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Abstract

Vapor-liquid equilibria (VLE) of nine binary mixtures caaihing Hydrogen chloride or Phosgene in the sol-
vents Benzene, Chlorobenzene, Ortho-Dichlorobenzend@a@ndne as well as the mixture Hydrogen chloride +
Phosgene are predicted by molecular modeling and simulafive underlying force fields for the pure substances
are developed on the basis of quantum chemical informatnan@ecular geometry and electrostatics. These are
individually optimized to experimental pure fluid data oe thapor pressure and saturated liquid density, where

the deviations are typically less than 5 and 0.5 %, respagtiThe unlike dispersive interaction is optimized for
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seven of the nine studied binaries. Previously unpublighgxrimental binary VLE data, measured by BASF
in the vicinity of ambient temperature, are predominantgad for these fits. VLE data, including dew point
composition, saturated densities and enthalpy of vaptiwizaare predicted for a wide range of temperatures and

compositions.

Introduction

Molecular modeling and simulation is a modern approach fedjsting thermophysical properties of fluidis.
Based on mathematical representations of the interm@enuéractions, it has strong predictive capabilitiegas i
adequately represents structure, energetics and dynamit& microscopic scale that govern the fluid behavior

on the macroscopic scale.

Backed by the chemical industry, substantial efforts weaglenin recent years by the molecular simulation
community to tackle thermophysical properties of techihjaalevant fluid system$-° This is particularly re-
warding for substances which have inconvenient propettiesbeing toxic or explosive, that render experimental

studies difficult.

Here, the results from a co-operation between academiandndtry, i.e. BASF SE, Ludwigshafen, Germany,
are presented. In this work, the fluid phase behavior of la@zer chemicals which are produced on a large
scale is studied. The investigated molecules are Hydrollemide, Phosgene, Benzene, Chlorobenzene, Ortho-
Dichlorobenzene and Toluene. For the pure substances, éscatar models were developed in this work on
the basis of quantum chemical (QC) calculations and opétiugs to the vapor pressure and the saturated liquid

density in the first step.

Knowledge on vapor-liquid equilibria (VLE) of binary mixtess of those compounds is crucial for the design
and optimization of thermal separation operations whietpairt of the respective production processes. However,

such data are hardly available from experiment in the pudmain.

Hydrogen chloride and Phosgene are key components in tiieigiion of Isocyanates which are important
intermediates in the Polyurethane production. The Iscatgasynthesis is a phosgenation in which Phosgene
and Hydrogen chloride are present in mixtures with organleents, where Benzene, Chlorobenzene, Ortho-

Dichlorobenzene and Toluene are of special interest. Tdwerein the present work, the binary mixtures of
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Hydrogen chloride or Phosgene with these four solvents wgstematically studied together with the mixture
Hydrogen chloride + Phosgene. This provides a sound basimsddeling the complex multicomponent mixtures

of the studied components which are of interest in the prooliprocesses.

For binary mixture modeling, an approach was chosen thamigas to the third Industrial Fluid Properties
Simulation Challengé.In that competition, experimental data on the bubble ling,df1,2,3,3,3-Heptaflouropro-
pane + Ethanol were supplied for a low temperature (283.1@M€) the full composition range. The task was
to predict the binary VLE at 343.13 K based on the low tempeeatlata. The predictions submitted by the
participants were then benchmarked to experimental dataaxtere not publicly available before the close of the

competition?

For seven binary mixtures studied in the present work, iyarbigen chloride + Phosgene, Hydrogen chloride
+ Benzene, Hydrogen chloride + Chlorobenzene, Hydrogeaoricld + Toluene, Phosgene + Chlorobenzene,
Phosgene + Ortho-Dichlorobenzne and Phosgene + Toluen8F BAipplied a narrow base of predominantly
non-public experimental data points on the bubble line. s€ha#ata, typically a single point per binary system
measured around ambient temperature and for compositiatgte rich in the high boiling component, were
used as a basis to predict the binary VLE at higher tempeasitamd at other compositions. Subsequent to the
computations by molecular simulation, additional, alsedeminantly non-public experimental VLE data were

supplied by BASF to assess the present predictions.

For an eighth mixture, i.e. Hydrogen chloride + Ortho-Darobenzene, a strictly predictive approach was
chosen. Binary VLE data for that mixture were generated barthe 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 teated 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 bemnof LJ sites and superimposed point charges,
point dipoles and linear point quadrupoles were used. Rbpules and quadrupoles were employed for the

description of the electrostatic interactions to reduee dbmputational effort during simulation. However, a
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point dipole may, e.g. when a simulation program does ngbauphis interaction site type, be approximated by
two point chargestq separated by a distanteLimited to smalll, one is free to choose this distance as long as
U = gl holds. Analogously, a linear point quadrupole can be apprated by three collinear point charggs—2q
andq separated by each, wher& = 2ql2. The relation between the quadrupole mom@rind the quadrupole

tensor was discussed, e.g., in a prior work of our gréup.
A simulation code that does support point dipole and poiatdgupole sites im<2.8

The parameters of the present molecular models can be segphaméo three groups. Firstly, the geometric
parameters specify the positions of the different intéoacsites of the molecular model. Secondly, the electro-
static parameters define the polar interactions in termsiot gharges, dipoles and quadrupoles. And finally, the
dispersive and repulsive parameters determine the atinaay London forces and the repulsion by overlaps of
the electronic orbitals. Here, the Lennard-Jones 12-6 go@ntiaP° was used to allow for a straightforward

compatibility with the overwhelming majority of the moldaumodels in the literature.

The total intermolecular interaction energy thus writes as
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whererijap, &ijab, Tijab are the distance, the LJ energy parameter and the LJ sizengi@na respectively, for the
pair-wise interaction between LJ sieon moleculd and LJ siteb on moleculej. The permittivity of vacuum is
£, Whereagic, tic andQic denote the point charge magnitude, the dipole moment armgliddrupole moment of
the electrostatic interaction sit®n moleculé and so forth. The expressiofig wi, wj) stand for the dependency
of the electrostatic interactions on the orientatiansindwj of the molecules andj.1>12Finally, the summation
limits N, S’ and<{ denote the number of molecules, the number of LJ sites anautimder of electrostatic sites,

respectively.



For a given molecule, i.e. in a pure fluid throughout, therat&ons between LJ sites of different type were

defined by applying the standard Lorentz-Berthelot conmgjmules-3-14
Oiiaa + Ojjbb

e, @

Oijab =

and

Eijab = +/ Eiiaa&jjbb- (3

Molecular properties from quantum chemistry

Molecular models that were developed on the basis of QC ledions stand betweeab initio models and
empirical models. The present strategy is based on the algeludeab initio information without giving up
the freedom to reasonably optimize the model to importamroszopic thermodynamic properties. Thus, for the
modeling process some experimental data are needed faripgtion. The chosen properties, vapor pressure and
saturated liquid density, have the advantage to be welladaifor numerous engineering fluids and to represent

dominant features of the fluid state.

In a recent publication, Sandler and Casftagave a brief overview on the use of QC in thermodynamics. By
numerically solving Schrodinger’s equation, differentlesular properties of technically relevant components
can be calculated in a quite standardized way. Many difte@8D codes are available for this task. For license

reasons, the open source code GAMESS{88&)as used in the present work.

Geometry

All geometric data of the molecular models, i.e. bond leagéngles and dihedrals, were determined based
on QC calculations. Therefore, a geometry optimizatian, an energy minimization, was initially performed

using GAMESS(US)® The Hartree-Fock level of theory was applied with a reldyigenall (6-31G) basis set.

The resulting configuration of the atoms was taken to speb#yspatial distribution of the LJ sites, except
for the sites that represent groups containing Hydrogemstd\s the united atom approach was used to obtain
computationally efficient molecular models, the dispexsind repulsive interactions of the Hydrogen atoms were

modeled together with the atom they are bonded to. For thByh@Hs) united atom site, the LJ potential was
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located at the geometric mean of the nuclei, while the metf@H) united atom site was located at 0.4 of the
distance between carbon and hydrogen atom. These empuifisats are in good agreement with the results of

Ungerer et al1” which were found by optimization of transferable molecutardels for n-Alkanes.

Electrostatics

Intermolecular electrostatic interactions mainly occue ¢b static polarities of single molecules that can well
be obtained by QC. Here, the Mgller-Plesset 2 level was ussdcbnsiders electron correlation in combination

with the polarizable 6-311G(d,p) basis set.

The purpose of the present work was the development of eféguair potentials with state-independent model
parameters. Obviously, the electrostatic interactioess&ionger in the liquid state than in the gaseous state due
to the higher density. Furthermore, the mutual polarizatases their magnitude in the liquid. Thus, for the
calculation of the electrostatic moments by QC a liquigklgtate should be considered. This was done here by
placing one molecule into a dielectric continuum and ass@the experimental dielectric constant of the liquid

to it, as in the COSMO method.

From the resulting electron density distribution for theairaymmetric molecules studied here, the dipole and
guadrupole moments were estimated by simple integratientbe orbitals. Thus magnitudes and orientations of

these electrostatic interaction sites were derived fronc@Culations.

Dispersion and repulsion

It would be highly desirable to also calculate the dispersind repulsive interactions usialg initio methods
as well. This approach was followed by different authorimpast, e.g. for Neott 21 Argon,19-21.22Krypton,?3
Nitrogen?* Carbon dioxide?® Hydrogen chloride?® Acetonitrile 2/ Methanol?’ Acetylene?® or Methanethiof®

However, from an engineering point of view, this leads tdiclifties.

For an estimation of dispersive and repulsive interactadrisast two molecules must be taken into account.
To properly scan the energy hyper surface, many QC caloukatat different distances and orientations of the
molecules have to be performed. As the dispersive, andypasb the repulsive, interactions are usually only a

very small fraction of the total energy calculated by QC hihygaccurate methods like coupled cluster (CC) with



large basis sets or even extrapolations to the basis sénfinst be used for this task.

Due to the fact that this is computationally too expensivedogineering purposes, LJ parameters for a
given atom or molecular group were passed on from other m@emodels. Some of these parameters were

subsequently fitted in the optimization process to yieldaueate VLE behavior of the modeled pure substance.

Pure fluid models

None of the six molecules studied in the present work exhigignificant conformational changes. Their
internal degrees of freedom were thus neglected and thecalatemodels were chosen to be rigid, using the

most stable configuration as determined by QC.

The optimization was performed using a Newton scheme fatigugtoll.2%-31 The applied method has many
similarities with the one published by Bourasseau €fat.relies on a least-square minimization of a weighted
fithess function that quantifies the deviations of simutatiesults for a given molecular model compared to

reference data.

Correlations for vapor pressure, saturated liquid dersity enthalpy of vaporization, taken from the DIPPR
databasé? were used as reference data for model adjustment and évalu@ihis was done even in cases where
the correlations are based only on few true experimental plaints, as they were regarded as best practice. The
guantitative comparison between simulation results amcetaions was done by applying fits to the simulation
data according to Lotfi et &f* The relative deviation between fit and correlation was dated in steps of 1
K in the temperature range where simulations were perforametlis denoted by "mean unsigned error” in the

following.

VLE were simulated with the Grand Equilibrium methdtithe technical details are given in the appendix.

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

The pure substance VLE simulation results on the basis cktloptimized models are shown in absolute
terms in Figure 1 to Figure 4, where they are compared to tiPBIcorrelations. Numerical simulation results

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

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

ner. Both size and polarity increase in the sequence Bengdnerobenzene, Ortho-Dichlorobenzene which is
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reflected by a decreasing average saturated liquid demsitgmincreasing critical temperature.

The critical properties were determined through fits to ttesent VLE simulation results as suggested by Lotfi
et al3* The estimated uncertainties of critical temperaturejoadilensity and critical pressure from simulation
are 1, 3 and 3 %, respectively. Table 3 compares these tpticperties to experimental daté-*° An excellent

agreement was achieved, being almost throughout withiodhebined error bars.

For Hydrogen chloride, Phosgene and Benzene experimesatialoth the second virial coefficient are avail-
able#1~#4Figure 5 compares the predictions based on the present ateecodels with these data. The agree-

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

In the following sections, substance specific details asewdised and the model optimization results are
assessed by means of deviation plots. Thereby, models freititérature are compared to the present models as

far as available.

Hydrogen chloride

The intermolecular interactions of Hydrogen chloride weescribed by one LJ site plus two point charges,
being located exactly at the positions of the hydrogen atodithe chlorine atom as determined by QC. During
the optimization of the model parameters to vapor pressugiesaturated liquid density, the magnitude of the
point charges was altered only by 3.5 %, leading to a dipolmerd of 5.600 10-3° Cm which is thus close to
the one determined by QC (5.4110-30 Cm).

The experimental dipole moment of Hydrogen chloride is 8.620 3% Cm.*® It can be argued that this
elevated polar moment is necessary as the model’'s poingehaiave to cover both polarity and hydrogen bond-
ing.46

Figure 6 shows deviation plots between simulation and taroms, where also simulation results from
Meredith et al*’ and experimental dat&*8 are included. A very good agreement was obtained for thesptes
model yielding mean unsigned errors in vapor pressureratatiiliquid density and enthalpy of vaporization of
2.0, 0.4 and 4.4 %, respectively, in the temperature rarga 80 to 310 K, which is about 55 to 96 % of the
critical temperature. It should be pointed out that the RR#®rrelations deviate from the actual experimental

data roughly to the same extent as the present simulatiofiseData by Meredith et al. show a significant

8



scatter, particularly for the saturated liquid density.eTdeviations are approximately one order of magnitude

larger than those of this work. Note that Meredith et al. ditlpublish data on the enthalpy of vaporization.

Phosgene

The present Phosgene model consists of four LJ sites, ieefooevery atom, plus one relatively weak dipole
(3.341- 10°3% Cm) and one relatively strong quadrupole (-12.098 4% Cm?). Compared to the QC results,
the geometry of that molecular model was slightly scaled .2y20, i.e. the bond lengths were increased by that
fraction. However, the polar moments had to be reduced mgnéisantly, i.e. by -32 % and -17 % for the dipole
and quadrupole moment, respectively, to achieve the opditioin result. The experimental dipole moment, being

3.903- 1039 Cm,*?is closer to the molecular model than to the QC result..

Figure 7 presents deviation plots between simulation aneletions, including simulation results from Wu
et al>% and experimental dat¥:>1 Again, a very good agreement was obtained for the preseneimgididing
mean unsigned errors in vapor pressure, saturated liquisitgeand enthalpy of vaporization of 2.1, 0.5 and 3.0
%, respectively, in the temperature range from 230 to 424i¢kwvis about 50 to 93 % of the critical temperature.
There is only a single experimental data point for the sétdraquid density that is fully in line with the present
molecular model. The experimental data for the vapor presdaviate from the correlation in a sinusoidal
fashion with extremal values of aroure 3 %, which indicates questionable fitting by DIPPR. With edto
the enthalpy of vaporization, the present simulation databé an almost constant positive offset. The present
model shows more reliable results than the one by Wu et abdtr saturated liquid density and vapor pressure,
particularly due to lower statistical noise. No comparis@tween 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 tleediure, which are mostly based on six LJ sites
plus one quadrupole in the center of the molecule that isteperpendicular to the molecular plane. Initially,
we have chosen the same model type in this work, howeverstfawnd to be incompatible with the Hydrogen
chloride model to describe mixtures with this componente Eéntral quadrupole of the benzene model is hardly

shielded by LJ sites so that the Hydrogen point charge of étyein chloride, which is strongly attracted to it,
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enters into the central cavity. Eventually, this leads t@@meme pairwise electrostatic energy minimum and to
the breakdown of simulation. Therefore, the quadrupoleegaslly divided into six parts and located on the six
LJ sites representing the methine groups, cf. supplememtaterial for a graphical schematic. That arrangement
is also physically more sound than the initial one. Agaimimythe optimization process, the geometry was

slightly scaled down (-0.1 %) while the total quadrupolamnemt was reduced more significantly (-31 %).

Figure 8 shows the deviation plots, where also simulatisnlts from Bonnaud et aP? Carrero-Mantill&3
and Errington and PanagiotopoulésContreras-Camacho et &°,Wick et al>® as well as several sets of ex-
perimental dat#->"->8are included. A very good agreement was obtained for theeptesodel, yielding mean
unsigned errors in vapor pressure, saturated liquid deasi enthalpy of vaporization of 3.4, 0.4 and 5.2 %,

respectively, in the temperature range from 320 to 520 Kctvig about 57 to 92 % of the critical temperature.

Among the six molecular models, the one by Bonnaud et al. Iadbést performance for both saturated
liquid density (mean unsigned error lower than 0.1 %) antiapy of vaporization (lower than 2 %), however,
it performs poorly for the vapor pressure (about 18 %). Siny| saturated density and enthalpy of vaporization
are quite well represented by the model of Contreras-Camdult more significant deviations are present for
the vapor pressure. The model of Errington and Panagiotop@erforms well for both saturated liquid density
(about 0.4 %) and vapor pressure (about 3 %), but its deswmipt the enthalpy of vaporization is very poor. The
model of Carrero-Mantilla describes the vapor pressuré (@bbut 5 %), but large deviations are present for the
remaining two properties. Finally, the model by Wick et dlows an offset of about 9 % in vapor pressure and
enthalpy of vaporization, whereas for the saturated ligi@dsity a different temperature trend is present, where
the two points at 500 and 525 K deviate by more than 1.5 %. Nhatienh the deviation plot Figure 8 a substantial

number of VLE simulation data points by the other authorsutsod scale.

The present modeling approach was independent on the waBlobireras-Camacho et & nonetheless the
resulting model parameters for geometry and LJ sites asesigrilar. The difference is less than 0.02 A for the
site positions and the LJ size parameteais well as less than 2 % for the LJ energy parametdihe difference
between the two models thus mainly lies in the differentttresnt 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 theaulaleplane and five quadrupoles perpendicular
to it were chosen. Due to the high electronegativity of theo@he atom, the dipole moment is quite strong (7.238
- 10730 Cm), whereas the total quadrupole moment amounts to -30274° Cn?. The quadrupole was again
equally distributed onto the methine groups to allow for enpatibility with Hydrogen chloride in the mixture.
Compared to the QC results, the geometry was scaled down®9Ye,0vhereas the polar moments were increased
by 3.4 % (dipole) and 6.5 % (quadrupole), respectively. Ia tase, the experimental dipole moment is 5.944
10-30 Ccm 59

Figure 9 shows the deviation plots between simulation amgekzdions including experimental dat&S0.61
A good agreement was obtained, yielding mean unsignedseimorapor pressure, saturated liquid density and
enthalpy of vaporization of 5.0, 0.9 and 7.9 %, respectjialyhe temperature range from 285 to 592 K, which
is about 45 to 94 % of the critical temperature. While the vgpessure agrees with the experiment almost
throughout within its statistical uncertainty, partialjathe enthalpy of vaporization shows a significant positiv

offset.

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

Ortho-Dichlorobenzene

Eight LJ sites plus four quadrupoles and one strong dipdde8@l: 1030 Cm) were used to describe the
intermolecular interactions of Ortho-Dichlorobenzenbke Total quadrupole moment of -29.3104° Cm? was
equally distributed onto the four methine groups due to#asons mentioned above. Compared to the QC results,
geometry, dipole and quadrupole moments of the presenb&ithlorobenzene model were slightly scaled by
-1.4, 1.6 and 0.2 %, respectively. The experimental dipadenent of 8.372 1030 Cm®? compares well with

the model value.

Figure 10 shows the deviation plots between simulation amcetations, where two sets of experimental
date%-%3 are included. A good agreement was obtained, yielding meaigoed errors in vapor pressure, sat-
urated liquid density and enthalpy of vaporization of 6.4 &nd 9.5 %, respectively, in the temperature range

from 345 to 614 K, which is about 50 to 87 % of the critical temgtere. Both for vapor pressure and saturated
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liquid density, the simulation data agree well with the expent in the range where measurements were made.

However, for the enthalpy of vaporization, a significant aidost constant offset is present.

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

Toluene

The present Toluene model is composed of seven LJ sites péugudadrupoles and one weak dipole (1.468
- 10739 Cm). In contrast to Chlorobenzene and Ortho-Dichlorobeazéhe dipole is oriented from the methyl
group towards the center of the molecule. Compared to thee®dts, geometry, dipole and quadrupole moments
were marginally scaled by -0.6, 0.5 and 0.3 %, respectivEhe experimental dipole moment is 1.2510~30

Cm 64

Figure 11 shows deviation plots between simulation andcetations. The deviation plots include simulation
results from Nieto-Draghi et & and Contreras-Camacho et®las well as two sets of experimental daf’
A good agreement was obtained for the present model, ygpldean unsigned errors in vapor pressure, saturated
liquid density and enthalpy of vaporization of 3.9, 0.3 argl%, respectively, in the temperature range from 278
to 534 K, which is about 47 to 90 % of the critical temperatdree present model leads to more accurate results
than the model by Nieto-Draghi et al. for both saturatediticgensity and vapor pressure. Nevertheless, the
model from Nieto-Draghi et al. shows a much better perforredor the enthalpy of vaporization. The model of
Contreras-Camacho et al. is of comparable quality, saddajuid density and enthalpy of vaporization are well

represented, whereas significant deviations are presetiifovapor pressure.

The geometry of the present toluene model is very similah&odne by Contreras-Camacho ef%kthe
difference is less than 0.02 A), which can well be understa®doth are based on QC results. Note that the

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

Molecular mixture models

On the basis of defined pairwise additive pure fluid modeldeowar modeling of mixtures reduces to model-
ing the interactions between unlike molecules. Unlikeratéons consist of two different types here. The unlike

electrostatic interactions, e.g. between charge andelqadlipole and quadrupole and so forth, were treated in a
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physically straightforward way, simply using the laws afetostatics.

Unfortunately, the unlike dispersive attraction is noagghtforward. If a mixture A + B is modeled on the
basis of Lennard-Jones potentials, the knowledge of thikauhl parametersag andeag is required. Due to
the fact that there is no sound physical framework for thetednination, the broadly used Lorentz-Berthelot

combining rule is the usual starting pothwith

oaB = (Oa+0B)/2, 4)
and
EAB = V/EAEB. 5)

Applying oag andéeag as given by equations (4) and (5) allows the prediction oftam properties from pure
fluid data alon€-30-67-6%But as shown there, a significant improvement can be achiey@uroducing one state

independent binary parametgto adjust the unlike energy parameters

ens = &\/EnkB. (6)

It should be pointed out that A and B are molecule speciestlgteach be described by several LJ sites with
different energy parametees Thusé is a single overall parameter that acts consistently omdiVidual unlike

LJ interactions of the pair A + B.

For VLE, it was shown thaf can be adjusted to a single experimental binary vapor pre§§8pecifying
temperature and bubble point compositiéinas hardly any influence on the bubble density and a minoende
on the dew point composition. The benefitédlies in an enhanced representation of the two-phase ere€lde

binary parameter was adjusted here following the same grwed:30:6°

Table 4 gives the state point (i.e. temperathignd bubble point mole fraction of the lower boiling companen
Xa) and the experimental vapor presspf&P which was used for the adjustment as well as the resultingriin
parameteg. A first validating VLE simulation at this state point withetfadjusted mixture model was performed.

The resulting vapor pressupeand dew point compositioyn from simulation are also listed in Table 4 and can
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numerically be compared to experimental vapor pressueettiate.

Binary vapor-liquid equilibria

Based on the six pure substance models developed in this Wh&k/LE of nine zeotropic binary mixtures
were simulated. These are Hydrogen chloride + (Benzener@gnzene, Ortho-Dichlorobenzene and Toluene),

Phosgene with the same four solvents as well as Hydrogenaale Phosgene.

The results are presented here in pressure vs. mole fradtese diagrams, cf. Figure 12 to Figure 20, where
the pure substance vapor pressure of the molecular modeligaited as well. Full numerical VLE simulation
data are given in Table 5, which also contains the saturasslities and the heat of vaporization from simulation.

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

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

mixtures.

The experimental approach followed at BASF in this projeaswIn the pressure range below 0.5 MPa
Hydrogene chloride or Phosgene were transfered into tiveisodnd the mass was determined volumetrically or
by weighing. The composition of the liquid mixture was cateal by the calculated amounts of the components
in the vapor phase. In the pressure range above 0.5 MPa, ¢lyaecchloride was filled into a visual cell and
the mass was also determined volumetrically or by weighifige amount of solvent, added into the cell in
order to measure a bubble point, was calculated form theneldisplacement in a calibrated spindle press. The
experimental uncertainty of the equilibrium data ist estied to be 0.1 K and 2 % relative error in composition

and vapor pressure.

For orientation and comparison, the results of the PengrRoh equation of state (EO%)with adjusted

binary parametek;; are also shown. The EOS was optimized to the same state |sdim¢ anolecular model.

Hydrogen chloride + Phosgene
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Figure 12 shows the VLE of Hydrogen chloride + Phosgene atlZ6&nd 423.15 K from experiment, simula-
tion and Peng-Robinson EOS. At 266.15 K, the mixture is sitizal, the phase envelope is wide with a straight
bubble line and a concave dew line. Hydrogen chloride is sujpieal at 423.15 K. No experimental data are

available so that the simulation data can only be compar#tet®eng-Robinson EOS.

The binary parameteid = 0.751 andkj; = 0.02 were adjusted to the vapor pressure measured by (Giles
et al.’% at 266.15 K for a liquid mole fractioryc) = 0.39 mol/mol. In the Phosgene-rich region at 266.15 K,
the simulation results agree well with both the experimleddéa and the Peng-Robinson EOS. However, with
increasing mole fraction of Hydrogen chloride, the statstuncertainty strongly increases so that predictions

from simulation in the Hydrogen chloride-rich region weeelinically not feasible.

It can be seen in Figure 12 that the predictions at 423.15 Kindtl by molecular simulation and those from
the Peng-Robinson EOS do not agree, although for the biremgnpeter adjustment in both cases the same low
temperature data point was used. As there are no high tetnpeexperimental data for this system, no ranking
of the methods is possible. For comparison, also a preditiyomolecular simulation witl§ = 1 is included in
Figure 12, which is assumed to be less reliable than thattivitladjusted . For & = 1 the results obtained with
molecular simulation are close to those from the Peng-RainifeOS on the bubble line, but not on the dew line.
Note also that the simulation results #&r= 1 strongly deviate from the experimental bubble pointdhatlow

temperature.

Hydrogen chloride + Benzene

Figure 13 depicts the VLE of Hydrogen chloride + Benzene & P9and 393.15 K. The bubble point vapor
pressure supplied by BASF at ambient temperature (293.15tke Benzene-rich regiomc) = 0.043 mol/mol)
was taken to adjust the binary parameter of the moleculaehfod 1.112 and of the Peng-Robinson EQS=
-0.077.

The simulation results are in very good agreement with thggHRobinson EOS for both temperatures, some
deviations are present in the extended critical region 8tI¥®K. The models consistently predict a concave
bubble line. These data sets are supported by the expeehirrible point at 393.15 K, cf. Figure 13. Please

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

Hydrogen chloride + Chlorobenzene

In Figure 14, the VLE of Hydrogen chloride + Chlorobenzen2&®.15, 393.15 and 423.15 K is presented.

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

Both ¢ andkj; were adjusted in the Chlorobenzene-rich composition réxgg = 0.094 mol/mol) at 283.15
K, where one experimental bubble point was made availablBASF. The binary parameter of the molecular
mixture model is€ = 1.020 and the one of the Peng-Robinson EOS is zero. Theaiomlresults and those
from the Peng-Robinson EOS are consistent, except in tlemeed critical region of the mixture, where some
deviations occur. Again, both models predict a concave laulnie at elevated temperatures. Furthermore, the
dew line at 283.15 K indicates that the saturated vapor ami@most exclusively Hydrogen chloride. The

subsequently supplied experimental bubble point at 398,1%. Figure 14, supports again both models.

Hydrogen chloride + Ortho-Dichlorobenzene

The mixture Hydrogen chloride + Ortho-Dichlorobenzene ismaue case in this study, as no experimental
VLE data were available during the model development. EdLB shows the isotherm 393.15 K. Hydrogen
chloride is supercritical at this temperature and the dew is very close to pure Hydrogen chloride. Without
experimental data for adjustme@t= 1 andk;; = 0 were adopted for the molecular model and the Peng-Rafinso
EOS, respectively. The results of the two models are gdgdragood agreement, however, with increasing
deviations in the extended critical region. Again, both elegredict a concave bubble line. The subsequently
supplied experimental bubble point, cf. Figure 15, is inyvgood agreement, particularly with the simulation

data.

Hydrogen chloride + Toluene

Figure 16 shows the VLE of Hydrogen chloride + Toluene for.283and 393.15 K. For this mixture a single
experimental bubble point at ambient temperatuge (= 0.048 mol/mol) was made available by BASF for the

adjustment of the binary parameteés< 0.981 and;j = -0.075).
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Simulation results and Peng-Robinson EOS show similadgesignificant deviations are present for the
higher temperature, especially on the bubble line appingdhe critical region. The bubble line is again con-
cave, as for all mixtures containing Hydrogen chloride &ddn this work. Figure 16 presents one additional

subsequently supplied bubble point at 393.15 K that suppbetresults of both models.

Phosgene + Benzene

In Figure 17, another topology of the two-phase envelopebeaseen for the mixture Phosgene + Benzene.
At ambient temperature (293.15 K), Phosgene + Benzene hiaswgy lvapor pressure which is close to ambient

conditions, both components are sub-critical and the il is S-shaped.

The publicly available experimental data at this tempeeaty Kireev et al’! are ten bubble points in
the Benzene-rich region. The binary parametgérs 0.960 andkj; = 0.05 were adjusted at 293.15 K and
Xphosgene= 0.37 mol/mol. Both the simulation results and the Peng-RalirtSOS match almost perfectly with

the experimental data, but the phase envelope from siroalatia little wider than the one from the EOS.

Phosgene + Chlorobenzene

The VLE of Phosgene + Chlorobenzene is presented in Figued 383.15, 423.15 and 448.15 K. Experi-
mental data on the bubble line supplied by BASF at 323.15 KérGhlorobenzene-rich regiokposgene= 0.234

mol/mol) were taken for the optimization of the models, giefy ¢ = 0.990 andk;; = 0.006.

For this mixture, Peng-Robinson EOS and simulation resjtee very well for all three temperatures on the
bubble line as well as on the dew line. Both models predictrecaee bubble line. Audette et &l.determined
the bubble line at 448 K, cf. Figure 18. Considering the obsiscatter 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 Phosge@etho-Dichlorobenzene at 343.15 and
363.15 K. The dew lines are very close to the low boiling puressance (Phosgene) in this case. One experi-

mental bubble point at 363.15 K anx@hgsgene= 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 tha ymessure predicted with = 1 matches the

experimental number well. The adjustment of the binary matar of the EOS yieldek]; = 0.02.

A very good agreement between simulation results and PehgiBon EOS on both the bubble line and the
dew line was found throughout. However, no additional expental VLE data are available for this mixture for
an assessment, but based on the results discussed ab@rep# expected that the predictions for this mixture
are reliable. The fact that the predictions from the EOS &wodd from molecular simulation, hence from two

structurally different methods, agree well, gives addiéiioconfidence.

Phosgene + Toluene

The VLE of Phosgene + Toluene is presented at 308.15, 428d848.15 K in Figure 20. One experimental
bubble point was made available by BASF at 308.15 K in the dioddrich region. The binary parametérs
0.990 andk;j = 0.01 were adjusted at this temperature &asidsgens= 0.102 mol/mol. Here, throughout an almost
perfect agreement between the simulation results and thg-Rebinson EOS was found on the bubble line and
on the dew line. As before, unfortunately no additional Vld&alare available for a further assessment but it can

be expected that the results are reliable.

Conclusion

Molecular modeling and simulation was applied to predictEvVaf binary mixtures containing Hydrogen
chloride and Phosgene in combination with Benzene, Cherbéne, Ortho-Dichlorobenzene and Toluene. New
molecular models were developed for these six compones&siin quantum chemical information on molecular
geometry and electrostatics. Furthermore, experimeatalah the vapor pressure and the saturated liquid density
were taken into account to optimize the pure substance modkese pure substance properties were accurately
described by the molecular models from the triple point todhtical point. Average deviations to correlations of
experimental data are typically less than 5 and 0.5 % for vppessure and saturated liquid density, respectively.
Critical values of temperature, density and pressure fromulation agree with experimental data within the

combined error bars.

The design of the models for the cyclic components allowsHeir compatibility with molecular Hydrogen

chloride models by distributing the quadrupolar inter@esites among the methine groups.
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The second virial coefficient was predicted for Hydrogerodde, Phosgene and Benzene and favorably
compared to experimental data. The other three substamreswt studied with respect to this property as there

are no data available for comparison.

For an optimized description of the binary VLE, the unlikeBrsive interaction was adjusted for seven of
the nine studied binary systems to a single experimentdllbyimint in the vicinity of ambient conditions. With
these binary mixture models, VLE data, including dew poimmposition, saturated densities and enthalpy of
vaporization, was predicted for a wide range of temperatarel compositions. The predictions show a good

agreement with additional experimental binary VLE datd tixere not considered in the model development.

This work shows that molecular modeling and simulation agtessfully be used to predict thermophyiscal
data of industrially important pure substances and mistutewas applied here to properties that can also be
described well by phenomenological approaches like EO8eftleeless, even in such cases molecular modeling

and simulation is valuable as it provides and independgmo@gh where no experimental data are available.
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Appendix

The Grand Equilibrium methd® was used to calculate VLE data. For the liquid, molecularagiyits simu-
lations were performed in the isobaric-isothermipl) ensemble using isokinetic velocity scaliigand Ander-
son’s barostaf? There, the number of molecules was 864 throughout and thestap was 1 to 3 fs depending

on the molecular weight and the magnitude of the intermdéedateractions. The initial configuration was a
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face centered cubic lattice, the fluid was equilibrated @000 time steps with the first 5 000 time steps in the
canonical NV T) ensemble. The production run time span was 200 000 to 30@i®@0steps with a membrane
mass of 18 kg/m?*. Widom'’s insertion methot? was used to calculate the chemical potential of Hydrogeo-chl
ride as a pure substance and in the mixture with Phosgeneséstimg 3 456 test molecules every production time

step.

In all other cases Widom'’s insertion method yielded largdistical uncertainties for the chemical potential
in the liquid, which is due to the high densities and the sfhpmteracting molecules. Instead, Monte Carlo sim-
ulations were performed in tiépT ensemble for the liquid. Thereby, the chemical potentiad walculated by
the gradual insertion metho@:’’ The number of molecules was 500. Starting from a face ceshtariic lattice,

15 000 Monte Carlo cycles were performed for equilibratiod &0 000 for production, each cycle containing
500 translation moves, 500 rotation moves, and 1 volume migvery 50 cycles, 5000 fluctuating state change
moves, 5000 fluctuating particle translation/rotation eg\and 25000 biased particle translation/rotation moves
were performed, to determine the chemical potential. Tloeseputationally demanding simulations yield the
chemical potential in dense and strong interacting ligwidk high accuracy, leading to reasonable uncertainties

in the VLE.

For the corresponding vapor, Monte Carlo simulations ingbeudopV T ensemble were performed. The
simulation volume was adjusted to lead to an average nunftomolecules in the vapor phase. After 2 000
initial NV T Monte Carlo cycles, starting from a face centered cubiackttlO 000 equilibration cycles in the
pseudopV T ensemble were performed. The length of the production rus @000 cycles. One cycle is
defined here to be a number of attempts to displace and rotdezutes equal to the actual number of molecules

plus three insertion and three deletion attempts.

The cut-off radius was set to A throughout and a center of mass cut-off scheme was ermglagsnard-
Jones long-range interactions beyond the cut-off radiug werrected employing angle averaging as proposed
by Lustig.”® Electrostatic interactions were approximated by a rasyltholecular dipole and corrected using
the reaction field method! Statistical uncertainties in the simulated values werengséed by a block averaging

method’®
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Table 1. Parameters of the new molecular models. Lennards)mteraction sites are denoted by the modeled
atoms. Electrostatic interaction sites are denoted bytpbarge, dipole or quadrupole, respectively. Coordinates
are given with respect to the center of mass in a principas aystem. Orientations of the electrostatic sites
are defined in standard Euler angles, whgris the azimuthal angle with respect to the z plane and is the
inclination angle with respect to timaxis.

interaction site X y z o ek 6 ¢ q u Q

A A A A A deg deg 10®C 10%Cm 104°Cnv?
Hydrogen chloride
HCI 0 O -0.0378 3.520 179.00
point chargegH? 0O O 1.2422 0.438
pointcharge(Cl) 0 0 -0.0378 -0.438
Phosgene
C 0 05049 O 2.815 10.62
O 0 17018 O 3.195 132.66
CI(2) 0 -0.4695 -1.4509 3.366 157.63
Cl(2) 0 -0.4695 1.4509 3.366 157.63
dipole 0 00845 O 90 90 3.341
qguadrupole 0 0 0 90 90 -12.098
Benzene
CH(1) 0 15843 0.9147 3.243 91.82
CH(2) 0 15843 -0.9147 3.243 91.82
CH(3 0 O -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 O 1.8294 3.243 91.82
guadrupole(1) 0 15843 0.9147 90 O -3.429
quadrupole(2 0 15843 -0.9147 90 O -3.429
quadrupole(3 0O O -1.8294 90 O -3.429
quadrupole(4 0 -1.5843 -0.9147 90 O -3.429
guadrupole(5) 0 -1.5843 0.9147 90 O -3.429
quadrupole(6) 0 0 1.8294 90 O -3.429
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Table 1: continued.

interaction site x y4 o €/ks ?] ¢ Q

X A A g\ deg deg 10q9C 10% Cm 10%9Cn?
Chlorobenzene
CH(1 0O O 2.7329 3.306 96.39
CH(2 0 -15723 1.8201 3.306 96.39
CH(3) 0 15723 1.8201 3.306 96.39
CH(4) 0 -1.5761 0.0025 3.306 96.39
CH(5) 0 15761 0.0025 3.306 96.39
C 0 O -0.4563 2.787 11.66
Cl 0 O -2.1844 3.373 176.30
dipole 0O O -0.4563 0 -90 7.238
quadrupole(1) 0 O 2.7329 90 0 -6.055
quadrupole(2) 0 -1.5723 1.8201 90 0 -6.055
quadrupole23g 0 15723 1.8201 90 0 -6.055
quadrupole(4) 0 -1.5761 0.0025 90 0 -6.055
qguadrupole(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
CI(2) 0 15813 -1.4524 3.354 173.25
CI(2) 0 -1.5813 -1.4524 3.354 173.25
dipole 0O O 0.2400 0 -90 10.84
quadrupole(1) 0O 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
guadrupole(4) 0 -1.8027 1.1948 90 0 -7.327
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Table 1: continued.

interaction site X y z o £/ks 6 ¢ q u Q

A A A A A deg deg 10%Cc 10%¥Ccm 104°Cnv?
Toluene
CHs 0O O -2.7520 3.586 123.49
C 0O O -0.9597 2.794 10.94
CH(1) 0 15720 -0.4615 3.276 100.52
CH(2) 0 -1.5720 -0.4615 3.276 100.52
CH(3) 0 15752 1.3557 3.276 100.52
CH(4) 0 -1.5752 1.3557 3.276 100.52
CH(5) 0 O 2.2729 3.276 100.52
dipole 0 O -0.9597 180 -90 1.468
quadrupole(1) O 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§4g 0 -1.5752 1.3557 90 0 -5.630
quadrupole(5) 0 0 2.2729 90 0 -5.630

31



Table 2: Vapor-liquid equilibrium simulation results ofetlpure substances on the basis of the new molecular

models. The number in parentheses indicates the statkisticartainty in the last digit.

T
K

p
MPa

o’
mol/|

0"
mol/l

Ahy
kJ/mol

Hydrogen chloride

180.00
210.00
240.00
270.00
300.00
305.00
310.00

0.061
0.308
0.95
2.37
4.99
5.47
5.98

(3)
9)
(1)
(2)
(3)
(3)
(4)

33.19
30.92
28.42
25.45
21.50
20.66
19.70

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

0.040
0.129
0.530
1.39
3.30
3.67
4.10

(2)
(4)
(6)
(1)
(2)
(2)
©)

16.527 (4)
15.246 (5)
13.743 (6)
11.586 (9)
8.38 (2)
7.78 (2)
7.08 (3)

Phosgene

229.52
269.43
299.37
349.27
399.16
42411

0.0081 (3)
0.065 (3)
0.200 (8)
0.80 (1)
225 (2)
3.48 (2)

15.390 (5)
14.499 (6)
13.819 (6)
12.480 (8)
10.80 (2)

9.66 (2)

0.0020 (1)
0.030 (1)
0.086 (3)
0.314 (4)
0.901 (8)
1.500 (9)

2812 (1)
25.95 (1)
24.26 (1)
21.02 (1)
16.55 (3)
12.31 (5)

Benzene

320.00
370.00
395.00
420.00
445.00
470.00
520.00

0.0310 (1)
0.154 (3)
0.313 (1)
0.524 (8)
0.885 (4)
1.348 (9)
292 (2)

10.833 (2)
10.140 (3)
9.815 (2)
9.378 (4)
8.970 (6)
8.491 (6)
7.30 (2)

0.00950 (3)

0.052
0.102
0.166
0.283
0.426
1.023

(1)
(9)
(3)
(4)
3)
()

34.00 (1)
31.18 (1)
28.23 (8)
27.93 (2)
24.57 (8)
23.81 (2)
17.79 (6)
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Table 2: continued.

T p o' p" Ahy,

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)
39456 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) 596 (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 tiseslod the new molecular models in comparison to

recommended experimental data. The number in parenthediesties the experimental uncertainty in the last
digit.

TCSIm TCEXP p(S:Im pgxp pglm pgxP Ref
K K mol/l mol/l MPa MPa
Hydrogen chloride 324 32465(5) 122 12.34(3) 8.3 8.31{%)
Phosgene 454 4550 (7) 5.1 5.40(6) 5.7 5.35%4)
Benzene 563 562.15(6) 3.9 3.88(2) 49 49 @)
Chlorobenzene 631 632.35(8) 3.2 3.24(7) 4.6 4.523B)
Ortho-Dichlorobenzene 705 705.0 (9) 2.8 277(6) 4.0 4.1 4%
Toluene 592 591.75(8) 3.4 3.20(4) 4.1 4.08(%
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Table 4: Binary interaction parametér experimental bubble point used for the adjustment witlerexfce, simulation results with
adjustec and binary parametés; of the Peng-Robinson EOS. The number in parentheses iaditta statistical uncertainty in the last
digit. The experimental data from this work is markedtby

Mixture (A + B) & T XA pexP ps'm yam kij
K mol/mol MPa MPa mol/mol

Hydrogen chloride + Phosgene 0.751 266.15 0.39 084084 (9) 095 (1) 0.020
Hydrogen chloride + Benzene 1.112 293.15 0.043 0f10D.104(2) 0.93 (1) -0.077
Hydrogen chloride + Chlorobenzene 1.020 283.15 0.094 0;26@.266 (9) 1.000 (0) 0.000
Hydrogen chloride + Ortho-Dichlorobenzene 1.000 393.15 138. 1.84 (2) 0.9920(8) 0.000
Hydrogen chloride + Toluene 0.981 293.15 0.048 0.1010.103(2) 0.983 (4) -0.075
Phosgene + Benzene 0.960 293.15 0.370 0b8®.085(3) 0.935 (7) 0.050
Phosgene + Chlorobenzene 0.990 323.15 0.142 (.065067(3) 0.94 (1) 0.006
Phosgene + Ortho-Dichlorobenzene 1.000 363.15 0.080 Q.1GB105(5) 0.97 (1) 0.020

Phosgene + Toluene 0.990 308.15 0.242 0P7D.069(3) 0.952 (5) 0.010




Table 5: Vapor-liquid equilibrium simulation results ofetlbinary mixtures on the basis of the new molecular
models in partial comparison to experimental vapor presslata. The number in parentheses indicates the

statistical uncertainty in the last digit. The experimédtta from this work is marked bj.

Mixture T XA p pexP YA P’ p” Ahy
(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) 0.247° 0.75 (2) 15.435(7) 0.092 (5) 25.72(2)
266.15 0.24 050 (4) 05370 091 (1) 16.861(7) 0.24 (2) 25.14(2)
266.15 0.39 0.84 (9) 0.847° 095 (1) 1855 (2) 0.42 (4) 24.07(3)
266.15 061 | 1.5 (3) 1.3 0 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) 252 (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) 395 (3) 89 (1)
Hydrogen chloride + Benzene
293.15 0.043| 0.104(2) 0.10%F 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 0.108 151 ¢
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 P’ p” Ahy
(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) 0.2674 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) 0964 (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) 0.10% 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) 142 (2) 6.85 (4) 10.39(9)
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Table 5: continued.

Mixture T XA p pexP YA P’ p” Ahy
(A+B) K mol/mol MPa MPa mol/mol mol/l mol/l kJ/mol
Phosgene + Benzene
293.15 0.023|0.017 (1) 0.018" 0.44 (3) 11.248(5) 0.0070(4) 35.11(2)
293.15 0.069|0.029 (2) 0.031! 0.73 (2) 11.348(5) 0.0120(8) 34.50(2)
293.15 0.137|0.046 (2) 0.045' 0.85 (2) 11.499(4) 0.0190(8) 33.63(2)
293.15 0.198|0.061(2) 0.056' 0.89 (1) 11.651(7) 0.0250(8) 32.88(2)
293.15 0.248|0.069 (3) 0.065' 0.88 (2) 11.777(6) 0.029 (1) 32.30(2)
293.15 0.332|0.084 (3) 0.081! 0.923(7) 11.973(5) 0.035 (1) 31.26(2)
293.15 0.370| 0.085(3) 0.086' 0.935(7) 12.060(6) 0.036 (1) 30.80(2)
293.15 0.461 | 0.098 (4) 0.098' 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) 154 (1) 16.04(5)
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Table 5: continued.

Mixture T XA p pexP YA P’ p” Ahy
(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) 0925 (1) 8.78 (4) 1.38 (2) 16.12(6)
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Figure 1: Saturated densities; present simulation dmtdydrogen chloridep Phosgend,] Toluene; correlations
of experimental datd® —.

600
Toluene
500 A
Phosgene

v 400 -
™~
. HCI

300 A

200 A

0 10 20 30

o/ mol/l

43



Figure 2: Saturated densities; present simulation dl&enzene# Chlorobenzene® Ortho-Dichlorobenzene;
correlations of experimental dafd—.
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Figure 3: Vapor pressure; present simulation d#a1ydrogen chloride© Phosgenell Benzene[] Toluene
¢ Chlorobenzene) Ortho-Dichlorobenzene; correlations of experimentahdat—.
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Figure 4: Enthalpy of vaporization; present simulationad2® Hydrogen chloride© Phosgenel Benzene,
O Toluene4 Chlorobenzenep Ortho-Dichlorobenzene; correlations of experimentahddt—, - -. Note that
the empty symbols correspond to the dashed lines.
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Figure 5: Second virial coefficient; present simulationacda® Hydrogen chloride© PhosgeneM Benzene;
correlations of experimental dafa**—, - -.
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Figure 6: Relative deviations of vapor-liquid equilibriumnoperties from correlations of experimental d&ta
(62 = (Z — Zeor) /Zcor) for Hydrogen chloride:® present simulation datay Meredith et al.3” + experimental
data36-%8 Top: saturated liquid density, center: vapor pressuréphotenthalpy of vaporization.
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Figure 7: Relative deviations of vapor-liquid equilibriumnoperties from correlations of experimental d&ta
(02 = (z — Zcor) /Zcor) for Phosgene® present simulation dat® Wu et al.20 + experimental datd’->* Top:

saturated liquid density, center: vapor pressure, botemthalpy of vaporization.
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Figure 8: Relative deviations of vapor-liquid equilibriumnoperties from correlations of experimental d&ta
(62 = (2 — Zeor)/Zcor) fOr Benzene: ® present simulation datd,] Bonnaud et al®? A Carrero-Mantillad®
O Errington and Panagiotopoul8%,v Contreras-Camacho et & < Wick et al. >® + experimental datd®>7-58
Top: saturated liquid density, center: vapor pressurépbotenthalpy of vaporization.
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Figure 9: Relative deviations of vapor-liquid equilibriumnoperties from correlations of experimental d&ta

0z = (Z — Zeor) / Zeor) for Chlorobenzene® present simulation data; experimental datd®6%:61Top: saturated
p p P

liquid density, center: vapor pressure, bottom: enthafpyaporization.
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Figure 10: Relative deviations of vapor-liquid equilibriproperties from correlations of experimental ddta
(62 = (z — Zeor) /Zeor) for Ortho-Dichlorobenzene® present simulation data; experimental dat4%-62 Top:
saturated liquid density, center: vapor pressure, botemthalpy of vaporization.
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Figure 11: Relative deviations of vapor-liquid equilibriproperties from correlations of experimental ddta
(02 = (z — Zcor) /Zcor) for Toluene: ® present simulation dat® Nieto-Draghi et al%5 O Contreras-Camacho
et al.%¢ + experimental datd®°’ Top: saturated liquid density, center: vapor pressureobuot enthalpy of

vaporization.
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Figure 12: Vapor-liquid phase diagram of Hydrogen chlorid#ghosgene at 266.15 and 423.15{Kexperimental
data;/° W, @ present simulation data with=0.751;0, © present simulation data with=1; — Peng-Robinson
EOS withk;;=0.02.
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Figure 13: Vapor-liquid phase diagram of Hydrogen chloridgenzene at 293.15 and 393.15-Kexperimental
data, this work;ll, ® present simulation data with=1.112;— Peng-Robinson EOS witk;=-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 chlord@hlorobenzene at 283.15, 393.15 and 423.15 K:
+ experimental data, this worlg, l, ® present simulation data with=1.020;— Peng-Robinson EOS with
kij=0. Inset: magnified view at the Chlorobenzene-rich regicit88.15 K.
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Figure 15: Vapor-liquid phase diagram of Hydrogen chlord@rtho-Dichlorobenzene at 393.15 K: experi-
mental data, this work® present simulation data wif=1; — Peng-Robinson EOS witk;=0.
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Figure 16: Vapor-liquid phase diagram of Hydrogen chlordBluene at 293.15 and 393.15 k:experimental
data, this work;ll, ® present simulation data with=0.981;,—Peng-Robinson EOS witk;=-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 + Benae@83.15 K:+ experimental datd! ® present
simulation data witt€=0.960,— Peng-Robinson EOS witk;=0.05.
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Figure 18: Vapor-liquid phase diagram of Phosgene + Chiemabne at 323.15, 423.15 and 448.15tKexperi-
mental data, this workx experimental datéd® A, W, ® present simulation data wif=0.990:—Peng-Robinson
EOS withk;;=0.006. Inset: magnified view at the Chlorobenzene-ricioregt 323.15 K.
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Figure 19: Vapor-liquid phase diagram of Phosgene + OrtlatdDrobenzene at 343.15 and 363.15Kexper-
imental data, this workll, ® present simulation data wigr1;, — Peng-Robinson EOS witk;=0.02.
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Figure 20: Vapor-liquid phase diagram of Phosgene + Tolar398.15, 423.15 and 448.15 K: experimental
data, this work;a, l, ® present simulation data with=0.990;— Peng-Robinson EOS witk;=0.01. Inset:
magnified view at the Toluene-rich region at 308.15 K.
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