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ABSTRACT 

Within the thermal analysis community, the predominant concept of kinetics 

of decomposition of solids is an adaptation of homogeneous kinetics as derived 

and confirmed for (in particular) reactions in the gas phase and extended to 

the liquid/solution phase. There are some obvious objections to use the con- 

cept for a large number of specific reactions, but there is also enough sup- 

port for many other reactions that its untruth is no more proven than its 

truth. 

When a sample is reacting at a surface, its rate cannot be dependent upon 

the amount of material behind that surface; the concept of the rate as func- 

tion of the amount unreacted cannot be justified. Introduction of special 

particle geometries by which an actual zero-order reaction appears to fit some 

order-of-reaction equation is a mathematical convenience that is misleading. 

The Arrhenius equation is not descriptive of the energy distribution in so- 

lids because the "molecules" cannot maintain a statistical energy distribution 

nor is the required symmetry possible, so the calculated variations of rates as 

functions of temperature are generally.inaccurate. 

Tests of particular processes by simple and fairly-convenient changes in 

procedure will disclose whether or not the specific process is describable by 

the conventional kinetics. Even so, some processes appear to survive the tests 

and some appear neither to fit well nor to fail badly. These may all be multi- 

step reactions that cannot be resolved sufficiently well to calculate realistic 

kinetic parameters. The way to establish the boundaries of our standard treat- 

ments is to test their validity for each process as a matter of course, as 

compared to defending their derivations against criticisms. 
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GOAL 

The Intent here is to present an explanation of the need for more-nearly- 

complete reporting of kinetics experimentation and data interpretations. Some 

uncertainties inherent in present treatments can be vitiated by a small number 

of simple tests to unearth deficiencies in the model. Prom critically-tested 

data a firmer understanding of solid-state decomposition kinetics may emerge. 

PRESENT ORTROUUXY 

Homogeneous Kinetics. Within the thermal analysis community, the 

predominant concept of kinetics of decomposition of solids is an adaptation of 

homogeneous kinetics as derived and confirmed for reactions in the gas phase 

and extended to the liquid/solution phase. Its application to solids, with an 

array of simplifying assumptions, was initiated in the 1950s and extended in 

the 19608, with a number of minor variations offered in later years. There 

are some obvious objections to use of the concept for a large number of 

specific reactions, but there is also enough support for many other reaction8 

that its untruth is no more proved than its truth. The principal goal of this 

presentation is to examine whether or not 

a. a single type of kinetic description is applicable; 

b. a second type is needed for some cases; or 

c. still more descriptions may be needed. 

The concept of homogeneous kinetics is based upon a rate of reaction that is 

proportional to some function of the reactant concentration, i.e., 

Rate= k f(C), (1) 

in which the effective concentration can be expressed as the fraction2 of the 

initial material and the rate "constant" k is a statistical function of the 

temperature 2, described by the Arrhenius equation, 

km z exp [-E*/RT]. (2) 

Generalized Rate Equation. Using a number of assumptions, the consideratione 

listed above have been combined into a single equation and used to compute 

kinetic parameters for many kinds of processes. This generalieed rate 

equation is often the starting point of a discussion without any critical 

examination whatsoever. The form can be expressed as 

-dx/dt - z exp [E*/RTI f(x), (3) -- 

which is simply a substitution of terms and therefore has all the strengths 

and weaknesses of the initial statements. A clear understanding of the 

assumptions is critical to the assessment and effective use of the generalized 

rate equation and to determination of whether or not it is the correct 

equation for a particular case. Equation (1) states that the rate of reaction 



is a function anly of IJ that is, no other effect exists that mill lead to a 

signfffeant change in rate. Equation (2) describes a system in which there is 

a symmetric distribution in energy about - i.e., above and below - the mean 

energy, this mean energy being also the most probable state. 

The term I!? describes the breadth of the distribution curve; in homogeneous 

kinetics this provides a measure of the fraction of the entire number that 

have the extra energy (above the mean energy) to exist in an “activated 

state”. equation f3) avoids an a priori statement of the reaction form; that 

fam is “determined” by substitutton of standard forms until some form is 

chosen as providing the “best fit” to the experimental data. 

Several model reaction forms are generally tested, the principal types 

befng order-of-reaction end nucleation-and-growth. The orde*of-reaction 

models assume homogeneous.kinatics, i.ert the resction proceeds uniformly 

throughout the sample. The rate ts an exponential function of 2 and the 

exponent may be fractional as well as integral, Nucleation-and-growth models 

assume that there are processes that begin at random points on the surface of 

each particle and grow uniformly in two or three dimensions, at rates still 

describable by the probability curve and sn f(x). The nucleation msy be 

assumed to be a continuing process, new nuclei being formed at a rate that is 

a function of temperature. The growth may be assumed to be conetant but it 

has been mathematically related to E for specific geometries. Alternatively, 

singfe nucleation may be assumed for eseh psrticle with the growth of the 

reacted sone being the limiting step. 

WRARNRSSRS OF KINETIC TRRATMENTS 

Observed Rate Proportional to f(x)? The mathematical term f(x) stetes 

expIicitly that there is no other variabre; if k - f(x) is to be true, there 

can be no change in rate by reason of sny variation in instrumental 

patsmeters, in atmosphere, in shape, in size or anything else. Ben changes 

in rate are observed from any cause other than variation in temperature fi*e., 

in&j or progressive depletion of the reactant, this rate equation fails. 

Soms other form, f( , , x, , . ..). which ineluded all parameters having 

significant influence, would be needed. 

Accuracy of Measured Temperature” In all eases using samples that are 

emelt enough that the temperature must be measured outside the specimen 

itself, tha added demand for heat when a decomposition has begun will change 

the temperature distribution so that the actual temperature of any point in 

the sample has a different relatfomshlp to the measured temperature than 

during simple heating. For samples large enough that the interior temperature 

cm bs measured, that dssmnd leads to a slowing of the tefnperature rise ‘a& a 



me&snreable gradlent W%xhSP E-he 3%mple; fOF emaL samples, a gradlent exists 
but is ignored, xn eiE.&er c%tse, 8ome tloxrectfon fan be %ppm?d* but it mst 

be recogn%a& that te me8sured temperatum does Rot rrspresent d miXform 

t~per%core tb~o~bout the se&e, the error varylug in direct relation ta the 

heat of rsactian. Uniform temperature msy* however, occur in exothermal 

reactions that proceed slowly. 

Particle SfseESurface Area. Fox many materials, the experimental data 

show that the rate of decomposition of particulate specimen8 of different 

sizes from tha %ama sample varies slgnlffcsntly, The particle sire fs not one 

of the varfablas In the rate equation, a0 it falls for these materiala. 

Corollary to the particle size variations, a change in surface area wilf 

effect a change in the rate of reaction far mnp materials. Again, rhe. 

generafiaed sate3 ~~~~~~~~ f&h* 

~&mo8pkexe Effectsl For all rever8ibZe ~e~ompo3~t~ong end even far ixme 

rrreversible ~ec~poa~tiong* a chaege in t&e atmeephere et 2% its preaaure 

wiX1 cause e &an$e an the rate ef reaction at a given temperature, mltheugh 

the farm aE the curve may remain the ~8111s~ G’ltenges in degree of cunfinement 

of product gases can have aimllar effects* There is no queetion that tha 

generali& rat% equation fails for these mater2ala. 

chmgzng_ ~ate-x&s~ tSng or Concurrent WowMires. In additfon to t&e 

fntrinsic. unrertafntSes in the genera3Ssed rate equation For a sfngt pZWCeeeI 

there are m~er~~e reperts af changing rate-~~m~~~~ preeesses, These &seer 

VffZ remtin fntrser3We for eoarplete treatment% b present metbeds. Su& 
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processes can be identified, however, by the test8 suggested above so that 

minimal time ie wasted trying to compute kinetic parameters. Even so, there 

ought to be many processes wherein the chsnge from one rate-limiting step to 

the next is clearly-enough defined that the steps may be treatable 

separately. This can occur when Step 1 goes nearly enough to completion to 

enable satisfactory data collection and computations and Step 2 continues 

beyond the time that Step 1 is virtually complete. On the other hand, a 

reaction may appear to accelerate as initial reaction removes soms barrier; 

thie kind of behavior (change of mechanism) impairs the validity of any 

calculations that attempt to treat the overall process, so occurrence8 must be 

detected. Another kind of overall process that mill provide a serious problem 

is that in which there are several kinds of bonds being broken concurrently. 

It should be evident both that any rate measuring the overall process cannot 

be resolved well enough to describe any one of the individual processes and 

that any overall calculated temperature dependence has no relation to a real 

activation energy. 

ARGDMRNTS POR SEPARATION INTO HOMOGENEOUS AND HETEROGENEOUS STSTEMS 

Advancement of Knowledge. The major reason for separation of treatment8 

of processes is to determine whether or not there are processes that survive 

the tests, that is, continue to be describable by homogeneous kinetics and to 

yield reproducible kinetic parameters from. laboratory to laboratory and 

instrument to instrument. Determination of the status of a given process 

should lead to more-accurate description of that process and an activation 

energy is constant for a given reaction wherever and by whomever it is carried 

out. 

Tests of Reaction Progress. Tests to determine the continuity of any 

process are conspicuously absent in the literature , yet the possible tests are 

eimple. Especially when the kinetic model to ba ascribed to a process has 

been chosen only for it8 closest conformity to a calculated curve, a test 

should be used to assure the experimenter that the model does indeed describe 

the process satisfactorily. Two very simple test8 are change in sample size 

by the largest factor that is reasonably convenient and change of the sample 

geometry or enclosure. Each of these can be performed without even a change 

of programming. For those cases in which the generalized rate equation holds, 

the form of the curve and the temperatures at corresponding degrees of 

completion will be the same and the calculated kinetic parameters will agree 

very wall. These are tests that ought to be done before even reporting values 

within one's own organization -- for example for processing planning. 
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More extensive tests should ba used to verify a kinetic model before it 

is represented as a truth to the scientific or engineering communities. There 

are already enough discrepant reports about which we can engage in disputes; 

new information should include firm evidence that the chosen model is the 

correct and only model. One very useful test comprises using the numeric 

values of the kinetic parameters calculated from the assumed model to 

calculate the temperature that would provide, say, 70% reaction overnight with 

no other change in experimental conditions and, of course, verifying that 

behavior. 

Reversible/Irreversible Processes. It is already well established that 

for many inorganic decompositions the atmosphere -- or specifically the 

pressure of the gaseous product -- establishes the temperature range of the 

decomposition, but it is also well established that this is not true in all 

cases; some materials decompose over a small temperature range under any 

ordinary experimental conditions. Dolomite, for example, undergoes its first 

decomposition at consistent temperatures near 7OO'C in vacuum, air or carbon 

dioxide whereas the decomposition of anhydrous calcilnn oxalate proceeds ca. 

500' under a similar range of conditions. There are many varying reports 

about kinetic models for calcium oxalate -- all using "established" models and 

none including critical testing. In the organic/polymer field, there are at 

least some reversible reactions. 

Possible Extension of Ceneralieed Rate Equation. Another possibility 

exists; namely, some of the processes could be described by the generalieed 

rate equation if the function statement was complete. That is, for processes 

whose decomposition temperature depends strongly upon the pressure of the 

product gas, an f(x.p) may be available that would include the pressure in the 

proper mathematical form. Similarly, for some processes, a term in surface 

area per gram or per mole might enable an equation to describe the process 

precisely. 

DISCUSSION 

Reaction of Principal Component. The earlier discussion of the energy 

distribution suggested that a thermal event in a material in dilute (solid) 

solution may indeed be describable by the generalized Equation (3). Turning 

to the principal component (matrix), ranges of behavior have been observed, 

and these have divided workers largely into two groups, each completely 

confident that homogeneous kinetics is not or is descriptive of real systems -- 

and imperceptive of any validity of the other view. The confidence of each 

group has been generally valid in that there are many systems - most 
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inorganic decompositions - for which Equation (3) is totally without merit 

and many others -- most polymer and other glassy 8ystems -- for wttfcb it is 

well-established. 

As discussed above, the matrix (the principal material with or titbout a 

solute) is ab initio a part of the heat transfer system, providing or 

accepting the heat involved in the solute reaction. When the matrix itaelf is 

using or giving up the heat of its own decomposition, its physic81 changes 

will grossly modify its behavior. Assuming an endothermic process that could 

occur homogeneously, the heat is being transferred through a surface 8nd 

surface layers whose properties are continually changing. (For boundary 

processes the change is to a discrere new atate, but the thickness is 

changing.) Yet there are reactions that appear to be well-describable by 

homogeneous kinetics. 

These homogeneous-kinetics processes may be limited to relatively low 

enthalpy Ch8ngaS. In polymers, for example, there are specific types of 

reactions that c8n be expected to occur more-or-leas randomly. Scission at 

some point of strain (high energy) is more probable than in an unstrained 

segment. Cross-linking will occur most readily at points where the functional 

groups involved happen to be well positioned, with continued reaction as chain 

movement brings others to the appropriate contiguity; this should be true for 

both direct chemical interaction and for free-radical processes. In abort, 

there are reactions of the matrix that are clearly describable by homogeneous 

kinetics. 

CONCLUSIONS 

There ie very sound reason for believing that the valid vs. invalid - - 
arguments concerning the use of homogeneous kinetics and its generalieed 

equation in describing thermal decompositiona of solids are futile; there ia 

adequate reason to believe that they are applicable in some circumstancea and 

not in otbera. In many reports on specific reactions a determination cannot 

be made at present because parameters other than the concentration - but not 

included in the ffx,. ..I statement -- may be influencing the rate of the 

reaction. That is, the true condition may be more complex than a simple 

dichotomy. 

The completeness of the reaction statement can be tested by simple 

veriations in the experimentation. If the reaction statement is complete, 

there will be no change (beyond experimental error) in the computed kinetic 

parameters. If there is a change, the source should be sought and ita 

influence aecertained. Authors should m&a theae teate to save time and to 

avoid later criticism of their-reports; editorafrevfewers should require the 

teats for scientific clarity. 


