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Abstract

The present thesis aims to get a fundamental understanding of how the
molecular characteristics of a solute and solvent influence the thermophys-
ical properties of mixtures consisting of a liquid and a dissolved gas. Due to
their relevance as working fluids in chemical and energy engineering, ac-
curate data for the viscosity, interfacial tension, and mutual diffusion coef-
ficient are required for the efficient design and optimization of related pro-
cesses. In this work, light scattering experiments, which can determine the
thermophysical properties in macroscopic thermodynamic equilibrium,
are combined with equilibrium molecular dynamics (EMD) simulations at
temperatures up to 573 K. EMD simulations are able to predict multiple
thermophysical properties by the analysis of the molecular motion in mac-
roscopic thermodynamic equilibrium. The combination of EMD simula-
tions with light scattering experiments allows for the validation of simula-
tions as well as an interpretation of the results by studying the influence of
molecular characteristics and the fluid structure on the thermophysical
properties.

The solvents investigated in this work by the experiments and simulations
include linear and branched alkanes and alcohols as well as ionic liquids.
The solutes include different gases with varying molecular size, weight, and
polarity. For the pure solvents, a force field (FF) from the literature was
modified on the basis of experimental density data, to improve the predic-
tive capabilities of EMD simulations up to temperatures of 573 K. Using the
modified FF, the viscosity and interfacial tension could be predicted with
an average absolute relative deviation (AARD) from experimental correla-
tions of (17 and 11)%. The influence of the solute characteristics on the vis-
cosity and interfacial tension is investigated through experiments for six
systems consisting of n-hexadecane with a dissolved gas. EMD simulations
using the modified FF could predict the influence of the dissolved gas over
the entire temperature range for the interfacial tension, when compared to
the interfacial tension of n-hexadecane from EMD simulations. However,
there was a consistent offset from the experimental results. For the viscos-
ity, predicting the influence of the gas at low temperatures failed due to the
inability of the FF to accurately predict the viscosity. Structure-property
relationships, for example between the surface enrichment of the gases and
the interfacial tension of the mixture, could help to get a fundamental un-
derstanding of how the solvent and solute characteristics influence the
thermophysical properties. In the case of the mutual diffusion coefficient,



the results from the simulations and experiments for mixtures consisting
of a liquid with a dissolved gas agree with an AARD of about 14% and are
often within combined uncertainties. Here, the results from experiments
and simulations were used for the development of a prediction model for
the mutual diffusion coefficient at the limit of infinite dilution of the dis-
solved gas, which was able to predict the diffusion coefficient with an
AARD of 12%.
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Kurzdarstellung

Die vorliegende Arbeit hat das Ziel, zu einem grundlegenden Verstandnis
beizutragen, wie molekulare Eigenschaften geldster Stoffe und Losungs-
mittel die thermophysikalischen Eigenschaften von Mischungen aus einer
Flissigkeit und gelostem Gas beeinflussen. Aufgrund ihrer Bedeutung als
Arbeitsfluide in der Chemie- und Energietechnik sind genaue Daten zu Vis-
kositat, Grenzflachenspannung und Diffusionskoeffizienten fiir die effizi-
ente Auslegung und Optimierung von Prozessen erforderlich. In dieser Ar-
beit werden Lichtstreuexperimente und molekulardynamische Simulatio-
nen im makroskopischen thermodynamischen Gleichgewicht (equilibirum
molecular dynamics simulations, EMD simulations) zur Bestimmung ther-
mophysikalischer Eigenschaften kombiniert und bei Temperaturen bis zu
573 Kangewandt. Mittels EMD-Simulationen konnen mehrere thermophy-
sikalische Eigenschaften durch die Analyse der Molekiilbewegungen im
makroskopischen thermodynamischen Gleichgewicht vorhergesagt wer-
den. Die Kombination von EMD-Simulationen mit Lichtstreuexperimenten
ermoglicht einerseits die Validierung der Simulationen, andererseits die In-
terpretation der Ergebnisse hinsichtlich des Einflusses der molekularen
Eigenschaften und der Fluidstruktur auf die thermophysikalischen Eigen-
schaften.

Die in dieser Arbeit untersuchten Losungsmittel umfassen lineare und ver-
zweigte Alkane und Alkohole sowie ionische Fliissigkeiten. Die gelosten
Stoffe umfassen verschiedene Gase mit unterschiedlicher Molekiilgrofie,
Masse und Polaritat. Fiir die reinen Losungsmittel wurde ein Kraftfeld (FF)
aus der Literatur auf Basis experimenteller Dichtedaten modifiziert, um die
Vorhersagefahigkeit von EMD-Simulationen fiir Temperaturen bis 573 K zu
verbessern. Mit dem modifizierten FF konnten Viskositat und Grenzfla-
chenspannung mit einer mittleren absoluten relativen Abweichung
(average absolute relative deviation, AARD) von den experimentellen Kor-
relationen von (17 und 11)% vorhergesagt werden. Mit Experimenten an
sechs Systemen bestehend aus n-Hexadekan mit darin gelosten Gasen
wurde der Einfluss der Eigenschaften des gelosten Stoffes auf die Viskositat
und Grenzflachenspannung untersucht. Im Fall der Grenzflachenspannung
waren EMD-Simulationen mit dem modifizierten FF in der Lage, den Ein-
fluss des gelosten Gases im Vergleich zur Grenzflichenspannung von n-
Hexadekan tiber den gesamten Temperaturbereich vorherzusagen. Sie
zeigten jedoch eine systematische Abweichung zu den experimentellen Er-
gebnissen. Die Viskositdt konnte durch das FF nur mit einer Unsicherheit
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von circa 25% vorhergesagt werden, weswegen keine Vorhersage des Ein-
flusses des Gases bei niedrigen Temperaturen moglich war. Mit Hilfe von
EMD-Simulationen war es moglich, Struktur-Eigenschafts-Beziehungen,
beispielsweise zwischen der Oberflaichenanreicherung der Gase und der
Grenzflachenspannung des Gemisches, zu aufzustellen, um ein grundle-
gendes Verstandnis fiir den Einfluss der Molekiilgeometrie auf die Stoff-
eigenschaften zu entwickeln. Die Ergebnisse fiir den Diffusionskoeffizien-
ten fiir Gemische bestehend aus einer Fliissigkeit mit einem darin gelosten
Gas aus Simulationen stimmen mit den Experimenten mit einem AARD
von etwa 14% tiberein und liegen oft innerhalb kombinierter Unsicherhei-
ten. Die Ergebnisse aus den Experimenten und Simulationen wurden zur
Entwicklung eines Vorhersagemodells fiir den Diffusionskoeffizienten im
Bereich der unendlichen Verdiinnung des gelosten Gases verwendet. Die-
ses Modell ist in der Lage den Diffusionskoeffizienten mit einem AARD von
12% vorherzusagen.
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Symbols, Indices, and Abbreviations

Latin symbols

A unit area m?*
a thermal diffusivity m>s™
a, fitting parameter for correlation function

(CF)
bo equilibrium bond length m
b fitting parameter for CF
c concentration mol-m?3
cs speed of sound m-s™
Cg fitting parameter for CF
d distance m
D, self-diffusion coefficient of component 1 m*s™
D, binary diffusion coefficient m>s™
D, Maxwell-Stefan diffusion coefficient m>s™
F force N
G Gibbs energy ]

@) normalized second-order CF of the scattered
ge(t) light intensity
ai(r) ;?ilia'l distribution function between species i
J

H;; Henry constant MPa
I light intensity W-m™
j molar flux density mol-m™s™
ki 11.10dulus of wave vector of the transmitted N

light
ks modulus of wave vector of the scattered light m™

L length m



Symbols, Indices, and Abbreviations

M molar mass

N number of atoms or molecules
Na Avogadro constant

k coverage factor

p pressure

modulus of the scattering vector

qgi partial charge of atom i

r position

rij distance between species i and j
T temperature

t time

U potential energy

Vv volume

v velocity

X x-coordinate

Xi mole fraction of component i

y y-coordinate

z z-coordinate
Greek symbols

r damping coefficient

VAT thermodynamic factor

0 adsorPtion of component i relative to compo-

nent j

y activity coefficient

A thermal conductivity

&i energy parameter of L] potential
& permittivity in vacuum

xii

kg-mol™

mol?

MPa

m3

m-s’

mol-m™

W-m™K*
J-mol™*

J.V—Z.m—l



Symbols, Indices, and Abbreviations

n dynamic viscosity Pa-s

e angle rad

O incident angle rad

Os scattering angle rad

O, equilibrium bending angle rad

A wavelength m

v kinematic viscosity m*s™

) density kg-m

PN number density m?3

o surface tension N-m™

Oy size parameter of L] potential m

T time s

Ty shear stress Pa

c correlation time s

7 dihedral angle rad

@ angular frequency rad-s™
Abbreviations

AA all-atom

AARD average absolute relative deviation

CF correlation function

CG coarse grained

DLS dynamic light scattering

DMIM 1-decyl-3-methylimidazolium

EMD equilibrium molecular dynamics

EMIM 1-ethyl-3-methylimidazolium

FF force field

xiii



Symbols, Indices, and Abbreviations

GROMACS Groningen Machine for Chemical Simulations

HMIM 1-hexyl-3-methylimidazolium

HMN heptamethylnonane

IL ionic liquid

L-OPLS Optimized Potential for Liquid Simulations for Long Hy-

drocarbons

L] Lennard-Jones

MC Monte-Carlo

MD molecular dynamics

MSD mean square displacement

NMR nuclear magnetic resonance

NTf, bis(trifluoromethylsulfonyl)imide

OPLS Optimized Potential for Liquid Simulations
PME particle mesh Ewald

QM quantum mechanics

SLS surface light scattering

TraPPE Transferable Potential for Phase Equilibria
UA united atom

VLE vapor-liquid equilibrium

VLLE vapor-liquid-liquid equilibrium
Indices

o time origin

c related to concentration fluctuations

calc calculated

exp experiments

t related to temperature fluctuations
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1 Introduction

Systems consisting of liquids with dissolved gases are important working
fluids in many areas of chemical and energy engineering. Such systems are
formed whenever a liquid phase comes into contact with a vapor or gas
phase, and the gas molecules are absorbed into the liquid. Prominent ex-
amples can be found in applications related to the utilization of synthesis
gas, i.e. a mixture of hydrogen (H.,) and carbon monoxide (CO). Synthesis
gas is used, for example, for the synthesis of methanol [1] or dimethyl ether
[2]. When the synthesis gas is produced from renewable primary energy
sources, green fuels in the form of liquid hydrocarbons can be synthesized
via the catalytic Fischer-Tropsch process [3]. For all examples, the catalytic
reaction in the liquid phase has many benefits, such as a good control of
the catalyst temperature [1-2,4]. The working fluids for such processes,
however, are multicomponent mixtures that consist of liquids with dis-
solved gases. Other applications where liquids with dissolved gases are im-
portant working fluids, can be found in the separation of gases, e.g., CO,
separation from flue gas using supported ionic liquid (IL) membranes [5],
refrigeration applications using absorption refrigerators [6], fuel injection
and combustion where fuels contain dissolved gases to improve the atom-
ization behavior of the injected fuel [7], or enhanced oil recovery technol-
ogies where light gases such as CO, are injected into an oil reservoir to in-
crease the amount of recoverable oil [8].

For the evaluation and design of such applications, detailed knowledge of
the thermophysical properties of the working fluids is required. This in-
cludes the equilibrium and transport properties of the pure components
and their mixtures with and without dissolved gases over a wide range of
thermodynamic states. In particular, transport properties like viscosity and
mutual diffusivity, but also equilibrium properties like surface or interfacial
tension are of interest for the design of applications and apparatuses, as
shown by their frequent occurrence in dimensionless numbers describing
heat and mass transfer as well as fluid dynamics. Viscosity, which is used
to describe momentum transport, influences heat and mass transfer, as well
as the flow behavior of fluids, and determines the power requirements of
pumps and mixers. In particular, the occurrence of the dimensionless Reyn-
olds number can be mentioned here, where the viscosity of the fluid, be-
sides the flow speed and the characteristic length, determines whether a
fluid has a laminar or turbulent flow profile. The interfacial tension influ-
ences heat and mass transfer across phase boundaries and is required in
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many technical applications such as wetting, coating, and drying processes.
In engineering applications, such as spray injection or bubble column re-
actors, the interfacial tension enters the dimensionless Bond number used
to describe the size distribution of gas bubbles [9], or the Weber number
used to study the break-up of sprays into smaller bubbles. The mutual dif-
fusion coefficient is used to describe mass transport due to a concentration
or chemical potential gradient. Especially in chemical reactions, where
large concentration profiles occur due to the conversion of reactants into
products, diffusive mass transport has been shown to be a limiting factor
for the overall reaction rate [4].

Experimental data for the above properties are still scarce for mixtures con-
sisting of liquids with dissolved gases and are often limited to small com-
pounds and to a moderate temperature range. For the example of linear n-
alkanes, more than 1o datasets are available for the liquid viscosity of n-
hexane (n-C¢H,,) [10]. However, only nine of these datasets exceed a tem-
perature of 450 K, which is the lower limit of the low-temperature Fischer-
Tropsch process [3]. For the longer n-alkane n-octacosane (n-C,sHss), only
three experimental datasets are available in the literature [11-13], and for n-
tetracontane (n-C,Hs.), the experimental data for liquid viscosity are pre-
sented for the first time in this work [14]. For the viscosity of systems con-
sisting of liquids with dissolved gases, the data situation is even more
scarce. For the solvent n-hexane, only the dataset of Berstad [15], who stud-
ied mixtures of n-hexane with dissolved methane, is available in the litera-
ture, aside from the data for a binary mixture of n-hexane with dissolved
CO, shown in this work [16]. For interfacial tension, the data situation is
comparable to that for liquid viscosity with most experimental studies for
short molecules [17], few data for larger molecules [14], and only exemplary
studies for liquids with dissolved gases [18]. For the mutual diffusion coef-
ficient, most experimental studies focus on binary liquid mixtures of al-
kanes [19], 1-alcohols [20], or binary mixtures of alkanes or 1-alcohols with
toluene [21-22]. For systems consisting of liquids with dissolved gases, most
experimental studies have been performed for binary mixtures of IL with
CO., [23-24], ammonia (NH;) [25], and refrigerants [26].

The current data situation clearly shows that there is still a lack of experi-
mental data for systems consisting of liquids with dissolved gases. In addi-
tion, there are few data for higher temperatures above about 450 K, which
are relevant for many technical applications. Due to the large number of
different combinations of liquids with dissolved gases, together with a large
range of thermodynamic states, which are of interest for different technical
applications, the experimental investigations have to be combined with
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modeling approaches such as simulations and prediction models. Although
prediction models for viscosity [27-28], interfacial tension [29-30], and mu-
tual diffusion coefficient [31-32] exist, they are limited by the database of
available experimental data used to develop and test the predictive models.
For example, the correlation developed by Wilke and Chang [31] predicted
the 155 binary diffusion coefficients in dilute solutions with an average ab-
solute relative deviation (AARD) of 12%. However, when applied to systems
of n-alkanes with dissolved gases at infinite dilution, which was not avail-
able in 1955 when the original model was developed, an AARD of over 100%
from experimental data was found [33]. This shows that in order to develop
a model that can be applied to a wide range of different solute and solvent
classes, a database with a systematic variation of solute and solvent mole-
cules is required.

In addition to empirical or semi-empirical prediction models, molecular or
atomistic, simulation approaches have been developed in recent years,
driven by the constant increase in computing capacities. Here, one can dis-
tinguish between ab-initio quantum calculations at the electron level [34],
atomistic models [35], and united-atom approaches [36-37] that combine
multiple atoms within a virtual interaction site. Molecular dynamics (MD)
simulations, based on either atomistic or united-atom approaches to de-
scribe inter- and intramolecular interactions between atoms or interaction
sites, model the discrete-time motion of atoms and molecules using pair-
wise potential functions between atoms or interaction sites, called force
field (FF), in combination with Newton’s equations of motion [38-40]. By
analyzing the spatially and temporally resolved position of atoms and mol-
ecules, multiple thermophysical properties can be accessed simultaneously,
making MD simulations a valuable tool in thermophysical properties re-
search today. However, the accuracy of the predicted properties strongly
depends on the underlying FF. Since many of the FFs available in the liter-
ature were developed for small molecules and temperatures close to ambi-
ent conditions, the predicted properties may show large deviations from
experimental reference data when the FF is transferred to larger com-
pounds or high temperatures [33,41-42]. Moreover, only equilibrium prop-
erties are often considered in the development of such FFs [35-36,43-46],
which leads to very large deviations up to more than 60% for transport
properties such as viscosity [41,44,47-48]. However, to improve the predic-
tive power of MD simulations by modifying the underlying FFs, reliable ex-
perimental data with low uncertainties are required. The study of systems
consisting of liquids with dissolved gases is currently limited by the amount
of literature data available to verify the simulations. Therefore, most
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studies focus on the determination of the self-diffusion coefficient [47-51]
or viscosity [52-54] of mainly CO, in alkanes, ILs, or water (H,O). In addi-
tion to predicting thermophysical properties, MD simulations provide in-
sight into the fluid structure at the molecular level [38-39]. This can be used
to gain a fundamental understanding of how the fluid structure affects
thermophysical properties, for example, by analyzing the composition at
the vapor-liquid interface of a binary mixture, which directly affects the in-
terfacial tension [55-57].

This overview clearly shows that accurate experimental data are needed for
systems consisting of liquids with dissolved gases. To gain a fundamental
understanding of how the dissolved gases affect the thermophysical prop-
erties of the liquids, a systematic variation of both the solute and solvent
molecules, as well as a wide range of temperatures, are particularly required
but are still lacking in the literature. Furthermore, such a database is essen-
tial for the development and verification of theoretical models for the pre-
diction of thermophysical properties. To predict thermophysical properties
using a computational approach such as MD simulations, the underlying
FFs for the solvent molecules still need to be refined for the transferability
to large molecule sizes and high temperatures. Therefore, experimental re-
sults on the thermophysical properties of the pure solvents are also needed.
To verify the simulations for systems consisting of liquids with dissolved
gases, additional experimental data for the mixtures are required. MD sim-
ulations, on the other hand, are a valuable addition to experiments in ther-
mophysical property research since they can be applied to extreme ther-
modynamic states, such as large temperature and pressures, or in the pres-
ence of potentially harmful substances where experiments can only hardly
be realized.

This cumulative dissertation aims to develop a fundamental understanding
how the molecular characteristics of the solvent and solute molecules in-
fluence the thermophysical properties of liquids with dissolved gases that
are relevant as working media in chemical and energy engineering. There-
fore, the viscosity, surface tension, and mutual diffusion coefficient of sys-
tems consisting of liquids with dissolved gases, the pure solvents, as well as
the solvent mixture, is determined by light scattering experiments and MD
simulations. Linear and branched hydrocarbons, including alcohols, and
ILs, which are typical working fluids in technical applications, with a sys-
tematic variation of the molecule size, branching, and polarity, in combi-
nation with gaseous solutes with varying molecular size, weight, and polar-
ity are studied as model systems. The thermophysical properties are used
to develop and verify the simulations and improve the data in the literature.



1 Introduction

Based on the experimental and simulation results, structure-property rela-
tionships should be derived and used in the development of simple predic-
tive models based on the pure component properties of the solute and sol-
vent. Due to the cumulative nature of this thesis, the results and discussion
of this work are based on publications. A list of the publications used in this
thesis, with a short explanation of the author’s contribution, as well as other
publications, is given below. In the following, first an overview of the cur-
rent status of thermophysical property research on systems consisting of
liquids with dissolved gases with focus on the properties viscosity, mutual
diffusion coefficient and interfacial tension is given. After an introduction
to dynamic light scattering and EMD simulations, which were applied as
part of this work, the main findings are summarized with the help of the
following publications.

Publications

A. Giraudet, C.; Klein, T.; Zhao, G.; Rausch, M. H.; Koller, T. M.;
Froba, A. P. Thermal, Mutual, and Self-Diffusivities of Binary
Liquid Mixtures Consisting of Gases Dissolved in n-Alkanes at
Infinite Dilution. ]. Phys. Chem. B 2018, 122, 3163-3175.

Author’s contribution: The author was responsible for the planning,
execution, and evaluation of the simulations. The experimental
investigations in this work were carried out by C. Giraudet and G. Zhao.
The author wrote all parts of the publication related to the simulations and
participated in the planning and writing of the entire publication.

B. Klein, T.; Wu, W.; Rausch, M. H.; Giraudet, C.; Koller, T. M;
Froba, A. P. Influence of Liquid Structure on Fickian Diffusion in
Binary Mixtures of n-Hexane and Carbon Dioxide Probed by Dy-
namic Light Scattering, Raman Spectroscopy, and Molecular
Dynamics Simulations. ]. Phys. Chem. B 2018, 122, 7122-7133.

Author’s contribution: The author was responsible for the planning,
execution, and evaluation of the simulations. The experimental
investigations in this work were carried out by W. Wu. The author wrote
all parts of the publication related to the simulations and participated in
the planning and writing of the entire publication.

C. Klein, T.; Cui, J.; Kalantar, A.; Chen, J.; Rausch, M. H.; Koller, T. M.;
Froba, A. P. Liquid Viscosity and Interfacial Tension of Binary and
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Ternary Mixtures Containing n-Octacosane by Surface Light Scatter-
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2 State of the Art

In this chapter, a characterization of systems consisting of liquids with dis-
solved gases as a function of the thermodynamic state is first given by link-
ing temperature, pressure, and composition using solubility data. The im-
portance of the thermophysical properties viscosity, interfacial tension, and
mutual diffusivity of systems consisting of liquids with dissolved gases for
technical applications is then highlighted, and an overview of the currently
available data for these properties is given. After a brief definition and the-
oretical basis of the properties, different approaches to determine or pre-
dict the three mentioned properties, divided into experiments, simulations,
and predictive models, are discussed. The focus lies on the advantages and
disadvantages of applying the approaches to systems consisting of liquids
with dissolved gases.

Systems consisting of liquids with dissolved gases are defined by at least
two components. One component, i.e. the solvent, is characterized by a
partial pressure equal to or higher than its pure-component vapor pressure
at the same temperature T and a melting point lower than the given tem-
perature. The second component, i.e. the solute, is characterized by the fact
that its partial pressure at the given temperature is lower than the vapor
pressure. By bringing the gas into contact with the liquid phase, the gas
molecules are absorbed into the liquid phase according to their solubility.
The solubility, which determines the concentrations of the gas molecules
in the liquid phase, is usually strongly dependent on the type of gas and
liquid as well as on the thermodynamic state. In 1802, William Henry [58]
experimentally studied the amount of a gas absorbed by water as a function
of temperature and pressure and established for the first time the linear
relation between the partial pressure p; of the gas i and the mole fraction x;
of gas absorbed [58], which is widely used in the form of Henry’s Law,

H,;(T)= i_ (21)
H;;(T) is Henry’s constant for the binary system of a solvent j and the dis-
solved gas i at a given T. However, this relation holds only for a limited
range of x; between the limit of infinite dilution (x;—0) and an upper limit
between x; = (0.1 and 0.3), depending on the system [59]. To obtain the re-
lationship between p; and x; over a wide compositional range, vapor- and
liquid-phase compositional studies must be performed at vapor-liquid
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equilibrium (VLE). The relationship between p; and x; over a wide compo-
sition range is exemplified for the binary mixture of 1-hexanol and CO, at
temperatures of (303.15 and 313.15) K in Figure 2.1 based on the results from
experimental studies illustrated by Secuianu et al. [60].
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Figure 2.1: Phase equilibria of the binary mixture of 1-hexanol and CO; at (303.15 and 313.15) K
using the experimental data of Secuianu et al.[60]. Experimental data up to xco, = 0.2 were
used to calculate the relationship between pco, and xco, according to Equation 2.1.

The experimental data in Figure 2.1 show that at pressures below 6.86 MPa,
a system within the boundaries of the two-phase region decomposes into a
liquid phase and a vapor phase in thermodynamic equilibrium. The com-
position of the vapor and liquid phase is determined by the dew point and
bubble point line at the given pressure, respectively. At a pressure of 6.86
MPa, the system transitions from a VLE to a vapor-liquid-liquid equilib-
rium (VLLE) [60]. At pressures above 6.68 MPa, the system is characterized
by a liquid-liquid equilibrium (LLE) until the two-phase region disappears
at a pressure of 7.87 MPa [60]. At temperatures above the critical tempera-
ture of CO,, a transition from VLE to VLLE and then to LLE can no longer
be observed, and the two-phase region is characterized by a VLE. The bi-
nary mixture of 1-hexanol and CO, is therefore characterized by a Type III
phase behavior, according to the classification of van Konynenburg and
Scott [61].

To compare the composition of the liquid phase with Henry’s law, the ex-
perimental data of Secuianu et al. [60] with a CO, mole fraction below 0.2
were used to calculate Hcoshexanol. The partial pressure of CO, was calcu-
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lated by subtracting the vapor pressure of 1-hexanol [62] from the total
pressure, and the linear relation was calculated with the boundary condi-
tion xco. = 0 at the vapor pressure of 1-hexanol at the given temperature,
according to Eq. 2.1. For both temperatures, a systematic deviation between
Henry’s law and the VLE data is observed at xco. above 0.2.

This shows that accurate solubility data are required for the characteriza-
tion of systems consisting of liquids with dissolved gases. This is also nec-
essary to assign the evaluated property to the correct thermodynamic state.
Compared to pure fluids, where the thermodynamic state along the satura-
tion line is defined by either temperature or pressure due to the connection
between temperature and pressure along the saturation line, the thermo-
dynamic state for a binary system consisting of a liquid with a dissolved gas
under saturation conditions is defined by the temperature, pressure, and
composition, where pressure and composition are connected via solubility
data.

2.1 Thermophysical Properties of Liquids with
Dissolved Gases

This section provides an overview of the relevance and availability of ther-
mophysical properties for liquids with dissolved gases. First, an overview of
technical applications and processes in which systems consisting of liquids
with dissolved gases are used as working fluids or reactants and products
in chemical reactions. The importance of thermophysical properties for de-
sign and optimization is discussed on the basis of selected applications ex-
amples. Then an overview of the available thermophysical properties of lig-
uids with dissolved gases is given by experiments and simulations.

2.1.1 Relevance of Thermophysical Properties of Liquids with
Dissolved Gases for Technical Applications

Systems consisting of liquids with dissolved gases play an important role in
many different technical applications in chemical and energy engineering.
Reliable thermophysical properties, including viscosity, interfacial tension,
and mutual diffusion coefficient, are of interest in this work for efficient
design and modeling of corresponding processes and devices. This will be
illustrated in the following by means of some specific examples.

One application is the use of synthesis gas, a mixture of H, and CO, for the
synthesis of various chemical components, as shown in Figure 2.2. In the
conversion of synthesis gas, which is often exothermic, liquid phase reac-
tions have the advantage that they can easily dissipate heat and thus realize
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isothermal conditions at optimum temperature for the catalyst. An exam-
ple is the production of methanol and DME in liquid phase reactors.

Ammonia Petrol

Hvdroaen Synthesis __ Fischer- .
Fuel Cells ydrog Gas Tropsch Diesel
Hydrogenatio ‘ Wax
Methanol
Ethylene DME AceticAcid  Polyolefins

Figure 2.2: Technical processes related to the utilization of synthesis gas.

For the synthesis of methanol, the following reaction equations describe
the conversion of synthesis gas to methanol.

CO, +3H, < CH,OH+H,0

(2.2)
CO+H,O < CO, +3H,

Lee and Sardesai investigated the synthesis of methanol from synthesis gas
consisting of H,, CO, CO,, and CH, using a catalyst composed of copper
oxide, zinc oxide, and aluminum oxide dispersed in mineral oil in a slurry
reactor. In order to get a better understanding of the process, and thus en-
able an optimized process design, the experimental data were compared
with a theoretical model for the entire mass transfer in the reactor. Here,
Parameswaran et al. [63] identified a eleven-step model to describe the
mass transfer in liquid phase heterogeneous catalysis. The different steps
describe consecutively the transport of the reactant from the gas phase into
the liquid phase, through the liquid phase and the solid-liquid boundary
layer to the catalyst surface. Afterwards, the diffusion of the reactant within
the pores of the catalyst to the active site and the adsorption of the reac-
tants follow. After the reaction has taken place, the product follows the
same steps backwards, starting with the desorption of the product. Taking
advantage of the fact that the mass transfer in each step must be identical
in a steady-state application of the process, the authors were able to empir-
ically correlate the overall mass transfer coefficient of the process with the
thermophysical properties. The liquid density, the viscosity of the gas and
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liquid phases, the interfacial tension, and the diffusion coefficient of hydro-
gen dissolved in the liquid phase were determined since they are required
to describe the overall mass transfer coefficient in this process [63]. In the
absence of experimental data for the thermophysical properties of the bi-
nary mixtures, the authors had to neglect the influence of dissolved hydro-
gen on the liquid density, viscosity, and interfacial tension and use a pre-
diction model for the binary diffusion coefficient. When comparing the to-
tal mass transfer from the developed correlation with the experimental re-
sults of the study for 21 different process conditions, the authors found very
good agreement at operating conditions similar to those for which the em-
pirical correlation was developed, but also discrepancies up to 30% at other
operating conditions. This shows that accurate thermophysical properties
for mixtures consisting of liquids with dissolved gases, as well as their de-
pendency on the thermodynamic state, are required but are still lacking in
the literature. This also applies to other processes related to the use of syn-
thesis gas, e.g. the preparation of linear alkanes or alkenes by the Fischer-
Tropsch process [4,64] or the synthesis of dimethyl ether [1,65-66].

Another example of processes where the thermophysical properties of lig-
uids with dissolved gases are required is the bubble column reactor. This
type of reactor is used because of its advantages, such as a large gas-liquid
contact area, good temperature control, large heat transfer rate, and low
pressure drop [67]. Bubble column reactors are used in a wide range of
technical applications, such as in the oxidation of ethylene to acetaldehyde
[68], the oxidation of acetaldehyde to acetic acid [69], or the production of
microalgae in photobioreactors [70]. In the bubble column reactor, gas is
added at the bottom of the reactor, which is filled with a liquid, and rises
in the form of bubbles, to form a gas-liquid interface. Due to the solubility
of the gas in the liquid, the gas is partially absorbed in the liquids phase.
Figure 2.3 shows the schematic structure of a bubble column reactor.

For the design and optimization of a bubble column reactor, one of the
most important parameters is the bubble size distribution. To gain a basic
understanding of the factors affecting bubble size, the coalescence and
breakup mechanisms for the gas bubbles in the liquid phase must be un-
derstood. Therefore, the various forces acting on the gas bubbles must be
calculated. Here, it was found that mainly the drag force, which can be cal-
culated using the viscosity and density of the liquid [71], leads to a breakup
of bubbles. In addition, the bubble is acted upon by the Basset force, which
is an additional drag force due to the vortices and can also be calculated
using the liquid viscosity and density of the liquid [71]. Finally, considering
the force acting on the gas bubble due to the gas-liquid interface, which
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can be calculated using the interfacial tension [9], a theoretical model for
the bubble size distribution can be developed. To describe the mass trans-
fer between the gas bubble and the surrounding liquid, as well as the life-
time of a gas bubble, additional knowledge about the solubility and the bi-
nary diffusion coefficient is required [72-73].

Gas

Liquid

Liquid
Gas a

Sparger

Figure 2.3: Schematic design of a bubble column reactor.

Other applications that require thermophysical properties of liquids with
dissolved gases for the design and optimization include gas-saturated die-
sel combustion [7], absorption refrigerators [6], wastewater treatment [74],
or lubrication [75].

The above examples show that accurate thermophysical properties of lig-
uids with dissolved gases are required in many areas of chemical and energy
engineering. Among them, the transport properties viscosity and diffusion
coefficient are important since they are needed to calculate the mass and
momentum transfer and influence the heat transfer. In addition, surface
tension is needed because it affects gas absorption in liquids and is used to
determine the size and shape of bubbles and droplets as well as the wetting
behavior of fluids on surfaces.
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2.2 Review of Thermophysical Property Research on
Systems Consisting of Liquids with Dissolved Gases

In the following chapter, an overview of the current status of research on
thermophysical properties of liquids with dissolved gases is given, focusing
on viscosity, interfacial tension, and diffusion coefficient in the liquid
phase. Experiments, computer simulations, as well as theoretical prediction
models, will be discussed.

2.2.1 Experiment

Most of the research on the study of thermophysical property research of
systems consisting of liquids with dissolved gases is focused on VLE. This
is understandable since the study of all other properties requires precise
knowledge of the composition of the fluid phase. For gases with low solu-
bility, e.g. H. or He, solubilities near the limit of infinite dilution of the gas
are given in terms of the Henry constant [26,58,76-80]. For highly soluble
gases, such as CO, or CH,, the solubility data are given numerically in terms
of the liquid composition at a given temperature and pressure. Moreover,
authors often use an equation of state (EoS) to correlate their experimental
solubility data, which allows the interpolation or extrapolation to thermo-
dynamic states that have not been studied experimentally [60,81-85]. A
good overview of the available solubility data for gases dissolved in differ-
ent solvents is provided by the IUPAC-NIST Solubility Database [86], which
contains over 100 volumes with solubilities for a given solute or solvent
molecule or type. With the increasing interest in ILs over the last two
decades, a wide range of solubility data is also available for systems consist-
ing of gases dissolved in ILs. The Ionic Liquid Database - ILThermo (vz.0)
[87-88] contains at the moment 241 datasets for binary mixtures of gases
dissolved in ILs.

Viscosity

As described in Chapter 2.1.1, viscosity is an important transport property
for the design and optimization of technical processes. The viscosity of a
material is a measure of the irreversible dissipation of energy in a fluid flow-
ing with an inhomogeneous velocity profile, caused by the underlying in-
termolecular interactions. This can be visualized with a simple thought ex-
periment. The schematic diagram in Figure 2.4 shows a fluid of thickness d
confined between two parallel plates. The upper plate moves in the x-di-
rection relative to the lower plate with a constant velocity v,. Here, Fx de-
notes the force required to move the top plate with vy, and 7« denotes the
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stress caused by the force in the x-direction on the surface area A with a
normal vector in the z-direction.

Figure 2.4: Visualization of the viscosity using the velocity profile in a fluid between two par-
allel plates.

The dynamic viscosity 7, which can be related to the kinematic viscosity v
via the density p (77 = pv), connects 7 to the linear velocity profile dv,/dz
by 77 according to Newton’s equation [59]

(2.3)

T =71 oz
In the liquid phase, viscosity is strongly influenced by temperature and de-
creases with increasing temperature. For example, when the temperature
is increased from (303 to 448) K, the viscosity of squalane decreases by a
factor of about 19 [89-9o0]. With increasing pressure, the viscosity also in-
creases. The effect of pressure on viscosity is weaker than the effect of tem-
perature, as shown by a 10% increase in the viscosity of squalene by increas-
ing the pressure p by a factor of 5 [89-90].

For the viscosity of systems consisting of liquids with dissolved gases, the
data situation in the literature is still sparse. The first systematic study was
carried out in 1925 by Lewis [91] and included experimental viscosities for
binary mixtures consisting of the solute sulfur dioxide, hydrogen sulfide, or
chlorine gas, assumed to be hydrogen chloride, dissolved in 12 different sol-
vents. Depending on the solubility of the gas, the experimental investiga-
tions were carried out in a wide composition range with molar fractions of
the dissolved gas of up to 0.88. Much of the further research on the viscosity
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of systems consisting of liquids with dissolved gases is focused on and mo-
tivated by systems related to the extraction of oil from reservoirs. Here, the
influence of dissolved natural gases like CH, and ethane (C.Hg) on the vis-
cosity of n-alkanes or technical petroleum mixtures was studied [92-94].
Since CO, can be injected into petroleum reservoirs to increase recovery,
commonly referred to as enhanced oil recovery, the influence of dissolved
CO., on the viscosity of petroleum and alkanes is also discussed in the liter-
ature [89-90,93-97]. Other systems for which the influence of dissolved gas
on the viscosity of the solvent has been studied experimentally are based
on CO, as a solute in water [98], water with dissolved salts (brines) [99],
and primary alcohols [100-103]. For systems consisting of ILs with dissolved
gases, there are eight publications in the literature, most of which investi-
gate the effect of dissolved CO, [104-108] on the viscosity of imidazolium-
based ILs. Other solutes under investigation are sulfur dioxide (SO,) [109],
methyl methacrylate [110], or various refrigerants [11].

There are many different methods for the experimental investigation of vis-
cosity. An overview of these methods is summarized in the work by Nieto
de Castro et al. [112]. In general, experimental methods are divided into pri-
mary and secondary measurement techniques. A measurement method is
considered primary if it is based on a physically sound working equation
that relates viscosity to experimentally measured quantities, and no cali-
bration parameters are required [112]. Since there is currently no primary
measurement technique, Nieto de Castro et al. [112] have introduced the
category of quasi-primary techniques, which includes instruments where
each calibration parameter has a clear physical meaning. Secondary meth-
ods, on the other hand, are techniques whose calibration parameters have
no clear physical meaning. In the following, the various measurement
methods are briefly described, and their application to systems consisting
of liquids with dissolved gases is indicated, as well as their classification
into primary and secondary methods.

The most common technique for systems consisting of liquids with dis-
solved gases is the vibrating-wire instrument [89-90,94,97-99]. This
method is based on the deformation of a metal wire immersed in a fluid. In
the transient mode of operation, these distortions cause periodic oscilla-
tions whose damping can be related to the viscosity of the fluid [113]. In the
steady-state mode of operation, the resonance curve for the oscillations of
the wire can be related to the viscosity of the fluid [14]. For both transient
and steady-state operations, additional knowledge of the density of the
fluid is required. For highly accurate viscosity measurements, the average
wire radius is calibrated using a reference fluid of known viscosity and
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density. The vibrating-wire technique is therefore considered a quasi-pri-
mary technique. Typical uncertainties for the measured viscosity are 2%,
based on a confidence level k = 2. The oscillating body technique is charac-
terized by an axially symmetric body suspended on a torsion wire in a fluid
enclosed between two fixed plates. This body can be a cylinder, a sphere,
or a disc. With a solid mathematical description of the observed oscillation
of the immersed body, the viscosity of the fluid can be determined from the
period and damping of the oscillations. This technique was applied, for ex-
ample, by Kariznovi et al. [100], who used an oscillating piston viscometer
to determine the viscosity of a binary mixture of 1-butanol with various dis-
solved gases with typical uncertainties of 4% (k = 2). Other authors report
uncertainties better than 1% (k = 2) for the determination of the viscosity
of pure fluids [115]. For an accurate determination of the viscosity, oscillat-
ing body viscometers are calibrated to the dimensions of the apparatus, as
well as to the edge effects of the immersed body; they are considered a
quasi-primary measurement technique. The method of a torsional oscillat-
ing quartz crystal is based on the excitation of a quartz crystal, which leads
to a microscopic torsional vibrating motion. Since the quality factor must
be calibrated against a reference fluid, this technique is considered a quasi-
primary technique. So far, the technique of torsional oscillating crystals has
not been applied to systems consisting of liquids with dissolved gases. The
surface light scattering (SLS) method [116] measures the viscosity of a fluid
in macroscopic thermodynamic equilibrium without the need for calibra-
tion. It is based on the study of light scattered from a microscopic surface
fluctuation at the interface between two fluids. The dynamics of these fluc-
tuations, which are contained and accessible in the evaluation of the scat-
tered light in the frequency or time domain, the viscosity, and often the
surface tension can be derived using a physically sound working equation,
the dispersion equation [117-18]. Since thermophysical properties, such as
the density of both phases, as well as the viscosity of the upper phase, which
is the gas phase in gas-liquid systems, are additionally required to solve the
working equation, SLS is considered a quasi-primary measurement tech-
nique [112]. Depending on the system and the uncertainty of the above ther-
mophysical properties that enter the working equation, typical uncertain-
ties of less than 2% (k = 2) can be achieved [116,119-120]. So far, the SLS
technique has not been applied to systems consisting of a liquid with a dis-
solved gas. Besides SLS, the viscosity of a fluid can also be determined using
dynamic light scattering (DLS) by adding particles with a known particle
size. Here, the light scattered by particles in a liquid is used to determine
the particle diffusion coefficient [121]. Einstein’s equation [122] can be used
to calculate the dynamic viscosity of the fluid using the particle diffusion
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coefficient and particle size, which can be calibrated with a reference fluid
[121]. Therefore, this method can be considered as a quasi-primary mea-
surement technique. This technique has been applied to determine the vis-
cosity of pure liquids with typical uncertainties of less than 2% (k = 2) [123],
but has not been applied to systems consisting of liquids with dissolved
gases. The rotational viscometer, the capillary viscometer, and the falling-
body viscometer belong to the secondary measurement methods since
their calibration parameters have no clear physical meaning. Rotational vis-
cometers are usually used in the form of a Stabinger Viscometer [124]. Here,
the sample fluid is in a tube rotating at a constant speed. The kinematic
viscosity of the sample can be determined from the measurement of the
velocity and momentum of an axially symmetric measuring rotor immersed
in the fluid. This instrument has been used to determine the viscosity of
pure liquids and liquid mixtures with specified uncertainties below 1% (k =
2) [124-128] but has not been used for systems consisting of liquids with
dissolved gases. Capillary flow viscometers have been widely used to deter-
mine the viscosity of liquids for over 100 years. One of their main ad-
vantages is their simple design and operation. Based on the Hagen-
Poiseuille equation of fluid dynamics, capillary flow viscometers relate the
kinematic viscosity to the volume flow of the liquid through a capillary
tube. For systems consisting of liquids with dissolved gases, Lewis [91] con-
structed a capillary flow viscometer specifically designed for this type of
system. Modern capillary flow viscometers are usually of the Ubbelohde
type and allow the determination of viscosity with uncertainties between
(0.1 and 2)%, depending on the viscosity range [112]. The rolling-body or
falling-body viscometer measures the time it takes for a usually spherical
body to fall a certain distance or roll down a section of an inclined plane.
At very low Reynold’s numbers (Re < 2.0), the time required for the object
to traverse a given distance in linearly correlated with the viscosity of the
fluid. Besides the advantages, such as simple construction and small fluid
sample, problems in the fabrication of the passing object, such as the sphe-
ricity and surface finish of a sphere and the alignment of the falling axis
with the axis of the outer tube, in the case of a falling-body viscometer, still
limit the applicability of the instrument. Specifically for systems consisting
of liquids with dissolved gases, Sage [129-130] has developed and tested a
rolling-body viscometer with a specified uncertainty of 2.0%.

Interfacial Tension

The terms interfacial tension and surface tension are often used synony-
mously in the literature. However, the surface tension refers to the property
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between a liquid phase consisting of a single component in equilibrium
with its own vapor phase. The surface tension of a substance is therefore
determined by the temperature and the corresponding vapor pressure.
However, for substances with very low vapor pressure, the experimental
investigations are often carried out under an inert gas atmosphere at a pres-
sure greater than the vapor pressure of the substance. Such experimental
values should be referred to as interfacial tension. In this work, the term
“interfacial tension” is used for the property measured for systems of liquids
with dissolved gases as well as for pure substances. The interfacial tension
ois defined by the differential change in Gibbs energy G per unit area A at
a given temperature and pressure [59]

While the interfacial tension can be expressed quantitatively in various
ways, the notation in Equation 2.4 directly explains a widely known phe-
nomenon at interfaces, namely the tendency of a system to minimize its
surface energy. Since the equilibrium system tends to a state of minimum
Gibbs energy at a certain temperature and pressure, the product cA also
tends to a minimum, which can lead to an enrichment of certain compo-
nents of a multicomponent mixture at the interface. The interfacial tension
is inversely proportional to the temperature and converges to zero at the
critical point of a substance or mixture, a fact often used for predictions
and correlations [131].

Similar to viscosity, early research on the interfacial tension of liquids with
dissolved gases was motivated by the recovery of oil from reservoirs [132-
134]. Due to modern technologies for the extraction of crude oil and natural
gas recovery from oil deposits, such as enhanced oil or gas recovery, the
interfacial tension of systems containing CO,, petroleum, and natural gas
components such as CH, is still being studied today [135-139]. Moreover,
the possible geological storage of CO, has stimulated research on the inter-
facial tension of systems consisting of CO, dissolved in water or brines
[136,140-142]. While many scientific publications focus on a single binary
system [55,137-138], a systematic variation of the solute and solvent mole-
cules is necessary to develop a fundamental understanding of how the sol-
ute gas affects the interfacial tension. A systematic analysis of the influence
of dissolved gases on the interfacial tension of a liquid with varying solute
and solvent molecules was first performed by Uhlig [143] for binary mix-
tures of solutes CH,, oxygen (O.), N,, H,, CO, and ethene (C,H,) dissolved
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in seven different solvents, including water, hydrocarbons, ethers, and car-
bon tetrachloride. Based on the experimental data, Uhlig [143] was also able
to develop a linear relationship between the logarithm of the solubility of
the dissolved gas and the interfacial tension. Rice [144] studied the effect of
pressure on the interfacial tension of H, or CO, dissolved in ethanol or ethyl
ether but was unable to determine the solute concentration in the liquid
phase as a function of pressure. Another systematic study that should be
mentioned here is the work of Li et al. [145], who measured the interfacial
tension of eleven binary mixtures consisting of CO. dissolved in n-alkanes
for pressures up to 12 MPa. For binary mixtures of ILs with dissolved gases,
63 datasets are currently available in the [LThermo database [87-88]. Most
of these experimental studies deal with the influence of dissolved water on
the interfacial tension of ILs, followed by studies of ILs with dissolved CO,
or primary alcohols.

The experimental techniques for the determination of interfacial tension
can be divided, according to Drelich et al. [146], into five categories. These
categories are direct measurement using a microbalance, measurement of
capillary pressure, analysis of capillary-gravity forces, gravity-distorted
droplets, and amplified distortion of droplets. Methods of direct measure-
ment with a microbalance, often referred to as detachment methods, in-
clude the Wilhelmy plate method and the Du Noiiy ring method. Either
method, in detachment mode, measures the force required to lift the ring
or plate off a vapor-liquid surface. The Wilhelmy plate method can also be
used in static mode, where the plate remains in contact with the liquid
throughout the interfacial tension measurement. The wetting of the body
forms a meniscus along the surface of the body, which affects the force re-
quired to either hold the plate in place or to lift the body off the interface,
depending on the mode of operation. Together with the exact weight and
dimensions of the body used, as well as the densities of the two phases and
the contact angle between the body and the liquid, the force can be related
to the interfacial tension of the system. Due to a deformation of the ring in
the Du Notiy ring method, a calibration of the setup with a reference is
required [146]. Both methods can determine the interfacial tension with an
absolute expanded uncertainty of approximately 0.2 mN-m™ [147-148]. So
far, this method has not been applied to systems consisting of liquids with
dissolved gases. Within the category of capillary pressure measurements,
the maximum bubble pressure method is the most commonly used. The
method is based on immersing a capillary tube in a liquid and determining
the maximum pressure required to force a gas bubble out of the capillary
tube into the liquid. The interfacial tension can then be determined from
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the maximum pressure using the dimensions of the capillary tube and the
depth of immersion of the capillary tube in the liquid. While the maximum
bubble pressure method has been used to determine the interfacial tension
of systems consisting of liquids with dissolved gases, reported measure-
ments using this technique for pure liquids give typical uncertainties of 0.2
mN-m™[149].

From the group of capillary gravity analysis methods, the capillary rise
method is the most commonly used. Due to the ease of use of this tech-
nique, the capillary rise method is also one of the oldest techniques for the
experimental determination of the interfacial tension and has already been
applied by Beecher et al. [132] in 1926 to study the effect of dissolved natural
gas on the interfacial tension of various oils. The method is based on the
equilibrium between capillary and gravitational forces acting on a liquid in
a capillary tube. When the liquid wets the inside of the capillary tube, a
meniscus is formed, and due to the pressure difference according to the
Young-Laplace equation, the liquid rises in the tube. Based on the differ-
ence in density between the liquid and the corresponding gas or vapor
phase, the diameter of the capillary tube, as well as the contact angle, the
interfacial tension can be determined from the height that the liquid rises
in the tube. Since the determination of the contact angle is quite difficult,
a perfect wetting of the capillary tube and thus a contact angle of o is often
assumed when using this method [150]. Since the inner diameter of the
capillary tube has a strong influence on the calculated interfacial tension,
it is often calibrated with a reference fluid [150]. Recent applications of this
technique can be found in the work of Ghatee and Zolghadr [150], who suc-
ceeded in determining the interfacial tension of ILs with specified uncer-
tainties between (0.2 and 0.3) mN-m™. In the category of measurements
based on gravity-distorted drops, the pendant-drop method and sessile-
drop method should be mentioned. Since the pendant-drop method is the
most commonly used technique today, it is briefly introduced below. It is
based on the analysis of the shape of a droplet hanging from a solid object
in the gravitational field. The shape of such a pendant drop is influenced
by gravitational and capillary forces. Using the Young-Laplace equation,
the interfacial tension can be determined from the shape of the droplet,
which is recorded with a camera during the experiments, and the difference
between the liquid density and vapor or gas density. For high-precision
measurements, calibration of the setup is required [151]. The pendant-drop
method has been applied to numerous systems consisting of liquids with
dissolved gases [55,135,152-153] with typical absolute uncertainties (k = 2) of
o.1mN-m™ In the last category of interfacial tension measurements, namely
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enhanced drop deformation, the spinning drop method can be found. This
technique is based on a horizontal tube that rotates along its longitudinal
axis and contains a drop of liquid. Due to the centrifugal forces, the droplet
is stretched and assumes a cylindrical shape. From the cylindrical shape
and centrifugal force acting on the droplet, the surface tension can be de-
termined using a modified Young-Laplace equation [154]. So far, this tech-
nique has not been applied to systems consisting of liquids with dissolved
gases. Finally, the SLS technique, which is not included in the classification
of Drelich et al. [146] should be mentioned for the determination of the
interfacial tension. As described in the previous section, the SLS technique
is able to determine the viscosity and interfacial tension from the dynamics
of surface fluctuations between two fluid phases in macroscopic thermody-
namic equilibrium using a theoretical description of the surface free waves.
If these surface waves show an oscillatory behavior, the simultaneous de-
termination of both properties is possible. However, if the surface waves
exhibit overdamped behavior, the ratio of viscosity to interfacial tension is
directly accessible with this technique, and the interfacial tension can only
be determined if the viscosity of both phases is known. SLS can be used to
determine the interfacial tension with typical uncertainties below 2%

(k = 2) [19,155-156].

Diffusion Coefficient

In addition to viscosity, the mutual diffusion coefficient is an important
transport property required in the modeling and design of technical appli-
cations, as described in the previous chapter. In general, several diffusion
coefficients can be determined, namely the tracer and self- and mutual dif-
fusion coefficients. However, only the mutual diffusion coefficient is a true
transport property and can be associated with the transport of mass due to
a concentration or chemical potential gradient. Since for a binary mixture
at the infinite dilution limit, the self- or tracer diffusion coefficient of the
component that is at infinite dilution can be directly related to the mutual
diffusion coefficient; some studies focus only on determining the tracer or
self-diffusion coefficient. The theoretical relations that allow a correlation
between the self-diffusion coefficient of the component at infinite dilution
are given in the following chapter, which describes the determination of
thermophysical properties using computer simulations.

The first experimental studies on diffusion in gases [157] and liquids [158]
were carried out in the 19™ century by Thomas Graham. On the basis of
Graham’s experiments, Adolf Fick [159] was able to develop Fick’s first law
of diffusion
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which relates the one-dimensional, area-normalized molar flux j, of com-
ponent 1 in a binary nonelectrolyte mixture to the concentration gradient
in the z-direction (dc,/0z) via the transport property D,. Here, D, is the
mutual diffusion coefficient and is often referred to as the Fick diffusion
coefficient or binary diffusion coefficient. Although the binary diffusion co-
efficient is sometimes referred to as D,, to emphasize the fact that it de-
scribes diffusive mass transfer in a binary mixture of components 1 and 2,
the notation D, follow a notation consistent with the general notation for
diffusive mass transport in multicomponent mixtures, where a matrix of
diffusion coefficients is required to describe the molar flux of each compo-
nent. The subscript in D, can therefore be read as the specific mole flux of
component 1 due to a concentration gradient of component 1, which is con-
sistent with the general description of diffusion [160]. It is important to
note that for a N-component mixture, N-1-independent mass fluxes can be
defined, which means that for a binary nonelectrolyte mixture, only one
Fick diffusion coefficient is required to describe the diffusive mass transfer.
Special care should be taken if one or more of the components is an elec-
trolyte. Electrolytic components are characterized by the fact that at tem-
peratures above the melting point, they dissociate into two species, namely
anions and cations, either in solution or in pure form. In a binary mixture
of a nonelectrolyte component and an electrolyte component, three species
can be found according to a species-based description, i.e. the anion, the
cation, and the nonelectrolyte component, and three different mass fluxes
can be defined, only two of which are independent. However, since the mo-
tion of the anions and cations is coupled due to the electroneutrality con-
dition, the number of independent fluxes is further reduced by one, so that

only one independent mass flux and one Fick diffusion coefficient can be
defined [161].

In addition to the Fick diffusion coefficient, the Maxwell-Stefan diffusion
coefficient D can also be used to describe diffusive mass transfer [162]. In
contrast to Fick’s law of diffusion, the Maxwell-Stefan approach relates dif-
fusive mass transport to a chemical potential gradient. Further details on
the Maxwell-Stefan approach to mutual diffusion, which is often used in
the computational determination of diffusion coefficients, and the relation-
ship between the Fick and Maxwell-Stefan diffusion coefficient are de-
scribed in the following chapter.
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In this section, experimental studies are discussed for the determination of
the mutual diffusion coefficient, either by its direct determination or by the
determination of the self- or tracer diffusion coefficient of the component
that is in infinite dilution. In general, the available experimental data for
the mutual diffusion coefficient for systems consisting of liquids with dis-
solved gases can be divided into three different categories based on the sol-
vent molecules. These are systems based on water as a solvent, hydrocar-
bons, and ILs. The first category includes systems composed mainly of light
gases, including N, O,, and CO,, dissolved in either pure water [163-169] or
brine [170] and mostly motivated by carbon capture and storage applica-
tions. Similar to the literature review on viscosity and interfacial tension,
thermophysical property research with respect to the mutual diffusion co-
efficient of liquids with dissolved gases is often motivated by oil recovery
and enhanced oil recovery applications. Here, the binary diffusion coeffi-
cients of either natural gas constituents or light gases such as H,, CO, or
CO:. dissolved in bitumens [171-172] or hydrocarbons [168,173-178] are stud-
ied. In the last category, mutual diffusion coefficients can be found for sys-
tems consisting of ILs with dissolved gases. The reason for such studies is
the relatively good solubility of gases in ILs compared to other liquids, such
as hydrocarbons, and the resulting applications where ILs can be used for
gas separation. Most experimental studies deal with ILs in combination
with dissolved CO, [49,169,179-181], refrigerants [76,182-183], or water [184-
186]. While the experimental studies of the first two categories are mostly
limited to the infinite dilution range and do not investigate the concentra-
tion dependence of the mutual diffusion coefficient, IL-based systems with
dissolved gases are more often studied over a wide concentration range.
This is most likely due to the relatively good solubility of gases in ILs and
their application in gas separation processes, where a wide composition
range is of interest.

In gas absorption techniques, the time-dependent absorption of gas into
the liquid, which is affected by solubility and mutual diffusion coefficient,
is analyzed to determine the mutual diffusion coefficient. Fick’s second law
of diffusion can be used to calculate the mutual diffusion coefficient, which
links the time-dependent change in concentration of a component to its
spatially resolved concentration profile via the mutual diffusion coefficient.
Equation 2.6 presents Fick’s second law of diffusion for a binary system with
a one-dimensional concentration gradient in z-direction

b, _p oe. (2.6)
ot oz*

25



2 State of the Art

There are several experimental methods for determining gas absorption,
including the absorption of a gas in a laminar liquid jet [187], the one-di-
mensional absorption at a planar gas-liquid interface either at constant
pressure [175] or in a closed system with a constant volume [188], the time-
dependent shrinking of a gas bubble rising in liquid [163], or the gas flow
required to maintain a constant size of a bubble suspended in a liquid [165].
The spatially and temporally resolved concertation required to solve Fick’s
second law of diffusion is often determined using optical methods, such as
planar laser-induced fluorescence with inhibition (PLIFI), where the con-
centration of the gas can be calculated from the fluorescence intensity [163].
Alternatively, the amount of absorbed gas in the liquid phase can be deter-
mined, e.g., by measuring the mass of gas required to maintain the size of
a bubble suspended in a liquid [165] or by determining the time-dependent
change in volume due to swelling of the liquid phase [172]. A common lim-
itation of the above methods is that the mutual diffusion coefficient is not
determined at a specific concentration but is averaged over the concentra-
tion range covered in the experiment. Although this means that the con-
centration dependence of the diffusion coefficient cannot be determined in
this way from a single experiment, Khalifi et al. [175] have presented con-
centration-dependent mutual diffusion coefficients from a gas absorption
experiment at constant pressure, where the absorption process was started
with pre-saturated liquids of different composition. Typical uncertainties
for the mutual diffusion coefficient are around 3%. However, the uncertain-
ties are often based on replicate measurements and do not include error
propagation of the full working equation [175]. Another method for deter-
mining the mutual diffusion coefficient of a system consisting of liquids
with dissolved gases is the Taylor dispersion method [164,173-174,189]. This
method is based on the evaluation of the dispersion of a solute plug injected
into a solvent flowing laminarly through a tube. Due to the parabolic flow
profile of the solvent, the introduced solute plug is distributed in the lon-
gitudinal direction. Furthermore, diffusive mass transfer leads to further
dispersion of the solute plug due to the concentration gradient between the
solute plug and the solvent. The mutual diffusion coefficient can be calcu-
lated from the solute distribution, which can be detected with a differential
refractive index detector [189] in the fully developed flow after a sufficiently
long time. Using this method, the mutual diffusion coefficient can be de-
termined with a relative expanded uncertainty between (1.6 and 2.6)%
(k =2) [173,189].

Nuclear magnetic resonance (NMR) spectroscopy was used to measure the
mutual diffusion coefficient of systems consisting of CO, dissolved in water
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[170], brines [170] and various hydrocarbons [190-191]. Therefore, pulsed-
field gradient NMR experiments were applied to the mixtures, consisting
of the solvent and 3CQO, as the solvent, and the attenuation of the NMR
signal in a spatially varying magnetic field was demonstrated. Since the at-
tenuation is directly affected by the translational diffusion of the compo-
nents, the self-diffusion coefficient of 3CO, can be determined. However,
at the limit of infinite dilution of the solute, this diffusion coefficient is
equal to the mutual diffusion coefficient of the system [170,191]. The relative
uncertainties of the self-diffusion coefficient range from about (1 to 9)%

(k =2).

Another method for determining the mutual diffusion coefficient in binary
mixtures, including mixtures consisting of liquids with dissolved gases, is
the dynamic light scattering (DLS) method. With this method, the mutual
diffusion coefficient can be retrieved non-invasively in macroscopic ther-
modynamic equilibrium, which means that no macroscopic concentration
gradient needs to be imposed [192-193]. Since no macroscopic concentra-
tion gradient has to be applied, the determination of the mutual diffusion
coefficient is possible for a well-defined composition. Since microscopic
fluctuations exist in macroscopic thermodynamic equilibrium, the light
scattered by such microscopic fluctuations contains information about
their temporal behavior. Based on the principle that the relaxation of mi-
croscopic fluctuations follows the same laws as macroscopic fluctuations
[194-195], DLS is can infer the associated transport properties by studying
the temporal behavior of the scattered light intensity. While the mutual
diffusion coefficient in a binary mixture can be determined from the mi-
croscopic fluctuation in concentration, it is often possible to simul-
taneously access the thermal diffusivity caused by microscopic temperature
fluctuations [176-177,193]. Typical uncertainties for the determination of the
mutual diffusion coefficient in systems consisting of liquids with dissolved
gases are strongly dependent on the concentration of the dissolved gas and
can therefore range from 5% (k = 2) for mole fractions of the dissolved gas
above 0.1 to 30% (k = 2) near-infinite dilution of the dissolved gas [49,176-

177,181].

From the above literature review on viscosity, interfacial tension, and mu-
tual diffusion coefficient, it is clear that reliable measurement techniques,
as well as experimental data, are available in the literature for systems con-
sisting of liquids with dissolved gases. However, a major limitation of the
available database is the limited variation of solvent and solute compo-
nents. To gain a fundamental understanding of how the solute gases affect
the thermophysical properties of the solvent, systematic variation of the
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solvent, including variation in carbon chain length, branching, and hydrox-
ylation, and the solute, including gases with different molar mass, size,
sphericity, and polarity, is required. In addition, a wide variation of ther-
modynamic states, covering a wide temperature range up to process rele-
vant conditions, as well as composition, is important but still lacking in the
literature.

2.2.2 Computer Simulations

Due to the large number of combinations of solvent and solute components
in combination with a wide range of thermodynamic states for which ther-
mophysical properties are relevant for technical applications, it is hardly
possible to perform experimental investigations for all possible systems and
thermodynamic states. Therefore, other methods are required to determine
the thermophysical properties. These methods include theoretical and em-
pirical models, but also computer simulations, which can be used to predict
the thermophysical properties. Here, computer simulations are the main
focus of research into thermophysical properties, driven by the steadily in-
creasing computing power of stand-alone work stations and computer clus-
ters. Simulations are based on a physical description of the inter- and in-
tramolecular interaction at the electronic, atomistic, or molecular level. By
describing the interactions at the subatomic level on the basis of electrons
and nuclei, as is the case with quantum-chemical ab initio methods, the
highest level of detail can be achieved. They provide access to molecular
structure, as well as potential energy surfaces for molecule pairs, and can
be combined with theories of statistical mechanics to determine equilib-
rium properties of pure components or mixtures, as has been shown, for
example, for the solubility of CO or CO, in water [196]. Due to the high
level of detail, quantum-chemical ab initio calculations require a lot of
computational power and are only suitable for relatively small systems with
usually less than 10? atoms [197]. The resulting potential energy surface can
be used to develop atomistic force fields (FF), which are used in computer
simulations at the atomistic level. Here, pairwise potential energy functions
between atoms are used to describe the inter- and intramolecular interac-
tions, resulting in lower computational costs. Therefore, much larger sys-
tems with 103 to 10° atoms can be simulated. The potential energy Uj; be-
tween two atoms i and j at a distance of rjis shown in Figure 2.5 and can be
further distinguished into bonded and non-bonded interactions, which is
exemplified using an n-hexane and CO. molecule. In the group of bonded
interactions, bonds, bond angles, and dihedral angles between two, three,
or four atoms, respectively, connected by a covalent bond are contained.
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Here, the parameters b, and @, denote the equilibrium bond length and
the bond angle.
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Figure 2.5: Potential Energy U in a System with N Atoms as well as a Schematic Representation
of the Interaction Within and Between n-Hexadecane and CO..

Non-bonded interactions include electrostatic interactions described by
constant partial charges gi, as well as repulsive and dispersive interactions
in the form of Lennard-Jones (L]) 12-6 potentials described by the atom-
specific L] parameter & and aii. To calculate LJ interactions between dis-
similar atoms, combinations rules for the L] parameter, such as the Lo-
rentz-Berthelot mixing rules [198], must be applied. . A possible extension
of the potential energy function shown in Figure 2.5 is the inclusion of
quadrupolar moments in the electrostatic interactions [199]. Atomistic
simulations can be further distinguished into Monte Carlo (MC) and Mo-
lecular Dynamics (MD) simulations. In the purely stochastic MC approach,
a series of different molecular configurations are generated in a statistical
ensemble by randomly moving and rotating atoms and molecules, starting
from an initial configuration [200]. By averaging over the different con-
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figurations, equilibrium properties such as density, isothermal compress-
ibility, and interfacial tension can be calculated [39,201-202]. In contrast to
MC simulations, MD simulations, which are of interest in this work, are
able to describe the dynamics in a statistical ensemble of molecules and
therefore allow access to dynamical properties as well. They are based on
the solutions of Newton’s equations of motion in a time-discretized man-
ner that gives access to the positions, velocities, forces, and energies of the
particles in the ensemble [38-40]. A variety of thermophysical properties,
including viscosity, interfacial tension, and various diffusivities of interest
within this work, can be calculated from the recorded trajectories and en-
ergies. MD simulations can be performed either in macroscopic thermody-
namic equilibrium (EMD) or outside of the macroscopic thermodynamic
equilibrium (NEMD), which is often used in simulations of transport prop-
erties [41]. Further details on the evaluation of various thermophysical
properties by MD simulations are given in Chapter 4. In addition to provid-
ing access to thermophysical properties, atomistic simulations provide in-
sight into the fluid structure of the simulated ensemble and can contribute
to the development of structure-property relations discussed later in this
chapter.

Molecular simulations are closely related to atomistic simulations and de-
scribe the interactions in a statistical ensemble of molecules using potential
energy functions. In this process, the different atoms of a molecule or a
functional group are combined in a single interaction site. This leads to a
greatly reduced computational cost at the expense of losing the individual
contributions of the atoms to the interactions and the exact molecular ge-
ometry. The degree of coarseness can vary widely between approaches with
united atoms, in which mainly hydrogen atoms are combined with neigh-
boring heavier atoms to form a single interaction site [36,45,203], and
coarse-grained approaches, in which up to nine atoms are combined to
form a single interaction site [37]. As with atomistic simulations, molecular
simulations can be conducted using MC or MD simulation software. Due
to the lower amount of computational cost compared to atomistic simula-
tions, much longer simulations times can be achieved in the case of MD
simulations or much larger systems in the case of MC simulations [41].

In the following, an overview of the aforementioned simulation techniques
for the determination of the thermophysical properties viscosity, interfacial
tension, and diffusion coefficient for systems consisting of liquids with dis-
solved gases will be given.
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Viscosity

The dynamic viscosity can be calculated by EMD simulations from fluctu-
ations of the off-diagonal pressure elements in a homogenous phase via the
Green-Kubo method. Further details on this approach can be found in
Chapter 4 or in the relevant literature [38-40]. However, this method re-
quires relatively long simulation times in the range of 100 ns, especially for
large molecules, until the calculated dynamic viscosity converges to a stable
value [41,48]. Alternatively, Zhang et al. [204] proposed the time-decompo-
sition approach, where the viscosity is evaluated not from a single long sim-
ulation run, but from up to 100 different short simulations in the range of
(2 to 5) ns, evaluated by the Green-Kubo method and fitted to a double
exponential function. An indirect method for calculating the viscosity has
been reported by Jamali et al. [205], where the viscosity is accessible via the
dependence of the self-diffusion coefficients on the system size. Here, the
authors take advantage of the fact that the system-size correction for the
diffusion coefficient, first determined by Yeh and Hummer for the self-dif-
fusion coefficient [206] and later used by Jamali et al. on the mutual diffu-
sion coefficient of binary and multicomponent mixtures [207-208], depend-
ing on the system viscosity. Therefore, the viscosity of a system can be cal-
culated from self-diffusion coefficients of at least two different simulation
runs with different system sizes.

With NEMD, the viscosity can be calculated using the relationship between
the momentum flux and the velocity gradient described in Eq. 2.3, earlier
in this chapter. Here, either the linear velocity profile can be specified [209-
210] or a momentum flux can be applied to obtain the velocity gradient
[2u]. Alternatively, a periodic external force can be applied, and the viscos-
ity can be calculated from the resulting oscillatory velocity field according
to the Navier-Stokes equation [41,212].

For systems consisting of liquids with dissolved gases, there are still hardly
any computer simulations for the determination of viscosity. Of the few
publications available, most deal with the viscosity of mixtures based on
the solvent CO,. Here, solvents such as acetonitrile [213-214], methanol
[214], brines [53], or linear and cyclic alkanes [53,214-215] are investigated.
With the exception of the research from Zheng et al. [215], who studied the
binary mixtures of CO, and n-decane or n-hexadecane up to temperatures
of 473.15 K, and Aminian and ZareNezhad [53], who studied binary mixtures
of CO, dissolved in brines and ternary mixtures of CO, dissolved in brines
and n-decane up to 573.15 K, the investigations are limited to near-ambient
temperatures. In all cases where experimental reference data were avail-
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able, deviations between the simulated and experimental viscosity up to
50% were found by the authors. In many cases, the deviations could be at-
tributed to the failure of the applied FFs to predict the viscosity of the pure
solvent and solute [214-215]. For systems consisting of liquids with dissolved
gases other than CO,, two further publications can be found in the litera-
ture. Pisarev and Mistry [216] studied the viscosity of binary mixtures of
methane dissolved in n-butane at 360 K and over a wide composition range
using NEMD simulations. By comparing their simulated results with exper-
imental ones, the authors found good agreement within 10% of the experi-
mental values. Veldsquez and Hoyos [217] simulated the viscosity of binary
mixtures of n-heptane dissolved in toluene using both NEMD and EMD
simulations. In all cases, similar deviations from experimental reference
values within 10% were reported.

Typical uncertainties reported for the simulated viscosities are in the range
of (5 to 15)% (k =2), while NEMD methods usually have slightly smaller un-
certainties compared with EMD simulations.

Interfacial Tension

The interfacial tension can be determined using computer simulations ei-
ther via MC or MD simulations. The most commonly applied approach to
access the interfacial tension using either simulation method is the Irving-
Kirkwood definition, which expresses the interfacial tension from the diag-
onal elements of the pressure tensor [218-219]. Further approaches to de-
termine the interfacial tension from computer simulations are summarized
by Biscay et al. [220]. Of special importance for the calculation of the inter-
facial tension is the way long-ranging van der Waals interactions are
treated. To save computational power, interactions between atoms are of-
ten calculated explicitly only within a certain cut-off radius. Long-ranging
dispersive interactions beyond the cut-off are approximated using long-
range correction algorithms [38,221]. Since such corrections usually use the
average density in the simulation volume, they lead to systematic devia-
tions in VLE simulations, where the density of the liquid and vapor phase
differ strongly. Papavasileiou et al. [41] performed a systematic study on the
influence of long-range dispersive corrections on the interfacial tension
and found that the Particle Mesh Ewald (PME) algorithm for L] interactions
(LJ-PME) [222] is able to accurately account for long-range L] interactions.

Computer simulations for the determination of the interfacial tension of
mixtures consisting of liquids with dissolved gases are available in the lit-
erature for many different classes of solvents and solutes. They are moti-
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vated by systems and applications related to refrigeration technologies
[223-224], CO, absorption and storage [225-227], enhanced oil recovery
[226,228], chemical and energy engineering [55,227,229-230], or fundamen-
tal research [231-232], to mention only a few.

Typical uncertainties for the simulated interfacial tension from MC and MD
simulations range between (3 and 10)% (k = 2). For most systems, agree-
ment between simulations for interfacial tension and experimental refer-
ence data are within 10%. However, in some specific cases, deviations up to
50% are possible [227]. With the exception of a few publications, e.g., the
research of Eckelsbach and Vrabec [231], where the authors determined the
interfacial tension of binary mixtures of acetone, nitrogen (N,), and O, up
to a temperature of 450 K, the investigations are limited to a temperature
range between (273.15 and 373.15) K.

Diffusion Coefficient

Different approaches are available to determine mutual diffusion coeffi-
cients of a binary mixture from MD simulations. In EMD simulations, the
Fick diffusion coefficient D, can be directly calculated using the Fourier
correlation method [233-234]. Using this approach, D, can be calculated
from Fick’s second law of diffusion by analyzing fluctuations in the local
species concentration in the Fourier domain [234]. Thereby, D, can be cal-
culated as function of the wavenumber and extrapolated to zero wave-
number. Alternative approaches based on EMD simulations are able to ac-
cess the Maxwell-Stefan diffusion coefficient D,, from molecular trajecto-
ries via the Green-Kubo [235-236] method or Onsager’s reciprocal relation-
ships for multicomponent mass transfer [194-195]. To compare P,, from
EMD simulations with experimental values for D,,, they might by converted
to Dy, via the thermodynamic factor 75 via

Dn:Du'Fu' (2"7)

I can be calculated either directly from EMD simulations using Kirkwood-
Buff integrals [237-238] or from activity coefficients [239]. The approach of
calculating D, from EMD simulations via ., and 77 is also applied in this
work and described in more detail in Chapter 4.

Using NEMD simulations, D,, can directly be accessed by solving Fick’s first
law of diffusion. While classical NEMD create a steady-state concentration
gradient in the simulation volume and determine the diffusive mass flux to
access Dy, reverse NEMD simulations apply a diffusive mass flux using a
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mass exchange algorithm and analyze the concentration gradient under
steady-state conditions to determine D,,.

Special care has to be taken, when calculating mutual diffusion coefficients
for electrolyte systems, because these systems contain free-moving ions.
Since electrolytic components, like ILs or salts in solutions, disassociate
into two species, namely anions and cations, a species-based derivation of
the mutual diffusion coefficient must be performed [161]. In the case of bi-
nary mixtures of an electrolyte and a non-electrolyte, as it is the case for all
electrolyte systems in this work, this means that three different species are
present. While the diffusive mass transport in a mixture with three species
is usually defined by a 2x2 diffusion coefficient matrix, the electroneutrality
condition, which links the motion of anions and cations [240], reduces the
number of independent mass fluxes by one. Therefore, only one single mu-
tual diffusion coefficient is required to describe the diffusive mass transport
in binary mixtures of an electrolyte and non-electrolyte [161]. More details
on the determination mutual diffusion coefficients in electrolyte systems
are given in Chapter 4.

Available publications on the diffusion coefficient in mixtures consisting of
liquids with dissolved gases can be differentiated in investigations close to
and outside of infinite dilution. The investigation of mutual diffusion coef-
ficients close to infinite dilution have the advantage that the self-diffusion
coefficient of the infinitely diluted component converges to the mutual dif-
fusion coefficient [241]. The computational effort for calculating the self-
diffusion coefficient is smaller compared to the mutual diffusion coeffi-
cient, so only the self-diffusion coefficient of the diluted component is cal-
culated. Therefore, multiple investigations of the diffusion coefficient close
to infinite dilution, mainly for binary mixtures based on CO, as the solute
are available in the literature [47,242-246]. For further binary mixtures
which are not based on CO, as the solute, the research of Makrodimitri et
al. [48], who studied the self-diffusion coefficient of H,, CO, or H,O dis-
solved in n-alkanes, and Koller at el. [49], who studied the self-diffusion
coefficients of various light gases in an IL, can be mentioned.

Typical statistical uncertainties related to the self-diffusion coefficient at
infinite dilution range between (5 and 20)% (k = 2). The deviation of simu-
lated self-diffusion coefficients from experimental D,, data are highly de-
pendent on the underlying FF and range between less than 10% and up to
a factor of two and more. With the exception of a few publications [47-
48,246], the investigations are limited to temperatures below 373 K.
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For the mutual diffusion coefficient of binary mixtures of liquids with dis-
solved gases, only a few publications are available in the literature
[51,233,247]. Zabala et al. [51] investigated D,, in binary mixtures consisting
of CO, dissolved in various linear alkanes up CO, mole fractions of 0.7 at
temperatures between (298 and 373) K. The authors used EMD simulations
to access D,, with average statistical uncertainties of 10 % and used the the-
oretical perturbed chain statistical associating fluid theory (PC-SAFT)
model to calculate 775, from fugacity coefficients of CO,. The agreement with
available experimental data was strongly dependent on the system. In the
case of CO, dissolved in n-hexadecane, agreement within 15% with respect
to the experimental data was found, while the results for CO, dissolved in
n-decane deviated up to a factor of two from the experimental reference
[51]. Dos Santos et al. [233] used a modified approach to directly calculate
D, using the Fourier correlation method and validated their method by
comparing simulated D, data for mixtures consisting of CO, dissolved in n-
hexane or n-octane for temperatures up to 373 K and CO, mole fractions up
to 0.62. The simulated data with a statistical uncertainty between (5 and
10)% (k = 2) agree within 30% with the experimental data at infinite dilution
of the dissolved CO, but deviate up to 80% over a wide concentration range
[233]. Krishna and van Baten [247] calculated B, in binary, ternary and qua-
ternary mixtures of linear alkanes at temperatures between (308 and 333) K
and a pressure of 30 MPa, covering the entire composition range. The spec-
ified statistical uncertainty for P,,is approximately 5% (k = 1). Since, how-
ever, no experimental data for the mutual diffusion coefficient was avail-
able, the authors compare the self-diffusion coefficients of both compo-
nents in a binary mixture of CH, dissolved in n-hexane or n-octane to ex-
perimental reference values. Here, the authors find good agreement within
10% between the simulated and experimental self-diffusivities over the en-
tire composition range [247].

In summary, the literature review for the thermophysical properties viscos-
ity, interfacial tension, and mutual diffusivity of liquids with dissolved
gases accessed by computer simulations shows considerable shortcomings.
Considering the investigated systems, an imbalance of investigated solutes
towards CO. is obvious. To get a fundamental understanding on how the
dissolved gas influences the thermophysical properties of the mixture, a
wide range of different solutes should be investigated in the same solvent,
which is only done partially so far. Here, the solutes should show variations
in molecular size, weight, and polarity. Furthermore, also a systematic var-
iation of the solvent molecule must be performed to investigate the influ-
ence of the solvent size, structure, and polarity. While investigations of
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thermophysical properties, for example, were performed for systems con-
sisting of CO, dissolved in various hydrocarbons, including alcohols, only
a systematic investigation based on CO, dissolved in a linear alkane, its
branched isomer, and its corresponding primary alcohol can answer how
the molecular structure of the solvent influences the thermophysical prop-
erties. A further limitation of the available literature data is the lack of over-
lapping thermodynamic states. To use available literature data to investi-
gate how solute and solvent characteristics influence thermophysical prop-
erties, the investigations must be performed at comparable thermody-
namic states, which at the moment is not the case. Finally, the available
thermophysical properties research using computer simulations is often
limited to temperatures below 400 K. Technical applications with systems
of liquids with dissolved gases are often conducted at higher temperatures,
so the use of available literature data is strongly limited.
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The aim of this thesis is the characterization of binary systems consisting
of liquids with dissolved gases by the determination of their thermophysi-
cal properties viscosity, interfacial tension, and mutual diffusion coeffi-
cient. Therefore, light scattering experiments performed in the bulk of the
liquid phase and at the vapor-liquid interface, which are able to determine
the aforementioned thermophysical properties under saturation condi-
tions in macroscopic thermodynamic equilibrium, are combined with EMD
simulations, which are able to access the same thermophysical properties
in macroscopic thermodynamic equilibrium at or close to saturation con-
ditions.

To get a fundamental understanding on how the molecular characteristics
of both components influence the thermophysical properties of the mix-
ture, a systematic variation of solute and solvent molecules is included. The
different solvent classes contain, therefore, linear and branched alkanes
and alcohols with a varying number of carbon atoms, as well as imidazo-
lium based ILs with a variation of the carbon chain length attached to the
imidazolium ring. To determine the influence of the carbon chain length
on the thermophysical properties of the mixture, mixtures based on linear
alkanes with a varying carbon chain length are investigated. The influence
of branching and hydroxylation is analyzed by investigating binary mix-
tures based on a linear alkane, as well as its branched isomer or alcohol
with the same number of carbon atoms. As solutes, different gases with
varying size, weight, and polarity are investigated. Therefore, the gases H.,,
helium (He), CH,, water, CO, N,, CO,, and Krypton (Kr) were selected.

The SLS method, which can be applied up to high, process-relevant tem-
perature of 573 K was used for the simultaneous determination of the vis-
cosity and interfacial tension of the binary mixture consisting of liquids
with dissolved gases at macroscopic thermodynamic equilibrium. To ex-
perimentally investigate the influence of the dissolved gas on the thermo-
physical properties of the solvent, SLS experiments are additionally per-
formed for the pure solvents under saturation conditions up to 573 K. Fur-
thermore, the influence of possible co-solvents that can be formed in tech-
nical applications via side-reactions, is determined through the investiga-
tion of binary and ternary liquid mixtures consisting of the long linear al-
kane n-octacosane with shorter linear or branched alkanes, alcohols, or
acids. DLS experiments, which are able to access the Fick diffusion coeffi-
cient and the thermal diffusivity simultaneously in macroscopic thermo-
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dynamic equilibrium, are performed under saturation conditions up to a
temperature of 423 K. The DLS experiments were performed by co-authors
in the respective publications. The resulting data for the Fick diffusion co-
efficients are included in this work, however, to validate the EMD simula-
tions and to discuss the influence of the molecular characteristics of the
solute and solvent on the diffusion coefficient.

For all investigations of thermophysical properties of liquids with dissolved
gases, the light scattering experiments are combined with EMD simula-
tions, which are able to access all three thermophysical properties that are
of interest in this work in macroscopic thermodynamic equilibrium at or
close to saturation conditions. Additionally, EMD simulations are used to
get an insight into the fluid structure on a molecular level and analyze
structure-property relationships, which in turn can help to get a fundamen-
tal understanding of how the fluid structure influence the thermophysical
properties and can help to develop prediction models build on a strong
physical basis. Therefore, EMD simulations are performed for all systems
consisting of liquids with dissolved gases at comparable thermodynamic
states as the light scattering experiments up to a temperature of 573 K. With
respect to the shortcomings of available FFs for the prediction of thermo-
physical properties up to high temperatures, also an assessment and mod-
ification of available FFs is performed. Based on the best-performing FF for
the prediction of the thermophysical properties for the pure solvents, a
modification of the FF is presented, which removes the temperature de-
pendency of the prediction accuracy. By applying the modified FF to sys-
tems consisting of liquids with dissolved gases, the influence of molecular
characteristics of the components on the thermophysical properties of the
mixture can be analyzed using EMD simulations over a wide temperature
range.

Based on the results from light scattering experiments and EMD simula-
tions, a predictive engineering model for the binary diffusion coefficient in
mixtures consisting of liquids with dissolved gases close to infinite dilution
of the gas is developed and validated using experimental reference data
from the literature. This model only depends on the thermodynamic state
and the thermophysical and chemical properties of the pure solvent and
solute and can, therefore, be applied to arbitrary systems.
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In this chapter, the strategy and an overview on the most important meth-
ods for investigating the thermophysical properties of systems consisting
of liquids with dissolved gases are given. At first, the molecules investigated
in this work will be summarized. More details for the used methods are
given in the respective publications that are part of this work. First, the SLS
and DLS methods for the experimental investigation of the viscosity, inter-
facial tension, and mutual diffusion coefficient are described. Thereafter,
the basic concept of EMD simulations with a focus on the prediction of the
aforementioned thermophysical properties is given.

4.1 Model Systems of Interest

The solvents and solutes investigated by light scattering experiments and
EMD simulations as part of this work are summarized in Figure 4.1. As sol-
vents, seven linear alkanes with a carbon number ranging between 6 and
40 are included to investigate the influence of the carbon chain length on
the thermophysical properties. By including primary alcohols with a carbon
number ranging between 2 and 16, the influence of the carbon chain length
can be analyzed also for primary alcohols and the influence of hydroxyla-
tion can be studied by comparing the results for primary and one diol to
the corresponding linear alkanes. To analyze the influence of branching on
the thermophysical properties, additionally branched alkanes and alcohols
with the same number of carbon atoms as the investigated linear alkanes
and alcohols are included. Furthermore, imidazolium-based ILs with vary-
ing carbon chain length at the cation ([CxC.IM], x = 2, 6, or 10) and bis(tri-
fluoromethane)sulfonimide as the anion [NTf,] are included in the investi-
gations of the mutual diffusion coefficient in liquids with dissolved gases.
By including ILs as solvents, the range of molecular mass and viscosity of
the solvents is considerably extended. Further, the influence of the strong
charge localization in ILs on the diffusive mass transport can be investi-
gated. The two acids included as solvents are not investigated in mixtures
with dissolved gases, but are rather investigated in mixtures with the long
linear alkane n-octacosane since such acids, together with short linear and
branched alkanes as well as alcohols, can be formed during the synthesis of
linear alkanes.

As solutes, the gases H,, He, CH,, water, CO, N,, CO,, and Kr were chosen
for their wide range of molecular weight, size, and polarity. Of special
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interest are, for example, the two gases CO and N,, which have nearly iden-
tical molecular weights but strongly differ in their polarity and are there-
fore suitable candidates to analyze the influence of the solute polarity on
the thermophysical properties of the mixture when dissolved in liquids. An-
other solute pair that is of great interest especially for the investigation of
diffusion coefficients in systems consisting of liquids with dissolved gases,
is H, and He. Since He is the heavier molecule of the two but has a smaller
molecule size, investigations of mixtures containing the two molecules help
to get a better understanding of how the molecule size and weight influ-
ence the mutual diffusion coefficient.
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3 o) O O
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Figure 4.1: Solvents and solutes investigated in this work.

4.2 Dynamic Light Scattering

4.2.1 Surface Light Scattering — Viscosity and Interfacial
Tension

The SLS technique is applied in this work to measure the viscosity and in-
terfacial tension of pure solvents, binary and ternary solvent mixtures, as
well as binary systems consisting of liquids with dissolved gases under sat-
uration conditions in macroscopic thermodynamic equilibrium. Unlike
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various conventional methods, the SLS technique is able to determine both
properties from microscopic fluctuations at the interface between to fluid
phases and, therefore, does not rely on imposing any macroscopic gradi-
ents. Further advantages of the technique are its contact-less measuring
principle and that no calibration must be performed.

In this section, the basic principles of the techniques, the data evaluation,
and the experimental setup are briefly introduced. For more detailed infor-
mation on the SLS technique, the reader is referred to previous publication
of Froba et al. [116,120,248-249].

Theoretical Background

The SLS technique is based on the detection and evaluation of light scat-
tered from microscopic fluctuations at a liquid surface, also referred to as
surface or capillary waves. Such fluctuations are caused by the Brownian
motion of molecules and are always present at a liquid surface. By irradiat-
ing the surface wave with coherent laser light, which interacts with the sur-
face fluctuations, information on the dynamics of the surface waves is con-
tained in the scattered light. A schematic representation of the scattering
geometry in a SLS measurement is given in Figure 4.2 a). By fixing the angle
of the incident light & and the detection direction, the scatterlng angle ¢
is defined. Thereby, also the scattering vector ¢ = k — kg is defined, where
k and k are the projections of the wave vectors of the refracted and scat-
tered light into the plane of the surface. Consequently, the wave number of
the surface vibration mode is determined [116].
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Figure 4.2: a) Schematic representation of the scattering geometry. b) Spectrum of the scat-
tered light from SLS experiments. First order approximation for the relationship between line
broadening and frequency shift are given within the spectrum.

A schematic representation of the spectrum of the scattered light is shown
in Figure 4.2 b). Here, using the capillary number Y = op/(4177q), two differ-
ent cases can be identified. For Y < o.145, which is usually observed for
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systems with a large viscosity and/or small interfacial tension, an
overdamped behavior of the related surface waves and a frequency-un-
shifted Rayleigh line is observed. For systems that have a small viscosity
and/or large surface tension and Y < 0.145, an oscillatory behavior of the
surface wave leading to a frequency shift and, therefore, a Brillouin doublet
can be observed [116].

Using a first-order approximation, which is also shown in Figure 4.2 b), the
viscosity and interfacial tension of the liquid phase can be determined from
the half-width at half-maximum and frequency shift of the Brillouin dou-
blet in the case of an oscillatory behavior. In the case of an overdamped
behavior, only the ratio of the interfacial tension to the viscosity can be
determined from the half-width at half-maximum, using the first-order ap-
proximation. In this case, additional knowledge of either the viscosity or
interfacial tension is required to access the other thermophysical property.
However, these first-order approximations do not reliably give access to the
thermophysical properties. Therefore, an exact description of the dynamics
of free surface waves in the form of the Navier-Stokes equation for incom-
pressible fluids, neglecting the influence of gravitational forces, is used to
get accurate results for the thermophysical properties using the damping
and frequency of the surface waves [116]. Next to the damping and fre-
quency of the surface waves, further input parameters that are required for
solving the working equation are the density of the liquid and vapor phase,
as well as the viscosity of the vapor phase.

Data Evaluation

Due to the relatively small line width in the SLS spectrum, analyzing the
scattered light in the frequency domain is still challenging. An alternative
approach, which is also applied in the case of SLS, is the evaluation of the
scattered light in the time domain using photon correlation spectroscopy.
Here, the second-order correlation function (CF) of the scattered light in-
tensity is calculated in a post-detection arrangement using a correlator.
Two different cases for the CF can be determined, the homodyne and het-
erodyne detection conditions. Under homodyne conditions, solely the light
scattered from the surface fluctuations is analyzed. Due to residual stray
light in the experimental setup or reflected light from dust or the cell win-
dows, however, homodyne detection conditions can often not be realized.
Using heterodyne detection conditions, the intensity of coherent reference
light, which might origin from stray light or is actively superimposed to the
scattered light, is of much higher intensity. For all measurements in this
work, heterodyne measuring conditions were ensured by superimposing
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coherent, unscattered laser light with the light scattered from the surface
fluctuations.

Using the heterodyne measurement conditions, the normalized CF g*(7) as
function of the correlation time 7 for the overdamped case has the form

g’ (r)zangbg -exp(—r/rc). (4.1)

Here, ag and bg are experimental constants depending on the measurement
conditions and are not directly required to get access to the thermophysical
properties. The mean decay time of the exponential function zc however, is
the inverse of the damping of the surface wave and enters directly in the
working equations. As discussed before, in this case the ratio between the
interfacial tension and the viscosity can be accessed. If the surface waves
show an oscillating behavior however, g*(7) has the form

g (r)zag+bg-exp(—r/rc)-cos(a)kr—cg). (4.2)

Here, ax is the propagation frequency of the surface waves and the param-
eter ¢ a correction which accounts for deviations from the Lorentzian form
of the spectrum. In this case, both 7c and ar are determined and used as
input parameters in the working equation to get access to the viscosity and
interfacial tension simultaneously

To determine 7zc and ar, the calculated CF is then fitted using either Equa-
tion 4.1 or 4.2, depending whether an overdamped or oscillatory behavior
is observed. Exemplary CFs for the overdamped and oscillatory case are
shown in Figure 4.3. For the pure solvent 2-hexyl-1-decanol, an overdamped
behavior of the surface waves can be found at low temperatures and is
shown in Figure 4.3 a) for a temperature of 298.15 K. At temperatures above
348.15 K, an oscillatory behavior of the surface waves can be observed, as
shown in Figure 4.3 b) at a temperature of 573.15 K. To determine the un-
certainties related to the viscosity and interfacial tension from SLS experi-
ments, at least six different measurements with different & are performed
at each thermodynamic state. The expanded experimental uncertainties are
then calculated by performing a Gaussian error propagation using the first-
order approximation for both properties. Here, the uncertainty in deter-
mining zc and ax in the form of the double standard deviations from the
different measurements, as well as the uncertainty from further input pa-
rameters like the density of the liquid and vapor phase, the vapor phase
viscosity, and the angle determination are included. For more information
on the data evaluations and the determination of the uncertainties, the
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reader is referred to the publications, which are part of this work [14,16,250-
252].
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Figure 4.3: CFs determined for pure 2-hexyl-1-decanol showing an overdamped behavior of the
surface waves at 298.15 K (a)) and showing an oscillatory behavior of the surface waves at
573.15 K (b)). The solid lines refer to the theoretical description of the CF according to Equa-
tions 4.1 and 4.2.

Experimental Setup and Sample Preparation

For the SLS experiments, a Nd:YVO,-laser (Coherent Verdi-V2) with a laser
wave length in vacuo of 532 nm was used. The laser light was focused at the
vapor-liquid interface using a lens with a focal length of 2 m. A combination
of a polarization beam-splitter and a half-wave plate is used to adjust the
laser power of the incident and reference light.

The samples to investigate were prepared with PTFE filters with a pore size
of (200 or 450) nm before degassing for at least 2 hours. Afterwards, ap-
proximately 40 ml of the solvent or liquid mixture were filled in a stainless-
steel measurement cell, which has four windows for optical access. In the
case of pure solvents or solvent mixtures, the vapor phase above the sam-
ples were flushed multiple times with He. Afterwards, the vapor phase of
the cell was filled with He at ambient pressure to avoid water and air in the
cell. In case of a mixture of a liquid with a dissolved gas, the vapor phase
and the periphery tubing were flushed with He before adding the solute
gas. In order to allow measurements up to 573 K, the measurement cell, as
well as the periphery tubing and the pressure sensor, which was used to
adjust the necessary pressure in the cell, were placed in an insulation
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housing and heated up to the required temperature using resistant-heating
wires. The temperature was measured using a PT-100 resistance probe.

The scattered light was detected in transmission direction through the
transparent liquid layer and was superimposed by the coherent reference
light after the measurement cell. The distance between the measurement
cell and the detector in the form of photomultiplier tubes was more than 4
m to guarantee a well-defined scattering geometry. The signal from the de-
tector was fed into a correlator with a linear spacing between the correlator
channels and a maximum of 256 channels.

For further information on the sample preparation and experimental setup,
the reader is referred to the publications as part of this work [14,16,250-252].

4.2.2 Dynamic Light Scattering from Bulk Fluids - Diffusion
Coefficient

Results for the Fick diffusion coefficient from DLS experiments are in-
cluded in this work for the validation of EMD simulations as well as for the
analysis of how the molecular characteristics of the solvent and solute mol-
ecules influence the thermophysical properties. Since the measurements
were performed by other scientific staff at the Institute of Advanced Optical
Technologies - Thermophysical Properties, the experimental investigation
of diffusivities by DLS are not directly part of this work. Since the results
will be discussed later, the theoretical background and data evaluation are
important, and a brief introduction into the technique will be given in the
following. For further information on the DLS technique, the reader is re-
ferred to the publications within this work [33,42,253-256] as well as the
literature [181,193,257-258].

Both the SLS and DLS technique are based on the analysis of light scattered
by microscopic fluctuations, and, therefore, share the same advantages to-
wards conventional measurement techniques. These are, for example, the
nature to determine thermophysical properties in a contact-less way in
macroscopic thermodynamic equilibrium without the need of a calibration.

The DLS technique is based on the analysis of light scattered in the bulk of
a fluid phase by microscopic fluctuations in temperature, pressure, and, in
the case of mixture, the composition while the sample is at macroscopic
thermodynamic equilibrium. According to work of Onsager, who formu-
lated his hypothesis of regression [194-195], microscopic gradients in tem-
perature, pressure, and composition relax in the same manner as macro-
scopic gradients. Therefore, the transport properties related to gradients in

45



4 Applied Strategy and Used Methods

the aforementioned state properties can be determined from the analysis
of microscopic fluctuations. As it is the case for SLS, by defining the angle
of the incident light and the angle under which the scattered light is de-
tected, fluctuations related to a defined wave vector are studied. A sche-
matic representation of the spectrum of the scattered light of a binary mix-
ture from DLS is shown in Figure 4.4.
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Figure 4.4: Spectrum of the scattered light from DLS experiments for a binary mixture.

In the central frequency-unshifted component, two different contributions
related to fluctuations in temperature (red) and composition (green) can
be found. In both cases, the damping, i.e. half-width at half-maximum, can
directly be related to the corresponding transport properties thermal diffu-
sivity a, in the case of temperature fluctuations, and D, in the case of fluc-
tuation in composition. Propagating fluctuations in pressure, which lead to
a Brillouin-doublet in the spectrum of the scattered light and allow the de-
termination of the speed of sound c¢s and sound attenuation Ds, are not of
interest in this work and are, therefore, not further discussed. For more
information on the analysis of scattered light caused by fluctuations in
pressure, the reader is referred to the literature [156,259].

Applying photon correlation spectroscopy in a heterodyne detection
scheme, as it was done for all investigations in this work, the normalized
CF g*(7) is described by

g*(r)=a+b-exp(-t/z.,)+c-exp(-7/7c,). (4.3)
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Here, 7 and 7. are the characteristic decay times of fluctuations related
to fluctuations in temperature and composition, which can be accessed by
fitting the experimentally determined correlation function to the theoreti-
cal model in Equation 4.3. The two transport properties can then be deter-
mined using

1 1
and D =

2 2"
TC,tq Z-C,cq

a= (4.4)

The experimental setup for DLS measurements is nearly identical to the
one described in the previous section for the SLS measurements. For DLS
experiments in this work, however, the laser light is focused in the bulk of
the liquid phase to get access to a and D... For more details on the theoret-
ical background, experimental setup, and data evaluation, the reader is re-
ferred to the publications that are part of this work [33,42,253-256].

4.3 Equilibrium Molecular Dynamics Simulations

In the following, the strategy, computational details, and data evaluation
for the EMD simulations performed in this work to get access to the liquid
viscosity, mutual diffusivity, and the interfacial tension are given. Details
on the applied FFs and, if necessary, FF developments and optimizations
are given together with the results in Chapter 5.

All EMD simulations in this work were performed with the GROMACS sim-
ulation package [221] and the leap frog algorithm was used to include the
equations of motion. The simulations with fully flexible molecules were
performed with a time step of 1 fs, while a time step of 2 fs was used in the
case that the bonds connecting the light hydrogen atoms were constraint
with the linear constraint solver (LINCS) [260]. In a first step, the solvent
molecules adding up to between (10,000 and 40,000) atoms were randomly
added in a cubic simulation box with a volume corresponding to the satu-
ration liquid density at the given temperature. While for small molecules
10,000 atoms were enough to obtain approximately 500 molecules, the
number of atoms was increased for the larger molecules like long linear and
branched alkanes and alcohols or ILs. To find a stable configuration to start
dynamic simulations, an energy minimization was preformed, using the
steepest decent minimization algorithm, which is included in the
GROMACS software package. Once the potential energy of the system con-
verged to a stable value, the temperature of the system was defined by
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assigning randomized velocities, corresponding to the desired temperature
to the atoms and molecules. The temperature was equilibrated in a short
simulation run of approximately 1 ns in the canonical ensemble (NVT). In
a consecutive simulation, the pressure of the system was adjusted in a 5 ns
isobaric-isothermal ensemble (NpT), where the box size was varied to
achieve the desired pressure. While the first part of this simulation run is
neglected for equilibration of temperature and pressure, the latter part of
the simulation was used to determine the liquid density. Since liquid den-
sity data are available in the literature for most of the solvents studied in
this work, a comparison of the calculated densities with experimental ref-
erence value served as a first validation of the simulations. After the NpT
simulation run, the production run in an NVT ensemble in the slightly com-
pressed liquid phase, in the case of the viscosity and diffusion coefficients,
or in VLE, in the case of the interfacial tension, were performed. The simu-
lations in the compressed liquid phase were performed at 0.1 MPa, when
the saturation pressure was below 0.05 MPa. In the case of a saturation
pressure above 0.05 MPa, the simulations were performed at 0.2 MPa above
the pressure value. With this procedure a phase separation is avoided,
which might occur due to the inability of the FFs to accurately predict the
saturation pressure. For simulations in VLE, the simulation box was ex-
tended in one coordinate direction to create two interfaces. Afterwards,
further molecules corresponding to the vapor density at the given thermo-
dynamic state were randomly added.

For binary mixtures consisting of liquids with dissolved gases, the fully
equilibrated ensemble at the end of the NpT run was used to add the de-
sired number of solute molecules to the liquid phase. Afterwards, the en-
ergy minimization and equilibration of temperature and pressure, as de-
scribed before, was repeated. For VLE simulations, both solvent and solute
molecules were added into the vapor phase after extending the box size.
The necessary number of solute molecules in the vapor phase was calcu-
lated using the vapor density of the gas at the given temperature and partial
pressure. The partial pressure was taken from solubility data from the lit-
erature.

In all simulations, periodic boundary conditions in all directions were used.
The temperature and pressure were controlled using the Nosé-Hoover
thermostat [261-262] and Parrinello-Rahman barostat [263-264] with cou-
pling constants of (1and 14) ps, respectively. Electrostatic interactions were
calculated using the particle-mesh Ewald (PME) algorithm [265]. The cut-
off for both L] and electrostatic interactions in the compressed liquid phase
was set to 1.6 nm except for simulations with the ILs, where the FF specifies
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a cutoff of 1.2 nm [266]. The contribution of L] interactions to the energy
and pressure in the compressed liquid phase were calculated using a stan-
dard dispersion correction algorithm included in GROMACS. However,
since this dispersion correction is based on the average density in the sim-
ulation box, it leads to a strong dependency of the cutoff radius on the cal-
culated interfacial tension. For the binary mixture of n-hexane with CO,, a
systematic study of the relationship between the cutoff radius and the in-
terfacial tension has shown that a cutoff of at least 2.0 nm has to be chosen
for VLE simulation when using the long-range dispersion corrections. Al-
ternatively, a PME algorithm for long-range L] interactions called LJ-PME
algorithm [222] can be used. Since this algorithm does not rely on the av-
erage box density, no cutoff-dependency of the interfacial tension for cut-
offs above 1.6 nm could be found. For all systems except the binary mixture
of n-hexane and CO,, therefore, the LJ-PME algorithm was used to treat
long-ranging L] interactions.

The final production runs were performed at the high-performance com-
puter (HPC) cluster at the Erlangen Regional Computing Center (RRZE) at
the Friedrich-Alexander-University Erlangen-Niirnberg (FAU). The simu-
lations and the post-processing were parallelized on up to five computer
nodes, each equipped with 20 physical computer cores, in order to improve
the statistics of the simulations or to accelerate the post-processing. In all
cases, at least three independent simulations were performed for each ther-
mophysical property and the results from the independent runs were aver-
aged and used to calculate the statistical uncertainty via the double stan-
dard deviation.

4.3.1 Viscosity

In this work, the dynamic viscosity 7 in the slightly compressed liquid is
calculated using the Green-Kubo formalism [235-236]

v o
1= im [Py (r+6,)-py (&, ))dr with (1)) (4.5)

Here, kg, T, and V denote the Boltzmann constant, temperature and simu-
lation volume, respectively. The autocorrelation function of the off-diago-
nal elements of the pressure tensor, i.e. pyy, pxz, and py,, as a function of the
correlation time rand the angle bracket denote the ensemble average of all
possible time origins t.
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The viscosity as a function of ras calculated by Equation 4.5 is shown ex-
emplary for the two pure solvents n-hexane and n-decane at a temperature
of 423.15 K in Figure 4.5. In the case of n-hexane, the viscosity reaches a
plateau after approximately 10 ps. For n-decane, which has a larger viscos-
ity, the plateau is reached after approximately 45 ps. In both cases, very
strong fluctuations of the calculated viscosity at 7< 5 ps are present. These
fluctuations are related to the vibrations of bonds and angles in fully flexi-
ble molecules. If the off-diagonal elements of the pressure tensor are saved
very frequently, these high-frequency oscillations do not contribute to the
calculation of the viscosity. For the simulations in this work, a saving fre-
quency of <10 fs was found to be large so that the calculated viscosity is
independent of the saving frequency. The final value for the viscosity was
calculated by averaging over the plateau. However, since the starting point
of the plateau has to be manually fixed, this method is subjective to the
person who does the post-processing.
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Figure 4.5: Liquid viscosity of n-hexane and n-decane as function of the correlation time rat a
temperature of 423.15 K.

An alternative approach was suggested by Zhang et al. [204], who fitted the
viscosity as a function of the correlation time using the sum of two expo-
nential functions. The authors further suggest to perform up to 100 short
simulations of (1 to 4) ns instead of performing a long simulation in the
range of 100 ns. Both approaches were tested in this work and have shown
to give similar results within combined uncertainties. Since in this work,
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diffusion coefficients and the viscosity were calculated from the same sim-
ulation run, long simulation runs of about (60 to 150) ns were performed.
The specified statistical uncertainties are the double standard deviations of
the three to five independent simulations. Typical uncertainties related to
the calculation of the viscosity depend on the system on investigation and
are between 5% (k = 2), in the case of CO, dissolved in n-hexane, and about
10% (k = 2), in the case of different gases dissolved in n-hexadecane.

To accelerate the viscosity calculation, a post-processing script based on
the programming language FORTRAN was developed, which allowed the
parallelization of the computational effort on multiple computer cores.

For more details on the calculation of viscosities from EMD simulations,
the reader is referred to the publications in this work [14,16,252,255-256]
and basic literature on the subject [38-40].

4.3.2 Interfacial Tension

To determine the interfacial tension of a system using EMD simulations,
VLE simulations must be performed. To ensure that the dimensions of the
liquid layer do not influence the calculated interfacial tension, a systematic
study on the influence of the liquid layer thickness and the interfacial area
on the interfacial tension was performed for the binary mixture of n-hexane
and CO.. Here, a liquid layer thickness of at least 4 nm and an interfacial
area of at least 4.5 nm x 4.5 nm were found to be sufficient. For binary mix-
tures based on long linear alkanes and alcohols, however, the liquid layer
thickness was further increased to ensure that molecules in the liquid phase
do not interact with both interfaces simultaneously. This led to a number
of atoms between (20,000 and 40,000) for the investigations in this work.

For the evaluation of the interfacial tension, the approach to Kirkwood and
Buff [219], which is based on the analysis of the diagonal element of the
pressure tensor, i.e. pxx, Pyy, and pz;, was applied. In this approach, the in-
terfacial tension o is calculated by averaging the diagonal elements of the
pressure tensor normal (pn) and tangential (pr) to the vapor-liquid inter-
face according to

& =2 py (6)-pr (0))- (4.6)

Here, L is the length of the simulation box in the direction normal to the
interface. The angle brackets denote averaging over simulation time t. The
running average of the interfacial tension, as well as px and pr as a function
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of the simulation time are exemplarily shown in Figure 4.6 for the binary
mixture of n-hexadecane and CO. at a CO, mole fraction of 0.2 and a tem-
perature of 423.15 K.

The results in Figure 4.6 show a relatively fast convergence of the surface
tension within the first 1.6 ns of the simulation run. Typical lengths of the
simulations to access the interfacial tension with a statistical uncertainty of
about 5% (k = 2) are (20 to 30) ns, while the first 3 ns are excluded from the
data evaluation for equilibration purposes. The reason for the shorter sim-
ulations and smaller uncertainties for the interfacial tension, compared to
the viscosity, is the fact that equilibrium properties are calculated on the
basis of averaging over many different time frames, while dynamic and
transport properties rely on the evaluation of statistical fluctuations.
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Figure 4.6: Running average of the interfacial tension oand the normal and tangential diago-
nal components of the pressure tensor as a function of simulation time t for a binary mixture
consisting of n-hexadecane and CO, with a CO, mole fraction of 0.2 at a temperature of 423.15
K

Further information on the calculation of the interfacial tension via EMD
simulations can be found in the publications from this work [14,16,252,255-
256] and basic literature on the subject [38-40].

4.3.3 Diffusion Coefficients

In the following, the strategy and methods for calculating the self-diffusion
coefficient of the mixture components, as well as the mutual diffusion co-
efficient in binary non-electrolyte and electrolyte mixtures are briefly
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introduced. For more information on the calculation of diffusion coeffi-
cients, the reader is referred to the publications from this work [33,42,253-
256] or the literature [161-162,241,247,267-268].

Self-diffusion Coefficient

The self-diffusion coefficient of pure solvents can be used for the validation
and development of the underlying FFs, as it was done in this work for pure
ILs and linear alkanes [14,255]. In mixtures, the self-diffusion coefficients of
the components can be used for the prediction of the mutual diffusion co-
efficient [161,268]. For binary mixtures, where the solute concentration is
in the range of infinite dilution, the Maxwell-Stefan (B.,) and Fick (D,,) dif-
fusion coefficient can be approximated by the self-diffusion coefficient of
the solute. Using the relationship between D,, and D,, according to Equa-
tion 2.7 and the relationship between D,, and the Onsager coefficients A;
[269] one can write for a binary non-electrolyte mixture

XZ xl
Du =D12F11 zrn [x_/lu +X_A22 _2‘/112}' (47)

Ajj can be directly calculated from the motion of the molecules according
to [247]

" | N,

1 L N

In this equation, N refers to the total number of molecules, N; to the num-
ber of molecules of type i, and vi;; to the velocity of the k™ molecule of com-
ponent i. If the approach from Equation 4.8 is now applied to calculate the
Onsager coefficient of one component with respect to itself, i.e. A;; and A,
we can see that the double summation in Equation 4.8 contains the multi-
plication of the velocity of each molecule at the time 7 + t, with the velocity
of itself at the time ¢, as well as cross-correlations between molecules of the
same type. A can be rewritten using the self-diffusion coefficient of com-
ponent i D; as [268]

A, =x;D; +x>N-CC;. (4.9)

In this equation, CC;; refers to the cross-correlation of different molecules
of component i. Following the same approach, A; can be rewritten as [268]
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A; =xx;N-CC,;. (4.10)

When combining Equations 4.7, 4.9, and 4.10, the Fick diffusion coefficient
can be written as

Dll = Fll (XZDI + Xl DZ + XZXIN (CCII + CCZZ - 2CC12 )) * (4'11)

At the limit of infinite dilution of component 2 in a binary mixture, we find
x. =0 and x, = 1. Furthermore, /5 reaches unity at the limits of infinite dilute
so that we can write

D11=D122D2' (4'12‘)
At the infinite dilution of the solute in a binary mixture, both D, and P.,
can, therefore, be approximated with the self-diffusion coefficient of the
solute. In this work, this approximation was applied for binary mixtures
where the mole fraction of the solute was below 0.03.

To calculate D; in this work, the Einstein relation based on the mean
squared displacement of component i (MSD); as function of 7 was applied

1 d 1 d(MSD).
Di =g£1_1;1305<r1 (z‘+t9)—rl(te )> 2611_1)1;% . (413)

In this equation, r; refers to the position of component i and the angle
brackets denote an ensemble average of all possible t, and molecules of
component i. The final value of D; can be calculated from the linear regime
between the MSD and 7. Since the statistics for the self-diffusion coefficient
of the molecule at infinite dilution are poor, typical simulation times for
the calculation of D; at infinite dilution are (30 to 60) ns, depending on the
number of solute molecules, were performed. Typical statistical uncertain-
ties for D; are 10% (k = 2), for the diluted component, and 3% (k = 2) for the
component that is in majority.

Since D; shows a strong dependency of the simulation box size, all D; values
in this work were corrected using the method introduced by Yeh and Hum-
mer [206].

Mutual Diffusion Coefficient in Binary Non-Electrolyte Mixtures

The mutual diffusion coefficients were calculated according to Equation
4.7. Ajj were calculated via the summation of the collective displacement of
components i and j according to
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1 d /N j
Ay = W}gz<}§1(rki (z+t,) =1 (8 ))E(’?; (z+t,)=1,(t ))> - (414)

In this equation, ri(t) refers to the position of the k™ molecule of compo-
nent i at a given time ¢. In analogy to D;, A was determined in the linear
regime of the relationship between the summation of the collective dis-
placement and the correlation time. The box size-dependency of D, and D,
was corrected using the method described by Jamali et al. [207-208] in the
case of the binary mixture of CO, dissolved in 1-hexanol. In the investiga-
tion of CO, dissolved in n-hexane, which was performed before the publi-
cation of the work of Jamali et al., no box size correction for D,, and P,, was
performed.

Due to the collective nature of Aj, much longer simulation runs are re-
quired to determine A; in comparison to D;. In this work, simulation runs
between (180 and 600) ns were performed to acquire D,, with typical un-
certainties of 10% (k = 2).

The thermodynamic factor 77, which is required for the comparison of D,
from DLS experiments and D, from EMD simulations was determined from
EMD simulations via the Kirkwood-Buff (KB) coefficients Gj or the activity
coefficient y according to

Fn :1+x1(811;(7/1)) - ool © o)’ (415)
X rp 1+ctx1x2(Gn +G,, —2G12)

Here, c; is the total number density of the binary mixture. The superscript
oo of G indicates that the KB coefficients must be independent of the sys-
tem size. Both methods of calculating 77, have been applied in this work.
Values for y of both components in the mixture were taken from the liter-
ature. G;* was calculated from radial distribution functions gj(r;j) between
the center of mass (COM) of molecules. For the extrapolation of gj(rj) to
the thermodynamic limit, two different approaches were tested and ap-
plied. Following the method by Schnell et al. [239], g;(rj) was calculated
for at least two different simulation box sizes. Afterwards, g;(r;j) at each ry
was extrapolated to infinite box sizes assuming a linear relationship be-
tween g;(ryj) and the box size. Alternatively, the approach from Ganguly and
van der Vegt [270] allows the calculation of g;i(r;) at the thermodynamic
limit from a single simulation run using an empirical correction. G;* can
then be calculated by integrating g;j(rj) over rj and extrapolating to the
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thermodynamic limit using the methodology described by Kriiger et al.
[237]. Typical statistical uncertainties for the calculation of 75, from EMD
simulations based on the standard deviation of at least 3 independent sim-
ulations are approximately 3% (k = 2).

Mutual Diffusion Coefficient in Binary Electrolyte Mixtures

Electrolyte mixtures consisting of one electrolyte (1) and one non-electro-
lyte (2) component, which were investigated in this work, contain three
different species, namely the non-electrolyte (species 2) and the anion (spe-
cies 1-) and cation (species 1+) of the electrolyte. For the calculation of D,
and B,, from EMD simulation, such systems are considered in a first step
as a ternary mixture. Following Equation 4.14, this means that in this case
six different Onsager coefficients can be calculated, A, A,
Ay Aoy Aoy, and A,,. Following the relationships for the Maxwell-
Stefan diffusivity for a ternary system [161,247], Py, Di:.., and D._, can be
calculated. Due to the electroneutrality condition for electrolyte systems,
the movement of both ions of the IL are coupled. This means that the dif-
fusive mass transport for this system in the absence of an external electric
field can be described using a single mutual diffusion coefficient. By apply-
ing the electroneutrality condition, D,, for this system can be written as

— D1+,2Dl—,2 (Zl+ _Zl—)

Z1+D1+,1 - Zl—Dl—,z

D

12

[161,271]. (4.16)

In this equation, z., and z.- are the charge number of the cation and anion.
The statistical uncertainties for D,, from simulations of approximately 400
ns are 14% (k = 2) on average. The final values for D,, were corrected for
finite-size effects using the method of Jamali et al. [207-208].

In analogy to D.,, 77, from EMD simulations for the electrolyte systems are
calculated on the basis of the three different species. Either the species-
based radial distribution functions or the species-based KB integrals are
then combined into component-based functions or values assuming a
pseudo-pure IL component [272-275] and /5 can be calculated by Equation
4.15. Both methods were applied for calculating 773, as function of the CO,
mole fraction for the binary mixture of [HMIM][NTf,] and CO, at a tem-
perature of 298.15 K and gave identical values within combined uncertain-
ties. Typical statistical uncertainties for 77, from the same simulations per-
formed for the calculation of D,, are 3% (k = 2).
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In this section, the most important findings from this work with respect to
determination of the thermophysical properties of liquids with dissolved
gases will be summarized. The different publications will be discussed in
the context of this work to determine thermophysical properties of liquids
with dissolved gases by light scattering experiments and EMD simulations.
For a complete discussion of the results from this work, the reader is re-
ferred to the publications in the Appendix. First, the determination of the
viscosity and interfacial tension of binary mixtures consisting of liquids
with dissolved gases, as well as the pure solvents, which are required for
the discussion of the influence of the dissolved gas on the thermophysical
properties of the mixture and the validation of the EMD simulations, will
be given. Thereafter, the most important findings of the determination of
the mutual diffusion coefficient of binary mixtures consisting of liquids
with dissolved gases will be discussed.

5.1 Viscosity and Interfacial Tension

To get a fundamental understanding on how the molecular characteristics
of the solvent and solute molecules influence the viscosity and interfacial
tension of liquids with dissolved gases, accurate data for the pure solvents
are necessary for comparison purposes. Therefore, the experimental deter-
mination of the liquid viscosity and interfacial tension of the pure solvents
by SLS will be discussed first. Afterwards, the determination of both prop-
erties by EMD simulation, including a FF development that relies on the
experimental results for the validation, is given. Finally, the investigation
of the viscosity and interfacial tension of systems consisting of liquids with
dissolved gases by SLS experiments and EMD simulations will be presented
for binary mixtures consisting of different gases dissolved in n-hexadecane
and the binary mixture of n-hexane and CO..

Viscosity and Interfacial Tension of Pure Solvents by SLS Experiments

SLS experiments were applied to determine the viscosity 7 and interfacial
tension o of 13 different pure solvents, including six linear alkanes with a
wide range of carbon number, two branched alkanes, three linear alcohols,
and two branched alcohols, for temperatures between (283 and 573) K and
ambient pressure. This allowed the investigation of the influence of carbon

57



5 Results and Discussion

chain length, branching, and hydroxylation on the thermophysical proper-
ties.

The experimental results for 7 and o of the six linear alkanes n-hexane, n-
octane, n-decane, n-hexadecane, n-triacontane, and n-tetracontane as a
function of the temperature are shown in Figure 5.1. For legibility purposes,
no error bars corresponding to the experimental uncertainties are given in
the Figure. The experimental results and the related uncertainties can be
found in the respective publications [14,251]. Typical expanded experi-
mental uncertainties for 77 and o are (2.0 and 2.3)% (k = 2). For each sub-
stance, the viscosity and interfacial tension with respect to the temperature
were correlated using a Vogel-type equation and the modified van der
Waals equation [14,251].
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Figure 5.1: Experimental results for n and o (symbols) as well as the temperature-dependent
correlations (lines) of six linear alkanes as a function of temperature at ambient pressure.

A comparison with available data from the literature as well as reference
correlations has shown agreement within combined uncertainties. For the
two longest alkanes n-triacontane and n-tetracontane, no experimental
data are available in the literature. For these substances, but also for the
high temperature range for the shorter n-alkanes, the experimental results
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from this work greatly contribute to the improvement of available literature
data.

Based on the experimental data from this work for the linear alkanes n-
hexane, n-octane, n-decane, and n-hexadecane and the experimental data
for n-dodecane and n-octacosane, which were also investigated using the
SLS technique [13], a predictive equation for 7 and o of linear alkanes as a
function of temperature and number of carbon atoms could be developed
[251]. Using the prediction model, 7 and oof the six linear alkanes could be
reproduced within the experimental uncertainties with an average absolute
relative deviation (AARD) of (1.9 and 1.6)%. For further validation, the pre-
diction model was applied to a training set consisting of four linear alkanes
which were not considered in the development of the model. Here, 77 and
o could be predicted with AARD of (4.8 and 2.3)%.

The experimental results for 7 and o of linear alcohols, as well as the
branched alkanes and alcohols, as a function of temperature are shown in
Figure 5.2. For legibility purposes, no error bars corresponding to the ex-
perimental uncertainties are given in Figure 5.2. The experimental results
and the related uncertainties can be found in the respective publication
[14]. Typical expanded experimental uncertainties for 77 and o are (2.1 and
2.6)% (k = 2). For each substance, the viscosity and the interfacial tension
with respect to the temperature were correlated using a Vogel-type equa-
tion and the modified van der Waals equation [14].

The comparison with literature data has shown a lack of available experi-
mental data especially for long and branched alcohols [14]. Here, the exper-
imental results for 7 and o extend the database to further substances and
to high temperatures. The systematic variation of the solvent molecules
presented in Figures 5.1 and 5.2 allows the investigation of the influence of
the molecular characteristics, such as carbon chain length, branching, and
hydroxylation, on the thermophysical properties. A detailed discussion of
these influences is given in Ref [14]. In the following, a brief summary of the
main findings will be given.

The influence of the carbon chain length on 7 and o follows the expected
trend of an increase of both properties with increasing chain length. Hy-
droxylation, which was investigated by comparing the linear alkanes with
the linear alcohols with the same number of carbon atoms, leads to an in-
crease of both properties. This can be explained by the strong contribution
of hydrogen bonds between the hydroxyl group of the alcohols. For the in-
fluence of branching, the two isomers n-hexadecane and HMN have an
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identical 7 within combined uncertainties, while the branched squalane
has a (2 to 17)% smaller viscosity compared to the linear n-triacontane. For
the branched alcohols, agreement within combined uncertainties between
the branched and linear isomers can be explained by the predominant con-
tribution of the hydroxyl groups to the intermolecular interactions. All
branched alkanes and alcohols show a smaller o compared to the linear
isomers. This can be explained by weaker intermolecular interactions of the
branched isomers due to steric behavior of the methyl groups.
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Figure 5.2: Experimental results for n and o (symbols) as well as the temperature-dependent
correlations (lines) of seven different linear alcohols, as well as branched alkanes and alcohols
as a function of temperature at ambient pressure.

Further experimental investigations of 7 and o for systems without dis-
solved gases were performed for binary and ternary mixtures of n-
octacosane with common co-solvents that might be formed during the syn-
thesis of linear alkanes [250]. The co-solvents include linear and branched
alkanes, alcohols, or acids. The investigations include temperature-de-
pendent experiments covering a range between (373.15 and 523.15) K and
concentration-dependent investigations up to a mole fraction of the co-sol-
vent of 0.6 at a temperature of 423.15 K. The 7 and o of the mixtures were
predicted using linear mixing rules based on the pure component proper-
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ties. Here, a very strong influence of 2-methylnonane and 4-methylnonane
on oin binary mixtures with n-octacosane was found even at very low mole
fractions of the co-solvent below 0.03.

Prediction of the Viscosity and Interfacial Tension of Pure Solvents Using
EMD Simulations

EMD simulations for the prediction of 7 and o of the pure solvents dis-
cussed in the previous section were made to investigate whether EMD sim-
ulations are able to predict the influence of the carbon chain length,
branching, and hydroxylation correctly. Furthermore, suitable FFs for the
simulation of binary mixtures of liquids with dissolved gases should be
identified. For the validation of the EMD simulations for the prediction of
n and o, the experimental results presented in the previous section are
used. For the comparison of the liquid density p from EMD simulations
with experimental results, data from the literature and experiments per-
formed by co-workers at AOT-TP using a U-tube densimeter are applied.

To compare the ability of different FFs available in the literature to capture
the influence of the carbon chain length, branching and hydroxylation,
EMD simulations were performed to predict p, 7, and o of n-dodecane,
n-octacosane, HMN, and 1-dodecanol. Here, commonly applied FFs from
the literature, namely the all-atom L-OPLS FF [43-44], the united-atom
TraPPE FF [36,45,203], and the coarse-grained MARTINI FF [37] were ap-
plied. The best agreement with experimental reference values, especially at
low temperatures, was found for the L-OPLS FF [14]. It was therefore cho-
sen for all further EMD simulations. However, since the L-OPLS FF shows
a strong temperature-dependent drift in the accuracy for the prediction of
the thermophysical properties [41], a modification of the FF was performed.
This was done on the basis of p of n-dodecane for the temperature range
between (298.15 and 573.15) K. Here, the liquid density was chosen because
of its low computational costs and the accuracy of available reference data.
While the original L-OPLS FF predicted p with deviations up to 13% from
the reference correlation of Lemmon and Huber [276], as shown in Figure
5.3, it was possible to remove the temperature-dependent drift of the pre-
dicted values from the correlation by introducing a temperature-depen-
dency in the &; L] parameter according to

&i(T) = &1 0pLs (1 + i CnT”j [14]. (5.1)

n=o
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In this equation, &;1-opis refers to the temperature-independent &; param-
eter given in the original L-OPLS FF [43-44]. The parameters C, can be
found in reference [14]. Using the modification given in Equation 5.1, p of
n-dodecane could be reproduced with 1.5% of the reference correlation, as
shown in Figure 5.3.

2 T T T T T T
0 ST T O
N o |
g 4y ¢
o .
S8t
S 4| @original L-OPLS FF
) > modified L-OPLS FF
12 _
-14 L L L L L L ‘
250 300 350 400 450 500 550 600

T/K

Figure 5.3: Deviations between the predicted liquid density of n-dodecane from EMD simula-
tion as a function of temperature using the original and modified L-OPLS FF and the experi-
mental reference correlation according to Lemmon and Huber [276].

The modification described in Equation 5.1 was then applied for the predic-
tion of p, , and o of 12 different linear or branched alkanes and alcohols in
the temperature range between (298.15 and 573.15) K [14]. The results for p,
n, and o from EMD simulations as well as the deviations from experimental
reference correlations are shown in Figure 5.4.

Average statistical uncertainties for p, 77, and o from EMD simulations are
(0.07, 14, and 1.9)% (k = 2), respectively. p of the 12 pure solvents was pre-
dicted with the modified L-OPLS FF with and AARD from experimental
data of 1.1%. Especially for the linear alkanes, a good transferability of the
modification in Equation 5.1 from n-dodecane to other pure solvents was
found. For larger molecules, an increasing deviation with increasing tem-
perature suggest that using the reduced temperature in Equation 5.1 could
be more appropriate. For 7, the modified L-OPLS FF was able to improve
the prediction accuracy and allowed the determination of 7 of the 12 pure
solvents with an AARD of 17%. Considering relative deviations, the predic-
tion of ostill shows a temperature dependency, as shown in Figure 5.4. The
modified L-OPLS FF is, however, able to predict the interfacial tension of
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all 12 pure solvents with an almost constant absolute deviation from the
experimental reference correlation and an AARD of 1%. Here, the constant
offset between the simulations and the correlations might be due to the
standard LJ corrections, which were used in the original development of
the L-OPLS FF, but not in this work for reasons explained in Chapter 4.
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Figure 5.4: a) Results for p, n, and o for the 12 studied linear and branched alkanes and alco-
hols from EMD simulations as a function of temperature. b) Relative deviations of the simu-
lated properties as a function of temperature from the experimental reference correlations.
For visibility purposes, only exemplary error bars, representing the statistical uncertainties (k
= 2), are shown for n-dodecane. The figure was adapted from the respective publication [14].

Viscosity and Interfacial Tension of Binary Mixtures Consisting of Liquids
with Dissolved Gases

The 7 and o of binary mixtures consisting of liquids with dissolved gases
were determined in this work for binary mixtures consisting of six gases
dissolved in n-hexadecane for the temperature range between (298.15 and
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573.15) and for the binary mixture of CO, dissolved in n-hexane at 298.15 K
using SLS experiments and EMD simulations. The experimental results for
n and o of the n-hexadecane-based mixtures are shown as a function of the
temperature in Figure 5.5. The experimental results and the related uncer-
tainties can be found in the respective publication [252]. For comparison
purposes, also 77 of pure n-hexadecane as function of temperature at ambi-
ent pressure is shown in Figure 5.5 [251]. Due to the limitation of the exper-
imental setup to a pressure of 7.0 MPa, the binary mixtures containing He,
H., or N, could not be investigated at a constant solute mole fraction of o.1.
These mixtures were therefore investigated at a pressure of (3.5 and 7.0)
MPa. All other mixtures were investigated at a constant mole fraction of
0.05 and 0.1 or 0.1 and o.2. The average experimental uncertainties related
to 7and oare (2.3and 1.9)% (k = 2).

A detailed interpretation of the influence of the dissolved gases on 7 and
ois given in the respective publication [252]. For the two lightest gases He
and H,, only a small influence on the thermophysical properties of pure n-
hexadecane was found. The largest deviation is present for 7 of the binary
mixture of n-hexadecane and He at 573.15 K and 7.0 MPa, where the viscos-
ity of the mixture is approximately 13% larger than the viscosity of pure n-
hexadecane at ambient pressure. For all other mixtures, the presence of the
dissolved gas leads to a reduction of the viscosity at the lowest investigated
temperature. This reduction generally increases with increasing mole frac-
tion of the solute and with increasing molar mass of the solute. With in-
creasing temperature, the difference between the binary mixture and pure
n-hexadecane gets smaller and even converges to values within the com-
bined uncertainties in many cases. This might be caused by two competing
effects. The effect of the dissolved gas leads to a reduction of 7. The effect
of the pressure leads to an increase in 7 with increasing pressure. Since the
intermolecular interactions between n-hexadecane molecules decrease
with increasing temperature, caused by a decrease in density and a stronger
bending of the linear alkane, the influence of the gas molecules of the in-
termolecular interactions gets weaker. The influence of the pressure on 7,
however, gets stronger with increasing temperature. The interplay of the
two counterbalancing effects leads to the temperature-dependent trend
seen in Figure 5.5.

For the binary mixture of n-hexadecane with the two lightest gases He and
H., ois within combined uncertainties of pure n-hexadecane for almost the
entire temperature range. In the case of all other mixtures, the presence of
the dissolved gases leads to a clear reduction of o, compared to pure n-
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hexadecane. Also, the reduction increases with increasing mole fraction of
the solute. However, at a comparable mole fraction of the solute, N, seems
to have a stronger influence on the interfacial tension in comparison to
CH,. This difference will be further discussed later on in combination with
the EMD simulations for these systems.
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Figure 5.5: Results for n (a)) and o (b)) for binary mixtures consisting of n-hexadecane with
the dissolved gases He, H,, N, CO, CO,, or CH, as a function of temperature. The viscosity of
pure n-hexadecane is given for comparison purposes. For visibility reasons, exemplary error
bars, representing the statistical uncertainties (k = 2), are shown only for the binary mixtures
containing He. The dotted lines mark the average expanded experimental uncertainty (k = 2)
of pure n-hexadecane. The mole fractions of the dissolved gas given in the legend are approxi-
mate values. The real composition at each temperature can be taken from reference [252]. The
Figure was taken from the original publication [252].

The modified L-OPLS FF was used to calculate 77 and o for the same binary
mixtures that were studied via SLS experiments. For further information on
the applied FFs for the solutes and simulation details, the reader is referred
to the original publication [252]. In Figure 5.6, the deviations between 7
and o of the binary mixtures and pure n-hexadecane determined by EMD
simulations are shown as function of the temperature. Here, the compari-
son to the thermophysical properties of pure n-hexadecane from EMD sim-
ulations [14] was chosen to investigate whether the FFs are able to predict
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the influence of the gas on the thermophysical properties of the pure sol-
vent.
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B (2-15)% He  (6-16)% H, V 10% CH, > 10% CO,

® (8-17)% N, A 10% CO 20% CH, » 20% CO,
30 l , . ,
20 8
Sy 10 fon [ a _
by >
20 ﬁ Y $—
S > 2 [ t
S 10 F 4
8 x
| 2
20} J
S T
= —H—* = ‘ +—
2 5[ 1
5 > b > 5
o -10¢ z i
S | 2
g -15 + . [ |
S o o » ‘
20t A . .
251 A > |
-30 L L L L L
300 350 400 450 500 550 600

T/K

Figure 5.6: Deviations between 1 or o of the binary mixtures from the values for pure n-hexa-
decane, which was also investigated using EMD simulations [14], as a function of the temper-
ature. The mole fractions of the dissolved gas given in the legend are approximate values. The
real composition at each temperature can be taken from reference [252]. The Figure was taken
from the original publication [252].

Due to the relatively large statistical uncertainties of 7 of about 1% (k = 2),
most data points fall within combined uncertainties of pure n-hexadecane.
Especially at low temperature < 373.15 K, the EMD simulations do not pre-
dict a lower 7 for the binary mixture in comparison to the pure solvent, as
it was present in the results from SLS experiments. At larger temperatures,
the general trend of decrease in 7 of about (10 to 20)% for binary mixtures
containing CO,and CH,, and very small deviations for mixtures containing
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He, H,, or N,, is in good agreement with the experimental results. Also for
o of the binary mixtures, EMD simulations were able to predict the general
trend for the influence of the dissolved gas on o of pure n-hexadecane.
Here, both the magnitude of the reduction in o of up to 25% and the almost
temperature-independent trend of the deviations could be predicted [252].

Because of the agreement between SLS experiments and EMD simulations
for the influence of the dissolved gases on o of pure n-hexadecane, EMD
simulations were used to calculate the surface enrichment of the dissolved
gas molecules to get a better understanding on why different gases show a
different influence on o of pure n-hexadecane at comparable mole frac-
tions. Therefore, the spatially-resolved partial number density pn for the
solute and solvent molecular across the vapor-liquid interface was deter-
mined and used to calculate the relative adsorption 73’ [56]. Using the cal-
culated 779 for the binary mixture in this work, for example, the larger in-
fluence of N,, in comparison to CH, at comparable mole fractions, on o of
pure n-hexadecane could be related to a larger enrichment of N, at the va-
por-liquid interface [252]. Such structure-property relationships are helpful
understand how the molecular characteristics of the solute and solvent in-
fluence thermophysical properties and can further be used in the develop-
ment of prediction models.

Further investigations of systems consisting of liquids with dissolved gases
were performed for the binary mixture of n-hexane with dissolved CO, at a
temperature of 303.15 K over a wide range of composition using SLS exper-
iments and EMD simulations [16]. The results for 7and o from experiments
and simulations as a function of CO, mole fraction xco. are shown in Figure
5.7

The SLS experiments performed up to xco. = 0.755 show a small plateau for
Xco. < 0.08, followed by a decreasing trend for both properties with increas-
ing xco.. The results from EMD simulations predict a slightly stronger con-
centration dependent trend for 7 than the experimental results, which
leads to a small overprediction at low xco. and an underprediction at larger
xco.. The AARD of the simulated viscosities from a polynomial fit of the
experimental data with respect to xco, is 10.8%. EMD simulations give con-
sistently lower values for o compared to the experimental results. This led
to an AARD of the simulated results for o from a polynomial fit of the ex-
perimental results with respect to xco. of 13.7%.
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Figure 5.7: Results for nand o of the binary mixture of n-hexane and CO, from SLS experi-
ments and EMD simulations as a function of CO, mole fraction at a temperature of 303.15 K.

5.2 Mutual Diffusion Coefficients in Binary Mixtures
Consisting of Liquids with Dissolved Gases

In this section, mutual diffusion coefficients calculated from EMD simula-
tions for binary mixtures consisting of n-alkanes, primary alcohols, or ILs
as solvents and He, H,, N, CO, CO, or Kr as the solutes are presented. In
most of the cases, D, measured by DLS experiments from co-workers at
AOT-TP serve as the reference to compare and validate the simulations.
First, the results from investigations at infinite dilution of the gaseous sol-
utes are presented. Based on these results, a predictive model for D,, of bi-
nary mixtures consisting of liquids with dissolved gases close to infinite di-
lution could be developed and is presented here. Afterwards, results for D,
over a wide composition range are shown for three binary mixtures con-
sisting of CO, dissolved in n-hexane, 1-hexanol, or [HMIM][NTTf,]. Next to
the results for D, from EMD simulations, also D., and 7 are discussed to
get a better understanding of their influence on D,,.
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Mutual Diffusion Coefficients at the Limit of Infinite Dilution

For all investigations performed at infinite dilution of the gas, D, was ap-
proximated by the self-diffusion coefficient of the gas according to Equa-
tion 4.12.

The results for D,, for binary mixtures consisting of He, H., N,, or CO dis-
solved in n-hexane or n-decane by EMD simulations and DLS experiments
as function of the temperature are shown in Figure 5.8 [33].

DLS experiments A <o (e} [m}
EMD simulations A * [ ] [ ]
100 : .
80 n-hexane ; 1 n-decane
7 60 i ©
E & i
3 :
Q 40 1
3 s ® . i i
A A * .o 4&
¢ i oo ¢
20 [ T é [
oe O é . e O 20
[ ] Om
0 , . , . . . .
290 320 350 380 410 320 350 380 410 440
TIK T/IK

Figure 5.8: Mutual diffusivity Dy, as a function of temperature from DLS experiments and EMD
simulations for binary mixtures of n-hexane or n-decane with dissolved gases.

The average statistical uncertainty of D,, determined for EMD simulations
is 7% (k = 2). For the comparison between experiments and simulations,
the simulation results, which cover a wider temperature range for some
systems, were correlated with respect to the temperature using an Arrhe-
nius-type equation [33]. The AARD between the experimental and simu-
lated results for D, are (8.3 and 18.2)% for the two solvents n-hexane and
n-decane. The much larger AARD for the n-decane is due to a strong un-
derprediction of D, from EMD simulations at low temperatures, which is
in agreement with the general overprediction of 7 of pure n-decane [33].

Further investigations were performed for binary mixtures consisting of
ethanol, 1-hexanol, or 1-decanol as the solvent and He, H,, N,, CO, or CO,
as the solute at temperatures between (303.15 and 423.15) K [42]. Similar as
for the n-alkanes based systems, the EMD simulations were able to describe
the temperature-dependent trend of D, well, but give slightly smaller D,
values at low temperatures. This can also be explained by the tendency of
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the L-OPLS FF to overpredict the viscosity of linear alcohols, as shown in
the previous section. The AARD between the simulated and experimental
results for the 15 investigated systems is 14% [42].

Based on the investigations of D,, in binary mixtures consisting of n-alkanes
or 1-alcohols as solvents at the infinite dilution of the dissolved gases, a
predictive model for D, was developed [42]. This model is able to predict
Dy, in a binary mixture of the solute (1) and solvent (2) at infinite dilution
according to

T(¥M,)"
v,>8 [Ml (0.45+ 0, )]0‘25

17.

Dn,calc =5.249- 10 (52)

In this equation, M, v, and w refer to the molar mass, kinematic viscosity,
and the acentric factor, respectively. The association factor ¥ was intro-
duced to accurately predict D,, in alcohol-based mixtures and can be calcu-

lated according to
Vzo.3 “H,

¥ =1+1.338-10°-
33 M,-T

(5-3)

Here, u refers to the dipole moment. The model was developed using the
experimental data from the publications as part of this work [33,42] as well
as further experimental data from the literature on D, in binary mixtures
consisting of n-alkanes with dissolved gases. The transferability of the
model to data that were not included in the development was investigated
using a testing set of 101 experimental and simulated data for D,,. A gener-
ally good agreement between the predicted data and the testing set with an
AARD of 12% was found. A comparison between the 305 data points in the
training and testing set and the predicted values using Equation 5.2 is
shown in Figure 5.9.

Finally, investigations of binary mixtures consisting of the ILS [EMIM]-
[NTL,], [HMIM][NTL,], and [DMIM][NTY,] as solvents and He, H,, N,, CO,
CO., and Kr as solutes were performed using DLS experiments and EMD
simulations for temperatures between (298.15 and 348.15) K [255]. To iden-
tify suitable FFs for the ILs, different FFs from the literature were applied
for the prediction of the liquid density, viscosity, and ion self-diffusivity of
the pure ILs and the results were compared to experimental reference data.
While the FF of Neumann et al. [266] showed the best agreement for both
static and dynamic properties, the deviations of the simulated data from
experimental reference values were increasing with an increasing carbon
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chain length of the alkyl group attached to the imidazolium ring of the cat-
ion. Following the findings of Logotheti et al. [277], who found that the
effective charge of the anion and cation are smaller than +1 and -1 for ILs
in the liquid phase using QM calculations, an empirical model for the ef-
fective charge of the ions with respect to the alkyl chain length was devel-
oped [255]. This led to an effective charge of 1.00, 0.96, and 0.90 for the
anions and cations in [EMIM][NTf,], [HMIM][NT®,], and [DMIM][NTL,],
respectively [255].
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Figure 5.9: Comparison between the 305 D,, data points contained in the training and testing
set with the calculated values using Equation 5.2. The Figure was taken from the original pub-
lication [42].

The modified Neumann FF was than applied for the prediction of D,, in the
binary mixtures with dissolved gases. The results for Du from EMD simu-
lation and DLS experiments are shown in Figure 5.10. The average statistical
uncertainty related to the investigation of D, from EMD simulations is 8%
(k = 2). The AARD between the simulated and experimental D, data are
(9.8, 11, and 14)% for binary mixtures based on EMIM][NTf,], [HMIM]-
[NTf,], and [DMIM][NTTY.], respectively. The most important finding from
this work is that D,, is almost not influenced by the viscosity of the solvent,
as can be seen in Figure 5.10 for H,-based mixtures. This ultimately led to a
failure of the prediction model in Equation 5.2, which considers the solvent
viscosity with the power of -0.8 in the prediction of D,.. As an extension of
this work, further investigations including solvents with a wide range of
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viscosities, therefore, have to be performed and the prediction model has
to be further refined.
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Figure 5.10: Fick diffusion coefficient D,, as a function of temperature of different binary mix-
tures of [EMIM][NTF,], [HMIM][NTf,], and [DMIM][NTF,] with dissolved gases.

Mutual Diffusion Coefficient as a Function of the Composition

EMD simulations and DLS experiments were performed for three binary
mixtures consisting of CO, dissolved in n-hexane, 1-hexanol, or [HMIM]-
[NTf,] to study D, over a wide composition range [253-254,256]. D,, was
calculated with a typical statistical uncertainty of 10% (k = 2) in all cases
based on the approaches detailed in Chapter 4. For the binary mixtures
based on n-hexane and [HMIM][NT®,], /5 was calculated from EMD simu-
lations via KB integrals. For the binary mixture of 1-hexanol with dissolved
gases, /1, was calculated from EMD simulations and activity coefficients in
the mixture via the non-random two-liquid (NRTL) model [84]. Neither
approach was able to predict the convergence of 77, to zero when approach-
ing the VLE to VLLE transition. With the knowledge of the location of the
spinodal for each investigated temperature, a new set of NRTL parameters
was determined. The final data for D,, in the case of the binary mixture of
1-hexanol and CO, were calculated with 775, from the improved NRTL model.
Typical statistical uncertainties for 73, calculated from EMD simulations are
3% (k = 2). The uncertainty of 7, calculated from the NRTL model was as-
sumed to be 10%, based on the empirical nature of the modification. Results
for D, from EMD simulations and DLS experiments for all three mixtures
at a temperature of 303.15 K, in the case of the n-hexane- and 1-hexanol-
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based systems, and 298.15 K, for the binary mixture based on [HMIM]-
[NTf.], as a function of composition are shown in Figure 5.11.

n-hexane 1-hexanol [HMIM][NTT,]

DLS experiments O o O
EMD simulations * * *
10 T T T T
L%Oo o
sree ® oY 0 1
8l C @ e . o %0
T 003 ®
N'E 6 <o <>° 4
S 4l ]
=
O OO 00 |
2068 e #0600y, Y S
w & IS
o Leve@0 O & < %
0.0 0.2 0.4 0.6 0.8 1.0

XCOZ

Figure 5.11: Comparison between D,, from EMD simulations and DLS experiments for the bi-
nary mixtures of CO, dissolved in n-hexane, 1-hexanol, or [HMIMNTYF,] at (303.15 or 298.15) K
as a function of composition.

For all three mixtures, a non-ideal concentration dependency of D, was
found. For the mixture of n-hexane with CO.,, the decrease of D,, up to xco,
~ 0.75 and the subsequent increase could be related to a solute-solvent
transition. Here, the break-down of the n-hexane network was studied by
EMD simulations using radial distribution functions between the center of
mass of the two components and was confirmed by polarization-difference
Raman spectroscopy (PDRS) experiments performed simultaneously with
the DLS experiments [253]. The two mixtures based on 1-hexanol and
[HMIM][NTY.] show a VLE to VLLE transition at the lowest temperatures
studied, which explains the decrease of D, approaching the transition point
in the case of the 1-hexanol-based system [254]. For the binary mixture
based on [HMIM][NTY,], a steady increase of D, with increasing xco. and a
leveling-off at xco. = 0.7 was found [256]. The reason why D,, does not de-
crease approaching the VLE to VLLE transition, but merely levels-off, might
be related to the distance between the spinodal and binodal. Since no data
on the location of the spinodal and binodal exist for this mixture, this could
not be confirmed.
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EMD simulations were able to predict the composition-dependent trend
for D, for all three mixtures investigated in this work. The AARD between
the simulated and experimentally investigated D,, data shown in Figure 5.11
is 13%. For a detailed discussion of the influence of the temperature on D,
over a wide composition range, the reader is referred to the respective pub-
lications [253-254,256].

To get a better understanding on how the fluid structure influences D,,, the
contributions to D, from EMD simulations were investigated separately. In
Figure 5.12, composition-dependent results for P, and /5 are shown for the
three binary mixtures at the same temperatures as shown in Figure 5.11.
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Figure 5.12: Results for D,, and I;, from EMD simulations and DLS experiments for the binary
mixtures of CO, dissolved in n-hexane, 1-hexanol, or [HMIMNTFS.] at (303.15 or 298.15) K as a
function of composition.

The results in Figure 5.12 show an increase of D, with increasing xco. for all
three mixtures. This can be related to an increase in mobility of the com-
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ponents with increasing CO, mole fraction. For 73, on the other hand, the
composition-dependent behavior varies strongly for the three investigated
systems. For the binary mixture of n-hexane with CO,, /5, decreases up to a
Xco: = 0.8 and increases afterwards, which could be related to the solvent-
solute transition [253]. The data for 73, for the binary mixture of 1-hexanol
with CO, from the NRTL model with the adjusted parameters show a steady
decrease up to the VLE to VLLE transition [254]. For the mixture of
[HMIM][NTf,] with CO,, I, first increases with increasing xco. up to
Xco. = 0.6 and decreases afterwards [256]. This behavior shows that EMD
simulations for this mixture are able to predict the presence of the VLE to
VLLE transition. In all three cases, a strong influence of the fluid structure,
which is directly contained in 773, on D,, is obvious. To get a deeper under-
standing of the complex and non-ideal composition-dependency of D,,
EMD simulations with their ability to decompose D,, into P,, and 75, are a
valuable tool. For a more detailed discussion of the influence of P, and 73,
on D, and derived structure-property relationships, the reader is referred
to the respective publications from this work [253-254,256].
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6 Conclusions and Prospect

The present thesis contributes to a fundamental understanding of the ther-
mophysical properties viscosity, interfacial tension, and mutual diffusion
coefficient of systems consisting of liquids with dissolved gases. Since such
systems are relevant working fluids in many fields of chemical and energy
engineering, accurate data for the aforementioned properties are required
for the efficient design and optimization of related processes and apparat-
uses. Due to the wide range of possible working fluids in combination with
different gases and the wide range of thermodynamic states that are of in-
terest for their application, not only accurate thermophysical properties are
required, but also a fundamental understanding of how the molecular char-
acteristics of the components influence them. This helps with the selection
of suitable working fluids. Light scattering experiments and EMD simula-
tions were combined in this work for the determination of the thermophys-
ical properties as well as the investigation of how the mixture components
influence the properties. Here, accurate data from the experiments help to
validate the simulations, while EMD simulations allow an insight in the
fluid structure on a molecular level and help to interpret the thermophysi-
cal properties.

To gain a fundamental understanding of how the molecular characteristics
of the solvent and solute influence the thermophysical properties, solvent
molecules with a wide range of molecular and structural characteristics
were investigated. This includes linear and branched alkanes and alcohols
with varying carbon chain length, as well as imidazolium-based ILs with a
varying chain length of the alkyl-tail attached to the imidazolium ring. To
capture the influence of the solute, different dissolved gases with varying
size, weight, and polarity were included. A wide investigated temperature
range between (283 and 573) K was chosen for the investigations by exper-
iments and simulations to determine thermophysical properties at process-
relevant conditions.

To determine the viscosity and interfacial tension of the binary mixtures
and the pure solvents, SLS experiments were used in this work. They allow
the determination of both properties with typical experimental uncertain-
ties of 2.2% (k = 2) by analyzing the light scattered from microscopic fluc-
tuations at the vapor-liquid interface in a contact-less manner and without
the need of calibration. The experimental results from this work for the
pure solvents could contribute to an improvement of available data for both
properties and could extend the temperature range for many substances up
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to high, process-relevant conditions. SLS experiments for binary mixtures
consisting of liquids with dissolved gases present the first systematic study
of the influence of different solute molecules on the thermophysical prop-
erties of the solvent over a wide temperature range. DLS experiments based
on the analysis of microscopic fluctuations in the bulk-fluid phase are able
to determine the mutual diffusion coefficient in mixtures at macroscopic
thermodynamic equilibrium with typical experimental uncertainties be-
tween (3 and 10)% (k = 2), depending on the thermodynamic state. Results
from DLS experiments performed by co-workers at AOT-TP are used in the
work for the validation of EMD simulations and for the discussion of the
influence of the solvent and solute characteristics on the mutual diffusion
coefficient.

EMD simulations are able to predict multiple thermophysical properties in
macroscopic thermodynamic equilibrium by the analysis of microscopic
fluctuations. They were applied in this work to determine the viscosity, in-
terfacial tension, and mutual diffusion coefficient at the same thermody-
namic states as investigated by the light scattering experiments. Due to a
strong temperature-dependency in the accuracy of predicting the liquid
density and viscosity, as well as the interfacial tension of pure solvents
modeled with the commonly applied L-OPLS FF [43-44], a temperature
correction in the form of a temperature-dependent description for the &;
parameter of the L] interactions was developed. This correction was based
solely on the liquid density of n-dodecane and was applied to all other pure
solvents and the solvents in binary mixtures with dissolved gases. For the
prediction of the mutual diffusion coefficient in binary mixtures consisting
of ILs with dissolved gases, the FF by Neumann et al. [266] was modified by
scaling of the effective charges of the anion and cation of the ILs. Typical
statistical uncertainties for the prediction of the viscosity, interfacial ten-
sion, and mutual diffusion coefficient are (10, 3, and 10)% (k = 2).

Using the results from SLS experiments for mixtures consisting of n-hexa-
decane with dissolved gas, the influence of the dissolved gases on the vis-
cosity and interfacial tension of pure n-hexadecane could be resolved. For
the light gases He and H., the viscosity and interfacial tension are mostly
within combined uncertainties of pure n-hexadecane. For all other gases, a
reduction of the viscosity and interfacial tension compared to pure n-hex-
adecane with deviations up to 30% was found. With the exception of He
and H,, this reduction increases with increasing mole fraction and molec-
ular weight of the solute. The comparison between EMD simulations and
SLS experiments for the viscosity and interfacial tension of pure solvents
and liquids with dissolved gases has shown a general overprediction of both
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properties by approximately (15 and 10)%. When comparing the interfacial
tension of the simulated mixture to that of simulated n-hexadecane, similar
deviations as shown by the experiments can be found. For the viscosity,
however, the EMD simulations were not able to accurately predict the in-
fluence of the dissolved gas on the viscosity of pure n-hexadecane at tem-
peratures below 373.15 K. EMD simulations could further be used to develop
structure-property relationships between the surface enrichment of the
solutes and their influence on the interfacial tension of the mixture.

The mutual diffusion coefficient in binary mixtures consisting of different
gases dissolved in n-alkanes, 1-alcohols, or ILs at infinite dilution of the dis-
solved gas by EMD simulations and DLS experiments were presented. The
results from EMD simulations agree with the DLS experiments with an
AARD of approximately 14% and are often within combined uncertainties.
Based on the results for binary mixtures of different gases dissolved in n-
alkanes or 1-alcohols, an empirical prediction model for the mutual diffu-
sion coefficient at infinite dilution could be developed. This model requires
only thermophysical and molecular properties of the pure solvent and sol-
utes and was able to predict the mutual diffusion coefficients of a testing
set containing 101 data points with and AARD of 12%.

Finally, the mutual diffusion coefficient in binary mixtures of n-hexane, 1-
hexanol, or [HMIM][NTTf,] with dissolved CO, from EMD simulations and
DLS experiments were presented. The composition-dependent trend of the
mutual diffusion coefficient from DLS experiments could be predicted by
EMD simulation with an AARD of approximately 14%. By decomposing the
mutual diffusion coefficient into the Maxwell-Stefan diffusion coefficient
and the thermodynamic factor, the composition-dependent trend for the
mutual diffusion coefficient could be related to the structural arrangements
in the fluid phase.

In summary, the combination of light scattering experiments and EMD
simulations have been shown to be a powerful tool in thermophysical prop-
erty research of liquids with dissolved gases. The combination of both tech-
niques allows the accurate determination of thermophysical properties by
experiments and the development of a fundamental understanding for the
influence of the solute and solvents on the properties. In this work, the vis-
cosity and interfacial tension of binary mixtures based only on n-hexade-
cane have been presented. For further research, this approach can be ap-
plied to binary mixtures based on further solvents with different molecular
characteristics, such as longer or branched alkanes and alcohols. Such data
can be correlated with the properties of the solute and solvent molecules
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to develop a predictive model for the viscosity and interfacial tension of
liquids with dissolved gases. The failure of the empirical model to predict
the mutual diffusion coefficient in binary mixtures based on ILs suggests
that further investigations with solvents covering a wide viscosity range
should be performed. Finally, the results from this work for the mutual dif-
fusion coefficient by EMD simulations and DLS experiments can be used
for the development of a prediction model that is based on the prediction
of the thermodynamic factor and the Maxwell-Stefan diffusion coefficient
in order to predict a non-ideal concentration-dependent behavior of the
mutual diffusion coefficient.
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The present thesis aims to get a fundamental understanding of how the molecular
characteristics of a solute and solvent influence the thermophysical properties
of mixtures consisting of a liquid and a dissolved gas. Due to their relevance as
working fluids in chemical and energy engineering, accurate data for the viscosity,
interfacial tension, and mutual diffusion coefficient are required for the efficient
design and optimization of related processes. In this work, light scattering ex-
periments, which can determine the thermophysical properties in macroscopic
thermodynamic equilibrium, are combined with equilibrium molecular dynamics
(EMD) simulations at temperatures up to 573 K. EMD simulations are able to
predict multiple thermophysical properties by the analysis of the molecular motion
in macroscopic thermodynamic equilibrium. The combination of EMD simulations
with light scattering experiments allows for the validation of simulations as well
as an interpretation of the results by studying the influence of molecular charac-
teristics and the fluid structure on the thermophysical properties.
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