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The paper describes the methodolo_q of the study of chemical kinetics under 

non-isothermal conditions realized at programmed heating- A short critical review 
is given of the availabie approaches to determine kinetic parameters from thermal 
analysis data. In order to find thermophysicai conditions for a quantitative experi- 
ment, the results of a theoretical solution of the problem on the course of a chemical 
reaction at linear heating are given_ An appropriate equipment and methodical ways 
which provide these conditions are described. For obvious single-stage reactions, the 
scheme without a priori recalculation of non-isothermal data for isothermal conditions 
is considered comprehensively, which makes it possible to obtain a kinetic law in a 
graphic (or parametric) form analogous to that obtained in the isothermal experiment. 
The aspects of the use of non-isothermal methods for studying the kinetics of complex 

(multistage) chemical reactions is discussed_ 

I_ 1NTRODlJCTlOE: 

Programmed heating is used in a number of popular investigation methods, 
such as thermopphy, thennogravimetry, scanning caIorimetry, etc. 

The interest in various non-isothermat methods of studying chemical reaction 
kinetics and particulady in the methods related to Iinear heating has increased 
recently. First of all, this is caused by a need of kinetic data for fast reactions which 

occur mostly at high temperatures. These data are n ecessary for a number of applied 
and scientific problems- However, their acquisition by traditional isothermal methods 
is connected with fundamental difiiculties. 

Firstly. thii is true for an effect of substance transformation on heating to the 
experimental temperature. Inasmuch as with increasing temperatures the complete 

reaction time becomes commensurable with time of heating-up, substance transforma-. 
tion during the heating-up period startsintroducing a la&error into the appropriate 
measurements- Secondly, as the ambient temperature (To) of the Substance under, 
investigation grows, its own temperature may considerably differ fro&-T&hr&ghout 

. 



the whore process_ (First of all, this refers to reactions with high values of thermaI 
eff’ viz, endothermic and exothcrmic)- This leads to uncertainty in the kinetic 

experiment, skaz it is not clear to which temperature the reaction rate should be 
attributed, Beside in the case of an exothermic reaction, the process may pass into 
regimes with tmcontrolIed devci opment of Iargc self-heat&s in the substance up to 
init.iation of thermal upIosion or ignition’_ 

Application of non-isothermal methods takes these difficulties away to a large 
dcsret, as dynamics of changes in tcznpcratnre and transformation degree is taken 
into consideration and can be quantitatively taken into account. Rapidness of the 
cxpcrimenraf procedure and possible usage of a wide temperature range are significant 

advantages of these methods_ 
Another important virtue of non-isothermal methods is possible acquisition 

in some cases (for aample, when studying stage reactions) of more compfete kinetic 
information2_ Finally, significant though not fundamental is the availability of 

cum~ products, and hence rather wide distribution of various devices for 
thermal anal& as wtfl as a relative simplicity of a number of sets which can be used 
for studying the kinetics by other non-isothermal methods- There are various non- 

isothermal procSses z (thermal explosion. ignition, propagation of frame, linear 
pyrolysis, adiabatic compression, programmed heating and other) with which the 
non-isothermal methods of studying ckmical reaction kinetics are created and 
developed- The present paper is conaxned only with the methods related to pro- 
grammed heating, Howwer, for the continuity of description, it is necessary, first 

to mention briefiy some general probIems relating to the majority of non-isothermal 
mctbods. 

As regards the amount of kinetic information to be obtained, non-isothermal 
methods may be divided into two groups according to a way of reg&ration, viz, 
methods with discrete and continuous regktratious- Discrete registration is nsed in 

methods based on ignition, combustion, linear pyrolysis, adiabatic compression, i.e., 
particular cbaracttristcs of the process under investigation such as ignition delay 
ti induction period or critiui temperature of tbermat explosion, rate ofcombustion 

or pyrulysis, etc ah measured. When processing experimental data, algebraic 
expressions arc nsed which are obtained in the theory of these processes and which 
relate discrete 6aractcrStic.s to parameters defining the process development (heat 

exchange coe&ient, ambient temperature, initial tempexature, geometricaL thermo- 
phyG4~ k&tic paxametcn, etc_)_ These expressions are plotted in coordinates 
corrcspondingtothea~~bfefvrmulas,andkineticparametenarefoundfromthepIots. 

As a ruZc, relations btrwcca cbaraecs and parameters of the processes 
are obtained from the theory for the simplest thermophysical situations and kinetic 

laws The main diScuIty therefore con&s in a correct selection of a theoretical 
scbune wbicb accm-atcly describes the given process, and in an experimental set-up 
nnder d&inct controlled conc:.ions corresponding to the scheme chosen. This 

re@res thorough knowledge of the peculiarities of the process, which is a com- 
plicated factor. 



303 

A rather significant limitation of these methods is also the fact that they do not 
permit the form of a reaction kinetic law to be found by some predetermined way. 

A form of kinetic law is preset a priori making use of one or another theoretical 

formula- 
Straightening of experimental data by a scheme chosen at random or from 

some other considerations is often thought to be a criterion of correctness of the 
result_ This is essentially the main defectiveness of discrete methods of non-isothermal 

kinetics- 
It should be noted that the above-mentioned disadvantages are inherent in a 

number of schemes used for processing the data obtained by methods of thermo- 

graphic and therrnogravimetric types. This is true for the schemes where use is made 
not of the whole curve, but of its peculiar points, such as a deviation peak, maximum 
of reaction rate, furnace temperazure corresponding to these points, etc_ 

Schemes of experimental data processing supported by continuous recording 
of the quantities measured (and among&scare alI the methods related to programmed 
heating) give considerably more com&ete kinetic information and in principle permit 

a kinetic law to be found without any a priori assumptions of its form- 
It should be noted that such methods as thermography, thcrmogravimetxy, 

scanning calorimetry, volumetry, etc. were intended for various purposes, and 

primarily for a qualitative physicochemicai analysis_ Only recently have they come 
into use for studying chemical kinetics, Therefore, in most cases industrial designs 

of devices do not satisfy the aim of their usage for a quantitative kinetic experiment 
This primarily concerns the creation of distinct controIied thermophysical conditions 

in a reaction ceU so that the process should be correctly described from the viewpoint 

of mathematics_ Neverthekzss, this is very often neglected and it is supposed that a 
quantitative character of the experimental procedure can be provided by a simple 
decrease in the heating rate and in the size of weighted amount_ As is seen from the 

thorough consideration, these measures do not often fead to a desirable result. 
A solution of a direct problem on the course of some non-isothermal process 

is aIways a basis for development and substantiation of various schemes for determining 
kinetic parameters from the experimental data obtained when studying this process. 

One of the problems for the methods of a thermographic type is that of pre 

grammed heating where one or another chemical transformation takes place. There 
exist quite! a number of papers in which this problem is sohed under different 

assumptions. Correctness of the methods and schemes used to obtain kinetic data 
primarily depends on the validity of these assumptions. 

The available papers can be divided into three groups depending on the 

approaches used there- 
The soIution of the problem on linear heating with the help of the kinetic 

equation alone is most popuiar. One non-isothermal factor is taken into account, 

viz, a preset temperature growth with time, by substituting the appropriate linear 

temperature dependence on time dire&y into the kinetic equation (see papers by 

Murray and White3, Kissenger* and many others)_ 



Popularity of the schemes based on such an approach can be explained by 
their mathematical simplicity. Their main disadvantage consists in the fact that self- 
heating’ of the system, i-e-, the factor which directly aff’ts the rate of the chemical 
redion. is completely ne@eted. It is natunl that such an approach cannot take into 
zccount the spcific character of exe- and endothermic reactions and rhe influence of 
pammeters defining the heat exchange (heat emission cocfiicicnt, heat& rate. hc;lt 
of action. size of weight4 amount, etc.) oncorrectnessofthe method for determining 

the kineLic data. Purefy experimental evaluations are possible, yet they have their 
own diffxulties. 

It should be said that sometimes a priori evaluations arc made of the size of 
weightee amount nary for self-hearing 10 be absent, of Ihe heating rate and of 
other initial prametrrs from purely thermophysical positions without taking into 
account the heat of a chemical reaction. The quasi-stationary Jag of temperature is 
cafculafed and the conditions are chosen when it is small. It is evident that such 
evaluations are possible in a limited region of parameters, in particular al small 
Chcrmaf effkcfs which @ve no sipifkant self-heating. In a general case. self-heatin9s 
may exceed by many fold or even by orders of magnitude a quasi-stationary tempcn- 
ture drop. 

A question is sometimes discussed whether it is in $enenJ necssary to know the 
conditions of heat exchange if the measurcmcnt schemes used are not connected 
directly with self-heating and do not require knowledgcofhca~exchan_gccharactcristics 
for the determination of the reacrion rate (for instance. thcrmogravimetty or scanning 
Aorimetry). It is naturaJ that in this case Ihe conditions of heat exchange are nof 
required for calculation or direct measurement of the reaction rate. However, in- 
formation on the heat l xchansc conditions is necessa ry to know definircly to which 

tcmpcra~urc the determined rate should be attributed. In this case, for correct 
quantitative use of experimental data, it is ncccssa ry toprovidc tempcratuteuniformity 
over the rcacth wh~r.rc and fo measure the temperature of the substance under 
investigation. Complete elimination of scIf-heating is not necessary and is needed 
only in thecasc when temperature uniformity is not provided. Appropriate methodical 
ways for fMknin_e the tcmpcncut-e and decreasing the self-heating are considered 
bCIOW. 

The second group includes the papers where the kinetic equation and the 
equation of thermal balance written under the assumption of tcmpenture uniformity 
over the reaction voJumc are considered simultaneously (Borchardt and DankIss; 
Reed et al.*- I Mrnhanou ei aI_’ and others). For the scneral case, such an approach 
is significantly txtter to realiry, being strict enough when tcmpenturc uniformity is 
provided in the experiment over tht reaction vofumc by special means. Naturally. it 
is iinpossible within the scope of this approach to evaluate the region of parameters 
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where temperature distribution is sufficiently uniform. However. comparison with a 
more general case shows thar this region is rather wide. Therefore. the equation of 
thermal balance considered simuhaneously with the kinetic equation is the basis 
for creation and substantiation of inverse kinetic schemes. 

The third group comprises the pap&- q and others where tht: kinetic equation 
is considered simultaneously with the equation of thermal conductivity, which 
permits the most complete description of the process <development to be made. Such a 
description requires rather arduous mathematical calculations even if the ditTusivc 
and hydrodynamic factors are neglected. TITC mair. assumption of these papers is the 
acceptance of independence of transformation degree on the space coordinate- Such 
an assumption leads to a sianifimnt Clattenin$ of the temperature distribution and 
hence can affect the dcpcndences of the process characteristics on parameters. In 
papetslO* ’ 1 the problem is analyscd taking into account the spatial distribution of 
tcmperaturc a:ld trilnsformation dcpree. 

Solution of the problem taking into account the distribution of tcmperaturc 1 
and transformation dcgrec Q is important for substantiating a particular assumption 
and for revealing various effects connected with spatial non-uniformity of the values 
T and 3. Let us consider this problem for the simplest case of a first-order reaction 
under the assumption of conductive heat transfer over the reactant. 

The initial equation system in dimensional variables is 
equation OF thermal conductivity 

ixt 
cp . ..__ e-i. 

a t 
a- n a- 
T.z..+___ 

. GX ) c‘r 
_i Q -..- .- 

x ux. 5 
(‘1 

equation of chemical kinetics 

Ca --- = 
Cc 

ktJcxp(- EjRT)(l - a) 

initial conditions 

(2) 

(3) 

TO) (4) 

conditions for changing the ambient temperature 

T,(?;, 1) = 7% -t wf (9 

Here Ti is initial temperature, TO ambicnr temperature, x coordinate, r chxacteristic 
dimension, r time; c, p. 2 arc thermal capacity, density and thermal conductivity, 



_ 
hspedrvcIy; Q is heat qfthc reaction Qxr unit &bstance YOItuni), k() preypim~xltial 
factor, E ackation energy, W rate of heating, h heat tra+iwoef!i&enf R ui&rsaJ 
~constant,n~~tofafonn(n=OforarectanguiarpIafe,n = I foraninfjnite 
c@incksn-=2forzqslij_ .. . 

- -. 
._ 

It is conv&cnt to SOIVC tbc problem in a dimekionkss f&-m. A scak tempera- 
ture T, tid a form of dimensionks parame&x% are chosen in the same way as in the 
problem on themal &phsion under the conditions of linear hcating12_. 

ml.Qensiodcss system of tqnaai0J.E is of the form 

+o,g=o;~=+ - Bi(0 - 6,) 

The dimensionkss variahIe!s sought are the temperature 

6 =-&(T-Z) 
. 

and rransformation degree a., in-dent variables are the ambient temperature 

Oi = 

CPW 
Qk, =P (- EIR~) 

- Z) 
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Bio criterion characteristic of the heat exchange with the environment; 

cpRTf RT, 
Y = QE ,B=7 

are kinetic parameters. 

$ Bi 
=*(JBf+4-BB,)exp 

JBi’i- 4 -Bi-2 

Bi 

where 6: is the critical vahre of the Frank-Kamenetsky criterion13 for the classical 
problem on thermal explosion at Bi = co for the reaction of zero order (~5: = 0.88; 
6: = 2; 6; = 3-32) 

Expression (7) is obtained from the solution of a boundary vaiue probIem_on 

thermal explosion ’ 4. In the equation system (6) P is not a parameter, since its numer- 

ical value can be caiculated for concrete geometry at known conditions for heat 

exchange. This value is used for calculating the scale temperature 7’. from eqn. (7) 
For exothermic reactions the temperature 7’. has a distinct physical sense, viz, it is 
a critical temperature of thermal explosion under static (T,, = const) conditions. 
For convenience, the definition of T.. is retained when considering an endothermic 

reaction. 
The physical sense of the basic parameter Q becomes clear after simpIe trans- 

formations of the expression for quasi-stationary fag AT, of the centrai temperature 
with respect to the surface under the steady regime without taking into account the 
reaction 

ATq = - z(nwl 

2 

l)a 

where 

is a thermal diffusivity coefficient In the dimensionless form 

where 



(for instance_ atn = I, Bi = 00, A = 2); 

is the “Semenov” chic temperature intervai- Thus with an accuracy of a 

constant+ 42 is a dimcnsi onless quasi-stationary temperature drop between the surface 
and the centre- 

Parameter 7 is the relation between scare times of adiabatic and isothermal 
reactions. Em- and endothermic efficts become less as 7 increase_ Increase of para- 
meter 7 can be c;;~rimentaIJy reaJizcd by dilution of a reactant with an inert substance, 

Parameter /3 is characteristic of a refative steepness of an Arrhenius exponent The 
solution was carried out by a numerical method for a cylindrical form (n = 1) over a 
wide range of changes in parameters Ir, 7_ & Bi- This solution has permitted a number 
of quditativeeffects to be established, part of which is a direct consequence of temper- 
ature non-uniformity_ Dependence of the cJ=-actcristics on 0; was not invtitigated; 
in all caJc&tions ei was chosen so that a quasi-stationary thermal regime could be 
retained by the start of marked heat release_ In addition to distributions oftemprature 
and transformation degree, various process characteristics were determined in the 
solution, viz, peak of temperature deviation, maximum of the reaction rate in the 
cmtre, maximum of the heat flow through the surface, ambient temperatures corre- 
sponding to &ese extremums, characteristics avenged over coordinate, etc. 

The characteristic property of the process development for highly exothermic 
reactions is a sharp change of regimes at changes in the rate Q (Fig_ I)_ At small Q 
neg&ibIc s&f-beatings occur; thermal explosion takes place beginning with some 
critical XL; at consi&rabIe increase in Q there occurs a transition to ignition starting 
at the substance stJrface_ Thermal explosion under dynamic conditions is a well- 
studied phenomencn, and there exists the quasi-stationary theory by Merzhanov and 

co-workm’3- IT- I ’ which permits its characteristics to be calculated_ 
Thermal explosion is the undesirable regime for a kinetic investigation as it 

practically excludes a possibility of continuous recording of the process. 
Theoretical calculations consistent with the expcrimer-taJ data on the critical 

conditions of thermal expIosion under the dynamic conditions’“- I9 make it possible 
to conclude that even with small weiated amounts usually used in thermal analysis, 
crititi rates for many expt&ives are rather smaJ?_ As an example, we shall give the 
results of l &eoreticaI calculation of the critical rate for a cylindricai pellet of pyroxyline 

(Q = 1125calg~‘;E=48_5cafmoJ’1,~~=3.76-I0’8sec~1;c=031calg~1 
deg’*;p= 1_5gcm-‘;L=3- JO~~caJcm”sec”deg~l)ofO.I gbyweight_The 
caJulations show that XL = O-033, which corresponds to the dimensional critical rate 
WL = 0.7 dcg min-‘. Thus, even a small weighted amount of pyroxyline will spon- 
taneousty ignite practically at all heating rates of the devices produced (O-1 to IO0 deg 
min- I)_ 

Figure 2 shows a dependence of maximum deviation in the centre of reaction 

voIume on the dimensionless rate X2_ At small 7, a form of this dependence is of an 
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Fig_ I- Distribution of temperature and transformation degree (exothcrmic reaction). 7 =0_005; 
/3 = 0.03; Bi = 00. 
(a) Q = 0_0?!5;(b~Q = I;(c)Q = 5- 

Fig- Z Dependence of the peak tanpaature deviation at the centrc on the heating rate (exothermic 
maction) Bi =aL-/=var. 

explosive character_ With increasing 7, the dependence becomes more and more 
smooth, and the deviations become pro_mively less. When describing the region 
of transition from small to great beatings by the relation of AC? to Q, corresponding 
to the inflection point and ckar from the figure, one can conditionaily (as is done for 

the static conditions2’) separate the normal regimes of thermal expIosion where this 

vaIue is negligibly small and those degenerated whet-e it is appreciable. 
Figure 3 iIlustrates the way of determining the interface 7’ of normai and 

degenerated regimes of thermal explosion, and shows the dependence y’ @)_ It should 

be noted that a form of the function y* a is practically independent of criterion Bi, 
Further increase of y leads to complete degeneration of thermal explosion, which is 
character&d by the absence of the S-form in the curves of dependence of deviation 
spikes on the heating rate. 

In the region of complete degeneration the picture of the process development 
changes qualitativeIy (Fig 4)_ The curves of distribution of temperature and trans- 
formation degree remain concave throughout the process, since the heat in the system 

is not sufficientJy high to compensate the initial quasi-stationary drop_ 



Frg.3_ DegmmkmofthumaIapksion 
(a) A#ctbudof~)/l~ = 0_03;Bi =oo)_(b)Depcndcna:‘~_I=rcgionofnormal 
Egimesoftbmnalcxplasion;fI=rcglonof~rtgimcs 

Fig,4. Dktribution of tanpuzuurt and transformatio n &gme in the region of strong dcgaxration 

When studying the kinetics of chemica1 reactions, evaluation of temperature 
non-uniformity over the reaction voIume is of speciaI importance_ As noted above, 
caIcuIation by cqn (8) obtained without taking account of the chemicaI reaction may 
lead to a ConsiderabIe error, Figure 5 shows the reIation of maximum temperature 
difference between the centre and the surface to a quasi-stationary lag determined 

from eqn (9) &Tnding on T- It-can be seen from the figure that at smaII ‘ly (a strong 
exothermic efkct), this relation is very huge_ The dependence given slightly depends 
on Bi and fl throughout the rtglon of the parameters- At f2 < Q., as weII as in the 
region of strong degeneration (y >> y’) the relation &?,,&WJ sIightIy depends on Q- 
This permits the region of vaIucs of y to be pointed where temperature non-uniformity 
can be evaluated by eqn (8)- It is seen from Fig 5 that (A&/f&J) < I at y > 0.21, 
i+ the temperature difkeuce between the centre and the surface does not exceed 
f&&f upon heating, 

It should be noted that temperature non-uni6ormity can be evaluated approxi- 
mateIy using the quasi-stationary theory of thermal explosion’ 5--17 under the 

. 
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Fi&S. Rafioofthc ma%imumcanpcraturcdiK- behwenthcccntreandt.ksurff~toquasi- 
stathmy lag aepending on (cxothcnmic reaction). Bi = CO; fl = 0.03. 
(1) a = 0.005; (2) R = 0.01; (3) n = O.l;(4)Q = 1;Q = 3;(6)Q = 5. 

assumption of temperature uniformity over the reaction volume- Taking into account 
the temperature distribution similar to that in papers”* 15-17, we shall obtain the 

expression for a critical heating rate 

a,= 
2e(n + l)yBi 

6+(Bi)(l - ey)(J3i -I- 2) iW 

maximum temperature difference between the centre and the surface 

and the ambient temperature corresponding to A&,, 

@_ = h 2 + WB~Xv - lXBi f 2)Q 
2e(n + 1)yB1 

(W 

When S2 -c Q. eqn (I 1) is vaiid with an aaxxracy of about 20 to 30% throughout the 

in&rvaI of y and Bi, If Q > G?L eqn (1 I) can be used for evaluating by an order of value- 

Substituting (9) into (II), we obtain 

AO, l-ey 
-= 
IA&J ey 

From this we shail determine y’, equating AfIJAO,~ to a unity in (13) 

(13) 

0.184 (14) 

_-- 
which agrees well with numerical count. In addition to y’, a value of y” can be cibtained 
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from (13) which is also characteristic of the region of complete degenerakon- Starting 

with this value, heating-up in the system cannot compensate a quasi-stationary lag 

(AL = O), It is evident that 

,5+*_36$j (19 

This value ako agrees well with numerical count (Fig- 5). 
In the case of endothermic reactions (Fig. 6), no quaIitative differences in the 

process development are observed, either at changes of the rate, or at changes of 
kinetic parameters 7 and /3, since the reaction always begins near the surface- Maximum 
of temperature deviation monotonically grows with increasing rate_ When the modulus 

of parameter 7 increases, distribution curves 0 = O(C~* cz = 4~7 and d = c?(c) are 

jlmmlcd, 

Figure 7 shows the dependence of relation dOJAOq on the modulus of para- 
meter y- As in the case of exothermic reactions, pa&meters Bi and /3 slightly afkt 
this dependence_ Since the profile of temperature in the coordinate is always concave, 

F&6-Diwibutionof canpaiuurcand~o~ clegrat<endothrmicrcaction,Bi=m, 
#? = o-03). 

(a) 7 = -Om5*a= -m;(b)y= --o_aH.Q= -3;<c)y= -OS.P= -5. 

FI~7-RaKioofrbclllakmmtcmpaaturr dSraacebetwamthcccntreandthcsurf+iscetoquasi- 
stahmrYIas(endotbcrmk rc2ctbn)Bi=ao_~~0-(u- 

(I)P = -O_l: (2)Q = -05;(3)1(2= -~;(4)P=--3;QQ~_-S;(6)rz= -lo- - 

_ 
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the value &,,/LW~ -P 1 with growth of jyI asymptotically. The vaiue of kl’j = I may be 
conditionahy specified with an accuracy of 20x, beginning with which non-uniformity 
of temperature distribution over the reaction volume will be defined by a quasi- 
stationary Iag (eqn 8)_ For values Iyj c I_f’I = I, the formuIa can be used which is 
chosen from the resu1t.s of numerical count over the interval of changes of IS21 = 

0.1 f 10; Bi = 0.002 + 00; /3 = 0.03 with an accuracy not worse that 20% 

AU 2 = 0.6 i- p ill-’ 
“04 

wherep = 0.65 - 0.12 Ig [Ql. 
It is quite evident that temperature non-uniformity over the reaction volume 

leads to an error in the determination of the reaction rate. However, for quantitative 
evaluations a criterion is needed which relates a permissible temperature difference in 
the reaction volume and a required accuracy in determining a reaction rate. Let the 
temperature in the sampIe be located between vaIues of TW and T-r,, at a given 
moment. Neglecting the difference between z&_) 
Arrhenius dependence ai(T) and making use of the 

expansion ’ 3, we obtain the folIowing relation from 

and ~L(Tmi,) a~ compared to the 
Frank-Kamenetsky exponential 

the kinetic equation 

Performing expansion of an exponential in a series for approximate evaluation and 
making use of the first two members, we have 

The Ieft-hand side of eqn (17) represents a relative error in determining a reaction 

rate at the cost of temperature non-uniformity_ Maximum error in determining the 
rate e corresponds to the maximum temperature difference between the centre and 

the surface. Hence, the criterion of temperature “uniformity** may be given in the 
form following from (17) 

Here Tr mm is the minimal temperature within the reaction volume at the moment 
corresponding to maximum temperature difference- For evaluations, T, may be used 
in (I 8) with a sufficient accuracy instead of Tr miP_ 

Of interest is the question about mutual arrangement of maximum temperature 
deviation and maximum reaction rate on tbermograpbic curves_ This interest is 
associated with the fact that coincidence of these maxima is postulated in a number 
of scbemw for determining kinetic Parameters. Reed et aL6 have found that in the 
absence of temperature distribution,. the maximum of the reaction-rate is always 
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ahead of the maximum of temperature deviation, A numerical anaIysis shows that 
when distribution is available, their mutual arrangement depends oa the profile form_ 
and hence on parameters a@cting the profile- For exothermic rcztions, the profiles 
are convex under the ignition limits_ The sequence of extremes with time is as follows: 
first, a peak of the rate in the centre, then a peak of deviation, and finally, maximum 
of the mean rate. (Sy the way, the mean rate in coordinate is of special interest, since 
even when distribution, for instance by the thermogravimetrical method, is available, 
o&y this rate can be determined.) Under the critical regime and at short distance from 
it, all the special points practically coincide. Moving away from the limit and passing 
&to the region of degeneration, when profiles become concave the peak of the mean 
rate begins to cxeed that of temperature deviation, i.e., the reverse picture is observed. 
In the case ofendothermic rcactionr, when profiles of temperature and transformation 
degree are concave throughout the process, the maximum of the mean rate always 

‘exceeds the maximum of deviation_ This is dear, since with convex profile, the 
transformation of the substance in the cent.12 prevaifs over the transformation in 
volume as a whole; with concave profile, the opposite is we. 

The ana.Iysis of the charaderistic fmturcs of the proazss development connected 
with the availability of temperature and transformation degree distributions. such as 
change in positions of extremes_ formation of ignition regimes, evaluation of temper- 
ature drop over the reaction voIu~-is naturally possible only when solving the 
problem in its most complete form_ 

In the general case, the equation of thermal balance refers to a model without 
temperature distriiutioa over a substance and hence does not basicaily take into 
account the efficts connected with this distribution_ However, the question arises, 
under which conditions this equation r&e quantitatively correctly macrokinetics 
of the prdctss as a whole- It is also of interest to know the width of the region of 
paramctcrsWherCthCproCC%G can be described with the help of the kinetic equation 
without takirlg account of thermal balance, 

To answer these questions, the solution OF the equation system, written under 
the assumption of temperature uniformity over the space_ is: 

and of the kinetic equation written without taking account of the heat exchange with 
the sllrN?uudiags: 
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has been carried out simultaneously with equation system (6). A scale temperature 
for system (19) is caIculated from the Semenov criterion2* 

x1 = ttg exp (- EjRX) = $ (21) 

Here V is volume, S surface, e base of natural logarithms; for the simpIest forms 

S n-i-i . 
-=-_ 
Y r 

As noted above, system (19) agrees with the experimental conditions where temper- 
ature uniformity over the reaction volume is provided by special means. In this case, 
the coefficient h has a distinct physical meaning of the coefficient of heat transfer 
from the outer surface of a reactant to the surroundings_ When system (19) is used 

for an approximate description of the process where a conductive transfer over a 
reactant plays a signilicant role, it is necesszy to present a method for calculating 
the coefficient h which in this case has the meaning of an efficient value_ 

Let us use the method proposed by Frank-KamenetskyR3 and introduce h, 
postulating an equality of T’. obtained from (7) and (21) 

h 
e22* 

df = (n i- i)r 

It is convenient to determine h, from (22) since all the dimensionless parameters 

where T. enters become identical for systems cr), (19) and (20). 
First, Iet us consider an exothermic reaction_ In the region of a normal thermal 

exp!osion, calculation of the criticaIc onditions is of the greatest interest for making 
methodical evaluations. It turns out that due to the appropriate choice of a scale 

temperature, a dimensionkzss critical rate Q, does not practically depend on the Bio 
criterion, i-e-, evaluation of critical heating rates &an be performed from the avera_& 
equation system (19) to a very high accuracy. From the viewpoint of thermographic 
methods, the region of thermal expIosion degeneration is of the greatest interest_ 
Figure 8 gives a comparison of dependence of temperature deviation peak and its 
position on a dimensionless rate in the region of degeneration. It is interesting that 

the position of the spike calculated from (6) and (19) coincides with fair accuracy over 
a wide range of parameters (an error is not more than 15% even at Bi --+ co, i.e., at 
boundary conditions of the first kind)_ The difference in the values of the peaks as 

such is greater_ Divergence at Bi c 5 reaches 40% even at low rates_ At Bi -c 1 
agreement of the solutions is quite satisfactory_ In Fig_ 9 a comparison is given of the 

maxima of a mean rate and their positions CaIcuIated from the three systems (6), (19) 
and (20)_ Comparison of the systems (6) and (19) gives a result identical to that 

mentioned above_ As regards the kinetic equation (20), both maximum of the rate 
and its position obtained from its solution starting from low rates (approximately 
from 52 = 0-I) differ very greatly from those obtained both from the solution of the 
averaged system, and from solutions of the system taking account of the distributions. 
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Fig. 8- Dqxrxke of modules of the canpcraturc deiation peak and its posicior~ <zn Q (amhamic 
rrzctbn)~=0_03;7=0~_ 
(I) amm obmincd on solufion ofsysmn (19). (2) Bi = 05; (3) Bi = 1: (4) Bi = 5: (5) Bi = IO; (6) 
Bi =oO 

of~umoTthcmranateanditsgadtiononQ(exo~~~, 

(I) k0bfahd OIi Soinli~X~ OfSySfUll(i9): (2) Bi = 05, (3) Bi = f ; (4) Bi = 5; (5) Bi = 10; (6) 
Bi =a;0 flpves obtahd from eqn (o)_ 

Naturaliy, it is impossible in principle to evaluate either a critical rate or temperature 
deviation from the kinetic equation. An endothermic reaction has some specific 
features- The maximum value (Fig, 10) of the meau rate can be caiculated from an 
averaged system with a better accuraw than deviation, and wnversely the position 
(Fis 1 I) is better calculated for deviation_ CahIations by the kinetic equation give a 
considerable error, as in the case of the exothermic reaction. As for the exothermic 

reaction, under the conditions of w&c heat e.xcha& a good agrzcment is observed 
between the results of solutions of the equation systems solvai with and without 

taking account of temperature and tra&ormation degree distribution.. . . 
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Fig_ 10. lIkpcndencc of modulus of the tcmpuatun deviation peak and maximum of the mean 
rate on IQ (endothermic reaction, fi = 0.03). 
1 = curycs obtained from the results of solution of system (19); (2) Bi = 0.5; (3) Bi = 1; (4) Bi = 5; (5) 
Bi =Q); (6) curves obtained from cqn (to)_ 

Fig_ 11. Dependarcon~Q~ofthepositionsof-ratemaxim um (a) and of temperature tl&ation 

peak (b) (CrmdothcrmE z-ceioq fl = O-03). 
(I) ames obtained on schtion of system (19); (2) Bi = 05, (3) Bi -= 1; (4) Bi = 5; (6 Bi = 10, (6) 
Bi =oo;0)curvcsobtaimifromcqn(20). 
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Summa&ing the analysis of the direct problem, it should be noted that as a 

whok the equation system (19) with an averaging of tcmpemture and transformation 

degree in the ccuxdinate describes the prams adequately also in the cast when heat 
transfer over a substance is limited by thermal conductivity_ In the case of weak 
heat cxcbangc with the environment (Bi \( I), this description is practicaIIy quan- 

titatiVC_ 

The kinetic equation (20) which does not take into account the heat exchange 
at ali gives a considerable error when determining the process characteristics over the 
whole region of changes in parameters at S2 > 0.1 both for exoth&micand endothermic 
rtadiOnS_ 

A soIution of the direct problem permits the dilution method to besubstantiated, 

is, to find the region of parameters where appearance of exo- and endothermic 
effects is so weakened that a maximum temperature diEerence between the centre of 
a reaction volume and its surface becomes commensurable with a quasi-stationary 
drop_ It should be noted that evaluations of non-uniformity of the temperature fieId 
based on the solution of *direct problem require a knowIeds of kinetic parameters 

of a reacct and in principle cannot be used a priori for the experiment on studying 
chemical kinetics_ In many cases it is very useful to make preIiminary evaIuations with 
the use of referenoc data on the kinetics of reactions close to those under investigation_ 
However, the _~Iutions obtained from the direct problem can be used most specificaIIy 
for cakuIations on substantiation of correctness of an already performed experiment_ 

III_ ON SiDLWOK OF THE INVERSJZ PROBLEM OF NON -ISOTHERMAL RINi37CS 

In the previous chapter a consideration has been given of the solution of the 
direct problem on linear heating of a reactant where a form of the kinetic Iaw is 
preset and under known geometrical, thermophysical and other conditions, the 
space-time distributions of temperature and transformation degree of a reactant and 
various process characteristics are found- The analysis of the soIution of the direct 
problem gives useful information on the process and makes it possible to solve a 
number of tnetbdical questions However, for non-isothermal kinetics the main 
probfcm is an inverse probIem which consists in finding a kinetic law from the 
experimentally obtained form of distributions of temperature- transformation degree, 
thermal ffow, etc 

A great number of inverse kinetic schemes for treating the experimental data 

obtained by the methods of thermal analysis exists at present (see reviews’* 22-2* 
and the monograph*)_ The problem is considered most comprehensively for gross 
singIe-stage reactions, i-e-, for the case when the process may be described by the 

kinetic equation of the following type 

&=ci(T,a) 

as a rule, being assumed to be 

ci(T, a) = k(T) - f(S) 

(23) 

(24) 



319 

Recently a discussion has arisen whether it is justified to use an equation of 
type (23) for describing non-isothermal processes or (in a somewhat different statement 

of the problem) identity of the kinetic equations obtained by isothermal and non- 
isothermal methods, This discussion has two aspects. The first, a formally mathe- 
matica125 incorrectly assumes that in non-isothermal processes the time r and temper- 

ature Tare independent variables- On the basis of incorrect mathematical operations 
of partial differentiation it is stated 25 that equations of type (23) or (24) cannot be 
used for the description of a non-isothermal process- Incorrectness of this concept 
has been convincingly shown26-28- 

The second aspect of the discussion is the uncertainty as to possible use of 

eqn (ZJ for dexribing non-isothermal processes due to the fact that it is obtained 
under the assumption of evenly balanced Maxwell-Boltzmann distribution of energies 

of reacting molecules according to the de_- of freedom (for instance, see ref. 26). 
This question is set in principle correctly_ If a rate of the process, disturbing an 
equilibrium distribution (for programmed heating, this is a preset rate of the temper- 
ature growth), is greater or proportionate with a rate of the slowest relaxation pro- 
w then naturally, eqn (23) loses its see since the concept of “temperature*’ as 

such loses its sense. 
However, the characteristic times of establishing equilibria according to the 

internal degree of freedom are usually much less than the characteristic times of 
heating_ Thus, one of the slowest relaxation processes is an oscillatory relaxation for 

gaseous systems (t,,, - IO-* + 10e6 set). The upper boundary of the heating rate 
corresponding to these relaxation times w - IO7 + IO9 deg see-’ lies many orders 
higher than the heating rates used in thermal analysis. The factor which disturbs the 
equilibrium may be a chemical reaction itself 29, if a characteristic time of reaction is 
commensurable or less than relaxation time. However, a specific character of the 
course of the non-isothermal process is not of a decisive importance here. 

As in reviews22-24 a thorough &scri#ion is given of the concrete schemes 
for obtaining kinetic parameters from ran-isothermal data, we shall confine ourselves 

here to critical discussion of some general statements of the investigations considered 
in these reviews- In most of the schemes proposed the experimental data are treated 
with the help of the equations of type (23) and (24) taking into account a pro_erammed 
growth of temperature T(Z) but without considering the heat balance with the environ- 

ment. It was shown in the preceding part for the first-order reaction that in this case 
the process is described with an error significantly growing with increase in the heating 
rate and intensification of an exw or endothermic effect of the reaction. It is rather 
difiicult to take into account all the errors resulting from this thermophysical fact_ 
A scheme correct as regards the thermophysical aspect for performing the experiment 
and processing the data obtained is reaiizcd in papers by Borchardt and Daniels’ 
and Reed et aL6_ In these papers the heat exchange with the environment is taken 

into account with the help of the equation of heat balance. 

A general methodological disadvantage of most schemes proposed, among them 

the schemes of papers’- 6, is a priori presetting of the form of the kinetic function 
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@z)_ MaJcing use of the expe rimenti data either for determining characteristics in 

extreme points at various heating rates (for instance, in the method by Kissinger the 
environmental temperature is determined at the maximum reaction rate) or for 
determining a non-isothermal reaction rate at different moments of the process, the 
experimental data are pIotkd in co-ordinates following from tie kinetic equation, 

and then kinetic parameters are found by mathematical methods, 

A disadvantage of this procedure, bedsides presetting a form of f(a), is the fad 

that due to a strong Atienius dependence of the reaction rate on temperature; the 
straightening slightly depends on the form of function F(;) and therefore determina- 
tion of its parameters (even if the form of function is preset correctly) is not well- 

founded, 
In papers by Merzhanov, Abramov, Abramova, Shteinberg, Goncharov and 

o~Z. 7. 30. 32 a e schemes for processing the experimental data are proposed and 
used for studying kinetics of chemical reactions by the non-isothermal method- The 
schemes permit a kinetic law to be obtained in the same form (graph&l or tabulated) 

as from the isothermal experiment without a priori assumptions. In fact, this is a way 
of t-cc&u!ating the data of non-isothermal experiments for isothermal conditions, 
which is free of errors possible when postuIating a form of function f(a)_ Let us 

consider in more detail this method which is applicable with small modifications to 
the treatment of thermographical, thermogravimetical and calorimetric data- 

For artainty, let us first consider the case of DTA- If an experiment is performed 
with a high degree of dilution of a rcacfant by an inert substance (description of the 
appropriate methodical ways is given in the following chapterj, then a differential 
thermogram can be described approximately (with an accuracy of 14%) by the 

folIowing equation system 

MCAF= mQ& - h(7’)SAT (=.I 

1 =O,AT=O,a=O (27) 

Here M and C are total mass and thermal capacity of the all and inert substance, 
respectively; m is -mass of the substance under investigation, Q heat of the reaction 

(per unit mass), h(T) heat transfer coefficient taking account of the temperature 
dependen- S surf&e of an axnpoule, AT temperature difference between a all- 
Yeaczoz” and a all-‘%itnessW. 

Taking experimental measurements of the signal of DTA AT = AT(w, r) and 
of the standard tempemture T’ = T, (w, z), knowing initial masses of the standard 

and weighted amount M and, standard heat capacity C, having determined the 
compkx characteristic of the heat exchange between the cell and the furnace 

h(T)S= MCw 
AT,‘(T) 
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from the preIiminary calibratixq experiments of IagdT;(T) of the temperature of the 

cell with an inert substance from the temperature of the furnace wall in the ragion of 
linear heating with the rate W, and performing the differentiation with respect to time 
of the signal AT(w, z), the thermal effect Q and kinetic law ji(T, z) can be found 

making use of the equation system obtained from (25-27) 

a = a(w, t) = & [MCdT+ Sjh(T)d7dt] (291 

B = *w, t) = &- [MCA? + h(T)SAT-J (30) 

AstherelationT=T,+AT= T(H‘, t) is known, expressions (29) and (30) are in 

fact a parametric form of the kinetic equation record, Actually, excluding w and f 
from them, we obtain the dependence sought i = &(T, or). Let us illustrate graphically 
the procedure described. Let the curves of changing of signal DTA with time dT = 
AT+-, r) (Fig. 12a) and the plots of changed temperature in the operating c&I T = 

T(w, 1) corresponding to these curves (Fig. 12b) be experimentally obtained at several 
rates of linear heating w,, w2, H*i- Having processed the data of Fig- I2a by formulas 

(29) and (30) the pfots of changes in the conversion degree and rate I = CZ(W-, I), 

dr: = ci(u*, t) can be constructed (Fig- 12~ d), which correspond to the same heating 
rates Wj- Drawing a straight line .z = ‘_tt = const on the plot, we obtain i points with 
abscissas I,, t,, tie One point of 7” (Fig 12b) and I& (Fig. 12d) corresponds to each 
moment of ti- Thus, each value of i in co-ordinates i - T gives points whose geo- 
metrical position forms a dependence curve G(T)_ To each value of zII zz, ak there 

corresponds its owu curve d(T) and, hence, we obtain a family of k curves ai = d(T) 
at CL = con& (Fig- I3a) which is a graphical. expression of the law d = d(T, CC)_ The 
number of experimental points 0.n the curve &(L(?3 at z = const. equals the number 

of experiments i with various hea&ag rates q. 
For gross single-stage processes, the data of Fig- 13a can be plotted in the 

Arrhenius anamorphosis on the piot In oi, (T”K)-’ at 3~ = con% (Fig. 13b). In the 

last-mentioned case, a possibility arises to widen the interval of determining the 
kinetic Iaw & = G(T, a) by extrapolation (shown by the dotted Iines). The family of 
czves shown in fig_ 13a, b can be drawn in another way_ Drawing horizontal straight 
Snes at T = Tr = const. in Fig. 12b according to time moments ti corresponding to 
intersections, a and CZ can be determined and isothermal plots off curves & = 6(z) 

can be drawn at T = const. (Fig- I3c), where the number of points is also equal to the 

number of i experiments with various heating rates Wi_ As can be seen from numerous 
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calculations, Zhc first w3y of finding the function d = eE(T, a) is somewhat more 
conveniez& though the second one d&&y gives a form of function f(z)- 

Further processing of curves 32”) at a = const- or oi = &(a) at T = const. is 

carried out by the standard methods for chemical kinetics, i.e., a form of equation 
dcscriiing these curves is chosen, its entering parameters are found and a functional 

dependence ~2 = &(T, a) is represented in the analytical form_ In this case, the kinetic 
equation obraiued either ref3ecr.s the known reaction types, or is pureIy empiricaL 

The suggested scheme of non-apriori reza.lcuIation of non-isothermal data for 

isothermal conditions is considerably simplified for TG experiments_ Having the 
data on dependaxes T = T(w, Z) from the experiments ct should be stress& that a 

tempelaturc ha!5 to bc measured in the operatin& atil), a = a?(~, t) at various heatiug 
rates wf (Fsg- 12~) and the corresponding curvcs ci = &(w, t) (Fig- 126) obtained by 
graphical difkrcntiation with respect to time of the curves a = a&, f), we Shall 
obtain the &pendences & = i(T, a) folIowing the above-mentioned procedure (Fig. 

13a) andsoon. 
The procedure of treating the experimental results obtained with a scanning 

calorimeter (Dsc) slightIy differs from the s&cmcs of appropriate DTA and TG- 
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From the curves of changes in heat release rate 0 = @(w, t), the general quantity of 

heat released by a given moment of time q = q(w, t), and temperature in the operating 

ceUT= T(w, t) making use of the experimentally determined value of thermal effect Q 
the dependences cz = z(w, r) and & = qw, I) are found to be 

Further processing is similar to that mentioned above. The method described is 

Extensively used when studying the kinetics of thermal decomposition of varions 
systems30’3z by DTA and TG methods. Boundaries of applicability of this method 
will be discussed below, 

IV. EXPERIMENTAL METHODS USED FOR SlRMGHTEXI?JG OF TEMPERATURE AND DECREASE 

OF SELF-HEATING 

Let us consider now methodical techniques aimed at the correct experimental 
procedure of studying the chemical reaction kinetics under the regimes of programmed 

heating. 
It has already been noted above that commercially produced devices for thermal 

analysis are not designed specifically for kinetic studies- Therefore, an arrangement 

of the operating cell does not often permit to determine clearly the conditions of its 
heat exchange with surroundings. This impedes a quantitative processing of experi- 
mental data and makes questionabIe the accuracy of the kinetic parameters to be 

determined. 
Special means which provide such experimental apparatuses and methodoIo_gy 

that a scheme of processing, correct from a thermophysical viewpoint can be used 

for obtaining the kinetic data, have been proposed’. ‘* “* 31_ 
A forcexi mixing of the reacting liquid is used’ in order that the process can be 

described by an averaged equation system- This method is naturally not appropriate 

in the case of solid systems_ 
For the same purpose it has been su_ggested’ to use a reaction cell with weak 

heat emission to the surroundings. This method provides a good temperature 
uniformity throughout the reaction volume both for liquid and solid systems_ How- 
&et, it does not exclude thermal expIosion for highly exothermic reactions and hence 

does not extend a. very narrow range of rates which can be used for studying the 
reactions of such a type_ 

The method of removing a space non4sothermality by simple decrease in the 
weighted amount down to several miligrams cannot bz recognized as quite universal. 
For instance, by using this method it is impossible to study the kinetics of hetero- 
geneous systems containing components with sizes in the order of millimeter fractions. 

In addition to Iow heat exchange coefficients, it has been suggested30- 31 to 
intensify the effect of temperature straightening and simultaneously ,to decrease the 

appearing beatings-up at the cost of high dilution of the reactant by an inert diiuent 
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with high heat conducGvity_ Such a method has a number of advantages. FirstIy, a 
possiiiity of thermal explosion is comp?eteIy eliminated for exothermic reactions (a 

transition to compktely degenerated regimes at the cost of increase in parameter r), 

which permits the p~ocesscs with a grtat thermal effect to be studied at higher than 

usual t.cmperabms, and the heating rates accepted in the thermai analysis to be used. 

Seco&Iy, a spatial gradient is practically excluded, which permits correct caIculations_ 
Inthethirdplacc,itisunnecesSxy to know thermophysical properties of the substance 

under study since the heating conditions as defined by properties of a diluent 
Strictly speaking, it is impossible to take quantitatively into account the thermo- 
physical properties of the substance studied in a non-isothermal kinetic experiment, 

since in the course of the experiment the composition of the reacting medium changes 

by the law which form is unknown as a rule even in the cases when a formal kinetic 
description of the process is determined_ This circumstance is an additional argument 
in favour of the methods30~ 31- Finally, it is now unnecmary to chose a standard 

substance for the diffitial scheme since ~turaIIy, a diluent is taken as a standard. 
Two methods of dilution are suggested and used, viz, a mechanical method when a 
reactant is mixed with a powdered heat-conducting inert diluent and pIaced into the 

amponle, and a &ermal method, when a reactant in the form of a thin (C I mm) 

layer is piaczd between heatconducting blocks (Fig- I4)_ The first method is applicable 
for studying homogeneous solid and liquid substances, while the second is used for 

heterogeneous condensed mixtures- In both cases a diluent substance of the same form 

and size as a reactant is used as a standard_ The typical degree of dilution is 1: 100. 
The diluent substance should not affect cataIyticaIly the reaction under investigation- 
As is seen from some experience of work, the choice of the diluent presents no 

dii5cultics. 
Naturally, investigation of the reacting media ballasted so deepIy is accompanied 

byzappropriate decrease in a value of the output signal- However, use of standard 

fi’k 14- Shancofctihtinga rcactantbyiLlerlsuhstarlceint hcmogmphy. (a) mc&mkal diMion; 
Q tbcrmal dihitioa 

tbamoawtplcs;2=rradioncdls;3 =rartant;4=staadvd~S=thcrmo- 
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photogaIvanometric amphfiers in measurement schemes of DTA-devices and scanning 
calorimeters permits a rather reIiabIe recording of the processes under the same 

conditions. in thermogravimetrical installations using beam scales with preliminary 
balancing, empIoyment of dilution within the Emits mentioned does not lead to a 

decrease in accuracy when recording TG curves. 

For mechanical dilution, aluminum cases were used with powdered ahrminum 
oxide or powdered aluminum as an inert substance_ For therma diIution, thin-walled 

steel cases with inserted aluminum cylinders were used. In the lower cylinder there 
is a blind hole to accommodate a thermojunction, in the upper cylinder narrow holes 
(0.5 mm) are made to lead away pous reaction products_ In the upper part of the 

case there is a bayonet lock which compresses the substance layer between butt ends 

of cylinders- 
Let us illustrate the efbciency of the diIution meth_od_ Figure 15 depicts temper- 

ature distributions in the reaction cell caIcuIated by numerical count of the system (6) 
at different time moments (to be precise, at various vahses of T,) for concrete condi- 

tions of the thermographical experiment carried out on pyroxyIine3’_ Kinetic para- 

meters are taken for the monomolecular constant of reaction rate. It can be seen from 
Fig_ 15 that at IV = I “C min- ’ a regime of thermal expIosion is realized, whiIe at 

Fig, 15. Tanpcratm distribution in the reaction cdl of cyiidical form r = 0.3 an @yroxyline). 
(a) w = 1 ‘C n&r1. countingofdTfiomtbcsurf~7iBs1 =g7oc;2= 164Q3 = 16pc;4= 
166_6”c; 5 = 166.7”C; 6 = 166.7I”C (b) w = 20°C mix+, amnting of AT from the centrq To: 
I = 1so*c; 2 = ztwc; 3 = 208_3*c; 4 = 208_4=c 



J -0ms -0.002 0.45 
5 -0m22 -0_0012 055 

IO Au?55 Al028 O-62 
20 AuJ9 -0-066 0.74 

w = 20°C min- ’ there takes place a regime of ignition, which compIeteIy excludes 

the possibility of obtaining quantitative kinetic Ata_ Table I contains the cakdation 
resu1t.s for the case when pyroxyiine is diluted with aluminium oxide A1203 in the 
ratio 1: 100, In this case, the same activ+ion ener__ey and pre-exponentiaI factor were 
taken for c&u&ion as for Fis 15, and the thermal effect is dezreas& by a factor 
of 100; thermal conductivity, thermal capaci~; and density are taken for AI,O,- It 
can be seen from the table that when using dilution over the whoIe range of rates 
I-20°C min- 1, the regime of complete degeneration is realized. Here the maximum 
of temperature difkeuce between the centre and surface is kss than the quasi- 

stationary drop to the absolute value. Besides, it can be seen from the tabk that 
tcmperaturt drops can be negkted even at w = 20°C min-‘_ 

The experimental nrzthodoiogy and procedure of calculating the data obtained 

which is described above and in the previous chapter has been used30-32 for in- 
vestigating the thermal decomposition kinetics of a number of substances, viz, 

pyroxyIine (DTA), poIystyrene UG), ammonium perchlorate (DTA and TG). 



327 

I82 l86 l3ff 180 184 l88 
m3/r°K 

Fig 17_ Depatdencc of the decomposition rate of ammoniated copper chromate on temprature 
atfkedtransformationdcgreea- 
a = 0.1; b = O-3; c = 0.4; d = 0.6. 

Fis 18_ Dqaxhce of isothermal rate of decomposition of ammoniated copper chromate (set-1) 
on the tran&omWion degree a at various temperatures (‘C)_ 
(1) 270; (2) 265; (3) 260; (4) 255; (!S) 250_ 

mixtures of ammonium perchIorate and poIyme_rs (DTA and TG), ammoniated 

copper chromate (DTA). As an example, we shall give some data obtained when 
studying the decomposition kinetics of ammoniated copper chromate in vacuum32_ 

Figure 16 shows the characteristic experimental curves of cell heating-up at 
various heating rates_ Straightening in semi-iogarithmic co-ordinates of curves oi(T) 
cakukted from eqns (28)-(30) permits the temperature dependence of reaction rate. 
to be determined at a fixed vaiue of transformation degree Q (Fig. 17). Figure -18 
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shows a depcndcna of isothermal 

Q = 6(a) at T = const The data 
apation of autocatalysis 

decomposition rate on transformation degree 

obtained arc well described by the first-order 

Expressions for rate constants k, and k, (sect- ‘) on Arrhenius treatment of experi- 

mental rcsuIts (Fig- 18) are of the form 

kl =5-lO~exp(-yip) 

V_ OK THE LtM OF APPLlCABILlTY OF ME NON-A PRIORi MEDIOD FOR RECALCULATING 

THE DATA OF ANOX-SDTHERM AL EXPEBMENTTO IsoTHERHAt CONDDTOSS 

Let us now consider some factors which limit the possibility of applying the 

non-apriori method discusxd in chapters III and IV_ First of all, this refers to stage 

and diffusion difficuhies. The caIcuIation procedure discussed is appIicabIe only for 

sing&stage reactions when the process is described by one kinetic equation_ There 

are quite a number of such reactions_ These are simple reactions of the order n, 
reversible reactions, reactions with auto-catzlysis and others, It is of interest that in 
some cases (for instanoe, in the case of autocatalysis), two kinetic constants with 

difpxent activation energies enter the equation_ In this case, a kinetic function cannot 

be rcprcscnted in the form of (24) and many cakzulation schemes which make use of 

such an expression become unappIicabIe The method given permits not only to 

notia avaiIabihty of several constants with different activation energies*, but also to 

determine their values at different temperatures (see an exampIe at the end of 

Chapter IV). This method cannot be applied for studying complex reactions with 

consecutive and parallel stages_ This question has bezn discussed in detail’. The main 
characteristic property of complex reactious consists in the fact that a state of the 
system is not character&d by two magnitudes T and a, as is accepted in the scheme 

considered and takes place for single-stage reactions, but depends also on the way in 
which the system came up to this state, i-e_. on the pre-history of the process_ As 
shown=, the equation which describes a two-stage reaction is of the form 

(31) 

i-e_, it is determined by two functions of three variabIes_ To find these functions from 
the non-isothermal experiment is a complicated and unsolved problem. However, a 
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criterion can be pointed out when a single-stage approach is valid_ It is evident that 

for this purpose the heating-up should be realized in such a way that one and the 
same state T, ‘1 can be approached with different “pre-history”. As follows from 

paper2, to do this it is nv to realize heating-up with two parameters A and B_ 

On processing the experimental data on the single-stage scheme at A = const, and 
B = var., one can obtain 

ai = ci,(T, a) 

If it turns out that a form of & does not depend on value A, then the process is single- 
stage and the expression obtained is sufficient for its description_ If riA are different 
for various A, then the method under consideration is unapp!icab!e_ 

How can a two-parametric heating-up be realized? A linear heating cannot be 
applied for these purposes, since it is characterized by one parameter W_ A static 
heating is not adequate either for the same reason (one parameter To). For these 
purposes it is convenient to rea!ize the heating by the parabolic law 

where Wi is an initial heating rate, a is heating acce!eration_ Here Map may play a role 

of parameter A, and a of parameter B. You may act in a different way, viz_, two series 
of the experiment may be performed: one under the static conditions (T, = const_), 

and the other under Iinear heating (w = const). For a single-stage reaction, a form 
of a_T,, z) obtained by these two ways, should be identical_ 

Another approach to evaluation of applicability of a single-stage scheme is 
possible, based on purely kinetic considerations_ As is known, kinetics of chemical 

reactions can be studied by different methods, viz, from heat evolution, from chan_ees 
in weig!& from increase in pressu% from changes in volume of _aous products_ 

For &&e-stage processes, changes of these values are usually proportional to trans- 
formation de_-, i.e.. for sing!e-stage processes one may write 

4 Am AP AV -E-C --_=-=~ 
qw Am, AP, AK 

(32) 

where q is quantity of heat evolved by the given moment of time, m mass, p pressure, 
V volume, sign co denotes the end of transformation_ 

If under the identical heating conditions the values obtained by different 
methods in accordance with (32) are the same, i-e_, curves z((t) coincide, one may 
expect the absence of staged effects and use the single-stage scheme_ 

In some cases a strong distribution of reactant concentration connected with 
diffusiona! @ration) processes may be an important limitation for application of the 
approach discussed_ For instance, such a situation may arise in reactions occurring 
with participation of the gaseous phase. On oxidation of meta! powders in air, diffusion 

may limit tie access of oxygen to internal layers of a weighted amount and lead to 
irregular reacting_ As is known, on decomposition of somesubstances, anautocata!ysis 
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by gaseous products is observed- Diffusion processes of product remoWfJ from the 
reaction zone may have a profound effect on the reaction rate in these cases_ Other 
examples of the distorting role of diffusion may be given. The approach discussed 

can certainIy not be applied in tJze complicated diffusion siruation, since it does not 
consider the processes of substance transfer- However, in many cases suJ3stanc.e 

transfer does not t&c: pIace, or it is negIigibIe_ For instance, this occurs in air-tight 
cells at thermaJ decomposition with formation of inert -easeus produds, at polymeri- 

zation prw at oxida&n in the kinetic region and so on- In some systems the 

substance transfer is realized only inside the reactant without excJzan= with tite 
surroundings- In this case the diffuion processes are treated as kinetic and aff’ 

the form of the kinetic equation, rather than the scheme for processing the experimental 

c.~rves. Among these processes are reactions of syutJ~esis from elements in the soIid 
phast, Diffusion processes of interaction between grains of elements (for instauoe, of 
titanium and soot) define here a form of the kinetic Jaw. The rate of diffusion processes 

of interaction between a reactant and an ambient _eas greatly depends on a mass of 
utighted amount and its geometric31 sizes, Therefore, the following simpk criterion 

of validity of the method su_wted can be proposed-a form of the kinetic function 
&(T_ z) must not depend on the mass of wcightcd amount (or on the length of diffusion 
path), i.e.. the form of B should be the same at p = const_ in open cells, and at m/V = 

consL in air-tight ceIJs_ 

Stage and diffusion difficuIties are the most important factors which Jimit the 
po&bifity of appIying the given variant of the non-isothermaJ method. 

As is seen from the foregoing, the main problems which are now soIved in the 
theory of non-isotJ~cz~~I methods are creation of concrete conditions for performing 

the experiment and discovering rhe most general scheme for prousing thermograms. 
Solution of these problems is now nesuing completion, It is already clear that the 
main point in the organization of the experiments reaJized at Jinear heating is to 

provide temperature uniformity in the reaction cell, To do this, it is necessary to 
know the conditions for Fiat exchange and to be able to control them in the proper 

way- The v&e of scJf-heating is of no fundamental significance, sinn it is takea into 
accountwhen ptxnmshg cxgurimmtaI data_ Therefore, the desire of experimentators 

to dccrrasc self-heating and hcna to increase an accumcy of tcmpcrature measure- 

&t is un&stiEed- it is of interzst that the availability of self-heating significantly 
distorts a linear course of tempuature in the reaction cell_ Therefort one should not 
aspim to strictly Jccep a linearity of changes in temperature in the Jtcating device 

(standard), Of course, absence of self-heating and keeping of heating linearity 
simpfifj to some extent the proccdurc of k&tic caJcuJations_ However, advantages 
are insignificmc and do not compensate methodicaJ diJJicuIties and Jimitations- 

A question is ofien discus& in the scientific Jiteraturc whether it is ~ccrssary 
to~avalucofthccotfficitntofbtat~~betwtenarcactionccltanda 
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heating device. It follows from the foregoing that knowledge of vaIue h is necessary, 
firstly, for providing uniform temperature distribution in the reactant; secondly~ for 
determining the rate of heat release in the DTA method (value h enters the equation 

of thermal balance) There are situations when knowiedge of h is not necessa ry (for 
instance, a thermogravimetricaI experiment with temperature measurements in the 
reaction ceII and the controIIed provision of Iow temperature gradient there)_ How- 

ever, they should be considered as an exception to the rule. 
Thus, creation of gradientless temperature fieId in the reaction cell, measure- 

ment of time dependence of its temperature, knowkdge of the heat exchange coefhcient 
between the reactant and the heating device-all these are the main features of the 
modern experiment which makes it possible to study correctly the kinetics of chemical 
reactions under the conditions of programmed heating. 

Unfortunately, experience in theoretical investigations and practical recom- 
mendations have not yet been used properly when designing thermographs (derivato- 
graphs, scanning caIorimeters). The main attention here is so far paid to the problems 
of the electronic-measuring technique, while thermo-technical probIems are ignored, 
Creation of cells with organized heat exchange is a primary problem in this geld. 

However, it should be expected that in the nearest future correct conditions will 
be provided for the kinetic experiment at programmed heating. 

A question of principle now arises_ How can one obtain in full the extensive 
kinetic information which the non-isothermal experiment contains? This probIem 
should result in setting theoretkd studies of a new type where the main stress will be 

on a generahzed description of staged processes. The non-isothermal method has the 
greatest advantages as compared to the isothermal method just as applied to complex 
reactions. However, it is already clear now tirat this problem is very complex and for 
its solution not only a deep znaIysis of kinetic regularities is required, but a significant 
deveIopment of the expeximen*;ll technique, 

Application of the generalized approach to investigation of complex reactions, 
which reduces to search many functions of many variables’, is possible only when 
making use of modem EC with large memory and rapid action_ Now only the simpfest 
kinetic problem is solved (the description of single-stage reactions) and the re.su1t.s 
can easily be presented in the form of kinetic equations- The form of presentation 
of the result when studying complex reactions should be significantly different. Kinetic 
functions will be stored in EC memory and used when calculating &ous non- 

isothermal processes. The heating regimes should be changed. Linear heating as 
has been already noted, limits the possibilities of studying stage reactions, and there- 
fore more complicated forms of heating are preferred here depending on several 

parameters_ Parabolic and harmonic laws of heating seem to find application in the 
future_ 

Thus complex heating usage of many kinetic functions for experiment descrip- 

l Aswecanxc,tw05tageP- arc dcsaii by two functions OF three variables. 
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tion, wide application of ekctronk computers are alI characteristic features of a new 
stage GE the &veIopment of theory and practice of non-isothermal kinetics. 

The interest in non-isothermal methods of investigation is vcq wide and 
continues to deveIop_ This is connected with the fact that the_re exists a constant 
contradiction between extensive information of the non-isothermal method and 
difikultics of its “cxtracfion”_ 

REFEREKCES 

IX 

I2 

13 

14 

I5 

16 
17 
18 
19 

zf 
P 
23 
24 
25 

g 
28 

W 

30 

31 

32 
33 

A G_ Madtanov aud F- I- Dubovitsky, Usp. Mrim., 35 (1%6) 6S6_ 
A G- Mehaww, Fik Gom#ju Vqpro, 9 (1973) 4. 
P_ Murray aQd J- white. z-an% Br- ci?rar#r- run& 54 (1955) 4- 

H. E N, Anak chm, W (1957) 1702 
H.J.BorrfiardtandE~J-Am~Sac-,79(1~41. 
P_L.Racd.L,WebaandB_s-Got~~Ind-_clkm, i5tuxhm_-, 4 <196sJ 38. 
A- G- Ma&anov, V- G- Abctmov asxd L. I- Abramova. zh. Fn- RZim., 41 (1967) 179. 
G- 0- Pi&m. InlrarkEdEbn into the 7Zeoq of W &edjs&, Nauka, Moscow. 1964 (in 
Russ&)- 
K_AkitaztndM_K2?sexPhrs-chcm,52(1%q9u6- 
V_ T. Gonfkowkayzx aad V_ V- J3ac&iq 12~ Sib. Ord- Akad. Nauk SSSR. sir- R&z- NPUX; 
4 (1974) 68 
V-V-Ikwykb,V-T.Gon&owbya,A-G-Mazhanw and PJ- I- Oxcrkoiskaya, ?7ienn_ /inaL, 
I (1975) lM_ 
m of funpcrmplr &ribuhm at s@m kiiurics of &m&l reacrbs in fhe heat keating 
rcgrin. prep&t Old Irm- R&i-m- Fii_ A&ad- Nax& SSSR, cbanogolovka. 1974- 
v- v- Barr)* JTii Gorul&a vm 9 (1973) 37- 
D- A- Fiank-Kamaz&y, DI&&~ and Hear fichrge in Reaction Ki2cricq Prinazton Uni- 
VcIsily Rea, 19s 
V. V- -kin and A- G- Merzbxiv. D&i- Akcxi- Nauk SSSR. I20 (1958) la!- 
A- G- Mazbnov, Dwbl, Akant N& SSSR. 140 (I%I) 637, 
A G. Mazbnov ZUKI A- G- Smxnina, iWuc~7-ekh. ProM- Gorcm-ya Vzrjvu. I (1965) 59. 
A G- Stmnirq V- T- Gonfkonkaya and A G_ Merzhanov. fix- Goreniya Vbyvav 1(1965), 36- 
AG-Scnmim.V-G- AbnmwZUbdkG-Mm* Fk Gorrm‘yo Vsvvtr, 2 (1966) 3- 
AG-St~&&andV-G-Abwnov= zh- Fn. REim-. 43 (1969) 102 
kG-~.EG-~aadV-G-Abramov,Dolrl..Akod,NaukSSSR,.I&0(1968)639. 
N. N- !jawnov. VI- Frr Na& 23 (Ip10) 251- 
J_ s!st2kc, v_ sacwl and w- w- waldhact, ZEenwskhz- Acra, 7 (1973) 333- 
J- H- Fiytm snd L- A Wall, J, Rrr- Nm- hr- Slmd,. 70A (1966) 487, 
M- 2 Ugows and E A Bukcwv. 7-r- X7&z_-~eraK hut- &anf N& Xix- SSR. 7 (1969) 3. 
J- R MacCXhm and J- Twner. Ntiure 225 (1970) 1127. 
RM_F&krandEP-StabeI.ff~1~,228(1970)I0?35- 
J-?ksUmdJ_ Krafocbil, J- - &KxL, 5 (1973) 193. 
J- &&k. P- Holbr and J- IQafodwi!. in M- M, Pavlyucfvalro and E A Pmdan (Ed& uerert?- 
g- w Rmaianr and ReacrXry, Nauka I. T&h&a, Minsk, 1975, pp_ S7-78- 
EE~ti&inYzS_hbakv (Ed-) Prabhu of Kk&ks of Qhenftqv Che~lsi?acr~, 
Nauiu. M-, 1973. m_ 514 (in -)_ 
EP-GoachuovG-I_~~AG-~aadkS_Shtcin&r&Dokl,~~N~ 
SSSR I97 (1971) 385 
EP-Goocfprw,AG-Mazbanmr ?IdASShtdnba& CombrrslionmrdEryladan.Moscow. 
pllLuka.l97z@765- 
AG~.AS~~EP-~,~G~~~aVrrJ749(1973)185- 
EP-Gonckrw,AG- Marfranov?adkS.Shtcinkr&Tr-G~ar-Inn.Prikl._,68(1972)60. 


