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THE KINETICS OF ENDOTHERMIC DECOMPOSITION REACTIONS:
II. EFFECTS OF THE SOLID AND GASEOQOUS PRODUCTS

Alan W. Searcy and Dario Beruto+

Materials and Molecular Research Division, Lawrence Berkeley Labofatory
and Department of Materials Science and Mineral Engineering,
College of Engineering, University of California,
Berkeley, California 94720
ABSTRACT
Decomposition rates are predicted to decrease linearly with

increased pressure of the product gas if a chemical step for the gaseous
component of the reaction is rate limiting, but to be a constant function
of the difference between the reciprocals of the equilibrium decomposition
pressure and the product'gas.pressure if a step for the solid reaction com-
ponent is rate limiting. An equation which was derived by T. D. Sandry
and F. D. Stevenson to describe the effect of tubqlar capillaries on the
rates of vaporization from surfaces of known vaporization’coefficients is
adapted to describe the effeét of porous solid barriers on the rates of
‘decomposition reactions. Dependences.of product fluxes on barrier thick—
ﬁessband of barrier thickness on time are also predicted to be different
when a qhemical step for the solid reaction component is slowest'from the
dependenges when a step for the gaseous component is slowest. Equations
are also described for use when both the product gas pressure aﬁd barrier
thickness influence the reaction rafe. The various rate equafidns are
functions only of the éctivities of the reaction components, of measured
rates ig_xgggg with negligible barriers, and of measurable transmission
properties of the barriers. The theory is applied to interpret data for

calcite decomposition.

permanent address: Istituto Tecnica, Facoltd di Ingegneria, Universita
di Genova, Via Opera Pia 11, 16145 Genova, Italy.
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INTRODUCTION

Decomposition reactions, that is reactions which can be described

by the general équation
AB (solid) = A (solid) + B (gas) ' (1)

where symbols A and B represent not only the‘two reaction products
but alss the two chemical components of a bimary or pseudo;binary systen,
have probably been‘studied as much as any.ciass of heterogeneous reac-
tions. 'ane—the—léss, in a 1974‘monograph of solid state reactions
Schﬁalzfied commented, "There is no genéral theory of deéomposition
rééctions."1

Recently,_we provided thécentralelemenps of a general theory by
identifying the four esséntial steps of a deéomposifion reactidn, by
deriving rate equations for.siX'possible rate limiting proceéses in
vacuo and by evaluating the effect of a metastable solid product on the
rate equatidns.2 Here we complete the theory for the post;nucleation
_period of reaction by deriving expressions for the dependence of decom;
position rates on pressures of product gases and on thickness of layers
of poroué solid products or alternately én the time ﬁeriods during which
the product layers have grown.

The resulting equations predict two disfinct classes.of dependence
of rates on pressure and on product layer thickness. In the discussion
section we will briefly illustrate for calcium carbonate some applica-

tions and tests of the theory.
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The Effect of Pressure of the Gaseous Product

With few exceptions, the solid products of decomposition reactions
form as porous layers at the surfaces of the reactant particles.  For re-
action 1 to proceed when the product layer is porous requires four nec-

essary substeps (see Fig. l).2

(a) A flux jB formed from that portion
of cﬁeﬁical component B which is at an interface between the solid re-
actant phase AB aﬁd the solid prodgct phase must undergo solid state dif-
fusion to the surface at a pore.. (b) A flux JB of cbmponent.B musf
transfer from the AB surface to the gas phase. (c) A flux_jA formed
from that portion of chemical component A,whiéh is at the AB surface
fronted by a pore must diffuse on or in the AB phase to a particle of
the solid product phase A. (d) A flux J, must transfer from the AB
phééé ééross the interface to the solid product phase. Using the

symbols i for interface, s for surface, gnd g for gas, these four re-

1 3
action steps can be written in the order described as

B, 7 B, | - W@
BS z Bg o (3)
Ag T A ' ()
A, 2 Ap : - (5)

The rate equations that correspond to the chemical process 2-5 are

respectively
ig = K%y ~ k' % (6)
Jp = ka¥gg - k'3a'Bg | (7N
Ia T ks T (8
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J, = k.4

AT k5% T k'S, | C

5 Ap

where each k is the rate constant (or for diffusion, the composite rate
conétant) for the foreward direction'of the reaction step indicated by
the subscript and each k' is a rate éonstant (or composite rate constant)

for the reverse of one of the four steps. a4 ., for example is the ther-

Bi
modynamic activity for component B at the interface between the reactant

and the solid product, and & is the activity of B on the surface of

, Bs
the reactant at the bottom of a pore. The diffusion flux jB is defined
as the flux of'B per unit area of that‘part of the reactant which forms
an interface with the solid product and jA is definéd as .the diffusion
fiﬁx of A per unit_area of that part of the reactanﬁ which is fronted
by ﬁofes;‘while JA and'JB are fluxes per unit of total reactant surface
blus interfacial area. It should be noted that these definitions are
coﬁtrived to make all four fluxes numerically equal during steady state
deédmposition’even though the numbers of A and B particles that must
diffuse are not equal to each othér or to the number of‘A and B parti—
cles that uﬁdergo reaction. -
The rate constants for the forward direction of an elementary

reaction divided by the rate constant for the reverse direction equals’
the eqﬁilibrium constant for any fixed set of'ex;érimental co;lditions:3
even if the reactidn is far from equilibrium and reactants and/or pro-
duéts have activity coefficients that differ from those found at equi-
1ibrium.4 For the reactions 2 through 5, the equilibrium constants are

all unity, and 3 and 5 are elementary reactions so k., equals k) and k

3 3 5
'.

equals k5 Reactions 2 and 4 are diffusion reactions which require a

sequence of steps which may not have the same activation free energy
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barriers at all points along the diffusion path. But for decomﬁosition

reactions the diffusion paths are short, and we will use the reasonable

2 4 4

Suppose first that there is no significant pressure gradient of B

‘assumptions k2 = k! and k, = k'. ' T

along the pores through the product and that diffusion of componeﬁt B
in or on the reactant is slower than any of the other three necessary
steps bf the reaction. Then all steps éf the overall reaction except
step 6 have nearly equal forward and reverse fluxes, so that 1) component
A can be expected to be essentially the séme activity on bofh sides of
the reactant—solid product interface, that-is aAp = QAi,vand 2) when
the activity of B in the gas phase is made as high or higher than the
activity of B in the surface in vacuo, the surface activity becomes
almost the same as that of.the gas, that is & = aBg'

Integral free energies of formation of the binary phases which
undergo decomposition reactions usually change only negligible amounts
. with changes in composition of the phase, but the activities of the

’ It is convenient

components can change by many orders of magnitude.
to assign unit -activities to the solid reaction product when it is formed
in its thermodynamically stable form and to the gaseous product, not

when its pressure is 1 atm, but instead when its pressure has the equi- "

librium value for the decomposition of AB (solid) to the stable form of

-

A (solid). With these definitions of activities, the product of the
activities in a local region of the AB phase, for example at the reac-

tant-solid is close p? unity. Thus, aAi x aBi = 1, and aBi = l/aAi

= 1/a, . ituti = Za i i
1/ Ap Substitution of aBi‘ l/aAP and aBs aBg into equation 6

1

gives for tHe-netlflux of Bor A



.

J =k = -a ' (10)
| 2 (;%@ B%) |

If AB is at equilibrium with the stable form of solid A during decomposi-

tion, aAp = 1 and equation 10 reduces to
ks
J = P, -P (10")
PBeq ( Beq Bg .
where PBeq is the equilibrium decomposition pressure for reaction 1. 1If

AB is at equilibrium with the metastable form of solid A during decompo-

sition, 4, > 1 and 4_, = 1/aAp<1. Then

A Bi
%
. k2 .
J =—— [P_-P . . (10"
PBm ( Bm Bg )

- where PBm’ the equilibrium decomposition pressure for formation of

metastable solid A, is less than P
—— ———— Begq

Equation 10" predicts that if.diffusion of B is rate limiting and a
ﬁetastable form of solid A is produced, the rate of decomposition will be
reduced to zero by a pressure Pﬁm of the product gas which is lower than
the equilibrium decomposition pressure. In practice, a decomposition
reaction which is governed by 10" at low.pressures of background gas is
likely at higher pressures to yield the stable solid product and follow
equation 10' because the net flux for 10" reaches zero when PBg =

P, while the net flux for 10' is finite until P_ reaches P_. >P_ .
Bm Bg Beq " Bm

If a surface or desorption step of B is the slowest of the four

steps necessary to the overall reaction, a similar line of argument

leads to ag = ay; = 1/aAi l/aAp and the net flux of B is given by

[1 -
=k, [ -a (11)
> (aAp .Bg) |

[S¥)



—6-

Equation (11) can be expressed in alternate forms that differ from 10'

and 10" only in that k, replaces k

3 2°

If the rate constant k5 for thé interfacial transfer step for -
component A is smaller than the rate constants for both of the steps for

component B, a very different dependercce on the pressure of B is pre-

dicted. Let kB equal k2k3/(k2 + k3)z which reduces to k, if k >>k, or k

2 3 2 3
if k3<<k2. Then k5(aAi - qu) = kB(aBi - aBg). When decomposition is.
carried out in vacuo, a is zero and a_ . = 1/a,. falls until the reduced

—— ———’ "Bg Bi Al

activity for B and increased activity for A at the interface make JA
equal JB. |
Pressures of B gas only influence the reaction rate significantly

when aBg is of the magnitude of dp; in vacuo or higher. Then Ay =
1/a . = 1/a, and
Bi ]

Bg

1 ' .
J =k [—-a (12)
5 aBg Ap

If the solid product is the stable form, equation 12 can be written
' 1 1

= kP = - ' .
5" Beq PBg PBeq az")

J

If the solid product is metastable, the equation in terms of pressures
is

1 1 ' .
J = kP — - (zmm ’
5 Beq PBg PBm

If diffusion of A is assumed to be the slowest process necessary to
decomposition, a similar line of argument can be applied to yield equa-

tions that are identical to 12, 12' and 12" except that k, replaces k

4 5°

Effects of a Porous Solid Product

Sandry and Stevenéon8 have derived an equation for the unit flux J
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that will escape from a tube of Clausing correction C9 when the source

of the vapor is a surface of condensation coefficient (or vaporization
| 4 . .

coefficient )o. Their equation can be put in the form

J _ C .
3;'— c+(1-C)a (13)

where Jo is the unit flux that would escape from the surface if no tube
impgded the Knudsen flow.

Actually, equation 13 can sometimes be used even though surface
.diffﬁsion or hydrodynamic flow is the dominant mode of transport through
a tube. If the tube is found experimentally to have a transmission co-
efficient C for a particular gas suppliea from a reversible source (such
as a bulb of the gas), then provided that C and o are independent vari-
ables, equation 13 gives the'effectivé transmission coefficient from‘a
source that emits a fraction ¢ of the flux emitted by an equilibrium
source.

Sandry and Stevenson's equation can be adapted for use in analysis
df'the effect of a porous produgt layer on decomposition rates by evalu-
_'ating C as a function of layer thickness_and by replacing o by a measure
of the irreversibility of the slowest step for the gaseous component-of
the reaction. For relatively thick porous barriers, C has been shown
experimentally to be equal to cf/%, Qhere f is the fraction of the cross-
- sectional afea occupied by pores, & is the barrier thickness, and c is
a constant of the order of an average crdss—sectiopal dimension of a
pore if transport is by Knudsen flow or larger ifvsurface diffusion is
the dominant mode of gas transport.10 We will use C = cf/ (L + cf), to

force J to approach Jé, rather than infinity as { approaches zero. An
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alternate expression, C = cf/(2+§), wﬁich forces J to approach fJO as

2 abpfdaches zero, is perhaps theofetically superior.to the one we uSe,

but leads to more cumbersome mathematical expressions. Differences in -,
prediétions of the two expressions are probably not measurable .

For Vaporization or condensation reactions’q is the fraction of
those vapor molecules which upon striking the surface of their condgnsed
pﬁase come- to complete equilibrium with the condensed ﬁhase rather théﬁ
desqrbing before equilibrium is complete.ll In decompésition reéctions,
if diffusion of B is slower than its sﬁrface steps,vequilibrium will';
only be maintained at the reactant-solid product interfaces.r For such

reactions we define a decomposition coefficient for the gaseous compo-

nent as :
Og = 'k (P /i/Zq) Ezii LP1 - IIFB (14)
. - (2mMRT) Bg 273 _ Beq
where (21TMRT)_1/2PBg is the Hertz—Knudsen—Langmulr expression for the

flux that strikes a surface when the pressure above the surface is PBg’

M is the molecular weight of the gas, R is the gas constant, T is the

absolute temperature, and L = (ZWMRT)l/z. With the definition ap =

kB/(LPBeq), equation 13 applied to the porous barriers of décompdsition

reactions becomes

o’

J _ cf/(cf+L) (15)
Jo cf/(cf+2) + [l—cf/(cf+£)]aB ' ) \

Equation (15) gives the predicﬁed dependence of flux on product
layer thickness if one of the two steps for component B is the slowest
of the four steps of the deéomposition reaction. According to -(15) the

product layer will have little effect so long as o

B<<cf/(cf+2,),-but

when cf/(cf+2) becomes smaller than o

B’ the flux will vary with 1/4.



Suppose, however, that the interfacial transfer step (equation 5)
for component A is slower than either step for B. In vacuoc with a neg-

ligible porous barrier, the rate equation then is

1/2

J = (kghpr@) qp) (16)

whetre ay3dps = 1.2 The effective rate constant for the flux of B that
leaves the interface, where the two components are at equilibrium, be-
comes the product of kB and the right hand side of equation 15, which we

will call g. Then
- 1/2

which predicts fhat when cf/(cf+%) becomes smaller than Og (but not

émaller than k the flux will vary approximately as 1/21/2.

5)

-~ If diffusion of A is the slowest step of decomposition ig_zgégg and
diffusion of B is the next slowest step, the net flux when the-porous
barrier has negligible influence depends on the composife rate constant
.k4 for diffusion of component A, and‘the constant k2 for diffusion of
component B. A porous barrier will then have no observable influence
on the decomposition rate until the product gk3 becomes as small as k2,
the rate equation is - - |

3
- 1/2
J = (k4k3g) .

and with smaller values of gk

(18)

Regérdless of the rate equation that governs in vacuo, if { becomes
sufficiently large, g will become Sﬁaller than all of the four rate
constants. All stepé of the decomposition except flow through the
barrier will have nearly equal fluxes in Both directions, and ;he limit-
ing rate equation will approach

cf
cf+L

J = J (19)

0.
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The Variation of Rates with Time

If the porous solid remains in place on the advancing front at
which the decoﬁposition takes place, each of the rate equations of the
previeue section that depends on % implies a corresponding time-depend-
ent equation. The number of moles of selid product formed per enit afea.
of AB per unit time is dn/dt = J. If the reaction proceeds along a
linearvfront, dn.= (fA/VA)dQ, where fA is the fraction of the surface of
AB that is covered by the solid product and‘VA is the molar volume of
the selid product phase. . |

When a step for componeht B is rate,limiting, J = gJo, and therefore,
(1/g)de = (VAJO/fA)dt. When the right‘hand side of equation iS is sub-
stituted for g in this relation and it is integrated from zero tiﬁe'and

thickness to time t and thickness %, the relation found is

v,J

B g2 p-= ‘if°t (20)
2cf A . .

Q.

Equation 20 predicts that the porous product layer thickness will be
linearly dependent on time so long as c¢f/% is large compared to Op but

then £ will approach a parabolic dependence on t,

that when cf/2<<aB,

1/2

2¢fV . J t
{___ Ao . _ (21)

9 =
oagty

It is‘interesting to note that this equation predicts thet if tﬁe

chemical steps of a decomposition reaction other thaﬁ the final step of

desorption are close to equilibrium, a growing porous coating cauees

the parabolic time dependence which is usually associated with non-porous,

so-called protective coatings.



-

OO0 G047 0083856

-11-

If for a decomposition reaction the rate constant for one of the

1/2
g

steps of component A is smaller than ng, then J = Jo and integration

yields

1/2
o \3 o \2 o ocBV J .
B 3 B 2 B ' . =.§.__J&J1
(Cf) 27 + 3(Cf) 25+ 3 'gf 2+ 1 1 5 of fA t (22)

When cf/2>>aB, the firstltwo terms inside the square brackets can be
neglected and equation 22 reduces to thé same linear law found for
small £ from equation 20. When cf/2<<uB, but cf/f is greater than the
smaller rate constént for a step of component A, only the first term

inside the square brackets need be retained. Then

’ f

% = <£f_>l/3 <§ Valo °>2/3 t2/3 ' | (23)
a 2 £
by A

The flux is (fA/VA) df/dt. Differentiation of equation 21 yields
et 3 1/2 -1/2 |
7 ={(—£2 (24)

ZocBVA

and differentiation of equation 23 yields

2¢££, \ 1/3 2/3 -1/3

J = J t : (25)
30LBVA o

The combined Effects of Solid and Gaseous Products

The probability that a gas molecule will traverse a porous barrier

of transmission probability C and come to thermodynamic equilibrium with

a surface at the opposite'face of the barrier can be calculated by the

same approach which was used by Sandry and Stevenson for calculating the
probaBility of escape of a gas from a surface thét has a superimposed

barrier. We find for thé flux of gas that condenses
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;- ocBCJBg | (26)
c C+(1—C)0LB
where the flux JBg which strikes the outer face of the barrier is LPBg' v
The net flux when a step for B is rate limiting is then
J = g(Jd_aBJBg) = gaBL(PBeq—PBg) (27)

provided that g as definedAby the right side of equation‘lS'andeLB are
independént of the magnitude of foreward and reverse fluxes over the

range of background pressures between zero and P

Bg" Equaflon 27 should

usually be valid if transport through the barrier is by Knudsen flow or
by éUrface diffusion in a Henry's law adsorption.layer. The variations
of product layer thickness.and.of net flux with time which result from
equation 27 are given by substituting Jo - ajggfor Jo in.equations 21
and 23.

When the slowest step in vacuum is a step for the solid reaction
componént, thé decomposition flux is given by equation 17 or 18 until
the background pressu;e is as.high'or higher than JO/GBL. iThe flux is then
predicted by the saﬁe equation that applies when no porous layer is pre-
sent, that is by éﬁuation 12 or by a similar equation in which k4
replaces kS.But‘when the product layer has grown thick enough’to make

ng smaller than the smaller of k

4 and ks,bequation'27 appliés.

-

DISCUSSION

There is reéason to believe that many, perhaps even most, measurements
of decomposition reactiohs have beehvméde under conditions for which the
rates are limited by gas phase diffusion exterior to the pores of the

12,13

reaction product or by thermal transport. Here, we will illustrate
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applications and tests of the theory with our measured rates of
decomposition of calcite (CaCoB) single crystals at low reaction fluxes,
which clearly shOuld be limited by the chemical steps and/or by diffu-
sioﬁlthfough pores of the solid product.13

We pointed out in our first theoretical paper2 that tﬁe simplest _
interpretation of data for decomposition of single crystals of calcite
(CaC03) in vacuo is that, except for désorption of Coz, all stepsyof‘the
reaction to form a metastable modification of calcium oxide are at
eQuilibrium. The metastable oxide was observed as a 30u thick layer be-
tween undecomposed calcite and a growing layer of the stable oxide.13
We further pointed out that if this hypothesis were correct the heat of
formation of the metastable oxiée from the stable oxide should be the
difference between the apparent heat of activétion‘for degomposition
and the équilibrium heat of the reaction, 7.5 kcal.2

By decomposing in vacuo calcite powder ground to less than 30u
diameter we haﬁe since prepared the metastable form of calcium oxide iﬁ
isolation from tﬁe stable.form.‘ The heaﬁ of formation from the stable
oxide proves to be only ﬁ kcal.15 Accordingly, the rate of decomposi-
tion in vacuo must be limited by an irreveréible chemical step.

The fact that the rate of decomposition is unaffécted by growth of
a porous calcium oxide layer to at least thé order of 1 ﬁm in thickness
requires one of‘two limiting interpretations.

If a step for the solid product is the»slowgst chemical step, so
that equation 17 or 18 is rate limiting, g of that equafion must not vary

significantly with 2 under the conditions of study. But if Knudsen flow
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is assumed, cf/(tf+Q).is estimated from the fact that pores are not

: feéoIVéble at 30,000 magnifications in a scanning electron microscope to'

be less than110_4rwhen £ is 1 mm, while when equatibn 17 or 18 applies, ~
Op cannot be less than the square root of the ratio of the measured flux -
iE.XéEEE’ JO’ to the maximgm possible flux, Jm. The ratio JO/Jm is 10_5
for CAlcite (In our experimental pape;,13 we incorfectly calculated Jm
aﬁdvréported‘%/Jm 210-3)- Accordingly, for Knudsen flow g'should decréase

markedly with £ in our experimental range. For g to be independent of £

wouldlonly be possible if surface diffusion of CO

2 through the calcium

oxide is efficient enough to saturatekthe‘pores with C02. Such efficient
surface diffusion would not be expected from measurements for CO2 or
similar.gases at lower temperatures,lo but it seemed possible that a
chemicéily activated mechanism of surface diffusion may be important at
high temperatures. To test this possibility - which cbuld have important
practical applications.if verified - we have undertaken experimental

measurements of cf/(cf+%) by passing CO, from an equilibrium source

2
through the calcium oxide barriers which fesult from complete decomposi-

tion of calcite wafers in wvacuo.

The assumption that a step for the géseous product is.rate limiting
.

provides a much simpler explanation of why the rate is independent of 2.

When a step for B is rate limiting for calcite a

o~

g is given by JO/Jm =
10_5. But even for £ = 1 mm, cf/(cf+2) for Knudsen flow may still be
of the order of lO_4 if the pore diameters are not much below the 10-4
mm resolution limit of the scanning electron microscope. Then with op

small comparéd to cf/(cf+) equation 15 reduces to JEJO, as observed.
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ﬁ This simple intgrpretation would nbt appear consistent with pore
diameters that are more than an order of magnitude smaller than the maxi-
mum diameters set by résolution of the scanning electron microscope. In
ordér to test this explanation more rigbrously, we plan measurements with,
a transmission electron microscope, which is capable of much higher
resélution. We hope also to investigate the effect of produét layers on
thé rates over a rénge of thicknesses which may be great enough to make
équation 19 become rate limiting.

One important prediction of our theory is that decomposition rates
will vary inversely with the product gas pressure if the slowest chemi-
cal‘step is one for the solid reaction component,while if a step of the
gaseous component is siowest, the net flux will decrease linearly as the
product gas pressure increases toward its equilibrium value. Iwo sets
of invéstigators have reported that the rate of decomposition of calcite
Qaries inversely with the pressure of carbon dioxide gas.17’18 Welat
first thought, £herefore, that théir reported pressure depéndence indica~-
ted a step for the calcium oxide reaction component to be rate limiting.
But new measurements19 over a much longer pressure range than employed
in the published investigations, while consistent with measurements of
those investigations, show the decomposition rate to be nearly independ-
ent of 002 pressure at low pressures, where equation 10 predicts a strong
pressure dependenée. |

The metastable form of calcium oxide which is present during

decomposition in vacuo is not found when higher pressures of CO, are

2

present during decomposition.14 The apparent inverse dependence of the

rate on CO2 pressure may be a consequence of changes in the quantity or
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the degree of crystallinity of the metastable calcium oxide at the

reaction interface with co pressure. We will attempt to correlate

2

measurements of the morphology and crystallinity of the oxide layer with

background CO2
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