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ARsIRAcT 

The literature on the application of isothermal homo_eeneous gas or liquid 

phase kinetic equations to the non-isothermal decomposition of solids is briefly 
reviewed. It is concluded rha~ the &riving of kinetic paramctci> for solid-state 
decomposition reactions in terms of Arrhcnius prcexponential factor, activation 

cncr_ey and raction order is cmpirics\lly uscfu:, but the iheorctical signifiancc that 
th+zse 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 multicomponent solid decomposes non-isothermally into severai produc+d. 
The formations of hydroscn, methane, and etlxnc from the thermal dccompcsition 
of tobacco arc best described by a mechanism in which each product is formed Corn 
a different solid component. The high corrclSion coefiicicnts obtained show that the 
homogeneous kinetic and Arrhenius equations arc very good empirical descriptions 
of the reactions. 

13XRODlXTIOX 

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 been proposed for the exact evaluation of the kinetic parameters 
and these have been reviewed extensively, e.g. in refs.2-10. Refinements of these 
methods are being continually proposed, e.g., refs. ’ I - ’ 6. Ali 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 p,racticai impo-ce, the reactanf is a mixture of _severdI 

independent solid components, each of which can decompose into several products. 
Tobacco is such a mixture, and the observed prcduct formatidn rate/temperature 
profiles of the evolved gases from the non-isothermal decomposition 01p tobacco 
often con&t of several pcdcs, czzh peak in a specific tempcraturc rcgiion’7-20. In a 
given temperature region, the products can arise from one of several aItemative 

possible mechanisms, for example: 
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(a) exh of the observed products is formed from a diff&nt solid component; 
(b) al! the produ~&s are formed competitively from the same component_ 
The kinetic parameters for the forrn2tion of a given product in a given tcmpcra- 

tuIre retion are dependent on the mechanism of production. A general computer 
prozgam hrcr bztn written which ulculates the kinetic -meters for the competitive 
formation of any number of products from one solid component (mechanism b); if the 
number of products is sef equal to one, that product is formed according to mecha- 
nism (a). 

Howcvcr, wraidsr;rbIc- controversy hers recently arisen in the literature con- 

cerning the application of homogeneous-type kinetic equations to solid-state reactions 
under non-isothermal co;lditions. Since this forms Ihe basis of the method described 
later in this paper, the literature is briefly reviewed in the following section. 

BACKGROl!SD LIiERATURE 

In mar.y of the kinctic treatments of non-isothermal solid-state rextions, it has 
&xn assurncd that isothermal h~n~ogeneous gas or liquid phase kinetic equations can 

be applied, so that at any time the rate of reaction is given by: 

dc_ ~ j-p _ A e-EiRr + 
-2s - 
where the qmbols are defined in the Nomenclature section, 

A cha.qcteristic fature of solid-state rcactiom is the destruction of the structure 
of the ructant solid phases. This diliers sharply from rezzions in the ,eas or liquid 
phase, in which the fluid rexting phase exists continuously throu_ghout the reaction, 
with a continuous vtiation in the concentrations of the components Consequently, 
the concept of reaction order, as it is understood in the fluid phases (representing the 
numkr of molecules which collide prior to reaction), has only limited appiicabi!ity 
to SoIi~‘?~ 21. The reaction order is defined in terms of reactant concentrations 
(eqn (I))_ For the definition to hzve any meanin,, m these concentrations must have 
constant ~-dues tiou_ghout the reacting material. This is not the case for solid-phase 
reacGons. However, in practice, some function of the sample weight is used instead of 
c, in differential thermogravimetric analysis. In the analysis of the present study, a 
function of the _gs phase concentration of products to be released over the remainder 
of the pyrolysis is used instead of c. Consequently, alternatives believed to represent 
the solid rezzctant conccnfration arc always used in practia. 

Ucfortunately, even the empirical use of eqn (1) does not necessarily give 
consistenf results for all solid-snte reactions, and aItemativc forms of tic equation 
have been proposed (e.g., refs. 23-2g)~ In general, the isothermal rate of a .solid-stite 
reaction can be written: 

dc _ __. - 
dz 

= k - f(c) 

and, in p.racticc, it is ofkcn found”“’ that f(c) can be rcplaccd by E. 
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The work of MacCalIum and Tznne?L, and ;ndcpcndcntiy that of Dr-pcr3S 

and Come1 et al.36 have initiated extensive discussion concerning the applicability of 
cxtcnding the isothermal mathematical treatment to non-isothermal conditions. 
Their contention is that under non-isot,hermal conditions, the reactant concentration 
is a function of both temperature and time: 

c - i-(-r, 2) 

Consequently, partial differentiation of cqn (3) gives: 

(3) 

Thus, the reaction rate under non-isothermal conditions, dc,‘dr, is not equal to the 
isothermal rate, (&jGr),, as it is assumed in all mathematical treatments. Many 
authors using varied arguments, have subsequently point4 out that the term (&&), 
has no logical sense and does not exist in reaIity37-J2, resulting in dcldt = (dc/&),, 
as is snerally assumed. MacCallum 43 has tried to defend the validity of cqn (4) by 
using an analogy to a varyin g-volume decompositicn, but this analogy has been shown 

to be ambiguous4’. 
Simmons and Wtndlandt 44 hare shown mathematicaIly, and Se&k and 

Kratochvi14 5 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 beer1 
examined under both isothermal and non-isothermal conditions, no signifi~;lt 

differences are found ‘6- 5‘_ However, in other studies’. “, it is found that the 
Arrhcnius paramctcrs calculated from data obtined under isothermal couditions 
differ from those obrtined under non-isothermal conditions. The parrmeters A and E 
have also been observed to change with heating rates3-“’ and are ~enerrally found to 

be xUfxi: 

In A =u+wE (5) 

where II and w arc constants. Various derivations of eqn (5) have been publishcd5’* 
63-66 ,and thcsignificanccoftheequation hi= beendiscussaiat len~ti?cl~wherz’i’-70. 

:Many methods have been proposed for the exact evaluation of the non- 
isothermal equations obtained, e.g., refs. ‘-” Many of thcs: methods arc ba.!scd on . 

approximations which can lead to error. Consequently, even with the same experimen- 
tal data, diffe,rent evaluation methods may result in different values for the kinetic 
parameters n, A and E, e.g., refs. 9n ‘* - 7J. I t would appear that the overwhelming 
consensus of opinion is that these discrepancies arc due to mathematical approxima- 
tions, not to the validity of the basis of the mathematical methods. 

h a final comment on the validity of non-isotherma meztsurements, it ha.. been 
pointed out ’ 5 that non-isothermal determination of the kinetic parameters of reactions 
of solids are in fzt 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 
are established, i.e., a lzrgc proportion oT the solid will have reacted under non- 

isothermal conditions Furthermore, Oza~a’~ has pointed out that non-isothermal 
measurements have an additional advantege over isothermal measurements in that, 
for a reaction system in which multiple reactions proceed concurrently, the nature of 
the reaction may be revealed by variation 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 formslion 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 reactions2’V “p 62- 68. 
Modified or alternative forms to the Arrhcnius equation have been proposed 35* s2- 
55. 76 

9 especially to so!id-phzse rczctions proceedin: non-isothermally. With the 

exotption of the modification gven in refs. 75 and 76 (and 81)‘. they have been 
described as having questionable validity”. 

It is true tba: 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 factoni9-82. Thus, there is 
sornc theoretical justification for assuming that the Arrhcnius equation applk to 
rt~~5ons involving reactant solid. The larcqre number of such reactions that have rates 
which vary with tempent Jreaccording to the Anheniusequation,e.g., refs.6* ‘v 46.-62, 

sug~ts that the equation is often a very succxsrui empirical model for the tempera- 
turcdcpcndcncc of solid-state decomposition rcactiousg3, even though strictly 
speaking it is used outside its range of theoretical validity68. Thus, the deriving of 
kinetic parameters for such reactions in terms of A, E and n is a completely formal 
approach for empirical convenience, and the significance they have for _g~+ or 
liquid-phase reactions cannot be extended to the solid phas@ ‘O_ 

CALCUIATIOS OF ARRHESIUS PARAMETERS 

Typically, product formation nte!tcmperature profiles of several evolved 
zzr are obtGnt<i from the non-isothermal decomposition of a multi-component 

solid (c-g, fig. I for the formation of gzwx 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 dilierent solid component. 
(b) All the produczs are formed from the same solid componenb with a corn- 

mon rate-determining step. 
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I 

X 

Fig. 1. Formation rate profiles of sane evolved gasa him tobacco decomposition. Tobikcco hated 
in argon at 1.3 K s-l; input fiow of argan into pyrolysis furnan: . - 8.33 cd 5-l. X, Hydrogen; 
G, rncthizng *, ctbne x 2. 

(c) All the procfccts arc formed from the same solid component, with different 
rate-determining steps. ‘There are two possibiiitics for this latter type of mechanism: 

(i) ~nde~ndent reactions, where one fraction (ati of the com~nent de&m- 
poses with Arrhenius parameters A z and E,, if second f-i-action (u2) dc~oinposcs 
independently with Arrhenius pammeters A2 and &, etc. 

(ii) comperitive reactions, in which each decomposition has a rtite proportional 
to a function of the concentration of the remaining material in the solid. 

Mechanisms (a) and (c(i)) are indistiquisbable kintticalfy, and so mechanism 
(c(i)) is not considered further in the present paper. In order to dctcrminc which of 
these alternative .mechanisms is occurring far ;t g&n set of data, the kinetic para- 
meters for each gas in each mechanism are cakulated, and the mechanism which 
gives the most consistent parameters for ali the gases is taken as being the best 
mechanism 



‘II& is done with the aid of a computer prosram, as follows_ A mechanism is 
assumed for the formation of [he gases, i.e., it is assumed that a certain number of 
products (v) are formed competitively from the same solid component_ Over the 
temperature region in which the _eues are formed (T, to 7’,), a list of temperatures 
T, is input into the program, tosthcr with the corresponding reaction rites Rim 
(~SnOl 5-I g-’ ) Lnd amount of producx formed in the temperature region up to that 
tem,pcrzture, Fi, (pm01 6 -‘)foreachproducti(i= 1,2___y;m~ 1,2___v)_ 
V~IJCS of Ri_ can be read off the profiles (e-g, Fig. 1) at specific temperature intervals; 
values of pi_ can be obtained by calculating the area under the formation rate,Gzc 
profile up to tempcnture T,. If the formation profife consists of multiple peaks 

(t.g_, the ethanc profile in Fig. I). which result from the formation of the _ras from 
severA components. the temperature retion of interest must be deconvolut,ed from 
the profile by hand. 

The total amounts of products formed from the solid component over the tcmper- 
ature region up to each temperature 7; (F,, ~mol g-‘) are calculated: 

The total amount of products formed from the solid component over the whole 
cemfxrature re$on (F, pmol s-‘) is given by: 

For each product i, and a given value of the reaction order n, values of the rate 
cowtint ki_ (s- ’ pmol ’ ‘-I g!’ _. ’ for an nth order reaction) arc ca!culatcd at each 
temperature T,: 

Ri, 
ki, - _- _._..- ..--= 

(F - F-1 

In k, is linearly regressed’ against I/T_, and the Arrhcnius parameters A, and Ei are 
calcukkd from the values of the intercept and _gadicnt, respectively: 

A i = exp (intercept) (9) 

Ei = - 1.987 (gradient) (10) 

For mh pd~ct i, V~IUCS of AiB Ei, and the correlation coefficient of the 
@on {fi) are c&ulat.ed for WLIUCS of the reaction order n from 0 to 3.0 in steps 
of 0.25, and for n = O.&. 

. . .-....-. 
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TABLE 1 

0 O.l%o 6.84 1.44 
0.25 0.581 13.2 4.45 
0.50 0.849 25.6 7.46 
0.67 0.934 39.7 9.47 
0.75 0.957 49.4 10.5 
1.00 0.989 95.3 13.5 
1.25 0.993 184 16.5 
1.50 0.989 356 19.5 
J -75 0.981 688 22.5 
2.00 0.973 1.33 x 1w f.5 
2.25 0.966 257 x 101 58.5 
2.50 0.959 4.96 x 18 31.5 
275 0.953 9.58 x JO’ 34.5 
3.00 0.948 1.85 x JW 37.6 
-- __ _.--. ---mm___ .-. --_.m. .---..--mm.-m-.--m._ __. --____. _ _----__ 

a Caidakci from the profile in Fi_q. I. Number of data wh_tcs used in the regression (c) = 10. 
b Arrh&us prc-aponcntid kc!or. 5-l ~rn01~-~ gS_1 for an nth order rczction. 
C Activation azrgy (kd mol-1). 

TA.RiE 2 

hO&Cf nb Ab Eb rb Fb 

__--_- __- -- . _. 

Hydroscn 1.50 50.7 22.9 0.942 2,700 
Methane 1.25 184 16.5 0.993 1,140 
Elhanc I-00 2sOx1v 26.0 0.993 65.1 
-- _-_. -_ _-.-- .-_-_.---_-_-- . . -_- -__ I--_ .._. -_- _ 

l Tk bigb-tanpaaturc formation region for cthanc is from 300 to S34”C. Hydrogen and 1~~1hanc: 
arc formed over the temperature ranges 400 IO 1 MOT, and 250 to SOOT, rcsgectivdy. Number 
of data \alucs used in the rcgrcssions (c) -2 16 for hydrogen, 10 for methane. and 1 J for cthanc. 

b &find in I%nax&tu~ section. 

RESULTS AND DISCUSSlON 

The data in Fig_ 1 are tested against the alternative types of mechanism outlined 
in the above Section (in the present treatmen& it is assumed that all the stoichjometric 
constants, b,, are equal to unity). The kinetic parameters obtained.for the formation 
of methane from tobacco, in a mechanism where methane only is Formed from one 
component in the tobacco (mS&anism(a)), are given in Table. 1. The calculated 
Arrhcnius A factor and activation enerw increase with incre&ing values of the . . 
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reaction order n. The highest correlation wefficient is obtained for a reaction or&r 
of 1.25, although reaction orders of I .O and 1.5 give almost as high correlation 

coefiicients. Thus, the best kinetic pvamcters for methane formation are those 

corresponding to a reaction order of 1.25; these parameters an: summariscd in Table 
2 for hydrogen, methane and ethanc formation in mcc:h;mism (a), where each product 

is formed from a dilferent solid component. The high values of the correlation 
coefficients obtained, espccia.lJy for methane and ethnnc production, indir;irtc that the 

rate equation: 

rate - (F - J72 n c-L/R= (13) 

is a very good empirical relationship for the decomposition, and that mechanism (a) 

is a good model for the formation of the products from the thermal &composition 

of tobacco. 

An alternative model to consider for the data in Fig. 1 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 

bc indcpcndent of temper&u=, and inspection of the results in Fig. i shows that this 

is clearly not the case. . 

The final model to test against the dara in Fig. I is mechanism (c(ii)), competitive 
formation of the products from one solid component. Tablc 3(a) shows the kinetic 
parameters u.IcuIatcd for a mechanism in which hydrok!en and methane are formed 

competitively from 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 I (and 3 (a))-- 

with the competitive formation mcxhanism, the activation energies are only 2749x 
the vaJue of those in Table 1, and the Arrhenius A factor falls with incrcasins reaction 

order. The correlation coefficient for methane formation continuously rises with 
incrc4ng reaction order, and is obviously out of phase with thecorrelation coeficicnt/ 

reaction order relationship for hydrogen formation_ Clearly, the competitive de- 
composition mechanism is dominated by the parameters for hydrogen decomposition, 
and in this use 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 fbrmation for 

which there is a particularly high correlation coefficient, suggesting that mechanism 

(c(ii)) is not occurring. 

Consequently, in the above examples, good correlation coefficients can be 
obtained for methane and cthane formation with mechanism (a) in which they are 

each formed exclusively from difierent tobacco components; the variation of correla- 
tion coefficients is inconsistent when the kinetic paramctcrs arc: calculated using a 
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mecbnism in which both products zre 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 

cl-. and is pcssible only after studying the et&t of heating rate, as su,egcsted by 
Flynn and Walls, and Ozawa”. 
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Arrhenius pre-exponential constant (units of s-l pmol’ em f”-’ for an nth 

order reaction) 

Activation ener_q (4 mol-t) 
Total amount of products formed from a solid component over the whole 

temperature retion (pm01 g’ ‘) 

Amount of products formed in a given temperature region from a Aid compo- 

nent up to t2mjxratore T, (pmol g-l) 

Amount of product i formed in a given temperature region from a solid 

component up to temperature T, (pm91 g”) 
Universal _a constant, 1.987 cal mol” K“ 

OveraH rate of decomposition of a g3ven solid comfioncnt at tcmperaturc 

T- (pm01 s- ’ 9-l j 
Rate of formation of product i fiOrTi a given solid component at temperature 

7, (pmol s- ’ g’ ‘) 
Temperature (K) 

Fraction of solid component which undcrgocs a particular reaction 
Stoichiometric constant 
“Concentration” of solid component (FmoI g- ‘) 

Exponential operator 

Function 

Rate constant (unils of s- ’ pnol -I g-’ ’ for an nth order reaction) 

Reaction order 
Correlation cocficicnt 
Time (sj 
Constant used in eqn (5) 
Number of dua v&es (for temperature. reaction rate, and amount of product 
formed) in a given temperature region 
Constant used in eqn (5) 
Number of products formed competitively from a given sotid component 

.%bscripts 

i Product number (i = I, 2 . . _ y) 
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