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CHAPTER I

INTRODUCTION

Purpose of Study

The only commercial source of pure manganese is based
on the electrolysis of manganese sulfate solutions. One
of the important steps of this process is the reduction
of oxidized ores to make them soluble im the recycled
anolyte. This is usually accomplished by roasting the ore
in a reducing atmosphere at high temperatures., It has
long been known that the manganese content can be readily
reduced in this manner to the divalent form, Very little,
however, is known about either the kinetics of the reduc-
tion reactions or the nature of the intermediate reduction
products., This situation contrasts sharply with the state
of knowledge pertaining to the reduction of other oxides,

such as those of iron, copper, tin and nickel.

The consumption of manganese metal in the United
States has doubled during the period from 1959 to
1964(209 21). It may therefore be anticipated that in
the future there will be a much greater economic incen-
tive to optimize current roasting processes, as well as
to develop more economical reduction and roasting tech-
niques, In recent years, the intermediate oxides, Mn,0,

- and Mn304, have also gained commercial importanczj; conse~

qdently, it is of interest to determine whether either of
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these oxides can be obtained in relatively pure form as
an intermediate reduction product of manganese dioxide.
Accordingly, the purpose of this work was to study the
reduction of manganese dioxide, both with respect to the
kinetics and to the identification and stability of the
reduction products. Hydrogen was used as the reducing
gas, and particular attention was focused on the effects
of temperature, hydrogen partial pressure, and water

vapor content in the hydrogen stream.

Mineralogical Forms of Manganese Dioxide

Manganese dioxide is not a simple compound of constant
structural configuration and constant properties. On the
contrary, a number of structurally distinct forms have
been identified either in natural ore deposits or in arti-
ficial products. In 1961 Gattow and Glemser(lo’ 11, 12)
presented the most complete survey of the state of know-
ledge of the various manganese dioxides, including the
interconversions and relations among them, They have
classified the synthetically prepared dioxides, as well as
some of the more important natural minerals. An earlier
review and classification was published in 1948 by McMurdie

and Golovato(lg).

Gattow and Glemser classified the known manganese
dioxides into seven major groups on the basis of their

X-ray diffraction patterns, and within most groups they
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proposed further breakdown according to crystallinity (as
judged from the relative intensities of the X-ray reflec-
tions). Inasmuch as the interest of the present work is
in the reduction of a dioxide form which is found in
nature, the following survey is restricted to the better

known manganese dioxides which have mineralogical origins.

The most common manganese dioxide is the well-crystal-
lized form identified by the mineralogical name pyrolusite.
In terms of the Gattow and Glemser classification it is
known as beta-Mn0O,. It is the most stable of the several
forms, and the other dioxides gradually transform into
this modification when they are heated. Thé‘iiterature
is in agreement that its structure is tetragonal (rutile
group) with unit cell dimensions a = 4.38 to 4.44 & and
c = 2,85 to 2,90 1. Beta-MnO, is said to have a definite

. (11)
solubility range of Mnol‘.89 to MnOzgoo. -

The mineralogical name polianite was sometimes used
to identify a dioxide form originally thought to be dis-
tinct from pyrolusite. X-ray studies, however, have since
shown that the two forms are identical and the name

polianite is now rarely used.

A second well-crystallized form is known as ramsdel-
lite, Its structure is said to be orthorhombic, This

form has apparently not been prepared synthetically and
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it occurs only rarely in nature,

The gamma form of manganese dioxide is found both in
natural ores and in artificial products., While it is often
considered to be a poorly crystallized form of pyrolu-
site(lg), Gattow and Glemser maintain that this form con-
tains chemically bound water which is lost at 120°C, The
well-known Gold Coast ore is said to be largely of this

modification,

The mineralogical form, cryptomelane, is character-
ized by the presence of K or Na in the lattice, Likewise
the terms coronadite and hollandite apply to natural min-
erals containing, respectively, Pb and Ba, These forms |
can be prepared synthetically and they are all of the afpha

variety in terms of the Gattow and Glemser classification.

Various formulas have apparently been proposed for
the mineral, psilomelane, but according to McMurdie and

Golovato, modern usage is restricted to BaMnMnBOle(OH)4.

The term "wad"™ has been used to designate an earthy
mixture that is largely MnOz, but it often contains large
amounts of H,0 and Ba0, According to McMurdie and Golo-
vato, it has no distinct mineralogical definition and
actually consists of pyrolusite, psilomelane, cryptome-

lane, and other minerals.
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Since pyrolusite is the most important industrial
manganese dioxide mineral, it was decided to use synthetic

samples of pyrolusite in this work,
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CHAPTER II

PREVIOUS INVESTIGATIONS

Very few data on the reduction of manganese dioxide
have been published. The only serious kinetic study here-
tofore made is the Russian work of Chufarov and co-

33, 34)

workers(z’ In the first(34) of three related

publications, powder samples of MnO, (the beta form),
Mn203 and Mn304 were reduced to Mn0 with hydrogen in a
closed recirculating apparatus. Product water vapor was
removed in a cold trap and the kinetics were followed by
noting the decrease in hydrogen pressure with time. Ini-
tial hydrogen pressures of 50, 100, and 200 mm, Hg were
used, and temperatures in the range of 300° to 500°C were
studied, The reduction rate of Mno2 was observed to vary
approximately linearly with hydrogen pressure, and the
apparent activation energy wés determined to be 24 kcal,/
mole, The initial reduction was always characterized by

a very high rate, and this was interpreted by Chufarov to
correspond to the stepwise formation of the intermediate
oxide, Mn203. The high initial rate was found to fall
sharply with the progress of the reaction, becoming prac-
tically constant at approximately 22, 40 and 50% reduction
(based on conversion to Mn0O) at 400°, 450°, and 500°C,
respectively. The rate thereafter decreased only slightly

up to about 80 or 90% reduction, after which it decreased
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relatively quickly. It was concluded that this reduction

behavior was indicative of stepwise reduction.

In a second paper(33) Chufarov and co-workers report-
ed reduction data using carbon monoxide., The rate of MnO,
reduction increased with the CO pressure in a nonlinear
fashion, and the apparent activation energy was found to
be 16.2 kcal.,/mole. The reduction proceeded faster with
carbon monoxide than with hydrogen. In a third paper(z),
Mn02, Mn203, and Mn304 were reduced in mixtures of C0-CO,.
The reduction rates were found to be severeiy retarded by
carbon dioxide, the rate of ¥MnO, being inversely proportion-
al to ch;69 at 350°C. Some experiments were also conducted
on the reduction of Mn,0; and Mnj0, at 450°C using H,-H,0
mixtures. Here the rate was severely inhibited by the

presence of water vapor. No data were presented on the

effect of water vapor on the reduction of Mnoz.

Chufarovt!s kinetic data were not supplemented by phase
identification of the partial reduction products. The con-

clusion that the reduction of Mn02 proceeds stepwise ap-

pears unwarranted inasmuch as it is based only on the

qualitative shape of the reduction curves,

Several other publications which relate to the reduc-
tion of MnO,, but which are of less value than the Chufarov

series, will now be reviewed briefly.
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The Bureau of Mines(4) has published limited data on
the reduction of manganese-silver ores. Their principal
object, however, was to determine the conditiomns for the
optimum recovery of silver (by cyanidation) and not the
reduction kinetics of Mnoz. It was found that for the best
recovery of silver, reduction of the higher oxides of man~
ganese to Mn0 was essential, Experiments showed that if
the ores were reduced at relatively low temperatures, the
Mn0 product reoxidized to a greater or less degree upon
contact with air, while reduction at high temperatures
produced a stable Mn0 product. Consequently, considerable
attention was directed toward determining the stability of
the completely reduced product (i.e., MnO) as a function
of reducing temperature. However, quantitative kinetic
data were reported for two runs on a Sumatra ore, in which
the MnO2 was indicated to occur as "wad®, The ore was re-
duced using CO in one case and H, in the other, for periods
of two hours at successive temperatures ranging from ap-
proximately 100° to 465°C, The initial redsction was some-
what faster ;ith C0, but at later stages very little dif-
ference between the two reducing gases was observed. No
attempt was made to study the reduction kinetics in any

detail,

Dunoyer(e) reduced several specimens of manganese
dioxide, including a single sample of beta-MnO,, with

hydrogen., A closed system was used and the temperature
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was progressively increased during the course of the
reaction, He plotted the change in hydrogen pressure
versus temperature, and from this plot concluded that the
reduction started at approximately 220°C with the formation
of Mn203, which was further reduced at approximately 26000,
the final product being MnO (at 40000). The conclusions
relating to the nature of the intermediate products were
deduced from thg qualitative shape of the pressure-temper-
ature curve., Dunoyer's data serve merely to indicate the

approximate temperature range in which Mn0O, can be reduced.

2

Anikeev et al.(l) reduced samples of ore and pure MnO,
with hydrogen and carbon monoxide. A vertical-tube furnace
was used and the pressure was maintained at approximately
one atmosphere. A number of temperatures in the range of
150° to 400°C were investigated. Below 330°C, CO was
found to reduce faster than did H,, while at higher temper-
atures the reverse was true., Because of this it was con-
cluded that the process was kinetic-controlled below 350°¢C
and diffusion-controlled above this temperature. However,
the observed rates in this study were found to vary with
the flow rate of the reducing gas, even at low temperafﬁres.
Obviously, then, these data contain appreciable gas-to-
particle mass transport resistance, The authors do not
show an Arrhenius plot, nor do they report an apparent

activation energy.
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(3;

Cismaru and Vass reduced powder samples of man-
ganese dioxide in a vertical~tube furnace using hydrogen
at one atmosphere pressure. Data for only four ;ﬁns (350°
to 490°C) are reported, Contrary to other investigators,
these authors claim that under their conditions the reduc-
tion terminates with the formation of Mn304. Once again,
apparently no phase identification work was conducted to

support this conclusion., An apparent activation energy of

22.627 kcal./mole based on the four runs is reported.

(29)

Soldatkin concentrated his efforts on reducing
agglomerates prepared by fusing natural ore specimens with
various additions of lime and coke at approximately 1500°c.,
Inasmuch as the manganese dioxide was converted to Mn304

(by dissociation) during this process, Soldatkin's study

has little direct bearing on the present work.,

It becomes apparent from this review that any new
study of the redvuctioxn kinetics should be supported by

phase identification studies.
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CHAPTER III

THEORY

Stable Oxides of Mahganese

X-ray evidence(zz) indicates that there are four

stable compounds of manganese and oxygen between the
stoichiometric limits of Mn0; o .  , o Mn0,, Mn,0g,
Mn;0,, and MnO. There are, however, polymorphic and dis-
perse forms of some of these oxides, Furthermore, rather
wide deviations from stoichiometric proportions have been
observed. For example, Rode(ze) has reported that oxida-
tion of manganous oxide yields a homogeneous solid solu-
tion in the range of MnO to Mnol.ls. On the other hand,
Moore(zz) found (by X-ray studies) that the MnO structure
alone was retained in oxidation up to MnO; 43, after which
the Mn0 pattern disappeared completely and that for ano3
appeared, The other manganese oxides are also known to
form in nonstoichiometric proportions., However, the sol~
ubility limits are not well enough established to prepare

a reliable manganese-oxygen equilibrium diagram at this

“ime,

Ma-~-H-0 Reduction Equilibria

The oxide phases which are in equilibrium with gas
mixtures of H2 and H20 are shown in a convenient manner in
Figure 1, where the equilibrium comstants calculated from

“the free energy data(7) are plotted against temperature,
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FIG. 1 Mn-H-0 REDUCTION EQUILIBRIA
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The broken curves are discussed at a later point and the
reader may disregard them for the moment. The uppermost
solid curve represents the equilibrium reaction,

= +
240, + H, = Mn 0, H,0 (1)

Similarly, the three lower solid curves represent, in turn,

the equilibrium reactions,

3¥n,0; + H, = 2Mnj0, + H,0 (2)
Mnj0, + H, = 3Mn0 + H,0 (3)
Mn0 + Hy = Mn  + H,0 (4)

Each area in the diagram represents a stable phase,
as marked. Thus, if MnO, is exposed to a H,-H,0 gas
mixture at 500°C, and if the ratio PHZO/PH2 is maintained
greater than about 1 X 1014, no reduction can occurj if,
on the other hand, the ratio is less, reduction to Mn,04
is thermodynamically feasible., Similar considerations
apply to the other equilibrium curves. It is evident that
reduction to Mn0 is feasible in the entire temperature
range of the chart, even with very low hydrogen partial
pressures., Indeed, reduction of MnO, down to Mn0O is pos-

sible as long as the ratio Py 0/PH is less than approx-

2 2
imately 1 X 105. There is then a very high thermodynamic
potential for the reduction of any of the higher oxides

to MnO,
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Quite the opposite is true for the reduction of the
monoxide to manganese metal., In this case, reduction at
500°C can proceed only if the ratio PH20/PH2 is maintained
less than approximately 5 X 10-9. Even at 1600°k (above
the melting point of manganese) I’HZO/PH2 must be maintained
below 3 X 10™4 in order to make the reduction to Mn thermo-
dynamically possible. Consequently, further reduction of
the monoxide to the metal does not occur to any appreciable
extent in the realm of practical temperatures. Hence,

equilibrium considerations predict that the reduction of

MnO2 with hydrogen terminates with the monoxide,

In the foregoing analysis the gas phase was assumed
to contain only hydrogen and water vapor, Since manganese
dioxide has a relatively high dissociation pressure, a more
comprehensive approach would be not only to account for
reactions (1) through (4), but to consider simultaneously
the dissociation reaction, equation (5).

2Mn0, = Mn,0; + 30, (5)
Equivalently, it is sufficient to account for reaction
(6).
Hy + %02 = H20 (6)
If the equilibrium constant of reaction (6) is given by K

PHZO
I (7)

the equilibrium oxygen pressures in the presence of
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hydrogen and water vapor may be calculated in the follow-
ing manner, Rearranging equation (7),

PHZO/PH2 = K PO% (8)
Equation (8) can be solved for the ratio PHZO/PHZ at
arbitrarily selected oxygen partial pressures. This cal-
culation was carried out at various temperatures and the
results are shown in Figure 1, where each dashed curve
represents a constant level of oxygen pressure. The solid
and dashed curves together can be used to calculate the

composition of the gas in equilibrium with an oxide pair,

The calculation of the composition of the gas in
equilibrium with an oxide pair is perhaps best illustrated
with a specific example. For this purpose consider the
gas in equilibrium with the solid phases Mno2 and ano3 at
530°C, at a total pressure of 1.5 atmospheres., From
Figure 1, P02 = 1,0 atm.,, and log PH20/PH2 = 13.3, or
PHZO/PHZ =2X 1013. Since the total pressure is 1.5 atm.,

+ PH = 1.5

Po, + Py 20

2 2

1.0 + Py + 2X1013PH2 = 1.5

Therefore, Py, £ 2.5 X 101* atm., and Py,o ¥ 0.5 atm,
Inasmuch as the equilibrium oxygen pressure is approximately
one atmosphere, it is possible that dissociation and reduc-

tion of MnO, could occur simultaneously at this temperature.

2
0f course, the relative reaction rates will determine
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whether reduction and dissociation can actually proceed

simultaneously.

An examination of the other constant P02 curves in
Figure 1 indicates that the dissociation driving force is
clearly very small below about 450°C., Nevertheless it
should be borne in mind that dissociation and reduction

could proceed simultaneously at the higher temperatures.

Rate Steps in the Reduction Process

The gaseous reduction of a solid oxide is usually
thought to occur in topochemical fashion; that is, the gas-
solid reaction is generally believed to occur at a boundary
separating two solid phases., Indeed, Langmuir(17)‘has
shown that if a solid phase and gas react to form a second
solid phase, the reaction can occur only at the interface
separating the two solid phases. Furthermore, a nucleus
of the second phase must initiate the reaction., Once the
interface has been established, the reducing gas must
diffuse through a layer of the reaction product. Conse-
quently, the overall reduction process for a nonporous
particle of oxide may be separated into the following steps:

Step 1. Transfer of reducing gas from the bulk gas

stream through the gas boundary layer to the exterior

surface of the particle, and reverse transfer of
product gas.

Step 2. Inward diffusion of reducing gas across the
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outer reduced layer (metal, or a lower oxide, as the
case may be) to the reaction interface, and reverse
diffusion of product gas. W

Step 3. Gas-solid chemical reaction at the interface
separating the reduced outer layer_from the unreacted
oxide. This step includes any associated adsorption

and desorption phenomena which may occur,

There is additional complication when the reacting
particle is porous, for then the reducing gas may diffuse
into the porous volume with steps 2 and 3 occurring through-
out the particle along the walls of the pore structure.
Because of the greater surface area available for reaction,
the overall reaction rate will be higher; however, since
the concentration of the reducing gas will vary throughout
the particle, the reduction will not generally proceed at
a uniform rate at all points., Furthermore, significant
temperature gradients may be established in porous particles
undergoing reduction. Hence, the combination of pore dif-
fusion and nonisothermal effects may either increase (for
an exothermic reaction only) or decrease the observed
reduction rates, Methods(zs’ 27) have been developed to
estimate the extent of these complications, but independ-
ent estimates of the effective diffusion and thermal
conductivity coefficients must be made. In the laboratory
these effects can usually be minimized By using sufficiently

small particles, in which case concentration and temperature
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gradients would be small.

Determination of Rate-~Limiting Step

In the following discussion it is assumed that the
particles are perfectly dense or, if porous, that they are
small enough so that temperature and concentration gradi-

ents are negligible,

The concept of a rate-limiting step is very useful in
interpreting heterogeneous kinetic data. In general, any
or all three steps listed above may influence the observed
reduction rate; however, if the resistance offered by one
step is much greater than the others, it is said to be
rate-determining. The other two steps then occur under
very small concentration gradients, and their resistance
to the overall reaction rate may be neglected. If suffi-
cient data are available, it is a relatively simple matter
to discriminate between steps 1, 2, and 3. The variation
of the observed rates with temperature, pressure, and flow
rate, in particular, lends insight into which of the steps

is rate-controlling,

When either of the diffusion steps (1 or 2) controls,
the reduction rates would be rather insensitive to temper-
ature. Because diffusiom processes have activation
energies of only one or two kcal./mole, the observed

activation energy would also be on the order of one or
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63

of the temperature. This also suggests that the auto-
catalytic behavior resulted from the existence of orig-
inally sealed-off pores. This argument does not preclude
the existence of some degree of intrinsic autocatalytic
behavior. Indeed, as mentioned earlier, when one solid
reacts in a gas-solid reaction to form a second solid,
the reaction can occur on1;~;f the boundary between the
two solid phases. Furthermore, if the growth of the inter-
face begins at relatively few points on the surface, the
reduction rate will increase until the interface covers
the entire surface. Nevertheless, it appears that the
primary cause for the autocatalysis observed here lies in

the structural characteristics of the oxide and not in

the intrinsic kinetic behavior.

It was possible to correlate the reduction data for
the porous pellets in terms of the rate model depicted in
Figure 13. A porous pellet of Mno2 may be pictured as an
agglomeration (Figure 13a) of numerous dense cubes, each
of identical edge xy. Under conditions where both boundary-
layer transport and pore-diffusion resistances are negli-
gible, it suffices to consider the reduction of a single
(hypothetical) dense cube (Figure 13b) exposed to the

known bulk gas phase hydrogen concentration.

At temperatures of 250°C and lower, the X-ray data

have shown that the reaction subsides with the formation
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