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SIMPLE MODELS IN LIQUID CHROMATO-
GRAPHY WITH MIXED MOBILE PHASES:
PRESENT AND FUTURE

M. Jaroniec

Institute of Chemistry
M. Curie-Sklodowska University
20031 Lublin, Poland

ABSTRACT

This short review presents simple models of solute
retention, which involve competitive adsorption of solute
and solvents, differences in molecular sizes of solute and
solvents, non-specifiec and specific solute-solvent and
solvent-solvent intersctions, and adsorbent heterogeneity.
According to these models the interactions of solute aud
solvent molecules with adgsorntion sites of the solid as
well as specific solute-solvent and solveunt-solveut
interactions are represented by suitable guasi-chemical
reactions. Pinal equations describing solute retention
have rigorous foundations in terms of classical thermo-
dynamice, which enable definition of adsorption and
partition effects in the chromatographic process.

INTRODUCTION

Although the displacement and partition mechanisms
of chromatographic processes were already considered in the
first chromatography symposium (1<3), which was held in
New York City in 1946, the first theoretical attempis of

1949
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explanation of their role in the liquid chromatography
(IC) process appeared several years after 1946 (4,5).

An important role of the displacement mechanism in the LC
process was firstly recognized in the 1960°s by Snyder (4).
The last twenty years have been characterized by dynamic
progress in the theoretical studies of the LC process,
which starting with the original displacement model
incorporated additional factors affecting this process
[see reviews (6-12) and references thereinl. Parallelly
with these studies, another description of the LC process,
proposed in 1965 by Ofeik (%), was developed and examined
by using the TLC data (8). This description involves the
partition mechanism of solute distribution between the
mobile and surface-influenced stationary phases. The above
mentioned giudies dealing with the role of displacement
and partition mechanisms in the LC process gave theoretical
foundations to formulate a general description of LC with
mixed mobile phases involving concurrent adsorption and
partition effects (13,14). In addition, these gtudies
initiated a series of theoretical papers (15-19) dealing
with the statistico~thermodynamical description of LC with
mixed mobile phases, which automatically incorporates the
competitive character of solute and solvent adsorption and

all contributions from solution nonideality, This statistico-

thermodynamical deseription givea rigorous thermodynamical
foundations for simple models, which are useful for
interpreting the LC data.

The present review gives a brief descrintion of simple
models of aolute retention in LC with mixed mobile phases
and indicates perspectives of their development,

FUNDAMENTAL MODELS OF SOLUTE AND SOLVENT DIGTRIBUTION

Let us consider the ¥~th solute chromatographed in a
n-component mobile phase, In the case of LC the mobile
and stationary phases usually contain the same components
but of different concentrations, An exception is reversed-
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phase liquid chromatography with chemically bonded phases
and liquid-liquid chromatography, in which the chemically
bonded phase and the stationary liquid form the virtually
immiscible surface phase.

From thermodynamic viewpoint the LC process may be
repregented by series of reversible gquasi-chemical react-
ions, which describe the phase exchange between solute and
solvent molecules (20). All possible phase-exchange
reactiong between solute and solvent molecules may be
described by the following reactions:

wn(i)m + wi(n)s = wn(i)s + wi(n)m for i=1,2,...,n=-1 (1)
w1(r)m + wr(1)s = w1(r)s + wr(1)m (2)

where (j)B denotes a molecule of the j-th commonent in

the B-th phase, 8 = m (mobile nhase) and s (stationary
phage) and wj denoteg the number of segments in a molecule
of the j-th component, The equilibrium constants relating
to the reactions 1 and 2 may be written as follows:

]

. 8y, .M m;. s wi/wn
Ko (ai/ai)(an/an) for 1=1,2,...,n~1 (3)

Wy

I
Kpq = (a%/a®) (al/ad) *

ri (4
where ag (3=1,24.2.yn,r and B=m,s) is the activity of the

j=th component in the B-th phase. In the case of different
molecular sizes (wr£w1#---#wn) the activity a? is defined

by means of the volume fraction Y5 H

ag = yg f? for j=1,2,...,n,r and B=m,s (5)

where f? is the activity coefficient of the j-th comnonent
in the B-th phase.
Since the concentration of the r-th solute is infini-

tely low, equation 4 may be rewritten in terms of the
distribution coefficient kr’ which is defined by:

K =1 8, m
r yé}iO (yp/yy) (6)
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Then, equations 4, 5 and 6 7ive:

il %)
m ;.8 1
Kr = Kp (£p/2p) m m
yi T
Similarly, equations 3 and 3 glive:
Wy /W
8 o8 m om 1’ n
vy Ty . {In In \ _
K. = for 1=1,2,...,n-1 (8)
in m .m 8 8
vy £y Yn *n }

In terms of classical thermodynamics equations 7 and 8
represent the most general description of the LC process,
Special cases of these equations may be obtained by
assuming different models of the mobile and stationary
phases (physicochemical properties of these phases are
described by the activity coefficients % and £9) and
different models of solute and solvent distribution between
both phases (displacement or partition mechanisms of the
solute and solvent distribution).

The activity coefficient f? may be defined in a general
form, which comprises different types of molecular
interactions (13,21):

f? = fréld)j f?s)J for j=1,2,...,n,r (9)
where f?d)j and f?s)j denote the activity coefficients of
the J-th component in the motile phase reflecting
nonideality of the sclution due to dispersive (d) and
specific (s8) interactions., The surface activity coefficient
f? for a homogeneous solid is defined analogously as the
cgefficient £7, However, for an energetically heterogeneous
solid its definition may be extended to describe also the
nonideality of the surface scolution due to the surface
heterogeneity., Then

8 8 _ 4
f? = f?d)jf(s)jf€h)j for J=1,2,...,n0,r (10)

where f?h)j reflects nonideality of the solution assoclated
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with energetic hreterogeneity of the so0lid; for a homogeneous
s0lid thie coefficient ig assumed to be equal to unity.
Physicochemical interpretation of the activity coefficient
f?h)j is given elsewhere (22,23),

Equation 7 has been derived by Jaroniec et al, (20),
Por ideal surface phase (fg = f? = 1) and y? = 1 this
equation reduces to the expression derived by Slaats et
al. (24), however, for ideal both phases and y? =1
equation 7 gives Snyder-Soczewifski relationship (7,25).
An important special case of equation 7 is the expression
describing LC with ideal both phases, i,e.,

w /W
g, m "1
k. = K.q (37/¥7)

(1)
Equation 11 was examined by using the TLC (20,26,27) and
HPLC data (28,29).1It follows from these studies that

the surface phase composition affects strongly the solute
retention, especially in the LC systems with solvents of
gimilar properties, Noreover, these studies indicate that
the excess adsorption isotherm measured for the eluent-
adsorbent system is useful for interpreting the LC data.

MODELS OF SOLUTE RETENTION INVOLVING NON-SPECIFIC
INTERACTIONS

A significant progress in interpretation of equation 7
has been done by Jaroniec and Martire (13,14). They
assumed the regular solution model to represent nonideality
of the bulk and surface phases and conesidered equation 7
for f?s)j = 1 (j=r,1 and B=m,s) and f?h)j = ¥, Combination
of this equation with the activity coefficients for regular
bulk and surface solutions gives a general equation for
the distribution coefficient k.. » which may be reduced
to equation 11 (displacement model) and equation deseribing
partition model (13,14,30,31):
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m s
k= flay/ fayr (12)

Thus, this general equation involving concurrent adsorption
and partition effects gives theoretical foundations for
the LC models, which are based on equations 11 and 12,

It has been shown in the papers (13,14) that equation
12 combined with the activity coefficients for the regular
bulk and surface solutions gives OBcik-type equation (5,8).
Physical interpretation of this equation is presented
elsewhere (30,31)., This intervretation showed that although
Oficik’s equation is better suited for describing partition
effects in LC, after small modification it may be used
to desecribe systems, in which partition and adsorption
phenomena occur simultaneously (mixed model of solute
retention). In light of this mixed model the solute is
distributed sccording to partition model, whereas, the
solvent composition in the surface phase is established
according to the adsorption equilibrium.

MODELS OF SOLUTE RETENTION INVOLVING SPECIFIC INTERACTIONS

If the activity coefficients r?s)j and f?s)j [see
equations 9 and 10 1 are known, then equations 7 and 8
may be directly used to describe the LC systems with
specific solute-solvent interactions, Although this
description seems to be promising for studying association
effects in the LC process, as yet it has not been utilized,
An alternative treatment has been proposed to derive
equations involving specific interactions in the ILC
process (11,32-37), According to this treatment these
interactions are represented by suitable quasi-chemical
reactions, which lead to formation of solute-solvent
and solvent-solvent complexes (assoclates) in the mobile
and surface phases, Especially simple equationa have been
derived for assoclation models assuming formation of
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double pure and mixed complexes (7,32,33)., For example,
formation of double solute-solvent associates in the mobile
phase may be represented as follows (32):

() + (O = (o7 (13)
where the equilibrium constant ¢c™ 18 defined by:
¢® = Y/ YD (14)

Combination of equation 14 with equation 7 leads to an
expression for the distribution coefficient, which involves
solute-solvent association in the mobile phase. This
approach has been recently extended by Jaroniec and Martire
(37)., They derived equations for the distribution
coefficient, which involves non-specific and specific
gsolute-solvent interactions in both phases. The above
treatment may te easily extended for different models
of association (models assuming formation of multimolecular
asnociates) dut final expressions are complicated and
frequently inconvenient for practical applications,

One of the main advantage of this treatment is its
simplicitly. An analogous description may be also used
to study dissociation effects in LC{33),

MCDELS OF SCLUTE RETENTION INVOLVING ADSORBENT
HETEROGENTITY

Bquations 7 and 8 may be also used to describe LC
on heterogeneous solid surfaces but themr expressions
defining the surface activity coefficients should contain
the coefficient f?h)j reflecting nonideality ©f the surface
solution due to the adsorbent heterogeneity (21).
Another possibility of description of adsorbent hetero-
geneity effects in the LC process was initiamted by Snyder (4)
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and developed by Jaroniec et al, (39-42), This description
is based on the theory of physical adsorption on hetero-
geneous solid surfeces (43-45). According to this treatment
the phase~exchange reactions 1 and 2 occur on different
types of adsorption sites; the equilibrium constants
depend on the adsorption energies characterizing these
adsorption sites. The fundamental relationship, which is
utilized to derive expressions for the distribution
coefficient, assumes that the total distribution coefficient
kr,t iz given by the following sum:

L

Krot = zgl Kr,1 (15)

where kr,l denoctes the distribution coefficient for the
1-th type of adsorption sites, g is the fraction of
adsorption sites of the 1l-th type, and L is the total
number of all types of adsorption sites. Equation 15
combined with special cases of equation 7 leads tc the
expressions, which were discussed elsewhere (39-42),

CONRCLUDING REMARKS

A brief review of simple models used in LC with mixed
mobile phases shows further possibilities of their extension
and application for interpreting the LC datn. It has been
ghown in the papers (13,14,37) that these models leads
to a general descripntion of the LC process, which has
rigorous foundations in terms of classgical and statistical
thermodynamics,

Representation of different types of interactions
in the LC process [see reactions 1,2 and 13 1 creates
a new possibility for studying liquid chromatography.

In this case the method of numerical stochastic simulation
(46) seems to be a very attractive and efficient way
for studying the chromatographic systems, in which
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the kinetic effects play a significant role. This method
was successfully utilized to study the adsorption kinetics
(46) and therefore it seems to be promising for modeling
the LC process on the molecular level,
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