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ABSTRACT

Experimental investigation of phase equilibria at supercritical luid conditions
was carried out for four binary mixtures and two ternary mixtures consisting of .
supercritical carbon dioxide and aromatic compounds (naphthalene, biphenyl, m-
terphenyl and phenanthrene).

A new technique, the first freezing point method, was developed in this study
to determine the pressure-temperaiure (P-T) projection of the solid-liquid-gas (S-L-
G) three-phase coexistence curves for binary and ternary mixtures at supercritical
fluid conditions. In addition, the equilibrium liquid compositions along the three-
phase coexistence curves were also determined. A teﬁlpera.ture minimum in the P-T
projection of the three-phase coexistence curve was observed for each of the binary
mixtures,

The liquid-gas (L=G) critical loci of two binary mixtures consisting of super-
critical carbon dioxide and a solid (naphthalene or biphenyl) were determined. The
bubble-point pressures along three isotherms as well as the solubilities of carbon
dioxide in liquid naphthalene and biphenyl were also measured. By means of the
intersection method, the upper critical end points (UCEP) were established to be
333.4 K, 25.9 MPa and 0.16 mole fraction of naphthalene for naphthalene-carbon
dioxide mixture and 328.5 K, 48.5 MPa and 0.18 mole fraction of biphenyl for
biphenyl-carkon dioxide mixture.

A “crossover region” was found in the study of isothermal solubilities of super-
critical CO; in liquid biphenyl at a pressure of about 36 MPa. Below the crossover
region pressure, an increase in temperature caused a decrease in solubility of carbon
dioxide in the liquid phase, while above the crossover region pressure the opposite
effect occurs. A rational explanation was given.

The P-T projection of the solid 1-solid 2-liquid-gas (S,-S;-L-G) four-phase
coexistence curve of two ternary mixtures—naphthalene-biphenyl-carbon dioxide

and naphthalene-phenanthrene-carbon dioxide—were determined. The results in-
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dicate that the assumption of an unchanged eutectic composition of the solids witiy
pressure may lead to a not negligible error in the measurements. |

The freezing point depression of the solid under the pressure of a supercritical
solvent and the solubility behavior in the vicinity of the lower critical end point
(LCEP) and the UCEP were explored and discussed. The slopes of the depression
curves at the triple points of the solids were pradicted.

Two different approaches, based respecﬁi\‘rely on the compressed gas model
(equation of state) and the expanded liquid model (activity coefficient model), were
developed to describe the S-L-G three-phase equilibria and the solubilities of su-
percritical carbon dioxide in the melted solids. Using the Peng-Robinson equatiﬁn
of state with the modified correction factors, o, together with the composition-
dependent mixing rules, the correlations of the experimental results were accom-
plished with satisfactory accuracy. The merits of these two approaches in the rep-

resentation of the S-L-G three-phase equilibria were compared.
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NOMENCLATURE

constants in equations of state
alternate forms for the above constants
critical point of pure substance
critical point of mixture

heat capacity

density

fugacity

Gibbs energy

enthalpy

partial molar enthalpy
enthalpy of fusion

Jacobian determinant

binary interaction parameter
Henry’s coefficient

liquid

lower critical end point

triple point

upper critical end point
pressure

lower critical end point

gas constant

molar entropy

partial molar entropy

solid



T temperature
TLCEP ternary lower critical end point
TUCEP ternary upper critical end point
UCEP upper critical end poiut
v molar volume
¥ partial molar volume
\'% volume, vapor
x composition of liquid phase
y composition of gas phase
z compressibility factor
SUPERSCRIPTS
G gas state
liquid state
S solid state
sat saturated state
o reference state
* ideal gas state
SUBSCRIPTS
c critical property
f . state of fusion
i,j refer to components
m melting state
P ternary upper critical end point
P differentiation with respect to pressure
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H = 0

Y

ternary lower critical end point
reduced state
differentiation with respect to temperature

differentiation with respect to composition

GREEK LETTERS

£E T © & =2

correction factor, a/a.

‘activity coefficient

fugacity coefficient
density
chemical potential

acentric factor
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Chapter 1

INTRODUCTION

Supercritical fluid extraction (SFE), developed two decades ago, is a new separation
technique in chemical engineering. Due to rising energy costs, pollution concerns
and some expected shifts in chemical manufacturing patterns, supercritical pro-
cesses have received wide attention for many applications in the chemical, energy,

food and pharmaceutical industries.

1.1 Extraction with Supercritical Fluid

At a temperature and pressure above its critical point, a gas, referred to as a
supercritical fluid (SCF), exhibits a greatly enhanced and selective solubility effect
towards solids and liquids. Besides, a SCF has certain desirable transportation
properties which make it an excellent solvent. While the density and therefore the
solvent power of a SCF is comparable to that of a liquid, its diffusion coefficient
and viscosity are near to those of a gas. As a consequence, a rather large diffusion
coefficient is found, that is favorable for mass transfer. Since the SCF is also soluble
in the liquid phase, viscosities and surface tensions are decreased and diffusion
coefficients increased in the equilibrium liquid phase. Most of the characteristics
that the SCF possesses, such as high solvent power, large diffusion coefficients and

low viscosity, are favorable to fluid extraction.



The basic concept of the SFE process is to exploit this unusual behavior by
contacting a mixture which is either in a solid or liquid state with a SCF, such
as carbon dioxide, ethylene, ethaune, propane, etc. The density of the extracted
mixture is then reduced, by either pressure reduction or heating, causing the sol-
vent and extracts to separate. As suggested by virtually all authors in their review
papers [1-6], the solvent power of a SCF can be related in a first approximation to
the solvent density in the critical region. This statement as well as the operating
features of SFE processes can be rationa.lizéd by considering the density behavior of
a pure substance. Figure 1.1 shows the reduced density-reduced pressure diagram
for carbon dioxide at various reduced temperatures in the vicinity of the critical
point. For practical considerations, the SCF region of interest is defined at con-

ditions bounded along the isotherms T,=1.0 to T,=1.2 and P, above 1.0. In this
region the SCF is highly compressible. The reduced density of the solvent, p,, can
change from a liquidlike density to a gaslike density. The isotherms run rather
vertical which means that a slight change in pressure will rasult in a considerable
change of density, hence the change of the solvent power. On the other hand, in
a certain range of pressures {e.g., 1.0 < P; < 2.0), an increase of temperature at

constant pressure will reduce greatly the density of the solvent.

Extraction with supercritical fluids combines, to a certain extent, the charac-
teristics of distillation and liquid extraction. The term “destraction” has therefore
been proposed by Zosel [7] for this method of separation. However, hecause an aux-
iliary material is needed for the separation, it counts rather more as an extraction
procedure. In brief, this new method is characterized by the following features:

1) Phenomena of distillation and extraction are utilized simultaneously in
the SFE process, i.e., the difference in volatility of materials and selective affinity
between molecules both play a role. For example, olefins are taken up into the
supercritical ethylene in the order of their increasing boiling points; and caffeine

and aroma are selectively extracted by supercritical carbon dioxide.



Figure 1.1: Variation of Reduced Density of a Pure Substance in the Region of
Interest for Supercritical Fluid Extraction.



2) The unique feature of SFE process is that the loading power of a SCF
depends on its density, which can be controlled simply by altering pressure or tem-
perature,

3) Separation of the dissolved substances from the solvent can be accomplished
either by reducing the pressure or by raising the temperature. Energy demand.is
less for SCF than for liquid extraction where solvent distillation is required. For
the recycle of the gas, only recompression is needed.

4) High-boiling-point materials can be greatly and sometimes even selectively
dissolved by SCF to form a supercritical phase. Since a SFE process does not have
to be operated at high tempera.ture,‘this technique is particularly suitable for the
separation of heat labile substances. '

The major disadvantage of SFE is considerable capital cost required for work-
ing under high pressure. As a result, SFE is only an alternative when distillation
or liquid extraction have marked weaknesses or shortcomings.

SFE is a separation method based on thermodynamics, predominantly on
the phase equilibrium of mixtures at supercritical fluid conditions. Whereas many
research activities have been dedicated to the study of properties of pure compounds
at high pressure, the thermodynamics of mixtures at supercritical fluid conditions

is still in a developing state.

1.2 Development of Supercritical Fluid Extrac-
tion

Historically, in the field of chemical engineering, interest in SCF was initially related
to the observation, noted by Hannay and Hogarth [8,9] over one hundred years
ago, that such fluids were excellent solvents for non-volatile substances in the same
manner as normal liquids. In 1896, Villard [10] published a review of supercritical

fluid solubility phenomena, in which he reported the observation that the interaction



of a high-pressure gas with a solid hydrocarbon would result in the lowering of the
normal melting point of the pure solid. In 1915, Prins [11] measured the solubility
of naphthalene in supercritical ethane and carbon dioxide. He determined solid-
liquid-gas three-phase curves and critical end points for naphthalene in both gases.

The first suggestion of using dense gas as an auxiliary for separation of high
molecular mixtures is to be found in the U.S. patent in 1936 [12]. It was also known
half century ago that hydrocarbons were entrained in highly compressed natural
gas during the recovery of petroleum [13]. Purely academic studies on well-defined
binary systems (including one supercritical component) started in the 1940’s [14-
16]. At the end of the fifties, Zhuze [17] suggested a procedure for fractionating
crude oil and extracting earth waxes with the aid of a gas under supercritical condi-
tions. It appears, however, that no chemical engineering applications were seriously
considered until the 1970s. The considerable experimental problem associated with
investigation in the region of the critica.l‘state was the prime obstacle which hindered
intensive research at the early stage in this domain.

In early 1970, Zosel [18] developed a process, decaffeinating green coffee beans
with supercritical carbon dioxide, which was soon commercialized in West Germany.
Since then, SFE as a separation process has received greater attention in energy
and chemical as well as in food and pharmaceutical industries. Reviews, patents
and extensive research works have been found widely in the literature (e.g., (1-6]).

The motivation for the development of SFE technology as a viable separation
technique is a consequence of the following factors:

1) The energy costs for carrying out a separation by distillation or by liquid
extraction have increased ten-fold during the last decade, and preliminary evalua-
tions [5] have shown that in many cases SFE with lower energy requirements can
be employed as an alternative process.

2) Due to the increased pollution problems, such as acid rain, stringent leg-

islation was made by the government agencies for the use of common industrial



solvents, such as halogenated hydrocarbons. Nontoxic, environmentally acceptable
supercritical solvents such as carbon dioxide are considered as ideal industrial sol-
vents.

3) In the food and pharmaceutical industries, more and more traditional ex-
traction processes with organic solvents are being abandoned for human health rea-
sons. The potential applications of SFE technique with non-corrosive and harmless

solvents are very attractive in these fields.

1.3 Applicatio'ns of Supercritical Fluid Extrac-
tion

In the last ten years, much of the interest in the application of SFE has been focused
on the energy, food and chemical industries.

In energy-related areas, SFE has considerable potential since it does not in-
volve solvent loss or energy consumption in large quentities, nor the decomposition
of heat-labile substances as occurs during distillation or liquid extraction in the
solvent recovery. These areas include deasphalting of heavy petroleum (e.g., the so
called ROSE process) [19], coal processing [20-23], extraction of bitumen from tar
sand and oil shale [24] and tertiary oil recovery [25].

As mentioned above, the main advantage of SFE is its selective extraction
of low volatility substances by the suitable choice of pressure and temperature.
Many exa.mjples of this type of application arise in the field of natural products,
especially in the food industry. The widely cited examples are the decaffeination of
coffee [18,26,27), the oil extraction from seeds and foods [28,29,30], the extraction of
flavor, aromas and drugs [31,32,33] and the extraction of hops and nicotine [34-37].

Many examples of SFE applied in the field of chemical engineering have been
described, including the separation of azeotropes [38,39), desalination of sea wa-

ter [40}, regeneration of activated carbon (41,42], fractionation of polymers [43],



separation of isomers [44,45], treatment of waste water [4€,47], etc.

In addition to chemical processing, it should also be noted that the principles
associated with SFE can be exploited as an analytical tool and for physico-chemical
property measurements. The primary application in this area is the supercritical
fluid chromatography (SFC). Using a SCF as a mobile phase, the new chromatog-
raphy technique can be employed especially for the separation of substances with a
very low volatility through a pressure programming [48,49]. Some physico-chemical
properties can be dérived from SFC experiment, such as the capacity ratio and the
diffusivity [50,51).

SCF's are also important as reaction media, e.g., the synthesis of polyethylene

[52,53], and the isomerization of C4- Cy2 n-paraffins in supercritical CO,, HBr or
HCI [54].

1.4 Thesis Objectives

There currently exists a lack of experimental data of mixtures, especially multi-
component mixtures, at supercritical fluid conditions and of fundamentally based
thermodynamic models which accurately predict phase behavior at critical and su-
percritical regions. Without this necessary background, SFE process design and
economic evaluation is extremely difficult, if not impossible. The experimental
work on the phase equilibria of supercritical mixtures is very demanding because
the high-pressure technique is involved. Simple and reliable experimental method
for the determination of the muitiphase equilibria of binary and ternary systems is
needed.

The objectives of this study can be divided into three parts: experimental
investigation, thermodynamic modeling and theoretical exploration of the freezing

point depression of the solid and solubility behavior in the vicinity of the critical

end points.



In experimental investigation, the high-pressure phase equilibria of highly
asymmetric systems, involving one supercritical component and one or two solid
components, are to be measured over a wide range of pressures up to 50 MPa. In
order to have quick and reliable measurements and to obtain more information of
multiphase equilibria for binary and ternary mixtures, a new experimental tech-
nique is to be developed. The liquid-gas critical loci of the same binary mixtures
are also to be determined in an attempt to establish the upper critical end points
(UCEP) by means of an intersection method.

The systems investigated consist of carbon dioxide as supercritical solvent
and aromatic compounds, naphthazlene, biphenyl, m-terphenyl and phenanthrene
as slightly volatile components. The choice of carbon dioxide as a supercritical
solvent in this study is based on the fact that it is the most popular and important
solvent used in SFE processes and has favorable critical conditions. In addition, it
is cheap and available in large quantities, and is neither flammable nor explosive.
It is also non-toxic, noncorrosive, and harmless to the environment and human
body. The aromatic compounds chosen in this study are comprised of two and
three benzene rings. They are relatively well defined, and their physical properties
useful for phase equilibrium modeling are available in the literature. Besides, the
author chose these compounds with an intent of providing some insight into how
different positions and structures of benzene rings would affect the phase behavior
of binary and ternary mixtures of this type at supercritical fluid conditions.

The freezing point depression of the solids under the pressure of a SCF and
the solubility behavior in the vicinity of both critical end points are to be explored
and discussed. ‘

Thermodynamic modeling will follow two different approaches to representing
the solid-liquid-gas three-phase equilibria. The aim of this study is to describe
experimentally and theoretically the phase behavior of mixtures at supercritical

fluid conditions, especially in the vicinity of the upper critical end point.



Chapter 2

PHASE BEHAVIOR AT
SUPERCRITICAL FLUID
CONDITIONS INVOLVING
SOLID PHASES

Among the many applications mentioned in the previous section, very few can be
considered commercially viable. The high equipment cost is one of the reasons
for the reluctant acceptance of SFE by industry. The more fundamental problem,
as pointed out by Basta and McQueen [55], is that too little is known about the
thermodynamics of supercritical mixtures. The exploitation of the SFE technology
depends on our understanding of the phase behavior of mixtures in the critical
region.

Superecritical fluid mixtures have very complex phase behavior, especially when
more than two components are involved. While phase diagrams for binary fluid
mixtures are classified into six categories and have been studied in some detail |
(e.g., [56-62]), phase equilibria involving solids at supercritical fluid conditions have

not been well studied. Since the Gibbs phase rule specifies a maximum of three’



independent variables for a two-component system, the phase behavior for binary
mixture can be completely described by three-dimensional phase diagrams with the
most convenient variables being pressure, temperature and the mole fraction of one
of the components (P-T-x) as their coordinates. Important features included in
such P-T-x diagrams are:

1) liquid-gas, solid-gas and solid-liquid equilibrium lines for both pure compo-
nents;

2) liquid-liquid and liquid-gas critical lines;

3) solid-liquid-gas and liquid-liquid-gas three-phase equilibrium lines.

Each of these equilibrium lines has only one degree of freedom according to the
Gibbs phase rule.

One convenient way to present information in P-T-x diagrams is to use P-T
projections and P-x diagrams. The enhanced solubilities in SCF and the influence
of critical phenomena on solubility behavior can be examined conveniently using
these diagrams. The classifications of the different types of phase behavior may
be identified in P-T projections by the shapes and the number of critical lines, the
existence or absence of three-phase lines and the manner in which the critical lines
connect with the pure component critical points and the three-phase lines.

In this section, the phase behavior of binary and ternary systems where a fluid

is in equilibrium with one or two solid phases is surnmarized.

2.1 Phase Diagrams for Binary Mixtures

A binary mixture consisting of a low volatility solid and a supercritical solvent
- (SCF) is usually a system in which the critical temperature of the pure components
are far apart. In many such systems, the critical temperature of the solvent lies
below the triple point of the solute, and there is no common range of temperature
in which both pure components are in the liquid state,

The phase diagrams of this class of binary system can be classified into two

10



types. Type I, as shown in Figure 2.1, has the simplest pressure-temperature {P-T)
projection curve. The liquid-gas critical mixture curve runs continuously between
the critical points, C; (relatively low-volatile component) and C; (supercritical sol-
vent). M is the triple point of the component 1. MN and ME represent the melting
curve and the sublimating curve for pure component 1, respectively. Under high
pressure, the melting curve bends toward the lower temperatures due to the in-
crease of solubility of component 2 in component 1. This phenomenon is the so
called freezing point depression. The freezing point depression curve depicted by
MF in Figure 2.1a represents the solid-liquid-gas (S-L-G) three-phase equilibrium.
The three-dimensional pressure-temperature-composition (P-T-x) diagrams as well
as three isothermal pressure-composition (P-x) diagrams are also presented in Fig-
ure 2.1.

Both components of a type ] mixture do not differ appreciably in molecular
sizes, shape, structure or critical conditions. The critical temperature of the light
component is not far apart from the melting temperature of the heavy component.
Binary systems like sodium chloride-water {63] and carbon dioxide-methane [64]
exhibit phase behavior of this type.

In this discussion emphasis is placed on the second class of mixtures, in which
the critical loci and the S-L-G curves are not continuous. Phase diagram of Type
II (see figures 2.2-2.4) usually occurs for mixtures whose components are not chem-
jcally similar and differ considerably in size, shape, polarity and critical properties.
As pressure is elevated, the solid-liquid-gas (S-L-G) curve eventually intersects the
liquid-gas critical loci at two locations: the upper-critical-end-point (UCEP) and the
lower-critical-end-point (LCEP). The lower-temperature branch of the S-L-G curve
intersects the critical mixture curve at the LCEP while the higher-temperature
branch of the S-L-G curve begins at the triple point temperature of the solid and
ends at the UCEP, the intersection of the critical mixture curve and the S-L-G

curve. Between the two branches of the S-L-G curves, solid-fluid equilibrium exists
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at all pressures. It is this region where the SFE process would take place.

Phase diagrams for Type II mixtures may be further classified into three
categories according to the shape of the higher-temperature branch of the S-L-
G curve, as shown in Figures 2.2-2.4. Pressure-temperature-composition diagrams
and pressure-composition diagrams as well as pressure-temperature projections are
presented in these figures.

The first kind of phase diagram is shown in Figure 2.2, in which the 5-L-
G curve in P-T projection tilts towards the lower temperature and has a neg-
ative slope. Many binary mixtures reported in the literature have this type of
phase behavior. The following substances with ethylene as supercritical fluid be-
long to this group [15,65]: naphthalene, biphenyl, n-octacosane, n-hexatriacontane,
p-dibromobenzene, p-todochlorobenezene, 1,3,5-trichlorobenzene, anthracene, an-

thraquinone, hexaethylbenzene, stilbene, m-dinitrobenzene and hexachloroethane.

Figure 2.3 presents the second type of phase diagram, in which the S-L-G
curve has a temperature minimum in P-T projection. At T=T,, the three-phase
curve is intersected twice at P, and P}, as shown in Figure 2.3d. At pressures below
the first three-phase pressure, Py, there exists a solid-gas equilibrium. At pressures
above the second three-phase pressure, P,, a solid-fluid equilibrium exists. Between
P, and Py, different phase equilibria or phase states are possible depending on the
composition of the mixture: liquid-vapor equilibrium, solid-liquid equilibrium and
single liquid phase. The latter is referred to as a liquid island. The solid line on
the left in Figure 2.3d shows that the solubility of the heavy component in the
SCF changes with the pressure. The location of the liquid island indicates that the
solubility of the solid and that of the gas in the liquid phase both are high.

Figure 2.3e shows the phase behavior at constant temperature T=Tycgp. As
the pressure approaches the UCEP pressure, where the SCF is highly' compressible,
the solubility of the solid in the fluid phase increases dramatically, as depicted by a

horizontal inflection. At the UCEP, the derivative (-Bai:-) = (0. If the pressure is

Tucer
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increased further more, the solubility quickly reaches a limiting value. The closer the
temperature is to the UCEP temperature, the more significant will be the solubility
enhancement at the UCEP pressure.

It is interesting to note in Figure 2.3f that the shape of solid-fluid curve near
the UCEP reflects the effect of the liquid-gas critical point, Ci’. Examples of this
type of phase behavior were found in systems naphthalene-CO, (66,67,68], biphenyl-
CO, [66,67,68)], n-octacosane-CO; [66,69], m-terphenyl-CO; [79] and phenanthrene-
CO; 119).

In Figure 2.4, the temperature of the UCEP is higher than the triple point
temperature of component 1. The three-phase (S-L-G) curve (M-p) bends towards
the higher temperature as the pressure increases, and has a positive slope. Exam-
ples of this type reported in the literature are found in gas mixtures at cryogenic

conditions such as hydrogen-carbon dioxide [70] and neon-aréon [71].

2.2 Phase Diagrams of Ternary Mixtures

The separation of a binary solid mixture utilizing a SCF is frequently encountered
in a SFE process. In spite of their practical usefulness, experimental investié;ation
of phase equilibria for ternary mixtures consisting of a SCF and two nonvolatile
solids is rather limited.

Van Gunst et al. {72] described the phase behavior of the naphthalene-hexachlo-
roethane-ethylene system using a P-T diagram which is shown in Figure 2.5. The
51-89-L-G four-phase curve and the so called ternary critical-end-point curves, S;-
L=G and Sz-L=G are found in the P-T diagram. The latter two curves represent
the ternary critical loci, along which the fluid phases are saturated with one of the
solids. In the diagram, the four-phase curve intersects the critical-end-point curves
and gives rise to two invariant ternary critical-end-points: one ternary upper critical

end point, p and one terriary lower critical end point, q.
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K.oningsveld and Diepen [73] suggested that three main types of such ternary
mixtures can be distinguished according to the extent of the existence of binary and
ternary critical end points:

Type I Systems without ternary upper or lower critical end points (TUCEP
or TLCEP), but with binary critical end points (UCEP/LCEP) of the SCF and one
of the solids (Figure 2.6a).

Type II: Systems without TUCEP and TLCEP but with UCEP and LCEP
formed by the SCF with both of the solids (Figure 2.6b).

Type III: Systems with UCEP and LCEP, and TUCEP and TLCEP (Figure
2.6¢c).

In Figure 2.6a-c, the triple points of pure solids and the quadruple point of
the solid mixture are designated by A , ¢ , respectively. It should be noted that
the above classification is based on the fact that a binary system of two solids
has an eutectic temperature in the melting diagram, i.e., both solids have different

crystalline structures and do not form a solid mixture.

Koningsveld and co-workers [73,74] described qualitatively the phase behavior
of the solid 1-solid 2-SCF ternary systems. Figure 2.6c shows the most probable
situation when the solubilities of the solids in the SCF are both small. At any
temperature which is between the TLCEP, T,, and TUCEP, T}, there are two solid
phases in equilibrium with a fluid phase at any pressure. The two four-phase (5,-
S2-L-G) curves, one ends at the TLCEP and the other at the TUCEP, form the
boundaries for SFE operations. A dramatic solubility enhancement of solid in SCF
is achieved in the vicinity of the TUCEP, p. It should be mentioned that S,-S;-L-G
curves reported in the literature are limited to very few systems [72,79].

Besides the separation of the solid mixture, the phase behavior of the ternary
systems is of importance for the study of entrainer effects. Kurnik and Reid (80]
reported the experimental results for the binary solid mixture consisting of naph-
thalene, phenanthrene, benzoic acid, 2,3-dimethyl-naphthalene and 2,6-dimethyl-
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naphthalene in supercritical CO, and ethylene. They found that for a binary solid
mixture, the presence of one of the solid components enhances the solubility of
the other solid component in fhe SCF phase. The former is referred to as an “en-
trainer” or a co-solvent. For example, Kurnik and Reid [80] showed that under the

same operating conditions, the presence of naphthalene can enhance the solubility

of phenanthrene as much as 300%.
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Chapter 3

CRITICAL REVIEW OF
LITERATURE

A critical review of the litt.;.mture is given in this chapter with emphasis on ex-
perimental approaches and thermodynamic modeling for the determinations of the
multiphase equilibria and of the liquid-gas critical loci for locating the upper critical
end point where the great solubility enhancement is achieved. Some conclusions are

reached after the review.

3.1 Experimental Approach

In order to have a better theoretical understanding of the phase behavior of the
mixtures at supercritical fluid conditions, the recent research has been focused on
the systematic experimental studies of the well-defined systems.

The experimental studies of the phase behavior of the supercritical mixtures
include: _

1. the measurement of the solubilities of heavy components (solids or liquids)
in the supercritical solvents;

2. the determination of the phase boundaries suitable for the SFE process
(such as the Iy-Lo-G or S-L-G three-phase curve and the S;-S;-L-G four-phase
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curve), and the L=L and L=G critical loci helpful for locating the upper critical
solution point and upper critical end point; and

3. the study on the entrainer effect in order to modify the solubility and the
selectivity of the supercritical solvents.

In this section, the experimental determinations of the solid-liquid-gas three-
phase Icoexistence curve and the liquid-gas critical loci as well as the study on
the entrainer effect are critically reviewed. Both experimental determinations are
highly demanding since high pressure technique is involved and the solidification of

the heavy component presents significant problems when the deposit of the solid
blocks the tubing of the experimental apparatus.

3.1.1 Determination of Multiphase Equilibria

The experimental study of the multi-phase equilibria (i.e., the determination of
S-L-G three-phase curves for binary mixtures or that of the §,-S;-L-G four-phase
curves for ternary mixtures) is of importance for the following reasons:

1) The characteristics of the 3-/4- phase curve in the P-T projection and the
way these curves connect with the critical loci are usually the basis of phase-diagram
classification for binary or ternary mixtures;

2) It is essential to determine multiphase coexistence curves for establishing
the phase boundaries suitable for SFE operation;

3) The multiphase coexistence curve is useful in the UCEP determination with
the aid of liquid-vapor critical loci.

Different techniques have been described in the literature for determining the
S-L-G curve, or the freezing-point depression of a solid component in the presence
of a supercritical fluid. As far as pressure-temperature-liquid composition (P-T-x)
measurements are concerned, very few systems have been investigated.

In one approach, referred to as the static solubility measurement, the com-

pressed gas is metered into a view cell after a known amount of solid has been
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loaded. The P-T projection of the S-L-G curve is deduced from the intersections
of constant-composition solid-gas (S-G or S-F) and liquid-gas (L-G) equilibrium
curves. The isopleths of §-G (or S-F) equilibrium are determined by slowly heating
the mixture at constant pressure until the solid phase disappears. The isopleths of
L-G equilibrium are measured by slowly increasing the pressure at constant tem-
perature until the vapor phase disappears into the liquid phase or the liquid phase
disappears into the vapor phase, depending on whether the composition of the pre-
pared mixture is greater or smaller than the composition of the mixture at the
UCEP. |

Van Welie and Diepen [81,82] studied the solubility of naphthalene in super-
critical ethylene and that of naphthalene in supercritical ethane, and deduced the
P-T projections of the three phase S-L-G coexistence curves from tﬂe intersections
of constant-composition 5S-G and L-G equilibrium curves.

The advantage of this approach is that the compositions of both liquid and
vapor phases on the three-phase curve are obtained, but the process is tedious and
time consuming. _ .

In another approach [11,65,66], the P-T projection of the three-phase curve
was determined by slowly ix;creasing the temperature of an initial solid-gas condition
at constant pressure until the solid begins to melt, and the temperature and pressure
were taken to be the three-phase temperature and pressure. This is the so called
“first melting point” method.

This approach provides a simple and quick determination of the P-T projec-
tion. However, the compositions of the equilibrium phases along the S-L-V curve

are not determined.

3.1.2 Determination of Liquid-Gas Critical Loci

It is well known that in the vicinity of the critical point, the density of the fiuid

fluctuates violently with slight changes in pressures or temperature, The fluctuation
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in density over a distance comparable with wavelength of the visible light gives rise
to the strong scattering of light, which is the so called critical opalescence, a striking
visual property of the critical state. In addition, the slight change in temperature
or pressure near the critical point also causes a dramatic change in the amount of
SCF phase or liquid phase in the equilibrium cell.

| As early as over a hundred years ago, Andrew [85] and van der Waals [S6]
described both experimentally and theoretically the physical phenomena at or near
the critical point of a substance. However, their unambiguous description of the
now well-known critical ‘phénomena, especially the idea of the existence of a state of
continuity through the supercritical region, was hard to accept by many researchers
at the beginning. The slow acceptance can be attributed to the experimental diffi-
culties encountered in the critical region where the requirement for a high pressure
and/or high temperature technique made precise measurements very difficult.

The experimental determination of the liquid-gas criticél loci for binary mix-
tures is reviewed by Hicks [87] and Young [88]. The commonly used technique is the
static method, in which the temperature and pressure are adjusted while agitating
the system in an open-ended or sealed tube until the appearance or disappearance
of the meniscus of the mixture is observed. If the composition of the mixture is close
enough to that of the critical point, the intense scattering critical phenomena will
be detected. In many investigations (for exampie, [89-92]), the critical properties
have been determined as parts of a more general study of the gas-liquid equilibria.

Liphard and Schneider [93] used a high pressure view cell to measure the
liquid-gas and liquid-liquid critical loci for binary systems consisting of subcritical
CO; and hydrocar:ons over a.lwide range of pressures up to 100 MPa. The critical
loci were determined when the phase transition from one phase to two phases in
the cell was observed. The accuracy of the measurements on the temperature and
that on pressure were reported to be :0.1 K and +0.2 MPa, fespectively.

Thies and Paulaitis [94,95] recently used a flow technique to determine the
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liquid-gas equilibria and the critical properties of binary mixtures. In their mea-
surements, two components, each as a compressed liquid, were delivered by separate
high-pressure feed pumps to a preheater where a mixture was formed. The mix-
ture passed through a 1.5 m-long tubing located in an air bath, and then entered
into a view cell where the liquid and gas phases were separated. By opening two
micrometering valves, samples of both phases were taken, and analyzed with a gas
chromatograph utilizing a flame ionization detector. When the systems measured
also involved solid components, such as naphthalene and 1-naphthol, the pumping
problem was solved by dissolving the solid in a known amount of methanol which
was the second component of the mixtures investigated. The solution was then
compressed and delivered into the apparatus.

‘We are not aware of any measurements of the liquid-gas critical loci of a binary

system consisting of one solid and one SCF in the open literature.

3.1.3 Entrainer Effects on the Solubility of Solids and the

| Selectivity of Supercritical Solvents

As mentioned in Section 2.2, the solubility of a low-volatility solute in a supercritical
solvent will be enhanced by adding a small amount of the component referred to as
an “entrainer”. The use of an entrainer not only increases the solvent power but also
improves the selectivity of the supercritical solvent when extracting a mixture. The
volatility of the entrainer should be between that of the supercritical solvent and
that of the extracted solute. The entrainer is usually added to the supercritical fluid
at a concentration less than 15 mole% [143]. In the process of decaffeination of coffee
bean, for example, water is used as the entrainer [18,26,27). The addition of a certain
amount of water improves greatly the solubility of .caffeine in supercritical CQ,, and
makes this SFE process commercially feasible. Benzene, methylene chloride, carbon
tetrachloride hexane, acetone, methanol, ethanol, toluene and cyclohexane have also

been studied as potential entrainers in supercritical solvents [144,145].
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Entrainers are not confined to the conventional liquid solvents. Naphthalene
dissolved in a supercritical fluid could be used as an entrainer if a component of
lower volatility, such as phenanthrene or benzoic acid, were being extracted [S0].

Schmitt and Reid {143] measured the solubility of phenanthrene and that of
benzoic acid in supercritical CO; and ethane using four organic solvents as the
entrainers. Based on their results, these authors suggest that it was the amount of
entrainer and not the specific choice of entrainer that caused the solubility of the

solid in the supercritical solvent to increase.

3.2 Upper Critical End Point

The previous repori:s for the naphthalene-ethylene system [16,75,76] show that al-
though the solubility increases quickly near LCEP, the overall loading of naphtha-
lene in supercritical ethylene is rather low. Besides, the lower critical end point
usually occurs very close to the critical point of the pure SCF for most of the bi-
nary systems reported in the literature. Table 3.1 gives the experimental results of
the LCEP for some binary mixtures. As can be noticed from this table, the temper-
ature and pressure of the LCEP of each of the mixtures are very close to the critical
temperature and pressure of the respective pure solvent. Therefore, to locate the
LCEP is of less importance to both SFE operations and theoretical studies.
Diepen and Scheffer [75] measured the isothermal solubilities of naphthalene
in ethylene over a wide range of pressures. As shown in Figure 3.1, the solubilities
at temperatures ranging from 12 to 45°C do not change much with the increases in
pressure. However, the 50°C isotherm in the P-x diagram is very sensitive to the
slight change of pressure from 170 to 180 atm (~17 to 18 MPa). This region happens
to be in the vicinity of tﬂe UCEP of the mixture. The UCEP temperature and the
pressure of the naphthalene ethylene system, as reported by Van Gunst et al. [65],
are 52°C and 174 atm (17.6 MPa), respectively. With further increase of the pres-
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Table 3.1: Experimental Results of LCEPs for Some Binary Miktures [83].

System Pure Comp. 2 LCEP
Comp. 2-Comp. 1 T, KX P,MPa|T,K P,MPa
-| COz-octacosane 3043 7.38 |3054 7.36
ethane-naphthalene 305.5 4.88 |310.0 5.22
ethylene-naphthalene 2824 5.04 |2839 519
ethylene-biphenel 2844 517
ethylene-anthracene 2826 5.12
ethylene-octacosane 282.7 5.06
ethylene-hexaethylbenzene 284.8 5.29
ethylene-hexamethylbenzene 283.0 5.11
ethylene-stilbene : 2827 5.11
ethylene-dinitrobenzene : 282.5 5.09
ethylene-hexachloroethane 285.6 507
ethylene-1,3,5,-trichlorobenzene 286.3 5.34
ethylene-p-chlorobromobenzene 2866  5.38
ethylene—p-chioroiodobenz'ene 285.2° 5.26
ethylene-p-dibromobenzene 283.8 5.14
ethyle.ne-hexatriaconta.ne 2828 5.06
ethyiene-benzophenone 283.1  5.08
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Figure 3.1: Isothermal Solubility of Naphthalene in Supercritical Ethylene {79].
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sure, the solubility remains almost unchanged. The great solubility enhancement is
achieved near the UCEP. The solubility of naphthalene in the supercritical phase
is as high as 15 mole%, i.e., 45 wt%. From the viewpoint of phase equilibrium, the
advantages of carrying out the SFE operation near the UCEP, that is the region
near the mixture critical loci in the presence of solid, are obvious.

The solubility enhancement achieved near the UCEP is depicted in Figure
2.2, At T,, which is lower than tile UCEP temperature, the solubility of the heavy
component in SCF is small at any pressure (see Figure 2.2¢). However, when the
temperature approaches the UCEP temperature, the solubility increases dramati-
cally if the pressure is raised to the UCEP pressure. At the UCEP, the liquid-gas
critical locus meets the solid-liquid-gas curve. The fluid-solid equilibrium curve
must be tangent to the horizontal solid-liquid-gas curve in the P-x diagram. Hence,
it makes a sharp bend towards the right, i.e., (%—f-) .= 0 (see Figure 2.2d). A quite

appreciable amount of solid will dissolve into the SCF. Similar effects were obtained

ar
Sy

UCEP pressure and (%)p = 0 at the UCEP. It is this sensitivity of the solubility

with the variation of temperature. Namely, ( )P is small in the vicinity of the
with small changes in pressure or temperature in the vicinity of the UCEP that
provides the opportunity for SFE processes. A thermodynamic analysis of this
behavior will be demonstrated in Section 6.3. '

Since the location of UCEP plays an important role in choosing the operating
conditions for SFE processes, the study of phase behavior near the UCEP is of great
significance both theoretically and practically. The UCEP can be experimentally
determined or estimated. '

McHugh and Paulaitis [67] measured the isothermal solubilities of naphthalene
and biphenyl in superecritical carbon dioxide over a range of pressure from 8 to 50
MPa. They estimated the UCEP for naphthalene and biphenyl in suf:ercritical
carbon dioxide based on the characteristics of the P-y curves. In this method,

valuable information about the solubility of solids in SCF is obtained. However,
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the UCEP temperature and pressure as well as composition can only be estimated
rather approximately.

McHugh and Yogan [66] determined the UCEP for several binary mixtures
to be the pressure and temperature at which critical opalescence is observed along
the solid-liquid-gas curve for a very slight change in either pressure or temperature.
There is a disadvantage in using this method. Since there is only one degree of
freedom in the solid-liquid-gas equilibrium for a binary mixture, the critical opales-
cence at the UCEP can hardly be observed along the solid-liquid-gas curve unless
the composition of the loading components is very close to the composition of the
UCEP, which is usually unknown.

The UCEP can be accurately determined from the intersection of the solid-
liquid-gas coexistence curve with the liquid-gas critical loci of mixture. Ifsing this
intersection method, Van Gunst et al. [65] determined the pressure and temperature
values of the UCEP for the system naphthalene-ethylene. Van Welie and Diepen
[81,82] deduced also the composition of the UCEP for the sé.me system.

3.3 Thermodynamic Modeling

Since the experimental determination of high-pressure phase equilibria is very dif-
ficult and costly to perform, it would be of great advantage to extend and comple-
ment the experimental data using thermodynamic models. Besides, thermodynamic
models are also necessary tools for supercritical-fluid process design and economic
evaluation.

However, there currently exists a lack of fundamentally based thermodynamic
models for describing phase behavior of supercritical systems. The major reasons for
this are the lack of knowledge about supercritical fluid behavior and the interactions
of the molecules between the SCF and the heavy component, which significantly
differ in size, shape, polarity and critical properties.

There are two approaches to modelling the phase equilibria of supercritical
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systems: the compressed gas model approach and the expanded liquid model ap-
proach. In the former, the SCF is treated as a “compressed gas”, and equations
of state, as well as the principle of corresponding states and the lattice-gas models
can then be used to calculate the fugacity coefficients of components in the super-
critical fluid phase. In the latter, the SCF is treated as an “expanded liquid”, and
therefore, liquid theories, such as the quasi-lattice model or the regular solution
model can be applied for calculating the activity coefficients of the components in
the supercritical fluid phase.

While some improvements in the r;apresentation of solid solubilities in the SCF,
i.e., in the description of the S-F equilibrium, have been achieved, the application
of thermodynamic models to the representation of P-T-x along S-L-G coexistence
curves and L=G critical loci requires further development. In the following sec-
tion, the attention will be focussed on the representations of the S-L-G three-phase

equilibria and the L=G critical loci.

- 3.3.1 Modeling of Solid-Liquid-Gas Equilibria

For any system that is at solid-liquid-gas three-phase equilibrium, the following

conditions must be satisfied for all components in the mixture:

PS = pt = p¢ | (3.1)
TS=Tt=TC (3.2)
pl=uf =pf (3.3)

where y; is the chemical potential of the component 7. For a binary mixture at a
specified temperature and a specified pressure, the equilibrium conditions (3.3) may

be written in terms of the fugacities of the solid-forming component 1 as
=ff (3.4)
R=5 (3.5)
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It is understood that the fugacities of the supercritical fluid, component 2, must
follow the equation: |
 RB=fF - (3.6)
The solid phase is normally assume:'d'to be'a pure solid. Therefore, f{ is a function
of temperature and pressure while the ﬁgadties FE, 78, fE and f§ are functions
of temperature, pressure and composition. Using a compressed gas model, the

- fugacities of both gas and liquid phase can be written:
& = Pydf 37

fE = Pz,of (3.8)

The fugacity coefficients of components in the fluid phases, % and ®f, can be
calculated by applying a suitable equation of state in accord with the following

rigorous thermodyna.m'ic equation:

S oL (8k _llavo
ol [ =T ( B ) g,V dV —Inz (3.9)
The fugacity of the solid component can be written as |
P [ S
= ot [ () ap (3.10)

Since it is quite safe to assume that the solid is pure, i.e., the supercritical solvent
does not dissolve in it, z;=1 and v4y=1, Eq.(3.10) can be simplified by further
neglecting the pressure dependency of the molar volume of solid and taking the

saturated pressure, P*** as the reference pressure:

s ‘US(P _ P.sut)
fis = 1 tezp L RT L
g . paat
— Pf“@‘{“e:cpvl (PRTPI ) (311)

Equation (3.11) simply states that the fugacity of solid component 1 at pressure P
equals the fugacity of pure solid 1 at its vapor pressure multiplied by a Poynting

correction factor.
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As they are simple in forms and easy to extend to mixtures once a certain
mixing rules are employed, the cubic equation of state of the van der Waals type,
such as the Soave-Redlich-Kwong (SRK) [96] and the Peng-Robinsen (PR) [97], are
often used to calculate the fugacity coefficients These equations are based on the
van der Waals theory and possess usually terms for attraction and repulsion [86].

The SRK and PR equations-of-state are

RT a
—_ - 9
P DD (3..1...)
and
P=: RT g (3‘13)

(v=5) v(v+b)+bv—10)
respectively. Using the conventional mixing rules:
¢ = S5 o
i3
a; = (aia;)"*(1 - kyj) (3.14)
b = Ez;b;

Equation (3.9) can be rewritten as

1ncp,-=-1n(z-B)+%i(z-1)-%(“E—b‘)ln(1+§) (3.15)

for the SRK equation, and

b; A a b z 4+ 24148
la®=-ln(z-B)+3(z-1)- 5 (a - b) a (z - 0.41413) (3.16)

for the PR equation, where
A= aP/(RT)z? B =bP/RT (3.17)

a“: = 2Zz_,-a_,-‘- (318)
b

Using their equation of state, Peng and Robinson [98] calculated the three-
phase solid-liquid-gas equilibria of the binary mixture carbon dioxide-methane. A
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good agreement between the calculated results and the experimental data was
achieved for this not so highly asymmetric system as it was defined in the pre-
vious section.

Paulaitis et al. [99] calculated the P-T projection of the S-L-G equilibrium line
for the biphenyl-CQO; system utilizing the PR equation of state with one adjustable
parameter. The agreement of the calculated results with the experimental data is
. only semi-quantitative (see Figure 3.2).

"McHugh et al. [100] recently fitted the S-L-G line for the naphthalene-xenon
system using the PR and the Sanchez-Lacombe (SL) equations. The latter équation
is a lattice-gas equation which includes both & van der Waals attractive term and a
lattice-gas repulsive term. Their work shows that the quantitative presentation of

three-phase S-L-G line with either equation is not adequaté (see Fig. 3.3).

Van der Haegen et al. [101] recently applied the mean-field lattice-gas model
to the S-L-G three-phase equilibria in the system naphthalene-ethylene. While a fair
agreement between the calculated and the experimental data in the lower pressure
range was achieved, the model failed to represent the three-phase equilibria in the
higher pressure range. _

Another approach to correlating S-L-G three-phase equilibria is to calculate
the fugacities of the components in the gas and liquid phases using different meth-
ods, i.e., using equation of state for calculating the gas-phase fugacities and using
a solution model in terms of the activity coefficient for the liquid-phase fugacities.
With this approach, while the fugacities of both components in the gas phase re-
main the same as equation (3.7), the fugacity of component 1 in the liquid phase

can be expressed by

=L P—PpP°
st B2 -
and the fugacity of component 1 in the solid phasé by
o v3(P — P°
F = f%ezp [——-—-——‘( 57 )] (3.20)
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where P° is a reference pressure and fP£ and £ are hypothetical fugacities of pure
liquid 1 and solid 1 at the system temperature and at the reference pressure P°.
The partial molar volume of component 1 in the liquid, o, and the molar volume
of solid, v{, are assumed to be independent of pressure.
If one chooses the reference pressure as the system pressure for fp£, f2 and
71, and equates equations (3.19) and (3.20), the following expression is obtained,
oS

Hn = f},;, . (3.21)
1

The ratio of standard state fugacities at the system pressure can be expressed
by the following thermodynamic equation [138):

o8 AH; - T, AC 1 1 AC,, T, Av -
-uf - (e ) (3- )+ [ (5 o

where T}, is the normal melting point of solid 1, AH; is the enthalpy of fusion,
AC, = Cj - C;, and Avy = vf — vf. CK and CJ are the heat capacities of
component 1 in the liquid and the solid states, respectively.

Lemert and Johnston [103] recently used the above approach to-correlate the
S-L-G equilibria for the systems naphthalene-ethane, biphenyl-ethane, naphthalene-
ethylene, biphenyl-ethylene, naphthalene-CO, and biphenyl-CO,. While using one
adjustable parameter in the equation of state for calculating the gas-phase fugac-
ity, they used the regular solution model [102] to calculate the activity coefficient.
The calculated temperatures on the S-L-G line agreed closely with the experimen-
tal data, though the correlation of the liquid compositions along the line seemed

unsatisfactory in the higher pressure region.

3.3.2 Modeling of Liquid-Gas Critical Loci

The basis for calculation of critical loci of mixtures is the theory of thermodynamic
stability. The critical point corresponds to an incipient separation into different

phases, whether liquid-gas, liquid-liquid, or other phases. The mathematical ex-
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pressions for the critical point were first stated by Gibbs in 1876 [104] and devel-
oped by Prigogine and Defay [105] later. The rigorous thermodynamic definition
of the critical state of an n-component mixture involves two matrixes with their

determinants equal to zero. These two determinants can be simply expressed by

two Jacobians:
J = a(#h#h mnun-l)
1

B 3.23
8(371,3:2, ety mn—l) ( )
a(J11 #2} seuy '-‘ﬂ_l)

T2 = 3.24
? O(z1, %2y -0y Tam1) | ( )
For a binary mixture, these determinants simplify to [105):

(%) =0 (3.25)

%2/ 1

2

SH) =0 (3.26)

9z3 /¢ p

where the chemical potential g, is related to the fugacity at constant temperature
by |

" dpy = RTdIn f; (3.27)
Therefore, the critical conditions {3.25) and (3.26) can be written in terms of fu-
gacity:
(M) =0 (3.28)
0z Jrp
2
Fhh) _, (3.29)
923 Jrp

By introducing the equations of state and their mixing rules into Eqs.(3.28)
and (3.29), and solving them simultaneously, any two of the three variables, critical
temperature, T, critical density, p. and critical composition,' Z., could be obtained
once the third one is fixed. The critical pressure, P, can be calculated by introducing
the values of the T., and p,, into Eqs.(3.12) or (3.13).

Much work has been done to study the correlation and prediction of binary
liquid-gas critical loci in the last two decades. A great deal of effort has been spent
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in developing the calculation procedure using equatior;s of state. Several work-
ers, for example, used Redlich-Kwong [106], SRK [107,108], PR [109], Bennedict-
Webb-Rubin {110] and Teja-Patel [111] to calculate the critical lines of binary fluid
mixtures.

Mainwaring et al. [112,113] recently employed the Deiters’ semi-empirical
three-parameter equation [114-116] to predict the critical properties of binary mix-
tures and concluded that the equation has no advantage over the much simpler
Guggenheim’s “hard sphere + attractive term” equation of state [117).

Some efforts were made to improve the ability of equation of state to locate
the critical point by adding a “nonclassical” contribution to the attractive term in
the “classical” van der Waals-type equation of state. However, as pointed out by
Chou and Prausnitz [118], “for mixtures, the nonclassical contribution has only a
small effect on the calculated coexistence curve”.

Very few studies reported in the literature deal with the calculations of liquid-
gas critical loci for highly asymmetric binary systems which consist of one solid
and one SCF. McHugh et al. [100] recently correlated the critical-mixture curve
of naphthalene-xenon using the PR, and the SL equations each with two mixture
parameters. The agreement between calculated and experimental work was not

very satisfactory (see Fig. 3.3).

3.4 Conclusions Reached After Review

From the above review, the following conclusions are obtained:

1) Due to the experimental difficulties, the investigation of phase behavior
at supercritical fluid conditions for highly asymmetric mixtures, especially ternary
mixtures are very limited in the literature. The meager experimental data resource
for phase equilibria of supercritical systems needs to be extended significantly.

2) While the LCEP usually occurs very ciose to the critical point of the pure
SCF for most binary mixtures, the experimental and theoretical study of pﬁase

i
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behavior near the UCEP, where the great solubility enhancement is achieved, is of
great importance.

3) A simple technique for quick and reliable measurements of the solid-liquid-
gas three-phase curve and the liquid-gas critical loci for highly asymmetrical binary
mixture needs to be developed. Obtaining the compositions of the equilibrium
phases along both curves is very important in attempting to establish accurate
thermodynamic models.

4) The intersection method provides a more accurate and quicker determina-
tion of the UCEP than the estimation method based on the solubility measurements
and should be adopted in this study.

5) Since the separation of a binary solid mixture utilizing a SCF is usually the
most practical problem encountered in a SFE process, the experimental investiga-
tions of ternary mixtures consisting of one supercritical component and two solid
components are especially needed. A different technique is required to determine
the equilibrium liquid composition as well as the P-T projection of the solid 1-solid
2-liquid-gas four-phase curve.

6) Fundamentally based thermodynamic models for predicting the UCEP are
needed. Simple cubic equations of state and/or solution xﬁodels for representing
S-L-G and $;-S3-L-G equilibria and L=G critical loci deserve further investigation.

7) The freezing point depression of a solid under the pressure of a supercritical
fluid, and the phase behavior of a solid-supercritical fluid in the vicinity of both
critical end points, the LCEP and the UCEP, need to be explored and discussed
theoretically.
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Chapter 4
EXPERIMENTAL

In this study, two sets of experiments were designed and the experimental appa-
ratus was set up to determine the phase boundaries suitable for the SFE process
and to establish the UCEP of binary mixtures. In the first set of experiments,
the pressure-temperature-liquid compositions (P-T-x) of the solid-liquid-gas three-
phase coexistence curves of highly asymmetric binary mixtures of supercritical CO,
and an aromatic compound (naphthalene, biphenyl, m-terphenyl and phenanthrene)
were determined. In the second set of experiments, the liquid-gas cr'itical loci in the
P-T-x space of the same systems were determined.

Moreover, an effort was also made to determine the solid 1-solid 2-liquid-gas
four-phase coexistence curves for ternary mixtures of supercritical CO, and aromatic

solid mixtures (naphthalene and biphenyl, naphthalene and phenanthrene).

4.1 Determination of Three-Phase Equilibria

4.1.1 First Freezing Point Method— Experimental Appa-

ratus and Procedure I

For the measurement of the S-L-G three-phase curves, a new technique called the
“first freezing point” method has been developed in this study. The P-T projection
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of the S-L-G curve could be quickly determined by observing the initial appearance
of the solid phase. In addition, the composition of the liquid phase along the S-L-G
curve was determined.

In the early experimental determinations of the S-L-G three-phase coexis-
tence curve, the apparatus consisted of five major sections: a pressurizing system, a
temperature-controlled water bath, a high-pres.sure view cell equipped with a mag-
netic stirrer, a solid charging system and a liquid composition analysis system. A
schematic diagram of the apparatus is shown in Figure 4.1,

A 20.cc. Jerguson thh pressure gauge (max. 35.0 MPa) was used as the view
cell. The system pressure was measured using a calibrated pressure transducer
(Data Instrument, model SA, max. 69.0 MPa) located very close to the view cell.
The accuracy of the pressure measurements was estimated to be + 0.05 MPa. A
two-layer stainless steel water bath, insulated with foam, was used to maintain
the temperature of the view cell. Polypropylene balls (Enromatics, dia. 20 mm)
was used to keep water from evaporating and to cut down the heat loss. The
bath temperature was maintained to within + 0.01 K of the set point using a
precision temperature controller (model 250, Bayley Instrument Co.). The bath
was equipped with a high speed stirrer and two heaters. The bath temperature was
measured using a calibrated quartz thermometer (Hewlett-Packard, model 2801 A).
The sensor of the quartz thermometer was located at the outside wall of the view
cell. The accuracy of the temperature measurement was estimated to be + 0.05 K.

In the pressurizing system, liquid carbon dioxide from a supply cylinder was
pressurized by an air-operated automatic boost pump (max. 69.0 MPa, Futurecraft
Corp). A hand loader type pressure regulator was adjusted to a desired outlet
pressure and the boost pump operated automatically until reaching the adjusted
setting.

In the solid charging system, the solid was melted in a container by a heating
tape and then was displaced into the view cell by a hand pump (Ruska Instrument
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Corp).

Before the desired amount of solid was charged into the view cell A from
the solid container D, the cell and the container were purged with CO; (or other
SCF solvent) three or four times. After the cell was charged, the pressure in the
cell was then brought to the desired level. All experiments started with such a
solid-gas condition. The temperature of the water bath, hence the temperature of
the cell, was increased slowly until the solid phase completely disappeared. The
liquid and the gas phases were agitated by a magnetic stirrer for about one hour.
Thereafter, the temperature was decreased slowly so that the first appearance of the
solid phase could be observed precisely with a cathetometer. The temperature and
pressure of the S-L—G point obtained from the “first freezing point” were recorded.
The solid was then melted and frozen again to obtain a second measurement of

the “first freezing point”. In general the difference between the two temperature

measurements was within 0.1 K.

4.1.2 Analysis of Liquid Phase Composition

The composition of the liquid phase at the three-phase condition was sampled im-
mediately after the second measurement of the freezing point through the three-way
valve a and using the space between valves 9 and 10 as the sampling loop (see Fig.
4.1). The tubing leading to this sampling tube as well as the sample cylinder I was
evacuated prior to the sampling. The small amount of the saturated liquid phase
immediately crystallized in the sampling loop. The gas CO; was then expanded into
the sample cylinder I by opening valve 10 and then valve 11. The volume of the
sample cylinder as well as the volume of the tubing leading to it from the sampling
tube were calibrated before the measurements. Hence the amount of CO, could
be determined from the known volume of the sample system calibrated previously
and the pressure measured by a pressure gauge. The amount of solid remaining in

the sampling loop was collected, using ace*one injected from the syringe F into the
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solid sampler G through the three-way valve b. After drying, the solid was weighed
using a microbalance. The accuracy of the weighing was & 0.0001 g.

The P-T-x measurements of the three-phase coexistence curve started from the
low pressure end. After each sampling, the reduced liquid volume in the cell was
replaced by the increased amount of carbon dioxide dissolved in the liquid under a
higher pressure. The liquid level in the cell could then be maintained approximately

constant during the whole run.

4.1.3 Experimental Results I

The experimental P-T-x values of the three:phase curve for the binary mixtures,
naphthalene-carbon dioxide and biphenyl-carbon dioxide are listed in Tables 4.1
and 4.2. The P-T projections of the S-L-G curves for the two systems are shown
in Figures 4.2 and 4.3. In these figures, the experimental values of McHugh et al.
[84,66] and the values obtained from the P-T curves reported by Prins [11] are also
included for comparison.

The values obtained in this work using the “first freezing point” method are
more consistent than those values determined by the “first melting point” method
reported by McHugh et al. The merits of the first freezing point method will be
discussed in Section 6.1. ‘

When operating at low pressure, the liquid phase solidified soon after the first
appearance of a few observable crystals in the view cell. At high pressure, but
before the “first freezing point” was reached, very tiny bubbles in the liquid phase
were observed. At first, these tiny bubbles looked like fine powdery particles to
the observer. However, these tiny bubbles would disappear immediately by a very
slight increase of pressure. The “first freezing point  was only recorded after the
appearance of crystallized solid was observed.

With the additional information on the isothermal solubility of the solid in
the SCF, the experimental values reported in Table 4.1 and 4.2 can be used to
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Table 4.1: Experimental Pressure-Temperature-Liquid Composition Values of the

Three-Phase (S-L-G) Coexistence Curve for the System Naphthalene (1)-Carbon
Dioxide(2).

P/MPa T/K x |[P/MPa T/K x
2.19 34827 - 1246 33240 -
3.07 34644 0870 || 13.64 331.95 0.451
4.74 343.87 0.815 | 14.26 331.98 -
6.17 341.27 0.745 (| 16.00 332.05 0.425
7.90 338.12 - 17.08 332.30 0.403
8.40 337.71 0.668 )| 17.59 332.34 -
9.42 335.83 0.630 )| 19.56 332.46 0.343

10.19 33446 - 21.02 332.65 -
10.68  333.97 0.568 | 21.92 33283 -
11.54  332.99 - 22.89 333.14 0.319

12.16  332.66 0.499 | 24.25 333.18 0.290
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Table 4.2: Experimental Pressure-Temperature-Liquid Composition Values of the
Three-Phase (S-L-G) Coexistence Curve for the System F iphenyl{1)-Carbon Diox-
ide(2).

P/MPa T/K x (P/MPa T/K x
225 33811 - | 1048 321.85 0.517
2.88 33570 0.875[ 11.02 32161 -
348 33419 0.842] 1210 321.67 0.488
452 33202 0.805| 1242 321.57 0.495
569 32061 0.744 [ 14.3¢ 32178 0.458
6.72 32756 - || 1589 321.87 0.453
726 32648 0.660 | 19.38 322.46 0.431
8.18 32453 0.608 | 2248 322.98 0.410
879 32379 - | 2550 32373 0.383
9.3¢ 32284 0558 29.74 32481 0.349
10.42 32197 0.514 | 33.97 325.85 0.318
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determine the location of the “liquid island”. The solubility values of naphthalene
in carbon dioxide at 332.15 K [120] are plotted in Figure 4.4. At this temperature,
the S-L-G curve is intersected at two pressures, 12.7 and 17.0 MPa {Figure 4.2).
The solubility curve intersects the two pressures of the S-L-G curve and thus yields
the mole fraction y;, of naphthalene in carbon dioxide on the S-L-G curve. Between
these two pressures, A solid-liquid region, a liquid-vapor region or a single liquid
phase exists, depending on the concentration. From a T-x plot (shown in Figure
4.5) using the data of Table 4.1, the liquid concentrations z, of naphthalene at
these two pressures are estimated to be 0.435 and 0.380 mole fractions. These two

concentrations are the limiting values of the “liquid island” as shown in figure 4.4.

An effort was made to correlate the z; values in terms of the liquid activity
coefficient . Following the approach of Prausnitz [60] and neglecting the difference
between the heat capacities of the solid and liquid of component 1 (naphthalene
or biphenyl) from the triple point temperature to the operating temperature -y, ,

can be approximately expressed by
ey = —(AH,/R)(1/T — 1/Tw) (4.1)

where AH is the heat of fusion, and T, is the melting temperature. The van Laar

Equations,
Invy; = A12/(1 + z1412/T2A% ) (4.2)
Iny, = An /(1 + 2242 /71412)° | ' (4.3)

were used for correlating the 4; values. The best fitted values were A;;= 3.132
and A = 1.400 for the system na.iahtha.lene-ca.rbon dioxide, and A;;= 7.067 and
A= 1.673 for the system biphenyl-carbon dioxide. These values were obtained
by minimizing the sum of the squares of the differences between experimental and
calculated 7; values. These van Laar constants can be used for estimating the

limiting ; values of the liquid island shown in Figure 4.4. A comparison of the
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calculated and experimental z; values for the system naphthalene-carbon dioxide is
shown in Figure 4.5.

4.1.4 First Freezing Point Method— Experimental Appa-

ratus and Procedure II

During the course of this study, further modifications were made to improve the
performance of the first freezing point technique in the extension of the experimental
determination of the S-L-G three-phase curve. A high-pressure Ruska Dual-Window '
PVT cell was used to replace the pressure-gauge view cell. Instead of the water bath
and the magnetic stirrer, a temperature-controlled air bath and a magnetic pump
were employed. The reasons for the improvement are as follows:

1) The maximum working pressure of the pressure-gauge view cell was 35
MPa, which was not high enough for our further investigation;

2) The pressure gauge used as a view cell became rusty in the water bath, and
the dirty water made the observation of the first appearance of the solid difficult;

3) The agitation of the mixture by a magnetic stirrer moving vertically required
a long period of time, Often the stirrer became jammed inside the cell as a result
of inadequate space;

4) There existed a small dead volume at the bottom of the cell.

A new experimental set up was made to reduce both the dead space of the
equilibrium cell encountered previously and the time required for the mixture in the
cell to reach equilibrium. This was achieved by means of a magnetic pump which
recirculated the mixture in the cell when it was in the fluid state. A temperature-
controlled air bath, instead of a water bath, was used to improve the visibility of

the contents in the equilibrium cell.

A schematic diagram of the apparatus is shown in Figure 4.6. A high-pressure
PVT cell (Ruska, Model 2329-801-60900 with a cell volume of 40 ¢cm?; max. 69.0

MPa) was used as the equilibrium cell A. This cell has two windows mounted
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Figure 4.6: Schematic Diagram of Apparatus. A - Dual window equilibrium cell; B -
Magnetic pump; C - Variable-speed motor; D - Temperature indicator; E - Pressure
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opposite to each other to allow see-through visibility. Exposed window surface is
approximately 2.5 inch long and 0.25 inch wide. Bj placing a light behind one
window, it was easy to discern liquid-gas interface level. The cell was kept in
an air bath J (Ruska, Model 2320-801-16800 equipped with a LFE temperature
controller). The temperature of the bath could be maintained to within £0.05 K of
the set point. A pressure transducer E (Data Instrument, Model AB/HP; max 69.0
MPa) was used to measure the pressure. A magnetic pump B (Ruska, Model 2330-
802, max. 82.8 MPa) was installed in the air bath for recirculating the mixture in
A. An air operated automatic pressure intensifier G (Futurecraft, max. 69.0 MPa)
was used in the pressurizing section of the apparatus to pressurize liquid carbon
dioxide from a supply cylinder. |

~ The operation procedure was only slightly different from that described in
Section 4.1.1. (also see [68]). Briefly, the equilibrium cell was purged with CO,
after the solid was loaded. The temperature of the air bath was raised until the
solid phase inside the cell disappeared. Liquid CO, was compressed by the pressure
intensifier and introduced to and vaporized in the cell until the pressure in the cell
was brought to the desired level. The mixture in the cell was then recirculated by
means of the magnetic pump. The temperature of the air bath was then slowly
reduced at a rate of about 0.02 K per minute. The temperature of the cell was
reduced at approximately the same rate as monitored by means of thermocouples
installed inside the wall of the cell at two locations. The first appearance of the
solid phase could be observed precisely through the window of the cell by means of a
mirror system. The temperature and press'ire of the first appearance were recorded
and a liquid sample was immediately taken tor analysis. It should be mentioned
that after the first appearance of the solid in the cell, the liquid phase soon solidified
completely. For the preparation of the next measurement, the temperature of the
cell was first increased to melt the solid, the system pressure was subsequently

raised to a desired value, then with the mixture in the cell being recirculated by
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the magnetic pump, the temperature of the cell was again slowly reduced to reach
the first freezing temperature for the new point on the P-T projection. For all
systems, measurements started from the low pressure end. The accuracies of the
temperature and pressure measurements were estimated to be +0.1 K and +0.05
MPa, respectively. |

The CO; content in the liquid sample was determined by means of the same
procedure reported earlier. Briefly, the space between valves 5 and 6 was used as
the sampling tube. Upon sa.mphng, the dissolved solid 1mmed.1ately crystallized in
the tube. CO; was then expa.nded into the cylinder L by opening valves 6 and then
7. The volume of the cylinder and that of the tubing leading to it from the sampling
tube were calibrated. Hence the amount of CO; could be determined.

The amount of solid remained in the sampling tube was collected, using ace-
tone injected from the syringe [. A microbalance was used to determine the amount
of the solid after the evaporation of acetone. The accuracy of the weighing was
+0.0001 g.

To verify the new experimental set up, the S-L-G three-phase equilibria were
determined for the systems naphthalene-ethylene and biphenyl-ethylene [137]. The
results agreed well with those in the literature [75,65,81,66].

4.1.5 Experimental Results II

The experimental P-T-x values for another two binary mixtures, m-terphenyl-
carbon dioxide and phenanthrene-carbon dioxide are reported in Tables 4.3 and
4.4, The P-T projection of the S-L-G curves for the two systems are shown in
Figures 4.7 and 4.8. For the binary mixture phenanthrene-carbon dioxide, the ex-
perimental results reported recently by White and Lira {121] are also presented in
Figure 4.8 for comparison. The pressure range in their determination of the S-L-G
three-phase equilibria was below 9 MPa and the equilibrium compositions along the

three-phase curve were not determined. Discussion will be given in Section 6.1.
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Table 4.3: Experimental Pressure-Temperature-Liquid Composition Values of the
Three-Phase (S-L-G) Coexistence Curve for the System m-Terphenyl (1)-Carbon
Dioxide(2). |

P/MPa T/K x |P/MPa T/K x
525 3500 0.771 | 17.30 3414 0536
6.97 3486 - | 1891 3418 0.528
8.70 3458 0.688 ) 2008 3421 0517
10.56 343.9 0.676 | 21.74 3424 0.504
12.02 3419 0621 2231 3427 -
13.49 3415 0602 [ 2324 3431 0.516
13.96 3414 0582[ 2477 3432 0.502
15.48 3414 0544 || 27.32 343.2 0.513
16.72 3413 - [ 2890 343.3 0.506
17.03 341.4 -




Table 4.4: Experimental Pressure-Temperature-Liquid Composition Values of the

Three-Phase (5-L-G) Coexistence Curve for the System Phenanthrene (1)-Carbon
Dioxide(2).

P/MPa T/K x, [P/MPa T/K x,
381 3646 0.861 1410 3540 0.680
530 3624 - || 1467 3537 0.674
547 3620 0.825 1587 3534 0.654
639 3605 0.812| 17.18 353.3 0.651
7.93 3504 0.795 | 17.70 3535 0.646
850  257.8 0.750 | 1849 353.6 0.629
9.83 3564 0.736 | 19.76 354.3 0.628
1112 3554 0722 | 2084 3543 0.621
1123 3854 - | 2172 3543 -
12.19 3550 0.710 | 21.83 3542 0.604
12.65 3547 0708 | 23.19 354.3 0.614
13.50 3544 0.697 | 2414 3544 0611
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We are not aware of any experimental data for the binary mixture of m-
terphenyli-carbon dioxide.

The additional measurements of the S-L-G three-phase equilibria for the bi-
nary mixture biphenyl-carbon dioxide were made under higher pressures than those
in the earlier part of this study where the working-pressure limit of the equilibrium

cell was lower. The results are presented in Table 4.5.

A temperature minimum was observed for eack of the four binary systems,
as shown in the T-x diagram (see Figuie 4.9) as well as the P-T projections of the
three-phase coexistence curves (see Figure 4.10). |

The liquid compositions of the S-L-G curves obtained in this study provide
the important information for stu;iying the freezing point depression of a solid
under the pressure of a supercritical fluid, and for establishing fundamentally based
thermodynamic models describing the solid-supercritical fluid phase equilibria.

The pressure effect on the solubilities of supercritical carbon dioxide in the
equilibrium liquid phase can be illustrated by the P-x diagram of the S-L-G curves
(see Figure 4.11). At low pressure (below 10 MPa), the solubilities of CO; in
liquid phase increase rapidly, as depicted by the low values of the slopes of the
solubility curves in Figure 4.11. At high pressure, the solubility curves tend to
become vertical, indicating a slowdown in the rate of absorption of CO; in the
liquid phase with further increase of the pressure. In the cases of m-terphenyl- CO,
and phenanthrene-CQO, mixtures, where the solubility of CO, in the liquid phase is
low, the solubilities of CO, quickly reach limiting values.

4.2 Determination of Liquid-Gas Critical Loci

4.2.1 Experimental Apparatus and Procedure

The apparatus used in the first freezing point method, as shown in Figure 4.6, was
employed in this study to determine the liquid-gas critical loci for the naphthalene-
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Table 4.5: Additional Measurement of Pressure-Temperature- Liquid Compo-
sition Values of the Three-Phase (5-L-G) Coexistence Curve for the System
Biphenyl(1)-Carbon Dioxide(2).

P/MPa T/K x
40.58 3275 0.276
4563 3283 0.239
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carbon dioxide and biphenyl-carbon dioxide systems. In the determination, the
bubble point pressure along the several isotherms as well as the solubility of carbon
dioxide in liquid naphthalene and biphenyl were also measured. The description of
the procedure for the bubble-point as well as the liquid-gas critical loci measure-
ments is as follows:

1) The equilibrium cell A as well as the magnetic pump B were purged with
carbon dioxide before the naphthalene or biphenyl was charged. This was done to
avoid air being trapped in cell A and magnetic pump B by the loading solid.

2} The solid was charged through the top of the cell by opening the head cap.
The cell A was purged again with carbon dioxide three or four times. |

3) The temperature of the air bath was raised until the solid in the cell was
melted completely. The temperature of the bath could be adjusted to within +0.05
K of the desired temperature. The temperature of the cell and that of the magnetic
pump were monitored by three thermocouples.

4) Liquid carbon dioxide was compressed by the pressure intensifier G, intro-
duced to and vaporized in the cell until the pressure in the cell was brought to an
appropriate level. The accuracy of the pressure measurement was estimated to be
+0.05 MPa.

5) The liquid mixture in the cell was recirculated by means of the magnetic
pump B. The equilibrium condition was rcached when there was no more change
of the system pressure at the desired temperature.

6) Sampling of the liquid phase was made 30 minutes after the equilibrium
pressure was reached. The accuracy of the liquid composition determination was
estimated to be %0.005 mole fraction.

For each isotherm, the experiment was carried out until the liquid-gas critical

point was reached.
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4.2.2 Observation of Critical Opalescence

The critical opalescence was observed clearly for two binary mixtures of supercritical
carbon dioxide with aromatic compounds, naphthalene and biphenyl. At the critical
point, the meniscus between the liquid and gas phases disappeared, the mixture in
the cell turned scarlet and the critical opalescence reached its maximum intensity.
When the pressure of the system was further increased above the critical point, the
scarlet color disappeared and only one phase existed in the cell.

Figures 4.12-4.14 are the photographs of the content in the equilibrium cell,
taken before, during and after the eritical-mixture point was reached. .

When the critical point was approached, the pressure of the system was in-
creased very slowly at the rate of about 0.03 MPa per minute by opening slightly
the shutoff valve 2.

After the critical opalescence was observed, the system pressure was decreased
slowly by opening valve 4 until the liquid and gas phase reappeared in the cell. The
observations of the critical opalescence were repeated several times. The accuracy
of the pressure measurement of the critical-mixture point was estimated to be £0.05
MPa.

In this study, the critical loci of two binary mixtures were determined as
part of a more general study of the solubility of supercritical carbon dioxide in
liquid naphthalene and biphenyl, as the latter information is of importance in the
processing of petroleum products, coal liquification and enhanced oil recovery. One
can, however, make a quick and direct determination of the liquid-gas critical loci

following the procedure outlined above.

4.2.3 Experimental Results and Discussion

To check the experimental technique used in this study, the solubility of supereritical
carbon dioxide in liquid naphthalene at 373.2 K previously measured by Barrick et
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Figure 4.12: A Photograph of the Content in the Equilibrium Cell Before the Crit-
ical-mixture Point Was Reached. Liquid and Gas Phases Existed in the Cell.
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Figure 4.13: A Photograph of the Content in the Equilibrium Cell at the Criti-
cal-mixture Point. The Critical Opalescence Was Observed.
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Figure 4.14: A Photograph of the Content in the Equilibrium Cell Above the Crit-
ical-mixture Point. Only One Supercritical Fluid Existed in the Cell.
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al. (77} was reproduced.

Basrick et al. employed the same technique as described previously by Ander-
son et al. [78]. In their measurements, a magnetically stirred cell was used as an
equilibrium cell. Mercury was injected to vary the volume of the cell in an attempt
to determine the amount of solvent and solute charged into the cell. Shown in Fig-
ure 4.15 is a comparison of the results obtained from this study with the data of
Barrick et al. [77]. In the low pressure range (below 10 MPa), where the solubility
of carbon dioxide is almost a linear function of the system pressure, the results
obtained in this study agreed well with those of Barrick et al., indicating that this
technique yields reliable results for the solubility measurements.

The experimentally determined F-T-x values at three temperatures for the
naphthalene-carbon dioxide and biphenyl-carbon dioxide systems are reported in
Tables 4.6 and 4.7, respectively. The P-x isotherms at 348.2 K, 343.2 K and 338.2 K
for the naphthalene-carbon dioxide system and the P-x isotherms at 343.2 K, 338.2
K and 333.2 K for the biphenyl-carbon dioxide system are presented in Figures 4.16
and 4.17, respectively.

For the biphenyl-carbon dioxide system, there exists a “crossover region”,
around which the three isotherms converge. Below the crossover region pressure
(about 36 MPa), an increase in temperature caused a decrease in solubility of carbon
dioxide in the liquid phase, while above the crossover region pressure the opposite
effect occurs. This phenomenon is unusual as it does not occur in the normal
conditions where the pressure is low. The explanation for this phenomenon is that
at pressures above the crossover region, due to the high density of the gas phase,
or supercritical fluid phase, the “escape” of the lighter component from the liquid
phase into the gas phase is much less sensitive to the increased temperature than
at lower pressures.

The same explanation holds also for the naphthalene-carbon dioxide system

where no “crossover region” exists, because the critical-mixture loci appear at a
)
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Table 4.6: Solubility of Carbon Dioxide(2) in Naphthalene(1} at 348.2 K, 343.2 K
and 338.2 K.

T/K x3 P/MPa x: P/MPa x P/MPa

345.2 0.185 4.2 0535 1408 0711 24.25
0.245 577 0574 1595 0.726 24.99
0.299 739 0576 1600 0.741 2446
0359 8.86 0.605 1801 0.754 25.96
0.42¢ 1041 0635 2005 0.787 26.26(c.p.)
0.425 1046 0.667 2211
0.495 1266 0.708 24.17

343.2 0311 643 0603 1558 0733 24.26
0312 646 0638 1762 07713 25.74
0411 899 0657 19.39 0.804 26.20{c.p.)
0.507 11.28 0.658 19.44
0571 1351 0708 22.55

3382 0453 1012 0.666 1618 0.763 24.01
0.544 11.48 0700 1545 0.781 25.30
0.550 12.04 0.711 20.06 0.822 26.10{c.p.)
0.630 1450 0.745 22.40
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Table 4.7: Solubility of Carbon Dioxide(2) in Biphenyl(1) at 343.2 K, 338.2 K and
333.2 K.

T/K x, P/MPa x, P/MPa x; P/MPa

3432 0.246 541 0535 1815 0685 33.32
0280 65¢ 0506 2092 0715 36.06
0330 7.6 0573 2169 0739 3820
0.393 994 0607 24.86 0756 39.05
0402 1016 0628 2693 0760 39.18
0457 1200 0.639 28.02 0.792 40.81(c.p.)
0.505 1547 0658 30.37
0.521 1671 0661  30.59

3382 0297 6.06 0.393 2090 0.728 38.36
0361 5.00 0.620 24.06 0.751 4048
0.38¢ 848 0.653 26.94 0.752 40.60
0463 10.9¢4 0668 3031 0.777 4240
0.532 1547 0.690 33.27 (.800 43.64(c.p.)
0.554 17.66 _0.703 36.07

333.2 0385 7.74 0602 19.96 0739 42.00
0.388 775 0633 23.30 0.758 43.26
0480 1039 0.677 3001 0.8 45.16
0.537 1349 0719 3561 0.507 46.32(c.p.)
0571 1654 0.721 37.46
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Figure 4.16: Solubility of CO; in Liquid Naphthalene at 348.2 K, 343.2 K and 338.2
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relatively lower pressure (about 26 MPa) region, i.e., at relatively lower densities of
the supercritical fluid.

Attempts at measuring the critical-mixture loci in the vicinity of the UCEP
for both m-terphenyl-CO, and phenanthrene-CO, systems proved fruitless since the
critical opalescence was not observed in the temperature range from 350 K to 370

K and at pressures up to 52 MPa.

4.3 Determination of Upper Critical End Point

The experimental UCEP of the binary mixtures, na.phthalexie-COz and biphenyl-
CO, were determined in this study from the intersection of the solid-liquid-gas
coexistence curve with the liquid-gas critical loci of the mixture. The pressure-
temperature projection of the L=G critical loci and the S-L-G curve for the naphthalene-
carbon dioxide and the biphenyl-carbon dioxide systems are presented in Figure
4.18.

The temperature and pressure of the UCEP for the system naphthalene-carbon
dioxide were established to be 333.3 £0.1 K and 25.9 +0.1 MPa, respectively.
McHugh and Paulaitis [67] estimated the UCEP to be 336.2 K and 24.3 MPa based
on the characteristics of the P-y isotherms. McHugh and Yogen [66] also reported
a UCEP of 333.3 K and 25.6 MPa by noting the critical opalescence at the end of
the solid-liquid-gas curve. Lemert and Johnston [103] recently estimated the UCEP
to be 333.3 K and 26.3 MPa by locating the intersection of the S-L-G line with the
critical-mixture curve, although the data of the critical curve were not reported.

The temperature and pressure of the UCEP for biphenyl-carbon dioxide were
determined to be 328.5 iO.i K and 48.6 £0.1 MPa, respectively. The corresponding
values reported in the literature are 329.2 K and 46.6 MPa [67], and 328.3 K and
47.5 MPa [66].

Although the estimated values for these two binary mixtures obtained from
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Figure 4.18: Determination of the UCEP Temperature and Pressure for the Naph-
thalene-Carbon Dioxide and Biphenyl-Carbon Dioxide Systems by Means of the
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the other two approaches appear to be close enough ‘or engineering approximations,
the temperature and pressure values of the UCEP obtained from the intersection
method are more reliable.

The compositions of the UCEP for the systems naphthalene-CQ; and biphenyl-
CO; can also be determined by means of the intersection method from the T-x dia-
grams of the UCEP temperature determined from Figure 4.18 and the L=G critical
loci (Figures 4.19 and 4.20). The estimated composition values of the UCEP are
~0.16 mole fraction of naphthalene for the system naphthalene-CQO,, which agrees
with the estimation reported by McHugh ard Paulaitis {67], and ~0.18 mole frac-
tion of biphenyl for the system biphenyl-CO;. We are not aware of any comparable

experimental data in the literature for the latter system.

4.4 Determination of P-T Projection of Four-Phase
Equilibria

The solid 1-solid 2-liquid-gas four-phase equilibria of ternary systems have also been
investigated in this study. Such ternary systems each consists of one supercritical
component and two solids. While there are a few data available for binary mixtures,
da.ta. for multicomponent mixtures are scarce. It appears that the only one reference
available in the literature dealing with the determination of S;-S,-L-G four-phase
coexistence curves is that reported by van Gunst et al. {72] for the ternary sys-
tem ethylene-naphthalene-hexachloroethane. However, only pressure-temperature
measurements were made.

The systems investigated in this work were naphthalene-biphenyl-CO, and
naphthalene-phenanthrene-CQ,. For these systems, the critical temperature of
éOz is lower than the eutectic temperatures of the solids at atmospheric pressure,
which are 312.2 K for the system naphthalene-biphenyl and 325.0 K for the sys-

tem naphthalene-phenanthrene, respectively [122]. There is no temperature range
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in which CO; and the solids are all in the liquid state. The eutectic composi-
tions at atmospheric pressure are 0.4496 mole fraction of naphthalene for the sys-
tem naphthalene-biphenyl and 0.5626 mole fraction of naphthalene for the system
naphthalene-phenanthrene, respectively [122]. There are two four-phase ( solid 1-
solid 2-liquid-gas, S,-S;-L-G) coexistence curves for both mixtures, starting from the
quadruple points and ending at the ternary upper-critical-end-point UCEP and the
ternary lower-critical-end-point LCEP, respectively. These two coexistence curves
form the boundaries of the temperature and pressure conditions for SFE operations.
Between these two curves, there are two solids in equilibrium with a supercritical
solvent at all given pressure. .

It appears from the limited data found in the literature that the ternary
LCEP is also very close to the critical temperature and pressure of the pure su-
percritical fluid. Table 4.8 gives the comparison of the binary LCEP and UCEP
for the system naphthalene-ethylene and the ternary LCEP and UCEP for the sys-
tem naphthalene-hexachloroethane-ethylene as well as the critical temperature and
pressure of ethylene. The temperature and pressure of the ternary LCEP of the
naphthalene-hexachloroethane-ethylene mixture are close to the critical tempera-
ture and pressure of pure ethylene. For the same reason as for binary mixtures,
only the four-phase S;-S2-L-G coexistence curve below the i:ema.ry UCEP is deter-
mined in this study.

Van Gunst et al. [72] measured the P-T projection of the §,-5,-L-G equilibria
for the ternary system using a Cailletet apparatus with a glass capillary filled with
mercury at the bottom. The four-phase line was determined by the first melting
point. The details of the experimental procedure were not given.

The previously described apparatus was used to determine the pressure (P)-
temperature (T) projection of one of the S;-S;-L-G curves, the curve below the
ternary UCEP for both systems. The “first freezing point” method was extended
to the determination of the P-T projection of the three-phase, solids-liquid-gas
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Table 4.8: Comparison of the Binary LCEP and UCEP for the System Naph-
thalene-Ethylene and the Ternary LCEP and UCEP for the System Naphtha-

lene-Hexachloroethane-Ethylene with the Critical Temperature and Pressure of

Ethylene [75,72].

System Critical Point of C;H4 LCEP UCEP
T, K P, MPa T, X P,,MPa|T,K P,MPa
naphthalene-C,H, | 282.4 5.04 283.9 519 3253 17.63
naphthalene- 2824 5.04 2885 558 |298.7 8.7
hexachloroethane-
C.H,
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coexistence curves for the two ternary mixtures. The P-T traces of the three-
phase curves vary depending on the different ratios of the two loading solids. Only
when the mixture of the solids is at its eutectic composition will both solids melt or
crystallize simultaneously. In addition, an attempt was made to determine the liquid
compositions (x) along the three-phase coexistence curves. While the amounts of
CO, dissolved in the liquid phase were determined by the same procedure reported
in Section 4.1.2, the solid contents of the liquid samples were determined by means
of a Hewlett-Packard Supefcritical Fluid Chromatograph.

The four-phase equilibria of the ternary mixtures were determined by further
cooling thelsystem after the “first freezing point” was observed until the whole
contents of the equilibrium cell were completely crystallized.

By the time this work was finished, we came across the report by White and
Lira [121], in which the $,-S;-L-G four-phase equilibria of the same two ternary
systems were obtained using a different technique. In their measurements, a solid
mixture of its eutectic composition at atmospheric condition was prepared before
being charged into a capillary tube and a view cell. The first melting was identified
with the four-phase equilibrium point. It was assumed that the eutectic composition
of the binary solids did not change with pressure. The effect of the third component,
supercritical carbon dioxide, on the eutectic composition, and hence on the eutectic
temperature, was neglected.

The present determination of the solid 1-solid 2-liquid-gas equilibria avoids
the above approximations. The eutectic temperature of the binary solids in the
presence of supercritical CO; is the freezing point temperature of the four-phase

(51-S2-L-G) coexistence curve.

4.4.1 Experimental Apparatus and Procedure

The experimental set up for the determination of the four-phase equilibrium was

virtually the same as that which was used for the measurements of the three-phase
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(S-L-G) equilibria of the binary mixtures, except that a cooling system was em-
ployed when the system temperature was at below ~ 300 K. The cooling system
consisted of a heat sink of aqueous antifreeze solution and a 10 meter-long copper
coil immersed in it. Air compressed to about 0.6 MPa was passed through the
copper coil and into the air bath to cool the system. The temperature of the bath
was maintained to within +0.05 K of the set point by a LFE temperature controller
inside the air bath.

The minimum fréezing point of a binary mixture of solids at atmospheric
conditions occurs at its eutectic composition. A couple of solid mixtures very closé
to this composition were prepared for each ternary system. The solid mixture was
then melted and well mixed by stirring with a glass rod before being charged into the
equilibrium cell previously purged with CO,. After the solid mixture was loaded,
the cell was purged again with CO;. The temperature of the air bath was raised to
keep the mixtt‘.u'e in the liquid state. Liquid CO; was compressed by the pressure
intensifier and introduced into the cell and vaporized until the pressure in the cell
was brought to the desired level. The mixture in the cell was then recirculated by
means of the magnetic pump. The temperature of the air bath was slowly reduced
at a rate of about 0.02 K per minute using an LFE temperature controller and was
traced by a recorder.

The first appearance of the solid in the cell represented the three-phase, solids-
liquid-gas equilibrium at a fixed ratio of the two loading solid components. After
the “first melting point” was observed, the temperature of the air bath was reduced
at an even slower rate. It should be mentioned that at lower pressures, the whole
liquid phase would solidify soon after the first freezing point was observed. At
higher pressures, however, the crystallization of the liquid phase took a longer time
than it did in the lower pressure region, indicating that the pressure did have an
effect on the eutectic composition of the binary solid mixture, and hence on the

freezing point depression of the four-phase (S;-S;-L-G) coexistence curve. The
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closer the composition of the loading solid mixture to its eutectic composition at
the elevated pressure, the less time it took from the first freezing point of the
three-phase equilibria to the freezing point of the four-phase equilibria. For the
measurement of the next point, the temperature of the cell was first increased to
melt the solids, the system pressure was subsequently raised to a desired value,
then with the mixture in the cell being recirculated by the magnetic pump, the
temperature of the cell was again slowly reduced to reach a new point on the
P-T projection. For all runs, measurements started from the low pressure ex_ld.
For ternary systems, measurements started from the high pressure end are not
recommended. Since the solubility of the solids in supercriticel CO, is quite high,
releasing some of the gas phase could change the composition of the mixture in
the cell and could also cause blockage of the inlet and outlet lines due to deposits
of the solids. The accuracy of the temperature and pressure measurements of the
four-phase equilibria are estimated to be £ 0.1 K in the lower pressure region and

+ 0.2~0.3 X in the higher pressure region, and + 0.05 MPa, respectively.

4.4.2 Experimental Results

In order to study the effect of pressure on eutectic composition of the binary solids,
two solid mixtures with compositions very close to the eutectic compositions at
atmospheric condition were prepared for the determination of the four-phase (S;-
S2-L-G) equilibria of each ternary system. The initial loading-solid compositions
were 0.455 and 0.470 mole fraction of naphthalene for the naphthalene-biphenyl-
CO, system and 0.560 and 0.580 mole fraction of naphthalene for the naphthalene-
phenanthrene-CO, system. Both solid-liquid-gés three-phase equilibria and solid
1-solid 2-liquid-gas four-phase equilibria were determined. The P-T values along
the three-phase and four-phase coexistence curves for the two ternary systems are
reported in Tables 4.9-4.10. The P-T projections of these multiphase equilibrium
curves are shown in Figures 4.21 and 4.22. The four-phase equilibrium data reported
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by White and Lira [121] are also presented in these figures for comparison.

For the ternary system naphthalene(1)-biphenyl(2)-CO3(3), the values ob-
tained in this work are in good agreement with those of White and Lira. The
three-phase coexistence curve with initial loading x,=0.455 is much closer to the
four-phase coexistence curve than that of the curve with initial loading z,=0.470.
This indicates that the initial loading composition z;=0.455 is closer to the eutectic
composition of the binary solid mixture at the elevated pressures.

The temperature difference between the first freezing point, the three-phase co-
existence curve, and the minimum freezing point, the four-phase coexistence curve,
is smaller at lower pressure and becomes larger when the pressure is increased.
It appears that the pressure and the presence of supercritical CO; do effect the
eutectic composition of the binary solid mixture.

For the ternary system naphthalene(l)-phenanthrene(2)-CO,(3), there are
1~2 K differences in temperature between the values obtained in this work and
those by White and Lira [121]. It seems that the assumption that the eutectic
composition does not change with pressure does not hold in this case. An exam-
ple of pressure effect on the eutectic composition and temperature was given for
the benzene-urethane system by Walas [123]. Besides, the presence of supercritical
carbon dioxide could also have an effect on the eutectic composition of the binary
solid mixture.

To illustrate the extent of freezing point depression, P-T projections of the
S;-So-L-G curves of these two ternary mixtures together with the S-L-G curves for
their constituent solid-CO, binary mixtures are depicted in Figures 4.23 and 4.24.
The presence of a second solid increased the freezing point depression significantly,

regardless of whether its triple point is higher or lower than that of the first solid.

When the pressure was increased above ~ 2 MPa, the depression temperature
of the four-phase coexistence curve of the ternary mixture naphthalene-biphenyi-

CO, was below the critical point of pure carbon dioxide. So the working pressure
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Table 4.9: Pressure-Temperature Values of the Four-Phase (8;-S;-L-G) Coex-
istence Curve for Two Ternary Systems, Naphthalene(1)- Biphenyl(2)-CO. and
Naphthalene(1)-Phenanthrene(2)-CO,.

naph(1)-biph(2)-COy(3) | naph(1)-phen(2)-C04(3)
P/MPa T/K P/MPa T/K
1.03 308.7 1.16 318.7
2.15 304.7 2.94 315.4
3.04 302.2 4.21 313.0
4.09 299.4 5.55 310.7
5.10 297.6 6.89 308.6
6.00 295.7 7.90 307.3

9.30 305.8
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Table 4.10: Pressure-Temperature Values of the Three-Phase (S-L-C) Equilibria for
Two Ternary Systems Starting with Different Solid Loadings.

naphthalene(1)-biphenyl(2)-CO; | naphthalene(1)-phenanthrene(2)-CO:
z, = 0.455 z, = 0.470 z, = 0.560 z, = 0.580
P/MPa T/K |P/MPa T/K |P/MPa T/K |P/MPa T/K
1.03 300.1| 107 3103 1.62 319.0] 220 3181
2.15 3056 216 3074 | 2.87 3159 | 4.29 314.0
3.03 303.2| 3.15 3046| 416 313.7| 6.49 310.6
4.08 3003} 4.21 3023 | 555 3116 8.64 308.2
5.09 298.7| 511 299.8( 6.88 309.3| 9.66 307.5
5.99 206.7( 5.98 2982 816  308.0
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the System Naphthalene(1)-Biphenyl(2)-CO2(3). e Four-Phase (S$,-S;-L-G) Equi-
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of this system could not go beyond the vapor pressure of carbon dioxide at that
depression temperature. The characteristics of the ternary upper-critical-end-point
were not observed for this ternary system under the experimental conditi‘ons.

For the ternary system naphthalene(1)-phenanthrene(2)-CO;(3) the tempera-
ture depression curve would run into the suberitical region of carbon dioxide when
the pressure was increased over ~ 10 MPa. The characteristics of the ternary upper-
critical-end-point were not observed when the pressure was further increased while
the temperature was kept either under or above the critical point of pure carbon
dioxide.

The two ternary systems investigated in this study have phase diagrams of
the type in Figure 2.6b since the ternary UCEP does not exist.

4.5 Analysis of Liquid Phase Composition of the
Solid-Liquid-Gas Equilibria for Ternary Mix-
tures

One of the disadvantages of the supercritical fluid extraction process is that the
loading of the solutes in the gas phase, or the supercritical fluid phase, is low.
Besides, the selectivity of the pure supercritical solvents is usually not very high.
Many studies have focused on the solubility enhancements in the supercritical fluids
produced by adding a third component, referred to as an “entrainer”, or a “co-
solvent” [80,122,124-128).

In addition to making separations by enhanced extraction in the gas phase,
where the solids and supercritical fluid are in equilibrium, operating in the liquid-
gas region might be of interest, because the loading power and the selectivity of
the solvent in the liquid state are relatively high. However, due to difficulties in

operating a three-phase process, either solid-liquid-gas or liquid-liquid-gas, com-
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mercial processes using supercritical extraction for liquid mixture separation are
not available at present.

For the above reason, the composition analysis of the equilibrium liquid phase
for the multicomponent mixtures is of importance.

An attempt was made in this study to develop the chromatographic condi-
tions for liquid phase composition analysis of the three-phase equilibria for ternary
mixtures.

After a first appearance of the solid phase, a first freezing point of the ternary
mixture was observed, a liquid sample was immediately taken for analysis. The
CO; content in the liquid sample was determined by means of the same procedure
reported in Section 4.1.4. The amount of solids remained in the sampling tube was
collected using acetone injected from a syringe. A Hewlett-Packard Supercritical
Fluid Chromatograph (SFC) (Model 1082 B) was employed for determination of

the solid content in the liquid sample. Supercritical carbon dioxide was used as the

mobile phase.

A schematic diagram of the SFC is shown in Figure 4.25. Liquid carbon
dioxide from a cylinder A equipped with a dip tube was filtered by a filter B of
2 micron frit and was cooled to below ~ 260 K by a Neslab RTE-24 refrigerated
recirculating bath C. The cooling bath was used to increase the pumping efficiency
of the two high pressure chromatograph pumps D. The chromatograph pumps were
of the reciprocating diapliragm type.- They operated at a constant volumetric flow
rate which was measured by means of flow transducers E. The system pressure
was controlled by a back pressure regulator L at the outlet of the flow system
of the chromatograph. The pressure was measured by two pressure transducers I
(Instruments model SA 0-50000 psia) in conjunction with a Sonotek model 4100-
K-0-B-0 indicator at inlet and outlet of the column. After leaving the pump, one
of the fluid streams was preheated in the column oven J and then mixed with the

other stream in a chamber F.
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Figure 4.25: Schematic Diagram of the Supercritical Fluid Chz.'omatograph. A -
Liquid CO, Cylinder; B - Filter; C - Cooling Bath; D - High Pressure Pump; E -
Flow Transducer; F - Mixing Chamber; G - Six-way Valve; H - Analytical Column;
I - Pressure Transducers; J - Column Oven; X - VW Detector; L - Back Pressure
Regulator.
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Injected samples (solids + acetone) were conveyed by CO, through a manually
operated Rheodyne 7125 syringe-loading six-way valve G into the chromatographic
column H, which was 200 mm in length and 4.6 mm in diameter, packed with
Hypersil ODS 5 um particles.

The separated components eluting from the column passed through a variable-
wavelength ultraviolet-absorbance detector K, where the intensity of light of the
wavelength of the particular component is compared with that of a reference wave-
length. The signal from the detector is integrated using a built-in integrator. In
the determination, o-terphenyl was used as the internal standard for it has a proper
residence time which makes a clear separation of its peak area from that of the
detected components. (See Appendix A for the calibration of the supercritical fluid
chromatograph).

The desired operation conditiox;ls of the chromatograph for analysis of the two
ternary mixtures were found by adjusting the following operating parameters.

1. The flow rate of the mobile phase, which can be varied from 0 to 10.00
ml/min. in 0.01 ml/min. increments. .

2. The pressure of the column, which can be adjusted by the back-pressure
regulator L up to 700 bar with 1 bar increments. |

3. The temperature of the oven, which may be set from 303 K to 373 Kin 1
K steps.

4. The reference wavelength, which must be set at least 60 nm difference from
the detected wavelength.

Except for pressure, all the other parameters are adjusted and controlled by
a remote terminal. The SFC settings for analysis of the two ternary mixtures are

reported in Tables 4.11 and 4.12.

It takes about 2 minutes to complete one sample analysis. A gas chromato-
graph with a flame ionization detector requires 6-8 minutes to complete the same

analysis. Besides, the oven temperature of the SFC is only a little higher than the
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Table 4.11: SFC Settings for Analysis of the System Naphthalene-Biphenyl.

FLOW 2.00 ml/min.
%B 50.0
COLUMN PRESSURE 92 bar
MAX PRESSURE 400 bar
MIN PRESSURE 0 bar
OVEN TEMPERATURE 35°C
VWSGNL

WAVE LENGTH (S:R) 254 : 430 nm
CHART SPEED 1.00 cin/min.
ZERO 10.0%
ATTENUATION 2t 12
AREA REJECTED 10000 area counts
SLOPE SENSITIVITY 0.0
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Table 4.12: SFC Settings for Analysis of the System Naphthalene-Phenanthrene.

FLOW 2.00 ml/min.
%B 50.0
COLUMN PRESSURE 96 bar
MAX PRESSURE 400 bar
MIN PRESSURE 0 bar
OVEN TEMPERATURE 35°C
VW SGNL

WAVE LENGTH (S:R) 264 : 430 nm
CHART SPEED 1.00 ¢cra/min.
ZERO 10.0%
ATTENUATION 2 1 12
AREA REJECTED 10000 area counts
SLOPE SENSITIVITY 0.0
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critical temperature of carbon dioxide, 304 K, while in a gas chromatograph the
oven temperature must be set as high as 500~600 K.

Solid mixtures with various compositions were prepared for the analysis of the
liquid phase compositions of the two ternary mixtures at their first-freezing-point
conditions. The solid content of each sample was about 0.3 gram, which was very
small comparing with the total loading of the solid mixture (about 75 grams).

A plot of selectivities of supercritical COj (Xnaphthalene / Xbiphenyl 804 Xnaphthalene
/ Xphenanthrene) for both mixtures at various pressures of the three-phase S-L-G equi-
librium conditions is shown in Figure 4.26. In both cases, the high selectivity of
supercritical CQ, is in favor of naphthalene. The ratio of the two solid composi-
tions in the liquid pliase remains essentially constant with pressure increases. This
is not a good situation for the design of a continuous separation process using a
supercritical fluid extraction technique, since the solid mixture extracted under high
pressure will be expected to deposited at low pressure. It would be better if the
selectivity were a strong function of pressure. It seems from the Figure 4.26 that
an entrainer, or co-solvent is needed to make a separation of such solid mixtures in

the SFE process using supercritical carbon dioxide as a solvent.

4.6 Materials

In the experiméntal measurements, naphthalene (Fisher, Scintanalyzed grade), biphenyl
(Aldrich, 99%), m-terphenyl (Fisher, Scintanalyzed grade), o-terphenyl (Aldrich,
99%), phenanthrene (Aldrich, 98+ %) and CO; (Air Product and Chemical 99.9%)
were used as supplied. Acetone, used as a liquid solvent, was obtained from Canlab
and had a purity exceeding 99.9%.

Physical properties of the materials used throughout this study are summa-
rized in Table 4.13.

The vapor pressure of the solids are given by the Antoine equation log(P) =
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Table 4.13: Physical Properties of the Materials Used in This Study [131].

component | formula structure 7,,K PF,bar w supplier, purity
naphthalene | CioHls ((J) T84 405 0302 Fisher, Scintanalyzed
bipheny! CrzHio 1890 385 0372 Aldrich, 99%
phenanthrene | C\4H)o (I? 873.2 33.0 0.540 Aldrich, 98 +%
m-terphenyl | CigHiq 0248 35.06 0.449 Fisher, Scintanalyzed
o-terphenyl CraHyy 891.0 39.0 0.431 Aldrich, 98%
carbon dioxide | CO, 304.1 73.8 0.239 Air Product & Chemical, 99.9%

Antoine Coefficients

component | Tn, K vs,em®fmole AH; kJ/mole A B C
naphthalene | 353.5 111.9¢ 19.30° 7.2144 29266 —35.8°
biphenyl 342.4 131.0° 18.60¢ 9.4068 4262.0 0*
phenanthrene | 373.7 167.6° 16.45% 6.3175 2963.85 -TI1.11°
m-terphenyl | 360.0

a, [129]; b, [132]; ¢, [135]; d, [133].
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A - B/(T + C) where P is the vapor pressure in bar and T is the temperature in
K. The coeflicients for naphthalene and biphenyl are from Ziger and Eckert [129],
while the coefficients for phenanthrene are correlated from the experimental results

by Bradley and Cleasby [134].
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Chapter 5

MODELING OF
SOLID-SUPERCRITICAL
FLUID PHASE EQUILIBRIA

Two different approaches, the equation-of-state approach and a approach based on
the combination of an activity-coefficient, model and an equation-of-state model,
were used to correlate the S-L-G equilibria for binary mixtures and the $,-S.-L-G
equilibria for ternary mixtures. The merits of these two approaches are compared.
Besides, the Peng-Robinson equation of state with three different mixing rules was
used to correlate the solubility data of supercritical carbon dioxide in the melted
naphthalene and biphenyl. The ability of the models to represent the solubility data
is also discussed.

5.1 A Modified Peng-Robinson Equation of State
for Multiphase Equilibrium Calculation

According to the Gibbs phase rule, there is only one degree of freedom available for
S-L-G equilibria of binary mixtures and for S;-S;-L-G equilibria of ternary mixtures.
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For a ternary mixture at four-phase equilibrium, the equilibrium conditions
f.L = ficv 1=1,2,3 (5.1)

fF=f i=12 (5.2)

coupled with the mass balances for both the liquid and the gas phases
T +xs a3 = 1 (53)

Nhtpt+ty=1 : (5.4)

are sufficient to calculate the values of seven of the eight variables, which are the

temperature T, the pressure P, and the liquid and gas compositions x; and y;,

providing the value of one of these variables is given. In the above equations, the

subscripts 1 and 2 refer to the solid components, and the subscript 3 represents the

supercritical carbon dioxide. The superscripts S, L and G represent the solid, the
‘liquid and the gas phases, respectively.

For the type of the phase behavior investigated in this study, the P-T pro-
jections of the multiphase coexistence curves are monotropic functions of pressure,
but not of temperature. The change of the pressure is significant within a short
range of the temperature. Therefore, it is convenient to choose pressure as a fixed
parameter. In our calculations, the pressure was chosen as a fixed parameter to
find the iterative solution of Eqs.(5.1-5.4). The following assumptions were made
throughout the iterative calculation:

1. the molar volumes v¥ of the solids are constant;

2. supercritical CO; is insoluble in the solids;

3. the saturated vapor pressures of the solids are so low that the fugacity
coefficients ®#° at the saturated temperature equal unity. | |

The fugacity of the pure solid component can therefore be written as

vy (P — B*)

15 = PreaptEZ),

i=1,2 (5.5)
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Eqgs.(5.1) and (5.2) become
yi®F =2;8F, =123 (5.6)
of(P = P

RT ’
The fugacities of the components in both the gas and the liquid phases can be

y;8F P = P*exp i=1,2 (5.7)

calculated from suitable equations of state. The Peng-Robinson equation of state
Eq.(3.13) is one of the most popular two-parameter equations of state. It uses
a van der Waals type repulsive term and a modified attractive term. While the |
attractive parameter a; for each component is shown to be temperature-dependent,
the repulsive parameter b; remains a constant which is related only to the critical

temperature and pressure of each component:

R*T? .
a; = Qg0 = 0.45724?”'-% (5.8)

bi = b, = 0.07780% (5.9)

In the development of the Peng-Robinson equation, the correction factor o;
was treated as a dimensionless function of the reduced temperature Tg and the
acentric factor w; of the component. This factor equals unity at the critical tem-
perature. The vapor pressure data, from normal boiling point to critical point, of
several normal hydrocarbons were used to determine a functional form for «;. It

took the same form as that obtained by Soave [96] for the SRK equation:
ol =1+ mi(1 - T (5.10)

where the substance-dependent constants m; were correlated against the acentric

factors;

m; = 0.37464 + 1.54226w; — 0.269927 0 < w; < 0.49 (5.11)

m; = 0.37964 + 1.48503w; — 0.16442w? + 0.01667w? 0.2<w; <20 (5.12)
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In the case of this study, the operating temperature range is above the critical
point of carbon dioxide, and is far below the normal boiling points of the aromatic

compounds. Accordingly, the quantities a of the Peng-Robinson equation are mod-

ified to take the following forms:

o? =1+ Cy(1 = T¥?) + Ca(1 - Tr) + Ca(1 — T3) (5.13)
for the aromatic compounds and .

Cyq (I—Tn)

aco, =€ (5.14)

for the supercritical carbon dioxide. The constants C; in the equations are de-
termined from the vapor pressure data for the proper temperature range for each
component individually. The resulting equations are

o2, =1+1.1254(1 — TH*) - 0.1792(1 — T) — 2.3589 % 10~°(1 — T})  (5.15)

apfs =1—13.0576(1 — Tx/*) + 16.1356(1 — Tr) — 5.3678(1 — T3) (5.16)

alf? =1+4.2726(1 — TY) ~ 2.0976(1 — Tr) + 4.7387 1072 (1 = T3)  (5.17)

g0, = eD5858(1-Tr) (5.18)

There is no vapor pressure data for pure m-terphenyl in the literature, and the
P-T-x values of the S-L-G three-phase equilibria for mixtures involving m-terphenyl

were not correlated.

The conventional mixing rule Eq.(3.14), and the mixing rules proposed by
Adachi-Sugie (AS) [141) and Schwartzentruber et al. (SGR) [142] were used to
calculate the fugacity coefficients.

The difference between the latter two mixing rules is in the expression for ai;:
a;; = (a"aj)llz(l — ki; — 1;X55) (5.19)

For the AS mixing rule, ‘
X,‘j =Ti— :!:j (5.20)



and I;; = —l;;. For the SGR mixing rule,

_ mi; T — MyiT;

Xij - m;T; + my; (5‘21)

li; = ~l;; and m;; = 1 — my;. For binary mixtures, the SGR mixing rule will reduce
to the AS mixing rule when m;;=0.5.
For the AS and the SGR mixing rules, a} in Eq.(3.16) is defined for binary

mixtures by
| a'} =2 [:B,'G.' + x_,-a.-,- -— Za:;a:}(a,-aj)lnl,-jl'f;j] ¥ t,] = 1,2, 1 -‘f-‘ J (5.22)
with K;; =1 for the AS mixing rule, and

Ky =

(5.23)

for the SGR. mixing rule.

5.1.1 The Three Phase S-L-G Equilibria For Binary Mix-

tures

The iterative calculation of the three phase S-L-G equilibria for binary mixtures
was started by assuming a value for the temperature. The fugacity of the solid
at the specified pressure and temperature was calculated according to Eq.(5.5). A
liquid-gas equilibrium flash calculation was then performed at the specified condi-
tions using assumed compositions. The fugacity coefficients of each component in
both liquid and gas phases were calculated according to Eqs.(3.16-3.18). Liquid-gas
equilibrium constant K; (=y;/z;) was then obtained either from the ratio of the
fugacity coefficients as a calculated value, or from the ratio of the assumed com-
positions as an assumed value. Comparison of the two values of the equilibrium
constants was made at this stage to check if the assumed compositions were close
enough to the calculated ones. If so, comparison of the fugacity of the solid phase
with that of the solid compound in the gas phase was made to check if the assumed

temperature was right.
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A quasi-Newton method was used to find the minimum of the object function

FOB:

Tcul T‘?EP 2 cu.l m“-"-‘P 2

FOB = E ( Texp ) +( erp ) (524)

A flow diagram illustrating the algorithm used to compute the S-L-G equilibria for

binary mixtures is shown in Figure 5.1.

Using the proposed procedure with the literature values summarized in Table
4,17 for the densities and vapor p‘ressures of the solids, the S-L-G three-phase equi-

libria have been calculated for the binary mixtures of naphthalene-COz, biphenyl-
CO; and phenanthrene-CO,.

| The interaction parameters k;; in the van der Waals conventional mixing rule
(vdW-1), k;; and }; in the AS mixing rule and k;;, l;; and m;; in the SGR mixing
rule have been found from the fit of the P-T-x values of the S-L-G equilibria for
the three binary systems using both the PR equation and the PR equation with
the modified correction factor @ (PRM). A good agreement was obtained between
the experimental data and the calculated results for the naphthalene-carbon diox-
ide mixture using the PRM equation of state with the AS mixing rule where the
parameters k;;=0.127 and [;;=0.025. The calculated temperatures on the S-L-G
curve agree with the experimental data to within 0.6 K on the average, while the
calculated liquid compositions agree with experimental values to within 0.02 mole
fraction on the average. The results are shown in Figures 5.2 and 5.3. The PRM
equation with the AS mixing rule made a small improvement in representing the
P-T-x values of the S-L-G equilibria than the PR equation with the AS mixing rule
in which the parameters k;;=0.117 and /;;=0.017. The PRM equation with vdW-1
mixing rule (k;;=0.105) did not succeed in representing the P-T projection of the
S-L-G equilibria. The results are also shown in Figures 5.2 and 5.3 for comparison.

Using the same procedure, the modeling of the P-T-x values of the S-L-G equi-
libria for the biphenyl-CO, and phenanthrene-CO, binaries was not as satisfactory
as that for the naphthalene-CQO, mixture. As shown in Figures 5.4-5.7, the good
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agreement between the experimental data and the calculated results in either tl.le
P-T projection or the P-x diagram of the S-L-G equilibria was obtained at the cost
of failure in representing either the liquid compositions of the S-L-G equilibria (in
the case of the phenanthrene-CQ; mixture), or the temperature of the S-L-G equi-
libria (in the case of the biphenyl-CO; mixture). In both cases, the PRM equation
with the SGR mixing rule does a better job in representing the P-T-x values of the
S-L-G equilibria than the PRM equation with either the AS mixing or the vdW-1
mixing rule. The obtained interaction parameters in the calculation of the S-L-G

three-Phase equilibria are summarized in Table 5.1.

In some cases, the PR equation with the original correcl;ion factor « failed to
reach convergence in the calculation of the 5-L-G equilibria. This indicates that the
modification of the quantity « is of importance. For the systems biphenyl-CO4 and
phenanthrene-CO;, the PRM equation with three different mixing rules were used
to calculate the S-L-G three-phase equilibria. The results are also shown in figures
5.4-5.7 for comparison.

The calculated results of the S-L-G equilibria for the biphenyl-CO, and phenan-
threne-CQ, mixtures are not as satisfactory as those for the naphthalene-CO; mix-
ture. It is understandable since biphenyl and phenanthrene differ more significantly
from carbon dioxide than naphthalene does in the molecular size, the vapor pressure
and the critical conditions, making the first two binary systems more asymmetric

than the naphthalene—COz system.

5.1.2 The Four Phase $,-S3-L-G Equilibria For Ternary Mix-
tures

The above calculation for binary mixtures was extended to correlate the §;-5;-L-

G four-phase equilibria of the ternary mixtures of naphthalene(1)-biphenyl(2)-CO;

and naphthalene(1)-phenanthrene(2)-CO;. Both systems were experimentally in-
vestigated in this study. According to the Gibbs phase rule, there is only one degree
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Table 5.1: Values of Interaction Parameters Used in the Correlation of the S—L—G
Three-Phase Equilibria for the Binary Mixtures, Naphthalene-CO,, Biphenyl-CO,
and Phenanthrene-CQ,.

data mixing parameter
point equation rule ki; i m;;
Naphthalene-CO;

13 PRM vdW-1 01051 - -
PR AS 01170 00172 -
PRM AS 0.1270 0.0230 -

Bipheny!-CO,
20 PRM  vdW-1 0.0982 - -
AS . 0.1203 0.0316 -
SGR 0.3029 (0.2007 0.1407

Phenanthrene-CO-
21 PRM  vdW-1 0.1309 - -
AS . 00832 -0.5969 -
SGR -0.5060 -0.7140 0.1240
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of freedom along the four-phase coexistence curve. Either temperature or pressure
can be chosen as a fixed parameter in solving Eqs.(5.1-5.4). In this study, the it-
erative calculation of the four-phase equilibria was started with the pressure fixed.
The fugacity of solid 1 and that of solid 2 at specified pressure and temperature,
fZ and f7, were both calculated using Eq.(5.5). With the assumed compositions
for both the liquid and the gas phases, =, 23, ¥} and y3, the fugacity coefficients of
the heavy components, &%, &, ¢ and ®F, were calculated using Eqs.(3.16-3.13).

The new composition values of the liquid and gas phases were determined from
#P® =f7  i=1.2 (5.25)

wPel=f7 i=1.2 (5.26)

Comparison of the composition values for both the liquid and the gas phases
was then made to check if the assumed compositions were close enough to the
calculated ones. In the next step, comparison of the liquid fugacity with the gas
fugacity for the light component was made to check if the assumed temperature

was right. The quasi-Newton method was used to find the minimum of the object

function . 2
I - ¥
FOB=Y ( 7 )

A flow diagram illustrating the algorithm used to calculate the S;-S;-L-G four-phase

(5.27)

equilibria for ternary mixtures is shown in Figure 5.8.

The S;-S;-L-G four-phase equilibria have been calculated for the two ternary
mixtures using the PRM equation with the vdW-1 mixing rule. The values of both
ki; and I;; were obtained from the calculation of the S-L-G three-phase equilibria for
the three binary mixtures, naphthalene-COj, biphenyl-CO, and phenanthrene-CO,
respectively. The interaction parameter for the binary of two heavy components,
k12, was found from the fit of the P-T values of the S,-S;-L-G equilibria.

The calculated temperatures on the $;-S;-L-G curve for the naphthalene-
biphenyl-CQ, system agree with the experimental data to within 0.5°C on average
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with k;2=0.0092 (see Figure 5.9). The calculation using the PRM equation with
the AS or SGR mixing rule did not converge.

Using the same procedure, the calculation of the P-T values of the S,-S,-
L-G equilibria for the naphthalene-phenanthrene-CQO; system failed - -:onverge.
This is because the representation of the S-L-G equilibria for the binary mixture
phenanthrene-CQ, system using the PRM equation with vdW-1 mixing was unsat-
isfactory (see Figure 5.6).

52 A Combinatioﬁ of Activity-Coeflicient Model
and Equation-of-State Model for Solid-Liquid-
Gas Equilibrium Calculation

In this sectioxi, the experiment P-T-x values of the S-L-G three-phase equilibrium
data are correlated using a different approach in which a liquid-mixture model is
used for calculating the activity coefficient of the heavy component in the liquid
phase and the Peng-Robinson equation of state with the vdW-1 mixing rule is used
for calculating the fugacity coefficients of both components in the gas phase.
Lemert and Johnston’s method [103] in which the same assumptions were made
as in the equation-of-state model, was adopted to calculate the S-L-G equilibria for
the binary mixtures naphthalene-CO, and bipheny)-CO,. The pressure was chosen
as a fixed parameter. The iterative calculation started by assuming a value for
temperature, T°. The composition of the heavy component in the gas phase was
determined from Eq.(5.7). The composition of the liquid phase was then obtained
from the liquid-gas equilibrium condition, Eq.(5.6). In the next step, the regular
solution model was used to calculate the activit:,.r-coeﬁicient of the heavy component
in the liquid phase. The solubility parameters, 9.924 (cal/ml)!/? for naphthalene,
9.891 (cal/ml)'/2 for biphenyl and 6.013 (cal/ml)}/? for CO, were obtained from
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the literature [135]. The calculated temperature value was then determined from
Eq.(3.22) which can be simplified by making the following assumptions:

1. the difference between the heat capacity of the heavy component in the
liquid state and that in the solid state is neglected, i.e., C4 — C3 = 0;

2. the difference between the molar volume of the heavy component in the
liquid state and that in the solid state, vf — v, is independent of pressure.

Eq.(3.22) can then be rewritten as

AH, (11 L _ Sy P - P
—lnzey = 2L (7 - ) + AR

(5.28)

The interaction parameter ky; in the vdW-1 mixing rule was found to be
0.107 for the naphthalene-CQO, mixture and 0.099 for the biphenyl-CO, mixture by
minimizing the object function expressed by Eq.(5.24).

The results are shown in Figures 5.10 and 5.11. The calculated temperatures
on the S-L-G curve agree with the experimental data to within 1.0°C and 0.5°C
on the average, and the calculated liquid compositions agree within 0.04 and 0.02
on the average for the naphthalene-CO, mixture and the biphenyl-CO, mixture,

respectively.

5.3 Comparison of the Two Approaches Used in
the Representation of S-L-G Equilibria

The Peng-Robinson equation of state with the modified correction factors a ex-
pressed in Egs.(5.13 and 5.14) and the AS and SGR mixing rules represents suc-
cessfully the P-T-x values of the S-L—G equilibrie for the naphthalene-CO, mixture.
The calculated temperatures agree with the experimental data to within 0.6°C on
the average, and the calculated liquid phase compositions agree within 0.02 on the
average. The experimental errors in the determination of temperature and mole

fraction of the liquid phase composition are £0.1°C and +0.005 mole fraction.
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The calculated results for the biphenyl-CO, and the phenanthrene-C'O2 mix-
tures using the equation-of-state model was not as satisfactory as those for the
naphthalene-CO, mixture. The good agreement in temperatures or in liquid phase
compositions was obtained at the cost of failing in representing the liquid phase
compositions or temperatures. The calculated results were very seunsitive to the
interaction parameters in each mixing rule. While the PRM equation with the
AS or SGR mixing rule represents well the S-L-G three-phase equilibria for the
binary mixtures consisting of supercritical carbon dioxide and an aromatic com-
pound (naphthalene, biphenyl and phenanthrene), the PRM or PR equation with
the vdW-1 mixing rule failed in the representation for such systems.

The activity-coefficient model represented the S-L-G three-phase equilibria for
the biphenyl-CO; system better than the equation-of-state model did, though the
correlation was not satisfactory in the high pressure region (above 40 Mpa). The
advantage of the activity-coefficient model is that it needs only one constant k;; and
it is easy to achieve convergence in the calculation, i.e., a good initial guess of k;;
is not essential to the result. Simple liquid-mixture models, including the regular
solution model, are often satisfactory. However, it is difficult to apply this method to
the S;-S,;-L-G four-phase equilibria for the ternary mixtiiwves as well as in the liquid-
gas critical region of the binary mixtures. Furthermore, the liquid-mixture model
for the calculation of the activity coefficient requires extra parameters, such as the
solubility parameter in the regular solution model, which may not be available.

On the contrary, the equation-of-state model needs neither standard states
nor the extra parameters for the fugacity and is easily applied to the $;-S;-L-G
four-phase equilibria for the ternary mixtures as well as to the critical region. The
advantage of the equation-of-state model is that it requires only the vapor pressures
and the critical properties of the components. However, the equation-of-state model
can not represent the multiphase equilibria involving a solid phase if only one con-

stant interaction parameter is employed. Divergence is the main problem when a
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poor initial guess for the interaction parameter is chosen. With the AS or SGR mix-
ing rule, the PRM or PR equation failed to converge in representing the §,-S,-L-G
equilibria for the highly asymmetric ternary systems such as naphthalene-biphenyl-
CO; and naphthalene-phenanthrene-COj.

It appears that these two approaches both are of limited use in correlating and
predicting multiphase equilibria involving a solid phase or phases. Fundamentally
ba'sed thermodynamic models with more insight into the supercritical solvent-solid

solute interactions need to be developed in the future.

5.4 Correlation of Solubility Data of Supercriti-
cal CO, in Liquid Naphthalene and Biphenyl

The solubility data of supercritical CQ; in the liquids naphthalene and biphenyl were
correlated to determine the optimum interaction parameter for the Peng-Robinson
[97] equation of state with three different mixing rules, and to assess their abilities
to represent the data. The two-parameter van der Waals-type mixing rule (vdW-2),
the mixing rules proposed by Adachi-Sugie (AS) [141] and Schwartzentruber et al.
(SGR) [142] were chosen for the evaluation.

The two-parameter van-der-Waals-type mixing rule (vdW-2) is defined by:

a = EZm;mja;_.,-
iJ
a = (aia;)/*(1 - ki) (5.29)
b = Ezzi%‘bb‘
P J

1
bij = §(bi+bj)(1_lii)

Accordingly, the expression for the fugacity coefficient of component ¢ in the mixture .

is given by:

!

5 A o _b M) '
ln®; = (3 - 1) (¢=1)-In(z=B)-5 525 (1 ta T b) n (z —o.4125) 30
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where

A = aP/(RT), B =bP/RT (5.31)
a, = 22:1:_-,'0_,',' bi =2 Za:_.,'b_,'.' (5.32)
J ' J

The optimum values of the parameters k;;, l;; and m;; were obtained by mini-
mizing the sum of the squares of the differences between the calculated and experi-

mental bubble point pressures. The calculated results are shown in Table 5.2 where
AP is defined by

n P!:al — por
AP = %Zl '—J-—'p:;,_:p—"— x 100 (5.33)
J=

Table 5.2 reveals that among the three mixing rules, the SGR mixing rule gives
the best fit of the experimental data with the “crossover region” for the biphenyl-
CO; system predicted at ~36 MPa as show;1 in Figure 5.12a. The Peng-Robinson
equation of state with AS mixing rule yields virtﬁa.lly the same results as that with
the vdW-2 mixing rule. The values of k;; and my; in the AS and SGR mixing
rules increase as the temperature decreases, while the /;; values increase with the
temperature. A comparison of the calculated results by the Peng-Robinson equation
with the SGR mixing rule and the AS mixing rule are shown in Figure 5.12.

5.5 Some Comments on the Correlation of Liquid-

Gas Critical Loci

An attempt at correlating the critical-mixture data of the naphthalene-CO, and
biphenyl-CO; mixtures obtained in this study using the Peng-Robinson equation of
state was fruitless due to the divergence encountered in the calculations. The corre-
lation and prediction of liquid-gas critical loci is very difficult for highly asymmetric
systems where the molecular size, shape and structure as well as the critical con-
ditions for the components differ significantly. The modeling of the phase behavior

in the vicinity of the upper critical end point, where the liquid-gas critical curve
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Table 5.2: Correlation of the Solubility Data for Two Binary Mixtures,
Naphthalene-CO, and Biphenyl-CO,.

T Max. No. of mixing parameter dev. in press.
(K) opressure data  rule ki I; m;; AP
. Bipheayl-CO; '
343.2 41 Mpa 22 vdW-2 0.0764 -0.0370 - 6.62
AS 01320 0.0395 - 6.45

SGR 0.1089 0.0260 0.6850 3.59

3382 44Mpa 17 wdW-2 0.0785 -0.0336 - 7.72
AS  0.1249 0.0319 - 6.94
SGR, 0.1029 0.0198 0.7253 4.46

3322 47MPa 14 vdW-2 0.0817 -0.0250 - 8.02
AS 01136 0.0212 - 6.79
SGR  0.0913 0.0138 0.8406 3.74

~ Naphthalene-CQ,
3482 2TMPa 19 vdW-2 (0.0790 -0.0365 - 4.52
AS 01275 0.0346 - 4.15

SGR 0.1141 0.02583 0.6495 3.68

3432 2TMPa 13 vdW-2 0.0802 -0.0287 - 5.37
AS  0.1189 0.0276 - 5.28
SGR 0.0985 0.0176 0.7479 3.64

3382 2TMPa 11 vdW-2 0.0830 -0.0097 - 3.23
AS  0.0954 0.0088 - 3.24
SGR  0.0877 0.0041 0.7725 3.09
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intersects the solid-liquid-gas three-phase curve, is extremely hard. The experi-
mental critical-mixture data obtained in this study for both naphthalene-CO; and
biphenyl-CO, systems are very close to their upper critical end points (see Figures
5.13 and 5.14).

The possible solution for overcoming the difficulty may require 2 more sophis-
ticated model than the simple cubic equation of state. The desired model, such as
the statistical thermodynamic model, requires more insight into the supercritical
solvent-solid solute interaction, which, in consequence, may require a knowledge of
fundamental physico-chemical properties of both solvent and solute, such as inter-
molecular potential function, collision diameter, and geometric parameters. Such

information is, unfortunately, not sufficient or not available in the literature at

present.
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Chapter 6

DISCUSSION OF RESULTS

In this chapter, the experimental results of the “first freezing point” method are
compared with those of the “first melting point” method. The advantages of the
proposed new technique are pointed out. The freezing point depression of solids
under the pressure of a supercritical solvent and the solubility behavior of super-
critical mixtures in the vicinity of the critical end points are discussed using the

data obtained in this study.

6.1 The Merits of the First Freezing Point Method

For the determination of the three-phase S-L-G equilibria, a new technique called
the “first freezing point” method has been developed in this study. This new tech-
nique provides a quick and reliable determination of the pressure-temperature-liquid

composition (P-T-x) data along the three-phase S-L-G coexistence curves.

Compared with the “ first melting point” method [11,65,66], the “ first freezing
point” method provides more self-consistent results. Figure 6.1 shows the pressure-
temperature values of the S-L-G equilibria determined by the “first melting point”
method for two binary mixtures, naphthalene-CQ, and biphenyl-CO,. Figure 6.2
presents the results obtained from several independent runs in this study using the

“first freezing point” method for the same systems. The first formation of the solid
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crystals can be observed precisely in the dual window equilibrium cell. According to
the phase rule, the first melting point and the first freezing point of the three-phase
S-L-G equilibria are the same since there is only one degree of freedom along the
equilibrium line.

At the beginning'of this study, the “ first melting point” method was adcpted
in the determination of the S-L-G equilibria. The scattering of the pressure-
temperature data was also experienced in our work. It is believed that the uni-
formity of the liquid composition can not be eansured when the solid begins to melt
because of difficulties encountered in agitating the mixture in the cell. The results
for the P-T values of the S-L-G equilibria obtained in this work using the “first freez-
ing point” method are in good agreement with those of Prins [11] for the binary
mixtures, naphthalene-CQ; and biphenyl-CQ; (see Figures 4.2 and 4.3), indicating
that the proposed method has its merit. It should be mentioned that all the data
points of Prins were obtained from graphical interpolations. As noted recently by
Mchugh et al. [100], the first melting point technique leads to spurious results at
high pressures.

Compared with the static solubility measurement, the new technique devel-
oped in this study provides a much quicker and easier way to determine directly the
equilibrium liquid composition. The gas compositions of the three-phase equilibria
were not determined in this work. These values are, however, less important than
the liquid compositions in the test and development of the thermodynamic models,
since the gas phase is virtually supercritical carbon dioxide.

During the course of this study, further effort was made to improve the perfor-
mance of the first freezing point technique. The experimental set up was modified to
reduce the dead space of the equilibrium cell and the time required for the mixture
in the cell to reach equilibrium. The magnetic stirrer was replaced by a magnetic
pump which recirculated the mixture in the cell when it was in the fluid state. A

temperature controlled air bath replaced the water bath to improve the visibility of
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the contents in the equilibriun; cell. The new experimental set up (the maximum
working pressure is 69.0 MPa) is also suitable for further investigation at a higher
pressure condition,

To verify the new experimental set up, the S-L-G three-phase equilibria were
determined for the systems naphthalene-ethylene and biphenyl-ethylene [137]. The
results of the P-T projection of the three-phase curve agreed well with those in the
literature [65,75,81,66).

For the binary mixture phenanthrene-carbon dioxide, the experimental P-T
values of the three-phase equilibria obtained in this study differ from that reported
recently by White and Lira [121] (see Figure 4.8). Their data seem not consistent
when the S-L-G three-phase line is extended to the normal freezing point of the
pure phenanthrene in the P-T projection. Besides, in our observation both liquid
and gas phases existed at pressures above 9 MPa. The phenomenon of the UCEP
near 9 MPa and 356 K, as reported by White and Lira, was not observed in this
study.

6.2 Freezing Point Depression Under the Pres-
sure of a Supercritical Fluid

The melting curve of a pure solid represents an monovariant two-phase (S-L) equi-
librium. In general, the melting temperature of the solid rises, in some cases even
steeply, with an increase of pressure, except for some pure substances whose volume
decreases on melting. If a supercritical solvent is added to this equilibrium, a three-
phase (S-L-G) equilibrium will be established at a variety of pressures. The melting
curve of the solid usually bends towards a lower temperature, appearing the so-
called “freezing point depression”. Under the pressure of the supercritical solvent,
this new melting curve is represented by a solid-liquid-gas three-phase coexistence

curve and exhibits different shapes depending on the binary systems.
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As classified by Lu and Zhang [119], and reported previously in Section 2.1,
there are two types of phase behavior: a continuous three-phase S-L-G curve, and
two branches of the S-L-G curve intersected by the critical mixture curve at the
lower critical end point (LCEP) and the upper critical end point (UCEP). The
latter can be further classified into three categories according to the shape of the
higher-temperature branch of the S-L-G curve: a negative slope, a negative slope
at the beginning and then positive slope, and a positive slope of the S-L-G curve
(see section 2.1) in the P-T projection.

The available data indicate that there is a temperature minimum on the S-
L-G coexistence curve for binary mixtures of carbon dioxide as the supercritical
fluid with naphthalene, biphenyl, m-terphenyl, phenanthrene or octacosane as the
slightly volatile component; and that there is a negative slope of the S-L-G curve for
binary mixtures of ethylene as the supercntical fluid with naphthalene, biphenyl,
hexachloroethane or octacosane as the slightly volatile component [119].

In this section the reason for the freezing point depression of a solid under the
pressure of a supercritical fluid, and the different shapes of the S-L-G curves are
discussed. The discussion is restricted to the phase behavior of systems composed
of one supercritical fluid and one solid component whose triple point is higher than
the critical point of the supercritical fluid. For SFE operations, these systems have

more interesting phase behavior.

6.2.1 Pressure Effects on the Freezing Point Depression of

Solid

The pressure of a supercritical fluid (SCF) has two opposite effects on the freezing
point depression of a solid. The increase in hydrostatic pressure causes a rise in
freezing point of the solid as long as the volume of the solid increases on melting.
On the other hand, the solubility of the gaseous SCF in the liquid phase increases

as the pressure increases. Dissolution of the SCF in the liquid phase lowers the
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freezing point of the otherwise pure solid. The resultant of these two opposite effects
of pressure on the freezing temperature of the solid causes the different shapes of
the P-T projection of the S-L-G curves.

As the pressure is elevated from the triple point of the solid, the supercritical
solvent starts to dissolve in the liquid phase to form a solution with the slightly
volatile component. The S-L-G curve will move initially to lower temperatures
as the freezing point is depressed, if the hydrostatic-pressure effect is not strong
enough to raise the freezing point of the solid. In the lower pressure range, there
exists a linear relationship between pressure and liquid composition (see Fig:.lre
4.11, for example). The freezing-point-depression effect' due to the dissolution of
the supercritical solvent is dominant at this stage. If the pressure is increased
further, the dissolution rate of the supercritical solvent slows down, and so does
the freezing temperature depression of the solid. However, the hydrostatic-pressure
effect is becoming stronger as the pressure is increased, and could finally become
the dominant effect. The temperature minimum appears on the P-T projection of
the S-L-G curve as a consequence. At T = Ty, % = 0.

For binary mixtures, such as naphthalene-ethylene and biphenyl-ethylene, the
solubility of supercritical ethylene in the liquid phase increases steeply over the
entire pressure range from the triple point of the solid to the UCEP [81,137]. Under
the operating conditions, the freezing-point-depression effect due to the dissolution
of ethylene in the liquid phase plays a more important role than the hydrostatic-
pressure effect. Consequently the freezing point depression curve of the solid, or
the S-L-G curve has a negative slope in its P-T projection.

Examples of the S-L-G curve with a positive slope in P-T projection are found
in the literature for binary gas mixtures at cryogenic conditions, such as hydrogen-
carbon dioxide [70] and neon-argon [71]. In the case of the hydrogen-carbon dioxide
mixture, hydrogen was the supercritical solvent, while in the case of neon-argon

mixture, neither of the components was under supercritical conditions. The hydro-
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static pressure effect was the dominant force over the entire pressure range up to
200 MPa for these two binary mixtures.

The phase behavior of binary mixtures counsisting of supercritical carbon diox-
ide and an aromatic compound, studied in this work, belongs to another caiegory.
The solubility of CO, in the liquid phase increases quickly at the beginning and then
reaches a limiting value as the pressure increases. In different pressure ranges, the
shape of the S-L-G curve is dominated by either the freezing-point-depression effect
due to the dissolution of supercritical carbor: dioxide or the hydrostatic-pressure
effect. A temperature minimum occurs in the P-T projection of the S-L-G curve as

a result of the two opposing effects.

6.2.2 Effect of the Melting Point of Aromatic Compound

on the Freezing Point Depression

The aromatic compounds chosen in this study are comprised of either two benzene
rings (naphthalene and biphényl) or three benzene rings (m-terphenyl and phenan-
threne). From the limited results obtained in this work, it is found that the freezing
point depression is affected by the solubility of supercritical CO; in the melted
aromatic compound, which is related to its normal melting point.

In the low pressure region (below 10 MPa), the solubilif:y of CO; in the liquid
phase of each aromatic compound increases rapidly with pressure (see Figure 4.11).
The S-L-G three-phase curves, or the freezing point depression curves have almost
the same trend towards the lower temperature range (see Figure 4.10). However, as
the pressure is increased further, the rate of absorption of CO, in the liquid phase
become slow. In the cases of m-terphenyl-CO, and phenanthrene-CO, systems with
relatively higher melting temperatures of the solids, the solubilities of CO; in the
liquid phase are low ar. quickly reach limiting values with increase of pressure.
The curvatures of the :ezing point depression curves for these two systems are

less than those for the other two systems.
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It appears that the lower the melting point of the aromatic compound, the
higher the solubility of supercritical CO; in the liquid phase, and the more significant

the curvature of the freezing point depression curve.

6.2.3 The Slope of the S-L-G Curve at the Triple Point of
Solid

The quantitative description of the slope of the S-L-G curve in the vicinity of the
triple point of the solid can be obtained from a thermodynamic analysis. For the
melted solid-supercritical solvent solution, the temperature as a function of pressure

and compeosition is expressed by

8T T
T = (3;)? dz + (a—P)de (6.1)

where z is the mole fraction of the solid in the liquid phase.
In the vicinity of the triple point of the solid, the solubility of the supercritical
solvent in the liquid phase is quite small due to the low system pressufe. It is safe

to assume that the liquid solution obeys the ideal-solution law. Hence,

fi=aif; . (6.2)

where f; and f; identify the fugacity of pure species : and that of species 7 in the
solution, respectively.

Eq.(6.2) can also be written as

-

Inf;=Inz;+Inf; (6.3)
Taking the derivatives of both sides of Eq.(6.3) with respect to T at constant P:

(), (5 (), oo

and using the thermodynamic relationships:

(3_1n£) __H-=H;
P

5T (6.5)
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and

onf) _ _Hi—H
(ar) =" 6

the following expression is found:

1 [Oz; _H;—Eg -
.—T.-(?T‘)P‘ RT® (61

where H! is the molar enthalpy of species i in the ideal gas state; H; is the molar

enthalpy of pure species ¢ at the éystem temperature and pressure, H; = HF and

H; is the partial molar enthalpy of species i in the ideal solution, H; = H{¢ = HY.
Omitting subseript i, Eq.(6.7) can then be written:

oz\ _ zAH;
(%), = 7 (65)

where the enthalpy of fusion AH; = H L.HS

Substituting Eq.(6.14) along with the Clapeyron equation

dP AH;

aT ~ T A v, (6.9)
where Av,, is the change in volume of the pure solid at melting point T, i.e.,
Av,, = v% ~ 5, in the first and second terms of Eq.(6.1), the following expression

can be obtained:

RT? TAv
= m 6.10
dT a:AH;dx+ AH, dP (6.10)
Substituting Henry's law
dP = kd(1 — z) = —kdz (6.11)
where k is Henry’s coefficient, into the above equation, we obtain:
RT? TAv,
= - 6.12
dT kz&H,dP+ AH, dP (6.12)
or
dP kz A H;
—= 13
dT  kz Av,T — RT? (8.13)
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At the triple point where T=T,, and z=1, the slope of the S-L-G curve becomes
the so-called Ipat’ev’s equation {136]:

dP_ kAH,
dT ~ kB vuTm - RT°

(6.14)

From the experimental work in this study, a linear relationship between pres-
sure and liquid composition on the 5-L-G curve is observed for the binary mixtures,
naphthalene-CQO, and biphenyl-CO; up to about 10 MPa.,” and phenanthrene-CO.
and m-terphenyl-CQO; up to about 5 MPa: (see Figure 4.11). The corresponding
Henry’s coefficients are found to be 24.5 MPa for the naphthalene-CO, mixture,
21.0 MPa for the biphenyl-CO; mixture, 26.0 MPa for the phenanthrene-CO;, mix-
ture, and 23.0 MPa for the m-terphenyl-CO; mixture from the experimental results
in this study (see Figure 4.11). With the values of AH;=19.30 kJ/mol, Av,,=18.7
em®/mol and T,,=353.37 K for naphthalene and AH;=18.60 kJ/mol, Av,=24.77
cm®/mol and 7,,=342.4 K for biphenyl (see Table 4.17, the value of Av,, for naph-
thalene is from [138], and that for biphenyl is estimated from its liquid and solid
densities), the slope of the S-L-G curve at the triple point of the solid can be cal-
culated from Eq.(6.14) for the mixture naphthalene-CO,

dP

@ _ o 1
o7 0.54 MPa/K (6.15)
and for the mixture biphenyl-CO,
dP
T = -0.49 MPa/K (6.16)

These results are in good agreement with the values found from the measurements
of the P-T projections of the S-L-G curves: -0.53 MPa/K for the naphthalene-CO,
mixture and -0.43 MPa/K for the biphenyl-CO,.
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6.3 Phase Behavior in the Vicinity of the Critical
End Points

The phase behavior of supercritical systems in the vicinities of both the lower criti-
cal end point (LCEP) and the upper critical end point (UCEP) is of interest. While
the LCEP offers mild solvent power, the UCEP provides greater solubility enhance-
ment. The solubility phenomena near the UCEP are especially important to the
supercritical extraction process.

Thermodynamics enable us to predict the dramatic changes of the solubility of
a solid in a supercritical fluid phase with small changes of pressure at temperatures
close to the LCEP and the UCEP temperatures.

6.3.1 Inflection Point of the Solid-Fluid Equilibrium Line
at the Critical End Points

At the LCEP and UCEP temperatures, the solubility of the solid in the fluid phase
increases dramatically as the pressure approaches the critical end point pressures,
which are depicted by horizontal inflections, as shown in Figures 2.2-2.4. At both
LCEP aud UCEP, the derivative (42) = (&

Tycep 8"")TLCEP
by thermodynamic analysis in the following section.

= 0. This is demonstrated

At solid-fluid equilibrium, the chemical potential of the solid in each phases

must be equal:
#3 (T, Py = u{(T, P,y) (6.17)

where the pure solid phase is assumed. Subscript 1 represents the solid component,

and is omitted henceforth.

Isothermal changes of pressure along the equilibrium line lead to:
—| dP=|—2=| dP+|—/ dy (6.18)
( P ), apP Ty Oy Jrp
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Using the definitions of the molar volume of the pure solid v°

aﬂs) s
—_—! = (6.19)
(%),
and the partial molar volume of the solid in the gas phase ¥
. aﬁp) .
-] =1 (6.20)
().,
we then have .
_ auf dy '
S =5 4 (—) T (6.21)
' Oy JrpdP

which can be rewritten as

F
a_P _ (%)T.P (6 99)
By )y~ v o 22

At the critical point of the mixture, the solid-fluid equilibrium line meets the liquid-
gas critical locus where the temperature equals either the LCEP or the UCEP

temperature: e
(BL)- =0 (6.23)
Oy /e
The derivatives at both critical end points are then found
(%’1) - (.‘?af) ~0 (6.24)
Y/ Ticer Y/ Tyces
or
By ) ( Oy ) v5 —gF
= === = e = 00 (6.25)
(aP Troer or Tycer (%{) T.P

The enhancement of the solubility of a solid by small cha.nées of temperature
near the critical end points can also be demonstrated as following.

Taking the derivatives of both sides of Eq.(6.17) with respect to T at constant

P:
), 7= (%), 7+ (%)
) oar=(ZL.) ar+ () @y (6.26)
(BT P ar Py By T.P

and using the thermodynamic relationships:

3#5) 5
—_——] = -3 (6.27)
( T P
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and

3.UF) <F
-] =3 (6.28)
( aT Py
lead to
duf d
S =P () &
3 3+ ( ™ )T,p IT (6.29)
Eq.(6.29) can be rewritten as
ay) §F ~ 65
= =T (6.30)
(BT P (_gT)T.P .

At the critical end points,

) ™ ()
- = | =5 = 00 (6.31)
(aT Preep or Pycep

It is this strong divergence of the solubility with small change of pressure or
temperature in the vicinity of the critical end points that provides the opportunity
for supercritical extraction processes. Eq.(6.25) and Eq.(6.31) also indicate that it
is the criticality that influences the dramatic change of the solubility at the critical

end points.

6.3.2 The Solubility Phenomena Near the Critical End Points

At low pressure, one can use the definition of an ideal gas for the chemical potential

pF of the solid in a supercritical fluid phase:

uF = u*(T,P)+ RThny (6.32)

Taking the derivatives of both sides of Eq.(6.32) with respect to y at constant P

and T:
F
(9"_) _ kT (6.33)
% /)rp ¥
and substituting it into Eq.(6.22), yields
3lny) vS —gF
duy) _ (6.34)
( 8P ),  ~RT
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At low pressure, the partial molar volume % is positive and larger than the molar
volume of the solid v°, ¥ > v5. The difference of (vS — &) is negative, indicating
that the solubility of the solid in the fluid phase decreases as pressure increases,
(58‘{’,-) r <0 In the low pressure range, the value of #* decreases as pressure in-
creases. The solubility minimum of the solid in the fluid phase occurs when &F
finally becomes equal to v° (see Figure 6.3). From that point onward, the solu-
bility of the solid in the supercritical fluid phase increases as pressure increases,
(38%)7' > 0. )

As the pressure increases further, the value of 5 becomes negative and large.
The value of #¥ in Figure 6.3 was calculated by Kurnik [140] for the mixture
naphthalene-ethylene at temperature T=318 K. In the critical region, the partial
molar volume of the slightly volatile solute in the supercritical fluid phase is highly
sensitive to temperature and pressure. As the temperature approaches the critical
point of the supercritical solvent, ¥ takes on large negative values with a sharp
minimum. The changes of #* value with temperature and pressure were also found
experimentally by Wasen and Schneider [139].

In tﬁe critical region, Eq.(6.32) no longer holds true. The partial molar volume

of the solute in the supercritical fluid phase &F is expressed by:

F=v+(l-y) (%)TP | (6.35)

where v is the total molar volume of the mixture in the fluid phase. Substituting

Eq.(6.35) and
(W)T.u

8), -
Wire (%),

into Eq.(6.22), the following expression is obtained

)
"o

(6.36)

(2) e i
T

oF (% )z

(6.37)
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For most of the binary mixtures reported in the literature, the LCEP is found
to be very close to the critical point of the supercritical solvent (Table 3.1}, where
(%—)T = 0. Therefore, in the vicinity of the LCEP,

F
(%) -0, (Qf) -0 (6.38)
Oy T.p ov Ty

There are two contributions to the divergence in Eq.(6.37) near the LCEP, while
only one term (%})T'P — 0 near the UCEP. Though the solubility of the solid in
the supercritical fluid phase increases greatly near the LCEP, the loading power is
rather modest due to the low pressure. In the region near the LCEP, the solubility
of the solid is so small that the solid may be considered to be infinitely dilute. In
this case, the partial molar volume of the solid in the supercritical fluid phase &¥
becomes that at infinite dilution $°. Eq.(6.37) can be expressed near the LCEP by
S _ 5o
(o). - ., o
The value of ™ can be either calculated by an equation of state or measured
experimentally [139]. Eq.(6.39) would, therefore, provide some insight into how the
solubility of the solid in the supercritical fluid phase changes in the region of the
LCEP.
As the pressure increases further, the value of o will pass the sharp minimum

as shown in Figure 6.3. From that point onward, (-8-89;) y > 0, and the difference

of (v° — o) becomes smaller as the pressure increases. z’.'}‘he solubility of the solid
in the supercritical fluid phase will reach its maximum value when ¥ eventually
becomes equal to v again at higher pressure. Hov;rever, the dramatic changes of
the solubility appear in the vicinity of the UCEP, where the denominator on the
right side of Eq(6.37) approaches zero. Again, it is the criticality which plays the
important role in the solubility of the solid in the supercritical fluid piiase near
the UCEP. Since it is associated with high pressure, the UCEP offers large loading

powers which lead to the great solubility enhancement in the critical region.
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As the pressure is raised from the critical region of the UCEP, the solubility of
the solid in the supercritical fluid phase quickly reaches a limiting value (see Figure
2.2). The pressure at which the solubility reaches it:. maximum is far beyond the
UCERP pressure. For both theoretical and practical purposes, study of phase behav-
ior in the critical region of the UCEP is very important with fespect to supercritical

fluid extraction.
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Chapter 7

CONCLUSIONS

The new contributions to the study of solid-supercritical fluid phase equilibria in
this thesis are summarized as follows:

1. A new visual experimental technique, the first freezing point method, was
developed for quick and reliable determination of the pressure-temperature projec-
tion of the solid-liquid-gas three-phase equilibria for binary and ternary mixtures
at supercritical fiuid conditions.

Compared with the “first melting point” method in the literature {84,66], the
proposed new technique has these advantages:

(1). The pressure-temperature (P-T) projections of the S-L-G equilibria ob-
tained using the “first freezing point” method are more self consistent than those
values determined by the “first melting point” method. .

(2). The “first freezing point” method allows taking samples from the lig-
uid phase during the detexruination of the P-T projection of the three-phase S-L-G
equilibria. The additional information, the liguid composition of the three-phase
S-L-G equilibria, provides a valuable data base for testing and/or developing fun-
damental thermodynamic models to describe the phase behavior of the mixture at
supercritical conditions.

2. The experimental set up for the determination of the multiphase equilibria

is also suitable for the measurements of the liquid-gas critical loci of the mixtures
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under high pressure, The critical opalescence can be observed.

The UCEPs, where the great solubility enhancement is achieved, were estab-
lished by means of the intersection method to be 333.4 K, 25.9 MPa and 0.16 mole
fraction of naphthalene for naphthalene-carbon dioxide mixture and 328.5 K, 48.5
MPa and 0.18 mole fraction of biphenyl for biphenyl-carbon dioxide mixture.

The experimental results, the pressure-temperature-liquid composition of the
solid-liquid-gas three-phase equilibria, and the pressure-temperature-critical com-
position of the liquid-gas critical loci, obtained in this study also provide the design
or process engineers with the information necessary to predict the phase behavior
of the carbon dioxide-aromatic compound mixtures at supercritical conditions.

3. A “crossover region” was found in the isothermal solubilities of supercritical
carbon dioxide in the liquid biphenyl at a pressure of about 36 MPa. The solubility
isotherms converged at that region in the pressure-composition diagram. Below the
crossover region pressure, an increase in temperature caused a decrease in solubility
of carbon dioxide in the liquid phase, while above that pressure the opposite effect
occurred. The explanation for this phenomenon is that at pressures above the
crossover region, due to the high density of the supereritical fluid phase, the “escape”
of a lighter component, the gas, from the liquid phase into the supercritical fluid
phase, is much less sensitive to increases of temperature than at lower pressure.

4. The freezing point depression of a solid and its curve on the pressure-
temperature projection is a compromise of two opposite effects: the hydrostatic-
pressure effect and the freezing-point depression effect due to the dissolution of the
supercritical solvent in the liquid phase.

While the partial molar volume of the solid in the supercritical fluid phase,
7 is a key quantity in the pressure dependence of the solubility, it is the criticality
which plays the important role in the dramatic change of the solubility at both

critical end points.

The solubility maximum of the solid in a supercritical fluid phase appears at a
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much higher pressure above the critical region. In practical applications, it is more
advantageous to carry out the supercritical fluid extraction process near the UCEP.

5. The addition of a second aromatic compound depresses significantly the -
freezing point of a solid under the pressure of a supercritical solvent, regardless of
whether the triple point of the second compound is higher or lower than that of
the ﬁrs; solid. The results of the pressure-temperature projection of the solid 1-
solid 2-liquid-gas four-phase equilibria suggest that the assumption that the eutectic
composition of the solids does not change with pressure may lead to a not negligible
exTor in measurements.

6. Using the Peng-Rubinson equation of state with the modified correction
factors a proposed in this study and the AS or SGR mixing rule, the correlations
of the S-L-G three-phase equilibria for the solid-supercritical solvent mixture, such
as naphthalene-CQO;, biphenyl-CO; and phenanthrene-CQ,, and the solubilities of
supercritical carbon dioxide in the melted solids, such as naphthalene and biphenyl,
were accomplished with satisfactory accuracy.

7. Supercritical chromatograph with the operating conditions found in this
study for the ternary mixtures provide a useful tooi for the study of the selectivity
of the supercritical solvent as well as for the composition analysis of the multicom-

ponent systems at supercritical fluid conditions.
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Chapter 8

RECOMMENDATIONS FOR
FUTURE STUDIES

1. It appears from this study that the simple cubic equation of state and the
activity-coefficient models are of limited use in correlating and predicting either the
multiphase equilibria involving a solid phase or phases at supercritical conditions
or the liquid-gas eritical loci which are close to the UCEP. Fundamentally based
thermodynamic models, such as the statistical mechanical models, with more insight
into the supercritical solvent-solid solute interactions ne=d to be developed in the
future.

2. In the determination of the $,-S,-L-G four-phase equilibria, the results of
the solid-liquid-gas three-phase curve measurements with different initial loadings
of the two solids did not give useful estimates of the eutectic composition under
pressure, due to the experimental error. The effort made to obtain the liquid com-
positions along the four-phase coexistence curve will serve as a useful guide in future
study.

3. The binary and ternary mixtures investigated in this study consist of su-
percritical carbon dioxide and aromatic compounds which contain two or three

benzene rings. Future work is required to obtain insight into how different posi-
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tions and structures of benzene-rings ns well as other functional groups would affect
the phase behavior of mixtures of this type at supercritical fluid conditions, such as
the freezing point depression of the multiphase coexistence curve, and the curvature
and temperature minimum of the pressure-temperature projection, etc.

4. The liquid compo-ition analysis by a supercritical chromatograph for the
ternary mixtures in tiis study suggests that the high selectivity of supercritical
carbon dioxide is more favorable for naphthalene, which is lower in molecular weight
than biphenyl and phenanthrene. The ratio of the two solid (naphthalene-biphenyl
and naphthalene-phenanthrene) compositions in the liquid phase remains essentially
constant wi.th pressure increases. Further work is needed to study the influence of

the “entrainer” on solubilities and selectivities in supercritical systems.
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Appendix A

Calibration of the Supercritical

Fluid Chromatograph (SFC)

The SFC was calibrated for the determination of the solid contents in the equi-
librium liquid phase of the two ternary mixtures, naphthalene-biphenyl-CO, and
naphthalene-phenanthrene-CQ,. o-Terphenyl was used as an internal standard for
both cases. In each case, the calibration solutions were prepared using approx-
imately 0.3~0.4 grams of the solid mixture, naphthalene(1), biphenyl(2) and o-
terphenyl(3), or naphthalene(1), phenanthrene(2) and o-terphenyl(3), weighed with
a Mettler H20 microbalance, and dissolved in 100 ml of acetone in a volumetric
beaker. The accuracy of the weighing was £ 0.0001 gram.

The concentration of the internal standard was kept approximately constant
in each of the calibration solutions while the mole ratios of the determined solids,
naphthalene, or biphenyl, or phenanthrene and the internal standard, n,/n; and
ny/nz varied from 0.5 to 6.0. The peak area ratios of the determined solid (1) or
solid (2) and the internal standard were defined as AR, or ARz, respectively, which
were determined for each sample using the same analytical column- 200 mm in
length and 4.6 mm in diameter, packed with Hypersil ODS 5 um particles. The

mole ratio, as a function of the area ratio, was then determined by a linear least-
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square analysis using the following equation to fit the data:

% = intercept + slope(A_Rﬂ (A.1)

3

% = intercept + slope( AR,) (A.2)
3

where AR, and AR; are the averaged area ratios.
Tables A.1-A.4 give the calibration results of the SFC for the two ternaty
mixtures. These data were fitted by Eq.(A.1) or Eq.(A.2). The obtained intercepts,

slopes and linear correlation coefficients (LCC) are listed in Table A.5.
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Table A.1: Calibration Results of Naphthalene for the Naphthalene-Biphenyl-CO,
System.

no. of moles (*10%) n, Standard Dev.
naph{l) o-rer(3) -r'x-:;. ARy AR, _ of AR,
0.7075 0.3260 21702 0.60S3

0.6022

0.6190

0.6297 0.6148 0.010
1.4224 04236 3.3579 0.9570

0.9491

0.9611

0.9553 0.9556 0.004
1.0139 0.3927  3.8331 1.11G4

1.0450

1.0640

1.0253

1.1196 1.0742 0.033
1.6447 0.3524  4.6671 1.3649

1.3208

1.3784

1.3101 1.3436 0.029
21427 0.3301 6.4911 1.957

1.9512

1.9212

1.9402 1.9425 - 0.014
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Table A.2: Calibration Results of Biphenyl for the Naphthalene-Biphenyl-CQ; Sys-

tem.

no. of moles (*10%)  ng_ Standard Dev.
biphi2) o-tex(3) n3 AR2 AR, of ATt
0.4341 0.3260 1.3316 1.8707

1.5949

1.8938

1.8671 1.3316 0.013
0.3733 04236  2.0616 4.9488

3.0833

5.2062

51520 50078 0.006
1.0420 0.3927 26534 G.3504

6.5756

6.6359

6.3425

6.35375 6.6524 0.154
1.1813 0.3524  3.3336 S8.6206

3.2254

S.6205

8.3311 S.4404 0.173
1.37v74 0.3301 4.1727 10.0793

10.0723

9.9035

10.0433 10.0246 0.071
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Table A.3 Calibration Results of Naphthalene for the N#phthalene-
Phenanthrene-CQO,; System.

no. of moles (*10%) n, Standard Dev.
naph(1)  o-ter(3) -l; ARy ARy of ARy
02340 04345 05148 03556

0.3907

0.4105

0.35396 0.3948 0.009
0.4924 0.1362 11288 0.808%

0.8239

0.7903

0.5130 0.8039 0.012
0.3693 0.4326 13172 0.9149

0.9145

0.9076

0.569¢ 0.9016 0.019
0.6927 0.3939 L7386 1.2493

1.2766

1.2337

1.2280 1.2519 0.017
1.0123 0.7044 27148 1.8817

1.9149

2.0654

2.0460 1.9770 0.050
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Table A.4 Calibration Results of Phenanthrene for the Naphthalene-
Phenanthrene-CO, System.

no. of moles (*10%)  nq _ Standard Dev.
phen{2) o-ter(3) -:-1: AR, AR, of AR,
0.2102 0.4340 0.4823 0.8039

0.8142

0.3244

0.8054 0.3125 0.003
0.4213 0.4362 9.9663 1.7119

1.7697

1.7321

1.7118 1.7339 0.021
0.5299 04326  1.2249 2.4129

2,4518

22517

22986 2.3538 0.081
0.6333 0.3039  1.6205 3.3995

3.3751

3.4061

33532 3.3910  0.012
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Table A.5: The Values of Intercepts, Slopes and Linear Correlation Coefficients
(LCC) for Two Ternary Systems.

naphthalene-biphenyl-CO, naphthalene-phenanthrene-CO,
naphthalenc(1)  biphenyl(2) | naphthalene(l) phenanthrene(2)
intercept { 0.27T17+0.1197 0.4916:40.2425 | 0.0158+0.0466  0.16251-0.0593
slope 3.2345+0.0945 0.3462+0.0346 | 1.3788+0.0391  0.4392+0.0261
LLC 0.9987 0.9854 0.9988 0.9965
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Appendix B

Calibration of Pressure

Transducers

The Data Instrument pressure transducers (model AB/HP, Serial No. A06342 and
13429, max. 69.0 MPa; model SA, Serial No. 13585, max. 34.5 MPa) were calibrated
with a dead weight pressure tester (Testing Instrument Co. ). These calibrations
were done every 5~6 months during the measurements. The calibration curves for
the three transducers are shown in Figures B.1-B.3. In the figures, the reading up
curve (in solid line) was used when the pressure was increased and the reading down

curve (in dash line) was used when the pressure was decreased.
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10

Calibration Curve of Pressure Transducer for Model AB/HP Serial No.

B.1:

A0G342.

Figure
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Appendix C

Calibration of Quartz

Thermometer and Thermocouples

The quartz thermometer (model 2801 A ) with sensor (Serial No. 1431-20) and three
thermocouples in the air bath were calibrated at the triple point of pure water (0.010
°C) with a platinum resistance thermometer (Serial No. 1775701, calibrated using
1968 IPTS scale, Leeds and Northrup). The resistance at the triple point of water,
R., was found to be 25.59398 £ at a bridge temperature of 2¢4.8 °C. The resistance
of the thermometer, Ry, at 0°C was found to be 25.59296 Q using the following

equation:
R,

— =14+ At + B#? C.1
) + (c1)

where A = 3.98654 x 1073, B = —5.985 x 107, and t is in °C. The resistance
thermometer was then used to calibrate the quartz thermometer as well as the
thermocouples in the air bath using Eq.(C.1). The results obtained for the quartz
thermometer are shown in Table C.1. The thermocouples in the air bath were

calibrated twice during the measurements. The results are shown in Figures C.1
and C.2.
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Table C.1: Calibration Results of the Quartz Thermometer.

Reading temp., tr | Estimated temp., tg | At=tg — tr
°C (using Eq.C.1}), °C °C
-0.0433 0.010" 0.0553
19.065 19.042 -0.023
39.962 39.920 -0.042
50.122 50,054 -0.068
60.261 60.151 -0.110
69.732 69.653 -0.129
80.016 79.490 -0.526

185



Figure C.1: Calibration Curves I of the Thermocouples in the Air Bath.
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Figure C.2: Calibration Curves II of the Thermocouples in the Air Bath.
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Appendix D

Determination of the P-ng(,
Relationship in the Sample Loop

for P-T-x Measurement

The pressure-number of moles of CO, relatiopship in the sample loop for the P-T-x
measurement was determined by the following procedure. A sampler was evacu-
ated before charging with carbon dioxide, the amount of which was determined by
weighing. The sample loop volume was confined by the loop from valve 5 to valve 10
including cylinder L placed in a water bath (see Figure 4.6) and was evacuated by
the vacuum pump P. The sampler was then connected with valve 9 and expanded
through it into the sample loop. The increase in pressure of the pressure gauge
(Heise, Newtown Conn.) was then recorded. The relationship between the pressure
change and the number of moles of carbon dioxide was obtained by expanding differ-
ent amounts of carbon dioxide into the sample loop. The results obtained are listed
in Table D.1. The pressure increases after expansion were converted into values at
298.15 K using the ideal gas law. The average of the values (ngoz/P) was found to
be 1.275 x 10~2 mole/psia at 298.15 K with a standard deviation = 0.025 x 10-3.
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Table D.1: Determination of P-ngoz Relationship in the Sample Loop for the P-T-x

Measurement.
weight of weight of sampler | no. of moles | AP after | water bath Nco?
vacuwn sampler with CO, of CO, expansion | temperature AP
(8) (8) (mole) | (psia) | (°C) | (mole/piin}
132.9653% 133.44935 0.01100 8.70 23.30 1.264
132.96365 133.34865 0.00870 6.55 23.30 1.270
13296523 133.25272 0.00721 5.68 22,50 1.269
132.96510 133.22090 0.00581 4.5 235.16 1.269
132.96326 133.10628 0.00320 2.52 25.87 1.270
13296523 133.01491 0.00113 0.85 26.24 1.329
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Appendix E

Computer Programs for the

Calculation of the S-L-G
Three-Phase Equilibria

In this section, the computer programs for calculating the S-L-G three-phase equilib-
ria for binary mixtures using both the equation-of-state model and the combination

of the activity-coefficient model and the equation-of-state model are presented.
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0000000000000 000

computer program

SRS RRBARURURRNNRERIRNOEBIGPR SRR RN SU NN AR R ISR NGNGB RESRAARERRUER

.
.
.
»
L
L]
.

THE CORRELATION OF SLG 3-PHASE EQUILIBRIA
USING SRK OR PR EQS
PRESSURE 1S FIXED
ASSWE PURE SOL1D PHASE
PRODUCED IN JULY 1987
MODIFIED IN OCT. 1988

NN URANARRASANNSREPRP RN SNSRI NURRRESSIREEIN RN NS NRCE IRV

MIXING RULES:
JMIX = 1 VDW—1 MIXING RULE
= 2 SGR MIXING RILE
m 3  ADACI-SUGIE MIXING RULE
EQUATIONS OF STATE:
JEOS = 1 SRK EOS

2
IMPLICIT DOUBLE PRECISION (A—H 0-2)
PARAMETER (KX

1
T e e R S

COMMON/BRO3/ osvr(so).nmrx(m) LAVGT, Avcx sxu SKJ1
COMMON/BRO4/ PSS(50) ,FIV(3),FIL(3),SVL.SWV

COMMON/EROS/ AP(3),BP(3),A2P(3),A3P(3), .».ux JEOS A12
COMNON/EROS/ FS{30) ,SFS(50) ,.XK(50

COMMON/BRO7/ SFV(50) , sn.(so) SMVL (50) , SMVV(%0) ,REF(30)
“COMMON,/BROB/ ANTA,ANTB,ANTC

REAL®8 COEF (KK) ,XKL(KK) ,H(KK® (KK+1)/2) ,G(KK) ,WOR(3*KK)
DIMENSION TITLE(15)

CHARACTER OPT*20

EXTERNAL FUN

b

JMIX = 1
JEOS » 2

0

READ(S,900) TITLE

WRITE (6, 910) TITLE

READ(S, %) ND

WRLTE(6, " (21HNUMBER OF DATA POINTS,13)') NO
Rm82,05

DOI0L =%, 2

READ(S.*) TS(1),PC(I), ou(l)

IF (JEOS .EQ. 2) GO TO 8

Credosnnnnnr LOR SRK EQS **ssssisssssnssnsisnssnsions

c

c.l.....‘.'.- Fm PR EOS SONENANNNARAANND RN NRERORONNSN

80 AC(I)w0.45724%R**2°TC(1)**2/PC(1)

AC(1)=0. 42747-R"2-'rc(!)--2/|=c(1)
B(I)=0.08664°R*TC(1) /PC

SM(1)=0. 4800041, 574oo'ou(t)—o 17600°0M(1) **2
GO TO 10

B(1)=0.07780*R*TC(1)/PC(1)
SM{1)m0.37454+1.54226°0M(1)=0.26992°0M( 1) **2

CrOESIERS NSRRI NINARNRIRRREETEEIRINIONSRR NI URISINRS

10

CONTINUE
WRITE(6,920)
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3]

90

91

70

50

computer program

WRITE(6,925) (TC(I), Pc(l) ou(l).Ac(l) B(1),SM(1),I=1,2)
READ(S,%) ANTA, ANTB, ANTC, V
DO 20 Jui, ND
READ(5 *) TE(J), PE(J), XE(J)

5 ;-TE J;+27 N1

*5.869

HRITE 8,940)
00 2t J-1 ND
WRITE(6,930) TE(J), PE(J)/9.869, XE(J)
WRITE (6,960
WRITE(S,930) ANTA, ANTB, ANTC, VS
WRITE 7.-) "0PT?*
READ(7,*) "oPT
READ(7,°) XKL
IF (OPT.EQ. *OPT*) THEN

CALL ZXMIN(FUN,KK,5,350,3,XKL,H,G,F ,WOR, IEE)

ELSE
CALL FUN(KK,XXL,F)
ENDIF
WRITE(S,931)
DO 90 Jwmi,ND
waTEis.sssg J,SFS(J) ,SFV(J),SFL(J) .REF(J)
WRITE(S,934
DO 91 J=1,ND
We 128, 174°XE(J)+44.01% (1. =XE (J
Wi 154, 2129XE(J ) 444,019 (1. -XE(J
Wim178, 2349XE(J ) +44.01%(1.-XE(J
WRITE(S,932) J,Wd/SMVL(J) . 44. o1/suvv(a)
AVGY = 0
AVGX w O
DO70 J=t, ND
AVGT = chT+DABs J};
AVGX = AVGX+DABS DEVX

AVGT = AVGT*100./FLOAT(ND
AVGX = AVGX*100./FLOAT(ND

WRITE(S, 975; AVGT, AMGX

WRITE (6,980

DO 40 J w 1, ND

wn:ress ,930) PE(J)/9.869, TE(J), TCAL(J), DEVT(J)

WRITE(S, 1000
D050 J =1, ND

WRITE(6,930) PE(J)/9.859 XEQJ). XC(J), DEVX(J), YC(J)
WRITE(S, 1200

WRITE(S, 1400 TCAL(J) PE(J)/9.869, J=1,ND)
WRITE(6,1300) (XC(J),RE(J)/5.869, Jmi,ND)

900 FORMAT( 18A4)
910 FORMAT(1H ,///.5%, 1aA4)

920 FORNAT

1H )/ SX,'TC(K) +9X, *PC(ATM) * ,5X, *OM* 6%, *AC* ,14%,°B",
11X, °

925 FORMATSGHZ .3

930 FORMAT

7F10.4

931 FORMAT(tH ,/, 11X, 'FS(P/ATM)*,4X, *FV(ATM) *,6X, 'FL(ATM) *,6X, "DEV%*)

932 FORMAT(16,3X,F12.4,5K,F12.4)
933 FORMAT(I&,3X,F10.6,3X,F10.6,3X,F10.6,3%,F10. 8)

934 FORMAT(1H ,/, 15X, "ROL(G/CC) *,8X, 'ROV{G/CC) ')
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0 O 000

0000000000000 0000 OO

computer program

940 FORMAT(IH ./. 4x *TE(K)*.5X. "PE(MPA) * ,4X,'XE")

960 FORMAT(1H ,

. "ANTA® ,SX, "ANTB' , 6X, ANTC' SX.'VS )

975 FORMAT(1H .15)( TAVGTR -'.FtO 4, 3X 'AVGXX m* F10, 4)
980 FORMAT(1H ./.SX..PEi .QX.’TE(K) v3X, 'TCAL(K) y 7X, "DEVT’

1000 FORMAT(1H ,/
1200 FORMAT(1H

*AX,'XE',TX, *XC",7X, *DEVX " 7X *Yc*

of 5%, Kl Jm '.F10-5.5X.'LJI- " F10.8,5X, ‘MlJn’ F10.5)

1300 FORMAT(F7.4,F12.4
1400 FE'?SIMT F7.2,F12.4

SUBROUTINE FUN{NX,XKL.FF)
IMPLICIT REAL‘G(A—H 0—2)
REAL*8 COEF 3 +XKL{NX)

COMMON/BRO1
MIBROZI
COMMON/EBRO3

OGADN/BROS/

=

00 28 J=1,ND

P5S{J
PSS{J

is) Pc(a) cu(s) JAC(3), su(s B(3) ,A(3) ,R,ND
PE so). (30), TCAL (50) , XE{50) ,XC(50) ,YC(50)
), DEVX(S0) ,AVGT . AVGX, SK1J,SK4 1
PSS 50) JFIV(3) ,FIL(3) ,SVL,SW,VS
AP 3) ,BR(3) Azp(s) A3P(3) JNIX, JEOS,A12
s(50) ,SFS(%0),
srv(so) srL(so) SWL(so) SWV(30) ,REF (50)

d

=10.0**PSS(J)

PSS Ji-ANTA—ANTB/(TE(J)MNTC)
=PSS(J)

*0.9869

F5{J)=PSS({J) *DEXP(VS* (PE(J}—PSS(J) YRAEW))

WRITE(7.*
T2=TE(J)
MODIFIED PR EQS

'FS*,FS(J)

FOR NATPHTHALENE(1)

COEF (1
COEF {1
vO-1 MR

COEF(1)=.59408-.0022965*TE(J)—. 13J0SE-5*TE(J) **2
=, 085674+, 52836E=-3PE(J /9.859-.19837/PEiJ;‘9.869
=,098295+.75746E=4*PE(J

/9.869=.27039/PE(4) *9.869

COEF (1)=.250019-0.0115886°PE(J) /9. 869 ]
& +.248859E~3 (PE(J)/9.869) **2~. 320266/PE(J) ¥9.869

W
COEF (1)=—0. 128012+0.0151917°PE(J) /9.859
X ~0,279714E=-3*(PE(J)/9.869)**2+1 ,26703/PE(J) *9.869

COEF (2)=0.203321~0,610237E-2°PE(J) /5.889
x +0.,740831E~4*(PE(J)/9.869)**2~1.70624/PE(J) *9.869
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0000000000000 00000

o000

computer program

FOR BIPHENYL(1)

ooer(s)-.zsowr-o 0137134*PE(J)/9.869
+.179159E~3%(PE(J) /9. 869 '-2— 547051/95(.:)-9 869

OOEF(I)- 445852-0.0114899*PE(J) /9.8
+.122218E-3%(PE () /9.869 -tz-.wsen/peu)-s 869

FOR PHENANTHRENE(1)

E ; . 258298+, 951569E=4%PE(J) /9. 869-1.00407/PE(J) *9.869
1)m,201194+0. 549345E=29PE (V) /9. 869

~. 144939E=3%(PE(J) /9,B69) *92~.541285/PE(J) *9. 869
ooer ;-3.72237-2 .B3193°PE(J) /9,865~1,08883/PE () *9.869
COEF (1)w—14,4899+22, S435°PE (1) /9,869
x =11.7132¢(PE(J)/9.869) **2+3.22810/PE(J) *9.869

ORIGINAL PR
FOR NATPHTHALENE(1)

OOEF(1)- 12597+ 31108E—3'PE(J) 9.869~.25298 {J)*9.869
102 IT-O

IT=l T+t

lF([T GT.100) STOP °*NO CONVERGENCE®

CALL TBP(NPA.J T2,C0EF RETZ)

IF(IT.EQ. 1) THEN
Ti=mT2°1.01

{TulT+1

CALL TELP(NPA.J T1,COEF, RETI)

ENDIF
TCAL(J)=(T2*RET1-T1 'RETZ)/(RE'“-RETZ)
TCAL(3)=(T2*RET2*.5+. 5‘T1'RETZ—TZ'RET')/(RETZ-RET'I)
TCAL{J T2*RET1-T1*RET2) RET1-RET2)*.5+ T1+TZ)‘ 25
TCAL{J )= (TZ‘RET1-T1'RET2 (RET‘-RETZ)"TZ)‘ 1+72*.9

IF (OABS(RET2) .GT. 1.0-5) The

RET1=RET2

T2-TCAL(J)

GOTD §

ENDIF
% Rg.aiS‘s’?FS( DFIVC) TE)/FS)

J v{1)*=YC(J S(J
REF(J)=RE®1
-TCAL(J)

DEVT J BTE
J)=XC(J
-F Iv(1)*YC(J
1)*XC(J
J)=Fs(J)

J)=FIL
SHVL(J I=SVL
WRITE(7,*) J
SMVV(J)mSVV
FFmQ.
DO 8O J=i1,
FF-FF+((XC(J)-XE(J))/XE(J))"2
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computer program

FP=EF+({ (TCAL(J)=TE(J))/TE(J)) **2) /0.005
80 CONTINUE
€ WRITE(7,'(3HK12,F9.5)") COEF(1)
WRITE(7."(SH X F ,4G15.5) ") XKL ,FF
END

SUBROUTINE TEMP(NPA,J,T,COEF,RET)
m%ag%l';g fﬁ"'o& OM(3) \AC(3) . SM(3) .B(3) ,A(3)
oPc [ 3 DA » [ ) oR.ND

COMMON/BRO2/ PE %0) , TE(50), TCAL{50) ,XE({S0 +XC(50},YC(50)
COMMON/BRO3/ DEVT(50) ,DEVX(50) ,AVGT,AVGX,5K1J,5KJ1
COMMON R04/ PSS(50).FlV(3).FIL(3).SVL.SVV.VS
COMMON/BROS/ AP(S) LBP(3) ,A2P(3) ,A3P(3) ,JMIX,JEOS ,A12
CGMDN/BROG/‘FS 50).SFS(50).XK(50)
COMMON/BRO7/ SFV(50),SFL{50),SMVL(50) , SMVV(50) ,REF(50)
COMMON ANTA  ANTB,ANTC
DIMENSION COEF(NPA) °

.- Pssgd}-ANTA—ANTB/(T+ANTC)

Ly ]

PS5{J)=10.0°*PS5(J)
PS3(J -PSS(J)"O.9859
- .

WR ' T
FS(J)wPsSS{J) *0EXP(VS*(PE(J}-PSS(J) ) /R/T)

XAXE(J)

YAw1 E=4

NXY=0
11 DAK1 = YA/XA
DAKZ = {1.=YA)/{1.-XA)
XOmXA

YO=YA

QoOoO00

. C wes | IQUID H“SE (IYTITYTTI NI LA LR l) )

CALL CONST(NPA,J,T,XA,COEF,AT,BT)
CALL VOLUME(J,T,AT,BT,VL.W,ZL,2ZV)
CALL FUG(J,T,XA,AT,BT,2L.FIL)
SVL=VL
XC(d)mXA

c (11 ] vm P’.“SE SRRSO ENRNESORNADRABERERNRRES
CALL CONST(NPA,J,T,YA,COEF,AT,BT)
CALL VOLUME(J,T,AT,BT,VL,WV,2L,2ZV)
CALL FmiJ.T.YA.AT.BT.ZV.FIV)
c WRITE(6,990) YA,AT,BT,VL,W
SVVayy
YC(J)=YA
DAKCY =FIL(1)/FIV(1)
RE1 = DASS(DAK1-DAKCH)
DAKC2 =FIL{2)/FIV(2)
RE2 = DABS({DAK2-DAKC2)
IF (RE1 .LT. 2.00-3 .AND. RE2 .LT. 2.00-3) GO TO 51
NXCY=NXY+1
IF (NXY .GT. 100) STOP "NO CONVERGENCE IN XY LOOP’
XA = (DAKC2-1.)/{DAKC2-DAKC1} _
XAm(XA$X0)* .5
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computer program

IF (XA .LT. o.o; XAmX0*1.2
IF (XA .GT. 1.0) XA=X0*0.8
YA = DAKC1®XA
IF (YA.GT..50) YA=.5
G0 TO 11

51 RET=(FS(J)-FIV(1)*YA) /FS(J)

c gm(v.'(qu-.zms.s.sm ¥.2G13.5)*) DAKC1,DAKGZ,XA,YA
TURN

ENQ

SUBROUTINE CONST(NPA,J,T,X,COEF,AT,BT)
mlaao" REAL;g 93”p3E§ OM(3) ,AC(3) ,SM(3),B8(3),A(3) ,R,NO
1 ] [ IA ns“ L] » iy
oowou/anozf PE(50),TE(50) , TCAL{50) .xe(so; «XC(50),YC(50)
COMMON/BRO3/ DEVT(50),DEVX(S0) ,AVGT,AVGX,SK1J,SKI1
COMMON/BRO4/ PSS(50),FIV(3),FIL(3),SVL,SVV, VS
COMMON/BROS/ AP(3) ,BP(3),A2P(3) ,A3P(3),JMIX, JEOS,A$2
COMMON/BROS/ FS(50) ,SFS(%0) ,XK(50) ‘
COMMON/BRO7/ SFV(50) ,SFL(50) ,SMVL.{50) , SMVV(50) ,REF (50)
REAL*8 COEF(NPA), ALFA(3)

Cee mIFtED PR Eos LA I L LT LI T2 P TTITYY

c - FoﬁLFA 1)m1 E'Ft(;gsss (1.=(T/TC1 5)=. 17918111 ,~T/TC(1)
= 41, *(1.- .. 5)-, (1.~
& -.(002553876‘(1.-(T/TC$1§}“2;) ). (1.=7/1e(1)

’ Fﬁ?{?’ﬁ"}"‘lﬁ 057559(1.~(T/TC(1))**.5)+16. 13556 (1.~T/TC(1
& -5.367848%(1.~(T/1C(1))%%2) -B)+is. .=t/
WRITE(7.*) 'MPR AL *,J, ALFA(1)

* FOR PHENANTHRENE(1)
ALFA(t}-!.H.272634‘(1.-iT 0(1;)".5)-—2.097627'(1.-T/TC(1))
X +0.04738668%(1.-{T/TC(1))**2

ALFA(1)=ALFA{1)**2
ALFA(2)=1.0°EXP(0.5856143%(1.-(T/TC(2))))
ORIGINAL PR EOS
DO 10 Im1,2
ALFACI)=(1.0+SM(I)*(1.0~(T/TC(1))*%0,5))**2
A(1)=AC(I)%ALFA(T
10 CONTINUE

WRITE(7.*) PR AL °*,J, ALFA{1)
ﬁ%l}’;?@‘:@ﬁ;faigi%égiﬁffé?%;;--z
2 2)e

QOO0 00

(4]

a0

ALFA(2)m(1.0+5M 1.0-(T/7C(2))*20.5))+22
xz\:RITE(L‘) ‘AL PR ' ,ALFA(1) ,ALFA(2)
1,
GOTO(15,20,22) , JMIX
c..‘t.-... VD“—1 “lem RULE ...l."-‘....““...‘.-.-..l....-'.l
15 A12=(A(1)*A(2))**0.5%(1.~COEF (1))
ATaX®920A(1)4X20920A(2)+2, $X*X2%A12
BTmX*B{1)+X2*B(2)
G0 TO 30

c..lltl‘l‘ vm_z M[xlm RULE RXSPEEATVARVIOSIORENIENASRERNORNRSRER S

(¢ Xz XeXo Rl
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computer program

c 20 A12-EA2 g 2 ; ve) 5 (1 —COEF(I))
c B12=(B{1)+8(2))/2.*(1,~COEF(2))

c ATmX3929A(1 +X2"2'AE ;-»2 -x*xz-mz

c BTwX*0208(1)+X2%+2°0(2)+2. *X*X2°B12

c AP(1)m2, 2 (X*A(1)4X2°A12

c AP(2)m2, * (X*A124%X2°A(2)

c BP 1 w2, *(X*B{1)+X2*B12

c BP(2)=2.*(X*B124X2*B(2)

WRITE(7, * (SHCOEF=,2G15.5) ") COEF
c.‘t.tt‘-.“...U‘““-...“‘.t.I-.I-.-.‘tl-..‘ttitt.t.it---tl‘itt.-
ct.‘.‘tt.t..“t scﬂ ulx[m RULE AN ERARN NN RER IR ERBR SRR EREEY

20 CMIJ=COEF(3)

CMJ) Imt , —COEF (3}

Alz- A(1)*A(2))**0.5*(1.—COEF (1)-COEF (2)*
CMIJOX=CMJ19X2) / (CMIJ*X+CMI 1*X2) )

A'r-x--n-A( 1)+%20029A(2)+2. WX*X2%A12

BT=X*B(1)+X2+B(2)

tAP(l)-z '(X‘A(i)+X2'A12-2.'X‘)&2"2'(A(1)'A(Z!)"

[ 7]

SCOEF (2) *CMIJ*CMJ I /(CMIJX4+CMI [ *X2) **2
A.P(z)-z *(XSA12+X2°A(2) +2. *X29%*#2% (A(1) *A(2)) **.5
COEF (2) *CMIJ*CMJ 1 /(CMIJ*X4CMI T $X2) #92

c.-.“."‘.“‘. ADAC’-'!_S‘”EI ulxlm RULE LTI I I T I ISR IR R YRR T Y]
22 A12=({A(1)*A(2))**0.5% (1 .—COEF  1)~COEF (2)* (X-X2))
AT-X"Z'A(1)+X2"2‘A(2)+2.'X'XZ'M
ar-x-a£1)+§§;?1§lxz.A1z 2., 9X9X29929COEF (2 2))*s.5
Ezg-z: ix-maxzm(z)q-z'*xz-x"ztooeri 3 E 3 E 33--253

SUBROUTINE VOLUME(J,T,AT,BT,VL,WV,2ZL,2V)
COMON/ERO1/ TC(3) (PO(S) L M(3) ,AC(3) , SU(3) . B(3) ,A(3) R, ND
1 .

M/Bﬁozf PE(50) , TE(50) , TCAL (50) , m(so; XC(50) ,YC(50)

COMMON, / DEVT DEVX(50) ,AVGT ,AVGX, SKIJ,SKJI

COMMON, / PSS(50).FIV(3) .FIL(3),5VL.SVV,VS

COMMON/BROS; AP(3) ,BP(3) ,A2P(3) ,A3P(3) ,JMIX,JEOS,A12
COMMON/BROS,/ FS(50) ,SFS(50) ,XK(50

COMMON/BRO7/ srv(so;.sm.(so) ,SMVL(50) , SMVV(S0) ,REF (50)

DIMENSION Mgn-r )

E
RE=BTPE(J)/(R*T
GOTO(S,20) JEOS
c........ Fm SRK EOS [ L2 131t 1]
5 AA(1)==1.0
Mgzi-m-na-na--z
3)=-RA'RE
GO 70 10
ct.‘..‘. Fm PR Eos (1T T31 10 ] ]
20 AA(1)=RB=1.0
AA(2)=RA-3%RE**2-2RE
AA(3)m-(RA®RB-RO®*2-RE**3)
c.......-.0...-.......-'..‘-.‘

10 CONTINVE -



computer program

CALL TRTON(AA,X,N)
ZLl=X{1

Zv=X(3 '
VL-ZL'R'T/PEiJ;
VWmZVeR*T /PE(J
RETURN

END

SUBROUTINE FUG(J,T,X,AT,BT,Z,F)

IMPLICIT REAL®8(A-H,0-2

COMMON/BRO1/ TC(3) ,PC(3) ,OM(3) ,AC(3) ,SM(3).B(3) ,A(3) ,R,ND

COMMON/BRO2/ PE(50) , TE(50) , TCAL(50) , XE(50) . XC(50) , YC(50)

COMMON/BRO3/ DEVT(50) ,DEVX(50) ,AVGT AVGX, SK1J,SKJ1

COMMON/BRO4/ PSS(30) ,FIV(3) FIL(3),SVL.SW,VS

/ AP(3) ,BR(3),A2P(3) ,AIP(3) \ JMIX, JEOS.A12

COMMON/BROS/ FS{50) ,SFS(50) ,XK(50)

COMMON/BRO7/ SFV(50) , SFL (50}, SMVL (S0) , SMVV(50) . REF(50)

REAL®8 FAI(3), F(3)

RASAToPE(J J(ReT) 2

Ra-ar-Pei.I;/Ser]

GOTO(S, 60) , JEOS
5§ 6070(2,20,22) , JMIX -
c...-.““.. m m-‘ u[xlm WLE SENRENEARROO NG NRNARNTAPRESRE TR AR REEN
21 FAI{1)=B(1}/BT*(2=1.0)—DLOG(Z-RB)-RA/RB* (2. * (X*A(1)+X2%A12) /AT

&FA;?S-)-é%; ;g'f'oggio;?%fgc(z-na)-mme (2. (X2*A(2)+XA12) /AT

[ ] -] . L .‘ L J + L ]
& _-8(2)/5T) "DLOG(1.0+%B/2)

O 20 FALCL)=(BOC IO YBI~1 3 (31 0y DLOGLI- ) AT 1 ey s
tm?g(‘%/an*omc(i \0+RB/Z) /Re%(1.

Cessvsssssnsssvens SRK P-REID MIXING RULE ®*%eesssssecusstcssunsnsanes
22 FAI(1)=-DLOG{Z-RB)+B(1)/BT*(2~1.)-RA/RB*{(AP(1)=A2P(1)+A3P(I)})
&GgA}'aBg)/BT) *DLOG(1.0+RB/2)

Corssses e titinaESiN st RN s vouE I s IS S RN RSN EEdURNsaReR RO

c
c 60 GOTO(45,70,77),IMIX

c".‘l.‘.... PR vm_' Mlxlm RULE PESANNS RN N ARSI GRS PO REN SN NS READE

45 FAI(1)=B(1}/BT*(Z~1.0)-DLOG(Z-RB)~RA/RE®(2.* (X*A(1)+X2°A12) /AT
& -B(1)/BT)/2.82843°DL0G((Z+2.41421°RB)/(2~0.41421°R8))
FAI(2)m=8(2) /BT*(2Z-1.0)-DLOG(Z-RB)~RA/RB* (2. (X2%A(2)+X*A12) /AT
&Go—%zg{}ar /2.82843°DLOG((Z+2.414219RB) /(2-0.41421*RB))

c.‘..-.....t PR vm_z "Ix!m RULE BRSO RARORAVOPUERAPREEN NSRS NERY
70 FAT(1)=(BP(1)/BT-1.)*(Z=1.0)-DLOG{Z-RB)~RA/RE*(1.+AP(1) /AT
& -BP(1)/BT)/2.82843%DLOG((Z+2.41421°RB) /(Z~0.41421°RB
FAI(2)=(BP(2)/BT-1.)*(2-1.0)-DLOG(Z-RB)—RA/RB* (1.+AP(2) /AT
&m-ggcgg/sr)/z.azaa-m.oc((z+2.41421 *RB) /(Z-0.41421°R8

00000
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computer program

c"-.......‘.'......“.-‘-'..‘......'..‘...‘.....‘..“‘-.I‘.......U.‘.-
Crésenriansnsnsene PR SGR u!xING RULE ®*vesonssessvectvsnasnons
70 FAI(1)=—DLOG(Z-RB)+B(1)/BT*(Z-1.)-RA/RB* (AR(1) /AT
& -B(1)/BT)/2.82843°0L0G ( (Z+2.41421%RR) /(2-0,41421°RB))
FAI{2)=—DLOG(Z-R8)+B(2) /BT*(Z-1.)-RA/RBS (AP(2) /AT
& -8(2 /Sgr)/z.azau-m.oc((z+2.41421-Re)/(z-o.414z1-ne))
Ceeosssensnesndane PR ADACHI_SUGEI MIXING RULE LA LI LIS TR TR TN YY)
77 FAI(1)m-DLOG(Z~RB)+8(1) /BT* (2-1.)-RA/RS* (AP(1) /AT
& ~B(1)/BT)/2.82843°DLOG( (Z+2.41421°RB) /(2-0.41421*RB))
FAI(2)=-DLOG(Z-RB)+B(2) /BT (Z-1.)-RA/RBS (AP(2) /AT
& -B(2)/BT)/2.82843°DL0G( (Z+2.41421%RB) /(2-0.41421*RB))

Crositeuii st e tiesstions it it e s ittt R ettt tles ittt ieessesvasennese

30 CONTINUE

DO 10 Imi, 2
10 F(1)=PE(J) *DEXP{FAI(I))
RETURN
END
Cc
SUBROUTINE TRTON(A,X,N)
IMPLICIT REAL®S(A—H,0-2)
REAL*8 A(3),X(3)
CALL TRNLQ(A,X,N)
IF( N .NE. 1 ) 6O TO 10
xiz =X 1;
RETORN.
10 XM=X(1)
1F( X(2) .GT. X(1) ) 60 TO 11
X(1)=X(2)
X(2)=0
11 XMmX(1)
IF( X(3) .GT. X(1) } GO 70 12
xs1 =X{3)
X(3)m)M
12 XW=X(3)
IF( X(3) .GT. X(2) ) GO TO 13
xia;-x(z) |
x{2)mn
13 RETURN
END
c
c

SUBROUTINE TRNLG(A,X,N)
IMPLICIT REAL*3(A-H,0-2)
REAL®8 A(3),X(3)
PAI=3. 141592653589
E=(3.%A(2)-A(1)*A(1))/9.
Fa(2.*A(1)*3~0. *A(1)%A(2)+27. *A(3))/27.
Def $F+4, *ESESE
IF(D ) 1,2,2
2 Fim(-F% nsomso /2.
F2=(-F- DSQRT(D))/2.
X(1)=A(1)/3.
IFCF1 .NE. 0. ) X(1)=X(1)+F1/ DABS(F1)**{2./3.)
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computer program

IFC F2 .NEL 0. ) X(1)=X(1)4F2/ DABS(F2)**(2./3.)

GO TO tO
1 R= DSORT(~E*E*E)
COR=—F /2. /R
THE TA=DARCOS coa)
w2, %R**(1./3.)
XY-AU)/
1)=XX* DCOS(THETA/3. )+XY
X 2)=XX* DCOS((THETA+2,%PAI)/
'):-g wXX* DCOS( (THETAR4 . *PAL]

10 RETURN
ENG
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0000000000000 0

computer program |
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THE CORRELATION OF SLG 3-PHASE EQUILIBRIA .
USING SRK OR PR EQS .
PRESSURE IS FIXED .

ASSUME PURE SOLID PHASE .
EQUATION OF STATE FOR VAPOR PHASE .

L ]

.

L

GAMA MODEL—REGULAR SOLUTION FOR LIQUID PHASE

PRODUCED IN NOV. 1989

LTI I T IE LI ET RIS R IA IRl R T 1ALl a1 iy y))

MIXING RULES:

JMIX = 1 CONVENTIONAL MIXING RULE (VOW-1
= 2  CONVENTIONAL MIXING RULE (VOW-2
w 3 - ADACHI-SUGEI MIXING RULE

EQUATIONS OF STATE:

JEOS = 1 SRK EOS
2 PR

EQS
IMPLICIT DOUBLE PRECISION (A-H,0-2) .
PARAMETER(KK=1)
COMMON/BRO1/ TOES) LPC(3),ON(3) ,AC(3) .SM(3) ,B(3) ,A(3) .,R.ND

COMMON/BRO2/ PE
COMMON

50) , TE(%0) , TCAL (50} ,XE(50) ,XC(50) ,YC(50)
DEVT(50) ,DEVX(50) ,AVGT ,AVGX, SK1J,SKJ1

COMMON/BRO4/ PSS(50),FIV(3),FIL(3),SVL.SVV,VS
COMMON/BROS/ AP(3),BP(3),A2P(3),A3P(3),JIMIX, JEOS,A12
COMMON/BROS/ FS(50),SFS(50),XK(50)

COMMON/BRO7/ SFV(50),SFL(50) ,SMVL (50) , SMVV(50) ,REF (50)

COMMON/BROB/

COMMON,

ANTA, ANT8, ANTC
/ GAMA(50) ,X2C(50) ,Y2C(50

REAL*8 COEF(2) ,XKL (KK} ,H(KK® (KK+1}/2; ,G(KK) ,WOR(I*KK)
DIMENSION TITLE(15)

CHARACTER OPT*20

EXTERNAL FUN

Q

JMIX = 1
JEOS = 2

c

c

<)

READ(5,900) TITLE
WRITE(6,910) TITLE

READ(S,"*

ND

)
WRITE(S, " (21HNUMBER OF DATA POINTS,13)') NO

R=B82.035

D010 =1, 2
READ(S5,*) TC(1},PC(I),OM(1)
IF (JEOS™ .€Q. 2) GO TO 80

c...‘.;;2;;;F£73§Rseg.;32;;::;;;;E;;‘...'C... [ J R XY}
B(1)=0.08664*R*TC(1) /PC(1)
SH{ 1)=0.48000+1 ., 57400°0M(1)—0. 17600%0M( 1) **2

GO TO 10

Cersvensesesr Fm PR EOS SOCASNAINNSNSARERE AN ERIRORRN N

80 AC(I)w0.45724*R**2°TC(1)**2/PC(I)

B(I)=0.07780*R*TC(1)/PC(1)
SM(1)m0 . 3746441, 54226*0M([)-0.26992*0M(1)**2

c.‘.‘.‘..‘..‘.‘.‘.‘.I..l‘l-““‘"‘.‘-.“tl‘-..“....
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10

21

90

70

S0

910 FORMAT

900 FORMAT (18A4)
920 FORMAT

930 FORMAT
931 FORMAT
932 FORMAT

computer program

CONT INUVE
\!‘RITEsﬁ 920
WRITE

+ ANTB, ANTC.

@(s -> ITEQ) PE) EC) ()
relifceee 3;9 e

, ND
WRITE(5,930) TE(J), PE(J)/9.869, XE(J)
WRITE(S,960
WRITE(S,930) ANTA, ANTB, ANTC, VS
WRITE(7.%) *OPT?’
READ(7, %) OPT
READ(7,®
IF(OPT.EQ. "OPT") THEN

CALL DMIN(FUN,KK,5,350,3,%KL.,H,G,F ,WOR, IEE)
ELSE

CALL FUN(KK,XKL,F)

ENDIF
WRITE(6,931)
DO 90 J=1,ND
wam-:is 933; J,SFS(Y), srv(.:) SFL(J) REF(J)
WRITE(6,934
DO 91 J=t,ND
Wh=128. 174*XE(J)444.01%(1.=XE(J
Wi 154, 2129XE(J }+44.01¢( 1.=XE(J
Wha 178, 2349XE(J} 444,01 (1. =XE(J
WRITE(S,932) J,WMM/SMYL{J), 44. OVSHW(J)
AVGT = 0 -
AVGX = Q
D070 J = 1, ND
AVGT = Awrwmsiomsaggm{.s;
AVGX = AVGX+DABS{DEVX(J
AVGT = Avcr-wo.m.cmim
AVGX = AVGX*100./FLOAT{ND
wm'rzis.ws AVGT, AVGX
WRITE(6,980
DO 40 J = 1,
mm:is sso) PE(J)/s 869, TE(J), TCAL(J), DEVT{J)
WRITE(6, 100
DO 5C J = t ND
WRITE(6,930) PE(J)/s 869, XE(J), XC(J}, DEVX(J), YC(J)
WRITE(S, 1200
WRITE (S, 1400 iTCAL(J) PE(4)/9.869, J=1,ND}
WRITE(S, 1300) (XC(J),PE(J)/9.869, Jm1,ND)
H /775X, 18A4)
& 11X,°
7F10.4

16,3%,F12.4,5X% F|2.4)

3 925; (Tc(l) PC(1), ou(l) AC(1),B(1),SM(1),I=1,2)

1H i/ X, TC(K) 9X, "PC{ATW) *,6X, "OM* ,6X, 'AC" , 14X, 'B",
925 FORMAT 6F12.3
H ,/, 11X, "FS{P/ATM) ' ,4X, 'FV(ATM) * ,6X, "FL{ATM) " ,6X, "DEVX"’)



computer program

933 FORMAT(16,3X,F10.8,3X,F10.6,3X,F10.8,3X,F10.6)

934 FORMAT(1H ,/, 15X, *ROL{G/CC) .sx.'nov(c/cc)')

940 FORMAT(1H ./. x.'m(x)' X, *PE(MPA) * , 4X, *XE*)

960 FORMAT(1H ,/.5X, "ANTA® 8X, *ANTB",6X, *ANTC" ,6X, 'VS"')

975 FORMAT( 1H .15x.'Avcu =" F10.4,3X, 'AVGXX = ,F10.4 )

980 FORMAT(1H ,/,5X, 'PE(MPA) * J2X, *TE(K) * ,3X, *TCAL(K) * . 7% 5 DEVT:
1000 FORMAT(1H ./.5X. 'PE(MPA) * . 4X. 'xs-.vx.'xc' J7X, *DEVX* , 7X, "YC*
1200 FORMAT(1N ,/,5X, 'KlJ= *,F10.5,5X, ‘Ld= *,F10.5)

1300 FORMAT(F7.4,F12.4

1400 g}?gm F7.2,F12.4

SUBROUTINE FUN(MX,XKL ,FF)
INLICIT REAL'B(A—H o—z)

mm 2 3), PC(S) CM(S) AC(J) SM(3)}.B(3) ,A(3},R.ND
M/Bﬂozl PEs O). 50). ).XE(SO} XC(SO)EYC(S Q)

/BRCH/ PSS(SD) FIV(3§5I2%L(§?TS${GXSV\SIK” Skl
/BROS/ A.PE ) .BP(3) AZP(S) A3P(3) ,JMIX,JEQS,A12
COMMON/BROG/ FS 50) SFS(SO) K(50
COMMON/BRO7/ SFV(SO) (50) SMVL(50) , SMvV(50) ,REF(50)
COMMON, ANTA,

COMMON / GAA(S0). xgg{go} . Y2C(50)
00EF§1 -XKLi ;
COEF zi 2
COEF (2)=0. 1

NPAm1

DO 26 J=1,ND
Pssg.ls-nm-mra/('n-:(a)mc)

O O Q0

PSS(J)=10.0°*P5S5(J)
PSS{J )=PSS(J)*0.9869
FS(J)=PSS(J)*DEXP (VS* (PE(J)-PSS(J)) /R/TE(Y))

Ti=TE(J)

5 CALL TEMP(NPA,J,T1,COEF)
RET=TCAL (4)=T1
IF (ABSERET) .GT.1.D=1) THEN
T1=TCAL(J)
GOTOS
END IF

RE-DABS(FS(J)—FIV(1)‘YC(J))/FS(J)

-TCAL(J)
~XC(J
-Flv{j

J)=FIL

-FS J
SINL{J
FF=0,

*YC(J
‘Xc

26

203



computer program

DO 80 Jmt ,ND
FF-FF+{§XC(J)-XE(J))/XE J))we2

80 FFarra({ (TEALL ST e )} ea2) /0005
JuiO—4., ND .
81 FFaFF+( (xc(.;)-x:-:)(g;)/xe(g%g 2

DO 81
c WRITE(?, " (3HK12,F9.58
WRITE(7,'(3H X F ,4615.8)') XKL,FF
RETURN

c END B
SUBROUTINE TELP§NPA.J.T.COEF)

a0

M/aaon e é;"pSEB OM(3) ,AC(3) ,SM(3)},B(3) ,A(3) ,R,ND
cumn/aaozf PE(S0), TE(50) , TCAL (50) .it:(so} “XC(50) ,YC({50)
COMMON/BRO3/ DEVT(50) ,DEVX{S0) ,AVGT,AVGX, K1, SK11
COMMON/BRO4/ PSS(50) ,FIV(3) ,FIL(3),SVL,SVV,VS
COMMON/BROS/ AP(3) ,BP(3) ,A2P(3) ,A3P(3) . JmIX, JEOS,A12
COMMON/BROS/ FS(50) ,SFS(50) ,XK(50)
COMMON/BRO7/ SFV(50) , SFL(50J , SMVL(50) , SuvV(50) ,REF (50)
omnu/aaoa; MAEAsg;BizAgIgo) Y20(50)
COMMON/BROS/ GAMA(S0) , ,Y2C(50
DIMENSION COEF (NPA)

*®  PSS(J)mANTA-ANTE/(THANTC)
PSS(J)m10.0%*PSS(J)

200000
3
—
A
-J
-

XA=XE(J)
YAmi . E-3
NY=0
MNX=0

c L 1 1] ‘vm Huse .."-.‘.-.....-‘-..........‘-
11 CALL OONST(}PA.J .T.YA.COEF.AT.BT)
CALL VOLM(J.T.AT.BT.VL.W.ZL.ZV)
CALL MEJ.T.YA.AT.BT.ZV.FIV)
C WRITE 8.990) YAAT,BT, VL, vV
YC(DFS () FIVCT)
Y2C(1)mt . =TC(J)
REY-YC(J)-YA
IF (ABS(REY).LTJ.H) GO TO 22
NYwiY+1
IF (NY .GT. 100) STOP "NO CONVERGENCE INY LOOP® .
YA=YC(J)
GO TO 19

C "o LIWID PHASE "l.'Ct.""O‘-'.-."'..'.....

22 CALL CONST(NPA,J,T,XA,COEF,AT,BT)
CALL VOLUME(J,T,AT,BT,VL,W,2(,2V)
CALL FUG(J,T,XA,AT,BT,2L,FIL)

SVL=VL
X2C(J)=Y2C(J) *FIV(2) /FIL(2)
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computer program

XC(J)m1,=X2C(J)

REX=XC(J)=XA

IF (ABS(REX).LT.1.D-3) GO TO 33
{00+ 1

IF (NX .GT. 100) STOP "NO' CONVERGENCE IN X LOOP®
XA=XC{J)

GO TO 22
33 CONTINUE

Cessernee CALC. GAMA USING REGULAR SOLUTION MODEL sesssassusess
¢ RTLN(GAMA1 YuV1L*PHI2%*2% { SOPR1=SOPR2) **2
c SOPR1 , SOPR2-—SOLY PARAMETER, (CAL/CM3)**.5
c YL, V2l r———aMOLAR VOLUME [N LIQUID STATE, CM3/MOL
c PH]2——re———eFRACTION OF MOLAR VOL\ME 2
c R———— 1,987 CAL
c ™ MELTING POINT OF COMP. 1, K
DH HEAT OF FUSION, JAMOL
c..ll...t.‘!..ll...‘-.D..“.!'...t‘.t...ttt...t...‘..t.tt!tt“-
Cessssse FOR NAPH-CO2

SOPR1w®.924

SOPR2wS .013

Vilw132.0

(]

Vil=153.8
Val=44.0
Tm342,7
DH=18600.

PHI2wX2C(J) ‘Vle(mEJ) ‘V2L+XC(J} *ViL)
GMEJ;-V!L‘PHH"Z' SOPR1~50PR2)**2/1.987/T
GAMA(J y=DEXP (GAMA(J))

OO0O00O000G0

&TCAL(J)-1/TN-B.3H/DH‘ (DLOG{XC(J) *GAMA (J) }+(VIL-VS) * (PE(J)-PSS(J)}

TCAL (J)=
(3)=1/TCAL(J)
END

SUBROUTINE CONST(NPA,J,T,X,COEF ,AT,8T)
COMION/ERO1/ TO(3) PCS) ,OM(3) ,AC(S) ,SH(3) 1B(3) A3) .8, ND
1 C(3 ] v » U ] ' Py
COMMON/BRO2/ PE(50),TE(50) , TCAL(50) ,XE(50) ,XC(50),YC(50)
COMMON/BRO3/ DEVT(50) ,DEVX(50) ,AVGT,AVGX,SK1J,5KJ1
COMMON/BRO4/ PSS(50) ,FIV(3),FIL({3),SVL,5VV,VS
COMMON/BROS,/ AP(3) ,BP(3),A2P(3),A3P(3),IMIX,JEOS,A12
COMMON/BRO6/ FS{50) ,SFS(50) ,XK(%0)
COMMON/BRO7/ SFY(50) ,SFL(50) ,SMVL (50) , SMVV(50) ,REF (50)
COMMON/BRO9,/ GAMA(50) ,X2G(50) ,Y2C{50
%'M‘.;atc?e;(ma). ALFA(3)
ALFA(T)=(1.04SM(I)*(1.0-(T/TC{1))**0.5))**2
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computer program

A(l)-Ac(x)w.FA(l)
10 CONTI
X2wt, -x
GOTO(15,20,22) , JMIX
c......‘.. m—‘ Mlxlm RULE LA L L I I Y Y Y Y Y Y Y T I1111 )
15 A12={A(1)*A(2))**0.5%(1.-COEF{1))
ATmX®929A(1)+X20929A(2)+2. $XIX29A12
ar-¥-a(t)+x2-a(2)

Coenvsanas vow-2 u[xlm RULE LA LA LI LI LT T LT E R YT YT ITYIYY

20 AIZ—{AE g E ;;“0 «S*(1.-COEF(1))
B12= /2.%(1 .~COEF (2))
ATaxss2ep ‘! +xz"2-A$z;+z . OX*X29A12
BT=X3+295(1)4X21+2+8(2)+2. *X*X2*B12

1)=2. ¢ (XSA(1)+X2%A12
2)=2. % (X*A124X2°A(2)
1)m2. % (X98(1)+X2*B12
-2 . x-mz+x2-a(2)
c SHCOEF=, 2G15,5) *) COEF

c-.l.‘..‘-..... ADACHI _ml MIXING RULE SHELENE NS AN ENNEEUSRARNRIBADRY

22 At2=(A(1)*A(2))**0.5" (1.-COEF( 1)-COEF (2) *(X-X2))
AT-X“Z'A(I)+X2"2‘A(2)+2 *X*X2%A12
BTaX*8(1)+X2°B(2
AP 1)m2,o X‘A(! +3(2‘A12-2.'X'x2"2'c0EF *(A(1)*A(2))**.5
2 =2,¢ X'A12+X2°A(2)+2 eX29X**2°COEF (2) * (A 2)jees

SUBROUTINE VOLUME(J,T,AT,BT,VL,W,2L,2V)
M};RO / ;g Q;Hofg (3). LB(3),A(3),

1 PC(3) ., OM(3) ,AC(3) ,SM(3 JA(3) R.ND
COMMON/BRO2/ PE(50),TE(50), Tm(sg))xséog XC({50) (YC(SD)
COMMON/BRO3/ DEVT(50) ,DEVX(50) ,AVGT .AVGX, SKIJ, K11

/aacu/ PSS(50) ,FIV(3) Fn.(s) SVL,SVV.VS
/BRosl APR(3),.BP (3% AZP(3) ,ASP(3) . JMIX, JEOS,A12

/Bﬁo7'/' ggv?osc))) ?‘”5’"5&’ L SMVV(50) , REF (50)
COMMON/BROS/ cmisoi ,X2C(50) .Yzciso; '
DIMENSION M{J)

RAATPE(J) /(RO T) 92
RB-BT‘PEE ;/ ReT

GOTO(5,20) JEOS
c.....'.. Fm SRK Eos S0 EERON
M -—1.0
2)=RA~RB-RE**2
3 =—RA*RD
G0 10 10
c-tll‘.. Fm PR Eos (I T I TT Y]
20 AA(1)mRB-1.0
AA(2)=RA-3*RB**2-29RB
AA(3)=—(RASRB-RB*#2-RE"*3)
c'.‘l...l.““‘..l......‘.."-
10 CONTINUE
CALL TRTON(AA,X,N)



computer program

ZL=X 1;
Tomgts /PEg)
Viw R* J
VV=ZVOROT/PE(J
RETURN

END

SUBROUTINE FUG(J,T,X,AT,BT,Z,F)

IMPLICIT REALSB(A-H,0-2

COMMON/BRO1/ TC(3) ,PC(3) , OM(3) ,AC(3) ,SM(3) .B(3) ,A(3) ,R.ND

COMMON/BRO2/ PE(50), 75(50) TCAL (50) , XE(30) . XC(50) , YC{50)

DEVT(50) ,DEVX(50) ,AVGT .AVGX, SK1J, SKJ1

COMMON/BRO4/ PSS(50) , FIV(:S) LFIL(3), SVL, SV, Vs
COMMON/BROS/ AP(3) ,BP(3) A2P(3) Asp(a) JMIX, JEOS,A12

COMMON/BROS/ FS(30) ,SFS(30) ,XK(5

eomou/aaow SFV(50) , SFL (0] , sam. 50 ,SMVV(50) , REF (50)

COMMON/BRO9 GAMA(SO) \X26(50) , Y20(5

REAL'B FAI (3), F(3)

T‘PE J;/qu w2
RE=BT*PE ReT
GOTOES ,80) ,JEOS
g GOT0(21,20,22) , JMIX
g;otli;;;z;;-es?‘( vm:..zzu}xcl,;t;ot&gzt-u-totolto-;.oottl.oo-;;.;tt-.-o--
*(2- ~RB)—RA/RB® (2. *(X*A *A12) /A
FAI(2)¥?; ﬁ'fc'?g 1 0)-DLOG:2-RB;-RA (2 (:2‘:2.'. X‘M:)/A:
a:m-a(z)/ar *DLOG(1.0+RB/Z) /RA°(2. 4 (K2°AC2)+ Y

Cessssnnness SO VOW=2 MIXING RULE w0800ttt tssn v isisinsudtoasnsnsnt
20 FAI(I)-(BP(I)/BT—1 )*(Z-1.0)-DLOG(Z-RB)=RA/RB*( 1. +AP(1) /AT
-BP(1)/BT) *DLOG(1. 0+RB/2)

g"EE'FIIEISSEB&%?‘&%&%P‘E?,“‘{EE.""ZEZQ'?;'Z;;EIS'Z;;EIS y
[ Yo » - +,
% /AT-B(I)/BT) *DLOG(1.0%RB/2) /Re ¢

co-co-tttttt-ao----..‘.---..ooot-to-ttt-no.-.--onoo-o.ontoioo-oototo-
c
c 60 GOTO{45,70,77) .JMIX

Coresssennses PR VOW-1 MIXING RULE ®00ansssnettionssssttestsnsssnssssns

45 FAI(1)-B(1 /BT*(2-1.0)~-0L0G(Z-RB)-RA/RB® (2. *(X*A(1)+X2°A12) /AT
& -8(1)/8T)/2.82843*DLOG({(Z+2.41421*RB) /{Z-0. 41421*R8))
FAI(2)=8(2)/BT*(2~1.0)-DLOG(Z-RB)-RA/RB®(2.*(X2*A(2)+X*A12) /AT
&GO—B(Z)IBT /2.82843°DLOG( (Z42.41421*RB)/(Z~0.41421*RB))

c.....ll‘... PR vm_z ulxlm RU.LE PSR SONBERRB N AN SRR RN SR RN R ERE RN RENS
70 FAI(1)-(BP(‘I)/BT—1 )*(2-1.0)-DLOG(Z-RB)—RA/RE® (1.+AP(1) /AT
~BP(1)/BT)/2.82843°0LOG( (Z+2.41421°RB) /(2-0. 41421°RB
FAI(Z)-(BP(Z /BT~1.)%(Z-1.0)-DLOG(Z~RB)~RA/RE* (1.+AP(2) /AT
too Tc,(z)/lsrr)/z .B2843°0L0G( (Z+2. 41421'RB)/(Z—O 41421°RB
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computer program

Ceossvsesnsssesssss PR ADACHI=SUGE] MIXING RULE ®escscevintsensssssnisuss
77 FAI(1)=-DLOG(Z-RB)+B(1)/BT*(Z=1.)-RA/RB*(AP(1) /AT
& —8(1)/BT)/2.82843*DLOG( (Z+2.41421°RB) /(Z-0.41421°RB))
FAI(2)=~DLOG(Z-R8)+8(2) /8T*(Z~1.)-RA/RB* (AP(2) /AT
& -B(2)/BT)/2.82843°DLOG( (2+2.41421°RB) /(2-0.41421°R8))

COl-.“.‘l..'-‘-‘.‘.‘O..‘.....l...l..‘l..‘..‘.l‘.l..l.-l.‘.““‘.-“‘

30 CONTINUE
00 10 Im=t1, 2
10 F{1)=PE(J)*DEXP(FAL{1))
RETURN
END

SUBROUTINE TRTON(A,X,N)
IMPLICIT REAL*8(A-H,0-2)
‘REAL*8 A(3).X(3)
CALL TRNLG(A,.X.N)
IF{ N .NE. 1) GO TO 10

X(2)=x{1
Xaexiis
RETURN
10 Xw=X{1)
IF( X(2)} .GT. X{(1) } 60 70 114
X(1)=X(2)
X(2)=XM
11 YM=X{1)
IF( X(3) .GT. X(1)} ) G0 TO 12
xslg-x(s)
X(3)=X0
12 XM=X(3)
IF{ X(3) .6T. X(2} ) GO TO 13

X(zhoat

13 RETURN
END

c

o0

SUBROUTINE TRNLQ(A,.X.N)
IMPLICIT REAL*8(A-H,0-2)
REAL*8 A({3).,X{(3) .
PAI=3, 141592653589
E=(3.*A(2)~A(1)*A(1))/9.
Fo(2.%A(1)*%3=9.9A(1)*A(2)427.*A(3))/27.
Daf *F+4 , *E*E*E
IF( D) 1,2,2

2 Fi=(—F+ DSQRT(D))/2.
F2=(-F- DSGRT(D))/2.
X(1)=—A{1)/3. .
IF( F1 .NE. 0. ) X(1)=X(1)4F1/ DABS(F1)**(2./3.
'151 F2 .NE. 0. ) X{1}=X(1)4F2/ DABS(F2}**(2./3.

GO TO 10 .
1 R= DSGRT(-E*E*E)
CORw-F /2

THETA=DARCOS (CGR)
XX=2.°R**(1./3.)
Xt=-A(1)/3.
X(1)=mXX® DCOS(THETA/3.)+XY
X{2}=XX¢ DCOS iTHETA+2.'PAI /3.)4%Y
X(3)mXX* DCOS((THETA+4.%PAT)/3. J4xr
Ne3
10 RETURN

.END

208



Appendix F

Computer Program for the
Calculation of the Solubility of
Supercritical CO, in the Liquid

Phase of the Aromatic Compound

In this section, the computer program for calculating the solubility of supercritical

CO; in the liquid phase of the aromatic compound is presented.
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computer program

SNSRI RE PR NS NONUINS NN NN ARSI PSP SRR U NSNS RN R RO ERP O RN

. THE CORRELATION OF V=L 2-PHASE EQUILIBRIA .
. USING SRK OR PR EQS .
. - BUBSLE POINT METHOO (T,X—P,Y) *
. VLE— MARCH, B9 .
...l‘“"l.....-..i‘.“‘...‘!.....t.l“.'.'....‘.‘....‘--"..‘.‘
MIXING RULES:
JMIX = 1 RENON MIXING RULE :
= 2 CONVENTIONAL MIXING RULE (VDW-2)
= 3 ADACHI-SUGIE MIXING RULE
EQUATIONS OF STATE:
JEOS m 1  SRK EOS
2 PR EOS

IMPLICIT DOUBLE PRECISION {A-H,0-Z)

PARAMETER{KK=3)

COMMON/BRO1/ TC{.‘S) +PC(3) ,OM(3) ,AC(3) . SM(3) ,B(3) ,A(3) .R,ND

COMMON/BRO2/ TE(%0),PE(50) ,PCAL(50) ,XE(50) , YE(50),YC(S0)

COMMON/BRO3/ DEVP(50) ,DEVY(50) ,AVGP .AVGY

COMMON/BRO4/ FV{J;.FL 3),SVL, 5w

COMMON/BROS/ AP({3) ,BP(3),A2P(3) ,A3P(3) ,JMIX, JEOS.AIZ

COMMON/BRO7/ SFV(50),SFL(50), SMVL(50) , SMvV (50) ,REF (50

REAL*8 COEF (KK) ,XKL (KK) , H(KK® (KK+1) /2) ,G(KK) , NOR(3KK

DIMENSION TITLE(1S)

CHARACTER OPT*20

EXTERNAL FUN

IMIX = 1
JEQS = 2.

READ(S,900) TITLE

WRITE(6,910) TITLE

READ(S.*) ND

Rw=82.0%

DO10 I wi, 2

READ(S,*) TC(I),PC(I),0M({])
c IF {JEOS .EQ. 2) €0 TO 80

c.'..‘.t--‘t FOR SRK Eos L T L P Y T Y T TR ]
AC(1}m0.42747*Ro*2TC(1) **22/0C(1)
B{[)=0.08664*R*TC(1) /PC(]

SM( %%-(1).4800%1 <57400°0M(1)=0.17500%CM(I) "2
GO 0

QO00OO0OOO00000

c
c..;;.;;E;;:°F2§7;§.§9§2.;;E;;-:;;;;.;;..‘.....“.'--
B(1)=0.07780%ReTC(1) /PC(1) ¢
v (L2 A1 SHEEEAOUCT) 0 assmn() 2
10 CONTINUE
WRITE s.szo;
WRITE(6,925) (TC(1).PC(I),OM(1),AC(1),B(I),SM(1),1m=1,2)
WRITE(S, *(21HNUMBER OF DATA POINTS,13}*) D
%?SJ:;'TEDJ PE(J). XE(J), YE(J)
XE(J) =} .o-erJ} ' ' '
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TE Jg E ;+273 .13

20  PE(J)=PE(J)*9.889
WRITE(S,940
DO 21 Jmi,
21 wam:is ,93 o) TE(J)-273.15, PE(J)/9.869, XE(J)
WRITE(7,%) 'OPT?
READ(7,%} OPT
READ(7,*

XKL
IF(OPT.EQ."OPT') THEN
CALL ZXMIN(FUN,KK,5,350,3,XKL,H,G,F,WOR, 1EE)

SE
CALL FUN(KX,XKL,F)

ENDIF
WRITE(S, 931)
DO 90 J=1,
30 \’fRITEEB 933; J.SFV{J) ,SFL(J) .REF{J)
WRITE(6,934
DO 91 J=§,ND
Witee154., 212-xz(.|)+44 012(1.=XE(J))
91 WRITE(6,932) J,WM/SMVL{J),44.01/54vv(J)
AVGP = 0
AVGY = O
DO 70 J = 1, ND
c AVGY = AVGY+DABS DEWEJB/YE J
70 AVGP = AVGP+DABS(D e(J
AVGP = AVGP*100. /FLOAT(ND
¢ AVGY = AVGY*100./FLOAT(ND)
WRITE(S, 975; AVGP, AVGY
WRITE(6,980
DO 40 J = t, ND
40 mxm(s.sso; TE(J)=273.15, PE(J)/9.869, PCAL(J)/9.869,
& DEVP{J)/5.869
WRITE(6, 1000
DO SO 4 = 1, ND
50  WRITE(6,930) TE(J)-273.15, YE(J), YC(J), DEVY(J)
WRITE(6, 1200) XKL
WRITE(6,1300 1.-xe§ ; EJ /9.869, J=i ,NO
WRITE(S.1300) (1.-Yc(y J)/9.869, J=1,ND
900 FORMAT( 18A4)
910 FORMAT(1H ,///.5X, 1BA )
920 FORMT{IH ./, X, 'TC(K) ", 9%, *PC(ATM) * ,6X, "OM* ,6X, "AC*, 14X, 'B",
k11X, °Su*)
925 FORMAT(6F12.3
930 FORMAT(7F10.4
932 FORMAT{I6,3X,F12.4,5X,F12.4)
933 FORMAT(I6,3X,F10.6,3%,F10.6,3X,F10.6,3%,F10.6)
931 FORMAT(IH ,/, 11X, 'Fv(P/Am L4X, *FLIATM) * 6%, "DEVX"’)
934 FORMAT(1H ./.1sx. ROL(G/OC '.ax.-nov(c/
940 FORMAT{H ./, x."ra(c) 14X, *PE(MPA) " ,6X, "XE")
975 FORMAT(1H 15X, 'AVGPX m* ,F10.4,3X, “AVGYX =',F10.4
960 FORMAT{1H ,/,5X,"TE(C)'.4X, *PE(MPA) * ,3X, "PCAL(MPA) * ,2X, *DEVP*)
1000 FORMAT(1H ,/,5X, TE(C)*,7X, 'YE',7X, *YC' . 6X, "DEVY "
1200 FORMAT(1H ,/,5X, "KlJ= ' ,F10.5 L5X, 'LIJ= *,F10.5,5X, "MIJm *,F10.5)
1300 anam F7.4, F12.4)
ND
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computer program

SUBROUTINE FUN(NX,XKL.FF)

IMPLICIT REAL*8(A-H,0-2)

REAL*8 COEF(3) ,XKL(NX)

COMMON/BRO1/ TC(3) ,PC(3) ,0M(3) ,AC(3), SM(3) .B(3) ,A(3) ,R.ND
COMMON/BRO2/ TE(50) ,PE(50) , PCAL(50) ,XE (50) , YE(50) ,YC(50)
COMMON / DEVP(50) ,DEVY(50) ,AVGP,AVGY

COMMON/BRO4/ FV(3) ,FL(3),SVL,SW

COMMON/BROS/ AP{3) ,BP(3),A2P(3),A3P(3) ,JMIX, JEOS,A12
COMMON/BRO7/ SFV(50) ,SFL{50) , SMVL (50) , SMvV(50) , REF (50)
COEF( $ ymXKL (1

COEF {2)mXKL (2

COEF (3)mXKL (3

NPA=3

DO 268 Jmt,NO
P2=PE(J)
1T=0
IT=IT4+9
IF(IT.GY.100) STOP 'NO CONVERGENCE®
CALL PRES(NPA,J,P2,COEF ,RET2)

IF(IT.EQ.1) THEN
P1=P2%0,98
[T=IT+1
CALL PRES(NPA,J,Pt,COEF,RET1)
ENOIF

WRITE 7.-392.&:1'2

WRITE(?,*)P1,RETI
msa;-ipz-man-m *RET2)/(RET1-RET2)
PCAL(J)=(P2°RET2¢ .5+, 5*P1*RET2-P2°RET1) /{RET2-RET1)
u;‘(mas(am) .GT.1.D~5) THEN

2

 Pi=p

26

80

NUE
DEVPEJ -PEEJ;—PCAL(J)
DEVY (J)=YE(I)=YC(J)

ssvia =FY(1)*rc(J
SFL(J)=FL(1)*xE(J
RE=DABS(SFY(J)=SFL(J))/SFL(J)
REF (J)=RE*100.

m{.r;-svn.

SMVV({J)m5SVY

FFwQ,

DO 80 Jm=i,NO
FF-FF+“Yc(J)—YE(J

FFwFF+

CONT INUE

DO 90 J=ND-5,ND

FFefF+( ((PCAL (4)—PE(J)) /PE
WRITE(7,°(5H X F ,4G15
RETURN

END

(J) (1]
(PCAL(J)-P%%;?/PE%J))‘Q)

(9))222)*50.
.5)') XKL,FF



computer program

SUBROUTINE PRES(NPA,J,P,COEF,RET)

mgnou ;g Q;Hpgfg OM(3) ,AC(3) ,SM(3),B(3) ,A(3) .R,ND
» ] uA » 'B 3 " s Fhy

COMMON/BRO2/ TE(%0) ,PE(50),PCAL(50) ,XE(50) . YE{50) ,YC(50)

COMMON DEVP(50) , DEVY(50) ,AVGP, AVGY

COMMON/BRO4/ FV(3) ,FL(3),SVL,SW

COMMON/BROS/ AP(3),BP(3),A2P(3),A3P(3),JMIX, JEOS,A12

COMMON/BRO7/ SFV(50),SFL(50) . SMVL (50) , SMvV(50) , REF (50)

DIMENSION COEF(NPA)

11

C e

C wee

S1

x».-xes.l)
WRITE(7,*) J.TE(J)
YAm1 E~md

L]wlo P}MSE t.-‘.“-!O..tlﬂt‘t"'....‘tt.-t
CALL CONST(NPA,J,P,XA,COEF,AT,BT)
CALL VOLWE(J,P,AT,BT,VL,W,ZL,ZV)
CALL FUG(J,.P,XA.AT,BT,2L,FL)
SVi=VL

VAPOR PHASE 902002000 e000ettnsssassssnis
CALL CONST(NPA,J,P,YA,COEF,AT,BT)
CALL VOLWE(J,P,AT,BT,VL,W,2L,2V)
CALL, FUGSJ.P.YA.AT.BT.ZV.FV)
WRITE(6,990) YA,AT,BT,VL,VV
SVVaYV
YC(J)=XE(J) *(FL(1)/FV()))
WRITE(7,%) YC(J
YC2=(1.-XE(J) ) *(FL(2) /FV(2))
RE= DABS(YC(J)-TA)
IF (RE .LT. 1.00~3) GO TO 51
HXCTaNXY+1
WRITE 7.‘} NCY
WRITE(7,*} YA.YC(J)
IF (NXY .GT. 100) STOP °NO CONVERGENCE IN XY LOOP®
SUMY=YC(J)4YC2
YC(J)aYC(J) /SUMY
YC2aTC2/SUMY
YA = YC(J
IF (YA. GT. 0.1) YA=0.1
G0 TO 11
RET=1.=YC(J)-YC2
RETURN

END

SUBROUTINE CONST(NPA,J,P,X,COEF,AT,BT)

IMPLICIT REAL*8(A-H,0~Z

COMMON/BRO1/ TC(3) ,PC(3) ,0M(3) ,AC(3),SM(3),B8(3) ,A(3) .R.ND
COMMON/BRO2/ TE(50) ,PE(50) ,PCAL(50) .XE(50),YE(50),YC(50)
COMMON/BRO3/ DEVP(50) ,DEVY({50) ,AVGP,AVGY

COMMON/BRO4/ FV(3),FL(3),SVL,SVV

COMMON/BROS/ AP(3),.BP(3) ,A2P(3) ,A3P(3),JMIX,JE0S,A12
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computer program

COMMON/BRO7/ SFV(50) ,SFL{50),SMVL(50),SMVV(50) ,REF{50)

REAL*8 OOEF(NPA).ALFA(J;
c WRITE(7, " (3H K3,3G15.5) ') COEF
€ MODIFIED PR EOS

ALFA(1)w1 . +1, 1253832 (1. ~(TE(J) /TC(1) ) **.5
R R et L A e
X  -0.002358876%(1.=(TE(J)/TC(1))**2)
ALFA(1)mALFA(1) 992
ALFA(2)=1.0%EXP(0.5856143%(1.~(TE(J)/TC(2))))

C  ORIGINAL PR EOS -
Rfr-'r(,xriizmsu 1)%(1.0~(TEJ}/TC(1)) **0.5) ) *+2
A(1)=AC(1) SALFA 1;

10 CONTINUE

X2my =X * .
GOT0(15,20,22), JMIX
Cosonnnnes YOW-1 MIXING RULE 950000800000 vesttuenssnsssnnstssons
C 15 A12=(A{1)%A(2))**0.5*{1.-COEF (1))
c ATm9020A (1) 4X2%828A(2) 42, *X*X2*A12
¢ BT=X*B(1)+X2°B(2)
c GO TO 30
Coovssasessnnsss RENON MIXING RULE ®oevenvsssessnnsscinsssnonsne
15 CMIJ=COEF(3)
OMJ Jmt , —COEF (3
A12=(A(1)*A(2))**0.5°(1.~COEF( 1)~COEF (2)*

3 CMIJ*X=CMIT*X2) /(CMIJ*X+CMI T*X2) )-
ATwX®020A( 1) 4X20%20A(2)+2. *X*X2*A12
BT=X*B(1)+X2°B(2)

* AP(1)m2. 9 (X*A(1)4X2°A12-2, sXoX20v28 (A{1)*A(2))**.5

L SCOEF (2) *CMEJ*CMI I /(CMIJ*X4CMI [ *X2) **2
AP(2)m2, % (XSA124X2%A(2)+2.9X2*X %2+ (A(1) *A(2)}**.5

Y SCOEF (2) *CMIJ*CMI I/ (CMLJ*X+CMI T $X2) #92

c-o-oo??c!omm 2 MEXING RULE ®0450000000008 0000ttt uosetonsnesanss
20 Atz-EAm-AizB--o.s-u.-eoer(t))
B12=(B(1)+8({2))/2.*(1.=COEF(2))
ATaXse2ep (1 +X2"2'A£2 +2. %X *X2%A12
BTmX®s20(1)+X2°22°8(2)+2.%X*X2*B12
AP{1)m2_s{XoA(1)4X2*A12
AP{2)m2, *(X*AT124X2%A(2)
BP{1)m2. 2 (X*B{1}+X2*B12
BP(2)m2,.¢(X*B12+X2*8(2)
c WRITE(?7, * (SHCOEF=,2G15.5) ") COEF
c---.-??.:?.f?. ADACH]=SUGE! MIXING RULE ®*eseuvssassssssscssssnscansnse
22 A12=(A(1)*A(2))**0.5°(1.—COEF (1)~COEF (2) *{X-X2)) .
ATmX®029A(1)4+X2°*2°A(2)42. *X*X2%A12
BT=X*B(1)+X2*B(2)
APii;-z.' KOA(1)4X20A12-2, *X*X29*2°COEF (2) * Ailg'Afz .5
AP(2)m2, ®(XSAT2+X2°A{2)+7 ., *X2*Xs%2%COEF(2) *(A(1)*A{2) ) **.5
o g

SUBROUTINE VOLWE(J,P,AT,BT,VL,WV,ZL,ZV)
IMPLICIT REAL®*B(A-H,0~2)
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computer program

COMMON/BRO1/ TC(3) ,PC{3) ,OM(3},AC{3) . SM(3) ,B(3) .A(3).R,ND

oomou/aaozf mEsc):) Pé(% ) .S&L(séﬂméoi .Yé(%o) f'rr):(su)
/BRO3/ DEVP(350Q) ,DEVY{S0),AVGP ,AVGY

COMMON/BRO4/ FV{3) ,FL{3),5VL,SwW

COMMON/BROS/ AP(3) ,BP{3),A2P(3) ,A3P(3),JMIX,JEOS,A12

COMMON/BRO7/ SFV(50) ,SFL(50) , SMVL{50) ,SMvV{50) ,REF (50)

DIMENSION AA(3),X(3

RA=AT®B/(ReTE(J) ) %2

RE=BT*F/(ReTE(J

GOTO(5,20) JEOS
c.t.t..-t Fm SRK Eos LIT 112113
S  A(1)w1.0
AA(2)=RA-RB-RD**2
AA(3)=-RA*RB
, GO TO 10
c.‘.!.l. Fm.pﬂ Eos LIS T ITTT]]]

20 AA(1)=RB-1.0
AA(2)=RA-3*RB**2-2*RE
AA(3)m=(RA*RB-RO**2-RE**3)

CO.QU-.-‘.....l.t.ttt‘..ttt“!

10 CONTINUE

CALL TRTOM(AA,X,N)

ZL=X(1

SR

VLwZL*R*TE(J

VVmZy*ReTE(J) /P

RETURN
e END .

SUBROUTINE FUG(J,P,X,AT,BT,Z,F)

IMPLICIT REAL*B(A-H,0=2

COMMON/BRO1/ TC(3) ,PC{3) ,0M{3),AC(3) ,SM(3),B(3),A(3),.R.ND

COMMON/BRO2/ TE{50) ,PE{50) ,PCAL(50),XE(50),YE(50),YC(50)

COMMON/BRO3/ DEVP(50) ,DEVY(50) ,AVGP,AVGY

COMMON/BRO4/ FV{3) ,FL(3),SVL,SwW

COMMON/BROS/ AP(3) ,BP(3) ,A2P{3),A3P(3),JMIX,JECS,AL2

COMMON/BRO7/ SFV(50) ,SFL({50),SMVL(50) , SMvV(50) ,REF(50)

REAL*8 FAI(3), F(3)

Ramkiop/(R TE(J))**2

na-aT-PﬁR—TEiJB

GOY0(5,80) ,JEOS
g GOTO(21,20,22) , JMIX
c...‘.....l. SRK vm_' ulxlm RULE SRPNSNBORRANNENRSREORNOBCERBEGURNRED
21 FAI{1)=B(1)/BT*(Z~1,0)-DLOG(Z-RB)—RA/RB* (2. * (X*A(1)+X2°A12) /AT

& -B(1)/8T)*0LOG(1.0+RB

FAL{2)=B(2)/BT*(Z-1.0)-DLOG(Z-RB)=RA/RE* (2.* (X2*A(2)+X*A12) /AT

&GO-%(’z%ar *DLOG(1.04R8/2)

Ceosensosens SRK YOW-2 MIXING RULE ®*rev0sasstsasensssesssssssesesnesens
20 FAI{I)=(BP(1)/BT—1.)*(Z~1.0)-DLOG(Z-RB)-RA/RB* {1 .+AP{1) /AT
&Go-gg(gc)’faT)‘DLOGU LOHRB/Z)
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computer program

Ceovsssnnssnssasaen SRK P=REID uIXIm RULE ®tessssssanssnnsssssssisians
22 FAI(1)==DLOG{Z=RB)+8B(1)/BT*({Z-1 JJ-RA/RB ((AP(1)}-A2P(1)+A3R{1))
tGéA}'aagé)/BT)'DLOG(l.O-!-RB/Z)

c“......“..‘"..........“..-.““..‘.......“‘...“.'.‘.‘.‘...“.l

c
e 80 GOTQ(45,70,77),JMIX

S 45 FALCI)aB 1) BTE (I O)-DLOB(oRB) RATREe (2. s (KA1 1B o AT AT
e -8(1) /a'ryg.sz(*a:a‘m.oc( (Z+2.41421°RD) /;zlos-mm )
FA1(2)=8(2)/BT*(2=1.0)-DLOG(2-RB)-RA/RB* (2. * (X2%A(2) +X%A12) /AT
& -5(2)/51)72.02843°0L0G((242.41421RE)/ (2-0.41421%R6))

Cestensvansesssnene PR m u[xlm mLE SRNORNRGRERNGERNR OB ER R

45 FAlti =-DLOG(Z-RB)+8(1) /8T*{Z=1.)-RA/RB*(AP(1) /AT

o000

& -8(1)/87)/2,82843°0L0G( (2+3.41421*RB) /(2-0,41421°RB))
FAI(2)m-DLOG(2-RB)+B(2) /BT*(2-1. )~RA/RE* (AP(2) /AT
& G;a_rg Qr)/z.aza-;a-m.oc((z+2.41421-Ra)/(z-o.414zl-aa))
Ceosssnesnas PR VOW-2 MIXING RULE #9%sssssetesnsossanconssssssscaseses
70 FAL(1)m{BP(1)/BT1.)*(2~1.0)~DLOG(Z~RB)=RA/RB*{1.+AP(1 {AT :
& -8P(1)/BT) /2.B2B43°0LOG( (2+2. 41421°RB) /(Z-0. 41421 °RB
FAL(2)=(BP(2)/8T=1.)*(Z-1.0)-DLOG(Z-RB)-RA/RB*( 1 .w(zj{n
&mﬁg(‘%ﬁr) /2.52843°DLOG( (2+2.41421°RB) /(2=0. 41421 °RD
T AL (1) DLO0 (2o RBN B 1) ToT sz AL Racy gy T m s m e
x -B%t}/BT) /2.82843%0L0G ( (Z+2. 41421 '88)1(2-0.41{21 *RB))
* FAI(2)m-DLOG(Z-RB)+8(2) /8T*(2-1.)-RA/RE® (AP(2) /AT
& -B(2)/8T)/2.82843°DLOG( (Z+2.41421%RB)} /(Z-0.41421*RB))

c.....‘.‘.'....‘U‘.IC‘.‘..‘t....-..“..‘..i"‘.‘."l..'.‘...‘l‘.-.“.

30 CONTINUE
DG 10 =1, 2
10 F{1)=P*DEXP(FAI(I))
RETURN
END
¢

SUBROUTINE TRTON(A,X,N)
IMPLICIT REAL®B(A-H,0-2)
REAL®*S A(3),X(3)
CALL TRNLQ(A,X,N)
IF( N .NE. 1) GO TO 10

N
X(2)=Xx{1
xis}-x{tg
10 Xb=X{1)
IF( X(2) .GT. X(1) ) 60 TO 11
X(1)=X(2)
X(2)=xM

11 0d=X{1)
IF{ X(3) .GT. X(1)} ) GO TO 12
X(1)=X{3)

X(3)=XM
12 X=X (3)
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IF{ X(3) .GT. X(2) ) GO TO 13
X(3)=X(2)

X{2)=)M
13 RETURN

ENO

SUBROUTINE TRNLG(A,X,N)

IMPLICIT REAL*8(A-R,0-2)

REAL*8 A(3).X(3)

PAI=3, 141592853589

Em 3.'A§ g-An *A(1)

Fu{2.°A(1}**3-9. ‘A('l 'A(2)+27 *A(3))/27.
.Fﬂ 'E.

IF(
0
HOES ey e

GO 10 10
1 Rwm DSQRT(-E*E*E)
CORw=F /2.

THETA=DARCOS(COR)

Xim2.%R**(1./3.)

Xym=A({1) /3.

X(1)mXX* DCOS{THETA/3.)+XY
X(2)=XX* DCOS iTHETA-!-z.'PAl /3.)4XY
:('-g mXX* DCOS{(THETA+4.°PAL)/3.)+XY

10 RETURN
END
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