ABSTRACT
A Systematic Study of Short and Long Range Interactions in
Associating Fluids Using Molecular Theory
by

Wael A. Fouad
Parameters needed for the Statistical Associating Fluid Theory (SAFT)
equation of state are usually fit to pure component saturated liquid density and
vapor pressure. In this thesis, other sources of information such as quantum
mechanics, infinite dilution properties, Fourier transform infrared (FT-IR)
spectroscopy and molecular dynamic (MD) simulation are used to obtain a unique
set of parameters for complex fluids such as water and alcohols. Consequently, the
equation of state can be more predictive and the parameters are not anymore
system dependent. Moreover, the four vertices of the molecular thermodynamic
tetrahedron (phase equilibrium experiments, spectroscopy, MD simulation and
molecular theory) are used to study the distribution of hydrogen bonds in water and
alcohol containing mixtures. The new sets of physical parameters and the
knowledge gained in studying hydrogen bonding are then applied to model water
content of sour natural gas mixtures as well as the phase behavior of alcohol + nalkane and alcohol + water binary systems.
Accurate determination of the water content in hydrocarbons is critical for
the petroleum industry due to corrosion and hydrate formation problems.

Experimental data available in the literature on the water content of n-alkanes (C5
and higher) is widely scattered. The perturbed chain form of the SAFT equation of
state (PC-SAFT) was used to accurately correlate water mole fraction in n-alkanes,
C1 to C16, which are in equilibrium with liquid water or ice. In addition, a list of
experimental data is recommended to the reader based on its agreement with the
fundamental equation of state used in this dissertation.
The proposed molecular model was then applied to predict water content of
pure carbon dioxide (CO2), hydrogen sulfide (H2S), nitrous oxide (N2O), nitrogen
(N2) and argon (Ar) systems. The theory application was also extended to model
water content of acid gas containing mixtures in equilibrium with an aqueous or a
hydrate phase. To model accurately the liquid-liquid equilibrium (LLE) at subcritical conditions, cross association between CO2, H2S and water was included. The
hydrate phase was modeled using a modified van der Waals and Platteeuw (vdWP)
theory. The agreement between the model predictions and experimental data
measured in our lab was found to be good across a wide range of temperatures and
pressures.
Modeling the phase behavior of liquid water can be quite challenging due to
the formation of complex hydrogen bonding network structures at low
temperatures. However, alcohols share some similarities with water in terms of
structure and physical interactions. As a result, studying alcohol + n-alkane binary
systems can provide us with a better understanding of water-alkane interactions.
Besides, the application of alcohols in the petroleum and the biodiesel industry is of

great importance. As a result, Polar PC-SAFT was used to model short chain 1alcohol + n-alkane mixtures. The ability of the equation of state to predict accurate
activity coefficients at infinite dilution was demonstrated as a function of
temperature. Investigations show that the association term in SAFT plays an
important role in capturing the right composition dependence of the activity
coefficients in comparison to excess Gibbs free energy models (UNIQUAC in this
case). Results also show that considering long range polar interactions can
significantly improve the fractions of free monomers predicted by PC-SAFT in
comparison to spectroscopic data and molecular dynamic (MD) simulations.
Additionally, evidence of hydrogen bonding cooperativity in 1-alcohol + n-alkane
systems is discussed using spectroscopy, simulation and theory. In general, results
demonstrate the theory’s predictive power, limitations of Wertheim’s first order
thermodynamic perturbation theory (TPT1) as well as the importance of
considering long range polar interactions for better hydrogen bonding
thermodynamics.
Furthermore, the thermodynamics of hydrogen bonding in 1-alcohol + water
binary mixtures is studied using MD simulation and Polar PC-SAFT. The distribution
of hydrogen bonds in pure saturated liquid water is computed using TIP4P/2005
and iAMOEBA simulation water models. Results are compared to spectroscopic data
available in the literature and to predictions using Polar PC-SAFT. The distribution
of hydrogen bonds in pure alcohols is also computed using the OPLS-AA force field.
Results are compared to Monte Carlo (MC) simulations available in the literature
and to predictions using Polar PC-SAFT. The analysis show that hydrogen bonding

in pure alcohols is best predicted using a two-site model within the SAFT
framework. On the other hand, simulations show that increasing the concentration
of water in the mixture increases the average number of hydrogen bonds formed by
an alcohol molecule. As a result, a transition in association scheme occurs at high
water concentrations where hydrogen bonding is now better captured using a three
site alcohol model within the SAFT framework. The knowledge gained in
understanding hydrogen bonding is applied to model the vapor-liquid equilibrium
(VLE) and LLE of 1-alcohol + water mixture using Polar PC-SAFT. Predictions are in
good agreement with experimental data, thus exhibiting the equation of state
predictive power.
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Chapter 1

Introduction

1

2
The demand on the design and development of new complex fluids for the
application of more sophisticated, advanced and efficient industrial processes has
increased during the last decade. Examples of the growing interest includes the
usage of surfactants for enhanced oil recovery, ionic liquids for carbon capture,
polymers for material design and drug delivery, lipid bilayers for biological systems
and biofuels as an alternative source of energy. The phase behavior and
thermophysical properties of these fluids are highly influenced by their molecular
structure, short range anisotropic association interactions (hydrogen bonding) and
long range polar and electrostatic interactions (coulombic, dipolar, quadrupolar,
induced dipole etc.). Despite its apparent simplicity in structure, water is one of the
most challenging complex fluids to model. In water, short-range attractive
directional interactions lead to the aggregation of molecules to form structured
networks that exhibit exceptional thermophysical properties including the
abnormal density behavior. Other complex fluids include alcohols that are similar in
structure to water but with an extra hydrophobic tail. They also exhibit short range
association and long range dipolar interactions that are almost equal in strength to
that of water.
In

Wertheim’s

first

order

perturbation

theory1-4,

an

anisotropic

intermolecular potential that incorporates short-range attractive interactions to
form associated aggregates and networks is proposed. The different aggregate
species are obtained as a result of this potential and in the limit of complete
association the theory provides an accurate description of the thermodynamic
properties of chain molecules. The implementation of Wertheim’s work as an
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equation of state in the statistical associating fluid theory5-7 (SAFT) has made it
possible to model many of the complex fluids of interest.
SAFT5-7 is based on extensions and simplifications of Wertheim’s
thermodynamic perturbation theory1-4 for associating molecules. Similar to a group
contribution theory, in the SAFT approach, the fluid of interest is initially considered
to be a mixture of unconnected groups or segments. In reference to Figure 1-1, SAFT
predicts the free energy change due to chain connectivity (bonding of various
segments) to form polyatomic molecules. SAFT also includes an explicit hydrogen
bonding contribution to the free energy. In this way, SAFT models molecules as
chains of spherical segments that are bonded together and these chain-like
molecules can further associate with each other.

Figure 1-1 Schematic of the Statistical Associating Fluid Theory (SAFT)
equation of state
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Having SAFT derived from statistical mechanics based theory offers several
advantages. The model parameters are physical intermolecular potential
parameters similar to those used in molecular simulation. This allows direct
comparison with molecular simulation results. In this way, the range of applicability
of the chain and association terms have been validated through comparisons with
fluid properties calculated from computer simulations of realistic mixtures. If any
weak approximations in SAFT or additional physics are identified, the equation of
state can be systematically improved by extending the theory. The physical SAFT
parameters have been found to behave systematically within a homologous series,
allowing prediction from previously modeled systems. This physical basis also
provides confidence that the theory can predict results at conditions beyond where
the model parameters were fit. Many forms of the SAFT equation of state have been
proposed that primarily differ in the model for the segment contribution to the free
energy8-21. All versions produce similar results in comparison to the experiment as
they all use essentially the same association and chain terms derived in the original
SAFT equation of state5-7,22.
The work done in this thesis was performed using the polar and perturbed
chain form of the SAFT equation of state12,13 (Polar PC-SAFT). Chapter 2 of this
thesis elaborates more on the theoretical details of Polar PC-SAFT.
Parameters needed for the SAFT equation of state are usually fit to pure
component saturated liquid density and vapor pressure. Similar to cubic equations
of state, SAFT requires only three parameters to be fit for a non-polar molecule.
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These parameters are: the chain length (m), the segment diameter (σ) and the
dispersion energy (ε/k). In case of associating components, the association energy
(εHB/k) and the association volume (κHB) are two additional parameters to fit. In case
of polar components, the dipole moment (μ) and the fraction of polar segments (xp)
are also to be included in the fitting procedure. In this thesis, other sources of
information such as quantum mechanics, infinite dilution properties, Fourier
transform infrared (FT-IR) spectroscopy and molecular dynamic (MD) simulation
are used to obtain a unique set of parameters for complex fluids such as water and
alcohols. Consequently, the equation of state can be more predictive and the
parameters are not anymore system dependent.

1.1. Water Content of Acid Gas Containing Natural Gas Mixtures
1.1.1. Industrial Motivation
Gas dehydration is considered to be an essential unit in any natural gas
processing plant. Its importance arises from that fact that excess water content in a
natural gas stream can cause severe operation problems that cost millions of
dollars. Therefore, the main goal of gas dehydration is removing water to reduce
pipeline corrosion and eliminate line blockage caused by hydrate formation. The
water dew point should be below the lowest pipeline temperature to prevent free
water formation. Also, most product specifications require that no free water be
present. As a result, the maximum water content allowed in a sales gas range
between 4 to 7 lb/MMSCF. For liquids, the water content is 10 to 20 ppmv23,24.
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Figure 1-2 illustrates a typical, simplified process flow diagram for a glycol
absorption unit.

Figure 1-2 Process flow diagram of a typical glycol gas dehydration unit24

In reference to Figure 1-2, the wet gas passes through an inlet scrubber to
remove solids and free liquids, and then enters the bottom of the glycol contactor.
Gas flows upward in the contactor, while lean glycol solution flows down over the
trays. Rich glycol absorbs water and leaves at the bottom of the column while dry
gas exits at the top. The rich glycol flows through a heat exchanger at the top of the
still where it is heated and provides the coolant for the still condenser. Then the
warm solution goes to a flash tank, where dissolved gas is removed. The rich glycol
from the flash tank is further heated by heat exchange with the still bottoms, and
then becomes the feed to the still. The still produces water at the top and a lean
glycol at the bottom, which goes to a surge tank before being returned to the
contactor23,24. Consequently, designing glycol gas dehydration units requires a
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detailed knowledge of the water content of the natural gas mixture flowing in and
out of the glycol contactor. Chapters 3-5 of this thesis introduce a new SAFT based
molecular model that can be used for this purpose and its application in equilibrium
with an aqueous, ice or a hydrate phase.
1.1.2. Theoretical Motivation
One of the main challenges in developing a SAFT based water model is that
the parameters are physical, similar to those used in molecular dynamic (MD)
simulation. From MD simulations, we know that a water molecule is nearly spherical
in shape (m ≈ 1) with a diameter (σ) that is close to 3 Å. From infrared (IR)
spectroscopy25, we know that the association (hydrogen bonding) energy (εHB/k) is
around 1813 K. Finally, the dipole moment (μ) of water in the vapor phase is
measured to be 1.85 Debye. However, Figure 1-3 shows the large disagreement in
the value of the dispersion (van der Waal’s) energy (ε/k) within the SAFT water
models available in the literature. Furthermore, most of these values differ by
orders of magnitude than that used in MD simulation water models (ε/k ≈ 78.2 K) 26.
Chapter 3 thoroughly describes a systematic method followed in this thesis for
determining the effective dispersion energy for water. We consider the case of
water being infinitely dilute in the liquid n-alkane phase. The concentration of water
in the n-alkane phase is low enough to minimize any contributions due to structure,
self-association (hydrogen bonding) or dipolar interactions. As a result, the phase
behavior is mainly influenced by the water-alkane long range dispersion (van der
Waal’s) interactions.
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Figure 1-3 Dispersion energies used by SAFT water models found in the
literature27

Furthermore, experimental data found in the literature for the solubility of
water in heavy n-alkanes is widely scattered. Figure 1-4 demonstrates how the
measured water content data for n-hexane and n-octane can differ by orders of
magnitude at a fixed temperature and at atmospheric pressure. The International
Union of Pure and Applied Chemistry (IUPAC) and the National Institute of
Standards and Technology (NIST) evaluated the solubility of water in alkanes
containing five or more carbon atoms using a method28 based on the RedlichKwong29 (RK) equation of state. Moreover, Tsonopoulos30,31 and Wagner32 proposed
correlations of the experimental data as a function of carbon number at ambient
conditions. However, these models are semi-empirical and cannot be used outside
their fitted range of conditions. Consequently, a fundamental model is needed to
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study the consistency of the experimental data across carbon number and to predict
water content for temperatures, pressures, and hydrocarbons that have not yet
been measured. In Chapter 3 of this thesis, PC-SAFT was applied for this purpose
and used to recommend a set of experimental data that agrees best with the
molecular theory.

Figure 1-4 Experimental data on the solubility of water at atmospheric
pressure in (a): hexane by Englin et al. 33 (○), Polak et al.34 (○), Sugi et al.35
(*),Tsonopoulos et al.36 (□), Budantseva et al.37 (+), Black et al.38 (Δ), Charykov
et al.39 (▬), Zel’venskii et al.40 (◊), Roddy et al.41 (○), Benkovski et al.42 (Δ); (b):
octane by Englin et al. 33 (○), Budantseva et al.37 (Δ), Heidman et al.43 (□), Polak
et al. 34 (○), Black et al.38 (+).
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1.2. Phase Behavior of Alcohol Containing Systems
1.2.1. Industrial Motivation
In the petroleum industry, methanol is commonly used for hydrate
inhibition. As a result, the feed to the olefin C3 splitter, used to separate propylene
overhead from propane, can contain traces of methanol44. Methanol is a polar
component, which is repelled by the non-polar hydrocarbons. Figure 1-5 illustrates
the vapor-liquid equilibrium and activity coefficients for methanol + n-hexane
system. At infinite dilution, the probability of self-association is so low that
methanol loses its polar character and starts acting as an alkane. The system
exhibits a positive deviation from Raoult’s law because the vapor pressure of
monomeric methanol is higher than that of methanol bound in clusters. It can be
seen in Figure 1-5 how adding a small amount of methanol leads to a large increase
in the vapor pressure. In an olefin C3 splitter, methanol volatility increases to the
point that it almost counterbalances the much higher vapor pressure of propylene.
Methanol and propylene therefore become very difficult to separate and are
produced together at the overhead44. Cubic equations of state and many of the
excess Gibbs free energy (activity coefficient) models fail to predict the phase
behavior of alcohol + n-alkane binary systems. Figure 1-5 (a) shows how
UNIQUAC45,46 predicts a false liquid-liquid phase split at the vapor-liquid
equilibrium conditions. The model was also unable to predict the correct
composition dependence of the activity coefficients as shown in Figure 1-5 (b).
Consequently, the application of Polar PC-SAFT and MD simulation for the accurate
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prediction of the phase behavior and hydrogen bonding distribution in 1-alcohol +
n-alkane mixtures is discussed in Chapter 6 of this thesis.

Figure 1-5 (a): Isothermal vapor-liquid equilibrium of the binary system
methanol + n-hexane. (b): Activity coefficient of the binary system methanol +
n-hexane at 313.15 K. (o): experimental data47; dashed line ( ): UNIQUAC.

When used as a hydrate inhibitor, methanol is commonly mixed with water
to reduce the operating cost. The depression in the gas hydrate formation
temperature is proportional to the concentration of methanol used in the aqueous
solution. Consequently, predicting the phase behavior of alcohol containing aqueous
solutions is of significant importance to the petroleum industry.
In the offshore petroleum industry, bottoms from distillation columns
separating methanol from methanol + water binary mixtures can contain traces of
methanol that exceed the maximum specification required for discharging to the
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ocean. Excess Gibbs free energy (activity coefficient) models which are commonly
used by the industry to model alcohol + water binary mixtures usually fail in
predicting the accurate partitioning of methanol in the aqueous phase at low
concentrations. Moreover, a case study reported by Aspen Technology for the
distillation of methanol + butanol + water ternary mixture showed that the binary
interaction parameters used by different excess Gibbs free energy (activity
coefficient) models to regress methanol + water and 1-butanol + water binary
mixtures failed in predicting the correct phase behavior of the ternary system. As a
result, another set of binary interaction parameters was needed to fit the ternary
system accurately44. Consequently, Chapter 7 of this thesis discusses the application
of Polar PC-SAFT and MD simulation in understanding the hydrogen bonding
distribution in 1-alcohol + water binary mixtures and its influence on the accurate
determination of the vapor-liquid equilibrium and liquid-liquid equilibrium of the
aqueous solution.
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Figure 1-6 Process flow diagram of a typical trans-esterification reaction unit

Similar phase behavior and modeling issues occur in processing biodiesel.
Biodiesel has grown in global importance as a promising biofuel. In reference to
Figure 1-6, its downstream process is mainly characterized as a complex mixture of
long chain alkyl esters and short alcohols such as methanol, ethanol or glycerol.
Mono, di, and triacylglycerols as well as minor quantities of fatty acids and water
can also be present in minor quantities. These mixtures are normally found after the
esterification or trans-esterification reaction units, where they must be separated to
purify the biodiesel and to recover and recycle the unreacted alcohol. Consequently,
the ability to predict the liquid-liquid equilibrium of the alkyl ester + alcohol + water
ternary system is of a great interest to the biodiesel industry. However, predicting
the phase behavior of the ternary system can be quite challenging. Figure 1-7
depicts results obtained using two versions of UNIFAC48 for ethyl laurate + ethanol +
water ternary mixture at 313.15 K. The knowledge gained from studying short
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range association interactions in 1-alcohol + water binary mixtures using Polar PCSAFT and MD simulation can help in the better determination of the ternary mixture
phase behavior.

Figure 1-7 LLE of the ternary mixture ethyl laurate + ethanol + water. (o):
experimental tie line data points; (□): experimental binodal curve data points;
green solid curve (): UNIFAC Dortmund; blue dashed curve ( ): UNIFAC LLE.

1.2.2. Theoretical Motivation
Alcohols and water share some similarities in term of structure and physical
interactions. As shown in Figure 1-8, the difference in chemical structure between
methanol and water is just a single CH2 group. As a result, studying the phase
behavior of alcohol + alkane binary systems can help in understanding better wateralkane interactions. Furthermore, spectroscopic data for the distribution of
hydrogen bonds in alcohol + alkane systems exist in the literature. This offers the
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opportunity to evaluate how accurate is the theory in modeling association in
complex fluids. Similar to water, alcohols exhibit strong long range dipole-dipole
interactions. Hence, the effect of polar interactions on the accurate determination of
the hydrogen bonding distributions can also be examined.

Figure 1-8 Chemical structures of water and alcohols.
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Chapter 2

Theoretical Framework

17

2.1. Overview of the Polar PC-SAFT Equation of State
The Polar PC-SAFT equation of state12,13 models molecules as chains of
spherical segments. These segments include short range repulsion, long range
dispersion and polar interactions, and hydrogen bonding contributions. An
advantage of the model is that the contributions to the free energy are derived from
statistical mechanics based theory and validated versus molecular simulation
results. Thus the equation of state requires a minimal number of physical
parameters that can be to pure fluid properties such as vapor pressure and
saturated liquid density. In reference to Eq. 2.1, the complete equation of state in
Polar PC-SAFT, in terms of the reduced Helmholtz free energy, is given as the sum of
an ideal gas contribution,
contribution,

, a hard-chain contribution,

, an association contribution,

, a dispersion

and a polar contribution,

:

(2.1)
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For the hard chain contribution, Chapman et al.5,7 developed an equation of
state applicable for mixtures of hard-sphere chains comprising

segments, given

by
̅

∑𝑥
(2.2)

and the average chain length ̅ is given by
̅

∑𝑥
(2.3)

Where 𝑥 is the mole fraction of molecules of component i,
of segments in a molecule of component i,

is the number

is the radial pair distribution

function at contact for segments of component i in the hard sphere system,

is the

hard sphere diameter of component i, and the superscripts hc and hs indicates
quantities of the hard-chain and hard-sphere systems, respectively. For mixtures of
hard spheres49,50, the residual Helmholtz free energy is given in terms of reduced
densities by
*

(

)

+
(2.4)

And the radial distribution function at contact is
(

)

(

)
(2.5)
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where the reduced densities written in terms of , the number density of molecules,
are
∑𝑥
(2.6)
Theory has shown that the soft core repulsion between molecules can be
approximated using a temperature dependent hard sphere diameter. Based on
Barker and Henderson’s perturbation theory51, Chen and Kreglewski propose the
temperature-dependent segment diameter,

as
𝑥
(2.7)

where i is the depth of square-well potential due to van der Waals attractions and
is the Boltzmann constant.
The perturbation theory of Barker and Henderson is used to calculate the
contribution to the free energy due to van der Waals (dispersion) interactions
between molecules. The dispersion term of the Helmholtz free energy,

, is given

as sum of first and second order contributions

(2.8)
where N is the number of molecules. Gross and Sadowski10,52 derived a set of
equations appropriate for square-well potential function
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̅

̅

̅
(2.9)

and
(

)
(2.10)

The value of
̅ and

represents the compressibility of the hard chain fluid and

̅ are given by power series in density where the coefficients are

functions of the chain length and the packing fraction, , which is equivalent to
∑

̅

:

̅
(2.11)

∑

̅

̅
(2.12)

The parameters of a pair of unlike segments,

and

, are obtained by Berthelot–

Lorentz mixing rules

(2.13)
√
(2.14)
In Eq. 2.9, the mixing rules for

and
∑

∑

𝑥𝑥

are defined by
( )
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(2.15)
∑∑𝑥 𝑥

(

)
(2.16)

The water and alcohols will hydrogen bond to themselves through the
partially positively charged hydrogen on the hydroxyl group associating with the
partially negatively charged oxygen of another molecule. A strength of the SAFT
approach is the ability to describe hydrogen bonding using specific regions (or sites)
on a molecule that represent the hydrogen and oxygen association sites. In
reference to Figure 2-1, Wertheim’s first order perturbation theory3 assumes that
(a): two sites cannot associate with a third, (b): a site on a molecule cannot associate
simultaneously with two sites of another molecule and that (c): double association
is not permitted.

Figure 2-1 Assumptions in Wertheim’s first order perturbation theory. (a):
two sites cannot associate with a third; (b): a site on molecule i cannot
associate simultaneously on two sites of molecule j; (c): double bonding is not
permitted.
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Chapman et al.5,7 derived the change in Helmholtz free energy due to
association,

, for mixtures

∑ 𝑥 [∑ *

+

]

(2.17)
where the sum is over all components and all association sites,

, on component .

is the number of association sites per molecule and the mole fraction of
molecules that are not bonded at site A,

[

, can be determined as follows

∑∑

]

(2.18)
where

is the “association strength” approximated as 5,7
*

(

)

+
(2.19)

The mixing rules suggested by Wolbach and Sandler53 are used for the association
energy,

, and the effective association volume,

:

(2.20)
√

(

√

)
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(2.21)
In reference to Table 2-1, water is modeled throughout this thesis with four
association sites 4(2,2); the notation denotes two electron acceptors and two
electron donors. Within the SAFT framework, it is possible to model alcohols with
different number of association sites depending on how one views the electron pairs
on the oxygen molecule. If each lone pair of oxygen electrons is treated as being able
to accept one hydrogen proton from another hydrogen bonding molecule, then the
alcohol will have three association sites 3(2,1): two electron donors from the oxygen
and one electron acceptor from the hydrogen. Alternatively, one can treat the
oxygen lone pairs of electrons as one proton acceptor site, in which case the alcohol
has two association sites 2(1,1): one electron donor site on the oxygen and one
electron acceptor site on the hydrogen. Chapters 6 and 7 of this thesis elaborate
more on the proper choice of the association scheme for alcohols based on the
system under consideration.
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Table 2-1 Schematics of commonly used association schemes.

Based on the number of electron donors and acceptors a molecules
has, it will form a different number of association bonds. Red circles
represent electron donors, blue circles represent electron acceptors.
Schematic
Type
Shorthand Name
Two sites; one electron
acceptor and one electron
2(1,1)
donor. Eg. Alcohols
Three sites; two electron
donors and one electron
3(2,1)
acceptor. Eg. Alcohols
Four sites; three electron
acceptors and one electron
donor. Eg. Ammonia

4(1,3)

Four sites; two electron
acceptors and two electron
donors. Eg. Water

4(2,2)

The change in free energy due to polar interactions, as derived by Jog and
Chapman12,13, is accurately obtained by dissolving all the bonds in a chain and then
applying the u-expansion to the resulting mixture of polar and nonpolar spherical
segments. The polar contribution written in the Padé approximate has the following
form:
⁄
(2.22)
where

and

are the second- and third-order terms in the perturbation

expansion. Written for mixtures, and allowing for multiple dipolar segments, these
terms have the following form:
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∑∑𝑥 𝑥

𝑥 𝑥
(2.23)

∑∑𝑥 𝑥 𝑥

𝑥 𝑥 𝑥
(2.24)

In the aforementioned equations,
pair and triplet correlation functions and

and

are integrals over the angular

is the dipole moment for component .

As shown by Jog et al.12,13, they are related to the corresponding pure fluid integrals
by
̅
(2.25)
̅
(2.26)
To compare with spectroscopic data, the extent of association should be
described in terms of the fraction of monomers and the fraction of molecules bound
in dimers. Since the association sites are considered to be independent in the theory
presented here, the fraction of monomers equals the product of probabilities that
each independent site is not bonded. For a two-site alcohol molecule, the fraction of
free monomers is calculated as

(2.27)
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The oxygen atom in the alcohol has two lone pairs of electrons that each
might participate in a hydrogen bond. In this case, a three site model with two
electron donor sites and one electron acceptor site (i.e., the hydrogen site) might be
appropriate. For a three-site alcohol molecule, the fraction of free monomers is
calculated as

(2.28)
For a two-site alcohol molecule, the fraction of molecules bound in dimers is
calculated as 54

(2.29)
The activity coefficient of component in a mixture is defined as
𝑥
𝑥
(2.30)

Where

is the ratio of the fugacity coefficient of component in the mixture

and as a pure substance.

The fugacity coefficient is given using the following expression

(2.31)
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2.2. Hydrogen Bonding Distributions
2.2.1. Fraction of Molecules Involved at Least Once in Self-Association
The thermodynamics of hydrogen bonding in 1-alcohol + water binary
mixtures is studied in depth in Chapter 7 of this thesis. In reference to Table 2-1,
alcohols are commonly modeled within the SAFT framework with two or three
association sites. A clear basis for the choice of alcohols association scheme does not
seem to exist in the literature. As a result, we examine the effect of association
scheme on the fraction of molecules involved at least once in self-association. In
other words, we examine the fraction of alcohol molecules that are bonded at least
once to another alcohol molecule and the fraction of water molecules that are
bonded at least once to another water molecule. Results using a two site alcohol
model 2(1,1) and a three site alcohol model 3(2,1) are compared with molecular
simulation to decide on the best choice of association scheme for modeling alcohol +
water binary systems.
For the case of a two site alcohol model, A and B, represent the hydrogen
and the oxygen atom respectively. Water is modeled as a hard sphere with four
association sites, where two of them (A and B) stand for the hydrogen atoms and the
others (C and D) represent the oxygen atoms. In the framework of Wertheim’s
multi-density formalism, the fraction of alcohol molecules involved at least once in
self-association is:
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a( aa )
 X o  a X B   wa  X o  a X A   wa  X o  w X B  w X C   wa *  a X A   aa
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 X oa a X Ba  aa *  w X Aw   w X Dw  wa  X oa a X Ba  aa * a X Aa  aa
(2.32)
For the case of a three site alcohol model, A, B and C represent the
hydrogen atom and the two oxygen atoms, respectively. Water is still modeled as a
hard sphere with four association sites, where two of them (A and D) stand for the
hydrogen atoms and the others (B and C) represent the oxygen atoms. The fraction
of alcohol molecules involved at least once in self-association is the sum of the
following bonding states:
( aa )
( waa )
( aaa )
( waa )
( aaa )
( waa )
( aaa )
( wwaa )
( waaa )
( aaaa )
 B( aa )  AB
 AB
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a( aa )  A
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a
a
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(2.33)
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For water, the fraction of molecules involved at least once in self-association is the
sum of the following bonding states:
( ww )
( wwa )
( www )
( wwa )
( www )
( wwa )
( www )
 B( ww ) C( ww )  D( ww )  AB
 AB
 AC
 AC
 AD
 AD
 w( ww )  A










w
w
w
w
w
w
w
w
w
w
w
w

w

w

w

w

w

w

w

w

w

( wwa )
( www )
( wwa )
( www )
( wwa )
( www )
( wwaa )
( wwwa )
( wwww )
 BC
 BC
 BD
 BD
 CD
 CD
 ABC
 ABC
 ABC









w
w
w
w
w
w
w
w
w
w




w

w

w

w

w

w

w

w

( wwaa )
( wwwa )
( wwww )
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(2.34)
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Equations used to describe each of the bonding states shown in Eqs. 2.32-2.34, along
with their detailed derivations, are found in Appendix A.
2.2.2. Fraction of k-time Bonded Molecules due to Self and CrossAssociation
Here, water is modeled as a hard sphere with four associating sites, where
two of them (A and B) stand for the oxygen atom and the others (C and D) represent
the hydrogen atoms. Alcohol is modeled with three associating sites, E and F
representing the oxygen atom and G representing the hydrogen atom. Using
Wertheim’s multi-density formalism, the concentration of species bonded at each
site is:

(

)

(

)
(2.35)

(

)

(

)
(2.36)

(

)

(

)
(2.37)

(

)

(

)
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(2.38)

(

)

(

)
(2.39)

(

)

(

)
(2.40)

(

)

(

)
(2.41)

Using what is derived so far, the fraction of k-time bonded molecules due to both
self and cross association is derived as following:

(

)
(2.42)

(
)

(

(2.43)

)
(2.44)
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(

)
(2.45)

(

)
(2.46)

(

)
(2.47)

(

)
(2.48)

2.2.3. Fraction of k-time Bonded Molecules due to Self-Association Only
Using Wertheim’s multi-density formalism, the concentration of species at
each bonding state is:

(

)
(2.49)

(

)
(2.50)
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(

)
(2.51)
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)
(2.52)
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(2.54)

(

)
(2.55)
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(2.57)

(

)
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(2.58)

(

)
(2.59)

(

)
(2.60)

(

)
(2.61)

(

)
(2.62)

Consequently, the fractions of alcohol molecules that are k-time bonded to another
alcohol molecule only are derived as:
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(

(
(

)

)

(

)

)

(2.63)

(

)
(2.64)

(

)
(2.65)
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Chapter 3

Predicting the Water Content of
Alkanes in Equilibrium with an
Aqueous Phase Using Molecular
Theory
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3.1. Background
Modeling the equilibrium water content of gas and/or liquid hydrocarbons
and their mixtures has proven to be of vital importance to the gas and petroleum
industries for inherently safe design, operation, and efficient performance of
process equipment. Prediction of water content is important in preventing
corrosion problems caused by moisture condensation in pipelines or process
equipment and in determining the dosage of chemical inhibitors designed to
prevent hydrate crystal formation in subsea and terrestrial pipelines. Hydrates have
been known to create blockages in fluid transmission lines, causing serious damage
to plant equipment, and posing significant safety concerns.
Despite the significant importance of these systems in many industries and
the efforts to measure the mutual solubilities accurately, significant disagreement
exists in the experimental data. The International Union of Pure and Applied
Chemistry (IUPAC) and the National Institute of Standards and Technology (NIST)
evaluated the solubility of water in alkanes containing five or more carbon atoms
using a method developed by Góral28 based on the Redlich-Kwong equation of state
(RK)29 with an additional term that accounts for hydrogen bonding. 55 Other
significant studies by researchers in this field include that by Tsonopoulos30, 31 and
Wagner32 where experimental data for water solubility in hydrocarbons was
correlated as a function of carbon number at ambient conditions, Mohammadi et
al.56 for predicting water content in methane and ethane systems using the
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Valderrama modification of Patel-Teja equation of state57 (VPT EoS) with the nondensity dependent (NDD) mixing rules58 and Carroll59 for correlating water content
of acid gases using different empirical equations. Yarrison et al.60 followed a
successful approach of combining the Peng-Robinson equation of state (PR)61 for
modeling the hydrocarbon phase while using an accurate equation of state 62
developed by the International Association for the Properties of Water and Steam
(IAPWS) for the pure water phase. Their comparison with data was limited to high
pressure solubility data of water in pure supercritical methane and ethane gas.
However, still there is a need for a molecular based model to study the
consistency of the experimental data sets across carbon numbers and to predict
water content for temperatures, pressures, and hydrocarbons that have not yet
been measured. Emborsky et al.63 extended Yarrison’s work by modeling water
content in heavier hydrocarbons using PC-SAFT7,10 for the hydrocarbon phase
instead of PR. Due to the low solubility of water, hydrogen bonding can be neglected
in the hydrocarbon phase and therefore, the proposed model suggested treating
water as a non-polar sphere surrounded by a sea of non-polar hydrocarbon
molecules. The non-polar core of a water molecule is commonly modeled with a
Lennard-Jones potential. The opportunity here is to use the accuracy of PC-SAFT in
modeling mixtures of non-polar chain like molecules to evaluate water content data
over a range of carbon numbers. The aim is to find an optimum set of parameters for
water that best fit water solubility data in normal alkanes (C5-C16) while setting the
binary interaction parameter (

) value as zero. The Lennard-Jones energy
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parameter,

, was reduced from that commonly used with PC-SAFT to a value of

207.3 K coming closer to simulation predicted values of around 74-160 K.26
Taking advantage of the Emborsky et al.63 model, this chapter attempts to
review most of the water solubility data in alkanes found in the literature and arrive
to a list of recommended references that match the model predictions within

30%

deviation. In addition, this work extends that of previous authors by applying it to
hydrocarbon phases that are in equilibrium with the ice phase. The assumption
made of modeling water as a non-associating fluid can be applicable at low
temperatures. However, increasing the temperature will cause an increase in water
content in the hydrocarbon phase making association and long range polar
interactions more significant. Therefore, we incorporate the association parameters
of water in PC-SAFT to overcome this situation.

3.2. Thermodynamic Modeling
For a water + alkane binary system, the phase equilibrium can be expressed
as:

𝑦𝐻2 𝑂

𝑠 𝑡
𝐻2 𝑂

= (1

𝑥𝐻 )𝑓𝐻2 𝑂,

, 𝑢𝑟

(3.1)
Where 𝑦

is the mole fraction of water in the hydrocarbon rich phase,

fugacity coefficient of water in the hydrocarbon rich phase,
𝑥

is the

is the total pressure,

is the hydrocarbon mole fraction in the water rich phase, approximated as zero
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in this work and 𝑓
temperature

is the fugacity of pure liquid water evaluated at

and pressure . Using the fact that the aqueous phase is dominantly

water, the activity coefficient of water is assumed to be unity.
The fugacity coefficient of water in the hydrocarbon rich phase is determined
from the PC-SAFT EoS using

ln

𝑠 𝑡
𝐻2 𝑂

=

𝑟 𝑠
𝐻2 𝑂

ln

(3.2)
Where

is the chemical potential residual to an ideal gas at the same density as

the fluid of interest,
SAFT and

is the compressibility factor respectively, calculated using PC-

is the Boltzmann constant.

3.2.1. IAPWS Equation of State
Using the Wagner and Pruβ formulation64 allows an accurate water fugacity
calculation with minimum parameters. From classical thermodynamics, the fugacity
of pure water can be written as

ln 𝑓𝐻2 𝑂, , 𝑢𝑟

= ln

𝑠 𝑡
𝐻2 𝑂

𝑠 𝑡
𝐻2 𝑂 (

) +
𝑠 𝑡

𝑉𝐻𝐿2 𝑂 ( , )
(
)
𝑅

(3.3)
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Where

is the fugacity coefficient of water at saturation, 𝑉

molar volume,
and

is the liquid water

is the water saturation pressure, 𝑅 is the universal gas constant,

are the pressure and temperature of the system respectively. The fugacity

coefficient of pure liquid water at saturation can be calculated using the following
correlation by Yarrison et al.60 The correlation is valid in the temperature range of
274-647 K.

𝑠 𝑡
𝐻2 𝑂

=1

0.00134092747753865 𝑥

9.7 1

274

+ 1.95670 × 10

3

(3.4)
Where

is the temperature in Kelvin. Moreover, pure water saturated liquid density

and vapor pressure is correlated using the following expression64

ln (

𝑠 𝑡
𝐻2 𝑂

)=

7.8595𝜏 + 1.8441𝜏 1.5

11.7866𝜏 3 + 22.6807𝜏 3.5

15.9619𝜏 4

+ 1.8012𝜏 7.5

(3.5)
𝑠 𝑡
𝐻2 𝑂

= 1 + 1.9927𝜏1/3 + 1.0997𝜏 2/3

0.5108𝜏 5/3

1.7549𝜏 16/3

45.5170𝜏 43/3

674694𝜏 110/3

(3.6)

𝜏=1

(3.7)
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The liquid water volume is just the reciprocal of the density which is fitted as
a function of temperature in the range of 274-510 K.60

𝐻2 𝑂

,

𝑠 𝑡
𝐻2 𝑂

=

𝑠 𝑡
𝐻2 𝑂

+

6

(2 × 10

1

2

464.022

1

+ 3.947 𝑥

0.819

2.924)
(3.8)
Where

,

and

are the critical pressure, temperature and density of liquid

water respectively. Equation 8 is a modification of Wagner and Pruβ64 saturation
pressure correlation that makes the density and, consequently, the liquid volume
more accurate at pressures greater than the saturation pressure.
3.2.2. Ice-Gas Equilibria
The fugacity of water in the ice phase can be estimated in a similar fashion to
that of liquid water. The main difference exits in correlating the ice molar volume
and vapor pressure. The fugacity of ice can be calculated using the following
relationship:65

𝑓 =𝑥

𝑠 𝑡

𝑥
𝑠 𝑡

𝑣
𝑅

(3.9)
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Where 𝑥 ,

,𝑣

and

refer to the mole fraction, the activity coefficient, the

molar volume and saturation pressure of component in the ice phase. Since, the ice
phase is assumed to be composed of pure water, the activity coefficient of water is
equal to unity. Also, the fugacity coefficient of water in the hydrocarbon phase,

,

was taken to be equal to unity in this section. Consequently, the aforementioned
equation can be simplified to the following form:65
𝑠 𝑡

𝑦𝑤𝐻 =

𝐻
𝑤

𝑣𝑤 (
𝑥 *

𝑠 𝑡

𝑅

)

+

(3.10)

𝑣𝑤 =

19.665 + 0.0022364(
103

273.15)

(3.11)

𝑠 𝑡

=

10(

1032 .558

+[51.056 log ( )] 0.0977 +(7.0357 ×10 5 ) 2 98.512)

7600

(3.12)
In the aforementioned equations,
kmol1 and

is given in MPa.

is given in Kelvin, 𝑣

is expressed in units of m3
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3.3. Results and Discussion
The procedure taken in finding an optimized set of pure component PC-SAFT
parameters for water combines fitting saturated liquid densities and vapor
pressures as well as liquid-liquid equilibrium data for water + n-alkane binary
systems. First, water content in n-alkanes (C5-C16) was fitted to the three intrinsic
PC-SAFT parameters ( ,

and

). Water is often modeled in molecular

simulations as spherical with a diameter of nearly 3 Å. Therefore, the segment chain
length ( ) was set to be unity and the segment diameter was fixed to be 3.04 Å.
Calculations showed a lack of sensitivity of water content to changes in the segment
diameter. An optimized value for the potential well-depth (

) of 204 K was found

to fit the water solubility data in n-alkanes with the minimum possible error. Using
an exponential-6 potential model, Errington et al.26 report a value of

= 160 K

based on molecular simulations. Taking the dipole moment of water into account
using the non-primitive mean spherical approximation (MSA)66, we found that the
long range polar interactions can be neglected when considering water content in nalkanes at low temperatures and pressures. Association parameters were included
in this work in order to capture hydrogen bonds formed by water in light
hydrocarbons at high temperatures where the water content becomes significant.
The two PC-SAFT parameters for association (

and

) were fitted to pure

saturated water densities and vapor pressures. Simulations performed by Koh et
al.67 obtained a value of 1813 K for the association strength. The aim was to obtain a
value of

that is as close as possible to the simulation value with the least
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possible error. Again, the association parameters can be safely neglected when
considering water content in n-alkanes at low temperatures and pressures. Table 31 summarizes the optimized PC-SAFT parameters for water, fitted to solubility data
in normal alkanes with carbon number of five and higher, along with the absolute
average deviations (% AAD) in comparison to literature values by Wagner and
Pruβ64 for the temperature range of 273.16 – 606 K with a 2 K interval.

Table 3-1 Fitted pure component parameters for water

Scheme
water

4C

1.00

(K)

(Å)
3.04

204.7

(K)
1920.02

0.0425

%AADa

%AADa

2.69

5.92

𝑛 𝑡𝑠

a

% AAD =

(100⁄𝑛 𝑡𝑠) ∑

𝑙

𝑗

𝑥

𝑗

𝑥

𝑗

𝑗

3.3.1. Water Content in Liquid Alkanes (LLE)
As previously stated, experimental data for water solubility in liquid nalkanes (C5-C16) are widely scattered. Since PC-SAFT has been shown to accurately
model the phase behavior of long and short chain alkanes68, the model can be used
as a useful tool in examining the quality of the literature data. Experimental values
that pass through the correlation curve or within
In addition, data that are

5% deviation are recommended.

30% from the predicted values are tentative. Pure

component parameters used for hydrocarbons throughout this work were obtained
from Gross and Sadowski.10 Figure 3-1 (a), (b) and (c) shows water mole fraction as
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a function of temperature, at atmospheric pressure, in pentane, hexane and octane
respectively.

320

(c)
ε/k = 150 K

310

ε/k = 204 K

ε/k = 250 K

T (K)

300
290

Octane
280
270
0

5

10
104 xwater

15

20

Figure 3-1 Model predictions () in comparison to experimental data on the
solubility of water at a pressure of 1 atm in (a): pentane by Black et al.38 (○),
Polak et al.34 (Δ); (b): hexane by Englin et al.33 (○), Polak et al.34 (○), Sugi et
al.35 (*),Tsonopoulos et al.36 (□), Budantseva et al.37 (+), Black et al.38 (Δ),
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Charykov et al.39 (▬), Zel’venskii et al.40 (◊), Roddy et al.41 (○), Benkovski et
al.42 (Δ); (c): octane by Englin et al.33 (○), Budantseva et al.37 (Δ), Heidman et
al.43 (□), Polak et al.34 (○), Black et al.38 (+).

Experimental data in Figure 3-1 (b) and (c) are somewhat scattered, making
it hard to verify that the perturbation theory is capable of capturing the physics
behind the system. Moreover, a sensitivity analysis was carried out in Figure 3-1 (c)
to show the effect of varying

on the solubility curve. It was realized that water

solubility data in hexane and octane at elevated temperatures and pressures are
more consistent with each other and the model. Figure 3-2 (a) and (b) shows water
solubility in hexane and octane at elevated temperature conditions respectively.
This can give an idea about the strength of the model used and supports
recommendations made at lower temperatures.
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Figure 3-2. Model predictions () in comparison to experimental data on the
solubility of water in (a): hexane by Burd et al.69 (○), Tewari et al.70 (Δ); (b):
octane by Heidman et al.43 (○).

A thorough literature review showed that the liquid-liquid equilibrium data
for water + n-heptane and water + n-hexadecane systems were the most scattered.
Deviations in experimental water mole fractions in the heptane and hexadecane
system reached up to 54% and 44% respectively. Figure 3-3 (a) and (b) depicts the
predicted water content as a function of temperature, at atmospheric pressure, in
heptane and hexadecane respectively.

Figure 3-3. Model predictions () in comparison to experimental data on the
solubility of water in (a): heptane by Englin et al.33 (○), Bittrich et al.71 (□),
Black et al.38 (Δ), Budantseva et al.37 (*), Ghanem et al.72 (+), Polak et al.34 (○),
Schatzberg73 (▬), Zel’venskii et al.40 (◊); (b): hexadecane by Englin et al.33 (○),
Schatzberg73 (Δ), Hellinger et al.74 (□).
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Figure 3-4 depicts water solubility in the hydrocarbon decane phase at
elevated temperature and pressure conditions. The model appears to be predicting
the solubility curve in an acceptable manner. Generally, deviations in the literature
are minimal except for a couple of data points at low temperatures.

Figure 3-4. Model predictions () in comparison to experimental data on the
solubility of water in decane by Namiot et al.75 (○), Economou et al.76 (□),
Schatzberg et al.73 (), Becke et al.77 (Δ), Hellinger et al.74 (▬).

Table 3-2 summarizes results obtained for water content in nonane,
undecane, dodecane and tridecane binary systems. Available data from the
literature are few, however, they are still highly recommended based on the PCSAFT prediction.

Table 3-2 Predictions for water content in nonane, undecane, dodecane and
tridecane at a pressure of 1 atm
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T (K)
298.15
303.15
298.15
313.15
298.15
313.15
298.15
313.15

104 xw,exp 104 xw,pred
Nonane
5.673
3.242
Undecane
673
1173
Dodecane
6.173
1273
Tridecane
6.173
1373

5.6
7.1
6.0
12.4
6.2
12.8
6.5
13.4

We classify experimental data from the literature into three categories
(according to their agreement with the model): recommended, tentative and
doubtful. Recommended data are points that almost lie on the model curve with an
absolute average error of <

5%. Tentative data are points that are within

30%

deviation from the model curve, otherwise, the data is doubtful. Table 3-3
summarizes our recommendations of data for liquid hydrocarbons. Data by Polak et
al.34, Schatzberg

73

and Heidman et al.43 are considered the most recommended by

this work. This agrees well with previous observations by Tsonopoulos31 and
Maczynski et al.78 On the other hand, data by Englin et al.33 and Black et al.38 showed
continuous deviations not only from our PC-SAFT predictions, but also from
calculations done previously by other researchers.78, 79
Finally, it would be useful for engineering applications to correlate water
content in liquid hydrocarbons based on results predicted by the model.
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Tsonopoulos31 succeeded in developing an empirical equation for this purpose
which is a function of carbon number at ambient condition. Moreover, this paper
extends his work to temperature dependence. Figure 3-5 demonstrates how water
solubility varies as a function of temperature and carbon number. As observed by
Tsonopoulos31, water mole fraction in alkanes increase slightly as a function of
carbon number at ambient conditions. However, Figure 3-5 also shows that the
solubility increases as a function of temperature too. The proposed equation for
correlating water content in liquid alkanes (C5-C16) at temperatures ranging from
293.15-323.15 K is as follows with an average absolute deviation of 0.86%
compared to PC-SAFT results:

𝑥𝑤 × 104 = exp

80.8136 + 14.427 ln

+ 0.04
(3.13)

30
25

323.15 K

104 xwater

20
313.15 K

15
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10
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11
CN

13
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Figure 3-5 Water content in C5+ n-alkanes as a function of temperature and
carbon number at a pressure of 1 atm. Correlation by this work ();
Tsonopoulos 31 ( ).
Table 3-3 Data categories for the solubility of water in C5+ n-alkanes

Alkane

Recommended

C5

C6

J. Polak34
Sugi35
J.W. Roddy 41
S.D. Burd 69
J. Polak34
P. Schatzberg 73

C7

C8
C9
C10
C11
C12
C13
C16

J. Polak 34
L. S. Budantseva 37
J. L. Heidman 43
P. Schatzberg 73
P. Schatzberg 73
P. Schatzberg 73
P. Schatzberg 73
P. Schatzberg 73
S. Hellinger 74
P. Schatzberg 73

Tentative
Doubtful
38
C. Black
J. Polak34
B.A. Englin33
Ya.D. Zel'venskii 40
C. Tsonopoulos 36 V.G. Benkovski 42
L.S. Budantseva 37
Y.B. Tewari 70
C. Black 38
A.K. Charykov 39
L. S. Budantseva 37
C. Black 38
N. A. Ghanem 72
H.-J. Bittrich 71
Ya.D. Zel'venskii 40
J.F. McCants 80
B.A. Englin 33
B.A. Englin 33
C. Black 38

A.Yu. Namiot 75
S. Hellinger 74

V.G. Benkovski 42
A. Becke 77
I.G. Economou 76

B.A. Englin 33
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3.3.2. Water Content in Light Alkanes (VLE)
Prediction of the vapor-liquid equilibrium of water + light hydrocarbon
systems is critical for industrial applications including natural gas dehydration and
hydrate inhibition. As a commonly used pipeline specification, water content in dry
natural gas should not exceed a maximum of 7 lb/ MMCF, which is equivalent to a
dew point temperature of 14 oF.24, 23 Therefore, a powerful thermodynamic tool like
PC-SAFT can be useful for predicting the above conditions. Pure component
parameters used for modeling light hydrocarbons in this work were obtained from
Gross and Sadowski.10 Fortunately, most of the data found in the literature for water
solubility in light alkanes are consistent with each other with acceptable deviations.
As a result, forming a list of recommended references for light hydrocarbon systems
will not be attempted. Hydrocarbons in equilibrium with liquid water or ice phase
are covered in this section. Figure 3-6 (a) and (b) demonstrates the predicted water
content in supercritical methane gas under high temperature and pressure
conditions.
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Figure 3-6. PC-SAFT () and PC-SAFT/IAPWS  predictions in comparison
to experimental data (○) on the solubility of water in methane by (a): Yarrison
et al.60 and (b): Olds et al.81

In reference to Figure 3-6 (a) and (b), it is shown that PC-SAFT/IAPWS model
starts diverging at relatively high pressure of about 40 MPa. On the other hand, PCSAFT alone for both the water rich and alkane rich phases was able to model the
whole range of pressure with the least error. The accuracy of the IAPWS EoS in
modeling water liquid is of no doubt as shown previously by Yarrison et al. 60
Therefore, the source of error introduced in the PC-SAFT/IAPWS approach can be
attributed to the failure of the perturbation theory in calculating the water partial
molar volume in the hydrocarbon phase accurately. Also, the dispersion energy
parameter (

between water and methane might be under-estimated as a result of

setting the interaction parameter (

) to zero. Furthermore, the assumption taken
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to consider the solubility of alkanes in water as negligible is weakest in the case of
light hydrocarbons. On the other hand, both errors in calculating water partial
molar volume in the hydrocarbon and water phase appear to cancel each other
when PC-SAFT alone was used, hence better prediction. The same discussion can be
applied to water content in ethane gas. Deviations by the PC-SAFT/IAPWS approach
were calculated to be less than that in water + methane binary system. Figure 3-7
(a) and (b) demonstrates the predicted water content in ethane gas under high
temperature and pressure conditions. Furthermore, deviations in the PCSAFT/IAPWS approach were found to be small in predicting water content in
propane gas. Table 3-4 summarizes results and deviations calculated for water +
propane binary system as predicted by the model.
1
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Figure 3-7. PC-SAFT () and PC-SAFT/IAPWS  predictions in comparison
to experimental data (○) on the solubility of water in ethane by (a): Yarrison
et al.60 and (b): Reamer et al.82
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Table 3-4 Comparison between predicted values and experimental data83, 84
for water content in propane

T (K)
310.928
310.928
338.706
338.706
338.706
360.928
360.928
360.928
369.65
369.65
369.65
383.15
383.15
383.15
383.15
399.817
399.817
399.817
399.817
422.039
422.039
422.039
422.039
292.65
299.65

p (MPa) yw,exp yw,pred AD %
0.703 0.00954 0.00910 4.606
0.972 0.00696 0.00647 7.074
1.007 0.0265 0.0250 5.768
1.496 0.0170 0.0164 3.918
1.993 0.012 0.0118 1.433
1.310 0.0497 0.0484 2.456
2.130 0.0291 0.0287 1.454
3.206 0.0172 0.0174 1.145
1.427 0.0637 0.0619 2.802
3.068 0.0264 0.0265 0.272
4.158 0.0157 0.0167 6.397
1.737 0.0809 0.0819 1.198
3.075 0.0433 0.0439 1.508
4.344 0.0266 0.0282 6.225
4.950 0.0203 0.0225 10.883
3.027 0.0786 0.0788 0.361
4.654 0.0466 0.0478 2.495
5.599 0.0360 0.0371 3.145
6.867 0.0250 0.0274 9.552
4.289 0.101 0.106 4.651
6.398 0.0635 0.0670 5.491
8.391 0.0449 0.0491 9.361
9.935 0.0388 0.0423 9.276
0.819 0.00267 0.00265 0.726
0.897 0.00349 0.00369 5.654
AAD %
4.314

Tables 3-5 and 3-6 summarize results obtained for methane and ethane
systems in equilibrium with liquid water and ice. The approach used diverges at
high pressures due to theory limitations discussed above. Therefore, errors were
analyzed for methane systems up to 40 MPa only for fair comparison. A wide range

56

of temperatures is covered from 243.15-510 K. It can be seen that the consistency
among experimental data for both methane and ethane systems is reasonable and
the agreement with model predictions is high.

Table 3-5 Summary of results obtained for the binary system methane + water
up to a pressure of 40 MPa

Ref.
Yarrison et al.60
Olds et al.81
Chapoy et al.85
Mohammadi et al.56
Chapoy et al.86
Chapoy et al.87
Oellrich and Althaus88
Oellrich and Althaus 88
Tabasinejad et al.89
Folas et al.90
Rigby and Prausnitz 91
Yokoyama et al.92
Gillepsie and Wilson93
Kosyakov et al.94
Sultanov et al.95
Althaus et al.88
Kosyakov et al.94
Total/ AAD %

Data points
T range (K)
In equilibrium with liquid water
15
310.9-477.5
46
310.9-510.9
46
283.08-318.12
17
282.98-313.12
24
273.15-288.55
22
277.8-297.6
13
283.15-293.15
19
273.15-288.15
24
422.7-461.6
7
293.15-348.15
12
298.15-373.15
5
298.15-323.15
6
323.15-348.15
5
273.16-283.16
10
423-473
In equilibrium with ice
7
253.15-268.15
3
243.15-263.15
386

p range (MPa)

AD %

3.45-20.68
2.67-35.60
0.992-35.09
0.51-2.846
0.56-13.15
0.491-4.374
0.244-1.28
0.5-10
3.67-37.06
1.379-10
2.35-9.35
3.0-8.0
1.379-13.79
1.01-6.08
6.48-39.233

9.09
12.06
15.83
1.64
5.78
4.33
4.94
3.78
10.64
4.57
4.13
5.56
6.26
3.84
13.10

0.5-1.5
1.013

3.11
3.81
10.03
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Table 3-6 Summary of results obtained for the binary system ethane + water

Ref.

Data points

T range (K)

p range (MPa) AD %

In equilibrium with liquid water
Reamer et al.82

95

310.9-510.9

1.38-68.95

8.89

Yarrison et al.60

18

366.5-466.5

3.45-110.32

14.14

Mohammadi et al.56

5

282.93-293.1

0.506-2.99

5.97

King and Coan96

17

298.15-373.15

2.28-3.63

4.36

Anthony and McKetta97

9

310.98-377.65

3.42-27.85

5.88

Althaus et al.88

10

278.15-293.15

0.5-3

1.17

Total/ AAD %

177

10.12

3.4. Conclusion
We modeled water content in normal alkanes as a non-polar sphere
surrounded by a sea of hydrocarbon molecules. Because the water solubility is low,
self-association and long range polar interactions between water particles can be
neglected at low temperatures and pressures. Lack of agreement among
experimental data obtained from different sources is studied and a set of data is
recommended to the reader based on the molecular theory used. Overall, results
show that PC-SAFT equation of state can be used as a rigorous engineering tool for
various natural gas processing applications.
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Chapter 4

Predicting the Water Content of Acid
Gas Containing Mixtures in Equilibrium
with an Aqueous Phase Using
Molecular Theory
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4.1. Background
Natural gas dehydration is an essential process in any natural gas processing
plant. The main goal of gas dehydration is removing water to reduce pipeline
corrosion and eliminate line blockage caused by hydrate formation. The water dew
point should be below the lowest pipeline temperature to prevent free water
formation. Also, most product specifications require that no free water be present.
As a result, the maximum water content allowed in a sales gas range between 4 to 7
lb/MMSCF. For liquids, the water content is 10 to 20 ppmv. Hydrate formation may
occur not only in pipelines, but also in cryogenic processes such as the production of
liquefied natural gas (LNG) and of C2+ raw materials needed for the polymers
industry. Furthermore, enhanced oil recovery (EOR) processes related to the
injection of nitrogen or acid gases have gained more attention during the last few
years as an effective method of increasing oil and gas production. The process
depends on compressing acid gases exiting the amine regenerator overhead or
nitrogen exiting the nitrogen rejection unit and transporting them via pipelines to
an injection well23,24. Consequently, designing both natural gas dehydration and acid
gas injection schemes requires a detailed knowledge of wet and sour natural gas
mixtures. Experimental data for water content of n-alkanes are widely scattered
while that for acid gases is limited. Therefore, rigorous thermodynamic models are
needed to accurately predict water content at conditions where experimental data is
scattered or does not exist.
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4.1.1. Previous Experimental Efforts in Measuring Water Content of Acid
Gases
Experimental efforts in measuring water solubility in vapor carbon dioxide
phase started back in 1939 by Wiebe and Gaddy98-100. Latter, Gillespie and Wilson101
as well as Song and Kobayashi102 extended the range of existing data to higher
pressures where liquid carbon dioxide phase is formed below the pure CO2 critical
point. The later also provided extensive data at CO2 supercritical conditions. In
general, reasonable agreement can be observed among various sets of data above
hydrate formation temperatures and up to intermediate pressure regions. Water
content for CO2 + H2S mixtures was also measured at several conditions by Clark.103
Furthermore, Song and Kobayashi104 examined the effect of adding CO2 on water
content of methane and ethane supercritical gases. Most recently, Yarrison105
presented new experimental data on the water content of 90% methane + 10%
carbon dioxide, 30% methane + 70% carbon dioxide and 5% ethane + 95% carbon
dioxide.
Experimental data found in the literature concerning H2S systems is scarce.
The work by Selleck et al.106 and Gillespie et al.107 on water content of vapor and
liquid H2S is considered to be the most reliable in the literature. A study by Chapoy
et al.108 on the phase behavior of water + hydrogen sulfide system has provided
more data at low temperatures and pressures. Furthermore, Sharma109 examined
water content of two different CH4+H2S mixtures at 327.59 K (130

oF).
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Consequently, a fundamental equation of state is needed to safely predict water
mole fractions in the absence of experimental data.
4.1.2. Previous Modeling Efforts in Predicting Water Content of Acid Gases
Predicting water content in sweet and sour natural gas systems represents a
great challenge to researchers as a result of the low water concentration in the
hydrocarbon or acid gas phase. Therefore, most of the techniques used traditionally
by the gas industry rely on charts and empirical correlations to approximate water
mole fraction. At low pressures where the ideal gas approximation is valid, water
content of a gas is approximated to be equal to the vapor pressure of pure water
divided by the total pressure of the system. This relation assumes that the solubility
of gases dissolved in water is minimal. Therefore, the mole fraction of water in the
aqueous phase is taken to be unity. The assumption can be reasonable only in the
presence of hydrocarbons; however, solubility of acid gases in water can be
significant even at low pressures. Sharma and Campbell110 were the first to propose
a method for calculating water content of sour natural gas mixtures. The model
requires the fugacity of water at saturation as well as the fugacity of water and the
compressibility factor of the gas mixture at system conditions respectively. A chart
was provided to estimate the fugacity at the system conditions. However, the chart
is valid only for temperatures between 299.82 and 344.26 K (80-160 oF) and for
pressures less than 13.79 MPa (2000 psia). Later, Maddox111,112 developed a similar
method which relies on reading water content of sweet natural gas from the
McKetta-Wehe chart and then correcting for acid gas presence using other
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respective charts. The chart for CO2 is for temperatures between 299.82 and 344.26
K (80-160 °F) and the chart for H2S is for 299.82 and 410.93 K (80-280 °F). Both
charts are for pressures from 0.69-20.68 MPa (100-3000 psia). In addition,
Carroll113 suggested using the Bukacek method114 instead of the McKetta-Wehe
chart115 for estimating water content of the sweet gas needed for the Maddox
correction method. Wichert and Wichert116 proposed a correction for the McKettaWehe chart to take into account H2S in the gas. The correction factor is calculated
using a chart which is only valid for temperatures between 283.15 and 449.82 K
(50-350 °F) and a pressure range of 1.38-68.95 MPa (200-10,000 psia). Also, the
method is not applicable for H2S equivalent mole fractions greater than 55%. It is
unclear how these methods will behave if extrapolated beyond the range. The
pressure and temperature limitations of most of these models are great
disadvantages.
Carroll developed a more rigorous thermodynamic model (AQUAlibrium) for
estimating water content of sweet and sour natural gas113,117,118. The model uses the
Peng-Robinson (PR) equation of state61 to model the non-aqueous phase while
modeling the water-rich phase using Saul and Wagner formulation62 of the
International Association for the Properties of Water and Steam (IAPWS) equation
of state for pure water. Hydrocarbon and acid gas solubility in the aqueous phase
was calculated using Henry’s law relations. The model was applied independently
by Carroll113,117,118 and Yarrison et al.60,105 and showed superiority over other
empirical correlations and charts found in the literature. Valtz et al.119 used three
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different models to represent H2O-CO2 vapor-liquid equilibrium (VLE). The first
model employs the PR equation of state combined with the classical van der Waals
one mixing rule for modeling the vapor phase and Henry’s law treatment for
modeling the liquid phase. The second and third model use the PR equation of state
combined with Wong-Sandler/Huron-Vidal mixing rule120,121 (PR + WS + NRTL) and
SAFT-VR equation of state17,122 respectively. It is worth noting that SAFT-VR
required two large binary interaction parameters to fit the experimental VLE data
satisfactory. Results showed that the first and third models gave similar accuracies
in predicting CO2 mole fraction in the aqueous phase while the second model
produced the best predictions in terms of water content of the CO2 vapor phase.
Furthermore, Chapoy et al.108 used the Valderrama modification of the Patel-Teja
(VPT) equation of state57 with the non-density dependent mixing rules58 (NDD) for
describing H2O-H2S binary system phase behavior. Again, a relatively high
interaction parameter was used to correlate the experimental data in both phases.
Tsivintzelis et al.123,124 applied the Cubic-Plus-Association (CPA) equation of state16
to model H2O-CO2 and H2O-H2S binary systems. Best results were achieved when
CO2 was modeled as an electron acceptor while H2S was modeled as an electron
donor. Cross association energies were obtained from calorimetric125 and infrared
(IR) spectroscopic126 experiments while cross association volumes were fit to
experimental data. However, the work still required large positive binary
interaction parameters to enhance the correlation performance.
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A new water model based on the perturbed chain form of the statistical
associating fluid theory5,7,10,11 (PC-SAFT) was presented in our previous
publications63,127. Water in the hydrocarbon phase was modeled as a sphere of
diameter 3Å surrounded by a sea of n-alkane chains. Calculations showed that selfassociation and multipolar interactions can be neglected in this phase due to the
extremely low water mole fractions. Therefore, the water dispersion energy (
can be fitted to experimental data available in the literature 127. The pure liquid
water phase was modeled using the accurate IAPWS equation of state64. An average
dispersion energy of 204.7 K turned out to be sufficient for correlating water
content of the hydrocarbon phase. This value is lower than that fitted by Gross and
Sadowski11 for their two associating sites water model (one electron donor and one
electron acceptor, 2B) but is still higher than that used by water models in
molecular dynamic simulation26. The remaining association parameters for our four
associating sites (two electron donors and two electron acceptors, 4C) model were
then fitted to saturated liquid densities and vapor pressures of pure water.
Application of the new model to predict water content of pure acid, inert and noble
gases, namely: carbon dioxide (CO2), hydrogen sulfide (H2S), nitrous oxide (N2O),
nitrogen (N2) and argon (Ar) as well as acid gas mixtures with methane is presented
in this work.

4.2. Molecular Modeling
For a water + gas binary system, the phase equilibrium can be expressed as:
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𝑦
Where 𝑦

𝑥

(4.1)

𝑓

is the mole fraction of water in the gas rich phase,

is the fugacity

coefficient of water in the gas rich phase evaluated using PC-SAFT,
pressure, 𝑥

is the gas mole fraction in the water rich phase, and 𝑓

fugacity of pure liquid water evaluated at temperature

is the total
is the

and pressure . Using the

fact that the aqueous phase is predominantly water, the activity coefficient of water
is assumed to be unity.
Equating the fugacity of the gas component between the vapor and the
aqueous phase gives:
𝑦
Where

(4.2)

𝑥 𝐻

is the fugacity coefficient of the gas in the vapor phase evaluated using

PC-SAFT. 𝐻
temperature

is the Henry’s law constant of the gas in the liquid water phase at
and system pressure , 𝑦

and 𝑥

in the vapor and liquid phases, respectively. 𝐻
constant for the gas in water at temperature

are the mole fractions of the gas
is the Henry’s law
and pressure

. Pressure and

temperature dependent Henry’s constant for acid/ inert gases considered in this
work are calculated using the Krichevsky-Kasarnovsky equation128

𝐻

𝐻

(4.3)

66

Where 𝐻

is the Henry’s law constant for the gaseous species in water at

temperature

and water saturation pressure, and 𝑉

volume of the gaseous species in water at infinite dilution. 𝐻

is the partial molar
for CO2, H2S, N2 and

Ar is calculated using a method developed by Harvey129 while that for N2O using the
correlation by Versteeg and van Swaalj130. 𝑉

for CO2, N2O, N2 and Ar is

calculated using the corresponding states method of Lyckman et al.131 and for H2S
using an improved Lyckman type model developed by Yarrison60,105. Detailed
explanation of the model used can be found in our previous publication60,127.
PC-SAFT parameters for pure water, based on the two electron donor and the
two electron acceptor association scheme (also called the 4C association scheme), as
well as for pure non-associating CH4, CO2, H2S, NO2, N2 and Ar components are
illustrated in Table 4-1.

Table 4-1 Pure component PC-SAFT parameters used in this work

Comp.
H2O
CH4
CO2
H2S
N2
Ar
N2O

1.00
1.00
2.0729
1.6686
1.2053
0.9285
2.3547

(Å)
3.04
3.7039
2.7852
3.0349
3.3130
3.4784
2.6699

(K)
(K)
204.7 1920.02 0.0425
150.03
169.21
229.00
90.96
122.23
160.85

AAD (%) AAD (%)
2.7
0.4
2.8
0.4
0.3
0.3
3.0

5.9
0.7
2.7
0.6
1.5
0.7
1.8

Ref.
127
10
10
132
10
10
133

Interactions in both CO2-water and H2S-water systems have been extensively
studied experimentally and theoretically through ab initio calculations. Results
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indicated that the interactions between acid gases and water molecules are
dominantly of a Lewis acid-base nature along with weaker hydrogen bonding
interactions. Danten et al.134 claim that the carbon atom in carbon dioxide acts as an
electron acceptor while oxygen atom in water acts as an electron donor. On the
other hand, quantum calculations135-137 performed by different researchers suggest
that the most stable interaction existing between water and hydrogen sulfide occurs
when the latter acts as an electron donor while water acts as an electron acceptor.
Following the approach taken previously by Tsivintzelis et al. 123,124 in
modeling water content of acid gases using the cubic plus association (CPA)
equation of state, cross association between H2S-water and CO2-water were taken
into consideration, in this work, through modeling H2S with two negative
association sites and CO2 with two positive association sites. Self-association
between H2S molecules are known to be weak, and hence neglected. In order to
reduce the number of fitting parameters, cross association energies
fixed

to

values

determined

through

calorimetric125

and

⁄
infrared

were
(IR)

spectroscopic126 experiments. The work by Tsivintzelis et al.123,124 required large
binary interaction parameters (
parameter. On the other hand, all

between CO2, H2S and water as a second fitting
values were set to zero throughout this work.

As a result, the only remaining parameter to be fit to experimental data is the cross
association volume (

). Assuming

to be temperature independent,

corresponding parameters for CO2-water and H2S-water were fitted to single
temperature water content data at 304.21 K (87.9 oF) and 366.48 K (200 oF)
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respectively. In this way the model predictive power in calculating water mole
fractions at different conditions can be better examined. Table 4-2 illustrates the
cross association parameters used in this work.

Table 4-2 Cross-association parameters used in this work

Association sites
(K)
on acid gas
H2O-CO2 2 electron acceptor 1683.813
H2O-H2S 2 electron donor 1308.323

(fitted)
0.0066
0.041

4.3. Results and Discussion
4.3.1. Water Content of Pure Carbon Dioxide
Vapor-liquid equilibrium (VLE) of water + carbon dioxide system was
modeled using Eqs. 4.1-4.3. Experimental data by Gillespie and Wilson as well as
Song and Kobayashi on the solubility of water in carbon dioxide at 304.21 K (87.9
oF)

was used to fit the cross association volume (

4-2.

) parameter as shown in Table

An average absolute deviation (AAD) of 7.82% was calculated from the

optimization algorithm. Figure 4-3 (a)-(f) exhibits results obtained at different
temperatures while setting the binary interaction parameter as zero.
The model predictions appear to be in good agreement with the existing
experimental data up to high temperatures and pressures. In reference to Figure 4-1
(a)-(d), it can be observed that water content tends to decrease up to intermediate
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pressures followed by a sudden jump in water mole fraction caused by CO2 phase
transition from vapor to liquid. This phenomenon can no longer be observed above
pure CO2 critical point as shown in Figure 4-1 (e)-(f). In general, the solubility of
water in CO2 vapor phase can be captured using an inert CO2 scheme as proposed by
Gross and Sadowski41. However, once the mixture dew point pressure is reached,
hydrogen bonding becomes more significant with the density increase. As a result,
the sudden increase in water content can only be captured through considering
cross association between CO2 and water. The theory confirms experimental
observations suggesting a weak dependence on pressure for water mole fraction in
the liquid CO2 phase.
4.3.2. Water Content of Pure Hydrogen Sulfide
Experimental data on water content of hydrogen sulfide is limited. Among
these data points found in the literature, are smoothed values published by Selleck
et al.106 based on the scattered experimental data measured by Gillespie et al.107 The
model cross association volume,

, was fitted to experimental data by Gillespie

et al.11 at a temperature of 366.48 K (200 oF). An average absolute deviation (AAD)
of 13.8% was calculated from the optimization algorithm. The fitted value was then
used to predict water solubility at different temperatures as shown in Figure 4-2
(a)-(e).
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Figure 4-1 Water content of pure carbon dioxide as a function of temperature
and pressure. (o): experimental data by Song and Kobayashi102; (Δ):
experimental data by Gillespie and Wilson101; (□): experimental data by King
et al.96; (◊): experimental data by Nakayama et al.138; (): PC-SAFT predictions.

In reference to Figure 4-2 (b), the model over predicts water solubility in
liquid H2S phase at 344.26 K (160 oF) in comparison to the experimental values by
Gillespie et al.107 The same trend was obtained by Carroll113,118 using AQUAlibrium
software package which uses a Peng-Robinson (PR) equation of state in modeling
the non-aqueous phase. Moreover, another set of smoothed data from Selleck et
al.106 does not show a three phase point at temperature of 377.59 K (220 oF), which
is above pure H2S critical point. However, the model in Figure 4-2 (d) predicts the
existence of a three phase point which is in agreement with what has been shown
previously by Carroll and Mather139. In general, the agreement between the model
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predictions and literature values is reasonable considering the scatter found in the
original experimental data.
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Figure 4-2 Water content of pure hydrogen sulfide as a function of
temperature and pressure. (o): smoothed data by Selleck et al.106; (Δ):
experimental data by Chapoy et al.108; (□): experimental data by Gillespie et
al.11; (◊): experimental data by Burgess and Germann140; (): PC-SAFT
predictions.

4.3.3. Water Content of Pure Nitrogen, Argon and Nitrous Oxide
Modeling the phase behavior of water + nitrogen and water + argon binary
systems is simpler than that of CO2, H2S and N2O since no LLE is formed at
conditions under consideration. Coan and King96 argue that N2O hydration occurs in
the vapor phase as a result of Lewis acid-base type of interactions. Since, no LLE
data is found in the literature for N2O-water system and hydration is expected to be
weak in the vapor phase, cross association between N2O and water was neglected in
this work. Moreover, parameters for N2O were obtained through fitting pure
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saturated liquid densities and vapor pressures as shown in Figure 4-3 (a)-(b) and
Table 4-1.
320
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Figure 4-3 (a) Pure nitrous oxide coexistence curve. (b) Vapor pressure of
pure nitrous oxide. (o): data by Lemmon et al.141; (): PC-SAFT correlation.

Experimental data88,89,91,93,94,142-145 found in the literature for nitrogen
systems cover a wide range of conditions from 273-623 K (32-662 oF) and up to 135
MPa (19,580 psia). On the other hand, the only data available on water content of
compressed argon91 and nitrous oxide96 cover a narrower range of temperature
from 298.15-373.15 K (77-212 oF) and pressures up to 9.27 MPa (1345 psia) and
5.00 MPa (725 psia) respectively. Again, the

parameters were set to zero as

followed in the case of water + alkane and water + CO2/H2S systems. As evident in
Figures 4-4 to 4-6, there is good agreement between the model predictions and the
experimental data.
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Figure 4-4 Water content of pure nitrogen as a function of temperature and
pressure. (a): experimental data by Mohammadi et al.142 (all colors); (b):
experimental data by Rigby and Prausnitz91; (c): experimental data by
Tabasinejad et al.89; (): PC-SAFT predictions.
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Figure 4-5 Water content of argon gas as a function of temperature and pressure.
(o): experimental data by Rigby and Prausnitz91; (): PC-SAFT predictions.

Figure 4-6 Water content of nitrous oxide gas as a function of temperature and
pressure. (o): experimental data by Coan and King96; (): PC-SAFT predictions.
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4.3.4. Water Content in Methane-CO2 and Methane-H2S Mixtures
Natural gas streams entering a glycol dehydration unit in a gas plant is
usually a mixture of light hydrocarbons, mostly composed of methane, water, small
percentages of carbon dioxide and traces of hydrogen sulfide. Therefore, modeling
the effect of acid gases on water content of methane is essential for industrial
applications. To do so, binary mixtures of methane-carbon dioxide and methanehydrogen sulfide needs to be first modeled using PC-SAFT. Figure 4-7 (a)-(b) depicts
the phase behavior of methane-carbon dioxide and methane-hydrogen sulfide
respectively.

Figure 4-7 (a): Vapor-liquid equilibrium of methane + carbon dioxide mixture
at 270 K. (b): Vapor-liquid equilibrium of methane + hydrogen sulfide mixture
at 310.9 K. (o): experimental data146,147; () PC-SAFT predictions with kij = 0;
( ) PC-SAFT predictions with a kij = 0.046 for Figure 4-7 (a) and a kij = 0.055
for Figure 4-7 (b).
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Fitted binary interaction parameters along with the absolute average
deviations from experiment are shown in Table 4-3 for methane-carbon dioxide and
methane-hydrogen sulfide systems. The binary interaction parameter tabulated for
carbon dioxide-hydrogen sulfide system will be used later in the next section of this
work. Although adding a

value to each of these systems has been proved to

substantially reduce the error in the liquid phase, we decided to keep the model
predictive and neglect them while modeling the ternary systems. Figure 4-8 (a)-(f)
demonstrates the effect of adding CO2 at different concentrations on the solubility of
water in the methane-rich phase.

Table 4-3 Fitted binary interaction parameters

%AAD %AAD
Ref.
pbubb
y
146
CH4-CO2 0.046 2.163 6.939
147
CH4-H2S 0.055 2.681 2.712
148
CO2-H2S 0.062 2.481 2.509
System

kij

The agreement between the model predictions and the experimental values
for Figure 4-8 (a)-(e) is satisfactory. Now, the model was used to predict water
content at conditions where experimental data is absent. Figure 4-8 (f) shows water
solubility in methane-carbon dioxide mixture as a function of pressure and
composition at 298.15 K (77 oF). An increase in the pressure from 1.38 to 5.52 MPa
(200-800 psia) leads to a reduction in the solubility of water in the vapor phase. At a
constant pressure, it is demonstrated that water content decreases linearly with
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increasing methane concentration. However, a pressure point is reached where
liquid CO2 starts forming and a jump in water content of pure CO2 occurs. PC-SAFT
calculated that dew point pressure, at 298 K (77 oF), to be about 6.24 MPa (905
psia). The sudden decrease in water content at 6.55 MPa (950 psia) is due to the
phase transition from liquid to vapor once methane is added to the system. Further
increase in pressure from 13.79-20.68 MPa (2000-3000 psia) resulted in an
increase in the water content of the supercritical natural gas fluid. However, now
water mole fraction decreases exponentially with increasing methane concentration
at a constant pressure. Figure 4-9 (a)-(b) depicts the solubility of water in two
different gas mixtures of methane + hydrogen sulfide at 327.59 K (130 oF).

80

Figure 4-8 Water content of methane + carbon dioxide mixture as a function of
temperature and pressure. (o, □, Δ): experimental data; (): PC-SAFT
predictions. (a): experimental data by Yarrison105 for gaseous mixture of 90
mol. % CH4 and 10 mol. % CO2; (b): experimental data by Sharma109 for
gaseous mixture of 88.69 mol. % CH4 and 11.31 mol. % CO2; (c): experimental
data by Sharma109 for gaseous mixture of 79.78 mol. % CH4 and 20.22 mol. %
CO2; (d): experimental data by Yarrison105 for gaseous mixture of 30 mol. %
CH4 and 70 mol. % CO2; (e): experimental data by Song and Kobayashi104 for
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gaseous mixture of 5.31 mol. % CH4 and 94.69 mol. % CO2; (f): water content of
methane + carbon dioxide mixture as a function of composition and pressure
at 298.15 K.

Figure 4-9 Water content of methane + hydrogen sulfide mixture as a function
of pressure at 327.59 K. (a): gaseous mixture is 91.7 mol. % CH4 and 8.3 mol.
% H2S. (b): gaseous mixture is 82.17 mol. % CH4 and 17.83 mol. % H2S. (o):
experimental data by Sharma109. (): PC-SAFT predictions.

As expected, the effect of H2S composition the on water content of the
methane-rich vapor phase was weak.

Tables 4-4 and 4-5 compare the model

performance against predictions done by Carroll117 using McKetta-Wehe chart,
Wichert correction, AQUAlibrium software package (AQUA.) and Bukacek-Maddox
method (B-M).
Although the binary interaction parameters for PC-SAFT have been set to
zero, results show that PC-SAFT performs as well as Bukacek-Maddox method in
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predicting water content of H2S systems and performs similar to AQUAlibrium
software package in predicting water content of CO2 systems. Better predictions for
the water content of H2S can be achieved using McKetta-Wehe chart, Wichert
correction and AQUAlibrium software package. Predictions for H2S systems using
PC-SAFT might be improved by tuning the

.

Table 4-4 Comparison of models in predicting water content data by Lukacs149

Conditions

Water Content, lb/MMCF

Temp.
(K)

Pressure
(MPa)

H2S Conc.
(mol. %)

Exper.

McKetta

AQUA.

Wichert

B-M

PC-SAFT

344.26

9.62

16

226

220

235

231

260

204

344.26

6.96

17

292

280

294

294

322

260

344.26

4.21

19

442

410

435

418

467

399

344.26

2.47

21

712

700

692

707

723

652

344.26

9.60

27.5

247

220

255

264

297

211

344.26

6.38

29

328

300

329

330

375

284

Table 4-5 Comparison of models in predicting water content data from the
GPSA Engineering Data Book115

Conditions
Water Content, lb/MMCF
Temp. Pressure
Mixture
Exper. AQUA. B-M PC-SAFT
(K)
(MPa)
20% CO2/80% C1
310.93
13.79
40.6
46
40.7
38.2
20% CO2/80% C1
344.26
6.89
282
293
295
261.3
11% CO2/89% C1
310.93
13.79
40.6
42
39.4
35.8
11% CO2/89% C1
344.26
6.89
286
284
287
258.6
5.31% C1/94.69% CO2 298.15
10.34
109.2 126.3 27.2
126.4
5.31% C1/94.69% CO2 323.15
13.79
164.6 235.6 100
163.3
27.5% H2S/72.5% C1 344.26
9.43
247
258
300
213.8
17% H2S/83% C1
344.26
6.89
292
296
325
262.5
8% H2S/92% C1
327.59
10.34
111
105
113
92.3
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4.3.5. Water Content of Sour Natural Gas Mixtures
Application of the water model in modeling a typical sour natural gas mixture
is important for industrial processes. Accurate determination of water content is
essential for preventing hydrate formation in pipelines. Also, designing injection
schemes for EOR applications require a strong understanding of the phase behavior
of wet acid gas systems. PC-SAFT predictive power was examined through modeling
a quaternary mixture of methane, carbon dioxide, hydrogen sulfide and water at
industrial pipeline conditions. First, the ability of the equation of state in describing
CO2 + H2S binary system phase behavior was tested. In reference to Figure 4-10, it is
interesting to observe as how adding a
binary mixture phase envelope. The fitted

value causes a change in the shape of the
is listed in Table 4-3.

84

Figure 4-10 Vapor-liquid equilibrium of carbon dioxide + hydrogen sulfide
system at 313.02 K. (o): experimental data148; () PC-SAFT predictions with a
kij = 0; ( ) PC-SAFT predictions with a kij = 0.062.

Second, an attempt was made to predict water content of mixed CO2-H2S gas
mixture. Setting all

values as zero, PC-SAFT was able to adequately predict water

content of the mixture at two different compositions as shown in Figure 4-11 (a)(b). Now the model can be used confidently to model the quaternary mixture at
industrial conditions.
Finally, water content of two quaternary mixtures was predicted and is
shown in Table 4-6 and Figure 4-12.
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Figure 4-11 Water content of carbon dioxide + hydrogen sulfide mixture as a
function of pressure at 333.15 K and 363.15 K. (a): gaseous mixture is 80 mol.
% CO2 and 20 mol. % H2S. (b): gaseous mixture is 50 mol. % CO2 and 50 mol.
% H2S. (o, □): experimental data by Clark103; () PC-SAFT predictions.
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Table 4-6 Model performance in predicting water content of a natural gas
quaternary system

CH4
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.05
0.05
0.05
0.05
0.05

H2O
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.49
0.49
0.49
0.49
0.49

CO2
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.05
0.05
0.05
0.05
0.05

H2S T (K) p (MPa)
0.05 310.95
4.82
0.05 310.95
7.6
0.05 310.95
12.52
0.05 310.95
16.93
0.05 380.35
8.36
0.05 380.35
12.93
0.05 380.35
17.17
0.05 449.85
11.8
0.05 449.85
17.31
0.41 380.35
7.56
0.41 380.35
12.27
0.41 380.35
16.92
0.41 449.85
11
0.41 449.85
18.17
%AAD

yexp150
0.00191
0.00171
0.00187
0.00199
0.0225
0.0196
0.0179
0.095
0.0848
0.0253
0.0264
0.0295
0.0938
0.113

%AD
9.92
21.57
13.65
9.94
16.81
28.27
30.28
2.24
12.80
16.73
28.39
11.00
12.06
27.67
17.24
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Figure 4-12 Phase boundaries and pressure-temperature conditions for
natural gas mixture. (Δ): VLE dew point of the mixture; (□): VLLE dew point of
the mixture; (o): VLLE bubble point of the mixture; experimental data by
Huang et al.150; () PC-SAFT predictions.

Generally, the error increases with increase in system temperature and
pressure. The same observation can also be seen in Figure 4-1 (f) at a high
temperature of 477.59 K (400 oF). It is worth noting that Clark8 attempted to model
Huang et al.150 data using AQUAlibrium software package and performed almost
equal to PC-SAFT. Although, the absolute deviations (AD) are within ±30% of the
experimental data, setting

values as zero might have contributed in increasing

the absolute average deviations.
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4.4. Conclusion
A water model developed based on water content data in n-alkanes was used
to predict water content of pure acid, inert and noble gases as well as acid gas
mixtures containing methane. To do so, cross association between water-CO2 and
water-H2S was taken into account. Association energies were fixed to
experimentally determined values, while association volumes were fitted to VLE
and LLE data. Interaction parameters were set to zero throughout the work. The
agreement between the model predictions and experimental data for pure acid,
inert and noble gases was good up to high temperatures and pressures. Moreover,
the effect of acid gas composition on water content of the methane rich phase was
examined. Water mole fraction showed a weak dependence on acid gas composition
at VLE conditions while a strong dependence was shown at supercritical conditions.
Finally, an attempt was made to predict water content of a typical natural gas
stream at industrial conditions. Errors were relatively high but were still within
±30% of the experimental data. SAFT is a general model applicable to a wide range
of systems; yet the results are competitive with the best models created for the
specific case of water content in acid gas systems.
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Chapter 5

Predicting the Water Content of
Natural Gas Mixtures in Equilibrium
with a Hydrate Phase Using Molecular
Theory
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5.1. Background
Natural gas dehydration using glycol solvents or molecular sieves is
considered to be an important process in any natural gas plant to avoid gas hydrate
formation. Also, to avoid ice or hydrate plugging issues, solvents such as methanol
and glycol are injected in oil and gas transmission lines23,24. Unless done, liquid
water, ice or hydrates can form causing a significant pressure drop in production
pipelines as well as possible corrosion problems. Further, cryogenic processes for
natural gas liquids (NGL) production, liquefied natural gas (LNG) processing and
carbon dioxide (CO2) capture151 require accurate knowledge of phase equilibria
involving water. In these processes, traces of moisture need to be eliminated prior
to cooling down the gas to very low temperatures where hydrate can easily be
formed in distillation columns. As a result, hydrate formation conditions and water
content of natural gas streams needs to be accurately determined for better process
design and operation.
The hydrate dissociation temperature has been commonly measured to
determine the thermodynamic equilibrium temperature for hydrate with excess
water. However, this data is not useful for gas dehydration. Rather than measure
the temperature at which the last crystal of hydrate disappears, we measure the
water content of the hydrocarbon phase in equilibrium with gas hydrate at fixed
temperature and pressure.

The relationship between hydrate equilibrium (or

dissociation) temperature and water content can be found by plotting the water
content versus the temperature at fixed pressure. It has been found that the
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logarithm of water content is nearly linear with the reciprocal of temperature over a
wide range of temperatures as shown in measurements from the Rice University gas
hydrate laboratories152,153. A change in the slope of the curve is indicative of a phase
change (e.g., liquid water to hydrate). For any water content on the ordinate, the
equilibrium hydrate temperature can be determined from the abscissa.
Water content in light hydrocarbons has been measured at temperatures
above the hydrate region and in equilibrium with hydrate by several laboratories
besides our own. Most recently, Fouad et al.127 reviewed and examined the
consistency of data found in the literature on water content of light and heavy
alkanes above the hydrate region. Among the earlier studies, water content data for
the propane-rich phase above the hydrate region were reported along the gas /
liquid water / liquid hydrocarbon three-phase envelope by Poettmann and Dean154.
Comprehensive investigations along the three-phase envelope as well as the twophase regions for propane and water were reported by Kobayashi and Katz83.
Parrish et al155 checked the earlier data in the propane-rich liquid phase and carried
their measurements into the hydrate region.
Similar studies were reported for water content in liquid and gaseous ethane.
Coan and King96 reported data on the water content in the ethane-rich phase, while
Parrish et al.155 reported water solubility in the liquid ethane-rich phase above and
below the quadruple point condition. Parrish et al.155 further reported water
content values of three ethane-propane mixtures containing 25, 50, and 75 mole %
ethane, respectively, for temperatures above and below the hydrate conditions.
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Sparks and Sloan156 reported the water content of the binary systems,
ethane-water and propane-water below their respective initial hydrate formation
temperatures. Later, Sloan et al.157,158 reported water content data for three ethanepropane mixtures whose compositions were 10.2, 64.6, and 91.5 mole % ethane,
respectively, and two data points measured on the binary systems to confirm the
results of the earlier report by Sparks and Sloan156 and two measurements of a five
component system. All of their data reported on the binary and multi-component
systems were in the hydrate region.
Equilibrium water content measurements in the hydrocarbon-rich or nonhydrocarbon-rich phase at equilibrium with either a hydrate phase or liquid water
phase have been performed since 1976 at Rice University. Sloan et al.159 presented
the equilibrium water content of methane gas in equilibrium with hydrate for 6.89
and 10.34 MPa for temperatures greater than 249.8 K. Aoyagi et al.152 reported the
experimental measurements of water content in methane gas in equilibrium with
hydrate at 3.45 to 10.34 MPa for temperatures ranging from 234 to 269.8 K. Song
and Kobayashi102,104,160-162 also reported the water content of methane-propanewater, carbon dioxide-water, and carbon dioxide-methane-water systems in the
non-aqueous phases in equilibrium with hydrate or liquid water. Subsequently,
Song and Kobayashi84 presented the water content of pure ethane, propane and
their mixtures in equilibrium with liquid water or hydrates. Song, et al.153,163 have
presented the water content in gaseous methane, liquid ethane, liquid propane,
methane-ethane

mixtures,

and

methane-ethane-propane

mixtures.

These
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measurements have covered the temperature range from 283 to 201 K where water
content is on the order of ten parts per billion. Folas et al.90 measured water content
of methane in equilibrium with an aqueous phase, ice and a hydrate phase at
pressures up to 180 bar using a dew point mirror technology. In addition, Chapoy et
al.86 and Zhang et al.164 used a tunable diode laser absorption spectroscopy (TDLAS)
technology to measure water content of pure methane and natural gas mixtures at
pressures up to 13.79 and 40 MPa respectively. Finally, Fouad et al.165 measured the
water content of three natural gas mixtures in equilibrium with hydrate using a
Panametrics moisture analyzer and at pressures up to 40 MPa.
Although the hydrate dissociation temperature can be measured in a closed
system, measuring the water content in such a system is suspect due to adsorption
of water, for example, on gas chromatographic tubing. Our experience is that more
accurate results relating equilibrium hydrate temperature to water content can be
obtained in a flowing system. This approach avoids errors associated with water
adsorption since water adsorption reaches a steady state in the system and the
approach allows measurement of equilibrium water content at any condition.

5.2. Molecular Modeling
The thermodynamic framework followed in this work is an extension of
previous efforts63,127,133 in developing a generalized model for predicting water
content of acid gas containing natural gas systems in equilibrium with an aqueous
phase (liquid water), ice and a hydrate phase. The hydrocarbon phase was modeled
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using the perturbed chain form of the statistical associating fluid theory (PCSAFT)10,11.
In reference to Table 5-1, water parameters used within the SAFT framework
were taken from our previous publications127,133 while other parameters for
hydrocarbons, nitrogen and carbon dioxide were taken as proposed by Gross and
Sadowski10. Only self-association among water molecules was allowed and all
interaction parameters

were set to zero in this work.

Table 5-1 Pure component PC-SAFT parameters used in this work

Scheme
water
methane
ethane
propane
n-butane
i-butane
nitrogen
carbon dioxide

4C

1.00
1.0000
1.6069
2.0020
2.3316
2.2616
1.2053
2.0729

(Å)
3.04
3.7039
3.5206
3.6184
3.7086
3.7574
3.3130
2.7852

(K)
204.7
150.03
191.42
208.11
222.88
216.53
90.96
169.21

(K)
1920.02

0.0425

AAD %

AAD %

2.69
0.36
0.3
1.29
0.75
0.55
2.21
2.78

5.92
0.67
0.57
0.77
1.59
1.47
1.38
2.73

Furthermore, a modification of the van der Waals and Platteeuw166 (vdWP)
solid solution theory as proposed by Klauda and Sandler167-169 was used to model
the hydrate phase. Intermolecular potential parameters used within the vdWP
framework were obtained through ab initio quantum mechanical calculations as
performed by Klauda and Sandler167-169. The latter offers advantages over the
classical vdWP theory in the sense that guest-host interactions beyond the first
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water cavity and the effect of lattice distortion by guests can be taken into account.
The fugacity of water in the hydrate phase is

𝑓

(

𝑉

)

𝑅

∑𝑣

∑

(5.1)
Where 𝑣 is the number of cages of type m per water molecule in the hydrate lattice,
is the vapor pressure of the empty hydrate, 𝑉

is the temperature

and pressure dependence of the empty hydrate lattice molar volume and

is the

hydrate cage occupancy of guest l in cavity m. The hydrate cage occupancy is
calculated using Eq. 5.2 assuming Langmuir type absorption:
𝑓
∑

𝑓
(5.2)

Where 𝑓 is the fugacity of component l and

is the Langmuir constant

calculated using the temperature dependent correlation found in Eq. 5.3.
Coefficients needed for Eq. 5.3 are given in Tables 5-2 and 5-3.

(5.3)
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Table 5-2 sI parameters for calculating the Langmuir constant in Eq. 5.3

512
Guest
Ac
Bc
Dc
Ac
methane -23.6453 2714.5643
-22.0651
Ethane -23.1806 13.7469 65052.4158 -23.7290
propane
nitrogen -23.0646 2475.8673
-21.8424
carbon
-24.9824 2743.7375 31948.6496 -22.4037
dioxide

51262
Bc
Dc
2760.1604
3843.2773 8882.4254
2337.1765
3171.7604

-

Table 5-3 sII parameters for calculating the Langmuir constant in Eq. 5.3

Guest

512
Bc

Ac
Dc
Ac
methane
2708.8070
23.5746
22.6991
Ethane
926.9897 43614.8526
24.8378
22.2291
propane
23.1307
nitrogen
2499.2232
22.9726
20.6160
carbon
3089.4741 48259.6778
dioxide 25.1752
21.0917

The vapor pressure of the empty hydrate lattice,
temperature dependent correlation found in Eq. 5.4:

51262
Bc

Dc
2147.6899
12013.6211
3534.8896

-3371.3000

4176.1979 45939.4593
2033.6043

-12672.192

2405.3662 28783.0000

, is calculated using the
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(5.4)
The mixture constants

,

, and

in Eq. 5.4 are obtained using the

following mixing rule:

∑

𝑧
(5.5)

Where 𝑧 , is the overall composition of guest i in the hydrate and

is each of the

vapor pressure constants. The coefficients needed for Eq. 5.4 are given in Table 5-4.

Table 5-4 Parameters for calculating the vapor pressure of the empty hydrate
lattice in Eq. 5.4

sI

sII

Guest
methane
4.64130 -5366.10 -0.008332 4.60893
ethane
4.76152 -5419.38 -0.009774 4.71591
propane
4.70796
nitrogen
4.7328 -5400.61 -0.009500 4.69009
carbon dioxide 4.59071 -5345.28 -0.007522 4.84222

The vapor pressure of the empty hydrate, 𝑉

-5397.85
-5492.66
-5449.89
-5354.38
-5621.08

-0.007776
-0.008997
-0.009233
-0.009346
-0.009199

, is calculated using the following

correlations:

𝑉

(5.6)
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𝑉

(5.7)

5.3. Results and Discussion
5.3.1. Model Validation Using Previously Published Experimental Data
In order to examine the performance of the proposed model, we first attempt
to predict water content of systems measured previously. Table 5-5 summarizes
experimental data used for this purpose. The validation section can serve also as a
comparison among different technologies used in the literature for measuring trace
moisture.
Figure 5-1 (a-d) demonstrates predictions made for pure hydrate systems
across a wide range of temperatures and up to moderate pressures. Figure 5-1 (b)
demonstrates the limitations of the TDLAS, as used by Zhang et al.164, in measuring
low water content levels (below 10 ppm) at high pressures. Experimental data
shown in Figure 5-1 (d) was measured at varies pressures ranging from 0.772-1.1
MPa. Unlike vapor-hydrate equilibrium, water content exhibits weak pressure
dependence along the liquid-hydrate coexistence curve. Good agreement is shown
between the theory and the experimental data down to very low temperatures
found in the literature. Figure 5-2 exhibits results obtained for 5.31 mol. % propane
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in methane at temperatures ranging from 234-277 K and pressures up to 6.89 MPa.
In general, the model demonstrates good agreement with the experimental data
with an absolute average deviation (AAD) of 13%.

Table 5-5 Summary of experimental water content data used in validating the
model

Tracor ultrasonic detector
Dielectric cell
Tracor ultrasonic detector
Tracor ultrasonic detector
Panametrics moisture analyzer
Tracor ultrasonic detector
Tunable diode laser absorption
Tunable diode laser absorption

Equilibrium
Phase
H-G
H-L
H-G
H-G and H-L
H-G and H-L
H-G
H-G
H-G

Sloan et al.159
Sloan et al.157,158
Aoyagi et al.152
Song and Kobayashi84
Song et al.153
Song and Kobayashi160
Burgass et al.170
Burgass et al.170

Tunable diode laser absorption

H-G

Chapoy et al.86

Tunable diode laser absorption

H-G

Zhang et al.164

System

Experimental Technique

C1
C2, C3
C1
C1, C2, C3
C1, C2, C3
C1 + C3
C1 + C2
C1 + CO2
C1, NG
mixture
C1, NG
mixture

Reference
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Figure 5-1 Water content of pure (a-b): methane, (c): ethane and (d): propane
hydrates. (): Model predictions. In (a-b): (□): Song et al.153; (o): Aoyagi et
al.152; (Δ): Sloan et al.159; (◊): Chapoy et al.86; ( ): Zhang et al.164. In (c-d): (Δ):
Song et al.153; (□): Song et al.84; (o): Sloan et al.157,158.
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Figure 5-2 Water content of 5.31 mol. % propane in methane at hydrate
conditions. (o), (Δ), (□): experimental data by Song and Kobayashi160; ():
model predictions.

Experimental data by Burgass et al.170, Chapoy et al.86 and Zhang et al.164
offers the advantage of examining the effect of acid and/or inert gases on the
proposed model performance. Figures 5-3 and 5-4 exhibit water content data,
measured by Burgass et al.170, for the binary systems of methane-carbon dioxide and
methane-ethane respectively. The model agreement with the experimental data is
satisfactory with an AAD of 13.9 % and 7.21% respectively. Burgass et al.170
reported an AAD of 14% and 6% using Cubic Plus Association (CPA) equation of
state16. In the methane-carbon dioxide mixture, both models (PC-SAFT and CPA)
tend to predict slightly stronger pressure dependence than that measured
experimentally.
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Figure 5-3 Water content of methane-carbon dioxide mixture in equilibrium
with hydrate. (o), (□), (Δ), (◊): experimental data by Burgass et al.170; ():
model predictions.

Figure 5-4 Water content of methane-ethane mixture in equilibrium with
hydrate. (o), (□), (Δ), (◊): experimental data by Burgass et al.170; (): model
predictions.
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Figure 5-5 shows the model predictions in comparison to data by Chapoy et
al.86 on low acid gas content natural gas mixtures and experimental conditions very
similar to the ones used in this work. Again, the model was able to accurately
predict the experimental data with an AAD of 7.67%.

Figure 5-5 Water content of CO2 containing natural gas mixtures in
equilibrium with hydrate. (o), (□), (Δ), ( ): experimental data by Chapoy et
al.86; (): model predictions.

As a final step in the validation process, we study an interesting set of
experimental data by Zhang et al.164 carried out using the same experimental setup
to that by Chapoy et al.164. It is worth noting that the synthetic gas composition used
in their experiment was heavier in terms of hydrocarbons (including n-butane and ibutane) and sweeter in terms of CO2 than the one prepared by Chapoy et al.86.
Figure 5-6 (a)-(d) demonstrates results obtained at different isobars. The
experimental data tends to deviate from the theory predictions at low water
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concentrations, typically less than 10 ppm. The overall AAD was calculated to be
about 13.7%.

Figure 5-6 Water content of synthetic natural gas mixture in equilibrium with
hydrate. Gas composition can be found in the reference164. (o): experimental
data by Zhang et al.164 at (a): 3.45 MPa, (b): 6.89 MPa, (c): 10.34 MPa, (d):
13.79 MPa; (): model predictions.
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5.3.2. Model Predictions of Experimental Data Measured by Fouad et al.165
Figure 5-7 exhibits the good agreement between the experimental data
measured for mixture 1 and predicted values. The AAD calculated for this set of
measurements was found to be 5.81%. However, data by Burgass et al.170 showed a
weaker pressure dependence at isotherms of 263 and 253 K. Furthermore, studying
the phase behavior of mixture 1 is of a great interest for a couple of reasons. Firstly,
the prepared synthetic gas contained considerable amount of CO2 (6.03 mol. %).
Secondly, and in reference to Fouad et al.165, the hydrate phase undergoes a
structure transition from structure II to structure I at the lowest three measured
isotherms (274.5, 268 and 263 K) and at a pressure of about 15 MPa.

Figure 5-7 Water content isotherms for gas mixture 1 as a function of
pressure. Symbols in black represent experimental data by Fouad et al.165 at
various temperatures and symbols in blue represent data by Burgass et al.170;
(): model predictions.

106

Figure 5-8 exhibits software predictions against experimental data at four
isotherms. In general, all models over-predicted the experimental data measured by
Fouad et al.165 and in that by Burgass et al.170. This raises questions about the
accuracy of current classical and associating models in predicting acid gas hydrates
phase behavior.

Figure 5-8 Water content isotherms for gas mixture 1 as a function of
pressure. Symbols in black represent experimental data by Fouad et al.165 at
various temperatures and symbols in blue represent data by Burgass et al. 170;
(): CPA-Multiflash software (version 4.4) by KBC Advanced Technologies;
():CSMGem software 171,172; (): PVTsim software (version 18) by Calsep
International Consultants.

Figures 5-9 and 5-10 depict water content of the non-polar hydrocarbon
mixtures 2 and 3 in equilibrium with hydrate. The agreement between the
experimental data and predicted values is good, with a calculated AAD of 14.38%
and 8.37% respectively. In terms of Figure 5-9, the model appears to compare well
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with other commercial software available in the market. In general, PC-SAFT as well
as CSMGem software tends to predict slightly higher pressure dependence than that
measured in our lab and predicted by CPA-Multiflash. Moreover, Figure 5-10 shows
how data measured by Fouad et al.165 and that by Chapoy et al.86 almost match each
other within experimental error. We continue to evaluate the pressure dependence
of the theory including the different assumptions made in developing the modified
van der Waals-Platteeuw solid solution theory168. However, more experimental
work is still needed to understand the effect of pressure on water content.

Figure 5-9 Water content isotherms for gas mixture 2 as a function of
pressure. Symbols represent experimental data by Fouad et al.165 at various
temperatures; (): model predictions; (): CSMGem software171,172; ()
CPA-Multiflash software (version 4.4) by KBC Advanced Technologies.
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Figure 5-10 Water content isotherms for gas mixture 3 as a function of
pressure. Red symbols represent experimental data by Fouad et al.165 while
black symbols represent data by Chapoy et al.86; (): model predictions.

5.4. Conclusion
A model based on the perturbed chain form of the statistical associating fluid
theory (PC-SAFT) combined with a modified form of the solid solution theory was
proposed to predict the water content of natural gas mixtures in equilibrium with
hydrate. The model predictions appear to be in good agreement with experimental
data published in the literature. Moreover, the model appears to compare well with
other commercial software available in the market.
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Chapter 6

Understanding the Thermodynamics of
Hydrogen Bonding in Alcohol
Containing Mixtures Using Molecular
Theory: Self Association
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6.1. Background
Understanding the phase behavior of 1-alcohol + n-alkane mixtures is
essential for better process design and operation of many industrial applications.
For this purpose, the accurate determination of vapor-liquid equilibrium (VLE) and
activity coefficients is critical. Experimentally, extensive amount of VLE data that
was measured using different techniques can be found in the literature. The ability
of molecular theories to accurately model VLE of 1-alcohol + n-alkane mixtures was
previously shown using different versions of the statistical associating fluid theory
(SAFT)5,7 equation of state including: early versions173-176, the perturbed chain
version of SAFT (PC-SAFT)10,11,52,177, the polar version of SAFT as implemented by
Jog and Chapman12,13,178-180, the simplified version of PC-SAFT14,181-185, the Chen and
Kreglewski version of SAFT (CK-SAFT)8,9,186, the group contribution versions of
SAFT15,187-189 and the cubic plus association (CPA)16,190-193. The association term in
all of these comes from the original SAFT equation of state5,7. On the other hand,
experimental data found in the literature on the limiting activity coefficients of 1alcohols in n-alkanes is rare194-196 and comparisons with molecular theory are
limited. Schacht et al.197 used the limiting activity coefficients to determine the
binary interaction parameters needed for the Polar PC-SAFT equation of state as
implemented by Gross198,199. The work was limited to the usage of data on the
activity coefficients at infinite dilution for hexane in methanol. Asprion et al.200
showed that excess Gibbs free energy models such as UNIQUAC45,46 are unable to
determine accurately the composition dependence of activity coefficients in 1-
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alcohol + n-alkane mixtures. As a result, there is a need for a predictive model that is
able to capture the entire thermodynamics involving both physical and chemical
interactions properly. To do so, it is necessary for the model to accurately determine
extents of association among alcohol molecules as a function of temperature and
pressure. Fourier Transform Infrared (FT-IR) spectroscopic data201-205 on the
fraction of free monomers can be found in the literature for alcohol + alkane
mixtures. However, disagreement in the data can be found for several of the
mixtures. Kontogeorgis et al.206 used monomer fraction data to fit pure component
parameters needed for simplified PC-SAFT14, CPA16 and non-random hydrogen
bonding (NRHB)207 equations of state. The opportunity here is to take advantage of
infinite dilution activity coefficient data for both components and hydrogen bonding
information from spectroscopic data and molecular simulation to develop
transferable parameters for the SAFT model. For these reasons, a model based on
the Polar PC-SAFT equation of state as implemented by Jog and Chapman12,13 is
developed in this work and molecular dynamic (MD) simulations were carried out
to study the cluster distribution and hydrogen bonding cooperativity in 1-alcohol +
n-alkanes systems. The influence of hydrogen bonding and long range polar
interactions on the phase behavior of 1-alcohol + n-alkanes systems will be
discussed.
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6.2. Molecular Dynamic Simulations
Molecular dynamics simulations of 1-alcohol + n-alkane binary mixtures
were carried out using GROMACS 4.6.5 software package208. To parameterize 1alcohol and n-alkane molecules, the OPLS-AA force field209 was utilized.
Newton’s equations of motion were integrated using leap-frog algorithm210
with a time step of 2 fs. The modified Berendsen thermostat velocity rescaling211
was used to maintain the temperature and Parrinello-Rahman barostat212 was
implemented to maintain the pressure of the system. Periodic boundary conditions
were applied in all the three xyz directions. The bond lengths were constrained
using LINCS algorithm213. The cut-off distance for the Lennard Jones potential which
accounts for the van der Waals interactions was set to be 1.2 nm, and the long-range
correction was applied. The cut-off distance for the electrostatic interactions was set
to be 1.2 nm, and particle mesh Ewald (PME) summation method214 was applied for
accounting for long-range electrostatic interaction. NVT and NPT simulations were
first done for 5 ns to equilibrate the system and then another 5 ns NPT simulations
were carried out for data collection and analysis.
To compute the number of hydrogen-bonds formed in the system, the O-H…O
angle and distance between O and O criteria needs to be defined. From the radial
distribution function for pure 1-alcohol, the distance criterion was set to be 3.7 Å.
So, a hydrogen bond was counted as formed only if O-H…O angle is less than 30
degrees and the distance between O and O in two alcohol molecules is less than 3.7
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Å. The information of hydrogen bonds between 1-alcohols was used to calculate the
fraction of molecules in monomers and dimers.

6.3. Results and Discussion
Alcohol pure component Polar PC-SAFT parameters were fitted to saturated
liquid density and vapor pressure data from the Design Institute for Physical
Properties (DIPPR)215 as well as a single infinite dilution activity coefficient data
point for the corresponding alcohol in hexane or heptane at a specific temperature.
Spectroscopic data for extent of hydrogen bonding was not considered in fitting the
equation of state parameters, in part, due to differences between experimental data
sets discussed below. Following Yarrison et al.186 notations, self-association for
methanol was modeled with two association sites 2(1,1), one electron donor and
one electron acceptor as well as with three association sites 3(2,1), two electron
donors and one electron acceptor. The rest of the alcohols were modeled with two
association sites 2(1,1). Pure component parameters used for n-alkanes were
obtained from the work by Gross and Sadowski10. Table 6-1 illustrates the
parameters obtained from the optimization process and the absolute average
deviations (AAD) scored for each alcohol.
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Table 6-1 Pure component parameters used in this work.

Component

Scheme

methanol
methanol
ethanol
1-propanol
1-butanol
methanol
ethanol
1-propanol
1-butanol

2(1,1)
3(2,1)
2(1,1)
2(1,1)
2(1,1)
2(1,1)
2(1,1)
2(1,1)
2(1,1)

1.50
1.50
2.00
2.50
3.00
1.5255
2.3827
2.9997
2.7515

(Å)
3.349
3.370
3.428
3.459
3.481
3.230
3.177
3.252
3.614

(K)
225
224
230
235
237
188.90
198.24
233.40
259.59

⁄
(K)
2439.295
2333.936
2515.569
2507.637
2535.788
2899.5
2653.4
2276.8
2544.6

0.0340
0.0143
0.0179
0.0145
0.0125
0.0352
0.0324
0.0153
0.0067

(D)
1.70
1.70
1.70
1.70
1.70
-

𝑥
0.50
0.50
0.50
0.50
0.50
-

1.022
2.177
0.928
1.102
3.481
2.36
0.99
0.85
1.78

2.253
3.376
1.570
0.950
0.252
2.01
0.79
1.71
1.63

A good agreement in the free monomer fractions as predicted by Polar PCSAFT and computed by Monte Carlo simulations (MC) using the AUA4 force field216
can be seen in Figure 1. Ferrando et al.217 concluded that a three site association
scheme 3(2,1) appears to be the most appropriate for 1-alcohols. Results in Figure
6-1 demonstrate that using a two or three association site scheme does not matter
much for pure alcohols. The next sections of this work will demonstrate that the
choice of association scheme should be determined from mixture data and not
based on only pure component properties.
The optimized pure component Polar PC-SAFT parameters were then used to
fit the vapor-liquid equilibrium of 1-alcohol + n-alkane binary mixtures. Tables 6-2
and 6-3 compare results obtained using both the polar and non-polar versions of
PC-SAFT with and without fitting a binary interaction parameter (

). A significant

improvement in the predictability power of the equation of state occurs when the
polar term is added. The optimized binary interaction parameters for Polar PC-SAFT
were found to be roughly equal to zero.
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Figure 6-1 Free monomer fractions by Polar PC-SAFT in comparion to MC
simulations and IR spectroscopy. (a): methanol; (b): ethanol; (c): 1-propanol;
(d): 1-butanol. (o): IR spectroscopy25; (■): MC simulations217; thick solid line
(): Polar PC-SAFT predictions (3site model); thin solid line (): Polar PC-SAFT
predictions (2 site model).
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Table 6-2 VLE predictions with the binary interaction parameters set to zero

Polar PC-SAFT
System
methanol + n-hexane
methanol + n-heptane
methanol + n-octane
ethanol + n-pentane
ethanol + n-hexane
ethanol + n-heptane
ethanol + n-octane
1-propanol + n-heptane
1-propanol + n-octane
1-butanol + n-heptane
1-butanol + n-octane

5.112
4.106
3.725
2.561
3.583
3.187
3.701
4.530
4.153

𝑦
5.586
2.163
6.129
4.562
3.039
4.241

PC-SAFT
𝑦
15.924 13.965
9.303
10.664
10.968
13.557
11.126
12.210
7.573
6.016

5.752

Ref.
47

218
219

6.035

220
221

16.778
12.050
9.323

222
223
224
225

Table 6-3 Binary interaction parameters fitted in this work.

Polar PC-SAFT
System
methanol + n-hexane -0.013
methanol + n-heptane -0.013
methanol + n-octane
-0.013
ethanol + n-pentane
0.013
ethanol + n-hexane
0.006
ethanol + n-heptane
0.007
ethanol + n-octane
0.006
1-propanol + n-heptane 0.006
1-propanol + n-octane 0.005
1-butanol + n-heptane 0.006
1-butanol + n-octane
0.006

1.276
1.445
1.679
1.403
2.380
1.292
0.971
1.362
2.886

𝑦
2.717
1.043
4.009
3.021
2.191
2.833

PC-SAFT
0.044
0.044
0.044
0.035
0.034
0.034
0.036
0.021
0.019
0.010
0.011

1.221
0.607
0.988
1.033
2.161
3.094
2.545
1.969
3.076

𝑦
1.969
0.549

Ref.
47

218
219

2.453

220
221

8.226
5.116
3.753

222
223
224
225

Figures 6-2 to 6-7 demonstrate the isothermal phase diagrams and activity
coefficients of mixtures studied in this work. As can be seen, large deviations from
Raoult’s law exist in the range of dilute alcohols. This is attributed to the fact that
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associating molecules at low mole fractions exist as monomers. Monomeric alcohols
have higher vapor pressure than alcohols bound in clusters as found in high
concentrations. Therefore, the partial pressure of alcohols at high dilution is larger
than that predicted by Raoult’s law leading to the asymmetric behavior shown in
Figures 6-2 to 6-7. Moreover, an explicit treatment of hydrogen bonding such as in
PC-SAFT enables an accurate determination of the composition dependence of the
activity coefficients. In reference to Figures 6-2, 6-4 and 6-5, it can be seen how a
conventional excess Gibbs free energy model fails to predict the correct composition
dependence (predicting liquid-liquid phase splitting) for 1-alcohol + n-alkane
mixtures. Table 6-4 illustrates the UNIQUAC structural parameters used in this
work226 as well as the binary interaction parameters regressed to the activity
coefficient values at infinite dilution.

Table 6-4 UNIQUAC parameters used in this work

Structure Parameters
Interaction Parameters*
Component
r
q
i
j
aij
aji
methanol 1.43 1.43 methanol n-hexane -24.8116 -894.7401
ethanol
2.11 1.97
ethanol
n-hexane 63.6779 -657.0369
1-propanol 2.78 2.51 1-propanol n-heptane 106.4579 -593.2176
n-hexane
4.5 3.86
n-heptane 5.17 4.4
* To convert the above UNIQUAC binary parameters (aij) into the DECHEMA form
(Aij), use the following expression: Aij =  RT aij.
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Figure 6-2 (a): Isothermal vapor-liquid equilibrium of the binary system
methanol + n-hexane. (b): Activity coefficient of the binary system methanol +
n-hexane at 313.15 K. (o): experimental data47; solid line (): Polar PC-SAFT;
dashed line (): UNIQUAC.
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Figure 6-3 (a): Isothermal vapor-liquid equilibrium of the binary system
ethanol + n-heptane. (b): Activity coefficient of the binary system ethanol + nheptane at 343.17 K. (o): experimental data227; solid line (): Polar PC-SAFT.
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Figure 6-4 (a): Isothermal vapor-liquid equilibrium of the binary system
ethanol + n-hexane. (b): Activity coefficient of the binary system ethanol + nhexane at 318.15 K. (o): experimental data219; solid line (): Polar PC-SAFT;
dashed line (): UNIQUAC.
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Figure 6-5 (a): Isothermal vapor-liquid equilibrium of the binary system 1propanol + n-heptane. (b): Activity coefficient of the binary system 1propanol + n-heptane at 303.15 K. (o): experimental data222; solid line ():
Polar PC-SAFT; dashed line (): UNIQUAC.
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Figure 6-6 (a): Isothermal vapor-liquid equilibrium of the binary system 1butanol + n-heptane. (b): Activity coefficient of the binary system 1-butanol +
n-heptane at 333.15 K. (o): experimental data224; solid line (): Polar PC-SAFT.
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Figure 6-7 (a): Isothermal vapor-liquid equilibrium of the binary system 1butanol + n-octane. (b): Activity coefficient of the binary system 1-butanol +
n-octane at 303.11 K. (o): experimental data225; solid line (): Polar PC-SAFT.

Polar PC-SAFT was then used to predict the temperature dependence of the
limiting activity coefficients of 1-alcohols in n-alkanes. As depicted in Figures 6-8 to
6-11, results agree well with the recommended experimental data195,196.
Based on the above argument, predicting accurate activity coefficients
indicate that the model is able to capture well the thermodynamics of hydrogen
bonding in the system. This can be shown through comparing free monomer
fractions predicted by the theory to spectroscopic data. However, disagreement
between the data measured by Asprion et al.201 and von Solms et al.202 exist for
ethanol + n-hexane and ethanol + n-heptane binary systems. As a result, MD
simulations were carried out for further validation and comparison. Table 6-5
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illustrates monomer fractions for 1-alcohol + n-alkane systems as computed from
MD simulations.

Figure 6-8 Activity coefficients at infinite dilution for methanol in n-alkane as
a function of temperature. (a): methanol in n-hexane; (b): methanol in nheptane; (c): methanol in n-octane. (o): experimental data195; solid line ():
Polar PC-SAFT predictions.

125

Figure 6-9 Activity coefficients at infinite dilution for ethanol in n-alkane as a
function of temperature. (a): ethanol in n-hexane; (b): ethanol in n-heptane;
(c): ethanol in n-octane. (o): experimental data195; solid line (): Polar PCSAFT predictions.
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Figure 6-10 Activity coefficients at infinite dilution for 1-propanol in n-alkane
as a function of temperature. (a): 1-propanol in n-heptane; (b): 1-propanol in
n-octane. (o): experimental data196; solid line (): Polar PC-SAFT predictions.
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Figure 6-11 Activity coefficients at infinite dilution for 1-butanol in n-alkane
as a function of temperature. (a): 1-butanol in n-heptane; (b): 1-butanol in noctane. (o): experimental data196; solid line (): Polar PC-SAFT predictions.
Table 6-5 Fraction of free monomers using MD simulations.

1-alcohol composition
System
Temp. (K) 0.04
0.1
0.15
0.2
methanol + n-hexane
303.15
0.3301 0.1560 0.1089 0.0801
methanol + n-heptane
303.15
0.3366 0.1675 0.1082 0.0894
ethanol + n-hexane
296.45
0.2293 0.1200 0.0934 0.0757
ethanol + n-heptane
296.45
0.2681 0.1206 0.0923 0.0767
1-butanol + n-hexane
303.15
0.3602 0.1931 0.1475 0.1183
1-butanol + n-heptane
303.15
0.3591 0.1913 0.1506 0.1235
To examine the accuracy of simulations carried out, results are compared to
spectroscopic data and SAFT calculations for methanol + n-hexane binary system.
Figure 6-12 shows the good agreement between the simulations and the FT-IR
spectroscopic data. The latter does not only validate the usage of MD simulations,
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but also the proper choice of a three site association scheme 3(2,1) for methanol.
Unlike other alcohols, the alky chain in methanol appears to be too short to induce
any steric hindrance in the system and prevent the oxygen atom from forming two
hydrogen bonds. Furthermore, it appears that considering alcohol dipole-dipole
interactions shifts the monomer fraction curve upward leading to a better
agreement with the spectroscopic data.
Polar PC-SAFT was also able to accurately predict the temperature
dependence of alcohol monomer fractions in n-hexane, n-heptane and cyclohexane
as shown in Figures 6-13 and 6-14. It can be seen in Figure 6-13 (a-b) that the effect
of using a three site methanol model over a two site methanol model becomes more
pronounced at higher temperatures. In reference to Figure 6-15, both MD
simulations and Polar PC-SAFT agree well with data measured by Asprion et al.201
instead of that measured by von Solms et al.202 Proving to be accurate tools for
computing extents of association, MD simulation and Polar PC-SAFT are now used in
Figure 6-16 to predict monomer fractions where experimental data is lacking for
methanol + n-heptane and 1-butanol + n-heptane.
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Figure 6-12 Free monomer fractions of the binary system methanol + nhexane as a function of composition at 303.15 K. (o, □, Δ): experimental
data201,202,204; (■): MD simulations by this work; thick solid line (): Polar PCSAFT predictions (3site model); thin solid line (): Polar PC-SAFT predictions
(2 site model); dashed line (): PC-SAFT predictions.

In general, analysis of the IR experiments led Wilson et al.228 to a conclusion
that the extent of association is dependent on alcohol concentration, independent of
both the alcohol and the alkane chain length. The latter was confirmed here using
thermodynamic molecular modeling and dynamic simulations. In reference to Eq.
2.18, the fraction of free monomers is dependent on the molar concentration of
association sites, the mass density of the mixture through the pair correlation
function and the temperature through the Mayer f-function. In reference to Table 61, assuming that the association energy for all alcohols is equal to that of pure
ethanol, the Mayer f-function should remain almost constant across a small range of
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temperature. In reference to Figure 6-17 and assuming that the mass densities are
not too different, it should be possible for all of the monomer fraction data to
overlap when plotted against the molar concentration of association sites multiplied
by the ratio of the Mayer f-function at a certain temperature to the Mayer f-function
at 298 K as a reference.
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Figure 6-13 Free monomer fractions of the binary systems 1-alcohol + nhexane as a function of temperature and composition. (a): methanol + nhexane with a 3 site alcohol model; (b): methanol + n-hexane with a 2 site
alcohol model; (c): 1-propanol + n-hexane; (d): 1-butanol + n-hexane. (o, □, Δ,
◊): experimental data201,202; thick solid line (): Polar PC-SAFT predictions
(3site model); thin solid line (): Polar PC-SAFT predictions (2 site model).
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Figure 6-14 Free monomer fractions of 1-alcohol containing mixtures as a
function of temperature and composition. (a): 1-propanol + n-heptane; (b):
ethanol + cyclohexane; (c): 1-butanol + cyclohexane. (o, □, Δ): experimental
data201,203; thin solid line (): Polar PC-SAFT predictions (2 site model).
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Figure 6-15 Free monomer fractions of the binary systems ethanol + n-alkane
as a function of composition at 296.45 K. (a): ethanol + n-hexane; (b): ethanol
+ n-heptane. (o, □): experimental data201,202; (■): MD simulations by this work;
solid line (): Polar PC-SAFT predictions; dashed line (): PC-SAFT
predictions.
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Figure 6-16 Free monomer fractions of the binary systems alcohol + n-heptane
as a function of composition at 303.15 K. (a): methanol + n-heptane; (b): 1butanol + n-heptane. (■): MD simulations by this work; thick solid line ():
Polar PC-SAFT predictions (3site model); thin solid line (): Polar PC-SAFT
predictions (2 site model); dashed line (): PC-SAFT predictions.
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Figure 6-17 Experimental free monomer fractions of the binary systems
alcohol + alkane at 283.15 (black) and 303.15 K (red) as a function of the
alcohol concentration multiplied by the ratio of the Mayer f-function. FT-IR
data by Asprion et al.201; (Δ, Δ): ethanol + cyclohexane; (□, □): 1-butanol +
cyclohexane; (+, +): methanol + cyclohexane; (o, o): 1-propanol + n-hexane; (◊,
◊): 1-butanol + n-hexane; (, ): 1-pentanol + n-hexane; (×, ×): 1-hexanol + nhexane.

Gupta and Brinkley205 showed that the Lattice Fluid Hydrogen Bonding
Theory229 (LFHB) fails in predicting accurate extents for association for 1-alcohol +
n-alkane systems. They attributed this to the fact that hydrogen bonding
cooperativity is not taken into account using LFHB and conventional SAFT models.
This contradicts results obtained in this work using the Polar PC-SAFT equation of
state as well as results obtained by von Solms et al.202 using Simplified PC-SAFT and
CPA. Furthermore, some disagreement exists among data measured by Asprion et
al.201, von Solms202 and Gupta and Brinkley205. This led von Solms et al.202 as well as
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Kontogeorgis and Folas27 to conclude that the available evidence is insufficient to
prove that hydrogen bonding cooperativity is important for alcohol containg
mixtures.
Bond cooperativity is an effect when hydrogen bonding is influenced by the
previously formed hydrogen bond on the molecule. As a result, we would expect this
effect to be most pronounced in predicting the fraction of molecules bound in
dimers instead of that existing as monomers. FT-IR analysis done by Reilly et al.230
for 1-alcohol + n-alkane systems suggests that the strength of the second hydrogen
bond formed by an alcohol is stronger than that of the first hydrogen bond.
Furthermore, data measured by Asprion et al.201 for the fraction of molecules bound
in dimers appear to be widely scattered. As a result, the latter was also computed
using MD simulations for extra comparison and validation. Table 6-6 illustrates the
fraction of alcohol molecules bound in dimers for 1-alcohol + n-alkane systems as
computed by MD simulations.

Table 6-6 Fraction of alcohols bound in dimers using MD simulations.

System
Temp. (K)
methanol + n-hexane
303.15
methanol + n-heptane
303.15
ethanol + n-hexane
296.45
ethanol + n-heptane
296.45
1-butanol + n-hexane
303.15
1-butanol + n-heptane
303.15

1-alcohol composition
0.04
0.1
0.15
0.2
0.1124 0.0678 0.0515 0.0424
0.1095 0.0665 0.0496 0.0463
0.0781 0.0529 0.0413 0.0390
0.1139 0.0516 0.0433 0.0390
0.1164 0.0823 0.0709 0.0620
0.1252 0.0848 0.0704 0.0621
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In reference to Figure 6-18, it can be seen that the overall agreement
between the spectroscopic data and the MD simulations is good up to high alcohol
concentrations. However, Figures 6-18 and 6-19 also show that the Polar PC-SAFT
equation of state over-predicts the fraction of molecules bound in dimers by nearly
twice the amount. Over-predicting the fraction of molecules bound in dimers
indicate that the strength of the second hydrogen bond formed by an alcohol is
stronger than that of the first hydrogen bond. This is in good agreement with FT-IR
analysis done previously by Reilly et al.230 We believe that Figures 6-18 and 6-19
provide new evidence suggesting the importance of bond cooperativity in modeling
the thermodynamics of hydrogen bonding in 1-alcohol + n-alkane mixtures. The
work done by Marshall and Chapman231 as well as Sear and Jackson232 on
developing a resumed thermodynamic perturbation theory for bond cooperativity
can be possible approaches of incorporating such an effect in the current SAFT
models.
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Figure 6-18 Fraction of molecules bound in dimers in the binary systems 1alcohol + n-hexane as a function of composition. (a): methanol + n-hexane at
298.15 K; (b): ethanol + n-hexane at 296.45 K; (c): 1-butanol + n-hexane at
303.15 K. (□): experimental data at 298.15 K for methanol and 1-butanol201;
(■): MD simulations by this work at 303.15 K for methanol and 1-butanol and
296.45 K for ethanol ; solid line (): Polar PC-SAFT predictions.
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Figure 6-19 Fraction of molecules bound in dimers in the binary systems 1alcohol + n-heptane as a function of composition. (a): methanol + n-heptane at
303.15 K; (b): ethanol + n-heptane at 296.45 K; (c): 1-butanol + n-heptane at
303.15 K. (■): MD simulations by this work; solid line (): Polar PC-SAFT
predictions.
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6.4. Conclusion
The ability of Polar PC-SAFT equation of state in predicting the phase
behavior of 1-alcohol + n-alkane systems was exhibited in this work. The association
term in SAFT appears to play an important role in determining the dependence of
activity coefficients on concentration. Disagreement among spectroscopic data on
the fraction of free alcohol monomers exist in the literature. As a result, molecular
dynamic simulations were performed in this work for extra comparison and
validation. Considering long range polar interactions within the SAFT framework
proved to be essential for predicting accurate extents of association. Furthermore,
MD simulations support FT-IR measurements suggesting hydrogen bonding
cooperativity in 1-alcohol + n-alkane systems. Current SAFT models over-predict
the fraction of molecules bound in dimers unless bond cooperativity is taken into
account.
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Chapter 7

Understanding the Thermodynamics of
Hydrogen Bonding in Alcohol
Containing Mixtures Using Molecular
Theory: Cross Association
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7.1. Background
Understanding the thermodynamics of 1-alcohol + water mixtures is crucial
for many applications across the biochemical, chemical, and petroleum industries.
For example, predicting accurate water content of the hydrocarbon phase is critical
for natural gas dehydration and hydrate inhibition. In cases where hydrates are
likely to form, aqueous solutions of methanol or ethylene glycol are injected into the
pipelines to suppress hydrate formation. The latter represents one of many
industrial applications for aqueous alcohol solutions. Consequently, predicting the
phase behavior of 1-alcohol + water binary systems is essential for better process
design, simulation, and optimization.
Given

the

centrality

of

hydrogen-bonding

in

the

structure

and

thermodynamics of pure water and pure alcohols, self-association and crossassociation among water and alcohol molecules is expected to play an important
role in determining the thermophysical properties of the binary alcohol-water
system. Incorporating the physics of such association in the equation of state
modeling of the mutual solubility of water-alkane and water-acid gas systems has
thus received extensive attention both in our group63,127,133,165 as well as in other
research groups26,86,89,90,119,123,124,191,192,233-263. Typically the equation of state
development is anchored using different versions of the statistical associating fluid
theory (SAFT) equation of state5-7 including: early versions53,176,241,264, the perturbed
chain version of SAFT (PC-SAFT)11,192,265, the polar versions of SAFT178, the
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simplified version of PC-SAFT181,183,184,248,258,266, the variable range version of SAFT
(SAFT-VR)267-269, SAFT-γ189 and cubic plus association (CPA)191-193,236,243,270-276.
Within SAFT, depending on the system under consideration, alcohols are
usually modeled with two 2(1,1) or three 3(2,1) association sites. However, a clear
basis for choosing a certain association scheme for alcohols has not yet been
defined, thereby limiting the scope and generality of the equation of state
framework. Spectroscopic data on the fraction of bonded chains can guide the
selection of an association scheme, but such data is limited. Data from molecular
simulations is likewise limited. Thus perhaps not surprisingly an in-depth
examination of hydrogen bonding in alcohol + water binary mixtures has never been
carried out before within the SAFT framework.
Here we revisit the problem of predicting the VLE and LLE in 1-alcohol +
water systems using the polar and perturbed chain form of the statistical associating
fluid theory (Polar PC-SAFT)12,13. We perform molecular dynamic (MD) simulations
to evaluate the distribution of hydrogen bonds and compare these results to
predictions using Polar PC-SAFT with different association schemes. The work
exhibits the importance of extending the SAFT equation of state to allow multiple
bonding per association site to capture accurately the distribution of hydrogen
bonds in 1-alcohol + water binary systems.
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7.2. Molecular Dynamic Simulations
Molecular dynamics simulations of pure 1-alcohol, pure water and 1-alcohol
+ water binary mixtures were carried out primarily using the GROMACS 4.6.5
software package277. To parameterize the 1-alcohols and water, we use the OPLSAA force field209 for alcohols

and TIP4P/2005278 for water. To assess the

importance of flexibility and polarizability, we also separately studied water
modeled using the iAMOEBA279 force field.
For simulations with GROMACS, the bond lengths were constrained using
LINCS algorithm213 for alcohols and SETTLE for water. Newton’s equations of
motion were integrated using the leap-frog algorithm210 with a time step of 2 fs. The
modified Berendsen thermostat211 and the Parrinello-Rahman barostat212 were
used to maintain the temperature and pressure of the system. As usual, periodic
boundary conditions were applied. Lennard-Jones interactions were cutoff at 1.2 nm
and tail corrections were included. Long-range electrostatic interactions were
described using the particle mesh Ewald (PME) summation method214 was applied
to account for long-range electrostatic interactions. The real-space cutoff for
electrostatic interaction was 1.2 nm. All systems were initially energy-minimized
and after a short NVT simulation the system was equilibrated in the NpT ensemble
for over 5 ns. The NpT production run was also for over 5 ns.
To compute the number of hydrogen-bonds formed in the system, a bond
angle and distance criteria was defined. From the oxygen-oxygen radial distribution
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function for pure 1-alcohols, the distance criterion was set to be 3.7 Å. From the
oxygen-oxygen radial distribution function for pure water, the distance criterion
was set to be 3.5 Å for TIP4P/2005 and 3.375 Å for iAMOEBA. A hydrogen bond was
counted as formed only if the angle formed between the O-H bond and the vector
between oxygens of different molecules is less than 30 degrees and the distance
between oxygens in two alcohol or water molecules is less than the specified
distance criteria. For the hydrogen bonds formed between 1-alcohol and water
molecules, the distance criterion was calculated using the arithmetic mean mixing
rule.
The fraction of molecules involved in self-association (at least once with the
same kind of molecules), the distribution of hydrogen bonds number per molecule
of alcohol and the average number of hydrogen bonds formed in the mixture were
all calculated based on the hydrogen bonding criteria mentioned previously.

7.3. Parameters Optimization
Following the notation of Yarrison et al.186, alcohols were modeled in our
previous publication280 using two association sites 2(1,1), one electron donor and
one electron acceptor. The chain length (m) for alcohols was fixed assuming that
every hydroxyl group would occupy a spherical segment and every CH 3/CH2 group
would occupy half a spherical segment. The segment diameter (σ) and dispersion
energy (ε/k) were fitted to activity coefficient data at infinite dilution for 1-alcohols
in n-alkanes. The dipole moment of alcohols was fixed to be 1.7 Debye. The
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remaining association parameters were fitted to pure component saturated liquid
density and vapor pressure data. Table 7-1 illustrates the parameters fitted for the
two site alcohol model. The parameters were successfully used to predict the
fraction of free monomers in pure alcohol and alcohol + n-alkane binary mixtures280.

Table 7-1 Pure component SAFT parameters fitted in this work

Component
water

1.0

(Å)
3.144

methanol
ethanol
1-propanol
1-butanol

1.50
1.50
2.00
2.50

3.349
3.370
3.428
3.459

methanol
ethanol
1-propanol
1-butanol
1-pentanol
1-hexanol

1.50
2.00
2.50
3.00
3.50
4.00

3.429
3.478
3.494
3.508
3.515
3.514

⁄
(K)
(D)
(K)
220
1631.600 0.0454 1.85
Two site alcohol model 2(1,1)
225
2439.295 0.0340 1.70
224
2333.936 0.0143 1.70
230
2515.569 0.0179 1.70
235
2507.637 0.0145 1.70
Three site alcohol model 3(2,1)
182.305 1906.309 0.0248 1.70
197.595 2058.916 0.0163 1.70
215.256 2024.482 0.0144 1.70
226.274 1999.958 0.0127 1.70
235.750 1801.102 0.0135 1.70
236.832 1796.613 0.0138 1.70

𝑥
0.5

1.136

5.339

0.33
0.33
0.25
0.20

1.022
2.177
0.928
1.102

2.253
3.376
1.570
0.950

0.93
0.7
0.56
0.47
0.4
0.35

0.737
0.731
1.086
1.860
0.769
0.786

3.286
2.146
1.088
0.243
0.418
1.049

In molecular simulation, water is usually modeled as a Lennard-Jones (LJ)
sphere (m=1) with a diameter that is close to 3 Å. In previous work, we showed that
the LJ parameter for water could be fit independently of the polar and the hydrogen
bonding parameters to water content data in n-alkanes63,127,133,165,281. Simulation
efforts performed in our group281 to develop a molecular based water model
showed that an effective water Lennard-Jones energy (εW/k) of 220 K was required
to match the experimental water solubility in TraPPE282 alkanes. As previously
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mentioned, Fouad et al.280 modeled the phase behavior and hydrogen bonding
distribution in 1-alcohol + n-alkane binary systems using a two site alcohol model.
The difference in chemical structure between two consecutive compounds in the
alcohol homologous series is just a CH2 group. Additionally, the difference in
chemical structure between methanol and water is another CH2 group. Figure 7-1
demonstrates the SAFT parameters for the two site alcohol models as a function of
carbon number. At zero carbon number (CN = 0), it can be seen that the model was
able to retrieve back parameters similar to those of what we would expect for water.
In addition to the two site alcohol model, alcohols are also modeled here
using three association sites 3(2,1), two electron donors and one electron acceptor.
Water is modeled as a sphere (m=1) with four association sites 4(2,2), two electron
donors and two electron acceptors. Based on the work of Ballal et al.281, the
dispersion energy for water was fixed to 220 K. The dipole moment for water was
fixed to be 1.85 Debye. The remaining pure component parameters were fitted to
saturated liquid density and vapor pressure data, as provided by the Design
Institute for Physical Properties (DIPPR)215. Water association energy was
optimized to be as close as possible to that of the spectroscopic value25 of 1813 K.
Table 7-1 presents the optimized parameters and the absolute average deviations
(AAD) computed for each of the components.
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Figure 7-1 SAFT parameters for the two site alcohol model as a function of
carbon number.
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7.4. Results and Discussion
In this section, results from the polar PC-SAFT model are compared with
experimental data and molecular simulation results for the extent of association and
phase behavior data. As a validation step, we compare MD simulation results, using
the OPLS-AA force field209, for the distribution of hydrogen bonds formed in pure
methanol with that of Ferrando et al.217 using the AUA4 force field216 in Monte Carlo
(MC) simulation. The AUA4 force field is known for its ability to predict accurately
both thermodynamic saturated properties (density, vapor pressure, vaporization
enthalpies) and liquid phase structure (radial distribution functions, hydrogen bond
networks). Good agreement between both simulation approaches can be seen in
Figure 7-2 for the average number of hydrogen bonds per molecule in pure
methanol at atmospheric pressure and temperatures of 298 K and 300 K. This
supports the choice of OPLS-AA force field as a model for alcohols in this work.
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Figure 7-2 Distribution of the hydrogen bonds number per molecule of pure
methanol using MD and MC simulation.

Luck’s25 spectroscopic data on the fraction of free OH groups in pure
saturated liquid water have been widely used in the literature as a measure of
evaluating the SAFT water models. However, how the data should be interpreted is
still a matter of debate283. Moreover, questions on the accuracy and reliability of
these measurements have also been recently raised. Here, we performed MD
simulations to understand better the hydrogen bonding distribution in pure water
and compared it with predictions based on Luck’s data. In reference to Figure 7-3
and Table 7-2, iAMOEBA tends to agree better with Luck’s data while TIP4P/2005
agrees well with our Polar PC-SAFT predictions. However, as seen in Table 7-3 both
models reliably reproduce water thermophysical properties, provided polarization
corrections are explicitly included in the TIP4P/2005 calculations.
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Figure 7-3 Fraction of free monomers for saturated liquid water.

Table 7-2 Simulation results for the fraction of free monomers in saturated
liquid water

Temperature (K) TIP4P/2005 iAMOEBA
293.5
3.47E-05
0.000594
327.38
0.000146
0.001369
354
0.000397
0.002702
389
0.000963
0.004926
426
0.002319
0.00911
456.39
0.004156
0.01518
486.3
0.006863
0.02253
528
0.013675
0.03930
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Table 7-3 Comparison between TIP4P/2005 and iAMOEBA

Property
Experiment TIP4P/2005 iAMOEBA
∆Hvap (kcal/mol) at 298 K
10.89
10.52
10.94
(corrected for polarization)
μex (kcal/mol)
-6.3
-6.1
-6.2
at 293.5 K and psat
psat (bar) at 350 K
0.42
0.13
0.43
sat
p (bar) at 350 K
0.42
0.53
0.43
(corrected for polarization)
0.997
ρ (g/cm3) at 298 K
0.997
0.993
(fitted)

Figure 7-4 shows that water in TIP4P/2005 appears to be more structured
with longer associated chains (higher fraction of molecules forming four hydrogen
bonds) than that in iAMOEBA. Simulation data for the hydrogen bonding
distribution across the water saturated curve is illustrated in Tables 7-4 and 7-5. It
can also be seen that based on the geometric hydrogen bonding criteria used here,
structures with five hydrogen bonds are not excluded. This is in agreement with the
analysis done by Prada-Garcia et al.284 using other classical water models such as
SPC285, SPC/E286, TIP3P287, TIP4P288 and TIP4P-Ew289 and using six different
hydrogen bonding definitions. The presence of more number of hydrogen bonds
than would be suggested on the basis of quantum chemical considerations
undoubtedly reflects a weakness in using a solely geometric based definition of
hydrogen bonding. As a practical matter, this will influence the extents of
association calculated using TIP4P/2005 and iAMOEBA water models relative to
that inferred on the basis of spectroscopic data. In order to match Luck’s IR data, the
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association energy in the SAFT water model needs to be reduced down to a value
close to 1300 K. This is far away from the spectroscopic value of 1813 K25. Based on
the molecular dynamic simulation and modeling efforts done so far, it is difficult to
make a definite conclusion on the accuracy of Luck’s data solely through comparing
hydrogen bonding distributions.

Figure 7-4 Distribution of the hydrogen bonds number per molecule of pure
water using Polar PC-SAFT and MD simulation. (a): T = 327.38 K; (b): T = 426
K.
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Table 7-4 TIP4P/2005 results for the distribution of hydrogen bonds per
molecule of pure water

T (K)
293.5
327.38
354
389
426
456.39
486.3
528

0
3.57E-05
1.58E-04
3.88E-04
9.61E-04
0.0023
0.0041
0.0068
0.0136

Number of hydrogen bonds
1
2
3
4
0.0014 0.0247 0.1880 0.7232
0.0047 0.0532 0.2655 0.6048
0.0090 0.0793 0.3117 0.5284
0.0178 0.1187 0.3550 0.4430
0.0319 0.1654 0.3796 0.3661
0.0477 0.2041 0.3878 0.3105
0.0672 0.2431 0.3860 0.2599
0.1028 0.2903 0.3670 0.1999

5
0.0626
0.0716
0.0713
0.0646
0.0547
0.0457
0.0370
0.0264

Table 7-5 iAMOEBA results for the distribution of hydrogen bonds per
molecule of pure water

T (K)
293.5
327.38
354
389
426
456.39
486.3
528

0
0.0019
0.0037
0.0049
0.0125
0.0206
0.0302
0.0517
0.0019

Number of hydrogen bonds
1
2
3
4
0.0242 0.1322 0.3492 0.4372
0.0383 0.1708 0.3691 0.3700
0.0482 0.1933 0.3712 0.3288
0.0899 0.2644 0.3679 0.2359
0.1229 0.3003 0.3480 0.1865
0.1538 0.3252 0.3242 0.1501
0.2087 0.3506 0.2762 0.1026
0.0242 0.1322 0.3492 0.4372

5
0.0543
0.0472
0.0517
0.0287
0.0213
0.0161
0.0098
0.0543

It was shown in our previous publication280 that self-association in alcohols
is best modeled using two association sites 2(1,1) for pure alcohol and alcohol +
alkane binary systems. This can be attributed to steric hindrance caused by the alkyl
chain attached to the hydroxyl group which prevents the oxygen atom from forming
more than a single hydrogen bond.
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To determine the optimum association scheme, the same strategy is followed
in this work to study the thermodynamics of hydrogen bonding in alcohol + water
binary systems. Figure 7-5 depicts the fraction of ethanol and water molecules
involved in self-association (fraction of ethanol/water molecules that are bonded at
least once to another ethanol/water molecule) as a function of composition,
temperature and association scheme. Simulations at 298 K were performed at a
pressure of 1 bar while simulations at 373 K were done at a pressure of 3 bars.
Fractions were found to be pressure independent. Simulations show that the
fraction of water molecules involved in self-association stays almost constant at a
value of unity up to a molar composition of 20% ethanol. A dramatic decrease can
then be seen as ethanol molar composition increases. On the other hand, the fraction
of ethanol molecules involved in self-association increases almost linearly with
increasing the molar composition. The fraction of water molecules involved in selfassociation was most accurately captured using four association sites 4(2,2) for
water and two association sites 2(1,1) for ethanol in Figure 7-5 (b). In terms of
ethanol concentration, it can be seen that an association scheme transition occurs at
around 20 mol. %. A three site association scheme 3(2,1) appears to be the most
successful at low ethanol concentrations while a two site association scheme 2(1,1)
appears to be the most successful at high ethanol concentrations. Observations
shown in Figure 7-5 were found to be independent of the number of carbons in the
alcohol. Simulation results for methanol, ethanol and 1-propanol systems are
summarized in Table 7-6.
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Figure 7-5 Fraction of molecules involved in self-association for the binary
mixture ethanol + water at 298 and 373 K. (A): Water and ethanol are
modeled using a 2(1,1) association scheme; (B): Water is modeled using a
4(2,2) association scheme while ethanol is modeled using a 2(1,1) association
scheme; (C): Water is modeled using a 4(2,2) association scheme while
ethanol is modeled using a 3(2,1) association scheme. Black: Ethanol; Red:
Water; (■): MD simulations at 298 K ; (▲): MD simulations at 373K; () solid
line: Polar PC-SAFT at 298 K; ( ) dashed line: Polar PC-SAFT at 373 K.
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Table 7-6 Simulation results for the fraction of molecules involved in selfassociation (at least once)

xalcohol

0.1

methanol
water

0.1397
0.9999

ethanol
water

0.1744
0.9997

ethanol
water

0.1529
0.9990

ethanol
water

0.1490
0.9979

1-propanol 0.2092
water
0.9993

0.2
0.4
0.6
0.8
methanol + water at T = 298 K
0.2621 0.4783 0.6759 0.8613
0.9985 0.9851 0.9135 0.6641
ethanol + water at T = 298 K
0.3019 0.5247 0.7028 0.8685
0.9974 0.9792 0.9069 0.6549
ethanol + water at T = 343 K
0.2866 0.4919 0.6741 0.8291
0.9957 0.9727 0.8916 0.6485
ethanol + water at T = 373 K
0.2765 0.4751 0.6410 0.7886
0.9931 0.9635 0.8748 0.6328
1-propanol + water at T = 298 K
0.3209 0.5315 0.6901 0.8440
0.9967 0.9771 0.9112 0.6909

0.9

1

0.9308 0.9656
0.4063 0.9999
0.9361 0.1744
0.4070 0.9997
0.8951 0.1529
0.3969 0.9990
0.8529 0.1490
0.3830 0.9979
0.9652 0.2092
0.4929 0.9993

Based on the results demonstrated in Figure 7-5, the best agreement was, in
general, achieved using a two site alcohol model 2(1,1). However, fractions of
species involved in self-association can be misleading. Predicting accurate fractions
using a SAFT two site alcohol model does not necessarily mean that the correct
thermodynamics of hydrogen bonding is captured. This can be shown through
plotting the excess enthalpy of alcohol + water mixtures as a function of
composition. In general, excess enthalpies are highly influenced by the fluid
structure and the number of hydrogen bonds formed. In reference to Figure 7-6, it
can be seen that a two site alcohol model 2(1,1) predicts the opposite sign of the
excess enthalpy (positive instead of negative). A better qualitative agreement was
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achieved using a three site alcohol model 3(2,1). Consequently, we compared the
average number of hydrogen bonds formed by both association schemes to MD
simulation results.

Figure 7-6 Excess enthalpies for the binary mixtures 1-alcohol + water. (a):
methanol at 298 K; (b): ethanol at 298 K; (c): 1-butanol at 303 K. (o):
experimental data290-293; () solid line: Polar PC-SAFT using a 3(2,1)
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association scheme for alcohol; () dashed line: Polar PC-SAFT using a 2(1,1)
association scheme for alcohol.

In reference to Figure 7-7, it can be seen that the average number of hydrogen bonds
(nHB) formed by ethanol (E---X) in ethanol + water binary mixture increases with
increasing the water concentration. Also, as expected, nHB decreases with increasing the
temperature. At 298 K, nHB increases almost linearly from 1.82 for pure ethanol to 2.36
for a 10 mol. % ethanol solution. A two site SAFT ethanol model 2(1,1) was able to
predict well the nHB for pure ethanol. However, the composition dependence of the nHB
could not be captured since the maximum number of hydrogen bonds allowed by a 2(1,1)
association scheme is two. On the other hand, a three site SAFT ethanol model 3(2,1) was
unable to predict well the nHB for pure ethanol.

Figure 7-7 Average number of hydrogen bonds formed by an ethanol molecule
(E---X) and by the oxygen atom in an ethanol molecule (OE---HX-OX) as a
function of composition in the binary mixture ethanol + water. (a): T = 298 K;
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(b): T = 373 K. Symbols: MD simulations; () solid line: Polar PC-SAFT using a
3(2,1) association scheme for ethanol; () dashed line: Polar PC-SAFT using a
2(1,1) association scheme for ethanol.

Figure 7-8 illustrates that a three site alcohol model tends to over-estimate
the fraction of molecules forming three hydrogen bonds for pure alcohols while a
two site alcohol model over-estimates the fraction of molecules forming two
hydrogen bonds. The composition dependence of nHB was qualitatively captured
better using a 3(2,1) association scheme but quantitatively over-predicted. Figure 79 demonstrates that Polar PC-SAFT was able to accurately predict the fraction of
ethanol molecules bound in cluster with another ethanol molecule once, twice and
thrice for a 10 mol. % solution. Consequently, we expect that over-predicting the nHB
formed by ethanol in the mixture (as shown in Figure 7-7) is solely due to overpredicting the cross-association between ethanol and water. Simulation data, as a
function of composition and temperature, for the nHB formed by methanol, ethanol
and 1-propanol containing systems can be found in Table 7-7. In addition,
simulation data for the distribution of hydrogen bonds in pure alcohol systems and
for the case of a 10 mol. % ethanol solution can be found in Tables 7-8 and 7-9
respectively. We also expect that quantitative agreement with simulation for the
average number of hydrogen bonds formed can be achieved through extending the
theory to allow multiple bonding at one site294-296. In this case, alcohols would be
modeled with an electron acceptor site that can bond only once and an electron
donor site that can bond twice. The maximum number of hydrogen bonds formed by
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an alcohol molecule would then be determined geometrically by the system and not
specified as in the case of Wertheim’s first order perturbation theory.

Figure 7-8 Distribution of the hydrogen bonds number per molecule of pure
ethanol using Polar PC-SAFT and MD simulation. (a): T = 298 K; (b): T = 373 K.
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Table 7-7 Simulation results for the average number of hydrogen bonds
formed in the mixture

xalcohol

0.1

0.2
0.4
0.6
0.8
methanol + water at T = 298 K
OM- - -HX-OX 1.4256 1.3552 1.2460 1.1442 1.0313
M---X
2.2945 2.2299 2.1311 2.0400 1.9363
ethanol + water at T = 298 K
OE- - -HX-OX 1.4808 1.3830 1.2351 1.1311 1.0269
E---X
2.3583 2.2601 2.1174 2.0206 1.9270
ethanol + water at T = 343 K
OE- - -HX-OX 1.3981 1.2990 1.1634 1.0491 0.9383
E---X
2.2012 2.0977 1.9622 1.8523 1.7480
ethanol + water at T = 373 K
OE- - -HX-OX 1.3372 1.2428 1.1086 0.9951 0.8842
E---X
2.0940 1.9944 1.8585 1.7485 1.6422
1-propanol + water at T = 298 K
OP- - -HX-OX 1.3558 1.2708 1.1557 1.0736 0.9879
P---X
2.2014 2.1157 2.0078 1.9350 1.8604

0.9

1

0.9704 0.9084
1.8777 1.8168
0.9696 0.9105
1.8755 1.8211
0.8788 0.8164
1.6919 1.6328
0.8255 0.7631
1.5864 1.5263
0.9357 0.8722
1.8110 1.7445
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Figure 7-9 Distribution of the hydrogen bonds number per molecule of
ethanol in a 10 mol. % solution using Polar PC-SAFT and MD simulation. (a): T
= 298 K; (b): T = 373 K.
Table 7-8 Simulation results for the distribution of hydrogen bonds per
molecule of pure alcohol

Number of
methanol
ethanol
ethanol
ethanol
1-propanol
hydrogen bonds (T = 298 K) (T = 298 K) (T = 343 K) (T = 373 K) (T = 298 K)
0
0.0345
0.0203
0.0541
0.0937
0.0348
1
0.2622
0.2003
0.2872
0.3468
0.2344
2
0.6269
0.6884
0.5832
0.4993
0.6667
3
0.0764
0.0911
0.0755
0.0601
0.0641

164

Table 7-9 Simulation results for the distribution of hydrogen bonds per
molecule of ethanol in a 10 mol. % solution

Number of
hydrogen bonds
formed with another
ethanol
0
1
2
3

ethanol
(T = 298 K)

ethanol
(T = 373 K)

0.8192
0.1664
0.0140
0.0004

0.8492
0.1413
0.0092
0.0003

Based on the previous comparisons against molecular simulation, we decide
to model the phase equilibrium of 1-alcohol + water binary systems using a 3(2,1)
association scheme for alcohols and a 4(2,2) association scheme for water. The
isothermal and isobaric vapor-liquid equilibrium (VLE) and liquid-liquid
equilibrium (LLE) of 1-alcohol + water binary systems are presented in Figures 7-10
and 7-11 respectively. Polar PC-SAFT was able to accurately predict the VLE without
fitting binary interaction parameters. Results from the equation of state for VLE of
binary aqueous solutions of methanol, ethanol, and propanol are in very good
agreement with experimental data over a range of temperatures. In Figures 7-10 (bc), the strong bubble point dependence on liquid composition at low alcohol
concentration can only be matched with the 3(2,1) association scheme for alcohols.
In terms of the VLE and LLE for the higher alcohols, Polar PC-SAFT was able to
accurately predict the VLE, the three phase line and the solubility of 1-butanol, 1pentanol, and 1-hexanol in the aqueous phase at atmospheric pressure, but the
model under-estimates the solubility of water in the alcohol rich phase.
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Figure 7-10 Isothermal VLE for the binary mixtures 1-alcohol + water. (a):
methanol + water with kij = 0.025; (b): ethanol + water with kij = 0; (c): 1propanol + water with kij = 0. (o): VLE experimental data268,269,297; () solid
lines: Polar PC-SAFT.
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Figure 7-11 Isobaric VLE and LLE for the binary mixtures 1-alcohol + water at
101.33 kPa. (a): 1-butanol + water with kij = 0; (b): 1-pentanol + water with kij
= 0; (c): 1-hexanol + water with kij = 0. (o) red circles: VLE experimental
data298-300; (o) black circles: LLE experimental data301; () solid lines: Polar PCSAFT.
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7.5. Conclusion
The polar and perturbed chain of the statistical associating fluid theory
(Polar PC-SAFT) and molecular dynamic (MD) simulations were used to study the
thermodynamics of hydrogen bonding in 1-alcohol + water binary systems.
Molecular simulation was used to compute the distribution of hydrogen bonds to
evaluate the association term within SAFT. Results show that hydrogen bonding in
pure alcohols is best captured using a two site association scheme 2(1,1). However,
increasing water concentration leads to an increase in the average number of
hydrogen bonds formed by an alcohol molecule. As a result, a transition in
association scheme occurs at higher water compositions and a three site alcohol
model 3(2,1) was required for better agreement with simulation. The latter
association scheme was used to predict the vapor-liquid equilibrium (VLE) and
liquid-liquid equilibrium (LLE) for a range of 1-alcohol + water binary systems.
Polar PC-SAFT showed good agreement with experiment, demonstrating the
predictive ability and strong fundamental basis of the equation of state. Future work
will introduce an extension of the equation of state to allow for multiple bonds at an
association site; thus, the theory will show the observed transition in association
scheme.

Chapter 8

Concluding Remarks
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8.1. Achievements
Experimental data at ambient conditions on the solubility of water in liquid
n-alkanes (C5-C16) was used to fit the water dispersion (van der Waal’s) energy
parameter (ε/k) within the SAFT framework. Water was modeled as a sphere (m =
1) with a fixed segment diameter (σ) of 3 Å. An effective Lennard-Jones energy of
204.7 K was found to correlate well the water content experimental data. This
number is significantly higher than what is being used in most simulation water
models (SPC/E: ε/k = 78.2 K). The remaining association (hydrogen bonding)
parameters for the four site 4(2,2) water model were then fitted to saturated liquid
density and vapor pressure data. At constant temperature and pressure, water mole
fraction in the hydrocarbon phase appears to slightly increase with increasing the
alkane carbon number. The model was applied to predict the water content of nalkanes as a function of carbon number (C1-C16) and across a wide range of
temperatures (up to 523 K) and pressures (up to 1000 bar).
To predict the water content of acid gas containing mixtures, crossassociation between carbon dioxide, hydrogen sulfide and water was included in the
SAFT framework. Carbon dioxide was modeled with two electron acceptor sites
while hydrogen sulfide was modeled with two electron donor sites. The
corresponding cross-association energies were fixed to spectroscopic measured
values while the cross-association volumes were fitted to water content data of the
pure acid gases. Binary interaction parameters were set to zero throughout the
work. Results at subcritical temperatures show that the water content of the vapor
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acid gas phase is strongly dependent on pressure. On the other hand, water content
of the liquid acid gas phase is nearly independent on pressure. In addition, the
model was successful in predicting the water content of natural gas mixtures as a
function of temperature, pressure and acid gas concentration. At a fixed subcritical
temperature, water content of the vapor phase showed weak dependence on acid
gas concentration. Water mole fraction decreases with increasing the pressure.
However, a strong dependence on acid gas concentration is exhibited above the
natural gas phase dew point pressure. At supercritical conditions, water content
increases with increasing the pressure while maintaining a strong dependence on
the acid gas concentration. Finally, the model application was extended to predict
water content of natural gas mixtures in equilibrium with a hydrate phase. The
hydrate phase was modeled using a modified van der Waals and Platteeuw (vdWP)
theory. In general, the model, with only one fitting parameter, appears to compare
well with other commercial software available in the market.
Alcohols and water share some similarities in terms of structure and physical
interactions. As a result, studying the phase behavior of alcohol containing mixtures
might provide a better understanding of the water-alkane long range interactions.
At infinite dilution, alcohol self-association and dipolar interactions can be safely
neglected in the model. Consequently, the alcohols segment diameters and
dispersion energies were fitted to infinite dilution properties for 1-alcohol + nalkane systems. When plotted as a function of carbon number, the model was able to
retrieve back, at zero carbon number, the water parameters previously proposed in
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this dissertation. The remaining alcohol association parameters were then fitted to
saturated liquid density and vapor pressure data. Results show that the polar
version of the PC-SAFT equation of state was more accurate than its original form
(non-polar PC-SAFT) in predicting the vapor-liquid equilibrium (VLE) of 1-alcohol +
n-alkane systems. In comparison to excess Gibbs free energy models (UNIQUAC in
this case), the association term in SAFT appears to play an important role in
capturing accurately the composition and temperature dependence of the activity
coefficients. Polar PC-SAFT was also used to predict the fraction of free monomers
in 1-alcohol + n-alkane binary systems. Results showed good agreement with
spectroscopic and simulation data. Results also show that steric hindrance plays an
important role in preventing alcohols (ethanol and heavier) from forming more than
two hydrogen bonds per molecule. Consequently, a two site 2(1,1) model within the
SAFT framework was satisfactory to accurately predict the extents of association.
On the other hand, a three site 3(2,1) model was needed for methanol due to its
short hydrocarbon chain. In comparison to spectroscopic and simulation data,
considering dipole-dipole interactions proved to enhance significantly the
distribution of hydrogen bonds as calculated by SAFT. Besides, Polar PC-SAFT was
also used as a tool to differentiate between spectroscopic data in cases where
disagreement exists. Conclusions made by Polar PC-SAFT on this matter were also
validated using molecular simulation. Using the association term in SAFT, it was
theoretically derived and shown that all monomer fraction data available in the
literature can overlap when plotted against the alcohol concentration multiplied by
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the ratio of the f-Mayer function. However, the fractions of molecules bound in
dimers were overestimated using SAFT by nearly twice the amount. This might be
attributed to bond cooperativity or the formation of cyclic clusters in the system.
The latter demonstrates a limitation of Wertheim’s first order thermodynamic
perturbation theory (TPT1).
Hydrogen bonding distribution in pure water and alcohols was studied using
Polar PC-SAFT and molecular simulation. Polar PC-SAFT exhibited good agreement
with simulation results using the TIP4P/2005 simulation water model. In
comparison to simulation results using the OPLS-AA force field, it was found that a
two site 2(1,1) alcohol model was able to accurately predict the average number of
hydrogen bonds formed per alcohol molecule. In terms of hydrogen bonding
distributions, results show that a two site 2(1,1) model tends to overestimate the
fraction of alcohol molecules forming two hydrogen bonds. On the other hand, a
three site 3(2,1) alcohol model tends to overestimate the fraction of molecules
forming three hydrogen bonds.
Consequently, the knowledge gained in understanding the short and long
range interactions in pure water, pure 1-alcohol, water + n-alkane and 1-alcohol + nalkane systems was then utilized to model the phase behavior of 1-alcohol + water
binary mixtures. Increasing the concentration of water in the mixture leads to an
increase in the average number of hydrogen bonds formed per alcohol molecule. As
a result, a transition in association scheme occurs where a three site 3(2,1) alcohol
model is now more suitable for qualitatively capturing the thermodynamics of
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hydrogen bonding in the system. It is expected that a quantitative agreement with
simulation could be achieved through extending the SAFT model to allow multiple
bonding per association site. Still, the hydrogen bonding distribution for the case of
10 mol. % of alcohol in water was accurately predicted using a three site 3(2,1)
alcohol model. Therefore, a three site association scheme was used to predict the
vapor-liquid equilibrium (VLE) and liquid-liquid equilibrium (LLE) of 1-alcohol +
water binary mixtures. Using no binary interaction parameters, predictions were
still in good agreement with the experimental data.

8.2. Future Directions
A fundamental and predictive water model was presented in Chapters 3-5 of
this dissertation and applied to predict water content of acid gas containing
mixtures in equilibrium with an aqueous or a hydrate phase. Using only one
adjustable parameter, the model was able to compare well with other commercial
software available in the market for this purpose. However, results shown in
Chapter 5 of this dissertation were only limited to water content of a vapor phase in
equilibrium with hydrate. Accurately predicting the water content of a CO2
containing liquid phase remains challenging. Studying water-CO2 interactions
remain one of the most important directions for the future.
Although the SAFT approach has been widely applied, opportunities remain
to extend the range of the theory while improving the predictive ability of the
model. In Wertheim’s first order perturbation theory, the sites are considered
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saturated after forming only a single bond and a site must break a bond before the
site is available to bond again. Cooperative association or variation in bonding
energies along a cluster of associated beads is another effect which is not captured
by this theory.
For example, results in Chapter 6 of this dissertation show that the fraction of
alcohol molecules bound in dimers in 1-alcohol + n-alkane binary systems is overestimated using SAFT. This might be attributed to the effect of bond cooperativity or
the formation of cyclic clusters. In the first order limit, there is only a single Mayer ffunction and it is not possible to include any variations in bonding energy (bond
cooperativity) through a cluster. Furthermore, results in Chapter 7 of this
dissertation show that the average number of hydrogen bonds formed per alcohol
molecule in 1-alcohol + water binary systems is under-estimated using a two site
2(1,1) alcohol model and over-estimated using a three site 3(2,1) alcohol model.
SAFT models hydrogen bonds using electron donor and electron acceptor sites.
Should the two lone pairs of electrons on an oxygen atom in an alcohol be modeled
with a single electron donor site or two electron donor sites? Perhaps the user
should not be forced to choose the number of association sites, but instead the
theory could allow multiple bonding at association sites.
8.2.1. Water content of pure carbon dioxide in equilibrium with hydrate
Water content of liquid CO2 in equilibrium with an aqueous phase was
studied in Chapter 4 of this thesis. To accurately predict the water content, cross-
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association between CO2 and water was included in the SAFT framework. However,
predicting the water content of liquid CO2 in equilibrium with hydrate appears to be
more challenging. In reference to Figure 8-1, large disagreement among
experimental data exists in the literature for the system under consideration.
Experimental data measured by Song and Kobayashi102,161 in Rice University shows
stronger pressure dependence in the liquid CO2 phase than that shown by Burgass
et al.257 and Chapoy et al.261,302 in Heriot-Watt University, Seo et al.303 in Korea
University and Jasperson et al.304 in Wiltec Research Company. Moreover, Song and
Kobayashi show a smooth vapor to liquid phase transition that is not shown by
other research groups. At 253.15 K, Song and Kobayashi measured the water
content of liquid CO2 to be at least four times greater than that measured by other
research groups. Consequently, the accuracy and reliability of the experimental data
found in the literature remain in question. From a modeling point of view, SAFT was
unable to match any of the experimental data found in the literature. Including
cross-association between CO2 and water resulted in predicting water content that
is higher than that measured by researchers in Heriot-Watt University, Korea
University and Wiltec Research Company but still lower than that measured by
researchers in Rice University. As a result, more effort is needed to be made to
study water-CO2 short range association interactions in the acid gas phase. The
impact of considering long range quadrupole-quadrupole and quadrupole-dipole
interactions on the water content can also be examined. Research can also be
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extended to study the accuracy of van der Waals and Platteeuw theory in predicting
the fugacity of water in the CO2 hydrate phase.

Figure 8-1 Water content of pure carbon dioxide in equilibirum with hydrate
at 253.15 K.
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8.2.2. Bond cooperativity effect
In reference to Figure 8-2, Sear and Jackson232 were the first to suggest a
solution for bond cooperativity in a two-site fluid, where the energy of the first bond
is different than the other bonds. Later, Marshall and Chapman231 developed a new
approach to model the same system using infinite order perturbation theory.
Marshall et al.305 also combined the bond cooperativity and bond angle effects and
developed a new equation of state dependent on both.

Figure 8-2 A scheme of a chain of associated beads, where the energy of the
first bond
is different than other bonds energies
.

Based on the work of Marshall and Chapman231, the Helmholtz free energy of
a pure fluid is given as following:
Aass
 ln X o  X A  1
Nk BT

(8.1)
Where Xo is the fraction of free monomers and XA is the fraction of molecules not
bonded at site A. Xo is calculated through solving the following closed equation
iteratively:
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Moreover, XA is obtained using the following equation:
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The chemical potential is obtained by taking the derivative of Helmholtz free energy
with respect to number of molecules:
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(8.6)
Finally, the compressibility factor can be obtained using the following
thermodynamic relation:
P ass
 ass
Aass


 k BT k BT Nk BT

(8.7)

As part of the future work, the equations on bond cooperativity as derived by
Marshall and Chapman231 should be extended to mixtures and incorporated into the
SAFT framework. The infinite perturbation theory can then be used to predict the
distribution of hydrogen bonds in 1-alcohol + n-alkane binary systems.
8.2.3. Bonding more than once at a site
Depending on the range of interaction of an association, a limited number of
bonds can form before the site is saturated. In Wertheim’s first order theory, the
range of association sites are assumed to be small enough that particle repulsions
prevent formation of more than one bond at an association site; however, this steric
effect is not true for all systems. For example, modeling the two lone pairs of
electrons of an oxygen atom in water or alcohols as a single association site or two
sites is still a challenge because depending on the condition of the system either may
give better results. In addition, the size of a patch in patchy colloidal systems 306 can
be big enough to form more than one bond, hence that must be considered in the
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model. Therefore, it is helpful if the site is modeled appropriately such that
according to the conditions of the system it forms one or more bonds. Recently,
researchers targeted this issue and made a tremendous progress over modeling
multi-time bondable sites295,296. Marshall and Chapman294,307 extended Wertheim’s
first order theory for single site fluids to allow for formation of chains and rings.
As part of the future work, the equations on multi-time bondable sites as
should be extended to mixtures and incorporated into the SAFT framework. The
higher order perturbation theory can then be used to predict the distribution of
hydrogen bonds in pure water and in 1-alcohol + water binary mixtures.
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Appendix A
A.1 Deriving the fraction of molecules involved at least once
in self-association
For the case of a two site alcohol model, A and B, represent the hydrogen
and the oxygen atom respectively. Water is modeled as a hard sphere with four
association sites, where two of them (A and B) stand for the hydrogen atoms and the
others (C and D) represent the oxygen atoms. In the framework of Wertheim’s
multi-density formalism, the contributions due to associations are:

c( o ) c( ww) c( wa ) c( aa )



V
V
V
V
(A-1)
Where

,

and

are the water-water, water-alcohol, and alcohol-

alcohol association contributions, respectively. Following SAFT and Wertheim’s first
order thermodynamic perturbation theory, each contribution is written as:

c ( ww)
  w A w B   w A w C   w D  w B   w D  w C  ww
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c ( aa )
  a A  a B  aa
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(A-4)
Where in theses equation, the term
not bonded at site A, and

is the density of water molecules which are

is the association strength between two bonded water

molecules. Similar definitions apply for

.

The total alcohol number density is calculated as:

a  o   A   B   AB
a

a

a

a

(A-5)
Where,

is the density of alcohol molecules not bonded to any other molecules,

is the density of alcohol molecules bonded at site A, and

is the density of

alcohol molecules bonded at both sites A and B.
According to Wertheim’s theory, one can easily obtain the density of
water/alcohol in different bonding states using the graphical derivatives of the
association contribution:

 A( aa )  c ( aa ) V

  a
a
o

a

 B

a



wa

 A

(A-6)
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(A-7)
Where

is the density of alcohol molecules with only site A bonded to another

alcohol molecule. The density of alcohol molecules that are bonded at both sites (A
and B):
( waw )
( waa )
( waa )
 AB   AB
  AB
  AB
a

a

a

a

(A-8)
Where

is the density of alcohol molecules that are bonded to a water

molecule at each site (A and B). The other two terms are defined in an identical way.
In this work, since only the density of alcohol molecules that are bonded at least
once to another alcohol molecule is needed, we have:
 AB
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So, the fraction of alcohol molecules bonded at least once to another alcohol
molecule is:
( aa )
( waa )
( aaa )
 B( aa )  AB
 AB
a( aa )  A
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Extending each term in details:

a( aa )
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Defining the fraction of alcohol molecules not bonded at site A as: X A    A m ,
m

the equation above becomes:

m
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(A-16)

For the case of a three site alcohol model, A, B and C represent the
hydrogen atom and the two oxygen atoms, respectively. Water is still modeled as a
hard sphere with four association sites, where two of them (A and D) stand for the
hydrogen atoms and the others (B and C) represent the oxygen atoms.
Extending the derivation to density states of three-time bonded alcohol:
( wwaw )
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So, the fraction of alcohol molecules in each bonding state is calculated as:
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Performing a similar derivation for water:
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The fraction of water molecules in different bonding states is:
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Elaborating on each term using the derivatives of the contributions:
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A.2 Deriving the fraction of k-time bonded molecules due to
self and cross-association
Here, water is modeled as a hard sphere with four associating sites, where
two of them (A and B) stand for the oxygen atom and the others (C and D) represent
the hydrogen atoms. Alcohol is modeled with three associating sites, E and F
representing the oxygen atom and G representing the hydrogen atom.
Using Wertheim’s multi-density formalism, the contribution due to hydrogen
bonding is composed of three main contributions: water-alcohol, water-water, and
alcohol-alcohol which are written in equations (1), (2), and (3), respectively:
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In the equations above,

is the density of water molecules not bonded at site A.

Other density factors are defined in a similar way.

is the water-alcohol

hydrogen bond strength.
In Wertheim’s theory, the derivatives of the contributions with respect to the
density factors need to be evaluated to calculate the fractions of molecules at
different bonding states:
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Defining

as an example to substitute the density factors with

fractions:
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Using what is derived so far, the fractions of k-time bonded species are derived as
following:
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A.3 Deriving the fraction of k-time bonded molecules due to
self-association only
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To distinguish between various bonding states, the derivatives are written in a way
that can be easily understood:
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Where the fraction of alcohol molecules not bonded at site E is defined as
. Consequently, the fractions of alcohol molecules that are k-time
bonded to other alcohol molecules are derived as:
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