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ABSTRACT 

Present evidence shows that many thermal processes can be described by the generalized 
rate equation 

-dx/dt= Zexp(E*/RT)f(x) 

but many others cannot. Still others may be adequately describable by a modified equation. 
A small set of tests will enable the experimenter to determine whether or not the equation 
applies. These include change of sample size, change of sample geometry, and extended time 
of reaction. 

A. STATEMENT OF THE PROBLEM 

Mathematical inconsistencies 

In a previous paper [l], the question of existence of just two kinds of 
kinetic behavior, viz., those describable by homogeneous kinetics, including 
the Arrhenius equation, as compared with those which are not at all 
describable by these concepts, was examined. With so many arguments in 
the thermal analysis community about kinetics in general and about specific 
processes, it should be obvious that many, and possibly most, participants 
have some firm basis for their confidence in their own practices. There is 
one circumstance to face-even though an investigator is absolutely certain 
that the assumptions he or she uses are completely valid for his or her 
system, quite different calculations and assumptions adopted by other 
people may be just as correct for the systems they study. That is, there may 
be more than one class of materials, some being describable by fairly simple 
treatments of the data, but some not. It does not follow, however, that there 
is a simple dichotomy: processes describable by homogeneous kinetics vs. 
processes describable by some other single type of kinetic approach, such as 
diffusion-limited topochemical reaction. This might be true, but delineation 
will not be resolved by continued dispute; the question ought to be resolva- 
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ble by more meticulous testing and reporting of kinetic data. The present 
evidence shows that the true condition is not that simple; there are certainly 
the two categories, but they certainly do not include the whole range of 
thermal decum~osition processes. 

There are some weaknesses inherent in the present treatments used to 
justify particular mechanisms. The goal of this present paper is to show that 
these deficiencies can be revealed very easily by a small number of simple 
tests. Then, from critically tested data, a firmer understanding of solid-state 
decomposition kinetics should emerge. 

Separation of treatments of processes is imperative to determine which 
processes can survive the tests, and both (1) continue to be describable by 
homogeneous kinetics, and (2) yield reproducible kinetic parameters from 
laboratory to laboratory, as well as from instrument to instrument. De- 
ter~nat~on of the true status of each process will then lead to more accurate 
description of that process and improved understan~g of kinetics in 
general. 

To emphasize the need for experimental determination of the true status 
of a process, it is worthwhile to draw attention to some of the deficiencies in 
popular treatments that were not covered thoroughly in the earlier work [l], 

Apportion of homogeneous-~neti~s imputations to solids was initiate 
in the 1940’s and extended in the next two decades, with a number of minor 
variations offered in later years [2-171. Some publications have criticized or 
expressed doubts about the application of homogeneous kinetic concepts to 
heterogeneous processes [l&25], but these are still a small minority. There 
are some firmly based theoretical objections to use of the homogen~us~ 
kinetics rate equation for a large number of specific reactions; on the other 
hand, there is firm support from data on some other reactions. It is because 
there is no simple yes-or-no general answer that we must evaluate each 
system. 

The use of a rate of reaction that is proportional to some function of the 
reactant concentration, i.e. 

rate = k’f(C) = 6$(x) (1) 
in which the effective concentration can be expressed as the unreacted 
fraction x of the initial material and the rate ‘constant’ k is a statistical 
function of the temperature T, described by the Arrhenius equation 

K-=Zexpf-Ef/RT) (2) 
is clearly inappropriate if there is evidence of any phase boundary. The 
material reacting has no knowledge of the amount of unreacted material 
rem~ning behind the reaction front. But further, and vitally important, eqn. 
(1) states explicitly that there is no variable other than x that affects the rate 
of reaction. 

Equation (2) implies a symmetric distribution of energy states above and 
below some mean (and most probable) value, but this is not in accord with 
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our knowledge of the solid state, the perfect crystal having the lowest energy 
at a given temperature. One might argue that some Boltzmann-like distribu- 
tion does exist, but this would require that the mean energy and the most 
probable state exist at vibrational energy states several steps up from the 
ground state. This would be a remarkable phenomenon. 

Also, the quantity 2 has come to be known as the ‘pre-exponential 
factor’, rather than the ‘frequency factor’. In homogeneous kinetics it relates 
the fraction having the requisite energy to react to the observed rate of 
reaction. No matter what we call it, it still performs this function. From 
consideration of its meaning, there is no reason to expect any substantial 
change in value due to changes in experimental conditions. Certainly it 
should not change with sample size, yet we see such reports [26]. Or with 
heating rate, yet we see such reports [27]. There is even a report of a 
ten-million-fold change as a result of a change in atmosphere-even though 
neither gas was a reactant or product [28]. Any unreasonable variation of the 
factor Z should alert the experimenter that the assumptions he or she has 
used are incomplete, or possible even incorrect. 

Equations (1) and (2) are generally combined into a single equation and 
used to compute kinetic parameters for many kinds of processes, without 
any attempt to verify the form of the kinetic equation. This ‘generalized’ rate 
equation is then the starting point of a determination of the reaction model, 
ordinarily without any critical examination. The equation can be expressed 
in the form. 

- dx/dt = Z exp( E*/RT)f( x) (3) 

which is simply a substitution of terms, and still has all the strengths and 
weaknesses of the initial statements. This generalized equation is used to 
defer the selection of a kinetic equation until some relatively easy compari- 
sons with experimental data can be made, using the assumption that the 
equation yielding the closest fit provides a definitive description of the 
process-again without any critical test. 

The major difficulty with this procedure is that quite a number of the 
proposed equations yield curves that are so nearly alike that the final 
selection becomes very largely subjective. Some variations have been derived 
that appear to give better delineation of rate equation forms, but they are 
based on the same assumptions and have the same strengths and weak- 
nesses. A clear delineation might be obtainable using the derivative of the 
rate, as proposed by Selvaratnam and Gam [29]. In this plot, agreement with 
a model provides a much more critical test than is customary because the 
theoretical curves show clearer differences. If the generalized equation 
procedure is chosen, however, the validity of the selected rate equation can 
be tested by the experiments described below. 

Being derived from eqn. (l), the generalized equation recognizes only one 
variable, x, the fraction remaining. It should be obvious that if the measured 
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values are dependent upon the sample size or its containment, some char- 
acteristic of the apparatus is actually being measured. Generally this will be 
heat transport. Indeed, the smaller the sample, the greater the dependence of 
the measured data upon the instrument parameters. 

Reaction front 

For many materials, particularly inorganic crystalline species, examina- 
tion of a partly reacted material will disclose a zone of reacted material on 
the outside of the particle, or sometimes on the outside of a multiparticle 
specimen. It is completely clear that the reaction is not taking place 
uniformly throughout the sample, and hence the assumption of homoge- 
neous kinetics fails for these materials. The concept is not new [30] nor has it 
been discarded. Prodan [31] has recently discussed topochemical processes 
in some detail. 

In these cases, the reaction may be limited in rate by diffusion of gases 
away from the reacting interfaces, but it may also be limited by diffusion of 
heat to the interfaces or a combination of both effects. Diffusion of gases is 
often irregular because dimensional changes may lead to physical cracking, 
which is probably not uniform or smoothly changing with time. Magnesium 
hydroxide, for example, starts to decompose by formation of water mole- 
cules within a hydroxyl layer [32-341, followed by dehydration of that layer, 
then enough others to induce cracking, then dehydration of the newly 
exposed surface, etc. [35]. Even so, there are reports of order-of-reaction and 
other models for magnesium hydroxide [36-411. 

Limiting the diffusion models to collections with uniform geometry and 
size is not productive; it divorces the computation from reality. Simple or 
uniform geometries are seldom encountered in practice, and should not be 
accepted even as approximations without experimental evidence. 

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. 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 quite consistent tempera- 
tures near 700” C in vacuum, air or carbon dioxide [42], whereas the 
decomposition of anhydrous calcium oxalate proceeds ca. 450” C under a 
similar range of conditions. There are substantially varying reports about 
kinetic models for calcium oxalate, all using established models and none 
including critical testing [43]. 
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For all reversible decompositions, and even for some irreversible decom- 
positions, a change in the atmosphere or in its pressure will cause a change 
in the rate of reaction at a given temperature, although the form of the curve 
may remain the same [44]. Changes in the degree of confinement of product 
gases can have similar effects [45]. There is no question that the generalised 
rate equation, as expressed in eqn. (3), fails for these materials. 

In the organic/polymer field, there are at least some reversible reactions. 
One well-known example is poly(viny1 chloride), for which confinement of 
the vapors or supply of hydrogen chloride will have a marked effect upon 
the progress of the reaction. 

Many of the de~mposition steps, though, are not reversible. Some also 
require little energy input so that temperature gradients are not great. For 
these and some of the inorganic processes, adequate testing will probably 
establish the generalized rate equation as descriptive, or provide information 
that can lead to successful modification of eqn. (3). 

Atmosphere effects 

For all reversible decompositions, and even for some irreversible decom- 
positions, a change in the atmosphere or in its pressure will cause a change 
in the rate of reaction at a given temperature, althou~ the form of the curve 
may remain the same 1463. Changes in degree of confinement of product 
gases can have similar effects. There is no question that the generalized rate 
equation fails for these materials, but it may be possible to incorporate a 
suitable pressure term. Mere application of high vacuum does not remove 
the pressure from consideration. Wiedemann illustrated this in his curves for 
calcium oxalate monohydrate [47], wherein the two reversible processes 
showed a clear downward temperature progression as the chamber pressure 
pE was decreased from atmospheric down to ca. low4 rnmflg. The decom- 
position temperatures at lower pressures were almost constant because the 
diffusion of water vapor, then of carbon dioxide, within the specimens 
became the limiting process, the pressure pr at the reaction interface 
remaining almost constant. This occurs whenever pC is smaller than p,. The 
actual rate of reaction is limited by the transfer of heat. 

B. EXPERIMENTAL EFFECTS 

Particle size 

For many materials, the experimental data show that the rate of decom- 
position of particulate specimens of different sizes from the same sample 
source varies significantly. The particle size is not one of the variables in the 
rate equation, so eqn. (3) fails, or is incomplete, for these materials. Simi- 
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larly, a change in surface area will effect a change in the rate of reaction for 
many materials. If it does, the rate equation fails or is incomplete. 

Homogeneity of energy 

For many materials, particularly inorganic, the thermal energy uptake by 
a specimen changes drastically as a typical endothermic process takes place. 
Transfer of heat requires a temperature gradient, so a rapid process, particu- 
larly one that requires much heat, cannot be assumed to be at a uniform 
temperature throughout. There is generally a reaction boundary whose 
movement through the sample is principally dependent upon the heat 
transfer characteristics of the furnace assembly, so eqn. (3) fails. On the 
other hand, a low-energy or a slow process might very well have a negligible 
gradient, so that an assumption of uniform temperature may be quite 
adequate for such processes. 

C. SYSTEMS DESCRIBABLE BY HOMOGENEOUS KINETICS EQUATIONS 

Need for examination of processes 

An understanding of the deficiencies in the universal application of 
homogeneous kinetics does not require the abandonment of the Arrhenius 
equation, as Adonyi and Korosi [48] inferred from our criticism [49] of the 
kinetic compensation effect (KCE). The KCE is simply a consequence of 
trying to describe a complex process by computing one of the two constants 
in eqn. (3) and dumping the results of computed variations into the 
remaining ‘constant’, accepting changes of many orders of magnitude without 
question or test [50-521. The tests (described in Section D) that ought to be 
routine would verify the KCE if it is real. 

The validity of the Arrhenius equation in processes known to be homoge- 
neous is well established. The quest here is to ascertain to what degree its 
use can be extended to systems that are not truly homogeneous. 

Probably-homogeneous reactions 

Viewing the reacting material from another perspective can be helpful. 
Non-crystalline materials in condensed states can be considered as solutions 
whose components fall into two groups, solutes and solvents, a solvent being 
the principal constituent whether or not there is another component. The 
solution may have any degree of fluidity. Consider now a solution in which 
the solute will decompose at a lower temperature than the solvent. From this 
perspective, the solvent can be seen as the medium for heat transfer and 
temperature change, whereas the solute molecules or ions or other species 
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simply respond to their environments by reacting at the appropriate time or 
circumstance. Further, the non-crystalline solvent has a higher total energy 
than the corresponding crystalline solid; that energy, however, is not uni- 
form. There is no reason to expect the various energies to have a systematic 
distribution, but it is reasonable to expect only a small range of energies. If 
the solute is quite dilute and randomly distributed, we may assume that its 
individual units will also have energies distributed about some mean value, 
randomly above and below that mean value, and with small deviations more 
probable than large deviations; in short, a probability curve of the same 
form as is used in describing homogeneous kinetics. From this perspective, 
in liquid or solid solution there is a rational explanation for the agreement of 
experiment with homogeneous kinetic calculations and a basis for calculat- 
ing the kinetic parameters. 

Reaction of principal component 

Turning now to the principal component (matrix), ranges of behavior 
have been observed, and these differences 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 soundly based in that 
there are many systems (most inorganic decompositions) for which eqn. (3) 
is without merit and many others (polymeric and other glassy systems) for 
which it appears to be well founded. 

As discussed above, the matrix (the principal material with or without 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 itself is using or 
giving up the heat of its own decomposition, its physical changes will grossly 
modify its behavior. Assuming an endothermic process that could occur 
homogeneously, the heat is being transferred through a surface and surface 
layers whose properties are continually changing. (For boundary processes 
the change is to a discrete new state, but the thickness is changing.) Yet 
there are reactions that appear to be clearly describable by homogeneous 
kinetics. 

These homogeneous-kinetics processes may be limited to relatively low 
and endothermic enthalpy changes plus exothermic reactions. In polymers, 
for example, there are specific types of reactions that can be expected to 
occur more or less 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 both for direct chemical 
interaction and for free-radical processes. In short, there are common 
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reactions of the matrix whose characteristics could render them clearly 
describable by homogeneous kinetics. 

Possible extension of generalized rate equation 

Another possibility exists: namely, some of the processes could be de- 
scribed by the generalized 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 otherwise deficient equation to describe the process precisely. 
Without critical testing, however, there is no way to know whether or not 
some modification is needed or would be useful. 

D. DELINEATION OF PROCESSES 

Variations during data gathering 

Tests to determine the continuity of any process are virtually absent from 
the literature, yet the possible tests are simple. Some have been proposed 
before [20,21]. Especially when the kinetic model to be ascribed to a process 
is being chosen simply for closest conformity to a calculated curve, a test 
should be used to assure the experimenter that the model does indeed 
describe the process satisfactorily. Besides examination for homogeneity 
during reaction, two very simple tests are (a) change in sample size by the 
largest factor that is reasonably convenient, and (b) change of the sample 
geometry or enclosure. Each of these can be performed without even a 
change of programming. They guard particularly against overlooking heat 
and mass transfer as the reaction rate limits. Finally, tests of computed 
parameters should verify the reaction model inferred, and that reaction 
model should be rational for that process. The tests are detailed below. 

Examination for homogeneity 

Whenever possible, a fractionally reacted (e.g. x = 0.6-0.7) specimen 
should be examined to ascertain whether or not there is evidence for a 
second phase on its exterior. For some materials, microscopic or even 
spectral inspection may be helpful. The result should aid in determining 
whether or not a diffusion, nucleation or growth reaction-rate limit must be 
considered. 
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Change of sample size 

A change of sample size by a factor of four ought to be possible in any 
apparatus. Close correspondence of rates should be expected. Significant 
variation will suggest that some other variable must be considered. 

Change of sample containment 

Use of an open versus a closed sample holder should lead to variation in 
rate if there is some atmosphere effect that should be taken into account. 
Simple spreading into a thin layer as compared to a more compact specimen 
will affect the rate only if there is either an atmosphere or a heat transfer 
term missing. 

Extended-heating tests 

After initial data gathering has enabled selection of an appropriate kinetic 
equation and computation of the kinetic parameters, the values should be 
tested by calculating a temperature at which the reaction will proceed 
substantially, but not nearly completely, in several hours-overnight, for 
example. Agreement of actual reaction degree with that calculated would 
provide good evidence that the computed parameters are meaningful. 

Rationality of the selected model 

There are some incompatibilities that must be recognized; for example, a 
first-order reaction is not compatible with formation of a different product 
on the exterior. Likewise, clear evidence of homogeneity would lead to 
serious questioning of a diffusion limited model. 

E. CONCLUSIONS 

These tests ought to be done before even reporting values within one’s 
own organization, for example for processing planning. 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 well. 

Certainly the tests should be 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 not simply present a different model or just supply 
another vote for some already proposed model; the new information should 
include firm evidence that the chosen model is the correct and only model. 



144 

ACKNOWLEDGEMENTS 

The author is grateful to the National Research Council and to the U.S. 
Army Ballistic Research Laboratory for the NRC Senior Research Associate 
appointment that enabled completion of this work. 

REFERENCES 

1 P.D. Garn, Thermochim. Acta, 135 (1988) 71. 
2 P. Murray and J. White, Trans. Br. Ceram. Sot., 48 (1949) 187. 
3 H.T. Smyth, J. Am. Ceram. Sot., 34 (1951) 221. 
4 P. Murray and J. White, Trans. Br. Ceram. Sot., 54 (1955) 204. 
5 E.C. Sewell, Clay Miner. Bull., 2 (1955) 233. 
6 H.J. Borchardt and F. Daniels, J. Am. Chem. Sot., 79 (1957) 41. 
7 H.E. Kissinger, Anal. Chem., 29 (1957) 1702. 
8 ES. Freeman and B. Carroll, J. Phys. Chem., 62 (1958) 394. 
9 G.W. Brindley and M. Nakahira, J. Am. Ceram. Sot., 42 (1959) 319. 

10 A. Berlin and R.J. Robinson, Anal. Chim. Acta, 24 (1962) 50. 
11 J. Holt, I.B. Cutler and M.E. Wadsworth, J. Am. Ceram. Sot., 45 (1962) 133. 
12 E. Cremer and W. Nitsch, in G.H. Stewart (Ed.), Proc. Conf. Sci. Ceram., 1961, Academic 

Press, New York, 1962, pp. 295-303. 
13 B.B.N. Achar, G.W. Brindley and J.H. Sharp, Proc. Int. Clay Conf., Jerusalem, 1966, p. 

67. 
14 H.J. Borchardt, J. Inorg. Nucl. Chem., 12 (1960) 252. 
15 H.J. Borchardt and F. Daniels, J. Am. Chem. Sot., 79 (1957) 41. 
16 A.W. Coats and J.P. Redfern, Nature (London), 201 (1964) 68. 
17 A.L. Draper, Quantitative kinetics by thermal analysis, in H.G. McAdie (Ed.), Proc. 

Toronto Symp. Therm. Anal. 3rd, Chemical Institute of Canada, Ottawa, 1969. 
18 P.D. Gam, Thermoanalytical Methods of Investigation, Academic Press, New York, NY, 

1965, Chap. 6. 
19 P.D. Gam, Kinetic Investigations by Techniques of Thermal Analysis, Crit. Rev. Anal. 

Chem., (4) (1972) 65. 
20 P.D. Gam, J. Therm. Anal., 13 (1978) 581. 
21 P.D. Gam, Non-Isothermal Kinetics Studies, Proc. 2nd Nordic Symp., Rise, Denmark, 

September 1973, pp. 31-43. 
22 G.G.T. Guarini, R. Spinicci, F.M. CarIini and D. Donati, J. Therm. Anal., 5 (1973) 307. 
23 J. Sestak, J. Therm. Anal., 33 (1988) 1263. 
24 M. Maciejewski, J. Therm. Anal, 33 (1988) 1269. 
25 J. Rouquerol, Mettler Award Address, 17th Meeting, North American Thermal Analysis 

Society, Lake Buena Vista, FL, October 1988. 
26 P.K. Gallagher and D.W. Johnson, Thermochim. Acta, 6 (1973) 67. 
27 N. Koga and H. Tanaka, Thermochim. Acta, 135 (1988) 79. 
28 K.M. Caldwell, P. K. Gallagher and D.W. Johnson, Thermochim. Acta, 18 (1977) 15. 
29 M. Selvaratnam and P.D. Gam, J. Am. Ceram. Sot., 59 (1976) 376. 
30 D.A. Young, Decomposition of Solids, Pergamon, Oxford, 1966. 
31 E.A. Prodan, J. Therm. Anal., 32 (1987) 1635. 
32 F. Freund, Proc. Int. Clay Conf., Tokyo, Vol. 1, 1969, p. 121. 
33 F. Freund and H. Nagerl, in R.F. Schwenker, Jr., and P.D. Gam (Eds.), Thermal 

Analysis, Vol. 2, Academic Press, New York, 1969, p. 1207. 



145 

34 H. Nagerl and F. Freund, J. Therm. Anal., 2 (1970) 387. 
35 P.D. Garn, B. Kawalec and J.-C. Chang, Thermochim. Acta, 26 (1978) 375. 
36 S.J. Gregg and R.I. Razouk, J. Chem. Sot., (1949) S36. 
37 P.J. Anderson and R.F. Horlock, Trans. Faraday Sot., 58 (1962) 1993. 

38 W. Komatsu, personal communication, cited by R.S. Gordon and W.D. Kingery, J. Am. 
Ceram. Sot., 50 (1967) 8. 

39 J.H. Sharp and G.W. Brindley, Sci. Tech. Aerosp. Rep., 4 (1966) 706. 
40 B.S. Girgis, Trans. J. Br. Ceram. Sot., 71 (1972) 177. 
41 E. Kay and N.W. Gregory, J. Phys. Chem., 62 (1958) 1079. 
42 R.A. Rowland and D.R. Lewis, Am. Mineral., 36 (1951) 80. 

43 H.G. Wiedemann, A. van Tets, and H.P. Vaughn, The influence of experimental variables 
on the thermogravimetric determination of activation energies, Pittsburgh Conference on 
Analytical Chemistry and Applied Spectroscopy, Pittsburgh, PA, February 1966. 

44 P.D. Gam and J.E. Kessler, Anal. Chem., 32 (1960) 1563. 
45 P.D. Gam and J.E. Kessler, Anal. Chem., 32 (1960) 1900. 
46 P.D. Gam, Thermoanalytical Methods of Investigation, Academic Press, New York, 1965, 

Chap. 7. 
47 H.G. Wiedemann, Chem. Ing. Tech., 36 (1964) 1105. 
48 Z. Adonyi and G. Korosi, Thermochim. Acta, 60 (1983) 23. 
49 P.D. Gam, J. Therm. Anal., 7 (1975) 475. 

50 P.D. Garn, in F. Paulik (Ed.), Thermal Analysis, Vol. 1, Akademiai Kiado, Budapest, 
1975. 

51 P.D. Gam, J. Therm. Anal, 10 (1976) 99. 


