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Abstract - Due to the importance of supercritical fluid technology (SFT) in different industries, it has been the
subject of intense research in recent decades. Solubility is a key concept in SFT. In fact, obtaining knowledge
about the theoretical concepts of solubility and related experimental measurement methods can be useful in
developing and improving the quality of research in this field. This study reviews the fundamental knowledge of
solubility in supercritical fluids and investigates the significant topics in this field, including high-pressure phase
behavior, experimental measurement methods, modeling, and molecular simulation of solubility.
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INTRODUCTION

In recent years, scientists have extensively focused
on supercritical fluid technology (SFT) as anew method
for important processes such as reaction, extraction,
purification, and production of nanoparticles. This
technology has remarkable advantages, such as
negligible negative impact on environment, low
waste toxicity, better quality, and safety of the final
products. Because of the mentioned positive features,
supercritical fluids are widely used as an alternative
to many organic and environmentally destructive
solvents (Beckman, 2004; Jessop and Leitner, 2008).

A supercritical fluid is a fluid at temperature and
pressure higher than the critical temperature and
pressure, where distinct liquid and vapor phases do not
exist. At temperature and pressure below the critical
values, liquid and vapor can coexist. In fact, liquid
density decreases due to thermal expansion, while
the vapor becomes denser as a result of the increase
in pressure. The densities of vapor and liquid phases

gradually converge and eventually, at the critical
point of the fluid, the densities of the two phases will
become identical. At this point, both vapor and liquid
phases become indistinguishable and there will be no
boundary between phases. In fact, a supercritical fluid
is an intermediate phase between vapor and liquid
phases.

Since supercritical fluids show the properties
of both liquid and vapor phases, they can easily
dissolve other materials. The solubilizing capability of
supercritical fluids highly relies on the pressure value,
and at higher pressures a supercritical fluid acts as a
better solvent. Near the critical point, supercritical
fluids are extremely sensitive to subtle changes in
temperature and pressure.

Among various types of supercritical fluids,
carbon dioxide is more common and frequently used
because it is non-toxic, non-flammable, and non-
explosive and has mild critical properties (T =304.25
K and P=7.38 MPa). One of the distinguishing
properties of supercritical carbon dioxide is its small
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and linear structure which increases its permeability.
Nevertheless, supercritical carbon dioxide has some
limitations, such as non-polarity and its capacity to
form specific solvent-solute interactions. Therefore, to
enhance its solubilizing power, it is highly desired to
improve its polarity by adding a suitable cosolvent (Li
et al., 2003; Huang et al., 2004; Karimi-Sabet et al.,
2012; Behjati Rad et al., 2019).

In a supercritical fluid system, solubility can be
defined as the concentration or mole fraction of a
substance in the supercritical phase at equilibrium
with the pure fluid. The solubility accelerates the
initial stages of an extraction process and reduces the
time of the process. In other words, solubility is the
ability to extract materials under different temperature
and pressure conditions.

Given the significant role of solubility in SFT
processes, various methods, including experimental,
semiempirical, solubility parameter model, molecular
simulation, and equation of state-based methods
have been developed for determining and predicting
solubility in supercritical fluids. In recent decades,
numerous studies have been conducted to investigate
the solubility of various materials in supercritical
fluids (Aschenbrenner et al., 2007; De Zordi et al.,
2012; Karimi-Sabet et al., 2012; Masoodiyeh et al.,
2014; Zhu et al., 2015; Bitencourt et al., 2016; Chen et
al., 2017; Tamura et al., 2017).

SFT is a relatively new tool to produce important
products such as solid particles, powdery composites,
and nanostructured materials. In order to produce the
mentioned items, it is necessary to utilize various
methods and perform different processes such as the
rapid expansion of supercritical solution (RESS), the
gas anti-solvent (GAS), the supercritical anti-solvent
(SAS), and the particles from gas-saturated solution
(PGSS) (Knez and Weidner, 2003; Shariati and Peters,
2003; Yeo and Kiran, 2005; Cansell and Aymonier,
2009). For example, this technology is applied in
the pharmaceutical industry to produce nanoparticles
(Fages et al., 2004; Pathak et al., 2006; Reverchon et
al., 2009; Keshavarz et al., 2012; Karimi-Sabet et al.,
2012; Akbari et al., 2014; Akbari et al., 2014; Akbari
et al., 2015; Masoodiyeh et al., 2015; Fattahi et al.,
2016).

SFT can also be used in the food industry for
separation and extraction processes (Brunner, 2005;
Ruttarattanamongkol et al., 2011), optimization of flat
sheet hydrophobic membrane synthesis (Zaherzadeh et
al., 2015), and dysprosium ion recovery from aqueous
solutions (Karimi-Sabet et al., 2014).

Recent studies on SFT have shown that this
technology can be also utilized for chemical and
biochemical processes (Ikushima, 1997; Jessop and
Leitner, 2008; Santos et al., 2016), synthesis of new

materials such as silica aerogel (Blaszczynski et
al., 2013; Mahadik et al., 2016), a powerful tool for
chiral separations (Speybrouck and Lipka, 2016),
optimization of graphene production by exfoliation of
graphite (Hadi et al., 2016), dry cleaning (McHardy
and Sawan, 1998), high-pressure sterilization (Perrut,
2012), jet cutting (Shen et al.,, 2011), thin-film
deposition for microelectronics (Jianzhong et al.,
2009), and separation of value-added products from
fermentation broths in the field of biotechnology
(Fabre et al., 1999).

Given the significance of solubility in SFT
processes, this study reviews the thermodynamic
concepts of solubility and related measurement
methods. To this end, the first section discusses the
phase behavior of fluid mixtures at high-pressure to
highlight the complexity of phase behavior under
supercritical conditions and its significance in
solubility studies. In the second section, experimental
methods of solubility measurement are categorized
and reviewed briefly. The third section discusses the
thermodynamic concepts of high-pressure equilibrium
to highlight the importance of equilibrium in modeling
solubility. In addition, various methods of modeling
solubility in the supercritical fluid are discussed.
The final section reviews molecular simulation as a
powerful method for predicting solubility.

High-pressure phase behavior of fluid mixtures

In order to develop and improve supercritical fluid
processes, it is essential to consider phase behavior
of fluid mixtures under high-pressure conditions.
Pressure and temperature have a complicated effect
on phase behavior in supercritical fluid systems and
may generate different types of phase equilibria in
the system. Hence, it is of great importance to have a
proper knowledge of the high-pressure phase behavior
of fluid mixtures in a phase diagram framework.

Although it is very important to study the phase
behavior of pure substances, it only provides
limited information about the phase behavior of
multicomponent mixtures. In fact, fluid mixtures show
different behaviors, which are due to interactions
between different molecules and the wide variety of
phase transitions that may occur under this condition.
However, it is essential to study the high-pressure
phase behavior of fluid mixtures, because the first
step in designing chemical processes is to obtain
information on this type of equilibrium.

The study of phase behavior in binary systems is
a starting point for understanding the complexity of
phase behavior in multicomponent mixtures. Different
types of phase diagrams of mixtures under high-
pressure conditions are presented by Van Konynenburg
and Scott (Van Konynenburg, 1968; Van Konynenburg
and Scott, 1980).
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Gibbs phase rule

The concept of degree of freedom can be used to
determine the geometry of a phase diagram. Based on
the Gibbs phase rule, the number of thermodynamic
degrees of freedom or the number of independent
intensive variables can be obtained by Eq. (1):

F=N-P+2 (1)

where F is the number of thermodynamic degrees of
freedom (number of independent intensive variables),
N is the number of components in a mixture, and P is
the number of coexisting phases in equilibrium.

Temperature, pressure, and composition of all the
available phases are intensive variables for a system
in an equilibrium state. For example, a binary fluid
mixture in a two-phase state has two degrees of
freedom. In other words, when the temperature and
pressure of the system are known, one can determine
the thermodynamic state. For a ternary system in a two-
phase state, the three variables of temperature, pressure,
and the mole fraction of one of the components can be
used to determine the thermodynamic state.

In addition to specifying the thermodynamic
state of a system, the phase rule also helps to obtain
information about the phase diagram geometry.
Knowledge about geometry limitations is very useful
for determining the number of coexisting phases in
different areas of the phase diagram.

Phase behavior of binary mixtures

Generally, the phase equilibria in binary mixtures
can be expressed using five major classes of phase
diagrams which can be obtained from the van der
Waals equation of state. Based on the phase rule,
a binary system can be fully described by a three-
dimensional phase diagram, such as a P-T-x diagram.
In other words, the phase diagrams can be expressed
using a two-dimensional projection of three-phase
lines and critical mixture curves obtained from three-
dimensional P-7-x diagrams. This type of phase
diagrams has two types of limiting points, including
critical points and critical end points. The intersection
of three-phase equilibrium lines (LLV equilibrium
lines) and critical lines generate a critical endpoint
(Van Konynenburg, 1968; Van Konynenburg and Scott,
1980; Streett, 1989; McHugh and Krukonis, 2013).
The five classes of van der Waals phase diagrams are
shown in Fig. 1.

According to previous studies, a subset of the Class
III phase diagram is the most applicable for binary
solid-supercritical fluid systems. As shown in Fig. 2
(Streett, 1989; Lucien and Foster, 2000; McHugh and
Krukonis, 2013), C, and C, are the critical points of
components 1 and 2, respectively. The dashed curves
represent the locus of critical points in binary mixtures
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Figure 1. Phase behavior classification of binary
mixtures obtained from the van der Waals equation
of state. Points C, and C, are the critical points of
components 1 and 2, respectively. UCST and LLV
imply the upper critical solution temperature and three-
phase equilibrium between two liquid phases and one
vapor phase, respectively. Solid lines represent pure
component vapor pressure curves, dashed curves are
the critical mixture curve for a binary mixture, and
open triangles are the critical endpoints (McHugh and
Krukonis, 2013).

while the dashed-dotted curves represent the solid-
liquid-vapor equilibrium. The intersection of three-
phase equilibrium lines and critical lines represent the
critical end points. These critical end points may occur
either at a high-temperature branch of the three-phase
curve (UCEP) or a low-temperature branch (LCEP).
The solid-liquid-vapor equilibrium curve of a
solid material starts from its normal melting point and
ends at the upper critical endpoint. The area between
UCEP and LCEP in the phase diagram represents the
temperature range in which solid-vapor equilibrium
exists. The composition of heavy components in
the vapor phase refers to a solid solubility in the
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Figure 2. Phase diagram for an asymmetric binary
system consisting of a solid (second component)
in the presence of supercritical carbon dioxide (first
component) (Lucien and Foster, 2000).

supercritical fluid. It is worth noting that the largest
body of data on solid solubility in supercritical fluids
is obtained from this area.

The pure solid melting point, as an important
variable for determining solubility, decreases under
high-pressure conditions. Lucien and Foster (Lucien
and Foster, 2000) studied the solubility of solid
mixtures and showed that the phase behavior of a
system can be affected by the solid phase melting point
under high-pressure conditions and the formation of
liquid phase. It is an important item in equilibrium
calculations. Under this condition, both the liquid-
vapor and solid-liquid-vapor equilibrium are possible
and the distribution of components in the vapor phase
or supercritical fluid phase can be different from our
expectations. In other words, the data on the number
and type of stable phases in the equilibrium state play
a crucial role in the study of the phase equilibrium. In
fact, phase stability calculations are a prerequisite for
equilibrium calculations.

As mentioned above and as stated by Lucien and
Foster (2000), the presence of a supercritical fluid
decreases the normal melting point of a pure solid,
which significantly affects the composition of the
vapor phase and solid solubility. Fig. 3 represents a
P-x projection of the phase diagrams previously shown
in Fig. 2.

According to Fig. 3, the increase in pressure
results in changes in the equilibrium conditions and
generates two different regions of phase behavior.
When the composition is lower than x , there is a solid-
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Figure 3. P-x projection of the phase diagram at a
temperature which intersects the SLV line (Lucien and
Foster, 2000).

vapor equilibrium, and the composition of the vapor
phase in this region indicates solid solubility in the
supercritical fluid. However, when the composition is
higher than x,, liquid-vapor equilibrium is established
up to the stationary point at pressure P, and the vapor
phase composition in this region indicates the liquid
solubility in the supercritical fluid (Lucien and Foster,
2000).

Phase behavior of ternary mixtures

Many theoretical and experimental studies in the
field of fluid phase behavior are conducted on binary
mixtures, however, a large number of fluid mixtures
have more than two components. Hence, the study of
the phase behavior of multicomponent mixtures is of
great importance.

Regardless of components with very small
amounts, multicomponent systems can be modeled
as pseudo-ternary systems. Thus, extensive attempts
have been made to determine the phase behavior of
ternary mixtures of various compounds under high-
pressure conditions (Kurnik and Reid, 1982; Johnston
and Penninger, 1989; Liu and Nagahama, 1996;
Freitag et al., 2006; Fu et al., 2007; Chobanov et al.,
2010; Deiters and Kraska, 2012; Sadus, 2012; Yang et
al., 2012; Rebelatto et al., 2015).

Every ternary system has three subsystems, each
having a specific phase behavior similar to one of the
phase diagrams of binary systems. In order to study
the phase behavior of a ternary system, it is necessary
to improve the knowledge about the graphical
representation of these subsystems. Consequently,
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upon adding a third component to the binary system, a
third dimension will be required to analyze the phase
behavior; it can be explained using the Gibbs phase
triangle. The corners of the triangle represent the pure
components. The mole fractions of a component can
be determined through calculating the ratio of the
distances from the edges to the height of the triangle
(Deiters and Kraska, 2012). Fig. 4 presents an example
of this triangle with the hypothetical mole fractions in
a ternary system.

Concerning solubility, in order to enhance
the solubility of a solid solute, for example in
pharmaceutical industries, ternary mixtures are
usually produced through adding a cosolvent to the
supercritical fluid (Li et al., 2003).

Figure 4. Gibbs phase triangle for a ternary system,
the composition of the mixture is x,=0.2, x,=0.3 and
x.=0.5 (Deiters and Kraska, 2012).

Experimental methods of solubility measurement

The solubility of a material in a supercritical fluid
can be determined by measuring its amount in a
saturated solution. Generally, solubility is reported as
mole fraction or mass fraction.

Several experimental methods have been
developed for measuring the solubility and studying
high-pressure phase equilibria. Depending on the type
of technique applied for measuring the concentration,
these methods are divided into two main categories,
including analytic and synthetic approaches. In
addition to these two main categories of methods, there
are transient methods, which can be classified into two
types: material flow and heat flow. They can be used to
study the high-pressure phase equilibria (Deiters and
Kraska, 2012).

Many researchers have conducted comprehensive
studies in this field to investigate various types of high-
pressure phase equilibria (Christov and Dohrn, 2002;
Dohrn and Brunner, 1995; Fornari et al., 1990; Dohrn
et al.,, 2010; Fonseca et al., 2011). In addition, Aim
and Fermeglia (2002) investigated on solubility and

achieved significant results. In the following section,
these experimental methods and their main concepts
are briefly discussed.

Analytic methods

When using analytic methods for experimental
examinations, the overall composition of the fluid
sample is unknown. In these methods, the temperature
and pressure are changed until the phase separation
occurs. Therefore, the composition of coexisting
phases is analyzed using conventional chromatography
methods such as gas chromatography (GC), high
performance liquid chromatography (HPLC), and thin
layer chromatography (TLC). Since many materials
have a low level of solubility in supercritical fluids and
their UV sensitivity is insignificant, chromatography
instruments have a key role in measuring solubility
(Yoda et al., 2008; Li et al., 2016).

The selection of analysis methods depends
mainly on the type of materials and their solubility in
supercritical fluids. For instance, the GC method is not
appropriate for temperature-sensitive materials, while
the HPLC method is suitable for materials with a very
low level of solubility. Concerning the techniques
used for classifying phase equilibria, analytic methods
are divided into four categories: static method,
recirculation method, flow method, and saturation
method. Each of these methods is briefly introduced in
the following sections.

Analytic-static method

In the analytic-static method, the volume of
the equilibrium vessel is fixed and solid or liquid
solute will be contacted with a certain volume of
the supercritical fluid. In this method, to reach the
equilibrium state faster and better, a mixer is used
exclusively for liquid solutes in the equilibrium vessel.
After achieving the equilibrium state, a small sample
of the fluid is collected and its composition is analyzed
using chromatography methods.

Although the governing principles of the analytic-
static method are simple, it is necessary to ensure
the achievement of the equilibrium state prior to the
sampling of the fluid. Hence, enough time is needed
for making a proper contact between the solute and
solvent. Moreover, sampling is an important step in
the analytic-static method and it should be performed
carefully. In fact, sampling from the equilibrium
vessel must not disturb the equilibrium conditions. As
a result, only a small volume of the fluid should be
taken for the analysis.

The analytic-static method can be used to
study the phase equilibrium of binary, ternary, and
multicomponent systems in the supercritical fluid.
Gutiérrez et al. (2010) explained the application of
this method for modeling high-pressure equilibria in
binary systems.
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The analytic-static method is widely used to
measure solubility in supercritical fluids, such as the
solubility of condensed compounds (Galia et al., 2002),
nitrophenol derivatives (Shamsipur et al., 2002), drugs
(Hojjati et al., 2007), and many other materials (Park
et al., 2009; Hosseini et al., 2010; Sousa et al., 2012;
Kostrzewa et al., 2013).

Analytic-recirculation method

The analytic-recirculation method is almost similar
to the analytic-static method, but there is a small
difference between these two methods. In fact, there
is a backflow loop for the equilibrium vessel in the
analytic-recirculation method that is not present in
the analytic-static method. This backflow has some
advantages, for instance it improves mixing and
facilitates sampling. In this method, the analysis of
phase compositions is performed on small amounts
of backflow samples collected through the online
sampling valve that is connected to the measuring
device.

The use of backflow in the analytic-recirculation
method has some disadvantages such as a pressure
drop and subsequent sedimentation of solute in the
backflow loop. In this method, because of the utilization
of recirculation pumps, the pressure changes and this
is undesirable for equilibrium conditions. More details
about this method are available in studies by Yu et al.
(1992) and Kodama et al. (2004) who investigated
phase equilibria, and Cabrera et al. (2015) and Iwai et
al. (2004) who studied solubility.

Analytic-flow method

The analytic-flow method was initially developed
for systems with temperature-sensitive components
and for reaction systems. In this method, a
preheated mixture with constant overall composition
continuously flows into the equilibrium vessel and is
separated into two phases with different densities. The
light and heavy phases continuously exit from the top
and bottom of the vessel, respectively, and they are
analyzed after sampling.

The analytic-flow method has some advantages; for
instance, it requires less time to achieve the equilibrium
state, which reduces the residence time. Because of
these characteristics, the changes in compositions are
minimal, and thermal decomposition of components
does not continue further. As the main advantage
of the analytic-flow method, the sampling in this
method is faster and easier than the sampling in other
methods, and it does not disturb the equilibrium state.
This method was used by Shimoyama et al. (2008)
to investigate phase equilibria; it is applied by many
other researchers (Suzuki et al., 1991;, Xing et al.,
2003; Ferri et al., 2004; Ghaziaskar and Kaboudvand,
2008; Li et al., 2010; Tang et al., 2011; Jin et al., 2012;

Li et al., 2013; Danlami et al., 2015; and Wu et al.,
2016) to examine solubility.

Analytic-saturation method

The analytic-saturation method is used for
determining the solubility of solids and liquids
with high viscosity in supercritical fluids. A non-
volatile heavy phase, either solid or liquid, is loaded
in equilibrium vessels and it remains as a stationary
phase until the end of the experiment. Subsequently, a
continuous flow of the supercritical fluid enters from
the bottom of a vessel and, after reaching the saturation
state, it exits from the top.

In the analytic-saturation method, the solubility of
the heavy phase in the supercritical fluid is determined
through sampling and analyzing the output fluid flow.
In addition, it can be determined through measuring
the total volume of the gas passing through the
equilibrium vessel and through measuring the mass of
the extracted solute. In this method, it is important to
ensure that a saturated solvent is obtained at the output
of the equilibrium wvessel. Accordingly, adequate
amounts of solute must be applied and the output
flow rate must be set appropriately. The application of
this method for determining solubility is reported by
Pauchon et al. (2004) and Huang et al. (2005).

The use of the analytic method in multicomponent
mixtures is its most important advantage. Fig. 5 shows
the schematic of an apparatus used for determining
fluid phase equilibrium using the analytic methods
(recirculation method).
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Figure 5. The schematic of an apparatus for
determining fluid phase equilibrium using the analytic-
recirculation method, (1) sample space, (2) pressure
vessel, (3) heater, (4) manometer, (5) thermometer,
(6) recirculation pumps, and (7) valves (Deiters and
Kraska, 2012).
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Synthetic methods

In synthetic methods, a mixture with a specific
composition is put under pressure in an equilibrium
vessel to achieve a homogeneous phase at a constant
temperature. In this process, it is necessary to control
the temperature of the vessel. In order to obtain the
desired pressure for the experiment, the volume of the
vessel is changed by a movable piston.

In synthetic methods, the phase transition occurs
as the result of changes in pressure under a constant
temperature or vice versa. The phase changes can be
monitored through visual observation using a visible
cell or through observing changes in physical properties.

Synthetic methods are more favorable and
economic because they do not require sampling and
complex analytical tools. However, it should be noted
that, in this method, it is difficult to detect the phase
equilibrium and determine the solubility through visual
observation. In fact, it becomes more challenging when
coexisting phases have the same refractive indices and
synthetic methods with optical detection tools cannot
be used for this situation (Deiters and Kraska, 2012).

The utilization of synthetic methods for determining
phase equilibrium is limited only to binary systems
and these methods cannot be used for multicomponent
mixtures. Therefore, in the multicomponent systems,
tie lines cannot be determined without performing
additional experiments. Fig. 6 presents the schematic
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Figure 6. The Schematic ofan apparatus for determining
fluid phase equilibrium using the synthetic method,
(1) sample space, (2) pressure vessel, (3) heater, (4)
piston, (5) stirrer, (6) manometer, (7) thermometer,
and (8) valves (Deiters and Kraska, 2012).

of an apparatus for determining the phase equilibrium
using synthetic methods.

The utilization of synthetic methods for determining
high-pressure phase behavior and solubility is
discussed by various researchers in many scientific
texts (Bittrich et al., 1996; Crampon et al., 1999; Borg
et al., 2001; Lazzaroni et al., 2004; Tsuji et al., 2004;
Lazzaroni et al., 2006; Tenorio et al., 2012; Mor¢re et
al., 2013; Nielsen et al., 2015; Kouakou et al., 2016).

The gravimetric method is one of the synthetic
methods commonly used for determining solubility
in supercritical fluids. In this method, a small glass
vessel with a specific amount of solute is placed in
a pressurized vessel where it is in contact with the
supercritical fluid. This glass vessel only allows
dissolved solute to pass, and the solute particles
cannot exit the equilibrium vessel before dissolving.
After reaching the equilibrium state, the pressure of
the vessel drops. In order to determine solubility,
the residue of the solute is weighed. Typically, the
gravimetric method is used together with the static
method to determine solubility (Sabegh et al., 2012;
Rajaei et al., 2013; Shojaee et al., 2013; Khayyat et
al., 2015).

Transient methods

Transient methods are used for experimental
determination of solubility and high-pressure phase
behavior of fluids. These methods are also employed
for determining the vapor or sublimation pressure
of compounds with a very low volatility. Transient
methods are divided into two categories: flow of
matter and heat flow. When using a flow of matter
transient method, the supercritical fluid is placed in
contact with solute until it reaches the saturation state.
Then, it is transferred from the cold trap and the solute
is deposited. Afterward, solubility can be determined
through measuring the mass of deposited solute and
fluid flow rate (Deiters and Kraska, 2012).

In a heat flow transient method, the enthalpy of
the system changes due to the phase transition, which
in turn results in an easily recognizable change in
temperature. More details about this method are
reported by Deiters and Kraska (2012). Fig. 7 shows
the schematic of an apparatus utilized for determining
fluid phase equilibrium using the flow of matter
method.

High-pressure phase equilibria of fluids

Equations of state play an important role in the
thermodynamic modeling of high-pressure fluid phase
equilibria. Utilization of the equations of state for
phase equilibrium calculations has significant benefits,
because they can be used for a wide range of pressure
and temperature. Researchers have applied this method
for modeling phase equilibria in mixtures with different
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Figure 7. The schematic of an apparatus for
determining fluid phase equilibrium using the flow of
matter method, (1) compressor, (2) pressure vessel, (3)
cold collector attached to precision scale, and (4) flow
meter (Deiters and Kraska, 2012).

components. Equations of state can also be used for
calculating phase equilibria without facing conceptual
difficulties. Various types of phase equilibria can be
studied using these equations. Different types of these
phase equilibria are reviewed in the following section.

Vapor-liquid equilibrium

In the vapor-liquid equilibrium, the fugacity of each
component in the vapor and liquid phases is equal.
Therefore, the equilibrium criterion can be stated as:

£ (T,P,y;)=£"(T,P,x;) i=12,...,m (2)

where £V and f* are the fugacity of component i in
vapor phase (supercritical fluid) and liquid phase,
respectively. y, and x, are the mole fraction of
component i in the vapor phase or supercritical fluid
and liquid phase, respectively. m is the number of
components and 7, P are temperature and pressure of
the system, respectively. Eq. (2) can be expressed in
terms of fugacity coefficients as follows.

Yi(PiVP = Xi(PiLP (3)

where @Y and ¢/ are the fugacity coefficients of
componenti in the vapor phase or supercritical fluid and
liquid phase, respectively. The fugacity coefficients of
vapor and liquid phases can be calculated using exact
thermodynamic relationships as below.

v
In (P,-V = —1 v _8P - —RT dv—1In —PV 4)
RT v || On; TV A% T

i#]

L
1n(piL:L ; P _RT vl 2 (5)
RTI (an ) TV RT

i#]

where R is the gas constant, vV and V' are the
molar volume of the vapor phase and liquid phase,
respectively. n. and n, are the numbers of moles
of components i and j, respectively. The fugacity
coefficients in the vapor and liquid phases can be
calculated using an equation of state.

Since sizes, structures, and intermolecular forces
of components in a mixture are not significantly
different, a conventional cubic equation of state can be
used for the evaluation of the phase behavior of high-
pressure systems. Among cubic equations, the Peng-
Robinson and Soave-Redlich-Kowang equations of
state are widely used for determining high-pressure
phase equilibria (Stevens et al., 1997; Adrian et al.,
1998; Liao et al., 2010; Hou et al., 2012; Brandalize
et al., 2014; Machida et al., 2014; Pereira et al.,
2014). In addition to the cubic equations of state, CPA
and GC equations of state are also used to predict
thermodynamic properties and high-pressure phase
behavior of fluids (Espinosa et al., 2002; Fernandez-
Ronco et al., 2010; Keshtkari et al., 2013; Masoodiyeh
etal., 2013).

Solid-supercritical fluid equilibrium

In solid-superecritical fluid equilibrium, the fugacity
of component i in the supercritical fluid can be
calculated using the following equation.

fiSCF (T’P’ Yi) = Yi(PiSCFP (6)

where the SCF superscript refers to the supercritical
fluid. In order to calculate the fugacity of component i
in the solid phase, it is assumed that the solid phase is
completely pure. Accordingly, the following equation
can be used.

sat S
S __ psat__sat (P_Pi )Vi 7
£ (T.P) =B " exp| =0 )

In Eq. (7), P is the sublimation pressure of pure
solid at the temperature of the system, ¢ is the
fugacity coefficient at P** and temperature of the
system, v* is the molar volume of pure solid, and the
exponential term represents the Poynting correction
factor for the fugacity of pure solid. It can be assumed
that the fugacity coefficient of pure solid is equal to
one. Hence, considering the equilibrium criterion, the
solid solubility in the supercritical fluid phase can be
determined using the following equation.

(P -P vy
Pisat exp| /"
RT
8
o ®)

Yi =
o
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As shown in Eq. (8), upon increasing the pressure
under a constant temperature, solubility in the
supercritical fluid should increase as well. This is due
to a sharp decrease in the fugacity coefficient of the
supercritical fluid, which occurs as the result of an
increase in pressure, especially near the critical point
of the supercritical fluid.

Solid-liquid-vapor equilibrium

The equilibrium criterion for coexisting phases
of solid, liquid, and vapor (supercritical fluid) can be
ecasily explained by considering the solid-vapor and
vapor-liquid equilibria.

£ (T.P)=£" (T,P,y;) 9)

fiL (T:P:Xi) fiV (T’P; YI) (10)

According to the Gibbs phase rule, the two above
mentioned equations can be applied for a binary system
without chemical reactions when two variables, such
as temperature and pressure, are set at specific values.
Thus, the equilibrium criterion for solid, liquid, and
vapor phases can be expressed through the following
equation.

£ (T,P)=f" (T.P,x;) = £ (T.P,y;) (11)

In the solid-liquid-vapor equilibrium in a binary
system without chemical reactions, the equilibrium
equations can be applied using only one variable such as
temperature or pressure. The three-phase equilibrium
under high-pressure conditions in multicomponent
systems is comprehensively studied by Lemert and
Johnston (1989).

Phase stability calculations

Phase stability analysis is one of the important items
to be considered in phase equilibrium calculations.
Adequate knowledge about the number and type of
stable phases in the equilibrium state plays a crucial role
in calculating the phase equilibrium and determining
solubility. The fluid phase is in a stable state when it is
resistant to small changes in thermodynamic properties.
On the other hand, it is in an unstable phase when it
breaks into one or more phases due to such changes.
The phase stability is highly dependent on the operating
conditions, which can be either favorable or unfavorable.

When an isolated system operates in a stable
equilibrium state, the total Gibbs free energy of the
system is minimal under a constant pressure and
temperature. In other words, the Gibbs free energy of
the system is minimized during the phase stability.

Lupis and Gaye (1971) presented a stability function
in order to study the thermodynamic properties of

multicomponent solutions. For binary solutions, their
stability function () is defined as follows (Lupis and
Gaye, 1971).

d*(G,, /RT)

Y= XX, 5
2

(12)

When the stability function is positive (¥ >
0), the solution is stable with respect to small
changes in the composition. As the stability
function becomes negative (¥ < 0), the solution
becomes unstable. Finally, the stability function
becomes zero at the spinodal compositions
(¥ = 0). For a regular solution, the stability function
can be expressed as follows.

2Q
\P=l—(ﬁJXlX2 (13)

where Q represents the interaction between atoms 1
and 2 in the solution. The stability function can be used
for ternary solutions and those with more components.

Gupta et al. (1991) presented a method for phase
stability analysis. Their method seeks to minimize the
Gibbs free energy and can be applied for systems with/
without chemical reactions. In the mentioned method,
the presence or absence of a phase in the equilibrium
state is determined by solving equilibrium and stability
problems, simultaneously.

The tangent plane distance method (7PD),
presented by Michelsen (1982a; 1982b) is another
approach for stability analysis. In this method, at a
given temperature and pressure of a mixture with m
component, the stability criterion can be expressed by
Eq. (14) (Michelsen, 1982a).

TPD(X)ZZXi (pi(x)—u?)zo (14)

where geometrically 7PD(x) is the vertical distance
from the tangent hyperplane to the molar Gibbs
energy surface in composition z to the energy surface
in composition x, and .’ is the chemical potential of
component 7 in the mixture (Michelsen, 1982a). When
an equation of state is used, fugacity coefficients
are easily applied and the constraints are reduced as
well. By defining a new variable, X, representing the
number of moles of component i, Michelsen (1982a)
expressed the stability criterion by Eq. (15).

TPD(x)=1+YX; (lnXi +Ing; (x)-Inz —ln(pi(z)—l)ZO (15)

InEq. (15), zis the composition of feed components,
¢,(z) is the fugacity coefficient of component i in the
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feed composition, and ¢(x) is the fugacity coefficient
of components in composition x. X, is the number of
moles, hence, the only limitation is X, > 0, and Eq. (15)
can be minimized just based on the number of moles.

Phase stability can be determined through
considering the sign of the minimized TPD function.
When the value of this function is positive or equal to
zero, the system is stable. When its value is negative,
the system is unstable and can be broken into two or
more new stable phases (Michelsen, 1982a). Given
the significance of the phase stability analysis in
equilibrium calculations, many efforts have been
made to provide different algorithms for calculating
the stability (Zhu et al., 2000; Rahman et al., 2009;
Henderson et al., 2011; Nichita and Petitfrere, 2013;
Staudt et al., 2013).

Modeling solubility in supercritical fluids

It is expensive, complicated, and in some cases
impossible to experimentally investigate and determine
solubility in supercritical fluids over various ranges
of temperature and pressure. Hence, many efforts
have been made to present and develop mathematical
models to estimate solubility of a solute in supercritical
fluids at the equilibrium state. Efforts made to model
solubility can be divided into three main categories,
including semiempirical models, equations of state-
based methods, and solubility parameter model. In the
following section, these three types of methods are
discussed.

Semiempirical models

Semiempirical models are widely wused for
determining solubility. In these methods, the solubility
is predicted based on the correlation between
experimental data. These models present mathematical
relationships, and they are more accurate than other
methods. In these models, experimental data on
solubility are essential for calculating the correlation,
and in some cases it is the main limitation of the
models.

The Chrastil model (Chrastil, 1982) was the first
semiempirical model that correlated solubility of
solids in a supercritical fluid. This model investigates
the relationship between the solubility of a solute
in a supercritical fluid and the density of the pure
supercritical fluid under a given temperature. The
Chrastil model was developed based on the theory of
chemical association and can be expressed by Eq. (16)
(Chrastil, 1982).

lnS:A1+%+A3lnp (16)

where S is the solubility (kg m™®) of materials in a
supercritical fluid, p is the solvent density (kg m™),

T is the temperature (K), 4, is a function of the molar
mass of the solute, 4, is a function of the enthalpy
of solvation and enthalpy of vaporization, and 4, is
the association number, that represents the number of
molecules of supercritical fluid in a solvated complex.
The Chrastil equation is not valid for a wide range of
temperatures and for a solubility value higher than
100-200 kg m™ (Sparks et al., 2008). Because of
these limitations, this equation has undergone some
modifications.

Sung and Shim (1999) added a new term to the
Chrastil model and presented a new model to estimate
the solubility of solutes in a supercritical fluid as
follows:

A A
Iny=A, +—2+| A, +—% |In 17
Yy T ( 3 Tj p (17)

where y is the solubility (mole fraction) and p is the
supercritical fluid density (kg. m™).

Adachi and Lu (1983) also modified the Chrastil
model through considering the role of density on the
association number and introduced a new model for
solubility estimation as follows:

A
lnS:Al+(A2+A3p+A4p2)lnp+T5 (18)

Sparks et al. (2008) presented another model based
on Adachi and Lu’s model that included the effect of
density on the association number as follows:

A A
lnS:Al+(A2+A3p+A4p2)lnp+T5+T—§ (19)

Bartle et al. (1991) also offered a model, presented
in Eq. (20), to determine the solubility of solids in a
supercritical fluid.

P A
ln[y—j = A+ A (P pur) (20)

ref

where P . and p . are the pressure and density of a
reference point, respectively.

Gordillo et al. (1999) introduced a new model
to evaluate solubility in terms of temperature and
pressure as follows:

Iny=A, +A,P+AP° +A,PT+AT+AT (21)

Méndez-Santiago and Teja (1999) developed a
semiempirical model based on the theory of dilute
solutions, presented in Eq. (22), to determine
solubility.
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Tin(yP)=A, +A,T+Asp (22)

Kumar and Johnston (1988) also introduced a
model for evaluating solubility in terms of temperature
and density as follows:

A
Iny=A, +T2+A3p (23)

Another semiempirical model to determine
solubility is a model presented by Del Valle and
Aguilera (1988), which puts emphasis on the role of
temperature. This model can be expressed as follows:

A, A
1nS=A1+T2+T—;+A4lnp (24)

Equations introduced by Yu et al. (1994) and
Jouyban et al. (2002) are other semiempirical equations
for determining solubility and they are expressed by
Egs. (25) and (26), respectively.

y=A +A,P+AP? +APT(1-y)+AT+AT®  (25)

Iny=A, +A,P+A,P’ +A4PT+A5%+A6 Inp (26)

The coefficients 4, to A, in the semiempirical
equations are empirical constants that can be
determined through data regression.

In order to select and develop an appropriate
model, it might be helpful to compare the accuracy of
these models in predicting solubility in supercritical
fluids. To this end, Tabernero et al. (2010) compared
the accuracy of semiempirical models in predicting
drug solubility of 27 various solutes.

Semiempirical models are commonly applied to
determine solubility in supercritical fluids. Table (1)
presents a comprehensive review of these models used
for determining the solubility of various compounds
in supercritical carbon dioxide. According to the
results, these different models show different levels of
accuracy in predicting solubility.

In these semiempirical models, solubility is
dependent on temperature. The effect of temperature
on solubility is complex and the crossover of the
solubility isotherm occurs when pressure is considered
as a variable. This phenomenon is influenced by the
density of solvent and vapor pressure of the solute.
In fact, the vapor pressure increases as a result of an
increase in temperature and solubility; on the contrary,
there is a reduction in density and solvent power.
Consequently, solubility decreases because the density
of the solvent is the dominant factor. After passing

the crossover area, upon increasing the temperature,
the vapor pressure of the solute becomes a dominant
factor and the solubility increases. However, this
opposite behavior is often attributed to solvent density
and solute vapor pressure.

Equation of state-based methods

In order to model solubility in a supercritical fluid
system, it is common to use equations of state and
calculate the fugacity of a component in the liquid or
solid phase (solute) and supercritical fluid (solvent).
When equations of state are applied for modeling
solubility, the characteristics of the supercritical fluid
become similar to the characteristics of a high-pressure
gas. Accordingly, cubic equations of state such as
Peng-Robinson (PR), Soave-Redlich-Kwong (SRK),
Valderrama-Patel-Teja (VPT), and Esmaeilzadeh-
Roshanfekr (ER) with various mixing rules such as
van der Waals, Panagiotopoulos-Reid, Wong-Sandler,
and Orbey-Sandler are widely used for modeling
solubility (Mendes et al., 1999; Madras et al., 2003;
Jha and Madras, 2004; Valderrama and Alvarez,
2004; Coimbra et al., 2006; Shamsipur et al., 2008;
Esmaeilzadeh et al., 2009; Yazdizadeh et al., 2011;
Yazdizadeh et al., 2012).

The efficacy of equations of state in predicting
solubility near the critical point helps to select an
appropriate equation for determining solubility. In
addition to cubic equations of state, the Virial equation
of state (Harvey, 1997; Schultz et al., 2010) and the
SAFT equation of state (Yang and Zhong, 2005;
Anvari and Pazuki, 2014) are also used to calculate
solid solubility in supercritical fluids.

Comparing the efficacy of these equations in
predicting solubility, it can be observed that the SAFT
equation of state provides more accurate results than
cubic equations of state. In addition, it is more reliable
for modeling the solubility of solids in supercritical
fluids.

Predicting solubility of solids in supercritical
fluids using equations of state is more complex than
the utilization of semiempirical models. Equations of
state require more data on the solute such as critical
properties and sublimation pressure, and such data must
be extracted from the scientific literature or estimations.

The data on properties of the solute, especially for
compounds with complex structures, are not available;
therefore, different approaches such as group
contribution methods are commonly used (Cortesi et
al., 1999; Tomberli et al., 2006). Given the limitations
of equations of state, the accuracy of these equations
in predicting solubility is less than semiempirical
models.

Solubility parameter model
In the solubility parameter model, the supercritical
fluid is considered as a liquid solvent and the activity
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Table 1. Comparison of semiempirical models for determining solubility in various systems.

H. B. Rad et al.

Model Exampel of solute Temperature (K) Pressure (bar) AARD% Ref
Chrastil Norfloxacin 308.2-328.2 100-303 33.90 (Chim et al., 2012)
Ofloxacin 308.2-328.2 100-303 22.10 (Chim et al., 2012)
Cefixime trihydrate 308-328 183-335 2.57 (Khamda et al., 2013)
Oxymetholone 308-328 121-305 5.95 (Khamda et al., 2013)
Artemisinin 313-333 110-310 8.32 (Gong and Cao, 2009)
1-amino-4-hydroxyanthraquinone 323.15-383.15 125-250 15.00 (Tamura and Alwi, 2015)
1-hydroxy-4-nitroanthraquinone 323.15-383.15 125-250 10.60 (Tamura and Alwi, 2015)
Thymol 308-323 78-250 17.82 (Milovanovic et al., 2013)
grape seed oil 313-343 200-500 0.80 (Duba and Fiori, 2016)
bisphenol A 308-328 110-210 8.25 (Jinetal., 2013)
N,N-dimethylformamide diethyl acetal 313-353 78-133 6.10 (Zhang et al., 2014)
o-nitrobenzoic acid 308-328 100-210 591 (Tang et al., 2012)
Sung 1-amino-4-hydroxyanthraquinone 323.15-383.15 125-250 7.60 (Tamura and Alwi, 2015)
and 1-hydroxy-4-nitroanthraquinone 323.15-383.15 125-250 5.10 (Tamura and Alwi, 2015)
Shim bisphenol A 308-328 110-210 3.39 (Jinetal., 2013)
N,N-dimethylformamide diethyl acetal 313-353 78-133 4.63 (Zhang et al., 2014)
o-nitrobenzoic acid 308-328 100-210 4.30 (Tang et al., 2012)
Adachi Thymol 308-323 78-250 16.45 (Milovanovic et al., 2013)
and grape seed oil 313-343 200-500 0.26 (Duba and Fiori, 2016)
Lu bisphenol A 308-328 110210 5.45 (Jinetal., 2013)
Sparks Norfloxacin 308.2-328.2 100-303 26.90 (Chim et al., 2012)
et al. Ofloxacin 308.2-328.2 100-303 8.60 (Chim et al., 2012)
grape seed oil 313-343 200-500 0.26 (Duba and Fiori, 2016)
Bartle Norfloxacin 308.2-328.2 100-303 37.30 (Chim et al., 2012)
etal. Ofloxacin 308.2-328.2 100-303 23.10 (Chim et al., 2012)
Cefixime trihydrate 308-328 183-335 3.73 (Khamda et al., 2013)
Oxymetholone 308-328 121-305 5.86 (Khamda et al., 2013)
grape seed oil 313-343 200-500 1.46 (Duba and Fiori, 2016)
bisphenol A 308-328 110-210 8.67 (Jinetal., 2013)
Gordillo 1-chloro-2,4-dinitrobenzene 308-313 95-145 1.27 (Reddy and Madras, 2011)
et al. m-dinitrobenzene 308-328 95-145 8.52 (Reddy and Madras, 2011)
Mendez- Norfloxacin 308.2-328.2 100-303 38.10 (Chim et al., 2012)
Santiago- Ofloxacin 308.2-328.2 100-303 23.20 (Chim et al., 2012)
Teja Cefixime trihydrate 308-328 183-335 3.56 (Khamda et al., 2013)
Oxymetholone 308-328 121-305 6.27 (Khamda et al., 2013)
1-amino-4-hydroxyanthraquinone 323.15-383.15 125-250 16.40 (Tamura and Alwi, 2015)
1-hydroxy-4-nitroanthraquinone 323.15-383.15 125-250 11.50 (Tamura and Alwi, 2015)
Spironolactone 308-338 160400 13.10 (Hezave et al., 2013)
Artemisinin 313-333 110-310 8.33 (Gong and Cao, 2009)
grape seed oil 313-343 200-500 1.46 (Duba and Fiori, 2016)
bisphenol A 308-328 110210 6.74 (Jin et al., 2013)
1-chloro-2,4-dinitrobenzene 308-313 95-145 7.25 (Reddy and Madras, 2011)
m-dinitrobenzene 308-328 95-145 11.50 (Reddy and Madras, 2011)
o-nitrobenzoic acid 308-328 100-210 4.68 (Tang et al., 2012)
Kumar Cefixime trihydrate 308-328 183-335 2.49 (Khamda et al., 2013)
and Johnston Oxymetholone 308-328 121-305 9.20 (Khamda et al., 2013)
1-amino-4-hydroxyanthraquinone 323.15-383.15 125-250 10.60 (Tamura and Alwi, 2015)
1-hydroxy-4-nitroanthraquinone 323.15-383.15 125-250 6.80 (Tamura and Alwi, 2015)
grape seed oil 313-343 200-500 0.26 (Duba and Fiori, 2016)
bisphenol A 308-328 110-210 6.71 (Jinetal., 2013)
Spironolactone 308-338 160-400 12.20 (Hezave et al., 2013)
o-nitrobenzoic acid 308-328 100-210 6.61 (Tang et al., 2012)
Dell Valle Thymol 308-323 78-250 16.27 (Milovanovic et al., 2013)
and Aguilera grape seed oil 313-343 200-500 0.79 (Duba and Fiori, 2016)
Yu et al. grape seed oil 313-343 200-500 0.56 (Duba and Fiori, 2016)
bisphenol A 308-328 110-210 3.01 (Jin et al., 2013)
Jouyban- N,N-dimethylformamide diethyl acetal 313-353 78-133 4.56 (Zhang et al., 2014)
Chan-Foster o-nitrobenzoic acid 308-328 100-210 6.03 (Tang et al., 2012)

coefficient at infinite dilution is used to calculate the
amount of non-ideality for solute-solvent equilibrium.
Considering component 2 as a solute in a binary
system, the mole fraction of solute in a supercritical
solvent is calculated using the following equation.

£

szYozo

Y2 = 27)

where v,” is the activity coefficient of the solute at
infinite dilution. The relationship between fugacity of
the solute in the solid phase (f,%) and fugacity of the
solute in the liquid phase (f,") can be expressed by Eq.
(28).
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where AH_and T, , are the heat of fusion and melting
temperature of the solute, respectively. The activity
coefficient at infinite dilution is calculated using the
regular solution model and Eq. (29).

Inys = (%)(sl —5,) +1 —[‘;—q +In (%} (29)

where §, is the solubility parameter and is defined by
the following equation.

AU"ap 0.5
61=[ i j (30)

Vi

where AU and v, are the internal energy change
of vaporization and molar volume of the solute,
respectively. Considering the equations presented, the
mole fraction of a solute can be calculated by Eq. (31).

AHE( 1 1
ny, - Rz[TZ,m‘TH;ZT](S‘_52)2_”(@_1“[1?] (31)

In many scientific papers, the regular solution
model coupled with Flory-Huggins theory is used
for calculating the solubility of solids in supercritical
fluids (Cheng et al., 2002; Su and Chen, 2007; Su et al.,
2011; Huang et al., 2013; Takeshita and Sato, 2002).

Molecular simulation of solubility

In order to determine the solubility of various
materials in supercritical fluids using experimental
methods, it is necessary to use advanced equipment
that can be extremely expensive. In addition, in these
methods, it is of great importance to have skilled
experts for sampling and extraction of experimental
data. Furthermore, it is worth noting that, due to
operational limitations, it is difficult and in some
cases impossible to obtain experimental data in a wide
range of temperature and pressure. In comparison
with experimental methods, only a computer is
required for simulation; moreover, given the speed
of data processing, much money and time are saved.
In simulation methods, it is also possible to study the
system in arbitrary conditions without any restriction.

The simulation of molecular phenomena is
performed in three steps: designing the model,
calculating the trajectory, and analyzing the trajectory.
Among these steps, the second step (calculating the
trajectory) is the most important step. In other words,
the type of the simulation method is determined on
the basis of the method for calculating the position
of different molecules with respect to a coordinated
origin. When these positions are determined by
solving the equations of motion, it is time dependent

and the method is known as the molecular dynamics
simulation method. When these positions are obtained
randomly and independent of time, the method is
called a Monte Carlo simulation method.

Molecular simulation methods are widely used
for systems containing supercritical fluid to predict
solubility and study the phase behavior of different
materials. In comparison with the equation of state-
based methods, molecular simulation methods have
more advantages such as utilization of physical
models and the ability to apply mixtures without using
additional parameters.

Molecular simulation methods are based on
statistical mechanics and highlight the relationship
between the results of microscopic simulation of a
system and its visible macroscopic properties. These
methods are performed in a distinct ensemble of
statistical mechanics with a series of state variables
such as the number of particles (N), volume (V), energy
(E), and temperature (7).

Molecular dynamics simulation method

Molecular dynamics is a branch of mathematical
physics. In this method, the interactions between atoms
and molecules are simulated by a computer within a
given period of time, based on the laws of physics.
Since molecular systems generally contain a large
number of particles, it is not possible to determine
the characteristics of complex systems. Nevertheless,
molecular dynamics simulations solve this problem by
a computational method. This method is extensively
used in materials science and molecular biology
(Deuflhard et al., 2012; Mori et al., 2016; Sofronova
etal., 2017).

Molecular dynamics simulation presents valuable
information on the microscopic level, including the
position and velocity of atoms. In order to convert
this microscopic information to visible macroscopic
properties such as pressure, energy, and heat capacity,
it is necessary to utilize statistical mechanics.
Molecular dynamics simulation utilizes the equation
of motion of particles and analyzes mathematical
relationships. In this method, numerical solutions of
equations of motion for the particles are performed
and trajectories of particles in different time steps are
achieved. Finally, the speed and position of a particle
at every time step is determined. In other words, this
computational method calculates the time-dependent
behavior of a molecular system and provides some
information about disturbances and structural changes
in these systems. The natural ensemble for molecular
dynamics simulation is micro-canonical ensemble or
NVE.

Potential energy functions and force fields play
a great role in this method. In fact, the accuracy of
properties determined by the molecular dynamics
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simulation depends highly on the precision of the
potential energy functions that are used in this method.

Potential energy functions and force fields

One of the main issues in molecular dynamics
simulations is the status of a system at the molecular
level, which can be determined only through the
analysis of the position and instant momentum of
particles. Molecular dynamics simulation calculates
the movement of molecules within a sample for
different states of the system, including gas, liquid,
and solid. In this method, position and speed functions
of the particles are assumed to be independent of time
and are called Hamiltonian function. Based on the
Born-Oppenheimer approximation, the Hamiltonian
of a system can be considered as a function of core
changes, and it is assumed that the fast movement of
electrons occurs in an average state. The Hamiltonian
of'a system is determined based on the sum of the total
potential and kinetic energy, and is defined as follows.

H{p"a") =K (p") +U[a") (32)

P =(pp Pas-Px) -4 =(q1> dase-0qy) (33)

where g and p are the coordinate system and momentum
of molecules, respectively, and H is the Hamiltonian.
In order to apply the Hamiltonian, it is essential to
calculate forces and torques on a particle. The forces
are determined by Eq. (34).

F=-o 90 (34)

where 1, represents the position vectors of each atom
with respect to the origin coordinate, and V is the
potential energy function. In fact, any stable force
can be determined through considering the negative
gradient of the potential energy function. In molecular
dynamics simulation, the movement of electrons
is neglected and the potential energy of a system is
defined as a function of the molecules’ core position
which is called a force field.

Determination of system properties

In the molecular approach, it is assumed that the
macroscopic properties are obtained by considering
the average statistical groups of molecular systems.
To calculate macroscopic properties, it is necessary to
produce a sample collection at a given temperature;
moreover, the calculation of the free energy and
thermodynamic properties is required for extending
and developing molecular simulation techniques. In
addition, molecular simulation can also determine

atomic details, including structure and momentum.
Since these details are limited to macroscopic
properties, a method is needed for analyzing
interactions on the basis of statistical mechanics.
In order to model intermolecular interactions, the
potential energy function is required for describing
the geometry of molecules. Hence, the potential
function must be selected prior to the simulation.
For N molecules, a potential function is shown as
V(rN), where ¥ represents a collection of vectors that
show the position of each atom. In fact, the general
configuration of the system is defined through
determining these vectors.

Inmolecular dynamics simulation, the instantaneous
value of a property (4) such as the potential energy or
any other properties can be considered as a function
of the total points, i.e., A(rN, pY), which changes with
the passage of time. In fact, the empirical macroscopic
property (A) is the time average of A(rY, p%) over a
long period of time.

Molecular trajectories represent the state of a
system as a function of time. The system usually
reaches an equilibrium state after initial changes,
and many macroscopic properties are determined by
calculating the average values of these equilibrium
trajectories. Upon integrating the equation of
motion, the momentum of the atoms is obtained and
molecular coordinates are calculated by repeating
the integrations. After determining the integrating
procedure, the trajectory of every molecule can be
obtained and consequently the time average for a
macroscopic property (A) can be calculated, as shown
by Eq. (395).

to+t

(A)= lim» A(t)dr (35)

t—wo t Yt

Since molecules are constantly in motion and they
collide with each other, their momentum changes
continuously. Thus, the result obtained for a specific
property at a given time step may be completely different
from that obtained in the next time step. Indeed, the
property of a system changes over time. Hence, it is
necessary to consider the average system property.

Using mathematical equations, it is possible
to study the properties of different materials in
various phases, including gas, liquid, and solid, at a
given molecular level. In so doing, the interactions
between atoms and molecules are very significant
and intermolecular force is one of the factors which
determine the thermodynamic properties. Given
the interactions between dissimilar molecules, as
compared with pure substances, the above mentioned
issue is of great importance in mixtures. Therefore,
these intermolecular interactions are divided into
bonded and non-bonded interactions.
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Calculation of free energy

Free energy is the most important thermodynamic
parameter, which determines the main properties
of materials. In fact, free energy is a statistical
characteristic which determines the status of a system
in a special state. In order to estimate the value
of absolute free energy, the free energy difference
between two interdependent states of a system must be
calculated. In fact, this difference is attributed to the
relative probability of a system remaining in one state
against another one. The change in free energy of a
system is calculated by the following equation:

AG = AH-TAS (36)

Typically, free energy is expressed as the Helmholtz
free energy function (4) or Gibbs free energy function
(G). For a system, the Helmholtz function is dependent
on the number of particles, temperature, and volume
(NVT), while the Gibbs function is dependent on the
number of particles, temperature, and pressure (NPT).

Free energy is calculated using two methods: the
integral method and the perturbation method. These
methods are dependent on the coupling parameter (1),
which determines the status of the system; its value
ranges from zero to one. In the integral method, the
Hamiltonian is considered as a function of the coupling
parameter and the difference in free energy.

1 OF (A rs [ OH(A
AFs, =F(B)-F(A)= ij %dk = IM <%>k dr (37)
In Eq. (37), the relative free energy between the
two states (4 and B) is expressed as an integral of the
Hamiltonian derivative within a range of A, to .

In the perturbation method, the free energy is estimated
based on the probability of the system remaining in
each of the two positions (4 and B). In this method, the
difference in free energy is calculated as follows:

AFy, =—kgTIn <exp7(H(kB)7H(}‘A ))/kpT > a8)
)\’A

Using molecular dynamics simulation, it is possible
to determine thermodynamic properties and study time-
dependent phenomena. Molecular dynamics simulation
methods can be applied to both equilibrium and non-
equilibrium thermodynamic phenomena. One of the main
applications of this method in the field of equilibrium
phenomena is the estimation of solubility and phase
behavior in supercritical fluid systems. These results are
of great significance for industrial applications.

Solvation free energy and solubility
Solvation free energy is an important input
parameter for predicting solubility. Solvation free

energy, AG*M, is a significant parameter for the
transfer of a solute molecule from a fixed position
in the ideal gas into a fixed position in the solution
(Ben-Naim, 2013). In experimental methods, the
solvation free energy is estimated through measuring
the concentration of a solute in two coexisting phases.
Using molecular dynamics simulation methods, the
solvation free energy is determined through switching
on the interactions between a single-solute molecule
and the rest of the solution in NPT or NV'T ensembles
(Garrido et al., 2009).

Based on thermodynamic relationships for
mixtures, the fugacity of a solute at infinite dilution is
defined by Eq. (39).

f, = yzpkBTexp(BAGSOIV) (39)

where y, is the mole fraction of a solute and p is the
density of pure solvent. In this equation, f is 1/k,T
where k, and T are Boltzmann’s constant and absolute
temperature, respectively.

Considering the thermodynamic of dilute solutions,
the fugacity of a solute is obtained with Henry’s
constant which depends highly on the composition.

f, =H,y, (40)

A comparison of Egs. (39) and (40) yields the
following expression for Henry’s constant of a solute.

H, = pky Texp(BAG™") (41)

The fugacity of pure solid can be determined using
the following equation:

£ = statexp[ﬁvs (p-p;a‘ﬂ (42)

where P and v* are the sublimation pressure and
molar volume of the solute, respectively.

Based on the equilibrium criterion, the fugacity of
a solute in both the solid and supercritical fluid phases
must be identical. Hence, the mole fraction of a solute
can be expressed by Eq. (43).

Pga‘exp[ﬁvs (P — P )J

pkgTexp (BAGSDIV )

Y2 (43)

Noroozi et al. (2016) investigated the precision of a
molecular dynamics simulation method for predicting
the solubility of two pharmaceutical solids, namely
ibuprofen and acetaminophen in supercritical carbon
dioxide. They applied three popular CO, models
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Table 2. Comparison of simulated and experimental solubility of acetaminophen and ibuprofen in supercritical CO,

(Noroozi et al., 2016).

Solute Density (Kmol/np) TraPPE -EPM2 Zhang Exp
Mole fraction x 109
14.30 0.53 0.29 0.16 0.37
Acetaminophen 16.61 1.24 0.61 0.36 0.65
(T=313 K) 18.50 2.44 1.14 0.66 1.08
19.98 3.80 1.82 1.08 1.78
Mole fraction x 10°
Ibuprofen 16.24 1.40 1.08 0.66 1.35
(T=308 K) 17.46 2.07 1.59 1.04 2.13
18.81 3.15 2.13 1.39 3.23
20.03 3.33 2.48 1.68 441

(Zhang, EPM2, and TraPPE) to examine the influence
of the solvent model on results. A comparison between
their simulated results and experimental data is
presented in Table (2). Based on the results obtained by
Noroozi et al. (2016), molecular dynamics simulation
has a good level of accuracy in predicting solubility in
supercritical fluids, which makes it a powerful tool in
this field.

In addition to determination of solubility, molecular
dynamics simulation can be used for studying
high-pressure phase behavior. Phase transitions
in supercritical fluid systems are detected through
changes in some properties of components such as
the radial distribution function, enthalpy, and heat
capacity (Seo et al., 2005; Skarmoutsos et al., 2005;
Wang et al., 2016).

Many researchers have conducted various studies
in the field of solubility (Cheng et al., 2012; Nayeem
and Deep, 2010; Li et al., 2014; Yuan et al., 2010;
Favero and Skaf, 2005; Noroozi et al., 2016). In
addition, phase behavior was comprehensively studied
by Eslami et al. (2009), Feng et al. (2014), and other
researchers (Skarmoutsos et al., 2005; Lopez-Rendon
and Alejandre, 2008; Kdddermann et al., 2011; Koster
et al., 2012; Chaban, 2016; Wang et al., 2016).

Monte Carlo simulation method

The Monte Carlo method is used for all simulations
which apply a stochastic procedure to generate a
new configuration for a system. In Monte Carlo
simulations, an initial configuration of particles in a
system is determined and then, Monte Carlo movement
is applied to change the configuration of the particles.
These movements occur on the basis of the Metropolis
criterion, which may be accepted or rejected. The
exact value of a property can be obtained through
considering these movements.

Compared with molecular dynamics simulation
methods, Monte Carlo simulation is independent of
time. In this method, a series of microscopic states
are produced based on a given random law; hence,
it is not necessary to solve Newton’s equations of
motion. Indeed, the Monte Carlo simulation method is

a numerical technique for the equilibrium phenomena.
Moreover, this method cannot be applied for dynamic
properties.

The natural ensemble for a Monte Carlo simulation
method is a canonical ensemble or NVT. Monte Carlo
simulation methods are widely used for modeling
vapor-liquid equilibrium and multiphase equilibrium,
and studying solubility in supercritical fluids (Iwai
et al., 1995; Errington et al., 1998; Iwai et al., 1998;
Agrawal et al., 1999; Jorgensen and Duffy, 2000;
Agrawal et al., 2001; Kamath and Potoff, 2006;
Ferrando and Ungerer, 2007; Boulougouris et al.,
2010; Bai and Siepmann, 2011; Stubbs, 2011; Zeng
etal., 2014).

CONCLUSIONS

Given the importance of solubility in different areas
such as chemical, pharmaceutical, and food industries,
it has been the subject of intense research in recent
decades. It is of utmost importance to obtain solubility
data for various materials using experimental and
theoretical methods, and select the optimal method.

In addition to high cost and time demands, a
high level of precision and expertise in sampling is
required for determining solubility via conventional
experimental methods. As a result, many efforts have
been made in this field to develop prediction models.
Semiempirical models have a high level of accuracy
because they rely on experimental data. Equations
of state-based methods are less accurate, because
some approximations are implemented which require
various parameters estimated by different methods.

Nowadays, molecular simulation methods have
a high potential to determine solubility and predict
high-pressure phase behavior. Because of the
utilization of significant physical models, molecular
simulation methods have received much attention. In
addition, these methods can be applied for mixtures
without additional parameters. A reasonable level of
consistency between molecular simulation results and
experimental data proves the high level of accuracy in
these methods.
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The primary goal of this study was to obtain a
better insight toward previous studies on solubility
in supercritical fluids and explain the significant
parameters influencing this process.

NOMENCLATURE

Degree of freedom

Number of components

Number of phases

Temperature

Pressure

Density

Fugacity of component i

Fugacity coefficient of component i

Potential function of component i

Molar volume

Number of moles

Tangent plane distance

Activity coefficient of component i

Solubility parameter

Number of particles

Volume

Kinetic energy

Potential energy

Enthalpy

Entropy

Gibbs free energy

Force

Particle mass

Particle acceleration

Momentum of molecule

Coordinate of molecule

H(p,q) Hamiltonian

V(r) Potential function
Coupling parameter

k, Boltzmann’s constant

AG*M Solvation free energy
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