
CHAPTER 2

SOLID REACTION

S o l i d  r é p é t i o n s ,  i n  w h ic h  o r.c  o r  m o re  o f  t h e  r e a c t a n t s  a r e  

s o l i d  s u b s t a n c e s ,  c a n  b e  d i v i d e d  i n t o  d i f f e r e n t  t y p e s ,  s u c h 'a s

1 )  S o l i d  A + S o l i d  B ___________>  S o l i d  AB

2 )  S o l i d  A + g a s  B ------------- -3*- S o l i d  AB

3 ) S o l i d  A + l i q u i d  B ----------- 3 * S o l i d  AIT

4 )  S o l i d  A + g a s  B — _______1 g a s  AB

5 )  V a r i o u s  t y p e s  o f  t h e r m a l  d e c o m p o s i t i o n s ,  s u c h  a s  e x p l o s i o n s  

o f  s o l i d s

A v e r y  c o n s i d e r a b l e  a m o u n t o f  w o rk  h a s  b e e n  d o n e  o n  t h e  k i n e t i c»
o f  t h e s e  r e a c t i o n s .  T h e  m o s t  i m p o r t a n t  p r i n c i p l e s  a r e  r e f e r r e d  t o  

l a t t i c e  i m p e r f e c t i o n  w h ic h  p l a y s  a  v e r y  l a r g e  r o l e  i n  t h e  s o l i d - s t a t e  

r e a c t i o n .  M any o f  t h e  i n t e r e s t i n g ,  p r o p e r t i e s  o f  s o l i d s  r e s u l t  f ro m  

t h e  p r e s e n c e  o f  i m p e r f e c t i o n s  o r  d e f e c t s  i n  t h e  s o l i d .  I t  m ay bo  

i n t r i n s i c ,  o r  n a t i v e  t c  a  c r y s t a l ,  i f  i t  i s  p r o d u c e d  a s  a  c o n s e q u e n c e  

f ro m  t h e r m a l  m o t i o n s  o f  a n y  c r y s t a l  i n  e q u i l i b r i u m  a t  t h e  t e m p e r a t u r e  

a b o v e  O ’K . N a t i v e  i m p e r f e c t i o n s  m ay b e  p r e s e n t  a t  a n y  c o n c e n t r a t i o n ,  

w h ic h  d i f f e r s  f ro m  t h a t  e x p e c t e d  i n  a ; p u r e  c r y s t a l  a t  e q u i l i b r i u m ,  

a s  a  r e s u l t  o f  t h e  a c c i d e n t a l  o r  d e l i b e r a t e  a d d i t i o n  o f  o t h e r  

i m p e r f e c t i o n s ,  b e c a u s e  o f  i n t e r a c t i o n ,  b e tw e e n  i m p e r f e c t i o n s  o r  

b e c a u s e  n o n e q u i l i b r i u m  c o n d i t i o n s  p r e v a i l .

I n  m any s u c h  r e a c t i o n s ,  t h e  d i f f u s i o n  i n  s o l i d  s t a t e  i s  r a t e
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c o n t r o l l i n g  a n d  i t  i s  o n l y  p o s s i b l e  by  v i r t u e  o f  l a t t i c e  d e f e c t s  o f

v a r i o u s  t y p o s  a A n o th e r  f a c t o r  t h a t  h a s  a n  i m p o r t a n t  e f f e c t  วท

r a t e  i s  l a t t i c e  s t r a i n ,  w h ic h  m ay a r i s e  f r o m  i m p e r f e c t i o n s  i n  t h o

l a t t i c e ,  o r  f r o m  t h e  e x i s t e n c e  o f  i m p u r i t y  a to m s  o f  s u c h  a  n a t u r e
( 12 )a s  t o  d i s t u r b  t h e  r e g u l a l i t y  o f  t h e  l a t t i c e » v 'T h e  a d d i t i o n  o f  

i m p u r i t y  ( f o r e i g n  a to m )  w i t h  d i f f e r e n t  v a l e n c e  f r o m  t h a t  o f  t h e  

c o r r e s p o n d i n g  h o s t - c r y s t a l  a t o m s ,  i s  a n  i m p o r t a n t  m e th o d  u s e d  'to 

i n t r o d u c e  v a c a n c i e s  i n t o  อ. c r y s t a l ,  f o r  e x a m p le  i n  a n —AgCI -  C d C lg  

m ix e d  c r y s t a l  w i t h  o n l y  a  s m a l l  a m o u n t o f  C d C l ^ p r c s e n t ,  a s  sh o w n  i n  

P i g .  2 .1

( 0  U s y  ( q£ j

@  @  0 )
( 0 J  ( c i i

(0 ) ( 0  Us)
F i g .  2 . 1  P r o d u c t i o n  o f  c a t i o n  v a c a n c i e s  i n  A gC l b y  t h e  a d d i t i o n  

o f  a d i v a l e n t  i m p u r i t y *
2*4* 9T h e  Cd + i o n s  o c c u p y  n o r m a l  c a t i o n  s i t e s , b u t  f o r  e v e r y  C d ^+ i n  t h e  

c r y s t a l  t h e r e  m u s t  b e  i n c o r n o r a t e d  a  c a t i o n  v a c a n c y  ( o m i s s i o n  o f  

a n  Ag+ ) i n  o r d e r  t o  m a i n t a i n  t h o  c h a r g e  n e u t r a l i t y  i n  t h e  c r y s t a l  a s  a  

I n  p r i n c i p l e  a t  l e a s t ,  i n t e r s t i t i a l s  e r n  b e  p r o d u c e d  i n  a nw h o le
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e n t i r e l y  a n a l o g o u s  f a s h i o n .  T ho p r o d u c t i o n  o f  v a c a n c i e s  b y  t h e

a d d i t i o n  o f  f o r e i g n  i m p u r i t y  c a n  ๖0 e a s i l y  d e m o n s t r a t e d  b y  d e n s i t y

m e a s u r e m e n t s .  A ny s t r a i n  w h ic h  i s  i n d u c e d  f r o m  w h a t  w a s  s t a t e d  a b o v e ,
/  /

m ay a c t  a s  a  s o u r c e  o f  e n e r g y ,  a n d  s u p p o r t  t h e  c h e m i c a l  p r o c e s s ,  o r  

i t  m ay i n c r e a s e  t h e  « a s c  w i t h  w h ic h  i m p e r f e c t i o n s  a r c  fo r m e d  a n d  h e n c e  
i n c r e a s e  t h e  r a t e  o f  d i f f u s i o n .

T he m e c h a n is m s  o f  s o l i d - s o l i d  r e a c t i o n s  c o u l d  b e  o l u c i d a t e d  

b y  t h e  i d e n t i f i c a t i o n  o f  p r o d u c t s ,  a n d  t h e y  c o u l d  b e  d e v i d e d  i n t o  

tw o  b r o a d  t y p e s ,  a d d i t i o n  a n d  d o u b l e  d e c o m p o s i t i o n . ^ ^

l )  . A d d i t i on  r e a c t i o n  ( t h e  s i m p l e s t  c a s e  o f  s o l i d - s o l i d  r e a c t i o n s )

A + B ------- ะ»* AF
A n u m b e r  o f  r e a c t i o n s  a r c  k n o w n  i n c l u d i n g  t h e  n u m e ro u s  s i l i c a t e  

r e a c t i o n ,  s p i n e l  f o r m a t i o n ,  f o r  e x a m p le ,

ZnO + F c„G
2 3

3 * Z n F c 2 0 ^
n  ภ  1 Q ทุ oU '-J -i c  ช

I n  som e c a s e s  o f  t h e s e  r e a c t i o n s ,  o n l y  o n e  k i n d  o f  c a t i o n  m o v es  t h r o u g h  

t h e  p r o d u c t  a t  a n  a p p r e c i a t e  r a t e ,  so  t h o  r e a c t i o n  s i t e  i s  t h e  

b o u n d a r y  b e tw e e n  t h e  p r o d u c t  a n d  t h e  r e a c t a n t  c o n s i s t e d  o f  t h e  

im m o b i le  c a t i o n .  I n  s u c h  c a .s e  t h e  a n i o n  m u s t  b e  t r a n s p o r t e d  b y  

s o l i d - s t a t e  d i f f u s i o n  o r  i n  t h e  g a s  p h a s e .  T he p o s s i b i l i t y  o f  t h o s e  

tw o  p o s s i b i l i t i e s  m u s t  b e  c o n s i d e r e d ,  s u c h  a s ,  w hen  t h e  r a t e  o f  r e a c t i o n  

o f  a  r e a c t i n g  c a r b o n a t e  i s  f o u n d  t o  e x c e e d  t h e  r a t e  o f  e v a p o r a t i o n  o f  

C 02 i t  c a n  s a f e l y  b e  c o n c l u d e d . ,  t h a t  t h e  r e a c t i o n  d o e s  n o t  p r o c e e d  v i a  

t h e  v a p o u r  t h a s e j  o n  t h e  o t h e r  h a n d ,  i f  t h e  e v a p o r a t i o n  r a t e  i s
J

c o m p a r a b l e ,  t h e  l i b e r a t e d  0 อ 2 m ay b e  i n v o l v e d .
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I n  "the a d d i t i o n  r e a c t i o n  o f

AggS + ร1ว2 ร^-----——>*2AgSbS2 9

a p r o d u c t  i s  f o r m e d  n o t  o n l y  a t  t h e  i n t e r f a c e  b e tw e e n  t h e  r e a c t a n t s ,  

a  p r o c e s s  o f  s o l i d - s t a t e  d i f f u s i o n  ( o f  s i l v e r ) ,  b u t  i t  a l s o  f o r m s  

o n  now  s u r f a c e  w h ic h  i s  f a r  a p a r t  f ro m  t h e  i n i t i a l  i n t e r f a c e  a.s t h e  

r e s u l t  o f  v a p e u r  t r a n s p o r t  ( o f  s u l f u r ) .

I n  a n o t h e r  c a s e  b o t h  c a t i o n s  m o v e , t h u s  i n  t h e  r e a c t i o n

2Agi + Hgl2------------ Ag2Hgl^ ,

Ag+ a n d  H g^+ d i f f u s e d  t h r o u g h  t h e  s o l i d ,  W a g n e r  h a s  g i v e n  a  

q u a n t i t a t i v e l y  th e r m o d y n a m ic  t h e o r y  f o r  a  r e a c t i o n  o f

AX + BX------------ -̂ABX2

w h ic h  a s s u m e d  t h a t

1 )  t h e  r a t e  o f  r e a c t i o n  i s  d e t e r m i n e d  b y  d i f f u s i o n  t h r o u g h  

t h e  p r o d u c t  p h a s e  ( a n d  n o t  b y  s u r f a c e  e f f e c t s )

2 ) t h e r e  a r e  tw o  c a s e s  w h ic h  s t a t e d  a b o u t  t h e  k i n d  o f  i o n s

m i g r a t e d  i n  t h e  r e a c t i o n .  I n  t h e  f i r s t ,  o n l y  t h e  c a t i o n s  (A ,B )  a r e

m o b i l e ,  t h e  n o n n e t a l  i o n  (x) a r e  f i x e d ,  t h e  s e c o n d ,  c a t i o n s  a s  w e l l  a s

a n i o n s  a r c  m o b i l e .

3 ) t h e  c a t i o n s  m ove w i t h  t h e i r  n o r m a l  v a l e n c y .

4 ) t h e  m o b i l i t i e s  o f  t h e  c a t i o n s  c o r r e s p o n d  t o  t h e i r  

t r a n s p o r t  f r a c t i o n  i n  a n  e l e c t r o l y s i s  e x p e r i m e n t .

5 ) t h e r e  i s  n o  a p p r e c i a b l e  e l e c t r o n i c  c o n d u c t i o n .
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I f  o n l y  t h e  c a l i o n s  m o v e , t h e  f o r m a t i o n  o f  t h e  now  p h a s e  

o c c u r s  o n l y  a t  t h e  i n t e r f a c e  AX -  ABX2 a n d  ABX^ -  BX, e . ฐ ,  f o r  t h e  

f o r m a t i o n  o f  A g ^ H g l1

| ! :! ' ;! — i l  1 i!
i t\a ■ โ 'A : I : 1 H g î

ผ ' !

;:! I : I ! !
‘ บ 1.

-— -------------------- 1. เ!- " - 2Ag+ ■ ร ^

_____ ----------  ■ . ̂

ฒ 1!แ

4 A g I + Hg2+ --------Ï 2 I Ig I2 *  2Ag+ —  ^

Ag2H g I4  + 2Ag+ Ag2 H g I4  + Hg2+

F i g  2 . 2  S c h e m a t i c  o f  a  s o l i d - s t a t e  a d d i t i o n  r e a c t i o n ,  s h o w in g  

i o n i c  m o t i o n s  a n d  r e a c t i o n s  cat t h e  i n t e r f a c e s  w i t h  

t h e  a s s u m p t i o n  t h a t  B o th  c a t i o n s  a r e  m o b i l e  i n  t h e  

p r o d u c t  p h a s e .

W a g n e r* ร t h e o r y ^  " ^ h a s  b e e n  e x t e n d e d  t o  c o v e r  a l s o  c a s e s  i n  

w h ic h  c a t i o n s  a s  w e l l  a s  a n i o n s  a r c  m o b i l e  a n d  t h e r e  i s  a  p a r a l l e l  

m i g r a t i o n  o f  b o t h  c a t i o n s  a n d  a n i o n  i n  t h e  p r o c e s s .  An i n t e r e s t i n g  

v a r i a n t  i s  f o u n d  i n  r e a c t i o n s  w h en  o n e  o f  r e a c t a n t s  i s  i n  s i n g l e  c r y s t a l  

f o r m ,  a n d  t h e  o t h e r  i s  a  p o w d e r f  h e r e  t h e  c r y s t a l l i n i t y  a c t s  a s  a  

m a r k e r ,  f o r  e x a m p l e 5

O'*'- A120 ^ ( s i n g l e  c r y s t a l )  + NiO (pow der) ^ M A 1 204
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The product phase was formed between the in terface of reactants? i t  
was p o ly cry sta llin e  at the side of the powder but was a sin g le  
crysta l at the side of the Al^o , the oxygen su b la ttice s  of NiAlpO^ 
and Al^o^ are d ifferen t (cubic and hexagonal c lose packing resp ective ly ) 1, 
Wagner proposed a mechanism for the neccessary rearrangement 
involving d is lo ca tio n .

Solid reactions involving only one reactant, and the 
occurring products are gas and so lid  phase, are decomposition 
rea ctio n s, such as the decomposition of CaCÔ (ร) to CaO(ร) and 0 0 2(g ).
In th is  case the reactant decompose thermally at le a s t  one gaseous 
product.

A ( ร ) ----------- B ( ร )  + c (g)

Although in  some cases, B i s  a lso  a gas, the decomposition 
ca.n be slow or rapid i f  in  an explosion . In some decompositions the 
induction period i s  absent, and the rate i s  at i t s  e s se n t ia lly  
maximum from the beginning. The decompositions of lead and s ilv e r  
azides show th is  behaviour. Induction periods can usually  be shortened 
(or elim inated) by grinding or crushing the so lid  in  order to increase 
the surface area and produce d is lo c a tio n , and both factors f a c i l i t a t e  
nucléation .

More complicated addition reactions involving the 
decomposition of one reactant are shown in the reaction s.

ZnO + BaCO ------ ------- s-BaZnO^ + C02
T i0 2 + SrCO ~------ -------?5*-SrTiO  ̂ + C02



Si02 + 2MS0 ------------ »*M2รiO4 + 2S0^
( M = Ba, Sr or Cc. )

MoO + SrCÔ ----------- ^  ร๗! oO 2 + cc>2

Addition reactions which lead to m ultiple product layers 
may indicate the s t a b i l i ty  of various products. For example i t  has 
been observed in  the formation of Mg2รiO  ̂ and MgSiO  ̂ from MgO + SiC>2
and Co2TiO^, CoTiO^, CoTi20j. from CoO + TiC>2 . The thickness of the 
individual phase should be proportional to rate constant. In some 
cases k in e tic  rather than equilibrium consideration p rev a ils , 
and expected phases do not occur, th is  happens upon reaction  of CaO 
and Si02<
2)  Double decomposition reaction , the other type e f  so lid  sta te  
reaction  arc

A B  + CD—-------- 3» AD + CB.
This introduces the additional d if f ic u l t y ,  that two instead of one 
product phase i s  formed. I f  i t  i s  again assumed that these products 
are formed between the reactin g  phases.
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There are two p o s s ib i l i t i e s ,
(9)2.1 Tho f i r s t  one in nontioned by J e s t .  '  , Both product

phases form a coherent layer . In reaction , whore tho anions arc v ir tu a lly
immobile,thc phase with corresponding to .anions w ill  be adjacent to
the sta r tin g  one, i . o .  i t  must expect the sequence as shown in F ig .2.3I I  III

AgCl NaCl Agi

A g

Hal

Na
F ig .2 .3  Schematic of layer structure for so lid - s o lid  reaction

of AgCl and Hal
The ca tio n s, moving in opposite d irec tio n s, they have to migrate through 
both product phases, causing the prosucts grow at the boundaries I and 
I I I , This mechanism was a lso  observed for

ZnS + CdO ----------------—> ZnO + CdS
It was found that the layer sequence being ZnS/ CdS,/ZnO/CdO.
It  in d ica ted ■ that the cations are the nobilo sp ec ies .
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2.2 In A second mochanisr, proposed ไว7 bagnor^'"^ the two product phr
form  น m osaic,.

AgCl+l-Ta+ -------k ÎTaCl+A g
i

AgCl I7aC ไ N al
-k<L- Tïïp

V\ '•À r 4-hfT ^ Ty--..15..---- --1>
Agi

'̂ — - -  , 1-  . J

Hal+Ag+- - -  AgI+iJa+
P i g . 2 . 4  S ch em atic  o f  a  s o l i d - s t a t e  d o u b le  d é c o m p o s it io n  r e a c t i o n ,

(13show ing  io n ic  m o tio n s  and r e a c t i o n s . e t  th e  i n t e r f a c e s .  
E ach io n  g a s  to  d i f f u s e  th ro u g h  i t s  own compound, i.c ,I'T n+ m ust
m ig ra te  th ro u g h  b o th  o f  17?.I  and one c f  i t s  p ro d u c t ,  H a d .  In  f a c t
i t  shows th e  g r e a t e r  r a t e  o f  t h i s  typo  o f  u ro c c s s  พ ''th  c i r c u l a r
c u r r e n t s  w hich  w i l l  make i t  p red o m in an t o v e r  th e  m u l t i l a y e r  m echanism .
M osaic a r c  form ed when th e  d i f f u s i o n  f r o n t s  in  th e  tw o - la y e r
m echanism s become u n s ta b le
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A m osaic  m echanism  may a ls o  o c c u r  i f  one o f  -the p ro d u c t  p h a se s  
i s  an e l e c t r o n i c  c o n d u c to r ,  i . e ,  in  th e  r e a c t i o n  b e tw een  OuCl and AgClo 
Now th e  c i r c u l a r  c u r r e n t  i s  made up o f  i o n i c  c u r r e n t  in  th e  CuCi and 
th e  AgCl, and an e l e c t r o n i c  c u r r e n t  in  th e  Ag  and th e  Cu.

Cu.— ->Cu+ + o 
/;

1 Cu CuCl AgCl1 Cu+1 \
; f
! V J1 e

1 Ag — ฟ -------
Ag+ + e“ — ri A g

F ig  2 . 5  S ch em atic  o f  s o l i d - s t a t e  r e a c t i o n  r e q u i r i n g
flo w  o f  e l e c t r o n s  th ro u g h  p ro d u c t  p h a s e s .( 1 4 )
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The r e a c t i o n  o f

PbS + C d T c -------------- ^  PbTe + c a s ,

r e p r e s e n te d  a  m ixed c a s e ,  c o h e re n t  l a y e r  and m osaic  m echan ism s.
The la y e r-m o d e l a p p ly in g  in  th e  i n i t i a l  s ta g e  o f  th e  r e a c t i o n ,  a  l a t e r  
s ta g e  g iv in g  a m osaic  o f  PbTe + c a s  c lo s e  to  th e  FbS, s e p a r a te d  from  
th e  CdTc by a  l a y e r  o f  PbTe a s  shown below

( 1 5 )

PbS CdS
+

j!
PbTe

PbTe

CdTo

R e a c t io n  be tw een  s o l i d s i n v o lv in g  th e  g a s  phase

R e a c t io n  b etw een  s o l i d s  n eed  n o t  p ro c e e d  e n t i r e l y  i n  th e  
s o l i d  p h a s e , th e  g a s  pha.se may p la y  an e s s e n t i a l  r o l e .  I t  was p ro v ed  
by B c r c h a r d t ^ ^  from  c a l c u l a t i n g  th e  maximum ra .te  o f  e v a p o r a t io n  o f  
th e  r e n u i r e d  r e a c t a n t  e . g .  CO from  a  r e a c t i n g  c a r b o n a te ,  u se d  th e  
k i n e t i c  g as  th e o ry  and com pared w ith  th e  r e a c t i o n  r a t e  a c t u a l l y  
o b s e rv e d .

A m echanism  in  s o l i d  s t a t e  d i f f u s i o n  a s  w e l l  a s  v ap o u r 
t r a n s p o r t  p la y s  a  p a r t  i s  a l s o  p o s s i b l e .  Such a  m echanism  h a s  b een  
found  f o r  r e a c t i o n s

Ag2ร + Sb 2 ร3- ----------f  2AgSbS2

Ag3Sb1 ร3 + Sb2ร3-------- >3AgSbS,2 .
and
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H ere th e  p ro d u c t  p h ase  i s  form ed n o t  o n ly  b etw een  th e  r e a c t i n g  
p h a s e s ,b u t  a l s o  on th e  o th e r  s id e  o f  th e  Sb2 ร s u r f a c e  n o t  
f a c in g  to  Agg ร o r  Ag SbS^, T h is  can  be e x p la in e d  b y rassu m in g  t h a t  
t r a n s p o r t  c f  s i l v e r  a tom s by s o l i d - s t a t e  d i f f u s i o n  had com bined 
w ith  t r a n s p o r t  o f  s u lp h u r  th ro u g h  th e  v a p o u r , i t  i s  p ro b a b le  t h a t  
th e  t r a n s p o r t  o f  s i l v e r  in v o lv e s  th e  m ig ra t io n  o f  io n s  and e l e c t r o n s  
r a t h e r  th a n  o f  a to m s . D uckw itz  and S c h r a a l z r i e d ^ ^  c a r r i e d  o u t 
a d d i t i o n  r e a c t i o n s  b etw een  ท  s in g le  c r y s t a l  o x id e  and a v o l a t i l e  
o x id e  w hich  r e a c t  by th e  p ro c e s s  o f  a  s o l i d  s p in e l  p h a s e , when 
th e  p ro d u c t l a y e r  i s  s t i l l  v e ry  t h i n ,  th e  r e a c t i o n s  Tare l im i t e d  
by s u r f a c e  e f f e c t s ,  i n  l a t e r  s ta g e  th e y  a re  d i f f u s i o n  c o n t r o l l e d .

I f  th e  in v o lv in g  s o l i d  p h a se s  a re  n o t  v o l a t i l e ,  t r a n s p o r t  
o f  th e  a n io n  s p e c ie s  v i a  th e  g as  p h ase  w i l l  o n ly  be a p p r e c ia b le  
when t h i s  s p e c ie s  h a s  b een  added  to  th e  g as  p h a s e . In  t h a t  c a se  
th e  r e a c t i o n  m echanism  w i l l  be d e p e n d e n t on th e  a tm o sp h e re . 
S c h m a lz r ie d  h a s  o b se rv e d  su ch  an e f f e c t  f o r  th e  fo rm a t io n  o f  
COgTiO^, from  th e  s e p a r a te d  o x id e  In  an oxygen f r e e  a tm o sp h ere
th e  p ro d u c t p h ase  grew  by m ig ra t io n  o f  th e  two c a t i o n  s p e c ie s

2CoO + TiO?—— ^jCo2TiO ( i n  Kg)

w hich  th e r e  was a  c o u n te r  d i f f u s i o n  b etw een  Co^+ and Ti^r+.
In  th e  p re s e n c e  o f  oxyg en , p a r a l l e l  d i f f u s i o n  o c c u r re d  to  c o b a l t ,  
e l e c t r o n  th ro u g h  th e  c r y s t a l  and oxygen a s  0 2 (g ) th ro u g h  th e  
v ap o u r,

2CoO + T i0 2— ------ ะฟ!อ2TiO^ ( i n  a i r )  .
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In  th e  m echanism  in v o lv in g  two c a t i o n  s p e c i e s ,  th e  
s lo w e r ono w i l l  d e te rm in e  th e  g ro w th  r a te »  I f  c a t i o n ,  e l e c t r o n  
and g aseo u s  oxygen a re  in v o lv e d ,  th e  e l e c t r o n  t r a n s p o r t  o r  th e  
oxygen t r a n s p o r t  i s  n o t  th e  r a t e  d e te rm in in g ,  h u t  th e  s lo w e s t  
" n e c c e s s a ry "  c a t i o n  d i f f u s i o n  i s  th e  r a t e  d e te r m in in g ,  t h e r e f o r e  
th e  s lo w e s t  p ro c e s s  l i m i t s  th e  r a te »
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