect on the reduction of
Comilog ore. Hydrogen being a stronger reductant than
CO(g) for manganese ores is in line with the previously
reported studies.’™'¥ Furthermore, the results showed
that the rate was more affected by the presence of
hydrogen compared to a lower oxygen pressure at the
evaluated atmospheres. This was also observed by Ngoy
for Comilog ore reduced in CO-CO, and CO-CO»,-H,
mixtures.®! The introduction of water vapor to the
CO—CO, gas mixture, using the same oxygen pressure,
had a clear positive effect on the reduction rate of
Comilog ore. The increased reaction rate is likely due to
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the occurrence of the water—gas shift reaction (CO +
H,O = CO, + H,) producing hydrogen. A slower
reaction rate was observed for Comilog ore reduced in
CO-CO»,—H>0 compared to CO-CO,—H, atmosphere.
According to the water—gas shift reaction, these two
atmospheres correspond to similar hydrogen partial
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pressure at the investigated temperature range, as seen
in Figure 14. This indicates that the water—gas shift
reaction occurs to some extent, but is not at equilibrium.
The reduction was initiated at 200 °C in both CO-CO,
and CO-CO,—H,0, and a similar reduction behavior
was observed until the temperature reached 430 °C. The
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off-gas composition indicated that the differences
between the CO—CO, and CO-CO»,—H,O atmospheres
were initiated at 300 °C. At this temperature, the CO,
concentrations increased (with corresponding decrease
in CO) more drastically in the water vapor containing
atmosphere. As no differences were seen in the weight
loss behavior for the two samples between 300 °C and
430 °C, it is possible that this positive deviation at
300 °C and 430 °C is due to the occurrence of the
WGSR producing hydrogen and CO, from the reaction
between CO and water vapor.

Deduced from off-gas analyses and weight behavior it
is clear carbon deposition occurs simultaneously as the
ore reduction during heating of Nchwaning ore, where
the extent of deposition depends on the gas composi-
tion. Deposition appears to be more severe in the
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hydrogen-containing atmospheres compared to the
respective CO—CO, atmospheres. The deposition is
most profound in CO-CO,-H, at p(O,),, where a
weight increase was observed at 400 °C to 700 °C. At
temperatures exceeding 700 °C, a decreasing weight is
seen, indicating that the weight loss from ore reduction
exceeds the weight gain due to deposition. For the
CO—CO,—H, atmosphere at p(O,);), a small increase in
the CO, was observed in the initial stages at approxi-
mately 400 °C to 500 °C, however, the CO, was
decreased below set point for the latter parts of the
experiment. An increased CO concentration was
observed throughout the reaction period. The observa-
tions suggest that the addition of hydrogen increases the
CO concentration, which promotes carbon deposition.
A promoting effect of hydrogen on carbon deposition

METALLURGICAL AND MATERIALS TRANSACTIONS B



K-
-
-y
)
[
2.
€O-CO; (1a) \
\
-4 CO-CO-Ha (1b) \
\
— — = CO-COxH, (1b) (2) \
5 \

CO-CO2-H20 (1c)

-6 T T T T T T T

55 65 75 85 95 105 115 125

Time [min]

(a

Weight [%]

C0-CO;, (1a) \

CO-CO,-H; (1b)

— = = C0-COx-H, (1b) (2) \

CO-CO,-H,0 (1)

-6 T T T T T T T
400 450 500 550 600 650 700 750

800

Temperature [°C]

(b)

Fig. 13—Recorded weight during heating as a function of (a) time and (b) temperature during heating in CO-CO,, CO-CO,-H,, and
CO-CO,—H,0 where both atmospheres correlate to the same theoretical oxygen pressures (that of 50 pct CO-50 pct CO,).

0.1255
0.1250
_ e
£
® 0.1245 -
d
2
§ 0.1240
Q.
©
b 0.1235
PN
—— pH2 (CO-CO5-H,)
0.1230
—— pH, (CO-CO,-H,0)
0.1225 T T T T
0 200 400 600 800 1000
Temperature [°C]
Fig. 14—Partial pressure of hydrogen in CO-CO,-H, and

CO-CO,-H,0 atmosphere according to the water—gas shift reaction.

during reduction of manganese ores has been reported
previously.™ Addition of hydrogen as water vapor
resulted in a highly similar weight reduction behavior as
the corresponding CO—-CO, atmosphere, while a more
rapid increase was seen in the CO,/CO ratio. According
to chemical analyses, the overall reduction extent of
Nchwaning ore was unaffected by hydrogen, both when
added as H,O(g) and H»(g), at atmospheres correlating
to the higher oxygen pressure (p(O,);). However, a
significantly higher reduction degree was obtained at the
lower oxygen pressure (p(O,),) when hydrogen was
present compared to the CO—-CO, atmosphere.

It is clear that while the carbon deposition is governed
by temperature, a certain CO/CO, ratio in the gas is also
required. Due to this, carbon deposition is largely
avoided during heating of Comilog ore as high oxygen
level and high reduction rates decrease the CO/CO,
ratio drastically. Furthermore, it is well established in
literature that metallic iron, and iron oxides to a lesser

METALLURGICAL AND MATERIALS TRANSACTIONS B

extent, have a catalyzing effect on carbon deposition,!"”

though it is not clear how this relation holds for iron
oxides present in manganese ore. Nonetheless, Nchwan-
ing ore has a considerably higher iron content compared
to Comilog ore, which may have contributed to depo-
sition. It is not expected that any metallic iron was
formed during reduction of Nchwaning ore at current
conditions, as the reduction of iron oxide in manganese
ores has been observed to subside with the formation of
monoxide at temperatures up to 1000 °C, both in
CO-CO, atmosphere and CO-CO,—H, atmospheres.

B. Industrial implications

The reduction of Comilog ore and Nchwaning ore
was initiated at approximately 200 °C and 450 °C,
respectively, regardless of the gas composition. During
reduction, hydrogen generally has a promoting effect on
the prereduction of manganese ores. It may, however,
also promote carbon deposition initiated at 400 °C
where reaction rates depend on the CO/CO; ratio in the
gas. Thus, high oxygen ores (such as Comilog) are less
exposed to carbon deposition compared to semi-oxygen
ores (such as Nchwaning). Water vapor reacted accord-
ing to the water—gas shift reaction at temperatures close
to 400 °C, where the promoting effect of hydrogen on
the reduction rate of Comilog ore was seen at temper-
atures exceeding 430 °C. Surface moisture in the charge
materials will evaporate rapidly at 100 °C and will thus
not likely lead to any promoting effect on the prereduc-
tion reactions. It is further not expected that any of the
evaporated surface moisture reacts according to the
water—gas shift reaction, as no occurrence of the WGSR
was observed below 400 °C. An increasing amount of
surface moisture in the raw materials fed to the
industrial furnace will, however, lead to an increased
overall energy consumption, a lower off-gas tempera-
ture, and may also impact the temperature development
in the charge. The latter effect is likely more prominent
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for high oxygen ores (such as Comilog) compared to
semi-oxygen ores (such as Nchwaning), as the amount
of heat released during reduction is considerably larger
for MnO,-containing ores. While surface moisture will
likely not affect the prereduction reactions, there are
other sources of water vapor and hydrogen in the
industrial system. Both chemically bound moisture in
Comilog ore, quantified at 5 wt pet,'? as well as
hydrogen and methane ori?nating from the carbon
material used as reductant,!'’ may be present at the
prereduction temperature range, and thus influence the
prereduction.

V. CONCLUSIONS

The effect of hydrogen in the form of H,O(g) and
H>(g), and the occurrence of the water—gas shift
reaction, on the reduction behavior of Comilog and
Nchwaning ore in atmospheres largely composed of
CO—CO, were investigated. Experiments were con-
ducted in CO-CO,, CO-CO,-H,, and CO-CO,-H,0
atmospheres, where the composition was calculated to
correlate to similar theoretical oxygen pressures.

The results showed that the water—gas shift reaction
did not occur at temperatures below 400 °C to 500 °C.
Introduction of water vapor, producing hydrogen
through the water—gas shift reaction, or introduction
of hydrogen directly, to CO-CO, atmosphere promoted
the reduction of Comilog ore. A faster reduction was
obtained with hydrogen compared to water vapor, and
it is concluded that the water—gas shift reaction occurred
to some extent but was not at equilibrium. The
reduction of Comilog ore was initiated at 200 °C in all
evaluated atmospheres, where the promoting effect of
water vapor addition was observed to be initiated at
temperatures exceeding 430 °C, when the ore was
approximately 25 pct prereduced (relative to MnO).
Addition of water vapor or hydrogen during heating of
Nchwaning ore did not promote the reduction extent
obtained during heating at 25 °C to 600 °C. At low
oxygen pressure, hydrogen had a clear promoting effect
on the reduction of Nchwaning ore at temperatures
exceeding 700 °C. Carbon deposition occurred at
temperatures exceeding 400 °C during reduction of
Nchwaning ore, where the deposition rate was promoted
by increasing CO(g) and H(g).
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