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ABSTRACT

The rate of decomposition of calcite powder in vacuum has
been measured by the Langmuir and Knudsen methods. Measured
pressures in effusion cells in the absence of additives approach the
equilibrium value. The Langmuir experiments gave an apparent
equilibrium CO2 pressure ~3 x 10""4 times the known pressure for
the reaction. It is suggested that the CO

2
the calcite, but the Ca0 is not. In Langmuir experiments 10 wt.%

is in equilibrium with

LiC1 does not increase the initial decompgsition rate. In the
Knudsen cells, 10 wt.% LiC1 can increase the initial rate by >2x.
LiC1 reduces the surface area of the product Ca0 under either
condition from=30 m2/g to ~1 m2/g. Probably a LiC1-Ca0 |
eutectic provides a solution path for Ca0 recrystallization and, at

high CO2 pressures, also for CaCO3 decomposition.

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the
U.S. Department of Energy under Contract No. W-7405-ENG-48.
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I. INTRODUCTION
Three carbonate decomposition reactions studied in our

1-4 proceed at rates only 107 to 107

laboratory times rates that
are theoretically possible. If effective decomposition catalysts can be
found, such commercially important materials as Ca0 and Mg0 might be
produced by decomposing carbonates at considerably lower temperatures
than presently required, with significant savings in energy.

Hildenbrand and co-workers recently succeeded in catalyzing
Mg504 decomposition. They attributed the enhanced decomposition rate
when Pt or Fe203 were present to increased rates of conversion of

N
503(g) to SOz(g) plus 02.5

Rates of vaporization of elemental

arsem‘c7 and of decomposition of solid GaN8 are increased by liquids

in which the vaporizing phases are partially soluble. No one has

attempted to catalyze a carbonate decomposition. It seemed of interest

to explore the possibility that calcite decomposition could be catalyzed

by additions of salts which might dissolve some of the carbonate phase.
Rates of decomposition, with and without possible catalysts, were

measured in vacuum for calcite powder in open crucibles (the Langmuir

method) and in crucibles with small orifices (the Knudsen effusion

method). Knudsen effusion studies had not previously been reported for

9 and dolomite4

calcite. Effusion studies for Mg(OH)2
[MgCa(C03)2] decomposition yield apparent equilibrium pressures
several orders of magnitude lower than the true values. The reason for

these inconsistencies is not understood. It was of interest to determine



whether effusion measurements with calcite also yield low apparent
equilibrium pressures.

It was also of interest to determine whether liquid-phase
additives might significantly change the surface area and morphology of
- the Ca0 produced by calcite decomposition in vacuum. In the absence of

1,10-13

additives, these particles are only ~10 nm cross-section. Such

small particles might be highly reactive toward solution in molten salts
as they are with water vapor’»m”11
Decomposition rates in effusion cells with 1 mm diameter orifices
were measured for calcite alone and with each of several possible
catalysts present. The effects of LiCl on decomposition rates and on the

morphology and surface area of the Ca0 product were examined for a

broader range of conditions.

II. EXPERIMENTAL

For the Langmuir measurements, a Pt basket was hung from a
recording microbalance in a Pt resistance furnace. The pressure was
maintained <1.3 x 10‘4 Pa. For effusion measurements, graphite cells
with tight-fitting 1ids having orifice diameters of 1.0 mm and 0.23 mm
were used. The samples were held for at least 30 minutes at each
temperature to insure that equilibrium was achieved.

The temperature was measured with a Pt-Pt/104 Rh thermocouple,
and was controlled to #2°C. Sample weight losses were continuously
measured on a strip chart recorder with a sensitivity of either 100 mg or

10 mg full scale.



The sample temperature was calibrated by deterhining the vapor
pressure of NaCl in the temperature range of interest in effusion cells
using the Knudsen effusion techniqgee Measured pressures were within
3 percent of the accepted values.

Low alkali reagent grade CaC03, of 2 to 5 um average particle
size, was used for all experiments. The surface area of the powder was
found by the BET method to be ~0.6 m2/g. For catalytic experiments,
reagent grade LiCl, NaCl, Fe203, and NaéCO3 powders were
jntimately mixed with the CaC03. These substances all have vapor
pressures which are lower than the equilibrium decomposition pressure of
calcite. The manufacturer's ana1ysis of the CaCO3 and spectrographic
analysis of the LiC1 are given in Table I.

For XRD measurements, powder samples were packed in an Al holder
and irradiated with Cuke radiation. The XRD samples were analyzed
directly after removal from the thermobalance to minimize hyaration of
the Ca0.

Samples of Ca0 for SEM study were dispersed in CCI4 upon
removal from the furnace to avoid hydration and agglomeration. The Ca0
dispersion was dropped upon a holder using an eyedropper, and a layer of

Au approximately 20 nm thick was deposited on the powder.

II1. RESULTS AND DISCUSSION
Extrapolations to zero orifice diameters of pressures measured in

effusion cells with different orifice diameters (the Whitman-Motzfeld
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extrapolation)l4’15 are expected to give the equilibrium pressure for

16

the reaction.”> The method works satisfactorily for MgSO4

decomposition, for example, provided the complexity of the vapor is taken

5,6

into account. However, decomposition pressures calculated for

dolomite and Mg(OH)2 by this method are several orders of magnitude

lower than the well-established equilibrium va?ues.g’10

The reason for
these large discrepancies is not known.

In the present study, initial préssures were calculated from the
mass fluxes by means of the Hertz-Knudsen-Langmuir equation¢16 At
600 to 700°C these values were ~10 to 20% of the equilibrium values for
the cell with the 1 mm diameter orifice. For the cell with the 0.23 mm
orifice, pressures were ~40 to 60% of the equilibrium value (Fig. 1).
Because the measured fluxes are high enough to make the mean-free path of
molecules in the vapor short relative to the diameter of the effusion
orifice, pressures calculated by means of the Hertz-Knudsen-Langmuir
equation may be higher than the true pressures by a factor between 1 and
1.7¢17 Within this level of uncertainty it is clear that calcite
decomposition differs from decompositioh of dolomite or Mg(OH)2 in that
calcite decomposition pressures approach their equilibrium values in
effusion cells with relatively small orifices.

In contrast, initial CO2 fluxes measured at 600°C for Langmuir
samples that weighed 0.1, 0.5, and 1.0 g were 2.5 x 10'7, 4.6 x 10"7,
and 3.3 x 10*7 moles/sec—cmz of bed cross sections. These fluxes

average only about 3 x 3.0"4 times the fluxes that would be measured if



the true equilibrium decomposition pressure18 were devé1oped in the

bed. For a reaction so far from equilibrium, the CO2 flux per unit

area of bed cross section would be expected to vary in direct proportion
to the quantity of sample--that is, by a factor of 10 when the weight of
CaCO3 was increased from 0.1 to 1.0 g. Instead, the initial flux

7 moles/sec—cm2 independent of sample weight. This

remains ~3 x 10~
behavior implies that a low metastable equilibrium pressure has been
established in the powder bed. ’

In principle, low equilibrium decomposition pressures could
result for CaCO3 decomposition if the solid decomposition product is
unstable by ~RT 1n 3 x 1074 = 67,000 joules. (This unlikely
possibility will be tested by measuring thermodynamic properties of the
product solid.) It seems more probable, however, that during
decomposition in vacuum, calcite, and Mg(OH)2 and dolomite as well, are
close to equilibrium with their gaseous decomposition products, but are
not at equilibrium with their solid products. XRD studies of carbonate
decomposition reactions suggest that the gaseous product diffuses from
small volume elements of the reactant, anq the solid product phase then

19,20

forms by a cooperative process such as twinning or shear. A

cooperative process is not inherently reversible as is diffusion.21

The kind of metastable equilibrium behavior observed for
Mg(OH)z, dolomite, and calcite may prove to be common for decomposition
reactions in which the solid product is formed at only a small fraction

of the temperatures required to provide ready condensed-phase diffusion.



For most such decomposition reactions in vacuum, the soiid product
probably forms by a nondiffusional process.

The initial rate at which calcite decomposed in the effusion
cells with 1 mm diameter orifices was little affected by the presence of
or of Na,CO Additions of 10 wt.% NaCl or

3 2°°3°
LiC1, on the other hand, increased the initial rates of weight loss.

10 wt.% of Fe20

LiC1 appeared to have the larger effect, and its influence on
decomposition rates was studied further.v In Fig. 2 the measured
temperature dependencies in theAtwo effusion cells are compared to the
equilibrium pressure calculated from thermochemical data. The rates
measured in the cell with the 1 mm orifice are ~2 times initial rates
measured in the absence of a catalyst in the same cell. The rates
measured in the cell with the 0.23 mm orifice are ~2.5 times the initial.
uncatalyzed rates (Fig. 3).

When calcite was heated without LiC1, rates of weight loss
decreased from the beginning of each run. When LiC1 was mixed intimately
with the calcite, the weight-loss rates in both cells remained constant
until ~90% of the calculated CO2 content of the calcite had escaped. *

The rate then decreased markedly to the rate calculated from the vapor
pressure of LiCl.

Thermodynamic calculations indicate that no significant
concentration of vapor molecules should result from the CaCO3 and LiC1
mixture other than COZ’ LiCl, and L12C12. Vaporization of LiC1 and

1,16

Li,C1, at the maximum rate possible for pure LiC1 could account

272



for ~1/2 the increase in flux from the cell with a 1.00 mm orifice.
However, the maximum contribution of LiC1 and Li2C12 to the flux from
the cell with the 0.23 mm orifice is ~8 4. Evidently, the LiC1 provides
a path for CaCO3 decomposition that increases the decomposition rate by
>2 times at 700°C.

The effectiveness of a catalyst is usually greatest when a
reaction is far from equilibrium because, as equilibrium is approached,
the catalyst increases the rate of the reverse reaction as well as of the
forward reaction. However, mixtures of ~10 wt.% LiCl with calcite in a
Langmuir cell, where CO2 pressures are <10""2 times those in the
Knudsen cell, causes no increase in initial weight losses (Fig. 4). If
there were no LiCT—CaCO3 interaction, the LiC1 weight loss alone should
be higher than the weight loss measured in the Langmuir cell; the
catalysis of calcite decomposition by LiC1 does not occur at low C02
pressures at 600°C.

Figure 5 shows the morphology of Ca0 formed in either the
Langmuir or effusion cell runs when no additive is present. Surface
areas of ~90 mzlg are found for the Ca0 produced in the Langmuir runs
or in the effusion cell with the 1 mm diameter orifices. Ca0 from the
cell with the 0.23 mm orifice had a surface area of ~30 m2/g. XRD
peaks for these samples are broad. All these observations are consistent
with results of a more detailed investigation of the influence of CO2

pressure on the Ca0 produced by calcite decompcsitioncll



The internal porosities of the particles seen by SEM are known to

be of the order of 509 ,13

but the pores are too small to resolve with
the SEM. Figure 6 shows thevvery different morphology of the low surface
area Ca0 produced when decomposition occurred in the presence of LiC1l, |
and when heating was continued to vaporize all LiC1 from the samples.

The surface area of this material is ~1 m2/g, so low that internal
porosity must be negligible. The XRD patterns are characteristic of a
well-crystallized Ca0.

The increase in crystallinity and reduction in surface area of
Ca0 produced from calcite decomposition in the presence of LiCl is
probably a consequence of solution of small particles of Ca0 in a melt of
LiC1 and Ca0 with the subsequent growth of large Ca0 particles from the
melt. The melting point of LiCl is 614'022; the solubilities of Ca0
and CaCO3 in liquid LiC1 are not known. The catalytic effect of LiCl
at high CO2 pressures probably reflects solution of calcite in the melt
followed by its decomposition there.

It is surprising that LiCl1 causes such a dramatic change in the
morphology and crystallinity of Ca0 at temperatures as low as 600-700°C.
To determine whether calcite or COZ is necessary to the
recrystalliza;ion process, a sample of Ca0 of 90 m2/g surface area was
heated in vacuum in the presence of 10 wt.% LiC1 for a period comparable
with that required to decompose a calcite sample. SEM photographs of the
product Ca0 after elimination of the LiC1 by continued heating (Fig. 7)

show particles which have shapes 1ike those of the original high-surface
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area Ca0, but the linear dimensions of the particles have decreased to

2 um or less from initial dimensions of the.original particles of 5 um or
more. Furthérmore, some areas of the micrographs show rounded surfaces,
which suggests that the original block-1ike aggregates of very small Ca0
crystals have partially dissolved and reprecipitated. The small
block-1ike volume elements may still be porous, but access to any pores

has been closed, presumab?y by recrystalilzed Ca0: The surface area of

this material was only ~1 m /g

CONCLUSIONS

When calcite powder is decomposed in Knudsen cells at 600°C to
700°C, measured decomposition pressures approach their equilibrium
values. In cells without 1ids, measured fluxes per cross section of bed
at 600°C are only =3 x 10‘4 times those which correspond to the
equilibrium decomposition pressure. The observation that this flux is
not increased when sample weight is increased from 0.1 g tol g indicates/
that a highly metastable equilibrium is established.

When calcite powder is decomposed alone in vacuum, CaQ is formed
as a poorly crystalline porous powder Ca0 of high surface areas,
~90 m’/g at 700°C. If ~10 wt.% LiC1 is mixed with calcite and then
evaporated from the sample after decomposition is complete, the Ca0 is
produced in a well-crystallized form of surface area <1 mzlg. LiCl
also reduces the surface area of Ca0 that was initially formed in the
absence of LiCl. Probably the high surface area Ca0 diséo]ves in liquid

LiCl and recrystallizes from the melt.
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At co2 pressures only a little below the equi]ibrium
decomposition pfessure at 700°C, liquid LiC1 increases the rate of
calcite decomposition by >2x. High CO2 pressures probably increase the
soiubility of calcite in the melt or the rate at which calcite dissolves
in it, and the increased decomposition rate is a consequence of the
liquid phase path.

For commercial applications, a much more effective catalyst would
be required. The increase in decomposition rate produced by LiC1 would
not justify the expense of mixing calcite with LiC1 and recovering it

after calcite decomposition is complete.

ACKNOWLEDGMENT
This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sciences Division of

the U.S. Department of Energy under Contract No. W-7405-ENG-48.



12

REFERENCES

*Permanent address: Laboratorio di Chimica, Facolta di Ingeneria

Universita di Genova, Italy.

1.

20

30

D. Beruto and Alan W. Searcy, Use of the Langmuir method for
kinetic studies of decomposition reactions: Calcite (CaCOs),
J. Chem. Soc., Faraday Transactions I, 70[12] 2145-2153 (1974).
E.K. Powell and A.W. Searcy, The rate and activation enthalpy
of decomposition of CACOj, Met. Trans. B. 11B[9] 428-432
(1980).

T.K. Basu and A.W. Searcy, Kinetics and thermodynamics of
decomposition of barium carbonate, J. Chem. Soc., Faraday
Transactions I, 72[9] 1889-1895 (1976).

E.K. Powell and A.W. Searcy, The kinetics and thermodynamics of

decomposition of dolomite to a metastable solid product, J. Am.

_Ceram. Soc. 61[5-6] 216-220 (1978).

K.H. Lau, D. Cubicciotati, and D.L. Hildenbrand, Effusion
studies of the thermal decomposition of magnesium and calcium
sulfates, J. Chem. Phys. 66{10] 4532 (1977).

D.R. Knittel, K.H. Lau, and D.L. Hildenbrand, Effusion studies
of the catalyzed decompdsition of magnesium sulfate, submitted
for publication, J. Phys. Chem.

L. Brewer and J.S. Kane, The importance of complex gaseous
molecules in high-temperature systems, J. Phys. Chem. 59[1]

105-109 (1955).



10.

11.

12.

13.

14,

15.

16.

13

R.C. Schoonmaker, A. Buhl, and J. Lemley, Vaporizafion
cata1ysis:' The decomposition of gallium nitride, J. Phys.
Chem. 69[10] 3455-3460 (1965).

E. Kay and N.W. Gregory, Applicabi]ity of the Knudsen effusion
method to the study of decomposition feactions: The
decomposition of magnesium hydroxide, J. Chem. Phys. §§£9]
1079-1083 (1958).

0. Beruto and A.W. Searcy, Calcium oxide of‘high reactivity,
Nature (London) 263[5574] 221-222 (1976).

J. Ewing, D. Beruto, and A.W. Searcy, The nature of calcite
powder decomposition in vacuum and in COZ’ J. Am. Ceram. Soc.
62[11-12] 580-584 (1979).

K.M. Towe, Ultrastructure of calcite decomposition in vacuo,
Nature (London) 274[5668] 239-240 (1978).

D. Beruto, Luigi Barco, A.W. Searcy, and G. Spinolo,
Characterization of the porous Ca0 particles formed by
decomposition of CaCO3 and Ca(OH)2 in vacuum, J. Am. Ceram.
Soc. 63[7-8] 439-443 (1980).

C.I. Whitman, On the measurement of vapor pressures by
effusion, J. Chem. Phys. 20[1] 161-164 (1952).

K. Motzfeldt, The thermal decomposition of sodium carbonate by
the effusion method, J. Phys. Chem. 59[1] 139-147 (1955).

Alan W. Searcy: Chemical and mechanical behavior of inorganic

materials, A.W. Searcy, D.V. Ragone, and U. Columbo, Eds.,

Ch. 6, Wiley~-Interscience, New York, 1970.



17,

188

19,

20.

21.

22.

14

K.D. Carlson: The characterization of high temperature vapors,

Jolo Margréve, Ed., Ch. 5, John‘wiley and Sons, New York, 1967.
K.H. Sterh énd E.L. Weise, High temperature properties and
decomposition of inorganic salts: 2. Carbonates, Natl. Bur.
Stand. NSRDS-NBS-30, U.S. Government Printing Office,
Washington DC, 1969.

N. Floquet and J.C. Niepce, Three-fold transformation twin in
the topotactic decomposition of cadmium carbonate crystals, J.
Mat. Sci. 13[4] 766-776 (1978).

D. Bertrand, Comments on kinetics of endothermic decomposition
reactions. 2. Effect of the solid and gaseous product, J.
Phys. Chem. 82[23] 2536-2537 (1978).

A.W. Searcy and D. Beruto, Response to comments on "Kinetics of
endothermic decomposition reactions. 2. Effects of solid and
gaseous proaucts," J. Phys. Chem. 82[23] 2537-2538 (1978).

D. Beruto, G. Belleri, L. Barco, to be published.



15

Table 1

Calcium carbonate

C1 0.001
F 0.001
504 0.005
Ba 0.002

Heavy metals o 0.005
Fe | <0.0005
Mg <0.01

K 0.008
Na 0.007
Sr 0.01

Lithium chloride

Ca . 0.01
c1o3 0.001
Heavy metals - 0.002
Fe | 0.001
N0, - 0.001
K A 0.01
Na ‘ 0.20

S04 | 0.01
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Figure Captions

Uncatalyzed initial decomposition‘pressures of cé]cite,
Open circles, 0.23 mm orifice. Closed circles, 1.00 mm
orifice. Solid line indicates pressures calculated from
thermochemical data.

Decomposition pressures for calcite in the presence of

10 wt.% LiCl. Open squares, 0.23 mm orifice. Closed
squares, 1 mm orifice. Solid line indicates pressures
calculated from thermochemical data.

Weight losses as a function of time in cell with 0.23 mm
orifice. Lower curve, calcite only.. Upper curve, with
10 wt.% LiC1.

Weight losses as a function of time from calcite in an
open-topped basket. Lower curve, calcite only. Upper
curve, with 10 wt.% LiC1.

Ca0 porous powder particles formed by decomposition of
calcite in vacuum.

Ca0 particles formed by decomposing calcite in vacuum with
10 wt.%2 LiC1 present.

Ca0 formed from heating the porous Ca0 powder of Fig. 5 in
vacuum with 10% LiCl. Note decrease in particle

exterior dimensions.
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