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Abstract

A critical appraisal is made of the recent literature concerned with the kinetics and the mechanisms of thermal reactions, particularly research
using the methods of thermal analysis (TA). Itis concluded that many features of the theories and the practices in customary use are inadequate
and/or unsatisfactory. The reaction models that are currently employed lack the necessary coherence required to introduce systematic anc
scientific order into the extensive information available. There are few reliable, general concepts and chemical principles which are capable
of coordinating and classifying the experimental observations and which can contribute to the organic growth of an ordered discipline. Many,
though not all, recent published TA studies appear as individual articles that remain largely unrelated to comparable investigations or to the
general theoretical principles that are applicable throughout chemistry.

This unacceptable situation is identified as having arisen during the emergence and establishment of thermoanalytical science as a distinct
discipline, which effectively replaced the former interest in the thermal decompositions of solids, while also retaining concepts from this
precursor topic. Overall this transformation was uncoordinated and perhaps has remained largely unrecognized. A consequence was that
only some selected aspects of the heterogeneous and homogeneous kinetic theory and reaction models were incorporated into the developin
(burgeoning) thermoanalytical subject area. However, during the initial rapid expansion of TA experimental methods, about three decades
ago, shortcomings in the theories of thermal decomposition of solids were already becoming apparent, inhibiting advances. Consequently,
some earlier optimistic hopes for progress in advancing solid state thermal chemistry were not fully realized. During the redirection of interest
from thermal reactions of solids towards thermal methods, TA development proceeded without the appearance of new chemical principles or
novel reaction models for general application. Progress in instrumentation predominantly focussed attention towards developing and applying
automated calculation methods. This was essential to permit the analyses of larger number of accurate measurements that could be obtainec
retained and processed by the more powerful computers that were becoming available to control experiments and to present processed results
The collection and collation of data was achieved more easily and efficiently than ever before, for ever larger number of data measurements, of
ever greater precision, for an ever widening range of reactants and reaction conditions. The concurrent and continual extension of mathematical
and computational techniques, for the analysis of thermal kinetic data, became, and remains, a principal preoccupation of TA research. Its
early relationship with studies of thermal decompositions of solids has meant that thermal kinetic studies continue to apply, largely unchanged,
aspects of the theory originally developed for application in thermal studies of solid state reactions.

The adaptability and convenience of thermoanalytical methods for kinetic measurements has resulted in their application to a diversifying
range of reactants, including thermal processes which sometimes proceed with melting and/or complex behaviours involving varied types
of chemical changes. For these, the conventionally accepted range of kinetic models (predominantly solid state rate equations) may not be
applicable, though the consideration of alternative possibilities is frequently ignored. The identificatioenttalcontrols of reactivity
and characterization @hemicalreaction mechanisms are evidently now of much less importance in studies by TA methods than was usual
formerly, when (originally) such interest was specifically concerned with the decompositions of solids. In recent work much less attention
is directed towards designing experiments suitable for complementing kinetic interpretations and to contribute towards the formulation of
chemical reaction mechanisms. Relevant additional observations include microscopy, spectroscopy, X-ray crystallography, etc., intended to
provide information of value in the elucidation of the sequenceheimicalsteps participating in any reaction being studied.

This tendency to minimize the application of chemical concepts in the analysis of TA rate data is self-perpetuating (autocatalytic) and
results in a lack of coherence (or absence of scientific order) within the large accumulation of individual articles that constitutes the recent
TA literature concerned with reaction kinetics. Because there are no widely applicable theoretical concepts that unify the subject, the possible
generality of important results in particular reports tends to be disregarded. Reasons for this unsatisfactory situation are identified, from the
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present survey, as including the following: shortcomings in establishing reaction stoichiometry, uncertainty in the significance of kinetic data
(rate measurements are often accepted uncritically and may, therefore, be empirical, varying with experimental conditions, and unsuitable fc
fundamental interpretation of reaction chemistry, including reactivity controls or mechanisms), and ambiguities in the definitions of essential
terms, includingnechanismrate constantactivation energy. These, and other problems evident in TA studies, are discussed, together with
the tendency to consider kinetic behaviour exclusively through rate equations applicable to solid state reactions. This convention results in th
effective exclusion from all consideration of the possible participation of melting, the intervention of intermediates, concurrent or consecutive
rate processes, secondary rate controls and other alternative, but nevertheless possible, reaction mechanisms.

Itis concluded that an important part of the thermoanalytical literature, concerned with kinetic and mechanistic TA studies, is in urgent need
of a general and radical reappraisal. The introduction of systematic order into the contents of the continually expanding set of publications
is now urgent, so that the significance of each new set of observations reported can be appreciated in its widest possible context. Scienc
represents systematic knowledge, including the expectation that inductive prediction will generalize theory, through expansion of establishe
trends: neither of these reasonable aspirations (order and prediction) are discernable in much of the recent TA literature.

Following the decline of interest in solid state chemistry, together with the tendency within current TA reports to focus primarily (sometimes
only) on kinetic characteristics of the reactions studied, it is appropriate to examine critically the options now available. These include the
following. For each individual rate process studied, reaction stoichiometry must be established and the possible effects of secondary control
determined. Removal of the conventional constraints (probably unintentional and unappreciated) on kinetic analysis of TA data by extendinc
interpretations to include all possible reaction models and influences on rate behaviour. It is also necessary to provide support for conclusion
by complementary experimental observations whenever possible. Theoretical models that are applicable to solid state thermal decompositiol
are discussed, together with allowance for the possible participation by alternative reaction mechanisms (i.e., melting, etc.). The overall, an
optimistic, conclusion from this survey is that thermoanalytical kinetic studies is a subject of considerable interest and promise. However, its
potential can only be realized through fundamental reassessment of the methods and theories that continue to be used in a topic that appe
to have stagnated and in which the chemical foundations have become eroded, or even forgotten.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are suitable for many purposes: measurements of reaction
enthalpies, specific heats, reaction temperatures, determina-
A critical appraisal of the present status and credibility of tions of stoichiometry, melting points, uses in quality con-
the theoretical foundations of those aspects of thermal anal-trol, etc., and includes rate measurements. This review is
ysis (TA) that are concerned with kinetic measurements and particularly concerned with this last-mentioned, and widely
their interpretation, has lead me to a distinctly disappoint- applied, use of TA in studies directed towards investigating
ing result. | conclude that current procedures and methods,reaction kinetics and formulating mechanisms of thermal re-
used in rate and mechanistic studies of thermal reactions byactions. This is a large, important and active research topic.
TA methods, must be regarded as offering little optimism It is concluded here, however, that a high proportion of the
for the favourable future development of this subject area, results reported and the limited theories available for use
if recent practices are maintained. in interpretations of TA rate measurements are much less
This situation has arisen following the initial undoubted satisfactory than might appear from a superficial reading of
successes achieved during the early establishment of TA.the many recently published research reports. The case pre-
The technique enables the efficient measurement of changesented in this critical survey is that the theory applied in TA
of (usually) physical parameters during reactant heating andkinetic studies has failed to advance with the subject, it lacks
the methods developed are correctly recognized as repre-adequate chemical and physical foundations and it has now
senting spectacular advances in instrument evolution. Equip-effectively ceased to evolve.
ment improvements have increased both the accuracy and When TA techniques were in their developmental phase,
the rapidity of measurements made by a versatile rangeabout three decades ago, an approximately symbiotic re-
of alternative detectors. Automation of these experimental lationship became established between the emerging TA
methods, through the timely advances in computer technol-discipline, and that branch of chemistry concerned with
ogy, enable mathematical and statistical analysis of the largedecompositions of solids. The latter interest benefited from
number of data measurements obtainable to be presented tamproved methods of measuring reaction rates and re-
the researcher in the form of results that have been, at leassearchers advancing TA methods adopted those aspects of
partially, interpreted. This is a generally attractive approach, the available theory that were applicable to thermal re-
and has been widely exploited, to give the now extensive lit- actions, particularly those involving crystals. One recent
erature reporting changes of various types that occur duringinterest in continuing the development of TA methods
the heating of many and diverse reactants. Commercially has been towards the expansion of the range of reactants
available instruments permit the rapid and efficient comple- investigated. Another has been towards increasing the ap-
tion of thermal experiments, obtaining quantitative data that plications of mathematical and statistical kinetic analysis
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programs and procedures to maximize the information, con- ant communication conventions have become acceptable be-
cerning rate characteristics, which can be extracted from acause automated laboratory methods yield readily publish-
minimum number of experiments. A central shortcoming able observations.
in these developments, now becoming progressively more Future progress towards increasing the overall value of
evident, is that consideration of the chemical properties andrate studies by TA methods requires the establishment of
controls of these reactions, an integral feature of the precur-satisfactory theoretical and scientific foundations. The in-
sor studies concerned with decompositions of solids, hastroduction of novel and unfamiliar concepts, however po-
been effectively abandoned. This is an important change tentially important, must be expected to be accompanied by
of methodology because TA responses are often based ordisruption, that may be both considerable and uncomfort-
physical measurements and such observational data requir@ble. Advances in science sometimes proceed through dis-
an interpretation step to yield information of chemical continuous steps, quantum-like leaps forward. In TA kinetic
significance. Consequently, an increasing range of TA stud- studies, any such fundamental progress should perhaps be
ies are inadequate because the research does not considé&eenly and urgently anticipated as offering possibilities for
whether the rate processes investigated are influenced byesolving the problems that result from the present almost
crystallographic/structural properties, melting, involve the complete absence of systematic order and limitations inher-
participation of transitory intermediates, are subject to sec- ent in the theory available. To stimulate and advocate this
ondary controls on rate, or proceed by any of the wider essential transformation, | present here a critical and com-
range of mechanisms that are familiar to chemists. Under- prehensive appraisal of the existing situation, identify sig-
standing reaction chemistry, including reactivity controls nificant inadequacies in the older theories that remain in use
and all relevant participating influences, is often much too and suggest some prospects for rectifying unsatisfactory as-
complicated to be elucidated from rate measurements alonepects of the present situation.

Notwithstanding these reservations, the overall conclu-
sion resulting from this wide and critical survey of the TA 1.1. Aspects of TA
kinetics literature is intended to be strongly positive and
optimistic. | believe that if the limitations inherent in cur- The literature concerned with TA is extensiide-4], re-
rent TA research methods can be recognized, accepted angorting on various aspects of the diverse changes that occur
replaced by new theoretical principles, capable of resolv- on heating numerous different reactants, including many that
ing the complexities of thermal reactions, then foundations remain solid throughout. These are conveniently and specif-
for profitable future advances can be established. | am pes-ically referred to agrystolysisreactionq1,5,6]. (This term
simistic about the present situation but believe that a more derives[6] from crystal pyrolysis, describing crystalline ma-
chemically based approach to the investigation of chemi- terial undergoing a thermochemical reaction and avoids the
cal phenomena is capable of initiating a renaissance in TA prefix sol, from solid, which might appear to imply solu-
science. The ever-expanding and largely unreviewed litera-tion phenomena.) The preferred objectives of many, perhaps
ture of generally individual and unrelated thermochemical most, kinetic TA research programs, judging from the con-
reports urgently requires comprehensive and critical reap-tents of published reports, include identification of H#ie
praisal to introduce adequate theoretical foundations. Thisnetic modefor the reaction (aisothermalexpression of the
might be expected to provide systematic order and scientific form: g(o) = kt, wherew is the fractional reactiork the
coherence. (Just as a mound of bricks requires an architecrate constant antithe time), the rate equation which most
tural plan, together with skilled craftsmen and connective satisfactorily expresses, ‘fits’, the kinetic characteristics of
material, to transform the random aggregate into an ordered,the process under investigation. Identification of a kinetic fit
useful structure, such as a house, a bridge, etc.). is almost invariably complemented by determination of the

These far-reaching and fundamental criticisms of some as-temperature coefficient of reaction rate constants (k), con-
pects of TA research are made seriously. This critical survey ventionally reported as Arrhenius parameters: the reaction
is intended to initiate, to provoke and to encourage a generalfrequency factor (pre-exponential termA),and the activation
debate about shortcomings in the scientific credentials of energyE. The significance of these terms is often discussed
particular theories applied in rate data analyses by TA meth- through the theoretical concepts from the theory of homo-
ods. Important limitations in current practices, identified and geneous kineticsE is sometimes regarded as providing a
discussed below, have restricted the effective achievementaneasurement of the energy barrier to a controlling (rate lim-
of research undertaken to obtain chemical and mechanisticiting) bond rupture or bond redistribution step. Frequently,
insights from thermal rate studies. The prevailing attitude such observations provide evidence used in the formulation
seems to have discouraged open-ended interest in imaginaef reaction mechanisms and/or the identification of reactiv-
tive curiosity-driven research programs, conceived to give ity controls. In addition to their possible theoretical signif-
the widest possible understanding of all characteristics of icance, the Arrhenius parameters, together with the kinetic
thermal (chemical) reactions. One probable reason for stag-model, thekinetic triad, A, E andg(«) = kt, provide a con-
nation now evident in TA kinetics research is that there are venient and conventionally accepted quantitative summary
few relevant critical reviews. The present relatively toler- of rate characteristics obtained from a TA kinetic study.
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Although, in recent literature, the range of reactants se- can be modified to improve prospects of future progress.
lected for kinetic and mechanistic investigation by TA meth- Broadly described, thermoanalytical science is the experi-
ods continues to widen, the evidence presented in support ofmental study of chemical reactions and/or physical changes
stoichiometric descriptions of these reactions is sometimesunder controlled thermal and other conditigdl Each lab-
meagre. The observational data provided often appears to beratory program must include a sufficient number and range
less than the minimum required to characterize adequatelyof observations to elucidate quantitatively all aspects of the
the chemical change(s) that occur. Moreover, the propertiesprocesses that contribute to the reactions studied. It is usu-
and controls of solid state reactions are often more difficult ally not possible to forecast the amount, and difficulty, of
to determine than appears to be generally discussed in manyhe work required to complete the objectives planned in a
TA reports. This review is primarily concerned with arti- thermoanalytical study. However, the investment of time,
cles of this type, which constitute a significant proportion equipment required and effort rises massively with increase
(most, but by no means all) of the recent TA kinetic litera- in complexity of the changes participating and where the
ture. Three important chemical characteristics of condensedreaction chemistry and controls are to be determined in de-
phase reactions, and which should be included in the plan-tail. There is, however, a substantial proportion of this liter-
ning of any fundamental TA research program, are as fol- ature in which a relatively small number of TA experiments
lows. These, and possibly others, must be addressed if thehave been used to obtain (apparent) kinetic parameters for
chemical significance of kinetic measurements are to be elu-complicated reactions. In these papers the reliability of ob-
cidated and realistic reaction mechanisms and rate controlsservations reported, together with the chemical deductions
are to be formulated. First, many studies fail to establish, drawn therefrom, are not always obvious. Overall, the sci-
or even to mention, the phase within which the reaction of entific standards and theoretical values of TA reports are
interest takes place: this is important where there is any pos-highly variable in quality.
sibility of melting, total or partial, temporary and/or local. When research is undertaken only to measure the stabil-
Second, reaction may involve the intervention of intermedi- ity of a particular compound (mixture, etc.) or the rate of a
ates, perhaps reactive and transitory. Any comprehensive despecified reaction, within a limited range of predetermined
scription of behaviour, including mechanism, requires their conditions, a small number of dedicated experiments may
identification and the role of each to be characterized. Third, be sufficient to obtain all the data required. Empirical stud-
during endothermic and/or reversible solid state dissocia- ies of this type do not require theoretical explanations for
tions, kinetic properties are often (perhaps usually) sensitive the behaviour observed. Such results can, nevertheless, be
to self-cooling and/or the ‘back’ reaction which can occur of considerable importance for specific purposes. Empirical
when the volatile product remains available within the reac- observations are often valuable in the design of manu-
tion zone. Discussions often ignore all possible influences facturing processes, for developing efficient preparation
of these secondary reaction controls, even though their im-procedures, in measuring stability and for numerous other
portances have been conclusively demonstrated for manyidentified reasons. Fundamental studies, in contrast, are un-
representative reactions of solids. Similarly, for exothermic dertaken with the intention of determining the chemistry of
processes the kinetic consequences of self-heating are rarelgelected reactions. The present review is almost exclusively
mentioned though, in many of these, reversibility is usually concerned with fundamental research directed towards in-
regarded as unlikely. vestigating and characterizing, in the greatest practicable

Another pervasive uncertainty in the TA literature con- detail, reaction chemistry. Such studies are intended to elu-
cerns the precise meanings of certain terms used in descripcidate the factors that control reactivity, every significant
tions and discussions of kinetic data. Their significances step that contributes to the transformation of reactants into
appear to have become modified from their original usage products (the reaction mechanism) and all relevant aspects
and consequently are different from those conventionally ac- (steps, rates, controls, etc.) of the physics and chemistry of
cepted throughout other branches of chemistry. Examples,the changes participating. As in other branches of chemistry,
explained in greater detail below, include the usage of the the information required to formulate each reaction mech-
terms mechanisnmand activation energy. There is also the anism is obtained through kinetic and other measurements,
importance of the consistent use of units. Accepted defini- to which TA experiments may, and frequently do, contribute
tions are essential to achieve the transparent transmission ofaluable data. Interpretations of rate measurements are of-
information between researchers and to present all resultsten, but not invariably, supported by other observations to
and conclusions in forms that are suitable for comparisons confirm or complement conclusions.
and discussions in the widest chemical context. In this survey, emphasis is directed towards those aspects

of TA practices that require examination and improvement.
1.2. Content of this review: fundamental investigations Attention is focussed on particular unsatisfactory features
in such work that should be recognized by those active in

The primary objective of the present critical review of the field as unnecessary and untenable. The publications
the TA literature is to appraise generally the present sta- available have been surveyed by the author, in a per-
tus of the subject and to identify possible shortcomings that sonal appraisal of the perceived problems, limitations and
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difficulties, some of which, if generally understood, could their value, reduces the precision of their use in com-
be rectified. My overall assessment is intended to present munication and diminishes their ability to relate to other
an optimistic view of the future for TA and there is much to branches of science. Terms of particular significance
be admired and commended in recent publications. How-  here includeactivation energyand mechanism.
ever, and inevitably, a critical survey must focus principally 5. The history of TA, including the incorporation of some
on the less satisfactory features of the published material theoretical models originating from studies of thermal
which, therefore, dominate this text. decompositions of solids, is discussed. This approach is
The TA literature can be described as exceedingly diverse.  of value in understanding why some of the present diffi-
Most of the generalizations made here are not intended to  culties have arisen.
be universally applicable but should be taken to refer to 6. Theoretical models widely, often uncritically, used in ki-
practices or views that are widely expressed. Similarly, the  netic analyses of TA rate data are based mainly on (solid
citations giving illustrative examples have been selected to  state) geometric models and are applicable to single rate
be representative of several, often many, articles of similar  processes. TA studies do not always confirm that each
content. The overall objective here has been to identify, with  reaction studied conforms to both conditions. Theory
reasons, the limitations of TA techniques and conventions  applied when discussing the significance of Arrhenius
that appear to be responsible for reducing the achievements parameters is usually derived from homogeneous (gas,
of the subject. Recognizing the variability and diversity of solute) kinetic concepts.

reports, the difficulties of defining the subject area, the va- o ) ) o
riety of talents, skills and aspirations of thermal analysts, _ Within this article the term TKA (ThermoKineticAnaly-

we seek here to establish any ‘middle ground’ of generally sis) describes any research in which physical measurements

acceptable TA conventions and practices. From the com- (Usually) are made to determine the course and/or extent of

parisons made, the less reliable practices may, in future, beN® changes occurring in a reactant sample held within a

recognized and eliminated to enable more the promising as_constant ora programmed temperature environment. Cover-

pects of the subject to be profitably pursued. age in this survey is specifically concerned with fundamen-
TA is surveyed here within this, admittedly ill-defined tal TKA studies that are primarily directed towards chemical

reference frame. Some skeletal themes, which give form to OPi€ctives, usually including one, or more, of the following
the presentation, are briefly summarized as follows. These@spPects of behaviour: (Interpretations are sometimes, though

are generalizations, intended to express the principal con-N0t invariably, supported by other relevant measurements.)

clusions of this critical and comparative literature review,

. T ¢ (i) elucidation of reaction mechanisms (in the ustlam-
discussed and justified in the sections that follow:

ical meaning of this term),

o ) o (ii) identification of the parameters that determine absolute
1. The theory applied in the analysis of TA rate data is inad- and relative levels of reactant reactivity and that control
equate and often incomplete. In the absence of a suitable reaction rates

theoretical framework, contributions tend to be consid- iy rejate observations for any particular reactant to the
ered individually so that systematic order is not devel- chemical behaviour established for other comparable
oped and the wider chemical aspects of behaviour are not substances

recognized and explored. The scientific expectation, that (iv) develop and expand the theoretical framework for TKA
useful predictions for hitherto untested behaviour can be studies, of the most general possible applicability, that

deduced through scientific induction from data already will maintain links with other branches of chemistry,
available, is now extremely rarely found in TA research. and

2. Thermal changes, including chemical reactions, are often () present information available from TKA studies for
more complex than is recognized so that kinetic data, and groups of different reactants systematically so that in-

their interpretations, may be incorrect. In measuring rates ductive predictions can be made for hitherto untested
of thermal changes, the following factors may influence systems.

kinetic characteristics: reaction reversibility, melting, re-
actant self-cooling/heating, multiplicity of rate processes  These objectives are generally approached through ex-
(concurrent and/or consecutive), etc. Secondary controlsperimental investigations which attempt to characterize, for
all too often remain unconsidered in the analyses of ki- suitable reactants: what chemical reactions have occurred
netic data. (stoichiometry), how rapidly (kinetics) and obtain any other
3. In addition to the above uncertainties, mathematical pro- information capable of elucidating all relevant aspects of the
cedures used to calculate kinetic parameters may be in-changes identified (textures framicroscopy, structures and
sensitive, perhaps incapable of discriminating between topotaxy fromcrystallography, bonding fronspectra, etc.
alternative rate expressions, and/or may be incorrectly [6]).
applied. The research surveyed here is focussed towards the pub-
4. Some chemical terms have progressively become lished reports of those fundamental TKA investigations that
‘locally’ modified in the TA literature, which limits  address objectives ((i)—(v)). This literature includes articles
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concerned with the chemical dynamics of thermal reactions 4. Kinetics of reversible and/or endothermic dissociations
involving participation of condensed phase materials, par-  of solids. Discussion of the roles and significance of
ticularly those that were originally solid. The content is less secondary controls (resulting from reaction reversibil-
concerned with empirical studies. In addition, the present ity and/or reactant self-cooling/self-heating), on rates of
review does not discuss those alternative, outstandingly suc- chemical change. Procedural variables.

cessful, and important applications of TA for measurements 5. Kinetic analysis: interpretation of rate measurements.
of reaction enthalpies and other thermodynamic quantities.  Aspects of the kinetic analysis of thermal rate data and
TKA here specifically refers to kinetic and mechanistic stud- mechanistic interpretation of each individual rate process
ies, which represents only a single aspect of the wider sub-  being studied. Determination af reproducibility of ki-

ject of TA and is mainly concerned with inorganic reactants. netics, isothermal and non-isothermal rate studies includ-
However, aspects of the theoretical principles discussed are ing the use of approximate equations, computer methods
probably equally applicable to other reactant types: organic  of kinetic analysis, literature inconsistencies in reports of
substances, pharmaceuticals, polymers, etc.

An essential objective of any scientific subject is to de-
velop a systematic classification of the information avail-

rate observations, the compensation effect (CE), melting,
other phase changes and complex reaction mechanisms
(transient, unstable intermediates), complementary mea-

able, through the use of theoretical concepts and models,
and also generalize results to identify wider principles, by 6.
induction. The scientific theories so developed are expected

surements in interpretation of TKA data.
TA literature. New contributions to the subject should be
related to information already published and all the avail-

to include the ability to predict properties and/or behaviour

patterns that are applicable beyond the range of the observa-

tions originally used in their formulation. The recent TKA

literature contains little evidence of the systematic classifi- 7.

cation of the information that is already available, or that
scientific order is currently developing. With some excep-

able material critically surveyed. There are shortcomings
in citation coverages in article introductions and few gen-

eral reviews.

Theory developments. The potential values of theoretical
explanations for crystolysis reactions are discussed, to-
gether with the necessity to include consideration of (or,

tions, there are relatively few recent proposals directed to-
wards developing the necessary theory. The prediction of
hitherto untested behaviour patterns is now infrequently at- 8.
tempted, and comparative surveys of related sets of reactions

at least, the possibility of) melting and other complex

mechanisms in kinetic analyses.

Future prospects. The prospects for advancing our un-
derstanding of thermal reactions through TA methods are

are rare. An intended implication of the title of this article
is that the scientific foundations of the subject are now in-

discussed. Aspects of this review that are regarded as
most significant are summarized.

adequate and require critical reexamination and refurbish-
ment.
2. Origins and development of TA kinetics
1.3. Topics discussed and outline index
The subject history presented here is concerned with mod-

The range, and interrelationships, of all phenomena en- €M methods and practices of TA reaction kinetics (TKA) as
compassed within the TKA subject area are considerable,0riginating in and developing from that specialized branch
complicating the presentation of any comprehensive survey.0f chemistry concerned with thermal decompositions of
To simplify the text, while giving ease of reference, the con- S0lids[1-3], now conveniently described asystolysis re-
tent is divided into the following section (‘Chapter’) head- actions[1,5,6]. My view is that in recent years (the last three
ings; each is intended to be largely self-sufficient, but these decades) TKA has exerted a dominant control in investi-
are, nevertheless, linked to provide coherent overall cover- 9ations of crystolysis reactiorja—6]. The progress of TA
age. This inevitably introduces some repetition, to empha- instrumentation, including automation of experiments, per-

size points of general applicability:

1.
2.

mits the kinetics of thermal reactions of crystals to be studied
more rapidly, easily and accurately than previously. Product
Introduction. Above. yield (fractional reactiong), time (t) and temperature (T)
Origins and development of TA kinetics. The relationship values can be measured with ever increasing efficiency, for
between thermal rate studies by TA methods and previousalmost any thermal process that occurs on heating reactants,
studies of crystolysis reactions is reviewed, including the at least one of which is initially in a condensed phase: solid
continued use of theory deriving from this antecedent or liquid (glass, mixture, etc.). Subsequent advances have
subject. A definition of TA is included. enabled the computer controlling the TKA experiments also

. Reaction stoichiometry and reaction mechanism. Kinetic to perform kinetic analyses of the data collected. However,

interpretations must be based on precise information it appears that, at the same time, comprehensive investi-
about the single chemical reaction studied, including gation and characterization of thehemistriesof thermal

stoichiometry and identifications (including structures) reactions of all types has become less important than the
of reactant, products and intermediates (if any). central preoccupation with enhancing the ease and speed of
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kinetic analyses of data. Often interest is directed mainly, intermediates, melting, etc. In the absence of complemen-
sometimes exclusively, to mathematical developments. A tary observations, the occurrence of a complex reaction
consequence has been that this research effort has not benenechanism or secondary controls may not be detected.

fited from guidance through the essential accompanying ad-

The currently used and widely accepted TKA approach

vances in theoretical principles. Moreover, this has resulted to rate data interpretation is ultimately limiting for reasons
in the generation of a subject area, or discipline, that is be- summarized below. Detailed explanations, supported by ex-
coming largely composed of unrelated fragments, without amples, are given in the sections following:

systematic order. The topic remains without the adequate

theoretical foundations that are essential for the organic 1. A majority of TKA studies appear to assume (implic-

growth of a coherent scientific subject area. TKA studies
continue to proliferate, extending the already extensive liter-
ature[6] with numerous reports appearing in dedicated, spe-
cialist journals, including this one. (Different emphases can

perhaps be sensed in the subject titles. Chemical and/or sci-

entific objectives are seen to be of interest in studieBef
compositions of Solid€rystolysis Reactions. Methods and
techniques might be expected to result from investigations
of TA)

A high proportion of recent TKA research represents a
relatively restricted approach that has effectively replaced
the wider range of experimental techniques that were previ-
ously (and profitably) used to investigate solid state thermal
chemistry, including decompositions. The former (instru-
mentation and computer applications) is currently enjoying
considerable favour, whereas the latter (chemistry) is now

very much less in fashion. Because the early TA research?2.

was extensively concerned with crystolysis reactions, these
(then) appropriate solid state models initially became ac-

cepted, and subsequently retained, as essential methods for

all TKA data interpretation. The initial development of ap-
paratus and subsequent reliability confirmations of the TA
experimental methods (thermogravimetry (TG), differen-
tial TA (DTA), and later, differential scanning calorimetry
(DSC), etc[4]) included comparisons with rate data for se-
lected well-known solid state thermal decompositions. This
introductory research frequently involved the interpretation
of rate measurements through comparative testing of the

fit of data sets to kinetic models, rate equations, based on3.

geometric principles applicable to crystolysis reactions, see
[1, Table 3.3]. This group of rate equations, with others oc-
casionally included, has become the preferred, often exclu-
sive, range of possibilities considered in TKA data kinetic
analyses.

The increasingly divergent objectives and attitudes that
have progressively arisen between TKA and crystolysis

studies now requires that there should be critical reexami- 4.

nations of their interrelationships to eliminate some of the

unacceptable inconsistencies that have become apparent.

This should, of course, cause no fundamental conflict within

alternative approaches to studies of the same reactions but

removal of some of the incompatibilities in theory that have

developed is now overdue. For a range of crystolysis re-
actions, the TKA theory used may be entirely appropriate.
However, there is also the probability that these same mod-
els may be inapplicable, even misleading, when applied
to other thermal processes, perhaps for reactions involving

itly) that measured kinetic data inevitably provide an
accurate determination of the rate of the chemically
controlling step for the reaction under investigation. In
mechanistic studies intended to elucidate the chemical
controls of reaction, however, this implicit assumption
requires experimental confirmation. For many chemical
changes, there is evidence that the rates measured are
significantly influenced, even determined, by alternative
factors or secondary controls which derive from reaction
reversibility, reactant self-heating/cooling, melting, con-
current/consecutive reactions, etc. To obtain chemical
conclusions, observed kinetic data must be demonstrably
related to a single reaction of interest. If experimental
conditions influence behaviour, then the results are em-
pirical, unless quantitative allowance can be made for
the contributions from all secondary effects.
Comparative tests of the relative excellence of fit of
rate data within only a limited set of kinetic models is
restricting and may not include consideration of every
reasonable possibility. The earliest TA research was
concerned with reactions known to proceed in the solid
state, thus tests for applicability to these kinetic models
only were appropriate. Now a wider range of kinetic
models is required where reactions include possible in-
fluences from reactant melting, reversibility, etc. TKA
studies have extended beyond the range of (often simple)
reactions for which the theory was originally intended
and to which it will not be invariably applicable now.

The theory applied in analysis of TKA («—t) data was
originally based on geometric models, applicable to het-
erogeneous (interfacfl—3]) reactions. This contrasts
with theory used in the interpretation of Arrhenius pa-
rameters which derives from proposals for homogeneous
reaction rate models, originally applied to gas or solu-
tion reactions. This theoretical conundrum has yet to be
adequately resolved.

A predominant, sometimes exclusive, focus of TKA at-
tention has been on the mathematical interpretation of
rate data. This trend has been accompanied by a notable
diminution in the use of multiple and complementary
experimental techniques that were a feature of earlier
crystolysis studies. (I have never understood why a ki-
netic study is necessary to determine that a solid state
reaction proceeds through interface advance when, in
favourable systems, the same conclusion might be more
readily, and reliably, obtained by some simple micro-
scopic observations.)



146 A.K. Galwey/Thermochimica Acta 413 (2004) 139-183

Overall, the present unsatisfactory relationship between inconsistencies. Different groups of workers reported wide
the (sometimes introspective) fields of TKA and crystolysis variations of calculated Arrhenius parameters, together with
chemistry might be expressed as follows. Some 30 years agopther results, derived from observations for the same reac-
thermal studies of solid state decompositions encounteredtions [7], and, in the other stud{8,9], from the same sets
considerable difficulties in theory development that limited of measurements.
subject advance. At about the same time, the foundations Nevertheless, many recent TKA reports represent valuable
of TA were established, pioneering exploratory instrumen- contributions towards the advance of chemical knowledge,
tal developments that often selected simple solid state de-including interpretations of observations within the limita-
compositions to establish and to confirm the new methods. tions of theory available. The problem is that the wider lit-
Such advances offered solid state kineticists attractive newerature contains a high proportion of articles in which the
possibilities for rapid and efficient collection of rate data. theoretical concepts applied appear to be based on insecure
These were enthusiastically adopted. Initial successes in TAfoundations that now require critical scrutiny. Many publica-
were exploited by the continued development of equipment, tions cannot, even by the most generous assessment, be re-
through combinations of methods, giving ever greater ac- garded as contributing to the systematic growth of a coherent
curacy, wider and more precise temperature controls, etc.discipline or to advancing chemical knowledge. Agreed the-
The concurrent advances in computer technology were sim-ories and definitions of terms are indispensable currency of
ilarly adopted and found to be particularly suitable for the scientific communication and the present review is intended
automation of data collection and later for the kinetic in- to recognize and to develop promising ideas into firm foun-
terpretation of the recorded rate data. Subsequent effort anddations for subject development. The emphasis is towards
progress has continued the evolution of TKA methods to- a critical appraisal of general principles and overall trends
wards increasing the versatility and accuracy of the appara-rather than with detailed aspects. Perhaps this can stimu-
tus, together with extensions of data processing facilities for late a wide-ranging debate between concerned researchers
kinetic analyses. This pervasive preoccupation with kinetic about the validity of fundamental tenets which hopefully will
studies (easily completed by automatic machines) has, how-lead towards an overdue and necessary reappraisal (“Back
ever, meant that other aspects of chemistry of all reactionsto Basics”) that will be REAL: problem Realization>
subjected to TKA studies have become neglected. This hasExamination— Appreciation— Lasting solutions.
undoubtedly resulted in a restriction of the extent and value
of the conclusions. Indeed, the TKA literature contains re- 2.1. TA: a definition
markably few proposals directed towards advancing theory
(other than the mathematical aspects of kinetic data interpre- “TA measures changes, during a controlled temperature
tation). In summary, the preoccupation with TKA methods program, of the properties of a substance or other reaction
has contributed relatively little to the advancement of the mixture”. (Whether the method can be regardecaalyt-
theory of reaction kinetics or to the systematic chemistry of ical is mentioned inf4].) This descriptive definition (there
the elements. Moreover, without recognizable correlations, are otherg10]) summarizes essential features of TA, and
the possibility of making predictions of behaviour patterns here is regarded as including constant temperature (isother-
beyond the range of available observations is eliminated: mal) measurements. (In contrast, crystolysis reactibr§g
progress by inductive reasoning is an essential feature ofare concerned with the investigation and characterization of
successful science. Perhaps the rather obvious omission o#ll aspects of the physical and chemical changes that occur
chemical principles and methods in TKA reports is the cen- in the solid state on heating solid reactants, including con-
tral feature that requires correction. The case for a reversaltrols of absolute reactivity, reaction stoichiometry together
of this trend, emphasizing the necessity develop chemicalwith mechanisms, crystallographic modifications and allied
theory, capable of introducing systematic order between re- phenomena.)
actions of different substances, is made below. An essential feature, not always explicitly emphasized,

A factor that has undoubtedly contributed to the absenceis that most TA methods measure the changes in one, or
of recognizable order amongst the numerous Arrhenius more, suitablephysical properties. These have been listed
parameters reported in the literature is that methods usedby Brown [4] and include: mass (TG, DTG), temperature
for their calculation may not be based on secure theoretical (DTA), enthalpy (DSC), dimensions, together with various
foundations, a problem discussed further below. Signifi- physical properties determined through mechanical (TMA),
cantly, it has not yet been found possible to provide criteria optical, magnetic, electrical, acoustic, emanation and other
for the systematic classification of the accumulated TKA observations. Evolved gas analysis (EGA) may be based on
reported results through the chemical compositions and/orchemical measurements, depending on the method of detec-
constituent groupings of reactants or through trends in thetion used. Consequently, an essential subsequent interpre-
kinetic triads. The inherent uncertainties in results from tation step is usually required to relate theseg/sical TA
kinetic analyses have been convincingly demonstrated in measurements to eadmemicalchange that is of interest.
two recent comparative studigg—9] (for selected crys-  Conclusions based on TA measurements are often reported,
tolysis reactions) which show significant and disturbing without comment, in the form of stoichiometric equations.
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Observations of the changes of a physical properties that arecal. The reversibility of reactions may also be important in
made may not, however, be sufficient to characterize com- data interpretation. The present discussion of stoichiometry
pletely, or even adequately, the chemical reactions that haveconsiders the widest applicability of this term to include all
occurred. Consequently, the representation of an overall re-those features that may be relevant in the elucidation and
action by a balanced equation frequently requires more thandiscussion of reaction mechanisms.
the single measurement, usually a mass loss, that is some- Kinetic data are most successfully interpreted when re-
times given as sole evidence for a stoichiometric conclusion. lated to a single, simple reaction: the discussion below
The unambiguous characterization and complete confirma-is principally concerned with such processes. For more
tion of chemical changes, including crystal structures, may complex reactions, it is necessary to obtain sufficient in-
require much more detailed analytical and crystallographic formation to recognize and to characterize the individual
(X-ray diffraction) measurements than are usually obtain- contributions from each distinct rate process when concur-
able from the usual TA methods. Each report should use- rent and/or consecutive overlapping reactions participate in
fully contain a complete description of all the observations the overall change. Unless methods suitable for complex
made. Confirmatory analytical evidence identifying every processes are applied, the contributions from each partici-
substance formed is particularly valuable when the parame-pating rate process must be separated for kinetic analyses
ter monitored includes contributions from the loss of one, or of every individual reaction. Interpretations of measured
of several, volatile reaction products, perhaps arising throughdata, known to contain contributions from two or more rate
different and concurrent or overlapping processes. processes, by a single reaction rate model, are unlikely to
Enthalpy changes can contain composite contributions, yield meaningful conclusions. Rate data do not ‘average’:

for example, where there are two (or more) concurrent each rate process is individual.
chemical reactions and/or a phase change, such as progres- Many TKA studies appear to presume that reactions pro-
sive melting and/or reactant sublimation. Furthermore, some ceed in the solid state because the original reactant was ini-
types of change in the reactant are not detected by particu-tially crystalline or because the rate data fits an expression
lar TA methods: for example, TG does not record enthalpy from that set of rate expressions which are characteristic
changes due to a reaction, to melting or to other crystal- of crystolysis reactionfl]. This practice may obscure con-
lographic transformations. To overcome method-specific sideration of any alternative mechanistic possibilities. How-
limitations, complementary TA techniques may be used, ever, for a variety of systems (where reactions are complex,
TG and/or DTG is often accompanied by DSC and perhaps due to melting, involvement of reaction intermediates, and
EGA (which may use chemical and/or physical detection others), the most frequently mentiongld kinetic models,
methods). Another limitation is that TA techniques, in con- g(a) = kt, used in solid state kinetic analyses are not in-
trast with microscopic observations, do not gdiesct evi- variably, or necessarily, applicable. Allowance for all possi-
dence of the changing (geometric) dispositions, withof ble instances of atypical or exceptional behaviour must be
active, advancing interfacial reaction zones within the reac- made when interpreting data obtained by any experimental
tant particles. Reaction geometry is often inferred indirectly method for a novel reactant. Many (though by no means all)
through the interpretation of rate data by heterogeneous,TKA studies do not include adequate evidence that each one
interface advance, kinetic modgs-3]. of the chemical changes taking place has been individually

characterized, even though every reaction may be reported

in the form of a balanced stoichiometric equation.
3. Reaction stoichiometry and reaction mechanism

3.1. Reaction mechanisms

Rate investigations have conventionally tended to focus on

the mechanistic interpretation of kinetic data: here itis em-  The termReaction Mechanism, as used in many TKA re-
phasized that the full identification of each chemical change ports, specifically refers only to the characterization of the
that occurs is equally important. Mechanistic interpretation kinetic model, that rate equatiog(e) = kt, identified as
of kinetic data is of value only when the reaction concerned providing the (relatively) most satisfactory representation of
has been fully characterized. The complete stoichiometric the yield—time data for a particular reaction. Consequently,
description of any chemical reaction of interest requires de- this use of the term ‘mechanism’ might be regarded as ap-
terminations of the structures and the compositions of all proximately synonymous with ‘reaction order’ from homo-
participants, including reactants and products. Rate data maygeneous kinetics. This is a much more restrictive usage than
then be related to a single, characterized chemical changethe practice accepted throughout other branches of chem-
For the mechanistic interpretation of kinetic observations, istry, where mechanismdescribes the complete sequence
this may require the recognition of any essential, but tran- of all simple molecular steps through which the reactants
sitory and reactive, participating intermediates. The phaseare converted into products. (This broader meaning can be
in which the reaction takes place must also be established regarded as loosely comparable with molecularity, but, for
including whether or not any reactant, initially solid, un- solids, might require extension to include some associated
dergoes melting, and if this is temporary, partial and/or lo- interactions, crystallography, etc.) A subtle, even insidious,
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consequence of this use of the temachanisnin TKA stud- the widespread use of, and often exclusive reliance upon,
ies is that identification of the kinetic model giving the best automated, intraapparatus calculation programs present the
fit to a data set can become regarded as the only significantalready largely ‘interpreted’ kinetic results to the researcher
mechanistic conclusion to be expected from a kinetic analy- in (what may appear to be) a final printed form. This can
sis. Nevertheless, the other features revealed by a more comreasonably be accepted as a ‘completed’ analysis, particu-
prehensive interpretation are equally important and require larly when results include an ‘excellent’ correlation coeffi-
elucidation of the detailed processes that participate in crys-cient,r, apparently representing a good fit of data to a kinetic
tolysis reactions (e.g., within interfaces, melting, intermedi- model. In the absence of the stepwise (manual) analysis of
ates, etc.). Such complete interpretations must be preferredx—t data, the complexity of behaviour may not be suspected
but require additional observations, including stoichiometry, or detected. Such observation limitations may not be taken
crystallography, observational microscopy, etc., to com- into account when elucidating the reaction stoichiometries,
plement rate studies. Investigations of these mechanisticincluding the following types of measurements.

aspects of crystolysis reactions are exceptionally difficult.

Little real progress towards understanding the chemistry 3.2.1. Crystal structures

of these solid state reactions, including interface processes Reactant structure determinations are important in crystal
and controls, either in general or for specific reactions, has chemistry because solids can be polymorphic, form double
yet been achieved. However, | suggest that this termino- salts, mixed crystals and/or solid solutions, participate in
logical restriction (inconsistent with the original and more topotactic reactionfl,2], etc. Different crystal polymorphs
widely accepted meaning of mechanism) cannot be used asnay exhibit different reactivities and transformations in-
a justification for ignoring all consideration of the chem- volve enthalpy changes. TKA techniques, including struc-
istry involved in the transformations of solid reactants into ture determinations by diffraction methods for samples

products. heated in controlled environments, have been developed
and are referred to ifl,2]. A precise discussion of the role
3.2. Determination of reaction stoichiometry of crystallographic transformations involved in some se-

lected reactions has been given by Petit and Coquiei¢l

A comprehensive survey of the methods used, including Crystallographic evidence can also be used to characterize
problems that arise, in the determinations of reaction stoi- and to confirm the identities of the residual products.
chiometries in TKA studies, including reactions of solids,
would be a valuable addition to the literature. The present 3.2.2. Single measurement observations
discussion is restricted to selected difficulties and identified TKA measurements of (physic&ection 2.1) changes of
shortcomings, to draw attention to the extent of the prob- a single parameter during a chemical reaction may be insuf-
lems that can appear and to indicate their relevance hereficient to characterize fully reaction stoichiometry, as exem-
Many of the earliest TKA studies were concerned with solid plified below. In many reports, the reaction is identified from
state reactions for which the stoichiometries were regardeda measured mass loss, which may be described as repre-
as already well-established, e.g., for the dehydrations of hy- senting (alternatively) ‘satisfactory’, ‘good’, even ‘excellent’
drates (such as alums and other metal sulphates, etc.), thagreement with an anticipated chemical change. There do
decompositions of CaGf)NiC,04, etc. On heating in vac-  not, however, appear to be accepted criteria by which such
uum, these reactants did not melt, or at least not obviously ‘satisfactory/etc.’ correlations with expectation are generally
and comprehensively, and the sigmoid-shaped fractional re-agreed and alternative possible stoichiometries can some-
action a—t curves were interpreted through nucleation and times be perceived. Often such data analyses may be compli-
growth reaction modeld ], often with positive support from  cated, or the reliability of conclusions reduced, by the occur-
microscopic observations. rence of precursor reactions (surface drying or initial losses

Advanced TA methods have been applied in investiga- of impurities) and/or by overlap, to a greater or lesser extent,
tions of a wide range of thermal reactions. However, kinetic with previous and/or successive steps, where the reaction
analysis theory has not been appropriately extended or mod-is one in a sequence of consecutive rate processes. Some-
ified and such TA results are not usually complemented andtimes mass losses, reported to apparently, or to claimed,
confirmed by suitable additional observations. Shortcom- great accuracy, are inferred from a point of inflection on
ings evident in recent TKA research reports include at leasta TG curve, but criteria for the measurement are not pro-
two factors (the resultant from their combined consequencesvided. Evidence confirming that behaviour is reproducible
are probably greater than the sum of the parts). First, theis not usually given. Different stoichiometric conclusions,
use of a small sample mass retained within an enclosed en-by different workers, were reached from mass loss measure-
vironment renders the reactant effectively invisible. In the ments for the stepwise dehydration of Nis&H,O: the re-
absence of supporting microscopic examinations (formerly sults supported by characterization of the phases present,
extensively usefB]), the valuable inferences made from di- by diffraction methods, were preferrét]. El-Houte et al.
rect observations, including changes of the sample texture[13] described a dynamic apparatus that is capable of sep-
that occur during reaction, are no longer available. Second,arating, for identification, the individual steps in sequential
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dehydrations. The rate of temperature rise is relatively re- ham and Brauifil4] and Vyazovkin15]. These theories can
duced during product evolution, because this improves dis- have some value in providing insights into inherently com-
tinguishability of the contributory reactions. plex reactions and concurrent chemical changes proceeding
The exclusive use of mass loss to characterize stoichiome-in intractable reactants. However, the alternative approach
try can be unsatisfactory because of possible interpretationalsometimes reported, where composite data, already known
ambiguity and where the response measured may includeto include contributions from two, or more, distinct rate pro-
contributions from more than a single rate process and/orcesses, are regarded as a single reaction for the purposes
sublimation. For example, the mass loss on HCI evolution of kinetic analysis, is totally unacceptable in fundamental
corresponds closely with the loss of 2B the difference  work. Conclusions based on such composite data cannot be
is a [(36.46— 36.03)/36] = 1.19% error, which, if used accepted as characteristic of any (or of either) component
to distinguish alternative possible reactions, demands greatprocess and the kinetic model and Arrhenius parameters can-
precision of mass determinations. Other TA methods may not be identified with any single stoichiometric reaction. The
be more specific in response and the use of more than a sinonly possible use of such ‘averaging’ is to provide an em-
gle measurement, through complementary observations, ispirical representation of the overall behaviour, which may

always to be recommended. have no theoretical value.
Some crystolysis reactions, formerly regarded as single,
3.2.3. Reactant characterization stoichiometric decompositions, have subsequently been

Many TKA investigations have studied decompositions shown to be complex, in which two, or more, overlapping
that take place following a precursor reaction, which may rate processes contribute to the overall change. Examples in-
involve changes of crystal structure, accompanied by al- clude the decomposition of KMnQwhich is now accepted
terations of surface area, particle size, imperfection, also as involving the intervention of MnQy), [16], and the
defect content and distribution, etc. Decompositions of var- dehydration of Cag04-H,0, in which water is lost from
ious carboxylates, including oxalates, etc., are usually thetwo different sites at appreciably different rads]. The
breakdown of the anhydrous salt, formed after a precursordecomposition of KMn@ was, for a long time, regarded
dehydration step. Moreover, some dehydrations are accom-as a representative, simple solid state reacfigh6] and
panied by hydrolysigl]. Ideal and complete characteriza- the dehydration of CafC4-H>O has been used as a model
tion of the reactant should include confirmation of chemical reactant in comparative studi§g]. Nevertheless, new ki-
composition and crystal structure, together with determina- netic analyses and data interpretations are required, based
tion of impurities, particle sizes, etc. This is relevant only on these demonstrations that neither reaction is simple,
after completion of all precursor steps, such as dehydration,necessitating reformulation of each reaction mechanism.
phase transformation and any other accompanying changes. The decompositions of many salts of halogen oxyacids
Some TKA studies, investigating the chemistries of steps in [18] have been described as proceeding through the sequen-
a sequence of consecutive reactions involved in the overalltial elimination of oxygen from the anion as reaction pro-
breakdown of complex compounds, taking place in succes-gresses. Partial reactions yield mixtures that contain two or
sively higher temperature ranges, fail to characterize ade-more anions, the proportions changing as reaction advances.
quately the structures and compositions of the reactants forThere may also be melting. The full kinetic characteriza-
all the steps after the first. Thus, while the kinetic data may tion of these complex concurrent reactions would require
be reliable, the reaction stoichiometry may not have been extensive analytical measurements to determine the amounts
satisfactorily established. Reaction products should also bepresent of every participating species and their variations
fully determined, with due consideration of the possibility with «, t and T. In another set of complex reactions, the
that molten materials may solidify with crystallization on decomposition products of some trivalent (Group Ill1A) ox-
cooling and before removal from the apparatus for examina- alates between 573 and 693 K have been found to vary with
tion. Such rigorous and ideal confirmations of the stoichiom- both T and pressures of the gases predé®f. Reactant
etry of reactions investigated by TKA methods are described breakdown proceeds through various oxycarbonates, some-
relatively infrequently. Many reactants are characterized, times accompanied by cation reduction, perhaps involving
most simply, only from the label on a manufacturer’s bottle, the CO product. Gases evolved contain both CO and,CO
and products are inferred only from a mass loss, sometimesthe former undergoing some disproportionation with carbon

estimated from an inflection on a TG curve. deposition(2CO — CO, + C). It is difficult to characterize
fully the stoichiometry, which may vary with reaction con-
3.2.4. Concurrent rate processes ditions,a, t, T, etc. The collection of sufficient data for com-

Separation, through quantitative determinations of the in- prehensive stoichiometric and kinetic analyses would require
dividual contributions from two or more concurrent rate the most careful design of experiments to obtain sufficient
processes contributing in TKA measurements, can be dif- information, capable of being reliably related to identified
ficult and may be subject to error. Aspects of the analy- individual, simple reactions in these complex, often step-
sis of data that include contributions from parallel reactions wise, degradation processes. Such investigations are much
and variations inE values have been discussed by Burn- more difficult and complicated than may appear at first sight.
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Further difficulties in elucidating the chemistry, includ- practice of disregarding the possibility of fusion cannot be
ing stoichiometry, of some complex, condensed phase,sustained, now that studies have been extended to include
decompositions are illustrated by the thermal breakdown of a much wider range of substances beyond those (almost
(NH4)2Cr207. This was originally (implicitly) identified as  ‘model’ solid) reactants, that formerly attracted the great-
a solid state reactiof20] in which analytical observations est interest. Moreover, some reactants, previously accepted
identified the participation of nitrate and nitrite. A later as decomposing in the solid state, have subsequently been
study[21] expressed the various steps of the overall reaction shown to undergo melting during breakdowh22—-24].
as balanced stoichiometric equations. Subsequent work,Nevertheless, literature reports of analyses of rate observa-
however, has shown that this reaction proceeds with melt- tions are frequently based on the comparatively ‘best fit’ of
ing [22]. The behaviour was regarded as complex, reactantdata to a kinetic model selected exclusively from the set of
dissociation being followed by local melting (of G in solid state geometric models. When discussions, presenting
which oxidation of ammonia (ammonium ions?) accompa- such conclusions, make no mention of the possibility that
nied chromium reduction. The several interrelated reactions melting could have occurred, it follows that the kinetic in-
(homogeneous, in the melt) could not be distinguished terpretation reported carries the strong implication that the
within the overall kinetic characteristics. Their elucidation reaction has occurred in the solid state. This is clearly an
would require individual investigations of suitable synthetic unsatisfactory practice: perhaps the most important mecha-
mixtures to provide a complete description of reaction nistic feature of any chemical change, whether the reaction
chemistry, including stoichiometry. This was not under- proceeds in a solid or a liquid, remains unaddressed, while
taken, but the complexity of the participating reactions was the kinetic interpretation presents a strong, but unstated,
demonstrated22]. Similarly complex mechanisms, again implication that a crystolysis reaction has occurred. The ac-
involving transient intermediates and probably proceeding cepted convention, that there is no requirement discuss the
in specialized local, liquefied reaction zones, have been possibility of fusion, before or during a reaction, is, on the
shown to occur during the decompositions of NHO, view expressed above, a major restriction on the adequate
[23] and of copper(ll) malonatf24]. The breakdowns of interpretation of TKA data. This can be a self-fulfilling
several copper(ll) carboxylates proceed in two consecutive prophecy; a phenomenon conventionally and conveniently
steps through cation reduction, €u— Cut — CW° [25]. ignored is not, or is less, likely to be detected.

Overall, these reactions cannot be represented by a single The possible participation and role of melting merits
stoichiometric equation or a single kinetic model, but each much more careful consideration than is usually provided in
process is the outcome of two or more interlinked decompo- TKA investigations; many reports simply ignore the possi-
sitions. Thus, the temperature coefficients of reaction rates,bility. This is particularly important because melting is not
and the apparent values Bf are the composite resultants. detected by that most extensively used TKA measurement
technique, TG. Liquefaction is, however, significant for the
3.3. Melting, before or during reaction following reasons. First, at least some chemical changes
proceed more rapidly in a melt than in a cry$24]. Second,

While melting might not strictly be regarded as a feature while comprehensive reactant melting is relatively readily
of stoichiometry, it is usefully mentioned here because it detected (by microscopy, a sharp DSC endotherm, etc.), the
is an important property of reacting participants and an identification of transitory fusion, which may be temporary,
essential consideration in the formulation of reaction mech- partial and/or local, is much less easily characterized, even
anisms. Kinetic and mechanistic reports of TKA studies when specifically soughf24]. An enthalpy of fusion re-
involving initially crystalline materials have, however, fre- sponse, during progressive melting, can be obscured by that
quently omitted all mention of any possibility of reactant of an overlapping reaction. A liquid phase present at reaction
liquefaction, liquid intermediates and/or the formation of temperature may solidify on cooling. Detection of melting
a reactant/product molten eutectic. This is unreasonablefrom characteristic surface textures, such as bubble and
because melting is probably the most frequently observedfroth-like structures, through microscopic observations may
consequence of heating a solid. Moreover, it is believed require fracture of crystals to expose internal features when
[26] that many reactions proceed relatively more rapidly in melting is intracrystalline. Fracture is necessary because
the liquid phase. After fusion, the intracrystalline stabiliz- the integrity of individual reactant crystallites is sometimes
ing forces are relaxed and the stereochemical constraintsmaintained throughout reaction due to particle preservation,
capable of opposing the adoption of the most effective pre- resulting from early development of a superficial coherent
cursor molecular disposition for chemical change (activated but unreactive boundary zorj24]. Examples of reactions
complex formation), may be significantly diminished. involving melting, which mention the experimental prob-

One (now inapplicable) reason for discounting all consid- lems and difficulties in recognizing fusion, include the
eration of melt participation in TKA studies, is that many decompositions of (Nk2Cr,O7 [22], NH4CIlO4 [23] and
of the early reactants were specifically selected from a rel- copper(ll) malonatg24], discussed above. A further type
atively restricted range of compounds, already known to of mechanism, only cited here to illustrate the complexity
undergo crystolysis reactiorjfd—4]. However, the general of the behaviour possible, is reaction within a liquid solute
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provided by condensation of a low boiling point product 3.4.2. Reaction intermediates in melts

[27]. The detection of intermediates in melts (in contrast with
the interfaces characteristic of crystolysis reactions) may

3.4. Reaction intermediates, transitory and unstable be more readily achieved. The active participants may
themselves be present as liquids at reaction temperature or

3.4.1. Crystolysis reactions perhaps be capable of forming a eutectic with the reactant,

Solid state reactions that proceed stepwise through a seto which it must be chemically related. However, because
gquence of rate processes are well-known, for example, dehy-partial fusion is so rarely detected in this field, only a few
drations of crystalline hydrates frequently proceed with the examples of reaction intermediates have been described,
intervention of one, or more, lower hydratg8]. Such in- including for the examples mentioned above (with melted
tervening (often stable) phases will not be referred to (here) intermediates): the decompositions of ammonium dichro-
as reaction intermediates but, in kinetic investigations, eachmate (CrQ [22]), ammonium perchlorate (N0, [23])
must be regarded as the product of one reaction and as thand copper(ll) malonate (acetate, coppef@®),25]). More
reactant for the next, in a stepwise sequence of consecu-details concerning these mechanisms are given in the ref-
tive rate processes. A reaction intermediate, as generallyerences cited. Intranuclediquid bromine was identified
accepted in chemical kinetics, is an essential participating as a solvent for the low temperature, interface reaction of
species, often present at low concentrations, usually unstafpotassium bromide with chlorine gas (possibly proceeding
ble, reactive and having transitory existence, frequently ex- through K[BrCb] [27]).
isting only during the progress of reaction. Whether or not
a transitory, unstable intermediate can be properly regarded3.5. Complementary measurements
as a stoichiometric feature of the reaction depends on which
aspects of the steps that contribute to the overall change are During the early crystolysis studies, before the advent of
being considered. However, such unstable participants areTA, kinetic data was implicitly accepted as being only one of
relevant in the formulation of reaction mechanisms and in several complementary sources of experimental evidence re-
determining the controls of reactivity: intermediates, there- quired to characterize chemical behaviour in intracrystalline
fore, merit mention here. As with recognition of the im- reactions[1-3]. Recognition of a ‘best fit' kinetic model
portance of melting, the participation of intermediates has was discussed and interpreted in the context of support from
conventionally been virtually ignored in studies of crystol- microscopic observations. Geometric conclusions were of-
ysis reactions and subsequently, possibly consequently, inten based on quantitative information of two independent
TKA. Again, what is not sought is less likely to be found, butcomplementary types. The extent (a-range) of kinetic fit
so that the roles of intermediates appear to have remainedcould be reported and the kinetics of the contributory (solid
unsuspected and unconsidered during many interpretationsstate) controlling steps (e.g., nucleation and growth) were
of kinetic resultg16,17,22-25]. sometimes individually measured. If a diffusion process was

Considerable difficulties attend the characterization of indicated as rate controlling, attempts were made to identify
the steps through which a solid reactant is transformed into the migrating entity. In more recent work the (printed) out-
solid products, because such changes are often believed t@ut of kinetic results based on TKA automatic methods of
occur, largely or exclusively, within a specialized, localized data analysis often appears to be acceptable as all the evi-
active interfacg1—3]. The detection of very small amounts dence necessary to establish the reaction mechanism, if the
of unstable species within an advancing reaction zone, value of a correlation coefficient is regarded as being suffi-
which may be of molecular thickness, is experimentally ciently close to unity. Chemical and mechanistic aspects of
particularly difficult. The physical or mechanical separation, behaviour, such as the identification of the diffusing species
the isolation or penetration of the reactant/product contact participating in reactions identified as subject to diffusion
zone in the laboratory, for a partly reacted crystal, might be control, are frequently ignored. It is now suggested that char-
expected to result, most usually, in the destruction of those acterization of such migrants should be a requirement for
unstable structures or components sought. Non-invasivethe full stoichiometric description of the reaction.
methods, such as spectral examination, have been suggested It is emphatically not the purpose of this review to den-
[29] but accepted practices do not include, or have meth- igrate the achievements of the many researchers who have
ods generally suitable for, the identification of any species positively advanced thermal chemistry by TKA methods. It
present in, or precise structures of, the reactive and inaccesis my intention to point out that the undoubted and valuable
sible zones wherein reactions take place in solids. Detailedachievements of TKA techniques should not be accepted as
interface chemistry at the molecular level and methods for a complete replacement for all the alternative and comple-
determining reaction controls have not been established formentary experimental methods that formerly were used in
most solid state reactions of interdd. Some progress  crystolysis studie$6]. Overall, this subject could be much
towards characterizing the structural changes that occurmore effective if the advances in all the types of experimen-
across a reaction interface has, however, been reported byal apparatus were now to be fully exploited and directed in
Boldyrev et al.[30]. a coordinated attempt to understand the chemistry of solids.
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In a high proportion of TA studies, little effort is made to promoted catalytically by the nickel metal residual product).
exploit the benefits of the other methods available for this re- The decomposition of copper(ll) formate similarly involves
search, though the older literature provides ample evidencesecondary reaction84], there is evidence of the interven-
of the value of such complementary observatifhs3,6]. tion of the unstable volatile intermediate, copper(l) formate.
These include all relevant observations obtained from mi- Decompositions of some azides have been shown to yield
croscopic, crystallographic, analytical, spectroscopic and all a proportion of atomic nitrogef82], though the detection
other suitable measuremeriy. One explanation for the  and measurement of this product is experimentally difficult.
current contraction in use of this broader range of techniques

is an apparently implicit belief that TKA methods are capa-

ble of answering all relevant questions about any selected4. Kinetics of reversible and/or endothermic

reaction. However, a moment of reflection by anyone active dissociations of solids

in the field must surely reveal the unsatisfying incomplete-

ness of this answer. More specifically, characterization of 4.1. Influence of reaction conditions on kinetic

the stoichiometry of an unfamiliar reaction requires obser- characteristics

vations that are of at least equivalent status and reliability

as those used to determine the kinetic data. Stoichiometry Many reversible and/or endothermic reactions have been
must never be regarded (as sometimes appears) as a ‘usesf particular interest in TKA studief8]; these include the

ful by-product’, of TA observations that have been obtained release of water of crystallization from hydrat@8] and

primarily for use in rate studies. the dissociations of carbonates. Kinetic characteristics are
generally sensitive to changes in the procedural variables
3.6. Secondary reactions between primary products (sample size, particle size, heating rate and pressure of gas

product presenf35]) which introduce contributions to ki-

The reaction stoichiometry should (ideally) establish the netic control from the rates of mass (volatile product) and of
composition of the primary products, which can provide ev- heat transfer/diffusion processes. Two alternative approaches
idence of the particular bond rupture steps that control the may (in principle) be used to measure the (maximum) re-
reaction. (This feature of solid state reactions has been dis-action rate, characteristic of control (only) by an interface
cussed by L'vov for studies of the kinetics of crystolysis process, which may enable the chemical rate determining
reactions[31,32].) To identify primary products, it may be step to be identifie36]. First, reaction conditions, suitable
necessary to withdraw product gases rapidly from the reac-for such kinetic measurements, may be established by dedi-
tion zone, at low pressure, to minimize possible interactions cated experiment{86—39], so that product availability (i.e.,
between reactive primary products in the gas phase and/or orgas pressure) is maintained below that identified as influenc-
catalytically active surfacg83]. The reaction productsiden-  ing reaction rate. Similarly, rates must be sufficiently slow
tified from stoichiometric measurements are not necessarilyto avoid effects from reactant self-cooling. Second, it may
those released by the (interface or other) reactant breakdowrbe possible to make compensatory quantitative allowances
step. Secondary reactions, yielding the stable product mix-for secondary controls. In practice, uncertainties concerning
ture that is ultimately detected, are then regarded as furtherthe factors that determine reaction rates have not been ad-
contributory processes in the overall reaction mechanism. If equately resolved for most of these reactions. Moreover, in
the secondary reactions between the primary gaseous prodaumerous published studies the role of secondary controls
ucts of an irreversible decomposition are sufficiently rapid, remains unaddressed.
their occurrence does not necessarily influence the observed Apparent kinetic characteristics should be interpreted
overall kinetic characteristics. Under such conditions, yields with quantitative allowances for each individual secondary
of (secondary) products remain quantitatively directly pro- control that is capable of exerting an effective influence on
portional to those of their precursors. However, if the product reaction rates, though there have been remarkably few such
compositions change during reaction, perhaps by tempera-studies. When multiple kinetic controls are significant, the
ture or pressure dependent equilibria, the rate data measuredverall rate data measured should be regarded as empirical,
may not remain linearly related to the extent of reactian,  possibly referring only to the specific, not often precisely
Rate variations arising from changes in COAJ@tio and/or defined, conditions that prevailed during those particular
CO disproportionatioi— CO, + C) introduce uncertain-  experiments. Such reaction rates may be the resultant from
ties into kinetic studies, e.g., for decompositions of Group different contributions for locally variable conditions dis-
[IIA oxalates[19]. tributed within a kinetically inhomogeneous reactant mass.

Rapid secondary reactions have been shown to partic-Furthermore, the intrasample kinetic characteristics can be
ipate in many decompositions, e.g., metal formates. The expected to vary as reaction proceeds, due to local changes
decomposition of nickel formate in vacuum yields a high in distributions of product gas pressure and of temperature
proportion of CO but, if gases are not rapidly withdrawn with position and with time. These are due to self-cooling
from the reaction zone, the CO/G@atio is that expected [35,40-43] and the ease of diffusive escape of volatile
from the water gas shift reactidB3] (this reaction may be  products [36—39] along the intraparticular pores and/or
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interparticle channels of various dimensions. Thus, in many Minimum practicable sample masses (3—-0.2 mg) were used
TKA experiments, conditions within the sample are often and data extrapolated to zero mass to eliminate the influ-
inhomogeneous, varying both in time and within space, and ence of the water reuptake reaction. From dehydration rates
remain incompletely identified leading to empirical kinetic measured between 333 and 397Has 130+ 3kJ mol L.
characteristics. This is significantly larger than several other values re-
Self-cooling. Drapef40] could say in 1970, referring to  ported and it is shown that dehydration rates reported in
calcite dissociation, “we found we could design the shape previous investigations were underestimated by factors of
of the decomposition curve by systematically violating the at least 100x. A similarly precise study is reported for the
conditions of the (rate) equation with respect to heat flow”. dehydration of copper(ll) formate tetrahydrd89]. How-
The relatively low rate of heat flow resulted in self-cooing ever, the extensive literature on dehydrations of crystalline
which, therefore, exerted a significant kinetic control in this solids[28] contains few measurements of the influences of
endothermic, reversible reaction. Similarly, the importance low water vapour pressures on dehydration rates.
of self-cooling during dehydrations was effectively demon-
strated by Bertrand et gl1]. However, as pointed out by  4.3. Thermal decomposition of calcium carbonate
L'vov [42], who has also contributed to quantitative assess-
ments of the relatively large significance of the effpig], The CE is discussed under Kinetic analysiSection 5.5.
this work “did not receive as much recognition”. However, because essential features of this kinetic behaviour
Reversibility. The overall kinetic characteristics of many pattern are relevant to discussions of calcite dissociation
solid state dissociations are sensitive to the quantity of [44—47], some background information is given here. Sets of
volatilized product available at the active reaction zone. rate measurements for Cag@issociation— CaO+ COy)
Darroudi and Searcj37] showed that the rate of product have been obtained under a range of experimental con-
CO;, evolution from calcite is relatively insensitive to car- ditions, and are, therefore, subject to different secondary
bon dioxide pressure only when this is less than 1% of its controlling influences from rates of heat and product,CO
equilibrium value. One method of determining if a particu- movements. These result in marked variations in calculated
lar, untested reaction is condition-sensitive is to determine (apparent) magnitudes of Mand E which exhibit a pro-
whether, or not, the kinetic behaviour varies with changes nounced CE, representing approximiatekinetic behaviour:
in procedural variables (product pressure, particle sizes,values ofk, tend towards a common value at tkekinetic
packing in the reaction vessel, e{85]). However, such  temperaturd46]. Such a set of kinetic data normally encom-
tests are rarely reported or even mentioned. pass comparable ranges of reaction rates that were measured
Measurement of the absolute rate of the ‘forward’, dis- within similar temperature intervals. This approximation to
sociation, step in reversible reactions, under conditions thatisokinetic behaviour arises because the absolute reactivity
confirm the absence of, or minimize, contributions from of the calcite is almost constant and within such data sets
the ‘back’ reaction, have been shoy®6—39] to require a CE appear§44—47]. Such diverse magnitudes Afand
dedicated, high vacuum equipment for such experiments. E cannot identify a rate controlling step in salt breakdown,
Exceptionally careful studies, addressing the difficulties of unless experimental conditions have been suitfd8y37]
obtaining reliable rate measurements and comparing kineticdesigned to eliminate the effects from secondary controls.
results with previous literature reports, have been made for It is generally agreed, within the large and relevant liter-
the decomposition of CaCG{J36,37]and the dehydration of  ature[1], including many TKA contributions, that calcite (a
NiC204-2H,0 [38]. These TG studies were designed care- reactant extensively used both in early and in more recent,
fully and applied stringently: the relevant results are summa- crystolysis studies) dissociates to CaO and,@anly) by
rized below. Because the considerable difficulties inherent a (reversible and endothermic) interface reactibh Ki-
in such fundamental experimental measurements of reactionnetic characteristics are highly condition-sensitive, though
rates were confronted, the controlling (maximum) rates of surprisingly few of the numerous studies have attempted
product evolution were determined. These important resultsto measure quantitatively and separately the individual in-
appear to have received very much less interest than theyfluences of these secondary controls, and/or of conditions,
deserve, with few, if any, attempts at replication or extension on reaction rates. Overall, a CE has been fo[#45,47]

by similar investigations for other comparable systems. across an exceptionally (and theoretically unacceptably)
wide range of reported Arrhenius parameter magnitudes.
4.2. Dehydration of nickel oxalate dihydrate Beruto and Searc}B6] discuss the controls of calcite de-

composition, through a kinetic study of reaction at the single
Flanagan et al[38] showed that the dehydration of face of a large crystal heated in a vacuum maintained be-
NiC»04-2H,0 was severely inhibited by the presence of low 102 Pa. Isothermal reactions, between 934 and 1013 K,
small water vapour pressures: it was estimated that at 383 Kproceeded at constant rafewas 205 kJ molt. During in-
the rate was reduced 0.0dy 5 Pa BO. Dehydration rates  ward advance of the interface, the rate was not decreased by
were measured by TG in an efficient vacuum system, ca- the progressively increasing thickness of the solid product
pable of 10*Pa and always maintained at low pressures. layer. Heat transfer was regarded as a negligible source of
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error, though this was later discussed by L'j@3]. This method for measuring the rate of the interface process. Re-
magnitude ofE is larger than many reported values, some action rates at a representative temperature can be compared
of which are comparable with the equilibrium dissociation at progressively lower pressures to determine the value at
enthalpy (173.5 kJ molt [36]). Many values oE, obtained which the amount of product present ceases to influence the
under less rigorously controlled conditions, are close to the rate of the dissociation reacti¢®4,55]. The same approach
dissociation enthalpy. This is ascrib§b] to overall rate may, in principle, be used to detect onset of the influences of
control by the diffusive loss of product G@long the pres-  inhomogeneities within the reactant mass. No experimental
sure gradient developed between the approximately equi-method is known that is capable of eliminating all possibil-
librium dissociation pressure established within the outer ity of any reverse reaction. However, through the use of low
pores of the sample and the gas beyond. When this diffu- pressure CRTA, small sample sizes and low reaction rates,
sive removal of product is rate controlling, for reactions in the results may be critically compared to determine the con-
the presence of gas(es), the measured rate cannot be idertribution (if any) from experimental conditions on reaction
tified with an interface step. Darroudi and Seaf8y] later rates. Thus, CRTA offers a valuable technique for determin-
showed that calcite dissociation rates were essentially inde-ing rates of ‘forward’ reactions only. It may further provide
pendent of CQ pressure below about 1% of the equilibrium evidence that the contribution of the reverse reaction is small
dissociation pressure but, above this value, rates became reland the conditions established within the reaction zone are
atively sensitive to product pressure. Other investigations maintained more nearly constant than during other kinetic
and discussions of the kinetics and mechanisms of calcitemethods. Applications of the CRTA method have been used
dissociation have been given by Barfd8] and Reading in kinetic studies of the dissociations of calcjt®,55] and

et al. [49]. A problem in the complete characterization of of dolomite[56].

this reaction was identification of the initial solid product.

Although the intervention of a metastable modification of 4.6. Comment

calcium oxide was proposdd6], later work[50] suggested

that this nascent product might be very small CaO needles From the studies of NiglD4-2H,O dehydratior{38] and

(about 10 nm): this remains unresolved. CaCQ; dissociation[36,37], it is reasonable to conclude
that certainly some, perhaps many, possibly all, endother-
4.4. Dehydration of lithium sulphate monohydrate mic, reversible reactions exhibit comparable sensitivity of

dissociation kinetics to the presence of small pressures of
L'vov [51] has made a comparative survey of literature the volatile product. It cannot be assumed, however, without
reports for LpSOy-H2O dehydration kinetics, considering more experimental evidence, that kinetic data determined
the influence of water vapour on reaction rate. From the under only a single set of conditions can be of fundamental
diverse published data available, he concluded “Despite thesignificance or yield measurements from which a rate deter-
significant differences between the methods and conditionsmining step can be inferred. Where there is a possibility that
of these studies, the product partial pressures and activatiorreaction rates are condition-dependent, this can be readily
energies turn out to be in good agreement with theoretical investigated by observing whether or not kinetic behaviour

calculations”. changes with variations of the procedural varialjB&g. Re-
sults obtained can be expected to yield important insights
4.5. Controlled rate thermal analysis (CRTA) into reaction chemistry and/or secondary controls (roles of

heat and/or volatile product movements, diffusion, etc.) and

CRTA was originally developed to reduce, perhaps even thus mechanisms.
to eliminate within the reaction zone, contributions from Comparative kinetic studies, under complementary alter-
variations of those factors capable of influencing reaction native and varied conditions, preferably including some low
rate, when using TKA techniqués2,53]. During CRTA ex- pressure measurements, representing appreciable changes
periments, the rate process of interest is often controlled toin the procedural variables, can usually be undertaken for
proceed at a constant, predetermined rate that is maintainedny reaction in which there is any possibility that reversibil-
automatically by feed-back controls, based on product pres-ity or self-heating/cooling may influence reaction rate.
sure (or other appropriate parameter) measurement, that opinterpretation of observations may then proceed with ref-
erate by variations of the sample temperature. Consequentlyerence to all factors found to change kinetic characteristics
the influences of volatile product pressure on the reversible and rates are identified as being (totally, or at least partly)
process and endothermicity from self-cooling may be elimi- controlled by secondary parameters. For example, the flow
nated or substantially diminished, to remain effectively con- of inert gas through a reaction vessel may be insufficient
stant throughout the progress of reaction. to remove completely the participation of intrapore equi-

If the constant (and potentially reaction rate influencing) libration by a gaseous product which then influences the
product pressure in the environment of a reversible reactionapparent overall rati36]. Ravindran et al[57] have shown
is maintained below the value at which the reverse processthat the isothermal kinetics of Cug®,0 dehydration at
appreciably influences kinetics, then this provides a reliable about 500 K were consistent with a diffusion control model
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whereas non-isothermal reactions were identified as a nu-rate observations can be useful in both contektapirical
cleation and growth process. These variations of apparentstudiesare used to determine rates of chemical change for a
behaviour demonstrate sensitivity of kinetics to reaction specific purpose, under conditions relevant to an identified
conditions. objective, such as to obtain data to use (for examples) in the
The most reliable method for determination of the rate design of a manufacturing process, to investigate a prepara-
of the ‘forward’ reaction in a reversible dissociation must tive method, to determine compound stability, including its
be through dedicated, specifically designed experimentsslow degradation during storage (‘shelf-life’ of foodstuffs,
[36—39]. Similarly, careful high vacuum kinetic studies may drugs, explosives, etc.). If reaction conditions are incom-
be required to assess the value, and to determine the reliabilpletely characterized, sensitive to changes of procedural vari-
ity, of methods advocatef®5] for the correction of kinetic ~ ables or are inhomogeneous within the reaction zone (etc.),
data for a reversible reaction, in the presence of the volatile the results are unsuitable for fundamental chemical purposes
product (e.g.[58], to remove the influence of GQpresent including theory development, unless proper allowances can
from rate control in calcite decomposition). (It seems to be and are made for all secondary controls. There may also
me that there are considerable uncertainties in devising abe further restrictions in the applications of empirical obser-
method for the rate determination of an interface processvations, perhaps due to research limitations from restricted
that occursbehinda zone in which there is gas—solid equi- budgets, classified programs and/or commercial confiden-
libration of the type described if58]. Features of the rate tiality. Fundamental studies, with which the present article
of initial product release, at an active interface, are likely to is almost exclusively concerned, are intended to contribute
be modified by the presence of any significant amount of to scientific theory, through the ordered extension and de-
gaseous product within the zone before its detection. The velopment of chemistry generally. Work is directed towards
rate measured will then be dominated by the equilibrium formulating systematic theoretical explanations for chemi-
displacement process. | suggest that the absolute rate otal reactions, towards classifications of behaviour patterns
product formation at the reaction site requires disect amongst related reactions and towards providing founda-
measurement, in the demonstrated absence of all concurrentions so that predictions can made, by scientific induction,
or consecutive rate processes. Confirmation of the validity for the properties of untested systems. In pursuit of these
of any correction method ultimately depends on a knowl- scientific objectives, kinetic studies are frequently directed
edge of the rate of the uninhibited ‘forward’ reaction which, to the formulation of reaction mechanisms and to the iden-
presumably, must be reliably measured experimentally: ap-tification of those parameters which control reactivities. In
parently this is only possible by high vacuum experiments.) fundamental research, rate data, and interpretational models
It could be useful to assume, at least initially, and until derived therefrom, are of greatest value when applied to
demonstrated otherwise for each individual substance, thatstoichiometrically characterized single reactions and where
published kinetic results for any reversible, endothermic the measured data can be demonstrated to refer directly to a
dissociation are empirical rather than fundamental. The dominant and identified controlling process (after removal
confirmation that such rate measurements are reliable, andr quantitative allowance for secondary influences on rate,
refer to the chemically controlling step, must precede all Section 4). (Dictionary definitions of science refer to or-
attempts to interpret kinetic data through formulation of dered, systematic knowledge and to the identification of
detailed reaction mechanisms, to recognize the rate limiting generality by induction from particular instances. The TKA
step, or to identify the parameters that determine the ab-literature exhibits little evidence of systematic order of con-
solute reactivity. Many kinetic results in the literature refer tentor coherence of contributions which are the precursors to
to reactions proceeding in locally changing, and incom- generalizations leading to theoretical concepts and models.)
pletely characterized, conditions within an inhomogeneous The present review discusses problems, mainly from re-
reactant, though apparently this possibility remains widely cent TKA literature, which are inherent in the mechanistic
unrecognized. Further work is required to establish how interpretation of measured rate data, including reactions

widespread are the effects mentioned abf8&-47] and of solids. There are well-known similarities between some
how (fundamentally) reliable are many of the published kinetic characteristics of crystolysis reactions and those
kinetic reports for thermal reactions. for homogeneous reactions. These resemblances include

the adequate fit of data to rate equations based on reaction
order (concentration terms) and to the Arrhenius equation,

5. Kinetic analysis: interpretation of rate which provides a widely, almost universally, acceptable rep-
measurements resentation of the variation of rate constaftsyith T [59].
However, while the application of the Arrhenius equation to
5.1. Empirical and fundamental kinetic studies: solid state chemistry is generally accepted, its interpretive
the Arrhenius equation extensions, through use of the transition state theory mod-

els to represent crystolysis reactions, requires considerably
Throughout chemistry, measurements of reaction kinetics greater justification and support than has yet been provided
are undertaken for two principal reasons, though sometimes[29]. This shortcoming arises from the lack of detailed
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information concerning the nature of any rate determining nations, the calculations, the interpretations and the signifi-
steps that control reactions in solids, which are probably cances of the magnitudes of Arrhenius parameters:

dissimilar from the gas collisional encounters and activated

transition complex formation steps that are envisaged in ® Determinations. Reaction rates measured represent a

the theory of homogeneous reactioja®]. Different, but
related and equally pertinent, inherent uncertainties exist in

the interpretation of kinetic data, for complex reactions of ®

all types. Dedicated and specifically designed experimental

measurements may be required to characterize each and

every factor that contributes to the control, or to perceptibly
influence the rate of formation of each product.

5.2. Aspects of kinetic analysis of rate data obtained by

TKA measurements ®

Probably the most significant mechanistic concept in the
theoretical development of solid state reaction kinetics was
the (early) recognitiorf3,60] that chemical changes often
occur preferentially at, or within, that thin, advancing zone

chemically controlling step only in the absence of sec-
ondary influences (Section 4).

Calculations. Changes in the apparent magnitudee of
with the kinetic model used in the calculation are evi-
dence of inconsistencies between current practices and
the original concept of activation ener{y9]. This prob-
lem appears to have resulted from modifications to the
meanings, or implicit definitions (including units), of the
kinetic termsA, E andk [61,62].

Interpretation and significance. Without information
about the structures and bonding interactions controlling
the transformation of reactant into product, for crystol-
ysis reactions, the value & cannot be associated with
any particular chemical ste63]. A comparable uncer-
tainty in the significance dt may arise in homogeneous

reactions (and also after reactant melting) where com-
plex behaviour involves the participation of multiple

(concurrent and/or consecutive) reactions and unidenti-
fied intermediates are involved. For many reactions of
the types studied by TKA methods, much more infor-
mation than is currently available, or is readily obtained,
may be required to establish the chemical significance
of the temperature coefficient of an overall reaction
rate.

that is the active interface. For many crystolysis reactions,
the characteristic variations of rate, as the chemical change
proceeds, are represented by kinetic equations based on ge-
ometric modeld1-3]. The reaction rate is regarded as di-
rectly proportional to the area of reactant/product contact.
Kinetic geometric interpretations, for many favourable re-
actions, have been supported by microscopic observations
(see, howevel28, Section 6.1]). The difficult, and hitherto
unresolved, problem now is how to characterize the nature
and controlling parameters of the chemical steps occurring
within these interfacial zones of locally enhanced reactivity. 5.3. Kinetic analysis of rate data for crystolysis reactions

A primary objective of the present review is to advocate a
general reexamination of all possible mechanistic explana- Kinetic analysis is most frequently undertaken to obtain
tions of TKA data, which should now be profitably extended a mathematical representation of rate tieT) data, usually
beyond kinetic analyses based exclusively on solid statethrough the isothermal modej(«) = kt [1], and from the
models. Rate data interpretation also requires considerationtemperature dependence lothe Arrhenius parameters,
of those chemical processes that are accompanied by meltandE, are calculated. The (¢, T) measurements may be
ing, which may be complete or partial, local and temporary. isothermal, from several constant temperature experiments,
Furthermore, the overall change may be achieved throughor from non-isothermal experiments using a range of dif-
more than a single step, and perhaps include the intervenferent constant rates of temperature rise or during various
tion of unstable, transitory intermediates. Increasing the programs of controlled temperature variations (e.g., con-
accuracy of data interpretation by mathematical methods, stant dT/dt, or constant da/CRTA), etc). This use of TKA
the precision of fit to a kinetic model (a present preoccu- temperature programming methods has made outstanding
pation in some recent publications), is capable of achieving contributions in the investigations of thermal reactions.
only slight improvements in the analysis and interpretation However, it is now accepted that, to obtain meaningful
of kinetic measurements. Moreover, kinetic analyses alonekinetic conclusions, data must be based on several heat-
may be of limited ultimate value if the ‘correct’ reaction ing rates[64,65]: the former expectation that only a single
model has not been included in the set of models compar-non-isothermal experiment was necessary is now generally
atively considered. More difficult are identifications of all regarded as having been over-optimistic. (Nevertheless, ar-
participating steps in complex reactions. Problems arise inticles reporting kinetic results using data measured for a
the recognition, and characterization, of all rate controls single reaction continue to appear.) Most usually analyses
that influence such chemical changes, whether these occunf («, t, T) data sets are completed using computer programs
within an active, advancing interface or in a melt contain- to identify the ‘best fit' of observations to distingui$66]
ing several active components, perhaps including transitorythe kinetic model most satisfactorily describing the reac-
intermediates. tion. Such identifications are often based on limited criteria,

A most immediate, general problem in the recent TKA most frequently comparisons of the relative magnitudes of
literature is the appearance of uncertainties in the determi-the correlation coefficients, for each of the kinetic models
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considered: the value approaching unity most closely is 5.4. Determination of values for use in kinetic analysis
accepted as the preferred result.

Aspects of one general approach to TKA data interpreta- The following criteria must be satisfied if TKA data sets
tion are summarized iBcheme 1. The present discussions («, t, T) are to elucidate reaction mechanisms successfully.
are intended to review both isothermal and programmed tem-The ideal objective is to characterize all the chemical steps
perature measurements, for which the theory has been giverand controls involved in the conversion of reactants into
in [1-4]. Prior to the development of TA, predominantly products. This includes identification of the chemical factors
isothermal data had been largely recorded and kinetically that determine absolute reactivity, the parameters that gov-
analysed by relatively laborious, slow manual methods. Re- ern the dominant bond redistribution steps and regulate the
sults were interpreted through solid state reaction modelsmechanism. As presented, the criteria listed below might ap-
[1-4], often with support from microscopic, textural obser- pear obvious: possibly most of these comments will, in prin-
vations[3]. Subsequently, the massively increased computer ciple, be acceptable to most readers, although some of the
capabilities and capacities have enabled progressively largedetails will, perhaps, remain debatable. However, examina-
numbers of measurements of greater accuracy for a widertion of the literature shows that, in practice, these basic and
range of reactants to be collected, stored and rates analysethdispensable necessities for meaningful kinetic studies have
to determine kinetic characteristics. not been fulfilled, or even addressed, in many investigations.

The practices now most widely accepted and applied Obviously, if the original data are unreliable, and/or are in-
appear, however, to have had (at least) two unintentional correctly analysed, the conclusions derived therefrom must
consequences, which have been insufficiently recognized.be regarded as correspondingly untrustworthy. For com-
Together these have, nonetheless, contributed to the inhibi-pleteness, all the factors identified as containing possible
tion of theory development and probably limited the value problems are mentioned here, though some are discussed in

of some research. First, the uncritical acceptance of con-greater detail elsewhere in this review:

clusions based on kinetic analyses by computer programs
operating within the apparatus, solely directed towards 1.
identifying the ‘best fit’ within only a limited range of pos-
sibilities and based on inadequate comparative criteria (e.g.,
the magnitude of only), is restricting. This, taken with the
vagueness in the meanings attached to the té&nis and
other parameterf61,62], introduces uncertainties into the
reliability, the value and the chemical significance of many
reported conclusions. Second, increasing dependence on the
facile and efficient methods available to undertake the (ap-
parently [61,62]) sophisticated mathematical analyses has 2.
resulted in the preferred, even exclusive, use of rate stud-
ies to elucidate reaction mechanisms. This appears to have
discouraged the former interest in seeking supporting evi-
dence that might be obtained from alternative (non-kinetic)
complementary and confirmatory experiments. The dimin-
ished input from visual, usually microscopic, inspections
means that less is known about the textural changes, in-
cluding interface advances or melting, that occur on heating
the ever widening range of reactants now being studied
by TA methods. This leaves uncritically examined and un-
challenged many of the conclusions that have been based
mainly, or totally, on kinetic observations, which now ap-
pear as almost the sole experimental evidence obtained in
many TKA investigations. The motivation for this review

is to confront some of the unpalatable consequences of this
uneven experimental development, which has expanded
mathematical methods of kinetic interpretation at the ex-
pense of theory and of all alternative techniques. My hope is
that recognition of the shortcomings of these present prac-
tices will rejuvenate interest in extending the experimental
base for a subject that currently seems to lack cohesion and
should benefit from enhancement of observational input
(Section 5.12).

Reaction stoichiometry. Kinetic measurements exhibit
their greatest value for the elucidation of reaction mech-
anisms and chemical controls when these refer to a
single, simple rate process of completely established sto-
ichiometry. Additional information, extending the usual
term meaning, may contribute to providing a compre-
hensive description of kinetic data, including identifica-
tions of intermediates, diffusing species, specific crystal
(topotactic) relationships, melting, etc.

Definition of fractional reactiong (the fraction of the
reactant present that has undergone the identified chemi-
cal change in time t, at temperature T). The magnitude of
a [1-4] is frequently calculated, assuming direct propor-
tionality, from the measured changes of the (often) phys-
ical parameter measured during the TKA experiments.
This assumed direct proportionality is usually acceptable
for many simple reactions, e.g., the mass loss resulting
from CQO, evolution during simple decompositions such
as CaCQ or MgCGQ;, the release of water in some dehy-
drations (without hydrolysis), etc. However, appearances
can, on occasion, be deceptive and some evidently simple
reactions have been subsequently shown to be complex,
e.g. [16,17]. Generally, a direct proportionality is not
necessarily acceptable for more complicated reactions,
where two or more products are given, perhaps having
different TA detection sensitivities. For example, in a
study of the decomposition of NJ€10;, it was explicitly
demonstrate@69] that the evolution of permanent gases
(N2 and @) quantitatively measured the extent of reac-
tion, «, though these products constituted only a propor-
tion of the total gases evolved. Where primary products
undergo rapid and quantitative chemical changes, the
secondary products may be used to measukéowever,
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SCHEME. Kinetic Analysis: Interpretation of TKA Data for Crystolysis Reactions
(A Single Rate Process of Already Established Soichiometry)

KINETIC DATA Isothermd (a, t) for several valuesof T
or Several programmed T for constant (dT/dt) or (do/dt)
1 or Other temperature programs (several varied experiments)
! (a,t) CURVE SHAPE INTERPRETATION
RATE EQUATION  Reaction S GMOID Nucleation,
geometry  (An, Bn, Pn)’ Interface Advance
(Nucleation + Growth)
DECELERATORY Interface Advance
(Rn)” (Contracting Geometry)
STRONGLY Diffusion control
DECELERATORY (+Interface Advance)
(D)’
Reaction DECELERATORY (i) Homogeneous
order (Fn)* (ii) Various: see[1-4]
Other VARIOUS (i) Melting (total, local)
(i) Overlapping Processes
(iif) Homogeneous, Complex
(iv) Intermediate Formed
REACTION RATE Either or both Complex Reaction Contols:

and/or ‘BEST FIT
KINETIC MODEL

VARY WITH REACTION
CONDITIONS and

Possible Contributions
from Reversibility and/or

! PROCEDURAL VARIABLES Heat Transport
TEMPERATURE ACTIVATION ENERGY Relate to Chemical or
COEFFICIENT OF FREQUENCY FACTOR Controlling Sep (Theory
REACTION RATE from Homogeneous Kinetics)

* Kinetic model, equation designatory letterslisted in [1], nisusudly 1, 2, 3 or 4.

Scheme 1. Kinetic analysis: interpretation of TKA data for crystolysis reactions (a single rate process of aready established stoichiometry). Notes
on scheme: (1) Mechanistic interpretation of rate data usually involves two steps in analyses of the («, t, T) measurements: the kinetic model and
the chemistry of the changes occurring. The (usual) first step is identification of the rate equation, which is the isothermal yield-time mathematical
relationship, together with the Arrhenius parameters. Many TKA studies do not proceed beyond this stage. It may be possible, however, to deduce
information of mechanistic significance from the kinetic model, which usually distinguishes chemical changes taking place (i) at an advancing interface
(following nucleation, which may be rare and difficult or rapid and facile), (ii) with diffusion control, (iii) in a homogeneous phase, with some melting
and (iv) more complex behaviour, including concurrent or consecutive rate processes where there may be overlap, a changing contribution from melting
(local, temporary or progressive), participation by intermediates and/or all other possible mechanistic routes to product formation. The second step,
characterizing the participating chemical changes, is much more difficult and involves consideration of evidence of all the types that may be capable of
revealing the intermediates and structures that could contribute to the chemical changes proceeding at the interface, or within any other identified reaction
zone. For example, crystallographic evidence can reveal the occurrence of topotactic reactions [1], chemical comparisons can be used to identify possible
heterogeneous catalytic-type processes at the surface of an active product and chemical analyses may be required to characterize species contributing to
(homogeneous) reactions in a melt. (2) If the kinetic model is identified solely from the ‘best fit' of data, through comparisons based on a selected,
but restricted, list of candidate equations, there is always the possibility that a ‘better fit' might be available from a further equation, one that had not
been included in the set for comparative analyses. This method will not recognize the possibility of changes of the rate controlling factors, and thus in
the kinetic model, as reaction progresses (e.g., completion of nucleation during a reaction [67]) or different mechanisms in different temperature ranges
(some examples for dehydrations are given in [28, Section 6.3]), etc. Complex reaction mechanisms, including intermediate formation, transient melting,
etc., may not be recognized unless additional observations, suitable for their specific detection, are used. There is aso the problem of discriminating
between two aternative equations which provide apparently equally ‘excellent fits' (see [68]). This is particularly evident when comparing correlation
coefficients (r) as the only distinguishing criterion; more detailed information may be required to enable the distinction to be made and to confirm any
conclusion. In some published reports, e.g. [68], aternative kinetic models were found to be aimost equally applicable to the same rate data, identifying,
for the reaction, different controlling processes, representing different classes of mechanisms, in this example: interface advance and diffusion control.
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thisis only reliable if the composition of these products
remains constant throughout the reaction and does not
change with product pressure (asmay occur in some equi-
libria), , t or T (particularly in non-isothermal studies).
Where there are concurrent or consecutive overlapping
rate processes, care must be taken to identify parameters
that provide areliable measure of the extent of each par-
ticular chemical change which is of interest. Complex
reactions include, e.g., the decompositions of some ox-
alates [19], dehydrations that result in some hydrolysis,
and other types of complex behaviour. Moreover, few of
the many TKA studies based on enthalpy changes (DTA,
DSC) provide confirmation that the amount of heat
evolved/absorbed is directly proportional to the extent of
the chemical change that is intended to be measured ().
It isalways necessary to consider the possibility that, dur-
ing such reactions, there may be perceptible contributions
to the measured enthalpy from melting, recrystallization
or sintering. It has been shown [70] that experimental
conditions and sample emissivity can influence DSC
data. Where there is any doubt, and before undertaking
the kinetic analysis, the precise relationship between the
measured TA response parameter and the extent of the
target reaction must be established to enable values of
a to be correctly defined and measured. Nevertheless,
these sources of uncertainty, together with any conse-
quent unreliability of «, are rarely discussed in kinetic
studies.

. Reproducibility. Representative, identically repeated,
observations to determine the accuracy with which TKA
data can be replicated between successive similar experi-
ments should be an indispensabl e feature of every kinetic
study. However, most of the recent TKA studies omit al
reference to such atests, indeed the results in many such
presentations appear to be based on a single experiment

(because there is no mention of any duplicated obser-
vations). Reproducibility tests are essential to enable
the accuracy of calculated magnitudes of A and E to be
stated. Nevertheless, in some published articles that omit
referencesto any demonstration of reproducibility or dis-
cussions of accuracy, Arrhenius parameters are reported
to an unrealistic apparent precision (5 or more significant
figures) without mention of error ranges. Investigations
of the possible kinetic consequences of systematic vari-
ations of reaction conditions or of procedura variables
arerarely mentioned. These are particularly important to
confirm the reliability of rate measurementsfor reversible
and endothermic reactions (Section 4 and points 4 and 5
below).

. Single rate process only. Kinetic characteristics (g(a) =

kt, the kinetic model and the values of A and E) may be
significant to chemical theory only when these describe
an identified, individual reaction, a single rate process.
Unless system-specific analytical methods, capable of
distinguishing individual contributions from two or more
processes, are used, rate analysis cannot be successful in
measuring the yields from each participating reaction in
composite measurements containing contributions from
two or more substantially overlapping reactions. Product
yields from consecutive or concurrent, parallel reac-
tions and also from any initial, rapid product evolution
(perhaps a limited surface or precursor processes [71]),
should be separated and data analysed individualy,
which can be difficult, e.q. [16,17,25], or aternatively
treated by methods suitable for complex reactions [72].
Kinetic datado not ‘average’, each reactionisindividual,
as are its specific rate parameters, A, E, etc.

. The ‘back reaction’ does not contribute in reversible

rate processes. If kinetic measurements are intended to
identify a controlling chemical step, it is essentia that

Complementary or confirmatory measurements may be valuable, even indispensable, for the interpretation of TKA rate data. (3) The TKA literature
contains numerous examples of kinetic analyses which report an ‘excellent fit' of data (even to two or more aternative kinetic models) demonstrated by
r values that approach unity very closely, i.e., ‘better than’ 0.999. Other articles describe mathematical aspects of the test procedures used to compare
data with theoretical expectation. However, despite the considerable efforts directed towards data fitting, much less interest has been concerned with the
chemical foundations and assumptions in the models of interest. The comments below draw attention to possible limitations, or inherent weaknesses
in some assumptions that underpin the theory of solid state reaction kinetics, most of which is uncritically accepted and applied throughout TKA
studies. The following aspects merit discussion: (i) The relationships between reaction geometry and those kinetic models that are most frequently
used for analysis of TKA data sometimes involve approximations [3]. Moreover, some kinetic models are represented by more than a single pattern of
interface generation and development [1,2] so that rate analysis does not necessarily give a unique geometric result [2, pp. 84-86]. (ii) Rate equations
do not invariably correlate directly with geometric evidence obtained for the same reaction by microscopic observations. Inconsistencies found for some
dehydrations are described in [28, Section 6.1]. This has not been explained and raises problems about the relationship between kinetic models and the
chemical/geometric processes which they are used to represent. (iii) Another aspect of data fitting is the necessity to confirm that the parameter used to
measure reaction rate is directly related (through «) to the chemical change under investigation. Under (ii) above, for example, one possibility is that
water loss may precede initiation of the kinetic dehydration measurements [28]. In many other systems of interest, uncritically accepted assumptions are
made about the relationship between the measured TA response (heat absorbed, weight loss, etc.) and the particular chemical change that it is assumed
to represent. (iv) A principal result from many TKA studies is that the reaction of interest is characterized, through rate measurements, as an interface
process (nucleation and growth, contracting envelope, etc.). It should, however, be remembered that the formulae used in these analyses were themselves
originally developed from geometric observations of partly reacted crystals. Consequently, it appears that a simpler, even a more direct and reliable,
approach to characterization of reaction geometry would be to examine partly reacted material microscopically and, if nuclei can be observed, then this
conclusion is at least as trustworthy as the indirect inferential method. Throughout most of chemistry it is impossible to ‘see’ reactions, or their textural
consequences, so the obvious advantages of direct visible (microscopic) evidence should be exploited to its maximum advantage, but, inexplicably, this
approach is often omitted from studies of solid state chemistry.
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data refer to the (maximum rate) ‘forward’ process only.
Contributions from any reverse step must be removed
(Section 4) otherwise rate data may be empirical.

6. Sef-cooling/heating does not contribute. Deviation of
reactant temperature within the zone of chemical change,
due to the reaction enthalpy (Section 4), will similarly
yield empirical rate data for which the kinetic results
are characteristic of only the specific conditions that
apply. The significance of this effect can be determined
through rate variations resulting from procedural vari-
able changes [35,43].

7. Transitory intermediate participation and/or melting.
When TKA methods are used to study a hitherto unfa-
miliar solid reactant, the design of experiments should
include positive investigation of the possibility that the
overall change may be complex. A reaction is not neces-
sarily completed by a single step but (at least some) may
proceed in concurrent and/or consecutive overlapping
processes, with or without the participation of melting
and/or the intervention of unstable, transitory (but essen-
tial) intermediates. Traditionally, complicated reaction
models have not been considered in solid state kinetics,
but are possible routes for some decompositions [16].

8. Reactant container participation. Although rarely men-
tioned, there is sometimes the possibility that a sample
container may participate in thermal reactions and thus
contribute to the measured TKA responses. This may
arise either by direct interactions with the reactant or
product, or by catalysing secondary chemical changes.
Reactive products, e.g. akaline oxides, may react at high
temperature with the glass or silicawalls of acontainer. A
transition metal reactant vessel may become corroded by
products. An active noble metal container may be capable
of promoting alternative chemical changesin the reactant
and/or promote (catalyse) the reaction being studied [73].

5.4.1. Comment

The above discussion emphasizes that measured rate char-
acteristics may be determined by the conditions existing
within the sample reaction zone. To elucidate behaviour
fully, it is necessary to consider the possible participation
of intrasample changes, including chemical, structural and
textural modifications that accompany or follow reaction.
These are an indispensable features of any full mechanistic
description of acrystolysis reaction and their detection often
requires observations complementing the kinetic studies. It
is, however, the contributions from extrasample conditions
that must be addressed in order to obtain rate data that are
not modified by secondary controls. For some reactions the
interface step may be inaccessible to direct experimental
measurement, and for others minor contributions may influ-
ence apparent behaviour. It has been shown already [36—39)],
however, that careful design of reaction conditions can re-
duce the contributions from some secondary controls. These
results must be accepted as providing a preferred approach
to crystolysis kinetics and must replace the practice of ac-

cepting (implicitly) that any and al rate measurements are
capable of yielding kinetic conclusions that have identifiable
chemical significance.

The CRTA method (Section 4.5) has been successfully
applied to the precise investigation of reaction ratesin solids
[52-56]. Advantages include the use of low pressure which,
for some systems, can be below that required to eliminate
the reverse process [37]. The method is capable of making
comparative rate measurements to determine quantitatively
any dependence of rate on product gas pressure. Slow re-
action rates can be used to minimize any contribution from
self-cooling. The ‘temperature jJump’ technique [56] enables
changes of E with « to be investigated under conditions that
can be shown to contain no, or very little, dependence of
rate on secondary controls.

5.5. Kinetic analysis: theoretical background

5.5.1. Definition of rate constant and magnitudes of
Arrhenius parameters

The use of fractiona reaction, «, in kinetic models [1]
replaces the concentration terms widely employed in homo-
geneous kinetics to express the amount of unchanged reac-
tant remaining or of product yields. However, o cannot be
regarded as a truly ‘reduced’ (dimensionless) kinetic term
because the particle sizes of solid reactants usually influence
the absolute reaction rate. A dimension term, the crystal
edge length, is[1] included in some geometric expressions
(e.q., the contracting envelope equations) but this term is
less frequently remembered for other interface advance pro-
cesses. Volumes of participating phases are included in the
formal derivation of solid state kinetic models in [74] and
aspects of crystal dimensionsin kinetic comparisonsare dis-
cussed in [75, pp. 171-172]. (Reactant particle sizes exert a
control on rate characteristics, and are mentioned for com-
pleteness only; thisaspect of kineticsis not examined further
here.)

Homogeneous rate constants always include the unit re-
ciprocal time, whereas kinetic expressions of the set appli-
cable to solid state rate process allow the possibilities that:

g(a) = K"t (for whichtheunitsof k are (time) ™)
or
g(a) = Kt" (for whichtheunitsof K are(time)™)

These aternative definitions may appear to be only a rel-
atively minor discrepancy but the modification results [1]
in considerable changes of the calculated apparent magni-
tudes of both In A and E, by the factor nx. Fatemi et al. [76]
show, for the Avrami—Erofeev equations, —In(1 — o) = Kt"
and —In(1 — o) = k"¢" that Ax = A" and Ex = nE. The
calculation of Arrhenius parameters directly from o—t data
[77], using a ‘model-free’ method, may help to avoid some
of these problems. Consistency of kinetic analysis methods
would be improved, and a source of confusion removed, if
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it was conventionally accepted that k values are always ex-
pressed with units (time)~1.,

5.5.2. Arrhenius parameters

The calculation of (apparent) magnitudes of A and E is
obviously regarded as an important objective in recent TKA
research because publications reporting values determined
for these terms constitute a considerable proportion of this
literature. There are, however, unsatisfactory and intractable
features, common to a wide range of these articles, in the
methods for determining [62] and for interpreting the sig-
nificances [61] of both Arrhenius parameters. A discussion
of the theoretical foundations for E, including the applica-
bility of the Arrhenius equation to reactions of solids, has
already been given [29] (though this analysis represents less
progress towards understanding the significance of A). These
explanations originated through model development for ho-
mogeneous rate processes and the theory was later applied
to heterogeneous reactions, for which the foundations are
less secure. In a reaction proceeding through the constant
advance rate of an unchanging interface, the magnitudes of
E and A are expected to remain constant, characteristic of
the specific reaction involved. The same rate determining
controls [59] are identified with the same magnitude of E.
In TKA, in contrast, it has become acceptable that E values
may vary widely with the kinetic model used in the data
analysis, e.g. [7-9,61,62,78,79]: this problem is discussed
further below.

5.5.3. Approximate formulae in kinetic analysis

Important advances in kinetic analyses, particularly for
non-isothermal measurements, were made from about the
mid-1950s onwards by the introduction of simplifications
to the calculations of kinetic parameters using approximate
formulae. Simplifications were necessary because it is not
possible, in general, to integrate the three functions, which
contain the three variables, «, t and T:

gl@)=kt or fla) =k (da/dr) (kineticmodel)

—FE
k= Aexp (ﬁ) (Arrheniusequation)

T =To+ Bt (atconstant heatingratefrom
To; other programsare used)

Theseveral, alternative and widely used, cal culation routines
are based on differentia or on integral expressions that in-
corporate these three essential components. Most have since
been associated with the names of their original proposers
[1,2,4]. In particular, these enable the E values to be calcu-
lated, but some also give A and the kinetic model. Severa
of the earliest formulae rapidly became well-established and
continue to be widely used. To simplify mathematical treat-
ment of the intractable exponential term (before the general
availability of computers), an approximation, the ‘temper-

ature integral’, p(E/RT), was introduced, for which a vari-
ety of functions have been proposed [1]. In arecent article,
entitled “The ‘Temperature Integral’—Its use and abuse’,
Flynn [80] provided a quantitative survey of the applica
tions and inherent shortcomings of this approach to kinetic
analysis and points to the unreliability of many published
results based on these methods. It is worth quoting the final
sentence of his article: “Indeed, in this age of vast computa-
tional capabilities, thereis no valid reason not to use precise
values for the temperature integral when calculating kinetic
parameters’. This sentiment is completely in accordance
with the views expressed throughout this article. Indeed, it
is now suggested that this recommendation should be ex-
tended beyond its specific application to the temperature in-
tegral to include all aspects of kinetic analyses, where other
approximations are equally capable of adversely influenc-
ing the reliability of calculations to unknown extents. Again
quoting Flynn [80]: “... as scientists, we should strive to
calculate kinetic parameters as precisely as we are able to”.
Throughout the substantial literature devoted to non-
isothermal kinetic analyses, authors usually provide neither
justification nor explanation of the reasons for their pre-
ferred choice of the (one or more [81]) expression(s) that
they have used for their data analysis. These are (often
apparently arbitrarily) selected from the many approximate
forms conventionally accepted [1,2,4]. Each of these can
always be quoted, and regarded as suitable and reasonable,
because every one of the established favourites boasts a
long citation list. Thisis not, however, satisfactory because
there are few [82,83] authoritative comparative and critical
reviews of the strengths and weaknesses of the various al-
ternative approximate mathematical procedures enshrined
in those various classical expressions that have now served
generations of thermal analysts. Criteria identifying which
eguation is most suitable (justified by stated reasons) for
the analysis of particular types of rate process are rarely
discussed [82,83]. Moreover, it is surprising that the recent
advances of computer capabilities have not lead to more
precise methods of kinetic analyses [80] than the present
continued and uncritical use of those simplified calculation
methods that were developed, decades ago, for use at a
time of much less computation capacity and application
of fewer sophisticated mathematical techniques. This rel-
ative absence of critical comparative surveys, contrasting
the discriminatory capacities of the various non-isothermal
methods of kinetic analysis, differs from the situation in
isothermal kinetics where the distinguishing capabilities
of the aternative isothermal kinetic models have been
described [66]. Knowledge of the comparative shapes of
these rate equations can be used to facilitate identification
of the best fit to the a-ranges considered. This approach
[66] to enhancing distinguishability in kinetic analysis has
been discussed, but comparisons of the relative capabili-
ties of the approximate non-isotherma equations used are
rare. Nevertheless, the literature contains numerous exam-
ples of apparently outstanding precisions of kinetic fit, for
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example, values of r up to 0.99999 are given in [68], see also
[62].

5.5.4. Comment

TKA would benefit considerably from further critical
and comparative appraisals of the accuracy and reliabil-
ity of the analytical methods applied to thermal reactions,
and the conclusions deduced therefrom, particularly under
non-isothermal conditions [82,83]. An important consider-
ation for the future is whether the conventionally accepted
set of approximate equations, still widely used for the ki-
netic analyses of non-isothermal data [1,2,4], should main-
tain their preeminence indefinitely. When first introduced,
these methods were unguestionably the best available and,
during the precomputer era, enabled kinetic interpretations
to be completed within a reasonable time and with the
(then) best achievable accuracy. Nevertheless, there has
long been evidence (Section 5.9) that results from kinetic
calculations using alternative but generally accepted meth-
ods (e.g. [7-9,61,62,81]) do not agree particularly well, for
reasons that do not seem to have been investigated with
any rigor. Furthermore, the merits of developing advanced,
more sophisticated, replacement (computer) mathematical
procedures do not appear to have been seriously consid-
ered. This might be regarded as the expedient maintenance,
by default, of a theory that has stagnated [84]. Taking the
lead advocated by Flynn [80], the shortcomings of older,
approximate methods can, and should, be upgraded now
through the generally available computing facilities that can
calculate results “which are as precise as we wish to make
them”. There is an overdue necessity for a new generation
of equations and calculation methods that are capable of
accurately analysing non-isothermal (and, perhaps also,
isothermal) kinetic measurements. This should be an op-
portunity for mathematicians and computer programmers,
stimulated by a demand (at present unaccountably latent),
to provide upgraded methods for interpreting the increas-
ingly precise data that can now be collected by automated,
accurate equipment. Statistical analysis of kinetic results
obtained from imprecise calculations, by approximated, re-
stricted and now outmoded analytical methods [80] should
no longer be tolerated.

5.5.5. Interface reaction rate theory

Attempts have been made to provide a theoretical ex-
pression for the rates of interface reactions. The most sig-
nificant early approach was by the Polanyi—Wigner (PW)
equation [85], which was based on a molecular evapora-
tion type model [86]. The PW treatment was applied [3] to
some crystal dissociations at a time that the transition state
reaction rate theory [87] was being successfully used in
consideration of homogeneous rate processes and this was
regarded as its (logical) extension to reactions of solids. In
some early discussions, examples of crystolysis reactions
that deviated from the PW predictions were regarded as
‘anomalous’ or ‘abnormal’ [3,63]. However, the optimistic

hopes with which the PW theory was initially greeted have
remained ultimately unrealized for good reasons.

1. Magnitudes of A and E. It has not been found possible to
correlate cal culated magnitudes of E for crystolysis reac-
tions with enthalpies of specific interatomic links, bonds
ruptured in an identified rate controlling step [63]. For
crystolysis reactions little is known about interface con-
ditions at a molecular level and the transition state the-
oretical concept of rate control by a single bond rupture
step model may (or may not) be applicable. Evidence
demonstrably capable of resolving the fundamental prob-
lems of interface rate controlsis difficult to obtain. While
some (estimated) values of A are close to bond vibration
frequencies (usually regarded as from 1012 to 102 Hz),
there is a greater overall spread of values than can be
reconciled with the theory [63]. Agreement of the avail-
able data with the expectations of the PW theory is gen-
erally unsatisfactory and it is now mentioned with ever
decreasing freguency.

2. Reliability of kinetic measurements. The PW model was
first applied mainly to endothermic, reversible rate pro-
cesses (dehydrations, carbonate dissociations [3]) for
which the measured magnitudes of the Arrhenius pa-
rameters are sensitively influenced by the procedural
variables. Apparent values of A and E vary with reaction
conditions, so that it is essential to use kinetic data that
has been confirmed as representing only the rate of the
‘forward’ decomposition (e.g. [36,38]). In considering
calcite dissociation through activated complex theory,
Shannon [88] apparently takes E as 166 kJmol ~1, which
is significantly less than 205kJmol ~* found by Beruto
and Searcy for this reaction in vacuum [36,37,89]. The
value of A determined for the dehydration of nickel ox-
aate dihydrate in a good vacuum “does not agree with
that predicted by the PW equation” [38]. Testing the
vaidity of the PW equation must be based on demonstra-
bly reliable Arrhenius parameters. At present, thisis not
generally possible because relatively few reports include
the necessary tests for data reproducibility (Section 4).

5.5.6. Little is known about factors controlling the
chemistry of interface crystolysis reactions

From direct observations we know remarkably little about
the conditions and structures of the active interfacial zone
within which crystolysis reactions proceed and the factors
that participate in controlling the bond redistribution pro-
cessesinvolved in these chemical changes. Reaction models,
such as the transition state theory, that focus attention on a
specific bond rupture step, can be usefully applied only when
the linkage undergoing modification has been (or might be)
positively identified.

Progress in understanding the factors that control in-
terface reactions is severely inhibited by the absence of
knowledge of two types. First, the assumption, borrowed
from theory developed for homogeneous rate processes,
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that a single bond rupture step controls the rate of the
overal chemical reaction, is not necessarily applicable
within the condensed, largely immobilized and interbonded
atomic array that appears to constitute the reactant/product
chemically active contact. The coordinated interactions of
several (largely immobilized) atoms and/or their links may
be involved in any chemical change. This contrasts with
the brief, energetic bimolecular collision, in agas or in a
solution, identified as leading (directly or subsequently) to
activation which may result in reaction. Within active in-
terfacial reaction zones, the closely juxtaposed constituents
may undergo countless successive vibrational interactions.
Thus the potential reaction event, contact between colliding
or energetically interacting moleculesin free flight, assump-
tions on which homogeneous kinetic theory is based, can-
not be recognized. The effective molecularity of reaction,
within the crowded interacting array, may exceed 2 (unlike
the large majority of collisions) because energetic encoun-
ters occur between all neighbours located in a condensed
phase. Immobilization in alattice array introduces amassive
‘cage effect’ (repeated collisions believed to occur between
neighbouring molecules, retained in immediate proximity
in solution) which contrasts with the brief encounters that
characterize molecules in free flight. Second, presently
we cannot identify with certainty, for most intracrystalline
chemical changes, the reaction precursor species and have
no model for interactions of between participants for chem-
ical changes that occur within an interface between two, at
least semi-ordered, condensed phases.

This situation contrasts fundamentally with the represen-
tation of homogeneous reactions by transition state theory.
During such rate processes, it is assumed that the molecu-
lar structures of the reacting precursors are retained during
the (very brief) lifetime of the activated (transition state)
species where the feature of interest is reorganization of
only one unstable linkage. An essential difference between
homogeneous and heterogeneous representations of the ab-
solute reaction rate theory is that for the former we can
make plausible assumptions about all bonds in the unsta-
ble (very short-lived) intermediate, the activated complex.
These links are believed to resemble, even be identical with,
those of the precursors. We then focus interest on the in-
dividual interatomic bond that changes. At present, for all
solid state (interface) reactions, we have no knowledge of
how the bond undergoing modification (even if it could
be identified) might be influenced by its environment and
whichever stereachemical constraints apply within the short
range electronic interactions. Perhaps further effects may
be felt through longer range influences from the band and
defect structures of the crystals involved. Additionally, and
again contrasting with homogeneous rate processes, in the
absence of detailed knowledge of atomic structures through-
out the active interfacial reaction zone, we have no measure
of the concentrations of active precursorsto chemical change
[89]. The area of the reactant/product contact interface is
not accessible and susceptible to measurement: there may

be a ‘roughness factor’ influencing the number of reaction
precursors which cannot easily be estimated. The reactive
contact zone may be asingle, or several, molecules thick, so
that the effective ‘concentration’ term that is incorporated
into the frequency factor cannot be directly measured. Also,
the energy distribution function within the condensed phase
assemblage of precursors to reaction is different from that
(Maxwell-Boltzmann [87]) for gas molecules in free flight
[90]. A theoretical explanation for the applicability of the
Arrhenius equation to solid state rate processes has been
given [29]. This appraisal of the present state of our knowl-
edge of interface structures and reaction chemistry leads us
to conclude that the PW reaction model cannot be usefully
applied to interpret interface mechanisms and, indeed, its
use now appears to be declining.

The different approach, recently devel oped and advocated
by L'vov [31], identifies overall rate control as an initial
reactant evaporation step, and this offers an alternative and
simplifying interpretation of interface chemistry, eliminating
some of the problems and uncertainties mentioned above.
The applicability of this model and its potential value in
describing crystolysis reactions has yet to be tested com-
prehensively by those seriously interested in advancing the
fundamental theory of crystolysis reactions.

5.5.7. Compensation effect

CE is the interdependence of apparent magnitudes of Ar-
rhenius parameters, for a set of related rate processes, ex-
pressed by (Section 4.3):

INA = bE+ ¢ N

CEsarefound within sets of Arrhenius parameters measured
for groups of different but related, reactions (Type 1 CE[9]),
also for sets of rate data for the same reaction proceeding
under different conditions (Type 2 CE) and for aternative
calculations based on a single set of origina kinetic data
(Type 3 CE). For any such group of reactions, that exhibits
a CE, there exists an isokinetic temperature (7; = (Rb)~!
and ¢ = Ink;) at which al the individual data sets that com-
prise the CE are characterized by identical values of therate
constants, k; [46]. When a Type 2 CE applies to data for
the same reaction under different experimental conditions,
e.g., decomposition of calcite [47], these comparable mea-
surements are usually obtained within arelatively restricted
temperature interval: the (same) reactant must exhibit a con-
sistent level of reactivity, and this approximates to isokinetic
behaviour. The variable effects of self-cooling and/or of re-
versibility, which are a principal cause of the large changes
in temperature dependence of k between the individual sets
of measured rates for the same reaction, is the reason for
the often large variations in A and E values. The inhomo-
geneities in mass movements of the volatile product, carbon
dioxide, and heat transfer [43] result in relatively large in-
fluences by the secondary controls, leading to changesin the
variations of k with T for individual reactions. However, the
same level of overall reactivity results in a CE through the
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similar (isokinetic) k; values for the single reactant. Conse-
quently, calculated apparent and condition-dependent values
of InA and E must be regarded as empirical.

No explanation has yet been generally agreed for the
widespread occurrence of CE relationships, although many
have been suggested [46,91]. CEs for reactions of many
types, in addition to decompositions of solids, have alterna-
tively been regarded as an artefact arising from calculation
methods or simply as an enigmatic, hitherto inexplicable,
phenomenon. In the absence of any explanatory model, the
CE gives no insights into reaction controls or mechanisms,
in contrast with the Arrhenius equation, for which the A and
E relationship is based on a theoretical foundation [59].

Similar ranges of reaction rates, measured within almost
constant temperature intervals, require (for mathematical
reasons[46]) that there must be compensation within the sets
of calculated InA and E magnitudes. Several reported in-
stances of CEs can be explained through the approximately
isokinetic behaviour within such data sets. three examples
are asfollows. Firgt, the projects [7-9], undertaken to deter-
mine the degree of agreement achieved by different workers
participating in two comparative kinetic studies, reported ex-
tended ranges of magnitudes of apparent Arrhenius parame-
ters, for each reaction set considered. Each showed a(Type 3
[9]) CE which can be ascribed to differences in the calcula
tion methods applied to the indisputably isokinetic character
of the original rate data. Second, TKA studies of cacite de-
composition, under a variety of experimental conditions but
within similar temperature intervals (approximately isoki-
netic behaviour), showed that the rate of reactant breakdown
is sensitive to the procedural variables and the datafit a Type
2 CE[44-47]. Third, many reports, e.g. [62,78,79], have cal-
culated widely different values of A and E from single sets of
TKA data sets using different kinetic models, these exhibit
a Type 3 CE. These three representative examples, from the
very many available, provide indisputable evidence that the
present approach to kinetic analysis does not lead to con-
sistent theoretical conclusions (i.e., constant kinetic param-
eters). Consequently, the appearances of CEsin diverse sets
of comparable groups of rate data should now be accepted
as providing evidence of shortcomingsin the kinetic studies
and/or the computational programs, which now require ur-
gent and critical scrutiny. The detection of a CE should no
longer be reported as an (apparently or implied) ‘interesting’
kinetic result but recognized as a demonstration of seri-
ous inadequacies in the experimental and/or computational
methods used for the data collection and interpretation.

The present, currently unresolved, problem in solid state
kinetic investigations, including TKA methods and studies,
is to obtain reaction rate measurements that are demon-
strably characteristic of the controlling chemical reaction.
The most reliable methods currently available appear to be
through the dedicated experiments, hitherto made for rela-
tively few systems, which used low pressures, slow reaction
rates and (sometimes) small reactant masses [36-39]. The
CRTA approach further develops these principles by ensur-

ing that flows of heat and product removal are maintained
close to a constant (usually very low) value throughout each
experiment. The ‘temperature jump’ method [56] allows
direct determination changes (if any) of E with «. Neverthe-
less, whatever experimental method is used, it is essential
to interpret data through computation programs avoiding
inconsistencies that incorrectly cause variations of apparent
magnitudes of E with units of k and/or kinetic model [61,62].

Previous studies, see [61], report patterns of variation of
E with o but these appear to be based on empirical data
for which experimental conditions were not described and
the absence of influences from secondary controls was not
demonstrated. Variations of E during the progress of CaCO3
dissociation have been reported without reference to the pre-
vious, careful low pressure kinetic study in which no such
trend was discerned [36]. If the specialized active interface
is constant, as generally accepted for n + g reactions [1-3],
then the temperature coefficient for interface advance is ex-
pected to be constant.

5.6. Kinetic analysis: fitting experimental rate data to
kinetic models

The literature survey of procedures and practices used
in kinetic analysis, undertaken for this review, is regarded
as revealing substantial shortcomings in the ‘curve fitting’
computer techniques currently in use. Some conclusions,
such asthe variable and multivalue magnitudes of Arrhenius
parameters obtained [61,62] from the same or similar data
through the use of alternative kinetic models (previous para-
graph), are regarded here as theoretically unacceptable and
demonstrating inconsistencies within both measurement and
calculation procedures. Consequently, and because ‘correct’
conclusions are unavailable for most (if not al) real sys-
tems of interest, such kinetic results cannot be uncritically
accepted as suitable foundations for theory development. In
the present discussion, kinetic analysis refers to the calcu-
lation programs employed to determine (at least) the ‘best
fitt kinetic model, g(o) = kt, and the Arrhenius parame-
ters (Scheme). Calculations of A and E are not readily, or
meaningfully, separated and recognition of this reality com-
plicates discussions of current problems. (The present au-
thor disagrees with Vyazovkin's view [92] that the CE “. ..
makes the pre-exponential factor adependent and, therefore,
an inferior parameter”. My italics.)

5.6.1. Sufficient accurate data must be obtained across the
complete reaction

To perform an adequate kinetic analysis, the number and
distribution of data points, the a-range encompassed and the
accuracies of values measured must be sufficient to demon-
strate conclusively the fit of («, t, T) values to one (only)
of the appropriate rate equations. The analysis must also
be capable of distinguishing this fit from all other reason-
able possibilities [66]. At present, agreed criteria by which
the kinetic model is to be recognized are not available, or
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discussed. The (currently) preferred approach appears to be
that the relatively ‘best’ correlation coefficient (r) provides
the sole justification necessary to identify the ‘best fit' ki-
netic model (often together with its Arrhenius parameter
values [93]). Such kinetic analyses do not specify any mini-
mum precision required for an acceptable fit. Moreover, the
extent of the a-range across which the kinetic model fits is
a feature of any reaction, arguably equally as important as
identification of the kinetic model. Many recent publications
do not include this important information which should al-
ways be determined and reported. Methods to obtain these
important parameters (with criteriafor their determinations)
must surely be incorporated into the next generation of
computer programs for TKA data interpretation.

5.6.2. Sample variability

Brown and Brown [94] have suggested that the absolute
reactivities of different samples of the same solid reactant
may vary due to the types, numbers and distributions of
defects and imperfectionsin the crystals that constitute each
individual reactant sample studied. The absolute reactivity of
every individua crystal is, in effect, unique and consequently
the kinetic characteristics measured are the resultant average
of the somewhat different contributions made by particles
possessing arange of dightly different absolute reactivities.
Experimental measurements determining the magnitudes of
such variations between different individual crystals do not
appear to be available.

There is, however, an alternative view of the factors that
determine crystal active interface reactivity. Thisregardsthe
reactant/product contact as a dominant, complex and mul-
tiple imperfection, which, maintained during interface ad-
vance (nucleus growth), isinsensitiveto, and littleinfluenced
by, the presence of minor defects. Thus, the principal reac-
tion, which occurs within this active zone and is responsible
for virtually al the chemical change, remains (effectively)
constant in all samples of aparticular reactant. This assump-
tion isimplicitly accepted throughout much of the literature
concerned with kinetic studies of crystolysisreactions [1-3]
and represents constant interface reactivity during growth of
established nuclei, see [95, Fig. 5]. Growth can occur only
after successful nucleation which, in some solids, is a rel-
atively rare event. Theory suggests that different numbers
and distributions of the growth nuclei generated in different
crystals may exert alarge, even incommensurate, influence
over the kinetic characteristics of the overall reaction. This
latter view is supported by observations on the decomposi-
tion of irradiated silver malonate [5,96]. Previous exposure
of thisreactant to high energy radiation, y-rays, significantly
modified the kinetics of subsequent salt breakdown, ascribed
to the introduction of crystal defects or of reactive radicals,
identified as sites of potential nucleation. The observed in-
crease in reactivity with predecomposition radiation dose is
explained by an increase in number of active nuclei. It was
concluded that the very small amount of reaction associ-
ated with nucleation (or even prenucleation phenomena) can

have a profound, even disproportionate, effect on the shape
of the subsequent a—t curve. The significant conclusion was
[96] “the chemistry of the main reaction is unaltered by the
pre-irradiation (because this pretreatment caused no percep-
tible changein reaction stoichiometry, kinetic characteristics
or activation energy)”.

Theroles of specific defectsin determining absolute solid
state reactivity have not been established quantitatively for
particular reactions but might be investigated through com-
parative tests of kinetic reproducibility for single crystal
reactants. Significant differences in dehydration rates of
different large single crystals of d-LiKC4H40g-H20 were
ascribed [75] to variations in the small (non-statistical)
number of nuclei, often less than 20, that were irregularly
disposed at reactant surfaces. Overall kinetic characteristics
are strongly influenced by the nucleation step, which rep-
resents a minute proportion of the total reaction. The sub-
sequent interface advance is, however, responsible for the
overwhelming proportion of the chemical change. Quanti-
tative determinations of the specific roles of imperfections
would require particularly precise rate measurements. More-
over, great care would be required to distinguish these rate
controls from those for other effects, such as particle sizes,
shapes and, in some systems, the procedural variables.

5.6.3. Equations used in kinetic analyses

The commonly used ‘closed’ approach to kinetic analysis
is the self-imposition of probably inappropriate constraints
on the range of equations to be compared, usually restricted
to about 20 kinetic models (e.g. [78,79]). Thus, interesting
and possibly relevant aternative models may be excluded
from consideration. Consequences may include the follow-
ing: (i) Whereas one particular kinetic model may be iden-
tified as providing a good, even excellent, fit to the data,
it could be that a reaction pattern other than that assumed
in the derivation of the equation is applicable. Several of
the kinetic expressions in general use represent more than a
single geometric shape of interface development [2], alter-
natives that may be distinguished only by complementary
observations, e.g., microscopy. (ii) There may be a change
of kinetic characteristics with «, such as completion of nu-
cleation [67], or, in non-isothermal experiments, with tem-
perature (see [28, Section 4.3.5]). (iii) Rate behaviour, that
would be most accurately expressed by unconsidered kinetic
models are unlikely to be correctly recognized, or sought,
unless correlations throughout the test set are unacceptably
poor. This might be regarded as an initia failure of the ki-
netic analysis, which can be repaired only by extending the
search to include additional models. Recent work has shown
that two reactions, long regarded as simple solid state de-
compositions, are composed of at least two contributory rate
processes (and other comparable examples probably remain
yet to be discovered): the decomposition of KMnOy4 [16]
and the dehydration of CaC,04-H20 [17]. Reconsideration
of these kinetic analyses, in the context of these new ob-
servations for the already extensively studied reactions, is
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essential. (iv) Alternative types of kinetic behaviour, usu-
ally unconsidered in TKA comparative analyses, are com-
plex mechanisms, including the participation of transitory,
unstable intermediates, particularly when the decomposition
is accompanied by melting which may be only partial, tem-
porary and/or local. Kinetic criteria for the recognition of
melting are not available.

5.7. Melting

Aspects of melting have aready been mentioned in
the context of establishing reaction stoichiometry, taken
to include the phase in which chemical changes occur
(Section 3.3). Fusion is, however, aso important when
considering reactivity, kinetic data interpretation and mech-
anism formulation because there is evidence that at least
some rate processes proceed more rapidly in a melt than
as a solid [26]. Moreover, probably the most commonly
observed consequence of heating a solid is melting. Ther-
mal reactions involving liquids may show superficial
resemblances to solid state kinetic characteristics, includ-
ing (often) asymmetric sigmoid-shaped o—t curves, e.g.
[22—24,97]. These decomposition mechanisms may be dif-
ferent, involving homogeneous reactions and the possibility
of liquid intermediates, rather than at an intercrystaline
interface. It follows that the practice of comparative fitting
of TKA data exclusively to crystolysis reaction models
represents an unnecessarily restrictive approach to rate data
interpretation. Any ‘fit' detected may not be a suitable de-
scription of behaviour because the possibility of a complex
reaction [97] is implicitly excluded, a constraint that limits
the potential value of such work.

Unlike crystolysis reactions, dedicated and characteristic
kinetic models capable of recognizing the participation of
melting, partial, local and temporary, in thermal rate pro-
cesses have hitherto found relatively few applications. Rate
equations specifically applicable to reactions proceeding in
melt/solid systems are discussed by Brown and Glass [97].
It is frequently assumed implicitly, when discussing the
thermal breakdowns of initially crystalline reactants, that
these substances remain solid throughout (although this is
not always mentioned or demonstrated; supporting evidence
is not often provided). Determinations of the amounts of
liquid present and its variations with ¢, t and T during ther-
mal reactions, a most difficult objective, are usually not at-
tempted. The similarly difficult experimental measurements
of the rates of formation of the individual products, concur-
rently evolved from reactions proceeding two phases, solid
and liquid, are not usually attempted, particularly where, as
is quite likely, the proportions and the absolute amounts of
the two phases vary with «, t and/or T. Complex rate pro-
cesses require the introduction of additional terms into the
rate equations. These are not easily characterized, indepen-
dently and quantitatively, so that the statistical comparisons
for such kinetic analyses become insensitive and unreliable.
It is likely that aternative kinetic models of this type may

be effectively indistinguishable, e.g., through r values, from
the fits of data to equations characteristic of homogeneous
and/or of heterogeneous rate processes. The kinetic charac-
teristics of thermal decompositions in solid/melt mixtures
are, at present, a limited topic and measurements other than
rate are required to detect the occurrence of fusion and to
determine its chemical significance quantitatively.

In principle, the kinetic analyses of reactions that involve
fusion could proceed by comparisons of the fit of yield—time
data to a set of specific kinetic models, g(a) = kt, formu-
lated through relevant melt and/or geometric considerations,
analogousto those applied [ 1-4] to crystolysisreactions. I ni-
tially, this approach might usefully envisage three situations:
(i) Reaction occurs predominantly, or exclusively, within a
‘thin’ molten phase situated between a solid reactant and a
(recrystallized) product. If the thickness of such afluid layer
is small compared with crystal and nucleus dimensions, the
kinetic characteristics may be indistinguishable from those
for other interface advance models [1]. However, this is
an active liquid interface and the chemical (homogeneous)
mechanism will be different from those applicable to crys-
tolysis reactions. (ii) If prereaction melting is complete, or
extensive, the behaviour can be regarded as a homogeneous
rate process occurring in a (solvent-free) liquid reactant. The
total volume/amount of the melt progressively diminishes
as « increases. (iii) The systems most difficult to character-
ize through kinetic observations must be those in which the
melting is partial, varies with «, t and/or T and the impor-
tant reactions occur both in theliquid and in the solid phases
[97]. Unless the amounts of liquid present at various times
and the rates of the parallel, possibly interrelated reactions
in both solid and liquid phases can be measured, the rate ex-
pressions become intractable and the kinetic data available
may be insufficient to characterize adequately all the con-
trols [22—24]. Recognition that a particular reaction is com-
plex, and the confirmation that essential chemical changes
occur in a liquid, must be regarded as a more redlistic de-
scription of behaviour than a‘fit' to asingle (solid state and,
therefore, inappropriate) kinetic model.

5.8. Reproducibility in kinetic analysis

The necessity to confirm that kinetic observations are ac-
curately reproducibleis obviously not ahigh priority in many
recent reports of TKA investigations. Nevertheless, the lit-
erature contains important investigations that conclusively
demonstrate the existence of significant variations of be-
haviour between successive nominally similar experiments,
some are cited below. Chemical conclusions can only be of
value when derived from reliable methods of kinetic analy-
sis and based on measurements that are fully representative
of the reaction of interest. The importance of reproducibility
has been emphasized in point 3 of Section 5.4.

From studies of the solid state thermal reactions of
[Co(NH3)s-H20]X3 (where X is Cl—, Br~ or NOz7),
LeMay and Babich [98] drew attention to the poor repro-
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ducibility of some reported activation parameters. Compar-
aive investigations were, therefore, essential to determine
quantitatively the kinetic influences of the procedural vari-
ables: particle size, sample size and compaction, atmosphere
and heating rate. Apparent activation parameters varied sig-
nificantly (exhibiting a CE) showing that the kinetic effects
from changed reaction conditions effectively concealed the
relatively smaller influences from chemical factors and crys-
tal structures in controlling reaction rates (see also [28]). It
was further concluded from some cited reports that mecha-
nistic deductions, based on comparisons of the magnitudes
of activation parameters, were unwarranted. Later work by
House and others, on dehydrations of (NH4)2C204-H20O
[99] and of K4[Ni(NO2)g]-0.75H,0O [100], for different
reaction conditions, showed that the kinetic models giving
‘best fit' and ‘second best fit'" from many of the multiply
replicated rate experiments, were provided by quite differ-
ent kinetic models. Sets of kinetic data were aternatively
represented by nucleation and growth and by deceleratory
equations, indicating inconsistent and contrasting interpre-
tations, identifying rate control by quite different chemical
processes. The necessity to demonstrate reproducibility in
rate measurements, to obtain kinetic observations of the
highest quality that can be used to formulate meaningful re-
action mechanisms, was mentioned. These studies [98—100]
complement other fundamental work emphasizing the im-
portance of precisely defining reaction conditions to elim-
inate the kinetic contributions from procedural variables,
through reversibility and heat transfer, see also [35-45,47].

5.8.1. Correlation coefficients

The use of a correlation coefficient, r, or a coefficient of
determination, r? (each a single number) as the sole mea-
sure of excellence (or otherwise) of the fit of arate data set
to akinetic model must be regarded as an insufficient crite-
rion on which to base conclusions from comparative kinetic
analyses. Limitations include:

1. One (usually) missing parameter from reports of kinetic
fit' is the overall «-range across which the identified
equation is regarded as acceptable. Deviations of data
from the sel ected theoretical relationship may result from
experimental error, or be systematic, for which charac-
terization of the trends, «-ranges and magnitudes of di-
vergences may have significance in the interpretation of
rate measurements [66].

2. Distinguishability of ‘best fit' of data between rate
equations, from the conventionally accepted set, is not
straightforward [66]. In such comparisons, different seg-
ments of the a—t curve provide the most sensitive ranges
within which discrimination between alternative possi-
ble fits can be discerned: the periods of onset and/or
completion of reactions are often the most revealing
and effective. This is particularly relevant for kinetic
analyses of each rate process in a sequence of stepwise
distinct reactions where errors may arise when defining

the point representing completion of one step and the
initiation of the subsequent process (stoichiometry).

3. A further problem, apparent in some literature reports, is
that identification of a value of r that approaches unity
closely tends to be accepted as representing all the nec-
essary and sufficient evidence required to recognize an
acceptable kinetic description of reaction rate. In cer-
tain circumstances this is undoubtedly true. However, the
demonstration that more than a single kinetic analysis
triad (i.e., kinetic model, A and E) provide fits, charac-
terized by values of r that are close to unity, is clearly
unacceptable. See [101], where several values of r, that
are significantly greater than 0.999 but less than 1.0, are
listed for fits of the same rate data sets. Moreover, these
alternative deceleratory kinetic models represent differ-
ent interface advance reactions, with and without dif-
fusion control. Many articles report similar evidence of
‘excellent fit'" to two or more aternative kinetic models
(though r values are generally further from unity, e.g.
[78,79,101,102]). It should be remembered, however, that
the existence of two or more values of r which are very
close to the ideal (1.0) demonstrates a fundamental in-
adequacy of the analytical method because the statistics
have failed to identify which single kinetic model ‘best’
represents the rate process. One equation should emerge
from the analysis to describe the reaction, which can be
represented by only a single kinetic model. For this, the
r value applicable is expected to be significantly larger
than all othersfound. The reporting of multiple fits' can-
not be welcomed as the successful outcome of a kinetic
analysis, as seems to be often implied.

4. In many Kkinetic reports, the listed (apparent) values of A
and E vary considerably with the particular kinetic model
applied [78,79,101,102]. Consequently, the preferred in-
terpretation of the datamay be based on small differences
of r or even alternative “statistically equivalent descrip-
tions of the process’ [92]. This is clearly unacceptable
and other criteria must be sought to obtain a method for
the reliable characterization of the kinetic parameters.

The above considerations demonstrate unambiguously
that a value of r, or any other single statistical parameter,
is an inadequate criterion for confirmation of the kinetic
model for a particular reaction. Presumably, this altogether
unsatisfactory practice has arisen through the tendency to
extend mathematical analytical methods in preference to
al other experimental techniques. However, this approach
has now obviously exceeded what is reasonable and, as a
result, considerable uncertainties have been introduced into
kinetic conclusions based only on (superficially sophisti-
cated) calculation routines. The methods used in the earlier
kinetic analyses for solid state reactions are to be preferred.
Agreement with kinetic models throughout the reaction was
sought and interpretations were supported, where possible,
by suitable confirmatory (i.e., non-kinetic) observations,
including microscopic determination of reaction geometry.
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It is suggested that TKA would benefit from a compre-
hensive reappraisal of the conventions used in reporting ki-
netic results, with aview to establish the type of information
that is required to express fully al conclusions. For any re-
action, this might include the following: reaction stoichiom-
etry, kinetic model (including criteria for its recognition, r,
the a-range(s) of applicability and reproducibility of data),
Arrhenius parameters (together with their standard devia-
tions and temperature interval of applicability), the influence
of procedural variables on kinetic characteristics and other
relevant and complementary data.

5.9. Appraisal of some kinetic reportsin the TKA literature

The recently published reports of TKA studies considered
below are intended to emphasi ze unacceptable general prob-
lems that are not currently being addressed, undoubtedly
leading to stagnation [84] in this subject. It is not intended
that these citations are a complete list of articles in which
such problems appear: the selected examples are represen-
tative of a much wider range of comparable reports [61,62].
The problems identified are discussed below under three
headings that are complementary, interrelated and together
identify comprehensive shortcomings that are now endemic
(though widely unrecognized) throughout a significant part
of current TKA literature.

5.9.1. Variation of A and E with kinetic model (g(«) = kt)

Consideration of this unacceptable feature of reported ki-
netic conclusions [61,62,102] must start from the view that,
throughout chemical theory, E is regarded [59,87] as the
minimum energy required by the reactants to achieve the ac-
tivation reguired for their transformation into products. This
quantity is, therefore, an invariable property of the partic-
ular bond redistribution step considered and the magnitude
of E should not vary with either experimental technique or
the mathematical method used for its calculation. A kinetic
model, while frequently used to obtain Arrhenius parame-
ters (through K), is not an essential feature and model-free
[77], aso reduced-time [2], methods, for the determination
of E are available. The importance of E in homogeneous re-
action kinetics is well-established [59,87] because its mag-
nitude can be valuable in formulating reaction mechanisms,
where the energy barrier to transition state formation is an
important parameter. Shortcomings and uncertainties in the
theory diminish the reliability of deductions based on values
of E for solid state reactions [29].

Recent kinetic analyses have reported, even emphasized,
apparent variations of E with « [92]. Such relationships have
been found and specific instances have been explained by
mechanistic models, including the completion of nucleation,
change of mechanism, etc. However, influences of heat and
product diffusion rates throughout the reactant mass can ex-
ert controls over the kinetic behaviour observed (Section 4).
Studies, e.g. [92], presenting quantitative determinations of
the so-called ‘variable activation energies report trends of

E with « as empirical observations and do not explore the
chemical reasons for such trends. Significantly, the appli-
cable reaction conditions were not adequately described so
that the rate data can be presumed to incorporate the effects
of reaction reversibility and/or endothermicity on the rates
measured. No attempt to remove these secondary controls
is mentioned. Consequent variations of E with changes of
conditions within the sample and, thus with «, are not unex-
pected. Apparent values of E reported for calcite dissociation
[92] were stated to decrease from about 170-110kJmol~1
as reaction proceeds under unspecified and probably vary-
ing conditions. No such trend was evident, however, for the
same reaction studied under carefully defined vacuum con-
ditions unless some product was present [36,37].

Thereisno reason to regard E values calculated from TKA
data to be fundamentally different from the concept of acti-
vation energy used in other branches of chemistry [61,62].
However, it has become an accepted practice in some recent
TKA literature to report, for the same reaction and without
comment [80], several significantly different magnitudes of
E obtained by alternative analyses of a single data set by
different kinetic models [78,79]. It appears, therefore, that
the concepts represented by A and E, specificaly as used
in TKA studies, have been changed substantially from their
original meanings. Thistransformation has been neither rec-
ognized nor adequately discussed. No definition of these new
(or modified, variable and multivalue) Arrhenius parameters
seems to have been provided [92]. It appears that Arrhenius
parameters have acquired two distinct and aternative signif-
icances, applicable in different parts of chemistry.

This is a most unsatisfactory situation because scientific
communication depends on the use of a precise and unam-
biguous descriptive terminology. The following aternative
possibilities must, therefore, be considered: (i) Either the
wider theory is specificaly inapplicable to the types of re-
actions studied by TKA methods (which is obviously im-
possible, indeed unreasonable). (ii) Or (more acceptably) an
aspect of the definitions of the terms and/or the computa-
tional methods used in the automated and routinely applied
mathematical programs now systematically modifies those
features of the kinetic analysis cal culations which determine
the apparent (sometimes multivalue) magnitudes of A and E.
| have no hesitation in regarding the latter alternative, (ii),
as infinitely preferable:

1. Variable E. This concept has been advocated by Vya
zovkin who, in the last sentence of [92], states: “In the
meantime, the acceptance of variable activation energy
seems a reasonable compromise ...". The meaning of
this new presentation of E is not explored, the inconsis-
tencies with the accepted view of ‘activation energy’ are
not discussed and the possible advantages of this new
concept are not explained. Nevertheless, this approach is
extensively supported, or perhaps only accepted: some
representative examples from the literature are given
below. In this convention, the guiding principle seems
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to be that the apparent values of E (etc.) vary with the
approximate formulae used in their calculation. | do not
understand why these computed val ues should be termed
‘activation energy’, when this usage is so different from
the accepted meaning of this parameter. The variable, or
multivalue, E is correlated with no activation step [59,87]
and provides a measure for no identifiable energy [61].

2. Unacceptable mathematical methods of data interpreta-
tion. In place of the present unquestioning acceptance
of the view that the results of conventiona calculations
are invariably meaningful, a reasonable aternative is to
examine critically their chemical significances. If, from
theory, E is a constant, characteristic of a particular
chemical step, then calculations that yield aternative
magnitudes merit critical scrutiny. The most obvious rea-
son is that the mathematical programs for kinetic analy-
ses, how uncritically accepted, are unsuitable or simply
incorrect [62]. The few comparative surveys of the many
aternative, but approximate, methods for computation of
Kinetic parameters [1-4], aready mentioned, appears to
have induced a reluctance in researchers to seek reasons
for the inconsistencies that now so obvioudly pervade
this subject. The present survey is intended to open a
discussion of this problem, which must be confronted to
resolve the present scientific inadequacies.

It is always essential that kinetic data, used to calculate
chemically meaningful magnitudes of E (etc.), are not sig-
nificantly influenced by procedura variables. Multivalues
of E, from different kinetic models, apparently result from
computational inconsistencies [61,62], whereas systematic
variations of E with «, t and/or T may due to the changing
contributions from secondary controls (Section 4).

The citations mentioned below list some of the many in-
stances of apparent variations of Arrhenius parameters with
kinetic model and/or calculation method. Such conclusions
often result from kinetic analyses that are based only on
recognition of ‘best fit'" from ‘best r’. The unacceptable sit-
uation now existing in TKA analysisisillustrated by results
from two recent comparative data interpretation projects. In
[7] participants measured rates of the three breakdown steps
for CaCy04-H20 and data were analysed by standardized
mathematical interpretation procedures (although some data
obtained were “cancelled” because these “did not fulfil the
high demands of quality”). In [8] identical sets of kinetic
data supplied were (alternatively) interpreted by the partic-
ipants [9]. Both groups of involved volunteers who were
highly experienced kineticists, (presumably) motivated by a
common interest in establishing the consistency and relia-
bility of methods used to interpret TKA data. However, for
each data set in both projects [7,8], the reported magnitudes
of InA and E showed unreasonably large variations (Type 3
CE). Despite some expressed optimism [7] (but without ex-
plained reasons), these two reports constitute irrefutable ev-
idence that magnitudes of Arrhenius parameters calculated
by the most widely used methods are inconsistent and, with-

out additional support, such results cannot be regarded as
having theoretical significance.

The unexplained variability of these results, obtained
from what should be a consistent kinetic analysis proce-
dure, introduces doubt into the significance of Arrhenius
parameters throughout the TKA literature. Until reasons
are identified, this uncertainty must be regarded as poten-
tially having a much wider applicability. Reported A and E
values from these methods cannot have theoretical signifi-
cance (i.e., be associated with a bond rupture step [59,87],
etc.) or be used to classify chemical features within sets of
related reactions. The Arrhenius parameter values reported
in [7,8] extended beyond the ranges that might reasonably
be attributed to the chemical changes considered, effec-
tively making these parameters theoretically meaningless.
It follows that all comparable values reported throughout
the literature must be regarded as being subject to similar
uncertainties, a generalization that has very serious and
widespread implications. These conclusions provide a chal-
lenge for al of us to explain these inconsistencies and to
urge those active in this field to establish acceptable theo-
retical foundations, that are essential for future progress.

The calculated results tabulated in [78,79] demonstrate
that variations of the models used in theoretical kinetic anal-
yses result in systematic and considerable differences in
the apparent magnitudes of Arrhenius parameters calculated
from each single set of rate data[62]. (Apparently only asin-
gle set of data measurements was obtained for each reaction.
Thisis unsatisfactory because it has been shown [64,65] that
a single set of non-isothermal rate sets fitting one kinetic
model can also fit most of the other kinetic models used to
represent solid state reactions.) In these two articles[78,79],
each of the six sets of kinetic observations were analysed
for fit to 19 alternative kinetic models, of both ‘Integral’ and
‘Differential’ forms. For each of these reactions, wide ranges
of apparent E magnitudes (38 in al) were calculated, in-
cluding some values that were negative (presumably imply-
ing that the reaction rate decreased with temperature rise).
Values of r were used as the sole criterion for identifica-
tion of the ‘best’ kinetic fit for each of the several reactions
considered. Agreement of rate data with many of the par-
ticular kinetic expressions tested was poor. Results for each
reaction exhibited a CE, as expected for ‘isokinetic’ (i.e.,
same data) measurements; two very dightly different CE
lines were given by the sets of ‘Integral’ and ‘Differentia’
values.

The use of virtually identical methods, yielding simi-
lar result patterns from kinetic analyses of TKA data, are
also found in many other publications. Predominantly, these
were obtained by non-isothermal measurements. Represen-
tative examples are cited below and most of these exhibit
the following features. Values of E and InA (not invariably
recorded), calculated from the same data set, vary consider-
ably (usually at least 4x, and often much larger ranges) with
changes of the kinetic model, g(o) = kt. (Not all reports
included results from both integral and differential forms
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of the kinetic model.) Ranges of « across which ‘best fit’
kinetic models were applicable were rarely reported. Rela-
tive magnitudes of Arrhenius parameters calculated for dif-
fusion control models (D1-D4 [1]) were almost invariably
the largest. Values from the Avrami—Erofeev (A1-A4) and
power law (Pn) equations [1] were generally smaler and
decreased systematically (and significantly) with the expo-
nent, n. Most plots of n against E were linear and intersected
the n-axis (E = 0) at around n = 0.1. Arrhenius parameter
sets, for a single, or for groups of chemically related reac-
tions, frequently exhibited a CE and sometimes a single CE
line was applicable to more than one reactant.

Examples of these unsatisfactory features of recent kinetic
studies, now requiring reanalysis and critical reappraisal,
were found in the following representative reports:

e Decompositions of 10 areneruthenium complexes [68].
Values of r were predominantly greater than 0.999 for fit
to dternative, kinetically distinct, rate equations.

e Decomposition of manganese methylamine tetrachloride
[81]. Data andysis by several non-isothermal kinetic
equations yielded Arrhenius parameters that exhibited a
CE.

e Decompositions of palladium complexes [101]. A single
CE was found for data from five closely similar reactants.

e Dehydrations of sodium lanthanide sulphate monohy-
drates [102]. Values of E vary with kinetic model and the
‘best fit'" was identified from the relative r value closest
to unity.

o Decompositions of similar palladium complexes [103]. E
was almost proportional to n.

o Decomposition of copper ammonium chromate [104]. Val-
ues of r for fit of data to nine different kinetic models
were 0.992 or greater and the varied magnitudes of E
(81-476 kImol~—1) decreased with increase in n.

o Decompositions of complex hydrated barium and lead ox-
alates [105]. For each of the three reactions considered,
CEswere found for In A and E from different kinetic mod-
els.

e Decompositions of seven polyurethane-polyacrylates
[106]. Decompositionsin two temperature ranges showed
wide variations of E with kinetic model (values of A were
not reported).

e Dehydration of NiSO4-6H,0 [107]. Surprisingly, Arrhe-
nius parameters for the four successive dehydration steps,
that occur within different temperature intervals, were
close to a single CE plot. Apparent values of E, some
of which were unrealistically small, increased with (frac-
tional) n values in the AE equation [1]. (Aspects of the
stoichiometry have been discussed [12].) See aso the de-
hydration of NiCl,-6H0 [108].

o Decompositions of cyanodithiofor mate complexes of some
transition metals [109]. Values of A and E obtained by
aternative calculations for the same complex do not agree
and vary significantly for the six transition metals (Mn to
Zn). All datafit a CE for which the isokinetic temperature

[46] (552K) is dlightly greater than the response peak
maxima, 525-543K.

e Decompositions of glyoxime derivatives of Co(ll), Ni(Il)
and Cu(ll) [110]. Although the three successive stages
of reaction for each salt proceed in similar temperature
intervals, Arrhenius parameters show variations, giving
three approximate CEs.

5.9.2. Correlation coefficients

Many of these, and similar reports giving results of mul-
tiple kinetic analyses, mention r magnitudes that approach
unity, identifying (often) apparently excellent fits of the same
datato rate equations from the three general classes[1]: sig-
moid (nucleation and growth, A2—-A4), deceleratory (con-
tracting interface, R2, R3), strongly deceleratory (diffusion
control, D1-D4). This is unexpected and unacceptable be-
cause the objective of any kinetic analysis is to distinguish
unambiguously [66] between such alternatives. For exam-
ple, [68] gives many values of r between 0.999 and 1.000,
[104] gives nine equations for which r is greater than 0.992,
and further papers [78,79,101,102] record fits that vary be-
tween excellent, good and others that are less satisfactory.
One conclusion isthat (at least some) of these kinetic analy-
ses are remarkably non-discriminatory. Moreover, the single
value of r is an inadequate criterion for identifying akinetic
description of rate characteristics. Perhaps a more suitable
test of ‘best kinetic fit' is the constancy and consistency of
the calculated magnitudes of E. (The range of « to which
the r value refers should always be specified.)

5.9.3. Comment

The representative citations above demonstrate the extent
and severity of the problems that must be confronted and
resolved to introduce scientific order into the TKA litera-
ture. Every article mentioned includes one or more of the
significant shortcomings listed below, which represent inad-
equacies or inconsistencies of the theory used and/or a lim-
itation that restricts the elucidation of reaction chemistry.
These trends persist into the most recent literature reviewed
at the time of writing (late 2003):

(i) Stoichiometry isoften incompletely characterized, the
identities of inferred products are not always con-
firmed and, in reaction sequences, only the first reac-
tant is known.

(ii) Reproducibility of results, stoichiometric and kinetic,
is often not confirmed, though results are reported to
unrealistic numbers of (apparently) significant figures.

(iii) Itisaccepted in rate analysesthat A and E values can
vary with kinetic model.

(iv) Kinetic comparisons are often limited to a selected set
of equations (for which the selection criteria are not
specified), thereby excluding al other possibilities.

(v) Kinetic fits to quite different reaction models give
equally satisfactory values of r, though agreement
with integral and differential forms of the rate
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equations can be significantly different. These in-
consistencies presumably arise from kinetic analyses
based on insufficient measurements, a single set of
rate data [64,65,111].

(vi) «-Ranges of applicability, adequate fit, for each ki-
netic model often remain unrecorded and may repre-
sent a restricted a-range only.

(vii) Kinetic conclusions are not always supported by con-
firmatory observations.

(viii) Therelationship of resultswith the known behaviour of

comparablereactantsfrequently remainsunconsidered.

(ix) Thesignificance of reported conclusions in advancing
theory is not always discussed.

These features, there may be others, represent attitudes
that are prevalent throughout the recent TKA literature and
may be regarded as evidence that the subject lacks a theo-
retical foundation and is becoming ever more empirical. In-
effectua practices continue to be unquestioningly accepted
so that TKA is becoming even further detached from its
roots. The proposed new theoretical approach (Section 7)
has attracted relatively little interest. This is surprising in
the context of the existing poverty of TKA theory and the
absence of any aternative proposal. However, the restrict-
ing tradition of a subject that has unreasonably few critical,
comprehensive and objective reviews or realistic literature
appraisals is maintained.

5.10. Discrimination in kinetic analysis. comparisons
through model systems

To investigate discrimination in kinetic analysis [66],
comparative tests were made for a model representative
isothermal reaction. This approach is readily extended but
the single example given here recognizes some problems,
and exemplifies shortcomings, of current methods of ki-
netic analysis. A set of ‘Calculated Kinetic Data (CKD),

Table 1

(a, t) values, were obtained for exact applicability to the
(isothermal) sigmoid equation, A2:

[—In(1 — 0)]°® =kt

The fit of these (A2) calculated a—t values to other se-
lected kinetic models [1] (for crystolysis reactions) were
compared by two methods and results are summarized in
Table 1 and Fig. 1. Column three of Table 1 shows the max-
imum «-ranges across which k values were constant, within
the (estimated) limits + 10%. Column four shows the (less
quantitative) subjective assessment of the data fit from the
a-range of linearity for a plot of g(«) against t. These com-
parisons are aternatively displayed in Fig. 1 which gives
a differential plot, again for the CKD («—t data), showing
variations of the rate constants, A[g(«)]/At against . From
both the variations of k with « and the ranges of estimated
linearity (Table 1) the ability to discriminate between fits of
these data to different kinetic models was most satisfactory
(apparently much more effective than r in the papers cited in
Section 5.9). Apart from the original equation (‘perfect fit’),
the a-ranges of fit were limited and most were obviously
unacceptable.

Results obtained in some cal culated comparisons of fit of
the CKD data set to the same aternative kinetic models are
givenin Table 2, which lists ‘best fit' values of kwith r?, co-
efficients of determination (in brackets). Also included are
the consequences of selective deletion of the early acceler-
atory stage, when « is less than 0.148, and of the final slow
reaction phase, for « greater than 0.961. (Thisisthe (dightly
arbitrary) deletion of the first three and/or the last six data
points. Furthermore, the use of coefficients of determination,
r?, presents an apparently larger relative deviation from the
ideal fit of unity.) A critical consideration of these values
shows that there are several instances of evidently good fit,
based on r2, but only in those analyses that incorporate the
more restricted a-ranges. This contrasts with the graphical

Range of « values across which “CKD (for rate equation A2)” fi tted other rate equations from the set regarded as applicable to solid state decompositions

(1®

Relative rate constant,
k (arbitrary units)

a-Range? of fit by semi-quantitative
comparisons for rate + 10%

Estimated® a-range of linear fit
from plot of g(«) against t

Avrami—Erofeev eguation

n=1 —
n=2 1.00 (by definition)
n=3 0.67
n=4 0.48
Prout—Tompkins equation 3.2
Power law equation (n = 2, 3 or 4) -
Zero order equation (linear) 0.79

Contracting area equation -
Contracting volume equation -
Jander equation -

No acceptable fit 0.09 — 0.55 (poor)
0.00 — 1.00 0.00 — 1.00

0.45 — 0.83 0.15 — 0.75 (poor)
0.53 — 0.85 0.12 — 0.58 (poor)
05— 09 Not tested
Unsatisfactory: fit only when o« < 0.2 Not tested

0.22 — 0.67 0.09 — 0.82

043 — 0.81 0.15 — 0.95

0.47 — 0.95 0.24 — 0.98
Unsatisfactory 0.30 — 0.62

a8 CKD (title) were a set of a—t values that fitted the Avrami—Erofeev equation, n = 2, and were then tested for fit to the other rate equations widely
used in kinetic analyses of reactions of solids [1]: «-ranges of fit are as shown.
b The ranges of fit (for CKD data) were estimated from a constant k value + 10% from differential plots to determine fit to alternative test equations,

see Fig. 1.

¢ The ranges of apparently acceptable linearity were estimated (approximately) by inspection of g(a), for CKD vaues, plotted against time.
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Fig. 1. Plots of rate constants (relative values), slope A[g(«)]/At against «, to test fit of isothermal yield time data (CKD) calculated for the A2 equation
to other forms of the Avrami—Erofeev, n = 1 (<), 2 (x), 3 (O), 4 (+) and zero order (x) equations. A ‘fit' is recognized by a constant k value, a
horizontal line, only found for n = 2; approximate (generally unsatisfactory) ‘fits' for the other equations compared are found over the various o-ranges

indicated in Table 1.

comparisons that are identified as the more effective method
for kinetic discrimination [66]. Moreover, magnitudes of the
apparent k values also change significantly with the «-range.
These comparisons (Tables 1 and 2, Fig. 1) demonstrate the
considerable uncertainties inherent in kinetic conclusions
based on a single statistical parameter, r or r? and fit re-
stricted to unspecified (often arbitrary) a-ranges. If kinetic
discrimination between alternative rate equations is to be ef-
fective, it is essential that comparisons refer to amost the

Table 2

complete reaction and that the « interval for a specified cri-
teria of fit to each kinetic model is reported. The methods of
Kinetic analysis in many recent publications are inadequate.

5.11. Approximate equations in kinetic analysis
It has been strongly advocated above that the well-known

[1,2,4] approximate methods of kinetic analysis of non-
isothermal rate data would benefit from detailed reappraisal.

Fit of o—t data, calculated from Avrami—Erofeev for n = 2, to other solid state kinetic models (26 (CKD) values spread across total a-range)?

k (r2)

a-range

0.0100-0.9998

0.148-0.9998

0.0100-0.961

0.148-0.961

First order equation

Avrami—Erofeev equation
n=2
n=3
n=4

Prout—Tompkins equation
Zero order equation
Contracting area equation
Contracting cube equation
Jander equation

3.141 (0.9356)

1.000 (0.9997)
0.628 (0.9833)
0.473 (0.9616)

4,048 (0.9870)
0.463 (0.8221)
0.420 (0.9487)
0.382 (0.9822)
0.372 (0.9451)

3.390 (0.9590)

1.000 (0.9998)
0.584 (0.9909)
0.418 (0.9807)

3.846 (0.9934)
0.419 (0.7714)
0.413 (0.9307)
0.388 (0.9774)
0.401 (0.9740)

2.012 (0.9436)

1.000 (0.9998)
0.725 (0.9889)
0.581 (0.9730)

4.122 (0.9612)
0.642 (0.9776)
0.516 (0.9919)
0.419 (0.9843)
0.291 (0.8696)

2.267 (0.9699)

1.000 (0.9999)
0.664 (0.9961)
0501 (0.9907)

3.401 (0.9979)
0.630 (0.9633)
0.545 (0.9975)
0.453 (0.9967)
0.338 (0.9291)

a Calculated (‘best fit") rate constant values, k and (coefficients of determination, r2) for fit of data to the other models [1] commonly used in kinetic

analyses of TKA observations.
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Two recent papers [82,83] have provided important quan-
titative and comparative surveys. Flynn [80] has reviewed
the shortcomings of the ‘Temperature Integral’ in the ‘com-
puter age'. It is now opportune to extend this approach by
exploiting the power of the generally available computa-
tional capacity to replace what should have been temporary
expedients introduced during the developmental stages of
TKA. These simplified, but inherently less reliable, compu-
tational convenience-methods appear to have become effec-
tively permanent. It is appropriate that this comfortable, but
restricting, practice is urgently subjected to cold, critical and
comprehensive cerebration.

A general appraisal of the approximate methods of kinetic
analysis is not attempted in this already extended review.
The above example illustrates some of the problems inher-
ent in non-isothermal TKA methods. This, together with
the formulation of revised computational programs essential
for progress (including correct use of terms, units, etc.), are
interesting and challenging tasks for the immediate future,
by those eager to advance thermal chemistry. The serious-
ness of the prevailing situation is conveniently illustrated
by shortcomings of the Coats-Redfern (CR) equation [112]
(see dso [62]), often used in the analysis of single sets of
non-isothermal data. The CR equation is often applied in the
form (which is subject to severe interpretational limitations
[64,65]):

In 8@ =In E _E
T2 BE RT
The slope of asuitable plot gives E and A can be found from

the intercept. The solid state forms of g(a) = kt [1] include
the power laws, Pn with exponent n (see also [113]):

AR nE
Ina 2nInT_nIn<ﬁE) T 2
A similar form is given by the AE equation, where the first
term in Eq. (2) isreplaced by In[—In(1 — «)]. Thus, slopes
and intercepts yield values of InA and E that are scaled by
the factor n, evident in some reports [78,79], but this is not
a direct proportionality because plots of E against n give
exponent values between 0.05 and 0.2, when E = 0.
Furthermore, this form of Eq. (2) contains very little ca-
pacity to distinguish the fit [66] of data between the curve
shapes of the alternative kinetic models, resulting only from
variations of the term [g(«)/T?]. The component, g(c), Sys-
tematically changes with the form of the kinetic model
tested [1] but 2nInT undergoes variations that differ only
marginally from a linear relationship across most temper-
ature intervals of interest (where T increases at a constant
rate, B). This lack of ability to discriminate between alter-
native kinetic model curve shapes was confirmed and an-
other shortcoming was revealed by tests of kinetic fit for the
model a—t data set (CKD) calculated for the AE equation,
n = 2. CKD values were analysed according to Eq. (2). The
kinetic fit was correctly identified, with acceptable accuracy,
when o« was greater than 0.01 to almost completion. At low

a, however, there was significant divergence from expecta-
tion, attributed to dominance of the contribution from the
2nInT term in this interval. This recognizes a significant
weakness in these equations used in approximate analyses
of non-isothermal measurements.

The values of the Arrhenius parameters obtained using
power law or AE equation forms, g(«) in Eq. (2), depend
on the definition of k. Taking the units of k as (time)~1
(Section5.5and [1], g(«) = k"¢") the dlope given by the CR
termsin Eq. (2) is nE (modified dightly by the contribution
from —2nInT). If, however, we alternatively define K (from
Section 5.5 and [1]) as g(«) = Kt", but using the exponent
m from [113] where (—In(1 — «) = Kt™) we obtain (see
Eq. (9) from [113]):

1/m
In[—In(l—oz)]—2mInT=mIn<mA R) E

EB ) RT

whichisshownin[113] to givethe ‘correct’ value of E when
the rate constant is defined with kY™ in units (time)~1. It
follows that the variations of E with kinetic model occur
when n varies from unity, asin Eqg. (2). Thus, plots of first
power or first-order functions (containing units (time)~1)
against T~1 approximately represent the temperature coeffi-
cient of reaction rate, and E, but the following uncertainties
arise in expressions such as Eq. (2):

1. CR plots incorporate contributions from —2InT (or
—2nInT) which influence the apparent magnitudes of E
andr.

2. Kinetic analyses reports for non-isothermal data do not
usually define k or the role of nin Eq. (2) so that the
significance of the exponent in calculating E is not known
[65].

3. The exponent of time, n, is a dominant control on the
characteristic form of the kinetic model [66]. When n is
greater than unity the power law or AE equations apply,
when n isabout unity the contracting interface or first or-
der equations fit and diffusion equations give n values of
about 0.5. Thus, the exponent usually, but not invariably,
dominates the variation of E with kinetic model. This
generalization is indicated by the closely similar pattern
of variations of E with g(o) = kt in different studies,
whichis, therefore, identified as acomputational artefact.
(Note the values and their identical patterns of variations
[62] in the tables from [78,79].)

Vyazovkin discusses [92] the existence of alternative, but
‘statistically equivalent’, representations (kinetic model, A
and E) of a data set. One explanation is that Eq. (2) accom-
modates the differences between the aternative functions
d(«) into the nE composite term; together with generally
minor contributions from 2nInT. It is aso noted that, in
discussing the advantages of using ‘master plots' in ki-
netic analyses, Gotor et al. [65] tend to favour comparisons
through differential (reduced) terms wherein the uncertain-
ties resulting from rate constants and their units do not
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arise. One conclusion from the above appraisal is that the
dominant contributions to the variations in apparent mag-
nitudes of E with kinetic models arise through ignoring the
conseguences of unitsin the exponents. The ‘best activation
energies arelikely to be obtained from plots for which units
of kare (time)~* though other sources of uncertainty remain.

5.11.1. Comment

The current computer-automated methods of kinetic anal-
ysis may result in inconsistencies, or even serious errors in
calculated kinetic parameters, which may be reported unno-
ticed, if the programs used have not been examined in detail
by the researcher and every stage fully understood. Disre-
gard for the significance of the units of timein kis suggested
as one pervasive reason for some of the inconsistencies in
activation parameters reported in many of the above cita-
tions. Recent publications continue to report uncritically re-
sults obtained using the CR (and similar) equations, despite
their known limitations [64,65,111,113]. (Erroneous conclu-
sions may result from the ‘black-box’ approach, which can
never be recommended in fundamental science. Thisis the
uncritical acceptance of an instrumental output/printout as
being invariably correct in all respects, without the neces-
sity for the researcher to understand fully its methodology,
the errors and the limitations of each operation taking place
within the ‘black-box’.)

Another apparently widely unrecognized and unsatisfac-
tory feature in the reporting of computer analysed kinetic
datais the custom of uncritically recording excessive num-
bers of significant figures. Such apparently precise data
might appear to be evidence of, or to imply a claim for,
unrealistic accuracy. Values of E are sometimes reported to
+10Jmol~1, whereasiit is probable that few values, partic-
ularly for solid state reactions, are measured reproducibly
with accuracy better than about +1%. A realistic conclusion
to be drawn from unduly (apparently) precise kinetic data,
without error limits, is that no adequate reproducibility tests
or realistic accuracy assessments have been undertaken.

5.11.2. Variations of activation energy with «,
progress of reaction

For a number of reactions, systematic variations in E
with increase in o have been mentioned [92]. Severa expla-
nations are possible, one of which is reaction complexity,
where more than a single rate process contributes to the rate
of product formation. For example, nucleation is required
before growth, and because temperature coefficients of these
complementary steps are different, their contributionsto the
composite overall process vary with « [67]. The changing
roles of various factors, including ‘chain-branching’, differ-
ences of reactivity with crystallographic direction, particle
size, reaction mechanism [1,114,115], etc., have long been
known to solid state kineticists as possible influences on
rate characteristics. Thermal effects, self-heating/cooling,
reaction reversibility (secondary controls from influences
of procedural variables) and phase transformations are also

associated with variations in E [35-45]. It appears, how-
ever, that this generally available knowledge has not been
effectively transferred, accepted or appreciated in the theory
as it is sometimes currently applied in the interpretation of
TKA observations [61,62]. There is no necessity (or point)
in discussing the variability of kinetic parameters, including
E, before it has been established with certainty whether or
not the reaction rates are determined by the chemical step or
are condition-dependent (empirical) being subject to control
by procedural variables. Much of the recent work ignores
tests of reliability and reproducibility and thus the chemical
significance of the data that are being analysed is not known.

5.11.3. Aspects of kinetic analyses

For isothermal rate data, kinetic analysis enables the func-
tional dependence of « on t to be determined and ‘fits
to aternative kinetic models distinguished (Fig. 1) [1,66].
(Values of A and E cannot, of course, be determined from ex-
periments at asingletemperature.) Similarly, aset of (¢, t, T)
valuesfrom asingle non-isothermal experiment cannot iden-
tify the kinetic model, A and E [64,65]. For an adequate ki-
netic analysis, moreinformation, e.g., « asafunction of t and
E [65] or independent verification of the kinetic model (—t
relationship), isrequired before E can be determined reliably.

5.12. Complementary measurements

Chemical and physical interpretations of kinetic data, in-
cluding identification of the possible rate controlling factors
and formulation of mechanisms require substantiation and
support through all available and relevant complementary
laboratory measurements. Conclusions based on different
types of observations that concur are likely to be more
reliable than deductions based on results from a single
technique, which notably includes TKA studies. Moreover,
some types of complementary investigations, invaluable
for the characterization of features that are unique to crys-
tolysis reactions, are simply inapplicable in homogeneous
kinetics. These include microscopic and crystallographic
characterizations of the textural changes accompanying
reaction, which were originally so important in the initial
formulation of the advancing interface reaction model. The
value of microscopic observations, and other complemen-
tary information, for the elucidation of the chemistry of
solid state reactions has been discussed in the important and
authoritative review by Koga and Tanaka [116]. Boldyrev
[117] uses evidence from an exceptionally diverse range of
techniques in a detailed and penetrating discussion of the
chemistry of the thermal decomposition of silver oxalate.
If it is accepted that reactions of solids occur preferentially
within specialist crystallographic zones of local activation
[1-3], it follows that all appropriate and applicable exper-
imental methods capable of characterizing properties of
interface forms and functions must be exploited to eluci-
date their chemistries. Such information may be of value in
establishing rate determining factors and conditions within
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the solid state specialized regions wherein it appears that
idiosyncratic controls and mechanisms operate. Evidence,
in addition to kinetic properties, may be essential to ob-
tain insights into the chemical characteristics of interfaces.
These interactions are different, less accessible, than those
in homogeneous reactions that involve isolated species,
following a collisional encounter.

The present practicein TKA studies appearsto favour the
use, asfar as possible, of exclusively mathematical methods
for kinetic data interpretation, without support from suitable
theoretical models, to yield mechanistic conclusions. How-
ever, the view expressed here is that interpretations based
on kinetic observations alone are unlikely to provide suffi-
cient insights into the (almost certainly) more complex con-
trols operating in solid state thermal reactions of all types.
For the interpretation of kinetic measurements, the incor-
poration of results from suitable complementary observa-
tions, obtained by methods that are not necessarily usefully
applied to reactions in gases or solutions, appears to offer
the most promising routes to the elucidation of solid state
thermal chemistry. It seems unreasonable to exclude or to
abandon any route potentially capable of providing insights
into chemical controls and reaction pathways. This was ap-
preciated in the early studies of crystolysis reactions, but
is less obviously implemented now. Experimental methods
that have already been demonstrated to offer valuable infor-
mation in the elucidation of mechanisms of solid state de-
compositions and, therefore, potentially of similar value in
interpretation of TKA data, include [1,6] microscopy, X-ray
crystallography, spectra, etc. In particular, direct observa-
tions by microscopy [116], and its more recent advances,
still retain underexploited potential value.

Future TKA research should usefully and routinely con-
sider the following possibilities. Thermal reactions may be
complex, there may be melting, participation by intermedi-
ates (perhaps transitory and reactive), topotactic processes
[1,118,119], and &l other conceivable behaviour patterns.
Devising imaginative experiments, capable of confirming
mechanistic proposals, is perhaps the greatest intellectua
challenge currently facing researchers in this field. How-
ever, the possible rewards are commensurate, in offering the
greatest opportunities for increasing our understanding of
the thermal chemistry of (initially) solid reactants. The prof-
itable application of investigative techniques of all types,
capable of probing and characterizing structures, interme-
diates, participants and reaction controls within the narrow
active zone at the reactant—product contact, is essentia to
repair thisrelatively neglected (even widely ignored) feature
of those many reactions subjected to TKA investigations.

The recent fashionable trend, the continuing collection
of additional, sometimes empirical, thermal kinetic data for
yet more and diverse reactants appears (to the author, from
extensive perusal of recent publications) to offer little hope
for any immediate progress in theory development. The
ever-expanding accumulation of E values (etc.) have not yet
provided insights capable of extending understanding of, or

introducing order into, this subject. There are no obvious
reasons why this should suddenly change. The more promis-
ing route for advance towards meaningful subject develop-
ment appears to be to elucidate, in maximum detail, the
thermal chemistry of a few selected, relatively simple and
well-characterized reactants, e.g. [117]. This is potentially
more profitable than to learn a little about each member of
ever widening ranges of unrelated and, hitherto unrelateable,
reactants, through studies that are often empirical (though
this often remains unrecogni zed).

5.13. Mechanisms

When the word mechanism is used with restricted mean-
ing, to refer only to the identification of the kinetic model,
the chemical significances of the rate data become ef-
fectively discarded. Consequently, the literature becomes
impoverished by a lack of interest in, or even the discour-
agement from, attempts to address the more fundamental
objective of elucidating the chemical controls. However, if
the wider and more conventional concept of mechanism is
considered, many features of thermal reactions that are of
considerable value may be revealed, as illustrated by the
following examples: (i) Evidence has been obtained to show
that the decompositions of ammonium chromate [22], am-
monium perchlorate [23] and the reaction KBr + Cl, [27]
are not simple interface n + g reactions, asformerly thought.
The sigmoid a—t curves, and complementary observations,
are more satisfactorily identified as reactions occurring in a
liquid phase. (ii) The temperature of CaSO3-0.5H,0 dehy-
dration is unusually high for water loss from a crystalline
hydrate, 573-673K [120]. Moreover, the rate was remark-
ably similar to that of Ca(OH), dehydration [121]. Because
both reactions involve the evolution of H,O from a calcium
containing salt, there is the possibility that both rate pro-
cesses are controlled by the same rate limiting step, perhaps
the rupture of a Ca?t - - OH; link, or involving hydroxyl
ions [120,121]. (iii) The sensitivity of dehydration kinetics
of NiCy04-2H,0 to water vapour pressure, p(H20), has
been demonstrated [38], and contrasts with the relative in-
dependence of dehydration rates of alumsto p(H20). Thisis
consistent with the suggestion [95,122] that alum water loss
proceeds with retention of water within the reaction zone.
The essential function of these nuclei is identified as an
ability to retain a sufficient p(H2O) to promote recrystalliza-
tion of the residual product. In support of this model, it was
further estimated [123] that the absolute rate of water loss
from chrome alum nuclei was comparable, though probably
smaller (about 5x), than that from lignite. In lignite water
is retained within a carbonaceous matrix and its release re-
quires no rupture of a chemical linkage. Thus, the dehydra-
tion rate of alums[95,122] proceeds at only adlightly slower
rate, consistent with loss from H2O retained only loosely
within the intranuclear zone. From these examples, it is
concluded that open-ended investigations of the chemistry
of thermal reactions is of potentially greater interest and
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scientific value than the present (restrictive) preoccupation
with curve fitting and, all too frequently, empirical Arrhe-
nius parameters, that remain unrelated to or by any theory.

6. TA literature
6.1. Comment on literature content

There have been many publications concerned with gen-
era [4] and particular [124] aspects of the experimental
methods and theory of TKA, together with specialist surveys
[125] and discussions of theory with particular reference to
crystolysis reactions [1,2]. These citations refer to an ex-
tensive, now predominantly older, literature, though [4] was
recently revised and there is a new comprehensive review
[126].

Any successful scientific subject is (ideally) characterized
by a dynamic and coherent series of stimulating reports of
continuing advances. Publications include concepts capable
of ordering knowledge systematically, resolutions of recog-
nized problems and progress in overall theoretica under-
standing of all relevant phenomena in the widest possible
perspectives. The models developed conceptualize and gen-
eralize the information available. Existing order is extended
and, by induction, meaningful predictions may be made of
properties and behaviour in hitherto untested systems and
conditions. However, the TKA literature does not realisti-
caly realize these aspirations. Few theories are available
to unify the content of a coherent subject, by development
through organic growth, and there is no substantial body of
organized knowledge suitable for forecasting the results of
novel experiments. In contrast, there is substantial evidence
of divergences and duplications of effort but little evidence
of systematic subject development. Many recent TKA publi-
cations address (and achieve) relatively restricted objectives.
Itisprobably true (and is unlikely to be enthusiastically sup-
ported by some colleagues), that the thermal chemistry of
solidsisamore difficult research topic to advance thanisevi-
dently appreciated within much of therecent TKA literature.

Perhaps a critical, comprehensive and general appraisal
of the status and significance of TKA could now initiate its
revitalization through a second transformation or metamor-
phosis. The first transformation occurred around 30 years

ago:

Thermal decomposition of solids
(crystolysisreactions)

— Thermal analysiskinetics (TKA)

(all thermal reactions: emphasison kinetics)

It is now appropriate and timely to transform TKA again,
by recognizing the diversity of all types of thermal chemical
rate processes that are studied, by a second transmutation:

TKA — kineticsconsidered inawider context of all
aspectsof thermal chemistry

Thus al aspects of condensed phase thermal chemistry
should be acknowledged. There is the requirement to rec-
ognize that, in general, TKA studies are not necessarily
concerned with solids (as sometimes currently implied) but
include chemical changes of al types. Reactions involve
melting, participation of transitory intermediates, secondary
controls, etc. Kinetic interpretations require support and
confirmatory observations.

This paper offers the considered opinion that the de-
velopment of TKA involved a profound, but insufficiently
recognized, metamorphism whereby the studies of thermal
decompositions of solids were effectively replaced by the
predominantly kinetic study of all thermal reactions. The
change occurred at a time when the theory of solid state
chemical reactivity was encountering difficulties which
inhibited its further progress. The mainly experimental
and mathematical/analytical features of solid state kinetic
analyses that developed through the advent of TA did not,
however, address the particular limitations of the then (and
still) faltering theory of crystolysis reactions. Such fun-
damental theoretical limitations are likely to remain until
novel reaction models, concepts and explanations for the
chemistry of these solid state rate processes are formu-
lated. One such theoretical proposal, providing an alter-
native and novel explanation for the kinetics of reactions
in solids and enabling consistent classification of groups
of reported results, has been developed by L'vov [31],
Section 7.

6.2. Few review articles

The few comparative surveys published throughout TKA
and the crystolysis literatures represents a disproportion-
ately small ratio in comparison with the large number of re-
portsfor single, or sets of related reactions. There have been
relatively few successes in finding order within the TKA
results available, based on any of the more obvious pos-
sible classification criteria: reactant chemical compositions
or structures, Arrhenius parameters, kinetic models, or, in-
deed, other potentially distinguishing features of the diverse
rate processes investigated. In the absence of adequate the-
ory, uncertainties in the relationships between behaviours
of different reactants remain unresolved and are rarely dis-
cussed. The chemical significances of kinetic observations
also frequently remain unconsidered. There are also doubts
concerning the reliability of many published kinetic results.
A contributory reason for the reluctance to publish reviews
may be the difficulty of comprehensively locating all rele-
vant material, a problem also found for crystolysis reactions
(similarly under-reviewed) [1,2]. This absence of theory ca-
pable of systematizing the information available may have
discouraged reviewers, which should, perhaps, be regarded
as a less than satisfactory reason. Effective reviews can be
a preferred route towards identifying systematic order, an
essential prerequisite for scientific subject advance and for
theory development.
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6.3. Article introductions

While not necessarily an exclusive feature of the TKA
literature, the first sections of many articles in this field do
not ‘Introduce’ their subject effectively. This function of re-
search reports represents an essential contribution towards
literature development by providing up-dates in the form of
specialist reviews for the specific topic being investigated.
This is not, however, aways effectively implemented and
many such introductions must be adjudged to have only lim-
ited value. The service to TKA has become particularly im-
portant in a subject for which so few general reviews are
available. Typical ‘introductory’ reasons for the selection of
aparticular reactant as worthy of study, include background
sources that mention only selective coverage of the relevant
literature. Sometimes the emphasisis placed on the previous
articlesby the author [127] himself. Other papersidentify the
reactant as being ‘of interest’, apparently only because of its
absence from previous work. These reasons are not usually
presented in the context of contributionsto systematic theory
development or explain why it is of value (or should be of in-
terest to the reader) to examine one or more substances from
theamost infinite range of diverse, hitherto unstudied, possi-
ble reactants. Such research programs can often be regarded
as making only the smallest contribution towards subject ad-
vances. Relatively few articles avowedly present attempts to
resolve problems identified within or between already pub-
lished material or to extend theory. Indeed most papers refer
torelatively few earlier reportsthat expressresultsand views
which differ significantly from any new conclusions being
offered. Within many introductory sections, references to
earlier work by the authors almost invariably appears (from
which | claim no immunity [127]), increasing the impression
that TKA articles consist of a set of isolated contributions
rather than a coherent and organically developing literature.

(As an example of the esoteric arguments which have
been used to ‘Introduce’ TKA reports, some papers recently
submitted for publication justify TKA studies of selected
reactants because the compounds investigated might have
potential as anti-cancer drugs. The relevance and value
of extending thermal studies to 1000K for reactions in a
non-agueous environment for substances containing high
proportions of heavy metals (usually toxic) is not explained
and does not feature in the discussion. This trend of justi-
fication of work beyond the realistic scope of the subject
is symptomatic of a general loss of coherent development
and the absence of relevant objectives that can be con-
vincingly related to advancing thermal chemistry by theory
development.)

6.4. Crystolysis reactions

The term, crystolysis reaction, has not yet found general
usage but a suggested definition [1,5,6] is: “A decomposition
that is identified as proceeding in the solid state”. Its adop-
tion is strongly recommended because there is an urgent ne-

cessity for a key-word, index entry, abstract reference, etc.,
which specifies that the chemical change concerned pro-
ceeds without melting. This would enable TKA (and other)
studies of crystal reactions to be categorized positively, dis-
tinguished by appropriate observations from processes pro-
ceeding in a melt or involving fusion: partial, local and/or
temporary. The case for adopting this nomenclature appears
to be overwhelming for three reasons:

1. A term, specific to solid state reactions would permit
more efficient and effective literature searches. Reports
of crystolysis reactions tend to be widely dispersed
throughout the chemical literature [1,6]. Consequently,
comprehensive surveys of indices and abstracts are
necessarily laborious because recognition of articles of
interest must be based on words of general, or unusually
non-specific, meanings such as “solid”, “decomposition”,
“thermal reaction”, etc. Moreover, indexes do not always
include the necessary and sufficient information in the
form of ‘key-words.

2. Thereis areluctance amongst authors reporting thermal
reactions of initially solid reactants to state explicitly the
phase in which the chemical changes subjected to ki-
netic analysis take place (see Sections 3.3 and 5.7). Such
identification should be an essential feature of any pro-
posed mechanistic description of behaviour and should
be clearly identified. Use of the term ‘crystolysis would
encourage authors to undertake the observations required
to establish the condensed reaction phase (solid, liquid
or, possibly glass). The absence of phase specification
leaves unresolved a most important, indeed fundamental,
mechanistic feature of the reaction studied.

3. The recognition of a subject-specific label could con-
tribute to order, throughout TA, by the identification of
groups of rate processes within which common chemical
characteristics might reasonably be expected.

6.5. Term definitions used in TKA

The (perhaps unintentional) modification of term mean-
ings as used in TKA can be expected to alter profoundly
theory developments. The ambiguities, discussed above, that
have arisen for usage of the terms rate constant, reaction
mechanism, Arrhenius parametersand, most importantly ac-
tivation energy, should be reconsidered to ensure that the
precise scientific significances intended are always unam-
biguously expressed in communication and discussion of
TKA information. Thereisno reason why theseterms should
have been permitted to become less specific, indeed advan-
tages should result from consistent and correct definitions
of these and all terms used for TKA reports.

7. Theory developments

This review presents the case that the scientific theory
employed in TKA studies hasfailed to mature during subject
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development and is now inadequate. The author believes
that, because the older theoretical concepts and models
maintained in use have not applied the relevant physical and
chemical principlesin investigations of thermal reactions, a
literature composed largely of individual articles has prolif-
erated rather than progressed. Scienceis characterized by the
development of order within accumulated information: this
isnot obviousin TKA reports where, so far, unifying princi-
ples and/or classification criteria have not been recognized.
It is argued above that many recent publications report rate
measurements that may be empirical or may solely repre-
sent some repackaging of mathematical approaches to data
analysis. It is intended here to establish the urgent need for
reappraisal of all aspects of this subject, to identify the short-
comings of existing methods and, if possible, to convince
colleagues that there is a need to fulfil the expectations of
science. Thisisto identify systematic order so that the trends
recognized can catalyse theoretical advances by induction.
One view of this objective is that it requires the destruc-
tion of an existing ethos. In general, breakdown is usually
achieved more easily than the construction of areplacement.
However, the case here, extolling the virtues of change, has
been intentionally presented throughout in forms that were
intended to indicate the replacement concepts that might be
expected to be capable of filling the theoretical vacuum. In-
deed, the most promising and optimistic way forward ap-
pears to be to reconsider the theory of thermal chemistry in
the context of solid state reactivity. The subject of crystol-
ysis reactions was eclipsed during the era of promotion of
mathematical methods for kinetic analysis, which now ap-
pears to have become spent, without the appearance of the
necessary advances in all other aspects of theory. Reversion
to the concepts of the pre-TKA era, based on chemistry, both
solid state and melt, might contribute towards the widening
of horizons and provide a more genera and relevant frame-
work for understanding thermal reactions. Thefollowing two
approaches have already had some success in explaining be-
haviour and may be potentially capable of profitable exten-
sions. Firgt, the theory proposed by L'vov [31,32] is based
on physical and chemical principles and has aready quanti-
tatively accounted for the kinetic properties of many simple
thermal processes. Second, the assumption (implicit in so
many TKA analyses) that reactions studied by TA methods
occur in asimple, single step must be critically reexamined
by considering a wider range of mechanistic possibilities.

7.1. The L'vov evaporation model for crystolysis
reactions

This quantitative model, published 6 years ago [32] was
developed to provide atheoretical explanation for the kinet-
ics of crystolysis reactions. Based on the Hertz—Langmuir
concepts, the initial step in reactant breakdown is assumed
to be the congruent dissociative evaporation of the species
with simultaneous condensation of the low-volatility prod-
uct. The theory is rigorous, self-consistent and quantitative,

providing a treatment that is generally applicable in a field
where, up to now, both reaction models and order have been
conspicuously absent. This concept has already been suc-
cessfully used to classify several sets of related reactions
(see [31,32,42,43] and references therein), through identifi-
cations of relationships within groups of sublimations and of
decompositions, where the original reports appeared incon-
sistent or hitherto unrelated. The essential prerequisite for
this interpretation of kinetic observations is a knowledge of
the necessary thermodynamic quantities for the participants
and further similar information is now required to extend the
method to additional compounds [128]. In addition, to con-
firm the method, to obtain insights into the mechanisms of
selected reactions and to expand the range of solid reactants
considered and similarly classified, it is necessary to develop
and to extend the use of quadrupole mass spectrometry. Thus
the primary volatile reaction products can be identified un-
ambiguously. The theoretical treatment proposed [31] mer-
its careful consideration because it offers more promising
prospects for progress in understanding crystolysis reactions
than has been proposed for decades. Moreover, no aterna-
tive general theory appears to be currently available.

7.2. Mélting in condensed phase decompositions

From the literature we can recognize two distinct and dif-
ferent types of mechanisms for the decompositions that oc-
cur on heating an initially crystalline reactant. The L'vov
theory, and its predecessors (e.g., the P-W model) [31], have
been specifically addressed to crystolysis reactions. Alter-
natively, other solids melt, during which the chemical con-
stituents remain unchanged except for the loss of long-range
order. Only at a higher temperature are there valence bond
redistributions, homogeneous reactions, in the melt. These
may proceed in the presence of a solvent (a reactant con-
stituent, e.g. water, for a hydrate) or by decomposition in a
simple melt (reaction in a solvent-free liquid). Both of these
(limiting) types of processes have been studied and are well
known but difficulties have arisen in distinguishing between
them. Even more difficult is the recognition and interpreta-
tion of behaviour for thermal reactions that involve features
of both. Such decompositions are initiated at, or below, the
melting point [97] or when the early breakdown yields some
liquid, or molten eutectic and/or fluid intermediate: some
reactions may proceed more rapidly in the fused phase [26]
(see aso [22-24]). This could be represented as an auto-
catalytic process, involving a ‘liquid nucleus’: however, this
characteristic type of mechanism cannot be a part of the the-
ory of crystolysis reactions. Further, additional mechanisms
become possible if there is participation by a volatile unsta-
ble and transient intermediate [34].

The greatest problemsin characterizing the dominant con-
trol(s) of kinetics during (sometimes complex [22—-24,97])
thermal reactions occur in processes where liquefaction is
incomplete. This may involve a thin superficial layer of
mobile material across crystal boundaries, or a small total
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amount of liquid, perhaps dispersed as separated droplets,
from fused intermediate, eutectic, etc. Constituents can be
difficult to identify, including any essential, but transitory,
intermediates (molten or dissolved) in this fluid, which then
represents partialy reacted material involving components
different from those of the reactant. Detection of intracrys-
talline melting can require sophisticated and dedicated
observational methods [24,27]. Characterizing reactions
within such limited, mobile and/or molten reaction zones,
during chemical changes within external boundaries of a
crystal, requires much more detailed quantitative informa-
tion about the chemistry of the active zone than is usually
available or is easily obtained. This experimentally difficult
subject area has hitherto enjoyed limited recognition [97]
and correspondingly restricted development. Nevertheless,
the possibility that reactions, at present conveniently (but
unrealistically) regarded as crystolysis processes, involve
melting and complicated mechanisms must be remembered
in TKA data interpretation. Melting is perhaps the most
common consequence of heating crystalline materials.

7.3. Systematic order in decomposition reactions
of crystals

One approach to theory development is to search for
systematic order within groups of related reactions, thereby
recognizing common controlling principles, which may be
capable of wider generalization. The TKA literature con-
tains few such examples of order but some recent articles
directed towards elucidating systematic behavioural proper-
ties can be cited. Petit and Coquerel [11] have proposed a
‘Unified Model for the Dehydration of Molecular Crystals’.
Koga and Tanaka [116] have reviewed the successes, the
status and the problems in the physico-geometric approach
to studies of the dehydrations and decompositions of in-
organic solids. The value of microscopic observations is
demonstrated by photomicrographs of unusual good qual-
ity. Galwey [28] surveyed the literature on dehydrations
of crystalline solids, distinguishing six ‘Water Evolution
Types on structural criteria. Korobov [129] has discussed
aspects of the assumptions made in the formulation of
kinetic models applicable to decompositions of solids.

7.4. Model reactants for theory devel opment

Advancement of scientific understanding, including the-
ory development, is most suitably approached through stud-
ies of reactions selected to be as simple as is practicable.
Such systems must, however, exemplify and be representa-
tive of the phenomena to be investigated. This is difficult
to achieve for crystolysis reactions because many are unex-
pectedly complex as illustrated by the following examples:

1. Some crystolysis reactions, long regarded as ‘simplée,
have subsequently been shown to consist of more than a
single rate process, e.g., decompositions of KMnOy4 [16]

and of some copper(ll) salts[25] and the dehydration of
CaC,04-H20 [17].

2. Rates of endothermic and reversible reactions are often
subject to secondary controls, due to rates of movement
of heat and/or mass. Although the dehydrations of crys-
talline hydrates [28] and carbonate dissociations are often
used as ‘model’ or representative rate processes, kinetic
characteristics vary significantly with reaction conditions
(Section 4). See adso the distinction between equimolar
and isobaric rate processes, discussed by L'vov [31].

3. Comparative surveys for selected, usually simple, reac-
tions, [7—9,98-100] found considerable deviations in re-
ported Kinetic results, attributable to secondary controls.

4. Teplin [130] has emphasized, for heterogeneous re-
actions, the necessity for making independent mea
surements of geometric parameters and other physical
properties: “we cannot rely on a fit of the kinetic data
alone’. He also mentionsthat ‘obscuring’ the dimensions
of k with respect to t can lead to erroneous values of E.

5. Many reactants melt during decomposition and these
cannot, therefore, be classified as crystolysis reactions
[22—24], etc. There is even the possibility that melting
itself can be misidentified as a solid state reaction [131].

It might be concluded that few (even no) truly ssimple
crystolysis reactions exist. Many of the early ‘model’ solid
state decompositions have since been shown to be more
complicated than had been originally believed.

8. Future prospects

The situation identified in this review demonstrates
conclusively that a high proportion of the kinetic studies
reported in the recent TA literature is concerned with reac-
tions that are condition-sensitive and experimental method-
dependent. The consequences of such sensitivities and
dependencies are not, however, aways explored. Further-
more, data interpretation frequently ignores the possibility
that thermal reactions can (and many do) proceed through
complex mechanisms. Thus, the conclusions from such
research programs are often isolated, in the sense that the
work does not advance development of a systematic subject
through coherent growth. The author is convinced that if the
subject is to thrive, and to realize its full potential, aspects
of the discipline must be constructively addressed: TA must
ADAPT:

1. Acceptance. It is essential that the unsatisfactory state of
much theory, many practices and some term definitions
throughout the TKA literature should be widely and fully
recognized as being unacceptable. The consequences
of shortcomings in currently used concepts, objectives,
methods, term definitions, computer programs, etc., must
be viewed, by everyone active in the field, as presenting
serious and presently unresolved problems. It is hoped
that this necessary realization will awvaken the enterprise
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of researchers interested in enhancing the status of TKA
through their critical scrutiny of all aspects of the subject.
The acceptance of the existence of a malaise, followed
by diagnosis of its form, extent and consequences, must
precede any effective curative action.

2. Diagnosis. Reasons for the significant inconsistencies
in reported TKA results must be established. This must
particularly include the identification of al secondary
factors that influence rate data and limitations in calcula-
tion programs that introduce uncertaintiesinto TKA con-
clusions. Successful theoretical interpretations can result
only from meaningful kinetic analyses of observations.

3. Application. It is necessary to recognize that it is more
difficult to elucidate reaction mechanisms by thermal
methods than appears to have been accepted by many
researchers active in this field. The shortcomings high-
lighted above (and undoubtedly others) must be over-
come in experimental design and data interpretation.

4. Promulgation. Only by critically analysing and com-
menting on the relevant literature, to characterize all
identifiable inconsistencies, and to review comparatively
and critically reported behaviour patterns, can the sig-
nificance of the information available be appraised and
systematically presented through theoretical principles.

5. Transformation. Progress in any scientific topic requires
objective appraisal of its aims and achievements at in-
tervals. The argument presented here is that the effective
replacement of crystolysis chemistry by TA methodol-
ogy was accompanied by unexamined changes of scien-
tific objectives, some of which have been mentioned. It
is now necessary to recognize the significance of these
shortcomings before we transform the subject (again) by
the introduction of more reliable theoretical foundations
and relevant objectives. The development of theoretical
models is a priority. It is also important to review the
literature to enable TKA to develop as a branch of chem-
istry and be capable of contributing to growth in this
wider coherent discipline. This could transform what
currently appears as a largely disorganized collection
of independent, often empirical, reports into an ordered
science.

8.1. Conclusion

This critical survey, relating the TKA literature to its
antecedent subject, the thermal decompositions of solids
(crystolysis reactions), has been intentionally presented in a
robust manner. Thereby, it is hoped to provoke a debate in
this field of potentially great importance but which appears
to have stagnated [84] in the absence of overall critical
appraisal and of adequate theory. Ample evidence has been
presented here to show that there are now important, but
apparently not widely accepted, deficiencies in guiding
principles for future subject developments, an absence of
effective communication together with a lack of recog-
nized and agreed objectives. While these criticisms are not

intended to apply to each and every recent article, the short-
comings identified here are sufficiently general to warrant a
wide reappraisal of methods and objectives of the subject.
Improvements in communication, particularly by literature
reviewing and enhancement of the critical content of article
introductions, could bring worthwhile benefits. It is not my
intention, however, to advocate any unrealistic return to a
‘heyday’ of solid state chemistry (non-existent and certainly
irretrievable), because no such possibility exists (and never
did). Maybe the time is now opportune to move towards
properly classifying the chemistry of the thermal reactions
by accommodation (back) into the subject generaly. A re-
vised vision of TKA would accept and build the best (criti-
cally reconsidered) features from both theories and practices
of the total extensive literature that is now available.

Despite the adverse conclusions that pervade the content
of this article, the author remains thoroughly convinced that
the overall outlook forward is predominantly bright, but
only provided that the subject can adapt appropriately. If this
were not the case, the present survey would not have been
undertaken. Accordingly, the review is completed by some
comments, possibly overgeneralized, that are intended to
encapsulate essential features of the comprehensive analysis
presented here. It is suggested that, instead of attempting
to maintain inappropriate aspects of theory retained from
the precursor discipline, TKA should reinvent itself by rec-
ognizing the complexity of the extensive and diverse range
of thermal reaction types that are being studied. Reap-
praisal of TKA foundations should lead to recognition of
the limitations of the ideas in current use, and all proposed
advances through novel theories (e.g., [31]) merit careful
consideration:

1. The most important conclusion is that the theories now
used to interpret kinetic observations from TA studies
are inadequate. These deficiencies remain unrecognized
and unaddressed, in aliterature that continues to expand
without providing insights into the chemistry of the re-
actions investigated.

2. Interpretation of TKA data requires the application of
chemical principles to identify reactivity controls and to
formulate mechanisms of chemical reactions. This ap-
proach is not, however, aways adequately exploited. The
present undue, sometimes exclusive, reliance on mathe-
matical analytical methods is not capable of elucidating
the chemical characteristics of chemical changes. More-
over, conclusions are expected to be more reliable, when
supported by relevant, complementary information in ad-
dition to deductions based on kinetic evidence aone.

3. Thetheory used to analyse non-isothermal rate data, tra-
ditionally favouring the mathematical approach, contin-
ues to be based on the older non-isothermal approximate
equations, without fully exploiting the advantages of high
speed computing devel opments that must be capable of
improving accuracy [80,83]. Early, primitive analytical
methods still appear to remain preferred throughout TKA.
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4. In most studies, the theory applied in TKA datainterpre-
tation is effectively restricted to ssmple reactions so that
it possesses little ability to detect and to elucidate com-
plex mechanistic behaviour. Most kinetic interpretations
are based on solid state models and do not take proper
account of the possible diversity of therma reactions,
including transient intermediates and/or melting. Also,
and/or aternatively, during crystolysis reactions there
may be secondary controls due to self-heating/cooling
and reversibility, where reaction rates are experimental-
conditions dependent. In principle, it is possible that a
novel thermal reaction might possibly proceed by any
type of complex mechanism known, or even others hith-
erto unimagined. Comparative or relative kinetic anal-
ysis, within a limited set of rate equations, completely
excludes all unfamiliar possibilities from consideration.

5. Confirmation of reaction stoichiometry has traditionally
been accorded low priority in TKA studies. The theory of
chemical kinetics is based on the premiss that Arrhenius
parameters are associated with a single, fully character-
ized stoichiometric reaction, whereas in many thermal
processesthe changes areinadequately established. Reac-
tions are sometimes identified from a single mass change
or accepted as an expected, but unconfirmed, chemical
process, often reported by a balanced equation.

6. The meanings of several terms widely used in the recent
TKA literature have become appreciably modified from
their original chemical significances. One important al-
teration has been the appearance of the concepts variable
and/or multiple activation energy [61,62,92], perhapsin-
volving undefined units for k. The computation programs
used, together with the Arrhenius parameters obtained,
and reported in the literature, now require critical reap-
praisal. In TKA reports, the term mechanism has gen-
eraly become synonymous with kinetic model. This is
unsatisfactory and restricting because it encourages the
limitation of kinetic data interpretation to the identifica-
tion of reaction geometry (kinetic model) rather than the
more general and detailed elucidation of all aspects of
the chemistry of every contributing reaction.

7. Despite the absence of adequate theory, the appearance
of an alternative, general explanation for the thermal re-
activities of solids [31] has attracted little interest, either
acceptance or adverse comment. Already this approach,
self-consistent and based on thermodynamic founda-
tions, has demonstrated its ability to classify thermal
processes by identifying order within sets of related
reactions, where none had previously been perceived.
Moreover, this proposa is the only genera theory for
solid decompositions that is currently available and,
therefore, represents one possible response to a main
objective of this survey, which is to emphasize the abso-
lute need for development of a theoretical framework to
unify this subject.

8. Finally, and generally, this review recommends that the
roles of chemical methods and principles must be en-

hanced in (even reintroduced into) TKA studies if the
bond redistribution processes occurring during thermal
reactions, their controls and their consequences, are to
contribute to the advance of chemistry. At present, most
chemical aspects of the thermal reactions studied are un-
accountably omitted from the central, important position
that scientific discussion should occupy throughout much
of the TKA research effort.

The answer, given by the above literature appraisal, to the
polemical question posed in the article title, appears to be
“N0". The view that emerges, from this comparative review
of publications concerned with the kinetics, the reactivities
and the mechanisms of reactions studied by thermal meth-
ods, isasfollows. Current concepts of crystal chemistry, that
form the theoretical foundation for TKA kinetic analyses,
are incapable of congtituting a comprehensive culture for
continuing investigations of the variety of thermal changes
that occur on heating reactants in condensed phases.

Appendix A. Personal comment

The main reason for preparing this appraisal of the meth-
ods and achievements of recent TKA research is that the
fundamental and severe problems now identified require in-
creasingly urgent reconsideration. Hitherto nobody else has
fulfilled a need that is particularly obvious to me. For sev-
eral years | have been aware of the necessity which has
been the motivation this review, however, throughout this
time the subject has continued in the mode of ‘Business as
Usual’. Now | have finally decided that someone must act. It
is more important to me to attempt to initiate a constructive
debate, even one that is highly unlikely to lead to popular
acclaim, than to maintain a discreet (and retiring) silence. |
hope that | am fairly well-informed across a wide range of
the subject, having recently co-authored one of the few gen-
eral books on solid state decompositions [1] and surveyed
dehydration reactions, in an attempt to introduce order [28].
| would describe my primary interest as in attempting to
elucidate the mechanisms of thermal reactions, particularly
involving reactants that are solid, at least initialy. It could
fairly be claimed, by anyone interested in discrediting my
contribution here, that | am not athermal analyst. However,
| can (equally) fairly claim to be primarily a chemist and to
have published contributions about many of those reactions
that have long been of interest to TKA researchers. Also, we
have a English language saying: “The spectator sometimes
sees more of the game than the players’. Perhaps this par-
ticular ‘semi-detached’ observer has something of value to
offer here and now. | sincerely believe that the potential ex-
isting for substantive progress has never been more promis-
ing ... but only if we all accept the necessity for change,
particularly through recognition of the inadequacies in ex-
perimental and mathematical techniques, but most of all in
theory development.
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