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ABSTRACT 

A tensi-volumetric apparatus was developed and used to study two 

aspects of the CaO-C02-CaC03 system, namely the thermodynamics of the 

CaC03 (calcite) phase viewed as a pseudo-binary solid solution of CaO 

and CO2, and the kinetics of decomposition of CaC03 (calcite). 

The solubility of CO 2 in the calcite (CaC03) phase was studied as 

a function of pressure and temperature. It is shown that it is possible 

to obtain calcite of substoichiometric compositions expressed by 

[CaO.(C02)'_8J, where at the temperatures of measurement, 773°K to lOOooK, 

8 is a small, but measurable quantity. The composition limits of this 

phase increase rapidly with temperature. The extrapolated value of 8 at 

the CaO-CaC03 eutectic temperature is 0.42. The defects responsible for 

nonstoichiometry in CaC03 probably are substitutional 0-- ions on the C03-

sublattice. 

calcite phase 
-1 

mole ,~SCO 
2 

Partial molal quantities calculated for CaO and CO2 in the 
-1 are ~HC02 ~ -76.5 K cals mole ,6HCaO = +35.6 K cals 

= -56 8 eu mole-1 and ~SCaO = 2,18 eu mole-1. It was also 

shown that CaC03 forms a stable monolayer of 0-- ions on C03-- surface 

sites as chemisorbed species prior to the decomposition. 

Calcite decomposition rates were measured in the range of P/Peq from 

00 05 to about 0,8 and in the temperature range of 853° to 933°K. The 
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decomposition rate changed by about three orders of magnitude in this 

range of P/ peq at every temperature of study. Decomposition rates of 

calcite powder depend on particle size~ powder bed depth and compactness 

of samples. Measurements with single crystals of calcite suggest that 

at least two different processes limit the decomposition rate in differ-

* ent P/ peq regimes. The apparent activation enthalpy, ~H , for decomposi-

tion at P/ peq 0.1, calculated in terms of decomposition fluxes~ is 

about 49.2 ± 1.2 K cals mole-1• At values of Pip near unity, the value eq 
of ~H* rose to about 61.8 ± 1.8 K cals mole-1. 

Decomposition rates for powders did not show a consistent apparent 

activation enthalpy over the range of P/ peq studied; they varied between 
-1 65 and 80 K cals mole . 
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TENS I-VOLUMETRIC STUDIES OF THE CaC03-CaO-C02 SYSTEM 

Rama K. Shukla 

Materials and Mo"ecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Mineral Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

A tensi-volumetric apparatus was developed and used to study two 

aspects of the CaO-C02-CaC03 system, namely the thermodynamics of the 

CaC03 (calcite) phase viewed as a pseudo-binary solid solution of CaO 

and CO 2, and the kinetics of decomposition of CaC03 (calcite). 

The solubility of CO 2 in the calcite (CaC03) phase was studied as 

a function of pressure and temperature. It is shown that it is possible 

to obtain calcite of substoichiometric compositions expressed by 

[CaO.(C02)1_6 J, where at the temperatures of measurement, 773°K to lOOooK, 

6 is a small, but measurable quantity. The composition limits of this 

phase increase rapidly with temperature. The extrapolated value of 6 at 

the CaO-CaC03 eutectic temperature is 0.42. The defects responsible for 

nonstoichiometry in CaC0 3 probably are substitutional ° ions on the C0
3
--

sublattice. Partial molal quantities calculated for CaO and CO2 in the 

-1 K cals mole • 6HCaO ::;: + 35.6 K cals 
-1 and 6SCaO ::;: 21.8 eu mole . It was also 

calcite phase are 6H CO ::;: -76.5 
-1 2_1 

mole • 6S
C02 

::;: -56.8 eu mole 

shown that CaC03 forms a stable monolayer of 0 ions on C03 surface 

sites as chemisorbed species prior to the decomposition. 

Calcite decomposition rates were measured in the range of ~p from eq 
0.05 to about 0.8 and in the temperature range of 853° to 933°K. The 

decomposition rate changed by about three orders of magnitude in this 

range of ~p at every temperature of study. Decomposition rates of eq 
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calcite powder depend on particle size~ powder bed depth and compactness 

of samples, Measurements with single crystals of calcite suggest that 

at least two different processes limit the decomposition rate in differ-

* ent P/peq regimes, The apparent activation enthalpy~ ~H , for decomposi-

tion at P/Peq ~ 0,' ~ calculated in terms of decomposition fluxes, is 
-1 about 49,2 ± 1.2 K cals mole , At values of P/Peq near unity~ the value 

* -1 of ~H rose to about 61,8 ± 1,8 K cals mole . 

Decomposition rates for powders did not show a consistent apparent 

activation enthalpy over the range of P/Peq studied; they varied between 

65 and 80 K cals mole-1. 
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GENERAL INTRODUCTION 

Nonstoichiometry in binary inorganic solids has been well 

recognized in the past. It is acknowledged that the defects. which re

sult from composition variation. playa vital role in determining various 

thermodynamic and kinetic properties of solid state reactions, However, 

a large number of binary inorganic phases are still implicitly treated 

as perfectly stoichiometric when the concentration of defects leading to 

nonstoichiometry ;s too small to measure experimentally, 

Calcite (CaC0 3) is one example of a class of solids usually 

considered to be stoichiometric for all practical purposes. It seemed 

worthwhile to investigate whether, in fact, CaC03 (and by analogy, similar 

solids) may show measureable deviations from stoichiometry, especially at 

high temperatures. 

A tensi-volumetric apparatus of high sensitivity is described in 

Part I of this thesis. This apparatus has been used to measure devia

tions from stoichiometry in calcite as small as 50 ppm. 

During this study, it became apparent that the tensi-volumetric 

apparatus is also well suited for studying the effect of pressure of 

CO 2 on the decomposition rates of CaC03, Such a kinetic study is extreme

ly desirable since there exist at least three theories which predict 

different effects of pressure of CO2 on the decomposition rates. A pro

gram to study this issue forms the subject of Part II of this thesis, 
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PART I 

THE SOLUTION CHEMISTRY OF CO2 IN CaC03 (CALCITE) 

I, INTRODUCTION 

It is not possible to define thermodynamically a distinction 

between a compound and a binary or multicomponent phase of narrow chemi

cal composition limits, Indeed, Swalin1 writes in his book; "There is 

nothing sacred in nature. contrary to the popular belief, about the need 

for stoichiometry. II This becomes more evident on examination of phase 

diagrams, Thus, the definition of "stoichiometric line phase" is an 

operational one. which depends upon the measurability of the composition-

al changes within a phase under given experimental conditions. 

For most phases which have small. but measurable composition ranges, 

the integra 1 va 1 ues of thermodynami c quant it i es. e. g " LlH f
o , LlGf

o , etc. 

are insensitive to exact compositions, In contrast, the partial molal 

thermodynamic quantities may change by many orders of magnitude over a 

narrow composition range. In particular, the activities of the compo-

nents of a phase of narrow composition limits are usually strongly de-

pendent on composition, and a study of the composition dependence of 

thermodynamic properties of such phases often involves measurement of 

activities as a function of composition. 

Deviations from the ideal stoichiometric composition of a crystal 

are possible only if lattice defects are present, In a state of internal 

thermodynamic equilibrium, point defects are decisive, The maximum con-

centrations of point defects, and therefore the direction and degree of 

nonstoichiometry, are not an exclusive property of a given phase, but 
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also depend upon the thermodynamic activities of external phases in 

equilibrium with the nonstoichiometric compound. 

The limits to the stable phase field can be best discussed with the 

aid of Gibbs free energy, G versus composition, X, diagrams, at constant 

temperature. Such a diagram is illustrated by the schematic plot in 

Fig. 1. 

For the sake of simplicity, only three phases are considered, 

namely, two lend phases' being dilute A in B and vice versa, and an 

intermediate phase AB of approximately equal mole fractions of A and B. 

The fundamental criterion for equilibrium between two phases at constant 

temperature and pressure (equality of chemical potential for each com

ponent in the coexisting phases) is met if a simultaneous tangent can be 
2 drawn to the free energy values of phases. 

The points of tangency determine the compositions of the coexisting 

phases and place a limit on the composition change possible within each 

phase. Thus, in Fig. 1, phase AB is stable between the composition 

limits defined by the two points of tangency of the curve of G for the 

AB phase with the curves of G for the two end phases. It is evident from 

this figure that the extent of nonstoichiometry is related to the (1) 

shape of G(X) and (2) the relative positions of G(X) for various compet

ing phases. Only if the extent of solution of A in B and of B in A are 

negligible is the extent of nonstoichiometry in AB dependent only upon 

the variation of G with X for AB. Then a narrow, steep G(X) curve shows 

that the stoichiometric phase must form with a narrow composition range. 

A wide, weakly sloping G(X) curve indicates a large composition range 

(Fig. 2). Most of ordered solid phases show strong dependence of G on X. 
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while for liquids and disordered alloys,G commonly varies slowly with X, 

The occurrance of nonstoichiometry in binary solid phases has been 

a field of considerable interest in recent years, Deviations from 

stoichiometry ranging from parts per thousand to several atomic per cent 

have been measured for a large variety of binary solid phases, as dis

cussed in the encylopedic book by F, A, Kroger,3 However, almost all 

the phases studied belong to the type AxBy where A and B are elemental 

components. But systems of more than two elements can often also be 

treated as binary phases of type AxBy, In fact, the choice of components 

is limited only to the extent that the components can be defined so that 

measurement of their chemical potentials are experimentally possible. 

For calcite (CaC03), which decomposes to give CaO(s) and CO 2(g), 

the choice of two components can be A - CaD and B - CO2, Thus, CaC03 
can be viewed as a pseudo-binary solid solution of componen CaO and CO2, 

i.e., thermodynamically. we can write 

From the arguments outlined previously regarding the necessity of 

nonstoichiometry at all temperatures above absolute zero, one finds that 

CaO,C02 must be described as CaO'(C02)1±o' where 0 may be very small com

pared to 1, 

The nature of point defects responsible for deviations from 

stoichiometry is not known a priori and can only be deduced from experi

ments. However, the thermodynamic description of the CaO'C02 solid 

solution can be obtained without reference to the nature of its defects, 

Thus, if one applies the Gibbs free energy-composition diagram approach 



-7-

to this system (Fig. 3), we find that negative deviations from 

stoichiometry (CaO'(C02)1+0 where 0 < 0) is limited by the appearance of 

CaO(s) as the competing phase (neglecting any solubility of CO2 in the 

CaO end phase). 

The effect of the change in pressure from 1 atm to Peq (C02) on the 

activity of CaO(s) can be neglected. The partial pressure of CaO and its 

decomposition products Ca(g) + } 02{g) are very low. and the CaO'(C02)1+0 

phase field limit on the CO2-rich side (0 > 0) is fixed by the composi

tion that equilibrates with the highest CO 2 pressure imposed in the 

apparatus, so long as the critical pressure of CO 2 is not exceeded. 

In recent years, the effect of temperature on the composition for 

congruent vaporization of binary solids has been investigated. 4 and sig

nificant departures from stoichiometry have been found. Similar argu-

ments show that the composition of calcium carbonate for incongruent 

vaporization (i.e., decomposition) may change with temperature and may be 

significantly different from the ideal stoichiometry. This fact has 

been generally neglected in the decomposition studies of CaC03 and 

similar systems. It seems worthwhile to determine whether the change in 

stoichiometry of the CaO-rich boundary of the CaO·(C02)1+0 phase with 

temperature in fact, does or does not measurably influence the properties 

measured for calcite. 

Such information seems not to have been measured. as yet. for salts 

of complex ions. Searcy and Meschi 5 have shown that small departures 

from stoichiometry of certain metallic hydrides can lead to significant 

error in calculation of integral free energies. enthalpies and entropies. 

Furthermore. they were able to calculate the partial molal free energies. 
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heats and entropies of components as a function of composition from 

the dissociation pressure data measured as a function of composition in 

the single phase region, A similar approach has been used in this work 

to estimate thermodynamic data for the CaO-C02 pseudo-binary system, 

Besides the purely academic interest in the nonstoichiometric CaC03, 

this study was further motivated by the following findings: (i) Decom-

position of CaC03 in vacuum at high temperatures has been reported to 

lead to less than 100% of the stoichiometric weight loss, the discrepancy 

being as high as ~0,5% at 700°C,6 (ii) The CaO-CaC03 system has been 

reported to form a eutectic (of poorly defined composition) at ~1250°C,7,8 

This circumstance suggests the possibility of high solubilities of CaC03 
in CaD and CaD in CaC03 at high temperatures, (iii) CaC03 has been 

reported9 to give off significant amounts of CO2 phio~ to its decomposi

tion to CaO. Similar 'degassing' is a widely encountered phenomenon in 

decomposition reactions, but has been inadequately studied. lO 

The only known previous investigations of solubility relationships 

in the CaO-C02 system is due to Tumarev11 and Zavriev. 12 Baikovand 

Tumarev reported, from kinetic studies, up to 204% solubility of CaO in 

CaC03 at 900°C. but they point out the probable inaccuracy in their data, 

Later study by Chuchmarev. et al ,13 using x-ray precision lattice para-

meter determinations proved inconclusive, On the other hand. careful 

gravimetric analysis of calcite crystals by Maier and Anderson14 showed 

the composition to be stoichiometric within the limits of experimental 

accuracy. which was about 0001%. It thus remained to be established if 

the deviations from stoichiometry are measurable at all at higher temper

atures. 
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The experimental study of nonstoichiometry involves two key steps: 

(i) Measurement of absolute composition, and (ii) the effect of pres

sure and temperature on the composition. The former information requires 

a careful chemical analysis. The accuracy with which CaO/C02 ratios can 

be measured appears to be at best 0.01%. In such a case, the concentra

tion of the defects, and hence smaller departures from stoichiometry have 

to be studied by evaluating the results of a physical measurement such as 

of the electrical conductivity, Seebeck effect, Hall effect, magnetic 

susceptibility, or variations in optical absorption. All of these meas

urements require a theoretical model to correlate the physical property 

being measured with the composition changes and are, therefore. restrict

ed in their general applicability. 

Thermogravimetric, electrochemical and tensi-volumetric methods 

yield activities as functions of composition. The electrochemical 

method requires setting up a cell with properly defined electrodes. which 

is difficult to do for CaC03. For a study of CaC03, therefore, a gravi

metric or tensi-volumetric method should be most suitable. After a care

ful evaluation of the precision and accuracy (to be discussed later) of 

the two methods 9 the tensi-volumetric method was chosen for this study. 

This method gives directly the change in composition with changes 

in the pressure and temperature of the sample. The method has been 

successfully employed to obtain data on various metallic oxides 15 ,16 

and hydrides. 17 

The tensi-volumetric measurements involve use of a manometer, a gas 

burette or calibrated gas reservoir, a temperature controlled environment 

and a gas analyzer for partial pressures analysis. This method is 
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especially suited for study of deviations from stoichiometry in the CaO· 

CO2 phase, because it has only one component (C02) which has a significant 

partial pressure. Measurements of the pressure of CO2 establish its 

activity in calcite and measurements of the changes in the pressure and 

volume of CO2 determine variations in composition of the calcite phase. 

Partial molal free energies, enthalpies and entropies have been 

ascertained from the pressure-volume measurements and the nature of 

defect responsible for deviations from stoichiometry has been postulated. 

The extreme diverse conditions for formation of calcite in various 

mineralogical sources suggests that the compositions may reflect the 

mineralogical history. Therefore, additional measurements have been 

made on some geological specimen of calcite to establish their CO2 con

tent and implications to the conditions for calcite formation in nature 

have been discussed. 
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II. EXPERIMENTAL 

1. ~atus 

Figure 4 shows the layout of the apparatus for the tensi-volumetric 

measurements. The overall apparatus includes a ~anometer, gas burette. 

furnace with temperature sensors, mass spectrometer and vacuum line 

assembly. In the initial experimental set up, the sample was heated in 

a quartz tube. mounted horizontally in the furnace, and cooled at the two 

ends by water jackets between two viton 10 1 rings, which also acted as 

vacuum seals. The '0' rings. however, proved inefficient in holding a 

static vacuum when the furnace was heated to higher temperatures (>600°C). 

Therefore. in the final design, the 'a' rings were completely eliminated 

by using a quartz tube with steel flanges mounted at the two ends and 

with Cu gaskets used as the vacuum seals. A static vacuum could be main

tained at pressures below 10- 2 torr Hg almost indefinitely with this assem

bly. The quartz tube was 45 cms long with an inner diameter of 45 mm and 

wall thickness of 2.5 mm. The tube was mounted in a series 54231 Lindberg 

resistance heated horizontal furnace. Temperatures were controlled by a 

proportional band control unit to an accuracy of floC. A zone 5 cms long 

in the center of the tube was found to be isothermal to within 1°C. The 

sample holder assembly consisted of a Pt boat approximately 5 cm x 1.25 

cm x 1.25 em, which was mounted on an alumina rod attached to the Varian 

conflaf8)flange at one end of the quartz tube (Fig. 5)" The alumina rod 

acted both as the support for the crucible and as the feed-through for 

the thermocouple. Chromel-Alumel thermocouples were used to measure the 

temperatures, which were recorded by a digital thermocouple temperature 

display unit. The thermocouple was shaped in such a way that its tip 
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could be buried directly in the specimen for accurate sample temperature 

determination. The other end of the quartz tube was attached to the 

vacuum pumps, manometer, gas burette and the mass spectrometer. A leak 

valve was used to isolate the mass spectrometer from the rest of the 

system. 

The manometer was a combination of two MKS IBaratron l 200 series 

electronic capacitance vacuum gauges. These manometers contain a metal 

diaphragm, one side of which is exposed to the gas for which the pressure 

is to be measured s the other side is adjacent to an electrode assembly 

p1ace9 in a factory sealed high vacuum reference cavity. A change in 

absolute pressure causes the diaphragm to deflect. which produces a capac

itance change in the system. This change is detected, demodulated and 

converted into a DC voltage output which is linear with pressure. 
-3 -1 The two gauges had full scale ranges of 10 to 10 torrs and 10 to 

103 torrs respectively. These gauges were provided with calibrated out-

puts. which the manufacturer claimed to have an accuracy of 1% of each 

reading and to have a response time of 11 to 33 m sec. The calibration 

of the gauges was checked periodically with a McLeod gauge attached to 

the system. The maximum error was found to be ~.007 torr at a total 

pressure of 6.200 torr, corresponding to an accuracy of better than 0.1%. 

The signal output of the manometers was displayed on a 4 t digit 

panel meter. A switching circuit was used to change from the low pres

sure manometer (10 torr full scale) to the higher pressure manometer 

(1000 torr full scale) so that only one display unit was necessary for 

the pressure readout. The signal from the manometers was also connected 

to a linear chart recorder so that pressures were recorded graphically as 
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a function of time. This pressure-time recording proved extremely useful 

in establishing the asymptotic approach to a certain pressure. when the 

rate of pressure change became extremely slow in some experiments. The 

pressure record was also useful for correcting for the linear pressure 

rise due to small leaks, when present, during the experiments. 

The gas burette (Fig. 6) consisted of a series of bulbs with 

calibrated volumes of approximately 50, 200 and 725 cc capacity. The 

volume of the capillary tubing between the inlet 2-way stop cock and the 

feducial mark was calibrated and added to the total volume of the bulbs 

to get corrected total volumes. The pressure in the burette was read by 

a mercury manometer, with an accuracy of ±0.5 torr. 

A mercury diffusion pump backed by a mechanical pump was used to 

evacuate the system. During the experiments. pumps were valved off to 

provide a closed system with a static vacuum. 

An EIA Quadrupole Rasidual Gas Analyzer (RGA) (a kind of mass 

spectrometer), series Quad 250 was used to measure the gas compositions. 

This gas analyzer is equipped with a 14 stage, Be-Cu electron multiplier 

which has a gain >106, The gas analyzer. which was attached to the 

system through a leak valve was pumped upon by a Titanium vac-ion pump 

so that the pressure in the gas analyzer could be kept <10- 6 torr. 

regardless of the ambient pressures in the furnace chamber. The only 

significant impurities in the CO2 gas were N2 and H20. The gas analyzer 

was calibrated for these gases to obtain the partial pressure of CO2 in 

the system. 
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2. Calibration of the Gas Burette 

Prior to the assembly of the bulbs in the gas burette. each bulb 

was calibrated by measuring the mass of H20 it could hold, using a 

Mettlers microbalance, and calculating the volume by using the density of 

H20 at room temperature. 

3. Calibration of Volume 

The number of moles of gaseous CO 2 in an isothermal system can be 

obtained from the gas law 

Because part of the system is at high temperature (500-BOO°C) while part 

of it is at room temperature, the effect of non-isothermal conditions on 

the CO2 content of the system must be evaluated. For this purpose, the 

system can be considered to consist of a hot chamber of volume V, at 

T10K (taken to be the furnace temperature in the hot zone), coupled with 

a reservoir of volume V2 at T2°K, taken to be room temperature (Fig. 7). 

When the system is in a steady state, the pressure read by the manometer 

is the ambient pressure PA, which can, to the first approximation, be 

written as 

(1) 

where n, and n2 are the number of moles of gases in the two chambers at 

temperatures T, and T2 respectively, VA is the ~nn~~v~ volume which 

will make equation (1) hold true at the hot zone temperature T1· VA is 

a function of the furnace temperature TF(~Tl). The volume calibration 

then requires measuring VA as a function of TF, the furnace temperature. 

This involves using (1) in slightly different form: 
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where n ::: n1+n 2 ::: total # moles of gases in the system. For constant 

T, and T2, as 6n moles of gas is added (or subtracted) from the system. 

a pressure change of 6PA results. Then,VA is obtained from 

6n RT2 
V ::: ---A 6PA 

(2) 

Equation (2) was utilized to obtain the effective volume VA at different 

furnace temperatures. However, analytic expressions for VA can be de

rived using appropriate assumptions as shown below: 

(i) Molecular flow region (flu~ balance) 

Referring to Fig. 7. if pressures in chambers 1 and 2 are low enough 

for Knudsen flow conditions to hold, the steady state condition requires 

fluxes to the left and right be equal, i.e., 

(3) 

where jl is the flux of molecules from the furnace (chamber 1) to the 

reservoir (chamber 2) and j2 is the opposite flux. Then from the kinetic 

theory of gases, one gets from equation (3). 

(4) 

where P, and P2 are the pressures in the chambers 1 and 2, respectively, 

(since the pressure gauge is connected to the chamber 2. P
2 

--PAl. 
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Applying the ideal gas law to chambers and 2, gives 

n. R T. 
P.=_l~V_l, =1,2 

1 . 
1 

combining equations (4) and (5), gives 

also, 

n ::: n" := 
1 

'" P.V. L-t 1 1 

2 ~ , 1 

Substituting for P1 from equation 6 in above, gives 

n::: P2V2 + l,jT; Y12 R T2 
RT2 RTl V T2 V2 

or, using equation 5, gives 

Rearranging above gives, 

comparing this with equation (1) (P2- PAL we see that 

(5 ) 

(6) 

(7) 

(8 ) 
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which is the desired expression for the effective volume VA as a function 

of T, (assuming V" V2 and T2 are kept constant), 

(ii) ~~odynamic flow region (pressure balance) 

Under hydrodynamic flow conditions, the steady state condition for 

the system becomes 

but, 

or, 

P, := P
2
-P

A 

(n,+ n2) R T2 
P2 ::: V 

A 

dividing by P2 on both sides (P2 - P,), and rearranging, we obtain 

(9) 

Equations (8) and (9) are Simnar,VT2/T,- in (8) is replaced by T2/T1, 

in (9), 

The effective volume of the system was obtained experimentally for 

different furnace temperatures by introducing known amounts of CO 2 (~n) 

from the gas burette. observing the change in pressure (~PA) and using 

equation (2). Using the measured values of VA for furnace at two differ

ent temperatures, namely T, = T2 (room temperature) and T,»T2 (highest 

possible TF) two sets of values of V1 and V2 were derived by solving 

equations (8) and (9). 
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The calibration curves that result for both equations are shown in 

Fig, 8, The experimental values are reported on the same plot, Both 

theoretical curves are within the error bars of the experimental values, 

Calculation of the mean free path, A, for Knudsen flow by CO2 gives 

A = 2 ems at a pressure of 10 m torr and T = 500°C. Thus, it appears 

that for P > 10 m torr, which is the range usually employed in this 
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study, equation (9) should apply. It was used in calculating VA as a 

function of the furnace temperature~ TF" The merit of using a theoreti

cal value of VA becomes apparent in correcting for changes in room temp

erature during the experiment and especially in correcting the measure

ments of non-isothermal experiments, to be described later. 

Using the theoretical values of effective volume, blank runs were 

made to ascertain the extent of adsorption of CO2 by the walls of the 

system. The amount absorbed was found to be <10-6 moles of CO2 at 298°K 
-7 and <10 moles of CO2 at 900 0 K. These quantities are negligible at all 

temperatures of interest. 

4. Pressure, Temperature Calibration 

The manufacturer1s calibration of the electronic manometers were 

shown by comparison with a McLeod gauge to be within 0,1% of the reading 

at all times. 

The thermocouple was calibrated against an NBS standard Pt-Pt/Rh 

thermocouple at 500, 650 and 800°C, a range which includes all tempera-

tures used in this study. The thermocouple read 500.5°C, 650.4°C and 

799.9°C, showing an accuracy of better than 0.1%. Since the thermocouple 

was placed in direct contact with the samples during experiments, no other 

temperature correction was deemed necessary. 

As a check for the temperature scale calibration, an in-situ, second 

law determination of the heat and entropy of decomposition of CaC03 was 

made with the apparatus, The CaC03 was first decomposed in the closed 

system, and then resulting CaD partially recarbonated by introducing 

Pco2 > Peq. The equilibrium pressure for decomposition, Peq, was taken 

to be the mean of the asymptotic limits of the pressures obtained in the 
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decomposition and recarbonation runs, which were found to be within 10% 

of each other at every test temperature. 

Figure 9 shows a plot of ln Peq as a function of liT. For 

comparison, the accepted equilibrium decomposition pressure data for 

calcite'8 has been plotted in the same figure. From the experimental 

plot, the second law heat of decomposition is calculated to be, 6Hdo = 

40.87 kcal mole- 1, in the temperature range 600°C to 700°C. This agrees 

very well with the accepted value,18 6Hdo = 40.83 kcal mole- 1. 

The agreement is not as good, however, for the entropy of 
-1 decomposition, which was determined to be 6Sd 0 = 34.91 eu mole ,com-

pared with the reference value18 6Sdo = 36.37 eu mole- 1 . This is a 

-1 ° discrepancy of 1.46 eu mole for the value of 6Sd. Since the thermo-

couple was calibrated to an accuracy of 0.1%, the discrepancy cannot be 

explained by any error in the temperature calibration. The entropies of 

CaC03 (calcite) anrl CaO at 298°C are uncertain by 0.2 eu for each. 30 

This means that the literature value of 6Sdo ;s uncertain by .4 eu mole- 1, 

which is not large enough to explain the discrepancy. 

The thermodynamic and kinetic values of enthalpies and entropies 

obtained in this work are therefore derived by using the experimentally 

determined Peq for calcite decomposition, where needed, and not the 

previously accepted values,18 since it is not clear that the thermodynam

ically calculated values should be preferred to the direct measurements. 

5. Calibration of the Gas 

Known amounts of CO 2 and N2 and of CO2 and H20 were introduced into 

the system using the gas burette (Fig. 4). The background pressure in 

the gas analyzer was -8 below 10 torr in all runs. The leak valve was 
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opened to let gases from the system into the gas analyzer until the 

pressure inside rose to ~10-7 torr. The leak rate was then adjusted to 

-7 maintain a constant pressure near 10 torr during the mass scan. Masses 

were scanned from mass ° to 50, a range which includes all the peaks for 

CO2, N2 and H20. 

The ion species were identified by introducing pure CO2, N2 and H20 

respectively. The electron voltage could not be reduced below 20 ev, 

which is above the appearance potential for CO+ (mass 28) from CO 2. This 

fact complicated the calibration measurements because N2+ (A.P. = 15.5 ev) 

has the same mass as CO+ (see Table I for major ion fragments and their 

A.P. for CO2, N2 and H20). In order to obtain consistent results, the 

electron voltage was adjusted to maximize the intensity of mass 44 (C02+), 

which seemed to maximize the intensities for mass 28 (N 2+ + CO+) and 18 

+ (H 20) also. Apparently, focussing of all the ions was optimum at about 

the same electron energy. 

The ratio of CO 2 to, say, N2 was changed in known amounts by using 

the gas burette and the ratio of intensities for mass 44 (C02+) to that 

for mass 28 (CO+ and N2+) was plotted as a function of % N2 (Fig. 10). 

The same procedure was repeated for CO2 and H20 (Fig. 11). The calibra

tion curves thus obtained were found to be relatively insensitive to the 

emission current, ion energy and the actual pressure in the gas analyzer. 

The consistency of the calibration curves was checked periodically and 

they were found to remain consistent. 

6. Isothermal EXReriments 

Two kinds of samples of calcite were used for this study. Calcite 

single crystals (Iceland spar) obtained from Chihuahua, Mexico were used 
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first (see Appendix I for a spectrographic analysis). A crystal was 

hand crushed to yield particles of the order of one micron linear dimen

sions. Surface areas were measured by the BET method. The method and 

the apparatus for surface area measurements have been described else

where. 5 Scanning electron microscope observations showed the spread in 

particle size to be significant, as expected for hand crushed specimen 

(see Fig. 12). 

The powdered calcite was also analyzed by x-ray diffraction for the 

sake of complete characterization. The sample was placed in an aluminum 

holder and irradiated in a Picker x-ray diffractometer using Cu Ka radia

tion, at 14ma, 40kV, 2° 28jmin. T = 3 sec and 200 cps, Scans were made 

from 28 = 28° to 70°, which covers the major peaks for calcite. argonite. 

Ca(OH)2 and CaO (Appendix II), 

The second source of calcite powder was Baker-analyzed. high purity 

CaC03 (see Appendix III for characteristics), 

In a typical isothermal experiment. the Pt boat was loaded with a 

sample that weighed 1 to 5 gms and the thermocouple junction was posi

tioned to rest in the center of the sample. The furnace chamber was 

evacuated. The vacuum was maintained at ~10-6 torr for about 12 hours 

with the furnace heated to about 200°C, to desorb gases from the walls 

and sample surfaces. 

The valve to the vacuum pump was then closed, If no significant 

desorption was observed, indicating a clean system, CO 2 from the gas 

burette was added to a fixed pressure (typically ~5 torrs). higher than 

the CO 2 decomposition pressure at any temperature of subsequent heating, 
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On reaching the desired temperature, the pressure of CO2 was 

adjusted to some specific initial value and the sample was left to 

equilibrate isothermally, Equilibrium conditions were considered 

established when the rate of pressure rise fell below 1 m torr per hour 

(which is the background pressure rise in a clean, baked system under the 

best leak-free conditions), over several hours, Typically, this equi

librium was insured by leaving the system at constant T and P up to 12 

hours, 

Next. a known amount of CO 2 was extracted from the system by 

opening it to the gas burette. The sudden drop of CO 2 pressure in the 

reaction chamber was partially reversed by release of CO 2 by the calcite, 

The final pressure was recorded when no further pressure rise was ob-

served. The amount of CO2 released by the sample was calculated by using 

equations described above to calculate the change in the number of moles 

of CO2 in the gaseous phase in the system and comparing it with the 

amount added from the gas burette. 

Experiments were carried out with samples of different particle 

size to estimate the effect of surface adsorption/desorption. With large 

crystals (~lcm x lcm x O.5cm), the time to reach equilibrium was so long 

in the practical temperature range. below lOOooK that the errors in final 

equilibrium pressures were high. Hence, most of the study was done with 

powdered calcite. 

To ensure equilibrium conditions, experiments were also carried out 

in the reverse direction, i.e., by starting from a lower PC0
2 

and 

increasing it by addition of known amounts of CO2. 
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The change in composition, 6X
C02 

in going from pressure P, to P2 was 

calcu1ated from 

where, 

:= ± I~ BRTVAB -6XC02 (in mole %)- L 

PB = CO 2 pressure in the gas burette in torrs 

VB = volume of gas burette in cc 

TA = ambient, room temperature (OK) 

6P = P2-P, in torr 

VA = effective volume in cc 

nCaC03 = # moles of CaC03 in the sample. 

A + sign is used on the right hand side of equation when P2>P,; a- sign 

for P2<P 1. 

7. Non-isothermal Experiment 

The isothermal experiments described above were restricted to a 

narrow temperature range because of the experimental difficulty in main-

taining a static vacuum system leak-free at high temperatures over a pro-

longed time period, because of the exponential rise in decomposition 

pressure with temperature and because of the inherent inaccuracy involved 

in utilizing the gas burette (see discussion of accuracy in the discus

sion section). A non-isothermal method completely eliminates use of a 

gas burette, which was the main source of error. The method involves 

measuring PC02 in equilibrium with CaC03 phase in a closed system as the 

temperature changes. These changes in pressure and temperature lead to 

a unique change in composition. Useful thermodynamic data can be obtained 

by this method as discussed below. 
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(i) Theory 

Consider heating some fixed amount of CaC03 in a closed system under 

an imposed pressure of CO2, (P
C02 

> Peq ). Then, in a general thermo

dynamic sense, the composition of CaC03 at a given P and T, is uniquely 

determined according to the phase rule, This can be written formally as 

where P is the imposed pressure of CO2, T is the temperature of the 

sample (~TF) and X is the mole fraction of CO2 in the CaC03 phase. 

Differentiating equation 10, we get 

dP '" (~) dX + (~)' dT ax T aT x 

(10) 

(11 ) 

However. P in the system, from experimental consideration, is given by 

P '" 

where VA is the effective volume as discussed before, Differentiation 

gives 

dP ;:: - dn + n RT d -RTA ( 1) 
VA A VA 

(12 ) 

which relates the differential changes in pressure to changes in the 

amount of gas in the system. and changes in the effective volume as TF 

changes, Now. dn is related to the change in composition in a closed 

system by 

(13 ) 

where n is the number of moles of CaC03 in the system, CaC03 
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Combining equations (11), (12) and (13), yields 

dV '" _ (ap) dn + (ap_) dT 
A ax T nCaC03 dT/ X 

which on rearranging gives, 

(14 ) 

where 

(15 ) 

i.e. a is a constant for a given amount of nCaC03' if room temperature 

TA is constant. Now, from equation 8, we see that 

where V, ::: volume of hot zone at temperature T,-- T, 

T2 ::: ambient temperature _ TAo 

also, Pea is related to 6Geo (X.T) by 
2 2 

o r6G~02] 
Peo

2 
" PC02 exp ( RT 

o 0 

when 6H
e02 

and 6S
e02 

are assumed to be temperBture independent, 

(16 ) 

( 17) 

differentiation of both sides of equation 17 with respect to temperature 

yields 
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(18) 

combining equations (16), (18) with equation (14), we get 

[ 
( 3P \] dn_ 

1 + a \ 3X)T. crt-
P VA 

since n - ~- ,. - RTA 

(19 ) 

~o 

equation (19) has two unknowns, namely (3P/3X)T and 6H CO (x). To solve 
2 

for these, one can start at a given Xo (i.e., specified Po, To) and heat 

(or cool) two different samples, differing in a(ncaco3)' This procedure 
. dlnn leads to two dlfferent values of ~/T' which can be used to solve equa-

tion (19) for the two unknowns, algebraically. 

The theory suggests that this method will lead to measurement of 
-0 

(3P/3X)T and 6HCO (x) as a function of composition, and it appears to be 
2 

a valuable method for obtaining thermodynamic information by means of the 

tensi-volumetric apparatus. 

Success with the non-isothermal experiments depends upon being able 
dlnn to measure ~T accurately at the initial compositions for the two dif-

ferent samples. The differences in two slopes can be maximized by making 

al /a2 as large as possible, i.e., by doing the experiment with as much 

difference in the amounts of CaC03 as possible. 

(ii) Ex~erimental method for non-isothermal experiments 

About 0.17 gms, of CaC03 powder (Baker analyzed) was loaded into the 

furnace, the system was baked at 300°C for ~12 hrs. A CO2 pressure of 
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about 4 torrs was imposed upon the sample, which was then heated to 900 o K, 

The pressure was readjusted to ~7,O torrs and system was left to equili

brate (~lO hrs), Starting from these initial conditions of P and T, the 

temperature was reduced in steps of about 50°C and the pressure was re-

corded for each temperature after it had stopped changing. The amount of 

CO 2 in the system was calculated using equation (1) and ln n was plotted 

against T. A similar set of measurements at increasing temperatures was 

then made to determine if the measured composition changes were reversible, 

A similar set of heating and cooling experiments were performed for another 

sample which weighed about 2 gms, limiting slopes of the data, dl~tn were 

obtained at the initial Po, To and equation (19) was solved algebraically. 

8, Experiments on CaC03 Minerals 

Experiments were undertaken to establish the differences in CO 2 

content of calcite obtained from different geological sources, These 

experiments were motivated by the preliminary observation that on heat

ing a ground specimen of Iceland Spar calcite, CO2 was evolved in measur

able amounts when the specimen was heated under pressures of CO2 greater 

than the decomposition pressure, In a typical run, a calcite specimen, 

hand ground and dried in a vacuum oven at 75°C for ~1 week was placed in 

the furnace and heated to 100°C in the closed system in vacuum. The 

gases released were analyzed by the residual mass analyzer (RGA) and 

then the system was pumped (~12 hrs) at 100°C to remove any trace amounts 

of H20 impurity, which was checked by RGA. A CO2 back pressure was then 

imposed and sample was heated to 900o K, with the PCO kept above P at 
2 eq 

all temperatures, The gaseous atmosphere in the furnace was analyzed 

again using the RGA and the amount of gases desorbed was calculated. The 
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surface area of powder was measured using a Quantachrom BET surface area 

analyzer which was found to be consistent with 1-5~m particle size ob

tained by SEM examination (Fig. 13). The surface area of granular CaC03 

of uniform mesh size (=14), which was used in the experiment, was obtained 

by photographing the particles at low magnification and estimating the 

mean grain size over several grains (see Fig. 14). This surface area 

measurement was made in order to determine whether or not the CO2 loss 

during heating might arise from desorption from the surface of CaC03 

samples rather than from the bulk composition change, to be discussed 

later. 

CaC03 samples were also prepared by grinding them in CC1 4 to avoid 

any contact with CO2 and H20 in air, and the same procedure was repeated 

with these samples to check the difference due to exposure of powder to 

air. No difference in CO2 adsorption/release was found between the sam

ples powdered in air or under CC1 4. 

9. Determination of Absolute Compositions 

In all the experiments involving compositional changes discussed 

previously, the absolute composition is unknown and only relative changes 

in composition were measured, For example, in isothermal experiments. 

* * 6XC02 = X - X was measured as a function of PC0
2

' where X is the com-

position at a reference pressure, not known a priori. 

In order to complete the thermodynamic description of non-stoichio-

metric calcite, it becomes important to know the absolute value of 0 in 

caO.(C0 2)1±o as accurately as possible. A series of CaC03 specimen, 

both 'Iceland Sparl and 'Baker-analyzed ' reagent were analyzed for Ca 

and C content by standard chemical analysis techniques. The ratio of Ca 
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to C was found to be stoichiometric within the experimental accuracy 

(see Table II). A survey of the literature showed that previous analysis 

of CaC03 have shown it to be of stoichiometric composition to within 

0.01%, and this result was accepted as characteristic of CaC0 3 . 

A test of the total calibration of the tensi-volumetric apparatus 

was obtained by decomposing small weighed amounts of calcite powder 

(Baker analyzed-reagent grade) at 700°C in the apparatus used in this 

work. Correcting for the amount of CO 2 evolved during 'degassing', the 

total amount of CO 2 evolved was found to be 99.45% of the theoretical 

amount based upon stoichiometry. No release of CO 2 was detected on fur

ther heating of the product CaO up to 950°C, indicating negligible solu

bility of CO2 in CaD. This result. coupled with the previous chemical 

analysis was taken to mean that the 0.55% discrepancy in the amount of 

CO2 released reflects a systematic error of 0.55% in the volume calibra

tion of the apparatus. Thus, the calibrated volume was corrected by 

0.55% at all temperatures. 

Since CaC03 is stoichiometric within 0.01% at lower temperatures 

(~300°C). the absolute compositions can be determined by measuring the 

amount of CO2 absorbed when the sample is equilibrated at a higher temp-

erature under P = P and cooled to a lower temperature (300°C). The C02 eq 
equation describing this process can be written as: 

CaO·(C02)l + n CO 2 (p ) + CaO'C0
2 -ns s eq 

where ns is the difference between the number of moles of CaO and CO
2 

in 

calcite when it is saturated with CaD. The amount of CO 2 absorbed in this 

process gives the composition of calcite at the reference pressure 

at any temperature. 

P eq 
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Experiments to determine the phase boundary composition of calcite 

were performed both with granular samples and with Baker analyzed powder. 

In a typical run~ CaC03 was placed in the furnace and the system was 

baked under vacuum at 300°C. The vacuum pump valves were closed to iso

late the system~ and the sample was heated to a high temperature usually 

about 700 0 e under an imposed Peo equal to the equilibrium pressure of 
2 

CO 2 at the final temperature. After the system had equilibrated at con-

stant temperature and pressure (= Peq ). The sample was cooled to 300°C 

slowly (a typically, cooling rate was about sooe per hour). At 300°C. 

the final pressure was recorded and the amount of CO 2 absorbed was calcu

lated using the equation 

(20) 

f where Pf • Vf , TA are the final pressure. effective volume and ambient 

temperature respectively. and Pi' Vi' TAi are values at the initial fur

nace temperature. 

In one run, a sample was cooled from 70Q c C with PCO = P at 700°C 
2 eq 

to 300°C in four steps of 6T = 100°C in each step. The amount of CO 2 
absorbed was calculated for each step and absorption in the final step 

(400°C + 300°C) was found to be negligible. 

The experiments to determine the extent of nonstoichiometry at the 

eaO-CaC03 phase boundary were performed for several temperatures between 

soooe and 750 0 e. The assumption in all these experiments was that the 

phase width of calcite at 30Qc e is negligible. The validity of this 

assumption will be discussed in a later section. 
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III. RESULTS AND DISCUSSION 

1. Sensitivity and Accuracy of the Tensi-volumetric Method 

The tensi-volumetric apparatus was used in this study to determine 

from changes in the pressure of known quantities of gas, the correspond

ing compositional changes in the solid phase. For very small composi

tional changes at low pressures, this method has some distinct advantages 

over a thermogravimetric apparatus in which the solid compositional 

changes are determined from changes in the weight of the sample. 

The minimum relative change in composition of CaC03• 
!:::.n . 

AXmin 
u C02' which 

can be measured by the apparatus is mln, where !:::.n 1'n is the minimum 
nCaC03 m 

measurable change in the CO2 content in the gas phase and nCaC03 is the 

b f 1 f 1 · b t Th f . A AX mi n num er 0 mo es 0 ca clum car ona e. us. or a glven un .• u CO mln 2 
can be made smaller by increasing nCaC03' i.e., by using larger amounts 

of sample. This size effect is opposite to that for a microbalance. 

for which the sensitivity decreases with increased sample size. However. 

sample size is limited to a certain extent by the necessity of keeping 

the sample isothermal for which smaller samples are desirable. The sen-

sitivity of the tensi-volumetric apparatus can also be increased by 

decreasing !:::.nmin by decreasing the overall volume of the apparatus. For 

the apparatus used in this study. nCaC03 was typically ~0.05 moles. Us

ing the calibrated volume of the apparatus, !:::.x~6n is calculated to be 
-6 2 

-10 per mole of CaC03, at T = 900 o K. This sensitivity is more than an 

order of magnitude better than conventional microbalances and is compara

ble with the best electrochemical measurements of shifts in composition; 

and the electrochemical method is not suitable for a poorly conducting 

phase like CaC03. 



The accuracy of the measurements depends upon the accuracy with 

which the variables V, P and T can be measured. The largest source of 

error was found to be introduced by the use of a mercury manometer to 

measure the pressure in the gas burette. In isothermal experiments with 

the gas burette, typical accuracy was ±1% of n
C02 

in the burette. The 

pressure and temperature measurements in the furnace chamber are accu-

rate to ±0.1%. Thus, non-isothermal experiments which do not involve 

the gas burette are an order of magnitude better in accuracy. 

The overall conclusion then is, that at low pressures, the tensi-

volumetric method is a precision, high accuracy method for measurement 

of the compositional changes in the sample, being superior to gravi-

metric method and comparable to electrochemical method in precision. 

However, when CaC03 is used as the sample. the exponential rise in de

composition pressure with temperature makes the measurement of small 

changes in composition difficult with the system described here, at 

temperatures greater than 670°C because the use of a higher pressure 

range manometer reduces the sensitivity by two orders of magnitude. to 
min -4 the value LXC02 = 10 mole/mole CaC03. Such a problem will not occur 

if one were to measure, say, the solution of CO2 in CaO phase at high 

temperatures. In fact, the precision of LX. = 10-6 moles/mole CaO mln 
at T > 600°C probably makes this technique superior to any other method 

of studying the solubility of CO2 in CaO at high temperatures. It is 

hoped that it will be found useful in studying the solubility of CO 2 in 

the metastable CaO produced by vacuum decomposition of CaC03, which seems 

to dissolve up to 15 mole% CO 2 at 700°C. 6 
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2, Solub~C02 in CaC0 3: bulk VS. surface effects 

The release of CO 2 by calcite prior to decomposition may be due to 

a change in bulk composition of the calcite phase and/or to a change in 

the surface composition, A simple calculation permits estimation of the 

number of monolayers of CO 2 that must be released from the surface in 

order to account for the measured changes in ~XC02' 

Assume the CaC03 surface to be planar and chemisorption of CO 2 to 

occur only on one type of lattice site (cationic or anionic), Using the 

lattice parameters of calcite, we then calculate that the number of 

chemisorption sites/area ~5 x 1014 per cm2, Therefore, the number of 
2 moles of CO2 per monolayer per m , 

-6 2 nm = 8,2 x 10 moles per m 

If ~nCO is the number of moles of CO2 released or absorbed from the 
2 

sample surface, then the corresponding number of monolayers. n, is 

~nC02 
n = ----------~r- monolayers ( 21) 

W 0 (8,2 x 1 

where w is wt, of sample in gms and 0 is specific surface area in m2 

-1 gm 

Table III gives a list of samples studied and a correlation of ~XCO 

with the equivalent surface coverage, It is seen that for high surface 
2 

area calcite (0 = 0,67 m2 g-'), changes in the quantity of CO 2 chemisorbed 

can not be ruled out as the source of the measured changes in CO 2 content 

because the surface coverage is calculated to vary from ~0,63 to 2,7 mono

layers, However, for the granular samples (0 = 10-3 m2 g-l) a calculated 

value close to n = 300 monolayers is required to account for the observed 

change in 6X CO in the 
2 
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sample, This implausible result rules out changes in surface coverage as 

the main source of the observed changes in CO2 content of calcite, 

However, 6X
C02 

for the powdered sample is larger than that for the 

granular sample, suggesting that desorption is partially responsible for 

the observed evolution of CO2 on heating powdered calcite, The surface 

effect can be accounted for quantitatively as will be done in the next 

section. 

3. Isothermal Experiments 

Figures 15-20 show plots of 6XC02 vs, PC02 at four different 

temperatures and for different sources of calcite (note the difference 

in scales for different isotherms). The data in Fig. 15 was obtained 

at 773°K for hand ground sample of calcite (0 = 0.25 m2 9 ,). The ex-

periment was done in a cyclical pattern, by establishing a high pressure 

(0.8 torr-Hg) and lowering it in successive steps to 0.075 torr. Then 

the direction of pressure change was reversed. This overall cycle was 

repeated a few times. The experimental points have been marked with 

numbers to show the order in which they were generated. The order is 

important because the errors in measuring the compositional shifts are 

cumulative. 

This plot shows that the initial. relatively large changes in 

composition as PC02 decreased, are not reversed when PC02 is increased. 

This large. initial composition shift could be accounted for by an ir-

reversible desorption of about 0,4 monolayer of CO 2 from the particle 

surfaces. It may be that at the temperatures and pressures of this study. 

a stable CaC0 3 surface consists largely of Ca++ and 0-- ions rather than 
++ 

Ca and C03 ions. 
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On further cycling, the composition shifts are smaller, but 

reproducible within the error limits. 

To avoid crowding on figures, the P - ~x isotherm at T = 773°K for 

'Baker Analyzed' calcite powder (0 :::: 0.67 m2 g-l) is reported in Fig. 16. 

For this material, the surface area is higher and initial irreversible 

CO2 loss is even greater, as would be expected if the loss of CO 2 from 

the surface is responsible for this effect. The initial, overall compo-

sition shift corresponds to ~0.3 monolayer of surface-oxide formation. 

The reversible part of this plot is in reasonable agreement with 

( -3 2 that in Fig. 15. A similar experiment with granular CaC03 0:::: 10 m 

-1 ) g at 773°K failed to show any measurable shifts in composition within 

a large scatter in data. For this sample, the surface area is too low 

to contribute a significant irreversible desorption, and presumably di 

fusion of CO 2 in CaC03 at 773°K is too slow to make study of shifts in 

bulk composition possible. 

P-~X isotherms at 900 0 K are reported in Figs. 17 and 18, for calcite 

powder and granular calcite, respectively. There is some irreversibility 

for the powder (Fig. 17) but, as expected, not for granular sample (Fig. 

(18).The overall composition shift is larger at 900 0 K than at 773°K, sug

gesting that the phase width of CaC0 3 increases with temperature. 

Figures 19 and 20 are P-~X plots for granular calcite, at 973°K and 

100ooK, respectively. These plots show the same general behavior found 

for the lower temperature isotherms. 

On comparison of all P-~X isotherms, it becomes evident that the 

shifts in composition, ~XC02 is non-linear with pressure of CO2, Also, 

the compositions at all temperatures seem to approach a saturation value 
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asymptotically at higher pressures of CO 2. 

Another feature which is evident in P-6X isotherms is that it is 

possible to reduce the pressure below the equilibrium decomposition 

pressure by as much as 20% without leading to decomposition~ with rever

sible changes in composition. In this region calcium carbonate is meta-

stable with respect to formation of CaO and CO 2, suggesting a barrier to 
expt. 

the nucleation of the oxide phase. For example~ at 900 0 K (Peq ~ 3.9 

torrs), the pressure of CO2 could be reduced to 3.2 torrs without observ-

ing any decomposition, with continuity in P-6XC02 plot. Further reduc-

tions in pressure lead to decomposition at extremely slow rates~ as shown 

in Fig. 18. where the composition shifted with time, with pressure 

approaching Peq slowly. The minima in P-6XC02 were taken as the limit 

of metastability. 

4. Point-defects Modelling 

As mentioned in the introduction of Part I of this thesis, point 

defects are decisive in defining nonstoichiometry in solid phases. The 

equilibrium concentrations of various defects in a binary phase are con-

trolled by the defect formation energy and entropy. and the condition 

for charge neutrality. The simplest type of defect which will lead to 

nonstoichimetry in the CaO·C02 phase, compatible with the energetics and 

charge neutrality is 0 ions on C03 ion sublattice. The two other 

common defects, namely Schottky and Frenkel defects19 do not lead to non-

stoichiometry. The equation describing the formation of 0 defects on 

C03-- sites, following Kroger-Vink notation20 is 
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where X represents anionic sites in the crystal. This defect reaction 

would lead to a negative deviation from stoichiometry, making calcite a 

CaO-rich phase. 

Positive deviations from stoichiometry, i.e,. occurrance of 6>0 in 

the formula CaO.(C02)1+6 are possible by the following defect reactions: 

CO2 (g) + CO 2 I 

CO
2

(g) + VM-- + C02~ 

where I, M and X represent the interstitial, cationic and anionic sites 

respectively,and V is a vacancy. None of these three is likely to be 

present at a readily measurable concentration. Of the three, CO 2 inter

stitials are likely to be most important. 

Formally, one can look upon substitution of ° for C03 on an 

anionic site and CO2 on interstial sites as being an example of the gen

eral case of a defect compound of type AB 1+6, for which the defects are 

B component on interstitial sites and vacancies on B sites. Physically, 

a vacancy on a B site for CaO·C02 corresponds to the occurrance of 0 

ions on the C03 sublattice. The symbols for these defects (following 

Kroger3) are Bi and VB' respectively. The general theory for deviations 

from stoichiometry for such a system was put forward by Wagner, who 

showed on the basis of statistical mechanics that21 

o 0 

6 = 2 XB. sinh [~n(aB/aB)J 
1 

(22) 

o 

where 6 is the deviation from stoichiometry leading to AB1+6, XBi is the 
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mole fraction of interstitial defects of B at the stoichiometric composi-

tion and aB is the activity of B- component, quantities referring to 

ideal composition (8~0) being denoted by a degree superscripto 

A plot of ~n aB/aBo vs. 8, according to equation (22) yields an 

antisymmetrical curve with the inflection point at the origin (8=0), as 

shown in Fig. 21. The part of plot exhibiting 8<0 is concave upwards. 

° with the 8>0 part being concave downwards. The value of XBi comes as a 

scale factor in this plot, and if it is extremely small. which one expects 

for CaO-C0 2 on the basis of energy involved in putting CO 2 molecules 

interstitially, the inflection point will not be seen unless aB (~PCO ) 
2 

becomes very largeo 

The experimental isotherms (Figs. 15-20) seem to indicate that only 

the concave upward part of the general curve of Fig. 21 has been obtained. 

To obtain 8>0, PCO will probably have to be enormous compared to the 
2 

experimental pressures. It therefore seems reasonable to assume B;-O and 

consider the deviations from stoichiometry to be a measure of 0 ions 

concentration in CaC03 lattice. The general behavior of P-~XC02 isotherms 

can thus be interpreted as being due to an increase in the 0 ion con-

centration as PC02 is lowered, until a saturation value is reached and CaO 

nucleates. In general, the formula CaO'(C02)1+8' then, only the range 

with the negative sign before 8 is likely to be measurable. 

With this interpretation, we can assume that the higher pressure part 

of the p-~x experimental isotherm tends asymptotically to the stoichio-

metric composition, which enables us to define the exact compositions 

from the relative deviations in composition. However, since only the 

concave upward part of the general curve has been obtained, determination 



-39-

of the exact location of the inflexion point (0=0) is not possible a-

priori. An alternate method, therefore, was used to determine the 

exact compositions. This method involves measurement of deviations 0, 

at the CaO-CaC0 3 phase boundary. The theory developed in the next sec

tion enables one to interpret the signfficance of os' 

5. Phase Width and Solubility Limits of CaO(C0 21 1-8 

Let us assume that the only significant defect responsible for 

deviations from stoichiometry is substitutional 0 on the anionic sub-

lattice. Then, the nonstoichiometric phase CaO'(C02),_o(o>0) corresponds 

to 

i.e., 0 is the number of moles of 0 ions when the total number of 

anionic sites is one mole. 

Consider now the reaction at temperature T: 

the free energy change for this reaction is, 

(23) 

where the ~Gls correspond to the free energy of formation of each reactant 

or product from CaO and CO2 in their standard states, which are CaO(s) at 
o 

1 atm pressure and CO2(9) at 1 atm at the reaction temperature T K. The 
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effect on the activity of CaO'C02 from variations in pressure of CO 2 

between 0 and 1 atm will be very small, and is therefore, neglected in the 

treatment. 

We can now write 

(24) 

where ~G is the excess free energy of the nonstoichiometric phase over 

that of stoichiometric composition. This excess free energy arises from 

three contributions, (i) the enthalpy of defect formation (~H), (ii) the 

change in entropy due to changes in vibrational states around defects 

(~sth), and (iii) the change in entropy due to configurational disorder 

on the sublattice (~Sconf.), which will be assumed to reflect random 

mixing of 0 and C0 3--. The division of entropy change into configura

tional and thermal components is arbitrary to the extent that if dis-

order on the sublattice does not correspond to random mixing, the dif

ference in ideal and non-ideal mixing can be incorporated into ~Sth term. 

With the assumption made 

(25) 

cenf Now, ~S , when the total number of mixing sites is one mole, is given 

by22 

conf [ () ~S = -R 0 tn 0 + 1-0 tn {l-o)J (26) 
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The enthalpy and thermal entropy of defect formation can be combined to 
th give 6G 9 the thermal free energy of mixing, i ,e" 

( 27) 

6Gth can be written in terms of partial molal quantities as, 

(28) 

where the first two terms on the right hand side of the equation are 

partial molal thermal free energies of the components in the nonstoichio

metric phase, and the latter two terms (primed) are for the stoichiometric 

phasec For a low concentration of defects, such as found in the CaC03 

phase, these quantities can be assumed to be composition-independent, 

i,e" no association of defects occurs 3 and hence, we can write 

- th - th' 6G. =: 6G. , where i =CaO or CO 2 1 1 

hence, equation (28) becomes 

Using equations (23), (24) 9 (25) 9 (26) and (29), we get 

6G(0,P) ::: RT[o ~n 0 + (1-0) ~n (l-o)J -0 6G th + oRT ~n PjP O 

CO2 

(29) 

(30) 

The equilibrium value of 0 at a given pressure P is the value which mini

mizes 6G(o,P), This condition gives, using equation (30) 
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fd 6G(0'P)] ~ ° ~ RT [1 + £no - 1 - £n(l o)J _ 6Gth + RT £n P/po 
L (1 cS P ,T CO2 

or, simplifying. we get 

L6G
th J ~o_ ~ exp _ CO 2 

1-0 RT ( 31) 

but when 0«1.0 can be neglected in the denominator. so that. 

o c exp l'G~~~hJ pjpo (32) 

This equation predicts that the extent of nonstoichiometry at any given 

temperature is inversely proportional to the pressure of CO2, This pre

diction can be verified on the experimental isotherms. as will be shown 

later, However. another useful quantity that can be obtained from equa-

tion 32 is the value of os' the saturation value of 0 at CaO-CaC0 3 phase 

boundary, This value is obtained by putting P '" Peq equation (32) 

cS '" s exp 

but Peq/PO = exp(-6Gd/RT). where 6God is the standard free energy of 

decomposition of CaC0
3

, 

gives 

Substituting for P Ipo in the above equation eq 

cS ::;: 
s l-6G th + 6GO] CO 2 d 

exp RT 

Equation (33) can also be derived independently by considering the 

equilibrium condition at CaO-CaC0 3 phase boundary. (see appendix IV), 

(33) 
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Now, consider the reaction 

The enthalpy change for this reaction is 6Hd , the integral heat of 

decomposition, which is also the negative of the integral heat of for

mation of CaO'(C02)1_0' This integral heat can be written as a sum of 
s 

partial molal enthalpies of the components, i.e., 

since 0 «1 in the experimental range, it can be neglected to obtain s 

or, 

Similarly, for the entropy, 

for 0s«l, taking the limit of 0 + 0, 

6S ;; -6S th _ 6Sth 
d CaO CO2 or, 

-th --th 6Sd + 6SCO 
:::: -6\aO 

2 

(34) 

(35) 

(36) 
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usinq equations (35) and (36), gives 

( 37) 

hence, equation (33) becomes 

(38) 

or, 

I -LHCaO LS CaO r - ] [-th J 
Os ::: exp L RT exp --R- (39) 

Thus, we see that an experimental plot of ~nos vs. liT will be a straight 
~·o 

line, the slope being -LH CaO/R and the intercept at T ::: 00 being 
-oth 
LSCaO/R. 

It is interesting to note that equation (39) can also be derived by 

taking CaO and CaC03 to be two components rather than CaD and CO 2, Then, 

CaO'(C02)1_0 can be viewed as a solid solution of CaO(s) in CaC03(s)' 

This approach is justified because we have assumed implicitly in deriva-

tion of equation (39) that the C02/CaO ratio in the CaC03 phase can never 

exceed 1. Then, solution thermodynamics can be used with CaO and CaC03 
taken as the two components. At the CaO - CaC03 phase boundary, equi

librium requires the activity of CaO to be the same in both phases, i.e., 

aCaO in CaO(s) = aCaO in CaO.(C02)l_os' 

Neglecting any solubility of CO 2 in the CaO end phase, aCaO in CaO(s) is 

unity while its activity as a dilute solute in CaC03 is rCaO XCaO ' where 

rCaO is the Henry's law coefficient and XCaO is its solubi<lity (os). 
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That iS 9 for the reaction 

8s CaO(s) + (1-6s ) CaC03(s) = CaO'(C02)1_6 
s 

and rCa0 9 the activity coefficient of solute for a dilute solution is 

given by' 

rCaO '" exp 
6Gth 

CaO 
RT 

(40) 

which then leads to the same result as equation (39), -th However, 6GCaO in 

equation (40) is the partial molal quantity when CaC0 3 is considered as 

the second component 9 while equation (39) was derived with respect to 

CO2 as the second component, It is shown in Appendix V that the partial 

molal thermodynamic quantities for a component A in a solid solution 

AB l _8 are the same whether AB or B is considered as the second component, 

From this relation 9 the identity of equations (39) and (40) is 

established, 

Figure 22 is an experimental plot of ~n 6s vs, liT for a calcite 

powder, The plot is found to be, in fact 9 linear at higher temperatures, 

but not at lower temperatures, The low temperature results also depend 

upon whether the value of 6s was obtained by cooling or heating the sam

ple. In the heating run (obtained by starting at 3000 K and heating the 

sample under imposed Pea '" P for the higher, final temperature), 8s 
2 eq 

is found to be higher than the value obtained by linear extrapolation of 

the high temperature data, 
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This anomaly can be explained on consideration of surface chem; 

desorption of CO 2; the high, anomalous 8s value obtained corresponds 

closely to one monolayer coverage of the carbonate with oxide, in the 

initial heating run. Subsequent cycling of the sample temperature 

(experimental points are marked by numbers to show the order in which 

they were obtained) shows that the anomalous values of 8s at lower temp-

erature are also dependent upon previous cycling of the specimen. 

This fact again suggests that chemisorption is partially irreversible 

as well as dependent upon the pressure of CO2. 

The irreversible surface effect is not seen in Fig. 23, which was 

obtained for granular calcite of low surface areas. The plot in Fig. 23 

is fairly linear over the whole temperature range. verifying the theory 

presented above and also substantiating the assumption of the nature of 

defect responsible for the nonstoichiometric behavior of calcite. 

It was concluded above that 8s obtained from the reversible changes 

in composition in the experiments (Figs. 22,23) are measures of the 0 

ion concentration in the CaC03 lattice. This assumption should be justi-

fied. The experimental points were obtained by 

of samples from high temperature T and pressure 

a slow cooling (heating) 

pT (3000C, pT ) to 3000C 
eq eq 

(TOK). The value of 8s thus obtained was based upon the assumption that 

8s at 300°C is zero. Extrapolation of plot in Fig. 23 to 300°C gives 

8s = 2.1 x 10-10 at 300°C, which is negligible compared to 8s at higher 

temperatures. Hence, no significant error ;s introduced in the measure-

ment of 8s at higher temperatures by assuming zero phase width at 300°C. 

A least squares fit through experimental points in Fig. 23 gives 

the following values: 
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6H CaO :::: 35.6 K cals. mole-1 

6S th ;:;; 21.8 cals °K-1 mole-1 
CaO 

using equation (35) and (36), and using the values for 6Ho d and 6so d 

obtained previously (page 31) we get 

6H CO :::: -76.47 K cals mole- 1 
2 

-th -1-1 6S CO :::: -56.8 cals oK mole 
2 

6. Activity vs. Composition Isotherms: determination of exact 
compositi~ 

We have derived, for CaO'(C02)1_0' in a previous section, the 

following equation (32): 

6 (P, T) 

In the isothermal experiments discussed previously we measured 6X
C02

' the 

relative change in composition which results from changing the CO
2 

pres

* sure from a reference pressure P to the pressure P. This corresponds to 

* 6XCO ::: - (6 - 0) (45) 
2 

which, on using equation (32), gives 

* rl6GO th) ] [. 1 1 J 
6XC02 (P ,P)::: po exp C02/HT P* - P 

= A [p~ -~] (46) 

where A;:;; po eXP(6G O th/ RT) is constant at a given temperature. Thus, 
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theory suggests ~XC02 (P*, P) to be inversely proportional to ~(l/P) 

(~ 1/ p* - 1 / P ) , 

Figure 24 shows plots of log ~X vs log ~l/P at several temperatures. 

They are, as predicted by the theory. linear within experimental accu

racy. The least squares lines through experimental points for different 

temperatures give slopes ranging from 0.80 to 1,03, with an average slope 

of 0.95 ± 0.2, Thus, it is concluded that within the experimental accu

racy, the P - ~X plots show an inverse pressure dependence as predicted 

by equation (32). 

This fact enables calculation of exact compositions because 

according to equation (45), 

~X "" -(o*-o) CO2 

and 0 " AjP*, where A "' po exp [KG~~2jRTJ . 

Using value of ~G~~2 obtained in the previous section, a value of 0* 

was calculated for different temperatures and reference pressures. The 

P-~XCO isotherms of Figs. 15 to 20 were replotted in terms of absolute 
2 

compositions in Figs. 25-28, where the theoretical curves obtained by 

using equation (32) are also drawn. Only the reversible part of the 

isotherms have been replotted. Reasonable agreement is found between the 

theoretical curves and experimental data. 

7. Partial Phase Diagram for t~ CaO-CaC03 System 

Wyllie and Tuttle26 ,27 reported that a eutectic is formed in the 

CaO-Co2 system at 1240°C with eutectic composition at XC02 = 0.48. The 

same eutectic has been reported by Smyth and Adams 7 also at 1240°C, but 

they report the eutectic composition to be Xeo ; 0.25. 
2 
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The possibility that CaC03 may dissolve considerable CaO was not 

mentioned in either of the studies mentioned above. In fact, the phase 

diagram by Wyllie and Tuttle shows CaC03 to be a line phase throughout 

the temperature range. Extrapolation of the solubility limits found in 

the present study shows that at 900°C, Os = 1.2%. This value is in fair 

agreement with Tumarev'sll value of Os = 2.1% at 900°C, the only value 

previously reported for the solubility of CaO in CaC03. 

Extrapolating the solubility limits found at lower temperatures in 

this study to the eutectic temperature gives Os (1240°C) = 0.42. Thus, 

there is probably a very large departure from stoichiometry at the eutec-

tic temperature. 

In order to generate the phase diagram for the CaO-CaC03 binary 

system. one needs to know not only the solution limit of CaO in CaC03, 

but also the solution limit of CO2 in the CaO phase. 

All experiments on the solubility of CO2 in CaO(s) using the tensi

volumetric apparatus failed to show any measurable solution range for 

the CaO phase at 100QoK or below. The only other study of the solubility 
11 of CaC03 in CaO, that of Tumarev. et al.. reports the solubility of 

CaC03 in CaO to be 4.2% at 1173°K. but Tumarev. et al .• expressed doubts 

about the accuracy of their results. 

Using the calculated values of Os at higher temperatures, the phase 

diagram for CaO-C02 system by Wyllie and Tuttle26 has been modified in 

Fig. 29 to include the phase width of calcite. Since the extrapolated 

solubility of CaO in CaC03 is close to 42% at the eutectic temperature, 

the eutectic composition of Wyllie and Tuttle (X
C02 

= 0.48) does not seem 

to be correct. Smyth and Adam's value (X
C02 

= 0.25) is in better 
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agreement and therefore has been used in Figo 290 

80 ~on-isothermal Experiments 

The amounts of calcite used in two different samples were 00179 gms 

and 2,274 gms, respectivelyo a These values give a ratio l/a = 1207 in 
2 

Eq, 19~ which requires al/a2 to be large for successful resultso The 

initial conditions used were (i) Po = 700 torr, TO = 900oK, and (ii) Po 
= 5.78 torr, TO = 900oKo 

Figures 30 and 31 show the plots of £n NC02 vSo T obtained for both 

sampleso It is obvious from these plots that the slopes d £n N/dT for 

the two samples are not different enough within the experimental accuracy 

1imits, to warrant solution of Eqo 19. The reason this method failed at 

pressures used as initial conditions becomes obvious on examining the 

P-~X isotherm at 900 0 K (Figo 18), which shows that (ap/aX)900oK at P = 

700 and P = 5.78 torrs is large enough to mask the effect of making 

a1/a2 no greater than 13, 

Another experiment was done with the initial conditions being TO 

= 973°K and Po = 25 torrs, The result is plotted in Figo 32, Again, 

there was no discernable difference in the slopes for two sampleso It 

therefore seems that non-isothermal method fails when (ap/aX)T becomes 

very large, which was usually the case for the CaO oC02 system, until the 

pressures are close to Peq (Figso 15 to 20)0 

The non-isothermal method is an intriguing method for studying 

nonstoichiometry, because it provides an independent measure of ~H for the 

gaseous component. This method would be a most useful approach for those 

systems where the static-vacuum, isothermal type experiments are not possi

ble (especially at high temperatures, where static vacuum conditions are 

hard to achieve). The derivation of Eqo 19~ which forms the basis for 
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this method is general, therefore Eq. 19 should apply to any binary 

system which vaporizes incongruently to yield only one significant gas 

phase component. 

9. Studies on CaC03 Minerals 

Calcite occurs in nature as sedimentary deposits formed by marine 

activity in and near oceans; as igneous rocks and as metamorphic rocks; 

as stalagmites and stalactites in caverns, etc. These different sources 

of CaC03 form at different pressures (activity of CO 2) and temperatures. 

It therefore seemed possible that they have significant differences in 

compositions. From the phase diagram generated in this study (Fig. 29), 

it is evident that calcite formed at low temperatures «lOOOOK) and low 

pressures will be closely stoichiometric. The high pressures possible 

in metamorphic rocks formation might conceivably give rise to 0>0 in 

CaO'(C02)1+0 by forcing CO2 to dissolve interstitially. Temperatures 

higher than 10000K will favor formation of CaO'(C02)1_0 with significant 

deviations from stoichiometry near eutectic temperatures. according to 

Fig. 29. 

Table III shows that every specimen examined, except the 

metamorphic rock, gave ~XC02 ~ 10-4 per mole of CaC03 before the pressure 

of CO2 reached the decomposition limit at 773°K. This CO2 release corre

lated closely with a surface monolayer decomposition and hence, determi

nation of deviations from stoichiometry in the parent samples is not 

possible. 

However, metamorphic calcite gave ~XC02 about an order of magnitude 

larger than all other specimen, which corresponded to a surface decompo

sition of >4 monolayers. It is thus possible, that metamorphic rock has 
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a higher CO2 content than 1 other samples studied. Chemical analysis 

gave a CaO/C02 molar ratio of 1.02 ± 0,01 (Table II), which is also 

larger than the CaO/C02 ratio for all other samples, (But the probable 

error in the chemical analysis is large enough to justify a quantitative 

deduction about the composition of the samples,) 

Spectrographic analysis of metamorphic calcite (Appendix I) showed 

significant amounts of Mg(,63 mole%). Solution of MgC0 3 in CaC0 3 would 

alter the equilibrium decomposition pressure and this could also be the 

factor responsible for the evolution of CO2 in amounts larger than other 

samples of calcite, 

Two more explanations are possible for large CO 2 desorption observed 

on heating metamorphic calcite: (i) It reflects an excess of CO 2, i,e, 

6>0 in CaO,(C02), and which would be possible if PC02 during calcite 

formation is enormously large, Since the enthalpy and entropy changes 

associated with interstitial CO2 defects in calcite is not known, quanti

tative correlations with this prediction are not possible. (ii) It re-

reflects an infinitesimal decomposition of calcite, if conditions of for-

mations were such that metamorphic calcite had. a significant substoichio

metric composition (6<0) frozen in due to rapid cooling, In such a case, 

heating calcite of such a nature places it in the 2-phase field (CaO

CaC03) at lower temperatures as compared to equilibrium composition cal-
-- -- ++ cite. The reaction C0 3 + 0 + CO2(g) at sites adjacent to Mg ions 

in the calcite phase seems to be the most probable reason for the high 

CO2 evolution from the metamorphic rock sample. 

It will be desirable to obtain calcite quenched from the eutectic 

temperature in the presence of CaO and to measure its composition as a 
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check of the analysis presented in this work. Calcite crystallizing from 

a high temperature melt (T>20000K) will not show significant departure 

from stoichiometry because the maximum melting point of CaC03 phase seems 

to occur at composition very close to stoichiometry (Fig. 29), which is 

generally the case for binary solid phases. 28 
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IV. CONCLUSIONS 

The tensi-volumetric method is found to be well suited for studying 

nonstoichiometry in binary solid phases of narrow composition range when 

only one component is volatile, This method is especially suited for a 

study of the CaO'(C02),_o system for which deviations from stoichiometry 

as small as 0 = 4 x 10-5 have been measured. 

The defect responsible for departure from stoichiometry appears to 

be 0 ions on the C0 3 sublattice of calcite, A thermodynamic analysis 

of substantial defects on sublattices predicts the saturation value of 

degree of nonstoichiometry to be exponentially dependent upon temperature. 

Calcite "is very closely stoichiometric at low temperatures. The 

departure from stoichiometry is less than ,1% at T=lOOooK, but increases 

(as predicted) exponentially with temperature and reaches 42% at the 

CaO-CaC0 3 eutectic temperature (1240°C), 

The thermodynamic analysis also suggests that isothermal change in 

composition is inversely proportional to the CO 2 activity. 

The solution of 0 in C0 3 sublattice occurs with large changes in 

partial molal heats and entropies for the components, indicating strong 

interactions, even for dilute solution, The values for partial molal 

enthalpies are L'lH-CaO '" 35,6 Kcals mole- 1, tJ!C02 :::; -76.5 Kcals mole- 1. 
-- -1 Partial molal entropies are L'lSCaO = 21,8 eu mole and ~SCO = -56.8 eu 

2 -1 mole , 

CaC03 seems to form a stable monolayer (or less) of ° on its 

surface, giving rise to appreciable CO 2 desorption prior to decomposi

tion. For powder specimens this irreversible surface effect releases 

more CO2 at temperatures below 10000K than are released and resorbed by 

bulk compositional changes, 
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Variations in CO2 contents of CaC03 specimens from several 

mineralogical sources were too small to measure by the sensitive apparatus 

used in this study, except for a sample of metamorphic rock. This speci

men released a significantly higher quantity of CO2, but the CO2 release 

-- . ++ may have been a consequence of conversion of C03 near dlsso1ved Mg 

to 0-- + CO
2

. 
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Table I. Major Ion Fragments and Their Appearance Potentials CO 2, N2 
and H20 

* 

Species Fragment 
(in the order of 
decreasing importance) 

CO 2 
CO + 

2 
cot 

0+ 

N2 N + 
2 

N+ 

H2O H 0+ 
2 

OH+ 

0+ 

Taken from IlElectron Impact Phenomena," 
Academic Press Inc., NY, 1957, 

F, H, 

Mass 
A.M,U. 

44 

28 

16 

28 

14 

18 

17 

16 

Field and J. L. 

* A.P. 

13,79 

18,5 

19.7±0.4 

15,55 

23.0-24.6 

12,61 

18.0 

18. 9±0. 5 

,~-~--

Franklin, 
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Table II. CalC ratio for Different Sources of Calcite 

Sample 

Baker analyzed 
powder 

Single crystal 
#1 

Single crystal 
#2 

Single crystal 
#3 

Granul ar #14 
mesh crystals 

Metamorphic* 
ca 1 cite 

Ca 
wt. % 

40.02 

39.94 

40.12 

40.05 

39.95 

39.69 

C 
wt. % 

12.00 

11.94 

12.07 

12.01 

11 .99 

11 .70 

11 residue obtained on dissolving in HC£. 

CaO/C02 molar ratio 

0.988 ± 0.01 

1.002 ± 0,01 

0.996 ± 0.01 

0.999 ± 0.01 

1.001 ± 0.01 

1.02 ± 0.01 



ble III. a on t ea on L on 

e 

moles 
M~le 

I s r to O. O. 
784°K 

in vacuum 

Icel s O. L 3. 
in air 

anal O. O. 4. 
Ca 1 cite 

in vacuum 

anal to O. 2.7 1. 3 
Ca 1 cite 

Icel s ar O. 2. 
mesh #14 
size 

ic K 0.35 4.5 L 3 
rock in vacuum 
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APPENDIX I 

1. Semiquantitative spectrographic analysis for Iceland Spar 

Element 

Ca 
Sr 
Mg 
Sa 
Na 
K 
Fe 
Cu 
Si 
Mn 
Al 

Percent (reported as oxide) 
Sample #1 Sample #2 

Principal element 
.003 
.05 

. 001 
02 

.002 

Principal element 
.008 
.015 

<.001 
<.008 

.002 

.001 

2. Semiquantitative analysis of metamorphic calcite 

Element 
Ca 
Si 
Mg 
Al 
Fe 
Ti 
Cr 
Sr 
Mn 
Ba 
Cu 

Percent (reported as oxide) 
Principal constituent 

1.5 
0.15 

.04 

.04 

.008 

.002 

.002 

.002 

.002 
<.001 

Sample #3 

Principal element 
< ,003 

.025 

.003 
< ,001 
0.025 

.003 



APPENDIX II 

* Calcite (CaC03) JCPDS Number 5-0586 

d III 1 28 (CuKa) 

3.86 12 23.0 

3.035 100 29.4 

2.845 3 31.4 

2.495 14 36.0 

2.285 18 39.4 

2.095 18 43.2 

1. 927 5 47.1 

1 .913 17 47.5 

1.875 17 48.5 

1.626 4 56.5 
1.604 8 57.4 

Calcium oxide (CaO) JCPDS Number 4-0777 

d III 1 28 (CuKa) 

2.778 34 32.2 
2.405 100 37.4 
1. 701 45 53.9 
1 .451 10 64.1 
1.390 5 67.3 
1.203 4 79.9 
1 .1036 4 88.5 
1 .0755 9 91.5 

Calcium hydroxide (Ca(OH)2) JCPDS Number 4-0733 

d IlIl 28 (CuKa) 

4.90 74 18. 1 

3.112 27 28.6 
2.628 100 34.1 
1.927 42 47.1 
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APPENDIX II (Continued) 

* Calcium hydroxide (Ca(OH)2) JCPDS Number 4-0733 

1.796 36 50.8 

1.687 21 54.3 

1.484 13 62.5 
1.449 13 64.2 

* Argonite (CaC03) JCPDS Number 24-0025 

d 1/ I 1 28 (CuKa) 

3.396 100 26.2 
1.976 77 45.9 
3.273 58 27.2 
2.700 50 33.1 
2.372 39 37.9 
1.881 34 48.4 
1.814 34 50.2 
1.742 32 52.5 

2" 106 28 42.9 

* Joint Committee on Powder Diffraction Standards 
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APPENDIX III 

Characteristics of iBaker analyzed l Calcite Powder 

1. 2 -1 Surface area = 0.67 m g 

2. Particle size = 5 vm 

3. Spectrographic semi-quantitative analysis 

Element Percent 

Sa 

Pb 

Fe 

Mg 

Sr 

K 

Na 

Si 

(reported 

0.002 

0.0005 

<0.0005 

0.001 

0.005 

0.008 

0.006 

as oxide) 

Ca major constituent 

4, Particle shape: rhombohedral (See Fig. 13) 

5, CalC ratio (by combustion and wet chemical analysis) 

CalC = 3.2965 (theoretical stoichiometric ratio = 3,337) 

% deviation from stoichiometry =1.2 ± 1% 
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APPENDIX IV 

Alternate derivation of Equation V (33): 

l1Gd + 'KG
C02 rOth ~ 

(\ '" exp RT 

Consider the decomposition reaction 
o 

T K 
~ CaO (s) + (l-os ) CO 2 (Peq) 

At equilibrium. nG = ° for the above reaction, Writing l1G as the 

difference in free energies of the products and reactant, we have 

IV - (1) 

IV -(2) 

where l1G f refers to the free energy of formation of CaO,(C02)1_o from 
s 

CaO (5) and CO2 (g) in their standard states, Writing l1Gf in terms of 

the partial molal free energies of the components, we get 

IV -(3) 

since the decomposition reaction occurs at the CaO - CaC0 3 phase 

boundary. the activity of CaO is equal in CaO (s) and CaO,(C02)1_0 • 
s 

giving l1GCaO = 0, l1G
C02 

can be divided into thermal and configurational 

parts, Thus, IV -(3) becomes 

IV -(4) 

- conf l1GCO can be calculated from the configurational free energy of mixing 
2 

of C03 and ° ions on the anionic sublattice. which is 
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IV -(5) 

where no and nCO -- are the number of moles of 0-- and C03-- ions 
3 

respectively. the total number of anionic sites being (no-- + n
c03

--). 

The number of moles of components. nCaO and n
C02 

are related to no-- and 

nCO by 
3 

n 
o 

from which we get nCaO = no + nCO 
3 

new variables, nCaO and nCO' we get 
2 

Rewriting Eq. (5) in terms of 

II] -(6) 

Differentiating IV -(6) with respect to nCO' keeping nCaO ' T. P constant 
2 

and simplifying, we get 

or. 

AG conf 
L1 CO 

2 

n CaO, T. P 

IV -(7) 
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we get, 

::::: 0 , 
S 

Hence, using equations (2), (4) and (8), we get 

IV -(8) 

aCO (eq) h Os 
6G = 0 = (1-0 ) RT £n ~ - (1-0 ) 6G t + (1-0 ) RT ~n ~ 

s a CO s CO 2 s s 
2 

simplifying this equation, we get 

IV -(9) 

However, the standard free energy of decomposition, 6Gd is equal to 
o aC02(eq) 

6G d = -RT ~n 0 

aCO 
substituting it in equation (9), we get 

2 

and since ° «1, we get s 

o _. th 
6G d + 6GCO 2 

which is the same as equation (33) in the text, which was derived using 

the condition of minimization of the free energy of nonstoichiometric 

CaO·C02, while the above derivation is based upon condition of equilib

rium at the phase boundary. 



APPENDIX V 

Proof of the assertion that 6GA in Al+XB is independent of the choice 

of the second component (B or AS): 

Formation of Al+X B can be described by two reaction involving 

components A and B, or A and AB: 

V - (1) 

V -(2) 

Suppose the free energy changes accompanying reaction V-l and V-2 are 

6G1,and 6G2• respectively, 

Subtracting (1) from (2) gives 

n A + n B + n
2

AB 2 2 V -(3) 

however. from V-3, we see that the reaction corresponds to formation of 

AB from A and B. hence 

V -(4) 

where 6Gf is the Gi bbs free energy of formation of AB from A and B, per 

mole of ABo 

Now, for reaction V-l. 6GA, by definition, is 

cMG1 \ 

n2,T,p 
v -(5) 
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Hence, V -(5) becomes 

V -(6) 

the second term on the R,H.S. of equation (6) is zero, as n2nGf is 

independent of n1. Hence, 

V - (7) 

But, since n2 is constant in the partial differential on the right 

hand side of equation 7, 

dnll :; d(n1+n2)J , giving 
n2 I n2 

V -(8) 

Now, considering equation V -(2), the partial molal Gibbs free energy of 
I 

A, nG A (where the primed superscript shows that this partial molal 

value is with respect to B as the second component) is 

V-(9) 

I 

Comparing equations (8) and (9), we obtain nGA = nG A' i.e .• the partial 

molal free energy of A is the same, whether B or AS is chosen as the 

second component. 
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APPENDIX VI 

Calculation of the enthalpy of formation of C0 3-- (g) from CO 2(g) and 

° (g) 

Consider a Born-Haber cycle: 

CaC0 3 ( + 2RT ++ Ca (g)+ C0
3
--(g) 

t a I 611 298 

(U~ao + 2RT) 
~ 

Ca++(g) + O--(g) + CO
2

(g) 

where UL - lattice energy 
a 

6Hd - enthalpy of decomposition 
a 

6H 298 = enthalpy of formation of C03--(g) from CO2(g) and O--(g), 

Thus, we get 

hence, AHa :::: -U CaO + U CaC0 3 AHa 
u 298 L L· - U d298 

Following values are used: 

Quanti ty Value -1 Reference 
K Cals mole 

UL(CaO) 828 (29) 

UL(CaC03) 701 (29) 

UL(CaC03) 714 (29) 
a 

6H d298 42.61 (18 ) 

which gives 6H;98 = -169.6 or -156.6 K Cals mole-1" 
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° Thus, 6H for the reaction 

VII -1 

° -1 is 6H 298 = -163.1 ± 6.5 K Cals mole ,taking the average of the two 

possible values estimated above. The enthalpy change at a temperature 

other than 298°K can be estimated, if we assume gases to be ideal and 

write for reaction VII-l, 

6C p = 6CV - R = Cp (C0 3--(g))- Cp (O--(g)) - Cp(C0 2(g)) + R 

- 6R - 3/2 R - 0/2 R - R 

- -R 
° ° hence, 6HT = 6H 298 - R (T-298) 

e.g. at T = 900o K, 

6H;OO ~ - 164.2 ± 6.5 K Cals mole-1 
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FIGURE CAPTIONS 

Fig. 1. Schematic Gibbs free energy vs. composition diagram for a two 

component system exhibiting only one intermediate phase. 

Fig. 2. Schematic Gibbs free energy vs. composition diagram for a two 

component system A-B9 illustrating phase field width of AB(c) 

and AB(l), as determined by tangency rule. 

Fig. 3. Schematic plot of Gibbs free energy G of CaO.(C02)1+o vs. 

composition illustrating phase boundary, as determined by CaO 

of unit activity. 

Fig. 4. Layout of tensi-volumetric apparatus. 

Fig. 5. Detailed diagram of furnace. quartz tube and specimen holder 

assembly. 

Fig. 6. Diagram of gas burette assembly. 

Fig. 7. Schematic representation of tensi-volumetric apparatus as a two

temperature zones system for volume calibration. jl and j2 are 

molecular fluxes in the direction of arrows indicated. 

Fig. 8. Effective volume as a function of furnace temperature -

theoretical curves and experimental pain 

Fig. 9. Equilibrium CO2 pressure vs. temperature plot for calcite 

decomposition. 

Fig. 10. RGA calibration data for CO 2/N 2 mixtures. 

Fig. 11, RGA calibration data fur CO2/H 20 mixtures. 

Fig. 12. Scanning electron micrograph of hand crushed Iceland spar 

crystalso 

Fig. 13. Scanning electron micrograph of 'Baker analyzed' calci 

powder. 
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Fig. 14. Optical micrograph of granular calcite. Background grid size 

is 1/8" X 1/8 11
• 

Fig. 15. Pressure, Pea vs. change in CO2 content, 6XCO of calcite at 
2 2 

773°K for hand-ground sample. 

Fig. 16. Pea VSc 6Xeo for IBaker analyzed' calcite powder at 773°K. 
2 2 

Fig. 17. Peo vs. 6X CO for 'Baker analyzed' calcite powder at 900oK. 
2 2 

Fig. 18. PCO vs. 6Xeo for granular calcite at 900oK. 
2 2 

Fig. 19. PCO vs. 6XCO for granular calcite at 973°K. 
2 2 

Fig. 20. Pco vs. 6X CO for granular calcite at lOOooK. 
2 2 

Fig. 21. Dependence of deviation from stoichiometry, 0, upon the activity 

of component B, according to equation 22 in the text. 

Figc 22. Dependence of phase-boundary value, os, upon temperature for 

IBaker analyzed' calcite powder. 

Fig. 23. Arrhenius plot of os vs. liT for different samples of calcite 

of low surface area. 

Fig. 24. Log-log plot of total absolute change in concentration of CO 2, 

6XCO 2 
Figs. 25- Plots 

vs. total absolute change in inverse of PCO ' 61/P. 
2 

showing deviation from stoichiometry, LXCO vs. PCO as 
2 2 

28. predicted by equation 32 in the text, and experimental points 

obtained. 0 on composition axis corresponds to the stoichio-

metric value. 

Fig. 29. Partial phase diagram of CaO-CaC03 system, showing extrapolated 

values of non-stoichiometry at higher temperatures. 

Figs. 30- Plots of In nCO vs. furnace temperature TF for two different 
2 

32, samples used in non-isothermal experiment~ with various 

initial condition of Po, To, 
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PART II 

DECOMPOSITION KINETICS OF CALCITE 

I, INTRODUCTION 

The kinetics of endothermic decomposition reactions are of 

considerable importance because a large number of industrial processes 

involve such reactions as key steps in the processing of materials, 

Decomposition reactions have the general form, 

AB(s) + A(s) + B(g) 

which is the simplest example of decomposition reactions because, in 

principle, more than one solid and one gas may be produced in a decom

position process. 

A prototype decomposition reaction is the decomposition of calcite 

CaC03(s) + CaO(s) + CO2(g) 

This reaction has been a subject of numerous investigations dating as 

far back as 1777.1 The literature on CaC0 3 decomposition is rich in ex

perimental data but the effect of pressure of CO2 on the decomposition rates 

is still not well established, though the effect of CO 2 pressure is generally 

to influence not only the decomposition rate but also the product morpho

logy. crystallinity. etc. 2- 6 

Searcy and Beruto7 have recently developed a general theory of those 

decomposition reactions in which a solid AB decomposes to yield a porous 

solid A plus a gas B, as shown schematically in Fig. 1. According to 

their model, the decomposition rates are predicted to decrease linearly 

with increased pressure of product gas if a chemical step for component 

B is rate limiting. but to be a constant function of the difference 
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between the reciprocals of equilibrium decomposition pressure and the 

product gas pressure, if a step for component A is rate limiting. They 

also included in their theory, the effect of a porous product barrier 

and the possibility of a metastable product, on the reaction rates. 

Experiments on the pressure dependence of the decomposition rates 

of CaC03 were performed first by Zawadzki~ et al. 8 (1933). They investi

gated the region of PC02 very close to Peq , to avoid the influence of 

nucleation rates, becasue the authors were primarily interested in the 

rate law for the CaO growth. They reported that the rates varied linearly 

with pressure of CO2, according to equation 

\) =: k(P - PCO ) 
eq 2 

(1) 

where \) is the reaction velocity and k is rate constant. The authors 

found k to be temperature independent, implying that the process does 

not require thermal activation. 

The earliest theoretical investigation of the influence of P
C02 

on 

decomposition rate of CaC03 was made by Hyatt, et al. 9 (1958), who 

found the rates of decomposition of single crystals to be proportional 

to 1/PC02 and proposed a model to explain the rather unexpected pressure 

dependence. However, their experimental data (obtained in the tempera

ture range 800-950°C) has large scatter, which makes their fit to the 

rate expression questionable. 

Cremer and Nitsch10 (1962) found a similar pressure dependence and 

provided their own model to explain their experimental data. However, 

their experimental pressures cover a range of PCO /P from only about 
2 eq 

0.3 to 0.6, in the temperature range of 800-900°C. 
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The validity of the theoretical expressions derived by various 

workers to explain the influence of PC02 on the rate of eaC03 decomposi

tion should be tested against the data collected over a wider range of 

non-equilibrium conditions, The measurement of pressure dependence so 

far available were all made at temperatures above 800 0 e and for Peo /P 
2 eq 

between 0,3 and 0.6, Decomposition rates in vacuum over a wide tempera-

ture range are also available,'l 

The tensi-volumetric apparatus discussed in Part I is ideally 

suited for a study of decomposition rates as a function of pressure, and 

accordingly, the decomposition rates have been measured at values of 

PC02/PeQ ranging from as low as 0.01 to close to unity and at temperatures 

of 5aOoe to 6600 e. 
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II. EXPERIMENTAL METHOD 

The apparatus used in this study has already been described in Part 

I of the thesis. In a typical experiment, a CaC0 3 sample was placed in 

the Pt-boat and baked in vacuum at 300°C for about 24 hours. The ~ystem 

was then isolated by closing off the valve to the vacuum pump. CO 2 was 

added from the gas burette to reach P
C02 

> Peq for the test temperature. 

The temperature was then raised to the test temperature (580°C-660°C). 

After isothermal conditions were achieved. the valve to the vacuum pump 

was opened for about 30 seconds, which caused the pressure of CO 2 to drop 

to less than 0.1 torr-Hg. The vacuum pump valve was then closed to ;so-

late the system. The pressure, which rose rapidly as the decomposition 

ensued, was recorded continuously on a strip-charge recorder. At pres-

sures close to the equilibrium decomposition pressure, the rate of pres-

sure rise became negligible (typically, this happened at P
C02 

~ 0.8 Peq ). 

The valve to the vacuum pump was then reopened and the whole cycle of 

decomposition was repeated as many times as desired. The total amount of 

CaC0 3 decomposed in any cycle was generally less than 3% by weight. so 

decomposition cycles could be repeated many times without an appreciable 

depletion of the starting material. To determine whether the time that 

the system was opened to the vacuum pump was important or not, the valve 

was left open for various lengths of time (1-3 minutes). In some experi-

ments. the pressure was changed discontinuously while the decomposition 

was in progress by using the gas burette to add or subtract CO2, 

Experiments were done at four different temperatures ranging from 

580°C to 660°C. Because particle size and powder bed depth are likely 

to influence the decomposition rates. measurements were made with (a) 
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IBaker analyzed ' , low in alkali, CaC03 powder (of about 2=5~m average 

dimensions, (b) Iceland Spar single crystals, which typically had dimen

sions of 1 cm x 1 cm x .5 cm and (c) CaC03 granular particles of Iceland 

Spar of mesh size 14, with average linear dimensions of about 0.2 cm. 

All of these samples were from the batches for which analyses were repor

ted in Part I of this thesis. Sample weights used were in the range of 

1-7 gms. The surface area of powder and granular samples were measured 

by methods discussed in Part I of the thesis. The surface areas of single 

crystals were calculated by measuring their linear dimensions with a 

travelling microscope. 

Since details regarding sample particle size, decomposition cycle 

and pressure changes are important, a brief summary with special refer

ence to any exceptional procedures is reported below. In the following, 

to represents the time during which sample was exposed to vacuum and T 

is the temperature of dissociation: 

Run #1 : to ::: 20 sees, , T ::: 900oK, powder sample I , I cycle 

Run #2: to :::: 25 sees., T :::: 900oK, powder sample I • II eycl e 

Run #3: to :::: 25 secs .• T ::: 900oK, powder sample I , III cycle 

Run #4: to ::: 20 secs. , T ::: 900oK, powder sample I , IV cycle 

Run #5: to ::: 40 secs, , T ::: 900o K. powder sample I , V cycl e 

Run #6: to ::; 25 secs. , T '" 900oK, powder sample I , VI cycle 

Run #7: to :::: 20 secs" T :::; 900 o K, single crys ta 1 sample, I cycle 

Run #8: to :::: 30 secs., T :::: 90ooK, single crys ta 1 sample, II cycl e 

Run #9-11: to:::: 40 secs" T :::: 900oK, single crystal sample,III, IV 

and V cycles 

Run #12: to:::: 30 secs., T :::: 90ooK, powder sample II, I cycle 
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Run #13: to ::: 30 secs, , T '" 900 0 K, powder sample I I , II eyc 1 e 

Run #14: to :::: 30 secs, , T ;;;; 900 0 K, powder sample II, I II cyc1 e 

Run #15: to '" 30 secs. , T ::: 930 0 K, powder sample II, IV cycle 

Run #16: to :::: 30 secs, , T := 930 0 K, powder sample II, V cycle 

Run #17 : to :::: 30 secs. , T '" 873°K, powder sample I I , VI eycl e 

Run #18: to ::: 30 secs, , T ::: 873° K, powder sample II, VII cycle 

Run #19: to '" 30 sees, , T :::: 900 0 K, granular sample I , I cycle 

Run #20: to ::: 45 sees, , T ::: 900 0 K, granular sample I, II cycle 

p changed discontinuously from P :::: <1,250 torr-Hg to 

P ::: 1.580 torr-Hg, 

Run #21: to :::: 5 secs" T :::: 900 0 K, granular sample I, III cycle, 

initial PCO =: 0,100 torr-Hg 
2 

Run #22: T :::: 900 0 K, granular sample l, IV cycle, initial Peo :::: 1.5 
2 

torr-Hg 

Run #23,24: to:::: 50 secs" T :::: 873°K, granular sample II, I and II cycles 

Run #25: to:::: 40 sees" T :::: 933°K, granular sample II, III cyele 

Run #26: to:::: 45 sees" T :::: 901 0 K, granular sample II, IV cyele 

Run #27,28: to:::: 50 sees" T :::: 853°K, granular sample II, V and VI cycles 

Run numbers 1-6, 7-11, 12-18, 19-22, and 23-28 are reported in Figs, 2, 3, 

4, 5 and 6, respectively. For the purpose of these figures, decomposi

tion fluxes, j, in units of gms sec-1/cm2 of actual sample surface, as 

distinct from cross-sectional areas of the boat, were calculated accord-

ing to the equation 

j (P,T) 
ow (2 ) 
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where dPjdt is the rate of pressure rise at pressure P, VA is the ambient, 

calibrated volume of the apparatus (see Part I of thesis), TA is the 

ambient (room) temperature, MC02 is the molecular weight of CO2, ° is 

the specific surface area of the sample and w is the weight of sample 
2 -1 -3 

used. Typical values for ° were 0powder =.67 m 9 ,Ogranular::: 10 

2 -1 ::: 10-4 m2 9-1 
m 9 and °single crystal 
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III, RESULTS AND DISCUSSION 

Figures 2-6 show values of log j as a function of activity of CO 2 

(= P/Peq ), taking Peq as the standard state, Choosing the activity of 

CO2 to be unity at the equilibrium decomposition pressure essentially 

normalizes the representation of decomposition flux j vs, PC02 curves. 

Various features which are noticable in these plots, and their signifi-

cance will be discussed below: 

Shape of ~n j vs, PIP plots: An examination of Figs. 2-6 shows eq 
that all samples have the same general dependence of log j on P/Peq , the 

curves have sigmoid shapes, In general, j approaches a maximum value as 

PCO goes to zero, and it approaches zero (~n j f _00) as PCO approaches 
2 2 

the equilibrium pressure, as expected. 

(ii) Effect of cycling on j: From Fig, 2 it is seen that for CaC03 pow

der, the value of j at a given value of P/Peq increased during the first 

three cycles after which the rates became independent of cycling, This 

result suggests that the initial decomposition rate depends upon the 

sample history, The discrepency seems to be maximum for the intermediate 

values of P/Peq , The high reproducibility of variation of j with P/Peq 
in the last four cycles shows that the transport of CO 2 through porous 

product layer does not limit the rate of decomposition, for values of 

P/Peq as high as O,g, This;s an important conclusion because it need 

not be true but was assumed without explicit experimental proof in the 

theoretical rate expressions derived by Hyatt, et a1., and by Cremer and 

Nitsch. The extent of decomposition was about 2% in each cycle, Thus, 

the rate of decomposition is not affected by amounts of decomposition as 

high as 12% in the sixth cycle in Fig. 2, 
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For single crystals, the effect of cycling on decomposition rates 

is almost negligible at all pressures studied (Fig. 3). Beruto and 

11 ( Searcy had shown earlier that rates of decomposition in vacuum P/Peq 

< 0.001) are independent of the extent of reaction up to 80% of the maxi

mum possible weight loss of a single crystal. It therefore seems probable 

that decomposition rates for single crystals are independent of the 

thickness of the porous product layer for all values of P/Peq . 

A CO2 pressure build up in the powder bed during decomposition might 

be responsible for the low steady state fluxes and even lower initial 

fluxes from the powder bed, as compared to decomposition fluxes for single 

crystals. To test these possibilities, fluxes were measured for a boat 

loaded with about 5 gms of sample (Fig. 4). The weight of powder used in 

obtaining the data for Fig. 2 was about 2 gms. 

Figure 7 shows a composite plot of the values of ~n j vs. PIP at eq 
900 0 K for the final cycles made with the two powder samples mentioned 

previously. It is seen that the decomposition rate for the 5 g sample 

is lower than for the 2 g sample by almost an order of magnitude at low 

values of P/Peq . At higher pressures, the two curves approach each other. 

This result indicates that the powder decomposition kinetics are 

influenced by the powder bed depth. The effect of bed depth is greatest 

at the low background pressures, wehre the high decomposition fluxes 

themselves create a significant pressure gradient in the sample. But the 

initial rates of decomposition found for the larger powder sample differed 

from the steady state rate (obtained after three cycles) less than found 

for the smaller sample. No convincing explanation for the initial changes 

in rate of decomposition on cycling has yet been found. 
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(iii) Effect of discontinuous change in pressure: In obtaining data 

for Figs. 2 to 5, the number of times that the samples were exposed to 

vacuum were different for different cycles, which have been described 

earlier in the summary of different runs. No detectable difference was 

observed in the rates, showing that the initial time of vacuum decomposi-

tion does not affect the decomposition fluxes at higher pressures. This 

implies that the initial nucleation rate, and the number of CaD nuclei 

generated under vacuum decomposition conditions do not decide the overall 

rate at subsequent higher pressures. 

The discontinuous rise in pressure brought upon by addition of CO 2 

from an external source to the reaction chamber also did not affect the 

behavior of j vs. PIP ,as shown in Fig. 5 (granular calcite, cycles II eq 
and III). 

In the same figure, cycle III was started at P/Peq = 0.23, while 

cycles I and II were started at P/Peq = 0.1. No difference in the sub

sequent decomposition rates for the three cycles is seen. This result 

implies that the behavior of j vs. P/Peq is not affected by the initial 

vacuum conditions or background pressures. However, cycle IV, which was 

started at P/Peq = 0.32 showed distinctly lower rates of decomposition 

j, which approached the steady state curves (cycles I-III) at higher 

pressures. This suggests that an induction period occurs if decomposi

tion is carried out at higher pressures~ in agreement with the observation 

of Cremer and Nitsch. 10 

(iv) Effect of particle size on decomposition rates: Figure 8 is a 

composite plot of j vs. P/Peq under steady state conditions for various 

samples. It is seen from this plot that decomposition rates for powders 
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are lower by 2 to 3 orders of magnitude than rates for the granular and 

single crystal samples. The data for the latter two are in close 

agreement. 

The maximum flux that can leave a powder sample in vacuum is set by 

the flux calculated by substituting the equilibrium decomposition pres

sure in the Hertz-Knudsen-Langmuir equation with the projected geometri-

cal area of the outer surface of the powder bed replacing the BET total 

f f h d · th t t· 12 sur ace area 0 t e power ln a equa lon. It is therefore of inter-

est to calculate the flux per unit cross-sectional area of the sample 

boat to determine whether this maximum flux is achieved - indicating 

equilibrium pressures are reached in the bed - or not. 

Figure 9 shows the fluxes recalculated on the above basis for powder 

samples as well as the fluxes for single crystals (calculated for the 

total geometrical area of samples). It is seen that the flux density for 

the powder bed. in this representation, is about an order of magnitude 

higher than that for a single crystal. but it is about a factor of 104 

lower than the maximum possible flux. This result means that the decom-

position reaction is highly irreversible in this CO 2 pressure range, as it 

is in vacuum. 11 

(v) Comparison with existing theories: Various models proposed for 

CaC0 3 decomposition lead to the following predicted dependence of decom

position flux on PCO : 
2 

(i) j = (1 - P/Peq)/(BP + C) 

( i i) j '" k, [.~ - i-] 
eq 

(Hyatt. et al.) 

(Cremer & Nitsch) 

(3) 

(4) 
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(i i i) j 1 1 (5 ) '" k [- - -] ( 2 P pm 
eq (Searcy and Beruto) 

~ or j '" k3[P~q- PJ (6) 

In these equations. B. C. k,. k2 and k3 are temperature dependent con

stants. P is the pressure of CO2 during decomposition and Peq is the 

equilibrium decomposition pressure, pm is the equilibrium decomposition eq 
4 11 pressure when the CaO product may be metastable.' If it is stable. 

equation (4) becomes formally equivalent to (3). 

Experimental j vs. P/Peq curves obtained in this work failed to 

follow anyone of these equations over the whole range of pressures. This 

is illustrated below by use of the single crystals decomposition data of 

Fig. 6. 

(1) vs. P curve 

Figure 10 is a plot of j vs. P/Peq , which should be linear, if 

equation (6) is obeyed. It is seen that in the pressure range studied, 

equation (6) does not describe the pressure dependence satisfactorily. 

(2) j vs. (1/P-1/Peq) curves 

In Fig. 11. values of j have been plotted with respect to (liP-liP ) eq 
on a log-log plot. If j were directly proportional to (liP-liP ). as eq 
predicted by equation (4) (or equation (5) when the stable form of CaO is 

produced). the plot in Fig. 11 would be linear with a slope of unity, 

The plot is non-linear. 

The curves approach linearity at high values of P (lower j values). 

but the slopes have an average exponent of 0.3. showing that in j a (liP 

- l/Peq)n. n = 3.3. instead of l~ as predicted by equations (4) and (5). 
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j is not proportional to (1/P-1/Peq), it could still be proportional to 

liP according to data of Cremer and Nitsch. To test this, values of j 

for steady state fluxes for granular and single crystal samples have 

been plotted in Figs. 13 and 14. It is seen that for P/Peq > 0,03 

(Peq/P < 30), the plots approximate a linear behavior in limited regions 

though the slopes are different for different samples. This linearity 

is misleading, however, as shown in Figs, 15 and 16, which are similar 

plots but with greatly expanded scale to test the linearity of j with 

liP at pressures close to equilibrium. It is seen that these plots are 

non-linear on this expanded scale, Earlier observation of Cremer and 

Nitsch of linear dependence of j with liP is thus a consequence of their 

use of data in a relatively narrow range of pressures, 

(v) Activation energy of decomposition 

It seems reasonable to suppose that reaction rates are functions of 

the activity of CO 2, which is equal to P/Peq , denoted as e henceforth. 

The temperature dependence of the rates of decomposition at constant 

activity of CO2 can be obtained from the data as follows: 

Values of ~nj calculated for various fixed values of e at different 

temperatures were plotted against liT. For powders data for e values 

ranging from 0,05 to 0,9 were used (Fig. 17) and for the granular samples, 

e values ranging from 0.025 to 0,7 were used (Fig. 18), A least squares 

fit was obtained for the Arrhenius plots of these two figures for various 

values of e, 
* The apparent activation enthalpies, ~H , determined in this way are 

plotted as a function of e in Fig. 19, It is seen that for the granular 

* samples, the apparent activation enthalpy ~H is approximately constant 

at 49,2 ± 1,2 k Cals mole- 1, for values of e~O.l. This value agrees 
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very well with the activation enthalpy for single crystal decomposition 
11 -1 * in vacuum, 49 K Cals mole . For 8>0.1, ~H rises to a new value 

averaging 61.8 ± 1.8 K Cals mole-1. Cremer and Nitsch'O using data 

* collected at least 150°C higher than in this study obtained ~H = 60 K 
-1 Cals mole for 8 ranging from 0.3 to 0.6. 

It therefore seems very likely that decomposition of CaC0 3 follows 

two different mechanisms with different activation enthalpies. the tran

sition occurring in the neighborhood of 8 values of 0.1. This conclusion 

is consistent with the earlier observations that the decomposition flux 

is practically pressure independent up to about 8 = 0.1 to 0.2, but 

decreases with pressures in the range 8 = 0.1 to 0.8. 

* The values of ~H calculated as a function of 8 for powders do not 

show such a simple behavior (Fig. 19). For powders, calculated values 

* of ~H are relatively constant in the lowe regime, but increase linearly 

as e increases beyond e = 0.2. As noted earlier. decomposition rates in 

powder beds seem to depend upon the bed depth. Powder decomposition 

kinetics. therefore. cannot be interpreted until the effects of particle 

size and bed depth are quantitatively measured, 
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IV, CONCLUSIONS 

The rates of decomposition of single crystals and powders measured 

under CO2 pressures from 0.05 Peq to 0,8 Peq differ by 2 to 3 orders of 

magnitude, Isothermal decomposition rates of CaC03 do not show a simple 

pressure dependence. 

Single crystal decomposition kinetics seem to follow at least two 

distinct mechanisms. The reaction rates at low values of P/Peq (~O,l) 

have an apparent activation enthalpy of 49.2 ± 1.2 K Cals mole-1
9 while 

at higher values of PIP 9 the apparent activation enthalpy is about eq 
1 -1 6 .8 ± 1,8 K Cals mole . 

Decomposition rates of CaC03 powders depend upon powder bed depth 

and on the pressure of CO2, The apparent activation enthalpy for powders 

does not remain constant over a range of values of P/Peq , 
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FIGURE CAPTIONS 

Fig. 10 Schematic model of decomposition of AB leading to porous 

product A. evolution of gas B; and various fluxes of A and B 

Fi g, 2. 

Fi g. 3. 

Fig. 4. 

Fi g. 5. 

Fi g. 6. 

Fi g. 7. 

Fig. 8. 

Fi g. 9. 

involved in decomposition. 

Plot of log decomposition flux vs. PCO /P for calcite powder 
2 eq 

Plot of log decomposition flux vs. Peo /P at 900 0 K for 
2 eq 

single crystal calcite. 

Plot of log decomposition fluxes vs. PCO /P at 873°K, 900 0 K 
2 eq 

and 930 0 K for calcite powder. 

Plot of log decomposition flux vs. PCO /P at 900 0 K for 
2 eq 

granular calcite. 

Plot of log decomposition fluxes vs. PCO /P at 853°K, 873°K, 
2 eq 

901°K and 933°K for granular calcite. 

Plot of log decomposition flux vS o PCO /P at 900 0 K for two 
2 eq 

samples of different powder-bed depths. 

Plot of log decomposition flux vs. PCO /P at 900 0 K for 
2 eq 

calcite of three different particle sizes. 

Plot of log decomposition fluxes vs. PCO /P at 900 0 K as 
2 eq 

calculated using total sample surface area and cross-sectional 

area of sample holder for samples of different particle sizes. 

Fig. 10. Decomposition flux vs, Peo /P at 933°K for granular calcite. 
2 eq 

Fig. 11. Plot of log[l/PCO - l/P ] vs. log decompoSition flux at 
2 eq 

different temperatures for granular calcite. 

Fig. 12, Plot of (oj/ol/P)90ooK vs. Peo /P obtained experimentally 
2 eq 

and as predicted by equation 3 in text, 
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13- Plots of decomposition flux vs. P IPeo eq 2 
for granular, single 

15. crystal and powder calcite at 900 o K. 

16. Plot of decomposition flux vs. P IP CO eq 2 
for granular calcite 

at 900 o K, in the region very close to equilibrium. 

17- Arrhenius plots of lnj vs. liT for powder and 

18. at different values of e (= Peo IP ). 
2 eq 

granular samples 

Fig. 19. Plot of enthalpy of activation for decomposition vs. CO 2 
activity for both powder and single crystal samples. 
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A(s) Vacuum A (5) Vacuum A(S) 
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Fig. 1 
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Fig. 2 

Powder CaC03 1-5 pm 

T=900oK 

Run No. Cycle 
0 I I 
CI 2 JI 
<> 3 ill 
/:;. 4 l3l 
v 5 
G 6 1ZI 

XBl797-6676 



-w 
I 
0 
x 

I 
U 
w 
(f) 

N 
I 

u 
(f) 

~ 
(!) 

10 

-I 
10 

-2 
10 

-127-

Single Crystal CaC03 
0 

T :: 900 K 

Run No. Cycle 
0 7 I 
0 8 IT 
<> 9 ill 
t::. 10 TIL 
v II Yl 

I03~ ____ ~ ______ ~ ______ ~ ______ ~ ______ ~ ____ __ 

o 0.2 0.4 0.6 

XBL 797-6677 

Fi.g, 3 



-0 
i 

0 
X 

B 

() 
W 
U) 

N 
i 

U 

U) 

~ 
(!) - -I 

10 

Run No. 
0 12 
0 13 
0 14 

10 b. 15 
v 16 

• 17 .. 18 

Cye 

I 
II. 

TIl 

1lII 

T oK 
I 

900 
900 
900 
930 
930 

3 
873 

-128-

Powder Co C03 

I - 5 flm 

-3 
10 b-____ ~ __ ~ ____ _& __ ~ ________ ~ __ ~I ____ ~~ __ ~ ____ ~ __ ~ 

o 0.2 0.4 0.6 0.8 1.0 
p/PEQ 

XBL 797-6678 

Fig, 4 



(!) 

I 
0 
x -I 
(,) 

W 
(f) 

C\J 
I 

:2 
(,) 

(f) 

:2 
(9 

10 

10-1 

-2 
10 

-3 
10 

o 

-129-

Granular Colcite 
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Granular Calcite 

T=933°K 
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Finite difference approximation 
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