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LlQU ID CHROMATOGRAPHY WITH MIXED 
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ADSTPACT 

A discussion is presented concerning t h e  appl ica t ion  of t h e  simple 
l i n e a r  re la t ionships  I n  K, VS. 111 x and I n  K, VS. x , where Ks is  
the  s o l u t c  d i s t r i b u t i o n  c o e f f i c i e n t  and x is tlie mole f r a c t i o n  of 
the rwrc e f f i c i e n t  e l u t i n g  solvent  i n  the  nobi le  phase, f o r  analysing 
u: data  calculated f o r  d i f f e r e n t  chromatographic models. I t  i s  
shown t h a t  these l i n e a r  r e l a t i o n s h i p  qive a s a t i s f a c t o r y  represen- 
t a t i o n  of the L c  data  r e l a t i n g  to some d i f f e r e n t  models i n  a l imi ted  
concentration rcqion of tlie mrc e f f i c i e n t  c l u t i n q  solvent .  IIence, 
it is d i f f i c u l t  t o  select t h e  LC nodel properly rapresent inq 
R qiven chrornatoqrapliic system on tile b a s i s  of t h e  parameters 
obtained by f i t t i n g  LC da ta  t o  these  l inear  re la t ionships .  

f Permanent address: I n s t i t u t e  of Chomistry, tl. Curie-Sklodmska 
University, 20031 Lublin, Poland. 
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1966 

INTRODUCTIOII 

BOROWKO AND JARONIEC 

l k o  s i n p l e  l i n e a r  re la t ionships  a r e  f requent ly  used f o r  i n t e r -  

p rc t ino  t h e  l iqu id  chromatography (LC) data measured a t  d i f f e r e n t  

mobile phase compositions. They are (1-4) I 

In l:, - al + bl In  x (1) 

where Ks is  the d i s t r i b u t i o n  coef f ic ien t  of tlie s- th  s o l u t e  

chromatoqraphed i n  a hinary e luent ,  x i s  t h e  mole f r a c t i o n  of t h e  

more e f f i c i c n t  e l u t i n g  so lvent  i n  tlie mobile phase, ai and bi 

f o r  i = 1,2 are  parameters of the  l i n e a r  re la t ionships  1 and 2. 

uxtlogous l i n e a r  re la t ionsi i ips  to those r iven by equations 1 and 

2 may be wri t ten  i n  terns of t h e  capaci ty  r a t i o  of tlie s- th  s o l u t e  

and the volune f rac t ion  of the more e f f i c i e n t  e l u t i n g  solvent .  

Equations 1 and 2 were discussed t h e o r e t i c a l l y  5;. severa l  

authors (5-11). F o l l w i n g  Soczewiiski's concept (5)  of t h e  s o l u t e  

adsorption durinq t h e  LC process Jaroniec e t  a l .  (11) have proposed 

a general equation descr ihinq the  dependence of the d i s t r i b u t i o n  

coef f ic ien t  upon W i l e  phase mmpooition. iflien tho e l u t i o n  

s t renqths  of  the solvents  forminq an ideal binary m b i l e  phase a r e  

considerably d i f f e r e n t  (then a t  moderate and hiqlier concentrations 

of t h e  more e f f i c i e n t  e l u t i n g  solvent  the s t a t i o n a r y  (surface)  phase 

cons is t s  of molecules of  t h i s  so lvent  and s o l u t e  molecules, the 

concentration of which i s  i n f i n i t e l y  l o w ) ,  the above mentioned 

equation becomes the so-called Snyder-Soczewiiski equation I, i n  

which bl is equal  to  t h e  r a t i o  of molecular s i z e s  of s o l u t e  and 
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MIXED MOBILE PHASES 1967 

solvent  and al - I n  KScl) , where K ~ ( ~ )  is 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  of the  s-th solute chromatographed i n  the mte e f f i c i e n t  

e lu t ino  bolvent (2,6). According to  t h e  papers (2,5,6,9,12) t h e  

sn:xkr-SoczewiAski re la t ionship  r e l a t e a  to  t h e  LC m d e l  assuming 

t h e  phase-exchange between s o l u t e  and solvent  m l e c u l e s  contained 

i n  the  i d e a l  s ta t ionary  and mobile phases. In o ther  wordr, equation 

1 descr ibes  a pure d isp lacemnt  model, wliich qives a reasonable 

representat ion of mny LC nornul-phase systems (2,9,12). 

IImcver, equation 2 nay be derived i n  t e r n  of tlie LC model 

ascuninrt c l a s s i c a l  par t i t ioi i i r ic  of the s o l u t e  between two, near ly  

i d e a l ,  s ta t ionazy  and rmbilo phases (9,12). On t h c  o ther  hand, 

equations 1 and 2 a r e  frequently considered as empir ical  re la t ion-  

ships  and used f o r  i n t e r p r e t i n q  LC da ta  i n  a l imi ted  concentrat ion 

reqion (2,J,G,7). In t h i s  paper t h e  u t i l i t y  of  appl ica t ion  of the 

r i n p l e  l i n e a r  re la t ionships  1 and L f o r  descr ihinq LC da ta  ca lcu la ted  

f o r  d i f f e r e n t  diromatoqraphic rmdels, is discussed. The present  

worL shows t h a t  physicoclienical i n t e r p r e t a t i o n  of tlic l i n e a r  

p a r a m t e r s  ai and bi chtained bv f i t t i n q  t h e  diromatographic 

da ta  to  tile l i n e a r  re la t ionst i ips  1 and 2 i c  very d i f f i c u l t  because 

these ?arameters can fie discussed i n  term of  d i f f e r e n t  models of 

the LC process. 

L e t  us consider a chromatographic system with the s-th s o l u t e  

and a binary eluent .  We designate the 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  

by Ks and t h e  mobile phase composition by x , where x is the 

mle f r a c t i o n  of the rmre e f f i c i e n t  e l u t i n g  solvent .  The syns3ol KS1 
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1968 BOROWKO AND JARONIEC 

denotes t h e  equilihrium constant  descr ibinq the phase-cxchanqe 

react ion between m l c c u l e s  of s o l u t e  and 1-st solvent ,  which i s  

assumed t o  be 4310 nore e f f i c i e n t  e l u t i n q  solvent .  Tlius, t h e  adsorption 

enerqies o f  the  s o l u t e  and solvents  "1" and "2" nat is ; fy  the followinq 

inc7ual i ty  t 

CS ' E l  ' E 2  (3) 

Tlie simple models of  Lc jxoccss a r c  usual ly  formulated by using tile 

fol lowirn assur:ptions (7) I 

1) so lu te  <and solvent  molecules a r e  ni)horl.cal and liavc ic?cntical 

molecul~ir s i x e s ,  

2) the  surface phase is i d e a l ,  

3) tire mobile phase imi' J)p. considered as: an i d e a l  s o l u t i o n  ( a ) ,  

a reqular  so lu t ion  ( I ) ) ,  a so lu t ion  containinq pure assoc ia tes  

of the more e f f i c i e n t  e lut i i iq  solvent  (c) or a s o l u t i o n  

containinq solvates  cons is t ino  of one s o l u t e  nolocule and some 

noluculcn of  t h e  1-st so lvent ,  

4) the  adsorbent surface m y  i>c considered as: energe t ica l ly  

homoqencous (a)  o r  enerqe t ica l ly  lieteroneneous ( 5 )  . 
In t h i s  paper f i v e  nodels of  LC proccss a r e  considered: U l  (assumptions 

1,?,3a,4a), t!2 (assumptions 1,2,3b,4a), t!3 (assunptions 1,2,3ct4a) ,  

114 (assumptions 1,2,3d,4a) and t'5 (assumptions 1,2,3a,4h), Table 1 

contains the fundamental equations descr ibing t h e  dependence of K, 

upon m & i l c  phase composition for the mdels Hl- t I5 .  

"lie functions I n  Ks vs. In  x and In  Ks VS. x may be expanded 

i n t o  a Taylor 's  series about t h e  points In x - 0 (then x - 1) and 

x = 1, respectively. Neglecting in these expansions the term8 

containing second and hiqher  der iva t ives ,  we have: 
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MIXED MOBILE PHASES 1969 

Eauations descr ihing the  dependence of KS upon nobile  phase 
cornposition f o r  1.C models kll-E:5 

i 
f lode 1 

lcode 
1:qua t i o n  Ref, 

13  

Notation: K . - phase-exchange constant  for molecules of t h e  s-th 
s o l u t e  and 51th nolventi C - so lva t ion  equi l ibr ium constant  (16)j 
L - assoc ia t ion  equi l ibr iun  constant  (16);  w i j  and wiS - i n t e r a c t i o n  
parameters between m l e c u l e s  i-j and i-s, respect ively (14): n - 
parameter character iz ing energe t ic  heterogenei ty  of t h e  adsorbent (17)  . 

I n  KS = In l;s(l) + ( d  In Ks/d l n  x) I I n  x 
YFl 

and 

I n  1; = I n  K + (d  I n  KS/dx) Ixpl(x - 1) 
9 (1) 

Introducing a new parameter n def ined by: 

xol  ’ n - - ( d  In  Ks/dx) I 

( 4 )  

(5) 
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1970 BOROWKO AND JARONIEC 

we can rewrite equations 1 and 2 as f o l l m s r  

I n  1: 

and 

In K, = a2 - n x 

= al - ti In x 
4 

(7) 

whorc 

al = I n  I s ( l )  J a2 = I n  + n I L)l = b., = -n (9) - 
T'lhle 2 contains exprcssions def ininq thc parameter n ( i , e , ,  slope 

of  the l i n e a r  re la t ionships  7 and U) f o r  t h e  models )!1-:14. IIorrever, 

Table 3 contaiiin expressions dofinin9 the parameter 

appears i n  the  followinn ner ics  : 

no , which 

s ( 2 )  - * I n  K, = 111 1: 

where 

no = -(a I n  KS/dx) I,, 

(10) 

(11) 

Equation 1 0  presents  two f i r s t  t e rns  of the funct ion 1x1 K, VB. x 

expanded about t h e  point  x = 0. I f  thc dependence In  Ks vs. In  x 

shows a l i n e a r  bcliavior &,out an a r b i t r a r y  poin t  In  ~0 6 (O,l), we can 

expand tiic function In Ks &out this point .  Then, we i q  write:  

In  Ks - In Ks(x=xo) + (d In KB/d In  x) I 
o r  

In K~ = a* - n* In x 

where 

a* = In  K,(x=xo) + n* In xo I 

( In  x - In  x,) (12) x=x() 

(13) 

(14) 
x=% 

n* - - ( d  I n  K6/d I n  x) 1 

The dependence 

shows a l i n e a r  scgnent i n s i d e  the x-interval (0,1), which may be 

In Ks VS. In x ca lcu la ted  according t o  the m d e l  X5 
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MIXED MOBILE PHASES 1971 

TADIS. 2 

~ x p r e s a i o n s  defininq the  s lopes  of the l i n e a r  re la t ionsh ips  7 
and U a t  x +  1 

Model Slope n CorLunf?nts 

nid = 1 - nid< 1 

12 + Y S  - w  W I w  2s 
r 

ngnid<l 

n € (conet ,  nid 

a b r e v i a t i o n  
when y incremut;. 

18 3 n+ (11 - b l i j ,  w C , L) denotes t h a t  n decreases is'  

TX3J.E 3 

Expressions defininq the slope of the l i n e a r  re la t ions l i i r  10 a t  x + 0 
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1912 BOROWKO AND JARONIEC 

approximated by the l i n e a r  re la t ionsl i ip  12. Similar ly ,  t h e  funct ion 

In I;, nay be expanded with respect  t o  the  var iab le  x about the  poin t  

x = xo but  the mdel s tudios  showed t h a t  t h i s  expiU1sion is not  

useful  from p r a c t i c a l  viewwint .  

'ihis sec t ion  prnscnts the node1 s t u d i e s  refer inr i  t o  the  i C  

nodelle Ml-H5 summarized i n  T & l e  1. F i r s t ,  we ca lcu la ted  t h e  dependence 

of I n  1:- upon mobile phasic conposition f o r  the models ril-ri5 accordinq 

t o  t h c  equations presented i n  T ~ a b l a  1. :Iext, them t h e o r e t i c a l  d a t a  

were p lo t ted  i n  In Ks - In x 

these p lo ts  wc could f ind rcqions of the  m a b i l e  phase conposition, i n  

which the  demndences In  K, vfi. In x and In XS vs. x a re  l inear .  

and In  I &  - x coordinates. Analysing 

! low,  the  mst interent i r ig  r e s u l t s  o f  these model ntudies  w i l l  be 

presented. rirst, we consider tlie inodel 11. Since the 1-st so lvent  

is  assumed t o  lie more e f f i c i e n t  c l u t i n q  so lvent  the equi l ibr iun  

constant  KZl is smaller  t l n n  uni ty  and the  parameter 

smallcr  than u n i v  (see Ta!~ le  2 ) .  Figure 1 presents  t h e  de9endence of 

In  VU. 111 x calculated according t o  the model :!l (see T a b l e  1) f o r  

d i f f e r e n t  values of 

n=nid is a l s o  

, where tlie constant  KZ1 is defined a s  follows: 

E 1: s ( l ) ~ ; s ( 2 1  (2,t i ) .  It  follows f ron  Fiqure 1 t h a t  t h e  curves In  KS 

VS. In x show a l i n e a r  behavior a t  hiqlior concentrations of x ( In  x 

+ 0). AS KZ1 + 0, the  mbile pliase composition range over which the 

funct ion In  K, is  e s s e n t i a l l y  l i n e a r  increases .  Moreover, the  curves 

In  Ks vs. I n  x re fer ing  t o  

l i n e a r  re la t ionship:  

+ 0 approach the Snyder-SoczewiAski 
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MIXED MOBILE PHASES 1973 

InK, 

2.1 

1.1 

FICUN: 1. Theoret ical  curves In Ks vs. In x calculatcc? according t o  
tlie rmdcl M1 (sce Table  1) for  K21 = K s ( l ) / K , 1 7 ) #  %s(l) = 1.25 and 

= 2, 3, 5, U and 10 (nurbcrs a t  tlie sol13 l i n e s ) .  ':he &shed 
l i n e  !,resents tlic snyder-SoczoiriAs).i rc1ation:;lii~~ (15) , X*(L) 

In K, = 111 K B ( l )  - In x 

h i s  re la t ionship  !ias the absnlute slopc w u a l  t o  uni ty  because we 

assiimd i d c n t i c a l  mlocular  s i n e s  of s o l u t e  and solvents .  Thus, for 

LSC s,*s tens r r i t l ;  i d e a l  phases and horoqencous adsorbents, charac- 

t e r i z e d  by the Constant Kzl = 0 ( then the sur face  phase contains  

m l e c u l e s  of t h e  1-ot so lvent ,  wheroaa , concentrat ion of molecules 

of s o l u t e  and 2-nd so lvent  is i n f i n i t e l y  low), t h e  absolute  s lope  

of t h e  l i n e a r  regime of I n  Ks VS. In  x is  determined s o l e l y  by the 

(15) 
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1974 BOROWKO AND JARONIEC 

ra t50 of t h e  molecular s i z e s  of s o l u t e  and so lvents  ( i n  our case 

t h i s  r a t i o  is equal t n  u n i t y ) .  Ilowever, i f  t h e r e  e x i s t s  a mixed 

composition of tho surface phnse (O< K21< 1) , then t h i s  s lope depends 

addi t ional ly  on t h e  cquilibriun: constant  Fiqurc 1 shows t h a t  

i n t e r p r e t a t i o n  of LC da ta  by moans of t h e  l i n e a r  re la t ionship  7 

provides no i n f o m i t i o n  about cliromatoqraphic nodel. Ilowever, eva lua t ing  

t h e  equilibrium constant  Kzl from independent adsorption measurements 

(19) wc have addi t iona l  in forna t ion  about t h e  sur face  phase cornyosition, 

which mQ:es i n t e r p r e t a t i o n  of LC data  eas ie r .  

';he chmmatographic da ta  ca lcu la ted  according t o  the  model M 1  

( s e e  Fiqure 1) 1:ave heen also nrcsentcd i n  In E, - x coordinates 

(r;ec Figure 1 ) .  I t  f o l l o w  fmm FirJure 2 t h a t  t l ie  curves In  K, VB. x 

show a l i n e a r  lmhavior airnut x + 0 (equation 10) and x * 1 (equation 8 ) .  

for lm: valuer. of the slopes n wid no of the  l i n e a r  s e m e n t s  

of the  curves In it, VS. x a t  x + 0 and x + 1 a r e  d i f f e r e n t .  A comyr iscn  

of the  curves I n  i:, VS. I n  x ( F i g r e  1) and In 

p l o t t e d  f o r  lm7 valucls of KZ1 (e.n., l : s ( l ) = l , 2 S  and %,(2)=10)sh~)wi t h a t  

equation 7 appmxinates b e t t e r  LC data  a t  x + 1, rrhcrcas, equation 10  

givcs b e t t e r  approxination of these data  a t  x + 0. Hmlever, f o r  the  

model M1 and I:21 

n 

it means t h a t  these LC data  may fic approxirated by t h e  following 

expression: 

In = x In Ks(l) + (x-1) I n  KS(2) (16) 

vs. x (Figure 2 )  

1 (s imi la r  adsorpt ion of both solvents)  the s lopes 

and no of t h e  curve In  Ks VS. x a t  x + 1 and x + 0 a r e  s i m i l a r ;  

Equation 16 may be  obtained from equations 8 and 10 by approximt ing  

In  K21 = K21 - 1. 
Ihe results presented i n  Figures 1 and 2 r e f e r  t o  t h e  model M1, 

i n  which t h e  mobile and sur face  phases a r e  assumad to be  ideal and 
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MIXED MOBILE PHASES 

In 

0 r 
1.0 0.5 X 

PIcupx 2 .  Theoret ical  curves I n  :C, w ,  x ca lcu la tcd  accordina t o  the  
model MI. (see Tab le  1) f o r  ::zl = i : s ( l ) / K S ( 2 )  J I L ( 1 )  = 1.25 and Ks(2) 

presents  tlle re la t ionship  16 f o r  :C21 = 2 . 0  , 
= -  -, 3 ,  5 and l c )  (nunhers a t  t h e  solici l i n e n ) .  Yhc dashed l i n c  

adsorbent is enerqe t ica l l :~  homorrcneous. In the case of tlie rode l  I:2 

tlic nobile  pliasr? is assumed t o  bc ,i reqular  so lu t ion ,  i n  wliich tlie 

m l e c u l a r  in te rac t ions  

and u Z s .  r o r  t h i s  nodel a t  x -+ 1 tlie paraneter  

l i n e a r  equations 7 and 8 is a funct ion of tiic equi l ibr ium constant  E21 

and i n t e r a c t i o n  parameters w12,  w l s  and wZs (see Table 2 )  1 i t s  value 

increases  as wZs increases  and it decreases as w12 and wls increase. 

Iloreover, n may he greator  a s  well a s  smller than uni ty ;  it depends 

upon re la t ionship  between values of K12 , w12 

a rc  d m r a c t c r i z e d  Ly the paramcters w 1 2 ,  wls  

n appenrinq i n  tlic 

, qS and wZs.  Figures 
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1916 BOROWKO A N D  JARONIEC 

-2.0 -1.0 - 2.0 -1.0 
In  x I n  x 

FIGURI: 3. '2Iicoreticnl curves In I:, vs. In x calculatcr! accordinn t o  
the model MZ (see  ?&lo 1) f o r  K12 = 1/t:21= 2 . 0  and 8.0 and d i f f e r e n t  
values of the paraneter  u lZ  (nurbcrs a t  t h o  s o l i d  l i n e s ) .  "he dashed 
l i n e  presents thc Snyder-SocznriAshi rc la t ionsl l ip  15. 

3 and 4 present  ttie curves In K, VS. 111 x and In KG VS. x t  respect ively,  

calculated accordin9 t o  tlie nodel IU. It  follows from these f igures  

t h a t  for LC sys tem w i t h  nobile phases sat isfyin:  conditions of the 

reqular  so lu t ion  t h e  u t i l i t y  of equations 7 and 8 f o r  apnroximating 

LC data  i s  ratliar l i t t l e .  Although, f o r  s p e c i a l  values of the 

parameters w12 uln , w28 and K21 the curves In  K, VS. I n  x show 

a l i n e a r  behavior a t  x + 1 ( f o r  u12< 0 and g r e a t e r  values of K12= 

lpZl 

(for w12 > 0 and smller values of KlZ# so8 Fiqure 3 for K12 = 2 ) .  

s e e  Figure 3 f o r  K12 P 8.0) and a t  moderate values of x 
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MIXED MOBILE PHASES I911 

In KS 

2.1 

1 .( 

InK, 

2.1 

K12=2.0 

X 0.5 X 0.5 

rIGu?x 4. Theoretical curves In KS VS. x ca lcu la ted  according t o  the 
m d e l  ~2 ( s e e  T a b l e  1) for thc  silm values of a l l  !mrilrneters as i n  
Fiqurct 3. 

S i n i l a r l y ,  the curves I n  Ks VG. x s1io.d a l i n e a r  belravior f o r  o r e a t e r  

values of K12 and w12 < 0 (see Figure 4 for  iL12  = 8). 

r i c p r c s  5 and 5 r e f e r  t o  the model 113, which assumes assoc ia t ion  

of molecules of tlic 1 - o t  solvent  i n  tile mobile phase, I t  follows from 

Figure 5 t h a t  tllc dependence In i t s  VS. I n  x i s  l i n e a r  i n  a wide renion 

of x neiqhbourhg with thc point  xfl for higher  values of K12 and L. 

The parameter n is always smaller than nid and it decreases a s  L 

increases  (see Table 2 ) .  In  the  case of t h e  dependence I n  K, VS. x 

(equation 8) the grea te r  reqions of the rrobile phase composition i n  
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In  K, 
\ 

K 8.0 

\ \  

- 1.5 

- 1.0 

- 0 5  

\\\\. \ '1 

-2.0 -1.0 I n x -2.0 

IYGEIC 5 .  Theore t i ca l  curveb I n  VS. I n  x c a l c u l a t e d  accordinn t o  
t h e  model 1:3 f o r  K12 = 2.0 and 8.0 and d i f f e r e n t  values  of  t h e  
a s s o c i a t i o n  cons t an t  L (nurhers  a t  ttie s o l i d  l i n e s ) .  The dashed l i n e s  
:>resent the Snyfier-Socze-.ihski l i n e a r  r e l o t i c n s h F 1 ~  1 5 ,  

wliich it is e s s e n t i a l l y  l i n e a r  are observed f o r  s m a l l  va lues  of KIZ 

(:ice Fiqurc 6). 

I n  tlie case of the model t44 assumiris so lu t e - so lven t  a s s o c i a t i o n  

( so lva t ion )  i n  the rnolrile phase tho parameter n is  always g r e a t e r  

tlieii nid. me dcpendence I n  Ks vs. I n  x (see F iqurc  7) shows a 

l i n e a r  behavior  a t  x -+ 1 f o r  h iqhe r  va lues  of  K12 and smaller va lues  

of C b u t  t h e  x-region of i t s  l i n e a r i t y  is smaller i n  comparison to  that 

observcd i n  Figure 5 f o r  K12 = 8.0 . ~n i n t e r e s t i n g  r e s u l t  i s  p resen ted  

i n  Yiqure 8 f o r  lower value of K12 (K12 = 2.0) the dependence I n  KS 

VS. x shows a l i n e a r  behavior  a t  x + 0 and x -+ 1 and t h e  x-renion of 
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0.5 X 

1 
0.5 X 

FIGUJU: 6. 
ttic nodcl ::3 (see T<able 1 1  for fflc same values of a l l  narameters 
as i n  I'iqurc 5. 

Vieoret ical  curves I n  Ks VA. x ca lcu la ted  according t o  

i t s  l i n e a r i t y  increases  as C increases .  The parameters n and no  a r e  

qrea tc r  always than nid and , respect ively,  and they increase  

as C increases .  Poreover, f o r  smaller  values of K12 , e.q., K12 = 2.0 

(both solvents  show s i r d l a r  adsorp t ion) ,  the 1,arameters n and no a r e  

s i m i l a r  arid thc  l i n e a r  re la t ionships  0 and 10 coincide; i t  means t h a t  

f o r  comparable adsorption of both solvents  and s t ronger  solute-solvent  

s p e c i f i c  i n t e r a c t i o n s  t h e  l i n e a r  equation 2 gives a s a t i s f a c t o r y  

representat ion of LC data  i n  the  whole mobile phase composition. 

Equation 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  

upon mobile phase composition according to t h e  m d e l  M5 (see Table 1) 
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1980 BOROWKO AND JARONIEC 

l n  K, 

\ 1.0 
\ 

I 
-2.0 

F1GLR.X 7. 'Iheorctical curves In  K, vs. In  x ca lcu la ted  according t o  
t h e  nude1 1'4 (see T a b l e  1) f o r  K12 = 2.0 and U.O, and d i f f e r e n t  values 
o f  thc solvat ion constant  C (numbers a t  t h e  s o l i d  l i n e s ) .  3 i e  dashed 
l i n e s  present  the :;n~.der-Socze~rihsLi l i n e a r  re la t iohship  15. 

has been derived !,y usinq an approximation (17,101. This equation 

cannot be expandcd i n t o  a Taylor's series ahout the pointr; x = 0 and 

x = 1 . However, i t  may h e  expanded accordinq t o  tho formula 1 2  about 

the point  x0 8 ( 0 , l ) .  According to  cquation 14 w e  haver 

W l  
(Xof i : s ( l ) )m - x0(1-xo) / ( K ; s ( 2 ) ) m  

(XO/KS ( 1) 1 + [ (l-xo) /I:, (2)  I"  
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MIXED MOBILE PHASES 1981 

FIGURE 8. Theoret ical  curves In Ks vs. x ca lcu la ted  according t o  
tile model !"4 (see Table 1) f o r  the same values of all parameters as  
i n  r i q u r e  7. 'ihe dashed l i n e s  present  t!ie l i n e a r  r e l a t i o n s h i p  16. 

I t  mans  t h a t  n* is  smaller  than uni ty ,  Figures 9 and 10 present  t h e  

curues In K 

M5 (see  ?able 1). Presentat ion of LC da ta  relatirlrJ t o  the  node1 M5 

i n  I n  i;, - I n  x coordinates shows t h a t  there  e x i s t s  a wide region of 

the m b i l a  phase composition (small and moderate values of x) i n  which 

the  dependence In  Ks vs. In  x is e s s e n t i a l l y  l i n e a r .  I n  c o n t r a s t  t o  

t h i s ,  t h e  dependence I n  K, VS. x i s  not  l i n e a r  i n  this region and 

i n  not  s u i t a b l e  for present ing LC data  ca lcu la ted  according t o  M5. 

VS. In x and In K, VS. x ca lcu la ted  according t o  t h e  model 
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1982 BOROWKO A N D  JARONIEC 

I n K s  In K, 

K 2.0 

\ 
\ 
\ 

1.1 

I ,\, \ 

-2.0 -1.0 v 
l n  x 

PIGUN: 9.  
the model ~5 (scc Table 1) f o r  = 2.0 and 8.0 and d i f f e r e n t  values 
of the lieteroqeneity parameter m (numbers at t h e  s o l i d  l i n e s ) .  The 
daslicci l i n e s  present  the r,nydor-SoczevihsI~i re la t ionship  15. 

Theoretical curves In Ks VS. I n  x ca lcu la ted  accordinq to 

Llie rmdel s tud ies  tmesented i n  r iqures  1-10 were performed b:, 

nssuninn equal i ty  of  the molecular s i z e s  o f  s o l u t e  and solvent  molecules. 

Then, thc r a t i o  of moleculir s i z e s  of s o l u t e  and solvent  molecules r 

is q u a 1  t o  unity. Vndcr t h i s  assumption t h e  Snyder-SoczewiAski 

re la t ionship  15 has a u n i t  slope. For r # 1 t h i s  r e l a t i o n s h i p  is  qiven by: 

In Y,, = I n  K s t l )  - r l n  x (18) 

Equation 18 descr ibes  LC model, i n  which nwlecules of  t h e  more e f f i c i e n t  

e l u t i n g  so lvent  (1-st solvent)  a r e  s t rongly adsorbed on the s o l i d  
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M I X E D  MOBILE PHASES I983 

In Ks 

2.c 

1.c 

0 

FICUN:  10. 
the  rrodel M5 f o r  the same parameters as  i n  Fiqure 9. 

Theoret ical  curves I n  Ks vm. x ca lcu la ted  according t o  

sur face  and i n  consequence, t h e  sur face  so lu t ion  does not  contain 

m l e c u l e s  of the  2-nd solvent  (K >> 1). analogous r e l a t i o n s h i p  t o  12 

equation 7 , involving difference i n  molecular sizes of s o l u t e  and 

solvent  molecules ( r  # 1 1 ,  may be wri t ten  a s  follows: 

where n is def ined by equation 6. Iimever, f o r  r f 1 t h e  constant  

KIZ = (Ksz/Ksl)  l'r ( 2 ) .  
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Values of the naranietcr rl = r n f o r  s o l u t e s  chromatographed i n  the 
systems In ,  Ib, l c ,  2a ,  2b and Zc (20,21) 

So lu te  va lues  of rl f o r  system..: 

l a  lb l c  2a  21) 2c 

: laphthalcne 
2- llothy lnapht l ia lenc  
2,3-Dicliloronhenol 
2,4-Dichlorophenol 
2,5-l)ichloro?h,hcnol 
2,6-I)ichloroplienol 
C r H i  troplicnol 
9-t'cthy l a n t r a c e n e  
11-Pheny 1- I-naphy lamine 
2-ilitrc-n- t o lu idyne  
5-Eli tro-o- t o lu idyne  
o - i l i  t r o a n i  l i n e  
w:li troani l i n e  
p-lli t r o a n i  l i n e  
Anthracene 
Pyrene 
Phenanth r ene  
Ctirysene 
r luorenone  

0.54 
0.54 
1.30 
1.22 
1.28 
1.14 
1.24 
0.81 
1.42 - - - - 
- 
0.72 
0.74 
0.74 
0.UG 
1.10 

0.13 0.13 
0.13 0.14 
0.42 0.60 
0.42 0.60 
0.51 0.48 
0.30 U.3G 
0.16 0.30 
0.15 - 
0.28 - 
0.54. 0.74 
0.84 1.19 
0.46 0.72 
0.64 1.00 
0.78 1.20 - - - - 
- - - - - 0.26 

- - 
0.71 
0.77 
0.73 
0.70 

0.44 
1.05 

- 

- - 
1.33 - - 
0.30 
0.54 
0.50 
0.70 - 

0.24 
0.25 - 
- - - - - - 
0.60 
0.70 
0.50 
0.66 
0.75 - - - - - 

0.21 

0.40 
0.44 
0.40 
0.33 
0.16 

- 

- - - - 
0.57 
0.74 
1.15 - - - - 
0.20 

S y s t c ~ m :  l a  - ) ic inzene(l)-~~clohe:tane(2)-  s i l i c a  g e l ;  l h  - a c e t o n e ( 1 ) -  
henzenc (2 ) -o i l i ca  q e l f  l c  - ethyl  acetate(l)-benzeno(2)-silica g e l ;  
2a - benzenc-cyclo2iexanc-aluminium oxide! 2b aceCone-benzene-alur,inj.um 
oxide ;  2 c  - c t l i y l  acetate-benzene-alwniniun oxide .  

Gene ra l ly ,  the parameter rl is de termined  by the r a t io  of mlecular  

s i z e s  o f  so lu te  and s o l v e n t  m l e c u l e s  r and n , where n is  a complex 

f u n c t i o n  of d i f f e r e n t  parameters  and itrr d e f i n i t i o n  depends on the LC 

mdel (see Table  2 ) .  I n  Table  4 t h e  valu.8 of t) are summarized for  

d i f f e r e n t  s o l u t e s  chromatographed i n  three d i f f e r e n t  Mbile phases and 

two adsorbents (20,21).  These values were e v a l u a t e d  acco rd ing  t o  an 

equation c o r r e l a t i n g  t h e  a d s o r p t i o n  and chromatographfa & t a r  it is (20): 
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MIXED MOBILE PHASES 1985 

where 

eluent-adsorbent system and ns is  t h e  t o t a l  n u h e r  of moles i n  t h e  

surface phase (20). I t  is  easy t o  see  i n  Table 4 t h a t  for majority s o l u t e s  

the  values of rl a re  smaller  than uni ty  vhereas f o r  these systems t h e  

values of  r are q r e a t e r  than unity1 i t  means t h a t  t h e  simple model 

leadin? t o  t h e  l i n e a r  re la t ionship  18 cannot be appl ied for i n t e r p r e t i n g  

t h e  da ta  i n  question. I b r  the  s v s t e m  presented i n  Table 4 t h e  contr i -  

bution of n t o  the  value of q is s i q n i f i c a n t .  Since t h e  values of n 

a r e  considerably smaller than uni ty  and i n  consequence, tlie n-values 

become smaller than uni ty  although the  r-values exceed unity. 

n: i s  the  adsorption excess of tlie 1-st so lvent  measured i n  the 

CONCLUSIOElS 

I t  f o l l m s  from the discussion presented i n  the previous sec t ion  

t h a t  LC data  r e l a t i n o  t o  d i f f e r e n t  chromatoqraphic models can be 

approximated i n  a l imited revion of the mobile phase composition by 

t h e  l i n e a r  re la t ionships  1 and 2 .  ?herefore, a physicochemical 

i n t e r p r e t a t i o n  of t h e  parameters 

they are complex functions of d i f f e r e n t  p r a n e t e r s  charac te r iz ing  

competitive s o l u t e  and solvent  adsorption, nonideal i ty  of the  sur face  

and mobile ph.isas, adsorbent heteroqeneity and di f fe rence  of  

molecular s i z e s  of s o l u t e  and solvent  molecules. Thus, t h e  l i n e a r  

parameters ai and hi evaluated from LC data  provide a scant  information 

about LC model and addi t iona l  data  (e.q., adsorpt ion measurements) 

a r e  required to sugqest a s o l u t e  re ten t ion  mechanism. 

a i  and bi is very d i f f i c u l t  because 

imalysis  of t h e  l i n e a r  segments appearinq i n  t h e  curves In  $ vs. 

In  x and I n  K, vs. x leads t o  severa l  conclusions, which may b e  usefu l  

f o r  i n t e r p r e t a t i o n  of LC data. They are1 
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1986 BOROWKO AND JARONIEC 

1) The pararmtcr n may be s n a l l e r  than uni ty  as : murface phase 

contains molecules of iioth so lvents  (model l ' l ) ,  a s p e c i a l  r e l a t i o n  

exists between in te rac t ion  parameters (rode1 :42) , assoc ia t ion  of  

molecules of the  1-st solvent  occurs i n  the  mobile phase (M3) and 

adsorbent surface i s  heteroqeneous (model t15). 

2) The parameter n may be Treater  than uni ty  as solute-solvent  

in te rac t ion3  a r e  s t rong  (rndels  )I2 and x 4 ) .  

3) For hiqher  values of K12 kitrono adsorption of 1-st solvent)  the  

curves ~n K, VS. I n  x are e s s e n t i a l l y  l i n e a r  i n  a wide region of t h e  

Fabile phase composition (at x + l) ,  however, for smaller values of K 

(conparable adsorption o f  both solvents)  an analowus l i n e a r i t y  i s  

ohserved i n  the case of t h c  dependence of In Ks VS. X. 

12 

Thc authors thanks Professor  D&. F a r t i r e  and Profasoor E. Soczewlhki  

f o r  he lpfu l  discussions, 

PKETF4E;IW.S 

1. 

2 .  

3. 

4. 

5. 

6.  

7. 

8. 

Soczewihski, C., Anal. Chom., 411 1969, 179. 

Jaroniec,  M., ! lar t i re ,  D.E. and Borhb, II. ,  Advances Colloid 

In te r face  Sci., i n  prosa. 

Jaroniec,  M. , Dmidowicz, A. and Jaroniec,  J.A. J. Liquid 

Chromtoqr., 2, 1905, 441. 

Soczewidski, E. and Juaiak, J., Chromatoyraphia, l4, 1981, 23. 

Soczewihski, E., J. Chromatogr., a, 1977, 23. 

Jamniec ,  M. and Olcik, J., Journal HRC L CCt 19821 3. 

Jaroniec,  M. and J a m n i e c ,  J.A., J. Liquid Chromatogre, 21 1984, 393. 

Jandera, P. and Oluracek, J., Advances i n  ChrOItb%+Ogr., l91 1980, 125. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



MIXED MOBILE PHASES I901 

9. Snyder, L.R. and Poppa, i f , ,  J. Chrornatogr., 184, 1980, 363. 
10. Xar t i re ,  D.C. and Jaronicc,  !!., J. Liquid diromatogr., i n  press. 

11. Zaroniec, t!. , ;;bkylo, J .K.  and OScik-t:endyk H. , J. Chromatoqr., 

179, 1979, 237. - 
12. Jaroniec,  tl. and t la r t i re ,  D.L., J. Chromtogr., submitted f o r  

publ icat ion.  

13. Jaroniec,  t:. , Narkiewicz, J. and Uordwko, P!, , Chromatographia, 

11, 1973, 581. - 
14. Borhko,  H., J. Colloid I n t e r f a c e  Sci . ,  102, 19d4, 519. 

15. Borbrko, X. and Jaroniec,  tl., J. Chcm. SOC. Faraday I ,  2, 1983,363. 
16. Jaroniec,  I!. and Jaroniec,  J.I.., J. Chromatoqr., 295, 1984, 377. 
17. ilorkwko, tl. and JarOniQC, II., Chromatographia, l2, 1979, 672. 

18. Jaronicc,  !I., Rdhylo, J.K.  ‘and Golkiewicz, W., J. Chromatoqr., 

178, 1979, 27. - 
19. Jaroniec,  !l. and Odcik-Mendyk, B . ,  J. Chem. Soc. raraday I ,  

77, 1981, 1277. - 
20. Olcik-Nendyk, U., r,6*ylot J.K. and Jaroniec,  M. , Journal  HRC & CC, 

4, 1981, 74. - 
21. OScik-l:endyk, B., Jaroniec,  !:, and R6tylot J .K. ,  Chem. Anal., 

29, 1984, 29. - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


