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Sintering of product solid Ca0 from CaCO3 is catalyzed during the
decomposition by a C02 pressure which is only about 10'4 times the ther-
modynamic equilibrium CO2 pressure.

Morphological studies of product Ca0 made by high resolution scan-
ning electron microscope {SEM) and N2 adsorption measurements showed
the dimensions of bores in Ca0 from CaCO3 powder to be greater than
those from larger single crystal, but the-dimensions of Ca0 crystal-

lites were smaller when produced from the powder.



EFFECTS OF PARTICLE SIZE ON CALCITE DECOMPOSITION

Mun Gyu Kim
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

ABSTRACT

Calcite of different particle sizes ranging from about 3 um to
4 mh in cross sectional distance was decomposed 1sotherma11y at 610°C
and 670°C in vacuum with variation of sample amount, sample bed depth
and packing density, all of which may influence the decomposition rate
and the product solid properties.

The effective initial flux of CO2 from powder samples (~3 to
20 um) and the true initial flux of CO2 from larger single crystals
(0.5 to 4 mm) were constant at (8.0 £ 1.0) x 10'5 g/cmzsec and
(2.3 £0.4) x 1076 g/cmzsec at 670°C, respectively. While the de-
composition rate of a powder sample was limited by a metastab]e‘equi-
librium CO2 pressure which gave a reaction gradient in the powder bed,
ah irreversible chemical step of decomposition was rate limiting for
larger single crystals.

The conventional kinetic model of contracting surface area was not
applicabTe for calcite powdervdecomposition.and was doubtful for larger
crystal_decomposifion becausé the assumptions of the kinetic model did

not accord with the calcite decomposition.



I. INTRODUCTION

The decomposition product, ca0, of CaCO3 has been widely used in
industry for production of such materials as cements, soda-lime-silica
glasses, refractories, and getters df stack gases in steel manufactur-
ing processes. Many 1'nvestigator'sz"15 have studied the reaction,
CaCO3 = Ca0 + C02, because of the importance ovaaO in industry.
However, there have been many discrepancies in previous results of

CaCO3 decomposition, particularly in conclusions about the rate lim-
6,7,8 2’5

iting step of the reaction, and properties of

4,10

kinetic data,
the product Cao0. Particle size differences of CaCO3 have been
suggested to be one of the céuses of these discr-epancies.s’B”12

Kinetic data for decomposition reactions are still most commonly
reported in terms of plots of the fraction of weight lost, a as a func-
tion of time.17 Mechanisms are often inferred from the exponent of
the time terms of these plots without any supporting evidence that the
conditions assumed in deriving a predicted time dependence are appro-
priate. For example, if a plot fits a curve of the form, 1-(1-a)1/n=kt
where n is 1, 2, or 3 and k is a reaction rate constant, the data are
usually interpreted in terms of a decreasing surface area mode1.16’17

Among the decreasing surface area models, the so-called contracting

volume model, 1-(1—«::)1/3

=kt, is obtained from the particles of 3 near-
ly equal dimensions such as a cube or sphere, and the contracting area
model, 1-(i-a)1/2=kt, from the particlies of 2 nearly same dimensions
and one much larger dimension such as a cylinder or column-shaped

prism. Derivation of these models implicitly assumes the reaction to



be so irreversible that the probability is negligible that a gas mo-
lecule will be reabsorbed by the reactant surface or will react with
the solid reaction product. One purpose of this thesis is to attempt
to clarify the question of the reversibility of the decomposition of
calcite powders.

Beruto and Searcy9 have shown that the inherent reversibility can
be calculated by comparing the ratio of the rate of decomposition of
single crystals in vacuum to the maximum possible decomposition rate

calculated from the Hertz-Knudsen-Langmuir equation, J =P /(ZwMRT)l/z.

max eq
10 13 28 have explored the appli-

Ewing et al., Knutsen et al., and Roche
cability of this approach to the more complex problem of analysis of
decomposition rates for powder beds. These studies yielded unexpected
and, for calcite, seemingly internally inconsistent results. Under
some conditions of calcite decomposition and of MgSO4 decomposition,
gas fluxes from a container which is open at the top are independent
of bed depth. This result imp]iés that equilibrium pressures are
reached in the powder beds.' But these apparent equilibrium pressures
are for calcite only 3 x 10'4 times13 and for MgSO4 only 10'3 times?8
the true equi]ibriuh pressures.

Why such low apparent equilibrium pressure should be established
is not understood. Single crystal decomposition does not appear to
approach the same equilibrium state. Furthermore, it has been shown
for calcite powder that the decomposition rate is not significantly
reduced when a CO2 pressure as much as 5 «x 103 times the apparent bed

CO2 pressure is established in the apparatus. This observation, which

implies that equilibrium is not attained between C02 gas and the reac-



tant calcite in the powder beds, can not be reconciled with the apparent
equilibrium established in vacuum by means of any known model.

Earlier studies of calcite decomposition often did not provide in-
formation about sample size, particle size, and particle packing den-

sities, all of which may influence the decomposition rates. The most

pertinent previous studies appear to be those of Britton-et a].,z
those of ‘Gallagher and Johnson,5 and those made in this laboratory.

Britton et’al.2 concluded from their experiments on calcite de—
composition in vacuﬁm with three pieces weighing together 0.5 g and on
0.5 g of -10 +12 mesh natural calcite that the reéction proceeds at an
interface which advances from the outside of each lump, or perhaps of
the whole sample for a finely divided material, towards the interior
at a constant linear velocity. They also concluded that the decompo-
sition of CaCO3 is reasonably consfstent with a contracting volume
mode1l, 1-(1-::;)1/3 = kt. They mentioned four factors which cause a
slight deviation 6f n from 3; self-cooling,'recombination at the in-
terface, restricted escépe-of C02, and slow rate of nucleation. Re-

9,14,15 in this Taboratory confirm the advancing interface

searches
model for large crystals but show the process to have an apparent ac-
tivation enthalpy of 50 & 3 kcal/mol, instead‘of 41.6 + 2.9 kcal/mol,
as reported by.Britton et al.

Gallager and Johnson® reported the effects of sample size and heat-
ing}rate on the kinetics of CaCO3 decomposition. For isothermal exper-
iments at 880° - 981°K in a stream of oxygen (60 cm3/min.); they used

sample sizes in the range of 1-32 mg with a 20-44 um particle size.

They fitted their data to a contracting area equation, 1--(1-<:;)1/2 = kt,



4

for a = 0.05 to a = 0.07. They reported the activation enthalpy to
vary from 49.7 kcal/mole for a 1 mg sample to 45.3 kca]/mole'for a

32 mg sample, a decrease with increase in sample size. They suggested
that four factors influence the rate constant: particle geometry,
geometry of the sample bed, self-cooling, and the partial pressure of
CO2 inside the sample. They concluded that heat transfer due to
se]f-coo]ingvlimited the obser&ed decompositibn rates.

Beruto and Searcy9 studied the decomposition of calcite single
crystals of constant reaction interfaces by the use of the Langmuir
method. They reported the activation enthalpy of the reaction to be
49 kcal/mol, and defined and applied for the first time the decomposi-
tion coefficient, i.e., the ratio of the measured flux to the maximum
possible flux, to correlate and predict decomposition reaction rates.
From the measured decomposition coefficient, 10'5, they concluded
that the decomposition of calcite single crystals is a highly irrevers-.
‘ib1e process.

Powell and Searcy8 studied the rate and activation enthalpy of
decomposition of CaCO3 in Vacuum with single crystals 0,94 to 1.1 cm
in length, 0.48 to 0.56 cm in width, and 0.14 to 0.18 cm in thickness.
They demonstrated that heat transfer is not rate limiting under
conditions used by them or by Beruto and Searcy9 and reported the
enthalpy of activation to be 50 = 3 kcal per mole.

Darroudi and Searcy15

used the Langmuir method to study the ef-
fect of CO2 pressure on the rate of decomposition of calcite single
crystals. They found that the decomposition rates were essentially

independent of CO2 pressures corresponding to as much as 103 times the



flux that leaves the CaCO3 in vacuum. They suggest that in this CO2

pressure range, the rate limiting process is a solid state diffusional

19,20 reached similar

step or surface step of COZ’ Beruto and Searcy
conclusions from the_app]ication of their theoretical model to meas-
urements of calcite decomposition rates in vacuum.

Knutsen et a1.13

measured the decomposition rate in vacuum of cal-
cite powder (2 to 5 um average particle size) in Knudsen effusion cells
and in open crucibleé. The open crucible experiments gave an apparent
equilibrium CO2 pressure, ;3 X 10’4 times the known pressure for the
reaction. This apparent equilibrium pressures could result for CaCO3
decomposition if the solid decomposition product is unstable by ~RT 1n

3.3 x 10°

e 14 kcal, which is unlikely. They believed it to be more
“probable that during decomposition in vacuum calcite is close to equi-
librium with CO2 but is not at equilibrium with the Ca0, which is
probably formed by a cooperative process such as twinning or shear.
The surface area of Ca0 produced in calcite decomposition, like
the decomposition rate, depends on reaction conditions. G1ass_on3v’4
studied the surface area of Ca0 produced from the decomposition in
vacuum and air of calcite powder and crystals. He found that the sur-
face area of Ca0 produced in vacuum at 700°C from a 2.5 cm sphere of
natural calcite was not constant with the mole fraction of Ca0 pro-
duced, but decreased from about 32 mz/g to about 20 m2/g as the reac-
tion proceeded. He suggested that the CO2 which diffused from the re-
action interféce to outward was chemisorbed at the surface of the po-

rous Ca0 and that this chemisorbed CO2 catalyzed Ca0 surface diffusion

to decrease the surface area. He tested this thesis that CO2 causes



sintering of Ca0 by exposing a fully decomposed 5amp1e for 5 hours in
apprdximate]y half of the equilibrium C02 pressure at 750°C and found
that the Ca0 surface area was decreased from 31 m2/g to 16 mz/g.
Ewing et a].lo studied the surface area of Ca0 during the iso-
thermal decomposition of a powder sample of ~3 um average particle
size. They showed that the surface area of the sample varied linearly
with the mole fraction of Ca0, which indicates the specific surface
area of Ca0 is constant throughout the decbmposition when the back-
ground pressure of CO2 is low. They also found, in agreement with
conclusions of Glasson, that C02 catalyzed the sintering of Ca0.
They considered that this sintering of CaOAmight result from bulk dif-
fusion of CO7

3
The present study reports the influence of particle size, powder

(formed by the reaction 0~ + COZ) in the Ca0 lattice.

bed depth, and packing densities on the flux of CO2 and the surface
area of Ca0 produced from CaCO3 decomposition. The measurements in-
dicate that decomposition mechanisms are different for large particles
and powders. High resolution scanning electron microscope (SEM) ob-
servations show the pore and crystallite systems of the porous Ca0 pro-
duced by CaCO3 decomposition. The overall reaction mechanism and prod-
uct solid properties which the data suggest are compared with previous
reports and are discussed in terms of the kinetic and morphological

data.



IT. EXPERIMENTAL

A naturé]vcalcite single crystal was cﬁt and ground to make samples
of 74-90 uh,v0.5-0.6 mm, 1.0-1.4 mm, and 4 mm average particTe size us-
ing standard sieves. To avoid contamination during grinding, the fine-
ly divided Samples, consisting of particles 5-10 um and 10-20 uym in
size, were obtained from Baker anaiytica] reagent CéCO3; low in al-
kali, using an ultrasonic fine sieve. For powder of about 3 um parti-
cle size Mallinckrodt analytical reagent CaCO3 was used., Calcite par-
ticles from these different sources have nearTy the same rhombohedral
shape, as shown in SEM micrographs (Fig. 1-6). Spectrographic analyses
showed the total impurities in the samples were 1% or less (Table 1).
Surface areas df thevca1cite powders measured by the BET method were
| all less than 1 m2/g (Table 3).

For isothermal decomposition at 670°C in vaéuum, al’9+1mg
sample of each particle size was placed in an alumina sample cell of
thickness, inner diameter and height; 0.10 cm, 0.98 cm and 2.44 cm,
'respectively. In order to minimize possible effecté of different cell
geometries, alumina sample cells with hefghts of 1.05 to 2.44 cm were
used in isothermal experiments at 610°C and 670°C in vacuum. The dis-
tance between the top of a sample and the top of abce11 was held at 1
cm for all the runs except for the run with 1.05 cm cell. |

The sample cell was fitted into a platinum basket which was sus-
pended from all;O mm diameter quartz rod into an alumina tube. The
rod is connected to a Cahn 1000 recording microbalance that measures

the continuous weight change at a full scale sensitivity of 1.0 mg



during thermogravimetric reactions. A detailed description of the ap-
paratus and the back pressure control system was givén by Knutsen.13

.A,tube furnace wound with Kanthal wire was used to heat the sample
hung in the alumina tube. The temperature was measured with a chromel
a]uhe] thermocdup]e which was placed near the sample cell and connected
to a digital readout device. The sample was hung in a 15 cm long uni-
form temperature zone to avoid a temperature gradient between thermo-
couple and sample. Sample weight changes were measyred continuously
on a strip chart recorder at a scale of 10 mg, or 100 mg full scale.
For vacuum experiments, a silicone 0il diffusion pump maintained the
pressure below 5 x 1073 torr initially and at 1 x 10-3 to 1 x 107* torr
during the decomposition. The temperature was increased to 400°C slow-
ly, and to 610°C or 670°C at a rate of about 20°C/min. This speed of
temperature increase limited the decomposition to less than 3% before
the desired temperature was reached. When a desired fraction of de-
composition was achieved, the furnace power was turned off to cool the
sample.

When the sample was near room temperature, the vacuum system was
closed and dry N2 was introduced to fill the apparatus to atmospher-
ic pressure. Ca0 reacts rapidly with atmospheric moisture and COZ;
therefore the sample was quickly removed, and either transferred as
rapidly as possible to the appropriate apparatus for other experiments
such as surface area measurements, XRD and SEM observation, or was

stored in a small sealed bottle in a desiccator dried by anhydrous

CaSOa.
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A N, Adsorption-Desportion at 78°K |

An Né adsorption-desorption isotherm was obtéined with the BET ap-
paratus manufactured by Quantachrome Corp. In this apparatus, N2 is
adsorbed on the surface of the sample from a mixture of He and N2 when
the sample is cooled by a liquid N2 bath. A thermal conductivity de-
tector measures the amount of N2 which is desorbed when the sample is
warmed to ambient temperature. The pressure of N2 is controlled by ad-
, Justing the ratio of flow rates of He and N2.

Each point of an N2 adsorption plot was obtained by adsorption at
successively measured relative pressures. A desorption branch was ob-
tained by adsorbing N2 at P/P0 = 1.0, and desorbing at successively
lower N2 pressures at the temperature of the liquid N2 bath. From
- each N2 adsorption-desorption isotherm, surface area,_pore volume and

‘pore size distribution were obtained.23:%4

The plot of absorbed vol-
ume vs. t (adsorbed liquid N2 layer thickness) is used to obtain St (the
surface area obtained by t—method27) and to check capillary condensa-

tion of liquid N2‘

B. X-Ray Analysis

For the XRD measurements, the Ca0 produced from larger crystals were
ground, but the Ca0 from CaCO3 powders were used without grinding.
Samples were packed in a plastic sample hd]der and irradiated in avPicker
X-ray diffractometer using Kul radiation (wave length 1.54050 R). The
operating conditions were: 14 mA, 40 KV, 2 degrees 2e/min., and 1,000

counts/sec. Samples were scanned from 26 = 28° to 26 = 45°. This scan



10

range includes the major peaks of the three possible phases; Ca0-37.4°,

'Caco3-29.4°, and Ca(OH).,-34.1°.

2

C. Morphology Analysis

While some samples were stored in a desiccator, others were dispersed
immediately in CCl4 to prevent hydration and agglomeration of Ca0. For
an SEM observation, the dispersed sample was dropped in a carbon coated
sample holder using an eyedropper, and a layer of gold was coated on the
sample to prevent electron charging in the sample. Samples stored in a
desiccator were prepared by the same method. The SEM used for this study

is ISI-130 which can Eesolve to about 3 nm.
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ITI. RESULTS

A. Kinetic Data

Weight 1osses were measured as a function of time and examined in
three ways; 1) in terms of the #onventiona] plots of af= fréction de-
composed) vs. time (Fig. 8), 2) in terms of the flux of CO2 calcu-
Tated by the equation Jtr = Aw/Aat, where Jtr is the flux per unit
area of the total CaCO3 surface (A) obtained by the BET method, and
3) in terms °vaef ='Aw/Aeat where Re 1s the effective surface
area, i.e., cross sectional area of the a]umina‘ce11. Values of aw/at
reported in the tables and figures are for weight loss in the time of
the initial 20% decomposition.

Jef was nearly independent of particle size for the powder,éamp]es
(5um to 20 um) and Jtr was nearly independent of particle sjze for
lérger crystal samples (0.5 mm to 4 mm) (Table 2). During the iso-
thermal experihents at 670°C, powder samples were often partially blown
out of the crucible when the decomposition had proceeded about 10-307%.
One examp]e is shown in figure 12. Possible reasons for this behavior
are suggested in section IV. At 610°C, powder samples did not blow out.
Accordingly, this temperature was used for studies of the effects of
different sample sizes, cell sizes, and packing densities on weight
losses.

Total decomposition times and surface areas of Ca0 formed ih the
top of the sample cells are shown as a function of sample height in
figures 13 and 14, respectively. For Targe crystals, total decomposi-

tion times and surface areas of Ca0 are independent of sample heights
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but for powder samples, total decomposition times increase linearly and
surface areas of Ca0 decrease linearly with increasing sample heights.
From the plot of effective flux of C02 versus packing density
(Fig. 10), the flux of CO2 is shown to be nearly independent of par-
ticle size, sample size, and packing density for at least these two
powders of about 3 um and 10-20 um particle sizes. Though some powder
samples of greater packing densities showed slightly lower fluxes and
took longer times for complete decohposition than those of smaller

packing densities, the values were within standard deviations.

B. EZ Adsorption-Desorption Data

For the 10-20 um and 4 mm size partic]es, NZ adsorption-de-
sorption isotherms were obtained (Fig. 18). ‘These isotherms are
Brunauer's classification type IV and De Boer's classification type
E, which implies that the pores are of open ended cylindrical or tub-
ular shapes.23’25 From both branches of the isotherms, cumulative sur-
face areas, cumulative pore volumes and average pore diameters were
obtained (Table 5).24 The adsorption branch data were more consis-
tent with the BET surface areas and with the pore volumes obtained at
the relative pressure, P/P0 = 0.97 than were desorption branch data.
These results suggest that the pores are not of uniform but of rather
complex shapes, such as "ink bottles"24 as De Boer26 predicted. The
surface areas obtained by the t-method were reasonably consistent with
SBET’ and the t-plots showed no evidence of pores smaller than 2 nm

in diameter (Fig. 20).
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C. X-ray Analysis

XRD patterns showed no line broadening:for Cal from either powder
or single crystal calcite decomposition and no calcite peaks for com-
pletely decomposed samﬁles. To test whether the extent of reaction
depends on thé distance from the top of the powder beds, XRD patterns
were obtained for the top and bottom portions of the sample (Figs. 15
and 16). Though quéntitative analysis is difffcu1t; comparison of the
two XRD patterns indicates that the reaction proceeded more rapidly
near the eprsed uppef surface. It was difficult to compare the crys-
tallinities because the particle sizes for XRD measurements were not

uniform, and grinding induces rapid hydration with water vapor in air.

D. SEM Observations

CaCO3 particles are block-like and relatively uniform in dimen-
sions (Figs. 1-6). The external shapes of the particles were not
changed after decomposition (Figs. 21 and 22). 1In interpreting the
SEM pictures it must be remembered that surfaces are coated with lay-
ers of gold of thicknesses comparable with the pore and Ca0 crystal-
lite dimensions which are inferred from the BET measurements. The
structure observed reflects the spacing and order of Ca0 crystallites
and pores but the true dimensions of the crystallites are smaller and
of the pores larger than seen in the SEM pictures (Figs. 21-26). (a0
crystallites produced from powder samples are not plainly visible, but
appear much smaller than those produced from single brystals (Figs. 23

and 24). Small cracks (about 1 ym size) are present in Ca0 produced
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from large single crystals (Fig. 25), but not in Ca0 from powder sam-
ples. Cleavage surfaces of Ca0 from large calcite crystals show that

the shapes of pores are not uniform, but very complicated (Fig. 26).
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IV.  DISCUSSION

Initially some isothermal decompositions of CaCO3 samples of the
same weight, 179 * 1 mg, were made at 670°C in vacuum without consid-
eration of packing density and sample height. Léter measurements were
made with a constant distance (1 cm) between the top of the sample cell
and the top of the sample. The average effective flux of CO2 for pow-
der samples of 10-20 um particle size was nearly the same in both stud-
ies within the standard deviation of ~1 x‘10'5 g/cmzsec (Fig. 10,
-Table 2).

If the reaction is irreversfble, variation in height of the cell
above the sample surface should have no effect on the rate of decompo-
sition; but if the reaction is reversible, CO2 molecules that col-

Tide with the cell wall may.réturn to the sample and be reabsorbed in
it. The rate is then reduced by a factor calculated first by Clausing.
If the transmission of CO2 is governed by a Clausing correction fac-
tor, the flux of CO2 from the 12.5 mm cell should be about 1.6 times
greater than that from the 24.4 mm cell for the same sample file of

2.5 mm in height.

22

Sandry and Stevenson“‘ have derived an equation for the unit flux,

J that will escape from a cylindrical tube of Clausing correction, C
when the source of vapor is a surface of condensation coefficient, .

20

(or vaporization coefficient, avls). Beruto and Searcy“" used the

Sandry and Stevenson equation to study the effects of a pohous solid

product on endothermic decomposition reactions. The equation is J/Jo

- C/[C + (l-C)ad], where Jo is the unit flux that would escape from the
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surface if no tube impeded the Knudsen flow, C is the Clausing correction
factor, and ay is the decomposition coefficient, ay = JO/J-eq where

Jeq is calculated by introducing the standard free energy change of
1

the reaction,” aG° into the Hertz-knudsen-Langmuir equation, Jef =
Peq/(ZwMRT)l/2 = exp(-AG°/RT)/(2wMRT)1/2. From the experimental flux
of CO2 in vacuum, ay of large calcite crystal detompositions is found

to be about 10'5 ( 8,9,15

Table 2) which agrees with previous results
from the Langmuir method. Substituting ay ; 10'5 into the Sandry and
Stevenson equation gives J = JO because C is much greater than @y
Thus, the flux of CO2 is nearly independent of channel distance for CO2
escape from the top of the sample to vacuum.

The Tless complex kinetic results obtained for the large crystals
(0.5 to ~ 4 mm) will be discussed first. For the large crystals, the
true initial flux of CO2 is constant at (2.3 # 0.4) «x 10'6 g/cmzsec
at 670°C (Table 2), a value reasonably consistent with previous stud-
iesg’g’15 in this laboratory. Total decomposition time is inferred
. to be nearly proportional td the particle size from Table 2 and inde-
pendent of sample bed depth (Fig. 13). These results imply that the
CO2 pressure within the sample cell dbes not affect the decomposi-
tion rate and that the reaction interface advances with constant ve—
Tocity.

Possib]e.rate limiting steps are heat transfer to a reaction in-
terface, CO2 escape from a reaction interface through the porous sol-
id product, and a solid state chemical step as shown schematically in
figure 17, which illustrates the movement of solid molecules (or equiv-

alent pairs of ions) A, and gas molecules B that must occur in physical

space to separate AB(s) into A(s) and B(g).
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Effusion of CO2 through Ca0 pores can not be rate limiting be-
cause the total decomposition time is directly proportional.to parti-
cle size. If the CO2 effusion were rate limiting, the flux should
be proportional to a/%, where a is the average cross sectional dis-
tance of the pores through the CaOVand'z is their length.zo Roberts
et al?l also showed that the decomposition rate of calcite single
crystals was not affected by the formation of a Ca0 product layer up
to 1 mm in thickness. Powell and Searcy8 have shown that heat trans-
fer is not rate limiting for decomposition of large calcite crystals
with dimensions in the range 0.94 to 1.1 cm in length, 0.48 to 0.56 cm
in width and 0.14 to 0.18 cm in thickness under conditions like those

8 Therefore, a solid state chemical step

used in the present study.
must be rate limiting, aS‘concluded in the previous Studiesa’15 in
this laboratory.

For the isothermal decompositions at 670°C in vacuum, Jips the
true initial flux of CO2 from powder samples (~ 3 to 20 um) is about
40 times smaller than that from single crystals (0.5 to ~ 4 mm) (Table
2). These results are esssentially consistent with findings of other

10,12 on calcite decomposition. Since the effective

investigations
initial flux is nearly independent of powder bed depth (Fig. 10), the
largest quantity of powder sample gives the lowest true flux of'CO2

per quantity of'CaCO3 present (Fig. 11). Thus, the solid state chem-
ical step is not rate Timiting because the reaction rate is independ-
ent of surface area. A self-cooling effect in the endothermic reac-

tion can not account for the decrease in true flux because the temper-

ature difference would have to be ~ 110°C if se1f-cdoling were respons-—
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ible. Temperature differences in this study are less than 10°C and

10,12 For the measure-

were small in other similar investigations.
ments of temperature differences between reference thermocouple and
sample, a CO2 pressure, which is ~ 10 times higher than the equilib-
rium pressure and prevents the decomposition of CaC03, was maintained

at 670°C for more than 3 hours. A lower temperature was measured by the
thermocouple put in the calcite powder. The temperature drop cdu]d be
attributed to self-cooling because a temperature drop was nof observed
with the thermocouple located just above the sample cell. Thus, the
reasonable conclusion from the data is that, although back reaction of
the CO2 is negligible for sfng]e crystal decompositon,9 an equilibrium
CO2 pressure is established inside the powder. This (metastable) equi-

Tibrium 602 pressure, P will 1imit the decomposition rate to Jef =

‘meq
Pm(_:‘q/(hMRT)l/2 and give the linear plot of total decomposition time
versus powder bed depth (Fig. 13).18 The equilibrium must be a metas-
table one becuase the measured value of P is ~ 4.5 x 10'4 P ..
‘ v meq eq
If a metastable equilibrium pressure is established in the powder
beds, three questions are raised: 1) Can the activity of Ca0 really

be as high as ~ 2.2 x 103 as implied by the thermodynamic relation,

310 aco2 = 1? (Here aC02 = Pmeq/peq and 3ca0 is the activity of Ca0.)

2) How can the decomposition rate be independent of introduced back-
ground CO2 pressures up to 103 times pmeq? 3) Why does the sample
blow out at 670°C after seemingly constant, low CO2 pressures are estab-

lished in the powder beds?
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A Ca0 activity of 2.2 «x 103 implies that a form of Ca0 metastable by

RTIn 2.2 x 103

= 14.4 kcal/mole is the reaction product. XRD measure-
ments show only normal Ca0 to be produced. The surface free energy of the
Ca0 can be estimated from the surface area with the aséumption that the
sufface tension is the same as that reported for Mg0, 1200 erg/cmz, to
be about 1.3 kcal per mole. Even if the lattice is strained, the strain‘
énergy is very unlikely to account for the discrepancy. Thus, the ob-
served Ca0 almost certainly does not have a high enough activity to ac-
count for the low measured CO2 pressure. Dai29 recently showed by TEM
that a highly metastable solid solution of Ca0 in CaCO3 is formed in
very small volume elements of the original CaCO3 before Ca0 diffraction
spots suddenly appear.’ It is possible that the measured COZ pressures
are equilibrium pressures for decomposition of CaCO3 to a transient
CaO-CaCO3 phase,

Searcy (private communication) suggests that the hypothesis that
a transient, metastable phase is formed is consistent with the obser-
vation that powder samples sometimes blow out of the crucible after
steady state conditions have been established. The CO2 fluxes meas-
ured before blow-out indfcate that a lTow and constant'CO2 pressures
in the Knudsen flow range has been established. There is no obvious
mechanism for trapped CO2 gés'to build to pressures higher than the
pressure corresponding to the measured CO2 flux; the independence of

flux on powder bed depth indicates that back reaction of the CO holds

2
its pressure to that level. If, however, a Ca0-CaC0, phase unstable by
~14.4 kcal/mole is present, its exothermic transformation, CaO(COZ)n(s) -

Ca0(s) + nCOZ(g), on the surface of one particle might sometimes pro-
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vide enough heat to trigger the same reaction throuéhout the powderr
bed with a sudden release of the C02 in the CaO-CaCO3 which causes
the blow-out.

The question of how background pressures of CO2 more than two
orders of magnitude higher than apparent equilibrium pressures in a
powder bed can fail to reduce the reaction rate significantly remains
unanswered. It is hoped that a planned search by TEM for the hypoth-
esized intermediate CaO-—CaCQ3 phase in 002 pressures comparable to
those established in the powder bed and higher may suggest an explan-
ation of the conflicting data.

-The weight loss data of 10-20 um partit]e size powder and of a 4
mm size single crystal are plotted in figuré_g and compared with con-
tracting area and volume models. The reaction rate constants, k of
the decreasing surface area models are not constant but decreased
slowly as the decomposition proceeded. The reaction rate constants
for the illustration were chosen to fit at q = 0.20 and o« = 0.05, re-
spectively. The choice of a so;called “reasonab]e'rate constant” may
give a better fit for the plots of the kinetic models.

However, the kinetic equations of decreasing surface area models
assume that extremely rapid nucleation occurs on all faces and rapid
surface growth follows, then the rate of decomposition is determined
by the progression of the reaction interface into the center of a de-
composing material with a constant ve]ocity.17 The constant velocity
would only be obtained, however, if the reaction is so irreversible
that back reaction is negligible, as described in the introduction.

Since the reaction interface seemed to move with a constant velocity
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for the decompositon of large single crystaTs (Table 2), the decreas-
ing surface area model mightvbe applicable. But the reaction rate
constant of the kinetié model for ~ 4 mm particle size was not con-
stant during the decomposition, probably due to the slight effects of
COZ escape from the reaction interface or to a smaller interface area
than that of the assumed model because of rapid decomposition of cor-
nérs and edges of ;he CaCO3 crystal., |

Britton et al. applied the contracting Qo]ume-mode] from o ; 0 to
a = 0.33 for their calcite decomposition of three “lumps". They also
obtained an activation enthalpy (41.6 = 2.9 kcal/mole) for the reac-
tion by Arrhenius plots. Since they did not specify the surface area
of the calcite "1ump55, the flux of COZ per unit area could not be
obtained. Probably their scattered experimental data and lower acti—
vation enthalpy, compared to va]uesS’g’15 from the Langmuir method,
resulted from variation of the surface area of CaCO3.

Though Gallagher and Johnson5 used relatively small samples, on-
ly 1 to 32 mg, with 20-44 um particle size range, their kinetic data
showed a definite effect of CO2 pressure inside their sample. They
used the contracting area model to describe the weight loss data from
a=0.05to a = 0.7, where a plot of [1-(1—u)1/2] vs. time showed lin-
" ear behavior. They obtained activétion enthalpies, aH* from Arrheni-
us plots, that varied systematically'from 49.7 kcal/mole for the 1 mg
sample to 45.3 kcal/mole for the 32 mg sample, and they concluded that
their decomposition rates were controlled mainly by heat transfer due
to self-cooling. The activation enthalpy for the 1 mg samp]é is con-

8,9,15

sistent with values obtained for single crystals in vacuum. Ap-
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parent‘heats of decomposition for larger samples approached the equi-
tibrium heat of decomposition, perhaps because the inert atmosphere in
which the samples were heated caused CO2 pressures in the larger sampies
to approach their equilibrium values. There is no clear reason from
the sample geometry to assume that (1l-a) should vary with a 1/2 power
dependence on time. That formulation implies the reaction proceeds
preferentially in two dimensions.

BET surface area measurements (Table 4) support the conclusion
from the kinetic data that an equilibrium was approached in the powder
beds. The surface areas of partly decomposed powder samples differ
greatly between the top and bottom portion of the powder samples.
These results imply that the reaction was in a mixed control regime30
in which some reaction proceeded throughout the sample, but the decom-
position proceeded preferentially from the top to the bottom of the
powder beds because a metastable equilibrium CO2 pressure was ap-
proached in the powder beds. If each particle of a powder sample de-
composed at the same rate, as expected if the reaction is far from
equilibrium, the surface areas of the top and bottom portion of partly
decomposed sample should be the same.

A weight loss and XRD experiment was performed to corroborate this
result. A 470 mg sample of CaCO3 of about 3 um particle size was 52%
decomposed. The top portion of the sample was removed, and the weight
loss which was then measured by decomposing the remaining part showed
it to contain 65 mole % CaCO,. The XRD patterns obtained from the

3
top and bottom parts of the 52% decomposed powder also showed the de-
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composition to proceed preferentially in the top part of the sample
(Figs. 15 and 16).

Ewing et al. had concluded that a powder sample decomposed at es-
éentia11y the same rate throughout the sample. This was based on their
finding that the surface areas were about the same for the top and bot-
tom portion of 50~ decomposed powder calcite sample of the same 3 pm
cross,sectioﬁ CaCO3 powder used in this study. These different re-
sults of surface area for partly decomposéd powder sample may result
from differences in the sample cell or from differences in temperature
gradient. Ewing et al. used a platinum bucket of 2 x 2 cm2 Cross sec-
tional area. From the weight of CaCO3 used by Ewing et al. and from
the minimum obtainable packing density found in this study, about 0.25
g/cm3, the height of the sample in the platinum bucket would be no more
| thanvO.f cm. It is difficult to obtain a good separation of top and
bottom portions of the sample from a cell with such a large cross sec—
tional area and shallow sample depth.

Because decomposition pressures increase exponentially with tem-
perature, a small difference in temperature distribution within the
two samples also could account for the differences in the influence of
distance from the exposed sample surface on decomposition rates. The
high thermal conductivity of the platinum could cause the calcite close
~ to the cell bottom to be slightly higher in temperature than the cal-
cite near the surface. This gradient would cause a distillation from
the bottom to the top of the sample which would neutralize, or even
reverse, the preferential decomposition from top to bottom that would

otherwise occur.
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Ewing et al. also reported}the effect of CO2 background pressure on
the sﬁrface area of Ca0 produced from CaCO3 decomposition.: They found
that CO2 catalyzed the sintering of Ca0 and decreased the surface area
of product solid Ca0.

In this study, one additional point about CO2 effects on the sin-
tering of porous Ca0 was observed; the surface area of Ca0 produced
from CaCO3 powder decomposition was decreased in proportion to the to-
tal time fequired to complete decomposition (Fig. 14). This means that
sintering of Ca0 was catalyzed by even the very low C02 pressures in
the powder beds because the surface area of Ca0 is not changed with long
time anealing in vacuum after complete decomposition.lo’14 The longer
exposure to CO2 can also explain the fact that surface area of Ca0 from
0.5-0.6 mm crystals of CaCO3 is greater than that from 4 mm crystal CaCO3
(Table 3).

One experiment was made to test the effect of low CO2 pressure on
sintering of Ca0. The Ca0 obtained from 1.0-1.4 mm CaC0, at 670°C in
vacuum was exposed for 26 hours CO2 at PCO = 0.12 torr, which is about

2
ssure, and ~ 103 times great-

9 x 10'3 the thermodynamic equilibrium pre
er than the observed decomposition pressure. During the exposure, there
was no measurable weight change with the microbalance set at 10 mg full
scale sensitivity. The resultant surface area was 75 m2/g, which is
~ 30 m2/g smaller than that of Ca0 not exposed in PCO , but heated at
the same temperature. ‘

Different explanations were advanced for the CO2 catalyzation of

1.10

sintering of porous Ca0 by G]asson4 and by Ewing et a as men-

tioned in the introduction: These are surface diffusion by chemisorbed
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CO2 and bulk diffusion by solution of CO2 as cog ions in the Ca0 lat-
tice, respectively. The CaCO3 diffraction patterns observed by Glasson
and by Ewing et al. in Ca0 heated in a CO2 atmosphere supposedly be-

low the decomposition pressure are probably the consequence of recar-

13

bonization. XRD measurement of Ca0 (75 mz/g) exposed in PCO = 0.12

2
torr in this study did not show a CaCO3 diffraction peak. Although

the CO2 effects of sintering of the active Ca0 from CaCO3 decomposition
in vacuum were shown, it is not possible from this or earlier studies
to conclude whether sintering was catalyzed by CO2 chemisorbgd:on Ca0
or CO2 in solution in the Ca0 lattice.

N2 adsorption—deéorption isotherms (Fig. 18) of Ca0 for the pre-

sent study are consistent with open-ended cylindrical or tubular pore

24,25

shapes. The desorption branch is usually used to calculate

pore size distribution whatever the shape of adsorption-desorptibh

curve is,24 but De Boer26 suggested that for "ink bottle shape pores'

ads

cum® Also,

SBET should be smaller than 523; and approximately equal to S

. ads
for slit shape pores SBET should be smaller than Scum
des

cum*®

and approximately
equal to S Since the adsorption branch data is in better agreement
with SBET and the measured pore volume at the,re]ativé pressure, P/PO =
0.97 than is the desorption branch data (Table 5), the pore shape is
predicted to be "ink bottle shape" or complex shape.

Pore shapes observed by SEM are not of uniform cylindrical or tub-
uJar shapes, but are of rather comb]icated shapes (Figs. 21-26). How-
ever, the "ink bottle" model predicts that Sgss_can't be greater than
SBET’ which is not consistent with this result. Another hypothesis26 is

ads

is 1ntroduc§d to explain that Scum

is slightly greater than'SBET: Pores
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may be interconnected to give a Scum greater.than SBET' Intercon-
nected pores can give additional contributions to Scum from inter-
connected pseudointerfaces between pores, which are not included in
SBET
The SEM pictures reveal what appear to be rod shaped Ca0 particles,
which is consistent with the conclusion from TEM studies29 that the
particles are needles of ~ 10 nm diameter. SEM data support the infer-
ence from the BET study that pore dimensions of Ca0 made from CaCO3 pow-
ders is greater than that made from large sfng1e crystals (Fig. 19). In
the figures 21-26, pore sizes are observed to be approximately 5-15 nm,
which is reasonably consistent with the average pore diameter calcu-
lated from adsorption branch data (Fig. 19). Ca0 crystallite sizes
made from 10-20 um CaCO, particles are observed by SEM to be smaller
than those made from 4 mm CaCO3 particles (Figs. 23 and 24). Since
the t-plot shows no evidence of pores smaller than ~ 2 nm and Since
the surface areas of Ca0 from 10-20 um CaCO3 particles are smaller

than those from 4 mm particles, the crystallites from the 10-20 um

CaCO3 must be partly aggregated into non-porous clusters.
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Table 1. Spectrographic Analysis of CaC03

Sample Source: Mallinckrodt AR Baker AR Natural Single Crystal

Ca Principal Metallic Constituent
Sr 0.025 % 0.01% <0.002 %
Mg 0.02 <0.01 0.005
Fe 0.003 <0.0005

Mn 0.002

Ba 0.001 | 0.002

Al 0.001 <0.0005
Cu <0.001 |  <0.0003
K <0.5 0.008

Na <0.05 0.007

Si <0.005

C1 0.001 0.001

F 0.001

S0, : 0.005

Heavy metals | 0.0005

(as Pb)
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Table 2. Initial Fluxes of COp and Total Decomposition Time*
Particle  Jirue initial Jeff. initial Total decomp.
. size (g/cmzsec) (g/cmzsec) time
5-10 ym 5.2, 5.8 8.5, 9.4 62, 70
(5.5 0.4) x 1078 (9.0 % 0.6) x 10™° 66 ¢+ 5 min
10-20 um 7.8, 8.4, 9.6 8.1, 8.4, 9.5 60, 65, 70
(8.6 +0.9) x 1078 (8.740.7) x 1075 65+ 5 min
74-90 ym 4.3, 5.3, 5.7 5.2, 6.3, 6.8 100, 110, 120
(5.1 £0.7) x 1078 (6.1 +0.8) x 10™° 110 % 10 min
0.5-0.6 mm 2.2, 2.5, 2.7, 2.8 2.2, 2.5, 2.7, 2.9 4.8, 5.2, 5.5, 5.7
(2.5 £0.3) x 100° (2.5 20.3) x 100° 5.320.4 hr
1.0-1.4 mm 1.7, 1.8, 2.2, 2.6 0.8, 0.8, 1.0, 1.2 9.0, 9.2, 9.3, 10.0
(2.120.4) x 107 (1.0 20.2) x 105 9.4+ 0.4 hr
~ 4 mm 1.8, 2.3, 2.8 1.9, 2.8, 3.2 30, 32, 34
(2.3+0.5) x 10% (2.6 +0.7) x 10 322 2 hr

* Decomposition was made at 670°C in vacuum.
Thermodynamic equilibrium flux of COp at 670°C is 1 77 x 10-1 g/cmzsec
Separate numbers are the experimental values of each run.
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FIGURE CAPTIONS
Mallinckrodt AR CaCO3 (~ 3 um).
Baker AR CaCO3 (5-10 um).
Baker AR CaCO3 (10-20 um).
Natural ca]cite,'magnification 400 (74-90 um).

Natural calcite, magnification 20 (0.5-0.6 mm).

Natural calcite of magnification 20 (1.0-1.4 mm).

Experimental apparatus.
Decomposition rates of CaCO3 with six different particle

sizes at 670°C.

q( = fraction decomposed) vs. time plot of 10-20 um and

~ 4 mm particle size CaCO3 compared with kinetic models
of contracting area and contracting volume (sphere), re-
spectively.

Effective initial flux of C02'vs. packing density with a
constant distance (= 1 cm) between the top of‘sample cell
and the top of sample file. »

Effective initial flux of €0, vs. sample weight for

~ 3 wm and 10-20 um powder samples at 610°C.

Weight lost vs. time for ~ 3 um powder sample (435 mg) at
670°C, an example of sample blow-out.

Total decomposition tiﬁe vs. sample height for ~ 3 um pow-

der at 610°C and 1.0-1.4 mm single crystal CaCO3 at

670°C.
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Surface area of Ca0 from the top portion of sample, plotted
versus sample height for ~ 3 um powder at 610°C, and
1.0-1.4 mm single crystal CaC0, at 670°C.

XRD pattern of top portion of 52% decomposed powder.

XRD pattern of bottom portion of 52% decomposed powder.

Schematic drawing of cross section for the reaction

"AB (s) = A (s) + B (g) by Beruto and Searcy.

N2 adsorptiqn-desorption isotherms at 78°K for product
Ca0 from 10-20 um (curve a) and ~ 4 mm CaCO3 (curve b).
Pore size distributions of Ca0; curve a from adsorption
branch of curve a in Fig. 18 and curve b from adsorption
branch of curve b in Fig. 18.

Adsorbed N2 volume (Va) vs. statistical thickness (t);
Curve a and b correspond to Fig. 18.

Ca0 from 10-20 um CaCO3 located in the top portion of a
sample of 14.4 mm height after decomposition at 610°C in
vacuum. |

Ca0 ]ocated at the bottom of same sample as Fig. 21.

Ca0 from 10-20 um CaCO, at 670°C in vacuum.

Ca0 from 1.0-1.4 mm CaC0, at 670°C in vacuum.

Ca0 from 1.0-1.4 mm CaC0, at 670°C in vacuum.

Cleavage plane of Ca0 from 1.0-1.4 mm CaC0, at 670°C in

vacuum,
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Fig. 4 XBB 825-4485
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XBB 825-4487
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Fig. 21 XBB 825-4482
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XBB 825-4480
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