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Abstract

Water is increasingly being used as a processing medium as a consequence of the current
emphasis for sustainable processes. At relatively high temperatures and pressures, water acts
as a good solvent, resulting in a number of potential applications. A lack of fundamental data,
however, has limited the development of subcritical water technologies. Hence, solubility
studies are essential to quantify the solvating power of subcritical water and to determine the

thermodynamic limit of a process.

A static analytical equilibrium method was used to measure the binary and ternary solubilities
of anthracene and p-terphenyl in subcritical water and ethanol mixtures between 393 K and
473 K, and at 50 bar and 150 bar. Temperature was found to have the most significant effect
on the solubility of polycyclic aromatic hydrocarbons (PAHs) in subcritical water. The effect
of pressure, and the combined effect of temperature and pressure on solubility were found to
be insignificant, particularly when the range of pressure considered is relatively small. It was
also found in this work that the solubilities of PAHs are governed primarily by sublimation
pressure, and only secondarily by the dielectric constant of water. The use of small amounts
of ethanol in subcritical water systems was found to greatly enhance the solubility of
hydrophobic solutes and thus, is able to expand the range of applications of subcritical water

technologies, while enabling relatively mild operating conditions to be maintained.

The UNIQUAC, O-UNIFAC, and M-UNIFAC models were used to correlate the solubilities
of PAHs in subcritical conditions. The UNIQUAC model best represents the solubilities of
anthracene and p-terphenyl in binary and ternary systems while the O-UNIFAC and M-
UNIFAC models perform poorly. The poor performance of the O-UNIFAC and the M-
UNIFAC models were mainly due to the inadequacy of the residual component of the activity
coefficient. All three models show increasing deviations from experimental data as ethanol

concentration increases.
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1 Introduction

Water is pervasive on Earth; being present, and playing significant roles in many biological and
colloidal systems. Water is also used in many reaction and separation processes, gaining further
footholds in many processes as more chemical industries gear towards sustainability. One of the
vital characteristics of liquid water is its cohesive energy, which is primarily a consequence of
the hydrogen-bonds formed between water molecules. The hydrogen bond network plays a
central role in the solvating power of water, inducing strong attraction between water molecules
that becomes the main reason for the observed low solubilities of non-polar compounds in
liquid water. However, at higher temperatures, the H-bonds in liquid water weaken. As a

consequence, the solvating power of liquid water for hydrophobic compounds increases.

Liquid water heated to any temperature below its critical temperature and at sufficient pressure
to maintain the liquid state is known as subcritical water (or pressurized hot water or
superheated water). The solvating power of subcritical water has been observed to be
considerably higher than at room temperature [2-6]. The solvating power of subcritical water,
and the polarity thereof, is directly dependent upon temperature while the effect of pressure is
relatively insignificant at moderate pressure ranges [2]. The change in the polarity of subcritical
water with temperature is reflected in its dielectric constant (or relative permittivity) values, as
shown in Figure 1.1. The dielectric constant of water at 25 °C and 1 atm is 78.5, limiting its
solvating power to mostly polar compounds. However, as temperature increases, the dielectric
constant of water decreases, thereby increasing its solvent power to a wider range of non-polar

organic compounds.
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Figure 1.1: The dielectric constant of water at various temperatures and pressures (reproduced

from Bradley and Pitzer [7])

The solubilities of a number of hydrophobic solid substances in water have been investigated in
recent years, and found to be as low as 10 and even 107 mole fraction [8,9]. However,
numerous studies have also shown that the solubilities of hydrophobic compounds in liquid
water increase exponentially above 100 °C [2-4,6,10]. As a consequence of the dramatic
increase in solvating power, subcritical water at relatively higher temperatures has been shown
to be a good alternative solvent [10,11]. Subcritical water processing has its advantages in that
water is non-toxic, inexpensive, readily available and easily disposed. In terms of the extraction
process, subcritical water has the added advantage of not requiring the drying of samples prior
to processing [11]. Subcritical water technologies have been applied to the removal and
decomposition of pollutants, for the extraction of compounds such as polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls from soils, and recently, to the
micronization of hydrophobic drugs [3,6,10,12-16].



The extraction and remediation of PAHs using subcritical water have been conducted in small
and pilot scales with much success, and in some cases, reducing the concentration of PAHs to
below detectable levels [16-22]. PAHs are produced through incomplete combustion and
pyrolysis of organic compounds. Their presence in soils becomes an environmental concern due
to their mutagenic, teratogenic and carcinogenic properties. PAHs have been found around
coal-mining areas, and in sediments from the extraction and transportation of oil [23-26].
Hydrophobic by nature, PAHs tend to absorb tightly to organic matter in soil. Prolonged aging
time promotes the sequestration of PAHs into nanopores and their partitioning in organic matter
[27]. Hence, PAHs are resistant to decomposition while the lipophilic nature of PAHs leads to
accumulation in soil, sediment and vegetation [27]. Due to the strong sorption of PAHs in
matrixes, the extraction process is often difficult and incomplete; requiring different techniques
for different contamination levels [28]. A number of bioremediation and phytoremediation
studies had been conducted on PAHs contaminated soil although the yield and the efficiency
with which PAHs (particularly higher molecular weight compounds) are removed are generally
poor [17,22,29-33]. The onward desire for sustainability through the reduction in the costs and
usage of toxic organic solvents, the search for alternatives that are non-exhaustible, and the
need for versatility in PAHs extraction techniques became the motivation for the development

of subcritical water extraction [18,34].

Although the use of subcritical water to process materials is gaining increased interest, many
potential applications of subcritical water processes remain undeveloped due to a lack of
fundamental data. While the feasibility of a subcritical water process depends on the behaviors
of subcritical water and the compounds involved, the complexity and the non-ideality of
subcritical water characteristics make it difficult to predict its behavior and that of the solutes.
Consequently, extensive, expensive and time-consuming experimental studies are required.
Furthermore, accurate thermodynamic models for subcritical water systems are essential. An
understanding of the thermodynamics of phase equilibrium is also important in the design of
separation and extraction processes. A process optimized in terms of its equipment selection,
configuration and operations can be rendered inoperable if the process simulation is based on
inaccurate thermodynamic models. Thermodynamic models (in addition to the experimental

data from which the models were derived from) can exhibit systematic and random errors that



affect their accuracy and precision while contributing to the uncertainty in the calculation of

physical properties [35].

In light of the need for accurate thermodynamic data, fundamental solubility studies are
necessary to facilitate decision-making processes as they provide potential operating conditions
and give a key indication of the technical feasibility of a prospective process [36]. Solubility
studies are essential as they quantify the ability of subcritical water to act as a solvent which
consequently defines the feasibility of a particular process for a particular application [36,37].
Solubility studies play an important role in determining the economic effectiveness of a
particular process since solubility provides the thermodynamic limit to a process [38]. As such,
there is a need to investigate the factors that affect solubility in subcritical water to allow for a
continual development in the many potential applications, as well as the design and scale up of

subcritical water processes.

While a number of solubility studies have been conducted on PAHs in subcritical water, these
studies are heavily based on binary systems consisting of a pure solute in subcritical water.
However, the extraction or removal of pollutants from a matrix of compounds are intricate, and
can rarely be depicted entirely by binary systems. Moreover, the solubilities of hydrophobic
organic pollutants (HOPs) such as PAHs are known to be affected by the addition of co-
solvents and co-solutes into water and are important in the treatment of industrial wastewater
[39]. While many data are available for the solubilities of HOPs in water, their availability in
water-cosolvent mixtures is lacking [39]. Hence, experimental data and the thermodynamic
quantity which predicts the behavior of HOPs in aqueous solutions are necessary. Therefore, the
aim of this study is to complement the available data on the solubility of polycyclic aromatic
hydrocarbons (PAHs) in subcritical water, and in the presence of a co-solvent or a co-solute. In
this study, the solubilities of anthracene and p-terphenyl were measured in subcritical water,
subcritical ethanol, and ethanol-modified subcritical water. In the ethanol-modified subcritical
water systems, solubilities were measured at ethanol mole fractions, f of 0.01, 0.02, 0.03, 0.04,
0.06 and 0.10. All measurements were conducted at 50 bar, between 393 K and 473 K. While
the main focus of this thesis was to investigate the effects of temperature and the addition of a
third compound on the solubility of a PAH, the effects from increasing processing pressure and

the combined effects of these parameters were also investigated. The suitability of three activity



coefficient based models - UNIQUAC, O-UNIFAC and M-UNIFAC models - were also
evaluated for such materials in subcritical water. The definition of solubility and the factors that
affect solubility are discussed further in Chapter 2 while the methods by which solubility
measurements are conducted in subcritical water are addressed in Chapter 3. The co-solvent
effect on solubility in subcritical water is studied in Chapter 4. Meanwhile the suitability of

thermodynamic models for the solute-solvent systems involved is discussed in Chapter 5.
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Chapter 2 Solubility and Factors that Affect Solubility in Subcritical Water

2.1 Introduction

Solubility is the analytical composition of a solution saturated under equilibrium with one of the
components of the solution at a particular temperature and pressure [1,2]. It quantifies the
dynamic equilibrium state achieved where the dissolution rate equals that of the precipitation
rate in a solid-liquid system. Solubility is very dependent on the inter-molecular forces between
solute-solvent, solute-solute and solvent-solvent [3]. For a system consisting of a solute, i and a
solvent, j, the ability of i to dissolve in j is given by the strength of interactions between i and ;.
If the attractive forces of i-j are higher than that of i-i and j-j, then the solute i would dissolve in
the solvent j. The ancient heuristic of "like dissolves like" is still applicable in many solute-
solvent systems since intermolecular forces between similar chemical compounds lead to
smaller endothermic enthalpy of solution than dissimilar compounds [3]. The factors that

contribute to the solubility of a given solute in a solvent are summarized in Figure 2.1.



Factors that affect solubility
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Figure 2.1: Factors that contribute to the solubility of a solute in a solvent
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2.2 The effects of intermolecular forces on solubility

The fundamental source of most physical properties of a molecule is its intermolecular forces
[4]. Intermolecular forces in operation between molecules are governed by the physical and
chemical forces existing between the molecules in the solution. The physical forces of attraction
between molecules are governed by the momentary (induced) dipole-dipole potential energy
and the permanent dipole-dipole potential energy. In the momentary dipole-dipole potential
energy interaction, a molecule with a momentary dipole causes a dipole in neighboring
molecules, producing net attractive forces between the molecules that subsequently governs the
solubility of a non-polar solute in a non-polar solvent [5]. The momentary dipole-dipole
potential energy depends on the polarizability of a molecule and the distance between two
molecules. The polarizability of a solvent (which increases with its molecular size) indicates the
strength of the solvent [5]. The momentary dipole-dipole potential energy is, however, not

affected by temperature changes.

The permanent dipole-dipole potential energy attributed to the structure and size of a molecule
provides an additional force of attraction between molecules. Large, complex molecules
generally have weakened dipole interactions due to the large volume of the molecules [6]. A
molecule with high polar moments and high dielectric constant is considered polar. The
permanent dipole-dipole potential energy changes with intermolecular distance while it
decreases with increasing temperature. Hence, a polar liquid solvent exhibits non-polarity at
higher temperatures, such as that observed in water. At very high pressures and densities,
repulsive intermolecular forces could also dominate and reduce the solubility of a solute [7].
Higher-order polar moments also affect the solvating power of a solvent although these effects
are less significant than a dipole moment [5]. A good example is carbon dioxide which has a
large quadrupole moment that greatly enhances the solubility of a number of polar solutes in

supercritical carbon dioxide [8].

Chemical forces of attraction such as hydrogen bonding and electron acceptor-donor
complexing also play important roles in solubility, although these are harder to quantify [5].
The effects of chemical forces in a solution are generally categorized as solvation, where the
molecules of the solutes and solvents tend to form complexes [9]. In contrast to physical forces,

chemical forces can become saturated and are very dependent on temperature [9]. Chemical
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forces generally decrease with increasing temperature such as the observed weaker H-bonds in
subcritical and supercritical water. Generally, H-bonds are easily broken at higher temperatures
when the molecules involved have sufficient energy to break loose as the strength of H-bonds

are lower than that of covalent bonds [9].

In liquid water, the hydrogen bond network plays a central role in the solvating power of water
while the electric dipole moment is of secondary importance. The strong attraction between
water molecules due to the hydrogen bonds is also the main reason for the observed low
solubilities of non-polar compounds in liquid water. Water molecules in liquid water tend to
self-associate as a consequence of the hydrogen bonds (H-bonds) and at room temperature
water molecules in liquid water form tetrahedral clusters; averaging about 4.5 molecules per
cluster [10]. Increased temperature and pressure, however, elicit changes in the structure of
water. The H-bonds in water tend to break or distort, with the tetrahedral ordering of liquid
water diminishing gradually as temperature increases [11]. Elevated pressure also weakens the
tetrahedral ordering and increases the non-hydrogen bonded water molecules of liquid water
[11]. Hence, at subcritical conditions, bulk water is considered to consist of a mixture of small
H-bonded clusters and smaller aggregates consisting of oligomers and monomers [11]. The
weakening of the H-bonds also explains the decrease in the polarity of water with temperature,

which is reflected in its dielectric constant values.

While H-bonds are traditionally defined to be between proton and electron donors, H-bonds are
electrostatic by nature. Hence, other sources of electrons such as the hybridized n-bonds from
an aromatic ring could also act as H-bonds acceptors although these bonds are generally weaker
[12-14]. The H-bond between benzene and amino acid have been found to be half the strength
of a normal H-bond while the H-bond for ethanol-toluene and ethanol-xylene were found to be
300 times weaker than that of alcohol-alcohol [12,13]. n-Hydrogen bonding between water and
aromatic molecules were found to exist even at higher temperatures and pressures [15].
Experimental studies on the solvation of benzene in water has been conducted with the general
consensus that the water molecule is on one side of the benzene molecule having one or two

hydrogen atoms facing the n-cloud of the benzene molecule [16].
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23 The effects of the free volume difference on solubility

Free volume is defined as the total integral over the part of the potential energy due to the
thermal displacements of the center of gravity of the molecule from its equilibrium [17]. It is
the “empty” volume available to the molecule after subtracting the hard-core volume of the
molecule itself [18]. Therefore, free volume reflects the compressibility or expansivity of a
substance [5]. The free volume difference between the solute and the solvent is related to the
density of the solvent as this affects the interaction level between molecules in a solution. In
general, the solubility of a solute in subcritical water decreases with increasing density at
constant temperature. In an investigation conducted by Rossling and Franck (1983) at
temperatures and pressures between 75 — 280 °C and 20 — 2850 bar, the isothermal solubility of

anthracene in subcritical water was found to decrease with increasing water density.

Pressure has a direct influence on the density of solvents and thus, affects the solubility of
solids in subcritical water. The isothermal solubility of solids in subcritical water has been
shown to decrease with /arge increase in pressure although pressure differences of up to100 bar
were found to elicit negligible solubility changes [19-21]. Thus, small pressure differences

generally do not have a significant effect on the phase behavior of solid-liquid systems [3].

An increase in temperature decreases the density of the solvent. While a decrease in solvent
density is usually linked to a decrease in solubility, the opposite trend is observed when
temperature is raised in subcritical water. An example is that the solubility of anthracene in
subcritical water that was observed to increase with temperature at constant density [21]. The
reason for such behavior is the temperature effect on other physico-chemical properties of the
solvent and solute, such as the H-bonding and vapor pressure that present a contrasting trend to
that of density. Since decreasing density does not correspond with increased temperature and
solubility behavior, and the effect of small pressure changes to density and solubility is small, it
can be construed that density has a minor influence on solubility in subcritical water at

moderate pressure range.
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24 Solute effects on solubility in subcritical water

For a given binary solid-solvent system, comparison between two solid solutes with similar
enthalpy of fusion would yield a higher solubility for the solute with a lower melting
temperature [22]. Likewise, if two solutes with similar melting temperatures are compared, the
solute with the higher enthalpy of fusion would have a higher solubility. Generally the
solubility of a hydrophobic compound in subcritical water increases with a decrease in
molecular size. For example, the solubilities of anthracene (molecular weight, MW = 178),
chrysene (MW = 228) and perylene (MW = 252) were found to increase in the order of

perylene < chrysene < anthracene [20].

The added presence of oxygen, sulfur, chlorine or aliphatic side-chains in a solute also
decreases its solubility in subcritical water. In Tables 2.1 — 2.2, the molecular structure and the
solubility values of anthrone, xanthone, 9,10-anthraquinone, thioxanthone, benzene,
ethylbenzene, m-xylene, toluene, 1,2-dichlorobenzene, benzoic acide and salicylic acid in
subcritical water are compared. Table 2.1 shows that the influence of the functional groups can
be rated in the order of: carbonyl (=O) < thiane (—S—) < oxane (—O-). The presence of methyl,
ethyl or chlorine functional groups in a solute also decreases its solubility in subcritical water

while the presence of a carboxyl group enhances solute solubility (as shown in Table 2.2).

Generally, the addition of a hydroxyl group increases the solubility of a solute in water; the
most obvious being the higher solubility of phenol than benzene in water [23,24]. However,
Table 2.2 shows that the solubility of benzoic acid is higher than the solubility of salicylic acid
in subcritical water, even with the addition of a hydroxyl group in salicylic acid. One
contributing factor to the lower solubility of salicylic acid is the intramolecular H-bonding that
occurs in salicylic acid [25]. It is to be noted, however, that the presence of the different
functional groups increases the size of the solute, which consequently also contributes to the
lower solubility values. While the solute effect is given in this section, generalization of the
contributing effects from different functional groups can only be fully realized when solute
solubility studies are extended to a wider range of compounds. The type of solutes investigated

in subcritical water is currently limited to a small number.
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Table 2.1: Solubilities (in mole fraction) of various organic compounds in subcritical water at

140 °C, and their corresponding molecular structure

Compound Molecular structure Solubility at 140 °C Reference
and 50 + 3 bar
O

Anthrone

9.89 x 107 [26]
MW = 194.23
Xanthone

9.13 x 107 [26]
MW = 196.19
9,10-Anthraquinone

1.06 x 10 [26]
MW =208.21
Thioxanthone

1.98 x 107 [26]
MW =212.27

Note: MW = molecular weight
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Table 2.2: Solubilities (in mole fraction) of various organic compounds in subcritical water at

150 °C, and their corresponding molecular structure

Compound Molecular structure Solubility at 150 °C Reference

and 50 bar
Benzene

1.7x 107 [27]
MW =78.11

CHs

Toluene

8.7 x 10 [27]
MW =92.14
m-Xylene

2.7 x10* [27]
MW =106.16
Ethylbenzene

24x10* [27]
MW =106.17
1,2-dichlorobenzene

1.8 x 10™ [27]
MW = 147.01

O~ _OH
Benzoic acid
0.131 [28]
MW = 122.12
Salicylic acid
0.102 [28]

MW = 138.12

Note: MW = molecular weight
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2.5 Co-solvent and co-solute effects on solubility

The addition of a third component into a binary system brings about synergistic effects (positive
and negative) on solubility. Hence, chemical compounds behave differently in pure and
modified solvents at subcritical conditions. The varying solubilities of atrazine in subcritical
water and ethanol-modified subcritical water are shown in Table 2.3. Solubilities were found to
increase with increased ethanol concentrations. The varying solubilities were attributed to
decreases in the dielectric constant that resulted from the addition of ethanol to the solvent
mixtures [29], shown in Figure 2.2. Studies on co-solute effects in subcritical water are scarce.
In a study conducted by Miller and Hawthorne [20], the solubility of anthracene, carbazole and
chrysene mixtures in subcritical water was determined; yielding solubility depressions in all

three solutes at temperatures above 100 °C.

Table 2.3: Solubility of atrazine in subcritical water and ethanol-modified subcritical water at

100 °C and 50 bar (data extracted from Curren and King [29] )

Mole fraction of ethanol in solvent mixture Solubility of atrazine (mole fraction)
0 5.00 x 107
8 1.90 x 10
12 3.56 x 107
20 6.24 x 1073
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Figure 2.2: Dielectric constant of water and water-ethanol mixtures at various temperatures.
(Data for water-ethanol mixtures were extracted from [30] while data for water was extracted

from [31])

2.6 Conclusion

The present chapter highlights the factors that contribute to the solubility of solid solutes in
subcritical water. Temperature and pressure changes affect the physico-chemical properties of
both the solute and the solvent, consequently influencing the solubility of the solute in the
solvent involved. H-bonding plays a dominant role in water; further influencing solute-water

behavior at subcritical conditions.
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3 Solubility Measurement of Solid PAHs in Subcritical Water

3.1 Introduction

The conduct of solubility experiments can primarily be divided into dynamic or static
equilibrium methods. The dynamic method can be divided into the dynamic continuous method
and the dynamic extractive method. The dynamic continuous method is used solely for liquid
solute solubility measurement while the dynamic extractive method is used for solid solutes. A
dynamic extractive method involves the use of a pump to provide continuous subcritical water
flow through a bed of solute. The main issue with a dynamic extractive equilibrium technique is
the mass transfer rate between the liquid and the solute matrix, where the possibility of the
solute solution not attaining saturation needs to be taken into account [1]. Generally, the
concentration of a solute solution at the exit of the equilibrium cell must be independent of the
length of the cell and the superficial velocity of the liquid solvent [1,2]. These characteristics
are material-specific and, therefore, it is vital to distinguish the conditions for each solute at
which equilibrium is achieved [1]. Also, in a dynamic method where a solid mixture is involved
(instead of a pure solid), one or more components can be selectively extracted and,
consequently, the solid mixture composition would change with time. Thus, the dynamic
extractive method is suitable for pure solid solubility studies rather than for mixed solids

solubility studies.

A static equilibrium method can be divided into a static synthetic method and a static analytical
method. Static synthetic methods are employed when the global initial composition of the
system is known, and when the equilibrium phase composition can be obtained directly.
However, the static synthetic method is only confined to binary systems. A static analytical
method differs from the synthetic method in that samples are taken from the equilibrium phases
for analysis. While the analytical method requires more effort and time, it can be applied to
mixtures containing more than two compounds. Generally, a static equilibrium method has a
fixed amount of solvent in contact with the solute and is relatively slow to reach equilibrium
when solubility is very low. The equilibration time, i.e. the minimum amount of time required

to achieve a saturated solution in an equilibrium cell, is of primary concern in a static extraction
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method. The dynamic extractive method and the static analytical method are discussed in detail

in the following sections.

3.1.1 Dynamic extractive equilibrium method

The significant solvent power of water for a number of hydrophobic compounds at
temperatures above 373K was first reported by Miller and Hawthorne [2] who used a dynamic
equilibrium method, shown schematically in Figure 3.1. Solutes were packed together with
clean sand into a saturation cell while water was supplied in constant flow mode with an ISCO
pump through a preheating coil. Pressures in the 30-70 bars range were maintained with an
outlet valve and temperature was measured with a thermocouple placed in a tee before the
saturation cell. Chloroform was injected with an ISCO pump into a fused-silica-lined tee to
prevent deposition of the solute from water as it cooled during collection. A stainless steel
cooling coil was immersed in an ice bath to cool the solute-water-chloroform mixture to room
temperature. After an initial equilibration period of 30 minutes, water at a certain flow rate was
passed through the saturation cell and 5 — 10 3-min fractions for each condition were collected.
In order to ensure that equilibrium was achieved while water was flowing through the saturation
cell, saturation cells of different volumes were tested. The residence time of the water in the cell
was found to be sufficient to achieve saturation. Samples were then analyzed with either a
GC/FID (gas chromatograph with flame ionization detection) or a GC/MS (gas chromatograph

with mass spectroscopy).
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Figure 3.1: Dynamic extractive equilibrium experimental set-up for solubility study by Miller

and Hawthorne [2]

Since the publication of the dynamic extractive equilibrium method by Miller and Hawthorne
[2], a number of experiments with slight modifications to the dynamic method have also been
conducted by Andersson et al. [3], Karasek et al. [4,5] and Kayan et al. [6]. In the experiments
conducted by Andersson et al. [3], toluene was used as a collection solvent rather than
chloroform. The main reason for the choice of collection solvent was that the authors could
obtain a lower RSD (relative standard deviation) with toluene. The RSD obtained for polycyclic
aromatic hydrocarbons (PAHs) with toluene at 50 °C and 50 bar was 23% while the RSD

obtained with chloroform was 109%.

In the solubility study conducted by Karasek et al. [4], water was fed into an equilibrium cell
encased in an aluminum block covered with a heavy thermal insulation coat. The equilibrium
cell was filled with PAH mixed with glass beads. The system was then heated and pressurized,
and allowed to stabilize for 20 minutes. A water flow rate of 0.010 — 0.017 g/s was then
employed to collect 5 fractions of samples for each condition. Collection was conducted in vials
capped with Teflon-lined silicone rubber. The sample in the vial was then kept at 5 °C for 24
hours, then mixed with toluene to create an emulsion and equilibrated for 72 hours. The

emulsion was subsequently separated and analyzed with CG/MS.
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3.1.2 Static analytical equilibrium method

In the static equilibrium method, water and solute are loaded into an equilibrium vessel and
heated to a desired temperature and pressure. Stirrers are used to ensure that both the solute and
water are properly mixed to saturation. When equilibrium is attained, the water saturated with
the solute is pushed out of the system with gas or an organic solvent [7,8]. A schematic

diagram depicting the static equilibrium method is shown in Figure 3.2.
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Figure 3.2: General schematic diagram of solubility determination based on the static

equilibrium method

In the study conducted by Mathis et al. [8], solubilities of liquid organic solutes were
determined with the static equilibrium method. Water was first filled into a 10ml equilibrium
cell. The cell was then connected to the system, placed in an oven, and the oven was heated up.
During the heating process, approximately 5 ml of a pure liquid organic solute was loaded into
the equilibrium cell by pushing out the preloaded water through the outlet of the cell.
Approximately 10 min after the oven reached the desired temperature, mixing was conducted
for another 10 min. The system was then allowed to equilibrate without any mixing for a further

10 min before the collection of the aqueous phase. The pressure of the system was maintained

24



at 50 bar. After the equilibration step, approximately 2 ml of the saturated aqueous solution was
decanted into a vial that contained 2 ml of methylene chloride. GC/FID was used to measure the
amount of solute dissolved. The RSD obtained in the solubility study conducted by Mathis et al.
[8] ranged between 3.7 % and 19.5 %.

A solubility study on solid organic compounds via the static equilibrium method was conducted
by Carr [9] where solid solutes were preloaded into an equilibrium cell. The cell was then
placed in a GC oven. A syringe pump was used to deliver water into the system. The system
was then heated to a required temperature. When the desired temperature was achieved, the
system was equilibrated for 10 min while being stirred by a magnetic bar. The pressure of the
system was maintained at 70 bar. After 10 min of mixing, the magnetic stirrer was stopped
while nitrogen at 72 bar was allowed to contact the solution. The solution was then decanted
into a collection vial with the N, acting as the force to push the solution into the vial while
maintaining the liquid state of the solution. The solution collected was weighed, washed with
acetone, and dried. The outlet valve was also washed with acetone and dried. Gravimetric
and/or UV analyses were conducted on the samples to measure the amount of solute collected.

The solubility data obtained for griseofulvin was found to have RSDs between 4.1% and 39.4%
[7].

In the present study, a static analytical equilibrium method was employed to measure the
solubilities of anthracene and p-terphenyl. This work follows from the experimental work
conducted by Carr [9] with a number of modifications incorporated to improve the reliability
and the RSD of the solubility data obtained. A detailed discussion is given in the following

sections.
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3.2 Preparation for solubility measurement: Water and solutes characterization at

subcritical conditions

Prior to the start of measuring solubility in subcritical water, an understanding of the behavior
of the solvent, as well as the behavior of the organic compounds in the solvent involved are of
importance. Considerations that need to be factored in prior to a solubility measurement

include:

a) vapor-liquid equilibria (VLE) of the solvents and solid-vapor equilibria (SVE) of the
solutes at subcritical conditions

b) phase behavior of organic compounds in the solvents involved at subcritical conditions

c) temperature and pressure profiles of the liquid solvents in an equilibrium vessel

d) mixing time required for solutes to reach saturation (equilibration time)

e) stability of solutes at operating conditions

3.2.1 Vapor-liquid equilibria of water and solid-vapor equilibria of solutes at subcritical

conditions

Solubility measurements conducted in this study are above the normal boiling points of the
solvents. Sufficient pressure must be applied to maintain the liquid state of the solvents used.
Therefore, an understanding of the VLE of the solvents involved is essential. The saturated
vapor pressures of water at various temperatures are shown in Table 3.1. The data from Table
3.1 shows that a minimum pressure of 16 bar is required to ensure water is in the liquid state at
temperatures between 120 - 200 °C. The sublimation pressure of anthracene and p-terphenyl are
also shown in Table 3.1, and are lower than the vapor pressure of water. All solubility
measurements in the present study were conducted at a pressure of 50 bar to keep a safe range

away from the minimum 16 bar.
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Table 3.1: Vapor pressures for water, anthracene and p-terphenyl at various temperatures

Temperature Water Anthracene p-Terphenyl
. Saturated vapor pressure” Sublimation pressure® Sublimation pressure® (bar)
6 (bar) (bar)
120 1.99 8.97 x 107 8.59 x 107
140 3.61 2.50x 10 3.15x 10
150 4.76 3.99 x 107 5.70 x 10™
160 6.18 6.22 x 10 9.33 x 10"
170 7.92 9.45 % 107 1.68 x 107
180 10.02 1.40 x 107 2.75 % 107
200 15.54 2.92 x 107 6.81 x 107

Data obtained from: ® Parry et al. [10] , ® Zhao et al. [11]

3.2.2 Phase behavior of organic solutes in subcritical water

Fundamental to the study on solubility is an understanding of the phase behavior of a system to
ensure proper use and design of an experimental set-up. Phase behavioral studies are important
in solubility experiments conducted at elevated pressures since solutes may undergo melting
point depression. Therefore, a preliminary phase behavior study is required since the solubility
measurement method utilized in this study can only measure the solubility of solid solutes in
liquid solvents. Therefore, it was vital that phase behaviors of the solutes were known prior to
the solubility study. The experimental method and results for a phase behavioral study is given

in the following sections.
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3.2.2.1 Phase behavior study: Apparatus and experimental methodology

The experimental set-up for a phase behavior study is shown in Figure 3.3. Solute and solvents
were packed into a glass pipette tapered at one end. The pipette was then put into a Jergusen
gauge and the Jergusen gauge (with the pipette inside) was placed in a GC oven. A K-type
thermocouple attached to a Jenco temperature indicator (model 7000CH) was inserted into the
pipette through the Jergusen gauge. Nitrogen at 50 bar was regulated into the Jergusen gauge.
Once the system reached 50 bar, the valve connected to the N, supply line was closed. Nitrogen
at 50 bar was used to maintain the solvents in liquid form. The temperature of the oven was first
raised to the lowest desired temperature. As the oven was heated up, the pressure in the system
increased. Nitrogen was released via valve V3 to maintain the pressure of the system at 50 bar.
When the system had reached the required temperature and pressure, the system was allowed to
equilibrate for 30 minutes. Any physical changes to the sample were observed. The temperature
was then raised to the next designated temperature and the steps were repeated until the

maximum desired temperature.

\%!
V2
@ Pipette
Solvents
Vent <_ Solute
V3 Jergusen
gauge
N, cylinder
Legend:
V =valve PI = Pressure indicator TI = Temperature indicator

Figure 3.3: Schematic diagram of the phase behavior study
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3.2.2.2 Results and Discussion

The phase behavior of anthracene and p-terphenyl in subcritical water at 50 bar and various
temperatures are shown in Table 3.2. Both compounds were found to be solid in subcritical

water between 120 °C and 200 °C. Thus, melting point depression was not observed for

anthracene and p-terphenyl in water at temperatures as high 200 °C.

Table 3.2: Phase behavior of anthracene and p-terphenyl in subcritical water at 50 bar and

various temperatures

Temperature (°C)

Phase behavior

Anthracene 120 Solid-liquid
140 Solid-liquid
150 Solid-liquid
160 Solid-liquid
170 Solid-liquid
180 Solid-liquid
200 Solid-liquid
p-terphenyl 120 Solid-liquid
140 Solid-liquid
150 Solid-liquid
160 Solid-liquid
170 Solid-liquid
180 Solid-liquid
200 Solid-liquid
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3.2.3 Temperature and pressure profiles of liquid solvents in an equilibrium vessel
3.2.3.1 Temperature profile

Solubility measurement in this study was conducted in an equilibrium vessel with a volume of
approximately 6 ml. During a solubility run, the determination of solvent temperature in the
equilibrium vessel became impossible due to the presence of filter stones fitted to each end of
the equilibrium vessel. While the filter stones prevented physical entrainment of solid solutes in
the liquid phase, these stones also prevented a thermocouple from being inserted into the
equilibrium vessel. Consequently, the average time for solvent in the equilibrium vessel to
reach a required temperature was measured. A schematic diagram of the experimental set-up is
given in Figure 3.4. In profiling the temperature of liquid water in the equilibrium vessel, a
filter stone was removed from the top-end of the equilibrium vessel. In this study, the average
time taken for pure water to reach a designated temperature in the equilibrium vessel was used

as the heating time required to heat liquid water, and is shown in Table 3.3.

ISCO
pump
i
Water
V2
Beaker —¥ GC Oven

Legend:
EV = Equilibrium vessel PI = Pressure indicator TI = Temperature indicator
V1 = Valve 1

Figure 3.4: Schematic diagram of temperature profiling in an equilibrium vessel
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Table 3.3: Average heating time to attain a required temperature in an equilibrium vessel

Temperature (°C) Time (min) Temperature (°C) Time (min)
120 17+1 170 22+2
140 19+1 180 23+2
150 20+ 1 200 25+2
160 21+1

3.2.3.2 Pressure profile

A preliminary study on the pressure profiles of the liquid solvent in the equilibrium vessel was
conducted to verify the ability of the rig to sustain the pressure of the system without any
external input at a constant designated pressure. The investigation into the ability of the system
to maintain its pressure was necessary to ensure both steady state and equilibrium were attained.
The experimental set-up is shown in Figure 3.5. Water, heated to 100 °C, 150 °C and 200 °C,
was allowed to reach a pressure of 50 bar. Once the required temperature was attained, the
pressure of the system was observed. The change in the pressure of the system (while
temperature was maintained, and V1 closed) is shown in Figure 3.6. Pressures were measured
with a Druck pressure transducer (PDCR 911), coupled with a Druck DPI 260 pressure
indicator calibrated with a Hydraulic Deadweight Tester (Pressurements Model M2200). It was
observed that pressure increased rapidly in the first 20 to 30 min of heating, and decreased
slowly thereafter. At 150 °C and 200 °C, constant pressures were observed after 85 min and 65
min respectively, while at 100 °C, water pressure was observed to decrease slowly without
reaching steady state up to the 125™ min of heating. These profiles were attributed to a
difference in the rate of thermal expansion between water and the equilibrium vessel. While
solubility measurements could be conducted for a long period of time to ensure that a constant
pressure was maintained, it was decided that each solubility run should be conducted at as short
an interval as possible to prevent thermal degradation of solutes. As such, the equilibrium
vessel was pre-expanded in a 50 °C oven prior to the start of the experiment, and an ISCO

model 260D syringe pump was used to maintain the pressure of liquid solvents in the system.
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EV = Equilibrium vessel PI = Pressure indicator TI = Temperature indicator V1 = Valve 1

Figure 3.5: Schematic diagram of high pressure profiling in an equilibrium vessel
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Figure 3.6: Pressure profile at 100 °C, 150 °C and 200 °C. [Note that the pressure profile is not

given in the first 15-20 min due to the rapid increase in the water pressure and the continuous

manual depressurization of the system via valve V3]
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The temperature and pressure profiles obtained for subcritical water at 100 °C, 150 °C and 200
°C were superimposed and are shown in Figures 3.7 — 3.9. These diagrams show that
observance of a maximum pressure was not an indication of the system reaching thermal
equilibrium. Hence, the diagrams in Figures 3.7 — 3.9 substantiate the need to pre-measure the

heating time required for solvents to reach a designated temperature.
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Figure 3.7: Pressure and temperature profiles of subcritical water in an equilibrium vessel at

100°C

33



100 + - 200
90 -+ - 180
_ 80 - - 160 )
=70 - 140 &
w
< 60 - 120 &
£ 50 - 100 &
= ! :q'.-a
2 40 - - 80 =)
S [ =
£ 30, - 60 g
20 4 - 40 =
10 4 - 20
O T T T T T 0
0 20 40 60 80 100 120
Heating time (min)
Pressure profile ~ = = =Temperature profile

Figure 3.8: Pressure and temperature profiles of subcritical water in an equilibrium vessel at

150°C
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Figure 3.9: Pressure and temperature profiles of subcritical water in an equilibrium vessel at

200°C
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3.2.4 Stability of solid solutes at experimental conditions

Solubility measurements at relatively high temperatures for an extended amount of time
necessitate a stability study on the investigated solutes. Solute reaction and/or degradation in
subcritical water would render experimentally determined solubility data inaccurate. Literature
surveys on the stability of PAHs in subcritical water reveal contrasting results [3,4,6,9,12]. In
the solubility study by Karasek et al. [4], analysis of PAHs extracted at temperatures between
40 °C and 210 °C did not reveal noticeable degradation. However, in a study by Yang and
Hildebrand [12], a portion of phenanthrene in subcritical water was degraded to several organic
compounds that include phenol, naphthalene and benzoic acid [12]. Degradation and reduced
recovery of extracted PAHs using water at high temperatures and pressures have also been

observed [13,14].

The detailed study by Yang and Hildebrand [12] showed that temperature and concentrations of
phenanthrene and dissolved oxygen in subcritical water played significant roles in phenanthrene
degradation. The proportion of degraded phenanthrene was found to higher at higher
temperatures. For a relatively high concentration of phenanthrene in subcritical water,
insignificant amount of degradation was obtained with the proportion of phenanthrene that
degraded ranged from 0.2 % to 5.6 % between 150 °C and 350 °C [12]. At lower concentrations
of phenanthrene, the proportion of phenanthrene that degraded increased to 61.9% at 350 °C
[12]. Compounds obtained from the degradation of phenanthrene were found to be mostly
byproducts of oxidation. The oxidizing power of subcritical water in the investigated
phenanthrene-water system was attributed by the authors to the presence of dissolved oxygen in
water [12]. Therefore, in solubility/extraction studies where the degassing of water was carried
out, no significant degradation was observed. The reduction in the amount of dissolved oxygen,
thus, reduces the oxidizing power of water. Also, in most literature studies, relatively large
quantities of organic compounds are used. The small quantity of oxygen available in the
degassed water could only oxidize a small fraction of the large quantity of organic compounds

present; reducing the degradation percentage to unnoticeable levels [12].

In order to reduce solute degradation in the present study, water was degassed prior to the

conduct of solubility measurements while substantial amount of solutes was added into the
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equilibrium vessel. FTIR (Fourier transformed infra-red spectroscopy) recorded with a Thermo
Nicolet 370 FTIR spectrometer on a KBr disc was used to observe for degradation of
anthracene and p-terphenyl under the experimental conditions used in this study. No noticeable
degradation was found in both anthracene and p-terphenyl from the IR spectra obtained. The IR

spectra for both solutes are shown in Appendix A.

33 Solubility measurement
3.3.1 Materials

Anthracene (99 mole %) and p-terphenyl (99 mol %) were purchased from Sigma-Aldrich.

Both compounds were used as received. Deionised water was used in all experiments.

3.3.2 Apparatus and experimental method

A static equilibrium experimental set-up was utilized in this study and is shown in Figure 3.10.
Solute was packed into a 6 ml stainless steel equilibrium vessel together with a magnetic stirrer.
A front view diagram of the equilibrium vessel is shown in Figure 3.11(a). The amount of
solute loaded into the vessel was higher than the amount solubilized during the experiment, and
at all times there was an excess of solute. An external oscillating iron ring magnet attached to a
motor via stainless steel rods, guided the internal magnet. Filter stones of 2 um porosity were
fitted to each end of the vessel to prevent physical entrainment of the solute in the liquid phase.
A cross-section diagram of the filter stone set-up is shown in Figure 3.11(b). A Shimadzu GC-
8A chromatography oven was used for heating. The temperature indicator in the GC oven was
calibrated with a GMC-calibrated K-type thermocouple attached to a Jenco (model 7000CH)

temperature indicator.
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Figure 3.10: Schematic diagram of the solubility apparatus
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Figure 3.11: (a) Front view of equilibrium vessel  (b) Cross section view of filter stone set-up
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At the commencement of an experiment, an ISCO model 260D syringe pump was used to
supply water to the system. Water was not heated and set to the required temperature prior to
being pumped into the rig due to the limitations in the equipment available. Valves V1, V2 and
V4 were opened. Valve V2 and subsequently, V4, were closed once water dripped out. At the
onset of heating, valve V4 was occasionally opened to relieve pressure generated from thermal
expansion. Pressure was kept at 50 bar throughout the experiment with an ISCO syringe pump
operating in constant pressure mode. Pressures were measured with a Druck pressure transducer
(PDCR 911), coupled with a Druck DPI 260 pressure indicator calibrated with a Hydraulic
Deadweight Tester (Pressurements Model M2200). Stirring commenced at the onset of heating.
The average time for water in the equilibrium vessel to reach a required temperature is
described in Section 3.2.3. Once the system had reached the required temperature, the system
was left to equilibrate for a designated amount of time while being stirred by the magnetic stir
bar. Equilibration times for each condition were measured by measuring the concentration of
solute into aliquots of subcritical water solutions sampled at fixed time intervals. Equilibration
time for each condition is shown in Figure 3.12. Low solubilities and lower temperatures

required longer mixing time to reach equilibrium than high solubilities and high temperatures.

Heating and equilibration time for anthracene and p-terphenyl at
different temperatures
Heating time (min) Equilibration time (min)

200 °C 25 20

180 °C 23 22

170 °C 22 25

160 °C 21 25

150 °C 19 40

140 °C 18 40

120°C | 17 180

Figure 3.12: Heating and equilibration times required for solubility measurement at various

temperatures
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Near the end of the equilibration time, a weighed collection vessel (CV) dipped into a cold
water bath was connected to valve V2 (Figure 3.13). The collection vessel was made of a 1/2-
inch tube fitted with a 1/2-inch cap at the bottom, and a 1/2-inch to 1/8-inch reducer at the top,
with the 1/8-inch part of the reducer being connected to the collection vessel. All fittings and
tubing were made of stainless steel type 316. At the end of equilibration, the magnetic stirrer
was stopped. Nitrogen gas preset to 54 bar was allowed to contact the solution in the
equilibrium vessel via valve V3. Nitrogen was used to maintain the pressure of the solution in
the equilibrium vessel to prevent premature vaporization of the solution. In this way it is
possible to withdraw samples without disturbing the equilibrium condition (constant pressure,
temperature and phase composition). Once V3 was fully opened, V2 was opened for the
decanting of solution into the collection vessel (CV). When N, started to flow into the

collection vessel, V2 and V3 were shut and the oven was turned off.

] —> connect to valve, V2

nut <«— NPT to Swagelok
\ male connectors

%

,.____

Figure 3.13: front view of the collection vessel
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When the collection vessel had cooled, it was removed, externally dried and weighed. The
solvent and the precipitated solutes in the collection vessel were collected in a glass vial.
Further washings with acetone were conducted to ensure all solutes were collected in the glass
vial. Valve V2 was also washed with acetone. The liquid was collected in a glass vial and dried.
The solutes were then dissolved in analytical grade methanol and analyzed by UV. Five-point
calibration curves were generated for each solute, and shown in Appendices B1 and B2. Three
experimental runs were conducted on each solubility data point with a maximum of 5% relative
standard deviation (RSD) obtained. The reported solubility data is expressed as the mean values
of three experimental runs and given as mole fractions of the solute in water. The results were
compared against the solubility of anthracene in subcritical water from published literature and

are discussed in the following sections.

3.3.3 Rig validation

The ability of the apparatus designated for solubility study in this work, to accurately measure
solubility, was validated by measuring and comparing the solubility of anthracene in subcritical
water with published literature data. Solubility data of anthracene in subcritical water measured

at 50 bar was compared with various authors as shown in Table 3.4 and Figure 3.14.
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Table 3.4: Solubility (x;) of anthracene (mole fraction) in subcritical water measured using

various methods

Temperature 100 °C 150 °C 160 °C 200 °C
(3.20£0.50) x 107 | (9.2+0.60) x 10 (2.10£0.25) x 10
Miller et al. X> -
[15] [P =45 bar] [P =47 bar] [P =48 bar]
[dynamic]
RSD 15.6 % 6.5% - 11.9 %
(3.25+0.34) x 107 | (1.02+0.13) x 107 (1.38+0.19) x 10
Andersson X, -
etal. [3] [P =50 bar] [P =50 bar] [P =50 bar]
[dynamic]
RSD 10.5 % 12.7 % 2 13.8 %
(4.57+0.32) x 107 (1.59 £ 0.04) x 10° | (1.30+0.03)x 10"
Karasek et X3 -
al. [4] [P =39 bar] [P =54 bar] [P =77 bar]
[dynamic]
RSD 7.0 % - 25% 2.3%
2.40 x 107 9.00 x 10°® 1.85x 107 230x 10
Carr [9 2
arr [9] [P = 70 bar] [P = 70 bar] [P = 70 bar] [P = 70 bar]
[static]
RSD Not available Not available Not available Not available
(8.75+0.24) x 10° | (1.55+0.02)x 107 | (1.53+0.01)x 10™
This work | )
1S wor [P = 50 bar] [P = 50 bar] [P = 50 bar]
[static]
RSD - 2.74 % 1.90 % 0.88 %

x, = solubility in mole fraction, RSD = relative standard deviation
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Figure 3.14: Solubility data of anthracene in subcritical water at various temperatures from

various sources [note: standard deviations not available for Carr]

Table 3.4 and Figure 3.14 show that most of the solubility data were in reasonably moderate
agreement with each other. The variations found in measured data by various authors range
from 6% to 90% although most data are of the same order of magnitude. The RSDs for most of
the anthracene solubility data, apart from the work of Karasek et al. [4] and this study, were
mostly above 10%. The fairly high RSDs reflect moderate reproducibility of the data.

The solubility data of anthracene at 200 °C shows high variability among authors. The
solubility data obtained by Andersson et al. [3] and Karasek et al. [4] were in very good
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agreement. However, the work of Andersson et al. showed a high RSD at 13.8%. Low
reproducibility (high RSD) was reported by Andersson et al. when various collection solvents
were used in the analytical step required for quantification. Thus, the analytical step in solute-
solvent quantifications could be a source of error and may have contributed to the high RSD
obtained. Nevertheless, a high RSD may also indicate that saturation was not fully achieved in
the solute solution at 200 °C. Miller et al. [15] also obtained a fairly high RSD for their
solubility data at 200 °C. The 11.9% RSD obtained by Miller et al. could also represent a
degree of unsaturation in the solution collected. The results from the experiments conducted in
this study found that the solubility of anthracene at 200 °C is 15% higher than the value
reported in the work of Karasek et al.. While the system used in this study was similar to that of
Carr [9], the value obtained by Carr 33% higher at 200 °C. The higher value is attributed to the
fact that Carr collected the saturated aqueous solutions in an unsealed collection vial where
water may have been lost in the form of steam which could consequently lead to a higher

estimate of solute concentration; whereas in this study, a closed collection vessel was used.

At 100 °C, the solubility data of Miller et al. and Andersson et al. were found to be in good
agreement. However, the value obtained by Karasek et al. was approximately 40% higher than
Miller et al. and Andersson et al.. While the data obtained by Miller et al. and Andersson et al.
are similar, the high RSDs found in their work and the lower solubility values when compared
to Karasek et al., may point to a degree of unsaturation in their solutions. In the case of Carr, the
solubility data obtained at 100 °C was much lower than the data obtained by other works. The
primary reason was found to be the equilibration time used. In its infancy, the static equilibrium
technique utilized by Carr included a 10 min equilibration time. However, in was found in this

study that at 100 °C, an equilibration time of more than 8 hours is required.

In this study, it was also found that, at relatively low solubility and low temperature, longer
equilibration time is required for a static equilibrium solubility study. In fact, the equilibration
time required for anthracene at 120 °C was 7 times longer than that at 200 °C. It was also found
in this study that for a static equilibrium technique, verifying the difference in solute
concentrations at an interval of 20 or 30 minutes to determine an equilibration time may not
work well at very low solubilities and low temperatures. At very low solubilities, and

particularly at 100 °C and 120 °C, an interval of at least 1 hour is necessary to compare
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concentrations and determine equilibration time, as the differences found in solute
concentrations at 20-30 min intervals may well fall within 5% of each other. An experimenter
may misconstrue the 5% difference as experimental error and deem the solute solution
saturated. Hence, the equilibration time of 10 minutes used by both Mathis et al. [8] and Carr
[9] may have been insufficient at lower temperatures. Insufficient mixing time to achieve

saturation in a solution would be reflected in high RSDs and lower observed solubility values.

Despite the fact that the solubility values were compiled at similar temperatures, the pressures
of the system used by different authors to keep water in the liquid state were dissimilar.
However, such a relatively small range of pressures has been found to have no major effects on
the solubility of a solute in subcritical water [15]. Hence, the comparisons made among the five

studies in this paper are still relevant and valid.

3.3.4 Preliminary study on the effect of temperature and pressure on the solubility of a

PAH in subcritical water

In a preliminary solubility study, the effects of pressure and temperature, and the joint effect of
the two factors on the solubility of anthracene in water were studied. Solubility measurements
were conducted at 140 °C and 180 °C and at pressures of 50 bar and 150 bar. The results of the
solubility measurements are shown in Table 3.5. The interaction plots between the two factors
are shown in Figure 3.15 (a) and (b). The interaction plots indicate a strong interaction between
temperature and the solubility of anthracene in subcritical water. The calculation of the main
effects, shown in Table 3.6, confirms that temperature has the most significant effect on
solubility in subcritical water, while pressure, and the combined effect of temperature and
pressure (i.e. density), are not significant. The results shown in Table 3.6 are consistent with
observations made in the literature, in that the effect of pressure on the solubility of organic
compounds in subcritical water is minimal, particularly when the range of pressure considered
is relatively small. The preliminary 2-factor experimental design was not extended to p-
terphenyl as the PAH solute is expected to exhibit the same cause and effect behavior as
anthracene. The similarity in the solubility behavior observed between p-terphenyl and

anthracene can be found in a solubility study by Karasek et al. via the dynamic equilibrium
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method [4], and confirmed by the results obtained in the present study, described in Section

3.3.5.

Table 3.5: Solubility data of anthracene in subcritical water at 140 C and 180 °C and at
pressures of 50 bar and 150 bar

Factor: Pressure, P

Factor: Temperature, 7 P low (50 bar) P high (150 bar)
T'low (140 °C) 441 x10° 487 x 10°
T high (180 °C) 5.48 x 107 5.83 x 107
70 _70
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13} Q @-mmmmm————
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(=]
=20 - % 20 -
)
£10 - =10 -
= = <& 4
Z 0 . : : Z 0 . .
& 120 140 160 180 200 2 40 90 140
Temperature (°C) Pressure (bar)
—— Low pressure --@--High Pressure —— Low temperature --@--High temperature
(a) (b)

Figure 3.15: Interaction plots: the effects of temperature and pressure on the solubility of

anthracene in subcritical water
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Table 3.6: Main effects that contribute to the solubility of anthracene in subcritical water

Parameter Main effect Sum of squares
Temperature 5.19x 107 2.69 x 107
Pressure 1.97 x 10 3.89 x 107
Combined pressure and temperature -1.51 x 10°® 2.29 x 107"

3.3.5 The effect of temperature on the solubility of PAHs in subcritical water: binary

systems

In the preliminary study discussed in Section 3.3.4, solubility measurements were conducted at

high and low temperatures of 140 °C and 180 °C. In a more detailed investigation of the effect

of temperature, temperature measurements were extended to 120 °C and 200 °C. The pressure

of the system was kept constant at 50 bar. The solubilities of pure anthracene and p-terphenyl in

subcritical water are shown in Table 3.7 and Figure 3.16. The relative standard deviations for

all solubility data were found to be less than 5%.

Table 3.7: Solubility data (mole fraction) for binary water (1) — anthracene (2) and p-terphenyl

(1) — water (2) systems

T(C) Anthracene p-Terphenyl
X3 X2
120 (1.59 + 0.04) x 10°° (1.95+0.08) x 10~
140 (5.34+0.08) x 10°° (5.90 + 0.05) x 107
150 (8.75+0.24) x 10°° (1.05+0.03) x 10°
160 (1.55+0.03) x 107 (1.96 + 0.06) x 10
170 (3.04+0.16) x 107 (3.71+0.12) x 10°®
180 (5.29+0.10) x 107 (7.14+£0.24) x 10°
200 (1.53+0.01) x 10™ (2.43£0.03) x 107
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Figure 3.16: Binary solubility data of anthracene and p-terphenyl in subcritical water at 50 bar

and various temperatures

In accordance with previous reports [2-5,15], the solubilities of anthracene and p-terphenyl
were found to increase exponentially with temperature. The dramatic increase is generally
attributed, in the literature, to the reduced dielectric constant of water as a consequence of
temperature increase. However, the exponential increase observed in PAHs solubility with
temperature does not correspond to the rate of decrease in the dielectric constant of water,
particularly the sharp increase in solubility observed above 150 °C. In fact, the observed
exponential solubility trend shown in Figure 3.16 is more similar to the change in sublimation
pressure with temperature for both PAHs, as shown in Figure 3.17. The change in the dielectric
constant of water with temperature is shown in Figure 3.18, to provide a comparison with the
change in sublimation pressure. Attributing the increase in PAH solubilities in subcritical water
to the change in their sublimation pressure is reasonable since the solubilities of solid
hydrocarbons in supercritical fluids have also been shown to be heavily influenced by their
sublimation pressures [16,17]. The ratios of the dielectric constant, the sublimation pressures
and the PAHSs solubilities at various temperatures are shown in Table 3.8. The increment
change in solubility mirrors that of the sublimation pressures of the solid solutes, rather than

that of the dielectric constant.

47



0.04

5
5003 -

< 0.03
: .

£ 0.02
-

—p-Terphenyl

o

S

\S)
1

—— Anthracene

imation

0.01 -

0.01 - /

0.00 1 T T T T
373 393 413 433 453 473 493

Temperature (K)

Sumbl
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Table 3.8: Ratios of the dielectric constant (&) of water, PAHs sublimation pressures (PTsub) and

PAHs solubility (x7) at various temperatures

T &1 (P%Z> (@)
T, (°C) <_> Pr’/poan X1/ pAn
(°C) 672/ water
Anthracene p-Terphenyl Anthracene p-Terphenyl

120 140 1.10 2.79 3.67 3.36 3.03
140 150 1.05 1.60 1.81 1.64 1.78
150 160 1.05 1.56 1.74 1.77 1.87
160 170 1.05 1.52 1.69 1.96 1.89
170 180 1.05 1.49 1.64 1.74 1.92
180 200 1.05 2.08 2.48 2.89 3.40

With regard to the dielectric constant playing a smaller role in solubility, a further observation
can be made by comparing the solubility of anthracene in subcritical water with that in
nitrobenzene, as shown in Table 3.9. While both solvents exhibit similar dielectric constant
values, the solubility of anthracene in nitrobenzene is approximately 670 times higher.
Moreover, the solubility of anthracene in nitrobenzene is 31 times higher than in methanol even
though methanol bears a lower dielectric constant. It is evident, therefore, that the dielectric
constant is not the main determinant of PAHs solubility in solvents. Although temperature bears
considerable influence on both the dielectric constant of water and the sublimation pressure of
the solutes, the contrast in the trends observed points to solubility in subcritical water being
predominantly governed by the solute sublimation pressures. The effect from mixture density
has been established (in Section 3.3.4) as insignificant within the temperature and pressure
range considered in this study. The change in solvent density with temperature is shown in

Figure 3.19 to provide a comparison with Figure 3.17.
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Table 3.9: Solubility of anthracene in various solvents, temperatures and dielectric constants

Solvent Dielectric Conditions Anthracene References
constant Solubility
Nitrobenzene “34.8 25°C °1.03 x 107 1197, * [20]
Methanol €32.6 25°C 1326 % 10™ 1211, 4 [22]
Water ©34.7 200 °C, 50 bar 1.53x 107 ¢ [18]
1200
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Figure 3.19: The variation in the density of subcritical water with temperature at 50 bar

(reproduced from Parry et al. [10])
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3.3.6 The effect of temperature on the solubility of PAHs in subcritical water: ternary

systems

Subcritical water has been used to remove or decompose pollutants such as PAHs, pesticides
and polychlorinated biphenyls from contaminated soils. While systematic solubility studies on
PAHs in subcritical water has been widely conducted, most studies were carried out for binary
systems and very few data are available for solvent-solid-solid systems [2-5,15,23,24].
However, as pollutants rarely exist as a single component, solubility studies conducted on
multi-component systems would be beneficial. While the study on the effects of a co-solute on
another solute in subcritical water is scarce, Miller et al. [15] studied the solubilities of mixed
ternary PAHs in subcritical water. The solubilities of a mixture of carbazene, anthracene and
chrysene in subcritical water were measured between 25 °C and 200 °C. Miller et al. [15] found
that the PAHs behaved as separate solids at relatively lower temperatures as the solubilities of
the PAHs in the quaternary system were found to be similar to their individual solubilities in
subcritical water between 25 °C and 50 ‘C. However, as temperatures increased above 50 °C,

solubility depressions were found to occur in the 3 solutes.

In the present study, additional experiments were conducted to determine the effects of a co-
solute PAH on another PAH when the two solutes are mixed together in subcritical water. The
work conducted in this thesis is a continuing study on solid-liquid equilibrium (SLE) in ternary
systems consisting of solid-solid-solvent at different temperatures. This is the first known study
conducted on a mixture of two solutes in subcritical water at the invariant point where the
solution is saturated with both solutes. In this section, the solid-solid-liquid ternary systems of

p-terphenyl-anthracene-water at temperatures between 120 °C and 170 °C are presented.

In the conduct of the solid-solid-liquid equilibrium (SSLE) experiments, an equimolar mixture
of anthracene and p-terphenyl was packed into the equilibrium vessel prior to the start of the
experiment. All other parts of the experiment were conducted similarly to the experiment
conducted for binary systems. The amounts of solutes collected were dried and dissolved in
acetonitrile. Separation and analysis of solutes were conducted using a Waters RP-HPLC
(reversed-phase high pressure liquid chromatography) system. Chromatographic separations
were conducted with a Lichrosorb RP18 analytical column. The RP-HPLC gradient profile used

to separate anthracene and p-terphenyl is shown in Table 3.10, with a total separation run time
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of 60 minutes. Five point calibration curves were generated for each solute and are shown in
Appendices B3 and B4. The solubilities of the solutes in subcritical water at various
temperatures are shown in Table 3.11 and Figure 3.20. The natural logarithms of both the

binary and ternary solubilities of each PAH are shown in Figure 3.21.

Table 3.10: RP-HPLC mobile phase gradient with a flow rate of 1 ml/min

Time (min) Water (%) Acetonitrile (%)
0 50 50
20 50 50
30 30 70
45 30 70
50 50 50
60 50 50

Table 3.11: Solubility data (mole fraction) in subcritical water (1) — anthracene (2) — p-
terphenyl (3) system

T(C) X2 X3
120 (1.22+0.05) x 10° (1.82+0.07) x 107
140 (4.68 +0.35) x 10 (5.60 +0.35) x 107
150 (1.09 +0.06) x 10 (1.83£0.05) x 10
160 (1.52+0.06) x 10° (1.89 +0.03) x 10
170 (2.84+0.107 x 10° (8.67 £0.54) x 10
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Solubility depression was observed for anthracene at all temperatures, except at 150 °C, while
depression was observed for p-terphenyl at 120 °C and 140 “C. While the solubility depressions
observed are in agreement with the observations made by Miller et al. [15], the increased
solubilities of mixed anthracene and p-terphenyl at several temperatures show the unpredictable
effects of having a co-solute in subcritical water systems. In this study, it was assumed that the
mixing in the equilibrium vessel was sufficient to make both solutes available to the solvent,
and that there was no significant interaction between anthracene and p-terphenyl. Therefore,
both anthracene and p-terphenyl were treated as two pure solids in the ternary mixtures. While
it was assumed that two pure solid phases and a single liquid mixture exist in the ternary
systems, the reasons for the augmented solubility values of p-terphenyl at 150 °C and 170 °C
were unknown. It is possible that at these temperatures the dissolved anthracene acts as a co-

solute that enhances the solubility of p-terphenyl.

34 Conclusion

The static and dynamic equilibrium methods to determine solute solubility in subcritical water
are compared in this chapter. Both the static and dynamic equilibrium methods can yield
reasonable solubility results. However, using a dynamic equilibrium method for ternary systems
with two solid solutes could cause one component to be selectively extracted first and cause a
change in the equilibrium conditions with time. Hence, the static equilibrium method is a more
appropriate method to be utilized in this study even though it is a longer process. Precautions
must also be taken to ensure that equilibration, steady-state operation and closed-capture solute
collection are established in the static equilibrium method. The solubilities of anthracene and p-
terphenyl in subcritical water were successfully measured and found to increase exponentially
with temperature. The solubilities of PAHs in subcritical water were found to be governed
primarily by sublimation pressures of the solutes and only secondarily by the dielectric constant

of water.
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4 Solubility Measurement of PAHs in Ethanol-Modified Subcritical Water and
Subcritical Ethanol

4.1 Solubility measurement of PAHs in ethanol-modified subcritical water

The introduction of an organic co-solvent into a solution is one of the many methods that have
been used to enhance the solubility of non-polar solutes. Organic co-solvents such as ethanol
and acetone have been used in small amounts to modify the solvating power of other solvents
such as water. While an increase in temperature decreases the polarity of water, the same can
happen with the addition of a co-solvent (or modifier). Addition of 50 wt% of methanol into
water at room temperature has been found to decrease the dielectric constant of water from
78.48 to 56.28 [1]. Subcritical water with ethanol as modifier has been used to remove
nonylphenol polyethoxy carboxylates (NPECs) from industrial and municipal sludges, and has
been used in combination with solid-phase microextraction to extract atrazine from beef [2,3].
Organic co-solvents have also been used to increase the solubility of active pharmaceutical
ingredients (APIs) in subcritical water, and to control the particle morphologies of APIs in

subcritical water micronization processes [4].

Systematic investigations into the solubility of hydrophobic organic compounds in subcritical
water with organic modifiers are limited to a small number of studies. Solubility measurements
of triazine pesticides and budesonide in subcritical water with ethanol as a modifier have been
conducted, resulting in enhanced solubility for both compounds [5,6]. The solubility of atrazine
in subcritical water at 100 °C was found to increase over an order of magnitude when 20 wt%

of ethanol was added into the mixture [5].

In the present chapter, the solubilities of anthracene were measured for (1-f) water — f ethanol
mixtures at ethanol mole fractions, f= 0.01, 0.02, 0.03, 0.04, 0.06 and 0.10 at 50 bar between
393 K and 473 K. The study on the solubility behavior of PAHs in water-ethanol mixtures is
justified by the lack of available data on the effects of adding organic co-solvents to the
aqueous solubility of hydrocarbons at subcritical conditions. Also, the effects of added organic
solvents on the thermodynamics of solution for anthracene and the temperature dependence of

the solution process is necessary, and might enlighten the process of solubilization of a fairly
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bulky hydrocarbon compound. The solubility of anthracene in water-ethanol mixtures at

relatively lower temperatures (25 — 40 °C) had been conducted by Zhou et al. [7].

A static equilibrium method was employed in the present study to measure the solubilities of
anthracene and p-terphenyl. Solubility measurement in ethanol-modified subcritical water
follows from the experimental work conducted in chapter 3. A detailed discussion is given in

the following sections.

4.2 Preparation for solubility measurement: Solvents and solutes behavior at

subcritical conditions

The behavior of solvents and solutes in a modified subcritical water system could potentially
change with the addition of a co-solvent. The addition of a co-solvent changes the VLE of the
solvents involved, as well as the phase behavior of the organic compounds at subcritical
conditions. Therefore, an understanding of the vapor-liquid equilibria of the solvents involved
is essential, while the phase behavior of anthracene and p-terphenyl would need to be re-
examined. These two factors are discussed in the following sections. The addition of small
amounts of ethanol did not change the mixing and equilibration time required for the solution to

reach saturation.
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4.2.1 Vapor-liquid equilibria at subcritical conditions

Knowledge of the VLE of water-ethanol mixtures is required in order to ensure sufficient
pressure is applied to maintain the liquid state of the solvents. Saturated vapor pressure changes
with temperature and ethanol composition; the higher the ethanol composition and temperature,
the higher the vapor pressure. Hence, a literature research was conducted on saturated vapor
pressures for various ethanol-water compositions, at the highest temperature with which
solubility measurements were conducted. The vapor-liquid equilibrium of ethanol-water at 200
°C for various mole fraction of ethanol is shown in Table 4.1 and Figure 4.1. As the maximum
mole fractions of ethanol used in this study was 10%, a minimum pressure of 23 bar was
required to maintain the liquid state of the solvents involved. Hence, solubility measurement at

a pressure of 50 bar was sufficient to maintain the liquid state of the solvents in this study.

Table 4.1: Vapor-liquid equilibrium of ethanol-water at 200 °C [8]

Mol % ethanol Saturated Vapor Pressure
Vapor Liquid (bar)
13.4 23 17.9
17.5 3.2 18.7
26.2 6.6 20.7
33.7 11.2 22.7
42.4 21.4 24.8
71.9 68.9 29.1
92.9 93.4 29.5
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Figure 4.1: P-x-y diagram of ethanol-water VLE at 200 °C, reproduced from [8]

4.2.2 Phase behavior of PAHs in ethanol-modified subcritical water

A phase behavior study was conducted on anthracene and p-terphenyl in modified subcritical
water systems. A detailed discussion of the experimental set-up and methodology has been
presented in Chapter 3. The phase behavior of anthracene and p-terphenyl in several ethanol
fractions at 50 bar and various temperatures are shown in Table 4.2. Melting point depression
was observed for both anthracene and p-terphenyl. Hence, both compounds were found to be in
liquid phases at certain temperatures and ethanol mole fractions, as shown in Table 4.2.
Solubility measurements were not conducted for anthracene and p-terphenyl in water/ethanol

mixtures where liquid-liquid equilibrium was observed.
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Table 4.2: Phase behavior of anthracene and p-terphenyl at 50 bar and various temperatures and

mole fractions of ethanol

Compound | Temperature Mole fractions of ethanol in water, f
°O) 0.01 0.02 0.03 0.04 0.06 0.10

Anthracene 120 S-L S-L S-L S-L S-L S-L
140 S-L S-L S-L S-L S-L S-L
150 S-L S-L S-L S-L S-L S-L
160 S-L S-L S-L S-L S-L S-L
170 S-L S-L S-L S-L S-L S-L
180 S-L S-L S-L S-L S-L S-L
200 S-L S-L S-L S-L L-L L-L

p-terphenyl 120 S-L S-L S-L S-L S-L S-L
140 S-L S-L S-L S-L S-L S-L
150 S-L S-L S-L S-L S-L S-L
160 S-L S-L S-L S-L S-L S-L
170 S-L S-L S-L S-L S-L S-L
180 S-L S-L S-L S-L S-L S-L
200 S-L L-L L-L L-L L-L L-L

Note: S-L = solid-liquid equilibrium; L-L = liquid-liquid equilibrium

4.3 Solubility measurement
4.3.1 Materials

Anthracene (99 mole %) and p-terphenyl (99 mol %) were purchased from Sigma-Aldrich.
Both compounds were used as received. Ethanol absolute (99.9%) was purchased from

Scharlau Chemie. Deionised water was used in all experiments.

61



4.3.2 Apparatus and experimental method

A static equilibrium method was utilized to measure the solubility of PAHs in modified
subcritical water. The performance, validation, experimental set-up and method utilized in this
study have been discussed in Chapter 3 (section 3.3) and therefore, will not be discussed further

in this section.

4.3.3 Preliminary study on the effect of temperature, pressure and the addition of

ethanol on the solubility of a PAH in modified subcritical water system

The introduction of small amounts of ethanol could potentially change the “cause and effect”
behavior of PAH in subcritical conditions. While the effects from pressure changes on the
solubility of a PAH in subcritical water are almost negligible, the same could not be stated
confidently for a modified subcritical water system. Hence, in a preliminary study, the effects of
pressure and temperature, and their joint effect on the solvating power of modified subcritical
water were studied. Solubility measurements were conducted in 6 mol% of ethanol, at 140 °C
and 180 °C and at pressures of 50 bar and 150 bar. The results of the solubility measurements
are shown in Table 4.3 while Figures 4.2 (a) and (b) illustrate the interaction between the two
factors. The interaction plots again indicate the significant role played by temperature on
solubility, while it can be concluded that the effect of pressure on solubility in ethanol-modified
subcritical water mixtures remains insignificant. The combined effect of temperature and
pressure (i.e. liquid mixture density) on the solvating power of ethanol-modified subcritical

water systems, as apparent from Table 4.4, is also insignificant.
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Table 4.3: Solubility data of anthracene in subcritical water/ethanol systems at 140 °C and 180
°C and at pressures of 50 bar and 150 bar (= 0.06)

Factor: Pressure, P

Factor: Temperature, T P low (50 bar) P high (150 bar)
T low (140 °C) 4.54 % 107 3.81x 107
T high (180 °C) 3.29x 10* 3.42 x 10™
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Figure 4.2: Interaction plots: the effects of temperature and pressure on the solubility of

anthracene in subcritical water/ethanol system at = 0.06

Table 4.4: Main effects that contribute to the solubility of anthracene in subcritical

water/ethanol system at 140 °C and 180 °C, and at pressures of 50 bar and 150 bar (= 0.06)

Parameter Main effect Sum of squares
Temperature 2.94 x 10™ 8.65x 107
Pressure 2.85%x 10 8.14x 10"
Combined pressure and temperature -1.01 x 107 1.02 x 107"
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A further extension to this study was to investigate the effects of temperature, ethanol mole
fractions and the effects from the two factors combined, on the solvating power of subcritical
water/ethanol systems. A two-level factorial design, consisting of high and low temperatures of
140 °C and 180 °C, and high and low ethanol fractions at /= 0.01 and /= 0.10 were used in this
study. Table 4.5 shows the solubility of anthracene at these conditions while Figures 4.3 (a) and
(b) illustrate the interactions between the two factors (temperature and ethanol mole fraction).
While the significant contribution of temperature on increasing the solvating power of
subcritical water/ethanol mixtures have been proven, the sums of squares shown in Table 4.6
indicate also the prominent role played by ethanol. In fact, the sums of squares shown in Table
4.6 suggest that ethanol plays a slightly more prominent role than temperature in elevating the
solvating power of the modified subcritical water systems. The results from this preliminary
investigation match the findings of Curren, M. S. S. and King, J. W. [5] in that the rate of
increase in the solubility is higher with the addition of ethanol rather than with an increase in

temperature.

Table 4.5: Solubility data of anthracene in subcritical water/ethanol systems at 140 “C and 180
°C and ethanol mole fractions, = 0.01 and f=0.10

Factor: Ethanol mole fraction, f

Factor: Temperature, T flow (0.01) /f high (0.10)
T low (140 °C) 7.03 x 10° 239 x 10
T high (180 °C) 6.87 x 107 1.74 x 107
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Figure 4.3: Interaction plots: the effects of temperature and ethanol mole fractions on the

solubility of anthracene in subcritical water/ethanol system at 50 bar

Table 4.6: Main effects that contribute to the solubility of anthracene in subcritical

water/ethanol system at 140 °C and 180 °C and ethanol mole fractions, f=0.01 and /= 0.10

Parameter Main effect Sum of squares
Temperature 7.79 x 10 6.07 x 107
Ethanol mol fraction 9.50 x 10 9.02 x 107
Combined temperature and ethanol mol fraction -7.18 x 107 5.15x 107
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4.3.4 The effect of temperature and ethanol mole fraction on the solubility of PAHs in

modified subcritical water systems

While solubility measurements were conducted at high and low temperatures of 180 °C and 140
°C in the preliminary study, the temperature range was extended to include 120 °C and 200 °C
in the detailed investigation on the effect of temperature and ethanol mole fractions on
solubility. Hence, solubility measurements of anthracene and p-terphenyl in subcritical
water/ethanol system were conducted at 120 °C, 140 °C, 150 °C, 160 °C, 170 °C, 180 °C and
200 °C. Where a liquid solute phase was observed at 200 °C (shown in Table 4.2), solubility
measurements were not conducted. The solubility data of anthracene and p-terphenyl in
subcritical water/ethanol systems are shown in Table 4.7. Figures 4.4 - 4.5 illustrate the
solubility of anthracene and p-terphenyl in modified subcritical water systems with ethanol
mole fractions as a function of temperature, while the variation between solubility and
temperature as a function of ethanol mole fractions are shown in Figures 4.6 — 4.7. The
solubilities of both PAHs were found to increase exponentially with temperature as well as
ethanol fractions. Linear plots of natural logarithm of solubility (In x3) against temperature and
against ethanol fractions were obtained, as shown in Figures 4.8 — 4.11. A 3-dimension plot of
In (x3) against temperature and ethanol mole fraction is shown in Figure 4.12 for anthracene and

in Figure 4.13 for p-terphenyl.

At lower ethanol concentrations, the solubility of both PAHs was observed to increase
gradually as temperature was increased from 120 “C to 160 °C, but steepened above 160 °C.
The steepening of the solubility curve at 160 °C has been observed in a number of studies
[6,9,10]. However, the temperature at which the steepening in solubility was observed
decreases as ethanol concentration increases. Both anthracene and p-terphenyl demonstrate
sharp increases in their solubilities at around 140 “C - 150°C at ethanol mole fraction, /= 0.10.
Figures 4.9 and 4.10 also show a steepening in PAHs solubility when solubility was plotted

against ethanol mole fraction. The sharp increase in solubility was observed at = 0.06.

Anthracene solubility was found to increase by 19 - 43 fold in modified subcritical water
systems as temperature was raised from 120 °C to 180 °C. The solubility of anthracene was

found to increase between 25 and 54 folds when ethanol composition was raised from 0.01
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mole fraction to 0.10 mole fraction. The effect of adding a co-solvent has greatly enhanced the
solubility of anthracene and p-terphenyl in subcritical water. In fact, the results obtained in this
study show that a small addition of 0.01 to 0.02 mole fractions of ethanol could yield the same
increase in the solubility of the PAHs as when temperature was increased by 10 °C. Take for
example, the solubility of p-terphenyl in subcritical water at 160 °C is 1.96 x 10 (mole
fraction). The solubility of p-terphenyl increased to 3.71 x 10° (mole fraction) when
temperature was increased to 170 °C. The same increase in the solubility of p-terphenyl can
also be obtained by adding approximately 0.015 mole of ethanol into the solutions while
maintaining the same temperature at 160 °C. Hence, the use of a modifier can easily reduce the
need for higher processing temperatures, and subsequently, lowering the temperature at which
subcritical water processes such as extraction and micronization can be conducted. It is
apparent that both temperature and modifier contribute to the overall increase in the solubility
of the two PAHs studied. The results obtained therefore show the flexibility in terms of using
temperature, co-solvent or both to enhance the performance of subcritical water processes.
However, a cost benefit analysis is required to indicate the better choice, as increasing
temperature increases energy cost while a co-solvent has the added cost of

extraction/elimination of the co-solvent at process-end.
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Table 4.7: Solubility data for ternary water (1) - ethanol (2) — anthracene (3) systems

TCO | £

X3

P

X3

120 0.01
140
150
160
170
180
200

(1.69 £ 0.04) x 10°®
(7.03 +0.02) x 10
(1.32 +£0.03) x 10”
(2.28 £0.04) x 107
(4.32+0.11) x 107
(6.87+0.29) x 107
(2.12+0.06) x 10™

0.04

(6.43+0.11) x 10°
(2.23 £0.04) x 10”
(3.63+0.10) x 107
(6.25+0.04) x 107
(1.09 £0.01) x 10™
(2.09 £ 0.06) x 10™
(4.91+0.13) x 10™

120 0.02
140
150
160
170
180
200

(2.45+0.12) x 10°®
(9.72 +0.29) x 10°°
(1.76 + 0.06) x 107
(3.20+0.10) x 107
(5.85+0.19) x 10”
(1.07+0.03) x 10™
(2.89 £ 0.10) x 107

0.06

(1.53 +0.06) x 107
(4.54+0.19) x 107
(7.72 £ 0.24) x 107
(1.19 + 0.06) x 10™
(2.06 £ 0.09) x 10™
(3.29+0.10) x 10™

120 0.03
140
150
160
170
180
200

(5.15+0.08) x 10
(1.67 £0.06) x 107
(2.66 +0.07) x 107
(4.96 +0.18) x 10”
(8.13+0.02) x 107
(1.47+0.07) x 10
(3.89 +0.13) x 10™

0.10

(9.09+0.11) x 107
(2.39 +0.05) x 10™
(4.14+0.10) x 10™
(6.52+0.01) x 10™
(1.11 +0.00) x 107
(1.74 £ 0.03) x 107

Notes:

f> = mole fraction of ethanol in the solvents = moles of ethanol/(moles of ethanol + water)

x1=(1-x3)*(1-f)
X2 =ﬁc1/(1 —f)
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Table 4.8: Solubility data for ternary water (1) - ethanol (2) — p-terphenyl (3) systems

TCO | £

X3

S

X3

120 0.01
140
150
160
170
180
200

(2.81+0.02) x 107
(8.40+0.17) x 107
(1.75 £ 0.08) x 10°®
(3.15+0.13) x 10°
(6.05+0.02) x 10°®
(1.17 £ 0. 06) x 107
(3.76 £ 0.09) x 107

0.04

(9.62+0.41) x 107
(3.08 £ 0.15) x 10°
(5.47 £ 0.00) x 10°®
(1.05 £ 0.04) x 107
(2.13+0.02) x 107
(3.34+0.15) x 107

120 0.02
140
150
160
170
180

(4.72 +0.08) x 107
(1.33+0.01) x 10°
(2.39+0.09) x 10°
(4.77+0.09) x 10
(7.63 £ 0.20) x 10°®
(1.65+0.06) x 107

0.06

(2.07 +0.05) x 10°
(6.72+0.03) x 10°
(1.25+0.01) x 107
(2.25+0.09) x 107
(428 +0.07) x 107
(729 +0.31) x 107

120 0.03
140
150
160
170
180

(5.80 £ 0.09) x 107
(2.28 £0.02) x 10°®
(4.15+0.04) x 10°®
(7.36 +0.07) x 10
(1.35+0.01) x 107
(2.41£0.08)x 107

0.10

(1.34 £ 0.06) x 107
(4.19£0.12) x 107
(6.87 +0.07) x 107
(1.33+0.03) x 10™
(2.26 £0.03) x 10™
(3.67+0.07) x 10™

Notes:

> =mole fraction of ethanol in the solvents = moles of ethanol/(moles of ethanol + water)

x1=(1-x3)*(1 -)
X2 =f5€1/(1 —f)
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Figure 4.4: Solubility of anthracene as a function of temperature in subcritical water (1) —

ethanol (2) — anthracene (3) systems
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Figure 4.8: Plot of In (x3) versus temperature for anthracene in subcritical water/ethanol
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Figure 4.9: Plot of In (x3) versus temperature for p-terphenyl in subcritical water/ethanol
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Figure 4.10: Plot of In (x3) versus ethanol mole fraction for anthracene in subcritical

water/ethanol
-7
-8 - C]
9 -
10 | 4 ] . 4120°C
= p m 140 °C
o-11 = A
e’ . +150°C
E-12 K A .
® 160 °C
-13 a170°C
-14 o180 °C
-15 €200 °C
'16 T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Ethanol mole fraction, f

Figure 4.11: Plot of In (x3) versus ethanol mole fraction for p-terphenyl in subcritical

water/ethanol

75



In (x;)

-10

-12

-14

443.15

433.15
0.01 423.15
0.03 413.15
0.04 393.15
0.1

Temperature (K)

Ethanol mole fraction, f,

Figure 4.12: Plot of In (x3) against ethanol mole fraction and temperature for anthracene

-9
~ -10
i: 11
12
13
-14

' Temperature (K)

Ethanol mole fraction, f,
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4.4 Solubility measurement of solid PAHs in subcritical ethanol

Solubility study of solid PAHs were also extended to subcritical ethanol system and included in
this chapter. The motivation behind the solubility measurements of solid PAHs in subcritical
ethanol was, however, purely for thermodynamic modelling rather than practical purposes. The
solubilities of PAHs in subcritical ethanol were investigated in order to obtain the binary
interaction parameters between PAHs and ethanol for the UNIQUAC model. Hence, solubility

measurements were only conducted at selected temperatures at an isobaric condition of 50 bar.

Ethanol is a widely used polar protic solvent due to its low toxicity and high solvating power.
Similar to water, the dielectric constant of ethanol decreases with increased temperature, as
shown in Figure 4.14. At subcritical conditions, ethanol has been used to extract cotton
cellulase, decompose oil palm fruit press fiber through subcritical ethanol liquefaction, and
extract lipids from wet microalgae paste of Nannochloropsis sp. [11-13]. Subcritical ethanol has
also been used to liquefy cornstalks to convert the cornstalk-based biomass into liquid fuel [14].
While a number of studies have been conducted using subcritical ethanol as a processing
medium, it is surprising that investigation into the solute-subcritical ethanol behavior cannot be
found in the literature. In this study, a static analytical equilibrium method was employed to
measure the solubilities of anthracene and p-terphenyl in subcritical ethanol at temperatures

between 120 °C and 170 °C.

4.4.1 Ethanol VLE and the phase behavior of solutes at subcritical conditions

Saturated vapor pressures of ethanol at various elevated temperatures are shown in Table 4.9.
The data from both tables show that 50 bar is sufficient to maintain the liquid state of ethanol at
elevated temperatures. The investigation into the phase behavior of the two PAHs in subcritical
ethanol was similar to the experimental method described in Chapter 3. Melting point
depression was also observed with both compounds behaving as liquids at certain temperatures,

as shown in Table 4.10.
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Figure 4.14: The dielectric constant of ethanol at various temperatures, reproduced from [15]

Table 4.9: Saturated pressures of ethanol at various temperatures

Temperature (°C) Saturated vapor pressure (bar)
120 4.30
140 7.57
150 9.81
160 12.52
170 15.78

Note: Data calculated from:[16] using Antoine equation with A =7.68117, B =1332.04, C=199.2
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Table 4.10: Phase behavior of anthracene and p-terphenyl in subcritical ethanol at 50 bar and

various temperatures

Temperature (°C) Phase behavior
Anthracene 120 Solid-liquid
140 Solid-liquid
150 Solid-liquid
160 Solid-liquid
170 Solid-liquid
180 Solid-liquid
200 Liquid-liquid
p-terphenyl 120 Solid-liquid
140 Solid-liquid
150 Solid-liquid
160 Solid-liquid
170 Solid-liquid
180 Solid-liquid
200 Liquid-liquid
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4.4.2 Solubility measurement in subcritical ethanol
4.4.2.1 Materials

Anthracene (99 mole %) and p-terphenyl (99 mol %) were purchased from Sigma-Aldrich.
Both compounds were used as received. Ethanol absolute (99.9%) was purchased from

Scharlau Chemie.

4.4.2.2 Apparatus and experimental method

A static equilibrium method was utilized to measure the solubilities of anthracene and p-
terphenyl in subcritical ethanol. While the experimental method remained the same (as with
previous measurements in Chapters 2 and 3), the experimental set-up, and the analysis on the
amount of solutes collected were modified to cater to the high solubility of the PAHs in
subcritical ethanol, and to reduce the risk of fire hazard arising from the high flammability of
ethanol. A schematic diagram of the experimental set-up is shown in Figure 4.15. Among the
changes that were made to the rig was the addition of a CO, supply line into the GC oven as a
fire hazard preventive measure. If leakages were to occur in the rig while the experiment was
running, CO; as a sweeping gas, would dilute the concentration of oxygen and ethanol vapor in
the oven and prevent combustion from occurring. The flow of CO, into the oven was controlled
by a micro-metering valve. The CO, line-end in the oven was coiled to ensure CO; attained the
temperature of the oven prior to its release. The coiling of the CO; line-end also prevented any
temperature fluctuations in the oven. The lines external to the oven were also changed to bigger
tubes to prevent line-clogging by the solutes. The amount of solutes and ethanol collected were

measured gravimetrically.
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Figure 4.15: Schematic diagram of the solubility apparatus for measurement in subcritical

ethanol

4.4.3 The effect of temperature on the solubility of PAHs in subcritical ethanol

Solubility measurements were conducted between 120 °C and 170 °C. Solubility measurements
did not proceed above 170 °C due to the limitation in the rig as solutes began to clog the lines
external to the oven. The pressure of the system was kept constant at 50 bar. The solubility data
of pure anthracene and p-terphenyl in subcritical ethanol were found to increase exponentially
with temperature, and are shown in Table 4.11 and Figure 4.16. The rate with which the
solubility of p-terphenyl increases with temperature is found to be higher than for anthracene.
The probable cause for the increase is the higher rate of increase in the sublimation pressure of

p-terphenyl. Further discussion on this subject is given in Chapter 5.
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Table 4.11: Solubility data for binary subcritical ethanol (1) — anthracene (2) and subcritical

ethanol (1) — p-terphenyl (2)

T(C) anthracene p-terphenyl
X2 X2
120 (1.64 £ 0.05) x 107 (6.55+0.13) x 10
140 (2.79 +0.13) x 107 (1.51 +0.05) x 107
150 (3.20 £ 0.16) x 107 (2.50 £ 0.03) x 107
160 (4.36 +0.19) x 107 (4.36 +0.06) x 107
170 (6.82+0.18) x 107 (9.54 +0.20) x 10
0.1

0.05 -
—&— Anthracene

ceee@eee p—Terphenyl

Solubility, x, (mole fraction)

110 130 150 170
Temperature (°C)

Figure 4.16: Solubility data of anthracene and p-terphenyl in subcritical ethanol at 50 bar and

various temperatures
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4.5 Conclusion

The solubilities of anthracene and p-terphenyl in modified subcritical water systems have been
found to increase exponentially with temperature, as well as with ethanol concentration. Sharp
increases in solubility were observed at 140 °C — 160 °C, and at f > 0.06. In a modified
subcritical water system, temperature and the composition of a co-solvent are significant
contributors to solubility. The effect on solubility from pressure in the 50 - 150 bar range and
the combined effect of pressure and temperature in a modified subcritical water system are
negligible. The solubilities of anthracene and p-terphenyl in subcritical ethanol are shown in
this study to increase exponentially with temperature although anthracene increases at a slower

rate than p-terphenyl
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5 Thermodynamic Modelling

5.1 Introduction

Classical chemical engineering thermodynamic models can generally be categorized into three
types, with the models being based on (a) the excess Gibbs free energy or activity coefficient,
(b) equations of state, and (c) empirical methods. A number of thermodynamic models have
been utilized to calculate the solubility of organic compounds in subcritical water. Solubility
data have been correlated empirically with temperature in the simplistic form of (0 In x,/0T)
where the relative increase in solubility of compounds with temperature can be compared [1].
An approximation model was also developed in which solubility was estimated from values at

ambient temperature [2]. The equation for the approximation is shown in Equation (5.1):

Inx, (T) = (%) Inx, (T,) (5.1)

where x,(T) is the mole fraction of solubility at any given temperature while x,(T,) is the
solubility at ambient temperature. Equation (5.1) is based on the premise that the Gibbs
function for the solution does not change over the temperature range considered as the
enthalpies of solution for the solutes investigated do not change greatly with temperature, and
are greater than their entropy of contribution [2]. Further extensions were made to Equation
(5.1) through the addition of a cubic equation to the base of Equation (5.1) [2,3], as given by
Equations (5.2) and (5.3).

Inx; (T) = () Inx, (T) + 15 (2 - )3 (5.2)
Inx, (T) = (%) In x, (T,) + 2 (T;OTO - 1)3 (5.3)

While Equations (5.1) to (5.3) could provide moderate estimates of solubility data, the fact that
each equation works better at different temperature ranges indicate the difficulty in generalizing

these equations for application to a wide range of compounds and temperatures.
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In a liquid mixture, calculations of activity coefficients are generally used to predict solubility,
with the binary-pair interactions and the group contribution methods frequently used. The most
commonly used binary interaction methods are the Universal Quasi-Chemical equations
[UNIQUAC] [4] and the Non-random two liquid model [NRTL], while the most widely used
group contribution method is the Universal Functional Activity Coefficient method [UNIFAC]
[5]. The advantage of using the UNIQUAC method compared with the NRTL is the
requirement of two adjustable parameters per binary, whereas the NRTL requires a third
parameter that accounts for non-randomness. Andersson and Prausnitz [6] further argued that
the accuracy of experimental data is rarely high, and of sufficient quality and quantity to justify
more than two binary parameters. A further advantage in using the UNIQUAC model is the
ability to extend the application of the interaction parameters from binary systems to ternary
systems; allowing for an estimate of phase equilibrium data for ternary systems. The drawback
of the UNIQUAC model was removed by the group contribution approach as the interaction
parameters are assigned to functional groups rather than compounds. Thus, the activity
coefficients of a mixture consisting of multiple components can be calculated by relatively few

functional groups.

The UNIQUAC functional group activity coefficients model (UNIFAC) is the most well-known
group contribution method and has been used to calculate vapour-liquid equilibria (VLE),
liquid-liquid equilibria (LLE), solid-liquid equilibria (SLE) and to determine the activities in
polymer solutions [7]. The UNIFAC-based model has been used to calculate the solubility of
various organic and inorganic systems [8,9]; the advantage being its extensive database that can
be applied to multi-component mixtures. The UNIFAC model proposed in 1975, also known as
the original UNIFAC (O-UNIFAC) model, was found to be inadequate in terms of its
calculation of the activity coefficients of solutions at infinite dilutions and in its lack of
temperature dependence for the excess Gibbs energy. Various researchers have shown that the
calculations for the activity coefficients at infinite dilution are unsatisfactory [7,10]. The O-
UNIFAC also falls short in its predictability capabilities for the enthalpies of mixing. Hence,
the O-UNIFAC went through a series of revisions and extensions, and has since evolved into
what is now known as the M-UNIFAC (modified UNIFAC) model [7,11-13]. The primary
changes made to the M-UNIFAC method was inclusion of the temperature dependence of the

activity coefficients; reflecting real behavior in multi-component systems. In addition, the
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combinatorial part was changed empirically to account for compounds very different in size.
One of the drawbacks of using the UNIFAC models is that not all group parameters for
compounds are available. When group parameters are unavailable, data have to be taken from

structurally similar substances, reducing the reliability of solubility estimations.

Since their introduction, a number of modifications have also been applied to the UNIFAC-
based models, which include the addition of an association term to the UNIFAC-based models.
A number of the association terms included in the UNIFAC models take into account the self-
and cross-association in mixtures, and are based upon the Wertheim's pertubation theory. The
capabilities of the different UNIFAC-based models for the prediction of solubilities of PAHs in
subcritical water were studied by Fornari et al. [8]. The investigation concluded with the
findings that the M-UNIFAC model, incorporating temperature dependent aromatic-water
interaction parameters, provided the best prediction and representation of solubility as a
function of temperature for a number of PAHs in subcritical water. The A-UNIFAC model
(association term included) performed poorly in comparison to both the M- and O-UNIFAC
models; the reason being the non-dependencies of the association energy on temperature. One
major consideration in the use of the UNIQUAC and UNIFAC models was that these models
were conceived on the basis of low pressure data. Hence, there is an approximation when these
models are applied at high pressures. However, as established in previous chapters, the effects
of pressure on solubility in subcritical water and ethanol-modified water systems are
insignificant. Hence, the use of the UNIQUAC and UNIFAC models for analysis of these

systems is still valid. The thermodynamic models are given in detail in the following sections.
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5.2 Thermodynamic framework

When a solid solute is in equilibrium with its liquid phase in a mixture, the equi-fugacity

equation is given by:
f 25 = f 2L (5.4)

where £ is the fugacity of the solid solute and £ is the fugacity of the solute in a liquid
solution. The solvent is assumed not to dissolve into the solid phase, and thus, if the solid phase

is a pure compound, then £ is the fugacity of the pure solid solute where

f2=r (5.5

In the liquid phase, the fugacity of the solute is related to its activity coefficient given by:

fr = Vaxafs (5.6)

where x, is the mole fraction of the solute in the liquid solution, y, is the activity coefficient
and ff is the fugacity of pure liquid of the solute at system temperature. In the system
considered in this study, subcooled liquid is the best state to represent the fugacity of the pure

component in the reference state. Therefore, equating Equations (5.5) and (5.6),

f2 = vaxofy (5.7)
fS
é =YX (5-8)

The ratio of the fugacities in Equation (5.8) has been discussed elsewhere [14] and can be

written in the form of:

In (ﬁ) == L (fme_q) R (Tme ) 4 By (T g ViVs gp (5.9)

fF RTyz \ T R "2 Psqt RT

where AH is the enthalpy of fusion, R is the gas constant, 7}, is the melting temperature of pure
substance 2 and 7 is the temperature of the system. Consequently, the solubility of a solute in
equilibrium with a liquid mixture can be calculated by equating Equations (5.8) and (5.9) and
expressed through Equation (5.10) while the activity coefficient was obtained through the
UNIQUAC and UNIFAC models.
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_ AHf (T, ACpy (T2 ACp; T P vf-vy
ln(xz) = - sz(T - 1) + T(T - 1) + R In (%) - fPsatTdP - 11’1]/2 (510)

AHy is the enthalpy of fusion, R is the gas constant, T, is the melting temperature of pure
substance 2, 5 is the activity coefficient of pure substance 2, 7 is the temperature of the system,
and ACp, is the difference between the heat capacity of the pure liquid and the solid solute. V

and V5 are the molar volumes of pure solid solute and subcooled liquid solute respectively.

The fourth term on the right hand side of Equation (5.10) takes into consideration the added
effect of pressure on the fugacity of the solute, and is only significant at very high pressures [8].
The second and third term on the right hand side of Equation (5.10) are generally assumed to
cancel out each other when the temperature of the mixture is near to the solute melting
temperature [8], or is generally considered to be insignificant compared with the first term [15].
Hence, Equation (5.10) is reduced to Equation (5.11) from which the activity coefficient can be
estimated.

In(x,) = —ﬂ(@— 1) —Iny, (5.11)

RTmz \ T

5.2.1 The UNIQUAC Model

Fundamental to the UNIQUAC method is the calculation of the activity coefficient based on
two separate parts: the combinatorial part that contributes to the activity coefficient of a
molecule due to the differences in the molecular size and shape, and the residual contribution
due to molecular interactions. In the residual part, energy interactions, functional group sizes
and interaction surface areas are introduced from independently obtained pure component
molecular structure data. The UNIQUAC model is primarily used to represent vapour-liquid
and liquid-liquid equilibria (VLE and LLE) of multi-component mixtures at pressures far from
the critical pressure. In this work, where the solubility data were measured at 50 bar, the
UNIQUAC model was chosen, supported by the negligible effect of pressure on solid solubility
shown in Chapters 3 and 4. The activity coefficient of a molecular component in a multi-

component mixture is given by:

&9



Iny; =Inyf + Inyf (5.12)

where y; is the activity coefficient of a component in a mixture, y{ is the combinatorial part of
the activity coefficient while ¥y~ is the residual part of the activity coefficient. The

combinatorial part of the activity coefficient is expressed as:
=2+ 2gIng +1 - 2% (5.13)

while the residual part is expressed as:

Inyf =g [1 In(T;6,7;) — X, Zkee‘::"-]'k]] (5.14)

where

li=50i—q)— (= 1) (5.15)
= ﬁ (5.16)

=g (5.17)

Tj; = exp (— %) = exp (— %) (5.18)
= TR, (5.19)

i =2 v 0k (5.20)

x; 1s the mole fraction of component i, ; is the area fraction while ®; is the segment/volume
fraction for component i. Parameters r; and g; are calculated from the van der Waals volumes
and surface areas whereas z is the coordination number, usually associated with the number 10.
Parameters 7;; and 7;; are the two adjustable binary parameters obtained from experimental

data.
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5.2.2 The O-UNIFAC model

The O-UNIFAC model [5] was developed from the UNIQUAC model where the combinatorial
part of the activity coefficient was used directly from the UNIQUAC model. The residual part

of the activity coefficient is given by:
Inyf = v Ot — InT] (5.21)

where [, is the group residual activity coefficient while Flgi) is the group residual activity

coefficient in a solution containing only molecule i. [, and Flgi) can be calculated from

T = Qi [1 = 10T O Vi) = Zm ot | (522)

n en'{'nm

0, 1s the group area fraction and X,, is the group mole fraction given by

_ _QmXm

Om = 5 antn (5:23)
_ vy

X = S0 (5.24)

Y,.m 1s the UNIFAC group interaction parameters given by equation:

Yum = exp (— anTm) (5.25)

where a,,, 1s the UNIFAC group interaction parameters between groups » and m.

5.2.3 M-UNIFAC model

The Modified UNIFAC model semi-empirically estimates the activity coefficient through the
sum of a combinatorial and a residual part given by Equation (5.12). The combinatorial part
was originally derived from the Flory-Huggins equation, but has since been changed in an
empirical way to deal with compounds of very different sizes. The combinatorial activity

coefficient is given by:
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InyS =1-V';+InV}—5q[1- 4n (Z—)] (5.26)

Parameter V'; is calculated from the relative van der Waals volumes R; of different groups

where:
' ri3/4
V= W (5.27)

Parameters 7; and ¢; are the sum of the group volume, R; and group area, O, parameters, given

by:
=Y v Ry (5.28)

i =2 v (5.29)

where vlgi) is the number of type k groups in molecule i, and is always an integer. R; and Oy are
obtained from the van der Waals group volume and surface areas. V; is the auxiliary property

(volume fraction/mole fraction) for component i given by equation

v, = (5.30)

2jxjr;

while F; is the auxiliary property (surface fraction/mole fraction) for component i given by

F, =1 (5.31)

2jxjq;

The residual section of the activity coefficient is given by

Inyf =%, v (InT - InTY) (5.32)
where

Om¥,,
N Ty = Qi [1 = 10 O i) = T | (5.33)
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InTy is the group residual activity coefficient while I ,(ci) is the residual activity coefficient of
group k in a reference solution containing only molecules of type i. 8,, is the group area

fraction and X, is the group mole fraction given by:

_ QOmXm

Om = 5 antn (5:34)
_ L

X = S 20 (5.35)

Y,m 1s the UNIFAC group interaction parameters given by equation:

2
Y. = exp (_ anm+bm,;T+can ) (5.36)

where a,,, b, and c,,, are UNIFAC group interaction parameters between groups n and m.

In this study, the UNIQUAC, O-UNIFAC and M-UNIFAC methods were used to calculate the
solubilities of anthracene and p-terphenyl in various binary and ternary subcritical solvent
systems. The combinatorial and residual contributions of these three methods were compared

and results are discussed in the following sections.
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5.3 Results and Discussion
5.3.1 Empirical model: Variation of solubility with temperature

The solubilities of anthracene and p-terphenyl in subcritical water, subcritical ethanol and
modified-subcritical water have been shown in previous chapters to increase exponentially with
temperature. Plots of natural logarithm of solubilities [In (x,)] of anthracene and p-terphenyl as
a function of temperature yield near linear relationship, as shown in Figures 5.1 - 5.4. A simple
empirical equation, Equation (5.37), can be used to describe the solubility behavior of

anthracene and p-terphenyl given by
In x501ute = MT + ¢ (5.37)

where Xsonte 18 the solubility of the solute, 7 is the absolute temperature, while m and ¢ are
constants. The values of m and ¢ are given together with the correlation coefficients, in Table

5.1.
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Figure 5.1: In (x;) as a function of temperature for subcritical water (1) — anthracene (2) and

subcritical water (1) — p-terphenyl (2) systems
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Figure 5.2: In (x;) as a function of temperature for subcritical ethanol (1) — anthracene (2) and

subcritical ethanol (1) — p-terphenyl (2) systems
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Figure 5.3: In (x3) as a function of temperature for subcritical water (1) — ethanol (2) —

anthracene (3) system [f= moles of ethanol / moles of ethanol + water]
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Figure 5.4: In (x3) as a function of temperature for subcritical water (1) — ethanol (2) — p-

terphenyl (3) system [f'= moles of ethanol / moles of ethanol + water]
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various subcritical solvent systems

Table 5.1: Parameters m and c¢ derived from Equation (5.37) for anthracene and p-terphenyl in

Solvent(s) Compound m c correlation coefficient, r
Water Anthracene 0.0575 -35.938 0.9989
p-terphenyl 0.0609 -39.450 0.9994
Ethanol Anthracene 0.0217 -14.797 0.9863
p-terphenyl 0.0525 -25.787 0.9991
Water-ethanol Anthracene 0.0597 -36.602 0.9978
f=0.01 p-terphenyl 0.0621 -39.569 0.9995
Water-ethanol Anthracene 0.0597 -36.257 0.9983
f=0.02 p-terphenyl 0.0589 -37.785 0.9980
Water-ethanol Anthracene 0.0542 -33.423 0.9984
f=0.03 p-terphenyl 0.0617 -38.562 0.9992
Water-ethanol Anthracene 0.0546 -33.423 0.9994
f=0.04 p-terphenyl 0.0604 -37.613 0.9990
Water-ethanol Anthracene 0.0510 -31.092 0.9994
f=0.06 p-terphenyl 0.0599 -36.636 0.9998
Water-ethanol Anthracene 0.0495 -28.752 0.9997
f=0.10 p-terphenyl 0.0557 -33.109 0.9993

The In x50 1ye = MT + ¢ model is the simplest representation of the solubilities of anthracene
and p-terphenyl at various temperatures. It is noteworthy that the rate with which solubility
increases with temperature in subcritical water is higher for p-terphenyl than for anthracene, as
observed in the higher m value. The possible explanation for this behavior is the lower rate of
increase in the sublimation pressure of anthracene with temperature. The sublimation pressure
ratio of anthracene relative to p-terphenyl is shown in Figure 5.5, of which the sublimation
pressure ratio decreases with rising temperature. Similar observations can be made for the
ethanol and ethanol-modified systems in which the rates of increase for anthracene are lower. It
is of interest to note that the rate with which the solubility of p-terphenyl increases with
temperature in subcritical ethanol is higher than in subcritical water, while anthracene has a

lower rate in subcritical ethanol than in water. However, in the water-ethanol solvent systems,
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the rate with which the solubilities of p-terphenyl and anthracene increase with temperature is
lowered with higher ethanol concentration. The linear plots obtained from Equation 5.37
allowed for an easy prediction/extrapolation of anthracene solubility to higher temperatures,
although the simplicity of the empirical model limits its ability to forecast solubility to the

temperature range investigated in this study.

—
[\S)

J—
(e
1

Sublimation pressure ratio, r,,

373 393 413 433 453 473 493
Temperature (K)

Figure 5.5: Sublimation pressure ratio of anthracene relative to p-terphenyl with data
reproduced from [16] [r,, = sublimation pressure of anthracene / sublimation pressure of p-

terphenyl]
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5.3.2 Correlation via the UNIQUAC model

The UNIQUAC method was applied to all solute-solvent systems investigated in this thesis.
The UNIQUAC-based parameters employed in the calculation of PAHs solubility are shown in
Table 5.2. Group volume parameter (Ry) and surface area parameter (Qx) values are taken from

an updated O-UNIFAC group specifications data since the combinatorial part of the activity
coefficient ( In yl-C) in the O-UNIFAC model was taken directly from the UNIQUAC model.

Table 5.2: Parameters used in the UNIQUAC and O-UNIFAC models (values obtained from
[15])

Compound Group Group volume parameter (Ry) Surface area parameter (Qy)
anthracene/ p- | ACH (9) 0.5313 0.400
terphenyl AC (10) 0.3652 0.120
water H,O (7) 0.9200 1.400
ethanol CH; (1) 0.9011 0.848
CH, (2) 0.6744 0.540
OH (14) 1.0000 1.200

The energy interaction parameters, u; and u; were obtained from binary systems, and these
values were extended to ternary systems. For the PAH-ethanol and PAH-water systems, the u;;
and u; parameters were calculated directly from the experimental data collected in this thesis
while the u; and uj; values for the water-ethanol system were obtained from the DECHEMA
series [17]. The binary interaction parameters for the water-ethanol systems were chosen from a
VLE system that best describes the temperature range of this investigation. The use of VLE
parameters in this analysis is perhaps a cause for concern since it is not the same as
experimental conditions. However, it has been ascertained that activity coefficients for SLE can
often be estimated from VLE data at higher temperatures [18]. Moreover, the VLE effect in the
modelling of the ternary systems were found to be negligible as the variations to the solubility

data calculated with different VLE-related u; and u; values were less than 2%. The main
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contributions to the calculated solubility data in the ternary systems were due to the interaction

parameters that came from the PAH-ethanol and PAH-water interactions.

In the calculation of the energy interaction parameters, a Generalized Reduced Gradient [19]

algorithm was used. Initially, u; was correlated to a single parameter, given by %

the calculation of the a;; variable, an objective function approach, coupled with a sensitivity
analysis, was employed since the existence of local minima creates convergences that are
dependent on the initial value. The objective function (OF) used is given by Equation (5.38).
The results of the sensitivity analysis for each binary component are shown in Figures 5.6-5.9

and Table 5.3.

OF = ¥V (Iny™® —Iny&)* /N (5.38)
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Table 5.3: Values of a;; for water (1) - ethanol (2) - PAH (3) systems obtained with z = 10 and
(uji —ui)/R = a;;

Anthracene p-Terphenyl
an 368.6547 368.6547
a) -102.5521 -102.5521
ai 389.2981 394.1085
as -2.5598 -0.5681
an -97.7478 225.6717
as 420.0203 -35.6459

When the single variable, a; was used, the resulting solubility and activity coefficients
calculated from the UNIQUAC model was found to be a good fit for PAH-ethanol system, as
observed in Figures 5.10 — 5.11. However, the UNIQUAC model, while yielding reasonable
average absolute standard deviations for PAH-water systems, could not provide a fitting trend
that reflects the rate of increase in PAHs solubility (Figures 5.12 — 5.13). Above 170 °C, the

calculated values deviate substantially from experimental values. The deviations observed show

that the parameter 7; given by T;; = exp (— %) = exp (— %) is not sufficiently
represented by the a;; variable. Indeed, a number of literature studies [20-22] have used a
quadratic temperature function to better reflect the 7j; relationship with temperature. Hence,
when the fitted energy parameters, a; were extended to ternary systems consisting of PAH-
water-ethanol, deviations that mirror the trend in the PAH-water systems were observed, as
shown in Figures 5.14 — 5.17. It is also of interest to note that as the fraction of ethanol

increased in the PAH-water-ethanol systems, deviations from experimental data also increased.

Therefore, a quadratic temperature function was used in this study, giving rise to
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Figure 5.10: Experimental and UNIQUAC calculated solubility at various temperatures in

ethanol (1) — anthracene (2) system with (u;; —u;;)/R = a;;
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Figure 5.11: Experimental and UNIQUAC calculated solubility at various temperatures in

ethanol (1) — p-terphenyl (2) system with (u;; —u;)/R = a;;
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Figure 5.12: Experimental and UNIQUAC calculated solubility at various temperatures in water

(1) — anthracene (2) system with (u;; —u;;)/R = aj;
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Figure 5.13: Experimental and UNIQUAC calculated solubility at various temperatures in water

(1) — p-terphenyl (2) system with (u;; —u;)/R = a;;
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Figure 5.14: Experimental and UNIQUAC calculated solubility at various temperatures with

(uj; —u;;)/R = aj; in water (1) — ethanol (2) — anthracene (3) system, f=0.01
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Figure 5.15: Experimental and UNIQUAC calculated solubility at various temperatures with

(uji —u;;)/R = aj; in water (1) — ethanol (2) — anthracene (3) system, /= 0.10
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Figure 5.16: Experimental and UNIQUAC calculated solubility at various temperatures with

(uj; —u;;)/R = aj; in water (1) — ethanol (2) — p-terphenyl (3) system, /= 0.01
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Figure 5.17: Experimental and UNIQUAC calculated solubility at various temperatures with

(uj; —u;;)/R = aj; in water (1) — ethanol (2) — p-terphenyl (3) system, f=0.10
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The aj;, b; and c; values used in the quadratic temperature functions are shown in Table 5.4.
The UNIQUAC model calculated solubility of anthracene and p-terphenyl in the various
subcritical solvent systems investigated and their corresponding activity coefficients were
compared with experimental values and are shown in Tables 5.5 — 5.12. Figures 5.18 — 5.25
show the experimental and calculated solubility of anthracene and p-terphenyl in subcritical
water, subcritical ethanol and ethanol-modified subcritical water at /= 0.01 and /= 0.10. The
UNIQUAC calculated values in combination with the quadratic temperature function can be

seen to better reflect the solubility trends observed in the systems measured in this study.

The experimental activity coefficients were calculated from the truncated version of Equation
(5.10), given by Equation (5.11). Both equations are reproduced in this section for easy

reference.

1n(x2):—Ai(Tm—Z—Q+M£(@—1)+“ﬁln(i)—f” Y AP —1ny,  (5.10)

RTpmz \ T R T R Tz Psqt RT
AHf (T
In(x,) =—F7;(TZ—1)—lny2 (5.11)

A closer examination of Equation (5.10) found that the assumptions with regard to the
cancellations between the second and the third term cannot be used, particularly when
temperature is more than 100 °C below the melting point of the solid solute. Calculations of
solubility/activity coefficient values found that the difference between the truncated version
[Equation (5.11)] and Equation (5.10) was 0.06 % at 200 °C, 5 % at 140 C, and 10 % at 120 °C.
It is expected that the further the temperature of the system is from the melting point of the
solute, the bigger the difference is between the values calculated by the two equations. The
truncated version was used in this study as the differences in the values obtained were
considered to be small within the range of temperature investigated. However, had the
temperatures investigated been more that 100 °C below the melting temperatures of the PAHs,

Equation (5.10) would have to be employed.

The ability of the UNIQUAC model to calculate PAHs solubility in the ethanol-modified
systems was found to deviate further from experimental values as the fraction of ethanol
increases. However, the average standard deviations of the UNIQUAC calculated values were

well within 7% of experimental values. The deviations between UNIQUAC calculated and

110



experimental data are shown in Figures 5.26 — 5.27 given by a plot of In (x

<l versus In (x).

The predictive ability of a thermodynamic model is considered more accurate if the plotted data

points are located nearer to the best fit line. Hence, it can be concluded that the UNIQUAC

model can predict very well the solubilities of the ternary systems containing ethanol. Diagrams

comparing the experimental and UNIQUAC calculated solubilities for all compounds and at all

conditions are shown in later sections together for comparisons with other thermodynamic

models.

Table 5.4: The ay, bj,and c; values in water (1) - ethanol (2) - PAH (3) systems obtained with z

=10 and [(w; —uz)/R = ay + byT + c;T"]

Anthracene p-Terphenyl

arn 368.6547 368.6547
a -102.5521 -102.5521
ap 389.2981 394.1085
as -2.5598 -0.5681
an -97.7478 225.6717
as 420.0203 -35.6459
bis 0 0

ba 0 0

b3 1.4879 1.2796
b3 0.8981 0.5100
by 0.3158 0.5530
b3, -0.3389 -0.2773
2 0 0

Cai 0 0

ci; -0.0025 -0.0026
31 -0.0028 -0.0015
€3 -0.0012 -0.0018
C32 0.0023 0.0012

111



Table 5.5: Experimental and UNIQUAC calculated solubility data and the corresponding

activity coefficients for binary water (1) - anthracene (2) system

T (OC) xzcxp szNlQUAC 7/Zexp %UNIQUAC ASD (%)
120 (1.59+0.04) x 10° 1.57 x 10°° 1.09 x 10° 1.11 x 10° 0.11
140 (5.34+0.09) x 10° 5.18 x 10 4.98 x 10* 5.13 x 10* 0.24
150 (8.75+0.24) x 10° 9.29 x 10°° 3.71 x 10* 3.50 x 10* 0.51
160 (1.55+0.03) x 10” 1.65x 107 2.53x 10" 2.38x 10" 0.56
170 (3.04+0.16) x 10” 2.91x 107 1.55 x 10* 1.62 x 10* 0.42
180 (5.29+0.10) x 10” 5.10% 107 1.06 x 10* 1.10 x 10* 0.36
200 (1.53+0.01) x 10™ 1.55 x 10™ 5.07 x 10° 5.00 x 10° 0.16

Average 0.34

exp

_ calc
Note: ASD(%) = |02 )=IGEO) 400

()

Table 5.6: Experimental and UNIQUAC calculated solubility data and the corresponding
activity coefficients for binary water (1) - p-terphenyl (2) system

T (o C) x2exp szNIQUAC yzexp ]/ZUNIQUAC ASD (% )
120 (1.95+0.08) x 107 1.64 x 107 7.28 x 10° 8.65 x 10° 1.11
140 (5.90 £ 0.05) x 107 6.12 x 107 3.96 x 10° 3.82 x 10° 0.25
150 (1.05£0.03) x 10° 1.15x 10 2.81 x 10° 2.56 x 10° 0.66
160 (1.96 £ 0.06) x 10° 2.13x 10 1.88 x 10° 1.73 x 10° 0.64
170 (3.71+0.12) x 10° 3.89 x 107 1.22 x 10° 1.17 x 10° 0.39
180 (7.14+0.24) x 10° 7.02x10° 7.78 x 10* 791 x 10* 0.14
200 (2.43£0.03) x 107 221 %107 3.34 x 10* 3.67 x 10* 0.90

Average 0.58
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Table 5.7: Experimental and UNIQUAC calculated solubility data and the

activity coefficients for binary ethanol (1) - anthracene (2) system

corresponding

T (°C) 0P Xy AUAC P §pUNIQUAC ASD (%)
120 (1.64 = 0.05) x 107 1.58 x 107 10.56 10.98 0.94
140 (2.79 £ 0.13) x 107 2.72 x 107 9.54 9.77 0.69
150 (3.20+0.16) x 107 3.49 x 107 10.15 9.32 2.49
160 (4.36+0.19) x 107 459 x 107 9.01 8.56 1.62
170 (6.82+0.18) x 107 6.33 x 107 6.91 7.44 2.77

Average 1.70

Table 5.8: Experimental and UNIQUAC calculated solubility data and the corresponding

activity coefficients for binary ethanol (1) - p-terphenyl (2) system

UNIQUAC

T(°C) P X, »P 7, UNIQUAC ASD (%)
120 (6.55+0.13) x 107 6.48 x 107 21.67 21.91 0.22
140 (1.51 £0.05) x 107 1.54 x 107 15.48 15.15 0.51
150 (2.50 + 0.03) x 107 2.49 x 107 11.79 11.82 0.07
160 (4.36 = 0.06) x 107 433 x107 8.43 8.50 0.25
170 (9.54+ 0.20) x 107 9.60 x 107 476 4.73 0.26

Average 0.26
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Table 5.9: Experimental and UNIQUAC calculated solubility data and the corresponding
activity coefficients for ternary water (1) — ethanol (2) — anthracene (3) systems [f= 0.01-0.03]

T ("C) ﬁ x}exp x3UNIQUAC %cxp %UNIQUAC ASD (%)
120 0.01  (1.69+0.04)x 10°  2.72x10° 1.02 x 10° 6.36 x 10* 3.59
140 (7.03+£0.02) x 10°  8.60x 10° 3.78 x 10* 3.09 x 10* 1.70
150 (132+0.03)x 10°  1.51x 107 2.46 x 10* 2.15 x 10* 1.19
160 (228 £0.04) x 10°  2.63x10” 1.72 x 10* 1.50 x 10* 1.33
170 (432+0.11)x 10°  4.55x 107 1.09 x 10* 1.04 x 10* 0.51
180 (6.87+029)x10°  7.83x10° 8.16 x 10° 7.16 x 10° 1.37
200 (2.12+0.06) x 10" 2.31 x 10" 3.66 x 10° 3.36 x 10° 1.01

Average 1.53
120 002 (245+0.12)x 10°  4.49x10° 7.07 x 10* 3.85 x 10* 4.70
140 (9.72+0.29) x 10°  1.36x 107 2.74 x 10* 1.95 x 10* 2.94
150 (1.76 £ 0.06) x 10°  2.35x 107 1.85x 10* 1.38 x 10* 2.64
160 (320+0.10)x 10°  4.02x 107 1.23 x 10* 9.77 x 10 221
170 (5.85+0.19)x 10°  6.85x 107 8.05 x 10° 6.88 x 10° 1.62
180 (1.07£0.03)x 10*  1.16 x 10™ 524 x 10° 4.82 x 10° 0.90
200 (2.89£0.10)x 10*  3.34x 10" 2.69 x 10° 232 x10° 1.77

Average 2.40
120 0.03  (5.15+0.08)x 10°  7.09x 10° 336 x 10* 2.44 x 10°* 2.63
140 (1.67+0.06) x 10°  2.08 x 107 1.59 x 10* 1.28 x 10* 2.01
150 (2.66+0.07) x 10°  3.53x 107 1.22 x 10* 9.20 x 10° 2.69
160 (4.96+0.18) x 10°  5.95x 107 7.92 x 10° 6.60 x 10° 1.84
170 (8.13+0.02) x 10°  9.99x 107 5.80 x 10° 4.72 x 10° 2.19
180 (1.47£0.07)x 10*  1.67x 10" 3.81 x 10° 3.35 x 10° 1.46
200 (3.89+0.13) x 10" 4.70 x 10™ 2.00 x 10 1.65 x 10 2.41

Average 2.18
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Table 5.10: Experimental and UNIQUAC calculated solubility data and the corresponding
activity coefficients for ternary water (1) — ethanol (2) — anthracene (3) systems [/ = 0.04-0.06]

T ("C) ﬁ x}exp x3UNIQUAC %cxp %UNIQUAC ASD (%)
120 004 (643+0.11)x10°  1.08x 107 2.69 x 10* 2.69 x 10* 4.32
140 (223+0.04)x 10°  3.07x 107 1.19 x 10* 1.19 x 10* 2.99
150 (3.63+0.10)x 10°  5.14x 107 8.95 x 10° 8.95 x 10° 3.40
160 (6.25+£0.04)x 10°  8.54x10” 6.29 x 10° 6.29 x 10° 3.23
170 (1.09£0.01)x 10*  1.42x10%  4.32x10° 432 %10 2.87
180 (2.09+0.06) x 10*  2.35x 10" 2.68 x 10° 2.68 x 10° 1.36
200 (4.91+0.13)x 10" 6.47x 10" 1.58 x 10 1.58 x 10 3.63

Average 3.12
120 0.06  (1.53+£0.06)x 10° 226 x 10” 1.13 x 10°* 7.65 x 10° 3.53
140 (4.54+0.19)x 10°  6.14x 107 5.86 x 10° 433 x 10° 3.02
150 (7.72£024)x 10°  1.00x 10" 4.21x 10’ 3.24 x 10° 2.76
160 (1.19+0.06) x 10"  1.63 x 10™ 3.30 x 10° 2.41 % 10° 3.50
170 (2.06 £0.09) x 10*  2.65x 10" 229 % 10° 1.78 x 10° 2.98
180 (329£0.10)x 10* 431 x 10" 1.70 x 10° 1.30 x 10° 3.37

Average 3.19
120 010  (9.09+0.11)x 10° 747 x 10 1.90 x 10° 232 x10° 2.11
140 (2.39+0.05)x 10" 1.89 x 10™ 1.41 x 10 1.41 x 10° 2.84
150 (4.14+0.10)x 10* 298 x 10™ 7.84 x 10 1.09 x 10 422
160 (6.52+0.01)x 10" 4.70 x 10™ 6.03 x 10 8.35 x 10 4.45
170 (1.11£0.00) x 10°  7.43x 10" 4.24 x 10 6.34 x 10° 5.89
180 (1.74+0.03) x 10°  1.18 x 107 3.22 x 10 4.74 x 10° 6.09

Average 4.27
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Table 5.11: Experimental and UNIQUAC calculated solubility data and the corresponding
activity coefficients for ternary water (1) — ethanol (2) — p-terphenyl (3) systems [f=0.01-0.03]

T ("C) ﬁ x}exp x3UNIQUAC %cxp %UNIQUAC ASD (%)
120 0.0l  (2.81+0.02)x 107 2.75x 10" 5.05 % 10’ 5.16 x 10’ 0.86
140 (8.40+0.17) x 107 9.95x 107 2.78 x 10° 2.35x10° 6.71
150 (1.75+0.08) x 10°  1.85x10° 1.68 x 10° 1.60 x 10° 2.19
160 (3.15£0.13) x 10° 338 x10° 1.17 x 10° 1.09 x 10° 2.88
170 (6.05£0.02) x 10°  6.10x 10° 7.51 x 10* 7.44 x 10* 0.07
180 (1.17£0.06) x 10°  1.09x 10” 4.75 x 10* 5.11 x 10* 0.64
200 (3.76+0.09) x 10°  3.35x 107 2.16 x 10* 2.42 x 10* 1.13

Average 2.07
120 002  (4.72+£0.08)x 107 3.41x 10”7 3.01 x 10° 4.16x 10° 223
140 (133+0.01)x 10°  9.46 x 107 1.76 x 10° 247 x10° 2.52
150 (2.39£0.09) x 10°  1.54x10° 1.23 x 10° 1.91 x 10° 3.39
160 (4.77+0.09) x 10°  2.48 x 10° 7.71 x 10* 1.48 x 10° 5.34
170 (7.63£020)x 10°  3.94x10° 5.95x 10" 1.15 % 10° 5.61
180 (1.65£0.06) x 10° 620 x 10° 3.37 x 10* 8.97 x 10* 8.89

Average 4.66
120 0.03  (5.80+0.09)x 107 7.00 x 10” 2.45x%10° 2.03x10° 131
140 (228+0.02) x 10°  2.41x10° 1.03 x 10° 9.69 x 10* 0.44
150 (4.15+0.04) x 10° 438 x10° 7.10 x 10* 6.73 x 10* 0.43
160 (736 +0.07) x 10°  7.83x10° 5.00 x 10* 4.69 x 10* 0.53
170 (1.35£0.01)x 10°  1.38x 107 336 x 10* 3.28 x 10* 0.23
180 (2.41+£0.08)x 10°  2.42x 107 2.31x10* 2.30 x 10* 0.04

Average 0.50
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Table 5.12: Experimental and UNIQUAC calculated solubility data and the corresponding
activity coefficients for ternary water (1) — ethanol (2) — p-terphenyl (3) systems [f= 0.04-0.06]

T (OC) f2 X3exP x3UNIQUAC %cxp %UNIQUAC ASD (%)
120 0.04 (9.62+041)x107  1.07x10° 1.48 x 10° 1.32x 10° 0.78
140 (3.08+0.15)x 10°  3.61x10° 7.59 x 10* 6.47 x 10* 1.26
150 (5.47+0.00)x 10°  6.49x10° 5.39 x 10* 4.54 x 10" 1.41
160 (1.05£0.04) x 10°  1.15x10” 3.50 x 10* 3.20 x 10* 0.79
170 (2.13+£0.02) x 10°  2.01 x 107 2.13x10* 2.26 x 10* 0.53
180 (3.34+0.15)x 10°  3.49x10° 1.66 x 10* 1.59 x 10* 0.42

Average 0.86
120 006 (2.07£0.05)x10° 233 x10° 6.86 x 10* 6.09 x 10* 0.90
140 (6.72+0.03) x 10°  7.55x10° 3.48 x 10* 3.09 x 10* 0.98
150 (125+0.01)x 10°  1.33x 107 2.36 x 10* 2.21 x 10* 0.56
160 (225£0.09) x 10°  2.32x 107 1.63 x 10* 1.59 x 10* 0.28
170 (4.28+0.07) x 10°  4.00x 107 1.06 x 10* 1.14 x 10* 0.68
180 (729+£031)x 10°  6.82x 107 7.62 x 10° 8.15 x 10° 0.70

Average 0.69
120 0.10  (1.34+0.06) x 10°  8.61 x10° 1.06 x 10* 1.65 x 10* 3.95
140 (4.19£0.12) x 10°  2.62x 107 5.58 x 10° 8.91 x 10° 4.64
150 (6.87+0.07) x 10°  4.50x 107 4.29 x 10° 6.56 x 10° 4.42
160 (133+£0.03)x 10*  7.62x 107 2.76 x 10° 4.83 x 10° 6.24
170 (226+0.03)x 10" 1.28 x 10™ 2.01 x 10 3.55 x 10° 6.77
180 (3.67£0.07)x 10* 213 x 10" 1.51 x 10° 2.60 x 10° 6.85

Average 5.48
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Figure 5.18: Experimental and UNIQUAC calculated solubility as a function of temperature in
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Figure 5.23: Experimental and UNIQUAC calculated solubility as a function of temperature in
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Estimating the t; for anthracene-p-terphenyl

The UNIQUAC calculation was extended to the water (1) — anthracene (2) — p-terphenyl (3)
system to obtain the binary interaction parameters between anthracene and p-terphenyl. The
results obtained point towards temperature independent binary interaction parameters for
anthracene and p-terphenyl. The values obtained for a,; and a3, are -1000.03 and -1000.05
respectively. The calculated solubility values obtained via the UNIQUAC model are shown in
Figure 5.28 and Table 5.13 while the corresponding activity coefficients are shown in Table

5.14.

Table 5.13: Experimental and UNIQUAC calculated solubility data and the absolute standard
deviations for ternary water (1) - anthracene (2) - p-terphenyl (3) system with a3 = -1000.03
and a3, =-1000.05

T(C) szNIQUAC x}UNIQUAC ASD (%)
120 1.57 x 10°° 1.64 x 107 0.00
140 5.18 x 10°® 6.12 x 107 1.28
150 9.29 x 10 1.15x 10°° 1.56
160 1.65 x 10” 2.13x 10 1.51
170 291 x10° 3.90 x 10 1.97

Average 1.27
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Figure 5.28: Experimental and UNIQUAC calculated solubility as a function of temperature in

subcritical water (1) — anthracene (2) — p-terphenyl (3) system

Table 5.14: Experimental and UNIQUAC calculated activity coefficients for ternary water (1) -

anthracene (2) - p-terphenyl (3) system

T (°C) }/zexp %exp }/ZUNIQUAC A UNIQUAC
120 1.11 x 10° 8.64 x 10° 1.11 x 10° 8.64 x 10°
140 5.13 x 10* 3.82 % 10° 5.13 x 10* 3.82 x 10°
150 3.50 x 10* 2.56 x 10° 3.50 x 10* 256 % 10°
160 2.38 x 10* 1.72 x 10° 2.38 x 10" 1.72 x 10°
170 1.62 x 10* 1.16 x 10° 1.62 x 10* 1.16 x 10°
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5.3.3 Correlation via the O-UNIFAC model

The surface area and volume parameters used in the O-UNIFAC model are shown in Table 5.2
while the group interaction parameters are taken from Poling et al. [15]. The activity coefficient
and the resultant solubility values for all systems investigated in this study are shown in Tables
5.15 - 5.22. Figures 5.29 - 5.36 show the experimental and O-UNIFAC calculated solubility of
anthracene and p-terphenyl as a function of temperature in subcritical water, ethanol and
various ethanol-modified systems. The O-UNIFAC is found to predict fairly inaccurately the
solubilities of both PAHs in all systems containing water, particularly at higher temperatures.
The high deviations between experimental and O-UNIFAC calculated data are evident in
Figures 5.38 - 5.39. The O-UNIFAC model clearly could not account for the dramatic increase
in solubility at temperatures above 150 °C. While the O-UNIFAC model could provide a fitting
trend that reflects the solubilities of PAHs in subcritical ethanol, the deviations from
experimental values are very high in that the majority of the calculated values did not fall

within the same order of magnitude as experimental values.
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Table 5.15: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — anthracene (2) system

T (QC) xzo-UNlFAC 7/20-UNIFAC ASD (%)
120 1.10 x 107 1.57 x 10° 20.0
140 2.18 x 107 1.22 x 10° 26.3
150 3.00 x 107 1.08 x 10° 29.0
160 4.08 x 107 9.64 x 10° 32.9
170 5.46 x 107 8.62 x 10° 38.6
180 7.24 x 107 7.74 x 10° 43.6
200 1.23 x10° 6.31 x 10° 54.9

Average 35.0

Table 5.16: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — p-terphenyl (2) system

T (oc) x20-UNIFAC 7/2O-UNIFAC ASD (% )
120 3.11 x 10° 4.56 x 10 26.8
140 7.23 x 107 3.23 x 10’ 30.7
150 1.72x 10° 2.75 % 107 33.3
160 1.56 x 10°® 2.35% 10 36.8
170 225x10% 2.02 x 107 40.8
180 3.18 x 10 1.75 x 107 45.7
200 6.13x 10" 1.32 x 10’ 56.3

Average 38.6
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Table 5.17: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

ethanol (1) — anthracene (2) system

T(C) x, O UNIFAC 70 UNIFAC ASD (%)
120 2.28 x 107 7.61 797
140 427 % 107 6.23 11.9
150 5.97 x 107 5.44 18.1
160 8.62 x 107 4.56 21.8
170 1.34 x 10" 3.52 25.1

Average 17.0

Table 5.18: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

ethanol (1) — p-terphenyl (2) system

T(C) x, O UNIFAC 7,0 UNIFAC ASD (%)
120 1.61x 107 8.82 17.9
140 3.43 x 107 6.81 19.6
150 523 x 107 5.64 20.0
160 8.59 x 107 4.28 21.7
170 1.73 x 10™ 2.63 252

Average 20.9
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Table 5.19: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — anthracene (3) system [f'=0.01 - 0.03]

T(C) 5 XSO-UNIFAC %O-UNIFAC ASD (%)
120 0.01 3.67x 107 4.72 x 10° 11.5
140 7.66 x 107 3.47 x 10° 18.7
150 1.08 x 10° 3.00 x 10° 22.3
160 1.50 x 10°° 2.61 x 10° 25.4
170 2.06 x 10°° 2.28 % 10° 30.3
180 2.80 x 10° 2.00 x 10° 33.4
200 4.97 x 10°° 1.56 x 10° 44.4

Average 26.6
120 0.02 5.49 x 107 3.16 x 10° 11.6
140 1.13x 10°® 2.35% 10° 18.6
150 1.59 x 10 2.05 x 10° 22.0
160 2.20x 10 1.79 x 10° 25.9
170 3.00 x 10 1.57 x 10° 30.5
180 4.05x 10° 1.38 x 10° 35.8
200 7.14 x 10°° 1.09 x 10° 45.4

Average 27.1
120 0.03 8.05 x 107 2.15x 10° 15.2
140 1.64 x 10 1.62 x 10° 21.1
150 229 % 10° 1.42 x 10° 233
160 3.16 x 10° 1.24 x 10° 27.8
170 429 x 10°° 1.10 x 10° 31.2
180 5.77 x 10°® 9.72 x 10* 36.7
200 1.01 x 107 7.70 x 10* 46.5

Average 28.8
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Table 5.20: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — anthracene (3) system [f'=0.04 - 0.10]

T(C) 5 XSO-UNIFAC %O-UNIFAC ASD (%)
120 0.04 1.16 x 10 1.49 x 10° 143
140 234 % 10° 1.14 x 10* 21.1
150 3.25%x10° 9.99 x 10* 23.6
160 4.46 x 10° 8.81 x 10* 27.3
170 6.04 x 10 7.80 x 10* 31.7
180 8.08 x 10 6.93 x 10* 38.4
200 1.40 x 10° 5.53 x 10* 46.7

Average 29.0
120 0.06 229 % 10° 7.56 x 10* 17.1
140 4.53 x10° 5.87 x 10* 23.0
150 6.25 % 10° 5.20 x 10* 26.6
160 8.50x 10° 4.62 x 10° 29.2
170 1.14 x 107 4.12 x 10* 34.1
180 1.52 x 10° 3.69 x 10* 38.4

Average 28.1
120 0.10 7.54 % 10 2.30 x 10* 26.8
140 1.45x 107 1.84 x 10* 33.6
150 1.97 x 107 1.65 x 10* 39.1
160 2.65%x 107 1.48 x 10* 43.7
170 3.52x 107 1.34 x 10* 50.8
180 4.62 x 107 1.21 x 10* 57.1

Average 41.8
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Table 5.21: O-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — p-terphenyl (3) system [f'=0.01 - 0.03]

T(C) 5 XSO-UNIFAC %O-UNIFAC ASD (%)
120 0.01 1.36 x 10™® 1.04 x 107 20.1
140 334 x 10 6.99 x 10° 23.0
150 5.10x10% 5.78 x 10° 26.7
160 7.63 x 10 4.82 x 10° 29.4
170 1.12 x 107 4.04 x 10° 33.2
180 1.63 x 107 3.40 x 10° 37.6
200 3.30 x 107 2.46 x 10° 46.5

Average 30.9
120 0.02 227x10% 6.25 x 10° 20.8
140 549 x 10 4.26 x 10° 23.6
150 8.31x 10" 3.55 x 10° 26.0
160 1.24 x 107 2.97 x 10° 29.8
170 1.81 x 107 2.51 x 10° 31.7
180 2.61 x 107 2.13 x 10° 27.6

Average 28.3
120 0.03 3.69 x 107 3.84 x 10° 19.2
140 8.81 x 10" 2.65 x 10° 25.0
150 1.33 x 107 2.22 x 10° 27.8
160 1.96 x 107 1.88 x 10° 30.7
170 2.85x 107 1.59 x 10° 34.4
180 4.10 x 107 1.36 x 10° 38.3

Average 29.2
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Table 5.22: O-UNIFAC calculated solubility data (mole fractions), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — p-terphenyl (3) system [f'=0.04 - 0.10]

T(C) 5 XSO-UNIFAC %O-UNIFAC ASD (%)
120 0.04 5.88 x 10 242 x 10° 20.2
140 1.38 x 107 1.69 x 10° 24.5
150 2.07 x 107 1.43 x 10° 27.0
160 3.04 x 107 1.21 x 10° 30.9
170 4.40 x 107 1.03 x 10° 36.1
180 6.29 x 107 8.84 x 10° 38.5

Average 29.5
120 0.06 1.40 x 107 1.02 x 10° 20.6
140 3.21 x 107 7.28 x 10° 25.5
150 4.74 x 107 6.21 x 10° 29.0
160 6.91 x 107 532 % 10° 32.6
170 9.91 x 10”7 4.58 x 10° 37.4
180 1.40 x 10° 3.96 x 10° 415

Average 31.1
120 0.10 6.35x 107 2.24 x10° 27.2
140 1.40 x 10 1.67 x 10° 33.7
150 2.04 x 10 1.45 x 10° 36.7
160 292 x10° 1.26 x 10° 42.8
170 4.12 x 10°° 1.10 x 10° 47.7
180 5.74 x 10°® 9.68 x 10* 52.6

Average 40.1
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Figure 5.29: Experimental and O-UNIFAC calculated solubility as a function of temperature in

subcritical water (1) — anthracene (2) system
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As the O-UNIFAC model was found to perform poorly in water containing binary and ternary
subcritical systems, similar results were expected for the ternary water—anthracene—p-terphenyl
system. The O-UNIFAC calculated solubility values are shown in Table 5.23 and Figure 5.39

while the absolute standard deviations obtained are given in Table 5.24.

Table 5.23: The calculated solubility values and activity coefficients obtained from the O-
UNIFAC model for water (1) — anthracene (2) — p-terphenyl (3) system at various temperatures

T (°C) XZO—UNIFAC 7/20-UNIFAC x3O—UNIFAC %O—UNIFAC
120 2.40 x 107 721 x 10° 7.94 x 107 1.79 x 107
140 5.08 x 107 523 x10° 1.99 x 10® 1.18 x 10’
150 7.22 x 107 45 x10° 3.05x 10 9.67 x 10°
160 1.01 x 10 3.89 x 10° 4.60 x 10® 8.00 x 10°
170 1.39 x 10° 3.38 x 10° 6.82 x 10" 6.66 x 10°

Table 5.24: Absolute standard deviation (ASD) obtained with the O-UNIFAC model for water
(1) — anthracene (2) — p-terphenyl (3) system

Temperature Anthracene p-Terphenyl
O ASD(%) ASD (%)
120 16.8 10.7
140 18.8 15.3
150 23.7 19.2
160 21.8 19.4
170 29.1 22.4
AASD (%) 22.1 174
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5.3.4 Correlation via the M-UNIFAC model

The surface, volume and interaction parameters used in this section of the study were obtained
from Gmehling et al. [11]. The physical properties used in this study are shown in Table 5.25.
The solubility values and the corresponding activity coefficients of anthracene and p-terphenyl
predicted from the M-UNIFAC model are shown in Tables 5.26 - 5.33. The M-UNIFAC model
was also found to perform poorly, particularly in water-containing systems, at temperatures
above 150 °C. Similar to its predecessor, the solubility data calculated from the M-UNIFAC
model was not in the same order of magnitude as experimental data. In fact, the margin of error
between the two UNIFAC models was almost similar. The M-UNIFAC model generally
performed better than the O-UNIFAC model in binary subcritical ethanol and subcritical water
systems. However, in ternary systems containing ethanol, both models performed poorly,
particularly as the concentration of ethanol increased. Fornari et al. [8] found that the quality
and predictive power of the UNIFAC models degrade for compounds with low solubility as
solutes with low solubility tend to have higher molecular weight, size and melting temperature.
In contrast, the M-UNIFAC model is based on regressing VLE and excess enthalpy data of
mixtures containing only low molecular weight aromatic compounds; the consequence of which

can be seen in this study.

Table 5.25: Physical properties of anthracene and p-terphenyl used in this study

Anthracene p-Terphenyl
Molecular formula CisHyo CcHsCsH4CeHss
Molecular weight 178.23 230.30
Melting point 490 K 485 K
Enthalpy of fusion, AH,, 29000 J/mol 33700 J/mol
Subgroups used in M-UNIFAC ACH, AC, H,O ACH, AC, H,O
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Table 5.26: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — anthracene (2) system

T(O) xp TN 5 TUNIFAC ASD (%)
120 333 x 107 5.20 x 10° 11.7
140 9.40 x 107 2.83x10° 14.3
150 1.54 x 10 2.10x 10° 14.9
160 2.50 x 10°° 1.57 x 10° 16.5
170 3.99 x 10 1.18 x 10° 19.5
180 6.28 x 10 8.92 x 10* 21.6
200 1.51 x 10° 5.15 x 10 26.4

Average 17.9

Table 5.27: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — p-terphenyl (2) system

T(CO X TONIEAC o UNIFAC ASD (%)
120 6.53 x 107 2.17 x 107 22.0
140 242 x 10" 9.65 x 10° 22.3
150 453 %x10" 6.50 x 10° 22.8
160 8.34x 10" 4.41 x 10° 24.0
170 1.51 x 107 3.01 x 10° 25.6
180 2.68 x 107 2.07 x 10° 27.7
200 8.14 x 107 9.96 x 10° 32.0

Average 25.2
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Table 5.28: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

ethanol (1) — anthracene (2) system

T (QC) sz-UNIFAC 7/2M-UNIFAC ASD (%)
120 6.13 x 107 11.2 24.0
140 1.32 x 107 8.71 21.0
150 1.93 x 107 7.46 14.6
160 2.90 x 107 6.12 13.0
170 4.70 x 107 4.49 13.8

Average 17.3

Table 5.29: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

ethanol (1) — p-terphenyl (2) system

T (o C) x2M—UNIFAC }/ZM-UNIFAC ASD (% )
120 1.54 x 107 23.2 17.0
140 3.05 x 107 17.7 16.8
150 435 %107 15.3 15.0
160 6.42 x 107 12.7 12.3
170 1.05 x 10" 9.65 4.08

Average 13.1
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Table 5.30: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — anthracene (3) system [f'= 0.01 — 0.03]

T (°C) fo Xy TUNIPAC §;MUNIFAC ASD (%)
120 0.01 4.67 x 107 3.71 x 10° 9.68
140 1.31x10° 2.03 x 10° 14.1
150 2.15%x10° 1.51 x 10° 16.2
160 3.47 x 10 1.13 x 10° 17.6
170 5.53x 10° 8.52 x 10* 20.5
180 8.69 x 10 6.45 x 10* 21.6
200 2.07 x 107 3.74 x 10* 27.5

Average 18.2
120 0.02 6.44 x 107 2.69 x 10° 10.3
140 1.80 x 10°° 1.47 x 10° 14.6
150 2.95x 10 1.10 x 10° 16.3
160 4.74 x 10 8.29 x 10* 18.5
170 7.53 x 10 6.26 x 10* 21.0
180 1.18 x 10° 4.75% 10* 24.1
200 2.80 x 107 2.78% 10* 28.6

Average 19.1
120 0.03 8.76 x 107 1.98 x 10° 14.6
140 244 x10° 1.09 x 10° 17.5
150 3.97x10° 8.18 x 10* 18.1
160 6.37 x 10 6.17 x 10* 20.7
170 1.01 x 107 4.68 x 10° 22.2
180 1.57 x 10° 3.56 x 10* 25.3
200 3.70 x 107 2.10 x 10* 30.0

Average 21.2

144



Table 5.31: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — anthracene (3) system [f'=0.04 — 0.10]

T(C) S x; UNIFAC 5, M-UNIFAC ASD (%)
120 0.04 1.18 x 10°° 1.47 x 10° 14.2
140 3.25x 10 8.18 x 10* 18.0
150 528 x10° 6.16 x 10* 18.9
160 8.43x10° 4.66 x 10* 20.7
170 1.33 x 10° 3.55 x 10* 23.1
180 2.06 x 10° 2.71 x 10* 27.3
200 4.81x10° 1.61 x 10* 30.5

Average 21.8
120 0.06 2.04x10° 8.50 x 10* 18.2
140 5.56 x 10 4.78 x 10* 21.0
150 8.95x 10° 3.63 x 10* 22.8
160 1.42 x 107 2.77 x 10" 23.5
170 222 x107° 2.13 x 10° 26.3
180 3.41 x 107 1.64 x 10* 28.5

Average 23.3
120 0.10 5.40 x 10 3.21 x 10* 30.3
140 1.43 x 107 1.86 x 10* 33.8
150 226 %107 1.44 x 10* 37.3
160 3.52 x 107 1.12 x 10* 39.8
170 539 x 107 8.74 x 10° 44.5
180 8.14 x 107 6.89 x 10° 48.2

Average 39.0
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Table 5.32: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — p-terphenyl (3) system [f=0.01 — 0.03]

T(C) 5 x}M-UNIFAC %M-UNIFAC ASD (%)
120 0.01 1.02 x 10™® 1.39 x 10’ 22.0
140 3.76 x 10°® 6.22 x 10° 22.2
150 7.01 x 10°® 4.20 x 10° 243
160 1.29 x 107 2.86 x 10° 25.3
170 2.32x 107 1.96 x 10° 27.2
180 4.11 %107 1.35 x 10° 29.5
200 1.24 x 10° 6.55 x 10° 33.5

Average 26.3
120 0.02 1.55x 10° 9.13 x 10° 23.4
140 5.70 x 10°® 4.10 x 10° 233
150 1.06 x 107 2.78 x 10° 24.1
160 1.94 x 107 1.90 x 10° 26.2
170 3.47 x 107 1.31x 10° 26.2
180 6.14 x 107 9.06 x 10° 29.9

Average 25.5
120 0.03 233 x10° 6.10 x 10° 22.4
140 8.47 x 10 2.76 x 10° 25.4
150 1.57 x 107 1.88 x 10° 26.4
160 2.85x 107 1.29 x 10° 27.5
170 5.09 x 107 8.92 x 10° 29.2
180 8.95 x 107 6.21 x 10° 31.0

Average 27.0

146



Table 5.33: M-UNIFAC calculated solubility data (mole fraction), the corresponding activity
coefficients and the absolute standard deviations (ASD) from experimental data in subcritical

water (1) — ethanol (2) — p-terphenyl (3) system [f=0.04 — 0.10]

T(°C) £ Xy oA yyUNIFAC ASD (%)
120 0.04 3.42 x 10 4.15 x 10° 24.1
140 1.24 x 107 1.89 x 10° 25.3
150 228 x 107 1.29 x 10° 26.2
160 4.12 x 107 8.93 x 10° 28.3
170 7.31 x 107 6.21 x 10° 31.4
180 1.28 x 10 435x10° 31.7

Average 27.8
120 0.06 7.04 x 107 2.02 x 10° 25.8
140 2.50 x 107 9.37 x 10° 27.7
150 4.55x 107 6.48 x 10° 29.4
160 8.14 x 107 4.52 x 10° 31.0
170 1.43 x 10°° 3.18 x 10° 33.8
180 246 x 10° 226 x10° 35.6

Average 30.5
120 0.10 2.52x 107 5.63 x 10° 35.4
140 8.57 x 107 2.73 x 10° 38.6
150 1.53 x 10 1.93 x 10° 39.7
160 2.66 x 10° 1.38 x 10° 43.8
170 4.55x10° 9.98 x 10* 46.5
180 7.63 x 107 7.28 x 10* 49.0

Average 42.2
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Figure 5.40: Experimental and M-UNIFAC calculated solubility as a function of temperature in

subcritical water (1) — anthracene (2) system
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Figure 5.41: Experimental and M-UNIFAC calculated solubility as a function of temperature in

subcritical ethanol (1) — anthracene (2) system
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subcritical water (1) — ethanol (2) — p-terphenyl (3) system, /= 0.10
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The M-UNIFAC has been used to predict the solubilities of anthracene and p-terphenyl in the

ternary mixtures with poor results. The solubility values and the activity coefficients calculated

from the M-UNIFAC model are given in Table 5.34 while the absolute standard deviations

obtained are given in Table 5.35. Comparisons between the experimental and the M-UNIFAC

calculated solubilities for both anthracene and p-terphenyl are shown in Figure 5.50.

Similarities were observed for the predictive power of the M-UNIFAC model in the ternary and

binary systems, in that, the M-UNIFAC model becomes less accurate as temperature increases.

Table 5.34: The calculated solubility values and activity coefficients obtained from the M-

UNIFAC model for water (1) — anthracene (2) — p-terphenyl (3) system at various temperatures

T (QC) x2M-UNIFAC 7/2M—UNIFAC x3M—UNIFAC ; M-UNIFAC
120 3.33x 107 5.20 x 10° 6.53 x 10” 2.17 x 107
140 9.40 x 107 6.20 x 10* 242 %10 2.49 x 10°
150 1.54 x 10°° 4.61 x 10* 4.53 x 10* 1.68 x 10°
160 2.50 x 10 3.45 x 10 8.34 x 10 1.14 x 10°
170 3.99 x 10 2.59 x 10* 1.51 x 107 7.77 x 10°

Table 5.35: Absolute standard deviation (ASD) obtained with the M-UNIFAC model for water

(1) — anthracene (2) — p-terphenyl (3) system

Temperature Anthracene p-Terphenyl

O ASD (%) ASD(%)
120 8.7 17.7
140 11.6 17.9
150 14.6 21.9
160 14.0 19.0
170 15.8 25.8

Average 12.9 204
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5.3.5 Comparing the UNIQUAC, O-UNIFAC and M-UNIFAC models

The solubilities of PAHs in various subcritical systems investigated in this study are shown
together with UNIQUAC,0-UNIFAC and M-UNIFAC calculated data in Figures 5.51 - 5.68.
The UNIQUAC model was found to provide the best representation of solubility since the
binary interaction parameters per binary compounds were matched with experimental data. The
extension of the UNIQUAC model to ternary systems also yielded good results. Both O-
UNIFAC and M-UNIFAC models performed poorly in both the binary and ternary systems,
yielding average absolute standard deviations between 13% and 42%. In water-based solvent
systems, both UNIFAC models rarely fall within the same order of magnitude as experimental
data, and failed to account for the dramatic rise in solubility with temperature. All three models
showed higher deviations from experimental data as ethanol mole fraction increased.

Comparisons of their activity coefficients are shown in Figures 5.69 - 5.76.
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Figure 5.51: Anthracene solubility in subcritical water calculated from various models and in
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Figure 5.52: Anthracene solubility in subcritical ethanol calculated from various models and in
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Figure 5.53: Anthracene solubility in ethanol-modified subcritical water calculated from various

models and in comparison with experimental data, /= 0.01
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Figure 5.54: Anthracene solubility in ethanol-modified subcritical water calculated from various

models and in comparison with experimental data, /= 0.02
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Figure 5.55: Anthracene solubility in ethanol-modified subcritical water calculated from various

models and in comparison with experimental data, /= 0.03
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Figure 5.56: Anthracene solubility in ethanol-modified subcritical water calculated from various

models and in comparison with experimental data, /= 0.04
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Figure 5.57: Anthracene solubility in ethanol-modified subcritical water calculated from various
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Figure 5.58: Anthracene solubility in ethanol-modified subcritical water calculated from various

models and in comparison with experimental data, /= 0.10
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Figure 5.59: p-Terphenyl solubility in subcritical water calculated from various models and in
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Figure 5.60: p-Terphenyl solubility in subcritical ethanol calculated from various models and in
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Figure 5.61: p-Terphenyl solubility in ethanol-modified subcritical water calculated from

various models and in comparison with experimental data, /= 0.01

_ 18

=
S 16 ¢

= 14

o

D

=12

E 10

=8 .

X

é: 6 ’ 7 < -

£ 4 -

— ’ - -~

z° - -

(= 0 Q- T

%)

100 120 140 160 180 200
Temperature (°C)
- = =UNIQUAC e O-UNIFAC ——M-UNIFAC ¢ Experiment

Figure 5.62: p-Terphenyl solubility in ethanol-modified subcritical water calculated from

various models and in comparison with experimental data, /= 0.02
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Figure 5.63: p-Terphenyl solubility in ethanol-modified subcritical water calculated from

various models and in comparison with experimental data, /= 0.03
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Figure 5.64: p-Terphenyl solubility in ethanol-modified subcritical water calculated from

various models and in comparison with experimental data, /= 0.04
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Figure 5.65: p-Terphenyl solubility in ethanol-modified subcritical water calculated from

various models and in comparison with experimental data, /= 0.06
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Figure 5.73: In v as a function of anthracene solubility in various subcritical solvent systems
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(b) subcritical water/ethanol, /= 0.10

Figure 5.74: In v as a function of p-terphenyl solubility in various subcritical solvent systems
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(b) subcritical water/ethanol, /= 0.10

Figure 5.75: In y® as a function of anthracene solubility in various subcritical solvent systems
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Figure 5.76: In y," as a function of p-terphenyl solubility in various subcritical solvent systems
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The systems investigated in this thesis are non-ideal, in that these systems involve non-polar
solutes interacting with polar solvents that associate through hydrogen bonding. The failure of
the O-UNIFAC to account for the substantial increase in solubility due to temperature change is
understandable, given that the activity coefficient used in the original form of the UNIFAC
model is not temperature-dependent. The M-UNIFAC model overcame this weakness with a
temperature-dependent activity coefficient which, for all accounts, could reflect well the trend
observed in experimental data (Figures 5.69 — 5.70). However, the M-UNIFAC model fell short
in terms of its accuracy with error margins as high as 42% in comparison to experimental data.
The UNIQUAC model, in its original form, shared the same energy interaction parameters with
the O-UNIFAC, in which the lack of temperature-dependency of its energy parameters is
already known. Thus, when the original form of the energy interaction parameters was first
used in the present study together with the UNIQUAC model, the solubility trend observed was
not representative of experimental data. The inclusion of a quadratic temperature function into
the energy interaction parameters changed the quality of the UNIQUAC values and reduced the
deviations to less than 7%. The small deviation was not surprising, since the energy interaction

parameters were based on experimental data for binary systems.

In ternary systems, all three models tended to deviate further from experimental data as the
concentration of ethanol increased. UNIQUAC and UNIFAC models had been shown to not
represent the relationship between activity coefficient and concentration well [23]. The lack of
concentration dependence of the group activity coefficient is reflected in this study wherein the
calculated values deviate further with increasing ethanol and PAH concentrations. The reason
could be that the interaction energies derived in the UNIQUAC/UNIFAC models were based on
lattice theory and assumed to be concentration independent which might not describe the actual

pair-distribution of solute-solvent involved over a wide concentration range [23].

All three models considered in this study are based upon the sums of two parts of activity
coefficient: the combinatorial part which takes into account the difference in size and shape of
the components, and the residual that takes into account the energetic effects. Of the three, the
UNIQUAC model is based on interactions between components while the UNIFAC models are
based upon interactions between functional groups. As both the UNIFAC models failed

considerably in representing the SLE data in the highly non-ideal subcritical solvent systems, an

174



identification on the shortcomings of the models is necessary. Given that the UNIFAC models
are to a certain extent, similar to the UNIQUAC model, in terms of being a sum of their
combinatorial and residual activity coefficients, qualitative identification of the weakness in the
UNIFAC models is made easier by breaking them into their combinatorial and residual terms,
and by comparing them to the UNIQUAC model. Such comparison may, to a certain extent,
shed light on the causality of the shortcomings; wherein molecular interactions (residual), size

and shape (combinatorial), and/or additional associative factors come into question.

The UNIQUAC and the O-UNIFAC models share the same combinatorial term and identical
surface and volume parameters. The combinatorial term, based upon the assumption that no
association or solvation exists, takes only into consideration differences in size and shape.
Hence, an examination on the combinatorial term of the two models found that the In 5 values
calculated by the two models in subcritical water were almost similar [Figures 5.73(a) and
5.74(a)]. In subcritical ethanol, the In }/C of both models were quite similar at lower PAHs
solubility, but diverged as the solubilities of PAHs increase [(Figures 5.73(b) and 5.74(b)].
Meanwhile, the In 5 for both models in ethanol-modified subcritical systems were found to be
very far apart [(Figures 5.73(c,d) and 5.74(c,d)]. While it seems that the combinatorial activity
coefficient in the UNIQUAC model is only based upon surface and volume parameters it is, in
fact, affected by the residual part of the activity coefficient. It can be seen from Equations
(5.13) and (5.24) that the concentration of the solutes, x;, enters into both the combinatorial and
residual parts. Since numerical iterations are involved in the calculation of solute solubility, and
since solute solubility is partly affected by the residual term, the effect from the residual activity

coefficient penetrates also into the combinatorial term.

For systems containing subcritical water, the residual term for the O-UNIFAC model was found
to be considerably higher than the UNIQUAC model. Since it has already been established that
the combinatorial terms for both O-UNIFAC and UNIQUAC are of similar values in the PAH-
water system, it can only be deduced that the major cause of the shortcomings in the O-
UNIFAC model comes from its residual term. In fact, the residual activity coefficient seemed to
have been excessively estimated for systems containing subcritical water and PAHs. Hence, the
O-UNIFAC model seemed to fail to account for molecular interactions in the mixtures, of

which the H-bond and system polarity play significant roles. For PAH-subcritical water
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systems, the residual term appeared to be overestimated; giving rise to lower solubility forecast.
In PAH-subcritical ethanol systems, the residual term appeared to be underestimated yielding
higher forecasted solubility values. Consequently, improvements to the O-UNIFAC model

would require changes made to its residual term.

In the M-UNIFAC model, the combinatorial term was found to be much lower than the
UNIQUAC model [Figures 5.73 -5.74]. The huge difference observed in the combinatorial term
for the M-UNIFAC, in contrast to the UNIQUAC model is due to the surface and volume
parameters that were dealt with empirically in the M-UNIFAC model. In contrast, the residual
term for the M-UNIFAC model was found to be substantially higher than the UNIQUAC
model. For water-containing systems, the sums of the combinatorial and the residual terms in
the M-UNIFAC were found to exceed that of the UNIQUAC model. Meanwhile, the sums of
the two activity coefficient terms in subcritical ethanol systems were found to be under-
estimated. Thereby, it can be deduced that the insufficiency of the residual term for both M- and
O-UNIFAC in subcritical solvent systems, arose, because of their failure to account for changes
in system polarity and the interaction between the components at higher temperature. Hence,
the residual term in the M-UNIFAC model, as was in the case of the O-UNIFAC, requires a

revision/modification.

Modifications to the UNIFAC models would require changes made to the residual term, or to
include an additional term to account for system polarity and the associative effect among the
solute and solvent molecules. Various modifications to the UNIFAC models have been
undertaken along with many variations that adopted an association based activity coefficient
term. Further investigation into the associative activity coefficient term would be required in the
near future. However, as suggested by Fornari et al. [8], the association term would require a

temperature-dependent term to provide substantial improvement to the UNIFAC models.
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5.4 Conclusion

The results obtained show that the UNIQUAC model provides a good representation of the
solubility of anthracene and p-terphenyl in ternary systems. Both the O-UNIFAC and the M-
UNIFAC models performed poorly, mainly due to the inadequacy of the residual component of
the activity coefficient. In ternary systems, all three models showed increasing deviations from
experimental data as ethanol concentration increases. Further work is required to find a suitable
non-empirical thermodynamic model for solubility calculation of PAHs in subcritical

conditions.
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6 Conclusion and Recommendations

A static analytical equilibrium method was utilized to measure the solubilities of anthracene and
p-terphenyl in subcritical water and ethanol based mixtures. Highly reproducible solubility
results were obtained. The solubilities of anthracene and p-terphenyl in subcritical water and
ethanol based mixtures have been established to be highly dependent on temperature. In binary
systems, the solubilities of PAHs in subcritical water and subcritical ethanol increase
exponentially with temperature. In ternary systems involving the addition of ethanol as a
modifier, the solubilities of PAHs were also found to increase exponentially with temperature
and ethanol composition. In ethanol-modified subcritical water systems, sharp increases in
solubility were observed between 140 °C and 160 °C, and at ethanol mole fraction, /> 0.06. In a
ternary mixture consisting of two solids (anthracene and p-terphenyl in subcritical water),
solubility depression was observed for anthracene at all temperatures, except at 150 °C, while

solubility depression was observed for p-terphenyl at 120 °C and 140 °C.

The change in solubility with pressure for all subcritical water and ethanol-modified water
systems considered in this study was insignificant in the range of pressures considered (50 —
150 bar) and the combined effect from temperature and pressure change was also negligible. It
has also been shown that the sublimation pressure of the solid solutes influence their solubility
in subcritical conditions while the dielectric constant of the solvent plays a secondary role. In
all systems investigated, the solubility of p-terphenyl increased with temperature at a higher rate
than anthracene. The rate with which the solubility of p-terphenyl increased with temperature in
subcritical ethanol was found to be higher than in subcritical water while anthracene showed a
lower rate in ethanol than in water. The difference in the rate of solubility increase with
temperature for anthracene and p-terphenyl would allow for the specific extraction of

compounds, by tuning both the subcritical solvents and temperature used.

Of the three activity coefficient-based thermodynamic models considered, the UNIQUAC
model was found to provide the best representation of PAHs solubilities in subcritical water and
ethanol mixtures. However, the highly predictive quality of the UNIQUAC model could only be

realized with the inclusion of a quadratic temperature function into the energy interaction
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parameters. Both the O-UNIFAC and the M-UNIFAC models performed poorly in all systems
considered, mainly due to the inadequacy in the residual component of the activity coefficient.
In subcritical water systems, both models rarely fall within the same order of magnitude as
experimental data and could not account for the dramatic increase in solubility with
temperature. A lack of temperature-dependent activity coefficient also contributed to the
inability of the O-UNIFAC model to account for the dramatic rise in solubility with
temperature. While all three models showed increasing deviation from experimental data with
increasing ethanol concentration, the UNIQUAC model was found to be well within an average

absolute standard deviation of 7%.

The deficiencies of the UNIFAC models would require improvement made to the residual terms
with, perhaps an inclusion of an association based activity coefficient term. However, the
associative term would require a temperature dependent component to provide for substantial
improvement. While the UNIQUAC model provided good representation of experimental data,
it is an empirical model that cannot be extended to other solutes or solvents beyond those
considered here unless experimental data are available. Hence, further work is required to find a
suitable non-empirical thermodynamic model for solubility calculations of organic solutes in
subcritical conditions. Among others, the thermodynamic models considered must be able to
account for the high pressure required in subcritical systems, and the hydrogen bonding that
occurs within the solvent and solute molecules. Hence, equations of state with various mixing
rules that account for associating hydrogen bonding can be used to test for their suitability in

subcritical water and ethanol based systems.

The thermodynamic database for anthracene and p-terphenyl is extended in this thesis with the
inclusion of ternary systems. The evaluation of PAHs solubilities in ternary systems is a step
forward in understanding their behaviour in real life. However, a polluted matrix generally
consists of tens to hundreds of components. Therefore, further investigation into higher order

systems is required.
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Appendix A
FT-IR Spectra
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Appendix Al: FT-IR spectra of anthracene prior to, and after being subjected to

experimental conditions

The IR spectra were recorded with a Thermo Nicolet 370 FTIR spectrometer on a KBr disc.
The FTIR spectra of anthracene pre- and post-solubility measurements shown in Figures A.1 —
A.4 do not show noticeable degradation of anthracene. The IR spectra for anthracene at 140 °C,
150 °C, 160 °C and 170 °C were not conducted. The reason being that the total mixing time for
these temperatures are almost similar to that at 180 °C and, if no noticeable changes were
observed at 180 °C, it was assumed that similar spectra would be observed for temperatures

lower than 180 °C.
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Figure A.1: FT-IR spectra of raw anthracene
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Figure A.2: FT-IR spectra of anthracene post solubility measurement in subcritical water at 120

°C, 50 bar and 197 minutes
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Figure A.3: FT-IR spectra of anthracene post solubility measurement in subcritical water at 180

°C, 50 bar and 63 minutes
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Figure A.4: FT-IR spectra of anthracene post solubility measurement in subcritical water at 200

°C, 50 bar and 50 minutes
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Appendix A2: FT-IR spectra of p-terphenyl prior to, and after being subjected to

experimental conditions

The IR spectra were recorded with a Thermo Nicolet 370 FTIR spectrometer on a KBr disc.
The FTIR spectra of p-terphenyl pre- and post-solubility measurements shown in Figures A.5 —
A.8 do not show noticeable degradation of p-terphenyl. The IR spectra for p-terphenyl at 140
°C, 150 °C, 160 °C and 170 °C were not conducted. The reason being that the total mixing time
for these temperatures are almost similar to that at 180 °C and, if no noticeable changes were
observed at 180 °C, it was assumed that similar spectra would be observed for temperatures

lower than 180 °C.

Figure A.5: FT-IR spectra of raw p-terphenyl
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Figure A.6: FT-IR spectra of p-terphenyl post solubility measurement in subcritical water at

120 °C, 50 bar and 197 minutes

Figure A.7: FT-IR spectra of p-terphenyl post solubility measurement in subcritical water at

180 °C, 50 bar and 63 minutes
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Figure A.8: FT-IR spectra of p-terphenyl post solubility measurement in subcritical water at

200 °C, 50 bar and 50 minutes
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Appendix B

Calibration curves
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Appendix B1: UV-VIS calibration curve generated for anthracene in methanol

The following Figure B.1 is a five-point calibration curve generated to determine the amount of
anthracene collected for solubility measurement. The calibration curve for anthracene dissolved

in analytical grade methanol was obtained based on the 356 nm peak absorbance.
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Figure B.1: Calibration curve of anthracene in methanol at 356 nm
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Appendix B2: UV-VIS calibration curve generated for p-terphenyl in methanol

The following Figure B.2 is a five-point calibration curve generated to determine the amount of
p-terphenyl collected in the collection vessel. p-Terphenyl was dissolved in analytical grade

methanol with the calibration curve based on the 278 nm peak absorbance.
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Figure B.2: Calibration curve of p-terphenyl in methanol at 278 nm
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Appendix B3: RP-HPLC calibration curve for anthracene dissolved in acetonitrile

Figure B.3 is a five-point calibration curve generated to determine the amounts of anthracene
collected in the ternary solubility studies of anthracene and p-terphenyl in subcritical water. The

calibration curve is based on the 357 nm peak absorbance area of anthracene.
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Figure B.3: Calibration curve of anthracene in acetonitrile at 357 nm
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Appendix B4: RP-HPLC calibration curve generated for p-terphenyl dissolved in

acetonitrile

Figure B.4 shows the point calibration curve generated to determine the amount of p-terphenyl
dissolved in HPLC-grade acetonitrile. The calibration curve was based on the 298 nm peak

absorbance area.
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Figure B.4: Calibration curve of p-terphenyl in acetonitrile at 279 nm
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