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There are certain experimental aspects concerning the effect of rising tempera- 
ture on the apparent weight of a substance which have been extensively studied. The 

theoretical treatment of the kinetics of decomposition under rising temperature 
conditions resfs hugely on a combination of equations one of which is the Arrhenius 

equation. One thus has to combine the kinetic law: 

dn 
- = kf(l) 
dt 

the Iaw describing the temperature coefficient of the rate (usualiy the Arrhenius 

equation); 

k = Af(7) 

and the equation describing the imposed temperatnre (Tin degees Ke!ltin) against 

time (t); 

T= To i- /If(f) 

where z is the fraction decomposed, k is the specific rate constant, A is a constant 
(ti pm-exponential term in the Arrhenius equation), To is the initial starting tempera- 
ture in the rising temperature experimenL and j3 is the heating rat& 

The combination of these three equations carries certain-implications_ The 
Arrhenius equation is almost invariably assum ed to hold over the entire temperature 

range:The assumption may not hold and the most common deviation istheoccummce 
of two or more linear plots when plotting log k against I/T. It is held that this would 

apply.when there is a discontinuous alteration in %eaction site distribution”-when a 

common compensation plot of log A against E (the activation ener_ey) should r&It. 

Another matter which is essential to the caIculation is the correct choice of the 
- ~ 
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specific reaction rate  incorpora ted  in the Ac,  henius expression. It  is concluded  tha t  E 
and  A values for  solid-state decomposi t ions  are  environmenta l ly  dependen t  and  that  
values calculated f rom rising tempera ture  experiments  should  no t  necessarily agree 
with those ob ta ined  f rom the more  tradit ional  isothermal experiments.  

Ih"fRODUCIION 

The  theoretical  t rea tment  o f  the kinetics ofd_,~z_omposition unde r  r is ing tempera-  
ture condi t ions  rests largely on  a combina t ion  o f  equat ions  one  o f  which is the 
Arrhenius  equat ion.  The  justifification for  the use o f  this equa t ion  in all solid-state 
reactions wi thout  reservation is difficult but  i f  this is accepted then the establ ishment  
o f  kinetic parameters  f rom the rising tempera ture  technique is theoret ical ly possible. 

One  thus has to  combine  various relationships. There  is the differential form 
o f  the kinetic law, 

dz  
- -  t ~ ( ~ )  O )  dr 

where  2 i~ the fraction decomposed  at  t ime t, and  f(~) is the appropr ia te  funct ion o f  
:r. /c is a constant  wl~ch is temperature-dependenL The  tempera ture-dependence  o f  
the constant  k is usually described by the Arrhenius  equat ion,  

k ~- A e  - e / ~ r  (2) 

where k is the specific reaction rate constant ,  A is the pre-cxponential  factor,  E is the 
activation energy, T is the tempera ture  in de~a-ees Kelvin and  R is the gas constant .  
The  temperature  p rog ramme imposed on  the system can be represented by, 

T =  To + ~t  (3) 

where  To is the init/al temperature,  and  a l inear heat ing rate  has ~ assumed with a 
heat ing rate  o f /L  Combina t ion  o f  these three equat ions  will enable  the kinetic para-  
meters  to be established_ 

In  past  paper; ,  the problems a t tendant  on  experimental  aspects have been 
presented espec/ally the tempera ture-dependent  buoyancy  effects 1-3.  In  this paper,  
problems raised in interpret ing the kinetic parameters  by the  combina t ion  o f  the 
above  three equat ions  are  described. The  algebra involved in the  comb/na t ion  o f  

equat ions  especially the methods  o f  integrat ing the  da ta  hay© been reviewed by  
~ s t ~  et al.'L Here,  the use o f  the Arrhenius  equa t ion  is investigated, part icular ly the 
use o f  the correct  specific reaction ra te  term, and  the interpreta t ion o f  the mean ing  
o f  the Arrhenins  parameters  d/scussed. 

THE DEP~N'D~-NCE OF THE RATE OF DECOMPOSrFION WITH Ti~IPERATURE 

The  generally recognised p h e n o m e n a  is that  the  ra te  o f  react ion is faster a t  
hi  f2aer temperatures  than a t  lower temperatures.  This  generalizat ion is no t  s p e c ~ c  
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enoumh to  be  useful  and  is n o t  necessari ly true.  M o s t  t he rmograv ime t r i c  plots  s h o w  
a rate o f  react ion which  increases init ially as the  t empe ra tu r e  is raised bu t  decreases 
towards  the  la t ter  stages o f  d e c o m p o s i t i o n  a t  the  h ighe r  tempera tures ,  O n e  therefore  
chooses  a reac t ion  rate  c o n s t a n t  so  t ha t  sol id-state  decompos i t i ons  can  be repLese__nted 
in the form given in eqn (1) and the temperature dependence o f  the constant k then 
de te rmined .  

A s s u m i n g  tha t  k is def ined correct ly  (see later) t hen  one  c a n n o t  necessari ly 
us sume  the  correctness  o f  the  A**henius expression,  i.e., 

b 
log  k = a -- - ~  (4) 

(o r  usual ly  in the  fo rm given in eqn  (2)) where  a a n d  b are  cons tants .  A n  al ternat ive 
representa t ion  wou ld  be a n o t h e r  series express ion o f  the  f o r m  used  in t h e r m o d y n a m i c s  
to  s h o w  the  var ia t ion  o f  the  hea t  o f  reac t ion  wi th  t empera ture .  T o  establ ish this  la t ter  
idea o n  a fo rmal  basis wou ld  give m o r e  subs tance  to  s o m e  o f  the  integral  m e t h o d s  o f  
eva lua t ing  kinetics f r o m  rising t em pe ra tu r e  m e t h o d s  ~ -  ~ o. 

However ,  the  Ar rhen ius  express ion  is usual ly  a ~ u m e d  a n d  the  po in t  m u s t  bc  
m a d e  that .  a l t h o u g h  m a n y  sys tems show a l inear re la t ionship  be tween  log  k a n d  1]T, 
there  are  two  very c o m m o n  devia t ions  f r o m  this re la t ionship  f o u n d  in m a n y  solid- 
s tate decompos i t i ons .  T h e  first devia t ion  f rom n o r m a l  behav iou r  in these plots  is the  
existence o f  two  o r  m o r e  l inear  regions  ins tead o f  a single l inear  pIot_ A n o t h e r  
behav iour  of ten  f o u n d  is tha t  the  p lo t  o f  log k a tminst  l IT is a c o n t i n u o u s  curve.  A n  
example  o f  the  first g r o u p  is the  ox ida t ion  o f  ca rbon  samples  con ta in ing  meta l  oxide  
catalysts~ ~, i z A n  example  o f  the  last g r o u p  tha t  m a y  be q u o t e d  is the  the rma l  
decompos i t i on  o f  c a d m i u m  ca rbona t e  d o p e d  wi th  var ious  ions  i a 

The r e  are  o the r  po in t s  t o  not ice  a b o u t  the  Ar rhen ius  equa t ion .  T h e  first is t h a t  
the  units  o f  energy (KJ  m o l -  1) fo r  E on ly  arise because  the  s lope  o f  the  line in the  
Arrhen ius  p lo t  is d iv ided  by the  gas cons t an t  R .  The  t empe ra tu r e  coefficient fo r  the  
p lo t  o f  In k aga ins t  l IT is s imply  reciprocal  degrees.  T h e  p r o b l e m  also arises in solid-  
state chemis t ry  tha t  the  t e rm " m o l e "  refers to  a quan t i t y  which  is n o t  immedia te ly  
apparen t .  

Redfern  14 has  def ined the  ac t ivat ion energy  as  the  average  excess energy  a 
reac tan t  molecu le  m u s t  possess in o r d e r  to  react.  A n d e r s o n  ~s h o w e v e r  prefers  to  
regard  bo th  the  pre-exponent ia l  t e rm ,4 a n d  the  ac t iva t ion  energy  as  ma thema t i ca l  
pa ramete rs  descr ibing the  reac t ion  o n  an  empir ica l  basis, 

I t  m u s t  b¢ n o t e d  tha t ,  by  the  t h e o r y  o f  abso lu te  reac t ion  rates,  the  c o n s t a n t  k 
in the  Ar rhen ius  equa t i on  is g iven by;  

R T  
k =  Nk K*  (5) 

where  h is P lanck ' s  cons t an t  a n d  K *  is the  eqm'l ibr ium c o n s t a n t  fo r  t he  act ivated 
complex . -Then  as  fo r  other equi l ib r ium cons tan t s ;  
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• 4 G *  = - -  R T I n  K *  . (6) 

and  

z i G *  = , 4 H *  - -  T / I S *  (7)  

The  terms in the Arrhenius  equat ion m a y  now be identified, i.e., E with A H *  

and  A can be writ ten as 

R T  e~S.[R where A S *  
N h  

is the en t ropy  change associated with the change  to the activated complex.  Alternatively 
A can be writ ten in terms o f  the parti t ion functions; i.e., 

R T  Q *  
A = N---h- Q (8) 

where _O* is the complete  parti t ion function for  the activated complex  excluding tha t  
for  the reaction coordina te  and  Q is the complete  part i t ion funct ion for  the reactant .  

Both forms o f  the equat ion have been utilised in solid-state reactions 16- i~ .  

iI~4PERATL~,E---DEPENDI~%rl" FUNCTION k 

In solid-state reactions the tempera ture-dependent  function k (eqn (1)) has no t  
neoessafily the same meaning  as in homogeneous  react ion kinetics_ In the lat ter  case, 
the specific reaction rate k used in the Ar ,hen ius  equat ion is the  react ion ra te  fo r  uni t  
concentrat ion.  Concent ra t ion  terms are not  present  in solid-state decomposi t ions  
which are governed by the movement  o f  a reaction interface. The  definition o f  the 
specific react ion rate in homogeneous  processes is therefore  represented by; 

d C  
dt  -- k f (C)  (9) 

where  C is the concentra t ion,  such that  when C = I, then;  

dC  
- - k  

dr 0o) 

The  analogous  condi t ion for  solid-state decomposi t ions  is that; 

dz  
d t  = kf(~t) (1) 

such that  when ~ = O, then 

d~ 
- -  k (11 )  d t  

I t  will be shown later  tha t  no t  all sorid-state kinetic equat ions-obeythi~  simple 
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concept  and  there  m a y  be some doub t  as to  the use o f  the constants  in Arrhenius  

type equations.  I t  is also a c o m m o n  practice to  use the c o n s t a n t  appear ing  in in- 
tegrated forms o f  the r a t e  expressions ra ther  than tha t  appear ing  in the differential 
fo rm which is strictly required for  the  Arrhenius  equat ion.  

Thus  i f  the integrated expression is taken as; 

k i t  = fl(oO (12) 

t h e n  

d~ 
dt -- k~'v(:,) (13) 

(the subscripts indicating the integral (I) nature of the equation in which the consent 
or the function appears and similarly for the differential (D) expression) and 

[ k--Z1 ] '"~ = ka  O 4 )  
LnlJ  

or  

kl = n~(kDY" (15) 

The  constants  in the integral equat ions  and  the  cor responding  differential 
equat ions are  only  identical in cer tain cases. It  is the  cons tant  in the  different;hi 
equat ion which must  be used in the Arrheuius  equat ion.  I f  the relationship between 
the two forms is: 

k I = n l k  a (16) 

then the  use o f  the integral cons tan t  will p roduce  the  correct  analytical value for  E 
but  an incorrect  value for  A. I f  the relationship is; 

k x ---- (kDY "z 0 7 )  

then the  value o f  bo th  E and  A will be a f r O .  T h e  difference this makes  can be seen 

by taking a specific example,  viz., 

k f  = (18) 

d ~  _ n k l / .  ~ = z / .  ( 1 9 )  
dt  

a n d  

n k  It" = A e - z / ~ r  

w h e n  

(2o) 

= -- (21) 



298 

T A B L E  1 

KLr'~]']C ~ . ' ~ ¢ S  FOR SOLII3-STA'rE DECI:P.14Po6rrlo~'~.'.~ WHICH PRODU4:~ " O R D E R "  ~ ]EQUATIOJN.~ 

I ~  "[HE D t e r e . ~ l ~ i ' l t A L  FORM 

Integral f o rm  Differential f o r m  n 

dog 
Kt = - - I n ( l  - -  a )  d--7 = K ( i  - -  a )  1 

d a  
K t  = ( I  - -  a )  - t  d---~ ---- K ( I  - -  a) ' -  2 

da = • K(I -- ~)~ Kt = 1 -- ( 1  - -  a )  ~ d t  - 

d a  
K t  = I - - ( 1  - - a ) - *  d t  = 2 K 0  - - a )  -¢ J2 

da 
K r =  1 - - ( 1  - - a )  9 ~ =  3 K { !  - - a )  i 

Norms  
1. T h e  t r a d i t i o n a l  Ix t  a n d  2 n d  o r d e r  eXpk-eSs__ions a r e  i n c l u d e d  b e c a u s e  e x p e r i e n c e  i n d i c a t e s  t h e / r  

oc~n-rence in polymer degradation reactions. 
2. Tl~ form of  the 1st order expression is found in many solid-stale reactions with a particulax type 

of  r a e c ~  involved. 
3. T o  a f a ~ t  approximation all. dex:c lera tory  p ~  m a y  be  r e p u t e d  b y  t h e  I s t  o r d e r  d e c 3 y  

e q u a t i o n .  

a n d  t h e  e r r o r  invo lved  b y  pu t t i ng  k d i rec t ly  in to  the  A r r h e n i u s  e q u a t i o n  is a t  o n c e  

a p p a r e n t .  

T h e  a r g u m e n t  c an  n o w  b e  e x t e n d e d  to  c o v e r  the  ac tua l  " f o r m "  o f  the  k ine t ic  
express ions .  T h e r e  a r e  o f  c o u r s e  a large  n u m b e r  o f  k ine t ic  exp  _re~_sions wh ich  a r e  

b a s e d  o n  m o d e l s  ref lect ing v a r i o u s  c o m b i n a t i o n s  o f  nuclei  a p p e a r a n c e ,  r e a c t i o n  
in ter face  change ,  a n d  d i f fus ion  cond i t ions .  S o m e  o f  these  h a v e  a different ial  f o r m  
which  a l lows  the  t e m p e r a t u r e - d e p e n d e n t  c o n s t a n t  k t o  m e e t  the  specif ic  l imi ta t ions  

se t  o u t  a b o v e  wh ich  a l l ow  it  to  b e  re~arded  as  a f o r m a l  specif ic  r eac t ion  r a t e  c o n s t a n t  
(see e q n s  (1) and  (1 !)) b u t  o the r s  d o  n o t  m e e t  this cond i t i on .  T h e  o c c u r r e n c e  o f  
" o r d e r "  exp res s ions  in so l id-s ta te  d e c o m p o s i t i o n s  is pu re ly  co inc idence  a n d  ha s  n o  
specia l  significance_ T h o s e  kinet ic  express ions  wh ich  d o  s h o w  a n  o r d e r  e q u a t i o n  in t he  
different ia l  f o r m  d o  h o w e v e r  m e e t  the  fo rma l  r e q u i r e m e n t  j u s t  m e n t i o n e d  t h a t  w h e n  

~-,O,-~-=k, 

a n d  these  axe i l lus t ra ted  in T a b l e  1. 
T h r e e  genera l  t ypes  o f  dif ferent ia l  e q u a d o n  desc r ib ing  the  ra te  o f d e c o m p o s i t i o n  

in sof id-s ta te  chemis t ry .  T h e s e  are :  
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d~z 
= k ~ '  (22_) 

d t  

d~ 
dr' = k ( 1 - -  re)" (9_3) 

a n d  

d,y 
tit -- k ( - -  In (I -- ~))v (24) 

These  m a y  be c o m b i n e d  in to  one  general  exprec~ion I s - 

d~, 
d t  -- k~c'(l -- re)'(-- In (I  -- re)~f (25) 

T h e  fo rm co r r e spond ing  to  eqn  (23) has  been  s h o w n  to  mee t  the  fo rmal  
r equ i remen t  for  use in the  Ar rhen ius  equa t ion  b u t  eqns  (22) a n d  (24) d o  not ,  a n d  
ne i ther  does  eqn  (25). However ,  the  k t e rm in these equa t ions  a l t h o u g h  n o t  fulfiiling 
the  requ i rements  for  a t rue  specific rate  c o n s t a n t  is t empera tu re -dependen t .  I t  is still 
advisable  however  to  use the  c o n s t a n t  appea r ing  in the  differential  f o r m  o f  the  equa-  
t ion a n d  to  test  fo r  obed ience  to  a n  Ar rhen iu s  type  expression_ Equa t ions  n o t  showing  
an  o rde r  dependence  are. s h o w n  in Tab le  2. 

Since there  are  two  pa rame te r s  in the  Ar rhen ins  equa t ion ,  b o t h  E a n d  A shou ld  
be r epor t ed  a n d  even i f  the  ca lcula t ion  is a s sumed  to  be  empir ica l  b o t h  are  necessary 
to  enable  the  kinefie~ to  be p roper ly  described_ 

Possibly the  easiest  t r e a tmen t  to  u n d e r s t a n d  is tha t  o f  S h a n n o n .  H e  uses a n  
equa t ion  based o n  the  earl ier  Po lany i -Wigner  t r e a t m e n t  zg. S h a n n o n s  t r e a tmen t  xv is 

to  use the  act ivated complex  theory  o f  reac t ion  rate  kinet ics  when ,  

where  k ,  is a n o m i n a l  first o r d e r  type  reac t ion  ra te  c o n s t a n t  (all the  te rms  have  a l ready  
been defined),  which  he  rear rapges  as; 

R T  a exp ( - ~ - ~ )  (27) kr= Nh 
where,  

/RT Q* -- exp  ( - - ~ - )  (28) a = A  

I t  is t hen  possible  to  t ake  the  exper imenta l  kinet ic  d a t a  a n d  use the  a b o v e  
e q u a t i o n  to  calculate  " a " .  T h e  evidence  p r o d u c e d  by  S h a n n o n  shows  tha t ,  in the  cases 
quo ted ,  "a'" covers  a wide  spec t rum o f  values wh ich  he  f inds conven i en t  to  classify as; 

(1) Reac t ions  wi th  " a "  values less t h a n  un i ty  
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T A B L E  2 

Dittetli.L-N"l't_AL Rg t . gS  FOR .T~t~LID-STATE ~ C  EQ4JATION~ ~NOT ~,:..OV~k-",~G TRADITIONAL ORDER 

l ~ , r a l  f o r m  Differential f o r m  m n p 

J~,r  

d t  
- - = K a - ( l  - - a ) = ( - - l n ( l  - - a )  r' 

d ~  
K r  = a ~- = ~2 K ° - I  

d r  
- - I  0 0 

d a  
K t  ---- l n a  - -  = K,z 1 

d .  = 2 K ~ . a .  . Kxe ----- a d t  

d a  
K r "  ~ a - ~  3 K ~ a  ~ 

oh, 

d a  
lfJ ~ - ~  a = 4 K ~ a  ~ 

dr 

K~r= - - l n ( l  - - a )  ~ 

K t = [ - - l n ( !  - - a ) ] ~  

d a  
= 2 K ( - - l n ( !  - -  n)'l '(! - -  a)  

( i t  

da  

- - - - -3g ( - - ln ( l  - - . ) ~ ( t  - - a )  
d t  

d ~  
- ~ - = X ( - - t n ( !  - - . ) - '  Kt  = (1 - -  a ) l n ( !  - -  a )  

0 0 

½ o o 

.~ o o 

:t o o 

o I ½ 

o l i 

0 0 - - I  

T h ¢ ~  a r e  a h e r n a t i v c  c x ~ o n s  f o r  

/Gr  = - - l n ( l  - -  a}l ln ,  namely  da /d t  = Ka=( l  --  a)"  

T a b l e  2 (conL)  

2 i [ .  0 . 7 7 4  

3 =i~ 0.7OO 
4 ~/4 o.664 
5 % 0 . 6 4 2  
. . . 

a 1 0_556 
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(2) React ions with "a'" values approximate ly  uni ty  
(3) React ions with+ "a'" values m o r e  than  one. : 

. T h e  calculat ion o f  "a'" can  therefore  be achieved f rom the  kine =t/c da ta  as 
indicated above,  bu t  by  using the idea tha t  the  react ion is governed by a decomposi-  
t ion process a t  the react ion interface then the assumpt ion  o f  various models  f o r  the 
activated complex allows "a'" to  be calculated f rom spectroscopic data .  In  ca rbona te  
decomposi t ions  " a t "  is less than uni ty  in mos t  cases ( the subscript  k indicat ing tha t  
its calc~lation is based on  kinetic experiments  whilst  a subscript  s indicates tha t  the 
calculat ion owes its origin to s _peO__~oscopic data).  The  spectroscopic est imate o f  O~* 
can be m a d e  on  the  assumpt ion tha t  the cat ion is involved only in mino r  changes o f  
posit ion with no  change  in energy whilst the  ca rbona te  ions are  those involved in 
major  alterations in the t ransi t ion to the  act ivated complex.  Shannon  concludes  tha t  
Q* is m o r e  similar to Q , ~ m ,  in exothermic  reactions a n d  to Qpredaet in endo the rmic  
reactions. Carbona te  decomposi t ions  are  a lways endothermic ,  so it follows tha t  in 
this case Q*  is more  like Q ~ , c t -  Shannon  was able to show that  there was reasonable  
agreement  between values o f  " a "  calculated f rom a basis o f  spectroscopy a n d  those 
calculated f rom the  kinetic da ta  for  calcite and  magnes ium carbonate .  The  theoretical  
t r ea tment  a t  present  put  forward  however  makes  the  result independent  o f  the posit ion 
o f  the reactant spedes in the reactant  interface. Obviously an  "edge"  posi t ion o r  a 
~'corr.cf" position would  be a more  active site with a different energy con ten t  than  a 
more  protected position in the  centre  o f  a react ion interface. Incorpora t ion  o f  this 
idea into the theory  would  lead to  thc  O + valuc possessing different values accord ing  
to  the posit ion o f  the activated complex with respect to the ~ . o m e t r y  o f  the react ion 
interface_ 

T H E  C O M P E N S A T I O N  F..P~:~-CT 

Inspection o f  the da ta  available especially in ca rbona te  decomposi t ions  Shows 
tha t  the same chemical  material  m a y  show various values o f  E and  A dependen t  
upon  the condi t ions  o f  the mater ia l  a n d  the na ture  o f  the experiment_ This  has caused 
m a n y  arguments  regarding the t rue o r  mos t  dependable  value o f  E and  A which 
should  be selected f r o m  those available in the literature. 

However  the compensa t ion  effect covers the  phenomena  whereby a change ".m 
the act ivat ion energy is reflected by a compensa t ing  change in the pre-exponential  
term a n d  al lows the above  posi t ion to  be rationalised. I t  is essentially a series o f  related 
experiments  in which there is a l inear relationship 2° between T A S *  and  zlH +. I t  
has been-appl ied to both  homogeneous  and  he terogeneous  reactions and  the da ta  

calculated_ f rom the  use o f  the  Arrhenius  e q u a t i o n . T h e  concept  tha t  a l inear relat/on- 
ship exists between log A and  E is also called the  compensa t ion-ef fec t .  F r o m  these 
two s ta tements  o f  the  compensa t ion  effect, it follows that :  

TAS* o -- log (29) 
- + . _ _ 

. -  _ : +  - - . ~  + -  . + , . + -  + 

+ = + _ _ 
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an d  the  difference be tween  TAS* a n d  log  21 can  be calculated.  A t  cons t an t  t empera -  
ture,  it is seen tha t  the  log A te rm differs by  a c o n s t a n t  t e r m  and  a fac tor  which  w o u l d  
jus t i fy  the  a l ternat ive  representa t ion  o f  the  c o m p e n s a t i o n  effect. I t  fo l lows however  
tha t  t o  preserve a c o n s t a n t  va lue  o f  A, any  change  wi th  t empera tu re  in log RT/Nh 
m u s t  be c o m p e n s a t e d  by a change  in A S * I R  a n d  the  p r o d u c t  T e x p  ( A S * )  m u s t  be  
c o n s t a n t  I t  can  however  be s h o w n  tha t  A is n o t  strictly cons t an t  a n d  is a func t ion  o f  
t empera tu re  b u t  tha t  the  change  in A is very small  a n d  to within the  usual  l imits 
imposed  by p lo t t ing  log k agains t  l IT  m a y  be regarded  as a c o n s t a n t  te rm.  

T h e  c o m p e n s a t i o n  effect is mere ly  an  exper imenta l  observa t ion  a n d  m a n y  
repor ts  have  been publ i shed  on  its s i ~ i f i c a n c e  2m- 24. G a r n  2 z suggests  tha t  obed ience  

o f  da ta  to  the  c o m p e n s a t i o n  equa t ion  m a y  be a consequence  o f  the  ope ra t ion  o f  a 
c o m m o n  d o m i n a n t  ra te-contro l l ing  factor.  Z s a k o  23 stresses tha t  the  existence o f  the  
l inear re la t ionship  is indicat ive o f  a m o r e  general  characterist ic.  However ,  the  
exper imenta l  l inear  re la t ionship  recorded  whe the r  o f  f u n d a m e n t a l  significance o r  n o t  
is very valuable  in descr ibing react ing sys tems and  specifying reac tor  designs.  I t  
wou ld  seem tha t  to  avoid  suspic ion  r ~ r d i n g  the  values o f  A a n d  E used  in the  
calculat ions  the  dx[dt t e rm m u s t  be related with the  ra te  o f  advance  o f  the  react ion  
interface a nd  this is implici t  in the  use o f  t he  Polanyi -Wigner  equa t ion  and  its sub-  
sequent  deve lopmen t  by  S h a n n o n  and  Cordes .  T h e  c o m p e n s a t i o n  effect takes  the  
fo rm;  

log  A = m E  + C (30) 

where  m is the  s lope and  C the  intercept .  C r e m e r  25 and  Cons tab le  26 suggest  tha t  the  
c o m p e n s a t i o n  effect__ will be sho~Tt in a he te rogeneous  mode l  where  the  reac t ion  will 

occur  a t  different reac t ion  sites. They  al low for  a " reac t ion  si te" d is t r ibut ion  by the  
use  o f  a n  equa t ion  o f  the  fo rm;  

Ra te  = k ~" n, exp ( - ~ T i )  (31) 
i 

Each  type  o f  react ion site is character ised by its o w n  act ivat ion energy.  Such  a 
d is t r ibut ion  can  be i m a # n e d  in solid-state kinetics where  sites o n  a " c o r n e r "  w o u l d  
obv ious ly  # v ¢  rise to  different  ac t ivat ion energies to  sites o n  "edges"  o r  in the  "faces'" 
o f  the  react ion interface. I t  is the  c o m b i n a t i o n  o f  individual  Ar rhen ius  equa t ions  
appl ied  to  each  o f  these sites toge the r  wi th  a "we igh t ing"  aug  :2 _~,.':.-- d is t r ibut ion  
which  p roduces  an  overal l  va lue  found  for  A and  E in each extx:r imcnt a n d  which  
u p o n  c o m p a r i s o n  o f  exper iments  in which  the  site d i s t r ibu t ion  varies p roduces  the  
observed  c o m p e n s a t i o n  effeeL T h e  m a t t e r  is ou t l ined  in the  p a p e r  by  C r e m e r  2s, 
Cons tab le  z t ,  H e u c h a m p s  a n d  Duva l  zv a n d  Sosnovsky  zs. This  ques t ion  o f  the  
d is t r ibut ion  o f  sites o f  vary ing  energy  arises again  when  cons ider ing  kinet ic  pa ra -  
meters  calculated f rom rising t empera tu re  exper iments .  

RISING TEMPERATURE TECHNIQUES FOR CALCULATING K I N E t i C  PARAMETERS 

T h e  deta i led t r ea tments  f o r  rls;n s t empe ra tu r e  m e t h o d s  o f  calculatinB kinet ic  
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parameters have already been reviewed 4, but the matter is raised here with re~nrd 
to the values obtained for the Arrhenius parameters. 

The three basic equations have been set out at the beginning (eqns (1), (2) and 
(3)). Combination of  eqns ( l )  and (3) gives; 

dz kf(~t) 
d T  ----- ~ (32) 

whence, 

[ d.-~T ~ fl.l 

k =  t J 03)  

Such a combination would allow a plot or table to be constructed of  k against 
T. Most investigators however proceed by incorporating the Arrhenlns equation to 
give; 

d-r - -E  
a T  ---- ( - ~ - ) -  f ( ~ z ) - e x p - ( - - ~ )  (34) 

which can be rearranged to give; 

f-(~-) = - exp-  - d l  05)  

o r  

log ~ = log R T  

when a plot of log 

(36) 

against l iTgives A and E. However this is not strictly an Arrhenius plot, but a sfight 
rearrangement gives; 

d T  E 0 7  ) iog f(ct) " = log k ---- log A R T  

This equation is diro2fly analogous to the Arrhenins equation and so plots of  log k 
against 1/3" can b e  made and a direct comparison attempted with Arrhenius plots 
established from a series of  isothermal experiments. 

-- Here we concern ourselves with the decomposition ofcarbonates as an example. 
Detailed publications on-var/ous carbonate systems will be publ;eh~4 However. the 
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F/g_ I_ Arrhen/us plots for caxbor.ate decomposit/ons. Schematic representation of  data for iso- 
thermal and r/sing tcmperatur~ experiments. - - ~ - - ~ - - .  l s o ~  experiments---Range A; 
- - C - - ~ - - ,  r/shag temperature e x i t s .  Ordinate: log k -- log of specific reaction rate comtant; 
abscissae: (IO~!T)/k-L 

r ~ u l t s  o f  these da ta  arc  schemat ical ly  por t rayed  in Fig. 1. T h e  da t a  are calcula ted as a 
series o f  Ar rhen ius  plots_ T h e  rising t empera tu re  exper iments  of ten  p r o d u c e  two o r  
m o r e  l inear  re~ 'ons  over  a m u c h  wider  t empera tu re  range  than  the  i so thermal  series 
o f  exper iments .  All these l inear  regi'ons each p r o d u c e  characteris t ic  values o f  E a n d  
A, which all lie o n  a c o m m o n  c o m p e n s a t i o n  plot .  

There  are  certain po in ts  which need clarification. T h e  first po in t  is tha t  an  
app ropr i a t e  choice  m u s t  be m a d e  o f  f( '0- In  general ,  m o s t  ca rbona tes  and  m a n y  
e n d o t h e r m i c  oxysal t  sys tems (i.e., in which  the  decompos i t i on  stage is endo the rmic )  
fol /ow a decelera tory mechan i sm which  results in the  calcula t ion o f  a specific react ion 
rate  cons tan t  which  does  no t  differ significantly to  tha t  calculated by m a k i n g  the  
a s sumpt ion  tha t  the  process is first order .  Provided  therefore  tha t  the  process  is 
decelera tory no  great  e r ro r  will be involved by proceed ing  on  this a s sumpt ion  bu t  
this can  be checked  by a s i n ~ e  i so thermal  exper iment .  

I t  has  a lso become  c u s t o m a r y  to  in terpre t  non- l inear i ty  in the  appropr i a t e  p lo t  
fo r  the  r ising t empera tu re  exper iment  necessary to  calculate  E and  A as  being due  
to the  incorrec t  choice o f  the  kinet ic  express ion a n d  hence  f(c O. Non- l inea r  a n d  
two-l ine Ar rhen ius  plots  however  also arise f rom iso thermal  da t a  ~ * -  ~ 3. T h e  kinet ic  
da ta  leading to  two  o r  three  l inear  re~ 'ons in the  Ar rhen ius  p lo t  fo r  the  rising t empera -  
tu re  plots  (Fig. !) in this ins tance therefore  arise f r o m  a change  in the  cond i t /ons  o f  
the  exper iment  a n d  arc  related to  the  Ar rhen ius  pa ramete r s  themselves.  I t  is a lso 
clearly seen tha t  the  rising t e m p e r a t u r e / / a n d  A values d o  n o t  agree  wi th  t he / so the rma l  
exper /ments ,  bu t  i t  m u s t  b¢ s t r ~ , s ~  d o  lic on  a c o m m o n  compensation ploL T h e  
m o s t  logical exp lana t ion  w ou ld  a p p e a r  to  be fha t  a par t icu la r  d i s t r ibu t ion  oF sites is 
involved in the  i so thermal  exper iments  a n d  a n o t h e r  d i s t r ibu t ion  o f  sites is in i t i a l ly  
opera t ive  in the  ri_~ing t empera tu re  exper iments .  These  site d is t r ibut ions  a l ter  dis- 
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cont inuous ly  as  one  goes  from one  linear Arrhenius  region to  another.  This  has  been 
established for carbon oxidat ions  T M  12 and  also  in s o m e  oxides  29. It w o u l d  seem to 
be operative in oxysalt  systems and particularly for carbonates.  It is probable  that 
the prime factor in altering the distribution o f  sites o f  varying energy content ,  is the 
sintering p h e n o m e n a  whereby particles are only  fritted together at  l o w  temperatures,  
are subject to surface diffusion in a higher temperature range and  are subject to 
bulk diffusion in the highest  temperature range. These  temperature ranges can be 
established quite  firmly in termg o f  the T a m m a n n  temperature 3°. It is a lso  possible 
that the effect o f  water vapour  being evolved with the carbon d iox ide  in certain 
carbonates  w o u l d  also alter the sintering p h e n o m e n a  (usual ly  to  accelerate the 
process) and cause a change  in the distribution o f  sites o f  varying energy contenL The  
acceleratory effect o fwater  vapour  on  z inc oxide  sintering has been firmly establ ished 2 9  

From this, it can be seen that we  should  not  necessarily expect  rising temperature 
experiments  to produce E and A values which  agree with the same parameters 
established from isothermal experiments.  They  may  be regarded as the operative 
parameters under the condi t ions  o f  investigation.  Further, we  should  not  expect  a 
s i n ~ e  A and E value to be established from a s i n ~ e  T G  experiment  in all cases_ It 
is also instructive to plot  the data from rising temperature data as an Arrhenius plot  
as  this facilitates comparison and interpretation. Finally.  it is possible  that the 
connect ion  between the various A and E values collected on  a particular series o f  
compounds may be established by a compensation plot  indicative o f  changes  in the 
distribution o f  sites o f  varying energy. 
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