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t h e  S i r  D o r a b j i  T a t a  T r u s t  and t h e  R .D .S e t h n a  T r u s t  

f o r  l o a n s .



( i i )

P u b l i c a t i o n s

The work  d e s c r i b e d  i n  t h i s  t h e s i s  h a s  b e e n  

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

P a r t  I , S e c t i o n  I .

" S t u d i e s  i n  A d s o r p t i o n .  P a r t  XI. A Sys tem  o f  

C l a s s i f i c a t i o n  o f  S o l u t i o n  A d s o r p t i o n  I s o t h e r m s ,  and i t s  

Use i n  D i a g n o s i s  o f  A d s o r p t i o n  M echanism s and  i n  M easu re 

m e n ts  o f  S p e c i f i c  S u r f a c e  A re a s  o f  S o l i d s " ,  by  G .H .G i l e s ,  

T.H.MacEwan, S .E .E ak h w a ,  and D .S m i th ,  J ,C h e m .S o c . ,  1960,

3973-5993

S e c t i o n  I I I

" S t u d i e s  i n  A d s o r p t i o n .  P a r t  X I I I .  Anomalous 

(E n d o th e r m ie )  E f f e c t s  o f  A d s o r p t i o n  on I n o r g a n i c  S o l i d s "  

by O . H .G i l e s ,  J . J . G r e c z e k ,  and S .E .E ak hw a ,  J .O h e m .S o c . ,  

1961 , 9 3 - 9 5 .

S e c t i o n  I I

" S t u d i e s  i n  A d s o r p t i o n .  P a r t  XV. The M easurem ent  

o f  S p e c i f i c  S u r f a c e  A re a s  o f  S o l i d s  by S o l u t i o n  A d s o r p t i o n  

o f  £ - E i t r o p h e n o l "  by  0. H. G i l e s  and S.E.iMakhwa h a s  b e e n  

a c c e p t e d  f o r  p u b l i c a t i o n  by J .A p p l .G h e m . , some ch a n g es  a r e  

a t  p r e s e n t  b e i n g  made a c c o r d i n g  t o  a  r e f e r e e  * s s u g g e s t i o n s



( i i i  )

P a r t  I I 5 S e c t i o n  I

" S t u d i e s  i n  Hydrogen-Bond F o r m a t i o n .  P a r t  IX. 

B o n d ing  b e tw e e n  E s t e r s  and The O h lo ro -G ro u p "  by O .H .G i le s  

and  S .H.Hakhwa, J . A p p l . Ghem., 1961,  1 1 , 1 9 7 -2 0 1 .



T h i s  t h e s i s  d e s c r i b e s  a  s e r i e s  o f  i n v e s t i g a t i o n s  

i n  t h e  th e rm o d y n am ics  o f  s o l u t i o n  a d s o r p t i o n ,  d e s ig n e d  

t o  th ro w  l i g h t  on t h e  m echanism s o f  t h e  p r o c e s s  ; t h e s e  

i n v e s t i g a t i o n s  i n c l u d e  q u a l i t a t i v e  and q u a n t i t a t i v e  

s t u d i e s  o f  t h e  s p e c i f i c  hydro  g en -b o n d  f o r c e s  r e s p o n s i b l e  

f o r  some k i n d s  o f  a d s o r p t i o n .

S o l u t i o n  a d s o r p t i o n  i s o t h e r m s  a r e  d i v i d e d  i n t o  

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

p o r t i o n  o f  t h e  c u rv e  t o  t h e  c o n c e n t r a t i o n  a x i s ,  and 

t h e r e a f t e r  i n t o  s u b g r o u p s .

The f o u r  c l a s s e s  a r e  : S C u r v e s . The i n i t i a l  

p o r t i o n  i s  convex t o  t h e  c o n c e n t r a t i o n  a x i s .  They 

r e p r e s e n t  h i g h  a f f i n i t y  o f  t h e  s o l v e n t  f o r  t h e  s o l i d  su b 

s t r a t e  and  low a f f i n i t y  o f  t h e  s o l u t e |  t h e  s u r f a c e  becomes 

i n c r e a s i n g l y  a t t r a c t i v e  w i t h  c o v e ra g e  ; t h i s  i s  t h e  ca se  

when m o l e c u l e s  a t t r a c t  e a c h  o t h e r  s t r o n g l y  so t h a t  t h e y  

t e n d  t o  o r i e n t  v e r t i c a l l y  on t h e  s u r f a c e .  L C u r v e s . The 

n o rm a l  o r  "Langm uir"  i s o t h e r m s ,  t h e  i n i t i a l  p o r t i o n  i s  con

cave t o  t h e  c o n c e n t r a t i o n  a x i s .  .These c u r v e s  u s u a l l y  

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

f a c e ,  b u t  when c o m p e t i t i o n  from  t h e  s o l v e n t  i s  weak ( e . g .  

p o l a r  s o l u t e s  on p o l a r  s u b s t r a t e s  f ro m  n o n - p o l a r  s o l v e n t s )



V.

and t h e  i n t e r m o l e c u l a r  a t t r a c t i o n  i s  h i g h ,  even  v e r t i c a l  

o r i e n t a t i o n  can  p ro d u c e  t h e s e  c u r v e s .  H C u r v e s . ("H igh  

a f f i n i t y " ) .  ■ (These coiimienoe a t  a  p o s i t i v e  v a l u e  on t h e  

" c o n c e n t r a t i o n  i n  s o l i d "  a x i s . )  The s o l u t e  h a s  v e r y  

h i g h  and t h e  s o l v e n t  low ,  a f f i n i t y  f o r  t h e  s u b s t r a t e .

They a r e  o f t e n  g i v e n  by  s o l u t e s  a d s o r b e d  a s  i o n i c  m i c e l l e s  

and by  h i g h  a f f i n i t y  i o n s  e x c h a n g in g  w i t h  low  a f f i n i t y  

i o n s .  Q C urves  ( " c o n s t a n t  p a r t i t i o n " ) .  These a r e  l i n e a r  

c u r v e s ,  g i v e n  by s o l u t e s  w h ich  p e n e t r a t e  i n t o  t h e  s o l i d  

more r e a d i l y  t h a n  d oes  t h e  s o l v e n t .

The s u b - g r o u p s  o f  t h e s e  c l a s s e s  a r e  t h o s e  i n  w h ich  

t h e r e  i s  e v i d e n t :  (1) o n l y  an  i n i t i a l  p o r t i o n  o f  t h e

i s o t h e r m  i s  o b t a i n e d ;  (2) t h e  f i r s t  p l a t e a u  i n d i c a t i n g  

t h e  c o m p l e t i o n  o f  t h e  f i r s t  l a y e r ;  (3 ) a  p l a t e a u ,  f o l l o w e d  

by a  f u r t h e r  r i s i n g  p o r t i o n ,  caused  by e i t h e r  a d s o r p t i o n  on 

t h e  t o p  o f  t h e  f i r s t  l a y e r  o r  by f u r t h e r  p e n e t r a t i o n  o f  t h e  

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

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

(4 ) a  s e c o n d  p l a t e a u ,  c a u s e d  by c o m p l e t i o n  o f  t h e  p r o c e s s e s  

g i v e n  u n d e r  ( 3 ) ; (mx) a  maximum, f o l l o w e d  by  a  d e c r e a s e  

i n  a d s o r p t i o n ,  p e r h a p s  due to  p re d o m in a n c e  o f  s o l u t e - s o l u t e  

a t t r a c t i o n  o v e r  s o l u t e - s u b s t r a t e  a t t r a c t i o n .

The m easu rem en t  o f  s p e c i f i c  s u r f a c e  a r e a  o f  s o l i d s  

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



v r .

i s o t h e r m s .  i s  one o f  t h e  b e s t  s o l u t e s  f o r

t h i s  p u r p o s e  b e c a u s e ,  i t  ( i )  i s  h i g h l y  p o l a r  and t h e r e f o r e  

a t t a c h e s  t o  t h e  w ho le  s u r f a c e  o f  p o l a r  s o l i d s ;  ( i i )  h a s  a  

h y d r o p h o b i c  b e n z e n e  n u c l e u s  w h ich  e n a b l e s  i t  t o  be  a d s o r b e d  

by  n o n - p o l a r  s o l i d s ;  ( i i i )  has  a  s m a l l  p l a n a r  m o l e c u l e  and 

i s  o f t e n  a d s o r b e d  a s  a  v e r t i c a l l y  o r i e n t e d  c l o s e  p ac k ed  

m o n o la y e r ;  ( i v )  i s  n o t  h i g h l y  s u r f a c e  a c t i v e  and t h e r e f o r e  

d o e s  n o t  fo rm  t h r e e  d i m e n s i o n a l  m i c e l l e s  a t  t h e  s o l i d  s u r 

f a c e ;  (v) i s  c o l o u r e d  and can b e  e a s i l y  a n a l y s e d ;  ( v i )  i s  

s o l u b l e  i n  w a t e r ,  b u t  i s  a l s o  s o l u b l e  i n  n o n - p o l a r  s o l v e n t s  

so t h a t  i t  can  b e  u s e d  w i t h  w a t e r - s o l u b l e  s o l i d s .

p - E i t r o p h e n o l  when a d s o r b e d  f rom  w a t e r  on ( i )  p o l a r

s o l i d s  g i v e s  an  S i s o t h e r m  and t h e  c r o s s - s e c t i o n a l  a r e a

o c c u p ie d  by e a c h  £ _ - n i t r o p h e n o l  m o l e c u l e  i s  25 A ; on ( i i )

n o n - p o l a r  s o l i d s  g i v e s  a  1  c u rv e  and t h e  a r e a  o c c u p ie d  p e r
2m o l e c u l e  i s  5 2 .5  A . From n o n - p o l a r  s o l v e n t s  i t  g i v e s  a

L c u rv e  and  when v e r t i c a l l y  o r i e n t e d  i t s  c r o s s - s e c t i o n a l
2a r e a  i s  t h e n  15 A .

^ - M t r o p h e n o l  i s  a n i o n i c  and i s  n o t  r e a d i l y  a d s o r b e d  

by  a c i d i c  s o l i d s  s u c h  a s  s i l i c a  and t i t a n i a .  An a c i d  wool 

dye ( 0 . 1 . 6 2 , 0 5 5 ) i s  f o u n d  t o  be more s u i t a b l e  i n  s u c h  c a s e s  

I t  i s  a d s o r b e d  r e a d i l y  on a c i d i c  s u b s t r a t e s ,  and g i v e s  a  

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

e a c h  dye m o l e c u l e  f o r  e d g e -o n  o r i e n t a t i o n  (S c u r v e )  i s



v i l  .

87 .1  The s u r f a c e  a r e a  v a l u e s  o b t a i n e d  e i t h e r  by

p - n i t r o p h e n o l  o r  dye ( G . I . 6 2 ,0 5 5 )  a d s o r p t i o n  a g r e e  w e l l  

w i t h  t h o s e  o b t a i n e d  by  low  t e m p e r a t u r e  n i t r o g e n  a d s o r p t i o n .

A d s o r p t i o n  f ro m  s o l u t i o n ,  a s  i s  v a p o u r  p h a s e  a d s o r p 

t i o n ,  i s  e x o t h e r m i c .  I n  t h e  c a s e  o f  two d y e s  ( G . I . 2 6 , 1 1 5  

and 4 4 , 0 9 0 ) on a lu m in a  and s i l i c a  how ever  i t  i s  e n d o th e r m ie  

These d y e s  a r e  h i g h l y  a g g r e g a t e d  i n  a q u e o u s  s o l u t i o n .  From 

a d i s s o c i a t i n g  s o l v e n t  (m e th a n o l )  t h e  a d s o r p t i o n  i s  n o r m a l ,  

n o r m a l l y  when a  s o l u t e  i s  a d s o r b e d  f rom  s o l u t i o n ,  i t  a g g r e 

g a t e s  on t h e  s u b s t r a t e  b e c a u s e  t h e  s o l u t e  m o l e c u l e s  a r e  

b r o u g h t  c l o s e r  t o g e t h e r  on t h e  s u b s t r a t e .  I n  t h e  .anomal

ous  c a s e s  i t  a p p e a r s  t h a t  t h e  s o l u t e  i s  p a r t l y  d i s s o c i a t e d  

on a d s o r p t i o n  f rom  a q u e o u s  s o l u t i o n ,  h e n c e  t h e  anom alous  

a d s o r p t i o n .

Orange I  ( 0 . 1 . 1 4 , 6 0 0 )  a l s o  g i v e s  a p p a r e n t l y  anom al

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

o f  t h e  dye a t  h i g h  t e m p e r a t u r e s .

The r e f r a c t o m e t r i c  method i s  u s e d  t o  d e m o n s t r a t e  

h y d ro g e n -b o n d  complex f o r m a t i o n  b e tw e e n  a r o m a t i c  c h i o r o -  

g ro u p s  and  t h e  ot m e th y le n e  g ro u p s  o f  e s t e r  r e s i d u e s .  The 

bond b e tw e e n  c h l o r o b e n z e n e  and e t h y l  a c e t a t e  h a s  an  e n e rg y  

c a . -3  k c a l . / m o l e  i n  aq u e o u s  e t h a n o l .  C e l l u l o s e  a c e t a t e  

s t r o n g l y  a d s o r b s  o h l o r o b e n z e n e , b u t  i t  d o e s  n o t  a d s o r b  

b e n z e n e  a t  a l l ;  t h i s  s u g g e s t s  t h a t  t h e  b o n d in g  m u s t  be
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t a k i n g  p l a c e  a t  t h e  c h l o r o - g r o u p .  T h i s  t y p e  o f  bond

p r o b a b l y  a s s i s t s  t h e  a d s o r p t i o n  o f  n o n - i o n i c  dyes  c o n t a i n 

i n g  c h i o r o - g r o u p s  by  c e l l u l o s e  a c e t a t e s  and r e l a t e d  

p o ly m e r s  and t h e  p l a n t  g r o w th - p r o m o t in g  a c t i v i t y  o f  o h l o r o -  

p h e n o x y a c e t i c  a c i d  d e r i v a t i v e s .

A r e f r a c t o m e t r i c  m ethod  d e s i g n e d  t o  s t u d y  t h e  

h y d ro  g en -b o n d  e n e r g i e s  b e tw e e n  s o l u t e s  i n  aq u eo u s  s o l u t i o n s ,  

i s  d e s c r i b e d ,  and  some r e s u l t s  o f  i t s  u s e  a r e  g i v e n .
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A d so r p t io n .

The atom s o r  m o le c u le s  c o n s t i t u t in g  a s o l i d  are h e ld  

to g e th e r  by d i f f e r e n t  f o r c e s :  e l e c t r o s t a t i c  o r  Coulomb

f o r c e s ,  exchange or hom opolar v a le n c e  f o r c e s ,  van d er  W aals 

f o r c e s ,  e t c .  In  m ost s o l i d s  s e v e r a l  o f  th e s e  are o p e r a t iv e ,  

w ith  one or th e  o th e r  p red o m in a tin g . An atom lo c a t e d  in s id e  

th e  body o f  th e  s o l i d  i s  su b je c te d  to  eq u a l f o r c e s  in  a l l  

d i r e c t i o n s ,  w h ereas an atom i n  th e  p la n e  o f  th e  s u r fa c e  i s  

s u b je c te d  to  u n b a lan ced  f o r c e s :  i t  i s  a t t r a c t e d  in w ard s and 

to  ea ch  s id e  by i t s  n e ig h b o u r s , b u t th e r e  i s  no outward  

a t t r a c t i o n  to  b a la n c e  th e  inw ard p u l l .  T h erefo re  th e  su r fa ce  

o f  a s o l i d  i s  i n  a s t a t e  o f  s t r a in  or u n s a tu r a t io n .  When 

a s o l i d  i s  in  c o n ta c t  w ith  any gas or  s o lu t io n  a s i g n i f i c a n t  

amount o f  m a te r ia l  may be removed from  th e  m ain body o f  th e  

f l u i d  and c o n c e n tr a te d  on th e  s u r fa c e  o f  th e  s o l i d .  Atoms 

or m o le c u le s  o f  th e  c o n ce n tra ted  su b sta n c e  s a tu r a te  some o f  

th e  u n b a lan ced  f o r c e s  o f  th e  s u r fa c e ,  th e r e b y  d e c r e a s in g  

th e  f r e e  en ergy  or th e  su r fa c e  t e n s io n  o f  th e  s o l i d .  A 

su b sta n c e  i s  s a id  to  be "adsorbed" i f  th e  c o n c e n tr a t io n  o f  

th e  su b s ta n c e  i n  a boundary r e g io n  i s  h ig h e r  th an  i n  th e  

i n t e r i o r  o f  th e  a d jo in in g  p h a ses  (g a s  o r  s o lu t io n  and s o l i d ) .  

The s o l i d  th a t  ta k e s  up th e  su b sta n c e  i s  c a l l e d  th e  "adsorb

en t"  and th e  su b sta n c e  w h ich  i s  ta k en  up th e  " a d so rb a te" . A 

su b sta n c e  becom es ad sorb ed  by a p r o c e s s  o f  " a d so rp tio n " , or



accumulation in  the "boundary region

A sy stem  i s  an assem"bly o f p h a se s . The boundary  

b etw een  a d ja c e n t  p h a se s  com p rises an * i n t e r f a c e * .  The 

i n t e r f a c e s  form ed by two p h ases are o f  s e v e r a l  ty p e s :  th e

l iq u id - g a s ;  th e  l i q u i d - l iq u i d ;  th e  s o l i d - g a s ;  th e  s o l i d -  

l i q u i d ;  and th e  s o l i d - s o l i d  i n t e r f a c e s .  An im p o rta n t  

f e a tu r e  o f  th e  in t e r f a c e  betw een  two p h a ses  i s  th a t  i t s  

d ep th  or th ic k n e s s  i s  o r d in a r i ly  m o le c u la r  i n  d im en sion  

(sa y  100 A, or l e s s )  w h ile  i t s  e x t e n t  ( le n g th  and b rea d th )  

i s  m a cro sco p ic  in  d im en sio n . The a re a  and th e  t h ic k n e s s  

o f  th e  i n t e r f a c i a l  r e g io n  are o f  im p ortan ce i n  a d so r p tio n  

phenomena.

I n t e r f a c e s  may be c l a s s i f i e d  in  two w ays: a s  m o b ile

and a s  im m o b ile . M ob ile  i n t e r f a c e s  in c lu d e  l iq u id - g a s  and 

l i q u i d - l i q u i d  i n t e r f a c e s .  These are c h a r a c te r is e d  by an 

e f f e c t i v e  i n t e r f a c i a l  t e n s io n  under w h ich  th e  su r fa c e  

alw ays te n d s  to  c o n tr a c t  sp o n ta n e o u s ly . The m o le c u le s  i n  

m o b ile  i n t e r f a c e s  are c o n t in u a l ly  b e in g  s h u f f le d  by th e  

norm al m o le c u la r  m o tio n s o f  th e  f l u i d  p h a se s . The f i n a l  

s t a t e  o f  th e  in t e r f a c e  i s  th u s  a. com prom ise: an e q u ilib r iu m

s t a t e  i n  w h ich  th e  o r ie n t in g  f o r c e s  o f  th e  in t e r f a c e  are  

b a la n c ed  by th e  s h u f f l in g  e f f e c t  o f  th e  m o le c u la r  m o tio n s .
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T h is le a d s  to  th e  o b se r v a b le  f a c t  th a t  th e  m o b ile  i n t e r 

f a c e s  are u s u a l ly  hom ogeneous in  d i r e c t io n s  p a r a l l e l  to  

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

Im m obile i n t e r f a c e s ,  on th e  o th e r  hand, a re  con

s tr a in e d  by th e  r i g i d i t y  o f  th e  s o l i d  p h a se , w h ich  form s a t  

l e a s t  one o f  th e  in t e r f a c e  com ponents. They in c lu d e  s o l i d -  

g a s , s o l i d - l i q u i d ,  and s o l i d - s o l i d  i n t e r f a c e s .  There are  

i n t e r f a c i a l  t e n s io n s  h e r e , b u t th e  in t e r f a c e s  may n o t  con

t r a c t  b eca u se  o f  t h e i r  h ig h  v i s c o s i t y .  The o p p o r tu n it ie s  

f o r  o r i e n t a t io n  i n  th e s e  in t e r f a c e s  are  g r e a te r  th an  th o se  

i n  m o b ile  i n t e r f a c e s ,  f o r  th e  s o l i d  p hase c o n tr ib u te s  l e s s  

f l u i d i t y ,  though  even  i n  s o l i d s ,  th e r e  may be c o n s id e r a b le  

m o le c u la r  v ib r a t io n  and r o t a t io n .  The im m obile in t e r f a c e  

i s  f u r t h e r  d is t in g u is h e d  by th e  f a c t  th a t  i t  may be g r o s s ly  

inhomo gene o u s . I t  may d i f f e r  in  p r o p e r t ie s  i n  d i f f e r e n t  

d i r e c t io n s ,  a s  on th e  s u r fa c e  o f  a n is o t r o p ic  c r y s t a l s ;  and 

i t  may be inhom ogeneous i n  d ir e c t io n s  p a r a l l e l  to  th e  p hase  

s u r f a c e s .

A d so rp tio n  ta k e s  p la c e  i n  th e  i n t e r f a c e .  The sub

s ta n c e  adsorbed  may o r ig in a t e  i n  one or more c o n tig u o u s  

p h a se s . The m o le c u le s  o f  a d so rb a te  p a ss  from  one p h ase in t o  

th e  i n t e r f a c e ,  w here th e y  rem ain f o r  a p e r io d  o f  t im e . In  

a r e v e r s i b le  p r o c e s s ,  th e  m o le c u le s  can r e tu r n  to  th e  p hase  

from  w h ich  th e y  came or  can r e v e r s ib ly  p a ss  in t o  a n o th er
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p h a se , t h e i r  p la c e  in  th e  in t e r f a c e  b e in g  tak en  by o th e r  

m o le c u le s .  A t e q u ilib r iu m  th e  number o f  m o le c u le s  e n te r 

in g  th e  i n t e r f a c e  in  a g iv e n  p e r io d  o f  tim e i s  th e  same a s  

th e  number o f  m o le c u le s  le a v in g  th e  i n t e r f a c e .  The r e q u ir e 

ment f o r  a d so r p tio n  i s ,  a c c o r d in g  to  th e  d e f i n i t i o n ,  t h a t  

th e  c o n c e n tr a t io n  o f  th e  su b sta n ce  i n  th e  in t e r f a c e  be 

g r e a te r  th a n  th a t  o f  th e  su b sta n ce  i n  th e  c o n tig u o u s  p h a se s .

Only s o l i d - l i q u i d  in t e r f a c e  i s  im p o rta n t from  t h i s  

t h e s i s  p o in t  o f  v ie w .

S o l u t i o n - s o l i d  i n t e r f a c e ;
'. " '  '  ......

Whenever a s o l i d  a d sorb en t i s  in tr o d u c e d  in t o  a 

s o lu t io n  th e  com ponents o f  th e  s o lu t io n  w i l l  com pete f o r  

th e  i n t e r f a c e .  W illia m s was a p p a r e n tly  one o f  th e  f i r s t  

to  c a l l  a t t e n t io n  c l e a r ly  to  th e  r o le  p la y e d  by a d so r p tio n  

o f  s o lv e n t .  He s a id :  **The ten d en cy  h as b een  to  regard

th e  s o lv e n t  a s a * sp a ce ' i n  w hich  th e  s o lu t e  has p la y " , and 

he p o in te d  o u t th a t  t h i s  in tr o d u c e d  e r r o r s  in  a d so r p tio n  

c a lc u la t io n s  i n  w hich  th e  a d so r p tio n  o f  th e  s o lv e n t  was n o t  

e v a lu a te d . These e r r o r s  were sm a ll w ith  d i lu t e  s o lu t i o n s ,  

b u t became'^iâmportant w ith  in c r e a s e  i n  c o n c e n tr a t io n  o f  

s o l u t e .  S tu d ie s  w ith  a d so rb en ts  and m ix tu res^  showed th a t  

a t  th e  ends o f  th e  c o n c e n tr a t io n  ra n g es  th e  component p r e s e n t  

i n  s m a lle r  amount i s  u s u a l ly  p r e f e r e n t i a l l y  ad sorb ed .
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The f a c t o r s  th a t  may be in v o lv e d  i n  th e  s im p le  

a d s o r p t io n  o f  a su b sta n c e  A from a s o lu t io n  in  B o n -to  a 

s o l i d  s u r fa c e  a re  c o n s id e r e d  h e r e . The f a c t o r s  o p e r a t in g ;

(1 ) from  th e  s o lu t io n  s id e  o f  th e  i n t e r f a c e ,  (2 ) from  th e  

a d so rb en t s i d e ,  and (3 ) w ith in  th e  i n t e r f a c e ,  have to  be  

c o n s id e r e d . In  each  ca se  th e  d ir e c t io n  o f  in f lu e n c e  o f  

th e  f a c t o r  tow ard or a g a in s t  a d so r p tio n  i s  w e ig h ed .

1 . F a c to r s  from  th e  s o lu t io n  s id e  o f  th e  i n t e r f a c e .

( i )  Y/hen a m o le c u le  i s  adsorbed from  a s o lu t io n  i t  m oves 

o u t o f  a th r e e -d im e n s io n a l r e g io n  in t o  a tw o-dim en

s io n a l  o n e , w ith  a t te n d a n t  r e s t r i c t i o n s  on i t s  freed om . 

A cco rd in g  to  th e  c a lc u la t io n s  o f  Broda and Mark^ and f o l lo w -  

in g  th e  s ta te m e n t o f  Baum and Broda th e  d e g r e e s  o f  freedom  

c o r resp o n d in g  to  v ib r a t io n  o f  adsorbed  m o le c u le s  "are p a r t ly  

f r o z e n ,  and do n o t  c o n tr ib u te  f u l l y  to  th e  p hase volum e". 

O ther t h in g s  b e in g  e q u a l, th e  s t a t e  in  w h ich  a g r e a te r  number 

o f  d e g r e e s  o f  freed om  a re  a c t iv e  i s  th e  more p r o b a b le . 

A c c o r d in g ly , t h i s  f a c t o r ,  o p e r a t in g  from  th e  s id e  o f  th e  

s o l u t io n ,  so  to  sp ea k , works a g a in s t  a d s o r p t io n .

( i i )  I f  th e r e  are  any i n t e r a c t io n s  b etw een  th e  m o le c u le s  

o f  A and B th a t  te n d  to  cau se  them to  adhere ; i f

th e r e  are any h y d r a tio n  e f f e c t s ;  or  i n  g e n e r a l ,  s o lv a t io n  

e f f e c t s ,  w here th e  term  i s  u sed  l o o s e l y  and d oes n o t  im p ly
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any s p e c ia l  th e o r y ;  th en  su ch  e f f e c t s  w ould ten d  to  h o ld  

th e  m o le c u le s  o f  A i n  s o lu t io n  w ith  B. Such in t e r a c t io n s  

w ould o p e r a te  a g a in s t  th e  e sca p e  o f  th e  m o le c u le s  from  

s o lu t io n  w h eth er  in t o  th e  vapour p hase o r  in t o  th e  i n t e r -  

f a c e .  They w ould d e c r e a se  a d so r p tio n  .

C assidy* s tu d ie d  th e  a d so r p tio n  o f  f a t t y  a c id s  on 

ch a r c o a l from  l i g r o i n  and p etro leu m  e t h e r .  The a c id s  

showed lo w e r  a d so r p t io n  in  l i  g r o in , i n  w h ich  th e y  are  more 

s o l u b l e .
Û

B hatnagar e t  a l .  found  th e  ord er  o f  a d so r p t io n  o f  

b e n z o ic  a c id  on a d r ie d  p h e n o l-fo r m a ldehyde r e s in  from  

d i f f e r e n t  s o lv e n t s  to  b e , m ethanol b en zen e e th a n o l  

<( a c e to n e  < < carbon t e t r a c h lo r id e  carbon d is u lp h id e  

< < w a te r . The o rd er  o f  s o l u b i l i t y  i s  m ethan ol > e th a n o l  

> a c e to n e  >> b en zene > carbon d is u lp h id e  carbon

t e t r a c h lo r id e  > > w a te r .

B a r t e l l  and Fu^ d is c u s s e d  th e  r o le  o f  s o l u b i l i t y  i n  

a d s o r p t io n  and con clu d ed  th a t  th e  in f lu e n c e  o f  s o l u b i l i t y  

upon e x t e n t  o f  a d s o r p t io n  can be d eterm in ed  l e g i t i m a t e l y  

o n ly  i f  th e  s o lv e n t s  b e in g  u sed  have th e  same i n t e r f a c i a l  

t e n s io n  a g a in s t  th e  a d so rb en t in  q u e s t io n . Thus, b en zene  

and carbon t e t r a c h lo r id e  show a p p ro x im a te ly  th e  same a d h e s io n  

t e n s io n  a g a in s t  s i l i c a ,  in d ic a t in g  th a t  th e  i n t e r f a c i a l  

t e n s io n  m ust be o f  com parable m agn itu d e. One w ould th e n  be
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j u s t i f i e d  i n  com paring r e s u l t s  o b ta in e d  w ith  th e s e  two 

l i q u i d s .  They came to  th e  same c o n c lu s io n  as re g a r d s  

s o l u b i l i t y  and a d s o r b a b i l i t y .

I f  th e  a ccu m u la tio n  i n  an i n t e r f a c e  i s  c o n s id e r e d  

as a m a n if e s ta t io n  o f  th e  e sc a p in g  ten d en cy  o f  th e  a d so rb a te  

from  th e  s o lu t io n  p h a se , th en  l e s s  s o lu b le  su b s ta n c e s  sh o u ld  

te n d  to  be ad sorb ed  to  a g r e a te r  e x t e n t  th an  more s o lu b le  

o n e s .

( i i i )  I f  th e  m o le c u le s  o f  â  are n o t  v e r y  co m p a tib le  w ith

th o s e  o f  B; i f  f o r  exam ple, th e y  ten d  to  a s s o c ia t e ;

or i f  B i t s e l f  te n d s  to  a s s o c ia t e  and ex c lu d e  A, th en  su ch

b eh a v io u r  m ight make A l e s s  s o lu b le  in  B th an  e x p e c te d .

T h is  w ou ld , i n  e f f e c t ,  ten d  to  "squeeze" th e  m o le c u le s  ou t

o f  s o lu t io n  and in t o  th e  i n t e r f a c e .  Such e f f e c t s  would
6te n d  to  in c r e a s e  a d s o r p t io n  .

1 0Bakr and McBain , in  s tu d y in g  th e  a d so r p tio n  o f  

to lu e n e  and a c e t i c  a c id  on su gar and an im al c h a r c o a ls  found  

t h a t  a c e t i c  a c id  i s  l e s s  adsorbed  a t  h ig h  te m p e r a tu r e s . A t 

245^0 p r a c t i c a l l y  no a c e t i c  a c id , b u t c o n s id e r a b le  to lu e n e  

was ad so rb ed . T h is was r e la t e d  by th e s e  a u th o rs  to  th e  

known e f f e c t  o f  h ig h  tem p eratu re  in  d i s s o c i a t i n g  th e  a c e t i c  

a c id  d im ers.

11Heymann and Boye su g g e s te d  th a t  th e  a d so r p tio n  o f
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b e n z o ic  a c id  from n itr o -b e n z e n e  on to  c h a r c o a l i s  g r e a te r  

th an  th a t  from  a c e to n e  or n i trom ethane b eca u se  b e n z o ic  a c id  

i s  e x c e e d in g ly  s t r o n g ly  a s s o c ia t e d  i n  n i t r o b e n z e n e •

( iv )  I f  m o le c u le s  o f  A d i s s o c i a t e  i n  s o lu t io n  to  form io n s

(a s  a s a l t  may do) or f r e e  r a d ic a l s  (a s  many o r g a n ic  

compounds d o , su ch  a s  h ex a p h en y le th a n e) or two or  more m ole

c u le s  (a s  some o f  th e  hydrocarbon p ic r a t e s  may d o ) ,  t h i s  

b eh a v io u r  may le a d  e i t h e r  to  d ecrea sed  o r  in c r e a s e d  ad sorp 

t i o n .  There i s  e v id e n c e , f o r  exam ple, th a t  n o n - io n iz e d  

m o le c u le s  o f  f a t t y  a c id s  are much more e f f e c t i v e  in  lo w e r in g

th e  s u r fa c e  t e n s io n  a t  th e  a i r - s o l u t i o n  i n t e r f a c e  than  are
12io n iz e d  m o le c u le s  . The a c id s  w ere compared w ith  t h e i r  

s a l t s  a t  e q u iv a le n t  c o n c e n tr a t io n s .  Here th e  in c r e a s e d  

d i s s o c i a t i o n  b rou gh t about by some means w ould d e c r e a se  th e  

a d s o r p t io n , w h ereas d e c r e a se d  d i s s o c i a t i o n  w ould b r in g  about 

a c o n d it io n ;  fa v o u r a b le  to  a d s o r p t io n .

Landt and Ehop^  ̂ fou n d  th a t  th e  a d s o r p t io n  o f  f a t t y  

a c id s ,  a c e t i c  th rou gh  v a l e r i c  and s u c c in i c ,  g l u t a r i c  and 

a d ip ic ,  from  w ater  on to  a s h - fr e e  c h a r c o a l i s  d e c r e a se d  by 

th e  p r e se n c e  o f  0 .0 2  F  HOI. The a d s o r p t io n  curve f o r  o x a l i c  

a c id  from  HOI s o lu t io n  c r o sse d  th a t  from  w a te r , b e in g  b elow  

i t  a t  low  c o n c e n t r a t io n s ,  where th e  r e l a t i v e  amount o f  HOI 

was h ig h . Gyani and Ganguly  ̂ fou n d  th a t  a d s o r p t io n  on 

P a t r ic k ' s  s i l i c a  g e l  a t  2 5 °0  from  0 .01  M a lc o h o l  s o lu t io n s
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in c r e a s e d  i n  th e  o r d e r , a c e t i c ,  cM L broacetic, d i c h lo r o a c e t i c ,  

t r i c h l o r o a o e t i c  a c id ;  t h i s  i s  th e  same o r d e r , th ey  p o in t  

o u t , a s  th a t  o f  in c r e a s e  o f  th e  d i s s o c i a t i o n  c o n s ta n t .

I t  seem s g e n e r a l ly  to  be found  th a t  i o n iz a t io n  o f  an

a d so r b a te  d e c r e a s e s  i t s  su r fa c e  a c t i v i t y .  T h is  may be 

b eca u se  th e  (o r g a n ic )  i o n ,  w hich  u s u a l ly  d i f f e r s  i n  c o n s t i 

t u t io n  o n ly  s l i g h t l y  from  th e  u n d is s o c ia t e d  m o le c u le , w ith  

i t s  e n v e lo p e  o f  s o lv e n t  i s  much more s o lu b le  th an  th e  

u n io n is e d  m o le c u le , and so  shows l e s s  ten d en cy  to  e sca p e  

from  s o l u t i o n .  Phelps^   ̂ f in d s  e v id e n c e  th a t  on pure char

c o a l  th e  u n io n iz e d  form  o f  d ib a s ic  a c id s  i s  th e  m ost 

s t r o n g ly  a d so rb ed , th e  s in g ly  io n iz e d  l e s s  s o ,  and th e

d ou b ly  io n iz e d  a c id  i s  p rob ab ly  n o t  ad sorb ed  a t  a l l .  P h e lp s  
16and P e te r s  f in d  a c o r r e la t io n  b etw een  th e  amount o f

u n d is s o c ia t e d  a c id  p r e s e n t  and th e  am ounts a d so rb ed , w ith

s im p le  f a t t y  a c id s ,  w h ich  in d ic a t e s  t h a t  th e  u n d is s o c ia t e d

form  i s  g e n e r a l ly  a d so rb ed . They a l s o  fou n d  th a t  m ost

a m in o -a c id s  a re  n o t  ad sorb ed  on c h a r c o a l;  t h i s  may perhaps

b e due to  th e s e  a c id s  e x i s t i n g  in  th e  * z w it t e r io n ic *  form ,

w ith  b o th  amino and ca r b o x y l groups d i s s o c i a t e d .  Many

h ig h ly  io n iz e d  s u r f a c e - a c t iv e  su b s ta n c e s  a re  known, how ever,

so  th a t  th e  e x t e n t  o f  i o n iz a t io n  i t s e l f  can n ot be a s o le
17c o n t r o l l in g  f a c t o r

I f  a s in g l e  su b sta n c e  when d is s o lv e d  in  w ater
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d i s s o c i a t e s  or  h y d r o ly se s  and i f  e i t h e r  a n io n  or  c a t io n  i s  

p r e f e r e n t i a l l y  ad so rb ed , th en  su ch  a phenomenon i s  term ed  

* h y d r o ly t ic  a d so rp tio n *  by B a r t e l l  and M i l l e r .  That char

c o a l (and t e x t i l e  f i b r e s ,  when d y e s t u f f s  are ad sorb ed ) may 

change th e  pH o f  a s o lu t io n  o f  an e l e c t r o l y t e  from  w h ich  i t  

a d so rb s th e  s o lu t e  has^ b een  lo n g  known**^. B a r t e l l  e t  a l .  

M ille r ^ ^ , and K olth off^ ^  o b ta in ed  th e  r e s u l t s  show ing  

h y d r o ly t ic  a d s o r p t io n . E .g .  th e r e  was some e f f e c t  on s o lu 

t i o n s  o f  in o r g a n ic  s a l t s ,  b u t th e  m ost s t r i k i n g  e f f e c t s  o f  

h y d r o ly t ic  a d s o r p t io n  were found w ith  s a l t s  o f  o r g a n ic  a c id s ,  

i n  a few  c a s e s  o f  o r g a n ic  b a se s  a l s o .  The s a l t s  o f  b a s ic  

d yes became a c id  i n  s o lu t io n  ow ing to  th e  a d so r p tio n  o f  la r g e
o p

o r g a n ic  b a se ;  th o s e  o f  a c id  d yes became a lk a l in e .  M i l l e r  

showed th a t  th e  s o lu t io n s  o f  s a l t s  o f  s e v e r a l  s im p le  o r g a n ic  

a c id s  become a lk a l in e  i n  th e  p rese n c e  o f  c h a r c o a l,  and th a t  

i f  c h a r c o a l i s  th en  removed and e x tr a c te d  w ith  a n e u t r a l ,  

o r g a n ic  s o lv e n t  th e  adsorbed  a c id  i s  d i s s o lv e d  o f f  i n  amount 

q u a n t i t a t iv e ly  e q u iv a le n t  to  th e  a l k a l i  s e t  f r e e  d u r in g  

a d s o r p t io n  i n  th e  aqueous s o lu t io n .  The ch a r c o a l a d so rb s  

o r g a n ic  a c id ,  p ro b a b ly  in  th e  und is s o c ia t e d  form , th ou gh  i t  

i s  j u s t  p o s s ib le  th a t  some a d so r p tio n  o f  a n io n  a ls o  ta k e s  

p la c e ,  w ith  th e  hydrogen  io n  a t t r a c t e d  n e a r  th e  s u r fa c e  as  

th e  aqueous h a l f  o f  th e  d oub le l a y e r .
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2 . The f a c t o r s  from  th e  a d so rb en t s i d e .

From th e  a d so rb en t s id e  o f  th e  i n t e r f a c e  th e  f o r c e s  

w h ich  m igh t in f lu e n c e  th e  a d so r p tio n  p er  u n i t  a rea  o f  th e  

i n t e r f a c e  are p o s s ib ly  q u ite  num erous.

S o l id  a d so r b e n ts  are u s u a l ly  c l a s s i f i e d  c h e m ic a lly  

a s  p o la r  and n o n -p o la r . The p o la r  s o l i d s  are th o se  w hich  

i n t e r a c t  a t t r a c t i v e l y  w ith  m o le c u le s  m a in ly  th rou gh  f o r c e s  

due to  " seg reg a ted "  e l e c t r i c  ch arges and i n  w hich  th e  

r e l a t i v e  i n t e n s i t y  o f  th e  d is p e r s io n  i n t e r a c t io n  i s  n o t  

g r e a t  compared w ith  th e  o th e r  (d ip o la r ,  e t c . )  typ e^ ^ .

P o la r  s o l i d s  may be c r y s t a l l i n e  o r  am orphous. Some few  

exam p les are  q u a r tz , barium  s u lp h a te , t i ta n iu m  d io x id e ,  

a lu m in a , s i l i c a  g e l s ,  g l a s s ,  o r g a n ic  io n -e x c h a n g e  r e s i n s ,  

and z e o l i t e s .  In  n o n -p o la r  s o l i d s  th e  in t e r a c t i o n s  due to  

d is p e r s io n  f o r c e s  p rep o n d era te  over  th o s e  due to  d ip o le s .  

Exam ples o f  n o n -p o la r  s o l i d s  are c e r t a in  c h a r c o a ls ,  p a r a f f in ,  

g r a p h it e ,  and a number o f  o r g a n ic  r e s in s  and p l a s t i c s .  I t  

i s  im p o s s ib le  to  draw a sharp d i s t i n c t i o n  betw een  p o la r  and 

n o n -p o la r  a d so r b e n ts ;  one can c o r r e c t ly  sp eak  o n ly  o f  more 

or l e s s  p o la r  a d so r b e n ts . The ch em ica l n a tu r e  o f  th e  su r

f a c e  may be changed by a p p r o p r ia te  tr e a tm e n t , f o r  exam ple
24by c o a t in g  th e  a d so rb en t w ith  o r g a n ic  su b s ta n c e s  , or w ith

m e ta ls^ ^ . I t  may a l s o  be changed by o th e r  ch em ica l t r e a t -
26m ent8 . F or exam ple, B a r t e l l  and L loyd  showed th a t  by
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ch an g in g  th e  c o n d it io n s  o f  a c t iv a t io n  o f  p u r i f ie d  ch a rc o a l  

i t  was p o s s ib l e  to  a l t e r  th e  b eh a v io u r  o f  th e  c h a r c o a l.  

O r g a n o p h ilic  c h a r c o a ls  co u ld  be p rep a red , by h ig h  tem pera

tu r e  a c t iv a t io n ,  w hich  p r e f e r e n t i a l l y  adsorbed  benzene from  

b e n z e n e -e th a n o l s o lu t io n s .  The same c h a r c o a l a c t iv a t e d  a t  

a low  tem p era tu re  in  a h ig h ly  o x id i s in g  atm osphere became 

h y d r o p h i l ic ,  and ad sorb ed  a lc o h o l p r e f e r e n t i a l l y  from  b en zen e  

s o lu t io n .  In te r m e d ia te  d e g r e e s  o f  b eh a v io u r  co u ld  a ls o  be 

p rod u ced .

( i )  The ch em ica l n a tu r e  o f  th e  ad sorb en t'm ay  te n d  to  

in c r e a s e  a d s o r p t io n , or a c t i v e l y  to  oppose i t ,  

d ep en d in g  on th e  ch em ica l n a tu re  o f  th e  a d so r b a te  and th e  

tem p era tu re .

(a ) I f  th e  s u r fa c e  o f  th e  a d so rb en t c o n s i s t s  o f  d ip o la r

m o le c u le s  and th e  m o le c u le s  o f  A a l s o  c o n ta in  d ip o le s ,  

th en  th e  m o le c u le s  may be f r e e  to  e q u i l ib r a t e  th e m se lv e s  

ab out a p o s i t i o n  in  w h ich  t h e i r  d ip o le s  are  opposed  (a s  

re g a r d s  s ig n )  to  th o se  o f  th e  a d so r b e n t. There e x i s t s

b etw een  them an a t t r a c t i v e  fo r c e  (coulom b fo r m ). Such an
27 27bi n t e r a c t i o n  w ould fa v o u r  a d so r p tio n  . A rnold o b serv ed

th a t  i n  is o m e r ic  m o le c u le s  c o n ta in in g  d i f f e r e n t  numbers and

k in d s  o f  f u n c t io n a l  grou p s, th o se  w ith  l a r g e r  d ip o le s  are

more s t r o n g ly  ad sorb ed  on p o la r  m edia . P i c r i c  a c id  i s  more

s t r o n g ly  ad sorb ed  on alum ina from  p etro leu m  e th e r  th an
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o -n it r o p h e n o l î  th e  same i s  tr u e  f o r  2 ,n itr o -4 ? m e th y lp h e n o l .  

I t  w ould be opposed  by in c r e a s e  i n  tem p era tu re  f o r  t h i s  

w ould in c r e a s e  th e  m otion  o f  th e  m o le c u le s  and d e c r e a se  th e  

p e r io d  o f  fa v o u r a b le  o r ie n t a t io n .

(b) I f  th e  s u r fa c e  o f  th e  a d so rb en t c o n ta in s  perm anent

d ip o le s  and th e  m o le c u le s  o f  A are  p o la r ! s a b le ,  th en

an i n t e r a c t io n  may occu r  i n  w h ich , on th e  approach  o f  a

m o le c u le  t o  th e  s u r fa c e  in  th e  p rop er m anner, a d ip o le  i s

in d u ced  in  A by th e  d ip o le  p r e se n t  i n  th e  a d so r b e n t. T h is
27ty p e  o f  i n t e r a c t io n  fa v o u r s  a d so r p tio n  ' .  A c o r o l la r y  o f  

t h i s  w ould be th e  ca se  in  w hich  â  c o n ta in s  a perm anent 

d ip o le  and th e  a d so rb en t m o le c u le s  are p o l a r i s a b l e .  T h is  

i n t e r a c t i o n  d e c r e a s e s  w ith  in c r e a s e  i n  te m p e ra tu re .

271)A rnold  a ttem p ted  to  c o r r e la t e  r e l a t i v e  i n t e n s i t y  

o f  a d s o r p t io n  on alum ina ( in  a chrom atogram) w ith  d i e l e c t r i c  

p r o p e r t ie s  o f  m o le c u le s  and con clu d ed  t h a t  where no perman

en t d ip o le s  e x i s t  in  m o le c u le s  th o se  w ith  h ig h e r  p o la r ! s a -  

b i l i t i e s  w ould be more s t r o n g ly  a d so rb ed . The d ip h e n y l-  

p o ly e n e s  were c i t e d  as ex a m p les , i . e .  O^H^- (OH = OH)^ -  OgH  ̂

D’or n = 1 to  4 , a d so r p tio n  in c r e a s e s  w ith  th e  number o f  

d ou b le  b on d s. (The p o l a r ! s a b i l i t y  in c r e a s e s  w ith  th e  

number o f  co n ju g a ted  dottible b o n d s .)  C hrom atographic s t u d ie s  

o f  th e  s e p a r a t io n  o f  condensed  r in g  hydrocarbons^® ^ in d ic a t e  

th a t  th e  more p o la r i s a b le  th e  m o le c u le , th e  more a d so rb a b le
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i t  i s  on to  a lum ina from  n o n -p o la r  s o l v e n t s .  The f o l lo w in g  

ord er  o f  a d so r p tio n  was found; b en zen e < n a p h th a len e  < 

a n th ra cen e  < n a p h th a o en e . The o rd er  o f  p o l a r i s a b i l i t y  i s  

th e  sam e.

Many a tte m p ts  have b een  made to  c o r r e la t e  d ip o le

moment o f  th e  a d so r b a te  w ith  a d s o r b a b i l i t y . Heymann and 
1 iBoye lo o k ed  f o r  su ch  a c o r r e la t io n  on th e  h y p o th e s is  th a t  

i t  w ould be demanded by th e  e l e c t r o s t a t i c  th e o r y  o f  a d so rp -  

t i o n  , w h ich  p o s tu la te s -  th a t  a d ip o le  i n  th e  a d so rb a te  

p o la r i s e s  th e  l a t t i c e  o f  th e  a d so r b e n t, p ro d u c in g  a m irro r  

im age o f  i t s e l f  and th u s  an a t t r a c t iv e  i n t e r a c t i o n .  S a ta  

and Kurano^^ co n c lu d ed , w ith  o th er s^ ^ , t h a t  th e  d ip o le  

moment o f  th e  a d so rb a te  p la y s  no g r e a t  r o l e  i n  a d so r p tio n  

from  s o lu t i o n ,  b u t i s  ou tw eigh ed  by o th e r  in f lu e n c e s .

11Heymann and Boye p o in te d  ou t t h a t  th e  d a ta  found  

f o r  m o le c u le s  i n  th e  gas p hase are n o t  a p p l ic a b le  f o r  m ole

c u le s  i n  s o lu t io n  b eca u se  o f  th e  s tr o n g  in t e r a c t io n s  produced  

i n  th e  condensed  s t a t e  betw een  s o lv e n t ,  s o l u t e ,  and a d so r b e n t. 

They argue th a t  even  in  fa v o u r a b le  o a se s  su ch  c o m p lica te d  

b eh a v io u r  i s  b e in g  d e a l t  w ith  th a t  o n ly  q u a l i t a t iv e  r e l a t i o n s  

can be e x p e c te d . A d so rp tio n  o f  b e n z o ic ,  p i c r i c ,  and a c e t i c  

a c id s ,  and io d in e ,  from  a w ide v a r i e t y  o f  s o lv e n t s  on to  de

ashed beechw ood ch a r c o a l y ie ld e d  r e s u l t s  d i f f i c u l t  to  i n t e r 

p r e t  in  term s o f  d ip o le  and p o l a r i s a b i l i t y  e f f e c t s .  Bor
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exam ple, th e  a d s o r p t io n  iso th e r m s  c r o s s e d .

(c )  I f  any two m o le c u le s  approach ea ch  o th e r , th e r e

comes in t o  im p ortan ce w ith in  c e r t a in  d is t a n c e s  th e  

a t t r a c t i v e  i n t e r a c t i o n ,  w h ich  i s  d e s ig n a te d  by London as  

th e  d is p e r s io n  f o r c e .  The m otion  o f  th e  e le c t r o n s  i n  one 

o f  th e s e  m o le c u le s  m o d if ie s  th a t  o f  th e  e le c t r o n s  in  th e  

o th e r , so  t h a t  th e y  ten d  on th e  a v era g e  t o  move i n  p h a s e 5 1 , 

T h is p rod u ces an a t t r a c t i v e  fo r c e  p r o p o r t io n a l to  th e  

in v e r s e  se v e n th  power o f  th e  d is ta n c e  b etw een  th e  m o le c u le s .

I t  has b een  s u g g e s te d  th a t  t h i s  f o r c e  may be an a g en t i n  

th e  p r o c e s s  o f  a d s o r p t io n . T h is i n t e r a c t i o n  i s  a d d i t iv e .

The more u n l ik e  are th e  m o le c u le s  in v o lv e d  i n  t h i s  i n t e r 

a c t io n  th e  l e s s  l i k e l y  are  t h e i r  e l e c t r o n s  to  move i n  p h a se .

( i i )  The p h y s ic a l  co m p o sitio n  o f  a  s o l i d  may be e x p e c te d  

to  p la y  a  r o le  i n  th e  a d s o r p t io n .

The s o l i d  s t a t e  o f  m a tter  i s  d is t in g u is h e d  by th e  

more o r  l e s s  r i g i d  form  w hich  i t  a ssu m es. In  a l l  f l u i d s  

m o le c u le s  are f r e e  to  move r e l a t i v e  to  one a n o th er . L iq u id s  

are d is t in g u is h e d  from  s o l i d s  by t h e i r  f l u i d i t y .  The e f f e c t s  

o f t h i s  l im i t e d  m o b i l i t y ,  on th e  s u r fa c e  p r o p e r t ie s  o f  s o l i d s ,  

are o f  two p r in c ip a l  k in d s . In  th e  f i r s t  p la c e ,  th o s e  prop

e r t i e s  o f  l i q u i d  s u r fa c e s  w hich  are due t o  th e  f r e e  m otion  

o f  th e  p a r t i c l e s  a re  a b s e n t , or  v e r y  much l e s s  c o n sp ic u o u s ,
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i n  s o l i d s .  Thus s o l i d  s u r f a c e s  do n o t  c o n t r a c t  s p o n ta n e 

o u s ly  a s  a  g e n e r a l  r u l e ,  and l i q u i d s  do n o t  s p r e a d  o v e r  t h e  

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

a s  t h e y  do on l i q u i d s ,  ev en  when t h e  a t t r a c t i o n  o f  t h e

l i q u i d  f o r  t h e  s o l i d  i s  g r e a t  enough f o r  s u c h  a  f i l m ,  once

s p r e a d ,  t o  be  v e r y  s t a b l e .

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

p a r t i c l e s  o f  a  s o l i d  r e s u l t s  i n  t h e  s u r f a c e  b e in g  e x t r e m e ly  

u n e v e n ,  u n l e s s  s p e c i a l  means s u c h  a s  p o l i s h i n g  have  b e e n  

em ployed  t o  sm ooth  o u t  t h e  i r r e g u l a r i t i e s .  The a tom s i n  a  

s o l i d  s t a y  w here  t h e y  a r e  p l a c e d  when t h e  s u r f a c e  i s  fo rm ed  

and  t h i s  may r e s u l t  i n  no  two a d j a c e n t  a tom s o r  m o le c u le s  

h a v in g  t h e  same p r o p e r t i e s .

S o l i d s  a r e  d i v i d e d  i n t o  two c l a s s e s ,  c r y s t a l l i n e  and 

n o n - c r y s t a l l i n e . Only t h e  fo rm e r  h av e  r e p r o d u c i b l e  p r o p e r 

t i e s  s u c h  a s  a  s h a r p  m e l t i n g  p o i n t .  I c e  when p u re  a lw a y s  

m e l t s  a t  0^0  ; i n  c o n t r a s t ,  t h e  p r o p e r t i e s  o f  n o n -  

c r y s t a l l i n e  s o l i d s  a r e  h i g h l y  d e p e n d e n t  on t h e i r  p r e v i o u s  

h i s t o r y  and  so t e n d  t o  be  v a r i a b l e  and  i n d e f i n i t e .  G l a s s e s , 

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

s o f t e n i n g  r a n g e ;  a  t y p i c a l  so d a  g l a s s  b e g i n s  t o  s o f t e n  a t  

a b o u t  500^0 and  becom es p r o g r e s s i v e l y  more p l a s t i c  u n t i l  a t  

a b o u t  1 5 0 0 ^ 0  i t  i s  e n t i r e l y  m o l te n ;  b u t  no one t e m p e r a tu r e  

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

a r e  a r r a n g e d  i n  a  d e f i n i t e  p a t t e r n ,  o r  s p a c e  l a t t i c e ;  t h e  

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

' u n i t  c e l l ’ , c o m p r is in g  a  s m a l l  num ber o f  p a r t i c l e s .  I n  

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

b a d l y  d i s t o r t e d ,  w h i l s t  i n  a  t r u l y  am orphous s u b s t a n c e  

a lm o s t  a l l  t r a c e  o f  o r d e r  i s  l o s t  and  t h e  p a r t i c l e s  show 

random  a r r a n g e m e n t .

The s u r f a c e  o f  a  s o l i d  may be hom ogeneous o r  h e t e r o 

g en e o u s  i n  n a t u r e .  I t  may c o n t a i n  r e g u l a r l y  p l a c e d  

f u n c t i o n a l  g ro u p s  ( i o n s ,  e t c . ) ,  w h ic h  fo rm  o r d e r l y  p a t t e r n s  

o v e r  t h e  s u r f a c e ,  a s  fo u n d  on c l e a n  m e t a l  s u r f a c e s  and c l e a n  

c r y s t a l l i n e  s u r f a c e s .  Such s u r f a c e s  may be hom ogeneous i n  

one d i r e c t i o n  and  hom ogeneous b u t  d i f f e r e n t  i n  s t r u c t u r e  i n  

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

(a )  I n  t h e  c a s e  o f  c r y s t a l l i n e  s u r f a c e s  w i t h  f a c e s ,

c o m e r s  and  ed g e s  i n  l a r g e  n u m b e rs ,  i t  w ou ld  seem 

t h a t  even  th o u g h  t h e  a d s o r b e n t  i s  a  s i n g l e  p u re  s u b s t a n c e  

t h e r e  w i l l  b e  s i t e s  o f  d i f f e r e n t  k i n d s  w here  a d s o r p t i o n  may 

o c c u r .  I n  t h e  p l a n e  f a c e  o f  a  c r y s t a l  any  m o le c u le  o r  i o n  

i s  s u r ro u n d e d  on a l l  s i d e s ,  e x c e p t  t h e  i n t e r f a c i a l  s i d e ,  by  

o t h e r  m o le c u le s  o r  i o n s  o f  t h e  s u b s t a n c e .  A lo n g  t h e  e d g e s  

o f  t h e  c r y s t a l  t h e  m o le c u le s  a r e  more e x p o s e d ,  and  h en ce  

show more r e s i d u a l  a t t r a c t i v e  f o r c e s .  A t t h e  c o r n e r s  o f
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t h e  c r y s t a l  t h e  m o le c u le s  a r e  m ost e x p o s e d ,  and  so a r e  

m o s t  r e a c t i v e .  One m ig h t  r a n k  s u c h  l o c a t i o n s  a c c o r d i n g  

t o  t h e  e n e r g i e s  o f  t h e  m o le c u le s  p r e s e n t ^ ^ ,  c o r n e r s  > 

e d g e s  > f a c e s .  The e n e r g i e s  o f  m o le c u le s  and i o n s  a t  

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

c a l c u l a t e d  and  d i s c u s s e d * b y  Jo n e s  and  T a y lo r^ ^  and  o t h e r s .

(b) On a  p l a n e  c r y s t a l l i n e ,  c h e m i c a l l y  hom ogeneous s u r 

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

o c c u r  w i l l ,  a s  L angm uir h a s  p o i n t e d  o u t ,  b e  i n  a  r e g u l a r  

p a t t e r n .  The s p a c e s  a v a i l a b l e  on a  p l a n e  c r y s t a l l i n e  s u r 

f a c e  may be  o f  s e v e r a l  k i n d s ,  b u t  t h e  r e g u l a r i t y  o f  s u r f a c e  

may l e a d  t o  some s o r t  o f  s t o i c h i o m e t r i c  r e l a t i o n  i n  t h e  

a d s o r p t i o n  o f  d i f f e r e n t  s u b s t a n c e s ^ ^ .

Even on p e r f e c t l y  fo rm ed  c r y s t a l s ,  some f a c e s  a d s o rb  

v e r y  much m ore t h a n  o t h e r s .  A  c r y s t a l  w i l l  so m etim es  

a d s o r b  one dye on one s e t  o f  f a c e s ,  and  a n o t h e r  on a  sec o n d  

s e t ,  no a d s o r p t i o n  o f  t h e  f i r s t  o c c u r r i n g  on t h e  seco n d  s e t  

o f  f a c e s  o r  v i c e  v e r s a .  Thus l e a d  n i t r a t e  a d s o r b s  m e th y le n e  

b l u e  on t h e  110 f a c e s ,  a n o t h e r  s e t  o f  f a c e s  a d s o r b i n g  no ne  o f  

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

a r e  grown fro m  a  s o l u t i o n  c o n t a i n i n g  b o t h  d y e s ,  one s e t  o f  

f a c e s  d e v e lo p s  w i t h  a  b l u e  c o l o u r ,  t h e  o t h e r  w i th  a  y e l lo w .
% R

B unn ' S"̂  v e r y  e x a c t  w ork  l e d  him to  t h e  c o n c lu s i o n  t h a t  

a d s o r p t i o n  t a k e s  p l a c e  on th o s e  f a c e s  o f  t h e  o r i g i n a l  c r y s t a l
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w h ic h  h av e  t h e  sam e, o r  v e r y  n e a r l y  t h e  sam e, i n t e r a t o m i c  

s p a c in g s  a s  one f a c e  o f  t h e  n o rm a l  c r y s t a l  o f  t h e  a d s o r b a t e .

(c )  The phenom enon o f  c a t a l y s i s  d e p e n d s  on t h e  h e t e r o 

g en e o u s  c h a r a c t e r  o f  a  s o l i d  s u r f a c e .  The c a t a l y t i c  

p r o p e r t i e s  o f  a  s u r f a c e  depend  on t h e  s t a t e  o f  s t r a i n  i n  

c e r t a i n  a tom s i n  t h e  s u r f a c e .  A bout t h i r t y - f i v e  y e a r s  ago 

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

have  n o t  t h e  same pow er o f  a d s o r b i n g .  T h e re  i s  now u n i v e r s 

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

w id e ly  d i f f e r e n t  a c t i v i t y ,  o r d i n a r y  s u r f a c e  r e a c t i o n s  on 

s o l i d s  p r o b a b ly  g o in g  on m a in ly  a t  l o c a l i s e d  ' a c t i v e  p a t c h e s '  

on t h e  s u r f a c e ,  w h ic h  fo rm  a  s m a l l  p a r t  o n ly  o f  t h e  w ho le  

s u r f a c e ^ ^ .

T h a t  some d e g r e e  o f  i r r e g u l a r i t y  i n  a  s u r f a c e  i s  o f t e n  

n e c e s s a r y  f o r  c a t a l y t i c  a c t i v i t y  was shown by P a lm e r^ ^ ,  who 

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

deh y d r o g e n a t in g  a l c o h o l s  to  a l d e h y d e s ,  w h e re a s  c o p p e r  fo rm ed  

b y  r e d u c t i o n  o f  t h e  o x id e s  was a c t i v e .  C o n s tab le^®  h a s  

e x te n d e d  t h i s  w ork , sho w ing  t h a t  a  p o l i s h e d  s u r f a c e  o f  a  

c o p p e r  f o i l  and  c o p p e r  m i r r o r s ,  a r e  i n a c t i v e ;  co m m erc ia l  

c o p p e r  g au ze  i s  p r a c t i c a l l y  i n a c t i v e ,  b u t  c o p p e r  p ro d u c e d  by 

a  r a p i d  c o n d e n s a t io n  o f  a  v a p o u r  o r  fo rm e d  by  t h e  r a p i d  

d e c o m p o s i t io n  o f  v a r i o u s  c o p p e r  com pounds, i s  alv^ays a c t i v e .  

I t  w ou ld  seem t h a t  c o p p e r  i s  o n ly  c a t a l y t i c a l l y  a c t i v e ,  i f
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i t  i s  n o t  a r r a n g e d  i n  a  r e g u l a r -  sp a c e  l a t t i c e ,  o r  c l o s e l y  

p ac k ed  i n  t h e  am orphous p o l i s h e d  l a y e r .

(d) I f  t h e  s u r f a c e  c o n t a i n s  c a p i l l a r i e s  and f i s s u r e s ,

t h e n  t h e  a d s o r p t i o n  may be f a v o u r e d  f o r  s m a l l  m o le 

c u l e s  t h a t  can  e n t e r  t h e  c a p i l l a r i e s ,  f o r  h e r e  t h e y  w ou ld  

t e n d  t o  c o n d e n se  u n d e r  t h e  p r e s s u r e  o f  t h e  d o u b le d  a t t r a c 

t i o n  o f  two n e a r b y  w a l l s  o r  u n d e r  t h e  p r e s s u r e  o f  a  cu rv e d  

m e n is c u s ^ ^ .  Thus " b u lk  l i q u i d "  m ig h t  w e l l  be  fo rm ed  i n  

t h e s e  p o r e s  o r  f i s s u r e s .  L a r g e r  m o le c u le s  m ig h t  b e  u n a b le  

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

t h e y  w ould  be  e x c lu d e d  f ro m  c o n s i d e r a b l e  a d s o r p t i o n  s u r f a c e .

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

one t o  s i x  c a rb o n  a tom s i n  c h a in  l e n g t h ,  on s u g a r  c h a r c o a l  

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

i n c r e a s e  i n  c h a in  l e n g t h .  A c c o rd in g  t o  'T r a u b e ' s ^ ^  r u l e '  

a d s o r p t i o n  s h o u ld  i n c r e a s e  r e g u l a r l y  f o r  t h e  members o f  a  

hom ologous s e r i e s  w i t h  i n c r e a s e  i n  num ber o f  OHg g ro u p s ,  i n  

t h e  c h a in .  Upon r e d u c t i o n  i n  s i z e  o f  t h e  c h a r c o a l  p a r t i c l e s  

by  m e c h a n ic a l  g r i n d i n g ,  how ev er, t h e  a d s o r p t i o n  o f  t h e  

h i g h e r  members o f  t h e  f a t t y  a c i d  s e r i e s  i n c r e a s e d  more t h a n  

t h a t  o f  t h e  lo w e r  m em bers. A c c o rd in g  t o  B ru n s  t h i s  b e h a v io u r  

showed t h a t  t h e  r e v e r s a l  o f  T r a u b e 's  r u l e  i s  due t o  t h e  

p r e s e n c e  o f  p o r e s ,  w h ic h  a r e  n o t  a c c e s s i b l e  to  m o le c u le s  

w i t h  l a r g e  v o lu m e , and w h ich  a r e  o p en ed  by m e c h a n ic a l  p a r t i c l e
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s i z e  r e d u c t i o n  of  th e  c h a rc o a l .

W ith  p o ro u s  s o l i d s ,  t h e  r a t e  a t  w h ic h  e q u i l i b r i u m  i s  

e s t a b l i s h e d  may v a r y  c o n s i d e r a b l y  w i t h  c h a in  l e n g t h .  Baum 

and  B ro d a^  s t u d i e d  t h e  a d s o r p t i o n  o f  a c e t y l a t e d  c a r b o h y d r a t e s  

o f  d i f f e r e n t  v i s c o s i t i e s  ( d i f f e r e n t  m o l e c u l a r  w e ig h t s )  on 

a lu m in a  and  c h a r c o a l .  E q u i l i b r iu m  was n o t  e s t a b l i s h e d  ev en

a f t e r  s e v e r a l  m o n th s .  The e s t a b l i s h m e n t  o f  a d s o r p t i o n

e q u i l i b r i u m  r e q u i r e d  l e s s ,  t im e  f o r  s h o r t e r  c h a in  compounds 

(w h ich  d i f f u s e d  more r a p i d l y )  th a n  l o n g  c h a in  com pounds.

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

t h e s e  may m a rk e d ly  a f f e c t  i t s  c h e m ic a l  n a t u r e ,  b u t

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

due t o  i m p u r i t i e s  o r  t o  some s p e c i a l  a r r a n g e m e n t  o f  t h e

m o le c u le s  o f  t h e  a d s o r b e n t  o r  t o  some o t h e r  p h y s i c a l  c i r c u m -
11s t a n c e .  Heymann and  Boye fo u n d  t h a t  t h e  a d s o r p t i o n  o f  

f a t t y  a c i d s  on g o ld  p o w d er fro m  w a t e r  was d e c r e a s e d  a f t e r  

b o i l i n g  t h e  g o ld  w i t h  n i t r i c  a c i d ,  th o u g h  no g o ld  a p p e a re d  

i n  t h e  s o l u t i o n  and  o n ly  t r a c e s  o f  s i l v e r  and  i r o n .  I n  

s e p a r a t i n g  a  num ber o f  c o a l  t a r  d y es  on co lum ns o f  a lu m in a  

( i n  c h ro m a to g ra p h y )  i t  was fo u n d  t h a t  t h e  a d s o r p t i v e  p r o p e r 

t i e s  w ere  im p ro v ed  by  w a s h in g  w i t h  d i s t i l l e d  w a t e r  c o n t a i n i n g  

a  l i t t l e  l i m e ,  o r  ev e n  w i t h  v e r y  h a r d  t a p  w ate r"^^ .
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3 • The f a c t o r s  w i t h i n  t h e  i n t e r f a c e  :

I n  t h e  r e g i o n  o f  t h e  i n t e r f a c e  i t s e l f  a  num ber o f  

f a c t o r s  may p l a y  a  r o l e  i n  a d s o r p t i o n .

( i )  An i m p o r t a n t  f a c t o r  m ust be t h e  c o m p e t i t i o n  b e tw e e n  

m o le c u le s  o f  A and  B f o r  t h e  i n t e r f a c e .  T h is

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

e x p e n d a b le  ( i n  t h e  c a s e s  u n d e r  d i s c u s s i o n )  and  so d i f f e r s  

v e r y  much fro m  t h e  b u l k  l i q u i d  p h a s e .  More m o le c u le s  o f  

A add ed  t o  t h e  l i q u i d  p h a se  may i n c r e a s e  i t s  volum e ( o f  

c o u r s e  t h e y  may n o t ,  i f  i n t e r a c t i o n s  o c c u r  t h a t  l e a d  t o  no 

change  -  o r  ev en  c o n t r a c t i o n  i n  vo lum e) o r  a t  l e a s t  p r e s e n t  

t h e  o p p o r t u n i t y  f o r  i n c r e a s e  i n  v o lu m e , w h i l e  m o le c u le s  o f  

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

m o le c u le s  o r  m o le c u le s  o f  B. The a d s o r p t i o n  w i l l  f a v o u r  

t h a t  m o le c u le  t h e  a d s o r p t i o n  o f  w h ich  o c c u r s  w i t h  g r e a t e r  

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

b e i n g  e q u a l .

( i i )  The a r e a  o c c u p ie d  by th e  m o le c u le s  i n  t h e  i n t e r f a c e  

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

t h a t  c o v e r s  many a c t i v e  s p o t s ,  f o r  e x a m p le ,  a  c h a in  m o le c u le ,  

w i l l  b e  m ore a d s o r b a b l e  t h a n  t h e  monomer. T h is  i s  b e c a u s e  

t h e  t e n d e n c y  o f  m o le c u le s  t o  re m a in  i n  t h e  d e s o rb e d  s t a t e  

d i m in i s h e s  w i t h  i n c r e a s e  i n  c h a in  l e n g t h ^ ’ ? Here b o t h  s i z e
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and  sh a p e  p l a y  a  p a r t

(a )  A l a r g e  m o le c u le  may d i s p l a c e  s e v e r a l  s m a l l  o n e s ;

o r  a  l a r g e  m o le c u le  may b l o c k  o f f ,  w i t h o u t . o c c u p y in g ,  

s e v e r a l  s i t e s  w here  a d s o r p t i o n  m ig h t  o t h e r w i s e  o c c u r .  The 

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

by  t h e  p r e s e n c e  o f  l a r g e  o n es  i f  t h e  s m a l l  o n e s  can  r e a c h  

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

(b )  M o le c u le s  o f  c e r t a i n  s h a p e s ,  i . e . , c h a in s  w i t h  s e v e r a l  

a n c h o r i n g  g ro u p s  d i s t r i b u t e d  a l o n g  t h e i r  l e n g t h ,  may

be  a d s o rb e d  i n  l e s s e r  q u a n t i t y  t h a n  t h o s e  w i t h  t h e  p o l a r  

g ro u p s  a l l  a t  one end , o r  w i th  a  s i n g l e  p o l a r  g ro u p  a t  one 

e n d ,  f o r  t h e  fo rm e r  l i e  s p r e a d  on t h e  s u r f a c e ,  o c c u p y in g  an 

a r e a  a p p r o a c h in g  t h e i r  l e n g t h w i s e  c u r l e d  c r o s s - s e c t i o n ,  

w h i l e  t h e  l a t t e r  may p a c k  v e r t i c a l l y  an d  o ccu p y  an  a r e a  

a p p r o a c h in g  t h e i r  s m a l l e s t  c r o s s - s e c t i o n .

( i i i )  The m u tu a l  i n t e r a c t i o n s  b e tw e e n  a d s o r b e d  m o le c u le s

w h ic h  may c a u s e  them  to  a d h e re  l a t e r a l l y  may i n f l u e n c e

t h e  q u a n t i t y  a d s o rb e d  by  a l l o w i n g  t h e  a d s o r b e d  f i l m  to  b r i d g e
4-2ro u g h n e s s  and  f i s s u r e s  i n  t h e  a d s o r b e n t ^  .
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The A d so rp t io n  I s o th e r m .

When an  aq u e o u s  s o l u t i o n  o f  a  dye i s  s h a k e n  w i t h  

c h a r c o a l ,  t h e  c o l o u r  i n t e n s i t y  i s  lo w e r e d .  The p r o p e r t y  

p o s s e s s e d  by  c h a r c o a l  o f  rem o v in g  c o l o u r i n g  m a t t e r  from  

s o l u t i o n ,  i . e .  o f  " a d s o r b in g "  i t ,  was known a t  l e a s t  a s  f a r  

b a c k  a s  1785 ( T .L o w i tz ) .  U s u a l ly  t h e  dye a d s o rb e d  can  be 

e x t r a c t e d  a g a in  by  a  s u i t a b l e  l i q u i d  and  shown to  b e  

u n a l t e r e d ,  t h u s  p r o v in g  t h a t  i t  was n o t  d e s t r o y e d  o r  t r a n s 

fo rm ed  i n t o  an  i n s o l u b l e  compound. When t h e  l i q u i d  p h a se  

c o n t a i n s  two co m p o n en ts ,  e . g .  when i t  i s  made up  o f  two 

m i s c i b l e  l i q u i d s  A  and  B o r  i s  a  s o l u t i o n  o f  a  s o l i d  A  i n  a  

l i q u i d  B ,  i n  g e n e r a l  A  and  B w i l l  b e  a d s o rb e d  t o  d i f f e r i n g  

e x t e n t s  so t h a t  t h e  c o n c e n t r a t i o n  o f  A r e l a t i v e  t o  B w i l l  

change i n  t h e  b u lk  o f  t h e  s o l u t i o n .  I t  i s  e a s y  to  m e a su re  

t h e  c o n c e n t r a t i o n  o f  A b e f o r e  and a f t e r  a d s o r p t i o n  an d , 

f ro m  t h i s  d i f f e r e n c e ,  t o  deduce  th e  am ount a d s o r b e d ;  t h i s  

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

B ,  h a s  b e e n  a d s o rb e d  a lo n g  w i t h  t h e  s o l u t e .  R e s u l t s  a r e  

c o n v e n i e n t l y  e x p r e s s e d  a s  an  a d s o r p t i o n  i s o t h e r m ,  i n  w h ich  

th e  am ount x  o f  com ponent A  a d s o rb e d  i s  p l o t t e d  a s  a  

f u n c t i o n  o f  t h e  f i n a l  c o n c e n t r a t i o n  o f  A  i n  t h e  s o l u t i o n .

A p p a r e n t  a n d  A b s o l u t e  A d s o r p t i o n ;

S u p p o s e  t h a t  i n i t i a l l y  e a c h  g r a m  o f  s o l u t i o n  c o n t a i n s
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gram o f  A and  gram o f  B and t h a t  a f t e r  t h e  a d s o r p 

t i o n  t h e  am ounts  a r e  a '  and  b '  r e s p e c t i v e l y ,  t h e  i n i t i a l  

w e ig h t  o f  t h e  s o l u t i o n  b e i n g  W g ra m s . (Thus b^ - ( 1  -  a ^ )  

and  b '=  ( l  -  a ' )  ) •  How t h e  a d s o r p t i o n  o f  A h a s  t o  be  

c a l c u l a t e d  f ro m  t h e  change i n  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  

and  so  i s  g iv e n  by  W(a^ - a ' ) ;  t h i s  i s  o n ly  t h e

a p p a r e n t  a d s o r p t i o n  and  i t  i s  l e s s  th a n  t h e  t r u e  a d s o r p t i o n  

X b e c a u s e  some o f  t h e  s o l v e n t  B, s a y  z  gram , h a s  b ee n  

a d s o rb e d  a lo n g  w i t h  t h e  s o l u t e  and h a s  t h u s  had  t h e  e f f e c t  

o f  r a i s i n g  t h e  c o n c e n t r a t i o n  o f  A r e m a in in g  i n  s o l u t i o n .

The d i f f e r e n c e  b e tw e e n  x  and x '  i s  e q u a l  t o  t h e  num ber o f  

gram s o f  A w h ic h  w ere  a s s o c i a t e d  w i t h  t h e  z  gram o f  

s o l v e n t ,  v i z .

z . —  o r  z ^
b '  1 -  a '

We t h u s  h av e  x  -  x '  = z . —  -----
1 -  a'

or x'  = X " z . —  ----- . . . . .  (1 )
1 -  a '

How t h e  t r u e  a d s o r p t i o n s  o f  b o th  s o l u t e  and  s o l v e n t ,  v i z . ,

X and  z , w i l l  i n c r e a s e  c o n t i n u o u s l y  a s  t h e i r  r e s p e c t i v e  

c o n c e n t r a t i o n s  i n c r e a s e ,  c o n s e q u e n t ly  a s  a '  i n c r e a s e s  x  

w i l l  i n c r e a s e  and  z w i l l  d i m in i s h .  U n f o r t u n a t e l y  z 

c a n n o t  be  d e te r m in e d  i n d e p e n d e n t l y  so  t h a t  t h e  e q u a t i o n  (1) 

c a n n o t  b e  t e s t e d  d i r e c t l y .  I n  p r a c t i c e  d i l u t e  s o l u t i o n s  

a r e  much u s e d ,  w here  t h e  c o r r e c t i o n  f a c t o r  o f  e q u a t i o n  (1)
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i s  n e g l i g i b l e .  T h i s  d o e s  n o t  m e a n  t h a t  t h e  a d s o r p t i o n  o f  

t h e  s o l v e n t  i s  n e g l i g i b l e  -  o n  t h e  c o n t r a r y ,  i t  i s  v e r y  

l a r g e  b e c a u s e  b '  i s  l a r g e  -  b u t  r a t h e r  t h a t  t h e  d i f f e r e n c e  

b e t w e e n  t h e  t r u e  a n d  a p p a r e n t  a d s o r p t i o n s  i s  n e g l i g i b l e ^ ^ .

V a r i o u s  m e t h o d s  h a v e  b e e n  d e v i s e d  t o  t a k e  a c c o u n t

2
o f  t h e  a d s o r p t i o n  o f  t h e  s o l v e n t .  I n  W i l l i a m s '  m e t h o d  

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

o f  k n o w n  i n i t i a l  c o n c e n t r a t i o n  i n  a n  e v a c u a t e d  d e s i c c a t o r  

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

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

t h e n  a n a l y s e d .  T h e  s o l i d  ( t h e  " a d s o r b e n t " )  i s  n o w  m i x e d  

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

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

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

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

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

P i n l o i s  a n d  d e  B r o u c k e r e ' ^ ^  s t u d i e d  t h e  a d s o r p t i o n  o f  

H O I , L i  0 1 ,  K O I ,  Ou 0 1 2 a n d  H i  0 1  g  o n  B a S O ^ .  A f t e r  e q u i l i b r i u m  

w a s  r e a c h e d ,  B a S O ^  w a s  r e m o v e d  f r o m  s o l u t i o n  a n d  w a s h e d  

w i t h  p u r e  w a t e r  r e p e a t e d l y .  T h e y  a s s u m e d  t h a t  t h e  a d s o r b e d  

l a y e r  a d h e r e d  t o  t h e  a d s o r b e n t  t o  t h e  p o i n t  o f  r e s i s t i n g  

w a s h i n g ,  w h i c h  o n l y  r e m o v e d  e n t r a i n e d  s o l u t i o n .

D o b i n e ^ ' ^ ’ a d s o r b e d  a c e t i c  a c i d  f r o m  w a t e r  o v e r  t h e  

e n t i r e  c o n c e n t r a t i o n  r a n g e  o n  m o i s t  a n d  d r i e d  c h a r c o a l  a n d
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f ro m  t h e  c u r v e s  o f  t h e  tw o , w i t h  c e r t a i n  a s s u m p t io n s ,  

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

J o n e s  and  O u tr id g e ^ '^  d e te r m in e d  t h e  vo lum e o f  t h e  

l i q u i d  t a k e n  u p  by  t h e  a d s o r b e n t  i n  two w ays: one fro m

e q u i l i b r a t i o n  w i t h  t h e  v a p o u r  o f  t h e  l i q u i d ,  one fro m  immer

s i o n  i n  t h e  l i q u i d .  The fo rm e r  i s  t h e  W il l ia m s  M ethod.

B or d e t e r m i n i n g  t h e  am ount o f  t h e  l i q u i d  a d s o r b e d ,  J o n e s  and  

Out r i d g e  u s e d  B aohm ann 's  im m e rs io n  m e th o d . The a d s o r b e n t  

( s i l i c a  g e l )  was im m ersed  i n  t h e  s o l u t i o n  ( n - b u t a n o l  i n  

b e n z e n e )  and  a l lo w e d  t o  come to  e q u i l i b r i u m .  Then i t  was 

rem oved f ro m  t h e  s o l u t i o n  and  q u i c k l y  d r i e d  w i t h  f i l t e r  

p a p e r  and w e ig h e d .  The w e ig h t  o f  l i q u i d  d i v i d e d  by  i t s  

o r d i n a r y  d e n s i t y  a t  t h e  t e m p e r a tu r e  o f  t h e  e x p e r im e n t  gave 

t h e  vo lum e o f  t h e  l i q u i d  a d s o r b e d .

B u t  t h e  o b j e c t i o n  t o  t h e s e  m e th o d s  ( e x c e p t  t h e  m ethod

o f  w a s h in g  t h e  a d s o r b a t e )  i s  t h a t ,  when an  a d s o r b e n t ,  

s a t u r a t e d  w i t h  a  s o l v e n t ,  i s  im m ersed  i n  a  s o l u t i o n ,  s o l u t e  

i s  bound  t o  d i s p l a c e  some o f  t h e  s o l v e n t  f ro m  t h e  s i t e s  

o c c u p ie d  by i t  ( s o l v e n t ) ,  u n l e s s  t h e  s o l u t e  i s  a d s o rb e d  on 

t h e  s i t e s  n o t  p r e v i o u s l y  o c c u p ie d  by  t h e  s o l v e n t ,  w h ic h  w i l l

n o t  a lw a y s  be  t h e  c a s e .  H ence, t h e  v o lu m e s  o f  t h e  p u re

s o l v e n t  and  t h e  s o l u t i o n  a d s o rb e d  w i l l  be d i f f e r e n t .

The m ethod  o f  w a s h in g  t h e  a d s o r b e n t  w i t h  a  p u re  

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



28.

s o l u t e  ( t h e  " a d s o r b a t e " )  h a s  a  s t r o n g  a f f i n i t y  f o r  t h e  

a d s o r b e n t ,  b u t  i n  some o a s e s ,  su ch  a s  c a t i o n i c  d y e s  on 

s i l i c a  o r  ^ - n i t r o p h e n o l  on a lu m in a ,  t h e  w ho le  o f  t h e  a d s o r b 

a t e  can  be  a lm o s t  c o m p le te ly  rem oved by  w a sh in g  a  few  t i m e s .

I n  one s p e c i a l  c a s e ,  how ever, a d s o r p t i o n  o f  s o l v e n t  

can  s a f e l y  be  n e g l e c t e d ,  and  t h a t  i s  when t h e  s o l u t e  i s  

ch e m iso rb e d  on t o  t h e  s u r f a c e ,  i . e . ,  i s  f i x e d  by  o r d i n a r y  

v a l e n c y  b o n d s  a c t i n g  b e tw e e n  th e  s o l i d  s u r f a c e  and  t h e  m o le

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

w h ere  an  o r g a n i c  a c i d  i s  a d s o rb e d  f ro m  s o l u t i o n  on t o  a  

s o l i d  h a v in g  f a i r l y  b a s i c  p r o p e r t i e s  ( i n  a  c h e m ic a l  s e n s e )

A s tu d y  o f  t h e  a d s o r p t i o n  o f  a  num ber o f  f a t t y  a c i d s  on 

n i c k e l  and  p l a t i n u m  c a t a l y s t s  -  e a c h  p r o b a b ly  c o v e re d  M t h  

a  f i l m  o f  chem i s o rb e d  o x id e  -  i l l u s t r a t e s  t h e  p o i n t .  The 

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

w ashed  o f f  by  t r e a t m e n t  w i t h  t h e  s o l v e n t ;  w i t h  a  g iv e n  

c a t a l y s t  t h e  num ber o f  m o le c u le s  o f  a c i d  a d s o rb e d  re m a in e d  

c o n s t a n t  o v e r  a  w ide  r a n g e  o f  s o l u t e  c o n c e n t r a t i o n s  ( o f .  

B ig .J H c )  i n  a  v a r i e t y  o f  s o l v e n t s ,  and  m o re o v e r  was u n a f f e c t 

ed by  i n c r e a s i n g  t h e  l e n g t h  o f  t h e  c a rb o n  c h a in  by  s t e p s  

fro m  10 t o  22 a to m s .

I s o t h e r m  T y p es .

Two t y p e s  o f  i s o t h e r m  a r e  e n c o u n te r e d  i n  t h e
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l i t e r a t u r e :  (a )  I n  a d s o r p t i o n  o f  b i n a r y  l i q u i d  m i x t u r e s ,

i f  b o t h  com ponen ts  (A and B) o f  t h e  s o l u t i o n  a r e  l i q u i d s ,  

t h e  i s o t h e r m  can  be  d e te r m in e d  f o r  t h e  w ho le  r a n g e  o f  con

c e n t r a t i o n s ,  t h a t  i s  f ro m  100^ A + 0^  B t o  100^  B + 0 ^  A. 

B ig .  1 shows an  exam ple  o f  su ch  a  c u r v e .  I t s  a b s c i s s a  

r e p r e s e n t s  t h e  m o la r  f r a c t i o n  o f  one com ponent i n  i t s  m ix

t u r e  w i t h  t h e  o t h e r  and  t h e  o r d i n a t e  t h e  amount o f  t h e  

same com ponent a d s o rb e d  p e r  gm. o f  t h e  a d s o r b e n t .  (b ) I f  

one o f  t h e  two com ponen ts  i s  s o l i d ,  t h e  w ho le  i s o t h e r m  

c a n n o t  b e  d e te r m in e d ,  and o f t e n  o n ly  a  p a r t  o f  t h e  i s o t h e r m  

i s .  m e a s u re d ,  ev en  when b o t h  i n g r e d i e n t s  a r e  l i q u i d s .

P r e s e n t  W ork.

T h is  i s  a  s tu d y  o f  t h e  r e l a t i o n  b e tw e e n  s o l u t e  

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

i s o t h e r m  o b t a i n e d .  I t  d e s c r i b e s  a  s y s te m  o f  c l a s s i f i c a t i o n  

o f  a l l  s o l u t i o n  a d s o r p t i o n  i s o th e r m s  (o f  ty p e  b m e n t io n e d  

a b o v e ) ,  and  s u g g e s t s  how t h e i r  fo rm  can  b e  u s e d  t o  d ia g n o s e  

t h e  a d s o r p t i o n  m echan ism , t o  o b t a i n  i n f o r m a t i o n  r e g a r d i n g  

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

and  t o  m e a su re  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  s u b s t r a t e .  

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

s o l u t i o n  a d s o r p t i o n  i s o t h e r m s ,  b u t  i t  h a s  b e e n  ham pered  by
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3E
l a c k  o f  i n f o r m a t i o n  on t h e  d e t a i l e d  m e a n in g  o f  t h e  c u r v e s

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

t i o n  o f  a d s o r p t i o n  i s o t h e r m s  was t h a t  made i n  1922 by  

O s tw a ld  and  de I z a g u i r r e ^ ^ ,  who d e s c r i b e d  c u r v e s  f o r  a d s o r p 

t i o n  f ro m  b i n a r y  s o l u t i o n s  o v e r  w ide c o n c e n t r a t i o n  r a n g e s .

They fo u n d  two o f  t h e  c u r v e s  i n c l u d e d  i n  t h e  p r e s e n t  s y s te m  

( o f . B i g . 2 , f o o t n o t e ) .  B runauer^®  l a t e r  d e f in e d  f i v e  t y p e s  

o f  i s o t h e r m  t h a t  a r e  o b s e rv e d  i n  v a p o u r - p h a s e  a d s o r p t i o n  

( o f . B i g . 2 , f o o t n o t e ) .  An o u t l i n e  o f  t h e  p r e s e n t  s y s te m  o f  

c l a s s i f i c a t i o n  h a s  a l r e a d y  b e e n  g i v e n ^ ^ ; b u t  t h e  c o n c lu s i o n s  

t h e n  draw n and  t h e  c l a s s i f i c a t i o n  h av e  b e e n  m o d i f i e d  and  

d e v e lo p e d  a s  a  r e s u l t  o f  l a t e r  i n v e s t i g a t i o n s .

C l a s s i f i c a t i o n  S y s te m .

The p r e s e n t  s y s te m  d i v i d e s  a l l  i s o t h e r m s  i n t o  f o u r

m ain  c l a s s e s  a c c o r d i n g  t o  t h e  i n i t i a l  s l o p e ,  and  s u b -g ro u p s

a r e  d e s c r i b e d  f o r  e a c h  c l a s s ,  b a s e d  on t h e  s h a p e s  o f  th e

u p p e r  p a r t s  o f  t h e  c u r v e s .  The f o u r  m a in  c l a s s e s  ( B i g . 2)

a r e  nam ed t h e  S, L ( i . e . ,  "L angm uir"  t y p e ) , H ( " h ig h  a f f i n i t y " ]

and  G ( " c o n s t a n t  p a r t i t i o n " )  i s o t h e r m s ,  an d  t h e  v a r i a t i o n s

i n  e a c h  c l a s s  a r e  d i v i d e d  i n t o  s u b - g r o u p s .

X The w ork  r e c o r d e d  h e r e  and t h e  c o n c lu s i o n s  r e a c h e d  a r e  
b a s e d  on t h e  r e s u l t s  o f  s e v e r a l  i n v e s t i g a t o r s  who w orked  
i n  t h i s  l a b o r a t o r y  o v e r  t h e  p a s t  few  y e a r s .  E xam ples a r e  
a l s o  c i t e d  f ro m  t h e  l i t e r a t u r e ,  s u p p le m e n te d  w i th  th e  
r e s u l t  o f  t h e  w r i t e r ' s  e x p e r im e n ta l  i n v e s t i g a t i o n s .
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The II c u r v e s  a r e  t h e  b e s t  known; i n d e e d  th e  L2 

c u rv e  o c c u r s  i n  p r o b a b ly  t h e  m a j o r i t y  o f  c a s e s  o f  a d s o r p 

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

a p p e a r  t o  hav e  b ee n  p r e v i o u s l y  r e c o r d e d .

T h i s  w ork  h a s  a l r e a d y  b e e n  p u b l i s h e d  a s  a  p a p e r  , 

w h e r e in  166 i s o t h e r m s  f a l l i n g  u n d e r  t h e  f o u r  c l a s s e s  

m e n t io n e d  above a r e  g iv e n .  I n  T a b le  I  some s e l e c t e d  

i s o t h e r m s  a r e  r e p o r t e d  and  B i g . 5 shows some o f  t h e  i s o 

th e rm s  c o n s i d e r e d  i n  t h i s  s u r v e y .  The o t h e r  f i g u r e s  a r e  

t h e  w r i t e r ' s  own w ork , u n l e s s  s t a t e d  o t h e r w i s e .  B or more 

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

d i s c u s s i o n  i s  m a in ly  t a k e n  from  t h e  p a p e r ^ ^ .

T ab le  I *

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

and  d i s c u s s e d  i n  t h i s  t h e s i s .

S o l u t e

P h e n o l

£ -N i  t r o p h e n o l

S o l v e n t

HgO

HgO

HgO

Q u a te r n a r y
ammonium s u r f a c e  HgO 
- a c t i v e  a g e n t s

S u b s t r a t e I s o th e r m  R e f .

8 C urves

AlgOj
(a n o d ic )

Al^O^
( ch rom ato  g r a p h i c )

SiO^

C e l l u l o s e

S 1 64

8 2 ,8  3 ( B i g s .4 
and 40d)

8 2 

8 2

(B ig .  6) 

51
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S o lu te

D yes;

S o l v e n t

T a b le  I  , ( o o n t  ' d )

S u b s t r a t e I s o th e r m  R e f .

S C u rv es  ( o o n t 'd )

C yanine  E m u ls io n  i n
( n o n - p l a n a r )

M onosu lp hon -
ated(CJ3; i 5 , 5 lO)

Di s u l p h o n a te d  
(0 .1 (1 6 ,0 4 5 )

R e s o r o in o l

T e r e p h t h a l d e -
hyde

Sodium
p a l m i t a t e

Sodium a l k y l  
s u l p h a t e

O o ta d e o y l
a l c o h o l

£ -H i  t r o  p h e n o l

HgO

HgO

L O urves

HgO

^6^6

HgO

H^O

£ - lm in o a z o b e n z r-  HpO 
ene h y d r o c h l o r i d e

A lk y l  s u lp h a te ;  HpO 
e s t e r s ;  (Ha s a l t s )

B a t t y  a c i d

H C urves

S i l v e r  h a l i d e

( a n o d ic )

S 2 53*

S 2 52.

0 ( g r a p h i t e )  8 4 54

A I2 OJ (ohrom . )

ti tt

C e l l u l o s e

Wool

Hi

Coal 

S i Or,

AlgO^
( a n o d ic )

P t

L 2 

L 2

55

55

L mx mx 56

L mx

L 4

57

58

L 3 (B ig . 2 2 ) 

L 1 65

L 2 64

H 46
s p e c i a l
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S o l u t e

D yes:

A zo , m o n o - , d i - . 
t r i - s u l p h o n a t e d

B a s ic ,  ( v a r i o u s )

T a b le  I  ( c o n t 'd )  

S o lv e n t  S u b s t r a t e

H C urves  ( c o n t 'd )

H^O

HgO

A l20^
(HOI t r e a t e d )

SiO^

C yanine  ( p l a n a r )  e m u ls io n  i n  S i l v e r  h a l i d e
g e l a t i n

s o l u t i o n

Dode oylammonium 
c h l o r i d e

Dod e o y l  s u l p h a t e . 
Ha s a l t

HgO
( iH  6 . 3 )

HgO

AlgOj

BaSO.

I s o th e r m  R ef

H 2

H 4

H 4

55

H 2 , H 3 65

H 2 53

5.9

59

0 C urves

£ -H i  t r o p h e n o l

H o n - io n ic  d i s p e r s e  
d y e s  (a n th r a q u in o n e  
and a z o - c l a s s e s )

HgO

H ylon

B ip h e n y l

O h lo ro b e n z e n e

P h e n o l

a q u e o u s  d i s 
p e r s i o n

50^  a q u e o u s  
CgH^OH

C e l l u l o s e  
a c e t a t e s  ( d i  

and t r i ) ,  
T e ry le n e

T e ry le n e

C e l l u l o s e
t r i a c e t a t e

0 1

0 2

C 3

61

62,

6 6 ,6 7

63

0 1 (B ig .  62a)

C 1 (B ig .  62b)

P h e n y la z  ob enz  ene 
compounds (non

i o n i c )

HgO Wool C 1 68
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E x p e r im e n ta l

P r e p a r a t i o n  of  th e  s u b s t r a t e s !

Wool -  Gommer c i  a l l y  s c o u re d  b u t  u n f i n i s h e d  w o o l le n  c l o t h  

was c u t  i n t o  s m a l l  p i e c e s ,  w h ich  w ere  r e f l u x e d  f o r  4 h r .  

e i t h e r  w i t h  n - b u t a n o l  o r  n - h e p ta n e  (d e p e n d in g  on t h e  s o l v e n t  

u s e d  f o r  a d s o r p t i o n  e x p e r i m e n t s ) .  A f t e r w a r d s  t h e  e x c e s s  o f  

s o l v e n t  was s q u e e z e d  o u t  f ro m  t h e  p i e c e s  by  hand  and  t h e y  

w ere  d r i e d  by  f i l t e r  p a p e r s .  They w ere  t h e n  o v e n - d r i e d  a t  

105*^0 f o r  24 h r .  and  s t o r e d  i n  a  d e s i c c a t o r  o v e r  p h o s p h o ru s  

p e n t o x i d e .  Wool, when sh a k e n  w i t h  o r g a n i c  s o l v e n t s ,  g iv e s  

c lo u d y  s o l u t i o n s  and  t h i s  h i n d e r s  e s t i m a t i o n s  by  s p e c t r o 

p h o to m e t ry  and  r e f r a c t o m e t r y .  I t  was t o  a v o id  t h i s  d i f f i 

c u l t y  t h a t  t h e  p i e c e s  w ere  p r e v i o u s l y  t r e a t e d  w i t h  t h e  

s o l v e n t .

V is c o s e  r a y o n  -  C o m m e rc ia l ly  s c o u re d  and  f i n i s h e d  v i s c o s e  

r a y o n  c l o t h  w as t r e a t e d  w i t h  a  s o l u t i o n  o f  a  de s i z i n g  

a g e n t  a t  45^0 f o r  4 h r . , t o  remove s t a r c h ,  e t c .  Breedom 

f ro m  s t a r c h  was t e s t e d  f o r  by  means o f  i o d i n e  s o l u t i o n .

The c l o t h  was t h e n  t h o r o u g h ly  w ashed w i t h  w a t e r  and  a l lo w e d  

t o  d ry  i n  a i r  and  u s e d  f o r  e x p e r im e n ts  w i t h  w a t e r  a s  a  s o l v 

e n t .  When b e n z e n e  was u s e d  a s  a  s o l v e n t  t h e  c l o t h  was 

r e f l u x e d  w i t h  b e n z e n e  f o r  4 h r ,  and  o v e n - d r i e d  a t  105^0  f o r  

4 h r .
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G r a d e  I  a l x m i n a  -  T h i s  w a s  p r e p a r e d  b y  t h e  w r i t e r ' s  c o l l e a g u e , 

M r . R . B . M c K a y , b y  r o a s t i n g  c h r o m a t o g r a p h i c  a l u m i n a  ( G r a d e  I I )  

i n  a  m u f f l e  f u r n a c e  a t  700*^0 f o r  g  h r .  a n d  d r y i n g  i n  v a c u o . 

R o a s t i n g  r e d u c e d  t h e  w e i g h t  b y  5

S i l i c a  (MSQ b r a n d ) -  S u p p l i e d  b y  M e s s r s .  C o l i n  S t e w a r t  L t d .

S i l i c a  ( a n o t h e r  v a r i e t y )  -  S u p p l i e d  b y  t h e  D u s t  R e s e a r c h  

L a b o r a t o r y  i n  t h i s  D e p a r t m e n t .  B o t h ^ t h e  v a r i e t i e s  o f  

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

C e l l u l o s e  a c e t a t e  -  C o u r t a i d s  * 0 . 0 0 2 "  g a u g e  c e l l u l o s e  

( s e c o n d a r y ) a c e t a t e  f i l m  w a s  u s e d  a f t e r  c u t t i n g "  i n t o  s m a l l  

p i e c e s .

S o l v e n t s  a n d  S o l u t e s .

D i s t i l l e d  w a t e r  w a s  u s e d  f o r  a l l  a q u e o u s  s o l u t i o n s ;  £ -  

n i t r o p h e n o l  w a s  r e c r y s t a l l i z e d  f r o m  w a t e r ;  b e n z e n e  o f  A n a l a R  

q u a l i t y  w a s  u s e d ;  m e t h a n o l  w a s  " s p e c i a l l y  d r y " ,  s u p p l i e d  b y  

B . D . H . ;  C a r b o l a n  B l u e  Bi ( 0 . 1 . 6 2 , 0 7 5 ) ?  -  a  b a t h h  ( i . e .  u n d i l 

u t e d  w i t h  s a l t )  s a m p l e  o f  t h i s  d y e  w a s  s u p p l i e d  b y  I . C . I . ;

eO^Fa
3

H
2  2 5

80_Fa
3

( 0 . I . 6 2 , 0 7 5 )

S o l w a y  U l t r a  B l u e  B S ?  ( C . I . 6 2 , 0 5 5 )  a  c o m m e r c i a l  s a m p l e  w a s
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u s e d ;  Solway- B lu e  BE ( O . I . 65P IO ) ,  a  'b a tc h  saûip le  was 

s u p p l i e d  by  I .  O . I .  ; Oraaage I I  ( O .1 .1 5> 510) ; and E a p h th a le n e  

Red Eà ( 0 . 1 . 1 6 , 0 4 5 ) ;  s a m p le s  p u r i f i e d  i n  t h e  l a b o r a t o r y  

w ere  u s e d ;  ^ -a m in o a ^ o b e n a e n e  was r e c r y s t a l l i z e d  f ro m  

w a t e r ;  n - h e p t a n e  was co m m erc ia l  q u a l i t y ,  and n - b u t a n o l  was 

p u r i f i e d  by  d i s t i l l a t i o n .

A d s o r p t i o n  p r o c e d u r e ;

0 . 0 5  -  2 .0  gm. sa m p le s  o f  t h e  s o l i d  s u b s t r a t e  w ere

w e ig h e d  i n  s o d a  g l a s s  t e s t  t u b e s  and  a  s e r i e s  o f  5 -1 0  c . c .

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

w ere  i n t r o d u c e d ,  and t h e  t u b e s  s e a l e d  i n  a  f l a m e .  The t u b e s

w ere  t h e n  f i x e d  by  s p r i n g  c l i p s  t o  an  e l e c t r i c a l l y  d r i v e n

h o r i z o n t a l  s h a f t ,  r e v o l v i n g  a t  35 r . p . m .  , u n d e r  w a t e r  i n  a

t h e r m o s t a t  t a n k .  T h is  a p p a r a t u s  and  t e c h n i q u e  i s  d e s c r i b e d
6Qby O lu n ie  and  G i l e s  .

To e n s u r e  s u f f i c i e n t  t im e  f o r  e q u i l i b r i u m  t o  b e  

e s t a b l i s h e d  i n  t h e  s y s te m  d u r in g  th e  t e s t # ,  i t  was n e c e s s a r y  

t o  m e a su re  t h e  r a t e  o f  a d s o r p t i o n ,  w h ic h  was done by  p l a c i n g  

s e v e r a l  s e a l e d  t u b e s  w i t h  s u b s t r a t e  and  s o l u t i o n  o f  one con

c e n t r a t i o n  i n  t h e  t h e r m o s t a t  and re m o v in g  them  a t  v a r i o u s  

t im e  i n t e r v a l s .  f h e  s o l u t i o n s  w ere  s e p a r a t e d  fro m  t h e  sub

s t r a t e s  and  a n a l y s e d .  The t im e  a f t e r  w h ic h  t h e r e  was no 

i n c r e a s e  i n  a d s o r p t i o n  was t a k e n  to  r e p r e s e n t  t h e  a t t a i n m e n t
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o f  e q u i l i b r i u m .

A f t e r  a d s o r p t i o n  some s u b s t a n c e s ,  e . g .  a lu m in a  and 

f i b r e s ,  s e t t l e d  v e r y  q u i c k l y  and t h e  s u p e r n a t a n t  l i q u i d  was 

d e c a n te d  and u s e d  f o r  a n a l y s i s .  S i l i c a  (MSG b ra n d )  

s e t t l e d  w i t h  d i f f i c u l t y ;  i n  t h i s  c a s e ,  t h e  s o l u t i o n s  w ere  

c e n t r i f u g e d  f o r  a b o u t  15 m in u te s ,  t h e n  f i l t e r e d  t h r o u g h  

g l a s s  w ool and u s e d  f o r  a n a l y s i s .

A n a l y t i  o a l  T ec h n i  que s .

The  am ount o f  s o l u t e  a d s o rb e d  was c a l c u l a t e d  from  

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

s o l u t i o n .  The s o l u t i o n s  w ere  a n a ly s e d  e i t h e r  by a  r e f r a c t -  

o m e te r  o r  a  s p e c t r o p h o to m e te r .

R e f r a c t o m e t r i c  m e th o d : -  B e l l in g h a m  and  S t a n l e y ,  and 

Z e i s s  ( b o th  P u l f r i c h  t y p e )  r e f r a c t o m e t e r s  w ere  em ployed  w i t h  

sod ium  l i g h t .  The s q u a r e  o f  t h e  r e f r a c t i v e  i n d e x ,  when 

p l o t t e d  a g a i n s t  c o n c e n t r a t i o n  gave a  s t r a i g h t  l i n e  c a l i b r a 

t i o n  c u r v e ,  w h ic h  was u s e d  t o  d e te r m in e  t h e  c o n c e n t r a t i o n  o f  

t h e  s o l u t i o n s .  W ate r  i n  b u t a n o l  and  m e th a n o l  i n  b e n z e n e  

w ere  a n a ly s e d  by t h i s  m e th o d .

S p e c t r o p h o t o m e t r i c  m e th o d ; -  The Unicam  S . P . 500 p h o t o e l e c t r i c  

s p e c t r o p h o to m e t e r  was u s e d .  L i g h t  a b s o r p t i o n  s p e c t r a  f o r  

th e  s o l u t e s  i n  t h e  s o l v e n t s  em ployed i n  t h e  a d s o r p t i o n  t e s t s
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w e r e  f i r s t  o b t a i n e d  a n d  s u b s e q u e n t  r e a d i n g s  t a k e n  u s i n g  

l i g h t  o f  t h e  w a v e l e n g t h  m o s t  s t r o n g l y  a b s o r b e d  b y  t h e  

s o l u t e . A c a l i b r a t i o n  c u r v e  ( s t r a i g h t  l i n e )  w a s  o b t a i n e d  

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

t h i s  w a s  u s e d  i n  a n a l y s i n g  t h e  s o l u t i o n s .

P l o t t i n g  o f  t h e  I s o t h e r m s  :

I n  a l l  t h e  c a s e s ,  t h e  a b s c i s s a  r e p r e s e n t s  t h e  

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

a n d  t h e  o r d i n a t e  t h e  a p p a r e n t  a d s o r p t i o n  i n  m m o l e / k g .
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D i s c u s s i o n s

I n i t i a l  S l o p e  o f  I s o t h e r m  -  I f  c o n d i t i o n s  c a u s i n g  a d s o r p t i o n  

r e m a i n  c o n s t a n t ,  o n e  w o u l d  e x p e c t  t h a t  d o u b l i n g  t h e  c o n c e n t r a 

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

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

T h i s  h o l d s  g o o d  i n  t h e  c a s e  o f  0  c u r v e s , w h e r e  t h e  a v a i l a b i l i t y  

o f  s i t e s  r e m a i n s  c o n s t a n t  a t  a l l  c o n c e n t r a t i o n s  u p  t o  s a t u r a 

t i o n .  I n  m o s t  c a s e s  h o w e v e r  a d s o r p t i o n  i n c r e a s e s  e i t h e r  f a s t e r  

o r  s l o w e r  t h a n  c o n c e n t r a t i o n ,  a n d  t h e  i s o t h e r m  i s  e i t h e r  c o n v e x  

o r  c o n c a v e  t o  t h e  c o n c e n t r a t i o n  a x i s .  T h i s  m e a n s  t h a t  c o n d i 

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

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

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

t h e r m  w i l l  b e  c o n c a v e  t o  t h e  c o n c e n t r a t i o n  a x i s .  T h i s  i s  t h e  

c a s e ,  f o r  e x a m p l e ,  i f  a  f e w  m o s t  a c t i v e  s p o t s  o f  t h e  s u r f a c e  

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

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

s o r p t i o n ;  i . e . ,  t o  c a u s e  a d s o r p t i o n  o f  a  g i v e n  a d d i t i o n a l  

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

r a i s e d  b y  e v e r  i n c r e a s i n g  a m o u n t s .  T h i s  a p p l i e s  t o  t h e  n o r m a l  

L  c u r v e s  a n d  t o  t h e  l a t e r  s t a g e s  o f  t h e  S a n d  H c u r v e s .  On t h e  

o t h e r  h a n d ,  u n d e r  r e v e r s e  c o n d i t i o n s  w h e n  t h e  s u r f a c e  b e c o m e s  

i n c r e a s i n g l y  a t t r a c t i v e  w i t h  c o v e r a g e ,  t h e  i s o t h e r m  b e c o m e s  

c o n v e x  t o  t h e  c o n c e n t r a t i o n  a x i s .  T h i s  i s  t h e  c a s e  w h e n  m o l e 

c u l e s  a t t r a c t  e a c h  o t h e r  s o  t h a t  t h e y  t e n d  t o  b u n c h  o n  t h e
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s u r f a c e -  T h i s  h a s  b e e n  c a l l e d  " c o - o p e r a t i v e  a d s o r p t i o n " ^ 5 ,

T h e  p r o b a b l e  c a u s e s  o f  t h e s e  e f f e c t s  w i l l  n o w  b e  

d e s c r i b e d  a n d  i l l u s t r a t e d .

T h e  S C u r v e

T h e  i n i t i a l  d i r e c t i o n  o f  t h e  c u r v a t u r e  s h o w s ,  a s  j u s t  

e x p l a i n e d ,  t h a t  a d s o r p t i o n  b e c o m e s  e a s i e r  a s  c o n c e n t r a t i o n  

r i s e s .  I n  p r a c t i c e ,  t h e  S c u r v e  u s u a l l y  a p p e a r s  w h e n  t h r e e  c o n 

d i t i o n s  a r e  f u l f i l l e d  : t h e  s o l u t e  m o l e c u l e  ( a )  i s  m o n o f u n c -

t i o n a l ,  ( b )  h a s  m o d e r a t e  i n t e r m o l e c u l a r  a t t r a c t i o n ,  c a u s i n g  i t  

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

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

c u l e s  o f  t h e  s o l v e n t  o r  a n o t h e r  a d s o r b e d  s p e c i e s .  T h u s ,  m o n o -  

h y d r i c  p h e n o l s  u s u a l l y  g i v e  S c u r v e s ,  e s p e c i a l l y  w h e n  a d s o r b e d  

o n  a  p o l a r  s u b s t r a t e ,  e . g . ,  £ - n i t r o p h e n o l  o n  a l u m i n a  o r  s i l i c a  

f r o m  a  p o l a r  s o l v e n t  s u c h  a s  w a t e r ,  b u t  n o t  f r o m  a  n o n - p o l a r  

s o l v e n t  s u c h  a s  b e n z e n e  o r  h e x a n e  ( c f . k i g s .4  t o  6 a n d  4 4 ) ? w h i c h  

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

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

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

m o n o s u l p h o n a t e d  d y e s  o n  a n o d i c  a l u m i n a  ( o f . P i g s . 38a , b  a n d  c ) . 

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

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

i s o l a t e d  u n i t s  ( c f . P i  g . 7 ) »

M o n o f u n c t i  o n a l l t y . -

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

( > 0 ^ )  a n d  a  m a r k e d  l o c a l i s a t i o n  o f  t h e  f o r c e s  o f  a t t r a c t i o n  

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

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

m i c e l l e .  T h u s ,  £ - n i t r o p h e n o l  i s  m o n o f u n c t i o n a l  i n  i t s  a t t r a c 

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

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

n o t  m o n o f u n o t i o n a l  t o w a r d s  e i t h e r  g r a p h i t e  ( g r a p h o n ) ( P i g . 4 1 )  o r  

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

( P i g s .  2 8  t o  3*^) * W i t h  t h e s e  i t  d o e s  n o t  g i v e  a n  S i s o t h e r m ,  

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

p o l a r  f o r c e s  o p e r a t i n g  o v e r  t h e  w h o l e  £ - n i t r o p h e n o l  n u c l e u s .

S p e c i f i c  s u r f a c e  a r e a  m e a s u r e m e n t s  c o n f i r m  t h e  v i e w  t h a t  

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

e n d - o n  t o  t h e  s u b s t r a t e  s u r f a c e . C o n s i d e r  f o r  e x a m p l e , a d s o r p 

t i o n  o f  a n  a n t h r a q u i n o n e  d y e , 0 . 1 . 6 2 , 0 5 5 9  o n  s i l i c a  (MSG b r a n d )

(Pig. 43).
M o n o l a y e r  a d s o r p t i o n  ......................................................1 0 . 3 1  m m o l e / k g .

C r o s s - s e c t i o n a l  a r e a  o f  a  m o l e c u l e  f o r  P
e d g e - o n  o r i e n t a t i o n  ( f r o m  a  C a t a l i n  m o d e l )  . . . . . 8 7 . 1 0  A

p — *1
S p e c i f i c  s u r f a c e  a r e a  o f  s i l i c a   5 = 3 7

T h i s  a g r e e s  w e l l  w i t h  a  l o w  t e m p e r a t u r e  n i t r o g e n
P

a d s o r p t i o n  f i g u r e  o f  5 - 1 5  m . / g .

A l l  s u r f a c e - a c t i v e  s u b s t a n c e s  a r e  m o n o f u n o t i o n a l  

a c c o r d i n g  t o  t h e  a b o v e  d e f i n i t i o n  a n d  s h o u l d  g i v e  S i s o t h e r m s .
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b u t  i n  p r a c t i c e  t h e y  do n o t .  P o s s i b l e  r e a s o n s  a r e  t h a t  

t h e y  a r e  e i t h e r  a d s o rb e d  a s  i o n i c  m i c e l l e s ,  o r  t h a t  t h e i r  

i n t e r m o l e c u l a r  a t t r a c t i o n  i s  v e r y  h ig h .

M e th a n o l  a d s o rb e d  from  b e n z e n e  on n o r m a l ly  d r i e d  

c e l l u l o s e  g iv e s  S i s o th e r m ; / ,  p r o b a b ly  a s  a  r e s u l t  o f  compe

t i t i o n  f o r  h y d ro  g e n -b o n d in g  s i t e s  by t r a c e s  o f  f i r m l y  bound  

w a t e r  n o t  rem oved d u r i n g  th e  n o rm a l c o u r s e  o f  d r y i n g .  

C o m p e t i t io n  i s  r e d u c e d  and  a d s o r p t i o n  p ro m o ted  by  m e th a n o l  

a s s o c i a t i n g  on a d s o r p t i o n ;  h en ce  t h e  fo rm  o f  t h e  S c u r v e .  

When t h e  m a t e r i a l s  a r e  i n t e n s i v e l y  d r i e d ,  c o m p e t i t i o n  fro m  

w a te r  i s  e l i m i n a t e d  and  t h e  c u r v e s  have  t h e  n o rm a l  L sh ap e  

( P i g . 8 ) .

The L Curve

H ere t h e  i n i t i a l  c u r v a t u r e  shows t h a t  a s  t h e  s u r f a c e  

i s  g e t t i n g  c o v e r e d ,  an  in c o m in g  m o le c u le  f i n d s  i t  d i f f i c u l t  

t o  g e t  a  v a c a n t  s i t e .  T h is  means e i t h e r  t h e  a d s o rb e d  

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

S c u r v e ,  c f .  P i g . 7) o r  t h e r e  i s  l e s s  c o m p e t i t i o n  fro m  t h e  

s o l v e n t  f o r  t h e  s u b s t r a t e  s i t e s .

The s y s te m s  w h ic h  g iv e  L c u r v e s  f u l f i l  t h e s e  c o n d i 

t i o n s ,  ( c f . T a b le  I ) .  They have one o f  t h e  f o l l o w i n g  

c h a r a c t e r i s t i c s :  ( i )  t h e  a d s o rb e d  m o le c u le s  a r e  m ost l i k e l y
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t o  be; a d s o rb e d  f l a t ,  e . g .  r e s o r c i n o l  (P ig .^ L a )  and 

t e r e p h t h a l d e h y d e  on a lu m in a ,  o r  ( i i )  i f  a d s o rb e d  e n d -o n ,  

t h e y  s u f f e r  l i t t l e  s o l v e n t  c o m p e t i t i o n ;  ex am p les  o f  ( i i )  

a r e  (a )  s y s te m s  w i t h  h i g h l y  p o l a r  s o l u t e  and  s u b s t r a t e ,  

e . g . ,  £ - n i t r o p h e n o l  and  a lu m in a  o r  s i l i c a ,  and  a  n o n - p o l a r  

s o l v e n t ,  e . g . ,  b e n z e n e  o r  h e x a n e ;  h e r e  t h e  s o l v e n t  b e n z e n e  

o r  h ex a n e  d o es  n o t  com pete  f o r  t h e  s u b s t r a t e  s i t e s  and ev en  

th o u g h  t h e  s o l u t e  i s  a d s o rb e d  e d g e -o n  t h e  r e s u l t  i s  an  L 

i s o t h e r m ;  w h i l e  f ro m  a  p o l a r  s o l v e n t  l i k e  w a te r  we g e t  S 

i s o t h e r m s ,  ( o f . P i g s . 4 t o  6 and 4 4 ) ,  and  (b) s y s te m s  i n  

w h ic h  m o n o fu n o t io n a l  i o n i c  s u b s t a n c e s  w i t h  v e r y  s t r o n g  

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

e s t e r s ,  a r e  a d s o r b e d  f ro m  w a t e r  by  i o n - i o n  a t t r a c t i o n .  I t  

i s i  p o s s i b l e  t h a t  i n  t h e s e  c a s e s  ( s y s te m s  b )  t h e  a d s o rb e d  

i o n s  may hav e  become a s s o c i a t e d  i n t o  v e r y  l a r g e  c l u s t e r s  

j u s t  b e f o r e  a d s o r p t i o n  t a k e s  p l a c e .

The H Curve

T h is  i s  a  s p e c i a l  c a s e  o f  t h e  L c u r v e ,  i n  w h ich  t h e  

s o l u t e  h a s  su c h  a  h i g h  a f f i n i t y  t h a t  i n  d i l u t e  s o l u t i o n s  i t  

i s  c o m p le te ly  a d s o r b e d ,  o r  a t  l e a s t  t h e r e  i s  no m e a s u r a b le  

am ount r e m a in in g  i n  s o l u t i o n .  The i n i t i a l  p a r t  o f  t h e  

i s o t h e r m  i s  t h e r e f o r e  v e r t i c a l .  The a d s o r b e d  s p e c i e s  a r e  

o f t e n  l a r g e  u n i t s ,  i . e . ,  i o n i c  m i c e l l e s  o r  p o ly m e r ic
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m o l e c u l e s ,  e . g .  c a t i o n i c  dyes  on s i l i c a ,  b u t  som et im es  

t h e y  a r e  a p p a r e n t l y  s i n g l e  i o n s  w h ic h  ex ch an ge  w i t h  o t h e r s  

o f  much l o w e r  a f f i n i t y  f o r  t h e  s u r f a c e ,  e . g . ,  s u l p h o n a t e d  

dye i o n s  w h ic h  ex c h an g e  w i t h  c h l o r i d e  i o n s  on a l u m i n a ,  and 

c y a n in e  dye c a t i o n s  a d s o r b e d  by i o n - i o n  a t t r a c t i o n  on 

s i l v e r  h a l i d e s . ( P i g . J B b ) .  I n  t h e  m o s t  e x t re m e  fo rm ,  t h e  

c u r v e  i s  a  h o r i z o n t a l  l i n e  r u n n i n g  i n t o  t h e  v e r t i c a l  ax is- .  

T h i s  was f o u n d  f o r  c h e m i s o r p t i o n  o f  f a t t y  a c i d s  on Raney 

n i c k e l ^ ^  ( P i g . J H c ) .

The Q Curve

T h i s  i s  c h a r a c t e r i s e d  by t h e  c o n s t a n t  p a r t i t i o n  o f  

s o l u t e  b e tw e e n  s o l u t i o n  and  s u b s t r a t e ,  r i g h t  up  t o  t h e  

maximum p o s s i b l e  a d s o r p t i o n ,  w here  an  a b r u p t  change  to  a  

h o r i z o n t a l  p l a t e a u  o c c u r s .  (The l o w e s t  p a r t  o f  t h e  L 

c u r v e  i s ,  o f  c o u r s e ,  som e t im es  v i r t u a l l y  l i n e a r ,  and some 

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

b e tw e e n  S and  L t y p e s ,  a r e  o c c a s i o n a l l y  f o u n d ) . T h i s  i s  

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

b e tw e e n  two i m m i s c i b l e  s o l v e n t s ,  and  many a u t h o r s  c o n se 

q u e n t l y  h av e  u s e d  t h e  t e r m  " s o l i d  s o l u t i o n "  f o r  a d s o r p t i o n  

p r o c e s s e s  w h ic h  g i v e  i t ,  b u t  i t  i s  d o u b t f u l  i f  t h e  t e r m  i s  

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

a  more e x p r e s s i v e  o n e ;  " a d s o r p t i o n  w i t h o u t  s o l v e n t "  may be
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s u g g e s t e d ,  f o r  r e a s o n s  g i v e n  b e lo w .

The c o n d i t i o n s  f a v o u r i n g  t h e  0 c u r v e  a p p e a r  t o  be

(a )  a  p o r o u s  s u b s t r a t e  w i t h  f l e x i b l e  m o l e c u l e s  and  r e g i o n s  

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

(b) h i g h e r  a f f i n i t y  f o r  t h e  s u b s t r a t e  t h a n  t h e  s o l v e n t  h a s ,  

and  w i t h  (c )  b e t t e r  p e n e t r a t i n g  p ow er ,  by  v i r t u e  o f  c o n d i 

t i o n  (b) and  o f  m o l e c u l a r  g e o m e t ry ,  i n t o  t h e  c r y s t a l l i n e  

r e g i o n s  o f  t h e  s u b s t r a t e .

F u n d a m e n t a l l y ,  t h e  l i n e a r i t y  shows t h a t  t h e  number 

o f  s i t e s  f o r  a d s o r p t i o n  r e m a in s  c o n s t a n t  ; i . e . ,  a s  more

s o l u t e  i s  a d s o r b e d  more s i t e s  m us t  b e  c r e a t e d .  Such  a  

s i t u a t i o n  c o u l d  a r i s e  w here  t h e  s o l u t e  h a s  a  h i g h e r  a t t r a c 

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

h a s .  The s o l u t e  c o u ld  t h e n  b r e a k  i n t e r - s u b s t r a t e  b o n d s  

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

d i m e n s i o n s  w ere  s u i t a b l e ,  c o u ld  p e n e t r a t e  i n t o  t h e  s t r u c t u r e  

o f  t h e  s u b s t r a t e  i n  r e g i o n s  n o t  a l r e a d y  p e n e t r a t e d  by t h e  

s o l v e n t . T h i s  a c t i o n  i s  s i m i l a r  t o  t h e  o p e n i n g  o f  a  Z ipp  

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

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

o r  g roup  o f  m o l e c u l e s ; t o  p e n e t r a t e ;  t h i s  o p en s  up  t h e  

s t r u c t u r e  and  a l l o w s  more s o l u t e  m o l e c u l e s  t o  e n t e r  ( o f .

P i g * 9 ) .  The a c t i o n  s t o p s  a b r u p t l y  when more h i g h l y  

c r y s t a l l i n e  r e g i o n s  o f  t h e  s u b s t r a t e  a r e  r e a c h e d .  I n  f a c t
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t h e  i s o t h e r m s  u s u a l l y  do s u d d e n ly  ch ang e  d i r e c t i o n  t o  g iv e  

t h e  h o r i z o n t a l  p l a t e a u .  Thus a  l i n e a r  i s o t h e r m  i n d i c a t e s  

t h a t  s o l u t e  i s  p e n e t r a t i n g  r e g i o n s  i n a c c e s s i b l e  t o  t h e  

s o l v e n t .

P a r t i t i o n  o f  a  s o l u t e  o f  l i m i t e d  s o l u b i l i t y  b e tw e e n  

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

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

o t h e r  b u t  t h e  s o l u t e  p e n e t r a t e s  b o t h  s o l v e n t s .

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

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

one ( ( i )  b e lo w  ) .  The f i v e  s y s t e m s  a r e ;

( i )  Eon-  o r  m o n o - io n ic ;  a r o m a t i c  s o l u t e s  on h y d r o p h o b i c

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

t e r e p h t h a l a t e  ( T e r y l e n e ) ,  f ro m  an  " i n e r t "  l i q u i d ,  i . e . , one 

w h ic h  d o e s  n o t  r e a d i l y  s w e l l  t h e  s u b s t r a t e ,  and  may a l s o  be  

an  i n d i f f e r e n t  s o l v e n t  f o r  t h e  a d s o r b i n g  s o l u t e .  S ys tem s  

u n d e r  t h i s  d e s c r i p t i o n  a r e  t h e  n o n - i o n i c  ( " d i s p e r s e " )  d y e s  

a p p l i e d  f ro m  f i n e  a q u e o u s  d i s p e r s i o n s  (T a b le  I ;  P i g . 5 0 c )  o r  

f ro m  c a r b o n  t e t r a c h l o r i d e ,  and c o l o u r l e s s  a r o m a t i c  su b 

s t a n c e s  ( " c a r r i e r s " )  u s e d  i n  a q u e o u s  s o l u t i o n  o r  d i s p e r s i o n  

t o  a s s i s t  t h e  p e n e t r a t i o n  o f  t h i s  t y p e  o f  dye i n t o  p o l y e s t e r  

f . i b r e s ^ 5 >70^ ( P i g .  6 2  ) .  (These s u b s t a n c e s  a r e  i n  f a c t

fo im d d b y  p h y s i c a l  t e ^ t s ,  t o  be  c a p a b l e  o f  p e n e t r a t i n g  i n t o
70t h e  c r y s t a l l i n e  r e g i o n s  o f  t h e  f i b r e *  . )
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Cf. P i g s .  10 and  11

HO

0 . 1 . 1 5 , 5 1 0

HO

Dye G . I . 1 5 , 5 1 0  h a s  o n l y  one s u l p h o n a t e  g roup  and

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

c r y s t a l l i n e  r e g i o n s  o f  s e c o n d a r y  a c e t a t e  and  g i v e s  a  C

i s o t h e r m .  Dye 0 . 1 . 1 6 , 0 4 5  h a s  two s u l p h o n a t e  g ro u p s  and

t h e r e f o r e  i s  t h e  more s o l v a t e d  i n  w a t e r .  The acco m p any ing

s o l v a t e d  w a t e r  p r e v e n t s  t h e  n e c e s s a r y  c l o s e  a p p r o a c h  o f  dye

and s e c o n d a r y  a c e t a t e  c h a i n ,  and * dye ing^  i s  c o n f i n e d  t o
67t h e  am orphous r e g i o n s  . R e s u l t ;  t h e  L 2 i s o t h e r m .

( i i )  B enzene  i n  n - h e p t a n e  ( P i g . 12) and w a t e r  (a s  s o l u t e )  

i n  n - b u t a n o l  ( P i g . 1 5 ) on w o o l .  B u t a n o l  d o es  n o t

p e n e t r a t e  d r y  wool r e a d i l y ;  p re s u m a b ly  h e p t a n e  d o es  n o t ,  

e i t h e r .

( i i i )  C e r t a i n  a m i n o - a c i d s  and p e p t i d e s ,  i n  w a t e r ,  on s i l i c a
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( P i g . 3 0 a ) .  The mechanism  h e r e  i s  r a t h e r  o b s c u r e .  

P r o b a b l y  i t  i n v o l v e s  h y d r o g e n - b o n d i n g  o f  t h e  a m in o -g ro u p s  

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

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

n o t  by  w a t e r .

( i v )  P h e n o l s ,  i n  w a t e r ,  on s y n t h e t i c  p o l y p e p t i d e s

( P i g .  30 b ) . The same s o l u t e s  on wool g i v e  S c u r v e s  

( P i g . 3 8 ) .  P r e s u m a b ly  t h e  h i g h l y  c r y s t a l l i n e  s t r u c t u r e  o f  

t h e  s y n t h e t i c  p r o d u c t s  makes them l e s s  r e a d i l y  p e n e t r a b l e  

by  w a t e r .

(v)  H o n - i o n i c  p h e n y la z o b e n z e n e  d e r i v a t i v e s  a d s o r b e d  by  

wool f ro m  w a te r^ ® .  I n  wool t h e r e  a r e  few  c r y s t a l l i n e

regions*^"* ( 1 0 - 1 5 ^  i n a c c e s s i b l e  t o  D^O) and  t h e  s o l u t e s  m u s t  

b e  a d s o r b e d  on t h e s e  o n l y ,  a s  t h e y  a r e  a d s o r b e d  t o  a  l i m i t e d  

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

l o s e  a c e t a t e  ) .  I t  seems p r o b a b l e  t h a t  b e c a u s e  o f  t h e i r  

weak h y d r o g e n - b o n d i n g  p r o p e r t i e s  ( o f .  r e f s .  61 , 7 2 , 7 3 )  and 

s t e a r i c  e f f e c t s ,  t h e s e  s o l u t e  m o l e c u l e s  c a n n o t  fo rm  a  s t a b l e  

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

can  do so by  h yd ro  g e n -b o n d  and n o n - p o l a r  f o r c e s  i n  some o f  

t h e  c r y s t a l l i n e  r e g i o n s  w h ic h  a r e  n o t  p e n e t r a t e d  by  w a t e r .

The s y s t e m  i s  t h u s  e s s e n t i a l l y  s i m i l a r  t o  o t h e r  0 - i s o t h e r m  

s y s t e m s .
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4 -â m in o a z o b e n z e n e  on c e l l u l o s e ,  h o w e v e r ,  g i v e s  t h e

S i s o t h e r m  ( P i g . 1 4 ) .  I n  t h i s  s u b s t r a t e  t h e  c o n d i t i o n s

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

a d s o r b  p l a n a r  a r o m a t i c  s o l u t e  m o l e c u l e s  f ro m  w a t e r  by  n o n -
74h y d r o g e n - b o n d i n g  f o r c e s  , e i t h e r  o r i e n t e d  f l a t  o r  e d g e -o n  

(a s  p r o b a b l y  i n  t h i s  c a s e ) ,  i n  w a t e r - p e n e t r a t e d  r e g i o n s .

A b n o r m a l i t i e s . -

A d s o r p t i o n  o f  b i p h e n y l  by p o l y e t h y l e n e  t e r e p h t h a l a t e

( T e r y l e n e )  f i b r e  f ro m  h o t  aq ueou s  d i s p e r s i o n  a p p e a r s  t o

g iv e  t h e  0 J a  i s o t h e r m ^ ^ .  ( P i g . ^ G d ) .  The u p p e r  p a r t  o f

t h i s  c u rv e  m u s t  r e p r e s e n t  v e r y  deep  p e n e t r a t i o n  o f  t h e

c r y s t a l l i n e  r e g i o n s  o f  t h e  f i b r e ,  w h ic h  a p p e a r s  t o  p r o c e e d
70w i t h o u t  l i m i t  . Some d i s p e r s e  d y e s ,  e s p e c i a l l y  o f  t h e

a n t h r a q u i n o n e  c l a s s ,  g i v e  i s o t h e r m s ,  t h e  u p p e r  p o r t i o n

r i s i n g  more s t e e p l y  i f  a  seco n d  dye i s  p r e s e n t  w h ich  h a s

t h e  e f f e c t  o f  p r o m o t i n g  a d s o r p t i o n  o f  t h e  one m e a s u re d .

P a r t  o f  t h i s  s t e a d y  i n c r e a s e  i n  a d s o r p t i o n  bey o n d  t h e

i n f l e c t i o n  i s  a t t r i b u t a b l e  t o  b u i l d i n g - u p  o f  a d s o r b e d  dye
7 5on t h e  o u t e r  s u r f a c e  o f  t h e  f i b r e s

U n l i k e  w a t e r ,  b e n z e n e  (f rom  n - b u t a n o l )  on wool d o e s  

n o t  g i v e  a  0 - c u r v e  ( P i g .  1 5 ) .  Here t h e  s o l v e n t  h a s  t h e  

h i g h e r  a f f i n i t y  (by h y d r o g e n - b o n d i n g ) , b e c a u s e  o f  i t s  l a r g e  

m o l e c u l e ,  b u t  n o r m a l l y  p e n e t r a t e s  wool o n l y  w i t h  g r e a t
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d i f f i c u l t y .  I t  i s  c o m p l e t e l y  m i s c i b l e  w i t h  b e n z e n e  and  

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

The 8 - c u rv e  a , c t u a l l y  o b t a i n e d  i n d i c a t e s  e n d -o n  o r i e n t a t i o n  

o f  a d s o r b e d  b e n z e n e .

A d d i t i o n a l  C h a r a c t e r i s t i c s

( i )  I n d i c a t i o n s  o f  t h e  M o n o la y e r . -

N e a r l y  a l l  s u f f i c i e n t l y . c o m p le te  c u r v e s  hav e  e i t h e r  

a  p l a t e a u  o r  an  i n f l e c t i o n  ( " k n e e ”)* Those  t h a t  do n o t  

( s u b - g r o u p  1) a r e  c l e a r l y  i n c o m p l e t e :  s a t u r a t i o n  o f  t h e

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

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

l i n e a r  p o r t i o n  above t h e  " k n e e ” ( B r u n a u e r * s " P o i n t  B " ,  

r e f . 48 ,  p . 287) m us t  r e p r e s e n t  " f i r s t  d e g r e e  s a t u r a t i o n "  o f  

t h e  s u r f a c e ,  i . e .  , t h e  c o n d i t i o n  i n  w h ic h  a l l  p o s s i b l e  

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

t i o n  ca n  t a k e  p l a c e  o n ly  on new s u r f a c e s .  P o r  c o n v e n ie n c e ,  

t h i s  d e g r e e  o f  c o v e ra g e  may be  c a l l e d  t h e  f o r m a t i o n  o f  a  

c o m p le te  " m o n o la y e r " ,  b u t  t h i s  d o es  n o t  n e c e s s a r i l y  im p ly  

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

a s  i n  a  c o m p re s sed  m o n o la y e r  on w a t e r .  I t  may be  so i n  

some o a s e s ,  and when i t  i s ,  s p e c i f i c  s u r f a c e  a r e a  d e t e r 

m i n a t i o n s  can  r e a d i l y  be  made.. G e n e r a l l y ,  ho w ev e r ,  t h e  

l a y e r  may (a )  c o n t a i n  s o l v e n t  a s  w e l l  a s i s o l u t e  m o l e c u l e s ,
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o r  (b) c o n s i s t  o n l y  o f  i s o l a t e d  c l u s t e r s  o f  s o l u t e  m o l e c u l e s  

a d s o r b e d  on t h e  m os t  a c t i v e  s i t e s ,  o r  (c )  c o n s i s t  o f  i o n i c  

m i c e l l e s ,  e i t h e r  p ack ed  c l o s e l y  o r  w e l l  s e p a r a t e d *

( i i )  S o l v e n t  i n  t h e  M o n o la y e r*-

A d s o r p t i o n  t e s t s  w i t h  pj-ni t r  o p h e n o l  g iv e  some i n d i c a 

t i o n  o f  t h e  l i k e l i h o o d  o f  t h e  p r e s e n c e  o f  s o l v e n t  i n  an 

a d s o r b e d  m ono layer*  T a b le  I I  shows t h a t  e s t i m a t e s  o f  

s p e c i f i c  s u r f a c e  a r e a  o f  a lu m in a  made b y  u s i n g  two s o l v e n t s

T a b le  I I

A d s o r p t i o n  o f  p - n i t r o p h e n o l  by c h r o m a t o g r a p h i c  a lu m in a

(Grade I )  a t  20°0

S o lv e n t .  B enzene  ( P i g .  5 ) W a te r  ( P i g .  4) 

I s o t h e r m  c l a s s  L 3a  S 2

M o n o la y e r  a d s o r p t i o n :

m m o le /kg .  425 260

e s t i m a t e d  f r o m  " P o i n t  B" p l a t e a u

Assumed c r o s s - s e c t i o n  o f  15 25
a d s o r b e d  m o l e c u l e  (A )

S p e c i f i c  s u r f a c e  a r e a  (m ^ /g . )  59*3 39*^

a g r e e  w e l l  i f  i t  i s  assum ed t h a t  t h e  a d s o r b e d  m o n o la y e r  i s  

a  c o n d e n sed  one and do es  n o t  c o n t a i n  b e n z e n e ,  b u t  does  

c o n t a i n  w a t e r ,  when t h e s e  s o l v e n t s  a r e  u s e d .  The v a l u e  o f
p p

(a )  15  A an d  (b) 25 A f o r  t h e  c r o s s - s e c t i o n a l  a r e a s  o f  

p - n i t r o p h e n o l  a g r e e  w i t h  e s t i m a t e s  f ro m  a  m odel  a s s u m in g
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e n d - o n  o r i e n t a t i o n ,  w i t h  r e s p e c t i v e l y  (a )  c l o s e - p a c k i n g

(b) p a c k i n g  w i t h  one w a t e r  m o le c u le  s a n d w ic h e d  b e tw e e n  

e a c h  p a i r  o f  p h e n o l i c  g ro u p s  ( o f .  t h e  v a l u e  o f  24 A f o r  

a l k y l  p h e n o l s  i n  c o n d e n sed  m o n o la y e r s  on w a te r " ^ ^ ) .

As a  w o r k i n g  h y p o t h e s i s ,  i t  i s  s u g g e s t e d  t h a t

( l )  no s o l v e n t  i s  p r e s e n t  i n  a d s o r b e d  m o n o la y e r s  on s o l i d s  

o f  o p p o s i t e  d e g r e e  o f  p o l a r i t y  t o  t h e  s o l v e n t ,  i . e . , mono

l a y e r s  on p o l a r  s o l i d s  i n  n o n - p o l a r  l i q u i d s ,  and p r o b a b l y  

a l s o  n o t  i n  m o n o la y e r s  on n o n - p o ^ a r  s o l i d s  i n  p o l a r  l i q u i d s ;  

and  (2) a  m o l e c u l e  a d s o r b e d  f ro m  w a t e r  o c c u p i e s  t h e  same 

c r o s s - s e c t i o n a l  a r e a  on a  s o l i d  p o l a r  s u r f a c e  a s  i t  w ould  

do i n  a  c o n d e n sed  m o n o la y e r ,  a t  z e r o  c o m p r e s s io n ,  on w a t e r .

( i i i )  A d s o r p t i o n  o f  l a o l a t e d  C l u s t e r s  o f  M o l e c u l e s ,  and

o f  I o n i c  M i c e l l e s .  D i f f e r e n c e s  i n  M o n o lay e r  C a p a c i t y .

I n  some s y s t e m s ,  e . g . ,  c a t i o n i c  d y e s  on p o s i t i v e l y  

c h a r g e d  a lu m in a  ( P i g s . 45 and  46) o r  £ r - n i t r o p h e n o l  on s i l i c a  

(MSG b r a n d )  f ro m  w a t e r  ( P i g .  6 ) ,  t h e  amount o f  s o l u t e  t a k e n  

up  a t  t h e  " m o n o la y e r"  s t a g e  i s  much l e s s  t h a n  t h e  s u r f a c e  

c a p a c i t y ,  e s t i m a t e d  by  o t h e r  m e th o d s .  I n  t h e s e  c a s e s  

a d s o r p t i o n  p r o b a b l y  t a k e s  p l a c e  o n l y  on a  few h i g h l y  a c t i v e  

s i t e s .  On t h e  o t h e r  hand  t h e  c a t i o n i c  a z o - d y e  J a n u s  Red 

B- ( G . 1 . 2 6 ,1 1 5 ) ?  w h ic h  i s  v e r y  c o l l o i d a l  i n  s o l u t i o n ,  i s  

a d s o r b e d  on s i l i c a  (MSG b r a n d )  a t  3 8 ^ i n  a b o u t  3*5 t i m e s
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t h e  amount t h e o r e t i c a l l y  r e q u i r e d  t o  fo rm  a  co nd en sed  

m o n o la y e r  ( P i g .  5 0 a , h ) .  I t  i s .  p r o b a b l y  a d s o r b e d  a s

i o n i c - m i c e l l e s .

I n  a l l  a d s o r p t i o n s  of. l a r g e  o r g a n i c  m o l e c u l e s ,  i n  

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

a d s o r b e d  i o n s  o r  m o l e c u l e s  may o c c u r ,  b e c a u s e  a t  t h e  

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

A s s o c i a t i o n  may t h u s  o c c u r  j u s t  b e f o r e  o r  j u s t  a f t e r  t h e  

moment o f  a d s o r p t i o n .  A s s o c i a t i o n  o f  d y e s  i n  t h e  a d s o r b e d  

s t a t e  h a s  b e e n  d e t e c t e d  by a  v a r i e t y  o f  i n d i r e c t  means'^'^
*70

and by  a  d i r e c t  m e th o d ,  w i t h  u s e  o f  e l e c t r o n  m i c r o g r a p h y  .

ÿ  t h i s  m etho d  a  num ber o f  (w a te r  s o l u b l e ,  s u l p h o n a t e d )  

d i r e c t  c o t t o n  d y e s  a r e  s e e n  t o  be  p r e s e n t  i n  c e l l u l o s e  a s  

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

( s i z e ^  40 A ) .  T here  i s  a s  y e t  no c e r t a i n  e v i d e n c e  o f  

t h e  s t a g e  at; w h ich  t h e s e  a g g re g a . t e s  a r e  fo rm e d ,  b u t  t h e r e  

a r e  some i n d i c a t i o n s  o f  t h e i r  f o r m a t i o n  d u r i n g  a d s o r p t i o n ^ " ^ .

( i v )  S i g n i f i c a n c e  o f  P l a t e a u  L e n g t h  o r  " P o i n t  B "

S lo p e  C hange .

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

"m o n o la y e r "  c a p a c i t y  d e t e r m i n e d  f ro m  t h e  c u rv e  v a r i e s  

w i d e l y .  A t  one ex t re m e  t h e r e  a r e  c u r v e s  w i t h  a  l o n g  f l a t
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p l a t e a u  ( e . g . ,  P i g s . 5 2 e , f ) , an d ,  a t  t h e  o t h e r ,  t h o s e  w i t h  

o n ly  a  v e r y  s m a l l  change o f  s l o p e  a t  " P o i n t  B " .  I n d e e d ,  

i n  some c a s e s  t h e  p o s i t i o n  o f  t h i s  p o i n t  i s  n o t  v e r y  c l e a r  

( o f . P i g . 4 2 ) ;  t h e s e  can  be  c o n s i d e r e d  s p e c i a l  c a s e s  i n  

w h ic h  t h e  p l a t e a u  i s  v e r y  s h o r t .

The s i g n i f i c a n c e  o f  a  l o n g  p l a t e a u  m us t  be  t h a t  a  

h i g h  e n e rg y  b a r r i e r  h a s  t o  be overcome b e f o r e  a d d i t i o n a l  

a d s o r p t i o n  can o c c u r  on new s i t e s ,  a f t e r  t h e  s u r f a c e  h a s  

b e e n  s a t u r a t e d  t o  t h e  f i r s t  d e g r e e .  The s o l u t e  h a s  h i g h  

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

o f  s o l u t e  m o l e c u l e s  a l r e a d y  a d s o r b e d .  I t  i s  p e r h a p s  

s i g n i f i c a n t  t h a t  t h e  a d s o r p t i o n s  o f  i o n i c  m i c e l l e s  g iv e  

c u r v e s  w i t h  l o n g  p l a t e a u x ;  i n  t h e s e  c a s e s  t h e  s u r f a c e  o f  

t h e  s o l i d ,  when c o v e r e d ,  w i l l  t e n d  to  r e p e l  o t h e r  m i c e l l e s  

h o l d i n g  t h e  same c h a r g e .

A s h o r t  p l a t e a u  m ust  mean t h a t  t h e  a d s o r b e d  s o l u t e  

m o l e c u l e s  ex p o se  a  s u r f a c e  w hich  h a s  n e a r l y  t h e  same 

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

C o n s id e r  t h e  i s o t h e r m s  o f  p - n i t r o p h e n o l  a d s o r b e d  on a lu m in a  

f ro m  w a t e r  ( P i g .  4) and f ro m  b en z en e  ( P i g .  5) r e s p e c t i v e l y .  

The f i r s t  (S 2) h a s  a  w e l l - m a r k e d  p l a t e a u ,  t h e  s ec o n d  h a s  

t h e  L J a  fo rm ,  w i t h o u t  p l a t e a u .  The c a l c u l a t i o n s  o f  

s p e c i f i c  s u r f a c e  a r e a ,  j u s t  d i s c u s s e d ,  i n d i c a t e  t h a t  t h e  

"m o n o lay e r"  p r o b a b l y  c o n t a i n s  s o l v e n t  i n  t h e  f i r s t  c a s e ,
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b u t  n o t  i n  t h e  s e c o n d .  I t  i s  a ssum ed ,  t h e r e f o r e ,  t h a t  

a l l  t h e  2 - n i t r o p h e n o l  m o l e c u l e s  a d s o r b e d  f ro m  w a t e r  a r e  

a t t a c h e d  t o  t h e  a lu m in a  by  t h e  - 0  • • • • •  HO- b o n d ,  and 

t h e r e f o r e  t h e  o u t e r  s u r f a c e  t h e y  ex po se  a f t e r  a d s o r p t i o n  

c o n s i s t s  l a r g e l y  o f  n i t r o - g r o u p s  and b e n z e n e  n u c l e i  and  

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

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

a d s o r b e d  f ro m  b e n z e n e ,  h ow ev e r ,  a p p e a r  t o  be  c l o s e - p a c k e d ,  

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

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

o r i g i n a l  s u r f a c e  h a s .  F u r t h e r ,  t h e  i s o t h e r m  b eyo nd  " P o i n t  

B" r i s e s  s t e a d i l y  w i t h o u t  i n f l e c t i o n  t o  a  l e v e l  r e p r e s e n t 

i n g  a d s o r p t i o n  s e v e r a l  l a y e r s  deep .  T hese  f a c t s  c o u l d  be  

e x p l a i n e d  by  a s s u m in g  t h a t  t h e  a d s o r b e d  p h e n o l  m o l e c u l e s  

have  t h e i r  h y d ro x y  g ro u p s  a l t e r n a t e l y  f a c i n g  up  and down, 

i . e . ,  i n  c o n t a c t  w i t h  t h e  e x t e r n a l  s o l v e n t  and w i t h  t h e  

a l u m i n a .  T h i s  i s  e q u i v a l e n t  t o  a d s o r p t i o n  o f  t h e  s o l u t e  

a s  d im e r s  i n  w h ic h  t h e  two i n d i v i d u a l  m o l e c u l e s  a r e  f a c e -  

t o - f a c e ,  b u t  r e v e r s e d  e n d - t o - e n d ,  i . e .  e a c h  OH g ro u p  l i e s  

a g a i n s t  t h e  NOg g rou p  i n  t h e  o t h e r  m o l e c u l e .  The a d s o r b e d  

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

o f  h y d r o x y - g r o u p s ,  w h ic h  have  h i g h  a f f i n i t y  f o r  mkre p h e n o l  

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

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

a l m o s t  c o n s t a n t ,  no m a t t e r  how many l a y e r s  a r e  a l r e a d y  

p r e s e n t .  T h i s  c o u ld  a c c o u n t  f o r  t h e  l o n g  and  n e a r l y  

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

(v) Second  R i s e  and  Second P l a t e a u .

T hese  ( c f .  a u h - g r o u p s  3 sn d  4) a r e  a t t r i b u t e d  t o  t h e  

d e v e lo p m e n t  o f  a  f r e s h  s u r f a c e  on w h ic h  a d s o r p t i o n  can 

o c c u r ,  t h e  s e c o n d  p l a t e a u  ( s u b - g r o u p  4 ) r e p r e s e n t i n g  t h e  

c o m p le te  s a t u r a t i o n  o f  new s u r f a c e ,  t h o u g h  t h i s  s t a g e  i s  

n o t  a lw a y s  r e a l i s a b l e ,  and t h e  c u rv e  t h e n  a p p e a r s  a s  i n  

s u b - g r o u p  3 *

The f r e s h  s u r f a c e  may b e ;  (a )  t h e  e x p o se d  p a r t s  o f  

t h e  l a y e r  a l r e a d y  p r e s e n t  ( e . g . ,  b a s i c  d y es  a d s o r b e d  f rom  

w a t e r  a s  i o n i c  m i c e l l e s ,  on g r a p h i t e ,  c u rv e  H 3a? o f .  

F i g . 3 H a ) ;  t h i s  w i l l  be  t h e  c a s e ,  o f  c o u r s e ,  o n l y  i f  t h e r e  

i s  room f o r  a  s e c o n d  l a y e r  ( e . g . ,  F u ,  H ansen ,  and B a r t e l l ' ^ ^  

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

s e v e r a l  t y p e s  o f  h i g h l y  p o ro u s  c a rb o n ,  b u t  on s u g a r  c h a r 

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

was o b t a i n e d ) ;  o r  (b) new, p r o b a b l y  more c r y s t a l l i n e  

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



57.

b e g i n s  t o  p e n e t r a t e ^ ,  o r  (o) p a r t  o f  t h e  o r i g i n a l  s u r f a c e .

T hus ,  u n d e r  (c )  a  p o r t i o n  o f  t h e  o r i g i n a l  s u r f a c e

may be u n c o v e r e d  by r e - o r i e n t a t i o n  o f  t h e  m o l e c u l e s  a l r e a d y

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

p h e n o l  f ro m  w a t e r  by  p ig m e n ts  ( F i g s .  28 t o  3 ^ ) ,  w here  t h e

a p p r o p r i a t e  m e a su re m e n ts  a r e  c o n s i s t e n t  w i t h  co m p le te

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

c o m p le te  c o v e ra g e  i n  v e r t i c a l  o r i e n t a t i o n  a t  t h e  s e c o n d .
58

A s i m i l a r  phenomenon was n o t e d  by  D a n ie l  i n  t h e  a d s o r p t i o n  

o f  f a t t y  a l c o h o l s  on m e t a l  powders  ( o f . F i g s .  16 and 3Ld).  

A l t e r n a t i v e l y ,  t h e  s ec o n d  p l a t e a u  may a p p a r e n t l y  i n  many 

c a s e s  r e p r e s e n t  a  s e c o n d  con d en sed  m o n o la y e r  form ed on t o p  

o f  t h e  f i r s t ;  ex am p les  a r e  c e r t a i n  mono s u l p h o n a t e d  a r o m a t i c  

compounds on g r a p h i t e ,  f ro m  w a t e r  ( c u rv e  S 4 ) ,  and some 

c y a n in e  d y es  on s i l v e r  h a l i d e  (L 4 ) .

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

se ldom  p r o d u c e s  a  r i s e  i n  t h e  i s o t h e r m  b ey o n d  t h e  f i r s t  

p l a t e a u .  P o s s i b l y  t h e  m u tu a l  r e p u l s i o n  o f  t h e  c h a rg e d  

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

t h i s  o

% E . g . ,  c e r t a i n  s u l p h o n a t e d  dyes  on (c h ro m ic  a c i d )  a n o d i c  
f i l m  on a lu m in iu m ,  where  t h e  p e n e t r a t i o n  i s  so co m p le te  
t h a t  t h e  s u b s t 3̂ t e  e v e n t u a l l y  c ru m b le s  away when e x c e s s  
dye i s  p r e s e n t The same phenomenon i s  o b s e r v e d  on 
w o o l ,  once  i t s  c a p a c i t y  f o r  a d s o r b i n g  a c i d  dyes  i s  
s a t i s f i e d ,  f u r t h e r  a d s o r p t i o n  r e s u l t s  i n  a  d e c r e a s e  i n  
t e n s i l e  s t r e n g t h  o f  t h e  f i b r e s ? 5.
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(v i)  Maxima

O c c a s i o n a l l y  a  f a l l  i n  s l o p e  o c c u r s  a f t e r  t h e  f i r s t  

i n f l e c t i o n ,  i . e . ,  t h e  i s o t h e r m  h as  a  maximum ( s u b - g r o u p  m x ) . 

T h i s  i s  p r o b a b l y  due t o  a s s o c i a t i o n  o f  t h e  s o l u t e  i n  s o l u 

t i o n ,  i . e . ,  w i t h  i n c r e a s e  i n  c o n c e n t r a t i o n ,  t h e  s o l u t e -  

s o l u t e  a t t r a c t i o n  b e g i n s  t o  i n c r e a s e  more r a p i d l y  t h a n  t h e  

s u b s t r a t e - s o l u t e  a t t r a c t i o n . » E xam ples  a r e  a d s o r p t i o n  o f  

p - n i t r o p h e n o l  on a lu m in a  ( P i g . 4 0 b ,  c ) ,  m e th a n o l  on n y l o n ^ ^ , 

a n i o n i c  d e t e r g e n t s  on wool e t c .  O f te n  t h e r e  i s  a  minimum 

a f t e r  t h e  f i r s t  maximum, and  th e  c u rv e  t h e r e a f t e r  r i s e s  

a g a i n  ( P i g . J D c ) .  Aickin^*^, w h i l e  s t u d y i n g  t h e  a d s o r p t i o n  

o f  sodium  a l k y l  s u l p h a t e s  by wool and o t h e r  f i b r e s ,  o b s e r v e d  

t h a t  t h e  amount o f  d e t e r g e n t  a d s o rb e d  i n c r e a s e s  u n t i l  a 

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

t e m p o r a r y  minimum and t h e n  in c r e a i s e s  s l o w l y  a g a i n  a s  t h e  

c o n c e n t r a t i o n  r i s e s .  By s u r f a c e  t e n s i o n  e x p e r i m e n t s  w i t h  

t h e  same a d s o r b a t e ,  he h a s  come to  t h e  c o n c l u s i o n  t h a t  t h e  

i n i t i a l  a d s o r p t i o n  up  t o  t h e  maximum i s  due t o  s i n g l e  i o n s ,  

and once  t h e  c o n c e n t r a t i o n ,  a t  w h ich  m i c e l l e  f o r m a t i o n  

b e g i n s  i s  r e a c h e d ,  t h e  a d s o r p t i o n  s t a r t s  t o  f a l l  and r e a c h e s  

a  minimum (due t o  m i c e l l e  f o r m a t i o n ) ;  t h e n  a d s o r p t i o n  r i s e s  

a g a i n  ( t h i s  t im e  t h e  m i c e l l e s  a r e  a d s o r b e d  and  n o t  t h e  s i n g l e  

i o n s ) .
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Change s i n  I s o t h e r m  Shape w i t h  Change i n  A d s o r p t i o n  V a r i a b l e s

Som etim es  a  s m a l l  change i n  some v a r i a b l e  can. change 

t h e  i s o t h e r m  c l a s s .  A d s o r p t i o n  o f  ^ - n i t r o p h e n o l  i s  an

i n t e r e s t i n g  exam ple j  £ - n i t r o p h e n o l  g i v e s :  8 c u r v e s  f ro m  

p o l a r  s o l v e n t  on p o l a r  s u b s t r a t e s  -  a l u m i n a  ( P i g . 4 ) ,  

s i l i c a  ( P i g . 6 ) ,  wool f i b r e  ( P i g . ^8 ) ;  L c u r v e s  on c a rb o n s  

f ro m  w a t e r  ( P i g s . 21 and  22) o r  on p o l a r  s u b s t r a t e s ,  v i a .  

a lu m in a  ( P i g .  5 ) ,  s i l i c a  ( P i g .  4 4 ) ,  o r  wool ( P i g . ' j g )  f ro m  

n o n - p o l a r  s o l v e n t s ;  and  a  0 cu rv e  on n y l o n  f ro m  b e n z e n e  

( P i g .  30b) (w h ich  h a s  a  low  s w e l l i n g  power f o r  t h i s  p o l y m e r ) ,  

f h e  r e a s o n s  f o r  t h e s e  v a r i a t i o n s  w i l l  be  a p p a r e n t  f ro m  t h e  

d i s c u s s i o n  ab o v e .

A p a r t i c u l a r l y  u s e f u l  exam ple  t o  c o n s i d e r  i s  t h a t  o f  

t h e  d i f f e r e n c e  b e tw e e n  c e r t a i n  a n t h r a q u i n o n e  d y e s  on s i l i c a .

Æ  R
Ô E

H m
V  0
l . r

SO^Ea
3

0 M mV
KaO,S

\  f'x / \H H *
(0 . 1 . 6 2 , (0 . 1 . 6 3 , 010 )'

I I

3E P r o b a b l e  h y d r o g e n - b o n d i n g  c e n t r e s
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Prom w a t e r ,  on s i l i c a  I  g i v e s  t h e  S c u rv e  h u t  I I  

g i v e s  t h e  1 - c u rv e  ( F i g . 1 7 ) .  T h i s  s u g g e s t s  t h a t  I  i s  c l o s e -  

p ac k ed  v e r t i c a l l y  i n  t h e  m o n o la y e r  and I I  i s  a d s o r b e d  f l a t .  

The > N H  g ro u p s  p re s u m a b ly  fo rm  h y d ro g e n  b o n d s  w i t h  t h e  

s i l i c a  s u r f a c e .  Dye I  h a s  o n ly  one H-atom f r e e  f o r  b o n d in g  

h en c e  p a c k s  v e r t i c a l l y  and g i v e s  an  S c u r v e ,  w h i l e  I I  i s  

a t t a c h e d  t o  t h e  s u r f a c e  a t  two p o i n t s  and  g i v e s  an  L- 

i s o t h e r m .

We have  n o t  e n c o u n t e r e d  any  e v i d e n c e  t h a t  change o f  

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

i s o t h e r m ,  th o u g h  o f  c o u r s e  t h e  p o s i t i o n  o f  t h e  i s o t h e r m  i s  

u s u a l l y  a l t e r e d .

D e t e r m i n a t i o n  o f  S p e c i f i c  S u r f a c e  A re a  -

T h i s  i s  d i s c u s s e d  i n  more d e t a i l  i n  a  l a t e r  s e c t i o n .



S e c t io n  I I

!Ehe M easu rem en t  o f  S p e c i f i c  S u r f a c e  A r e a s  o f  S o l i d s  

by S o l u t i o n  A d s o r p t i o n  M e th o d s .
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The i n d u s t r i a l  u s e s  o f  m a t e r i a l s  i n  pow dered  fo rm  

a r e  v e r y  e x t e n s i v e .  There  a r e  some i n d u s t r i e s  whose e n t i r e  

p r o d u c t  i s  i n  t h e  pow der fo rm ,  i n v o l v i n g  huge t o n n a g e s  o f  

m a t e r i a l ,  e . g . ,  p ig m e n t s  and b u i l d i n g  c e m e n ts ;  t h e r e  a r e  

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

m a t e r i a l s ,  p a p e r ,  e t c . ,  where  l a r g e  q u a n t i t i e s  o f  pow ders  

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

c e r a m i c ,  and  c o s m e t i c  i n d u s t r i e s  h a n d l e  l a r g e  q u a n t i t i e s  

o f  m a t e r i a l s  i n  t h e  pow der fo rm .  Powder m e t a l l u r g y  i s  an  

i n d u s t r y  by i t s e l f .  P i n e  c o a l  i s  e s s e n t i a l  f o r  c e r t a i n  

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

t h e  p r o d u c t i o n  o f  s m o k e le s s  b r i q u e t t e s  f ro m  low  r a n k  c o a l .

P o r ^ ^  m o s t  i n d u s t r i a l  c o n t r o l  p u r p o s e s  t h r e e  

c h a r a c t e r i s t i c s  o f  a  powder a r e  i m p o r t a n t :  (1) s i z e

f r e q u e n c y  (2)  p a r t i c l e  shape  and (3)  s p e c i f i c  s u r f a c e .

S i z e  f r e q u e n c y  d a t a  g i v e  t h e  f r e q u e n c y  o f  o c c u r r e n c e  o f  

p a r t i c l e s  o f  t h e  v a r i o u s  g ro u p s  o f  s i z e s  p r e s e n t  i n  t h e  

pow der .  Prom t h e  n a t u r e  o f  t h e s e  d a t a ,  a  c u rv e  i s  g e n e r 

a l l y  t h e  m o s t  c o n v e n i e n t  fo rm  o f  p r e s e n t a t i o n .

The d e f i n i t i o n  o f  p a r t i c l e  sh a p e  i s  com plex;  i t  

i s  i n e v i t a b l y  s o ,  s i n c e  t h e  g e n e r a l  t e r m  " s h a p e ” i m p l i e s  

two d i s t i n c t  c h a r a c t e r i s t i c s ,  n a m e ly ,  g e o m e t r i c a l  fo rm  

and  t h e  r e l a t i v e  p r o p o r t i o n s  o f  l e n g t h ,  b r e a d t h ,  and 

t h i c k n e s s .  The q u a n t i t a t i v e  c o r r e l a t i o n  b e tw e e n  p r o c e s s
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o r  p r o d u o t  c o n t r o l  i n  i n d u s t r y  and p a r t i c l e  s h a p e  a p p e a r s  

n e v e r  t o  h av e  b e e n  a t t e m p t e d .  The p a r t i c l e  sh a p e  i s  a  

c h a r a c t e r i s t i c  o f  some i m p o r t a n c e  i n  p r a c t i c e ;  e . g . ,  

t o  g iv e  some t y p i c a l  e x a m p le s ,  t h e  d u r a b i l i t y  o f  p a i n t s ,  

t h e  p o r o s i t y  o f  a  bed  o f  pow der ,  t h e  v i s c o s i t y  o f  a  s u s 

p e n s i o n ,  e t c . a r e  d e p e n d e n t  on i t .

The s p e c i f i c  s u r f a c e  i s  d e f i n e d  a s  t h e  s u r f a c e  

a r e a  p e r  u n i t  w e i g h t  o r  p e r  u n i t  vo lum e o f  t h e  p ow d er ;  t h e  

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

f u l .  I t  i s  p a r t i c u l a r l y  u s e f u l  f o r  r o u t i n e  c o n t r o l  o f  

m a n u f a c t u r i n g  p r o c e s s e s  i n  w h ich  a  k n o w led ge  o f  . t h e  com

p l e t e  s i z i n g  a n a l y s i s  f o r  e v e r y  sam p le  i s  u n n e c e s s a r y .

Q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  r e s u l t s  o f  c r u s h i n g  and

g r i n d i n g  -  s p e c i f i c  s u r f a c e  a s  a  m e a su re  o f  t h e  d e g r e e
81o f  commmnution

G r i n d i n g  i s  t h e  m os t  i m p o r t a n t  p r o c e s s  o f  p o w d e r in g .  

F o r  an y  c o m p a r i s o n  t o  be  c a r r i e d  o u t ,  w h e t h e r  b e tw e e n  

m a t e r i a l s  w i t h  r e g a r d  t o  t h e  " g r i n d a b i l i t y ” o r  b e tw e e n  

g r i n d i n g  e q u ip m e n t  w i t h  r e g a r d  t o  " e f f i c i e n c y ” , one m u s t  

be  a b l e  t o  m e a s u re  t h e  r e s u l t s  o f  g r i n d i n g  i n  an  o b j e c t i v e  

and a d e q u a t e  way. The mean p a r t i c l e  s i z e s  a t  s u c c e s s i v e  

s t a g e s  o f  a  g r i n d i n g  o p e r a t i o n  w i l l  be  f o u n d  t o  fo rm  a  

s e r i e s  o f  d e c r e a s i n g  v a l u e s ;  b u t  s i n c e ,  due t o  t h e
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h o m o g e n iz in g  e f f e c t  o f  g r i n d i n g ,  t h e  s i z e  r a n g e  a l s o  

d e c r e a s e s  f ro m  one s t a g e  t o  t h e  n e x t ,  a  m e a s u re  i s  n e e d e d  

w h ic h  w ould  t a k e  i n t o  a c c o u n t  b o t h  t h e s e  e f f e c t s .  Such 

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

i t  d e p e n d s  on b o t h  t h e  mean p a r t i c l e  s i z e  an d  s i z e  d i s t r i 

b u t i o n .

M ethods  f o r  d e t e r m i n a t i o n  o f  s u r f a c e  a r e a :
Q p

V a r i o u s  m e th o d s  have  b e e n  p r o p o s e d  f o r  t h e  d e t e r 

m i n a t i o n  o f  s p e c i f i c  s u r f a c e .  They d e t e r m i n e  a  f a c t o r  

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

powder and  a r e  u s e f u l  f o r  r o u t i n e  c o n t r o l .  They hav e  b e e n  

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

f i n e n e s s  o f  t h e  pow der o r  d u s t ,  and  i n c l u d e : ( 1 )  a d s o r p t i o n  

o f  g a s e s ;  (2) a d s o r p t i o n  o f  s o l u t e s  f ro m  s o l u t i o n ;  (3)  

X - r a y  e x a m i n a t i o n ;  ( 4 ) a i r  p e r m e a b i l i t y  m e a s u re m e n t ;

( 5 ) r a d i o a c t i v e  t r a c e r  t e c h n i q u e s ;  (6)  l i g h t  e x t i n c t i o n  

m e a s u r e m e n t ;  (7) h e a t  o f  w e t t i n g  m e a s u re m e n t ;  (8) d e t e r 

m i n a t i o n  o f  t h e  r a t e  o f  s o l u t i o n  o f  t h e  pow der  i n  a  s o l v 

e n t ;  ( 9 ) t i n t i n g  s t r e n g t h  m e a s u r e m e n t ; a n d  (10) t h e  u s e  

o f  m i c r o s c o p y  -  o p t i c a l  and  e l e c t r o n .  The g e n e r a l  p r i n c i 

p l e s  on w h ic h  t h e s e  m e th o d s  a r e  b a s e d  a r e  d e s c r i b e d  b e lo w ;  

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

c o n s u l t e d .
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(1) The Gas a d s o rp t io n  m ethod;

T h is  m e thod  d e p e n d s  upon  t h e  e v a l u a t i o n  o f  a  

q u a n t i t y  known a s  t h e  "m o no laye r  c a p a c i t y ” o f  t h e  pow der .  

T h i s  i s  t h e  q u a n t i t y  o f  g a s  w h ich  i s  a d s o r b e d  i n  f o r m i n g  

a  c o m p le te  l a y e r  o f  s i n g l e  m o le c u le  t h i c k n e s s  on t h e  s u r 

f a c e  o f  t h e  pow der .

I f  t h e  m o n o la y e r  c a p a c i t y ,  , i s  e x p r e s s e d  i n

m o le s  p e r  gm. o f  t h e  pow der ;  A i s  t h e  a r e a  o f  pow der s u r 

f a c e  o c c u p ie d  by  a  s i n g l e  m o le c u le  o f  a d s o r b a t e ,  t h e n  

S , t h e  s p e c i f i c  s u r f a c e  o f  t h e  pow der ,

= X HA, where  H i s  t h e  Avogadro  Humber
 ( 2 )

F o r  d e t e r m i n a t i o n  o f  m o n o la y e r  c a p a c i t y  t h e  vo lum es  

o f  a  g a s  a d s o r b e d  p e r  gm. o f  t h e  s o l i d  a t  e q u i l i b r i u m  o v e r  

a  r a n g e  o f  p r e s s u r e s  and  a t  a  c o n s t a n t  t e m p e r a t u r e  a r e  

m e a s u r e d .  Then an  i s o t h e r m ,  -  sho w ing  v o lum es  a g a i n s t  

p r e s s u r e s ,  i s  p l o t t e d .  B r u n a u e r ,  Demin g , Deming and  

T e l l e r  h av e  d e s c r i b e d  f i v e  t y p e s  o f  i s o t h e r m  ( r e f .  4 8 , p .  

1 5 0 ) ,  b u t  i n  p r a c t i c e  t h e i r  Type I I  i s o t h e r m  i s  u s u a l l y  

o b t a i n e d .

The e q u a t i o n  o f  t h e  i s o t h e r m  i s

 E- = _ L _  + I 9,r„ .x h .  (5)
^ ( P o  -  p )  %  0 Tm 0 p.Q

(imown a s  t h e  BET e g u a t l o n ,  a f t e r  B r u n a u e r ,  Emmett, and
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T e l l e r ,  who f i r s t  p ro p o s e d  i t ) ,  w here  V = volum e o f  g as  

a d s o r b e d  a t  p r e s s u r e  p a t  a  t e m p e r a t u r e  a t  w h ic h  t h e  

v a p o u r  p r e s s u r e  o f  t h e  l i q u i f i e d  g as  i s  p ^ ;  7m = volum e 

o f  t h e  g a s  r e q u i r e d  t o  fo rm  a  m o n o la y e r ,  and  0 = a  

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

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

o f  a d s o r p t i o n .

P l o t t i n g  p / V ( p ^ - p )  a g a i n s t  p / p ^  y i e l d s  a  s t r a i g h t  

l i n e  whose s l o p e  r e p r e s e n t s  t h e  q u a n t i t y  ( 0 - 1 )/VmG, and 

whose i n t e r c e p t  on t h e  p /7" (p ^ -p )  a x i s  r e p r e s e n t s  t h e  

q u a n t i t y  l/VmO. Hence b o t h  7m and 0 a r e  d e t e r m i n e d  and 

can b e  e v a l u a t e d .  D i v i d i n g  7m by  t h e  w e i g h t  o f  t h e  

powder i n  g m . , we o b t a i n  t h e  volume o f  t h e  m o n o la y e r  x ^  

p e r  g m . , and  s u b s t i t u t i o n  o f  t h e  v a l u e  (x ^ )  i n  e q u a t i o n

(2) g i v e s  t h e  s p e c i f i c  s u r f a c e .

I n  some c a s e s  t h e  a d s o r p t i o n  i s o t h e r m  i s  o f  t h e

L an gm uir  t y p e ,  w here  t h e  q u a n t i t y  o f  gas  a d s o r b e d

a s y m p t o t i c a l l y  a p p r o a c h e s  a  s a t u r a t i o n  v a l u e  q^ w h ic h  i s  

assum ed t o  r e p r e s e n t  t h e  c o m p l e t i o n  o f  t h e  m o n o la y e r .  I n  

t h e s e  c a s e s  t h e  L an g m uir  e q u a t i o n  i s  m o s t  c o n v e n i e n t l y

em ployed i n  t h e  fo rm

p / 7  = -—-—  +  (4)
7m 7m

w h ere  a^ i s  a  c o n s t a n t  c h a r a c t e r i s t i c  o f  t h e  s y s te m ;
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p/V  p l o t t e d  a g a i n s t  p g i v e s  a  c u rv e  whose s l o p e  i s  1/Ym,

P o p u l a r  a d s o r h a i t è s  a r e  n i t r o g e n  o r  a  r a r e  g a s ,  a t  

l i q u i d  a i r  t e m p e r a t u r e ,  o r  b e n z e n e  o r  c a r b o n  t e t r a c h l o r i d e  

a t  25*^0. ; t h e  a d s o r b a t e  m us t  be  i n e r t ,  i . e . ,  i t  m ust  n o t  

r e a c t  w i t h  o r  d i s s o l v e  i n  t h e  s o l i d .

(2) A d s o r p t i o n  o f  a  s o l u t e  f ro m  s o l u t i o n ;

The p r i n c i p l e  o f  t h i s  m ethod i s  t h e  same a s  i n  gas  

a d s o r p t i o n .  The s o l i d  i s  sh ak e n  up  w i t h  a  known volume 

o f  s o l u 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  u n t i l  t h e r e  i s  no 

f u r t h e r  change  i n  c o n c e n t r a t i o n ,  and t h e n  t h e  s u p e r n a t a n t  

l i q u i d  i s  a n a l y s e d .  I n  o r d e r  t o  draw t h e  i s o t h e r m  i t  i s  

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

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

h i g h e s t  a d s o r p t i o n  may p e r s i s t  o v e r  a  w ide  r a n g e  o f  con

c e n t r a t i o n s ,  g i v i n g  a  p l a t e a u ,  w h ic h  by  a n a l o g y  w i t h  th e  

L ang m u ir  i s o t h e r m  f o r  gas  a d s o r p t i o n  h a s  o f t e n  b e e n  t a k e n  

t o  d e n o t e  c o m p l e t i o n  o f  t h e  a d s o r b e d  m o n o m o le c u la r  l a y e r .  

By a s s u m in g  a  v a l u e  f o r  t h e  a r e a  o c c u p ie d  p e r  a d s o r b e d  

m o l e c u l e  t h e  t o t a l  s u r f a c e  a r e a  may t h e n  b e  e v a l u a t e d .

Lye s t u f f  8 ^ ^ ,  l o n g - c h a i n  f a t t y  a o i d s ^ ^  and  many o t h e r  

s o l u t e s  h a v e  b e e n  s u g g e s t e d  a s  a d s o r b a t e s ,  t o g e t h e r  w i t h  

a q u e o u s  and n o n - a q u e o u s  s o l v e n t s .
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(3) X - r a y  e x a m i n a t i o n ;  Low a n g l e  s c a t t e r i n g

t e c h n i q u e  ( r e f . 41 » p . 2 2 7 ) .

I n  t h i s  m e tho d  m o n o ch ro m a t ic  X - r a d i a t i o n  i s  p a s s e d  

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

t h e  s c a t t e r e d  r a d i a t i o n  i s  c o l l e c t e d  on a  p h o t o g r a p h i c  

p l a t e  ; i n  a d d i t i o n  t o  an i n t e n s e  b l a c k  s p o t  i n  t h e  c e n t r e ,  

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

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

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

be  c a l c u l a t e d .  E x p e r im e n t s  w i t h  a  num ber  o f  s o l i d s ,  su c h  

a s  f e r r i c  o x i d e ,  a l u m i n a  and n i c k e l  o x i d e ,  h a v e  shown t h a t  

t h e  s u r f a c e  a r e a  c a l c u l a t e d  f rom  t h i s  p a r t i c l e  s i z e  a g r e e s  

s a t i s f a c t o r i l y  w i t h  t h a t  o b t a i n e d  f ro m  g a s  a d s o r p t i o n .

(4) The P e r m e a b i l i t y  m e th o d : (Lea and  H u rse  method®^)

I f  a  g a s  o r  a  l i q u i d  f l o w s  t h r o u g h  a  b ed  o f  a  f i n e 

g r a i n e d  s o l i d ,  i t  h a s  to  p a s s  t h r o u g h  a  s e r i e s  o f  f i n e  b u t  

t o r t u o u s  c h a n n e l s ;  u l t i m a t e l y ,  t h i s  am oun ts  t o  f l o w  t h r o u g h  

a  c a p i l l a r y  t u b e ,  w h ic h  i s  d e t e r m i n e d  by t h e  l e n g t h  and  t h e  

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

o f  i t s  w a l l s .  Y/ith a  bed  o f  s o l i d  t h e s e  w a l l s  c o n s t i t u t e  

t h e  e x t e r n a l  s u r f a c e  o f  t h e  m a t e r i a l .

I n  t h i s  m e thod  a i r  o r  a n o t h e r  gas  i s  p a s s e d  u n d e r
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p r e s s u r e  t h r o u g h  a  b e d  o f  s o l i d  and t h e  d r o p  i n  p r e s s u r e  

a c r o s s  t h e  b ed  i s  n o t e d  by  means o f  a  m anom eter  c o n n e c t e d  

t o  p r e s s u r e  p o i n t s  above and b e lo w  t h e  b e d .  S p e c i f i c  

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

5 / 2  I------------------------
s = 1 1 .   \   (5)

^ (1 -  p) V Of m

w here  S = th e  s p e c i f i c  s u r fa c e  i n  cm7/ gm .;  ̂ = th e

d e n s i t y  o f  t h e  pow der ;  p = t h e  p o r o s i t y  o f  t h e  b e d ;

A = t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  b e d ;  h  = t h e  h e i g h t  

o f  t h e  b e d ;  Of = t h e  f l o w m e t e r  c o n s t a n t ;  = t h e  

m onom eter  r e a d i n g ;  and Hf = t h e  f l o w m e t e r  r e a d i n g .

p ,  Of and a r e  d e t e r m i n e d  b y  s e p a r a t e  e x p e r i 

m e n ts  ;

p =  (6)
V

w here  7 a  r e p r e s e n t s  t h e  a p p a r e n t  vo lum e o f  t h e  pow der ,  and 

7  is .  t h e  a c t u a l  vo lum e ( i . e .  t h e  w e i g h t  o f  sam ple  t a k e n  

d i v i d e d  by  i t s  s p e c i f i c  g r a v i t y ) .

M r  i s  p a s s e d  t h r o u g h  t h e  a p p a r a t u s  when empty and 

t h e  f l o w  r a t e  (Q) and t h e  c o r r e s p o n d i n g  f l o w m e t e r  r e a d i n g  

( % )  a r e  n o t e d .  The f l o w m e t e r  c o n s t a n t  (Of) i s  g iv e n  by

Of = ------ ........................................................................(7)
m
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w here  a i r  i s  t h e  v i s c o s i t y  o f  a i r  i n  e . g .  s .  u n i t s  

and  ^s  i s  t h e  d e n s i t y  o f  t h e  f l o w m e t e r  l i q u i d .  The 

v a l u e  o f  Hm/Hf i s  o b t a i n e d  by  p a s s i n g  a i r  t h r o u g h  a  b ed  

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

m an o m ete r  (Hm) and  f lo w m e te r  (Hf) r e a d i n g s .  A g ra p h  o f  

Hm a g a i n s t  Hf i s  a  s t r a i g h t  l i n e  p a s s i n g  t h r o u g h  t h e  

o r i g i n  an d  t h e  s l o p e  o f  t h e  g r a p h  g i v e s  t h e  r a t i o  ^ ^ H f .

The p e r m e a b i l i t y  m ethod  can be  u s e d  s u c c e s s f u l l y

f o r  t h e  d e t e r m i n a t i o n  o f  t h e  s u r f a c e  a r e a s  o f  pow ders

w h ic h  h av e  c o a r s e  p a r t i c l e s ,  i . e .  an  a v e r a g e  p a r t i c l e  s i z e

g r e a t e r  t h a n  10yu. On t h e  o t h e r  han d  t h e  m ethod  c a n n o t
111be  u s e d  a t  a l l  f o r  v e r y  f i n e  p o w d ers .  Carman e s t i m a t e d  

t h a t  t h e  t h e o r e t i c a l  l o w e r  l i m i t  o f  t h e  v a l i d i t y  o f  t h e  

m ethod  i s  i n  t h e  n e i g h b o u r h o o d  o f  0 .1  y u .

(5) The R a d i o a c t i v e  i n d i c a t o r  m e t h o d ;

T h i s  was f i r s t  u s e d  by  P a n e t h  and Vorwerk®*^ f o r  t h e  

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

shook  up  a  v e r y  s l i g h t l y  s o l u b l e  l e a d  s a l t  w i t h  a  s a t u r a t e d  

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

l e a d ,  a  s m a l l  q u a n t i t y  o f  r a d i o a c t i v e  i s o t o p e  (Thorium  B ) . 

D u r in g  t h e  s h a k i n g ,  t h e r e  was an i n t e r c h a n g e  o f  atoms 

b e tw e e n  t h e  s u r f a c e  o f  t h e  powder and t h e  s o l u t i o n ,  Thorium  

B a tom s s h a r i n g  i n  t h i s  i n t e r c h a n g e  j u s t  l i k e  t h e  i n a c t i v e
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a to m s .  E q u i l i b r i u m  wqs r a p i d l y  s e t  u p ,  and  f i n a l l y ,  o f  

c o u r s e ,  t h e  p r o p o r t i o n  o f  a c t i v e  t o  i n a c t i v e  a tom s was 

t h e  same b o t h  i n  t h e  s u r f a c e  and i n  t h e  s o l u t i o n .  Hence 

t h e  f o l l o w i n g  e q u a t i o n  h o l d s ,

r a d i o a c t i v e  l e a d  i n  s u r f a c e  _ t o t a l  l e a d  i n  s u r f a c e
r a d i o a c t i v e  l e a d  i n  s o l u t i o n  t o t a l  l e a d  i n  s o l u t i o n

Of t h e  f o u r  q u a n t i t i e s  i n  t h i s  e q u a t i o n ,  t h e  amount 

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

d e t e r m i n e d  by  an e l e c t r o s c o p e ,  and  t h e  t o t a l  l e a d  i n  s o l u 

t i o n  can  be  f o u n d  by  c h e m ic a l  a n a l y s i s ,  so t h a t  t h e  t o t a l  

num ber o f  l e a d  a tom s i n  t h e  s u r f a c e  can  be  f o u n d  b y  c a l 

c u l a t i o n .

One weak p o i n t  i n  t h i s  m ethod  a p p e a r s  t o  b e  t h a t  

i t  i s  n o t  c e r t a i n  t h a t  i t  i s  t h e  s u r f a c e  l a y e r  o n ly  w h ic h  

t a k e s  p à r t  i n  t h e  i n t e r c h a n g e  o f  a to m s ;  a t  t r u e  e q u i l i 

b r iu m ,  t h e  r a d i o a c t i v e  m a t e r i a l  w ou ld  p e n e t r a t e  t h r o u g h o u t  

t h e  w h o le  s o l i d  pow der .  T h is  c r i t i c i s m  i s  l e s s  s e r i o u s  

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

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

s low  change  g o in g  on a f t e r  t h i s  t i m e .  I t  i s  p r o b a b l y  a t  

t h e  end o f  t h i s  i n i t i a l  p e r i o d  t h a t  t h e  e q u i l i b r i u m  i s  

e s t a b l i s h e d  a s  r e g a r d s  t h e  e a s i l y  a c c e s s i b l e  s u r f a c e .  

O racks  i n  t h e  s o l i d  m a t e r i a l ,  a s  w e l l  a s  d i f f u s i o n  w i t h i n
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t h e  s o l i d ,  may a c c o u n t  f o r  t h e  f u r t h e r  s low  i n t e r c h a n g e .

T h is  m ethod  g i v e s  t h e  number o f  l e a d  a tom s on t h e  

s u r f a c e ,  and  t h i s  was c o n v e r t e d  i n t o  s q u a r e  cm. by  

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

w i t h  t h a t  o f  t h e  l e a d  s a l t  i n  b u l k ,  and  a l s o  t h a t  t h e  

a r e a  o f  t h e  m o l e c u l e s  i n  t h e  s u r f a c e  l a y e r  i s  t h e  same a s  

i f  t h e y  w ere  c u b e s  w i t h  known volum e o f  t h e  m o le c u le -

I n  t h e  c a s e  o f  l e a d  s a l t s  t h e  a r e a s  deduced  b y  t h e  

r a d i o a c t i v e  m ethod  a r 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 o s e  f o u n d  by m i c r o s c o p i c  e x a m i n a t i o n ;  t h e  d i s c r e p a n c i e s  

may, h o w ev e r ,  r e a c h  100 o r  200 p e r c e n t .  The m ethod i s  

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

w d th  a  r a d i o a c t i v e  i s o t o p e .  K o l t h o f f  and  O 'B r ie n ^ ^  u s e d  

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

o f  s i l v e r  b r o m i d e .  I t  i s  n e c e s s a r y  i n  t h i s  c a s e  t o  h ave  

an  a d s o r b e d  l a y e r  o f  d y e s t u f f  t o  r e s t r i c t  e x c h an g e  w i t h  

t h e  i n t e r i o r .

(6) The l i g h t - e x t i n c t i o n  m e th o d ^ ^ .

The m ethod  d e p e n d s  up o n  t h e  a p p l i c a t i o n  o f  t h e  

L a m b e r t - B e e r  l a w .  F o r  a  s y s te m  i n  w h ic h  t h e  s o l i d  p a r t i 

c l e s  a r e  d i s p e r s e d  i n  a  f l u i d  medium t h e  law  may be 

w r i t t e n  i n  t h e  g e n e r a l  fo rm
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-  € C  1
= I q e “ 1   (9)

w here  = i n t e n s i t y  o f  l i g h t  t r a n s m i t t e d  by  p u re  f l u i d ;

= i n t e n s i t y  o f  beam a f t e r  p a s s i n g  t h r o u g h  t h e  s u s p e n 

s i o n ;  é  = a  c o n s t a n t  ( t h e  e x t i n c t i o n  c o e f f i c i e n t ) ;  0 = 

m ass  c o n c e n t r a t i o n  p e r  u n i t  volume ( g m . / c . o . ) ;  1 = l e n g t h

o v e r  w h ic h  a b s o r p t i o n  o f  l i g h t  ta lces  p l a c e  ( c m . ) ;  d = 

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

E q u a t i o n  (9) may be  r e w r i t t e n  

l o g  ^  ...................... 110)

The la w  t h u s  demands t h a t  f o r  a  s u s p e n s i o n  o f  a
l o

g i v e n  pow der t h e  r a t i o  l o g ^  s h o u ld  be  d i r e c t l y  p r o -
1

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

l e n g t h  o f  t h e  l i g h t  p a t h .

I t  w i l l  be  e v i d e n t  t h a t  e q u a t i o n  (10) i s  o f  no h e l p

i n  o b t a i n i n g  a  m easu re  o f  p a r t i c l e  s i z e  u n l e s s  t h e  e x t i n c 

t i o n  c o e f f i c i e n t  €  be  known, w h ic h  i s  n o t  u s u a l l y  t h e  

c a s e .  F o r  t h i s  r e a s o n ,  s e v e r a l  w o r k e r s  have  u s e d  a some

w h a t  d i f f e r e n t  fo rm  o f  t h e  e q u a t i o n ,  t h u s

°  ^  ( 11 )

I
or logg, ~  = A 0 1....................................... ..................... (12)

• 1̂
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w h ere  A = p r o j e c t e d  a r e a  ( s q . c m . )  p e r  gm. o f  p a r t i c l e s ,  

i n  t h e  l i g h t  beam.

E q u a t i o n  (12) d i f f e r s  f rom  e q u a t i o n  (10) i n  t h a t  

i t  i s  assum ed t h e  p a r t i c l e s  a r e  a b s o l u t e l y  opaque  and t h a t  

t h e  l i g h t  c u t  o f f  by  t h e  p a r t i c l e s  can  b e  e q u a te d  t o  t h e i r  

p r o j e c t e d  a r e a ,  i r r e s p e c t i v e  o f  p a r t i c l e  s i z e . F u r t h e r ,

€  i n  e q u a t i o n  (10) i s  a  c o m p re h e n s iv e  c o n s t a n d  and  t a k e s  

i n t o  a c c o u n t  an y  l i g h t  p a s s e d  on, i n  a  f o r w a r d  d i r e c t i o n ,  

b y  r e f l e c t i o n  f ro m  one p a r t i c l e  t o  a n o t h e r .  T h is  i s  o f  

n e c e s s i t y  i g n o r e d  i n  e q u a t i o n  ( 1 2 ) ,  i n  w h ic h  t h e r e  i s  a l s o  

an  a d d i t i o n a l  a s s u m p t i o n  made, t h a t  t h e  e x t i n c t i o n  due t o  

p a r t i c l e s  o f  a  c e r t a i n  s i z e  i s  u n a f f e c t e d  by  t h e  p r e s e n c e  

o f  p a r t i c l e s  o f  s i z e  o t h e r  t h a n  t h a t  u n d e r  c o n s i d e r a t i o n .

I t  h a s  b e e n  shown by Oauchy t h a t  f o r  i r r e g u l a r l y  

sh ap e d  s o l i d s  ( o n l y  f o r  convex  b o d i e s ) ,  ran d o m ly  o r i e n t e d ,

A = s   ( 1 3 )

w here  S i s  t h e  s p e c i f i c  s u r f a c e ,  t h e  s u r f a c e  a r e a  i n  
2cmT p e r  gm.

A c c o r d i n g l y ,  Heywood h a s  u s e d  t h e  f o l l o w i n g  fo rm  o f  

t h e  l i g h t  e x t i n c t i o n  e q u a t i o n ,

I
s  = 0%  Ï 7   (14)

The u s e  o f  e q u a t i o n  (14) e n a b l e s  S t o  b e  c a l c u l a t e d
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r e a d i l y ,  and  I.j b e i n g  m ost  c o n v e n i e n t l y  m e a s u re d  b y  

means o f  a  p h o t o - e l e c t r i c  c e l l .  I t  i s ,  o f  c o u r s e ,  e s s e n 

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

b e  p a r a l l e l ,  o r  a s  n e a r l y  so a s  can  b e  a c h i e v e d  i n  

p r a c t i c e .  F u r t h e r m o r e ,  t h e  r e l a t i o n  e x p r e s s e d  by e q u a t i o n  

(14) i s  v a l i d  o n ly  f o r  t h e  p a r t i c l e s  o f  s i z e  g r e a t e r  t h a n  

t h e  w a v e l e n g t h  o f  v i s i b l e  l i g h t  ( 0 . 4 yu  t o  0 . 7 y u ) .

I t  w i l l  be  r e a l i z e d  t h a t  t h e r e  a r e  so many i n h e r e n t  

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

m e a s u re m e n ts  i s  v e r y  u n c e r t a i n .  N e v e r t h e l e s s  t h e  m ethod  

i s  a t t r a c t i v e  on a c c o u n t  o f  i t s  c o n v e n i e n c e ,  u s e  o f  o n l y  

a  s m a l l  sam ple  and  t h e  g r e a t  p r e c i s i o n  o f  t h e  o p t i c a l  

i n s t r u m e n t s .

(7) The h e a t  o f  w e t t i n g  m ethod^ ^ ;

The h e a t  o f  w e t t i n g  o f  a  pow der i n  a  g i v e n  l i q u i d

i s  t h e  h e a t  e v o l v e d  when 1 gm. o f  t h e  powder i s  im m ersed

i n  e x c e s s  o f  t h e  l i q u i d ;  i f  h  i s  t h e  h e a t  e v o l v e d  by  
21 cm. o f  t h e  s u r f a c e  when w e t t e d ,  t h e n  t h e  h e a t  o f  w e t t i n g  

(H) p e r  gm. i s  H = h  S, w here  S i s  t h e  s p e c i f i c  s u r f a c e  

o f  t h e  s o l i d .

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

t h e  w e t t i n g  l i q u i d ,  b o t h  c h e m ic a l  an d  p h y s i c a l  f a c t o r s  

b e i n g  i n v o l v e d ,  and  i t s  v a l u e  m ust  be  d e t e r m i n e d  f o r  e a c h
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c o m b i n a t i o n .  Hence f o r  a b s o l u t e  d e t e r m i n a t i o n s  i t  i s  

n e c e s s a r y  t o  c a l i b r a t e  w i t h  sam p le s  o f  t h e  m a t e r i a l  o f  

known s u r f a c e  a r e a  m e a s u re d  by  an  a p p r o p r i a t e  m e th o d ,  

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

a r e a  r e a d h e d  by  t h e  m o l e c u l e s  o f  l i q u i d ,  so  u n l e s s  t h e  

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

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

s m a l l ,  s u c h  a s  t h o s e  o f  m e th y l  a l c o h o l ,  t h e  l i q u i d  w i l l  

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

Even f o r  f i n e  p o w d e r s ,  t h e  h e a t  l i b e r a t e d  p e r  gm. 

o f  pow der  i s  v e r y  s m a l l ,  o f  t h e  o r d e r  o f  0 .1  c a l .  and so 

t h e  m e a s u re m e n t  o f  h e a t  e v o lv e d  i s  d i f f i c u l t .  ' T h i s  i n  

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

o r  e x t r e m e l y  f i n e l y  d i v i d e d  s o l i d s .

The s o l i d  m u s t  b e  t h o r o u g h l y  o u t g a s s e d ,  o t h e r w i s e  

t h e  h e a t  m e a s u re d  w i l l  be t h e  t r u e  h e a t  o f  im m e rs io n  l e s s  

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

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

a p p r o a c h  t o  e q u i l i b r i u m  and t h e r e f o r e  o f  e v o l u t i o n  o f  h e a t .  

The w e t t i n g  l i q u i d  m u s t  be  p u r e .  The p r e s e n c e  o f  w a t e r ,  

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

o u s ,  e . g .  H a r k i n s  e t  a l . ^ ^  fo u n d  t h a t  0 . 0 1 ^  w a t e r  i n  b e n z 

ene  n e a r l y  d o u b le d  t h e  h e a t  o f  im m e rs io n  o f  t i t a n i u m  

d i o x i d e .  The l i q u i d  m u s t  n e i t h e r  r e a c t  c h e m i c a l l y  w i t h
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t h e  s o l i d  n o r  d i s s o l v e  i t .

The m etho d  h a s  t h e  a d v a n ta g e  o f  r e q u i r i n g  o n l y  a  

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

f a c e .  B e c a u s e  o f  i t s  c o m p l e x i t y ,  i t  h a s  n o t  e n jo y e d  t h e  

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

s u r f a c e  a r e a  v a l u e s .

H a r k i n s  e t  a l . ^ ^  have  g i v e n  a  num ber o f  v a l u e s  o f
2

h e a t  o f  im m e rs io n  h  p e r  cm. o f  v a r i o u s  s o l i d s  i n  v a r i o u s  

l i q u i d s .

(8) R a te  o f  s o l u t i o n  o f  a  pov/der i n  a  s o l v e n t ;

T h i s  m ethod  d ep e n d s  f o r  s u c c e s s  u p o n  t h e  p r o v i s i o n  

o f  a  s o l v e n t  w h ic h  h a s  a  u n i f o r m  r e a c t i o n ,  a t  a  r e a s o n a b l e  

r a t e  and  c a p a b l e  o f  e a s y  and a c c u r a t e  m e a s u re m e n t .  I f  

i s  t h e  w e i g h t  o f  a  sam ple  o f  s u r f a c e  a r e a  d i s s o l v e d  

i n  a  c e r t a i n  s o l v e n t  i n  a  c e r t a i n  t i m e ,  and Wg i s  t h e  

w e i g h t  o f  a  sam p le  o f  t h e  same s u b s t a n c e ,  b u t  w i t h  a  d i f f e r 

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

i d e n t i c a l  c o n d i t i o n s ,  t h e n  w e i g h t s  and a r e a s  a r e  r e l a t e d  

by t h e  e q u a t i o n ,

W. Wp

i ;  "  %  .....................................................

and  # 2  a r e  c a l c u l a t e d  by  w e i g h i n g  t h e  p o w d ers  b e f o r e  

and  a f t e r  t h e  d i s s o l u t i o n ,  t h e n  i f  i s  known, Sg can  be
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c a l c u l a t e d .

The d i s a d v a n t a g e s  o f  t h e  m ethod  a r e :  (1) t h e  s u r 

f a c e  a r e a  o f  t h e  powder u s e d  as  a  s t a n d a r d  m us t  h e  known;

( i i )  a  s u i t a b l e  s o l v e n t  may b e  d i f f i c u l t  t o  f i n d ;  ( i i i )  i f  

t h e r e  i s  a  w ide  r a n g e  o f  p a r t i c l e  s i z e s  i n  t h e  po w d er ,  

some o f  t h e  f i n e r  p a r t i c l e s  may d i s s o l v e  c o m p l e t e l y  d u r i n g  

t h e  e x p e r i m e n t .

T h i s  m e thod  was much u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  

s p e c i f i c  s u r f a c e  a r e a s  o f  v a r i o u s  g l a s s  pow ders  by S chm id t  

and  D u ra u ^^ ,  and  S c h e l t e ® ^ .  I n  s p i t e  o f  t h e  above  o b j e c 

t i o n s  t h e  m e th od  was s u c c e s s f u l l y  u s e d  by  P a lm e r  and 

O la r k ^ ^  f o r  s u r f a c e  a r e a  d e t e r m i n a t i o n  o f  v i t r e o u s  s i l i c a  

pow der by  m e a s u r i n g  t h e  r a t e  o f  s o l u t i o n  i n  h y d r o f l u o r i c  

a c i d .

(9) T i n t i n g  s t r e n g t h  m ethod^

T h e o r e t i c a l  s t u d i e #  o f  t h e  o p t i c a l  p r o p e r t i e s  o f  

b l a c k  p ig m e n t s  show t h a t  t h e y  m u s t  g i v e  minimum w h i t e  

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

p o s s i b l e  p a r t i c l e  s i z e s ,  p r e f e r a b l y  w e l l  b e lo w  t h e  w a v e l e n g t h  

o f  v i s i b l e  r a d i a t i o n .  The p a r t i c l e s  o f  enam el b l a c k s  a r e  

b e tw e e n  a b o u t  0 . 0 1 y u  and 0 . 1 y u  i n  d i a m e t e r  an d  so a r e  w e l l  

b e lo w  t h e  w a v e l e n g t h  o f  v i s i b l e  l i g h t ,  w h ic h  c o v e r s  t h e  

r a n g e  o f  a b o u t  0 . 4 y U  t o  0 . 7 y U .
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The m easu rem en t  o f  s i z e  c h a r a c t e r i s t i c s  o f  t h e s e  

f i n e  b l a c k s  i s  a  p ro b le m  o f  e x t re m e  d i f f i c u l t y .  These 

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

a r e  d i f f i c u l t  t o  a n a l y s e  by  o t h e r  m e th o d s  owing t o  t h e  

s m a l l  p a r t i c l e  s i z e s  i n v o l v e d .

The t i n t i n g  s t r e n g t h  o f  a  p ig m e n t  i s  an  o p e r a t i o n a l  

c o n c e p t .  I t  d ep e n d s  upon  t h e  m ethod  u s e d ,  and t h u s  upon  

t h e  i m p l i e d  d e f i n i t i o n .  As a  r u l e ,  t i n t i n g  s t r e n g t h  i s  

e x p r e s s e d  r e l a t i v e  t o  a  s t a n d a r d .  One m ethod  c o n s i s t s  i n  

m i x i n g  t h e  t e s t  p ig m e n t ,  s a y  a  c e r t a i n  k i n d  o f  c a rb o n  b l a c k  

w h ic h  h a s  b e e n  su sp e n d e d  i n  l i n s e e d  o i l ,  w i t h  a  s p e c i f i e d  

amount o f  z i n c  w h i t e .  The same i s  done w i t h  a  c a r b o n  

b l a c k  t h a t  i s  s e r v i n g  a s  a  s t a n d a r d .  The t i n t i n g  s t r e n g t h  

r a t i o  i s  t h e  r a t i o  o f  t h e  w e i g h t s  o f  t e s t  b l a c k  and  s t a n d 

a r d  b l a c k  w h ic h  g i v e  t h e  same shade  w i t h  one and t h e  same 

am ount o f  z i n c  w h i t e .

(10)  The m ic r o s c o p e  m e th o d :

A m e tho d  f o r  e s t i m a t i n g  t h e  s u r f a c e  a r e a s  o f  

i r r e g u l a r l y  s h a p e d  p a r t i c l e s  by  m i c r o s c o p y  was s u g g e s t e d  

by  K e n r i c k ^ ^ .  A p h o t o m ic r o g r a p h  o f  t h e  p a r t i c l e s  on a  

m i c r o s c o p i c  s l i d e  i s  t a k e n  and p r o j e c t e d  on a  s c r e e n .  The 

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

s c f e e n ,  and  t h e  a r e a s  o f  t h e  o u t l i n e s  a r e  m e a su re d  w i t h  a
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p l a n i m e t e r .  P a r t i c l e  s u r f a c e  a r e a  i s  r e l a t e d  t o  p r o j e c t e d  

a r e a  by  t h e  e q u a t i o n :

a v e r a g e  p a r t i c l e  s u r f a c e  = —  (16)
n.

w here  2 1 A r e p r e s e n t s  t h e  sum m ation  o f  a r e a s  o f  t h e  p r o 

j e c t e d  im a g e s  o f  n  convex  p a r t i c l e s  m ounted  i n  random 

o r i e n t a t i o n .  I f  t h e r e  a r e  N p a r t i c l e s  p e r  gm. o f  t h e  

pow der t h e n  t h e  s p e c i f i c  s u r f a c e  (S) i s :

s  = F  . 4, ^  A  (17)

A v a r i a t i o n  o f  t h i s  m ethod  i s  s u g g e s t e d  by  P id g e o n
07

and Dodd"^ . Use i s  made o f  t h e  cam era  l u  c i  d a .  A p r i s m  

a r r a n g e m e n t  i s  f i t t e d  i n  t h e  e y e p ie c e  o f  t h e  m ic r o s c o p e  

by  w h ic h  t h e  image o f  t h e  p a r t i c l e  i s  p r o j e c t e d  downwards 

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

can  now be  e a s i l y  t r a c e d  w i t h  p e n c i l  on p a p e r .  A l t e r 

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

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

o f  t h e  p a r t i c l e s  i n  t e rm s  o f  c a l i b r a t e d  c i r c l e s ,  opaque  o r  

t r a n s p a r e n t ,  on t h e  g r a t i c u l e .

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

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

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

The l o w e r  l i m i t  o f  p a r t i c l e  s i z e  t h a t  can be  r e s o l v e d  

b y  t h e  m i c r o s c o p e  u s i n g  v i s i b l e  l i g h t  i s  o f  t h e  o r d e r  o f
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0 . 2 y u .  Many i n d u s t r i a l  pow ders  c o n t a i n  a  h i g h  p r o p o r t i o n  

o f  p a r t i c l e s  s m a l l e r  t h a n  0 . 2 y u  i n  d i a m e t e r ;  f o r  them  t h e  

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

0 . 0 0 5 y u  i n  d i a m e t e r .  E l e c t r o n  m ic r o s c q p y  r e q u i r e s  s p e c i a l 

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

v e r y  s m a l l  f i e l d  o f  v iew  a v a i l a b l e  a  l a r g e  number o f  p l a t e  

e x p o s u r e s  m u s t  b e  made i n  o r d e r  t o  c o u n t  a  s u f f i c i e n t  num ber 

o f  p a r t i c l e s  f o r  an  a c c u r a t e  a n a l y s i s .  E l e c t r o n  m ic r o s c o p y  

i s  n o t  s u i t a b l e  f o r  r o u t i n e  a n a l y s i s .

I n  a d d i t i o n  t o  t h e  above t e n  m e th o d s  o f  s u r f a c e  a r e a

d e t e r m i n a t i o n ,  t h e  m ethod  o f  s u r f a c e  s i l v e r i n g  h a s  b e e n  u s e d
98

f o r  r e s e a r c h e s  on f i n e l y  g ro u n d  s i l i c a  p a r t i c l e s ;  a l s o ,  f o r

m e t a l s ,  e l e c t r o l y t i c ^ ^  and i n t e r f e r e n c e ^ ^ ^  m e th o d s ,  and f o r
1 01g e n e r a l  u s e ,  a  h e a t  c o n d u c t i v i t y  m ethod  h a s  b e e n  u s e d .

Scope o f  s u r f a c e  a r e a  m e t h o d s :

P a r t i c l e s  o f  many pow ders  p o s s e s s  i n  a d d i t i o n  to  

t h e i r  e x t e r n a l  v i s i b l e  s u r f a c e  an i n t e r n a l  s u r f a c e .  I n  

com pact  b o d i e s  s u c h  a s  pow dered  q u a r t z  o r  c r y s t a l l i n e  

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

p o r o u s  b o d i e s  s u c h  a s  c l a y ,  cem ent,  c o a l ,  s t a r c h ,  e t c . ,  

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

e x t e r n a l  s u r f a c e ;  i n d e e d ,  a  d i f f e r e n c e  f a c t o r  o f  t h e  o r d e r  

o f  100 t i m e s  i s  n o t  u n u s u a l .  Vfhether t h e  e x t e r n a l  o r  t h e
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t o t a l  s u r f a c e  i s  r e q u i r e d  d epend s  on t h e  p u r p o s e  f o r  

w h ic h  t h e  powder i s  t o  be  u s e d  and t h i s  p u r p o s e  m us t  be  

b o r n e  i n  mind i n  s e l e c t i n g  a  s u i t a b l e  m e th o d .  Thus f o r  

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

and  p a c k i n g  p r o b le m s ,  t h e  e x t e r n a l  a r e a  i s  r e l e v a n t ,  

w h e r e a s  i n  p ro b le m s  s u c h  a s  t h e  a p p l i c a t i o n  o f  c a rb o n  b l a c k s  

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

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

i o n - e x c h a n g e  m a t e r i a l s  t h e . t o t a l  s u r f a c e  i s  r e q u i r e d ,  o f  

w h ich  t h e  i n t e r n a l  p a r t  i s  u s u a l l y  by  f a r  t h e  g r e a t e r  

p r o p o r t i o n .

M easu rem en t  o f  t h e  t o t a l  s u r f a c e  can  o n i y  be made 

e i t h e r  by  h e a t  o f  w e t t i n g  o r  a d s o r p t i o n  m e th o d s .  O th e r  

m e th o d s  g i v e  t h e  e x t e r n a l  a r e a  o f  t h e  p a r t i c l e s  and a r e  

a l s o  l i m i t e d  t o  m e a su re m e n ts  i n  s i z e  r a n g e s  c o a r s e r  t h a n  

a b o u t  0 . 1yU ( e x c e p t  t h e  e l e c t r o n  m i c r o s c o p e ) .

C om parison  o f  A d s o r p t i o n  M e th o d s ;

As d e s c r i b e d  above  t h e r e  a r e  two a d s o r p t i o n  m e th o d s ,  

a d s o r p t i o n  o f  a  g a s  and  a d s o r p t i o n  o f  a  s o l u t e  f ro m  s o l u t i o n .  

The r e s u l t s  o f  t h e  two m e th od s  may a g r e e  f o r  d e n s e ,  n o n -  

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

t h e  p a r t i c l e s  hav e  c o n s i d e r a b l e  p i t t i n g  o r  p o r o s i t y .

Gas a d s o r p t i o n  r e q u i r e s  a  com plex  a p p a r a t u s  and  t h e
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c o m p le te  d e g a s s i n g  o f  t h e  s am p le .  The e x p e r i m e n t  i s  

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

o f  t h e  a d s o r b a t e .  N i t r o g e n  gas  i s  t h e  m o s t  p o p u l a r  

a d s o r b a t e  and  t h e  t e m p e r a t u r e  u s e d  i n  p r a c t i c e  i s  -1 9 5 * 3 ^ 0 ,  

t h e  b o i l i n g  p o i n t  o f  l i q u i d  n i t r o g e n .  I n  s p i t e  o f  t h e s e  

o b j e c t i o n s ,  i t  i s  t h e  o n ly  a c c e p t e d  m ethod  f o r  a b s o l u t e  

s p e c i f i c  s u r f a c e  a r e a  d e t e r m i n a t i o n s .  A num ber o f  w o r k e r s  

h a v e  com pared  s u r f a c e  a r e a s  on s p e c i a l l y  s e l e c t e d  sa m p le s  

d e t e r m i n e d  by  gas  a d s o r p t i o n  w i t h  t h o s e  c a l c u l a t e d  f ro m  

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

a i r  p e r m e a b i l i t y ,  and  a d s o r p t i o n  f ro m  l i q u i d s .  The a g r e e 

m ent  o b t a i n e d  j u s t i f i e s  w o rk e r s  i n  a c c e p t i n g  w i t h  c o n f i d 

en c e  t h e  r e s u l t s  o f  t h e  gas  a d s o r p t i o n  m e th o d .

The s o l u t i o n  a d s o r p t i o n  m ethod  i s  much more r a p i d ,  

s i n c e  no p r e t r e a t m e n t  o f  t h e  sam ple  i s  r e q u i r e d ,  t h e  e x p e r i 

m en t  i s  c a r r i e d  o u t  a t  room t e m p e r a t u r e ,  t h e  e q u i l i b r i u m  

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

a d s o r b a t e  may be  a c c o m p l i s h e d  e a s i l y .  D y e s t u f f s  a r e  

p o p u l a r  a d s o r b a t e s ,  f o r  t h e y  can be r a p i d l y  and a c c u r a t e l y  

d e t e r m i n e d  by a  c o l o r i m e t e r .  I t  i s  assum ed t h a t  t h e r e  i s  

c o m p le te  c o v e ra g e  o f  a l l  a r e a s  a c c e s s i b l e  t o  t h e  s o l u t e ;  

how ever  t h e  c o m p e t i t i o n  o f  t h e  s o l v e n t  a d s o r b e d  a t  some 

s i t e s  may make t h i s  a s s u m p t i o n  i n c o r r e c t  f o r  c e r t a i n  s y s t e m s .  

A n o t h e r  d i f f i c u l t y  i s  t h e  u n c e r t a i n t y  o f  t h e  v a l u e  o f  t h e
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s u r f a c e  a r e a  o c c u p ie d  by  e a c h  a d s o r b a t e  m o l e c u l e .  The 

dye m o l e c u l e s  a r e  v e r y  a s y m m e t r i c a l ,  w h e r e a s  t h e  g as  

m o l e c u l e s  a r e  r e a s o n a b l y  s y m m e t r i c a l  and so v a r i a t i o n s  

o f  e s t i m a t e d  s p e c i f i c  s u r f a c e  w ould  b e  e x p e c t e d  t o  b e  

l a r g e r  w i t h  t h e  m ethod  o f  dye a d s o r p t i o n  t h a n  w i t h  gas  

a d s o r p t i o n .  F o r  c o m p a r i s o n  o f  s p e c i f i c  s u r f a c e s  o f  l a r g e  

n um bers  o f  s a m p le s ,  h o w ev e r ,  t h e s e  e f f e c t s  a r e  i m m a t e r i a l .  

W ith  j u d i c i o u s  a b s o l u t e  c a l i b r a t i o n  by  lo w  t e m p e r a t u r e  g as  

a d s o r p t i o n  t h e  m e thod  may sp eed  up  c o m p a r i s o n  i n  a  r o u t i n e  

c o n t r o l  o f  a  p r o d u c t i o n  p r o c e s s .

G i l e s  and c o l l a b o r a t o r s ^ " ^ ^ h a v e  c a u t i o n e d  a g a i n s t  

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

m i c e l l e s .  A more r e l i a b l e  m ethod  i s  t h e  a d s o r p t i o n  o f  a

s u r f  a c e - a c t i v e  compound, e . g . ,  a  f a t t y  a c i d  f ro m  an o r g a n i c
85 102s o l v e n t  . An a c c u r a t e  e s t i m a t e  o f  t h e  s u r f a c e  a r e a

c o v e re d  p e r  a d s o r b e d  m o l e c u l e  can  be o b t a i n e d  f ro m  i n d e p e n d 

e n t  m o n o la y e r  m e a su re m e n ts  on w a t e r .

I n  o r d e r  t o  overcome some o f  t h e  o b j e c t i o n s  a g a i n s t  

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

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

t h e  e x t e n t  o f  c o m p e t i t i o n  f ro m  t h e  s o l v e n t ,  e t c . ,  a  m e thod  

b a s e d  on a d s o r p t i o n  o f  £ - n i t r o p h e n o l  f ro m  s o l u t i o n  h a s  b e e n  

d e v e l o p e d .

From t h e  p r e s e n t  know ledge  o f  t h e  fo rm s  and
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s i g a i f i o a n c e  o f  s o l u t i o n  a d s o r p t i o n  i s o t h e r m s ,  p r e s e n t e d  

i n  P a r t  I ,  S e c t i o n  1 o f  t h i s  t h e s i s ,  t h e  f o l l o w i n g  r e q u i r e 

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

s u r f a c e  a r e a  m e a s u r e m e n t s .  I t  s h o u l d  b e :  ( i )  h i g h l y

p o l a r ,  t o  e n s u r e  s t r o n g  a t t a c h m e n t  t o  t h e  w hole  s u r f a c e  

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

t i o n  by  n o n - p o l a r  s o l i d s ;  ( i i i )  o f  s m a l l  m o l e c u l a r  s i z e ,  

p r e f e r a b l y  w i t h  a  p l a n a r  m o l e c u l e ,  and l i k e l y  to  b e  a d s o r b e d  

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

t o  e n s u r e  a c c u r a t e  e s t i m a t e s  o f  t h e  a r e a  c o v e re d  p e r  m o le 

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

t h r e e  d i m e n s i o n a l  m i c e l l e s  a t  t h e  s u r f a c e ;  (v) c o l o u r e d ,  

f o r  e a s e  o f  a n a l y s i s ;  ( v i )  r e a d i l y  s o l u b l e  b o t h  i n  w a t e r  

and  i n  n o n - p o l a r  s o l v e n t s .  £ - H i t r o p h e n o l  (PNP) s a t i s f i e s  

t h e s e  r e q u i r e m e n t s .

O r i e n t a t i o n  and  A re a  o c c u p ie d  by  P IP  on t h e  s u b s t r a t e ;

T h i s  s o l u t e  i s  n o r m a l l y  a d s o r b e d  e n d - o n  a t  p o l a r  

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

- 0  a tom s  on t h e  s u b s t r a t e  and t h e  OH g ro u p s  i n  t h e  PHP 

m o l e c u l e ,  t h u s  -

- 0 ....  H0<(
As t h e  s o l v e n t  a l s o  com petes  f o r  t h e  s u b s t r a t e  s i t e s ,  t h e  

i s o t h e r m  i s  o f  S 2 t y p e .  Exam ples  a r e ,  a d s o r p t i o n s  f ro m
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w a t e r  on s i l i c a  ( P i g .  2 5 ) ,  a l i m i n a  ( P i g . 1 9 ) ,  wool ( P i g .  $8)

e t c .  The e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  f o r  e n d -o n
2

a d s o r p t i o n  a t  room t e m p e r a t u r e  i s  oa .  25 A . Ï M s  i s  v e r y

c l o s e  t o  t h a t  f o r  s u r f  a c e - a c t i v e  ^ - a l k y l p h e n o l s  i n  mono-
76l a y e r s  on w a te r*  . Presumaloly  t h e  £ - n i t r o p h e n o l  m o l e c u l e s  

a r e  s e p a r a t e d  by  a b o u t  t h e  t h i c k n e s s  o f  one w a t e r  m o l e c u l e  

and  t h e  a d s o r b e d  l a y e r  c o n s i s t s  o f  m ixed  w a t e r  and £ -  

n i t r o p h e n o l .

On s u r f a c e s  composed o f  a r o m a t i c  n u c l e i ,  e , g * ,  

g r a p h i t e  o r  p i g m e n t s ,  t h e  a d s o r p t i o n  i s  by  v a n  d e r  W a a l ’ s 

f o r c e s  b e tw e e n  t h e  b e n z e n e  n u c l e u s  o f  £ - n i t r o p h e n o l  and 

t h e  a r o m a t i c  n u c l e i  o f  g r a p h i t e  and t h e r e f o r e  ^ - n i t r o p h e n o l  

l i e s  f l a t  on t h e  s u r f a c e  and  g i v e s  1  2 o r  H 2 t y p e  i s o t h e r m s ,  

The e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  i n  s u c h  c a s e s  i s  c a .

5 2 .5  A ( c a l c u l a t e d  f ro m  O a t a l i n  m o d e l s ) .  £ - N i t r o p h e n o l  

m o l e c u l e s  p r e s u m a b ly  o ccu py  t h e  w hole  s u b s t r a t e  w i t h  v e r y  

l i t t l e  w a t e r  b e tw e e n  them . U s u a l l y  t h e s e  L 2 and H 2 

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

t h e  f i r s t  w i t h  i n c r e a s e d  c o n c e n t r a t i o n .  T h is  s e c o n d  p l a t 

ea u  p r o b a b l y  r e p r e s e n t s  a  r e - o r i e n t a t i o n  to  t h e  e n d - o n

a d s o r p t i o n  w i t h  i n c r e a s e d  c o n c e n t r a t i o n .  The a r e a  o c c u p ie d
2a t  t h i s  s e c o n d  p l a t e a u  i s  25 A p e r  m o l e c u l e .  Exam ples  

a r e  a d s o r p t i o n s  on y e l l o w  azo  p ig m e n t s  ( E i g s . 2 8  t o  ^ 1 ) '

N o n - p o l a r  s o l v e n t s  s u c h  a s  b e n z e n e  o r  h e x a n e  do n o t
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com pete  f o r  p o l a r  s u b s t r a t e  s i t e s  and h e n c e  t h e  i s o t h e r m s  

f ro m  t h e s e  s o l v e n t s  a r e  o f  1  o r  H t y p e .  A p p a r e n t l y  i n  

t h i s  c a s e  t h e  w h o le  s u r f a c e  i s  c o v e r e d  hy  ^ - n i t r o p h e n o l  

m o l e c u l e s  t i g h t l y  p a c k e d .  The e n d -o n  c r o s s - s e c t i o n a l

a r e a  m e a s u r e d  f ro m  a  m o d e l ,  i s  oa* 15 A and  t h i s  i s  t h e  

v a l u e  o b t a i n e d  f o r  a d s o r p t i o n  on a l u m i n a  f ro m  b e n z e n e  ( F i g .  

5 ) .  E x a m p le s ,  a r e  a d s o r p t i o n  on s i l i c a  ( F i g . 44)> cement 

( F i g .  2 5 )) and  s u g a r  ( F i g .  3 7 ) .

W ith  e x t r e m e l y  f i n e l y  d i v i d e d  s u b s t a n c e s  s u c h  as  

Eeo S p e c t r a  c a r b o n  b l a c k ,  t h e r e  i s  no c l e a r l y  d e f i n e d  

p l a t e a u ,  o n l y  a  " p o i n t  B" ( r e f . 48 ,  p . 287)  i n f l e c t i o n  ( F i g .

2 0 ) ,  and p r e s u m a b ly  t h e  m o n o la y e r  i s  c o m p le te  a t  t h a t  p o i n t
2and  t h e  a r e a  o c c u p i e d  by  £ - n i t r o p h e n o l  i s  5 2 .5  A p e r  m o le 

c u l e  b e c a u s e  o f  f l a t  o r i e n t a t i o n  (L t y p e  i s o t h e r m ) .

E f f e c t  o f  t e m p e r a t u r e  on a r e a  o c c u p ie d  b y  t h e  PEP m o l e c u l e :

The e f f e c t  o f  change  o f  t e m p e r a t u r e  up on  t h e  a p p a r e n t  

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

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

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

t h e  amount a d s o r b e d  c o n s e q u e n t l y  i n c r e a s e s  w i t h  f a l l  i n  

t e m p e r a t u r e .  R e d u c t i o n  o f  t e m p e r a t u r e  c a u s e s  a  f a l l  i n  

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

m o l e c u l e s  i n  m o n o l a y e r s  on w a t e r ^^5 Qxid. t h e  same e f f e c t
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would be ex p ec ted  i n  s o l u t i o n  a d s o r p t i o n .

T e s t s  made w i t h  £ - n i t r o p h e n o l  f r o m  w a t e r  on a lu m in a  

( F i g .  40) show t h a t  t h e  a p p a r e n t  c r o s s - s e c t i o n a l  a r e a  d oes  

i n  f a c t  seem t o  d .e c re a s e  a  l i t t l e  w i t h  f a l l  i n  t e m p e r a t u r e ,  

b u t  c o m p l i c a t i o n s  i n  t h e  m e a su re m e n ts  a r e  i n t r o d u c e d  by a  

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

a s s o c i a t i o n  o f  t h e  s o l u t e  i n  t h e  s o l u t i o n  o f  h i g h e s t  con cen 

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

f l a t  and t h e  s u r f a c e  i s  n o n - p o l a r ,  so t h a t  t h e r e  w i l l  be 

a  l o w e r  p r o p o r t i o n  o f  w a t e r  i n  t h e  a d s o r b e d  l a y e r  a t  room 

t e m p e r a t u r e ;  t h u s  l i t t l e  change o c c u r s  when t h e  t e m p e r a t u r e  

i s  l o w e r e d  ( F i g . 4 1 ) .

Thus ,  i f  t h e  a d s o r p t i o n  t e m p e r a t u r e  i s  a b o u t  18^0 

t h e  m o l e c u l a r  a r e a  i s  25 A f o r  t h e  S - c u r v e s  ( e n d -o n  o r i e n t -  

a t i o n )  and 5 2 .5  A f o r  t h e  1 - c u r v e s  ( f l a t  o r i e n t a t i o n )  f ro m
p

w a t e r .  From b e n z e n e  on p o l a r  s o l i d s  t h e  v a l u e  i s  15 A , 

w i t h  p r o b a b l y  l i t t l e  o r  no change i f  t h e  t e m p e r a t u r e  v a r i e s  

a  few  d e g r e e s  on e i t h e r  s i d e  o f  18^0.

A R i s e  o r  F a l l  i n  p - n i t r o p h e n o l  I s o t h e r m s :

A g l a n c e  a t  t h e  p - n i t r o p h e n o l  S - i  so th e rm s  shows 

t h a t  m o s t  o f  them a r e  o f  e i t h e r  S 2 ( F i g s .  19^26) o r  gmg: 

( F i g s .  40b ,  c) s h a p e .  U s u a l l y  d u r i n g  i n v e s t i g a t i o n ,  once  

t h e  p l a t e a u  was r e a c h e d  ( i . e .  an  S 2 t y p e  i s o t h e r m  o b t a i n e d )



8 8 .

t h e  c a s e  was n o t  i n v e s t i g a t e d  f u r t h e r .  A l l  s o l u t e s  t e n d  

t o  a g g r e g a t e  i n  s o l u t i o n  a s  t h e  c o n c e n t r a t i o n  i n c r e a s e s  

and  £ - n i t r o p h e n o l  i s  n o t  an  e x c e p t i o n  t o  t h i s  r u l e ,  b u t  

t h i s  a g g r e g a t i o n  o r  a s s o c i a t i o n  can o c c u r  on t h e  a d s o r b e n t  

aw w e l l .  So t h e r e  i s  a  c o m p e t i t i o n  b e tw e e n  t h e  a d s o r b e n t  

and  t h e  s o l v e n t  f o r  t h i s  a s s o c i a t i o n  t o  o c c u r .  S o l u b i l i t y  

i s  a n o t h e r  v a r i a b l e  and  i t  can  f a v o u r  t h e  a d s o r b e n t  o r  t h e  

s o l v e n t ,  d e p e n d in g  on t e m p e r a t u r e .  Once a l l  t h e  s i t e s  

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

f ro m  t h e  a d s o r b e n t ,  a s s o c i a t i o n  can o c c u r  i n  t h e  s o l v e n t ,  

and  t h e  i s o t h e r m  t h e n  f a l l s  ( i . e .  t h e  c u r v e  i s  Smx t y p e ) . 

I f  t h e  t e m p e r a t u r e  i s  h i g h ,  o r  i f  t h e  c o n c e n t r a t i o n  w here  

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

t h e n  a  f u r t h e r  l a y e r  o f  s o l u t e  can  be b u i l t  up  on t h e  one 

a l r e a d y  o c c u p ie d  and  an  S 3 t y p e  o f  c u rv e  i s  o b t a i n e d .

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

a r e  d e t e r m i n e d  by  t h e  s u r f a c e  a r e a  o f  t h e  a d s o r b e n t ,  t h e  

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

A t  p r e s e n t  t h e r e  i s  v e r y  l i t t l e  i n f o r m a t i o n  a b o u t  

S 4 c u r v e s .  W ith  L c u r v e s  i t  i s  d e f i n i t e l y  known t h a t  

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

on t h e  s u r f a c e  and a s  t h e  c o n c e n t r a t i o n  r i s e s ,  t h e s e  m o le 

c u l e s  s t a n d  u p  t o  accommodate t h e  in c o m in g  m o l e c u l e s  t i l l  

t h e  w ho le  s u r f a c e  i s  o c c u p ie d  ( e . g .  ^ - n i t r o p h e n o l  on
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p i g m e n t s ) .  The above r e a s o n i n g  h o l d s  good f o r  a  f a l l  i n  

t h e  L c u r v e s  a f t e r  a  f i r s t  p l a t e a u  i s  r e a c h e d .

The s e c o n d  r i s e  a f t e r  a  minimum i n  t h e  i s o t h e r m  i s

due t o  a d s o r p t i o n  o f  m i c e l l e s  a s  p o i n t e d  o u t  by A i c k i n

S p e c i f i c  S u r f a c e  A re a  o f  S i l i c a .

The s p e c i f i c  s u r f a c e  a r e a  v a l u e s  f o r  f i n e l y  pow dered  

s i l i c a  (MSG b r a n d )  a r e  a l m o s t  t h e  same when m e a s u re d  by  

n i t r o g e n  a d s o r p t i o n  and by  £ - n i t r o p h e n o l  a d s o r p t i o n  f ro m  a  

n o n - a q u e o u s  s o l v e n t ,  o r  by  a d s o r p t i o n  f r o m  w a t e r  o f  a  mono- 

s u l p h o n a t e d  a n t h r a q u i n o n e  a c i d  wool dye ( 0 . 1 . 6 2 0 5 5 ,  A c id  

B lu e  2 5 ) .  R e f e r  T a b le  I I I .

0 ÏÏ

I n  t h e  l a s t  m e n t io n e d  c a s e ,  t h e  a d s o r p t i o n  i s  p r o b a b l y  

by  a  >RH • • • • • 0 -  bond  a t  t h e  f r e e  h y d ro g e n  a tom  ma.rked by  

an a s t e r i s k ,  and i s  assum ed t o  be  e n d -o n  i n  a  c l o s e - p a c k e d
p

m o n o la y e r .  ( M o l e c u la r  c r o s s - s e c t i o n  = 8 7 .1  A , m e a su re d  

f ro m  a  O a t a l i n  m o d e l ) .  Any w a t e r  i n  t h e  m o n o la y e r  can  be
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accommodated b e tw e e n  t h e  dye m o l e c u l e s  w i t h o u t  i n t e r f e r i n g  

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

s u l p h o n a t e  g ro u p .

The s i l i c a - d y e  c o m b in a t io n  i n  t h i s  c a s e  i s  o f  t h e  

n a t u r e  o f  a c i d - b a s e  b o n d i n g ,  a p p a r e n t l y  w i t h  t h e  w hole  s u r 

f a c e  o f  s i l i c a .  The s i l i c a - ^ - n i t r o p h e n o l  c o m b i n a t i o n  i n  

w a t e r  i s  w e a k e r ,  b o t h  com ponents  h a v i n g  a c i d i c  p r o p e r t i e s ,  

(SiO"" and "*0—O^gH^-NOg), and  t h e  a c t i v e  s i t e s  f o r  ^ - n i t r o p h e n o l  

a d s o r p t i o n  a r e  l i m i t e d  t o  a b o u t  2Qio o f  t h e  t o t a l  s u r f a c e .

( R e f e r  T a b le  I I I ,  S .S .A .  by  PRP i n  w a t e r  i s  c a .  1 . 0  m^gl^
2 1and  by  dye and  Eg i t  i s  c a .  5 .0  m . g T ' ) .  On a d d i t i o n  o f  a  

l i t t l e  h y d r o c h l o r i c  a c i d  ( t o  r e d u c e  t h e  i o n i s a t i o n  o f  PUP) 

o r  o f  sodium  c h l o r i d e  ( to  d e c r e a s e  t h e  s o l u b i l i t y  o f  PUP 

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

t i o n s ,  a d s o r p t i o n  a c t u a l l y  d e c r e a s e d .  T h i s  s u g g e s t s  t h a t  

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

i o n i s e d  - 0 “  g r o u p s .

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

l i k e l y  t o  be  n e g a t i v e l y  c h a rg e d  i n  w a t e r ,  t h e  m os t  r e l i a b l e  

r e s u l t  w i l l  p r o b a b l y  Ige. g i v e n  by  u s i n g  t h e  dye 0 .1 . 6 2 0 5 5  i n  

w a t e r  o r  ^ - n i t r o p h e n o l  i n  a  n o n -a q u e o u s  s o l v e n t .  The dye 

m etho d  i s  p r e f e r r e d  b e c a u s e  i t  u s e s  w a t e r  a s  s o l v e n t  and 

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

p - U i t r o p h e n o l  i n  w a t e r  g i v e s  a  v a l u e  f o r  q u a r t z
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t h a t  a g r e e s  w i t h  t h a t  o b t a i n e d  by  u s e  o f  t h e  d y e ;  t h i s  

was n o t  f u r t h e r  i n v e s t i g a t e d ,  b u t  i t  w ou ld  a p p e a r  t h a t  

t h e  amount o f  g r i n d i n g  t h a t  MSG pow der h a s  r e c e i v e d  h a s  

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

S .S .A .  o f  T i t a n i a

T i t a n i a ,  l i k e  s i l i c a ,  i s  n e g a t i v e l y  c h a r g e d  i n  con

t a c t  w i t h  w a t e r  and  r e p e l s  n e g a t i v e l y  c h a rg e d  ^ - n i t r o p h e n o l  

i o n s ,  dye ( 0 . I . 6 2 ,0 5 5 )  a d s o r p t i o n  how ever  g i v e s  v a l u e s  

c l o s e  t o  n i t r o g e n  ( r e f . T a b l e  I I I ) .  S u r f a c e  a r e a  v a l u e s  

by  2 - n i t r o p h e n o l  a d s o r p t i o n  f ro m  a  n o n - p o l a r  s o l v e n t  

( x y l e n e )  a g r e e  w i t h  n i t r o g e n ,  b u t  o n l y  i f  i t  i s  assum ed 

t h a t  t h e  £ - n i t r o p h e n o l  m o l e c u l e  l i e s  f l a t  ( c r o s s - s e c t i o n a l  

a r e a  5 2 .5  A ) on t h e  t i t a n i a  s u r f a c e .  The f o l l o v / i n g  hypo

t h e s i s  i s  s u g g e s t e d .  £ - U i t r o p h e n o l  i s  a t t a c h e d  to  o x i d e  

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

bon d  m u s t  be  v e r y  weak b e c a u s e  ^ - n i t r o p h e n o l  i s  n o t  a d s o r b e d  

e i t h e r  f ro m  w a t e r  o r  c h l o r o f o r m  ( a t  l e a s t  i n  t h e  c a s e  o f  

f o u r  t i t a n i a  s a m p le s  e x a m in e d ) ,  w h ic h  t h e m s e l v e s  a r e  h y d ro g e n  

b o n d i n g  a g e n t s .  From n o n - p o l a r  s o l v e n t s ,  ^ - n i t r o p h e n o l  

can  a p p a r e n t l y  fo rm  a  h y d ro g e n  bond  w i t h  t h e  t i t a n i a  s u r f a c e ,  

b u t  a s  t h e  bond i s  w eak ,  i t  i s  u n a b l e  t o  h o l d  t h e  £ - n i t r o -  

p h e n o l  i n  a  v e r t i c a l  p o s i t i o n  ( e n d -o n  o r i e n t a t i o n )  w i t h  t h e  

r e s u l t  t h a t  t h e  ^ - n i t r o p h e n o l  m o l e c u l e  l i e s  f l a t .
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A l t e r n a t i v e l y  f o r c e s  a c t i n g  o v e r  t h e  w h o le  o f  t h e  b e n z e n e  

n u c l e u s  m ig h t  be  s t r o n g e r  t h a n  t h e  h y d ro g e n  b o n d s ,  and 

h e n c e  w ould  p ro m o te  f l a t  o r i e n t a t i o n .  One way to  ch e ck  

t h i s  h y p o t h e s i s  w ou ld  be to  f i n d  o u t  i f  ^ - n i t r o p h e n o l  on 

t i t a n i a  f ro m  n o n - p o l a r  s o l v e n t  g i v e s  t h e  L 4 c u rv e  ( t h e  

p r e s e n t  c u r v e s  a r e  o f  L 3 s h a p e )  t h e  f i r s t  p l a t e a u  c o r r e s 

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

o r i e n t a t i o n ,  b u t  u n f o r t u n a t e l y  due t o  l i m i t e d  s o l u b i l i t y  

o f  £ - n i t r o p h e n o l  i n  n o n - p o l a r  s o l v e n t s ,  t h e  c u r v e s  c a n n o t  

be  e x t e n d e d  f u r t h e r .  However, i n  t h i s  c a s e ,  t h e  u s e  o f  

t h e  dye f ro m  w a t e r  i s  more c o n v e n i e n t  and  g i v e s  good 

r e s u l t s ,  so t h a t  i t  i s  n o t  n e c e s s a r y  t o  u s e  ^ - n i t r o p h e n o l  

and  a  n o n - a q u e o u s  s o l v e n t .

S u r f a c e  a r e a  o f  f i b r e s :

£ - U i t r o p h e n o l  f ro m  w a t e r  s o l u t i o n s  was u s e d  to  

m e a su re  t h e  s u r f a c e  a r e a  o f  wool f i b r e s ,  b u t  th e  v a l u e  

o b t a i n e d  was much h i g h e r  t h a n  t h e  m i c r o s c o p i c  v a l u e ,  (by 

m i c r o s c o p e ,  0 .1  g m ?g7^ ; by  £ - n i t r o p h e n o l ,  c a .  48 m ?g7^) .

T h i s  p r o v e s  t h a t  £ - n i t r o p h e n o l  p e n e t r a t e s  t h e  f i b r e s .

W a te r  c a u s e s  t k e l l i n g  o f  t h e  wool f i b r e s  and ^ - n i t r o p h e n o l  

can go i n . ( c f . F i g . 3 8 ) .

The n e x t  s t e p  t h e r e f o r e  was t o  c h o o se  a  s o l v e n t  

whose m o l e c u l e s  a r e  t i i g g e r  t h a n  t h e  p o r e s  o f  t h e  wool f i b r e s ,
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BO t h a t  ^ - n i t r o p h e n o l  w i l l  h e  r e s t r i c t e d  t o  t h e  s u r f a c e .  

Speakm an^^^ f o u n d  t h a t  a l c o h o l s  o f  h i g h e r  m o l e c u l a r  w e i g h t  

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

so n - h e p t a n e ,  w h ic h  h a s  a  l a r g e r  m o l e c u l e  t h a n  n - p r o p a n o l ,  

was s e l e c t e d  a s  a  s o l v e n t .  Even t h e n  i t  was f o u n d  t h a t  

t h e  s u r f a c e  a r e a  v a l u e  was h i g h e r  t h a n  t h a t  g i v e n  by  t h e  

m i c r o s c o p e ,  and  i t  i n c r e a s e d  w i t h  t i m e ,  sh o w in g  t h e r e  i s  

t h e  s low  p e n e t r a t i o n  o f  ^ - n i t r o p h e n o l  i n s i d e  t h e  f i b r e s

( c f . F i g . 5 9 ) .

To overcom e t h i s  d i f f i c u l t y ,  s u r f a c e  a r e a s  were  

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

1 , 2 , 3 , 4 h o u r s ,  an d  a  g r a p h  o f  s u r f a c e  a r e a  a g a i n s t  t im e  

was p l o t t e d .  T h i s  gave  a  s t r a i g h t  l i n e .  When t h i s  

s t r a i g h t  l i n e  was e x t r a p o l a t e d  t o  z e r o  t i m e ,  t h e  v a l u e  o f

5 . 5 . A .  o b t a i n e d  was i n  f a i r  a g r e e m e n t  w i t h  t h e  m i c r o s c o p i c  

v a l u e .  A t  p r e s e n t  t h i s  m ethod  i s  b e i n g  d e v e lo p e d  i n  t h i s  

l a b o r a t o r y ;  an d  i t  i s  f o u n d  t h a t  i f  t h e  a d s o r p t i o n  i s  

c a r r i e d  o u t  f o r  10  m i n u t e s  f rom  n - h e p t a n e ,  t h e  v a l u e s  o f

5 . 5 . A .  f o r  f i b r e s  o b t a i n e d  by £ - n i t r o p h e n o l  a g r e e  v e r y  w e l l  

w i t h  t h e  m i c r o s c o p i c  v a l u e s .

A d s o r p t i o n  o f  B a s i c  d y es  on a c i d i c  A l u m i n a *

A f t e r  t h e  s u c c e s s f u l  u s e  o f  an  a n i o n i c  dye ( O . I .  

6 2 , 0 5 5 ) on t h e  n e g a t i v e l y  c h a rg e d  s i l i c a  s u r f a c e ,  a  c a t i o n i c
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dye ( 0 , 1 . 4 5 , 1 7 0 ) was t r i e d  on a  p o s i t i v e l y  c h a rg e d  s u r f a c e  

The p o s i t i v e l y  c h a r g e d  s u r f a c e  c h o se n  was h y d r o c h l o r i c  

a c i d - t r e a t e d  a l u m i n a  ( p r e p a r a t i o n  and p r o p e r t i e s  d e s c r i b e d  

e l s e w h e r e ) .

EtgU

OOOHa

Rhodamine B. ( O . I .  4 5 ,1 7 0 )

T h i s  dye gave an  L 2 i s o t h e r m  ( F i g , 4 5 ) and  c o n s i d 

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

t h e  s u r f a c e  a r e a  o f  a l u m in a  was fo u n d  to  be 1 .2 6  m.gT a s

a g a i n s t  5 9 . 0  m.gT by p - n i t r o p h e n o l .  (The m o l e c u l a r  c r o s s -
2s e c t i o n  f o r  f l a t  o r i e n t a t i o n  i s  210  A , c a l c u l a t e d  f ro m  

O a t a l i n  m o d e l s ) . The r e a s o n  f o r  t h e  low  a r e a  g i v e n  by t h e  

dye may be  t h a t  t h e  dye  does  n o t  c o n t a i n  a  p r o t o n  d o n o r  

g ro u p  by w h ic h  i t  can a t t a c h  to  t h e  0 - a tom s  on t h e  a lu m in a  

s u r f a c e  by  means o f  h y d ro g e n  b o n d in g ,  o r  t h e  a c i d  t r e a t m e n t  

h a s  r e p l a c e d  a l l  t h e  OH g ro u p s  by  01 and t h u s  i t  c a n n o t  a c t  

a s  a p r o t o n  d o n o r .
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E e z t  a  dye  c o n t a i n i n g  a  p r o t o n  d o n o r  g ro u p  i n  t h e  

m o l e c u l e  ( 0 . 1 . 4 2 , 5 9 5 )  was s e l e c t e d ,  b u t  ev en  t h e n  t h e  

a t t e m p t  was n o t  s u c c e s s f u l .

V i o t o r i a  P u r e  B lu e  BO ( O . I . 4 2 ,5 9 5 )

I t  was e x p e c t e d  t h a t  t h e  dye w ou ld  a t t a c h  to  t h e

- 0  a to m s  i n  t h e  s u r f a c e  t h r o u g h  t h e  HE- g ro u p  and  g i v e  a

v e r t i c a l  o r i e n t a t i o n  (S i s o t h e r m ) .  I t  gave  an  L i s o t h e r m

( P i g . 46) i n d i c a t i n g  t h a t  e i t h e r  t h e  m o l e c u l e  i s  t o o  b u l k y

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

t h r e e  E a to m s  i n  t h e  dye m o le c u le  a r e  a t t a c h e d  t o  t h e  -OH

g r o u p s  s t i l l  p r e s e n t  on t h e  s u b s t r a t e  and  by  t h i s  t h r e e -

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

s e c t i o n a l  a r e a  o f  t h e  dye m o l e c u l e  f o r  f l a t  o r i e n t a t i o n ,
2

f ro m  O a t a l i n  m o d e ls  i s  254 A  , and h e n c e  t h e  s u r f a c e  a r e a  

i s  0 . 7 2 4  m ? g T \  The m a t t e r  was n o t  p u r s u e d  f u r t h e r .
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The r a t e  of a d s o r p t i o n .

A d s o r p t i o n  i n v o l v e s  t h r e e  s t a g e s ,  n a m e ly ;  (1) 

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

o f  t h e  a d s o r b e n t , ( 2 ) a d s o r p t i o n  o f  s o l u t e  on t h e  o u t e r  

s u r f a c e  o f  t h e  a d s o r b e n t ,  and  ( 3 ) t r a n s p o r t  o f  t h i s  

s o l u t e  f ro m  t h e  s u r f a c e  t o  t h e  a d s o r b i n g  s i t e s  w i t h i n  t h e  

a d s o r b e n t .  The s e c o n d  o f  t h e s e  s t e p s ,  t h e  a c t u a l  

a d s o r p t i o n  p r o c e s s ,  i s  g e n e r a l l y  assum ed t o  b e  so much 

more r a p i d  t h a n  e i t h e r  o f  t h e  o t h e r  s t e p s  t h a t  i t  can  be  

r e g a r d e d  a s  i n s t a n t a n e o u s .  The m e a s u r a b l e  r a t e  i n  t h e  

a d s o r b e n t s  i s  due t o  e i t h e r  o f  t h e  s t e p s  ( I )  o r  ( 3 ) ,  

w h i c h e v e r  i s  s l o w e r .  The p r o c e s s  i n d l u d e s  d i f f u s i o n  and  

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

I n s i d e  t h e  a d s o r b e n t ,  c o n v e c t i o n  i s  n e g l i g i b l e  and s o l u t e  

t r a n s p o r t  i s  n o t  a f f e c t e d  by  e x t e r n a l  a g i t a t i o n .  The r a t e  

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

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

a d s o r p t i o n .  As w ould  be e x p e c t e d ,  i t  i s  l a r g e r  t h e  w i d e r  

t h e  a d s o r b e n t  p o r e s .

I n  t h e  i n i t i a l  s t a g e s ,  a d s o r p t i o n  i s  u s u a l l y  

e x t r e m e l y  r a p i d ,  b u t  i t  d e c r e a s e s  once  t h e  e q u i l i b r i u m  

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

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

I t  w i l l  be  e v i d e n t  f ro m  t h e  t i m e - a d s o r p t i o n  c u r v e s
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( P i g . 47) t h a t  w i t h  a c t i v e  s o l i d s  s u c h  a s  a lu m in a  o r  c a r b o n s  

e q u i l i b r i u m  i s  r a p i d l y  e s t a b l i s h e d .  S i l i c a  (MSG b r a n d )  

( P i g . 4 7 c )  t a k e s  a b o u t  15 m i n u te s  t o  a t t a i n  e q u i l i b r i u m  f ro m  

a  n o n - p o l a r  s o l v e n t  ( x y l e n e ) ,  w h i l e  i t  t a k e s  a b o u t  4 h r .  

f ro m  a  p o l a r  s o l v e n t  ( w a t e r )  T h i s  s u p p o r t s  t h e  v ie w

a l r e a d y  p u t  f o r w a r d ,  t h a t  i n  w a t e r  b o t h  s i l i c a  and £ -  

n i t r o p h e n o l  a r e  n e g a t i v e l y  c h a rg e d  and t h e r e f o r e  r e p e l  e a c h  

o t h e r ,  w h i l e  i n  n o n -g )o la r  s o l v e n t s  t h e r e  i s  no i o n i z a t i o n  

and  a d s o r p t i o n  i s  e a s y  due t o  h y d ro g e n  b o n d i n g .

The c a s e  o f  z i n c  i s  r a t h e r  an  i n t e r e s t i n g  one (P ig .  

4 7 d ) .  I t  seems t h a t  f o r  t h e  f i r s t  two h o u r s  ^ - n i t r o p h e n o l  

l i e s  f l a t  on t h e  s u b s t r a t e  and t h e n  g r a d u a l l y  s t a n d s  u p .  

T h i s  i s  n o t  due t o  i t s  m ak ing  room f o r  t h e  in c o m in g  p a r t i 

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

f;he a d s o r p t i o n  o f  ^ - n i t r o p h e n o l  on z i n c  w ou ld  have  g i v e n  

an  L c u r v e  and  n o t  an  S c u rv e  ( P i g . 2 4 a ) .  ^ - E i t r o p h e n o l  

on a l u m in a  f ro m  w a t e r  a l s o  g i v e s  an 3 c u r v e ,  b u t  i t  d o es  

n o t  show t h i s  phenomenon ( P ig .  47e) ; p e r h a p s  i n  t h i s  c a s e  

t h e  o r i e n t a t i o n  i s  so r a p i d  t h a t  i t  i s  n o t  d e t e c t e d .
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E x p e r i m e n t a l

^ - E i t r o p h e n o l ,  dye a d s o r p t i o n  and b u l k  d e n s i t y  

e x p e r i m e n t s  w ere  done b y  t h e  w r i t e r ;  n i t r o g e n ,  a i r  

p e r m e a b i l i t y  and  m ic r o s c o p e  v a l u e s  w ere  d e t e r m i n e d  e l s e 

w here  .

P r e p a r a t i o n  o f  t h e  s u b s t r a t e s ;

A l l  t h e  s u b s t r a t e s ,  e x c e p t  w o o l ,  w ere  u s e d  w i t h o u t  

any  p r e t r e a t m e n t .

C h ro m a to g ra p h ic  A lum ina  -  S u p p l i e d  by  S av o ry  and Moore 

l t d .  f o r  c h r o m a to g r a p h i c  u s e .

A lum ina  Sam ples  ' A ' ,  and  -  S u p p l i e d  by  B r .K .S .W .

S i n g  o f  L i v e r p o o l  C o l l e g e  o f  T e c h n o lo g y ,  who a l s o  k i n d l y  

p r o v i d e d  t h e  Eg v a l u e  f o r  them.

A lum ina  -  i n  P i g . 40. A sam ple  i n  t h e  l a b o r a t o r y  was u s e d .  

The Eg v a l u e  was p r o v i d e d  by  B r .E .  8.W. S in g .

E e o - S p e c t r a  Carbon B l a c k  and Cabot *ELP* 8 -  S u p p l i e d  by  

B r . B . H . T . S p e n c e r  o f  t h e  B r i t i s h  Coal U t i l i z a t i o n  R e s e a r c h  

A s s o c i a t i o n ,  who a l s o  k i n d l y  gave t h e  Eg an d  o t h e r  v a p o u r  

v a l u e s .

G-raphon. The sam ple  and  i t s  n i t r o g e n  d a t a  were  p r o v i d e d  

by  D r . J .  J . K i p l i n g  o f  H u l l  U n i v e r s i t y .
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Goal powder and i t s  s . s . a . ,  o b t a i n e d  f ro m  t h e  a v e r a g e  

p a r t i c l e  s i z e  by  s e d i m e n t a t i o n  p r o c e d u r e ,  were  p r o v i d e d  

by  t h e  B u s t  R e s e a r c h  L a b o r a t o r y  i n  t h i s  D e p a r t m e n t .

Cement -  Sample and a i r  p e r m e a b i l i t y  f i g u r e  were  p r o v i d e d  

by  t h e  B u s t  R e s e a r c h  L a b o r a t o r y  and Eg d a t a  by B r .K .S .W . 

S in g .

M e ta l  pow ders  -  S u p p l i e d  by P r o f e s s o r  E .G .E l lw o o d ,  o f  t h e  

M e t a l l u r g y  d e p a r t m e n t  i n  t h i s  C o l l e g e .

S i l i c a  (MSG b r a n d )  -  S u p p l i e d ,  w i t h  a i r  p e r m e a b i l i t y  

v a l u e  by M e s s r s .  C o l in  S t e w a r t  L t d . , E i t r o g e n  v a l u e  p r o 

v i d e d  by B r .K .S .W .S in g .  The sec o n d  a i r  p e r m e a b i l i t y  and 

n i t r o g e n  f i g u r e s  w ere  s u p p l i e d  by B r . G u l f e a t h e r ,  l a t e  o f  

t h i s  D e p a r tm e n t .

S i l i c a  -  S u p p l i e d  by  t h e  B u s t  R e s e a r c h  L a b o r a t o r y .

Q u a r t z  -  A sam ple  i n  t h e  l a b o r a t o r y  was u s e d ,  m i c r o s c o p i c  

v a l u e  f o u n d  e a r l i e r  by M s s  M .M .All ingham .

T i t a n i u m  d i o x i d e  -  S u p p l i e d ,  w i t h  Eg v a l u e s ,  by  Mr. J . P .  

McVey and B r i t i s h  T i t a n  P r o d u c t s  C o .L td .

P ig m e n ts  -  Y e l lo w ,  b l u e  and  r e d  p ig m e n t  s a m p le s  and t h e i r  

n i t r o g e n  v a l u e s  were s u p p l i e d  by  D r .B .M .S te a d  and James 

A n d e r s o n  & Go. (C o lo u r s )  L t d .

S u g a r  -  Commercial  s u g a r  was u s e d .



100

Wool -  T r e a t e d  i n  t h e  way a s  m e n t io n e d  i n  P a r t  I ,

S e c t i o n  I  o f  t h i s  t h e s i s .

P r e p a r a t i o n  o f  t h e  S o l u t e s !

1) P"N i t ro p h e n o l  was r e c r y s t a l l i z e d  f ro m  w a te r .

2) P.ye-s “ 0 . 1 . 6 2 , 0 5 5 ,  A c id  B lu e  25,  (co m m erc ia l  Solway 

U l t r a  B lu e  BS ( I . O . I . )  ) was p u r i f i e d  hy  c r y s t a l l i z a t i o n  

f ro m  w a t e r - e t h a n d  m i x t u r e  (1:1  v / v )  s e v e r a l  t i m e s ,  u n t i l  

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

o f  a  g i v e n  s t r e n g t h .

C a t i o n i c  d y e s  ( C . I . 4 5 ,1 7 0  and 4 2 ,5 9 5 )  -  Sam ples  

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

S o l v e n t s :

D i s t i l l e d  w a t e r ,  com m erc ia l  b e n z e n e ,  x y l e n e  and 

n - h e p t a n e  were  u s e d .

A d s o r p t i o n  P r o c e d u r e :

The same a s  d e s c r i b e d  i n  P a r t  I ,  S e c t i o n  I  o f  t h i s

t h e s i s .

The r a t e  m e a s u re m e n ts  w ere  n o t  made i n  a l l  c a s e s .  

Where n o t ,  t h e  a d s o r p t i o n  was c a r r i e d  o u t  f o r  a b o u t  16 

h o u r s  and  t h a t  e q u i l i b r i u m  was a t t a i n e d  d u r i n g  t h a t  t im e
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was t a k e n  f o r  g r a n t e d .

A n a l y t i c a l  T e c h n iq u e s ; .

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

u s i n g  a  Uni cam SP 500 i n s t r u m e n t .  p - N i t r o p h e n o l  i n  w a t e r  

g i v e s  a  p a l e  y e l l o w  s o l u t i o n ,  w h ic h  d a r k e n s  i n  c o l o u r  on 

a d d i t i o n  o f  a l k a l i .  The s o l u t i o n  can  t h e n  he  a n a l y s e d  

a t  4 0 0 0  A. The w a t e r  s o l u t i o n  becom es c o l o u r l e s s  on 

a d d i t i o n  o f  a  l i t t l e  a c i d ,  t h e  s o l u t i o n  can  t h e n  be  

a n a l y s e d  a t  5 200 A. n -H e p ta n e  and b e n z e n e  s o l u t i o n s  o f  

2 - n i t r o p h e n o l  a r e  c o l o u r l e s s  and w ere  a n a l y s e d  a t  2860 A 

and  3 0 0 0  A r e s p e c t i v e l y .  X y lene  s o l u t i o n s  o f  t r o p h e n o l  

w ere  c a r e f u l l y  e v a p o r a t e d  and  t h e  r e s i d u a l  £ - n i t r o p h e n o l  

e x t r a c t e d  w i t h  w a t e r  and a n a l y s e d  by  t h e  a d d i t i o n  o f  a l k a l i .

The s o l u t i o n s  o f  t h e  dyes  ( 0 . 1 . 6 2 , 0 5 5 ;  4 5 ,1 7 0 ;

and  4 2 ,5 9 5 )  w ere  a n a l y s e d  a t  6000 A, 5500 A and  6100 A 

r e s p e c t i v e l y .

B u lk  D e n s i t y .

T h i s  i s  t h e  r e c i p r o c a l  o f  t h e  vo lum e o c c u p ie d  by 

1 gm. o f  t h e  d r y  sa m p le .  I t  was d e t e r m i n e d  by  a d d i n g  

1 gm. o f  a  p ig m e n t  t o  a  g r a d u a t e d  t u b e  and  n o t i n g  t h e  

vo lum e o c c u p ie d  by  t h e  p ig m e n t .  The g r a d u a t e d  t u b e  was 

t a p p e d  s e v e r a l  t i m e s  a f t e r  t h e  a d d i t i o n  o f  t h e  p ig m e n t .
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I n  t h e  b e g i n n i n g  t h e  vo lum e d e c r e a s e d  and  r e a c h e d  a  s t e a d y  

v a l u e  a f t e r  a  f a i r l y  l a r g e  number o f  t a p s .  The r e c i p r o c a l  

o f  t h i s  s t e a d y  volume was t a k e n  a s  t h e  b u l k  d e n s i t y .

The b u l k  d e n s i t i e s  a r e  g i v e n  i n  T a b le  I I I  A.

S .S .A .  o f  s u g a r .

The d e n s i t y  o f  s u g a r  was fo u n d  by  u s i n g  a  s p e c i f i c

g r a v i t y  b o t t l e  w i t h  b e n z e n e  a s  t h e  l i q u i d .  Then a  l a r g e

num ber o f  (800)  s u g a r  cu b e s  were  w e ig h ed  and  t h e i r  volume

f o u n d  by  t h e  f o r m u l a ,  Volume = . O o h s i d e r i n gD e n s i t y  ^
o r d i n a r y  s u g a r  p a r t i c l e s  a s  c u b e s ,  (volume = ; s u r f a c e

2
a r e a  o f  a  cube o f  l e n g t h  1 = 6 1 ;  s u r f a c e  a r e a  o f  a

2 / .
cube = 6 X (volum e)  ̂ ; ;

s p e c i f i c  s u r f a c e  = — — - .— ..A ^ 9 ——  ) ,  t h e n
W eigh t  o f  t h e  s u b s t a n c e

2 A
a . s . A .  o f  s u g a r  = § 0 2 - 5 .1 ,.%. ^

W eig h t  o f  800 s u g a r  cu b e s

C a l c u l a t i o n  o f  S .S .A .

I n  a l l  t h e  o a s e s  t h e  i s o t h e r m s  -  c o n c e n t r a t i o n  on 

s u b s t r a t e  (O^) a g a i n s t  c o n c e n t r a t i o n  i n  b a t h  (0^ )  -  w ere  

p l o t t e d ,  and t h e  m o n o la y e r  c a p a c i t y  d e t e r m i n e d  f ro m  t h e  

f i r s t  p l a t e a u  o f  t h e  i s o t h e r m  o r  f ro m  " P o i n t  B " .

C o n s i d e r  t h e  c u r v e  ' b * P i g . 41 .  The c u r v e  i s  o f  L 

t y p e  and f ro m  w a t e r  t h e r e f o r e  t h e  a r e a  o c c u p ie d  by  one
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2m o l e c u l e  o f  p - n i t r o p h e n o l  i s  5 2 .5  A ( f l a t w i s e ) ,  so t h a t  

S = 0 X A X H = s . s . a  i n  om?/gm.

w here  0^ = m o n o la y e r  c a p a c i t y  i n  m o le s /g m .  ( I n  t h i s

f i g u r e  344 m m o le /k g . )

E = t h e  A vogadro  Eumher (6 .0 1 9  % 10^5)

A = A re a  o c c u p i e d  by 1 m ole  o f  PEP i n  cm?

( 5 2 .5  X 10"^^  i n  t h i s  c a s e ) .

As c o n c e n t r a t i o n  on t h e  s u b s t r a t e  i n  t h e  f i g u r e  

i s  g i v e n  i n  mm/kgna. , i t  m u s t  be  d i v i d e d  by  10^ x  10^ t o  

g iv e  c o n c e n t r a t i o n  i n  m o les /g m .

s  = X ( 5 2 . 5  X 10" ^ ^) X 6 . 0 1 9  X 10^5 
10^

1 0 8 .7  X 10^ cm?/gm. o r  108*7 m?gT^
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-P Â 0C\J A
•H +D l>sCO A
A 0 A  • 0
1 A H  0
PI • d

0 0  0
CHi A
o o

•rl 4̂
A A 0 A
o cd H  A  0
•H > cd 0 A-P 0 o  0
A h, A  0  A
A rO A  0 A
O A  A 0CO \ 0 0 0

nd T- •H 0
•A 1 • a  A

w
A • e g . h)O CO A
•H *H
-p o Â
A rA cd •H

H i—1 *p 0 A A
H O 0 A •H cd
H CO ^ 3 •=A 0

A
!>:► A 0 A

CD 4D (D o 0
1—t rA cd A
rP 0  P> Al
cd d  o A
B •H A 0

H  d CO 0  *H
o  A kO -P
CO cd Ü 0 A

'H A A
A A -P 0
o •H •H 0

O ^  d
CO 0 cd
*p A
A CO A
CD 0
A •ri
0 * 40
A
A
CO
cd 0
0 d

cd
qj
0)I
oÜ
cd

CO
Ü
•rl
5O
<D
A

CO

•H
rHO
CO

Ü Cd rClLr\Qcr\CT'Cr\^  T- ^  ^
PV T--t eg egeg

coco com 
00 o o eg T-

pq 

O  K>
mmeg mop \ s \
KM^ CO rr\ 4- LA-

H.

l>-
IOT-

CO

eg eg
T " V" 4-|r-

T-

egm

Ü

I
I

0
•ri
A
A
cd
A
6.0
0

cd -P -
A 0

•ri A
A 0

r"l râ
<4 Ü

cd
A

•H

rH

m (D (D
R R R-p 4:» 40

§

O
CO

o
CD

B
'w'

rM/^Ü = 
cd cd H P-j A

rÛ  -P  [HI
Ü p - d (d g o Pi^a *p

^  CO A  o
U cd ^  
cd A cd 
U C]3 O

rAeg eg eg eg

eg ^  ^o  o  T- 
•  « «

o o o

egeg
o

V-
\ /

>** ÇQ
[>- V_/» D- cg [N

00 CO LA T- U) LAKN
0  0  A- «^  V- V eg d* eg

V

40
A
0

A A
0 0
d  0|g
0
A -P

A
rH 0
Cd A
0 0
0 0

CO
ACD

I
P-
H
cd+D
g

A
CD
pH A g
A  O A 
O A -A O H Es3



A
o
o

H
H
H

A O

k  -P bû A O *H
m A•ri

A  d A CM
A  0 d-
0  *iH • •

' ' P 60 60
0  CM A •r l •r l
h, MO p À A
A  • 0

H  0 MO
• d IN. A

0  0 A CM
V-/ • #

A 0

(H
cd
ü
•H
-P
A
O

-P 
0  A
& l
ü  0  
0  
O 
A 0  
ü  cd 
■H 0
A A 

h*
•P
•H
A
•H

i
0
A

A
60
O
6

É

I

g
•H
-P
&
0  
0

1

A
o
•H
-P

&
O
0

■S

0
0 d Ü

À •rl •H
P A A
0 0 •rl
EH CQ CQ

ID ̂  LfNeO 
3 - o j  oj

00
o

o

T -
LA

co
o

LA

LA

O
LA

pq
^ l O  ^LAOO CN 

P l A O  C\J
lÂ o  o

d

A
d
O

Cd w  «
o  -t-3 -p

a  s

V c\l la 4"
i I I It>-CNI>.0 

C\j C\J C\J CM

^  CM rA 4* I I I )
rArAfArA  LD MO LD MO
60 60 W 60 *H *H *H «H A A A A

CM 4- 4* 
srC^OJ LA
00 MO T- CM V V- T"

00 CM 00 CM
MO L A O  T" 

V - V" v~

îxj îXj M M
Q  CM (A 00 
^  lA rA O
0-l>-0 T- 'T“ V" V"

d  0  O 
00 m  O  'T CM tAtA^* 
CMCMrArAfArAAfA

L A $ M) ^  
[A fA lA  A rA

O
O

tA
T-

o  o

<h o  o  MomcM ^ o c M

rA o  00 MO AtA-rAx- I v C A A  
V  A

^  o mA  A  A

00 00 'ï-OMO ^  O  ^  A Q O A  # * # # * # « #
'T-MO t>.CM MO 4 - ACM CM T" AMO
A M O A M O ^ C M ^ O -  CNCO 00 Nr

V"

V" CM A-M" A'T* CM V  C M A -=tA

/—Npq
00
T-
O
o  o

A  CM A d *
0

•H 0r>.

P
= =

B
•H
EH 0 ü

•H •rl

P 6C
•H p
B 0

0

p

I
•H
A

0
r—I

cdco
oN = 
Cd

!so
H  z 
rH
0
H

d
0  z 0
A  P  

m

p 0
Z 0 f̂ l

6C p
d •H
CQ . A

S rH
60 0
d 0
CQ

A
0

.5
P

0 ü
d 0
0 A
rH 0
h 0
X P
II 0

d
M 0

d• «N p
0 . 0

i
0 ^

p S  60
A  0 d
0 A*P
d 0  p
i . î> p
d l 0

0  ;g
II d0  A
A P  0
A A

0  p
d  0

0
d
0
N
d
0

!l
pq

I 0
d !A
p d o d

rH
O

CD
N

A
T'

0
0

•rH
13
P

I
0

1
O

rd
0

0
P
0

d
§

g
0

A rÛ 

O

üo
•H
P>
P
O
0

d

do
d
0

ü
0o
p  •
ü  d  
•rH O
d  rd

•p

X
0

i
d  o
•fH 0
■P d  
cd d

M

P

§

•rH 0
P  I—t 
A 0 

*' P
P O h )d  
0 0 P  0 
p  d  ^  
cd cd A tH  
^  ̂ O d  |>5sr- 0
• • p  (0 p

p  CM  ̂ a  
d  o  o  h>
0 lA v~ P  p  
î> CM 0
rH . o  d- p  
o  CdlO • «H
CQ ü l v o  <E{

* CD

0
A
A
CQ



T a b le  I I I  A

R e l a t i o n  be^tween S p e c i f i c :  S w f a o e  A re a s  o f  P i m e n t a  by  P IP  

and R i t x o ^ e n  a d s o r p t i o n  m ethods  and t h e i r  B u lk  D e n s i t i e s >

S p e o i f i o  s u r f a c e  a r e a
(m?g7^) by B u lk

-------------------------------------------  d e n s i t y
P i l e n t  PEP E i t r o g e n

a d s o r p t i o n  a d s o r p t i o n  (g .  c .c T  )

Y e l lo w (a z o ) Sample 1 3 1 . 8 3 3 -4 0 .0 9 2 6

n II II 2 6 6 .8 7 0 . 4 0 .1 1 9

It If II 3 37 .1 3 8 . 0 0 .1 7 8

II II II 4 6 2 .0 1 6 . 0 0 .4 1 6 6

Red II II 1 2 4 .4 1 1 .6 0 .2

II II 11 2 4 3 -0 9 .9 0 .271
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C om parison  o f  r e s u l t s  by  d i f f e r e n t  m e t h o d s .

The q u e s t i o n  now a r i s e s  as  t o  t h e  a g re e m e n t  b e tw e e n  

t h e  r e s u l t s  o b t a i n e d  by  d i f f e r e n t  m e th o d s .  The d e t e r m i n a 

t i o n s  by  t h e  p e r m e a b i l i t y  and  m i c r o s c o p i c  m e tho d s  s u f f e r  

f ro m  t h e  f a c t  t h a t  t h e  f i n e s t  c r a c k s  and  c r e v i c e s  o f  t h e  

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

t h e  s t r i c t  s e n s e  o f  t h e  t e r m ,  i s  n o t  m e a s u re d  by  them .

T h i s  means t h a t  t h e  f i n e  s t r u c t u r e , and w i t h  i t  t h e  f i n e s t  

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

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

W ith  a  p o ro u s  m a t e r i a l  a g a i n ,  i f  some o f  t h e  c r a c k s  

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

em ployed ,  d e t e r m i n e s  w h e t h e r  o r  no i t  can p e n e t r a t e  i n t o  

t h e  f i n e s t  c r a c k s .  T h i s  h a s  b e e n  g r a p h i c a l l y  p r e s e n t e d  

by  E m m e t t " * ( E i g . 4 8 )  i n  a  r e v ie w  o f  t h e  p ro b le m s  m et i n  

m e a s u re m e n ts  o f  a d s o r p t i o n  and p o re  s i z e  o f  c h a r c o a l s .

Even t h e  d e f i n i t i o n  o f  w hat  i s  m ean t  by t h e  r e a l  a r e a  

p r e s e n t s  d i f f i c u l t i e s  i n  su ch  c a s e s .

I t  i s  t h e r e f o r e  c l e a r  t h a t  t h e  m eth od s  m easu re  

d i f f e r e n t  e n t i t i e s  and  t h e  e r r o r s  a r e  m a i n l y  due t o  d i f f e r 

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

R e s u l t s  by  PEP M e th o d :

I n  p r a c t i c e ,  t h e  v a l u e s  o b t a i n e d  w i t h  n i t r o g e n
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m e a s u re m e n ts  a r e  talc en  a s  a b s o l u t e .  T a b le  I I I  shows 

t h a t  i n  m o s t  c a s e s  t h e  m ethod  g i v e s  r e s u l t s  t h a t  compare 

v e r y  f a v o u r a b l y  w i t h  t h o s e  o f  n i t r o g e n  a d s o r p t i o n .  Where 

v a l u e s  by  n i t r o g e n  a r e  h i g h e r  t h a n  by  £ - n i t r o p h e n o l  t h e  

r e a s o n  i s  a l m o s t  c e r t a i n l y  t h a t  t h e  n i t r o g e n  m o le c u le  

( c r o s s - s e c t i o n a l  a r e a s  o f  s o l i d  and l i q u i d  n i t r o g e n  a r e
0 0 106v

1 3 . 8  A and  1 7 . 0  A r e s p e c t i v e l y  ) i s  s m a l l e r  t h a n  £ -

n i t r o p h e n o l  and  can  p e n e t r a t e  s m a l l e r  p o r e s  i n  t h e  s o l i d .

F o r  ex a m p le ,  a lu m in a  i n  some c a s e s  g i v e s  h i g h e r  v a l u e s  by

n i t r o g e n  t h a n  by  £ - n i t r o p h e n o l ,  and an  e l e c t r o n  m i c r o g r a p h

o f  a  d e h y d r a t e d  a lu m in iu m  h y d r o x id e  c r y s t a l l i t e  shows

e v i d e n c e  o f  a  v a s t  number o f  m in u te  c a p i l l a r i e s  r u n n i n g
107i n w a r d s  f ro m  t h e  s u r f a c e  ' .

Where t h e  v a l u e s  by n i t r o g e n  a r e  l o w e r  t h a n  by  

n i t r o p h e n o l  t h e  o p p o s i t e  i s  t h e  c a s e ,  i . e . ,  ^ - n i t r o p h e n o l  

can  p e n e t r a t e  some s m a l l  p o r e s  o r  i n t e r s t i c e s  more r a p i d l y  

t h a n  n i t r o g e n .  T h i s  o c c u r s  w i t h  some o f  t h e  p ig m e n t  

s a m p l e s ,  (T a b le  I I I ) .  A l l  p ig m e n ts  c o n t a i n  a g g r e g a t e s  

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

c a s e  o f  p r e c i p i t a t e d  p i g m e n t s ,  t h e s e  a g g r e g a t e s  a r e  fo rm ed  

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

o u t  a t  t h e  p a i n t  r e s e a r c h  s t a t i o n ,  T e d d i n g t o n ,  have  shown 

t h a t  t h e  m ain  s t a g e  o f  a g g r e g a t e  f o r m a t i o n  i s  t h e  n o rm a l  

d r y i n g  p r o c e s s ' ,  and  t h a t  t h e  f i n a l  g r i n d i n g  p r o c e s s ,  w h i l e
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i t  p r o d u c e s  an  o v e r a l l  r e d u c t i o n  i n  s i z e ,  d o e s  n o t  r e g a i n  

t h e  o r i g i n a l  f i n e n e s s  and f re e d o m  f ro m  a g g r e g a t e s  o f  t h e  

p r e c i p i t a t e d  m a t e r i a l ^ T h e  n i t r o g e n  m eth od  i s  s t a t i c ,  

t h e  pow der s t a y s  a s  a  p i l e  i n  a  b u c k e t ;  t h e  s u r f a c e  

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

I n  t h e  £ - n i t r o p h e n o l  m e th od ,  t h e  powder i s  c o n t i n u o u s l y  

s h a k e n  w i t h  t h e  l i q u i d .  T h is  may b r e a k  down t h e  compound 

a g g r e g a t e s  and  t h u s  i n c r e a s e  t h e  a r e a  m e a s u r e d .  Bond 

and  S p e n c e r ^ h a v e  c i t e d  s e v e r a l  e x a m p le s ,  t h a t  s u g g e s t  

t h a t  n i t r o g e n  o r  a r g o n  d oes  n o t  p o s s e s s  s u f f i c i e n t  e n e r g y  

a t  s u c h  low  t e m p e r a t u r e s  a s  - 1 9 6 ^ 0  t o  p e n e t r a t e  much o f  

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

o f  t h e  i n t e r n a l  s u r f a c e  o f  c o a l ,  i n  t h e  t im e  a l l o w e d  f o r  

t h e  e x p e r i m e n t ,  w h ic h  i s  u s u a l l y  l e s s  t h a n  a  d a y .  F o r  a  

sam ple  o f  c o a l ,  c a r b o n  d i o x i d e  a t  - 7 8 ^ 0  gave a  v a l u e  o f
P ^  ^

175 m .g T ’ f o r  t h e  s u r f a c e  a r e a ,  b u t  t h e  n i t r o g e n  v a l u e  a t

- 1 9 6  C f o r  t h e  same sam ple  was 11 m.gT . O th e r  s am p le s
2 —1o f  c o a l  gave a  v a l u e  o f  200 m .g .  by  h e a t  o f  w e t t i n g  and 

v a p o u r  a d s o r p t i o n  u s i n g  m e th y l  a l c o h o l  a t  room t e m p e r a t u r e ;  

b u t  n i t r o g e n  and a r g o n  a d s o r p t i o n  gave v a l u e s  o f  o n ly  a  

few m fg .  a t  low t e m p e r a t u r e s .  One o t h e r  sam p le  o f  c o a l  

gave a  v a l u e  a b o u t  JO t i m e s  h i g h e r  w i t h  n i t r o g e n  and  

m e th an e  a t  room t e m p e r a t u r e  t h a n  a t  low t e m p e r a t u r e  w i t h  

n i t r o g e n .
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B u lk  d e n s i t i e s  ( o f . T a b l e  I I I  A) a l s o  c o n f i r m  

t h i s  v i e w .  Where t h e  d e n s i t i e s  a r e  lo w ,  n i t r o g e n  and 

p » n i t r o p h e n o l  v a l u e s  a g r e e  v e r y  w e l l ,  h u t  a s  t h e  d e n s i t i e s  

i n c r e a s e  n i t r o g e n  g i v e s  low v a l u e s .

I n  t h e  c a s e  o f  t h e  c o a l  powder t h e  v a l u e s  by
P — 1n i t r o p h e n o l  and  s e d i m e n t a t i o n  m e th od s  a r e  45 m.gT and

2 _ -I
0 . 4  m.gT r e s p e c t i v e l y .  I n  t h e  s e d i m e n t a t i o n  a n a l y s i s ,  

t h e  a v e r a g e  p a r t i c l e  s i z e  was d e t e r m i n e d  f ro m  t h e  s i z e  

f r e q u e n c y  (w e ig h t  p e r c e n t a g e )  c u rv e  and i t  was n o t  e x te n d e d  

t o  p a r t i c l e s  b e low  5y n  i n  d i a m e t e r .  The r a t e  c u rv e  on t h e  

same sam p le  o f  c o a l  ( B i g . 22 i n s e t ) ,  shows t h a t  £ - n i t r o p h e n o l  

t a k e s  s i x  h o u r s  t o  r e a c h  e q u i l i b r i u m ,  sh ow ing  i t  p r o b a b l y  

h a s  a  p o r o u s  s t r u c t u r e .  These two f a c t s  a c c o u n t * f o r  t h e  

low v a l u e  by  s e d i m e n t a t i o n  m ethod .

P l o t t i n g  o f  t h e  i s o t h e r m s  :

As m e n t io n e d  e a r l i e r ,  t h e  m o n o la y e r  c a p a c i t y  was

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

i s o t h e r m  o r  f ro m  t h e  " P o i n t  B" i n f l e c t i o n  and t h e  L angm uir

r e c i p r o c a l  p l o t t i n g  m ethod  o r  B .E .T .  e q u a t i o n  m e n t io n e d

u n d e r  g a s  a d s o r p t i o n  was n o t  a d o p t e d .  The B .B .T .  e q u a t i o n
110i f  u s e d  by some a u t h o r s  , c o n c e n t r a t i o n s  t a k i n g  t h e  p l a c e  

o f  p r e s s u r e s  i n  t h e  e q u a t i o n ,  and t h e  maximum s o l u b i l i t y  o f  

t h e  s o l u t e  i s  t a k e n  a s  t h e  s a t u r a t i o n  s o l u b i l i t y .



S e c t io n  I I I

Anomalous (ETOQTHBRMIQ) E f f e c t s  o f  A d s o r p t i o n  f ro m  

S o l u t i o n  on I n o r g a n i c  S o l i d s .
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A d s o r p t i o n  f ro m  s o l u t i o n  i s  u s u a l l y ,  l i k e  v a p o u r -  

p h a s e  a d s o r p t i o n ,  an  e x o t h e r m i c  p r o c e s s .  One would  

e x p e c t ,  t h e r e f o r e ,  an  i n c r e a s e  i n  t e m p e r a t u r e  t o  c a u s e  a  

d e c r e a s e  i n  a d s o r p t i o n .  T h is  e x p e c t a t i o n  h a s  b e e n  amply 

v e r i f i e d  by s t u d i e s  on t h e  a d s o r p t i o n  o f  s o l u t e s  f rom  

s o l u t i  o n .

I n  a  few c a s e s  how ever  change i n  t e m p e r a t u r e  

p r o d u c e s  no change  i n  a d s o r p t i o n ,  b u t  so f a r  a l l  s u c h  

c a s e s  a r e  a p p a r e n t l y  i o n - e x c h a n g e  a d s o r p t i o n ^ ^ ' 55 ,65^ 

w here  one s e t  o f  i o n s  i s  r e p l a c e d  by  a n o t h e r  w i t h o u t  t h e  

f o r m a t i o n  o f  new b o n d s .

L i t t l e  i s  known o f  s y s te m s  sh ow in g  a  r e v e r s e d  

t e m p e r a t u r e  e f f e c t ,  i . e . ,  where r i s e  i n  t e m p e r a t u r e  

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

c a s e s  i n c l u d e  t h e  a d s o r p t i o n  o f  ( i ) .  two azo  dy es  ( O . I .

1 4 ,6 0 0 ,  a n i o n l c ; O . I .  26 ,115»  c a t i o n i c )  f ro m  w a t e r  by 

s i l i c a ^ ^ î  ( i i )  b u t a n o l  f ro m  i t s  m i x t u r e s  w i t h  w a t e r  on 

c a rb o n  ; ( i i i )  s u c c i n i c  a c i d  from  w a t e r  o r  e t h a n o l ,  by  

c h a r c o a l ^   ̂ and  ( i v )  l o n g - c h a i n  s u l p h a t e  e s t e r s  by  vfool^'^.

11PA c c o r d i n g  t o  B a r t e l l  e t  a l .  t h e  t e m p e r a t u r e  

e f f e c t  o f  a d s o r p t i o n  f rom  s o l u t i o n  d e p e n d s  on two f a c t o r s ,

( l )  t h e  a d s o r p t i o n  p r o p e r  and (2) change  i n  t h e  s o l u b i l i t y  

o f  t h e  a d s o r b a t e  w i t h  t e m p e r a t u r e .  S o l u b i l i t y  and  a d s o r p 

t i o n  a c t  i n  t h e  o p p o s i t e  d i r e c t i o n .  The more s o l u b l e  t h e
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s o l u t e ,  t h e  l e s s  i t  i s  a d s o rb e d  and v i c e  v e r s a .  The 

a d s o r p t i o n  i s  an  e x o t h e r m i c  p r o c e s s ,  i t  m u s t  d e c r e a s e  

w i t h  i n c r e a s e  i n  t e m p e r a t u r e  b u t  t h e  s o l u b i l i t y  may 

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

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

t h e  same d i r e c t i o n  and  t h e  a d s o r p t i o n  i s  d e c r e a s e d .  I f ,  

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

n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t ,  t h e n  t h e  two p r o c e s s e s  

a c t  a g a i n s t  e a c h  o t h e r ,  and t h e  a d s o r p t i o n  may show., an  

i n c r e a s e  o r  d e c r e a s e  d e p e n d in g  on w h ic h  f a c t o r  i s  predom

i n a n t .  I n  t h e  c a s e  o f  a d s o r p t i o n  o f  b u t a n o l  on c a rb o n ,  

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

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

I n  an  a d s o r p t i o n  f ro m  s o l u t i o n ,  t h e  s o l v e n t  com

p e t e s  w i t h  t h e  s o l u t e  f o r  t h e  s u b s t r a t e  s i t e s  and thi^s t h e  

s o l u t e  i s  d e p r i v e d  o f  some o f  t h e  s i t e s .  A r i s e  i n  tem

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

s o l u t e  and  t h a t  o f  t h e  s o l v e n t ;  i f  by  any  ch a n ce  t h e r e  i s  

more d e c r e a s e  i n  t h e  a d s o r p t i o n  o f  t h e  s o l v e n t  w i t h  t h e  

r i s e  i n  t e m p e r a t u r e ,  more s i t e s  w i l l  b e  a v a i l a b l e  t o  t h e

s o l u t e  and  i t s  a d s o r p t i o n  w i l l  i n c r e a s e .  Heyne and
"11 ^P o l a n y i  have  d e m o n s t r a t e d  t h i s  i n  t h e  c a s e  o f  a d s o r p t i o n  

o f  s u c c i n i c  a c i d  f rom  i t s  n e a r l y  s a t u r a t e d  s o l u t i o n s  i n  

w a t e r  and  a l c o h o l  on c h a r c o a l .
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Aickin^*^ oonm ents  t h a t  t h e  s e c o n d a r y  a l k y l  s u l p h a t e s  

a r e  b e t t e r  a d s o r b e d  a t  a  h i g h e r  t e m p e r a t u r e  t h a n  l o w e r  on 

f i b r e s .

Cause o f  t h e  Anomaly :

I n  t h e  p r e s e n t  work  t h e  a d s o r p t i o n  o f  t h r e e  d y es  on 

v a r i o u s  s o l i d s  have  b e e n  s t u d i e d .  'None o f  t h e  c a u s e s  

g i v e n  above  i s  a p p l i c a b l e  h e r e .

-  E=E - /

01" Me
0

z >
HO

J a n u s  Red B ( O . I .  2 6 ,1 1 5 )

0 ,S  OH
oM e p

0 ^
+

\
HaO,S

3

L i s s a m i n e  Green BN ( O . I .  4 4 ,0 9 0 )
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OH

Orange I  (O . I .  1 4 ,6 0 0 )

I n  t h e  f i r s t  two o a s e s ,  i n  w h ic h  a d s o r p t i o n  r i s e s  

w i t h  t e m p e r a t u r e ,  t h e r e  i s  good e v i d e n c e  t h a t  t h e  d y e s  

a r e  h i g h l y  a g g r e g a t e d  i n  s o l u t i o n ;  t h u s  t h e  s o l u t i o n s  do 

n o t  obey  Beer* s law  and show m arked l i g h t - s c a t t e r .  The 

d y e s  c o n t a i n  a  f r e e  -OH g ro u p  and t h e y  m u s t  he  f o r m i n g  a  

d im e r  hy  t h e  u n i o n  o f  two s u c h  g ro u p s  h y  h y d ro g e n  b o n d in g .

So t h e  - f i r s t  s t e p  i n  c h e c k in g  t h e  c a u s e  o f  t h e  

a n o m a ly ,  i . e .  w h e t h e r  i t  i s  due t o  a g g r e g a t i o n ,  was t o  

s e l e c t  a  d i s a g g r e g a t i n g  a g e n t .  A s o l v e n t  known a s  

* S o l k e t a l *  was u s e d .  T h i s  i s  a  g l y c e r o l  c o n d e n s a t e  and 

h a s  t h e  f o r m u l a :

OHgOH
I 2
OH -
I OMeg
OHg" 0

Even t h e n  t h e  a d s o r p t i o n  was e n d o t h e r m i e .  R e f e r  R i g a .  

( 4 9 a ,b  and  5 0 a , b ) .  f h e  n e x t  s t e p  was t o  u s e  a n o t h e r  

d i s s o c i a t i n g  s o l v e n t  ( i n s t e a d  o f  w a t e r )  . A c c o r d i n g l y  

when m e th a n o l  was u s e d  a s  a  s o l v e n t ,  t h e  a d s o r p t i o n  was 

n o r m a l ,  - f a l l i n g  w i t h  r i s e  i n  t e m p e r a t u r e .  The a p p a r e n t
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e n d o t h e r m i e  n a t u r e  o f  t h e s e  sy s te m s  i s  t h e r e f o r e  a  r e s u l t  

o f  t h e  a g g r e g a t i o n  o f  t h e  s o l u t e s  i n  s o l u t i o n ,  a s  w i l l  he  

shown i n  t h e  d i s c u s s i o n  l a t e r .
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E x p e r i m e n t a l

Pre,paration o f  s u b s tr a te :

(1) S i l i c a  (MSO b r a n d )  was s u p p l i e d  by  M e s s r s . O o l i n  

S t e w a r t  L t d . ,  and  was u s e d  w i t h o u t  any p r e - t r e a t m e n t .

(2) A c i d i f i e d  a l u m i n a : The s t a r t i n g  m a t e r i a l  was

o r d i n a r y  a lu m in a  powder s u p p l i e d  by S av o ry  and Moore L t d .

f o r  c h r o m a to g r a p h y .  I n  i t s  o r i g i n a l  s t a t e  i t  was a l k a l i n e  

(10 c . c . s  o f  d i s t i l l e d  w a t e r  sh a k e n  w i t h  0 . 5  gm. o f  powder 

a t  room t e m p e r a t u r e  h ad  9 . 5 ) .  I t  a d s o r b e d  c a t i o n i c  

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

A c i d i f i c a t i o n  was done by  s h a k i n g  a p p r o x i m a t e l y  20 gm, o f  

t h e  s u b s t a n c e  w i t h  50 c . c .  o f  2N h y d r o c h l o r i c  a c i d  s o l u t i o n  

f o r  h a l f  an  h o u r .  The a c i d i f i e d  a lu m in a  was t h e n  r i n s e d  

t h o r o u g h l y  w i t h  d i s t i l l e d  w a t e r .  I t  was t h e n  d r i e d  a t  

150^0 f o r  s e v e r a l  h o u r s .  When 0 .5  gm. o f  t h i s  compound 

was s h a k e n  w i t h  d i s t i l l e d  w a t e r  i t  gave a  jpH o f  5~4.

( 5 ) G - r a p h i te : G r a p h i t e  was s u p p l i e d  i n  a  p u re  s t a t e  ÿy

t h e  G e n e r a l  E l e c t r i c  Go. L t d .

S m s .

( i )  L i s s a m i n e  Green BE ( O . I .  4 4 , 0 9 0 ) .  " B a tc h "  sam ple

(no ad d ed  s a l t )  was s u p p l i e d  by  I . O . I . L t d . , and  was u s e d  

a s  s u c h .
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( i i )  J a n u s  Red B ( O . I .  2 6 , 1 1 5 ) .  Ooinmercial sam ple  was 

r e  c r y s t a l l i s e d  t h r e e  t i m e s  from  1:1 ( v / v )  e t h a n o l - w a t e r , 

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

( i i i )  Orange I .  ( O . I .  1 4 , 6 0 0 ) .  Oommercial  N a p h t h a l e n e  

Orange IS  was r e c r y s t a l l i s e d  from  w a t e r  t o  c o n s t a n t  m o la r  

e x t i n c t i o n .

S o l v e n t s

(1) D i s t i l l e d  w a t e r .

( i i )  Oommercia l  m e t h a n o l .

( i i i )  1:1 v / v  S o l k e t a l - w a t e r  m i x t u r e .

( i v )  1:1 v / v  g l y c e r i n e - w a t e r  m i x t u r e .

(v) 2 . 5 ^  p h e n o l  (AnalaR q u a l i t y )  s o l u t i o n .

A d s o r p t i o n  p r o c e d u r e  was t h e  same a s  g i v e n  i n  t h e  e a r l i e r  

s e c t i o n s .

A g g r e g a t i o n  i n  s o l u t i o n  was ch ecked  ( q u a l i t a t i v e l y )  by  means 

o f  a  n e p h e l o m e t e r ,  (EEL i n s t r u m e n t ) . The g a l v a n o m e t e r  was 

s e t  t o  f u l l  d e f l e c t i o n  w i t h  an aq u eo u s  a g g r e g a t e d  s o l u t i o n  

o f  t h e  dye  o f  s u i t a b l e  c o n c e n t r a t i o n .  A s o l u t i o n  o f  t h e  

same c o n c e n t r a t i o n  i n  t h e  d i s a g g r e g a t i n g  s o l v e n t  was n e x t  

p r e p a r e d  and  i t s  r e a d i n g  n o t e d .  When t h i s  r e a d i n g  was z e r o  

o r  n e a r l y  z e r o  t h e  dye  was c o n s i d e r e d  t o  be d i s a g g r e g a t e d .



115

î h e  n e p h e l o m e t e r  r e a d i n g s  w ere  t a k e n  hy  t h e  w r i t e r *  s 

o n l l e ague  M r• J . J . G r e c z e k ,

A n a l y s e s .

The s o l u t i o n s  o f  t h e  d y e s ,  0 . 1 . 2 6 , 1 1 5 ;  4 4 ,0 9 0 ;

and 1 4 , 6 0 0 ,  w ere  a n a l y s e d  s p e c t r o p h o t o m e t r i c a l l y  u s i n g  

a  U ni  cam SP §00 i n s t r u m e n t  a t  5100 A, 6 5 OO A and  4840 A 

r e s p e c t i v e l y .
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D is c u s s io n . -

.114Ma j u r y  ‘ i n  c o n n e c t i o n  w i t h  h i s  work  i n  d e t e r 

m i n in g  h e a t s  o f  d y e i n g  h a s  drawn u p  a  d ia g ra m  w h ic h  

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

f o l l o w i n g  i s  a d a p t e d  f ro m  h i s  d ia g ra m .

E n e rg y  l e v e l  o f  dye 

I n  a q u e o u s  s o l u t i o n  ..

A H  d y e i n g  
a h  s o l u t i o n  r e l e a s e d )
( h e a t  a h s o r h e d )

I n  s o l i d  fo rm

A d so rb e d  
on sub 
s t r a t e

d e g r e e  o f  
a g g r e g a t i o n  

d e c r e a s i n g

The e n e r g y  l e v e l  o f  t h e  dye on t h e  s u b s t r a t e  i s  

l o w e r  t h a n  t h e  s o l u t i o n  l e v e l ,  t h u s  h e a t  h a s  t o  b e  e v o lv e d  

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

t e m p e r a t u r e  c o e f f i c i e n t  e x i s t e d ,  i . e .  h e a t  t a k e n  u p  i n  

d y e i n g ,  t h e n  t h a t  can  be  e x p l a i n e d  by  a  new d ia g ra m  as  

f o l l o w s :
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E n erg y  l e v e l  o f  dye 

A d so rb e d  on s u b s t r a t e

I n  a q u e o u s  s o l u t i o n

I n  s o l i d  fo rm

( He aiab so rb e d jd  )

AH s o l u t i o n
(H ea t  a b s o rb e d )

D egree  o f  
a g g r e g a t i o n  
d e c r e a s i n g

From t h e  e n e r g y  l e v e l  d ia g ra m s  i t  a p p e a r s  t h a t  t h e  

s o l u t e  i s  p a r t l y  d i s s o c i a t e d  on a d s o r p t i o n .

N a tu r e  o f  A s s o c i a t i o n  on S u b s t r a t e ;

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

d yes  (ev en  i n  m e th a n o l )  c o n s i s t s  o f  a g g r e g a t e d  p a r t i c l e s ,  

and  i s  n o t  a  t r u e  u n i m o l e c u l a r  l a y e r ;  (a )  t h e  i s o t h e r m s  

a r e  o f  L 2 s h a p e . B o th  t h e  d y e s  c o n t a i n  OH (h y d ro g e n  

b o n d in g )  g ro u p  and f ro m  a  p o l a r  s o l v e n t  (m e th a n o l )  on p o l a r  

s u b s t r a t e s  ( a lu m in a  and s i l i c a )  t h e  i s o t h e r m s  s h o u l d  b e  o f  

S s h a p e ,  f o l l o w i n g  e n d -o n  o r i e n t a t i o n ,  and (b) t h e  h i g h  

" c o v e r a g e  f a c t o r "  ( i . e . ,  t h e  amount o f  dye a d s o r b e d  t o  f i l l  

a  "m o n o lay e r"  d i v i d e d  by  t h e  amount c a l c u l a t e d  f o r  a  

u n im o le  c u l a r  l a y e r )  w h ic h  i s  c a .  fO f o r  J a n u s  Red B a t  16^0

and c a .  2 f o r  L i s s a m i n e  Green BN a t  1 9 .5  0.
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I t ,  i s  w e l l  known t h a t  dyes  a g g r e g a t e  i n  s o l u t i o n  

i n  w a t e r  and t h e  d e g r e e  o f  a g g r e g a t i o n  f a l l s  w i t h  r i s e  

i n  t e m p e r a t u r e .  I n  a  d i s a g g r e g a t i n g  s o l v e n t  ( e . g .  

m e t h a n o l )  t h e  d y e s  a r e  m o l e o u l a r l y  d i s p e r s e d .  I t  i s  

e s p e c i a l l y  i n t e r e s t i n g  t h a t  a g g r e g a t e s  can  a p p a r e n t l y  he  

a d s o r b e d  u n d e r  c o n d i t i o n s  ( h i g h  t e m p e r a t u r e  i n  d i s a g g r e g a 

t i n g  s o l v e n t s )  i n  w h ic h  t h e  d y e s  m us t  b e  m o l e c u l a r l y  d i s -
77 115p e r s e d .  G i l e s  e t  a l .  ^  have  a l r e a d y  e x p r e s s e d  t h e  

v iew  t h a t  a r o m a t i c  s o l u t e s  i n  w a t e r  a r e  a s s o c i a t e d  a t  a  

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

o r  a t  t h e  moment o f  a t t a c h m e n t  t o  t h e  s u r f a c e .  The above 

f i n d i n g s  c o n f i r m  t h i s  v ie w .

Orange I .

T h i s  dye a l s o  g i v e s  anom alous  i s o t h e r m s  on s i l i c a ^ ^ ,  

so b e f o r e  t r y i n g  S o l k e t a l  a s  a  d i s a g g r e g a t i n g  a g e n t ,  p h e n o l  

was u s e d  a s  a  d i s a g g r e g a t i n g  a g e n t .  P h e n o l  i s  a  p o w e r f u l  

h y d ro g e n  b o n d in g  a g e n t ,  i t  fo rm s  a  com plex  w i t h  t h e  dye 

m o l e c u l e  i n  w a t e r  and  t h u s  d i s a g g r e g a t e s  t h e  d y e ,  b u t  i t  

d id  n o t  a c t  so h e r e  ( r e f e r  F i g .  5 1 a , b ) .  When S o l k e t a l  was 

u s e d  a s  a  d i s a g g r e g a t i n g  a g e n t ,  a  s t r a n g e  e f f e c t  was n o t i c e d .  

The s o l u t i o n s  a f t e r  a d s o r p t i o n  s lo w ly  d e c o l o u r i s e d .  I t  was 

s u s p e c t e d  t h a t  some i m p u r i t y  i n  S o l k e t a l  ( p e r h a p s  a  r e d u c 

ing ,  compound) was c a u s i n g  r e d u c t i o n  o f  Orange I .  T h e r e f o r e  

S o l k e t a l  was r e p l a c e d  by a n o t h e r  d i s a g g r e g a t i n g  a g e n t  -
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g l y c e r i n e ,  and s u r p r i s i n g l y  enough when a d s o r p t i o n  t e s t s  

w ere  made on g r a p h i t e  f ro m  a  g l y c e r i n e - w a t e r  m i x t u r e ,  t h e  

i s o t h e r m s  w ere  o f  n o rm a l  t y p e  ( F i g . 51c , d ) .

However, a d s o r p t i o n  f rom  aq u eo u s  p y r i d i n e  ( a n o t h e r  

d i s a g g r e g a t i n g  a g e n t )  o r  f rom  m e th a n o l  i s  a n o m a lo u s .

These  u n e x p e c t e d  r e s u l t s  were fo u n d  t o  be  due t o  s low  

d e G O l o u r i s a t i o n  o f  t h e  dye s o l u t i o n s  a t  h i g h  t e m p e r a t u r e ,  

p r e s u m a b ly  owing t o  d e c o m p o s i t i o n  o f  t h e  a z o - g r o u p  ( e i t h e r  

by h y d r o l y s i s  o r  r e d u c t i o n )  . Orange I  i n  1 :1 w a t e r -  

g l y c e r i n e  ( v / v )  d o es  n o t  decompose .  The s o l u t i o n s  o f  

L i s s a m i n e  Green BN and  J a n u s  Red B do n o t  decompose a t  

h i g h  t e m p e r a t u r e  and  S o l k e t a l  d o es  n o t  r e d u c e  them . Thus 

Orange I  b e h a v e s  i n  a  n o rm a l  way, b u t  due t o  d e c o m p o s i t i o n  

a t  h i g h  t e m p e r a t u r e ,  t h e  anom alous  a d s o r p t i o n  i s  o b s e r v e d .
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1160 * 0 o im o r ,  J o h a n s e n  and Buchanan  h ave  s t u d i e d  

t h e  e l e c t r o - k i n e t i c  p r o p e r t i e s  o f  corundum ( n a t u r a l l y  

o c c u r r i n g  a lu m in a )  b e f o r e  and a f t e r  t r e a t m e n t  w i t h  s o l u 

t i o n s  o f  a c i d s ,  a l k a l i s  and s a l t s .  N o rm a l ly  t h e  z e t a -  

p o t e n t i a l  o f  a lu m in a  powder i n  w a t e r  i s  p o s i t i v e ,  w h ich  

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

à l (O H )^  fo rm ed  f ro m  c h e m i c a l l y  bound  w a t e r ;  t h i s  r e l e a s e s  

h y d r o x i d e  i o n s  i n t o  t h e  d i f f u s e  l a y e r  and  t h e  o x id e  h a s  

t h e n  a  s u r f a c e  o f  p o s i t i v e l y  c h a rg e d  A1 a to m s .  T re a tm e n t  

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

s i s t i n g  o f  b o t h  c o v a l e n t l y  bound and i o n i z e d  c h l o r i d e ,  by  

t h e  f o l l o w i n g  m echan ism :

-  OH + HOI >A1 -  01 + HgO

( i i )

01"

R e a c t i o n  ( i i )  ( f o r m a t i o n  o f  i o n i z e d  c h l o r i d e )  i s  f a v o u r e d

by  i n c r e a s e  i n  a c i d  c o n c e n t r a t i o n .  The s u b s t r a t e  i n  t h i s  

c o n d i t i o n  w i l l  be  a b l e  t o  b eh av e  a s  an i o n - e x c h a n g e r , 

c h l o r i d e  i o n s  e x c h a n g i n g  w i t h  a n i o n s  i n  t h e  a p p l i e d  s o l u t i o n

55G i l e s  e t  a l .  have  s t u d i e d  t h e  a d s o r p t i o n  o f  a n i o n i c  

d y e s  on a c i d - t r e a t e d  a lu m in a  w h ich  shows t h a t  a d s o r p t i o n  

i n  t h e s e  c a s e s  i s  v e r y  r a p i d ,  and s i n c e  t h e  i s o t h e r m s  

o b t a i n e d  have  a  w e l l  d e f i n e d  p l a t e a u  (H 2 t y p e )  i t  i s
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s u g g e s t e d  t h a t  a  m o n o la y e r  i s  fo rm e d  on t h e  o u t e r  s u r f a c e  

o f  t h e  a l u m i n a  p a r t i c l e s  w i t h  no p e n e t r a t i o n  o f  t h e  i n t e r 

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

t h a t  t h e  a n i o n s  h ave  a  much h i g h e r  a f f i n i t y  f o r  t h e  sub

s t r a t e  t h a n  h a s  t h e  s o l v e n t  ( w a t e r ) .  The i s o t h e r m s  f o r  

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

a p p a r e n t  h e a t  o f  a d s o r p t i o n  o f  t h e  a n i o n i c  d y es  i s  v e r y  

lo w ,  ( c a .  0 . 2 5  k c a l . / m o l e ) . T h i s  i n d e p e n d e n c e  o f  

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

e x c h a n g e  a d s o r p t i o n s ,  e . g .  c a t i o n i c  d y e s  on ( n e g a t i v e l y  

c h a r g e d )  s i l i c a ^ ^ .

Wool and s i l k  a r e  i m p o r t a n t  p r o t e i n  f i b r e s .  The 

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

w i t h  v a r i o u s  s i d e  g ro u p s  R p e n d a n t  t o  t h e  p o l y p e p t i d e  c h a i n :

^1 ?2

 -  OH -  00 -  NH -  OH -  0 0 ------

Some o f  t h e s e  s i d e  g ro u p s  a r e  b a s i c  and some a c i d i c  i n

c h a r a c t e r  and  t h e y  a r e  v e r y  l a r g e l y  i o n i z e d  i n  t h e  n e u t r a l

s u b s t a n c e ;  t h u s  a  wool p r o t e i n  m o l e c u l e  can  b e  w r i t t e n  a s :
+

-  W -  OOOH o r  -  W -  000“

w here  W i s  t h e  wool r e s i d u e .

The m o s t  i m p o r t a n t  d y es  f o r  p r o t e i n  f i b r e s  a r e  a c i d  

d y e s ,  w h ic h  a r e  a n i o n i c .  They a r e  n o r m a l l y  a p p l i e d  t o  wool
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f ro m  a c i d  s o l u t i  on, an d  t h e  m echan ism  o f  d y e i n g  i s  a s  

f  ollows"^^ ;

HH,A r a , D
I 5 + I 5 _ I 5 _ I 5 _

W + Ii — W + A -----^  W + D — ^  W + A

000“ OOOH OOOH OOOH

D“ = dye, a n i o n ,  A” = a c i d  a n i o n .

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

v e r y  s m a l l  h y d ro g e n  i o n s  d i f f u s e  r a p i d l y  i n t o  i t  and  

n e u t r a l i s e  t h e  n e g a t i v e l y  c h a rg e d  c a r b o x y l  i o n s .  The 

f i b r e  i s  t h u s  l e f t  p o s i t i v e l y  c h a rg e d  and a n i o n s  w i l l  be  

a t t r a c t e d  t o  t h e  p o s i t i v e l y  c h a rg e d  s i t e s .  The s m a l l  

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

a d s o r b e d  t o  t h e  a m in o -g ro u p s  b u t  t h e y  a r e  l a r g e l y  r e p l a c e d  

b y  t h e  more s l o w l y  m oving  dye a n i o n s  a f t e r w a r d s .  T h i s  

g r e a t e r  a f f i n i t y  f o r  t h e  dye m o l e c u l e s  a r i s e s  f rom  t h e  

i n t e r a c t i o n  o f  d i p o l e s ,  h y d ro g e n  b o n d in g  and v an  d e r  Waals 

f o r c e s ,  w h ic h  do n o t  e x i s t  i n  t h e  c a s e  o f  s im p le  a c i d  

a n i o n s . These  f o r c e s  i n  g e n e r a l  i n c r e a s e  w i t h  i n c r e a s i n g  

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

The m echan ism  o f  dye a d s o r p t i o n ,  a n i o n i c  dy es  by 

a lu m in a  and  wool and c a t i o n i c  d y es  by  s i l i c a  ( n e g a t i v e l y  

c h a r g e d )  a p p e a r s  t o  be  t h e  sam e, v i z . ,  i o n - e x c h a n g e ;  t h e n  

why i s  i t  t h a t  a  t e m p e r a t u r e  c o e f f i c i e n t  e x i s t s  i n  t h e  c a s e  

o f  wool ( a t  l e a s t  i n  t h e  few c a s e s  r e p o r t e d )  and  does  n o t
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55 65 77i n  t h e  c a s e  o f  a lu m in a  and s i l i c a  . G i l e s  e t  a l .  ^ 

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

t h a t  t h e r e  i s  an i o n - i o n  a s s o c i a t i o n  b e tw e e n  t h e  w o o l ’ s 

c a t i o n i c  g ro u p s  and t h e  dye a n i o n s ,  a s  shown i n  t h e  

f o l l o w i n g  d ia g ra m ;

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

m e a su re  o f  t h e  i n t e r m o l e c u l a r  f o r c e s  b e tw e e n  a d j a c e n t  

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

no h e a t  o f  r e a c t i o n  i n  t h e  case  o f  a lu m in a  can  be e x p l a i n e d  

by c o n s i d e r i n g  t h e  s u b s t r a t e  s t r u c t u r e .  A lum ina  h a s  a  

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

s i t e s  f ro m  b e i n g  drawn t o g e t h e r ,  t h u s  k e e p i n g  t h e  dye 

a n i o n s  a p a r t  and h i n d e r i n g  i n t e r m o l e c u l a r  b i n d i n g .  Wool 

on t h e  o t h e r  hand h as  a  f l e x i b l e  s t r u c t u r e ,  w h ic h  can 

accommodate t h e  a s s o c i a t e d  a n i o n s  by  b e n d i n g  and t w i s t i n g  

o f  t h e  f i b r e  m o l e c u l e s .
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The p r e s e n t  i n v e s t i g a t i o n  was u n d e r t a k e n  a s  an 

a t t e m p t  t o  c h e c k  t h e s e  h y p o t h e s e s ,  i . e . ,  t o  d i s c o v e r  

w h e t h e r  t h e r e  i s  any e v id e n c e  f o r  t h e  s u g g e s t e d  fo rm  o f  

i n t e r - a n i o n  a g g r e g a t i o n  b e i n g  p r e f e r r e d  on t h e  p r o t e i n  

f i b r e s  and to  ch eck  up on t h e  t e m p e r a t u r e  depen den ce  

o f  a d s o r p t i o n  on a lu m in a  and p r o t e i n  f i b r e s .
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E x p e r i m e n t a l

(a )  S u b s t r a t e s i

A cid  a lu m in a s  P r e p a r a t i o n  i s  d e s c r i b e d  i n  t h e  p r e s e n t  

s e c t i o n .

Wool and S i l k ;  G lean  com m erc ia l  c l o t h  s a m p le s  were  u s e d  

w i t h o u t  any  p r e - t r e a t m e n t .

(b) Dyes T h i s  was N a p h t h a le n e  S c a r l e t  4R ( G . I . 1 6 , 2 5 5 ) •

HO

NaO^B SO^Na

0 . 1 . 1 6 , 2 5 5

E l e c t r o l y t e - f r e e  m a t e r i a l  was s u p p l i e d  by  I . G . I . ,  and  

t h i s  was u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

(c )  S o l v e n t s D i s t i l l e d  w a t e r  was u s e d  a s  a  s o l v e n t .  A c id  

a l u m in a  when s h a k e n  w i t h  d i s t i l l e d  w a t e r  g i v e s  a  £H o f  

a b o u t  3 - 4 ,  so i n  t h e  c a s e  o f  wool and s i l k  t h i s  £H was 

a d j u s t e d  by a d d i n g  0 . 5  o . c .  o f  g l a c i a l  a c e t i c  a c i d  t o  

99*5 c . c .  o f  dye s o l u t i o n .

A d s o r p t i o n  p r o c e d u r e  and A n a l y s i s  -  The a d s o r p t i o n  p r o c e 

d u re  was t h e  same a s  d e s c r i b e d  b e f o r e .  The s o l u t i o n s  

w e re  a n a l y s e d  s p e c t r o p h o t o m e t r i c a l l y  a t  5040 A.
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D isc u ss io n .

The i s o t h e r m s  a r e  shown i n  F i g .  52. The i s o t h e r m s  

o b t a i n e d  a t  two d i f f e r e n t  t e m p e r a t u r e s  a r e  i d e n t i c a l ,  i . e . ,  

t h e  a p p a r e n t  h e a t s  o f  a d s o r p t i o n  a r e  v e r y  low  ( / c a .  0 . 2 5  

k c a l . / m o l e ) . T h i s  i s  c o n s i s t e n t  w i t h  an i o n - e x c h a n g e  

m echanism  o f  a d s o r p t i o n .  T h is  p r o c e s s  c o n s i s t s  o f  r e p l a c e 

ment o f  one s e t  o f  i o n s  by  a n o t h e r ,  no b o n ds  a r e  b r o k e n  o r  

fo rm e d  and t h e  e l e c t r o n i c  s y s te m  o f  t h e  a d s o r b e d  i o n  is- 

u n a f f e c t e d ,  h en ce  no h e a t  change o c c u r s .

N a p h th a le n e  S c a r l e t  4R i s  a  t r i b a s i c  dye ,  i t  p r o b a b l y  

a t t a c h e s  t o  t h r e e  p o i n t s  on t h e  p r o t e i n  o r  a lu m in a  su r fa ,c e  

and l i e s  f l a t ,  h e n c e ,  t h e r e  w i l l  be no i n t e r m o l e  c u l a r  f o r c e s  

a c t i n g  b e tw e e n  h y d ro p h o b ic  r e s i d u e s  o f  t h e  dye and t h e r e f o f e  

no h e a t  o f  r e a c t i o n  o f  t h e  t y p e  p o s t u l a t e d  w i l l  be  e x p e c t e d .  

U n f o r t u n a t e  1 y i t  was n o t  p o s s i b l e  i n  t h e  t im e  a v a i l a b l e  t o  

d e t e r m i n e  i f  a  dye su c h  a s  N a p h th a le n e  Red w h ich  d o es  n o t  

l i e  f l a t  on t h e  s u b s t r a t e ,  shows any h e a t  e f f e c t .

The l a c k  o f  e x p e r i m e n t a l  e v id e n c e  n e c e s s a r y  t o  e s t a b 

l i s h  t h e  o r i g i n a l  h y p o t h e s i s  was due t o  t h e  f i n d i n g  o f  an 

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

mine Green BN on a c i d i f i e d  a lu m in a  ( d e s c r i b e d  e a r l i e r  i n  

t h i s  s e c t i o n ) ,  and  t h e r e f o r e  t h i s  work was p u t  a s i d e  and  an 

e x p l a n a t i o n  f o r  e n d o th e r m ie  a d s o r p t i o n  was s o u g h t  i n s t e a d .



PART II.

S e c t i o n  I

Hydrogen-Bond f o r m a t i o n  b e tw e e n  E s t e r s  and t h e  Qloloro-Group
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The Hydrogen Bond;

U nd er  c e r t a i n  c o n d i t i o n s  an atom, o f  h y d ro g e n  i s

a t t r a c t e d  by  r a t h e r  s t r o n g  f o r c e s  t o  two a to m s ,  i n s t e a d

o f  o n ly  o n e ,  so t h a t  i t  may be c o n s i d e r e d  t o  be  a c t i n g  a s
117-119

a bond b e tw e e n  them . T h i s  i s  c a l l e d  t h e  h y d ro g e n  bond .

The m os t  o b v i o u s  exam ple  o f  t h i s  bond i s  i n  i c e s

H
I

H -  0 -  H ...................  0 H
I I
H ....................0

I
H -  0 -  H H

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

b r e a k i n g  o f  a  c e r t a i n  number o f  t h e s e  b o n d s .  The brealcLng 

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

t h e  l i q u i d  t o  t h e  g a s  p h a s e .

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

o f  t h e  H a tom . I s  i t ,  a s  was a t  f i r s t  s u p p o s e d ,  a t  t h e  

m i d - p o i n t  o f  t h e  a tom s bonded  o r  i s  i t  much more c l o s e l y  

l i n k e d  w i t h  one o f  t h e  two a tom s?  U n f o r t u n a t e l y  t h e r e  i s  

a t  p r e s e n t  no s a t i s f a c t o r y  m ethod  o f  d e t e r m i n i n g  e x p e r i 

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

t h e r e  a r e  s e v e r a l  m e th o d s  by w h ic h  t h e i r  p o s i t i o n  may b e  

i n f e r r e d .  The m o s t  s t r i k i n g  e v i d e n c e  comes f ro m  i n f r a 

r e d  a b s o r p t i o n .  I n  t h e  bonded  s y s te m  X - H .............X' , t h e

v i b r a t i o n  f r e q u e n c i e s  c o r r e s p o n d i n g  t o  t h e  X-H b ond ,  and
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t o  t h e  X^H bond  a r e  f o u n d ,  and f ro m  t h i s  t h e  s t r e n g t h  

o f  e a c h  bond  i s  d e t e r m i n e d .  An i n d i r e c t  a rg u m e n t  t h e n  

makes i t  p o s s i b l e  t o  e s t i m a t e  where  t h e  H-atom i s  

s i t u a t e d .  The X^H bond p r o v e s  t o  be  w eak ,  and t h e  c o r r 

e s p o n d i n g  f r e q u e n c y  o c c u r s  f a r  i n  t h e  i n f r a - r e d .  On t h e  

o t h e r  hand  X-H i s  s t r o n g .  The i n f e r e n c e ,  t h e r e f o r e ,  i s  

t h a t  t h e  H a tom  i s  u s u a l l y  much n e a r e r  t o  t h e  a tom  X, t o  

w h ic h  i t  i s  t i g h t l y  b o u n d ,  so t h a t  t h e  bond i s  u n s y m m e t r i -  

c a l .

120P a u l i n g  showed t h a t  a  h y d ro g e n  a to m ,  w i t h  o n l y  

one s t a b l e  o r b i t a l ,  c a n n o t  fo rm  more t h a n  one p u r e  c o v a l e n t  

b o n d ,  and  t h a t  t h e  a t t r a c t i o n  o f  two a tom s o b s e r v e d  i n  

h y d ro g e n  bond f o r m a t i o n  m u s t  be  due  t o  i o n i c  f o r c e s .

Cause o f  t h e  Hydrogen B o n d ;

E f f e c t i v e  h y d ro g e n  bonds  o c c u r  o n l y  i f  t h e  n e g a t i v e  

i o n s  bonded  have  a  h i g h  e l e c t r o n  a f f i n i t y  (w h ich  may be 

u s e d  a s  a  m e a s u r e  o f  t h e i r  power t o  h o l d  on t o  t h e i r  

e l e c t r o n s ) .  The b o n d i n g  power i n c r e a s e s  i n  t h e  o r d e r

01 < N /  0 < F , w h ic h  i s  t h e  o r d e r  o f  i n c r e a s i n g  

e l e c t r o n  a f f i n i t y .

A s im p le  p h y s i c a l  e x p l a n a t i o n  i s  a d v a n c e d .  The 

p o s i t i v e  h y d ro g e n  i o n  i s  a  b a r e  p r o t o n ,  w i t h  no e l e c t r o n  

s h e l l  a b o u t  i t .  The p r o t o n  a t t r a c t s  an  o p p o s i t e l y
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charged i o n ,  but i t  can e q u a l ly  a t t r a c t  a second n e g a t iv e  

i o n  on i t s  o th e r  s id e  -

The p ro ton  th u s  form s a b r id g e  betw een  th e  a n io n s ,  

w hich  would o th e r w ise  have r e p e l l e d  one a n o th e r ,  b e in g  

i o n s  o f  l i k e  ch a rg e . F u r th e r ,  th e  p ro to n  i s  so sm a ll  

t h a t  i t  i s  tu ck ed  away betw een  th e  two la r g e  a n io n s  ; no 

o th e r  an ion  can g e t  n ea r  enough to  sh are  i t  w ith  them.

T h is  a c c o u n ts  f o r  th e  ex p er im en ta l  o b s e r v a t io n  t h a t  a 

p roto n  can o n ly  bond two a n io n s .  The model g iv e n  above  

s u g g e s t s  t h a t  th e  ten d en cy  to form H-bonds may be a s s o c i 

a te d  w i th  th e  p ro ton  a f f i n i t y  o f  th e  a n io n s  bonded. A 

h ig h  p ro to n  a f f i n i t y  coup led  w ith  h ig h  e l e c t r o n  a f f i n i t y  

o f  th e  a n io n s  would le a d  to  p ow erfu l hydrogen bonds.

However, t h i s  d i s c u s s io n  r e f e r s  to  an i d e a l  c a s e .

The H-bond i s  formed by groups or m o le c u le s  such  as

-EHg, -OH, =NH, FH, i n  w hich  th e  hydrogen atom i s  c e r t a i n l y

n o t  a b are  p r o to n , n or  are th e  groups bonded s im p le  a n io n s .
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U e T s r t h e l e s s  t h e s e  g ro u p s  a r e  p o l a r ,  t h e  d i s t r i h u t l o n  o f

c h a r g e s  i n  t h e  -OH g ro u p  b e i n g  f o r  i n s t a n c e  - 0 - H ,  so t h a t  

t h e  g ro u p  c o n s t i t u t e s  a  d i p o l e .  The a to m s ,  a l t h o u g h  

t h e y  do n o t  c a r r y  t h e  f u l l  c h a rg e  o f  t h e  f r e e  i o n s ,  can  

i n t e r a c t  i n  a  s i m i l a r  way? i . e . ,  t h e  E -a tom  b e h a v e s  i n  

p a r t  a s  a  p r o t o n  and  b r i d g e s  n e g a t i v e  a to m s  w h ich  b eh av e

i n  p a r t  a s  a n i o n s .  I n  t h e  t y p i c a l  bond = 0 = 0 .......... E - 0 - ,

e . g . ,  t h e  E a tom  r e m a in s  a t t a c h e d  t o  t h e  h y d ro x y l  oxygen  

by  a  c o v a l e n t  l i n k ,  w h i l s t  i t  i s  a t t a c h e d  to  t h e  n e g a t i v e  

oxygen  atom o f  t h e  c a r b o n y l  g roup  by  t h e  a t t r a c t i o n s  o f  

p o s i t i v e  and  n e g a t i v e  ch a rg es»

We can  s e e  why o n l y  h y d ro g e n  ( o r  d e u t e r i u m )  w i l l  

s e r v e  a s  t h e  m id d le  atom o f  t h e  bo nd .  I n  o r d e r  t h a t  t h e  

e l e c t r o s t a t i c  e n e r g y  o f  i n t e r a c t i o n  s h a l l  be  g r e a t e s t ,  i t  

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

t o g e t h e r  a s  p o s s i b l e .  I n  t h i s  r e s p e c t  t h e  h y d ro g e n  atom 

p o s s e s s e s  two f a v o u r a b l e  p r o p e r t i e s .  I t s  a to m ic  r a d i u s  

(0 . 5  A) i s  e x t r e m e l y  s m a l l  and i t  p o s s e s s e s  no i n n e r  s h e l l  

o f  e l e c t r o n s .  As a  r e u u l t  t h e  a d j a c e n t  m o l e c u l e  can  

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

r e p u l s i v e  e n e r g y  t e r m s .  I t  i s ,  o f  c o u r s e ,  n e c e s s a r y  t o  

have  an  e l e c t r o p o s i t i v e  atom i n  t h e  c e n t r e ,  b u t  i f ,  t e . g .  

we t r i e d  t o  r e p l a c e  E by  Na, t h e  l a r g e r  s i z e  o f  t h e  Ea 

a tom  ( r a d i u s  1 . 5 4  A) and  t h e  p r e s e n c e  o f  t h e  c o m p le te  i n n e r
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L - s h e l l  w ould  open  o u t  t h e  s t r u c t u r e  t o  su c h  an e x t e n t  

t h a t  t h e  e n e rg y  o f  b i n d i n g  w ou ld  be i n a d e q u a t e . I t  i s  

a l s o  n e c e s s a r y  t o  have  an  e l e c t r o n e g a t i v e  atom a t  e i t h e r  

end o f  t h e  sy s te m ;  h e r e  a g a i n  t h e  r e l a t i v e l y  s m a l l  s i z e  

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

m o l e c u l e s .  The d a t a  i n  T ab le  IT  i l l u s t r a t e  t h i s  a rg u m e n t ,  

b e c a u s e  i t  w i l l  be  s e e n  t h a t  t h e  a to m s  f o r m i n g  t h e  s t r o n g e s t  

h y d ro g e n  b o n d s  h av e  t h e  s m a l l e s t  r a d i i .

T a b le  IT ^ ^ ^  -  C o v a le n t  r a d i i  f o r  a to m s  (A) .

H

0 .5

I i B 0 E 0 P

s i n g l e bond 1.34 0 .8 8 0.77 0 . 7 4 0 .7 4  0.72

d o u b le bond 0 . 6 7 0 .6 1

t x i p l e bond 0 .6 0 0 . 5 5

Ea Si P 8 0 1

1 .54 1 . 1 7 1 . 1 7 1 . 0 4  0.99

E n e rg y  o f  t h e  Hydrogen  B onds

The h y d ro g e n  bond  i s  n o t  a  s t r o n g  b o n d .  The bond 

e n e r g y  l i e s  i n  t h e  r a n g e  5 t o  8 k c a l . / m o l e .  S in c e  i t  i s  

e l e c t r o s t a t i c  i n  c h a r a c t e r ,  t h e  s t r e n g t h  o f  t h e  bond 

d ep e n d s  upon  ( i )  t h e  e l e c t r o n e g a t i v i t y  o f  t h e  two bonded  

a tom s and  ( i i )  t h e i r  i n t e r a t o m i c  d i s t a n c e .  R e f e r r i n g  t o



152

t h e  e l e c t r o n e g a t i v i t y  s c a l e ,  we m ig h t  e x p e c t  t h a t  f l u o r i n e ,  

o x y g en ,  n i t r o g e n  and c h l o r i n e  w ould  p o s s e s s  t h i s  a b i l i t y ,  

t o  an  e x t e n t  d e c r e a s i n g  i n  t h i s  o r d e r .  I t  i s  fo u n d  

e m p i r i c a l l y  t h a t  f l u o r i n e  fo rm s  v e r y  s t r o n g  h y d ro g e n  b o n d s ,  

oxygen  w e a k e r  o n e s ,  and  n i t r o g e n  s t i l l  w e a k e r  o n e s .  

A l t h o u g h  i t  h a s  t h e  same e l e c t r o n e g a t i v i t y  a s  n i t r o g e n ,  

c h l o r i n e  h a s  o n l y  a  v e r y  s m a l l  h y d r o  g e n - b o n d - f o r m i n g  pow er ;  

t h i s  may be  a t t r i b u t e d  t o  i t s  l a r g e  s i z e  ( r e l a t i v e  t o  

n i t r o g e n ) , w h ic h  c a u s e s  i t s  e l e c t r o s t a t i c  i n t e r a c t i o n s  t o  

be  w e a k e r  t h a n  t h o s e  o f  n i t r o g e n .

As e x p e c t e d ,  t h e r e  i s  an i n v e r s e  c o r r e l a t i o n  ( f o r  

b o n d s  o f  t h e  same t y p e )  b e tw e en  bond  e n e r g y  and i n t e r 

a to m ic  d i s t a n c e ,  t h e  s e q u e n c e s  4 - 5 ,  6 . 2 ,  7 .1  k c a l . / m o l e  

and 2 . 7 6 ,  2 . 7 0 ,  2 .6 7  A b e i n g  o b s e r v e d  f o r  i c e ,  a l c o h o l  and  

f o r m i c  a c i d .  The i n t e r a t o m i c  d i s t a n c e  f o r  bond  f o r m a t i o n  

l i e s  b e tw e e n  2 .2 6  and  5*3®

I n t e r m o l e c u l a r  and I n t r a m o l e c u l a r  Hydrogen B o n d s :

I n t e r m o l e f u l a r  h y d ro g e n  b o n ds  a r e  d i v i d e d  i n t o  two 

c l a s s e s ,  ( i )  t h o s e  e x t e n d i n g  o v e r  many m o l e c u l e s ,  a s  i n  

p r o t e i n s ,  c r y s t a l l i n e  a l c o h o l s ,  w a t e r  e t c . ,
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( i i )  t h o s e  e x t e n d i n g  o v e r  two m o l e c u l e s ,  w h ic h  fo rm  a 

d im e r ,  e . g .  f o r m i c  a c i d ,  a c e t i c  a c i d  e t c .
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I n t r a m o l e c u l a r  h y d ro g e n  b o n d s ,  i n  w h ic h  t h e  h y d ro g e n  

i s  bo nd ed  to  two a tom s o f  t h e  same m o l e c u l e  e . g .  £ - n i t r o -  

p h e n o l ,  s a l i c y l  a l d e h y d e ,  e t c .
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I n  some s u b s t a n c e s ,  i n t r a m o l e c u l a r  h y d ro g e n  bond 

f o r m a t i o n  i n v o l v e s  c l o s i n g  a  s ix -m em bered  r i n g ,  and  t h e  

v a l u e s  o f  i n t e r a t o m i c  d i s t a n c e s  and bond  a n g l e s  may be  

s u c h  a s  t o  f a v o u r  t h e  f o r m a t i o n  o f  a  s t r o n g  h y d ro g e n  bond 

On t h e  o t h e r  h a n d ,  a  s t r o n g  h y d ro g e n  bond  i s  n o t  fo rm e d  

w i t h  c o m p l e t i o n  o f  a  f iv e -m e m b e re d  r i n g ,  t h e  c o n d i t i o n s  

b e i n g  u n f a v o u r a b l e ,  e . g .  i n  e t h y l  l a c t a t e

\  ' >
HG*------ C \

GHj OOgEg

The E f f e c t  o f  t h e  Hydrogen Bond on t h e  P h y s i c a l  P r o p e r t i e s  

o f  S u b s t a n c e s .

F o r  t h e  s e q u e n c e  o f  r e l a t e d  s u b s t a n c e s  HpTe, H^Se, 

Hg8, t h e  m e l t i n g  p o i n t s  and b o i l i n g  p o i n t s  show t h e  

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

c u l a r  w e i g h t s  and  v a n  d e r  Waals f o r c e s .  The c o n t i n u a t i o n  

o f  t h e  s e q u e n c e  i n  t h e  way i n d i c a t e d  w ou ld  l e a d  t o  t h e  

e x p e c t e d  v a l u e s  o f  a b o u t  -100*^0 and -8 0 ° G ,  r e s p e c t i v e l y ,  

f o r  t h e  m e l t i n g  and b o i l i n g  p o i n t s  o f  w a t e r .  The o b s e rv e d  

v a l u e s  o f  t h e s e  q u a n t i t i e s  a r e  v e r y  much h i g h e r ;  t h i s  i s  

t h e  r e s u l t  o f  t h e  f o r m a t i o n  o f  h y d ro g e n  b o n d s ,  w h ic h  have 

t h e  e x t r a o r d i n a r y  e f f e c t  o f  d o u b l i n g  t h e  b o i l i n g  p o i n t  o f
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th e  su b s ta n c e  on th e  a b s o lu te  s c a l e .

The m e l t i n g  and  b o i l i n g  p o i n t s  o f  ammonia and 

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

v a l u e s  e x t r a p o l a t e d  f ro m  t h e  s e q u e n c e  o f  a n a lo g o u s  com

pounds  (8 b H y  A s H y  PHj and  E lîy , H i;  HBr, HGl and HP.)

S u b s t a n c e s  su c h  a s  w a t e r ,  ammonia, h y d r o f l u o r i c  

a c i d ,  w h ic h  p o l y m e r i s e  t h r o u g h  h y d ro g e n  bond  f o r m a t i o n  

show a b n o r m a l l y  h i g h  d i e l e c t r i c  c o n s t a n t .

H ydro gen -bo nd  f o r m a t i o n  a f f e c t s  t h e  s o l u b i l i t y  o f  

a  s u b s t a n c e .  C o n s i d e r ,  e . g .  o -a n d  p - n i  t  r  o p h e n o l  s  : -

0

OH

Due t o  i n t r a m o l e c u l a r  bond f o r m a t i o n ,  o - n i t r o p h e n o l  

i s  b e n z e n o i d  i n  c h a r a c t e r ,  i t  i s  more s o l u b l e  i n  o r g a n i c  

s o l v e n t s  and  n o n - i o n i c  i n  n a t u r e j  p - n i t r o p h e n o l  on t h e  

o t h e r  hand  i s  more s o l u b l e  i n  w a t e r  and i s  i o n i c .  C o n s id e r  

a g a i n  t h e  compounds ( I I I  and  IV) o b t a i n e d  by c o u p l i n g  d i a z o -  

t i s e d  a n i l i n e  w i t h  B- and  a - n a p h t h o l s ; -

yEO
____

o > OH

I I I  IV
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( I V ) , b e c a u s e  o f  t h e  p r e s e n c e  o f  a  f r e e  OH g roup  

i s  s o l u b l e  i n  a l k a l i , w h i l e  ( I I I )  i s  n o t .

I m p o r t a n c e  o f  Hydrogen Bonds

I t  i s  h a r d  t o  e x a g g e r a t e  t h e  i m p o r t a n c e  o f  h y d ro g e n  

b o n d i n g .  Had i t  n o t  b e e n  f o r  t h e  p o l y m e r i s a t i o n  o f  w a t e r  

due t o  h y d ro g e n  b o n d in g  i t s  m e l t i n g  and  b o i l i n g  p o i n t s ,  

a s  j u s t :  s t a t e d , w ou ld  have  b ee n  - 1 0 0 ^ 0  and  - 8 0 ^ 0  and  l i f e  

w ou ld  h av e  b e e n  i m p o s s i b l e .  The r e g u l a r  a r r a n g e m e n t  o f  

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

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

o f  d y e s  by  t e x t i l e s  e t c . ,  a l l  depend  up o n  h y d ro g e n  b o n d i n g .  

The f a c t  t h a t  n e a r l y  a l l  b i o l o g i c a l  p r o c e s s e s  seem t o  

i n v o l v e  t h e  h y d ro g e n  bond a t  some s t a g e ,  shows t h a t  t h i s  

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

D e t e c t i o n  o f  Hydrogen  Bonds

I n f r a - r e d  s p e c t r o p h o t o m e t r y ,  e l e c t r o n  and X - r a y

d i f f r a c t i o n  m e th o d s  hav e  b e e n  w i d e l y  u s e d  f o r  d e t e c t i n g
1 21h y d ro g e n  b o n d s  . O th e r  m etho d s  d e p e n d in g  upon  ch a n g e s  

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

m e l t i n g  p o i n t ,  b o i l i n g  p o i n t ,  d i e l e c t r i c  c o n s t a n t  e t c . ,  due  

t o  com plex  f o r m a t i o n  have  a l s o  b e e n  u s e d .  A r s h i d  e t  a l î ^ ^  

have  d e s c r i b e d  a  s im p le  m ethod  o f  d e t e c t i n g  h y d ro g e n  bond
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co m p lex es  b e tw e e n  two s o l u t e s  i n  aq u eo u s  and n o n - a q u e o u s  

s o l u t i o n s  by  m easu rem en t  o f  t h e  r e f r a c t i v e  i n d e x .  They 

h av e  ch e c k e d  t h e  r e s u l t s  by c o m p ar iso n  w i t h  many o t h e r  

i n d e p e n d e n t  m e th o d s ,  su c h  a s  m o l e c u l a r  w e i g h t  d e t e r m i n a 

t i o n s ,  i n f r a - r e d  s p e c t r o p h o t o m e t r y ,  and f o r m a t i o n  o f  mono

l a y e r s  on w a t e r .  T h e i r  m ethod  h a s  b e e n  u s e d  i n  th e  

p r e s e n t  i n v e s t i g a t i o n .

Use o f  R e f r a c t i v e - i n d e x  M easu rem en ts

The m etho d  c o n s i s t s  i n  p l o t t i n g  t h e  r e f r a c t i v e  

i n d e x ^  o f  s o l u t i o n s  o f  b i n a r y  m i x t u r e s  o f  c o n s t a n t  t o t a l  

m o l a r i t y  i n  w h ic h  t h e  r e l a t i v e  p r o p o r t i o n s  o f  t h e  two com

p o n e n t s  a r e  v a r i e d  o v e r  t h e  r a n g e  0 : 1 0 0  t o  1 0 0 :0  . I f  no 

com plex  i s  fo rm ed  a  s t r a i g h t  l i n e  i s  o b t a i n e d  ( c o n v e r s e l y ,  

h o w ev e r ,  a  l i n e a r  p l o t  does  n o t  n e c e s s a r i l y  i n d i c a t e  con

c l u s i v e l y  t h a t  a  complex c a n n o t  be fo rm e d )  , b e c a u s e  t h e  

s q u a r e  o f  t h e  r e f r a c t i v e  i n d e x  o f  d i l u t e  s o l u t i o n s  i s  

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

m i x t u r e s  o f  compounds i f  no i n t e r a c t i o n  o c c u r s  ( s e e  D i g . 55*)

X S t r i c t l y  t h e  s q u a r e  o f  r e f r a c t i v e  i n d e x  s h o u l d  be  u s e d  
t o  g iv e  a  l i n e a r  r e l a t i o n  w i t h  c o n c e n t r a t i o n ,  b u t  i n  
p r a c t i c e  t h e  d i f f e r e n c e s  a r e  so s m a l l  t h a t  t h e  i n d e x  
i t s e l f ,  o r  i n  t h e  c a s e  o f  t h e  P u l f r i c h  i n s t r u m e n t  ev e n  
t h e  a n g l e  o f  t h e  em e rg e n t  beam, g i v e s  e q u a l l y  good 
r e s u l t s ,  and  t h e i r  u s e  a v o i d s  t e d i o u s  c o m p u t a t i o n s .
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I f  t h e  two com ponents  fo rm  a  m o l e c u l a r  com plex ,  t h e n  t h e  

p l o t  i s  a  c u rv e  w h ic h  may have  a  maximum o r  minimum a t  a  

p o i n t  c o r r e s p o n d i n g  w i t h  t h e  r a t i o  o f  t h e  two com ponents  

i n  t h e  com plex .  I n  p r a c t i c e ,  t h e  c u r v e  a p p r o x i m a t e s  to  

two s t r a i g h t  l i n e s  i n t e r s e c t i n g  a t  t h e  com plex  r a t i o  p o i n t .  

I n  s y s t e m s  i n  w h ic h  more t h a n  one com plex e x i s t s ,  e a c h  

may be r e p r e s e n t e d  by i t s  c o r r e s p o n d i n g  maximum o r  

minimum ( s e e  D i g . 5 ^ ) .

Where a  complex i s  d e t e c t e d ,  i t  i s  u s u a l l y  p o s s i b l e  

t o  s p e c i f y  w i t h  r e a s o n a b l e  c o n f id e n c e  w h ic h  g ro u p s  a r e  

i n t e r a c t i n g  by  i n s p e c t i o n  o f  t h e  f o r m u l a e  o f  t h e  com po nen ts .  

The p r e s e n c e  o f  a  complex i n  aq u e o u s  s o l u t i o n  m eans ,  o f  

c o u r s e ,  t h a t  t h e  g ro u p s  i n t e r a c t i n g  can do so ev e n  i n  t h e  

p r e s e n c e  o f  w a t e r ,  w h ich  w i l l  i t s e l f  com pete  by  co m b in in g  

w i t h  e a c h  g ro u p  by  h y d ro g e n  b o n d in g .

I t  i s  f o u n d  t h a t  even  com plexes  w h ic h  have  q u i t e  low 

s t a b i l i t y  a r e  r e a d i l y  d e t e c t e d .  Some i n d i c a t i o n s  o f  t h e  

p r e s e n c e  o f  i n t r a m o l e c u l a r  c h e l a t i o n  may a l s o  be  o b t a i n e d  

i n  many c a s e s ,  e . g . ,  p - n i t r o p h e n o l  i s  f o u n d  to  fo rm  a  

com plex V w i t h  t h r e e  m o l e c u l e s  o f  p h e n o l ,  b u t  £ - n i t r o p h e n o l ,  

w i t h  o n l y  one (VI)
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VI

P r e v i o u s  w ork  on E s t e r s .

E s t e r s  can a c t  b o t h  a s  h y d ro g e n  d o n o r s  and 
1 1 ^ 4  67a c c e p t o r s   ̂ ' , and  can i n t e r a c t  w i t h  e l e c t r o n  d o n o r s ,

e . g .  a z o b e n z e n e ,  p y r i d i n e ,  o r  t r i m e t h y l a m i n e . I t  seems

l i k e l y  t h a t  t h i s  t a k e s  p l a c e  t h r o u g h  a  -OH ..........  0 o r
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- O H  H b r i d g e  f a c i l i t a t e d  by t h e  e n h a n c e d  l a b i l i t y

o f  t h e  0-H bond a d j a c e n t  t o  a  c a r b o n y l  g ro u p é

0
II

H-OHg-G-OEt t

0
II

H - O H g - O - O E t

The a c t i v e  0-H bond i n  some o a s e s  a p p e a r s  t o  be  t h a t  

a t t a c h e d  a -  t o  t h e  - 0 - 0 = 0 - group  ( e . g . ,  i n  e t h y l e n e  g l y c o l  

d i b e n z o a t e ) . The e f f e c t  o f  a  c a r b o n y l  g ro u p  on a d j a c e n t  

a tom s may b e  s e e n  r e a d i l y  by t h e  g r e a t e r  i o n i s a b i l i t y  o f  

t h e  h y d ro g e n  atom i n  t h e  c a r b o x y l  g ro u p  t h a n  t h a t  i n  t h e  

a l c o h o l i c  g r o u p . The a c t i v i t y  o f  t h e  m e th y le n e  g rou p  

s i t u a t e d  b e tw e e n  two c a r b o n y l  g ro u p s  i n  a c e t o a c e t i c  e s t e r  

i s  s t i l l  g r e a t e r .  Rhodamine B ( 0 . 1 . 4 5 , 1 7 0 )  g i v e s  a  r e d  

c o l o u r  o n l y  i n  t h e  p r e s e n c e  o f  h y d ro g e n  d o n o r s ,  e . g .  

p h e n o l  o r  w a t e r ,  i t  i s  c o l o u r l e s s  i n  h y d r o c a r b o n s .  T o luen e  

s o l u t i o n s  o f  g l y c e r o l  t r i a c e t a t e  o r  p e n t a n e  1 : 5 - d i o l

d i a c e t a t e  g iv e  a  r e d  c o l o u r a t i o n ,  w i t h  Rhodamine B . These
X (Drom t h e  e l e c t r o n e g a t i v i t y  s c a l e  t h e  0-H bond w ould  be 
a t t r i b u t e d  o n l y  a  s m a l l  amount o f  i o n i c  c h a r a c t e r ,  i n s u f f i 
c i e n t  t o  p e r m i t  i t  t o  a t t r a c t  an a d j a c e n t  n e g a t i v e  atom 
w i t h  a p p r e c i a b l e  f o r c e .  However, i n  compounds su c h  a s  
H-0.=H^ r e s o n a n c e i i n c r e a s e s  s u f f i c i e n t l y  t h e  e l e c t r o n e g a t i v 
i t y  o f  t h e  0 atom and t h e  r e s u l t a n t  p o s i t i v e  c h a rg e  on t h e  
h y d ro g e n  a tom  p e r m i t s  i t  t o  fo rm  0-H . . . .  H- b o n d s .  B a u l i n g l  17 
h a s - C i t e d  s e v e r a l  i n s t a n c e s  o f  h y d ro g e n  bond  f o r m a t i o n  w i t h  
u s e  o f  a  h y d ro g e n  a tom  a t t a c h e d  to  a  c a r b o n  a tom  o f  a  h a l o -  
g e n a t e d  h y d r o c a r b o n  m o l e c u l e ,  e . g .  c h l o r o f o r m  and s i m i l a r  
s u b s t a n c e s  w i t h  e t h e r s  and g l y c o l s . )
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c o l o u r a t i o n s  a r e  i n d i c a t i v e  o f  t h e  p r e s e n c e  o f  h y d ro g e n  

a v a i l a b l e  f o r  b o n d in g .

E s t e r s  can  a l s o  b eh a v e  a s  h y d ro g e n  a c c e p t o r s ,  e .g ,  

p h e n o l  fo rm s  a  4:1 -  complex w i t h  d i m e t h y l  t e r e p h t h a l a t e  

i n  t o l u e n e  s o l u t i o n .  T h is  can be r e p r e s e n t e d  a s  :

HO

0
II

HO

0
II

HO

OH

Ho d e f i n i t e  e v i d e n c e  can be o b t a i n e d  t h a t  a  -0 = 0  

g ro u p  i n  any  compound can  fo rm  i n t e r m o l e c u l a r  b o n d s  i n  

w a t e r .  A bond can  fo rm  b e tw e en  p h e n o l  o r  a l c o h o l  and 

e t h e r  oxygen  a tom s  ( e . g .  i n  d io x a n )  i n  w a t e r .  C a t e c h o l  

d i a c e t a t e  f o rm s  an  i n t e r n a l  c h e l a t e  r i n g :

0

HOIi

OH.
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When t h i s  compound was exam ined  by i n f r a - r e d  s p e c t r o p h o to -  

me t r y , i t  -gave i n d i c a t i o n s  o f  chang es  i n  t h e  -CH^ and - 0 -  

g r o u p s ,  b u t  n o t  i n  t h e  -0 = 0  g r o u p s .

P r e s e n t  Work

T h is  i s  c o n c e rn e d  w i t h  t h e  p o s s i b l e  f o r m a t i o n  o f  

h y d ro g e n  bond by  e s t e r s  o f  two b r o a d  t y p e s ;  p l a n t  g ro w th  

p roD io te rs  and  c e l l u l o s e  a c e t a t e s ,  e t c .

P l a n t  g ro w th  p r o m o t e r s  -  Many a r y l o x y - c a r b o x y l i c  a c i d s ,  

e s p e c i a l l y  c e r t a i n  c h l o r p p h e n o x y a o e t i o  a c i d s  have  marked 

p l a n t  g ro w th  a c t i v i t y ,  w h ic h  a p p e a r s  t o  r e q u i r e  a t  l e a s t  

one f r e e  a - h y d r o g e n  atom and a  g iv e n  r e l a t i o n  o f  t h i s  atom 

w i t h  a r o m a t i c  n u c l e u s  and  t h e  c a r b o x y l  g r o u p ,  s i n c e  i t  i s
1 p K

s t e r e o -  s p e c i f  i  c .

Prom an i n s p e c t i o n  o f  f o r m u la e  i t  a p p e a r s  t h a t  t h e r e  

m ig h t  be  some c o n n e c t i o n  b e tw e e n  hormone a c t i v i t y  and 

a b i l i t y  t o  fo rm  h y d ro g e n  bond com plexes  and t h i s  w ork  i s  

c o n c e rn e d  w i t h  t e s t s  made t o  check  t h i s  h y p o t h e s i s .

C e l l u l o s e  a c e t a t e a  -  C e l l u l o s e  i s  b u i l t  f ro m  c e l l o b i o s e  

r e p e a t  u n i t s .  E ach  c e l l o b i o s e  u n i t  c o n t a i n s  two l i n k e d  

g l u c o s e  r e s i d u e s ,  t w i s t e d  t h r o u g h  180*^ r e l a t i v e  t o  e a c h  

o t h e r  a b o u t  t h e i r  common a x i s .  C hem ical  s u b s t i t u t i o n s  

a r e  r e s t r i c t e d  t o  t h e  t h r e e  h y d r o x y l  g ro u p s  p e r  g l u c o s e
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r e s i d u e .  When t h e s e  g ro u p s  a r e  f u l l y  a o e t y l a t e d  we 

h ave  c e l l u l o s e  t r i a c e t a t e .  On p a r t i a l  h y d r o l y s i s  o f  

t r i a c e t a t e ,  we g e t  s e c o n d a r y  a c e t a t e .  S e c o n d a ry  a c e t a t e  

c o n t a i n s  an a v e r a g e  o f  a p p r o x i m a t e l y  2^^5 a c e t y l  g ro u p s  

p e r  g l u c o s e  r e s i d u e .  B o th  t r i -  and  s e c o n d a r y  a c e t a t e s  

a r e  c o m m e r c ia l ly  i m p o r t a n t  t e x t i l e  f i b r e s .

D i s p e r s e  d y e s  a r e  commonly u s e d  f o r  d y e i n g  a c e t a t e  

f i b r e s .  These  a r e  m o s t l y  am ino-  o r  a m i n o a z o a n th r a q u i n o n e  

d e r i v a t i v e s ,  n o n - i o n i c  i n  c h a r a c t e r ,  i n s o l u b l e  i n  w a t e r  

and a p p l i e d  t o  t h e  f i b r e  i n  t h e  fo rm  o f  a q u e o u s  d i s p e r 

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

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

dye m o l e c u l e s  on t h e  d y e in g  b e h a v i o u r  o f  a c e t a t e  f i b r e s .

T e r y l e n e  ( p o l y e t h y l e n e  t e r e p h t h a l a t e )  i s  a n o t h e r  

e s t e r  f i b r e . I t s  d y e i n g  b e h a v i o u r  i s  s i m i l a r  t o  t h a t  o f  

a c e t a t e ,  and  so t h e  c o n c l u s i o n s  r e a c h e d  h e r e  r e g a r d i n g  

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

The r e s u l t s  r e c o r d e d  i n  T a b le s  V t o  V II  a r e  t h e  work  

o f  t h e  a u t h o r  an d  h i s  c o l l e a g u e s .  C o m p le x - r a t i o  e s t i m a 

t i o n  by  r e f r a c t o m e t r y  and a d s o r p t i o n  t e s t s  w ere  done i n  

t h i s  l a b o r a t o r y ,  i n f r a - r e d  work  was done e l s e w h e r e .

M a t e r i a l s  ;

The s a m p le s  o f  p h e n o x y a c e t i c  a c i d  d e r i v a t i v e s  w ere  

k i n d l y  s u p p l i e d  by Dr. 0 . H .F a w c e t t  and P r o f  . R . l . W a i n  E . R . S . ,  

o f  Wye C o l l e g e .  They w ere  p u re  ( a l l  r a o e m ic  m i x t u r e s ) .  

T hese  a c i d s  a r e  n o t  s o l u b l e  enough f o r  t e s t s  t o  be  made i n  

w a t e r  a l o n e ,  so w a t e r - e t h a n o l  m i x t u r e s  w ere  u s e d  a s  s o l v 

e n t s .  When a p p l i e d  a s  g r o w t h - p r o m o t e r s , t h e  c o n c e n t r a t i o n  

o f  t h e  a c i d s  i n  t h e  p l a n t  j u i c e s  i s  p r o b a b l y  much lo w e r  

t h a n  t h a t  u s e d  h e r e ,  th o u g h  i t  may be  r a i s e d  l o c a l l y  a t  

any a c t i v e  s o l i d  s u r f a c e  i n  t h e  p l a n t ,  by  a d s o r p t i o n .

A l l  t h e  o t h e r  s o l u t e s  u s e d  w ere  e i t h e r  o f  a n a A y t i -  

c a l  r e a g e n t  q u a l i t y  o r  w ere  p u r i f i e d  i n  t h e  l a b o r a t o r y  f ro m  

commer c i  a l  p ro  d u e t s .

* S p e c i a l l y  d r y ’ d i o x a n  and  b e n z e n e  (B .D .H . ) w ere  

u s e d  and t o l u e n e  was d r i e d  o v e r  sodium .

I n s t r u m e n t s  s

B e l l i n g h a m  and S t a n l e y  ( P u l f r i c h )  and Z e i s s  (Abbe) 

r e f r a c t o m e t e r s  w ere  u s e d .  The s o u r c e  o f  m o n o c h ro m a t ic  

l i g h t  was a  sodium  lam p .
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P r o c e d u r e  ;

The p r i n c i p l e  o f  t h e  m ethod  h a s  b e e n  a l r e a d y  

d e s c r i b e d ^ T h e  s o l u t i o n s  o f  t h e  two s o l u t e s  t o  be  

exam ined  w ere  p r e p a r e d ,  t h e n  m ixed i n  d i f f e r e n t  p r o p o r 

t i o n s  g i v i n g  7 - 1 0  sepa^ra te  b i n a r y  s o l u t i o n s  o f  d i f f e r e n t  

m o l a r  r a t i o s ,  and t h e n  s t o r e d  o v e r n i g h t  i n  g r o u n d - g l a s s  

s t o p p e r e d  t u b e s  f o r  t h e  c o m p l e t i o n  o f  com plex  f o r m a t i o n .

The i n s t r u m e n t  r e a d i n g s  w ere  t a k e n  e i t h e r  a t  room t e m p e r a 

t u r e  o r  a t  t h e  t e m p e r a t u r e  o f  t a p  w a t e r  w h ic h  was c i r c u l - r  

a t e d  t h r o u g h  t h e  i n s t r u m e n t .  As t h e  c o m p le te  s e t  o f  

r e a d i n g s  can b e  t a k e n  w i t h i n  60 m i n u t e s ,  t h e r e  was h a r d l y  

any v a r i a t i o n  o f  t e m p e r a t u r e  d u r i n g  t h e  e x p e r i m e n t .  A 

c o n c e n t r a t i o n  o f  0 .1  M o r  0 . 2 5  M was n o r m a l l y  u s e d ,  b u t  

i n  some c a s e s  w h ere  e i t h e r  v e r y  l i t t l e  m a t e r i a l  was a v a i l 

a b l e  o r  s o l u b i l i t y  was lo w ,  lo w e r  c o n c e n t r a t i o n s  have  

b e e n  u s e d .

Over c e r t a i n  t e m p e r a t u r e  r a n g e s  c e r t a i n  c u r v e s  

p a s s  f ro m  convex  t o  concave  o r  v i c e  v e r s a ,  r e l a t i v e  t o  t h e  

X a x i s , and t h u s  a t  some i n t e r m e d i a t e  t e m p e r a t u r e  t h e  cu rv e  

i s  l i n e a r  and t h e r e  i s  no e v id e n c e  o f  com plex  f o r m a t i o n .  

T h e r e f o r e ,  t o  e s t a b l i s h  t h e  r e a l i t y  o f  n e g a t i v e  r e s u l t s ,  

t h e  d e t e r m i n a t i o n s  w ere  made e i t h e r  a t  more t h e n  one temp

e r a t u r e ,  o r  a  v a r i e t y  o f  se c o n d  s o l u t e s  w ere  u s e d ,  o r  

d i f f e r e n t  s o l v e n t s  w ere  em ployed .
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I n f r a - r e d  s p e c t r o p h o t o m e t r y  s

2 , 6 - D i c h l o r o p h e n o x y p r o p i o n i c  a c i d  ( l ^  s o l u t i o n  i n  

001^) was examined by i n f r a - r e d  s p e c t r o p h o t o m e t r y  w i t h  no 

s a t i s f a c t o r y  r e s u l t .  The c a r b o x y l i c  a c i d  d im er  b r o a d  

a b s o r p t i o n  b an d  b e tw e e n  2 . 9  and 4 .2 y u  o b s c u r e d  t h e  r e g i o n  

w here  t h e  C-H s t r e t c h i n g  f r e q u e n c y  m ig h t  b e  e x p e c t e d  t o  

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

p l i c a t e d  by  a b s o r p t i o n s  due to  a r o m a t i c  and  c a r b o x y l i c  

a c i d  s y s t e m s .

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

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

p u r e  l i q u i d  fo rm ,  s i n g l y  and i n  e q u i m o l a r  m i x t u r e s  o f  t h e  

f i r s t  two s e p a r a t e l y  w i t h  t h e  l a s t - n a m e d ,  was a l s o  made, 

A g a in ,  no c o n c l u s i v e  e v id e n c e  o f  i n t e r a c t i o n  by  t h e  a c i d i c  

-OH g ro u p  i n  t h e  a c e t a t e  c o u ld  be  o b t a i n e d ,  p re s u m a b ly  

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

GHj g ro u p  band  (7 . 3 •

A d s o r p t i o n  t e s t s ;

C e l l u l o s e  t r i a c e t a t e  powder ( a c e t y l  v a l u e  a s  a c e t i c  

a c i d  -  6 2 .2 ^ )  was s u p p l i e d  by B r i t i s h  G e la n e s e  L t d .  The 

p r o c e d u r e  o f  t h e  e x p e r i m e n t s  was t h e  same a s  d e s c r i b e d  i n  

e a r l i e r  p a r t s  o f  t h e  t h e s i s .  O h io ro b e n z e n e  and p h e n o l  

w ere  a n a l y s e d  by  s p e c t r o p h o t o m e t r y  u s i n g  a  Hnicam SP 500
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i n s t r u m e n t  a t  2640 and 2715 A r e s p e c t i v e l y .

The r e s u l t s  o f  r e f r a c t i v e  i n d e x  work  a r e  g iv e n  

i n  T a b l e s  V, VI and V II  and a d s o r p t i o n  i s o t h e r m s  i n  

F i g . 62. Curves  sho w in g  r e l a t i o n  b e tw e e n  e i t h e r  s q u a r e  

o f  r e f r a c t i v e  i n d e x  o r  i n s t r u m e n t  r e a d i n g  and component 

r a t i o  i n  s o l u t i o n s  a r e  g iv e n  i n  F i g s . 55 t o  61.
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R e s u l t s  and d i s c u s s i o n .

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

t h e  p h e n o x y a c e t i c  a c i d  d e r i v a t i v e s  d e p e n d s  up on  s u i t a b l e  

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

a - h y d r o g e n  and c h l o r i n e  a tom s .  P h e n o l ,  d i - i s o b u t y l  

k e t o n e  and  t r i  e t h y l a m i n e  w ere  f i r s t  exam ined  by t h e  w r i t e r ' s  

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

o r y ,  g i v i n g  m a i n l y  t h e  same c o m p l e x - r a t i o  ( l s 1 )  w i t h  any  

a l i p h a t i c  o r  a rm m a t ic  c a r b o x y l i c  a c i d .  E t h y l  a c e t a t e  and  

c h l o r o b e n z e n e  w ere  fo u n d  to  be more s a t i s f a c t o r y .

E s t e r - c h l o r o - g r o u p  b o n d i n g .

The p r e s e n t  r e s u l t s  may be  i n t e r p r e t e d  t h u s :

( i )  The a c e t a t e s  fo rm  t h e  O H   01 bond  w i t h  an

u n c h e l a t e d  c h l o r o - g r o u p  ( n o t  w i t h  t h e  c h e l a t e d - g r o u p  i n  

£ “ c h i o r o p h e n o l ) , and  w i t h  e a c h  oxygen  atom  o f  t h e  n i t r o -  

g r o u p .

0 0  "^ \
II I

^ C 1 ............  HCH„---- 0 — 0 —  B t  / L
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/
\

0
II

HCH - 0 - 0

HGH - 0 - 0
I I
0

- O

( i i )  The c h lo ro p h e n o x y  a c i d s  VII  -  IX (R = Me o r  E t )  

fo rm  b o n d s  w i t h  e t h y l  a c e t a t e  a t  t h e  p o s i t i o n s  m arked  x  

and w i t h  c h l o r o b e n z e n e  a t  t h o s e  m arked  1 •

01c 0

H
I
0

0
II
0 OH

t

Hfat?

3E 
01c %

0

R 0
I II
0 - 0

i t

OH

V II V I I I

3Ê
01

01

R 0
I I I  ,
0 -  0 -  Off
1

■H

t

IX



1 5 0 .

( i i i )  E ach  f r e e  o h l o r o - g r o u p  i n  t h e  o r t h o - p o s i t i o n  t o

t h e  e t h e r  oxygen atom i n  t h e  a r y l o x y  a c i d s  may p e r h a p s

i n t e r a c t  w i t h  an a - h y d r o  gen atom. I f  c h e l a t e  r i n g s  a r e

so fo rm ed  t h e y  w ould  p r o b a b l y  be weak. ( I n f r a - r e d

s p e c t r a  show t h a t  i n t r a m o l e c u l a r  - O H ............. 01 b o n d s  a r e
126weak and i n d e e d  i t  i s  s u g g e s t e d  t h a t  t h e s e  * bonds* a r e  

due t o  t h e  e l e c t r o s t a t i c  e f f e c t s  by t h e  a d j a c e n t  p o l a r  

g r o u p ,  and ‘w h e t h e r  t h e  t e rm  "hy d ro g en  b on d "  s h o u ld  be

u s e d .............i s  a  m a t t e r  o f  o p i n i o n ' . The 01 • • • - •  H

s e p a r a t i o n  m e a s u r e d  f ro m  t h e  m o l e c u l a r  m o d e l s  i n  t h e  2 , 6 -  

d i c h l o r o a c e t i c  a c i d  compounds i s  5 ^  ( s y m m e t r i c a l  

p o s i t i o n )  and i n  t h e  2 - c h l o r o - c o m p o u n d s , ^ v ^ 2 . 5  A.

T here  a p p e a r s  t o  be  no d i f f e r e n c e  i n  t h e  c o m p le x in g  

p r o p e r t i e s  o f  any o f  t h e  s o l u t e s  ex a m in e d ,  a s  b e tw e e n  

a q u e o u s  o r  n o n - a q u e o u s  m e d ia ,  r e s p e c t i v e l y .

R e l a t i o n  o f  p r e s e n t  r e s u l t s  to  d y e i n g  and to  p l a n t - g r o w t h ,̂

p r o m o t i o n  phenom ena . -  The -^OH • • • •  bond fo rm e d  by  e s t e r

g ro u p s  a p p e a r s  t o  a s s i s t  a d s o r p t i o n  o f  n o n - i o n i c  s o l u t e s

by  c e l l u l o s e  a c e t a t e s  and r e l a t e d  p o l y m e r s ,  e . g .  p o l y e t h y l -
67 12^ 124ene t e r e p h t h a l a t e  ’  ̂ . Dye a d s o r p t i o n  i n c r e a s e s

w i t h  t h e  num ber o f  p r o t o n - a c c e p t i n g  g ro u p s  i n  t h e  dye 

m o l e c u l e  ( c f .  T a b le  V I I I ) . The p r e s e n t  r e s u l t s  g i v e  

f u r t h e r  e v i d e n c e  t h a t  t h i s  t y p e  o f  bond  can fo rm  b e tw e e n
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an  a c e t a t e  g ro u p  and  a  c h l o r o - g r o u p  i n  an a r o m a t i c  n u c l e u s .  

C o n s e q u e n t l y  c h l o r o b e n z e n e  would  be  e x p e c t e d  t o  be  a d s o r b e d  

by c e l l u l o s e  t r i a c e t a t e .  E x p e r im e n t  shows t h a t  i t  i s  i n  

f a c t  q u i t e  s t r o n g l y  a d s o r b e d ,  more so e v e n  t h a n  p h e n o l  -  

( F i g . 6 2 ) .  The d i f f e r e n c e  i s  a t t r i b u t a b l e  t o  t h e  lo w e r  

s o l u b i l i t y  o f  c h l o r o b e n z e n e  i n  w a t e r  ( c h l o r o b e n z e n e ,

0 ,0 4 8 8  gm./lOO e . c .  at: JO^O; p h e n o l ,  6 .7  gm./lOO c . c .  

a t  16^0; b o t h  compounds a r e  c o m p l e t e l y  m i s c i b l e  w i t h  

e t h a n o l ) ; b e c a u s e  o f  t h e  lo w e r  s o l u b i l i t y  t h e  c o m p e t i t i v e  

e f f e c t  o f  t h e  s o l v e n t  w i l l  be  r e d u c e d .
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Table V III

R e l a t i o n  b e tw e e n  c o n s t i t u t i o n  o f  n o n - i o n i c  p h e n y l a z o b e n z e n e

d y e s  and  t h e i r  a d s o r p t i o n  by s e c o n d a r y  c e l l u l o s e  a c e t a t e
1 27d a t a  r e c a l c u l a t e d  f rom  B i r d  and  H a r r i s

Maximum |  
a d s o r p t i o n

S u b s t i t u e n t s  (m m ole/kg .  )

2 ' 4 ' 6 '  5 4

FOg UBt.OgH..OH 56

01 KOg HE-b.OgH. .OH 6 1 ,5

01 ffl-Qg 01 rns-b. OgH. .OH 71

HBt.OgH^.OH 95

NOg H(OgH..OH)2 41

HOg 01 H(0gH^.0H)2 95

NOg H(0-gH^.OH)2 119

ffl-Og GMe HfOgH^.OHÏg 268

Î  The s e c o n d a r y  a c e t a t e  c o n t a i n s  a  p r o p o r t i o n  o f  

u n e s t e r i f i e d  h y d ro x y  g r o u p s ,  b u t  t h e s e  do n o t  a p p e a r  t o  

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

t h e  s e c o n d a r y  a c e t a t e  and t h e  t r i a c e t a t e  have  t h e  same 

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

o r i g i n a t e s  i n  t h e  a c e t y l  r a t h e r  t h a n  t h e  h y d r o x y - groupé ^
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I n  c o n f i r m a t i o n  t h a t  t h e  a d s o r p t i o n  o f  t h e s e  two s o l u t e s  

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

was f o u n d  t h a t  b e n z e n e  was un  a d s o rb e d  when a p p l i e d  f rom  

t h e  same s o l v e n t  u n d e r  t h e  same c o n d i t i o n s .  The i m p o r t 

a n c e  o f  h y d ro g e n  bonds  i n  d e t e r m i n i n g  t h e  a t t r a c t i o n  o f

c e l l u l o s e  a c e t a t e  f o r  s o l u t e s  a p p e a r s  a l s o  t o  be  shown
1 PRby d a t a  g i v e n  by  W hite  and c o l l a b o r a t o r s  . They 

r e p o r t  t h a t  t h e  c r o s s - s e c t i o n a l  s w e l l i n g  (fo) o f  c e l l u l o s e  

a c e t a t e  f i b r e s  i n  p u re  l iq _ u id s  i s ;  b e n z e n e ,  7? c a rb o n  

t e t r a c h l o r i d e ,  3*5? m e t h a n o l ,  45; b u t y l  a c e t a t e  ^  26;

w a t e r ,  20 ( ? ) .  Thus t h e  l i q u i d s  c a p a b l e  o f  h y d ro g e n  

b o n d i n g  w i t h  t h e  s u b s t r a t e  a r e  a b l e  t o  p e n e t r a t e  t h e  

f i b r e  f a r  more r e a d i l y  t h a n  t h e  n o n - b o n d i n g  o n e s ,  and 

b e n z e n e  a p p e a r s  t o  have  low p e n e t r a b i l i t y  and a f f i n i t y .

The s t r e n g t h  o f  t h e  e t h y l  a c e t a t e  -  c h l o r o b e n z e n e  

bond  i n  d i l u t e  s o l u t i o n  i n  aqueous  e t h a n o l  h a s  b e e n  

m e a s u re d  h e r e  by  a  r e f r a c t o m e t r i e  m e th o d ,  w h ic h  w i l l  be 

d e s c r i b e d  l a t e r ,  and fo u n d  t o  be a b o u t  - 3  k c a l . / m o l e ;  

t h e  p h e n o l  -  c h l o r o b e n z e n e  bond h a s  a  s i m i l a r  s t r e n g t h .

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

a b o v e ,  t h e  n e c e s s a r y  r e q u i r e m e n t s  o f  a  p r o m o te r  a r e  a t  

l e a s t  one f r e e  a - h y d r o g e n  atom and a  g i v e n  r e l a t i o n  o f  

t h i s  atom w i t h  t h e  a r o m a t i c  n u c l e u s  and t h e  c a r b o x y l
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1 2 5
g r o u p ,  s i n c e  i t  i s  s t e r e o - s p e c i f i c .  A c t i v i t y  ^ i s  

e n h a n c e d  b y  p r e s e n c e  o f  ( a )  a  2 - c h l o r o  g r o u p ,  a n d  

m a r k e d l y  b y  a  4 - c h l o r o  g r o u p ,  a l s o  b y  ( b )  a  2 - m e t h y l  g r o u p ;  

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

2 -  a n d  6 - p o s i t i o n s  s i m u l t a n e o u s l y  ( w i t h  c h l o r o  o r  m e t h y l  

g r o u p s )  a n d  b y  3 ? 5” d i c h l o r o - s u b s t i t u t i o n ;  ( d )  b y  r e p l a c e 

m e n t  o f  b o t h  a - h y d r o g e n  a t o m s  b y  m e t h y l - g r o u p s  ; a n d  ( e )  

b y  a b s e n c e  o f  t h e  p h e n o x y - o x y g e n  a t o m  ( a s  i n  p h e n y l a c e t i c  

a c i d  c o m p o u n d s )  o r  i t s  r e p l a c e m e n t  b y  a  w e a k e r  p r o t o n -  

a c c e p t o r ,  e . g .  t h e  - S - ,  o r  t h e  - H Ï Ï -  g r o u p .

The s t e r e o - s p e c i f i c i t y  o f  t h e  a c t i o n  shows t h a t  i t  

m u s t  i n v o l v e  s i m u l t a n e o u s  f o r m a t i o n  o f  s e v e r a l  bonds^

These  b o n d s  p r o b a b l y  i n c l u d e  (a) p r o t o n - a c c e p t a n c e  a t  t h e  

e t h e r  oxygen  a tom  (w hich  w ould  a c c o u n t  f o r  t h e  a c t i v a t i n g -  

e f f e c t  o f  a  2-Me g ro u p  ; t h e  e f f e c t s  o f  r e p l a c e m e n t  o f  H 

by  OHj i n  t h e  s i  d e - c h a i n  a r e  v e r y  s l i g h t ^  , i n  a g re e m e n t  

w i t h  t h e  s m a l l e r  e f f e c t  t h a t  m e th y l  s u b s t i t u t i o n  h a s  on 

t h e  a c i d i t y  o f  an  a d j a c e n t  o r  a  c o n j u g a t e d  h y d ro g e n  atom 

i n  an  a l i p h a t i c ,  compared w i t h  an a r o m a t i c ,  s y s t e m ) ; and 

(b) p r o t o n - d o n a t i o n  by  t h e  a-GH g ro u p ,  w h ic h  i s  more e f f e c t 

i v e  when t h e  p r o t o n  d o n a t i n g  power i s  e n h a n c e d  by 2- o r  4- 

c h l o r o - s u b s t i t u t i o n  i n  t h e  a r o m a t i c  n u c l e u s .  Any fo rm  

o f  2 , 6 - d i s u b s t i t u t i o n  r e d u c e s  t h e  a c t i v i t y  b y  r e s t r a i n i n g  

f r e e  r o t a t i o n  a t  t h e  P h - 0 -  b ond ,  and  t h e  a-CH g ro u p  i s
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d e a c t i v a t e d  by  3 , 5 - d i c h l o r o - s u b s t i t u t ! on, A p o s s i b l e

c h e l a t e  r i n g  b e tw e e n  a  2 - c h l o r o - g r o u p  and  an a-OH group  

d o es  n o t  a p p e a r  t o  i n f l u e n c e  g ro w th  p r o m o t i n g  a c t i v i t y ;  

and  t h i s  c h e l a t e  bond i s  t h e r e f o r e  w e a k e r  t h a n  t h e  

^OH s u b s t r a t e  b ond .

The p r o p e r t i e s  o f  a  few compounds a r e  n o t  e x p l a i n e d

by  t h e  above  h y p o t h e s i s ,  b u t  t h e s e  compounds have  low 
1 2 5ba c t i v i t y  , and t h e y  may o p e r a t e  by  a  d i f f e r e n t  mechan

i s m .  P a w c e t t  e t  s u g g e s t  t h a t  t h e  b e h a v i o u r  o f  a

few  u n e x p e c t e d l y  a c t i v e  compounds may b e  due t o  f o r m a t i o n  

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



SEOTIOH II

Hydxogen Taoad e n e r g ie s  betw een  s o lu t e s  i n  s o lu t io n
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I n  t h e  p r e s e n t  work a  r e f r a c t o m e t r i o  m ethod  i s  

u s e d  t o  c a l c u l a t e  h y d ro  g en -bond  s t r e n g t h s  b e tw e en  s o l u t e s  

i n  s o l u t i o n .  The p h y s i c o - c h e m i c a l  b a s i s  u n d e r l y i n g  t h e  

m ethod  may b e  d e s c r i b e d  as  f o l l o w s .  Suppose  A  and B 

combine t o  fo rm  a  complex AB

A f  B —------^  IB  (18)

Then i f  we s t a r t  w i t h  m m o l e c u l e s  o f  A and  n  m o l e c u l e s  

o f  B and  a t  e q u i l i b r i u m  k m o l e c u l e s  o f  e a c h  hav e  com

b i n e d  t o  fo rm  k  m o l e c u l e s  o f  AB, t h e n  t h e  e q u i l i b r i u m  

can  be  r e p r e s e n t e d  a s

(m -  k )  + (n -  k )  = k ,  k  = —--------     . . , ( 1 9 )
(m -  k )  (n -  k )

I f  Ha, Hb and Hab a r e  t h e  r e f r a c t i v e  i n d i c e s  o f  m o la r  

s o l u t i o n s  o f  A, B and AB r e s p e c t i v e l y ,  t h e n  t h e  r e f r a c t i v e  

i n d e x ,  Ho, o f  t h e  m i x t u r e  a t  e q u i l i b r i u m  i s

Ho = (m -  k )Ha + (n -  k)Hb + k  Hab ...............(2 0 )

h e n c e ,  k  -  ............... (21 )
Hab -  (Ha + Hb)

Ha and Hb can  be  c a l c u l a t e d  by m e a s u r i n g  t h e  r e f r a c t i v e  

i n d i c e s  o f  s o l u t i o n s  o f  known s t r e n g t h s  and f ro m  them , 

c a l c u l a t i n g  t h e  r e f r a c t i v e  i n d e x  o f  a  m o l a r  s o l u t i o n .  To 

g e t  t h e  v a l u e  o f  Hab, t h e  f o l l o w i n g  p r o c e d u r e  i s  a d o p t e d .  

Suppose i n  e q .  (18) one o f  t h e  co m po nen ts ,  s a y  B, i s  p r e s 

e n t  i n  v e r y  l a r g e  e x c e s s  o v e r  t h e  o t h e r ,  t h e n  t h e  r e a c t i o n
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can  be  assum ed t o  be  c o m p le te  i n  t h e  f o r w a r d  d i r e c t i o n  

a s  f o l l o w s

1 A + 100 S — — >  AB + 99 B  (22)

2 A  + 100 B  > 2AB + 98 B  (2$)

3 A  + 100 B —— 3AB 4- 97 B   (24)

Then e q . (24) -  e q . (23) = e q . ( 2 3 ) ™ e q . (22) = AB -  B

= Hab -  Hb  . . . ( 2 5 )

I f  we s t a r t  w i t h  s o l u t i o n s  c o n t a i n i n g  q u a n t i t i e s  g iv e n  

on t h e  l e f t  h an d  s i d e  o f  t h e  e q u a t i o n s  ( 2 2 ) ,  ( 2 3 ) ,  and  

( 2 4 )? we can  f i n d  Hab, s i n c e  Hb i s  known f ro m  t h e  e a r l i e r  

e x p e r i m e n t s .  S u b s t i t u t i o n  o f  t h e  v a l u e  o f  Hab i n  

e q .  (21 ) g i v e s  t h e  v a l u e  o f  k and t h a t  i n  'burn g i v e s  t h e  

v a l u e  o f  t h e  e q u i l i b r i u m  c o n s t a n t ,  K, a t  t h e  t e m p e r a t u r e  

o f  t h e  e x p e r i m e n t  f ro m  e q . ( 1 9 ) .  The e x p e r i m e n t  i s  

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

c a t i o n  o f  t h e  0 1 a u s i u s - 0 1 a p e y ro n  e q u a t i o n ,  t h e  h e a t  o f  

f o r m a t i o n ,  - A H ,  i s  c a l c u l a t e d .

2 . 3 0 3  H T.T^ ÏC 
- A h  = - n j  n  log _L

( Ï 2 - T 1 ) Eg
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E x p e r i m e n t a l

a  uS o l u t e s  “ I n a l a r  q u a l i t y  p h e n o l  was u s e d .  C h l o r o b e n z e n e , 

e t h y l  a c e t a t e ,  n - b u t a n o j . ,  d i m e th y l - f o r m a m id e  and a o e t o -  

n i t r i l e  were  p u r i f i e d  by d i s t i l l a t i o n .

S o l v e n t s  -  50^ ( v / v )  Aqueous e t h a n o l ,  x y l e n e  and  c a rb o n  

t e t r a c h l o r i d e  w ere  u s e d ,  50^  Aqueous e t h a n o l  was p r e 

p a r e d  by m i x in g  e q u a l  q u a n t i t i e s  o f  d i s t i l l e d  w a t e r  and 

a b s o l u t e  a l c o h o l .  X y lene  was d r i e d  o v e r  sod ium .

" A h a la r "  q u a l i t y  c a rb o n  t e t r a c h l o r i d e  was u s e d  w i t h o u t  

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

I n s t r u m e n t  -  The B e l l in g h a m  and S t a n l e y  ( B u l f r i c h )  

r e f r a c t o m e t e r  was employed w i t h  sodium  l i g h t .

T e m p e r a tu r e  -  T h i s  was c o n t r o 5.1 ed t o  ±  0 . 1 ^ 0  by  w a t e r  

c i r c u l a t e d  f ro m  a  t h e r m o s t a t  t a n k  t h r o u g h  t h e  c e l l  j a c k e t

P r o c e d u r e  -  To g e t  t h e  m o la r  r e f r a c t i v e  i n d e x  v a l u e  f o r  a  

p u r e  s o l u t e  i n  s o l u t i o n ,  s o l u t i o n s  o f  0 .0 5  M t o  0 .2 5  M 

w ere  p r e p a r e d  and  t h e i r  r e f r a c t i v e  i n d i c e s  m e a s u r e d ,  and 

f ro m  t h e s e  t h e  r e f r a c t i v e  i n d e x  o f  a  m o l a r  s o l u t i o n  (Ha 

o r  Hb) was c a l c u l a t e d .

To o b t a i n  t h e  v a l u e  o f  t h e  r e f r a c t i v e  i n d e x  o f  a  

m o la r  s o l u t i o n  o f  a complex (Hab),  t h e  s o l u t i o n s  o f  t h e
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two com ponen ts  were  m ixed  i n  su c h  a  way t h a t  t h e  f i n a l  

c o n c e n t r a t i o n  i n  a  m i x t u r e  o f  a  s o l u t e  ( s a y  B) was 0 . 5  M, 

w h i l e  t h a t  o f  t h e  o t h e r  (A) v a r i e d  f ro m  0 .001  M t o

0 . 0 0 5  M, t h u s  g i v i n g  m i x t u r e s  c o n t a i n i n g  1 u n i t  o f  A +

500 u n i t s  o f  B, 2 o f  A + 500 o f  B^   ..........  5 o f  A +

500 o f  B, and  f ro m  t h e  p r i n c i p l e  e x p l a i n e d  e a r l i e r  t h e  

v a l u e  o f  Rah was o b t a i n e d ^ .  10 o . c .  o f  a  0 , 2  M s o l u t i o n  

o f  e a c h  com ponent was m ixèd  w i t h  t h e  o t h e r ;  t h i s  gave a  

m i x t u r e  c o m p r i s i n g  0 .1  M s o l u t i o n  o f  e a c h  com ponent .  The 

r e f r a c t i v e  i n d e x  o f  t h i s  m i x tu r e  was m e a s u r e d ,  t h e n  by 

t h e  a p p l i c a t i o n  o f  t h e  f o r m u la e  g i v e n  i n  e q u a t i o n  ( 2 1 ) 

and  ( 1 9 ) ,  t h e  e q u i l i b r i u m  c o n s t a n t  K was o b t a i n e d .  Two 

s e t s  o f  e x p e r i m e n t s  w ere  c a r r i e d  o u t ,  one a t  room t e m p e r a 

t u r e  and t h e  o t h e r  a t  a b o u t  40^ 0 , t o  g e t  t h e  e q u i l i b r i u m  

c o n s t a n t s  a t  two d i f f e r e n t  t e m p e r a t u r e s .

The r e s u l t s  a r e  g iv e n  i n  T a b le  IX. A l l  t h e  p a i r s  

o f  s o l u t e s  s e l e c t e d  had  b ee n  fo u n d  to  g i v e  a  1 :1  complex  

when exam ined  by e a r l i e r  i n v e s t i g a t o r s ,  u s i n g  t h e  

r e f r a c t o m e t r i c  m ethod  i n  t h i s  l a b o r a t o r y .

X T h i s  g e n e r a l  m ethod  was d e v e lo p e d  by  t h e  a u t h o r ,
f o l l o w i n g  a  s t u d y  o f  a  s i m i l a r  one d e s c r i b e d  by Basu  
and Ohandra^ ^9 ,  who u s e d  u l t r a - v i o l e t  a b s o r p t i o n  
s p e c t r a l  m e a s u r e m e n t s .
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Table IX .

Components S o l v e n t  T e m p e r a tu r e s  - A H
^0 E t .  Kto k o a l /

^1 ^2  ̂ ^ mole

1 P h e n o l ,  50^ aq u e o u s  221wO 5 9 .0  0 .0 7 6 1 5  0 .0 5 4 4 7  5 . 5 8
c h l o r o b e n z e n e  e t h a n o l  ( ¥ / v )

2 E t h y l  a c e t a t e  50^ a q u e o u s  2 1 .0  3 9 . 0  O.O7 O5 O.O5O5 I 3 -3 5
c h l o r o b e n z e n e  e t h a n o l  ( v / v )

3 P h e n o l ,  c a r b o n  1 7 .2  4 2 .8  O. 6 3 6  O. 3 3 7 2  4 .5 0
n - b u t a n o l  t e t r a c h l o r i d e

4 P h e n o l ,  d i -  x y l e n e  2 1 .0  3 9 .0  O. 2 3 3  0 .1 2 9 7  5.91
m e t h y l f o r m -
amide

5 P h e n o l , a c e t o -  x y l e n e  1 5 .5  4 5 .2  0 .2 7 7  0 .1 5 0 8  3 . 7 2
n i t r i l e

The f o l l o w i n g  a r e  t h e  p r o b a b l e  f o r m u l a e  o f  t h e  

r e s p e c t i v e  c o m p l e x e s : -

1.  P h .  O H   GlPh

2. OH^. OO.GCgH^

H   OlPh
H

3 . P h O H   0-G^Hg

4 . P h O H .............
I ^

HOC

5 . P h O H ..............  HC.GH-
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P i g . 1. A d s o r p t i o n  o f  benzen e™ eth an o l  
m i x t u r e s  by  s i l i c a  g e l .

A b s c i s s a  -  mole f r a c t i o n  o f  e t h a n o l  i n  t h e  m i x t u r e .  
O r d i n a t e  -  amount o f  e t h a n o l  a d s o r b e d  i n  m i l l i m o l e e  

p e r  g. o f  a d s o r b e n t .  A f t e r  B a r t e l  e t  al^"^
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I ' j i g .2 .  By s tem  o f  i s o t h e r m  c l a s s i f i o a t i o n .
( F o o t n o t e )



F oo tn o te  t o  F i g , 2 .

O stw a ld  and  de I z a g a i r r e * s  two t y p e s  o f  c u rv e  

f o r  a d s o r p t i o n  f ro m  d i l u t e  s o l u t i o n s  a r e  c l a s s i f i e d  a s  

L 2 and G 1 h e r e .

B r u n a u e r * s f i v e  t y p e s  o f  v a p o u r - p h a s e  ( p h y s i c a l )  

a d s o r p t i o n  i s o t h e r m  ( r e f . 48? p . 150) a r e  d e f i n e d  a s  ÏÏ 2?

L S 1j L 4? and S 2 u n d e r  t h e  p r e s e n t  s y s t e m .

The p r e s e n t  n o m e n c l a t u r e  i s  s l i g h t l y  d i f f e r e n t
AQfro m  t h a t  o r i g i n a l l y  g i v e n  .

The s y s t e m  can  he r e a d i l y  a d a p t e d  t o  d e s c r i b e  

c u r v e s  w i t h  a d d i t i o n a l  v a r i a t i o n s  n o t  shown a b o v e , e , g .^  

t h e  i s o t h e r m  f o r  £ - n i t r o p h e n o l  a d s o r p t i o n  on a  p ig m e n t  

( F i g ,  28) h a s  tŵ o i n f l e c t i o n s  f o l l o w e d  by  a  f u r t h e r  r i s e  

and w o u ld  be d e f i n e d  a s  L 5? and c u r v e s  w i t h  two 

s u c c e s s i v e  maxima ( F i g .  3Bb) a s  Lmxmx.
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Equilm. conc. of solute in bath 

Fig. 3



P i g , 3» E x am p les  o f  s o l u t i o n  a d s o r p t i o n  i s o t h e r m s  o f  t h e

f o u r  c l a s s e s  a (From w a t e r ,  u n l e s s  o t h e r w i s e  s t a t e d )

Ourve 
and 
r e f ,

B ystem

B C urves

S c a l e s  (box l i m i t s )  

H o r i z o n t a l  V e r t i c a l

a

b

o

d

C e ty l t r im e th y la rm n o n iu m  0™ 1 . 0  ( l o g )

52

53

54

b ro m id e  on c o t t o n  a t  25^0

M o n o s u lp h o n a te d  dye  
( O . I , 1 5 s 510) on a n o d i c  
a l u m i n a  a t  5 0 ^ 0 .

Oyanine  dye on s i l v e r  
i o d i d e  a t  4 0 ^ 0  f rom  
7 ^  g e l a t i n  e m u l s i o n
N a p h t h a l e n e  Red EA 
( 0 . I . 1 6 ,0 4 5 )  on 
g r a p h i t e  a t  2CP 0,

0

m m o le / l

0 - 1 . 5
m m o le / l

• 2 0  X  1 0 “ 5

m m o le / l

20
m m o le / l

0 » 1 7 ,5  
m m ole /kg

0  -  500 
m m ole /kg

0 -  40 X 10"
m m ole /kg

0 -  20 
m m ole /kg

■5

a

b

c

55

56

5 7

d 58

L C urves

R e s o r c i n o l  on c h ro m a to 
g r a p h i c  a lu m in a  a t  58^C

Sodium p a l m i t a t e  on 
c o t t o n  a t  75^C.

0 - 8 0
m m o le / l

0 -  0.125?^ 
e q u i v a l e n t  

co n c .

Sodium a l k y l  s u l p h a t e  on 0  -  6 x 10* 
wool a t  4000. F o rm al

O c ta d e o y l  a l c o h o l  f rom 0 - 4 5
h e n z e n e  on n i c k e l  a t  23 0 g / l

0  -  4 0 0
m m ole /kg

0 - 6
m e q u i v a l e n t /

100 g.

0 - 1 6
m e q u i v a l e n t /

100 g,

0 - 4
g /k g



F i g .  3

Curve 
and 
r e f .

a

b

54

55

d

46

59

(G o n t* d .  )

Sys tem

ÏÏ Curves:

M e th y l  V i o l e t  10 B) 
( C . I . 4 2 , 5 5 5 )  on g r a p h i t e ,  
a t  200c .

C a t io n ic ;  c y a n in e  dye on 
s i l v e r  h a l i d e  from. Jfo 
g e l a t i n  e m u l s i o n  a t  40^0

P a l m i t i c  a c i d  on Adams 
p l a t i n u m  c a t a l y s t  f ro m  
b e n z e n e  s o l u t i o n

Bodecylammonium c h l o r i d e  
on a l u m in a  a t  20^0 
(pH 6 . 3 )

S c a l e s  (T d é x  

H o r i z o n t a l

0  -  0 .1 8  

m m o le / l

0 - 1 5
mg/1

0 - 6 0
m m d le / l

0  — 20 
m m o le / l

l i m i t s )  

V e r t i  c a l

0 - 8

m m ole /kg

0 - 8 0
m g/g

0 -  0 . 8  
m m ole /kg

0 -  400 
m m ole /kg

a

b

60

61

.62

C C urves

Griycine on s i l i c a  (MSC 
b r a n d )  a t  25 ‘̂ C

£ - N i t r o p h e n o l  f ro m  
b e n z e n e  on n y l o n  a t  60^C

D i s p e r s e  dye ( C . I . 1 1 ,1 1 0 )  
on c e l l u l o s e  d i a c e t a t e  
f ro m  s t a r c h  p a s t e  a t  100*^C

0 - 3 0
m m o le / l

0 - 6 0
m m o le / l

0  -  3
m g /g

D i p h e n y l  on T e r y l e n e  0 -  15
p o l y e s t e r  f i b r e  a t  8 5 ° 0  m m o le / l
f ro m  a q u e o u s  d i s p e r s i o n .  ^

0  -  4 0 0 0
m m ole /kg

0 — 1200 
m m ole /kg

0 - 2 0
m g/g

0  -  1200 
m m ole /kg
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C. mmole/l b

F l g . 4 .  A d s o r p t i o n  I s o t h e r m  o f  p - n i t r o p h e n o l  on chromato- 
g raph i-c  a l m o i n a  (Grade I )  f ro m  w a t e r ,  a t  20^0*
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Cj  ̂ m m o l e / l

E l g .  5. A d s o r p t i o n  i s o  th e rm  o f  t r  o p h e n o l  on chromato- 
g r a p h i c  a l i im in a  ( tea ,de  I )  f ro m  h e n z e n e ,  a t  20^0 .
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3? ig .6 .  A d s o r p t i o n  I s o t h e r m  o f  ^ - n i t r o p h e n o l  on s i l i c a  
(]\(ISC b r a n d )  f ro m  w a t e r ,  a t  15^0 .
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l i g . 7 .

Tops

B o h em at ic  I l l u s t r a t i o n  o f  c o n d i t io n s ^  f a v o u r i n g  

p r o d u c t i o n  of. B and L i s o th e rm s : .

M o n o f u n c t i o n a l  p o l a r  s o l u t e  on p o l a r  s u b s t r a t e  i n  
p o l a r  s o l v e n t .  A s o l u t e  m o l e c u l e  i s  m ore s t a b l e  when 
a d s o r b e d  a t  a ,  a d j a c e n t  t o  o t h e r  a l r e a d y  a d s o r b e d  
m o l e c u l e s ,  t h a n  i n  I s o l a t i o n  a t  b .  R e s u l t s  B i s o t h e r m ,  

Bottom s A b i f u n c t i o n a l  s o lu te ;  m o l e c u l e  i s  e q u a l l y  s t a b l e  when 
a d s o r b e d  a t  a  a s  a t  b .  R e s u l t :  L i s o t h e r m .



N
O
E
E
t/l

5

4 0  0  -

3 0  0

2 0 0

1 O O

8 06 02 0 4 0O i O O
m m o l e / l

E i g . 8 ,  A d s o r p t i o n  i s o t h e r m s ;  o f  m e th a n o l  i n  h e n z e n e  on 

( a , h )  i n t e n s i v e l y  d r i e d  and  (c )  n o r m a l l y  d r i e d  

c e l l u l o s e  ( v i s c o s e  r a y o n )  a t  19^0 ,  2 5 ^ 0  and  50^0 

r e s p e c t i v e l y *  (Curve c a f t e r  D r . A . S . A . M a s s a n ) .



w a t e r

substrate ,

f i g .  9. S c h e m a t i c  r e p r e s e m t a t i o z i  o f  c o n d i t i o n s  f a v o u r i n g

the; 0 i s o t h e r m .  (A dsorbed  m o l e c u l e s  o f  a  low  s o l u -  

h i l i t j  s o l u t e  ( e . g . ,  a  n o n - i o n i c  d i s p e r s e  dye)  i n  

w a t e r ,  e n t e r i n g  a  h y d r o p h o b ic  s u b s t r a t e  beyond  t h e  

r e g i o n  s w o l l e n  by  w a t e r .  )
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iS^g. 10. A d s o r p t i o n  i s o t h e r m  o f  O range  I I

( 0 . 1 .1 5 ? 5 1 0 )  on s e c o n d a r y - c e l l u l o s e

a c e t a t e ,  f ro m  w a t e r  a t  50 C



en
%;
O
E
E
O

4

2

O
O 2 3

Cj^mmole ] \

P i g. 11. A dsorption isotherm  o f Faphthalene  

Red EA (0 .1 .1 6 ,0 4 5 )' on seoondary- 

c a l lu lo s e  a c e ta te  from w ater a t 50^0
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E l g .  12. A d s o r p t i o n  i s o t h e r m  o f  benzene, on  wool
o,from, n - h e p t a n e  a t  19 0
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l l g . 1 5 *  A d s o r p t i o î i  i s o th e rm ,  o f  w a t e r  on wool f ro m  n - W t a n o l
oa t  19 0
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E l g . 1 4 .  A d iso rp t io n  i s o t h e x m  o f  4 -am inoazobeae :ene  

on o e l l u l o s e  ( y i s c o s e  r a y o n )  f ro m  w a t e r  

a t  52°0 .
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15. A d s o r p t i o n  i s o t h e r m  o f  b e n z e n e
oi n  n - b n t a n o l  on wool a t  50 0.



l ‘i g . 116. S o h e m a t ic  r e p ; : r e s e n ta t io n  o f  p r o b a b l e  o r i e n t a t i o n  

o f  £ « n i t r o p l i e n o l  lu o la c u le s  on a  p ig m e n t  e u r f a c e ,  

f ro m  w a t e r . (a}^ F l a t  o r i e n t a t i o n  a t  lo w  concen 

t r a t i o n .  (b) V e r t i c a l  o r i e n t a t i o n  a t  h i g h  

con c e n t r â t !  o n .
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P l g .  17. I s o t h e m s  f o r  s u l p h o n a te d  a m o n o a n th ra q u in o n e  

d y e s  a d s o r b e d  b y  h y d ro g e n -b o n d in g  on pow dered  

s i l i c a  f ro m  w a t e r .  (a )  lE o n o fu n c t io n a l  (1 -a m in o )  

dye ( I )  ; (b ) b i f x m c t i o n a l  ( 1 , 5 - d ia m in o )  dye ( I I ) ,
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P i g . 1 8 .  A d s o r p t io i i  i s o t i i e r m  o f  OarToolan B lu e  BI
C o .ï .6 2 ,0 7 5 )  on s i l i c a  ÇMBG brand) from

w a t e r  a t  18^0, I n s e t  -  r a t e  c u r v e .
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I ' l g .  i g .  A d s o r p t io n  i s o t h e r m s  o f  jg ^ -n i tro p h e n o l  on 

t h r e e  t y p e s  o f  a lu m in a  f ro m  w a t e r  a t  2 0 ^ 0 . 

(a )  Type. ’A’ 5 (h) t y p e  *B* (h) ty p e  *H*
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P i g .  20 . A d s o r p t i o n  i a o th e rm  o f  £;-]aitropheaa.ol 

om **MeQ»Speotra'* O arboa  ‘b l a c k  f%om

w a t e r  a t  19*5 0-
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F l g . 21 . A d s o r p t io n  I s o th e r m  o f  £ - n i t r o p h e n o l  on

C abo t *EXF8* c a rb o n  f ro m  w a t e r  a t  1 8 .5 ^ 0
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1 1 g , 22 . A d s o r p t io n  i s o t h e r m  o f  £ * n i t r o p h e n o l  on c o a l
xOpow der f ro m  w a t e r  a t  20 0 . I n s e t  -  r a t e  c u rv e
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P lg#  2$ . A â B o rp t io n  i a o t h e r m  o f  £ - n i t r o p i x e n o l  on

o#ment f ro m  b e n z e n e  a t  17*6 0 .
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m .g .2 4 .  A d s o r p t i o n  Iso tJaexm s o f  £ > -n i t ro p h e n o l  a t  18^0 on

Ca.) s i n e  d u s t  f ro m  w a te r ;  (b ) i r o n  d u s t  f ro m  w a t e r ;  

(c )  e l e c t r i c a l l y  d e p o s i t e d  c o p p e r  f ro m  10^  aq u e o u s  

e th a n o l . .
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oon q u a r t s  f ro m  w a t e r  a t  18 0.
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2 0

E i g .2 6 .  A d s o r p t i o n  i s o  th e rm  o f  ^ - n i t r o p h e n o l  

on q u a r tz ;  f ro m  w a t e r  a t  17^0 .
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H g . 2 7 .  A b s o r p t i o n  i s o t h a r m s  o f  p - n l t r o p i i e n o l  on t y p e s  o f

from. x y l e n a  a t  19^0 . (l ) ïy p e  1; (2) ty p e  2 ; ($) ty p e  3 ,  

aaad (4) t y p a  4 .
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F l g .  28 , A d s o r p t io n  i s o t h e r m  o f  ^ - n i t r o p h e n o l  

on a  y e l lo w  azo  p ig m e n t  (Sam ple 1 ) 

f ro m  w a t e r  a t  19^0.
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3 ' l g .2 9 .  A b s o r p t io n  i s o t h e r m  o f  £ « n i t r o p i i e n o l  

on a  y e l lo w  ( a z o ) p ig m e n t  :.(Samplev2;)‘ 

f t o i iS w â te r  a t  19^0,
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ï* lg .5 0 .  A d s o r p t io n  i s o t h e r m  o f  2 - ] ^  t r  o p h e n o l  

on a  ye llow , (azo )  p ig m e n t  (Sam ple 3)

f ro m  w a t e r  a t  19 0.
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. ild s o r p t i o n  i s o t h e r m  of; £ - n i t r o p h e n o 2 l  on a  

y e l lo w  (a z o )  p ig m e n t  (Sample. 4) f ro m  w a t e r

a t  19  0 .
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î ' l g .5 2 *  A d s o r p t i o n  i s o t h e r m  of. £ - n i t r o p h e n o l  

on. a  y e l lo w  ( a z o ) p ig m e n t  (Sam ple 5)
ofro m  w a t e r  a t  19 0.
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A d s o r p t i o n  i s o t h e r m s  o f  £ - n i t r o p h e n o l  

on r e d  (a z o )  p ig m e n ts  f ro m  w a t e r  a t  20^0 

(a )  Sam ple 2 ; (h) Sam ple 1.
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I? lg .34*  A d s o r p t io n  i s o t h e r m s  o f  p _ -n i t ro p h e n o l  on b lu e  

( p h t h a l o c y a n in e )  p ig m e n ts  f ro m  w a t e r  a t  15^0 . 

(a )  Sample. 5» (b) Sample Jjf (c )  Sample 1.
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î*ig*55» A d s o r p t io n  i s o t h e r m  o f  £ - n i t r o p h e n o l

on h lu e  ( p h t h a l o c y a n in e )  p ig m e n t  (Sam ple 2) 

f ro m  w a te r  a t  15*^0.
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F i g . 5 6 . A d s o r p t i o n  i s o t h e r m  o f  ^ - n i t r o p h e n o l  on h l u e  

( p h t h a l o c y a n in e )  p ig m e n t  (Sam ple  4 ) f ro m

w a t e r  a t  15^0.
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from, b en z en e  a t  17^0 .
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P i g , 3 8 .  A d s o r p t io n  i s o t h e r m  o f  £ - n i t . r o p h e n o l

fro m  w a t e r  on w ool a t  18^0 .
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fro m  n - î i e p ta n e  on w ool a t  M^G*  f im e  o f  
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P i g .  40 . E f f e c t  o f  r e d u c t i o n  o f  t e m p e r a t u r e  on

^ - n i t r o p h e n o l  s o l u t i o n  a d s o r p t i o n  i s o t h e r m s  

on a lu m in a . ( c h r o m a to g r a p h !o ) .  a ,  2 .0 ^ 0 ;

l3, 9 . 0 ° 0 ;  c ,  1 9 .0 " 0 ;  d ,  4 1 .0 " 0 .o
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M g . 4 1 .  E f f e c t  o f  r é d u c t i o n  o f  t e m p e r a tu r e  on  £ - n i t r o p h e n o l  

s o l u t i o n  a d s o r p t i o n  i s o t h e r m s  on C arbon  ( " C r a p h o n " ) .

a ,  1 .0 ° C ;  b ,  1 8 .5 ° 0 .
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1 1 g . 42 . A lB o rp tio ix  i s o t h e r m  o f  a c i d  wool dye

( C . I . 6 2 ,0 5 5 )  f ro m  w a t e r  on q u a r t z  a t  16°C
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FjLg. 4-3* A dso3?ption I s o t h e m  o f  a c i d  w ool dye 

( G . I .6 2 ,0 5 5 )  f ro m  w a t e r  on s i l i c a  

(MSG b ra j id )  a t  17°0 .
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3?ig. 44 . A d s o r p t i o n  i s o t h e r m  o f  £ - n i t r o p h e n o l

fro m  b e n z e n e  on s i l i c a  (D/iSO b r a n d )  a t  17^0
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P i  g. 45 .  A dso rp t io B .  i s o t h e r m  o f  c a t i o n i o  dye 

( 0 . l . 4 5 j 1 7 0 )  on a c i d - t r e a t e d  a l u m in a  

f ro m  w a t e r  a t  19*^0.



en

O
E
Ê

U

0 6

0 - 4

0- 2

O
2 6O 4

m m o ! e / l

? l g : , 46 .  A d s o r p t i o n  i s o t h e r m  o f  c a t i o n i o  dye 

( G . I ,  42, 595) on a c i d - t r e a t e d  a lu m in a

f ro m  w a t e r  a t  19*7^0 .
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l i . g . 4 7 .  Hate, o f  a d s o r p t i o n  o f  ^ - n i t r o p h e n o l  on v a r i o n s  su b 

s t r a t e s  a t  19^0 f ro m  w a t e r  ( e x c e p t  _o). a ,  "Eeo 

S p e c t r a "  c a r b o n  b l a c k ;  b ,  Carbon ( " C ra p h o n " )  ; 

c ,  s i l i c a  (MSG b r a n d )  from, x y l e n e ;  d ,  z i n c  d n s t ;  

e., a l u m in a  (Type * H ') .
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PHENOL-C:r ^4 /° (2,2.4- rniMETHYL' ̂ PENTANE)
M E T H Y L E N E  B L U E
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MOLE-TCULAR DIAMETER. A
8

.4 8 .  A p l o t  o f  t h e  s u r f a c e  a r e a s  o f  t h e  c h a r c o a l

c a l c u l a t e d  by  means; o f  v a r i o u s  a d s o r b a t e é  a g a i n s t  

t h e i r  m o l e c u l a r  d i a m e t e r s .  The p o i n t s  i n d i c a t e d  

by  open  c i r c l e s  a r e  f o r  t h e  a d s o r p t i o n  o f  p h e n o l  

and M e th y le n e  B lu e  ( 0 . 1 . 5 2 , 0 1 5 )  f ro m  a q u e o u s  

s o l u t i o n  on c r u s h e d  (100 m esh) c h a r c o a l  s a m p le s  ; 

t h o s e  m ark ed  X a r e  f o r  u n c r u s h e d  s a m p l e s .

A f t e r  Emmett
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]? ig .  49* B o l i r t i o n  acL so rp t ion  i s o th e rm s ,  o f  h i  s s amine Green BF 

( o , I . 4 4 , 0 9 0 ) on c h ro m â to g r a p h i c  a l u m i n a  ( r e f . 55; 

s p e c i f i c ;  s u r f a c e  a r e a  5 0 . 0 m ? g " ^ ) .  From 50^  ( v / v )  

aqueous: B o l k e t a l  a t  (a) 60^0 and (*b) $ 8 ^ 0 .  From 

m e t h a n o l  a t  ( c )  19*5^0 and (d) ^ 6 . 5°G.



8 O

6 O

4 0 -

O4O 422

C^ m m o l e / i

P l g .  50. S o l u t i o n  a d s o r p t i o n  i s o t h e r m s  o f  J a n u s  Eed B

( 0 . 1 . 2 6 , 1 1 5 ) *  I'rom 50^  ( v / v )  a q u e o u s  S o l k e t a l  

a t  (a )  57^0 and  (h) 58^0  on s i l i c a  ( s p e c i f i c
p 4

s u r f3 .c e  a r e a  5 . 0  mrg"" ) .  Brom m e t h a n o l  a t  

( c )  16^0 and (d )  57^0  on s i l i c a  ( s p e c i f i c  

s u r f a c e  a r e a  0 . 6 2  m.gT ) .
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IP lg .SI*  S o l u t i o n  a d s o r p t i o n  i s o t h e r m s  o f  Orange I  ( O . I .

1 4 , 6 0 0 ) .  Prom 2*5?^ a q u e o u s  p h e n o l  s o l u t i o n  on  

s i l i c a  (MSG b r a n d )  a t  (a )  71^0  and  (b) 2 1 .7 ^ 0 .  

Prom 505^ ( v / v )  aq u e o u s  g l y c e r i n e  on g r a p h i t e  a t

(c )  55°C and (d )  60°C.
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ï ' i g .5 2 .  S o lu t io n  a d s o r p t io n  iso th ô ra ia  o f  K apH thalens S c a r le t

4 a  ( 0 . 1 . 1 6 , 2 5 5 ) .  On wool a t  ( a )  50°0  and (Ta) 70°G  . 
On a o i d - t r e a t e d  a l u m i n a  a t  ( c )  40°0  and (d) 60°o .
On s i l k  a t  (e.) 40°0  and ( f )  6 0 °0 ,
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l*lg,,53* T h e o r e t i c a l  c u r v e s  sho w in g  r e l a t i o n  b e tw e e n  
r e f r a c t i v e  i n d e x  (n) and com ponent r a t i o  i n  
s o l u t i o n s :  o f  two s o l u t e s ,  A and  B.

(a )  S o l u t i o n s  o f  A a lo n e*
(b) S o l u - t i o n s  o f  B; a l o n e .
(c )  B i n a r y  s u i n t i o n s  o f  A and  B i f  no com plex  

i s  fo rm e d .
(d) B i n a r y  s o l u t i o n s  o f  A and B i f  a  com plex  AB^ 

i s  fo rm e d .
(e )  B i n a r y  s o l u t i o n s  o f  A and B i f  a  com plex A^B 

i â  fo rm e d .

X ‘ The i n f l e c t i o n s  i n  c u r v e s  (d) and (e )  may 

be  e i t h e r  maxima o r  m in im a a c c o r d i n g  t o  

c i  r  c u m s t a n o e s .
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M g . 5 4 .  E e l a t i o ï i  b e tw e e n  t h e  i n s t r o m e n t  r e a d i n g  o r  t h e
a q n a r e  o f  t h e  r e f r a c t i v e  i n d e x  and  t h e  component 
r a t i o  i n  s o l u t i o n s ;  o f  b i n a r y  m i x t u r e s  o f  s o l u t e s .  
i \ :  a-, c h l o r o b e n z e n e j  b ,  p h e n y l  a c e t a t e ;  
s o l v e n t :  50^ ( v / v )  aq u e o u s  e t h a n o l ;  
temp e r a t u r e :  : 14*^0.

B: a  and b ,  a s  A, s o l v e n t ;  b e n z e n e  ; t e m p e r a t u r e :  21^0
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F i g .  55 .  R e l a t i o n  b a tw e e n  t h e  i n s t r u m e n t  r e a d i n g  o r  t h e
a q n a r e  o f  t h e  r e f r a c t i T e  i n d e x  and  t h e  com ponent 
r a t i o  i n  s o l u t i o n s  o f  "binary m i x t u r e s  o f  s o l u t e s ,
A: a ,  n i t ro "b e n z e n e }  b ,  p h e n y l  a c e t a t e ;  s o l v e n t  
50fo ( v / v )  aq u e o u s  e t h a n o l ,  t e m p e r a t u r e j  15°C.

Bs a  and b ,  a s  A, s o l v e n t :  b e n z e n e  ; t e m p e r a t u r e  24 0 ,
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5 6 . E e la t lo n  b etw een  tile  ag ia i-e  o f  tb,e r e f n a e t iv e  Irttex; 
aaaâ th e  tom ponent r a t io  i h  s o lu t i o n s  o f  b in a r y  mix= 
t a r e s  o f  s o l u t é s ,  a t o h lo ro h en zen et b: e th y le n e  
g ly c o l  d ib e n z o a te ;  so l-v en t; b en zen e;  
temp e r a t u r e ; 21*0 .
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l x g 3 7 -  H a l a t i o n  h a tw e e n  t h e  i n s t r u m e n t  r e a d i n g  o r  t h e
s q u a r e  o f  th e .  r e f r a o t i v e  i n d e x  and t h e  component 
r a t i o  i n  s o l u t i o n s  o f  b i n a r y  m i x t u r e s  o f  s o l u t e s *  
At  a., a t h y l  a o e t a t a j  b ,  c h l o r o b e n z e n e ;  s o l v e n t  ; 
30fo ( v / v )  a q u e o u s  e t h a n o l ;  t e m p e r a t u r e :  14^0 .

B.S a., n i t r o b e n z e n e  ; b ,  e t h y l e n e  g l y c o l  d i b e n z 
o a t e  î s o l v e n t s  b e n z e n e ;  t e m p e r a t u r e  2 5 *5 ^ 0 .
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Fig:. 58 . R e la t io n  betw een  th e  sqnare o f  th e  r e f r a c t iv e  
in d e x  and. th e  component r a t io  i n  s o lu t io n s  o f  
b in a r y  m ix tu r e s  o f s o l u t e s .
A; a , e t h y l  a c e t a t e ;  b , p h e n o x y p ro p io n ic  a c id ;  
s o lv e n t :  d io x a n ; tem pera'ture: 2 2 °0 .
B:: a., e ;th y l a c e t a t e  ; b , p h e n o x y is o b u ty r ic  a c id ;  
s o lv e n t ;  d io x a n ; tem pera'ture : 22°C .
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î ' i g .  5-9* R e l a t i o n  "between t h e  i n s t r u m e n t  r e a d i n g  and t h e
component; r a t i o  i n  50fo ( v / v )  a q u e o u s  e t h a n o l  s o l u 
t i o n s  o f  "b inary  m ix tu r e s ,  o f  s o l u t e s .
Aî a ,  2 , 4> 6 - t r i c h l o r o p h e n o x y a c e t i c  a c i d ;  h ,  c h i  o r  o- 
"b enz  ene ; temp e r a t u r  e , 12° 0 .
Bj a ,  2 , 4 , 6 - t r i c h l o r o p h e n o x y p r o p i o n i c  a c i d ;  b ,

oc h l o r o b e n z e n e  5 t e m p e r a t u r e ;  12 0.
Os a ,  a - 2 - M e t h y l - 4 ,  6 - d i c h l o r o p r o p i o n i c  a c i d ;  b ,  
o h lo r o b e n z e n e  ; t e m p e r a t u r e ?  1 5 ^ 0 .
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P i g .  60. R e l a t i o n  b e tw e e n  t h e  inetnnm ^ent r e a d i n g  and  t h e
com ponen t  r a t i o  i n  30fo ( v / v )  a q u e o u s  e t h a n o l  s o l u 
t i o n s  o f  b i n a r y  m i x t u r e s  o f  s o l u t e s .
A: a, 4 - c h l o r o p h e n o x y a . c e t i c  a c i d ;  b ,  c h i  o r  o-
b e n z e n e ;  t e m p e r a t u r e  ; 10 0.
Bs a ,  a - 4 - c h l o r o p h e n o x y p r o p i o n i c  a c i d ;  b ,  
c h io  ro b  e n z e n e ; t e m p e r a t u r e ;  1 5 *5^ 0 .
Gs a ,  a - 4 - c h l o r o p h e n o x y - n - b u t y r i a  a c i d ;  b ,  
c h i o r o b e n z e n e  ; t e m p e r a t u r e s  10^0 .
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F i  g;. 6 l . R e l a t i o n  b e tw e e n  t h e  i n s t r u m e n t  r e a d i n g  and t h e
com ponent r a t i o  i n  50?^ ( y / v )  a q u e o u s  e t h a n o l  s o l u  
t io n s -  o f  b i n a r y  m i x t u r e s  o f  s o l u t e s .
A? a ,  2 ,4> 5 - t r i c h l o r o p h e n o x y a c e t i o  a c i d ;  b ,
c h lo  ro b  e n z e n e  ; t e m p e r a t u r e ;  10 0.
B: a ,  a - 2 , 4 ,  5 ^ t r i  c h l o r o p h e h o x y p r o p i o n i  c a d d  ;
b ,  o h l o r o b e n s e n e ;  t e m p e r a t u r e 1 1 . 8 ° 0 .
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l'i-g;. 62. A d s o r p t i o n  i s o t h e r m s  o f  (a )  c h i  o r  oh enzen e

and (h )  p h e n o l  on c e l l u l o s e ,  t r i a c e t a t e  p o w der ,  

i n  50fo ( t / y )  a q u e o u s  e t h a n o l  a t  53^0.
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P i  g .  6 ^ .  A b s o r p t i o n  i s o t h e r m s  o f  a c i d  w o o l  d y e

( G . I . 6 2 , 0 5 5 )  f r o m  w a t e r  o n  t y p e s  o f  f i O g  

a t  1 7 ° G .  ( ,1 )  ÎE y p e  1 ;  ( 2 )  t y p e  2}

( 5 )  t y p e  3 ;  a n d  ( 4 )  t y p e  4 -
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