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The degree of hydrogen bonding and macroscopic thermodynamic properties for
pure and mixed fluids are predicted with the hydrogen bonding lattice fluid (LFHB)
equation of state over a wide range in density encompassing the gas, liquid and
supercritical states. The model is successful for molecules forming complex self-
associated networks, in this case pure methanol, ethanol, and water, and the mixture
I-hexanol-SFg. In supercritical water, significant hydrogen bonding is still present
despite all the thermal energy and is highly pressure- and temperature-dependent.
A fundamental description of pressure and temperature effects on hydrogen bonding
is presented for a well-defined case, the formation of a complex between a donor
and acceptor in an inert solvent, where no self-association is present. The partial
molar enthalpy and volume change on complexation both become pronounced near
the critical point, where the density is highly variable with temperature and pressure.

introduction

Although molecular interactions in the supercritical fluid
state have been characterized extensively based on studies of
phase behavior, spectroscopy, and computer simulation (John-
ston et al., 1989a,b; Ekart et al., 1991; Lee et al., 1991; Levelt
Sengers, 1991; Christoforakos and Franck, 1986), the focus
has been on nonspecific forces, with relatively few studies of
hydrogen bonding. It has been demonstrated that the degree
of hydrogen bonding can vary markedly from the gas phase
to the liquid phase (Christian and Lane, 1975; Schneider, 1991),
but unfortunately, only a few systems have been studied in
both phases. Consequently, it is likely that hydrogen bonding
will be sensitive to temperature and pressure in near-critical
fluids where the density is highly variable.

The role of hydrogen bonding in supercritical fluid tech-
nology is important, yet poorly understood. Although super-
critical water is of interest in hydrothermal (Antal et al., 1986),
electrochemical (Flarsheim et al., 1989), and supercritical water
oxidation processes (Thornton and Savage, 1990; Jin et al.,
1990; Yang and Eckert, 1988; Webley and Tester, 1991), little
is known about the degree of hydrogen bonding at these con-
ditions. Hydrogen bonding has been studied to a somewhat
greater extent in fluids with critical temperatures below 50°C.
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For example, solvatochromic experiments with phenol blue as
a probe suggest that the hydrogen bond donor strength of
fluoroform is comparable to that of chloroform (Kim and
Johnston, 1987). Furthermore, the hydrogen bonds between
fluoroform and phenol blue are well developed at 70 bar and
do not change significantly with an increase in pressure. O’Shea
et al. (1991) have compared the hydrogen bond donor-acceptor
properties of three fluids with a similar critical temperature:
- CO,, ethane, and fluoroform. While these fluids interact sim-
ilarly with nonpolar solutes, they exhibit markedly different
hydrogen bonding characteristics, as demonstrated by their
influence on the tautomeric equilibria between the azo (hy-
drogen bond donor) and hydrazone (hydrogen bond acceptor)
forms of 4-phenylazo-1-naphthol. Recently, Zagrobelny and
Bright (1992), Debenedetti et al. (1991), and Sun et al. (1992)
utilized photophysical techniques to probe local density aug-
mentation in supercritical fluids, but hydrogen bonding was
not considered.

Another interesting example of hydrogen bonding is the
pronounced enhancement in the solubilities of certain solutes
in a supercritical fluid with the addition of a cosolvent, for
example, ethanol or tributyl phosphate (Dobbs et al., 1987;
Walsh et al., 1989; Lemert and Johnston, 1991). Even greater
solubility enhancement has been observed in organized mo-
lecular assemblies composed of surfactants. Randolph et al.
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(1988) observed large changes in the degree of aggregation of
cholesterol with pressure in CO,, and others have observed
pressure effects on aggregation for other hydrogen bonding
substances such as nonionic surfactants containing ethoxy and
hydroxyl moieties (Johnston et al., 1989; Fulton et al., 1990).
The behavior of pressure effects on reverse micelles and mi-
croemulsions has been presented theoretically (Peck and John-
ston, 1991). Additional examples where hydrogen bonding
could be important in supercritical fluid technology include
pressure effects on polymer morphology, protein conforma-
tion, and pressure effects on reversible and irreversible chem-
ical reactions (Chateneuf et al., 1992; Combes et al., 1992).

Most theoretical treatments of hydrogen bonding postulate
the existence of distinct molecular species in solution, resulting
from chemical reactions described by equilibrium constants
(Heidemann and Prausnitz, 1976; Ikonomou and Donohue,
1986; Anderko, 1991; Karachewski et al., 1991). Levin and
Perram (1968) presented an alternative treatment based on
statistical mechanics, in which the focus is on the counting of
the number of arrangements of hydrogen bonds, not on the
distribution of particular complexes. This philosophy is gaining
attention (Luck, 1980; Veytsman, 1990). Panayiotou and San-
chez (1991) utilized this concept to derive a unified statistical
thermodynamic lattice fluid theory for hydrogen-bonded fluids
and their mixtures over a wide range in density. This equation
will be referred to as the hydrogen bonding lattice fluid (LFHB)
model. It was suggested that this model is appropriate for the
supercritical region. A key advantage of this approach is that
the existence of particular associates is not chosen. This ad-
vantage is also present in the statistical assocation fluid theory
(SAFT), a perturbation model (Chapman et al., 1990; Huang
and Radosz, 1991).

In this study, we examine the behavior of both macroscopic
thermodynamic properties and the degree of hydrogen bonding
for pure supercritical fluids as well as mixtures with the LFHB
model. We consider two related objectives. The first objective
is to treat complicated hydrogen-bonded networks in fluids
with self-association. Examples include pure alkanols and
water, and a binary mixture of 1-hexanol in SF¢. In a super-
critical fluid, it is likely that the distribution of associated
species of varying structure will be sensitive to the large changes
in density. Thus, the LFHB model should be particularly well-
suited to treat hydrogen bonding at these conditions (as is
SAFT). The second objective is to obtain a fundamental un-
derstanding of density and temperature effects on hydrogen
bonding, by examining a well-defined system in an inert solvent
with cross-association without any self-association. In this case,
an equilibrium constant can be defined for the formation of
a hydrogen-bond donor-acceptor complex and used to inves-
tigate volume and enthalpy changes on complexation.

Theory

We begin with a summary of the statistical thermodynamic
theory developed by Panayiotou and Sanchez (1991) for hy-
drogen-bonding fluids and their mixtures. The basic assump-
tion is that the partition function may be separated into physical
and chemical (hydrogen bonding) contributions. Each step in
the derivation has clear physical meaning based on statistical
mechanics. The physical part of the canonical partition func-
tion could be described by several available models; the lattice-
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fluid theory (Sanchez and Lacombe, 1976) was chosen, because
of its well-defined derivation., Undoubtedly, more accurate,
but more empirical, equations of state, such as modified Peng-
Robinson equations of state (Stryjek and Vera, 1986), could
be chosen. The chemical contribution of the partition function
is derived by determining the number of ways of distributing
the hydrogen bonds among the donor and acceptor groups in
the system. The donor and acceptor must be in close spatial
proximity as described by a mean field probability. The mean-
field probability that a specific acceptor will be near a given
donor depends on the system volume or total number of lattice
sites and the entropy loss (intrinsically negative) associated with
the formation of a hydrogen bond. The general formalism is
valid for multicomponent systems of molecules having any
number of hydrogen bond donor and acceptor groups, and is
applicable over a wide range in density.

In the LFHB model, the canonical partition function is sep-
arated into physical and hydrogen bonding contributions:

Q=0rQxn 1
Let d* be the number of proton donor groups of type i in each
molecule of type &, and aj" be the number of proton acceptor
groups of type j in each molecule of type k. The total number
of donor group of type i in the system is given by:

= Z d{(Nk
k

(2
and similarly the total number of acceptor groups of type j is
given by:

Ni=2, d N

k

3

Let Ef} be the energy change upon hydrogen bond formation
between a donor group i/ and an acceptor group j. There are
N,; such bonds in the system and the total number of hydrogen
bonds may be written:

Nu=23 23Ny
i J

G

The number of donors of type i, N,,, and acceptors of type j,
Nj,, that are not hydrogen bonded are given by

No=Ny= DN,
J

®

and

No=Ni= )N, ©

The result for the partition function Qy is:

Qu(T, No, {Ni}, {M-])
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where rN is the total number of molecular segments in the sys-
tem, N, is the number of holes, and the Helmholtz free energy
and Gibbs free energy of hydrogen bond formation are:

Fj=Ej-TSj (8a)

and

GY=E}-T S}+PV} (8b)
The physical part of the Gibbs free energy is the well-known
lattice fluid model (Sanchez and Lacombe, 1976) and the hy-

drogen-bonding part is given by:
GH z 4 GO v
—==rN il 1+—=+In —=
RT" {Z Z "'J[ RTTT u,-,,u,,,}
S sS )
=TT 4 Vi

where

i
_ Ny _Ni, ; Ny
Vi=E—p Vie="T1p Va=

‘i ; etc.

N TN (10

Minimizing the Gibbs free energy with respect to reduced
volume ¥ yields the lattice fluid equation of state:

52+13+T[1n (1—5)+5<1—%ﬂ =0

where the reduced density, p=1/0, represents the fraction of
space occupied by all molecules in the system. The reduced
pressure P is defined by:

Q)

pb P (12)
- Pt - elt
the reduced temperature 7 by:
. T RT
T:—: + 13
™= (13)
and the modified average chain length 7 by:
1 o < 1
== == D = (14)
r S A4 r

where v* is close-packed segment volume, ¢ is lattice-fluid
energy, and P* and 7" are the characteristic pressure and
temperature, respectively. Equation 11 is identical in form to
the original lattice-fluid equation of state (Sanchez and La-
combe, 1976) except that 1/7 term replaces usual 1/r term. The
system volume is the sum of physical and chemical terms:

V=rNiv* + i Z N; Vi (15)
i
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Minimizing the Gibbs free energy with respect to N; gives
the following equation:

fi] - G?
Vi =5 exp( RTJ> for all (i, ) (16)

or

R | -G}
Vi = [VQ—Z Vik:| {Vla—z ij:|l~) exP( RTU> an

k k

The chemical potential of component & is given by:

i = Bie,LFt Uil (18)

The LF contribution to the chemical potential is reported else-
where (Panayiotou and Sanchez, 1991) and the hydrogen-
bonding contribution is:

B, H - % sz’ < % Viz
=7 =T Z d! 1n<y—m> - ,Z ain (T) (19)

)

For each component, three LF scaling parameters (7, P*,
and p*) and three hydrogen-bonding parameters (£°, ¥°, and
5% for each type of hydrogen bond are required. The LF scaling
parameters for many fluids and the hydrogen-bonding param-
eters for 1-alkanols (assumed to be the same for all alcohols)
and for amines have been published (Panayiotou, 1990; Pan-
ayiotou and Sanchez, 1991).

It is instructive to discuss the LFHB model along with other
well-defined theories, namely the chemical (Heidemann and
Prausnitz, 1976) and perturbation theories (Chapman et al.,
1990). In the highly useful chemical theories based on the model
of Heidemann and Prausnitz (1976), somewhat arbitrary mix-
ing rules are chosen to obtain a ‘‘closed-form’’ solution of the
chemical equilibria and phase equilibria. Precautions must be
taken so that the separation of the physical and chemical in-
teractions does not lead to thermodynamic inconsistencies (An-
derko, 1991; Donohue, 1992). In the LFHB model, the
separation of these interactions does not present inconsisten-
cies. The derivation of each term is well defined physically, so
the model may be used to gain fundamental insight. For com-
puter simulation data of a system of hydrogen-bonding sites
on hard spheres, the LFHB model does not give good results
for the compressibility factor due to the repulsive part of the
physical term for hard spheres (Sanchez and Lacombe, 1976;
Vimalchand and Donohue, 1989; Economou and Donohue,
1991), whereas the above chemical and perturbation theories
are highly successful. Since the lattice fluid theory can represent
PVT properties of nonbonding fluids with reasonable accuracy
and since there is no coupling between the hydrogen bonding
and nonbonding terms, as shown below, this is not a significant
problem.

Specific Applications of the Hydrogen Bonding
Lattice Fluid Model

Pure 1-alkanol

In the case of pure 1-alkanols there is only one hydrogen-
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bond donor and one acceptor site per molecule, hence only
one type of hydrogen bond in the system and the minimization
condition (Eq. 17) gives:

0
(N=N,)*=N,,(rN?) exp <g—;> (20)

The physically meaningful solution of this quadratic equation
is (Panayiotou and Sanchez, 1991)

Ny, VA(A+4)-A
roy=—=1-—mr+—— @n
N 2
where
G,
A=rip — 22
rvexp<RT (22)

The chemical potential of the 1-alkanol is given by:

I3 —-p+PU
7

N U S
ﬁ—r = +(b‘—1) In (l—p)+; lnp}
+rog+2In(I—rvg)  (23)

and the fraction of monomeric I-alkanol is (1 — N, ;/N).

Pure water

Pure water has two proton donor and two proton acceptor
per molecule (Franks, 1972). We assume that only one type
of hydrogen bond is present, hence the minimization condition
equation becomes:

0
(2N = Ny ) = Ny, (rND) exp(lcj—;) (24)

The physically meaningful solution of the above quadratic
equation is:

(25)

roysE——=

Ny 2 VAA+8)—-A

N 2

where the definition of A is same as in the case of 1-alkanols.
The chemical potential of water is:

b _(zstPo S
RT_r{ 7 + (-1 In (1 p)+rlnp}

2 —
trog+4ln ( 2’””) (26)

and the fraction of monomeric water is (1 — N;{/2N).

Binary mixture of 1-alkanol(1) and an inert solvent(2)

The minimization condition equation becomes:

GO
(N, — Ny )= N, (rN©) exp (ﬁ) @7
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The useful solution of this quadratic is:
Ny NAA4+4)-4
B 2

N -7 28)

rvg =

where y, is the mole fraction of the 1-alkanol.

Ternary mixture of an acceptor and a donor in an inert
solvent

Here we create an example in which each molecule offers
one-donor one-acceptor site. We intentionally allow only one
type of hydrogen bond in this system without any self-asso-
ciation. The Gibbs free energy is to be minimized with respect
to the number of donor-acceptor bonds N,,. The equations
for this donor-acceptor example are:

GO
(N, = Ni) (N;— Nyy) =Ny (rND) exp(—ll) (29)

RT
or
rV“=(.V1+)’2+A11)‘\/(2}’|+}’2+An)“4y1)’2 (30)
where
. Gl
Ay =rb exp(R—;> 31)

Results and Discussion
Pure methanol and ethanol

Because the LFHB model treats hydrogen-bonded networks
without the need to assume the existence of specific complexes,
it is expected to be useful for modeling self-associated fluids
such as alcohols. Indeed, Panayiotou and Sanchez (1991) pre-
dicted the vapor pressure and saturated liquid density of al-
kanols accurately with hydrogen bonding parameters E°, S°,
and V° from the literature, which were determined from excess
properties. Our objective is to examine the degree of associ-
ation of methanol and ethanol in the saturated liquid state.

The percentage of monomer for pure saturated liquid meth-
anol and ethanol was predicted with Eq. 21 as shown in Figures
1 and 2, respectively. No adjustable parameters were fit to the
data; the six parameters listed in Tables 1 and 2 were regressed
previously from macroscopic thermodynamic properties (Pan-
ayiotou and Sanchez, 1991). The predictions are in reasonably
good agreement with the data of Luck (1980), which were
obtained with IR spectroscopy based on the free OH band.
The greater curvature for the data compared with the theory
is due in part to errors in the calculated density, especially near
the critical point (Panayiotou, 1988). As shown in Eq. 20, the
degree of association is influenced greatly by the density of
the fluid. It will be seen below for water that the model un-
derpredicts the change in the density of the expanded liquid
near the critical point, a common weakness of most equations
of state. Another reason for the discrepancy may be the un-
certainty in the hydrogen-bonding parameters, particularly E°.
Despite these modest limitations, the LFHB model successfully

AIChE Journal



100 T T T
® experimental, Luck(1980)
801 _ prediction T
e
dE') 60 ° b
2 .
O
= 40 1
R
207 b
. ]
®
0 o [ ] o, bt I n
<00 300 400 500

T (K)

Figure 1. % Monomer in saturated liquid methanol.

predicts a microscopic property, the degree of hydrogen bond-
ing, based on parameters obtained exclusively from macro-
scopic thermodynamic properties.

Pure water

Spectroscopic and computer simulation studies have been
used to study association in water. Cochran et al. (1991) used
molecular dynamics simulation to study water at ambient and
supercritical conditions. They found that the number of hy-
drogen bonds per water molecule at supercritical conditions is
about one third of the number of ambient conditions. Only a
few conditions were studied due to the large amount of com-
puter time required in the simulations. Franck (1973) reported
the dielectric constant of water up to 500 MPa and 550°C,
and also the IR and Raman spectra of HOD. At constant
density, as the temperature is increased, the dielectric constant
decreases due to the breakage of hydrogen bonds. The OD
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Figure 2. % Monomer in saturated liquid ethanol.
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Table 1. LFHB Scaling Parameters for Pure Fluids

Fluid T (K) P* (MPa) p" (kg/m?)
Methanol 496 315 786
Ethanol 464 328 826
1-Hexanol 534 301 867
Water 518 475 853
Ethane 315 327 640
Sulfur Hexafluoride 288 396 2,665

stretching vibration of HOD at 2,500 cm ~! at a constant density
of about | g/mL in H,O has been measured with infrared
spectroscopy from 30°C to 400°C. The shift in maximum
frequency and absorbance of the free OD stretch indicate a
decrease in hydrogen bonding, upon increasing temperature.
Based on Raman spectra of HOD at high temperature and
pressure, it was suggested that there may be two distinguishable
hydrogen-bonded and nonhydrogen-bonded states of the OD
groups. Whereas these spectroscopic studies describe changes
in hydrogen bonding with temperature qualitatively, a quan-
titative treatment is lacking.

Because of the complex nature of the hydrogen bonding in
water, the calculation of both the macroscopic thermodynamic
properties and the extent of hydrogen bonding is challenging.
After studying several models for water-hydrocarbon mixtures,
Michel et al. (1989) have recommended that a truly satisfactory
approach must first focus on the equation of state for pure
water, clearly separating the nonpolar interactions, polar in-
teractions, and hydrogen bonding. Lee and Chao (1990) have
reported an augmented Boublik-Alder-Chen-Kreglewski
(BACK) equation of state for water, which has polar and
nonpolar parts. It is a complex equation with 81 parameters,
but it does not give information about the extent of hydrogen
bonding. In the present study, our aim is to predict both the
microscopic (hydrogen bonding) and macroscopic thermody-
namic properties of pure water with a single set of physically
meaningful parameters. The parameters will be obtained from
properties of saturated water and used to predict the behavior
of supercritical water.

Two of the LFHB parameters are available from the liter-
ature, The value of the hydrogen-bond energy, E°, is —15.5
kJ/mol as suggested by Luck (1980), established by the over-
tone band of ‘‘free’” OH groups at liquid conditions. The
volume of hydrogen bonding, V?, is calculated from the hard-
core volume of water as suggested by Lee and Chao (1990):

oot (vm-2) -
2 P

where v® is the actual hard-core volume, 12.78 cm®/mol, and
MW is the molecular weight of water. The second term is only
the physical part of the hard-core volume, whereas v® includes

Table 2. LFHB Parameters for Hydrogen Bonding

Type of Association E° (kJ/mol) $° (J/mol/K) V° (cm®/mol)

Methanol + Methanol -25.1 —26.5 —-5.6
Ethanol + Ethanol —-25.1 —26.5 -5.6
1-Hexanol + 1-Hexanol -251 —26.5 —-5.6
Water + Water —15.5 - 16.6 —-4.2
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both the physical and hydrogen-bonding volumes. The re-
maining four parameters, P*, 77, p*, and 8%, are not available,
hence they have been regressed from the vapor pressure, the
saturated liquid and vapor densities, and the fraction of mon-
omeric water, 1, (= rv,), in the saturated liquid by minimizing
the following objective function:

Psb;l_PSal

O'R:Z { PSEM lplE_Dl

| of

+

Data points included in the regression are at least 25 K below
the critical temperature. The resulting set of HBLF parameters
for water are listed in Tables 1 and 2. This set of parameters
is not unique, but the parameters appear to be physically mean-
ingful.

The calculated saturated liquid density, vapor pressure and
monomer fraction are presented in Figures 3-5, respectively.
The calculated critical properties of water are, 7,=400°C,
p.= 15mol/L and P,=26.25 MPa. The T, and P. are somewhat
larger than the experimental values, 374.2°C, and 22.05 MPa
(Grigull et al., 1990). Classical equations of states have some-
what limited accuracy near the critical point. Note the vapor
pressure is calculated over 5 orders of magnitude, thus some
inaccuracy is to be expected. A better fit could be obtained
with an objective function focusing more on the vapor pres-
sure, but our goal is to treat both macroscopic and microscopic
properties. The correlated values of T* and p* appear to be
physically meaningful for the following reasons. The ratio
T*/T.is considerably smaller for water than for hydrocarbons.
This is expected since 7" only includes the physical part of the
energy; water has a high 7, because of hydrogen bonding.
Similarly, p* is much lower than the actual hard-core density
of water, because hydrogen bonding raises the density of water
at elevated temperatures. The model is not applicable below
4°C where hydrogen bonding lowers the density as ice is formed.

Given the model parameters determined from subcritical
water, the predicted densities of supercritical water from 0.1

60 T r T T
® experimental (Grigull et al., 1990)
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—
= 40t -
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E
>
z
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Figure 3. Density of saturated water.
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Figure 4. Vapor pressure of water.

to 100 MPa and 400°C to 800°C are shown in Figure 6. The
results are in reasonably good agreement with the experimental
data (Grigull et al., 1990), considering the pressures and tem-
peratures in the supercritical region are well removed from the
saturated region where the parameters were optimized, The
calculated densities are also compared with the lattice-fluid
equation of state without hydrogen bonding (Sanchez and La-
combe, 1976) in Table 3. At the lower temperatures where the
fluid is the densest and most associated, the LFHB equation
gives considerably better results. At high temperatures, where
the fluid is close to ideal and hydrogen bonding is least prev-
alent, the models give comparable results as expected. Of
course, empirical equations with a large number of adjustable
constants may correlate densities even more accurately than
the LFHB model, but they do not describe the ex*znt of hy-
drogen bonding and cannot be extended to mixtures.

A major strength of the LFHB model is the ability to de-
termine the degree of hydrogen bonding in supercritical water.
Very few theoretical and experimental studies have attempted
to do this (Michel et al., 1989). The percentage of monomeric

80r 1
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20 — calculated E
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o i I i i
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Figure 5. % Monomer in saturated water.
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Figure 6. Density predictions for supercritical water.
Experimental data from Grigull et al., 1990.

water at supercritical conditions is presented in Figure 7 over
a wide range of conditions. The interesting result is that as-
sociation is prevalent in supercritical water, even with all the
thermal energy and that the association is highly pressure- and
temperature-dependent. Quantitative experimental data are not
available and hence a comparison could not be made. Trends
for the degree of association, however, are in good agreement
with those reported by Franck (1973).

The complex behavior of the plot of monomer percentage
vs. pressure may be greatly simplified with a density repre-
sentation as shown in Figure 8. This results reflects the rela-
tionship between % monomer and density given in Eq. 24.
The isotherms are nearly linear, but have a small positive
curvature, which increases as the temperature is decreased to-
ward the critical point. At a given density, particularly near
the critical density, the change in % monomer with temperature
is a much simpler function than the change at a constant
pressure.

There is great interest in supercritical water oxidation of
organic compounds with oxygen in water at pressures from 20
to 30 MPa and temperatures from 300 to 550°C. Note that
water is not simply an ideal gas even at 550°C, but it is still
associated, and the association is highly variable with pressure
and temperature at the above conditions of interest. This as-
sociation will influence solubility phenomena, reaction chem-
istry and corrosion, important issues in supercritical water

Table 3. Comparison of Calculated Densities of Supercritical
Water: Pressure Range: 0.1 to 100 MPa

Sanchez-Lacombe Present

Temp. LF-EOS, % AAD Predictions Data
°C (No Hydrogen Bonding) % AAD Points
400 10.66 5.72 13
450 8.95 4.93 11
500 8.81 7.30 11
550 7.97 8.50 11
600 6.27 7.99 13
800 4.64 5.70 13

Overall 7.82 5.64 72
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Figure 7. % Monomer vs. pressure in supercritical water.

oxidation and other important applications in supercritical
water (Flarsheim et al., 1989; Shaw et al., 1991).

1-hexanol-sulfur hexafluoride binary mixture

The vapor-liquid equilibria of this system were characterized
in an innovative study by Nickel and Schneider (1989) with
near-infrared spectroscopy at elevated pressures and temper-
atures. The total concentration of the alcohol in each phase
was determined from the CH stretch and the concentration of
the monomeric alcohol from the free OH stretch. These data
afford a rare opportunity to test the ability of theory to cal-
culate both the phase equilibria and the degree of hydrogen
bonding in each phase. Recently, the statistical association
fluid theory (SAFT) equation has been used to treat a similar
system, the 1-hexanol-CO, system (Huang and Radosz, 1991).
The results were in good agreement with experiment, and only
one binary interaction parameter, k;, was used.

100

1006 °C
90

% Monomer

400 °C

50 . s )
0 10 20 30 40

Density (mol/L)
Figure 8. % Monomer vs. density in supercritical water.
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Figure 9. Liquid-fluid phase equilibria of 1-hexanol and
SF.: total 1-hexanol. Concentration vs. pres-
sure at 362.8 K.

To apply the HBLF model, the lattice-fluid parameters (P,
T*, p*) for SF, were regressed from the vapor pressure, and
liquid and vapor density data, by minimizing the following
objective function:

P~ FE
O.F, — sat sat
2 |7

05— Py
+ FE
| »

v

. |of - of

34
ot 9

The size parameters for pure 1-hexanol and sulfur hexafluoride
are obtained from the van der Waals surface area and volume
parameters published by Daubert and Danner (1990). All of
the energy and volume binary interaction parameters were set
equal to unity in order to test the predictive behavior of the
model without any adjustable mixture parameters.

The vapor-liquid equilibria of the binary 1-hexanol-SF; sys-
tem is predicted in Figure 9 at 362.8 K. Above 10 MPa where
the solvent becomes a dense fluid, the large increase in the 1-
hexanol concentration in the fluid phase is captured with the
model. The prediction of the percentage of the monomeric 1-
hexanol in each phase, as shown in Figure 10, is in good
agreement with experiment. In the liquid phase, very little of
the 1-hexanol i; in the monomeric form, whereas in the vapor,
it is mostly monomer. This again illustrates the important effect
of density on association as described in Eq. 27.

Hydrogen-bond donor and acceptor in an inert solvent

This section deals with the second major objective of the
article to determine partial molar volume and enthalpy changes
upon hydrogen bonding in supercritical fluids. It is not possible
at present to do this for the examples discussed above, due to
the complex nature of the self-association. Unfortunately, sys-
tems without self-association have not been studied experi-
mentally in a supercritical fluid. Therefore, we consider a
hypothetical system, in which a single hydrogen bond is formed
between a donor and acceptor, without self-association. An
example of such a system would be chloroform and acetone.
The goal is to obtain an understanding of how this clearly-
defined hydrogen bonding changes from gas-like densities
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Figure 10. Liquid-fluid phase equilibria of 1-hexanol and
SF,: % monomer 1-hexanol vs. pressure at
362.8 K.

through the critical region and up to high liquid-like densities.
The physical lattice-fluid parameters for the donor and ac-
ceptor are taken to be the same as those of methanol, as are
the association parameters. In this hypothetical system, how-
ever, self-association is not allowed. The acceptor only has
one acceptor site and no donor sites, and vice versa for the
donor.

In Figure 11, the monomer percentage of acceptor is plotted
vs. reduced pressure at three different reduced temperatures.
The mole fractions of acceptor and donor are kept constant,
each at 0.01. At low pressures where gas-like conditions exist,
nearly all of acceptors are in monomeric form. In this low-
density region, there is only a slight probability that a donor
molecule will be in proximity to an acceptor given their ex-
tremely low concentrations. At high pressures where solute
concentrations are large (at constant mole fraction), associa-
tion is prevalent. In the near-critical region, the degree of
association is sensitive with respect to temperature and pres-
sure. As the temperature is raised isobarically, hydrogen bonds

100 ' 1 | — I I |
95 h T/Tc1=1.046 ‘
< 9ok -o T, =027
- F - TT =1.008 4
uE)ss - 01 |
o : : |
c 80 - : |
S5
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70 ;- ................ _j
65 © ' : I l :
0 1 2 3 N 5 6

Solvent reduced Pressure (P/Pc1)

Figure 11. % Monomer of the acceptor for the hypo-
thetical case of donor-acceptor cross-asso-
ciation in 1 mol % donor and 1 mol %
acceptor in supercritical ethane.
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are broken, because the energy of formation of the hydrogen
bond is exothermic.

Because the formation of a hydrogen bond between acceptor
and donor can only lead to an acceptor-donor complex, and
no further associates, the hydrogen bonding is described by a
single equilibrium constant. The number of moles of complex,
acceptor and donor are rv, N, (y,—rv;;)N and (y,—ry, )N,
respectively. Based on true mole fractions K, is then given by

v (1—rvy)

K =
O =rvy) (y—rvy)

Y

(3%

The partial molar volume and enthalpy change upon hydrogen
bonding, Av and Ak are given by the following relationships:

anK
AT =Ty~ Ty~ T, = —RT(L’> 36)
P
Ty
and
o In K
AR =F,—T,—Fy=RT?[ 0K 37
T /),

where 7, and h,, are the partial molar volume and enthalpy
of the complex, respectively. Equation 29 may be rewritten in
terms of apparent mole fractions y, and y,:

GO
O —rva) (2= rvy) =rvy, (rD) exD<R_171~> (38)

Given this equation, K, becomes:

-G,
(1—rv,;) exp RT

K= — 39

The calculated values for In K, are presented in Figure 12.
In the low-pressure region, In X, is small due to the large  or
small probability the donor and acceptor will be near each
other as expected from Eq. 39. As pressure and density in-
crease, the number of encounters increases, thus raising In X,.
In the highly compressible near-critical region, the slope of
In K, vs. pressure is extremely pronounced.

By using the equation of state (Eq. 11), along with Eqs. 38
and 39, one can derive:

o, T \(%
oo (55) (),

av= (1-rvy) 40

For liquid-like conditions, this equation could be simplified
due to very low isothermal compressibility. The calculated
values of Av are presented in Figure 13. At a reduced pressure
above about 1.5, the fluid is liquid-like and A7 is a small
negative number, as expected from Eq. 40. Near the critical
point of the solvent, however, AT becomes a large negative
number on the order of thousands of cm®/mol. Also, it changes
markedly with temperature and pressure. The same type of
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Figure 12. Equilibrium constant for the hypothetical
case of donor-acceptor cross-association in
supercritical ethane.

behavior has been observed for the reversible redox reaction
between 1™ and I, in supercritical water (Flarsheim et al., 1989)
and the tautomeric equilibrium between 2-hydroxypyridine and
2-pyridone (Peck et al., 1989).

The unusual behavior of Av may be explained by Eq. 40.
Extremely large values of the isothermal compressibility (x)
leads to the pronounced volume changes on reaction. At each
temperature, Av is a minimum at the point where « is a max-
imum, and this point shifts to higher reduced pressures as
expected as 7, increases (Kim et al., 1985). Also the peak width
increases with temperature as does that for . In essence, the
behavior of K, is directly analogous to that of density, again
as shown in Eq. 39.

The Ah exhibits the same trends as AU near the critical point
of the solvent as shown in Figure 14. At temperatures well
below critical, A% is a small negative value as expected, but
the exothermicity becomes magnified by the large x and volume
expansivity 1/v(dv/dT)p near the critical point of the solvent.
The similarity in the behavior of the partial molar volume and
enthalpy has been explained previously (Chang et al., 1984;
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> 6000 | et
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Solvent Reduced Pressure (P/P_)
Figure 13. Partial molar volume change on association

determined from the equilibrium constant in
Figure 12.
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Figure 14. Partial molar enthalpy change on association
determined from the equilibrium constant in
Figure 12,

Debenedetti and Kumar, 1988). In conclusion, the small neg-
ative values of AT and Ah for hydrogen bonding in liquids are
magnified greatly by « and the volume expansivity because of
the large number of solvent molecules which are influenced
by the solute near the critical point.

Conclusions

The LFHB model predicts the degree of hydrogen bonding
and macroscopic thermodynamic properties of fluids over a
wide range in density including the supercritical state, often
in good agreement with experiment. At supercritical condi-
tions, the degree of hydrogen bonding and K, are highly pres-
sure- and temperature-dependent at constant overall mole
fraction, due to changes in density. Spectroscopic data are
needed to confirm these predictions and further develop ther-
modynamic models to treat both microscopic and macroscopic
behavior.
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Notation
@ = acceptor group
d = donor group
V% = volume of ij hydrogen bond formation
E‘,-{- = energy of {j hydrogen bond formation
F}f» = Helmholtz free energy of ij hydrogen bond formation
G = Gibbs free energy
G?, = Gibbs free energy of jj hydrogen bond formation
h = partial molar enthalpy
K = equilibrium constant
MW = molecular weight
N, = number of molecules of type &
P = reduced pressure
Q = canonical partition function
r = segment length
r = modified average segment length
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S?, = entropy of ij hydrogen bond formation
reduced temperature

v = molar volume

v* = closed pack volume per segment
0 = reduced volume

v = partial molar volume
v* = hard-core volume

y = apparent mole fraction

Subscript and superscript

a, A = acceptor group
C = calculated
d, D = donor group
E = experimental
H = hydrogen bonding
k = type of molecule
LF = lattice-fluid
P = physical part
sat = saturation

Greek letters

*
€

segment interaction energy
isothermal compressibility
chemical potential

volume fraction of hydrogen bond
density

reduced density

Y v R &
11 T T
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