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SUMMARY

Liquid-solid chromatography (LSC) with mixed mobile phases is discussed in
terms of classical thermodynamics. It is shown that a rigorous consideration of solute
and solvent competitive adsorption in systems with a non-ideal mobile (bulk) phase
and a surface-influenced non-ideal stationary phase leads to a new general equation
for the distribution coeflicient of a solute involving concurrent adsorption and par-
tition effects. For special sets of parameters this equation reduces to familiar limiting
expressions describing either adsorption or partition effects. A detailed discussion is
presented for LSC systems with binary phases, in which bulk and surface solutions
are assumed to be regular ones.

INTRODUCTION

Two limiting models are usually employed to describe the experimental data
of liquid-solid chromatography (LSC) with mixed mobile phases. One of them,
widely known in the chromatographic literature as the displacement model, was pro-
posed in the 1960’s by Snyder!. According to this model a solute is distributed be-
tween a surface phase, usually assumed to be monolayer, and a mobile phase as a
result of a competitive solute and solvent adsorption. In adsorption from solutions
on solids and similarly in LSC with mixed mobile phases this competitive adsorption
is represented by suitable phase-exchange reactions'~’. Experimental and theoretical
studies of many authors have shown that solute and solvent competitive adsorption
plays an important role in the process of solute distribution between the two phases,
especially in LSC systems in the normal-phase mode*~1°. There is a great number of
theoretical papers starting with the original displacement model and incorporating
additional details such as surface heterogeneity!!-12, non-specific interactions in both
phases!3715_ solvation and solvent association in both phases!®~!8 and other fac-
tors!?:20,
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The second limiting model of the LSC process is that assuming distribution of
a solute between two phases as a consequence of classical partitioning?!~24, Equations
describing partitioning of a solute between a surface-influenced stationary phase and
mobile phase are quite analogous to those used in gas-liquid and liquid-liquid chro-
matography. Oscik?° was the first to derive an equation for LSC with mixed mobile
phases, which, as our recent studies have shown?26.27, reflects partition effects in the
chromatographic process. These effects are dominant in the typical reversed-phase
chromatographic systems with chemically bonded phases2!~23. If the models involving
classical partitioning give a good representation of the LSC process in many of the
systems in question, there is a great number of systems, in which adsorption and
partition phenomena give comparable contributions to the total solute retention. In
contrast to the simple approaches describing the above-mentioned limiting
modelss-7-21:24.27 there is no simple model involving concurrent adsorption and par-
tition effects. Although the unified stastistico-thermodynamical description of LSC
with mixed mobile phases due to Martire and Boehn?4.28.2% automatically incorpo-
rates the competitive character of solute and solvent adsorption and all contributions
from solution nonideality, the final expressions resulting from this description are
quite complicated and frequently inconvenient for practical applications. Therefore,
in this paper a simple model involving concurrent adsorption and partition effects is
proposed and formulated in terms of classical thermodynamics. This formulation
makes possible a clear and rigorous definition of adsorption and partition phenom-
ena in LSC with mixed mobile phases and leads to a new general equation describing
dependence of the distribution coefficient of a solute upon mobile phase composition.
All familiar limiting equations, having rigorous thermodynamical foundations, may
be deduced from this general expression.

ADSORPTION FROM MULTICOMPONENT SOLUTIONS ON SOLID SURFACES

This section is devoted to adsorption from multicomponent liquid mixtures on
solid surfaces, which is a natural basis to formulate a theory of LSC with mixed
mobile phases. Let us consider a (n + 1)-component liquid mixture contacting with
a homogeneous solid surface. The liquid mixture contains only nonelectrolytes and
its deviation from ideality is described in terms of the activity coefficients. In general,
a (n + 1)-component solution contains molecules of different sizes; this means that
a molecule of the i-th component contains r; segments. The adsorption occurs as a
consequence of an exchange of the different molecules between two phases, bulk
phase and surface phase. The latter phase is assumed to be an autonomous phase,
in which molecules lie parallel to the solid surface. The adsorption process may be
represented by a series of the following phase-exchange reactions3:

P AD F raer ) 2 (1D + ey G fori=12,...n (1)

where (i)” denotes a molecule of the i-th component in the p-th phase and p = /
(bulk phase) and ¢ (surface phase). Although the phase-exchange reaction given by
eqn. 1 suggests a monolayer character of adsorption, the recent statistico-thermo-
dynamical studies of Dabrowski et al.3® showed that the above reaction may be used
to represent the adsorption process for surface phases of greater thickness than the
monolayer thickness but showing a special ordering of adsorbed molecules.
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The equilibrium constant K}, ; relating to the reaction given by eqn. 1 is
defined as follows:

Kiv1i = (aﬁ+1/a5.+1)'i(af~/af’)’n+l fori =12, ..n 2
where

Kivii = %wrr,i expl(ri€ns1 — rne18)/(ksT)] fori= 1,2,...n 3

In the above, af is the activity of the i-th component in the p-th phase, ¢ is the
adsorption energy of the i-th component and «,.,; is the factor connected with
partition functions of isolated molecules of the i-th and (#+ 1)-th components in both
phases3. The activity af is defined in a standard way, i.e.,

al = ofy? fori=12,...n+landp =1L ¢ 4)
where ¢f and y¢ denote the volume fraction and activity coefficient of the i-th com-

ponent in the p-th phase, respectively, where y# — 1 as ¢f — 1. According to the
theory of regular solutions the activity coefficient y¢ is expressed as follows:

n+1 nti n+1
Inyt =% (A=rfref + ri 3 2505(1—08) —ri Y ra0tof )
j=1 j=1 k=1
J#i Lk#i
k> j

fori = 1,2,.. ,n+1and p = [, 6. In the above, the interaction parameter x5 is
defined by the following equation:

w = [/ D] [wf — 0.5(wf + wf] )

forij=12,...n+ 1L is#j,p=1ocand yf = x4

The symbol wf; denotes the interaction energy between two segments of the i-th and
J-th molecules in the p-th phase, z° is the lattice coordination number in the p-th
phase. Distinguishing the parameters w}; and {j, we assume that the interaction
energies in the surface solution are perturbed by the potential field of the adsorbent
and as a consequence of this, they differ from those in the bulk solution.

Eqns. 2, 4 and 5 make possible calculation of the volume fractions of all com-
ponents in the surface phase for a given composition of the bulk phase. In other
words, these equations describe adsorption from (n + 1)-component regular solu-
tions on a homogeneous solid surface in the whole concentration region.

The equilibrium constant Kj,;; may be rewritten in a slightly different form:

Kiv1i = (K}'.+1.i)1/"‘ = (an+1,i)l/riexp[(8n+1 — Fu+18&i/1)/(kgT)] )
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for i = 1,2,. . .,n. Then, eqn. 2 becomes

Kov1i = [(@7+ 1}’5+1)/(<an+ 1}’L+1)][(¢5?5)/(‘Pg)’?)]'"+‘/" fori=12,...,n (8)

Eqn. 8 is more convenient to formulate equations describing LSC with mixed mobile
phases.

FUNDAMENTAL EQUATIONS DESCRIBING LSC WITH MIXED MOBILE PHASES

Let us consider an adsorption system described by eqns. 5 and 8 but at infi-
nitely low concentration of the (n + 1)-th component (solute), i.e.,

o > 0fors=n+ landp =/, 0. 9

The subscript ““s” denotes the (» + 1)-th component at infinitely low concentration
in the mobile (bulk) phase, and then its concentration in the surface phase is also
infinitely low. The volume fractions of the remaining components (solvents) 1,2,. . .,n
fulfill the following condition:

Y of =1 forp=1lo (10)
i=1

The components 1,2,. . .,n are treated as the solvents. The expression defining the
activity coefficient of the s-th solute in the p-th phase may be obtained from eqn. 5
replacing in it the volume fraction ¢4, = @£ by zero; finally we have

n

Inf =% (1 —rfr)of +re X bl —rs Y x50fef forp =14 (11)
i=1 i=1 iLj=1
where >
72 =1lmy? forp=1Lo¢ (12)
50

It is convenient to express the activity coefficient §2 by means of the activity coeffi-
cients 4, for i = 1,2,. . .,n. The symbol 7%4; denotes the activity coefficient of the
s-th solute in the i-th pure solvent, i.e.,

P9 = limy? = lim$ fori=12... ,nandp =10 (13)

a2
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Eqn. 11 gives the following expression for In §%;):
In #%y=Q —rfr) + ryxs fori=12,...nandp =1/, 0 (14)

Combination of eqns. 11 and 14 gives

In¥ =3 ofInfy —rs Y xfofes forp=1lg (15)
i=1 i,j=1
i>i

The activity coefficients §¢ for i = 1,2,. . .,n atp? — 0 are expressed as follows:

In#=1limlny =Y (1 —r/rpef +r Y 15050 — 0 — 1 Y 2hetof
©f—0 i=1 i=1 jk=1
Jk*i

k>j (16)
fori = 1,2,.. ,nand p = [, 6. Forg? — 1 eqn. 16 gives
im 9?2 =1lim $ = l1forp=1Io¢ amn

=1 ef—~1

The distribution coefficients of the s-th solute in a n-component eluent and the i-th
pure solvent are defined as follows:

ks = lim  (@/@5) (18)
Pi—~0

ksy = lim  (@S/h) fori = 1,2,...n (19
oi—1

Taking into account eqns. 18, 19 in eqn. 8 we obtain
In ks = In Ky + (ry/r)In[(@f77)/(@iD)] + In(i/75) (20)

In ks(i) = In Ksi + ln(f)é(i)/?g(,-)) fori = 1,2,. . R and s = n+1 (21)

Combining eqns. 14, 15, 16 and 20 we obtain the general expression defining the
dependence of In k; upon mobile phase composition:

In kg = In Ky + (ri/rdln(e/oh) + rs Y, (ths — x50 +
j=1

n—1 n n
+ors Y (tns — x5 (@ — o) —ry Y xioh + 1o Y 2500 (22)
i=1

J= ji=1 ji=1
j*i J#i
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This expression may be rewritten in terms of the distribution coefficients of the s-th
solute in the pure solvents forming the mixed eluent. For this purpose we express the
term In(7;/79) appearing in eqn. 20 by means of In kg for i = 1,2,. . .n;itis

In(/75) = X eilnkgy — Y ojln Ky — Y (9f — ¢) In 75, +

j=1 ji=1 j=1

n n
+re Y x50l —re Y xholol (23)
Jk=1 k=1
k>j k>j

Substitution of eqns. 23 and 16 into eqn. 20 gives the general expression for the
distribution coefficient of the s-th solute in term the distribution coefficients of this
solute in the pure solvents; it is

Inks= 3 (rfr) ¢5In K + (r/r) In (9f/0) + Y @}Inky; +

j=1 j=1
J#i
n—1 n n
+ Y s — W)@ — o) s Y xief — s Y xheh (24)
j=1 i=1 i=1
J#i J#i

where K; = 1 and y% = yxf;. At this point it is worth noting that eqns. 22 and 24
defining the distribution coefficient of the s-th solute in a n-component eluent are
equivalent; the first of them is written in terms of the molecular parameters charac-
terizing regular bulk and surface solutions, whereas the second equation is written
in terms of the distribution coefficients of the s-th solute in pure solvents forming the
mixed eluent. These equations have been obtained from eqn. 20 by replacing the
activity coefficients of the s-th solute and the i-th solvent in both phases by analytical
expressions resulting from the model of regular solutions. Thus, eqn. 20 is a funda-
mental relationship in LSC with mixed eluents.

With special assumptions eqns. 20, 22 and 24 yield equations having rigorous
thermodynamical foundations, which have been used up to date in LSC with mixed
mobile phases. Before discussing this question we consider definitions of adsorption
and partition phenomena in LSC.

ADSORPTION AND PARTITION PHENOMENA IN LSC

Let us return to eqn. 21 defining the distribution coefficient of the s-th solute
in the i-th pure solvent. Rewriting this equation in a slightly different form we obtain:

ksiy = Ky (%(i)/?g(i)) fori =12, ..n (25)
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A simple analysis of eqn. 25 shows that distribution of the s-th solute between sta-
tionary (surface) and mobile (bulk) phases consisting of the i-th pure solvent is de-
termined by two terms: Kj; (equilibrium constant describing phase-exchange of solute
and solvent molecules) and (§i,/7%:) (ratio of the activity coefficients of the s-th
solute in the bulk and surface phases). The equilibrium constant K; (eqn. 7) contains
the pre-exponential entropy factor involving the difference in partition functions of
isolated molecules of the s-th solute and i-th solvent in the bulk solution and surface
layer, and an exponential factor containing the difference in adsorption energies of
the s-th solute and i-th solvent. This exponential term gives the greatest contribution
to the constant K. For the same entropy factor, adsorption of the s-th solute in-
creases with an increasing difference in adsorption energies of the s-th solute and i-
th solvent. This difference of energies mainly determines the distribution of the s-th
solute between the two one-component phases occuring as a result of the competitive
solute and solvent adsorption process, which is represented by the phase-exchange
reaction (eqn. 1). Such a mechanism of distribution of the s-th solute between one-
component bulk and surface-influenced stationary phases has been described earlier
in terms of the displacement modei!-4~9.

The second factor determining the distribution of the s-th solute between sur-
face and bulk phases consisting of the i-th pure solvent is the ratio of the activity
coefficients %;)/7%;. This ratio is different from unity for yi; # 1% i.e., when we
assume different values of the interchange energies of the s-th solute in the i-th solvent
forming the bulk and surface-influenced stationary phases. Thus, differences in the
interchange energies characterizing solute—solvent interactions in surface and bulk
dilute solutions (s,i) may also affect distribution to the s-th solute between the two
phases. Such a mechanism of distribution of the s-th solute between the surface and
mobile phases consisting of the i-th solvent is quite analogous to that appearing in
gas-liquid and liquid-liquid chromatographic systems and has been already de-
scribed in terms of the so-called partition model24—27,

The above discussion enables us to distinguish three main models of the LSC
process. In the case of LSC with a one-component eluent, equations defining these
models may be obtained on the basis of eqn. 25. They are:

ksiy = Ka = (0q)""expl(es — rsti/r))/(kT)] (26)
with the condition

Polion = Li=12,...n 27
for the displacement model (DM), and

ks = VeolFan = explrdls — x%)] (28)
with the condition

Ki=1fori=12,...n 29
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for the partition model (PM), and
Ka #1940/ # 1fori = 1,2,.. ,n (30)

for the mixed model (MM).
Similar equations to eqns. 26-29 may be written for the displacement and
partition models of LSC with multicomponent eluents. In this case eqn. 20 gives:

In ks = In Ky + (ro/r)) In (¢f/0}) (31
with the condition

In[Gs/F)F/F) ] = O fori = 1,2, . .0 (32
for the displacement model, and

In kg = In (5/%5) (33)
with the condition

K= 1lforij=12,...ns 34)

for the partition model. Eqns. 31 and 33 defining the distribution coefficient of the
s-solute between two multicomponent phases by assuming displacement and partition
models, respectively, are well known in th8chromatographic literature4—3.24727, These
equations have been obtained from eqn. 20 by assuming special conditions given by
eqns. 32 and 34. Discussion of these conditions in terms of our treatment is both
interesting and pertinent because it can reveal the physical limitations of the above
models.

Let us consider the condition given by eqn. 32. On the basis of eqns. 14-16 we
can write:

-1

(ro/roin(/3) = 3 (rslrn — rifr) (@F — @) + 1. Y, [i@? — xieh?] +

j=1 j=1
+org Y GGt Al - eter — s Y (it ki — reliel (35)
k=1 ik=1
Sk#i Bk#i
k>j k>j
and
ln(?é/??) = - z (rs/rn - rs/rj) ((P‘; - ‘1’5) + s Z (st - X?s) (pj +
j=1 j=1

n—1 n n
tre X G — 1) (@F — o) + 1 X ahelof — s Y Xnolok (36)
j=1 k=1 Jk=1
k>j k>j
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Comparing eqns. 35 and 36 according to the condition given by eqn. 32 we can see
that terms containing (rs/r, — r/r;) cancel out. Thus, eqn. 32 is fulfilled if the param-
eters xf; are equal zero, i.e.,

¥5=0forij=12,...ns,i#jandp =L o 37)

Eqn. 37 defines LSC systems with ideal surface and mobile phases.

Now, we consider eqn. 33 describing dependence of In k, upon mobile phase
composition according to the partition model of LSC with mixed eluents. This equa-
tion is valid when eqn. 34 is fulfilled. The equilibrium constant K;; describing the
phase-exchange reaction for molecules of the i-th and j-th components contained in
an infinitely dilute solution with respect to the s-th solute, may be expressed as fol-
lows:

Kij = UoD /(@@ (@il for ij = 1,2,.. n,s (38)

Since, for the partition model (eqn. 34) the constants K;; = 1 forij = 1,2,. . .,n, (no
displacement process between solute and solvent molecules), eqn. 38 gives

(@7FDN@F) = [(@FFDN@TFIYs  forij = 1,2,.. ,ns (39)
For different values of r; eqn. 39 is fulfilled when3!?

(@fD/(e) = 1fori = 12, . ns (40)

It is easy to see that eqn. 40 for i = s associated with the definition of &, (see eqn.
18) gives eqn. 33. Moreover, eqn. 20 becomes eqn. 33 when K; = 1 and eqn. 40 is
fulfilled.

Eqns. 31, 32 and 33, 34 define the so-called pure displacement and partition
models, respectively. The pure displacement model of LSC assumes identical inter-
actions between solute and solvent molecules (see eqn. 37). Then distribution of solute
and solvent molecules between two phases occurs only as a result of the competitive
adsorption. However, the pure partition model of LSC assumes no competitive solute
and solvent adsorption. In this case the distribution of a solute between the two
phases is a result of differences in its activity coefficients in the mobile and surface-
influenced stationary phases. Besides the above “pure” models of LSC, eqn. 20 can
describe different mixed models involving concurrent adsorption and partition
effects, e.g., models assuming competitive adsorption for solute and one solvent or
only competitive solvent adsorption, etc. One of the main advantages of eqn. 20 is
its general character; this equation coupled with the expressions defining solute and
solvent activity coefficients (eqns. 15 and 16) can also generate the most popular
equations derived up to date for displacement and partition models of LSC?:7:24.29,
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PURE DISPLACEMENT MODEL OF LSC

Eqn. 37 defines the physical condition where only solute and solvent com-
petitive adsorption determines the LSC process. Under this condition the dependence
of the distribution coefficient of the s-th solute upon mobile phase composition is
given by eqn. 31. This equation may be rewritten in a slightly different form:

Ink; = In kg + viln (¢f/@}) forv, = rgriandi = 1,2,.. .n 41)

In many chromatographic models the eluent is assumed to be a mixture consisting
of molecules of identical sizes, then ry = r, = ... = r, = r. Hence, the volume
fractions of solvents are equivalent to the mole fractions. Taking this into account
in eqn. 41, we have

Ink; = In kyey + viInx{/x) forv =rfrandi= 12, ..n 42)

where x# denotes the mole fraction of the i-th solvent in the p-th phase. Eqn. 42 has
been derived by Jaroniec er al.'3. As x{ — 1 this equation becomes the well-known
Snyder—Soczewinski relationship*-9:

In ks = In kgy — vInx} (43)

A similar relationship to that expressed by eqn. 43 may be obtained from eqn. 41 by
assuming ¢f — I:

In ks = In ks(i) —vin (pf (44)

Eqn. 44 may be used to describe chromatographic data measured for mixed eluents
consisting of molecules of different molecular sizes.

An interesting expression may be obtained from eqn. 42 by assuming Everett’s
equation for x{ (refs. 2 and 3):

n—1

x{ = Ki,,xﬁ/<xf, + K,-,,xﬂ-) fori =12, ..,n 45)

j=1

Eqns. 45 and 42 give

ks = { [Xﬁ'/(ksm)”v]} (46)
i=1
where
Kj,, = [ks(n)/ks(j)]l/v fOI'j = 1,2,. . .,n—l (47)

Eqn. 46 has been recently obtained by Boréwko32. For r, = r (identical molecular
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sizes of solute and solvent molecules) eqn. 46 becomes the well-known relation-
Ship28‘29‘33:

n -1
k, = [ (xﬁ-/ksm)] 4®)
j=1

Jaroniec et al.33 showed that eqn. 48 is equivalent to Snyder’s fundamental relation-
shipt:

ko= 3 X kay (49)

j=1

This problem was also discussed in terms of statistical thermodynamics?8:2%-34. The
equations considered in this section, referring to the pure displacement model, have
been discussed in detail in two reviews®:”.

PURE PARTITION MODEL OF LSC

Eqns. 33 and 34 defining the distribution coeflicient of the s-th solute in terms
of the pure partition model, combined with eqn. 23 give:

n n—1
In ks = Z (Pf In ks(i) + z [(rs/ri - rs/r") + rs(Xrals - X:,s)]((pf - (Pf) +
i=1 i=1

n

tore Y 150tef —re Y xieleh (50)
=1 hi=1
j>i j>i

This equation has been recently derived by Martire and Jaroniec?”. Two important
special cases may be deduced from this equation. The first case refers to chromato-
graphic systems with nearly ideal eluents containing solvents strongly interacting with
solute molecules. Under these assumptions eqn. 50 reduces to Oscik’s relation-
ship®25:

-1

Ink; = Z (Pf In kg + Z (o7 — ‘Pf) In Kgim) (51)
i=1 i=1
where
In Ksin) = (rs/ri — rS/rn) + rs (s — X;?s) (52)

For chromatographic systems showing ideal behaviour the term containing In xZ;,
becomes zero and then eqn. 51 reduces to the well-known relationship’-27

In ks = Z (pf In ks(i) (53)

i=1
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Eqn. 53 is, besides the Snyder-Soczewinski eqn. 43, one of the most popular relation-
ships used for describing LSC data. This equation represents the linear dependence
of the logarithm of the distribution coefficient upon the volume fractions of solvents
forming a mixed eluent. Eqn. 53 and other equations presented in this section describe
distribution of the s-th solute between the bulk and surface-influenced stationary
phases. In other words, these equations describe partition effects in LSC with mixed
mobile phases.

LSC WITH BINARY ELUENTS

In this section we present a short discussion of equations describing LSC with
binary eluents. A general equation for binary eluents may be obtained from eqn. 24
forn = 2;itis

In k; = (ry/r2)eh In Kyy + (r/ry) In (93/0)) + @4 In kyq) + @4 In kyoy +

+ (13 — 11 (@1 — OV + 1o x520% — rs X200k (54)

Eqn. 54 may be also obtained from eqn. 20, in which the subscript ““i” is replaced by
“1” and y¢ and y§ (p = [, o) are replaced by suitable equations defining activity
coefficients of the s-th solute and 1-st solvent in an infinitely dilute regular solution
(s,1,2) with respect to the s-th solute. It is difficult to obtain special cases of eqn. 54
relating to the pure displacement and partition models because some terms appearing
in the expressions In (7/75) and In (5{,7{) have cancelled out. However, these
equations may be easily obtained from eqns. 46 and 50 when n = 2. In the case of
the displacement model we have:

ks = [xi/(ksa)' + X3/(ky2)'"1™ (3%

The Snyder—Soczewinski relationship is valid for chromatographic systems with bi-
nary eluents, which contain solvents showing a great difference in elution strengths,
then ky2) > ks1) where the subscript ““1”” denotes the more efficient eluting solvents:7.
Under this condition eqn. 55 becomes the Snyder—Soczewinski relationship:

In ks = In ks(l) —vin xll (56)

In the case of the partition model, eqn. 50 for » = 2 gives an extended form of
Oscik’s equation®7:

In kg = @} In kyqy + @5 In kyoy + (0] — @4) In kG2 —
rs X12010% + 1o 1520595 (57)

Let us return to the general eqn. 54. It is interesting to consider this equation
for ideal binary eluents (¥ = xi2 = 0 and r, = r, = r). If, in addition, the solute
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molecules have comparable interactions with molecules of the 1-st and 2-nd solvents
and they are not perturbed by the solid surface, then

XTs = Xhs = 255 = Xas (58)

Under these conditions eqn. 54 gives eqn. 55, which has been derived for the pure
displacement model. This indicates that Oscik’s equation should contain terms re-
ferring to solvent-solvent interactions in both phases because for systems with strong
solvent—solvent interactions partition effects should be dominant and this enables us
to neglect the effects connected with the displacement process.

CONCLUDING REMARKS

Eqn. 20 contains activity coefficients of the solute and a reference solvent.
These activity coefficients may be expressed in an analytical form when we assume
a definite molecular model for the bulk and surface solutions. This paper presents
equations for the distribution coefficient by taking the model of regular solutions for
the mobile and surface-influenced stationary phases, where the surface layer has been
formed on an energetically homogeneous solid. This model is based on random mix-
ing and, hence, involves primarily dispersive interactions between the molecules.
However, according to Dubinin et 4/.3° it is possible to express the total activity
coefficient of the j-th component in the mobile and surface phases as follows:

77 = §7477s55n (59
and
o= Phahs forj= 12, ..ns (60)

In the above, 74,4 and 74 denote the activity coefficients of the j-th component in the
p-th phase reflecting nonideality of the solution due to dispersive (d) and specific (s)
interactions, whereas, 7 ndenotes the activity coefficient of the j-th component in the
surface phase reflecting nonideality of the surface solution due to adsorbent hetero-
geneity (h). Expressing activity coefficients of the solute and solvent in eqn. 20 by
expressions of the type eqn. 59 it should be possible to derive equations for LSC
involving adsorbent heterogeneity and association effects.

There is also the possibility of describing LC systems containing different num-
bers of components in both phases, e.g., systems containing liquid components in the
stationary phase, which are immiscible with the mobile phase and vice versa. Such
a situation may appear in liquid-liquid chromatography with mixed phases and LC
with chemically bonded phases. The activity coefficients for such systems may be
expressed by eqn. 15, in which terms containing the volume fractions of components
not appearing in the p-th phase are neglected.

As an example we present equations for LC containing one component in the
stationary phase immiscible with the binary mobile phase, e.g., LC with a homogen-
eous chemically bonded phase. Then the activity coefficient §§ may be expressed as
follows:
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In % = ¢f Iny4y + 0% In ¥52) + @f In Y5 —
rsx129019% — rsficoT9¢ — rs.0%9l  (61)

where ¢ and 75, denote the volume fraction of the c-th immiscible component in
the stationary phase and the activity coefficient of the s-th solute in the c-th pure
component, respectively. The activity coefficient 73, in the c-th component bonded
to the solid surface may be defined analogously to eqn. 14:

ln '}7:(0) = (1 - rs/rc) + rsxgc + Asc (62)

where 4, is a correction term. A simple correction of the form shown is strictly valid
when the chemically bonded phase is *““collapsed” or nearly so, implying little uptake
of solvent components 1 and 2 by the stationary phase, i.e., @] and @3 are small?4.
In this collapsed-chain limit A, depends only on the surface coverage and intrinsic
flexibility of the chemically bonded chains, and on the nature of the solute. However,
the activity coefficient §% is given by eqn. 15 for n = 2. Combination of eqn. 33
defining the distribution coefficient of the s-th solute for the partition model with
eqn. 61 and eqn. 15 for n = 2 gives:

In kg = §011 In k1120 + (Plz In ks(z/lzc) - rsXIIZ(PII(PIZ (63)
where
In ks(i/12r:) =In (5).15(1’)/')7(5’) fori = 1,2 (64)

The symbol k12 denotes a hypothetical distribution coefficient for the s-th solute
between the i-th bulk solvent and surface-influenced stationary phase (1+ 2+ ¢) hav-
ing an equilibrium composition. Let us consider a case when the solvents are excluded
from the stationary phase; then the distribution coefficient k120 becomes a physi-
cally attainable quantity and represents partition of the s-th solute between the i-th
pure solvent and a stationary phase containing only a component immiscible with
this solvent. Under this condition we have

ks(i/lZc) = ks(i/c) for (p‘{ = (p‘i =0andi = 1,2 (65)
and eqn. 63 becomes

In k, = 90'1 In ks(l/c) + (Plz In ks(Z/c) - rsX'lz(Pll(Plz (66)

Eqn. 66 has been derived by Martire and Boehm?# for LSC with chemically bonded
phases in terms of statistical thermodynamics. This short derivation shows the great
utility of the above description to derive equations involving adsorption and partition
effects in liquid chromatographic systems with an arbitrary number of components
in both phases.

Therefore, it has been demonstrated that various well-known retention—solvent
composition relationships can be readily derived from the basic general equation
under certain simplifying assumptions. These familiar relationships have been applied
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extensively to the interpretation of liquid chromatographic data. Their limitations
and range of applicability are a matter of record. It is clear that none of these simple
relationships is completely adequate.

Indeed, as has also been recognized and studied by others3673?, retention be-
havior in liquid chromatographic systems is generally complex, especially with mixed
mobile phases, and usually cannot be fully described through a single, simple mech-
anism. However, the problem of practical application of our general equation to a
wide range of normal and reversed phase systems, although it is an important (and
difficult) one, is beyond the scope of the present paper. It will be the subject of our
future studies.

The aim of the present paper was to develop a comprehensive theoretical
framework for liquid-solid chromatography. The resulting general equation has been
phrased in terms of interaction parameters and activity coefficients, which would
need to be evaluated or estimated in actual applications. It should be noted that, as
a starting point, approximate methods?%4° exist for treating these thermodynamic
quantities.

ADDED NOTE

As should be evident from the equations and text in the section titled “Ad-
sorption and Partition Phenomena in LSC”, by the term ““partition” we refer to that
contribution arising from the distribution of solute between a surface-influenced (sta-
tionary) liquid layer and a bulk-liquid mobile phase. Even though this effect is similar
to liquid-liquid equilibria, we regarded such alternative terms as *“‘solvation”, ‘‘so-
lution” or “liquid-liquid partition” to be misleading because the stationary layer is
by no means a bulk liquid.

However, the Editor has pointed out that, strictly, the term “partition” has a
broader connotation and should not be solely reserved to describe liquid-liquid equi-
libria (or, by extension, a process akin to it), despite its common usage in that
regard. This point is well taken. We do not wish it to be inferred that we support or
encourage propagation of this historical distortion. Simply, given the nature of the
stationary layer and the role of the underlying solid surface in determining its exist-
ence and composition, the term “partition” was favored in the present instance by
its very broadness.
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