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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, 7(5-2),  393-431 ( 1 9 8 4 )  

THEORETICAL FOUNDATIONS OF LIQUID ADSORPTIOH CHXOMAATOGRAPHY 

WITH MIXED ELUENT 

M.Jaroniec and J.A.Jaroniec 

Institute of Chemistry, M. Curie-SkZodowska University, 

20031 Lublin, Poland 

INTRODUCTION 

One of the main advantages of liquid-solid (adsorption) 

chromatography (LSC) with mixed eluent is the possibility of 

modification of  the capacity ratio over a wide range by changing 

the eluent composition C11.It means that the resolution and the 

analysis time may be optimized by correct choice of the eluent 

cornposition (isocratic LSC) or by eluent programing during the 

chromatographic process (gradient LSC).Optimization of the chromato- 

graphic process requires o f  the knowledge of dependence of 

the chromatographic quantities on the eluent compoeition C2-51. 

Increasing interest in gradient LSC C2-131 has created a pressing 

need for the elucidation of the theoretical basis of LSC with 
mixed eluent. 

Many attempts have been made t o  describe the dependence 

of the capacity ratio on the eluent composition C14-211. 

The fundamental ideas in this field have been formulated by 

Snyder C14,21,221 , Ohcik C23-251 and Soczewifiski C15.261 ,and 

developed theoretically by Jaroniec et a1.127-341.They pointed 

many factors determining the LSC process with mixed eluent : 

(a) competitive character of solute and solvent adsorption, 
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394 JARONIEC AND JARONIEC 

(b) non-specific and specific solute-solvent and solvent-solvent 

interactions in the mobile and surface phases, 

(0) association or dissociation of components in the mobile and 

surface phases, 

(d) differences in molecular sizes of solutes and solvents, 

(e) multilayer character of the surface phase and contribution 

of the partition phenomena in the LSC process, 

(.f) orientation of solute and solvent molecules in the surface 

phase, and 

(g) energetic heterogeneity of the adsorbent and topography of 

adsorption sites onto surface. 

These factors determined mainly the adsorption effects in the 

LSC process.The other group of factors, such as : diffusion, 

porous structure of the adsorbent, parameters characterizing the 

eluent flow, etc., determines kinetics of the LSC process. 

The problem of their optimization is described in the many 

monographs devoted to chromatography. 

In this chapter we shall present the theoretical studies 

dealing with the effects specified in the points (a) - (g). 
One of the first formulations of the LSC process with mixed eluent 

has been made by Okcik C23-251 .Basing on the thermodynamics of 

conformal solutions 1351, he derived an equation for the R 

value of the s-th solute chromatographed in n-component eluent. 

This equation has been derived f o r  energetically homogeneous 

solid surfaces.Its theoretical analysis is presented in the 

papers C25,27,161.The clasical Obcik's equation has been recently 

extended to energetically heterogeneous solid surfaces C36-381. 

Moreover,it has been widely examined by using the thin-layer 

chromatographic (TLC) data C39-45l.It is difficult to diecuss 

the influence of the faators (a)-(g) on the LSC process in terms 

of the Obcik's fomlation,because it i e  too much general and 

gives a scanty information about mechanism of the LSC process. 

Therefore,our discuesion will be concentrated on the theoretical 

treatments assuming a definite model of the LSC process. 
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LSC W I T H  MIXED ELUENT 395 

The moet popular treatment of LSC with mixed eluent has 

been formulated by Snyder C14,221,which assumee the competitive 

character of aolute and solvent adsorption.Zhie treatment involves 

also energetic heterogeneity of the solid surface C141 and 

Bolute-solvent localization effects C461.Recently,Snyder4s 

treatment has been extended to LSC with multicomponent eluent 

C16,27,47-491.The LSC model of Snyder C14.211 has been considera- 

bly enriched by Socaewifiski etudiee [15,261.011 the other hand, 

Jaroniec et a1.[?6,27-341 deacribed theoretically the ISC proceee 

by applying the general theory oP adsorption from multicomponent 

liquid mixtures on solid surfaces and utilizing the fundamental 

studies of Snyder E14.223 and Soczewifiski C15,261 .The treatment 

of Jaroniec et al. involve8 energetic heterogeneity of the solid 

surface t27-29,50-551 ,non-ideality of both phase8 C27,28,331 , 
differences in molecular sizes of solute and solvents C29,31,561, 

and solute-solvent and solvent-solvent interactions in the mobile 

phase C30,31,57-601 .Recent studies of Jaroniec et al. C29,37,56,611 

concern the correlation between adsorption and chromatographic 

parameters.An attempt of a global description of the LSC process 

with mixed eluent,involving different effects specified in the 

points (a)-(g),has been undertaken by M.Jaroniec and J.A.Jaroniec 

C31I.This chapter has been written basing on the paper C371. 

We shall show that the majority of equations derived for the 

capacity ratio in LSC with mixed eluent may be obtained from our 

general treatment; they are : equations o f  Snyder C141, Snyder- 

Soczewifiski C21,26J, Slaats et al. C621. 

GENERAL CONSIDERATIONS 

One of the most important quantities in LSC is the capacity 

k: ,which ia defined as the ratio of the number of molee ratio 

of the s-th component in the surface phase to the number of moles 

o f  this component in the mobile phase.The other fundamental chromato- 

graphic quantities, euch ns retention volume, retention time, 

selectivity and reeolution, may be expressed by means of the capacity 
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396 JARONIEC AND JARONIEC 

ratio.The capacity ratio k', is proportional to the distribution 

coefficient ks : 

where 

to be characteristic of  a given adsorbent and independent of the 

nature of  the eluent t14,33l.In the above xi and xs are the total 

mole fractions of the s-th solute in the surface (6)  and mobile 

(liquid) (1) phases,respectively. 

The fundamental quantities employed in TLC are 

values are related to the capacity ratio by the following equation 

C631 : 

C is a parameter which is aseumed,to a first approximation, 

1 

RF and RM .These 

Eq.(2) may be used for interconversion of equations applied in 

LSC and TLC. 

Let us consider the LSC process f o r  the s-th eubstance (solute) 

chromatographed in n-component eldent.The components of  the mixed 

eluent are numbered successively beginning from the most efficient 

eluting solvent to the weakest solvent.Thue, 1-st solvent ie the 

more efficient one,however, n-th component is the weakest solvent. 

One of  the main assumptions of the proposed model is that concerning 

the competitive character of solute and solvent adsorption. 

The adsorption process may be represented by the following 

reversible phase-exchange reactions C281 : 

where the subscripts (1) and ( a )  refer to the mobile and surface 

phases,respectively, nin and *'s*' denote molecules of the i-th solvent 

and s-th solute, and r is the ratio of molecular sizes of the s-th 

eolute and the i-th solvent.The reactions ( 3 )  and ( 4 )  have been 

written by assuming the equality of molecular sizes of all solvents, 

i.e., 
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LSC WITH MIXED ELUENT 

w, P w2 = . a *  5 w = w n 

and inequality of molecular sizes of solute and solvents : 

we # 'I 

Thue,the parameter r is defined as follows : 

r = ws/w 

The next assumptione are following : 

(a) the surface phase is assumed to be monolayer, 
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( 5 )  

(6) 

(b) the total number of moles of all solvents in the surface phase 

is constant and independent upon the presence of solute 

molecules,because the solute concentration is infinitely low,and 

(c) molecules of solute and solvents have a spherical shape. 

Further assumptions concern interactions in the surface and mobile 

phases and energetic heterogeneity of the adsorbent surface. 

A HODEL IElVOLVINC NOm-SPECIFIC INTERACTIONS BETWEEN MOLECULES OF 

SOLUTE AND SOLVENTS 

HomoReneous solid surfaces 

The non-specific interactions between molecules of solute and 

solventfl in the mobile and surface phases are desc&ed in terms 

of the activity coefficirnts.The activitine of the s-th solute and 

i-th solvent in the mobile and surface phases are defined as follows: 

(8a) 

(8b) 

1 1 1  a, = x 

1 1 1  
ai = xi fi 

a t  = xz f: ( 9a) 

a: = x: r: for 1=1,2,,..,n (9b) 

fa" , fi , fi and ft are the activity coefficients of the 8-th 

8 

for 1=1,2,...,n 

where 

solute and i-th solvent in the surface and mobile phases,respectively. 

The activity coefficients f: and f: are functions of the composition 

of the surface solution,whereas, f: and fi are functions of the 

composition of the bulk solution. 
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JARONIEC AND JARONIEC 398 

According to our previoue etudiee t16,28,311 the reaction (4) for 

1-1 and the set of reactions ( 3 )  characterize synonymously the LSC 

proceae with mixed eluent.The thermodynamic equilibrium conetante 

correeponding to these reactlone may be written in the following 

form : 

where 

f:: [ f: i' 
%1 = q- 

fi" f; 

f: for 1.1 1,2,...,11-1 'in T - 

€12) 

Combining eqe.(l) and (10) we obtain the most general equation for 

the capacity ratio of the a-th eolute chromatographed In n-component 

eluent on an energetically homogeneoue solid surface : 

The mole fraction of 1-et solvent in the surface phase may be 

calculated according to the followlng expression : 

Eq.(16) i e  one of the fundamental equations in the theory of adeorp- 

tion from multicomponent liquid mixtures C64-683.Thie equation 

describea adaorption of I-et solvent from n-component liquid mixture 
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LSC WITH MIXED ELUENT 399 

on a homogeneous so l id  surface by assuming equal i ty  of molecular 

sizes of a l l  solvents (rq.5) and non-ideality of the bulk and 

surface solut ions ( Bin f 1 f o r  i ~ i . 2 , .  ..,n-l).Similarly,eq.(l4) 

has been derived by applying these same assumptions as in the case 

of eq.(16) and including an addi t ional  assumption ( 6 ) .  

Now,we s h a l l  consider the special  cases of eq.(14).Assuming in 

eq.(14) i d e a l i t y  of the surface phase (f: - fs P f; = ... =f: 5 l ) ,  

non-ideality of the mobile phase ( f i  f f: f fi + ... f f: f 1) and 

r f 1 (difference in the molecular e i m s  of solute  and solvents) 

we have : 

and 

If the elut ion s t rength of the 1-st  solvent is considerably g rea t e r  

than the s t rengths  of the  other eolvents,then the mole f r ac t ion  

xs 
of x: except at low concentrations of the 1-et solvent.Taking this 

is prac t i ca l ly  equal t o  uni ty  in the whole concentration region 

f a c t  i n t o  

In k; 

The above 

by S laa t s  

phase has 

account i n  eq.(17) we ge t  the relat ionship t 

(19) 1 ln(KX:/C) - r In  a,: + I n  f, 1 

relat ionship has been derived and examined experimentally 

e t  al.t621.Rowever,eq.(19) with -1 and a regular  mobile 

been discussed by Jaroniec e t  al.C331. 

Assuming both phases 

k; 5 (K:!/C) (X:/X:)~ 

where 

Eq. (20) has been derived by Jaroniec e t  al. C56l and it was widely 

examined by using TLC data  f o r  binary eluente.For x:=l ( l a rge  
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400 JARONIEC AND JARONIEC 

difference in elution strength between the 1-at and other solvents), 

eq. (20) gives : 

(22) In ki = ln(K,,/C) th - r In xI 1 
Theoretical studies C27,331 show that the capacity ratio of the 8-th 

solute in the 1-at pure solvent ie connected with K:! in the 

following way : 

kil = Ki;/C 

Then,eq.(22) assumes a more simpler form : 

In ki = In kil - r In xt 
Eq.(24) ,known as the Snyder-Soczewihski relationship C21,261, 

is one of the most popular equations in the theory of LSC.Jandera and 

Churacek 1691 derived this equation by using Snyder's relationship 

for elution strength of a binary solvent C14,211.The correct 

analysis of Snyder's treatment C141 leads to eq.(24) with -1 .The 

derivation of eq.(24) in terms of Snyder's treatment C141 by Jandera 

and Churacek t691 is slightly inconsistent t27,701.However,the full 

form of this equation results from theoretical considerations of 

Soczewihski C261 and our studies C16,29,31,561 .Eq.(24) is widely 

used for characterizing LSC systems C71-861 ; in reference C711 

the chromatographic systems comply with this equation are discussed. 

The very important relationship (25) may be obtained from 

eqs.(20),(21) and (23) for r = 1 ; it is 

This relationship has been derived by Jaronieo et el.C271 in terms 

of the theory of adeorption from ideal multicomponent liquid 

mixtures on homogeneous solid surfacee.It may be rewritten in the 

equivalent form: 

k; = xi" kii 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LSC WITH MIXED ELUENT 401 

Eq.(66) assumes the additivity of the capacity ratios 

i=1,2,...,n ,and in this form it has been written by Snyder (141. 

Eq. (25) for n-2 gives the Pollowing important relationship C701: 

kii for 

The same type of dependence of the capacity ratio upon the mobile 

phase composition results from Scott and Kucera treatment C181. 

HeteroKeneous solid surfaces 

Let us consider an energetically heterogeneous solid surface 

showing L types of adsorption sites.Let hl be the ratio of the number 

of adsorption sites of  the 1-th type to the total number of adsorption 

sites.The ratios hl for 1=1,2,...,L fulfil the relationship : 

The capacity ratio of the s-th solute on the entire heterogeneous 

solid surface k' is defined as follows C14,16,341 : s*t 

L 

where 

type of adsorption sites.The mathematical form of kLSl is analogous 

to eq.(14).Since eq.(14) contains the activity coefficients of solute 

and solvents in the surface phase,which are functions of the surface 

phase compoeition,we consider their definitions by assuming two 

different distributions of adsorption sites on the surface.Theoretlca1 

Considerations of adsorption modele with non-ideal surface phase 

require always of an additional assumption about topography of 

adsorption sites on the surface 167,681.Usually two models of hetero- 

geneous surfaces are considered.According to the first model the 

adsorption eites are distributed randomly onto eurface,whereas, 

the second assumes the patchwise distribution of  adsorption sites. 

kL,l is the capacity ratio of the s-th solute for the 1-th D
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JARONIEC AND JARONIEC 402 

For the patchwise surfaces the activity Coefficients are functions 
of composition of surface solution being on the 1-th surface patch. 

However,for surfaces of random dlstribution of adsorption sites 

the activity coefficients are functions of the mole fractions 

of solute and solvents refering to the entire surface solution. 

The total mole fraction x:,~ ,referlng to the entire surface, 

I s  expressed as follows : 

Taking into account the above discussion concerning the activity 

coefficients in the surface phase and eq.(l4),we can write the 

following expressions for kL,l : 

kLI1 I Ksl,l th ( C  Bsl,l)-' (X?,,/X:)~ for patchwise surfaces (31)  

th -1 s k;,l = KSl,1 (C  Bsl,t) for random eurfaces (32) 

Substituting eqs.(fl) and (32) t o  eq.(29) we obtain the expressions 

for the capacity ratio on heterogeneous surfaces of patchwise and 

random distribution of adsorption sites.The most Important equation 

is obtained for random surfaces; it is : 

where fz,t and f:,t are 

It has been shown in the 

by quasi-Gaussian energy 

as follows : 

where 

s s functions x7,t , x ~ , ~  ,... , 
paper C341 that for adsorbents characterized 

distribution eq. (33) may be approximated 

. 
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LSC WITH MIXED ELUENT 403 

a d  m is the heterogeneity parameter r e l a t i n g  t o  the uidth of the 

quasl-Gaussian d i s t r ibu t ion  and $!k is an average from K 5 ~ , L  values. 

Now,we consider the special  case8 of eq.(34) i n  a manner 

th 

analogous t o  that adopted i n  the prevlous section. 

For idea l  eurface phase and non-ideal mobile phase eqs.(34) and 

(35) assume the following form: 

and 

For mp1 eq.(37) reduces t o  eq.(18); however, for xe 

eq,(lg).According t o  eq.(36) ,for a large difference i n  e lu t ion  

s t rengths  between the 1-st and other solvents, the energetic hetero- 

geneity of the adaorbent surface does not influence the capacity 

ratio,becauee we obtain for ~ 7 , ~  = 1 the mama relat ionship as for 

homogeneous s o l i d  surfaces (cf.eq.lS).Since eq.(36) has been obtained 

f o r  i dea l  surface phase,it may be applied for heterogeneous surfaces 

showing quasi-Gausaian energy d i s t r ibu t ion  and a r b i t r a r y  topography 

of adsorption e i t e s L ~ ~ l .  

w 1 i t  becomes 1 ,t 

If both phases a re  ideal,eqs.(34) and (35) reduce t o  the 

following expreeeione : 

where 

For xYct =l eq. (38) becomes the Snyder-Soczewifiski re la t ionship (24). 

For r-1 (equal molecular s i z e s  of so lu t e s  and solvents) eqa.(38) 

and (39) give the following relat ionship : 
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401 JARONIEC AND JARONIEC 

Eq.(40) defines the capacity ratio ki,t by means of the capacity 

ratios k;i,t m .This equation has been derived 

by Jaroniec et al.t341.This equation may be rewritten in the other 

form : 

and the parameter 

which for m-1 reducea to the relationship (26). 

Eq.(40) was examined by using HPLC data 1341 and TLC data for 

binary C5ll and ternary eluents 152,531 .The chromatogsaphic data 

for binary eluents were presented in the following linear form : 

In the case of TLC data eq. (42) may be rewritten as follows C511 : 

where 

A2 a10 ‘*M,e2 ; B2 i. Rk!,sl (44) 

However,in the case of ternary eluents eq.(40) for TLC give8 152,531 : 

If the experimental data are measured at x3/x2 1 1  = const , 
the dependence F vs. (X~/X;)~ is linear. 

For the purpose of illustration we presented the reeults of numerical 
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LSC WITH MIXED ELUENT 405 

analysis of TLC data made by means of eq.(45).These resulta concern 

the TLC data f o r  eight polycyclic hydrocarbone chromatographed in 

chloroform(1)/toluene(2)/benzene(3) and chloroform(l)/toluene(2)/ 

carbon tetrachloride(3) eluents on silica gel at 25OC C521. 

All measurements were carried out at x /x -1.0 .Fig.l shows the 

linear dependence (45) f o r  selected eolutee.Xt followe from this 

figure that eq.(45) gives a good representation of the above 

TLC data.The parameters 

(451,are summarized in Table 1.In this table the Rpalues for 

polycyclic hydrocarbone chromatographed in single solvents, i.e., 

are also given.Theee values have been used %,sl * RM,e2 ' RM,s3 
for prediction o f  the parameters A3 and B3 according to eqs.(46) and 

(47), and are denoted by A; and B; (c.f., Table l).The parameters 

A; and B5,oalculated directly from experimental values of Haa,s, , 
RM,e2 and RM,s3 according to equ.(46) and (47),and those evaluated 

from TLC data f o r  ternary eluente by means of eq.(45), are compared 

in Table 1 ,It follows from this comparison that differences between 

A3 and A; , B3 and B; are rather small.Analyeis of the parameter m 

shows that it i e  practically independent on the kind of polycyclic 

hydrocarbon ;it is characteristic for a given eluent and adsorbent. 

Similar resulte were also obtained f o r  other TLC systems C34,51,871. 

A good agreement between A3 and A; , B3 and B; ,and insignificant 

dependence of m on type of the eolute create possibility f o r  

predicting the RyI ,-values f o r  solutes chromatographed in ternary 

eluente by means of the experimental values of RM,*, , Ran,sr , RBI,s3 
and the parameter m .Such prediction is impossible f o r  chromato- 

graphic eystems,which show great differences in A3 and A; , 
B3 and B; ,and f o r  which the parameter m depends strongly upon type 

of the eo1ute.A great difference between A3 and A; , B3 and B; 
is observed for mobile phasee of strong specific interactions 

between molecules of solute and aolvents.In the next section we 

shall diecuss the equations involving the specific solute-solvent and 

solvent-Golvent interactions in the mobile phase. 

3 2- 

m , A3 and B3 ,found from the linear plots 

a ,  
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2 0  

F 

10  

F 

10 

6 

I I I 

2 4 6 2 4 6 

Figure 1. Linear dependences plotted according to Eq. 45 for 
selected polycyclic hydrocarbons in chloroform (l)/toluene ( 2 ) /  
benzene ( 3 )  (parts A & B )  and chloroform (l)/toluene (2)/carbon 
tetrachloride ( 3 )  (parts C & D). 
e = pyrene; enzopyrene; o =  phenanthrene; 0 = chrysene; 
0 = fluoranthene = p 0 = naphthalene. Figure taken from ref. [ 5 2 ] ,  
with permission of the copyright owner. 

The mathematical properties of equations Involving the adsorbent 

heterogeneity we shall illustrate by uelng the following expression : 

Eq.(48) hae been obtained by combining eq.(40) for n=2 and eq.(Z) .  
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Table 1 

407 

Parameters Characterizing TLC Data of Polycyclic Hydrocarbons 
in Three-Component Moblle Phases on Sllica Gel at 25OC 

Substance B0 
RM.s4 R M , 5 z  h-4,  S3 *3 3 

chloroform(1 )/toluene(2)/benzene(3) 

Fyrene 
Benzopyrene 
Phenanthrene 
Chrysene 
Fluoranthene 
Anthracene 
Diphenyl 
Naphthalene 

-0.43 -0.27 -0.25 0.98 2.44 
-0.41 -0.25 -0.37 1.02 2.55 
-0.41 -0.27 -0.39 1.04 2.60 
-0.41 -0.25 -0.35 1.04 2.47 
-0.41 -0.24 -0.36 1.06 2.53 
-0.41 -0.23 -0.37 1.06 2.68 
-0.41 -0.28 -0.39 1.04 2.82 
-0.43 -0.27 -0.40 1.04 2.75 

chloroform(l)/toluene(2)/carbon tetrachloride (3) 

2.65 
2.62 
2.66 
2.66 
2.72 
2.72 
2.99 
2.81 

3.62 
3.96 
4.30 
4.37 
4.27 
3.89 
5.07 
4.49 

3.58 
4.17 
4.44 
4.12 
4.19 
4.21 
4.93 
4.50 

Fyrene 
Benzopyrene 
Phenanthrene 
Chrysene 
Fluoranthene 
Anthracene 
Diphenyl 
Naphthalene 

-0.43 
-0.41 
-0.41 
-0.41 
-0.41 
-0.41 
-0.41 
-0.43 

-0.27 
-0.25 
-0.27 
-0.25 
-0.24 
-0.23 
-0.28 
-0.27 

0.02 0.90 2.29 2.44 3.10 2.72 
0.17 0.84 2.00 2.21 2.91 2.33 
0.16 0.82 1.94 2.16 3.04 2.40 
0.14 0.88 2.11 2.29 2.96 2.41 
0.12 0.80 1.95 2.12 2.74 2.33 
0.16 0.80 1.94 2.12 2.82 2.30 
0.11 0.80 1.89 2.13 3.03 2.49 
0.02 0.76 2.13 2.13 2.81 2.63 

1 F i g . 2  shows the dependence RMSs on xT calculated according to eq.(48) 

f o r  Rlb,sl mO.5 , % , s 2 = 1 . 0  ( f i g . 2 A )  Q,sl-0.5 , RM s 2 = 1 . 0  (fig.2B) 

and for different values of m .The dependence R 

for m n l  (homogeneoue solid surface) i s  a decreasing function. 

However,the curvee R,, 

a min1mum.Thie minimum is deeper when difference between RM,s, and 

RM,a2 is small axid the parameter m is close to zero.Thua,a strong 

heterogeneity of the adsorbent surface (m close to zero) may be 

the reason of minimum on the curve RaaSs(x;) t341. 

1) (x,) calculated M, 6 

1 (x,) relate to m smaller than unity can show 
9s 

A MODEL INVOLVING SOLUTE-SOLVENT AND SOLK?ZXT-SOLVENT SPECIFIC 

INTERACTIONS IN THE BQOBILG PHASE 

Homoneneoue solid surfaces 

The specific interactions between molecules of solute and 

solvents in the mobile phase may be represented by suitable 

quasi-chemical reactions,the prsducte of which are multimolecular 

complexes (associates).We assume that such associates form in the 
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408 JARONIEC AND JARONIEC 

I I I I 

0.6 I 0.4 0.8 0.2 

x, 
1 Figure 2. Theoretical functions RM s ( x  ) calculated according to 

E q .  48 for RM,s1=0.5; RM,s2=1.0 (part A); RM,sl=-0.5, R M,s2=1.0 
(part B )  and different values of m. Figure taken from Ref. [51] 
with permission of  the copyright owner. 

mobile phase only C311.However.the eilanol groups of the silica 

surface or other active groups in the case of other adsorbents 

can compete with complexes in the surface phase.Thus,etronger 

interactions of molecules of solute and solvents with the active 

groups and adsorption sites can preclude solute-solvent and solvent- 

solvent associates in the surface phasa.Taking into account the 

possibility of destruction of solute-solvent and solvent-solvent 

associates in the surface phase by the active group8,we assume that 

these complexes form in the mobile phase only. 

In n-component mobile phase the different types of multimolecular 

associates can be formed.Therefore,in theoretical considerations 

we assume formation of the most probable aseociates.Three types 

of associates play an important role in the chromatographic process. 

They are t30,311 : 

(1 )  associates consisted from one molecule of solute and some 

molecules of the most polar solvent, 

(2) associates consisted from molecules of the most polar eolvent,and 
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LSC WITH MIXED ELUENT 409 

( 3 )  associates consisted from moleculee of the most polar solvent and 
molecules of another solvent. 

The chromatographic models assuming the formation of double 

associates of 1-st, 2-nd and 3-rd type in the mobile phase were 

diecussed theoretically in the ref. C30l .In C30l the three main 

equations for the capacity ratio have been derived by assuming 

that only one type of double associates can be formed.However,in 1571 
a model assuming the simultaneous formation of double associates 

of 1-st and 2-nd type in the mobile phase was discussed.A most 

general model has been considered In the ref.Ljl1.According to this 

model molecules of solute and 1-st solvent form associates in the 

mobile phase.This process may be described by the following quasi- 

chemical reversible reactions : 

(49)  

(50) 

s (1)+ 9 1 

P (Ip) (1) 

(19s) 1) 

The first reaction represents the formation of (q+l)-molecular 

associates in the mobile phase,ahich consist from one molecule of 

solute and q molecules of 1-et EOlVent.HOWeVer,the reaction (50) 
represents the formation of p-molecular associates by molecules 

of 1-st solvent only.fhe equilibrium constants of the reactions (49)  

and (50) are expressed as follows : 

In the above xa and x1 are the mole fractions of unassociatsd 

molecules of the s-th solute and 1-st solvent,respectively,however, 

x and x are mole fractions of (q+l)-molecular and p-molecular 

associates formed in the mobile phaae according to the reactions (49) 

and (50).The mole fractions x and x are defined as the ratio q P 
of the number of associates to the total number of molecules in the 

mobile phase.The total mole fractions of the a-th solute and all 

solvents in the mobile phase are expreclsed ae follows : 

9 P 
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410 JARONIEC AND JARONIEC 

(53) 

(54) 

(55) 

1 xs = xs + x = x* + L x (x,)“ q 9 s  
x1 1 3 X, + q xq + p xP ’vxl + p Mp (x,)’ 

1 
xi = xi f o r  i=2,3,. . . ,n 
Since,the value of the mole fraction x is limited by the mole 

fraction xs ,however, xs ia infinitely low, the term q x in 

eq.(54) is very small in comparison to x, and may be neglected. 

However,in the aurface phase8 the association effects are neglected, 

i.e., 

q 
1 

9 

X: = ye and x: = yi for 1~1.2 ,..., n (56) 

where y, and yi are the mole fractions of unassociated molecules 

of the a-th solute and i-th solvent in %he surface phase,respectively. 

The solution of eq.(54) with respect to x1 i s  a function of 

For double associates (p=2) the solution of eq.(54) is the following : 

x1 = X(x:; 2,M2) 9 C(l+8M~i)’/~ -11/(4M2) (58) 

Analytical solutions of eq.(54) are also pOQSible for three- and 

four-molecular complexea ,i.e., p=3 and p=4.However,eq. c53) may be 

easily solved with respect to xs I 

xs = x i  / (1  + L x 9) (59) q ’  

Next,we assume that in the phase-exchange reaction (4) the unassocla- 
tea molecules take part only.Thu8,the equlibrium constant Kdt is 

defined as follows (c.f. eq.10): 

K:: = ( Y & , ) ~ , / Y ~ ) ~  ( 6 0 )  

Taking into account eq.(56),i.e., y,= xi and 

substituting eqs.(57) and (59) to eq.(60),we have 
y1 = x’; ,and 
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LSC WITH MIXED ELUENT 411 

Combining eqs.(61) and ( I )  we obtain a general equation for the 

capacity ratio involving the solute-solvent and solvent-solvent 

association : 

For x\ ~1 

of the a-th solute in 1-st solvent : 

eq.(62) gives the expression for the capacity ratio k i l  

k i l  = (K::/C) Dp-r Cl + Lq Dp I- '  

where 

Dp = X(l;p,Mp) (64) 

th Eq.(62) may be rewritten i n  the form,which contains k;, instead of Ksl. 
For this purpose the equilibrium constant K:: may be evaluated from 

eq.(63) and substituted to aq.(62) : 

kk = k i ,  Dpr tl+LqDpql [x;/X(x:;p,Yp)lr [l+LqXq(x:;p.Mp)l-l 

Now,we consider the special cases of eq.(62) or its other form, 

eq.(65).For h$= 0 (then p = l )  eq.(54) gives 

(65) 

(66) x,=X(x,; 1 1 , O ) =  x1 1 

Then,eq.(62) reduces to the following expression : 

k; = (Kz:/C) (X~/X~)~/CC+L~(X~)~ I (67) 

Eq.(67) involves solute-solvent association in the mobile phase and 

difference in molecular sizes of solute and solventa.For L 50 

(absence of solute-solvent association) eq.(67) gives the relation- 

s h i p  (20),however, for 9 
Soczewifiski relationship (22).These relationships were discuseed 

in the section devoted to non-specific interactions in LSC process. 

Slmilarly,for L 10 and -1  eq, (67) gives eq. (25) ,which was discuseed 

in the previous section. 

q 

L -0 and XyQl it becomes the Smyder- 

9 
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412 J M O N I E C  AND JARONIEC 

Eq.(67) may be transformed to the following linear form : 

(ki)-'(xy/x; lr I (K;;/C)-' + (LqC/K;:)(x:)9 (68) 

Two special cases of eq.(68) are interesting for analysis of the 

chromatographic data.They are obtained from eq.(68) for 1-1 : 

xy/(kLx:) = (K;Y/C)-' +(LqC/KX;) (xi) 

and for q=l : 

(k;) -1 (xl/xl) s l r n  (K;;/C)-' + (LIC/K;:) x: 

The mole fraction x$ appearing in equations 

evaluated by means of eq. (21).Aesuming x$=l 

(69) 

(70) 

69) and (70) may be 

this assumption is 

frequently used in LSC) cqs.(69) and (70) reduce to the very simple 

relationships : 

l/(k&;) = (K;;/C)-' + (LqC/K;;) (x:)~ (77) 

(72) (kL)-l(x;)-r = (K;?/C)-' + (L,C/K:?) x: 

Eqe.(7l) and (72) are especially convenient for fnterpretatlan of 

the chromatographic data,because they define in a oimple way the 

capacity ratio.Eq.(71) f o r  q=l becomes the relationship obtained 

by Soczewifiski 1151, Jaroniec and Piotrowska C301 ; it is 

This relationship was widely examined by uoing HPLC data 158,593. 

In C571 the following equation for the capacity ratio has been 
derived : 

For small values of M2 eq. (74) gives C571 : 

k; = (KZ:/C) (x;)-'C 1+(L1-21.9x; I-' (75) 

Eqs.(74) may be obtained from eq.(62) by assuming -1 , q=l and 
p = z  .For L,=O eq.(75) gives 
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LSC WITH MIXED ELUENT 413 

1 The dependence l/(kLx,) VB. x i  is linear for two different models: 

(1) model assuming formntion of double associatee(1s) in the mobile 

phase ,and 

(2) model assuming formation of double associates from molecules 

of 1-st solvent in the mobile phase. 

The elope of eq.(73) is  positive,whereas,the slope of eq.(76) is 

negative.Thls last difference can be very useful in interpretation 

of the experimental dnta.The positive slope of (kix;)-’ VB. x: 

indicates that solute-solvent association dominate,howevor, 

the negative slope of this dependence means that solvent-solvent 

association play dominating role ~30,881. 

Now,we return to eq.(65).We shall discuss eq.(65) f o r  I-.? 

and x: smaller than unity.This last assumption means that the surface 

phaae contains molecules of all 8olvents.Such situation is observed 

for solvents having similar adsorption enorgies.In the cnae of 

association of 1-st solvent in the bulk phaee,the mole fraction x: 

is given by the expression analogous to eq.(21): 

Combining eqs.(62) and (77) we have 

ci + I;~X~(X~;P,M~)I-’ (78) 

For boundary-concentrations, i.e., Xi = 1 and x1 =o for iu2.3,  ... ,n , 
the capacity ratio kil is defined by sq.(63) with 

brium constants Ki,h , K:! and Ki: f u l f i l  the following condition : 

i 
m1.Ths equili- 

where 
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414 JARONIEC AND JARONIEC 

Since , l - s t  so lven t  forms p-molecular complexes i n  t h e  bulk phase, 

t he  r e l a t i o n s h i p  between k;, and KS: is more complex than t h a t  

def in ing  kii (1=2,3,. . . ,n) by meane of KtF .Taking i n t o  account 

eqs.(63) and (80) i n  eq.(78),we have : 

For M -0 eq.(81) g ives  : P- 

The inf luence  of a s soc ia t ion  cons t an t s  on the  dependence ki(x:) 

we s h a l l  d i scuss  on the  b a s i s  of eq.(81) f o r  binary e luen t ,  i . e . ,  

I l+L ¶ Xq(x:;p,MP)1-' (83) 

1 Figs .3 -5  present  t he  t h e o r e t i c a l  dependences k i (x , )  ca l cu la t ed  

according t o  eq.(83) f o r  d i f f e r e n t  value8 of q , Lq , p and M 

I n  a l l  f i g u r e s  t h e  p a r t  A shows t h e  func t ions  k;(x,) ca l cu la t ed  fo r  

k i t  = 1 and kL2=5 ,however,the p a r t  B r e l a t e s  t o  kLl=l and ki2=100. 

h r e o v e r , i n  figs.3-5, the  dependences I n  k: VS. X: a r e  also 

presented. 

Pig. 3 shows t he  ki-cumes ca l cu la t ed  f o r  d i f f e r e n t  va lues  o f  L 

The parameter q was equal  t o  un i ty  ; i t  means t h a t  one molecule 

of 1-s t  so lvent  bounds one molecule of t h e  solute.The ki-curvos 

f o r  kk2>> kGl lie above the  SnyderSoczewifiski curve .The d i s t ances  

between the  success ive  kL-curves inc rease  gradual ly  with inc reas ing  

of Lq .The more complex behaviour of t h e  ki-curves is observed 

f o r  s i m i l a r  values of k i l  and ki2 (c.f .  ,fig.4A) . T h i s  non-regular 

behoviour of  ki-curves presented i n  f ig .4A is caused by assuming 

P '  
1 

9 -  
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1 1  
Figure 3 .  
according to E q .  83 for ksl=l, ks2=S {part A ) ;  c 1  =1, k' =lo0 (part B ) ;  
M =O,  g-1, and L =1 (the solid line), 5 (the das%d linz; and 10 
(?he dotted liney. 
dashed line. 

Theoretical fupctions,ks(x ) and lnk' (Inxi) calculated 

The Snyder-Soczewinski curve is denoted by the 

L o  
0 a4 OB -2 -1 4 ln xi 

Figure 4 .  Functions a s  in Fig. 3 calculated for L =0, M =1 and 
p=2 (the solid line), 4 (the dashed line), and 6 ?the dgtted line) 
The other parameters as in Fig. 3 .  
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416 JARONIEC AND JARONIEC 

L o  
-2 -1 

In x I  

Figure 5. Functions as in Fig. 3 calculated for L =0, p=2, and 
M = 1 (the solid line), 5 (the dashed line), and 18 (the dotted line). 
TRe other parameters as in Fig. 3. 

t h e  constancy of k;, i i t  mean8 that 

ca lcu la t ed  a t  d i f f e r e n t  va lues  of K:; (c.f . ,  eq.63).A s e t  o f  the  

kL-curves ca l cu la t ed  f o r  one value of K:: shows a r e g u l a r  behaviourl601 

the  kk-curves a r e  

Fig. 4 shows t h e  ki-curves ca l cu la t ed  for L = 0 , Mp=l and 

d i f f e r e n t  va lues  of p =2 ,4  and 6.However.fig.6 p re sen t s  t he  ki-curves 

f o r  L -0 , pa2 and Mp=l , 5 and 10.These curves l i e  below the  Synder- 

Soczewifiski curve ( t h e  daehed-dotted l ine).Thus,asuociation of 

molecules o f  1-st  so lvent  causes decrease of kk-valuesin comparison 

t o  those pred ic ted  by Snyder-Soczewifiski model,however,association 

between molecules of s o l u t e  and 1-st ~ o l v e n t  g ives  opposite e f f e c t  

( c . f . , f i g s .4  and 6). 

q- 

The ki-curves presented i n  figs.3-5 were a l s o  p l o t t e d  i n  

the  logarithmic scale.1n t h i s  s c a l e  the Snyder-Soczewifmki curve 

( the  dashed-dotted l i n e )  is 1 inea r . I t  follows from f i g s .  3-5 t h a t  

many curves Ink; VS. In x1 may be approximated by t h e  s t r a i g h t  line 1 
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0.3 0.7 -1.0 -0.75 -0.5 -0.25 
log x i  

1 Figure 6. ExperimentaL dependence R 
dence ( 2 2 J  f o r  o-nitrophenol in ben!Pze/cyclohexane eluent on silica 
gel at 20 C. Benzene is denoted as 1st solvent. 

vs. x1 and the linear depen- 

in a wide concentration region.Although,these cuvee have been 

plotted for r=T,their slopes are not equal to those predicted by 
Snyder-Soczewifiski relationship (22).Thu~,the analysis of the 

chromatographic datn by means of Snyder-Soczcwihski relntionship (22) 

creates a difficulty in physico-chemical interpretation of its 

slope,because a good linearity of the dependence of In k; vs. In x: 

iB observed for different models of the LSC process.According to 

Snyder-Soczewihski model the ordinate of the linear plot (21) 

is equal to k',, .However,the ordinates of the linear wegments 

of the In k; -plot8 Cc.f.,fS.gs.3-5) are not equal to ki, . 
This fact may be very helpful during the interpretation of Snyder 

Soczewifiski plots. 

Keterogeneous Bolid surfaces 

The equations for the capacity ratio,diecuseed in the preceding 

section, have been derived by assuming aosociation of solute and 

solvent molecules in the mobile phaee and ideality of the surface 
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418 JARONIEC AND JARONIEC 

phase.Moreover,these equations have been discussed f o r  energetically 

homogeneous adsorbents.Extcnaion of these equations to hetero- 

geneous solid surfaces do not require of an additional information 
about topography of adsorption sites onto surface,because we assume 

ideality of the surface phase.This problem was discussed in the 

section devoted to non-specific interactions in LSC process and 

is exactly explained in the references t28,67,681.Thu~,the theore- 

tical considerations presented in this section are valid for 

heterogeneous surfaces of different distributions of adsorption sites 

onto surface. 

The total capacity ratio k' for the LSC process with s,t 
asaociation effects in the mobile phase is defined by eq.(29) in 

which ki,l is expressed by equation analogous to eq.(62) : 

kk,l = (Kfi:,l/C) C ~y,~/X(x:;p,M~)l C1+LqXq(x~;p,Mp)l-l (84) 

Eq.(85) is an extension of eq.(62) to energetically heterogeneous 

solid surfaces.For M =O (neglect of association of 1-st solvent 

molecules) eq. (85 )  reduces to the followl.ng expression : 
P 

Similarly as in the case of eq.(34),for quasi-gaussian energy 

distribution eqs.(85) and (86) may be approximated by the following 

expressions : 

c-l 'th Kel (x$ , t) r'm rX(x: ; p ,Mp) 1 -' C 1 +LqXq(x: ; p ,Mp) I -' (87) 
%,t = 
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LSC WITH MIXED ELUENT 419 

Eqa.(87) and (88) for m=l reduce to eqs.(62) and (67),respectively, 

which have been derived for homogeneous aolid surfaces.Howcver, 

for I =O and L =O (neglect of aseociation effects in the mobile 
phase) eqs. (87) and (88) give the relotlonehip (38) ,which relates 
to the LSC model with ideal both phases on a heterogeneous solid 

oi quasi-gaussiun energy diEtribUtiOn.NOWeVer,aEsUm.fng xfl = t 

in eqs.(87) and (88) we obtain : 

P 4 

Eqe.(89) and (90) may be also obtained f rom eqe.(62) and (67) in which 
X: is assumed to be unity.Substituting in equations derived for 

heteroe;ensous surfaces 

automatically. 

xp = 1 we neglected the heterogeneity effects 

An important equation ie obtained from eq.(87) for r=l : 

The mole frrction xs ia given by the equation analogous to eq.(39): 1 ,t 

Eq.(93) may be also applied 

Combining eqs. (92) and (93) 

to calculate x8 

,we obtain 

in eqs.(87) and (88). 
1 ,t 

(95) 
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Taking into account the relationship 

we have : 

%,t f X(x:;p.M,)ek~,DP)-’(1+LqDp 

JARONIEC AND JARONIEC 

(79) and eq. (95) in eq. (94) , 

1 -l/m 

Bowever,for m=l eqs.(96) and (97) give the relationship derived 
for homogeneous surfaces (c.f. ,eqs.81 and 82). 

In this section we discussed many equations f o r  the capacity 

ratio,which can be obtained from the general relationship (87). 
This relationship involves main factors determining the LSC process: 

- competitive character of solute and solvent adsorption, 
- differences in molecular s i z e s  of solute and solvents, 

- solute-solvent association in the mobile phase, 

- association of molecules of the most polar solvent in the mobile 
phase,and 

- energetic heterogeneity of the adsorbent. 
Applying a similar procedure to that described above we can derive 

the further equationo for the capacity ratio hj assuming that the 

mobile phase contains 8ome types of aosociatee of 1-sf solvent and 
they can bound one molecule of the solute.Thene equations contain 

many unknown parameters,therefore,they are lees useful for analysing 

the EPLC and TLC data. 

CORRELATION BETWEEN ADSORPTION FROM WLTICOKPONENT LIQUID IIXTUKES 

mD LIQUID ADSORPTIOX CHItOMATOGRAPHY WITH MIXED ELUENT 

OLcik t23,241, Jaroniec et nl .  t27,28,601 , Riedo and Kov&tsC891 
pointed on a great similarity of the LSC process with mixed eluent 

and adsorption from multicompontnt liquid mixturee.Theorctica1 studies 

of Riedo and Kovhts C891 concentrate on derivation of relationships 
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LSC WITH MIXED ELUENT 421 

determining correlation between adsorption and chromatographic 

fundamental quantities.The studies of Obcik C23,241 and Jaroniec et 

al.C27,28,603 base on the fundamental definition (l),which deter- 

mines the dependence between the mole fraction of the s-th solute 

in the surface phase (the typiaal adsorption quantity) and the 

capacity ratio (the typical chromatographic quantity),and tend for 

deriving the relationships describing adsorption and chromatographic 

multicomponent systems. 

The LSC procees with one solute and n-component eluent is very 

similar to the liquid adsorption process from (n+l)-component 

mixtures.In the LSC process concentration of a given solute i s  

assumed to be infinitely low ; this process relates to adsorption 

of a solute from dilute n-component liquid mixtures C9Ol.According 
to the theory of single-solute adsorption from dilute solutions 

on homogeneous solid surfaces,the mole fraction of the s-th solute 

in the surface phase is given by the following equation C901: 

Eq.(98) has been derived f o r  ideal both phases.Combining this 

equation with the definition ( 1 )  ,we obtain 

Combining eqs.(99),(79) and (€30) we obtain the relationship (25). 

Applying for x: different equations known in the theory of single- 

solute adsorption from dilute solutions on solid surfaces,we can 

derive by means of  eq.(l) different equations for the capacity ratio. 

The procedure basing on eq.(l) and that basing on eq.(14) lead to 

the same equations for ki ,although the procedure basing on eq.(14) 

is more universal because involves differences in molecular eizes 

of solute and solvents.The procedure basing on eq. (1) ,introduced 

in the paper L271 ,was developed by Borbwko et al. [55,603. 

In C551 non-ideality and surface heterogeneity effects in LSC process 
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were investigated,however,the paper C601 is devoted to the associa- 

tion effects in LSC. 

The capacity ratio for different LSC models is a function 

of the mole fractions of solvents in the mobile and surface phases, 
Of course, the mole fraction of a solvent in the surface phase 

is the function of the mobile phase composition.1n all equations 

for the capacity ratio,discussed in the preceding sections,we 

calculated the mole fraction of 1-st solvent in the nurface phase 

by using the equations known from the theory of adaorption from 

multicomponent liquid mixtures.low,wo sygnalize the other possibility 

of calculation of x; ; it m a y  be evaluated directly from the 

experimental excess adsorption isotherm 

relationship C681 : 

n: by using the following 

x; = n:/n8 + x1 1 (100) 

where n; 

nent liquid mixture,which ie meaoured for eluent/adsorbent system 

independently on the chromatographic meanurements,and nn is the 

total number of moles of all solvents in the surface phase. 

The parameter ns may be determined directly from the excess 

adsorption isotherm n'; t91,921 .Thus,in all equations for the capacity 

ratio,diacussed in the prevlous sections,the quantities x; and 

~ 7 , ~  
for x; ,we eliminate the parameters appearing in equations for x1 

and introduce the parameter ns ,which may be evalusted from the 

excess adsorption isotherm.The studies of LSC process ,in which 

eq.(100) is utilized,were presented in series of the papers Cm,36, 

38,56,611.Now,wt shall present some results illuatroting a great 

utility of the excess adsorption data in interpretation of HPLC and 

TLC data . 

ie the adsorption excess of 1-ot component from n-compo- 

may be replaced by the expression ClOO).Substituting eq. (100) 
8 

In t56,611 the TLC data for o-nitrophenol and some dichlorophenols 
chromatographed in benzene/cyclohexane, acetone/beneene and 

ethyl acetate/carbon tetrachloride eliients on silica gel  at 20°C 
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LSC WITH MIXED ELUENT 4 2 3  

were inveetigated.Application of Snyder-Soczewifioki relationship (22) 
for describing these data gives deviations at low concentrations 

of XI ;it results from the fact that eq.(W) gives non-physical 

value of ki at o. 
Fig.6 shows the experimental dependence Ruse vs. xi for o-nitro- 

phenol and the dependence R vs. log x1 (c.f.,eq.22),which is 
1 linear for the concentrations x1 greater than 0.3 . In Fig.7 the 

excose adsorption isotherms of benzene from cyclohexane, acetone from 

benzene and ethyl acetate from carbon tetrachloride on silica gel 

at 2OoC are presented.These excess adsorption data have been applied 

to calculate the mole fraction x; according to eq. (100). 

Substituting eq . ( lOO)  to eq.(20) and transforming eq.(2O) to TLC, 
we obtain C561: 

1 
M9s 

It follows from eq.(lOl) that % 
9 6  

log[ n7/(nsx:) ull .In t56,611 we showed that the linear relation- 

ship (lOl),associuting the excews adsorption data and TLC data, 

is fulfiled for many chromatographic systems.For the purpose of 

illustration Fig. 8 shows the linear dependence (101) for o-nitro- 

phenol chromatographed in three different mobile phases,for which 

the exccse adsorption isotherms are presented in Fig.7 .The experi- 

mental points (circles) lie on the straight lines even at low 

concentrations x: ,whereas,for eq. (22) we observe deviations from 

linearity at l o w  values of xl. 

is a linear function of 

1 

Similarly,a good result8 have been obtained for TLC data 

interpreted by eq.(38) associated with eq.(lOO); for TLC with binary 

eluent eqe. (33) and (100) give 5291 : 

The parametera nB and m were evaluated by means of the following 
equation 1291 : 
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0.2 0.4 0.6 0.8 I 

Figure 7. Excess adsorption isotherms for benzene (2)/acetone(l) 
(01, cyclohexane(2)/benzene(l) ( 0 ) and carbon tetrachloride(2)/ 
ethylacetate(1) ( 0 )  on silica gel at 20'6. F i g u r e  taken from 
Ref [ 6 1 ]  with permission of the  copyright owner. 

where x* 

f o r  n=2. 

is given by eq.(IOO).Eq.(103) is linear form of eq.(39) 1st 

Recent studies in this problem concern the application of the 

excess adsorption data for characterization of the chromatographic 

systems showing association effects in the mobile phase.Such studies 

have been made by means of ey.(69) and equation 

(75) and (76) t88J: 

analogous to eqs. 

C(x:) = ng/(nex:ki) + l/ki = (C/KS,) th + C(L,-2M2)C/Ks11x1 th 1 (105) 

Bq.(105) describes the LSC process with mobile pham,which contains 

the mixed double solute-solvent associates and the pure associates 

consisting from two molecules of 1-st solvent.The other assumptions 

are following : 
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LSC WITH MIXED ELUENT 425 

Figure 8. Dependence log(ne/n5x1 + 1 )  VS. R 
chromatographed i n  cycloheiane/henzene (0 ):':arbon tetrachloride/ 
ethylacetate ( 0 )  and benzenelacetone ( 0 )  on silica gel at 20°C.  
Figure taken from Ref. [ 6 1 ]  with permission of the copyright owner. 

for o-nitrophenol 

nc 1 I 

Figure 9. Excess adsorption isotherm for methanol from acetone on 
silica gel at 2OoC. 
of the copyright owner. 

Figure taken from Ref. [ 8 8 ]  with permission 
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\ 

1 1 Figure 10. Dependence G(x ) vs. xL f o r  2,3-dihydroxynaphthaIene 
in meth nol/ace one on silica gel at 20°C. 
xs/(k;xl) vs. x r ,  whereas the dashed line denotes l/(k'x ) vs. x 

The solid l i  e denot s 

1' s l  
B P f 

5 

- i d e a l  surface phase, 

- assoc ia t ion  i n  the  mobile phase, 

-8urface phase conta ins  molecule6 of a l l  so lvents  ( x y < l ) ,  

- molecular s i z e s  of so lu t e  and so lvents  a re  identice1,and 

- adsorbent i s  assumed t o  homegeneous. 

I n  "31 the TLC da t a  were measured for naphthalene d e r i v a t i v c ~  i n  

methanol/acetone e luent  on s i l i c a  g e l  a t  20'C.Eqs. (22) and (102) 

do not  fulfil of the  above data.Pig. 9 p resents  the excess adsorption 

isotherm of methanol from acetone on s i l i c a  ge l  a t  20°C.However, 

Fig.  10 shows the dependence (kLx;)-' VS. x; ( the  dashed l i n e )  and 

the  dependence Xs/(kixl) Va. x$ ( the  s o l i d  l i n e )  f o r  one se l ec t ed  

so lu t e . I t  follows f rom f i g .  10 t h a t  a reasonable i n t e r p r e t a t i o n  of 

TLC da ta  f o r  naphthalene de r iva t ives  chromatographed i n  methanol/ 

acetone on s i l i c a  gel r e q u i r e s  o f  equations involving a s soc ia t ion  
e f f e c t s  i n  the  mobile phase and changeabi l i ty  of the  sur face  phase 
composition during the  chromatographic proceos. 

1 1 
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