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MOLECULAR THEORY OF L I Q U I D  
ADSORPTION CHROMATOGRAPHY 

Daniel E. Martire and Richard E. Boehm 
Department of Chemistry 

George town Univers i ty  
Washington, D.C. 20057 

ABSTRACT 

A s t a t i s t i ca l -mechan ica l  theory ,  based on a l a t t i c e  
model, has been developed t o  address  t h e  molecular mechanism 
of r e t e n t i o n  and s e l e c t i v i t y  i n  both normal-phase and reversed- 
phase l i q u i d  adsorp t ion  chromatography. The model is a n a t u r a l  
"competitive-equilibrium"' one, where p o s s i b l e  c o n t r i b u t i o n s  
from solvent-solvent and solute-solvent i n t e r a c t i o n s ,  and, 
hence, from s o l u t i o n  non idea l i t y ,  are not  neglec ted .  Homo- 
geneous and heterogeneous adsorbent s u r f a c e s ,  s ing le-so lvent  
and b inary  mixed-solvent mobile phases, and s o l u t e  molecules 
of d i f f e r e n t  s i z e  and shape are t r e a t e d .  P r a c t i c a l  a p p l i c a t i o n s  
of t h e  theory  a r e  presented t o  demonstrate i t s  u t i l i t y  and s ig -  
n i f i cance .  

For homogeneous adsorbents  and nea t  so lven t s ,  t h e  molecular 
ene rge t i c s  of r e t e n t i o n  and s e l e c t i v i t y  are examined, wi th  
s p e c i a l  emphasis on t h e  e f f e c t s  of s o l u t e  s i z e  and shape, and, 
r e l a t e d l y ,  t h e  modes of s o l u t e  adsorp t ion .  Separa t ions  of geo- 
metrical isomers and homologous series i n  real  and simulated 
chromatographic processes are inves t iga t ed ,  confirming pred.ic- 
t i o n s  of t h e  theory  and t h e  important r o l e  of so lvent -so lvent  
and so lu te -so lvent  i n t e r a c t i o n s  i n  reversed-phase systems. The 
impl ica t ions  of  a more genera l  r e t e n t i o n  equation f o r  micro- 
s cop ica l ly  heterogeneous adsorbents  are discussed. The depen- 
dence of capac i ty  r a t i o  on mobile-phase composition f o r  b inary  
so lven t s  is analyzed i n  some d e t a i l .  An o f t e n  important c o n t r i -  
bu t ion  a r i s i n g  from s o l u t i o n  non idea l i t y  is p red ic t ed  t h e o r e t i -  
c a l l y .  This is shown t o  be  cons i s t en t  wi th  experimental  r e s u l t s  
on normal-phase and reversed-phase systems. 
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INTRODUCTION 

MARTIRE AND BOEHM 

The impetus f o r  t h i s  study w a s  t he  perceived need of a 
general ,  r igorous,  ye t  t r a c t a b l e ,  molecular theory of l i q u i d  

adsorpt ion chromatography (LAC), app l i cab le  t o  both normal-phase 

(NP) and reversed-phase (RP) modes, and p o t e n t i a l l y  extendible  

t o  such highly modified adsorbents as chemically bonded phases. 

Phenomenological and semi-theoretic models have been proposed 

fo r  LAC, p a r t i c u l a r l y  i n  t h e  NP mode with t h e  po la r  adsorbents 

s i l ica  g e l  and alumina (1-14). 

r e l a t i v e  equations and p r a c t i c a l  guides such as ' 'solvent 

strength" o r  e luo t rop ic  series. However, t h e r e  remain unse t t l ed  

questions such as real is t ic  modelling of adsorbent heterogenei ty ,  

t he  e f f e c t s  of s o l u t e  (sample) molecular shape and s i z e ,  and t h e  

e x p l i c i t  funct ional  dependence of r e t e n t i o n  on mobile-phase 

(eluent)  composition f o r  mixed-solvent systems. Therefore, a 

s ta t is t ical-mechanical  model has been developed from f i r s t  prin- 

c i p l e s  (15), t o  provide: a) a more r igorous t h e o r e t i c a l  founda- 

t i o n  f o r  LAC (column and thin-layer chromatography), b) an in- 
t e r p r e t i v e  framework capable of br inging more coherence t o  t h e  

vast  amount of reported da t a ,  c )  f u r t h e r  i n s i g h t  i n t o  t h e  molecu- 

lar mechanism of s o l u t e  r e t e n t i o n  and s e l e c t i v i t y ,  and t h e  re- 

spect ive r o l e s  of the mobile and s t a t i o n a r y  phases i n  NP and RP 

separat ions,  and d) t h e o r e t i c a l  r e so lu t ion  of t h e  unse t t l ed  

issues .  

From them have come u s e f u l  cor- 

Here, w e  summarize t h e  s a l i e n t  f e a t u r e s  of our  model and t h e  

derived equations. P r a c t i c a l  app l i ca t ions  and i n t e r e s t i n g  impli- 

ca t ions  of t he  theory are then presented f o r  NP and XP processes. 

E f fec t ive ly  planar homogeneous and heterogeneous adsorbent sur- 

faces, single-solvent and binary mixed-solvent mobile phases, and 

s o l u t e  molecules of d i f f e r e n t  s i z e  and shape are considered. 

THEORY 

The focus of t h e  t h e o r e t i c a l  treatment is on equi l ibr ium 

propert ies ,  viz .  , inf  i n i t e - d i l u t  ion (16) d i s t r i b u t i o n  constants  
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MOLECULAR "EORY OF LAC 755 

and capaci ty  r a t i o s  f o r  n o n e l e c t r o l y t i c  s o l u t e s  with nonelectro- 

l y t i c  so lven t s  under i s o c h r a t i c  e l u t i o n  conditions.  Of u l t ima te  

i n t e r e s t  is t h e  d i s t r i b u t i o n  of s o l u t e  between a bulk-solvent 

mobile phase and 

a monolayer (17) of solvent  on a planar  surface.  The s ta t is t ical-  

mechanical a n a l y s i s  is  based on a la t t ice  model and u t i l i z e s  t h e  

Bragg-Williams method t o  construct  t h e  canonical  p a r t i t i o n  func- 

t i o n s  f o r  t h e  s o l u t e  and t h e  so lven t ( s )  i n  both t h e  mobile and 

a s t a t i o n a r y  phase formed by t h e  adsorpt ion of 

s t a t i o n a r y  phases (15). The two phases are l inked by t h e  usua l  

equi l ibr ium condi t ion,  i .e.,  equa l i ty  of t h e  chemical p o t e n t i a l  

of t h e  s o l u t e  i n  t h e  two phases and, f o r  a binary so lven t  mix- 
t u r e ,  equa l i ty  of t h e  chemical p o t e n t i a l  f o r  each solvent  compo- 

nent in t h e  two phases. Entropy e f f e c t s  are automatical ly  in-  

cluded, and cance l l a t ion  of solute-solvent and solvent-solvent 

i n t e r a c t i o n s  between the  two phases is  not assumed. Thus, t h e  

model is  a n a t u r a l  "competitive-equilibrium" model where poss ib l e  

con t r ibu t ions  from so lu t ion  non idea l i t y  are no t  ignored. 

In  t h e  most general  form of t h e  model, w e  consider  a hetero- 

geneous planar su r face  containing w types  of e n e r g e t i c a l l y  and/or 

chemically d i f f e r e n t  adsorpt ion s i tes ,  each of a r b i t r a r y  u n i t  

area (.A = 1, f o r  a l l  j). The "monomeric" solvent  molecules 

(components 1 and 2 f o r  binary mixed so lven t s )  are taken t o  be 

cubic i n  shape, with the  area of any given f a c e  equal t o  t h e  area 
of an adsorpt ion s i te ,  i.e., 4 * The shape of 

t h e  s o l u t e  molecule (component 3) is  approximated by e i t h e r  a 

j 

- A, - 1 (17). 

r egu la r  o r  i r r e g u l a r  rectangular  prism possessing s ix  faces ( a  

t o  f )  capable of making f u l l  and d i r e c t  con tac t  with t h e  adsor- 

bent surface.  (For example, t h e  s o l u t e  may be cubic,  rod l ike ,  

p l a t e l i k e ,  L-shaped, U-shaped, etc; see l a t e r . )  The area of t h e  

i - th  face,  r e l a t i v e  t o  t h a t  of an adsorpt ion si te,  is designated 

bY Agi- 
Considering a s i n g l e  solvent  (component 1 only) and l e t t i n g  

y 
s t a t i o n a r y  and mobile phases, r e spec t ive ly ,  w e  obtain t h e  

and x3 be the  equilibrium mole f r a c t i o n s  of s o l u t e  i n  t h e  3 
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756 MARTIRE AND BOEHM 

following expression f o r  t h e  i n f i n i t e - d i l u t i o n  mole-fraction 

d i s t r i b u t i o n  cons tan t  K3(1) (15); 

where g 

and B = (%T)-', where % is t h e  Boltzmann cons t an t  and T is  t h e  

temperature i n  Kelvin. Also: 

is t h e  f r a c t i o n  of adso rp t ion  sites that are of type  j 
j 

Aw j ,i w3ij- wlj + wll - "13i ' (2) 

where t h e  w's are nega t ive  q u a n t i t i e s  and r e f e r  t o  attractive- 

i n t e r a c t i o n  f r e e  ene rg ie s  (18) per  unit area. (For example, 

w3 1 r ep resen t s  t h e  i n t e r a c t i o n  between a s u r f a c e  adso rp t ion  

s i t e  of type  j and a u n i t  area of t h e  i - t h  f a c e  of a s o l u t e  

molecule.) The term Aw which may be nega t ive  o r  p o s i t i v e ,  

is then t h e  in te rchange  f r e e  energy per u n i t  a r e a  f o r  t he  process:  

i. 

1 ,i' 

1 - j ( s t a t . )  + 1-3i(mob.) = 3 - j ( s t a t . )  + l- l(mob.),  ( 3 )  
i 

which corresponds t o  t h e  t r a n s f e r  of s o l u t e  from t h e  mobile t o  

t h e  s t a t i o n a r y  phase and t h e  concomitant reversed  t r a n s f e r  of 

so lvent .  

and t h e  formation of 1-1 and 3 j i n t e r a c t i o n s .  

This involves  t h e  breaking  of 1-3i and 1-j i n t e r a c t i o n s  

i- 
For "monomeric" s o l u t e  molecules ( i . e . ,  A3i = 1, f o r  a l l  i )  

and a homogeneous s u r f a c e  (one type  of adso rp t ion  s i t e  o n l y ) ,  we 

ob ta in  t h e  following express ion  f o r  t h e  d i s t r i b u t i o n  cons t an t  

K3(1+2) with a b inary  mixed-solvent sys,tem (15.19): 

X. 

are t h e  d i s t r i b u t i o n  cons t an t s  with nea t  where K3(1) and K3(2) 
so lven t s  1 and 2 ,  r e spec t ive ly ,  x1 and x2 a r e  t h e  mobile-phase 

mole f r a c t i o n s  of 1 and 2 i n  t h e  mixed-solvent system, and C and 

D are given by: 
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MOLECULAR THEORY OF LAC 757 

C 6x2 - 5y2 1 + 5yl - 6x1 

D 6x1 - 5yl 1 + 5y2 - 1 ,  ( 5 )  
6x2 

where y 

2 i n  t h e  mixed-solvent system. The 6's r e f e r  t o  in te rchange  f r e e  

and y2 are t h e  s ta t ionary-phase  mole f r a c t i o n s  of 1 and 1 

. energ ies :  

They r e f l e c t  c o n t r i b u t i o n s  from s o l u t i o n  n o n i d e a l i t y  and, hence, 

can be phrased in terms of a c t i v i t y  c o e f f i c i e n t s  ( s e e  l a t e r . )  

The mobile and s ta t ionary-phase  so lven t  compositions are 

r e l a t e d  through (15): 

K3(1) exp[B(612+623-613)l . ( 7 )  
K3(2> 

Combining equat ions  ( 4 )  and ( 7 ) ,  t h e  following u s e f u l  r e l a t i o n s  

a r e  derived: 

K3(1+2) = K3(,) (y,/x,j exp[(6x2-5y2-l) 'E(612+623-E13)1 . 
Although t h e  above equat ions  may appear t o  be f o r r i d a b l e  a t  

( 9 )  

f i r s t  glance,  t h e i r  a p p l i c a t i o n  t o  a c t u a l  and simulated chromato- 

graphic  cases  w i l l  permit t h e i r  s i m p l i f i c a t i o n  and demonstrate 

t h e i r  u t i l i t y  and s ign i f i cance .  

I n  comparing t h e  r e t e n t i o n  of s o l u t e s  wi th  a given so lvent  

and on a given column or TLC p l a t e ,  i t  is apparent t h a t  r e l a t i v e  

K va lues  w i l l  be equiva len t  t o  r e l a t i v e  c a p a c i t y - r a t i o  (k') 
values .  S imi l a r ly ,  s i n c e  t h e  present  t h e o r e t i c a l  a n a l y s i s  d e a l s  

on ly  wi th  so lven t  molecules of t h e  same s i z e ,  relative K va lues  

may be  regarded as r e l a t i v e  k' va lues  when a s ses s ing  t h e  e f f e c t  

of vary ing  t h e  n a t u r e  o r  composition of t h e  e luen t .  
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758 MARTIRE AND BOEHM 

HOMOGENEOUS ADSORBENT AND NEAT SOLVENT 

In  t h i s  s ec t ion  we consider a homogeneous su r face  ( type s 
adsorpt ion sites only) and a single-component solvent .  The rele- 

vant form of equation (1) is: 
f 

i-a 
a (1/6)1 [exp(-BAws,i)]A3i , 3(1) 

K 

wls + wll - w13i ' where A W ~ , ~  = - 

Monomeric Solutes  

With a chemically homogeneous monomeric s o l u t e ,  A3i = 1 f o r  

a l l  i and t h e  s i x  faces are e n e r g e t i c a l l y  equivalent .  Hence: 

K3(1) = exp(-BAws), whereAw = w - w + w 

Clearly,  strong solute-adsorbent and solvent-solvent i n t e r a c t i o n s  

promote negat ive Aw values  and act t o  prolong r e t en t ion ,  while 

s t rong solvent-adsorbent and solvent-solute  i n t e r a c t i o n s  promote 

pos i t i ve  Aw values and favor more rapid e lu t ion .  Absolute re- 

t en t ion  is thus governed by t h e  balance o r  "competition" among 

t h e s e  four i n t e r a c t i o n  terms. For two such s o l u t e s  (u and v ) ,  

t h e  r e l a t i v e  r e t e n t i o n  o r  s epa ra t ion  f a c t o r  F is: 

s 3s Is 11 - w13' 

S 

uv 

FUv - KV(dKU(1) = k f v ( l ) / k l u ( l )  = exp(-BA(Aws) 1 ,  

where A(Aws) = (wvs - w ) - (wlv - wlu). 

Therefore, t he  separat ion is determined by t h e  r e l a t i v e  s t r eng ths  

of solute-adsorbent solute-solvent i n t e r a c t i o n s .  

us 

From equation ( l o ) ,  f o r  a chemically heterogeneous monomeric 

s o l u t e  where one of t h e  six faces  (denoted by a s t a r )  i s  ener- 

g e t i c a l l y  d i f f e r e n t  than t h e  o the r  f i v e ,  t he  abso lu te  r e t e n t i o n  

is a sum of t w o  contr ibut ions:  
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MOLECULAR THEORY OF LAC 759 

However, i f  t he  unique f ace  (represent ing,  perhaps, a polar  func- 

t i o n a l  group) experiences e s p e c i a l l y  s t rong  i n t e r a c t i o n s  wi th  t h e  

su r face  o r  e spec ia l ly  weak i n t e r e a c t i o n s  with t h e  so lven t ,  so t h a t  

-BAws >>-BAws, then i ts  r e t e n t i o n  con t r ibu t ion  would dominate 

d e s p i t e  t h e  smaller pre-exponential o r  "degeneracy" f a c t o r .  

separat ion f a c t o r  of two such s o l u t e s  (u and v) d i f f e r i n g  only 

in t h e  chemical nature  of t h e  unique f a c e  is: 

* 
The 

For convenience, consider t h e  case -6Aw t 
FUv>l. 

t i v e  as possible .  

associated with t h e  f i v e  common faces  ( represent ing,  perhaps, 

nonpolar groups) and would reduce t h e i r  i n t e r f e r e n c e  with t h e  

separat ion.  Under these  condi t ions,  

>-BAw * so t h a t  s v) s(u) ' 
The maximization of FUv is achieved when Aws is as posi- 

This would minimize t h e  r e t e n t i o n  con t r ibu t ion  

* * * 
Fuv 2 expE-OA(Aws ) I ,  where A(Aws ) I A W ~ ( ~ ) - A W ~ ~ ~ ) .  

As is w e l l  known, such "chemical-type" separat ions can be accom- 

pl ished i n  a NP system with a polar  adsorbent and a so lven t  of 

moderate po la r i ty .  T h a t  is ,  t he  solvent  should be po la r  enough 

t o  produce a pos i t i ve  Aw and t o  e l u t e  t h e  s o l u t e s  in  a resonable  

period of time. but not so po la r  as t o  i n h i b i t  access  of t h e  po la r  
func t iona l  group of t he  s o l u t e  t o  t h e  adsorbent su r face .  

S 

Nonmonomeric Solutes  

The above a n a l y s i s  w a s  based s o l e l y  on ene rge t i c  considera- 

L e t  us now examine t h e  a d d i t i o n a l  e f f e c t s  of s o l u t e  geo- t i ons .  

metry, i.e., s i z e  and shape, on r e t e n t i o n  and s e l e c t i v i t y .  

For two chemically homogeneous s o l u t e s , * a  1 x I x p rod and 

a 1 x m x n p l a t e ,  equation (10) y i e lds :  
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760 MARTIRE AND BOEHM 

Note t h a t  each con t r ibu t ion  t o  K3(1) c o n s i s t s  of t h e  product of 

t he  f r a c t i o n  of ways a p a r t i c u l a r  s o l u t e  adsorpt ion mode can be 

achieved and the  Boltzmann f a c t o r  involving t h e  interchange f r e e  

energy f o r  t h a t  mode. I n  K3(1), rod the  f i r s t  term rep resen t s  t h e  

ver t ical-adsorpt ion contr ibut ion and t h e  second, t h e  

horizontal-adsorption contr ibut ion.  As with monomeric s o l u t e s ,  

absolute  r e t en t ion  increases  as Aw becomes more negat ive and de- 

creases as Aw becomes more pos i t i ve .  
S 

S 

The foregoing expreseions may be used t o  i l l u s t r a t e  selec-  

t i v i t y  on t h e  b a s i s  of s o l u t e  shape. Consider, f o r  example, t he  

separat ion of two geometrical  isomers of comparable molecular 

volume, a 1 x 1 x 6 rod and a 1 x 2 x 3 p la t e .  

F = K ~ ~ ~ l / K ~ ~ ~ ~ f  i t  i s  clear t h a t  when Aws = 0 ,  K::!, * KPla te  3(1) 
and F = 1. In  t h i s  case, each of t he  six s o l u t e  f aces  has  the 

same p robab i l i t y  of adsorbing on t h e  surface.  The e f f e c t i v e  ad- 

sorpt ion cross-sect ional  area (A3>,  r e l a t i v e  t o  t h a t  of t h e  sol- 

vent,  is then 1313 f o r  t he  rod l ike  s o l u t e  and 1113 f o r  t he  plate- 

l i k e  one. 

For BAws = H.5 ( s o l u t e  p re fe r s  t h e  mobile phase),  F - 1.10 and 

the  tendency f o r  both so lu t e s  is t o  adsorb on t h e  su r face  through 

t h e i r  smallest-area faces .  

rods and <A3>-C2 for t h e  p l a t e s .  For BAws - -0.5 ( s o l u t e  p re fe r s  

the s t a t iona ry  phase), F = 1.53 and adsorpt ion v i a  the l a rges t -  

area f aces  is favored. This tendency becomes more pronounced a s  

BAwS becomes more negat ive,  leading t o  an optimum F value of 2.00, 

with <A3% fo r  both so lu t e s .  

t h i s  separat ion could be achieved using a nonpolar adsorbent 

(20-22) and a solvent  of g rea t e r  p o l a r i t y  than t h e  s o l u t e s ,  a s  

i n  a RP system. Since t h e  main i n t e r a c t i o n  between t h e  s o l u t e  

o r  solvent and t h e  adsorbent would then involve d i spe r s ion  fo rces ,  

t he  desired negative BAws would stem primari ly  from s t ronge r  

solvent-solvent i n t e rac t ions  r e l a t i v e  t o  unit-area solute-solvent 

i n t e rac t ions .  

Let t ing 

When Aws + 0, F > 1  and separat ion becomes possible .  

With increasing BAws, < A 3 H 1  f o r  the 

It would appear,  t he re fo re ,  that  
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MOLECULAR THEORY OF LAC 761 

It is poss ib l e  t o  treat o the r  s o l u t e  shapes within t h e  frame- 

work of t h e  model. Consider, f o r  example, U-shaped and Z-shaped 

hexamers o f  u n i t  thickness ,  represent ing,  perhaps, and trans 
isomers, respect ively:  

Z K3(1) - (1/3)exp(-6Aws) + (1/3)exp(-28Aws) + (1/3)exp(-66Aws) 

%1) = (1 /2 ) exp (-2 6Aws) + ( 1 /6 1 exp (-46Aws) + (1/3) exp ( -66AwS) 

It can be shown t h a t ,  provided 6AwS is s u f f i c i e n t l y  p o s i t i v e ,  a 

respectable  s e p a r a t i o n ' i s  a t t a i n a b l e  (e.g., F - 1.53 when 

6Aws = M.5) .  This  i n d i c a t e s  t h a t  t h e  solvent /adsorbent  system 

should be se l ec t ed  t o  produce somewhat s t ronge r  1-s i n t e r a c t i o n s  

r e l a t i v e  t o  unit-area 3-9 i n t e r a c t i o n s  and/or somewhat s t ronge r  

unit-area 1-3 i n t e r a c t i o n s  r e l a t i v e  t o  1-1 i n t e r a c t i o n s .  As d i s -  

cussed earlier,  t h i s  i s  f e a s i b l e  with a well-chosen NP system. 

Turning now t o  a d i r e c t  app l i ca t ion  of t h e  theory,  le t  us 

examine homologous series separat ions.  

systems with po la r  adsorbents are not e f f e c t i v e  i n  sepa,rating, 

f o r  example, a homologous series of c-alkyl  a l coho l s ,  whereas RP 

systems with carbon adsorbents are (20,211. The theory a f f o r d s  

an i n t e r p r e t a t i o n  of t h i s  and aff i rms t h e  important r o l e  of 

s t rong solvent-solvent i n t e r a c t i o n s  i n  t h e  Rp sepa ra t ions .  

I t , i s  w e l l  known t h a t  NP 

Regarding t h e  s o l u t e  molecules i n  question a s  chemically 

heterogeneous rods of length p and unit-area base, each cons i s t ing  

of an ene rge t i ca l ly  unique f ace  (denoted by a s t a r )  of un i t  a r e a  

and f i v e  e n e r g e t i c a l l y  equivalent f aces  (one of un i t  area and the  

remaining four of area p),  we have from equation (10):  

where Aw* and Aw 
l a t i n g  t o  t h e  unique f ace  ( t h e  polar  func t iona l  group) and t h e  

o the r  f i v e  f aces  ( t h e  a l k y l  port ion of t h e  molecule), respect ive-  

are t h e  unit-area interchange f r e e  energies  re- 
S 9 
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762 MARTIRE AND BOEHM 

ly .  O f  interest is t h e  v a r i a t i o n  of kn K 
l eng th  p (roughly, s o l u t e  carbon number): 

s 

wi th  s o l u t e  cha in  
3(1) 

dknK dknk;(l) I -4$AwS 

P dP dP 4+exp (-BAw~+f3AwSp) +exp (-5Aws+%Awsp) 

(11) 
where t h e  magnitude of S is t hus  a measure o f  t h e  goodness of a 

homologous series sepa ra t ion .  I n  genera l ,  S varies wi th  s o l u t e  
P 

carbon number and its d i r e c t i o n  is determined by t h e  s i g n  of 8Aws. 
If $AwS is p o s i t i v e ,  S 

approach zero  wi th  inc reas ing  p. To s imula t e  a t y p i c a l  NP system 

with a s i l i c a - g e l  adsorbent and a so lven t  which, as be fo re ,  is of 

modest p o l a r i t y ,  cons ide r  t h e  combination $Aws = -0.50 and 

$Aws = M.50. 
P 

a t  p = 1, diminishing t o  S = -0.03 a t  p = 6. Such a system 

would not  be e f f e c t i v e  f o r  s epa ra t ing  homologs in  t h e  v i c i n i t y  of  
- n-C6. 

both t h e  k;(l) and S 

adsorp t ion  is v e r t i c a l  adso rp t ion  through t h e  unique f ace .  

P 

will be  nega t ive  and w i l l  r a p i d l y  
P 

* 
From equat ion  (ll), one c a l c u l a t e s  t h a t  S = -0.21 

P 

Indeed, in t h i s  p range t h e  BAws* c o n t r i b u t i o n  c o n t r o l s  

va lues ,  and t h e  predominant mode of s o l u t e  
P 

On t h e  o the r  hand, in  an RP system wi th  a carbonaceous ad- 

sorbent and a po la r  s o l v e n t ,  one would expect 3Aws t o  be nega t ive  

because of s t rong  solvent-solvent i n t e r a c t i o n s ,  a s  d i scussed  

earlier. 

would hold. For i l l u s t r a t i v e  purposes,  cons ider  t h e  combination 

5AwS = -0.40 and BAws = -0.60. One c a l c u l a t e s  that S - 0.43  a t  

p = 1, i nc reas ing  t o  S - 0.59 t o  p = 6,  and reaching  S 
0.60 a t  h igher  S Hence, e x c e l l e n t  homologous-series s e p a r a t i o n  

is predic ted  over t h e  e n t i r e  p range,and S i n  t h e  v i c i n i t y  of 
P 

n-C6 is e s s e n t i a l l y  equal  t o  t h e  l i m i t i n g  S (This would 

ob ta in  f o r  any r e a l i s t i c  va lue  of BAwz.) Here, t h e  $Awg c o n t r i -  

bu t ion  c o n t r o l s  both k' 
s o l u t e  adsorp t ion  dominates. The theory  thus  p r e d i c t s  t h a t ,  f o r  

s u f f i c i e n t l y  l a r g e  p ,  S should be  independent of t h e  chemical 

na tu re  of t h e  polar  func t iona l  group and should be approximately 

equal  t o  -$Aws. 

Fur ther ,  s i n c e  -w13 * Xw13, t he  i n e q u a l i t y  -5Aw S-BAw" 
S 

* 
P 

= -9Aws * P P 
P' 

value.  
P 

and S and t h e  h o r i z o n t a l  mode of 

- 

3(1)  P' 

P 
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MOLECULAR THEORY OF LAC 763 

To :est t h e  theory,  t h e  r e s u l t s  of Guiochon et a1 (20,231 

are analyzed. 

loglok;(l) vs. s o l u t e  carbon number f o r  2-alkyl benzenes, bro- 

mides, ch lo r ides  and alcohols .  I n  t h i s  RP system, t h e  adsorbent 

used w a s  a modified carbon b l ack  and t h e  solvent  w a s  a c e t o n i t r i l e  

(ACN). Analysis of t h e  d a t a  gives  S = 0.56, independent of 

s o l u t e  func t iona l i t y ,  as predicted.  Also, t h e  a l coho l s  have t h e  

smallest k' values.  This follows from t h e  theory i n  t h a t  t h e  al- 

cohols are expected t o  have t h e  most nega t ive  w i 3 ,  t h e  highest  

Aw* and, hence, t h e  s h o r t e s t  r e t en t ion .  Guiochon's group a l s o  

determined k ' t  using pyrocarbon coated on s i l i ca  as t h e  adsorbent 

(21-23). 

benzenes and methyl esters; t h e  so lven t s  were ACN and a 50150 

(v/v) mixture of ACN and H 2 0  (23). 

number, t h e  p l o t s  a r e  again v i r t u a l l y  l i n e a r ,  y i e ld ing  S values  

of +0.49 and M.71 with t h e  former and l a t t e r  so lven t ,  respec- 

t i v e l y ,  independent of s o l u t e  f u n c t i o n a l i t y .  Moreover, i n  t h e  

l i g h t  of t h e  theory,  both t h e  l a r g e r  S 
with t h e  l a t te r  solvent  must be due t o  s t ronge r  solvent-solvent 

i n t e r a c t i o n s  (more negat ive wll, hence, more negat ive Aw ).  

Clearly,  un l ike  many NP processes,  t h e  mechanism of r e t e n t i o n  

and s e l e c t i v i t y  cannot be reasonably addressed in W-LAC without 

accounting f o r  solvent-solvent i n t e r a c t i o n s .  

Shown i n  Figure 2 of r e f .  20 are l i n e a r  p l o t s  of 

P 

s 

The s o l u t e  series s tud ied  were C-alkanes and C-alkyl 

For s u f f i c i e n t l y  l a r g e  carbon 

P 

and higher  k' values  found 
P 

9 

HETEROGENEOUS ADSORBENT AND NEAT SOLVENT 

For a chemically and/or e n e r g e t i c a l l y  heterogeneous ad- 

sorbent and a single-component solvent ,  it is usua l ly  assumed 

(J.,10,14) t h a t  : 

3(1) ,j 
where g is t h e  f r a c t i o n  of type-j adsorpt ion sites and K 
is t h e  d i s t r i b u t i o n  constant  with a homogeneous adsorbent of type 

j .  (A similar expression may be w r i t t e n  f o r  k '  .) We no te  from 

equation (1) t h a t  equation (12) is s t r i c t l y  v a l i d  only f o r  mono- 

meric s o l u t e s  ( A j i  * 1 f o r  a l l  i). 

-1 

3(1) 
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764 MARTIRE AND BOEBl 

Consider, f o r  example, a chemically homogeneous rodlilce 

s o l u t e  and a heterogeneous adsorbent cons i s t ing  of two types  of 

si tes (s and t ) .  From equation (1): 

K3(1) - j[gsexp(-6Awg) 1 + (l-gS)exp(-6Awt)l 

(13) 2 + 7[gsexp(-6AwS) + (l-gs)exp(-i3Awt) I p ,  
where Aws - w3s - wlS + wll - w13, and Aw = w 

Equation (13) reveals  t h a t  t h e  equi l ibr ium d i s t r i b u t i o n  constant  

cons i s t s  of a sum of two contr ibut ions:  t h e  f i r s t  term corresponds 

t o  r e t en t ion  by v e r t i c a l  adsorpt ion of s o l u t e  on e i t h e r  an s o r  t 

type s i te ,  while t h e  second term corresponds t o  ho r i zon ta l  adsorp- 

t i o n  on p contiguous and randomly d i s t r i b u t e d  s o r  t type sites. 
Clearly,  only i f  p = 1 can equation (13) be w r i t t e n  i n  the  form 

of equation, (12) : 

t 3 t  - "lt + "11 - w13' 

%(1) = g ~ K 3 ( 1 )  ,s + (1-gs)K3(1) , t  

However, i n  t he  s p e c i a l  case where v e r t i c a l  adsorpt ion dominates 

( s u f f i c i e n t l y  pos i t i ve  Awls and l a r g e  p ) ,  equation (14 )  r ep resen t s  

a reasonable approximation (24). 

(14) 

HOMOGENEOUS ADSORBENT AND BINARY SOLVENT MIXTURE 

The treatments and discussion i n  t h i s  s ec t ion  a r e  based on 

equations ( 4 )  t o  (9), which s p e c i f i c a l l y  dea l  with homogeneous 

adsorbents and monomeric s o l u t e s  and solvents .  In  many cases  

the component molecules of t he  experimental systems t o  be exam- 

ined d i f f e r  i n  s i z e  and shape, t he re fo re  precluding f u l l y  quanti-  
t a t i v e  ana lys i s  of t h e  da t a  v i a  t h e  present model. Nevertheless,  

t he  general  v a l i d i t y  of these equations will be demonstrated, a s  

will the  importance of solut ion-nonideal i ty  e f f e c t s .  

I n  p r inc ip l e ,  t h e  6's i n  t h i s  model can be determined from 

experimentally access ib l e  solution-phase a c t i v i t y  c o e f f i c i e n t s  of 

2 i n  1 (y2(1)) and of 3 a t  i n f i n i t e  d i l u t i o n  i n  a mixture of 1 + 
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MOLECULAR THEORY OF LAC 765 

2 

Iln y3(1+2)=.6B 61321 +.60623~2 -686 

y2 (1) = 6@12z1 
m 

z z 12 1 2’ 

where y measures the deviat ion from Raoult’s l a w ,  and z r e f e r s  t o  

the  mole f r ac t ion .  Again, however, t h e  above equat ions are only 

approximate when applied t o  mixtures cons i s t ing  of molecules of 

d i s p a r a t e  s i z e  and shape (25). 

In  t h e  subsequent ana lys i s ,  t h e  K’s w i l l  be replaced by k ’ j s  

i n  equations (4 )  t o  (9). a s  j u s t i f i e d  earlier.  Also, 1 and 2 w i l l  

w i l l  refer t o ,  r e spec t ive ly ,  t he  less and more polar  components of 

t he  binary solvent  mixture. The monomeric s o l u t e  w i l l  be formally 

regarded as being chemically homogeneous. This is not as restric- 
t i v e  as might appear,  because the  r e l evan t  interchange f r e e  energy 

may be v i ewdas  an e f f e c t i v e  o r  averaged quan t i ty ,  <Aw >. For in- 

s t ance ,  s e t t i n g  A3 
S 

= 1 i n  equation (lo), w e  obtain:  i 
iiaAws exPi-BAw s * i  ) 

<Aw > = , 
S 

exp(-6Aws, i) 
i=a 

where.we have averaged over t h e  s i x  f aces  of t he  s o l u t e  molecule, 

which, i n  general ,  may be chemically heterogeneous. 

Reversed-Phase Systems 

From equations (6 )  and (101, t h e  r e l a t i v e  r e t e n t i o n  of a 

p a r t i c u l a r  s o l u t e  with neat so lven t s  1 and 2 is given by: 

2 2 + 623 - 613’1. (15) ki(21/ki( l )  = e x ~ [ B ( w ~ ~ - ~ ~ ~ +  - - - 
I f  t h e  homogeneous adsorbent is a nonpolar carbonaceous one, so 

t h a t  w and w a r e  determined pr imari ly  by d i spe r s ion  fo rces ,  

then solvent-solvent and solvent-solute  i n t e r a c t i o n s  w i l l  govern 

t h e  magnitude of t h e  r e l a t i v e  capaci ty  r a t i o s .  Furthermore, i f  

component 2 is highly polar  (e.g., H20), one would expect -w22 

t o  be much g r e a t e r  than -wll and, except fo r  s o l u t e s  much more 
polar  than component 1, 623 t o  be g r e a t e r  than 6 

11 w22 W 

2 s  I S  

Thus, k’ 13’ 3(2)” 
i n  t h e  usual  RP system. k;(l) 
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766 MARTIRE AND BOEHM 

With a b inary  mixed-solvent system, t h e  s ta t ionary-phase  

composition (y  ) can be  determined f o r  a g iven  mobile-phase com- 

p o s i t i o n  (x,) through equat ion  (7 ) .  Using va r ious  rea l i s t ic  

sets of va lues  f o r  k i (21 /k i ( l ) ,  612, 613 and 623, i t  can be 

shown t h a t ,  i n  a t y p i c a l  aqueous RP system, y2 should remain 

q u i t e  small u n t i l  r a t h e r  h igh  x2 va lues  are reached. 

with k!l(2)1k'3(1) 
lates t h a t  y2 2 0.005 a t  x2 = 0.50, y2 2 0.01 a t  x2 = 0.90, and 

y2 : 0.09 a t  x2 = 0.99. 

responds t o  phase sepa ra t ion ,  i .e. ,  a reg ion  of so lven t  immisci- 

b i l i t y ) .  I n  o t h e r  words, f o r  x <0.90, it i s  reasonable  t o  assume 

t h a t  y2 z 0 ( ~ ~ 2 1 ) .  C lea r ly ,  so lven t  component 2 p r e f e r s  t o  s t a y  

i n  t h e  mobile phase t o  take b e t t e r  advantage of s t rong  2-2 i n t e r -  

a c t i o n s ,  thereby "driving" t h e  less po la r  so lven t  component i n t o  

the  s ta t ionary-phase  l aye r .  

2 

For example, 

= 50,0612 -M13 - 113 a n d 0 s 3  = 213, one  calcu- 

(Note t h a t  t h e  ~ o n d i t i o n 0 4 ~ > 1 / 3  cor- 

2 

Accordingly, s e t t i n g  y1 = 1 in equat ion  (8), w e  have: 

- Iln k;(l) - Rn ( l -x2 )  - 6x2(S12+613-623)8. (16) k; ( l + 2  ) 

Neglecting t h e  so lu t ion-nonidea l i ty  c o n t r i b u t i o n  i n  equat ion  (16) ,  

one vould p red ic t  t h a t ,  independent of  t h e  n a t u r e  of t he  s o l u t e :  

( 1 7 )  
-1 Sx = d tn  k;(l+2)/dx2 = (l-x2) , 

where S 

t r i b u t i o n ,  w e  ob ta in :  

is t h e  s lope  of a 2n k' vs. x2 p l o t .  Inc luding  t h i s  con- 
X 

Experimental r e s u l t s  f o r  va r ious  s o l u t e s  with a pyrocarbon- 

o n - s i l i c a  adsorbent and a methanol-water so lven t  mixture do not  

conform t o  equation (17). (See F igure  9b of r e f .  21.) Indeed, 

t he  Iln k' vs. so lvent  coapos i t ion  p l o t s  f o r  most of t h e  s o l u t e s  

a r e  v i r t u a l l y  l i n e a r ,  d i sp l ay ing  p o s i t i v e  S va lues  much g r e a t e r  

than uni ty .  Equation (18) can account f o r  t h i s  behavior If 
612 + 613 - 623  is s u f f i c i e n t l y  nega t ive .  

s o l u t e ,  t h e  r e s u l t s  f o r  n i t robenzene  a r e  analyzed i n  more d e t a i l .  

X 

Choosing a t y p i c a l  
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MOLECULAR THEORY OF LAC 767 

With 6 (612 + 613 - J2] = -0.88, equation (16) fu rn i shes  an ex- 
c e l l e n t  f i t ,  and t h e  observed average s lope  (Sx % 6.5) and s l i g h t  

curvature  are f a i t h f u l l y  reproduced. This value most l i k e l y  re- 

f l e c t s  a very p o s i t i v e  623 value which, in tu rn ,  stems from t h e  

r e l a t i v e  weakness of 2-3 i n t e r a c t i o n s  compared t o  t h e  s t r e n g t h  

of 2-2 i n t e rac t ions .  It is cons i s t en t  with t h e  low s o l u b i l i t y  and 

high a c t i v i t y  c o e f f i c i e n t  of ni t robenzene i n  water. 

It is  a l s o  poss ib l e  t.0 r a t i o n a l i z e  t h e  r e l a t i v e  k '  's: 
3(1) 

ni t robenz ene>chlorobenzene=pyridine>toluene>phenol>benzene>anil i n e  

According t o  our  model, t h i s  o rde r  should follow t h e  combined 

ranking of t h e  s t r eng th  of 3-9 and t h e  weakness of 1-3 in t e rac -  

t i ons .  

z ene: toluene>benz ene>ani l ine=ni t  robenz enezpheno D p y r i d i n e  . 
descending o rde r  may follow 623,  which becomes less p o s i t i v e  
with increasing s t r eng th  of 2-3 i n t e r a c t i o n s ,  leading t o  smaller 

Sx.values and increased curvature  (equation (18)) .  This could 

explain t h e  observed behavior of pyridine,  which is t h e  s o l u t e  

best  accommodated by H 2 0  (21). 

Normal-Phase Systems 

F ina l ly ,  t h e  average Sx values  go as follows: chloroben- 

This  

I n  t y p i c a l  Np-LAC systems with a polar  adsorbent and a mixed 

solvent  containing a f a i r l y  polar  moderator (component 21,  i t  

general ly  holds t h a t  k!,(l)>>k;(2). 

in terms of t h e  r e l a t i v e  s t r e n g t h s  of 1-s and 2-9 i n t e r a c t i o n s .  

While t h i s  may be l a r g e l y  so, equation (15) suggests  t h a t  sol-  

vent-solvent and solute-solvent i n t e r a c t i o n s  could a l s o  play a 

ro l e .  This is borne out  i n  t h e  following ana lys i s .  

This is  usua l ly  r a t i o n a l i z e d  

Employing realistic values  of k;(2)/k'3(1), 612 and 
612 + 623 - 613, app l i ca t ion  of equation (7) reveals t h a t  t h e  

usual  s i t u a t i o n  in mixed-solvent NP processes is t h a t  y2>>x2 f o r  

s m a l l  x2. For example, l e t t i n g  k i (2 ) /k i ( l )  = 0.01,8612 = 113 and 

6(J12 +623-613) = 113, w e  f i n d  that a t  an x2 of less than 0.03, 

y2 = 0.99. (Note t h a t  t h e  ca l cu la t ion  is p a r t i c u l a r l y  s e n s i t i v e  

t o  t h e  value ofB$,.) Accordingly, f o r  s u f f i c i e n t l y l a r g e  X2 ( i . e . ,  
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768 MARTLRE AM) BOEHM 

a few mole pe rcen t ) ,  i t  is gene ra l ly  reasonable  t o  let  y2 z 1 in 
equat ion  (91, yie ld ing:  

Iln k;(l+2) En k;(*) - Iln x2 - 6 ~ 1 ( 6 1 2  + 623 - 613) B. (19) 

Neglecting t h e  so lu t ion-nonidea l i ty  c o n t r i b u t i o n ,  one would pre- 

d i c t  t h a t ,  independent of t h e  n a t u r e  of t h e  s o l u t e :  

'Qn x = d Iln k;(l+2)/d Iln x2 - -1, (20) 

where SQnx is t h e  s l o p e  of a Iln k' vs. Iln x2 p l o t .  

con t r ibu t ion ,  w e  ob ta in :  

Inc luding  t h i s  

'in x * -1 + 6 ~ ~ ( 6 ~ ~  + 623 - 613> B, (21)  

where w e  n o t e  t h a t  S 

en x2, depending on t h e  sign of t h e  6 term. 
(21) a r e  s t r i c t l y  v a l i d  f o r  x2>x;, where x i  is t h e  mobile-phase 

composition a t  which y2 

(say ,  y2 5 0.99). 

s e n t i a l l y  "competing" wi th  t h e  po la r  moderator f o r  a s u r f a c e  ad- 

so rp t ion  s i t e .  

may i n c r e a s e  or dec rease  wi th  inc reas ing  Iln x 
Equations (19) t o  

becomes s u f f i c i e n t l y  c l o s e  t o  u n i t y  

In  t h i s  composition region t h e  s o l u t e  is  es- 

Many NP systems conform a t  least approximately t o  equat ion  

(201, i n d i c a t i n g  t h a t  so lu t ion-nonidea l i ty  e f f e c t s  a r e  o f t e n  un- 

important (2,8,26). I n  o t h e r  cases ,  however, pronounced curva- 

t u r e  is observed i n  Iln Ic' vs.  Iln x p l o t s  (6,7,11,27,28),  con- 

sistent wi th  equation ( 2 1 ) .  
2 

Slaats e t  a 1  (7) have c a r r i e d  out s t u d i e s  wi th  s i l i c a  a s  

t h e  absorbent,  c-heptane as t h e  nonpolar so lven t  component. 2- 

propanol and e t h y l  a c e t a t e  as moderators, and 1-phenylethanol 

( P E ) ,  benzyl acetate (BA) and n i t robenzene  (NB) as t h e  s o l u t e s .  

With 2-propanol, t h e  p l o t  f o r  PE is found t o  b e  v i r t u a l l y  l i n e a r  

('en x 
(roughly) become less negat ive  wi th  inc reas ing  x2. 

t h a t  t h e  so lu t ion -non idea l i t y  term i n  equat ion  (21)  is a small 
p o s i t i v e  quan t i ty  f o r  PE and a l a r g e r  p o s i t i v e  q u a n t i t y  for t h e  

o the r  so lu t e s .  [With @ a (  612 + 623 - 6 

= -0.9). while those  f o r  BA and NB d i s p l a y  s lopes  which 
This  sugges t s  

): +0.2,  we o b t a i n  t h e  13  
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MOLECULAR TIIEORY OF LAC 769 

observed SQn f o r  PE.] This may be in t e rp re t ed  a s  follows. Be- 

cause of the  funct ional  s i m i l a r i t y  between PE and 2-propanol, one 

would expect 612 t o  be c lose  t o  613, and 623 t o  be c lose  t o  zero. 
For the  less "polar" BA and NB, one would a n t i c i p a t e  t h e  inequal- 

ities 612>613 and 6 >O. 
published a c t i v i t y  coe f f i c i en t  da t a  (7,25). Similar arguments 

may be presented i n  analyzing the  r e s u l t s  with t h e  less po la r  

moderator e thy l  ace t a t e .  Here, though, t h e  p l o t  f o r  BA most 

c lose ly  follows equation (20), a s  expected, while those f o r  PE 

and NB exhibi t  slopes which become more negat ive with increasing 

x2, indicat ing t h a t  612 + 623 - 613 is negative.  

This is in q u a l i t a t i v e  accord with the  23 

Comparison With Previous Models 

Multiplying both s i d e s  of equation (8) by x1 and equation 

(9) by x2 and adding, we  f ind:  

Iln k; (1+2 ) - ~ ~ k ; ( ~ ) e x p [  (6x1-5yl-1) '8(612+613-623) I 

+ ~ ~ k ; ( ~ ) e x p [ ( 6 x ~ - S y ~ - l )  8(612+623-613) 1. (22) 

Only i f  w e  then assume ideal-solut ion behavior ( i .e . ,  6m = 0). 
do w e  obtain t h e  expression commonly used t o  t r e a t  binary mixed- 

solvent systems (1,8,9,13): 

ki(l+2) = Ylk i ( l )  + Y2k;(2) a 

(23) 

I n  terms of mobile-phase composition, t h e  ideal-solut ion counter- 

par t  of equation (23) is a s p e c i a l  case of equation (14):  

(l/k!,(l+2)>' ( x l I k i ( l 9  + ( ~ 2 / k ; ( 2 ) )  9 
(24) 

which is of the same general  form as t h e  expression proposed by 

Scot t  and Kucera ( 3 , 4 , 8 ) .  
case i n  most Np systems f o r  s u f f i c i e n t l y  l a r g e  x2, equation (24) 

may be approximated by: 

For x2/k;(2)>>xl/k'3(r), as is t he  

En k;(l+2) = En k;(2) - ]In x2 , (25) 

a r e s u l t  derived previously by o the r s  (8). (Note t h a t  equation 

(19) reduces t o  equation (25) when 6m - 0.) 
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770 MARTIRE AND BOEHM 

It can a l s o  be shown that t h e  u s e f u l  NP equat ions  developed 

by Snyder (1,2) represent  a s p e c i a l  case  of our  genera l  theory .  

I f  w e  assume idea l -so lu t ion  behavior and cons ider  a nonmonomeric 

s o l u t e  f o r  which 

modified form of 

one mode of s u r f a c e  adsorp t ion  is dominant, t h e  

equat ion  (15) is: 

where A is t h e  relative area of t h a t  f ace  of  t h e  s o l u t e  molecule 

corresponding t o  t h e  dominant mode. Keeping i n  mind t h a t  w is a 

negat ive  quan t i ty  and assuming that t h e  s t r e n g t h  of solvent-ad- 

sorbent i n t e r a c t i o n s  is propor t iona l  t o  t h a t  of so lvent -so lvent  

i n t e r a c t i o n s  (p ropor t iona l i t y  cons tan t  of a), w e  ob ta in  Snyder 's  

well-known expression: 

3 

Rn (k!,(2)/ki(l)) - a;A3(~1 - c 2 ) ,  (26) 

where a' = c x - ( l / Z ) ,  cl = - Bwll and E~ - - 6 ~ ~ ~ .  
r e fe r r ed  t o  as the  adsorbent-activity parameter and E a s  t h e  so l -  

Also,  a: is 
S 

vent s t r eng th  parameter. 

With a b inary  i d e a l  mixed-solvent system, equation 1 2 4 )  may 

be rearranged t o  give: 

According t o  Snyder, by analogy t o  equation ( 2 6 ) :  

where is t h e  e f f e c t i v e  so lven t  s t r e n g t h  of t h e  b inary  mixture.  

Subs t i t u t ing  k;(l)/ki(21 from equat ion  (26)  i n t o  t h e  r . h . s .  o f  

equation ( 2 7 ) ,  and comparing t h e  r e s u l t  wi th  t h e  r .h.s.  of equa- 

t i o n  (28) ,  w e  obta in :  

- 
E = E , +  (29)  

Rn [x2(exp{aAA3(c2 - El))) + 1 - x,] 

which is Snyder's f a m i l i a r  equation. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR THEORY OF LAC 771 

It should be emphasized t h a t  equations (23) t o  ( 2 9 )  are a l l  

based on t h e  assumption of s o l u t i o n  i d e a l i t y .  

p a r t s  of t h i s  s ec t ion ,  evidence w a s  presented t h a t  t h i s  assumption 

is of t en  not j u s t i f i a b l e .  

I n  t h e  previous 

CONCLUDING REMARKS 

I n  t h i s  s tudy we have demonstrated t h e  u t i l i t y  and s i g n i f i -  

cance of a new molecular theory of LAC. 

i t s e l f  is  cons i s t en t  with t h e  commonly he ld  view t h a t  t h e  s t a t l o n -  

a ry  phase is formed by t h e  adsorpt ion of a monolayer of solvent  on 

t h e  adsorbent surface.  Recently, however, Scot t  and Kucera (29) 
executed c a r e f u l  measurements, t h e  r e s u l t s  of which were i n t e r -  

preted as i n d i c a t i v e  of b i l a y e r  formation i n  certain cases (high 

concentrat ion of polar  o r  hydrogen-bonding so lven t s  on s i l i c a - g e l  

su r f aces ) .  It was  a l s o  suggested that some s o l u t e s  may i n t e r a c t  

only with t h e  primary l a y e r ,  d i sp l ac ing  solvent  i n  t h e  second 

l a y e r ,  but not i n t e r a c t i n g  d i r e c t l y  with t h e  adsorbent su r face  

i t s e l f .  Should t h i s  view p r e v a i l ,  t h e  cu r ren t  model would have 

t o  be adapted t o  allow f o r  t h e  p o s s i b i l i t y  of mu l t i l aye r  adsorp- 

t i o n  (17). 

The t h e o r e t i c a l  model 

It must be pointed out ,  however, t h a t  dev ia t ion  from t h e  

Langmuir isotherm f o r  monolayer adsorpt ion does not necessa r i ly  

imply mul t i l aye r  adsorption. The dev ia t ion  might simply be due 

t o  solut ion-nonideal i ty  e f f e c t s  (30). Indeed, a remarkable 

v a r i e t y  of isotherm shapes can be generated from equat ion (71, 

depending on t h e  values  of t h e  molecular parameters (15). Only 

f o r  i d e a l  s o l u t i o n s  (6m = 01, does equation (7) produce the  ex- 

pected Langmuir form: 

Y2 * nI2x2/[1 + (n12 - Ux2I , 

where ‘12 * K3(1)’K3(2)’ 

Final ly ,  w e  mention t h a t ,  in an attempt t o  simulate chroma- 

tographic  behavior with chemically bonded phases, ou r  model is 
c u r r e n t l y  being extended t o  include highly modified adsorbents.  
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