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RESUMO

O comportamento de fases dos fluidos de reservatorio € crucial para avaliar a viabilidade do
desenvolvimento de um campo de petroleo. As variagdes de pressao, temperatura € composi¢ao
durante a produgcdo podem desencadear transigdes de fases complexas que afetam o
escoamento. Um dos desafios inerentes ao estudo do comportamento de fases dos fluidos de
reservatorio esta relacionado a sua opacidade e a evidente complexidade de determinar dados
de equilibrio de fases devido as suas caracteristicas intrinsecas. Por esse motivo, sistemas
modelo sdo utilizados para representar comportamentos especificos por meio de componentes
chave. Este estudo apresenta dados experimentais de equilibrio de fases e modelagem
termodindmica para o sistema ternario didxido de carbono + decano + hexadecano em
temperaturas de T = (283,15, 298,15 ¢ 323,15) K e pressoes de até 20 MPa. Essas temperaturas
foram escolhidas para cobrir condi¢des tanto subcriticas quanto supercriticas para o didéxido de
carbono (CO»). Especificamente, o CO; ¢ subcritico a 283,15 K e 298,15 K e supercritico a
323,15 K, dada sua temperatura critica de 304,21 K. Os experimentos foram realizados
utilizando diferentes propor¢des de hexadecano na mistura binaria (hexadecano/decano), ou
seja, 20%, 40%, 60% e 80% de fracao molar da mistura liquida, para avaliar seu impacto no
comportamento de fases. O equilibrio vapor-liquido foi observado para os sistemas ternarios
com até 40% de hexadecano na mistura liquida de hidrocarbonetos a 298,15 K. Para condicdes
de temperatura subcritica, o equilibrio liquido-liquido foi identificado a partir dessa
composi¢ao. A 323 K, pontos de orvalho foram observados em fracdes molares de CO
superiores a 90%. No entanto, a complexidade aumenta quando a composicdo molar de
hexadecano atinge 60% ou mais na mistura bindria de hidrocarbonetos liquidos. Nessas
condigdes, foram observadas transi¢oes de fases de liquido para liquido-liquido e de liquido-
liquido para liquido-liquido-vapor, juntamente com o fendmeno de inversao barotropica, a uma
temperatura de 298,15 K. A equagdo de estado de Peng-Robinson foi utilizada para modelar os
pontos experimentais, com os parametros de interacdo binaria para os pares de componentes
sendo obtidos: o par CO/decano foi determinado por regressao de dados experimentais deste
trabalho, enquanto o par COz/hexadecano foi derivado por regressao de dados da literatura. Os
resultados revelam comportamentos complexos a medida que a composicao de hexadecano na
mistura aumenta. Este estudo fornece dados valiosos sobre sistemas modelo que representam o
petroleo bruto, destacando comportamentos complexos em sistemas ternarios com alto teor de

didxido de carbono.



Palavras-chave: garantia de escoamento; fluidos de reservatorio; equilibrio liquido-

vapor; equilibrio liquido-liquido; equilibrio liquido-liquido-vapor; inversao barotrdpica.



ABSTRACT

The phase behavior of reservoir fluids is crucial for evaluating the feasibility of oilfield
development. Variations in pressure, temperature, and composition during production can
trigger complex phase transitions that affect flow. One of the inherent challenges in studying
the phase behavior of reservoir fluids is related to their opacity and the evident complexity of
determining phase equilibrium data due to their intrinsic characteristics. For this reason, model
systems are used to represent specific behaviors through key components. This study presents
experimental phase equilibrium data and thermodynamic modeling for the carbon dioxide +
decane + hexadecane ternary system at temperatures of T = (283.15, 298.15, and 323.15) K and
pressures up to 20 MPa. These temperatures were chosen to cover both subcritical and
supercritical conditions for carbon dioxide (COz). Specifically, COz is subcritical at 283.15 K
and 298.15 K, and supercritical at 323.15 K, given its critical temperature of 304.21 K. The
experiments were carried out using different proportions of hexadecane in the binary mixture
(hexadecane/decane), i.e., 20%, 40%, 60%, and 80% molar fraction of the liquid mixture, to its
impact evaluate on phase behavior. Vapor-liquid equilibrium was observed for the ternary
systems with up to 40% hexadecane in the hydrocarbon liquid mixture at 298.15 K. For
subcritical temperature conditions, liquid-liquid equilibrium was observed starting from this
composition. At 323,15 K, dew points were observed at CO> mole fractions greater than 90%.
However, complexity arises when the molar composition of hexadecane reaches 60% or higher
in the binary liquid hydrocarbon mixture. Under these conditions, phase transitions from liquid
to liquid-liquid and from liquid-liquid to vapor-liquid-liquid were observed, along with the
barotropic inversion phenomenon, at a temperature of 298.15 K. The Peng-Robinson equation
of state was used to model the experimental points, with binary interaction parameters for the
component pairs being obtained: the CO./decane pair was obtained by regression of
experimental data of this work, while the COz/hexadecane pair was determined through
regression of literature data. The results reveal complex behaviors as the hexadecane
composition in the mixture increases. This study provides valuable data on model systems
representing crude oil, highlighting complex behaviors in ternary systems with high carbon

dioxide content.

Keywords: flow assurance; reservoir fluids; vapor-liquid equilibria; liquid-liquid equilibria;

vapor-liquid-liquid equilibria; barotropic inversion.
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1 INTRODUCTION

The characterization of the phases that can arise due to variations in pressure,
temperature and composition during oil production has represented a challenge in recent years.
This objective has generated a growing interest in the design and optimization of processes with
the aim of improving efficiency in oil extraction (Savonina; Panyukova, 2023). Understanding
this behavior is essential for effective reservoir development and management, as it impacts all
aspects of oil exploration and production.

Hydrocarbons in reservoirs can exist in vapor, liquid or solid phases. Each phase
represents a distinct region within the system with well-defined boundaries. With variations in
temperature and pressure, phases can form, disappear, or change their properties in a multiphase
system, reflecting the dynamic nature of reservoir conditions (Ayala H.; Morgan, 2016).

Recent exploitation of Brazil's challenging offshore pre-salt fields has intensified
efforts to better characterize crude oils. Various studies using modern chromatographic
techniques have revealed a significant amount of paraffins in Brazilian pre-salt oils, which are
saturated hydrocarbons that affect the physical and chemical properties of the oils (Vanini et
al., 2018).

In 2018, the research group led by Vanini et al. used high-resolution analytical
techniques to achieve a detailed characterization of crude oils from Brazil. Their analysis
indicated that the main compound classes include paraffins, with n-paraffins (linear chains)
being more abundant than isoparaffins (branched chains), followed by olefins (alkenes),
naphthenes, and aromatics (Vanini et al., 2018). This composition not only highlights chemical
diversity, which includes high- and low-molecular-weight compounds, but also a high carbon
dioxide (CO.) content, which directly influences the phase behavior of the fluids. Therefore,
model systems are used to represent these compounds adequately, aiming to describe and
predict phenomena occurring during extraction, separation, enhanced hydrocarbon recovery,
and CO; capture and storage (Beltrao et al., 2009; Braga; Tavares; Ndiaye, 2022; Edwards;
Isacsson, 2005; Franca et al., 2018; Medeiros et al., 2023).

Research on model systems is essential for designing production methods,
optimizing processes, and understanding phase behavior in complex reservoir conditions
(Braga; Tavares; Ndiaye, 2022). These systems, also known as blank systems due to the
transparency of some compounds, are widely used to determine multiphase equilibrium in

reservoir fluids with high gas-oil ratio (GOR) and significant CO> content. While reservoir
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fluids contain numerous compounds, the basic principles of phase behavior can be understood
by studying simplified mixtures with a few components. However, it is important to note that,
while model systems provide valuable insights, they may not fully capture the complexities and
interactions present in reservoir fluids, particularly those with high CO; content and diverse
chemical compositions, as found in Brazil's pre-salt reservoirs.

Numerous Enhanced Oil Recovery (EOR) methods are employed globally to
enhance the recovery of remaining oil reserves. These technologies are typically implemented
after water injection to displace oil. Surfactants can be added to the injection water to reduce
interfacial tension and improve the recovery of trapped oil by capillary forces. Additional EOR
techniques include gas injections (miscible and immiscible), chemical flooding involving the
injection of polymers, surfactants and alkalis, and thermal methods such as steam injections,
hot water injections, electrical heating and in situ combustion (Al Ghafri, Saif, 2013).

One method for enhanced hydrocarbon recovery is CO: injection, which involves
increasing reservoir pressure with large amounts of gas (Romero Yanes et al., 2021). This
approach offers advantages, including lower costs, non-toxic and non-flammable properties,
and partial contributions to reducing atmospheric CO; levels. Furthermore, CO> shows greater
solubility and miscibility with petroleum fluids (Kariznovi; Nourozieh; Abedi, 2013).

The significant quadrupole moment of CO; is particularly relevant in studies
involving its interactions with other compounds, especially in processes where polarity plays a
important role. The disparity in molecular weight compared to n-alkanes reflects an imbalance
in size and energy interactions, influencing the thermodynamic behavior of oil and CO>
mixtures (Cismondi ef al., 2012). Due to these unique characteristics, numerous studies on the
phase behavior of systems involving CO> and various hydrocarbons have been conducted since
the 1960s (Kariznovi; Nourozieh; Abedi, 2013). Over the years, many of these studies have
become essential to the oil industry (Braga; Tavares; Ndiaye, 2022; Daridon et al., 2021;
Eniolorunda; Chapoy; Burgass, 2021; Medeiros et al., 2023; Simoncelli et al., 2020; Yanes;
Montel; Daridon, 2022).

A literature review was conducted to assess the availability of data on CO, mixtures
with decane, n-hexadecane, and other synthetic oils for studying the phase behavior of
petroleum fluids. Additionally, the study identified interest in the barotropic inversion
phenomenon, observed in systems with high CO, content (over 80%) combined with various
hydrocarbons, such as n-tetradecane, n-pentadecane, and n-hexadecane (Fall; Fall; Luks, 1985;
Nieuwoudt; Du Rand, 2002; Simoncelli et al., 2020). In recent years, understanding and

studying this phenomenon has become more relevant due to its potential significance in
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reservoir engineering (Flores et al., 2012; Quinones-Cisneros, 2004; Quinteros-Lama et al.,
2015; Tardon et al., 2012).

While abundant research exists on binary CO; systems, ternary CO; systems still
need to be explored. Ternary systems increase the complexity of fluid phase behavior and
provide more reliable insights into reservoir scenarios compared to simple binary mixtures. Due
to the high complexity of reservoir fluid compositions, a practical approach involves studying
ternary mixtures with well-defined compositions (Christov; Dohrn, 2002-; Dohrn et al., 2024;
Dohrn; Brunner, 1995). These studies provide valuable information about fluid phase behavior
observed in reservoir fluids. This research offers important data on model systems, highlighting
complex behaviors in ternary systems with high CO> content, especially under temperature
conditions near the critical temperature of CO,. The lack of data on fluid phase equilibria in
model systems led to this experimental investigation and modeling of ternary systems.

The objective of this work is to analyze the phase transitions of the ternary system
CO» + decane + hexadecane at three key temperatures: T = (283.15, 298.15, and 323.15) K.
These compounds were selected because decane is widely used to simulate the properties of
kerosene and naphtha fractions (Nascimento et al., 2019; Wang et al., 2013). Hexadecane, on
the other hand, serves as a representative molecule for studies on barotropic inversion or density
changes between two fluid phases under high CO; levels and temperatures around 298.15 K
(Schneider et al., 1967; Simoncelli et al., 2020). Additionally, hexadecane is used as a reference
for the residual liquid phase under atmospheric conditions of petroleum, with a molecular
weight ranging between 220-260 g/mol (Hirschberg ef al., 1984; Rathmell; Stalkup; Hassinger,
1971; Simoncelli et al., 2020). The three selected temperatures cover both subcritical and
supercritical conditions for CO,. The experiments were conducted using different proportions
of hexadecane in the binary mixture (decane + hexadecane), specifically 20%, 40%, 60%, and
80% molar fraction of the liquid mixture, to determine their interactions in phase behavior. The
global composition of CO; was gradually increased for each of these proportions. From these
data, the thermodynamic modeling for studied systems was performed using Peng-Robinson
equation of state (Peng; Robinson, 1976) with the van der Waals one-fluid (vdW1f) mixing
rules (Kontogeorgis; Folas, 2009).

To accurately identify and study these complex transitions, experimental methods
in laboratory environments were employed, specifically PVT (pressure-volume-temperature)
experiments. (Fonseca; Dohrn; Peper, 2011) provided a general classification of PVT methods,
consisting of two main categories: analytical and synthetic methods. The method used for PVT

analysis in this study is the static-synthetic method, defined as a technique in which the global
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composition is known, and phase transitions are determined through controlled pressure and
temperature changes. This is achieved using microscopy analysis (Braga; Tavares; Ndiaye,
2022; Valero; Maria, 2020). A PVT cell facilitates the investigation of phase transitions by
providing precise control of pressure and temperature, along with constant magnetic stirring,
allowing phase transitions to be observed through a sapphire window. The Constant
Composition Expansion (CCE) technique was employed, where phase transitions were

determined using pressure and temperature transmitters, assisted by high-resolution microscopy.
2 OBJECTIVES

In the present work, the following general and specific objectives are to be pursued:

2.1 General objective

Study the phase behavior of the ternary systems composed of n-CioH22 + n-Ci¢Hz4 +
COg; at different temperatures (283.15, 298.15, and 323.15 K) and pressures up to 20 MPa.

2.2 Specific objectives:

I.  Determine the phase transitions of the systems by identifying the limits
of phase changes in all ternary mixtures at different compositions and
temperature conditions. Construct phase diagrams under varying
pressures and temperatures using conventional PVT techniques.

II.  Identify the occurrence of complex phase equilibria.

III.  Study the influence of n-hexadecane on the n-CioH22 + n-Ci6Hz4 + CO2
ternary system phase transition and the barotropic inversion
phenomenon.

IV.  Model the phase behavior of the ternary mixtures through basic equation

of states.
3 LITERATURE REVIEW

This section presents the main theoretical aspects that comprise the study’s

objectives, as well the most relevant bibliographic background for the study.

3.1 Phase Equilibria
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To understand phase equilibrium, a piston-cylinder setup is schematically
illustrated in Figure 1. By varying the volume, thermal and mechanical equilibrium is achieved.
These two equilibrium criteria are based on the absence of temperature and pressure gradients,
respectively. In this illustration, points o and B can represent any phase: solid, liquid, or vapor
and correspond to any of the following equilibria: vapor-liquid, liquid-liquid-solid, gas-solid,

liquid-liquid, among others.

Figure 1 - Piston-cylinder
scheme
fI -
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Source:  Engineering and Chemical
Thermodynamics (2012, p.334).

Consequently, the following definition applies:

T* =Tk Thermal equilibrium (1)
px = PP Mechanical equilibrium ()

These equilibrium criteria are measurable, unlike the thermodynamic property that
drives a system toward chemical equilibrium. Its definition is based on the combination of the
first and second laws of thermodynamics to develop a property useful to determine whether two
phases can coexist in chemical equilibrium (Gibbs, J. Willard, 1874). This property is known
as Gibbs energy (G) or Gibbs free energy, mathematically defined as:

G=H-TS 3)

Where: H is the enthalpy of the system, T is the absolute temperature and S is the entropy.

Although the Gibbs energy, a derived property, cannot be measured directly, it
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provides the same information about chemical equilibrium as temperature does for thermal
equilibrium or pressure does for mechanical equilibrium (Koretsky, 2013). As a direct
consequence, partial properties are defined for each component within a system. Since the
Gibbs energy can be considered a state property, it also meets this definition. In this context,

the specific partial property of the Gibbs energy is called the chemical potential, 4, defined as:

w= (o) @)

L T,P,le+i

The chemical potential is a derived thermodynamic property, unlike the measured
thermodynamic properties, temperature and pressure, which determine thermal and mechanical
equilibria. However, its application can be complex due to certain complex mathematical
behaviors. To simplify this analysis, fugacity is introduced as a more mathematically
manageable derived property, but which preserves the criterion to describe chemical
equilibrium.

The definition of fugacity was introduced by Lewis (Lewis, 1901). Mathematically,

the chemical potential for an ideal gas can be defined as:

P
w; —uf =RTIn [P_O] (5)

Where p; is the chemical potential of component i in the ideal gas mixture. Since
energies do not have absolute values, the subscript “0” is used as a reference for the partial
molar Gibbs energy. When selecting a reference state, properties for that state must be specified
and defined. In this case, the reference chemical potential, u?, is the chemical potential at the
reference pressure P, and at the same temperature as the chemical potential of interest, T.

Lewis, when analyzing Eq. 5 to extend it to the study of any substance that
undergoes an isothermal process, introduces a pressure correction for the ideal gas state,
adapting it to real substances where intermolecular interactions exist. This correction is what
defines a new thermodynamic property, the fugacity, f,, and is also known as “adjusted

pressure”. Eq. 6 reformulated in terms of fugitivity can be expressed as follows:

l
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Therefore, in practice the chemical equilibrium criterion can be defined:
fla — flﬁ (7)
3.2 Phase Behavior

Phase behavior involves the study and characterization of the equilibrium and
dynamic states of different phases in a multi-component system. The behavior of individual
molecules provides the best explanation about how hydrocarbons respond to changes in
pressure and temperature. The physical behavior of these molecules is influenced by three
critical factors: pressure, which reflects the quantity and motion of molecules; temperature,

which reflects the kinetic energy; and molecular attraction and repulsion (McCain, 2017).
3.2.1 Phase diagram for a pure substance

A phase diagram for a pure substance graphically represents the pressure and
temperature conditions under which its solid, liquid, and gaseous phases coexist in
thermodynamic equilibrium (Sandler, 2017). These regions are demarcated by coexistence
curves, each corresponding to the equilibrium between two phases:

» The fusion curve separates the solid-liquid regions,
» The vaporization curve divides the liquid and gas phases,

* The sublimation curve delineates the solid and gas phases.

3.2.2 Phase diagram for binary mixtures

Understanding the fluid-phase behavior of binary systems is important in chemical
thermodynamics and chemical engineering processes. Despite industrial processes involving
blends of numerous compounds, binary systems remain a focal point for research, offering a
means to approximate and model the phase behaviors of real mixtures. Binary systems also play
a crucial role in developing complex models for mixtures, such as activity coefficient models
or equations of state, where intermolecular interactions are typically assumed to be binary
interactions (Privat; Jaubert, 2013).

The phase behavior of the mixtures can be represented in a diagram of pressure
against composition or temperature against composition, as demonstrated in Figures 2a and 2b,

respectively.
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Figure 2 - (a) Vapor pressures at T = 308.15 K; and (b) boiling temperature P
=101.3 KPa, for (x; or y1) c-CeH11CH3+(x2 or y2) c-CeHio.
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Source: Chemical Thermodynamics: Advanced Applications (2000, p. 151-159).

In Figure 2a, the upper curve shows conditions for only liquid presence, while the
lower curve indicates conditions for only vapor presence. The region between them allows for
the coexistence of liquid and vapor. A horizontal line, called a tie-line, drawn within this region
at a constant pressure reveals the compositions of the two phases in equilibrium at that pressure.

In Figure 2b, a temperature graph is shown against composition at a fixed pressure.
Only vapor is present above the upper curve, and only liquid is present below the lower curve.
These diagrams are represented as a function of the composition of the most volatile component
(Ott; Boerio-Goates, 2000). This system only shows liquid-vapor equilibrium (ELV).

Figure 3 illustrates a simple scenario where the bubble and dew curves consistently
increase between the pure-component representative points (x, = 0 and x,= 1). This behavior
is expected in systems of two molecules (A and B) when the average energy of A-B interactions
is similar to that of A-A and B-B interactions in the pure compounds (Privat; Jaubert, 2013).

There is also the representation of pressure-composition (P-xy) phase diagrams. For
example, when the temperature equals the lowest critical temperature of a pure component, a
critical point for that component emerges on the isothermal P-xy phase diagram. Subsequently,
the mixture’s critical point becomes a shared peak of both the bubble and dew curves, with the
phase diagram remaining connected to the saturation point of pure component (2) at x; =0
(see Figure 3a). This distinctive diagram is occasionally referred to as a 'racket' due to its unique

shape (Privat; Jaubert, 2013).
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Figure 3 - Representation of isothermal racket phase diagrams and illustration of retrograde
vaporization and condensation phenomena. (a) Pure-component 1 is supercritical (T > Tc,1),
whereas pure-component 2 is subcritical (T < Tc,2). (b) pure-component 2 is supercritical,
whereas pure-component 1 is subcritical. VLE: vapor-liquid equilibrium domain, V: single
vapor phase domain, L: single liquid phase domain, C: Mixture critical point.
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Source: (Privat; Jaubert, 2013).

In Figure 3a, during the compression of the gas initially at low pressure, retrograde
condensation occurs. This phenomenon is characterized by the liquid level increasing, reaching
a maximum, and then decreasing and disappearing. This happens when the critical temperature
of component 1 is lower than that of component 2.

If pure component 2 becomes critical before pure component 1, the isothermal
phase diagram connects to the saturation point of pure component 1 (at x; = 1). In this scenario,
the mixture's critical point appears near x; = 0 and is found as a common minimum of the bubble
and dew curves, as illustrated in Figure 3b. In this region, during the isothermal depletion of a
liquid phase, the amount of vapor initially increases and then decreases. This phenomenon is

symmetric to retrograde condensation and is called retrograde vaporization.

3.2.2.1 Classification of phase equilibrium by Van Konynenburg and Scott

For organic mixtures, Van Konynenburg and Scott (1980) have categorized phase
equilibrium and critical locus typologies based on the configuration and quantity of critical lines
shown on pressure-temperature diagrams.

Each of the classifications proposed by van Konynenburg and Scott (1980) is

defined in the following sections. Depending on the pressure and temperature conditions,
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critical lines delineate the transitions between vapor-liquid, vapor-liquid-liquid, and liquid-
liquid phases. Points C; and C, represent the critical points of the more volatile and less
volatile components.

Additionally, using the van der Waals equation of state as a foundation, Scott and
van Konynenburg mapped out various phase behavior patterns in a parameter space diagram,
thus introducing the concept of global phase diagrams. Since their initial work, significant
progress has been made in understanding complex phase behavior, with further advancements
derived from more sophisticated theoretical models (Polishuk; Wisniak; Segura, 2001;

Schneider; Scheidgen; Klante, 2000).

3.2.2.1.1 Typel
The Type I diagram is the simplest, characterized by mixtures of hydrocarbons with
similar sizes and critical properties. This results in only one ELV critical line and no liquid-

liquid immiscibility between the two pure components, as shown in Figure 4.

Figure 4 - Phase diagram, Type L.
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Source: Scott and van Konynenburg classification
adopted by (Coquelet et al., 2019).

Mixtures of substances belonging to a homologous series tend to exhibit simple
phase behavior (type I) when the differences in their molecular sizes and critical properties
(such as critical temperature and pressure) are small. However, if these differences in size and
critical properties exceed a certain threshold, the phase behavior deviates from type I and can
become more complex (Van Pelt Arnold Francis, 1992).

For studies conducted with n-alkanes and CO», the following examples are

presented: with methane as one component, a transition from type I to type V behavior first
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occurs with n-hexane (Davenport; Rowlinson, 1963), whereas, with ethane as the lighter
component, n-octane is the first to exhibit partial miscibility in the liquid state (Specovius et al.,
1981). With propane, this behavior is observed when the second component is n-Cso (Peters et

al., 1989).

3.2.2.1.2 Type Il

The type Il phase diagram is characterized by immiscibility at temperatures below
the critical temperature of the more volatile component, forming a second liquid phase. These
mixtures exhibit a three-phase line VLLE in the P, T projection terminating at an upper critical
end point (UCEP). From this UCEP, a second liquid-liquid critical curve extends to infinite

pressures, as represented in Figure 5.

Figure 5 - Phase diagram, Type II.
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Source: Scott and van Konynenburg classification
adopted by (Coquelet et al., 2019).

Generally, the liquid-liquid critical curve can take one of three forms in the p, T
plane, as depicted in Figure 6. These forms are described as follows:
- Curve a: the liquid-liquid critical curve has a negative slope in the P,T projection,
(0p/0T). < 0.
- Curve b: the liquid-liquid critical curve has a positive slope in the P T projection,
(@p/0T). > 0.
- Curve c: the critical curve in the UCEP has a negative slope. At a temperature minimum,

it changes to a liquid-liquid critical curve with a positive slope at higher pressures.
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Figure 6 - Three possible types of critical curves
in Type II mixtures.

Source: (Van Pelt Arnold Francis, 1992).

Carbon dioxide + n-octane is an example of a type II system (Van Pelt Arnold
Francis, 1992). Mixtures of CO. + n-paraffins reported by Hottovy, Luks and Kohn (1981)
exhibit an VLLE region delimited by an upper critical end point (UCEP) under low-temperature

conditions.

3.2.2.1.3 TypeIll

The third type of diagram is found in various studies involving model petroleum systems.
These systems exhibit low miscibility between components, and the critical point of the less
volatile component, which aligns with the VLE critical line, does not remain constant, causing
a displacement of the line in the liquid-liquid-vapor region at temperatures slightly above the
critical temperature of the more volatile component. The following Figure 7 illustrates the

Type III diagram.
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Figure 7 - Phase diagram, Type III.
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Source: Scott and van Konynenburg classification adopted by
(Coquelet et al., 2019).

Type III mixtures exhibit two distinct critical curves. One curve starts at the critical
point of the component with the highest critical temperature and extends to infinite pressures.
The other critical curve begins at the critical point of the component with the lowest critical

temperature and intersects a three-phase line VLL at an UCEP (Van Pelt Arnold Francis, 1992).

3.22.1.4 TypelV

The phase behavior characteristics of mixtures represented by Type IV diagrams

exhibit three critical lines, as shown in Figure 8.

Figure 8 - Phase diagram, Type IV.
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Source: Scott and van Konynenburg classification
adopted by (Coquelet et al., 2019).

The first line extends from the liquid-liquid equilibrium (LLE) region to the UCEP

at low pressure and temperature conditions. The second line, which delineates the VLE region,
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extends from point C, to the lower critical end point (LCEP) of a vapor-liquid-liquid
equilibrium (VLLE) region, where the temperature is lower than the critical point C;. Finally,
the third line extends from point C; to another point, also termed UCEP, which represents the
boundary of another VLL region of the mixture (Medeiros et al., 2023). It is known that Type
IV phase behavior occurs in the binary systems methane + 1-hexene (Davenport; Rowlinson;

Saville, 1966) and CO; + n-tridecane (Van Der Steen; De Loos; De Swaan Arons, 1989).

3.2.2.1.5 TypeV

Type V mixtures feature two distinct critical curves, similar to Type IV, but without

a pronounced liquid-liquid critical curve. Figure 9 represents the Type V phase diagram.

Figure 9 - Phase diagram, Type V.
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(Coquelet et al., 2019).

However, in mixtures known as Type V, the distinguishing liquid-liquid critical
curve may be obscured by forming a solid phase (Van Pelt Arnold Francis, 1992). In addition,
the UCEP and LCEP points bound the immiscibility region, respectively, showing that there are
no two liquid phases for pressure and temperature values below the LCEP.

An example of a mixture exhibiting Type V behavior is the methane + n-hexane
system (Davenport; Rowlinson, 1963). In this system, immiscibility is observed: at
temperatures below the LCEP (182.46 K) (Chen Roger J. J.; Chappelear Patsy S.; Kobayashi
Riki, 1976; Lin; Hwang; Kobayashi, 1978), methane and n-hexane are fully miscible in the
liquid state.

3.2.2.1.6 Type VI
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Type VI diagrams show two critical lines. The first is a continuous vapor-liquid
critical curve that connects the critical points of the pure components. The second critical curve
is defined within a specific range of temperature and pressure, where a VLLE is observed. These
diagrams present a closed liquid-liquid critical curve that begins at a LCEP on a three-phase
line VLLE and ends at a UCEP on the same three-phase line, caused by the tilt of both critical
lines. The following Figure 10 shows the Type VI phase diagram.

Figure 10 - Phase diagram, Type VI.
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(Coquelet et al., 2019).

Type VI phase behavior is found in mixtures where strong intermolecular bonds,

such as hydrogen bonds, can form.

3.2.2.2 Algorithm to define the type of phase diagram in a binary mixture

Cismondi and Michelsen (2007) developed an algorithm to identify the three ways
the critical line, starting from C, (the critical point for the pure component with the highest

critical temperature), extends to different endpoints. This is illustrated in Figure 11.
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Figure 11 - Algorithm to identify the three ways the critical line
extends to different endpoints, starting from C, (the critical point
for the pure component with the highest critical temperature).
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Source: (Cismondi; Michelsen, 2007)

3.2.3 Phase behavior of ternary mixtures

This diagram generally assumes a constant pressure, often atmospheric pressure,
while representing temperature and two concentration parameters as variables. It is important
to note that one degree of freedom is used when setting the pressure, which simplifies the
diagram but must be taken into account when applying the phase rule in analyses. This approach
helps to understand how different phases coexist in the system under different conditions
(Campbell, Flake C., 2012).To fully describe the phase equilibria at constant pressure in a
ternary system, it is necessary to use a three-dimensional diagram. This approach assigns two
dimensions to represent composition and a third dimension for temperature.

Since the pioneering work of van Konynenburg and Scott (1981) on the global
phase behavior of binary mixtures, research has been conducted to classify the types of global
phase behavior in ternary systems. However, no equivalent classification scheme has been
established for ternary mixtures.

Phase diagrams and critical states of ternary mixtures can be obtained using the van
der Waals equation of state with standard mixing rules based on the single fluid model. For
binary interaction parameters, Berthelot-Lorentz (Mainwaring; Sadus; Young, 1988)

combination rules apply. The different topological classifications of the generated ternary phase
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diagrams are identified and how they relate to the corresponding classes of their binary
subsystems is analyzed. Furthermore, it is shown that phenomena such as miscibility windows
and miscibility islands are associated with a specific class of ternary phase diagram and can

even be modeled using the van der Waals equation of state (Bluma; Deiters, 1999).

3.2.3.1 Classification of Ternary Phase Diagrams

Through the combined application of the Berthelot-Lorentz rules, eight primary
classes of phase diagrams for ternary systems have been identified. These classes, along with

their corresponding binary subsystems, are summarized in Table 1.

Table 1 - Phase diagrams classes for ternary systems and their corresponding binary subsystems.

Binary subsystems Ternary class
I I I T-1

I I II T-1I

I I I T-1II

I II II -

I II I -V

I 11 I T-1V, T-V
II II II T-VIII

II II 111 -

II 11 111 -

11 III I T-VII

Source: (Bluma; Deiters, 1999).

Ternary Class I: Phase diagrams in this class feature closed /g (liquid-gas)-critical
curves connecting the three critical points of the pure components. All binary subsystems
belong to Type I (as per van Konynenburg and Scott, 1981), and this class is exclusive to
chemically similar compounds.

Ternary Class II: This ternary phase diagram includes two Type I and one Type 11
binary subsystems. As a result, in addition to the lg-critical surface, a // (liquid-liquid)-critical
plane appears at low temperatures. Under low-pressure conditions, this plane is delimited by a
curve of critical endpoints, which indicates the beginning of a three-phase region. This curve,

composed of upper critical endpoints, is called the upper critical line (UCEL).
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Ternary Class III: This diagram presents two Type I and one type III binary
subsystems. It includes a single continuous critical plane. The UCEL line ends at a tricritical
point, while, on the opposite side of the discontinuity, the critical plane extends to infinite
pressures. In this region, a gradual transition occurs between /g and // phase equilibria.

Ternary Class IV: This class occurs when one of the binary subsystems is Type I,
while the other two are Type III. A typical example includes systems composed of two similar
heavy components and one very light component that exhibits Type III behavior with each of
the heavy components. In this case, a broad critical surface is observed extending toward high
temperatures and infinite pressures, along with a smaller critical surface at low temperatures,
bounded by a UCEL line.

Ternary Class V: In this class, the binary subsystems correspond to Types I, II and
II1. Its behavior is very similar to that of class III, but with the difference that an additional 11-
critical surface appears in the low temperature region.

Ternary Class VI: This class is the contrast to the ternary class IV. As in that class,
the binary subsystems are type I, I1I and III, but in this case, it is a mixture of two similar light
compounds with one heavy one. There are two critical surfaces, the lower one being delimited
by a UCEL.

Ternary Class VII: All binary subsystems in ternary class VII are of binary Type
III. This ternary phase diagram presents three critical planes: one for the component with the
highest critical data, showing ll-critical behavior, another for the component with the lowest
critical data, showing lg-critical behavior, and a third component with a critical plane that
combines ll-critical and lg-critical behavior.

Ternary Class VIII: Finally, there is a ternary class in which all binary subsystems
are Type II. This phase diagram presents a continuous Ig-critical surface, similar to class I, along
with three ll-critical surfaces at low temperatures. Depending on temperature ranges and binary
interaction parameters, several subtypes may exist, although in practice the Il surfaces are
usually obscured by crystallization.

If more variations in the molecules and their interactions are allowed, the number
of possible types of ternary phase diagrams increases significantly. However, in practice, this
number is reduced because liquid-liquid immiscibility is often masked by crystallization
(Bluma; Deiters, 1999).

Another study conducted by Francis (Francis, Alfred W., 1954) examined 464
ternary phase diagrams involving carbon dioxide at or near ambient temperature, using a solvent

compound and a hydrocarbon. The study revealed a wide variety of phase behaviors.
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3.3 Thermodynamic Properties

3.3.1 The Critical Point

Figure 12 shows a PV phase diagram where each line represents an isotherm,
illustrating how volume increases as pressure decreases. At the two lowest temperatures, the
isotherms begin in the liquid phase. As pressure decreases, the saturation pressure point is
reached. In the two-phase region, pressure remains constant because P and 7T are no longer
independent variables. At higher temperatures, the saturated liquid volumes increase, while the
saturated vapor volumes decrease. The critical point is defined at the top of the liquid-vapor
phase envelope, where the values of V; and V;, become identical. This point is characterized
by the critical temperature, 7c, and critical pressure, Pc. Beyond this point, the distinction
between the liquid and vapor phases ceases to exist, rendering the region indistinguishable as
either phase.

Figure 12 - PV diagram. Four isotherms are shown: - two below

the critical temperature (subcritical), one at the critical
temperature, and one above the critical temperature

(supercritical).
P
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Source: Engineering and Chemical Thermodynamics (2012, p.43).

3.3.2 Saturation Pressure

Saturation pressure is defined as the pressure at which a given substance boils at a

specific temperature. This concept differs significantly from vapor pressure, which refers to the
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contribution of a substance to the total pressure in a mixture at a given temperature. This

contribution corresponds to the partial pressure of the substance in an ideal gas mixture.

Figure 13 provides a schematic representation of these definitions. On the left side,
two piston-cylinder systems illustrate the saturation pressure at different temperatures. In each
system, there is only one pressure at which the two phases can coexist in equilibrium, defined
as the saturation pressure, PS%. On the right side, the vapor pressure for the two systems is
depicted. To determine the vapor pressure of species @, it is necessary to calculate its

contribution to the total pressure of the mixture.

Figure 13 - Graphical representation of the saturation pressure of pure a and the vapor
pressure of a and b. Two temperatures, 7; and 7> are shown.

Saturation Pressure: P35 is defined for a system of Vapor Pressure: ! p, is defined for a vapor mixture of a
pure a and b
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Source: Engineering and Chemical Thermodynamics (2012, p.41).

3.4 Cubic Equation of States (Cubic EoS)

The objective of the equations of state originated due to the interest in arriving at
an equation that relates the measured variables P, V and T through the adjustment of
experimental data.

The ideal gas equation is an empirical model derived from experimental
observations (Boyle’s, Charles’s, and Avogadro’s laws). It serves as a limiting case for gases at
low pressures and high temperatures, where intermolecular forces and molecular volume are
negligible. The van der Waals equation, proposed in 1873, represents a significant improvement
over the ideal gas model by incorporating corrections for molecular volume and intermolecular

forces (Koretsky, 2013). This adjustment yields the following equation, Eq. 8:
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PV3 — (RT + PB)V2 +aV —ab =0 (8)

where a and b are defined as the repulsive parameter and the co-volume, respectively.

To apply the van der Waals equation, it is necessary to determine the parameters a
and b specific to the substance in question. The most accurate values are obtained by fitting
experimental data of PVT. However, in the absence of such data, the principle of corresponding

states can be used as an alternative.

The principle of corresponding states allows the properties of a substance to be
scaled based on their values at the critical point. The van der Waals parameters can be linked to
the critical temperature and pressure by considering that the critical isotherm presents an

inflection point. This can be expressed mathematically as follows:
(&) =(25) =0 ©)
ov T, - ov?2 T, -

Thus, at the critical point the following values are obtained:

, 27 (RT)? (10)
64 P,
_ (RT)
b= 8P, (11)

where, 7c and Pc are the temperature and pressure of the compound at the critical point.

The Peng-Robinson (PR) equation of state, introduced in 1976 (Peng; Robinson,
1976), represents a pivotal advancement in thermodynamic modeling of fluids, particularly for
systems involving hydrocarbons and asymmetric mixtures. Its formulation addresses critical
limitations of earlier cubic equations, such as the van der Waals equation, by refining the
mathematical description of intermolecular attraction and repulsion. The generalized form of

the PR equation is expressed as:

RT a

_ _ (12)
Vm—b  (V + b)(Vy, — b)

P
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Where V,, isthe molar volume, P ispressure, T istemperature,and R isthe universal gas

constant.

3.5 Experimental Methods for Fluid Phase Equilibria

Various techniques are utilized to study the phase behavior of multicomponent
mixtures under high-pressure and high-temperature conditions. The reviewed studies fall into
two categories of methods. The classification of these techniques is based on how composition
is determined. In the analytical method, compositions of coexisting bulk phases are determined
through sampling and chromatographic analysis. In contrast, the synthetic method
experimentally determines the overall composition by metering the amounts of each pure

substance introduced into the apparatus (Al Ghafri, Saif, 2013).

3.5.1 Analytical Method

In the analytical method, the overall composition of the mixture is often not known
at the beginning of the experiment. The compositions of the coexisting phases at equilibrium
can be determined through two main approaches: (1) in situ analysis, where the
spectrophotometer is directly connected to the equilibrium cell (EC), allowing real-time
measurement without the need for sampling, or (2) by extracting samples from the system at
various stages for subsequent analysis of their compositions. This latter approach involves
taking samples from the system and analyzing them later to determine the phase compositions
(Balbinot Filho et al., 2023). To avoid pressure drops during large sampling, variable-volume

cells or buffer autoclaves are employed, ensuring minimal impact on phase composition.

3.5.2 Synthetic Method

Synthetic methods involve preparing a mixture with a known composition and
observing its phase behavior in an equilibrium cell while measuring properties such as pressure
and temperature. This approach eliminates the need for sampling and instead focuses on directly
preparing and analyzing the mixtures.

By controlling the composition of the mixture from the outset, the method
simplifies the analysis process compared to traditional techniques that require sampling and
analysis of unknown mixtures. It can be applied with or without a phase transition, requiring

the preparation of a mixture with a precisely known composition in both cases.
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In synthetic methods with a phase transition, temperature and pressure are adjusted
to achieve homogeneity, and then they are varied until the formation of a second phase is
observed. The composition of the first phase is set to the known overall composition, while the
composition of the second phase remains unknown. Each experiment provides one point on the
PTx phase envelope (Fonseca; Dohrn; Peper, 2011).

These methods are categorized into visual and non-visual approaches. Visual
methods rely on direct observation of a new phase, applicable to various equilibria and critical
curve determination. Non-visual methods detect phase transitions by monitoring alternative
physical properties. Examples include X-ray transmission, microwave technology, and
spectroscopy techniques for in-situ observation. These methods enable the determination of
dew and bubble points and have been successfully applied to various fluid mixtures in multiple

studies conducted by researchers (Dohrn; Peper; Fonseca, 2010).

3.5.2.1 Visual Synthetic Method

In the visual synthetic method, phase detection is primarily achieved through direct
visual observation. This technique relies on indicators such as turbidity or meniscus formation
within a view cell to identify the appearance of new phases. The method is notably versatile,
extending its applicability beyond the determination of vapor-liquid equilibria to encompass a
wide range of complex phase behaviors. It is effectively used to study multiphase equilibria,
liquid-liquid separations, solid-liquid equilibria, liquid-liquid-vapor equilibria, critical curves
of mixtures, gas hydrate formation, cloud-point determination, and phase equilibria in polymer-
solvent systems. By utilizing these visual cues, researchers can comprehensively analyze phase
transitions and equilibrium states, making this approach an invaluable tool in the study of phase
behavior (Fonseca; Dohrn; Peper, 2011).

In the static synthetic method, the global composition of the mixture is measured
prior to introducing it into the equilibrium cell. This cell, which features a variable volume,
includes a piston driven by a hydraulic pump to regulate the pressure within the system. The
experiment begins with a single-phase mixture at specified pressure and temperature conditions.
As the pressure is gradually reduced, different phases begin to emerge. These phases are
visually identified by observing bubbles, turbulence, or mist. The main disadvantage associated
with the utilization of this apparatus is the time expended in discharging, disassembling,
cleansing, assembling, and loading for each alteration in global composition (Leal, Monique

Ferreira, 2015).
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Static methods involve the use of cells with either constant or variable volumes,
which can be categorized as constant-volume static cells (CVSCs) and variable-volume static
cells (VSCs). In VSCs, the pressure within the system can be adjusted by moving a piston inside
the cell, allowing for precise control over the experimental conditions. These conditions of
pressure, temperature and composition in equilibrium are reported resulting in a PTx phase
diagram, useful to describe and analyze the behavior of the mixtures at different operating

conditions (Fornari; Alessi; Kikic, 1990).

3.6 Experimental data founded in the literature

This section will be dedicated to compiling research on binary systems composed
of the substances used in the model systems that are part of this study's objective. It is important
to note that there are no previous studies on these ternary systems in the literature. Therefore,
the primary focus is on a binary system composed of COz + n-CisHss and CO2 + n-CioHoz.

A literature review searching for data availability for carbon dioxide (CO.) + decane
(and/or + hexadecane) and mixtures with oil or synthetic oil that could closely resemble the
behavior of petroleum fluid was done, as summarized in Table 2. This work investigated a
ternary system (decane + hexadecane + carbon dioxide) at pressure conditions up to 30 MPa.
Moreover, it focused on a composition range from 20% to 98.5% mol CO., where regions of
LLE and VLLE were observed at high CO, compositions at the temperatures of 283.15 K and
298.15 K. The pressure and temperature operational conditions are very similar to those

reported in Table 2.

Table 2 - Summary of published data for systems containing CO> with decane, hexadecane, and
oil or synthetic oil.

Type of Pressure Range Temperature

System 1y ta (MPa) Range (K) Source
VLE 0-18.84 255.4-510.9 (Reamer; Sage, 1963)
LLVE 0.10-1.64 217.2-248.7 (Kukarni et al., 1974)
VLE 1.96-5.12 462.6-583.6 (Sebastian et al., 1980)
VLE 6.38-16.4 344.3-377.6 (Nagarajan; Robinson, 1986)
CO» + VLE 5.15-14.24 342.9-594.2 (Inomata et al., 1986)
2 .
decane  VLE 47155 423775 (oo Forbert Prausnitz
VLE  0.89-12.70 344.3 é%l(l)&;\;er; Robinson; - Gasem,
VLE 2.58-11.59 344.3-344.8 (Tsuji et al., 2004)
VLE 3.48-16 319.1-372.9 (Jiménez-Gallegos; Galicia-
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Luna; Elizalde-Solis, 2006)

VLE 1.73-10.11 344.25 (Ren; Scurto, 2007)
(Zamudio; Schwarz; Knoetze,
VLE 5-14 308-348 2011)
VLE 2-20 304-618 (Juntarachat ef al., 2012)
VLE 3.25-10.80 308.15-343.15 (Yang et al., 2012)
(Kariznovi; Nourozieh;
VLE 1-6 323.2 Abedi, 2013)
(Forte;  Galindo;  Trusler,
VLE 0-14 311 and 344.3 2011)
VLE 1.7-12.7 319-355 (Fele Zilnik et al., 2016)
(Kandil;  Al-Saifi;  Sultan,
2016) (Nascimento et al.,
VLE 3.4-76.4 313-410 2019)
VLE 2.42-7.29 313.2-353.2
LLVE 1.57-14.80 280.25-367.5 (Schneider et al., 1967)
VLE 2.01-5.09 436.4-664.1 (Sebastian et al., 1980)
Charoensombut-amon;
LLVE 0.69-25.9 308.2-343.2 %\/Ia tin: Kobayashi, 1986)
VLE 7.69-16.12 314.2-353.2 (D’souza; Patrick; Teja, 1988)
VLE  10.0-25.1 333.2-393.2 (lglgl;)Cher; Spee; Schneider,
LLVE  4.40-7.48 283.2-306.1 (Van Der Steen; De Loos; De
CO, + Swaan Arons? 1989)
hexadecane VLE 10.1-25.6 294.4-413.3 (Spee; Schneider, 1991)
VLE 1.24-3.29 305.7-512.3 (Breman B. B. et al., 1994)
VLE 10.1-25.7 473.2-573.2 (Brunner; Teich; Dohrn, 1994)
VLE 10.0-20.0 3539 (Kordikowski; Schneider,
1993)
VLE 235 ;113; % .31553 A3 Venter ef al., 2007)
(Latsky; Cordeiro; Schwarz,
VLE 0.1-23 308-358 2020)
LLVE 0.1-58 293.1-353.1 (Simoncelli et al., 2020)
. LLVE 0.10-7.52 305.2-322.2 (Orr; Jensen, 1984)
acrfgde ol " 11vE  0-20 305.2 (Nghiem; Li, 1986)
synthetic LLVE 5.50-11.03 304.3-307.6 (Creek; Sl}efﬁel‘d, 1993)
crudeoil  LLVE  36-40 298.15-473.15 ggll Shaf“; Maitland; Trusler,
VLE 0-12 323.15 (Han et al., 2015)
LLVE 3-30 293.15-353.15 (Lucas et al., 2016)
VLE 35-40 ir91c31?1>% ?1253'15 (Elias; Trevisan, 2016)
LLVE 0-100 293.15-378.15 (Romero Yanes et al., 2020)
VLE 3.63-72.48 313.15-393.15 (Medeiros et al., 2023)

Source: Created by the author.
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3.7 Barotropic inversion

When temperature or pressure changes, both the compositions and properties of the
coexisting phases, such as density and refractive index, often change. In some cases, the
difference in density between the phases can decrease and even reverse their values, a behavior
known as “barotropy”. The point where this inversion occurs is called the “isopycnic point™.

Also known as density inversion, phase inversion and barotropic phenomenon,
according to the study by Quinteros-Lama et al. (Quinteros-Lama et al., 2015), these density
inversions can be observed within practical temperature ranges, where a change occurs in the
size of the most dense and compact part of the component molecules. The study also concludes
with the possibility of observing density inversions in immiscible liquid phases or between a
liquid and a gas phase.

Additionally, barotropy is often observed in systems composed of an organic
compound with relatively low liquid density (such as hydrocarbons or alkanols) and a
supercritical solvent with high critical density (like carbon dioxide, sulfur hexafluoride, certain
fluorocarbons, or xenon). In such systems, barotropy is more common than not and can play a
significant role in separation processes where phase stratification is crucial, such as in
supercritical fluid extraction (SFE) (Schneider; Scheidgen; Klante, 2000).

According to the conclusion of the work conducted by Quifiones-Cisneros
(Quitiones-Cisneros, 2004), the emergence of the barotropic phenomenon is suggested as an
alternative for the transition between Type II and Type III phase behavior. Using the PC-SAFT
EOS, this work modeled and developed figures showing the molar isopycnic curve near the

critical point of pure CO,.

In the case of barotropic behavior induced by asymmetry, one of the necessary
conditions for molar density inversion to occur is that the molar mass of species h (denoting the
component with the highest critical point, n-alkane), referred to as the heavier component M,
must be greater than that of the smaller molecules, the more volatile component M,,;.

This is the case with CO, + alkane mixtures (above propane). This follows the rule
that molar isopycnicity implies mass isopycnicity as long as Mwh> Mwl. Once a molar density
inversion occurs, the subsequent mass density inversion will depend on the actual relationships
between the molar masses of the compounds.

In such cases, depending on the molecular weights of the phases involved,
gravitational fields may not necessarily influence the behavior of the mixture. Consequently,

unlike mass barotropic behavior, molar density inversions (MoDI) (or molar barotropic
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behavior) are not directly observable in phase equilibrium experiments. Instead, they must be
detected by directly measuring molar densities or using precise equations of state (EOS) to
predict the molar density of the coexisting phases (Flores et al., 2012).

Flores et al. (Flores et al., 2012) concluded with the following observations: for the
existence of a barotropic inversion in carbon dioxide + hydrocarbon mixtures, a mathematical
framework must be in place:

I.  In asymmetric mixtures like CO> with hydrocarbons, there is a complex
point in the phase diagram called a mathematical double point (MDP). This
point is where two-phase instability curves (spinodals) intersect or are very
close to each other. This molar barotropic phenomenon is strongly linked to
Type Il phase behavior, characterized by the coexistence of three phases
(liquid-liquid-vapor) and immiscibility in the liquid phases at high pressures
and low temperatures. In summary, the presence of this MDP in asymmetric
systems explains why this complex behavior is observed in the phase
diagram.

II.  In barotropic behavior caused by asymmetry, a molar density inversion
must occur for a mass density inversion to take place.

III.  For strong barotropic behavior, the critical curves of the pure components
must be “well-separated”, meaning they should neither intersect nor merge
in the phase diagram. This condition implies that each pure component must
have a distinctly defined critical point, independent from the critical point
of the other component. This behavior is particularly relevant in the study
of asymmetric mixtures, indicating that the separation of critical curves is a
necessary condition for the pronounced manifestation of barotropic

phenomena in the system.

Furthermore, the conclusions drawn from the work of (Flores et al., 2012) are as
follows: Increased molecular asymmetry promotes mass barotropy in mixtures. In COz +
hydrocarbon mixtures, it has been demonstrated that mass barotropy is most likely to occur in
Type III and IV systems, while Type II systems may also exhibit density inversions. Lastly, it
is concluded that in Type II systems, the dominant effect is a positive synergy within the mixture

rather than molecular asymmetry.
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Figure 14 shows the pressure-composition phase diagrams before and after the
three-phase coexistence curve. Under subcritical conditions, liquid-vapor behavior is present,
and the liquid and vapor binodal curves will connect the liquid and vapor saturation molar

volumes of the pure components, as seen in the 250 K phase diagram.

For asymmetric mixtures with large molar masses, the difference in the coexisting
molar volumes can be substantial, and the tie-lines can have a lower slope. However, as an
incipient third liquid phase develops, the three-phase triangle opens to a tie line L; — L,
tangential to the liquid binodal curve. In other words, transitioning from an L; — V' tie line to

an L; — L, tie line will require a rotation of around 90°(Quifiones-Cisneros, 2004).

Figure 14 - Pressure - composition phase diagrams for the CO; + n-Co mixture
before and after the three phases critical end-point in a type II phase behavior
system.

30
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Source: (Quifiones-Cisneros, 2004).

Similarly, according to work conducted by Tardon (Tardén et al, 2012), molar
1sopycnicity is present in phase behaviors of Types II, 111, IV, and V. From this, it can be inferred
that molar density inversions are more common than previously thought and that the liquid
phase provides a natural condition for their existence.

In line with the previous study, this dependency is defined by differences in
molecular size and critical properties. Molar isopycnicity becomes observable within ranges
where stable fluid phases can be seen as the molecular size ratio of the constituents increases.
Moreover, differences in critical properties promote more comprehensive temperature ranges
for molar density inversions.

The literature review did not identify any recent experimental studies reporting
density inversion in mixtures containing CO>. However, there are older studies that model the

behavior of binary and ternary systems and predict molar isopycnicity in these systems: ethane
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+ n-alkylbenzene (Jangkamolkulchai; Arbuckle; Luks, 1988), methane + ethane + n-docosane
and methane + ethane + n-tetradecylbenzene (Jangkamolkulchai; Luks, 1989), ethane + n-
paraffin mixtures (Estrera, Susana S.; Luks, Kraemer D., 1987), ethane + I-decanol + n-
docosane (Hong; Patton; Luks, 1994).

Based on the evidence obtained from these experiments, it is likely that molar
density inversions occur in partially miscible mixtures. These mixtures typically consist of
volatile solvents - either organic or inorganic - and heavy chain solutes, and they behave as
Type III or Type V systems according to the van Konynenburg and Scott (1980) classification
(Charos et al., 1985).

Figure 15 shows a PT projection diagram for the CO» + n-Ci6H3s system (Flores et
al.,2012), characteristic of a Type Il diagram. The figure shows the mass isopycnicity between
the fluid phases along the MaDI line A-B (mass density inversion), represented by the blue line,

where a gravitational density inversion change can be experimentally observed.

Figure 15 - P-T projection for the binary system of
CO2 + CisHzs (Mwy = 226.45, k12 = 0.12). (0) Pure
component critical point, (==0 ==) three-phase (or
LLV) line, (- - -) pure component vapor pressure
line, (==) critical line, (==0==) MaDI line, and
(==0==) MoDI line.
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Source: (Flores et al., 2012).

In detail, the MaDI and MoDI lines intersect with the mixture's critical line (indicated
by points B and D). From this figure, it can be deduced that mass and molar density inversions
occur between two coexisting fluid phases, which become indistinguishable as they approach
the critical point. The diagram also identifies the critical mass inversion point (CMaDIP) and

critical molar density inversion point (CMoDIP). The CMaDIP, shown by point B, occurs near



46

the critical temperature of CO,. The CMoDIP, identified as point D, occurs at higher

temperatures and pressures.

4 MATERIALS AND METHODOLOGY

4.1 Materials

Table 3 summarizes some information regarding chemicals used in this study. All

the components were used without any further treatment.

Table 3 - Properties of pure compound considered in this work.

Chemical name CAS Source Mole fraction purity*
Carbon dioxide 124-38-9  White-Martins  0.9999

Decane 124-18-5  Sigma-Aldrich  0.99

Hexadecane 544-76-3  Sigma-Aldrich  0.99

*Purity provided by the suppliers.
Source: Created by the author.

4.2 Experimental Methodology

Complex transitions phase behavior analysis has been carried out using a high-
pressure volume variable pump, as shown in the schematic drawing in Figure 16 and the
equipment design in Figure 17. The equilibrium cell, with a total internal volume of 30 mL,
comprises two sapphire windows: a small lateral one that allows illumination through an optical
fiber and a larger one at the front of the cell, enabling interior visualization through a high-end
digital microscope.

The upper section has three ports for installing the two measurement devices
(pressure and temperature transducer) and the injection valve, which allows the entry of both
liquid and gas. One of the devices is the Mensor Wika pressure transducer (0-100 MPa) with
an uncertainty of £0.02 MPa, which allows the pressure monitoring of the fluid inside the PVT
cell. The pressure gauge is connected to the PVT cell, presenting a minimum dead volume.
Another is a temperature sensor using a Pt-100 thermocouple with an uncertainty of less than

0.1 K.



47

Figure 16 - Schematic diagram of the PVT cell.
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Source: Adapted from (Valero; Maria, 2020).

Figure 17 - Equipment design (Syringe pump, assembled PVT cell, thermal bath).

Syringe pump Assembled PVT cell Thermal bath

Pressure Temperature \
transducer transducer

Source: Created by the author (2024).

The cell features an internal piston, one face in direct contact with the system, and

the opposite side connected to a Teledyne Isco Model 260 D water pump. This setup enables
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the control of sample pressure by adjusting internal volume changes. A controlled temperature
oil bath generates sample heating by circulating a heat-carrier (Thermal H10) fluid. Additionally,
a magnetic stirrer was put inside the cell, and the system was positioned above stirring

equipment to ensure constant mixing and homogeneity of the mixture.

Before initiating any experiment, the cell is disassembled and cleaned using hexane
as a solvent. After that, a validation test was conducted using nitrogen at a pressure of 8 MPa
and room temperature to ensure system integrity. Binary and ternary composition systems were
precisely prepared gravimetrically by weighing each component using a high-precision balance
(Sartorius) with the uncertainty of 0.01 g for CO> and 0.005 g for the liquid mixture. The liquid
mixture was first injected into the PVT cell under vacuum using a capillary tube constantly
immersed in the small flask. Once the liquid is inside the cell, a known amount of CO; is
injected to reach a desirable global mole composition. Figure 18 illustrates the steps involved

in conducting each experiment, representing a cyclical process.

Figure 18 - Experimental procedure.

Assembly Leak test

Experimental
procedure
Disassembly
Mixture
Data injection
collection

Source: Created by the author (2024).
4.3 Mixtures preparation

Preparing the hydrocarbon liquid binary mixture involves progressively increasing
the molar amount of n-hexadecane. The mixture was combined with four different n-
hexadecane contents: 20.2%, 40%, 60%, and 80% molar, as given in Table 4. Once the binary
mixture was prepared the fluid phase behavior was investigating by addition of CO. with a

global mole composition ranging from 20 until 98 mol% CO,.
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Table 4 - Molar fractions of binary-hydrocarbon mixtures

Molar fraction mol/mol

Acronym*
n-CioH22 n-Ci6H34
M-20 0.789 0.202
M-40 0.600 0.400
M-60 0.400 0.600
M-80 0.200 0.800

* Acronym based on n-hexadecane composition.
Source: Created by the author (2024).

By following this methodology, Eq 13 was used to combine all uncertainty source

and the global mole fraction (xcoz) combined uncertainty was determined.

u?(m u(m: 1/2 3
uc(xC02) = Xco, (_xCOZ) < 1&@502) + Ean'qu)) (13)
2 iq

Where the “(mcoz) and u(mliq) represent the standard uncertainties of + 0.01 g and +0.005
g, respectively.

To conduct phase transition measurements, it is essential to follow a series of
stability criteria and procedures to ensure the system's stability. First, the temperature is
homogenized until the desired set point is reached. During this process, constant stirring is
maintained while pressurizing at a rate of 2 MPa/min to achieve a homogeneous single-phase
mixture.

Before starting the depressurization, stability criteria are verified. These criteria
ensure that, over a period of 5 minutes, the volume variation does not exceed 0.05 ml, and the
temperature variation remains below 0.5 K. Once these criteria are met, the depressurization is
carried out at a controlled rate of 0.1 MPa/min through an isothermal process until a phase
transition is observed. This transition may be liquid-vapor (L—L+V), liquid-liquid (L—L+L),
or liquid-liquid-vapor (L+L—L+L+V), allowing the determination of the corresponding phase

transition values. Figure 19 outlines the CCE test methodology:
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Figure 19 - Methodology adopted for constant composition expansion tests, where
Pi is the initial test pressure (single-phase system), 7i the initial test temperature
and the subscript 1 is the experiment temperature.
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Source: Adopted from (da Costa et al., 2024).

According to the Guide of Uncertainty Measurement (GUM) of the National
Institute of Standards and Technology (Taylor, B.; Kuyatt, C., 1994), the uncertainties for

pressure transition u(p) for all the transition phenomena observed were calculated by Eq.14.

)u(xcoz)r (14)

9 2 0
u?(p) = u?(p9a9e) + u?(p°hs) + [(a%) u(Tgauge)] " KGXfo

Where the uncertainties for phase change observations [u(p°*)] equals 0.02 MPa,
temperature gauge u(7%“¢¢) equals 0.1 K, and pressure gauge [u(p$*“¢°)] equals 0.02 MPa.

4.4 Thermodynamics modeling

4.4.1 Peng Robinson’s equation of state

PR’s equation of state (Peng; Robinson, 1976) presented in Eq. 12 was used to
model all fluid-fluid transition experimentally measured. The criterion for establishing phase
equilibrium is ensuring the fugacity of each component. The attraction parameters a and co-
volume b were estimated using quadratic and linear mixing rules given by Eqs. 15 and 16,

respectively.

a = szinJCLiGj (1 - kl]) (15)
vt J
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b= inbi (16)

Where x; is the molar fraction of the component i, and x; is the molar fraction
of the component j, and k;;is the binary interaction parameter between components 7 and .

Each parameter (a;) and (b;) for the PR EOS are calculated according to Eqs 17 and
18, respectively. These components are a function of the critical temperature 7c¢; and critical

pressure Pci of the components in the mixtures.

RTc;)?
a; =0.45724( 5 _l) a;(T) (17)
l
RTc;
b; = 0.0778 —— (18)
PCi

The attraction parameter that describes the temperature dependence is characterized

by Eq. 19, as follows:

TCi

The form factor (m;) for PR EOS is derived from the acentric factor (w;), as presented

in Egs. 20 and 21.

m; = 0.37464 + 1.54226w; — 0.26992w? for w; < 0.49 (20)

m; = 0.379642 + 1.48503w; — 0.164423w? + 0.01666w? for w; = 0.49 (1)

4.4.2 Binary interaction coefficients (kij)

The significance of binary interaction coefficients (k;;) has been highlighted in the

literature regarding the precision of fluid phase behavior equation of state prediction. These

coefficients theoretically represent interactions between different molecules, with their values
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typically derived by aligning predicted saturation pressure curves with experimental data (Peng;
Robinson, 1976).

The values of k;; for all possible binary pairs are obtained by fitting the
experimental vapor-liquid equilibrium data of the mixtures. This approach, however, limits the

predictive ability of the equation (Gao et al., 1992).

4.4.2.1 COs/decane

Binary interaction parameters k;;, temperature dependent for the CO»/decane pair

ij
were determined through a trial-and-error process, using experimental data obtained in the
laboratory for the binary system. To determine the optimal parameters of the ELV model,
objective functions (OF) are employed as iterative procedures. These allow optimal values to
be calculated using explicit models, since the adjusted variables are obtained from an algorithm
for calculating the bubble point pressure (Lopez; Trejos; Cardona, 2006). In the present work,

16 binary mixtures were analyzed, and the minimization of the following objective function

was applied to calculate the system parameters at each temperature studied.

For systems composed of CO-, the objective function used to determine the binary
interaction considers both the bubble pressure and the compositions of the vapor phase at the

bubble point, as described below:

Pcal_Pexp
N 22
EPL-—< ! ) (2)
l
Ey; = (y§ — y7P), (23)

Where P represents the saturation pressure, y; is the composition of component 1 in the vapor
phase, and E corresponds to the error between the calculated and experimental values. The
superscript cal indicates the data calculated through the Peng Robinson equation, while exp
refers to the experimental data. The regression is performed by minimizing the objective

function:
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Np [pcal _ pexP z Np
OF = ] : expl + ] [)’fal - ylexp]z (24)
=1 Pl

i=1

In which the summation is done over the number of experimental points (Np).

4.4.2.2 COz/hexadecane

In a similar way to the case of the binary interaction parameter of the CO/decane
system, obtaining the temperature-dependent binary interaction parameter was implemented for
the COz/hexadecane system, due to the increase in the deviation observed as the temperature

decreases.

In this case, bubble pressure data are not available for the binary system, so
information available in the literature was used, specifically solubility data. A total of 37
solubility data were used (Charoensombut-amon; Martin; Kobayashi, 1986) at temperatures of
323.15 K, 313.15 K and 308.15 K. To determine the model parameters, the calculation using
the isothermal flash method was used as an objective function, the detailed explanation of which

is presented in the following section.

The relationship between binary interaction and temperature was established. Table

5 summarizes the binary interaction parameters used in this study:

Table 5 - Binary interaction parameters as a function of temperature for the

binary system COz/hexadecane.

Temperatura (K) | kij (CO2/n-C16H34) Function of temperature

283.15 0.11405
298.15 0.10911 —3.29X107*-T[°C] + 0.117337
323.15 0.10127

Source: Created by the author (2024).

In this work, the binary interaction parameters were determined for the two pairs:

CO2/n-CioH22 and CO2/n-CisHz4, as demonstrated in the previous sections using the Peng-
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Robinson equation. For the hydrocarbon pair n-CioH22/n-Ci6Haa, it is worth noting that the
binary interaction parameters are generally zero or very close to zero, which is why many
authors assume a value of zero (Gao et al., 1992; Pedersen; Thomassen; Fredenslund, 1985).

Therefore, a value of zero was adopted in this study.

Pure carbon dioxide properties were taken from references available in NIST
webbook database. Moreover, decane and hexadecane properties are taken from the literature

(Ambrose; Tsonopoulos, 1995). All data are summarized in Table 6.

Table 6 - Properties of pure compounds considered in this work.

Component Pc/MPa Tc/K w MW/[kg/kmol]

CO; 7.383  304.21 0.2236 44.01
n-CioH22 2.110  617.7 0.4923 142.29
n-Ci6Hzs 1.489 717 0.742 226.44

Source: Created by the author (2024).

All calculations were performed using the software SPECS version 5.63 (da Costa
et al., 2024; Ferreira et al., 2018), developed by the Center of Energy Resources and
Engineering at the Denmark Technical University (CERE-DTU).

4.4.3 Method of Isothermal Flash

Miscible gas flooding in oil reservoirs can be modeled using isothermal flash
calculations. The conventional approach assumes the number of phases present at equilibrium
and estimates initial values for the equilibrium factors. Flash calculations consider iteratively
determining the compositions and quantities of the phases present in a mixture under specific
pressure and temperature conditions. By comparing fugacities and using phase stability criteria,
it is possible to identify if a new phase has formed. Newton-Raphson method has been

employed as a procedure for this method (Henderson ef al., 2001; Michelsen, 1982a, 1982b).

The traditional approach assumes the number of phases in equilibrium and

initializes the equilibrium factors. Subsequently, the material balance equations are solved to
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determine the fractions and compositions of the phases, updating the balance factors iteratively
until convergence is achieved. This process allows calculating the amount of each component
in each phase and the proportion of each phase present in the mixture. Once the thermodynamic
formulation is established, a suitable minimization algorithm is selected to find the global

minimum of the Gibbs free energy (Henderson et al., 2001).

The equilibrium state is defined as the one in which the minimum of the Gibbs free
energy is reached, considering the possible configurations of the system under constant
conditions of temperature and pressure. In the case of a vapor-liquid system, the total Gibbs

free energy is expressed by the following equation:

r r

D, 25
622 i(v)#i(v”rzng)#i() (25)

i=1 i=1

@)

Where nl(f ), f=v, I, represents the number of moles of component i in the vapor phase n; " or

liquid nl@phase and p represent the chemical potential.

According to the minimum Gibbs free energy principle, in the equilibrium state, the
intensive parameters of a system correspond to the values that minimize the total molar Gibbs
free energy, keeping the specified temperature and pressure constant. In the SPECS software, a
flash calculation is performed at the temperature and pressure of each experimental point. The
experimental phase compositions are compared with the predictions. The equilibrium factors
Egs. 26 and 27 represent the concentrations of each component in the different phases

(KNUDSEN, Kim; POULSEN, Thomas, 2009).

C xe
Ry = In (y——> 26)
xl yl i
C xe
Ryt = In <y_z_2> @
X2Y2/;
where:

y;: molar composition of component i in the vapor phase.
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x;: molar composition of component i in the liquid phase.
c: calculated point.

e: experimental point.

S RESULTS AND DISCUSSION

5.1 Data validation and reproducibility

The fluid-fluid transition experimentally measured in this work for CO; + decane
are given in Table 7. These values are used as a method validation by comparing with

experimental data available in literature.

Table 7 - Experimental data of bubble points at different global compositions of CO»(1). Binary
system: CO; (1) + decane.

X1 T/K P/MPa X1 T/K P/MPa
0.3280 298.09 2.40 0.3150 283.55 2.21
323.08 3.14 0.5360 283.82 3.38
0.4950 298.28 4.03 0.7160 283.69 4.08
322.96 5.51 0.9000 283.43 4.28
0.7770 298.07 5.50 0.9510 283.66 4.39
323.21 8.57 0.9820 283.75 4.51
0.9110 298.03 5.87
323.01 9.47
0.9790 323.29 9.73
0.9890 298.39 6.35
322.68 9.57

Source: Created by the author (2024).

Figure 20 presents the method validation by comparing data from the literature at
different temperatures T = (283.15, 298.15, and 323.15) K, with transition pressures ranging
from 0.2 to 10 MPa. Typically, the most experimental data available in the literature for CO» +
decane are given at temperature condition higher than T = 313.15 K. “The comparation was
performed by using binary system with a global mole composition of 30 to 98.9 mol % COx.

All these data are represented by the reference works correspond to these compositions.
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Figure 20 - Comparison between experimental, bubble point (circle, o) and
literature data for carbon dioxide + decane binary system in pressure at
different global mole composition. Reamer & Sage, 1963 (triangle, A).
Jiménez-Gallegos et al., 2006 (cross, x). Nascimento et al., 2019 (rectangle,
o). T=323.15K (red dashed line, ---), T =298.15 K (blue dashed line, --
-), and T = 283.15 K (green dashed line, ---).
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Source: Created by the author (2024).

Once the experimental data available in the literature were not measured at the same
temperature as this work, the data from the literature were interpolated for the temperatures
studied. However, for the temperature of 283.15 K, it was not possible to interpolate because

there are no articles that study temperatures between these values.

Nevertheless, for temperatures of 298.15 K and 323.15 K, the points showed great
accuracy with the experimental data. It is important to note that the article by Reamer & Sage
from 1963 (Reamer; Sage, 1963) has significant variance. Moreover, these results are also in
line with the low expanded uncertainty calculated for the overall molar composition for CO> +

decane mixtures, which was less than u(xi) = 0.7 mol%.

5.2 CO: + decane + hexadecane systems

In the following sections, the tables and figures corresponding to the experimental
data of the ternary systems CO; + decane + hexadecane are presented, together with the curves
obtained by modeling using the Peng-Robinson equation of state. For these systems, the phase

transitions observed include vapor-liquid, liquid-liquid, and vapor-liquid-liquid.
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5.2.1 CO:(1) + M-20 ternary system

Table 8 shows the fluid-fluid phase transitions observed at three different
temperatures for various mixtures with overall CO> compositions in the ternary system CO; +

M-20.

Table 8 - Fluid-fluid transition pressure at a temperature T in different mixtures of global
composition x¢o, with its expanded (k = 2) uncertainty U(p) for COz (1) + M-20 ternary
system.

T/K P/MPa  U(p) transition T/K P/MPa  U(p) transition

x1= 0.2250 £ 0.0093 x1 = 0.4290 £0.0046

298.39 1.83 0.1 L-VL 298.37 3.69 0.07 L-VL

323.44 2.51 0.12 L-VL 323.64 5.06 0.08 L-VL
x1 = 0.6300 + 0.0020 x1 =0.8130 + 0.0009

298.34 5.1 0.06 L-VL 283.84 4.27 0.06 L-VL

323.37 7.4 0.06 L-VL 298.41 5.87 0.06 L-VL

322.79 9.28 0.06 L-VL

x1 = 0.8760 + 0.0008 x1 =0.9500 + 0.0006

284.11 4.35 0.06 L-VL 283.99 4.41 0.06 L-VL

298.37 5.96 0.06 L-VL 299.19 6.22 0.06 L-VL

323.05 9.77 0.06 L-VL 323.14 10.36 0.06 V-LV
x1 =0.9870 + 0.0007

283.23 4.64 0.06 L-VL

298.83 6.39 0.06 L-VL

322.7 10.35 0.07 V-LV

Source: Created by the author (2024).

Figure 21 presents the P-x diagram of the M-20 mixture with addition of CO,.
Similar trends of bubble points were observed for all the temperatures investigated. Two dew
points were identified at compositions greater than 95 mol% CO, for T = 323.5 K. As it has a
higher percentage of the lighter hydrocarbon (decane), the results are similar to those
determined by (Jiménez-Gallegos; Galicia-Luna; Elizalde-Solis, 2006) at T = 319.11 K and
(Nascimento et al., 2019) at T = 313.2 K for CO; + decane binary system. This shows that the
mixture with an excess of decane, specifically with 80% in the hydrocarbon fraction, exhibits

a behavior similar to that of the binary mixture CO, + decane.
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Figure 21 - Px diagram for different mixtures of CO> global mole
composition CO; (1) + M-20. Bubble point (triangle, A); dew point

(diamond, ©). The solid line (—) represents modeling with PR.
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Source: Created by the author (2024).

In addition, this isothermal phase behavior was modeled using the Peng-Robinson
equation of state with its classical mixing rules. As shown in Figure 21, there are no significant
differences from the experimental values. The P-x graph was obtained through successive
calculations at different compositions to determine the bubble points of the system. However,
multiple flash calculations were performed for the dew point results to determine the pressure

at which two phases are obtained.

5.2.2 CO:(1) + M-40 ternary system

Table 9 shows the fluid-fluid phase transitions observed at three different
temperatures for various mixtures with overall CO> compositions in the ternary system CO, +

M-40.
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Table 9 - Phase equilibria data, fluid-fluid transition pressure at a temperature T in different
mixtures of global composition x¢o, with its expanded (k = 2) uncertainty U (p) for CO (1)
+ M-40 ternary system.

T/K P/MPa  U(p) transition T/K P/MPa  U(p) transition

x1 =0.4100 +0.0069 x1 =0.6180 + 0.0034
298.48 3.45 0.08 L-VL 298.81 5.16 0.06 L-VL
323.56 4.61 0.11 L-VL 323.26 7.25 0.07 L-VL
x1=0.797+0.0011 x1=0.9020 + 0.0006
298.41 6.01 0.06 L-VL 283.88 4.96 0.06 L-LL
323.54 9.61 0.06 L-VL 283.9 4.41 0.06 LL-LLV
298.95 6.21 0.06 L-VL
323.15 11.21 0.07 L-VL
x1=0.9220 + 0.0004 x1 =0.9500 + 0.0003
283.92 4.99 0.06 L-LL 284.45 4.69 0.06 L-LL
283.92 4.44 0.06 LL-LLV 284.45 4.48 0.06 LL-LLV
299.06 6.24 0.06 L-VL 298.24 6.39 0.07 L-VL
322.94 11.49 0.07 L-VL 322.88 11.73 0.07 V-LV
x1 = 0.9850 + 0.0005
284.37 4.41 0.07 L-VL
298.11 6.3 0.07 L-VL
323.07 11.25 0.07 V-LV

Source: Created by the author (2024).

In Figure 22, on the left, the P-x diagram of the M-40 mixture with the addition of
COa is presented. The observed behavior is similar to that of the previous system for 7=298.15
and 323.15 K, without significant variations in the bubble point values. However, as can be
seen on the right side of the figure, with a closer look at the values obtained, from a global
composition of 90.2 mol% of CO», a phase heterogeneity assigned to a liquid to liquid-liquid
transition at T=283.15K.

Furthermore, when the pressure decreases, the liquid-liquid equilibrium evolves
into a three-phase liquid-liquid-vapor equilibrium, as shown in the figure. The difference in the
transition pressure from LL to LLV has an approximate value of 0.5 MPa, significantly low
compared to the transitions observed in other studied systems. However, the LLV transition

pressure is generally close to the saturation pressure of CO» at the same temperature.

Additionally, once this mixture is not a real binary mixture, the LLV region is not
monovariant and it occurs in a narrow region of the phase diagram. Nevertheless, when mixture
with 98.5 mol% CO; was studied at 283.15 K, no liquid-liquid equilibrium was detected, and a

typical biphasic liquid-vapor equilibrium was observed. This result shows a critical curve
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enclosing the liquid-liquid region, rising to a liquid-vapor transition when the binary system is
studied with a higher CO» gas content.
Figure 22 - Px diagram for different mixtures of CO> global mole composition CO; (1) + M-

40. Bubble point (triangle, A); dew point (diamond, ¢); liquid-liquid balance (cross, x);
liquid-liquid-vapor (circle, o). The solid line (—) represents modeling with PR.
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Source: Created by the author (2024).

At this stage of model development, discrepancies with experimental results begin
to emerge. Experimentally, complex phenomena are observed due to the increase in the
composition of n-hexadecane in the system, such as phase transitions from liquid to liquid-

liquid and from liquid-liquid to liquid-liquid-vapor at 283.15 K.

In the modeling, the software fails to determine the points where the system is
monophasic, obtaining only the LLV points in the diagram through the flash method. The result
is two lines on the right and left that delimit the section where the liquid-liquid region is
predicted. A discrepancy is observed between the predictive results and the bubble and dew
points at 323.15 K. This can be attributed to the increased asymmetry in the system and the
pressure and temperature conditions being above the critical conditions of the CO> component.
Additionally, experimentally determining where the phase transition occurs becomes more

complex under supercritical conditions.

Figure 23 shows photographs of the depressurization process conducted on the
system with a composition of 90.2 mol % CO; at 283.15 K. The pressure difference between

the LL to LLV transition is remarkably low compared to the pressure deltas observed in other
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systems. The pressure values recorded by the pressure transducer are displayed below each
photograph in bar units (equipment units). The LLV point was identified by the appearance of
the first bubble visible in the cameras, highlighted with a red circle in the third photograph of
Figure 23.

Figure 23 - Image sequence of the depressurization of the system with 90.2 mol % CO> +
M40.

4957258 bar 440475 bar

Source: Created by the author (2024).

According to (Quifiones-Cisneros, 1997), the Peng-Robinson (PR) equation
predicts a type III phase diagram for CO2 + n-alkane mixtures following the Scott and van
Konynenburg classification (Van Konynenburg, P. H.; Scott R. L., 1980), starting from the
binary mixture CO> (component 1) + n-Cio (component 2). However, experimental
observations show immiscibility only below T = 273.15 K for this system. This behavior has
been described by (Kukarni et al., 1974) for CO, + decane mixtures along their multiphase loci,
demonstrating immiscibility at low temperatures, including LLV regions. Moreover, according
to (Schneider et al., 1967) the miscibility of n-decane, n-undecane, and probably dodecane with
CO2 in the liquid phase is so good that separating into two liquid phases would only occur at

very low temperatures.

Therefore, based on the experimental results reported in the literature, it is
concluded that within the CO> + n-alkane series, the transition from Type II to Type III phase
behavior occurs in the CO, + n-tridecane systems. This implies that CO, + n-Ci4 and higher
systems exhibit Type III phase behavior (Fall; Fall; Luks, 1985; Fall; Luks, 1984; Hottovy;
Luks; Kohn, 1981).
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In this work, it was observed that the ternary system studied, at the analyzed
compositions, shows Type III behavior. This phenomenon can be attributed to the presence of

hexadecane, as binary systems with decane do not exhibit this type of behavior.
5.2.3 CO:(1) + M-60 ternary system
Table 10 presents the fluid-fluid phase transitions observed at three different

temperatures for various mixtures with global compositions of the CO; + M-60 ternary system.

Table 10 - Phase equilibria data, fluid-fluid transition pressure at a temperature T in different
mixtures of global composition x¢o, with its expanded (k = 2) uncertainty U (p) for CO2(1) +
M-60 ternary system.

T/K P/MPa U(p) transition T/K P/MPa U(p) transition

x1=0.2090 + 0.0097 x1=0.4200 £+ 0.0060
283.71 1.86 0.11 L-VL 298.14 3.63 0.07 L-VL
298.42 2.62 0.07 L-VL 323.14 4.89 0.09 L-VL
323.14 2.88 0.11 L-VL

x1 = 0.6090 + 0.0028 x1 = 0.8070 + 0.0007
298.91 5.3 0.07 L-VL 284.25 7.94 0.06 L-LL
322.77 7.31 0.1 L-VL 284.25 4.43 0.06 LL-LLV

298.69 6.23 0.06 L-VL
322.54 10.42 0.06 L-VL

x1 = 0.8980 + 0.0007 x1 = 0.9530 + 0.0004
284.25 4.49 0.06 LL-LLV 284.47 4.53 0.06 LL-LLV
298.41 10.43 0.06 L-LL 298.58 10.57 0.06 L-LL
298.41 6.24 0.06 LL-LLV 298.58 6.29 0.06 LL-LLV
322.49 12.65 0.06 L-VL 322.52 16.7 0.06 V-LV

x1 =0.9850 + 0.0003
283.77 8.23 0.06 L-LL
283.69 4.47 0.06 LL-LLV
298.59 8.05 0.07 L-LL
298.55 6.36 0.06 LL-LLV
322.98 12.8 0.07 V-LV

Source: Created by the author (2024).

The P-x diagram of the M-60 mixture with the addition of CO; is shown in Figure
24. In this system, at T = 298.15 K, bubble points were observed at low global CO;
compositions. Starting from a composition of 89.8 mol% CO», the system initially presented as

a monophasic liquid, which evolved into a liquid-liquid equilibrium (LLE) as the pressure
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decreased. At this point, the increase in n-hexadecane in the mixture resulted in the appearance
of the LL region in the phase diagram at 298.15 K. Additionally, during isothermal
depressurization in the liquid-liquid region, another phenomenon was observed: a mass

barotropic inversion, also known as density inversion (Quinteros-Lama et al., 2015).

On the other hand, the team of (Charoensombut-amon; Martin; Kobayashi, 1986)
observed this phenomenon in the binary system n-hexadecane + CO> at a pressure of 13.89
MPa and a temperature of 308.15K. Moreover, (Simoncelli et al., 2020) observed this
phenomenon in the binary system at a composition of 90.98 mol% CO; with hexadecane at a
temperature of 298.1 K. For this knowledge, there are no studies on phase behavior for ternary

systems mixtures with n-paraffins exhibiting this phenomenon.

Figure 24 - Px diagram for different mixtures of CO> global mole
composition CO; (1) + M-60. Bubble point (triangle, A); dew point

(diamond, ¢); liquid-liquid balance (cross, X); liquid-liquid-vapor

(circle, o). The solid line (—) represents modeling with PR.
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Source: Created by the author (2024).

For this system, at temperatures of 283.15 and 298.15 K, the model fails to obtain
pressure values at which the system is entirely monophasic in the liquid state. Therefore, as
shown in Figure 24, vertical lines with a tendency towards infinite pressures are presented,
which delimit the section from which the model does not identify phase behavior, including

ELL, ELLV and barotropic inversion.
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Figure 25 presents a series of images captured during isothermal depressurization
CO> (1)/decane (2) /hexadecane (3) at 298.15 K with a composition of: x;=0.90, x,=0.02,

x3=0.08. Each imagine represents:
a) At pressures above 15.8 MPa, the system presents a monophasic liquid;

b) At pressure 15.8 MPa, the value of the transition to liquid-liquid was

recorded, where a change in color is seen;

c) Atalower pressure of this value, it is possible to see the liquid L; dispersed

in the second liquid L>;
d) Constant depressurization

e) At constant depressurization, the system presents the phenomena of density

inversion at a pressure above 9 MPa;

f) At a pressure of about 6 MPa, the system presents LLV; the image shows

the three phases at pressures lower than this value.

Figure 25 - Isothermal depressurization of the system CO> (1)/decane
(2) /hexadecane (3) at 298.15 K with a composition of: x1=0.90,
x2=0.02, x3=0.08. a) Monophasic liquid; b) transition of liquid to
liquid-liquid; ¢) L; dispersed in Lz; d) depressurization; e) density
inversion and f) liquid-liquid-vapor.




Source: Created by the author (2024).

5.24 CO:(1) + M-80 ternary system
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Table 11 presents the fluid-fluid phase transitions observed at three different

temperatures for various mixtures with global compositions of the CO; + M-80 ternary system.

Table 11 - Phase equilibria data, fluid-fluid transition pressure at a temperature T in different
mixtures of global composition x¢o, with its expanded (k = 2) uncertainty U (p) for CO2 (1) +
M-80 ternary system.

T/K P/MPa U(p) transition T/K P/MPa U(p) transition
x1=0.2370£0.010 x1 =0.4280 + 0.0059
298.43 2.19 0.14 L-VL 283.96 3.53 0.06 L-VL
323.12 2.44 0.2 L-VL 298.22 4.57 0.08 L-VL
323.09 6.19 0.11 L-VL
x1=0.6110 £+ 0.0028 x1 = 0.8000 + 0.0007
283.35 4.29 0.07 L-VL 283.24 4.47 0.07 LL-LLV
298.4 5.79 0.06 L-VL 298.55 7.74 0.06 L-VL
323.17 8.57 0.07 L-VL 322.94 11.06 0.06 L-VL
x1 = 0.9000 + 0.0006 x1 =0.9490 + 0.0006
283.11 4.45 0.06 LL-LLV 283.46 4.51 0.06 LL-LLV
298.33 15.78 0.06 L-LL 298.32 14.39 0.07 L-LL
298.33 6.44 0.07 LL-LLV 298.32 6.52 0.07 LL-LLV
323.16 14.73 0.07 L-VL 323.03 14.65 0.06 V-LV
x1 = 0.9800 = 0.0004
283.44 13.3 0.06 L-LL
283.38 4.49 0.06 LL-LLV
298.14 10.38 0.08 L-LL
298.3 6.37 0.08 LL-LLV
323.11 14.46 0.07 V-LV

Source: Created by the author (2024).

Figure 26 illustrates the phase behavior of the CO, + M80 system at various global

CO; compositions. The system’s complexity is emphasized, with 80 mol % of the mixture being
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n-hexadecane in the binary hydrocarbon liquid mixture. As a result, an immiscibility window
(liquid-liquid) appears at higher pressures, with the highest experimental point observed at 16
MPa. This contrasts with the previous CO, + M60 system, which showed immiscibility at
around 11 MPa at a temperature of 298.15 K and a composition of approximately 90mol %

COas.

Figure 26 - Px diagram for different mixtures of CO> global mole
composition CO; (1) + M-80. Bubble point (triangle, A); dew point

(diamond, ¢); liquid-liquid balance (cross, X); liquid-liquid-vapor

(circle, o). The solid line (—) represents modeling with PR.
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Source: Created by the author (2024).

Predicting phase behavior at this stage becomes increasingly complex.
Consequently, the graph delineates with vertical lines the region where a liquid-liquid to liquid-
liquid-vapor transition is observed at temperatures of 283.15 and 298.15 K, as shown in the
previous section, due to the model's inability to identify a single-phase liquid region at any
pressure value. The same situation is perceived at a temperature of 323.15 K, where there is an
interval in which a single-phase section is not identified in the system. The prediction of the

VLLE region was carried out using the isothermal expansion method.

The same barotropic inversion behavior was detected for the M-80 mixture when
the system was studied with high CO, gas content. As shown in the sequence of images in
Figure 25, photos d and e illustrate the barotropic inversion. This inversion occurs over a range

of pressures at a constant temperature, making it difficult to pinpoint the exact pressure at which
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isopicnicity - equality of densities - occurs, thus introducing a significant margin of error.
However, this phenomenon is observed within a pressure range of 8 to 9 MPa for both systems
(CO2 + M-60 and CO, + M-80) without a significant variation in the pressure at which the

Inversion occurs.

For instance, the experimental pressure points recorded when a gravitational change
in the position of the liquids was observed were 8.04 MPa for CO; + M-60 and 8.82 MPa for
CO; + M-80, both at a composition of 90 mol% CO..

5.2.5 Influence of hexadecane on the phase behavior of the ternary system

CO:r+decane+hexadecane

Figure 27 illustrates the influence of hexadecane on the phase behavior of the
ternary system CO> + decane + hexadecane at different temperatures: a) 283.15 K, b) 298.15
K, and c) 323.15 K. The addition of a longer-chain compound increases the complexity of the
system, which can be attributed to an increase in asymmetry and more intricate interactions
involving CO2 molecules. As a result, the liquid-liquid region expands to a broader pressure
range as the content of n-hexadecane increases in the system, particularly at temperatures of
283.15 and 298.15 K. However, the pressure corresponding to the LLV equilibrium at each
studied temperature remains constant across the analyzed systems, as this value is directly

related to the vapor pressure of CO; at that temperature.

Figure 27 - P-x diagrams illustrating the phase behavior for different mixtures of the CO, +
decane + hexadecane system at different mol fractions of hexadecane in the binary liquid
system: ¢ M-20; x M-40; o M-60; o M-80. The values of hexadecane + CO; binary system
from the literature are showed: Simoncelli et al., 2020 (red triangle, A). a) 283.15 K; b) 298.15
K; ¢) 323.15 K.
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The analysis of Figure 27c shows that the transition pressures of the binary system
CO; + hexadecane are higher than those of the ternary systems CO» + decane + hexadecane at
different compositions at 323.15 K. In addition, a progressive increase in the content of n-
hexadecane raises the saturation points. At temperatures of 298.15 K and 283.15 K, shown in
Figures 27a and 27b, complex transitions appear with the increase of n-hexadecane in the
ternary mixture, including transitions from liquid to liquid-liquid and from liquid-liquid to

liquid-liquid-vapor. This shows that decane dissolves in CO, more than hexadecane.

With the high solubility of decane in CO;, an increase in the hexadecane
composition in the ternary mixture raises the transition pressure for a single-phase liquid
system, especially for compositions with a high CO, content, around 80% in molar fraction. As
a result, the greater asymmetry of the system causes immiscibility windows to form at pressures

and temperatures where they were not present before.

At low temperatures, approximately 298.15 K and 283.15 K, the increased
concentration of CO> in the liquid phase significantly alters the system's density and
intermolecular interactions. Since the 1960s, when studies on phase behavior in carbon dioxide-
hydrocarbon systems began, it has been observed that the density of the liquid saturated with
carbon dioxide increases (Kariznovi; Nourozieh; Abedi, 2013). This asymmetry in molecular
size and interactions, exacerbated by temperature effects, promotes the formation of liquid-
liquid and liquid-liquid-vapor transitions, where L; represents the CO,-rich liquid phase and L.

the hydrocarbon-rich phase.
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5.3 Results of Thermodynamic Modeling

5.3.1 The Peng-Robinson modeling results for the binary system CO2/decane

Figure 28 shows the Peng-Robinson modeling results for the binary system
COzy/decane, with experimental saturation pressure data overlaid at different CO; molar
compositions as a function of temperature T = (283.15, 298.15, and 323.15) K. The continuous
line represents the data calculated without correcting binary interaction parameters (k;; equal to
zero), where a significant deviation from the experimental values is observed. The dashed line,
which more accurately follows the experimental points trend, corresponds to the data calculated

with a temperature-dependent £;;.

Figure 28 - Bubble pressure (P/MPa) for the system CO, + decane at
different CO, molar compositions. Bubble point (circle, 0); Peng-Robinson
equation of state with k; dependent of the temperature (dashed lines, --);
Peng-Robinson equation of state with k; equal to zero (continuous lines,
—). The lines are differentiated by colors representing each temperature:

323.15 K (red, —), 298.15 K (blue, —), and 283.15 K (green, —).
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Source: Created by the author (2024).

5.3.2 Binary interaction coefficients kij for each temperature studied

To analyze the accuracy of the predictions made by the Peng-Robinson equation of
state, the following statistical indicator expressed in Eq. 28 was used (Silva, Maxwell Risseli

Laurentino da, 2022).
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Where %AARD is defined as the average absolute relative deviation, providing the
statistical accuracy of the predictions. As expected, the deviation values increase significantly
when the ternary system has a higher composition of hexadecane relative to decane and when
working with overall compositions greater than 80% CO;. A maximum value of 38.77% was
found for the M-80 + CO, mixtures and a minimum value of 1.06% for the M-20 + CO>
mixtures, where, in the latter case, the results successfully followed the observed experimental

trend.

Table 12 shows the different binary interaction coefficients for each evaluated

temperature for the CO2 + n-CioH22 and CO: + n-Ci¢Hzs systems, as well as the value of k;;

equal to zero considered for the hydrocarbon/hydrocarbon binary interaction, i.e., n-CioH22/n-

CisHaza.

Table 12 - Binary interaction coefficients k;; for each temperature studied.

k;j (T =283.15K) CO, n-CioHa2 n-Ci6Hz4
CO2 0 0.12279 0.11405
n-CioHo22 0.12279 0 0
n-CisHz4 0.11405 0 0

ki; (T=298.15K) CO; n-CroHa n-CreHss
CO2 0 0.10477 0.10910
n-CioH22 0.10477 0 0
n-CisHz4 0.10910 0 0

ki (T=323.15K)  CO: n-CioHa n-C1oHs4
CO2 0 0.09670 0.10127
n-CioHo22 0.09670 0 0
n-CisHz4 0.10127 0 0

Source: Created by the author (2024).

Table 13 summarizes the maximum average relative deviations (%AARD) for the
calculated data compared to the experimental points. It is possible to observe that the deviation
strongly depends on the hexadecane composition. These deviations are mainly associated with
the formation of polar dipoles at high pressure and the associative nature of the systems at high
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CO: compositions, being categorized as complex diagrams in the Van Konynenburg
classification (Van Konynenburg, P. H.; Scott R. L., 1980).

Table 13 - Average relative percentage
deviations for the different systems
studied.

%AARD

T/K 283.15 298.15 323.15

M-20+CO, 3.76 4.53 7.73
M-40+CO, 1.06 2.45 15.39
M-60+CO, 11.41 11.87 27.96

M-80+CO, 7.55 13.27  36.78

Source: Created by the author (2024).

The behavior of the modeled curve varies considerably with temperature, even
though the temperature-dependent k;; parameter was adjusted. This kind of result is expected
because, as the CO, composition increases, the systems approach the critical state (or the point
of continuity between the liquid and vapor phases). Additionally, it is considered that the PR
equation of state has limited capacity to represent highly asymmetric systems, especially when
using classical mixing rules and only the attractive binary interaction parameter (Cismondi

Duarte et al., 2014; Cismondi; Mollerup; Zabaloy, 2010; Yanes; Montel; Daridon, 2022)

5.3.3 Density inversion modeling

An additional test was performed for predicting density inversion phenomena
observed. To do so, a series of flash calculations was performed for the CO, + M-60 and CO>
+ M-80 mixtures. The resulting density versus pressure graphs are shown in Figures 29 and 30,
respectively. It can be observed a clearly phase density inversion when the pressure decreases
for both systems at pressure condition near to 7.3 MPa. Although the PR-EoS is capable to
predict the pressure condition when both fluid phases present a density inversion, a difference

higher than 1 MPa was observed to the inversion experimentally observed.



Figure 29 - Density plotted as a function of pressure: M-60 +
CO;, dashed line (-) 0.898 and continuous line (—) 0.953
fraction molar of CO; in the global composition at 298.15 K.

780 ,
770 +
760 +
750 +
740 +
730 + N
720 === ---"~""" 7]
710 £
700
i

p kg/m?

10
P/MPa

Source: Created by the author (2024).

Figure 30 - Density plotted as a function of pressure: M-80 +
COa, dashed line (-) 0.9 and continuous line (—) 0.949 fraction
molar of CO» in the global composition at 298.15 K.
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6 CONCLUSIONS

The experimental phase behavior of the ternary systems CO» + decane +
hexadecane was determined under subcritical (283.15 and 298.15 K) and supercritical (323.15
K) temperature conditions, covering a wide range of added gas compositions. The ternary
system exhibited typical behavior for compositions with an 80/20 (decane/hexadecane) ratio.
This means obtaining bubble points at temperatures of 283.15 and 298.15 K. And for the
temperature of 323.15 K, bubble points are obtained and for CO» values greater than 95% in

the global composition, dew points are obtained.

The addition of hexadecane to the system increased the saturation pressure for the
same mole fraction of gas compared to the liquid mixture. This effect also created windows of
immiscibility, evidenced by the appearance of a liquid-liquid phase. Furthermore, under
conditions in which the composition of hexadecane exceeds that of decane, the phenomenon of
barotropic inversion was observed. This phenomenon, characterized by a density inversion, is
common in CO; + hexadecane binary systems at temperatures below the critical point of CO».
Therefore, this complex behavior can be attributed to the presence of hexadecane in the mixture.
These findings are essential to understanding the forces that drive interactions in mixtures and

how these forces change with variations in pressure and temperature.

The thermodynamic modeling of the studied systems was performed using the
Peng-Robinson equation of state, with temperature-dependent binary interaction parameters for
COo/decane and CO>/hexadecane. The model provided satisfactory results for compositions
with low amounts of n-hexadecane and CO,. However, for high CO; compositions (above
80%) and higher amounts of hexadecane compared to decane, the model was unable to identify
liquid-liquid equilibrium, resulting in an infinite curve. This indicates that the model, using the
binary interaction parameter values defined in the work, could not describe the conditions under
which the system transitions from liquid to liquid-liquid and could only provide values for

liquid-liquid-vapor.
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