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Mixtures composed of trace amounts of a solute in the vicinity of a solvent’s critical point
exhibit one of three types of behavior: repulsive, weakly attractive, or attractive. Each regime is
characterized by the signs of the diverging solute partial molar volume (and enthalpy), and of
the correlations between solute and solvent concentration fluctuations at infinite dilution.
Attractive behavior, in which the former quantity is negative and the latter positive, underlies
all of the actual or proposed applications of supercritical fluids to processes ranging from
precipitation polymerization to activated carbon regeneration. The presence of trace amounts

of a solute within a solvent characterized by long-ranged density fluctuations gives rise to a
cooperative phenomenon which, for attractive systems, involves the formation of a large
solvent-rich region around each solute molecule. Likewise, for repulsive behavior, the
cooperative phenomenon involves the formation of a large solvent-deficient region around each
solute molecule. The calculated volume, enthalpy, and entropy changes per solvent molecule
are very similar to the corresponding condensation (attractive behavior) and evaporation
(repulsive behavior) effects for the pure solvent at subcritical temperatures. This suggests a
qualitative description of near-critical cooperative phenomena as induced phase transitions.

INTRODUCTION

In recent years, several experimental studies have ad-
dressed the nature of solvent-solvent interactions in very
dilute mixtures in the vicinity of solvent critical points.'™
Using techniques ranging from density measurements’? in
experiments aimed at studying solute partial molar volumes,
to solvatochromic probes®* in investigations of local compo-
sitions around solute molecules, these studies have allowed
the observation and quantification of theoretically predicted
phenomena, such as large negative solute partial molar vol-
umes,””’ and solvent enrichment around solute molecules.®

The thermodynamics of mixtures composed of trace
amounts of a solute in the vicinity of a solvent’s critical point
{near-critical mixtures) was first studied by Krichevskii and
his colleagues®® using classical arguments. These workers
showed that solute partial molar volumes, energies, and
enthalpies diverge at the solvent’s critical point (diver-
gence), whereas the corresponding solvent properties attain
finite limits, the value of which depends upon the path along
which the critical point is approached (path dependence).
The nonclassical analysis of this problem was pioneered by
Wheeler,'® in his elegant decorated lattice''™"* treatment of
near-critical thermodynamics. Recent contributions include
the work of Levelt Sengers and co-workers,'**' and that of
Gilbert and Eckert.??

In the vicinity of the critical point of any substance, the
length over which density fluctuations are correlated be-
comes arbitrarily large. For attractive solute—solvent inter-
actions, the presence of a solute in trace amounts gives rise to
a cooperative phenomenon involving the “condensation” of
an arbitrarily large amount of solvent molecules (cluster-
ing). The experimentally measured large negative solute
partial molar volumes in infinitely dilute mixtures of nonvo-
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latile solids in supercritical fluids'?> are macroscopically
p P

measurable manifestations of clustering. Positively diverg-
ing solute partial molar volumes at infinite dilution,?® on the
other hand, are macroscopically measurable consequences
of the presence of trace amounts of a solute within a medium
characterized by a diverging correlation length, when sol-
ute-solvent interactions are repulsive.

In two recent publications®?* we have quantified these
cooperative phenomena. Specifically, we defined a cluster
size as the excess number of solvent molecules surrounding
the infinitely dilute solute, with respect to a uniform distri-
bution at bulk conditions. This quantity, which can be either
positive or negative, is proportional to the solvent’s com-
pressibility, and hence is very large in magnitude in the near-
critical region. Because the diverging partial molar quanti-
ties are also proportional to the solvent’s
compressibility,'>** the cooperative enthalpy, volume, and
entropy changes per solvent molecule are necessarily finite.
In this paper we investigate the magnitude of these effects.
The entropy, enthalpy, and volume changes are indicative of
an induced condensation (attractive interactions) or evapo-
ration (repulsive solute-solvent interactions) around the
solute molecule.

Near-critical systems can be of three types: repulsive,
weakly attractive, and attractive. These are characterized by
the signs of the diverging solute partial molar volume and of
the cluster size, which can be either ( 4+, — ), ( +, 4 ), or
{ —, + ), respectively. The three types of behavior can be
derived both from continuum and microscopic models.
Here, we compare the similarities and differences between
the picture of near-critical mixtures that emerges from the
van der Waals model and from Wheeler’s decorated lattice
treatment. Significant differences arise between these mod-
els as to the predicted behavior of the symmetrical near-
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critical system obtained by interchanging solute and solvent.

The behavior of a mixture at infinite dilution and near-
critical conditions is not only scientifically but also techno-
logically relevant. In fact, the phase behavior exhibited by
most systems used in actual or proposed applications of su-
percritical fluids is largely determined by the attractive na-
ture of the mixtures involved. In these processes, which in-
clude coffee decaffeination,” enhanced oil recovery,?® and
precipitation polymerization,?”?® a nonvolatile solute is con-
tacted with a supercritical fluid to form a dilute solution in
which solute properties are not too different from their infi-
nite dilution values. Both the experimentally observed solu-
bility enhancements of up to six orders of magnitude with
respect to ideal gas behavior, and the exothermic dissolution
of the pure solid solutes into the supercritical fluid, two key
features of dilute supercritical mixtures of practical interest,
have been shown to be a direct consequence of the attractive
behavior of these systems at infinite dilution.?>*

In what follows we derive van der Waals and decorated
lattice criteria for the classification of near-critical mixtures,
we show the similarities and differences between the two
approaches, we quantify the entropy, enthalpy, and volume
effects which accompany the isothermal, isobaric addition of
trace amounts of a solute to a near-critical solvent, and we
show the analogies and differences between these cooperat-
ive phenomena and first-order phase transitions.

ATTRACTIVE, WEAKLY ATTRACTIVE, AND
REPULSIVE SYSTEMS

The partial molar volume of an infinitely dilute solute
(1) in a binary mixture (1,2) is given by the identity

p— aP w0
Ve=pTlK [(——-—) 'N] =p"'K,6, 1
1 P T ON, ) v, P T (1)

where superscript o« denotes the limit of vanishing solute—
solute interactions, p and K, are the solvent’s number den-
sity and isothermal compressibility, and &, the total number
of molecules in a volume V. The quantity in brackets (8),
which at infinite dilution can also be written as

5=(ﬁf)°° YK, 2)

where x, is a molecule fraction, is finite arbitrarily close to
the solvent’s critical point.>'° We define the cluster size £
{not to be confused with the correlation length, for which
the same symbol is frequently used), as the excess number of
solvent molecules surrounding an infinitely dilute solute
molecule, with respect to a uniform distribution at the pre-
vailing bulk density,%%*°

§=pj(g§°]—1)d3r=lim(—8w, (3)

*—0 (N 1)

where p is the solvent’s number density, g57, the infinite dilu-
tion limit of the unlike pair correlation function, 8N;, an
instantaneous fluctuation in the number of molecules of type
i within an open control volume containing, on average,
{N,) noninteracting solute molecules, and { ) denotes ther-
modynamic averaging. Note that £ can be either positive or
negative.
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A relationship between £ and ¥ {° can be obtained from
the theory of fluctuations.?® The result is®

Vip=pkTK; —§ (4
or equivalently, using Eq. (1)
= 5
Vipt ' =———— 5
s AT — 5 &)

In the vicinity of the solvent’s critical point, ¥ {* and £ di-
verge strongly (i.e., as K;), their signs being those of § and
pkT — 6, respectively. The unbounded growth of £, a direct
consequence of the divergence of the correlation length, en-
dows this otherwise purely statistical quantity with mecha-
nistic significance.®* The proportionality between ¥ ;* and
£ means that, except for the special case pkT~=5 (to be dis-
cussed below), the ratio ¥ £ ! is finite. Along the critical
isochore, in particular,

et s _
Vl g p [ pc kT _ 5 -
where p, is the solvent’s critical density, and it is understood
that § is evaluated at Tand p,.. The quantity ¢ is the volume
change associated with cluster formation (in units of p_~ ')
per solvent molecule in the cluster (i.e., per excess solvent
molecule surrounding the infinitely dilute solute, with re-
spect to a uniform distribution at the prevailing density).

We now discuss the behavior of § and pk7T — 6. In par-
ticular, we seek to compare the signs of these quantities in
the near-critical region as predicted by a nonclassical and
microscopic model with the corresponding predictions ac-
cording to a classical and continuum model. In the former
case, we invoke Wheeler’s decorated lattice treatment of infi-
nitely dilute near-critical behavior,'® and write

& (6)

_KT{(1 —(x — )*[N' — (dN'/dInp), ]}

1+ (xX*—1p—~N'(x—-1)?

N

where N'is the number of empty-filled nearest-neighbor
contacts in the primary lattice (normalized by the number of
primary cells times the coordination number), p is a dimen-
sionless solvent density (i.e., the ratio of solvent molecules to
the total number of cells in the primary lattice), and

x =exp( — €,,/kT), (3)

where €,, is the solute-solvent interaction energy. In this
model, €, can be either positive {repulsive solute-solvent
interactions} or negative (attractive interactions). Note
that, since p is dimensionless in Eq. (7), & has units of energy
and differs from the quantity defined in Eq. (1) by the trivial
factor v, (the volume of a unit cell in the primary lattice).
The partial derivative dN'/dp vanishes at the critical point,
and N’ approaches a limiting value (N, ) between -17 and
*19 in three-dimensional lattices.’® As shown in the Appen-
dix, Eq. (7) implies, at the critical point, the following crite-
ria for the signs of the diverging quantities (¥ * and £).

Vr>0 (ie, §>0) for €,/kT> —In(1 + N[/,
(9a)

V<0 (ie, 6<0) for €,/kT< —In(1+ N[ 1/?),
(5b)
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£>0 (ie., pkT' —56>0) for €,,<0, (10a)
£<0 (ie., pkT'—8<0) for €,,>0. (10b)

In the vicinity of the critical point Eqgs. (9a) and (9b)
are formally identical, but with N, replaced by [N’ — N '/
d1n p], an inconsequential change, since N' =N, and dN'/
JdIn p=0. Equations (10a) and {10b) are unchanged away
from the critical point for |dN'/dp| < 1 (see the Appendix).

The above regimes are summarized in Fig. 1. A near-
critical mixture is repulsive when ¥>0 and £<0
(€,,>0), weakly attractive if ¥>0 and
E>0[ —In(1 + N[ °)<e€,/kT<0], and attractive if
Vi <0and £>0 [€,/kT< —In(1 + N *)]. Regimes
analogous to those shown in Fig. 1, but with a characteristic
function of solute and solvent concentration fluctuations at
infinite dilution as a parameter (instead of €,,/kT) were
recently derived® in conjunction with Eq. (4).

The correlation length for density fluctuations diverges
at the critical point of any pure substance. The presence of
trace amounts of a solute in a near-critical fluid gives riseto a
cooperative phenomenon involving participation of an arbi-
trarily large number of solvent molecules (£). For repulsive
solute-solvent interactions (6 > pkT), £ is large and nega-
tive in the near-critical region. Each solute molecule is then
surrounded by a solvent-deficient region, the characteristic
size of which is the correlation length. The resulting volume
expansion is reflected in the sign of ¥ . For attractive sys-
tems (5<0), a solvent-rich region of characteristic size
equal to the correlation length surrounds solute molecules
(£ large and positive, ¥ {° large and negative). If the solute—
solvent interactions are weakly attractive (0<8<pkT),
positive solute-solvent correlations (£ > 0) coexist with pos-
itively diverging partial molar volumes. This behavior can be
explained through the following thought experiment. Ima-
gine a pure solvent, to which trace amounts of a solute are
added isobarically and isothermally. Let the solute be infi-
nitely smaller than the solvent, and let its interactions with
the solvent be vanishingly weak. In this case, obviously,
£-0. Even for such a “transparent” solute, ¥ becomes
large and positive in the near-critical region, owing to the
divergence of K, [see Eq. (4)]. Real solutes which interact
attractively with the solvent (£ > 0) must first overcome this
purely osmotic effect before ¥V can become negative.
Weakly attractive systems are therefore those in which clus-
tering is insufficient to overcome the osmotic volume change
due to solute addition, namely, kTK ;..°

Y
€>0(‘, )€<0
- A v o — v
¥®<0{ . Y@
i v v i
AE;mAg'nvg | WEAKLY ATTRACTIVE REPULSIVE N
D€, /KT
v
=In(1+N V3 [¢]

FIG. 1. The three possible types of behavior which characterize a near-criti-
cal mixture, according to Wheeler’s decorated lattice model.'® Attractive
behavior (€,, large and negative) implies volume contraction upon isobaric
solute addition and solvent enrichment around the solute. Repulsive behav-
ior {€,, positive) implies volume expansion upon isobaric solute addition,
and solvent depletion around the solute. Weakly attractive behavior (€,
small and negative) implies volume expansion and solvent enrichment.
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In Wheeler’s model, then, the classification of a near-
critical system into attractive, weakly attractive, or repulsive
is expressed entirely in terms of the solute-solvent interac-
tion energy. We now compare these predictions with those of
a classical and continuum model, the van der Waals mixture
[P=pkT(1 —pb)~"' — ap®]. In this case, we have

5=_ PKT

(1—pb)?

where b = 3x;b;, and a = 23x,x;a;. Along the critical iso-
chore (p. ), Eq. (11) implies

[l-i-p(b,—-bz)}—szan, (11)

— . 30!”2
V>0 (ie, §>0) for > -2, (12a)
— . 3al/2
V<0 (ie, §<0) for y< —2, (12b)
1/2
£>0 (ie, pkT—56>0) for y< 3? ——i—, (13a)
. ;/2 2
£<0 (ie., pkT—5<0) for y> -3 (13b)
where T,=T/T,, and
a=a,/a,, (14)
yzbl/b2, (15)

and where a,, = (a,,a,) ">

A near-critical van der Waals mixture,then, is repulsive
when ¥V >0 and & <0(y>3a'/?/T, —2/3), weakly at-
tractive if V>0 and &>0
(3a'?/T, —2<y<3a'’*/T. —2/3), and attractive if
Vi <0and £>0 (y<3a'/?/T, — 2). These regimes are il-
lustrated in Fig. 2, which also includes (a'/%,7) coordinates
corresponding to several systems for which large positive
( + ) and negative ( — ) solute partial molar volumes have
been measured>?**! in the near-critical region. The discrep-

o: NAPHTHALENE IN CO2(-)2

b: ETHANE IN CO2 {+)23

¢: NAPHTHALENE IN ETHYLENE (~)2
d: N-HEPTANE IN ETHANE (~)3!

FIG. 2. The three possible types of behavior which characterize a near-criti-
cal van der Waals system. Attractive behavior occurs when
y < 3a''*/T, — 2;repulsive behavior, when y > 3a'/?/T, — 2/3 and weakly
attractive behavior, when 3a'/?T, — 2 <y < 3a'?/T, — 2/3. The slope of
the lines becomes 3(1 — %,,)/7, upon introducing an interaction parameter
kg a; = (1 —k;)(a,a;)""* Alsoshown are the (a'/%y) coordinates per-
taining to systems for which positive or negative divergence has been experi-
mentally measured.
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ancy in the ethane—carbon dioxide case (for which ¥, >0
has been measured at T, = 1.005) merely reflects the inac-
curacy of a purely van der Waals—-Lorentz-Berthelot de-
scription of this system: upon introducing an interaction pa-
rameter k,, [ie., a), = (1 — k,,)(a,,8,,)"?] the slope of
the plotted lines becomes 3(1 — k,,)/T,, and the system be-
comes positively divergent at T, = 1 for k,, = 0.05.
For p#p., Egs. (12) and (13) read, with p, =p/p,,

— 3(3 — 212
Ves0 (ie, 6>0) for y>——(-——/i-a +1 —~i,
T, Pr
(16a)
— 3(3—p,)® g'/2
V<0 (ie, 6<0) for y<_L!i-“ y1-2,
4 T, pr
(16b)
&E>0 (e, pkT —6>0) for
3(3-p,)% o'? (p, )
. — 11, 17a
Y< 2 T + 3 (17a)
£<0 (ie., pkT—5<0) for
33—p,)° a'? (Pr )
. ——1]. 17b
Y> Z ra + 3 (17b)

r

Since (p,/3 — 1)>(1 — 3/p,) (the equal sign correspond-
ing to p, = 3) the above equations define the same regimes
as Egs. (12) and (13). The behavior of ¥ {* and £ forp, <1
and p, = 3, as predicted by Egs. (16) and (17) exhibits inter-
esting features. These limits, however, are obviously beyond
the near-critical region (the van der Waals equation is un-
physical for g, > 3). Since, furthermore, the very concept of
a cluster size rapidly loses mechanistic significance outside
of the near-critical region,** such predictions are beyond the
scope of this paper. Here we focus instead on the behavior of
systems for which £ and ¥  are both large. In this case, since
both ¥ {© and £ scale as K 1, their ratio must be weakly depen-
dent upon p for a given T,>* and the value of this ratio at
p = p. is indeed representative of the effects being quantified
here.

In Egs. (12), (13), (16), and (17), we have used the
Lorentz-Berthelot combining rule, a,, = (a,,a,,) "% Since
this is unnecessarily restrictive, we consider the general case

a,,#(ay,82,)""% a=33x,x;a;. Equations (12), l/(213),

(16), and (17) then apply unchanged, but with a'’? re-
placed with o', where
a' = a,,/ay,.
The regimes now read, along the critical isochore,
V>0 (ie, 6>0) for y>3Ti-2, (18)
= . 3a’
V<0 (ie., §<0) for ¥< T -2, (19)
. 3 2
&E>0 (ie, pkT—6>0) for y< -3 (20)
. 3¢ 2
£<0 (ie, pkT—6<0) for y> 3 2n

r

and, for p#p,.,

- 3(3—p,) o
Ves0 (e, 6>0) for y>—(—-L)--£—+(l—~—§—),

4 T, p-
(22)
- 3(3—p,)% &
V<0 (e, §<0) for y<——£—-¢')'—9-+(l——3—),
4 T, Pr
(23)
£>0 (ie., pkT - §>0) for
3(3'"/7,)2 al (pr )
—— e = — 1], 24
< 2 T + 3 (24)
£<0 (ie., pkT —5<0) for
3(3 _p')Z o (pr )
— e = — 1. 25
> 2 T + 3 (25)

thus, even with a,, as a free parameter, we recover formally
identical criteria provided we replace @'/ with o’. Alterna-
tively, we can define an interaction parameter k,,,
@y, = (1~ ky,)(a,,a5,)"'? a form frequently used in engi-
neering calculations to express deviations from Lorentz—
Berthelot combining rules.*” In this case, Egs. (12), (13),
(16), and (17) are unchanged in form, but a'/? is replaced
by (1 — kyp)a'’

IMPLICATIONS OF THE CLASSIFICATION CRITERIA

Given any near-critical system, consider the “symmet-
ric” mixture obtained by interchanging solute and solvent
(i.e., the infinitely dilute solute becomes the near-critical sol-
vent, and vice versa). The two models which we have chosen
in order to illustrate near-critical behavior differ in an im-
portant way as to their predictions concerning the behavior
of symmetric mixtures. In order to illustrate these differ-
ences, we consider, in the first place, a van der Waals mix-
ture, and define

w=1/y, (26)
A=1/a'? (27)

Assuming that the actual (a,y) system is attractive, we have
@~ ' <(3/AT,) — 2 or, equivalently,
3 _ 2A
T,

r

whereas, for the symmetric {A,w) system to be attractive,
we require

3A

Thus, in order for a given near-critical binary mixture and
the symmetric system obtained by interchanging solute and
solvent both to exhibit attractive behavior, Egs. (28) and
(29) must be satisfied simultaneously (note that T, though
constant, represents different actual temperatures in the
above equations, since the 1 =22 transformation in which we
are interested preserves the near criticality of the given sys-
tem). Similarly, for repulsive behavior to be preserved under
the 1 =2 transformation, we require that

(28)

w< —2. (29)
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A
) < e 30
3 2A (30)
T, 3
and simultaneously,
3A 2
o> —_— 31
T, 3 S

r

In this way, we construct Fig. 3, where the attractive,
weakly attractive, and repulsive regimes for the infinite set of
all possible “given” (i.e., @'/%,y) systems are bounded by
o = w{A) curves, whereas the corresponding regimes for
the infinite set of all possible “symmetric” (i.e., A,®) sys-
tems are bounded by straight lines identical to those shown
in Fig. 2. If a mixture is such that its representative (A,w)
point lies on regions corresponding to the same behavior as
defined by the curves and the straight lines, then the system
and the symmetric near-critical binary obtained by inter-
changing solute and solvent exhibit the same behavior. Asan
example, consider point A (Fig. 3). Its coordinates are such
that the given mixture is attractive (i.e., @ and y are such that
point A, with coordinates @~ '/? and !, lies above curve
a), while the “symmetric” mixture is repulsive (i.e., Aandw
are such that point A lies above line b’).

It follows from Fig. 3 that it is impossible for any van der
Waals near-critical system and its symmetric counterpart
both to exhibit attractive behavior, since lines a and a’ are, at
best, tangent (7, == 1) and do not intersect for 1 <7, <3
(i.e., they do not intersect in the near-critical region). The A
axis, line b’ and curve b define a small triangular region with
coordinates {00}, {27./90}, {(9/4T,—5T./36)

— [(5T,/36 — 9/4T,)* — 11Y% (27/4T% —13/2)
— [(15/36 — 27/4T2)> — 9/T%]"/?}, shown in black in

at;v2
i ATTRACTIVE REGION FOR
7
Y tayrsvsvem

X WEAKLY ATTRACTIVE REGION
:\\\:‘\% FOR (a,y) SYSTEM

mm REPULSIVE REGION FOR
{a.7 ) SYSTEM

ot

Ator aif2y

FIG. 3. Attractive, weakly attractive and repulsive regions corresponding
to a van der Waals near-critical system and to its symmetric counterpart
obtained by interchanging solute and solvent. The behavior of a “given”
system is described by the position of its representative point, in
(@~ "2y} coordinates, relative to curves a and b. The “symmetric” sys-
tem is described by the position of the same point with respect tolinesa’ and
b, as in Fig. 2. Point A represents an attractive “given” mixture whose
“symmetric” counterpart is repulsive. If a “given” mixture’s (@~ "%y ")
coordinates fall within the black triangle, both the “given” and “symmet-
ric” systems are repulsive. No “given”—“symmetric” pair is simultaneously
attractive.
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Fig. 3. This region is such that repulsive behavior in a given
system implies repulsive behavior in its symmetric counter-
part. It can be seen that weakly attractive behavior can, in
principle, also be preserved under the 1 =2 transformation.
In general, though, near-critical binaries and their symmet-
ric counterparts are not predicted to exhibit the same behav-
ior when modelled by the van der Waals equation.

If we consider a,, as a free parameter, we can write, as
before, a,, = (1 — k) (a;,a,,) /%, whereupon we recover
Egs. (28)-(31), but with 3/7, now replaced with
3(1 — k,)/T,, and o, A still defined as per Egs. (26) and
(27). The two A intercepts and the slope of thea’ and b’ lines
(Fig. 3) then become 2T./13(Y — k) 1,
27,./719(1 — k3) 1, and 3(1 — k,,)/T,; the vertical asymp-
totes of curves a and b become 3(1 — k,)/(2T,) and
9(1 — k,,)/2T,. The intersection of curve a and lie a’, a nec-
essary but not sufficient condition for a mixture and its sym-
metric counterpart both to exhibit attractive behavior, does
not occur for (1 — k,,) < T, <3(1 — k,,). Thus, it becomes
indeed possible for a van der Waals mixture and its symmet-
ric counterpart both to exhibit attractive behavior, but this
requires very large deviations in a,, away from its Lorentz—
Berthelot value. As an example, in order for curve a and line
a’ to intersect for 7,>1.01, it is necessary to have
k,, = 0.6633. Since the interaction parameter should, in
principle, be small compared to unity, a large k|, is generally
indicative of the inaccuracy of the equation of state, rather
than of the combining rule.

We now consider the behavior of a given mixture and its
symmetric counterpart as predicted by Wheeler’s model. Al-
though in this model the solute does not have a critical point,
the formalism can nevertheless be used as a model of near
criticality by considering its infinitely dilute limit (with re-
spect to the secondary lattice) exclusively, the primary lat-
tice being near critical. Upon interchanging labels (1=22),
we go from the given near-critical system to its symmetrical
near-critical counterpart. At the critical point of a cubic lat-
tice, Eq. (9b) becomes

le|/kT, > 1.211 (32)

But, for such a lattice, k7. = 1.124|e|] (where € <0 is the
solvent’s attractive energy). Thus, for attractive behavior,
we must have??

|€1] > 1.361]€,,| for V- — 0 as x,—»0  (33)
and, at the other end of the concentration range,
|€12] > 1.361]€,y| for V- —wasx,—1.  (34)

Thus, when we consider Wheeler’s decorated lattice in
the limit of infinite dilution with respect to the solute, and
use this as a picture of near criticality at both ends of the
composition range (that is to say, we obtain the near critical-
ity of the symmetric system by switching labels while re-
maining at infinite dilution with respect to the secondary
lattice and near criticality vis-a-vis the primary lattice), the
model predicts the behavior shown in Table I, where we have
used the fact that the sign of €, is unaffected by 12 inter-
change.

Note in particular, that a Lorentz-Berthelot constraint
(.., |€12] = |€1€2|""?) can imply weakly attractive s
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TABLE 1. Behavior of a “given” s ‘“‘symmetric” pair as predicted by
Wheeler’s model upon switching labels at infinite dilution and near-critical-
ity.

€,, Eq. (33) Eq. (34) Given Symmetric
>0 - e Repulsive Repulsive
<0 Satisfied Satisfied Attractive Attractive
<0 Satisfied Violated Attractive Weakly attractive
<0 Violated Satisfied Weakly attractive Attractive
<0 Violated Violated Weakly attractive Weakly attractive

weakly attractive, attractive s weakly attractive, or repul-
sive s repulsive behavior.

The types of behavior shown in Table I are clearly at
odds with van der Waals predictions: attractive s repulsive
and weakly attractive s repulsive behavior are allowed in
the van der Waals case and forbidden in Wheeler’s model,
whereas attractive behavior is almost never preserved in the
former case (except for very high deviations in a,, from its
Lorentz-Berthelot value), and easily preserved in the latter.
Furthermore, repulsive behavior is necessarily preserved in
Wheeler’s model, and almost never preserved for a van der
Waals mixture.

Although recent computer simulations of near-critical
Lennard-Jonesiums®* confirm the validity of the van der
Waals picture, experimental investigations of partial molar
volumes in near-critical mixtures and their symmetric coun-
terparts are needed in order to clarify this interesting matter.
It is clear, though, that neither model is adequate in the case
of systems whose components differ greatly in size.

ENTROPY, ENTHALPY, AND VOLUME CHANGES

In the immediate vicinity of the critical point, the so-
lute’s partial molar enthalpy becomes proportional to its
partial molar volume, with a positive proportionality con-
stant related to the slope of the solvent’s coexistence
curvel(),24

H K
— - T(éﬁ) (35)
Ve T/,
or equivalently,
Hyee! dP
L~Trzc( ’) (_‘\ 4 , (36)
kT, aT, ) \p ) pkT — 6

where subscript o denotes the coexistence curve, P, = P/P,,
and Z, is the solvent’s compressibility factor at the critical
point. Along the critical isochore, therefore,

T{w —1
L ~T,Zc(ﬂ> _ 6
kT, oT, ) ,p kT — &

Note that because ¥ > and £ are diverging quantities, refer-
ence enthalpies in Egs. (35)—(37) vanish upon normalizing
by Vo or &

In strict analogy with Eq. (6), the quantity # is the en-
thalpy change associated with cluster formation (in units of
kT.) per excess solvent molecule surrounding the infinitely
dilute solute, with respect to a uniform distribution at bulk
conditions. It is obvious that # is a finite quantity (the spe-
cial case p_ kT~ & will be discussed below), and that the di-

=y. (37)
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vergence criteria derived for ¥ {° apply unmodified to Hy.
Note, however, that whereas Eqs. (5) and (6) are exact,
Egs. (36) and (37) are only asymptotically so.

We will now quantify the specific (i.e., normalized by §)
volume, enthalpy and entropy changes which accompany
the formation of solvent-rich (£ > 0) or solvent-deficient re-
gions (£ < 0) around infinitely dilute solutes in near-critical
systems. In the case of entropy, we must separate the ideal
mixing term, which diverges at infinite dilution. The appro-
priate quantity in this case®® is the excess partial molar en-
tropy with respect to that of an infinitely dilute solute in an
ideal gas mixture $) m at the same temperature and den-
sity, but at a pressure P,,,, = pkT,

[Se1"=87 — (5¢) igm

[
o aT
where k is Boltzmann’s constant. (§;’° ) diverges as 7;"’
and H {°, its sign being that of 5.2% Thus, for negatively diver-
gent systems, S i )¥* is a measure of the order brought about
by long-ranged correlations around a central solute mole-
cule which attracts solvent molecules. We thus see that the
cooperative volume, enthalpy, and entropy effects, when
normalized by &, are singularity-free quantities, which can
be compared to the corresponding volume, enthalpy, and
entropy changes which characterize the solvent’s vapor-lig-
uid transition. Because @, ¢, and (S °)*& ~ ! are singularity-
free, and the pure component effects with which they will be
compared are not, in general, restricted to the near-critical
regime, we can define a van der Waals g parameter,

3 al/ 2\ —1
(-3
7 ( 2/\ 2T,
suchthat § > 0forg> 1and § <0 for g < 1. Along the critical
isochore of a van der Waals solvent, Eqs. (6) and (37) read

k] pkT
——|dP+kInEZ (38
)p plef kT 08

(39)

_ g—1
¢—— 4Tra_1/2 ’ (40)
— (g—1
g—1
= X 41
v 8a™'?  2(¢g—1) “h
27 3T,

Figure 4 shows the cooperative volume, enthalpy, and
entropy changes along the critical isochore (normalized by
£) which accompany the formation of solvent-rich and sol-
vent-deficient regions containing, respectively, £ and ( — &)
excess solvent molecules, upon addition of trace amounts of
a solute to the near-critical solvent. Because a and T, are
fixed, changes in ¢ correspond to changes in ¥ (solute/sol-
vent volume ratio in a van der Waals formulation ). For g < 1
[or, in lattice terminology, €,,/kT< —In(1 + N7 ") ], £
is positive, while v e, H 7, and (S 7 )" are all negative. The
x axis then gives the reduced temperature at which the spe-
cific volume, enthalpy, and entropy changes of condensation
associated with the van der Waals solvent’s vapor-liquid
transition equal ¥V & ~', H & ', and (S )¢ ~, respec-
tively. Likewise, for¢> 1 4+ 4T,/9a'/? (or, in lattice termin-
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FIG. 4. Cooperative volume, enthalpy, and entropy changes associated
with the formation of solvent-rich (g < 1) and solvent-lean regions around
trace solute molecules in a near-critical van der Waals solvent. ¢ is an asym-
metry parameter. The x axis is the reduced temperature at which the vol-
ume, enthalpy, and entropy changes per molecule associated with the sol-
vent’s vapor-liquid transition equal ¥ £ ', Hy£ ', and (S7)¢ 1,
respectively. For g < 1 (attractive behavior; T’;‘ <0, £> 0), the cooperative
phenomenon is analogous to an induced condensation. For
g>1+4T./9'"? (repulsive behavior; ¥ >0, £<0), the cooperative
phenomenon is analogous to an induced evaporation.

ology, €,, > 0) £ is negative, while ¥ *, H *, and (S °)** are
all positive. The x axis then gives the reduced temperature at
which the specific volume, enthalpy, and entropy changes of
vaporization associated with the van der Waals solvent’s lig-
uid-vapor transition equal V£, HE~!, and
(S )€ ~', respectively. Technical details pertaining to the
calculations performed in order to obtain Fig. 4 are dis-
cussed in the Appendix.

For g < 1 (attractive systems ), ¥ increases monotonical-
ly along each of the three curves, from the infinitely small
solute limit (¢ = 0.226 at the given a, T, values) totheg = 1
limit. The closeness of the volume, enthalpy, and entropy
curves suggests that clustering can be qualitatively described
in terms of an induced phase transition in which the diverg-
ing correlation length causes a “condensation” of an arbi-
trarily large number of solvent molecules around the infi-
nitely dilute solute. Of course, in a true phase transition, one
would have a single curve instead of three.

Forg> 1+ 4T./9a'’? (¢, repulsive in lattice terminol-
ogy) & becomes arbitrarily large and negative. This implies
that the infinitely dilute solute is surrounded by a region
whose characteristic size is the correlation length, within
which solvent concentration is less than in the bulk. Note
that both in the “condensation” and “evaporation” cases,
the cooperative phenomena involve entropic and energetic
effects that are invariably greater in magnitude (lower
equivalent 7', ) than those which would accompany a vapor-
liquid transition involving a volume change (per molecue)
of Virg ~ 1.

For weakly attractive behavior [1 <g <1 + 4T,/9a'?
or, in lattice terminology, — In(1 + N[ '?) <€,,/kT < 0],
the volume integral of (g3; — 1) diverges to + « (cluster-
ing) butsodo V>, H , and (S {°)**. Partial molar volume

measurements® and ¢ calculations® based on these experi-
ments indicate that the ethane(1)-CO,(2) system exhibits
this type of behavior. Clearly, spectroscopic studies of weak-
ly attractive near-critical binaries would be extremely help-
ful in improving our mechanistic understanding of this class
of systems.

When 7 is close to 3a'/?/T, — 2/3 (i.e., pkT=8, or, in
lattice terminology, when €,, is close to 0), systems exhibit
large positive ¥ °, H *, and (S ) but (except for the im-
mediate vicinity of the critical point) small &, which can be
either positive or negative. In this case, ¢ and ¢ become arbi-
trarily large. We are not aware of any system exhibiting this
behavior.

CONCLUSION

The presence of trace amounts of a solute within a near-
critical solvent gives rise to cooperative phenomena which
can be described with qualitative accuracy as induced phase
transitions. The magnitude of the cooperative volume, en-
thalpy and entropy changes per solvent molecule are com-
parable to the corresponding condensation and evaporation
effects associated with the solvent’s vapor-liquid phase tran-
sition.

In an attractive near-critical mixture, an arbitrarily
large solvent-rich region is formed around the solute, giving
rise to negatively diverging solute partial molar volumes. If,
on the other hand, solute—solvent interactions are repulsive,
an arbitrarily large solvent-deficient region is formed around
the solute, and its partial molar volume diverges to + 0. In
the case of weakly attractive mixtures, positively diverging
solute partial molar volumes coexist with positively correlat-
ed solute—solvent concentration fluctuations.

We have analyzed the three types of behavior with two
very different models: Wheeler’s decorated lattice, a micro-
scopic model originally developed to study near-critical bi-
nary mixtures taking into account nonclassical effects, and
the van der Waals model, a continuum and classical picture.
In the former case, the attractive, weakly attractive, and re-
pulsive regimes are obtained from energetic considerations
exclusively. By contrast, in the van der Waals case, the same
regimes follow from molecular size and energy consider-
ations. This leads to conflicting predictions regarding the
behavior of the symmetric near-critical system obtained by
interchanging the roles of infinitely dilute solute and near-
critical solvent, which can only be reconciled by allowing
very high deviations in the van der Waals a,, parameter
away from its Lorentz—Berthelot value.

Experimental measurements of infinite dilution partial
molar volumes in near-critical systems and their symmetric
counterparts will provide valuable information on the rela-
tive merits of decorated lattice and van der Waals predic-
tions. In addition, spectroscopic studies of weakly attractive
and repulsive systems, coupled with partial molar volume
measurements, will shed light on the interesting behavior of
mixtures in which positive solute—solvent concentration
fluctuation correlations coexist with positively divergent
solute partial molar volumes, and on mixtures in which large
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solvent-deficient regions are formed around each solute mol-
ecule, respectively.

Theoretically, it is necessary to investigate the predic-
tions of other microscopic and nonclassical models?* with
respect to the behavior of symmetric near-critical mixtures
obtained by 152 interchange, and to study near-critical
mixtures in which the solute is much larger than the solvent,
a situation encountered in polymer-supercritical fluid sys-
tems.?"?®
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APPENDIX

We first derive Egs. (9) and (10) from Eq. (7). The
denominator in Eq. (7) is the infinite dilution limit of the
solute’s activity coefficient,’® and is therefore a positive
quantity. For dN'/dp~0and N’ - N, Egs. (9a) and (9b)
follow trivially. As for Eq. (10), we write
(x*—1) — (x — 1D*(IN'/Jp)

14 (x=1Dp—N'(x—1)2
where p, as explained before, is now dimensionless, and § has
units of energy. Since the denominator in Eq. (A1) is posi-
tive in the near-critical region, pkT — § is positive for x > 1
and negative otherwise, from which Egs. (10a) and (10b)
follow. Note that, as long as |dN '/dp| < 1, the numerator’s
only physically meaningful root (i.e., x>>0) is x = 1, which
implies that (10a) and (10b) are rigorously true in the near-
critical region.

It is straightforward to show that Eqs. (10a) and (10b)
can also be obtained from Wheeler’s decorated lattice model
by direct calculation of the quantity (SN ,6N,)/(N,) at infi-
nite dilution [see Eq. (3)]. This involves calculating the
mixed second derivative of the grand partition function with
respect to the logarithms of solute and solvent activities to
obtain, at infinite dilution

£ — lim SEN.ON)
x-0  (N})
PhTK [ (x* —1) — (x — 1)*(ON"/3p) +]
l+p(x*—~1)—N'(x—1)2
from which (10a) and (10b) follow (in the above equation,
K, is now the solvent’s compressibility divided by the unit
volume of a primary cell, since p is dimensionless).

In order to obtain Fig. 4, ¢ was calculated from Eq.
(37), and the equivalent reduced temperature was obtained
by finding the subcritical temperature at which the volume
changes associated with condensation (g < 1) or evapora-
tion of the van der Waals fluid equal ¥ £ ~'. The coexis-
tence curve, as well as the associated volume, enthalpy and
entropy changes for the van der Waals fluid are all, of course,

pkT — 8 =p*kT » (AD)
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amenable to explicit calculation. In the case of enthalpy, re-
sults obtained from Eq. (41) were indistinguishable from
those obtainable by computing H {° explicitly,?* as
P ©
H =5—k-T-+f [T/r _ T(‘W‘ ) ]dP

2 o ar /e
and dividing by &, both quantities calculated along the criti-
cal isochore of the van der Waals fluid, which satisfies
T, = (P, + 3)/4. In this approach, each point along a curve
in Fig. 4 implies an integral of the type shown in (A2), with
y computed from the given e, T, and ¢, and an upper limit of
integration such that P, = 47T, — 3. The integrals were ob-
tained from the van der Waals equation, with no interaction
parameter and van der Waals 1 mixing rules.”* As explained
before [see text immediately following Eq. (37) ] the quanti-
ty 54T /2 vanishes upon division by £, since the latter is arbi-
trarily large close to criticality. In order to obtain the equiva-
lent reduced temperature, the condensation (¢<1) and
evaporation enthalpy changes associated with the van der
Waals fluid’s vapor-liquid transition were compared with
Hye !

Similarly, for entropy calculations, the van der Waals
equation with van der Waals 1 mixing rules and zero interac-
tion parameter®* was used to compute Eq. (38), with ¥ com-
puted from the given a, T,, and ¢, and an upper limit of
integration such that P, = 47, — 3. In order to obtain the
equivalent reduced temperature, the condensation (g<1)
and evaporation entropy changes associated with the van der
Waals fluid’s vapor-liquid transition were compared with
(E lao )ex § —1 .
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