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Abstract

Vapor-liquid equilibria (VLE) of nine binary mixtures containing Hydrogen chloride or Phosgene in the sol-

vents Benzene, Chlorobenzene, Ortho-Dichlorobenzene andToluene as well as the mixture Hydrogen chloride +

Phosgene are predicted by molecular modeling and simulation. The underlying force fields for the pure substances

are developed on the basis of quantum chemical information on molecular geometry and electrostatics. These are

individually optimized to experimental pure fluid data on the vapor pressure and saturated liquid density, where

the deviations are typically less than 5 and 0.5 %, respectively. The unlike dispersive interaction is optimized for
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seven of the nine studied binaries. Previously unpublishedexperimental binary 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.

Introduction

Molecular modeling and simulation is a modern approach for predicting thermophysical properties of fluids.1

Based on mathematical representations of the intermolecular interactions, it has strong predictive capabilities as it

adequately represents structure, energetics and dynamicson the microscopic scale that govern the fluid behavior

on the macroscopic scale.

Backed by the chemical industry, substantial efforts were made in recent years by the molecular simulation

community to tackle thermophysical properties of technically relevant fluid systems.2–6 This is particularly re-

warding for substances which have inconvenient properties, like being toxic or explosive, that render experimental

studies difficult.

Here, the results from a co-operation between academia and industry, i.e. BASF SE, Ludwigshafen, Germany,

are presented. In this work, the fluid phase behavior of hazardous chemicals which are produced on a large

scale is studied. The investigated molecules are Hydrogen chloride, Phosgene, Benzene, Chlorobenzene, Ortho-

Dichlorobenzene and Toluene. For the pure substances, new molecular models were developed in this work on

the basis of quantum chemical (QC) calculations and optimizations to the vapor pressure and the saturated liquid

density in the first step.

Knowledge on vapor-liquid equilibria (VLE) of binary mixtures of those compounds is crucial for the design

and optimization of thermal separation operations which are part of the respective production processes. However,

such data are hardly available from experiment in the publicdomain.

Hydrogen chloride and Phosgene are key components in the production of Isocyanates which are important

intermediates in the Polyurethane production. The Isocyanate synthesis is a phosgenation in which Phosgene

and Hydrogen chloride are present in mixtures with organic solvents, where Benzene, Chlorobenzene, Ortho-

Dichlorobenzene and Toluene are of special interest. Therefore, in the present work, the binary mixtures of
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Hydrogen chloride or Phosgene with these four solvents weresystematically studied together with the mixture

Hydrogen chloride + Phosgene. This provides a sound basis for modeling the complex multicomponent mixtures

of the studied components which are of interest in the production processes.

For binary mixture modeling, an approach was chosen that is similar to the third Industrial Fluid Properties

Simulation Challenge.4 In that competition, experimental data on the bubble line of1,1,1,2,3,3,3-Heptaflouropro-

pane + Ethanol were supplied for a low temperature (283.17 K)over the full composition range. The task was

to predict the binary VLE at 343.13 K based on the low temperature data. The predictions submitted by the

participants were then benchmarked to experimental data that were not publicly available before the close of the

competition.4

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

measured 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. Subsequent to the

computations by molecular simulation, additional, 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 hereon the basis of pure substance properties alone

and later on assessed by non-public experimental BASF data.

Finally, for a ninth mixture, i.e. Phosgene + Benzene, it wastested for one given temperature whether a rather

unusual slope of the bubble line can be predicted.

Molecular model class

To describe the intermolecular interactions, a varying number of LJ sites and superimposed point charges,

point dipoles and linear point quadrupoles were used. Pointdipoles and quadrupoles were employed for the

description of the electrostatic interactions to reduce the computational effort during simulation. However, a
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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 distancel . Limited to smalll , one is free to choose this distance as long as

µ = ql holds. Analogously, a linear point quadrupole can be approximated by three collinear point chargesq,−2q

andq separated byl each, whereQ= 2ql2. The relation between the quadrupole momentQ and the quadrupole

tensor was discussed, e.g., in a prior work of our group.7

A simulation code that does support point dipole and point quadrupole sites isms2.8

The parameters of the present molecular models can be separated into three groups. Firstly, the geometric

parameters specify the positions of the different interaction sites of the molecular model. Secondly, the electro-

static parameters define the polar interactions in terms of point charges, dipoles and quadrupoles. And finally, the

dispersive and repulsive parameters determine the attraction by London forces and the repulsion by overlaps of

the electronic orbitals. Here, the Lennard-Jones 12-6 (LJ)potential9,10 was used to allow for a straightforward

compatibility with the overwhelming majority of the molecular models in the literature.

The total intermolecular interaction energy thus writes as
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, (1)

wherer i jab, εi jab, σi jab are the distance, the LJ energy parameter and the LJ size parameter, respectively, for the

pair-wise interaction between LJ sitea on moleculei and LJ siteb on moleculej. The permittivity of vacuum is

ε0, whereasqic, µic andQic denote the point charge magnitude, the dipole moment and thequadrupole moment of

the electrostatic interaction sitec on moleculei and so forth. The expressionsfx(ω i ,ω j) stand for the dependency

of the electrostatic interactions on the orientationsω i andω j of the moleculesi and j.11,12Finally, the summation

limits N, SLJ
x andSe

x denote the number of molecules, the number of LJ sites and thenumber of electrostatic sites,

respectively.
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For a given molecule, i.e. in a pure fluid throughout, the interactions between LJ sites of different type were

defined by applying the standard Lorentz-Berthelot combining rules13,14

σi jab =
σiiaa +σ j jbb

2
, (2)

and

εi jab =
√

εiiaaε j jbb. (3)

Molecular properties from quantum chemistry

Molecular models that were developed on the basis of QC calculations stand betweenab initio models and

empirical models. The present strategy is based on the idea to includeab initio information without giving up

the freedom to reasonably optimize the model to important macroscopic thermodynamic properties. Thus, for the

modeling process some 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.

In a recent publication, Sandler and Castier15 gave a brief overview on the use of QC in thermodynamics. By

numerically solving Schrödinger’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)16 was used in the present work.

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).16 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 specifythe spatial distribution of the LJ sites, except

for the sites that represent groups containing Hydrogen 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 (CH3) united atom site, the LJ potential was
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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 empiricaloffsets are in good agreement with the results of

Ungerer et al.,17 which were found by optimization of transferable molecularmodels for n-Alkanes.

Electrostatics

Intermolecular electrostatic interactions mainly occur due to static polarities of single molecules that can well

be obtained by QC. Here, the Møller-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 QCcalculations.

Dispersion and repulsion

It would be highly desirable to also calculate the dispersive and repulsive interactions usingab initio methods

as well. This approach was followed by different authors in the past, e.g. for Neon,18–21Argon,19,21,22Krypton,23

Nitrogen,24 Carbon dioxide,25 Hydrogen chloride,26 Acetonitrile,27 Methanol,27 Acetylene28 or Methanethiol.29

However, from an engineering point of view, this leads to difficulties.

For an estimation of dispersive and repulsive interactionsat 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
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large basis sets or even extrapolations to the basis set limit must be used for this task.15

Due to the fact that this is computationally too expensive for engineering purposes, LJ 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.

Pure fluid models

None of the six 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.

The optimization was performed using a Newton scheme following Stoll.30,31The applied method has many

similarities with the one published by Bourasseau et al.32 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.

Correlations for vapor pressure, saturated liquid densityand enthalpy of vaporization, taken from the DIPPR

database,33 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.34 The relative deviation between fit and correlation was calculated in steps of 1

K in the temperature range where simulations were performedand is denoted by "mean unsigned error" in the

following.

VLE were simulated with the Grand Equilibrium method,35 the technical details are given in the appendix.

The optimized parameter sets of the new molecular models aresummarized in Table 1.

The pure substance VLE simulation results on the basis of these optimized models are shown in absolute

terms in Figure 1 to Figure 4, where they are compared to the DIPPR correlations. Numerical simulation results

for vapor pressure, saturated densities and enthalpy of vaporization are given in Table 2.

Figure 2 illustrates the influence of molecular size and polarity on the phase envelope in a systematic man-

ner. Both size and polarity increase in the sequence Benzene, Chlorobenzene, Ortho-Dichlorobenzene which is
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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.34 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.36–40An excellent

agreement was achieved, being almost throughout within thecombined error bars.

For Hydrogen chloride, Phosgene and Benzene experimental data on the second virial coefficient are avail-

able.41–44Figure 5 compares the predictions based on the present molecular models with these data. The agree-

ment is very good, only at low temperatures noticeable deviations are present for the smaller two molecules.

In the following sections, substance specific details are discussed and the model optimization results are

assessed by means of deviation plots. Thereby, models from the literature are compared to the present models as

far as available.

Hydrogen chloride

The intermolecular interactions of Hydrogen chloride weredescribed by one LJ 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 5.600· 10−30 Cm which is thus close to

the one determined by QC (5.411· 10−30 Cm).

The experimental dipole moment of Hydrogen chloride is 3.698 · 10−30 Cm.45 It can be argued that this

elevated polar moment is necessary as the model’s point charges have to cover both polarity and hydrogen bond-

ing.46

Figure 6 shows deviation plots between simulation and correlations, where also simulation results from

Meredith et al.47 and experimental data36,48 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
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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.

Phosgene

The present Phosgene model consists of four LJ sites, i.e. one for every atom, plus one relatively weak dipole

(3.341· 10−30 Cm) and one relatively strong quadrupole (-12.098· 10−40 Cm2). 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

3.903· 10−30 Cm,49 is closer to the molecular model than to the QC result..

Figure 7 presents deviation plots between simulation and correlations, including simulation results from Wu

et al.50 and experimental data.37,51 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 that 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. forboth saturated liquid density and vapor pressure,

particularly due to lower statistical noise. No comparisonbetween the models was possible for the enthalpy of

vaporization as numerical data were not published by Wu et al.

Benzene

Different molecular models for Benzene can be found in the literature, which are mostly based on six LJ sites

plus one quadrupole in the center of the molecule that is oriented perpendicular to the molecular plane. Initially,

we have chosen the same model type in this work, 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 LJ sites so that the Hydrogen point charge of Hydrogen chloride, which is strongly attracted to it,
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enters into the central cavity. Eventually, this leads to anextreme pairwise electrostatic energy minimum and to

the breakdown of simulation. Therefore, the quadrupole wasequally divided into six parts and located on the six

LJ sites representing the methine groups, cf. supplementary material for a graphical schematic. 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 8 shows the deviation plots, where also simulation results from Bonnaud et al.,52 Carrero-Mantilla53

and Errington and Panagiotopoulos,54 Contreras-Camacho et al.,55 Wick et al.56 as well as several sets of ex-

perimental data38,57,58are 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 liquiddensity 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 Figure 8 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 byContreras-Camacho et al.,55 nonetheless the

resulting model parameters for geometry and LJ sites are very similar. The difference is less than 0.02 Å for the

site positions and the LJ size parameterσ as well as less than 2 % for the LJ energy parameterε. 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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Chlorobenzene

For Chlorobenzene, seven LJ 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 (7.238

· 10−30 Cm), whereas the total quadrupole moment amounts to -30.27· 10−40 Cm2. The quadrupole was again

equally distributed onto the methine groups to allow for a compatibility with Hydrogen chloride in the mixture.

Compared 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 5.944·

10−30 Cm.59

Figure 9 shows the deviation plots between simulation and correlations including experimental data.39,60,61

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 experiment 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.

Ortho-Dichlorobenzene

Eight LJ sites plus four quadrupoles and one strong dipole (10.84 · 10−30 Cm) were used to describe the

intermolecular interactions of Ortho-Dichlorobenzene. The total quadrupole moment of -29.31· 10−40 Cm2 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 8.372· 10−30 Cm62 compares well with

the model value.

Figure 10 shows the deviation plots between simulation and correlations, where two sets of experimental

data40,63 are included. A good agreement was obtained, yielding mean unsigned errors in vapor pressure, sat-

urated liquid density and enthalpy of vaporization 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 saturated
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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 andalmost constant offset is present.

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

Toluene

The present Toluene model is composed of seven LJ sites plus five quadrupoles and one weak dipole (1.468

· 10−30 Cm). 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 1.251· 10−30

Cm.64

Figure 11 shows deviation plots between simulation and correlations. The deviation plots include simulation

results from Nieto-Draghi et al.65 and Contreras-Camacho et al.66 as well as two sets of experimental data.38,57

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.66 (the

difference is less than 0.02 Å), which can well be understoodas both are based on QC results. Note that the

model by Contreras-Camacho et al. does not consider the electrostatic interactions explicitly.

Molecular mixture models

On the basis of defined pairwise additive pure fluid models, molecular modeling of mixtures reduces to model-

ing the interactions between unlike molecules. Unlike interactions consist of two different types here. The unlike

electrostatic interactions, e.g. between charge and dipole or dipole and quadrupole and so forth, were treated in a
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physically straightforward way, simply using the laws of electrostatics.

Unfortunately, the unlike dispersive attraction is not straightforward. If a mixture A + B is modeled on the

basis of Lennard-Jones potentials, the knowledge of the unlike LJ parametersσAB andεAB is required. Due to

the fact that there is no sound physical framework for their determination, the broadly used Lorentz-Berthelot

combining rule is the usual starting point67 with

σAB = (σA+σB)/2, (4)

and

εAB =
√

εAεB. (5)

Applying σAB andεAB as given by equations (4) and (5) allows the prediction of mixture properties from pure

fluid data alone.7,30,67–69But as shown there, a significant improvement can be achievedby introducing one state

independent binary parameterξ to adjust the unlike energy parameters

εAB = ξ
√

εAεB. (6)

It should be pointed out that A and B are molecule species thatmay each be described by several LJ sites with

different energy parametersε. Thusξ is a single overall parameter that acts consistently on all individual unlike

LJ interactions of the pair A + B.

For VLE, it was shown thatξ can be adjusted to a single experimental binary vapor pressure.67 Specifying

temperature and bubble point composition,ξ has hardly any influence on the bubble density and a minor influence

on the dew point composition. The benefit ofξ lies in an enhanced representation of the two-phase envelope. The

binary parameter was adjusted here following the same procedure.7,30,69

Table 4 gives the state point (i.e. temperatureT and bubble point mole fraction of the lower boiling component

xA) and the experimental vapor pressurepexp which was used for the adjustment as well as the resulting binary

parameterξ . A first validating VLE simulation at this state point with the adjusted mixture model was performed.

The resulting vapor pressurep and dew point compositionyA from simulation are also listed in Table 4 and can
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numerically be compared to experimental vapor pressure data there.

Binary vapor-liquid equilibria

Based on the six pure substance models developed in this work, the VLE of nine zeotropic binary mixtures

were simulated. These are Hydrogen chloride + (Benzene, Chlorobenzene, Ortho-Dichlorobenzene and Toluene),

Phosgene with the same four solvents as well as Hydrogen chloride + Phosgene.

The results are presented here in pressure vs. mole fractionphase diagrams, cf. Figure 12 to Figure 20, where

the pure substance vapor pressure of the molecular models isindicated as well. Full numerical VLE simulation

data are given in Table 5, 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 + 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: In the pressure range below 0.5 MPa

Hydrogene chloride or Phosgene were transfered 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 ist 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 equation of state (EOS)72 with adjusted

binary parameterki j are also shown. The EOS was optimized to the same state point as the molecular model.

Hydrogen chloride + Phosgene
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Figure 12 shows the VLE of Hydrogen chloride + Phosgene at 266.15 and 423.15 K from experiment, simula-

tion 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 so that the simulation data can only be compared tothe Peng-Robinson EOS.

The binary parametersξ = 0.751 andki j = 0.02 were adjusted to the vapor pressure measured by Gillespie

et al.70 at 266.15 K for a liquid mole fractionxHCl = 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.

It can be seen in Figure 12 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 methods is possible. For comparison, also a prediction by molecular simulation withξ = 1 is included in

Figure 12, which is assumed to be less reliable than that withthe adjustedξ . Forξ = 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 forξ = 1 strongly deviate from the experimental bubble points at the low

temperature.

Hydrogen chloride + Benzene

Figure 13 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 (xHCl = 0.043 mol/mol)

was taken to adjust the binary parameter of the molecular model ξ = 1.112 and of the Peng-Robinson EOSki j =

-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 13. Please

note that this experimental bubble point was not consideredin the fitting procedure, it was supplied after the
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calculations.

Hydrogen chloride + Chlorobenzene

In Figure 14, the VLE of Hydrogen chloride + Chlorobenzene at283.15, 393.15 and 423.15 K is presented.

Here, the isotherm at 283.15 K is sub-critical, for the othertwo temperatures Hydrogen chloride is supercritical.

Both ξ andki j were adjusted in the Chlorobenzene-rich composition range(xHCl = 0.094 mol/mol) at 283.15

K, where one experimental bubble point was made available byBASF. The binary parameter of the molecular

mixture model isξ = 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 393.15K, cf. Figure 14, supports again both models.

Hydrogen chloride + Ortho-Dichlorobenzene

The mixture Hydrogen chloride + Ortho-Dichlorobenzene is aunique case in this study, as no experimental

VLE data were available during the model development. Figure 15 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,ξ = 1 andki j = 0 were adopted for the molecular model and the Peng-Robinson

EOS, respectively. 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, cf. Figure 15, is in very good agreement, particularly with the simulation

data.

Hydrogen chloride + Toluene

Figure 16 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 (xHCl = 0.048 mol/mol) was made available by BASF for the

adjustment of the binary parameters (ξ = 0.981 andki j = -0.075).
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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 con-

cave, as for all mixtures containing Hydrogen chloride studied in this work. Figure 16 presents one additional

subsequently supplied bubble point at 393.15 K that supports the results of both models.

Phosgene + Benzene

In Figure 17, another topology of the two-phase envelope canbe 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.

The publicly available experimental data at this temperature by Kireev et al.71 are ten bubble points in

the Benzene-rich region. The binary parametersξ = 0.960 andki j = 0.05 were adjusted at 293.15 K and

xPhosgene= 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.

Phosgene + Chlorobenzene

The VLE of Phosgene + Chlorobenzene is presented in Figure 18at 323.15, 423.15 and 448.15 K. Experi-

mental data on the bubble line supplied by BASF at 323.15 K in the Chlorobenzene-rich region (xPhosgene= 0.234

mol/mol) were taken for the optimization of the models, yieldingξ = 0.990 andki j = 0.006.

For this mixture, Peng-Robinson EOS and simulation resultsagree 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.73 determined

the bubble line at 448 K, cf. Figure 18. Considering the obvious scatter of that experimental data, the results of

both models studied here are well supported.

Phosgene + Ortho-Dichlorobenzene

Figure 19 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 experi-

mental bubble point at 363.15 K andxPhosgene= 0.080 mol/mol was made available by BASF for this mixture.
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No adjustment was necessary for the molecular model as the vapor pressure predicted withξ = 1 matches the

experimental number well. The adjustment of the binary parameter of the EOS yieldedki j = 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 experimental 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.

Phosgene + Toluene

The VLE of Phosgene + Toluene is presented at 308.15, 423.15 and 448.15 K in Figure 20. One experimental

bubble point was made available by BASF at 308.15 K in the Toluene-rich region. The binary parametersξ =

0.990 andki j = 0.01 were adjusted at this temperature andxPhosgene= 0.102 mol/mol. 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.

Conclusion

Molecular modeling and simulation was applied to predict VLE of binary mixtures containing Hydrogen

chloride and Phosgene in combination with Benzene, Chlorobenzene, Ortho-Dichlorobenzene and Toluene. New

molecular models were developed for these six components based on quantum chemical information on molecular

geometry and electrostatics. Furthermore, 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 fortheir compatibility with molecular Hydrogen

chloride models by distributing the quadrupolar interaction sites among the methine groups.
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The second virial coefficient was predicted for Hydrogen 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 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.

This work shows 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 also be

described well by phenomenological approaches like EOS. Nevertheless, even in such cases molecular modeling

and simulation is valuable as it provides and independent approach where no experimental data are available.
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Appendix

The Grand Equilibrium method35 was used to calculate VLE data. For the liquid, molecular dynamics simu-

lations were performed in the isobaric-isothermal (NpT) ensemble using isokinetic velocity scaling11 and Ander-

son’s barostat.74 There, the number of molecules was 864 throughout and the time step was 1 to 3 fs depending

on the molecular weight and the magnitude of the intermolecular interactions. The initial configuration was a
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face centered cubic lattice, the fluid was equilibrated over25 000 time steps with the first 5 000 time steps in the

canonical (NVT) ensemble. The production run time span was 200 000 to 300 000time steps with a membrane

mass of 109 kg/m4. Widom’s insertion method75 was used to calculate the chemical potential of Hydrogen chlo-

ride as a pure substance and in the mixture with Phosgene by inserting 3 456 test molecules every production time

step.

In all other cases Widom’s insertion method yielded large statistical uncertainties for the chemical potential

in the liquid, which is due to the high densities and the strongly interacting molecules. Instead, Monte Carlo sim-

ulations were performed in theNpT ensemble for the liquid. Thereby, the chemical potential was calculated by

the gradual insertion method.76,77The 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. Thesecomputationally demanding simulations yield the

chemical potential in dense and strong interacting liquidswith high accuracy, leading to reasonable uncertainties

in the VLE.

For the corresponding vapor, Monte Carlo simulations in thepseudo-µVT 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 NVT Monte Carlo cycles, starting from a face centered cubic lattice, 10 000 equilibration cycles in the

pseudo-µVT 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 Å 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.78 Electrostatic interactions were approximated by a resulting molecular dipole and corrected using

the reaction field method.11 Statistical uncertainties in the simulated values were estimated by a block averaging

method.79
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Table 1: 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, whereϕ is the azimuthal angle with respect to thex−z plane andθ is the
inclination angle with respect to thezaxis.

interaction site x y z σ ε/kB θ ϕ q µ Q
Å Å Å Å Å deg deg 10−19 C 10−30 Cm 10−40 Cm2

Hydrogen chloride
HCl 0 0 -0.0378 3.520 179.00
point charge(H) 0 0 1.2422 0.438
point charge(Cl) 0 0 -0.0378 -0.438
Phosgene
C 0 0.5049 0 2.815 10.62
O 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 0.0845 0 90 90 3.341
quadrupole 0 0 0 90 90 -12.098
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 1.8294 3.243 91.82
quadrupole(1) 0 1.5843 0.9147 90 0 -3.429
quadrupole(2) 0 1.5843 -0.9147 90 0 -3.429
quadrupole(3) 0 0 -1.8294 90 0 -3.429
quadrupole(4) 0 -1.5843 -0.9147 90 0 -3.429
quadrupole(5) 0 -1.5843 0.9147 90 0 -3.429
quadrupole(6) 0 0 1.8294 90 0 -3.429
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Table 1: continued.

interaction site x y z σ ε/kB θ ϕ q µ Q
Å Å Å Å Å deg deg 10−19 C 10−30 Cm 10−40 Cm2

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 7.238
quadrupole(1) 0 0 2.7329 90 0 -6.055
quadrupole(2) 0 -1.5723 1.8201 90 0 -6.055
quadrupole(3) 0 1.5723 1.8201 90 0 -6.055
quadrupole(4) 0 -1.5761 0.0025 90 0 -6.055
quadrupole(5) 0 1.5761 0.0025 90 0 -6.055
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 0.9056 2.7612 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
Cl(2) 0 -1.5813 -1.4524 3.354 173.25
dipole 0 0 0.2400 0 -90 10.84
quadrupole(1) 0 0.9056 2.7612 90 0 -7.327
quadrupole(2) 0 -0.9056 2.7612 90 0 -7.327
quadrupole(3) 0 1.8027 1.1948 90 0 -7.327
quadrupole(4) 0 -1.8027 1.1948 90 0 -7.327
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Table 1: continued.

interaction site x y z σ ε/kB θ ϕ q µ Q
Å Å Å Å Å deg deg 10−19 C 10−30 Cm 10−40 Cm2

Toluene
CH3 0 0 -2.7520 3.586 123.49
C 0 0 -0.9597 2.794 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 1.468
quadrupole(1) 0 1.5720 -0.4615 90 0 -5.630
quadrupole(2) 0 -1.5720 -0.4615 90 0 -5.630
quadrupole(3) 0 1.5752 1.3557 90 0 -5.630
quadrupole(4) 0 -1.5752 1.3557 90 0 -5.630
quadrupole(5) 0 0 2.2729 90 0 -5.630
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Table 2: 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 ρ ′ ρ ′′ ∆hv
K MPa mol/l mol/l 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 0.95 (1) 28.42 (2) 0.530 (6) 13.743 (6)
270.00 2.37 (2) 25.45 (3) 1.39 (1) 11.586 (9)
300.00 4.99 (3) 21.50 (2) 3.30 (2) 8.38 (2)
305.00 5.47 (3) 20.66 (3) 3.67 (2) 7.78 (2)
310.00 5.98 (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)
349.27 0.80 (1) 12.480 (8) 0.314 (4) 21.02 (1)
399.16 2.25 (2) 10.80 (2) 0.901 (8) 16.55 (3)
424.11 3.48 (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 2.92 (2) 7.30 (2) 1.023 (7) 17.79 (6)
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Table 2: continued.

T p ρ ′ ρ ′′ ∆hv

K MPa mol/l mol/l kJ/mol
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) 7.20 (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) 5.96 (1) 0.967 (7) 19.4 (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) 7.781 (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) 5.79 (2) 0.489 (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)
472.79 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 3: 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.

Tsim
c Texp

c ρsim
c ρexp

c psim
c pexp

c Ref.
K K mol/l mol/l MPa MPa

Hydrogen chloride 324 324.65 (5) 12.2 12.34 (3) 8.3 8.31 (5)36

Phosgene 454 455.0 (7) 5.1 5.40 (6) 5.7 5.35 (4)37

Benzene 563 562.15 (6) 3.9 3.88 (2) 4.9 4.9 (1)38

Chlorobenzene 631 632.35 (8) 3.2 3.24 (7) 4.6 4.52 (8)39

Ortho-Dichlorobenzene 705 705.0 (9) 2.8 2.77 (6) 4.0 4.1 (3)40

Toluene 592 591.75 (8) 3.4 3.20 (4) 4.1 4.08 (3)38
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Table 4: Binary interaction parameterξ , experimental bubble point used for the adjustment with reference, simulation results with
adjustedξ and binary parameterki j of the Peng-Robinson EOS. The number in parentheses indicates the statistical uncertainty in the last
digit. The experimental data from this work is marked by†.

Mixture (A + B) ξ T xA pexp psim ysim
A ki j

K mol/mol MPa MPa mol/mol
Hydrogen chloride + Phosgene 0.751 266.15 0.39 0.8470 0.84 (9) 0.95 (1) 0.020
Hydrogen chloride + Benzene 1.112 293.15 0.043 0.101† 0.104 (2) 0.93 (1) -0.077
Hydrogen chloride + Chlorobenzene 1.020 283.15 0.094 0.267† 0.266 (9) 1.000 (0) 0.000
Hydrogen chloride + Ortho-Dichlorobenzene 1.000 393.15 0.133 1.84 (2) 0.9920 (8) 0.000
Hydrogen chloride + Toluene 0.981 293.15 0.048 0.101† 0.103 (2) 0.983 (4) -0.075
Phosgene + Benzene 0.960 293.15 0.370 0.08671 0.085 (3) 0.935 (7) 0.050
Phosgene + Chlorobenzene 0.990 323.15 0.142 0.065† 0.067 (3) 0.94 (1) 0.006
Phosgene + Ortho-Dichlorobenzene 1.000 363.15 0.080 0.103† 0.105 (5) 0.97 (1) 0.020
Phosgene + Toluene 0.990 308.15 0.242 0.072† 0.069 (3) 0.952 (5) 0.010
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Table 5: 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. The experimental data from this work is marked by†.

Mixture T xA p pexp yA ρ ′ ρ ′′ ∆hv

(A + B) K mol/mol MPa MPa mol/mol mol/l mol/l kJ/mol
Hydrogen chloride + Phosgene

266.15 0.09 0.20 (1) 0.24 70 0.75 (2) 15.435 (7) 0.092 (5) 25.72 (2)
266.15 0.24 0.50 (4) 0.53 70 0.91 (1) 16.861 (7) 0.24 (2) 25.14 (2)
266.15 0.39 0.84 (9) 0.84 70 0.95 (1) 18.55 (2) 0.42 (4) 24.07 (3)
266.15 0.61 1.5 (3) 1.3 70 0.985 (3) 20.84 (2) 0.82 (16) 20.25 (2)
423.15 0.06 5.04 (3) 0.228 (1) 9.74 (3) 2.15 (1) 12.26 (5)
423.15 0.09 5.83 (3) 0.295 (2) 9.78 (2) 2.52 (1) 11.58 (5)
423.15 0.13 6.75 (4) 0.353 (3) 9.77 (2) 2.98 (2) 10.68 (6)
423.15 0.15 7.36 (4) 0.383 (3) 9.72 (3) 3.32 (2) 9.95 (8)
423.15 0.18 8.25 (6) 0.404 (4) 9.78 (4) 3.95 (3) 8.9 (1)

Hydrogen chloride + Benzene
293.15 0.043 0.104 (2) 0.101† 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)
393.15 0.108 1.51 †
393.15 0.112 1.39 (1) 0.787 (5) 10.463 (7) 0.453 (2) 27.56 (2)
393.15 0.401 4.93 (2) 0.931 (2) 12.50 (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)
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Table 5: continued.

Mixture T xA p pexp yA ρ ′ ρ ′′ ∆hv

(A + B) K mol/mol MPa MPa mol/mol mol/l mol/l kJ/mol
Hydrogen chloride + Chlorobenzene

283.15 0.094 0.266 (9) 0.267† 0.997 (3) 10.657 (5) 0.115 (4) 42.83 (3)
283.15 0.300 0.95 (2) 0.998 (2) 12.471 (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) 1.45 (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 †
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 †
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
293.15 0.048 0.103 (2) 0.101† 0.983 (4) 9.753 (3) 0.043 (1) 40.60 (2)
293.15 0.401 1.21 (2) 0.998 (2) 12.883 (6) 0.541 (9) 30.81 (2)
293.15 0.651 2.41 (3) 0.999 (1) 16.45 (1) 1.20 (1) 22.79 (2)
393.15 0.124 1.42 †
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) 0.971 (1) 11.94 (3) 2.85 (2) 20.62 (4)
393.15 0.750 13.13 (8) 0.960 (2) 14.2 (2) 6.85 (4) 10.39 (9)
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Table 5: continued.

Mixture T xA p pexp yA ρ ′ ρ ′′ ∆hv

(A + B) K mol/mol MPa MPa mol/mol mol/l mol/l kJ/mol
Phosgene + Benzene

293.15 0.023 0.017 (1) 0.01871 0.44 (3) 11.248 (5) 0.0070 (4) 35.11 (2)
293.15 0.069 0.029 (2) 0.03171 0.73 (2) 11.348 (5) 0.0120 (8) 34.50 (2)
293.15 0.137 0.046 (2) 0.04571 0.85 (2) 11.499 (4) 0.0190 (8) 33.63 (2)
293.15 0.198 0.061 (2) 0.05671 0.89 (1) 11.651 (7) 0.0250 (8) 32.88 (2)
293.15 0.248 0.069 (3) 0.06571 0.88 (2) 11.777 (6) 0.029 (1) 32.30 (2)
293.15 0.332 0.084 (3) 0.08171 0.923 (7) 11.973 (5) 0.035 (1) 31.26 (2)
293.15 0.370 0.085 (3) 0.08671 0.935 (7) 12.060 (6) 0.036 (1) 30.80 (2)
293.15 0.461 0.098 (4) 0.09871 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 + Chlorobenzene
323.15 0.234 0.102 (4) 0.103† 0.97 (1) 10.330 (5) 0.039 (2) 38.83 (3)
323.15 0.600 0.254 (5) 0.99 (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) 9.20 (4) 1.54 (1) 16.04 (5)
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Table 5: continued.

Mixture T xA p pexp yA ρ ′ ρ ′′ ∆hv

(A + B) K mol/mol MPa MPa mol/mol mol/l mol/l kJ/mol
Phosgene + Ortho-Dichlorobenzene

343.15 0.131 0.097 (8) 0.988 (9) 8.946 (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† 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† 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) 8.433 (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 2.48 (2) 0.948 (1) 9.62 (2) 0.926 (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) 8.46 (1) 0.71 (1) 23.15 (3)
448.15 0.750 3.55 (5) 0.925 (1) 8.78 (4) 1.38 (2) 16.12 (6)
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Figure 1: Saturated densities; present simulation data:•Hydrogen chloride,◦ Phosgene,� Toluene; correlations
of experimental data:33 —.
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Figure 2: Saturated densities; present simulation data:� Benzene,� Chlorobenzene,�Ortho-Dichlorobenzene;
correlations of experimental data:33 —.
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Figure 3: Vapor pressure; present simulation data:• Hydrogen chloride,◦ Phosgene,� Benzene,� Toluene
� Chlorobenzene,� Ortho-Dichlorobenzene; correlations of experimental data:33 —.
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Figure 4: Enthalpy of vaporization; present simulation data: • Hydrogen chloride,◦ Phosgene,� Benzene,
� Toluene� Chlorobenzene,� Ortho-Dichlorobenzene; correlations of experimental data:33 —, - -. Note that
the empty symbols correspond to the dashed lines.
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Figure 5: Second virial coefficient; present simulation data: • Hydrogen chloride,◦ Phosgene,� Benzene;
correlations of experimental data:41–44—, - -.
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Figure 6: Relative deviations of vapor-liquid equilibriumproperties from correlations of experimental data33

(δz= (zi − zcor)/zcor) for Hydrogen chloride:• present simulation data,◦ Meredith et al.,47 + experimental
data.36,48Top: saturated liquid density, center: vapor pressure, bottom: enthalpy of vaporization.
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Figure 7: Relative deviations of vapor-liquid equilibriumproperties from correlations of experimental data33

(δz= (zi − zcor)/zcor) for Phosgene:• present simulation data,◦ Wu et al.,50 + experimental data.37,51 Top:
saturated liquid density, center: vapor pressure, bottom:enthalpy of vaporization.
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Figure 8: Relative deviations of vapor-liquid equilibriumproperties from correlations of experimental data33

(δz = (zi − zcor)/zcor) for Benzene:• present simulation data,� Bonnaud et al.,52 4 Carrero-Mantilla,53

◦ Errington and Panagiotopoulos,54 O Contreras-Camacho et al.,55�Wick et al.,56 + experimental data.38,57,58

Top: saturated liquid density, center: vapor pressure, bottom: enthalpy of vaporization.
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Figure 9: Relative deviations of vapor-liquid equilibriumproperties from correlations of experimental data33

(δz= (zi −zcor)/zcor) for Chlorobenzene:• present simulation data,+ experimental data.39,60,61Top: saturated
liquid density, center: vapor pressure, bottom: enthalpy of vaporization.

51



Figure 10: Relative deviations of vapor-liquid equilibrium properties from correlations of experimental data33

(δz= (zi − zcor)/zcor) for Ortho-Dichlorobenzene:• present simulation data,+ experimental data.40,63 Top:
saturated liquid density, center: vapor pressure, bottom:enthalpy of vaporization.
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Figure 11: Relative deviations of vapor-liquid equilibrium properties from correlations of experimental data33

(δz= (zi − zcor)/zcor) for Toluene:• present simulation data,◦ Nieto-Draghi et al.,65 � Contreras-Camacho
et al.,66 + experimental data.38,57 Top: saturated liquid density, center: vapor pressure, bottom: enthalpy of
vaporization.
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Figure 12: Vapor-liquid phase diagram of Hydrogen chloride+ Phosgene at 266.15 and 423.15 K:+ experimental
data;70 �, • present simulation data withξ=0.751;�, ◦ present simulation data withξ=1; — Peng-Robinson
EOS withki j =0.02.
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Figure 13: Vapor-liquid phase diagram of Hydrogen chloride+ Benzene at 293.15 and 393.15 K:+ experimental
data, this work;�, • present simulation data withξ=1.112;— Peng-Robinson EOS withki j =-0.077. Inset:
magnified view at the Benzene-rich region at 293.15 K.
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Figure 14: Vapor-liquid phase diagram of Hydrogen chloride+ Chlorobenzene at 283.15, 393.15 and 423.15 K:
+ experimental data, this work;N, �, • present simulation data withξ=1.020;— Peng-Robinson EOS with
ki j =0. Inset: magnified view at the Chlorobenzene-rich region at 283.15 K.
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Figure 15: Vapor-liquid phase diagram of Hydrogen chloride+ Ortho-Dichlorobenzene at 393.15 K:+ experi-
mental data, this work;• present simulation data withξ=1;— Peng-Robinson EOS withki j =0.
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Figure 16: Vapor-liquid phase diagram of Hydrogen chloride+ Toluene at 293.15 and 393.15 K:+ experimental
data, this work;�, • present simulation data withξ=0.981;—Peng-Robinson EOS withki j =-0.075. Inset:
magnified view at the Toluene-rich region at 293.15 K.
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Figure 17: Vapor-liquid phase diagram of Phosgene + Benzeneat 293.15 K:+ experimental data;71 • present
simulation data withξ=0.960;— Peng-Robinson EOS withki j =0.05.
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Figure 18: Vapor-liquid phase diagram of Phosgene + Chlorobenzene at 323.15, 423.15 and 448.15 K:+ experi-
mental data, this work;× experimental data;73N,�,• present simulation data withξ=0.990;—Peng-Robinson
EOS withki j =0.006. Inset: magnified view at the Chlorobenzene-rich region at 323.15 K.
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Figure 19: Vapor-liquid phase diagram of Phosgene + Ortho-Dichlorobenzene at 343.15 and 363.15 K:+ exper-
imental data, this work;�, • present simulation data withξ=1;— Peng-Robinson EOS withki j =0.02.
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Figure 20: Vapor-liquid phase diagram of Phosgene + Tolueneat 308.15, 423.15 and 448.15 K:+ experimental
data, this work;N, �, • present simulation data withξ=0.990;— Peng-Robinson EOS withki j =0.01. Inset:
magnified view at the Toluene-rich region at 308.15 K.
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