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Effect of Hydrogen on the Reduction Kinetics of Manganese Oxide
at High Temperatures by New EGA Method
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The present study is concerned with the kinetics of carbon reduction of manganese oxide
and the effect of hydrogen addition on this reduction process by the new technique, simultaneous
measurement of evolved gas analysis (EGA) and the humidity sensor (HS). Water vapor
evolved by the reduction with hydrogen was also detected by Humidity sensor. In the reduction
process of MnO, manganese carbide was formed at an earlier stage of reduction, and the activation
energy of 203 kJ mol~! nearly equal to that for Boudouard's reaction was obtained. As carbon
was consumed entirely, the reaction between manganese oxide and it's carbide occurred to yield
metallic phase.

It is concluded that the new technique, simultaneous measurement of EGA and HS is
useful and trouble less tool for the high temperature reduction processes of active materials
such as manganese oxides, as it's high vapor pressure and reactivity with silica tube for
reaction vessel in an apparatus may lead to difficulties in measuring the kinetics of reduction

processes.

1. Introduction

The system of Mn-Fe-O have so far studied and
summarized by several investigators,!® however, the
characteristics of high temperature reduction process of
manganese oxides with carbon were not clarified
sufficiently. The vapor pressure of metallic manganese
formed in the reduction process is as high as 890 Pa at
1673 K. Therefore, the application of the gravimetric
technique to this reduction process seemed to be difficult
because of the loss through volatilization.

Mizutani et al.® and Saito et al.”’ studied the
thermal decomposition processes of calcium and
lanthanum oxalates by means of the evolved gas analysis
(EGA) method. In previous papers,!%13 MnO; or Mn;03
phase in manganese ores continuously converted into

lower oxides under a suitable condition of temperature

and oxygen partial pressures. MnO phase was obtained
easily in the reduction process up to about 1273 K.
The reduction of manganese iron double oxide, MnFe;O0y4,
which yielded MnO-FeO phase was also investigated.!l

It is well known that the hydrogen peak area
measured by thermal conductivity detector (TCD) as a
detector for gaschromatograph is not depend linearly
upon the hydrogen concentration using helium as a carrier
gas.!¥ Though, the carbon reduction process of metal
oxides has been investigated by the EGA method,!0-1)
it is difficult to study the hydrogen reduction process
quantitatively by TCD. The evolution of water vapor
can be detected by the humidity sensor (HS) using
metal oxidized thin film,!51® therefore, the simultaneous
measurement of the two techniques of EGA and HS is
used to overcome this problem. The humidity sensor
can be used as a detector for various gas analyses

independently or with combination of gas detector such
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as TCD.

The present study is concerned with the kinetics
of carbon reduction of manganese oxide and the effect
of hydrogen addition on this reduction process by means
of the new technique. The hydrogen reduction process
important to obtain the basic data for the reduction
kinetics of metal oxides with CH4 or natural gas, is

clarified experimentally.
2. Experimental Procedure

2.1 Specimen

MnO; was prepared from a reagent of recrystallized
This
specimen was then reduced to MnO by hydrogen at 1273

manganese nitrate by heating at 473 K in air.

K for 86.4 ks in an electrical resistance furnace. Carbcn
powder as a reducing agent was heated at 1473 K under
a helium atmosphere to eliminate any volatile materials.
2.2 Experimental apparatus

The isothermal and non-isothermal reduction
processes were studied with EGA method.® In the
hydrogen reduction process, H,O evolved was measured
by means of humidity sensor using Tantalum thin film.
The experimental apparatus is illustrated in Fig.1. Sampile
is heated at constant rate in a hydrogen-helium gas stream
as a carrier gas. When interaction such as chemical
reaction or adsorption between the carrier gas and sample
occurs, the concentration of the hydrogen in the gas
stream decreases, and when H,O is evolved from sample,
it's concentration is measured by HS sensor individually.
After elimination of HO by Trap (Ascarite), the decrease
of hydrogen concentration in passing through the TCD
cell is detected by TCD with high sensitivity. In the case
for methane formation, the gas evolved was detected
only by gaschromatograph (GC). The gases evolved
were calculated in the same way as GC. The application
techniques for EGA and HS to reduction process of
manganese oxides were described in the previous

papers!®15) in some detail.
3. Results and Discussion

3.1 Isothermal reduction process

The typical reduction process of MnO; to MnQ
in a helium and hydrogen gas stream is shown in Fig.2.
As the evolution of H,O is detected clearly by HS
corresponding to the decrease of hydrogen measured
by TCD, it is thought that HS is responded only to the
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Fig.1 Experimental apparatus for simultaneous
measurement of EGA and Humidity sensor.
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Fig.2 Evolved gas analysis curves for the reduction
of MnO; with humidity sensor (HS) and thermal
conductivity detector (TCD).

water vapor.

In the present study, hydrogen gas was added to
the reduction process of MnO, but only CO gas was
detected by a gas chromatograph. Then, the CO gas
evolved in the reduction process of MnO is detected
by TCD. The effect of hydrogen flow rate on the
reduction process of MnO with carbon is shown in Fig.3,
where « is the fraction of reduction in converting MnO
to metallic manganese. As shown here, the H; flow
rate of 2.00 X109 m3s~1! is sufficient for achieving
the critical gas velocity, and the product gas can be
removed quickly from the outer side of the sample to
the bulk gas. The reduction rates of MnO were measured
for several carbon contents and particle sizes of carbon
at 1423 K. The result shown in Fig.4 indicates that
the rate increases with decreasing particle size and with

increasing carbon content. For the experiment with
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Fig.3 Effect of hydrogen flow rate on the carbothermic

reduction of manganese monoxide.
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Fig.4 Effect of particle size and carbon content on
the hydrogen added carbothermic reduction of
manganese monoxide.

carbon ratio less than MnO/C =1/1, residual MnO is
detected after the completion of the reduction. At an
earlier stage of reduction up to about 40 %, manganese
carbide, Mn;Cs, is formed. When carbon is consumed
entirely, the reaction between manganese oxide and it's

carbide occurs to yield metallic phase. For the reduction
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with excess carbon content, only carbide is formed.
The carbon reduction of MnO occurring at the
interface of the solid phase MnO-C are;

TMnO + 13CO = Mn,C; + 10CO; (1)
C + CO; = 2CO (2)
and the overall reaction is,

7MnO + 10C = Mn;C3 + 7CO 3)

The rate determining reaction seemed to be a chain
reaction between CO-CO; gas phases 1017 expressed in
eq.(2).

Manganese carbide formed during the reduction
was also identified by X-ray diffraction using Fe-Ka
radiation and EPMA examination. The loss of manganese
through volatilization was calculated to be less than 0.12
% at 1473 K.

3.2 formation of methane

The addition of hydrogen to the reduction process
of MnO with carbon, results in the formation of methane
gas. This methane formation reaction between carbon
and hydrogen, proceeds actually at the temperature range
of 1000 - 1420 K. The equilibrium constant X is given

by 18)

log K = —5.77 +4765/T K =Pcu, / Pu,? 4)

where, T is temperature, Pcu, and Py, are the partial
pressures of CH4 and Hy, respectively. As the standard
free energy of formation at 1423 K under the hydrogen
flow rate of 0.33 X105 m3s ! is estimated about —7.3
kJ mol™!,! the formation reaction of methane seemed
to be proceeded. The amount of methane formed from
carbon is measured by gaschromatograph, and shown
in Fig.5. The formation of methane proceeds at about
1073 K, and the maximum peak is observed at 1323 K.
At more high temperatures, methane decomposes to yield
the formation of nascent carbon, which tends to result
in the acceleration of reduction rate with carbon.
Furthermore, the addition of nickel powder accelerate
the methane formation. In addition, the acceleration
for the formation of methane by nickel catalyzer (0.2
mol%) is also shown in Fig.5.

In the reduction process of several sorts of iron
ores by the reformed natural gas, it was reported?®
that the reducing action of natural gas was weak, but

it was found that, when gas was decomposed, the
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Fig.5 The methane amount formed from carbon, and
catalyzed by nickel powder.
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Fig.6 Effect of temperature on the hydrogen added
carbothermic reduction rate of manganese

monoxide.

reduction became strong. This strong reducing action
would be given by hydrogen and nascent carbon formed
by the decomposition of hydrocarbon. Therefore, the
fundamental data obtained in this study seems to be
useful to develop the one step direct reduction process
of iron manganese ores, and contribute to the save energy
of ferroalloy manufacturing industry.
3.3 Effect of H; addition

For the reduction process of MnO in the mixture
gas stream of hydrogen-helium (H; + He) gas as a carrier
gas, only CO gas was detected by a gas chromatograph.
Then, the CO evolution was detected independently by
TCD.

The effect of H; on the reduction process of MnO

with carbon was examined at the temperature range of
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Fig.7 Relation between time and 1 —(1 —a)'? in the

rate equation for an interfacial reaction.

-3.0 T '

-3.5+

log K/ s™!

1 L |

6.8 7.0 7.2 7.4
T-1/104 K!
Fig.8 Arrhenius plots for the hydrogen added

carbothermic reduction of iron-manganese oxides.

1393 K - 1463 K. The results were shown in Fig.6. It
has been mentioned in the previous paper,?! that the rate
equation for an interfacial reaction is applicable to the
cabothermic reduction of MnO. Plots of [1 —(1 —a)!/3]
vs t are shown in Fig.7. Since the temperature raising
to the desired temperature needed for excess time, a
plot of data does not reveal a linear relationship at the
first stage of reduction.

From the slope of these straight lines (o = 0.1 —
0.7), the activation energy of this reduction was estimated

to be about 203 kJ mol ~! (Fig.8). This value is smaller
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than that for the carbothermic reduction of MnO, nearly
equal that for Boudouard's reaction reported by Singleton
et al.?? and Turkdogan et al.?¥ Thus, the reduction
rate is seemed to be accelerated somewhat by the addition
of hydrogen, related to the change of frequency factor
for Arrhenius equation.

It is concluded that the multi-technique of EGA
and HS has made it possible to clarify the hydrogen
addition effect that takes place in the reduction process

of manganese oxide with carbon.
4. Summary

The kinetics of carbon reduction of manganese
oxide and the effect of hydrogen addition on this reduction
process were studied by the new technique, simultaneous
measurement of evolved gas analysis method and the
humidity sensor. The results may be summarized as
follows:

(1) In the hydrogen added reduction process of
MnO,, Water vapor evolved was detected by HS and
the decrease of hydrogen concentration by TCD,
respectively.

(2) For the reduction process of MnO, Water vapor
was not detected by gas chromatograph. Then, the
reduction process was measured by only TCD.

(3) It became clear by gas chromatograph that
the formation of methane proceeded at about 1073 K,
and the maximum peak was observed at 1323 K. At
more high temperatures, methane decomposed to yield
the formation of nascent carbon, which tended to result
in the acceleration of reduction rate with carbon.

(4) At an earlier stage of reduction of MnO,
manganese carbide was formed, and the activation energy
of 203 kJ mol ~! nearly equal to that for Boudouard's
reaction was obtained. When carbon was consumed
entirely, the reaction between manganese oxide and it's
carbide occurred to yield metallic phase.

(5) Simultaneous measurement of EGA and the
humidity sensor is useful and trouble less tool for the
high temperature reduction processes of active materials
such as manganese oxides, it's vapor pressure being very
high. The authors would like to thank Prof. N. Mizutani,
Department of Inorganic Materials at University of Tokyo
Institute of Technology for his able guidance and help
rendered during this investigation. The authors wish

to thank T.Hashizume who carried out the experiment
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as a graduate student of Toyama University.
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