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3.

A b s t r a c t .

A v o l u m e t r i c  gas  a d s o r p t i o n  a p p a r a t u s  was b u i l t  and c a l i b r a t e d  

w i th  two s u r f a c e  a r e a  s t a n d a r d s .  The n i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n  

i s o t h e r m s  were d e te r m in e d  f o r  f i v e  i r o n  o x i d e s  and t h e  s p e c i f i c  s u r f a c e  

a r e a  was c a l c u l a t e d .  Four  o f  t h e  o x i d e s  were found to  be mesoporous ,  

( 3 g - p l o t s  were c o n s t r u c t e d  u s i n g  t h e  n o n -p o ro u s  sample ( Œ - h a e m a t i t e )  

as  t h e  r e f e r e n c e .  An a t t e m p t  was made to  measure  t h e  e f f e c t i v e n e s s  o f  

an o r g a n i c  p r e t r e a t m e n t  on two o f  t h e  p o r o u s  samples  by comparing 

t h e i r  s u r f a c e  a r e a s  and p o r e  s i z e  d i s t r i b u t i o n s  b e f o r e  and a f t e r  

t r e a t m e n t .

A comm erc ia l  f low m i c r o c a l o r i m e t e r  was used  to  i n v e s t i g a t e  

t h e  a d s o r p t i o n  and d e s o r p t i o n  o f  1 - b u t a n o l  and 1 , 2 - e p o x y b u ta n e  

on one  o f  t h e  p o rous  sam ples  (*A*) and h a e m a t i t e .  For  h a e m a t i t e  

t h e  a d s o r p t i o n  o f  bo th  1 - b u t a n o l  and 1 , 2 - e p o x y b u t a n e  were r e v e r 

s i b l e .  The s u r f a c e  a r e a  o f  bo th  sam ples  e s t i m a t e d  from m ic r o -  

c a l o r i m e t r y  were s m a l l e r  t h a n  t h e i r  m easured  s p e c i f i c  s u r f a c e  

a r e a s ,  p r o b a b l y  b e c a u s e  o f  w a t e r  p r e c o v e r a g e .  The h e a t  o f

1 - b u t a n o l  a d s o r p t i o n  on sample  »A* was a f u n c t i o n  o f  c o n c e n t 

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

t h e  volume o f  s o l v e n t  p a s s e d  o v e r  t h e  s u r f a c e  p r i o r  to  t h e  a d s o r 

p t i o n .  The a d s o r p t i o n  o f  1 , 2 - e p o x y b u t a n e  on sample *A' was 

s u b s t a n t i a l l y  i r r e v e r s i b l e .  D i l u t i o n  e f f e c t s  became i m p o r t a n t  

f o r  bo th  samples  f o r  c o n c e n t r a t i o n s  above c a .  1*0 w t . ^ .

A s p e c u l a t i v e  w a t e r  vapou r  a d s o r p t i o n  e x p e r im e n t  was 

pe r fo rm ed  u s in g  t h e  m i c r o c a l o r i m e t e r .  Comparisons were made o f

' ’ ■ H a



t h e  w a t e r  a d s o r p t i o n - d e s o r p t i o n  p r o p e r t i e s  o f  a l l  t h e  s a m p le s .  

The o b s e r v e d  e f f e c t s  c o u ld  n o t  be s im p ly  e x p l a i n e d .  The h e a t s  

and r a t e s  o f  w a t e r  a d s o r p t i o n  and d e s o r p t i o n  i n c r e a s e d  with 

i n c r e a s i n g  sample  t e m p e r a t u r e .
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C h a p t e r  I .

I n t r o d u c t i o n ,

1 - 1 .  G e n e r a l  I n t r o d u c t i o n .

The use  o f  a d h e s i v e  bonding  o f  m e t a l s  i s  becoming 

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

a d h e s i v e  j o i n t s  i s  p r e v e n t i n g  t h e  f u l l  p o t e n t i a l  o f  t h e  new t e c h 

n o logy  b e i n g  r e a l i s e d .  Uhen a d h e s i v e  j o i n t s  a r e  exposed  to  w e a the r 

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

t h e  j o i n t s  o f t e n  d e t e r i o r a t e  r a p i d l y ^ .
2

This  work s tems  from o b s e r v a t i o n s  o f  t h e  l o s s  o f

s h e a r  s t r e n g t h  o f  s t e e l  l a p  j o i n t s  bonded w i th  epoxy r e s i n s  and

s u b j e c t e d  to  w e a t h e r in g  i n  an aqueous e n v i r o n m e n t .  Expe r im en ts

have  shown t h a t  d i f f e r e n t  p r o p o r t i o n s  o f  h a r d e n e r  p r e s e n t  i n  t h e

r e s i n  have  a marked e f f e c t  on j o i n t  s t r e n g t h .  Excess  h a r d e n e r ,

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

and i s  t h o u g h t  t o  m i g r a t e  tow ards  t h e  s u b s t r a t e  a d h e s i v e  i n t e r f a c e

d u r in g  c u r i n g .  The amine g roups  c r e a t e  a h y d r o p h i l i c  l a y e r  a t  t h e

i n t e r f a c e  which i s  a f a v o u r a b l e  s i t u a t i o n  f o r  t h e  i n g r e s s  o f  w a te r

r e s u l t i n g  i n  a  l o s s  o f  s t r e n g t h .  The l o c u s  o f  f a i l u r e  o f  s t e e l  l a p

j o i n t s  exposed  to  m o i s t  and d ry  w e a t h e r in g  t e s t s  i s  d i f f e r e n t .

1 2  3In  m o i s t  e n v i r o n m e n t s ,  f a i l u r e  a lw ays  o c c u r s  a t  t h e  i n t e r f a c e  * * 

r a t h e r  t h a n  i n  t h e  a d h e s i v e  l a y e r .  I t  i s  c l e a r  t h a t  w a te r  i s  

e x t r e m e l y  damaging i n  t h e  i n t e r f a c i a l  r e g i o n .  Water  may r each  

t h e  i n t e r f a c e  by d i f f u s i o n  t h ro u g h  t h e  r e s i n  o r  d i r e c t  t r a n s p o r t  

a lo n g  t h e  i n t e r f a c e .

Thi s  work was c a r r i e d  o u t  i n  s u p p o r t  o f  a

r e s e a r c h  program d e s ig n e d  to  e l u c i d a t e  t h e  f a c t o r s  i n v o lv e d  

in  j o i n t  f a i l u r e  induced  by t h e  p r e s e n c e  o f  w a t e r .  I t  i s  

a n t i c i p a t e d  t h a t  an u n d e r s t a n d i n g  o f  t h e  mechanism o f  w a te r
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induce d  j o i n t  f a i l u r e  c o u ld  r e s u l t  i n  t h e  deve lopment  o f  t e c h 

n iq u e s  t h a t  r educ e  t h e  damaging e f f e c t s  o f  w a t e r .  The experim

e n t a l  approach  i s  thermodynamic r a t h e r  t h a n  s u r f a c e  a n a l y t i c a l .

To s i m u l a t e  t h e  s u r f a c e  o f  r e a l  and t h e r e f o r e  

c o r r o d e d  s t e e l  p l a t e  v a r i o u s  i r o n  o x i d e s  and o x y h y d ro x id e s  have 

been used i n  a powdered form.

The o b j e c t i v e  o f  t h i s  work has  been to  c h a r a c t 

e r i s e  t h e  s u r f a c e  o f  t h e s e  " o x i d e s "  and a t t e m p t  p r e l i m i n a r y  

s t u d i e s  o f  t h e  a d s o r p t i o n  o f  some model components  o f  epoxy 

r e s i n s .  The i n t e r a c t i o n  o f  w a t e r  vapour  wi th  t h e  model s t e e l  

s u r f a c e  has  a l s o  been s t u d i e d .  A commerc ial  f low m i c r o c a l o r 

i m e t e r  was used  f o r  bo th  t h e  l i q u i d  and w a te r  vapour  a d s o r p t i o n  

s t u d i e s .  E ley  and Rudham* have  d i s c u s s e d  t h e  v a l i d i t y  o f  a 

m i c r o c a l o r i m e t r i c  approach  to  t h e  p rob lem .

A vacuum v o l u m e t r i c  gas a d s o r p t i o n  a p p a r a t u s  

c a p a b l e  o f  m ea su r ing  n i t r o g e n  a d s o r p t i o n / d e s o r p t i o n  i s o t h e r m s  

was b u i l t .  S p e c i f i c  s u r f a c e  a r e a s  and p o re  s i z a  't’ï a t r i b u t i o n s  

e x t r a c t e d  from t h e  n i t r o g e n  i s o t h e r m s  were a l s o  used  to  c h a r a c t 

e r i s e  t h e  i r o n  o x i d e s .

I o n i c  po lym ers  have  a  g r e a t  p o t e n t i a l  f o r  

t e c h n o l o g i c a l  a p p l i c a t i o n . ^  I f  t h e y  c o u ld  be i n c o r p o r a t e d  

i n t o  t h e  o x i d e  f i l m  on a s t e e l  p l a t e  t h e  r e s - l t a n t  s u r f a c e  

co u ld  p r o v i d e  a good bonding  s u b s t r a t e  f o r  s u b s e q u e n t  a p p l i c 

a t i o n  o f  a d h e s i v e .  The reduction in p o l a r i t y  of  t h e  i n t e r f a c i a l  

r e g i o n  m ig h t  a l s o  r e d u c e  t h e  i n g r e s s  o f  w a t e r .  I t  i s  p o s s 

i b l e  t h a t  un i fo rm a d s o r p t i o n  o f  a  c a r b o x y l i c  a c i d  a n h y d r i d e

on a s t e e l  p l a t e  m ig h t  have a s i m i l a r  e f f e c t .  Th is  f i l m  

c o u ld  form wi th  t h e  s i m u l t a n e o u s  removal  o f  p h y s i c a l l y
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a d s o rb e d  w a te r  from t h e  o x i d e  s u r f a c e .  P r e l i m i n a r y  work in  t h i s  

l a b o r a t o r y  based  on t h i s  h y p o t h e s i s  h a s  been t e s t e d  u s in g  t h e  

vacuum a p p a r a t u s .

1 - 2 .  G e ne ra l  T h e o r i e s  and P r i n c i p l e s  o f  A d s o r p t i o n .

1-2-1  In tr o d u c t io n .

An i n t e r f a c e  i s  u s u a l l y  d e f i n e d  as  t h e  boundary 

r e g i o n  between two a d j a c e n t  bu lk  p h a s e s .  When one o f  t h e s e  

p h a s e s  i s  a gas  o r  a vapour  t h e  term s u r f a c e  i s  u se d .

O f ten  s o l i d  and l i q u i d  s u r f a c e s  a r e  t r e a t e d  d i f f 

e r e n t l y  b e c au s e  o f  t h e  d i f f e r e n t  e x p e r i m e n t a l  t e c h n i q u e s  used  to  

c h a r a c t e r i s e  them. The g e n e r a l  r e l a t i o n s h i p s  and p r o p e r t i e s  which 

in  p r i n c i p l e  may be a p p l i e d  to  any i n t e r f a c e ,  s o l i d - l i q u i d ,  s o l i d -  

g a s ,  l i q u i d - l i q u i d  o r  l i q u i d - v a p o u r ,  w i l l  now be summarised.

A d s o rp t ion  i s  t h e  p a r t i t i o n i n g  o f  a chemica l  

s p e c i e s  between a bu lk  phase  and an i n t e r f a c e .  A d s o rp t ion  i s  

d i s t i n c t  from a b s o r p t i o n ,  a l t h o u g h  t h e  two p r o c e s s e s  can o c c u r  

s i m u l t a n e o u s l y .  There a r e  two l i m i t i n g  t y p e s  o f  a d s o r p t i o n ,  chem

i c a l  and p h y s i c a l ,  depending  on t h e  f o r c e s  i n v o l v e d .  Van de r  

U a a l s  f o r c e s  a r e  a s s o c i a t e d  with p h y s i c a l  a d s o r p t i o n ,  o r  p h y s i -  

s o r p t i o n .  The f o rm a t io n  o f  a c h em ica l  bond between a s u r f a c e  

and a n , a d s o r b e d  p a r t i c l e  g i v e s  r i s e  to  c h e m ic a l  a d s o r p t i o n  o r  

c h e m i s o r p t i o n .

P h y s i c a l  a d s o r p t i o n  i s  c h a r a c t e r i s e d  by low 

e x o th e r m ic  h e a t s  o f  a d s o r p t i o n  ( «  20 k J mol"  o f  a d s o r b a t e )  

o f  t h e  same o r d e r  o f  magn i tu de  as  t h e  h e a t  o f  l i q u e f a c t i o n ,  

i s  n o n - s p e c i f i c ,  r e v e r s i b l e  and has  no a c t i v a t i o n  e ne rgy .



19,

The f o rm a t i o n  o f  a p h y s i c a l l y  a d s o r b e d  l a y e r  i s  s i m i l a r ' t o  t h e  

c o n d e n s a t i o n  o f  a vapour  to  a l i q u i d ,  w i th  t h e  a d s o rb e d  l a y e r  

t e n d i n g  to  behave  l i k e  a t w o - d i m e n s i o n a l  l i q u i d ,  p h y s i c a l  a d s o r 

p t i o n  o n ly  o c c u r s  to  an a p p r e c i a b l e  e x t e n t  a t  t e m p e r a t u r e s  

and p r e s s u r e s  n e a r  t h o s e  r e q u i r e d  f o r  l i q u e f a c t i o n .  In con

t r a s t ,  t h e  h e a t  o f  c h e m i s o r p t i o n  i s  h ig h  (80-400 k J m o l"^ o f  a d s o r 

b a t e )  and o f  t h e  same o r d e r  o f  m ag n i tu d e  a s  c o v a l e n t  bonds.  The 

a d s o r p t i o n  i s  s p e c i f i c ,  o f t e n  r e q u i r e s  an a c t i v a t i o n  ene rgy ,  and 

i s  i r r e v e r s i b l e ,  r e q u i r i n g  h ig h  t e m p e r a t u r e s  to  i n i t i a t e  d e s o rp 

t i o n .  C h e m is o r p t io n  i s  c o m p l e t e  once  a monolayer  i s  formed,  

whereas  p h y s i c a l  a d s o r p t i o n  i s  c h a r a c t e r i s e d  by t h e  f o rm a t io n  

o f  m u l t i l a y e r s .  A c h e m i c a l  s p e c i e s  may chem iso rb  on a s u r f a c e  to  

form a m ono laye r  and th e n  f u r t h e r  a d s o r b  by means o f  t h e  p h y s i c a l  

p r o c e s s  to  form a m u l t i l a y e r  bound to  t h e  m ono laye r .  The a d s o r p 

t i o n  o f  w a t e r  on m e t a l  o x i d e s  i s  a c l a s s i c  example o f  t h i s  phenom

enon.

1 -2 -2  Types o f  S u r f a c e .

C o n s i d e r i n g  o n l y  a d s o r b e n t - a d s o r b a t e  i n t e r a c t i o n s  

i t  i s  p o s s i b l e  to  d e f i n e  two t y p e s  o f  s u r f a c e s  on a  s u b m ic ro s -  

c o p ic  b u t  n o t  m o l e c u l a r  l e v e l .  Homogeneous s u r f a c e s  a r e  en e rg 

e t i c a l l y  un i fo rm  wi th  a h e a t  o f  a d s o r p t i o n  in d e p e n d e n t  o f  s u r 

f a c e  c o v e r a g e .  H e te ro g e n e o u s  s u r f a c e s  a r e  e n e r g e t i c a l l y  non-  

un i fo rm  wi th  h e a t s  o f  a d s o r p t i o n  d e p e n d e n t  on s u r f a c e  c o v e ra g e .  

L i q u id  s u r f a c e s  a r e  homogeneous b e c a u s e  o f  t h e i r  i n h e r e n t  f l u i d 

i t y ,  w h i l e  s o l i d  s u r f a c e s  t e n d  to  be h e t e r o g e n e o u s  b e c au s e  o f  

t h e  l a c k  o f  s u r f a c e  m o t io n .

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

w i th  t h e  s t r u c t u r e  a s  shown i n  F i g u r e  1.1 . V(b) i s  t h e  energy  

o f  t h e  bu lk  p h a s e , A  V, i s  t h e  d e p th  o f  t h e  p o t e n t i a l  w e l l  and 

AaV i s  t h e  e ne rgy  o f  a d s o r p t i o n .  An a d s o r b e d  m o le c u le  w i l l  

p o s s e s s  some t h e r m a l  e ne rgy  E and a s  a  c o n s e q u e n c e  w i l l  v i b r a t e  

a b o u t  t h e  minimum o f  t h e  p o t e n t i a l  w e l l .  I f  AV i s  much l a r g e r  

t han  E then  t h e  a d s o rb e d  s p e c i e s  w i l l  sp e n d  m ost  o f  t h e i r  t ime  

on t h e  s u r f a c e  n e a r  to  t h e  minima o f  t h e  p o t e n t i a l  w e l l ,  and 

a r e  s a i d  to  be l o c a l i s e d .  Uhen AV and E a r e  com parab le  o r  

AV i s  l e s s  t h a n  E, t h e  m o l e c u l e s  may move o v e r  t h e  s u r f a c e ,  

becoming n o n - l o c a l i s e d .

In  r e a l i t y  t h e r e  a r e  o f t e n  no s h a r p  d i s t i n c t 

i o n s  between t y p e s  o f  a d s o r p t i o n ,  t y p e s  o f  s u r f a c e  and d e g re e  

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

c i t y  t h e  l i m i t i n g  c a s e s  o u t l i n e d  above  a r e  o f t e n  r e t a i n e d .

1 - 2 - 3  S u r f a c e  C o n v e n t io n s .

There  a r e  two m a j o r  c o n v e n t i o n s  f o r  t h e  thermo

dynamic t r e a t m e n t  o f  a s u r f a c e ,  one  due t o  Gibbs^and  t h e  o t h e r
7

to  van d e r  U a a l s  and Bakker ,  a s  d i s c u s s e d  by Guggenheim .

Gibbs d e f i n e d  t h e  i n t e r f a c e  as  a  p l a n e  p p '

^with  no volume o r  t h i c k n e s s  ( F i g u r e  I - 2 a )  s e p a r a t i n g  two bu lk

p h a s e s  a and ^  • The bu lk  p h a s e s  a r e  p u r e  up t o  t h e  p l a n e s

AÂ  and 8 8  i n  a a n d r e s p e c t i v e l y .  A d s o r p t i o n  i s  measured by
* *

t h e  e x t r a  amount o f  component  x. i n  be tw een  AA and 8 8  by 

v i r t u e  o f  t h e  p r e s e n c e  o f  t h e  i n t e r f a c e .

The o t h e r  a p p r o a c h ,  which i s  e q u i v a l e n t  b u t  

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

p h a s e  P,  a s  i n  F i g u r e  I - 2 b  w i th  a f i n i t e  t h i c k n e s s  between
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t h e  two a d j a c e n t  bu lk  p h a s e s  a and ^  • A l l  changes  in  p r o p e r 

t i e s  between t h e  bu lk  p h a s e s  o c c u r  i n  t h e  s u r f a c e  phase  p b e t 

ween AÂ  and . T h i s  a p p ro a c h  i s  p h y s i c a l l y  more r e a l i s t i c  

than  t h e  Gibbs method,  a l t h o u g h  t h e  c h o ic e  between a p a r t i c u l a r  

model i s  s im ply  a m a t t e r  o f  c o n v e n ie n c e .

1 -2 -4  S u r f a c e  Thermodynamic Q u a n t i t i e s .

The thermodynamic f u n c t i o n s  commonly used f o r  

bu lk  p h a s e s ,  U t h e  i n t e r n a l  e n e r g y ,  A t h e  H e lmho l tz  f r e e  e ne rgy ,  

G t h e  Gibbs f r e e  energy  and S t h e  e n t r o p y ,  may a l l  be a d a p te d  

f o r  u se  in  t h e  e x a m in a t io n  o f  s u r f a c e s .

For  a c l o s e d  s y s te m ,  with no i n t e r f a c e ,  a t  

e q u i l i b r i u m  an i n f i n i t e s i m a l  change  i s  r e v e r s i b l e  and t h e  

f i r s t  law o f  thermodynamics  s t a t e s  t h a t :

dU = dq + dw (X-1 )

where dq i s  t h e  h e a t  change  c o r r e s p o n d i n g  to  an amount  o f  

work dw. I t  i s  known t h a t  f o r  an i s o t h e r m a l  change  ( i n  an 

i d e a l  gas )  t h e  i n t e r n a l  en e rg y  r e m a in s  c o n s t a n t ,  so t h a t  ' 

dw = -pdV, where p and V a r e  t h e  p r e s s u r e  and volume o f  

t h e  sys tem r e s p e c t i v e l y .  A lso ,  from t h e  second  law o f  thermo

dynamics dq = TdS where T and 3 a r e  t h e  t e m p e r a t u r e  and 

e n t r o p y  r e s p e c t i v e l y ,  i f  t h e  sys tem  c o n t a i n s  an i n t e r f a c e ,  

i n  a d d i t i o n  to  t h e  p AV work,  work may be done a l t e r i n g  t h e  a r e a  

o f  t h e  i n t e r f a c e ,  s o ;

dw = -pdV + 7 da 

where 7 i s  t h e  s u r f a c e  t e n s i o n  and a t h e  a r e a  o f  t h e  i n t e r f a c e .  

I t  f o l l o w s  t h a t  f o r  a c l o s e d  sy s tem ;

dU = TdS -  pdV + 7  da (1 -2 )

and i f  t h e  c o m p o s i t i o n  i s  v a r i a b l e ;

dU = TdS -  pdV + 7  da +Z/x.</n^- ( i . 3 )
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where i s  t h e  c h e m ic a l  p o t e n t i a l  o f  component  i  and t h e  number

o f  moles  o f  i .

S i m i l a r  e q u a t i o n s  may be w r i t t e n  f o r  dA and dG. 

E i t h e r  c o n v e n t i o n  f o r  t h e  s u r f a c e  i s  a p p l i c a b l e .  R e p r e s e n t i n g  any 

o f  t h e  f u n c t i o n s  U, A o r  G by F, t h e n  f o r  a sys tem c o n t a i n i n g  two 

b u lk  p h a s e s  a and j3 s e p a r a t e d  by an i n t e r f a c e ;

The c h o i c e  o f  s u r f a c e  c o n v e n t i o n  becomes i m p o r t a n t  when c o n s i d e r i n g  

t h e  s u r f a c e  a l o n e .  I f  t h e  Gibbs c o n v e n t i o n  i s  c h o s e n , t h e  volume o f  

t h e  s u r f a c e  i s  z e r o .

1 - 2 -5  The Gibbs A d s o r p t i o n  E q u a t i o n .

The Gibbs a d s o r p t i o n  e q u a t i o n  r e l a t e s  t h e  s u r f a c e  

c o n c e n t r a t i o n  to  t h e  s u r f a c e  t e n s i o n  and t h e  b u lk  f u g a c i t y  o r  a c t i v 

i t y  o f  an a d s o r b a t e .  In  l i q u i d - l i q u i d  and l i q u i d - v a p o u r  s y s t e m s ,  

where t h e  s u r f a c e  t e n s i o n  i s  d i r e c t l y  m e a s u r a b l e ,  t h e  Gibbs e q u a t i o n  

may be used  to  d e t e r m i n e  a s u r f a c e  c o n c e n t r a t i o n .  C o n v e r s e ly ,  f o r  

sys tem s  where t h e  s u r f a c e  t e n s i o n  c a n n o t  be measured  d i r e c t l y ,  

t h e  Gibbs e q u a t i o n  can  be used to  c a l c u l a t e  t h e  l o w e r in g  o f  t h e  

s u r f a c e  t e n s i o n  7 ,  when a d s o r p t i o n  o c c u r s .  The s p r e a d i n g  p r e s s u r e ,  

a two d i m e n s io n a l  p r e s s u r e  e x e r t e d  by t h e  a d s o rb e d  m o le c u le s  i n  t h e  

p l a n e  o f  t h e  s u r f a c e ,  d e f i n e d  by n =  7*(no a d s o r p t i o n )  -  7 ( a d s o r p -  

t i o n )  may t h e r e f o r e  be c a l c u l a t e d .  The Gibbs e q u a t i o n  may be 

d e r i v e d ,  u s i n g  e i t h e r  o f  t h e  s u r f a c e  c o n v e n t i o n s  , i t  i s

-  d 7 = ( 1 -5 )

where = " i / a  i s  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  component i .

The Gibbs e q u a t i o n  f i n d s  a p p l i c a t i o n  in  the  

s tu d y  o f  g a s - s o l i d  s y s t e m s ,  and i n  t h e  i n t e r c o n v e r s i o n  o f
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s u r f a c e  e q u a t i o n s  o f  s t a t e  and a d s o r p t i o n  i s o t h e r m s .

An a d s o r p t i o n  i s o t h e r m  r e l a t e s  a bu lk  p r e s s u r e  o r  

c o n c e n t r a t i o n  o f  an a d s o r b a t e  to  t h e  s u r f a c e  c o n c e n t r a t i o n ,  a t  

c o n s t a n t  t e m p e r a t u r e ;

P = Kfcr ;  ( 1 - 6 )

where p i s  t h e  p r e s s u r e ,  K i s  a  p r o p o r t i o n a l i t y  c o n s t a n t  

and f ( T ) i s  some f u n c t i o n  o f  t h e  s u r f a c e  c o n c e n t r a t i o n .

A s u r f a c e  e q u a t i o n  o f  s t a t e  c o n n e c t s  t h e  s p r e a d i n g  p r e s s u r e  

to  t h e  s u r f a c e  c o n c e n t r a t i o n ;

n  = /  -  r  = R T f ( r  ) ( 1 -7 )

where R and T have  t h e i r  u s u a l  meaning and f ( T )  i s  a n o t h e r  

f u n c t i o n  o f  t h e  s u r f a c e  c o n c e n t r a t i o n *  Thus t h e  Gibbs 

e q u a t i o n  can be used  to  r e l a t e  t h e  l a t e r a l  a d s o r b a t e  i n t e r a c t i o n s  

d e s c r i b e d  by t h e  a q u a t i o n  o f  s t a t e  to  t h e  normal  i n t e r a c t i o n s  b e t 

ween t h e  a d s o r b e n t  and a d s o r b a t e  d e s c r i b e d  by t h e  i s o t h e r m ,  s i n c e

both e q u a t i o n s  c o n t a i n  a s u r f a c e  c o n c e n t r a t i o n  e x p r e s s i o n .

1 -2 -6  The Two D im ens iona l  P e r f e c t  Gas.

The f undam e n ta l  p r i n c i p l e  o f  s u r f a c e  c h e m i s t r y  

i s  t h a t  bu lk  m easurem ents  o f  p r e s s u r e  o r  c o n c e n t r a t i o n  b e f o r e  

and a f t e r  r e a c t i o n  with a s u r f a c e  can y i e l d  i n f o r m a t i o n  c o n c e r n 

ing  t h e  s u r f a c e .  N e g l e c t i n g  t h e  s u r f a c e  h e t e r o g e n e i t y  and t h e  

l a t e r a l  i n t e r a c t i o n s  o f  a d s o rb e d  s p e c i e s ,  i t  i s  p o s s i b l e  to 

d e r i v e  an i d e a l  e q u a t i o n  o f  s t a t e  b a sed  on a  p e r f e c t  two-

d im e n s io n a l  gas  ( an  i d e a l  n o n - l o c a l i s e d  m o n o la y e r ) .  Fo l low-
g

i n g  t h e  method o f  F o u l e r  and Guggenheim , t h e  p a r t i t i o n  f u n c t i o n  

z (T) f o r  an a d s o rb e d  p a r t i c l e  may be w r i t t e n ;

Z(1)  = Z(TRANSLATIONAL) Z(VIBRATIONAL) Z(RGTATIONAL) (1 -8 )

and r e l a t e d  to  t h e  p a r t i t i o n  f u n c t i o n  o f  a m ono la ye r  o f  N
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in d i s t i n g u i s h a b le  n o n - in te r a c t in g  p a r t i c l e s  by the  exp r e ss io n ;

Z (MONOLAYER) = J _  2 (1 )"  , .
N! '

The H elmholtz f r e e  energy A(M) and th e  spread in g  p r e ssu re  H(M) o f  

th e  monolayer are r e la t e d  to  th e  monolayer p a r t i t i o n  fu n c t io n  z(M) 

by:

A(M) « - K T . l n Z ( M )  ( l - I O )

n(M) = - ( i _ ^ ’) (1-11)

A p p lic a t io n  o f  S t i r l i n g s  approxim ation fo l lo w e d  by d i f f e r e n t 

i a t i o n  with r e s p e c t  to a» the  i n t e r f a c i a l  a r e a ,  y i e l d s  the  sur

f a c e  equation  o f  s t a t e :

r i a  a  NKT ( 1 - 1 2 )

where K i s  the  Boltzmann c o n s ta n t .

The chem ical p o t e n t i a l  o f  th e  monolayer may be 

o b ta in ed  by d i f f e r e n t i a t i o n  o f  th e  monolayer Helmholtz f r e e  

energy with r e s p e c t  to  N ( ^ )   ̂ eq u ilibr iu m

the  chem ica l p o t e n t i a l  o f  th e  a d sorb ate  on t h e  s u r fa c e  and in

th e  bulk must be the  same. By comparison o f  the  chem ical p o te n t 

i a l  f o r  a p e r f e c t  gas ( fo w le r  and Guggenheim^) with t h a t  o f  the  

adsorbed s p e c ie s  the  a d sorp t ion  iso therm  i s  ob ta in ed ;

P * KN ( 1 - 1 3 )

where P i s  the  bulk p r e s su r e ,  N th e  number o f  adsorbed p a r t i c l e s  

and K a c o n s ta n t  c o n ta in in g  a number o f  m o le c u la r  parameters  

and a p o t e n t i a l  term f o r  th e  a d s o r b e n t-a d so r b a te  i n t e r a c t i o n .  

Equation 1 - 1 3  s t a t e s  th a t  fo r  i d e a l  phases  th e  amount adsorbed  

i s  d i r e c t l y  r e la t e d  to  the bulk p r e s s u r e .

By s u i t a b l e  ad justm ent o f  th e  p a r t i c l e
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p a r t i t i o n  f u n c t i o n ,d e v i a t i o n s  from i d e a l i t y  may be accounted fo r  

by in c lu d in g  terms f o r  th e  s i z e  o f  th e  p a r t i c l e s  and t h e i r  l a t e r a l  

i n t e r a c t i o n s .  The a d so r p t io n  iso th erm  becomes dependent on c o v e r 

age and d e s c r ib e s  two d im en sion a l  m onolayer condensation^ ^ . This  

phenomenon i s  observed  e x p e r im e n ta l ly  fo r  a d sorp t ion  on s o l i d s  

and l i q u i d s .

1 - 2 -7  The Langrauir A dsorption  Isotherm .

The f i r s t  q u a n t i t a t i v e  th eory  o f  th e  ad sorp tion  

o f  g a se s  on s o l i d s  was g iven  by Langmuir^^using a k i n e t i c  

approach c o n s id e r in g  the  r a te  o f  con d en sa t ion  and evaporation  

o f  p a r t i c l e s  on a s u r f a c e .  The d e r iv a t io n  aesumes an i d e a l  

l o c a l i s e d  monolayer and r e s u l t s  in  the  w e l l  known equation ;

bp .  e / ( 1 - e )  (1-14)

where 0  i s  th e  f r a c t io n  o f  the  s u r f a c e  covered  a t  the  

p r e ssu re  p and b i s  th e  r a t io  o f  th e  r a te  c o n s ta n ts  fo r
9

ad so rp t io n  and d e s o r p t io n .  The s t a t i s t i c a l  d e r iv a t io n  y i e l d s

the  con stan t  in  terms o f  t h s  m o lecu la r  param eters. The model,

a lthough more u s e f u l  fo r  t h s  d e s c r i p t io n  o f  ch em iso rp tio n ,  i s

im portant because  e x te n s io n s  o f  i t  form th e  b a s i s  fo r  the

d e r iv a t io n  o f  iso th erm s d e s c r ib in g  th e  m u lt i la y e r  c h a r a c te r

o f  the p h y s ic a l  a d sorp t ion  o f  g a s e s  on s o l i d s .  The most

im portant o f  t h e s e  i s  t h a t  d eve lop ed  by Brunaeur, Emmett 

12and T e l l e r  ,  and i s  to be d i s c u s s e d  l a t e r .

1 - 2 - 8 .  Forces Between P a r t i c l e s .

I t  i s  w e l l - e s t a b l i s h e d  t h a t  th e  r * « u l ta n t  fo r c e  

between any p a ir  o f  i s o l a t e d  p a r t i c l e s  i s  s im p ly  th e  d i f f e r e n c e
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between the  a t t r a c t i v e  and r e p u l s iv e  f o r c e s .  These fo r c e s  F, may be 

re p r ese n te d  as g r a d ie n ts  o f  p o t e n t i a l  U, s in c e  ^  -  grad U#

For f o r c e s  with no r a d ia l  symmetry:

F » -  b U(r) (1 -1 5 )
è  r

where r i s  a d i s t a n c e .  The p o t e n t i a l  between two i s o l a t e d  p a r t 

i c l e s  may be w r it te n  as:

U » (1 -1 6 )

d" d™

A and B are  c o n s ta n t s ,  d i s  the  d i s t a n c e  o f  s e p a r a t io n  and m and n

are  the  powers by which th e  a t t r a c t i v e  and p o t e n t i a l  terms vary .

The r e p u l s iv e  term (A/d") i s  n o t  w e l l  understood and may have n 

v a lu e s  between 9 and 1 2 .  The a t t r a c t i v e  term i s  b e t t e r  understood  

and may have any one o f  a v a r i e t y  o f  m v a lu e s  or  a com bination .

The i n t e r a c t i o n  o f  two io n s  correspond s to  m * 1 .  Ion-permanent  

d ip o le s  and permanent d ipo le-p erm an en t d ip o le  i n t e r a c t i o n s  c o r r e s 

pond to  m a 2 and m = 3 r e s p e c t i v e l y ,  m a  4 corresponds to an io n -  

induced d ip o le  i n t e r a c t i o n .  D ip o le - in d u c e d  d ip o le  and «London* 

d is p e r s io n  i n t e r a c t i o n s  both correspond  to  m a 6 .  Permanent 

d ip o le -q u a d ru p o le  i n t e r a c t i o n s  and quadrupole-quadrupole  

i n t e r a c t i o n s  correspond to  m a 8 and m a IQ r e s p e c t i v e l y .  The 

s i t u a t i o n  i s  fu r th e r  com p lica ted  becau se  th e  in t e r a c t i o n  o f  macro

s c o p ic  b o d ies  i s  th e  r e s u l t  o f  th e  com bination  o f  a l l  p o s s ib le  

i n t e r a c t i o n s .  I t  i s  n o t  s im ply  the  sum o f  p a ir  w ise  i n t e r a c t i o n s  

s in c e  m ultibody i n t e r a c t i o n s  are  a l s o  p r e s e n t .  The phenomenon o f

r e ta r d a t io n  may reduce th e  range o f  th e  London f o r c e s  in  a m u l t i -  

13
body sy stem , m in c r e a s in g  to  7,

The f o r c e s  o f  p h y s ic a l  a d so r p t io n  can be con

s id e r e d  as  having two major components, a n o n - s p e c i f i c  c o n tr ib 

u t io n  always p r e s e n t  i r r e s p e c t i v e  o f  th e  system  and a s p e c i f i c
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component dependent on th e  p a r t i c u l a r  p r o p e r t i e s  o f  th e  system , i s .  

charge and shape. By d e f i n i t i o n ,  the  f o r c e s  have a sh o r t  range and 

are  weak.

The n o n - s p e c i f i c  i n t e r a c t i o n s  in c lu d e  the  London 

force^**^^and a s h o r t  range r e p u l s i o n .  The London f o r c e s  are  the  

primary cau se  o f  a t t r a c t i o n  between n e u tr a l  p a r t i c l e s  and a r i s e  

from the  r a p id ,  random movement o f  th s  e le c tr o n  c loud  o f  one  

p a r t i c l e  p o l a r i s i n g  the  e le c t r o n  c lou d  o f  a ne ighbouring p a r t i c l e .

The t r a n s i e n t  a t t r a c t i o n  i s  between th s  in s ta n ta n e o u s  d ip o le  and 

the  induced d ip o le  and n o t  between th e  in s ta n ta n e o u s  d ip o le s  

s in c e  th e se  do n o t  have time to a l ig n  and w i l l  r e p e l  as o f t e n  as they  

a t t r a c t .  In a d d i t io n  th e r e  are  induced d ip o le-q u ad ru p d le  and quadrupole- 

quadrupole i n t e r a c t i o n s ,  so t h a t  s t r i c t l y  the  a t t r a c t i o n  poten

t i a l  fu n c t io n  should  c o n ta in  m = 6 ,  8 and 10 term s. The rep u l

s i v e  f o r c e s  have a s h o r t  range and a re  s tr o n g ,  r e s u l t in g  from 

the  com pression o f  two e le c t r o n  c lo u d s  in  th e  absence o f  chem

i c a l  r e a c t io n .  The t o t a l  p o t e n t i a l  between two i s o l a t e d  atoms 

i s  to  a good approxim ation c h a r a c te r i s e d  by a (12 ; 6) p o t e n t i a l :

U(d) a A -  8 (1 -1 7 )

th e  p o t e n t i a l  curve  f o r  which i s  p l o t t e d  in  f ig u r e  1 - 3 .  The

s p e c i f i c  i n t e r a c t i o n s  are  im portant when th e  adsorbent or  the

15 17adsorbate  or  both are  i o n i c  or  p o la r .  K is e le v  and Barrer

have d is c u ss e d  t h e s e  i n t e r a c t i o n s .  They a re  im portant when

th e  adsorbent i s  a m etal o x id e ,  has exposed su r fa c e  io n s  and

r e a c t i v e  s u r fa c e  hydroxyl groups and the  ad sorb ate  i s  i o n ic

o r  p o la r .  In g e n e r a l ,  fo r  th e  a d so r p t io n  o f  p o la r  s p e c ie s

on a p o la r  s u r f a c e ,  the  t o t a l  energy o f  in t e r a c t i o n  4> i s  the

sum o f  the  n o n - s p e c i f i c  i n t e r a c t i o n s  0(NS) and th e  var iou s
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s p e c i f i c  i n t e r a c t i o n s  <t>{S) a s  a p p r o p r ia te :

4> = ( ff.S. ) + 4> (S) (1 -1 3 )

where # ( N .S . )  i s  the sum o f  a d i s p e r s io n  term and a r e p u ls io n  

term and 4>{S) c o n ta in s  a sm all  p o l a r i s a t i o n  term <i> (p) and p o ss 

i b l y  a f i e l d - d i p o l e  term ) ,  and a f ie ld -g r a d ie n t -q u a d r u p o le

term 4>(FQ):

0  (S) = <t»(P) + <I>(Fm) + *  (FQ) (1 -1 9 )

The f i a l d - d i p o l e  term i s  im portant f o r  th e  a d so r p t io n  o f  s p e c ie s  

with a permanent d ip o le  moment ( e . g .  HgO), w h ile  th e  f i e l d -  

g r a d ie n t  quadrupole term i s  s i g n i f i c a n t  f o r  m o lecu les  with  

a permanent quadrupole ( e . g .  N2 )#

The above d i s c u s s io n  has assumed ad sorp tion  on 

plane  s u r f a c e s .  When ad sorp tion  on n on -p la n a r ,  porous su r fa c e s  

i s  c o n s id e r e d ,  the  p o t e n t i a l  a t  a d i s t a n c e  d from the s u r fa c e  

w i l l  vary with p o s i t i o n  over  th e  s u r f a c e .  In p a r t i c u l a r ,  the  

o v e r la p  o f  the  p o t e n t i a l  a s s o c ia t e d  w ith  opposing  w a l ls  in  a 

pore w i l l  enhance th e  n e t  p o t e n t i a l ,  thus in c r e a s in g  the  prob

a b i l i t y  o f  ad so rp t io n  ( t h e  o th e r  f a c t o r s  b e in g  equal)  compared 

to  a p lan e  s u r f a c e .  When th e  w a l l s  become s u f f i c i e n t l y  c l o s e  

( ^  2nm) the  phenomenon o f  *micropore f i l l i n g *  occu rs  and the

h e a t  o f  p h y s is o r p t io n  becomes s i g n i f i c a n t l y  la r g e r  than th a t

18f o r  a d sorp t ion  on a s im i la r  but non-porous s u r fa c e  .

1 -2 -9  E n th a lp ie s  o f  A d sorption .

p h y s ic a l  a d so r p t io n  i s  spontaneous which 

r e q u ir e s  th a tA C ,  the  Gibbs f r e e  energy change o f  the  system ,  

i s  n e g a t iv e .  I t  i s  reason ab le  to  assume t h a t  the  entropy o f  

an ad sorb en t  does n o t  change s i g n i f i c a n t l y  on a d so r p t io n .

The entropy o f  the  adsorbate  must d e c r e a s e  during ad sorp tion
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because of the restriction in movement on the surface compared 
with the free phase* Hence, the total entropy changeAs, accom
panying adsorption must be negative; so, from the equation;

Ag * Ah - T As ( 1- 20)

the enthalpy of adsorption Ah, must also be negative. Equat
ion 1-20 is written in terms of integral quantities, soAh 
is the integral enthalpy (or heat) of adsorption. If the
addition of n moles of adsorbate to a surface releases an

19amount of heat Q the integral heat is •
A h = q ( i )  a Q/n (1-21)

A d i f f e r e n t i a l  h e a t  i s  d e f in e d  by;

A h = q(d) « / \ (1-22)(■̂L
The i s o t e r i c  h e a t  (en th a lp y )  o f  ad so rp t io n  q ( s t )  or  

—  /-Ah i s  r e la t e d  to  th e  d i f f e r e n t i a l  h e a t  by:

q ( s t )  a q(d) + RT = - AH (1 -2 3 )

and may be c a lc u la t e d  from iso th erm s measured a t  d i f f e r e n t  

tem peratu res .

1 -2 -1 0  The D e s c r ip t io n  o f  Real S o l id  S u r fa c e s .

A p e r f e c t  bulk c r y s t a l  i s  a p r a c t i c a l l y

u n a t t a in a b le  s t a t e  and a p e r f e c t l y  id e a l  s u r fa c e  i s  e q u a l ly

removed from r e a l i t y ;  a p e r f e c t  c r y s t a l  cou ld  n o t  grow.

There are  a number o f  r e a d i ly  i d e n t i f i a b l e  d e v ia t io n s  from

13p e r f e c t  c r y s t a l s  and hence p e r f e c t  c r y s t a l  s u r fa c e s  .

L a t t i c e  d e f e c t s  may be o f  the  Schottk y  or  

Frenkel ty p e .  The former may be co n s id er e d  a s  an i d e a l
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l a t t i c e  d is tu r b e d  by s im p le  v a c a n c ie s  i n  th e  l a t t i c e  p o s i t i o n s  and 

th e  l a t t e r  i s  th e  r e s u l t  o f  th e  movement o f  io n s  ( u s u a l ly  c a t io n s  

s i n c e  t h e s e  are  sm a ller )  to  i n t e r s t i t i a l  p o s i t i o n s  le a v in g  

behind l a t t i c e  v a c a n c ie s .  At th e  s u r f a c e ,  both t h e s e  e f f e c t s  

a re  r e l a t i v e l y  e a sy ,  and th e  d i s t i n c t i o n  between them becomes 

b lu rred  because  th ere  i s  e f f e c t i v e l y  a row o f  empty l a t t i c e  s i t e s  

above the  s u r fa c e  in t o  which a d is p la c e d  io n  may move.

N on -sto ich iom etry  i s  a common phenomenon, e sp ec 

i a l l y  among th e  m e t a l l i c  o x i d e s .  Four n o n - s to ic h io m e t r ic  types

20o f  d e f e c t  may be i d e n t i f i e d  and the  p r e sen ce  o f  any o f  them near  

to  o r  a t  th e  s u r fa c e  would d r a s t i c a l l y  a l t e r  th e  su r fa c e  energy .

The a d d i t io n  o f  a f o r e ig n  io n  to  a l a t t i c e  

alw ays c r e a t e s  a degree  o f  d iso r d e r  i r r e s p e c t i v e  o f  the  charge  

o f  th e  i o n ,  because  o f  d i f f e r e n c e s  in  s i z e  and po lar isab ility .

I f  th e  f o r e ig n  ion  va len cy  i s  d i f f e r e n t  from t h a t  o f  th e  io n s  

in  th e  h o s t  l a t t i c e  i t  i s  p o s s i b l e  t h a t  th e  im p u rity  ion  may 

m ain ta in  i t s  own va len cy  s t a t e  a t  th e  expense  o f  th e  c r y s t a l ,  

r e s u l t i n g  in  l a t t i c e  v a c a n c ie s .

D i s lo c a t io n s  may be c o n s id er e d  a s  th e  r e s u l t  o f  

a s l i d i n g  o f  a p lane  o f  l a t t i c e  p o s i t i o n s  l e a v in g  a non-uniform  

t h r e e  d im ensional system  o f  l a t t i c e  p la n e s .  The most common 

forms o f  d i s l o c a t i o n s  are  the  edge and screw  d i s l o c a t i o n s .

They a r i s e  during th e  p r o c e s s e s  o f  n u c lé a t io n  c r y s t a l  growth 

and f l o c c u l a t i o n  ( i f  th e  c r y s t a l  was p r e c i p i t a t e d  from s o l u t i o n ) .

The r e a l  m ic r o sco p ic  world i s  n o t  f l a t ;  a degree  

o f  s u r fa c e  roughness e x i s t s  and in  th e  l i m i t  r e s u l t s  in  the  phen

omenon o f  p o r o s i t y .  A p o in t  or  an edge w i l l  always have a s u r fa c e  

energy t h a t  i s  d i f f e r e n t  from th a t  o f  th e  p la n e  s u r f a c e ,  m  

a d d i t io n ,  many fresh ly -m ade m a te r ia l s  undergo a weathering
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p r o c e ss  when exposed to  a p a r t ic u la r  environm ent. T y p ic a l ly ,  o x id e  

g e l s  p r e c ip i t a t e d  from an aqueous s o lu t i o n  change t h e i r  ad sorp t ion  

p r o p e r t ie s  w ith t im e .

1-2-11  The S u r fa c es  o f  Metal O xides .

I t  i s  w e l l  e s t a b l i s h e d  t h a t  m eta ls  exposed to  dry

a i r  r a p id ly  deve lop  an o x id is e d  s u r fa c e  f i lm  with a t h ic k n e s s  in

th e  range 1 - 1 Qnm. I f  m ois tu re  i s  p r e s e n t ,  th e  o x id e  f i lm  r e a c t s

to  form a hydroxyl monolayer which then fu r th e r  adsorbs m o lecu lar

w ater . The ad so rp t io n  o f  oxygen and the  i n i t i a l  h y d ro x y la t io n

both proceed  by a d i s s o c i a t i v e  chem isorption  mechanism t h a t  o f t e n

in v o lv e s  th e  overcoming o f  an a c t i v a t io n  energy b e fo re  tru e

13ch em isorp tion  occu rs  . The ad sorp t ion  o f  a m o lecu le  %2 may 

be c o n s id e r e d  f i r s t  as a p h y s ic a l  a d s o r p t io n ,  fo l lo w e d  by 

in c r e a s in g  m olecu lar  s t r a i n  in  the  ad sorb ate  r e s u l t in g  in  bond 

c le a v a g e  and then tru e  chem isorption  o f  th e  d i s s o c i a t e d  s p e c i e s .

The p o t e n t i a l  energy cu rves  r e p r e se n t in g  t h i s  s i t u a t i o n  are  

sk e tch ed  in  f ig u r e  1 - 4 .  A E i s  the  a c t i v a t i o n  energy and AO 

th e  d i s s o c i a t i o n  energy o f  X2 * The curve S + Xg t r a c e s  th e  poten

t i a l  a s  th e  m o lecu le  %2 approaches th e  s u r fa c e  S and th e  curve  

5 + X + X d en otes  th e  p o t e n t i a l  o f  S and th e  d i s s o c i a t e d  s p e c ie s  

X + X. The la r g e  p o t e n t i a l  w e l l  U(c) r e p r e s e n t s  the  form ation  

o f  two S -  X bonds, th e  sm a ller  p o t e n t i a l  w e l l  corresponds to  

th e  i n i t i a l  p h y s ic a l  a d s o r p t io n .  Hence as  X2 approaches the  

s u r fa c e  i t  i s  i n i t i a l l y  a t t r a c t e d  by th e  lon g  range s u r fa c e  

f o r c e s  and can d i s s o c i a t e  a t  0 and chemisorb by f o l lo w in g  the

S + X ♦ X cu rve . When a E i s  a s i g n i f i c a n t  f r a c t io n  o f  AD 

the  r e a c t io n  w i l l  tend to  be s low  a t  low tem p eratu res ,  as  

in  the  h y d r o x y la t io n  o f  many m etal o x id e s ,  even though i t  i s
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therm odynam ically favoured .

The e x te n t  o f  m o lecu la r  water a d sorp t ion  on the  

hydroxyl la y e r  depends on th e  r e l a t i v e  hum idity  o f  the  atmosphere  

and i s  p h y s ic a l  in  n a tu re .  An i c e - l i k e  s t r u c t u r e  bound by Hydro

gen bonds i s  found to  e x i s t  on th e  hydroxyl l a y e r .  As the  depth 

o f  th e  adsorbed water f i lm  in c r e a s e s  so th e  r i g i d i t y  d ecreases  

and th e  o u te r  la y e r s  become more m o b ile .  A d d i t io n a l ly ,  a s t a t e  

o f  dynamic eq u ilib r iu m  e x i s t s  between th e  o u te r  p h y s i c a l l y  adsor

bed l a y e r s  and the  bulk environment# I t  i s  w e l l  known th a t

the  proton o f  a s u r fa c e  hydroxyl may exchange with gaseous  

21
deuterium .  S urface  m o b i l i t y  i s  n o t  c o n f in e d  to  adsorbed  

s p e c i e s ,  a lthough i t  may become s i g n i f i c a n t  a t  tem peratures  

near a s o l i d * s  m e lt in g  p o in t ;  when a sc ra tc h e d  s i l v e r  su r fa c e  

i s  hea ted  the  s c r a tc h e s  f i l l  up a s  the  m e lt in g  p o in t  i s

u 22dppfodcnod*
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CHAPTER I I .

p h y s ic a l  A dsorption  o f  G ases .

I I -1  In tro d u c t io n  -  The C l a s s i f i c a t i o n  o f  Iso th erm s.

To i n t e r p r e t  th e  v a s t  array o f  accumulated data f o r

th e  a d so r p t io n  o f  g a s e s  and vapours on s o l i d s  many d i f f e r e n t  models  

19 23have been advanced ' . O ften t h e s e  models have s im i la r  mathem

a t i c a l  forms and can th e r e f o r e  be made to  f i t  a v a r ie t y  o f  exp er-  
24

im en ta l  data  « To t e s t  a p a r t i c u l a r  model i t  i s  d e s ir a b le  to  

o b ta in  data a t  a number o f  d i f f e r e n t  tem peratu res .  Many models  

are  com plex, c o n ta in in g  numerous v a r ia b le  param eters, making t h e i r  

p r a c t i c a l  a p p l i c a t io n  d i f f i c u l t .  Consequently  some o f  the  s im p ler  

m odels ,  based on r a th e r  inadequate  a ssum p tions , have found e x te n 

s i v e  u s e .  The BET m odel, used f o r  the  e s t im a t io n  o f  s p e c i f i c  sur

f a c e  a r e a s  i s  an example, p h y s i c a l  a d so r p t io n  proceed s  by the  fo r m • 

a t io n  o f  m u lt i la y e r s  on a s u r f a c e ,  e v e n tu a l ly  r e s u l t in g  in  the  

e s ta b l i sh m e n t  o f  a condensed a d sorb ate  p h ase .  The i n i t i a l  p art  

o f  any iso th e r m , correspond ing  to  low r e l a t i v e  p r e s s u r e s ,  i s  

thus l a r g e l y  dependent on a d so r b a te -a d so r b e n t  i n t e r a c t i o n s ,

w h ile  th e  l a t t e r  p a r t  depends more on a d so r b a te -a d so r b a te  i n t e r -

25a c t i o n s .  D o ll im ore , Spooner and Turner have d is c u s s e d  exper

im en ta l  iso th erm s in  terms o f  low and h igh  p r e ssu re  behaviour  

although th e  t r a d i t i o n a l  d e s c r ip t io n  o f  Bruoauer, Deming,

Deming and T e l l e r  (BOOT) ,  with the  a d d i t io n  o f  h y s t e r e s i s  

lo o p s  where a p p r o p r ia te ,  i s  commonly u sed . The c h a r a c t e r i s t i c  

cu rves  are  shown in  f i g u r e  I I -1  as  ty p es  I to  V with the  

a d d i t io n  o f  type VI, a s t e p - w i s e  isotherm  d e s c r ib in g  th e  adsor

p t io n  o f  nob le  g a ses  on homogeneous s u r f a c e s .

The type I iso therm  i s  t r a d i t i o n a l l y  d escr ib ed
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in  terms o f  Langm uir-like m onolayer ad so rp t io n  although Gregg and 

27Sing have advanced the  view t h a t  typ e  I iso therm s are  i n d i c a t i v e  o f  

raicropore f i l l i n g .  The type I I  iso therm  corresponds to  m u lt i la y e r  

a d so r p t io n  on non-porous powders, th e  i n f l e x i o n  b e in g  taken as  

th e  com pletion  o f  the  monolayer ( t h e  P o in t  8)# The BET model i s  

most s u c c e s s f u l  in  d e s c r ib in g  typ e  I I  iso th e r m s .  The r e l a t i v e l y  

rare  type  I I I  iso therm s appear to  be c h a r a c te r i s e d  by a low h e a t  

o f  ad so rp t io n  which i s  l e s s  than th e  h e a t  o f  l i q u e f a c t i o n .  As 

a d so r p t io n  proceeds a d so r b a te -a d so r b a te  i n t e r a c t i o n s  become 

o f  in c r e a s in g  im portance, and th e  P o in t  8 ( a s s o c i a t e d  with an 

a d so rb en t-a d so rb a te  i n t e r a c t i o n )  i s  d i f f i c u l t  to  d e f in e .  The 

typ e  IV and V iso therm s r e f l e c t  c a p i l l a r y  co n d e n sa t io n  in  

porous powders and show th e  c h a r a c t e r i s t i c  h y s t e r e s i s  loop  

( t h e  ad sorp t ion  and the  d e s o r p t io n  pathways are  d i f f e r e n t ) .

Type IV isotherms are the more common, the knee corresponds, 
to the completion of the monolayer and the hysteresis loop is

o
a s s o c ia t e d  with pores in  th e  r a d iu s  range 20—̂ |00A .

I I - 2  The BET Equation.

12Brunauer, Emmett and T e l l e r  advanced the f i r s t  

model o f  m u lt i la y e r  p h y s ic a l  a d so r p t io n  a s  an e x te n s io n  o f  Lang- 

m u ir 's  monolayer model. The o r i g i n a l  d e r iv a t io n  was based on 

k i n e t i c  arguments o f  the  r a t e s  o f  a d so r p t io n  and d e s o r p t io n .

The assum ptions in v o lv e d  may be summarised:

1 . The su r fa c e  c o n s i s t s  o f  a p la n e  o f  e q u iv a le n t  

ad sorp tion  s i t e s ;

2 .  At c e r t a in  p r e s s u r e s  p a r t i c l e s  may adsorb on a s i t e  

and may a l s o  adsorb on top o f  an occu p ied  s i t e  to  

form a number o f  l a y e r s  in  a ' s ta c k * ;
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3 .  There are  no l a t e r a l  a d so r b a te -a d so r b a te  i n t e r a c t i o n s ;

4 .  The h e a t  o f  a d s o r p t io n  f o r  a l l  l a y e r s  e x c ep t  th e  f i r s t  

i s  th e  same and equal to  th e  h e a t  o f  l i q u e f a c t i o n  o f  

th e  l i q u i d  a d so r b a te ;

5 .  A p a r t i c l e  covered  by another  cannot evaporate;

6 .  At e q u ilib r iu m  th e  number o f  p a r t i c l e s  evaporating  

from a la y e r  i s  equal to  the  number condensing on 

th e  l a y e r  below;

7 .  At s a tu r a t io n  th e  number o f  l a y e r s  becomes i n f i n i t e .

The trea tm en t y i e l d s  the  GET eq u ation ;

p 1 •  _L  + (c-1) f _  (II-1)

<Po- P' “ V  V  Po

where p i s  the  eq u i l ib r iu m  p r e s su r e  o f  a d so r b a te ,  th e  s a tu r 

a t io n  vapour p r e ssu r e  a t  th e  tem perature o f  a d s o r p t io n ,  V i s  

the  volume o f  gas adsorbed a t  p r e s su r e  P, i s  th e  volume 

o f  gas requ ired  to  form a monolayer and C i s  a c o n s ta n t .  I t  

i s  p o s s i b l e  to  d e r iv e  the  BET eq u ation  by s t a t i s t i c a l  methods 

which do n o t  assume any p a r t ic u l a r  k i n e t i c  mechanism and y i e l d  

th e  c o n s ta n t  in  terms o f  m o lecu lar  param eters. The monolayer  

volume need n o t  n e c e s s a r i l y  correspond  to  an a c tu a l  r e a l  mono

la y e r ;  i t  s im ply  d en otes  th e  number o f  p a r t i c l e s  req u ired  fo r  

a s t a t i s t i c a l  m onolayer. In th e  o r i g i n a l  d e r iv a t io n ,  the  c o n s ta n t  

C e x p r e sse s  th e  r e l a t i v e  r e s id e n c e  t im es  o f  p a r t i c l e s  in  a g iven  

l a y e r .  To a f i r s t  approxim ation C i s  r e la t e d  to  th e  d i f f e r e n c e  

between the  h e a t  o f  l i q u e f a c t i o n  L, and the  h e a t  o f  ad sorp tion  £ 

o f  th e  f i r s t  l a y e r .

E -  L — RT InC ( H - 2 )

where R i s  the  gas c o n s ta n t ,  and T th e  tem perature . G enerally
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a high c  (C ^  1) v a lu e  s u g g e s t s  a l a r g e  h e a t  o f  ad sorp t ion  and adsor

p t io n  in  the  f i r s t  l a y e r  i s  p r e fe r r e d .  The f i r s t  l a y e r  i s  t h e r e fo r e  

s u b s t a n t i a l l y  com plete  b e fo r e  h ig h e r  l a y e r s  are  formed and a type  I I  

isotherm  with the  c h a r a c t e r i s t i c  *knee# r e s u l t s .  Many iso therm s f i t  

th e  BET equation  in  the  reg ion  in  which th e  knee o c c u r s ,  in  the  

r e l a t i v e  p r e s su r e  range 0 .0 5  to  0 .3 0 .  Although th e  knee i s  a s s o c 

ia t e d  with the  com pletion  o f  the  m onolayer (v^\^ » 1) th e  s t a t i s t 

i c a l  na ture  o f  the  phenomenon en su res  t h a t  th e  monolayer w i l l  

a lm ost  c e r t a i n l y  n o t  be com p lete .  However, th e  sm a l le r  the  

d i f f e r e n c e  between the  p o in t  = 1 and the  com pletion  o f  the

monolayer in  r e a l i t y ,  th e  h igh er  C i s ,  and th e  more d i s t i n c t  the  

knee becomes. This i s  th e  b a s i s  o f  th e  p o in t  B method fo r  sur

f a c e  area  d e term in a tio n .  By i n s p e c t io n  o f  th e  isotherm  an 

approximate monolayer c a p a c i ty  may be o b ta in ed  by i d e n t i f i c 

a t io n  o f  th e  p o in t  B ( th e  high p r e s su r e  end o f  th e  knee a t  the  ' 

p o in t  a t  which the curve becomes l i n e a r ) ,  and equating  t h i s  

to  a 1 .

The BET equation  in  th e  form above, equation  

I I - 1 ; p r e d i c t s  a s t r a i g h t  l i n e  when p / ( p ^ - p ) ,v  i s  p l o t t e d  

a g a in s t  P/P^ with a g r a d ie n t  o f  C-I/V^C and i n t e r c e p t  

l/V^C* T h u s ,fo r  an isotherm  which f i t s  th e  BET equation  in  

th e  r e q u i s i t e  p r e ssu re  range, and C may be o b ta in e d .  I f

th e  c r o s s  s e c t i o n a l  area a  , o f  th e  a d so rb a te  on th e  s u r fa c e  

i s  known, the  s p e c i f i c  su r fa c e  area  o f  th e  adsorbent  can be 

c a lc u l a t e d  s in c e

s „  .  V , o  N/VgU ( n - 3 )

where N i s  Avogadrb*s number, i s  th e  i d e a l  gas volume and U 

th e  w eight  o f  the  adsorbent .

The s u r fa c e  a rea s  o f  some porous m a te r ia l s  may
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be e s t i m a t e d  w i th  c a u t i o n .  S t r i c t l y  t h e  model  i s  o n l y  v a l i d  f o r

p lane  s u r fa c e s  a lthough m ost h y s t e r e s i s  lo o p s  a s s o c ia t e d  with

c a p i l l a r y  con d en sation  c l o s e  a t  r e l a t i v e  p r e s su r e s  above 0 . 3 .

However,  i f  m i c r o p o r o s i t y  i s  p r e s e n t  and h y s t e r e s i s  i s  found  to

occur  in  th e  BET reg ion  th e  v a l i d i t y  o f  the  approach must be 

27s e v e r e l y  d o u b t e d .  .

For the  e v a lu a t io n  o f  a s u r fa c e  a r e a ,  the  BET 

model s t r i c t l y  r e q u ire s  th e  u se  o f  th e  c r o s s  s e c t i o n a l  area  o f  

an ad so rp t io n  s i t e  r a th er  than th e  area  occup ied  by an adsorbed  

p a r t i c l e .  The former q u a n t i ty  i s  unknown, and *ab so lu te*  sur

f a c e  areas  are  th e r e f o r e  u n o b ta in a b le .  This d e f e c t  in  no way 

d im in ish es  th e  u s e f u ln e s s  o f  th e  BET model fo r  th e  a ssessm en t  

and comparison o f  *8ET s u r fa c e  a r e a s * .

B n a ll  C v a lu e s  ( c ~  1) i n d i c a t e  a low h e a t  o f

a d s o r p t i o n  and a r e  a s s o c i a t e d  w i th  t y p e  I I I  i s o t h e r m s .  Some

28
n e g a t iv e  C v a lu e s  have been o b ta in ed  .

I I - 3  C r i t i c i s m s  o f  t h e  BET Model .

Many a u t h o r s  have  examined c l o s e l y  t h e  a s s u m p t io n s  o f  

25 27 29t h e  BET model * .  B ru n a u e r  h a s  acknowledged  t h a t  f o r  * r ea l*  sy s te m s

t h e  a s s u m p t io n s  o f  e q u i v a l e n t  a d s o r p t i o n  s i t e s  and l a c k  o f  l a t e r a l  i n t e r 

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

t h e  c o m p l e t i o n  o f  t h e  m ono layer  t h e y  a r e  s e l f  c o m p e n s a t i n g .  The most  

e n e r g e t i c  s i t e s  o f  an e n e r g e t i c a l l y  h e t e r o g e n e o u s  s u r f a c e  w i l l  be 

c o v e re d  f i r s t ,  so t h a t  t h e  o v e r a l l  a d s o r p t i o n  p o t e n t i a l  d e c r e a s e s  

wi th  i n c r e a s i n g  c o v e r a g e .  C o n v e r s e l y ,  l a t e r a l  i n t e r a c t i o n  between 

a d s o rb e d  s p e c i e s  w i l l  i n c r e a s e  w i th  i n c r e a s i n g  c o v e r a g e .  The r e s u l t  

i s  t h a t  t h e  a d s o r p t i o n  energy  E o f t e n  r em a in s  a p p r o x i m a t e l y  con

s t a n t  up to  m onolayer  c o v e r a g e  a s  i n  F i g u r e  I I - 2  and C i s  h e n c e ,  

c o n s t a n t .
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A major c r i t i c i s m  concern s  th e  assumption th a t  the  

h e a t  o f  a d sorp t ion  fo r  th e  second and h ig h e r  la y e r s  i s  th e  same 

and equal to  th e  h e a t  o f  l i q u e f a c t i o n .  The p o l a r i s i n g  a f f e c t  

o f  a s u r fa c e  d e c r e a se s  un iform ly  with d i s ta n c e  from the  s u r fa c e  

so t h a t  the  h e a t  o f  ad sorp t ion  f o r  th e  n̂ *̂  l a y e r  w i l l  be g r e a te r  

than f o r  th e  (n + 1 ) th  l a y e r .  Only f a r  from the  s u r fa c e  w i l l  

th e  p o l a r i s i n g  power become n e g l i g i b l e ,  and th e  h e a t  o f  adsorp

t io n  o f  su cceed in g  la y e r s  be n e a r ly  c o n s ta n t  and equal to  the  

h e a t  o f  l i q u e f a c t i o n .  When th e  assum ptions concern ing  the  

h e a t  o f  a d so r p t io n  o f  th e  f i r s t  l a y e r  E, and th e  h e a t  o f  

a d so r p t io n  o f  subsequent l a y e r s  L, break down C w i l l  vary  

with co v e ra g e ,  s in c e  equation  I I - 2  may be w r i t t e n ;

C cx exp p  ~ ‘"Vrt j ( I I - 4 )

D ollim ore  e t  al^^ review  the  c on stan cy  o f  C and Lowell^^ has  

d er ived  an equation  r e la t in g  th e  f r a c t io n  o f  s u r fa c e  covered  0 im , 

by i  l a y e r s  a t  th e  p o in t  V = to  c l

r  + -, i  1
0 im  a  C f l I - 5 )

[  c -  i j

The assumption o f  n o n -in tera ctin g  s ta ck s o f  

adsorbed p a r t ic le s  and the consequent lack  o f  m o b ility  i s  

c le a r ly  incom patib le with the assumption o f  a phase above 

the f i r s t  la y e r  ex h ib it in g  l iq u id - l ik e  in te r a c t io n s .

The k in e t ic  deriviation produces a th ird  con

s ta n t ,  »q* th a t i s  removed by s e t t in g  i t  equal to  P^. This 

should occur a t  sa turation  and so as p—►Pq, V—►co. This

does n ot always occur and can never occur fo r  a porous m a ter ia l.

Hence the range o f  r e la t iv e  p ressure for  which 

the BET model i s  a p p licab le  corresponds to the low pressure
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reg ion  b e fo r e  e x t e n s iv e  m u lt i la y e r  form ation has o c cu rred ,  t y p ic 

a l l y  f o r  P/P^ between 0 .0 5  and 0 .3 0 .  Often th e  range o f  a p p l i c -

28a b i l i t y  i s  much l e s s  .  To overcome th e  d e f i c i e n c i e s  o f  th e  BET

model many m o d if i c a t io n s  have been s u g g e s te d ,  f o r  example by

31 32 •• 33 34 35Anderson ,  Brunauer , H u tt ig  , Dole , H alsey  , Ferguson

36 37and Barrer and Theimer .  O ften , a s  in  the  c a s e  o f  the

32fu r th e r  e q u a t io n s  o f  Brunauer the  number o f  v a r ia b le  parameters  

i n c r e a s e s ,  so reducing  the  u s e fu ln e s s  o f  the  e q u a t io n s .  The 

F r e n k e l -H a ls e y -H i l l  (FHH)^^'^^'^^'^^**^approach t r e a t s  the  

adsorbed l a y e r  as  a s la b  o f  l iq u id  s im i la r  to th e  bulk l iq u id  

and i s  complementary to the  BET th e o r y .  The FHH model works 

b e s t  fo r  c o v e ra g e s  and p r e ssu re s  above th o se  f o r  U iich  the  BET 

model breaks down .

D e sp ite  th e  many c r i t i c i s m s  o f  th e  BET model 

and the  a t te m p ts  to  improve i t ,  th e  basic  model i s  th e  most  

e x t e n s i v e ly  used method fo r  determ in ing s u r fa c e  a r e a s .

I I - 4  The Choice o f  Adsorbate.

I t  i s  e s s e n t i a l  f o r  th e  e s t im a t io n  o f  sur

fa c e  areas  t h a t  an adsorbate  g iv e s  a w e l l  d e f in e d  knee in  a 

type  I I  or  p o s s ib ly  a type IV iso th erm . The e f f e c t i v e  area  

o f  th e  a d sorb ate  must be known and should  remain c o n s ta n t  

f o r  a number o f  a d so r b e n ts .  This requirem ent d i c t a t e s  

the  u se  o f  sm a ll  m o lecu les  with known s u r fa c e  o r i e n t a t i o n .

The s ta c k in g  must a l s o  be known, aga in  favour ing  th e  use  

o f  sm all  m o le c u le s .  The gas or  vapour should be w e l l  

c h a r a c te r is e d  so  th a t  d e v ia t io n  from i d e a l i t y  can be

accounted  f o r  in  the  c a l c u l a t io n  o f  the  amount adsorbed .
41Many ad sorb ates  have been used th e  most common being  the  

i n e r t  g a s e s ,  n itr o g e n  and water vapour. Where o n ly  the
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s u r fa c e  area i s  sought ra th er  than a d d i t io n a l  chem ical in form ation  

concern ing  th e  s u r fa c e ,  n itr o g e n  i s  the  standard ad sorb ate .  N i t 

rogen g iv e s  type  I I  isotherm s with many ad sorb en ts;  i t  i s  approx

im a te ly  i d e a l ,  and the  d e v ia t io n s  from i d e a l i t y  are  well-docum -  
42

anted .  The u n c e r ta in ty  in  the c a lc u la t io n  o f  the  n itr o g e n  

c r o s s - s e c t i o n a l  area i s  sm a l l ,  and the  g e n e r a l ly  accepted  va lue  

i s  1 6 .2A? a t  -1 9 5 .6 C . A p r a c t i c a l  c o n s id e r a t io n  i s  the  q u est ion  

o f  th e  r a te  o f  a tta in m en t o f  eq u i lib r iu m . For n itr o g e n  on many 

p la n e  s u r fa c e s  t h i s  i s  v i r t u a l l y  in s ta n ta n eo u s  and i s  a lm ost c e r t 

a i n l y  completed w ith in  about ten m inutes . I f  narrow pores  are  

p r e s e n t  so th a t  th e  a d sorp tion  w ith in  the  pores  becomes a c t i v 

a t e d ,  i t  may, however, take weeks to a c h ie v e  e q u i l ib r iu m .

I I - 5  O t h e r  Models  f o r  A d s o r p t i o n .

In a d d it io n  to  the  BET typ e  d e s c r ip t io n s  o f  

m u lt i la y e r  a d so rp t io n  th ere  are  two o th e r  broad approaches,  

th o se  based on the  equation  o f  s t a t e  o f  th e  adsorbed f i lm  

and th o se  based on a c o n s id e r a t io n  o f  a d sorb ate  p a r t i c l e s  

moving in  a p o t e n t i a l  f i e l d  c l o s e  to  the  s u r f a c e . T h e  

most im portant o f  t h s  former c l a s s  are th o se  iso therm s  

d er ived  from tw o-d im ension al equation s  o f  s t a t e .  The id e a l  

gas law equation  o f  s t a t e  g iv e s  a H enry's law isotherm ; c o rrec 

t io n s  may be a p p l ie d  fo r  n o n - i d e a l i t y  in  th e  form o f  Van der 

U aals eq u ation s  o f  s t a t e  or  by the  a p p l ic a t io n  o f  v i r i a l  

e q u a t io n s .  A number o f  iso therm s e x i s t  which are  r e la t e d

to th e  o r ig i n a l  p o t e n t i a l  theory  o f  adsorption  advanced 

44by P o lan y i  .  The space above a s u r fa c e  i s  assumed to  con

s i s t  o f  a network o f  e q u ip o t e n t ia l  p lanes  so th a t  a c r o s s -  

s e c t i o n  c o n ta in s  a number o f  e q u ip o te n t ia l  contours  above 

th e  s u r fa c e  as  in  Figure I I - 3 .  The a d sorp tion  p o t e n t i a l  E
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i s  a maximum a t  the su r fa c e  and d e c r e a se s  with d i s ta n c e  from the  

s u r f a c e .  S u c c e ss iv e  p o t e n t ia l  p la n e s  e n c lo s e  a volume o f  space  

V which in c r e a s e  with d is ta n c e  from th e  su r fa c e  as  E d e c r e a se s ,  

s o : E = f(V) (II-6)
I t  i s  assumed E i s  independent o f  tem perature. The curve repres

ented by equation  I I - 6  i s  the  « c h a r a c t e r i s t i c  curve* fo r  a given  

system . As th e  treatm ent i s  thermodynamic i t  i s  open to l e s s  

c r i t i c i s m  than th e  BET model.. For m u lt i la y e r  a d s o r p t io n ,  conden

s a t io n  to  a t h in ,  neglig ib ly  compressed, l i q u i d  f i lm  i s  assumed.

The work done, per  mole E, com pressing an i d e a l  gas a t  co n sta n t  

tem perature from the p ressu re  o f  th e  bulk P, * to  th e  vapour 

p r e ssu r e  o f  the  l iq u id  P(L) i s :

E = RT in  ( P ( L ) /  ) ( I I - 7 )

C o r r e c t io n s  may be ap p lied  to  account f o r  the  work done in  c r ea t in g  

a l i q u i d  gas i n t e r f a c e  and f o r  th e  c o m p r e s s ib i l i t y  o f  the  adsorbed  

phase , Dubinin^^**^ * *”and o th e r s  have a p p l ie d  th e  p o t e n t i a l  theory  

to  ad sorp t ion  on porous s u r f a c e s ,  p a r t i c u l a r ly  a d sorp t ion  in  micro

p o r e s .  The F r e n k e l-H a ls e y -H i l l  s la b  theory  i s  one o f  a number o f  

m o d if ic a t io n s  to  the  o r ig i n a l  p o t e n t i a l  th e o r y .  The p o t e n t i a l  i s  

assumed to  vary with the d is ta n c e  from the s u r fa c e .  For a p lane  

s o l i d  and a «slab* o f  adsorbed l i q u i d ,  th e  p r in c ip a l  adsorbent-  

a d sorb ate  in t e r a c t i o n  in v o lv e s  d i s p e r s iv e  f o r c e s  so^ a t  a d i s t 

ance X from the s u r fa c e :
3

E{x) » £(0) /  (a  + x) ( I I - 8 )

where a i s  a c o n s ta n t .  The der ived  a d sorp tion  isotherm  becomes: 

( V /V (m ))"  = A /  in  ( P̂  /  P ) ,  with A ( I I - 9 )

where x(m) i s  the  f ilm  th ic k n e ss  a t  the  monolayer p o i n t ,  V and 

V(m) are  f i lm  volumes and the  power n l i e s  between two and three  

fo r  many n i tr o g e n  iso th erm s.
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There i s  no one model t h a t  c o m p le te ly  d e s c r ib e e  

a l l  the  f e a t u r e s  o f  m u l t i la y e r  p h y s ic a l  a d s o r p t io n .  Treatments  

o f  a two d im ensional phase a r e  o n ly  adequate in  the  submonolayer  

r e g io n .  The p o t e n t i a l  model i s  more r e a l i s t i c  and arguably  has  

a sounder b a s i s  than th e  BET typ e  m odels . There are  two major 

problems to  surmount. The f i r s t  o f  t h e s e  i s  t h a t  th e  theory  

o f  l i q u i d s  i s  in com p le te  so t h a t  the  problems o f  a th in  l i q u i d  

f i lm  h e ld  in  a p o t e n t i a l  f i e l d  are  hard ly  l i k e l y  to  be s o lv e d  

b e fo re  advances occur  in  th e  understanding o f  th e  bulk l i q u i d .  

The second e f f e c t  i s  t h a t  o f  s u r fa c e  h e t e r o g e n e i t y  which i s  

p r e s e n t  u n le s s  g r e a t  c a r s  has been e x e r c i s e d  in  th e  p rep a ra tio n  

o f  the  s u r f a c e .  An e x p e r im e n ta l ly  observed  iso therm  i s  the  

r e s u l t  o f  a d s o r p t io n s  on a l l  th e  d i f f e r e n t  s u r fa c e  s i t e s .

Thus, in  a d d i t io n  to  th e  p r e s su r e  dependence a s i t e  energy d i s 

t r i b u t i o n  f u n c t io n  i s  requ ired  to  d e s c r ib e  th e  iso th e r m .

I I - 6  A dsorption  on Porous S o l i d s .

G e n er a l ly ,  a d so rb a tes  above t h e i r  c r i t i c a l  temp

e r a tu r e s  do n o t  g iv e  m u lt i la y e r  type iso th e r m s  and porous and 

non-porous s u r fa c e s  behave s im i la r ly  provided  th e  pore s i z e s  a re  

s i g n i f i c a n t l y  g r e a te r  than th e  s i z e  o f  th e  p a r t i c u l a r  a d s o r b a te .  

Below the  c r i t i c a l  tem perature m u l t i la y e r  a d so r p t io n  o ccu rs  

and the  e f f e c t s  o f  p o r o s i t y  become apparent. Within a pore  

the  t h ic k n e s s  o f  th e  adsorbed l a y e r s  i s  l i m i t e d .  In a d d i t io n ,  

the o v e r la p  o f  the  p o t e n t i a l  f i e l d s  o f  th e  opposing  w a l ls  

enhances th e  a d so r p t io n  p o t e n t i a l  and can in c r e a s e  the  amount 

adsorbed a t  a g iven  r e l a t i v e  p r e ssu re  compared to  a p lane  

s u r fa c e .  Once f i l l e d  w ith a d so r b a te ,  pores  show a r e lu c ta n c e  

to  empty. The phenomena o f  c a p i l l a r y  con d en sa t ion  and a d so r p t io n  

h y s t e r e s i s  c h a r a c t e r i s e  a d so r p t io n  in  porous m a t e r ia l s .  Pore



4 7 .

s i z e s  ara c l a s s i f i e d  accord in g  to  t h e i r  width as  in  Table IX -1 , 

u s in g  th e  1972 I n t e r n a t io n a l  Union o f  Pure and A pplied  Chemistry  

c l a s s i f i c a t i o n .

The type  IV isotherm  r e s u l t s  uhen an ad sorb en t  

p o s s e s s  mesopores and has th e  same a d so r b e n t-a d so r b a te  i n t e r 

a c t i o n s  as th o s e  r e s p o n s ib le  f o r  typ e  I I  i so th e r m s .  The type  V 

iso therm  i s  rare  and d i f f i c u l t  to  i n t e r p r e t .  I t  r e s u l t s  from 

s im i la r  i n t e r a c t i o n s  to  th o se  determ in ing  type  I I I  i so th e r m s .

I f  an ad sorb en t  i s  e n t i r e l y  m icroporous a typ e  I iso therm  i s  

o b ta in ed  e x p e r im e n ta l ly  and i f  mesopores are  a l s o  p r e s e n t ,  th e  

a f f e c t s  o f  m ic r o p o r o s ity  are  r e v e a le d  as  s m a l l  low p r e s su r e  

h y s t e r e s i s  lo o p s  a d d i t io n a l  to  th e  main co n d e n sa t io n  lo o p .

Only th e  typ e  IV iso therm  and hence th e  p r o p e r t i e s  o f  meso-  

porous a d sorb en ts  w i l l  be d is c u s s e d  h e r e .

I I - 7  A dsorotion  Isotherm s* Type IV.

A type  IV iso therm  i s  shown s c h e m a t ic a l ly  in  

F igure  I I - 4 .  The low p r e s s u r e  reg ion  ABC i s  an a logou s  to  mono

l a y e r  form ation  in  type  I I  iso th erm s;  between 8 and C th e  m onolayer  

i s  com p leted . In th e  ab sen ce  o f  m ic r o p o r o s ity  th e  a d so r p t io n  i s  

r e v e r s i b l e ,  so t h a t  th e  a d so r p t io n  and d e s o r p t io n  cu rves  are  i d e n t 

i c a l .  M u lt i la y e r s  beg in  to  form above C on th e  branch CDE* At E th e  

pores  are  f i l l e d  with a d so r b a te  in  a l i q u i d  l i k e  phase and any f u r th e r  

ad so r p t io n  o c c u r s  on th e  e x t e r io r  s u r f a c e s  o n l y ,  r e s u l t i n g  in  th e  

branch EFG. Condensation in  la r g e  pores  o r  between p a r t i c l e s  may 

cause  th e  iso therm  to  turn sh a rp ly  upwards to  H a t  some p o in t  F 

a long  EFG, approaching a s y m p t o t ic a l ly .  Above E th e  adsorp

t io n  i s  r e v e r s i b l e ,  thus  th e  a d so r p t io n  and d e s o r p t io n  curves a r e  

i d e n t i c a l .  D esorption  o c c u r s  p r im a r i ly  from th e  e x t e r i o r  s u r f a c e s
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up to  th e  p o in t  E. T h er e a fte r  th e  branch EIC i s  f o l lo w e d .  At any 

p o i n t  a long  the  h y s t e r a a i s  loop  th e  q u a n t i ty  o f  a d sorb ate  on th e  

s u r f a c e  i s  g r e a te r  f o r  th e  d e so r p t io n  branch than f o r  th e  adsorp

t i o n  branch. Along EIC, m a te r ia l  i s  n o t  i n i t i a l l y  l o s t  from the  

i n t e r i o r  o f  p o r e s ,  but r a th er  from t h s  sh r in k a g e  o f  the  l iq u id  

l i k e  m e n isc i  cover in g  the  v a r io u s  pore e n t r a n c e s .  Thus the  

d e s o r p t io n  a long  EIC s t a r t s  s lo w ly .  At some p o i n t  a f t e r  E 

a p a r t i c u l a r  m eniscus w i l l  become u n s t a b le .  Any f u r th e r  sm all  

r e d u c t io n  in  p r e ssu re  then c a u s e s  the  m en iscus to  c o l l a p s e  and 

a s u b s t a n t ia l  volume o f  th e  l i q u i d  w ith in  th e  pore  evaporates  

r a p i d ly ,  l e a v in g  a th in  f i lm  o f  a d sorb ate  on th e  pore  w a l l s .

If the desorption process is commenced before all the pores are 
full, than the loop 3 will be traced from the adsorption to the
desorption branches of the isotherm.

Within the  h y s t e r e s i s  l o o p ,  th e  ad so rp t io n  p ro c e ss  

depends on th e  p o t e n t i a l  f i e l d  w ith in  a p o r e ,  and hence on the  

s i z e  and shape o f  the  p ore . However, th e  i n i t i a l  d esorp tion  

p r o c e s s  i s  c o n t r o l l e d  by th e  behaviour o f  th e  l i q u i d  meniscus  

in  th e  p o t e n t i a l  f i e l d  o f  th e  pore e n tr a n c e .  C le a r ly  the  mechanisms

f o r  a d so r p t io n  and d e so r p tio n  between C and E a r e  d i f f e r e n t .

46
de Boar has fu r th e r  c l a s s i f i e d  iso th erm s e x h i b i t 

in g  h y s t e r e s i s ,  th e  th r e e  most im portant ones  a re  shown in  F igure

I I - 5 .  The type  A loop  has t r a d i t i o n a l l y  been a s s o c ia t e d  with cap

i l l a r y  co n d en sa tion  in  open-ended tu b u la r  p o r e s .  A c y l i n d r i c a l  

m eniscus forms during the  a d sorp t ion  p r o c e ss  so t h a t  the  d eso rp tio n  

p r o c e s s ,  which occurs  through evap ora tion  o f  a h em isp h er ica l  

m e n is c u s , ta k e s  p la c e  a t  a lower r e l a t i v e  p r e s s u r e .  The type 8 

lo o p  was c on s id ered  to  be a s s o c ia t e d  with s l i t - s h a p e d  p o res .

During adsorption  a m eniscus does not form u n t i l  high r e la t iv e  

p ressu res  are reached. D esorption i s  c o n tr o lle d  by evaporation
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o f  a c y n d r i c a l  m e n i s c u s .  The t y p e  E loop  a s s o c i a t e d  wi th  many 

o x i d e  a d s o r b e n t s  i s  a s s o c i a t e d  w i th  c o n d e n s a t i o n  i n  «ink b o t t l e *  

t y p e  p o r e s .  The i n i t i a l  f l a t  p a r t  o f  t h e  d e s o r p t i o n  loop  r e s u l t s  

from e v a p o r a t i o n  o f  s m a l l  m e n i s c i .  T h i s  i s  f o l l o w e d  by t h e  empty

in g  o f  t h e  e n t i r e  p o r e  a t  t h e  r e l a t i v e  p r e s s u r e  a t  which t h e  

n a r ro w  m en i s c u s  c o l l a p s e d .  S i n c e  t h e  p o r e  f i l l e d  a t  a p r e s s u r e  

c o r r e s p o n d i n g  to  t h e  w i d e s t  p a r t  o f  t h e  p o r e  t h e r e  i s  a  l a r g e  d i s 

p a r i t y  between  two b r a n c h e s  o f  t h e  i s o t h e r m .  The r e l a t i o n  b e t 

ween p o r e  and m en i s c u s  s h a p e s  i s  n o t  f u l l y  u n d e r s t o o d .

On a  m a c r o s c o p ic  s c a l e  l i q u i d  s u r f a c e s  a r e  d e s 

c r i b e d  by t h e  L a p l a c e  and Ke lv in  e q u a t i o n s .  The f o rm e r  e q u a t i o n  

r e l a t e s  t h e  p r e s s u r e  drop a c r o s s  a c u rved  s u r f a c e  to  t h e  p r i n c i p a l  

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

e v a l u a t i o n  o f  s u r f a c e  t e n s i o n  by c a p i l l a r y  r i s e  m ethods .  The K e lv in  

e q u a t i o n  which r e l a t e s  vapour  p r e s s u r e  to  s u r f a c e  c u r v a t u r e ,  i a  impor

t a n t  i n  t h e  c o n t e x t  o f  t h e  e s t i m a t i o n  o f  mesopore  s i z e s  from gas  

p h y s i c a l  a d s o r p t i o n  d a t a .

I I - 8  E q u i l i b r i u m  in  t h e  H y s t e r e s i s  Loop.

The e x i s t e n c e  o f  a d s o r p t i o n  h y s t e r e s i s  poses  p r o b 

lems i n  t h e  a p p l i c a t i o n  o f  e q u a t i o n s  such a s  t h e  K e lv in  e q u a t i o n ,  

which a r e  based  on t h e  g e n e r a l  p r i n c i p l e  o f  thermodynamic r e v e r 

s i b i l i t y .  I f  p a r a  empty ing  i s  c o n s i d e r e d  a s  a c a t a s t r o p h i c  e v e n t  

o c c u r r i n g  a t  some c r i t i c a l  p r e s s u r e  i n  t h e  * i n k - b o t t l e *  h y p o t h e s i s ,  

i t  i s  d o u b t f u l  i f  r e v e r s i b l e  thermodynamic e q u a t i o n s  can be a p p l i e d .

In g e n e r a l ,  t h e  work o f  e xpa ns ion  and c o m p r e s s io n  i n  " p i s t o n  and 

c y l i n d e r "  e x p e r i m e n t s  a r e  f u n c t i o n s  o f  t h e  p a t h .  T h e r e f o r e ,  

on moving th rough  a h y s t e r e s i s  c y c l e ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  

t h e  n e t  change  i n  work w i l l  n o t  be z e r o .  An i r r e v e r s i b l e  p r o c e s s
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must t h e r e f o r e  be In v o lv e d .  A pplying t h i s  argument to  a d sorp t ion  

h y s t e r e s i s  r e s u l t s  in  th e  c o n c lu s io n  t h a t  Second Law equation s  

become s u s p e c t  when a p p l ie d  to  h y s t e r e s i s * ^ ' * ^ .

Opinion v a r ie s  a s  to  iJ iether  to  use  the  adsorp

t io n  or  d e so r p t io n  branches f o r  c a l c u l a t i o n s  o f  pore s i z e  d i s t r i b -  

utions^ ^**^**^ '*^ '^^ . I f  the  m olar f r e e  energy change fo r  the  

con d en sa t ion  and evaporation  o f  a q u a n t i ty  o f  l i q u i d  in  a 

pore can be r ep resen ted  by:

AG a RT in  ( P /  (3 ) (1 1 -1 0 )

then the  d e so r p t io n  loop  corresponds to  the  more s t a b le  s i t u a t i o n .

In g e n e r a l ,  u n le s s  « in k -b o t t le *  typ e  pores  have been i d e n t i f i e d  

th e  l i t e r a t u r e  tends to  s u g g e s t  th e  u se  o f  the d esorp tion  

branch f o r  a ssessm en ts  o f  pore s i z e s .  I r r e s p e c t i v e  o f  ufiich 

branch o f  th e  isotherm  i s  chosen f o r  a n a l y s i s ,  th e  mathemat

i c a l  trea tm en t  i s  in  p r i n c ip l e  th e  same.

I I - 9  The K elvin  Equation.

The K elvin  equation  d e s c r ib e s  th e  r e l a t i o n 

sh ip  between th e  vapour p r e ssu r e  o v e r  a curved s u r fa c e  and 

the  rad iu s  o f  cu r v a tu re .  I t  i s  u s u a l ly  w r it te n  in  th e  form :

In P ss -2Y V(ni)cos9 ( l l - l l )
Pg RTR(K)

where P/Pg i s  the  r e l a t i v e  p r e s su r e  a t  which condensation  o ccu rs  

in  a pore o f  rad ius R(K); Y i s  th e  s u r fa c e  t e n s io n ;  V(m) i s  the  

molar volume, 9 i s  the  c o n t a c t  a n g le  and R and T have t h e i r  usua l  

m eanings. For 9 between 0 and 90° th e  r ig h t  hand s i d e  o f  t h i s  

equation  remains n e g a t iv e  so t h a t  P i s  l e s s  than p^. Hence 

l i q u i d  should  condense in  a pore a t  some p r e ssu re  l e s s  than
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the  s a tu r a te d  vapour p r e s s u r e .  U n fo r tu n a te ly ,  c o n ta c t  a n g le s  

between l i q u i d s  and c a p i l l a r y  w a l l s  are  unknown. Equation  

11-11 i s  commonly approximated:

R(K) ^  (1 1 -1 2 )
RT In  (P /P  )

with 0 equal to  z e r o .  R(K) w i l l  t h e r e f o r e  be high by a f a c t o r

1/G0S9 a lthough  th e  error  i s  sm all  f o r  q u i t e  l a r g e  v a lu e s

27o f  0 ( c o s  20 B 0 . 9 4 ) .  Gregg and Sing d i s c u s s  the  im p l ic 

a t io n s  o f  t h i s  assum ption and draw a t t e n t io n  to  the  con stan cy  

o f  0 throughout the  i so th e r m . In th e  form 1 1 -1 2 ,  a h a n is -  

p h e r ic a l  m eniscus in  c y l i n d r i c a l  pores  i s  assumed.

The a p p l i c a b i l i t y  o f  the  K elvin  equation  to  

ad so rp t io n  phenomena r e q u ir e s  t h a t  th e  co n cep ts  o f  a l i q u i d  

m eniscus with the  a s s o c i a t e d  s u r fa c e  te n s io n  remain v a l i d .

This im m ediate ly  p r e c lu d e s  th e  i n v e s t i g a t i o n  o f  m icropores  

where th e  con cep t  o f  a l i q u i d  m eniscus c e a s e s  to  be meaning

f u l .  Condensation in  macropores occu rs  a t  h igh  r e l a t i v e  

p r e s su r e s  where P and Pg a re  n e a r ly  the  same. Hence the  

K elvin  eq u ation  f in d s  m ost use  in  th e  mesopore range .

However, q u e s t io n s  con cern in g  th e  a p p l i c a b i l i t y  o f  bulk  

s u r fa c e  t e n s io n ,  molar volume, p r e s su r e  and tem perature  

to  th e  i n t e r i o r  o f  th e  p ores  remain unanswered. An a r t i c l e  

by E v e r e t t ,  Haynes and H cElroy^^concludes by n o t in g  the  

la c k  o f  exper im en ta l v e r i f i c a t i o n  o f  th e  K elvin  equation  

I t  i s  w e l l  known t h a t  f o r  sm all  r th e  s u r fa c e  t e n s io n  i t s e l f  

becomes a fu n c t io n  o f  c u r v a tu r e .  This e f f e c t  does n o t  become

apparent u n t i l  the  cu rva tu re  i s  comparable to  m olecu lar
52 ,53  diMGnsions •
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In r e a l i t y  most porous s o l i d s  have a d i s t r i b u t io n  

o f  pore s i z e s  and in  a d d it io n  a v a r i e t y  o f  i r r e g u la r  sh ap es .  

U n less  the  shape o f  an isotherm  o r  p r e fe r a b ly  an independent  

method ( e . g .  e le c tr o n  m icroscopy) s u g g e s t  some predominant  

pore s t r u c t u r e ,  i t  i s  common to  assume c y l i n d r i c a l  pores and 

use  th e  K elv in  equation  in  the  form 1 1 -1 2 .  C o rrec t io n s  may be 

a p p lied  i f  th e  pore shape i s  known.

11-10 Mesopore A n a ly s i s .

The volume o f  a l l  pores  i s  c a lc u la t e d  as a 

fu n c t io n  o f  the  pore rad ius and i s  p l o t t e d  as in  F igure  I I - 6 a .  

The pore s i z e  d i s t r i b u t io n  i s  s im p ly  th e  d e r iv a t i v e  o f  t h i s  

cu rve , d \ J ( T } /  àr  as  in  F igure I I - 6 b .  The c a l c u l a t io n  i s  com

p l i c a t e d  by the  f a c t  th a t  f o r  a g iv en  p r e ssu re  change, the  

change in  the  amount o f  m a te r ia l  adsorbed on th e  s u r fa c e  has  

two components. C onsidering th e  d e so r p t io n  p r o c e s s ,  when 

bulk l i q u i d  has evaporated from a pore  i t  l e a v e s  a f i lm  o f  

adsorbed m a te r ia l  on the  pore w a l l s .  A fu r th e r  red u ction  

in  p r e ssg r a  w i l l  cause  t h i s  f i lm  t h ic k n e s s  to  d e c r e a s e .  

S im u lt a n e o u s ly ,c a p i l la r y  evap ora tion  w i l l ,  occur from sm a ller  

pores^ t h a t  d id  n o t  l o s e  t h e i r  c a p i l l a r y  condensed m a te r ia l  

in  th e  p r e v io u s  desorp tion  s t e p .  The apparent area  and volume 

o f  pores  w i l l  in c r e a s e  with m u l t i la y e r  d im in u t ion . The 

average th ic k n e s s  o f  th e  f i lm  may be e s t im a ted  from the  

isotherm  o f  the  adsorbate  on a non-porous r e fe r e n c e  m a te r ia l  

or  from some com posite  iso th erm . The tr u e  pore rad iu s  R(p) 

i s  s im ply  th e  sum o f  the  K elvin  r a d iu s  R(k) and the  f i lm  

t h ic k n e s s  t  (F igu re  I I - 7 ) :

R (p ) = R(K) ♦ t .  (1 1 -1 3 )
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I J h e e l e r ^ ^ c o n s i d e r e d  a d s o r p t i o n  i n  a  m a t r i x  o f  c y l i n d r i c a l  

p o r e s  and o b t a i n e d  t h e  e q u a t i o n :

V(P) -  V(a) = /" ( r( p ) -  t )  L(r)dr ( 1 1 -1 4 )
•■p

where V(p) i s  t h e  t o t a l  p o r e  volume,  V(a)  i s  t h e  volume o f  a l l

p o r e s  w i th  r a d i i  l e s s  t h a n  r ( p ) ,  t  i s  t h e  t h i c k n e s s  o f  t h e

a d s o rb e d  f i l m  and L ( r )  i s  t h e  d i s t r i b u t i o n  f u n c t i o n .  The

d i s t r i b u t i o n  f u n c t i o n  may be g iv en  a  p a r t i c u l a r  m a t h e m a t i c a l

form o r  may be o b t a i n e d  by n u m e r i c a l  i n t e g r a t i o n .  The

l a t t e r  p r o c e d u r e  i s  u s u a l l y  a d o p te d  and was u s e d  i n  t h i s  work.

A number o f  methods o f  p o r e  a n a l y s i s  have  been

p r o p o s e d ,  m os t  a r e  based  on some a s s u m p t io n s  o f  p o r e  s h a p e .

The method o f  P ie r c e  as  m od if ied  by Qrr and D a lla  Ualle^^

i n  r e s p e c t  t o  t h e  c a l c u l a t i o n  o f  t h e  f i l m  t h i c k n e s s ,  and d i s -

27
c u s s e d  by Gregg and Sing  ,  was used  i n  t h i s  s t u d y .  Th is

procedure u t i l i s e s  U healer*3^^ideas t h a t  condensation  and

ev ap ora tion  occur  in  c y l i n d r i c a l  pores  when some c r i t i c a l

57
p r e s s u r e  i s  o b t a i n e d .  B a r r e t t ,  J o y n e r  and Ha lenda  a l s o  

u s e  t h i s  i d e a .  S c h u l l ^ ^ ,  Q u l t o n ^ ^ ,  I n n e s ^ ^ a n d  C r a n s to n  

and I n k le y ^ ^ h a v e  p r o p o se d  v a r i o u s  schemes a l l  as sum ing  c e r t 

a i n  p o r e  s h a p e s .

B r u n a u e r^ ^ '^ T a n d  c o -w o rk e r s  have  d e ve lope d  a 

Mmodelless method'* f o r  d e t e r m i n i n g  t h e  p o r e  s i z e  d i s t r i b 

u t i o n  i n  which no s p e c i f i c  p o r e  shape  i s  assumed.  Th is  

method g i v e s  r e s u l t s  t h a t  a r e  comparab le  t o  t h o s e  based

49on t h e  K e lv in  e q u a t i o n  and which assume c e r t a i n  p o r e  s h a p es .  .

11-11 The E stim ation  o f  th e  Adsorbed Film T h ick n ess .

The s t a t i s t i c a l  t h i c k n e s s  t  o f  an  a d s o rb e d  f i lm
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i s  requ ired  to  e v a lu a te  the  tr u e  pore r a d iu s  R ( p ) ,  s e e  Figure  

I I - 7 .  In the  mesopore range th e  BET equation  cannot be ap p l ied  

to  determ ine the  m u lt i la y e r  t h i c k n e s s .  There are  two a l t e r 

n a t iv e  approaches used to  overcome t h i s  problem. In the  f i r s t  

method, the  ad so rp t io n  isotherm  i s  remeasured on a ch em ica lly  

s im i la r ,  non-porous r e fe r e n c e  m a t e r ia l .  I t  i s  assumed th a t  a t  

any p r e ssu r e  th e  m u lt i la y e r  t h ic k n e s s  ev a lu a te d  fo r  the  p lane  

su r fa c e  i s  i d e n t i c a l  to the  f i lm  t h ic k n e s s  i n s i d e  a p ore , t  

i s  g iven  by th e  equation:

t  = ( x / x f m ) ) c r  = ncr (1 1 -1 5 )

where x i s  the  amount adsorbed a t  any p r e s s u r e ,  x(re)  i s  the  

monolayer c a p a c i t y  ev a lu a ted  by th e  BET method and a  i s  

the  «average* t h ic k n e s s  o f  one l a y e r ,  n i s  then sim ply  

the number o f  l a y e r s  adsorbed, a  i s  u s u a l ly  l e s s  than one  

m olecu lar  d iam eter  a s  a r e s u l t  o f  th e  s ta c k in g  o f  th e  p a r t 

i c l e s  on th e  s u r f a c e .  For n i tr o g e n  th e  v a lu e  o f  a  i s  3.54A  

which i s  l e s s  than th e  m olecu lar  d ia m eter .  Each n itr o g e n  

m olecu le  r e s t s  in  th e  ho llow  formed by th r e e  o f  th e  mole

c u le s  in  the  hexagonal c l o s e  packed la y e r  below .

The a l t e r n a t i v e  approach i s  based on the  f a c t  

th a t  fo r  many non-porous a d so r b e n ts ,  when x / x ( m )  i s  p lo t t e d  

a g a in s t  p /p ( o )  a l l  th e  data can be approx im ate ly  d escr ib ed

by a «common* type^^'^^’ ^^II i so th e r m . This curve i s  c l o s e l y

35d e sc r ib e d  by the  H alsey  equation  , which fo r  n i tr o g e n  may be

w r it te n  :

/
t  * o  I )

\  ' " P / P  /
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The a g re e m e n t  be tween  t h e  H a l sey  p l o t  and e x p e r i m e n t a l  d a t a  i e  

b e s t  a t  h ig h  r e l a t i v e  p r e s s u r e s .

5511-12  The Method of Pierce For E st im atin g  Pore S i z e  D i s t r i b u t io n s ,

As s t a t e d  above, the  method o f  P ie r c e ,  with c e r t a in  

m o d i f i c a t io n s ,  was used to  e s t im a te  pore s i z e s  in  t h i s  work. The 

procedure i s  i l l u s t r a t e d  with r e fe r e n c e  to  Table I I - 2 .

In columns 1 and 2 are  th e  r e l a t i v e  p r e s su re  and the  

amount adsorbed read d i r e c t l y  from th e  iso th erm . For each r e l a t i v e  

p r e s s u r e ,  th e  K elv in  rad iu s  R|  ̂ i s  c a l c u l a t e d  in  column 3 and the  

f i lm  t h ic k n e s s  t ,  e v a lu a te d  from th e  H alsey  eq u ation  in  column 4#

Sim ple a d d i t io n  y i e l d s  the  tru e  pore rad iu s  Rp  ̂ in  column 5 .  The 

■ mean pore r a d i i  R and R p and d im inution  in  f i lm  th ic k n e s s  A t

are  c a lc u la t e d  fo r  each p r e ssu re  decrement in  columns 6 ,7  and 

a r e s p e c t i v e l y .  The t o t a l  volume desorbed AV in  column 9 

fo r  each s u c c e s s i v e  p r e ssu re  i s  ob ta in ed  from column 2 .  This  

volume c o n s i s t s  o f  m a te r ia l  desorbed from the c a p i l l a r y  con

densed l i q u i d  in  f i l l e d  pores  and from th e  f i lm  on th e  w a l ls  

o f  p r e v io u s ly  emptied p o r e s .  The amount evaporated  from the  

f i lm  AVI i s  c a l c u l a t e d  from the area p r e s e n t  b e fo r e  desor

p t io n  and th e  e s t im a te d  d e crea se  in  f i lm  th ic k n e s s  A t ,  and 

w r it te n  in  column 10 . I t  has to be assumed t h a t  a l l  the pores  

are  f u l l  a t  the  h i g h e s t  r e l a t i v e  p r e s su r e  fo r  which data are  

a v a i l a b l e .  Thus the  term AV i s  zero fo r  the  f i r s t  p ressu re  

decrem ent, because  no d eso rp tio n  can occu r  from pore w a l l s .

When a r e l a t i v e  p r e s s u r e  o f  l e s s  t h a n  u n i t y  i s  u sed  a s  t h e  

s t a r t i n g  p o i n t ,  t h e  e r r o r  i n t r o d u c e d  by t h i s  a s su m p t io n  i s  

s m a l l  p r o v id e d  t h e  d i f f e r e n c e  between t h e  i n i t i a l  p r e s s u r e
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and u n i ty  i s  i t s e l f  s m a l l .  For a r e l a t i v e  p r e s su r e  o f  0 .9 9 ,  th e
O - ,

K elvin  rad iu s  i s  about 950A, and the  i n t e r n a l  area o f  a c y l i n d r i c a l  

pore w i l l  be n e g l i g i b l e  compared to  i t s  volume. The volume o f  

c a p i l l a r y  condensed m a te r ia l  AVj  ̂ /  in  column 11 i s  the  d i f f e r e n c e  

between the  t o t a l  volume desorbed and th e  component desorbed from 

the  pore w a l l s .  However, AV% i s  the  volume o f  th e  inner  c y l in d e r  

in  F igure I I - 7  and i s  r e la t e d  to  the  tru e  pore volume AUp r in  

column 12 by the  equation ;

_ 2
AU p = / R p \  AUk (1 1 -1 7 )/ M  AU*

The in t e r n a l  pore area r e v e a le d  by each s u c c e s s iv e  pore desorp

t i o n ,  ASp i s  o b ta in ed  .from the  eq u a t io n ;

= 3 1 .2  " (1 1 -1 8 )

'P

which i s  d er ived  from the  volume to  area  r a t i o  o f  r f o r  a
7

c y l i n d e r .  AS^ i s  ta b u la te d  in  column 13 and the  cum ulative  

area requ ired  f o r  the  c a l c u l a t i o n  o f  AVf i s  g iven  in  column 

14 . The c a l c u l a t i o n  i s  term in ated  e i t h e r  b^en a r e l a t i v e  

p r e ssu re  o f  about 0 .3  i s  reached or  when th e  amount desorbed from 

the  f i lm  becomes equal t o ,  or  g r e a te r  than, th e  t o t a l  amount 

desorbed . The former c a s e  r e f l e c t s  th e  q u e s t io n a b le  v a l i d i t y  

o f  th e  K elvin  equation  when a p p l ie d  to  narrow pores  and the  

l a t t e r  c a se  i s  a consequence o f  the  in a d e q u a c ie s  o f  the  a n a ly s i s  

coupled  with the  probab le  p resen ce  o f  m icrop ores .  Column 15 

i s  th e  co n v ers io n  o f  the  gaseous  pore volume to  a l iq u id  

volume. A p l o t  o f  AVp^^*^y^Rp a g a in s t  R p g iv e s  the
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p o r e  s i z e  d i s t r i b u t i o n  ( F i g u r e  I I - 6 b ) .

I t  i s  assumed t h a t  the  t o t a l  s u r fa c e  area o f  a porous  

s o l i d  i s  a s s o c i a t e d  with i t s  m esopores. No a cco u n t  i s  taken o f  any 

c o n t r ib u t io n  from e i t h e r  p lane  s u r fa c e s  o r  m icropores# I f  th e  

BET area  o f  a s o l i d  i s  comparable to th e  cu m u la t ive  area  as  c a l 

c u la te d  above, than th e  s o l i d  must be e s s e n t i a l l y  nesoporous  

with no p la n e  su r fa c e s#  The p resen ce  o f  m icropores i s  su g g e s te d  

i f  th e  BET area  i s  much g r e a te r  than the  cu m u la t ive  area#

The K elv in  procedure and v a r ia n t s  o f  i t ,  f in d  

use  because  o f  t h e i r  s i m p l i c i t y  r a th er  than t h e i r  a b s o lu te

27a ccu racy . There a re  th r e e  major c r i t i c i s m s  o f  the  approach  ̂

th e  v a l i d i t y  o f  th e  K elv in  equation  i t s e l f ,  th e  e s t im a t io n  o f  

the  adsorbed f i lm  and th e  assumption o f  cylindrical p o r e s .  The 

c o n cep t  o f  an adsorbed f i lm  th ic k n e s s  i s  p u r e ly  form al; in  

r e a l i t y  th e  t h ic k n e s s  w i l l  vary randomly. Hence equation

11-13  becomes q u e s t io n a b le ,  e s p e c i a l l y  when th e  f i lm  t h ic k n e s s  

i s  l a r g e  compared to  th e  e f f e c t i v e  pore d ia m eter .  In g e n e r a l ,  

the  assum ption o f  c y l i n d r i c a l  p ores  w i l l  o n ly  be f o r t u i t o u s l y  

c o r r e c t .

11-13  The M od e lle ss  Method o f  pore A n a ly s i s .

To c i r c u m v e n t  a s s u m p t io n s  o f  p o r e  s h a p e ,

B runaue r  and co -w orke rs^^ *^ ^  have  d e v e lo p e d  a  method in d e p e n d 

e n t  o f  p o r e  s h a p e ,  u s i n g  t h e  thermodynamic  r e l a t i o n s h i p  o f  

Kiselev^^J

YdA « - A ^ d n .  ( I I - 1 9 )

A h i s  th e  change in  chem ical p o t e n t i a l  ( e q u a l  to  RT.In ^Pq) 

when dn m oles condense in  a c a p i l l a r y  ca u s in g  an area dA o f
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pore w a ll  to  be c o v e re d .  Y i s  the  s u r fa c e  t e n s i o n .  I n te g r a t io n  

over  the  l i m i t s  o f  c o n d e n s a t io n ,  g iv e s  th e  t o t a l  mesopore a r e a .

•  f - I
in  (P /  p )  dn (1 1 -2 0 )

Brunauer d e f in e d  a h y d r a u l ic  pore ra d iu s  R (h)

R( h)  B V / A .  (1 1 -2 1 )

where \J i s  the  volume o f  a s e t  o f  pores  with a su r fa c e  area  A. 

S t a r t in g  from the  r e l a t i v e  p r e s su r e  o f  o n e , s u c c e s s i v e  sm all  

d eso rp tio n  s t e p s  a l lo w  th e  c a l c u l a t io n  o f  th e  volume o f  pores  

emptied by th e  change in  n and t h e i r  area  by equation  11 -2 0 .  

S u b s t i tu t io n  in to  1 1 - 2 1  y i e l d s  the  h y d r a u l ic  r a d iu s .  A 

p l o t  o f  A V /A R (h )  v e r su s  R( h)  g iv e s  a co re  s i z e  d i s t r i b u t 

io n .  C o r r e c t io n s  f o r  the  d e crea se  in  f i lm  t h ic k n e s s  may be 

a p p l ie d  a lthou gh  t h e s e  become p r o g r e s s iv e ly  more com p lica ted  

f o r  each s u c c e s s i v e  s t e p .

11-14 »t* and # P l o t s .

A method u s e f u l  in  th e  a ssessm en t  o f

p o r o s i t y  i s  to  compare an exper im en ta l iso therm  with one

o b ta in ed  on a non-porous r e fe r e n c e  m a t e r ia l .  The " t -p lo t *

64method o f  Lippens and de Boer i s  used to a n a ly s e  n itr o g e n  

ad so rp t io n  i so th e r m s .  The amount adsorbed i s  p lo t t e d  

a g a in s t  the  t h ic k n e s s ,  t ,  o f  th e  f i lm  on th e  r e fe r e n c e  mat

e r i a l  f o r  each p r e s s u r e .  The th ic k n e s s  i s  p r o p o r t io n a l  to  

X /  \ ( m )  , where X i s  th e  amount adsorbed a t  th e  p a r t ic u la r

pressure and x^m) i s  t h e  m ono la ye r  c a p a c i t y .  Any d i f f e r e n c e
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between m u l t i la y e r  form ation  on th e  p la n e  s u r fa c e  and on the  sub

j e c t  m a te r ia l  i s  t h e r e f o r e  apparent as  a d e v ia t io n  from l i n e a r i t y  

in  the  " t - p l o t " .  The major d isad van tage  o f  t h i s  method i s  t h a t  i t  

i s  dependent on the  e v a lu a t io n  o f  th e  monolayer c a p a c i ty  by the  

BET method and i s  thus s e n s i t i v e  to  the  c h o ic e  o f  the  r e fe r e n c e  

m a t e r ia l .

The ” o:(s)-method" o f  S ing^^'^^uses a reduced  

iso therm  t h a t  i s  independent o f  e s t im a te s  o f  BET monolayer  

c a p a c i t i e s .  *t* i s  r ep la ced  by a ( s )  = x / x ( s )  where x ( s )  i s  

the  amount adsorbed a t  some standard r e l a t i v e  p r e s su re  on 

the  non-porous r e fe r e n c e  m a te r ia l .  « ( s )  i s  o f t e n  s e t  equal  

to  one a t  a r e l a t i v e  p ressu re  o f  0 . 4 ,  s in c e  m icropore phenom

ena and m onolayer form ation occur below t h i s  p r e s su r e  and 

c a p i l l a r y  co n d en sa tion  occurs  above i t .  U ith r e fe r e n c e  to  

F igure  I I - 8  the  l i n e a r  p l o t  i n d i c a t e s  t h a t  th e  unknown 

m a te r ia l  has a s u r fa c e  s im i la r  to  t h a t  o f  th e  non-porous  

r e f e r e n c e .  The upward d e v ia t io n  i s  in te r p r e te d  as  ad sorp tion  

a d d i t io n a l  to p lan ar  m u lt i la y e r  form ation i n d i c a t i v e  o f  c a p i l l 

ary  c o n d e n sa t io n .  The p l o t  with a downward d e v ia t io n  a t  low  

p r e s s u r e s  s u g g e s t s  th e  presen ce  o f  m icrop ores .  In t h i s  c a s e ,  

th e  u se  o f  th e  i n i t i a l  s lo p e  as an e s t im a te  o f  th e  su r fa c e  

area  becomes q u e s t io n a b le ,  contrary  to  th e  f i r s t  two c a s e s .
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V a r i a t i o n  o f  a d s o r p t i o n  p o t e n t i a l  w i th  c o v e r a g e .
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CHAPTER I I I  

The S o l id -L iq u id  I n t e r f a c e .

I I I - 1  In tr o d u c t io n .

The same fundamental p r i n c i p l e s  o f  ad sorp tion  apply  

e q u a l ly  to  the  g a s - s o l id  and l i q u i d - s o l i d  i n t e r f a c e s .  However, the  

l i q u i d - s o l i d  i n t e r f a c e  i s  com p lica ted  because  th e  l a t e r a l  i n t e r 

a c t i o n s  o f  the  l iq u id  adsorbate  cannot be ig n o r ed .  Everett^^has  

p o in ted  o u t  th a t  th e  understanding o f  th e  behaviour o f  l i q u i d s  

under the  in f lu e n c e  o f  the  p o t e n t i a l  a s s o c ia t e d  with a s o l i d  sur

fa c e  i s  u n l i k e ly  to  proceed in  advance o f  the  understanding o f  

th e  l i q u i d  s t a t e  i t s e l f .  Although p r o g r e ss  has been made f o r  

th e  c a s e  o f  adsorption  o f  a pure l i q u i d ,  most im portant prac

t i c a l  s i t u a t i o n s  in v o lv e  multicom ponent l iq u id s^ ^ *^ ^ . The 

components may be miscible over  the  e n t i r e  c o n c e n tr a t io n  ra n g e ,,  

or  the  s o lu t i o n  may be so d i l u t e  t h a t  th e  a d sorp t ion  o f  th e  com

ponent in  e x c e s s  does not  s i g n i f i c a n t l y  a l t e r  the  bulk co m p o sit io n .  

As d is c u s s e d  by Everetf® and K ip ling^^ , most e a r ly  work was con

cerned with adsorption  from d i l u t e  s o l u t i o n .  This l e d  to  the  

i n t e r p r e t a t io n  o f  the exper im en ta l data  in  an analogous manner 

to  t h a t  employed fo r  gas a d so r p t io n .

I r r e s p e c t iv e  o f  the  com p osit ion  o f  a m u lt i -  

component n o n - e l e c t r o l y t e  s o l u t i o n ,  one or  more o f  the  compon

e n t s  w i l l  adsorb onto a s o l i d  immersed in  th e  s o l u t i o n .  The 

problem i s  thus one o f  p r e f e r e n t ia l  a d s o r p t io n .  For the  

immersion o f  a s o l i d  in to  a b inary  system  both components 

w i l l  compete fo r  adsorption  s i t e s  a t  th e  i n t e r f a c e .  A 

change in  the  bulk f l u i d  com p osit ion  w i l l  cause  the  compos

i t i o n  o f  th e  in t e r f a c e  to  change. S p e c i f i c  e x c e s s  or  com

p o s i t e  iso th erm s are used to  r e p r e s e n t  th e  a d so r p t io n .
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I I I - 2  Adsorption from Binary L iquid  m ix tu r e s .

71I t  can be shown t h a t  th e  com p osite  isotherm  fo r  

th e  a d so r p t io n  o f  the  components 1 ,  and 2 o f  a b inary  s o lu t io n

over  an i n s o lu b le  adsorbent o f  mass m, i s ;

"O - ^"1 = ( I H - 1 )

M

where n^ i s  the  t o t a l  number o f  m oles o f  1 and 2 p r e s e n t

b e fo r e  ad so rp t io n  ( n ^  .  0 (̂1)+ i ,  th e  number o f  m oles

o f  component i  on u n i t  mass o f  th e  s o l i d  a t  e q u ilib r iu m  and 

A Xĵ  i s  th e  d i f f e r e n c e  in  mole f r a c t io n  o f  component 1 b e fo re  

and a f t e r  a d so r p t io n .  n ^ A x ^ / m  can be o b ta in ed  e x p e r im e n ta l ly  

and a p l o t  o f  t h i s  a g a in s t  y i e l d s  the  com posite  iso th erm .

The measured q u a n t i ty ,  the  «apparent adsorption**, i s  n o t  the  

number o f  m oles o f  component 1 adsorbed but a r e l a t i v e  measure

o f  th e  change in  c o n c e n tr a t io n  o f  component 1 on the  su r fa c e

72as the  com p osit ion  o f  the bulk changes . Schay has c l a s s i f i e d  

5 ty p es  o f  com posite  iso therm s fo r  ad sorp tion  a t  th e  l i q u i d -  

s o l i d  i n t e r f a c e ,  s e e  F igure I I I - 1 .  S in ce  the  apparent adsorp

t io n  i s  o n ly  a r e l a t i v e  q u a n t i ty ,  i t  i s  p o s s i b l e  to  o b ta in  a 

n e g a t iv e  v a lu e .  I f  n ^ A x ^ / M i s  n e g a t iv e ,  component 1 i s  

n e g a t iv e l y  adsorbed <  % ĵ ) and the  a d sorp t ion  p ro cess

d e p le t e s  th e  amount o f  1 in  the s u r fa c e  phase .

I f  th e  s o lu t io n  i s  s u f f i c i e n t l y  d i l u t e ,  such t h a t  

x  ̂ and X| are  e f f e c t i v e l y  u n ity  and zero r e s p e c t i v e l y ,  equation  

I I I -1  reduces  t o :

"o AXj  =  n ’ ( H I - 2 )
m
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Provided  th a t  i s  very s m a ll ,  A x  ̂ /  M r e p r e s e n t s , t h e

a c tu a l  ad sorp tion  o f  1 .  Adsorption from d i l u t e  s o l u t i o n s  i s  

o f t e n  c h a r a c te r is e d  by Langmuir type iso therm s s u g g e s t in g  

th e  form ation  o f  m onolayers.

I I I - 3  L iquid  Adsorption Models.

There are tuo approaches^^to th e  p h y s ic a l  adsor

p t io n  o f  n o n - e l e c t r o l y t e s  on s o l i d  s u r fa c e s .  The e a r l i e r  

approach c o n s id e r s  adsorption  in  terms o f  monolayer cover

age u i th  l i t t l e  i n t e r f a c i a l  s t r u c tu r e  above t h i s  l a y e r .

The second approach resem bles the  m u lt i la y e r  th eo ry  fo r  the  

p h y s i c a l  adsorption  o f  g a se s  and vapours on s o l i d s .  The i n t e r 

fa c e  i s  supposed to  c o n s i s t  o f  a s e r i e s  o f  l a y e r s  each s u c c e s s iv e

la y e r  bound l e s s  s tr o n g ly  to  the  su r fa c e  than th e  la y e r  beneath

i t .  Th is assumes an adsorbent-adsorbata  in t e r a c t i o n  th a t  

d e c r e a s e s  s lo w ly  with d is ta n c e  from the s u r f a c e ,  whereas the

m o n o la y e r  model  r e q u i r e s  a s h o r t  r ange  i n t e r a c t i o n .  Both

68
models have found some experim ental support .

A b a s ic  concept used d i r e c t l y  o r  i n d i r e c t l y  in  

most d e s c r i p t io n s  o f  the s o l i d / l i q u i d  i n t e r f a c e  i s  th a t  o f  an 

adsorbed ph ase .  This i s  su b je c te d  to  th e  p o t e n t i a l  f i e l d  o f  

the  a d so r b e n t ,  has a uniform com position  and i s  in  equ ilibr iu m  

with th e  bulk l i q u i d .

Equations derived  from a monolayer model are

52known to  be the rm odynam ic a l ly  i n c o n s i s t e n t  i n  t h a t  t h e  p r e 

d i c t e d  v a r i a t i o n  o f  i n t e r f a c i a l  f r e e  energy  ( i . e .  s u r f a c e  t e n 

s i o n )  w i th  a d s o r p t i o n  does n o t  a g r e e  with t h e  Gibbs a d s o r p t i o n
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i s o t h e r m .  N e v e r t h e l e s s ,  i n  c a s e s  where t h e  bu lk  s o l u t i o n s  do n o t

d e v i a t e  g r e a t l y  from i d e a l i t y  a  m ono layer  model o f t e n  f i t s  t h e

73e x p e r i m e n t a l  d a t a .  Ash, Bown and E v e r e t t  f o r  example,  have

found t h a t  t h e  a d s o r p t i o n  sys te m s  ( b en z e n e  + c y c l o h e x a n e ) /

Graphon,  (benzene  + n - h e p t a n e ) /  Graphon and ( c y c lo h e x a n e  +

n - h e p t a n e ) / G r a p h o n , c a n  be d e s c r i b e d  by a monolayer  model .

For  s i m i l a r  s y s te m s ,  however ,  t h e  m ono laye r  model b r e a k s  down,

74f o r  example,  f o r  t h e  sys tems  ( b en z e n e  + e t h a n o l ) / G r a p h o n  and 

( n - h e p t a n e  + e t h a n o l ) / G r a p h o n ,  t h e  a d s o rb e d  phase  e x te n d s  to  

t h r e e  o r  f o u r  l a y e r s  a t  t h e  maximum o f  t h e  s u r f a c e  e x c e s s  i s o 

therm.

The monolayer  model  ru n s  i n t o  s e m a n t i c  d i f f 

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

d i f f e r e n t  i n  s i z e .  I f  one o f  t h e  m o l e c u l e s  c o n s i s t s  o f  a 

c h a i n  o f  segments  each segment  b e in g  a b o u t  t h e  s i z e  o f  t h e  

o t h e r  m o l e c u l a r  e n t i t y  t hen  t h e  d e f i n i t i o n  o f  a monolayer  

becomes b l u r r e d .  On t h e  o t h e r  h a n d , , any m u l t i l a y e r  model 

must  t a k e  a c c o u n t  o f  a l l  p o s s i b l e  o r i e n t a t i o n s  o f  l a r g e  mole

c u l e s .  I t  a p p e a r s  from t h e  above ,  even f o r  r e l a t i v e l y  s im p le  

s y s t e m s ,  t h a t  s m a l l  d e v i a t i o n s  from i d e a l i t y  i n  t h e  l i q u i d -  

p h a s e  c a u s e  t h e  monolayer  model t o  f a i l .

M u l t i l a y e r  models  a r e  o f t e n  d e r i v e d  on t h e

68
b a s i s  o f  a l a t t i c e  model i n  which i t  i s  supposed  t h e  system 

c o n s i s t s  o f  a  number o f  p l a n e s  each o f  N a d s o r p t i o n  s i t e s ,

s t a c k e d  s e q u e n t i a l l y  above each o t h e r ,  s t a r t i n g  from t h e
68

s u r f a c e .  E v e r e t t  h a s  n o t e d  t h a t  none o f  t h e  models  a r e  y e t

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

There a r e  two o t h e r  a p p r o a c h e s .  A number o f

44
a t t e m p t s  have been made to  a p p ly  t h e  P o l a n y i  p o t e n t i a l
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75th e o ry  o f  adsorption  o f  g a ses  by s o l i d s  to  l i q u i d - s o l i d ,  system s * 

76
B a r s t  has a l s o  a p p lied  th e  s i g n i f i c a n t  s t r u c t u r e  theory  o f  

77
l i q u i d s  to  adsorption  from s o l u t i o n .  In t h i s  theory  d i f f e r e n t  

m o le c u le s  are  c h a r a c te r is e d  by t h e i r  l o c a l  environment. The 

a n a l y s i s  i s  based on c a l c u l a t in g  the  r a t e s  o f  a d sorp t ion  and 

d e s o r p t io n .  This i s  d escr ib ed  in  terms o f  th e  • g a s - l ik e *  and 

• s o l i d - l i k e *  m olecu les  in  the  l i q u i d  and adsorbed phases r e s p e c t 

i v e l y ,  and the  a c t i v a t io n  e n e r g ie s  in v o lv e d  f o r  th e  d esorp tion  

o f  th e se  two kinds o f  s p e c ie s  from th e  s u r fa c e .

I I I - 4  Surface  O r ie n ta t io n  as  a Function  o f  C on centra tion .

A long chain  m olecu le  adsorbed on a su r fa c e  has 

a number o f  p o s s ib le  d i f f e r e n t  o r i e n t a t io n s  a v a i la b l e  to i t .  

I n t u i t i v e l y ,  i t  i s  reason ab le  th a t  changes in  th e  composition, o f  

the  surrounding environment could  in f lu e n c e  th e  p referred  o r i e n t 

a t i o n .  The concept  o f  a c o n c e n tr a t io n  dependent o r ie n t a t io n  i s  

e s p e c i a l l y  im portant when attem pts are  made to  o b ta in  adsorbent

s u r fa c e  areas  from c o n c e n tr a t io n  iso th erm s .

78Ash, E v e r e tt  and Findenegg have used computer 

s im u la t io n  methods to  study  (monomer + tr im er /te tra m e r )

-substrate  a d so r p t io n  sy stem s. For the  c a s e  o f  a f l e x i b l e  

homogeneous tetram er, w holly  in  the  f i r s t  adsorbed la y e r ,  i t  

was assumed th a t  four ad sorp tion  s i t e s  ware o c c u p ied .  The 

occupancy o f  four a d sorp tion  s i t e s  per m o lecu le  a t  high con

c e n t r a t io n s  does not  r e p r e se n t  the  s i t u a t i o n  o f  h ig h e s t  

entropy fo r  the l a y e r .  To in c r e a s e  th e  en trop y , segments  

o f  any h o r iz o n t a l ly  adsorbed tetramers desorb . The in c r e a s e  

in  p o t e n t i a l  energy accompanying the d e so r p t io n  o f  a segment
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i s  co u n ter-b a lan ced  by the  in c r e a s e  in  en trop y . Thus o r i e n t a t io n s  

u i th  fewer segments a t ta ch ed  to  the  su r fa c e  tend to  be favoured  

as  th e  co n c e n tr a t io n  i n c r e a s e s .  This e f f e c t  was found to be 

more pronounced i f  the tetram er conta ined  a term in a l  segment 

a c t i v e  in  th e  adsorption  p r o c e s s .  Consequences o f  t h i s  e f f e c t  

are  t h a t  the  la y e r  th ic k n e ss  and the  area occupied  on the sur

fa c e  per adsorbate  m olecu le  are  not c o n s ta n t .

I I I - 5  The E stim ation  o f  S u r face  Areas from S o lu t io n  A dsorption.

70 79K i p l in g  and Schay have  d i s c u s s e d  e a r l y  methods

o f  e s t im a t in g  s u r fa c e  areas  from s o lu t i o n .  L iq u id - s o l id  i s o 

therms may in  p r in c ip l e  be used to  determine s u r fa c e  areas in  an 

analogous fa sh io n  to th a t  a p p l ie d  to g a s - s o l i d  iso th e r m s .  The 

f a c t  t h a t  a p a r t ic u la r  s o lu t i o n  isotherm  f i t s  a model o r i g i n a l l y  

des ign ed  to  d e s c r ib e  gas ad so rp t io n  cannot be taken as  ev id en ce  

th a t  th e  same adsorption  mechanism i s  o p e r a tin g  in  both c a s e s .

In p a r t i c u l a r ,  Everett^^has p o in ted  o u t  th a t  Langmuir type  

i so th e r m s ,  fr e q u e n t ly  encountered in  s t u d ie s  o f  a d sorp tion  

from d i l u t e  s o lu t i o n ,  do n o t  n e c e s s a r i ly  mean th a t  l im i t in g  

monolayer coverage has been a c h ie v e d .  The p la tea u  cou ld  sim ply  

be th e  maximum o f  the s u r fa c e  e x c e s s  iso th erm .

I t  i s  e s s e n t i a l  t h a t  one component o f  a binary  

m ixture i s  p r e f e r e n t i a l l y  adsorbed, to  g iv e  a uniform monolayer, 

b e fo re  e s t im a t io n  o f  su r fa c e  a r e a s  can be made. For t h i s  reason  

binary s o lu t i o n s  o f  d i s s i m i l a r  m o lecu les  are  o f te n  used . Addit

i o n a l l y ,  the  m o lecu les  are  chosen so th a t  the  s u r fa c e  o r ie n t a t io n  

o f  th e  p r e f e r e n t i a l l y  adsorbed s p e c ie s  i s  known, thereby m inim ising
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th e  u n c e r ta in ty  in  the  occupied  a r e a .  The o r ie n t a t io n  o f  a p ar t

i c u l a r  adsorbate  may depend on th e  s o lv e n t  and th e  nature o f  th e  

adsorbent  in  a d d it io n  to  the  c o n c e n tr a t io n .  As the  ad sorb ates  used  

are  o f t e n  la r g e r  than th ose  commonly u t i l i s e d  in  gas ad sorp tion  

measurements the  a c c e s s i b i l i t y  o f  the  s u r fa c e  must be c o n s id e r e d .  

I t  i s  a l s o  e s s e n t i a l  to ensure thermodynamic equ ilib r iu m  has bean 

o b ta in ed  b e fo re  making an exper im en ta l measurement. The r a te  o f  

a tta in m en t  o f  equ ilibr iu m  may be s low  fo r  l a r g e  m o lecu les  such 

as polym ers. These problems are  fu r th e r  compounded when the  

adsorbent i s  porous.

The e s t im a t io n  o f  s u r fa c e  a r e a s  by s o lu t i o n  tec h 

n iques  i s  hence more s u s c e p t i b l e  to  exper im en ta l contam ination  

and er ro r  and t h e o r e t i c a l  c r i t i c i s m  than gas ad sorp tion  methods. 

However, the  apparatus required  i s  o f t e n  l e s s  s o p h i s t i c a t e d  and 

e a s i e r  to u se  s in c e  a high-vacuum system  i s  n o t  req u ire d .  Con

c e n tr a t io n  changes may be fo l lo w e d  by o p t i c a l  methods^^'^^*^^*^^.

Dye ad sorp tion  has th e r e fo r e  been e x t e n s i v e l y  a p p l ied  to the

80e s t im a t io n  o f  su r fa c e  a r e a s .  Harkins and Dura developed a method 

based on immersion c a lo r im e try  which has been r e c e n t ly  m odif ied  by 

p artyka , Rouquerol and Rouquerol^\ Uedler^^haa reviewed the  r o l e  

o f  c a lo r im e tr y  in  a s s e s s in g  s u r fa c e  phenomena, but con cen tra ted  

m ainly  on gaseous a d so r p t io n .  A m ic r o c a lo r im e tr ic  method f o r  e s t 

im ating  su r fa c e  areas  has been deve loped  by Groszek®^'^"^*®^'®^.

Comparisons between s u r fa c e  areas  ob ta in ed  by gas  

and s o lu t i o n  methods should take accou n t o f  the  d i f f e r e n t  sur

fa c e  tre a tm e n ts ,  and th e r e fo r e  the  d i f f e r e n t  s u r fa c e s  p resen ted  

to  the  adsorbate  m o le c u le s .
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I I I - 6  Surface  Areas From M icroca lor im atry .

Groszek^^ ^^has e s t a b l i s h e d  in a s e r i e s  o f  papers t h a t  

f lo w  m icroca lor im etry  may be used to e v a lu a te  the  s p e c i f i c  s u r fa c e  

areas  o f  p o la r  m etal o x id e s .  Other workers have confirmed the  te c h 

nique as r e l i a b l e  and capab le  o f  g iv in g  r e s u l t s  comparable to  th o se  

ob ta in ed  from n itro g en  a d so rp t io n  measurements®^” ^^.

I t  was found  t h a t  normal  a l c o h o l s  i n  normal  h e p ta n e  

s o l u t i o n s  a d s o rb  p r e f e r e n t i a l l y ,  and a t  some c r i t i c a l  c o n c e n t r a t i o n s  

c o v e r  t h e  s u r f a c e  wi th  a  f i l m  o f  v e r t i c a l l y  o r i e n t a t e d  m o le c u l e s .

In p a r t i c u l a r ,  normal butanol in  d i l u t e  ( 0 . 2  wt.%) normal heptane  

s o l u t i o n ,  when passed over  a number o f  s u r fa c e s  p r e v io u s ly  s a tu r a te d  

with heptane adsorbs to  form a c lo se -p a c k e d  p h y s i c a l l y  adsorbed mono

la y e r ,  The in t e g r a l  h e a t  o f  p r e f e r e n t i a l  ad so rp t io n  fo r  monolayer  

form ation AH, was found to  be approxim ate ly  c o n s ta n t  fo r  a number 

o f  d i f f e r e n t  o x id e  s u r f a c e s .  I f  the s p e c i f i c  s u r fa c e  area o f  

some r e fe r e n c e  s u r fa c e  i s  known by an independent tech n iq u e , then  

th e  c o n s ta n t  E in  the eq u ation ;

= EAH ( I I I - 3 )

may be e va lu a ted  by measuring the  i n t e g r a l  h e a t  evo lved  on the  

form ation  o f  a butanol m onolayer. Sub seq uently  th e  areas  o f  sur

f a c e s  s im i la r  to the standard may be o b ta in ed  by measuring the  

i n t e g r a l  h e a t  o f  butanol monolayer form ation  on them and in s e r t in g  

t h i s  q u a n t ity  and th e  c o n s ta n t  E back in t o  equation  I I I - 3 .  The low  

c o n c e n tr a t io n s  used make c o r r e c t io n s  f o r  h e a ts  o f  d i lu t i o n  i n s i g n i f 

i c a n t ,  and th e se  may be n e g le c t e d .

The f l o w - m i c r o c a l o r i m e t r i c  t e c h n i q u e  f o r  e s t i m a t i n g

s u r fa c e  areas  i s  quick and easy  to  use and o b v ia te s  the n e c e s s i t y  

o f  measuring a complete iso therm . One p r a c t i c a l  d isadvantage i s
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t h a t  t h e  p a s s a g e  o f  l a r g e  volumes o f  s o l v e n t  o v e r  t h e  a d s o r b e n t  

w h i l e  t h e r m a l  e q u i l i b r i u m  i s  b e in g  e s t a b l i s h e d ,  p r i o r  to  t h e  

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

g ro u p s  may d e s o rb  i n t o  t h e  s o l v e n t  s t r e a m  o r  c o n t a m i n a n t s  i n  

t h e  s o l v e n t  may a d s o rb  i n t o  t h e  s u r f a c e .  U n l e s s  g r e a t  c a r e  

h a s  been e x e r c i s e d  i n  t h e  p r e p a r a t i o n  o f  t h e  h e p t a n e  t r a c e  

q u a n t i t i e s  o f  w a te r  w i l l  a l m o s t  c e r t a i n l y  be p r e s e n t .  C o l l i n s ,

McEwan and Heal  ^ and Heal  and McEwan^^ have  shown t h a t  ext reme  

c a r e  must  be e x e r c i s e d  i n  s u r f a c e  p r e t r e a t m e n t  a s  r e l a t i v e l y  s m a l l  

v a r i a t i o n s  i n  t h e  amount  o f  p r e a d s o r b e d  w a t e r  have  a d r a m a t i c  

e f f e c t  on t h e  h e a t  o f  a d s o r p t i o n .  The t e c h n i q u e  does n o t  g i v e  

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

a r e a  o f  t h e  s t a n d a r d .  The a s su m p t io n  o f  a  common c o n s t a n t  £ f o r  

a group o f  s i m i l a r  m a t e r i a l s  assumes t h a t  t h e y  a r e  c h e m i c a l l y  

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

ween them a r i s e  o n l y  from d i f f e r e n c e s  i n  t h e  s p e c i f i c  s u r f a c e  a r e a .

G r o s z e k ' s  o r i g i n a l  work^^ ^^was p r i m a r i l y  concerned  wi th  sam-

2 —1p i e s  o f  low s u r f a c e  a r e a  ( < 2 0 m  g” ) which showed no s i g n  o f  p o r o s i t y . .  

E x t e n s i o n  o f  t h e  method to  i n c l u d e  po rous  s o l i d s  has  n o t  been d i s c u s s e d  

i n  t h e  l i t e r a t u r e .  In  g e n e ra l ,  many o f  t h e  d i f f i c u l t i e s  i n v o lv e d  Lcu ld  

be e x p e c t e d  to  be a na logous  t o  t h o s e  e n c o u n t e r e d  when a p p ly i n g  ga^ 

a d s o r p t i o n  methods to  porous  s o l i d s .  The s t a c k i n g  and o r i e n t a t i o n  

o f  m o le c u le s  a d s o rb e d  w i t h i n  p o r e s  need n o t  n e c e s s a r i l y  be t h e  same 

as  t h o s e  on a p l a n e  s u r f a c e .  Also t h e  h e a t s  o f  a d s o r p t i o n  and d e s o r 

p t i o n  may be enhanced in  po rous  m a t e r i a l s  and t h e  r a t e  o f  a t t a i n m e n t  

o f  e q u i l i b r i u m  d e c r e a s e d ,  compared to  t h e  n o n - p o ro u s  m a t e r i a l s .  M ic ro -  

p o r e  phenomena a r e  l i k e l y  t o  be e s p e c i a l l y  i m p o r t a n t .  The s u r f a c e

a r e a s  o f  po rous  m a t e r i a l s  d e te r m in e d  by t h e  m i c r o c a l o r i m e t r i c  method 

s h o u l d  t h e r e f o r e  be t r e a t e d  wi th  c a u t i o n ,  and t h e  s t a n d a r d  s u r f a c e  ideal ly,  

s h o u ld  be po rous  and have  a s i m i l a r  po re  s i z e  d i s t r i b u t i o n  to  t h e  

unknown.
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OC.— »

Schay»s Composi te  I s o t h e r m s .
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CHAPTER IV.

Soma Aspects o f  Iron Oxide Surface  C hem istry.

IV-1 I n tr o d u c t io n .

The s u r fa c e  o f  pure iron  i s  o x id i s e d  by exposure  

to dry a i r .  I f  the  r e s u l t in g  o x id e  f i lm  i s  in  turn exposed to  

m o is tu r e ,  a d so r p t io n  o f  water to  g iv e  a h yd roxy la ted  su r fa c e  

o c c u r s .  Both p r o c e ss e s  are  o f  the  d i s s o c i a t i v e  chem isorption  

type d e sc r ib e d  p r e v io u s ly .  However, the  c o r r o s io n  o f  i r o n ,  and 

hence many common s t e e l s  su b je c te d  to  e i t h e r  atm ospheric  weath

e r in g  or  immersion in  an aqueous medium i s  more co m p lic a te d .  

T y p ic a l ly  a range o f  o x id e s  and oxyhydrox ides , o f t e n  poor ly  

c r y s t a l l i s e d  or  amorphous,are formed. The e x a c t  com p osit ion  o f

the  corroded su r fa c e  depends on th e  s t a r t in g  m a te r ia l  and the

98 99w eathering  c o n d i t io n s  ' .  X-ray d i f f r a c t i o n  s t u d i e s  have shown

th a t  h a e m a t i te ,  oc -Fe2^3 I t s  hydrated form, g o e t h i t e ,  oc 

-FeO.OH, are  o f t e n  major c o n s t i t u e n t s  o f  r u s t  formed by exposure  

o f  iron  to  oxygen, water and atm ospheric  pollu tants^^^'^^^*^^^.

H a e m a t i t e  snd g o e t h i t e  have been used as model c o n s t i t u e n t s  o f
1 * 103 ,104iro n  r u s t  in  s e v e r a l  s t u d ie s  .

There e x i s t  a number o f  well-known iro n  o x id e s ,

oxyhydroxides and h yd rox id es .  They a l l  tend to  be n o n -s t io c h io m -

etr ic^ ^ ^ '^ ^ ^ . Three iron  o x id e s  are  known, with i d e a l  com p osit ions

FeO, F&gOg and Fe^O^. FeO i s  always i r o n - d e f i c i e n t  and has a rock-

s a l t  typ e  s t r u c t u r e .  At low tem peratures FeO decomposes to  iron

and FSgO^  ̂ j h e r e  are two well-known phases o f  Fe^O^f haem atite
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o r  o:-Fe^O^ with a corrundum s tr u c t u r e ,  and T'Fe^O^ with a s p in e l

l i k e  s t r u c t u r e  d e f i c i e n t  in  Fe^^^« ([ j ^ - p h a a e  o f  Fe^O^ i s  th e  sub-

107j e c t  o f  co n t in u in g  work • The Y -o x id e  i s  r e a d i l y  i n t e r - c o n v e r t ib l e

with FogO^ which i s  a mixed Fe^^-Fe^^^ o x id e  and has the in v e r s e

s p i n e l  s t r u c t u r e .  The oxygen an ions  form a c u b ic  c lo se -p a c k e d

array  w ith in  which the Fe^^ io n s  occupy o c ta h e d r a l  i n t e r s t i c e s  and

th e  Fe^II occupy both t e t r a h e d r a l  and o c ta h e d r a l  i n t e r s t i c e s .  Iron

h y d r o x id e s ,  ”F e(0H)2 ” or nFe(OH)g" are  p r e c ip i t a t e d  from aqueous

Fe^^^ s o lu t i o n s  and e x i s t  as  g e l s  or  s o l s .  These re o g ra n isé  on

h e a t in g  with the  l o s s  o f  water to  produce v a r io u s  oxyhydroxides

o f  which a t  l e a s t  4 phases are known^*^^'^^^'^^®, G oeth ite

( Œ -FeO.OH) and l e p id o c r o c i t e  ( '/-FeO.OH) occu r  n a t u r a l ly .

A " 8 *  phase i s  known, and a l s o  a ” >* phase has been reported  ^

which r e q u ir e s  the  p resen ce  o f  an anion  to  s t a b i l i s e  i t .  Ganeyeva 

.109
and B e n d e l ia n i  have reported  a new oxyhydroxide phase , e-FeO.OH,

s t a b l e  a t  h igh p r e s s u r e s .

I V - 2 .  The I r o n  O x i d e /U a te r  I n t e r f a c e .

The c h e m i s t r y  o f  t h e  " i r o n  o x i d e - w a t e r "  sys tem i s  cora-

110p l e x  and t h e  s u b j e c t  o f  c o n t i n u i n g  s t u d y .  E a r l y  work by F o s t e r  

111and Rao e s t a b l i s h e d  t h e  p r e s e n c e  o f  c o m p l i c a t e d  p o r e  s t r u c t u r e s  i n

f e r r i c  o x i d e  g e l s .  The c o m p o s i t i o n  and a g e in g  c o n d i t i o n s  o f  t h e  g e l s

were shown t o  be i m p o r t a n t  i n  d e t e r m i n i n g  t h e  s u r f a c e  p r o p e r t i e s .  Rao 

112and Nayer  measured w a te r  a d s o r p t i o n  i s o t h e r m s  on f e r r i c  o x i d e  g e l s .  

They found  t h a t  a p p l i c a t i o n  o f  an e l e c t r i c  d i s c h a r g e  to  t h e  sys tem on ly  

had an e f f e c t  when t h e  sys tem was i n  a s t a t e  c o r r e s p o n d i n g  to  some 

p o i n t  on t h e  d e s o r p t i o n  i s o t h e r m  c a u s i n g  t h e  d e s o p r t i o n  i s o 

therm to  move to  t h e  a d s o r p t i o n  c u r v e .  The a u t h o r s  c o n s i d e r e d
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t h e i r  r e s u l t s  to  i n d i c a t e  th e  presen ce  o f  "m etastab le"  water adsorbed  

in  th e  p o res  in  th e  g e l .

113R ecently  Saraswat e t  a l  have i n v e s t i g a t e d  f e r r i c

o x id e  g e l s  produced by p r e c ip i t a t i o n  from f e r r i c  c h lo r id e  s o l u t i o n s .

They found t h a t  the  g e l s  c o n s i s t e d  o f  p r o t o f e r r ih y d r i t e  which has a

h e x a g o n a l ly  c l o s e  packed s t r u c t u r e  s im i la r  to  t h a t  o f  h a em a tite

with a u n i t  c e l l  o f  approxim ately  FegH0g.4H20* Towe and

B r a d l e y ^ a n d  Chukhrov e t  found c e r t a in  g e l s  con -

117s i s t e d  o f  p r o t o f e r r ih y d r i t e .  Van de G iessen  c o n s id er e d  th e  g e l s  

as e i t h e r  Fe0.0HnH20 or  FegO^nHgO# Ageing o f  p r o t o fe r r ih y d 

r i t e  s o l u t i o n s  produces v a r io u s  in te r m e d ia te ,  p a r t i a l  phases  o f  

h a e m a tite  and f i n a l l y  h a em a tite  i t s e l f  a f t e r  h e a t in g  above  

400 C 113*114*116,117^ Mackenzie and Berggren^^^ have fo u n d (%-,

- ,  and'y-FsQ.QH and O:-Fe20j as  primary c o n s t i t u e n t s  o f  th e  g e l s .

119According to  Dousma, Van dsn Haven and de Bruyn , th e  p resen ce

— 113o f  CL* favou rs  the  form ation  o f  jg-FeO.OH. Saraswat e t  a l

found no ev id en ce  o f  any form o f  oxyhydroxide in  t h e i r  g e l s ,

nor in  the  compounds produced by ageing  or  h e a t  t re a tm e n ts .

120Kaufman and Hazel showed th a t  th e  products  depend c r i t i c a l l y  

on th e  c o n c e n tr a t io n s  o f  the  i n i t i a l  s o lu t i o n s  and on the  

subsequent  age in g  c o n d i t i o n s .  The thermal deh yd ration  o f  

f e r r i c  o x id e  g e l s  p ro v id es  a standard techn iqu e  f o r  th e  syn

t h e s i s  o f  “ > T *  8 -  oxyhydroxides, d e s p i t e  the

d i f f e r e n c e  o f  op in io n  concern ing  th e  nature  o f  th e  g e l .  The 

fu r th e r  dehydration  o f  t h e se  y i e l d  in fo r m a tio n  concern ing  

th e  s u r fa c e  s t r u c t u r e  o f  both the  oxyhydroxides and th e  f i n a l  

product which i s  always h aem atite  provided th e  tem perature i s
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106high enough. B u t le r  and lean  d i s c u s s  the  thermal transform 

a t io n ;

FeO .O H  ------------  ^ -O f-F e ^ O ^

and n o te  th a t  the  dry h e a t in g  in  a i r  always g iv e s  h aem atite

i r r e s p e c t i v e  o f  the  s t a r t i n g  phase# When heated  in  w ater , th e

decom posit ion  o f  a l l  ph ases  to  h aem atite  proceeds v ia  g e e t h i t e

as an in te r m ed ia te  and i s  com plete  a t  a much low er temperature

121 122than the  dry d ecom p osit ion . U efers  * found t h a t  T -FeO .O H .(aq)  

was u n s ta b le  with r e s p e c t  to  O'-FeO.OH(aq) a t  tem peratures above
O

25 Ct and noted d i s c r e p a n c ie s  in  the  l i t e r a t u r e  f o r  th e  tem perature

123a t  which the  tra n sfo rm a tio n  i s  com p lete .  Tanaka fo llo w ed  th e  decom, 

p o s i t i o n  o f  f e r r i c  o x id e  g e l s  by d i f f e r e n t i a l  thermal a n a l y s i s .  An endo

therm ie change p r io r  to  th e  exotherm ic decom position  o f  th e  g e l  to  haem

a t i t e  was a t t r ib u t e d  to  th e  l o s s  o f  adsorbed w ater .  Ishikawa and Inouye  

124
observed  d i f f e r e n c e s  between the  p -  and th e  Oi -  and 'y -oxyhydroxides  

during th e  thermal decom position  to  h a em a tite .  For a l l  p h a se s ,  a s  the  

tem perature o f  o u tg a s s in g  was in c r e a s e d ,  and hence the  p ro p o rt io n  o f  

h a e m a tite  p r e s e n t  in c r e a s e d ,  so  th e  monolayer c a p a c i t y  fo r  water adsor

p t io n  and the  h e a t  o f  immersion in  water decreased  u n t i l  th e  conver

s io n  to  h a em a tite  was com p le te .  The h e a t  o f  immersion then in c r e a s e d  

with fu r th e r  o u t g a s s in g .  /3-FeO.OH showed much h ig h e r  v a lu e s  than the  

o th e r  p h a ses ,  and t h i s  was a t t r ib u t e d  to  the  p resen ce  o f  sm a ll  pores  

a b le  to  l o s e  w ater , thereby  in c r e a s in g  the  s u r fa c e  area a v a i l a b l e . f o r

r e a c t io n .  Using e le c t r o n  m icroscopy, gas a d so rp t io n  and X-ray d i f f r a c -

125
t io n  t e c h n iq u e s ,  G allagher confirm ed e a r l i e r  work and found sm all

o
pores  w ith  a mean diam eter o f  2 8 .4  A in  h i s  sample o fp -F eO .O H . The 

s u b c r y s ta l  s t r u c t u r e  c o n s is t e d  o f  tubes e x te r n a l ly  square with a 

c i r c u l a r  channel running the  len g th  o f  th e  s u b c r y s t a l .  T h ese 'ch a n n e ls

are  d i f f e r e n t  from the sm a l le r  tu n n e ls  in h e r en t  in  the  h o l l a n d i t e  

s t r u c t u r e  o f  jS -  FeO.OH which co n ta in  Cl io n s  a f t e r  p r e c i p i t a t i o n  

from f e r r i c  c h lo r id e  s o l u t i o n s ,  jn th e  unwashed s t a t e  the formula
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uhich i s  approxim ately  FeO,_^ J C l, which, on extreme

washing with w ater, becomes FeO.OH.fCHgO). Drying y ie ld s  FeO.OH.
126

Naono and Fujiwara have observed  micropore form ation  in  th e  

therm al decom posit ion  o f  a c i c u l a r  m ic r o -c r y s ta l s  o f  g o e t h i t e  to

h a e m a t i t i e .  This tran sform ation  corresponds to  th e  t o p o t a c t i c  r e a c t io n ,  

oc-FeO.OH (100) [ o o l ] — oc Fe^O^ (0001) [ lo îo ]

An in c r e a s e  in  the  BET n itr o g e n  s u r fa c e  area was found fo r  o u t

g a ss in g  tem peratures up to 300 C* More v igorou s  o u tg a s s in g  caused  

the  area  to  d e c r e a s e .  The l o s s  o f  water from oc-peO.OH up to 100°C 

was a s s o c ia t e d  with l o s s  o f  adsorbed m a te r ia l .  Between 200-300°C  

a rap id  w eight l o s s  was found as  the  decom position  to  cC -F e20g 

occu rred . These r e s u l t s  were exp la in ed  in  terms o f  the  i n i t i a l  

form ation  o f  m icropores and t h e i r  subsequent d e s t r u c t io n ,  as  

macropores formed a t  h ig h e r  tem peratures .

B y lh o ld er  and Richardson^^®in an in fr a - r e d  stu dy  ' 

o f  h aem atite  found t h a t  water chemisorbs on a sample dehydroxylated  

by o u tg a s s in g  a t  h igh tem peratu res . They p o s tu la te d  th a t  chemi

so r p t io n  in v o lv e s  the  d i s s o c i a t i o n  o f  water to form OH , which

adsorbs onto a s u r fa c e  Fe^^^ io n ,  and Ĥ  which r e a c t s  with a 
2_

su r fa c e  0 * to  form another  hydroxyl group. On t h i s  la y e r  o f

h y d r o x y ls ,  water, r e t a in in g  th e  H-G-H c o n f ig u r a t io n ,  can

p h y s i c a l l y  adsorb.The p h y s i c a l l y  adsorbed water was e a s i l y

removed by evacuation  a t  25 The l a b e l l i n g  experim ent o f

129Berube, Qnoda and da Bruyn supported the ob serva tion s o f  

B lyholdor. Haematite was la b e l le d  by storage under t r i t ia t e d  

water fo r  over a month and then subjected  to B lyh o ld er's  

o u tgassin g  regim e. The t r i t i a t e d  su rface was then allowed  

to exchange with tr itiu m  fr e e  w ater. The measured exchange 

agreed with the amount expected i f  a l l  the p h y s ic a lly  adsorbed water

127
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was removed by evacu ation  a t  25 C, and the  surfaqa  was populated

by chemisorbed QT groups* The water a d sorp t ion  s t u d ie s  o f  Asher,

■ 130
Goodman and Gregg on v a r io u s  dehydroxylated  h aem atite  samples

showed t h a t  h y d ro x y la t io n  i s  a r e v e r s ib l e  process*  O utgassing  a t

800 C was found to  com p le te ly  d sh yd roxy la te  th e  su rface*  Z e t t l e -

103moyer and McCafferty used h e a t  o f  immersion s t u d ie s  o f  haem atite  

in  water to confirm the  r e v e r s i b i l i t y  o f  the  hydration  p r o c e s s .

They gave fu r th e r  support to  th e  view t h a t  room tem perature o u t

g a s s in g  i s  s u f f i c i e n t  to remove a l l  p h y s i c a l l y  adsorbed w ater ,

131 132Morimoto, Nagao and Tokuda ’ used water a d sorp t ion  s t u d ie s  to

fu r th e r  support t h e s e  id e a s ,  and advanced a t e n t a t i v e  ad sorp tion

128mechanism supp ortin g  t h a t  o f  B lyh o ld sr  and Richardson.

M cCafferty and Z ettlem oyer , in  a s e r i e s  o f  p ap ers ,  

used d i e l e c t r i c  m e t h o d s ^ ^ ^ a n d  ad sorp tion  t h e r m o d y n a m i c s ^ t o  

show t h a t  the  f i r s t  p h y s i c a l ly  bound water l a y e r  on h aem atite  i s  

imm obile, each water m olecu le  being doubly hydrogen bonded to  the  

u n d er ly in g  h y d r o x y ls .  Succeeding la y e r s  are  m ob ile ,  th e  m o lecu les  

bound t o g e t h e r  by s i n g l e  hydrogen bonds. The hydrogen bonded m atrix  

above th e  f i r s t  l a y e r  was shown to  have an i c e - l i k e  s t r u c t u r e  fo r  

th e  n e x t  few l a y e r s ,  g r a d u a l ly  becoming more l i q u i d  l i k e  as Ithe

d is ta n c e  from the  s u r fa c e  in c r e a s e d .  These id e a s  c l a r i f i e d  the

136e a r l i e r  s u g g e s t io n s  o f  H ealey , C hessick  and F r a i o l i  , and were

137fu r th e r  c o n s o l id a te d  by McCafferty and Z ettlem oyer when th e se  

authors p resen ted  t h e i r  u n i f i e d  view o f  th e  w ater -h aem atite  i n t e r 

f a c e .  The s i t u a t i o n  i s  i l l u s t r a t e d  in  F igure IV -1.

The number o f  hydroxyl groups per u n i t  area has

been ev a lu a te d  fo r  haem atite  and l i e s  between 5-10 0h/100A^ 1 3 2 ,1 3 7 ,1 3 8  

139
Boehm has shown th a t  the  hydroxy ls  on m etal o x id e s  may be amphoteric



in  character*  Zettlem oyer and M c C a f f e r t y ^ d i s c u s s e d  thp p r o p e r t ie s  

o f  water adsorbed on o x id e  s u r fa c e s  and c l a s s i f i e d  the  hydroxyls  

on h a e m a tite  as  " so ft"  because  they  are  e a s i l y  removed and re 

gained compared to  the  "hard" hydroxyls  on s i l i c a *  They a l s o  

d i s c u s s  one o f  the  major concern s  o f  powder su r fa c e  c h e m is tr y ,  t h a t  

o f  la ck  o f  r e p r o d u c ib i l i t y *  They s t r e s s e d  the d i f f i c u l t y  o f  ensur

ing  t h a t  a p a r t ic u la r  powder sample i s  r e p r e s e n t a t iv e  o f  the  bulk  

powder. The dependence o f  a p a r t ic u la r  o b se r v a tio n  on the h e te r o 

g e n e i t y ,  degree  o f  su r fa c e  c r y s t a l l i n i t y ,  p o r o s i t y ,  p a r t i c l e  s i z e ,  

p u r i ty  and p a s t  h i s t o r y  o f  a sample, was noted .

The e a r ly  i n f r a - r e d  s t u d ie s  o f  adsorbed water on iro n  

128 131 141o x id e s  * * were extended by Rochester and Topham in  d e t a i l e d

142 143i n v e s t i g a t i o n s  o f  the  s u r fa c e  hydroxyls  on haem atite  and g o e t h i t e  .  

Eleven ab so rp t io n  bands in  the  in fr a - r e d  sp e c tr a  o f  h aem atite  d i s c s  

were a s s ig n e d  to th e  O H -stretch ing  v ib r a t io n s  o f  s u r fa c e  hydroxyl  

groups. The r e l a t i v e  i n t e n s i t i e s  o f  th e se  maxima depended on 

the  com p osit ion  o f  the  g e l  from which the  sample was prepared, 

p h y s i c a l ly  adsorbed water was desorbed from the s u r fa c e  o f  

haem atite  by evacu ation  a t  ambient tem peratures , a r e s u l t  

c o n s i s t e n t  with g e n e r a l  o p in io n .  However, i t  was found th a t  

high tem perature treatm ent o f  haem atite  in  vacuum caused  

p r o g r e s s iv e  dehydroxy la tion  and decom position to  m a g n e t i te ,  

thereby c a s t in g  doubt on th e  i n t e r p r e t a t io n  o f  soma e a r l i e r  

work^^^*^^^. Heat trea tm ent in  oxygen had two e f f e c t s .  Surface  

d eh yd roxy la tion  occurred  and was found to  be r e v e r s ib l e  by 

chem isorption  a t  room temperature* E xten s ive  h e a t in g  caused  

i r r e v e r s i b l e  s i n t e r i n g ,  and thus a decrease  in  th e  number o f  

hydroxy ls  per u n i t  w e ig h t .  V a r ia t io n s  in  the  r e l a t i v e  pro

p o r t io n s  o f  d i f f e r e n t  typ es  o f  hydroxyls  were observed  a t
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high tem peratures# Some o f  the  d i f f e r e n t  ty p e s  o f  h y d r o x y ls ,  

as i d e n t i f i e d  by t h e i r  p o s i t i o n s  on the  v ar iou s  c r y s t a l lo g r a p h ic  

fa c e s  were d isc u sse d  in  r e la t io n  to  the  measured spectra#

Morimoto, Yokota and Nagao^^^ adsorbed water on 

dehydroxylated  h aem atite  and m a g n e t i te .  They then removed the  

p h s y c i a l l y  bound water and readsorbed more water onto the  hydro

x y la te d  s u r f a c e s .  D if fe r e n c e s  between th e  t^o iso therm s  

were a t t r ib u t e d  to d i f f e r e n c e s  in  the i n i t i a l  s t a t e  o f  hydroxy

l a t i o n .  However, the i n i t i a l  r a te  o f  chem isorp tion  was very  

s low  and t h i s  hindered the  i n t e r p r e t a t io n ,  as th e  isotherm s  

tended to  d iv e r g e  a t  high r e l a t i v e  p r e s s u r e s .  A s low  r a te  o f  

r e h y d r o x y la t io n  has a l s o  been observed f o r  the  immersion o f  de

h yd roxy la ted  alumina in  water At ambient tem peratures the

e v o lu t io n  o f  h e a t  continued  fo r  s e v e r a l  h ou rs .  The t o t a l  h e a t  

e f f e c t  was r e so lv e d  in to  a la r g e  immediate h e a t  change and a much 

s m a l le r  change with a h a l f  l i f e  o f  51 min. I t  was a l s o  shown^^^that 

th e  iso th erm s fo r  the  hydroxylated  s u r fa c e s  o f  d i f f e r e n t  iron  

o x id e s  were s im i la r  from which i t  was concluded t h a t  the  su r fa c e  

c h a r a c t e r i s t i c s  o f  a compound are  l a r g e l y  determ ined by the  

hydroxyl c o v e r in g .  The importance o f  hydroxyl coverage  in  

determ in ing th e  su r fa c e  p r o p e r t ie s  o f  m etal o x id e s  has been 

recorded fo r  many systems^*^'^*^'^*^#

81P artyka, Rouquerol and Rouquerol measured 

th e  h e a t  o f  immersion o f  a number o f  m etal o x id e  pow ders,in  

water and found t h a t  between one and two p h y s i c a l l y  adsorbed  

water la y e r s  were s u f f i c i e n t  to "screen" the  o x id e  su r fa c e  

from the a d so rb a te .  These r e s u l t s  d isagreed  from the  e a r l i e r  

work o f  Harkins and 3ura®° yho found th a t  up to  f i v e  la y e r s
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o f  w ater  were requ ired  to "screen" the s u r f a c e .  However, th e se  

authors  used s e v e r e  o u tg a s s in g  c o n d i t io n s  l i k e l y  to  c r e a t e  

a r e a c t iv e  p o la r  s u r f a c e ,  partyka and co-w orkers a l s o  sugg

e s te d  t h a t  the  a n a l y s i s  o f  Harkins and Jura was d e f e c t iv e  

con cern in g  the  assumption th a t  the  numbers o f  m o lecu les  in  

each la y e r  i s  th e  same.

150Jurinak compared the  water ad sorp tion  pro

p e r t i e s  o f  h a em a tite  and g o e t h i t e ,  and found t h a t  the  g o e t h i t e -  

water system was more c o m p lica ted .  The s u r fa c e  a c i d i t y  o f  

g o e t h i t e  was shown to be g r e a te r  than t h a t  o f  h a e m a tite ,  and 

a t t r ib u t e d  to  the  proton in  the  ocfeO.OH s t r u c t u r e .  Rossi^^^

found the  h e a t  o f  immersion o f  g o e t h i t e  to  be about 15% h igh er

152than t h a t  o f  h a e m a t i te .  The r e s u l t s  o f  C ast , Landa and Meyer 

in  t h e i r  comparison o f  the ad sorp tion  o f  water on g e o t h i t e  and 

amorphous hydrated  f e r r i c  o x id e  fu r th e r  i l l u s t r a t e  the  d i f f e r 

ences  between th e  s u r fa c e s  o f  haem atite  and g o e t h i t e .  Like  

h a e m a ti te ,  th e  amorphous m a te r ia l  l o s t  i t s  p h y s i c a l l y  adsorbed  

water by o u tg a s s in g  a t  25°C. G o eth ite  under the  same c o n d i t io n s  

r e ta in e d  about a monolayer which exchanged with DgO. I n te g r a l

e n tr o p ie s  o f  w ater  ad sorp tion  were c a lc u la t e d  and compared with

135th e  data  o f  M cCafferty and Zettlem oyer .  These showed th a t

th e  f i r s t  p h y s i c a l l y  adsorbed la y e r  on th e  amorphous m a te r ia l

and th e  second on g o e t h i t e  were immobile, s u g g e s t in g  s tro n g

hydrogen bonding in  the  l a t t e r  s u r fa c e .

152C a s t  and co -w o rk e r s  o b s e r v e d  a  t e n f o l d  r e d u c 

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

to  g o e t h i t e .  The dependence o f  su r fa c e  area  on o u tg a s s in g

28 153
tem perature i s  w e l l  known * Hagane and Kusano, Nelander
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154
and Uadso have  i n v e s t i g a t e d  t h i s  e f f e c t  i n  r e l a t i o n  t o ^ i r o n  o x i d e s .  

Kusano and c o -w o rk e r s  showed t h a t  f o r  h a e m a t i t e  t h e r e  was no s im p l e  

r e l a t i o n  between t h e  d e c r e a s e  i n  bo th  s u r f a c e  a r e a  and h e a t  o f  

immers ion  o f  w a te r  a s  t h e  o u t g a s s i n g  t e m p e r a t u r e  was i n c r e a s e d
o

above 300 C. The v a r ia t io n  o f  su r fa c e  p r o p e r t ie s  with temperature  

i s  com p lica ted  by the  f a c t  th a t  h e a t  treatm ent can a l t e r  a s u r fa c e  

i r r e v e r s i b l y . * The s t a t e  o f  th e  s u r fa c e  must be known throughout  

the tem perature range o f  an experim ent b e fo re  the  r e s u l t s  can 

be p r o p e r ly  in t e r p r e t e d ,  as p o in ted  o u t  by R ochester  e t  a l^^^.

The e x i s t e n c e  o f  Lewis Acid s i t e s  on th e  su r fa c e

155o f  g o e t h i t e  has been shown and o f  a t  l e a s t  two ty p es  o f  sur

fa c e  hydroxyl^^^*^^^. R u s s e l l ,  p a r f i t t ,  Fraser  and Farmer^^^, 

c o n s id er e d  th e  [ l O o ]  fa c e  o f  g o e t h i t e  c r y s t a l s  to  be predom

in a n t  and a s s ig n e d  in fr a - r e d  ab sorp t ion  bands e n t i r e l y  in  

terms o f  t h i s  f a c e ,  c o n s id ered  to  co n ta in  th r e e  p h y s i c a l ly  

d i f f e r e n t  hydroxyl groups. However, R ochester  and Topham^*^, 

in  an in f r a - r e d  study  o f  the  system s D2O / o (  -FeO.OH and 

H2O / oc -FeO.OD, p o in ted  o u t  t h a t  the[lOO] fa c e  i s  in c o m p le te ly  

r e p resen ted  by o n ly  th r ee  p h y s i c a l l y  d i f f e r e n t  hydroxyl s i t e s .

A t o t a l  o f  f i v e  s u r fa c e  s i t e s ,  e i t h e r  occu p ied  by OH or Og 

or  unoccupied and co n s id ered  as  anion v a c a n c ie s ,  were used to 

i n t e r p r e t  the  d a ta .  Two d i f f e r e n t  model s u r fa c e s  were found 

to f i t  the  data e q u a l ly  w e l l .  I t  was a l s o  su g g es ted  t h a t  the  

exposed fa c e  with the  h ig h e s t  s u r fa c e  area need n o t  n e c e s s a r i ly  

be th e  primary f a c t o r  in  determ in ing  the  in fr a - r e d  s p e c tr a .  The 

^01 o j  fa c e  w ith  th ree  s u r fa c e  s i t e s ,  each occup ied  by hydroxyl  

groups, was a l s o  found to  e x p la in  the s p e c tr a .  A f u l l  a n a ly s i s

o f  a l l  p o s s i b l e  f a c e s  and d i s t r i b u t i o n s  o f  s u r fa c e  s i t e s  on the

157fa c e s  was n o t  a ttem pted . Paterson  and S w a f f ie ld  found
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e v id en ce  from D.S.C. thermograms o f  h ydroxy la ted  g o e t h i t e  o f  

t h r e e  typ es  o f  hydroxyl.

IV-3 Adsorption on Iron Oxide S u r fa c e s .

Mast s t u d ie s  o f  th e  a d so r p t io n  o f  o r g a n ic  m o le c u le s  on 

i r o n  o d ix e  s u r fa c e s  in v o lv e  p r e f e r e n t i a l  a d so r p t io n .  The s p e c i e s  o f  

i n t e r e s t  i s  in troduced  to  th e  s u r fa c e  in  s o lu t i o n  so  th a t  a t  l e a s t  

two d i f f e r e n t  m olecu les  compete f o r  ad so rp t io n  s i t e s .  The excep

t io n s  in v o lv e  s t u d ie s  o f  the  a d so r p t io n  o f  vapours.

The a d sorp t ion  o f  a l c o h o l s  and mono c a r b o x y l ic  a c id s  in  

d i l u t e  heptane s o lu t io n s  on ir o n  o x id e s  has been e x t e n s iv e ly  s tu d ie d  

by m ic r o ca lo r im e tr y .  Groszsck^^ in  a s e r i e s  o f  pap ers ,  adsorbed  

n - a lc e h e l s  on m etal o x id e s ,  and showed th a t  th e  ad sorp t ion  was o f t e n  

p h y s ic a l  in  n atu re , and t h e r e f o r e  e a s i l y  r e v e r s i b l e .  A method e f  

e s t im a t in g  s u r fa c e  areas  by butano l a d sorp t ion  was d is c u s s e d ,  and 

found to  g iv e  r e s u l t s  comparable to  t h o s e  o f  gas a d so rp t io n  t e c h 

n iq u e s .  A 0.2%, by w e ight ,  butanol s o l u t i o n  was found to  form a 

c l o s e  packed monolayer on the  s u r f a c e .  Long chain  n - a lc o h o l s  and 

c a r b o x y l ic  a c id s  formed f i l m s ,  n e t  n e c e s s a r i l y  c l o s e  packed, 

composed o f  v e r t i c a l l y  o r ie n t a t e d  m o le c u le s  on s e v e r a l  iro n  o x i d e s .  

The o r i e n t a t io n  was found to  be dependent on c o n c e n tr a t io n ,  s o lv e n t  

and the  nature  o f  th e  s u b s t r a t e .  The s t a b i l i t y  e f  th e  f i lm s  a s  e s t 

imated by i n t e g r a l  h e a ts  o f  p r e f e r e n t i a l  a d sorp t ion  was g r e a te r  for 

Y-Fe^O^ than fo r  CK-FOgO  ̂ and FSgO^. Ground iron  behaved d i f f e r 

e n t ly  to  the  o x id e  s u r fa c e s ,  i n d i c a t i n g  th e  importance o f  s u r fa c e  

p r e tr e a tm e n t .  I t  was t e n t a t i v e l y  su g g e s te d  t h a t  under c e r t a in  

c o n d i t io n s  c a r b o x y l ic  a c id s  m ight d i s p la c e  adsorbed w ater .

Tempier®^*^^furthor s t r e s s e d  the  im portance e f  su r fa c e  p re trea tm en t
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and t h e  p o s s i b i l i t i e s  o f  p o i s o n i n g  t h e  s u r f a c e  i n  f lo w  m i c r o c a l o r -

i m e t r i c  e x p e r i m e n t s  on p o l a r  o x i d e s .

69 90 91
R l l a n  and p . t e l  '  *  ̂ u s i n g  m i c r o c . I -

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

m o l e c u l e s  i s  d i f f e r e n t  from t h a t  o f  lo n g  c h a i n  a l c o h o l s  on haem

a t i t e .  A c a r b o x y l i c  a c i d  group was t h o u g h t  t o  r e s t  on a  hydro 

x y l a t e d  s u r f a c e  w i th  t h e  f i r s t  s i x  m e th y le n e  group fo rm ing  a  lo o p  

above  t h e  s u r f a c e .  A s e v e n t h  m ethy le ne  group  th e n  r e s t e d  on t h e  

s u r f a c e  wi th  s u b s e q u e n t  g roups  l y i n g  above t h e  s u r f a c e  e x te n d i n g  

i n t o  t h e  l i q u i d .  The hyd ro x y l  group o f  an a l c o h o l  a l s o  l i a s  on 

t h e  s u r f a c e .  However,  t h e  c a rbon  c h a i n  forms a  s p i r a l  above t h e  

s u r f a c e ,  each r e v o l u t i o n  c o n t a i n i n g  s i x  m e th y le n e  u n i t s .  Carbo

x y l i c  a c i d s  have  a l s o  been shown to  be i n  p a r t  i r r e v e r s i b l y

91 97 15.8,a d s o r b e d  * • Husbands s t  a l  riave shown t h a t  t h e  a d s o r p t i o n

o f  s t e a r i c  a c id  on f e r r i c  oxide heated  to 140 f o r  s e v e r a l  hours

p r i o r  t o  t h e  e x p e r i m e n t ,  i s  more c o m p l i c a t e d  th a n  t h e  a d s o r p t i o n

o f  b u t a n o l .  The a c i d  was i n  p a r t  i r r e v e r s i b l y  a d s o r b e d .  I t  was

found  t h a t  s t e a r i c  a c i d  d i s p l a c e d  p r e a d s o r b e d  w a t e r  which t h e

s o l v e n t ,  normal  h e p t a n e ,  d i d  n o t .  Th is  e f f e c t  was n o t  o b s e rv e d

f o r  b u t a n o l ,  t h e  a d s o r p t i o n  o f  which was e x a c t l y  r e v e r s i b l e .
97 159

Heal  and McEwan and Jaycock  a l s o  found  e v id e n c e  f o r  t h e  s low

d e s o r p t i o n  o f  p r e a d s o r b e d  w a te r  in  t h e  p r e s e n c e  o f  c a r b o x y l i c
97

a c i d s .  Heal  and McEwan , however ,  a l s o  o b s e rv e d  t h i s  e f f e c t ,  

c h a r a c t e r i s e d  by a s low endotherm i m m e d ia te ly  a f t e r  t h e  i n i t i a l  

e xo the rm ,  f o r  t h e  a d s o r p t i o n  o f  b u t a n o l  on h a e m a t i t e .  A s i m i l a r

e f f e c t  h a s  been o b s e rv e d  i n  t h i s  l a b o r a t o r y ^ H u s b a n d s  and c o -

, 158 92
w orke rs  and Jaycock  f i n d  no e v id e n c e  o f  s low w a t e r  d e s o r p t i o n ,

i n i t i a t e d  by t h e  a d s o r p t i o n  o f  b u t a n o l .  The g e n e r a l l y  ag re e d
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l a c k  o f  r e v e r s i b i l i t y  i n  t h e  a d s o r p t i o n  o f  c a r b o x y l i c  a c i d s  may 

be due to  c h e m i s o r p t i o n  o r  may o n l y  be an a p p a r e n t  e f f e c t  i f  t h e  

d e s o r p t i o n  i s  so s low t h a t  i t  i s  n e v e r  c o m p l e t e l y  o b s e r v e d .

Rahman^* and Rahman and Gosh^^ have  d i s c u s s e d  

t h e  a d s o r p t i o n  o f  s t e a r i c  a c i d  on powder o x i d e s ,  and a g a in  found 

some i r r e v e r s i b i l i t y .  They t e n t a t i v e l y  s u g g e s t e d  t h a t  t h e  a r e a  

o c c u p ie d  p e r  m o le c u le  i s  d i f f e r e n t  on p o ro u s  and non -po rous  

s o l i d s .  Using r a i c r o c a l o r i m a t r y ,  i t  was found t h a t  t h e  m o le c u le s  

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

to  i t .

C o l l i n s ,  McEwan and Hea l^^ found  t h a t  t h e  a d s o r p 

t i o n  o f  b u t a n o l  on t h e i r  r u s t  samples  was ve ry  s e n s i t i v e  t o  t h e

97p r e a d s o r b e d  w a te r  c o v e ra g e .  Heal  and McEwan s t u d i e d  t h e  e f f e c t  

o f  w a t e r  i n  t h e  s o l v e n t ,  and p r e a d s o r b e d  on v a r i o u s  i r o n  o x i d e s  

i n  t h e i r  m i c r o c a l o r i m e t r y  work.  H e a t s  o f  a d s o r p t i o n  were a g a in  

found to  be s e n s i t i v e  to  t h e  amount  o f  p r e a d s o r b e d  w a te r  p r e s e n t .  

H a e m a t i t e  and g o e t h i t e  behaved s i m i l a r l y  to  b u t a n o l  a d s o r p t i o n  

and i t s  v a r i a t i o n s  w i th  w a te r  p r e c o v e r a g e .  G e n e r a l l y ,  an 

i n c r e a s i n g  s u r f a c e  w a te r  c o n t e n t  i s  a s s o c i a t e d  wi th  a  d e c r e a s i n g  

h e a t  o f  a d s o r p t i o n  o f  b u t a n o l .  The c o n v e r s e  was a l s o  t r u e .

I t  i s  w e l l  known t h a t  t h e  c o r r o s i o n  o f  i r o n  i s

r e t a r d e d  by r u s t  i n h i b i t o r s  c o n t a i n i n g  c a r b o x y l i c  a c i d  g roups

161i n  c o n j u n c t i o n  wi th  a l c o h o l ,  c a r b o n y l  o r  o l e f i n  d o ub le  bonds 

I t  ha s  a l s o  been e s t a b l i s h e d  t h a t  d i c a r b o x y l i c  a c i d s  a r e  b e t t e r  

r u s t  i n h i b i t o r s  t han  m onoca rboxy l i c  a c i d s ^ ^ ^ ' ^ ^ ^ .  Th is  s u g g e s t s  

t h a t  m u l t i p l e  f u n c t i o n a l  group s p e c i e s  a r e  more s t r o n g l y

a d s o rb e d  th a n  mono f u n c t i o n a l  s p e c i e s .  K i n g s t o n ,  p o s n e r  and 
164

Quirk have  d i s c u s s e d  th e  a d s o r p t i o n  o f  mono and b i d e n t a t e  

s p e c i e s .  They found t h a t  t h o s e  s p e c i e s  such a s  p h o s p h a te  c a p a b l e
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o f  forming two bonds with the  s u r fa c e  in  a bridged complex were 

more l i k e l y  to  be i r r e v e r s i b l y  adsorbed than mono d e n ta te  such
-  165

as F or  Oh • Kavangh, posner and Quirk have shown t h a t  

in c r e a s in g  s u b s t i t u t io n  o f  c h lo r in e  in  the  phenyl r in g  o f  

p h en oxyacet ic  a c id s  in c r e a s e s  th e  amount adsorbed on g o e t h i t e .  

The a d sorp t ion  i s ,  however, r e v e r s ib l e  #

Raghavan and Fuerstenau^^^ found th a t  aqueous 

octlyhydroxam ic a c id  ( r-CO-NH.OH) adsorbs to  form a hydro-  

xamata complex on f e r r i c  o x id e .

168Pope, M a t i je v ic  and P a te l  adsorbed aqueous 

c a r b o x y l ic  ac id  d e r iv a t i v e s  o f  p y r id in e  on h a e m a tite .  Minor 

s t r u c t u r a l  changes in  both the  adsorbent and ad sorb ate  were 

observed  to  have major e f f e c t s  in  determ in ing the  amount 

adsorbed.

Lucas, V andervell  and Uaugh^^^ have adsorbed  

roaleic anhydride on a mixed o x id e  -  MoO^) c a t a l y s t .

The a d sorp tion  mechanism was shown to be complex. An a c t i v 

a t io n  energy was in v o lv e d ,  and the  adsorbed s p e c ie s  was very  

s t r o n g ly  bound to  the  s u r f a c e .
170 171 172

p a r f i t t  and co-w orkers * * , in  a s e r i e s

o f  p ap ers ,  found th a t  d ic a r b o x y l i c  a c id s  tend to  be i r r e v e r 

s i b l y  adsorbed on iron  o x i d e s .  The ad sorp t ion  o f  aqueous carb

o x y l i c  a c id s  in v o lv e d  the  form ation  o f  adsorbed c a r b o x y la te  

groups. O xa lic  ac id  and ben zo ic  a c id  adsorbed as the  o x a la t e  

and benzoate  io n s  on g e o t h i t e .  Benzoate was weakly bound 

whereas o x a l a t e ,  which can t h e o r e t i c a l l y  bind in  a b id e n ta te  

s t r u c t u r e ,  was s t r o n g ly  adsorbed. The mechanism o f  adsorp

t io n  was shown to in v o lv e  s in g ly  co ord in a ted  s u r fa c e  hydroxyl  

172groups ,  Surface  hydroxyls  shared between two or th ree
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c a t i o n s  were t h o u g h t  to  be r e l a t i v e l y  i n e r t .  However,  i n  

s i t u  t e c h n i q u e s  were n o t  u s e d .  The a d s o r b e n t  was s e p a r a t e d  

from t h e  a d s o r b a t e  l i q u i d  and t h e n  examined by i n f r a - r e d

s p e c t r o s c o p y .  R o c h e s t e r  and Topham i n v e s t i g a t e d  t h e  a d s o r -

173 ' 174p t i o n  o f  o r g a n i c  vapours  on h a e m a t i t e  and g o e t h i t e  by

i n  s i t u  i n f r a - r e d  t e c h n i q u e s .  The two s u r f a c e s  were found to  

be s i m i l a r ,  a l t h o u g h  s u b t l e  d i f f e r e n c e s  were o b s e r v e d .  P y r i d i n e  

ad s o rb e d  weakly on both  s u r f a c e s .  A c e t i c  a c i d  a d s o rb e d  chemic

a l l y  and p h y s i c a l l y  on bo th  s u r f a c e s .  Carbon d i o x i d e ,  however ,  

chem iso rbed  on g o e t h i t e ,  whereas  i t  was o n l y  weakly a d so rbe d  

on h a e m a t i t e .  The r e a c t i v i t i e s  o f  t h e  v a r i o u s  s u r f a c e  h yd roxy l  

g roups  were d i s t i n g u i s h e d  and found  to  be d e p e n d en t  on t h e  method 

o f  p r e p a r a t i o n  o f  t h e  s am ple .

104Buckland ,  R o c h e s t e r  and Topham s t u d i e d  t h e  a d s o r 

p t i o n  o f  c a r b o x y l i c  a c i d s  on h a e m a t i t e  and g o e t h i t e  i n  s i t u  a t  

t h e  s o l i d / l i q u i d  i n t e r f a c e  by a n o v e l  i n f r a - r e d  t e c h n i q u e .

Carbon t e t r a c h l o r i d e  s o l u t i o n s  were u s e d .  Chemica l  and phy

s i c a l  a d s o r p t i o n  was o b s e r v e d  t o  o c c u r  on both  s u r f a c e s . .  

C h e m is o r p t io n  p redom ina te d  and t h a t  l e d  to  a d s o rb e d  c a r b o 

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

s -

The r a t i o  o f  c a r b o x y l i c  a c i d  to  c a r b o x y l a t e  g roups  was g r e a t e r  

f o r  g e o t h i t e  than  f o r  h a e m a t i t e .  J u r i n a k  has  shown t h e  s u r 

f a c e  o f  g o e t h i t e  to  be more a c i d i c  than  t h a t  o f  h a e m a t i t e .
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CHAPTER V.

E x p e r im e n t a l .

V-1. Gae A d s o rp t io n  A p p a r a tu s .

V-1-1 I n t r o d u c t i o n .

The d e t e r m i n a t i o n  o f  a d s o r p t i o n - d e s o r p t i o n  i s o 

th e rm s  by n i t r o g e n  gas  a d s o r p t i o n s  i s  a w e l l - e s t a b l i s h e d  t e c h n i q u e .

Many t y p e s  o f  a p p a r a t u s  have been d e s c r i b e d ^ ^ ' ^ ^ ^ ' ^ ^ ^ J  For  t h i s  work

1 77a c o n v e n t i o n a l  v o l u m e t r i c  a p p a r a t u s ,  o r i g i n a l l y  d e s c r i b e d  by Emmett ,

b u t  i n c o r p o r a t i n g  minor  m o d i f i c a t i o n s ,  was u s e d .

F i g u r e  V-1 shows t h e  a d s o r p t i o n  a p p a r a t u s .

The a d s o r p t i o n  bu lb  A, gas  b u r e t t e  8 , manometer  Ct  and mercury  

r e s e r v o i r s  D, were blown i n  py rex  g l a s s .  They were con n e c t e d  by 

s h o r t  l e n g t h s  o f  2mm bore  c a p i l l a r y  t u b i n g  to  m in im ise  t h e  

i n t e r n a l  volume w hi le  r e t a i n i n g  r e a s o n a b l e  pumping s p e e d s . T h e  

a d s o r p t i o n  bu lb  was c o n n e c t e d  to  t h e  sys tem by a b a l l  and s o c k e t  

j o i n t  E employing a Vi ton *0» r i n g  ( ] .  Young S c i e n t i f i c  Glassw are  

L t d . ,  U .K . ) .  The c o n f i g u r a t i o n  o f  t h e  t a p s  F ,G ,H, l#3and  K enab led  

t h e  a d s o r p t i o n  bu lb  to  be pumped i n d e p e n d e n t l y  o f  t h e  b u r e t t e  and 

manometer ,  t h u s  r e d u c i n g  t h e  r i s k  o f  e n t r a i n e d  powder be in g  depos

i t e d  i n  t h e s e  componen ts .  The t a p s  F ,G ,H , I  and J  were o f  the  

g r e a s e - f r e e  'R o t a f l o *  t y p e  (Corn in g  L t d . ,  U .K .)  and H , I  and 3 

were c o n n e c t e d  v i a  wide bo re  ( c a .  10mm) t u b i n g  t o  t h e  r e s t  o f  

t h e  vacuum sys tem .  The gas  s t o r a g e  sys tem had an o u t l e t  between 

t a p s  H and I .  Tap K, a 3mm bo re  g r e a s e d  t a p ,  was i n t r o d u c e d  to  

e n a b le  f i n e  powders to be g r a d u a l l y  pumped down w i t h o u t  e n t r a i n -  

ment ,  u s i n g  a s t a t i c  vacuum by s u c c e s s i v e l y  r e d u c i n g  t h e  p r e s s u r e  

between  K and F with F c l o s e d ,  t h e n  c l o s i n g  K and s low ly  open ing  

F.
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Rough vacuum and p r e s s u r e  f o r  bo th  t h e  manometer and 

b u r e t t e  were p r o v id e d  by a Boreas  o i l - l e s s  pump (Brook Compton ,

P a r k i n s o n  M o to r s ,  U . K . ) .  C o n t r o l  was th rough  a n e e d l e  v a l v e  L, 

t a p s  M and N (Matheson .  Co. I n c . ,  U . S . A . ) ,  and Hoffmann c l i p s  0 and 

o ' , on a l e n g t h  o f  s e m i - p r e s s u r e  t u b i n g  which c o u ld  be c o n n e c t e d  to  

e i t h e r  t h e  p o s i t i v e  o r  n e g a t i v e  o u t l e t s  o f  t h e  pump, which was 

p r o v id e d  with a p r e s s u r e  r e l e a s e  v a l v e .  Greased  8mm bora  t a p s  

p and q s e p a r a t e d  t h e  b u r e t t e  and manometer r e s p e c t i v e l y  from each 

o f  t h e i r  mercury  r e s e r v o i r s .

The e n t i r e  a d s o r p t i o n  a p p a r a t u s  was s e c u r e d  to  a w a l l  

and t h e  components  e n c l o s e d  w i t h i n  t h e  d o t t e d  l i n e  i n  F i g u r e  

V-1 were e n c lo s e d  i n  a l a r g e  t h e r m o s t a t t e d  box.

P r o v i s i o n  was made f o r  t h e  a d s o r p t i o n  bu lb  to  be 

e i t h e r  h e a t e d ,  o r  t h e r m o s t a t t e d  in  a l i q u i d  n i t r o g e n  b a t h .  The 

t e m p e r a t u r e  o f  t h e  b a th  was measured  by an oxygen vapour  p r e s s u r e  

therm omete r  R and t h e  l i q u i d  n i t r o g e n  l e v e l  was m a i n t a i n e d  by 

an a u t o m a t i c  t o p p i n g - u p  d e v i c e ,  S b e in g  t h e  s e n s o r  and T th e  

pump o u t l e t .

P r i o r  to  i t s  i n t r o d u c t i o n  i n t o  t h e  system t h e  mercury  

was washed i n  d i l u t e  n i t r i c  a c i d  and t h e n  i n  d i s t i l l e d  w a t e r .

I t  was t hen  d o u b l e - d i s t i l l e d  unde r  a r educ e d  n i t r o g e n  atmos

p h e r e  b e f o r e  l o a d i n g .

The c om ple te  vacuum system i s  shown i n  F i g u r e  V-2.

Two mercury d i f f u s i o n  pumps ( j e n c o n s  S c i e n t i f i c  L t d . )  p ,  

p '  backed by a s i n g l e  r o t a r y  pump (Edwards High Vacuum L t d . )  

e v a c u a t e d  t h e  sy s te m ,  p r e s s u r e  was measured by a P i r a n i

(Edwards High Vacuum L t d . )  gauge between pump P and t h e  gas  

s t o r a g e  sy s te m ,  and by a Penning  (Edwards High Vacuum L t d . )
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i o n i s a t i o n  gauge s i t u a t e d  c l o s e  to  pump P .  pump p '  was 

s i t u a t e d  a s  c l o s e  a s  p o s s i b l e  to  t h e  a d s o r p t i o n  system to  

d e c r e a s e  bo th  u l t i m a t e  p r e s s u r e  and i t s  r a t e  o f  a t t a i n m e n t .

L i q u i d  n i t r o g e n  t r a p s  were p o s i t i o n e d  on t h e  h ig h  vacuum s i d e  

o f  each pump. Taps were s i t u a t e d  such t h a t  each component  o f  

t h e  system co u ld  be e v a c u a t e d  by e i t h e r  d i f f u s i o n  pump, 

p r e s s u r e s  o f  t h e  o r d e r  o f  lOT^mmHg were r e g u l a r l y  r e c o r d e d .

The volume o f  t h e  b u r e t t e  was d e t e r m i n e d  by mercury  f i l l 

in g  and weighing b e f o r e  t h e  a p p a r a t u s  was a s se m b le d .  The f r e e  

space  volume, t h e  volume between t h e  r e f e r e n c e  p o s i t i o n  i n  

t h e  manometer ,  t h e  top  bu lb  o f  t h e  b u r e t t e  and t h e  c lo s e d  t a p s  

G and H ( f i g u r e  V-1) ,  was c a l i b r a t e d  wi th  h e l i u m ,  as  w i l l  be d e s 

c r i b e d  l a t e r .  B e fo re  each e x p e r im e n t ,  t h e  dead s p a c e ,  t h e  v o l 

ume above t h e  sample i n  t h e  a d s o r p t i o n  bu lb  up to  t h e  c l o s e d  

t a p s  F and G, was a l s o  d e te r m in e d  by a he l ium  c a l i b r a t i o n . '

To measure  a d s o r p t i o n  on a s u i t a b l y  t r e a t e d  sample ,  gas was 

a d m i t t e d  to  t h e  b u r e t t e  v i a  t a p  H with t a p  G c l o s e d .  As th e  

volume o f  t h e  system was known, a measurem ent  o f  t h e  p r e s s u r e  

and t e m p e r a t u r e  a l low e d  t h e  number o f  moles  a d m i t t e d  to  be 

c a l c u l a t e d  by u se  of t h e  i d e a l  gas  e q u a t i o n .  Tap G was opened ,  

and t h e  bu lb  immersed i n  l i q u i d  n i t r o g e n  c a u s i n g  a d s o r p t i o n  

to  o c c u r .  The p r e s s u r e  and t e m p e r a t u r e s  were r em easu red .

The number o f  moles  a d so rbe d  cou ld  t hen  be c a l c u l a t e d ,  

b e in g  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  d i f f e r e n c e .  By 

r a i s i n g  t h e  mercury i n  t h e  b u r e t t e  f u r t h e r  a d s o r p t i o n  p o i n t s  

were o b t a i n e d .  A d d i t i o n a l  a l i q u o t s  o f  a d s o r b a t e  cou ld  be 

i n t r o d u c e d  to  t h e  system by c l o s i n g  t a p  Q, r e m e asu r ing
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t h e  t e m p e r a t u r e  and p r e s s u r e ,  and t h e n  a d m i t t i n g  f u r t h e r  gas  v i a  

t ap  H and p r o c e e d in g  as  above .

V-1-2 The Gas B u r e t t e

The gas  b u r e t t e  was k i n d l y  p ro v id e d  by P r o f .

T. Edmonds o f  B r i t i s h  p e t r o l e u m  L td .  I t  c o n s i s t e d  o f  s i x  b u lb s  

with a t o t a l  volume o f  a b o u t  123cn?, j o i n e d  by s h o r t  l e n g t h s  o f  

2mm b o r e  c a p i l l a r y  t u b in g  on which were e t c h e d  t h e  r e f e r e n c e  

m arks .  The b u lb s  were c o n t a i n e d  i n  an o u t e r  g l a s s  j a c k e t .  The 

mercury  h e i g h t  was c o n t r o l l e d  by u s e  o f  t h e  t a p  P a t  t h e  bot tom 

o f  t h e  b u r e t t e  i n  c o n j u n c t i o n  wi th  t h e  rough vacuuro -pre ssure  

l i n e .

The volumes o f  t h e  b u l b s  were de te rm in e d  p r i o r  

to  a ssembly  o f  t h e  a p p a r a t u s .  F i r s t ,  t h e  i n t e r n a l  s u r f a c e s  

were washed with  aqua r e g i a ,  f o l l o w e d  by c o p io u s  q u a n t i t i e s  o f  

d i s t i l l e d  w a te r  and a l low e d  to  d ry  i n  a s t r e a m  o f  n i t r o g e n .

Water ,  t h e r m o s t a t t e d  a t  a b o u t  2 7 was  p a s s e d  th rough  t h e  j a c k e t .  

The mercury  was r a i s e d  t o  t h e  top r e f e r e n c e  mark and a l low e d  to  

e q u i l i b r a t e  f o r  one hour  b e f o r e  d r a i n a g e  between s u c c e s s i v e  

r e f e r e n c e  l e v e l s  i n t o  weighing b o t t l e s .  The mean t e m p e r a t u r e  

was r e c o r d e d  f o r  t h e  emptying o f  each b u l b .  From t h e  we igh t  

and d e n s i t y  o f  mercury  a t  t h e  m easured  t e m p e r a t u r e  t h e  volume 

was c a l c u l a t e d .  The volumes a r e  g iv e n  i n  T a b le  V-1.  The 

f i g u r e s  i n  t h e  l a s t  column a r e  t h e  c u m u l a t i v e  volumes used 

i n  t h e  c a l c u l a t i o n s .  C o r re spond ing  c a l i b r a t i o n  volumes 

s u p p l i e d  by B.P,  Ltd a t  2 2 , 2 °C a r e  a l s o  g iven  f o r  compar ison ,

V-1-3 The Manometer .

The manometer arms were made o f  p r e c i s i o n  bore
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g l a s s  t u b i n g  ( j e n c o n s  S c i e n t i f i c  L t d . )  w i th  an i n t e r n a l  d i a m e te r  

o f  1 5 .0 0  t 0 , 0 1 mm, chosen  f o r  i t s  s t r a i g h t n e s s ,  u n i f o r m i t y  o f  

b o r e  and freedom from o p t i c a l  i m p e r f e c t i o n s .  The d i a m e te r  r e p 

r e s e n t s  a compromise between t h e  c a p i l l a r y  d e p r e s s i o n  which 

d e c r e a s e s  with i n c r e a s i n g  d i a m e t e r  and t h e  m en i scus  covolume 

which i n c r e a s e s  with i n c r e a s i n g  d i a m e t e r .

The s h o r t  arm was 18cm l o n g .  Two p l a t i n i u m  e l e c t r o d e s  

U and V i n  F ig u re  V-1, c o nne c te d  to  an e x t e r n a l  c i r c u i t  ( F i g u r e  

V-3) e na b le d  t h e  mercury to  be r a i s e d  to  a  c o n s t a n t  h e i g h t .  Both 

e l e c t r o d e s  were i n s e r t e d  th rough  s i d e  a rm s ,  each f i l l e d  wi th  mer

c u r y .  T h i s  a r r a nge m e n t  was ad o p te d  as  t h e  o n l y  means o f  e n s u r i n g  

a l e a k  f r e e  m e t a l - g l a s s  j o i n t .  The uppe r  e l e c t r o d e  was i n s e r t e d  

a t  t h e  j u n c t i o n  o f  t h e  c a p i l l a r y  and manometer  t u b in g  to  m in im ise  

t h e  volume above t h e  i n t e n d e d  m ercu ry  m en i s c u s  p o s i t i o n .  E l e c t 

r i c a l  c o n t a c t  was i n d i c a t e d  by a p i l o t  l i g h t  and an a u d i b l e  

s i g n a l .  When m easu r ing  t h e  f ree  space  volume ( s e e  l a t e r )  t h e  

s h o r t  arm cou ld  be s e t  to  b e t t e r  t h a n  ± 0 . 0 0 2 cm.

The manometer was 1m i n  l e n g t h ,  and t h e  whole was s e t  

v e r t i c a l  i n  t h e  t h e r m o s t a t e d  box.  The m ercu ry  was c o n t r o l l e d  by 

a s i m i l a r  system to  t h a t  o f  t h e  b u r e t t e .  A 2mm c o n s t r i c t i o n  i n  

t h e  t u b e  above Q ( s e e  F i g u r e  V-1) p r o v id e d  a d d i t i o n a l  c o n t r o l  

when l e v e l l i n g  t h e  mercury .

M_1_4 p r e s s u r e  Measurement.

To measure  t h e  e l e v a t i o n  o f  t h e  crown o f  a mercury  men

i s c u s ,  l i g h t  t h a t  behaves  as  p a r a l l e l  l i g h t  w i th  r e s p e c t  to  v e r t 

i c a l  d i s p l a c e m e n t  and v a r i a t i o n  i n  z e n i t h  a n g l e ,  and as  d i f f u s e  

l i g h t  with  r e s p e c t  to  l a t e r a l  d i s p l a c e m e n t  and v a r i a t i o n  i n

a z i t h m u t h a l  a n g l e ,  must  be d i r e c t e d  from beh in d  t h e  manometer

178
i n t o  t h e  c a t h e t o m e t e r ‘ s t e l e s c o p e

To a c h ie v e  t h i s ,  each arm o f  t h e  manometer was i l i u m -



97,

- i n a t e d  by a l i g h t i n g  u n i t  c o n s i s t i n g  o f  a 2 W b u l b ,  i n  t h e  f o c a l  

p l a n e  o f  a  p ian o  convex  c y l i n d r i c a l  l e n s .  The wid th  o f  t h e  beams 

were reduc e d  by s l i t s .  The u n i t  f o r  t h e  s h o r t  arm was f i x e d  b e h in d  

t h e  top  o f  t h e  s h o r t  arm p o i n t i n g  d i r e c t l y  i n t o  t h e  t e l e s c o p e .

The l i g h t i n g  u n i t  f o r  t h e  lo n g  arm was a t t a c h e d  t o  a p l a t e  which 

c o u ld  be moved up and down on an aluminium b a r  p l a c e d  b e h in d  t h e  

long  arm,  v i a  a l e n g t h  o f  c o rd  ( F i g u r e  V-4) .

F r o n t a l  i l l u m i n a t i o n  was used  to  measure  t h e  e l e v a t i o n  

o f  t h e  bot tom o f  t h e  m en i scus  i n  each arm. A sm a l l  b a t t e r y  d r i v e n  

lamp a t t a c h e d  to  t h e  c a t h e t o m e t e r  was used  f o r  t h i s  p u r p o s e .

A c a t h e t o m e t e r  ( P r e c i s i o n  Tool  I n s t r u m e n t  Co. L t d ) ,  

wi th  a b r a s s  b a r  c a l i b r a t e d  a t  20  was used  to  measure  t h e  m ercu ry  

h e i g h t s .  A v e r n i e r  e n a b le d  t h e  h e i g h t s  to  be r e c o r d e d  t o  0 .001cm. 

Under optimum c o n d i t i o n s ,  t h e  makers  s t a t e d  t h a t  t h e  e r r o r  i n  a 

s i n g l e  h e i g h t  measurem ent  s h o u ld  n o t  exceed  0.004cm. The c a t h e 

to m e te r  was mounted on a  p i l l a r  made up o f  b r e e z e  b l o c k s ,  i t s e l f  

s u p p o r t e d  on s e v e r a l  a l t e r n a t e  l a y e r s  o f  co rk  and l e a d  s h e e t .  The 

t e l e s c o p e  was e q u i d i s t a n t  from .the manometer t u b e s ,  60cm away.

The p e r s p e x  f r o n t  o f  t h e  t h e r m o s t a t t e d  box d i d  n o t  c a u s e  

any s i g n i f i c a n t  o p t i c a l  d i s t o r t i o n .  The h e i g h t s  o f  c e r t a i n  f i x e d  

p o i n t s  were m easu red  w i th  and w i t h o u t  t h e  p e r s p e x  i n  p l a c e ,  and 

no d i f f e r e n c e  was n o t i c e d .

I t  was found  t h a t  t h e  h e i g h t s  o f  a column o f  m ercu ry  

co u ld  be r e c o r d e d  to  b e t t e r  t h a n  0 . 0 0 2 cm d u r in g  t h e  f r e e  s p a c e  

c a l i b r a t i o n .

V-1-5 The T h e r m o s t a t .

T h a t  p a r t  o f  t h e  a p p a r a t u s  w i t h i n  t h e  d o t t e d  l i n e  i n  

F i g u r e  v-1 was t h e r m o s t a t t e d  i n  an a i r  b a th  a t  27 C. The 

i n t e r i o r  l a b o r a t o r y  w a l l ,  t o  which t h e  e n t i r e  a p p a r a t u s  was
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s e c u r e d ,  formed t h e  back o f  a box t h e  s i d e s  o f  which were h a r d -  

b oa rd  s e c u r e d  to  a wooden f rame.  The f r o n t  c o n s i s t e d  o f  two l a r g e  

d e t a c h a b l e  p i e c e s  o f  1 / 8 "  t h i c k  p e r s p e x .  Two s m a l l  doo rs

were c u t  i n t o  one o f  t h e s e  th rough  which t h e  a p p a r a t u s  c o u ld  

be m a n i p u l a t e d .  The l i d ,  a l s o  rem ovab le ,  was made o u t  o f  h a r d -  

b o a r d .  Wherever  p o s s i b l e ,  l a r g e  s h e e t s  o f  polysty rene  were g lu e d  to  

t h e h a r d b o a r d  to  p r o v id e  t he rm a l  i n s u l a t i o n .  The box measured a p p ro x 

i m a t e l y  70 X 70 X 225cm.

Tempera tu re  c o n t r o l  was p r o v id e d  by a mercury c o n t a c t

the rm om ete r  ( E l e c t r i c  Thermometer Co. L t d . ,  U.K.)  A, s e e  F i g u r e

V - 5 . ,  and a Sunvic  c o n t r o l  u n i t  B, o p e r a t i n g  two h e a t e r s .  These

c o n s i s t e d  o f  b l ac ke ne d  60u and 200y l i g h t  b u l b s  C and D r e s p e c t 

i v e l y .  The a i r  was c i r c u l a t e d  by a 6 " d i a m e t e r  mains  d r i v e n ,

f i v e  b l a d e d  fan  E, t ak e n  from an o l d  r e f r i g e r a t i o n  u n i t .  The 

f an  was p l a c e d  h igh  in  t h e  box beh in d  t h e  manometer .  The l i g h t  

b u l b s  were a l s o  p o s i t i o n e d  above and beh ind  t h e  a d s o r p t i o n  a p p a r 

a t u s .  The therm om ete r s  F,G and H were i n  t h e  same v e r t i c a l  p l a n e  

a s  t h e  main a d s o r p t i o n  components .

O o
Tem pera tu re  g r a d i e n t s  o f  l e s s  t h a n  0 . 3  C and 0 .4  C 

e x i s t e d  a c r o s s  t h e  wid th  ( a t  h a l f  h e i g h t )  and t h e  h e i g h t  o f  

t h e  box r e s p e c t i v e l y .  The t e m p e r a t u r e s  were measured by mer

c u ry  i n  g l a s s  the rm om ete r s  c a l i b r a t e d  a g a i n s t  a  N a t i o n a l  p h y s i c a l  

L a b o r a t o r y  s t a n d a r d i s e d  therm omete r .  Thermometer  F was g r a d 

u a t e d  i n  0 . 0 2 °C d i v i s i o n s ,  and the rm om ete r s  G and H were g r a d 

u a t e d  e ve ry  0.1 *C« The t e m p e r a t u r e  o f  t h e  box c ou ld  be h e l d  a t  

2 7 *C o v e r  a wide range  o f  room t e m p e r a t u r e s .  The s h o r t  term 

c y c l i c a l  t e m p e r a t u r e  v a r i a t i o n s  caused  by t h e  s w i t c h i n g  o f  t h e  

c o n t r o l  sys tem were dependen t  on room t e m p e r a t u r e  and on whe ther
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t h e  a d s o r p t i o n  b u l b  was be ing  t h e r m o s t a t t e d  i n  l i q u i d  n i t r o g e n .  

Tem pera tu re  f l u c t u a t i o n s  were a lw ays  much l e s s  t h a n  0 . 4 and 

u s u a l l y  l e s s  t h a n  0.2°C even f o r  thermomete r  F .  Thermometer  H 

o f t e n  o n l y  a l t e r e d  by 0.05°C d u r in g  a  t e m p e r a t u r e  c y c l e .  The 

r a n g e  o f  t h e  thermometer  was n o te d  d u r in g  a t e m p e r a t u r e  c y c l e .

The mean ( c o r r e c t e d )  t e m p e r a t u r e s  T ( F ) ,  T ( g) and T(h ) o f  a 

c y c l e  were used  i n  t h e  f o l l o w i n g  manner  to  a v e r a g e  o u t  minor  

t e m p e r a t u r e  g r a d i e n t s :

1) Tem pera tu re  o f  b u r e t t e  (T(GB)) = i  ^T(F) + T(G)J

V—1.

2) Tempera tu re  o f  manometer  (T(M)) = T(H) V-2.

3) Tem pera tu re  o f  f r e e  s pace  ( T ( F S ) ) ,

T(FS) = i  |^T(G8 ) + T(M)j  V-3.

P r o v id i n g  t h e  ambien t  t e m p e r a t u r e  was g r e a t e r  t han  2 0 °c,

l e a v i n g  t h e  f r o n t  doo rs  open f o r  p e r i o d s  up to  f i v e  m in u te s  d id

n o t  c a u s e  s i g n i f i c a n t  t e m p e r a t u r e  v a r i a t i o n s  i n  t h e  box.

The a d s o r p t i o n  bu lb  (C i n  F i g u r e  V-6 ) was immersed

in  a na r row necked Dewar f i l l e d  wi th  l i q u i d  n i t r o g e n  so t h a t

28t h e  sample  was a t  l e a s t  5cm below t h e  s u r f a c e  .  M a in tenance  

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

l e v e l  be k e p t  a b o u t  3cm below t h e  top  o f  t h e  Dewar, s e e  F i g u r e  

V-6. To r e d u c e  e v a p o r a t i o n ,  t h e  top o f  t h e  Dewar was cove re d  

with  Kao wool (M organ i t e  Ceramic F i b r e s  L t d . )  A. The temp

e r a t u r e  was de te rm in e d  by an oxygen vapour  p r e s s u r e  therm omete r  

B s i t u a t e d  n e x t  to  t h e  bulb  C. A t h e r m i s t o r  D, d e t e c t e d  when 

t h e  l i q u i d  l e v e l  dropped  and c aused  a h e a t e r  E, a s h o r t  l e n g t h

o f  r e s i s t a n c e  w i re ,  to  sw i tch  on i n  a  p a r t i a l l y  s e a l e d  r e s e r v o i r  

o f  l i q u i d  n i t r o g e n  o u t s i d e  t h e  a i r  b a t h .  L i q u id  n i t r o g e n  was 

then  f o r c e d  unde r  s l i g h t  p r e s s u r e  a lo n g  a s h o r t  w e l l - l a g g e d
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g l a s s  t u b s  F, i n t o  the coolant  b a t h .  The r e s e r v o i r  c o n s i s t e d  o f  

a l i t r e  Oeuar  s e a l e d  i n s i d e  an aluminium c y l i n d e r  H« The l i d  was 

p e rm a n e n t l y  f i x e d  to  t h e  s i d e  o f  t h e  a i r  b a t h .  Two s t e e l  r o d s ,  I 

and J ,  b o l t e d  to  t h e  l i d  and t h r e a d e d  a t  t h e  low e r  end,  e n a b le d  a 

m e ta l  b a r ,  K, to  be screwed t i g h t l y  to  t h e  base o f  t h e  c o n t a i n e r .

Thus t h e  Dewar, G, c o u ld  be removed to  be r e f i l l e d .  Two s c r e w s ,

L and M, i n  t h e  l i d  a c t e d  as  c o n t r o l  v a l v e s  which co u ld  be a d j u s t e d  

e a s i l y .

The c o n t r o l  c i r c u i t  diagram f o r  t h i s  d e v i c e  i s  shown i n  

F i g u r e  V-7.

V-1-6 The A d s o rp t io n  B u lbs ,  Gas S t o ra g e  System, O u tg a s s in g

U n i t  and Vapour P r e s s u r e  Thermometer.

The a d s o r p t i o n  b u lb s  were blown from 2mm c a p i l l a r y  t u b i n g  

and j o i n e d  to  t h e  a d s o r p t i o n  system by a 2mm b a l l  and s o c k e t  j o i n t ,  

u sed  to  g i v e  some m ec h a n ic a l  f l e x i b i l i t y .  The b u l b s  were i n d i v 

i d u a l l y  blown to  s u i t  t h e  r e q u i r e m e n t s  o f  a p a r t i c u l a r  sample .  

F i g u r e  U- 8  shows a t y p i c a l  b u lb .  The volume was m in im ised ,

and t h e  stem was a b o u t  10cm l o n g .  Sample s u f f i c i e n t  to  g i v e  a
2

t o t a l  a r e a  o f  a b o u t  50m was used . To s to p  powder  e n t r a in r a e n t  

d u r in g  e v a c u a t i o n  and o u t g a s s i n g ,  i t  was found n e c e s s a r y  to  

f i l l  t h e  b u l b s  t o  no more t h a n  h a l f  f u l l  f o r  t h e  i r o n  o x id e  

e x p e r i m e n t s .

The gas  s t o r a g e  system shown i n  F i g u r e  U-9 c o n s i s t e d  o f  

a 3 dm^ bu lb  f o r  n i t r o g e n  and a 2 dm^ bu lb  f o r  h e l i u m ,  and a s im p l e  

manometer .  The system was pumped down f o r  a t  l e a s t  24 h o u r s  to  

an u l t i m a t e  vacuum o f  l e s s  than  10"^mmHg p r i o r  to  f i l l i n g  t h e  

s t o r a g e  b u l b s .  The a p p r o p r i a t e  gas was p a s se d  down a l e n g t h  o f  

PVC t u b i n g  th rough  a g r e a s e d  th ree -w ay  tap and t h e n  i n t o  an o i l
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b u b b l e r .  When t h e  PVC t u b e  was t h o u g h t  to  be e f f e c t i v e l y  f l u s h e d ,  

a f t e r  a b o u t  an h o u r ,  t h e  f low r a t e  was reduced  and gas  s lo w ly  

a d m i t t e d  t o  t h e  e v a c u a t e d  sys tem .

The o u t g a s s i n g  u n i t  c o n s i s t e d  o f  two h e m i c y l i n d r i c a l  

2QQU h e a t e r s  ( t y p e  50201,  L indbe rg  h e a t i n g  u n i t ,  A.R. Horwel l  L t d . )  

s u p p o r t e d  on a ce ram ic  b lo ck  a s  i n  F i g u r e  V-10.  Power was s u p p l i e d  

by a V a r i a c  t r a n s f o r m e r  and t h e  u n i t  was l a g g e d  wi th  Kao wool .  A 

m e r c u r y - i n - g l a s s  thermomete r  was a t t a c h e d  c l o s e  to  t h e  a d s o r p t i o n  

bu lb  which was c e n t r a l l y  p o s i t i o n e d  i n s i d e  t h e  h e a t i n g  u n i t .  The 

open top  was a l s o  l a g g e d  with Kao wool .

The vapour  p r e s s u r e  therm omete r  ( S i n  F i g u r e  

V - l  ) was a s im ple  mercury  manometer cons is t in g  of- a *U*-tube 

mounted i n  f r o n t  o f  a m e t r e  m e t a l  r u l e .  Both arms had an i n t e r n a l  

d i a m e t e r  o f  5mm. One arm was c o n n e c t e d  to  t h e  pumping system 

and t h e  o t h e r  was f i l l e d  with oxygen.  The s e a l e d  end o f  t h e  

oxygen arm was s i t u a t e d  c l o s e  to  t h e  bot tom o f  t h e  a d s o r p t i o n  b u lb .  

Oxygen was s u p p l i e d  th rough  a R o t o f lo  t a p .  The arm was f i l l e d  and 

t h e n  e v a c u a t e d  with oxygen s e v e r a l  t im e s  b e f o r e  t h e  f i n a l  l o a d i n g .  

The r u l e  was r e a d  to  t h e  n e a r e s t  0.25mm u s in g  a hand l e n s .

V-2. Gas A dso rp t ion  p r o c e d u r e .

1/-2-1 F ree  Space C a l i b r a t i o n .

A f t e r  e n s u r i n g  t h a t  t h e  a p p a r a t u s  was v a c u u m - t i g h t  

t h e  f r e e  s p a c e  volume had to  be d e te rm in e d  u s i n g  h e l iu m .

The system was pumped down f o r  24 h o u r s  to  an u l t 

i m a te  vacuum o f  a t  l e a s t  5 x 10 ^mmHg., and 12 h r  s. p r i o r  to  t h e  

run t h e  t h e r m o s t a t t i n g  sys tem was s w i t c h e d  on .  During pumping 

mercury  was a c c u r a t e l y  s e t  a t  a r e f e r e n c e  mark i n  t h e  b u r e t t e  and



102

a p p r o x i m a t e l y  s e t  i n  t h e  s h o r t  arm o f  t h e  manometer .  Tap G ( F i g u r e  

V - l ) was s h u t  and then  he l ium was a d m i t t e d  to  t h e  f r e e  sp a ce  volume 

th ro u g h  t a p  H which was t hen  c l o s e d .  A p r e s s u r e  o f  a b o u t  10cm 

o f  gas  was added .  A f t e r  t h e  manometer was f i n e l y  a d j u s t e d  f i v e  

m in u t e s  were a l l ow ed  t o  e l a p s e  a f t e r  c l o s i n g  t h e  doors  to  t h e  a i r  

b a th  b e f o r e  t h e  v a r i o u s  r e a d i n g s  were made:

1) The room t e m p e r a t u r e  was measured  to  t h e  n e a r e s t  

0 . 5  C u s i n g  a m e r c u r y - i n - g l a s s  therm omete r  a t t a c h e d  to  t h e  

c a t h e t o m e t e r .

2) The i l l u m i n a t i n g  sys tem was s w i t c h e d  on and t h e  

c a t h e t o m e t e r  was s e t  to  t h e  top  o f  t h e  m en i scus  i n  t h e  s h o r t  

arm. A f t e r  l e v e l l i n g ,  t h e  c r o s s - w i r e s  o f  t h e  t e l e s c o p e  were s e t  

to  t h e  crown o f  t h e  men iscus  and t h e  r e a d i n g  n o t e d .  The c r o s s 

w i r e s  were t h e n  r e a d j u s t e d  and t h e  h e i g h t  n o t e d  a g a i n .  Readings 

were c o n t i n u e d  u n t i l  a h e i g h t  c o n s i s t e n t  to  ± 0 . 0 0 2 cm was o b t a i n e d .

3) The t e l e s c o p e  was r e l e v e l l e d  a t  t h e  bot tom o f  t h e  

m en i sc us  i n  t h e  s h o r t  arm and r e a d i n g s  t a k e n  u n t i l  a c o n s i s t e n t  

h e i g h t  was o b t a i n e d .

4) The t e l e s c o p e  was s e t  to  t h e  top  o f  t h e  meniscus  

i n  t h e  long  arm and t h e  i l l u m i n a t i n g  u n i t  a d j u s t e d  so t h a t  t h e  

l i g h t  j u s t  p a s s e d  o v e r  t h e  crown.  The h e i g h t  was then  r e c o r d e d  

as  i n  ( 2 ) .

5) Reading (3)  was r e p e a t e d  f o r  t h e  long  arm.

6 ) Readings  (2)  to  (5) were r e p e a t e d  i n  t h e  r e v e r s e  

o r d e r .  T h i s  p r o c e s s  was c o n t i n u e d  u n t i l  c o n s i s t e n t  h e i g h t s  were 

o b t a i n e d .

7) Immedia te ly  a f t e r  t h e  f i n a l  h e i g h t  measurement  was 

r e c o r d e d  t h e  t e m p e r a t u r e s  o f  t h e  t h r e e  the rm om e te r s  i n  the  a i r  

b a th  were n o t e d  f o r  a t e m p e r a t u r e  c y c l e .  F i n a l l y  t h e  room
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t e m p e r a t u r e  was no ted  a g a i n .

The mercury  was then  s e t  to  t h e  n e x t  r e f e r e n c e  l e v e l  

i n  t h e  gas b u r e t t e ,  t h e  manometer  r e a d j u s t e d  and r e a d i n g s  ( 1 ) 

to  (7)  r e p e a t e d .  The means o f  t h e  r e c o r d e d  h e i g h t s  were 

used  i n  t h e  c a l c u l a t i o n s .

V-2-2 T re a tm e n t  o f  R e s u l t s ,

The d i f f e r e n c e  i n  h e i g h t  (h)  between t h e  mercury 

crowns i n  t h e  long  and s h o r t  arms o f  t h e  manometer i s  r e l a t e d  

to  t h e  u n c o r r e c t e d  p r e s s u r e  (P) by t h e  e q u a t i o n ;

P = h . p  . g V-4.

where p i s  t h e  d e n s i t y  o f  mercury a t  t h e  t e m p e r a t u r e  o f  t h e
179

manometer and g i s  t h e  l o c a l  a c c e l e r a t i o n  due to  g r a v i t y  . x 

To r e d u c e  t h e  p r e s s u r e  to  s t a n d a r d  c o n d i t i o n s  f o u r  c o r r e c t i o n s  

were made, a s c a l e  c o r r e c t i o n  and t h r e e  mercury  c o r r e c t i o n s .

The h e i g h t  h was r e c o r d e d  a t  some mean t e m p e r a t u r e  

f ( R ) / * C '  However, t h e  s c a l e  o f  t h e  b r a s s  b a r  o f  t h e  c a t h o t -  

om ate r  was c a l i b r a t e d  a t  20°C . ;  t h i s  t e m p e r a t u r e  d i f f e r e n c e  

was c o r r e c t e d  a s  f o l l o w s ;

h' = h + a (T (R )  -  2 0 ) j U“ 5,

where h i s  t h e  c o r r e c t e d  h e i g h t  and Oi t h e  mean f o e f f i c -  

i e n t  o f  l i n e a r  expans ion  o f  b r a s s  from 20°C to  T(R)°C ( O '=

18 .4  X 10-S°C-1) ISO.

The c o r r e c t e d  p r e s s u r e  P (c )  (cm o f  mercury)  i s  

t h e n  g iven  by;

p ( c )  = (h +5, -ôj. ) 8|
i ;

I/—6 ,
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where 5j and ^  a r e  t h e  c a p i l l a r y  d e p r e s s i o n s  i n  t h e  long  

and s h o r t  arms o f  t h e  manometer  r e s p e c t i v e l y ;  T ( H g ) , th o  temp

e r a t u r e  o f  t h e  m ercu ry ,  , t h e  mean c o e f f i c i e n t  o f  t h e  

c u b i c a l  e xpans ion  o f  mercury  from 0 “c to  T (H g) /  °C ( 1 81 .8  x 10 ^ 

°C gj andgg , t h e  l o c a l  and s t a n d a r d  a c c e l e r a t i o n  due to

g r a v i t y  r e s p e c t i v e l y  ( = 980 .6 6 5 c m s " ^ ) .  C o r r e c t i o n s  f o r  t h e

179c o m p r e s s i b i l i t y  and vapour  p r e s s u r e  o f  m ercury  were n e g l e c t e d  ,

The c a p i l l a r y  d e p r e s s i o n  was r e a d  from t h e  t a b l e s  o f  

181 *a i a i s d e l l  . These t a b l e s  g i v e  t h e  p a r a m e t e r  , t h e  r educed  

c a p i l l a r y  d e p r e s s i o n ,  i n  t e rms  o f  t h e  r ed u c e d  manometer  r a d i u s  X, 

and t h e  r educed  meniscus  h e i g h t  Y* Thus,

Ho = x = _ x _ :  u_7.
a a a

where h^ i s  t h e  t r u e  c a p i l l a r y  d e p r e s s i o n ,  x and y 

a r e  t h e  r a d i u s  o f  t h e  manometer and m en i scus  h e i g h t  r e s p e c t 

i v e l y ,  and a i s  t h e  c a p i l l a r y  c o n s t a n t .  Th is  c o n s t a n t  i s  g iven  

by t h e  f o rm u la ;

,  = V-8.
r — Ü — TL (PHg — Pair^gj J

i n  which y i s  t h e  s u r f a c e  t e n s i o n  o f  Hg » Pj-ig 

t h e  d e n s i t i e s  o f  mercury and a i r  and ĝ  t h e  l o c a l  a c c e l 

e r a t i o n  due to  gravi ty .Fiom t h e  d e n s i t i e s  a t  27 "c, t h e  s u r f a c e  

t e n s i o n  o f  a mercury-vacuum i n t e r f a c e  a t  25*C and t h e  l o c a l  g r a v i t y ,  

»a* was found to  be 0.262cm.

The l o c a l  g r a v i t y  which v a r i e s  wi th  l a t i t u d e  and 

e l e v a t i o n ,  was found from t a b l e s ^ t o  be 981 .15  cm ^

V-2-3 A C o n s i d e r a t i g n  o f  P o s s i b l e  C o r r e c t i o n s .

The m en i scus  covolume i n  t h e  s h o r t  arm o f  t h e

180
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manometer  v a r i e s  w i th  t h e  m en i sc us  h e i g h t .  T h e r e f o r e ,  f o r  

a c c u r a t e  work, a c o r r e c t i o n  f o r  t h e  e x c e s s  meniscus  covolume

182r e l a t i v e  to  a s t a n d a r d  h e i g h t  s h o u ld  be a p p l i e d .  K is tem aker  

g i v e s  t h e  m en i scus  volume as  a f u n c t i o n  o f  manometer r a d i u s  

and m en i sc us  h e i g h t .  I t  was f o und ,  by a p p l i c a t i o n  o f  t h e s e  

t a b l e s  to  t y p i c a l  e x p e r i m e n t a l  d a t a ,  t h a t  t h e  covolume c o r r e c t 

ion  was i n s i g n i f i c a n t .  I t  was t h e r e f o r e  n o t  a p p l i e d .

Helium a t  3Q0K and n i t r o g e n  a t  300K and 77K were both 

assumed to  be i d e a l ^ ^ .  The volume (u)  o f  n i t r o g e n  h e l d  a t  l i q u i d

n i t r o g e n  t e m p e r a t u r e s  was n e v e r  mors than  5cm^, and o f t e n  h a l f

1 83t h i s  v a l u e .  Using t h e  e q u a t i o n  o f  Emmett and Brunaue r  

to  c o r r e c t  f o r  t h e  n o n i d e a l i t y  o f  n i t r o g e n ,  t h e  c o r r e c t e d  

volume V i s  g iven  by:

= v / l  + \  V-9.
\  760 /

where a  i s  6 .6  x 10 and t h e  p r e s s u r e  P i s  i n  mmHg.Uith

3 3V e q u a l  to  5 cm and P e qua l  to  76GmmHg, a v a l u e  o f  5.0003cm
✓

i s  o b t a i n e d  f o r  V .

I t  was c o n s i d e r e d  t h a t  t h e  p r im a ry  f a c t o r s  l i m i t i n g  

t h e  p r e c i s i o n  were t h e  a b i l i t y  to  m a i n t a i n  a c o n s t a n t  h e i g h t  o f  

l i q u i d  hydrogen  i n  t h e  c o o l a n t  b a th  and t h e  c o n s t a n c y  o f  t h e  temp

e r a t u r e  o f  a l l  p a r t s  o f  t h e  a i r  b a t h .  I t  was e s t i m a t e d  t h a t  c o r r 

e c t i o n s  f o r  n o n - i d e a l i t y  would o n l y  become i m p o r t a n t  i f  t e m p e r a t u r e  

g r a d i e n t s  were r educ e d  by an o r d e r  o f  m a g n i tu d e .  A s i m i l a r  a rgum en t

i s  r e l e v a n t  to  t h e  m en i scus  covolume c o r r e c t i o n .
184

Thermal t r a n s p i r a t i o n  may o c c u r  i f  two p a r t s  o f  a sys tem 

c o n t a i n i n g  a gas  a r e  h e l d  a t  d i f f e r e n t  t e m p e r a t u r e s .  For  t em per 

a t u r e s  T, and Tj > t h e  a s s o c i a t e d  p r e s s u r e s  Pj and P^ a r e
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r e l a t e d  by;

P. tA  i
L  = M  V -1 0 .

2̂

For  t h e  e f f e c t s  o f  t h e r m a l  t r a n s p i r a t i o n  to  be o b s e rv e d ,  

t h e  mean f r e e  p a th  X o f  t h e  gas  m o le c u le s  must  be l a r g e  com

p a r e d  to  t h e i r  c o n t a i n e r ’ s d i a m e t e r .  Using t h e  wel l-known r e s u l t

from t h e  k i n e t i c  th e o r y  o f  gas ;

X = 7.3T X 10"^°  U-11.
pn

where i s  a c o l l i s i o n  d i a m e t e r  be tween  m o le c u le s ,  and 

f o r  he l ium  and n i t r o g e n  i s  a b o u t  3A t h e  mean f r e e  p a th  i s

s e v e r a l  o r d e r s  o f  magn i tu de  s m a l l e r  t h a n  t h e  dimens ions  of t h e  

a p p a r a t u s  f o r  p r e s s u r e s  i n  t h e  r an g e  1-76 mmHg.

V-2-4 C a l c u l a t i o n  o f  t h e  F re e  Space .

The volumes o f  t h e  gas  b u r e t t e  V(GB)and t h e  volume 

o f  t h e  f r e e  space  V(FS)were f i t t e d  to  an e q u a t i o n  o f  t h e  form;

1

W r i t t e n  e x p l i c i t l y :

Pc V(GB) ^ PcVCFS) =  nR V-13.
KGB) TCFS)

where T{GB) and T(fS) a r e  t h e  t e m p e r a t u r e s  o f  t h e  gas  b u r e t t e  and 

f r e e  s p a c e  r e s p e c t i v e l y ;  R i s  t h e  gas  c o n s t a n t  and n t h e  number 

o f  moles  i n  t h e  gas  p h a s e .  For  each r e f e r e n c e  l e v e l  in  t h e  gas  

b u r e t t e ,  e q u a t i o n s  o f  t h e  form V-13 were s o l v e d ,  and a mean v a lu e  

o f  \/(FS) found.
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V-2-5 Dead Space C a l i b r a t i o n  and A d s o r p t io n ,

For  each sample t h e r e  was a  f u r t h e r  volume t h a t  had 

to  be measured  b e f o r e  t h e  n i t r o g e n  a d s o r p t i o n  cou ld  be commenced. 

Th is  volume, t h e  dead spa ce  volume (V(T)) was t h e  volume above 

t h e  sample i n  t h e  a d s o r p t i o n  bu lb  and t h e  volume o f  t u b in g  up 

to  t h e  t a p s  F and G ( F i g u r e  V -1 ) .  During an a d s o r p t i o n  run t h e  

dead sp a c e  c o n s i s t e d  o f  t h e  sum o f  a volume (V(3))  a t  t h e  t em per 

a t u r e  o f  t h e  a i r  b a t h ,  and a volume (V(N)) a t  t h e  t e m p e r a t u r e  

o f  t h e  l i q u i d  n i t r o g e n  b a t h .

A sample was a t t a c h e d  to  t h e  a d s o r p t i o n  system and

e v a c u a t e d  i n i t i a l l y  by u se  o f  a s t a t i c  vacuum us in g  t a p s  F and K,

with t h e  r e s t  o f  t h e  system i s o l a t e d .  The sample was then  pumped

d i r e c t l y *  and t h e  r e s t  o f  t h e  sys tem e v a c u a t e d .  When a vacuum o f  

- 4a b o u t  10 mmHg was a t t a i n e d ,  t h e  o u t g a s s i n g  f u r n a c e  was p l a c e d  

in  p o s i t i o n  and s w i tc h e d  on.  The a i r  b a th  t h e r m o s t a t t i n g  was 

a l s o  s w i tc h e d  on.  A f t e r  t h e  r e q u i s i t e  l e n g t h  o f  t im e ,  t h e  o u t 

g a s s i n g  f u r n a c e  was s w i tc h e d  o f f  and wi thdrawn.  The t a p  G was 

c l o s e d  and he l ium a d m i t t e d  v i a  t a p  H to t h e  b u r e t t e ;  H was s h u t  

and t h e  p r e s s u r e  and t e m p e r a t u r e s  measured a s  b e f o r e .  These 

measurements  a l lowed  t h e  number o f  moles  o f  he l ium a d m i t t e d  to  

be c a l c u l a t e d ,  s i n c e  t h e  f r e e  s p a c e  volume was known. Taps F 

and K were then  c l o s e d ,  and t a p  G opened a f i x e d  amount .  The 

f i n a l  p o s i t i o n  o f  t h e  PTFE stem o f  G was c a r e f u l l y  a d j u s t e d  b e t 

ween two marks on the  g l a s s  w a l l  o f  t h e  t a p .  The manometer  was
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was r e s e t  and t h e  p r e s s u r e  and t e m p e r a t u r e s  m easured ,  t h u s  g i v i n g  

an e s t i m a t e  o f  t h e  t o t a l  dead sp a c e  volume* The l i q u i d  n i t r o g e n  

ba th  was r a i s e d  to  a p o s i t i o n  s u r r o u n d i n g  t h e  a d s o r p t i o n  bu lb  

and t h e  n i t r o g e n  pump s w i t c h e d  on .  Kao wool was p l a c e d  o v e r  t h e  

top  o f  t h e  l i q u i d  n i t r o g e n  b a t h .  The l i q u i d  l e v e l  was p e r i o d 

i c a l l y  checked v i s u a l l y  w h i l e  t h e  n i t r o g e n  to p p in g  up sys tem 

was a d j u s t e d ,  to  e s t a b l i s h  t h a t  t h e  l e v e l  was c o n s t a n t  and t h a t  

t h e  m e t e r i n g  system on t h e  c o n t r o l  u n i t  was f u n c t i o n i n g  c o r r e c t 

l y ,  At l e a s t  twen ty  m in u te s  were a l low ed  to  e l a p s e  once t h e  l i q u i d  

l e v e l  was s e t  b e f o r e  t h e  p r e s s u r e  and t e m p e r a t u r e s  were measured 

a g a i n .  The oxygen vapour  p r e s s u r e  therm omete r  was read  to  t h e  

n e a r e s t  0,25mm, and from t h i s  vapou r  p r e s s u r e  o f  oxygen,  t h e  

t e m p e r a t u r e  o f  l i q u i d  n i t r o g e n  was o b t a i n e d  from a graph o f  

v a r i a t i o n  o f  s a t u r a t e d  vapour  p r e s s u r e  with t em pera tu re^

These l a s t  measurements  e n a b le d  t h e  volume a t  t h e  t e m p e r a t u r e  

o f  t h e  l i q u i d  n i t r o g e n  to  be c a l c u l a t e d .  By s u b t r a c t i o n  from 

t h e  t o t a l  space  volume t h a t  volume a t  t h e  t e m p e r a t u r e  o f  t h e  a i r  

b a th  was found .

The l i q u i d  n i t r o g e n  b a th  was removed,  t h e  he l ium was 

pumped o f f ,  and t h e  system was pumped down to  a p r e s s u r e  o f  

c a .  10 ^ mmHg.

To measure  a d s o r p t i o n ,  t a p  G was s h u t ,  n i t r o g e n  gas

a d m i t t e d  to  t h e  gas  b u r e t t e ,  and t h e  number o f  moles  de te rm in e d

a s  b e f o r e .  Taps F and K were t h e n  s h u t ,  and t a p  G opened by t h e

f i x e d  amount .  The a d s o r p t i o n  bu lb  was t h e r m o s t a t t e d  i n  l i q u i d

n i t r o g e n  and t h e  v a r i o u s  p r e s s u r e  and t e m p e r a t u r e  measurements

made a s  above .  F u r t h e r  a d s o r p t i o n  p o i n t s  were s im p ly  o b t a i n e d  

by r a i s i n g  t h e  mercury i n  t h e  b u r e t t e  to  t h e  n e x t  r e f e r e n c e  l e v e l
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and r e p e a t i n g  t h e  m easu r ing  s e q u e n c e .  A d d i t i o n  o f  more n i t r o g e n  

was a c h i e v e d  by s h u t t i n g  t a p  G, m ea su r ing  p r e s s u r e  and t e m p e r a t u r e ,  

and t h e n  d o s i n g  o v e r  t h e  n i t r o g e n  th rough  t a p  H. The number o f  

moles  o f  n i t r o g e n  was then m easu red .  S u b t r a c t i o n  o f  t h e  number o f  

moles  p r e s e n t  a f t e r  t h e  t ap  G was s h u t  and b e f o r e  t h e  a d d i t i o n ,  

y i e l d e d  t h e  a c t u a l  number o f  moles  added .  Tap G was reopened  

and t h e  a d s o r p t i o n  ex p e r im e n t  c o n t i n u e d .

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

f o l l o w e d .  S t a r t i n g  from a h igh  r e l a t i v e  p r e s s u r e  and t h e  gas 

b u r e t t e  f u l l  o f  m ercu ry ,  t h e  m ercu ry  was s u c c e s s i v e l y  lowered  to  

each r e f e r e n c e  l e v e l  c a u s i n g  d e s o r p t i o n  to  o c c u r .  To remove 

n i t r o g e n  from t h e  a d s o r p t i o n  sys tem tap  G was s h u t ,  t h e  number 

o f  moles  de te rm in e d  and gas  removed th rough  t a p  H. I t  was u s u a l l y  

a p p r o p r i a t e  to  r a i s e  t h e  mercury  to  t h e  top  r e f e r e n c e  l e v e l  d u r in g  

t h i s  o p e r a t i o n .  When t h e  d e s i r e d  amount  o f  n i t r o g e n  was removed,  

t h e  b u r e t t e  and manometer were a c c u r a t e l y  s e t  and t h e  number o f  

moles  p r e s e n t  d e t e r m i n e d ,  from which t h e  amount  pumped o u t  was c a l 

c u l a t e d .  Tap G was opened and t h e  d e s o r p t i o n  c o n t i n u e d .

At t h e  end o f  t h e  e x p e r i m e n t ,  t h e  c o o l a n t  ba th  was 

s lo w ly  removed and t h e  a d s o r p t i o n  bu lb  was a l l ow ed  to  warm under  

a reduced  p r e s s u r e  o f  n i t r o g e n .  Once t h e  am bien t  t e m p e r a t u r e  was 

r e a c h e d ,  t h e  bu lb  was f i l l e d  with n i t r o g e n  to  a tm o s p h e r i c  p r e s s u r e  

and removed from t h e  a d s o r p t i o n  sys tem . I t  was im m edia te ly  s t o p p e r e d  

and t h e  w e igh t  r e c o r d e d .

The d e t a i l e d  p r o c e d u r e  d e s c r i b e d  a b o v e , o f t e n  took t en  

o r  more m in u te s  to  c om p le te .  I t  was found t h a t  f o r  r e l a t i v e  

p r e s s u r e s  above a b o u t  0 . 3  t h i s  t im e  was l o n g e r  than  t h a t  f o r
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which t h e  mercury h e i g h t  i n  t h e  s h o r t  arm cou ld  be h e ld  e x a c t l y  

c o n s t a n t .  Th is  was because  o f  t h e  i n a b i l i t y  to  m a i n t a i n  an e x a c t l y  , 

c o n s t a n t  l e v e l  o f  l i q u i d  c o o l a n t  a round  t h e  a d s o r p t i o n  bu lb  and 

t h e  p o r o s i t y  o f  most  o f  t h e  a d s o r b e n t s .  Po rous  a d s o r b e n t s

a r e  g e n e r a l l y  s low to  e q u i l i b r a t e ,  so uhen t h e  s h o r t  arm o f  t h e

manometer  was i n i t i a l l y  s e t ,  t h e  mercury  moved s low ly  up o r  down

a s  e q u i l i b r i u m  was e s t a b l i s h e d .  The mercury l e v e l  was r e a d j u s t e d ,  

t h e r e b y  d i s t u r b i n g  t h e  p o s i t i o n  o f  e q u i l i b r i u m ,  and a g a in  d r i f t e d  

up and down a f t e r  i t  was s e t .  The p r o c e s s  was r e p e a t e d  with eve r  

d e c r e a s i n g  movements above and below t h e  r e f e r e n c e  e l e c t r o d e .  

Superimposed on t h i s  b e h a v io u r  were t h e  e f f e c t s  o f  t h e  minor  

f l u c t u a t i o n s  i n  t h e  c o o l a n t  l e v e l .  Once i t  was e s t a b l i s h e d  t h a t

t h e  movements o f  t h e  mercury i n  t h e  s h o r t  arm a r o s e  from t h e  v a r -

i a t i o n s  i n  t h e  c o o l a n t  l e v e l  o n l y ,  i . e .  were c y c l i c ,  t h e  p r e s s u r e  

was measured  u s in g  an a b b r e v i a t e d  p r o c e d u r e .  The h e i g h t  o f  t h e  

crown and men iscus  h e i g h t  o f  t h e  mercury  i n  t h e  long  arm o f  t h e  

manometer  were measured when t h e  a u d i b l e  a la rm  i n d i c a t e d  t h a t  t h e  

mercury  i n  t h e  s h o r t  arm was s e t  a t  t h e  c o r r e c t  h e i g h t .  Thus 

t h e  h e i g h t  o f  t h e  mercury crown and t h e  m en iscus  h e i g h t  i n  t h e  

s h o r t  arm were assumed.  When t a p C  was s h u t  t h e  normal  p r o c e d u r e  * 

was f o l l o w e d .  The a v e ra g e  o f  a l l  t h e  mercury h e i g h t s  i n  t h e  s h o r t  

arm m easured  by t h e  f u l l  p r o c e d u r e  f o r  r e l a t i v e  p r e s s u r e s  below 

0 . 3  was used a s  t h e  assumed h e i g h t  when t h e  a b b r e v i a t e d  p r o c 

e du re  was f o l l o w e d .

The s h o r t  arm o f  t h e  manometer had to  be s e t  a c c u r a t e l y  

to  e n s u r e  t h e  volume o f  t h e  f r e e  sp a ce  was c o n s t a n t .  Th is  i s  

an i n h e r e n t  problem o f  mercury manometry when used  i n  c o n j u n c t i o n
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with a c o n s t a n t  volume a p p a r a t u s .

V-2-6 C a l c u l a t i o n  o f  Dead Space and Amount Adsorbed.

' J i t h  t a p  G s h u t ,  t h e  number o f  moles  o f  he l ium (n)

used to  de te rm in e  t h e  dead sp a ce  volume V(T) was m easured .

The t a p  G was opened and t h e  r e l e v a n t  measurements  made ( c h a p t e r  

V - 2 - 5 ) .  Then V(t) was o b t a i n e d  from:

P ( c )V(GB) + P(c)V(FS) + P(c)V(T)= nR V-14,

T(GB) t ( f s ) T(FS)

The t e m p e r a t u r e  o f  t h e  dead sp a ce  was assumed to  be t h e  same a s  

t h a t  o f  t h e  f r e e  s p a c e ,  even when t h e  n i t r o g e n  c o o l a n t  was p r e s 

e n t .  The volume (V(N)) o f  t h e  dead space  a t  t h e  t e m p e r a t u r e  o f  

t h e  l i q u i d  n i t r o g e n  was found from th e  e q u a t i o n :

P i ç M S â ) .  P ( c ) ' / ( F S )^ P ( c )  k ( T ) - V ( N ) !  ^  P (c ) t f (N )  ^

T(GB) T(FS) T(FS) T(N)
5,

The amounts a d s o rb e d  were calculated u s in g  t h e  same 

p r i n c i p l e s  a s  above.  The i n i t i a l  number o f  moles  o f  n i t r o g e n  

n(N) was measured with t a p  G c l o s e d ,  a s  b e f o r e .  'Jhen t h e  t a p  

G was opened ,  t h e  number o f  moles  p r e s e n t  i n  t h e  gas  phase  

a f t e r  a d s o r p t i o n  had o c c u r r e d  ( n^) was measured and c a l c u l a t e d  f rom;

p f c l v f c a )  _ PCcTufFS) Pfc) t f(B) ^  P(c)V(W) = h' r .  V-16:

T(GS) T(FS) T(FS) T(N)

The number o f  moles  a d so rbe d  n ( a )  was g iven  by t h e  d i f f e r e n c e ,

(n(|\j) -  ^ ) ,  and was e x p r e s s e d  a s  a volume a t  s t a n d a r d  t em per 

a t u r e  and p r e s s u r e :

V(a) I 76cm, 2 7 3 .1 5 ^  = n ( a )  R 273.15 L J  76.0

where n ( a )  r e f e r s  to  p(c) and T(N).
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V-3 .  M i c r o c a l o r i m e t r y .

V-3-1  I n t r o d u c t i o n  and P r i n c i p l e s ,

The u s e  o f  c a l o r i m e t r y  a s  an  i u e s t i g a t i v e  t o o l  i s  w e l l -

82
e s t a b l i s h e d  • I t  i s ,  h o w e v e r ,  o n l y  r e c e n t l y  t h a t  t h e  a v a i l a b i l i t y  

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

e x p l o r a t i o n  o f  i n t e r f a c i a l  p h e n o m e n a ^ ^ ' ^ ^ .  In  t h i s  work,  t h e  c a l o r 

i m e t r y  was c a r r i e d  o u t  u s i n g  an  LKB S o r p t i o n  M i c r o c a l o r i m e t e r  2 1 0 7 -0 3 0

i n  c o n j u n c t i o n  w i t h  an LKB 21 0 7 -2 1 0  a i r  t h e r m o s t a t  and an LKB 

2 1 0 7-310  c o n t r o l  u n i t .  The o u t p u t  f rom t h e  c a l o r i m e t e r  was a m p l i f i e d  

u s i n g  a K e i t h l e y  I n s t r u m e n t s  1508 m i c r o v o l t - a m m e t e r  u n i t  and d i s 

p l a y e d  on a  p h i l i p s  PMSOOO c h a r t  r e c o r d e r .

The main  c o m p o n en t s  o f  t h e  M i c r o c a l o r i m e t e r  a r e  a 

h e a t  s i n k  c o n t a i n i n g  two r e a c t i o n  s i t e s  ea ch  w i t h  i t s  own s e t  o f  

h e a t  d e t e c t o r s  and h e a t  e x c h a n g e r s  and a  c a l i b r a t i o n  h e a t e r :  t h e  

whole  c o n t a i n e d  i n  an i n s u l a t e d  box p l a c e d  i n s i d e  t h e  a i r  t h e r m o 

s t a t .  One r e a c t i o n  s i t e  was f o r  a  b a t c h  mode,  t h e  o t h e r  f o r  a 

f l o w  mode o f  o p e r a t i o n .  Only  t h e  l a t t e r  was u s e d  i n  t h i s  work,  

an d  h e n c e  o n l y  t h i s  w i l l  be  d e s c r i b e d .

The f l o w  s o r p t i o n  c e l l  c o n s i s t s  ( F i g u r e  U-11) o f

3
a  s t a i n l e s s  s t e e l  c y l i n d e r  w i t h  a  vo lume o f  a b o u t  0 . 5  cm ,  T e f l o n  

f i l t e r s  a t  e i t h e r  end and two T e f l o n  s t o p p e r s .  Each s t o p p e r  co n 

s i s t e d  o f  18c g o l d  i n s e r t s ,  U i to n  ’ 0* r i n g  s e a l s  and a  T e f l o n  b o dy .

A t e f l o n  p l u g  c o u l d  be  f i t t e d  i n t o  t h e  c e l l  t o  r e d u c e  t h e  vo lum e.

The c e l l  A ( F i g u r e  U - 1 2 ) f i t s  i n t o  a  m e t a l  b l o c k  B c o n t a i n i n g  24c 

g o l d ,  1.0mm b o r e  h e a t  e x c h a n g e s  c .  m e t a l  b l o c k  i s  s a n d w ic h ed

b e tw e e n  a  p a i r  o f  t h e r m o p i l e s  £ an d  an  a lu m in iu m  h e a t  s i n k  D 

(a s su m e d  i n f i n i t e ) .  C a l i b r a t i o n  h e a t e r s  F , o f  known r e s i s t a n c e ,  

a r e  f i t t e d  t o  t h e  m o u n t in g  b l o c k .
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The m i c r o c a l o r i m e t e r  o p e r a t e s  on t h e  h e a t  l e a k a g e  p r i n -

194c i p l e  , and measures  a r a t e  o f  h e a t  f lo w .  I f  h e a t  i s  g e n e r a t e d  

i n  t h e  c e l l  (an exo th ermic  r e a c t i o n ) ,  t h e  h e a t  f low s  from t h e  c e l l  

to  t h e  h e a t  s i n k .  The o p p o s i t e  h e a t  f low o c c u r s  i f  t h e  h e a t  i s  

a b s o rb e d  by t h e  c e l l  ( a n  endo th e rm ie  r e a c t i o n ) .  In  each c a s e  t h e  

h e a t  f low c r e a t e s  a t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  t h e  t h e r m o p i l e s  

and an e l e c t r o m o t i v e  f o r c e  ( e . m . f . )  p r o p o r t i o n a l  t o  t h e  t e m p e r a t u r e  

d i f f e r e n c e  i s  g e n e r a t e d .  The e . m . f .  i s  compared w i th  t h a t  from 

t h e  unused b a tc h  r e a c t i o n  s i t e  and any e . m . f .  common to  both s i t e s  

i s  b a l a n c e d  o u t .  The o u t p u t  i s  then  a m p l i f i e d  and f ed  to t h e  

r e c o r d e r  s y s te m .  Any e x p e r i m e n t a l l y  d e te rm in e d  h e a t  change 

i s  p r o p o r t i o n a l  to  t h e  a r e a  benea th  t h e  e . m . f - t i m e  c u r v e  ( s e e  

below) and may be c a l i b r a t e d ,  u s in g  an i n t e g r a l  h e a t e r ,  th rough  

which a  known c u r r e n t  may be p a s se d  f o r  a known t i m e .  The e . m . f -  

t im e  c a l i b r a t i o n  p r o f i l e  i s  matched as  c l o s e l y  a s  p o s s i b l e  to  

t h e  r e a c t i o n  p r o f i l e  by t h e  c u r r e n t  and t h e  t im e  f o r  which i t  

f l o w s .

The f low c e l l  may be used f o r  s a t u r a t i o n  o r  i n j e c t i o n  

t y p e  e x p e r i m e n t s .  In  t h e  fo rm er ,  a f l u i d  s o l v e n t  ( l i q u i d  o r  gas)  

i s  c o n t i n u o u s l y  pumped th rough  t h e  c e l l  u n t i l  a s t a b l e  base  l i n e  i s  

o b t a i n e d  on t h e  c h a r t  r e c o r d e r .  The s o l v e n t  f lo w  i s  t hen  i n t e r 

changed  w i th  t h e  f low o f  t h e  s o l u t i o n  o f  i n t e r e s t  by means o f  a 

m u l t i - w a y  t a p ,  when t h e  s o l v a n t - s o l u t i o n  i n t e r f a c e  p e r c o l a t e s  

t h ro u g h  t h e  c e l l ,  r e a c t i o n  p r o c e e d s ;  h e a t  i s  g e n e r a t e d  u n t i l  t h e  

a d s o r b e n t  becomes s a t u r a t e d  and t h e  e v o l u t i o n  o f  h e a t  c e a s e s .  An 

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

i n t e r e s t  may be i n t r o d u c e d  by d i r e c t  i n j e c t i o n  i n t o  t h e  s o l v e n t  

s t r e a m .  A " h e a t "  p u l s e  i s  a g a in  r e c o r d e d ,  i n  g e n e r a l ,  c o n t in u o u s
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f lo w  s a t u r a t i o n  methods have t h e  a d v a n ta g e  o f  b e in g  more s e n s i t i v e ,  

b u t  t h e  d i s a d v a n t a g e  o f  r e q u i r i n g  l a r g e  f l u i d  volumes and l o n g e r  

a n a l y s i s  t i m e s ,  compared with t h e  i n j e c t i o n  t e c h n i q u e .  In  t h i s  

work, t h e  s a t u r a t i o n  method was employed.

An i d e a l i s e d  thermogram showing t h e  c o m p l e t e l y  r e v e r 

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

i s  shown i n  F i g u r e  U-13. I n i t i a l l y ,  s o l v e n t  f lo w s  th rough  

t h e  c e l l  u n t i l  a t  t h e  f lows  o f  s o l v e n t  and s o l u t i o n  a r e  

i n t e r c h a n g e d .  A s h o r t  t im e  l a t e r ,  an e x o th e r m ic  s i g n a l  I ,  

r e s u l t s  from t h e  p h y s i c a l  a d s o r p t i o n  p r o c e s s .  The c a l i b 

r a t i o n  h e a t e r s  a r e  sw i tched  on once t h e  a d s o r p t i o n  i s  com

p l e t e ,  f o r  a known t im e ,  and with a known c u r r e n t .  An 

e x o th e r m ic  c a l i b r a t i o n  peak I I  r e s u l t s .  On i n t e r c h a n g i n g  

t h e  s o l v e n t  and s o l u t i o n  once more,  an en d o th e rm ie  d e s o r p t i o n  

s i g n a l  I I I  i s  o b t a i n e d .  The s i g n a l s  I  and I I I  a r e  o f  equa l  

m agn i tude  and o p p o s i t e  s i g n .

E x p e r i m e n t a l l y ,  pe ak  a r e a s  were  d e t e r m i n e d  u s i n g  

a  p l a n i r a a t e r  r e a d  t o  ± 1 ^  f o r  l a r g e  a r e a s .  How ever ,  t h e  

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

a i n t y  i n  t h e  a r e a ,  p o s s i b l y  ± 4 ^ .  Hence t h e  o v e r a l l  p r e 

c i s i o n  was a b o u t  ±5;t  i n  t h e  e s t i m a t i o n  o f  p e a k  a r e a s .

In  a h e a t  f low c a l o r i m e t e r ,  t h e  t h e r m a l  e . m . f  

E i s  p r o p o r t i o n a l  to  t h e  h e a t  f low a c r o s s  t h e r m o p i l e s  q

Q = e E V-13.

Q = e j E d t  U-19.

p h y s i c a l l y ,  t h e  i n t e g r a l  i s  t h e  a r e a  A u n d e r  t h e  e . m . f - t i m e

t r a c e ,
Q = e A V-20.
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where E i s  a p r o p o r t i o n a l i t y  c o n s t a n t  d e te r m in e d  by t h e  c a l i b 

r a t i o n  p r o c e d u r e :

Q(ca l)  = R t  = E A (ca l )  V-21.

where I t h e  c a l i b r a t i o n  c u r r e n t  i n  amps. R t h e  r e s i s t a n c e  o f  

t h e  c a l i b r a t i o n  h e a t e r  i n  ohms, t  i s  t h e  c a l i b r a t i o n  t im e  i n  

s e c o n d s ,  and A ( c a l . )  t h e  a r e a  unde r  t h e  c a l i b r a t i o n  c u rv e  ( i n  

a r b i t r a r y  u n i t s ) .  I t  was assumed t h a t  t h e  th e r m a l  c h a r a c t e r 

i s t i c s  o f  t h e  a p p a r a t u s  were such t h a t  a s i n g l e  c a l i b r a t i o n  

e x p e r i m e n t  c o u ld  be used to  d e te r m in e  bo th  e x o th e rm ic  and endo

t h e r m i e  h e a t  c hanges .

In t h e  f low mode, a  f l u i d  may be pumped upwards or

downwards th rough  t h e  a d s o r b e n t  i n  t h e  c e l l .  The upwards mode was

c hosen  s i n c e  t h i s  r e d u c e s  t h e  r i s k  o f  c lo g g i n g  t h e  f i l t e r s  and

194a c h i e v e s  a m ore» 's tab le  s u s p e n s i o n ” .  t han  t h e  downward f low 

mode. The motion  o f  a f l u i d  o v e r  a presum ably  l e s s  t i g h t l y - p a c k e d  

powdered sample s h o u ld  g iv e  r i s e  to  a  s m a l l e r  f r i c t i o n a l  h e a t i n g  

e f f e c t ,  and hence  improve t h e  q u a l i t y  o f  t h e  t r a c e  ba s e  l i n e .

There  have  been r e p o r t s  o f  "channe l in g*  u s i n g  t h e  upward f low mode. 

To p r e v e n t  a syphoning  e f f e c t  and improve t h e  f low c h a r a c t e r i s t i c s  

i n  t h e  c e l l ,  t h e  was te  was pumped to  a r e s e r v o i r  s i t u a t e d  a t  a 

c o n s t a n t  h e i g h t  (40cm) above t h e  pumps.

The m i c r o c a l o r i m e t e r  was used  f o r  bo th  l i q u i d  and gas  

a d s o r p t i o n  e x p e r i m e n t s .  In  each c a s e ,  a l l  t h e  c o n n e c t i o n s  i n  t h e  

c a l o r i m e t e r ,  and a l l  e x t e r n a l  plumbing,  c o n s i s t e d  o f  1mm i n t e r n a l  

d i a m e t e r  T e f lo n  t u b i n g .  The LKB t h e r m o s t a t  was p l a c e d  i n  a
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t h e r m o s t a t e d  room ( ±1*5 C) and a C h u r c h i l l  c h i l l e r  was used  t o  c o o l  

t h e  a i r  b a t h " s  e x t e r n a l  fans*  Under  t h e s e  c o n d i t i o n s  t h e  minimum 

d e t e c t a b l e  h e a t  p u l s e  was a b o u t  2 0 0 ^ ] ,  and t h e  minimum d e t e c t 

a b l e  c o n t i n u o u s  h e a t  e f f e c t  was a b o u t  1 ^U*

To e n s u re  t h e  f l u i d s  used were i n  t he rm a l  e q u i l i b r i u m  

wi th  t h e  a d s o r b e n t ,  v a r i o u s  l e n g t h s  o f  T e f lo n  tube  were used as  

h e a t  exchanges  i n  t h e  LKB a i r  b a t h ,  depending  on t h e  t e m p e r a t u r e  

d i f f e r e n c e  between t h e  room and t h e  a d so rbe n t*  S e v e r a l  f a c t o r s  had

to be c o n s i d e r e d  c o n c e r n in g  t h e  l e n g t h  o f  e q u i l i b r a t i o n  t u b in g  and

t h e  f low  r a t e s  n e c e s s a r y  to  a c h i e v e  th e r m a l  e q u i l i b r i u m .  I f  t h e  

pumped f l u i d s  had a long  r e s i d e n c e  t im e  i n  t h e  t u b i n g ,  than  t h e  

boundary  between s o l v e n t  and a d s o r b a t e  s o l u t i o n  would n o t  remain  

s h a r p .  As d i f f u s i o n  o c c u r r e d  t h e  a d s o r b a t e  and s o l v e n t  would mix.

The i n i t i a l  a d s o r p t i o n  would o c c u r  a t  some c o n c e n t r a t i o n  l e s s  th a n  

t h a t  e x p e c t e d  o f  a p e r f e c t  p lu g  r e a c t o r .  Th is  t y p e  o f  r e a c t o r  i s  

one which i s  o p e r a t e d  such t h a t  no a x i a l  mixing  o f  r e a c t a n t  "plug# 

w i th  t h e  f l u i d  i n  f r o n t  ( o r  beh in d)  o c c u r s .  S ince  t h e r e  i s  no m ix i n g ,  

t h e r e  i s  no d i l u t i o n  to  c o n s i d e r .  The r e a l  r e a c t o r  o b v i o u s l y  l i e s  

between t h i s  ex tr ema  and t h e  o t h e r ,  which c o r r e s p o n d s  to  a  p e r 

f e c t l y  mixed r e a c t o r .  To m in im is a  sample d i s p e r s i o n ,  i t  was found 

a d v a n ta g e o u s  to  use  as  s h o r t  a l e n g t h  o f  t u b in g  as  p o s s i b l e ,  and 

a s  h ig h  a f low r a t e  c o n s i s t e n t  with ba se  l i n e  n o i s e  ( s e e  be lo w ) ,  

w h i l e  s t i l l  a c h i e v i n g  th e r m a l  e q u i l i b r i u m .

For  a g iven  f low r a t a  t h e  a n a l y s i s  t im e  c o u ld  n o t  be 

r ed u c e d  s i g n i f i c a n t l y  by s h o r t e n i n g  t h e  t u b in g  — t h e  s a t u r a t i o n  

t e c h n i q u e  i s  i n h e r e n t l y  s low .  One m ajo r  r e a s o n  i s  t h e  n e c e s s i t y
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to  u se  low c o n c e n t r a t i o n  s o l u t i o n s  to  m in imise  h e a t s  o f  d i l u t i o n  

i n  t h e  a d s o r p t i o n  c e l l .  . ”

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

p u l s i n g  on which was superimposed  random n o i s e  o r  a s h o r t 

term background n o i s e .  Tha t  a  f r i c t i o n a l  h e a t  e f f e c t  was 

p r e s e n t  was e a s i l y  shown by s to p p i n g  t h e  f l u i d  f lo w  and 

o b s e r v i n g  a f a l l  i n  t h e  h e a t  g e n e r a t e d  (base  l i n e  s h i f t e d  

e n d o t h e r m i c a l l y ) . Sw i tch ing  t h e  f low on a g a in  ca u se d  h e a t  

to  be g e n e r a t e d  and t h e  base  l i n e  s h i f t e d  i n  an ex o th e rm ic  

d i r e c t i o n .  P ro v id e d  t h e  f low r a t e  was c o n s t a n t ,  t h e  f r i c t 

i o n a l  h e a t i n g  was assumed to  be c o n s t a n t .  However,  a l l  t h e  

pumps used  : c a u s e d  a s l i g h t  p u l s i n g  i n  t h e  l i q u i d  s t r eam  

and hence  reduced  t h e  q u a l i t y  o f  t h e  ba se  l i n e ,  by v i r t u e  o f  

t h e  c y c l i c a l  p u l s i n g  and t h e  i n c r e a s e d  background n o i s e  gen

e r a t e d  by t h i s .  I t  was found t h a t  t h e  f r i c t i o n a l  h e a t i n g  

e f f e c t  and p u l s e  e f f e c t s  cou ld  be reduced  s l i g h t l y  by 

f i l l i n g  t h e  a d s o r p t i o n  c e l l  between one h a l f  and one t h i r d  

f u l l .  However,  t h e  p r im a ry  f a c t o r  d e c i d i n g  t h e  e x t e n t  o f  

f i l l i n g  o f  t h e  a d s o r p t i o n  c e l l  was t h e  ex p e c te d  h e a t  change 

p e r  u n i t  mass a d s o r b e n t / a d s o r b a t e  r e a c t i o n .

For  a g iven  volume o f  a d s o r b e n t  and c o n c e n t 

r a t i o n  o f  a d s o r b a t e  s o l u t i o n ,  t h e  f low r a t e  and l e n g t h  o f  

e q u i l i b r a t i o n  t u b in g  were t h u s  a compromise between a number 

o f  c o n f l i c t i n g  f a c t o r s ;  t h e  r a t e  o f  d e l i v e r y  o f  r e a c t a n t ,  t h e  

r a t e  o f  a t t a i n m e n t  o f  t h e rm a l  equi l ibr ium,  t h e  e f f e c t  o f  d i f f u s i o n  

and t h e  e f f e c t  o f  h e a t s  o f  d i l u t i o n .  To m a i n t a i n  a c o n s t a n t  

f r i c t i o n a l  e f f e c t ,  i t  was n e c e s s a r y  to  match t h e  f lo w  r a t e s  

o f  s o l v e n t  and s o l u t i o n  a s  c l o s e l y  as  p o s s i b l e .  T y p i c a l l y  

between 0.5m and 1.0m o f  e q u i l i b r a t i o n  t u b in g  was used i n
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c o n j u n c t i o n  with a l i q u i d  f l o u  r a t e  o f  0.2cm^min ^ , and a gas

3 - 1f lo w  r a t s  o f  a b o u t  4cm min" .

V-3-2 The L i q u id  A d s o r p t i o n  E x p e r im e n t .

The e x p e r i m e n t a l  a r r a n g e m e n t  i s  shown schemat

i c a l l y  i n  F ig u re  U-14. The two pumps, one f o r  s o l v e n t  and one 

f o r  a d s o r b a t e  s o l u t i o n ,  were conne c te d  by a four-way  LKB 

PTFE v a l v e  to  t h e  LKB a s se m b ly .  The t h e r m o s t a t  was s e t  a t  

2 5 . 0 0 The f low o f  s o l v e n t  was commenced, and when a s t e a d y  

b a s e  l i n e  was o b t a i n e d  t h e  sample pump was s w i tc h e d  on with 

t h e  s o l u t i o n  going to  w a s t e .  Once t h i s  was o p e r a t i n g  s a t i s 

f a c t o r i l y  t h e  v a lv e  was s w i t c h e d ,  c a u s i n g  t h e  s o l u t i o n  to  

i n t e r c h a n g e  wi th  t h e  s o l v e n t .  The s u b s e q u e n t  a d s o r p t i o n  peak 

was r e c o r d e d ,  c a l i b r a t e d ,  and t h e  f low i n t e r c h a n g e d  a g a i n ,  c a u s 

in g  d e s o r p t i o n  to  o c c u r .

I n i t i a l l y  a p e r i s t a l t i c  pump (LKB 10200 Pe rpex Pump) 

wi th  a T.5mm.internal d i a m e t e r  "Uiton* tu b e  i n  t h e  pump and a  

1000 ; 1 r e d u c t i o n  gea rbox  was used  to  pump t h e  s o l v e n t .

Th is  gave a f low r a t e  o f  0.03cm min” . ,  which was f a r  too 

s low and i m p o s s i b l e  to  match w i th  t h e  o t h e r  pumps a v a i l a b l e  

(Model A99, Raze l  S c i e n t i f i c  I n s t r u m e n t s  L t d . ) .  These Raze l  

pumps gave a wide r a n g e  o f  f low r a t e s  and were used  i n  c o n ju n -
3

c t i o n  with  50cm g a s - t i g h t  Hamil ton  s y r i n g e s .  U n f o r t u n a t e l y ,  

t h e s e  pumps a l l  gave an u n d u l a t i n g  p u l s e  e f f e c t ,  even a f t e r  

r e p e a t e d  o v e r h a u l s .  Th is  was found to  be l a r g e l y  a t t r i b u t a b l e  

to  t h e  pumps r a t h e r  t han  t h e  s y r i n g e s .  E v e n t u a l l y  on ly  one 

pump was r e t a i n e d ,  and a H arvard  Appara tus  compact  i n f u s i o n
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pump was o b t a i n e d  t h a t  had a number o f  f l o u  r a t e s  c o m p a t i b l e  

wi th  t h o s e  o f  t h e  Raze l  in  t h e  f low range  0.33cm m in .  to  

0.02cm min. . The bu lk  o f  t h e  l i q u i d  a d s o r p t i o n  work 

was c a r r i e d  o u t  u s in g  t h e  Raze l  and Harva rd  pumps which o n l y  

showed a s l i g h t  p u l s i n g  a t  t h e  h i g h e s t  s e n s i t i v i t y  s e t t i n g s ,  

which were n o t  o f t e n  u se d .

The s o l v e n t  used was n - h e p t a n e ,  d r i e d  o v e r  a c t i v a t e d  

4A m o l e c u l a r  s i e v e s .  A l l  t h e  s o l u t i o n s  were made up a s  w e ig h t  

p e r c e n t a g e s  i n  n - h e p t a n e .

U-3-3 The Water Vapour A d s o r p t io n  E x p e r im e n t .

The e x p e r i e m e n t a l  a r r a n g e m e n t  i s  shown s c h e m a t i c a l l y  i n

F i g u r e  V-15. The n i t r o g e n  was d e l i v e r e d  from a B.O.C.  "White

3Spot"  c y l i n d e r  i n t o  t h e  bot tom o f  a 500cm f l a s k  f i t t e d  w i th

f r e s h l y  a c t i v a t e d  m o l e c u l a r  s i e v e s .  The p e r i s t a l t i c  pump,

m ent io ned  above ,  was used to  draw n i t r o g e n  from t h i s  r e s e r v o i r .

E x c e s s  gas was v e n t e d  t o  a t m o s p h e r e  v i a  an  o i l  b u b b l e r .  A

n e e d l e  v a l v e  c o n t r o l l e d  t h e  r a t e  o f  d e l i v e r y  o f  n i t r o g e n  to

t h e  r e s e r v o i r .

A two-way LKB PTFE va lve  le d  from the pump in to  the

c a l o r i m e t e r .  One r o u t e  was s t r a i g h t  t h r o u g h  a b o u t  1m o f

e q u i l i b r a t i o n  t u b in g  i n  t h e  a i r  b a th  i n t o  t h e  r e a c t i o n  c e l l .

The o t h e r  was v i a  a w a te r  b u b b l e r  i n  t h e  a i r  bath b e f o r e

j o i n i n g  t h e  f i r s t  s t r a i g h t - t h r o u g h  r o u t e .  About  0.75m

o f  t u b i n g  was used  as  a h e a t  exchanger  i n  t h e  a i r  ba th

b e f o r e  t h e  w a te r  b u b b l e r  which was f i l l e d  wi th  d i s t i l l e d

w a t e r  and c o n n e c t e d  t o  t h e  main  r o u t e  by a p i e c e  o f  s i l i c o n e  

t u b e  ( F i g u r e  V - 1 6 ) .  To p r e v e n t  u n w an te d  d i f f u s i o n  o f  w a t e r
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a lo n g  t h i s  t u b e  a s im p le  o n - o f f  d e v i c e  was p r o v i d e d .  Th is  con

s i s t e d  o f  two aluminium p l a t e s  e i t h e r  s i d e  o f  t h e  s i l i c o n e ,  which 

c o u ld  be screwed t o g e t h e r  th rough  a s m a l l  h o l e ,  packed wi th  

c o t t o n  wool ,  i n  t h e  t h e r m o s t a t  l i d .
3

The f low was m easu red ,  u s in g  a m o d i f i e d  50cm g rade  "A"

b u r e t t e  and t im in g  th e  r i s e  o f  soap bubb les  up a known volume.

3 —1 3 —1Flow r a t e s  cou ld  be de te rm in e d  to  ±0.1cm min? i n  a b o u t  5cm m” ,

When t h e  n i t r o g e n  was s w i t c h e d  from t h e  "dry* to  t h e  *uet*

r o u t e  a r e d u c t i o n  o f  a b o u t  10% was no ted  in  t h e  f low r a t e .

The f low r a t e  was dep e n d en t  on t h e  t o t a l  ho ld  up volume o f

t h e  sys tem ,  and hence t h e  volume o f  w a te r  in  t h e  b u b b l e r  and

t h e  volume o f  sample p r e s e n t .  To reduc e  t h e  dead volume in  t h e

a d s o r p t i o n  c e l l  a t e f l o n  p lu g  was i n s e r t e d ,  t h u s  h a l v i n g  t h e

t o t a l  volume and v i r t u a l l y  e l i m i n a t i n g  any dead s p a c e .  The f low

r a t e  d e c r e a s e d  wi th  t im e  ( o v e r  s e v e r a l  d a y s ) ,  p resum ab ly  as

t h e  s a m p l e  became more  p a c k e d .  A t r a n s i e n t  r e d u c t i o n  i n  f l o w

was always n o te d  on s w i t c h i n g  from "dry" to  "wet* a s  t h e  w a te r

b u b b l e r  became s l i g h t l y  p r e s s u r i s e d .

P u l s i n g  and f r i c t i o n a l  e f f e c t s ,  a l t h o u g h  p r e s e n t ,  were 

n e g l i g i b l e  compared to  t h e  h e a t s  o f  r e a c t i o n .  F r i c t i o n a l  h e a t 

i n g  e f f e c t s  were l e s s  f o r  t h e  gas  e x p e r im e n t s  t h a n  f o r  t h e  

l i q u i d  e x p e r i m e n t s .  The upward f low mode was used f o r  t h e  

p r e l i m i n a r y  e x p e r i m e n t s ,  b u t  i t  was found t h a t  t h e  c ha nne l  

i n s i d e  t h e  t e f l o n  plug  became b lo c k e d .  I t  was t h e r e f o r e  

d e c id e d  to  u s e  t h e  downward mode to  overcome t h i s  p roblem.
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v - 4 .  M a t e r i a l s ,

The a d s o r b e n t  f e r r i c  o x i d e  *A* was p r e p a r e d  by 

t h e  method o f  Lambert  and Clark^®^.  An 8 u t . #  aqueous 

sodium h y d r o x id e  s o l u t i o n  was s lo w ly  added to  a w e l l - s t i r r e d  

3Qwt,^  aqueous  s o l u t i o n  o f  f e r r i c  c h l o r i d e .  The r e a g e n t s  were 

A na la r  g r a d e  and o b t a i n e d  from B.D.H. Chemica ls  L td .  The p r e 

c i p i t a t e  was a l low e d  to  s t a n d  o v e r n i g h t  and t h e n  f i l t e r e d  and 

washed wi th  d i s t i l l e d  w a t e r .  Drying was c a r r i e d  o u t  i n  an oven 

a t  100*C f o r  48 h o u r s  and then  a t  1 7 0 °C f o r  24 h o u r s .  The 

m a t e r i a l  t h u s  p roduced  was found to  be h y d r a t e d  ( s e e  C h a p te r  

VI) and c o n t a i n e d  a b o u t  4 w t . ^  o f  c h l o r i d e  i o n s

B ig n a l l ^ ® ^ ,  i n  c o l l a b o r a t i v e  work,  p r e p a r e d  and 

c h a r a c t e r i s e d  t h e  o t h e r  f e r r i c  o x i d e  a d s o r b e n t s  used  i n  t h i s  

work. These  were a n o t h e r  ba tch  o f  f e r r i c  o x i d e  p r e p a r e d  by 

t h e  method o f  Lambert  and C la rk  ( f e r r i c  o x i d e  * 8 ' ) ;

1 88Of - g o e t h i t e  p r e p a r e d  by t h e  method o f  A tk inson  e t  a l  ,

189a n d j g - g o e t h i t e  p r e p a r e d  by t h e  method o f  U e i s e r ,  e t  a l  , 

C r y s t a l l o g r a p h i c a l l y ,  f e r r i c  o x i d e  A was found to  

be p r e d o m i n a n t ly  ^(^-goe th i te  and f e r r i c  o x i d e  B p re d o m i n a n t ly  

O f - g o e t h i t e .  Some amorphous m a t e r i a l  was p r e s e n t  i n  both 

s a m p le s .  A l l  t h e  f e r r i c  o x id e  samples  ware found to  be 

h y d r a t e d .  A low s u r f a c e  a r e a  Of-haemati te  sample was o b t a i n e d  

from Johnson  Matthey Chemicals  Ltd ( b a t c h  581377) and used  

w i t h o u t  p u r i f i c a t i o n .

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

N a t i o n a l  P h y s i c a l  L a b o r a t o r y  were used :
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1) C e r t i f i e d  R e fe re n c e  M a t e r i a l  Ml1 -0 1 ,  S t e r l i n g  

FT-GI(2700) ,  a g r a p h i t i s e d  ca rbon  b l a c k .

2) C e r t i f i e d  R e fe re n c e  M a t e r i a l  mI I - 03,  S i l i c a  TK8Q0, 

a n o n - p o ro u s  s i l i c a .

3)  C e r t i f i e d  R e f e re n c e  M a t e r i a l  M i l - 0 5 ,  (2-a lumina  

a  low s u r f a c e  a r e a  non -porous  a lum ina .

In t h e  vacuum a d s o r p t i o n  e x p e r i m e n t s ,  he l ium gas was 

s u p p l i e d  by B.O.C.  L t d . ,  and was used  w i t h o u t  p u r i f i c a t i o n ,  to  

measure  t h e  ’"dead” and ’’f r e e ” sp a ce  volumes.  Oxygen f r e e  

n i t r o g e n  (B.O.C.  L t d . )  was used  a s  t h e  a d s o r b a t e  , a g a in  w i t h o u t  

p u r i f i c a t i o n .

The s o l v e n t  f o r  t h e  l i q u i d  m i c r o c a l o r i m e t r i c  e x p e r 

im e n t s  was n - h e p t a n e  (B.D.H.  Chemica ls  L t d . ) .  I t  conformed to  I n t e r 

n a t i o n a l  P u r i f i c a t i o n  s p e c i f i c a t i o n  f o r  n o r m a l - h e p ta n e ,  and had 

a nomina l  CLC a s s a y  o f  9 9 .5 ^ .  To remove any p o s s i b l e  r e s i d u a l  

p o l a r  o r g a n i c  i m p u r i t i e s  and w a t e r ,  t h e  h e p ta n e  was s u c c e s s i v e l y  

p a s s e d  t h ro u g h  t h r e e  columns c o n t a i n i n g ;

1) Aluminium o x id e  ( B a s i c  g rade  B.D.H. Chemica ls  L t d ) .

2) S i l i c a  g e l  (6 -120 mesh,  B.D.H. Chemica ls  L t d ) .

3)  4A m o l e c u l a r  s i e v e s  ( B . D . H .  Chemica ls  L t d . )  

a c t i v a t e d  f o r  4 h o u r s  a t  3 4 0 °c .

The l a s t  column was a p r e s s u r e  compensated c l o s e d  system to  a v o id  

i n g r e s s  o f  a tm o s p h e r i c  m o i s t u r e .  The p u r i f i e d  h e p ta n e  was s t o r e d  

o v e r  a c t i v a t e d  m o l e c u l a r  s i e v e s .

1- b u t a n o l ,  A r i s t a r  g r a d e ,  was o b t a i n e d  from B.D.H. L td .

I t  had a nominal  CLC a s s a y  o f  99.9% and was s t o r e d  o v e r  a c t i v a t e d
o

4A m o l e c u l a r  s i e v e s  b e f o r e  u s e .
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1 ,2  - e p o x y b u t a n e ,  n o m in a l ly  99^ was o b t a i n e d  from 

Ralph N* Emanuel L t d . ,  and s t o r e d  o v e r  a c t i v a t e d  m o l e c u l a r  

s i e v e s  b e f o r e  u s e .  V o lum et r ic  a n a l y s i s  found 9 8 .2 ^  

epoxybu tane  b e f o r e  t r e a t m e n t  wi th  m o l e c u l a r  s i e v e s .  The 

m ajo r  i m p u r i t i e s  were t h o u g h t  to  be h y d r o l y s i s  p r o d u c t s  

and w a t e r .

1 , 2 - p r o p a n d i o l  with a  minimum G.L.C.  a s s a y  o f  

99% was o b t a i n e d  from Koch L i g h t  L t d . ,  and used  w i t h o u t  

p u r i f i c a t i o n .
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FIG. V.11.
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CHAPTER VI.

The Vacuum Adsorption Experiments.

VI-1 R e s u l t s .

VI-1-1 The Free Space C a l ib r a t io n .

The f r e e  space volume was c a l ib r a t e d  a t  27 *0 us ing  

helium which was assumed to be i n e r t  and i d e a l .  The r e s u l t s  o f  

four  se p a r a te  exper im ents , each s t a r t in g  with d i f f e r e n t  i n i t i a l  

p r e s s u r e s ,  were used to c a l c u l a t e  a mean f r e e  space  volume
3

o f  4 .2 0 7  ± 0 .0 1 7  cm .  The error  i s  the  standard d e v ia t io n  ' 

with N = 12 .

V I-1-2  S ta n d a r d isa t io n  o f  the  Vacuum Apparatus.

To e s t a b l i s h  t h a t  t h e  a d s o r p t i o n  a p p a r a t u s  was 

c a p a b l e  o f  g i v i n g  r e l i a b l e  r e s u l t s ,  n i t r o g e n  a d s o r p t i o n  expe rim

e n t s  were pe r fo rm e d  on two we l l  c h a r a c t e r i s e d  s u r f a c e  a r e a

28s t a n d a r d s .  S i l i c a  TKSOO and S t e r l i n g  FT-G2700 .

The s i l i c a  sample, a f i n e ,  non-porous powder with a

2 —1c e r t i f i e d  s p e c i f i c  s u r fa c e  area o f  1 6 5 .8  ± 2.1 m g* was used  

f i r s t .  . Great care  was required  to  evacuate  the  sample in  order  

to  p reven t  entra inm ent. p r io r  to  the  helium c a l i b r a t io n  o f  

the  dead space  volume, the  sample was o u tgassed  fo r  5 hours  

a t  room tem perature fo llow ed  by 12 hours a t  120 C and then
O

5 h o u r s  a t  143 C. The f i n a l  p r e s s u r e  was l e s s  t han  

5 X 10  ̂ mmHg. With a bou t  G.3g o f  s i l i c a  i n i t i a l l y
3

p r e s e n t ,  the  dead space volume was found to be 9 .0 2  cm ,
3

o f  which 7 .5 2  cm was a t  l iq u id  n itr o g e n  tem perature, 77K.

A fter  the  c a l i b r a t i o n ,  the sample was evacuated fo r  a fu r th e r
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4 hours to an u l t im a ta  pressu re  o f  3 x 10  ̂ mtuHg b e fore  the  

s t a r t  o f  th e  adsorption  experim ent. The r e s u l t s  are g iven  in  

Table V I-1 .  Eleven measurements were made in  th e  N.P .L. spec

i f i e d  r e l a t i v e  pressu re  range (0 .0 4  -  0 .2 0 )  over  which the  g .E .T .  

p l o t  i s  l i n e a r .  The b e s t  f i t  l e a s t  squares p l o t  i s  shown

in  F igure  VI-1 , from which the s p e c i f i c  s u r fa c e  area was c a l»

2 —1c u la te d  to be 164.1 ± 1.4m g .  A w eight l o s s  o f  about 1 .5^

was found compared to an NPL measured w eight l o s s  o f  2 .1 ^

o b ta in ed  a f t e r  o u tg a ss in g  a t  140°C fo r  16 hours^®.

The adsorbent S t e r l in g  FT-G2700 i s  a non-

porous g r a p h i t i s e d  carbon black c o n s i s t in g  l a r g e l y  o f  sm all

p e l l e t s  approxim ately  1mm in  d iam eter, to g e th e r  with a sm all

q u a n t i ty  o f  f in e r  m a te r ia l .  No inhom ogeneity o f  th e  sample

2 —1with r e s p e c t  to su r fa c e  area (1 1 .1  ± 0.8m g ) was found

by th e  SCI/IUPAC/NPL working p arty  on s u r fa c e  area

28stan d ard s  .

A sample o f  about 1 .8  g was evacuated fo r  

9 hours a t  room temperature and then fo r  7 hours a t  303°C

p r io r  to th e  helium c a l i b r a t io n .  This y ie ld e d  a t o t a l  dead

3 3sp ace  volume o f  3 .4 2  cm o f  which 1 .49  cm was a t  77K. Bet

ween th e  c a l i b r a t io n  and adsorption  experim ents th e  sample  

was evacuated  fo r  12 hours to an u l t im a te  p r e s su r e  o f  2 x 10 

mm H g* S ix  adsorption  measurements were made, o f  which four  

f e l l  w ith in  the  NPL s p e c i f i e d  r e l a t i v e  p r e s su r e  range ( 0 .0 4  -  

0 .1 5 )  over  which the  BET p l o t  i s  l i n e a r .  The r e s u l t s  are  

g iven  in  Table V I-2 . The b e s t  f i t  l e a s t  squares  l i n e  o f  

t h e s e  fou r  p o i n t s .  F igure VI-2, gave a n e g a t iv e  i n t e r c e p t  

and hence a n e g a t iv e  »c* va lu e ,  which i s  n o t  uncommon fo r
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28
t h i s  sample , The c a lc u la t e d  su r fa c e  area was 10 ,92  Î  0.4m^g**\ 

There was no w eight l o s s .

For both o f  the t e s t  sam ples , th e  quoted error  

i s  tw ice  th e  standard d e v ia t io n  o f  the  monolayer volume

\Jm c a lc u la t e d  from th e  standard d e v ia t io n  o f  th e  in t e r c e p t  

and g r a d ie n t  o f  th e  l e a s t  squares BET p l o t .  The sm all  e r ro r s  

in trod u ced  by th e  w eight measurements have been n e g le c t e d .

V I-1 -3  The Adsorbent F e r r ic  Oxide A.

About O.Sg o f  f e r r i c  o x id e  was o u t -  

g assed  f i r s t  a t  2 7 1c and then a t  130 °C fo r  14^ hours b e fo re

th e  helium  dead space  c a l i b r a t io n .  This y ie ld e d  a t o t a l  volume

3 3o f  3.97cm o f  which 2.18cm was a t  77K. Between the  c a l i b r a t io n

and ad so rp t io n  experim ents , the  sample was evacuated f o r  16 

hours to  an u l t im a ta  p ressu re  o f  2 x 10 ^mmHg# The adsor

p t io n  r e s u l t s  are  g iven  in  Table V I-3 , in  th e  f i r s t  two columns, 

and th e  isotherm  i s  drawn as curve I in  F igure V I-3 . No 

attem pt was mads to record the  d esorp tion  iso th erm , because  

th e  a d so rp t io n  measurements had taken too lo n g .  Above a 

r e l a t i v e  p r e ssu re  o f  about 0 . 4 ,  sometimes o v e r  30 n in .  

e la p se d  b e fo re  equilibrium  was e s ta b l i s h e d  and the  

p r e s su r e  cou ld  be recorded. The p ressu re  decreased  s lo w ly  

w ith t im e .
A fu r th e r  sample o f  approxim ately  O.Sg

was su b je c te d  to  the  same o u tg a ss in g  regime as  above. The

3 3
dead space  volume was found to be 3 .9 0  cm with 2 .5 4  cm

a t  77K« Both the  adsorption  and d eso rp tio n  iso therm s were

measured and the  r e s u l t s  g iven  in  the  l a s t  four  columns o f
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Table V I-3 . The curves I I  and I I I  in  Figure VI-3 are  the

ad sorp t ion  and d eso rp tio n  isotherm s r e s p e c t iv e l y .  The

h y s t e r e s i s  loop  c l o s e s  a t  a r e l a t i v e  p ressu re  o f  about 0 .3 5 ,

and i n d i c a t e s  the  p resen ce  o f  mesopores in  the sample. The

d e so r p tio n  isotherm s were a c c u r a te ly  p lo t t e d  on a la r g e  s h e e t

o f  paper, and the gaseous * volumes adsorbed* read o f f  a t

co n v e n ien t  r e l a t i v e  p r e s s u r e s .  Using t h i s  d ata , a pore s i z e

d i s t r i b u t io n  was c a lc u la t e d  by the method o f  P ierce^^, as

d is c u ss e d  e a r l i e r  (Chapter 1 1 -1 2 ) .  The d i s t r ib u t io n  curve

i s  drawn in  Figure V I-4 .

From the  f i r s t  run, 11 read in gs  between the

r e l a t i v e  p r e ssu re s  0 .0 7  and 0 .3 0  were used to  c a l c u l a t e  a
2

BET s u r fa c e  area o f  240 .6  ± 1.4m g • Only th ree  adsorp

t io n  measurements were made w ith in  t h i s  r e l a t i v e  p ressu re
2

range on the  second sam plei A va lue  o f  244.0m g was . 

c a lc u la t e d  fo r  the  s u r fa c e  area from t h e se  th ree  measure

m ents.

During th e  o u tg a s s in g  procedure, a sudden

in c r e a s e  in  p ressu re  was observed when th e  temperature

reached about 100°C* The p ressu re  changed by over an order
- 3

o f  magnitude o f  about 2 x 1 0  mmHg. I t  was assumed t h a t  t h i s  

e f f e c t  was a s s o c ia t e d  with the  l o s s  o f  water p r e v io u s ly  

adsorbed in s id e  the  p o r e s .  As a r e s u l t  i t  was decided to 

i n v e s t i g a t e  the e f f e c t  o f  o u tg a s s in g  on the  su r fa c e  a rea .

A sample was a c c u r a te ly  weighed and then ou tgassed  fo r  12 

hours a t  126*C to  an u l t im a te  p ressu re  o f  5 x IQ^mmHg. 

N itrogen  was then adm itted to  the  vacuum system  

a t  room tem perature, and the  w eight redeterm ined. A
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w eigh t  l o s s  o f  12 .7^  was found. The same sample was then 

o u tg a sse d  again under i d e n t i c a l  c o n d i t io n s  and the  helium  

c a l i b r a t io n  and n itr o g e n  adsorption  experim ents conducted  

as normal. The w eight l o s s  as a r e s u l t  o f  the second o u tg a ss in g  

was o n ly  0 .5 ^
3

The t o t a l  dead space volume was 4 .49  cm o f

which 3 ,0 3  cm  ̂ was a t  77K* Eighteen measurements were taken up

to a r e l a t i v e  p ressu re  o f  about 0 .5 5 .  The r e s u l t s  are shown

in  Table V I-4 , and the adsorption  isotherm  i s  drawn as curve

I in  F igure V I-5 . The b e s t  BET p l o t  was ob ta in ed  from ten

measurements w ith in  th e  r e l a t i v e  p r e s su re  range 0 .0 6  -  0 .3 1 ,
2

and y ie ld e d  a s u r fa c e  area o f  249 .2  ± 1.4m g” .

A fresh  sample was o u tg a sse d  f o r  20 hours a t  

122°C. The dead space  volume was found to  be 4.31 cm  ̂ o f  

which 2 .9 4  cm  ̂ was a t  77K. Twenty two n itr o g e n  adsorption  

measurements were made over  the f i r s t  h a l f  o f  the  adsorp

t io n  iso th erm . The r e s u l t s  are shown in  Table VI-4 and 

th e  a d sorp tion  isotherm  i s  drawn as curve I I  in  Figure VI-5.

The b e s t  BET p l o t  was obta in ed  from e le v e n  measurements

w ith in  the  r e l a t i v e  p ressu re  range 0 . 0 5 - 0 .2 7 .  The su r face
2

area  was c a lc u la t e d  as  245 .9  ± 1 .8  m g .

To e l im in a te  p o s s ib le  inhom ogeneity  e f f e c t s ,  

th r ee  subsequent experim ents were performed on the same sample 

which was l e f t  open to the atmosphere fo r  about 36 hours 

between each run. Each o u tg a ss in g  regime was more v igorou s  

than the  preced ing  one. The dead space  volumes were 

c a l ib r a t e d  a t  the  s t a r t  o f  th e se  exper im en ts ,  and the
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v a lu e s  ob ta in ed  used fo r  a l l  th e  c a l c u l a t i o n s ,  care  was taken 

to ensure no powder was l o s t  by entrainm ent. About 1g o f  f e r r i c  

ox id e  was used .

The e n t ir e  vacuum apparatus was evacuated as  

usua l e x c ep t  fo r  the  adsorption  bulb and the dead space volume. 

These volumes, and hence the  sample, were evacuated fo r  th ree

hours a t  27°C to an u l t im a te  p ressu re  o f  5 x 10"^ mmHg. The

3 3dead space  volume was determined as 4 .28  cm o f  which 3 .1 5  cm

was a t  77K* A fter  the  c a l i b r a t i o n ,  the  sample was evacuated  

fo r  a fu r th e r  3 hours a t  27°C. Thirteen adsorption  measure

ments were made in  the  r e l a t i v e  p ressu re  range 0 .0 7 - 0 .2 9 .

These are  recorded in  Table V I-5 , and p lo t t e d  in  Figure

VI-5 as curve I I I .  Using a l l  the  r ea d in g s ,  the  l e a s t  square

a n a ly s i s  o f  th e  BET p l o t  gave a su r fa ce  area o f  2 2 2 .1 ± 2 .0  

2 —1m g " .  A fter  t h i s  run the  sample was l e f t  open to  the atmos

phere fo r  about 36 hours b e fore  being outgassed  fo r  12 hours  

a t  27 °C to  an u l t im a te  p ressu re  o f  5 x 10  ̂ mmHg. Seven 

ad sorp tion  measurements were made, although on ly  four f e l l  

in  the  BET r e l a t i v e  p ressu re  range. The r e s u l t s  are given  

in  Table V I-5 , and p lo t t e d  as curve IV in  Figure VI-5.

The s u r fa c e  area  was c a lc u la te d  as 2 2 4 .7  ± 1 .0  m g .  The 

f i n a l  o u t g a s s in g ,  a f t e r  the sample had again been l e f t  open 

to the  atmosphere, l a s t e d  for  20 hours a t  50*C. E ight

ad sorp tion  measurements were made and u sin g  s i x  o f  them,
2 -1

a su r fa c e  area o f  2 30 .3  ± 1 .4  m g was c a lc u la t e d .  The 

r e s u l t s  are g iven  in  Table V I-5 , and p lo t t e d  as a curve V 

in  F igure V I-5 .

V I-1-4  The m ale ic  Anhydride Treated F e r r ic  Oxide A.
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C o lla b o r a t iv e  work conducted by Bignall^^^was 

p a r t ly  concerned with attem pts to modify iron  ox id e  su r fa c e s  

by th e  i r r e v e r s i b l e  adsorption  o f  var iou s  sm all  organic  

m o le c u le s .  Some o f  the  f e r r i c  o x id e  A was tr e a te d  by r e f lu x in g  

with m a le ic  anhydride in  tetrahydrofuran  and then washed and 

d r ie d .  The e f f e c t  o f  t h i s  pretreatm ent was t e s t e d  by s u b je c t 

ing  two batches o f  the tr e a te d  ox id e  to  d i f f e r e n t  ou tgass in g  

reg im es .

About 0 .6  g was ou tgassed  a t  50°C fo r  20 hours

b e fo re  the  helium c a l i b r a t io n ,  and f o r  a fu r th e r  11 hours a t

2 7 °C a fterw a rd s .  The dead space was 3,91 cra  ̂ o f  which

2 .51  cm was 77K. The adsorption  and d esorp tion  r e s u l t s  are

g iven  in  Table VI-6 and the  isotherm s drawn in  Figure VI-6 .

2 —1The su r fa c e  area was c a lc u la t e d  as 178.1 t  1 .5  ra g“ from s ix  

measurements in  the  BET r e g io n .  The tr e a te d  f e r r i c  ox id e  was 

an a lysed  fo r  carbon and hydrogen c o n ten t  b e fore  and a f t e r  the  

a d sorp t ion  experim ent (Butterworth L ab orator ies  L td . ,  U .K .) ,  

and th e  r e s u l t s  are g iven  in  Table V I-7a . A w eight lo ss ,  o f  

2 , 5 ^  was measured.

A fu r th e r  sample was ou tgassed  fo r  18 hours a t  

130°C b e fo re  the  helium c a l ib r a t io n  and fo r  a fu r th e r  1 hour
3

a fterw ards  a t  2 7 °C. The dead space volume was 3 .89  cm o f
3

which 2 .5 3  cm was a t  77K. The adsorption  and desorption

r e s u l t s  are  given in  Table VI-8 and the iso therm s drawn in

F igure  V I-7 . The s u r fa c e  area , c a lc u la t e d  from f i v e  measure-
2 —1

ments in  the BET r e g io n ,  was 202 .9  ± 2 .0  m g " .  A weight l o s s  

o f  3 .5 #  was recorded. The carbon and hydrogen a n a ly ses  are  

g iv en  in  Table VI-7b. The pore s i z e  d i s t r i b u t io n  curves  

c a lc u la t e d  fo r  each o f  the d i f f e r e n t l y  ou tgassed  samples are
I

I
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p lo t t e d  in  Figure VI-8 . Curve I r e p r ese n ts  the  sample ou tgassed  

a t  50*C and curve I I  the  sample ou tgassed  a t  130°C.

In fra -red  s p e c tr a  were recorded o f  th e  tre a te d  

samples b e fo re  and a f t e r  o u tg a s s in g .  KBr discs were made o f  

th e  u n trea ted  o x id e ,  the  tr e a te d  o x id e  and the tr e a te d  and 

ou tg a ssed  ox id e  in  approxim ately  equal p r o p o r t io n s .  The 

un trea ted  d is c  was p laced  in  the  r e fe r e n c e  beam o f  the  sp e c tr o 

m eter , and the  in fr a -r e d  sp e c tr a  o f  the tr e a te d  d i s c s  were 

recorded; Figure V I-9 . Figure VI-10 compares the  spectra

o f  the  t r e a te d  and untreated  samples in  the reg ion  3500-  
_1

2500 cm •

V I-1 -5 .  Absorbent F err ic  Oxide B.

About 0 .5  g o f  f e r r i c  ox id e  B was outgassed  fo r  

16 hours a t  1 2 7 C  before  the helium c a l ib r a t io n  and fo r  a

fu r th e r  24 hours a t  27°C a fterw ard s . The t o t a l  dead space

3 3
volume was 3 .9 5  cm o f  which 2 .5 9  cm was at77K.The n itrogen

a d sorp tion  r e s u l t s  are  shown in  Table VI-9 and the  isotherm i s

drawn as curve I in  Figure VI-11* A BET p l o t ,  using  s ix

measurements in  the r e l a t i v e  p ressu re  range 0 .0 6  -  0 .24

2 —1
gave a s u r fa c e  area o f  1 58 .5  ± 1 .6  m g . A w eight l o s s  o f

5 .7 #  was recorded. No attem pt was made to measure the desorp

t io n  isotherm  because the adsorption  measurements took too 

lo n g .  In order to record the desorp tion  isotherm  i t  was decided  

to  make o n ly  a few adsorption  measurements b efore  recording  

the  d e s o r p t io n ,  u s ing  a fresh  sample.

A fu r th er  sample o f  about 0 .5  g was outgassed  

fo r  19 hours a t  127°C b efore  the  helium c a l ib r a t io n  and then
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evacuated  t o 5 x l 0 ^ m m H g  fo r  1 hour before  the  experim ent.

3 3The dead sp ace  volume was 3 .94  cm o f  which 2 .5 6  cm was a t

77K* Four adsorption  measurements were taken b e fo re  the  desor

p t io n  was s t a r t e d .  The r e s u l t s  are g iven  in  Table V I-9 , and 

p lo t t e d  as  curves  I I  and I I I  fo r  the ad sorp tion  and desorption  

r e s p e c t i v e l y  in  Figure VI-11. The h y s t e r e s i s  loop s u g g e s ts  

th a t  the  sample i s  porous. The pore s i z e  d i s t r ib u t io n  

c u rv e ,  o b ta in ed  from the d esorption  isotherm  i s  p lo t t e d  

in  F igure V I-12 .

V I-1-6  The M aleic Anhydride Treated F er r ic  Oxide B*

A q u an tity  o f  f e r r i c  ox id e  B was t r e a te d  with 

m a le ic  anhydride by B ig n a l l  as  described  fo r  f e r r i c  ox id e  A* 

About 0 .4  g was ou tgassed  a t  room temperature  

fo r  10 hours and then a t  50°C fo r  9^ hours b efore  the  c a l i b -
3

r a t io n  exper im en t. The dead space volume was 3 .9 7  cm o f
3

which 2 .5 4  cm was a t  77K. The sample was evacuated fo r

a fu r th e r  10^ hours a t  2 7 °C b efore  the  ad sorp tion  experim ent.

The r e s u l t s  o f  bo th  t h e  a d s o r p t i o n  and d e s o r p t i o n  measurements

are  g iven  in  Table VI-10 and the  isotherm s are p lo t t e d  in

Figure V I-13 . A BET p l o t  u s in g  7 measurements in  the  r e l a t i v e

p r e ssu re  range 0 .0 5  -  0 .2 4  gave a s u r fa c e  area o f  13 5 .7  t  

2 —12 .2  m g " .  The pore s i z e  d i s t r ib u t io n  cu rve , c a lc u la t e d  

from the  d eso rp tio n  iso therm , i s  g iven  in  F igure VI-14.

The r e s u l t s  o f  carbon and hydrogen a n a ly se s  (Butterworth L td . ,  

U.K.) b e fo re  and a f t e r  o u tg a ss in g  the sample are g iven  in  

Table V I - 1 1 *  A weight l o s s  o f  0 .5 #  was recorded .
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V I-1 -7  The Adsorbent (%-Goethite.

About 0 .4  g was outgassed  fo r  14 hours a t  125°C b e fo re

the  helium  c a l i b r a t io n  and fo r  two hours a fterw ards a t  27°C. The

3 3dead space  vqlume was 3 .73  cm o f  which 2 .6 2  cm was a t  77K. The

a d so r p t io n  and d esorp tion  r e s u l t s  are g iven  in  Table VI-12 and 

p l o t t e d  in  F igure V I-15 . The asym ptotic  behaviour o f  the  adsorp

t io n  isotherm  i s  i n d i c a t i v e  o f  i n t e r - p a r t i c l e  co n d en sa tion . The 

d e so r p t io n  curve does not r e jo in  the  ad sorp tion  curve a t  low 

r e l a t i v e  p r e s s u r e s .  I t  was assumed th a t  the  desorp tion  was domin

a ted  by evaporation  o f  adsorbate condensed between p a r t i c l e s  ra th er  

than by evap oration  o f  adsorbed m a te r ia l .  Consequently, the  pore  

s i z e  d i s t r i b u t i o n  was c a lc u la te d  using  data e x tr a c te d  from the  

a d so r p t io n  iso th erm . D is tr ib u t io n  obta in ed  by s t a r t in g  the  c a l c u l 

a t io n  a t  r e l a t i v e  p ressu res  o f  0 .8 5 ,0 .8 1 ,  0 .8 0  and 0 .7 9  are  shown 

in  F igure V I-16 . Using s i x  measurements in  the r e l a t i v e  p ressu re  

range 0 .0 7  to  0 .2 8 ,  a l e a s t  squares BET p l o t  gave a s u r fa c e  area o f  

11 2 .3  ±1.6m^g’ \

V I-1 -8  The Adsorben t  j g - G o e t h i t e .

About  0 .4  g was o u tg a s s e d  f o r  12 h o u r s  a t  125°C b e f o r e

the  helium c a l i b r a t i o n ,  and fo r  a fu r th e r  l j  hours a fterw ards a t

3 3
2 7 °c* The dead space  volume was 3 .94  cm o f  which 2 .56  cm was

a t  77k.  The ad so rp t io n  and desorption  r e s u l t s  are  g iven  in  Table

VI-13 and p l o t t e d  in  Figure VI-17. The BET p l o t ,  u s ing  f i v e

measurements in  the  r e l a t i v e  pressu re  range 0 .0 9  -  0 .3 1 ,  gave a
2

s u r fa c e  area o f  105.1 ± 1 .2  ro g* • The pore s i z e  d i s t r i b u t io n  

c u rv e ,  c a lc u la t e d  from the desorption  iso th erm , i s  shown in  

Figure VI-18.
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V I-I -9  The Adsorbent Of-Haeraatita.

About 2,5 g o f  Œ-haematite was o u tgassed  fo r  12 

hours a t  125 C b efore  the helium c a l ib r a t io n  and fo r  4 hours a f t e r 

wards a t  27 C. The t o t a l  dead space volume was 5 .76  cm^ o f  which 

4 .2 9  cm was a t  77K. The adsorption and d esorp tion  r e s u l t s  are  

g iven  in  Table VI-14 and the isotherm s p lo t t e d  in  Figure VI-19. 

There i s  no h y s t e r e s i s  lo o p . A BET p l o t ,  u s in g  s i x  measurements

in  the  r e l a t i v e  pressu re  range 0 .0 5  -  0 .26  gave a su r fa c e  area o f  

2 —1
2 .74  ± 0 .4  m g .  A weight l o s s  o f  0 .1 2 #  was found.

V I-2. D is c u s s io n .

VI-2-1 Apparatus S tan d ard isa tion .

The s p e c i f i c  s u r fa c e  areas c a lc u la t e d  fo r  s i l i c a ,

2 —1 2 —1 
164.1 ± 1 . 4  m g , and g r a p h ite ,  10 .9  ± 0 .4  m g  , agree  with

the  r e le v a n t  NPL c e r t i f i e d  s p e c i f i c  su r fa c e  a r e a s .  The c a lc u l 

a ted  v a lu e s  are both s l i g h t l y  lower than the  quoted a r e a s ,  

although w ith in  the  l i m i t s  given fo r  the r e fe r e n c e  m a te r ia l s .

The v a lu e  f o r  s i l i c a  i s  w ithin  1# o f  the a c tu a l  area and the  

v a lu e  fo r  g r a p h ite  w ith in  2# o f  the  a c tu a l  a r e a .  The apparatus  

t h e r e f o r e  was consid ered  to be capable  o f  g iv in g  r e l i a b l e  r e s u l t s .

VI—2—2 — p l o t s .

The low s p e c i f i c  su r fa c e  area o f  the  oc-haematita 

2 —1sam ple, 2 .7 4  ± 0 .4  m g and the  lack  o f  p o r o s i t y  as  evidenced  

by th e  i d e n t i c a l  adsorption  and desorption  iso th erm s ( f i g .  VI-19) 

are in  agreement with the manufacturers c la im s ,  and an a n a ly s i s  

performed a t  NPL on a s im i la r  batch o f  f e r r i c  o x id e .  I t  was 

decided  to use the oc-haematite as  the non-porous r e fe r e n c e
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in  the  c o n s tr u c t io n  o f  - p l o t s  fo r  the  o th e r  m a te r ia ls  s tu d ie d  

(ch a p te r  1 1 - 1 4 ) .  These are given in  F igures  V I-20 , VI-21 and 

VI—2 2 .  F igure VI-20 compares the  ou tgassed  f e r r i c  o x id e  A 

r e s u l t ,w i t h  th o se  ob ta in ed  fo r  the  m ale ic  anhydride tre a te d  

sam p les . In F igure VI-21 the  tr e a te d  and u n treated  f e r r i c  

o x id e  8 p l o t s  are  g iven  to g eth e r  with the  u n trea ted  f e r r i c  

o x id e  A p l o t .  In Figure VI-22 the p l o t s  o f  the  untreated  f e r r i c  

o x id e s  A and 8 and oc-and p .  g o e th i t e  are g iv e n .

A l l  the  p l o t s  show an upward d e v ia t io n  from 

l i n e a r i t y  a t  about 1 in d i c a t i v e  o f  c a p i l l a r y  condensation  

in  m esopores. The c ^ -p lo t s  fo r  the  m ale ic  anhydride tr e a te d  

f e r r i c  o x id e s  are  s im i la r  to  the untreated  p lo t s * e x c e p t  th a t  

th e  amount adsorbed a t  any given  r e l a t i v e  p r e ssu re  i s  reduced. 

There i s  no ev id en ce  th a t  the pore s t r u c tu r e s  have been s i g n i f 

i c a n t l y  a l t e r e d  in  any way by the  trea tm en ts .

V I-2 -3  F e r r ic  Oxide A and p -G o e th ite .

F e r r ic  ox ide  A was found to  be porous in  a g r e e -

110ment with the  e a r l i e r  work o f  Foster  .  The adsorption  i s o 

therms v a r ie d  uniform ly  with ou tg a ss in g  tem perature (F igu re  

V I - 5 ) .  The amount adsorbed a t  any given  r e l a t i v e  p ressu re  

d ecreased  with temperature and duration o f  o u t g a s s in g .  The 

s u r fa c e  areas  th e r e fo r e  decreased with d ecrea s in g  thoroughness  

o f  o u t g a s s in g .  The r e s u l t s  are l i s t e d  in  Table VI-15. The 

d i f f e r e n c e s  between the  areas obta ined  a f t e r  o u tg a ss in g

above 10Q°C most probably a r i s e  from sample inhom ogeneity.

2 -1These four areas  have a mean area o f  245 rag , I t  i s  w e ll  

e s t a b l i s h e d  th a t  o u tg a ss in g  a t  2 5 °C removes a l l  p h y s i c a l ly  

adsorbed water from iron  o x id e s  ( s e e  Chapter IV -2 ) .  Thus
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t h a  c hanges  i n  s u r f a c e  a r e a  must  a r i s e  from changes  i n  t h e  s u r f a c e  

h y d r o x y l  c o n c e n t r a t i o n .  I t  seems u n l i k e l y  t h a t  t h e  m a t e r i a l  l o s t  

by o u t g a s s i n g  above 27 C was bu lk  w a te r  h e ld  i n  p o r e s  o r  s t r o n g l y  

bound p h y s i c a l l y  a dso rbed  w a t e r .  The s u r f a c e  a r e a  would be e x p e c t e d  

to  i n c r e a s e  v e ry  r a p i d l y  with i n c r e a s i n g  o u t g a s s i n g  t e m p e r a t u r e  i f  

t h i s  was t h e  c a s e .

Befo re  o u t g a s s i n g ,  e l e m e n ta l  a n a l y s i s  showed a b o u t  

1 . 5 #  by w e ig h t  o f  hydrogen was p r e s e n t  i n  t h e  s am ple .  Using a 

h y d r o x y l  c o n c e n t r a t i o n  o f  5 .88 OH p e r  lOOA^, t h e  w e igh t  o f  hydrogen 

i n  a m ono layer  o f  hydroxy l  groups  was e s t i m a t e d  f o r  1 g o f  o x i d e .  

S u b t r a c t i o n  o f  t h i s  q u a n t i t y  from t h e  t o t a l  hydrogen c o n t e n t  

y i e l d e d  t h e  amount  o f  hydrogen i n  p h y s i c a l l y  a d so rbe d  w a t e r .

The sample  was c a l c u l a t e d  to  c o n s i s t  o f  1 5 .5 #  by w e igh t  o f  

hy d r o x y l  g roups  and p h y s i c a l l y  adso rbed  w a t e r .  1 1 .7 #  was 

w a t e r ,  c o r r e s p o n d i n g  to  a b o u t  2 m ono laye rs .  A w e ig h t  l o s s  

o f  1 2 .7 #  f o r  o u t g a s s i n g  above 100°C t h e r e f o r e  i n d i c a t e s  t h e  

removal  o f  a b o u t  6 . 5 #  o f  t h e  t o t a l  hydroxy l  c o v e r a g e .  This  

s m a l l  h y d ro x y l  l o s s  i s  i n  acco rd  wi th  e x p e c t a t i o n s ,  s i n c e  

t h e  c om ple te  d e s o r p t i o n  o f  the  hydroxy l  l a y e r  r e q u i r e s  p r o 

longed  o u t g a s s i n g  a t  t e m p e r a t u r e s  i n  exces s  o f  1 0 0 “ c  f o r  

p o rous  i r o n  o x i d e s .

C r y s t a l l o g r a p h i c a l l y ,  f e r r i c  o x i d e  A i s  p r e 

dom inan t ly  p - g o e t h i t e .  However, t h e  a d s o r p t i o n  i s o t h e rm  and 

p o r e  s i z e  d i s t r i b u t i o n  a r e  d i f f e r e n t  from t h e  r e f e r e n c e  sample 

o f  p - g o e t h i t e .  The d i s t r i b u t i o n  c u rv e s  ( F i g s .  VI-4 ,  VI-18)  

a r e  s k e t c h e d  i n  F i g u r e  VI-23 f o r  compar ison .  Fer i f ic  o x id e  A 

h a s  a  na rrow d i s t r i b u t i o n  o f  po re  r a d i i  with a maJtimum a t
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a b o u t  Fp = 25a . The d i s t r i b u t i o n  f o r  p - g o e t h i t e  i s  b ro ad ,  with

a s l i g h t  maximum in  th e  range ?p = 7O-0OA. The su r fa c e  area o f

p - g o e t h i t e  i s  l e s s  than  h a l f  o f  t h e  va lu e  f o r  f e r r i c  o x i d e  A*

The d i f f e r e n c e s  in  s u r fa c e  p r o p e r t ie s  o f  two c r y s ta l lo g r a p h —

i c a l l y  s im i la r  samples must a r i s e  from d i f f e r e n c e s  in  t h e ir

p rep ara tion  and th e  presence  o f  im p u rit ie s  in  th e  f e r r i c  o x id e

A. This m a te r ia l  c o n ta in s  minor q u a n t i t ie s  o f  o th e r  phases

to g e th e r  with some amorphous m a ter ia l  and about 4# by weight

o f  c h lo r id e  i o n s .  I t  i s  unclear  whether t h i s  c h lo r id e  i s

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

125p r e c i p i t a t e d  sodium c h l o r i d e .  G a l l a g h e r  has  found t h a t  

t h e  s t r u c t u r e  o f  p - g o e t h i t e  i n i t i a l l y  p r e c i p i t a t e d  from 

t h e  h y d r o l y s i s  o f  F e ( l1 1 ) C l g  has  a molecular fo rm u la  approx

i m a t i n g  to  FeO^_^ (OH)^ ^  which c o r r e s p o n d s  to  a b o u t

9# by w e i g h t  o f  c h l o r i d e .  The s t r u c t u r e  was ve ry  s e n s i t i v e  to  

t h e  t h o r o u g h n e s s  o f  washing i n  d i s t i l l e d  w a te r  and hence  to  

t h e  d e g r e e  o f  h y d r a t i o n ,  A mean pore  r a d i u s  o f  a b o u t  12A was 

found f o r  p-FeO.OH. This i s  much lower t han  t h e  mean p o r e  

r a d i i  found i n  t h i s  work. A v a lu e  o f  1 .6 #  by w e ig h t  o f  

hydrogen was found by e le m e n ta l  a n a l y s i s  f o r  p - g o e t h i t e  

u sed  i n  t h i s  work.  Assuming t h e  formula  FeO.OH. nHgO t h i s  

c o r r e s p o n d s  t o  n = 0 . 2 .  I t  i s  p ro b a b l e  t h a t  t h e  removal  

o f  t h e  c h l o r i d e  from t h e  f e r r i c  o x ide  and f u r t h e r  d r y in g  o f  

bo th  t h e  o x i d e  A and p - g o e t h i t e  m igh t  r e s u l t  i n  b e t t e r  

a g re e m e n t  o f  t h e i r  s u r f a c e  p r o p e r t i e s .

VI -2 -4  F e r r i c  Oxide 8 and a - G o e t h i t a .

C r y s ta l lo g r a p h ic a l ly  the porous f e r r i c  o x id e  8
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i s  p r e d o m i n a n t l y  o c - g o e t h i t e .  The s u r f a c e  p r o p e r t i e s  o f  f e r r i c  o x i d e

B and a - g o e t h i t e  a r e ,  however, q u ite  d i f f e r e n t .  F e r r ic  ox id e  B has

a s u r f a c e  a r e a  o f  158 m g  ̂ compared to  112 m^g  ̂ f o r  a - g o e t h i t e .

The pore s i z e  d i s t r i b u t io n  curves ( F ig s ,  VI-12,  VI-15)  are sketched

i n  F i g u r e  VI-24 f o r  com par ison .  The c u rv e s  f o r  o c - g o e t h i t e  a r e

s i m i l a r  t o  t h a t  o f  f e r r i c  o x id e  A, a l t h o u g h  t h e r e  i s  some doubt

as  to  t h e i r  v a l i d i t y  owing to  i n t e r - p a r t i c l e  c o n d e n s a t i o n .  The

c u m u l a t i v e  i n t e r n a l  po re  a r e a s  o b t a i n e d  i n  t h e  c a l c u l a t i o n  ( u s i n g

t h e  a d s o r p t i o n  i s o t h e r m )  o f  t h e  « - g o e t h i t e  d i s t r i b u t i o n s  a r e  a l l

much h i g h e r  t h a n  t h e  BET s u r f a c e  a r e a .  The p o re  a r e a  c a l c u l a t e d ,

u s in g  r e l a t i v e  p r e s s u r e s  i n  t h e  r ange  0 .79  -  0 .3 0 ,  i s  t h e  n e a r e s t  

2 —1
a t  a b o u t  125 m g  . Th is  s u g g e s t s  t h a t  i n t e r - p a r t i c l e  c o n d e n s a t i o n  

s t a r t e d  a t  a b o u t  p / p  = 0 .7 9 .  For  a l l  t h e  o t h e r  samples  s t u d i e d ,  

t h e  d i s t r i b u t i o n  was c a l c u l a t e d  us ing  t h e  d e s o r p t i o n  i s o t h e r m ,  

and s t o p p i n g  t h e  c a l c u l a t i o n  a t  a bou t  t h e  p o i n t  where t h e  h y s t e r e s i s  

loop c l o s e d , g a v e  a c u m u l a t i v e  po re  a r e a  a p p ro x im a te ly  e q u a l  to  t h e  

BET s u r f a c e  a r e a .  Hence, f o r  a l l  t h e  o t h e r  sam ples ,  o t h e r  than  

c x - g o e t h i t e ,  i t  i s  r e a s o n a b l e  to  c onc lude  t h a t  t h e  BET s u r f a c e  

a r e a  c o n s i s t s  a l m o s t  e n t i r e l y  o f  t h e  i n t e r i o r  s u r f a c e  a r e a  o f  

p o r e s  w i th  l i t t l e  o r  no c o n t r i b u t i o n  from p l a n e  s u r f a c e s .

Elemental a n a ly s i s  found 2 .94^  and 1 .26^  hydro

gen by w e igh t  fo r  oC -goeth ite  and f e r r i c  ox id e  B r e s p e c t iv e l y .

Using t h e  same p r o c e d u r e s  a s  i n  V I -2 -3 ,  n i n  FeO.DHnHgO was 

c a l c u l a t e d  a s  a b o u t  1 .1  f o r  o c - g o e t h i t e .  F e r r i c  o x id e  B was 

found t o  c o n s i s t  o f  1 2 .4 ^  by w e igh t  o f  hyd roxy l  groups  and 

p h y s i c a l l y  a d s o r b e d  w a t e r ,  g i v in g  a bou t  2 . 5  monolaye rs  o f  mole

c u l a r  w a t e r .
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V I -2 -5  The Male ic  Anhydr ide T r e a t e d  F e r r i c  Oxide A.

The e l e m e n t a l  a n a l y s e s  i n  T a b l e s  V I -7a ,7b  i n d i c a t e  

t h a t  t h e  b u l k  c o m p o s i t i o n  o f  f e r r i c  ox ide  A was a l t e r e d  by t h e  

m a l e i c  a n h y d r i d e  t r e a t m e n t  and t h a t  o u t g a s s i n g  t h e  sample does 

n o t  remove a l l  t h e  o r g a n i c  m a t e r i a l .  Assuming un i fo rm a d s o r p 

t i o n  and an  o c c u p ie d  a r e a  p e r  a d s o rb e d  m a le ic  a n h y d r i d e  m o le c u le  

o f  2 .6  X 10 ^^m a c ove rage  o f  0 .6 3  o f  a monolayer  was

c a l c u l a t e d  from t h e  c a rbon  c o n t e n t  b e f o r e  o u t g a s s i n g .  I f  i t  

i s  a l s o  assumed t h a t  t h e  a d s o r p t i o n  o c c u r s  o v e r  t h e  hydroxy l  

m ono laye r  (which  i s  n o t  d i s p l a c e d ) ,  t h e n  t h e  amount  o f  p h y s i c a l l y  

a d s o rb e d  w a t e r  p r e s e n t  i s  r e l a t e d  to  t h e  d i f f e r e n c e  between t h e  

t o t a l  hyd ro g en  c o n t e n t  ( b e f o r e  o u t g a s s i n g )  and t h e  hydrogen 

a s s o c i a t e d  w i th  t h e  o r g a n i c  and hyd roxy l  l a y e r s .  This  a r g u 

ment  shows t h a t  t h e  o r g a n i c  t r e a t m e n t  removes a b o u t  h a l f  o f  

t h e  p r e v i o u s l y  a d so rbe d  w a t e r .

Comparison o f  t h e  i n f r a - r e d  s p e c t r a  o f  t h e

t r e a t e d  and  u n t r e a t e d  samples  i n  t h e  r e g i o n  3500-2500 cm ^

( F i g u r e  V I -10 )  shows t h a t  t h e  broad  spec t rum i s  d e c re a s e d  i n  

i n t e n s i t y  by t h e  o r g a n i c  t r e a t m e n t .  Th is  b ro ad  band i s  a t t r i b 

u t e d  t o  s u r f a c e  hydroxy l  groups  and a dso rbe d  w a t e r .  The 

b r e a d t h  o f  t h e  band a r i s e s  from i n t e r m o l e c u l a r  bonding ( i . e .  

H - bonds ) ,  The l o s s  o f  i n t e n s i t y  s u g g e s t s  t h a t  some o f  t h e  

p h y s i c a l l y  a d s o rb e d  w a te r  and p o s s i b l y  l o o s e l y  bound hydroxy l  

groups  have  been d i s p l a c e d  by t h e  m a le ic  a n h y d r i d e  t r e a t m e n t .

The e f f e c t  o f  o u t g a s s i n g  i s  to  i n c r e a s e  t h e  p e r 

c e n t a g e  c a r b o n  c o n t e n t  and d e c re a s e  t h e  hydrogen c o n t e n t .

S in ce  th e  sam ples ou tgassed  a t  both 50 °C and 130 C both

l o s t  w e i g h t  d u r in g  t h e  o u t g a s s i n g ,  t h i s  s u g g e s t s  t h a t  t h e  

o r g a n i c  m a t e r i a l  was p r e f e r e n t i a l l y  r e t a i n e d  r e l a t i v e  to
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t h e  w a te r  c o n t e n t .  From t h e  a c t u a l  we igh t  l o s s  f o r  t h e  sample o u t -  

ga s se d  a t  130 C, and t h e  ca rbon  c o n t e n t s  b e f o r e  and a f t e r  o u t g a s s i n g ,  

t h e  hydrogen  w e ig h t  l o s s  a s s o c i a t e d  with d e s o r p t i o n  o f  m a l e i c  anhyd

r i d e  was c a l c u l a t e d  ( < 0 . 1  mg). This  q u a n t i t y  was s u b t r a c t e d  from 

t h e  t o t a l  w e i g h t  l o s s  o f  hydrogen  to  y i e l d  t h e  we igh t  l o s s  due to  

d e s o r p t i o n  o f  w a te r  and h y d roxy l  g roups .  Assuming no d e s o r p t i o n  

o f  s u r f a c e  h y d r o x y l s ,  then  t h e  o b se rve d  w e igh t  l o s s  r e q u i r e s  o n l y  

one q u a r t e r  o f  t h e  p h y s i c a l l y  ad so rbed  w a te r  to  d e s o r b .  About  90 

t im es  a s  many w a t e r  m o le c u le s  deso rbed  as  d id  m a le ic  a n h y d r i d e  

m o le c u l e s .  A s i m i l a r  c a l c u l a t i o n  f o r  t h e  sample o u t g a s s e d  a t  5 0 *C 

showed no changes  i n  t h e  numbers o f  o r g a n i c  m o lecu le s  d e s o r b i n g .

The r e d u c t i o n  i n  t e m p e r a t u r e ,  however ,  c aused  t h e  number o f  w a t e r  

m o le c u le s  d e s o r b i n g  to  drop by h a l f .  These c a l c u l a t i o n s  a r e  based  

on t h e  a s s u m p t io n  t h a t  t h e  m a le ic  a n h y d r id e  was u n i fo r m l y  d i s t r i b 

u t e d  t h r o u g h o u t  t h e  sample .  Given t h i s ,  i t  a p p e a r s  t h a t  i n c r e a s 

in g  t h e  s e v e r i t y  o f  o u t g a s s i n g  o n ly  e f f e c t s  t h e  w a te r  c o v e ra g e ,  

s im p ly  c a u s i n g  more w a te r  to  d e s o rb .

The s p e c i f i c  s u r f a c e  a r e a s  o f  t h e  u n t r e a t e d  and 

t r e a t e d  o x i d e s  o u t g a s s e d  a t  50°C and 13D°C a r e  c o l l e c t e d  i n  Table  

VI-15.  The s u r f a c e  a r e a s  o f  t h e  t r e a t e d  samples  a r e  l e s s  t h a n  

t h o s e  o f  t h e  u n t r e a t e d  samples  i r r e s p e c t i v e  o f  t e m p e r a t u r e .  The 

t r e a t e d  sample  o u t g a s s e d  a t  130 % has  an a r e a  o f  a b o u t  91^ o f
O

t h e  u n t r e a t e d  sample o u t g a s s e d  a t  27 C f o r  t h e  minimum l e n g t h  o f  

2 —1t im e  ( 222 n g ) .  Hence t h e  s u r f a c e  a r e a  o f  f e r r i c  o x i d e

A has  been a l t e r e d  by t h e  m a le ic  a n h y d r id e  t r e a t m e n t .

From t h e  above ,  t h e  d i f f e r e n c e  i n  t h e  s u r f a c e  a r e a s  

o f  t h e  t r e a t e d  samples  (25 ro^g ^) a r i s e s  p r i n c i p a l l y  from d i f f e r 

ences  i n  t h e  p h y s i c a l l y  adso rbed  w a te r  c o n t e n t .  The a c t u a l
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f ig u r e  i s  5 .4  x 10 m olecu les  per gram o f  sample. The area  

occup ied  by a water m olecule  l i e s  in  the range 10 .6  -  14 .8  A^, 

from which th e  observed su r fa c e  area d i f f e r e n c e  i s  o f  the  same 

order o f  magnitude as the c a lc u la te d  d i f f e r e n c e .  Using A(H2Û)
o 2

3 1 2 .7  A f the  c a lc u la te d  f ig u r e  i s  about 2 .5  t im es the observed  
2

d i f f e r e n c e  o f  25 m .

The pore s i z e  d i s t r ib u t io n  curves o f  th e  u ntreated  f e r r i c  

o x id e  and the  m a le ic  anhydride tre a te d  samples o u tgassed  a t  50°C 

and 130 C are  redrawn in  Figure VI-25 fo r  comparison. The minor 

d i f f e r e n c e s  between the tre a te d  curves are probably n o t  s i g n i f i c a n t .

The maxima f o r  t h e  t r e a t e d  samples  a r e  both a t  lower  mean po re  

r a d i i  t h a n  t h e  u n t r e a t e d  samples  maximum. The " u n t r e a t e d "

o2
d i s t r i b u t i o n  has the  s m a l le s t  range, centred  around 25 -  30A .

I f  th e  m a le ic  anhydride was adsorbed uniform ly over  th e  sur

f a c e ,  i t  would be expected  th a t  the "treated" d i s t r ib u t io n s  

would become sharper than the untreated  d i s t r ib u t io n  and th a t  

the  e f f e c t  would be more pronounced a t  sm all mean pore r a d i i .

This i s  n o t  ob served . The on ly  e f f e c t  o f  the o rg a n ic  treatm ent  

appears to  be a red u ction  in  the number o f  pores in  the  range 

fp 3 25 -  30À; t h i s  su g g e s ts  p r e f e r e n t ia l  a d so rp t io n  in  or  

c l o s e  to th o se  p o r e s .  I t  i s  p o s s ib le  t h a t ,  g iven  the  sm all  

coverage  o f  organ ic  m a te r ia l ,  the d i f f e r e n c e s  in  th e  d i s t r i b u t 

ion  cu rves  are  a r t i f i c i a l  and independent o f  the o rg a n ic  t r e a t 

ment.

The in fr a -r e d  sp ec tra  o f  tre a te d  samples before

and a f t e r  o u t g a s s i n g , ( F i g u r e  VI-10) show a t r i p l e t  c h a r a c t e r -

-1
i s t i c  o f  anhydrides in  the range 1600 -  1300 cm which i s  

unchanged by the  o u tg a ss in g .
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The treatm ent o f  f e r r i c  o x id e  A with m ale ic  anhy

d r id e  c l e a r l y  a l t e r s  the n itr o g e n  adsorption  p r o p e r t ie s  o f  the  

bulk powder and the in fr a -r e d  s p e c tr a .  I t  i s ,  however, imposs

i b l e  to  determine i f  the m ale ic  anhydride i s  even ly  d isp ersed  

throughout the sample ( i . e .  uniform ly adsorbed). I t  i s  poss

i b l e  t h a t  the organ ic  m a ter ia l  i s  p resen t  as s o l i d  c r y s t a l s  

or adsorbed "non-uniformly" in  sm all c l u s t e r s  on the  sur

f a c e .  Some prelim inary  e le c tr o n  microscopy was in c o n c lu s iv e  

on t h i s  p o in t .

V I-2-6  The M aleic Anhydride Treated F e r r ic  Oxide B.

The e lem ental a n a ly se s  in  Table VI-11 in d ic a t e  

th a t  the  bulk com position o f  f e r r i c  ox id e  8 was a l t e r e d  by the  

m a le ic  anhydride treatm ent and th a t  some organ ic  m ater ia l  

remained a f t e r  o u tg a s s in g .  Using the same procedure as b e f

o r e ,  (V I -2 -5 )  an organic  coverage o f  0 .6 5  o f  a monolayer  

was c a lc u la t e d  from the carbon co n ten t  b efore  o u tg a s s in g ,  

compared to  0 .6 3  fo r  f e r r i c  o x id e  A. About h a l f  o f  the  

p h y s i c a l l y  adsorbed water was l o s t  as a r e s u l t  o f  the  t r e a t 

ment. In fr a -r e d  sp ec tra  o f  f e r r i c  ox id e  B b e fore  and a f t e r  

the  o r g a n ic  treatm ent showed the same e f f e c t  in  the  reg ion  o f  

3500 -  2500 cm  ̂ as f e r r i c  ox id e  A (F igu re  V I-1 0 ) ,  again sugg

e s t i n g  a reduction  in  the water co n ten t  o f  the sample.

Outgassing has no e f f e c t  on the proportion  o f  

carbon p r e sen t;  however, s in c e  a sm all (0 .5 ^ )  w eight l o s s  

was found, i t  f o l lo w s  th a t  a sm all amount o f  o rg a n ic  mater

i a l  was l o s t .  The weight l o s s  i s  l e s s  than th a t  found fo r  

f e r r i c  o x id e  A outgassed  under the same c o n d i t io n s  (2.5% a t  

5 0 *C). About ten tim es as many water m olecu les  (H2O)
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desorbed as did m ale ic  anhydride m olecu les  par u n i t  area o f

s u r fa c e ,  compared with the e q u iv a le n t  r a t io  o f  about 40 fo r

f e r r i c  o x id e  A* Both o x id e s  l o s e  more water than m ale ic

anhydride. F e r r ic  ox id e  A l o s e s  about 2 , 5  t im es as much

o rg a n ic  m a te r ia l  and 10 tim es as much water as  f e r i c  ox id e

B, and hence has the  la r g e r  o v e r a l l  weight l o s s .

The pore s i z e  d i s t r ib u t io n  curves o f  the tre a te d

and u n t r e a t e d  ( o u t g a s s e d  127°C) samples  a r e  redrawn i n  F i g u r e

VI-26 . There are  no s i g n i f i c a n t  d i f f e r e n c e s  between them.

Both c u r v e s  a r e  b ro ad ,  with no p redom inan t  p o re  s i z e .  The
2

tr e a t e d  f e r r i c  ox id e  B has a su r fa c e  area o f  1 35 .7  m g”

2 - 1compared to  1 5 8 .5  m g fo r  the  untreated  sample. Compared 

to  f e r r i c  o x id e  A, the reduction  in  su r fa c e  area i s  not so 

g r e a t  as  a r e s u l t  o f  treatm ent. In fra -r e d  sp e c tr a  in d ic a t e  ' 

t h a t  o r g a n ic  m a te r ia l  i s  p resen t  b efore  and a f t e r  o u tg a s s in g .

The m ale ic  anhydride treatm ent has thus a l te r e d  

c e r t a in  o f  the p r o p e r t ie s  o f  f e r r i c  ox id e  B. I t  i s ,  however, 

u n c e r ta in  i f  t h e s e  e f f e c t s  are r e a l  su r fa ce  e f f e c t s  or n o t .  

P re lim inary  e le c tr o n  microscopy experim ents f a i l e d  to provide  

c o n c lu s iv e  ev id en ce .
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C/77% -f

Nitrogen a d s o r p t i o n  and d eso rp tio n  isotherm s  

on f e r r i c  ox id e  A a t  77K.
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V I . 4.

The pore s i z e  d i s t r ib u t io n  

p l o t  fo r  f e r r i c  o x id e  A*
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A.cm. g .li
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N itrogen  adsorption- isotherm s  

on f e r r i c  ox id e  A a t  77K as  
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F / G .  VI . 6 .

The n itr o g e n  adsorption  and d esorp tion  iso th e r m s ,  

measured a t  77K, on the m aleic  anhydride tr e a te d  

f e r r i c  o x id e  A, outgassed  a t  50*C«
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100

5 0 V/

100 50-0
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FIG. V I . 7.

V^/W The n itr o g e n  adsorption  and desorp

t io n  iso therm s measured a t  77K,

on the  m ale ic  anhydride tre a te d  

f e r r i c  o x id e  A, outgassed  a t  130 °C
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5 0

0
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VI.  8.

The pore s i z e  d i s t r ib u t io n  p l o t s  o f  th e  m ale ic  

anhydride tr e a te d  f e r r ic  ox id e  A, o u tgassed  a t  

50®C ( I )  and outgassed  a t  130°C ( I I ) .
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A comparison o f  the in fr a -r e d  sp ec tra  o f  the m ale ic  

anhydride tre a te d  f e r r i c  o x id e  A before  I and II 

a f t e r  o u tg a ss in g  u s in g  an u n treated  sample as the

re fe r en ce

r/o)TRANSMITTANCE

12 0 0
WAV EN UMBER I cm''}

1 6 0 0

F/G.VI.10.

A comparison o f  the  in fr a -r e d  sp ec tra  o f  the m ale ic  anhydride  
t r e a te d  f e r r i c  ox id e  A ( I )  and the u n trea ted  sa ra p le ( l l )  in

the  reg ion  o f  hydroxyl adsorptionr / o / T R A N S M ir J A N C E

2 5 0  0
WAV EN UMBER (cm~h

3 0 0 035 0 0
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FIG. V I . 11.
3cm̂ g ‘ The n itrogen  ad sorp tion  and desorption  

isotherm s on f e r r i c  o x id e  B a t  77K.
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The pare s i z e  d i s t r ib u t io n  p l o t  fo r  f e r r i c  ox id e  8 .
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V /IV
FIG. V I . 13.

The adsorption  and desorp tion  isotherm s  
measured a t  77K, on the  m a le ic  anhydride  
trea ted  f e r r i c  ox ide  B o u tgassed  a t  5 0 °C
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FIG. V I . 14.

The pore s i z e  d i s t r ib u t io n  p l o t  o f  the  m ale ic  

anhydride tr e a te d  f e r r i c  ox ide  B outgassed  a t  50°C,
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0.0 n o80 o
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FIO.  V I .15.

Ni t rogen  a d s o r p t i o n  and d e s o r p t i o n  i s o t h e r m s  

on a - g o e t h i t a  a t  7 7 K.
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R,

Pore s i z e  d i s t r i b u t io n  p lo t s  fo r  a - g o e t h i t s  derived  

from th e  ad sorp t ion  isotherm , s t a r t in g  with r e l a t i v e  

p r e ssu re s  o f  0 .8 5 ,  0 .8 1 ,  0 .8  and 0 .7 9 .
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FIG. V I . 17.

c/Tfÿ?

Nitrogen adsorption  and d esorp tion  

isotherm s on g - g o e t h i t a  a t  77K.
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F fG .V I .18 .

p o r e  s i z e  d i s t r i b u t i o n  p l o t  f o r  g - g e o t h i t e ,
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0.0 1U0
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FIG. V I .19.

Adsorption and desorption  isotherm s  

Adsorption ( , )  and desorption  ( v) isotherm s on o^-haematite a t  77K.
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FIG. VI-20 .

Ofj-plots o f  f e r r i c  ox id e  A*
Runs 1 and 2 (cu rves  1) and the  
trea ted  samples outgassed  a t  130°C 
(curve 2) and 50*C (curve 3)

200  —  

gas
V(a)

100  -
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FIG. V I .21.

p l o t s  o f  f e r r i c  ox ide  8 , "treated" ( 1 ) ,  

"untreated" (2) and f e r r i c  ox id e  A, "untreated" (3)
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F l o .  V I . 23,

The po re  s i z e  d i s t r i b u t i o n  p l o t s  

o f  f e r r i c  o x id e  A (1)  and g - g o e t h i t e  

( 2 )
50  T

AV,
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100500 o



178.

FIG, V I . 24 .

The pore s i z e  d i s t r ib u t io n  p lo t s  o f  c x -g o e th i te  ( 1 ) ,  
and f e r r i c  o x id e  8 ( 2 ) ,
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V I . 25.

The pore s i z e  d i s t r ib u t io n  p lo t s  o f  f e r r i c  o x id e  A; 

"untreated" ( 1 ) ,  "treated" and outgassed  a t  5 0 *C (3)  

and 130°C ( 2 ) .
5 0  T

2 5 -
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The pore s i z e  d i s t r i b u t io n  p l o t s  o f  f e r r i c  o x id e  

B: "untreated" ( 1 ) ,  " treated"  ( 2 ) .
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CHAPTER VII .

The Liquid Adsorption Experiments.

V II -1 .  R e s u l t s ,

V II-1-1  The Adsorption o f  Butanol on Of-Haematite.

Throughout t h i s  w o rk )a ll  h e a ts  o f  r e a c t io n  are  quoted  

as p o s i t i v e  q u a n t i t i e s .  Exothermic and endothermie p r o c e ss e s  are  

th e r e f o r e  w r i t t e n  a s  p o s i t i v e ,  even though exotherm ic p r o c e ss e s  

l i b e r a t e  h e a t  and s t r i c t l y  have a n e g a t iv e  en thalp y  change. As 

s t a t e d  e a r l i e r  (Chapter V -3 -2 ) ,  a l l  l i q u i d  c o n c e n tr a t io n s  are  

e x p ressed  as  w e igh t  p e r c e n ta g e s .

The a d so r p t io n  o f  0 .2 ^  butanol in  n-heptane was measured 

as a fu n c t io n  o f  f lo w  r a te  on Of-haematite p r e v io u s ly  e q u i l ib r a t e d  

with a tm ospher ic  m o is tu re  to  g iv e  about two p h y s i c a l l y  adsorbed  

l a y e r s  o f  w a te r .  The r e s u l t s  are g iven  in  Table V II -1 .  Owing to 

th e  sm a ll  s u r fa c e  area  (2,7m g ) and th e  p u ls in g  e f f e c t  o f  the  

pumps (Chapter V -3-1) th e  r e s u l t s  are  not as p r e c i s e  as  was o r i g i n 

a l l y  hoped f o r .  T yp ica l  thermograms are  shown in  F igure  V II -1 ,

I t  was dec ided  to  use a f low  r a te  o f  0 ,21 ccmin  ̂

f o r  a l l  su b seq u en t  work, s in c e  the  h e a ts  o f  ad so rp t io n  and d eso rp tio n  

were rea so n a b ly  c o n s i s t e n t  a t  t h i s  f low  r a te  and pumps were a v a i la b l e  

t h a t  a) d id  n o t  g e n e r a te  a la r g e  pulse e f f e c t ,  and b) enabled the  

f low  r a t e s  f o r  a d so r p t io n  and d esorp tion  to  be matched e x a c t l y .

In ord er  to  e s t im a te  th e  su r fa c e  area  o f  the  haem

a t i t e ,  0 ,2 ^  b utano l was adsorbed onto an alumina s u r fa c e  area  

standard and th e  c o n s ta n t  E in  equation  111-3 was  e v a lu a te d .

The alumina had an NPL c e r t i f i e d  s p e c i f i c  s u r fa c e  area o f  2 ,0 9 1 -
2

0,009m g and was e q u i l ib r a t e d  such th a t  about 2 

p h y s i c a l l y  adsorbed la y e r s  o f  water were p r e s e n t .
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Two c o n s e c u t iv e  h e a ts  o f  a d so r p t io n  were measured as 0.291

and 0 ,2 8 5  3g with a mean o f  0 ,2 8 8  Jg ^. The c a l i b r a t io n  c o n s ta n t

E was c a l c u l a t e d  to  be 0 ,1 3 8  Jm  ̂ and, u s in g  the  h e a t  o f  ad sorp tion

—1 —1
on h a e m a tite  o b ta in ed  with a f lo w  r a te  o f  0,21 cc  min“ (0 ,1 2  3g” )

2 -1a s u r fa c e  area o f  0 ,8 7  m g was c a l c u l a t e d .

V II -1 -2  The Adsorption o f  1 ,2-Epoxybutane on Of-Haematite,

The e n e r g ie s  o f  a d s o r p t io n  and desorp tion  fo r  var iou s  

s tr e n g th  epoxybutane s o l u t i o n s  on Of-haem atite p r e v io u s ly  e q u i l 

ib r a te d  to  have about two p h y s i c a l l y  adsorbed la y e r s  o f  water are  

g iven  in  Table V II -2 ,  The p r e c i s i o n  i s  poor because o f  the  sm all  

h e a t  e f f e c t s  and th e  low s i g n a l  to  n o i s e  r a t i o .  T yp ica l thermo

grams a re  g iven  in  F igure V I I -2 ,  The s i g n a l s  are  sm all  and broad 

a t  low c o n c e n tr a t io n s ,  and became l a r g e r  and sharper a t  h igh er  con

c e n t r a t i o n s ,  The data i s  p l o t t e d  in  F igure  V I I - 3 , ,  the  curves I 

and I I  r e p r e s e n t  smoothed a d so r p t io n  and d e so r p tio n  c u r v e s ,  and 

the  d o t te d  l i n e  i s  the  mean o f  th e  exper im en ta l a d so rp t io n  and d esor

p t io n  f i g u r e s ,

A 0 ,2 ^  butanol s o lu t i o n  was adsorbed a f t e r  the  epoxy

butane exper im ents  were com p leted . The h e a t  o f  a d so rp t io n  being  

-1
0,11 3g , which i s  the  h e a t  o f  a d so r p t io n  on a s u r fa c e  not  sub

j e c t e d  to  epoxybutane a d s o r p t io n .  The h e a ts  o f  a d sorp tion  and 

d e so r p t io n  o f  0 ,2 7 ^  1 ,2 - p r o p a n d io l ,  0 ,1 2  Jg~^ and 0 , 1 l ” \  r e s p 

e c t i v e l y ,  were measured to  s e e  i f  th e  a d d i t io n a l  a lc o h o l  group 

had any e f f e c t ,

A d i l u t i o n  experim ent was performed to  i n v e s t i g a t e  the  

p o s s i b i l i t y  t h a t  th e  d iv e rg e n c e  o f  th e  ad sorp t ion  and d eso rp tio n

cu rves  in  F ig u r e s  V II-3  and V II -1 0 cou ld  be e xp la in ed  by d i lu t i o n

e f f e c t s .  The experim ent c o n s i s t e d  o f  f i l l i n g  th e  r e a c t io n  c e l l
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with an i n e r t  m a te r ia l  to  g iv e  a known f r e e  volume i n s id e  the c e l l  

and then a l t e r n a t e l y  f low in g  s o lv e n t  and s o lu t io n  through the  c e l l .  

Non-porous 100-mesh g la s s  beads, thought to  have a su r fa c e  area  

approxim ating to t h e i r  g eo m etr ica l  area were chosen as the  i n e r t  

f i l l i n g .  The r e s u l t s ,  u s in g  butanol s o l u t i o n s ,  are g iven  in  Table  

V II-3  and p lo t t e d  in  Figure V II -4 .  T yp ica l thermograms are shown in  

F igure  V II -5 .  The experim ent was not repeated  u s in g  epoxybutane s o lu t io n s  

because  o f  doubts as to the " in ertn ess"  o f  the  g la s s  beads.

V II-1 - 3  The Adsorption o f  Butanol on F e r r ic  Oxide A.

P re lim in ary  a d so r p t io n s  o f  0.2% butanol on f e r r i c  ox id e  

A ( c a .  0 .2 7 g )  with between 1 and 2 p h y s i c a l l y  adsorbed water la y e r s  

i n i t i a l l y  p r e s e n t  showed th a t  the  h e a ts  e f f e c t s  were la r g e  ( c a .  203g"^) 

and i n c o n s i s t e n t ,  and th a t  the ra ta  o f  d e so r p tio n  was much l e s s  than  

th e  r a ta  o f  a d s o r p t io n .  A t y p ic a l  thermogram i s  shown in  Figure V II-6 .

I t  was thought t h a t  the  s low  d e so r p tio n  cou ld  account f o r  the  incon

s i s t e n t  h e a ts  o f  a d s o r p t io n .  This was t e s t e d  by measuring the  h e a ts  

a f t e r  washing th e  s u r fa c e  with a known volume o f  h ep tan e . A 2% 

s o lu t i o n  was used because th e  p la te a u  re g io n  in  the  adsorption  

s i g n a l  made th e  a r e a s  d i f f i c u l t  to measure and was p o s s ib ly  

th e  consequence o f  n o t  supp ly ing  the  butanol f a s t  enough. The 

h e a t s  o f  d e so r p t io n  were n o t  measured because o f  the  d i f f i c u l t y  

in  determ in ing  the  area under the  s lo w ly  decaying d eso rp tio n  

s i g n a l s .  The r e s u l t s  o f  th e se  experim ents a re  g iven  in  Table 

V II-4  and p l o t t e d  in  F igure V II -7 .  C le a r ly  the h e a t  o f  adsorption  

i s  a f u n c t io n  o f  th e  volume o f  heptane passed  o v er  the su r fa c e  

b e fo r e  th e  a d so r p t io n  -  the  " f lu sh in g"  volume. Typical
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thermograms are  shown in  F igu re  V I I -8 .

The slow  r a t e s  o f  d e so r p t io n  and the  high h e a ts  o f  

a d so r p t io n  found with th e  0.2% s o lu t i o n  on the  f r e s h  s u r fa c e  

su g g e s te d  t h a t  some butanol was i r r e v e r s i b l y  adsorbed. This  

id e a  was t e s t e d  by measuring th e  h e a t s  o f  ad so rp t io n  and des

o r p t io n  on a fr e sh  sample o f  f e r r i c  o x id e  A. Between 1 and 2 

p h y s i c a l l y  adsorbed la y e r s  o f  water were i n i t i a l l y  p r e s e n t .  A
3

f lu s h i n g  volume o f  about 80cm was u sed . The r e s u l t s  are  

g iv en  in  Table V II-5  and p l o t t e d  in  F igure VII-9  as a fu n c t io n  

o f  th e  number o f  a d s o r p t io n /d e s o r p t io n  c y c l e s .  The d ecrease  in  

the  h e a t  o f  ad so rp t io n  over  th e  f i r s t  few c y c le s  s u g g e s t s  t h a t  some 

butanol i s  i r r e v e r s i b l y  adsorbed . There i s  a g r e a te r  degree o f  

u n c e r ta in t y  in  th e  d e so r p t io n  h e a ts  than in  the  ad sorp t ion  h e a ts  

caused  by the  d i f f i c u l t y  in  a s s ig n in g  the  c o r r e c t  area to  the  

s lo w ly  decay in g  d e so r p t io n  s i g n a l s .

The f e r r i c  o x id e  was f u r th e r  c h a r a c te r is e d  by d e te r 

mining th e  r e la t io n s h ip  b e tw e e n .th e  h e a ts  o f  ad sorp t ion  and desor

p t io n  and th e  c o n c e n tr a t io n  o f  b u ta n o l .  The sample used above fo r  

the  " c y c l in g "  experim ents  was used so th a t  the  i n i t i a l  su r fa c e  was 

s a tu r a te d  in  terms o f  i r r e v e r s i b l y  adsorbed m a te r ia l .  To reduce  

th e  tim e in v o lv e d  f o r  each a d s o r p t io n /d e s o r p t io n  c y c l e ,  the
3

f lu s h in g  volume was reduced to  60cm .  S ta r t in g  with a 2% s o l u t i o n ,  

s u c c e s s i v e l y  more d i l u t e  s o l u t i o n s  were adsorbed. The r e s u l t s  are  

g iven  in  Table VII-6 and p l o t t e d  in  F igure V II-10* They in d i c a t e  

t h a t  the  h e a t  o f  a d so r p t io n  reach es  a maximum in  the  c o n c e n tr a t io n  

range 0 .2  -  0.4% and t h a t  in c r e a s in g  the  c o n c e n tr a t io n  fu r th e r  

ca u se s  a d e c r ea se  in  the  h e a t  o f  a d so r p t io n .  The thermograms 

sk e tch ed  in  F igure V II -1 1 i l l u s t r a t e  the  v a r ia t io n  o f  s ig n a l  

shape and s i z e  with c o n c e n tr a t io n .
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U II -1 -4  The A dsorption  o f  1 ,2-E poxybutane on F e r r ic  Oxide A.

The f e r r i c  o x id e  sample used in  the  experim ent to  

i n v e s t i g a t e  th e  r e la t io n s h ip  between h e a ts  o f  a d so r p t io n  and butanol
3

c o n c e n tr a t io n ,w a s  f lu s h e d  with 240cm o f  heptane b e fo r e  2*0%

1 ,2 -ép o x y b u ta n e  was adsorbed . The a d so r p t io n  was exotherm ic  and

the s i g n a l  had a s i g n i f i c a n t  b a s e - l i n e  d r i f t  (F ig u r e  U II -1 2 ,  curve I ) .

A f te r  70 min o n ly  90% o f  th e  maximum d e f l e c t i o n  had decayed. The area
-1

was measured from the  p o in t  g iv in g  h e a t  o f  a d so r p t io n  o f  27.1  Jg .

The h e a t  o f  d e s o r p t io n  was about 3 3g \  the  s i g n a l  (F ig u re  V II -1 2 ,
3

curve I I )  being  very  s m a l l .  40 cm o f  heptane was passed  through

the  c e l l  and epoxybutane readsorbed (F ig u r e  V II-1 2 ,  curve I I I ) .

The h e a t  o f  a d so r p t io n  was about 4 3g A f u r th e r  300 cm  ̂ o f  heptane

were p assed  through the  c e l l  and th e  epoxybutane readsorb ed . The

-1h e a t  o f  a d so r p t io n  was a g a in  about 4 3g , and th e  s i g n a l  (F igu re
3

V II-1 2 ,  curve  IV) was n o t  s i g n i f i c a n t l y  a l t e r e d .  75 cm o f  heptane  

were then passed  through th e  c e l l  and 2.0% butanol adsorbed, the  

h e a t  change be ing  6 .7  3g These r e s u l t s  i n d i c a t e  t h a t  a su b stan 

t i a l  amount o f  th e  epoxybutane i s  i r r e v e r s i b l y  adsorbed and t h a t  

prolonged f lu s h in g  does n o t  promote d e s o r p t io n .

V I I -2 .  D i s c u s s i o n .

V II-2-1  B u ta n o l  A d s o r p t i o n  on (% -Haemat i t e .

P r e v i o u s  work i n  t h i s  l a b o r a t o r y ^ ^ ^ o n  t h e  h a e m a t i t e /  

b u t a n o l  s y s t e m ,  u s i n g  t h e  downward f low mode t h a t  had r e v e a l e d  a 

s m a l l  s p u r i o u s  e n d o th e r m i e  peak im m ed ia te ly  a f t e r  t h e  e x o th e r m i c  

a d s o r p t i o n ^  No such s i g n a l s  were p o s i t i v e l y  i d e n t i f i e d  i n  t h i s  

work ( u s i n g  t h e  upwards f low mode) ,  a l t h o u g h  t h e  p u l s i n g  o f  t h e
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pumps may have obscured t h i s  e f f e c t *  Various au thors  have observed

a s im i la r  e f f e c t  f o r  the  a d so r p t io n  o f  c a r b o x y l ic  a c id s ,  but not

97fo r  butanol ad so rp t io n  (Chapter I V -3 ) .  Heal and McEwan , however, 

have found a sp u r iou s  d e s o r p t io n  s i g n a l  dependent on the amount o f  

water in  th e  system . They advanced the  view t h a t  f a s t  f low  r a t e s  

cou ld  obscure  the  e f f e c t  by b u i ld in g  up p r e ssu re  g r a d ie n ts  w ith in  

the  r e a c t io n  c e l l s  th a t  cou ld  a c t  as sm all  h e a t  s in k s .  This cou ld  

p o s s ib ly  e x p la in  the  r e s u l t s  o f  th e  e a r l i e r  work. The flow  r a te s  

used in  t h i s  work cou ld  n o t  have compacted the  sample but s im ply  

ensured t h a t  a w e l l  mixed su sp e n s io n  was p r e s e n t  in  the  c e l l .

I t  i s  u n l i k e ly  t h a t  p r e s su r e  g r a d ie n ts  were p r e s e n t .

I f  butanol a d so r p t io n  c a u se s  preadsorbed water to  

be d i s p la c e d ,  g iv in g  r i s e  to  the  d e so r p t io n  s i g n a l ,  t h i s  e f f e c t  

cou ld  o n ly  o p e r a te  u n t i l  a l l  the  water was d i s p la c e d .  I t  i s  

d ou b tfu l  t h a t  the  d r ied  heptane  cou ld  have d e l iv e r e d  enough w ater  

in  th e  required tim e to  c o n t in u a l l y  r e p la c e  th e  butanol d i s p la c e d  

w ater .

The h e a t  o f  a d so r p t io n  was taken to  be 0 .1 2  -  0 .01  

and the  h e a t  o f  d e so r p t io n  to  be 0 .1 6  ± 0 .0 1  Jg ^.  These q u a n t i t i e s  

should  be equal in  magnitude and o p p o s i t e  in  s ig n .  The d is c r e p 

ancy probably a r i s e s  from e r r o r s  in  measuring th e  area  o f  th e  d e so r p tio n  

s i g n a l .  The d e so r p t io n  s ig n a l  was always much broader than th e  adsorp

t io n  s i g n a l  ( f i g u r e  V II-1 )  and had a pronounced " t a i l " ,  thereby  making 

i t  d i f f i c u l t  to  d e c id e  when th e  s i g n a l  and b a s e - l i n e  merged, d e c r e a s 

ing  th e  f low  r a ta  caused both th e  a d so rp t io n  and th e  d esorp tion  s i g n a l s  

to  broaden with a consequent  d e c r ea se  in  r e p r o d u c ib i l i t y .  D iscrep 

a n c ie s  e x i s t  in  the  l i t e r a t u r e  regard ing  the  v a lu e  o f  the  h e a t  o f
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ad so rp t io n  o f  0.2% butano l in  f e r r i c  oxides^^*^^. The va lu e  found 

h ere  i s  l e s s  than th e  l i t e r a t u r e  v a lu e s  by a f a c t o r  o f  a t  l e a s t  two.

The h e a t  o f  a d so r p t io n  i s  very s e n s i t i v e  to  the  s u r fa c e  p re trea tm en t ,  

e s p e c i a l l y  to  the  amount o f  water p r e s e n t .  G en era lly  the  h e a t  o f  

ad so rp t io n  d e c r e a s e s  w ith in c r e a s in g  water coverage^^. The low h e a t  

o f  a d so r p t io n  found h ere  i s  most r e a d i ly  exp la in ed  in  terms o f  th e  

water c o v era g e .  I t  i s  known t h a t  l e s s  than two p h y s i c a l l y  adsorbed  

l a y e r s  o f  water are  enough to  c o m p le te ly  "screen" an o x id e  s u r fa c e  

from an a d so r b a ta .  About two la y e r s  o f  p h y s i c a l l y  adsorbed water  

were i n i t i a l l y  p r e s e n t  on the  h aem atite  s u r fa c e .  Even assuming  

butanol does d i s p la c e  w ater ,  i t  i s  u n l i k e ly  th a t  no p h y s i c a l ly  adsorbed  

water was p r e s e n t  because  o f  the  r e s id u a l  m o is tu re  on. the  s o l v e n t .

Hence the  butanol was a t  l e a s t  p a r t i a l l y  "screened" from th e  f u l l  

ad sorp t ion  p o t e n t i a l  o f  the  s u r fa c e .  A f u r th e r  measurement o f  the  

h e a t  o f  a d so r p t io n  o f  butanol on h a em a tite  in  t h i s  la b o r a to r y  y ie ld e d  

a v a lu e  o f  0 .1 6  Jg ^
2 —1

The s p e c i f i c  s u r fa c e  area  o f  the  h aem atite  i s  2 .7 4  m g

compared to  the  s u r fa c e  area  found by the  m ic r o c a lo r im e tr ic  techn iqu e

2 1o f  0 .8 7  m g ” . The d iscr e p a n c y  i s  a lm ost  c e r t a i n l y  due to th e  screen 

in g  e f f e c t  o f  the  water p r e s e n t .  However, s in c e  both the  alumina  

and the  h a e m a tite  i n i t i a l l y  had approxim ately  the  same water cover

a g e s ,  some s e l f —c a n c e l l i n g  o f  the  e f f e c t  should  have occu rred . I f  

the  e f f e c t i v e  area  o f  th e  alumina was d ecreased , the  c o n s ta n t  E w i l l  

be in c r e a se d  and the  s u r fa c e  area o f  th e  haem atite  w i l l  d e c r e a s e .  In

g e n e r a l ,  i t  has been su g g e s te d  t h a t  the  areas  found by the  m icro

c a lo r im e t r i c  te c h n iq u e s '^  are  the a f f e c t i v e  areas  o f  the  s u r fa c e
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and ara a measure o f  th e  r e d u c t io n  in  s p e c i f i c  s u r fa c e  area due to  

preadsorbed w ater . In t h i s  work, however, the  c a l c u l a t io n  was based  

on an assumed knowledge o f  th e  alumina su r fa c e  a r e a ,  and so i s  l i k e l y  to  

be in  e r r o r .  The d iscr e p a n c y  between th e  l iq u id  and gas phase r e s u l t s  

cou ld  a l s o  be viewed in  terms o f  a d ecrea se  in  s u r fa c e  r e a c t i v i t y  

r a th e r  than a s im p le  area  e f f e c t .

V II -2 -2  1 ,2-E poxybutane A dsorption on o ;-H aem atite ,

The 1 ,2 -e p o x y b u ta n e /  O f-haem atite  system  was co n s id er e d  to  

be a model f o r  th e  a d so r p t io n  o f  c o n s t i t u e n t s  o f  epoxy a d h e s iv e s  on 

s t e e l  s u r f a c e s .  The h a e m a tite  sample was used to  ensure th e  absence  

o f  e f f e t s  due to  p o r o s i t y .  The h e a ts  o f  a d sorp t ion  a t  .a c o n c e n tr a t io n  

o f  0.2% are  l e s s  than th o s e  found fo r  b u ta n o l .  The butanol ad so rp t io n  

c a r r ie d  o u t  a f t e r  th e  epoxybutane experim ent in d ic a t e d  t h a t  none o f  

th e  epoxybutane was i r r e v e r s i b l y  adsorbed. The propand ia l r e s u l t  shows 

t h a t  the  a d d i t io n a l  a lc o h o l  group has no e f f e c t  on the  h e a ts  o f  s o r p t io n .

I t  was exp ected  t h a t  the  h e a ts  o f  a d so r p t io n  and d eso rp tio n  

o f  epoxybutane would i n i t i a l l y  in c r e a s e  with in c r e a s in g  c o n c e n tr a t io n  

and then reach a p la t e a u .  This i s  n o t  observed  (F ig u re  V II=3) . Two 

p o s s ib l e  e x p la n a t io n s  f o r  th e  observed  tren d s  were c o n s id e r e d .  At the  

h igh er  c o n c e n tr a t io n s ,  an endothermie d i lu t i o n  e f f e c t  may b e c a m e -s ig n i f 

i c a n t .  This would d ep ress  th e  exotherm ic  s ig n a l  and enhance tlia ando-  

therm ic s i g n a l .  A l t e r n a t i v e l y ,  i t  was thought t h a t  the  ad sorp t ion  

and d e so r p tio n  r e a c t io n s  m ight be d i f f e r e n t .  I f ,  a t  some s ta g e  during  

th e  c y c l e  ; a d s o r p t io n ,  subsequent  r e s id e n c e  on th e  s u r fa c e ,  

and then d e s o r p t io n ,  th e  h i g l y  s t r a in e d  epoxy r in g  was hydro

l y s e d ,  then the  second h y p o th e s is  i s  f e a s i b l e .  However, th e re  i s  

no reason  why th e  proposed h y d r o ly s i s  should  o p e r a te  o n ly  a t  h igh



189.

c o n c e n tr a t io n s .  P re lim in ary  experim ents u s in g  g a s - l i q u i d  chromato

graphy f a i l e d  to  p rov id e  any ev id en ce  th a t  h aem atite  c a ta ly s e d  r in g  

o p e n in g .  The propand io l r e s u l t  a l s o  s u g g e s t s  t h a t  i f  a d i o l  was 

produced on the  s u r fa c e  th e  e f f e c t  might n o t  m a n ife s t  i t s e l f  in  

the  h e a t  o f  d e s o r p t io n .  A rough c a lc u la t io n  concern ing  th e  l i k e l y  

h e a t  e f f e c t  f o r  th e  c le a v a g e  o f  the epoxy r in g  g iv e s  a f ig u r e  w e l l  

above the  observed  energy d i f f e r e n c e  between the  two curves in  

F igure  V I I -3 .  The most f e a s i b l e  exp lan a tion  i s  th e r e fo r e  the  

d i l u t i o n  e f f e c t ,  s in c e  i t  o n ly  becomes o p e r a t iv e  a t  h igher  

c o n c e n tr a t io n s  where th e  cu rves  d iv e r g e .  Assuming t h i s  to be t r u e ,  

ta k in g  the  mean o f  the  a d s o r p t io n -d e s o r p t io n  e n e r g ie s  should c a n c e l  

th e  d i lu t i o n  e f f e c t .  The d o tted  l i n e  in  F igure V II-3  shows th e  mean 

r e s u l t  and does l e v e l  o f f  ten d in g  towards a p la te a u .

F igure  V II-10 shows the  e f f e c t  o f  butanol c o n c e n tr a t io n  on 

the  h e a t s  o f  a d sorp t ion  and d eso rp tio n  on f e r r i c  o x id e  A. The adsorp

t io n  curve reach es  a maximum and then the  h e a t  e f f e c t  d ecreases  

with in c r e a s in g  c o n c e n tr a t io n ,  w h ile  the d asop rtion  h e a t  shows a 

gradual in c r e a s e  with in c r e a s in g  c o n c e n tr a t io n .  That a c o m p le te ly  

d i f f e r e n t  system  shows a broadly  s im i la r  trend to th a t  observed fo r  

epoxybutane, i n d i c a t e s  th e  und er ly in g  cause  in  both c a s e s  i s  p h y s ic a l  

r a th e r  than ch em ica l .  The d i lu t i o n  experim ent was unable to fu r n ish  

q u a n t i t a t i v e  c o r r e c t io n s  because  th e  g l a s s  beads were n o t  i n e r t ,  so 

t h a t  the  measured h e a t  e f f e c t s  inc lu d ed  a component a r i s in g  from 

a s o r p t io n  p r o c e s s .  Evidence fo r  t h i s  i s  provided by the  d o u b le t  

type  s t r u c t u r e  o f  the  s i g n a l s  in  F igure V II -5 .  However, the  genera l  

tren d s  s u g g e s t  th a t  d i l u t i o n  a f f e c t s  are im portant. A l l  the  "desorp

t ion "  h e a t s  are  endothermie w h ile  the "adsorption" h e a ts  undergo a 

change in  s ig n  becoming endothermie
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a t  h igh  c o n c e n tr a t io n s .  Q u a l i t a t iv e  a p p l ic a t io n  o f  th e se  tren d s  

to both o f  the  r e a c t io n  system s con s id ered  w i l l  have the  e f f e c t  

o f  d e c r ea s in g  the  magnitude o f  the h e a ts  o f  d esorp tion  and 

in c r e a s in g  the  magnitude o f  th e  h e a ts  o f  a d so r p t io n .

V I I -2 -3  Butanol A dsorption  on F e r r ic  Oxide A«

The h e a ts  o f  a d so r p t io n  o f  butanol on f e r r i c  o x id e  A 

are s e v e r a l  o rd ers  o f  magnitude la r g e r  than th ose  on (3 -h aem atite  

when exp ressed  in  Jg .  However, par u n i t  o f  su r fa c e  area ( Jm ) 

the f ig u r e s  become comparable ( o f  the  same order o f  m agnitude).

The e x a c t  f ig u r e s  depend on the  r e l a t i v e  e f f e c t i v e  areas and on 

the p a r t i c u l a r  h e a t  o f  a d so r p t io n  chosen fo r  f e r r i c  ox id e  A«

The s u r fa c e s  are  t h e r e f o r e  e n e r g e t i c a l l y  s im i la r .  This i s
O

re ason ab le  s in c e  the  mean pore rad ius  i s  25A and the  (X^-plot 

(F ig u re  VI-20) i n d i c a t e s  an absence o f  m icropores, so no . 

g r e a t  in c r e a s e  in  the  "adsorption" p o t e n t i a l  would be ex p ected .

The s low  d e so r p t io n  (F igu re  VTI-6) i s  presumably a 

consequence o f  the  p o r o s i t y  o f  the  sample. I t  i s  no t  c l e a r  

why th e  a d so r p t io n  p r o c e ss  i s  no t  s im i la r ly  a f f e c t e d .  A 

s i m i l a r ,  but l e s s  marked, e f f e c t  was observed fo r  the  desorp

t io n  o f  butanol from h a e m a ti te .  This s u g g e s ts  t h a t  the  e f f e c t  

i s  k i n e t i c  and t h a t  i t  i s  exaggerated  by th e  porous nature o f  

the  s u r fa c e  o f  f e r r i c  o x id e  A. Although the  pore shapes and s i z e s  

cannot be the  primary f a c t o r , ( o t h e r w i s e  the  ad sorp tion  p ro cess  

would be s i m i l a r l y  e f f e c t e d )  they  presumably fu r th e r  h inder the  

movement o f  m o lecu les  in  an a lread y  k i n e t i c a l l y  d i f f i c u l t  mech

anism.
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The p la te a u  in  th e  ad sorp tion  s ig n a l  o f  0.2% butanol  

(F ig u re  V II-6) i s  s im ply the  consequence o f  n o t  su pp ly ing  th e  

butanol s u f f i c i e n t l y  f a s t  to  th e  r e a c t io n  c e l l .  E st im ation s  

o f  the  time required  to  supp ly  a monolayer to  the  su r fa c e  depend 

c r i t i c a l l y  on the e f f e c t i v e  area  a v a i la b le  fo r  r e a c t io n  and th e  

area occu p ied  by the  butanol m olecu le  on the s u r fa c e .  S evera l  

c a l c u l a t i o n s  were made, u s in g  d i f f e r e n t  assumed f ig u r e s  fo r  

t h e s e  q u a n t i t i e s ,  a l l  o f  which showed th a t  the  butanol was 

n ot being  d e l iv e r e d  f a s t  enough to the  r e a c t io n  c e l l .  In c r ea s 

ing  th e  c o n c e n tr a t io n  by a f a c t o r  o f  10 e l im in a te d  the  p la te a u  

r e g io n  as  in  F igure V II -8 .

F igure V II-7  shows t h a t  the  h e a t  o f  ad sorp t ion  i s  

a fu n c t io n  o f  the  volume o f  heptane passed  over  th e  su r fa c e  

p r io r  to  the  a d so r p t io n .  Thus the d esorp tion  i s  n o t  on ly  

s low  r e l a t i v e  to  the  a d so r p t io n  in  the sh o r t  terra, (comparison  

o f  ad so rp t io n  and d e so r p t io n  s ig n a l s )  but a l s o  over  a much 

lo n g e r  p er iod  o f  t im e. I n t u i t i v e l y  d i f f u s i o n  o f  m o lecu les  in  

and o u t  o f  a network o f  p o r e s  w i l l  not  be in s ta n ta n e o u s ,  e sp ec 

i a l l y  when the  m o lecu les  are  la r g e  r e l a t i v e  to  a t  l e a s t  p a r ts  o f  

the  p o r e s .  However, why t h i s  e f f e c t  should  o n ly  apply to th e  

d e so r p t io n  p r o c e ss  i s  u n c e r ta in .  I t  i s  c o n c e iv a b le  th a t  the  

a d so r p t io n  was i n i t i a l l y  f a s t  and then proceeded so s lo w ly  t h a t  

i t  was u n d ete c te d ,  a lthough t h i s  does not  s o lv e  th e  problem 

o f  the  d i f f e r e n t  r a t e s  o f  ad sorp t ion  and d eso rp tio n  ,

The slow  d e so r p t io n  i s  com plicated  by the  f a c t  th a t  

f o r  a g iven  f lu s h in g  volume some butanol i s  " ir r e v e r s ib ly "

adsorbed (F ig u re  V I I - 9 ) .  ■ For a g iven  f lu s h in g  volume, the
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" ir r e v e r s ib ly "  adsorbed m a te r ia l  a lm ost  c e r t a i n l y  has a component 

t h a t  i s  permanently adsorbed i r r e s p e c t i v e  o f  the  f lu s h in g  volume 

and a component t h a t  i s  dependent on t h i s  volume and which can be 

desorbed by in c r e a s in g  th e  f lu s h in g  volume. More than one a d s o r p t io n /  

d e so r p t io n  c y c l e  i s  requ ired  b e fo re  th e  h e a ts  o f  adsorption  

become c o n s ta n t .  The f i r s t  a d so r p t io n  c y c l e  cou ld  r e s u l t  in  

the  permanent component being  l e f t  on the  su r fa c e  and the  

second c y c le  cou ld  d e p o s i t  m a te r ia l  l e s s  s tr o n g ly  bound. I t  i s  

p o s s i b l e  th a t  some butanol i s  chem isorbed. In g e n e r a l , t h e  h e a t  

o f  a d sorp t ion  o f  th e  permanently adsorbed butanol w i l l  not  be 

equal to  the h e a t  o f  a d so r p t io n  o f  th e  r e v e r s ib ly  adsorbed  

b u ta n o l ,  but w i l l  be l a r g e r .  E st im atin g  the proportion  o f  the  

s u r fa c e  occup ied  by permanently adsorbed butanol by comparison 

o f  h e a t s  o f  ad so rp t io n  i s  t h e r e f o r e  s u b j e c t  to e r r o r s .  A comp

a r is o n  w i l l  y i e l d  th e  maximum p o s s i b l e  coverage . The d i f f e r e n c e  

between the  i n i t i a l  h e a t  o f  a d so r p t io n  and the equilibrium  h ea t  

o f  a d so r p t io n  in  Table V II-5  s u g g e s t s  th a t  a maximum o f  25% 

o f  the  s u r fa c e  i s  covered  by i r r e v e r s i b l y  adsorbed m a te r ia l .

About equal p ro p o r t io n s  o f  i r r e v e r s i b l y  adsorbed butanol are _

l e f t  on the s u r fa c e  as the  r e s u l t  o f  each o f  th e  f i r s t  two 

a d s o r p t io n /d e s o r p t io n  c y c l e s .  Given the  r e l a t i v e  s i z e s  o f  the  

heptane and butano l m o lecu les  compared with the mean pore d iam eter ,  

i t  i s  u n l ik e ly  t h a t  the  i n i t i a l  a d sorp t ion  would r e s u l t  in  p a r ts  

o f  the  su r fa c e  remaining unexposed to adsorbate, thereby req u ir in g  

more than 1 a d s o r p t io n /d e s o r p t io n  c y c l e  to  ensure com plete  expos

ure o f  the  s u r fa c e .

From Figure VII-7  th e  h e a t  o f  ad sorp tion  a f t e r  more 

than two c y c l e s ,  u s in g  80 cm o f  heptane to wash the  su rface
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—1
should  be 1 7 .5  Jg . The a c tu a l  v a lu e ,  from Figure 1/II-9, i s  

-1about 15 Jg .  The d iscrep a n cy  a r i s e s  from the  d i f f e r e n t  

p r e p a r a t io n s  o f  the  samples used . The sample used in  the f i r s t  

experim ent was powdered, u s in g  a d i f f e r e n t  procedure to th a t  

employed f o r  the second sample used in  the " cyc ling"  experim ent.  

A ll  o th e r  m ic r o c a lo r im e tr ic  experim ents and a l l  the gas adsorp

t io n  work used f e r r i c  o x id e  A taken from t h i s  second batch o f  

powder. This d iscrep an cy  should  in  no way n ega te  the u s e fu ln e s s  

o f  the  trend observed  in  F igure V II -7 .  The 1.99% butanol adsorp-  

t io n  us in g  a f lu s h in g  volume o f  60 cm (Table VII-6) and the  

mean o f  the  h e a ts  o f  a d so r p t io n  a f t e r  2 c y c le s  us ing  a f lu s h in g  

volume o f  80 cm^ (Table V II-5 )  l i e  e q u id i s t a n t  below the curve  

o f  h e a t  o f  ad so rp t io n  v e r su s  f lu s h in g  volume in  Figure V II -7 .  

Hence the  g e n e r a l  trend i s  m ain ta in ed .

The data o f  Table V II -6 ,  p l o t t e d  in  F igure V II-10 ,  

shows th a t  th e  h e a t  o f  a d so r p t io n  has a maximum, and th a t  the  

h e a t  o f  d e so r p t io n  curve g r a d u a l ly  in c r e a s e s  with in c r e a s in g  

c o n c e n tr a t io n .  Below a c o n c e n tr a t io n  o f  0.2% the  d esorption  

s i g n a l s  become so broad and sh a l lo w  t h a t  i t  was im p oss ib le  

to  measure them a c c u r a t e ly .  The maximum in  the  adsorption  

curve occu rs  in  th e  c o n c e n tr a t io n  range 0 .2 -0 .4% . I t  i s  

known t h a t  butano l m o le c u le s  form a c l o s e  packed v e r t i c a l l y  

o r ie n t a t e d  m onolayer a t  a c o n c e n tr a t io n  o f  0.2%®^**® .̂ There

a f t e r  in c r e a s in g  th e  c o n c e n tr a t io n  should have no e f f e c t  on 

the  h e a t  o f  a d s o r p t io n .  This i s  observed  fo r  c o n c e n tr a t io n s  

up to  about 0 .4 -0 .5% , a f t e r  which the  h e a t  o f  adsorption  

d e c r e a s e s  sh a rp ly  with fu r th e r  c o n c e n tr a t io n  in c r e a s e s .

This e f f e c t  and the  d i f f e r e n c e  between the ad sorp tion  and
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d e so r p t io n  curves  a r e ,  a t  l e a s t  p a r t i a l l y ,  ex p la in ed  by the  

d i l u t i o n  e f f e c t s  d is c u ss e d  above (V I I -2 -2 ) .

The ad sorp t ion  s ig n a l s  shown in  F igure I/II-11 become 

p r o g r e s s i v e ly  l e s s  sharp and much broader a s  the  concent

r a t io n  i s  d ecreased . No p la te a u  reg ion  was observed . An 

attem p t was made to c o r r e l a t e  the  changes in  th e  s ig n a l  shapes  

to  the  area o f  the su r fa c e  and the  area  occu p ied  per butanol  

m o le c u le .  However, t h i s  was u n s u c c e s s f u l ,  because  o f  the  

u n c e r ta in ty  in  the  s u r fa c e  area a v a i la b l e  f o r  r e a c t io n  a r is in g  

from the p resen ce  o f  unknown q u a n t i t i e s  o f  preadsorbed water  

and i r r e v e r s i b l y  adsorbed bu tan o l .

N e g le c t in g  s u r fa c e  con tam in ation , th e  p o s s i b i l i t y  o f  

an enhanced h e a t  o f  ad sorp t ion  on a porous s u r fa c e  compared 

to t h a t  on a p lane s u r fa c e  r e q u ire s  t h a t  th e  e s t im a t io n  o f  

the  c o n s ta n t  E (Equation  111-3 ) ,  should  be c a r r ie d  o u t ,  using  r

a porous su r fa c e  area  standard. No such standard was a v a i la b l e .  

However, g iven  the la c k  o f  m icropores ,  the error  introduced  

by f a i l i n g  to use a porous standard i s  l i k e l y  to  be sm a ll .

Various e s t im a te s  o f  the  su r fa c e  area are  g iv en  in  Table V II-7 .

-2
The f i r s t  column was o b ta in ed  u s in g  E = 0 .1 3 8  Jm derived

from th e  alumina c a l i b r a t i o n .  The f ig u r e s  in  th e  second
_2

column were c a lc u la t e d  us ing  E = 0 .116  Jm o b ta in ed  by 

B ig n a l l  from the a d sorp tion  o f  0.2% butanol on s i l i c a  

TKBOO. This d iscrep an cy  in  E v a lu e s  i s  d i s t u r b in g ,  s in c e  

Groszek^^ has shown th a t  a wide range o f  p o la r  metal ox id e s  

shou ld  g iv e  the  same E v a lu e s .  The most l i k e l y  exp lanation  

i s  t h a t  d i f f e r e n t  amounts o f  water were preadsorbed on the  

s u r f a c e s .  I r r e s p e c t i v e  o f  the  E va lue  u sed , a l l  the  areas  

are  l e s s  than the  BET s p e c i f i c  s u r fa c e  a r e a .  For the



195.

2 —1ad sorp t ion  o f  2% butanol the  mean area i s  164 na g fo r  the
2 - 1

s u r fa c e  c o n ta in in g  o n ly  preadsorbed water, and 121 m  ̂ fo r  

the  su r fa c e  c o n ta in in g  both water and i r r e v e r s i b l y  adsorbed  

b u ta n o l .T h is  l a t t e r  f ig u r e  r e p r e s e n t s  the e f f e c t i v e  area a v a i l 

a b le  f o r  ad sorp t ion  as a consequence o f  the presen ce  o f  both 

butanol and w ater. I t  i s  p o s s i b l e  th a t  the butanol d isp la c e d  

some or  a l l  o f  the  w ater , a lthough t h e se  r e s u l t s  cannot d i s t i n 

gu ish  t h i s .  Assuming th e  h e a ts  o f  r e v e r s ib l e  and i r r e v e r s i b l e  

ad sorp t ion  are the same, the  s u r fa c e  area o b ta in ed  from the  

i n i t i a l  h e a t  o f  a d so r p t io n  shows th a t  about 33% o f  the BET 

s u r fa c e  i s  occupied  by water. S in ce  the  h e a t  o f  i r r e v e r s i b l e  

a d so r p t io n  i s  l i k e l y  to  be l a r g e r  than the  h e a t  o f  r e v e r s ib le  

adsorption ,'  33% i s  a maximum e s t im a te  o f  the  water coverage .

These s u r f a c e  a r e a  e s t i m a t e s  a r e  d e p r e s s e d  be c ause  o f  t h e  

d i l u t i o n  e f f e c t  found f o r  2 . 0% s o l u t i o n s  compared with 0 . 2% 

s o l u t i o n s .  The mean a r e a  f o r  a s u r f a c e  c o n t a i n i n g  both  w a te r

and b u t a n o l ,  t a k e n  from t h e  maximum o f  t h e  c u rv e  i n  F i g u r e  V I I -1 0 ,

2 —1correspond ing  to a c o n c e n tr a t io n  o f  about 0.2%, i s  155 m g” ,

An assumed h e a t  o f  a d so r p t io n  ( 2 0 .5  Jg f o r  0.2% butanol adsorp-
3

t io n  with a f lu s h in g  volume o f  00 cm g iv e s  an e f f e c t i v e  area o f  

163 m^g"^, compared to  121 ra ĝ  ̂ found fo r  a 2% s o lu t i o n .  Using  

the red u ctio n  in  th e  i n i t i a l  h e a t  o f  ad sorp t ion  o f  a 2% 

s o lu t i o n  to i t s  e q u ilib r iu m  v a lu e  (F igu re  V I I - 9 ) ,  by pro

p o r t io n ,  the  i n i t i a l  h e a t  o f  ad so rp t io n  o f  a 0.2% s o lu t io n

was c a lc u la t e d  a t  about 2 7 .5  Jg .  This g iv e s  a mean

2 —1e f f e c t i v e  area o f  about 220 rag . The s p e c i f i c  su r fa c e  

area o f  f e r r i c  o x id e  A c a lc u la t e d  a f t e r  o u tg a s s in g  a t  27°C fo r



196,

6 h o u r s  i s  222 m g • I f  t h e  f i g u r e  o fca .  220nig  ̂ i s  c o r r e c t ,  

t h i s  s u g g e s t s  t h a t  a l l  t h e  w a t e r  was d i s p l a c e d  by t h e  b u t a n o l .

T h i s  i s  n o t  o b s e r v e d  f o r  t h e  h a e m a t i t e  sample ,  and i t  i s  n o t  

c l e a r  why t h e  po rous  s u r f a c e  sho u ld  behave d i f f e r e n t l y  i n  t h i s  

r e s p e c t .  There  i s  t h e r e f o r e  some doub t  a s  to  t h e  v a l i d i t y  o f  

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

o f  r e v e r s i b l e  and i r r e v e r s i b l e  a d s o r p t i o n  o f  b u t a n o l .

V I I - 2 - 4  1 ,2 -E poxybu ta ne  A d s o r p t io n  on F e r r i c  Oxide A.

The i n i t i a l  h e a t  o f  a d s o r p t i o n  i s  l a r g e ,  c o n s i d 

e r i n g  t h e  s u r f a c e  a l r e a d y  c o n t a i n e d  some i r r e v e r s i b l y  a dso rbed  m a t e r 

i a l s .  I t  i s  p o s s i b l e  t h a t  t h e  epoxybutane  d i s p l a c e d  t h e  

a d s o r b e d  b u t a n o l  and r e s i d u a l  w a t e r ,  a l t h o u g h  t h e r e  i s  no 

e v id e n c e  e i t h e r  f o r , o r  a g a i n s t  t h i s  view.  The l a r g e  d i s p a r i t y  

between  t h e  f i r s t  and second  h e a t s  o f  a d s o r p t i o n  (27 Jg and 

4 Jg  and t h e  agreement  between t h e  f i r s t  h e a t  o f  d e s o r p t i o n

and t h e  second  h e a t  o f  a d s o r p t i o n  ( 3 . 5  Jg  ̂ and 4 Jg  s u g g e s t  

t h a t  t h e  epoxybu tane  was i r r e v e r s i b l y  a d s o r b e d .  P ro longed  

f l u s h i n g  o f  t h e  s u r f a c e  had no e f f e c t  on  t h #  h e a t  o f  a d s o r p t i o n .  Thus 

t h e  e poxybu ta ne  i s  p e rm a n e n t ly  a d s o rb e d .

The h a e m a t i t e  / e p o x y b u t a n e  sys tem behaved q u i t e  

d i f f e r e n t l y .  The a d s o r p t i o n  and d e s o r p t i o n  were r e v e r s i b l e ,  and 

r e a d s o r p t i o n  o f  b u t a n o l  on to  t h e  epoxybutane  t r e a t e d  s u r f a c e  gave 

t h e  e x p e c t e d  h e a t  o f  a d s o r p t io n . .  R e a d s o r p t i o n  o f  2.0% b u t a n o l  

o n t o  t h e  f e r r i c  o x i d e  A r e s u l t e d  i n  a h e a t  o f  a d s o r p t i o n  o f  

6 . 7  J g ” \  l e s s  t h a n  h a l f  o f  t h e  e x p e c t e d  v a l u e  o f  a b o u t  15 J g ”  ̂ .
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H e n c e , t h e  b u t a n o l  and epoxybu tane  occupy some common a d s o r p t i o n  

s i t e s .

The second  h e a t  o f  a d s o r p t i o n  was a b o u t  75%

o f  t h e  f i r s t ,  so t h a t  v e ry  a p p r o x i m a t e l y  a maximum o f  75%

o f  t h e  s u r f a c e  o r i g i n a l l y  a v a i l a b l e  t o  t h e  epoxybu tane  was

c o v e r e d  with i r r e v e r s i b l y  a d s o r b e d  m a t e r i a l .  Using a mean
_2

v a l u e  ( Tab le  V I I -7  ) o f  0 .1 2 7  Jm , t h e  h e a t  o f  a d s o r p -

2 —1t i o n  o f  b u t a n o l  g i v e s  a r e s i d u a l  a r e a  o f  a b o u t  53 m g .

The r e s t  o f  t h e  s u r f a c e  mus t  be o c c u p ie d  by epoxybutane  and

some b u t a n o l  and p o s s i b l y  w a t e r .

A f e a t u r e  o f  t h e  a d s o r p t i o n  s i g n a l s  i n

F i g u r e  V I I - 1 2 i s  t h e  f a i l u r e  o f  t h e  s i g n a l s  to  r e t u r n  to

t h e  p r e a d s o r p t i o n  l e v e l .  Th i s  c a n n o t  be t h e  r e s u l t  o f

cha nges  i n  t h e  t h e r m a l  p r o p e r t i e s  o f  t h e  c o n t e n t s  o f

t h e  c e l l .  No such e f f e c t  was o b s e r v e d  f o r  t h e  h a e m a t i t e

epoxybu tane  sys tem when t h e  r e c o r d i n g  s e n s i t i v i t y  was 1 0 0

t im e s  g r e a t e r .  T h e r e f o r e ,  t h e  e f f e c t  must  be a s s o c i a t e d

w i th  a s lo w  and c o n t i n u o u s  e v o l u t i o n  o f  h e a t .  T h i s  cou ld

a r i s e  from t h e  s lo w  hydro lys is  o f  t h e  epox ide  r i n g  on t h e

s u r f a c e .  I t  i s  w e l l  known t h a t  e p o x id e s  r e a d i l y  undergo

a c i d  c a t a l y s e d  r i n g  c l e a v a g e  and can  even be c l e a v e d  under  

190b a s i c  c o n d i t i o n s .  I f  t h e  ep o x id e  r i n g  was c l e a v e d ,  then  

t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  a d s o rb e d  m o le c u le  c o u ld  form 

a second  bond w i th  t h e  s u r f a c e ,  wi th  t h e  l i b e r a t i o n  o f  more 

h e a t .  I t  i s  w e l l  known ( C h a p te r  IV-3)  t h a t  m o le c u le s  t h a t  

form m u l t i p l e  bonds wi th  a s u r f a c e  a r e  n o t  e a s i l y  d e s o rb e d .
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Hence bo th  t h e  s low decay  o f  t h e  a d s o r p t i o n  s i g n a l  and t h e  

i r r e v e r s i b l e  n a t u r e  o f  t h e  a d s o r p t i o n  can be  e x p l a i n e d .  I t  

i s ,  however ,  n o t  c l e a r  why t h e  e f f e c t  was n o t  o b s e rv e d  f o r  

t h e  h a e m a t i t e / e p o x y b u t a n e  system* The e f f e c t  may have 

been p r e s e n t  b u t ,  a s  a r e s u l t  o f  t h e  low s u r f a c e  a r e a

o f  t h e  h a e m a t i t e ,  to  such a s m a l l  e x t e n t  t h a t  i t  was

beyond t h e  l i m i t s  o f  d e t e c t i o n .
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C h a p t e r  V I I I .

The Water Vapour Adsorption Experiment.

V I I I - 1 .  R e s u l t s ,

V III -1 -1  The C a l ib r a t io n  Experiment.

The water vapour ad sorp t ion  experim ents were 

c a r r ie d  ou t  us ing  the m od if ied  m ic r o ca lo r im e te r  d escr ib ed  e a r l i e r  

(ch a p te r  V -3 -3 ) .  Dry n i tr o g e n  was f i r s t  passed through the  empty 

r e a c t io n  c e l l ,  and then th e  f low  was sw itched  through the  water  

bub bler . This caused n i t r o g e n ,  a t  l e a s t  i n i t i a l l y  sa tu ra ted  

with water vapour a t  the  tem perature o f  the  experim ent, to pass  

through the  r e a c t io n  c e l l .  An exotherm ic h ea t  change was 

recorded . Once thermal eq u i lib r iu m  was r e - e s t a b l i s h e d ,  the  

f low  was sw itch ed  back to  dry n i tr o g e n  and an endothermie  

s i g n a l  r e s u l t e d .  This procedure was c a r r ie d  o u t  a t  25 .00  ±

0.05*C and 37 .20  ± 0 .0 5 °C .  In the  c o n t e x t  o f  t h i s  c a l ib r a t io n  

experim ent, a d so r p t io n  and d e so r p t io n  r e f e r  to the  e f f e c t  o f  

changing the  f low  o f  n i tr o g e n  from "dry" to  '’wet** and "wet" 

to  "dry" r e s p e c t i v e l y .  The r e s u l t s  are  g iven  in  Table V III -1 .

T yp ica l thermograms are  sk e tch ed  in  F igure V I I I -1 .  These r e s u l t s  

i n d i c a t e  that", as e x p e c te d ,  the  e f f e c t ,  o f  changing the m oisture  

c o n te n t  o f  the  n itr o g e n  was com p lica ted  and th a t  p o s s ib ly  more than 

one p r o c e ss  was in v o lv e d .  The h e a t  e f f e c t s  fo r  a d so rp t io n  and desor

p t io n  were, w ith in  exper im en ta l e r r o r ,  equal in  magnitude but o p p o s i te  

in  s ig n  i r r e s p e c t i v e  o f  the  tem perature . There was no s i g n i f i c a n t

d i f f e r e n c e  between the  r e s u l t s  o b ta in ed  a t  the d i f f e r e n t  tem peratures .  

A mean h e a t  e f f e c t  o f  0 .6 0  3 was assumed and a p p lied  to  a l l  subsequent
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3 “*1m easurements. The f low  r a te  was 5 cm min. fo r  the  "dry”

n itr o g e n  and 4 .5  cm min. fo r  the "wet" n i tr o g e n .

To i n v e s t i g a t e  i f  ad sorp t ion  on an iro n  o x id e

s u r fa c e  caused an a d d i t i o n a l ,  d e t e c t a b le  h e a t  e f f e c t ,  th e

experim ent was rep ea ted  with about 0 .1  g o f  th e  high

p u r ity  (%-haematite in  the  r e a c t io n  c a l l ,  a t  37 .2 0  C. A

3 —1dry f lo w  r a te  o f  4 .8  cm min. was used; the  wet f low  r a te  

was about 10;  ̂ l e s s .  The r e s u l t s  are g iven  in  Table U I I I -2 .

T yp ica l s o r p t io n  s i g n a l s  are  sketched  in  F igure V I I I -2 .

These r e s u l t s  i n d i c a t e  t h a t  the p resen ce  o f  the  h aem atite  

ca u ses  an a d d i t io n a l  h e a t  e f f e c t  compared to  the  blank exper

im ent. This i s  presumably caused by a d so r p t io n .  The mean

—1 —1 h e a t s  o f  ad so rp t io n  ( 3 2 .8  Jg ) and d e so r p tio n  ( 3 0 .9  3g” )

a r e ,  w ith in  exp er im en ta l  e r r o r ,  the  same. I n s p e c t io n  o f  the

s i g n a l s  showed th a t  th e  r a te s  o f  d esorp tion  was f a s t e r  than

the r a te s  o f  a d s o r p t io n .

The experim ent was repeated  a t  19 .55°C . The

r a t e s  o f  r e a c t io n  were reduced compared to  th o se  a t  3 7 °C,

although  the  d e so r p t io n  was s t i l l  f a s t e r  than the  a d so r p t io n .

The a d so r p t io n  and d e so r p t io n  s ig n a l s  are  sketched  in  F igure V I I I - 2 .

The ad a p tp t io n  s i g n a l  did n o t  return to the  i n i t i a l  base l i n e .

Hence th e  "true" area  under the  curve i s  d i f f i c u l t  to  d e f in e ,

and any h e a ts  o f  r e a c t io n  become order o f  magnitude e s t im a te s

o n ly .  The h e a t s  o f  ad so rp t io n  were approxim ately  o f  the  same

order  o f  magnitude as  th o se  ob ta in ed  a t  the  h ig h er  tem perature .

The d e so r p t io n  s i g n a l  returned  c lo s e r  to  i t s  o r i g i n a l  base l i n e .

Two d e so r p t io n  h e a ts  were found to  be 2 7 .3  and 3 2 .8  3g“ ^, the
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mean o f  which i s  about the  same as  the  h e a t  o f  d eso rp tio n  o b ta in ed  

a t  37°C.

V I I I -1 -2  Uater A dsorption on F e r r ic  Oxides A and B.

The r e a c t io n  between water vapour and f e r r i c  ox id e  

A was in v e s t i g a t e d  a t  4 d i f f e r e n t  tem peratu res . The r e s u l t s  fo r  

both a d so r p t io n  and d e so r p tio n  are  g iven  in  Table V I I I -3 ,  in  

which the  f ig u r e s  in  b ra ck ets  are  the  number o f  hours f o r  which 

the  sample was tr e a te d  with dry and wet n itr o g e n  b e fo re  the  

a d s o r p t io n s  and d e s o r p t io n s  r e s p e c t i v e l y .  T yp ica l thermo

grams are  sketched  in  F igure V I I I -3 .  They are  not to s c a le  

and o n ly  r e f l e c t  the  major s t r u c t u r a l  d i f f e r e n c e s  between the  

observed  s i g n a l s .  The s t r u c t u r e s  o f  the ad sorp t ion  and desorp

t io n  s i g n a l s  were r e la t e d .  Uith r e fe r e n c e  to the  schem atic  

c u r v e s  in  F igure V I I I -4 ,  desorb in g  b e fo r e  the  k n e e ( i )  in  the  

ad so rp t io n  s ig n a l  gave a " s t r u c t u r e le s s "  d eso rp tio n  s ig n a l  

w ith ou t  the  rounded minimum or th e  i n f l e x i o n ( 2 ) .  Desorbing  

a f t e r  the  knee in  the  ad so rp t io n  s ig n a l  r e s u l t e d  in  the "normal" 

d e so r p t io n  s i g n a l .  At 37 °C more than 9 hours o f  f lu s h in g  with  

dry n i tr o g e n  were requ ired  to  a c h ie v e  com plete  d e s o r p t io n .  A fter  

9 hours o f  f lu s h i n g ,  the  h e a t  o f  ad so rp t io n  was 568 Jg  ̂

compared to  a mean o f  644 Jg  ̂ o b ta in ed  u s in g  f lu s h in g  tim es  

o f  between 44 and 24 h ou rs .  The r e a c t io n  a t  19.5**C was so slow  

t h a t  th e  h e a t s  o f  r e a c t io n  can o n ly  be con s id ered  as  order o f  

magnitude e s t im a t e s .  No o th e r  work was c a r r ie d  o u t  a t  t h i s  low

tem perature as a consequence.

Uater vapour was adsorbed on about 0 .0 8 g f e r r ic  o x id e

B a t  about 2 5 .5 0  ±0.Q5C and 37 .20  + 0 .0 5  °C. The r e s u l t s  are  g iven
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in  Table V III -4 ,  and t y p i c a l  thermograms sketched  in  Figure V I I I -5 .  

The s t r u c t u r a l  f e a t u r e s  found in  both the a d so rp t io n  and d e so r p t io n  

and s i g n a l s  fo r  f e r r i c  o x id e  A are  ab sen t .  At 25°C f e r r i c  o x id e  B 

showed a g r e a te r  base l i n e  s h i f t  a f t e r  a g iven  p er io d  o f  time than 

f e r r i c  o x id e  A. The f o l lo w in g  trend s were observed  fo r  both samples:

1 ,  Hea t  o f  a d s o r p t i o n  a t  25*C was l e s s  t h a n  th e  h e a t  o f
O

ad sorp t ion  a t  37 C . ;

2 ,  Heat o f  a d so r p t io n  a t  T°C was l e s s  than or equal to the

h e a t  o f  d e so r p t io n  a t  T̂ C (T = 25 or 3 7 c );

3 , Rate  o f  r e a c t i o n  a t  37°C was g r e a t e r  t h a n  t h e  r a t e  

o f  r e a c t i o n  a t  25°C;

4 ,  Rate o f  d e so r p t io n  a t  T°C was g r e a te r  than the  r a te  o f

a d so r p t io n  a t  T̂ C (T = 25 or  37°C).

V I I I -1 -3  U a t e r  A d s o r p t i o n  on (y -  and j (3 -G oe th i t e .

The r e s u l t s  o f  th e  water vapour ad so rp t io n  exper

im ent, u s in g  O'- and j (3 -goeth ite  as  the  adsorbent in  turn are given  

in  Table V I I I -5 .  The a d so r p t io n  and d eso rp tio n  s i g n a l s  fo r  both 

samples were s im p le  cu rves  w ith ou t  any o f  the  s t r u c t u r a l  f e a tu r e s  

p r e s e n t  in  th e  f e r r i c  o x id e  A s i g n a l s .  T yp ical s i g n a l s  are shown in  

F igure V I I I -5 .  The s i g n a l s  tended to return  to t h e i r  o r ig i n a l  base  

l i n e s .  The q u a l i t a t i v e  tren d s  observed  fo r  the f e r r i c  o x id e s  A and 

8 concern ing  the h e a ts  and r a te s  o f  r e a c t io n ,  s ta t e d  above (V I I I -1 -2 )

were aga in  found to  be t r u e .
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V I I I - 2 .  D i s c u s s i o n .

V III-2 -1  The C a l ib r a t io n  Experim ents.

I t  was thought t h a t  a b e t t e r  understanding o f  the  iro n  

o x id e /u a t e r  in t e r a c t i o n  would be u s e f u l  in  in t e r p r e t in g  the prev

io u s  a d so r p t io n  r e s u l t s .  The m icr o ca lo r im e te r  was used in  the  

f low  mode as d escr ib ed  e a r l i e r  in  an a ttem pt to p rov ide  q u a l i t 

a t i v e  d i f f e r e n c e s  between the  v a r io u s  iron  o x id e s .  Vapour phase  

a d so r p t io n  was used in  t h e s e  p re lim in a ry  experim ents to s im p l i f y  

the apparatus required  and ea se  the  in t e r p r e t a t io n  o f  the r e s u l t s .  

Dry n itr o g e n  was passed  over  the  sample and then the  flow i n t e r 

changed with m o is t  n i tr o g e n  and the  h e a t  e f f e c t s  recorded. The 

m oisture  c o n te n t  o f  th e  n i tr o g e n  was not measured. As a conseq

uence th e  s t a t e  o f  the ad sorb en t  s u r fa c e s  was never known e x a c t ly .  

The experim ent cou ld  thus o n ly  fu r n ish  q u a l i t a t i v e  d i f f e r e n c e s  

between th e  iro n  o x id e s  s t u d ie d .  These d é f i c i e n c e s  could be over 

come i f  th e  experim ent was ever  to  be e x p lo i t e d  fu r th e r .  The 

remaining problem concerns the  f i n i t e  time requ ired  to generate  

a s a tu r a te d  (o r  o th e r  s p e c i f i e d  c o n c e n tr a t io n )  vapour o f  water  

in  the  r e a c t io n  c e l l ,  owing to  d i f f u s i o n  and ad sorp t ion  o f  the  

water in  th e  apparatus . I t  was assumed t h a t ,  with the f low  r a te s  

u sed , the  n i tr o g e n  c a r r ie d  an amount o f  water approximating to  

th e  maximum sa tu ra te d  c o n t e n t .  The n itr o g e n  c a r r i e r  gas was 

co n s id ered  to  be i n e r t ,  even though i t  i s  known t h a t  n itrogen  

can adsorb p h y s i c a l l y  and c h e m ic a l ly  a t  ambient tem peratures  

on m etal o x i d e s .  E xternal d i f f u s i o n  o f  water in to  the  system  

was a l s o  n e g le c t e d .

The blank c a l i b r a t io n  and haem atite  adsorption  and 

d e so r p t io n  experim ents were performed to se e  i f  the  proposed
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experim ent uae f e a s i b l e .  The h aem atite  sample was chosen because  

o f  i t s  h igh p u r i ty ,  la ck  o f  p o r o s i t y  and low su r fa c e  a rea , as  

the compound most l i k e l y  to  g iv e  an unambiguous t e s t  o f  the  

s e n s i t i v i t y  o f  the  experim ent.

The h e a t  e f f e c t s  found when in terch an g in g  the  f lo w s  

o f  "dry" and %wet" n i tr o g e n  in  th e  blank experim ent have no s im p le  

e x p la n a t io n ,  and are  probably th e  r e s u l t a n t  o f  s e v e r a l  phenomena 

o ccu rr in g  s im u lta n e o u s ly .  E f f e c t s  l i k e l y  to be in v o lv ed  in c lu d e ;  

changes in  the thermal p r o p e r t i e s  o f  the c e l l ,  changes in  the  

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

and d eso rp tio n  on the  w a l l s  o f  th e  c e l l ;  and condensation  and 

evaporation  o f  the  bulk l i q u i d .  These l a s t 3 e f f e c t s  are  prob

ab ly  the most s i g n i f i c a n t .  No attem pt was made to i n v e s t i g a t e  

the blank h e a t  e f f e c t  any f u r th e r .  In a b so lu te  term s, the  

h e a t  e f f e c t s  were o f  the  same order  o f  magnitude as the l a r g e s t  

h e a ts  o b ta in ed  during th e  l i q u i d  ad sorp tion  measurements. For 

r e v e r s ib l e  changes, the  h e a t s  o f  r e a c t io n  in  each d ir e c t io n  

should be equal in  magnitude and o p p o s i te  in  s ig n .  This was 

found to  be tru e  a t  both tem peratures  w ith in  the  l i m i t s  o f  exper

im enta l e r r o r .  The h e a t s  o f  r e a c t io n  a t  25°C and 37°C were 

s u f f i c i e n t l y  c l o s e  so t h a t  a mean o f  h e a t  o f  0 .6  3 was assumed 

fo r  th e  e f f e c t .  This f ig u r e  i s  a n e g a t iv e  q u a n tity  when 

r e fe r r e d  to  an exotherm ic (a d so r p t io n )  p r o c e ss .  Comparison o f  

the  thermograms in  F igure VIII-1  show t h a t  the f i g u r e s  fo r  both  

ad so rp t io n  and d eso rp tio n  are  sharper a t  the lower tem perature.  

This s u g g e s t s  th a t  the r a te  o f  h e a t  f low  i s  i n i t i a l l y  f a s t e r  

a t  the  lower tem perature . The reason f o r  t h i s  i s  u n c le a r .

The a d d i t io n a l  h ea t  e f f e c t s  observed  when 

the  experim ent was repeated  with h aem atite  in  the r e a c t io n  c e l l
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were assumed to  r e s u l t  from t h e  a d s o r p t i o n  and d e s o r p t i o n  o f  w a t e r .  

The b a s e  l i n e  o f  t h e  t h e r m a l  s i g n a l s  ( f i g u r e  V I I I - 2 )  o f t e n  d id  

n o t  r e t u r n  to  t h e i r  o r i g i n a l  p o s i t i o n  a f t e r  t h e  p r im a ry  h e a t  

change was c o m p le te d .  Th is  " t a i l "  e f f e c t  was mos t  pronounced  

a t  t h e  low er  t e m p e r a t u r e .  G e n e r a l l y  t h e  a d s o r p t i o n  s i g n a l s -  

w e r e m a s t  e f f e c t e d  and t h i s  was s u b s e q u e n t l y  found to  be t r u e  

f o r  a l l  t h e  o x i d e s  s t u d i e d .

The s low r e t u r n  o f  t h e  s i g n a l s  p r e s e n t e d  a problem

i n  d e f i n i n g  t h e  a r e a  unde r  t h e  c u r v e  a s  in  f i g u r e  V I I I - 6 .  The

a r e a  i s  c l e a r l y  d e p e n d en t  on t h e  c h o i c e  o f  t h e  ba se  l i n e ,  and t h e  

h a t c h e d  a r e a  i s  n o t  i n c l u d e d  i n  e i t h e r  e s t i m a t e .  The b lank  

c a l i b r a t i o n  s i g n a l s  d id  n o t  show t h i s  e f f e c t ,  s u g g e s t i n g  t h a t  

i t  i s " r e a l "  and n o t  an a r t e f a c t .  T e s t s  o f  t h e  b a s e  s t a b i l i t y

a t  s e v e r a l  s t a g e s  t h r o u g h o u t  t h e  c o u r s e  o f  t h e  e xpe r im e n t s

f a i l e d  to  p ro d u ce  b a s e  l i n e  d r i f t s  t h a t  co u ld  a c c o u n t  f o r  t h e  

" t a i l "  e f f e c t .  I t  was n o t i c e d  t h a t  changes  i n  t h e  f low r a t e  

d id  c a u s e  m ino r  s h i f t s  i n  t h e  b a s e  l i n e .  Th is  e f f e c t  was 

sm al l  and c o m p l i c a t e d ,  a p p a r e n t l y  l i n k e d  to  t r a n s i e n t  p r e s s u r e  

changes  c a u s e d  by t h e  o p e r a t i o n  o f  t a p s  a s  w e l l  a s  th rough 

a c t u a l  l o n g - t e r m  v a r i a t i o n s  i n  f low  r a t e .  The d i f f e r e n t  i r o n  

o x i d e s  s t u d i e d  had d i f f e r e n t  t a i l  e f f e c t s  a s s o c i a t e d  with them;

Of- and - g o e t h i t e  had sm a ller  t a i l  e f f e c t s  than f e r r i c  o x id e  

A or B. F e r r ic  o x id e  A s u f fe r e d  the  most from the t a i l  e f f e c t  

and haem atite  the l e a s t .  These v a r ia t io n s  a lm ost c e r t a in ly  mean 

th a t  the  t a i l  e f f e c t  i s  r e a l  and dependent on the  su r face  chem

i s t r y  o f  the  iron  o x id e /w a te r  i n t e r a c t i o n .  Guderjahn and go -  

146
workers in  immersion s t u d ie s  o f  ALgO^ in  water haua n o t ic e d
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a s low  e v o lu t io n  o f  h e a t  f o r  s e v e r a l  hours a f t e r  the  main h e a t  change

had f in i s h e d .  This was a t t r i b u t e d  to  the  p a r t i a l  rehydration

o f  su r fa c e  hydroxy ls  l o s t  during o u t g a s s in g .  I t  i s  a l s o  w a l l

known th a t  m eta ls  and m eta l o x id e s  r e a c t  s lo w ly  with atmosph-
96

e r i c  m o is tu r e .  C o l l in s  a t  a l  found th a t  r u s t  required  up 

to  20 hours to e q u i l i b r a t e  to  a s e t  hum id ity . Hence the  

e q u ilib r iu m  between f r e e  m o lecu lar  water and p h y s i c a l l y  adsorbed  

water i s  a t ta in e d  o n ly  s lo w ly .  I t  seems l i k e l y  th a t  the slow  

p h y s ic a l  a d sorp t ion  and d e s o r p t io n  o f  water was the  main reason  

f o r  the  t a i l  e f f e c t ,  as  ev a cu a tio n  and h e a t in g  to  a t  l e a s t  above  

50°C are norm ally req u ired  to  desorb a p p r e c ia b le  numbers o f  s u r fa c e  

h y d r o x y ls .

The h e a t s  o f  a d so r p t io n  and d eso rp tio n  a t  37^C

(T able  V III -2 )  were ap proxim ate ly  e q u a l ,  as expected  fo r  a
o

r e v e r s ib l e  p r o c e s s .  At ca  20 C the h e a t  o f  ad sorp tion  was- o f  

the  same ord er  o f  m agnitude, a lthough p o s s ib ly  s m a l le r .  The 

l a r g e  t a i l  made a c c u r a te  a ssessm en t  o f  the  h e a t  e f f e c t  imposs

i b l e .  The h e a ts  o f  d e so r p t io n  a t  2 0 °C and 37 °C were about the

same. A l l  o f  th e se  measurements were made n e g le c t in g  the  h a t c h e d '

reg ion  shown s c h e m a t ic a l ly  in  F igure V III -6 .  This area was 

es t im a ted  as  about 5-10% o f  th e  measured area a t  37 °C.

V I I I -2 -2  Uater A dsorption  on F e r r ic  Oxide A.

The main h e a t s  o f  a d sorp t ion  and d eso rp tio n  fo r  

the water v a p o u r / f e r r ic  o x id e  A system are  g iven  in  Table V I I I -3 ,  

and p lo t t e d  as a fu n c t io n  o f  tem perature in  F igure  V III -7 .  The 

h e a ts  o f  d eso rp tio n  are  g r e a te r  than the  h e a ts  o f  adsorption  

i r r e s p e c t i v e  o f  tem perature . The apparently  anomolous r e s u l t  

a t  ca 2 5 °C corresponds to  the  on ly  p a ir  o f  a d so r p t io n /d e so r p 

t io n  r e a c t io n s  with s im i la r  f lu s h in g  tim es ( s e e  Table V I I I - 3 ) .



219 .

The a d so r p t io n  curve  i s  s ig m o id a l ,  a lth ou gh  i t  must be s t r e s s e d  t h a t  

th e  data a t  c a .  19*C can o n ly  be regarded as approxim ate. The curve  

r e f l e c t s  the  b a lance  between th e  e x t e n t  o f  r e a c t io n  as determ ined  

by th e  t o t a l  number o f  m o le c u le s  r e a c t in g  and the  "average" energy  

o f  each m o lecu lar  r e a c t io n .  The d e t a i l e d  i n t e r p r e t a t io n  o f  t h e s e  

r e s u l t s  h in g e s  on th e  e f f e c t  o f  th e  s u r fa c e  p retrea tm en t,  which 

i s  unknown , I t  i s  d o u b tfu l  t h a t  ch em isorp tion  r e a c t io n s  are  

s i g n i f i c a n t .  I t  i s  known t h a t  th e  f i r s t  p h y s i c a l ly  adsorbed  

water la y e r  i s  doubly hydrogen bonded to  ir o n  o x id e  s u r f a c e s .

Assuming a hydrogen bond s tr e n g th  o f  20 KJmol ^; h a l f  o f  the  

d i f f e r e n c e  between the  h e a t s  o f  a d s o r p t io n  a t  c a .  25 and 37°C
O

can be accounted  f o r  by assuming t h a t  th e  r e a c t io n  a t  37 C 

in v o lv e s  the  f i r s t  p h y s i c a l l y  bound w ater l a y e r ,  w h ile  th a t

a t  25*C does n o t .  I t  i s  p o s s i b l e  t h a t  soma o f  th e  observed  

tren d s  r e s u l t  predom inantly  from th e  d i f f e r e n c e s  between th e  r a t e s

o f  r e a c t io n  r e l a t i v e  to  th e  p e r io d  o f  o b s e r v a t io n  and measurement. I f  

i t  i s  assumed t h a t  th e  " r e a c t i v i t y "  o f  th e  s u r fa c e  with r e s p e c t  to  

e i t h e r  a d so r p t io n  or  d e s o r p t io n  can be re p r ese n te d  by the maximum s i g 

n a l  h e ig h t ,  then  th e  p l o t  o f  h e i g h t  v e r su s  tem perature w i l l  g ive, an

in d i c a t i o n  o f  th e  change o f  r e a c t i v i t y  with tem perature. The 

i n i t i a l  r e a c t i v i t y  can be c o n s id e r e d  as  a measure o f  the favou r-  

a b i l i t y  o f  th e  r e a c t io n  com p ris in g  both k i n e t i c  and thermo

dynamic term s. The mean s ig n a l  h e i g h t s  fo r  ad sorp tion  and 

d e s o r p t io n ,  measured to a t  l e a s t  1 p a r t  in  300, are  p lo t t e d  

a g a in s t  tem perature in  F igure V I I I - 7 .  The r e a c t i v i t y  i s  low a t  

the  low er tem perature and in c r e a s e s  s t e a d i l y  with in c r e a s in g  

tem perature . This ad so rp t io n  curve  does not match the h eat  

o f  r e a c t io n  ve r su s  tem perature c u r v e ,  s u g g e s t in g  th a t  rata  

e f f e c t s  are  im portant .  The mean h e ig h t s  fo r  d esorp tion
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s i g n a l s  are  c o n s i s t e n t l y  l a r g e r  than th o se  fo r  ad so rp t io n  s i g n a l s ,  

confirm ing  the  d i f f e r e n c e s  found between the  h e a ts  o f  ad sorp t ion  

and d e s o r p t io n .

For r e v e r s ib l e  changes the  h e a t s  o f  r e a c t io n  in  e i t h e r  

d i r e c t io n  should be the  same. This was found fo r  the  h e a ts  o f  

a d so r p t io n  and d e so r p tio n  o f  water vapour on the  non-porous  

h aem atite  sample. The f e r r i c  ox id o  A i s  porous, and i t  i s  l i k e l y  

th a t  the  r e l a t i v e  p r e s su r e s  o f  water used were a t  l e a s t  above  

0 .3  -  0 . 4 .  This means t h a t  the  ad so rp t io n  and d eso rp tio n  r e a c t io n  

occurred  in  the  r e l a t i v e  p r e s su r e  range fo r  which c a p i l l a r y  con

d en sa t io n  in  mesopores i s  im p ortan t .  The ad so rp t io n  and desorp

t io n  r e a c t io n s  are  l i k e l y  to  be d i f f e r e n t  and n o t  e x a c t ly  rever 

s i b l e .  D i f f e r e n t  h e a t s  o f  a d so r p t io n  and d e so r p tio n  are t h e r e fo r e

191 192 193to be e x p e c te d .  Various au thors  * * have found anomalously

h igh d i f f e r e n t i a l  h e a t s  o f  a d so r p t io n  and d e so r p tio n  fo r  d i f f e r e n t  

vapour phase a d so r p t io n  system s in  the  reg ion  o f  sa tu ra t io n *  The 

e f f e c t  has g e n e r a l ly  been found to be g r e a te r  fo r  d esorp tion  

than f o r  a d s o r p t io n .  These r e s u l t s  len d  support to  the  view  

t h a t  the  d i f f e r e n c e s  between th e  h e a t s  o f  a d so r p t io n  and desor

p t io n  found in  t h i s  work are  r e a l  and n o t  some a r t e f a c t .

The r e a c t io n s  were s low  and the  s t r u c t u r e  o f  the  

a d so r p t io n  and d e so r p tio n  s i g n a l s  were r e la t e d  (F igu re  V I I I - 4 ) .

The s ig n a l  s t r u c t u r e  cou ld  be r e la t e d  to  the  porous s tr u c tu r e  

o f  the  a d so r b e n t .  None o f  th e  o th e r  o x id e  samples s tu d ie d  

showed t h i s  e f f e c t ,  and none o f  thmra d e f i n i t e l y  had a narrow 

pore s i z e  d i s t r i b u t i o n .  There i s  some doubt as  to  th e  v a l i d i t y  

o f  the  d i s t r i b u t i o n  curve fo r  O f-g e o th i te .
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V I I I -2 -3  Comparison Between the  Iron O xides .

The h e a t  e f f e c t s  f o r  f e r r i c  o x id e  8,Œ -  and 

j 3 - g o e t h i t e  were l e s s  than th o s e  found fo r  f e r r i c  o x id e  A. For 

a l l  the  sam ples, the  h e a t s  o f  r e a c t io n  a t  ca 3 7 °C are  g r e a te r
O

than th o se  a t  ca 25 C. The g o e t h i t e  samples had approx-
O

im a te ly  equal h e a ts  o f  a d so r p t io n  and d e so r p t io n  a t  ca 37 C.

This s u g g e s t s  th a t  they  have s i m i l a r  s u r fa c e s  with r e s p e c t  to  

water ad sorp tion  and d e s o r p t io n .  The maximum h e a ts  o f  adsor

p t io n  o f  a l l  the sam ples s tu d ie d  are  g iven  in  Table V III-6  in  

- 1 - 2Jg  and i n  Jm . The g o e t h i t e  s am p les  have  a p p r o x i m a t e ly

t h e  same s u r f a c e  a r e a s  and h e a t s  o f  r e a c t i o n .  I t  i s  u n c l e a r

why f e r r i c  o x id e  A and 8 should  have s im i la r  h e a ts  o f  ad sorp t ion

-2
when exp ressed  in  Jm . The pore  s i z e  d i s t r i b u t i o n s  and s u r fa c e  areas

o f  the  two o x id e s  are  d i f f e r e n t ,  which s u g g e s t s  th a t  they  have

d i f f e r e n t  a f f i n i t i e s  f o r  w a t e r  p a r  u n i t  a r e a  o f  s u r f a c e .  The

most  s t r i k i n g  f e a t u r e  o f  T a b le  V I I I - 6  i s  i n  t h e  h ig h  h e a t  o f

ad so rp t io n  o f  water on h a em a tite  when ex p ressed  in  terms o f  

- 2
Jm . This s u g g e s t s  th a t  th e  porous n atu re  o f  the o th e r  sam ples,  

which are a l l  s i m i l a r ,  accou n ts  f o r  th e  d i f f e r e n c e .  E ith e r ,  th e  

a p p l i c a t io n  o f  th e  s p e c i f i c  s u r fa c e  a r e a s  i s  i n c o r r e c t ,  whlctv 

s u g g e s t s  th a t  the  i n t e r i o r  s u r f a c e s  o f  the  porous samples did  

n o t  r e a c t ,  or  the  r e a c t io n s  were so s low  t h a t  the bulk o f  the  

h e a t  e f f e c t  was n o t  measured.

There was no r e le v a n t  data in  th e  l i t e r a t u r e  with 

which to  compare t h e se  r e s u l t s .  I t  was dec id ed  to  check th a t  

the  h e a t s  o f  a d so rp t io n  were c o n s i s t e n t  with g en era l  exp ec t

a t io n s  by c a l c u l a t in g  some t h e o r e t i c a l  h e a t  changes from

a h y p o t h e t ic a l  thermochemical c y c l e  (F ig u re  V III -0 )  and 

comparing the  r e s u l t s .  -Heats o f  v a p o r i s a t io n  o f  water
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are w e l l  known, and so th e  s t e p s  1 and 4 can be c a l c u l a t e d .
81

Partyka e t  a l  have shown t h a t  f o r  many m etal o x id e s ,  a h ea t

o f  immersion o f  a h yd roxy la ted  s u r fa c e  in  water a t  3 1 *C r e l e a s e s

about 450 mjm and th a t  immersion o f  a su r fa c e  with 2 or

more water la y e r s  preadsorbed r e s u l t s  in  a h e a t  change o f  
_2

about 1 1 2 .5  mJm , Using t h e s e  v a lu e s  fo r  s t e p s  2 and 5 resp 

e c t i v e l y ,  and assuming 5 m onolayers o f  water ad so rb ed ,th e  

r e s u l t s  in  Table V III -7  were c a l c u l a t e d .  C onsidering  the  

assumption in v o lv e d ,  the agreement between the  c a lc u la t e d  and 

observed  v a lu e s  i s  s u r p r i s i n g l y  good. The c a l c u l a t io n  was

rep ea ted ,  u s in g  the  e x a c t  data taken from Partyka*s paper,

- 2
fo r  ZrlO and A 1̂ 0̂  fo r  com parison. When exp ressed  in  Jm , the

—2c a lc u la t e d  va lues  are  c o n s ta n t ,  a t  about 3 .7  Jm , whereas 

the observed  v a lu e s  d i f f e r  s l i g h t l y  ( s e e  Table V I I I - 6 ) ,  I t  

i s  not c l e a r  why the observed  h e a t  o f  a d so r p t io n  on h aem atite  

i s  so h ig h .

The g e n e r a l  tren d s  o f  in c r e a s in g  r a te  and h e a t  o f  

r e a c t io n  with tem perature are  in  accordance with g en era l  

e x p e c t a t io n s .  The d i f f e r e n c e s  between the  porous and non-

porous iron  o x id e s  became apparent in  th e  d i s c r e p a n c ie s  between the  

h e a t s  o f  a d so r p t io n  and d e s o r p t io n ,  and by changes in  the  r a t e s  o f  

r e a c t io n .  The h e a t  changes a s s o c i a t e d  with f e r r i c  o x id e  A gave thermal  

s i g n a l s  which ware n o t  th e  s im p le  c u rv es  found f o r  th e  o th e r  sam ples .  

This i s  p o s s ib ly  connected  with th e  narrow pore s i z e  d i s t r i b u t io n  

found fo r  f e r r i c  o x id e  A. The s low  r a t e s  o f  r e a c t io n  make d e t a i l e d  

in t e r p r e t a t io n  o f  t h e s e  r e s u l t s  d i f f i c u l t .
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FIG. V I I I . 1 .

The blank c a l i b r a t i o n  thermograms.
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37.20 C

2 S .0 0  C
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FÎO. V I I I . 2 .

AD SO RPTI O N

19.5 C

37. 2 °C

-Q
L

D E S O R P T I O N

' - 1 9 . 5  C

37 .2  C

Sorpt ion  thermograms o f  th e  u a t e r  vapour/  Of—h a em at i te  sys tem.
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FJO.  V I I I . 3 .

1 9 .3 5 't

2 5 5 0  C

A

31.90 C

37.15 C

- Q
u

Sketches  o f  the  s o r p t io n  thermograms o f  the water v a p o u r / f e r r i c  

o x i d e  A system.
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The s t r u c t u r a l  f e a t u r e s  o f  

the s o r p t i o n  s i g n a l s  f o r  the

water v a p o u r / f e r r i c  o x id e  A 

system.

-Q

F I G .  V I I I . 5.

- Q

S ketches  o f  the s o r p t i o n  thermograms o f  the  water vapour/  

f e r r i c  o x id e  B system I . ,  and the  water vapour/  a - a n d  

- g o e t h i t e  sustems I I I ,  ( n o t  to  s c a l e ) .
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F I G . M U l . S .

- Q

A rea (A)

XX
Total Area = A + ^  area ?

An i l l u s t r a t i o n  o f  the  problem o f  a s s i g n i n g  an area to a 

s lo w ly  decay ing s o r p t i o n  s i g n a l .
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The mean h e a t s  o f  s o r p t i o n  and maan h e i g h t s  o f  the  

s o r p t i o n  s i g n a l s  fo r  the water v a p o u r / f e r r i c  o x i d e  A 

sys tem.

228,

-QCA, 0 &  Q(D,V)

jg

800

T 1 2 0

MAXIMUM
SIGNAL
HEIGHT

A (0) D (+)

700

600 60

5 0 0 -

3 0 3 520

TEMPERATURE °C
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F i g .  V I I I . a .

A h y p o t h e t i c a l  thermochemical  c y c l e  f o r  the adsorpt ion  o f  

water vapour on a hydroxy la ted  s u r fa c e  S.

/- n -m o le s  
f vapour '  
\  /

n -m o les
liquid

I
s s

?|? 3 
,(n-x)-m oles v a p o ^ ^

S +  x

liquidé

- / / / y / / / / 5
liquid

S ”1“ X
S immersed in

a n-m oles liquid
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C h a p t e r  IX 

Summary and  C o n c lu s io n s  

A v o l u m e t r i c  n i t r o g e n  a d s o r p t i o n  a p p a r a t u s  was b u i l t  an d  t e s t e d  

u s i n g  t h e  c o m m e r c i a l l y  a v a i l a b l e  s t a n d a r d s  S t e r l i n g  FT -G (2700) and  S i l i c a  

TK 8 0 0 ;  s a t i s f a c t o r y  r e s u l t s  w e re  o b t a i n e d  ( s e e  t a b l e  b e l o w ) .  The 

a p p a r a t u s  was u s e d  t o  c h a r a c t e r i s e  f i v e  i r o n  ( I I I )  o x i d e s ,  a ssu m ed  t o  be  

m o d e l  c o n s t i t u e n t s  o f  t h e  s u r f a c e  o f  m i ld  s t e e l : -

Sam ple I s o t h e r m
ty p e

H y s t e r e s i s
Type S /m% 

w
c  (BEI

S i l i c a  TK 800 - - 1 6 4 .1  ± 1 . 4 83
S t e r l i n g  F T -G (2700) - - 1 0 .9  ± 0 . 4 -9 4 9
F e r r i c  o x i d e  A IV A 245 ± 2 . 5 75
F e r r i c  o x i d e  B IV B 1 5 8 .5  ± 1 . 6 114
a - g o e t h i t e IV low  p r e s s u r e 1 1 2 .3  ± 1 . 6 80
3 - g o e t h i t e IV B 1 0 5 .1  ± 1 . 2 179
a - h a e m a t i t e I I n o n e 2 . 7  ± 0 . 4 79

E x c e p t  f o r  w - h a e m a t i t e  t h e  i s o t h e r m s  f o r  t h e  i r o n  o x i d e s  e x h i b i t e d  

a  h y s t e r e s i s  l o o p  i n d i c a t i v e  o f  c a p i l l a r y  c o n d e n s a t i o n  i n  m e s o p o re s  an d  

a ^ - p l o t s  ( F i g .  V I - 2 2 ) ,  c o n s t r u c t e d  u s i n g  a - h a e m a t i t e  a s  t h e  n o n - p o r o u s  

r e f e r e n c e ,  c o n f i r m e d  b o t h  t h i s  an d  t h e  a b s e n c e  o f  m i c r o p o r e s .  The 

p o r o u s  s a m p le s  h a d  s i m i l a r  a d s o r b e n t - a d s o r b a t e  i n t e r a c t i o n s  a s  

a - h a e m a t i t e  i n  t h e  r e l a t i v e  p r e s s u r e  r a n g e  o f  m o n o la y e r  f o r m a t i o n .  The 

i s o t h e r m  f o r  a - g o e t h i t e  was d o m in a te d  by i n t e r p a r t i c l e  c o n d e n s a t i o n  

a b o v e  P/P^ -  0 . 8  an d  e x h i b i t e d  a  low  p r e s s u r e  h y s t e r e s i s  l o o p .  T h i s  may 

b e  c a u s e d  by  s w e l l i n g  o f  t h e  s t r u c t u r e  d u r i n g  a d s o r p t i o n -  t r a p p i n g  some 

a d s o r b a t e  t h e r e b y  h i n d e r i n g  d e s o r p t i o n .  P o r e  s i z e  d i s t r i b u t i o n s
o

i n d i c a t e d  t h a t  o x i d e  A h a d  a  n a r r o w  d i s t r i b u t i o n  w i t h  r  -  25 A i n
P

c o n t r a s t  w i t h  t h e  c o n t i n u o u s  d i s t r i b u t i o n s  f o r  t h e  o t h e r  o x i d e s .

H o w ev er ,  t h e s e  c a l c u l a t i o n s  a r e  q u e s t i o n a b l e  s i n c e  o n l y  t h e  h y s t e r e s i s  

l o o p  f o r  o x i d e  A r e s e m b le d  Type A.

I n  an  a t t e m p t  t o  im p ro v e  t h e  w e a t h e r i n g  c h a r a c t e r i s t i c s  o f  t h e  

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

s u r f a c e s  o f  o x i d e s  A and  B. The m a l e i c  a n h y d r i d e  d i s p l a c e d  some
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p h y s l s o r b e d  w a t e r  and c o u ld  n o t  be  rem oved  by o u t g a s s i n g .  F o r  o x i d e  A, 

i n c r e a s i n g  t h e  o u t g a s s i n g  t e m p e r a t u r e  i n d u c e d  d e s o r p t i o n  o f  w a t e r  r a t h e r  

t h a n  a n h y d r i d e : -

O u t g a s s i n g  C o n d i t i o n s T r e a t e d  U n t r e a t e d
o x i d e  A o x i d e  A

t e m p e r a t u r e ,  t i m e ,  f i n a l  /m g“  ̂ c  (BET) /m^ g"^ c  (BET)u c  / _ 2  _ - i

p r e s s u r e  /  (°C ,  h r ,  mm 
Hg)

5 0 ,  2 0 ,  < 1 0 -4  178 39 230 75

1 3 0 ,  1 8 ,  < 1 0 -4  203 58 2 4 0 ,  244 8 1 ,  82

F o r  o x i d e s  A and  B t h e  am ount a d s o r b e d  a t  an y  g i v e n  r e l a t i v e  p r e s s u r e  i s  

l e s s  f o r  t h e  t r e a t e d  s u r f a c e  t h a n  f o r  t h e  u n t r e a t e d  s u r f a c e .  The p o r e  

s t r u c t u r e s  w e re  u n a f f e c t e d ,  a s  e x e m p l i f i e d  by  t h e  a ^ - p l o t s  ( F i g s .  V I - 2 0 ,  

21) an d  t h e  p o r e  s i z e  d i s t r i b u t i o n s .  The e f f e c t  o f  t h e  o r g a n i c  t r e a t m e n t  

i s  t o  r e d u c e  t h e  s u r f a c e  a r e a  o f  t h e  o x i d e s  p r o b a b l y  by  b l o c k i n g  t h e  m o s t  

a c t i v e  a d s o r p t i o n  s i t e s .

The a d s o r p t i o n  o f  n - b u t a n o l  f ro m  an  n - h e p t a n e  s o l u t i o n  o n t o  

a - h a e m a t i t e  was fo u n d  t o  be  r e v e r s i b l e  a l t h o u g h  t h e  d e s o r p t i o n  was 

s l o w e r  t h a n  t h e  a d s o r p t i o n .  The h e a t  o f  a d s o r p t i o n  was 44 mJ m-^ and  

t h e  h e a t  o f  d e s o r p t i o n  58 mJ m-^ ( a s su m in g  BET a r e a s ) .  T h e se  e f f e c t s  may 

b e  i n t e r p r e t e d  by s u p p o s i n g  t h e  a d s o r p t i o n  i s  a  n e a r l y - a c t i v a t i o n l e s s  

p r o c e s s  an d  p r o b a b l y  i n c l u d e s  some d i s p l a c e m e n t  o f  s u r f a c e  w a t e r  w h e r e a s  

d e s o r p t i o n ,  w h ic h  i s  a c c o m p a n ie d  by a d s o r p t i o n  o f  s o l v e n t ,  i s  a c t i v a t e d  

an d  p r o d u c e s  a  s u r f a c e  d e v o i d  o f  w a t e r  u n l i k e  t h e  i n i t i a l  s u r f a c e .  The 

f e a s i b i l i t y  o f  t h i s  i s  d e m o n s t r a t e d  by  a s s u m in g  a  r e s i d u a l  10 ppm w a t e r  

i n  t h e  d r i e d  s o l v e n t ,  o f  w h ic h  a b o u t  3 dm^ i s  r e q u i r e d  t o  g e n e r a t e  a  

m o n o la y e r  e q u i v a l e n t  o f  w a t e r  p e r  100 A^ o f  s u r f a c e .  T y p i c a l l y  2 0 -2 5  cm^ 

w o u ld  t h e n  b e  r e q u i r e d  t o  g e n e r a t e  a  m o n o la y e r  on a - h a e m a t i t e  m a tc h in g  

t h e  v o lu m e s  u s e d  e x p e r i m e n t a l l y .  The p o r e  s t r u c t u r e  o f  o x i d e  A f u r t h e r  

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

a d s o r p t i o n  w as a  f u n c t i o n  o f  t h e  num ber o f  p r e v i o u s  s o r p t i o n  c y c l e s ,  t h e
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" f l u s h i n g  v o lu m e"  and  t h e  c o n c e n t r a t i o n .  T h e se  e f f e c t s  c a n n o t  b e  

e n t i r e l y  a t t r i b u t a b l e  t o  w a t e r  c o n t a m i n a t i o n  o f  t h e  h e p t a n e .  To s u p p l y  

t h e  l a r g e  s u r f a c e  a r e a  o f  o x i d e  A w i t h  a  m o n o la y e r  o f  w a t e r  t h e  vo lum e 

o f  s o l v e n t  was a p p r o x i m a t e l y  10 t i m e s  more t h a n  t h a t  a c t u a l l y  u s e d .  

H ow ever ,  a  s lo w  s u r f a c e  r e o r g a n i s a t i o n ,  a f t e r  t h e  i n i t i a l  a d s o r p t i o n ,  

i n d e p e n d e n t  o f  t h e  p r e s e n c e  o f  m o i s t u r e  w o u ld  e x p l a i n  t h e  o b s e r v e d  

e f f e c t s .  E x p e r im e n ts  ( F i g .  V I I - 9 )  showed t h a t  some b u t a n o l  was 

i r r e v e r s i b l y  a d s o r b e d  and  o c c u p ie d  a b o u t  25% o f  t h e  a v a i l a b l e  s u r f a c e .  

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

a l t h o u g h  g e n e r a l l y  t h e  h e a t  o f  b u t a n o l  a d s o r p t i o n  on o x i d e  A i s  g r e a t e r  

t h a n  f o r  a - h a e m a t i t e .  The maximum i n  t h e  h e a t  o f  a d s o r p t i o n  v e r s u s  

c o n c e n t r a t i o n  c u r v e  f o r  o x i d e  A ( F i g .  V I I - 10) o c c u r s  i n  t h e  r a n g e  0 . 2 -  

0 . 4  w t .  % b u t a n o l  w h ic h  i s  c l o s e  t o  t h e  c o n c e n t r a t i o n  a t  w h ic h  a  c l o s e  

p a c k e d ,  h y d ro g e n  b o n d ed  l a y e r  fo rm s  on a  n o n - p o r o u s  s u r f a c e .  T h i s  

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

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

an  i n c r e a s e d  i n t e r a c t i o n  a r i s i n g  f ro m  e i t h e r  w eak  c h e m i s o r p t i o n  o r  

f ro m  an  e n h a n c e d  a d s o r p t i o n  p o t e n t i a l  i n  s m a l l  p o r e s .

The a d s o r p t i o n  o f  1 , 2 - e p o x y b u t a n e  on a - h a e m a t i t e  was r e v e r s i b l e  

an d  f o r  a  0 . 2  w t .  % s o l u t i o n  t h e  h e a t  o f  a d s o r p t i o n  ( c a .  26 mJ m~^) was 

a b o u t  h a l f  t h a t  fo u n d  f o r  b u t a n o l .  The h e a t  o f  a d s o r p t i o n  v e r s u s  

c o n c e n t r a t i o n  c u r v e  r e a c h e d  a  maximum (55 mJ mT*) i n  t h e  r a n g e  1 . 0 - 2 , 0  

w t .  %. A ssum ing  t h i s  r e g i o n  i s  a s s o c i a t e d  w i t h  t h e  s t a t e  o f  maximum 

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

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

I n  c o n t r a s t  t h e  a d s o r p t i o n  o f  1 , 2 - e p o x y b u t a n e  on o x i d e  A was l a r g e l y  

i r r e v e r s i b l e  ( F i g .  V I I - 1 2 )  an d  t h e  i n i t i a l  a d s o r p t i o n  (Q a d s .  =

110 mJ m“ ^) was s lo w  com pared  t o  b u t a n o l  a d s o r p t i o n .  S u b s e q u e n t  h e a t s  

o f  s o r p t i o n  w e re  much s m a l l e r  (= 16 mJ m“ ^ ) ,  i r r e s p e c t i v e  o f  t h e  f l u s h i n g  

v o lu m e ,  i m p ly i n g  t h a t  a b o u t  15% o f  t h e  s u r f a c e  i s  a v a i l a b l e  f o r
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r e v e r s i b l e  s o r p t i o n .  I n  v ie w  o f  t h e  h i g h  i n i t i a l  h e a t  o f  a d s o r p t i o n  i t  i s  

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

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

The w a t e r  v a p o u r  s o r p t i o n  e x p e r i m e n t s  w e re  s p e c u l a t i v e  b u t  i n d i c a t e d  

t h a t  h e a t s  o f  a d s o r p t i o n  on  t h e  n o n - p o r o u s  h a e m a t i t e  (12 Jm” ^) w e re  a b o u t  

5 t i m e s  l a r g e r  t h a n  t h o s e  on t h e  o t h e r  p o r o u s  o x i d e s  (2 - 3  Jm” ^ ) ;  t h i s  

c o u l d  b e  a  k i n e t i c  e f f e c t .  D e s o r p t i o n  w as f a s t e r  t h a n  a d s o r p t i o n  f o r  a l l  

t h e  o x i d e s  i n  c o n t r a s t  t o  t h e  s o l u t i o n  p h a s e  e x p e r i m e n t s .

T h e se  r e s u l t s  a r e  r e l e v a n t  t o  t h e  m echan ism  o f  a d h e s i o n ,  p r o v i d e d  t h e  

h y d r a t e d  o x i d e s  a r e  a  g e n u i n e  r e p r e s e n t a t i o n  o f  c o r r o d e d  s t e e l  s u r f a c e s .

I t  i s  known t h a t  t h e s e  f r e q u e n t l y  c o n s i s t  o f  t h i n ,  o f t e n  p o r o u s  o x i d e  

f i l m s .  F u r t h e r  i t  i s  w e l l - e s t a b l i s h e d  t h a t  r e m o v a l  o f  a d v e n t i t i o u s  w a t e r  

f ro m  a  s u r f a c e  p r i o r  t o  b o n d in g  e n h a n c e s  t h e  j o i n t ^ s  c h a r a c t e r i s t i c s .

The q u a l i t a t i v e  k i n e t i c  o b s e r v a t i o n s  made d u r i n g  t h e  w a t e r  v a p o u r  s o r p t i o n  

s u g g e s t  t h a t  a  s h o r t  " d r y i n g  p e r i o d "  i m m e d ia t e l y  p r i o r  t o  b o n d in g  o f  a  

s u r f a c e  c o u l d  d e s o r b  m ore  w a t e r  t h a n  w ou ld  r e a d s o r b  i n  a  s m i l a r  t im e  

i n t e r v a l  b e tw e e n  d r y i n g  and  a p p l i c a t i o n  o f  a d h e s i v e .  The i r r e v e r s i b l e  

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

p r o b a b l y  b l o c k e d  t h e  m ore a c t i v e  a d s o r p t i o n  s i t e s ,  t h e r e b y  d e c r e a s i n g  t h e  

e x t e n t  o f  s u b s e q u e n t  w a t e r  a d s o r p t i o n .  I n  b o t h  c a s e s  t h e  r e d u c t i o n  o f  

s u r f a c e  w a t e r  w o u ld  i n c r e a s e  a  j o i n t ' s  l i f e .  I f  s u i t a b l e  s u b s t i t u e n t s  

( e . g . : -  NH^ , - C I & H j )  c o u l d  b e  i n c o r p o r a t e d  i n t o  t h e  m a l e i c  a n h y d r i d e ,  

t h e n  t h e  p o s s i b i l i t y  e x i s t s  t h a t  p r i m e r s ,  a c t i n g  i n  a  s i m i l a r  mode t o  

s i l a n e - b a s e d  p r i m e r s ,  c o u l d  b e  d e v e lo p e d .  A l t e r n a t i v e l y ,  i f  a  

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

e i t h e r  t h e  u s e  o f  p r i m e r s  becom es u n n e c e s s a r y  o r  t h e  e p o x i d e s  c o u l d  b e  

u s e d  a s  t h e  p r i m e r .  The m i c r o c a l e r i m e t r i c  r e s u l t s  c l e a r l y  d i s t i n g u i s h  

b e tw e e n  t h e  i r r e v e r s i b l e  s o r p t i o n  o f  b u t a n o l  and  e p o x y b u ta n e  on  a  

p o r o u s  s u r f a c e  and  t h e i r  r e v e r s i b l e  s o r p t i o n  on a  n o n p o ro u s  s u r f a c e .  

E p o x y b u ta n e  was 80t 90% i r r e v e r s i b l y  a d s o r b e d  on t h e  p o r o u s  s u r f a c e .
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p o s s i b l y  a s  a  r e s u l t  o f  a  s u r f a c e  h y d r o l y s i s  t o  a  d i o l  a f t e r  t h e  i n i t i a l

a d s o r p t i o n ;  i n  w h ich  c a s e  t h e  a d s o r p t i o n  m ech an ism  w ou ld  r e s e m b le  t h a t

f o r  d i s s o c i a t i v e  c h e m i s o r p t i o n .  The p a r t l y  i r r e v e r s i b l e  a d s o r p t i o n  o f

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

97f o u n d  by  H e a l  , s u p p o r t i n g  t h e  v ie w  t h a t  t h e  p o r o u s  o x i d e s  a t  l e a s t  

a r e  a .  r e a s o n a b l e  r e p r e s e n t a t i o n  o f  c o r r o d e d  s t e e l  s u r f a c e s .  The w a t e r  

s o r p t i o n  e x p e r i m e n t s  show t h a t  t h e  n o n p o r o u s  s u r f a c e  i s  m ore r e a c t i v e  

(h a s  a  h i g h e r  h e a t  o f  w a t e r  a d s o r p t i o n )  t h a n  t h e  p o r o u s  s u r f a c e ,  a l t h o u g h  

t h i s  i s  p a r t l y  a  k i n e t i c  e f f e c t .  I t  m ig h t  b e  t h a t  t h e  a d s o r b e d  w a t e r  

w i t h i n  t h e  p o r e s  o f  o x i d e  A c a t a l y s e  t h e  h y d r o l y s i s  o f  t h e  e p o x y b u t a n e .
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Key to Tables.

1 ,  U i s  th e  f i n a l  weight  o f  adsor be nt .

3
2 ,  \ l ( z ) i s  the  gaseous  volume adsorbed i n  cm a t  a p r e s su r e

P, c o r r e c t e d  to s tandard temperature and p r e s s u r e .

3,  p/p^ i s  th e  r e l a t i v e  p r e s su re  o f  n i t r o g e n  where P i s

th e  s a t u r a t e d  vapour p r e s su r e  o f  n i t r o g e n  a t  the  measured 

t emperature  o f  the  l i q u i d  n i t r o g e n  c o o l a n t  bath .

4 ,  P ^ ( z )  (P̂  -  P)j  ̂ i s  th e  BET f u n c t i o n .
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Tabla I I - l . C l a s s i f i c a t i o n  o f  poras accord ing  to  

lUPAC.

Micropores;

Mesopores;

Macropores:

<2nm .

> 2nm ,  <  SOnra,

>  50nm.
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Table V-1. The Volumes o f  the  Gas B u r e t t e .

Eulb,

A.

B.

C.

D.

E.

F.

Volume a t

2 6 .9  t  0 ,2°C  

( t h i s  work) 

3
cm

7.758

7 .3 07

10 .1 04

18 .620

34 .422

36 .936

T ota l  Volume; 123 .147

Volume a t  

2 2 . 2 t  ( found  

by B.P .  L t d ) .  

3cm

7 .7 5 3

7 .3 0 3

18 .102

18 .620

34 .4 08

36 .923

123 .109

Cumulative  

Bulb Volume

3
cm

7.758

15.065

33.169

51.789

86.211

123 .1 47

Note:  For each bulb volume the  e r ro r  in  th e  quoted
2

value  i s  -  0 .0 0 2  cm and i s  the  standard

d e v i a t i o n  a N - l o f  3 d e t e r m in a t i o n s .
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Table VI-1 .

P/Po

0 .0328

0.0401

0.0501

0 .0586

0 .0 7 1 0

0 .0 7 7 7

0 .0869

0.0960

0 .1 1 4 7

0 .1422

0 .1580

0.1796

Ni trogen  a d s o r p t io n  on S i l i c a  TK 800.

v/a;

(era )

10 .06

10 .4 2

11 .1 5

1 1 .2 3  

11 .66

1 1 .8 7  

12 .1 4  

12 .7 7

1 3 .2 4

13 .8 7  

14.21  

14 .6 5

P/VW (Po -  P)
(cm 10 ^

3 .3 8

4 .0 0

4 .7 3

5 .54

6 .5 6

7 .1 0

7 .84

8 .3 2

9 .7 8

1 2 . 0

1 3 .2

14 .9

U = 0 .3 3 7 2 g .
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T a b la  V I - 2 .  N i t r o g e n  a d s o r p t i o n  on  S t e r l i n g  FT-G2700.

P/Po V (a) P / V ( a ) ( P o -  P)

(cra^) (era ) . 1 0  ^

0 .0 3 2 1  4 .2 7 0  -----

0 .0 4 3 5  4 .7 7 0  9 . 5 3

0 .0 6 5 2  4 .8 6 5  1 4 .3

0 .0 8 8 9  4 .9 6 1  1 9 . 7

0 .1 3 6 7  5 .2 1 0  3 0 .3

0 .1 7 1 7  5 .4 5 7  -----

U = 1 .7 8 3 1 g .
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T a b le  VI -3 . N itrogen  a d sor p t ion  and d e s o r p t io n  on 

f e r r i c  o x id e  A.

RUN I .  

Adsorpt ion,
RUN I I .

Adsorpt ion .

P/Po
3 .cm g

0 .0 2 7 4 4 4 .0

0 .0 3 1 6 4 4 .9

0 .0 3 6 8 4 5 .9

0 .0 4 8 1 4 7 .9

0 .0 6 0 0 4 9 .8

0 .0 7 0 9 5 1 .4

0 .0 8 6 3 5 3 .4

0 .0 9 8 2 5 4 .9

0 .1 1 4 4 5 6 .7

0 .1 2 2 2 5 7 .7

0 .1 3 4 4 5 9 .0

0 .1 6 2 7 6 2 .1

0 .2 0 3 3 6 6 .2
0 .2 3 4 4 6 9 . 5

0 .2 7 5 5 7 3 .8

0 .2 9 5 2 7 6 .0

0 .3 2 1 0 7 8 .8

0 .3 6 4 1 8 4 .0

0 .4 3 3 2 9 3 .1

0 .5 1 7 9 1 0 6 .7

0 .5 7 0 4 1 1 7 .0

0 .6 2 0 4 1 2 9 .9

0 .6 4 7 2 1 3 5 .7

0 .6 7 3 0 1 4 4 .5

0 .7 6 1 6 1 7 1 .0

0 .9 ) 3 4 1 8 0 .0

0 .9 9 2 6 2 0 0 .8

U= 0 .6 3 7 7 p .

Desorpt ion .

P/Po V ( a ) /U .

_ 3 -1cm g .
P/Po V (a ) /U .

3 -1cm g .

0 .1 5 3 1 6 1 . 8 0 .9 9 6 6 2 0 2 .7
0 .2 2 8 4 7 0 .0 0 .9 9 4 3 1 9 2 .6
0 .3 0 6 4 7 8 .5 0 .7 8 4 3 1 8 1 .7
0 .3 5 1 2 8 4 .0 0 .7 7 6 3 1 8 1 .5
0 .4 3 1 9 9 5 .1 0 .6 5 9 2 1 7 6 .9
0 .5 0 5 4 1 0 7 .1 0 .6 1 9 4 1 7 1 .9
0 .5 8 4 9 1 2 3 .8 0 .5 9 9 5 1 5 7 .5
0 .6 3 0 8 1 3 5 ,9  . 0 .5 7 9 7 1 4 3 .8
0 .6 7 7 5 1 4 9 .7 0 .5 3 4 7 1 2 2 .3
0 .6 9 9 7 1 5 5 .9 0 .4 7 7 0 1 0 5 .9
0 .7 1 7 4 1 6 3 .0 0 .4 8 1 2 . 1 0 4 .5
0 .7 3 1 8 1 6 6 .5 0 .4571 100 .1
0 .7 9 9 6 1 8 0 .7 0 .4 3 8 4 9 6 .1
0 .9 8 8 9 1 9 2 .7 0 .3 9 1 2 8 8 .4
0 .9 9 3 5 2 0 2 .7 0 .3 4 1 4

0 .2 7 9 5

\  5 2 . 6  

7 5 .2
0 .9 9 3 7 2 1 3 . 5 0 .2 3 0 9 6 9 , 9

U = 0 .6 4 2 7 g .
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Ta b le  VX-4. N i t r o g e n  a d s o r p t i o n  on f e r r i c  o x i d e  A a f t e r

o u t g a s s i n g  a t  v a r i o u s  t e m p e r a t u r e s .

RUN I .

Sample ou tgassad  a t  

126 1] fo r  12 hrs.

RUN I I .

Sample o u t g a s s e d  a t  122*^C 

f o r  20 h r s .

P/Po

0 .0 4 5 8

0 .0 5 5 1

0 ,0 6 8 6

0 .0 7 9 5

0 .0 9 5 4

0 .1 0 3 5

0 .1 1 4 4

0 .1 3 5 0

0 .1 6 7 1

0 ,2 1 5 1

0 .2 5 4 5

0 .3 0 7 7

0 .3 3 5 7

0 .3 6 7 9

0 .4 0 4 9

0 .4 7 6 7

0 .5 0 6 4

0 .5 4 5 9

v ( a y u .
3 -1cm g •

4 8 .8

5 0 .4

5 2 .4

5 4 .0

5 6 .0

57 .1

58 .4

60 .8
6 4 . 4  

6 9 .6  

7 4 ,0

8 0 .2

8 3 .5

8 7 .9

9 2 .9

1 0 3 .7

1 0 9 .7

1 1 6 .7

U = 0 .4 3 3 0 g ,

P/Po

0 .0002

0 .0 5 1 5

0 .0 6 0 6

0 .0 6 5 6

0 .1 1 8 4

0 .1 3 6 9

0 .1 6 1 7

0 .1 7 9 6

0.2011

0 .2 2 3 2

0 ,2 3 2 4

0 .2 7 0 6

0 .3 1 8 5

0 .3 8 6 9

0 .4 1 9 5

0 .4 3 5 3

0 .4 7 2 2

0 .5 1 1 0

0 .5 2 5 7

0 .5 4 1 1

0 .5 7 2 5

0 .6 3 5 8

v(ayu.
3 -1

cm g ,

2 4 .3

49 .1

5 0 .5

5 1 .3

58 .1  

- 6 0 .3

63 .1

6 5 .0

6 7 .3

6 9 .7

70.8

7 5 .0

8 0 .5

89 .1

9 1 .0

9 3 .3

9 9 .0

1 0 5 .6

1 1 2 .4

1 1 4 .7

122.4

1 3 8 .7

U = 1 . 0 3 1 g .
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T a b le  V I-5 . N i t r o g e n  a d s o r p t i o n  on f e r r i c  o x i d e  A

a f t e r  o u t g a s s i n g  a t  v a r i o u s  t e m p e r a t u r e s .

RUN I I I .

Sample o u t g a s s e d  

a t  27°C  f o r  6 h r s .

RUN IV.

Sample o u t g a s s e d  
a t  27 °C f o r  12 h r s .

RUN V.

Sam ple  o u t g a s s e d  
a t  50 °C f o r  20 h r s .

P /P V (a ) /U
3 -1cm g

P/Po V (a ) /U
3 -1

cm g

P /P V (a ) /U
3 -1

cm 9

0 .0 7 6 3 4 7 .4 0 .0 2 4 1 3 8 .6 0 .0 1 9 5 3 9 .5

0 .0 8 9 4 4 8 .9 0 .0 2 4 5 3 9 .7 0 .0 2 8 5 4 1 .7

0 .1 0 5 8 5 0 .7 0 .0 2 9 7 4 0 .9 0 .0 9 0 5 5 0 .9

0 .1 1 8 7 5 1 .7 0 .1 9 3 2 6 0 . 3 0 .1 0 5 7 5 2 .6

0 .1 3 4 5 5 3 .7 0 .2 2 7 9 6 3 .8 0 .1 2 5 9 5 4 .8

0 .1 4 2 0 5 4 .4 0 .2 7 2 9 6 8 .4 0 .1 4 1 5 5 6 .3

0 .1 6 6 0 5 6 .9 0 .3 0 5 2 7 1 .9 0 .1 6 0 1 5 8 .2

0 .1 9 9 7 6 0 .2 0 .1801 6 0 . 3

0 .2 2 4 4 6 2 .6

0 .2 5 4 9 6 5 .6

0 .2 6 9 4 6 7 .1

0 .2 8 6 0 6 8 .9

0 .2 8 9 5 6 9 . 3

U = 0 .9 5 0 9 g . U = 0 .9 5 0 9 9 . u =0 . 9 5 0 9 9 .
-
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T a b le  V I - 6 . N i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n  on f e r r i c

o x i d e  A a f t e r  t r e a t m e n t  w i th  m a l e i c  a n h y d r i d e  and

o u t g a s s i n g  a t  50 *c.

Adsorpt ion. D e s o r p t io n .

P/Po V(a)/U. P/Po V ( a ) /u .

3 _1 3 —1cm g . cm g .

0 .0 0 8 3 21 .4 0 .9 5 6 5 135 .9

0 .0 118 22 .9 0.8698 133 .5

0 .1138 38 .6 0 .6532 130.1

0 .1407 41.1 0 .5784 125 .9

0 .1 812 44 .6 0 .5 523 111 .2

0 .2145 4 7 .5 0.5241 97 .8

0 .2609 51 .6 0 .4 623 78 .9

0 .2849 53 .8 0.3976 6 5 .5

0 .3152 5 6 .7 0.3861 64 .0

0 .3 487 6 0 .0 0.3234 5 7 .5

0.4381 6 9 .8 0 .2 678 52 .3

0 .5000 78 .2 0 .2265 4 8 .7

0.5711 89 .4 0 .1762 4 4 .3

0 .6009 95.1 0 .1420 4 1 .3

0 .6317 101 .8

0 .6 433 103 .5

0.6701 110.1

0.7026 117 .7

0.7392 124 .5

0 .9590 135 .8

0.9902 145 .9

U = 0 ,5 7 8 3 g .
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Table VI-7a+b a) C and H a n a l y s a s  on f e r r i c  o x i d e  A, t r e a t e d

with m a le i c  anhydride ,  b e f o r e  and a f t e r  o u t 

g a s s in g  a t  50

u t .^ c . Ut.^H

Before 5 .06 1 .3 0

A f t e r 5 .1 2 1 .1 9

Weight l o s s  = 2 .5 ^ .

b) C and H a n a l y s e s  on f e r r i c  o x i d e  A, t r e a t e d  

with m a le i c  an hydride ,  b e f o r e  and a f t e r  o u t 

g a s s in g  a t  130®C*

Ut«^ C« U t .^  H*

Before  5.06  1 .3 0

5 .1 0  1.31

A f t e r  5 .1 7  1 .0 2

5 .1 5  1 .0 2

W eight loss = 3 5%
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T a b le  V I-8 . N i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n  on f e r r i c

o x i d e  A a f t e r  t r e a t m e n t  w i th  m a l e i c  a n h y d r i d e

and o u t g a s s i n g  a t  130^C.

Adsorpt ion . D e s o r p t io n .

P/Po V(a) /U .

3 -1cm g
P/Po V(a)/U.

3 -1cm g

0 .1010

0 .1 257

0 .1 630

0.2422

0.2999

0.3981

0.4859

0.5961

0 .6630

0 .7413

0 .9 844

4 5 .2

47 .6

5 1 .3  

5 8 .5  

6 4 .0

7 4 .7

8 6 .3

1 04 .9

1 2 0 .7

139 .9

154 .8

0 .8 047

0.6496

0.5701

0 .5362

0.4679

0.3976

0 .3805

0.3129

0 .2127

0.1635

147 .7  

1 4 5 .5

129 .7  

113 .0

9 0 .0

74 .8

72 .8  

6 5 .5

55 .9  

5 1 .2

U = 0 .4 6 9 2 g .
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T a b la  VI-9, N itrogen  a d s o r p t io n  and d e s o r p t io n  on 

f e r r i c  o x i d e  8 .

RUN I J Adsorption,

P/Po U (»)/U ,
3 -1cm g

0 .0 575 34.1
0 .0714 35 .4
0 .0 947 37.1
0.1479 40 .6
0.1928 4 3 .5
0.2398 4 6 .7
0.3039 51.1
0.4002 58 .6
0.4771 6 5 .6
0.5711 7 6 .5
0 .5 114 82 .6
0.6532 9 0 .4
0 .6 567 90 .9
0.6906 9 8 .5
0 .7220 107 .7
0 .7277 1 08 .8
0 .7532 117 .6
0 .7787 127 .9
0.7816 129.9
0.8050 139.6
0 .8200 150.9
0 .8257 1 5 4 .3
0 .8400 165 .0
0 .8 527 17 6 .8
0 .8  543 177 .8
0 .8 6 6 6 187 .3
0 .8890 215 .4
0 .8 9 8 3 227 .0
0 ,9068 23 9 .8
0 .9082 245 .4
0 .9 2 0 2 27 5 .5
0 .9 2 6 3 2 8 7 .8
0 .9 352 301 .0
0 .9380 308 .0
0 .9481 3 3 9 .7
0 .9783 370.1
0.9881 383 .0

U = 0 . 5 0 1 5g.

RUN II  : Adsorpt ion .  RUN II

P/Po V(a)y .
3 -1cm g

0 .5 426  74 .0
0.8941 230 .0
0 .9 8 5 2  391 .0
0 .9 8 7 7  424 .4

D e s o r p t io n .

P/P» V(a)U,

3 -1cm g

0 .9859 391 .0
0 .9 383 362 .7
0 .9514 360 .4
0 .9323 347 .4
0.9221 335 .3
0 .9118 305.1
0 .9019 274 .6
0 .8 753 22 1 .7
0 .8274 173 .8
0 .8259 171 .0
0.8098 159 .8
0 ,7552 1 2 6 .3
0.7036 106.6
0.5960 81 .8
0 .4909 6 7 .9
0 .4742 6 6 .2
0 .4377 60 .9
0 .3837 58 .0
0.3060 52.1
0 .2527 48.1
0 .1 895 43 .9
0 .1492  . 4 1 .3
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Tab le  VI-10 . N i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n  on f e r r i c

o x i d e  B a f t e r  t r e a t m e n t  w i th  m a l e i c  a n h y d r i d e

and o u t g a s s i n g  a t  50^C.

Adsorpt ion .

P/Po V(a)/U,

3 -1cm g ,

D esorpt ion .

P/Po U ( a ) / u .
3 -1

cm g .

0 .0435

0 .0537

0.0703

0.0850

0 .1085

0 .1440

0.1816

0 .2334

0 .3157

0.3953

0.5104

0 .5522

0.6092

0.6511

0 .7606

0 .8478

0 .8819

0 .9 068

0 .9 175

0.9209

0 .9465

0 .9813

0.98,31
0-9828

2 4 .2

2 5 .4

2 7 .3  

28 .6

3 0 .5

3 3 .0

35 .4

3 8 .5  

4 3 .8

4 9 .0

5 8 .0

63 .6

7 1 .5  

78 .2

106 .6

1 5 3 .5

185 .7

22 0 .8  

23 5 .4  

24 3 .8  

313 .0  

349 .7

390.6  

407 .2

0.9836

0.9812

0.9398

0 .8937

0 .8557

0 .8570

0 .8350

0 .7724

0.7150

0.5934

0.4811

0 .4558

0.3965

0.3508

0.2689

0 .2152

0 .1228

390.6

349 .8

314 .0

250 .2

186 .2  

18 1 .3

167.1

12 5 .2

100 .9

72 .6

58 .0

55.1

50.1

4 6 .7

41.1  

37 .9  

32 .0

W =  0 4063g
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Tabla VI -11 .  C and H a n a l y s e s  on f e r r i e  o x i d e  B,

t r e a t e d  with m a le i c  anhydride ,  be fore  

and a f t e r  o u t g a s s i n g  a t  50 *C.

U t . % C. Ut.% H

B e fo re  3.15  1 . 1 0

A f t e r  3 .1 6  1 .0 2

Weight l o s s  = 0 .5 ^ .
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T a b la  V I-12 . N i t j o g e n  a b s o r p t i o n  and d e s o r p t i o n  on

O f - g o e t h i t e .

A dsorpt ion .

P/P, V(a) /U .

3 -1cm 9 •

0 .0 7 6 3  24 .5

0.0991 2 5 .7

0 .1386  27 .6

0 .1 7 6 3  2 9 .5

0.2401 32 .7

0.2801 34 .7

0 .3 3 8 7  38 .0

0 .3689  39 .8

0 .4752  46 .9

0.6271 6 2 .5

0 .7 1 1 7  81 ,6

0 .7638  110 .3

0 .7 8 1 7  123 .2

0 .7 9 6 3  138 .0

0 .8 0 1 0  15 3 .5

0.81.02 189 .9

0 .8 4 6 3  256.1

0 .8 4 1 2  280 .7

0 .8 6 6 4  352.1

0 .8 7 4 7  425 .8

0 .8756  466 .4

0 .8 7 4 5  506.0
U = 0 .3 6 7 3 g .

D e s o r p t io n .

p /p .

0.8546

0 .7707

0 .7650

0 .7545

0 .7423

0.7217

0.6916

0.6408

0 .5792

0.5765

0 .5485

0 .5233

0 .4692

0.4121

0 .3287

0.2681

V (a) /U .

3 -1cm g

42 9 .2

305 .9

300 .8  

286 .6

27 3 .8  

242 .6

2 1 4 .4

1 6 7 .5  

130U2

12 5 .5  

11 6 .0

107 .9

9 0 .8  

7 8 .5  

6 4 . 3

54 .9
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T a b le  V I -13 . N i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n

on (3 - g o e t h i t e .

A dsorpt ion . D asorpt ion .

P /P o V(a)/U. P / P . V(a) /U .

3 -1 3 -1cm g . cm g •

0 .0 922 2 5 .0 0 .9 400 2 43 .0

0 .1207 2 6 .3 0 .9254 199 .8

0 .1 700 2 8 .5 0 .9053 15 7 .7

0 .2195 3 0 .5 0 .8423 92.1

0 .3 047 34.1 0 .7070 59 .4

0 .3605 36.6 0 .6622 54 .8

0 .4463 40 .5 0.5629 47.1

0 .5 084 43 .7 0 .4846 42 .7

0 .6567 53 .4 0.3531 36 .4

0 .8343 81.6 0.2741 33.1

0 .8970 114.6 0 .1940 2 9 .7

0 .9232 155.4 0 .1 4 7 7 2 7 .7

0.9339 191 .7

0 .9338 196.6

0 .9458 240 .4

0 .9490 258 .4

0.9441 260.9

U = 0.3467g«



252,

Table VI-14 .

Adsorpt ion .

N i t r o g e n  a d s o r p t i o n  and d e s o r p t i o n  on

Q J-ha em a t i te .

D e s o r p t i o n .

P/Po V(a)/U

3 -1 
cm g

P/Po

0 .0 3 0 3 0 .527 0.9211

0.0401 0 .5 42 0 .6625

0 .0578 0 .568 0 .4 995

0 .0760 0 .5 90 0 .4458

0 .1095 0 .6 33 0.2816

0 .1735 0 .709 0 .1960

0 .1948 0 .738

0 .2558 0.821

0 .3689 0 .9 6 0

0 .4478 1 .070

0 .5782 1.264

0.6621 1 .409

0 .9190 2 .6 1 5

0 .9 6 6 0 7.624

V(a)/U
3 -1

cm g

2 .6 4 8

1 .3 99

1 .1 3 8

1 .0 5 7

0 .8 5 7

0 .739

U -  2 .6 5 0 6 g .
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Table V I-15 . S p e c i f i c  Sur face  Areas ( ) o f  f e r r i c  o x id e  A,

Untreated  sample. O r g a n ic a l ly  t r e a t e d  sample.

O utgass ing  c o n d i t i o n s  

( ”C, h r . )

O utgass ing  c o n d i t i o n s  

(*C, h r . )  S ^ / m V ^

1 3 0 , 1 4 . 5 240 .6

1 3 0 , 1 4 . 5 244 .0

126 ,12 2 49 .2

122 ,20 245 .9

27 ,6 222.1

27 ,1 2 22 4 .7

50 ,20 23 0 .3

50 ,20

130 ,1 8

178.1

202 .9



254.

T a b le  U I I - 1 .

En erg ie s  o f  adsorpt ion  and d e s o r p t io n  o f  0 . 2 ^  1—butano l  in  

n-heptane  on Of-Fe^ Oj  a t  d i f f e r e n t  f low  r a t e s .

Flou Rate Energy o f  Adsorpt ion Energy o f  Desorpt ion

cm^min  ̂ 3g 3g

0 .2 3 8  0 .1 1 2  0.128

0 .2 3 3  0 .1 0 8  ———

0.238  0 .1 1 4  0 .148

0 .238  0 .1 1 0  -----

0 .238  0 .096  0 .173

mean (± ) = 0 .1 0 8  ± 0 .0 0 7  0.150

0 .2 1 0  0 .1 2 0  0 .154

0 .2 1 0  0 .1 0 8  , ■ 0 .174

0 .2 1 0  0 .1 1 8  0 .149

0 .2 1 0  0 .1 3 4

mean(i(Jj^_l ) = 0 . 1 2 0 + 0 , 0 1 1  0 .159

0 .1 0 8  0 .0 8 6  0 .113

0 .1 0 8  0 .1 1 5  0.149

mean= 0.101 0.131

0 . 1 5  0.101 0 .188

0 .0 4 7  0 .1 1 7

0 .0 4 7  0 .0 9 7

mean = 0 .1 0 7  —

0 .0 2 4  0 .0 9 5
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Table U I I - 2 .  Energ ies  o f  ad sor p t ion  and d e s o r p t i o n  o f  

1 ,2 -epoxybutane  in  n-heptane  on CK-Fe2 Oy

C o n c e n t r a t i o n  o f  Energy o f  Adsorp -  Energy o f  Desor-
e poxybu ta na  i n  t i o n .  p t i o n .
n - h e p t a n e .

—1 —1 
Ut.% Jg  Jg

2 . 0 0

2 .9 2

2 .9 2

0 .0 5 5  0 .078
0 .0 3 3

0 .0 4  

0 .0 4
0 .1 6  0 .0 6 5  0 .047

0 .3 2  0 .042

0 .3 2  0 .057  0 .054

0 .059  0 .025

0 .0 9 3  0 .0 9 7

0 .0 9 3  0 .085

0 .4 0  

0 .8 0  

0 .8 0  

1 .0 0  

1 .0 0

1 .4 6

1 .4 6

2 . 0 0  0 .1 4 9

0 .104

0 .0 9 7  0.151

0.151 0 .1 9 7

0 .161  0 .176

0 .1 4 7  0 .218

0 .118  0.28T
0 .118  0.290



256

T a b la  V I I - 3 . E n e r g i e s  o f  " D i l u t i o n * .

C o n c e n t r a t i o n  o f  

1- b u t a n o l  i n  

n - h e p t a n e .

y t . ^ .

0 .0 7

0 .0 7

0 .4 3

0 .4 3

1 .18

1 .1 8

1 .1 8

1 .1 8

1 .9 9

1 .99

1 .9 9

1 .9 9

A d s o r p t i o n  

Energy  E f f e c t ,

10 3̂ .

1 . 0 5

1.05^
*

0

1 .3 5

1 . 4 4

1 . 4 5  

1 .6 2  

3 .9 0  

4 . 1 2

D e s o r p t i o n  

Energy E f f e c t .

2
10 3 .

1.20

3.10

2.59

18 .3

17 .8

37 .3

36 .0

36.1

36.1

Note :  «Adsorp t ion*  and «Desorp t ion*  i n  t h i s  c o n t e x t

imply  a cha nge  i n  t h e  f l u i d  f lo w in g  o v e r  t h e  

sample  from h e p t a n e  t o  s o l u t i o n  and s o l u t i o n  

to  h e p t a n e  r e s p e c t i v e l y .

+ These  f i g u r e s  r e l a t e  to  an e x o th e r m ic  p r o c e s s ,

a l l  o t h e r s  an e n d o th e r m i e .

* The a d s o r p t i o n  was so s m a l l  i t  c o u ld  n o t  be

d i s t i n g u i s h e d  from t h e  background  n o i s e .
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Tabla Vll-4. Energ ies  o f  a d sor p t ion  and d e s o r p t io n  o f

1 -butano l  on f e r r i c  o x i d e  A.

Concentration  o f  

1- b u t a n o l  in  

n-h e p ta n e .

Ut.%

0 .2 0 5

0 .2 0 5

0 .2 0 5

1 .9 9

1 .9 9  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01  

2.01

Energy o f  

A d s o r p t i o n .

20.1

2 1 .2

1 0 . 0

1 7 .5

19.1

15 .3  

16 .0

16 .4  

13 .9

17 .6

1 6 .3  

9 .6

16 .7

1 7 .4

20.2  

1 4 .6

Volume o f  n-heptane  

passed over  sample  

p r i o r  to a d s o r p t io n .

cm

50 .0

80 .0

49 .0

6 0 .0

59 .5

2 6 .5  

102 .0

58 .0

7 .5

67 .0

84 .0

185 .0

4 7 .0

Note : These r e s u l t s  were o b t a in e d  in  c h r o n o l o g ic a l

order  s t a r t i n g  from the  top o f  the  Table.
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Tab la  V I I - 5 . Energies  o f  adsorpt ion  and d e s o r p t io n  o f  1 ,9 9 ^  

1-butano l  in  n-heptane on f e r r i c  o x i d e  A as  a 

f u n c t i o n  o f  the  number o f  a d s o r p t i o n / d e s o r p t i o n  

c y c l e s .

Volume o f  n- heptane Cycle , Energy o f Energy

passed over sample p r i o r Adsorpt ion . DesorptJ

to ad sor p t ion  o f  1 .9 9 ^  

1 - b u t a n o l .

3  ̂ -1 -1cm Jg Jg

—— 1 2 0 .7 •  “  «

8 1 .0 2 18.1 1 5 .4

8 2 .5 3 1 5 .0 ———

8 1 .5 4 1 5 .3 16 .6

8 1 .5 5 1 5 .3 15 .6

8 1 .5 6 15 .0 14.1

8 1 .5 7 15 .4 — —

mean o f  c y c l e s  
f o r  which n > 3 ; 1 5 .2  ± 0 .2 15 .4
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T a b le  VII -6,

Con centrat ion  o f  
1-butano l  in  
n-heptane .

y t . ^ .

1 .99

1 .5 6

1 .56

1.56  

0 .9 5  

0 .9 5  

0.71  

0.71  

0.51  

0.51  

0.51  

0 .4 6  

0 .46  

0 .46  

0 .46  

0.29  

0 .29  

0 .29  

0 .19  

0 .1 9  

0 .1 9  

0 .1 3  

0 .1 3  

0 .1 3  

0 .0 7 *

En erg ie s  o f  adsorpt ion  and de sor p t ion  o f  

1 - b u t a n o l  in  n-heptane  on f e r r i c  ox id e  A 

as a f u n c t i o n  o f  c o n c e n t r a t io n .

Volume o f  n-heptane  
passed  o v e r  sample  
p r i o r  to a d s o r p t io n .  

3cm

59 .5  

■ 59 .5

5 9 .5

60 .0

59 .5

59 .5

6 0 .0

5 9 .5

6 0 . 5

5 9 .5

5 9 .5

5 9 .5

6 0 .0

5 9 .5

59 .5

59*5

6 0 . 0

6 0 . 0
5 9 .5

5 9 .5

5 9 .5

6 0 . 0

5 9 .5

5 9 .5

5 9 .5

Energy o f  
Adsoprt ion .

, 0 9 - '  ■

1 4 .0

1 5 .3

15 .9

1 5 .3

16 .9

17 .2

17 .4

1 7 .4

18 .9

19 .4

1 9 .3

1 9 .2

1 9 .5

1 9 .3

19 .2

1 9 .4

19 .6

19 .4

17 .6

1 7 .8

18 .6  

15-5
1 4 .7

1 4 .5

Energy o f  
Desorpt ion,

15 .2

15 .0

1 5 .3

1 4 .2

14 .0

1 2 .7

13 .2

12 .6  

12.0

1 2 .3

9 . 3

1 0 .5

The adsorpt ion  f i g u r e s  f o r  2 runs with 0 .07^  butanol  

were too broad and sha l lo w  to measure.
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Table V I I - 7 . E st im at io n  o f  the s u r f a c e  area o f  f e r r i c  

o x id e  A*

Heat o f  adsorpt ion Surface  area
o f  1 .9 9 ^  1 -butano l  u s ing  E = 0.1383m,  
in  n -he ptane .

-2

Jg -1 2 —1m g

(n = 1 Table VII -5)

2 0 .7  150

(mean h e a t  with n = 3 Table VII-5)  

1 5 .2  110

S u r fac e  area Surface  area  
us in g  E 2 u s ing  a mean
0.1163m,

2 —1
m g

178

131

 ̂ c o n s t a n t  
= 0.1273m7^

2 -1m g

164

121

Notes ; 1)  No account  has been taken o f  d i l u t i o n  a f f e c t s ,

2) The BET s p e c i f i c  s u r f a c e  area i s  245m g" .

3) E' = i  ( 0 .1 3 8  + 0 .1 1 6 )  3m~Z,
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Table V I I I - 1 • Energy changes r e s u l t i n g  from changing

the  f low  o f  the dry n i t r o g e n  through the  

f low  r e a c t i o n  c e l l  in  th e  m ic r o c a lo r im e te r  

to  m o is t  n i t r o g e n  ( " a d s o r p t i o n ” ) and back 

aga in  ( " d e s o r p t i o n " ) .

Temperature. Energy o f  Adsorpt ion .  Energy o f  Desorpt ion,

° C .  3 . 3 ,

2 5 .0 0  0 .5 9 2  0 .5 6 9

37 .2 0  0 .6 1 3  0 .6 2 8

Mean change:  0 .6 0  3.

Table U I I I - 2 .  Energ ies  o f  ad sor p t ion  and d e s o r p t io n  o f

water vapour i n  a n i t r o g e n  gas s tream, us ing  

an Œ-F e  2 Dg s u b s t r a t e ,  c o r r e c t e d  f o r  the  

blank h e a t  e f f e c t .

Temperature.  Energy o f  Adsorpt ion .  Energy o f  D e s o r p t io n .

°c. ]g"1.

1 9 .5 5  1 8 .9  • 2 7 . 3

24.1  32 .8

37 .2 0  3 4 .5  3 1 .5

31.1 30 .2
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Tab la  V I I I - 3 .  E n e r g i e s  o f  a d s o r p t i o n  and d e s o r p t i o n  o f

water vapour in  a n i t r o g e n  gas stream 

us ing  a f e r r i c  o x i d e  A s u b s t r a t e ,  c or re c te d  

f o r  the "blank" h e a t  e f f e c t .

Temperature Energy o f  Adsorpt ion Energy o f  Desorpt ion

19 .3 5 491 (16) 664 ( 1 1 . 8 )

476 (15) 600 ( 8 . 1 )

mean; 484 630

25 .50 505, 538 (14) 818 ( 1 0 . 8 )

497, 527 ( 1 1 . 7 ) 814 ( 1 0 .8 )

mean; 11 6 816

31 .90 628 , 666 (14) — —

mean; 647

37 .15 635, 650 ( 1 4 . 5 ) 631 (10)

662, 678 ( 1 5 . 7 ) 689 , 7A4 (9 )

646, 665 (17) — —

634, 646 (24) 780 (24)

mean: 652 711

10 t e s ; 1)  Where 2 f i g u r e s  are g iv e n . se par a te d  by i» comma.

ar e  th e  minimum and maximum e s t i m a t e s  o f  the  energy o f  the  

major h e a t  s i g n a l ,  n e g l e c t i n g  the  c o n t r i b u t i o n  a r i s i n g  

from the  s low decay o f  the  h e a t  s i g n a l s ;

2)  The f i g u r e  in  brackets  i s  the  number o f  hours f o r  

which the  sample was t r e a t e d  with dry and wet n i trogen  

b e f o r e  the  a d s o r p t io n s  and d e s o r p t i o n s  r e s p e c t i v e l y ;

3) The mean v a lu e s  are  the means o f  a l l  the r e s u l t s  

quoted f o r  a g iven  temperature i r r e s p e c t i v e  o f  the sample  

pre trea tm ent )
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Tab la  V I I I - 4 . E n e r g i e s  o f  a d s o r p t i o n  and d e s o r p t i o n  o f  

w a t e r  v a pou r  i n  a n i t r o g e n  gas  s t r e a m  u s i n g  

a f e r r i c  o x i d e  B s u b s t r a t a ,  c o r r e c t e d  f o r  t h e  

" b l a n k "  h e a t  e f f e c t .

Tem pera tu re Energy  o f  A d s o r p t i o n Energy o f  Desorp
t i o n .

°c Jg"
-1

J g “ ^

2 5 . 5 0 1 6 6 , 217 ( 1 2 ) 1 5 0  ( 1 6 )

2 1 2 , 308 ( 2 2 ) 6 3 2 ,  6 4 7  ( 1 6 )

3 7 . 1 5 3 0 1 , 411 ( 1 0 . 5 ) 51 7  ( 1 3 . 5 )

3 2 3 , 4 4 5 ( 1 4 ) * 5 3 7  ( 3 4 )

3 0 1 , 40 3 ( 1 7 ) 54 0  ( 1 8 )

mean 364 531

Notes:  1)  Where 2 f i g u r e s  are  g iv e n ,  s e p a r a te d ,b y  a comma,

they  ar e  the  minimum and maximum e s t i m a t e s  o f  the  

energy o f  the  major h e a t  s i g n a l ,  n e g l e c t i n g  t h e  

c o n t r i b u t i o n  a r i s i n g  from the  s low  decay o f  

t h e  s i g n a l s .  The decay was so s low  a t  c a .  2 5 °C 

t h a t  th e  e r r o r s  ar e  very  la r g e ;

2) The f i g u r e  i n  b r a c k e t s  i s  the  number o f  hours f o r  

which the  sample was t r e a t e d  with dry and wet  

n i t r o g e n  b e f o r e  the  ad sor p t ion  and d e s o r p t io n  

r e s p e c t i v e l y )

3} The mean v a l u e s  are  th e  mean o f  a l l  the  r e s u l t s  

quoted f o r  a g iven  temperature  i r r e s p e c t i v e  o f  

the  sample pre trea tm ent ;
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Table  V I I I - 5 . Energies  o f  a d s o r p t io n  and d e s o r p t io n  o f  

water vapour in  a n i t r o g e n  gas stream us ing  

a) O J -g e o t h i t e ,  and b) | 3 - g e o t h i t e  as  sub

s t r a t e s  and c o r r e c te d  f o r  the  "blank" h e a t  

e f f e c t .

a) (%-geothite;

Temperature. Energy o f  Adsorpt ion. Energy o f  Desorpt ion .

°c Jg’ ^ Jg"^

25 .10 124,  163 (17) 269 (19)

126,  174 (19) 285 ( 2 3 . 5 )

126, 169 ( 9 . 5 ) 250 ( 1 5 . 5 )

mean: 147 268

37 .10 155,  178 (11) 213 (19)

163,  — (6) 221 (19)

154,  183 (B) 205 ( 1 4 . 5 )

mean: 167 213

b) j g - g e o t h i t e ;

Temperature.

. *C

Energy o f  Ad sorpt ion ,

Jg"^

Energy o f

Jg

Desorpt io n .
-1

25 .10 128,  175 (5) 301 (23)
142, 196 ( 8 . 5 ) 305 (19)
141,  188 (17) 320 (22)

mean: 152 309

37 .1 0 178,  207 (4) 206 (9)
164,  191 (22) 201 (13)

160.  182 (22) 194 (16)

mean: 160 200

Notes: 1)  Where 2 f i g u r e s  are  g iv e n ,  se par a te d  by a comma, they  are  

the  minimum and maximum e s t i m a t e s  o f  the  energy o f  the  major  

h e a t  s i g n a l ,  n e g l e c t i n g  the  c o n t r i b u t i o n  a r i s i n g  from the  

s low decay o f  the  s i g n a l s .

2)  The f i g u r e  in  brackets  i s  th e  number o f  hours f o r  which 

the  sample was t r e a t e d  with dry and wet n i t r o g e n  b e fore  the  

a d s o r p t io n  and de s o r p t io n  r e s p e c t i v e l y .

3) The mean v a l u e s  are  th e  means o f  a l l  t h e  r e s u l t s  quoted 

f o r  a g iven  temperature ,  i r r e s p e c t i v e  o f  t h e  sample p r e t r e a t e d .
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Tabla V I I I - 6 . The maximum e n e r g i e s  o f  adsorpt io n  o f

water vapour a t  c a ,  3 7 °C on the iron
-1  -2

o x i d e  samples  in  Jg  and Jm ,

Sample. Energy  o f  A d s o r p t i o n ,  Energy o f  Adsorp t ion ,

Jg
-1

Jra-2

C%-haematite ( 2 , 7 4 )  

f e r r i c  o x id e  A (245)  

f e r r i c  o x id e  B (158)  

(% -goeth it e  (112)  

- g o e t h i t e  (105)

33

650

360

170

180

12

2 .7  

2 , 3  

1 .5

1 .7

Note;  The f i g u r e s  i n  b r a c k e t s  a r e  t h e  s p e c i f i c
2 —1s u r f a c e  a r e a s  o f  t h e  a d s o r b e n t s  i n  m g 

and t h e  e n e r g i e s  a r e  t h e  mean f i g u r e s  t a k e n  

from t h e  p r e c e d i n g  t a b l e s .
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T a b le  V II I -7 *

Sample

o; -h a e m a t i t e  

f e r r i c  o x i d e  A 

f e r r i c  o x i d e  8 

(% -goe th it e  

| 3 - g a e t h i t e  

z in c  o x i d e  

aluminoxid

Estimated e n e r g ie s  o f  vapour phase  adsorpt ion  on 

o x id e  s u r f a c e s  compared with observed  e n e r g i e s ,  

a t  c a .  30-40  °C.

C a lc u la te d  Energy o f  A d sorpt ion .

Jg
-1

10

920
580

420

400

10

300

Jm 

3.65  

3 .7 6  

3.  66 

3 .7 5  

3 .8 0  

3 .4 4  

3 .7 0

-2

Observed Energy 
o f  Adsorpt ion.

Jg

33

650

360

170

180

-1

Note:  1) The c a l c u l a t e d  e n e r g i e s  ar e  der ived  from

the  thermo chemical  c y c l e  shown in  Figure VIH-8.

The v a l u e s  c a l c u l a t e d  f o r  z in c  o x id e  

-  2.9m g and aluminoxid  

= 81ra^g“ ^} were o b t a in e d  

u s in g  the  thermodynamic da ta  found 

by Partyka e t  a l  f o r  t h e s e  two 

m a t e r i a l s .
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P a g e  18 l i n e s  2 4 -2 6  t o  r e a d  " e x o t h e r m i c  h e a t s  o f  a d s o r p t i o n
(<20 k J  m o l”  ̂ o f  a d s o r b a t e )  u s u a l l y  o f  
t h e  same o r d e r  o f  m a g n i tu d e  a s  t h e  h e a t  
o f  l i q u e f a c t i o n ;  i s  s u b s t a n t i a l l y  n o n 
s p e c i f i c ,  r e v e r s i b l e  and  h a s  a  s m a l l  o r  
z e r o  a c t i v a t i o n  e n e r g y . "  n o t  " e x o t h e r m i c  
h e a t s  o f  a d s o r p t i o n  (<20 k J  mol~^ o f  
a d s o r b a t e )  o f  t h e  same o r d e r  o f  m a g n i tu d e  
a s  t h e  h e a t  o f  l i q u e f a c t i o n ,  i s  n o n 
s p e c i f i c ,  r e v e r s i b l e  and  h a s  no  a c t i v a t i o n  
e n e r g y . "

P a g e  44 l i n e  10  t o  r e a d  " a b o u t  t e n  m i n u t e s .  I f  n a r r o w  p o r e s  o r
p o r e s  w i t h  n a r r o w  c o n s t r i c t i o n s  a r e "  n o t  
" a b o u t  t e n  m i n u t e s .  I f  n a r r o w  p o r e s  a r e "

P a g e  47 l i n e  19 t o  r e a d  " i s  c o m p le t e d .  Up t o  p o i n t  C t h e
a d s o r p t i o n  i s "  n o t  " i s  c o m p l e t e d .  I n  t h e  
a b s e n c e  o f  m i c r o p o r o s i t y  t h e  a d s o r p t i o n  i s "

P a g e  54 l i n e s  2 3 -2 4  t o  r e a d  " I I  i s o t h e r m ,  w h ic h  a t  h i g h  r e l a t i v e
p r e s s u r e s  i s  d e s c r i b e d  b y "  n o t  " i s o t h e r m .  
T h i s  c u r v e  i s  c l o s e l y  d e s c r i b e d  b y "

P ag e  92 l i n e  6 t o  r e a d  " v o l u m e t r i c  a p p a r a t u s ,  s i m i l a r  t o  t h a t
o f  E m m ett l7 7 "  n o t  " v o l u m e t r i c  a p p a r a t u s ,  
o r i g i n a l l y  d e s c r i b e d  by  E m m e t t ^ ? ? "

P a g e  108 l i n e  17 t o  r e a d  " t h e  t o t a l  d e a d  s p a c e  v o lu m e  t h a t
v o lu m e"  n o t  " t h e  t o t a l  s p a c e  vo lum e t h a t  
v o lu m e"

P a g e  109 l i n e  25 t o  r e a d  "T he  d e t a i l e d  p r o c e d u r e  f o r  m e a s u r in g
t h e  p r e s s u r e  d e s c r i b e d  a b o v e " ,  n o t  "T he 
d e t a i l e d  p r o c e d u r e  d e s c r i b e d  a b o v e , "

P a g e  185 l i n e  23 t o  r e a d  " f l o w  mode h a d  r e v e a l e d  a "  n o t  " f l o w


