
Thermochimica Acta,  37 (1980} 225--238 
© Elsevier Scientific Publishing Company,  Amsterdam -- Printed in Belgium 

225 

THE EFFECT OF HEATING RATE UPON THE COUPLING OF 
COMPLEX REACTIONS. I. INDEPENDENT AND COMPETITIVE 
REACTIONS * 

JOSEPH H. FLYNN 

Polymer Scietzee and Standards Diulszot~, National Bureau o f  Sfalzdards, Wash ingtotz, D.C. 
20234 (U.S A.)  

(Received 28 September 1979) 

.ABSTRACT 

Theoretical curves of  the rate of  conversion vs. temperature at constant  heating rate 
for first-order reactions with activation energies of  80, 160, 240 and 320 kJ mole -I are 
compared over a range of  heating rates from 10 -9 to l 0  s K s -I for independent  and com- 
petitive reactions. Independent  reactions with different  activation energies may be sepa- 
rated from one another  by either increasing or decreasing the rate of  heating. The spec- 
trum of  derivative peaks for two competing reactions at various heating rates has a dis- 
persion effect  m the region of  change from low to high activation energy reactions. The 
practical range of  heating rates in thermal analytical experiments and the application o f  
these model cases to the understanding of  the kinetics of complex systems at high .- nd 
low temperatures are discussed. 

INTRODUCTION 

The processes wh ich  are measu red  dur ing  a t he rma l  ana ly t ica l  e x p e r i m e n t  
o c c u r  w i t h i n  a n d / o r  a t  t h e  s u r f a c e  o f  a c o n d e n s e d  p h a s e  w h e r e  o f t e n  b o t h  t h e  
p h y s i c a l  a n d  c h e m i c a l  c o m p o s i t i o n s  o f  t h e  i n t e r a c t i n g  s p e c i e s  a r e  c h a n g i n g  
with  respect  to t ime.  The re fo re  the  kinet ics  of  these  processes  m a y  involve a 
complex  in te rp lay  of  c o m p e t i n g  reac t ions  and  it is n o t  surpris ing t h a t  t h e y  
c a n  s e l d o m  be  d e p i c t e d  a d e q u a t e l y  b y  s i m p l e  k i n e t z c  m o d e l s .  S o m e  o f  t h e  
p r o b l e m s  in m o d e l i n g  t h e  k i n e t i c s  f o r  t h e s e  i n t r a c t a b l e  m u l t i p h a s e  s y s t e m s  
h a v e  b e e n  d i s c u s s e d  e l s e w h e r e  [ 1 - - 3 ] .  

N e w  m e t h o d s  f o r  a n a l y z i n g  t h e r m a l  a n a l y t i c a l  d a t a  in  w h i c h  e n t i r e  k i n e t i c  
s p e c t r a ,  o b t a i n e d  f r o m  e x p e r i m e n t s  p e r f o r m e d  a t  h e a t i n g  r a t e s  f r o m  
6 d e g r e e s  p e r  m i n u t e  t o  9 d e g r e e s  p e r  d a y ,  a r e  c o m p a r e d  h a v e  b e e n  a p p l i e d  t o  
t h e  i n v e s t i g a t i o n  o f  t h e  d e g r a d a t i o n  o f  s eve ra l  p o l y m e r s  [ 4 , 5 ] .  T h e s e  t e c h -  
n i q u e s ,  w h e n  u s e d  o v e r  a w i d e  r a n g e  o f  h e a t i n g  r a t e s  a n d  u n d e r  d i f f e r e n t  
a t m o s p h e r e s ,  h a v e  t h e  p o t e n t i a l  f o r  s e p a r a t i n g  c o m p e t i n g  r e a c t i o n s  a n d  
a l l o w i n g  i n f e r e n c e s  as t o  t h e i r  k i n e t i c  c o u p l i n g .  

* Presented at the 7th North American Thermal Analysis Society Meeting, St. Louis, Mis- 
souri, 27 September,  1977. 
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F r o m  these  e x p e r i m e n t s ,  a sh i f t  o f  t w i n  or  m u l t i p l e  de r iva t ive  p e a k s  w i t h  
r e s p e c t  to  o n e  a n o t h e r  or  a c h a n g e  o f  c h a r a c t e r i s t i c s  o f  a single p e a k  m a y  be  
obse rved  at  d i f f e r e n t  h e a t i n g  ra tes .  C o m p a r i s o n  o f  t he se  sh i f t s  w i t h  t h o s e  cal- 
c a l c u l a t e d  fo r  m o d e l  cases  s h o u l d  give an  ins ight  i n t o  t h e  m o d e  o f  k i n e t i c  
c o u p l i n g  o f  c o m p e t i n g  p rocesses .  

T H E  K I N E T I C  . M O D E L S  A N D  T H E I R  C A L C U L A T I O N  

T h e o r e t i c a l  va lues  f o r  t h e  t w o  m o s t  a m e n a b l e  m o d e l s ,  i n d e p e n d e n t  reac-  
t ions  and  c o m p e t i t i v e  r e a c t i o n s ,  are  c a l c u l a t e d  fo r  a w i d e  r ange  o f  hua t ing  
ra tes  in this  pape r .  T h e s e  m o d e l s  have  b e e n  d i scussed  p r e v i o u s l y  b u t  f o r  a 
m u c h  m o r e  l i m i t e d  r ange  o f  h e a t i n g  r a t e s  [ 1 , 6 - - 8 ] .  T h e  d e t a i l e d  ana lys i s  o f  
t he se  t w o  m o d e l s  will be  u se fu l  f o r  i n t e r p r e t i n g  t h e r m a l  a n a l y t i c a l  k i n e t i c  
d a t a  and  f o r m u l a t i n g  r e a c t i o n  m e c h a n i s m s .  A b e t t e r  u n d e r s t a n d i n g  o f  h igh  
t e m p e r a t u r e  r e a c t i o n s  in f l a m e s  and  e x p l o s i o n s  wil l  r e su l t  f r o m  t h e  calcula-  
t ions  at  v e r y  fast  h e a t i n g  ra tes .  On  t h e  o t h e r  h a n d ,  t h e  c a l c u l a t i o n s  a t  v e r y  
s low h e a t i n g  ra tes  will serve as u se fu l  m o d e l s  f o r  t h e  p r e d i c t i o n  o f  d o m i n a n t  
or  r a t e - l im i t i ng  p roces ses  at  l o w  t e m p e r a t u r e s  in t h e  e x t r a p o l a t i o n  f r o m  
a c c e l e r a t e d  aging e x p e r i m e n t s  to  servlce  l i f e t i m e  p r e d i c t m n .  

T h e  t w o  cases  are  r e p r e s e n t e d  in eqns .  (1)  a n d  (2). 

Case I. I ndependen t  reactions 
i ,  I l:.~ I :  i 

x , - ~  Y~.x2- -~  :)'2 . . . .  , x , -  :)', (1)  

Case H. Compet i t i ve  reactions 

x Y2 

w h e r e  x i r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  r e a c t a n t ,  Yi t h e  c o n c e n t r a t i o n  o f  
p r o d u c t ,  and  t h e  k~'s are  t h e  r e spec t i ve  r a t e  c o n s t a n t s .  

We will  use  a r e d u c e d  r e a c t i o n  c o o r d i n a t e ,  ~, t h e  e x t e n t  or  f r a c t i o n  o f  
r e a c t i o n ,  i n s t ead  o f  c o n c e n t r a t m n ,  we igh t ,  e tc .  I t  is r e l a t e d  to  t h e  c o n c e n t r a -  
t i on  b y  t h e  e q u a t i o n ,  ~ = ( X o - - X ) / ( x o - - x f )  w h e r e  t h e  subsc r ip t s  O a n d f  
r e f e r  to  t h e  va lues  a t  t h e  b e g i n n i n g  and  e n d  o f  t h e  r e a c t i o n  o f  in te res t .  T h e  
r e d u c e d  r e a c t i o n  ra te ,  da/d t ,  will n o t  be  u sed  f o r m a l l y  in t h e  d i scuss ion .  A t  
a n y  c o n s t a n t  h e a t i n g  ra te ,  fl, t h e  de r iva t ive  o f  ~ w i t h  r e s p e c t  t o  t e m p e r a t u r e ,  
d a / d T ,  is l i nea r ly  p r o p o r t i o n a l  t o  do,/dt, i.e. do~/dT = ~-1 d~ /d t ,  do~/dT is u s e d  
in t h e  de r iva t ive  p lo t s  in th is  p a p e r  a n d  r e f e r r e d  t o  as t h e  " r a t e  o f  r e a c t i o n " .  
This  is a p r a c t i c a l  c o n v e n i e n c e  s ince  va lues  o f  d ~ / d t  a t  w i d e l y  d i f f e r i n g  hea t -  
ing r a t e s  c o u l d  n o t  be  c o m p a r e d  on  t h e  s a m e  c o o r d i n a t e  scale.  

All o f  t h e  m o d e l s  in th is  p a p e r  a s s u m e  f i r s t - o r d e r  k ine t i c s ,  i.e. r a t e  p r o p o r -  
t i ona l  t o  t h e  f i r s t  p o w e r  o f  t h e  r e a c t a n t  c o n c e n t r a t i o n .  F i r s t - o r d e r  k i n e t i c s  
w e r e  s e l e c t e d  h e r e  so t h a t  de r iva t i ve  p e a k s  w o u l d  be  m o r e  o r  less s y m m e t r i c a l  
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a b o u t  t h e  m a x i m u m  va lue .  T h e  f u n c t i o n a l  f o r m  o f  t h e  d e p e n d e n c e  o f  t h e  
e x t e n t  o f  r e a c t i o n  u p o n  t h e  r a t e  o f  r e a c t i o n ,  f (~) ,  a f f e c t s  m a i n l y  t h e  s h a p e  o f  
t h e  r a t e  c u r v e  a n d  n o t  its t i m e - - t e m p e r a t u r e  p o s i t i o n i n g .  R e a c t i o n s  o f  o r d e r s  
less t h a n  u n i t y  c a u s e  c a t a s t r o p h i c  fa l l ing  o f f  o f  t h e  h i g h - t e m p e r a t u r e  s ide  o f  
t h e  d e r i v a t i v e  p e a k  w h i l e  o r d e r s  g r e a t e r  t h a n  o n e  c a u s e  a s k e w n e s s  o f  t h e  
h i g h - t e m p e r a t u r e  ta i l  [ 6 ] .  H o w e v e r ,  s ince  t h e  p u r p o s e  o f  t h i s  p a p e r  is to  
m o d e l  c h a n g e s  in  t h e  r a t e  w i t h  r e s p e c t  t o  t e m p e r a t u r e ,  d ~ / d T ,  a t  d i f f e renL  
r a t e s  o f  h e a t i n g ,  t h e  f o r m  o f  f (~)  is u n i m p o r t a n t .  

O n e - t o - o n e  s t o i c h i o m e t r y  is a s s u m e d  f o r  all r e a c t i o n s ;  t h u s ,  a reas  u n d e r  
d e r i v a t i v e  p e a k s  o f  all i n d e p e n d e n t  r e a c t i o n s  are  e q u a l .  T h e  i n c l u s i o n  o f  
va r i ed  s t o i c h i o m e t r i c  r a t i o s  w o u l d  i n c r e a s e  t h e  size o f  t h i s  p a p e r  w i t h o u t  
g r e a t l y  e x t e n d i n g  i ts  u s e f u l n e s s  as e a c h  e x p e r i m e n t a l  case  wil l  h a v e  i ts  o w n  
u n i q u e  s t o i c h i o m e t r y .  

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r a t e  c o n s t a n t s  is m o d e l e d  b y  t h e  
_4xrhenius e q u a t i o n  

k, = A i  e x p ( - - E J R T )  (3)  

. w h e r e  R is t h e  gas c o n s t a n t ,  T t h e  t e m p e r a t u r e ,  a n d  t h e  p r e - e x p o n e n t i a l  fac-  
t o r ,  Ai ,  a n d  t h e  a c t i v a t i o n  e n e r g y ,  Ei ,  are  a s s u m e d  to  be  i n d e p e n d e n t  o f  t e m -  
p e r a t u r e .  

T h e r e f o r e ,  t h e  r a t e  e q u a t i o n s  fo r  t h e  i n d e p e n d e n t  r e a c t i o n s  are  

dai  _ ~- l  d°'i _ A i ~ - I  (1 - - a , )  e x p ( - - E , / R T )  (4)  
d T  d t  

a n d ,  f o r  t w o  c o m p e t i t i v e  r e a c t i o n s  

d a  
-/3-* (I --(~)[A l exp(--E~ /RT) + A._ exp(--E:/RT)] (5) 

dT 

Values for o vs. T were calculated from the integral forms of eqns. (4) and 
( 5 ) ,  v , z .  

I -- a, = exp[--(AiEJ~R) p(EJRT)] (6) 

for each independent reaction, and for the two competing reactions 

I --~ = exp[--(A~E,/~R) p(E,/RT) -- (A~_E2/flR) p(E:/RT)] (7) 

where p(Ei/RT) = f~.,,T x-2 exp(~)dx. It is assumed that the initial temper- 
ature is low enough s'o" that its integration may be neglected [6]. The tables 
of Vallet [9], extended to cover a range of E/RT from 1 to I00, were used 
for most of these calculations while some utilized a continued fraction solu- 
tion [I0] for the function, E~_(z)= f~t-*- exp(--zt)dt, since p(z)= z-*E~_(z). 
The values for the derivative curves were obtained by substituting values of 
~, calculated from eqns. (6) and (7), into eqns. (4) and (5). 

The values of the parameters E, A and ~ used in these calculations are sum- 
marized in Table I. The values for the pre-exponential factor, A, were 
selected so that, in each case, at a heating rate of 10 -I degrees per second, 
the maximum of the derivative curve (d~/dT vs. T) would occur at a temper- 
ature of 600 K (326.8°C). Since A appears in ratio with the heating rate, ~. 
in eqns. (4)~.), a change in the former parameter primarily shifts the curves 
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TABLE 1 

Values of  activation energy (E), pre-exponential factor (A), and heating rate (/~) used in 
calculations 

React ion E A 
(kJ mole -I ) (s -I ) 

I 80 2.439 X 1 0  4 

II 160 4.457 "< 10 ! 1 

~ [ 240 6.104 x 10 ~ s 
r 320 7.422 x 10 2-~ 

fl = 10-6, 10 -s. 10 -4 , 10 -3 , 10 -2, 10 - l ,  1, 10, 10 2, 10 3 and 10 ̀= K s -I. 

a l o n g  t h e  t e m p e r a t u r e  ax is .  T h e  p e a k  b r e a d t h  wi l l  be  p r o p o r t i o n a l  t o  t h e  co r -  
r e s p o n d i n g  v a l u e  o f  E/RT.  T h u s  t h e  f o u r  A v a l u e s  a n d  e l e v e n  fl v a l u e s  u s e d  in 
t h e s e  c a l c u l a t i o n s  i n c l u d e  a l a rge  f a m i l y  o f  A/3- '  r a t i o s  w i t h  w h i c h  t o  f i t  t h e  
e x p e r i m e n t a l  d a t a  o f  i n t e r e s t .  

T h e  a c t i v a t i o n  e n e r g y ,  E ,  has  b e e n  a s s i g n e d  f o u r  v a l u e s  w h i c h  r a n g e  f r o m  
80  k J  m o l e - '  ( ~ 1 9  kca l  m o l e - ' )  t o  3 2 0  k J  m o l e  -~ ( 4 7 6 . 4  kca l  m o l e - ' ) .  T h i s  
r a n g e  e n c o m p a s s e s  a l a rge  p o r t i o n  o f  t h e  v a l u e s  f o u n d  in t h e r m a l  a n a l y t i c a l  
e x p e r i m e n t s .  

CALCULATED RESULTS AND THEIR DISCUSSION 

B e f o r e  d i s c u s s i o n  o f  t h e  c a l c u l a t e d  r e s u l t s ,  i t  is o f  i n t e r e s t  t o  l o o k  a t  t h e  
p r a c t i c a l  r a n g e  o f  h e a t i n g  r a t e s  w h m h  c a n  be  u t i l i z e d  in t h e r m a l  a n a l y s i s .  
T a b l e  2 l i s t s  t h e  t i m e  t o  scml  3 0 0  d e g r e e s  f o r  h e a t i n g  r a t e s  f r o m  10 -6 t o  
104 d e g r e e s  p e r  s e c o n d .  

A t  t h e  f a s t  e n d  o f  t h e  sca le ,  10  -I d e g r e e s  p e r  s e c o n d  (6 d e g r e e s  p e r  m i n -  
u t e )  is p r o b a b l y  a n  u p p e r  l i m i t  i f  m e a n i n g f u l  k ine=ic  d a t a  a r e  t o  be  o b t a i n e d  

TABLE 2 

Time reqmred to scan 300 degrees at different  heating rate~ 

I-[catir.g rate Time to scan 
( K s -l  ) 300 degrees 

10 4 
10 3 
10 2 
10 
l (60 deg rain -l ) 
10 -J ( 6 d c g m i n  -z) 
10 -2 ( 0 6  d e g m i n  - l )  
10 -3 (3.6 d e g h  -1) 
10 -4 (8.6 deg day -1) 
10 -s ( 0 8 6 d e g d a y  -l ) 
10-6 

0 . 0 3  s 
0 . 3 s  
3 s  

3 0 s  
5 min " 

50 min } 
8.33 h 
3.47 days 

34.7 days 
347 days j 
9.51 years 

Practical range for thermal 
analysis kinetms 
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f r o m  a t y p i c a l  t h e r m a l  a n a l y t i c a l  a p p a r a t u s .  E v e n  a t  t h i s  h e a t i n g  r a t e ,  
t h e r m a l  f l o w  i n t o  t h e  s a m p l e  o r  s e n s o r s  m a y  be  s l o w  e n o u g h  t o  p e r t u r b  m e a -  
s u r e m e n t .  F o r  e x a m p l e ,  a t  1 0 - '  d e g r e e s  p e r  s e c o n d ,  a t h e r m a l  r e s i s t a n c e  w i t h  
a t u n e  c o n s t a n t  o f  10  s wi l l  be  e q u i v a l e n t  t o  2 .5% o f  t h e  m a x i m u m  r e a c t i o n  
ra te .  A p p a r a t u s  c a n  be  s p e c i a l l y  d e s i g n e d  to  p e r m i t  a c c u r a t e  k i n e t i c  m e a s u r e -  
m e n t  a t  s o m e w h a t  f a s t e r  h e a t i n g  ra tes .  H o w e v e r ,  f o r  a s a m p l e ,  o n  o n e  h a n d ,  
t o  be  smal l  e n o u g h  a n d  so i n t i m a t e l y  c o u p l e d  w i t h  a h e a t  s o u r c e  as t o  a l l o w  
r a p i d  t h e r m a l  e q u i l i b r a t i o n  w h i l e ,  o n  t h e  o t h e r  h a n d ,  b e i n g  la rge  e n o u g h  t o  
a l low q u a n t i t a t i v e  p r o p e r t y  m e a s u r e m e n t  a t  w e l l - c h a r a c t e r i z e d  h e a t i n g  r a t e s ,  
invo lves  c o n t r a r y  p r o b l e m s  in  e x p e r i m e n t a l  d e s i g n .  

A t  t h e  s l o w  e n d  o f  t h e  h e a t i n g  r a t e  s p e c t r u m ,  t h e  l i m i t a t i o n s  are  t e m p o r a l  
r a t h e r  t h a n  e x p e r i m e n t a l .  T a b l e  2 i n d i c a t e s  t h a t  a 3 0 0  d e g r e e  s can  t a k e s  
a b o u t  a m o n t h  a t  10  -4 d e g r e e s  p e r  s e c o n d  ( - -9  d e g r e e s  p e r  day} .  A s i m i l a r  
scan  a t  10  -~ d e g r e e s  p e r  s e c o n d  ( - 1  d e g r e e  p e r  d a y )  w o u l d  c o n s u m e  a p p r o x i -  
m a t e l y  o n e  y e a r ' s  t i m e .  A n y  s l o w e r  h e a t i n g  r a t e  w o u l d  t a x  t h e  p a t i e n c e  o f  
even  t h e  m o s t  d e d m a t e d  e x p e r i m e n t e r .  H o w e v e r ,  t h e r e  are  severa l  w a y s  in  
w h i c h  t h e  t i m e  s p a n  m a y  be  r e d u c e d  s o m e w h a t .  C u r v e s  t e n d  t o  b e c o m e  
s h a r p e r  a t  s l o w e r  r a t e s  so  t h e  t h r e e  h u n d r e d  d e g r e e  s p a n  m a y  be  t r u n c a t e d .  
I f  o n l y  in i t i a l  r e a c t i o n  r a t e s  a re  o f  i n t e r e s t ,  t h e  r a n g e  m a y  be  s h o r t e n e d  e v e n  
m o r e .  Also ,  i t  has  b e e n  p o i n t e d  o u t  t h a t  a p a r a b o l i c  h e a t i n g  r a t e ,  i .e .  d T / d t  = 
aT"-, g r e a t l y  f a c i l i t a t e s  i n t e g r a t i o n  o f  t h e  t e m p e r a t u r e  i n t eg ra l  [ 6 ] .  I t  wi l l  
also,  f o r  t h e  s a m e  in i t i a l  r a t e ,  c u t  t h e  e x p e r i m e n t a l  t i m e  in ha l f .  H o w e v e r ,  
th~s a d v a n t a g e  m a y  b e  o n l y  a p p a r e n t  as t h e  h e a t i n g  r a t e  in t h e  h i g h e r  t e m -  
p e r a t u r e  r e g i o n  is a c c e l e r a t e d .  

In  t h e  s u c c e e d i n g  e x a m p l e s ,  t h e  h e a t i n g  r a t e  r a n g e  e x t e n d s  we l l  b e y o n d  
t h e  c a p a b i h t i e s  o f  a s ing le  i n s t r u m e n t .  T h i s  is d o n e  t o  d e m o n s t r a t e  a w i d e  
v a r i e t y  o f  cases  o f  c o m p e t m g  r e a c t i o n  k i n e t i c s .  As was  p r e v i o u s l y  n o t e d ,  A 
was  a rb i t r a r i l y  a s s igned  t o  m a t c h  all c u r v e s  a t  a h e a t i n g  r a t e ,  fl, o f  10  -~ 
d e g r e e s  p e r  s e c o n d .  T h e  va lues  in t h e  r a t i o ,  Aft-*, m a y  b e  s e l e c t e d  t o  f i t  a n  
e x p e r i m e n t a l  s y s t e m  o f  i n t e r e s t .  

I n d e p e n d e n t  react ions  

T h e  m a x i m u m  ra t e s  o f  r e a c t i o n ,  (da/dT)m~.~,  f o r  t h e  f o u r  cases  in  T a b l e  2 
o f  f i r s t - o r d e r  r e a c t i o n s  w i t h  a c t i v a t i o n  e n e r g m s  o f  80 ,  1 6 0 ,  2 4 0  a n d  3 2 0  k J  
m o l e  -~ a re  s h o w n  as a f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t h e  h e a t i n g  r a t e  in  Fig .  1 
f o r  h e a t i n g  r a t e s  f r o m  10  -9 t o  10  s d e g r e e s  p e r  s e c o n d .  F i g u r e  2 is a p l o t  o f  
t h e  t e m p e r a t u r e s  a t  t h e  m a x i m u m  ra t e s  o f  r e a c t i o n  f o r  t h e  s a m e  c o n d i t i o n s .  
T h e  m a x i m u m  r a t e  o f  r e a c t i o n  i nc r ea se s  in a m p l i t u d e  w i t h  i n c r e a s i n g  ac t iva -  
t i o n  e n e r g y ,  i .e.  t h e  d ~ / d T  vs. T p e a k s  b e c o m e  m o r e  s h a r p .  T h e  a m p l i t u d e  
d e c r e a s e s  a n d  t h e  p e a k s  b e c o m e  b r o a d e r  as t h e  h e a t i n g  r a t e  is i n c r e a s e d .  As  
t h e  b r e a d t h  o f  t h e  d e r i v a t i v e  p e a k s  is p r o p o r t i o n a l  t o  E / R T ,  i ts  v a l u e  c h a n g e s  
d r a m a t i c a U y  f o r  t h e  e x t r e m e  e x a m p l e s  s h o w n  in Fig.  2. F o r  r e a c t i o n  I ( 8 0  
k J  m o l e  -~) a t  10  s d e g r e e s  p e r  s e c o n d ,  t h e  p e a k  h a l f - w i d t h  is 8 5 7  d e g r e e s  as  
t h e  c u r v e s  a p p r o a c h  a c o n t i n u u m  as t h e  h e a t i n g  r a t e  b e c o m e s  v e r y  fas t .  F o r  
r e a c t i o n  IV  (E = 3 2 0  k J  m o l e - ' )  a t  10  -9 d e g r e e s  p e r  s e c o n d ,  t h e  h a l f - w i d t h  is 
o n l y  1 3 . 7  d e g r e e s  as t h e  p e a k s  a p p r o a c h  a d e l t a  f u n c t i o n  f o r  z e r o  h e a t i n g  
r a t e  ( t h e  i s o t h e r m a l  case ) .  T h e  t e m p e r a t u r e  a t  t h e  m a x i m u m  r a t e  s h i f t s  t o  
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F i g .  1 .  M a x i m u m  r a t e s  o f  r e a c t i o n  ~s .  l o g a r i t h m  h e a t i n g  r a t e  f o r  f i r s t - o r d e r  r e a c t i o n s  a t  
f o u r  a c t i v a t i o n  e n e r g i e s .  , 8 0  k J  m o l e - Z ;  . . . . . .  , 1 6 0  k J  m o l e - Z ;  . . . . . .  , 2 4 0  k J  
m o l e  -I  . , 3 2 0  k J  m o l e  - i .  
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H e a t l r g  R a t e  ( K / s )  

F i g .  2 .  T e m p e r a t u r e  a t  t h e  m a x i m u m  r a t e  v s .  l o g a r i t h m  h e a t i n g  r a t e  f o r  f i r s t - o r d e r  r e a c -  
t i o n s  a t  f o u r  a c t i v a t i o n  e n e r g i e s .  , 8 0  k J  m o l e - l ;  . . . . . .  , 1 6 0  k J  m o l e - l ;  . . . . .  , 
2 4 0  k J  m o l e  - 1 ,  , 3 2 0  k J  m o l e  - 1 .  
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Fig. 3. daLdT vs. temperature for  a t ' i rst-order react ion at l leat ing rates of  10 - I .  10 - : .  
10 -3, 10 - " .  10 -5 and 10 -6 K s - I .  E = 160 kJ mole - l  , A = J,.457 × 1011 s- ] .  

h i g h e r  va lues  a t  f a s t e r  h e a t i n g  ra tes  a n d  to  l o w e r  va lues  a t  s l o w e r  ra tes  as 
i n d i c a t e d  in Fig. 2. T h e  size o f  t h e  t e m p e r a t u r e  sh i f t  var ies  inverse ly  w i t h  t h e  
a c t i v a t i o n  e n e r g y .  This  sh i f t  is q u i t e  d r a m a t i c  fo r  r e a c t i o n s  w i t h  l ow  a c t i v a t i o n  
energ ies .  F o r  r e a c t i o n  I, E = 80 k J  m o l e  - t ,  t h e  m a x i m u m  shi f t s  f r o m  600  K 
a t  10 -1 d e g r e e s  pe r  s e c o n d  t o  b e l o w  r o o m  t e m p e r a t u r e  a t  10 -9 deg ree s  pe r  
s e c o n d  a n d  t o  above  2 0 0 0  K a t  10 s d e g r e e s  pe r  s e c o n d .  

T h e s e  sh i f t s  are  i l l u s t r a t ed  f o r  r e a c t i o n  II, E = 160  kJ  m o l e  -1, m Fig. 3 fo r  
h e a t i n g  r a t e s  o f  1 0 - 1 - - 1 0  -6 d e g r e e s  pe r  s e c o n d .  D u r i n g  t h e  10 -5 d e c r e a s e  in 
h e a t i n g  r a t e ,  t h e  p e a k s  s h a r p e n  as t h e i r  a m p l i t u d e  d o u b l e s  a n d  t h e  t e m p e r a -  
t u r e  a t  t h e  m a x i m u m  shi f t s  f r o m  6 0 0  t o  4 3 0  K. 

A s imi lar  f a m i l y  o f  cu rves  f o r  h e a t i n g  r a t e s  o f  1 0 - 1 - - 1 0  ̀  d eg ree s  per  
s e c o n d  is s h o w n  in Fig. 4 f o r  t h e  s a m e  r e a c t i o n .  T h e  a m p l i t u d e  d e c r e a s e s  by  
a f a c t o r  o f  o n e - h a l f  a n d  t h e  t e m p e r a t u r e  a t  t h e  m a x i m u m  r a t e  sh i f t s  f r o m  
6 0 0  to  9 0 0  K as a r e su l t  o f  t h e  105 inc rease  in h e a t i n g  ra te .  

/:~ =10 ' 

~_! 10 
(:T,! / \ 10' 

10' 

. 

TEMPERATURE |K) 

Fig. 4. dtx/dT vs. temperature for  a f i rs t -order  react ion at heat ing rates o f  10 -1, 1, 10, 
102 , 103 and 104 K s - l .  £ = 160 kJ mole - 1 ; A  = 4.457 X 10 i t  s - l .  
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Simultaneous independent  reactions 

T h e  f i r s t  case  o f  c o m p l e x  r e a c t i o n  k i n e t i c s  t a k e n  u p  i n v o l v e s  t w o  i n d e p e n -  
d e n t ,  f i r s t - o r d e r  r e a c t i o n s  w i t h  w i d e l y  d i f f e r i n g  a c t i v a t i o n  e n e r g i e s  o f  8 0  a n d  
3 2 0  k J  m o l e  -1, r e s p e c t i v e l y .  T h e  c u r v e s  f o r  d a / d T  as a f u n c t i o n  o f  t e m p e r a -  
t u r e  a re  p l o t t e d  in  Fig.  5 f o r  h e a t i n g  r a t e s  o f  1 0 - 1 - - 1 0  -6 d e g r e e s  p e r  s e c o n d .  
A t  a h e a t i n g  r a t e  o f  10  -I d e g r e e s  p e r  s e c o n d ,  t h e  m a x i m a  o f  t h e  b r o a d ,  l o w  
a c t i v a t i o n  energs" c u r v e  a n d  t h e  s h a r p ,  h i g h  E ,  c u r v e  c o i n c i d e  a t  6 0 0  K. H o w -  
ever ,  a h u n d r e d - f o l d  d e c r e a s e  in  h e a t i n g  r a t e  t o  10  -3 d e g r e e s  p e r  s e c o n d  
b r i n g s  a b o u t  a l m o s t  c o m p l e t e  s e p a r a t i o n  o f  t h e  t w o  r e a c t i o n s  d u e  t o  t h e  
d r a m a t i c  s h i f t  o f  t h e  l o w  E r e a c t i o n  t o  l o w e r  t e m p e r a t u r e . . A t  a h e a t i n g  r a t e  
o f  10  -6 d e g r e e s  p e r  s e c o n d ,  t h e  l o w  e n e r g y  r e a c t i o n  ha s  s h i f t e d  t o  n e a r  r o o m  
t e m p e r a t u r e .  R e a c t i o n s  i n v o l v i n g  d i f f u s i o n  o f  m a t e r i a l  t h r o u g h  a so l id  mat rLx 
o f t e n  h a v e  l o w  ene rg i e s  o f  a c t i v a t i o n .  T h e r e f o r e ,  t h e y  wil l  o c c u r  a t  a c o m -  
p a r a t i v e l y  m o r e  l~apid r a t e  a t  s l o w  h e a t i n g  r a t e s  a n d  l o w  t e m p e r a t u r e s  t h a n  
wil l  c o m p e t i t i v e  h i g h  a c t i v a t i o n  e n e r g y  p r o c e s s e s .  

A s im i l a r  f a m i l y  o f  c u r v e s  is s h o w n  in Fig.  6 f o r  h e a t i n g  r a t e s  o f  10 -~- -104  
d e g r e e s  p e r  s e c o n d .  As b e f o r e ,  t h e  80  a n d  3 2 0  k J  m o l e  -~ c u r v e s  w h i c h  have  
t h e  m a x i m a  o f  t h e i r  r a t e  c u r v e s  m a t c h e d  a t  10  -~ d e g r e e s  p e r  s e c o n d  are  we l l  
s e p a r a t e d  b y  an  i n c r e a s e  in  h e a t i n g  r a t e  t o  10  d e g r e e s  p e r  s e c o n d .  A l t h o u g h  
t h e  p e a k s  b r o a d e n  w i t h  i n c r e a s i n g  t e m p e r a t u r e  r e s u l t i n g  in i n c r e a s i n g  o v e r l a p  
o f  t h e i r  ta i ls ,  t h e  p e a k  m a x i m a  s e p a r a t i o n s  o n  t h e  t e m p e r a t u r e  scale  a re  even  
g r e a t e r  t h a n  fo r  t h e  c o n v e r s e  r e a c t i o n s  a t  s l o w  h e a t i n g  r a t e s  a n d  l o w  t e m p e r -  
a t u r e s .  T h u s ,  a t  leas t  in t h e o r y ,  s e p a r a t i o n  o f  c o m p e t i n g  r e a c t i o n s  c a n  be  
a t t a i n e d  b y  i n c r e a s i n g  t h e  h e a t i n g  r a t e  as wel l  as b y  d e c r e a s i n g  i t .  

T h e r e  is a la rge  s h i f t  o f  t h e  l o w  a c t i v a t i o n  e n e r g y  p e a k  to  h i g h e r  t e m p e r a -  
t u r e s  as t h e  h e a t i n g  r a t e  is i n c r e a s e d  t o  v e r y  f a s t  va lues .  T h e  p e a k  a lso  
b e c o m e s  q u i t e  d i f f u s e  a n d ,  in  t h i s  case ,  is a l m o s t  a c o n t i n u u m  a t  104 d e g r e e s  
p e r  s e c o n d .  T h i s  agrees  w i t h  t h e  i n t u i t i v e  f e e l i n g  t h a t ,  a t  v e r y  h i g h  t e m p e r a -  
t u r e s ,  t h e  a c t i v a t i o n  e n t h a l p y  b e c o m e s  m u c h  less o f  a f a c t o r ;  r a t h e r ,  
e n t r o p i c a l l y  f a v o r a b l e  r e a c t i o n s  wil l  gain  m i m p o r t a n c e .  T h a t  is, t h e  p r o b a -  
b i l i t y  o f  e n e r g y  l o c a l i z i n g  in a p a r t i c u l a r  b o n d - s p l i t t i n g  v i b r a t i o n a l  m o d e  wi l l  
be  t h e  c r i t e r i o n  fo r  r e a c t i o n .  
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F i g .  5.  d , ~ / d T  vs. t e m p e r a t u r e  f o r  t w o  i n d e p e n d e n t  f i r s t - o r d e r  r e a c t i o n s  a t  h e a t i n g  r a t e s  o f  
1 0 - 1 - - 1 0  -6 K s -1.  E~ = 80  kJ  m o l e  - I ,  A I  = 2 . 4 3 9  X 104 s - l ;  E4  = 3 2 0  kJ  m o l e  -1, .4.4 = 
7 . 4 2 2  x 102~ s - l .  
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Fig.  6. d a / d T  vs. t e m p e r a t u r e  for  t w o  i n d e p e n d e n t  f i r s t - o r de r  r e a e h o n s  at  h e a t i n g  r a t e s  
o f  1 0 - z - - 1 0  4 K s - I .  P a r a m e t e r s  as in  Fig .  5. 

H o w e v e r ,  t h e o r e t i c a l  m o d e l s  fo r  r e a c t i o n  k ine t i c s  on  w h i c h  t h e  A r r h e n i u s  
e q u a t i o n  is based  m a k e  t h e  a s s u m p t i o n  t h a t  o n l y  a s ta t i s t i ca l ly  smal l  p o r t i o n  
o f  t h e  r e a c t i n g  s y s t e m s  have  a s u f f i c i e n t l y  large e n e r ~ ,  to  pass over  a b a r r m r  
in r e a c t i o n  c o o r d i n a t e  space  so t h a t  t h e  r e a c t i o n  can  p r o c e e d .  T h e r e f o r e .  m 
t h e  a b o v e  case  o f  t h e  80 k J  m o l e  -t r e a c t i o n  at  fast  h e a t i n g  r a t e  w h e r e  
E / R T  < 10 and  a large f r a c t i o n  o f  t h e  s y s t e m s  have  t i le  ener6~y to  j u m p  t h e  
ba r r i e r ,  t h e  A r r h e n i u s  m o d e l  is no  l onge r  valid and  the  h igh ly  d i f f u s e  r a t e  
cu rves  can  n o t  be  given l i te re l  s ign i f icance .  

T h e  s e p a r a t i o n  o f  reac~;ons  a c h m v e d  b y  h e a t i n g  ra te  c h a n g e  in t h e - a b o v e  
case  is q u i t e  d r a m a t i c .  H o w e v e r ,  i t  is p r o b a b l y  q u i t e  r a re  t h a t  such  large dzf- 
f e r e n c e s  in a c t i v a t i o n  e n e r g y  axe f o u n d  in r e a c t i o n s  o c c u r r i n g  in t h e  s a m e  
t e m p e r a t u r e  r ange  as a l t e r na t i ve s  to  o n e  a n o t h e r .  A less e x t r e m e  case  is illus- 
t r a t e d  in Fig. 7 w h e r e  t h e  r a t e  f o r  t w o  i n d e p e n d e n t  f i r s t -o rde r  r e a c t m n s  o f  
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Fig.  7. d~/dT vs. t e m p e r a t u r e  fo r  t w o  i n d e p e n d e n t  f i r s t - o r d e r  r e a c t i o n s  a t  h e a t i n g  r a t e s  o f  
1 0 - 1 - - 1 0  -6 K s - I .  E~ = 160  kJ  m o l e  - I ,  A~_ = 4 . 4 5 7  X 10 l ]  s -Z;  E3 = 2 4 0  kJ  m o l e  -1, A3 = 
6 104  X l O  l s s  - l .  
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Fl'g. ~. ckx/clT vs. t e m p e r a t u r e  for  t w o  i n d e p e n d e n t  f i r s t -order  r e a c t i o n s  at h e a t i n g  rates  
o f  1 0 - 1 - - 1 0  4 K s - z .  P a r a m e t e r s  as in Fig .  7.  

1 6 0  and  2 4 0  kJ m o l e - '  r e s p e c t i v e  a c t i v a t i o n  energ ie s  are p l o t t e d  as a f u n c -  
tzon o f  t e m p e r a t u r e  for  h e a t i n g  rates  f r o m  1 0  -I to  1 0  -6 d e g r e e s  per  s e c o n d .  
Fz~Ire  8 c o n t a i n s  a s imi lar  f a m i l y  o f  curves  for  h e a t i n g  rates  f r o m  I 0 - '  t o  
107 degrees  per  s e c o n d .  T h e  s e p a r a t i o n  a c h i e v e d  b y  c h a n g i n g  t h e  h e a t i n g  rate  
f r o m  1 0 - '  degrees  per  s e c o n d  in e i t h e r  d i r e c t i o n  is d i s c o u r a g i n g l y  p o o r e r  t h a n  
in the  8 0 - - 3 2 0  kJ  m o l e  -I case  and  sti l l  i n c o m p l e t e  a f ter  a I 0  -*s c h a n g e .  H o w -  
ever.  it is p r o b a b l y  rare t h a t  t w o  i n d e p e n d e n t  r e a c t i o n s  wi l l  h a v e  i d e n t i c a l  
A r r h e n i u s  parameters .  T h e r e f o r e ,  s o m e  sort  o f  part ial  s e p a r a t i o n  o f  t h e  p e a k s  
s h o u l d  be  p r e s e n t  in i t i a l l y  and  the ir  s e p a r a t i o n  s h o u l d  be  e n h a n c e d  b y  a 
h e a t i n g  rate  sh i f t .  S h o u l d  a w h o l e  s p e c t r u m  o f  o v e r l a p p i n g  r e a c t i o n  rate 
peaks  sh i f t  in tac t  w i t h  a large h e a t i n g  rate  c h a n g e ,  t h e n  average  or " g l o b a l "  
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F ig .  9.  d a / d T  vs.  t e m p e r a t u r e  for  f o u r  i n d e p e n d e n t  f i r s t -order  r e a c t i o n s  at  h e a t i n g  rates  o f  
1 0 - 1 - - 1 0  -6 K s -1 .  P a r a m e t e r s  as in F igs .  5 an d  7.  - - ,  1 0  -1 ,  1 0  -2  , 1 0  -3 , 1 0  -4 ,  a n d  
i 0  - s  K s  - I ;  . . . . . .  , 1 0  -6 K s  - I .  
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F~g. 10. dc,/dT vs temperature for four independent first-order reaction~ at heating rates 
of 10-1--104 K s -1. Parameters as in Figs 5 and 7. - - - ,  10 -1 , 1, 10 Ks  -1: . . . . . .  , 
10 ~- K s  -~, , 1 0 3  K s  -J; , 1 0 4 K s  - l .  

A r r h e n m s  p a r a m e t e r s  m a y  be c a l c u l a t e d  w i t h o u t  c o m p l i c a t i o n .  
F igures  9 and  10 are  do~/dT vs. T cu rves  fo r  h e a t i n g  ra te  ranges  o f  10 - 1 -  

10 .6 and  10-~--104 d e g r e e s  pe r  s e c o n d ,  r e s p e c t i v e l y ,  f o r  t he  case o f  f o u r  
i n d e p e n d e n t  r e a c t i o n s  w i t h  a c t i v a t i o n  energ ies  o f  80,  160 ,  240  and  320  
kJ  m o l e  -I.  As in t h e  p r e v i o u s  cases,  t h e  m a x i m u m  ra tes  are  m a t c h e d  a t  6 0 0  
K fo r  ~ = 10 -I d e g r e e s  p e r  s e c o n d .  F o u r  s e p a r a t e  r e a c t i o n s  are  d i sce rn ib l e  in 
b o t h  f igures  a f t e r  a 1 0 0 0  ±l- fold  c h a n g e  in h e a t i n g  r a t e  to  10 .4 a n d  10 ~- 
deg ree s  pe r  s e c o n d .  By  10 -6 a n d  104 , o n l y  t h e  2 4 0  a n d  320  p e a k s  are  n o t  
weU-reso lved  f r o m  o n e  a n o t h e r .  Aga in ,  a l t h o u g h  t h e  peaks  are  less sha rp  at 
t h e  fas te r  h e a t i n g  ra tes ,  t h e i r  s e p a r a t i o n  is b e t t e r  t h a n  a t  c o r r e s p o n d i n g l y  
s l o w e r  h e a t i n g  ra tes  s ince  t h e  t e m p e r a t u r e  sh i f t s  o f  t h e i r  m a x i m a  are  so 
m u c h  g rea te r .  

Competi t ive reactzons 

T h e  s e c o n d  m o d e l  case  i l l u s t r a t ed  in th is  p a p e r  was  e x p r e s s e d  by  eqn .  (2) 
in w h i c h  t w o  f i r s t - o rde r  r e a c t i o n s  are  v y i n g  w i t h  e a c h  o t h e r  fo r  t h e  s a m e  
m a t e r i a l .  A n  e x a m p l e  o f  th is  case  is s h o w n  in Fig. 11 fo r  t w o  r e a c t i o n s  w i t h  
a c t i v a t i o n  ene rg ie s  o f  80  a n d  320  k J  m o l e - ' .  A t  s low h e a t i n g  r a t e s  (10-- ' - -  
10 -3 ) a n d  c o r r e s p o n d i n g l y  l o w  t e m p e r a t u r e s ,  t h e  l ow  a c t i v a t i o n  e n e r g y  reac-  
t i o n  w i t h  its l o w  b ro~d  p e a k s  d o m i n a t e s .  O n  t h e  o t h e r  h a n d ,  a t  fas t  h e a t i n g  
ra tes  (10- -104  ) a n d  h igh  t e m p e r a t u r e s ,  t h e  h igh  a c t i v a t i o n  e n e r g y  r e a c t i o n  
w i t h  tall ,  sha rp  p e a k s  t a k e s  over .  In  t h e  r e g i o n  o f  i n t e r m e d i a t e  h e a t i n g  ra tes  
(10 -2 - -1 )  w h e r e  t h e  t w o  p roces se s  a re  in e v e n  c o m p e t i t i o n ,  t h e  a m p l i t u d e s  o f  
t h e  de r iva t ive  cu rves  go t h r o u g h  a m i n i m u m .  T h e  d i s p e r s i o n  e f f e c t  o b t a i n e d  
h e r e  b y  v a r y i n g  t h e  h e a t i n g  r a t e  c lo se ly  r e s e m b l e s  t h e  s imi la r  d i s p e r s i o n  
e f f e c t  o b s e r v e d  in  t h e  c o m p a r i s o n  o f  de r iva t ive  cu rves  o b t a i n e d  b y  v a r y i n g  
t h e  f r e q u e n c y  o f  a f o r c i n g  var iab le  in r e l a x a t i o n a l  p rocesses .  In  e a c h  case,  t h e  
a m p l i t u d e  m i n i m u m  m a r k s  t h e  r e g i o n  in w h i c h  a c h a n g e  in t h e  m e c h a n i s m  
o f  t h e  m e a s u r e d  p r oc e s s  t a k e s  p lace .  
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I f  c o m p e t i n g  r e a c t i o n s  h a v e  s m a l l e r  d i f f e r e n c e s  b e t w e e n  t h e i r  a c t i v a t i o n  
ene rg i e s ,  t h e  s h i f t  s h o w n  in  Fig.  l l  wi l l  o c c u r  o v e r  a w i d e r  r a n g e  a n d  t h e  
p e a k  a m p l i t u d e  c h a n g e  wi l l  be  p r o p o r t i o n a l l y  sma l l e r .  

S U ~ M A R Y  A N D  D I S C U S S I O N  

A n  u n e x p e c t e d  f a c t  c o n c e r n i n g  i n d e p e n d e n t  r e a c t i o n s  w a s  t h a t ,  n o t  o n l y  
c a n  l o w  a c t i v a t i o n  e n e r g y  a n d  h i g h  a c t i v a t i o n  e n e r g y  p r o c e s s e s  b e  s e p a r a t e d  
f r o m  o n e  a n o t h e r  b y  s h i f t i n g  t o  s l o w e r  h e a t i n g  r a t e s  a n d  l o w e r  t e m p e r a t u r e s ,  
b u t  c o n v e r s e l y ,  t h e y  c a n  be  s e p a r a t e d  e q u a l l y  we l l  b y  s h i f t i n g  t o  f a s t e r  hea t -  
i ng  r a t e s  a n d  h i g h e r  t e m p e r a t u r e s  as t h e  m a x i m a  o f  t h e  r a t e s  o f  t h e  l o w  
e n e r g y  r e a c t i o n s  are  q u i t e  s ens i t i ve  t o  h e a t i n g  r a t e  c h a n g e .  T h u s ,  l o w  E reac-  
t i o n s  axe f a v o r e d  a t  s l o w  t3 a n d  l o w  T,  w h i l e  h i g h  E r e a c t i o n s  a re  f a v o r e d  a t  
f a s t  13 a n d  h i g h  T. 

S i m i l a r l y ,  f o r  t h e  case  o f  t w o  r e a c t i o n s  in  r e l a t i v e l y  e v e n  c o m p e t i t i o n ,  t h e  
l o w  a c t i v a t i o n  e n e r g y  r e a c t i o n  wil l  d o m i n a t e  t h e  k i n e t i c s  a t  s l o w  r a t e s  a n d  
Iow  t e m p e r a t u r e s  w h i l e  t h e  h i g h  a c t i v a t i o n  e n e r g y  r e a c t i o n s  wi l l  t a k e  ove r  a t  
f a s t  r a t e s  a n d  h i g h  t e m p e r a t u r e s .  

H o w e v e r ,  o n e  c a n n o t  g e n e r a l i z e  f r o m  t h e  r e s u l t s  o f  t h e s e  t w o  s i m p l e s t  
cases  o f  c o m p l e x  r e a c t i o n  k i n e t i c s .  T h e  o b v i o u s  c o n t i n u a t i o n  o f  t h i s  w o r k  is 
an  i n v e s t i g a t i o n  o f  m o d e l  cases  o f  succes s ive  r e a c t i o n s  o f  t h e  t y p e  

k I k~  k i 
. . . - - X  (8) 

aga in ,  o v e r  a w i d e  r a n g e  o f  h e a t i n g  r a t e s .  T h e  r e a c t i o n s  d o m i n a t i n g  t h e  
k i n e t i c s  h e r e  wil l  b e  t h e  r eve r s e  o f  t h e  p r e v i o u s  cases  o f  c o m p e t i n g  r e a c t i o n s .  
I n  t h i s  case ,  f o r  a ser ies  o f  r e a c t i o n s ,  t h e  ove ra l l  r e a c t i o n  k i n e t i c s  wil l  be  
a f f e c t e d  o n l y  b y  t h e  r a t e  c o n s t a n t s  o f  t h e  s l o w e s t  r e a c t i o n  in t h e  s e q u e n c e  
a n d  t h e  r a t e  c o n s t a n t s  o f  t h o s e  r e a c t i o n s  p r e c e d i n g  it.  T h u s ,  a t  s u f f i c i e n t l y  
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Fig. 11. d a / d T  vs. t e m p e r a t u r e  for  two  compe t i t i ve  f i rs t -order  ~'eactions at  hea t ing  rates 
o f  10 -5 - -104  K s - l .  Pa ramete r s  as in Fig 5. 
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s l o w  h e a t i n g  r a t e s  a n d  l o w  t e m p e r a t u r e s ,  a h i g h  a c t i v a t i o n  e n e r g y  r e a c t i o n  
in  t h e  s e q u e n c e  wi l l  t e n d  t o  b e  r a t e - l i m i t i n g .  O n  t h e  o t h e r  h a n d ,  a t  h i g h  t e m -  
p e r a t u r e s  a n d  f a s t  h e a t i n g  r a t e s ,  a l o w  E r e a c t i o n  m a y  b e c o m e  t h e  s l o w  s t e p  
o f  t h e  p r o c e s s .  

T h e  case  o f  e q n .  (8)  a n d  t h e  e v e n  m o r e  m a t h e m a t i c a l l y  c o m p l e x  case  in  
e q n .  (9)  

i~ t k2 ki 
A ----~B~ " . . . ~ X  (9) 

f~- I fz-2 f¢-i 

i n v o l v i n g  r e v e r s i b l e  r e a c t i o n s ,  m a y  m o d e l  t h e  r eve r s ib l e  d e h y d r a t i o n  a n d  
d e c a r b o x y l a t i o n  r e a c t i o n s  w h i c h  c a n  o c c u r  in  t h e r m a l  ana lys i s  e x p e r i m e n t s .  
Seve ra l  o f  t h e s e  cases  h a v e  b e e n  c a l c u l a t e d  o v e r  a r a n g e  o f  r e a c t i o n  p a r a m -  
e t e r s  [ 1 1 ]  b u t  n o t  as a f u n c t i o n  o f  h e a t i n g  ra t e .  

P o l y m e r  d e g r a d a t i o n  r e a c t i o n s  are  b e i n g  i n v e s t i g a t e d  b y  t h e r m o g r a v l m e t r y  
o v e r  a h e a t i n g  r a t e  r a n g e  f r o m  10-*  t o  10  -4 d e g r e e s  p e r  s e c o n d  in i n e r t  a t m o -  
s p h e r e ,  in  air,  a n d  in t h e  p r e s e n c e  o f  w a t e r  v a p o r  [ 4 , 5 ] .  A t  10  -4 d e g r e e s  p e r  
s e c o n d ,  t h e  r e a c t i o n s  t a k e  p l a c e  a t  t e m p e r a t u r e s  o v e r  o n e  h u n d r e d  d e g r e e s  
b e l o w  t h o s e  o f  t h e  u s u a l  t h e r m a l  a n a l y t i c a l  e x p e r i m e n t .  T h e r e f o r e  t h e  t e m -  
p e r a t u r e  e x t r a p o l a t i o n  f o r  se rv ice  l i f e t i m e  p r e d i c t i o n  is g r e a t l y  l e s s e n e d .  
F r o m  a n  ana ly s i s  o f  t h e  k i n e t i c  i n t e r p l a y  u n d e r  d i f f e r e n t  a t m o s p h e r e s  a t  
d i f f e r e n t  h e a t i n g  r a t e s  a n d  a c o m p a r i s o n  o f  t h e m  w i t h  cases  o f  m o d e l  reac-  
t i o n  k i n e t i c s ,  a n  a s s e s s m e n t  c a n  b e  m a d e  as t o  w h i c h  o n e ,  o r  c o m b i n a t i o n  
of ,  t h e r m a l ,  h y d r o l y t i c  o r  o x i d a t i v e  r e a c t i o n s  w i n  p r o b a b l y  be  t h e  p r imar3 ,  
a g e n t  f o r  d e t o r i o r a t i o n  o f  p r o p e r t i e s  a t  serv ice  c o n d i t i o n s .  

T h e  i n t e r p r e t a t i o n  o f  t h e s e  a n d  s imi l a r  k i n e t i c  d a t a  wil l  be  f a c i l i t a t e d  
w h e n  t h e  r e s u l t s  f r o m  m a n y  o t h e r  m o d e l  cases  o f  c o m p l e x  r e a c t i o n  k i n e t i c s  
b e c o m e  ava i lab le .  
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