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Resumo

As misturas de agua/n-alcanos ocupam um importante lugar na realidade energética de hoje,
onde a fonte de energia mais utilizada continua a ser o petréleo. Dada a importancia de prever
as propriedades termodinamicas deste tipo de sistemas, duas versdes da Statistical Associating
Fluid Theory (SAFT) foram utilizadas para a prever a solubilidade e fun¢des termodindmicas dos
sistemas agua/n-hexano, dgua/n-heptano, agua/n-undecano e agua/n-hexadecano. Utilizou-se a
teoria SAFT-VR-SW, onde as moléculas sdo modeladas como cadeias de mondémeros esféricos
tangentes, com potencial intermolecular do tipo fosso quadrado. O pardmetro de interacgéo
binério, Kj, foi ajustado a composi¢éo da fase orgénica de cada sistema, o que conduziu a uma
melhor concordancia entre as curvas de solubilidade teéricas e os resultados experimentais. Foi
também utilizada a SAFT-y-Mie para a descri¢cdo dos sistemas em estudo. Esta verséo da teoria
foi desenvolvida como um método de contribui¢do de grupos, onde as moléculas sdo modeladas
por cadeias heteronucleares de esferas fundidas representando os distintos grupos funcionais.
As interacc¢des entre segmentos sao descritas por um potencial Mie. Esta abordagem apresentou
as melhores previsdes da solubilidade mutua dos sistemas estudados. Com os dados de
solubilidade na fase organica obtidos com ambas as versfes da teoria, calcularam-se ainda as
funcgdes termodinamicas de Solugio Ag, HY,, A1 S, Mg HY, € Ay, S, Verificou-se que as fungdes
termodindmicas obtidas a partir das previsées de ambas as teorias, SAFT-VR-SW e SAFT-y-
Mie, conseguem traduzir os resultados experimentais, embora estes apresentem uma variagdo

mais acentuada com o aumento da cadeia do alcano.



Abstract

The water/n-alkane mixtures are very important for the reality we live in, where the most used
source of energy is petroleum. Given the importance of predicting the thermodynamic properties
of this type of systems, two approaches of the Statistical Associating Fluid Theory (SAFT) were
used to predict the mutual solubility, and the thermodynamic functions of the water/n-hexane,
water/n-heptane, water/n-undecane and water/n-hexadecane system. The SAFT-VR-SW theory
was used, where molecules are modeled as chains of spherical segments with attractive forces
represented with the square-well potential. In this approach a binary interaction parameter, Ki,
was fitted for each system, in the oil rich phase. The solubility curves obtained were a much better
prediction of the experimental data than those obtained with no fitted Kj. The SAFT-y-Mie
approach was also used to describe the water/n-alkane systems. SAFT-y-Mie is formulated within
the framework of a group contribution approach, where molecules are represented as chains of
heteronuclear fused spheres comprising distinct functional chemical groups, where interaction
between segments are described with the Mie potential of variable attractive and repulsive range.
This approach presented the best results in the prediction of the mutual solubility of the studied
systems. With the solubility results of the oil-rich phase obtained with both theories, the
thermodynamic functions of solution, Ay, HY,, A, S2, and solvation, Ag, HY, and A, S2were also
obtained. The results showed that the thermodynamic functions obtained from the predictions of
both theories, SAFT-VR-SW and SAFT-y-Mie are able to describe the experimental results,

although these presented a more pronounced dependence with the chain length of the alkane.
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Chapter 1

Introduction

1.1 Water/n-alkanes interaction

Itis of common knowledge that the world we live in needs an incredible amount of energy. Despite
the efforts devoted to renewable and ecologically friendly sources of energy, petroleum continues
to be the most important one. The operational costs of the extraction, transport, and
transformation are increasing while the source amount is thought to be decreasing, (Ferguson,
Debenedetti, & Panagiotopoulos, 2009). Therefore, is necessary to optimize the process through
a better knowledge of the thermodynamic behavior of petroleum, which is, chemically, a complex
mixture of hydrocarbons. Data concerning water-hydrocarbon systems are required for the design
of a variety of chemical engineering separation operations, especially those concerned with water
pollution abatement and petroleum extraction. Although these processes are performed at high
temperatures and pressures nearly all available data are at ambient conditions, (Marche,
Ferronato, & Jose, 2003). Given the need for a considerably quantity of data in a large spectrum
of temperatures and pressure and in order to permit the optimization of the processes, it is
necessary to find more accurate models to describe the mutual solubility and thermodynamic

properties between these compounds.

Mixtures of water and hydrocarbons exhibit limited miscibility over a wide range of temperatures,
thus giving rise to two distinct phases: A hydrocarbon - rich phase containing a very small
concentration of water molecules and a water-rich phase, containing an even smaller
concentration of dissolved hydrocarbon. Most of the published experimental data (Shaw,
Maczynski, & Goral, 2005) indicates that the solubility of hydrocarbons in water is highly
dependent on the hydrocarbon, with larger molecules being less soluble. On the other hand, the

solubility of water in hydrocarbons depends much less on the hydrocarbon chain length.

Water-hydrocarbon mixtures are very non-ideal mixtures, since water and hydrocarbons are very
different substances, engaging in different interactions with one another. For instance, between
hydrocarbons, dispersive interactions prevail, while in the water rich phase, since water is a small

polar molecule, capable of establishing strong hydrogen bonds, this type of interaction prevails.

When a hydrocarbon molecule is dissolved in water, a number of hydrogen bonds are broken
depending on the size of the cavity needed to accommodate the hydrocarbon molecule, therefore,
on the size and shape of the hydrocarbon. The water molecules around the hydrocarbon
rearrange in order to maximize the formation of hydrogen bonds, this is known as hydrophobic
effect. From this effect results a decrease of entropy since water molecules rearrange in order to

be able to establish new hydrogen bonds, resulting in a more organized arrangement.



On the hydrocarbon rich phase, when water is dissolved, the situation is very different.
Considering that first one has pure water and pure n-alkane, when water is added to the n-alkane
in a very small proportion of water molecules/alkane molecules, all of the hydrogen bonds of the
pure water are broken, and water molecules are isolated between n-alkane molecules. The
solubility of water in different hydrocarbons is not identical because hydrocarbons, depending on
their polarizability, engage in weak but variable van der Waals interactions with water

(Wisniewska-Goclowska, Shaw, Skrzecz, Goral, & Maczynski, 2003).

Despite the technological importance of accurate data on mutual alkane-water solubilities, the
available literature values are widely scattered and it is not easy to decide on a coherent set of

data to use as reference.

The purpose of this work is the study and modeling of four binary water/alkane systems, water/n-
hexane, water/n-heptane, water/n-undecane and water/n-hexadecane, using two different
versions of the SAFT EoS. New unpublished solubility data of water in the n-alkanes obtained in
our research group was used. SAFT-VR-SW, (Gil-Villegas, et al., 1997) and SAFT-y-Mie (Lafitte,
et al., 2013) versions of the theory were used to describe the mutual solubility of these specific
water/n-alkane systems, but the study mainly focused on the alkane rich phase. Comparing the
results from both theories is in itself of great importance. The thermodynamic functions of solution
and solvation of water in the alkane rich phase, Ag, HY, AgoiSS, AgeHY, and Ag,.SY, were
calculated for each system. The main goal of the analysis is to allow a better understanding of
the water/n-alkanes interactions on the oil rich phase and in particular the dependence with the

n-alkanes chain length.

1.2 State of the art

The importance of equations of state in Chemical Engineering can hardly be overestimated. The
development of accurate molecular equations of state for the thermodynamic properties of fluids
of associating molecules, is an important goal as it provides a framework for the representation
of the behavior of real fluids and their mixtures with minimal computational cost. In the case of
mixtures of water and alkanes, the microscopic nature of the associating interactions among water
molecules is responsible for the extremely non-ideal conditions of the aqueous solutions of
hydrocarbons, resulting in some anomalous properties that are challenging to model. Thus, the
need to develop a thermodynamic modelling framework that considers anisotropic interactions
(such as occur in hydrogen bonding fluids), molecular anisotropy (chain-like models and
molecules), and electrostatics interactions (Coulombic, dipolar, quadrupolar) becomes
increasingly acute, (Galindo & McCabe, 2010). It is also important to acknowledge the differences

encountered in each phase, and therefore have a theory that can equally reproduce both phases.



One of the major advances in the theoretical modelling of complex fluids comes from the work of
Wertheim (Wertheim, 1984) back in the 1980’s, on associating and polymeric fluids and its
implementation as an equation of state (EoS) by Champman, Gubbins, Radosz, and Jackson as
the statistical associating fluid theory (SAFT), (Chapman, Gubbins, Jackson, & Radosz, 1989).
Numerous versions of the SAFT EoS can be found today of which soft-SAFT (Blas & Vega, 1997),
SAFT-VR (Gil-Villegas, et al., 1997), PC-SAFT (Gross & Sadowski, 2001) and SAFT-y —Mie
(Lafitte, et al., 2013) are, perhaps, the main examples. SAFT-based equations became a
powerful tool to predict thermodynamic properties and phase equilibria, due to its firm statistical

mechanics basis and physical meaning of the description.

The statistical associating fluid theory, (Chapman, Gubbins,, Jackson, & Radosz, 1989), is a
widely used molecular-based equation of state that has been successfully applied to study a
broad range of fluid systems. It provides a framework in which the effects of molecular shape and

interactions on the thermodynamics and phase behavior of fluids can be separated and
quantified. In the SAFT approach molecules are modelled as associating chains formed of
bonded spherical segments, with short ranged attractive sites, used as appropriate to mediate

association interactions. The Helmholtz energy is written as the sum of four separate
contributions:

A =Aldea1 AMono AChain AAssoc.
NkgT NkgT = NkgT = NkgT = NkgT 1)

Where Aideal is the ideal free energy, Awmono. the contribution to the free energy due to the monomer-
monomer repulsion and dispersion interactions, Acnain the contribution due to the formation of

bonds between monomeric segments, and Aassoc. the contribution due to association.
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Figure 1-lllustration of the perturbation scheme for a fluid within the SAFT framework. The reference fluid
consists of spherical hard segments to which dispersion forces are added and chains can be formed through
covalent bonds. Finally association sites allow for hydrogen bonding like interactions (Galindo & McCabe,
2010).

In the original SAFT EoS for chains of Lennard-Jones segments, demonstrated in the work of

(Chapman, Gubbins, Jackson, & Radosz, 1989), a perturbation expansion is used to describe the



monomer contribution and the hard-sphere radial distribution function is used to chain
contribution. The simplest version of the theory involves associating chains of hard-sphere
segments where the attractive interactions are treated at the mean-field van der Waals level, as
described in the work of Chapman et al. This augmented van der Waals EoS for chain molecules
is referred as the SAFT-HS approach, which gives a good description of the phase equilibria of
several systems such as the critical behavior of n-alkanes, the high pressure critical lines of

mixtures of alkanes and water and mixtures containing hydrogen fluoride.

There are numerous studies in the literature focusing on the application of different versions of
the SAFT EoS to describe the water/alkane systems. Economou and Tsonopoulos used the
associated-perturbed-anisotropic-chain-theory (APACT) and the statistical-associating-fluid-
theory (SAFT) to predict the phase equilibrium of water/hydrocarbon mixtures, with emphasis on
liquid/liquid equilibria (LLE), (Economou & Tsonopoulos, 1997). A more realistic mixing rule for
these systems is proposed based on the asymmetric mixing rule introduced originally for the
perturbed-hard-chain-theory (PHCT). This mixing rule is used for SAFT predictions of

water/hydrocarbon LLE, resulting in an improvement of the hydrocarbon solubility predictions.

(Patel, Galindo, Maitland, & Paricaud, 2003) studied the salting out of n-alkanes in water by strong
electrolytes using an extension of the statistical associating fluid theory for attractive potentials of
variable range which incorporates ionic interactions. The systems are treated as water (1) + n-
alkane (2) + cation (3) + anion (4) four-component mixtures. Since the scope of the present work
involves only water/n-alkane mixtures, only these results will be presented and analyzed. The
water molecules were modeled as spherical with four associating sites to mediate hydrogen
bonding, while the n-alkane molecules are modeled as chains of tangentially bonded spherical
segments interacting via square-well potentials. The phase behavior of the binary water/ n-alkane
mixtures is well described by the theoretical approach using two unlike adjustable parameters,

yi; and k;;, which are transferable for different alkane molecules.

ij

Table 1- m, A, ¢ (A) and e/k, e"B/k (K) and K(A)used for the water model of SAFT-VR (Patel, Galindo,
Maitland, & Paricaud, 2003)

Compound m A o (A) elk (K) MBIk (K) K (A3)
Water 1 1,8 3,036 253,3 1366 1.028
n- hexane 2,6667 1,552 3,92 250,4 0 0
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Figure 2- The symbols correspond to the experimental data composition: n-hexane in the water rich phase
(triangles) and the water in the alkane rich phase (squares). Solid curves correspond to the SAFT-VR
calculations for a mixture of water/n-hexane (Patel, Galindo, Maitland, & Paricaud, 2003).

Patel et al, found that it was possible to reproduce the minimum in solubility by using two
adjustable parameters k;;and y;;, which determine the strength of the unlike dispersion
interaction, for the water/n-hexane. The found values for the k;; and y;; were, respectively -
0,74165 and the y;; 0,22043. It is important to note that the work of Patel, was more focused on

the description of the water rich phase.

Vega, Lovel and Blas published a study where they were able to capture the solubility minima of
n-alkanes in water using soft-SAFT. The purpose of their work was to find a molecular model for
water, within the soft-SAFT framework, capable of describing the water/n-alkanes mixtures at
room temperature. The model was used to describe the water/methane up to water / n-decane
binary mixtures. The equation was able to predict the mutual solubilities, with a single transferable
energy binary parameter, &, independent of temperature and chain length, (Vega, Llovell, & Blas,
2009). The soft-SAFT version of the SAFT theory (Johnson, Muller, & Gubbins, 1994) treats
alkanes as chains of Lennard-Jones segments. The free energy of the chain fluid is obtained from
the free energy and radial distribution function of the monomer Lennard-Jones fluid. These
expressions were fitted to simulation data. Soft-SAFT is thus a very accurate equation for
Lennard-Jones chains and for modelling mixtures of associating Lennard-Jones fluids, since is
heavily based on simulation data. This approach has been applied to the study of alkanes and
their binary and ternary mixtures, perfluoralkanes, alcohols, carbon dioxide polymers and ionic
liquids. Soft-SAFT has been recently developed by Vega et al, to model mixtures of water and
alkanes. In the work of (Vega, Llovell, & Blas, 2009) the molecular parameters of the n-alkanes
were taken from published correlations with the molecular weight of the compounds, (Blas &
Vega, 1998) and (Blas & Vega, 1998). Water was modeled as a Lennard-Jones sphere with four
associating sites, with parameters obtained by fitting to experimental vapor-liquid equilibrium

data.



Table 2-Molecular parameters for a four associating sites model for water using soft-SAFT (Vega, Llovell,

& Blas, 2009)
Procedure m od)  e/kg(K)  KHE(R%)  €"B/kp(K)
T range from 300-450K 1 3,154 365 2932 2388
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Figure 3- Solid line represent results obtained with soft-SAFT EoS and black circles experimental data,
(Vega, Llovell, & Blas, 2009)

A binary interaction parameter, ki, was used to fit the mutual solubility of the water/n-hexane
system. An optimal value of 0,32 was used for both phases. As can be seen in the figure the soft-
SAFT results are in close agreement with the experimental data from (Tsonopoulos & Wilson,
1983) for the alkanes rich phase. For the water rich phase the agreement is not as good, but the
theory is able to describe the solubility minimum of alkanes in water. For a deeper understanding

the reader is directed to the original papers (Llévell, Pamies, & Vega, 2004).

In the last years, many developments have been accomplished, and the SAFT expressions are
continually being improved. An accurate representation of the monomer-monomer distribution
function has been included to deal with chains of Lennard-Jones segments and the approach has

been extended to different types of monomer segments such as square wells and more recently

Mie segments.



Chapter 2

SAFT-VR-SW
It was in the work of Gill-Villegas, Galindo, Whitehead, Mills and Jackson, that the SAFT-VR was

first introduced, a general version of SAFT for chain molecules formed from hard-core monomers
with an arbitrary potential of variable range, VR, (Gil-Villegas, et al., 1997). This approach was
also extended to soft-core potentials and mixtures. Compared with the SAFT-HS approach,
SAFT-VR is a step further improving the chain contribution and the mean-field Van der Waals
description for the dispersion forces of the SAFT-HS treatment. The SAFT-VR approach also
provides additional parameters that characterize the range of the attractive part of the monomer-
monomer potential. Throughout chapter 2, the version of SAFT-VR used in this work will be

presented along with the obtained results.

The SAFT-VR equation has been extensively tested against simulation data and successfully
used to describe the phase equilibria of a wide range of industrially important systems, such as
alkanes of low molar mass, simple polymers and their binary mixtures, perfluoroalkanes, alcohols,

water refrigerant systems and carbon dioxide have all been studied. (Galindo & McCabe, 2010)

In the present work the SAFT-VR-SW was used to obtain solubility data of different water/n-
alkanes systems. In this section a brief description of the theory is presented. For further insight
on the SAFT- VR-SW approach the reader is referred to the original SAFT-VR-SW paper where
a more detailed description of the expressions can be found, (Gil-Villegas, et al., 1997) and
(McCabe C., Galindo, Gil-Villegas, & Jackson, 1998).

The intermolecular potential model

SAFT was extended to describe associating chain molecules formed from hardcore monomers
with attractive potentials of variable range in the SAFT-VR equation. Although, in the original
publication, several potentials of variable range were studied, square-well, LJ, Mie and Yukawa,

typically a square-well potential is implemented in the modelling of real fluids.

The considered hard-core potential used in this work is the square-well in which both repulsive

and attractive interactions are included. It can be defined as,

wifr<o
uSV(r) ={—cifc <r<io (2
0ifr > Ao

where r is the intermolecular centre-to-centre distance, o the hardcore diameter, € the depth of
the attractive well and A its range. In the square well, the energy is constant over the range of

interaction.
To better illustrate the square well potential segment-segment interaction, figure 2 is represented.
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Figure 4- Square well potential segment-segment interaction

In order to obtain the Helmholtz free energy is necessary to calculate the four different terms,

given by the following expressions.

Ideal term

The free energy of an ideal gas is given as by,

Aldeal

T ki xIn(pia))-1 3

Where x; = Ni/N is the mole fraction, p; = Ni/V is the molecular number density, N; is the number

of molecules, A; is the thermal de Broglie wavelength of species i, and V is the volume of the

system Since the ideal term is treated separately, the other terms are all excess free energies.

Monomer term
The monomers contribution to the Helmholtz free energy (m of which make up each chain) is

given by the following expression,

Amono. AM
NkgT inm" NkgT Zx"m" a" ()
S

i=1

For which m; is the number of spherical segments of chain i, N is the total number of spherical

monomers, and ais the excess Helmholtz free energy per monomer.

Chain term

The contribution to the free energy due to the formation of a chain of m monomers is,



Achain n
NkgT (Z X (m; — 1)>1nyl'siw(0ii) ®)
B i=1

Association Term

The contribution due to association for s sites on chain molecules is obtained from,

AAssoc.

NiGT | L =5 ) "3
a=

(6)

taking in account that the sum is over all s sites a on a molecule, and that X, is the fraction of
molecules not bonded at site a, X, is then obtained by a solution of the following mass action

equation.

Water Model

The water molecule with its two hydrogen atoms bonded to an oxygen atom, may seem like a
simple molecule, but its polarity and the steric features of its geometry give rise to complicated
intermolecular forces. The structure of the water molecule is due to the short-range forces with
the clustering being given by the formation of directional hydrogen bonds. Numerous studies of
the fluid phase equilibria of pure water and aqueous mixtures, (Clark G. , Haslam, Galindo, &
Jackson, 2006), have been made within the various incarnations of the SAFT theory, but there
still is no consensus on or what the association scheme should be (two-, three-, or four-site
models). In this work the chosen model is the four-site water model illustrated in the following

figure.

Figure 5-llustration of the four site (2H and 2e) model of water, (Clark G. N., Haslam, Galindo, & Jackson,
2006)

In this model the two hydrogen bonding interactions are mediated through off-center square-well
bonding sites of types H (Hydrogen) and e (electron lone pairs), located halfway between the
center and the surface of the molecular core. Only e-H bonding is considered, and multiple
bonding at a given site is forbidden. When an e and an H site come within a cut-off range r,. , of
each other there is a site-site hydrogen-bonding associative interaction. The parameters used for

the four-site water model are displayed in table 3.



Combining rules

The study of phase equilibria in mixtures requires the determination of a number of unlike
parameters. In the SAFT-VR approach the used combining rules are presented in the following
expressions, (McCabe C. , Galindo, Gil-Villegas, & Jackson, 1998).

The unlike size is calculated using the Lorentz rule,

Oii + Oy
Ojj = % (7

Where the energy parameters are calculated recurring to the following equation,

€ = (1 — kyj ) /€ii€jj (8

In the above equation, the adjustable coefficient, describes the departure of the system from the

Berthelot rule. It is also important to note that the adjustable parameter k;;can also be presented

in the following expression,
§=1-k; )

The unlike range parameter is obtained from the arithmetic mean of the pure component values,
through the following equation, it is important to note that in the present work the value of the
adjustable parameter, y;;, was considered 0.

)\iicii+}\jj0jj

Aj = (1 =y )7% To, (10)

Results

In the light of the previous treatments presented, the results obtained in this work using SAFT-
VR-SW are now presented. The scope of the present work resides in finding an adjustable
parameter, ki capable of describing the oil rich phase of the four binary water/n-alkane systems,
obtained within our research group. Throughout the following figures, the solubility of water and
its dependence with temperature for both experimental data and the SAFT-VR-SW prediction is

presented.

In order to study the influence of the binary interaction parameter, ki, on the description of the
water/n-alkane systems two predictions were made: one in which the value of ki, was considered
zero and another on which the value of kijwas adjusted to the oil rich phase experimental data of
(Morgado, 2011). In the following figures the experimental data is from (Morgado, 2011) and
(Maczynski A. , Shaw, Goral, & Wisniewska-Goclowska, 2005).

The parameters characterizing the chosen water model were optimized to vapour—liquid equilibria

data from the triple point to 90% of the critical temperature, (Clark G. N., Haslam, Galindo, &
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Jackson, 2006). The parameters A, ¢ and €/k used to describe each compound with SAFT-VR-
SW were those reported by (Paricaud, Jackson, & Galindo, 2004) obtained optimizing the

description of the experimental vapor pressure and density for the various alkanes.

Table 3- m, A, o (A) and € /k used for the water model of SAFT-VR-SW (Clark G. N., Haslam, Galindo, &
Jackson, 2006)

Compound A o (A €k (K) eB k (K)  rHB(A) KHEB(A3)

Water 1,7889  3,0342 250 1400,00 2,1082 1,0667

Table 4- m, A, o (A) and ¢/k used for each studied compound using SAFT-VR-SW taken from (Paricaud,
Jackson, & Galindo, 2004)

Compound m A o (A) elk (K)
n-hexane 2,6667 1,5492 3,9396 251,66
n-heptane 3,0000 1,5574 3,9567 253,28

n-undecane 4,3333 1,5854 3,9775 252,65

n-hexadecane 6,0000 1,6325 3,9810 237,33

The theoretical predictions for all systems are compared with the experimental data in figures 6-
9.
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Figure 6- Mole fraction of water in n-hexane (solid line) and of n-hexane in water (dotted line) as a function
of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, & Wisniewska-
Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); purple line represents
prediction from SAFT-VR-SW (tab 4) with kj=0 and the blue line with the k;=0,30.
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Figure 7- Mole fraction of water in n-heptane (solid line) and of n-heptane in water (dotted line) as a function
of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, & Wisniewska-
Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); purple line represents
prediction from SAFT-VR-SW (tab 4) with kij=0 and the blue line with the k;=0,29.
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Figure 8- Mole fraction of water in n-undecane (solid line) and of n-undecane in water (dotted line) as a
function of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, &
Wisniewska-Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); purple line
represents prediction from SAFT-VR-SW (tab 4) with ki=0 and the blue line with the k;j=0,26.
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Figure 9- Mole fraction of water in n-hexadecane (solid line) and of hexadecane in water (dotted line) as a
function of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, &
Wisniewska-Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); purple line
represents prediction from SAFT-VR-SW (tab 4) with kij=0 and the blue line with the k;=0,30.

As can be observed, in all systems the theoretical predictions with kj=0 overpredict the
experimental solubility of water in the hydrocarbon-rich phase (solid line). For the water-rich phase
(square dot line), in the case of water/n-heptane, n-undecane and n-hexadecane, the theoretical
results underpredict the experimental solubility, although in the case of water/n-undecane the
prediction is very close to the experimental value. In the case of water/n-hexane, however, the
theoretical results are in good agreement with the experimental results at the higher temperatures
(higher than 340K), but underpredict at lower temperatures. It is also important to note that the

shape of the curve in the water rich phase does not follow the trend of the experimental results.

Analyzing the results for which the ki was fitted to the (Morgado, 2011) experimental data, one
can see that for all systems the prediction for the oil rich phase is very good, better than in the
previous case (kij=0). However, the predicted solubility of the n-alkanes in the water rich phase is
largely underpredicted. These results demonstrate that optimizing the kj values to reproduce the
experimental solubility of water in the n-alkanes lowers both sides of the system’s curves resulting

in a very good prediction on the oil rich phase but in much worse results on the water rich phase.

The following figure summarizes the obtained results. As it can be observed, if only the water/n-
hexane, water/n-heptane and water/n-undecane are considered, the optimal kij value decreases
with the chain length, but that is not observed for the water/n-hexadecane for which the optimal

kij value is 0,30, the same as the kj found for the n-hexane.
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Figure 10- Solubility of water in n-alkanes, experimental data (Morgado, 2011) (circles) and predicted by
SAFT-VR-SW (tab 2) for different temperatures.
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Chapter 3

SAFT-y-Mie Group Contribution approach

The latest development of the statistical associating fluid theory family is a generalization for
variable range Mie potentials (Lafitte, et al., 2013) and is formulated within the framework of a
group contribution approach, SAFT-y-Mie. Molecules are represented as comprising distinct
functional chemical groups based on a fused heteronuclear molecular model, where the
interactions between segments are described with the Mie potential of variable attractive and
repulsive range. The group-contribution (GC) approach represents an alternative to the
homonuclear approach present in other SAFT versions, the GC model has also been applied not
just to the SAFT- y approach but also to SAFT-VR.

An advantage of this model is the ability to obtain predictions of thermodynamic properties of pure
components and mixtures based on segment data. The GC concept has been employed within a
SAFT formalism based on a more detailed heteronuclear molecular model, with different types of
monomeric segments used to describe the different chemical/functional groups constituting a

given molecule.

A particular advantage of the Mie potential is the ability to modify the detailed form of the pair
interaction potential between segments, adjusting the values of the repulsive and attractive
exponents. Hence, it is possible to capture the finer features of the interaction, which are important

to provide an accurate description of the thermodynamic derivative properties.

In this work besides the SAFT-VR-SW theory also the SAFT-y-Mie Group contribution approach
was used to obtain results on the studied water/n-alkane systems. In this section, the main
aspects of the SAFT-y-Mie Group contribution are presented, being the reader referred to the

original papers for deeper insight (Papaioannou, et al., 2014).

Molecular model and intermolecular potential

As it was mentioned before, the most recent version of SAFT-based group-contribution
approaches is the SAFT-y Mie EoS, where a heteronuclear model is implemented and the
segment-segment interactions are represented by Mie potential of variable repulsive and

attractive range.

In order to better illustrate the molecular model implemented to describe the molecules within this

approach, the next figure is a representation of the n-hexane molecule.
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Figure 11- Representation of n-hexane within the SAFT- » Mie approach, where the molecule is described
as fused heteronuclear segments. This molecular model comprises two instances of the methyl CH3 group
(highlighted in gray), and four instances of the methylene CH2 group (highlighted in red), (Papaioannou, et
al., 2014)

Each chemical functional group k (e.g. CH3, CH2) is represented as a fused spherical segment
or number of segments v;,. Two segments k and | are assumed to interact via a Mie potential of

variable range:

. oL\ M O\ M
P (1) = Ci€pa [( kl) —<ﬁ) ] (11)

Ik Tkl

where ris the distance between the centres of the segments, 0y the segment diameter, €y the
depth of the potential well, and A}, and A%; the repulsive and attractive exponents of the segment-

segment interactions, respectively. The prefactor Cy; is a function of these exponents and

ensures that the minimum of the interaction is -€y;.
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Figure 12- Different Mie potential representations from hard to soft potentials, (12-6) Lennard-Jones
potential, (45-8) hard potential, (8-6) soft potential and (23- 6,6), (Rodrigues, 2012).

The Helmholtz free energy of this model can be obtained from the appropriate contributions of
the different groups, noting that the implementation of this type of united-atom model of fused
segments requires the additional use of a shape factor Sk, which reflects the proportion in which
a given segment contributes to the total free energy. As in other SAFT approaches, hydrogen
bonding or strongly polar interactions can be treated through the incorporation of a number of
additional short-range square-well association sites, which are placed on any given segments as
required. The association interaction between two square-well association sites of type a in

segment k and b in segment | is given by,

HB C
O, (fas) = {_Ekl,ab if 'y ab < Tigan » (13)
kl,ab\'klab) — B c

0 if rigab > T ab »

where 1y 4 is the center-center distance between sites aand b, —¢f%,, is the association energy,
and r, o, the cut-off range of the interaction between sites a and b on groups k and |, respectively.

Each site is positioned at a distance r ,.from the center of the segment on which it is placed.

In summary, a functional group k is fully described by the number v; of identical spherical
segments forming the group, the shape factor of the segments Sy, the diameter of the segments
owk Of the group, the segment energy of interaction ex of the group, and the repulsive and attractive
exponents of the Mie potential A}, and A%, respectively, as well as the parameters characterizing
any site-site association interactions. The interactions between groups of different types k and |

are specified through the corresponding unlike parameters ow, €u, A%, A%. In the case of
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associating groups, the number Ngr, of different site types, the number of sites of a given type,
€.9,, Mg Mips--+ Mingr,» t0GEther with the position r,fl_abof the site, and the energy €4, and
range of rg,, of the association between sites, of the same or different type, have to be

determined.

The ideal term

The free energy corresponding to an ideal mixture of molecules is given by the following

expression,

N
Aideal ¢

= . A3 —
N = | 2, xin(eiah 1 (14)

i=1

where x; is the mole fraction of component i in the fraction, p; = % the number density of

component i, being N; the number of molecules of component i and V the total volume of the
system, N the total nhumber of molecules, ks the Boltzmann constant, and T the absolute
temperature. The summation is over all of the components N, of the mixture. The ideal free energy
incorporates the effects of the translational, rotational and vibrational contributions to the kinetic

energy implicitly in the thermal de Broglie volume A3.

The monomer term
The free-energy contribution due to repulsion and attraction interactions for the monomeric fluid
characterized by the Mie potential is obtained following a Barker-Henderson high temperature

perturbation expansion up to third order, which can be expressed as

Amono. AHS A1 A2 A3

= 15
NkyT _ NkgT | NKgT | NkgT | NkgT (15)

where the repulsive term AS is the free energy of a hard-sphere reference system of diameter
dw, dependent of the temperature. In the SAFT-y group-contribution approach each of the

segment’s contribution to the free energy is added with the next expression,

AHS Nc  Ng
NkBT = Z Xi z Vk,iV]iSk aHS (16)
i=1 k=1

With Ne as the number of types of groups present, v, ; the number of occurrences of a group of

type k on component i, and a*’S is the dimensionless contribution to the hard-sphere free energy
per segment, obtained using the expression of (Boublik, 1971) and (Mansoori, Carnahan,
Starling, & Leland, 1971) .

The subsequent terms in the expansion are obtained following similar summations over the free-
energy contributions per segment, each with their corresponding power of inverse temperature,

so that the mean attractive energy, the energy fluctuation, and the third-order terms are given by,
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Nk, T ( ) ZXIZVklkak agq=123 a7

The free energy contributions per segment aq are obtained, as for the hard-sphere reference term,
by summing the pairwise interactions aqu between groups k and | over all pairs of functional

groups present in the system,

Ng N¢

szskxslaq Kl q=123 (18)

=11=1

explicit expressions for these can be found in the work of (Lafitte, et al., 2013)

Chain term

In the SAFT-y approach the change in free energy associated with the formation of a molecule
from its constituting segments is obtained recurring to the average molecular parameters (a;,, d,,.
€, and 1,,), for each molecular species i. The resulting contribution to the free energy of the
mixture due to the formation of chains of tangent (or fused) segments using the effective

molecular parameters is given by

AChain

o =~ i % (T viviSi — 1) Ing (3,0 (19)

where g (5,,¢,) is the value of the radial distribution function (RDF) evaluated at a distance @,

in a hypothetical fluid of packing fraction {,, defined as ¢, = ps Zk 1 l €\ Xk Xs10q ki

Association Term

Deriving from the original TPT1 expressions of Wertheim, the contribution to the Helmholtz free
energy due to the association of molecules via short range bonding sites is obtained by summing
over the number of species Nc, the number of groups N, and the number of site types on each

group Nstk, as showed in the following equation,

Ntk
AaSSOC

Nc
K,
NkB lezvkl Z Nga <lnX1ka 1 a) (20)

Where n, ,is the number of sites of type a on group k, and X;; ,is the fraction of molecules of

component i, that are not bonded at a site of type a on a group k.

Water Model

Group contribution techniques are generally not well suited for the study of small molecules as

proximity effects are neglected, to have a more accurate model the water molecule is described
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as a separate functional group, capable only of associating between sites H and e. This water

model is described by the parameters in tables 5,6 and 7.

Combining Rules

The study of binary and multicomponent systems requires a number of combining rules for the
unlike intermolecular parameters. These are typically determined using combining rules, and
refined by estimation from experimental data when required. However, as a consequence of the
use of a heteronuclear model in the SAFT-y EOS, the unlike group interactions are required not

only to treat mixtures, but also for pure component calculations.
The unlike segment diameter is obtained from a simple arithmetic mean,

Oxk+011

> (21)

Okl =

For the calculation of the unlike effective hard-sphere diameter, the same combining rule is

applied,

dyg4+d
dy = kk2+ 1l (22)

As for the unlike dispersion energy, €, the system’s mixture data is used since no pure molecule

contains the interaction water -CH2 or water —CH3.

The combining rule for the repulsive, 4,,", and the attractive, 1, is given by equation 23.

Aa=3+V(A—3)(Ay—3) (23)

The unlike value of the association energy can be obtained by means of a simple geometric mean

HB _ HB HB
€ = /ekk,aa €11,bb (24)

The unlike bonding volume Ky ,, is obtained with equation 25.

rule,

3 3 3
V Kiaa + 3/ Kb
Kb = < = > (25)
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Also, a number of combining rules for the average molecular parameters required for the

calculation of the chain and association contributions to the free energy also need to be

considered. The unlike values for the effective segment size, 4;; and dij, dispersion energy,e_ij ,

and repulsive and attractive exponents of the potential, 1;;, are obtained from the following

ijo
expressions,

G, +0;;

Sy = —5— (26)

- dy +d;

dij = “2 J (27)
i’

_ (P — 28
EiFT(\/Giiejj) (28)

The parameters used to describe each system with SAFT- y-Mie, taken from (Dufal,

Papaioannou, Sadegzadeh, & Pogiatzis, 2014) are displayed in tables 6 and 7.

Table 5- Group parameters within the SAFT-y Mie group-contribution approach used in the present work:
vg,the number of segment constituting group k , Sk, the shape factor, A'w, the repulsive exponent, A%« the
attractive exponent, o [A], the segment diameter of group k, (e«/ks) the dispersion energy of the Mie
potential characterizing the interaction of two k groups; (K). (Dufal, Papaioannou, Sadeqzadeh, & Pogiatzis,
2014).

Group vk* Sk Nk Al o [A] (ex/ks) (K)
H20 1 1,0000 17,0504 6 3,01 266,684
CH3 1 0,5726 15,0498 6 4,08 256,766
CH2 1 0,2293 19,8711 6 4,88 473,389

Table 6- e« estimated from experimental data, and A'w, obtained from equation 24, used within the SAFT-y
Mie group-contribution approach. In all cases the unlike diameters a;; and dy; as well as the unlike attractive
exponent of the Mie potential 1,,* are obtained from Equations 21, 22, and 24, respectively (Dufal,
Papaioannou, Sadeqzadeh, & Pogiatzis, 2014).

Group k Group | ex/kB Nk
(K)
CH3 H20 274,80 16,01
CH2 H20 284,53 18,39
CH2 CH3 350,77 17,26
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Table 7- Group association energy €8 k,ab and bonding volume parameter Ki,ab used within the SAFT-y Mie
group-contribution approach. (Dufal, Papaioannou, Sadeqzadeh, & Pogiatzis, 2014)

Site a of Site b of
3
Group k group k Group | group | €ulks (K) Ki.an[A 9]
H20 H H20 el 1985,4 101,7

Results

The results obtained using the SAFT-y-Mie theory are presented in figures 13 to 16.In the
following figures, besides the experimental data from (Morgado, 2011), the data from (Maczynski
A., Shaw, Goral, & Wisniewska-Goclowska, 2005) was also included. The results were obtained

recurring to the HELD algorithm, used to calculate the equilibrium phases.
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Figure 13- Mole fraction of water in n-hexane (solid line) and of n-hexane in water (dotted line) as a function
of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, & Wisniewska-
Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); yellow line represents
SAFT- y-Mie predictions (tab 5, 6 and 7)
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Figure 14- Mole fraction of water in n-heptane (solid line) and of n-heptane in water (dotted line) as a function
of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, & Wisniewska-
Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); yellow line represents
SAFT- y-Mie results (tab 5, 6 and 7)
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Figure 15- Mole fraction of water in n-undecane (solid line) and of n-undecane in water (dotted line) as a
function of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, &
Wisniewska-Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); yellow line
represents SAFT- y-Mie predictions (tab 5, 6 and 7)
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Figure 16- Mole fraction of water in n-hexadecane (solid line) and of hexadecane in water (dotted line) as a
function of temperature; triangles represent experimental data from (Maczynski A. , Shaw, Goral, &

Wisniewska-Goclowska, 2005); filled circles represent experimental data from (Morgado, 2011); yellow line
represents SAFT- y-Mie predictions (tab 5, 6 and 7)

As can be observed for all systems, the SAFT- y-Mie solubility line follows thoroughly the solubility
data in the oil rich phase. The water rich phase predictions aren’t as accurate as the oil-rich phase,
showing differences of one order of magnitude. However, this can be considered a relatively good

prediction, taking into account that the absolute solubility values on this phase are extremely low.
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Chapter 4

Thermodynamic Functions

In order to understand the behavior of water in the oil rich phase it is important to study the main
thermodynamic properties of the various systems. The main standard thermodynamic functions
of solution can be calculated from the temperature dependence of the experimental solubility
data. For that purpose, the previously presented solubility results, both those obtained
experimentally and with the two approaches of SAFT, were used. In this section the main
thermodynamic properties will be calculated, such as the standard enthalpy of solution, 4,,,HS,,

and the standard entropy of solution, 4,,,S5,.

For the process of transferring one mole of solute molecules from the pure liquid solute to a dilute
ideal solution where the mole fraction of solute is equal to 1, the apparent standard molar Gibbs

energy of solution at constant pressure for an ideal mixture is given by the following equation.

As1G% (P, T,x.) = —RTInx; (30)

Assuming that the 4,,,HS, and 4,,S2 are temperature independent and that the dissolution

process takes place at constant temperature and pressure, the following relation is valid,

AsolGr%(P' T, xi) = AsolHrez - TAsolSrez (31)

Relating equations 30 and 31 one can use the following equation to obtain 4,,,HS, and A,,,S%,
from the temperature dependence of the solubility (4,,,HS, is the slope and the 4,,SY, is the
intercept)

AsolH?n Asonga

Inx; = ————

RT R (32)

For real solutions equation 30 should be expressed in terms of the activity coefficient of the solute,

Yi-

Ago1Gn (P, T,x;) = —RTInyx; (33)

However, for very dilute solutions it is known that the change of yi with composition becomes
negligible. Thus, the enthalpy of solution, which is essentially the temperature derivative of the
activity, becomes independent of the activity coefficient and equation 32 can be used to calculate

Ago HY, and Ag,,S2..
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Since the main goal of this work is to understand the solute-solvent interactions, it is useful to
consider, instead of the dissolution process, the solvation process, in which the energies
associated with extracting the solute molecules from the liquid solute are not considered. To
obtain the standard molar enthalpy of solvation, 4,.HY,, one can just subtract the molar enthalpy
of vaporization of the solute, A7 HY, , (which is the enthalpy needed to bring the solute molecules
from the liquid to the ideal gas state), from the standard enthalpy of solution, 4,,,HY,. Similarly,
the standard molar entropy of solvation, 4,.S% was obtained subtracting the molar entropy of

vaporization, A7 S2 from the standard entropy of solution, 4;,,S%,.

Results

As previously explained, standard enthalpies of solution, 4,,,HY, and standard entropies of
solution, 4,,S%, of water in all the n-alkanes studied, were calculated from the temperature
dependence of both the experimental and theoretical solubility, recurring to equation 32. Standard
molar quantities of solvation were also calculated. The molar enthalpy and entropy of
vaporization, and the vapor pressure of water at 298.15 K were taken as 43,99 kJ.mol*, 118,8
J.K1L.mol?! , and 3,170 kPa, respectively (Morgado, 2011). The results are reported in tables 8
and 9, and plotted in the figure 17.

Table 8 - Standard molar enthalpies and entropies of solution, A, HS, and A,,SY at 298,15 K, from
experiment, SAFT-VR-SW and SAFT-y-Mie.

Experimental SAFT-VR-SW (Kjj=opt) SAFT-y -Mie
AsolHO ASOIASO AsolHO AsolASO AsolHO ASOIASO
System
(kJ/mol)  (I/mol) (kJ/mol) (I/mol) (kJ/mol)  (J/mol)
Water/n-hexane 32,7 445 36,5 57,1 37,0 56,5
Water/n-heptane 33 46,8 35,8 56,1 35,5 53,5
Water/n-undecane 30,6 40,5 35,4 56,2 35,3 52,9
Water/n-hexadecane 29,9 40,1 34,9 56,6 35,2 53,4

Table 9 - Standard molar enthalpies and entropies of solvation, Ag,.HY, and Ag,.SY, at 298,15 K, from
experiment, SAFT-VR-SW and SAFT-y-Mie.

Experimental SAFT-VR-SW (Kij=opt) SAFT-y -Mie
System ASUL'HO ASUL'ASO ASUL'HO ASUtASO ASUtHO ASUtASO
(kJ/mol)  (I/mol) (kJ/mol) (J/mol) (kdJ/mol)  (I/moal)
Water/n-hexane -11,3 -74,3 -7,5 -61,6 -7,0 -62,3
Water/n-heptane -11,0 -72,1 -8,2 -62,7 -8,5 -65,3
Water/n-undecane -13,4 -78,3 -9,6 -62,9 -8,4 -64,9
Water/n-hexadecane -14,1 -78,7 -8,9 -60,8 -8,8 -65,4
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As can be observed, the solution enthalpies are all positive, reflecting the energy required to
separate the water molecules in liquid water before solubilizing in the alkane solvent. This energy
can be taken as the molar enthalpy of vaporization. Once subtracted from the solution enthalpies,
we obtain the solvation enthalpies, which are all negative. Both the experimental 4,,,H2, and
A1 52 seem to slightly decrease with the alkane chain length, but almost within experimental
accuracy. One of the main purposes of this work is to obtain SAFT predictions for the
solution/solvation enthalpies and to check if these depend on the alkane chain length, providing

physical insight to the reasons of this dependence.

As can be seen from the theoretical results, the thermodynamic functions obtained from both
SAFT-VR-SW and the SAFT-y-Mie are essentially constant, although also slightly decreasing with
the alkane chain length. It should be realized, however, that in both cases, binary interaction
parameters were fitted to the experimental results. It is thus not surprising that the theoretical
results reproduce the description of the solubility lines presented in the previous chapters. It might
be argued that in the case of SAFT-y-Mie, since the binary interaction parameter are defined and
fitted for each functional group, CH2 and CHS3, the theoretical predictions could reflect the
influence of the alkane chain length.

SAFT-VR-SW with an average ki

Since the results from tables 8 and 9 were obtain with optimized parameters for each system, and
in order to grasp the variation of the thermodynamic properties with the chain length of the n-
alkane chemical family, a different strategy was used. The SAFT-VR-SW equation was used to
obtain theoretical predictions for a series of water/n-alkane binary systems, from n-Hexane to n-
Hexadecane, but a single average binary interaction parameter was used, kij=0,29. For the sake
of consistency, the pure component’s parameters were obtained from correlations with the molar
weight, equations 34 to 37 (Paricaud, Jackson, & Galindo, 2004).

m = 0,02376. MW (g.mol~*) + 0,6188 (34)
m. 1 = 0,04024. MW (g.mol™1) + 0,6570 (35)
m.o(h)’ = 1,53212. MW (g.mol™") + 30,753 (36)
m. (g) = 5,46587. MW (g.mol™") + 194,263 (37)

The obtained SAFT-VR-SW parameters for each n-alkane are displayed in the following table 10.
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Table 10- SAFT-VR-SW parameters for each n-alkane obtained through equations, 34 to 37.

SAFT-VR-SW K;;=0,29

n-hexane n-Octane n-Decane n-Dodecane n-Tetradecane n-hexadecane

m 2,7 3,3 4,0 4,7 53 6,0
MW 86,2 114,2 142,3 170,3 198,4 226,4

Yl 1,6 1,6 1,6 1,6 1,6 1,6

o () 39 3,9 3,9 39 3,9 3,9
/1K) 2495 2456 243,0 241,1 239,8 238,7

Equation 32 was used to calculate the thermodynamic properties, 4,,,H° and 4,,,S°. The standard
enthalpy of solvation, was obtained, once again, subtracting the molar enthalpy of vaporization to
the standard enthalpy of solution, while the entropy of solvation was calculated subtracting the
molar entropy of vaporization to the standard entropy of solution, as explained previously.

Table 11- SAFT-VR-SW results of A,,;H° (ki/mol), As;S°, Ag,eHY, and Ag, SS9, with an average ki of 0,29, at
298,15 K.

SAFT-VR-SW K;j=0,29
AsolHO Asolso AsthO Asvtso

System (kd/mol)  (3/mol) (kd/mol)  (I/mol)
Water/n-hexane 36,5 57,1 -7,5 -61,7
Water/n-octane 35,5 56,0 -8,5 -62,8
Water/n-decane 35,1 56,0 -8,8 -62,8

Water/n-dodecane 34,9 56,3 9,1 -62,5
Water/n-tetradecane 34,7 56,7 -9,3 -62,1
Water/n-hexadecane 34,6 57,1 -9,4 -61,7

The results in table 11 show the same decreasing tendency, although more gradual, of the
thermodynamic properties, 4,,,H%and A, S°, with the n-alkane chain length than those observed

in tables 8 and 9. Figure 17 summarizes the results from tables 8 and 11.

From figure 17 it is clear that, as a whole, the experimental values (orange) evidence a more
acute decrease of the 4,,,H° with the n-alkane chain length. The SAFT-VR-SW results, with an
optimized ki for each system (blue dots) or with an average ki both (yellow dots), predict
approximately the same decrease of the thermodynamic property with the n-alkane chain length,

and the results obtained throughout SAFT- y —Mie (grey dots) evidence a less acute decrease.

In brief, the different theoretical predictions are very similar and they are able to reproduce the

experimental trend although with an absolute difference of about 4-5 J.mol2.

28



38

37
36 °
[ )

35 o
g 34 @ DH SAFT-VR-SW Kij=Opt
5 33 DHsol Morgado 2011
oé 32 DH SAFT-gamma-mie
T
N3 SAFT-VR kij médio

30

29

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

n-C

Figure 17-Variation of the 4H%. (kJ/mol) results, tables 8 and 11, with the carbon number of the n-alkane,
with all studied treatments. Calculated 4H%oi (kJ/mol) obtained with: SAFT- y —Mie (grey dots); SAFT-VR-
SW  with the ki value adjusted to the oil rich phase (blue dots); SAFT-VR-SW with an average ki (yellow
dots); Experimental results from (Morgado, 2011) (orange dots).

Thermodynamic properties and the size of the solvent
Although the nature of all analyzed systems is very similar (water/n-alkane mixtures), the mixtures
were studied within the same temperature range, thus at different reduced temperatures rages,

therefore at different thermodynamic states. In figure 18 the enthalpy of solvation for all systems
was plotted as a function of the average reduced temperature.
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Figure 18-Standard enthalpy of solvation,H%u, for each binary system at its reduced temperature

One can observe that although the 4,.HCis larger (more negative) for the water/n-hexadecane
mixture, its reduced temperature is also the lowest and hence the solvent is denser. In order to
better compare the thermodynamic properties in terms of the water/n-alkane interaction, the

system’s properties should be compared at the same reduced temperature. However, this is not
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easy as solubility data is scarce at higher temperatures. Figure 17 thus shows that the decrease
of 4,,:HO, is a result not only of the increase of the chain length of the alkane but also of the

decrease of the reduced temperature of the solvent.

In figure 19, the same solubility data of water in all the studied n-alkanes is now expressed in
molarity units (moles of solute per litter of solution) instead of mole fraction. As can be seen, the
water solubility decreases with the chain length of the n-alkane and increases with temperature,
being the mixtures with the highest molarity the water/n-hexane and water/n-heptane. These
results seam to contradict those found in previous graphics where solubility was expressed in
molar fraction of solute. When the solubility of water is expressed in molar fraction of water, the
solubility increases with the chain length of the solvent, being water more soluble in n-
hexadecane. This apparent contradiction obviously results from the different molecular size along
the n-alkane series (The number of molecules in one liter of n-hexane is higher than the number
of molecules of n-hexadecane in the same volume, since one molecule of hexadecane occupies
a larger volume), but illustrates how important it is to make a proper choice of the solubility units

depending of the effect that is being studied.
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Figure 19- Solubility data at different temperatures of experimental values of (Morgado, 2011) expressed in
molarity for each solvent.
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Chapter 5

Conclusions

The main conclusions of this work can be summarised as follows:

1-

It was found that the binary interaction parameter, ki, of the SAFT-VR-SW theory, can be
adjusted to reproduce very accurately the oil rich phase of water/n-alkane mixtures from
n-hexane to n-hexadecane, and the optimal value to reproduce these systems is very
similar and within the rage of 0,30 to 0,28. It was also found that fitting the kjj to the oil
rich phase lowers the solubility on both phases, allowing for a better description of the oil
rich phase but underpredicting the water rich phase solubility curve. Hence the results
with a fitted kj for the oil rich phase mean a much more accurate description of the
water/n-alkane system on that phase, but a much worse description of the water rich
phase.

SAFT- y —Mie theory was proven to present the best prediction of the solubility of water/n-
alkane systems, with both phases accurately reproduced. Another important conclusion
that can be established is that the model can reproduce more accurately the oil rich phase
than the water rich phase.

The results also show that the thermodynamic functions both obtained from the
experimental data and predicted by both versions of SAFT, decrease with the chain
length of the alkane. The decrease predicted by the theory is less pronounced than that
found experimentally and deviates from the experimental values by 5 J.molt. The
predictions of all theoretical treatments are very equivalent.

Although it was found that the best description of the experimental data for the oil-rich
phase is given by SAFT-VR-SW with a fitted ki, not enough water/n-alkanes were studied
to permit the elaboration of a correlation between the chain length and the kj values.
SAFT-VR-GC approach could have also been used, since it is a version of SAFT that
uses a group contribution within the VR approach, and its results would have given and
interesting overview on the development of the SAFT theory and how it predicts the water
behavior on the oil rich phase, on water/n-alkanes binary systems.

It is hard to find an approach that it is able to reproduce both phases of the of water/n-
alkane systems, since the interactions between the same components on the distinct
phases are completely different. In the future, a wider range of temperature should be
considered, and more water/n-alkane systems included.

The thermodynamic functions of the water/n-alkane systems should be obtained at the
same reduced temperature, in order to understand how the solvents behave when in the
same thermodynamic state. The enthalpy of interaction should also be studied to broaden

the understanding of the water/n-alkane interaction on the oil-rich phase.
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Appendix A

Tables of experimental data

Table Al-Experimental solubility of water in the alkane rich phase at different temperatures, (Morgado, 2011).

System T(K) X18 M(mol/dm3)
298,13  4,00E-04 0,0031
Water/n- 303,03  5,10€-04 0,0039

Hexane 308,05 6,43E-04 0,0048

313,06 7,30E-04 0,0054

282,18  2,13E-04 0,0015
283,18  2,27E-04 0,0016
288,16  2,89E-04 0,0020
291,40  3,34E-04 0,0023
293,16 3,70E-04 0,0025
294,33 3,90E-04 0,0027
296,06  4,50E-04 0,0031
Water/n- 298,15  4,60E-04 0,0031
Heptane 30085 540E-04 0,0037
303,15  5,70E-04 0,0038
305,80  6,58E-04 0,0044
308,10  7,10E-04 0,0047
310,69  8,30E-04 0,0055
313,14  8,40E-04 0,0056
314,50  9,60E-04 0,0064
317,74  1,09E-03 0,0068

283,18 2,92E-04 0,0014
288,14  3,70E-04 0,0018
293,14 4,40E-04 0,0021

Water/n- 0014 500E-04  0,0028
Undecane
303,18 6,80E-04 0,0032
308,12 8,30E-04 0,0039
313,18 1,04E-03 0,0048
291,21 0,000535 0,0018
296,06 0,000669 0,0023
298,10 0,00074 0,0025
300,85 0,0008 0,0027
Water/n-
303,06 0,00088 0,0030
Hexadecane
305,80 0,00097 0,0033
307,86 0,00107 0,0036
310,69 0,00114 0,0038
314,50 0,00135 0,0045
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317,74 0,00161 0,0054

Table  A2- Experimental  solubility of water in the n-alkane rich phase (
X18) and solubility of the n-alkane in the water rich phase (
x5, ) at different temperatures, (Maczynski A. , Shaw, Goral, & Wisniewska-Goclowska, 2005), (Maczynski,
Shaw, & Goral, 2004), (Wisniewska-Goclowska, Shaw, Skrzecz, Goéral, & Maczynski, 2003), (Shaw,
Maczynski, & Goral, 2005), (Shaw, Maczynski, & Goral, 2006).

IUPAC-NIST
T(K) X1p T(K) X24
273,2 1,34E-04 273,2 3,44E-06
298,2 4,30E-04 277,2 3,42E-06
303,2 8,56E-04 287,2 3,17E-06
354,8 6,70E-03 288,2 2,24E-06
366,5 1,00E-02 293,2 3,00E-06
379,3 1,51E-02 303,2 2,00E-06
394,3 2,30E-02 313,2 2,11E-06
400,4 2,72E-02 3289 2,76E-06
Water/n-hexane 417,6 4,21E-02 342,9 3,18E-06
422  4,74E-02 372,2 4,68E-06
431,5 5,75E-02 387,5 6,10E-06
442,6 7,30E-02 394,5 7,86E-06
449,8 8,44E-02 410,5 1,19E-05
452,6 9,02E-02 425  2,32E-05
460,4 1,03E-01
468,2 1,29E-01
477,6  1,40E-01
273,2 1,50E-04 273,2 7,88E-07
283,2 3,00E-04 288,2 4,80E-07
293,2 5,00E-04 293,2 4,62E-07
298,2 6,70E-04 303,2 4,47E-07
303,2 9,57E-04 308,2 4,53E-07
13,2 8,70E-04 313,3 5,00E-07
318,2 4,32E-07
328,9 5,60E-07
372,3 1,01E-06
391,2 2,05E-06
409,8 4,91E-06
423,6 7,86E-06

System

Water/n-heptane

Water/n- 298,2 6,00E-04 298,2 4,1E-10
undecane 313,2 1,13E-03
293 8,67E-04 298 5E-10
Water/n- 303  1,55E-03
hexadecane 313 2,62E-03
323 4,16E-03
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Appendix B

Table B1-Critical temperature, Tc, considered for each system and calculated relative temperature, T, for
the experimental data of (Morgado, 2011).

T (K) T,
0,59

- 0,60
Water/n 5077
Hexane 0,61

0,62

0,52
0,52
0,53
0,54
0,54
0,54
0,55

- 0,55
Water/n 540,2
Heptane 0,56

0,56
0,57
0,57
0,58
0,58
0,58
0,59

0,44
0,45
0,46
639 047
0,47
0,48
0,49

Water/n-
Undecane

0,40
0,41
0,41
0,42

- 0,42
Water/n 722
Hexadecane 0,42

0,43
0,43
0,44
0,44
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