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Abstract. In its supercritical state water exhibits anomalous solvent
properties, the most important being its ability to solubilize organic solutes of
various sizes which are sparingly soluble under ambient conditions. This
phenomenon occurs at high pressure where the density is rather large (0-6-
0-9 gm/cm®). In this work, a microscopic explanation for the anomalous
solubility of organic substances in supercritical water is presented by using
the quasi-chemical approximation of Bethe and Guggenheim. The theory
suggests the enhanced anomalous solubility arises because the critical
temperature of the binary mixture (water plus organic solute) could be slightly
lower than the gas-liquid critical temperature of pure water. Several exotic
solvent properties may arise due to the subtle interplay between these two
critical temperatures.
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1. Introduction

Water seems to retain its anomalous nature even in the supercritical (SC) state which is
currently under intense investigation I-18 While the unusual properties of water vapour
were known earlier , the recent spurt of activity has centred around the supercritical state
of this unique liquid. Amongst the most discussed properties of supercritical water are its
solvation properties. Supercritical water behaves like an organic liquid with high
solubility of organic compounds which are otherwise insoluble in ambient water " This
has generated a lot of interest because of its tremendous potential as an environ-
mentally benign solvent for the oxidative destruction of hazardous wastes in chemical
industries %2, Moreover, supercritical water can be used to transform organic waste
partially into light feedstocks .

*For correspondence
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The critical point of water is located at P,=22-1MPa and T.=647K with
d, = 0-32 gm/cm’. Most of the experimental studies on solubility in supercritical water are
performed in the liquid-like density region (0-6-0-9 gm/cm®) with the applied pressure
typically in the 40-60 MPa range 2 The dielectric constant of water at T, is around 7 "".
This makes water behave like an organic solvent. Organic substances like benzene,
toluene and oil have been found to be highly soluble in water at these supercritical
conditions. This is certainly anomalous solvent behaviour of SC water when compared
with that of normal water at ambient condition. Though this unusual solvent property of
SC water has been known for sometime, it has drawn tremendous interest in the last
couple of years. We are not aware of any microscopic explanation of the ‘anomalous
solvent behaviour of SC water in the literature.

In this paper we provide a very simple molecular explanation for this anomalous
behaviour. This explanation comes from an analysis of the lattice model for the binary
mixture of water and the organic solute 2. In this model, both water and the organic solute
are assumed to be distributed randomly at the sites of the cubic lattice. The lattice
considered here is a face-centred cubic (fcc) one. The nearest neighbour interaction
energy (average) among water molecules is denoted by &, and that between organic
molecules by €, while the interaction energy (average) between water and organic
molecules is represented by €;,. Both ¢, and &, are attractive and, therefore, are of
negative sign. However, what is often not realized is that the interaction between water
and organic molecules can also be attractive although the magnitude of this interaction is
less than ¢; and may even be less than ¢,. The importance of this point will be made clear
later. The lattice model is analysed by using the well-known quasi-chemical
approximation of Bethe, Peierls and Guggenheim. The results of the quasi-chemical
approximation are well-known for binary mixtures. It predicts a critical temperature (T},.)
for phase separation. Below this temperature, the organic molecules and water separate
into two distinct phases while above this temperature they are completely miscible. When
we use the well-known values for the interaction energies ¢y, €, and &5, we found that for
the organic solutes of interest, the binary critical temperature T}, falls slightly below the
critical temperature T, of water. This has led us to suggest that the anomalously large
solubility of organic substances in supercritical water is a simple consequence of the
subtle interplay between the two critical temperatures.

The organization of the rest of the paper is as follows. In the next section we briefly
describe the lattice model and the quasi-chemical approximation. Section 3 contains the
numerical results and discussion. Section 4 concludes with a brief analysis of the results.

2. Lattice model

We construct the lattice model for the binary mixture in the following way %°. Let there be
two kinds of molecules labelled ‘1° and ‘2’ in the lattice system. The number of molecules
of each species is denoted by N, and N, while the total number of lattice sites is denoted
by B. Let y be the number of the nearest neighbours to each lattice site and in each lattice
site there is one and only one molecule. Thus the total number of molecules in the lattice
is given by N where N= N + N,. The number density is therefore given by p = N/B. The
number fractions of the two species are denoted by ;, equal to N/N where i = 1 and 2. In
the lattice model there are clearly three different types of nearest neighbours. They are
(1-1), (2-2) and (1-2) or (2-1), respectively. The last two pairs of interactions are
indistinguishable from each other. If we consider only the nearest neighbour interaction,
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then the energy of the system would be determined by the numbers of pairs Ny;, Ny, and
N and the expression for the energy is given by *,

Egm(N11, Nog, Nig) = &1 Njy + & Ny + €15 Ny (1
Clearly, the total energy Egy of the system could be highly degenerate. The numbers N,

Ny and Ny, are not independent of one another. They are interrelated by the following
conservation laws %,

YN = 2Ny + Ny, (2)

YNy =2Ny + Ny, A3)
and

Ni+Ny=N. 4)

Therefore, it can be shown that the total energy Egy can be expressed in terms of N, and
N as follows 26,

E(N11) = (&1 + &= 281Ny + [¥(e12 - &)N; + 1/2y,N]. )]

In the quasi-chemical approximation it is convenient to introduce the long- and the
short-range orders, L and , respectively by the following expressions %

N _ (L

-1 L<+]), 6
v > ( ) (6)
and
M9 o<, )
yN/2 2
We also introduce the notation
AW=£1+82—28|2. (8)

The parameter Aw turns out to be the most important parameter in the theory.

The energy of the system is then given by %,
EB,M(L,O)zN[SA%(UHHZﬁlle)(LHH-;—yez]. ©)

The configurational partition function can be written as 2,
QN(AWy T) = Eg(B’ L, a)exp [_ﬂEBM(L’ 0)]1 (1 O)

where f is, as usual, the inverse of Boltzmann's constant (k) times the absolute
temperature (7). '
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Quasi-chemical approximation makes an intuitive guess at the number g(B, L, 0).
There are actually two widely different ways of arriving at the solutions. The one followed
by Guggenheim was to make a binomial approximation for g(B, L, ) *’. This requires the
approximation that the number of (1-1), (2-2) and (1-2) pairs are independent of each
other. Subsequently, one obtains the term within the sum in (10) that makes the maximum
contribution to the binomial coefficient. This leads to the following self-consistency

26-28
y-1 yI2
(s
I-p p-a y

conditions ",
(p—a)1l-p-a)
2

a

= exp(2fAw), (12)

where o denotes the number of different ways of dividing the ¢ B/2 pairs and
a=NplyB. (13)
Analysis of these equations lead both to an equation of state and to the critical point.

Below the critical point a first-order phase transition is predicted. The critical point is
located at 28

A || (14)
2kpT. y-2

where p. = 1/2.

An alternative approach to the lattice model was developed by Bethe and Peierls %, who
derived a relation between Nj; and N; by focussing attention not on the entire lattice but
only on a sublattice. This approach is highly intuitive and much easier to follow. It leads
exactly to the same results as those obtained from the quasi-chemical methods of
Guggenheim

The quasi-chemical approximation is exact for one-dimensional system and for higher
dimensions and is superior to the often-used Bragg-William (BW) approximation *. The
BW approximation leads to the prediction of the critical point,

=Y
=4 (15)

e

The BW approximation estimate of the binary critical temperature is somewhat larger
than that of the quasi-chemical approximation. In this work we use the more accurate
quasi-chemical approximation.

It is interesting to analyse the dependence of the binary critical temperature T, on the
interaction energy parameters. When the interaction energy €, and ¢, are nearly the same
and of similar nature, then &, is also expected to be close to €1. In this case the Tp, is
predicted to be very small and the two components are always miscible. Another
interesting scenario arises when the the solute-solvent interaction energy is attractive and
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larger than either ¢, or ¢,. In this case also the solute is completely miscible. This applies
to many polar solutes or those that are capable of forming specific interaction with water
molecules. Another interesting point to note is that as both the temperature and pressure
are lowered towards ambient condition, the hydrogen bond (H-bond) network is restored.
Since H-bond stabilization energy is larger in magnitude than the average interaction
energy, & itself may increase. This would lead to further decrease in the solubility of
organic solutes under ambient conditions. The situation is entirely different for organic
solutes like benzene and toluene. In this case interaction energy among water molecules is
somewhat larger than that among the organic solutes. We now turn our attention to the
analysis of this interesting case.

3. Numerical results and discussion

As mentioned earlier, the experiments on supercritical water are usually performed at
large densities. However, at the elevated temperature, the hydrogen bond network of
ambient water is fully destroyed although there can be one or two hydrogen-bonds at any
time around a water molecule ™", Therefore, to estimate the interaction energy among
water molecules we need to include the interactions between nearest neighbour water
molecules (by intermolecular distance); these estimates are readily available in the
literature *°. This interaction energy consists of three different contributions. They are the
electrostatic energy (U,)), the induction energy (Uj,q) and the dispersion energy (Uy,). At
3 A distances, these energies are -16-1kJ/mole, —0-9 kJ/mole and —5-3 kJ/mole
respectively . Thus, the total interaction is 22-3 kJ/mole. If we consider benzene at
nearest neighbour positions we need to consider carbon—carbon and carbon—hydrogen
interactions and also the quadrupolar interactions between two benzene molecules. When
all these interactions are included, this leads to a value of &y = 14 kJ/mole *.

We first discuss the case of benzene in water. We consider the lattice to be an fec lattice
withy = 12. Use of (14) leads to a critical temperature of the mixture (7,.) equal to 550 K.
This is lower than the gas-liquid critical temperature (T;) of pure water which is 647 K.
Thus, benzene is predicted to be soluble in water gbove ~550 K. This is shown
schematically in figure 1.

We next consider the case of water and toluene. As the toluene-toluene interaction is
somewhat larger than that between benzene, the theory predicts that toluene will be less
soluble in supercritical water than benzene. This is again in accordance with experimental
observations *'°, )

It is also interesting to consider the case of cyclohexane. Here ¢, is expected to be
smaller than those for benzene and toluene. The quasi-chemical prediction is that
cyclohexane will be even less soluble than benzene and toluene at a temperature below
the critical point, T...

On the other hand, if one considers a protic system like phenol then both &phenol-phenot A
Ephenol-water Will Tegister an increase. Therefore, Aw will decrease and phenol is predicted to
be miscible at temperature lower than the benzene-water system which is indeed the case.

It is interesting to note that while the gas-liquid critical temperature (7,) is constant for
a particular liquid, the critical solution temperature of a binary mixture (T,) varies
depending upon the solute-solute and the solute-solvent interaction strengths. Thus,
depending upon the magnitude of Aw (given by (8)), Ty, can fall either above or below T..
For many organic solutes, these two critical temperatures may be close to each other as
shown schematically in figure 1. '
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Figure 1. A schematic diagram of the temperature-composition curve for a two-
component binary mixture. The temperature of a mixture of water and an organic
solute is plotted as a function of mole fraction of the organic solute. The solid line
indicates the phase separation line above which both the components are completely
miscible. The critical temperature of water is 647 K which is shown as T. The critical
solution temperature of the binary mixture is denoted by Tj,.. Note that the location of
T} on the temperature axis can vary depending upon the nature of the solute whereas
that of T, is fixed. For discussions, see text.

It is important to note that the quasi-chemical approximation provides a very simple
picture of hydrophobicity which arises because water-water interaction is stronger than
the interaction among water and organic molecules. The water—organic solute interaction
need not be repulsive. Thus the organic solutes are not really water-repulsive. Rather, it is
the water that likes itself much more than the organic solute. The phase separation
between water and organic solute is driven by the relative difference among the
interaction energies which, at low temperature, wins over the entropic force that tries to
homogenize the system.

For the organic solutes of interest here (benzene, toluene and cyclohexane) the binary
critical point is quite high. This guarantees that the solubilities of these solutes in ambient
water are negligible. This is expected on general grounds.

4. Conclusion

The anomalously large solubility of some organic solutes in supercritical water appears to
be surprising at first sight because the density of water remains rather large under the
experimental conditions. In this work we presented a lattice model for binary mixtures
which, when analysed by the quasi-chemical method of Guggenheim and Bethe, predicts a
binary critical temperature which is smaller than but comparable to that of pure ambient
water. This provides a simple physical explanation of the large solubilities of organic
solutes in supercritical water.
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The present analysis needs to be improved upon by using a more accurate theory, such
as the density functional theory (that is, the generalized Ginzberg—Landau approach)**
which is common in the treatment of binary mixtures. In particular, one needs to include
the size disparity between the solute and the solvent molecules. However, the simplicity
and the transparency of the lattice model and the quasi-chemical model makes it a useful
tool for the study of the phase separation problem. It is particularly pleasing to see the
simple and elegant expression that the quasi-chemical approximation provides for the
hydrophobicity or hydrophilicity of organic molecules.
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