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Kinetic Studies on the Thermal

Decomposition of Calcium Carbonate'

T. R. INGRAHAM? and P, MARIER: '

Kinetic studies have been made of the thermal
decomposition of precipitated calcium carbonate,
powdered calcite, and regular fragments of calcite
crystals. The powdered materials were examined in
the form of pellets, which were prepared by com-
pacting the powder to about 70% of its thcoretical
density. The work was done at one atmosphere of
pressure in a flow of air containing various amounts
of carbon dioxide. It was observed that the decom-
position of the pellets, which were prepared in a
variety of shapes, was characterized by the same
advancing interface mechanism as that observed for
single specimens of crystal fragments. When the rates
of decomposition were normalized for the change in
of interfacial area accompanying decomposition, it
was possible to correlate the ohserved rates of decom-
position for a variety of pellet shapes, and to relate
these rates, as a function of particle size and pellet
roughness, to the rates of decomposition of large frag-
ments of calcite crystals. The activation energy for
the decomposition reaction was found to be 40.6
keal./mole. At a constant temperature, the decrease
in reaction rate with increasing carbon dioxide pres-
sure was found to be proportional to the difference
between the equilibrium dissociation pressure and the
back pressure of carbon dioxide. A reaction mechan-
ism based on diffusion through a constant thickness
of active calcium oxide is suggested.

The thermal decomposition of calcium carbonatc has been
the subject of many investigations, from which it is evident
that in the normal range of calcination temperatures (700 to
1000°C.) the only products of decomposition arc carbon dioxide
and solid caleium oxide.

The most influential paper rclated to the mechanism of
decomposition of calcium carbonate is that of Langmuir®, who
determined that if the Phase Rule were to apply, and no solid
solutions were involved, the decomposition reaction must take
place at an interface between the two solid phases, calcium
carbonate and caleium oxide. This was confirmed by Furnas®
for the decomposition of limestone, and it was also shown that
the rate of migration of the interface under isothermal conditions
was almost constant, in agrecement with the Obscrvations of
Spenser and Toplcy™ on the decomposition of silver carbonate.
_()n the basis ofpthc uniform rate of migration of the interface,
it has been concluded by MacDonald®, and by Hyaur, Cutler
and Wadsworth®, that the rate of decomposition was controlled
by some stage of the process occurring in the interface. At
temperatures above 950°C., Furnas® and Narsimhan® have
shown that the rate of the decomposition reaction is probably
determined by the rate of transfer of heat across the layer of
reaction product.
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Une étude cinétique de la décomposition thermi-
que du carbonate de calcium précipité, de la calcite
en poudre et de crystaux fragmentés de calcite est
présentée. Les substances en poudre ont été compac-
tées sous forme de pastilles, de formes diverses, jus-
qu’a 70% de la densité théorique avant d’étre étudiées.
La décomposition a eu lieu & pression atmosphérique
dans un courant d’air contenant des proportions vari-
ables de gaz carbonique. Cette décomposition des
pastilles est caractérisée par le méme mécanisme
d'interface progressive observé sur les crystaux frag-
mentés individuels. Lorsque les taux de décomposition
sont ajustés pour la variation de surface interfaciale
lors de la décomposition il est possible d’établir une
relation entre les taux de décomposition des diverses
formes de pastilles, La relation entre ces taux, en
fonction des dimensions des particules et de la rugo-
sité des pastilles, et les taux de décomposition de
fragments de calcite peut aussi éire établie. L’énergie
d’activation de la réaction de décomposition a été
déterminée comme étant 40.6 kilo calories/mole. A
température constante, la réduction dans le taux de
réaction avec Paugmentation du gaz carbonique est
proportionnelle & la différence entre la pression de
dissociation a I'équilibre et la pression initiale du gaz
carbonique. Il est proposé un mécanisme basé sur la
diffusion au-travers d’une couche constante d’oxyde
de calcium.

Furnas® did not dctect any variations in the rate of de-
composition attributable to variations in gas composition, but
from work on fragments of caleite crystals, Hyatt, Cutler and
Wadsworth™® suggested that the rate of decomposition might
be correlated with the partial pressure of carbon dioxide in the
sweeping gas, by a relationship based on an adsorption expression.
The activation energics determined by various investigators vary
from a low of about 3§ kcal./mo?;. dctermined by Britton,
Gregg and Winsor®™®, to a high of 230 keal./mole, recently
reported by Hashimoto®. The majority of the values reported
lic in the range 37 to 53 keal./mole®-19),

It was recognized by Spenser and Topley™®, from their
work on the thermal decomposition of silver carbonate, that if
the rate of movement of a reaction interfacc were constant, it
could be correlated, for spherieal particles, with the 1/3 power
of the weight change of the particle. A similar concept has been
used by Britton, Gregg and Winsor®, Freeman and Carrolld®,
and Cremer and Nitsch®®.  However, in these latter papers,
the results were correlated on the basis of interfacial arca,
which, for solid spherical particles, varies with the 2/3 power
of the weight of the particle. The 2/3 power has been referred
to as an “order” of reaction by the authors-13.1419 Gomest?
has stated that the term “order”” has no significance when used
to refer to a heterogencous process.

To obtain a more rcliable value for the aetivation encrgy of
the decomposition reaction, and to broaden the concept of apply-
ing surface arca correetions to the decomposition of powdered
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materials, it was decided to re-investigate the thermal decompo-
sition of calcium carbonate, using a variety of regular shapes
of powder compacts. This technique was used by Warner and
Ingraham®® in studies of the decomposition of ferric sulphate
and aluminum sulphate.

All the cxperiments rcported here were done at temperatures
below that at which the transfer of heat into the sample is rate-
controlling. This was ascertained from lincarity of the log
ratc versus reciprocal temperature relationship.

Experimental Procedure

Since there is a substantial loss in weight as a result of the
liberation of carbon dioxide during the conversion of calcium
carbonate to calcium oxide, thermogravimetric methods are
suitable for following the progress of the reaction. The instru-
ment uscd in these experiments was an automatic recording
balance-and-furnace unit manufactured by the American Instru-
ment Company under the trade name “Thermo-Grav”.

Calcium carbonate from two sources was used. In some
experiments, rcgular fragments of clear natural calcite crystals
were used. In others, ground calcite, or reagent-grade precipi-
tatcd calciom carbonate, was used. For both materials, the
weight loss was the theoretical quantity of carbon dioxide,
within the experimental error of measurement (3=1%). Samples
weighing about 0.455 gm. were used to obtain a weight loss of
about 200 mg., the full-scale deflection of the instrument.  All
of the particles of the reagent-grade calcium carbonate were
less than 56 microns in equivalent diameter, and 64% were
less than 14 microns. Unless otherwise specified, this material
was used with the as-received size distribution. For some
experiments, sized fractions of the ground calcite were prepared
with a Roller Particle Size Analyzer.

All experiments using ground calcite or powdered calcium
carbonate were done with pellets, These were prepared in a
14 in. diameter cylindrical die, and were adjusted to the required
dimensions by careful filing.

In making an experiment, the pellet was supported in the
apparatus on a platinum mesh sample-holder and brought to a
predetermined constant tempcrature.  Then the run was begun
by changing the composition of the sweeping gas from carbon
dioxide to either purc dry air or some fixed composition of air
and carbon dioxide. A constant flow rate of about $0 ml./min.
of pre-heated gas was used. A series of flow rates was tested
in preliminary experiments, and it was shown that, at the most
rapid rate of decomposition examined, flow rates in excess of
40 ml./min. do not affcct the rate of decomposition.

The weight loss as a function of time was obtained from
the instrument in the form of a graph. From the ratio of the
weight loss up to a given time, 1, and the weight loss at the
termination ofp an experiment, the fractional amount of decompo-
sition, @, was calculated. The fractional amount of decompo-
sition, &, was converted into weight loss per unit arca of interface
by relating the interfacial area to a parameter of the sample.
The earlier methods of conversion suggested by Spenser and
Topley™®, Mample® and Massoth and Hensel®® have been
superseded by the equations suggested by McKewan®., Work-
ing from the general rate equation,

roduf = Ry L)

in which r, and d, are respectively the initial size parameter
and density of the sample, ¢ is the ume of reaction, and k is the
reaction rate constant, McKewan has made substitutions for f,
the fractional thickness of the layer of reacted material, to
relate the rate of reaction to the fractional decomposition, a.

‘For spherical particles, and cylindrical particles with the
hcight cqual to the diameter,

For cylindrical particles of other height-to-diameter ratios,

a=1-( —f)z("—a——-) ............... 3)
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where a is the ratio of pellet height to pellet diameter.

For bar-shaped particles,

aci_ﬂ_f)(a;—f)(f%) ........... (4)

where a and b are the ratios of each of two dimensions to a third.

Although all of the foregoing expressions were developed
for use with single solid particles, it has been shown by Warner
and Ingrsham® that Equations (1) and (3) can be used, with
certain restrictions, to describe the rate of decomposition of
cylindrical compacts of powdered ferric sulphate and aluminum
sulphate. Incorporation of the density term in Equation (1)
is particularly useful for resolving the results from pelletized
powder samples, because it obviates the problem of preparing
pellets of identical density. It is evident, from Equation (1),
that if the expression were applicable to the decomposition of
calcium carbonate, then the graphical relationship of rd f to ¢
would be lincar and the slope of the line would be numerically
equal to the rate constant, ¥, for the decomposition.

Results and Discussion

The results obtained from a series of experiments done at
850°C., using an air sweep to remove the evolved carbon dioxide
from the vicinity of the sample, are shown in Figure 1. The
experiments included cylindrical, bar-shaped, and cubic samples.
It1s evident from the linearity of the relationship that the mathe-
matical expressions proposed for various shapes of solid samples
by McKewan® are also applicable, under the conditions of
these experiments, to powder compacts of calcium carbonate,
Since the pellets used in the experiments had a range of densities
which did not exceed 76% of the theoretical density of natural
calcite, it seems reasonable to believe that a stagnant layer of
carbon dioxide was retained in the vicinity of the interface, and
that the presence of this layer prevented decomposition from
taking place within the body ofp the sample. This belief was
substantiated by sectioning and polishing a pellet and developing
the interface with an alcohol solution of methyl red indicator.
The interface was clearly defined, and in cross-section tended
to a circular form for symmetrical cylindrical samples. A
clearly defined interface was obtainable only when sweep gases
were used. When the decomposition was studied under reduced
pressures, the simple geometric trcatment could not be used to
correlate the results. The results could be correlated only by
a logarithmic treatment similar to that used by Evans® to
resolve the results of experiments in which the reaction rate is
controlled by the diffusion of gases through a porous material.

The activation energy for the decomposition was obtained
from a series of expcriments done at temperatures between
about 790 and 850°C. To minimize the effect of the reverse
reaction, an air sweep was used to remove the evolved carbon
dioxide. The relationship between the logarithm of the rate
constant and reciprocal temperature is linear, as shown in
Figure 2, and can be expressed by the equation

40,565

logk = 5.851 — 7303 RT

The activation cnergy of 40.6 kcal./mole is in reasonable
agreement with the majority of values reported in the lierature
(37-53 keal./mole), and it is in good agrecment with the value
of 39.8 - 1.2 kcal./mole calculated Eom the data of Kelley
and Anderson®® for the heat of reaction at the midpoint temip-
crature of the range used in these experiments. This agrcement
has been noted previously by Zawadski and Bretsnajder®*.

The effect of carbon dioxide pressure on the rates of formation
and decomposition of a number of metal carbonates has been
studied by Zawadski and Bretsznajder®®. They showed that
the velocity of reversible formation and decomposition reactions
is proportional to the difference between the equilibrium pressure
of carbon dioxide and the back pressure of carbon dioxide
applied to the sample.
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Figure 1 — Rate of decomposition, in Figure 2 — Arrhenius plot for deter- Figure 3 — Variation in the rate con-

an air stream at 850°C., of precipitated
calciuin carbonate, pelletized in the
form of ¢

© a cylinder, A a bar and [} a cube.

The application of this relationship to the dccomposition of
pellets of calcite or powdered calcium carbonate has been
asscssed at two temperatures for differcnt back pressures of
carbon dioxide. This was done by diluting the sweep gas with
known amounts of carbon dioxide. The cquilibrium pressure
of carbon dioxidc over the sample was calculated from the equa-
tions suggested by Hill and Winter®, For convenience in
plotting the results at two temperatures, the rate was plotted
against the fractional cquilibrium pressure. The value of P, is
the one appropriate to the temperature of the experiment. The
results are shown in Figure 3. The linearity of the relation-
ships in Figurc 3 confirms the suitability of the Zawadski-
Bretsznajder®® relationship and permits expression of the effects
on reaction rate of changes in pellet size, shape and density
and of the back pressure of carbon dioxide. For a spherical
petlet or a symmetrical cylinder or cube, the equation is:

rodo{1 =(1—a )P P./(P.— P) = 7.10 X 105 exp( —40,565/RT)(7)

The frequency factor and the activation energy coustant in
Equation (7) were established from cxperiments done with
finely divided reagent-grade caleium carbonate, To correlate
the results with those for the decomposition of single crystals
of calcite, a group of experiments was donc with pellets prepared
from ground calcite which had been fractionated to recover the
particles within a narrow size range. The results of the experi-
ments are shown in Figurc 4. From the linearity of the relation-
ship it is cvident that the particles in the pellet do not behave
as singlc particles. If they did, then the rate of the decomposition
would be expected to increase in proportion to the decrease of
particle sizc. Based on an csperimental measurement of the
rate of dccomposition of large single calcite crystals, which
gave a ratc constant of 4.80 X 107 gm. of calcium carbonate
decomposcd per minute per nominal squarc centimeter of inter-
fau.a] arca, the rate of decomposition for pellets containing
vartous size fractions of calcite can be expressed by the following
cquation:

B = (4180 X107* X 1.56) + 2.53 X 105 p,.... ... (8)

where u is the particle size, 1.56 is a surface roughness factor,
and 2.53 X 1074 is the rate of variation of surface roughness
with particle size. It is particularly intcresting to note that
the nominal surface arca as indicated by the surface roughness
factor is only abour onc and a half times the geometric surface
arca,

In another group of cxperiments, studies were made to
deteet any changes in the ratc of decomposition which might
be caused by the presenee of impuritics in the peller.  The
'mpurnitics were mixed with the calcium carbonate prior to the
pressing operation.  Two varietics were used, a potentially
'nert impurity and a potentiatly reactive impurity. For the
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- mining activation energies; [ cube —
38.9 kecal, @ cylinder = 41.0 keal,
A bar = 41.8 kcal.; average 40.6 kcal.

stant for decomposition, caused by
changes in the partial equilibrium
pressure of carbon dioxide in the air-
carbon dioxoide sweeping gas. Total
pressure, one atmosphere.

© 850°C. A 835°C.

experiments with an inert impurity, 2, 5, 10 and 15% by weight
of barium carbonate was mixed with the calcium carbonate.
The results of the cxperiments showed no change in the rate of
the decomposition reaction. All of the results were well repre-
sented by the same straight line used to describe the rate in
the absence of impurity.

The potentially reactive impurity selected for study was
fincly divided silica. Since the results of the experiments could
not be resolved by the same kinctic treatment used for the purc
carbonate, it was concluded that reaction between the caleium
oxide and silica probably destroyed the normal interface berween
the calcium oxide and calcium carbonate.

During the experiments in which back pressures of carbon
dioxide were used, it was noted that although the r.d,f versus ¢
relationships continued to be lincar, the intercept no longer
passed through zero. With increasing back pressures of carbon
dioxide, there was a progressive movement of the intereept
from zero ro increasing values of t. When graphs of a versus ¢
were prepared, it was cvident that there was a substantial
induction period in the decomposition reaction at the higher
back pressures of carbon dioxide.  According to Jacobs and
Tompkins®®, induction periods are to be considered typical of
many solid reactions. Vartous explanations have been advanced
for the causcs of these induction pertods. Garner® has suggested
that a slow growth of nuclei, during their carly stages of growth,
may be involved. Recently a relatively simple concept has been
advanced by Voge and Atkins®” which explains both the
apparent autocatalytic behavior and the slow growth of nuclei,
by considering simple changes in geometry which oceur during
the growth of a disc-shaped nucteus. The same reasoning has
been applied to the decomposition of calcium carbonate, and
the relationship @'’ versus ¢ has been found to be linear. Henee,
it scems reasonable to suggest that in the initial stages of the
decomposttion of a pellet of calcium carbonate, a few small
shallow patches of calcium oxide are formed on the surface of
the pellet.  Unul these patches grow suthciently to cover the
surface of the peller with a fayer of calcium oxide, the kinetics
of the reaction are controlled by the laws governing the lincar
rate of advance of an interface m two dimensions from a point
source.

In the second stage of the decomposition reaction, the caleium
oxide-calcium carbonate tntcrface advances at a uniferm rate
from the surface of the pellet toward its centre, following the
law of a contracting sphere for relating the deereasing interfacial
area to the fractional amount of reaction.

Mechanisms of Reaction

On the basis of the experimental results of this investgation,
it is not possible to make a decisive sclection of the mechanism
for the decomposition reaction. From the fact that the reaction
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