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ABSTRACT

Previously [J. Liquid Chromatogr. 8 (1985) 1363] it was shown
that an equation having a form similar to Oscik's classical equation
was derivable from a model involving solute partitioning (with no
solute and solvent displacement) between a bulk-liquid mobile phase
and a surface-influenced stationary liquid layer. Based on a recent
general theory, we now propose a solute retention model which reveals
an alternative molecular basis of 0scik's equation, which has been
successfully applied to a range of .liquid adsorption chromatographic
systems. According to this model, solute is distributed between the

* Permanent address: Institute of Chemistry, M. Curie-Sklodowska
University, 20031 Lublin, Poland; work done in part at: Department
of Chemistry, Georgetown University, Washington D.C., 20057.
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mobile and stationary phases as a consequence of a mixed mechanism,
where the surface phase composition is determined by solvent
competitive adsorption (displacement mechanism).

INTRODUCTION

In the previous paper of this series (1) the distribution
coefficient of the s-th sclute between two n-component phases, mobile
and surface-influenced stationary phases, was defined as follows:

in ks(n/n) = 1In (Yg(n)/ Yg(ﬂ)) (1)

where ks(n/n) denotes the distribution coefficient under consideration,

Y&(n) and _'_'yg(n) are the activity coefficients of the s-th solute
in the mobile () and surface (o) phases consisting of the solvents 1,
2,...,n and containing the s-th solute at infinitely low concentration.
The mobile and surface-influenced stationary phases were assumed to be
regutar. Both phases contained the same solvents but the properties
of the stationary phase differed from the bulk one because the solid
surface was assumed to influence the various molecular interactions
in the stationary phase and, hence, to set the composition variables
in that phase. Retention was taken to- be governed exclusively by
partitioning between a mobile phase and a stationary phase having
different compasition variables. The competitive adsorption {(displace-
ment) was ignored. Such a mechanism of solute distribution between the
mobile and stationary phases is quite analogous to that occurring in
gas/1iquid and liquid/liquid systems (2).

The final expression describing the above retention mechanism
was proposed in the following form (1):

n k = g £ 1 ( L 9) + n-l1 o Q) ] ( o g )
" Ks(nm) TiE 07 MO Ys(n)) H L (05 - 09) Gy s
n n
0 0,0 L8
+ Y‘S( 1_%:1 X‘ij(b'i(bj - ].’%:1 Xij¢.i¢j) (2)
J>i j>i

where

Tn(yi(i)/yg(i)) = In kg (g /q) = rolids - x§g) for i = 1,2,....n (3)
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]n(YS(n)/Yg(i)) = (rg/ry - rg/rp) * rs(ng B X?s) (4)
and
x?j = (z”/kT)[w?j - 0.5(uf; + m‘J?j)] for p= 2, o. (5)

In the above, yg(i) and yg(i) denote the activity coefficients of
the s-th solute in the i-th solvent forming mobile (2) or stationary
(o) phases, respectively; ks(i/i) is the distribution coefficient of
the s-th solute between mobile and surface-influenced stationary phases
consisting of the i-th pure solvent; ¢% and ¢? are the volume
fractions of the i-th component in the mobile and stationary phases,

respectively; wh. is a segmental energy for the interaction between

0
the i-th and j-%% components in the p-th phase; zP s the lattice
coordination number for the p-th phase; and rs denotes the number of
segments in a molecule of the i-th component. X?j is the usual
interaction parameter.

Equation 2 may be obtained from equation 1 when the activity

coefficients and Yg(n) are expressed in terms of regular

Yfsé(ﬂ) n
solution lattice theory (1). The first two terms of equation 2 are
formally identical with D8cik's classical equation (3). However, it is
difficult to reduce equation 2 to the expression containing only the
first two terms. The last term of equation 2 may be neglected when
the solvent interaction parameters X%j and X?j are equal to zero;
this means that the solvent solutions forming the bulk and surface
phases are energetically ideal. For such ideal solvent mixtures and
a pure partition mechanism of retention, the volume fractions ¢% and
¢? (i = 1,2,...,n) are identical, i.e., the second term of equation 2
becomes automatically equal to zero. Therefore, in the previous paper
(1) we suggested that the extended form of O$cik's expression, equation
2, is applicable to describe partition effects in reversed-phase 1iquid
chromatography including, under certain conditions, chemically bonded
phases. In other words, equation 2 1including an important contribution
to retention arising from solvent nonideality and ignoring competitive
adsorption, is better suited for describing reversed-phase liquid
chromatography than 1iquid/solid chromatography in a normal mode.

On the other hand, 0$cik and co-workers [see review (4) and referen-
ces therein] showed that equation 2 without the last term gives a good
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representation for many liquid/solid chromatographic systems, in which
adsorption effects seem to be significant. Theoretical derivation of
equation 2 on the basis of equation 1, which describes a partition-1ike
mechanism of retention, does not give a clear foundation to include the
adsorption effects in equation 2. Thus, this problem cannot be simply
resolved in terms of the theoretical formulations of liquid chromato-
graphy presented in earlier papers (1,3,4).

However, a recent general formulation of liquid/solid chromato-
graphy (2) leads to a general expression for the solute distribution
coefficient and defines the so-called "pure" partition and "pure"
adsorption mechanisms of retention. In this recent treatment (2) it is
also noted that different "mixed"” retention mechanisms may be considered
as special cases of the general expression. Here we will show that,
through this new approach, it is possible to include adsorption effects
in equation 2 and that the resulting equation may be also used to
describe 1liquid adsorption chromatography.

MODEL OF SOLUTE RETENTION

Let us consider a system with an energetically homogeneous solid
surface, in which the s-th solute is chromatographed in an n-component
mobile phase. The chromatographic process may be generally described
by the equilibrium constants Kij for i,j =1,2,...,n,s and i # j.
Each equilibrium constant is defined as follows (2):

ri/rj

Kis = [(¢?Y?(D))/(¢%Y (n)) ' ( Y ))/(¢ Yj( )) (6)

1J jln

for 1,5 =1,2,...,n,s and i # j. In the above, y?<2) and yf(ﬂ)
denote the activity coefficients for the n-component solvent mixture
containing the s-th solute at an infinitely low concentration. Let us
select the 1-st solvent as a reference solvent and assume that its
adsorption properties are very similar to those of the s-th solute.
Then, the equilibrium constant K51 may be assumed to be equal to
unity, i.e.,

K, =1 (7)
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Equation 7 indicates that in the case of liquid chromatography with
the mobile phase containing the 1-st solvent only, the s-th solute

is distributed between two phases according to a partition mechanism
defined in the previous paper (2). Taking into account the theoretical
considerations in the Ref. (2), equations 6 with i = s and j = 1 and
7 give:

ks(n/n) = Ys(ﬂ)/Yg(ﬂ) {8}

The assumption expressed by equation 7 requires that the equilibrium

constants K and Kli for i =2,3,...,n be identical because

si
Kpi = Ksi/Kgp » 1oy
Koy = Ky for i = 2,3,....n. (9)

If the constants Kli for i =2,3,...,n are equal to unity, then

the Ksi for i = 2,3,...,n are also equal to unity, and we obtain
equation 2 describing the pure partition model considered in the pre-
vious paper (1). However, if we assume that

Ki = Kli #1 for i=2,3,...,n (10)
(solute displacement with respect to solvents 2,3,...,n and solvent
displacement), then the surface phase composition is determined by the
following equation:

r./r.

Kig = i/ iy g/ 6§ W7

for 1,j = 1,2,...,n and i # j. Equation 11, even for an ideal solvent
mixture (y?(n) and y%(n) for i = 1,2,...,n are assumed to be equal to
unity), predicts different surface phase and mobile phase compositions,
i.e., ¢? # ¢% for i = 1,2,...,n.

The above considerations indicate that equation 2 may be obtained
from equation 8 so that the conditions 7 and 10 are fulfilled; but
then we have:

Gy /A% y) = e () (12)
n(vs(1y/Ys(1y) = 10 kger1y T rsis - s
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and

2 _ 9 _
1n(YS(1)/Y§(1)) = (i - X?s) =In Kg(i/9) - I Ky

= 1n ks(i/i) - In Ky for i =2,3,...,n. (13)
Equations 12 and 13 differ from equation 3 because they refer to a
mixed model for solute transfer from the mobile phase to the surface
phase, whereas, equation 3 refers to a pure solute partition model.
Moreover, we have assumed here the surface phase is formed as a con-
sequence of competitive adsorption of the solvents, which is described

by equation 11. It is noteworthy that, in terms of this model, we can
2
iJ
i # j (ideal solvent mixture in both phases); then, the third term in

assume in equation 2 that y:. = X?j =0 for i,j=1,2,...,n and
equation 2 becomes zero but the second term of this equation is
different from zero because then the surface phase composition is
determined by the solvent equilibrium constants Kij #1 fori=1,
2,...,nand i#j, i.e.,

g, 4 2 ori/rj , . .
Kij = (¢i/¢i)'(¢j/¢j) for i =1,2,...,n and i # 3. (14)
Equation 14 for ij # 1 gives ¢? # ¢% for 1,j = 1,2,...,n and
and 1 # j, and then equation 2 becomes an expression analogous to
0scik's classical equation:
L) 2 5 -l I3 o o
M ksq/my = Ly 07 MOsgn/sa)) L (e - eIl /s gny) (19)

However, in the case of the pure partition model <K1j =1 for i,j =1,
2,...,nand i # j) and an ideal solvent mixture (X?j =0 for i,j = 1,
2,....n and i # j) the last term in equation 15 disappears.

Let us consider a special case of equation 15 when n = 2 (binary

solvent mixture). Then, equation 15 becomes

-2 2 2
I Kg(prpy =01 10 Kgqayay + 93 10 Kgqpp) + (6] -01) Inlvgin)/¥3 (1))

- ¢y In Ky, (16)
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The last term in equation 15 is a consequence of equation 13. For
systems showing strong solute-solvent interactions, ideal solvent
behaviour and K12 close to unity the last term in equation 16 may be
negligible and then this equation reduces to 0scik's expression (3):

_ 2 g
I kg(22) = 01 10 kg(11) * 92 10 kg2

+ (07 - o)) 0y Yy (17)

If additionally we assume identical molecular sizes of solvent molecules
(r; = ry = r), then ¢? may be calculated according to an Everett-type
equation (4):

o)

85 = Kpp(65/65)/10 + Kpo(97/05)) (18)

where ¢? = x? and ¢% = x% for i = 1,2 and x? denotes the mole
fraction of the i-th solvent in the p-th phase (p = 2, o).

Equation 17 combined with Everett's equation 18 was linearized
and its linear form was applied successfully to describe several chromato-
graphic systems also showing adsorption effects (5,6). Thus, the above
chromatographic model combining solvent competitive adsorption
(equation 18) and a mixed mechanism of the solute transfer (equation 16)
gives a reasonable answer the question of when O&cik's equation 17 may be
used to describe chromatographic systems showing adsorption effects.
Equation 17 seems to be useful for practical applications because it
involves competitive solvent adsorption which is frequently important
in the case of a mixed mechanism of solute transfer. Although the pure
displacement model seems to be adequate to represent the solute transfer
in liquid adsorption chromatography in the normal mode (4,6} and the
pure partition model is useful to describe reversed-phase liquid
chromatography (7-9), there are chromatographic systems showing both
adsorption and partition effects and then equation 16 or other equations
involving mixed models of solute and solvent transfer should be
employed (2).
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