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Abstract

A recent review[1], ‘Kinetic concepts of thermally stimulated reactions in solids: a view from a historical perspective’
recommends ‘acceptance of the concept of variable activation energy’. Such a modification to the accepted meaning of so
important a fundamental kinetic parameter requires critical scrutiny of the consequences that this change might make to the
theory of the subject, some aspects of which are discussedSemton 1distinguishes five possible alternative definitions
and/or explanations for the variability of activation enerfy,the meaning of this term is not adequately addressed in
[1]. Section 2discusses the experimental evidence offerefll]rto justify the proposal thaE values should be regarded
as variable. It is concluded, for stated reasons, that the supporting information provided is insufficient and unsatisfactory.
Some of the selected systems appear inappropriate because there is evidence that the initially solid reactant would have
melted before the reaction of interest. For others the kinetic behaviour pattern has already been adequately explained by
contributions from secondary or complex controls. The introduction of the cofcgairiable) seems to be unnecessary to
account for the patterns of rate characteristics presegtadion discusses the aims and objectives of kinetic interpretations
of thermoanalytical observations generally and the measuremeBtgadidies in particular. It is concluded that the long-term
development of the chemical understanding of reactions proceeding in condensed phases is most satisfactorily approached by
individually identifying and quantitatively determining each contribution from every factor that influences or controls the rate
of any reaction of interest. Although, considerable theoretical problems currently beset this subject, attractive and optimistic
prospects for future advances are however identified. This does not include theEug@oéble) because this parameter is
regarded as being predominantly empirical in character with the consequence that this concept tends not to extend either the
theory or the scientific foundations of behaviour observed. It appears that the new parameter is unlikely to contribute to the
direct and reliable measurement of reactivities and of absolute reaction rates or in the formulation of reaction mechanisms. It
is concluded here, therefore, that the proposed introduction of thisEfvariable), is a retrograde step, unlikely to advance
science through the development of theory, and its use is not recommended for reasons that are explained. Appendix extends
and develops, into a wider perspective, these kinetic and mechanistic themes by identifying some interim conclusions about
the methods generally used to interpret rate data obtained from thermoanalytical measurements.
© 2002 Elsevier Science B.V. All rights reserved.
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1. ‘Variable activation energy’: alternative of the theoretical significance to be attached to the cal-
definitions and meanings culated magnitudes & for solid state kinetic analy-
ses is how timely (even overdue). It seems to me that
Vyazovkin has recently published a thought-provo- a very suitable starting point for initiating such a re-
king review [1] concerned with those selected the- consideration is an examination of the consequences
oretical aspects of chemical kinetics that form an of ‘the acceptance of the concept of the variable ac-
historical background to the methods currently avail- tivation energy’ (from the last sentencelit]). Some
able for the interpretation of rate measurements for wider implications of the term activation energy, to-
thermal decompositions of solids. In particular, the gether with related aspects of kinetic analyses and the
currently accepted usages of essential terms, includ-formulation of mechanisms for crystolysis reactions
ing (amongst others) rate constant (k) and activation [3], are also discussed here, in a survey that is intended
energy (E), are discussed in the perspective of pre-to be generally relevant to recent thermal analysis
vious and wider significances. In this context, uncer- kinetics (TAK) literature.
tainties and inconsistencies inherent in some recent The activation energy is an important parameter
applications of the relevant theory to kinetic analyses in the interpretation of rate data throughout chem-
of reactions involving initially crystalline reactants ical kinetics, because it possesses theoretical value
are discussed. Emphasis is (rightly) directed towards in relating, through the Arrhenius equation, the tem-
recognizing the general paucity of our detailed knowl- perature coefficient of reaction rate to the height of
edge of the rate determining controls and mecha- the energy barrier opposing reactif#tj. In contrast,
nisms of the chemical changes that participate in the other rate/temperature relationships have been de-
thermal conversion of a solid reactant into products. scribed[2] as ‘theoretically sterile’. Variable values of
Vyazovkin also points out that many such reactions the calculated magnitudes Bfhave been recognized
are more complicated than the single-step processeq1] for some thermal reactions of initially solid reac-
that are so often assumed to occur. At the end of his tants because the measured temperature coefficient of
account of aspects of currently employed practices the overall reaction rate exhibits change as reaction
[1], he proposes that ‘for the kinetic analysis of solid advances. There are several alternative explanations
state reactions’, there should be ‘the acceptance offor such different variable activation energy types
the concept of a variable activation energy’. This is (VAET); some possibilities are listed later, which do
suggested as a ‘reasonable compromise’ at the presenhot appear to have been distinguished and separately
state of subject development. considered in1]. (There may, of course, be others
The view that activation energy should be accepted and more than a single effect may exert appreciable
as a variable paramett] represents an important, and variable influences on reaction rate and on its
indeed fundamental, reappraisal of this essential the-temperature coefficient during any particular reaction
oretical concept, generally regarded as being of the of interest.)
greatest significance throughout chemical kingas Meanings of essential terms as used in the present
Accordingly, before this radical change of meaning of review: At present, the mechanisms and controls of
such an important term could and should be accepted,chemical changes that occur during the reactions of
the revised concept, model or definition, must be sub- solids are effectively experimental (and theoretically)
jected to the most rigorous and critical scrutiny, to inaccessible. There is (unfortunately) no general rep-
which the present article is intended to contribute. | resentative concept or model for these processes,
approach this evaluation following a recent, wide ex- analogous to the dominant, preferred path in a ho-
amination of the relevant literatuf8], from which | mogeneous reaction for which rate is controlled by
have concluded that the meaning of the term activation the slowest rate limiting step. The interfaces, within
energy, specifically as used in solid state chemistry which it is believed that many crystolysis reactions
and including thermal decompositions, has become occur[3], may be complex structures wherein a par-
less precise in recent years. Furthermore, the conceptticular sequence of interlinked bond redistributions
associated witle appears to vary somewhat between provide the most effective pathway through which
different published reports. | believe that a reappraisal the reactant is transformed into products. These have
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not been characterized for most reactions of interest. appear to be implied ifil] and would require exten-
However, by analogy with the ‘rate limiting step’ sive, detailed and precise comparative rate measure-
model, reactions in solids may proceed through a pre- ments to provide an acceptable confirmation.

ferred and dominant route of chemical change. This A variation of E as reaction progresses implies a
approach, without knowledge of specific details, ac- systematic change of reactivity that appears to be im-
counts for the enhanced reaction rate within the active possible for a homogeneous reaction where all freely
interface. It appears to me that the measurement of moving reactant molecules are regarded as identical.
kinetic properties of this process, through Arrhenius Each collision-type encounter, potentially leading to
parameters, offers one possible approach to character+eaction, is isolated in space so that such precursor
ization of the rate limiting process (the slowest step in steps to chemical change are regarded as being unaf-
the most rapid path available for product formation). fected by product formation. The magnitudetofor a

The absolute rate of this process must be measured inspecific (single) reaction must, therefore, remain con-
the (confirmed) absence of additional controlling fac- stant throughout that particular chemical step or pro-
tors, such as the influence of volatile product present cess. In contrast, the reacting entities in a solid are not
(which may undergo recombination or modify equi- isolated during chemical changes proceeding in the
libria within the reaction zone) and the effects of rigid structure but interact with neighbours to which
self-heating or self-cooling. Comparisons between ab- each is bonded. There is the possibility that during re-
solute reaction rates and Arrhenius parameters for the action, the particles of reactant may undergo progres-
(forward only) interface process for groups of related sive modification of their reactivity (including), by
reactions might then possibly provide suitable evi- factors may include crystal defect formation, particle
dence from which properties of the factors controlling disintegration, development of intracrystalline strain,
reaction rates may be inferred (evidence of this type etc. Furthermore, the initial reactivities of the individ-
is required to infer the rate limiting step for homoge- ual particles that constitute the original reactant may
neous chemical changes). Discussions of Arrhenius be appreciably different due to variations of particle
parameters below refer to a single reaction, perhapssizes, boundary faces of different indexes exposed,
involving a rate limiting step and uninfluenced by sec- crystal imperfections and damage, etc. Thus, the aver-
ondary effects or processes: for any particular reaction age reactivity of the assemblage of reactant particles

this may or may not be experimentally measurable.
Reaction chemistry refers to the steps involved in the
making and breaking of bonds during any transfor-
mation of a reactant into products, together with all
essential accompanying or participating physical pro-
cesses, including formation of transient intermediates,
recrystallization, melting, sublimation, etc.

1.1. The temperature coefficient of reaction
rate varies (VAET1)

Perhaps the most obvious literal, even pedantic,
meaning of the term ‘variable activation energy’ is
that the absolute value d&, usually regarded as the
energy barrier to bond redistribution in the rate lim-
iting step[2], undergoes systematic changes during
the progress of a particular reaction. Although, it is
accepted that such a reactivity pattern might occur,

may not remain constant as reaction progresses. Be-
cause the material that is inherently most reactive will
be chemically changed most rapidly, the reactivity of
the reactant remaining might be expected to diminish
progressively (and the value &fchange).

1.1.1. Change of inherent reactivity and of E with
progress of reaction

The influence of crystal imperfections in deter-
mining reactivity has been discussed by Brown and
Brown [4]. Every preparation and each sample, of
any particular reactant, ‘will have a unique set and
distribution of imperfections of various kinds, so that,
in practice, no two samples of solid can ever be iden-
tical, although they may be similar’. It is concluded
from the well-known variations of kinetic character-
istics with particle sizes and with (some) impurities
that ‘deviations from an ideal structure may have

as discussed later, | am aware of no example of a greater influence on some solids than the crystal

solid state reaction for which this has been conclu-

sively demonstrated. This meaning does not, however,

structure itself...’. This emphasizes the difficulties
of identifying and distinguishing the contributions
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from different reactant characteristics in determining
the overall reactivity for solids.

etc.) contains contributions from two or more distinct
chemical rate processes that are kinetically distinct and
The suggestion that the reactivity of each crystal proceed concurrently or with substantial overlap. Sim-
is unigue[4] identifies the necessity to undertake di- ilar behaviour is possible, of course, in homogeneous
rected quantitative investigations to measure the mag- processes. However, it appears to be frequently as-
nitudes of the variations that occur between individual sumed, though not usually explicitly stated, that solid
single particles for a representative range of specific state reactions proceed as a single chemical change
solid reactants. Whether or not such effects are suffi- (an interface reaction) and that overall, reactions can
ciently large to cause appreciable changes in the appar-usually be adequately expressed by a single Arrhenius
ent values oE during the course of a single reaction equation (i.e. constant (averadg). This representa-
can only be established by comparative experiments tion should not, however, be accepted as being gener-

of sufficient sensitivity and capable of distinguishing
the various specific contributions to reactivity in indi-
vidual crystals.

1.2. Complex reactions (VAET2)

If two (or more) chemical controls determine the
rate of product formation, the temperature coefficient
of reaction rate (and thus) will vary with the extent
of reaction (fractional reactiom;) and/or temperature
(T), if the relative contributions from the alterna-
tive processes (of differenE values) change with
these (¢ T) or other variables. Various possibilities
exist, including the following: (i) In nucleation and
growth processef8], the composite reaction requires

ally applicable because, for many of these reactions,
there is evidence that the apparent, overall magnitude
of E varies witha. This rate characteristic has been
discussed and shown to be detected by isoconversional
methods of kinetic analysis if1]. There is a strong
case for including specific tests of the variabilityf
with « routinely in the computer based programmes
used for analysis of TAK data, particularly for heated
solids.

1.2.1. Interface reactions

Since the initial formulation of the geometry-based
rate equations, now regarded as a most characteris-
tic kinetic feature of thermal rate processes involving
initially crystalline reactant$3], it has been known

an effective nucleation step before interface advance that there may be rate control by more than a sin-

becomes possible. A complete kinetic description of
behaviour requires characterization of both (or all)
contributory processes (in general exhibiting different
E values) so that their relative significances change
with «. (ii) The kinetic characteristics of some re-

actions have been shown to vary with temperature
(e.g. dehydration$5-8]). Rate data obtained across

the temperature at which a change occurs is likely to
give an apparently variable activation energy. (iii) In

principle, the decomposition of a solid could occur

by two (or more) concurrent, alternative pathways so
that a change in these relative contributions veithr

gle parameter. In nucleation and growth processes, the
energy barrier (andE) for the initiation of reaction,
nucleation, is sometimes relatively large. Once estab-
lished, the subsequent interface advance, during nu-
cleus growth, proceeds relatively more easily and the
magnitude o may be relatively lower than for nucle-
ation. Because these processes are interdependent, and
the relative contribution from nucleation may dimin-
ish asx increases, the activation energy for the overall
nucleation and growth process is composite and varies
with @. Recently, however, it has become customary
to ignore any such changes and report only the aver-

or any other parameters would be expected to result age (overall, composite, apparegtyalue, implicitly

in variations ofE. | am aware of no confirmed ex-
ample of this pattern of concurrent reactions in solid
state decompositions, but the possibility exists. (iv)
Significant overlap of consecutive reactions may also
result in an apparent variability &.

These kinetic characteristics (VAET2) are found

(but sometimes incorrectly) assumed to be constant
throughout reaction. Some problems in this approach
are discussed ifi].

For this type of behaviour (VAET2), involving
concurrent and/or overlapping reactions, it may be as-
sumed that th& value for each individual contribut-

because the parameter used to measure the overaling chemical controlling step is a constant quantity, its

reaction rate (e.g. reactant consumed, product yield,

magnitude being characteristic of that particular rate
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process. The detection of variationskfor a (single) product, the reactant heating rate, etc. exert greater or
specific rate process (VAET1), and distinguishing the lesser control on the ease of volatile product escape
magnitude of such variations from the contributions together with the movement of heat within and be-
given by concurrent or consecutive reactions, would tween particles as reaction proceeds. During reversible
be experimentally most challenging. This has not, as and/or endothermic reactions, locally inhomogeneous
far as | am aware, yet been achieved or perhaps evenand time dependent variations of the distributions of
attempted. However, in kinetic analysis of data for product pressures and temperature may be developed
complex chemical changes with two or more contrib- within the mass of reactant. Both factors exert control
utory reactions, the overall temperature coefficient of on reaction rates and in consequence, their influences
reaction rate is a composite quantity dachay there- must be expected to lead to variable, and therefore
fore vary witha, T and/or, indeed other parameters. unreliable kinetic measurements. The changes of
kinetic characteristics resulting from modifications
1.3. Procedural variables (VAET3) of experimental conditions is easily demonstrated
by comparative experiments using reactant particles
The measured rates of many crystolysis reactions of different sizes, determining the effect of altering
[3] are highly sensitive to local experimental condi- prevailing gas pressure or other adjustment of the
tions, through interactions with the environment of procedural variablef9]. Measurements of the quan-
the zone within which the chemical change is pro- titative dependencies of rates on controlled changes
ceeding. These are the influences of the so-called of these parameters is however less easily achieved
‘procedural variablesT9]. For many, perhaps most and such investigations, qualitative or quantitative,
reversible and/or endothermic solid state decompo- are rarely reported (an important exception to this
sitions, kinetic characteristics are sensitive to control generalization is found in the work by L'vov who has
by the factors that determine the transfer ease of massdiscussed quantitatively the isobaric and equimolar
and of heat, respectively. These reactions constitute amodes of decompositioigection 3.2.Jand references
high proportion of the chemical changes that have at- therein). It is obvious that kinetic characteristics that
tracted the greatest interest in crystolysis stufi$s are conditions-sensitive cannot be used as a suitable
However, despite important and perceptive research, experimental justification for formulation of a chem-
identifying reasons for variability, even sensitivity of ical reaction mechanism or the identification of the
kinetic behaviour to reaction conditions, these consid- factors that control the rate without quantitative deter-
erations have been widely and systematically ignored. mination of the individual influences of all controlling
In general, little interest has been shown in adopting, parameters. There have been many demonstrations
for kinetic and mechanistic investigations, experimen- that kinetic parameters calculated from such data vary
tal conditions in which the influences of mass and heat widely with conditions prevailing within the reaction
transfer are minimized or eliminated. For example zone. For example, Arrhenius parameters reported for
[10-12] reports precise studies designed to measure the dissociation of calcium carbonate extend over an
the rates of the ‘forward’ reactions (only) in reversible unrealistic and unreasonable range of values, a rate
dissociations, anflL3-15]for assessments of the sig- process showing compensation behavidi.
nificance of self-cooling in influencing the kinetics The distinction between VAET3 and 2 effects
of endothermic reactions, mainly dehydrations. In the (Section 1.2) is that the influence on reaction rate
absence of direct determinations of the contributions arises through secondary controls that are a direct
by the volatile product at the active reaction interface consequence of the reaction of interest (volatile prod-
(for reversible reactions) and of the effective interface uct present, heat flow) rather than from the inherent
temperature (for reactions that are not thermoneutral) complexity of the overall chemical changes being
or a demonstration that these effects are absent, suctstudied. Moreover, the contributions from these in-
rate data must be regarded as empirical. completely or more usually, uncharacterized controls
The procedural variablefd], the physical char-  may vary witha, T or other factors. These varying
acteristics of the reactant sample including particle secondary controls provide a realistic explanation,
sizes, their dispositions and total mass, the pressure offor some reactions, of temperature coefficients of
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reaction rates that have been shown to be variable, asmost frequent consequence of heating a solid. This

discussed irSection 2, for examples frofd].

1.4. Melting of a solid reactant (VAET4)

The literature of thermal analysis tolerates a par-
ticular widespread omission in the description of
reactions and interpretation of kinetic data: little at-
tention is directed towards establishing positively
the phase/state in which the reactions occur. Kinetic
analysis is conventionally and frequently directed

shortcoming in the interpretation of thermal rate data
often places emphasis on the mathematics of data
fitting to solid state kinetic models by automated
data computational programs but ignores the chemical
and physical realities of the reactions occurring.

The relevance here of the possibility that a de-
composition reaction may be accompanied by melt-
ing complete, partial, local and/or temporary, is that
changes in the amounts of active melt or in the compo-
sition of the molten phase with, T or other parameter,

exclusively, or mainly, towards identifying the ‘best are capable of causing variations in the temperature
fit' for the measured rate data to one or other of the coefficient of reaction rate, and thus Bf(VAET4).
conventionally accepted set of rate expressions that This type of behaviour is discussed$ection 2, with
are characteristic of reactions of soliff3]. These reference to some examples frgfj. There is strong
equations have been derived through consideration of evidence that some reactions, formerly regarded as
interface advance, a geometry-based parameter, som@roceeding exclusively in the solid state, involve the
models also incorporate diffusion control, and addi- participation of a local melt and may include the in-
tionally, first, second and sometimes the third order volvement of transitory unstable intermediates. From
processes may be included. This approach was orig- detailed kinetic and mechanistic investigations of the
inally developed for kinetic analysis of crystolysis following decompositions, it has been concluded that
reactions for which conclusions were often supported reactant breakdown is not completed in a single step,
by confirmatory microscopic observatiof. From melting occurs and the compounds identified as par-
these, observed progressive changes in texture in solidticipating intermediates are shown{brackets}: cop-
reactant particles were shown to be consistent with per(Il) malonatd17] {copper(l), acetate}, ammonium
the interface advance conclusions based on kinetic fit. dichromate[18] {chromium(VI) oxide}and ammo-
Many recent studies by thermal analysis methods have nium perchlorat¢19—-21]{nitryl perchlorate}.

been concerned with the same reactants, where there

may be some supporting evidence for the assumption 1.5. Change of E with rate equation (VAET5)

that reaction occurs in the solid state. However, addi-

tional investigations by the same methods have now The concept of activation energy as originally
been extended to include other reactants where it hasformulated in homogeneous reaction kinetics and
not been confirmed that an initial solid has undergone accepted throughout other branches of chemistry,
no phase change before onset of reaction. DespiteidentifiedE with the (rate determining) energy barrier
this omission, kinetic results from thermogravime- that had to be surmounted during the transformation
try (TG) (where melting is not detected), differential of reactant to produd®?]. The magnitude ok for a
scanning calorimetry (DSC) and/or differential ther- specific (single) reaction must, therefore, be constant
mal analysis (DTA), are conventionally tested for and is characteristic of that particular chemical step
fit to the same set of rate equations that are charac-or process. Thus, alternative methods of calculation
teristic, predominantly, of crystolysis reactiofi3]. using the same data must be expected to give the
Without explicit discussion, this approach seems to sameE value, though this expectation appears not
imply strongly that the reaction has occurred in solid to have been satisfactorily sustained in recent TAK
particles. An important, perhaps the most important, studies. Reports in the literature of valueskfcal-
feature in any mechanistic description of reaction, the culated from identical data, but which vary with the
phase in which the chemical change has taken place,rate equation used in the calculations, or other math-
therefore, often remains unaddressed. It is reasonableematical procedure (examples are given in the next
to suppose that in a proportion of reactants, there will paragraph), is a further results pattern that can be
be melting before reaction; fusion is probably the described as ‘variable activation energy’ (VAETS).



A.K. Galwey/Thermochimica Acta 397 (2003) 249-268 255

Considerable ranges of calculated magnitudes of met when the same data are used in multiple kinetic
Arrhenius parameters, obtained by different kineti- analyses).
cists, experienced in this field and using the same sets If E andA are regarded as characteristic features of
of («, t, T) data, were reported in an ICTAC compara- a particular rate process (the model accepted implic-
tive kinetic study[22]. A similar range and spread of itly throughout homogeneous kinetics), then it follows
values ofA andE were reported in an earlier compara- that, if alternative calculation methods are used to an-
ble study[23], which differed in that each of the sev- alyze kinetically the same set of data, the expectation
eral participating research groups made experimental must be that the same values (perhapssmall error)
rate measurements for the same reactions (dehydra-will always be given. Large variations, obvious in
tion and decompositions of calcium oxalate monohy- the examples cited earlig22—26] and many others,
drate). A common feature of the conclusions obtained should be regarded as unacceptable (but tends not to
in both extensive comparative sets of reported results be in many TAK reports). This is not a trivial problem
[22,23]is that a range of varied kinetic models (rate for the subject but may arise through the widespread
equation,g(«) = kt function) were used by the var- use of calculation methods and/or computer programs
ious individual groups of participants and the calcu- that contain one or more errors or inconsistencies that
lated Arrhenius parameters reported from identical or could be simple (e.g. resulting from different defini-
comparable measurements were different. The view tions ofk or other parameter) or could be more com-
that the apparent magnitudesAfind of E vary with plicated. The present situation is comparable with the
the kinetic model used in the calculation programs has unwelcome activities of an unrecognized computer
been widely accepted: examples demonstrating this virus within commonly trusted programs that will have
result include the thermal reactions of HMX (Table 2 to be identified and eliminated before reliable values
[1]), ammonium dinitramide (Table [24]), europium of E again become routinely available. At present, the
complexes (Tables 4 and R5]), Schiffs bases frequentreporting of results that are mutually inconsis-
(Tables 7-10[26]) and many further comparable tent with respectto the concepts and tenets established
patterns of variation can be found in the literature. and accepted throughout other branches of chemistry
Reasons for this have not yet been satisfactorily de- theory inexplicably seems to have become modified
termined but one (possibly contributory) cause is that in thermal analysis where it has become accepted
the different definitions of the rate constant (k) have that calculated apparent valuesttan vary with the
been used in the different kinetic models (discussed kinetic model,g(«) = kt, identified here as (VAETS5).
at p. 121 of[3]). Unlessk is defined in units (time?),
the use of rate equations involving different exponents 1.6. Types of variable activation energy: comment
(n) changes the computed magnitudes & bnd ofE
by a factorx n. This may account for some of the sys- Vyazovkin has pointed oytl] that some reactions
tematic trends found in the earlier examples. It is also of solids are more complicated than single rate pro-
possible that other, but hitherto unidentified, features cess. A measured temperature coefficient of reaction
of the mathematical calculation procedures used in rate (used to calculate) may vary witha and this
manual methods, spread sheets or incorporated into thearises through the ‘tangled interplajl] of (possi-
automated computer programs widely used in kinetic bly several) contributory single and species-dependent
analysis contain errors that are responsible for this mu- rate processes. The factors involved appear to be re-
tability. A common feature of the Arrhenius parame- garded as extending beyond the fundamental rate de-
ters arising from these sets of ‘alternative pairs’ oAln  termining characteristics of solid state reacti¢8k
andE magnitudes for each reaction mentioned earlier i.e. contributions arising from the nucleation and the
[22—-26] is compensation behavio(@27]: this pattern growth steps. It appears that parallel reactions, and/or
has been discussed in a recent re-analzd$ of the the other controls mentioned earlier, may contribute to
results in22]. (A compensation effect is isokinetic be-  this ‘tangled interplay’, and | believe that these must be
haviour and is characteristic of reactions that proceed disentangled and the components individually charac-
at the same ratek values are identical at the isoki- terized (preferably quantitatively) if a reaction mech-
netic temperaturgl6,27]. This condition is obviously  anism and its controls are to be elucidated in detail.
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The paper advocating ‘the acceptance of the conceptwere reproducible or were sensitive to procedural
of variable activation energy1], does not define this  variables[9]. This is an approach that appears to
revised term, explain the advantages of the new con- becoming increasingly widely applied in the TAK
cept, or indicate how this modification to theory will literature. Little information is given about the reac-
contribute towards the advance of the subject. It seemstant and reaction conditions, while the observational
to me that examination and consideration of possible data so obtained are interpreted (kinetically analyzed)
chemical explanations for the constituent components through the use of ever more sophisticated mathemat-
contributing to such variability offers potentially more ical methods. This increasingly acceptable trend or
useful insights into the chemistry (absolute reactivities fashion is characterized by the tendency to undertake
and mechanisms) of the reactions showing such be-fewer experiments overall and rate data interpreta-
haviour. This appears to be a more profitable approachtions frequently make no reference to support from
than simple ‘acceptance’ and for this reason the five any confirmatory observations using techniques other
VAET of thermal behaviour of solid reactants as dis- than rate measurements. Kinetic analysis of the mea-
tinguished (there may be others) are summarized assurements discussed [fi] used model-free isocon-
follows: versional methods. The conclusions reported are not
examined or discussed in the context of the extensive
literatures available concerning at least some of the
reactants investigated. Selected relevant aspects of
these omissions are addressed later in consideration
of additional features concerning the significance of
the constancy (or otherwise) & for the reactions
mentioned in[1]. Although no acceptable criteria for
the classification of decompositions of initially solid
reactants have been generally adopted in the litera-
ture (as discussed if8]), it is convenient to group
The reaction systems cited ] as examples of reac- the systems mentioned ifi] according to relevant
tions (apparently) in solids for which variable activa- descriptive characteristics in the headings later.
tion energies have been identified are discussed later in
the context of the given VAET classification. The ob- 2.1. Reversible and endothermic reactions
jective of these comparisons is to argue that it is likely
to be chemically more profitable and inherently more  The literature concerned with kinetics and mecha-
interesting to understand and to characterize the rea-nisms of crystolysis reactions contains humerous in-
sons for the so-called variability & values[1] than vestigations of chemical changes that are endothermic
to simply passively accept such a significant modifi- and/or reversibl¢3,8]. Many of these decompositions
cation to the definition of this fundamental and central include the feature that the kinetic characteristics
concept in the theory of chemical kinetifg. [9-16]are almost invariably influenced, to a greater or
lesser extent, by the rates of movement of heat and/or
mass within the sample (VAET3). For many reactions,

VAET1: the magnitude oE is inherently variable,

VAET2: the process is complex, changing contribu-
tions from reactions of differeri,

VAET3: the reaction rate is influenced by mass and/or
heat flow etc.,

VAET4: the reactant melts, an alternative type of
complex reaction, and/or

VAETS5: the variations, or multiple values & arise
as computational artefacts.

2. Reappraisal of the kinetic data discussed in E for the controlling (primary) chemical step may
[1] as evidence of ‘variable activation energies’ be assumed to be constd@®]. However, influences
for representative reactions in solids from additional (secondary) rate influencing factors,
arising through heat and mass transfer, may or may not
The experimental information offered ifl], to remain constant during reaction and control, to some

support the proposal that magnitudestoshould be extent, the absolute overall rate of product formation,
regarded as variable, is insufficient and unsuitable. together with the kinetic model (rate equation). Conse-
The reaction conditions for these kinetic measure- quently, the (composite) temperature coefficient may
ments are not described ifi] and there was no or may not vary withw, T, etc. Indeed, three decades
information about whether or not the measured rates ago, Draper could sg9] of calcite dissociation: ‘we
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found that we could design the shape of the decompo- of calcite (0.4 mbar) is approximately equal to that of
sition curve by systematically violating the conditions the vacuum during the experiments reported in Fig. 1.
of the equation with respect to heat flow’. Attempts This pressure is two orders of magnitude greater than
to remove the contributions to the measured reaction that below which all contributions from the reverse
rate from such ‘violations’, by suitable design of process have been shown to be ab$g@}. It seems
experimental conditions, have been remarkably rare. reasonable, therefore, to conclude that the reactions
The few studies in the literaturg,0-12,30], that have  in [1] are composite and the reverse process made
reported attempts to measure rates of ‘forward’ only significant contributions to rate control, and these
reactions, through elimination of any contributions probably varied with botlx andT. The CQ product
from mass and/or heat movements, have attractedpresent may modify equilibria at the interfaf®?]
remarkably little attention, confirmation or interest. and the ease and frequency of the carbonate break-
In my view, it is of considerable importance, for the down step (VAET3). This accounts for deviations
development of the theory of crystolysis reactions from ideal solid state decomposition, controlled by a
to advance experimental methods capable of remov- single interface dissociation step, so that the fit of data
ing, or of separately determining quantitatively, all to a geometric rate expression cannot necessarily be
factors that influence the apparent magnitudeEof  expectedl1].

This should be accorded higher priority than attempts  The range ofE values reported for this reaction
to interpret the significance of this parameter (E) (Fig. 5 of [1]) under similar pressure (but differ-
through the use of sophisticated, often complicated, ent rising temperature) conditions, approximately
mathematical expressions applied to analyze overall 170kJmot?® at the start of reaction (qust above
data for rate processes that are already known to bezero) decreasing towards 100 kJ mbbn completion
complex. The following account reappraises the ki- (¢ — 1.0), are reasonably explained by an increasing
netic information presented in support the proposal influence exerted by the G(present and a changing
of interest and concern here, the variable activation contribution from the reverse process as dissociation
energy: figure and page numbers mentioned later advances. These values Bf are well below those

refer to[1]. found for reaction in a vacuum capable of removing
all influence from the reverse (readsorption) process
2.1.1. Calcium carbonate decomposition [12,30]. Reaction activation enthalpy was reported as

In Fig. 1[1], itis shown, for CaC@(— CaO+COy) 209+ 12 kJ mott [30]. The rate limiting process was
dissociation at six temperatures between 515 and identified as condensed phase diffusion of G a
550°C, that (p. 48) the ‘experimental (rate) data do surface step prior to its desorption. This is close to the
not closely follow any of the (solid state rate expres- value reported earlier, 205kJmd| obtained from
sion) model plots’ (my added clarifications in paren- measurements made between—10and 10 Torr
thesis). However, a fit to a particular solid state kinetic [12]. The enthalpy of the equilibrium dissociation re-
model cannot necessarily be expected here becauseaction was 173.5kJ mot, close to the initial (low)
the reaction is subject to controls in addition to a sim- value given in Fig. 5 of1] and many other reported
ple carbonate dissociation step at an active interface values[16]; for discussion sefl2]. Much more sig-
[12]. At the pressures mentioned (0.5mbar, Fig. 1), nificant here is the demonstration that, under high
the overall dissociation rate is appreciably (and in vacuum conditions, rates remained constant during
general, variably) influenced by the availability of interface penetration through samples up to about
the volatile product that participates in the reverse 1 mm thickness[12]. This evidence was regarded
process and possibly also in the interface reaction. as being consistent with no change in temperature
Darroudi and Searc{80] have shown that, when the coefficient of rate as reaction progressed, showing
CO; pressure is greater than 1% of the equilibrium that under these conditions, there was apparently a
value, rates are sensitive to the pressure of this prod-single controlling process and that there was no indi-
uct. At the mean temperature of the studies of interest cation thatE varied with«. The behaviour reported
here (about 805K), it is estimated from the data in for calcite in[1] may, therefore, now be identified
[30] that the equilibrium C@ dissociation pressure as VAETS3.
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2.1.2. Calcium oxalate monohydrate dehydration
This reaction has been most extensively investiga-
ted. For example, the dehydration was the first step in
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liquid or even gas) within which the breakdown step
occurs is an indispensable feature of any mechanistic
description of the reaction, it follows that a failure to

the sequence of three rate processes subjected to comdetect melting is the omission of an essential character-

parative analysis in a ‘kinetic evaluation of a complex
solid state reaction from 13 European laboratories’
[23]. The Abstracts for this two-part report stated that
‘the results allow an optimistic assessment for the ap-
plication of kinetic procedures to solid state reactions
with well-known chemical course investigated by TG

(Part 1) (or)... DSC (Part 2)’ (reasons for this op-

timism and precisely what was achieved in this com-
parative study are not clear to me). The computed Ar-

istic required to describe that rate process completely.
Melting, particularly when partial, local and/or tem-
porary, can be difficult to detect; microscopic exam-
inations have provided evidence of the participation
of a melt in decompositionfl7—21] that had previ-
ously been regarded as proceeding in the solid state.
Some thermoanalytical methods used for rate mea-
surements do not detect fusion, e.g. TG, and where
there is progressive melting, as during the evolution

rhenius parameters contributing to these comparisonsof a molten intermediatfl 7], no characteristic sharp

for dehydrations in air and inert atmospheres show
a considerable range of magnitudes, exhibiting com-
pensation behaviour. Again dehydration is probably

an endothermic, reversible rate process that is sensi-

tive to water vapour availability within the reaction
zone. However, it had earlier been shoyai] that
the loss of the one water molecule from G&g-H,O

(fusion) response in DTA or DSC measurements will
be observed.

Some reactions proceeding in a melt may, in prin-
ciple, proceed through two or more pathways or by
diverse and complex mechanisii¥—-21], that may
result in variations oE with «. Also, at least a pro-
portion of thermoanalytical response measurements

involves two parallel, concurrent rate processes, eachare unsuitable for use as a method for detecting the

resulting in the evolution of 0.54D, and that these
distinct and overlapping dehydrations proceed at dif-
ferent rates. This repofB1] ends with the statement
‘further work will be required to derive proper kinetics
for the dehydration of calcium oxalate monohydrate’.
Because the dehydration of Ca0;-H,0 is composed

of overlapping, concurrent but varying contributions
from two distinct and different rate processes, this is
sufficient to explain the occurrence of variations of the
temperature coefficient of reaction rate, d&dvith «
shown in[1] (other factors might also be involved).
More precise kinetic investigations are still required
to establish fully the rate characteristics of this com-
plex dehydration, for which a variation & with «

is reasonable (Fig. 6). The variability & identified
from the results if1] might, therefore, contain con-
tributions from both VAET2 and 3.

2.2. Extensive or comprehensive melting

Kinetic analyses of rate data for decompositions that
occur on heating initially solid reactants sometimes
disregard or do not explicitly mention the possibility
that the reactant melts within or below the tempera-
ture range of a decomposition of interest, see VAET4
earlier. If it can be accepted that the phase (crystal,

presence or absence of fusion. However, | do not un-
derstand the reasons for including the following reac-
tions in[1] ‘kinetic concepts of thermally stimulated
reactions in solids’.

2.2.1. Ammonium nitrate decomposition
and volatilization

Inspection of thex-reduced time curve for NJINO3
decomposition (Fig. 1 ifil]) shows this to be close to
zero-order (constant rate) for reactions between 156
and 168 C. This kinetic behaviour is apparently in
reasonable agreement with results reported by Koga
and Tanakd32] who note that the mass loss follows
‘melting at around 163C’ and ‘seems to include
evaporation [their ref.] and/or decomposition’, in
an article[32] having a title that refers to ‘molten
NH4NO3'. In the absence of knowledge of reaction
conditions, information about the exact fusion temper-
ature and the relative roles of decomposition and sub-
limation in[1], it is not clear what processes are being
studied. However, it does appear to be unsafe to use
observations that probably involve melting (VAET4)
to discuss the principles of solid state chemistry.

Another report on the thermal properties of am-
monium nitrate by Vyazovkin and WighB3] was
directed to ‘Estimating realistic confidence intervals
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for the activation energy determined from thermo- clusion from this analysis is ‘the resulting averaged
analytical measurements’. Again, it seems that no relative errors in the activation energy were found to
consideration was given to the chemistry of the reac- be 26, 21 and 17% for three, four and five heating rate
tions contributing or to the roles of the two distinct estimates, respectively’. It seems to me that this is a
‘gassification’ processes (sublimation and decomposi- remarkably large tolerance, and consequently should
tion) which are expected to exhibit different tempera- not be accepted as a successful outcome of a kinetic
ture dependencies. It is stated that the reactant particleanalysis. Perhaps the mathematical procedures em-
sizes (perhaps implying a solid state reaction?) were ployed merit a critical reappraisal for their relevance.
<300um but the role of melting known to occur at Some of the contents of this paper appedi3B] and
around 438 K[32], is not mentioned. The phase from the analysis is compared in detail with earlier obser-
which the gassification proceeds in this study is impos- vations reported for the same reaction by Koga and
sible to ascertain because the reaction temperature in-Tanaka[32]. The agreement is satisfactory but again
tervals are not mentioned and fusion is not detected by the relevance of melting and of the two contributory
the TG method used. Fig.[B3] records the mass loss rate processes, in the generally similar pattern of vari-
curves for different heating rates but | regard the ab- ation of E with «, are not discussed. This subsequent
sence of any quantitative assessment of reproducibility work [33,35]is mentioned here to emphasize that this
of the original rate data to be an important omission reactant is not a suitable system for analyzing kinetic
from this paper, which is explicitly concerned with characteristics of solids (VAET4), though this appears
the precision of measurements. The kinetic analysis to be implied by the inclusion of this reactant[i].

of these dat§33] proceeds through comparative tests ~ There appears to be an inconsistency in the kinetic
of fit to twelve alternative kinetic models (usually analyses presented jA3]. On one hand it is shown
regarded as characteristic of crystolysis reacti@is thatE is more or less constant (around 90 kJ rfat
using the Coats-Redfern model in which the temper- 20%) throughout the whole reaction (Fig.[33]).
ature integral ‘can be replaced with various useful On the other hand, using the same data, magnitudes
approximations’. (It would have been interesting to of E calculated for twelve different reaction models
know reasons why this particular expression was se- (rate equations) vary between 11.5 and 156.7 kJ ol
lected for the kinetic analysis from the many that are (Table 1[33]). One possible explanation for the differ-
available [3] but no explanation of this choice is given ences in calculated temperature coefficients is that the
here). The approximate form of the calculations used alternative definitions of the rate constant (k), or other
in these kinetic analyses is justified by several cita- scaling factor have been used in the mathematical op-
tions, including[34] from which the final conclusion  erations. For examplé,is correctly defined with units
(last sentence) in this paper by Flynn is apparently of (time)~1, and other values (n) cause the apparent
disregarded: ‘Indeed, in this age of vast computational values ofE to be scaled by a factor of ([3], p. 121).
capabilities, there is no valid reason not to use precise In the absence of details of the program used in this
values for the temperature integral when calculating work [33], the precise reason for the alternativeal-
kinetic parameters’. Another apparently significant ues cannot be identified from this article, such results
omission from this kinetic analysis is that the dozen appear to be unsuitable for use in the formulation of
equations comparatively tested do not include the reaction mechanisms.

zero-order expression, identified by Koga and Tanaka

[32] as being applicable to this reaction. These au- 2.2.2. Ammonium dinitramide decomposition

thors ascribe rate control to mass loss from the melt ~Reference is made iftL] (p. 56) to variations of
surface: rate is determined by one-dimensional phaseE with « for thermal decompositions of some ionic
boundary advance. The omission of this kinetic model salts, including ammonium dinitramide where, after
from [33] is all the more surprising because this, of an initial small rise to about 175kJ mdi, E progres-
course, is the same (simplest of all) rate expression sively decreases with to about 125kJ moft or be-
that is applied in the so-called ‘advanced isoconver- low, towards completion of reactidi24]. Aspects of
sional method’, recommendef83] as eliminating the decomposition mechanism are discussed. How-
uncertainty in kinetic analyses. However, the final con- ever, the relevance of these kinetic studies between
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about 400 and 500 K, for a reactant that melts at around cal examination. First, at relatively low temperatures,
365 K [24], to discussions of the variations Bfwith this salt may be sublimed at significant rates only in
o for solid state chemistry are not made clgigr This vacuum. Nevertheless, even in the presence of gas,
appears to be an instance of VAET4. some salt will inevitably be volatilized but remain
in the vicinity of the crystal surface while diffusive
removal is slow. That it has not been detected during
short time intervals does not mean that it is absent,
insignificant or irrelevant to the reaction. Second,
there seems to be no justification for the conclusion
The decomposition of ammonium perchlorate is one that sublimation can only follow nucleation. Indeed
of the most intensively and comprehensively studied it is inherently more probable that sublimation and
condensed phase thermal decompositions. A selectednucleation will initially proceed together, superficial
set of references from the extensive literature is given ions may alternatively participate in dynamic equi-
in [36], this reactant is briefly referred to ] (p. 56). libria with volatilized material above the crystal face
This article also reports isothermal and non-isothermal or undergo breakdown at or on the crystal surfaces to
TGA rate measurements for ‘high temperatg}'de- establish the nuclei that subsequently grow. Kinetic

2.3. Partial or local melting and sublimation
(ammonium perchlorate decomposition and
volatilization)

composition of the cubic form of the salt (stable above
513 K) but this shows mechanistic similarities with the
‘low temperature’ reaction below the phase transfor-
mation. Values oE, calculated by advanced isocon-
versional analyses, showed variations wit{Fig. 4 of
[36]) but the results from the two alternative tempera-
ture control regimes did not agree particularly closely.

evidence alone is inadequate to resolve this problem
because it is unable to provide a detailed mechanistic
description of the local and microscopic processes
that contribute to the initiation of decomposition,

when account is not taken of the material readsorbed
following early volatilization. It is not known whether

sublimation and nucleation are concurrent, comple-

The significance of these appreciable differences can- mentary or competitive processes occurring on the
not be appraised because evidence of reproducibility initially heated surfaces. No evidence is provided here
and the sizes of deviations between successive identi-[36] about, when, during onset of reaction, growth
cal experiments are not reported. Moreover, variations nuclei become established. | believe that more de-
in the temperature coefficient of total mass loss rates tailed information (e.g. from microscopy etc.) about
are to be expected during the progress of the concur- processes contributing to the earliest stages of reac-
rent distinct and different rate processes: decomposi- tion is essential to sustain the view that nucleation
tion and sublimation. It is reasonable to suppose that precedes both decomposition (to which nucleation is
the relative contributions from these will change with a contributor) and sublimatiof36].
experimental conditions ang influenced by amount Two other features of the literature citations in this
of reactant, its texture (surface area), particle disposi- paper[36] merit comment. First, although 54 refer-
tion, etc. (VAET2 and 3). ences are listed, no mention whatsoever is made of the
The kinetic data measured are interpreted in consid- decomposition mechanism propogéd—21] for this
erable detail if36]. However, it seems to me that the salt which accounts for the (possibly unique) cessation
first step in the proposed kinetic scheme, Fig3a], of reaction before completion with the participation of
contains a surprising, and unjustified, assumption or an active liquid decomposition phase and the interven-
conclusion. The first step in reactant breakdown is tion of nitryl perchlorate as an intermediate. The ‘low
identified as nucleation, after which decomposition temperature’ and ‘high temperature’ reactions of this
and sublimation (vacuum) are portrayed as being salt, separated by the phase transformation at 513K,
initiated as concurrent, separate processes with sig-exhibit strong chemical similaritie§3,36]. The ex-
nificantly different magnitudes ofE. This scheme  planation of decomposition through melt formation
accounts adequately for some aspects of the (kinetic) (VAET4) is equally capable of explaining variations
behaviour pattern and the view that activation ener- of E with «. Second, it is difficult to understand why
gies for these different processes are different is not the decomposition of copper(ll) malondf€’] is cited
unreasonable. However, two aspects merit more criti- in [36] as an example of a reaction for which the value
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of E for nucleation is lower than that for growth. This consequences of this proliferation of kinetic results,
article [17] emphasizes that the carboxylate break- without reliable means of ordering or modeling of
down is complex and proceeds in a melt, the quantity these observations, is that the subject is becoming ever
of which increases as the first reaction advances. Themore empirical. | believe that a debate is now over-
sigmoid curve is identified with an initial autocatalytic ~due, which recognizes shortcomings of present meth-
behaviour pattern through which progressive reaction ods, appreciates the value of theory development and
yields increasing amounts of acetate intermediate could stimulate progress throughout TAK.
present as a melt in which anion breakdown occurs The absence of an adequate theoretical framework
relatively more rapidly. Copper(ll) malonate decom- within this subject can be ascribed to the unsatisfactory
position[17] is not a nucleation and growth reaction character of much, perhaps even most of the reported
in the conventional meaning of these terf8% this kinetic data. As already discussed, valuesofalso
citation in[36] seems to be most inappropriate. A and the kinetic model, rate equation) are frequently
sensitive to experimental conditions so that rate data
change with alterations in the procedural variables.

3. Discussion and conclusions Reliable identifications of rate controlling or domi-
nant chemical steps can only be based on kinetic data
3.1. Why do we measure activation energies? that has been positively demonstrated to relate to the

rate of the interface controlling proceg€-12]. The

This is a crucial question for crystolysis chemists, measurement dE values defined on this model, and
which is rarely addressed and to which, | believe, there similar to those used elsewhere throughout chemical
is currently no agreement, no acceptance and no ade-kinetics is recommended here as a most realistic ob-
quate answer. In the recent thermal analysis literature, jective. Correlations, most likely to be of value in gen-
values ofE have been reported for innumerable and eral theory development, are identifiable only when
diverse reactions. Indeed, in some articles, the magni- results of this type have been obtained for sets of rep-
tude of an activation energy reported appears to be theresentative and related crystolysis reactions. However,
principal result, perhaps even the dominant motivation it must be accepted that most of the results of kinetic
for the investigation. However, compelling reasons for interpretations currently available in the literature are
such a preoccupation with the measurement of Arrhe- less reliable and refer to overall reactions that have
nius parameters are not usually provided. Individual been controlled by the unresolved tangled interplay
magnitudes oA and E (also the form of the kinetic ~ of several factors, some of which were described as
model,g () = kt) have not been demonstrated to have VAET2-5 earlier. Additional influences of these types
significance in or to provide parameters suitable for are less significant in most kinetic studies of homoge-
the classification or systematic ordering of the infor- neous processes; this unfamiliarity might be one prob-
mation now available for many and diverse solid state able reason for the tendency to disregard such effects
decomposition$3,8]. Consequently, many reports of during the interpretation of rate data for reactions of
kinetic studies appear as isolated (sometimes effec- solids. The concepts of homogeneous kinetics are fre-
tively empirical) observations, with limited mechanis- quently imported into discussions of crystolysis reac-
tic conclusions that do not contribute to the organic tions but it must be remembered that there may be
development of a coherent and systematic scientific fundamental differences between these distinct types
subject. Furthermore, for some reactants, several dif- of chemical changes. However, in the hope that the
ferent magnitudes d& have been reportdd6,22—26]. theory of this subject will develop through sound sci-
In a minority of papers, some mechanistic conclusions entific principles, | suggest that cognizance must be
may be advanced to account for rate observations for taken of the shortcomings in kinetic analyses of reac-
specific reactions, most usually the kinetic model, but tions of solids as described. The contributions of all
sometimes also extending to the Arrhenius parame- relevant controls must be recognized, separated and
ters. However, up to now, little progress has been madeindividually characterized quantitatively, to enable the
towards developing these into quantitative theoretical significance and role of each to be understood. This
models having general applicability. One view of the approach cannot be reconciled with, indeed is in con-
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flict with the suggestion ifil] that the definition oE mal reactions in condensed phases. The apparent
should be modified from accepted pract[2é to be- efficiency, power and convenience of using computer
come (what appears to be) effectively a compound and programs to control almost all the experiments has
empirical parameter, in which the contributions from been (rightly) welcomed. One consequence, however,
several controls remain undistinguished. The contri- has been the progressively increasing role of ever more
bution that this practicgl] is expected to make to the  sophisticated mathematical methods of data analysis
wider development of theory is not clear to me. Sci- based on smaller numbers of individual experiments.
ence is concerned with the systematization of the in- The measurements (& T) obtainable have undoubt-
formation available, summarizing observed properties edly increased in frequency and precision but, in
through theories and using the representational mod- many reports, the conclusions from kinetic interpreta-
els to predict, by induction, results of experiments for tions have become less clear, with multiple values of
hitherto untested systems. The concept of varible Arrhenius parameters being reported for the same rate
does not (in my view) contribute towards realizing ei- process[1,16,22—-26,28,36]. Such results continue to
ther of these objectives. be described through the chemical terms from earlier
Vyazovkin mentions ([1], p. 56) problems in model studies of crystolysis reactions, but the definitions now
fitting ‘for practical purposes such as predicting the seem to have become more flexible and are not sup-
reaction kinetics at an arbitrary temperature’. | be- ported by an adequate theoretical framework. At the
lieve that reliable kinetic predictions must be based on same time, the use of complementary observational
guantitative characterization of the (constant) value methods, to obtain information by techniques other
of E associated with the controlling chemical process than rate measurements, appears to be less frequently
(as described ifiLl2]) together with due allowance for employed. Support from microscopic inspections of
the individual contributions from all other factors that textural changes occurring during reactions in crystals
may influence reaction rate, separately determined can provide valuable confirmation of geometric inter-
and characterized. | disagree strongly with the view pretations of rate dafd]. Indeed such direct methods
([1], p- 53, the last two sentences of Section 4): ‘The can be both more reliable and less laborious than ki-
concept of variable activation energy is more adequate netic studies, an approach that seems to have become
to the multiple-step nature of solid state reactions. forgotten in the preoccupation with the perceived ad-
It should be used to describe the temperature depen-vantages of automated instrumental techniques. Now
dence of the overall reaction rates’. Incorporating all few papers concern themselves with the chemistry of
controlling factors into a single theoretically unde- the reactions studied, which is not easily and some-
fined term is unlikely to be the most efficient approach times not reliably deduced from rate measurements
to quantitative representation of rate characteristics. alone. Thus, little progress is being made in character-
In the absence of a theoretical model, extrapolated izing the bond redistribution steps and their controls
magnitudes ok beyond the range of its empirical de- in thermal chemical reactions, the participation of
termination cannot be expected to be trustworthy. This intermediates or even the occurrence of melting.
proposed modificatiofil] of the term that is arguably There is a choice for the future. We can continue
the most important concept in chemical kinetics by to ‘collect reactants’ for which the kinetic model for
a parameter that appears not to have been adequatelyhermal breakdown, and the corresponding Arrhenius
defined (but given the same label) cannot be supportedparameters, have been measured under (more or less)
as a profitable direction for increasing understanding defined reaction conditions, perhaps remembering
of thermal chemistry. Indeed, | would regard this as that such results are often empirical. The other alter-
a retrograde step, loss of theory from a topic that is native is to design experimental methods demonstra-
already profoundly ‘challenged’ in that direction. bly capable of directly measuring interface reactions
The origins of TAK are found in the development, rates, uninfluenced by or corrected for self-cooling,
since the 1970s, of automated techniques for rate dataand with the contribution from the ‘back’ reaction re-
collection (TG, DSC, DTA, etc.) and their subsequent moved[10-13,15,30]. The subject must be expected
interpretation by computer methods. This approach to benefit from investigations yielding confirmed
has dominated the experimental investigation of ther- reproducible kinetic data, that are not dependent on
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reaction conditions. The influence of secondary rate
controls (VAET3) may then be identified and sepa-
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been derived directly from that originally developed to
explain thermal decompositions of solids, itself aris-

rately characterized by measuring the consequences ofing by modifications of the concepts that previously

systematic variations of the procedural variables. Fur-
ther useful information about the reaction chemistry
involved may be obtained by complementing kinetic
investigations with supporting studies, including crys-

and successfully accounted for rates of homogeneous
reactions. The shortcomings of these concepts, in ther-
moanalytical applications to systems other than those
for which they were originally intended have resulted

tallography (X-ray diffraction, etc.), microscopy, and
all other observationf87] capable contributing to the
elucidation of the complicated combination of steps

in a progressive contraction of the theoretical founda-
tions of the subject during a period of its expansion to
the ever diversifying range of reactants now studied.
whereby a solid reactant is converted into products. This has resulted in a remarkable absence of order
An important objective for future research advo- and overall coherence within the aggregate contents
cated here is the necessity to establish reasons for anyof published reportg8]. Frequently, only limited
‘variable activation energies’ found, rather than pas- mechanistic conclusions are proposed in many of the
sively accepting their existence. A useful start would papers that constitute the large number of individual
be the characterization of the individual roles of the and largely unrelated articles that constitute much of
various controls (VAET1-5Section 1) for each re-  the recent literature on thermal reactions in condensed
action of interest. The range and magnitude of each phases. However, two recent trends that offer real opti-
effect could then be established quantitatively, as ap- mism for profitable future progress can be recognized.
pears, for example in the influence of €0n calcite
decomposition[30]. Systematic examinations of all 3.2.1. L'vov theory
such trends for reversible and endothermic rate pro- For those crystolysis reactions for which the neces-
cesses characterizing the conditions and magnitudessary thermodynamic information is available, a new,
of control by mass and heat transfer would enable rate quantitative theoretical approach based on an initial
determining factors to be recognized and incorporated reactant volatilization step has been propo§esi.
into kinetic representations of thermal reactions for This has already, in the many papers by L'@8],
different conditions. The rate (aldd and A) of the been shown to be capable of providing new insights
chemical interface step might then be determined, en- into the chemical processes involved. It has also in-
abling comparative investigations involving a range of troduced order into sets of hitherto unrelated reports,
different reactants to systematize behaviour towards an unusual but most welcome feature, in a literature
theory development, including possible identification that has hitherto been characterized by an absence
of the controlling chemical steps. Some progress in of perceived chemical relationships. Subsequent work
this direction has already been achieyéd15] and by L'vov [15] has focussed attention on the signifi-
| believe that thermal analysts will progress the sub- cance of self-cooling at the reaction interface in in-
ject more effectively by pursuing chemical objectives fluencing reaction rates and the apparent magnitudes
than focussing attention on mathematical interpreta- of Arrhenius parameters. These initiatives merit fur-
tion of data collected under incompletely or ill-defined ther examination and development as the most promis-
experimental conditions. However, there are alterna- ing prospect for the unification and the introduction
tive optimistic signs that new concepts will provide a of coherence that this subject so conspicuously lacks.
theoretical foundation for elucidating the controls and These theories have been concisely summarized in the
mechanisms of thermal reactions proceeding in con- context of the necessary literature sourjdés38]and
densed phases. These are now discussed. will not be repeated here. However, a strong recom-
mendation is given for their most serious considera-
tion as an alternative, and preferably more systematic
approach to the subject than any theoretical model
currently available including the suggested concept of
Hitherto, the theory applied in interpretation of ther- the variableE. Indeed, in L'vov's theoretical model,
mal analytical kinetic data has largely (exclusively?) a constant activation energy is a central feature and

3.2. Future prospects for kinetic analysis
of thermoanalytical data
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this must be identifiably related to the chemistry of the analysis. Accordingly, to initiate a productive debate
reaction under consideration; the experimental condi- about the present status of an important and exten-
tions capable of influencing the measured (equimolar sive topic, these criticisms are presented in forthright

or isobaric) rates must be knowg8]. terms. | have been aware of many important problems
within that part of the thermal analysis that is con-

3.2.2. Reactant melting and the formation of cerned with kinetics for some time and now, what |

transient reaction intermediates perceive to be a particularly inappropriate further pro-

Thermal reactions of solids are complex, as shown posed change in theof%], has prompted this critique
by the several distinct and different controlling (an author’s activation to nucleation). | hope that the
characteristics distinguished and discussed earlier.views expressed here will ultimately be accepted as
Consequently, the elucidation of mechanisms and being correct. However, | regard it as more important
establishment of controls for crystolysis reactions is that the theoretical foundations of the subject should
less straightforward than seems to be appreciated innow be critically and meaningfully reappraised, the
a majority of the recent literature. The belief that a definitions of the terms used may be reconsidered, cal-
small number of automated experiments even if sub- culation procedures reassessed and attempts should be
jected to highly sophisticated mathematical analysis made to find a theoretical basis for re-establishing the
can be used to elucidate comprehensively reaction comprehensive and coherent growth of a systematic
chemistry must be accepted as overoptimistic and subject firmly based on scientific foundations.
must be expected to be ultimately unsuccessful. This  This critical comment on the proposHl] (that it
approach alone is unlikely to yield insights into all the is reasonable to accept the concept of ‘variable acti-
factors controlling chemical reactivities, properties vation energies’) presents the alternative case, empha-
and mechanisms of thermal reactions of solids. Sev- sizing the importance of extending and strengthening
eral recent studies have shown that decompositionsthe limited subject theory that is currently available to
of some solids, initially crystalline, proceed through explain the kinetics of crystolysis reactions. The case
the intervention of a molten phase and/or involve the presented iff1] does not define exactly what, from
participation of reactive and transitory intermediates the several possible explanations (VAET1-5, earlier),
[17-21]. Unless specifically sought, such complex is meant by a variabl&, on what theory, model or
behaviour may pass unnoticed, so that approximately concept it is based and how it can contribute to ad-
sigmoid shaped curves (usually regarded as indicative vancing the kinetic analyses of such rate processes.
of nucleation and growth processes but alternatively My impression from[1] is thatE (variable) is to be
can arise during progressive meltingy7—21]) will regarded as a composite and, therefore, empirical pa-
be accepted as evidence of crystolysis reactions. rameter which, in the absence of a precise definition,
The relationship of these complex mechanisms to apparently becomes theoretically stefit¢ | identify
L'vov's theory of solid state decompositions ([38], this approach as containing serious shortcomings, de-
Section 3.2.1) may be difficult to determine but at this manding wide and general discussion in the literature.
early stage might, as an interim measure, be regardedMoreover, the supporting evidence providedlihap-

as a problem for the future. pears to relate to chemical changes that we already
know to be complex and for which the participation
3.3. A comment on ‘variable activation energies’ of subsidiary controls is already well-known. A more

productive approach than redefiniggwould, in my
This appraisal of aspects of kinetic analysis is inten- opinion, be for us to examine quantitatively each con-
tionally presented in robust terms because the short-tributory influence on reactivity and to characterize the
comings of the subject are serious, even fundamental. interface reaction controls together with the individual
There is no adequate theoretical framework introduc- factors that appreciably change its effective rate.
ing cohesion into the topic so that contributionstendto  The paper most directly discussed hgrprecom-
be individual and are sometimes empirical. Remark- mends a view oE, for reactions of solids, that differs
ably few general reviews are available to discuss the from that accepted throughout chemisi@}. Later,
theory, the techniques and the observations for thermal Vyazovkin [35] has argued that ‘the pre-exponential
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factor is strongly correlated with the activation energy Appendix A. Aspects of kinetic and
via the compensation effect [ref.], which makes the mechanistic analysis of rate data obtained by
pre-exponential factor a dependent and, therefore, in- thermoanalytical methods
ferior parameter’. Taken with the conclusion, from the
extensive statistical analysis of kinetic data for ther-  This review contrasts two alternative methodolo-
mal reactions of ammonium nitrafg3], that methods  gies in TAK research concerning the significance of
for identification of the kinetic model from thermal the term activation energy, a concept of central im-
analytical data are unreliable advalues may have  portance throughout chemical kinetics. The case that
errors of the order of£20%, it might be concluded | advocate strongly is that the theoretical value of this
that there is little to be gained by any further inves- model developed through fundamental studies is likely
tigations of the kinetics of these reactions. | cannot to be of greater ultimate value in extending scientific
accept such a pessimistic view. | suggest that vari- order than the alternative varialfigf1] which appears
ations in activation energy, VAET1-5, see al4g, (to me) to be empirical. Because the kinetics of many
must be recognized by the thermoanalytical commu- thermal reactions are determined by multiple controls,
nity as evidence of one or possibly several massive the interpretation of temperature coefficients of reac-
inconsistencies, even crises in the theory and method-tion rates require careful appraisal, if all the possible
ology of this subject. | do not agree with Vyazovkin factors controlling the chemical changes are to be indi-
that recognition oE variable represents any advance vidually identified and their roles understood. Recog-
(or reasonable compromig]) in the subject. | be-  nition of the complexity of such reactions, together
lieve, in contrast, that a fundamental reappraisal of the with factors determining absolute reactivities and re-
methods currently in use is urgent and that this will action mechanisms, is preferred to any alternative em-
lead to a more optimistic future which will ultimately  pirical approach, unfounded in theory.
prevail. With reappraisal of the significance of exper-  Some of the uncertainties in TAK analysis, partic-
imental measurements of rates and of the theory ap- ularly those relating to the determination Bf have
plicable, something of the former confidence in the been mentioned as VAET1-Sgection 1. To these, the
subject can be restored by discarding the unproductive following Sections A2-5, may be added. These are
consequences that arise, at least in part, through the exnecessarily related to the topics already discussed but
cessive use of mathematical methods for the elucida- are alternatively emphasized here for consideration
tion of essentially chemical problems. This approach in the wider context, as important general aspects
cannot and should not continue to be sustained in its of TAK investigations that are not always or ade-
present form. A more ‘physico-chemical’ approach is quately recognized. It is intended that these features
likely to tell us more about chemical reactions and the of kinetic analysis will be discussed at greater length,
physical changes that frequently accompany them.  with examples, in a forthcoming review. The diverse
It seems to me to be essential to regard activation problems, difficulties and inconsistencies specifically
energy values that are ‘variable’, or give ‘multivalue mentioned now relate to the use of the term ‘activa-
magnitudes’ from calculations based on the same datation energy’ in the current literature on thermal anal-
or for the same reaction to be regarded as inherently ysis. The significance and reliability of the Arrhenius
unreliable. This is evidence of computational incon- parameters, and all other deductions derived from
sistencies or errors. | suggest that one criterion for TAK rate measurements embody the significance and
recognizing the reliability of the kinetic interpretation reliability of the original observations and also the
of rate data should be that the alternative analytical methods used for their interpretation.
calculation methods lead to a constant valu&of

A.1. Fundamental and empirical research
Acknowledgements
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It is a real pleasure to thank Prof. Michael Brown Fundamental studies measure rates together with all
and Prof. Boris L'vov for constructive and helpful other relevant characteristics of reactions and seek to
comments on the text of this article. represent observed behaviour patterns by theoretical
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concepts and chemical models. These, through appli- precise chemical change of interest, identifying reac-
cation of scientific principles, are expected to achieve tant, products and (if solid) their structures together
two objectives: systematization of the information with the phase within which the reaction occurs. Com-
available through theoretical representation and pro- plementary observations may be required to support
vide a basis for useful predictions of behaviour and and to confirm the physical measurements on which
properties beyond the ranges for which observations TAK methods are based. Many thermal studies are
are available. Because the theoretical principles usedinterpreted from limited stoichiometric evidence and
for interpretation of TAK data have been derived this may introduce uncertainty into conclusions; ear-
from concepts found successful in describing reac- lier limitations have invalidated some published con-
tions of other types, and there have been few recent clusions[31,39,40].

achievements in this (TAK) field, the available theory

has now become limited in application and restricted A.3. Precision, error and reproducibility

in value. Despite many reported thermoanalytical

kinetic studies of numerous reactions, few patterns  Experimental measurements include errors that are
of systematic order have yet been discerfidg]. both systematic and random. These can be detected,
The present review is principally intended to draw and sometimes minimized, by the use of complemen-
attention to the desirability and the potential value tary, alternative determination techniques and tests of
of identifying scientific foundations suitable for the reproducibility between successive, nominally identi-
ordering of results from TAK studies of thermal reac- cal, experiments. Many published TAK study reports
tions proceeding in condensed phases. Shortcomingssimply do not discuss data precision or the accuracy
perceived in the literature and consideration of how of calculated kinetic parameters (B, etc.) that are
these may be rectified through theory development, nonetheless, often reported to an unrealistic number
are discussed in the following paragraphs. The em- of significant figures. The possible influence of error
phasis is on restoring the chemical approach to the on the correlation coefficient, frequently used as the
interpretation of TAK observations, which was an es- single criterion for recognition of a ‘kinetic fit’, is
sential and integral feature of the early work on solid not usually discussed. Furthermore, the magnitude of

state decompositior{8], crystolysis reactions. this single parameter (correlation coefficient) is insuf-
ficient evidence to express adequately the results of
A.1.2. Empirical studies the kinetic analysis of a large set of,(ty T) values,

Empirical studies are directed towards comparing when comparatively tested for precision of data fit to
behaviour, determining relative or absolute reactant each of various rate equations included, particularly
stabilities or reactivities from measurement of tem- when the significance of experimental error remains
peratures and/or rates at which reactions proceed.unconsidered.

Results can be useful, particularly for commercial  Just as important as characterizing the reaction that
purposes. Theoretical reasons for behaviour patternshas taken place, is the necessity to define all terms
recognized are not sought but data may be capableused in discussion to enable unambiguous communi-
of useful extrapolation using formulae for which no cation of results and ideas. This has been central to
reaction models need to be provided. The ‘variable consideration of the significance Bfthroughout this
activation energy[1] is regarded as such a term, ap- paper, but other terms (and their units) require similar
pearing in the thermal analysis literature from studies precision of treatment, e.d\, k, etc. and consistency
using essentially an empirical approach. must be maintained in the formulae used for kinetic
calculations.
A.2. Stoichiometry
A.4. Literature

A value of E refers to only a single rate limiting
process with which it must be identified through com-  The relatively few critical, comparative surveys of
prehensive characterization of the reaction stoichiom- the TAK literature has probably contributed to the
etry. This can be interpreted widely to include the absence of theory development and lack of chemical
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correlations of conclusions. It seems to me that more difficulties existing within this subject as being much
useful contributions towards subject advancement are more profound and general than has hitherto been rec-
likely to result from careful consideration of pub- ognized. Chemical reactions of solids are more com-
lished results for one well-researched reactant, or a plicated than appears to be accepted in most published
small group of related rate processes, than TAK inves- reports. | suggest that a culture change is necessary in
tigations of yet more additional novel and unfamiliar planning future TAK studies. The increasing reliance
reactants. A further unconstructive feature of many on automated computer mathematical methods of rate
articles is that the introductory sections frequently data must be modified to include supplementary and
omit adequate comment on related systems and fail confirmatory complementary measurements that apply
to provide compelling reasons for interest in the work chemical techniques to characterize the chemical fea-

being introduced.

In recognition of the limitations of TAK theory as
usually applied, it is essential that an adequate sci-
entific basis for systematizing results should be pro-
vided, which contains the capacity for extension. The
earlier, general Polanyi-Wigner mod@] must now
be regarded as having little value in this respect and

the present discussion emphasizes limitations associ-

ated with the significance of the ‘activation energy’.
The L'vov theory[38], therefore, should be welcomed
to fill the obvious ’'theoretical vacuum’ and has al-
ready demonstrated its value in reconciling different

tures of chemical changes. A detailed and general anal-
ysis of the thermal analysis literature, relating to the
various types of thermal decompositions is currently
in preparation, to explain in greater detail reasons for
the above (interim) generalizations. Recognition and
acceptance of the shortcomings of the methodology of
TAK is an essential first step, that must be achieved,
before there can be a renaissance of this subject, based
on its development from more secure foundations and
through advances of relevant theory. A more phys-
iochemical approach to interpretation of data, recall-
ing and developing the earlier methodology applied

and apparently inconsistent results. The successes, sén studies of crystolysis reactions, must proceed in

far, have shown the ability of this approach to intro-
duce order into sets of published results and this is
potentially capable of extension to other systems.

A.5. Concluding comment

The review surveys diverse problems, difficulties
and inconsistencies that are identified as characteriz-
ing the current TAK literature and which are ascribed
to significant shortcomings in accepted practices and
to the decreasing effectiveness of the theory of this
subject. My interest in the field has been particularly
concerned with investigations of solid state decom-
positions, crystolysig3] reactions, including the in-
terpretation of kinetic measurements, the formulation
of reaction mechanisms and the identification of rate
controls. It is my intention now, at what appears to me
to be a time of crisis in this subject, to contribute pos-
itively and optimistically to the discussion required to
restore acceptable scientific foundations, suitable for
its regeneration and its subsequent growth. | believe
that a change of direction is essential to replace the in-
creasingly empirical character of the current research
ethos. Although, one motivation for writing this re-
view was the papefl], | regard the problems and

the context of directing attention towards the chemical
properties of reactions for which reactivity controls
and mechanisms cannot be elucidated by mathemat-
ical analytical procedures alone. As a personal opin-
ion: a fundamental reappraisal of the methods, aims
and objectives of TAK research is now overdue.
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