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Abstract

The first part of this work is on molecular modeling and simulation of 12 industrially
relevant pure fluids as well as 12 binary mixtures of these components. Their econom-
ical importance and hazardous nature is a strong incentive for computer simulations.
The investigation of these substances is separated into two groups. The Phosgene group
includes Hydrogen chloride, Phosgene, Benzene, Chlorobenzene, Ortho-Dichlorobenzene
and Toluene. The Ethylene oxide group contains Ethylene oxide, Ethylene glycol and
Water. The underlying force fields for these 12 pure substances are developed in this work
on the basis of quantum chemical information on molecular geometry and electrostatics.
The molecular models are individually optimized to experimental pure fluid data for va-
por pressure and saturated liquid density. A comparison to other molecular models from
the literature is given. The unlike dispersive interaction is optimized for ten of the 12
studied binary mixtures. Previously unpublished experimental VLE data, measured by
BASF in the vicinity of ambient temperature, are predominantly used for these fits. VLE
data, including dew point composition, saturated densities and enthalpy of vaporization,
are predicted for a wide range of temperatures and compositions. The predictions are
compared to additional experimental binary VLE data that was not considered in the
model development. The good agreement shows the reliability of the molecular approach

for predicting thermophysical properties of hazardous fluid mixtures.

In the second part of this work, by assessing a large number of binary systems, it is
shown on a large scale that molecular modeling is a reliable and robust route to VLE of
mixtures. A set of simple molecular models for 78 pure substances from the literature is
taken to systematically describe all 366 binary and ternary mixtures of these components
for which relevant experimental VLE data are available. Among them, 267 binary mixtures
and 33 ternary mixtures were investigated with respect to VLE data at finite mole fractions
and 95 binary mixtures with respect to the Henry’s law constant. The mixture models
are based on the modified Lorentz-Berthelot combining rule. Per binary system, one
state independent interaction parameter from the unlike dispersive energy is adjusted to
a single experimental vapor pressure or a Henry’s law constant. The mixture models
are validated regarding the vapor pressure at other state points and also regarding the
dew point composition, which is a fully predictive property in this work. Subsequently,
these binary interaction parameters are applied for ternary mixtures without any further
adjustment. The predictions from the molecular models of the 366 mixtures are extensively
compared to available experimental data. In almost all cases, the the molecular models

give excellent predictions of the mixture properties.



The following publications contribute to the present work:

Vrabec J., Huang Y. L. and Hasse H.,

”Molecular models for 267 binary mixtures validated by vapor-liquid equilibr.: A system-
atic approach”,

Fluid Phase Equilib. 279, 120-135 (2009).

Huang Y. L., Vrabec J. and Hasse H.,
”Prediction of ternary vapor-liquid equilibria for 33 systems by molecular simulation”,
Fluid Phase Equilib. 287, 62-69 (2009).

Huang Y. L., Miroshnichenko S., Hasse H. and Vrabec J.,
"Henrys law constant from molecular simulation: a systematic study of 95 systems”,
Int. J. Thermophys. 30, 1791-1810 (2009).

Huang Y. L., Heilig M., Hasse H. and Vrabec J.,
”Molecular Modeling and Simulation of Vapor-Liquid Equilibria of Hydrogen Chloride,
Phosgene, Benzene, Chlorobenzene, Ortho-Dichlorobenzene, Toluene and Their Binary

Mixtures.”
AIChE J., in press (2010).



VI

Zusammenfassung

Fiir die Auslegung und Optimierung verfahrenstechnischer Prozesse ist die Kennt-
nis thermophysikalischer Stoffdaten, insbesondere Dampf-Fliissigkeits Gleichgewichte von
Mischungen, unerlasslich. Da haufig nur sehr wenige experimentelle Daten vorliegen,
werden Methoden bendtigt, die eine quantitative Stoffdatenvorhersage ermoglichen. Hi-
erfiir werden iiblicherweise Zustandsgleichungen oder G¥-Modelle verwendet, die zwar sehr
gute Korrelationswerkzeuge sind, aber erhebliche Schwéachen bei der Stoffdatenvorhersage
haben. Das Entwicklungspotenzial dieser Anséitze ist zudem weitgehend ausgereizt. Die

vorliegende Arbeit ist in zwei Teile gegliedert.

Der erste Teil diskutiert die molekulare Modellierung und Simulation von zwolf indus-
triell wichtigen Reinstoffen sowie zwolf binaren Mischungen dieser Komponenten. Deren
wirtschaftliche Bedeutung und sicherheitsrelevante Eigenschaften sind eine starke Moti-
vation fiir numerische Simulationsmethoden. Diese Untersuchung ist in zwei Stoffgruppen
aufgeteilt. Die erste Gruppe beinhaltet Wasserstoffchlorid, Phosgen, Benzol, Monochlor-
benzol, Ortho-Dichlorbenzol und Toluol, die zweite Gruppe enthélt Ethylenoxid, Ethyleng-
lykol und Wasser. Modelle fiir diese Reinstoffe werden in dieser Arbeit auf der Grundlage
von quantenchemischen Rechnungen zur molekularen Geometrie und Elektrostatik en-
twickelt. Die Parameter der molekularen Modelle werden anschliefend an experimentelle
Reinstoffdaten von Dampfdruck und Siededichte optimiert. Ein Vergleich zu anderen
molekularen Modellen aus der Literatur wird gegeben. Die ungleiche Dispersionswech-
selwirkung wird fiir zehn der zwolf untersuchten binaren Mischungen angepasst. Dampf-
Fliissigkeits Gleichgewichte, insbesondere Dampfzusammensetzung, Sattigungsdichten und
Verdampfungsenthalpie, werden fiir verschiedene Temperaturen und Zusammensetzungen
vorhergesagt und mit experimentellen Daten verglichen, die nicht in die Modellentwick-

lung eingeflossen sind.

Im zweiten Teil dieser Arbeit wird durch eine Untersuchung einer sehr groffen Zahl von
Systemen gezeigt, dass die molekulare Modellierung und Simulation ein zuverlassiges und
robustes Werkzeug fiir VLE von Mischungen ist. Molekulare Modelle fiir 78 Reinstoffe
wurden der Literatur entnommen, um alle 366 binaren und ternaren Mischungen dieser
Komponenten systematisch zu untersuchen, fiir die entsprechende experimentelle Daten
verfiighar sind. Dabei werden 267 binare Mischungen und 33 ternare Mischungen in Bezug
auf Phasengleichgewichte bei endlicher Verdiinnung sowie 95 binare Mischungen in Bezug
auf die Henrykonstante untersucht. Die Vorhersagen auf der Basis der 366 molekularen
Modelle werden extensiv mit verfiigbaren experimentellen Daten verglichen. In fast allen

Fallen werden ausgezeichneten Vorhersagen der Mischungseigenschaften erzielt.
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1 Introduction

Obtaining data on thermophysical properties of fluids is an indispensable task for devel-
oping and designing industrial processes and products. Accurate thermophysical data are
the basis of quality, efficiency and sustainability. Usually, these data are obtained by ex-
periments and are subsequently aggregated in correlations. However, they are needed in
many cases for inconvenient conditions, e.g. at high temperatures, or for toxic fluids. Cor-
relations are in many cases excellent descriptive tools, but often lack in predictive power,

especially when the available experimental database for their adjustment is narrow.

Due to the advances in methodology and computer technology, an alternative approach
became feasible, namely molecular simulation. Fluids consist of molecules and their ther-
mophysical properties are determined by the molecular interactions. Molecular models

describe these molecular interactions by means of parameterized potential functions.

The development of a molecular model usually starts with the geometry of the molecule.
Ab initio quantum chemical (QC) calculations may precisely yield bond lengths and an-
gles as well as intermolecular electrostatic interactions [1]. Dispersion and repulsion can
only be obtained with computationally very expensive QC methods, thus parameters for
these interactions are initially taken from similar sites of other molecular models. Some
of these parameters are subsequently fitted to yield the correct vapor-liquid equilibrium
(VLE) behavior of the regarded pure substance [2].

Predicting data which cannot be easily obtained by experiments is a great advantage of
molecular simulation. Therefore, an essential question is whether molecular models, which
were optimized to experimental VLE data, can accurately yield other thermophysical
properties. Furthermore, these pure fluid models should be compatible with each other

and allow for predictions of mixture properties.

Backed by the chemical industry, substantial efforts were made in recent years by the
molecular simulation community to tackle thermophysical properties of technically rele-
vant fluid systems [3, 4, 5, 6, 7]. This is particularly rewarding for substances which have
inconvenient properties, like being toxic or explosive, that render experimental studies
difficult.

The results from a co-operation with BASF SE, Ludwigshafen, are presented in the
first part of this work. There, the fluid phase behavior of hazardous chemicals which are
produced on a large scale was studied. Two groups of molecules were investigated. First,
the Phosgene group which includes Hydrogen chloride, Phosgene, Benzene, Chloroben-
zene, Ortho-Dichlorobenzene and Toluene and second, the Ethylene oxide group which

contains Ethylene oxide, Ethylene glycol and Water was studied.



2 1 Introduction

Hydrogen chloride and Phosgene are key components in the production of Isocyanates
which are important intermediates in the Polyurethane production. The Isocyanate syn-
thesis is a phosgenation in which Phosgene and Hydrogen chloride are present in mix-
tures with organic solvents, where Benzene, Chlorobenzene, Ortho-Dichlorobenzene and
Toluene are of special interest. Therefore, the binary mixtures of Hydrogen chloride or
Phosgene with these four solvents were systematically studied together with the mixture
Hydrogen chloride 4+ Phosgene.

Polyethylene glycol (PEG) is a polyether compound with many applications from in-
dustrial manufacturing to medicine. The main components in its production are Ethylene
oxide, Water and Ethylene glycol. Ethylene oxide is highly explosive and thus very little
experimental data are available. Water is a particularly difficult substance for developing

a molecular model, e.g. due to its strong hydrogen bonding behavior.

In the second part of this work, a large systematic study on VLE of mixtures is
presented. 366 binary and ternary mixtures were investigated. Through an extensive
comparison of simulation results and experimental data, a conclusive statistics as the
reliability of the molecular modeling and simulation was generated. In this study, 78
real pure fluids using the dipolar or quadrupolar two-center Lennard-Jones (2CLJD and
2CLJQ) potential were taken from prior work [8, 9]. This model type has been proposed
more than three decades ago [10], however, it is far from being fully exploited. Polar
2CLJ models consider the basic molecular interactions repulsion and dispersive attraction
and also feature anisotropy and polarity in a simple way. 78 small molecules consisting
of up to nine atoms that belong to different classes of real fluids, including noble gases,
alkanes, halogens and numerous refrigerants. For many of the 78 molecules, the polar
2CLJ model strongly simplifies the intermolecular interactions. E.g., the asymmetry of
the molecules is neglected and the polar interaction is always aligned along the main
molecular axis. Also the polarizability, which is often assumed to be a crucial molecular
property for thermodynamics, is only implicitly considered by Lennard-Jones interaction
sites. Furthermore, the internal degrees of freedom are neglected as the polar 2CLJ models
are rigid. The aim of this study was to investigate whether these crude assumptions for
pure substance models have an impact on mixture properties, in particular on binary and
ternary VLE. It can be argued that oversimplified molecular models can be adjusted to a
few experimental pure substance properties, but major deficiencies should be visible when

applied to mixtures.

Molecular simulations on binary VLE containing some of the 78 components, but
using other models or parameter sets, are available from different authors: Potoff and
Siepmann [11] (Ng, COy and alkanes), de Pablo et al. [12] (hydrocarbons), Gao et al. [13]



(hydrofluorocarbon and hydrochlorofluorocarbon mixtures), Kronome et al. [14] (Ny +
CoHg), Nath et al. [15] (alkane mixtures), Cui et al. [16] (COy + perfluoroalkanes), Potoff
et al. [17] (mixtures of various polar and non-polar components), Delhommelle and Millié
[18] (Ne, Ar and Kr), Liu and Beck [19] as well as Vrabec and Fischer [20, 21] (CHy4, CoHg

and CO,). However, each of these publications is restricted to a few mixtures only.

Some of the above-mentioned 78 pure substance models have successfully been used in
simulation studies by others: Several authors used them as solute models for predictions
of the Henry’s law constant: Boutard et al. [22] for O, in Ethanol, Krishnamurthy et al.
(23] for Ny and O, in Ethylene oxide and Shah and Maginn [24] for C;Hg and CoHy in an
ionic liquid. Grimm et al. [25] used the CHyI; model to investigate local density effects
on photoinduced isomerization kinetics of this substance in supercritical CO,. Miiller et
al. [26, 27] used several models (CoHg, CoHy, Ny and CoFg) for simulations on adsorption
regarding micro-porous carbon. Jia and Murad [28, 29] took the Ny and O, models to
simulate zeolite membrane separations of gas mixtures. The same models were taken by
Chialvo and Horita [30] for a study on vapor-liquid fractionation factors. Schumacher
et al. [31] used the Ny, Oy and CO, models for investigations on the optimization of
organic/inorganic adsorbents. Carrero-Mantilla and Llano-Restrepo [32] used them to
predict VLE of binary mixtures containing CH4, CyHg, CoHy and Propylene, they also
regarded reactive systems [33]. Furthermore, Smith and Lisal [34, 35] used the Ny model

for non-reacting and reacting systems regarding ammonia synthesis.

Based on the 78 pure substance models, the unlike energy parameter was adjusted
in previous work [36, 37, 38] to the experimental binary vapor pressure for 44 systems in
order to very accurately describe their VLE. The viability of this approach was also shown
with VLE predictions of five ternary mixtures [36, 37, 38]. Galbraith and Hall [39] took
some of those adjusted mixture models and calculated VLE of four binaries containing
Ny, Og, CO5 and CyHg by Gibbs-Duhem integration and obtained an excellent agreement

with experimental data.

A few publications on molecular simulation results for ternary VLE are available from
different authors: Carrero-Mantilla and Llano-Restrepo [40] (N3 + CHy + CyHg), Potoff
and Siepmann [11] (N3 + CO5 + propane), Kamath and Potoff [41] (CH, + HyS 4+ CO,),
Hansen et al. [42] (N3 + Oz + CO,), Liu and Beck [19] (CH4 + COy + CyHg), Nath
et al. [43] (CoHy + 1-hexene + polyethylene), Lisal et al. [44] (isobutene + methanol +
MTBE) and Van’t Hof [45] (CH4 + COy + CsHg and CH4 + CO; + propane). However,
each of these publications is restricted to one or two ternary mixtures only. Note that
there are additional works on ternary VLE by simulation [46, 47, 48, 49, 50, 51|, but they

deal exclusively with model systems.



4 1 Introduction

Thermodynamic data on the distribution of the components in coexisting vapor and
liquid phases are essential for a wide range of technical applications. A common classifi-
cation distinguishes between mixtures in which the components have a similar volatility
and mixtures in which the components have a strongly differing volatility. In the first
case, for binary mixtures, considerable amounts of both components can be found in the
coexisting phases and the characterization of the equilibrium requires for a given pair of
temperature and pressure both the liquid composition and the vapor composition. De-
pending on the mixture, a large variation in the distribution of the components is found,
leading to qualitatively different forms of the two-phase envelope, such as for zeotropic or
azeotropic systems. In the second case, the liquid overwhelmingly contains the component
with low volatility (i.e. solvent), while the vapor is composed mainly out of the volatile
component (i.e. solute). The two-phase envelope is thus wide and has a characteristic
shape. E.g., it is observed at constant temperature that the solute mole fraction in the
liquid increases approximately linearly with the pressure. This has given rise to a con-
densed characterization of the phase equilibrium in such cases through the Henry’s law

constant.

Molecular modeling and simulation is used for more than two decades for calculating
the Henry’s law constant. In the early works [52, 53, 54, 55|, usually model mixtures of
Lennard-Jones spheres without reference to real fluids were regarded. Lotfi and Fischer
[56] also simulated mixtures of Lennard-Jones spheres, however, they applied them to
real fluid systems, like He in liquid CHy4 or Ne in liquid Kr. The influence of the unlike
interaction between the two molecule species was also investigated by applying different

combining rules [56].

Mixtures of real components became better accessible through the development of
simulation methodology and computing infrastructure. E.g., Boulougouris et al. [57]
calculated the solubility of CHy in liquid CsHg and of the same solute in liquid water.
Due to their technical importance also the solubility of larger hydrocarbons, like n-butane,
n-hexane, cyclohexane or benzene in liquid water, was studied [58, 59]. Other systems,

like COq in liquid water [60] or Oy in liquid benzene [61], were tackled as well.

The Industrial Fluid Property Simulation Collective [4] has challenged the molecular
simulation community in 2004 to predict the Henry’s law constant for Ar, N, CH4 and
CsHg in liquid ethanol. The submitted contributions have shown the capability of the
molecular approach to determine this thermodynamic property [22, 62, 63, 64, 65].

In terms of simulation methodology, there is a variety of possibilities for determining
the Henry’s law constant. The most straightforward route is to sample the phase space

of the solvent either by molecular dynamics or Monte-Carlo and to calculate the chemical



potential of the solute at infinite dilution through insertions of test molecules by Widom’s
method [66]. However, if the density of the solvent is very high, e.g. in case of liquid wa-
ter around ambient conditions, successful test molecule insertions become highly unlikely
which deteriorates the statistics. Solutions to this problem are e.g. staged particle inser-
tions/deletions [58] or expanded ensemble methods [57, 59, 60]. Alternatively, Murad and
Gupta [55, 61] proposed a molecular dynamics scheme with a semi-permeable membrane
that can only be permeated by the solute. In equilibrium, a part of the simulation volume
contains only the gaseous solute and the remaining part of the simulation volume con-
tains the liquid solvent that is saturated with the solute. A recent overview on molecular

simulation methodology can be found in [67].

The theoretical background of the molecular simulation methods applied in the present
work is described in Chapter 2. Chapter 3 covers the co-operation work with industry on
hazardous fluids and Chapter 4 includes the large systematic study on mixture models.

Finally, Chapter 5 gives a summary.



6 2 Fundamentals

2 Fundamentals

Classical thermodynamics was developed to understand the relationship between work
and heat, with the transformations of heat into mechanical work and the opposite trans-
formations of mechanical work into heat. In the middle of 17th century, with the invention
of the first vacuum pump, a correlation between pressure, temperature and volume was
developed. Afterwards, in the 19th century, the technical interest in the steam engine
fostered a profound scientific description of processes that transform heat into work. Sadi
Carnot pioneered in the theoretical explanation of thermodynamics. The works of James
Joule and Robert von Mayer manifested the equivalence of heat and work in physics. After
many scientists devoted themselves to the field of thermodynamics, it quickly became a
complex field of physics, linked with and influenced by other sciences. In the field of biol-
ogy, Hermann von Helmholtz discovered the conservation of energy in his experiments on
fermentation, a holistic formulation of the first law of thermodynamics. Alongside these
discoveries, the second law of thermodynamics, introduced by Rudolf Clausius, comple-
mented the theoretical framework of classical thermodynamics. It gives an answer to
the question why some processes cannot be reversed, even though the reversion complies
with the first law. Subsequently, the development of physics initialized an explanation of
thermodynamic phenomena with a molecular argumentation. Ludwig Boltzmann, Josiah
Willard Gibbs and James Clerk Maxwell founded the fields of statistical mechanics (or

statistical thermodynamics), the groundwork of molecular thermodynamics.

Classical thermodynamics gives a comprehensive relation between macroscopic proper-
ties, but it does not cover the quantitative prediction of these properties. On the contrary,
statistical mechanics relates the microscopic properties of individual atoms and molecules
to the macroscopic properties of materials. It connects the macroscopic properties to
intermolecular interactions through the partition functions. In the field of statistical ther-
modynamics, fluid systems are not regarded as a continuum, but their particulate nature is
considered. In brief, statistical mechanics is able to rigorously yield macroscopic properties

based on microscopic properties, which can not be achieved by classical thermodynamics.

Making use of the highly progressive development of computer technology, nowadays
molecular simulation has allowed for considerable contributions to the fields of chemistry,
material science, biology and engineering. High performance computers facilitate molecu-
lar simulation studies for systems that were not accessible a couple of decades ago. Thus
molecular simulation has evolved into an own subject in engineering and the natural sci-
ences, closely related to computer sciences, dedicating itself to the analysis, development

and improvement of numerical methods to perform simulations of molecular systems and
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to depict the molecular characteristics of real substances in a physically sound way.

Some theoretical background, principles and methods applied in the present study are

briefly described in the following sections.

2.1 Molecular Modeling

Molecular simulation forges a link between microscopic configurations and the macro-
scopic state of a system. Once the motions and positions of all molecules in a system are
determined according to the interactions between the molecules, the state of this system,
e.g. temperature, pressure or any other thermophysical property can be calculated. Even
rather abstract or tediously measurable properties, such as surface tension or diffusion
coefficients, can be obtained. This leads inevitably to the question on how the molecular

interactions are specified.

In the world of atoms and molecules, different physical effects cause several types
of interactions between molecules. Repulsion plays a central role when the molecules
come close to each other. Dispersive interactions cause attraction among molecules at
intermediate and greater distances [68]. Electrostatic interactions also have a notable
effect on the molecular behavior. Moreover, for some substances, like Water, hydrogen

bonding is a dominant interaction that has to be taken into account.

2.1.1 Lennard-Jones Potential

Figure 1 shows the Lennard-Jones 12-6 function, which is the most well-known model for

the Van der Waals interactions, i.e. repulsion and dispersion. The interaction potential

i =|(7)"- (7) ]

with 7;; being the distance between two Lennard-Jones sites ¢ and j. The Lennard-Jones

u;j is given by

potential has two adjustable parameters, the size parameter o and the energy parameter

e. It is widely used for its effective modeling and numerical efficiency.

Due to the generally high computational effort associated with molecular simulations,
the widespread use of Lennard-Jones potential roots in its computing convenience. The
term (o/ rij)(j describing the dispersive interaction on a sound physical basis, merely has

to be multiplied with itself to give the repulsive term (o /7;;)"
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Figure 1: The Lennard-Jones 12-6 potential.

2.1.2 Electrostatic Interactions

In addition to the dispersive and repulsive interactions, molecular models describe elec-
trostatic interactions with point charges, dipoles or quadrupoles [69]. Polarities which are
of higher order than quadrupoles are usually not taken into account, as they have a short

interaction range, scaling with ~ =7 or less.

The Coulomb interaction, i.e. attraction or repulsion of two charges ¢ and 7, is de-
scribed by

1 gy
EAEY (2)

Ugq(Tij) = Ameo 137
ij

where r;; is the distance between the point charges with the magnitude ¢; and ¢;. And €
denotes the permittivity of the vacuum, ¢y = 8.8541 - 10712 C2J~'m~!. Point charges are
often applied to describe ions, but also polar molecules composed of atoms with significant
by different electronegativity. Furthermore, they are used to model hydrogen bonding as

well.

In molecules that have covalent bonds, differences in electronegativity yield an uneven
distribution of the electrons and protons. A positive and a negative charge ¢, separated by
a distance [, generate an electrostatic dipole with the permanent dipole moment u = ql,

cf. Figure 2.

If [ is much smaller than the typical distance r between two molecules, a dipole can
be idealized by a single interaction site, i.e. a point dipole. The interaction potential

between two point dipoles is [69]
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[ ~
+ -q
Figure 2: Two opposite charges ¢q at a distance [ generating a dipole.
. 1 i [ . .
Uy (Tij, Wiy W) = — 5~ (2cos®; cos; — sind; sin U; cos ;) (3)
dmeg T

ij

with r;; being the distance between two interacting dipoles, which have the dipole moments

w; and ;. The orientation vectors w; and wj of the dipoles boil down to three relevant
mutual angles ¥;, ¥; and ¢;;, cf. Figure 3.

Figure 3: The orientation of two dipoles.

The polarity of the next higher order is the quadrupole. A quadrupole is a linear

alignment of two opposite dipoles or three point charges, respectively, cf. Figure 4. The
quadrupole moment is given by

Q = 2qI*. (4)

D
~
N

fl\
g

Figure 4: Linear alignment of three charges forming a quadrupole.
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According to the multipole expansion, the quadrupolar interaction is [69]

3 Qi@
64mey 10
+2(sin ¥; sin ¥, cos p;; — 4 cos ¥; cos 9;)?]. (5)

ugQ(rij, wi, wj) = [1 — 5(cos® ¥; + cos® ;) — 15 cos® ¥; cos® ¥,

The interaction is determined by the distance between two quadrupoles r;;, their moments
by @; and (); as well as their orientations depending on the angles ¥;, ¥; and ¢;;, cf. Figure
3.

2.1.3 Pairwise Additivity

For the potential energy U of an entire system containing N molecules, the assumption

of pairwise additivity for the interaction potential u;; between two molecules yields

N N TR
D) NITEED 3 0
i=1 j>i i=1 j=1

In fact, the presence of other molecules alters the intermolecular energy between two
molecules. The extent to which these three-body interactions are affecting the thermo-
dynamic properties was studied, e.g. by Sadus and Prausnitz [70]. However, this issue
still requires significant research effort in the future to really be resolved. The pairwise
additivity assumption complies with the requirement of reducing computation time. So
the effects of the multi-body interactions have to be compensated by the optimization
for the molecular models at hand. Hence, the average three-body effect can be seen as

included in "effective” pair potentials, which were employed throughout of this work.

2.1.4 Pure Fluid Models

Interaction energies between molecules stem from electrostatic and magnetic interactions
of the molecular charge clouds and nuclei. Usually, models of molecular interactions
only describe interactions resulting from electrostatics, as they are about four orders of

magnitude higher than the magnetic interactions [69].

For the present modeling approach based on additive semiempirical potential functions,
the molecular interactions can be separated into different contributions. At large inter-
molecular distances, dispersive and electrostatic interactions can be distinguished. The
latter ones are caused by permanent molecular charge distributions. At small distances,

repulsive interactions due to electronic cloud overlaps come into play. Furthermore, strong
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and highly directional short-ranged interactions occur when hydrogen bonding molecules
are studied.

To describe the intermolecular interactions, a varying number of Lennard-Jones sites
and superimposed point charges, point dipoles and linear point quadrupoles was used.
Point dipoles and quadrupoles were employed for the description of the electrostatic in-

teractions to reduce the computational effort during simulation.

However, as described in Section 2.1.2, a point dipole may, e.g. when a simulation
program does not support this interaction site type, be approximated by two point charges
+q separated by a distance [. Limited to small [, one is free to choose this distance as long
as 1t = ql holds. Analogously, a linear point quadrupole can be approximated by three
collinear point charges ¢, —2¢ and ¢, separated by [ each, where Q = 2¢I* [71].

The total intermolecular interaction energy thus writes as

Se 55
- 1 icHj icty icYj ic\Y g icyj
ZZW [q %, 4 ugd:u Gt (w5 ;) + 4 di:Q Ul p(wsrw;) +
0

—1 d—1 Tijed Tijed Tijed
Hicllid ,U/ch id + chﬂ jd chQ id
3 : 'fB(wiawj) + ’ 1 2 'f4<wi>wj) + = : 'f5(wi>wj) ) (7)
Tijed Tijed ijed

where 7ijqp, €ijabs Oijap are the distance, the Lennard-Jones energy parameter and the
Lennard-Jones size parameter, respectively, for the pair-wise interaction between Lennard-
Jones site a on molecule ¢ and Lennard-Jones site b on molecule j. ¢ is the permittivity of
vacuum, whereas g;., i and ;. denote the point charge magnitude, the dipole moment
and the quadrupole moment of the electrostatic interaction site ¢ on molecule ¢ and so
forth. The expressions f,(w;, w;) stand for the dependency of the electrostatic interactions
on the orientations w; and w; of the molecules ¢ and j, cf. [69, 72]. Finally, the summation
limits N, ST and S¢ denote the number of molecules, the number of Lennard-Jones sites

and the number of electrostatic sites, respectively.

For a given molecule, the interactions between Lennard-Jones sites of different type
were defined by applying the standard Lorentz-Berthelot combining rules [73, 74]
Oiiaa 1 Ojjbb

Oijab = Ta (8)
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and

€ijab = \/€iiaa€;jjbb- (9)

2.1.5 Mixture Models

On the basis of defined pairwise additive pure fluid models, molecular modeling of mixtures
reduces to modeling the interactions between unlike molecules. Unlike interactions consist
of two different types here. The electrostatic interactions, e.g. between dipole and dipole,
dipole and quadrupole, as well as quadrupole and quadrupole, belong to one type. These
interactions are treated here in a physically straightforward way, simply using the laws of

electrostatics.

Repulsion and dispersive attraction are other interaction types and are present between
all molecules. If a mixture A + B is modeled on the basis of Lennard-Jones potentials,
the knowledge of the unlike Lennard-Jones parameters oap and eap is required. For their
determination, the broadly used Lorentz-Berthelot combining rule is a good starting point
[75]

oap = (oa+08)/2, (10)

and

€AB = \/€A€B. (11)

Applying oap and €eap, as given by equations (10) and (11), allows the prediction of
mixture properties from pure fluid data alone [32, 36, 37, 38, 75]. But as shown in there,
a significant improvement can be achieved by introducing one state independent binary

interaction parameter ¢ to adjust the unlike energy parameter
eap = E\/eaen. (12)

It should be pointed out that A and B are molecule species that may each be described
by several LJ sites with different energy parameters £&. Thus £ is a single overall parameter

that acts consistently on all individual unlike LJ interactions of the pair A + B.

2.2 Molecular Properties from Quantum Chemistry

Molecular models that were developed on the basis of QC calculations stand between ab
initio models and empirical models. The present strategy is based on the idea to include
ab initio information without giving up the freedom to reasonably optimize the model to

important macroscopic thermodynamic properties. Thus, for the modeling process some
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experimental data are needed for optimization. The chosen properties, vapor pressure and
saturated liquid density, have the advantage to be well available for numerous engineering

fluids and to represent dominant features of the fluid state.

The parameters of the present molecular models can be separated into three groups.
First, the geometric parameters specify the positions of the different interaction sites of
the molecular model. Second, the electrostatic parameters define the polar interactions in
terms of point charges, dipoles and quadrupoles. And finally, the dispersive and repulsive
parameters determine attraction by London forces and repulsion by overlaps of the elec-
tronic orbitals. Here, the Lennard-Jones 12-6 potential [76, 77] can be used to allow for
a straightforward compatibility with the overwhelming majority of the molecular models

in the literature.

In a recent publication, Sandler and Castier [78] gave a brief overview on the use of QC
in thermodynamics. By numerically solving Schrodinger’s equation, different molecular
properties of technically relevant components can be calculated in a quite standardized
way. Many different QC codes are available for this task. For license reasons, the open
source code GAMESS(US) [1] was used in the present work.

2.2.1 Geometry

All geometric data of the molecular models, i.e. bond lengths, angles and dihedrals, were
determined based on QC calculations. Therefore, a geometry optimization, i.e. an energy
minimization, was initially performed using GAMESS(US) [1]. The Hartree-Fock level of
theory was applied with a relatively small (6-31G) basis set.

The resulting configuration of the atoms was taken to specify the spatial distribution
of the Lennard-Jones sites, except for the sites that represent groups containing Hydro-
gen atoms. As the united atom approach was used to obtain computationally efficient
molecular models, the dispersive and repulsive interactions of the Hydrogen atoms were
modeled together with the atom they are bonded to. For the methyl (CHj) united atom
site, the Lennard-Jones potential was located at the geometric mean of the nuclei, while
the methine (CH) united atom site was located at 0.4 of the distance between carbon
and hydrogen atom. These empirical offsets are in good agreement with the results of
Ungerer et al. [79], which were found by optimization of transferable molecular models

for n-Alkanes.
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2.2.2 Electrostatics

Intermolecular electrostatic interactions mainly occur due to static polarities of single
molecules that can well be obtained by QC. Here, the Mgller-Plesset 2 level was used that

considers electron correlation in combination with the polarizable 6-311G(d,p) basis set.

The purpose of the present work was the development of effective pair potentials with
state-independent model parameters. Obviously, the electrostatic interactions are stronger
in the liquid state than in the gaseous state due to the higher density. Furthermore, the
mutual polarization raises their magnitude in the liquid. Thus, for the calculation of the
electrostatic moments by QC a liquid-like state should be considered. This was done
here by placing one molecule into a dielectric continuum and assigning the experimental
dielectric constant of the liquid to it, as in the COSMO method.

From the resulting electron density distribution for the small symmetric molecules
studied here, the dipole and quadrupole moments were estimated by simple integration
over the orbitals. Thus magnitudes and orientations of these electrostatic interaction sites

were derived from QC calculations.

2.2.3 Dispersion and Repulsion

It would be highly desirable to also calculate the dispersive and repulsive interactions using
ab initio methods as well. This approach was followed by different authors in the past,
e.g. for Neon [80, 81, 82, 83|, Argon [81, 83, 84|, Krypton [85], Nitrogen [86], Carbon
dioxide [87], Hydrogen chloride [88], Acetonitrile [89], Methanol [89], Acetylene [90] or

Methanethiol [91]. However, from an engineering point of view, this leads to difficulties.

For an estimation of dispersive and repulsive interactions at least two molecules must
be taken into account. To properly scan the energy hyper surface, many QC calculations
at different distances and orientations of the molecules have to be performed. As the
dispersive, and partly also the repulsive, interactions are usually only a very small fraction
of the total energy calculated by QC, highly accurate methods like coupled cluster (CC)
with large basis sets or even extrapolations to the basis set limit must be used for this
task [78].

Due to the fact that this is computationally too expensive for engineering purposes,
Lennard-Jones parameters for a given atom or molecular group were passed on from other
molecular models. Some of these parameters were subsequently fitted in the optimization

process to yield an accurate VLE behavior of the modeled pure substance.
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2.3 Simulation Methods
2.3.1 Molecular Dynamics

Molecular dynamics is an approach to mimic the movement of molecules in an ensemble
92, 93]. The molecules are regarded as mechanical bodies which move according to
Newton’s laws of motion. The intermolecular potential yields the force f;; between two
molecules by deriving the potential with respect to the distance between the interaction

partners ¢ and j

fij = —% (13)

According to Newton’s law, the sum of all forces acting on a mass is equal to the
acceleration multiplied with it. Thus, the motion is governed by the interactions between
the molecules. A numerical integration is required to compute the specific trajectory
of all molecules during simulation. The knowledge of the position and velocity as well
as the interactions of all molecules allows the evaluation of macroscopic observables of
the system. Averaging over the macroscopic observables at each time step yields the

macroscopic properties [94].

The numerical integration is performed by time discretization methods, where the
trajectories of the molecules are computed over a large number of time steps 6t in the
order of 1 fs. The position, velocity and acceleration of each molecule at a later time ¢+ 6t
are calculated considering the forces afflicted on the molecules by its surrounding molecules
at the time ¢, while these forces are regarded constant throughout the time interval t. A
variety of algorithms exist for this integration, the Velocity-Verlet or the Gear predictor-
corrector algorithm being two popular and effective algorithms today. A concern in the
application of these algorithms is the approximation that the forces between the interaction
sites are constant throughout the time step despite the fact that the forces change as the
molecules move during the time interval 6t. To generate a more accurate trajectory of
the molecules, more sophisticated algorithms employ a cascaded computation [72]. In
the case of the Gear predictor-corrector algorithm, a predicted position of the molecule,
based on its velocity and acceleration, helps to calculate the new forces, and therefore
the acceleration at the new position. The difference between the former acceleration and
the new acceleration is used to correct the new position, velocity and acceleration of the
molecule. These corrected values are regarded as the state of the molecule at t + ot.
However, it should be noted that the thermodynamic properties are not significantly

influenced by the choice of the integrator.
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2.3.2 Periodic Boundary Condition

The aim of molecular simulation in the present work is to compute the thermodynamic
properties of a substance on the macroscopic scale by taking exclusively its molecular
behavior into account. The number of atoms in a molecular simulation is still extremely
small compared to the number of atoms in real systems on the macroscopic level. There-
fore, periodic boundary conditions are applied to mimic a quasi-infinite bulk medium [95].
The simulation volume V' is treated as a single cell in the center of an infinite periodic
lattice of identical cells. Once a molecule moves out of the simulation volume on one side,
an identical molecule moves into the volume from the opposite site. By this technique,

the simulation volume has effectively no walls and the fluid has no boundaries.

By applying the periodic boundary conditions, the amount of interaction partners of
a molecule in a simulation theoretically rises to infinity. The minimum image convention
is a solution to resolve this problem. The interactions to molecules outside of a cubic
volume V' centered on the regarded molecule are not considered explicitly in the calcula-
tion of the intermolecular forces [72]. The undesired periodicity evoked by the periodic
boundary conditions is thereby eliminated. Due to the limited extent to which the molec-
ular interactions thus are considered, correction terms have to account for the truncation.
These correction terms are typically deduced for a spherical volume. Hence, around the
molecule of interest, a sphere with the radius r., called the cut-off radius [94], is defined
within which the interactions are evaluated explicitly. The cut-off radius has to be less
than half of the length of the cubic simulation volume. If the center of mass of a molecule
lies outside of this sphere, it is not included in the explicit calculation of the intermolecular
forces. Instead, it is assumed that the volume outside of the sphere is a homogeneous fluid

of constant density. The correction term added to the potential is then given by

Au; = 27rp/ u(r)ridr. (14)

2.4 Determination of Thermodynamic Properties with Molecu-

lar Simulation
2.4.1 Vapor-Liquid Coexistence Curves

The Grand Equilibrium method [96], which was used in this work to determine the VLE
of properties for both pure fluids and mixtures, is based on the separate simulation of

the vapor and the liquid phase. With the Grand Equilibrium method, the vapor pressure
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and dew point composition of mixtures can be determined at specified temperature and

bubble point composition.

The first step of the Grand Equilibrium method is the simulation of the liquid phase.
Therein, the chemical potential and the partial molar volume of all components are de-
termined at specified bubble point temperature and composition as well as an estimated
pressure. For smaller non-associating components, Widom’s test particle method [66] was
used to obtain reasonable statistics. For larger or associating components, the gradual

insertion method [97, 98, 99] was applied to obtain accurate results.

In the second step of the Grand Equilibrium method, the dew point composition and
the vapor pressure related to the specified temperature and bubble point composition are
determined in a pseudo grand canonical (pseudo-uV'7T') ensemble. In this ensemble, the
chemical potentials are not constant, but continuously updated according to the results
for the chemical potential as a function of pressure which is known from the liquid phase
simulation. The vapor phase simulation converges quickly to the equilibrium pressure and
composition. Only a reasonably large volume has to be chosen as a starting point of the
vapor simulation. Simulation details on the Grand Equilibrium method can be found in

Appendix B.

2.4.2 Henry’s Law Constant

Several approaches have been proposed in the literature to obtain the Henry’s law constant
on the basis of molecular models. Here, a straightforward route was followed. The Henry’s
law constant H; is related to the residual chemical potential of the solute i at infinite
dilution in the solvent 1;> [52, 62] by

H; = pskpT exp (1> /(ksT)) , (15)

where pg is the density of the solvent in its saturated liquid state.

In order to evaluate p;*°, molecular dynamics simulation applying Widom’s test par-
ticle method [66] was used here. Therefore, test molecules representing the solute i were
inserted into the pure saturated liquid solvent after each time step at random spatial co-
ordinates, and the potential energy 1; between the solute test molecule ¢ and all solvent

molecules was calculated within the cut-off radius by

pi™ = —kpT'In (V exp(=1i/ (ksT))) /(V), (16)
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where V' is the volume and the brackets represent the NpT' ensemble average.

The residual chemical potential at infinite dilution p;*° and hence the Henry’s law
constant H; is directly related to the unlike solvent-solute interaction and indirectly to
the like solvent-solvent interaction which yields the configurations of the solvent molecules.
In these configurations, the solute test molecules are inserted. The mole fraction of the
solute in the solvent is exactly zero, as required for infinite dilution, since the test molecules
are ghost particles that are removed after the potential energy calculation and thus do not
affect the solvent molecules. Simulations were performed in the liquid state at a specified
temperature, and the pressure was set to the pure substance vapor pressure of the solvent,

as described by the molecular model.

Based on pairwise additive molecular models, the Henry’s law constant is determined
by two different interactions: first, the like interaction between solvent molecules and,
second, the unlike interaction between solvent and solute molecules. While the like inter-
action is fully defined by the solvent model, the unlike interaction requires some discussion:
the unlike polar contribution is defined in a physically straightforward manner, simply us-
ing the laws of electrostatics. To define the unlike Lennard-Jones contribution between
solute i and solvent S molecules, the modified Lorentz-Berthelot combining rule [75] was

used.

o; + 0
o5 = 5 S (17)

and

€is — 5\/61_6, (18)

where ¢ is the binary interaction parameter that mainly accounts for the unlike dispersion.
The Henry’s law constant is sensitive to &, i.e., it decreases with increasing & [62]. This
is physically reasonable, as a higher solubility due to stronger unlike dispersive attraction
is expected. Note that Equations (10) and (12) are discussed in Section 2.1.5 with a

somewhat different focus.

2.4.3 Second Virial Coefficient

The virial expansion gives an equation of state (EOS) for low density gases. It has been
shown that the virial coefficient can easily be derived from the intermolecular potential
[100, 101, 102]. The second virial coefficient is related to the molecular model by [69]
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> wi;(1rij, wi, w;)
B= —27r/ <exp (— ) ) - 1> ridrj, (19)
0 ks T wow, J

where u;;(7;j, w;,w;) is the interaction energy between two molecules ¢ and j, c¢f. Equa-

tion (19). kg denotes Boltzmann’s constant and the () brackets indicate an average over
the orientations w; and w; of the two molecules separated by the center of mass distance
Tij.

The second virial coefficient was calculated here by evaluating Mayer’s f-function at
363 radii from 2.4 to 8 A, averaging over 5002 random orientations at each radius. The
random orientations were generated using a modified Monte Carlo scheme [103]. A cut-
off correction was applied for distances larger than 8 A for the Lennard-Jones potential
[72]. The electrostatic interactions need no long-range correction as they vanish by angle

averaging.
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3 Toxic Fluids for Process Engineering Applications

Based on mathematical representations of the intermolecular interactions, molecular sim-
ulation has strong predictive capabilities as it adequately represents structure, energetics
and dynamics on the microscopic scale that govern the fluid behavior on the macroscopic

scale.

In this chapter, the fluid phase behavior of hazardous chemicals which are produced
on a large scale is studied. Two groups of molecules are investigated. One is the Phos-
gene group which includes Hydrogen chloride, Phosgene, Benzene, Chlorobenzene, Ortho-
Dichlorobenzene and Toluene. The other is the Ethylene oxide group which covers Ethy-
lene oxide, Ethylene glycol and Water.

3.1 Phosgene Group

For seven binary mixtures studied in the present work, i.e. Hydrogen chloride + Phosgene,
Hydrogen chloride + Benzene, Hydrogen chloride + Chlorobenzene, Hydrogen chloride +
Toluene, Phosgene + Chlorobenzene, Phosgene + Ortho-Dichlorobenzne and Phosgene +
Toluene, BASF supplied a narrow base of predominantly non-public experimental data
points on the bubble line. These data, typically a single point per binary system mea-
sured around ambient temperature and for compositions that are rich in the high boiling
component, were used as a basis to predict the binary VLE at higher temperatures and
at other compositions. Subsequently to the computations by molecular simulation, addi-
tional, also predominantly non-public experimental VLE data were supplied by BASF to

assess the present predictions.

For an eighth mixture, i.e. Hydrogen chloride + Ortho-Dichlorobenzene, a strictly
predictive approach was chosen. Binary VLE data for that mixture were generated here

on the basis of pure substance properties alone and later on assessed by non-public exper-
imental BASF data.

Finally, for a ninth mixture, i.e. Phosgene + Benzene, it was tested for one given tem-

perature whether a known, but rather unusual slope of the bubble line can be predicted.

3.1.1 Pure Fluid Models

None of the molecules studied in the present work exhibits significant conformational
changes. Their internal degrees of freedom were thus neglected and the molecular models

were chosen to be rigid, using the most stable configuration as determined by QC.
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The optimization was performed using a Newton scheme following Stoll [38, 104]. The
applied method has many similarities with the one published by Bourasseau et al. [105].
It relies on a least-square minimization of a weighted fitness function that quantifies the

deviations of simulation results for a given molecular model compared to reference data.

600
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p/ mol/l

Figure 5: Saturated densities; present simulation data: ® Hydrogen chloride, © Phos-
gene, [0 Toluene; correlations of experimental data [106]: —.

Correlations for vapor pressure, saturated liquid density and enthalpy of vaporization,
taken from the DIPPR database [106], were used as reference data for model adjustment
and evaluation. This was done even in cases where the correlations are based only on few
true experimental data points, as they were regarded as best practice. The quantitative
comparison between simulation results and correlations was done by applying fits to the
simulation data according to Lotfi et al. [2]. The relative deviation between fit and
correlation was calculated in steps of 1 K in the temperature range where simulations

were performed and is denoted by ”"mean unsigned error” in the following.

VLE were simulated with the Grand Equilibrium method [96], the technical details
are given in Appendix B. The optimized parameter sets of the new molecular models are
summarized in Table 13, Appendix A.

The pure substance VLE simulation results on the basis of these optimized models
are shown in absolute terms in Figures 5 to 8, where they are compared to the DIPPR

correlations. Numerical simulation results for vapor pressure, saturated densities and
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enthalpy of vaporization are given in Table 14, Appendix A.
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Figure 6: Saturated densities; present simulation data: M Benzene, ¢ Chlorobenzene,
< Ortho-Dichlorobenzene; correlations of experimental data [106]: —.

Figure 6 illustrates the influence of molecular size and polarity on the phase envelope in
a systematic manner. Both size and polarity increase in the sequence Benzene, Chloroben-
zene, Ortho-Dichlorobenzene, which is reflected by a decreasing average saturated liquid

density and an increasing critical temperature.

The critical properties were determined through fits to the present VLE simulation
results as suggested by Lotfi et al. [2]. The estimated uncertainties of critical temperature,
critical density and critical pressure from simulation are 1, 3 and 3 %, respectively. Table
1 compares these critical properties to experimental data [107, 108, 109, 110, 111]. An
excellent agreement was achieved, being almost throughout within the combined error

bars.

For Hydrogen chloride, Phosgene and Benzene experimental data on the second virial
coefficient are available [112, 113, 114, 115]. Figure 9 compares the predictions based on
the present molecular models with these data. The agreement is very good, only at low

temperatures noticeable deviations are present for the smaller two molecules.
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Figure 7: Vapor pressure; present simulation data: ® Hydrogen chloride, O Phosgene,
B Benzene, [ Toluene, ¢ Chlorobenzene, & Ortho-Dichlorobenzene; correlations of ex-
perimental data [106]: —.

Table 1: Critical properties of the pure substances on the basis of the new molecular
models in comparison to recommended experimental data. The number in parentheses
indicates the experimental uncertainty in the last digit.

o T o e o P Rel
K K mol/l  mol/l MPa MPa

Hydrogen chloride 324 324.65 (5) 122 1234 (3) 83 831(5) [107]
Phosgene 454  455.0 (7) 5.1 540 (6) 5.7 5.35(4) [l10§]
Benzene 563  562.15 (6) 3.9 388 (2) 49 49 (1) [L109]
Chlorobenzene 631 632.35(8) 3.2  3.24(7) 46 452(8) [110]
Ortho-Dichlorobenzene 705  705.0 (9) 2.8 2.77(6) 4.0 41 (3) [111]
Toluene 592 591.75 (8) 3.4 3.20 (4) 4.1  4.08 (3) [109]

In the following sections, substance specific details are discussed and the model op-
timization results are assessed by means of deviation plots. Thereby, models from the

literature are compared to the present models as far as available.
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3.1.1.1 Hydrogen Chloride

The intermolecular interactions of Hydrogen chloride were described by one Lennard-
Jones site plus two point charges, being located exactly at the positions of the hydrogen
atom and the chlorine atom as determined by QC. During the optimization of the model
parameters to vapor pressure and saturated liquid density, the magnitude of the point
charges was altered only by 3.5 %, leading to a dipole moment of 1.679 D which is
thus close to the one determined by QC (1.622 D). The experimental dipole moment of
Hydrogen chlorideis 1.108 D [116]. It can be argued that this elevated polar moment is
necessary as the model’s point charges have to cover both polarity and hydrogen bonding

117).

Figure 10 shows deviation plots between simulation and correlations, where also simu-
lation results from Meredith et al. [118] and experimental data [107, 119] are included. A
very good agreement was obtained for the present model yielding mean unsigned errors in
vapor pressure, saturated liquid density and enthalpy of vaporization of 2.0, 0.4 and 4.4 %,
respectively, in the temperature range from 180 to 310 K, which is about 55 to 96 % of the
critical temperature. It should be pointed out that the DIPPR correlations deviate from
the actual experimental data roughly to the same extent as the present simulation results.
Data by Meredith et al. show a significant scatter, particularly for the saturated liquid
density. The deviations are approximately one order of magnitude larger than those of

this work. Note that Meredith et al. did not publish data on the enthalpy of vaporization.
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Figure 10: Relative deviations of vapor-liquid equilibrium properties from correlations of
experimental data [106] (dz = (2 — Zcor) / Zcor) for Hydrogen chloride: ® present simulation

data, O Meredith et al. [118], + experimental data [107, 119]. Top: saturated liquid

density, center: vapor pressure, bottom: enthalpy of vaporization.
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3.1.1.2 Phosgene

The present Phosgene model consists of four Lennard-Jones sites, i.e. one for every atom,
plus one relatively weak dipole (1.002 D) and one relatively strong quadrupole (-3.627 DA).
Compared to the QC results, the geometry of that molecular model was slightly scaled
by 0.2 %, i.e. the bond lengths were increased by that fraction. However, the polar
moments had to be reduced more significantly, i.e. by -32 % and -17 % for the dipole and
quadrupole moment, respectively, to achieve the optimization result. The experimental
dipole moment, being 1.170 D [120], is closer to the molecular model than to the QC

result..

Figure 11 presents deviation plots between simulation and correlations, including sim-
ulation results from Wu et al. [121] and experimental data [108, 122]. Again, a very
good agreement was obtained for the present model, yielding mean unsigned errors in
vapor pressure, saturated liquid density and enthalpy of vaporization of 2.1, 0.5 and 3.0
%, respectively, in the temperature range from 230 to 424 K, which is about 50 to 93
% of the critical temperature. There is only a single experimental data point for the
saturated liquid density. This point is fully in line with the present molecular model.
The experimental data for the vapor pressure deviate from the correlation in a sinusoidal
fashion with extremal values of around + 3 %, which indicates questionable fitting by
DIPPR. With respect to the enthalpy of vaporization, the present simulation data exhibit
an almost constant positive offset. The present model shows more reliable results than
the one by Wu et al. for both saturated liquid density and vapor pressure, particularly
due to lower statistical noise. No comparison between the models was possible for the

enthalpy of vaporization as numerical data were not published by Wu et al.
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Figure 11: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (6z = (2 — zeor)/2cor) for Phosgene: ® present simulation data,
O Wu et al. [121], 4+ experimental data [108, 122]. Top: saturated liquid density, center:
vapor pressure, bottom: enthalpy of vaporization.
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3.1.1.3 Benzene

Different molecular models for Benzene can be found in the literature, which are mostly
based on six Lennard-Jones sites plus one quadrupole in the center of the molecule that is
oriented perpendicular to the molecular plane. Initially, the same model type was chosen
for this study, however, it was found to be incompatible with the Hydrogen chloride model
to describe mixtures with this component. The central quadrupole of the benzene model
is hardly shielded by Lennard-Jones sites so that the Hydrogen point charge of Hydrogen
chloride, which is strongly attracted to it, enters into the central cavity. Eventually,
this leads to an extreme pairwise electrostatic energy minimum and to the breakdown of
simulation. Therefore, the quadrupole was equally divided into six parts and located on
the six Lennard-Jones sites representing the methine groups, cf. Figure 12 for a graphical

schematic.

1,0 1
= 0 { CH( CH(4)
>\.

-1,0 1

0,5 1 CH(1) CH(2,6) CH(3,5) CH(4)
Gf 0,0 1 0 0
[\
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Figure 12: Coordinates of the Lennard-Jones sites for the present Benzene model.
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That arrangement is also physically more sound than the initial one. Again, during
the optimization process, the geometry was slightly scaled down (-0.1 %), while the total

quadrupolar moment was reduced more significantly (-31 %).

Figure 13 shows the deviation plots, where also simulation results from Bonnaud et
al. [123], Carrero-Mantilla [124] and Errington and Panagiotopoulos [125], Contreras-
Camacho et al. [126], Wick et al. [127] as well as several sets of experimental data
[109, 128, 129] are included. A very good agreement was obtained for the present model,
yielding mean unsigned errors in vapor pressure, saturated liquid density and enthalpy of
vaporization of 3.4, 0.4 and 5.2 %, respectively, in the temperature range from 320 to 520
K, which is about 57 to 92 % of the critical temperature.

Among the six molecular models, the one by Bonnaud et al. has the best performance
for both saturated liquid density (mean unsigned error lower than 0.1 %) and enthalpy of
vaporization (lower than 2 %), however, it performs poorly for the vapor pressure (about
18 %). Similarly, saturated density and enthalpy of vaporization are quite well represented
by the model of Contreras-Camacho, but more significant deviations are present for the
vapor pressure. The model of Errington and Panagiotopoulos performs well for both
saturated liquid density (about 0.4 %) and vapor pressure (about 3 %), but its description
of the enthalpy of vaporization is very poor. The model of Carrero-Mantilla describes the
vapor pressure well (about 5 %), but large deviations are present for the remaining two
properties. Finally, the model by Wick et al. shows an offset of about 9 % in vapor
pressure and enthalpy of vaporization, whereas for the saturated liquid density a different
temperature trend is present, where the two points at 500 and 525 K deviate by more
than 1.5 %. Note that in the deviation plot 13 a substantial number of VLE simulation

data points by the other authors is out of scale.

The present modeling approach was independent on the work by Contreras-Camacho
et al. [126], nonetheless the resulting model parameters for geometry and Lennard-Jones
sites are very similar. The difference is less than 0.02 A for the site positions and the
Lennard-Jones size parameter o as well as less than 2 % for the Lennard-Jones energy
parameter €. The difference between the two models thus mainly lies in the different
treatment of the electrostatics, which was not explicitly modeled by Contreras-Camacho

et al.
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Figure 13: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (0z = (2i — Zcor)/%cor) for Benzene: ® present simulation data,
[J Bonnaud et al. [123], A Carrero-Mantilla [124], O Errington and Panagiotopoulos [125],
v Contreras-Camacho et al. [126], & Wick et al. [127], + experimental data [109, 128, 129].
Top: saturated liquid density, center: vapor pressure, bottom: enthalpy of vaporization.
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3.1.1.4 Chlorobenzene

For Chlorobenzene, seven Lennard-Jones sites plus one dipole in the molecular plane and
five quadrupoles perpendicular to it were chosen. Due to the high electronegativity of the
Chlorine atom, the dipole moment is quite strong (2.170 D), whereas the total quadrupole
moment amounts to -9.096 DA. The quadrupole was again equally distributed onto the
methine groups to allow for a compatibility with Hydrogen chloride in the mixture. Com-
pared to the QC results, the geometry was scaled down by -0.8 %, whereas the polar
moments were increased by 3.4 % (dipole) and 6.5 % (quadrupole), respectively. In this
case, the experimental dipole moment is 1.782 D [130].

Figure 14 shows the deviation plots between simulation and correlations including ex-
perimental data [110, 131, 132]. A good agreement was obtained, yielding mean unsigned
errors in vapor pressure, saturated liquid density and enthalpy of vaporization of 5.0, 0.9
and 7.9 %, respectively, in the temperature range from 285 to 592 K, which is about 45
to 94 % of the critical temperature. While the vapor pressure agrees with the exper-
iment almost throughout within its statistical uncertainty, particularly the enthalpy of

vaporization shows a significant positive offset.

No VLE data based on molecular models were found in the literature for this substance.



3.1 Phosgene Group 33

PN
<
NN
2
;
10 1 LI
2 ° o
\> [ ) °
= [ ]
» o
0 i J_-I—+++++++ +-l—+-l-_l_ I M ;
-+ T LIS o R B v
300 400 500 600

T /K

Figure 14: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (0z = (2 — Zcor)/2cor) for Chlorobenzene: ® present simulation
data, 4+ experimental data [110, 131, 132]. Top: saturated liquid density, center: vapor
pressure, bottom: enthalpy of vaporization.
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3.1.1.5 Ortho-Dichlorobenzene

Eight Lennard-Jones sites plus four quadrupoles and one strong dipole (3.249 D) were
used to describe the intermolecular interactions of Ortho-Dichlorobenzene. The total
quadrupole moment of 8.788 DA was equally distributed onto the four methine groups
due to the reasons mentioned above. Compared to the QC results, geometry, dipole and
quadrupole moments of the present Ortho-Dichlorobenzene model were slightly scaled
by -1.4, 1.6 and 0.2 %, respectively. The experimental dipole moment of 2.51 D [133]

compares well with the model value.

Figure 15 shows the deviation plots between simulation and correlations, where two
sets of experimental data [111, 134] are included. A good agreement was obtained, yielding
mean unsigned errors in vapor pressure, saturated liquid density and enthalpy of vapor-
ization of 6.4, 0.5 and 9.5 %, respectively, in the temperature range from 345 to 614 K,
which is about 50 to 87 % of the critical temperature. Both for vapor pressure and sat-
urated liquid density, the simulation data agree well with the experiment in the range
where measurements were made. However, for the enthalpy of vaporization, a significant

and almost constant offset is present.

No VLE data based on molecular models were found in the literature for this substance.
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Figure 15: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (6z = (2 — Zcor)/Zcor) for Ortho-Dichlorobenzene: ® present
simulation data, 4+ experimental data [111, 134]. Top: saturated liquid density, center:
vapor pressure, bottom: enthalpy of vaporization.
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3.1.1.6 Toluene

The present Toluene model is composed of seven Lennard-Jones sites plus five quadrupoles
and one weak dipole (0.440 D). In contrast to Chlorobenzene and Ortho-Dichlorobenzene,
the dipole is oriented from the methyl group towards the center of the molecule. Compared
to the QC results, geometry, dipole and quadrupole moments were marginally scaled by
-0.6, 0.5 and 0.3 %, respectively. The experimental dipole moment is 0.375 D [135].

Figure 16 shows deviation plots between simulation and correlations. The deviation
plots include simulation results from Nieto-Draghi et al. [136] and Contreras-Camacho
et al. [137] as well as two sets of experimental data [109, 128]. A good agreement was
obtained for the present model, yielding mean unsigned errors in vapor pressure, saturated
liquid density and enthalpy of vaporization of 3.9, 0.3 and 7.3 %, respectively, in the
temperature range from 278 to 534 K, which is about 47 to 90 % of the critical temperature.
The present model leads to more accurate results than the model by Nieto-Draghi et al.
for both saturated liquid density and vapor pressure. Nevertheless, the model from Nieto-
Draghi et al. shows a much better performance for the enthalpy of vaporization. The
model of Contreras-Camacho et al. is of comparable quality, saturated liquid density and
enthalpy of vaporization are well represented, whereas significant deviations are present

for the vapor pressure.

The geometry of the present toluene model is very similar to the one by Contreras-
Camacho et al. [137] (the difference is less than 0.02 A), which can well be understood
as both are based on QC results. Note that the model by Contreras-Camacho et al. does

not consider the electrostatic interactions explicitly.
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Figure 16: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (02 = (2 — Zeor)/Zcor) for Toluene: @ present simulation
data, O Nieto-Draghi et al. [136], O Contreras-Camacho et al. [137], + experimental
data [109, 128]. Top: saturated liquid density, center: vapor pressure, bottom: enthalpy
of vaporization.
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3.1.2 Binary Vapor-Liquid Equilibria

Based on the six pure substance models developed in this study, the VLE of nine zeotropic
binary mixtures were simulated. These are Hydrogen chloride + (Benzene, Chlorobenzene,
Ortho-Dichlorobenzene and Toluene) and Phosgene with the same four solvents as well as

Hydrogen chloride 4+ Phosgene.

The results are presented here in pressure vs. mole fraction phase diagrams, cf. Figures
17 to 25, where the pure substance vapor pressure of the molecular models is indicated as
well. Full numerical VLE simulation data are given in Table 15, Appendix A, which also
contains the saturated densities and the heat of vaporization from simulation. Because

such data from experiment are not available for comparison, they are not discussed here.

For all studied mixtures, experimental bubble point data are available for adjustment
or comparison. Only for the mixture Hydrogen chloride 4+ Phosgene, VLE data were
measured in the full composition range, while for the remaining mixtures, experimental
data are available only for compositions which are rich of the high boiling substance.
To our knowledge, experimental dew point data were not published at all for any of the

studied mixtures.

The experimental approach followed at BASF in this project was the following: In the
pressure range below 0.5 MPa Hydrogene chloride or Phosgene were transferred into the
solvent and the mass was determined volumetrically or by weighing. The composition
of the liquid mixture was corrected by the calculated amounts of the components in the
vapor phase. In the pressure range above 0.5 MPa, Hydrogene chloride was filled into a
visual cell and the mass was also determined volumetrically or by weighing. The amount
of solvent, added into the cell in order to measure a bubble point, was calculated form
the volume displacement in a calibrated spindle press. The experimental uncertainty of
the equilibrium data is estimated to be 0.1 K and 2 % relative error in composition and

vapor pressure.

For orientation and comparison, the results of the Peng-Robinson EOS [138] with
adjusted binary parameter k;; are also shown. The EOS was optimized to the same state

point as the molecular model.
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Table 2: Binary interaction parameter &, experimental bubble point used for the adjust-
ment with reference, simulation results with adjusted binary parameter ¢ of the molecular
model and binary parameter £;; of the Peng-Robinson EOS. The number in parentheses
indicates the statistical uncertainty in the last digit.

Mixture (A + B) £ T TA perP p*m Y kij
K mol/mol MPa MPa mol/mol

Hydrogen chloride + Phosgene

0.751  266.15 0.39 0.84 [139] 0.84 (9) 095 (1) 0.020
Hydrogen chloride + Benzene

1.112  293.15 0.043 0.101 [140] 0.104 (2) 0.93 (1) -0.077
Hydrogen chloride + Chlorobenzene

1.020 283.15 0.094 0.267 [140] 0.266 (9) 1.000 (0)  0.000
Hydrogen chloride + Ortho-Dichlorobenzene

1 393.15 0.133 1.84 (2) 0.9920 (8)  0.000
Hydrogen chloride + Toluene

0.981 293.15 0.048 0.101 [140] 0.103 (2) 0.983 (4) -0.075

Phosgene + Benzene

0.960 293.15 0.370 0.086 [141] 0.085 (3) 0.935 (7) 0.050
Phosgene + Chlorobenzene

0.990 323.15 0.142 0.065 [140] 0.067 (3) 0.94 (1) 0.006
Phosgene + Ortho-Dichlorobenzene

1.000 363.15 0.080 0.103 [140] 0.105 (5) 0.97 (1) 0.020

Phosgene + Toluene
0.990 308.15 0.242 0.072 [140] 0.069 (3) 0.952 (5) 0.010

3.1.2.1 Hydrogen Chloride 4+ Phosgene

Figure 17 shows the VLE of Hydrogen chloride 4+ Phosgene at 266.15 and 423.15 K from
experiment, simulation and Peng-Robinson EOS. At 266.15 K, the mixture is sub-critical,
the phase envelope is wide with a straight bubble line and a concave dew line. Hydrogen
chloride is supercritical at 423.15 K. No experimental data are available for the high

temperature so that the simulation data can only be compared to the Peng-Robinson
EOS.

The binary parameters { = 0.751 and k;; = 0.02 were adjusted to the vapor pressure
measured by Gillespie et al. [139] at 266.15 K for a liquid mole fraction zgc; = 0.39
mol/mol. In the Phosgene-rich region at 266.15 K, the simulation results agree well
with both the experimental data and the Peng-Robinson EOS. However, with increasing
mole fraction of Hydrogen chloride, the statistical uncertainty strongly increases so that
predictions from simulation in the Hydrogen chloride-rich region were technically not

feasible.
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Figure 17: Vapor-liquid phase diagram of Hydrogen chloride + Phosgene at 266.15 and
423.15 K: + experimental data [139]; B, ® present simulation data with £€=0.751; O, O
present simulation data with £=1; Peng-Robinson EOS with k;;=0.02.

It can be seen in Figure 17 that the predictions at 423.15 K obtained by molecular
simulation and those from the Peng-Robinson EOS do not agree, although for the binary
parameter adjustment in both cases the same low temperature data point was used. As
there are no high temperature experimental data for this system, no ranking of the meth-
ods is possible. For comparison, also a prediction by molecular simulation with & = 1 is
included in Figure 17, which is assumed to be less reliable than that with the adjusted
&. For € = 1 the results obtained with molecular simulation are close to those from the
Peng-Robinson EOS on the bubble line, but not on the dew line. Note also that the
simulation results for ¢ = 1 strongly deviate from the experimental bubble points at the

low temperature.
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3.1.2.2 Hydrogen Chloride + Benzene

Figure 18 depicts the VLE of Hydrogen chloride + Benzene at 293.15 and 393.15 K. The
bubble point vapor pressure supplied by BASF at ambient temperature (293.15 K) in the

Benzene-rich region (zpc; = 0.043 mol/mol) was taken to adjust the binary parameter of
the molecular model £ = 1.112 and of the Peng-Robinson EOS k;; = -0.077.

The simulation results are in very good agreement with the Peng-Robinson EOS for
both temperatures, some deviations are present in the extended critical region at 393.15
K. The models consistently predict a concave bubble line. These data sets are supported
by the experimental bubble point at 393.15 K, cf. Figure 18. Please note that this
experimental bubble point was not considered in the fitting procedure, it was supplied
after the calculations.

- 0.2
- 0.1 o
10 A
52 ‘ ‘ 0.0
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Figure 18: Vapor-liquid phase diagram of Hydrogen chloride + Benzene at 293.15 and
393.15 K: 4 experimental data [140]; B, ® present simulation data with £=1.112; —
Peng-Robinson EOS with k;;=-0.077. Inset: magnified view at the Benzene-rich region at
293.15 K.
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3.1.2.3 Hydrogen Chloride + Chlorobenzene

In Figure 19, the VLE of Hydrogen chloride 4+ Chlorobenzene at 283.15, 393.15 and 423.15
K is presented. Here, the 283.15 K isotherm is sub-critical, for the other two temperatures

Hydrogen chloride is supercritical.
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Figure 19: Vapor-liquid phase diagram of Hydrogen chloride + Chlorobenzene at 283.15,
393.15 and 423.15 K: + experimental data [140]; A, B, ® present simulation data with
§=1.020; — Peng-Robinson EOS with k;;=0. Inset: magnified view at the Chlorobenzene-
rich region at 283.15 K.

Both ¢ and k;; were adjusted in the Chlorobenzene-rich composition range (rpc1 =
0.094 mol/mol) at 283.15 K, where one experimental bubble point was made available
by BASF. The binary parameter of the molecular mixture model is £ = 1.020 and the
one of the Peng-Robinson EOS is zero. The simulation results and those from the Peng-
Robinson EOS are consistent, except in the extended critical region of the mixture, where
some deviations occur. Again, both models predict a concave bubble line at elevated
temperatures. Furthermore, the dew line at 283.15 K indicates that the saturated vapor
contains almost exclusively Hydrogen chloride. The subsequently supplied experimental
bubble point at 393.15 K, cf. Figure 19, supports again both models.
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3.1.2.4 Hydrogen Chloride + Ortho-Dichlorobenzene

The mixture Hydrogen chloride 4+ Ortho-Dichlorobenzene is a unique case in this study, as
no experimental VLE data were available during the model development. Figure 20 shows
the isotherm 393.15 K. Hydrogen chloride is supercritical at this temperature and the dew
line is very close to pure Hydrogen chloride. Without experimental data for adjustment,
§ =1 and k;; = 0 were adopted for the molecular model and the Peng-Robinson EOS,

respectively.
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Figure 20: Vapor-liquid phase diagram of Hydrogen chloride + Ortho-Dichlorobenzene
at 393.15 K: + experimental data [140]; ® present simulation data with £&=1; — Peng-
Robinson EOS with k;;=0.

The results of the two models are generally in good agreement, however, with increasing
deviations in the extended critical region. Again, both models predict a concave bubble
line. The subsequently supplied experimental bubble point is in very good agreement, cf.

Figure 20, particularly with the simulation data.
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3.1.2.5 Hydrogen Chloride + Toluene

Figure 21 shows the VLE of Hydrogen chloride + Toluene for 293.15 and 393.15 K. For
this mixture a single experimental bubble point at ambient temperature (xgc = 0.048

mol/mol) was made available by BASF for the adjustment of the binary parameters (£ =
0.981 and k;; = -0.075).
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Figure 21: Vapor-liquid phase diagram of Hydrogen chloride + Toluene at 293.15 and
393.15 K: + experimental data [140]; B, ® present simulation data with £=0.981; —
Peng-Robinson EOS with £;;=-0.075. Inset: magnified view at the Toluene-rich region at
293.15 K.

Simulation results and Peng-Robinson EOS show similar trends, significant deviations
are present for the higher temperature, especially on the bubble line approaching the
critical region. The bubble line is again concave, as for all mixtures containing Hydrogen
chloride studied in this work. Figure 21 presents one additional subsequently supplied
bubble point at 393.15 K that supports the results of both models.
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3.1.2.6 Phosgene + Benzene

In Figure 22, another topology of the two-phase envelope can be seen for the mixture
Phosgene + Benzene. At ambient temperature (293.15 K), Phosgene + Benzene has a
binary vapor pressure which is close to ambient conditions, both components are sub-
critical and the bubble line is S-shaped.
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Figure 22: Vapor-liquid phase diagram of Phosgene + Benzene at 293.15 K: + experi-
mental data [141]; ® present simulation data with £=0.960; — Peng-Robinson EOS with
k;;=0.05.

The publicly available experimental data at this temperature by Kireev et al. [141]
are ten bubble points in the Benzene-rich region. The binary parameters £ = 0.960 and
ki; = 0.05 were adjusted at 293.15 K and ppesgene = 0.37 mol/mol. Both the simulation
results and the Peng-Robinson EOS match almost perfectly with the experimental data,

but the phase envelope from simulation is a little wider than the one from the EOS.
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3.1.2.7 Phosgene + Chlorobenzene

The VLE of Phosgene + Chlorobenzene is presented in Figure 23 at 323.15, 423.15 and
448.15 K. Experimental data on the bubble line supplied by BASF at 323.15 K in the
Chlorobenzene-rich region (Zpposgene = 0.234 mol/mol) were taken for the optimization of
the models, yielding £ = 0.990 and k;; = 0.006.
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Figure 23: Vapor-liquid phase diagram of Phosgene + Chlorobenzene at 323.15, 423.15
and 448.15 K: + experimental data [140]; x experimental data [142]; A, B, ® present
simulation data with £=0.990; —Peng-Robinson EOS with k;;=0.006. Inset: magnified
view at the Chlorobenzene-rich region at 323.15 K.

For this mixture, Peng-Robinson EOS and simulation results agree very well for all
three temperatures on the bubble line as well as on the dew line. Both models predict a
concave bubble line. Audette et al. [142] determined the bubble line at 448 K, cf. Figure
23. Considering the obvious scatter of that experimental data, the results of both models

studied here are well supported.
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3.1.2.8 Phosgene + Ortho-Dichlorobenzene

Figure 24 shows the wide VLE envelope of the mixture Phosgene + Ortho-Dichlorobenzene
at 343.15 and 363.15 K. The dew lines are very close to the low boiling pure substance
(Phosgene) in this case. One experimental bubble point at 363.15 K and Zppesgene = 0.080
mol/mol was made available by BASF for this mixture. No adjustment was necessary for
the molecular model as the vapor pressure predicted with £ = 1 matches the experimental
number well. The adjustment of the binary parameter of the EOS yielded k;; = 0.02.
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p/ MPa
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0.0 - -
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Figure 24: Vapor-liquid phase diagram of Phosgene + Ortho-Dichlorobenzene at 343.15
and 363.15 K: + experimental data [140]; B, ® present simulation data with £=1; —
Peng-Robinson EOS with k;;=0.02.

A very good agreement between simulation results and Peng-Robinson EOS on both
the bubble line and the dew line was found throughout. However, no additional experi-
mental VLE data are available for this mixture for an assessment, but based on the results
discussed above, it can be expected that the predictions for this mixture are reliable. The
fact that the predictions from the EOS and those from molecular simulation, hence from

two structurally different methods, agree well gives additional confidence.
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3.1.2.9 Phosgene + Toluene

The VLE of Phosgene + Toluene is presented at 308.15, 423.15 and 448.15 K in Figure
25. One experimental bubble point was made available by BASF at 308.15 K in the
Toluene-rich region. The binary parameters & = 0.990 and k;; = 0.01 were adjusted at

this temperature and Zpposgene = 0.102 mol/mol.
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Figure 25: Vapor-liquid phase diagram of Phosgene + Toluene at 308.15, 423.15 and
448.15 K: + experimental data [140]; A, l, ® present simulation data with £=0.990; —
Peng-Robinson EOS with £;;=0.01. Inset: magnified view at the Toluene-rich region at
308.15 K.

Here, throughout an almost perfect agreement between the simulation results and
the Peng-Robinson EOS was found on the bubble line and on the dew line. As before,
unfortunately no additional VLE data are available for a further assessment but it can be

expected that the results are reliable.
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3.2 Ethylene Oxide Group

Key components in the production of Polyethylene glycol (PEG) are Ethylene oxide,
Ethylene glycol and Water. Knowledge on VLE of binary mixtures of those compounds
is crucial for the design and optimization of thermal separation operations. In this sec-
tion, the models of three pure substances are presented here as well as their binary VLE
mixtures. Furthermore, the gas solubility of Ethylene oxide in Water was also predicted

here.

3.2.1 Pure Fluid Models

Molecular models for Ethylene oxide, Ethylene glycol and Water are presented here. The
latter two models were newly developed, whereas the one for Ethylene oxide was taken
from Eckl et al. [143]. The optimization strategy of the two new models was analogous
to the one presented in Section 3.1.1. The pure substance VLE simulation results on the
basis of these optimized models are shown in absolute terms in Figures 26 to 28, where
they are compared to the DIPPR correlations [106].

thylene glycol

600 1
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~
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Ethylene oxide
200 1
0 10 20 30 40 50
p /[ mol/l

Figure 26: Saturated densities; present simulation data: ® Ethylene oxide, A Ethylene
glycol, B Water; — correlations of experimental data [106].

Numerical simulation results for vapor pressure, saturated densities and enthalpy of

vaporization are given in Table 17, Appendix A. The critical properties were determined



50 3 Toxic Fluids for Process Engineering Applications

Ethylene oxide

In(p / MPa)
n

—
o

Ethylene glycol

-15 1

0.002  0.003 0.004 0.005 0.006
K’

Figure 27: Vapor pressure; present simulation data: ® Ethylene oxide, A Ethylene glycol,
B Water; — correlations of experimental data [106].

through fits to the present VLE simulation results as suggested by Lotfi et al. [2]. The
estimated uncertainties of critical temperature, critical density and critical pressure from
simulation are 1, 3 and 3 %, respectively. Table 3 compares these critical properties to
experimental data [143, 144, 145, 146, 147, 148, 149, 150]. An excellent agreement was

achieved, being almost throughout within the combined error bars.

Table 3: Critical properties of the pure substances on the basis of the present molecular
models in comparison to recommended experimental data.

T T pem Pt e P Ref.
K K mol/l  mol/l MPa MPa
Ethylene oxide 469.55 469.15  7.1840 7.1278  7.211 7.190 [143]
Ethylene glycol 722.00 720.00 5.87 5.92 8.3 8.257  [144, 145, 146, 147)
Water 649.30 647.10 17474  17.874 21975 22.064 [148, 149, 150]

For Ethylene glycol and Water experimental data on the second virial coefficient are
available [149, 151]. Figure 29 compares the predictions based on the present molecular
models with these data. The agreement is very good for the Water model, but the Ethylene
glycol model shows significant deviations at high temperatures. These can be attributed to
the rigid nature of the molecular model, which does not cover any conformational changes
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that play an increasing role under these conditions.
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Figure 28: Enthalpy of vaporization; present simulation data: ® Ethylene oxide, A Ethy-
lene glycol, B Water; — correlations of experimental data [106].
++++
0.0 1 i JXEDRXXXPXXE By B x
69 Water
e
VA
02y L 8
g : oEthylene glycol
= x
o 0417 %
Xo
-0.6 1%
o
1000 2000 3000
T/K

Figure 29: Second virial coefficient; Ethylene glycol: O present model, + experimental
data [152]; Water: A present model, X experimental data [149, 151].
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3.2.1.1 Ethylene Oxide

The employed Ethylene oxide model consists of three Lennard-Jones sites (one for each
methylene (CHy) group and one for the oxygen atom) plus one dipole. It was taken from
previous work of our group [143] that was the first entry in the 2007 Industrial Fluid
Properties Simulation Challenge [6]. This model yields mean unsigned errors in vapor
pressure, saturated liquid density and enthalpy of vaporization of 1.5 %, 0.4 % and 1.8 %,

respectively. For further details the reader is referred to the original publication [143].

3.2.1.2 Ethylene Glycol

Ethylene glycol is an organic compound widely used as an automotive antifreeze agent
and as a precursor to polymers. In its pure form, it is an odorless, colorless, syrupy,
liquid which is toxic such that ingestion can be lethal. An important factor in modeling
Ethylene glycol is its strong hydrogen bonding due to the two hydroxyl groups. The inter-
molecular interactions were described by four Lennard-Jones sites plus six point charges,
being located exactly at the positions of the Hydrogen atoms, Oxygen atoms and methyl
groups, where all sites are situated in a plane, cf. Figure 30. The geometric structure was
calculated by QC and the initial magnitudes of the six point charges were taken from the
Ethanol model of Schnabel et al. [153].

| 9cn21)
o
— 0
>\
| 9ch22)
| | | CHZ(ZI)
-2 -1 0 1 2
x/ A

Figure 30: Geometry of the present Ethylene glycol model. Note that all sites are
situated in a plane. Lennard-Jones sites are indicated by ®, point charges by O.

The geometric data of the molecular Ethylene glycol model, i.e. bond lengths, angles

and dihedrals, were derived from QC calculations. The details of the calculation of geom-
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etry and the electrostatic interactions are given in Section 2.2. VLE were simulated with
the Grand Equilibrium method [96], the technical details are given in Appendix B. The
optimized parameter set of the new Ethylene glycol model is summarized in Table 16,
Appendix A.
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Figure 31: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (02 = (2i — Zcor)/ 2cor) for Ethylene glycol: ® present simulation
data, O Ferrando et al. [154], + experimental data [144, 145, 146, 147]. Top: saturated
liquid density, center: vapor pressure, bottom: enthalpy of vaporization.

Figure 31 shows the deviation plots between simulation and correlations, where also
simulation results from Ferrando et al. [154] and four sets of experimental data [144, 145,
146, 147] are included. A good agreement was obtained for the present model, yielding
mean unsigned errors in saturated liquid density, vapor pressure and enthalpy of vapor-
ization of 0.8, 8.8 and 13.4 %, respectively, in the temperature range from 300 to 700
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K, which is about 42 to 97 % of the critical temperature. For both vapor pressure and
saturated liquid density, the simulation data show larger deviations at low temperatures
than at high temperatures. The vapor pressure from simulation shows larger statistical
uncertainties at low temperatures. For the enthalpy of vaporization, a significant and
almost constant offset is present. The present model leads to more accurate results than
the model by Ferrando et al. for both saturated liquid density and vapor pressure. Never-
theless, the model from Ferrando et al. shows a much better performance for the enthalpy

of vaporization.

3.2.1.3 Water

Since the early nineteen sixties, numerous force fields for Water were developed and investi-
gated regarding their capability to describe thermopyhsical and structural fluid properties
qualitatively and quantitatively. The number of underlying potential functions is vast
and the number of Water models is even more comprehensive. Guillot [155] reported a
survey on Water models which contain rigid, flexible, dissociable and polarizable interac-
tion sites. Further reviews on Water models are given by Brodsky [156], Wallqvist and
Mountain [157] and Finney [158].

None of the force fields reviewed by these authors [155, 156, 157, 158] is appropriate
for describing the fluid properties of Water over the complete fluid state range with a high
precision. Most of them favorably describe thermophysical properties only close to the
state points at which they were adjusted, some of them yield fair predictions at best for

state points far away from the adjustment region.

Recently, Paricaud et al. [159] proposed a rather complex force field which covers Water
properties from dimer to condensed phases at extreme conditions accurately. It describes
bubble density, vapor pressure and heat of vaporization for temperatures between 331
and 610 K with mean unsigned errors of 1.4 %, 11.3 % and 3.9 %, respectively. To our
knowledge, this is the most accurate representation of the VLE properties on the basis of

a molecular model with state-independent parameters so far.

The model of Paricaud et al. [159] is based on Gaussian charge polarizable interaction
sites, i.e. smeared charges to describe electrostatics and hydrogen bonding. Additionally,
it uses one Buckingham exponential-6 site [160] to consider repulsion and dispersion. Thus,
this Water model is not straightforwardly compatible with the overwhelming majority of

Lennard-Jones based force fields from the literature for simulations of mixtures.

To investigate whether a much simpler molecular model can describe the VLE prop-

erties of Water with similar quality of the complex model of Paricaud et al. [159], the
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rigid four-site TIP4P model type as proposed by Jorgensen et al. [161] was studied. This
model type consists of three point charges, excentrically superimposed on one Lennard-
Jones site, cf. Figure 32. The two positive point charges represent the Hydrogen atoms,
cf. Figure 32. The negative point charge is located in the bisection of the Hydrogen sites.
The Lennard-Jones site is located at the Oxygen site such that all sites are situated in a

plane.

9u1) THe2)

-1.0 -0.5 0.0 0.5 1.0
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Figure 32: Geometry of TIP4P type Water models, c¢f. Table 4. Note that all sites are
situated in a plane. Lennard-Jones sites are indicated by ®, point charges by O.

Recently, the TIP4P model was re-parameterized by Horn et al. [162] (TIP4P-Ew).
Two further optimizations for the TTP4P model type were recently suggested by Abascal
and Vega [163] (TIP4P/2005) and Abascal et al. [164] (TIP4P/Ice). Furthermore, a
TIP4P-like model was developed by Guissani and Guillot [165] (SPC/E). Among these
models, for TIP4P /Ice no VLE data are available, thus, it is not discussed in the following.

The parameters of the TIP4P, TIP4P-Ew, TIP4P /2005, TIP4P /Ice, SPC/E as well
as of the present model, labeled TIP4P /2010, are given in Table 4. The distance between
the Oxygen atom and the Hydrogen atoms in a water molecule is 0.95718 A [166]. Thus
most of the TIP4P type models adopt the value 0.9572 A. However, this distance is
40 % larger for the present TIP4P /2010 model to achieve a more directional interaction
covering hydrogen bonding. The magnitude of the point charges of the present model is
smaller than for any other TIP4P type model and the attractive force is compensated by

a relatively high Lennard-Jones energy parameter e.
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Table 4: Geometry, Lennard-Jones and point charge parameters for molecular Water
models of TIP4P type, cf. Figure 32.

Model hy ha Q 0o €o/kp qo qu
A A ° A K e e
TIP4P [161] 0.9572  0.15000 104.52 3.15365 78.020 -1.04000 +0.52000

TIP4P-Ew [162] 0.9572  0.12500 104.52 3.16435  81.921 -1.04844 +0.52422
TIP4P /2005 [163] 0.9572 0.15460 104.52 3.15890  93.200 -1.11280 +0.55640
TIP4P /Ice [164] 0.9572  0.15770 104.52 3.16680 106.100 -1.17940 +0.58970
SPC/E [170] 1 0 109.47  3.16600  78.178 -0.84760 +0.42380
TIP4P /2010 1.1549  0.20482 104.52 3.11831 208.080 -0.83910 +40.41955

Figure 33 shows the deviation plots for the VLE data, where also simulation results of
the TIP4P model by Lisal et al. [167], the SPC/E model by Guissani and Guillot [165], the
TIP4P /2005 model by Vega et al. [168], the TIP4P-Ew model by Baranyai et al. [169], as
well as several sets of experimental data [148, 149, 150] are included. A very good agree-
ment was obtained for the present model, yielding mean unsigned errors in vapor pressure,
saturated liquid density and enthalpy of vaporization of 7.2, 1.1 and 2.8 %, respectively,
in the temperature range from 300 to 600 K, which is about 46 to 93 % of the critical
temperature. Among the five molecular models, TIP4P /2005 has the best performance
for saturated liquid density at very low temperatures, but at higher temperatures, the
deviations increase. However, it performs poorest for the vapor pressure (from 25 up to
80 %). TIP4P shows the largest deviations for both saturated liquid density and enthalpy
of vaporization. TIP4P-Ew and SPC/E have an average performance for all three prop-
erties. Note that there are no simulation data available for the enthalpy of vaporization
based on the TIP4P /2005 and SPC/E models.
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Figure 33: Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [106] (dz = (2; — zeor)/2cor) for Water: @ present TIP4P /2010 sim-
ulation data; © TIP4P simulation data of Lisal et al. [167]; O SPC/E simulation data of
Guissani and Guillot [165]; A TIP4P /2005 simulation data of Vega et al. [168]; A TIP4P-
Ew simulation data of Baranyai et al. [169]; + experimental data [148, 149, 150]. Top:
saturated liquid density, center: vapor pressure, bottom: enthalpy of vaporization. Note
that data for the enthalpy of vaporization are not available for the TIP4P /2005 and the
SPC/E model.
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3.2.2 Binary Vapor-Liquid Equilibria

Table 5 gives the state point (i.e. temperature 7" and bubble point mole fraction of the
lower boiling component z,) and the experimental vapor pressure p®? which was used
for the adjustment as well as the resulting binary parameter . A first validating VLE
simulation at this state point with the adjusted mixture model was performed. The
resulting vapor pressure p and dew point composition y, from simulation are also listed

in Table 5 and can numerically be compared to experimental vapor pressure data there.

Table 5: Binary interaction parameter &, experimental bubble point used for the ad-
justment with reference, simulation results with adjusted parameter £ of the molecular
model and binary parameter k;; of the Peng-Robinson EOS. The number in parentheses
indicates the statistical uncertainty in the last digit.

Mixture (A + B) £ T TA perP P y3m kij
K mol/mol MPa MPa  mol/mol

Ethylene oxide + Water

1.126  370.00 0.03 0.31 [171] 0.31 (3) 0.701 (8) 0.01
Ethylene oxide + Ethylene glycol

1.016 378.15 0.1 0.38 [172] 0.38 (1) 0.999 (1) -0.1
Water + Ethylene glycol

0.790 395.15 0.466 0.084 [173] 0.082 (2) 0.965 (4) -0.066

Based on the discussed three pure substance models, VLE data were predicted for all
three binary combinations. The phase behavior is throughout zeotropic. Full numerical
VLE simulation data are given in Table 18, Appendix A, which also contains the saturated
densities and the heat of vaporization from simulation. Because such data from experiment

are not available for comparison, they are not further discussed here.

For orientation and comparison, the results of the Peng-Robinson EOS [138] with
adjusted binary parameter k;; are also shown. Generally, the EOS was optimized to the

experimental vapor pressure at the same state point as the molecular mixture model.

3.2.2.1 Ethylene Oxide + Water

Figure 34 shows the isobaric VLE of Ethylene oxide + Water at 0.4428 MPa from exper-
iment, simulation and Peng-Robinson EOS. Figures 35 and 36 show isothermal VLE at
temperatures from 350 to 500 K. The binary parameters {£ = 1.2 and k;; = -0.1 were ad-
justed to the vapor pressure measured by Schilk and Hurd [171] at 370 K for a liquid mole
fraction o = 0.03 mol/mol. Both & = 1.2 and k;; = -0.1 exhibit quite large absolute
values, yet this may be due to the strong hydrogen bonding of Water.
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Figure 34: Isobaric vapor-liquid phase diagram of Ethylene oxide + Water at 0.4428
MPa: + experimental data [171]; ® present simulation data with & = 1.126; — Peng-
Robinson EOS with &;; = -0.1.
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Figure 35: Isothermal vapor-liquid phase diagram of Ethylene oxide + Water at 350
and 370 K: 4 experimental data [171]; B, ® present simulation data with £ = 1.126; —
Peng-Robinson EOS with k;; = -0.1.
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Figure 36: Isothermal vapor-liquid phase diagram of Ethylene oxide + Water at 350,
400, 450 and 500 K: ® A, B and V¥ present simulation data with & = 1.126.
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Figure 37: Approximation of the Henry’s law constant of Ethylene oxide in Water: ®,
A, B and V present simulation data with £ = 1.126; — guide to the eye.

In Figure 34, at 0.4428 MPa the mixture is sub-critical, the phase envelope is wide
with a concave bubble line and a slightly convex dew line. The simulation data show a

good agreement with the experimental data, but the Peng-Robinson EOS only matches
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with the dew line, but fails to describe the bubble line, especially outside the Water-rich
area. Due to the shortage of isothermal experimental data, six points were interpolated
from [171] to form two isothermal data sets in Figure 35. There, the Peng-Robinson EOS
outside of Water-rich region qualitatively deviates on the bubble line from the present

simulation data, yet the dew line is accurate.
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Figure 38: Henry’s law constant of Ethylene oxide in Water: O extrapolation of simu-
lation results with & = 1.126 at finite mole fractions to the limit of infinite dilution; ®
direct simulation data with £ = 1.126.

Based on this molecular model, the Henry’s law constant was predicted. In Figure
36, simulations were performed at temperatures of 350, 400, 450 and 500 K and Ethylene
oxide liquid mole fractions xgo of 0.05, 0.10 and 0.15 mol/mol. With these results, the

Henry’s law constant was calculated by

H; exp{i/pv?"dp} T % =P Y i, (20)
kgT P
where x; and y; are the solute mole fractions in the saturated liquid and vapor phases,
respectively, v7° is the partial molar volume of the solute at infinite dilution in the liquid,
and kg is the Boltzmann constant. Non-idealities of the liquid phase were considered by
the activity coefficient normalized according to Henry’s law v, and of the vapor phase by

the fugacity coefficient ¢;. The exponential term, known as the Krichevski-Kasarnovski
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correction [174], accounts for the dependence of the chemical potential of the solute on

the pressure p, where pg stands for the pure solvent vapor pressure.

In Figure 37, the curves were correlated to H(xgo) and extrapolated to H(zgpo =
0 mol/mol). The results of this extrapolation are plotted as circles in Figure 38 comparing
with the direct results obtained with the Gradual insertion method. The simulation results
have large error bars, especially at low temperatures. However, the trends of the two data

sets support each other.

3.2.2.2 Ethylene Oxide + Ethylene Glycol

Figure 39 shows isothermal VLE data of Ethylene oxide + Ethylene glycol at 378.15 and
360.15 K. The mixture is sub-critical for these temperatures and the phase envelope is

very wide with a convex bubble line and a slightly concave dew line.

The binary parameters { = 1.016 and k;; = 0.01 were adjusted to the vapor pressure
measured by Di Serio et al. [172] at 378.15 K and zgo = 0.1 mol/mol. Both ¢ and
k;; exhibit typical values. A strong disagreement between the simulation data and the
Peng-Robinson EOS was found on the bubble line outside of the Ethylene glycol-rich

region.
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Figure 39: Isothermal vapor-liquid phase diagram of Ethylene oxide + Ethylene glycol
at 360.15 and 378.15 K: 4 experimental data [172]; B, ® present simulation data with &
= 1.016; — Peng-Robinson EOS with k;; = 0.01.
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3.2.2.3 Water + Ethylene Glycol

Isothermal VLE data of Water + Ethylene glycol are presented in Figure 40 at 383.15 and
395.15 K. For both temperatures, the mixture is sub-critical and the phase envelope is
wide with a slightly concave bubble line and dew line. Experimental data on the bubble
line measured by Lancia et al. [173] at 395.15 K in the Water-rich region (zw = 0.466
mol/mol) were taken for the optimization of the mixture models, yielding £ = 0.790 and
ki; = -0.066.

At 395.15 K, the Peng-Robinson EOS fails to describe the bubble line in the Ethy-
lene glycol-rich region and it does not match well with the experimental dew line either.
The simulation results show a good agreement with the experimental data outside of the
Ethylene glycol-rich region for both temperatures. Nevertheless, the experimental data

show significant scatter.
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Figure 40: Isothermal vapor-liquid phase diagram of Water + Ethylene glycol at 383.15
and 395.15 K: + experimental data [173]; B, ® present simulation data with & = 0.790;
— Peng-Robinson EOS with k;; = -0.066.
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4 Large Systematic Study on Vapor-Liquid Equilib-

ria of Mixtures

Molecular simulation has been applied in the past decades to various systems. However,
so far there is no large scale investigation to prove statistically that molecular modeling
and simulation can be relied upon as a main instrument beside experiment or EOS. In
this chapter, a large systematic study on VLE of mixtures is presented. The predictions

from molecular models of 366 mixtures are extensively compared to experimental data.

4.1 Models for 78 Pure Fluids

78 real pure fluids were studied on the basis of the dipolar or quadrupolar two-center
Lennard-Jones (2CLJD and 2CLJQ) potential with parameters taken from prior work
of our group [8, 9]. This model type has been proposed more than three decades ago
[10], however, it is far from being fully exploited. Polar 2CLJ models consider the basic
molecular interactions repulsion and dispersive attraction and also feature anisotropy and
polarity in a simple way. For many of the 78 molecules, the polar 2CLJ model strongly
simplifies the intermolecular interactions. E.g., the asymmetry of the molecules is ne-
glected and the polar interaction is always aligned along the main molecular axis. Also
the polarizability, which is often assumed to be a crucial molecular property for thermo-
dynamics, is only implicitly considered by Lennard-Jones interaction sites. Furthermore,

the internal degrees of freedom are neglected as the polar 2CLJ models are rigid.

The aim here was to investigate whether these crude assumptions for pure substance
models have an impact on mixture properties, in particular on binary VLE. It can be
argued that oversimplified molecular models can be adjusted to a few experimental pure

substance properties, but major deficiencies should be visible when applied to mixtures.

It should be noted that polar 2CLJ models are not suited for hydrogen bonding
molecules, as they cannot mimic their very strong short-range interaction. However, it was
shown for 35 binaries [175, 176] that they are, e.g. for CO,, compatible with appropriate

molecular models, e.g. for Methanol, for hydrogen bonding fluids.

These 78 models include five spherical non-polar (LJ) models for noble gases and CHy,
four spherical dipolar (Stockmayer) models for CHsl,, R30, R32 and R30B2, furthermore
42 elongated dipolar (2CLJD) models which include carbon monoxide and numerous re-
frigerants, and finally 27 elongated quadrupolar (2CLJQ) models which include halogens,

alkanes, refrigerants and COs.
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Most polar 2CLJ models have four parameters: size o, energy e, elongation L and
dipolar moment u or quadrupolar moment (); Stockmayer models have a vanishing elon-
gation, while the non-polar spherical Lennard-Jones models have only two parameters: o
and e. Both their elongation and polarity are zero. Model parameters were adjusted in
8, 9] to experimental pure fluid VLE data using global correlations of critical temperature,
saturated liquid density and vapor pressure as functions of these molecular parameters
(177, 178]. These pure substance model parameters are not repeated here. It should be
noted that a wide range of polar momenta are covered by the 78 pure substance models.
Starting from a non-existent polar moment in case of the noble gases and methane, it
ranges to up to 4.7919 D for the dipolar R130a and up to 16.143 DA for the quadrupolar
R1110.

The advantage of these molecular models is their simplicity, which reduces simulation
time considerably, and their accuracy: typically, the relative deviations between simulation
and experiment are below 1 % for the saturated liquid density, below 3 % for the vapor
pressure, and below 3 % for the enthalpy of vaporization. They also have shown to predict
reliably Joule-Thomson inversion curves for pure fluids and mixtures [179, 180], covering
a wide range of state points, but also transport properties [181, 182, 183, 184, 185].

In Table 6, the 78 pure substances are listed. There, the letters b/t/h indicate if that
pure fluid was included in the study on the binary VLE, the ternary VLE or the Henry’s

law constant.
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Table 6: List of the 78 components included in the present work, where b, t, h stand
for binary VLE, ternary VLE or Henry’s law constant, respectively. For the mixtures
regarded with respect to the Henry’s law constants, ¢ indicates solutes and S solvents.

Fluid CAS RN Type Fluid CAS RN Type
Non-polar, 1CLJ R143a (CH3—CF3) 420-46-2 b/t

Ne 7440-37-1  b/h(i) R150a (CHCl,—CHj) 75-34-3 b/h(S)
Ar 13965-95-2  b/t/h(i) | R152a (CH3—CHF5) 75-37-6 b/t

Kr 7439-90-9 b/h(7) R160B1 (CH;Br—CHjs) 74-96-4 b

Xe 7440-63-3  b/h(i) R161 (CHyF—CHs) 353-36-3 t/h(7)
CH, 74-82-8 b/t/h(i) | R1122 (CHCI=CF,) 350-104 b
Dipolar, 1CLJD R1132 (CF,=CH,) 75-387  h(i)
CHsl, 75-11-6 R1140 (CHCI=CHs,) 75-01-4 b/h(i, S)
R30 (CH2Cly) 75-09-2 b/t/h(S) | CHBro—CHj 557-91-5

R30B2 (CH3Br2) 74-95-3 b/t CH,F-CCl; 27154-33-2

R32 (CHyF3) 75-10-5 b/t CHF=CH,; 75-02-5

Dipolar, 2CLJD CFCI=CF5 79-38-9

Co 630-08-0  b/t/h(i) | CFBr=CF, 508-73-2

CH3l 74-88-4 b Quadrupolar, 2CLJQ

R10B1 (CBrCls) 75-62-7 Fy 7782-41-4

R11 (CFCls) 75-69-4 b/t/h(S) | Ng 7727-37-9  b/t/h(i)
R12 (CF,Cly) 75-71-8 b/t/h(i) | Os 7782-44-7  b/t/h(i)
R12B1 (CBrCIF,) 353-50-3 b Cl 7782-50-5  b/h(4, S)
R12B2 (CBroF,) 75-61-6 b Br, 7726956 b

R13 (CF;5Cl) 75-72-9 b/t/h(i) | Iz 7553-56-2 b
R13B1 (CBrFsj) 75-63-8 b COq 124-38-9 b/t/h(i, S)
R20 (CHCI;) 67-66-3 b/t/h(S) | CSs 75-15-0 b/h(S)
R20B3 (CHBr3) 75-25-2 h(S) CyH, 74-86-2 b/t/h(4)
R21 (CHFCly) 75-43-4 b CyHy 74-85-1 b/t/h(4)
R22 (CHF,C) 75-45-6 b/t/h(i) | CoHg 74-84-0 b/t/h(i)
R23 (CHF3) 75-46-7 b/t/h(i) | Propadiene (CHy=C=CHz) 463-49-0 b

R30B1 (CH;BrCl) 74-97-5 b/t Propyne (CH3—C=CH) 74-99-7 b

R40 (CH3Cl) 74-87-3 b/h(i, S) | Propylene (CH3—CH=CHs) 115-07-1 b/h(i, S)
R40B1 (CH;Br) 74-83-9 SFg 2551-62-4  b/h(i, S)
R41 (CH3F) 593-53-3 b R10 (CCly) 56-23-5 b/t/h(S)
R112a (CCl3—CF,Cl)  76-11-9 b R14 (CFy) 75-73-0 b/t/h(i)
R123 (CHCly—CF3) 306-83-2 b R113 (CFCly—CF2Cl) 76-13-1 b/t/h(S)
R123B1 (CHCIBr—CF3) 151-67-7 b R114 (CFyCI-CF,Cl) 76-14-2 b/t/h(S)
R124 (CHFCI-CF3) 2837-89-0 b/t R114B2 (CBrFy—CBrFs) 124-73-2 b

R125 (CHF.—CF3) 354-33-6 b/t R115 (CF3—CFCl) 76-15-3 b

R130a (CH;Cl-CCls) 630-20-6 b/h(S) R116 (CqoF¢) 76-16-4 b/h(i)
R134a (CHyF—CF}3) 811-97-2 b/t R134 (CHF,—CHF%) 359-35-3 b

R140 (CHCl,—CH,Cl)  79-00-5 b/h(S) | R150B2 (CH,Br—CH,Br)  106-93-4  b/t/h(S)
R140a (CCl;—CHs) 71-55-6  b/t/h(S) | R1110 (C5Cly) 127-184  b/t/h(S)
R141b (CH;—CFCl,) 1717-00-6 b/t R1114 (CoF,) 116-143  b/h(i)
R142b (CH3—CF2Cl) 75-68-3 b/t R1120 (CHCI=CCly) 79-01-6 b/t/h(S)
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4.2 Binary Vapor-Liquid Equilibria

Reasonable molecular modeling of mixtures requires the definition of the unlike inter-
actions only. While unlike polar interactions are straightforwardly known on a sound
physical basis, i.e. by using the laws of electrostatics, there is still no such framework for
the unlike dispersive interactions [186]. Therefore, combining rules have been proposed
that determine the parameters of that unlike interaction, where, among many others, the
most well-known is the Lorentz-Berthelot rule. Regarding binary VLE of 44 systems it
has recently shown in [75] that (a) the Lorentz rule is excellent, (b) the unlike dispersion
energy parameter is crucial for accurate predictions of the pressure, (¢) none of a set of
eleven investigated combination rules yields really optimal values for it and (d) it should

be adjusted to one experimental vapor pressure of the mixture.

In most fields of science, there is a danger that results are biased by a selection of the
studied subjects. Moreover, successful approaches are generally more likely to be published
than failures. To counter this, a combinatorial approach was used here. Theoretically,
out of the N = 78 components N(N — 1)/2 = 3 003 binary mixtures can be formed, but
of course, not all of these systems have been studied experimentally. To our knowledge,
the VLE was measured for a subset of 267 out of the 3 003 binaries. In the present work,
all those 267 binary mixtures were studied. This is by far the largest set of binaries that

was used to probe the application of molecular modeling and simulation to mixtures.

The presented simulation results are compared to experimental data and in most cases
to the Peng-Robinson EOS. For parameter adjustments of the molecular models and
the Peng-Robinson EOS always the same experimental data were used to achieve a fair

comparison.

4.2.1 Experimental Database

Experimental data in this study were predominately retrieved using Dortmunder Daten-
bank (DDB) [187], which collects all publicly available mixture VLE data sets, covering
more than a century of experimental work. For a subset of 286 of the potential 3 003
binary mixtures experimental VLE data is available. That data is contained in 201 pub-
lications [188]-[388]. These 286 binaries include 66 of the 78 pure components, i.e. for 12
substances no mixture data was found with any of the other 77 components. A list of
these 66 components, including their CAS RN number for proper identification, is given
in Table 6. Please note that the ASHRAE nomenclature is preferred in the following due
to its brevity, despite its deficiencies [389].
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Of those 286 binary mixtures, 44 have been modeled in previous work of our group
(36, 37, 38], but the resulting VLE data were published only partly.

The term VLE data is used here for information on vapor-liquid coexistence at finite
mole fractions, i.e. not for properties at infinite dilution like the Henry’s law constant.
For an additional 66 binary mixtures experimental Henry’s law constant data were found,

which are discussed in Section 4.4.

Table 7 gives the state point (i.e. temperature T' and bubble point mole fraction of the
lower boiling component x;) and the experimental vapor pressure p™P which was used for
the adjustment as well as the resulting binary interaction parameter £. A first validating
VLE simulation at this state point with the adjusted mixture model was performed. The
resulting vapor pressure p*™ and dew point composition from simulation are also listed in
Table 7 and can numerically be compared to experimental data there. Note that for 80

binaries no experimental dew point composition is available.

For 55 of the 286 systems, experimental data are available only from a single source.
Among them are 8 binaries, where exclusively data on the dew line were published. Such
cases, cf. Table 8, are of little use for the present modeling and validation procedure so
that these mixtures were excluded here. For 11 binaries VLE data are available only for
very dilute state points, i.e. the bubble point mole fraction of the low boiling component
is 1 < 0.02 mol/mol, cf. Table 9. Such data rather present gas solubilities which are
related to the Henry’s law constant. For direct VLE simulations they are not well suited
so that they were excluded as well. The total number of investigated systems is therefore
286-8-11=267 binaries.
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Table 7: List of 259 binary mixtures. Binary interaction parameter &, experimental
bubble point used for the adjustment with reference, simulation results with adjusted &,
and binary parameter of the Peng-Robinson EOS k.

Mixture (142) 3 T x1 PP S Yy P Y ki Ref.
K mol/mol  MPa MPa mol/mol  mol/mol
Ne + Ar 0826 110.78  0.024 2734 278 (7) _ 0.670 _ 0.69 (1) 0203 |
Ne + Kr 0.733 17815  0.072 10.12 98 (2)  0.638  0.666(7) 0.035 |
Ne + Ny 0.928 82.70 0.089 3.04 3.02 (2) 0.906 0.904(3) 0.111 |
Ne + O, 0.921 110.39  0.252 2094 205 (3)  0.808  0.844(4) 0.139 |
Ne + CO; 1124 27315 0038 884 884 (1) 0445  0466(1) 0.100 |
Ar + Kr 0.989 138.15 0.176 0.772  0.766(7) 0.583 0.590(3) 0.010 |
Ar + CHy 0.964 123.05 0541 0912  0.915(8)  0.848  0.839(3) 0.037 |
Ar + Oq 0.988 104.51 0.148 0.386 0.389(5) 0.190 0.178(4) 0.015 |
Ar + COq 0.999 288.15 0.099 8.754  8.48 (8) - 0.243(4) 0.170 |
Ar + CoHg 0.978 11550 0505  0.68  0.65 (4) - 0.995(1)  0.050 |
Ar + Propylene  1.019 150.00  0.328 4374 4.3 (2) - 0.9108)  — |
Ar + R10 0.964 348.15  0.292  27.86 260 (1) - 0.980(8)  0.130 |
Ar + R14 1024 203.68  0.179  3.65  3.67 (5) 0431  0.436(5) 0.010 |
Ar + R22 0.989 323.15 0.227 10.13 10.1 (2) 0.596 0.60 (1) 0.104 |
Kr 4 Xe 0.989 200.64 0.463 2.07 2.09 (2) 0.787 0.805(2) 0.010 |
Kr + CoHy 1.020 115.77 0.492 0.048  0.050(4) 0.990 0.998(1)  0.050 |
Kr + CoHg 1.023 27898 0225 4751 4.82 (5) 0424  0.398(1) 0.033 |
Kr + Propylene  1.001 200.00  0.333  1.648 1.65 (4) - 0.980(5) 0.050 |
Xe + CyHg 0.984 292.00 0.528 4.737  4.80 (5) 0.561 0.579(2) 0.010 |
Xe + R40 0.973 182.32 0.478 0.18 0.18 (2) 0.993 0.990(6) 0.074 |
Xe + R4l 0.928 18233 0472 0235 023 (2) 0831 091 (4) 0.120 |
Xe + R116 1.010 173.11 0.552 0.153  0.154(3) 0.857 0.877(6) 0.120 |
CH, + Kr 0.998 17455 0455  2.268 2284(1) 0516  0.516(3) 0.005 |
CH4 + COq 0.962 230.00 0.318 5.57 5.61 (4) 0.764 0.766(3) 0.084 |
CH, + CoHy 1.022  223.15 0.398 4.053 4.09 (4) 0.734 0.696(5) 0.034 |
CH, + CpHg 0.997 17204 0504 124 121 (1) 0966  0.969(3) 0.001 |
CH, + Propylene 1.032 190.00  0.667  2.815 280 (2)  0.992  0.997(1) 0010 |
CH, + R12 1.052 29820 0431 74 728 (7)  0.829  0.827(4)  0.030 |
CH, + R14 1.030 98.00 0.688 0.026 0.023(2) 0.982 0.998(1) 0.115 |
CH, + R22 1.021  263.20 0.540 9.80 9.2 (2) 0.844 0.884(5) 0.055 |
No + Ar 1.010 122.89 0.390 2.006  1.999(9) 0.495 0.501(2) -0.015 |
N, + Kr 0.989 125.00  0.247  1.044 1.02 (3) 0852  0.855(6) 0.008 |
No + CHy 0.958 140.00 0.519 3.080 3.07 (2) 0.777 0.785(2) 0.026 |
Ny + 0, 1.007 10500  0.500  0.743  0.734(9)  0.702  0.709(4)  0.012 |
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Table 7: continued.

CS2 + R1110 1.025 318.15 0.298  0.04 0.041 0.880 0.89

CHsI 4 CS, 1.000 317.15 0.122 0.101  0.102

0.020
0.040

N, + CO 1.007 8382 0445 0167 0.174(1) 056 0544(1) 0.028 [220]
Ny + CO, 1.041 270.00 0.132 9290 9.2 (4) 0417 043 (2) 0.017 [221]
Ny + CoHy 0.926 20000 0.181 6.033 6.9 (2) 0.829 0.849(6) 0.065 [222]
Ny + CoHg 0.974 20000 0.026 1.043 1.07 (1) 0.753 0.766(1) 0.052 [222]
N, + Propylene  0.959 290.00 0.203 11.138 10.5 (1) 0.751 0.766(6) 0.088 [222]
N, + R12 1.000 295.15 0.370 15199 14.8 (4) 0.830 0.850(5) 0.002 [223]
N, + R12B1 0.942 31320 0.106 7.0 6.85 (8) 0.882 0.884(2)  0.054 [224]
N, + R13 1.045 253.15 0285 7.0 6.92 (4) 0.680 0.677(5) 0.060 [225]
N, + R13B1 1.022 31320 0200 7.4 75 (2) 0385 0.371(9) 0.076 [224]
N, + R22 1.000 34815 0.145 826 83 (1) 0380 036 (1) 0.000 [201]
N, + R23 1.042 179.80 0450 158 158 (6) ~0.852(9) 0.030 [226]
0, + Kr 1.050 100.00 0536 0.162 0.163(6) 0.944 0.946(3)  0.030 [227]
0, + CO, 0979 253.15 0.092 6.079 6.68 (9) 0.537 0.556(7) 0.048 [228]
Cly + R12 0975 298.15 0.532 0.805 0.81 (3) 0571 0.59 (2) 0.026 [229]
Cl, + R140 0.948 313.00 0.083 0.101  0.100(6) ~ 091 (5) 0.010 [230]
Cl, + R140a 0.930 313.00 0.063 0.101  0.102(4) ~ 072 (2)  0.020 [230]
Cl, + R150a 0.967 293.00 0.104 0.101  0.099(3) ~ 078 (1) 0.030 [230]
Br, + R10 0.995 33625 0.342 0.098 0.098(3) 0.536 0.55 (1) 0.020 [231]
Br, 4+ R112a 0.967 34415 0238 0.101  0.101(2) 0.600 0.60 (1) 0.030 [232]
CO + Ar 0.992 83.00 0.534 0.108 0.108(5) ~ 065 (2) 0040 [233]
CO + CH,4 1.003 12340 0360 0988 1.07 (1) 0.800 0.796(3) 0.026 [234]
CO + CO, 1.080 263.15 0210 1032 112 (2) 0496 0.392(9) 0.034 [235]
CO + CyHg 1.000 248.15 0.056 2.758  3.15 (3)  0.452 0.487(7) 0.020 [236]
CO + R30 0816 333.15 0.014 245 237 (4) 088 091 (1) 0.050 [237]
CO, + Cly 0.936 243.15 0.140 0.507 0.57 (1) 0.800 0.778(8) 0.093 [238]
CO, + CS, 0918 360.00 0.354 115  11.6 (1) 0.875 0.914(3) 0.002 [239]
CO, + CoH, 1.000 297.90 0500 5.5 5.50 (1) ~ 0520(5) 0.007 [240]
CO, + CyHg 0.954 263.15 0425 2.9 298 (3) 0514 0.524(3) 0.132 [241]
CO, + Propylene 0.915 273.15 0231 151 152 (1) 0.630 0.631(5) 0.095 [242]
CO, + R12 0.927 273.00 0714 265 267 (2) ~0.932(4)  0.069 [243]
CO, + R20 0.945 333.15 0569 645 63 (1) 0962 0.972(4) 0.032 [244]
CO, + R22 1.006 273.15 0560 1.99  2.07 (2) 0.848 0.853(3) 0.007 [245]
CO, + R23 0.997 263.35 0417 2292 234 (2) 0482 0.503(5) 0.011 [245]
CO, + R30 0.923 32695 0550 6246 6.3 (1) ~0.970(7)  0.063 [246]
CO, + R32 1.050 280.00 0.486 251 248 (2) 0.724 0.732(4)  0.033 [247]
CO, + R40 0.990 282.65 0.534 253 245 (7) 0861 0.90 (1) 0.001 [248]
CO, + R4l 1.024 290.00 0.662 453  4.42 (8) 0.720 0.720(8)  0.010 [249]
CO, + R125 1.021 304.60 0450 334 331 (4) 0.630 0.640(7) 0.050 [250]
CO, + R134a 0.982 32960 0.510 537 543 (9) 0.707 0.710(8) 0.010 [251]
CO, + R140 0.902 32320 0.662 6.89  7.26 (7) 0.995 0.990(1) 0.092 [252]
CO, + R140a 0.889 323.17 0462 488 485 (6) 0.983 0.983(5) 0.080 [253]
CO, + R142b 0952 318.30 0.551 471 473 (5) 0.848 0.873(4) 0.200 [254]
CO, + R152a 1.004 347.70 0392 553 558 (7) 0580 0.610(7) 0.005 [254]
CS, + R10 1.029 31815 0468 0069 0.069(2) 0.717 0.72 (1)  0.002 [255]
CS, + R20 1.007 353.15 0500 0.247  0.23 (4) 07 (1) 0.020 [256]

(2) (1) [257]

(4) (1) [258]
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Table 7: continued.

CHsI + R10

CHsI + R20

C2Hy + R10

CQHQ + R152a
CoHy + Xe

CoHy + COq

CyoHy + CoHo
CoH, + CyHg
CoHy + Propylene
CoH4 + R10

CoHy + R20

CoHy + R22

CoHy + R30

C2Hs + R30B1
CoH4 + R1140
CyoHg + CoHo
CoHg + Propylene
C2H6 + R22
Propylene 4+ Propadiene
Propylene + Propyne
Propylene + R10
Propylene + R12
Propylene + R20
Propylene + R22
Propylene + R114
Propylene + R115
Propylene + R134a
Propylene + R142b
Propylene + R152a
Propylene + R1110
Propylene + R1120
Propylene + R1140
SFs + R12

SFs + R13B1

SF¢ + R22

SF¢ + R32

SFe¢ + R114

R10 + R140

R10 4+ R150B2
R10 + R1110

R10 4+ R1120

R12 + R10

R12 4+ R11

R12 + R113

R12 4+ R114

R12 4 R142b

R12 + R152a

0.971
0.994
0.890
1.090
1.010
0.944
0.975
1.037
0.996
1.003
1.001
1.026
1.070
0.946
0.945
0.968
1.015
0.981
0.991
1.003
1.005
0.998
0.975
0.982
0.966
0.948
0.924
0.987
0.933
1.008
0.983
1.029
0.984
0.999
0.915
0.790
1.050
0.955
0.987
0.967
0.998
0.991
1.001
1.014
0.989
0.960
0.936

298.15
308.15
393.15
303.20
269.54
243.15
255.37
233.15
263.07
323.15
323.15
213.15
423.15
373.15
313.15
277.59
310.93
293.24
293.15
313.15
333.15
283.00
293.15
283.00
298.00
298.00
298.00
298.00
298.15
293.15
303.15
293.15
319.78
296.70
318.58
310.00
270.80
360.05
323.15
343.15
354.64
297.75
343.00
293.15
313.15
303.00
323.01

0.558
0.492
0.480
0.569
0.499
0.087
0.980
0.500
0.625
0.473
0.539
0.030
0.250
0.210
0.539
0.180
0.260
0.551
0.464
0.566
0.282
0.529
0.361
0.147
0.514
0.549
0.204
0.443
0.281
0.441
0.275
0.542
0.330
0.339
0.154
0.480
0.011
0.490
0.533
0.488
0.506
0.090
0.439
0.513
0.523
0.414
0.269

0.04
0.06
9.11
2.5
3.98
1.588
2.682
1.132
2.067
4.37
5.066
0.062
6.03
6.08
4.9
3.544
241
2.76
0.852
1.442
0.766
0.63
0.455
0.73
0.745
1.244
0.95
0.73
0.94
0.534
0.507
0.687
2.1
1.93
2.406
4.041
0.087
0.099
0.028
0.05
0.101
0.101
1.025
0.27
0.668
0.583
1.39

0.811

0.837
0.502
0.156
0.979
0.622
0.884
0.981
0.976

0.60

0.905
0.902
0.243
0.447
0.762
0.545

0.654

0.187
0.807
0.607
0.399
0.701
0.431

0.781
0.534
0.407
0.307
0.523

0.750

0.808
0.577

0.739
0.936
0.727

0.010
0.010
0.080
0.085
0.020
0.055
0.064
0.040
0.021
-0.010
0.030
0.022
0.080
0.050
0.100
0.156
0.007
0.090
0.020
0.050
0.020
0.026
0.010
0.036
0.050
0.080
0.105
0.035
0.100
0.010
0.050
0.050
0.050
0.035
0.100
0.190
0.070
0.120
0.000
0.005
0.010
0.040
0.010
0.030
0.010
0.040
0.060
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Table 7: continued.

RI2B2 + R114B2 _ 1.030 306.70 0.500 0.101 _ 0.099(3) 0.670 0.70 (1) 0.010  [295]
R13 + Propylene  0.970 273.00 0.568 1.5 148 (2)  0.738 0.743(4)  0.059  [280]
R13 + R11 0975 253.15 0.568 073  0.73 (2) ~0.986(2) 0.030  [296]
R13 + R12 0971 290.00 0.549 1.836 1.80 (3) 0.809 0.800(6) 0.030  [297]
R13 + R13B1 0.992 273.00 0.566 146 142 (2) 0.712 0.699(6) 0.010  [298]
R13 + R113 0.980 348.15 0.499 355  3.54 (6) ~0.890(6) 0.010  [299]
R13 + R134a 0.955 273.00 0464 128 127 (1) 0.809 0.806(5) 0.090  [298]
R13B1 + Propylene 0.998 298.00 0.545 1.5 149 (1) 0591 0.607(5) 0.032  [280]
R13B1 + R12 1.002 364.36 0214 342  3.42 (3) ~0.270(4) 0.003  [300]
R13B1 + R22 0975 328.15 0.635 295 299 (4) ~ 0.674(4) 0.031 [301]
R13B1 + R114 1.038 34315 0534 209  2.07 (3) —0.777(6)  0.030  [302]
R13B1 + R115 1.018 343.15 0509 324  3.20 (3) ~0554(4) 0.015 [302]
R13B1 + R125 0.969 298.15 0.514 1.682 1.68 (1) 0.538 0.548(4) 0.063  [303]
R14 + Propylene 0872 210.00 0479 175 173 (4) 0970 0.968(4) 0.050 [304]
R14 + SFq 0.978 273.00 0.388 383  3.75 (5) 0.618 0.619(6) 0.010  [305]
R14 + R12 0.893 174.60 0.133  0.32  0.32 (4) 0.992 0.987(6) 0.130  [306]
R14 + R13 0972 28870 0.108 3.699 3.59 (6) 0.175 0.190(5) 0.050  [307]
R14 + R22 0.895 289.65 0.285 5.287  5.30 (8) ~0.720(7)  0.105  [200]
R14 + R23 0876 22482 0435 229 226 (4) 0776 0.790(5) 0.115  [308]
R14 + R4l 0.920 130.00 0.061 0.03 003 (1) 0990 0.998(1) -  [309]
R14 + R152a 0982 17491 0550 0459 045 (7)  0.998 0.998(1) 0.100  [306]
R20 + R10 0.958 328.15 0.499 0.068 0.068(2) 0.618 0.61 (1) 0.005 [310]
R20 + R1110 0931 356.95 0.358 0.101 0.10 (1) 0.805 0.80 (5) 0.023 [311]
R22 + Cl, 0.955 283.15 0.100 0.59  0.58 (1) ~ 022 (1) 0061 [312]
R22 + CS, 0950 323.15 0.509 1.448 147 (2) 0.923 0.928(2) 0.092 [245]
R22 + R10 0.929 383.00 0.524 3.097 3.08 (3) 0.907 0.916(3) 0.003 [313]
R22 + R11 0.956 348.15 0.543 1.98  2.00 (2) —0.827(4) 0.045 [314]
R22 + R12 0974 34381 0498 261 261 (3) 0574 0.570(5) 0.034  [315]
R22 + R21 0982 29333 0.536 0.585 059 (2) 0.891 0.87 (2) 0.010 [316]
R22 + R113 0.929 37220 0.506 2.5 2.55 (4) ~0.833(7) 0.040 [317]
R22 + R114 0924 338.15 0487 1732 173 (3) 0722 0.73 (1) 0.060 [292]
R22 + R115 0931 33675 0518 2781 275 (4) 0546 0.549(7) 0.055 [318]
R22 + R123 0976 383.15 0.374 252 250 (3) 0.642 0.645(7) 0.010 [315]
R22 + R124 0.999 283.15 0.500 0.444  0.428(4) 0.706 0.700(1) -0.005 [319]
R22 + R134a 0.988 34381 0.506 2.66  2.65 (2) 0.550 0.563(5) 0.010  [320]
R22 + R142b 0985 328.15 0.560 1.52 150 (3) 0.732 0.730(8) 0.010  [321]
R22 + R152a 1.019 31315 0519 119 120 (3) 0.624 061 (3) 0.000 [321]
R23 + CS, 0.852 398.15 0.191 14.07 13.6 (5) 0.774 0.790(8) 0.150  [245]
R23 + Propylene  0.891 265.00 0.189 1.0 1.00 (2) 0552 0.580(6) 0.115  [298]
R23 + SF 0.849 29500 0476 3.905 3.84 (4) 0542 0.548(4) 0.120  [247]
R23 + R11 0.849 348.10 0.400 523  5.15 (7) ~0847(5) 0.130  [233]
R23 + R12 0.883 243.00 0.600 0.774 0.74 (3) ~0.897(6) 0.100 [322]
R23 + R13 0.902 273.15 0.538 2732 275 (3)  0.564 0.562(6) 0.101  [323]
R23 + R13B1 0.906 268.15 0.415 1.619 157 (3) 0.600 0.629(9) 0.100  [303]
R23 + R22 0962 323.15 0.524 4575 455 (3) 0.644 0.646(4) 0.025  [245]
R23 + R113 0812 348.10 0.415 472 465 (5) ~0.910(5) 0.100 [324]
R23 + R114 0.836 348.00 0.300 3.54  3.55 (3) ~0.680(6) 0.120 [325]
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R23 + R115 0.880 330.14 0.202 3.253 3.29 (4) 0.349 0.342(6) 0.120 [284]
R23 + R116 0.840 280.15 0.299 3.04 292 (3) ~0370(5) 0.120 [326]
R23 + R134a 0.956 293.15 0401 175 179 (2) 0.750 0.715(7) 0.001  [327]
R23 + R142b 0930 273.11 0.362 099  1.00 (2) 0.861 0.873(7) 0.050 [306]
R23 + R143a 0.956 293.15 0.550 2.52 254 (2)  0.727 0.719(3) 0.000 [328]
R23 + R152a 0982 293.15 0.550 211 212 (3) 0.835 0.828(7) 0.000 [328]
R30 + CHsl 1.040 298.15 0.498  0.058  0.058(1) 0516 054 (1) 0.001 [259]
R30 + R10 0.979 318.15 0.450 0.082 0.081(2) 0.753  0.741(9) 0.001 [329]
R30 + R20 1.014 318.15 0.500 0.090 0.091(2) 0.676 0.709(9) -0.010 [329]
R30 + R30B1 0.990 322.35 0.502 0.101  0.102(2) 0.717 0.745(7)  0.005  [330]
R30 + R30B2 1.000 331.25 0.436 0.101 0.101(2) 0.775 0.800(1) 0.010 [330]
R30 + R140a 0.994 43240 0.500 1.36  1.36 (1) ~0.660(4) 0.001 [331]
R30 + R1110 0.950 333.00 0.350 0.101 0.102(2) 0.907 0.908(6) 0.010 [332]
R30B1 + R10 0.921 313.15 0.242 0.034 0.035(2) 0.340 0.37 (2) 0.010 [333]
R30B1 + R30B2 0.972 355.08 0.372 0.101 0.102(2) 0.599 0.527(9) 0.010 [330]
R32 + Cl, 0.965 283.15 0.352 1111 112 (2) ~0595(8) 0.148 [312]
R32 + R12 0.941 283.15 0.180 0.783  0.782(9)  0.502 0.488(6) 0.013  [334]
R32 + R22 1.052 283.15 0502 0908 0.92 (1) 0.604 0.567(7) 0.130 [334]
R32 + R30 0.812 31320 0440 1372 139 (2) 0912 0.917(2) 0.055 [335]
R32 + R40 1.012 283.15 0.392 0.777 0.772(9) 0.663 0.649(6) 0.061 [334]
R32 + R115 0.827 298.15 0.736  1.92  1.93 (2) ~0.724(5)  0.130  [336]
R32 + R123 0.982 313.95 0478 1.20  1.303(1) 0.909 0.894(3) 0.045 [337]
R32 + R125 0.910 308.15 0.495 2.066 2.150(8) 0.53 0.54 (1) 0.015 [338]
R32 + R134a 1.109 289.99 0.566 1.005 0.994(2) — 0.709(6) 0.001 [339]
R32 + R142b 0.955 314.95 0.435 1.45 1.50 (1) 0.725 0.730(4) 0.035 [328]
R32 + Rl143a 0.883 313.15 0439 2.22 230 (4) 0491 0.490(6) 0.015 [340]
R32 + R152a 0.995 32315 0260 1775 176 (2) 0463 0.419(5) 0.041 [341]
R40 + R30 0.964 278.15 0476  0.151  0.145(3) ~0.900(6) 0.020 [335]
R41 + R40 0.982 182.33 0.584 0.032 0.031(2) 0.975 0.974(4) 0.020 [342]
R113 + Bry 0.940 319.25 0.820 0.101 0.103(9) 0.370 0.33 (6) 0.001 [232]
R113 + R123B1 0.998 308.15 0.103 0.06 0.059(2) - 0.130(8)  0.006 [343]
R114 + R21 0.950 338.37 0.404 0.695 0.71 (1) 0479 0.440(7) 0.030 [344]
R114 + R113 1.019 294.15 0442 0.101  0.101(3) 0.770 0.79 (1) 0.010 [345]
R115 + R114 1.000 369.50 0.269 1.98  1.99 (2) ~0.428(4) 0.010 [346]
R116 + COq 0.867 227.60 0.583 0.88 0.964(1) 0.380 0.382(1) 0.028 [347]
R116 + Propylene 0.888 275.00 0.563 1.8 1.82 (3)  0.687 0.702(6)  0.150 [280]
R116 + R22 0.878 288.15 0.560 2.325 2.30 (5) 0.741 0.688(4) 0.100 [348]
R116 + R32 0.768 253.55 0.385 1.20 121 (2) ~0.624(3) 0.180  [347]
R116 + R4l 0.775 22545 0529 0.69  0.68 (1) — 044 (2) 0.170  [349]
R116 + R115 1.000 285.10 0.500 1.52 1.48 (1) 0.682 0.716(3) 0.020 [350]
R116 + R134a 0.881 275.00 0.300 1.17 1.17 (3) 0.730 0.72 (1) 0.095 [280]
R123B1 + R10 1.002 318.15 0.431 0.06 0.057(2) 0.651 0.64 (1) 0.010 [343]
R123B1 + R20 0.978 318.15 0452 0.074 0.074(2) 0544 055 (1) 0.001 [343]
R123B1 + R140a 1.006 318.15 0.456 0.059 0.058(1) 0.646 0.63 (1) -0.007 [343]
R124 + R142b 0.990 312.15 0.508 0.536 0.536(8) 0.536 0.530(7) 0.000 [293]
R125 + R115 0.927 298.15 0.821 1.369 1.33 (5) 0.836 0.815(7) 0.070 [351]
R125 + R134a 0.999 323.00 0.484 1.9 1.85 (2) 0.590 0.588(4) 0.009 [352]
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Table 7: continued.

RI25 + R143a  0.987 264.01 0.503 0466  0.504(5) 0.516 0.526(6) -  [353]
RI25 + R152a  0.989 333.02 0.551 235 235 (3) 0.674 0.641(6) 0.000  [354]
R134 + R142b  0.998 25495 0.596 0.101  0.103(3) ~ 072 (1) 0010 [280]
R134 + R152a  1.075 25345 0278 0.101  0.101(3) ~0.167(7)  0.070  [355]
Ri34a + R12 0943 298.00 0219 0772 0.74 (2) 0.302 0.30 (1) 0.090  [280]
Ri34a + R114 0899 298.00 0.534 0538 054 (1) 0746 0.76 (1) 0.080  [298]
Ri34a + R123  0.940 33274 0489 099 099 (2) 0791 081 (1) 0.045 [356]
Ri34a + R124 0971 307.25 0486 0.707 0.72 (2) 0.605 0.59 (1) 0.030  [293]
Ri34a + R141b 0935 333.15 0.520 107  1.08 (2) 0.822 0.840(6) 0.052 [357]
Ri34a + R142b 0960 298.00 0451 051 051 (3) 0.600 0.60 (3) 0.025 [280]
Ri34a + R152a 1.003 323.08 0485 1226 122 (3) 0.505 0.50 (1) 0.001 [358]
R140 + R130a  1.003 399.75 0.186 0.101  0.100(2) 0.260 0.262(8) 0.020  [359]
R140 + R1110  0.974 390.50 0.232  0.101  0.100(3)  0.308 0.289(1) 0.010  [360]
R140a + R10  1.010 298.15 0.506 0.017  0.016(1) ~ 053 (2) -0.001 [361]
R141b 4+ R140a 0.996 32325 0200 0.076 0.075(2) 0.502 0.50 (1) 0.010  [334]
R142b + R113  0.952 373.00 0.502 125  1.27 (4) ~ 077 (2) 0.030 [325]
R142b + R140a 0.945 32325 0.481 0383 042 (4) 0931 0.94 (2) 0.030 [334]
R142b + R141b  0.994 32325 0490 0433 044 (2) 0749 0.74 (2) 0.010  [334]
Rl43a + R12 0936 313.00 0.600 1.71  1.65 (4) ~0675(8) 0.080 [322]
Ri43a + R22  1.023 27500 0.500 0.589 058 (3) 0.546 0.54 (3) 0.000  [362]
R143a + R134a 0994 293.15 0442 0.798 0.816(7) 0.567 0.570(5) 0.013  [363]
Rl43a + R152a 0.977 313.15 0447 134 140 (1) 0571 0.570(4) 0.001  [363]
Rl43a + R1122  0.958 313.50 0.708 157  1.56 (2) ~0.800(4) 0.030 [270]
R150a + R10  0.937 33563 0.506 0.101  0.104(3) 0.661 0.65 (1) 0.030  [364]
R150a + R20  1.000 302.86 0.456 0.033 0.032(1) 0494 051 (2) -  [365]
R150a + R140  1.010 349.15 0.500 0.101  0.09 (2) 0.853 0.87 (5) 0.015 [359]
R152a + R12B1  0.921 293.15 0.385 044  0.44 (2) ~ 063 (2) 0085 [366]
R152a + R113  0.883 34820 0.462 1.246 1.24 (3) ~ 085 (1) 0.080 [324]
R152a + R114  0.897 34550 0.392 153  1.471(2) ~0592(5) 0.110  [367]
R152a + R142b  0.963 347.60 0461 1.72 174 (2) 0.544 0.550(5) 0.045  [368]
R152a + R150a 0.963 32320 0488 0.67  0.64 (7) 0900 091 (2) 0.030 [262]
R152a + R1140 0.975 32320 0.505 105 106 (1) 0.578 0.600(4) 0.030  [335]
RIGOBI + CS;  1.018 286.15 0.074 0.032 0.032(2) 0.145 0.10 (1) 0.040  [369]
RI114 + R32 0932 253.15 0.391 0.885 0.88 (4) 0.607 0.64 (3) 0.130 [370]
R1120 + R1110  0.954 380.85 0.262 0.101  0.102(3) 0.512 0.50 (2) 0.010  [371]
R1140 + R140  0.980 346.15 0.517 0.703  0.72 (5) ~ 095 (1) 0010 [372]
R1140 + R1120 1.037 298.15 0.180 0.067  0.065(2) ~0.886(9) -0.030 [373]

Table 8: List of the 8 binary mixtures for which experimental VLE data is available on
the dew line only, including reference.

Ne + CoHg  [374] | Xe + I, [375] | Na + RI0_[377] | COs + R10 [377]
Ne + CoHy  [374] | I + CO,  [376] | CO, + Kr  [378] | R143a + R12B1  [379]
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Table 9: List of the 11 binary mixtures for which experimental VLE data is available for
dilute state points only.

Ar + RI13 [380] | Cl; + R130a [230] | COs + SFe  [382] | SFg + R113  [285]
CHy + CS;  [381] | Ny + CS, [381] | CO, + R113  [380] | R13 + R10  [383]
CH, + R113  [380] | Ny + R113  [380] | SFg + €S, [381]

4.2.2 Results and Discussion

The results are presented here in pressure vs. mole fraction phase diagrams, cf. Figures
41 to 60 and the supplementary material of [390]. Full numerical VLE simulation data
are given in the supplementary material of [390] as well, which also contains the saturated
densities and the heat of vaporization from simulation. Due to the fact that such data is

rarely available from experiment for comparison, they are not discussed here.
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Figure 41: Binary vapor-liquid phase diagram of R23 + R152a at 293.15 K: + experi-
mental data [328]; ® present simulation data with £=0.982; — Peng-Robinson EOS with

By addressing the binaries, the lower boiling component is always mentioned first, i.e.
in mixture A 4+ B, A is lower boiling one. In all phase diagrams, also the pure substance
vapor pressure of the molecular models is indicated. These were obtained via the vapor

pressure correlations for polar 2CLJ fluids as given in [177, 178].
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Figure 42: Binary vapor-liquid phase diagram of R140a + R10 at 298.15 K: + experi-
mental data [361]; ® present simulation data with £=1.010; — Peng-Robinson EOS with
kz]:'0001
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Figure 43: Binary vapor-liquid phase diagram of Ne + CO, at 273.15 K: + experimen-
tal data [192]; ® present simulation data with £=1.124; — Peng-Robinson EOS with
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To assess the quality of the mixture models, VLE calculations were made at other
state points than those used for the adjustment of the binary interaction parameter &.
Preferably, state points were chosen for which a direct comparison to experimental data is
possible. The near-critical region was not covered to avoid difficulties in the simulations.
The first criterion of the present assessment is the resulting slope of the bubble line which
can directly be compared with experimental data in most cases. The second criterion is
the resulting dew point composition as a function of pressure which is fully predictive here.
These data may also directly be compared to experimental data in most cases. However,
for 80 mixtures no experimental dew line data was published. A similar assessment was
made in the Third Industrial Fluid Property Simulation Challenge 2007 [5] for molecular
simulation data regarding the binary system R227ea + Ethanol.

p/ MPa
[\
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Figure 44: Binary vapor-liquid phase diagram of R22 + R134a at 343.81 K: + experi-
mental data [320]; ® present simulation data with £=0.988; — Peng-Robinson EOS with
k;;=0.010.

The mixture models were rated according to the two criteria mentioned above: if the
slope of the simulative bubble line was in agreement with the experiment roughly within
the statistical uncertainty and the average deviation between simulation and experiment
for the dew point mole fraction was below 0.05 mol/mol, it was assumed that the mixture
model is successful. For a few pure fluids, e.g. R23 between around 260 to 300 K, the pure
substance vapor pressure shows noticeable deviations when compared with experimental
data, cf. Figure 41. Thus, the binary two-phase envelope must deviate in the region

which is rich of this component. However, it was found that such deficiencies usually do
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not translate into the remaining composition range. If the mixing behavior was generally

predicted correctly in that sense, the mixture model was also rated as successful.

The successful cases are discussed here at a glance due to the large number of systems,
however, they are all shown in the supplementary material of [390]. The regarded vapor
pressure range, depending on the availability of experimental data, was extensive. It
covers more than three orders of magnitude from around 0.016 MPa (R140a + R10, cf.
Figure 42) to above 30 MPa (Ne + COa, cf. Figure 43).

For zeotropic mixtures, it can be seen that very different shapes of the two-phase
envelope were predicted correctly. At sub-critical temperatures, there are very narrow
envelopes (e.g. R22 + R134a, cf. Figure 44), wider envelopes (e.g. Propylene + R114, cf.
Figure 45) and very wide envelopes (e.g. R14 4+ R152a, cf. Figure 46), where the vapor

phase contains little of the high boiling component.
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Figure 45: Binary vapor-liquid phase diagram of Propylene + R114 at 298 K: + experi-
mental data [280]; ® present simulation data with £=0.966; — Peng-Robinson EOS with
k;;=0.050.

There are qualitatively different slopes of the bubble line: convex (e.g. Xe + R40, cf.
Figure 47), straight (e.g. Ny + Ar, cf. Figure 48), concave (e.g. R23 + R152a, cf. Figure
41) or S-shaped (e.g. R14 + Propylene, cf. Figure 49). Also qualitatively different slopes
of the dew line were predicted correctly: convex (e.g. R22 + R12, cf. Figure 50), straight
(e.g. R22 + R134a, cf. Figure 44), concave (e.g. CHy + CyHg, cf. Figure 51), or S-shaped
(e.g. R22 + CS,, cf. Figure 52).
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Figure 46: Binary vapor-liquid phase diagram of R14 + R152a at 174.91 K: + experi-
mental data [306]; ® present simulation data with £=0.982; — Peng-Robinson EOS with
k;;=0.100.
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Figure 47: Binary vapor-liquid phase diagram of Xe 4+ R40 at 182.32 K: + experimen-
tal data [206]; ® present simulation data with £=0.973; — Peng-Robinson EOS with
k;;=0.074.
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Analyzing the VLE envelopes further, it was found that 36 binaries show an azeotropic
behavior, thereof one exhibits a pressure minimum (R134 + R152a, cf. Figure 53). It
should be noted that the location of the azeotropic point is a fully predictive property in

the present work.
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Figure 48: Binary vapor-liquid phase diagram of Ny + Ar at 122.89 K: + experimental
data [216]; ® present simulation data with £&=1.010; — Peng-Robinson EOS with k;;=-
0.015.

To limit the computational effort, for most mixtures only one isotherm was simulated
and, of course, it can be argued that the binary interaction parameter ¢ and thus the
mixture model might only be valid for the temperature where it was adjusted. This would

significantly restrict the applicability of the present mixture models.

To counter this, a subset of 53 binaries was regarded for two to up to four different
temperatures. A good example is CO + CHy, cf. Figure 54, which is experimentally
well explored. It can be seen there for four isotherms that the present mixture model is
successful in a temperature range of 55 K in the entire composition range. Also larger

temperature intervals were regarded, e.g. 100 K for R22 4+ CS,, cf. Figure 52.

For 22 mixtures only isobaric experimental data is available, mostly at ambient pres-
sure. Then, usually only these state points were simulated (e.g. R116 + R115, cf. Figure
55) and thus the predictive quality with respect to temperature and composition was

assessed.
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Figure 49: Binary vapor-liquid phase diagram of R14 + Propylene at 210 K: + experi-

mental data [304]; ® present simulation data with £=0.872; — Peng-Robinson EOS with
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Figure 50: Binary vapor-liquid phase diagram of R22 + R12 at 343.81 K: + experi-
mental data [315]; ® present simulation data with £=0.974; — Peng-Robinson EOS with
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Figure 51: Binary vapor-liquid phase diagram of CHy; + CyHg at 172.04 K: + experi-
mental data [212]; ® present simulation data with £=0.997; — Peng-Robinson EOS with
k;;=0.001.

In case of 12 binaries experimental data is only available for a fixed bubble point com-
position (e.g. SFg + R13B1, cf. Figure 56). There, the predictions regarding temperature

and pressure were evaluated.

In summary, for a total of 267 binaries useful experimental VLE data were found.
Based on the criteria mentioned above it has been rated the present modeling approach
in 259 cases as successful, i.e. only for eight binaries, listed in Table 10, larger deviations

were found. The quota of successful mixture models is hence 97 %.

Table 10: List of the 8 binary mixtures for which the present molecular mixture models
show larger deviations.

Ne + Xe  [384] | Ne + R14 [385] | C3Hy + Propylene [387] | Propylene + R30  [237]
Ne + R13  [385] | No + R14  [386] | CoHa + Propyne  [387] | R13 + R114 [388]

It is worthwhile to examine the unsatisfactory cases as well, which are listed in Table 10.
Different deviation types can be distinguished: For five binaries, the agreement between
simulation and experiment is good on the bubble line, however, the predicted dew point

composition is off by more than 0.05 mol/mol on average.
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Figure 52: Binary vapor-liquid phase diagram of R22 + CS, at 323.15 and 423.15 K:
+ experimental data [245]; ® present simulation data with £=0.950; — Peng-Robinson
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Figure 53: Binary vapor-liquid phase diagram of R134 + R152a at 253.45 K: + experi-
mental data [355]; ® present simulation data with {=1.075; — Peng-Robinson EOS with
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Figure 54: Binary vapor-liquid phase diagram of CO 4+ CH, at 123.4, 137.1, 164 and 178
K: + experimental data [234]; ® present simulation data with £=1.003; — Peng-Robinson

This is the case for Ne + Xe (Figure 57), Ne + R13, Ne + R14, N, + R14 and
Propylene 4+ R30. It should be noted that three of those mixtures contain Neon. In
case of CoHy + Propylene, cf. Figure 58, a modest temperature extrapolation over 21
K failed, where significant deviations in pressure were found. The simulated binary data
for CoHy + Propyne, cf. Figure 59, also shows deviations from experimental dew line
data, however, the slope of the bubble line seems qualitatively wrong as well. Finally, a
significant mismatch between experiment and simulation was found for R13 + R114. The
experimental data for that system, taken from DDB, is from an anonymous author [388]
and is the only available source. By inspection of Figure 60 it can be concluded the binary
data from [388] seems doubtful as it does not correspond with the pure substance vapor

pressure of the two components in the pure substance limit.

On the basis of such a large data set it is useful to examine the distribution of the
optimized unlike interaction parameter &, cf. Figure 61. It can be seen that the modus
of this distribution lies at £ = 1 and that on average £ is below unity. For 71 % of the
binaries it is within 5 % of the Berthelot rule (£ = 1). Six systems (Ne + Kr, Ne + COs,
SF¢ + R32, R32 + R134a, R116 + R32, and R116 + R41) require binary parameters
that significantly differ from unity, i.e £ < 0.8 or £ > 1.1. Among them two again contain

Ne, which indicates together with the three unsatisfactory cases that the Lennard-Jones
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Figure 55: Binary vapor-liquid phase diagram of R116 + R115 at 271.1, 285.1 and 294.5
K: + experimental data [350]; ® present simulation data with £=1.000; Peng-Robinson

potential does not well represent the intermolecular interactions of Ne. Three of the
remaining four binaries contain R32, which was modeled by the Stockmayer potential. It
might be argued that the large deviation from unity is caused by this oversimplification

of the molecular structure of R32.

For 263 systems, the results of the Peng-Robinson EOS with adjusted binary parameter
k;; are also shown. Due to the fact that this model is a reliable correlation tool, making
it a workhorse in process engineering, it performs well in most cases too. Beside the fact
that it sometimes overshoots in the critical region, which is a well known fact, only for
few mixtures significant deviations were found. Examples are Ar + Propylene, COy +
CSy and R23 + CS, (all presented in the supplementary material of [390]) as well as R14
+ R152a (Figure 46), Xe + R40 (Figure 47), CoHy 4 Propylene (Figure 58) and R13 +
R114 (Figure 60).
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Figure 56: Binary vapor-liquid phase diagram of SFg + R13B1 at 258.26, 283.13 and
296.7 K: + experimental data [284]; ® present simulation data with £=0.999; — Peng-

Robinson EOS with £;;=0.035.
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Figure 57: Binary vapor-liquid phase diagram of Ne + Xe at 279.14 K: 4 experimental

data [384]; ® present simulation data.
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Figure 58: Binary vapor-liquid phase diagram of CoHs + Propylene at 332.26, 342.48
and 353.21 K: 4 experimental data [387]; ® present simulation data; — Peng-Robinson
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Figure 59: Binary vapor-liquid phase diagram of CoHy + Propyne at 273.3 K: 4 exper-
imental data [387]; ® present simulation data; — Peng-Robinson EOS.
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Figure 60: Binary vapor-liquid phase diagram of R13 + R114 at 293.15 K: + experi-
mental data [388]; ® present simulation data; — Peng-Robinson EOS.
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Figure 61: Distribution of the binary interaction parameter £ for the 259 successful cases.
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4.3 Ternary Vapor-Liquid Equilibria

The binary interaction parameters of 267 binary systems in Section 4.2 were applied here

for all available ternary systems based on those 78 pure substance models.

To avoid an arbitrary selection of the studied systems, a combinatorial brute force
approach was taken. Theoretically, out of the N = 78 components N(N —1)(N —2)/6 =
76 076 ternary mixtures can be formed, but of course, by far not all of these systems have
been studied experimentally. To our knowledge, VLE were measured only for a subset of
33 out of the 76 076 ternary systems, corresponding to 0.043%. In the present work, all
these 33 ternary mixtures were studied. This is the largest set of ternary systems that
was used so far to probe the application of molecular modeling and simulation to ternary

mixtures.

It would have been attractive to investigate VLE of multi-component mixtures with
more than three components too, however, to our knowledge no experimental data exist

for any mixture consisting of four or more of those 78 components.

The simulation results from the present work are compared to experimental data and in
most cases to the Peng-Robinson EOS [138] which was applied in the same predictive way,
i.e. it was adjusted to the same binary data that were also used to adjust the molecular

mixture models.

4.3.1 Experimental Database

Experimental data were predominately retrieved using Dortmunder Datenbank (DDB)
[187]. According to DDB, for a subset of 33 of the potential 76 076 ternary mixtures
experimental VLE data are available. They stem from 30 publications, cf. Table 11.
These 33 ternary systems include 35 of the 78 pure components, cf. Section 4.1, Table 6.

The studied 33 ternary systems are listed in Table 11 together with a reference to the
experimental VLE data. Of those 33 ternary mixtures, five have been modeled in previous

work of our group [36, 37, 38|, but the resulting VLE data were published only partly.

It can be argued that these 33 systems, being just 0.043% of the full combinatorial
sample, were selected by the experimentalists due their technical or scientific importance.
The majority of the 33 mixtures were measured for potential refrigeration applications,
however, indiscriminately all ternary VLE out of the 78 components for which experimen-

tal data are available were studied here.
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Table 11: List of the 33 studied ternary mixtures and reference to literature on ex-
perimental VLE. For systems indicated with {, only bubble line data is available from
experiment.

Ar + CHy + Ny 391 N; + CO5 + CoHg 401 R13 + R14 + R23 407
Ar + CHy + CO 392] Na + CO2 + R12 402] R22 + R23 + R114 { 406
Ar + CHy + CoHg 197] N3 4+ CO2 + R22 403] R22 + R124 + R142b ¢ 408
Ar + N3 + O 393] N; +R13+ R14 7 404] R22 + R142b + R152a 321
CHy4 + Ngy + CO 394] CO2 + R22 + R142b 254] R23 + R113 + R114 325

[391] [401] [407]
[392] [402] [406]
[197] [403] [408]
= = =
CH4 + Ny + CO, [395] CO, + R142b + R152a [254] R30 + R30BI + R30B2  [330]
[396] [274] [409]
[397] [329] [410]
[398] [405] [411]
[399] [406] [411]
[400] [324] [334]

CHy + No + CoHg 396] CoHy + CoHy +CoHg 274] R32 + R125 + R134a 409
CHy + CO + COq 397]  R10 + R20 + R30 329] R32 + R125 + R143a 410
CH4 + CO2 + CoHsg 398] RI10 + R1110 + R1120  [405] R125 4 R134a + R143a 411
CH, + CoHy + CoHg  [399] RI11 + R22 + R23 ¢ 406] R125 + R134a + R161 t 411
Na + Oy + CO2 400] R12 + R113 + R152a t+ [324] R140a + R141b + R142b [334

4.3.2 Molecular Mixture Models for Ternary Vapor-Liquid Equilibria

If a mixture A 4+ B + C is modeled on the basis of Lennard-Jones potentials, the knowledge
of three pairs of unlike Lennard-Jones parameters is required: oap, €ap and oac, €ac as
well as ogc, €gc. For their determination, the broadly used Lorentz-Berthelot combining
rule is a good starting point [75]. However, introducing a binary interaction parameter &
to adjust the unlike energy parameter

For VLE, it was shown in [75] that £ can be adjusted to a single experimental binary
vapor pressure. Values for £ are given in Section 4.2, Table 7 for 267 binary combinations.
Note that the present 33 ternary systems comprise 65 different binary subsystems, whereof
62 were covered in Table 7. The three exceptions are Ny, + R14, R125 4+ R161 and R134a
+ R161. The binary interaction parameter for these three binary subsystems was not
adjusted to ternary VLE data, thus £ = 1 was specified instead. It was also refrained here
from adjusting the binary interaction parameter k;; of the Peng-Robinson EOS for those

systems.

4.3.3 Results and Discussion

To assess the predictive quality of the mixture models, ternary VLE were determined
by molecular simulation predominantly at state points for which a direct comparison to
experimental data is possible. Simulation details are given in the Appendix B. The Grand
Equilibrium method [96] was used for the VLE simulations, where temperature and liquid

composition are the independently specified thermodynamic variables, while vapor pres-
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sure, saturated vapor composition, saturated densities and enthalpy of vaporization are
determined. In most cases, simulation results are presented that match exactly with the
experimental bubble line composition. However, if it was found that there is a significant
mismatch for the resulting vapor pressure with respect to the experiment, the simula-
tive bubble line composition was altered so that both data sets are almost in the same

temperature-pressure plane.

As experimental densities and enthalpies are rarely available in the literature, only
vapor pressure and saturated vapor composition were used for this assessment. It should
be noted that saturated vapor composition data are available for 26 of the investigated

33 ternary systems, for the remaining seven systems, only bubble line data are available,
cf. Table 11.
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Figure 62: Ternary vapor-liquid equilibrium phase diagram of the mixture Ar + CHy +
Ny at 112 K and 0.91 MPa: + experimental data [391]; ® present simulation data; ——
Peng-Robinson EOS.

The results are presented here in ternary plots at constant temperature and pressure,
cf. Figures 62 to 76, covering 15 of the 33 studied ternary mixtures. For the remaining
18 systems, the results are not presented in figures here, while the numerical comparison
to experimental data can be found in the supplementary data of [412]. The full set of
numerical VLE simulation results is given in the supplementary data of [412], which also

contains saturated densities and heat of vaporization from simulation.
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Figure 63: Ternary vapor-liquid equilibrium phase diagram of the mixture Ar + CHy +
CoHg at 115 K and 0.412 MPa: + experimental data [197]; ® present simulation data; —
Peng-Robinson EOS.
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Figure 64: Ternary vapor-liquid equilibrium phase diagram of the mixture CH; + Ny
+ CO at 140 K and 2 MPa: + experimental data [394]; ® present simulation data; —
Peng-Robinson EOS.
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Figure 65: Ternary vapor-liquid equilibrium phase diagram of the mixture CH; + Ny +
CO; at 293.19 K and 7.15 MPa: + experimental data [395]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 66: Ternary vapor-liquid equilibrium phase diagram of the mixture CH; + Ny +
CoHg at 220 K and 8 MPa: + experimental data [396]; ® present simulation data; —
Peng-Robinson EOS.
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Figure 67: Ternary vapor-liquid equilibrium phase diagram of the mixture CH; + CO
+ COq at 223.15 K and 6.7 MPa: + experimental data [397]; ® present simulation data,;
— Peng-Robinson EOS.

For all predicted VLE properties, an estimate of the statistical uncertainty is provided
in the supplementary data of [412]. Due to the fact that the error bars are mostly within

symbol size, they were omitted in the figures.

The present assessment was made on the basis of the resulting composition on the
saturation lines which can directly be seen in comparison with the experimental data in
the phase diagrams of this section. Note that the simulated vapor pressure in general
does not match exactly with the presented pressure, but it is usually very close to it. The
numerical data in the supplementary data of [412] allow for a direct comparison of the

vapor pressure.

Not for all studied systems, the experimental data are sufficient to assess the topology
of the saturation lines in the the isobaric-isothermal phase diagrams. Most of those, for
which this is possible, show a simple topology where one straight bubble line and one
straight corresponding dew line connect two binary subsystems, e.g. Ar + CH4 + No, cf.
Figure 62, CHy + Ny + CO, cf. Figure 64, or Ny + CO5 + R22, cf. Figure 71.
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Figure 68: Ternary vapor-liquid equilibrium phase diagram of the mixture CH; + CO,
+ CyHg at 230 K and 4.65 MPa: + experimental data [398]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 69: Ternary vapor-liquid equilibrium phase diagram of the mixture Ny + Oy +
CO, at 232.85 K and 12.4 MPa: + experimental data [400]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 70: Ternary vapor-liquid equilibrium phase diagram of the mixture Ny + COqy +
CoHg at 220 K and 4 MPa: + experimental data [401]; ® present simulation data; —
Peng-Robinson EOS.

However, three mixtures have markedly curved phase envelopes, i.e. CHy + CO5 +
CqHg, cf. Figures 68, Ny + COq + CyHg, cf. Figure 70, and R13 + R14 + R23, cf. Figure
75. All three have one azeotropic subsystem, cf. Section 4.2, which however, cannot
directly be seen from the figures for the ternary systems shown here. Please note that all
respective subsystems are presented in Section 4.2. The phase envelope is also curved for
the mixture CHy + Ny + CyHg, cf. Figure 66, which has a ternary critical point. Finally,
Figure 72 for the mixture CoHy + CsHy + CyHg, shows two pairs of straight saturation

lines which also result from the azeotropic behavior of the subsystem CoHy + CoHg.

The temperature range covered in the present study is quite large, i.e. from 112 K
(Ar + CHy + Ny, cf. Figure 62) to 358.5 K (R10 + R1110 + R1120, cf. Figure 74). The
same holds for the pressure range, i.e. from 0.07 MPa (R10 + R20 + R30, cf. Figure 73)
to 12.4 MPa (Ny + Oy 4+ COs, cf. Figure 69). For most mixtures, experimental data are
available only for one pair of temperature and pressure values, however, for 11 ternary
systems either two (10) or three (1) pairs of values were simulated. Thereby, the largest
temperature interval was 50 K (N3 + COy 4+ CyHg, cf. Figure 70 and supplementary data
in [412]) and the largest pressure interval was 7.23 MPa (Ny + Oz + COq, cf. Figure 69
and supplementary data in [412]).
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Figure 71: Ternary vapor-liquid equilibrium phase diagram of the mixture Ny + COqy +
R22 at 273.2 K and 3.083 MPa: + experimental data [403]; ® present simulation data;
— Peng-Robinson EOS.
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Figure 72: Ternary vapor-liquid equilibrium phase diagram of the mixture CoHy + CoHy
+ CoHg at 277.6 K and 3.55 MPa: + experimental data [274]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 73: Ternary vapor-liquid equilibrium phase diagram of the mixture R10 + R20

+ R30 at 318.15 K and 0.07 MPa: + experimental data [329]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 74: Ternary vapor-liquid equilibrium phase diagram of the mixture R10 + R1110
+ R1120 at 358.5 K and 0.101 MPa: + experimental data [405]; ® present simulation
data; — Peng-Robinson EOS.
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Figure 75: Ternary vapor-liquid equilibrium phase diagram of the mixture R13 + R14
+ R23 at 199.8 K and 0.345 MPa: + experimental data [407]; ® present simulation data,;
— Peng-Robinson EOS.
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Figure 76: Ternary vapor-liquid equilibrium phase diagram of the mixture R140a +
R141b + R142b at 323.25 K and 0.25 MPa: + experimental data [364]; ® present simu-
lation data; — Peng-Robinson EOS.
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In general, it can be stated that the agreement between simulation and experiment is
very satisfactory. Both qualitatively and quantitatively, the data sets match in almost all

cases.

Only for the mixture Ny + R13 + R14, the VLE could not be simulated at the
conditions for which experimental data [404] are available. Particularly the temperature
of 77.8 K, which is well below the pure substance triple temperature of both R13 (92 K)
and R14 (89.5 K), posed a problem during simulation as it is in immediate vicinity to
solidification. It should be pointed out that the employed molecular models were neither

optimized nor evaluated with respect to the triple line.

Also results from Peng-Robinson EOS with adjusted binary parameter k;; are shown.
Within the 15 examples presented here, three cases can be identified where significant
deviations between the Peng-Robinson EOS and the remaining two data sets can be seen,
i.,e. No + Oy + COg, cf. Figure 69, R10 + R20 + R30, cf. Figure 73 and R140a + R141b
+ R142b, cf. Figure 76.
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4.4 Gas Solubility in Pure Solvents

The aim of this work in this area is to predict the temperature dependence of the Henry’s
law constant in a systematic manner for a wide range of solutes and solvents by molecular

modeling and simulation.

4.4.1 Experimental Database

Experimental data were predominately retrieved using the Dortmunder Datenbank (DDB)
[187]. As pointed out in Section 4.2, theoretically, N(N —1)/2 = 3003 binary mixtures can
be formed, but of course, by far not all of these systems have been studied experimentally.
For 95 systems experimental Henry’s law constant data were found in 72 publications,
cf. Table 6, thereof for 29 binary mixtures also experimental VLE data are available, cf.
Section 4.2.

The 95 binary systems studied here include 41 of the 78 pure components, cf. Table
6. Of the 41 components, 20 act as solutes, 15 as solvents and six as solutes and solvents,

since they are studied in mixtures with less and more volatile components, cf. Table 6.

The studied 95 binary systems are listed in Table 12 together with a reference to the
experimental H; data, indicating the subgroup of 29 systems for which experimental VLE

data are available as well.

For the 29 binary mixtures which were studied in Section 4.2 and also in this section,
values for ¢ were available. These were obtained by an adjustment to a single experimental
vapor pressure p at some finite mole fraction of the binary mixture. Such values are
indicated by &, in the following. On the basis of that binary interaction parameter &,, the
temperature dependence of the Henry’s law constant was predicted here for the subgroup
of 29 mixtures. As discussed below, in some cases significant deviations were encountered
so that the binary interaction parameter was then readjusted to the experimental Henry’s
law constant data here, being indicated by &y. For the remaining 66 binary systems
which were not studied with respect to binary VLE, £y was adjusted here to H; at some
temperature, cf. Table 12.
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Table 12: List of 92 binary mixtures.
the Henry’s law constant, experimental data used for the adjustment with reference and
simulation results with adjusted &g. In cases where the experimental Henry’s law constant
is omitted, {5 was adjusted via temperature extrapolation. The number in parentheses
denotes the statistical uncertainty in the last digit.

4 Large Systematic Study on Vapor-Liquid Equilibria of Mixtures

Binary interaction parameter &y adjusted to

Mixture (i+S) Category  &p T Hem H™P Ref.
K MPa MPa
0, + Ch 3 0.093 298 665 (4) 663 [413]
€O, + Clat 1 0.920 20815 | 113 (1)  11.2 [413]
Xe + COy 1 0.904 28315 | 87 (2) 8.7 [414]
0y + COst 3 0.979 22375 | 53.0 (5)  53.0 [415]
Ar + CS, 1 0.901 298.15 | 208.9 (3) 200.2 416, 417]
Kr + CS, 3 0.966 298.15 572 (4) 57.7 [418]
Xe + CS, 3 0.999 298 9.8 (2) 9.7 [418]
CH, + CS, 1 0.984 29815 | 78 (2) 80 (381, 418]
N, + CS, 1 0.905 298.15 | 463  (6) 456 381, 418, 419]
0, + CS, 3 0.859 208.15 | 231 (2) 230 [420]
Cly + CSq 1 0.991 298 0.93 (3) 0.96 [421]
CO + CSq 3 0.968 298 302 (4) 303 [420]
CO2 + CSot 1 0.877 306.36 34.1 (5) 33.6 [381, 422]
C,H, + CS, 1 0.942 28815 | 175 (6) 175 [423]
CoHy + CSy 3 0.995 298 15.7 (5) 15.7 [424]
CoHg + CSo 3 0.992 298.15 9.8 (4) 9.4 [416, 418]
Propylene + CS; 3 0.870 29815 | 20 (2) 19 [418]
SFg + CSs 1 0.862 288.29 | 117  (6) 110 (381, 418]
R14 + CS, 1 0.813 308 484 (14) 476 [425]
Ny + Propylenef 4 0.959 180 52.1 (9) - [426]
N, + SFg 3 1400 300.15 |  8.34 (3) 8.33 [427]
Ar + R10f 2 0.964 34815 | 779 (5) 74l 199, 417]
Kr + R10 5 1.049 350 31.2 (2) - 428, 429]
CH,4 + R10 5 1.068 350 38.3 (3) ; [430]
N, + R10 5 0.899 340 134 (1) . [431, 432, 433]
05 + R10 5 0.888 350 779 (4) - [432, 433, 434, 435, 436, 437]
Cly + R10 1 0.972 344.15 2.0 (2) 2.0 [438, 439, 440, 441, 442]
CO, + R10 4 0.808 340 182 (1) - [422, 434, 443, 444, 445, 446]
C,H, + R10} 1 0.859 32315 | 114 (1) 114 [423]
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Table 12: continued.

Mixture (:+S) Category &g T Hgm HP Ref.
K MPa MPa
CoH, + R10T 1 0078 33315 | 110 (4  1L1 [279, 424, 447, 448]
CoHg + R10 5 1.043 350 83 (1) - [448, 449]
Propylene + R10t 1 1.005 33315 | 28 (9) 2.8 279, 448]
SFe + R10 4 0.834 361 26.6 (7) - 425, 428]
R12 + R10f 4 0.991 330 1.9 (10) - [383]
R13 + R10 4 0.943 330 126 (3) - [383]
R14 + R10 4 0.794 350 82 (1) ; [425]
R22 + R10f 5 0.929 350 4.07 (7) ; [450]
R23 + R10 5 0.725 380 32.3 (3) ; [451, 452]
R40 + R10 4 0.925 350 2.23 (2) - [453, 454, 455, 456)
R161 + R10 4 0.959 350 2.34 (4) - [457, 458]
R13 + R11} 1 0.975 27315 |  2.56 (7) 3.42 [296]
R22 + R11{ 1 0.956 273.15 |  0.68 (2) 0.92 296]
R23 + R11t 1 0.802 303.15 | 14.0 (1) 14.3 451, 459]
Ny + R20 3 0.905 298.15 196.9 (3) 196.1 [460]
0, + R20 3 0.833 280.65 | 1408 (2)  140.7 [461]
Cly + R20 1 0.985 298.15| 0.6 (8) 0.7 [438]
CoHy + R20f 4 1.001 390 152 (2) - 279]
Propylene + R20t 4 0.975 390 6.79 (7) ; [279]
R22 + R20 3 0.950 29315 | 2 (2) 1.7 [450]
R40 + R20 3 0.991 298.15 0.4 (13) 0.5 [456]
R161 + R20 1 0.921 293.15 2 (2) 1.7 [457]
Kr + R20B3 3 0.956 29515 | 61 (1) 61 [429]
CH, + R30 1 0.893 30315 | 808 (8)  S8LO [462]
Cly + R30 1 1036 298.15 |  0.474(6) 0.483 [438]
CO4 + R30t 1 0.868 310.93 10.38 (7) 10.38 [463]
CH; + R40 3 1011 293.15 | 328 (3) 328 [464]
Ne + R113 2 0.928 298.15 | 1169 (1)  116.9 [465]
Ar + R113% 1 1.027 208.06 | 327 (2) 327 [380]
Xe + R113 2 1120 298.15 2.82 (3) 2.7 [465]
CH; + R113 1 1.044 30815 | 20.8 (1) 208 [380]
N, + R113 1 0.980 29813 | 525 (4) 525 [380]
CO, + R113 1 0.870 30850 | 6.4 (5) 6.49 [380]
CoH, + R113 1 0.908 343.15 | 1042 (6)  10.50 [466]
CoHg + R113 1 1.020 298.08 |  3.64 (4) 3.76 [465, 467, 468]
SFe + R113f 1 0.804 319 6.6 (1) 5.6 [285, 380, 425]
R14 + R113 1 0.858 278.40 18.5 (5) 18.5 [425]
R116 + R113 2 0.998 30073 | 3 (2) 3.6 (465, 468]
R1114 + R113 1 0.946 298.15 | 3.3 (9) 3.4 [469]
R1132 + R113 2 0.978 36315 | 62 (2) 6.2 [469]
N, + R114 2 1196 31315 | 186 (1) 18.6 [470]
SFy + R114f 1 1.050 277 0.7 (5) 1.02 [285]
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Table 12: continued.

Mixture (i+S) Category &g T Hym H*P Ref.
K MPa MPa
R23 + R1147 3 0732 30315 | 945 (1) 944 [451]
Cly + R130at 1 0.915 373 12 (1) 42 [230]
Cly + R140t 4 0.948 450 8.45 (3) - [230]
CoH, + R140 1 0.952 440 17.67 (8) - [471]
R1140 + R1407} 4 0.980 450 5.25 (3) - [472]
Cl, + R140at 1 0.930 281 0.7 (4) 0.5 [230]
CO, + R140at 3 0.889 294.26 | 657 (6)  6.63 [445]
C,H, + R140a 1 0.914 32315 |  8.86 (7) 7.52 [471]
R1140 + R140a 1 0.928 323.15 1.23 (3) 1.24 [471]
Cly + R150at 4 0.967 360 2.8 (2) - [230]
CoH, + R150a 4 0.965 360 9.18 (6) - [473]
Cly + R150B2 3 0.994 313.15| 08 (16) 0.9 [442]
CO + R150B2 3 0.900 298.15 | 369.1 (6) 370.7 [474]
0O, + R1110 5 0.926 380 87.6 (2) - [436, 437]
Propylene + R11107 4 1.011 380 54 (1) - [279]
R23 + R1110 5 0.664 380 60.0 (7) - [451, 452]
0O + R1120 5 0.961 340 88.3 (2) - [437]
CO, + R1120 5 0.829 310 16.3 (5) - [475]
CoH, + R1120 5 0.847 314 131 (6) - [475]
Propylene + R1120 1 0.983 303.15 | 2.0 (2) 1.9 279, 282]
CoHs + R1140 1 1.008 242.15 1.3 (11) 1.3 [473]

In all simulations 864 solvent molecules were used to evaluate the Henry’s law constant.
After an equilibration of 30 000 time steps, 200 000 production time steps of 1.5 fs were
carried out inserting 3456 test molecules after each time step. The Lennard-Jones long
range interactions beyond the cut-off radius were corrected employing angle averaging as
proposed by Lustig [476]. The dipolar interactions were corrected using the reaction field
method [72]. The cutoff radius was at least 17.5 A. The quadrupolar and also the mixed
dipolar-quadrupolar interactions need no long range corrections, as their contributions

disappear by orientational averaging.

As discussed above, Widom’s method has its limitations. Often, the solute molecules
are smaller than the solvent molecules which is advantageous for the calculation of H;.
However, when the temperature is low and thus the saturated liquid solvent density is very
high, the probability of successful test molecule insertions becomes very low. Then, the H;
calculation shows large statistical uncertainties or even a complete failure of that method.
Nonetheless, exclusively molecular dynamics simulation in combination with Widom’s
method was used here because it does work at higher temperatures and simulation data

over a larger temperature range allows for a reasonable temperature extrapolation.
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4.4.2 Results and Discussion

For 95 binary mixtures, the Henry’s law constant H; was determined as a function of
temperature. The results are presented in the supplementary material of [477] for each
individual system in graphical form that contains the experimental data for comparison.
There, it is distinguished graphically between the different experimental sources. The full
numerical data set from simulation is provided in the supplementary material of [477] as
well, together with an estimate of the statistical uncertainty. Error bars were calculated
by a block averaging method [478] and the error propagation law. Due to the fact that
the error bars are predominantly within symbol size, they were omitted in the figures to
achieve a better visibility as the results for several binary mixtures are combined therein.

In these figures, results for 37 of the 95 systems are exemplarily shown.
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Figure 77: Henry’s law constant of N, (@), C;Hy (W), R14 (#) and R1114 (A) in liquid
R113. Full symbols represent simulation results, empty symbols are experimental data
(380, 425, 466, 469].

For this discussion, the 95 systems are grouped into six categories, cf. Table 12. The
first category, containing 38 systems, is characterized by the presence of experimental
data over a significant temperature range where a very good to excellent match with the
simulation data was achieved. Eight such systems are shown Figures 77 and 78. The
order of magnitude and also the temperature dependence of H; vary. E.g., H; ranges from
around 4 MPa for R1114 in R113 that increases with temperature (Figure 77) to around
450 MPa for Ny in CS, that decreases with temperature (Figure 78). In case of CHy in
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CS, (Figure 78), H; changes little with temperature in the regarded range.
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Figure 78: Henry’s law constant of Ar (®), CH, (M), N, (#) and SFs (A) in liquid
CS,. Full symbols represent simulation results, empty symbols are experimental data
(381, 416, 418].
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Figure 79: Henry’s law constant of Ar in liquid R10 (®), of Ne in liquid R113 (M) and
of Ny in liquid R114 (¢). Full symbols represent simulation results, empty symbols are
experimental data [417, 465, 470].
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Figure 80: Henry’s law constant of Kr (@), O, (W), CO (4) and CyHy (A) in liquid
CS,. Full symbols represent simulation results, empty symbols are experimental data
(418, 420, 423].

For the second category, containing the six systems Ne in R113, Ar in R10, N, in R114,
R1132in R113, R116 in R113 and Xe in R113, the experimental data are also available over
a significant temperature range, but the simulation results show a qualitatively different
temperature dependence. Three typical systems are shown in Figure 79. Due to the
fact that the binary interaction parameter was adjusted to experimental H; data for
five of the six systems, the data sets from simulation and experiment intersect. For the
remaining system Ar in R10, cf. Figure 79, the binary interaction parameter was adjusted
in Section 4.2 to experimental VLE data at 348.15 K. Around this temperature, the
predicted H; from simulation compares well with the experimental data, however, the

temperature trend differs.

For the 44 mixtures in the first and second category a comparably broad experimental
data base is available for the present assessment. As in 38 of the 44 cases the temperature
dependence of H; from simulation agrees well with the experiment, it can be stated that

molecular modeling and simulations predominantly does yield good results.

The third category, containing 20 systems, is characterized by the presence of a single
experimental H; data point that is part of the temperature range where simulation was
feasible. Due to the adjustment of ¢ the simulation data coincides with the experiment,
however, the presented temperature extrapolation cannot be assessed on the basis of

experimental data. Figure 80 shows four typical systems.
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Figure 81: Henry’s law constant of Cl, (®), CoH, (W) and R1140 (4) in liquid R140. Full
symbols represent simulation results, empty symbols are experimental data [230, 471, 472].
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Figure 82: Henry’s law constant of SF¢ (@), R12 (W), R13 (#) and R14 (A) in liquid
R10. Full symbols represent simulation results, empty symbols are experimental data
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Figure 83: Henry’s law constant of CH, (®), N, (W), O, (#) and CoHg (A) in liquid
R10. Full symbols represent simulation results, empty symbols are experimental data
(430, 432, 434, 448].

For most mixtures, experimental H; data are available only at low temperatures, typi-
cally below 360 K. Particularly for the studied polar solvents, the saturated liquid state is
then highly dense so that the calculation of the chemical potential of the solute at infinite
dilution by Widom’s test particle method fails for low temperatures. This also depends
on the nature of the solute; the larger and more polar the solute molecule is, the higher

is the minimum temperature where such a calculation is feasible.

In 16 cases, H; could not be determined in the temperature range where experimental
data are present, which is the fourth category. However, as can be seen in Figures 81
and 82 for seven selected mixtures, both the experimental and simulation data allow
for an overlapping extrapolation which can be regarded as satisfactory. Note that the
binary interaction parameter for the three systems R12 in R10, Cly in R140 and R1140
in R140 was adjusted in Section 4.2 to experimental VLE data at 297.75, 313 and 346.15
K, respectively, cf. Figures 81 and 82. Thus for these systems, it can be stated that the
molecular mixture models yield correct and consistent H; and VLE data. With respect
to Widom’s method, it can be seen in Figure 82 that the H; calculation at 330 K was

feasible for R13 in R10, while for R14 in the same solvent it was not.
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Furthermore, the fifth category is also characterized by non-overlapping temperature
ranges, but experimental data are present only for a single temperature or a very narrow
temperature range. For the respective 12 systems only the simulation data allow for an
extrapolation which was found to be in satisfactory agreement with the experiment. Four

selected examples are shown in Figure 83.
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Figure 84: Henry’s law constant of R22 in liquid R10 (®), R22 in liquid R11 (W), CoH,
in liquid R20 (¢) and CO; in liquid R140a (A). Full symbols represent simulation results
where the binary parameter §, was adjusted to the vapor pressure in Section 4.2, empty
symbols are experimental data [279, 296, 445, 450].

As indicated above, for 29 systems both experimental VLE and H; data are available.
For these systems, the binary interaction parameter has been adjusted to the vapor pres-
sure at finite mole fractions in Section 4.2, being indicated by &,, leading to an excellent
match between experiment and simulation with respect to the VLE data. For a subgroup
of 20 systems it was found here that these molecular mixture models are capable to yield
correct and consistent H; and VLE data. Exemplarily, four such systems are shown in
Figure 84.

For the remaining nine systems, the predicted H; data deviate from the experiment
so that the binary interaction parameter was readjusted in these cases, labeled by &g.
This issue is illustrated in Figures 85 and 86 for six systems. E.g., in case of CO4 in
CSy, cf. Figure 85, the H; values predicted on the basis of £, are too low by around 30%,
but the temperature trend is satisfactory. Decreasing the binary interaction parameter by

approximately 0.04 shifts H; onto to the experimental data. For other systems, e.g. Ar in
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R113, cf. Figure 86, the H; values predicted on the basis on , are too high so that £y <
&p- It was observed that the influence of the binary interaction parameter on H; is weaker

for higher temperatures.
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Figure 85: Henry’s law constant for different binary systems. Full symbols represent
simulation results where the binary parameter £y was adjusted to the Henry’s law con-
stant in this this work, semi-filled symbols represent simulation results where the binary
parameter £, was adjusted to the vapor pressure in Section 4.2, empty symbols are ex-
perimental data: CO; in liquid CS, (®), £y = 0.877, &, = 0.918, [381, 416, 443]; CoHy
in liquid R10 (M), {5 = 0.978, &, = 1.003, [279, 447]; R13 in liquid R11 (¢), g = 0.953,
&, = 0.975, [296].

Figure 87 lists the 29 systems where both experimental VLE and H; data are available,
comparing their optimal binary interaction parameters §, from Section 4.2 and {x from
this part. As can be seen, only in a few cases, e.g. CoHs in R10 or R23 in R114, they
strongly differ.

Finally, for the three mixtures Ne in R10, CO in R140a and CO, in R150B2, consti-
tuting the sixth category, the present modeling approach did not yield reasonable results.
The simulation data according to the Berthelot rule, i.e. £ = 1, were found to be very far
off the experimental data which would require altering & by an unphysically large extent,
e.g. &€ > 2 in case of CO in R140a. It should be noted that the 1CLJ model for Ne
performs poorly with respect to VLE data, cf. Section 4.2. This is confirmed, as for both
mixtures containing Ne studied here, i.e. Ne in R10 and Ne in R113 (wrong temperature

dependence), unsatisfactory results were achieved.
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Figure 86: Henry’s law constant for different binary systems. Full symbols represent
simulation results where the binary parameter £y was adjusted to the Henry’s law constant
in this work, semi-filled symbols represent simulation results where the binary parameter
&y was adjusted to the vapor pressure in Section 4.2, empty symbols are experimental data:

CO, in liquid Cl, (®), &4 = 0.920, &, = 0.936, [413]; Ar in liquid R113 (M), & = 1.027,
¢, = 1.012, [380]; CH, in liquid R113 (#), & = 1.044, &, = 0.997, [380].

Another aspect that can be studied on the basis of the present simulation data is
the general temperature trend of the Henry’s law constant for different solutes in a given
solvent. E.g., for the solvent R10 a total of 19 solutes were investigated. These simulation
results are combined in Figure 88, showing that the H; values at low temperatures cover
a band of around 130 MPa. With increasing temperature the data sets for the different
solutes converge, covering a band of around 35 MPa at the critical temperature of the
solvent. For the solvent CS,, where 15 solutes were investigated here, a similar behavior
was found. Thus it can be concluded that the Henry’s law constant at high temperatures
is less influenced by the solute properties through the unlike interaction, but mainly by

the like solute-solute interaction.
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Figure 87: Comparison of the binary interaction parameter £y that was adjusted to the
Henry’s law constant in this work (full bars) to the binary interaction parameter &, that
was adjusted to the vapor pressure in Section 4.2 (empty bars).
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Figure 88: Henry’s law constant of the 19 solutes Ar, Kr, CHy, Ny, Oy, Cly, CO4, CoHo,
CsoHy, CoHg, Propylene, SFg, R12, R13, R14, R22, R23, R40 and R161 in liquid R10 from
simulation (+). The dashed line indicates the critical temperature of the solvent.
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5 Summary

This work was aimed to give both qualitative and quantitative evidence for the reliability
of molecular modeling and simulation for VLE of industrial fluid mixtures. Eight new
accurate molecular pure substance models were developed for experimentally inconvenient
fluids. Furthermore, 377 binary and ternary mixtures were studied and 97 % of them were

successfully described.

Molecular modeling and simulation was applied to predict VLE of binary mixtures
containing Hydrogen chloride and Phosgene in combination with Benzene, Chloroben-
zene, Ortho-Dichlorobenzene and Toluene. New molecular models were developed for
these six components based on quantum chemical information on molecular geometry and
electrostatics. Experimental data on the vapor pressure and the saturated liquid density
were taken into account to optimize the pure substance models. These pure substance
properties were accurately described by the molecular models from the triple point to the
critical point. Average deviations to correlations of experimental data are typically less
than 5 and 0.5 % for vapor pressure and saturated liquid density, respectively. Critical
values of temperature, density and pressure from simulation agree with experimental data

within the combined error bars.

The design of the models for the cyclic components allows for their compatibility
with molecular Hydrogen chloride models by distributing the quadrupolar interaction
sites among the methine groups. The second virial coefficient was predicted for Hydro-
gen chloride, Phosgene and Benzene and favorably compared to experimental data. The
other three substances were not studied with respect to this property as there are no

experimental data available for comparison.

For an optimized description of the binary VLE, the unlike dispersive interaction was
adjusted for seven of the nine studied binary systems to a single experimental bubble
point in the vicinity of ambient conditions. With these binary mixture models, VLE data,
including dew point composition, saturated densities and enthalpy of vaporization, was
predicted for a wide range of temperatures and compositions. The predictions show a
good agreement with additional experimental binary VLE data that were not considered

in the model development.

Analogous work was done for Ethylene oxide, Ethylene glycol and Water as well as
their binary mixtures. Both Ethylene glycol and Water are strongly hydrogen bonding
molecules so that they were modeled with point charges. For Ethylene oxide, a model from
the literature was taken. Significant progress was achieved for these two fluids compared

to previous works by other groups. Both their bubble density and vapor pressure were
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well described. Furthermore, the Water model shows a good prediction of the second viral

coeflicient.

With respect to the binary VLE, the mixture Ethylene oxide + Water can not be
described by the Peng-Robinson EOS, where excellent results were obtained with the
present molecular model. In addition, the Henry’s law constant of Ethylene oxide in
Water was investigated. Models for the two binary mixtures Ethylene oxide + Ethylene
glycol and Ethylene glycol + Water were presented.

A large scale simulation effort was made to cover 366 binary and ternary mixtures
in a combinatorial way for another group of 78 components. The employed polar 2CLJ
models in many cases oversimplify the molecular features of the substance that they
represent. Unexpectedly, it was found that the molecular models are almost always able
to compensate such oversimplifications and nonetheless adequately cover the effects of

mixing.

To optimally represent the phase behavior of all regarded binary mixtures, the unlike
dispersive energy parameter was adjusted to a single experimental vapor pressure of each
mixture. It was found that the Berthelot rule is a good choice. In 71 % of all binaries,
unlike dispersion was modified by 5 % or less. On average, unlike dispersion should
by slightly weaker than the Berthelot rule suggests. Following that procedure, a large
number of 259 molecular mixture models was presented that accurately cover the diverse
fluid phase behavior of binary systems. Compared to the Peng-Robinson EOS, molecular

modeling and simulation is superior, particularly in the critical region.

Next, 33 ternary mixtures were studied by molecular simulation with the Grand Equi-
librium method. This method was found to be well suited for simulations of ternary VLE.
Due to the fact that pairwise additive potentials were employed and no adjustment of
binary parameters to ternary data was carried out, all results of that study on ternary
systems are predictive. An excellent agreement between the predictions and the experi-
mental data was observed throughout. Reliable predictions can also be expected for VLE
of mixtures containing more than three components. Compared to the Peng-Robinson

EOS, molecular modeling and simulation was found to yield superior predictions.

Finally, it was shown that molecular simulation is a reliable method for investigating
the Henry’s law constant of gases dissolved in liquid solvents. An extensive simulation
effort, based on polar 2CLJ models, was made to cover 95 binary mixtures in a combinato-
rial way. It was found that molecular models are again predominantly able to compensate

oversimplifications and adequately cover the gas solubility effects.

Based on these mixture models, the temperature dependence of the Henry’s law con-
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stant was predicted and compared to the available experimental data. For the large
majority of systems that can be assessed in this sense, a good agreement was found.
Moreover, it was shown that the models are predominantly capable to yield correct and
consistent phase equilibrium data at infinite dilution and also at finite mole fractions.
For high temperatures, it was found for a given solvent that the Henry’s law constant
of different solutes converges to a narrow band. This indicates that this thermophysical

property is then mainly determined by the solute-solute interaction.

In summary, it was shown that molecular modeling and simulation can successfully
be used to predict thermophyiscal data of industrially important pure substances and
mixtures. It was applied here to properties that can often also be described well by phe-
nomenological approaches like EOS. Nevertheless, even in such cases molecular modeling
and simulation is valuable as it provides and independent approach where no experi-
mental data are available. On the basis of this work, there are many possibilities how
to progress into the future. Additional molecular models must be developed for various
pure substances and mixtures that are both accurate and simple. And, of course, molec-
ular modeling and simulation must further be applied to technical problems in process

engineering, to establish the method for industrial use.
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Appendix A: Numerical Simulation Results

Toxic Fluids for Process Engineering Applications

Appendix A: Numerical Simulation Results

Table 13: Parameters of the new molecular models. Lennard-Jones interaction sites are
denoted by the modeled atoms. Electrostatic interaction sites are denoted by point charge,
dipole or quadrupole, respectively. Coordinates are given with respect to the center of

mass in a principal axes system.

Orientations of the electrostatic sites are defined in

standard Euler angles, where ¢ is the azimuthal angle with respect to the z — 2z plane and
6 is the inclination angle with respect to the z axis.

interaction site x Y z o e/kp 0 ") q 1 Q
A A A A A deg deg e D DA

Hydrogen chloride

HCl 0 0 -0.0378  3.520 179.00

point charge(H) 0 0 1.2422 0.273

point charge(Cl) 0 0 -0.0378 -0.273

Phosgene

C 0 05049 O 2.815  10.62

(@) 0 1.7018 0 3.195 132.66

Cl(1) 0 -0.4695 -1.4509 3.366 157.63

Cl(2) 0 -0.4695  1.4509 3.366 157.63

dipole 0 00845 0 90 90 1.002

quadrupole 0 0 0 90 90 -3.627

Benzene

CH(1) 0 1.5843 0.9147  3.243 91.82

CH(2) 0 1.5843 -0.9147 3.243 91.82

CH(3) 0 0 -1.8294  3.243 91.82

CH(4) 0 -1.5843 -0.9147 3.243 91.82

CH(5) 0 -1.5843  0.9147 3.243  91.82

CH(6) 0 0 1.8204 3.243  91.82

quadrupole(1) 0 15843  0.9147 90 0 -1.028

quadrupole(2) 0 1.5843 -0.9147 90 0 -1.028

quadrupole(3) 0 © -1.8294 90 0 -1.028

quadrupole(4) 0 -1.5843 -0.9147 90 0 -1.028

quadrupole(5) 0 -1.5843  0.9147 90 0 -1.028

quadrupole(6) 0 0 1.8294 90 0 -1.028




Table 13: continued.

interaction site y z o e/kp 0 %) I Q
A A A A A deg deg D DA

Chlorobenzene

CH(1) 0 0 2.7329 3.306  96.39

CH(2) 0 -1.5723 1.8201 3.306  96.39

CH(3) 0 1.5723 1.8201 3.306  96.39

CH(4) 0 -1.5761 0.0025  3.306 96.39

CH(5) 0 1.5761  0.0025 3.306 96.39

C 0 0 -0.4563 2.787  11.66

Cl 0 0 -2.1844 3.373 176.30

dipole 0 0 -0.4563 0 -90 2.170

quadrupole(1) 0 0 2.7329 90 0 -1.815

quadrupole(2) 0 -1.5723  1.8201 90 0 -1.815

quadrupole(3) 0  1.5723  1.8201 90 0 -1.815

quadrupole(4) 0 -1.5761  0.0025 90 0 -1.815

quadrupole(5) 0 1.5761  0.0025 90 0 -1.815

Ortho-Dichlorobenzene

C(1) 0 0.6908 0.0051 2.771  11.46

C(2) 0 -0.6908 0.0051 2.771 11.46

CH(1) 0 09056 27612 3.413 102.32

CH(2) 0 -0.9056 2.7612 3.413 102.32

CH(3) 0 1.8027 1.1948 3.413 102.32

CH(4) 0 -1.8027 1.1948 3.413 102.32

Cl(1) 0 1.5813 -1.4524 3.354 173.25

C1(2) 0 -1.5813 -1.4524 3.354 173.25

dipole 0 0 0.2400 0 -90 3.249

quadrupole(1) 0 0.9056  2.7612 90 0 -2.196

quadrupole(2) 0 -0.9056  2.7612 90 0 -2.196

quadrupole(3) 0  1.8027  1.1948 90 0 -2.196

quadrupole(4) 0 -1.8027  1.1948 90 0 -2.196

Toluene

CHs; 0 0 -2.7520 3.586 123.49

C 0 0 -0.9597 2794  10.94

CH(1) 0 1.5720 -0.4615 3.276 100.52

CH(2) 0 -1.5720 -0.4615 3.276 100.52

CH(3) 0 1.5752  1.3557 3.276 100.52

CH(4) 0 -1.5752 1.3557 3.276 100.52

CH(5) 0 0 2.2729 3.276 100.52

dipole 0 0 -0.9597 180 -90 0.440

quadrupole(1) 0 1.5720 -0.4615 90 0 -1.688

quadrupole(2) 0 -1.5720 -0.4615 90 0 -1.688

quadrupole(3) 0 1.5752  1.3557 90 0 -1.688

quadrupole(4) 0 -1.5752  1.3557 90 0 -1.688

quadrupole(5) 0 0 2.2729 90 0 -1.688
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Table 14: Vapor-liquid equilibrium simulation results of the pure substances on the
basis of the new molecular models. The number in parentheses indicates the statistical
uncertainty in the last digit.

T p 4 p” Ah,

K MPa mol/1 mol/1 kJ/mol
Hydrogen chloride
180.00 0.061 (3) 33.19 (1) 0.040 (2) 16.527 (4)
210.00 0.308 (9) 30.92 (1) 0.129 (4) 15.246 (5)
240.00 095 (1) 28.42 (2) 0.530 (6) 13.743 (6)
270.00 237 (2) 2545 (3) 1.39 (1) 11.586 (9)
300.00 499 (3) 21.50 (2) 3.30 (2) 8.38 (2)
305.00 547 (3) 20.66 (3) 3.67 (2) 778 (2)
310.00 598 (4) 19.70 (3) 4.10 (3) 7.08 (3)
Phosgene
229.52  0.0081 (3) 15.390 (5) 0.0020 (1) 28.12 (1)
269.43 0.065 (3) 14.499 (6) 0.030 (1) 25.95 (1)
299.37 0.200 (8) 13.819(6) 0.086 (3) 24.26 (1)
34927 080 (1) 12480 (8) 0.314 (4) 21.02 (1)
399.16 225 (2) 10.80 (2) 0.901 (8) 16.55 (3)
424.11 348 (2) 9.66 (2) 1.500 (9) 12.31 (5)
Benzene
320.00 0.0310 (1) 10.833 (2) 0.00950 (3) 34.00 (1)
370.00 0.154 (3) 10.140 (3) 0.052 (1) 31.18 (1)
395.00 0.313 (1) 9.815 (2) 0.102 (9) 28.23 (8)
420.00 0.524 (8) 9.378 (4) 0.166 (3) 27.93 (2)
445.00 0.885 (4) 8.970 (6) 0.283 (4) 24.57 (8)
470.00 1.348 (9) 8.491 (6) 0.426 (3) 23.81 (2)
520.00 292 (2) 730 (2) 1.023 (7) 17.79 (6)
Chlorobenzene
284.96 0.0007 (1) 9.994 (4) 0.00020 (3) 45.87 (2)
317.84 0.0042 (4) 9.664 (4) 0.0010 (1) 43.79 (3)
350.72 0.017 (1) 9.327 (4) 0.0050 (3) 41.71 (2)
394.56 0.079 (3) 8.870(4) 0.0210 (7) 38.96 (2)
460.32 0.38 (2) 8.093 (7) 0.095 (5) 34.39(3)
526.08 1.17 (2) 720 (3) 0.327 (6) 28.43(5)
560.00 1.87 (2) 6.58 (1) 0.536 (6) 24.53 (7)
580.00 2.45 (2) 6.21 (2) 0.779 (6) 21.51 (9)
591.84 2.95 (2) 596 (1) 0.967 (7) 194 (2)
Ortho-Dichlorobenzene
344.64 0.0022 (2) 8.515(3) 0.00050 (5) 51.51 (3)
387.72 0.0138 (5) 8.150 (4) 0.0040 (1) 48.44 (3)
430.80 0.055 (2) 7781 (4) 0.0140 (5) 45.41 (3)
506.19 0.311 (6) 7.066 (7) 0.080 (2) 39.51 (4)
560.04 0.800 (9) 6.48 (2) 0.202 (2) 34.51 (6)
613.89 1.66 (2) 579 (2) 0489 (6) 27.75(7)
Toluene
277.51 0.00109 (4) 9.614 (4) 0.00040 (1) 42.85 (3)
349.45 0.03200 (5) 8.837 (2) 0.00160 (1) 38.23 (1)
411.12 0.2050 (5) 8.123(2) 0.0604 (1) 33.95 (1)
47279 0.766 (5) 7.311 (5) 0.229 (1) 28.78 (2)
534.46 1.96 (1) 6.23 (1) 0.659 (3) 21.52(3)
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Table 15: Vapor-liquid equilibrium simulation results of the binary mixtures on the basis
of the new molecular models in partial comparison to experimental vapor pressure data.
The number in parentheses indicates the statistical uncertainty in the last digit.

Mixture T TA D perP YA s o Ah,

(A + B) K mol/mol MPa MPa mol/mol mol/1 mol/1 kJ/mol

Hydrogen chloride + Phosgene
266.15  0.09 020 (1) 0.24 [139] 0.75 (2) 15435 (7) 0.092 (5) 25.72 (2)
266.15  0.24 0.50 (4) 053 [139] 091 (1) 16.861(7) 024 (2) 25.14 (2)
266.15  0.39 0.84 (9) 084 [139] 095 (1) 1855 (2) 042 (4) 24.07 (3)
266.15  0.61 15 (3) 1.3 [139] 0.985(3) 20.84 (2) 0.82 (16) 20.25 (2)
12315 0.06 504 (3) 0228 (1) 974 (3) 215 (1) 12.26 (5)
42315 0.09 583 (3) 0205 (2) 978 (2) 252 (1) 11.58 (5)
42315 0.13 6.75 (4) 0353 (3) 977 (2) 298 (2) 10.68 (6)
42315 0.15 7.36 (4) 0383 (3) 972 (3) 3.32 (2) 9.95(8)
42315 0.18 8.25 (6) 0404 (4) 978 (4) 395 (3) 89 (1)

Hydrogen chloride + Benzene

293.15  0.043 0.104 (2) 0.101 [140] 0.93 (1) 11.493 (5) 0.043 (1) 34.50 (2)
293.15  0.401 1.04 (1) 0.999 (1) 14.770 (9) 0.460 (4) 26.76 (2)
293.15  0.750 2.63 (3) 0.999 (1) 20.05 (2) 1.33 (2) 18.06 (2)
39315 0.108 1.51 [140]

393.15  0.112 1.39 (1) 0.787 (5)  10.463 (7) 0.453 (2) 27.56 (2)
393.15  0.401 493 (2) 0931 (2) 1250 (1) 1.786 (7) 20.80 (3)
393.15  0.700 | 10.72 (6) 0.953 (1) 14.97 (4) 4.95 (3) 11.95 (6)

Hydrogen chloride + Chlorobenzene

283.15 0.094 0.266 (9) 0.267 [140] 0.997 (3) 10.657 (5) 0.115 (4) 42.83 (3)
283.15 0.300 0.95 (2) 0.998 (2) 12471 (5) 0.434(9) 35.86 (2)
283.15 0.600 1.98 (3) 0.998 (2) 16.393(2) 1.00 (2) 25.48 (2)
283.15 0.800 2.65 (3) 0.999 (1) 20.37 (1) 145 (2) 18.32(2)
393.15 0.090 1.259 (8) 0.945 (3) 9.395(5) 0.400 (3) 36.26 (2)
393.15 0.117 1.61 [140]

393.15 0.300 4.43 (3) 0.980 (1) 10.850 (8) 1.53 (1) 29.10 (3)
393.15 0.600 10.31 (5) 0.982 (1) 13.61 (1) 4.44 (2) 17.88(4)
423.15 0.095 1.73 (1) 0.902 (4) 9.053 (8) 0.577 (3) 34.25 (3)
423.15 0.300 5.69 (2) 0.959 (1) 10.380 (3) 1.853 (7) 27.25(2)
423.15 0.600 12.90 (6) 0.964 (1) 12.74 (3) 5.12 (2) 15.90 (7)

Hydrogen chloride + Ortho-Dichlorobenzene

393.15 0.127 1.97 [140]

393.15 0.133 1.84 (2) 0.9920 (8)  8.897 (4) 0.588 (6) 42.74 (3)
393.15 0.401 6.50 (5) 0.9990 (9) 11.008 (7) 2.36 (2) 31.24 (3)
393.15 0.651 12.60 (8) 0.9921 (6) 13.84 (2) 5.79 (4) 19.06 (5)

Hydrogen chloride + Toluene

20315 0.043 0.103 (2) 0.101 [140] 0.983 (4) 9.753 (3) 0.043 (1) 40.60 (2)

293.15  0.401 121 (2) 0.998 (2) 12.883(6) 0.541 (9) 30.81 (2)
293.15  0.651 241 (3) 0.999 (1) 1645 (1) 1.20 (1) 22.79 (2)
39315  0.124 1.42 [140]

393.15  0.143 1.749 (9) 0.921 (3) 9.176 (6) 0.568 (3) 31.58 (2)
393.15  0.500 7.38 (4) 0971 (1) 11.94 (3) 2385 (2) 20.62 (4)

(
393.15  0.750 | 13.13 (8) 0960 (2) 142 (2) 6.85 (4) 10.39 (9)
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Table 15: continued.

Appendix A: Numerical Simulation Results

Mixture T TA D porP YA ! 4 Ah,
(A + B) K mol/mol |  MPa MPa mol/mol mol/1 mol/1 kJ /mol
Phosgene + Benzene
293.15 0.023 0.017 (1) 0.018 [141] 0.44 (3) 11.248 (5) 0.0070 (4) 35.11 (2)
293.15 0.069 0.029 (2) 0.031 [141] 0.73 (2) 11.348 (5) 0.0120 (8) 34.50 (2)
293.15 0.137 0.046 (2) 0.045 [141] 0.85 (2) 11.499 (4) 0.0190 (8) 33.63 (2)
293.15 0.198 0.061 (2) 0.056 [141] 0.89 (1) 11.651 (7) 0.0250 (8) 32.88 (2)
293.15 0.248 0.069 (3) 0.065 [141] 0.88 (2) 11.777 (6) 0.029 (1) 32.30 (2)
293.15 0.332 0.084 (3) 0.081 [141] 0.923 (7) 11.973 (5) 0.035 (1) 31.26 (2)
293.15 0.370 0.085 (3) 0.086 [141] 0.935 (7) 12.060 (6) 0.036 (1) 30.80 (2)
293.15 0.461 0.098 (4) 0.098 [141] 0.942 (6) 12.300 (5) 0.041 (2) 29.79 (2)
293.15 0.650 0.122 (4) 0.965 (5) 12.830 (6) 0.052 (2) 27.77(2)
293.15 0.800 0.133 (3) 0.980 (2) 13.294 (6) 0.056 (1) 26.36 (1)
Phosgene 4+ Chlorobenzene
323.15 0.234 0.102 (4) 0.103 [140] 0.97 (1) 10.330 (5) 0.039 (2) 38.83(3)
323.15 0.600 0.254 (5) 099 (1) 11.641 (6) 0.099 (2) 31.33(2)
423.15 0.200 0.77 (1) 0.822 (6) 8.984 (5) 0.239 (3) 32.92(2)
423.15 0.431 1.47 (2) 0.918 (3) 9.451 (9) 0.485 (7) 27.77 (3)
423.15 0.800 2.65 (3) 0.975 (1) 10.01 (1) 1.00 (1) 19.10 (3)
448.15 0.200 1.08 (1) 0.760 (6) 8.63 (1) 0.324 (3) 31.07(3)
448.15 0.451 2.16 (2) 0.892 (2) 9.03 (1) 0.706 (7) 25.21 (4)
448.15 0.800 3.86 (3) 0.959 (1) 920 (4) 154 (1) 16.04 (5)
Phosgene + Ortho-Dichlorobenzene
343.15 0.131 0.097 (8) 0.988 (9) 8946 (5) 0.034 (3) 47.81 (3)
343.15 0.401 0.32 (2) 0.998 (2) 9.965 (7) 0.119 (7) 39.74 (4)
343.15 0.700 0.50 (2) 0.999 (1) 11.302(9) 0.188 (8) 30.76 (3)
363.15 0.080 0.105 (5) 0.103 [140] 0.97 (1) 8.611 (5) 0.035 (2) 47.96 (3)
363.15 0.401 0.48 (1) 0.998 (2) 9.731(4) 0.170 (2) 38.38 (2)
363.15 0.700 0.81 (2) 0.999 (1) 10.958 (6) 0.301 (7) 29.30 (2)
Phosgene + Toluene
308.15 0.102 0.033 (2) 0.034 [140] 0.87 (1) 9.611 (5) 0.0129 (8) 39.10 (3)
308.15 0.242 0.069 (3) 0.952 (5) 10.102 (5) 0.027 (1) 36.77 (2)
308.15 0.700 0.190 (5) 0.9969 (7) 12.017 (6) 0.077 (2) 28.90 (2)
423.15 0.200 0.81 (1) 0.698 (8) 8433 (9) 0.258 (3) 29.60 (3)
423.15 0.530 1.83 (2) 0.893 (3) 9.20 (1) 0.635 (7) 23.43(3)
423.15 0.750 248 (2) 0948 (1) 9.62 (2) 0926 (7) 19.11 (4)
448.15 0.200 1.24 (2) 0.639 (8) 8.048 (9) 0.386 (6) 27.47 (4)
448.15 0.426 2.12 (3) 0.812 (4) 846 (1) 0.71 (1) 23.15(3)
448.15 0.750 3.55 (5) 0925 (1) 878 (4) 138 (2) 16.12(6)
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Table 16: Parameters of the new molecular model for Ethylene glycol based on Lennard-
Jones interaction sites and point charges, cf. Figure 30. The coordinates are given with
respect to the center of mass in a principal axes system.

interaction site Y z o €/kp q

A A A A e
OH(1) 1.6941 0.2400 0  3.18 89.31
OH(2) -1.6941 -0.2400 0  3.18 89.31
CHs(1) -0.4831  0.8857 0  3.50  94.00
CH»(2) 0.4831 -0.8857 0  3.50  94.00
point charge at CHy(1) -0.4831 0.8857 0 0.278
point charge at O(1) 1.6941  0.2400 O -0.811
point charge at H(1) -2.4793  0.2072 0O 0.532
point charge at CHy(2)  0.4831 -0.8857 0 0.278
point charge at O(2) -1.6941  -0.2400 0O -0.811
point charge at H(2) 24793 -0.2072 O 0.532

Table 17: Vapor-liquid equilibrium simulation results for the pure substances on the
basis of the new molecular models. The number in parentheses indicates the statistical
uncertainty in the last digit.

T ) 7 Z Ah,
K MPa mol/1 mol/1 kJ/mol
Ethylene glycol

325.00 0.000002 (5) 17.45 (1) 0.000023 (1) 70.24 (7)
350.00 0.00051 (1) 17.18 (1) 0.000111 (2) 69.71 (6)
400.00 0.00722 (6) 16.626 (6) 0.002201 (1) 66.01 (6)
450.00 0.0514 (4) 15.973 (6) 0.02230 (1) 61.17 (4)
500.00 0.2245 (9) 15.218 (6) 0.04580 (3) 56.22 (3)
550.00 0.725 (1) 14.368 (8) 0.1841 (2) 50.09 (3)
600.00 1.78 (1) 13.32 (1) 04225 (9) 43.44 (4)
650.00 3.73  (2) 1203 (3) 0928 (3) 35.31(6)
70000 678  (3) 100 (1) 1.90 (1) 212 (2)
Water (TIP4P/2010)

300.00  0.0040 (4) 56.35 (4) 0.001751 (1) 4541 (1)
32055  0.0120 (6) 55.23 (3) 0.004512 (2) 44.33 (1)
350.00  0.046 (2) 53.91(3) 0.01690 (2) 42.86 (1)
373.97  0.109 (3) 52.64 (3) 0.03600 (2) 41.64 (2)
42740 0513 (9)  50.06 (4) 0.1541 (2) 38.63 (2)
450.00  0.89 (2) 48.85(5) 0.2606 (7) 37.19 (1)
534.25 450 (5) 4310 (5) 1271  (4) 3047 (4)
550.00 580 (6) 41.75(7) 157 (1) 29.01 (1)
587.67  9.70  (8) 378 (2) 288  (2) 245 (1)
600.00 112 (1) 363 (2) 3.80  (2) 22.14 (3)
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Table 18: Vapor-liquid equilibrium simulation results for binary mixtures in partial com-
parison to experimental vapor pressure data. The number in parentheses indicates the
statistical uncertainty in the last digit.

Mixture T TA p perP YA o o’ Ah,

(A + B) K mol/mol | MPa MPa mol/mol  mol/l mol/1 kJ/mol

Ethylene oxide + Water
33355 0400 | 0.45 (2) 0.44 [171] 0075 (1) 32.28 (2) 0.1778 (3) 34.80 (2)
33435 0.300 | 041 (2) 044 [171] 0.969 (2) 36.17 (2) 0.1608 (3) 37.01 (1)
33875 0200 | 0.42 (2) 044 [171] 0.952 (5) 40.87 (2) 0.1596 (3) 39.05 (1)
350.95  0.100 | 0.44 (1) 0.44 [171] 0910 (5) 46.04 (1) 0.1621 (2) 40.52 (3)
368.75  0.050 | 0.44 (2) 0.44 [171] 0.82 (2) 49.35 (1) 0.1687 (2) 40.59 (1)
300.85  0.020 | 0.43 (3) 044 [171] 0586 (7) 50.11 (3) 0.1191 (1) 40.36 (1)
350.00  0.037 | 0.216 (7) 0.207 [171] 0.821 (3) 50.86 (2) 0.0769 (1) 42.12 (1)
350.00  0.105 | 0.43 (3) 044 [171] 0919 (5) 45.95 (2) 0.1601 (2) 40.48 (1)
350.00 0180 | 0.56 (2) - 0.044 (3) 41.37 (2) 0.2176 (2) 38.66 (2)
350.00  0.280 | 0.63 (3) - 0.958 (3) 36.45 (2) 0.2441 (4) 36.40 (2)
350.00 0500 | 0.67 (2) - 0.966 (1) 28.28 (2) 0.2569 (2) 31.46 (2)
350.00  0.750 | 0.71 (1) - 0.974 (1) 22.04 (1) 0.2772 (3) 26.11 (2)
37000  0.048 | 0.44 (3) 0.44 [171] 0.803 (9) 49.05 (2) 0.1658 (3) 40.65 (2)
370.00  0.030 | 031 (3) 031 [171] 0.701 (8) 50.39 (3) 0.1084 (2) 41.17 (2)
370.00  0.150 | 0.80 (2) 0.951 (2) 4220 (3) 0.2647 (3) 38.22 (2)
370.00  0.280 | 0.98 (3) - 0.937 (4) 35.48 (3) 0.3581 (7) 35.00 (3)
370.00 0500 | 1.06 (2) - 0.951 (2) 27.46 (2) 0.407 (1) 29.99 (2)
370.00  0.800 | 1.16 (2) - 0.967 (1) 20.24 (1) 0.446 (2) 23.62 (2)
350.00  0.020 | 0.16 (4) - 0.76 (1) 52.25 (2) 0.0615 (1) 42.49 (2)
350.00  0.050 | 0.26 (3) - 0.84 (2) 49.86 (2) 0.0886 (1) 41.83 (2)
350.00  0.100 | 0.43 (3) - 0.92 (1) 46.28 (2) 0.1580 (2) 40.57 (2)
40000  0.020 | 0.45 (2) - 0.52 (3) 49.63 (3) 0.1426 (3) 39.86 (2)
400.00  0.050 | 0.71 (2) - 0.69 (1) 47.32 (3) 0.2207 (4) 39.01 (2)
400.00  0.100 | 1.07 (1) - 0.81 (1) 43.87 (3) 0.3598 (7) 37.60 (2)
450.00  0.020 | 1.17 (2) - 0.20 (1) 46.82(3) 0.3469 (4) 36.77 (2)
45000  0.050 | 1.57 (2) - 045 (1) 44.62 (3) 0473 (1) 35.90 (3)
450.00 0.100 2.12 (4) - 0.61 (1) 41.18(2) 0.668 (2) 34.36 (2)
500.00  0.020 | 2.77 (4) - 0.150 (7) 43.66 (5) 0.799 (1) 33.06 (3)
500.00  0.050 | 3.23 (5) - 0.206 (9) 41.35 (4) 0.946 (2) 32.17 (3)
500.00  0.100 | 4.11 (7) - 0.442 (9) 38.10 (4) 1.267 (3) 30.44 (3)
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Table 18: continued.

Mixture T TA D perP YA s o’ Ah,
(A + B) K mol /mol MPa MPa mol/mol  mol/l mol/1 kJ /mol
Ethylene oxide + Ethylene glycol
36015 0.075 | 020 (1) 0.2 [172] 0.999 (1) 17.25 (1) 0.0523 (1) 64.85 (3)
360.15 0130 | 0.33(2)  0.34[172] 0999 (1) 17.36 (1) 0.1119 (1) 62.13 (6)
360.15 0500 | 0.73 (3) - 0.999 (1) 18.10 (1) 0.402 (1) 43.73 (4)
360.15  0.800 | 0.96 (4) - 0.999 (1) 17.94 (2) 0.3849 (9) 29.37 (3)
360.15  0.300 | 0.98 (2) - 0.999 (1) 17.72 (1) 0.2298 (6) 53.79 (8)
37815 0.051 | 02L(2) 021 [172] 0.999 (1) 16.98 (2) 0.0622 (1) 64.99 (9)
37815 0100 | 038 (1)  0.38[172] 0999 (1) 17.15 (1) 0.1280 (2) 62.60 (9)
37815  0.300 | 1.05 (5) - 0.999 (1) 17.50 (1) 0.380 (2) 52.01 (6)
37815 0500 | 1.39 (5) - 0.999 (1) 17.75 (1) 0.562 (1) 41.95 (3)
37815  0.800 | 1.44 (2) - 0.999 (1) 17.40 (2) 0.559 (1) 27.91 (3)
Water + Ethylene glycol
38315 0.200 ] 0.0240 (7) 0.029 [173] 0.881 (3) 19.58 (2) 0.0039 (0) 63.75 (9)
383.15 0401 | 0.049 (1) - 0.97 (1) 23.43 (4) 0.0106 (0) 60.01 (7)
383.15  0.500 | 0.062 (2) - 0.979 (3) 26.05 (3) 0.0163 (0) 57.75 (8)
383.15  0.600 | 0.078 (3) - 0.992 (3) 28.85(5) 0.0230 (0) 54.70 (5)
383.15  0.800 | 0.116 (4) - 0.994 (3) 37.23 (3) 0.0372 (0) 48.10 (4)
30515 0.200 | 0.0360 (8) - 0.872 (2) 19.40 (2) 0.0056 (0) 62.94 (3)
395.15 0401 | 0.072 (2) - 0.945 (2)  23.25 (2) 0.0153 (0) 59.21 (4)
39515  0.466 | 0.082 (2) 0.084 [173] 0.965 (4) 24.84 (1) 0.0223 (0) 57.53 (4)
39515  0.600 | 0.110 (3) - 0.971 (3) 28.55 (3) 0.0323 (0) 53.85 (4)
39515  0.800 | 0.162 (5) - 0.990 (2) 36.79 (2) 0.0508 (1) 47.29 (3)
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Appendix B: Simulation Details

B1. Toxic Fluids for Process Engineering Applications

In all cases Widom’s insertion method yielded large statistical uncertainties for the chem-
ical potential in the liquid, which is due to the high densities and the strongly interacting
molecules. Instead, Monte Carlo simulations were performed in the NpT ensemble for the
liquid. Thereby, the chemical potential was calculated by the gradual insertion method
98, 99]. The number of molecules was 500. Starting from a face centered cubic lattice,
15 000 Monte Carlo cycles were performed for equilibration and 50 000 for production, each
cycle containing 500 translation moves, 500 rotation moves, and 1 volume move. Every 50
cycles, 5000 fluctuating state change moves, 5000 fluctuating particle translation/rotation
moves, and 25000 biased particle translation/rotation moves were performed, to determine
the chemical potential. These computationally demanding simulations yield the chemical
potential in dense and strong interacting liquids with high accuracy, leading to reasonable

uncertainties in the VLE.

For the corresponding vapor, Monte Carlo simulations in the pseudo-uVT ensemble
were performed. The simulation volume was adjusted to lead to an average number of 500
molecules in the vapor phase. After 2 000 initial NV'T Monte Carlo cycles, starting from
a face centered cubic lattice, 10 000 equilibration cycles in the pseudo-uV'T" ensemble were
performed. The length of the production run was 50 000 cycles. One cycle is defined here
to be a number of attempts to displace and rotate molecules equal to the actual number

of molecules plus three insertion and three deletion attempts.

The cut-off radius was set to 17.5 A throughout and a center of mass cut-off scheme
was employed. Lennard-Jones long-range interactions beyond the cut-off radius were
corrected employing angle averaging as proposed by Lustig [476]. Electrostatic interactions
were approximated by a resulting molecular dipole and corrected using the reaction field
method [72]. Statistical uncertainties in the simulated values were estimated by a block

averaging method [478].

B2. Large Systematic Study on Vapor-Liquid Equilibria of Mixtures

A center-center cut-off radius of 17.5 A was used for the explicit evaluation of the inter-
molecular interactions. The Lennard-Jones tail corrections for internal energy, pressure,
and chemical potential were calculated employing angle averaging as proposed by Lustig

[476]. Long-range corrections for the dipolar part of the potential model were calculated
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with the reaction field method [479, 480]. The quadrupolar interaction needs no long range
correction as it disappears by orientational averaging. The same holds for the mixed polar

interaction between dipoles and quadrupoles, cf. Weingerl et al. [481].

VLE was obtained with the Grand Equilibrium method [96]. Depend on Depending

on thermodynamic conditions, different levels of computational effort were employed
Binary miztures

(A) In simple cases (e.g. Ar + R22, Kr + Propylene and R116 + R134a) VLE can
be obtained with small statistical uncertainties sampling N = 500 molecules for the lig-
uid phase and about 200 molecules for the vapor phase. Liquid simulation runs were
carried out using molecular dynamics with 100 000 time steps, vapor simulation runs
were performed using the Monte Carlo technique with 100 000 cycles. Within one cycle,
N attempts to translate or rotate, and two attempts to insert or delete molecules were
performed. The chemical potentials were calculated by Widom’s insertion technique [66]

using 2000 test molecules each time step.

(B) In intermediate cases (e.g. R14 + R13, R116 + COy and SF¢ + R13B1) where
experimental data is present only for dense liquid phases, 864 molecules were used for liquid
simulations and about 600 molecules for vapor simulations. Liquid runs were carried out
using molecular dynamics with 300 000 time steps, vapor runs were performed by Monte

Carlo with 200 000 cycles. The number of test molecules was 3456 every time step.
(C) In difficult cases (e.g. R134a + R114, R32 + R143a and R1120 + R1110) where

experimental data is present only for highly dense strongly polar liquid phases where the
vapor pressure is usually very low, the more elaborate gradual insertion scheme had to be

employed to obtain the chemical potentials.
Ternary miztures

(A) In simple cases (e.g. CHy + COy + CoHg, COy + R142b + R152a and R13 +
R14 + R23) VLE can be obtained with small statistical uncertainties sampling N = 864
molecules for the liquid phase and about 500 molecules for the vapor phase. Liquid
simulation runs were carried out using molecular dynamics with 200 000 time steps, vapor
simulation runs were performed using the Monte Carlo technique with 200 000 cycles.
Within one cycle, N attempts to translate or rotate, and two attempts to insert or delete
molecules were sampled. The chemical potentials were calculated by Widom’s insertion

technique [66] using 3456 test molecules each time step.

(B) In difficult cases (e.g. Ar + Ny + Oy, R10 + R20 + R30 and R30 + R30B1 +
R30B2), where experimental data are present only for highly dense strongly polar liquid

phases and the vapor pressure is usually low, the more elaborate gradual insertion scheme
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had to be employed to obtain the chemical potentials in the liquid.

The gradual insertion method is an expanded ensemble method [97] based on the
Monte Carlo technique. The version as proposed by Nezbeda and Kolafa [98], extended
to the NpT' ensemble [99], was used in Binary VLE mixture case (C) and Ternary mixture
case (B). It should be pointed out that the gradual insertion method was not employed for
calculation of chemical potentials of binary system for gas solubility due to the simplicity of
these binary systems. In comparison to Widom’s insertion technique, where real molecules
are inserted into the fluid, gradual insertion introduces one fluctuating molecule that
undergoes changes in a predefined set of discrete states of coupling with all other real
molecules of the fluid. Preferential sampling is done in the vicinity of the fluctuating
molecule. This concept leads to considerably improved accuracy of the residual chemical
potential. Gradual insertion simulations were performed with N = 864 molecules in the
liquid phase. Starting from a face-centered cubic lattice arrangement, every simulation run
was given 5 000 Monte Carlo cycles to equilibrate. Data production was performed over
100 000 Monte Carlo cycles. One Monte Carlo cycle is defined here as N trial translations,
(2/3) N trial rotations, and one trial volume change. Further simulation parameters for

runs with the gradual insertion method were taken from Vrabec et al. [99].
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