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ABSTRACT

The literature on the application of isothermal homogeneous gas or liquid
phase kinetic equations to the non-isothermal decomposition of solids is briefly
reviewed. It is concluded that the deriving of kinctic parameters for solid-state
decomposition reactions in terms of Arrhenius pre-cxponential factor, activation
energy and reaction order is cmpirically useful, but the theorctical significance that
these parameters have for gas and liquid phase reactions cannot be extended to the
solid phase. A method is presented whereby these kinetic parameters can be derived
when a multi-component solid decomposes non-isothermally into several products.
The formations of hydrogen, methane, and ethane from the thermal decompcsition
of tobacco are best described by 2 mechanism in which each product is formed from
a different solid component. The high correletion coefficients obtained show that the
homogeneous kinetic and Arrhenius equations are very good empirical descriptions
of the reactions.

INTRODUCTION

During the last twenty years, thermal techniques have been used to study the
kinetics of solid-state decomposition reactions under non-isothermal conditions’.
Many methods have teen proposed for the exact evaluation of the kinetic parameters
and these have been reviewed cxtensively, c.g. in refs.2~!°. Refinements of ihese
methods are being continually proposed, ¢.g., refs.!* =16, All the existing methods are
concerned with the overall decomposition of one solid in isolation, or the production
of a specific product (or occasionally a small number of products) from the solid.
However, in some systems of practical importance, the reactant is a mixture of several
independent solid components, each of which can decompose into several products.
Tobacco is such a mixture, and the observed product formation rateftemperature
profiles of the evolved gases from the non-isothermal decomposition of tobacco
often consist of several peaks, each peak in a specific temperature region'?~2%. In 2
given temperature region, the products can arisc from one of several alternative
possible mechanisms, for example:



(@) each of the observed products is formed from a different solid component;

(b) all the products are formed competitively from the same component.

The kinetic parameters for the formation of a given product in a given tempera-
ture region are dependent on the mechanism of production. A general computer
program has been wrilten which calculates the kinetic parameters for the competitive
formation of any number of products from one solid component (mechanism b); if the
number of products is sct equal to one, that product is formed according to mecha-
nism (a).

Howcyer, considerable controversy has recently arisen in the literature con-
cerning the application of homogeneous-type kinetic equations to solid-state reactions
under non-isothermal conditions. Since this forms the basis of the method described
later in this paper, the literature is briefly reviewed in the following section.

BACKGROUND LITERATURE

In many of the kinctic treatments of non-isothermal solid-state reactions, it has
been assumed that isothermal homogeneous gas or liquid phase kinetic equations can
be applied, so that at any time the rate of reaction is given by:

dc L= _ —E{RT
v k® = Ae ' Q)

wiere the svmbols are defined in the Nomenclature section.

A characteristic feature of solid-state reactions is the destruction of the structure
of the reactant solid phases. This difiers sharply from reactions in the gas or liquid
phase, in which the fluid reacting phase exists continuously throughout the reaction,
with a2 continuous variation in the concentrations of the components Consequently,
the concept of reaction order, as it i1s understood in the fluid phases (representing the
number of molecules which collide prior to reaction), has only limited applicability
to solids®!- 2%, The reaction order is defined in terms of reactant concentrations
(eqn (1)). For the definition to have any meaning, these concentrations must have
constant values throughout the reacting material. This is not the case for solid-phase
reactions. However, in practice, some function of the sample weight is used instead of
¢, in differential thermogravimetric analysis. In the analysis of the present study, a
function of the gas phase concentration of products to be released over the remainder
of the pyrolysis is used instead of ¢. Consequently, alternatives believed to represent
the solid reactant concentration are always used in practice.

Ucfortunately, even the empirical use of eqn (!) does not necessarily give
consistent results for all solid-state reactions, and alternative forms of the equation
have been proposed (e.g., refs.23~2%). In general, the isothermal rate of a solid-state
reaction can be written:

= = k() ' ?
and, in practice, it is often found®°~?? that f(c) can be replaced by .
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The work of MacCallum and Tznner**, and independently that of Draper?®
and Comel et al.2¢ have initiated extensive discussion concerning the applicability of
extending the isothermal mathematical treatment to non-isothermal conditions.
Their contention is that under non-isothermal conditions, the reactant concentration
is a function of both temperature and time:

c = [(T,1) 3
Consequently, partial differentiation of egn (3) gives:

de ac de\ dT

ar (‘aT) + (ET)}TF @)

Thus, the reaction rate under non-isothermal conditions, de/dz, is not equal to the
isothermal rate, (Gc/é)y, as it is assumed in all mathematical treatments. Many
authors using varied arguments, have subsequently pointed out that the term (Ccfcz),
has no logical sense and does not exist in reality®” ™2, resulting in d¢/dt = (écjét),
as is generally assumed. MacCallum*? has tried to defend the validity of eqn (4) by
using an analogy to a varying-volume decompositicn, but this analogy has been shown
to be ambiguous**,

Simmons and Wendlandt** have shown mathematically, and Sestak and
Kratochvil*® by thermodynamic arguments, that there is no fundamental error
involved in extending isothermal kinetic equations to non-isothermal conditions. In
confirmation of this, it is found that in some studies where a given reaction has been
examined under both isothermal and non-isothermal conditions, nc significant
differences are found*®~3!. However, in other studies® 32, it is found that the
Arrhenius parameters calculated from data obtained under isothermal conditions
differ from those obtained under non-isothermal conditions. The parameters 4 and £

have also been observed to change with heating rate’2~%* and are generally found to
be related:
InA=u+ wE 5)

where u and w are constants. Various derivations of eqn (5) have been published??-
63-66 andthesignificance of the equation has been discussed at length elsewhere® 7~ 79,

Many methods have been proposed for the exact evaluation of the non-
isothermal ecquations obtained, e.g., refs.2~ ', Many of thesz methods are basced on
approximations which can fead to error. Consequently, even with the same experimen-
tal data, different evaluation methods may result in different values for the kinetic
parameters n, A and E, e.g., refs.> 7'~ 73, It would appear that the overwhelming
consensus of opinion is that these discrepancies are due to mathematical approxima-
tions, not to the validity of the basis of the mathematical methods.

As a final comment on the validity of non-isothermal measurements, it has been
pointed out®* that non-isothermal determination of the kinetic parameters of reactions
of solids are in fact the only valid measurements. The very nature of an isothermal
determination dictates that the cold sample has to be pre-heated to the required
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temperature prior to the isothermal measurements being made. If the reaction rate is
fast, considerable quantities of the solid can have reacted before isothermal conditions
arc cstablished, i.c., a large proportion of the solid will have reacted under non-
isothermal conditions. Furthermore, Ozawa”* has pointed out that non-isothermal
measuremernts have an addiuonal advantage over isothermal measurements in that,
for a reaction system in which multiple reactions proceed concurrently, the nature of
the reaction may be revealed by vanation of the heating rate.

The Arrhenius equation arises in gas- and liquid-phase reactions because of an
equilibrium between activated and non-activated molecules according to the Boltz-
mann distribution, followed by formation of an activated complex from activated
molecules, and subsequent formation of product molecules. Solid-state decomposition
reactions do not proceed by such a mechanism, and it has been claimed that the
Arrhenius equation is not justified theoretically for such reactions?!- 33- 62- 68
Modified or alternative forms to the Arrhenius equation have been proposed 35+ 32
73. 76, especially to solid-phase reactions proceeding non-isothermally. With the
exception of the modification given in refs. 75 and 76 (and 84)", they have been
described as having questionable validity””’.

It is true that no general transition state theory of reaction rates has as yet been
fully developed for solid-phase reactions’®. However, the development of such
theories for some specific solid decomposition reactions has been partially successful
in correctly predicting the Arrhenius pre-exponential factors?® ~22. Thus, there is
some theoretical justification for assuming that the Arrhenius equation applies to
react:ons involving reactant solid. The large number of such reactions that have rates
which vary with temperat ire according to the Arrhenius equation, e.g., refs - 7 46" ¢2,
suggests that the equation is often a very successful empirical model for the tempera-
ture-dependence of solid-state dccomposition reactions®?, even though strictly
speaking it is used outside its range of theoretical validity®8. Thus, the deriving of
kinetic parameters for such reactions in terms of A, £ and n is a completely formal
approach for empirical convenience, and the significance they have for gas- or
liquid-phase reactions cannot be extended to the solid phase®2- 79.

CALCULATION OF ARRHENIUS PARAMETERS

Typically, product formation rate/temperature profiles of several evolved
gaszs are obtained from the non-isothermal decomposition of a multi-component
solid (c.g., Fig. 1 for the formation of gases from tobacco decomposition). In a given
temperature region, these products can arise from one of several alternative possible
mechanisms:

(a) Each of the observed products is formed from a different solid component.

(b) All the products are formed from the same solid component, with a com-
mon rate-determining step.

* These references merely take into copsideration the known lcmbualme-dependcme of the pre-
exponential factor.
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Fig. 1. Formation rate profiles of some evolved gases from tobacco decomposition. Tobacco heated
in argon at 1.3 K s-1; input flow of argon into pyrolysis furnace -= 8.33 em? s—1. x, Hydrogen;
C, methane; @, ethane x 2.

(c) All the products are formed from the same solid component, with different
rate-determining steps. There are two possibilities for this latter type of mechanism:
(i) independent reactions, where one fraction (a,j of the component decom-
poses with Arrhenius parameters 4, and E,, a second firaction (¢,) decomposcs
independently with Arrhenius parameters 4, and E,, etc. '
(i1) competitive reactions, in which cach decomposition has 2 rate proportional
to a function of the concentration of the remaining matcrial in the solid.
Mechanisms (a) and (c(i)) are indistinguishable kinetically, and so mechanism
(c(3)) is not considered further in the present paper. In order to dctermine which of
these alternative mechanisms is occurring for a given set of data, the kinetic para-
meters for each gas in each mechanism are calculated, and the mechanism which

gives the most consistent paramcters for all the gases is taken as being the best
mechanism.



This is done with the aid of a computer program, as follows. A mechanism is
assumed for the formation of the gases, i.e., it is assumed that a certain number of
products (p) 2re formed competitively from the same solid component. Over the
temperature region in which the gases are formed (7' to T.), a list of temperatures
T_ is input into the program, together with the corresponding reaction rates R;,
(umol s™* 27 ') and amount of product formed in the temperature region up to that
temperature, F;, (pmol g ') foreach product i (i = 1,2 ... y;ma= 1,2 .__v).
Values of R;_ ¢an be read off the profiles (e.g., Fig. 1) at specific temperature intervals;
values of F;, can be obtained by calculating the area under the formation rate/time
profile up to temperature T,,. If the formation profile consists of multiple peaks
(¢.2., the ethane profile in Fig. 1), which result from the formation of the gas from
several components. the temperature region of interest must be deconvoluted from
the profile by hand.

The total amounts of products fermed from the solid component over the temper-
ature region up to each temperature 7, (F,, pmol g~ ') are calculated:

F.= _-Fi-bi (6)

The total amount of products formed from the solid component over the whole
temperature region (F, pmol g™ ) is given by:

F=.i=2,Firbi (7)

For each product i, and a given value of the reaction order n, values of the rate
constant k; (s~! umol' "® ¢®”! for an nth order reacticn) are calculated at each
temperature 7_:

Riw
kg = F=FO" (8)

In k., is linearly regressed” against 1/7_, and the Arrhenius parameters A, and E; are
calculaied from the values of the intercept and gradient, respectively:

A; = exp (intercept) ©)
E; = — 1.987 (gradient) (10)
For each product 7, values of A,, E;, and the correlation coefficient of the

regression (r;) are calculated for values of the reaction order 7 from 0 to 3.0 in steps
of 0.25, and for n = 0.666.

* The limiting values cf kim corresponding to Rim = 0and F = Fa are omitted from the regression.



TABLE 1

KINETIC PARAMETERS FOR FORMATION OF METHANE ONLY FROM ONE TOBACCO COMPONENT®

Reaction order Correlation coefficient AP Ec
Ir) fr)

0 0.180 6.84 144
0.25 0.581 13.2 445
0.50 0.849 5.6 746
0.67 0933 397 9.47
0.75 0.957 49.4 10.5
1.00 0.989 95.3 13.5
1.25 0993 184 16.5
1.50 0.989 356 19.5
1.75 0981 688 22.5
200 0973 1.33 x {03 5.5
2.25 0.966 2.57 x 103 28.5
2.50 0.959 496 x 108 31.5
275 0.953 9.58 x 108 345
3.00 0.948 1.85 x 10t 376
3 Calculated from the profile in Fig. 1. Number of daia values used in the regression (r) = 10.

b Arrhenius prc-exponennal factor, s~1 umoll—* g=-! for an nth order reaction.
c Activation energy (kcal mol-1).

TABIE 2

BEST KINETIC PARAMETERS FOR FORMATION OF HYDROGEN, METHANE, AND FTHANE IN ITS HIGH-TEMPERA-
TURE REGION®, FEACH PRODUCT FORMED EXCLUSIYELY FROM A DIFFERENT TOBACCO COMPONENT

Product nv A E® re e
Hydrogen 1.50 50.7 229 0.942 2,700
Methane 1.25 184 16.5 0.993 1,140
Ethane 1.00 250 x 108 26.0 0993 68.1

* The high-temmperature formation region for ethane is from 300 to 534°C. Hydrogen and methane
are formed over the temperature ranges 400 to 1140°C, and 250 to 700°C, respectively. Number

L33 =gy L AL 4l AL N Sy A Yily

of data values used in lhe regressions (t) — 16 for nydrogen 10 for methane, and 11 for ethane.
b Defined in Momenclature Section.

RESULTS AND DISCUSSION

The data in Fig. | are tested against the alternative types of mechanism outlined
in the above Section (in the present treatment, it is assumed that all the stoichiometric
constants, b;, are equal to unity). The kinctic parameters obtained. for the formation
of methane from tobacco, in 2 mechanism where methane only is formed from one
component in the tobacco (mechanism(a)), are given in Table 1. The calculated
Arrhenius A factor and activation energy increase with incmésing values of the
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reaction order n. The highest correlation coefficient is obtained for a reaction order
of 1.25, although reaction orders of 1.0 and 1.5 give almost as high correlation
coefficients. Thus, the best kinetic parameters for methane formation are those
corresponding to a reaction order of 1.25; these parameters arc summarised in Table
2 for hydrogen, methane and ethane formation in mechanism (a), where cach product
is formed from a different solid component. The high values of the correlation
coeflicients obtained, especially for methane and ethane production, indicate that the
ratz equation:

rate — (F — F Y Ac™ERT (13)

is a very good empirical relationship for the decomposition, and that mechanism (a)
is 2 good model for the formation of these products from the thermal decomposition
of tobacco.

An alternative model to consider for the data in Fig. | is mechanism (b), in
which all the products are formed from one solid component with a common rate-
determining step. However, if this mechanism was occurring, the product ratios would
be independent of temperature, and inspection of the results in Fig. i shows that this
is clearly not the case. .

The final model to test against the data in Fig. 1is mechanism (c(ii)), competitive
formation of the products from one solid component. Table 3(a) shows the kinetic
parameters calculated for a mechanism in which hydrogen and methane are formed
compctitively fromn the same tobacco component. The apparent Arrhenius parameters
for hydrogen formation and their variation with n, are similar to those obtained for
the mechanism when hydrogen only was formed from one tobacco component.
However, those for methane formation are very different (cf. Tables 1 and 3 (a))-—
with the competitive formation mechanism, the activation encrgies are only 2749 %
the value of those in Table 1, and the Arrhenius A factor falls with increasing reaction
order. The correlation coefiicient for methane formation continuously rises with
increasing reaction order, and is obviously out of phase with the correlation coefiicicnt/
reaction order relationship for hydrogen formation. Clearly, the competitive de-
composition mechanism is dominated by the parameters for hydrogen decomposition,
and in this case a competitive decomposition is probably not the correct mechanism.

The kinetic parameters calculated for hydrogen, methane, and high-temperature
ethane formed competitively from the same tobacco component are shown in Table
3(b)). The inclusion of ethane into the competitive decomposition mechanism makes
little difference to the kinetic parameters for hydrogen and methane formation
(cf. Tables 3(a) and 3(b)), and there is no reaction order for ethane formation for
which there is a particularly high correlation coefficieat, suggesting that mechanism
{(c(i1)) is not occurring.

Consequently, in the above examples, good correlatnon coefficients can be
obtained for methane and cthane formation with mechanism (a) in which they are
cach formed exclusively from difierent tobacco comporneats; the variation of correla-
tion coefficients is inconsistent when the kinctic parameters are calculated using a
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mechanism in which both products are formed competitively with hydrogen from the
same tobacco component. Thus, in this particular case, it may be concluded that the
former mechanism is occurring. For other groups of products, the distinction is less
clear, and is possible only after studying the effect of heating rate, as suggested by
Fiynn and Wall®, and Ozawa™*.
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NOMENCLATURE

A Arrhenius pre-exponential constant (units of s™! umol' ™® g¢°~! for an ath
order reaction)

E Activation energy (cal mol™}!)

F Total amount of products formed from a solid component over the whole

temperature region (umol g™ 1)
F. Amount of products formed in a given temperature region from a solid compo-
nent up to temperatere T, (umol g~ %)
Amount of product i formed in a given temperature region from a solid
component up to temperature T, (pmol g™ 1)
Universal gas constant, 1.987 cal mol™* K~*
Overall rate of decomposition of a given solid component at temperature
T, (pmol s g7 1)
Rate of formation of product i/ from a given solid component at temperature
T, (pmols~ ! g™ 1)
Temperature (K)
Fraction of solid component which undergoes a particular reaction
Stoichiometric constant
“*Concentration” of solid component (zmol g™ ')
Exponential operator
Function
Rate constant (units of s~" umol' ™= g* ! for an nth order reaction)
Reaction order
Correlation coefficient
Time (s)
Constant used in eqn (5)
Number of data values (for temperature, reaction rate, and amount of product
formed) in a given temperature region
w Constant used in eqn (5)
¥ Number of products formed competitively from a given solid component

xR M
] 1

N
A

T e~y aNaanra N

Subscripts
i Product number (i = 1,2...y)
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Data number (for temperature, reaction rate, and amount of product formed)
in a given temperature region (m = 1,2 .. _v)
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