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THE KINETICS OF ENDOTHERMIC DECOMPOSITION REACTIONS:
I. STEADY STATE CHEMICAL STEPS
Alan W. Searcy and Dario Beruto
Inorganic Materials Research Division, Lawrence Befkeley Laboratory
and Department of Materials Science and Engineering, -
College of Engineering; University of Callfornla,
Berkeley, California 94720

and

Istituto di Techndlogie; Facolta di Ingegneria,
" Universita di Genova, Italy

ABSTRACT

When the solid product-of_an endothermic decompositioﬁ reaction is
porous; the rate limiting chemical step is usually‘aesumed to be a sur-
face step of the gaseous product of of a precursor of that product. It
is shown, however, that the rate of such a reaction may also depend upon
| (a) rates of diffusion in the reactant phase, (b) the rate of transfer
of the solid reaction broduct at the reactant-product interface, and/or
(c) the thermodynamic stabiiity of the.solid producﬁf A general rate
equation for eteady state dec;mposition in vacuum is derived in terms of
the rate constants for four substeps of the overall reaction and of the
thermodynamic activity of the solid product, Solutions are-given for
six limiting cases when either a single substep or a coppled pair of
steps of a decomposition reaction significantly inflﬁence its rate. The
dependence ef the apparent activation enthalpy fof decompositidn on
activation enthalpies for individual reaction steps and fhe enthalpy of

. formation of the solid reaction product are found for limiting cases.

‘The rate equations are compared with recent measurements of the rate of
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decomposition of calcite single crystals in vacuum. Those experimental
data are most simply explained as reflecting formation of a metastable
modification of calcium oxide with near equilibrium activities for each
reaction step except desorption of carbon dioxide; An experiment to test

this possible mechanism is suggested.
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1. Introduction
Reactions in which a single solid reactant yields a new solid phase

plus a gaseous product, that is reactions which can be described by the

general equation
AB(solid) = A(solid) + B(gas), (1)

are usually called decomposition reactions. The kinetics of exothermié'
‘and endothermic decomposition reactions are very difféfent from each
other, and the kinetics of endothermic decompositién'reactions which
yield a porous soii& product are characteristically different from fhose _
which yield non-porous solids.

A model of Polanyi and Wigner2 and models derived from absolute
reaction rate theory-3 afe used by recent reviewersé’s_to interpret the
kinetics of endothermic decomposition reactions when the solid decompo-
sition product is porous. These models assume that. the rate limiting
chemical step is a surface or desorppion step of the eventual gaseous "
reaction product.v'Surface steps of the eventual gaseous products are
also assumed to determine the kinetics of congruent vaporization reac-
tions.6’7 We expected, therefore, that a transifion S£ate model which
"has proved useful for interpretiﬁg the kinetics of coﬁg;uent'véporiza—
tions_11 should be directly applicable to interpretatiqn of endéthermic
decompdsition reactions. After study, however, we have come to dis-
believe the assumption that only surface steps need be considered in

analyzing rate data for endothermic decomposition reactionms.
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Consider Figure 1, which is a schematic draWiﬁg of the relationship‘
between the reactant solid AB and the porous product solid phase of
reaction (1) during the period after nucleation is complete when such a
reaction often proceeds at a constant rate per unit afga of reactant.l’4
These spatial rélationships canbbe maintained and‘reaction (l) can pro-

ceed at a constant rate only if at least the following separate steps

occur at coupled net rates:

B (at AB-A solid interface) B (at AB surface) . (2)
B (at AB surface) »+ B (gas) R (3)
A (at AB surface) A (at AB-A solid interface) (4)
A (at AB-A interface < A (solid pro&uct phase) (5)

For convenience in discussing these steps later, they can be rewritten

in symbolic form as

B, <B_ | @y
.BS +,Bg . ' ER
A 3 A (4")
TR A, - (5"

The arrows are written to indicate that, when the reaction is carried out
- in vacuum, the surface step for the eventual gaseous pfoduct (3") is
necessarily unidirectional, but the other steps may have significant

.reverse fluxes. A complete list of symbols and their definitions is

given in Appendix B.




" envisaged in the terrace-ledge-kink model for vaporization.
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For steady state decomposition to cont;que, those atoms or molecules
of B th&t happen to be initially located in a volume element of AB phase
which is replaced by a particle of solid product A must diffuse in the
AB phase or along the interface between AB and the_solid product phase
to a pore, eq 2. Similarly, those atoms Qf molecules of A that are in
a volume element of the AB phase which is rgplaced by a pore must diffuse
to a growing particle of the solid product. Furtherﬁore, growth of a
solid phase by addition of atoms or molecules from another solid phase
may sometimes be slow.12 Equation 5 describes this interface transfer
process.

EQﬁations 2 through S5 are the miniﬁum number of steps required to

describe the steady state decomposition process. The surface step, (3),

"can be viewed as made up of a series of substeps of the same kinds as

6,7 Further-

more, when a complex solid decomposes, the pafticles that diffuse may
not be the neutral goleéulgs‘that constitute the eveqtual gaseous product,
but a set of atoms or ions‘fo} which coupled diffusion has the net effect
of movement of the molecules. For example, when caléite (CaC03)Vdec§mr
poses, diffusion of C0§ ions toward the pores and of an‘equé1 number of
0 and Ca++ ions away from the pores would have the same net effect as
movement of equal fluxes of carbon dioxide molecules and calcium oxide
molecuies.' For sﬁch a.solid, eqs 2 and 3 expressvthe net effect of the

coupled processes.

The central purpose of this paper is to derive rate equations which

"describe the kinetics of steady state decomposition reactions in vacuum,

not only when a slow step involving the eventual gaseous product is



= LBL-3137

encountered, but when any of the other three steps may be slow enough to
influence the rate. The dependence on temperature of each of the steps
(2) through (5) will be analyzed, and the extent to whiéh the nature of
the rate 1imitiﬁg chemical step, or steps, can be deduced from rate
measurements and from the temperature dependence of rate measurements
will be discussed with particular reference to experimental data for
calcite.13 In a second theoretical paper, the influence of the porous
solid product layer and the effect of product gas on_the»rate of steady
staté decomposition will be analyzed.14 |
II. Thermodynamic Background

There is clear experimental evidence that thermodynamic activity
grédients rather than concentration gradients are the driving forces in

15,16 Furthermore, for heterogeneo@s systems, the

chemical reactions.
thermodynami c relationéhips between activities of a given component in
different phaseé, and for binary systems, the thermodynamic relationships
between activities of the different components of any particular phase
can be used to simplify the'r;te equations. Consequently, rate equations
fof decomposition reactions will be developed in terms of activities
rather than of concentrations. The pertinent thermodynamic.relationships
between activities of components in binary_systems are reviewed in this
section of the paper. |

The géseous product of a decomposition reaction insé binary or
pseudo-binary system such as symbolized by reaction (1) has at any
specified temperature a single equilibrium dissociation pressure. At

‘any temperature above absolute zero, however, the binary phase is stable

over a finite range of.compositions and the activities of each component
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of the phase are functions of composition over thatvcomposition range.17

In general, the narrower the composition range bver which the phase
is stable, the moré rapidly the activities of its components varv with
composition..»Thus, for example, at a temperature forvwhich an equilib-
rium dissociation pressure PB(d) for reaction (1) is 10-6_atm, an in-
crease of PB to 1 atm often is associated with a change in the composi-
tion of the solid AB phase which is tco small to detect. But the
activity of the non~volatile combonent A relative to éﬁre solié A, if

equilibrium is maintained (and if the difference between the pressure and

fugacity of the gas can be neglected), changes according to the equation:

.
a exp(—AGl/RT)

NS P (6)

B

where AGi is the free energy change in reaction (1) when the AB phase of
the particular composition for which the equilibrium.pfessure is PB
dissociates to yield pure solid A and B gas at one étmésphere pressure.
Here and elsewhere in the papér it is assumed that the solubility of
component B in pure solid A éan be neglected so that fhe activity of A
in the AB phase that is saturated with component A is_l.: Whenever the
solubility of B in pure solid A is.known‘to be signifiéant;vcorrections
to the thermodynamic equations can réadily'be-made.18

Althoﬁgh the activities of each component of a phése of narrow com-
position limits may change markedly with very small changes in composition'
the free energies of decomposition reactions usually do not change by

 measurable amounts when the reactant is initially at a_¢omposition dif-

ferent from that for which CZA = 1 and PB = PB(d). Ifﬁé particular
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decomposition reaction were to show a measurable variation of free
energy of formation with composition, eq 1 would take the more general

form
AB % (s) = xA(s) + (1-x)B(g) (7

where x is the mole fraction of component A. Then eq 6 becomes

exp(~AG, /RT) .

aA* - : (8)

A (1-x)
PB

where AG1 is the free‘energy change when AxB(l—x) decomposes according to
reaction (7) to pure solid A and B gas at one atmosphere pressure;

Usually the standard state for a gaseous chemical component is chosgn
to be the ideal gas at 1 atmosphere pressure so that the activity of the
gas is numerically equal to its pressure in atmospheres. For fhe pur-
poses of this paper,‘howéver, it is convenient to define the activity of
B for any particular composition of the AB phase as the ratio of the
partial pressure of B for that composition, PB’ to~thé'equilibrium_décom—'
position pressure PB(d) for each température. This-déf;nition combinedv_
with eq 6 yieldsAC;A'CZB = 1 for the AB phase when it ié ét_internél
equilibrium, not only when it is saturated with component A at unit
Activity, but also when the activity of A is at higher or lower.values.
For example, if PB(d) - 107% atm when AZA =.1; then when P, = 1 atm;‘

ch = 10"6 and, by the definition for CZB just'given} CZﬁ =10".




-7- . LBL-3137

A decomposition reaction can proceed at a finite rate only if the AB
phase is supersaturated with respect to component A so that.the activity
- of component A in the AB phase is greafer than 1. For supersaturated
solutions which. are at internal equilibrium, the rélé;ionship CZA.CZB =1
should be essentially as good an approximation as it'ié fof the thermo-
dynamically stable composition range because the phase boundary d§es not
reflect any discontinuity in properties of the AB phase but only the
coincidence in activities of the chemical components in phase AB and in
solid phase A.

Complete ihternal equilibrium cannot be achieveaﬁby a phase under-
going decomposition at é(finite rate, however; The product CzA.CZB may
remain essentially unity throughout the AB phase, but the separate
activities must have gradients. If component A is to move from phase AB
to solid phase A, the éctivity of component A must have méximum values at
the AB surfaces at the centers of the pores and must have minimum values
under the cenfers of each particle of solid A. Similafiy,'the activity
of component B must reach a maximum under the centers. of particles of
the solid reaction product and a minimum af the surfaces of the AB phase
at the centers of the pores.

If one of the chemical components is much more mobile than the other,
the less mobile component may not be able to rearrange locally under the
steady state reaction conditions to produce the atomic"goordinations and
'distances characteristic of the equilibrium ﬁhase of the particular local
composition., If local equilibrium is not maintained, fhe local product
.'él"éz' will‘be gfeatef than unity. Acéordingly, in development of the

A B

rate equations, the equilibrium constants for reaction (1) at surfaces
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§

[}

and interfaces will be called Ks and Ki to recognizé’the possibility of
significant deviations from local equilibrium. |

Decomposition reactions often yield as the direct .solid product,
not the stable crystal modification of the solid product, but a meta-
stable crystél modification or an amorphous form of the solid.l’4 In

either event, the activity of the produqt, which caﬁ be called CzAp’ is

not unity but
aAp = exp(AGp/R’I‘) : | ' (9

where AGp is the'positive free energy of formation of the metastable fo;m
~ of solid A from the s;able férm. When the interphasg_tranéfer of coﬁ—
ponén; A by eq 5 is a near equilibrium process, the aétivity of component
A on the AB-side of the interface, which can be calléd 62;1, approaches.

as a limit .a;p’ and then, if local equilibrium is assumed in the AB

phase at its interface with the solid product,
. . — = o . - o '
Apy* Ay = & Ay = exp(86 /KT dBp | (10)

where ngi is tbe activiﬁy of B on the reactant side-of“the interfaéé and
| CZBp is the activity of B that would Be reached in the soiid product if

B were brought to equilibrium in that phase. As long as the solubility
of B in the solid produéf phase is small, the value of 6§q)is inéensitive
to whether of not component B reaches its équilibriug concentration in
_the solid product phase. If LZAi approaches:CZAp then ;ﬁ%i'cén approach

ézBp whether or not component B reaches its small solubility limit in
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product A.  Equation 10 shows that, when the .solid reaction product is
metastable, the maximum activity that can be,attained by component B,
regardless of reaction mechanism, is not unity but exp(—AGp/RT) winere the
exponential has a value less than unity.
III. The Rate Equations for Steady State Decompositibn

Consideration of the spatial relations when the feaction front is
advancing at a constant rate into the decomposing solid phase (Figure 1)
shows that the averaée diffusion distances that must be traversed by
pérticular atoms or molecules are functions of their initial positions
relative to the advancing pores and particles‘of the solid reaction
préduct. For example, an A atom or molécule originélly>located-in a
volume element-df the AB phase that is swept through by a growing partiéle
of the solid reaction product need not diffuse at all. (There must be
at least a small variation of the activity of component A in phase AB
with position relative to distance from the center of the interface
between each solid product particle and the AB phase.) And the minimum |
distance over which an' A atom or molecule that is originally under a pore
must diffuse is its distaﬁce to the boundary between fhé pore and the
solid produét phase. | I

-Suppose'that the flux of component A that must diffuse_per unit area
of that part of the surface of AB which is fronted by pores is jA. That

flux is described by a family of.equations -

3, - gi(fnaAsnf £, ) (11)

n

1
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where, for example, fn is the rate constant for movement in the forward
direction over one of the characteristic steady staﬁe paths, f; is the
rate constant for the reverse direction over the same path, ézAsn is the
éctivity of cdmponeﬁt_A at the particular point of the AB phase surface
at which the n'th diffusion path is initiated, and-(?kin is the activity
of A at the point in the interface between the solid reactant and solid
product at which the n'th path is terminated.
To simplify eq 11, it will be assumed that each éctivity of the

kinds &, __

face, CZAs’ and interface, CZAi’ respectively. The summationz:fn can be

and CZAin can be replaced by average aCtivi;ies at the sur-

4
flux of component A is j, = k aA - k'C7i. where the rate constants k
AT 54 Tas T KRy Y 4

1 '
called k, and the summation E:fn can be called k4' Then the diffusion

L
and k4 are identified as summations that depend upon the assumption that

‘the activities at the ends of the various diffusion paths can be approxi-

mated by average values. Similarly, if jB is defined as the flux of
component B that must diffuse per unit area of interface between the
a 1 ]
solid product phase A and the reactant then jB = kz Bi k2<2;s where
| .
k2 and k2 are composite rate constants for diffusion reaction (2).

The rate of the surface step for component B which»is described by
reaction (3) can be written JB = kBCzii where JB is the total flux of B
leaving each unit area of AB phase. For reaction (5), the step of trans-
fer of component A at the interface between solid product and solid
reactant, the reverse flux may not be negligible. The net flux of com-

. . . . )
ponent A that leaves each unit area of the AB phase_ls:flA = RSCQ%i - ke &%p

'/iﬁhere k. and k. are the forward and reverse rate constants for step 5.

5 5
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The steady state decomposition of AB is thus characterized by four
interdependent rate equations. The equations that describe steps 2

through 5 of the overall reaction are respectively:

3p = ko %y =k, By, o a
Ip = ky Ay | .(13)
Ip = k‘4 2y - k; @ -I | B (i4)
T ks - k;aAp . - - (13)

There are four important restrictions on the steady state reaction:

J, =J. - (16)

(17)

e
.
]
Ce
w

(18)

2
A

(19)

:)
o
;

Equation 16 expresses the requirement imposed by the‘stoichiometry:
the flux per unit area of A and that for B must be equal during steady
.state decomposition. 'Equation 17 relates the steady state diffusion

fluxes of components A and B in or on the AB phase. Equations 18 and 19
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express the relationships between activities and equilibrium constants
at the interface i between the reactant and solid product and at the AB
surfaces bounded by pores. |

In Appendix A it is shown that the four reétriépions on the steady
state systemvcén be used to obtain a general solution in which all the
activities other than the activity of the product phase have been
eliminated. However, the physical meaning of the general equation is not
easy to grasp.. Here we derive the solutions that deécfibe the kinetics
for six limiting cases. When cbmponent A is mobilé enough to maiptain

the activity of component A near equilibrium for the expression

Ly

steady state decomposition, the rate may be limited only by a surface

= 1/CZB throughout the reactant and solid product phases during

step for the gaseous product, eq 3, or only by the ;ate of diffusion

of the eventuai‘gaseous product in thé_AB phase, eq 2; ‘No limiting rate
equation depends solely on a step for component A bécahse the driving
force for endothermic decomposition is the activity gradient between
component B in the reactant and in the vacuum. But when the net flux
that would result for component A if the activity gfadients were estab-
‘1lished solgly by slow processes for component B are less than the net
flux for coﬁpohent B, the activities of the two éomponéﬁts must change
until the fluxes become eqﬁél. ‘There are in consequenéé four 1imiting ’
rate eduations which_depend on .the coupled fluxes that.résult frbm pair-
ing one of the two posSible.slow steps for component B with one of the

two possible slow steps for component A. Then, from eqs 12 and 13

(e @yy = kpyg) = ky@pg
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so that
, L -
aBs - RZQB:'L/ (kytks)
and from (13)
1. Kok s
e (20)
kytk,

If diffusion were an elementary (single step) reaction, consequences

. 1
would be that k2 = k2 and k4 = k4 because for elementary reaction steps

the forward rate constant divided by the reverse rate constant is equal

to the equilibrium constant 19,20

and here the defini£ibns of activities
make the equilibrium constant for each diffusion process equal to unity.
Diffusion is a ?rocess that reflects the sum of a sequence of steps so
that the probf for elementary reactions is not directly applicable. We
expect, howevgr, that usually kzgz k; and k4s§ kl, and we will assume
these equalitiesbto simplify eq 20. When component A‘in the reactant
phase at its inperface with the solid product is assuéed to be at

equilibrium with solid product A,_CZBi = Q b = Ki/CZApband eq 20 yields

B

) '
two limiting solutions. For k, = k2>>k3, that is when the rate constant

for diffusion of component B is large relative to its rate constant for

desorption,
3y = k3aap = ky exp(-0G/RD) (21)

If the solid product is the thermodynamically stable form of solid A

this reduces to
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J. =k : " (21a)

Equation 21la is the form usually assumed for steady state decomposition
reactions,l’2 but if the solid product is metastable, (21) applies with
‘ v
= > < .
CzBp I/CZAp\where CZAP 1 so that CZBP 1. When k,<<k,

3y = kZCZB = k, exp(-AG,/RT) : (22)

Two more limiting equations are obtained from»eq'ZO wﬁen diffusion
of component A is assumed to be rapid so that equilibration of A with
component B in the reactant phase is essentially maintained but transfer
of component A to the product phase by step 5 is assumed te be irfevef—l
sible so that K. C%A can be neglected relative to k CZAi Then sub-

stitution of eqs 18 and 15 into 20 yields

k. k. k K

J.eJ = 2 3 571
273
Since JA = JB’ this expression has the solution
= (kgek 2 - (23)
B 3 5 i ' :
' .
when k2 = k2>>k3 or
= (k.k.K.) 1/2 e (24)
B 2751417 ’ _ .
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¥ .
when k2<<k31 | |
When diffusion of component A and desorption‘of-component B are
assumed to be slow, the product JA JB is (k4CZ 4 Al)(k3£ZB ).
Then if k CZ <<k4CZAS, that is if the reverse flux for diffusion of com-

ponent A is small compared to the forward flux.

| 12 T
JA = JB (k4k3Ks) . (25).
The sixth limiting expression is obtained by use of eqs 17, 18 and 19

to eliminate unknown activities in the two diffusion éduations, (12) and

(14) . The result is a quadratic equation,iJLCZBs and CZBi’

'
_ kKK -
2 4 : 4s ,
CZBS' aB+ ,1 +—k.—=o. (26)
k, Bi 2 - :

4, eq 26 has two solutions

If KS".-:' i__K kzzkz, and k4

Q. =2 o C@n

Bs Bi

and

. . \ . . .
a,, - kkg = k"kaAi L (28)
2**Bi -2 L .

If the activities, 52£s_and dZBi are identical, there cén be no net
diffusion flux. Equation 28 can be regarded, however, és describing the

.1imit that is approached when diffusion in the AB phase is rapid enough

relative to the interphase transfer processes at the surface and at the
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,reactant—solid product interface 80 that activity gradients in the )
' reactant phase are negligible, and some step other than diffu31on 1s ”efﬁ'
h rate limiting. > : o | i

| The value.of 62%5 must always:be less than.that'of'Cz r;during;the‘v
progress of decomposition so the solution»CZBé = k CZ /k2’ eq 28, can
h be physically meaningful only when k4<k2, that is when component A |

diffuses more slowly than does component B.,

Substitution of (22) into (13) with CZ VhQ%p'yields
T B
'Jﬁ év:3 4 Ap S T @2y
fory., the predicted flux when diffusion of component B is slow and the53 t

rate constant for diffusion of component A is smaller than that for com-vffff

ponent B, -

' Iv.. Temperature Dependence of the Rate - Equatlons.

Comparison of measured temperature dependences of the rates of de—f ;3a;f3”

composition reactions w1th rates which are predicted for the various
zlimiting rate equation may help to identify the rate limiting processes-i‘
as do such comparisons for vaporization reactions.stl1 Accordingly,_-

'predicted temperature dependences are derived in this section of- the

{paper. The temperature dependence of the rate constants of the surfacef;':

'-wand’interfacial steps of the overall reaction can be evaluated by means}h,'T'

-of transition state theory21 and for ‘the diffus1on steps by means of ant
'atomistic interpretation of Fick's first law of d1ffus:.on.22
Transition state theory assumes that during reaction, equilibrium

is maintained between the reactant(s) and an activated complex The
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flux in';he:fcrward dicection of“apy elementary reécfion_step‘theﬁ_is )

assumed to be che product of the coccentratioc of thevactiveted complexes
v and the averége frquency with which they decompcse to yield the reaction

prcdcct(s)} :When thevfeverse reection of aﬂ_elementary step:cennot be

neglected, che net flux in the forward direction can be assumed to be.

the difference between the fofward‘flux prcddcedAby the pfoceSS just

described and a reverse flux which is assumed to be-governed-by an in-

dependent eduilibrium between the product(s) of'the forward reaction and

activated complexes. |

- Thus fcf‘the,elemehtary'scep‘deSCribed by reaction (5)>
* vtk

'where”g5 is the frequency with which activated complexes of concentra- ~
. : _ . I S

5

: ' 4 ‘ v RE S L S S

to yield reaction products, and &g and C5 are the corresponding terms

‘.cion;C which,a;evproduced‘by equilibrium with the.reectants,‘deccmposef\

for the reverse reaction. The equilibrium assumption of transition state’
theory can be used to eliminate the_unknown concentrations of activated
complexes from the equation. The result for reaction (5) when the most .

general thermodynamic.fofmulatien of transition‘s'tgtetheofyzl is used is

L . o - vk T
3, = gsaAi' exp(—AGS/RT)-gSQAp exp(-AG, " /RT) o (31>_- |

5 andgAgs'jare the ‘free energies of activation for the forward

‘and reverse reactions.

where AG
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“For the surface transfer process described by reactlon (5), further
simplification of eq 31 is possible. It has been proved that the k1net1c~
factor, ‘such as gs, for the forward dlrection of any elementary reaction :
step is equal to the kinetic factor for the reverse of the same elemen-
1tary step, here gs.zo Furthermore, the free energy of actlvationAfor i'
the forward reaction minus the free energy of activation for’ the reverseA

_ . energy. : : _
_ reaction equals the free/of the reaction. But here at equilibrlum

Ap
sequently,

CZ.' ='62Ai's°.the free energy of reaction is zero and AGS = AG5 . Con-

Iy = 85 expl-AG,/RD) @, - a) DA &2
The expression for the’ surface step, reaction (3), which is obtained in |

the Same - manner, is 51mpler because in vacuum there is no s1gn1f1cant

reverse reactlon .
S P P
Ig = &y exp-(-AG3/R$K2;s ey

‘A diffu51on flux, Such as that which is produced by reactions (2)

| or (4) can be described by the equatlonzg

R i e B EEERER
J bvexp.(—AGc/RI)<d2 SRR _ E ;(34)A
s S e e
‘where b is the product of kinetic and geometrical terms, AGé is a.free
.energy of activation and dC/d% is the concentration gradient of the

diffusing Species. When activity'gradients rather than concentration



-19- LBL-3137

gradients are assumed to be the driving forces forvdiffusion, the flux
must be describéd b& an equation of the same form but with a different
free =nergy of activation because activities are froducts of cohcentra—
tions and activity coefficients. The activity coefficients are gxponen-
tial functions which modify the calculgted free energy of activation.

Thus a diffusion flux is described by

aa » (35

. *
J = b exp(~-AG /RT) a

With the assumptions for steady state decomposition (a) that the
free enérgy of-activation'AG*vis independent of éctivity in the'activity‘.
gradient betweén sourcefégd sink of the diffusing'species,.and (b) that |
the_activity.gradient is constant over the totél path distance between
source and sink, eq 35 becomes |

J=b exp (-AG"/RT) -ﬁ-ga—' | | (36)

Then for reactions (2) and (4)

ig = b, exP(-AC;/RfI‘_) (Qﬁi - QBS) - NED)
and
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where h2 and h4

lengths 22 and 24.

- Each of the rate constants that must be known in order'to evaluate

are new constants which incorporate the constant path

the temperature dependence of the rate equations for eadothermic decom~
position reactions has now been demonstrated to be the product of a term
of the form exp(—AG /RT), of a kinetic factor, and perhaps of a geomet-
rical faotor. The present paper will not attempt an’ evaluatlon of the
various possible geometrical and‘klnetlc factors that might be considered
.approprfate for the various rate constants, but ooly.remarks on their
sensitivity tovthe temperature of reaction.

The frequencies_of.decomposition of surface and condensed phase
activated eomplexes are usually assumed to be either independent of
temperature or to vary directly with t:empera.ture.?‘3 When desorption or
separation from an activated surface site or particle is rate limiting,
the kinetic factor'yaries with T_1/2.10 Geometrical factors should be
nearly independent of temperature. An exponential of the form
exp(-AG/RT) - can always be rewritten as exp(AS/R)exp( AH/RT), where AS
and AH are the entropy and enthalpy changes of the process. For any
partiCular chemical process or mechanism of diffusion AS and AH are .
essentially independent of temperature. .

—1/2, TO, and Tl poﬁer are normally

Temperature variations with T
‘negligibie in comparison to those that arise from an exponential in
;AH/RT."It Can-be couclpded, therefore, that if decomposition rates are
measured for a reaction for which the limitiné rate eq Ziavapplies; the'
p versus 1/RT is -AH;, where AH;'isithe enthalpy

of activation for the surface step of the gaseous eomponent B. When the

.8lope of a plot of InJ
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product phase is metastable and the reaction is ‘governed by rate eq 21,
the same kind of plot yields ﬁ(AH3 + AHP)‘where AH;'is the enthalpy of

the slow surface step for the gaseous reaction product B and AHP is the
enthalpy of formaﬁion of the metastable solid phase A from the stable

for& of solid A. Similarly for decompositioh reactions which afe-governed
by the.limiting rate eqs 23 or 29 plots of in JB versus 1/RT yield ‘
respectively.-(AH; + AH;)/Z if (Kissl) and - (AH; + Aﬁ: - AH; + AHP);
respectively. ' ' ‘

A parficdlaf decomposition reaction may be governed by one of the
limiting rate laws in one temperature range, but by another in a different
temperature range. Over the intermediate range'between the two regions
goﬁerﬁed by the 1imiting laws, curvature should be foﬁnd in plots of
In J .versus_l/RT bécause the totaliapparent activation enthalpies

B
characteristic of the various limiting laws will almost never have the

same values.11
V. . Discussion
It has been shown in this:paper that'diffusion and an interface’
ftransfer step from reactant to solid product are essential elements of a
decowpositionbreaction, and. these s;eps may in principle inflﬁence the |
reaction. For three of the limiting rate equations derived, the rate
depends upon the‘thermodynamic_stébility of the solid product.
becomppsition rates measured for single crystalsvin vacuum must
_depeﬁd upon the chgmical steps rather than upon vapér phase transport,
which probably commonly determines rates measured fbf powdefé heated in
| | 24,13 | - o

-inert atmospheres. But the relative importance of the various

essential chemical steps cannot be determined from the vacuum decomposition
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rates alone because kinetic factors and free energies of activation can
" be assumed for each of the limiting rate equations_thét'w111 reperucé

any experimentally observed rate data.

Comparison of the rate data with thermodynamic data for the reaction, -

however, can servé to distinguish.whether of not all.reacinn steps

éxcept desprptioﬁ of thermallyvgquilibréted gaseous products are neér

équiiibriuq’ﬁfocessgs.‘ If:so, specia} forms_of'éqv2ljor Zlalmu3£ 

| 'déscribe the kineticé;.>The‘arguments will be illusf?atéd with oﬁr‘reéenﬁ

.data for calcite.(CaC03) decomposition.l3-
Just as a maximum possible flux for vaporization in vacuum can be -

.calculated from the Hertz-Knudsen-Langmuir (H-K-L) equation and the

eqdilibrium vapor pressure',6’8 a maximum possible flux in vacuum, Jmax

'Can be calculated from the H~K-L equation and the,equilibrium diSSdciéf

 tion pressure for a decomposition reaction:

Pp(d)

Inax = 172

(39)
(21_rMBRT) o

where M is the molecular weight of the gaseous decompositioq product.
Equation 39 is a special case:of eq 21. For a’degompqsition
F;eaction to océﬁr at the rate given by eq 39 requires that all stéps df
the overall.reaction except desorption.of tﬂe gaseous prOdﬁct‘in its
.equilibrium'state be essentially at eqqilibriuﬁf-the reasons for this
 conéiusion.are essentially the same as given for congruent vaporization
reactions in reference 10. If the measured decomposition flux is
‘identical with that predicted by eq 39 froﬁ the equilibrium dissociation

pressure PB(d) for the stable form of solid A, then eq 21 with
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_ -1/2 _ ~-1/2 - .
ky = (2mGRD) 17 Pp(d) = (2MGRT) T exp(-AG,/RT) and cZ%p =1, i.e
eq 2la would be' the correct rate equation for decomposition.
The experimental data for calcite do not agree with the predictions
of this form of eq 21, The measured rate was found to be only about 2% .

of the calculated maximum rate for the midpoint of the experimental range,

~ and the'apparent.enthalpy of the decomposition reaction was 49 Kcal com—

‘pared to 41;5 Kcal for the equilibrium decomposition reaction.

Agreement is not expected, however, because a 30 micron thick layer

"of a metastable‘form-of-calcium oxide was found to separate the decom~

posing calcite surface from a growing layer of calcium oxide in its

stable crystalline form. Stable calcium oxide cannot be at thermo-

dynamic equilibrium with either the metastable modification of calcium

oxide or with the calcite on the opposite side of the layer of metastable

calcium oxide; ﬁetastable modifications of solids transform exothermally
and irreversibly to their stable modificationms. 'Rao‘et a1.25-have

observed that an exothermic reaction occurs when the initial product of

_caléite decomposition is heated. Transfofﬁation of the metastable oxide

to the stable form probably takes place irreversibly whenever thevstresé
produced by mismatch of the iattice,planes of the metastable oxide to the

(1011) plane ofvthe'calcité on which the'métastable oxide grows epitaxially

 exceeds a critical value. For the single crystals and temperature range

'studied, the stress level apparently is reached when the metastable oxide

layer is about 30 microns thick.
It is reasonable to hypothesize that all steps of decomposition to

the metastable calcium oxide except desorptioﬁ to therﬁally equilibrated
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carbon dioxide are near equilibrium with the calcite. This hypothesis'
can be tested if the heat and enthalpy of formation of thé'metastable

oxide isvdetermined If the hypothesis is correct, then eq 21 with k3

(ZHMBRT)-I/ is the approprlate rate equation and the activ1ty Cl =
: P .
1/6ZBP in eq 21 is
Q. =max_ 1o - as™y/R] e F‘AHO ) |
“a0 Ty T expl(ds; - )/R] exp [-(AH, - AH )/RT] (40)

where I, is the experimentally observed flux and AS* and AH* are the

' apparent activation entropy and entﬁalpy obtained from the intercept and
slope of a plot of 1InJ versus 1/T. Substitution of.knéwn values of ASS
and Au into (40) yields 7.5 Keal for the predicted molar enthalpy of
formation of the metastabié féfm.of calcium oxide‘frqmnthe stable modifi~
4cation énd 1 cal per degree for the molar entropy of formatién. These
values are of the cqrfect sign and of appropriate magnitudé for formation -
'6f metéstable,solids;

| A test of thlS assumed mechanism by means. of a calorlmetrlc deter—
mination of the thermodynamic stability of the. metastable calcium oxide |
might be difficult because the metastable oxide may not be easy to pre--
pare except in the presence of excess stableﬂéalcium oxide. But the
stability-might be determined byﬁmeasuring the Back.pressﬁfe ofiéarbonﬁ>
dioxide that must be introduced to bring to zero the_rate'of decomposi-
tion pf calcite to ghe metas;able.oxide. For that préSSure PB(d,m) the
acﬁivity of B is CZBP whether or not the suégested_interpretation is
correct so tha; the free energy of fofmatiohvof the metastable ox;de_is
1/2

-RT 1In PB(d’HO/PB(d)f The ratio PB(d,m)/[Jo(ZﬂMCOZRT) ] should be 1
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indépendent ofbtemperature if the suggested interpretétion is cofrect,'
but less thanbl if some step other than desorption‘of carbon dioxide is
not maintained‘neaf eqﬁilibrium.

In our'secénd theoretical paper we will show that the effect on
decomposition rates.of pressures of the product gas in the range ﬁetween
the apparent decomposition pressure of the reactant in vacuum and the
equilibrium decomposition pressure can be used to furtﬁer deliniate the

influehce of the différent éubsteps of - the overall_teactibn on the

reaction rate.
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Appendix A
Substitution of eqs 13 and 15 of the text into eq 16 and of (12) and

(14) into (17) yields the relations:

ksass = k(2 - Q)
kaaAs '»kaaAi = kza‘si - kzdlsé

which with (18) and (19)

a, -a

As Bs s

I
lal

Ay Gy = Ky

put four restrictions on the steady state de_:compositiori process. The
following deﬁflnitlons can be .adopted: kloaAs = X3 k4 aAl =vy;

1 ) \J \ : .
ky Ay = w3 kA = 25 (iegkg) /(yky) = 15 (kgky) kg = 85 Kk, = L3

[} .
-and Ksk4k2 = p. Then the above four restrictions become

z=yu -6 ' : | | (A1)

xtze=y+w | P a2
yw =1¢ ' o ' (A3)

Xz = ' i o (A4)



-29- : LBL-3137

Combining the four relations yields

P ot v ey = A5
ooy Yt )yv by = ¢ (,)
The solutions that are obtained for this equation when p =  will be
compared to results obtained in the text., It is readily shown that
p and T are approximately equal when
: B | ' ' ‘
k2, -k, QKA <<k [k, - (A6)
and when
A -va yn & ) |
(ky %G1 = kp Tgg) kg Sy << Ko/k, | - @an

But inequalities of the kinds given by (A6) and (A7) would be established

when the'activity gradients between the surfaces and interfaces of the

AB phase are small compared to the activities themselves.

When p = 7 eq A5 can be factored to yield

(A8)

- P _
y Hy -6 0
and
Yo _,.0 - - (49)

.py—e
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Solution of (A8) yields J, = J_ = (k,k KQ)l/2

A B 3K5K4 , which is eq 23 of the text.

Equation A9 yields

y=12z-= E:I o (A10)
Xx=ws= EL%ZLL | ) (All)

' ' '
= Q = .
But y k.4 Aiand z kZClBs so that (AlQ) gives
» |
K .
a -‘4a. . - (A12)
. ' k2 ‘ S _ _ .

Sinceézhs can never be larger than 1/62.Ap andCZ':Ai can never be smaller
than dlAp where Cz;p;: 1, eq Al2 has physical meaning only when kd/kz' is
less than 1.

Combining (A12) with eqs 13 and 15 of the text yields

k3k4k5QA - |
JA=JB=—,———rE' (A13)_‘
k2k5—k3k4
v , t A
Equation Al3 gives the predicted flux when k4/k2 < 1 and when
1 I . ' ® ) ’ - ) _' .
- > i '
k2k5 k3k4 0. When k3k4 can be neglected relative to k,k, (A13)
“reduces to - '
k-l
: k :
__34 .
I, =dp = A& | (a14)
kz :

‘which, if k2 =k, and k, = k,,is identical to eq 29 of the text.

2 4 4
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Appendix B .
| Definipions and symbols‘used in the text:

1 as a“aubscript; identifies a quantity that is a characteristic of
| the overaLl deeomposieion'reactipn AB(solid) = A(solid) + B(gas).

2 as a subscript, identifies a quantity characgeristic of thev
process B(interface) - B(surface) or of its reverse. -

'3'as a subscript, identifiesva quantity characteristic of the
process B(sufface)-*B(gas).

4 as a subscript, ideatifies a quantity characteristic of the
ﬁrocess A(surface) » A(interface) or of its reverse.

5 as a subscript, identifies a'quaﬁtity characteristic of the
pfoeess A(interface) +vA(product) er of its reverse,’

A identifies the chemical‘component_thaf forms.fhe solid phase
reaction product. |

CZA is the thermodynaﬁic activity of coﬁponent A, subscripts.i, Ps
or s identify the activity as specifically in the reactant phase at its
interface with the solid prodhct phase, in the solid.product‘phase, or’
in the reactant'phaSe'at the surface of a pofe. |

| 6zB is the thermodynamic activity of component 3 defined as the ratio

of its fugacity (assumed equal.tO'its_partial vapor-pressuie) divided .
by its standard fugacity (assumed equal to ies partial vapor pressufe)
when the reaction AB(solid) = A(soiid) + B(solid) is at equilibfidm.
-Subscripce-i, P> and s aave the meaning described for CZA; |
AB is the reactant phase ih a decomposifion reaction.

b-is a proportionality constant'in diffusion equations.
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B identifies the chemical component that forms the gaseous products

of a decomposition reaction. .
C is concentration.

* , o
C5 is the concentration of activated complex for reaction 5,

A(interface) - A(product), that is at equilibrium with component A in

the AB phase at the AB-solid pfoduct interface.

X .
C5 is the concentration of the activated complex for the reverse .

of reaction 5. This concentration of activated complex is at equilibrium
with component A in. the reaction product phase.

fn and f; are the rate conétants for the forwérd.aqd reverse direc--
tions of a particular diffusion path.

g and.g' are frequencies for decomposition of those activated com- -
plexes which are respectively at equilibriuﬁ‘with reacﬁants and products

of an elementary reaction step.

AG 1is a change in Gibbs free energy.

o
d

its stable modificatibn and tb B gas at 1 atm pressure.

AG° is the free energy of decomposition of AB to pure solid A in

AG* énd AG##'ére the free energy of activation for the‘forwara and
reverse of aﬁ elementary reaction step.

’AGp is the Gibbs free energy fof the formation of é metgstable
mddification of solid product phase A from its stable_modificétion;

h is a prbpbrtionality constant in a diffusion equation.

A is a.changé in enthalpy |

i is a subscript that identifies the AB phase side of’tﬁe interface

between the AB phase and the solid product phase.
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j; is the molar.flux qf component A that diffuses at or near the
reaction front during steady state decomposition per unit area of fhat
portion of the AB surface which is fronted by pores.
jB is'the molar flﬁx of component B that diffuses between the solid
product and the pores at or near the reaction froﬁf during steady'stéte
diffusion per unit area of interface between the AB phase and the solid
product phase. |
JA is the molar flux of component A.per unit area of reactant phase.
JB is the molar flux of component B pér unif area of reactant phase.
Jmax is the maximum flux of component A and component B which can
be calculated from thermodynamic data for the'decomppsition reaction and
ffom‘the Hertz-Knudsen—tangmuir equation.
Jo_is_the molar flux of components A and B that ié'experimentally
'observéd dﬁring steady state decomposition in vacuum.
k and k' are rate constants for forward and reverse reactions.
- K is the equilibrium constant given by ‘?A.CZB'
l_is the distance betweén the origin and end df a diffusion path.
M is molecular weight. |

n identifies one of a set of diffusion paths for which the total

diffusion flux is jA or jB.
P is_a subscript that identifies the solid product phase.

P, is the partial pressure for component B.

B
PB(d) is the partial pressure for component B when the reactant

phase AB 15 in équilibrium with the most stable forﬁ of solid product

. phase A.
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PB(d,m) is the partial pressure_for component ‘B when the reactant
phase AB is in equilibrium with a metastable form of the solid product
phase A.

R is thé gas constant.

8 1s a subscript used to identify the surface of the reactant phase

~which is bounded by a pdre.

AS is an entropy change.
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