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SURFACE HETEROGENEITY EFFECTS IN 

WITH MIXED ELUENTS 
LlQU ID-SOLID CHROMATOGRAPHY 

M. Jaroniec* and D. E. Martire 
Department of Chemistry 

Georgetown University 
20057 Washington, D.C. 

AUSTIL’CT 

Equations k s o r f i i n g  l iqu id-so l id  clironatoqrapliy (LSC) systems with 
i d e a l  sur face  and 1iulL phascs and lieteroqeneous adsorbents a r e  
derived and discussed. I t  i s  shown tliat f o r  a mixed surface phase 
formed on a heteroqeneous s o l i d  sur face  t h e  dependence of In  ks on 
I n  x i  is l i n e a r  for higher  concentrat ions of  t h e  f i r s t  so lvent  and its 
slopc is a function of the  r a t i o  of molecular s i z e s  of  s o l u t e  and 
solvents ,  heterogeneity p a r a m t c r s  and c q u i l i h r i u n  constants  descr ibing 
phase exchanqe between s o l u t e  and solvent  molecules, However, f o r  
conplete coveraqe of t h e  surface by m l e c u l e s  of the  f i r s t  so lvent  
t h i s  l i n e a r  dependence becones the  Snyder-Saczcwidski re la t ionship ,  
i n  which tlic slope depends solely on  t h e  r a t i o  of molecular s i z e s  of 
the  so lu te  and solvents .  These r e s u l t s  and an ana lys i s  presented 
herein a l s o  denonstrate  t h a t  a recent ly  proposed i n t e r p e t a t i o n  of the  
Snyder-SoczewiAski equation i n  incor rec t .  

ILITJ?ODUCTIOIJ 

Lnerqetic heterogeneity of t h e  adsorbent surface plays an important 

r o l e  i n  l iquid-sol id  (adsorption) chromtograpliy (LSC) with mixed 

eluents .  The e f f e c t  of  surface heterogenei ty  on L6C re ten t ion  behavior 

has been examined i n  some d e t a i l  f o r  chromtoaraphic  systems containing 
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1954 JARONIEC AND MARTIRE 

s o l u t e  and solvent  molecules of  spher ica l  (1-4) and non-spherical 

(5,151 shapes. The e a r l i e s t  and simplest descr ip t ion  of t h i s  problem 

provides u s  with the  followinn expression (7-9) : 

n 

where kS is the d i s t r i h u t i o n  c o e f f i c i e n t  of t h e  s-th so lu te  

r e f e r r i n g  t o  tlie e n t i r e  heterogeneous surface,  

bution c o e f f i c i e n t  of t h i s  s o l u t e  on tho  q-th type of  adsorpt ion 

s i te  , 0 is  tho t o t a l  nunber o f  a l l  types of adsorpt ion s i t e s ,  

and 

subjec t  t o  the normalization condition: 

kSfq is the d i s t r i -  

fq i s  the  f r a c t i o n  of the  q-th type of adsorpt ion si te,  

Equation 1, whicli i 5  s t r i c t l y  v a l i d  only f o r  spher ica l  s o l u t e  and 

solvcnt  nnlecules, has been u t i l i z e d  hy Jaroniec e t  a l .  (1,2,8) t o  

der ive an approximate expression descr ibing the dependence of  t h e  

d i s t r i b u t i o n  c o e f f i c i e n t  on mobile phase composition f o r  heterc- 

geneow surfaces  character ized by a quami-Gaussian energy d i s t r i -  

but ion,  

In s p i t e  of the mn:r s t u d i e s  of t h e  r o l e  of sur face  hetero- 

geneity i n  t h e  LSC process (1-9) , t h i s  problem requires  f u r t h e r  

elaboration. In p a r t i c u l a r ,  t h e r e  remir. unresolved poin ts  concerning 

tho influence of tliia lieterogeneity on t h e  dependence of  the  d i s t r i -  

but ion c o e f f i c i e n t  upon mobile phase composition. 

I n  t h i s  paper sur face  heterogeneity e f f e c t s  i n  LSC with mixed 

mobile phases are discussed i n  terms of t h e  simple displacement 

nude1 (7-9). For present  purposes, OUT treatment is l imi ted  to  chro- 

mtographic  systems containing only spher ica l  s o l u t e  and solvent  
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SURFACE HETEROGENEITY EFFECTS 1955 

molecules, and idea l  s t a t i o n a r y  (surface)  and mobile (bull:) phases. 

Althouqh, i n  t h i s  case,  descr ip t ion  of heterogeneity e f f e c t s  would 

seem t o  he s t ra iTl i t fonmrd,  there  is  apparent c o n f l i c t  concerning the  

answer t o  the  follo:.rinq ryest ionr  Is the  s lope of tho Snyder- 

SoczewiAs1:i l i n e a r  rela t ionship depenclcnt on sur face  heterogenei ty? 

The popular use of t h i s  re la t ionship  by prac t ic inn  chronatographers 

impels us t o  resolve t h i s  issue.  

Let us consider a chromtoqraphic  system w i t h  i d e a l  s ta t ionary  

and mobile phases and containinq only spher ica l  so lu te  and so lvent  

molecules. 'Ihe adsorbent surface i s  assumed t o  be heteroqencous. 

tkxeover, l e t  us assume t h a t  molecular a reas  occupied hy m l e c u l e s  of  

d i f f e r e n t  solvents  on the s o l i d  surface a r e  i d e n t i c a l .  Let w denote 

the  a rea  f o r  one i s o l a t e d  solvent  molecule and us 

molecule of  tlie s-th so lu te ,  The r a t i o  of us and w i s  denoted by r. 

t h e  area f o r  a 

Tlic competitive so lu te  and so lvent  adsorpt ion process on t h e  

q-th type of adsorption s i te  my be represented by the following quasi- 

chemical react ion (U,9) I 

where 

r = ws/w . (4 )  

In t h e  above, ( s ) ~  and (1)' denote molecules of  the  s-th s o l u t e  and 1-st 

solvent  i n  the  mobile phase ( I I )  , and (6) '  and (1Iu denote molecules 

of t h e  s-th s o l u t e  and 1-st so lvent  i n  the  surface phase adsorbed on 

the  q-th type of adsorption site. Writing t h e  equi l ibr ium constant  

Ksl,q f o r  the  reac t ion  given by equation 31 

'I q 
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1956 JARONIEC AND MARTIRE 

and combining it with the equation def ining t h e  d i s t r i b u t i o n  coef f i -  

c i e n t  of  tile s-th s o l u t e  on t h e  q-th type of adsorpt ion s i t e ,  

w e  have 

n. In the  above, xi is t h e  mole f r a c t i o n  of t h e  i-th component i n  t h e  

mabile phase, x:,~ 

r e f e r r i n g  t o  t h e  q-th typo of adsorpt ion s i te ,  and t h e  subscr ip t  "i" 

denotes so lu te  (i-6) o r  solvent  (1-1). Tlie d i s t r i b u t i o n  c o e f f i c i e n t  

k, 

cotrbining equations 1 and 7. This combination gives: 

denotes the mole f r a c t i o n  of t h i s  component 

re fer r inq  t o  t h e  e n t i r e  heterogeneous sur face  may be obtained by 

Equation 8 m y  be rewr i t ten  i n  a s l i q h t l y  d i f f e r e n t  form containing 

the  d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  s-th s o l u t e  i n  the (pure) 1-st 

solvent  ks(l),q I t h e  subscr ip t  "(I" denotes tha t  t h i s  c o e f f i c i e n t  refers 

t o  t h e  q-th type of adsorption site. For 

equilibrium constant 

x t  * 0 and x i  .+ 1 the 

qiven by equation 5 becomes the d i s t r i -  %l ,q 

bution coef f ic ien t  

s(l) ,q - %,q 
k 

Taking i n t o  account 

k s ( l I l q  I i.e.1 

(9) 

the  above equal i ty  i n  equation 8 ,  w e  have 

ks(l) ,q (x:,q)r (10) 
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SURFACE HETEROGENEITY EFFECTS 1957 

Equation 10 d e f i n e s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  t h e  s-th s o l u t e  

i n  a nixed e l u e n t  on heterogeneous s u r f a c e s  posses s ing  a d i s c r e t e  

d i s t r i b u t i o n  o f  adso rp t ion  s i tes .  Th i s  equa t ion  is v a l i d  f o r  

chronatonraphic  oystens h e r e  hoth phases  are i d e a l .  (An expres s ion  

analoqous to  equat ion 10 nay be ob ta ined  for systems wi th  non idea l  

phases h u t  then a d d i t i o n a l  assumption ahout t h e  topoqraphy of 

adso rp t ion  s i tes  on t h e  su r face  is r equ i r ed  ( Q , 9 ) .  ) !lote tha t  f o r  

p1, equa t ion  1 U  q i v e s  the  expression f o r  a iiomoqerieoue s u r f a c e .  

S:JYDCR-SOC~~~IIJS l ; I  LI tXAR !CLATIOPJSIIIP 

L e t  us consider  n chromatooraphic s y s t e n  i n  which 1-st s o l v e n t  

is  very s t r o n g l y  adsorhed i n  comparison t o  o t h e r  s o l v e n t s  of the 

nixed e luen t .  Then, f o r  h ighe r  concen t r a t ions  of 1-st s o l v e n t  w e  can 

assume t h a t  t h e  mole f r a c t i o n s  

u n i t y .  Under t h i s  assumption equa t ion  10 gives:  

:<: ,q f o r  q = 1 , 2 , . . . , ' 2  are equa l  t o  

9. I n  k, = l n  ks( l )  - r I n  x1 

where 

(11) 

Equation 11 is known i n  the  chromatographic l i t e r a t u r e  (10) as t h e  

Snyder-SoczewiAnki l i n e a r  r c l a  t ionnl i ip .  1:quntion 11 has been ob ta ined  

from e q u t i o n  10 der ived r igo rous ly  f o r  LSC on heterogeneous s u r f a c e s .  

This d e r i v a t i o n  shnws t h a t  the s lope  r is  de f ined  by e q u a t i o n  4 and 

is c l e a r l y  independent of  p a r a n e t e r s  c h a r a c t e r i z i n q  t h e  s u r f a c e  

he t e rogene i ty .  Tho above r e s u l t  should be s e l f - e v i d e n t  because s u r f a c e  

he t e rogene i ty  a f f e c t s  on ly  t h e  m o l e  f r a c t i o n  of the 1-st solwent i n  

t h e  s u r f a c e  phase (see equa t ion  10) 

uni ty .  Hence, assumption of  complete coverage by molecules of  t h e  1-st 

s o l v e n t  i n  a r eg ion  o f  its h i g h e r  concen t r a t ions  au tomat i ca l ly  

e l i m i n a t e s  the  dependence o f  ks upon l ie terogenei ty  parameters. 

which is assumed t o  b e  equa l  to  
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I958 JARONIEC AND MARTIRE 

(Of course, t h e  assumption 

only molecules of t h e  1-st so lvent  and an i n f i n i t e l y  small nurber of 

s o l u t e  molecules, enahling us t o  neqlect  x: with respec t  t o  xy. ) 

x: = 1 means t h a t  the sur face  phase contains  

Recently, Eudzidski e t  a l .  ( 4 )  discussed t h e  Snyder-Soczwidski 

l i n e a r  re la t ionship  and obtained the  surpr i s inq  result  that  its slope 

a l s o  deponds on a heterogeneity parameter. Detailed ana lys i s  of t h e i r  

work reveals  t h a t  an inconsistency i n  t h e i r  t h e o r e t i c a l  considerat ions 

leads t o  t h i s  incor rec t  conclusion. They analysed an equation def ining 

adsorption f o r  a hinary l iqu id  mixture on a heterogeneous sur face  

(equation 27  i n  Ref. 4) and considered t h i s  equation a t  an i n f i n i t e l y  

l o w  concentration of one component (their equations 35 and 36). This 

case relates t o  LSC with a one-component mobile phase, whereas t h e  

Snyder-Soczewidski re la t ionship  descr ibes  LSC with mixed mobile phases 

(U,9) .  Thus, equation 36 i n  Ref. 4 ul t imate ly  descr ibes  t h e  d i s t r i -  

bution coef f ic ien t  o f  the second component i n  t h e  f i r s t  pure conponent. 

!loreover, a t  i n f i n i t e l y  l o w  concentrat ion of the  second component 

this d i s t r i b u t i o n  coef f ic ien t  assumes an unreasonable value (zero) .  

This is a d i r e c t  consequence of  t h e i r  applying an unsui table  

equation f o r  descr ibing t l ie LSC process, i n  which the  s o l u t e  

concentration is i n f i n i t e l y  low. 9 i e  isotherm equations of adsorption 

from solut ion,  used t o  formulate the  theory of LSC, should follow the 

proper Henry's law behavior a t  l o w  concentrations of t h e  component 

later considered aq the  so lu te .  It can be readi ly  shown t h a t  

equation 27 of Ref. 4 does not  f u l f i l l  Henry's l a w  a t  l o w  s o l u t e  

concentrations and therefore  pred ic t s  t h e  zero value f o r  t h e  s o l u t e  

d i s t r i b u t i o n  c o e f f i c i e n t  i n  the  pure solvent .  

Also, equation 36 i n  Ref. 4, which is v a l i d  only f o r  low 

concentrations of t h e  second component, w a s  conbined with equation 

32 t o  obtain equation 37, which, i f  it were cor rec t ,  could be used 
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SURFACE HETEROGENEITY EFFECTS 1959 

only a t  l o w  concen t r a t ions  o f  t h e  second component, which t h e  

au tho r s  des igna te  as t h e  more e f f i c i e n t  e l u t i n q  so lven t .  (P l ease  n o t e  

t h a t  i t  relates t o  t h e  f i r s t  c o n p n c n t  i n  ou r  n o t a t i o n ;  see equa t ion  11) 

The d m v e  d i scuss ion  i n d i c a t e s  t h a t  their c r y a t i o n  37 has been 

de r ived  i n c o r r c c t l y  and cannot Ire considered a s  nr compared t o  the 

Snyder-Soczewihski r e l a t i o n s h i p .  

E 
PrXS1:IJTFTIOIJ O F  CIIROI!ATOCRAPIIIC DATA I:I I n  ks - I n  x1 COORDIiJATES 

e 
1 LSC da ta  a r e  u s u a l l y  p l o t t e d  i n  I n  ks - 121 x c o o r d i n a t e s  and 

i n t e r p r e t e d  according t o  t h e  Snyder-Soczewihski model (see equa t ion  11) . 
This  model q ives  a reasonable  i n t e r p r e t a t i o n  for LSC s y s t e m  w i t h  

i d e a l  s u r f a c e  and mobile phases and lromgcneous adsorbents .  However, 

tlie experimental  dependence o f  I n  k_ o n  l n  xf i s  l i nea r  only i n  a 

l i m i t e d  concen t r a t ion  rcgj.nn and for mCmy s y s t e m  t h e  slope i s  found 

to be snuller than r , t h c  r a t i o  of t h e  mlecular s i z e s  of s o l u t e  

E and s o l v e n t s .  I n  o t h e r  words, t h e  l i n e a r  dependence of  I n  ks on I n  x1 

is an  a c c e p t d l e  r e l a t i o n s h i p  f o r  desc r ih inq  LSC d a t a  ove r  a l i m i t e d  

Concentrat ion ranqe, b u t  i n  the case of  I S C  s y s t e m  w i t h  non idea l  

phases and hctcroqeneous adso rben t s  i ts  physicocliertucal i n t e r p r e t a t i o n  

is  more complex than  that  r e s u l t i n g  from Snyder-Soczewifiski m d e l .  

This problem i s  i l l u s t r a t e d  liere f o r  LSC systems wi th  heterogeneous 

adsorbents .  The systems i n  q u e s t i o n  m y  be  desc r ibed  by equa t ion  10. 

The mole f r a c t i o n  x: ,~ d e s c r i b i n g  t h e  a b s o l u t e  adso rp t ion  of the 

1-st s o l v e n t  on t h e  q-th type o f  adso rp t ion  s i t e  may be r ep resen ted  

by the fol lowing well-known equa t ion  (11,121 I 

where K12,q is t h e  equ i l ib r ium c o n s t a n t  d e s c r i b i n g  the phase-exchange 
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1960 JARONIEC AND MARTIRE 

between nolecules o f  1-st and 2-nd solvent  occuring on t h e  q-th type 

of adsorption site. %i&i constant  is defined a s  follows: 

where a12 is  tlte pre-exponential f a c t o r  connected with the  p a r t i t i o n  

functions o f  i s o l a t e d  molccules o f  tho 1-st and 2-nd solvents  i n  the 

sur face  and bulk phases, respect ively,  and f i , q  ( i=1,2)  i s  t h e  adsorpt ion 

enerqy of the  i - th  solvcnt  on the  q-th t y p e  of  adsorpt ion s i t e .  

Thc! equilibrium constant  Ksi,q 

equation 14; it is 

in expressed by an equation s i m i l a r  t o  

#9 ltie constant K 

and Its2 1 then (13) 

my be expressed by moans of t h e  constants  K,1 
1 2 A  

lq  

Takinq i n t o  account equations 9 and 16 i n  equation 13, we & b i n  

Combination of equations 10 and 

Expanding In ks i n t o  a Taylor’s  

(then x1 = 1 1 ,  w e  have a 

18 gives 

e 
series about the poin t  In x1 - 0 
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SURFACE HETEROGENEITY EFFECTS 

Q 
In  ks = I n  k (1 - K21,q) 

P In  x1 (20 

where k is  defined by equation 12, whereas, li is defined 
s (1) 21,q 

1961 

by 

equation 16. The high-order t e r m  appearinq i n  the series 20 have 

been neglected. Thus, f o r  LSC systems with a heterogeneous adsorbent 

equation 20 pred ic t s  a l i n e a r  dependence of In ks vs, I n  xf i n  the 

region of 

molecular s i z e s  of so lu te  and so lvents  ( r ) ,  heterogeneity parameters 

(f 

It i s  worth mentioning t h a t  equation 20 has been derived for x i  

smller than unity. The nole f r a c t i o n  xYlq expressed by equat ion 13 

approaches uni ty  when 

(then f = 1) equation 20 1)ecomes the  Snyder-Soczewids1:i equation 

11. Thus, when we assume conplete coverage o f  the surface by molecules 

of the  1-st solvent  ( the  Snyder-Soczewidski assumption) equation 20 

becomes equation 11, i n  which the slope depends on t h e  parameter r only, 

a s  expected. 

P 
x1 * 1 b u t  i t s  slope is dependent on t h e  r a t i o  of 

f o r  q = 1,2,...,Q) and t h e  equi l ibr ium constants  Kzl Iq  and Ksl,cr. 
9 

19 

= 0 . m r  li21,cI “ 0  
21,q KlZlq >> 0 , i.e., I: 

1 1  

The second s p e c i a l  case o f  equntion 20 may be obtained by assuming 

q=l (a homogeneous sur face) .  Then, w e  have 

E 
21‘ In  t h i s  case t h e  s lope of the  In k 

when K21 approaches zero (then 

the  snyder-%xzewidski r e l a t i o n  (equation 11) as expected. I n  general, 

s ince t h e  1-st solvent  i s  t h e  more e f f i c i e n t  e l u t i n g  solvent ,  K 2 1  may be 

g r e a t e r  than zero (but  smaller than uni ty)  and t h e  s lope would then 

be less than r. This is cons is ten t  w i t h  the  observed exparimental 

behavior of many LSC s y s t e m .  

vs. In  xl p l o t  depends on r and K 

xy - 1) , equation 2 1  a l s o  reduces t o  
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In s u r m r y ,  it i s  now c l e a r  t h a t  for LSC systems with i d e a l  phases 

and lietcroqeneous adsorbents, the  slope of t h e  l i n e a r  regime of p l o t s  

of In  ks against  In x1 for xu = 1 ( the  Snyder-Soczewifiski case)  is  

determined solely by the r a t i o  of the  nolecular  s i z e s  of s o l u t e  and 

solvents ,  r. However, i f  there  e x i s t s  a mixed c o m p s i t i o n  of the 

surface phase (xy 

heterogeneity parameters, t h e  ecui l ibr ium constants  descr ibing t h e  

phase-exchange react ions between solute and solvent  molecules , and r. 

e 
1 ,q 

< l), t h i s  slope thcn becomes a funct ion of t h e  
,cI 

This material i s  !>ased upon work supported by the biational Science 

Foundation under G r a n t  CIIE-3305045. 
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