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Abstract  - This paper r e p o r t s  information obtained from experiments of high 
r e s o l u t i o n  adso rp t ion  microcalor imetry of N2 o r  A r  a t  77 K,  which 
i l l u s t r a t e  a few ideas  s t rong ly  supported by A.V.  Kiselev.  The i n t e r e s t  of 
comparative adsorpt ion of N2 and A r  ( a s  complementary probes) is  shown i n  
t h e  case  of t h e  fol lowing adsorbents  : hydroxylated non-microporous oxides  
(amorphous o r  c r y s t a l l i n e ,  g iv ing  rise t o  " spec i f i c "  adso rp t ion ) ,  g r a p h i t e  
and boron n i t r i d e  (whose homogeneity l e a d s  t o  d e t e c t a b l e  two-dimensional 
phase changes) and microporous carbons (giving r i s e  t o  enhanced 
%on-specif i c "  adsorbate-adsorbent i n t e r a c t i o n s )  . 
INTRODUCTION 

I n  t h i s  paper we wish t o  present  some developments - in  t h e  f i e l d  of N2 and A r  adsorpt ion a t  
77 K- of a few ideas  formerly supported by A.V. Kiselev.  

One of t h e s e  ideas  is  t h e  c l a s s i f i c a t i o n  of adso rba te s  and adsorbents  a f t e r  t h e i r  capac i ty  
f o r  " spec i f i c "  o r  "non-specific" molecular i n t e r a c t i o n s  ( r e f .  1 ) .  The la t ter  gene ra l ly  
coincide with t h e  u n i v e r s a l  d i s p e r s i o n  i n t e r a c t i o n s ,  whereas t h e  s p e c i f i c  i n t e r a c t i o n s  
involve l o c a l  p e c u l i a r i t i e s  of t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  Sa tu ra t ed  hydrocarbons and 
noble gases  a r e  supposed t o  g ive  r i s e  t o  non-specif ic  i n t e r a c t i o n s  on ly  ( t h i s  being then t h e  
case  f o r  argon) whereas any molecule wi th  TI bonds, o r  w i th  a permanent d i p o l e  o r  quadrupole 
moment ( l i k e  t h a t  of n i t rogen)  i s  supposed t o  l ead  a l s o  t o  s p e c i f i c  i n t e r a c t i o n s ,  provided 
t h e  adsorbent c a r r i e s  l o c a l i z e d  po la r  groups o r  p o s i t i v e  charges .  

The su r face  of t h e  adsorbent may t h e r e f o r e  be u s e f u l l y  explored by 2 probe-molecules s e l e c t e d  
t o  g ive  r i s e  t o  s i m i l a r  non-specific i n t e r a c t i o n s  (k .e .  having comparable s i z e ,  geometry and 
p o l a r i z a b i l i t y )  but  p re sen t ing  a g r e a t  d i f f e r e n c e  i n  t h e i r  l o c a l  e l e c t r o n  dens i ty  d i s t r i b u -  
t i o n  : one alkane and a corresponding a l coho l ,  benzene and cyclohexane, n i t rogen  and argon. 

A.V.  Kiselev w a s  a l s o  convinced t h a t  any b a s i c  s tudy on t h e  phenomenon of adso rp t ion  needed 
a d i r e c t  determinat ion of t h e  ene rg ie s  involved and he developed, w i th  h i s  co-workers, 
s e v e r a l  c a l o r i m e t r i c  devices  s p e c i a l l y  adapted f o r  adsorpt ion s t u d i e s  and al lowing t o  measure 
e i t h e r  t h e  d i f f e r e n t i a l  enthalpy of adso rp t ion  ( r e f .  2,3) o r  t h e  hea t  capac i ty  of t h e  
adsorpt ion system ( r e f .  4) a t  temperatures above 150 K. 

F i n a l l y ,  he gave a s p e c i a l  a t t e n t i o n  t o  g raph i t i zed  carbon s u r f a c e s  which be considered a s  
t h e  s implest  and b e s t  model su r faces  f o r  non-specific adso rp t ion  ( r e f .  5 ,6 ) .  

We t h e r e f o r e  found it i n t e r e s t i n g  t o  draw b e n e f i t  from our  p o s s i b i l i t y  of ca r ry ing  out  high 
r e s o l u t i o n  adsorpt ion microcalor imetr ic  experiments a t  77 K ( r e f .  7 ) ,  L.L. a t  a temperature  
which had no t  been reached i n  t h e  above works and which had t h e  g r e a t  advantage of a l lowing 
t o  compare t h e  behaviour of N2 and A r  a t  a temperature where a tremendously l a r g e  amount of 
work (except i n  calor imetry)  was a l r eady  a v a i l a b l e  i n  t h e  l i t t e r a t u r e .  

ENERGETICAL ASPECTS OF SPECIFIC ADSORPTION 

Besides t h e i r  numerous p r a c t i c a l  a p p l i c a t i o n s ,  oxide s u r f a c e s  have t h e  g r e a t  i n t e r e s t  of 
lending themselves t o  any ex ten t  of hydroxylat ion,  c r y s t a l l i n i t y  and microporosi ty .  It 
fol lows that compared adso rp t ion  of N2 and A r  may be a u s e f u l  t o o l  t o  c h a r a c t e r i z e  one such 
su r face .  I n  t h e  case  of mesoporous s i l i c a  g e l s ,  adsorpt ion microcalor imetry a t  77 K g ives  
s t r i k i n g  r e s u l t s ,  confirming and extending an  exp lo ra to ry  work c a r r i e d  out by Ar i s tov  and 
Kiselev ( r e f .  8) on 2 samples only ( s i l i c a  g e l  outgassed a t  160 and 97OoC, r e s p e c t i v e l y )  and 
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by t h e  i n d i r e c t  i s o s t e r i c  method. We could check, indeed, on va r ious  s i l i c a s  ( r e f .  9 ,  10) 
that t h e  curve of d i f f e r e n t i a l  enthalpy of adso rp t ion  of N2 vb coverage p rogres s ive ly  s h i f t s  
t o  lower va lues  as t h e  s i l i c a  is  dehydroxylated by a thermal outgassing c a r r i e d  out  i n  
successive s t e p s  from 150 t o  1000°C. From t h e  s h i f t ,  w e  may d e r i v e  a molar enthalpy of 
" spec i f i c "  i n t e r a c t i o n  of N2 wi th  a f u l l y  hydroxylated s u r f a c e  which amounts t o  C . U .  3kJ.mol-l. 
On t h e  o t h e r  hand, no s h i f t  a t  a l l  is  observed i n  t h e  case  of argon, ( t h e  enthalpy curve is  
independent from t h e  ex ten t  of dehydroxylation) showing h e r e  a c l ea r - cu t  ca se  of 
%on-specific" adsorpt ion.  This r e s u l t  g i v e s  support  t o t h e a s s u m p t i o n  of a s t a t i s t i c a l  
o r i e n t a t i o n  of t h e  N2 molecule i n  t h e  monolayer ( r e f .  l l ) ,  s t a b i l i z e d  by t h e  above s p e c i f i c  
i n t e r a c t i o n ,  whereas, fol lowing Ki se l ev ' s  words, " the adsorpt ion of argon is  i n s e n s i t i v e  
t o  ... dehydroxylation" ( r e f .  8 ) .  Nevertheless ,  we must admit t h a t  t h e  d i scuss ion  on t h e  
"true" a r e a  covered by one N2 o r  A r  molecule i n  t h e  BET monolayer i s  no t  over ,  mainly because 
of t h e  l a c k  of independent and "absolute" s u r f a c e  a r e a  determinat ions,  a l s o  taking i n t o  
account ,  i f  poss ib l e ,  t h e  concepts  of f r a c t a l  geometry. I n  t h e s e  cond i t ions ,  t h e  s c i e n t i s t s  
r e c e n t l y  i n t e r e s t e d  i n  determining a s c a l e  of molecular a r e a s  of N2 and A r  on adsorbents  of 
d i f f e r e n t  n a t u r e  ( r e f .  12,13) were confined t o  consider  - a t  least a s  a provisonal  reference-  
t h e  " h i s t o r i c a l "  microcalor imetr ic  determinat ion of Harkins and J u r a  on an  ana ta se  sample 
( r e f .  14 ) ,  t oge the r  w i th  t h e  e l e c t r o n  microscopic determinat ion of Pickering and Ecstrom on 
t h e  same sample ( r e f .  15) ,  al though we know t h a t  t h e  former experiment w a s  c e r t a i n l y  
i n c o r r e c t  i n  i t s  o r i g i n a l  form ( r e f .  16) ... 
I n  c o n t r a s t  w i th  t h e  above r e s u l t s ,  c a l o r i m e t r i c  
( r e f .  17) and even more i n  t h e  case  of r u t i l e  ( r e f .  18) t h a t  t h e  energy of i n t e r a c t i o n  of 
argon wi th  t h e  s u r f a c e  LncAUeb  i n  a measurable ex ten t  (+ 24% and + 58%, r e s p e c t i v e l y ,  a t  a 
coverage of 0.25) as t h e  outgassing temperature  i s  r a i s e d  (from 110 t o  500 and from 150 t o  
400"C, r e s p e c t i v e l y ) .  Although t h e  inc rease  observed i n  t h e  case  of N2 is  much higher  
( c e r t a i n l y  involving both a quadrupolar and an  induced d i p o l a r  i n t e r a c t i o n  wi th  Zr3+ and T i 4 +  
s u r f a c e  c a t i o n s  and, more gene ra l ly ,  w i th  t h e  s u r f a c e  c r y s t a l l i n e  f i e l d ) ,  A r  t h e r e f o r e  shows 
some s e n s i t i v i t y  t o  t h e  n a t u r e  of t h e  s u r f a c e ,  through induced po la r  i n t e r a c t i o n s .  

A p r a c t i c a l  a p p l i c a t i o n  of t h e  s p e c i f i c  i n t e r a c t i o n s  of N2 and AT wi th  a s u r f a c e  is i l l u s -  
t r a t e d  i n  Fig.  1, where we p l o t  t h e  d e r i v a t i v e  enthalpy of adsorpt ion of t h e s e  gases  on a 
p o l y c r y s t a l l i n e ,  non-microporous, ZnO sample (kindly suppl ied by M r .  Fujiwara,  from Sakai  
Chemical Indus t ry  C o . ,  Fukushima, Japan, t h i s  b e k g  t h e  " spec ia l  sample no 5905") of C . U .  
3.5 m2g-1. The two p la t eaus  observed up t o  a coverage of C . U .  0.5 suggest  adso rp t ion  on 
homogeneous f a c e s  of t h e  sample. The much higher  va lue  of Aads h i n  t h e  case  of n i t rogen  
(c.u.  4 times t h e  enthalpy of l i q u e f a c t i o n ,  i n s t ead  of 2 t i m e s  i n  t h e  c a s e  of argon) suggests  
an i n t e r a c t i o n  wi th  a highly po la r  s u r f a c e  such a s  t h e  po la r  hexagonal f a c e s  (0001) of t h e  
p r i sma t i c  c r y s t a l s  of ZnO, which, being he re  outgassed a t  450"C, a r e  covered wi th  unscreened 
Zn++ c a t i o n s .  The f a c t  t h a t  t h e  p l a t eau  i s  longer  i n  t h e  case  of N2 may be explained by a 
s p e c i f i c  i n t e r a c t i o n  of N2 with l e s s  po la r  p a r t s  of t h e  s u r f a c e ,  such as t h e  edges of t h e  
b a s a l  planes and, poss ib ly  a l s o ,  d e f e c t s  of t h e  c r y s t a l  which do no t  induce a s  high a d i p o l e  
moment of t h e  A r  molecule as t h e  po la r  b a s a l  f a c e s  do. After  t h e  above cons ide ra t ions  w e  
d e r i v e  a proport ion of 43% po la r  f a c e s  (from t h e  l eng th  of t h e  A r  p l a t e a u ) ,  10% edges and 
d e f e c t s  (from t h e  d i f f e r e n c e  between t h e  l e n g t h  of t h e  N 2  and A r  p l a t eaus )  and 47% l a t e r a l  
f a c e s  ( i . e .  t h e  r e s t ) .  

We had formerly used and checked a s i m i l a r  reasoning t o  determine t h e  proport ion of basa l  
p l anes  and l a t e r a l  s u r f a c e  i n  t h e  case  of k a o l i n i t e  : a good agreement w a s  found wi th  i o n i c  
s u r f a c t a n t  adso rp t ion ,  e l e c t r o n  microscopy and image a n a l y s i s  being less r e l i a b l e  ( r e f .  19 ) .  

determinat ions show i n  t h e  case  of z i r c o n i a  

Fig.  1. High r e s o l u t i o n  d i f f e r e n t i a l  enthalpy of adso rp t ion  
of N2 and A r  on p o l y c r y s t a l l i n e  ZnO a t  7 7  K. 
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ENERGETICAL ASPECTS OF TWO-DIMENSIONAL PHASE CHANGES 

A.V. Kiselev considered g raph i t i zed  carbon b l ack  as t h e  b e s t  r e fe rence  sample, i n  competit ion 
wi th  z e o l i t e s ,  t o  c o l l e c t  adso rp t ion  parameters "expressed i n  terms of abso lu t e  q u a n t i t i e s ,  
reproducible  i n  any adequately equipped laboratory" ( r e f .  20). Several  teams were indeed a b l e  
t o  determine, i n  t h e s e  yea r s ,  a number of superimposable adsorpt ion isotherms of N 2  on 
va r ious  g raph i t i zed  blacks a t  77 K. Nevertheless ,  it was necessary t o  wa i t  f o r  t h e  use  of 
high r e s o l u t i o n  adsorpt ion microcalor imetry ( t h e  r e s o l u t i o n  a r i s i n g  from t h e  use  of a 
quasi-equilibrium procedure ( r e f .  9))  t o  d e t e c t ,  a t  t h e  completion of t h e  monolayer, i n  t h e s e  
systems o f t e n  s tud ied  i n  t h e  p a s t ,  a sudden phase change from a 2D-hypercr i t ical  f l u i d  t o  a 
2D-crystal ,  bo th  f o r  N2 and A r  ( r e f .  21) .  This phase change a l s o  r e s u l t s  i n  a sub-step of t h e  
adsorpt ion isotherm but  which is hardly seenbyconventionalpointbypointadsorption volumetry. 

We have a very similar phenomenon i n  Fig.  2 ,  corresponding t o  adso rp t ion  of argon, a t  77 K ,  
on a sample of p o l y c r y s t a l l i n e  boron n i t r i d e  of C . U .  1 4  m2g-1, provided by Carbone Lorraine.  
The phase change i n  quest ion g ives  rise, a t  po in t  B 1 ,  both t o  a weak sub-step i n  t h e  
adsorpt ion isotherm and t o  a sharp peak, much e a s i e r  t o  d e t e c t ,  i n  t h e  enthalpy curve.  The 
"waves" v i s i b l e  i n  t h e  l a t t e r  curve and corresponding t o t h e  success ive  completion of t h e  2nd 
and 3rd l a y e r  had a l r eady  been seen by P i e r o t t i  ( r e f .  22 ) ,  who used t h e  i s o s t e r i c  method, but  
t h e  peaks ( i n  B 1 ,  a l r eady  commented on, and i n  B2) needed high r e s o l u t i o n  adso rp t ion  micro- 
ca lo r ime t ry  t o  be de t ec t ed .  The a n a l y s i s  of t h e  enthalpy curve a l lows  t o  d e r i v e  t h e  molar 
enthalpy of adso rp t ion  of A r  a t  zero coverage (- 9.1 kJ.mol-l, i n s t ead  of - 9.7 on g r a p h i t e  
( r e f .  23)) and then t h e  molar i n t e g r a l  enthalpy of l a t e r a l  i n t e r a c t i o n s  ( i )  during t h e  b u i l d  
up of t h e  f i r s t  l a y e r  up t o  po in t  A (- 0.7 kJ.mol-l, i n s t e a d o f  -1.9 on g raph i t e )  and ( i i )  
during t h e  phase t r a n s i t i o n ,  from A t o  B (- 1.5 kJ.mol-l, i n s t e a d o f  -1.4 on g r a p h i t e ) .  

Peak B 1  i n  Fig.  1 is  l i k e l y  t o  correspond t o  a similar phase change of t h e  monolayer of A r  
adsorbed on ZnO. 

ENERGETICAL ASPECTS OF ADSORPTION IN MICROPORES 

The enhancement of t h e  enthalpy of adsorpt ion i n  micropores of molecular s i z e  s t i l l  l ends  
i t s e l f  t o  a comparative s tudy of N2 and A r  adsorpt ion s i n c e  both molecules must experience 
t h i s  enhanced i n t e r a c t i o n ,  due t o  t h e  overlap of t h e  adso rp t ion  f i e l d  from oppos i t e  w a l l s  
of t h e  pore. The s t a t e  of a f f a i r s  was we l l  summarized by Gregg and Sing ( r e f .  24).  Since 
it appears  ( s p e c i a l l y  from t h e  c a l c u l a t i o n s  made by Evere t t  and Pow1 i n  t h e  c a s e  of 
c y l i n d r i c a l  pores  ( r e f .  25)) t h a t  t h e  s i z e  of t h e  pore must no t  exceed C . U .  2.5 molecular 
diameters  t o  produce t h a t  enhancement, one sees  t h a t  it must be s tud ied  e i t h e r  i n  z e o l i t e s  
(but  u sua l ly  wi th  t h e  e x t r a  in f luence  of t h e  c a t i o n )  o r  i n  highly microporous adsorbents  such 
a s  a c t i v a t e d  carbons.  One then  checks t h a t  t h e  inc rease  i n  d i f f e r e n t i a l  enthalpy of 
adsorpt ion is similar f o r  N2 and A r .  For i n s t ance ,  f o r  both adso rp t ives ,  t h e  va lue  f o r  zero 
coverage may inc rease  from C . U .  10 kJ.mol-1 (on a f l a t  g r a p h i t e  su r face )  t o  C . U .  20 kJ.mo1-l 
(on a microporous cha rcoa l  c l o t h  of C . U .  880 m2g-1 equivalent  BET s u r f a c e  a rea )  ( r e f .  26) .  

Fig.  3 g ives  such enthalpy curves obtained wi th  N2 and A r  on a microporous saccharose 
charcoal  prepared a t  t h e  l abora to ry  s c a l e  ( r e f .  27) ,  w i th  an equ iva len t  n i t rogen  BET su r face  

Fig.  2 .  High r e s o l u t i o n  adso rp t ion  isotherm ( l e f t )  
and d i f f e r e n t i a l  enthalpy of adsorpt ion ( r i g h t )  
f o r  t h e  argonlboron n i t r i d e  system a t  77 K. 

kJma'-''l 
31 I I 

0 0,5 1,o 

Fig. 3. D i f f e r e n t i a l  enthalpy of adsorpt ion 
of n i t rogen  (curve 1) and argon (curve 2 )  
on a microporous saccharose cha rcoa l .  
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area of only 180 meg-1. One may n o t i c e  t h a t  both curves are ve ry  similar i n  shape and i n  
va lues  and t h a t  t h e  high va lue  of 25 kJ.mo1-l is  reached f o r  N2 a t  t h e  beginning of 
adso rp t ion ,  showing, i f  necessary,  t h a t  t h e  f i n e  s i z e  of t h e  micropores is no t  n e c e s s a r i l y  
l i nked  wi th  a high s p e c i f i c  adso rp t ion  capac i ty .  Moreover, a break is seen i n  both curves a t  
a coverage (o r  degree of f i l l i n g  of t h e  micropores) of C.U.  0.15. We noticed a s i m i l a r  break 
f o r  o t h e r  carbons : f o r  i n s t ance ,  a t  C.U. 0.25 f o r  t h e  commercial a c t i v a t e d  carbon Chemviron 
F-400, used f o r  po tab le  water  p u r i f i c a t i o n  and having now an equ iva len t  n i t rogen  BET s u r f a c e  
a r e a  of C.U. 1000 m2g-l. The quest ion i s  r a i s e d  whether t o  a t t r i b u t e  t h i s  break t o  a bimodal 
d i s t r i b u t i o n  of t h e  micropore s i z e  o r  t o  a sharp t r a n s i t i o n  from a "primary f i l l i n g  
mechanism", involving a d i r e c t  i n t e r a c t i o n  of t h e  adsorbate  wi th  t h e  walls, t o  a "secondary 
f i l l i n g  mechanism" t ak ing  p l ace  i n  wider micropores ( r e f .  24) and which may st i l l  e n t e r  t h e  
scope of t h e  volume f i l l i n g  of micropores e a r l y  advocated by Dubinin ( r e f .  28). 
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