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AssrnAcr

The rate of dissociation and the degree of stability of MnCOt in air and in
inert, gase,s (nitrogen and argon) were studied over the temperature range 100 to
720"C. In the temperatur€ ra,nge under consideration, the solid end-product is
manganosite (Mn'-,O), hausmannite (Mn"On), partridgeite or bixbyite (a-Mn,O"),
tetragonal 7-MneOs or occasionally a combination of two or even three of these
products depending on the temperature, the gaseous medium, and the grain size
of the initial MnCOi,.

The rate of dissoeiation of MnCO" is practically independent of the initial
amount of material and is mainly a function of the grain size, temperature, and
composition of thq gaseous medium in which the reaction takes place. Variations
of rhodochrosite conientration a.re of minor importance. The order of the reac-
tion is very close to one. The activation energies calculated for 71 medium-to
high-temperature experiments and extrapolated down to 120'C vary beiween 18.1
and,27.2 kcal mole-'. The instability or metasta,bility of MnCO" in air (depend-

ing on the grain size) at 110'C is established. MnCOa appears to be stable at
room temperature (25"C) in air. The metastability of MnCO" at 110"C is ex-
plained by a thin layer of a-Mn Oa in the same way as the metastability of
Al zurrounded by a coating of AlrO".

Iwrnonucrrorv

Rhodochrosiie (MnCO3) is an important mineral in space and
time. Its abundance in nature has been underestimated even at the
economical point of view. It is believed that many manganese oxide
deposits were at one time rhodochrosite which has been altered per-
haps to Mnr*O and Mn3Oa (and manganite in hydrous systems) but
certainly to '-MnzOs and 7-Mn2Os and possibly later on to MnOz
under the direct effect of the oxidizing atmosphere or the down-
ward percolation of oxidizing waters. The Catamarca, Province in
Argentina is a typical example. Recent work on the relatively un-
altered iron formations of the central part of the Labrador Trough and
the metamorphosed iron formations of the southern part of the Trough
has shown that Mn2O3 and MnO2 comes mainly from the dissociation
and oxidation of rhodochrosite (see Bricker, 1965, p. f340-1350). Very
few studies deal with the kinetics and equilibria of manganese min-
erals at conditions relatively close to those of their natural environ-
ments. More specifically, rhodochrosite is found in sedimentary
rocks or in ocean bottom sediments at a relatively low temperature
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(< 100'C) and at low to medium pressure conditions. Outside its
stability field, MnCOs decomposes to one or more manganese oxides
according to the following possible reactions:

MnCOa -+ MnO (manganosite) + C + O,
MnCOa --+ MnO (manganosite) + CO,

6MnCO' * O, + 2Mn,Or (hausmannite) + 6CO,
4MnCO' * O, + 2a-Mn,O3 (bixbyite'or partridgeite) + 4CO,
4MnCOa * O, + 27-MnrO" (tetragonal, no name) + 4CO,
2MnCOa * O, + 2MnO, (pyrolusite) + 2CO2

A detailed study of the rate of , dissociation (kinetics of mass de-
composition) and degree of thermal stability of MnCOg in air and
inert gases (nitrogen and argon) was undertaken over the temperature
range 100 to 72A"C to determine the nature of the coating of the
rhodochrosite. This mineral was found in the Catamarca Province in
Argentina and in the southern part of the Labrador Trough (Wabush
area), Newfoundland, Canada. This study was also conducted in order
to gain some knowledge about the relative importance of grain size,
temperature, degree of packing, gaseous medium, and concentration of
the reactant (MnCOg) and to explain certain characteristics that occur
in the more general system Mn-O-C*S. Le Blanc and Wehner (1934),
Moore (1943), Shomate (1943), Vlasov and Kozlov (1958), Mah
(1960), Hahn and Muan (1960), Klingsberg and Roy (1960), Otto
(1967), Schmahl and Stemmler (1965), Shenouda and Aziz (1967),
as well as Huebner and Sato (1970), studied the equilibria of the dif-
ferent manganese oxide systems at intermediate to high temperatures.
Huebner (1969) investigated the stability relations of rhodochrosite
at high pressure.

The method of studv is based on the rate of reaction of anv order
n, whose formula is:

s: K"c"

where

S : rate of the reaction
C : concentration of the reactant(s) (Weight /6)
t : time

K^ : tata constant of order a
n : order

t Preferable name

(1)dC
dt
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Exlpnrrvrnxtel Mprrroo
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Starti,ng Mq,terial

The material used in all experiments consisted of natural MnCOg from the
Catamarca Province, Argentina. A quantitative X-ray fluorescence and atomic
absorption analysis revealed the following impurities:
FeO, 1.41 percent; MgO,0.95 percent; CaO,0.81 percent; Na'O, 183 p.p.m.;
CuO, 45 p.p.m.; and ZnO, LlA p.p.m. The rhodochrosite from this locality is
zoned: some zones are colored white and otherc pinkish. In the pinkish zones, the
percentage of FeO (2.31 percent) is higher than in the white zones (FeO: 1.22
percent), the percentage of MgO lower (0.83 percent'us 1.06 percent) and the
percentage of CaO higher (0.84 percent z's 0.78 percent). The proportion of the
other elements found in the impurities remains unchanged. Seven X-ray diffrac-
tion patterns of the starting material (MnCO") were obtained using a Guinier
focussing ca:mera with Fer",radiation (Mn fiIter,30 KV, 10mA); the time of
exposure varied between 15 and 44 hours. The averages of the d spacings values
and the relative intensities are Eiven in Table 1.1

Equ'ipment

The decomposition of MnCO" was studied with two different experimental
methods: a) thermogra,vimetric analysis (TGA) and b) differential thermal
analysis (DTA). With the first method (TGA), two types of experimenLs were
performed; one type consisted of measuring the variation of mass of the reactant
(MnCO,) as a function of temperature at a rate of 160'C min-' and obtaining a
thermogram whereas the other type was a method of isothermal a,nalysis. The
thermobalance used was a Perkin-Elmer (Canada.) model TGS-I. Ancillary
equipment consisted of a Perkin-Elmer (Canada) temperature controller, a two
pen recorder, and an inert gas circulator. Among other advantages, this system
permits a more exact measure of the temperature, a great sensitivity, a rapid
cooling rate, and almost instantaneous isothermal equilibrium. The relative ac-
curacy in the measurements of the mass differences is of the order of 0.1 percent
and the temperature is controlled with a precision of -+l'C. The experimental
procedure is explained in detail by Moreau (1971). The differential thermal
analyses were performed with a conventional Stanton (model Standata - 658)
DTA instrument consisting of two cells: one containing a reference material
(ALO") and the other the solid reactant (sarnple)' Ancillary equipment included
a temperature programmer and a Philips model type PM8100 dual pen flatback
recorder. Platinum us platinum f 13 percent rhodium thermocouples were used
for these experiments. The variation in temperature (A?) is -+ 2'C. The pro-
grammed temperature rate was 10"C min-' and the mass of the samples varied
between 200 and 400 milligrams. A detailed description of the experimental DTA
procedure is given in Nhut-Minh (1970).

l The results listed in this table may be ordered as NAPS Document Number
01716 from National Auxiliary Publications Service of the A.S.I S., c/o CCM In-
formation Corporation, 866 Third Avenue, New York, New York 10022; re-
mitting $2.00 for microfiche or $5.00 for photocopies, in advance, payable to
CCMIC-NAPS,
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Control of Pcon anil Ps.

The experiments were conducted in free air or in an inert gas at the arnbient
temperature. Intentionally, no CO or CO, was circulated through the systern.
Buffered experiments using another method were also conducted but are not
included in this paper.

Id,mtifi,catinn ol the End, Products

All crystalline products were identified by X-ray diffraction using either a Guinier
focussing camera with Fer". radiation (30 kV, 10mA) or a Debye.scherrer camera
with Cu6o, or Fe6o, radiations. In cases of uncertainty, infra-red scanning was
performed on the solid end-products. Occasionally, reflected and transmitted light
microscopes with high power oil immersion objective lenses were used for identifica-
tion purposes. In fifteen percent of the experiments, a chemical analysis for MnO
and MnrOr was performed on the end-products,

Procedure

Except for the DTA experiments, the experimental procedure in use has its
foundation in mass difference analysis. The calculations are made using the ratio
of the ma,terial dissociated at time t over the total amount dissociated at infinite
time f - oo. Ip practice, the tjme for complete dissociation can be considered as
fifite (e.9., time at 99.2 or 99.8 percent dissociation). Then the percentage of
MnCOs dissociated was plotted against log time (see Figure 1).

The order n. was then obtained as follows: Integrating equation (1), one
obtains

K^t :  
t  

I t  -  r l ro ,n* r ,
(n - l) lQ"-t Co"-tJ

or K^1 : 
.:,*^[€I" 

_ ,]

Changing the concentration to a percentage,

(2 )

[f-rg-['- rl (B)
(n - t)C""-t l_\100 - r/ I

where C, : initial concentration of the reactant. and
c : percentage of reactant dissociated.

From equation (2), at C : e"/2,

r h e h a l f  r r r e r l : | . 2 * r - 1 - l  
t  

G )
L@ _ I)K"J C""-l

Thus, the halflife is a function of the order of the reaction and is inversely
proportional to the power (n - l) of the initia,l concentration. This expression
holds for any order n except n - l, n being a whole or a fractional number,
positive. negative, or zero.

An order ?z was asusmed for the reaction and the rate constant K" calculated
directly from the curve Iog t plotted against the percentage dissociated. Using
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the individual values of Ko in some cases and the averaged K" in others, the
experimental curye was reproduced from theory. If the theoretical time obtained
compared well with the experimental time obtained, the order was retained. The
rate constant Kn can also be obtained graphically by dividing the slope of a log'o
(100 - c) againsb d curve.

It was established experimentally for the rhodochrosite reaction that, the rate
of dissociation is independent of the initial arnount of reactant and that the
order of the reaction is approximately one (the reaction order calculated from
individual sets of experiments ranged from 0.92 to 1.08; the average vaJue of n,
was close to one, and that order was adopted).

A C T I V A T  I O N

r o  t t  t . 2  t . 3  1 4
r o 3 r r  ( . r - r )

Frc. 1. Activation energy for the dissociation of MnCO" in air in the temperature
range 420-730'C for different grain sizes.
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ExpnnrlrnNrel Rrsur,r

Some 42 experiments were conducted with the thermobalance.t In a series of
experiments, the grain size varies between 100 and 200 mesh, in another series
between 200 and 325 mesh; and in a last series, it is smaller than 325 mesh. Some
experiments were performed in a nitrogen atmosphere and others in air. The
temperatures of thc reactions taking place in an atmosphere of nitrogen range
between 530 and 720"C whereas the temperature of the reactions ta,king place in
air range between 480 to 720'C. Six experiments were duplicated under exactly
the sa.me conditions; they were performed to demonstrate the good repeatability
of the results obtained. Additional experiments include a series of 7 thermograms
obtained in a nitrogen atmosphere and covering the temperature range: 430 to
590'C as well as a series of 7 other thermograms obtained in air and covering
the temperature range:420 to 600"C. In both these series of experiments, the
grain size of the reactant (MnCOg) was smaller than 350 mesh. Finally, a com-
plete set of thermograms was also obtained for the temperature range 420 to
720'C in an atmosphere of a,rgon. The experimental results are very similar to
the ones obtained in a nitrogen atmosphere and for this reason they are not
presented here.

INrpnpnprertoN oF THE Rusur,rs

Equation (1) becomes

s : -#: K,c (5)

(7)

and the halfJife t,," :143 (6)
K1

Knowing K1 for any percentage of mass reacted, the corresponding
time f may be calculated. That is, if the value of K1 is correct, the
experimental curve can be reproduced from theory; this was done.
Once the rate constant K1 is found, the activation energy of the re-
action can be calculated by using Arrhenius' formula:

K, : K'e-t/o'

where

K" : frequency factor or rate constant at infinite temperature

G/r : q.
E : activalion energy
E : gas constant
? : temperature in degrees Kelvin

A plot of log16K1 against 103/7 will give a straight line the slope
of which is E/4.576. Because the order, rate constants, and tempera-

'Figures 1 to 7 showing the results of these experiments may be ordered as
NAPS Document Number 01716. See footnote on page 513.
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tures are known, the activation energy is calculated from low tempera-
ture runs (430 and 460'C) of the reaction MnCos -> @-Mn2Og
(+ 7-Mn2O.) and extrapolated down to 125oC (approximate in-
stability limit of MnCOa in air). For a grain size of approximately
325 mesh, the calculated activation energy is 1g.g kcal mole-' in air
and 18.1 kcal mole-1 in a nitrogen atmosphere. In the temperature
range of 530 to 72A'C and for approximately the same grain size, the
calculated activation energy is 21.8 kcal mole-l in air and 21.2 kcal
mole-l in a nitrogen atmosphere. For a grain size ranging between
200 and 325 mesh, the activation energy is calculated at 25.4 kcal
mole-l in air and 26.9 kcal mole-l in a nitrogen atmosphere and
finally for a grain size ranging between 100 and 200 mesh, the activa-
tion energy is calculated aL 27.2 kcal mole-l in air and 26.8 kcal
mole-l in a nitrogen atmosphere. Figure 1 shows a diagram of
logtrKt us 703/T for the experiments performed in air and Figure 2
shows the same diagram for the experiments conducted in a nitrogen
atmosphere. The activation energies are calculated directly from these
diagrams.

The dissociation of MnCOs is a consecutive reaction. T'he inter-
mediate products of the transition state are definitely manganosite
(MnO) and hausmannite (Mn3Oa). The final products are most com-
monly hausmannite (MnrOu), y-Mn2O3, and bixbyite ["-Mn2Os) ;
pyrolusite (MnOe) was not observed.

Manganosite (MnO) is encountered as an end-product at all tem-
perature ra,nges investigated, however its relative abundance is larger
in the temperature range 570 to G80oC. Hausmannite (Mn3Oa) is
especially abundant in the temperature range 550 to z0o'c. Tetragonal
7-Mn2O3 is encountered over the whole range of temperature, i.e.,
500 to 720"C; it appears to be the most common phase amongst the
solid end-products identified. The X-ray powder diffraction patterns
of hausmannite and y-Mn2O3 are almost indistinguishable, but the
reddish to cinnamon brown color of the powdered material is indicative
of hausmannite (Huebner, 1969, p. a60). The infrared technique is
also quite useful to determine the relative abundance of hausmannite
or tetragonal 7-Mn2O3. In the wavenumber range of 510 to 640, the
manganese oxides depict a curve consisting of two adjaeent valleys. rn
the case of almost pure hausmannite, the sequence is 680 (valley) -
580 (ridge) - 530 (valley) or, in others words, the wavelength se-
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G R A I N  S I Z E :

y ' -<55Onesh

ACTI\ATION ENERGY ( IN NTTROGEN I

l 03 /T  ( ,Kr t

Frc. 2. Activation energy for the dissociation of MnCO" in nitrogen in the tem-
perature range 430-720'C for different grain sizes.

small amount of a-MnzOs), the wavelength sequence becomes 16.35,

17.65 and 19.8 p but when appreciable ,o-MnzOb is mixed up with
7-Mn2O3, the sequence is 16.3, 17.55, and 20.1 pm. ,a-MnzOs is
more commonly encountered in the low temperature range.

The existence of the intermediate (transition) compounds in the
laboratory is ascertained without any doubt but their lifetime cannot
be calculated easily in the prcsent study. The following reaction ap-
pearc to take place:

o
o

u- <325 mesh
y' z- 2OO-325 mesh
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G M n C O a + 6 M n O + 6 C O r

However, MnO is metastable and oxidizes to MnaOe according to the
formula

6 M n O * O z + 2 M n r O r .

Because conditions are oxidizing at the earth's surface,

/ }t-MnzOu -+ 3a-MnsO3
2Mn.On* tO,

\ 3a-Mn2O'

In the temperature range considered (especially in the low tempera-
ture region), the rate of oxidation at the earbh's surface is much lasrer
than the dissociation of MnCOa. The time of nearly complete dissocia-
tion (99.2 percent) obtained by calculation for a temperature of 100'C
and in air is of the order 1.2 x L05 years (t1p ': 1.4 x lff years) for
a grain size of the order of 350 mesh and at least twice as large for a
size of approximately 250 mesh. The rate constant varies considerably
with the grain size and at a temperature of 100oC, for instance, a large
ideal crystal of MnCOs approximately 2 inches across is geologically
stable. At room temperature (25'C) the time of nearly complete dis-
sociation (99.2 percent) in the air is approximately 4.2 X lff years
(trp =.4.6 x 105 years) for a grain size of 350 mesh; this means that
for all practical purpose, MnCOa is stable in air as well as an inert
atmosphere at room temperature.

The degree of stability of rhodochrosite was verified experimentally
by the following two methods

A) 995 milligrams of MnQOa (<350 mesh grain size) were put in
an open tube (aluminum container) and left exposed to dry air at
100'C in an oven. After one month, the mass had decreased by 0.31
milligrams, indicating that approximately 0.0.3 percent of the initial
MnCOs was changed to ,o-Mn2OB. At room temperature, an initial
mass of 753 milligrams had decreased by 0.33 milligrams after one
year and a half, i.e.,O.}4percent.

The degree of packing of MnCOs in the tubes as well as variations
of concentration of rhodochrosite when mixing it with inert com-
ponents such as MgO, CaO, Al2Os, SiOz does not change the order of
the reaction.

B) Rhodochrosite heated in an oven in air at 300oC for some 4 ot 5
hours develops a clearly visible coating of metallic reddish black oxide.
Small grains of MnCOg observed in reflected light and oil immersion
are coated with a thin white layer of o-Mn2O3 (bixbyite) and a
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small amount of 7-Mn2O3, indicating a preferential surface oxr-
dation, this is also evident along the rhombohedral cleavage of MnCOg.
This thin coating of oxide(s) on MnCOs acts exactly the same way as
a-Fe2Os surrounding FeCOa in air (Seguin, 1966).

That the rate of dissociation of rhodochrosite is a function of tem-
perature(see Fig.3) in an atmosphere of nitrogen or in air is quite
suggestive. In the low temperature range (250 to 425"C), the rate of
dissociation of MnCOa is faster in air than it is in an atmosphere of
nitrogen; actually, MnCOg is very stable in a nitrogen medium below
350'C and this is not the case in air. The dissociation of MnCOa in air
is followed almost instantly by a complex process of oxidation. In the
temperature range 425 to 500oC, the rate of dissociation is not very
different in air and in an atmosphere of nitrogen, but above 500"C the
different stages of oxidation are slower in air than in nitrogen. This
means that the subsequent oxidation in air alters the rate of the re-
action and influences the speed of dissociation. This unexpected result
indicates that at higher temperature (roughly 500 to 600'C), MnCO3
dissociates more slowly in air than in an inert medium. The only
hypothesis that really can explain this kinetic process is that the
outward diffusion of large polar molecules like COz is slowed down
by the surface layers of manganese oxides .(closed-packed tetragonal
Mn3Oa, tetragonal 7-Mn2O3, and cubic o-MneOs) that formed
during the oxidation process. For a percentage of dissociated MnCOs
smaller than or equal to the percentage corresponding to the half-life,
MnCOi persists longer in air than in nitrogen where oxidation is very
limited.

DTA curves were obtained for rhodochrosite. A typical curve shows
a double endothermic peak with the characteristic temperature at
530'C and the peak temperatures at 612 and 643oC, and a subsequent
exothermic peak at 736'C. The endothermic effect is due to the de-
composition of the carbonate of manganese and the exothermic one
to the oxidation of manganosite (MnO) to hausmannite (MneO+).
The accuracy of the temperature is -L 2oC and the one of the e.m.f.,
+ 0.2 p.Y; the programmed rate is 10"C min-1.

Attempts were made to calculate the variation in enthalpy (LHa)
or heat of reaction in a semi-quantitative fashion. The quantity of
heat absorbed or released during a reaction is proportional to the
area under the DTA curves obtained. The instrument was calibrated
with a standard of goethite, FeO(OH), T. M. Mapico.'The DTA curve

'supplier: Columbian Carbon Canada Co., Ltd., 3726 Jean Talon Ouest,
Montreal 16, P.Q., Canada.



52rSTABILITY OF MnC'O"

e 8 g 9 8 3 P S
o3rvtcosslo coSrw lo 3gvtNi3u3d

d

o
bo
o
k

o

cd

q)

o

^ A

k  d *
t r  d . =

= - .
U Y
F . :

a

E

a
a

crj



5N M. K. SEGUIN

shows an endotherrnic peak at 330'C and the temperature range ex-
tends from 230 to 360'C. The variation in enthalpy of this dehydra-
tion is 16.0 kcal mole-' of HeO and the equivalent area under the
curve is 2.684 V"C. The equivalent area under the curve for the de-
composition of MnCOs in the temperature range of 530'to 700'C is
3.926 V'C and so the variation in enthalpy is of the order of. 23.4
kcal mole-' of COs for the decomposition of MnCO's. In all these ex-
periments, the grain size was fairly large.

CoNcr,usrox

In the temperature range 110 lo 720"C, the rate of dissociation of
MnCOs is independent of the initial amount material. Consistently
similar results obtained from experiments on systems with rhodochro-
site concentration varied by admixture of inert components and with
differing degrees of packing confirm this conclusion. In order of im-
portance, the role of dissociation is a function of the temperature,
the grain size, and the gaseous medium in which the reaction takes
place. A first order equation is established for the reaction, and the
activation energy is calculated for low and medium temperature re-
actions. The sequence of the chemical reactions taking place is demon-
strated. Even though the intermediate products Mnr-nO and MnsOe
are metastable, their existence is proven. At low temperature (20G-
400"C), the rate of oxidation is much faster than the rate of dissocia-
tion.

For all practical purpose, MnCOg persists indefinitely at room
temperature and at 120'C. At approximately 250oC, MnCO3 persists
indefinitely in an inerb atmosphere but would decompose rapidly in
air were it not for a thin surface layer composed of a mixture of
--MnzOs and y:1v1ttrgs which inhibits the diffusion of Coe and CO
out of the crystal lattice. Thus, the smaller the grain size and the
total binding energy, the greater the surface energy per unit volume
favoring outward diffusion of large polar molecules and extended
oxidation by the surrounding medium. In an inert gaseous medium,
MnCOg dissociates at 325'C. I

MnCOg is found in great abundance in nature. At the Eiarth's sur-
face it occurs as coarse grains in veins. When present in small grains,
for instance in sedimentary or slightly metamorphosed sedimentary
manganese and iron carbonate deposits, the surface layers are usually
altered. In metamorphic iron deposits, large crystals of MnCO3 are
often surrounded by a thin layer of *-MnzOs. A great number of
Fe2Os and manganese oxides deposits (e.9., Michipicoten, Labrador
Trough) were at one time siderite and rhodochrosite ore bodies. Recent
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work in relatively unaltered iron formation or metamorphosed lron
ore bodies in the central and southern part of the Laborador Trough
has shown that thin layers of *-MnzOg and MnOz surrounding
crystals of MnCOe come partly from the dissociation and oxidation
of rhodochrosite in the Wabush-Carol Lake (Labrador City) area in
Newfoundland, Canada.
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