
Impact of the gaseous environment on the kinetics
of solid-state decompositions

Boris V. L’vov

Received: 26 May 2009 / Accepted: 1 December 2009 / Published online: 5 January 2010
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Abstract The main purpose of this study is to review the

current state of the problem of the impact of gaseous

environment on the kinetics of solid-state decompositions.

Three different theoretical approaches to the interpretation

of the decomposition kinetics have been considered. As it

follows from the literature published over the past

80 years, the Arrhenius and Knudsen–Langmuir approa-

ches based on the assumption of two different reaction

mechanisms (congruent and incongruent) could not solve

the problem. At the same time, successes in the application

of the thermochemical approach that is based on the

assumption of a unitary congruent dissociative vaporiza-

tion mechanism with condensation of oversaturated vapor

remain unnoticed by the TA community. Taking into

account this situation, the author has outlined the key

points of the thermochemical kinetics in a compact but

rigorous and complete form once more. The revised kinetic

equations for the different modes of decomposition, several

important interrelations between the kinetic parameters,

and, finally, the results in the interpretation or reappraisal

of the main effects related to the impact of gaseous envi-

ronment on the kinetics have been considered. In the

framework of the thermochemical approach, the problem

being discussed may be considered nowadays practically

resolved.

Keywords Decomposition equations � Decomposition

modes � Diffusion restriction � Impact of gaseous

environment � Thermochemical kinetics � Topley–Smith

effect � Zawadzki–Bretsznajder effect

Introduction

The impact of the gaseous environment on the kinetics of

solid-state decomposition is one of the main problems in

many technological applications and theoretical interpre-

tation of this process. In spite of a rather long story of

corresponding studies, the current views on this subject

are very controversial. The comparison and analysis of

results obtained in the framework of different thermoan-

alytical approaches is difficult because of the absence of

critical and comprehensive reviews in this field. Regret-

tably, this situation is typical for many (if not all) aspects

of thermal decomposition kinetics. As noted by Galwey

and Brown in their book [1], ‘‘there is no doubt that the

extensive but dispersed literature concerned with decom-

positions of solids is in need of review. The number of

comprehensive surveys of this important, active and well-

defined subject area that have been published in the last

50 years (the effective life-time of the topic) is remark-

ably small.’’ The main purpose of this study is to review

the current state of the particular problem that deals with

the impact of gaseous environment on the kinetics of

solid-state decompositions.

To start, it is necessary to recall that there are three

different theoretical approaches for the interpretation of the

decomposition kinetics: the traditional Arrhenius approach,

the Knudsen–Langmuir approach, and the novel thermo-

chemical approach. The first two in their final form were

formulated in the 1950s and 1960s, respectively, the last
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one, which has branched from the second approach,

appeared in the 1980s. The bases of these approaches are

presented in Table 1.

The literature

Of the several dozen publications related to the topic

investigated, we have chosen only those [2–27] which are

devoted to quantitative or semiquantitative evaluation of

the impact of the gaseous environment on the kinetics of

solid-state decomposition (Table 2). Two kinetic parame-

ters were used for the characterization of the decomposition

kinetics: the decomposition rate v and the Arrhenius

parameter E. The equations for the rate of incongruent

decomposition presented in some original works have a

more complicated form in comparison to that given in

Table 2. However, they can be deduced (by considering the

contribution of different decomposition stages in the whole

process) to two typical cases: a linear variation of v with Pext

v ¼ k Peq � Pextð Þ ð1Þ

and an inverse-law variation of v with Pext

v ¼ k Peq � Pextð Þ=Pext ð2Þ

Here Peq is the equilibrium partial pressure of the product

for the incongruent (and reversal) decomposition reaction

at the temperature of experiment and Pext is the extensive

partial pressure of the excess of gaseous product in the

furnace. Both equations were derived under the assumption

that v ? 0 as Pext ? Peq. It is easy to show that in this

case the reduction of the rate v with rising Pext should

manifest itself in an increase of the E parameter [28].

The data in Table 2 allow the following conclusions.

• The list of the most important publications covers the

period about 80 years (from 1931 to 2009). These

works are distributed nearly evenly inside of this period

with only two exceptions: the absence of publications

in the 1940s (most likely, due to the Second World

War) and active studies in the 1960s.

• The article by Topley and Smith [2] devoted to

anomalous increase of the decomposition rate of

MnC2O4�2H2O with Pext of H2O vapor in the vicinity

of 1 Torr opens this list. Over nearly 80 years since the

discovery of this effect, several tens of publications

appeared (see [29]) devoted to its study for different

hydrates. Nevertheless, until now, there has been no

generally accepted opinion on it [1].

• The retardation effect of the gaseous product on the

decomposition rate has been investigated in the frames

of all thermoanalytical approaches. Nevertheless, the

conclusions of different researchers are contradictory

(even for the same reactant). In the cases of Arrhenius

and Knudsen–Langmuir approaches, a linear variation

of v with Pext was observed in [9, 11, 14, 18, 19], an

inverse-law variation in [6, 9, 10, 12, 16, 20], and no

significant variation in [3, 15]. Only an inverse-law

variation of v with Pext was observed in the cases of

thermochemical approach [5, 17, 24]. It is worth noting

that the thermochemical approach was used by Gilbert

and Kitchener [5] for the interpretation of the congruent

decomposition of CdO already in 1956.

• The monotonous rise of the E parameter with Pext was

experimentally observed by Zawadzki and Bretsznajder

[4] in the example of CaCO3 decomposition in the

presence of CO2. An increase of CO2 pressure from

0.0013 to 0.06 bar was accompanied by the rise of the

E parameter from 186 to 1536 kJ mol-1. Later on, this

effect was observed by Mauras (708–1580 kJ mol-1 at

0.03–0.26 bar CO2 [7]), and Maciejewski and Baldyga

(310–460 kJ mol-1 at 0.02–0.06 bar CO2 [18]). Further-

more, it was observed for CdCO3 decomposition (270–

670 kJ mol-1 at 0.002–1 bar CO2) by Pavlyuchenko and

Prodan [8], and for SrCO3 decomposition (850–

36,600 kJ mol-1 at 4 9 10-5–1 bar CO2) by Zemtsova

et al. [13]. However, this effect was not observed for

many other reversible decomposition reactions (e.g.,

in the cases of MgCO3 and FeCO3 [28]). What is

more, Criado et al. [23] could not reproduce this effect

even for CaCO3 (191 ± 5 kJ mol-1 at 0.013–0.2 bar CO2).

Table 1 Bases of the Arrhenius, Knudsen–Langmuir and thermochemical approaches

Constituent Arrhenius approach Knudsen–Langmuir approach Thermochemical approach

Mechanism Congruent/incongruent

dissociative vaporization

Congruent/incongruent

dissociative vaporization

Congruent dissociative vaporization (CDV)

with condensation of oversaturated vapor

Kinetics Arrhenius kinetic equation Hertz–Knudsen–Langmuir quasi-equilibrium

equation for vaporization in vacuum

Langmuir quasi-equilibrium equations for

vaporization in vacuum and in foreign gas

complemented by the concepts of equimolar

and isobaric modes of decomposition

Methodology Arrhenius plot (differential)

method

Second-law (differential) method Third-law (absolute) method and/or second-law

(differential) method
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• Twenty five years have gone since the publication of

work [17], in which the existence of two different

modes of decompositions (equimolar and isobaric) has

been suggested. However, except for this author [24–

26], no one has used this concept for interpretation of

the kinetics of decomposition reactions. The possible

reasons of this neglect might be the publication of

article [17] in a journal, which is quite outside of the

TA problems and some math uncertainties in the

presentation of this conception in our previous works.

As it follows from the above consideration, the Arrhe-

nius and Knudsen–Langmuir approaches to the interpreta-

tion of decomposition kinetics, based on the assumption of

two different reaction mechanisms (congruent and incon-

gruent) could not solve the problems related to the impact

of the gaseous environment on the kinetics of solid-state

decomposition. There are serious disagreements between

the results obtained by different authors. In addition,

interest in this topic in the frame of the Arrhenius approach

over the latter 10–15 years, as can be seen from the content

of the recent books [1] and [30], has diminished practically

to zero. At the same time, the achievements in the appli-

cation of the thermochemical approach to this problem

remain unnoticed. Taking this situation into account, the

author will discuss below the key points of thermochemical

kinetics in a compact and improved form once more.

Thermochemical kinetics of solid-state

decomposition reactions

Basic equations

Contrary to the traditional Arrhenius kinetics that is based

on the Arrhenius equation

k ¼ A expð�E=RTÞ ð3Þ

the kinetics of the thermochemical approach rely on

the next quasi-equilibrium equations describing the vapori-

zation process R(s) $ R(g) in vacuum and in foreign

gas.

J ¼ MP=ð2pMRTÞ1=2 ð4Þ
J ¼ MDP=ðzRTÞ ð5Þ
J ¼ MDP=ðrRTÞ ð6Þ

Equation 4 was derived by Hertz [31], Knudsen [32],

and Langmuir [33]. Two other (diffusion) equations were

derived by Langmuir [34]. In all the cases, the absolute rate

of vaporization J (in units of kg m-2 s-1) is proportional to

the equilibrium vapor pressure P of reactant R. The other

parameters are as follows: M is the molar mass, D is the

diffusion coefficient of the vapor in foreign gas, z is the

distance from the vaporization surface to the sink where

the concentration of vapor molecules becomes zero, and

r is the radius of a single spherical particle.

Decomposition modes

Consider the case of the decomposition of reactant R into

gaseous products A and B in reaction R(s) $ aA(g) ?

bB(g). Under equilibrium conditions, the partial pressures

of gaseous components are related with the equilibrium

constants [35] through the equation:

K� ¼ KP

P�ð Þv ¼
Pint

A

� �a
Pint

B þ Pext
B

� �b

P�ð Þv ð7Þ

Here K� is the thermodynamic (or ‘standard’) equilibrium

constant, KP is the equilibrium constant (pressure basis), P�
is the standard pressure (P� = 105 Pa = 1 bar), v = a ? b,

Pint is the internal partial pressures of A and B components

originated from the decomposition of reactant, and Pext is the

external partial pressure of gaseous component in a reactor. It

follows from Eq. 7 that

Pint
A ¼ P�ð Þv=a K�ð Þ1=a= Pint

B þ Pint
B

� �b=a ð8Þ

Under the conditions of congruent decomposition for

which JA=a ¼ JB=b, the ratio b of internal partial pressures

Pint
B =Pint

A � b ð9Þ

is equal (in vacuum and in atmosphere of foreign gas,

respectively) to:

b1 ¼ ðb=aÞ MB=MAð Þ1=2 ð10Þ
b2 ¼ bDA= aDBð Þ ð11Þ

From the congruency condition and at Pext
B \Pint

B

(equimolar mode):

Pint
B

� �e� P� baK�ð Þ1=v ð12Þ

From the congruency condition and at Pext
B [ Pint

B (isobaric

mode):

Pint
B

� �i ¼ bPint
A ¼

b P�ð Þv=a K�ð Þ1=a

Pint
B þ Pext

Bð Þb=a

� b P�ð Þv=a K�ð Þ1=a= Pext
B

� �b=a

ð13Þ

The quantity K� in Eqs. 12 and 13 is equal to:

K� ¼ exp
DrS

�
T

R
exp

DrH
�
T

RT

� �
ð14Þ

where DrS
�
T and DrH

�
T are the entropy and enthalpy changes

for the decomposition reaction, respectively.
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Absolute rates of decomposition

For reaction R(s) $ aA(g) ? bB(g), the final equations for

the flow of gaseous products A and B were obtained after

the insertion of Pint
B

� �e
, Pint

B

� �i
, and K� quantities into

Eqs. 4 and 5:

Je
R ¼

MRP�

b 2pMBRTð Þ1=2
ba=v

1 EXPe ð15Þ

Ji
R ¼

MR P�ð Þv=a

b 2pMBRTð Þ1=2

b1

Pext
Bð Þb=a

EXPi ð16Þ

Je
R ¼

MRDBP�

bzRT
ba=v

2 EXPe ð17Þ

Ji
R ¼

MRDB P�ð Þv=a

bzRT

b2

Pext
Bð Þb=a

EXPi ð18Þ

where

MR ¼ aMA þ bMB ð19Þ

EXPe � exp
DrS

�
T

mR
exp �DrH

�
T

mRT

� �
ð20Þ

EXPi � exp
DrS

�
T

aR
exp �DrH

�
T

aRT

� �
ð21Þ

For reaction R(s) $ aA(g) ? bB(g) ? aA(s) ? bB(g),

which corresponds to the mechanism of CDV accompanied

by condensation of the oversaturated vapor of product A

[36], the final equations for the flow of gaseous product B

differ from Eqs. 15 to 18 only in the use of factor MB

instead of MR/b:

Je
B ¼

MBP�

2pMBRTð Þ1=2
ba=v

1 EXPe ð22Þ

Ji
B ¼

MB P�ð Þv=a

2pMBRTð Þ1=2

b1

Pext
Bð Þb=a

EXPi ð23Þ

Je
B ¼

MBDBP�

zRT
ba=v

2 EXPe ð24Þ

Ji
B ¼

MBDB P�ð Þv=a

zRT

b2

Pext
Bð Þb=a

EXPi ð25Þ

In the case of the decomposition of a single spherical

particle, Eqs. 17 and 18, and Eqs. 24 and 25 can be used

with only one difference: the quantity z should be

substituted by the quantity r.

An analysis of thermochemical kinetics presented above

in the form of Eqs. 4–25 leads to the following general

conclusions.

• All the quantities and parameters entering the kinetic

equations have a simple physical meaning and can be

quantitatively characterized (in contrast to the Arrhe-

nius equation).

• The kinetic equations satisfy the exponential depen-

dence of the decomposition rate on temperature.

• The kinetic equations allow the determination of

absolute values of the equilibrium partial pressures of

decomposition products, which are directly related to

the thermodynamic characteristics (enthalpy and

entropy) of the reactions.

• The kinetic equations are applicable to measurements

both in vacuum and in the presence of foreign gases

(provided that these gases are inert to both the reactant

and the products).

Interrelations between the kinetic parameters

An analysis of the above kinetic equations permitted to

formulate the following important relationships between

kinetic parameters in relation to the features of gaseous

environment. These relationships can be used as criteria of

the validity of the theory outlined.

• The value of the molar enthalpy, DrH
�
T=a, for the

isobaric decomposition mode does not depend on

the partial pressure of the excess of gaseous product

in the system, i.e., for any Pext
B magnitude if Pext

B [ Pint
B :

Ei ¼ DrH
�
T=a ¼ const ð26Þ

• The decomposition rate in the isobaric mode, Ji
B, other

factors being equal, is inversely related to the

magnitude Pext
B

� �b=a
i.e.,

Ji
B / Pext

B

� ��b=a ð27Þ

• The ratio of the E parameters or molar enthalpies for

the isobaric and equimolar decomposition modes,

irrespective of the actual decomposition conditions

(vacuum or foreign gas environment), satisfies the

condition:

Ei=Ee ¼ m=a ¼ ðaþ bÞ=a ð28Þ

• The ratio of the Arrhenius parameters for the isobaric

(Ai) and equimolar (Ae) decomposition modes equals in

vacuum:

Ai

Ae
¼ bb=v

1

ffiffiffiffiffiffiffiffiffiffiffiffi
Te=T i

p
P�=Pext

B

� �b=a
exp

bDrS
�
T

amR
ð29Þ

and in foreign gas environment:

Ai

Ae
¼ bb=v

2 Te=T i
� �

P�=Pext
B

� �b=a
exp

bDrS
�
T

amR
ð30Þ

• The ratio of the A parameters for decompositions in

vacuum (Avac) and in atmosphere of foreign gas (Aat) is

equal for the equimolar mode:
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Avac=Aat ¼ zTat b1=b2ð Þa=v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R=ð2pMBTvacÞ

p
=DB ð31Þ

and for the isobaric mode:

Avac=Aat ¼ zTat b1=b2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R=ð2pMBTvacÞ

p
=DB ð32Þ

Interpretation or reappraisal of the effects

related to the impact of gaseous environment

The correctness of new ideas and theories in scientific

research is commonly evaluated by their fruitfulness in the

interpretation of problems that have accumulated in the

fields under investigation and by their ability to predict

unknown trends and effects. The thermochemical approach

to the kinetics of solid-state reactions meets these criteria.

This conclusion can be made after the consideration of the

results presented in Table 3. The first three items in this

table that are the direct consequences of theory (see

Eqs. 26–28) have been convincingly supported experi-

mentally [24, 25].

The Zawadzki–Bretsznajder effect is in contradiction to

the theory (see Eq. 26) and in conflict with recent experi-

mental data [23, 26]. As shown in [37, 38], the most

probable reason of the erroneous results reported in [4, 7, 8,

13] is the low precision of E measurements related to the

high values of Tmax/(Tmax - Tmin), which were in the range

30–100 [4, 8, 13]. (Here Tmax and Tmin are, respectively,

the maximum and minimum temperature of experiment.) It

is not surprising that with improvement of TA equipment

over the latter 25 years no publications, which corrobo-

rated this effect, have appeared.

The discontinuities in the Arrhenius plots in electrother-

mal atomic absorption spectrometry (ET AAS) and TA, and

the peculiarities of kinetic compensation effect were quan-

titatively interpreted by the existence of two different modes

(equimolar and isobaric) of decomposition [17, 24]. An

increase of the decomposition rate in the vicinity of 1 Torr

pressure of gaseous product (the Topley–Smith effect) is

related to an increase of thermal conductivity of gaseous

medium under conditions of severe self-cooling of the

reactant. The mechanism of this effect has been supported by

theoretical modeling the process for two reactants:

Li2SO4�H2O in H2O [29], and CaCO3 in CO2 [39]. The

retardation (diffusion) effect of foreign gas on the decom-

position rate was investigated in [37, 38] in the example of

CaCO3. Self-cooling and self-heating effects in inert gas and

in vacuum were investigated for some typical decomposition

reactions in [40–42]. In all the cases, experimental results are

in good agreement with theoretical calculations.

The independence of the KMnO4 decomposition rate

from the gaseous environment at atmospheric pressure [27,

43] is one of the examples that illustrates the predictive

capability of the thermochemical approach. This remark-

able feature of KMnO4 has been predicted in [37, 38] on

purely theoretical grounds.

Conclusions

The main purpose of this study was to review the current

state of the problem of the impact of gaseous environment

on the kinetics of solid-state decompositions. Three dif-

ferent theoretical approaches to the interpretation of the

decomposition kinetics have been taken into account. As it

follows from the literature published over the past

80 years, the Arrhenius and Knudsen–Langmuir approa-

ches that are based on the assumption of two different

reaction mechanisms (congruent and incongruent) could

not solve the problem. There are serious disagreements

between the results obtained by different authors. Interest

in this topic in the frame of the Arrhenius approach over

Table 3 Use of the thermochemical approach for the interpretation or reappraisal of the effects and regularities related to the impact of gaseous

environment on the kinetics of solid-state decompositions

Effect or regularity First publication Section in the book [38]

Invariance of the Ei parameter under excess pressure of gaseous product [24] 5.3; 5.4

The retardation effect of gaseous product on the decomposition rate: Ai � (PB)-b/a [24] 5.3; 5.4

Dependence of the Ei/Ee ratio on the stoichiometry of the decomposition reaction: Ei=Ee ¼ m=b [25] 5.3–5.5

The Zawadzki–Bretsznajder effect (rule) [37] 5.3; 5.4

Discontinuities in the Arrhenius plots in ET AAS and TA [17] 5.3; 5.4

The kinetic compensation effect [37] 5.3–5.5

The Topley–Smith effect (Li2SO4�H2O in H2O) [29] 7.1; 7.2

The Topley–Smith effect (CaCO3 in CO2) and Searcy’s experiments [15, 16] [39] 7.3

The retardation (diffusion) effect of foreign gas on the decomposition rate [37] 3.7

Self-cooling and self-heating effects in foreign gas and in vacuum [40–42] 6.3; 7.3

Independence of KMnO4 decomposition rate from gaseous environment at atmospheric pressure [27, 43] 12
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the latter 10–15 years has diminished practically to zero.

At the same time, achievements in the application of the

thermochemical approach that is based on the assumption

of a unitary CDV mechanism remain unnoticed [36, 44,

45]. Taking this situation into account, the author has

outlined the key points of the thermochemical kinetics in a

compact but complete and rigorous form once more. The

revised kinetic equations for the different modes of

decomposition, several important interrelations between

the kinetic parameters, and, finally, the results in the

interpretation or reappraisal of the main effects related to

the impact of gaseous environment on the kinetics have

been considered. In the framework of the thermochemical

approach, the problem being discussed may be considered

nowadays practically resolved.
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