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Abstract

Mixtures containing ethylene oxide are technically highly relevant butrdazs so that
typically only few reliable experimental data are available. They are theréfteresting can-
didates for the application of molecular modeling and simulation to predict themaoulyg
properties. The industrially most important ethylene oxide containing mixtuesthase with
water and ethylene glycol. An excellent molecular model for ethylene oxiaeaitable from
prior work. Because the molecular models for water from the literature tgielo satisfac-
tory results for the vapor-liquid equilibrium over a wide temperature raagew water model
is developed. Furthermore, also a new molecular model for ethylene gdydeVeloped. The
models for Ethylene glycol and Water show mean unsigned deviations wjikaie® exper-

imental data, considering the whole temperature range from triple point tcatmibént, of
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0.8 % and 1.1 % for the saturated liquid density, 4.8 % and 7.2 % for the vagssye, and
13.4 % and 2.8 % for the enthalpy of vaporization, respectively. Vapareigquilibria of all

three binary mixtures are determined by molecular simulation and in generabdaagoee-
ment is found with the available experimental data. The models can be ussubfgquent

predictions at other conditions.

Keywords: Force field; Molecular modeling; vapor-liquid equilibrigroritical properties; Ethy-

lene oxide, Ethylene glycol, Water

Introduction

Molecular modeling and simulation are based on mathemagpaesentations of the intermolec-
ular interactions so that it has strong predictive cap@dslj as it adequately covers structure, en-
ergetics and dynamics on the microscopic scale that gotaerfiuttid behavior on the macroscopic
scale.

Backed by the chemical industry, substantial efforts werdema recent years by the molec-
ular simulation community to tackle the thermophysicalpaies of technically relevant fluid
systems:™ This is particularly rewarding for substances with hazaslproperties that render
experimental studies difficult. The present work was cdraat in an academic-industrial coop-
eration and follows that route by studying the fluid phaseab@r of hazardous chemicals which
are produced on a large scale, mostly as intermediates. nvastigated molecules are Ethylene
oxide, Ethylene glycol and Water.

All three molecules are of high industrial relevance. Thedpiction of Ethylene oxide and
it's further hydration to Ethylene glycol is a difficult tagslue to the reactivity and hazardous
nature of Ethylene oxid& As Ethylene oxide almost immediately reacts with watergeixpental
investigations are nearly impossible. Here, molecularetind and simulation helps to understand
the fluid phase behavior of the regarded components for thénysrocess optimization. Further

details about the individual systems are given below.



For the latter two pure substances, new force fields werdajese here. Both were optimized
to experimental data on vapor pressure and saturated liguisity. In the case of Ethylene glycol,
results from quantum chemical (QC) calculations were takemaccount as well. Knowledge on
vapor-liquid equilibria (VLE) of the binary mixtures of tee compounds is crucial for the design

and optimization of thermal separation operations.

Molecular model class

To describe the intermolecular interactions, a varying benof Lennard-Jones (LJ) sites, super-
imposed point charges and point dipoles was used. Poinliedipeere employed for the description
of the electrostatic interactions to reduce the computatieffort during simulation. However, a
point dipole may, e.g. when a simulation program does nopaughis interaction site type, be
approximated by two point chargesy separated by a distanteLimited to smalll, this distance
may be chosen freely as long as= gl holds. A good choice foris /20, whereo is the LJ size
parameter.

The parameters of the present force fields can be separatetthiee groups. Firstly, the geo-
metric parameters specify the positions of the differetgraction sites. Secondly, the electrostatic
parameters define the polar interactions in terms of poiatgds and dipoles. Finally, the dis-
persive and repulsive parameters determine the attralsyidrondon forces and the repulsion by
overlaps of the electronic orbits. Here, the LJ 12-6 potdhtiwas used to allow for a straightfor-
ward compatibility with the overwhelming majority of thert fields in the literature.

The total intermolecular interaction energy thus writes as
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Whererijan, &jab, Tijab are the distance, the LJ energy parameter and the LJ size@@marespec-
tively, for the pair-wise interaction between LJ s&®n molecule and LJ siteb on moleculej.
The permittivity of vacuum i€p, whereasyc and Liic denote the point charge magnitude and the
dipole moment of the electrostatic interaction siten molecule and so forth. The expressions
fx(wi, wj) stand for the dependency of the electrostatic interactiorthe orientationgy; andw;
of the molecules and j.1%!! Finally, the summation limit&, S’ and S} denote the number of
molecules, the number of LJ sites and the number of eleatrosites, respectively.

For a given molecule, i.e. in a pure fluid throughout, theraxtéons between LJ sites of
different type were defined here by applying the standarémizrBerthelot combining rulé$13

Oiiaa + Tjjbb
Oijab = "T“, (2)

and

Eijab = +/Eiiaa&jjbb- (3)

Molecular pure substance models

All three molecules studied in the present work do not extsiginificant conformational changes
beside Ethylene Glycol. Thus their internal degrees ofdoee were neglected and the force fields

were chosen to be rigid.

Ethylene oxide

The employed Ethylene oxide model consists of three LJ ¢tiee for each methylene (GH
group and one for the oxygen atom) plus one dipole. It wasntdk@m previous work of our
group'* that was the first entry in the 2007 Industrial Fluid ProgartSimulation Challenge.
This model yields mean unsigned errors in vapor pressuteragad liquid density and enthalpy
of vaporization of 1.5 %, 0.4 % and 1.8 %, respectively. Thadel was assessed with respect
to numerous thermophysical properties including trartsgata. Further details are given in the

original publication®*



Ethylene glycol

Ethylene glycol is an organic compound that is widely usedreautomotive antifreeze agent and
as a precursor to polymers like Poly(ethylene)terepleqRET) and Poly(ethylene)glycol (PEG).
At ambient conditions, pure Ethylene glycol in its pure foisnan odorless, colorless, syrupy
liquid.

Because of this widespread technological interest, difitefigece fields for Ethylene glycol are
available in the literature. Most force fieftfs1®include internal degrees of freedom and were
optimized to reproduce properties of the liquid state, daqnsity and enthalpy, only at one given
temperature. These force fields are commonly used for biecntdr simulations or for simulations
of ionic liquids. Ferrando et & recently developed a flexible force field that was more brpad|
optimized to thermophysical properties along the vapouiiti saturation curve.

For modeling Ethylene glycaol, its strong hydrogen bondimgiliactions due to its two hydroxyl
groups must be considered. The intermolecular interastreere thus described here by four LJ
sites plus six point charges, being located exactly at tisetipas of the Hydrogen atoms, Oxygen
atoms and methylene groups, cf. Figure 1. The geometrictsteliof the molecule was determined
by QC and initially the magnitudes of six point charges weieeh from an Ethanol model by
Schnabel et af!

A rigid molecular model was assumed for Ethylene glycol,alihis a significant simplifica-
tion, since this molecule may occur in numerous differemfgonations. This simplification may
be on the fringe of a reasonable modeling, but it offers athgas in terms of computational cost.
Moreover, it was found for many molecules with a similar dizat the VLE properties can be de-
scribed well with rigid models. However, for other propestisuch as transport data, quantitatively
correct predictions cannot be expected.

The geometric data of the molecular Ethylene glycol model, bond lengths, angles and
dihedrals, were derived from QC calculations. Thereforgeametry optimization by energy
minimization was initially performed using the QC code GABIKUS)?? The Hartree-Fock level

of theory was applied with a relatively small (6-31G) basit §he resulting configuration of the



atoms was taken to specify the spatial distribution of theitels. Among the ten most probable
conformerst® the three lowest minima correspond to drens and twogaucheforms. Despite
the fact that thegaucheforms are energetically more favorable, thensform was chosen here,
because the capability for hydrogen bonding is most procedim this case.

The dispersive and repulsive interactions of the Hydrogema were modeled together with
the atom they are bonded to. For the methylene united at@ntse LJ potential was located at
the geometric mean of the nuclei. This empirical offsetdiaf the work of Ungerer et & who
optimized transferable force fields for n-Alkanes.

It would be highly desirable to also parameterize the dgperand repulsive LJ interactions
usingab initio methods as well. However, for an estimation of the disperand repulsive in-
teractions at least two molecules must be taken into accaimproperly scan the energy hyper
surface, many QC calculations at different distances aieht@ations of the molecules have to be
performed. As the dispersive, and partly also the repulsiteractions are usually only a very
small fraction of the total energy that results from QC, hygdtcurate methods like coupled clus-
ter (CC) with large basis sets or even extrapolations to this baslimit must be employed for this
task 24

Due to the fact that this is computationally too expensivesfogineering purposes, LJ param-
eters for a given atom or molecular group were initially assn from other force fields. Some of
these parameters were subsequently fitted in an optimiezptmcess to yield accurate VLE data.

The optimization was done with a Newton scheme followingISto2° The applied method
has similarities with the one published by Ungerer et’dt relies on a least-square minimization
of a weighted fitness function that quantifies the deviatmfir@mulation results for a given force
field from experimental reference data.

Correlations of experimental data for vapor pressure, aadriquid density and enthalpy of
vaporization, taken from the DIPPR datab&8eere used as reference data for model adjustment
and evaluation. The quantitative comparison between sitionl results and correlations was done

by applying fits to the simulation data according to Lotfi ef%llhe relative deviation between



fit and correlation was calculated in steps of 1 K in the terapge range where simulations were
performed and is denoted by "mean unsigned error" in theviaiig.

VLE were determined by molecular simulation with the Gramgliibrium method®° the
technical details are given in the appendix. The optimizachmeter set of the new Ethylene
glycol model is summarized in Table 1. The pure substance Sbttilation results obtained with
the new model are shown in absolute terms in Figure 2 to Figuvehere they are compared to
the DIPPR correlations. Numerical simulation results faper pressure, saturated densities and
enthalpy of vaporization are given in Table 2. The criticaperties were determined through fits
to the present VLE simulation results as suggested by Lo#l.&t The estimated uncertainties
of critical temperature, critical density and critical gpsere from simulation are 1, 3 and 3 %,
respectively. Table 3 compares these critical propertiexperimental datd*31-3’An excellent
agreement was achieved, which is almost throughout witrercombined error bars.

Figure 5 shows the deviation plots, based on the DIPPR eioak, of the present simulation
data and the simulation data by Ferrando ePdfurthermore, four sets of experimental datg*
are included. A good agreement was obtained for the presedélnyielding mean unsigned er-
rors for vapor pressure, saturated liquid density and guthat vaporization of 4.8, 0.8 and 13.4
%, respectively, in the temperature range from 300 to 700 Kiclvis about 42 to 97 % of the
critical temperature. Compared to the model by Ferranda 8? &the present model shows signif-
icant improvents in the description of the saturated liciedsity and the vapor pressure. For the
enthalpy of vaporization, the model by Ferrando et®shows a better performance. Both for va-
por pressure and saturated liquid density, the simulatia show larger relative deviations at low
temperatures. As usual, the vapor pressure from simulatiows larger statistical uncertainties
at low temperatures. For the enthalpy of vaporization, ais@ant and almost constant offset is
present.

For the other force fields from the literatdre'®18-1%0 VLE data was found. However, Sze-
fczyk and Cordeird® compared their force field to some other models from theditee for the

liquid state point at 298 K and 1 bar. Table 4 compares theeptdsrce field to the OPLS-AA



model by Jorgensen et &f;3°a modified OPLS-AA model by Kony et al/, a force field by Gub-
skaya and Kusalik? the force field by Szefczyk and Cordelfband to experimental dat&:40-41
Compared with the other models, the present molecular pesftiest for the volume expansivity,
second best for both the isothermal compressibility ankdagpy of vaporization, and third best for
the density. In general, despite the fact that the interegteks of freedom were neglected, the
performance of the present force field is very satisfying a®ll describes the VLE properties over
a wide temperature range and is also capable to quantl{apvedict thermodynamic properties
of the liquid which were not used for the model adjustment.

In Figure 6, the pair correlation functions of Ethylene glyat 298 K and 1 bar are presented
for the oxygen-oxygen (OO), carbon-oxygen (CO) and carlmban (CC) site-site distances.
The first peaks are at 2.85, 3.6 and 3.8 A, respectively. Thep€dl is in very good agreement
with experimental neutron diffraction data (2.8 £ The CO and CC peaks are in good to fair
agreement with the simulation results by Oliveira and Begi® who predicted 3.5 and 4.36 A.
Please note, that the CC peak position of the present work istraaghtforward comparable with
the results by Oliveira and Freita$ due to the fact that the united atom approach was used here

that comprises the carbon atom and two hydrogen atoms.

Water

Since the early nineteen sixties, numerous force fields fatevwWvere developed and investigated
regarding their capability to describe the thermophysical the structural fluid properties qual-
itatively and quantitatively. Many different potentialpigs have been used and the number of
available models is vast. Guillbt reported a survey on Water models which contain rigid, flex-
ible, dissociable and polarizable interaction sites. lnrteviews on Water models are given by
Brodsky* Wallgvist and Mountairf® Finney*® and Vega and Abascl.

None of the force fields reviewed by these authdr$’ satisfactorily covers the properties of
Water over the complete technically relevant range of fltates. Most of them favorably describe

the thermophysical properties only close to the state paatvhich they were adjusted, i.e. often



close to ambient conditions. Only some of them yield faicizeons at state points far away from
the adjustment region.

Recently, Paricaud et &F proposed a rather complex force field which covers the ptigser
of water from dimer to condensed phases at extreme congligiocurately. It describes vapor pres-
sure, saturated liquid density and heat of vaporizatioteimperatures between 331 and 610 K with
mean unsigned errors of 11.3 %, 1.4 % and 3.9 %, respectielyur knowledge, this is the most
accurate representation of the VLE properties on the bésidarce field with state-independent
parameters so far. However, the model of Paricaud &t &.based on Gaussian charge polariz-
able interaction sites, i.e. smeared out charges to deseldztrostatics and hydrogen bonding.
Additionally, it uses one Buckingham exponential-6 &t consider repulsion and dispersion.
Thus, this Water model is computationally expensive andstraightforwardly compatible with
the overwhelming majority of LJ-based force fields from tiher&ture for simulations of mixtures.

To investigate whether a much simpler force field can desdtile VLE properties of Water
with a similar quality as the model of Paricaud et®lthe rigid four-site TIP4P model type, as
proposed by Jorgensen et #l.was studied here. This model type consists of three poingesa
excentrically superimposed to one LJ site, cf. Figure 7. fiéeepositive point charges represent
the Hydrogen atoms, the negative point charge is locateldeabisection of the Hydrogen sites.
The LJ site is located at the Oxygen atom such that all sieesituated in a plane.

Recently, the TIP4P model was re-parameterized by Horn &t @lP4P-Ew). Two fur-
ther optimizations for the TIP4P model type were recentlggasted by Abascal and Vetfa
(TIP4P/2005) and Abascal et &.(TIP4P/Ice). Furthermore, a TIP4P-like model was devalope
by Berendsen et &t (SPC/E). Among these models, for TIP4P/Ice no VLE data aréadle,
thus it is not discussed in the following.

The parameters of the TIP4P, TIP4P-Ew, TIP4P/2005, TIR4PSPC/E as well as of the
present model are given in Table 5. The distance between xlgged atom and the Hydrogen
atoms in a water molecule is 0.95718°AThus most of the TIP4P type models adopt the value

0.9572 A. However, this distance was chosen to be 40 % laggeghé present model. This ex-



tended bond length was chosen to achieve a more localizeddpya bonding. However, the mag-
nitude of the point charges of the present model was chodes $maller than that of other TIP4P
type models and the attractive force was compensated bgt@aedy high LJ energy parameter

By choosing this extended bond length, which does not coorespo the physical nature of
the molecule, it was possible to achieve a superior perfoce@n describing the VLE. It is thus
a tradeoff between the highest possible resolution for #ke ©f the big picture at reasonable
computational cost.

Figure 8 shows the deviation plots, where also simulatisalts of the TIP4P model by Lisal
et al.2® the SPC/E model by Guissani and Guilfdtthe TIP4P/2005 model by Vega et &f,
the TIP4P-Ew model by Baranyai et #.as well as several sets of experimental d&t¥ are
included. A very good agreement was obtained for the presedlel, yielding mean unsigned
errors for vapor pressure, saturated liquid density anbadpy of vaporization of 7.2, 1.1 and
2.8 %, respectively, in the temperature range from 300 to K0Which is about 46 to 93 %
of the critical temperature. Among the five force fields, TRF2D05 has the best performance
for the saturated liquid density at low temperatures, butigher temperatures, the deviations
increase. However, it performs poorest for the vapor presgtom 25 up to 80 %) and also the
enthalpy of vaporization exhibits a large deviation at 298 Ke original TIP4P model shows the
largest deviations for both saturated liquid density anthapy of vaporization. TIP4P-Ew and
SPC/E have an average performance for all three propertie€/ESshows similar deviations as
TIP4P/2005 for the enthalpy of vaporization.

Although the main goal for the development of the presenewaiodel was the accurate de-
scription of the VLE, predictions on the structure of liqweter are provided in terms of the radial
distribution function for the oxygen-oxygen (OO) distarate298 K and 1 bar in Figure 9. The
present model predicts the first peak at 3 A which is at a sorael@inger distance than the ex-
perimental data with around 2.8 A as reported by S&fdae magnitude of the peak is in good
agreement with the data by Sopg@rAlso for the remaining extrema, the present results are at

somewhat larger distances.
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Second virial coefficient

For Ethylene oxide and Water, second virial coefficient deden experimental work are avail-
able51.52 For Ethylene glycol, only predictions by Abusleme and Yérare available. Figure 10
compares the predictions based on the present force fietddtveise data. The agreement is very
good for Ethylene oxide and Water. At high temperatureskthglene glycol model yields signif-
icantly different results than the group contribution noethy Abusleme and Ver2 These could
be attributed to the rigid nature of the force field, whichsloet cover the conformational changes

that play an increasing role under these conditions.

Molecular mixture models

On the basis of pairwise additive pure fluid models, molacoiadeling of mixtures reduces to
specifying the interactions between unlike molecules.ikénihteractions consist of two different
types here. The unlike electrostatic interactions, e.gwéen charges as well as between charge
and dipole, were treated in a physically straightforwarg,sanply using the laws of electrostatics.
Unfortunately, the treatment of the unlike dispersiveaattion is not straightforward. If a
mixture A + B is modeled on the basis of LJ sites, the knowleafgbe unlike LJ parameteisag
andeag is required. Due to the fact that there is no sound physieatéwork for the determination

of these parameters, the broadly used Lorentz-Berthelobrong rules are the usual starting

point®* with
oag = (Oa+08B)/2, (4)
and
EAB = V/EAEB. (5)

Applying oag andéeag as given by Eq. (4) and Eqg. (5) allows for the prediction of toig prop-
erties from pure fluid data alorf@:64-7But as shown in these publications, a significant improve-

ment can be achieved by introducing one state independeatylpparametef to adjust the unlike
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energy parameter

ens = &\/entp. (6)

It should be pointed out that A and B are molecule speciesrttet each be described by
several LJ sites with different energy parameterdhusé is a single overall parameter that acts
consistently on all individual unlike LJ interactions oktpair A + B.

For VLE, it was shown in Ref? that& can be adjusted to a single experimental binary vapor
pressure. Specifying temperature and saturated liquidoosition, ¢ has hardly any influence
on the saturated liquid density and a minor influence on thera@d vapor composition. The
benefit ofé lies in an significantly enhanced representation of thevase envelope. The binary
parameter was adjusted here following the same procedumepasr work of our group?°-66.67

Table 6 lists the state point (i.e. temperatilirand saturated liquid mole fraction of the lower
boiling componenky ) and the experimental vapor presspf&Pwhich was used for the adjustment
as well as the resulting binary paramefeiFor direct comparison and validation, a VLE simulation
with the adjusted mixture model was performed at this statetp The resulting vapor pressure
p and saturated vapor compositiga from simulation are also listed in Table 6 and can there

numerically be compared to experimental vapor pressuee dat

Binary vapor-liquid equilibria

Based on the three pure substance models presented abovelaid were predicted for all three
binary combinations. Their phase behavior is throughoatragic. Full numerical VLE simula-
tion data are given in Table 7, which also contains the stadrdensities and the heat of vaporiza-
tion from simulation. Because the saturated densities andeht of vaporization from experiment
are not available for comparison, they are not further dised here.

For orientation and comparison, the results of the PengsRobi equation of state (EQS)
with adjusted binary parametiy are also shown. A definition of the binary paramdggers given

in the appendix. The EOS was optimized to the experimenpnaressure at the same state point

12



as the molecular mixture model.

Ethylene oxide + Water

Figure 11 shows isobaric VLE of Ethylene oxide + Water at Q81#Pa from experiment, sim-
ulation and Peng-Robinson EOS. Figure 12 presents isoth®finkaat the temperatures 350 and
370 K. The binary parameteés= 1.126 anckj; = -0.1 were adjusted to the vapor pressure mea-
sured by Schilk and Huf at 370 K for a liquid mole fractiorxgo = 0.03 mol/mol. Bothé =
1.126 andk; = -0.1 differ quite strongly from the valueés= 1 andk;; = 0 that would be used in
a strictly predictive application. However, particulathe interactions of water are dominated by
electrostatics so that the comparably weak unlike dispeisiteraction has to be modified quite
significantly to adjust the mixture model.

At 0.4428 MPa, the mixture is sub-critical, the phase emqpelis wide with a concave bubble
line and a slightly convex dew line, cf. Figure 11. The sintiola points show a very good agree-
ment with the experimental data, but the Peng-Robinson EQ&hesm only on the the saturated
liquid line, i.e. it fails to describe the saturated vapaoelioutside the Water-rich area. Due to the
shortage of isothermal experimental data, six points waespolated from the experimental data
by Schilk and Hur§® to form the two isothermal data sets in Figure 12. There, tmailation
results disagree with Peng-Robinson EOS outside of the Wateregion.

Figure 13 shows the present simulation results for the Helay constant of Ethylene oxide in
Water, which is a property that is technically particularhportant, e.g. for hazard and operability
studies. As no experimental data were found in the liteeatno comparison can be made. To
our knowledge, the simulation data reported here (cf. T8blare therefore the first published
data on the Henry’s law constant of Ethylene oxide in WaterotAer important property, which
is experimentally practically inaccessible, can be olgdifrom that data. It is the enthalpy of
absorption of Ethylene oxide in Water in the absence of tleeatal reactions of those substances.
It can be obtained either from the temperature dependentteedfienry’s law constaf? shown

in Figure 13 or directly from simulations at infinite dilutid The results are consistent with -15
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(£5) kd/mol and -21 £1) kd/mol, respectively, and are almost independent oneifmpérature.

The number in parentheses is the uncertainty of the entludlglgsorption.

Ethylene oxide + Ethylene glycol

Figure 14 shows isothermal VLE data of Ethylene oxide + Ehglglycol at 378.15 and 360.15
K from experiment, simulation and Peng-Robinson EOS. Theurexis sub-critical for these
temperatures and the phase envelope, according to theRR#mgson EOS, is very wide with a
S-shaped saturated liquid line and a concave saturated Ma@o

The binary parameteis = 1.016 andkjj = 0.01 were adjusted to the vapor pressure measured
by Di Serio et al’? at 378.15 K antgo = 0.1 mol/mol. The present simulation results are in good
agreement with the experimental data set by Di Serio & Ak shown in Figure 14, experimental
data are only available at low Ethylene oxide concentrat{gn0.1 mol/mol). The present molec-
ular simulations indicate that at higher Ethylene oxideosmrations, a small miscibility gap may

exist near the equimolar composition.

Water + Ethylene glycol

Isothermal VLE data of Water + Ethylene glycol from expeneimulation and Peng-Robinson
EOS are presented in Figure 15 at 383.15 and 395.15 K. Fortbotpheratures, the mixture is
sub-critical and the phase envelope is wide with a slightijoave saturated liquid line. The
experimental vapor pressure measured by Lancia €tall.395.15 K andy20 = 0.466 mol/mol
was taken for the optimization of the mixture models, yietp€ = 0.8 andk;; = -0.066. Even
with the optimization, it was not possible to describe thpegimental data by Lancia et &.very
well. A further decrease of th& value did not improve the description of the VLE, in fact the
opposite effect occurred. Maximum deviations of around 6% erms of the vapor pressure
of the mixture between simulation results and experimesah were found at low Water mole
fractions. For higher Water mole fractions, the averageadiens are around 30 %. We assume

that these unfavorable findings are related to the fact tthgii&ne glycol was modeled neglecting
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the internal degrees of freedom, which may be too crude whaild of its interactions with water
are of interest.

At 395.15 K, the Peng-Robinson EOS fails to describe the atdiiquid line in the Ethylene
glycol-rich region and it does not match well with saturategbor line either. Regarding the
isotherm 383.15 K, it can be seen that the binary parankgtef the Peng-Robinson EOS should

be assumed to be temperature dependent.

Henry’s law constant of Ethylene oxide in liquid mixtures of Wa-
ter + Ethylene glycol

The solubility of Ethylene oxide in mixtures of Water and f#ne glycol is important for the
industrial production of Ethylene glycol from Ethylene dgiand Watef. Despite this importance,
data on the solubility of Ethylene oxide in mixtures of Wased Ethylene glycol are not avail-
able in the literature. This is related to the high reagtiat Ethylene oxide, which makes such
measurements difficult. Another problem is that, at leastiglter temperatures, Ethylene oxide
will always react with water so that the physical solubilifiyEthylene oxide cannot be measured
directly. However, it is the central property needed for elody the thermophysical data in the
studied systems and, hence, it forms a basis for process$asiomu Molecular simulations provide
an unique opportunity for obtaining the physical solupibt Ethylene oxide in aqueous solutions.
Figure 16 shows the Henry’s law constant of Ethylene oxideguid mixtures of Water +
Ethylene glycol in dependence of the Ethylene glycol maetion (calculated on a Ethylene oxide
free basis) at 350 and 500 K. Numerical simulation data aesgmted in Table 8. The Ethylene
oxide and Ethylene glycol mole fractions correspond to ety oxide free mass ratios of Water +
Ethylene glycol of 1:3, 1:4, 1:6 and 1:10. At 350 K, hardly angnificant influence upon adding
Ethylene glycol to the solvent Water on the Henry’s law cansof Ethylene oxide was found.
The large statistical uncertainties due to the low tempeeatender a discussion of these results

difficult. At 500 K, the Henry’s law constant of Ethylene ogiglightly decreases with rising
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Ethylene glycol mole fraction. Like for Ethylene oxide in ¥Wg the enthalpy of absorption can
be calculated from the temperature dependence as wellegigifrom the energies obtained by
molecular simulation. The results from the present studyjcate that the enthalpy of absorption
of Ethylene glycol does not depend on the addition of Ethg/lglycol to the solvent Water.

It should be noted, however, that these predictions maydseridiable than, e.g. the ones for
the solubility of Ethylene oxide in pure Water. The shortoags observed for the predictions in
the system Ethylene glycol + Water, presumably due to théenggn of the internal degrees of

freedom of Ethylene glycol, may also have consequencesaserell.

Conclusion

Molecular modeling and simulation was applied to predictEvaf binary mixtures containing
Ethylene oxide, Ethylene glycol and Water. New force fielgsewdeveloped for Ethylene glycol
and Water, partly based on quantum chemical information olecallar geometry and electrostat-
ics. Furthermore, experimental data on the vapor pressutehe saturated liquid density were
taken into account to optimize the pure substance modelsselproperties were accurately rep-
resented from the triple point to the critical point. Critis@lues of temperature, density and
pressure from present simulations agree with experimelatia within the combined error bars.
The new models were compared with models from the literatitte respect to their representa-
tion of the VLE properties. In addition, the second viriakffiecient was predicted for Ethylene
oxide, Ethylene glycol and Water. Overall, the comparisath @xperimental data is favorable.

All binary mixtures of these three components were simdlatéhere one state independent
parameter was adjusted to one experimental state pointthEdsinary mixtures Ethylene oxide
+ Water and Ethylene oxide + Ethylene glycol, a good agre¢mvans found between experiment
and molecular simulation. For Water + Ethylene glycol, nealar simulation underpredicts the
vapor pressure of the mixture. This may be related to thesgegf the internal degrees of freedom

in the present Ethylene glycol model.
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Henry’'s law constant data of Ethylene oxide in liquid miesirof Ethylene glycol + Water
were predicted at 350 and 500 K. At 350 K, no significant infeesof the liquid composition was
found, whereas at 500 K, the Henry’s law constant of Ethytende slightly decreases with rising
Ethylene glycol mole fraction in the liquid mixture. The kalpy of absorption of Ethylene oxide
in these mixtures does not depend strongly on the temperatucomposition and is about -15
(£5) kd/mol and -21£1) kJ/mol, respectively. To our knowledge, this is the firsiet that values
for the physical solubility of Ethylene oxide (no chemicahctions with Water or Ethylene glycol)

are reported.
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Appendix: Simulation details

The Grand Equilibrium methol was used to calculate VLE data. Monte Carlo simulations were
performed in theN pT ensemble for the liquid. Thereby, the chemical potentias walculated

by the gradual insertion methdd:”® The number of molecules was 500. Starting from a face
centered cubic lattice, 15 000 Monte Carlo cycles were peréorfor equilibration and 50 000 for
production, each cycle containing 500 translation move8,rbtation moves, and 1 volume move.
Every 50 cycles, 5000 fluctuating state change moves, 500@éting particle translation/rotation

moves, and 25000 biased patrticle translation/rotationemavere performed, to determine the
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chemical potential. These yield the chemical potentialenst and strong interacting liquids with
high accuracy, leading to reasonable uncertainties in tte. V

For the corresponding vapor, Monte Carlo simulations in geupopV T ensemble were per-
formed. The simulation volume was adjusted to lead to anagenumber of 500 molecules in
the vapor phase. After 2 000 initidlvV T Monte Carlo cycles, starting from a face centered cubic
lattice, 10 000 equilibration cycles in the pseydd-T ensemble were performed. The length of
the production run was 50 000 cycles. One cycle is defined tioelbe a number of attempts to
displace and rotate molecules equal to the actual numberotfaules 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 em-
ployed. Lennard-Jones long-range interactions beyoncditieff radius were corrected employing
angle averaging as proposed by Lusff¢Electrostatic interactions were approximated by a effec-
tive molecular dipole and corrected using the reaction fieédhod2C Statistical uncertainties of
the simulated values were estimated by a block averagingodét

All simulations were carried out with the molecular simigattool ms2.’8

The adjustable binary parametgyr of the following mixing rules

aij = /aiajj (1—kij). (7)
and
bij = (bi +bjj)/2, (8)

wherea;; andbjj are the cross parameters of the one-fluid mixing rule of vaw\els used in the

Peng-Robinson EO%
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Table 1. Parameters of the new molecular model for Ethyldpeogbased on Lennard-Jones
interaction sites and point charges, cf. Figure 1. The doatds are given with respect to the
center of mass in a principal axes system.

interaction site X y z O €/ks q

A A A A K e
OH(2) 1.6941 0.2400 0 3.18 8931
OH(2) -1.6941 -0.2400 0 3.18 89.31
CHz(2) -0.4831 0.8857 0 3.50 94.00
CH(2) 0.4831 -0.8857 0O 3.50 94.00
point charge at Ch{1) -0.4831 0.8857 O 0.278
point charge at O(1) 1.6941 0.2400 O -0.810
point charge at H(1) -2.4793 0.2072 O 0.532
point charge at Ch{2) 0.4831 -0.8857 O 0.278
point charge at O(2) -1.6941 -0.2400 O -0.810
point charge at H(2) 2.4793 -0.2072 O 0.532
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Table 2: Vapor-liquid equilibrium simulation results fowet pure substances on the basis of the new
molecular models. The number in parentheses indicatesdtistisal uncertainty in the last digit.

T p o' P’ Ahy
K MPa mol/I mol/l kJ/mol

Ethylene glycol

325.00 0.000092 (5) 17.45 (1) 0.000023 (1) 70.24(7)
350.00 0.00051 (1) 17.18 (1) 0.000111(3) 69.71(6)
400.00 0.00722 (6) 16.626 (6) 0.00220 (2) 66.01 (6)
450.00 0.0514 (4) 15.973(6) 0.0223 (2) 61.17(4)
500.00 0.2245 (9) 15.218(6) 0.0458 (2) 56.22(3)
550.00 0.725 (1) 14.368(8) 0.1841 (3) 50.09 (3)
600.00 1.78 (1) 13.32 (1) 0.423 (2) 43.44(4)
650.00 3.73 (2) 12.03 (3) 0.928 (5) 35.31(6)
700.00 6.78 (3 100 (1) 1900 (8 21.2 (2
Water

300.00 0.0040(4) 56.35(4) 0.00178(2) 45.41(1)
320.55 0.0120(6) 55.23(3) 0.0045 (2) 44.33(1)
350.00 0.046 (2) 53.91(3) 0.0169 (7) 42.86(1)
373.97 0.109 (3) 52.64(3) 0.0360 (9) 41.64(2)
427.40 0513 (9) 50.06(4) 0.154 (3) 38.63(2)
450.00 0.89 (2) 48.85(5) 0.261 (5 37.19(1)
534.25 450 (5) 43.10(5) 1.27 (1) 30.47(4)
550.00 5.80 (6) 41.75(7) 157 (2) 29.01(1)
587.67 9.70 (8) 378 (2) 288 (2) 245 (1)
600.00 112 (1) 36.3 (2) 380 (4 2214(3
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Table 3: Critical properties of the pure substances on this bathe employed molecular models
in comparison to recommended experimental data.

exp exp

TCSIm TC(‘-‘XP pCSIm Pc pglm pC EXp
K K mol/l mol/l MPa MPa Ref.
Ethylene oxide 469.6 469.15 7.18 7.1278 7.2 7.790
Ethylene glycol 722.0 720.00 5.9 592 8.3 8.28%34
Water 649.3 647.10 17.5 17.874 22.0 22.084%
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Table 4: Densityp, isothermal compressibilitysr, volume expansivityap, and enthalpy of va-
porizationAh, for different molecular Ethylene glycol models in companswith experimental
date?®4041at 298 K and 1 bar. The number in parentheses indicates thgtisa uncertainty in

the last digit.

p Br ap Ahy

mol/l 10 41/MPa 1041/K kJ/mol
present model 17.339 (3) 2.44(9) 5.3(4) 70.90(2)
OPLS-AA38:39 16.887 4.9 10.1 59.2
Modified OPLS-AALY | 17.226 4.2 9.5 64.3
Gubskaya and KusaliR | 17.468 5.0 8.6 72.2
Szefczyk and Cordeif§ | 17.903 5.4 8.8 75.6
Experiment 17.8888  3.4140 6.36"1  66.5%8
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Table 5: Geometry, Lennard-Jones and point charge paresrfetremolecular Water models of
TIP4P type, cf. Figure 7.

Model hl h2 a 0o So/kB do aH
A A ° A K e e
TIP4P0 0.15000 0.9572 104.52 3.15365 78.020 -1.04000 +0.52000

TIP4P-Ew!  0.12500 0.9572 104.52 3.16435 81.921 -1.04844 +0.52422
TIP4P/2003% 0.15460 0.9572 104.52 3.15890 93.200 -1.11280 +0.55640
TIP4P/Icé?®  0.15770 0.9572 104.52 3.16680 106.100 -1.17940 +0.58970
SpPc/p? 0 1 109.47 3.16600 78.178 -0.84760 +0.42380
present model 0.20482 1.3338 104.52 3.11831 208.080 -D083%0.41955
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Table 6: Binary interaction parameté&r experimental saturated liquid point used for the adjust-
ment with reference, simulation results with adjuséednd binary parametek; of the Peng-
Robinson EOS. The number in parentheses indicates thdistdtisicertainty in the last digit.

Mixture (A + B) & T XA pexP pS'm yam kij

K mol/mol MPa MPa mol/mol
Ethylene oxide + Water 1.126 370.00 0.03 081 031 (3) 0.701(8) -0.1
Ethylene oxide + Ethylene glycol 1.016 378.15 0.1 038 0.38 (1) 0.999 (1) 0.01
Water + Ethylene glycol 0.800 395.15 0.466 0.6840.082(2) 0.965(4) -0.066
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Table 7: Vapor-liquid equilibrium simulation results foinkry mixtures in partial comparison to
experimental vapor pressure data. The number in parerstivedieates the statistical uncertainty

in the last digit.

Mixture T XA p PP YA P’ p” Ahy

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

Ethylene oxide + Water
330.65 0.800|0.44 (1) 0.44%° 0.978(1) 21.81(1) 0.172(2) 26.08 (1)
334.35 0.300|0.48 (1) 0.44%° 0974 (1) 35.98(1) 0.189(4) 36.46 (1)
338.75 0.200| 0.50 (2) 0.44%° 0.967 (1) 40.68(1) 0.195(6) 38.53 (1)
350.95 0.100| 0.46 (2) 0.44%% 0.929(3) 46.13(1) 0.166 (1) 40.33(1)
368.35 0.050| 0.43 (2) 0.44%9 0.846(8) 48.84 (1) 0.148 (1) 40.70 (1)
390.85 0.020|0.38 (2) 0.44%° 0.61 (2) 50.15(1) 0.123(5) 40.42 (1)
350.00 0.06 [ 0.33 (2) 0.31%° 0.901(6) 49.02 (1) 0.117(7) 41.43(1)
350.00 0.180|0.56 (2) - 0.944 (3) 41.37(2) 0.218(2) 38.66 (2)
350.00 0.280| 0.67 (2) - 0.960 (1) 36.23(1) 0.256(7) 35.92 (1)
350.00 0.500|0.71 (1) - 0.964 (1) 28.12 (1) 0.274(4) 30.94 (1)
350.00 0.750|0.72 (1) - 0.967 (1) 22.03(1) 0.277(3) 25.78 (1)
350.00 0.900| 0.75 (1) — 0.977 (1) 19.37 (1) 0.288(3) 23.07 (1)
370.00 0.030/0.32 (1) 0.31%° 0.77 (1) 50.36 (1) 0.106 (4) 41.21 (1)
370.00 0.048|0.43 (2) 0.44%° 0.836(8) 49.04(1) 0.148(8) 40.70 (1)
370.00 0.150|0.89 (3) - 0.924 (2) 42.05(1) 0.33 (1) 37.78(1)
370.00 0.280|1.06 (2) - 0.940 (1) 35.31(7) 0.394(6) 34.48 (1)
370.00 0.500|1.09 (1) - 0.947 (1) 27.24 (1) 0.409 (5) 29.54 (1)
370.00 0.720|1.10 (1) - 0.951 (1) 21.82 (1) 0.415(4) 24.96 (1)
370.00 0.800|1.15 (1) - 0.957 (1) 20.27 (1) 0.446(3) 23.40 (1)
370.00 0.950|1.22 (1) - 0.980 (1) 17.82 (1) 0.467 (3) 20.94 (1)
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Table 7: 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
Ethylene oxide + Ethylene glycol
360.15 0.075| 0.17(1) 0.222 1.0 17.04 (1) 0.059 (2) 63.47 (2)
360.15 0.130| 0.29(1) 0.342 1.0 17.17 (1) 0.101(3) 60.83(2)
360.15 0.200| 0.53 (1) - 1.0 17.40 (1) 0.189 (4) 58.00 (2)
360.15 0.250| 0.67 (1) - 1.0 17.51 (1) 0.244(4) 55.45(2)
360.15 0.300| 0.71(2) = 1.0 17.59 (1) 0.259 (6) 52.72(2)
360.15 0.800| 0.99 (1) —~ 1.0 17.93(1) 0.383(3) 28.97 (1)
378.15 0.051| 0.20(1) 0.21> 1.0 16.83 (1) 0.066 (2) 63.92(2)
378.15 0.100| 0.38(1) 0.382 1.0 16.91(1) 0.124(5) 61.31(2)
378.15 0.200| 0.92(2) - 1.0 17.22 (1) 0.323(7) 56.61(2)
378.15 0.250| 1.13(2) - 1.0 17.33(1) 0.409 (7) 54.07 (2)
378.15 0.300| 1.22(3) - 1.0 17.41(1) 0.45 (1) 51.21(2)
378.15 0.800| 1.47 (1) - 1.0 17.40 (1) 0.647 (4) 24.07 (4)
Water + Ethylene glycol
383.15 0.200|0.011(1) 0.02%°> 0.881(9) 19.53 (1) 0.0033(1) 63.61(2)
383.15 0.401 | 0.032 (1) - 0.97 (1) 23.41(1) 0.0102(2) 59.94 (3)
383.15 0.500 | 0.047 (1) —~ 0.987 (2) 25.89(1) 0.0149(2) 57.53(2)
383.15 0.600 | 0.063 (1) - 1.0 28.87 (1) 0.0199 (3) 54.84(2)
383.15 0.800 | 0.094 (1) - 1.0 37.25(1) 0.0302 (4) 48.19 (1)
395.15 0.200| 0.019 (1) — 0.873(9) 19.38(1) 0.0059 (1) 62.81(2)
395.15 0.401 | 0.049 (1) - 0.967 (2) 23.21(1) 0.0151(2) 59.05(2)
395.15 0.466| 0.064 (2) 0.084° 0.97 (2) 24.81(1) 0.0198(6) 57.43(3)
395.15 0.600 | 0.098 (1) —~ 0.990 (1) 28.61(1) 0.0304 (3) 53.89(2)
395.15 0.800 | 0.137 (1) — 1.0 36.81 (1) 0.0427 (1) 47.37(1)
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Table 8: Henry’s law constant of Ethylene oxide in mixturé€thylene glycol + Water from

molecular simulation.x’EG are the gas free liquid mole fractions. The number in paesgh
indicates the statistical uncertainty in the last digits.

HEO/ MPa
X,EG/ mol/mol | T=350 K T=400K T=450K T=500K
0.0 6.9(3.0) 14.9(2.2) 23.7(1.4) 32.1(L.0)
0.041 4.8 (5.0) 27.0 (1.0)
0.07 4.5 (5.0) 25.0 (1.0)
0.1 3.6 (5.0) 24.0 (1.0)
0.136 4.2 (5.0) 23.0 (1.0)
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Figure 1: Geometry of the present Ethylene glycol model,retadl sites are situated in a plane.
Lennard-Jones sites are indicatedeypoint charges by.
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Figure 2: Saturated densities; present simulation dmtthylene oxidea Ethylene glycoll Wa-
ter; — correlations of experimental dat?.
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Figure 3: Vapor pressure; present simulation det&thylene oxideA Ethylene glycol® Water;
— correlations of experimental dafi.
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Figure 4: Enthalpy of vaporization; present simulatioracd @ Ethylene oxideA Ethylene glycol,
W Water; — correlations of experimental d&&The points at the bottom indicate the critical
temperature of the present models.
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Figure 5. Relative deviations of vapor-liquid equilibriumoperties from correlations of experi-
mental datd® (62 = (z — Zor) /Zor) for Ethylene glycol:® present simulation data) simulation
data by Ferrando et af% + experimental datd! 34 Top: saturated liquid density, center: vapor
pressure, bottom: enthalpy of vaporization.
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Figure 6: Site-site pair correlation functions of Ethylegtgcol at 298 K and 1 bar: —goo(r), - -
dco(r), -+ gec(r).
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Figure 7: Geometry of TIP4P type Water models, where alssite situated in a plane. Lennard-
Jones sites are indicated @y point charges by.
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Figure 8: Relative deviations of vapor-liquid equilibriumoperties from correlations of experi-
mental datd® (6z= (Z — Zcor) / Zcor) for Water: ® present model simulation dat@; TIP4P simu-
lation data by Lisal et aP® 0 SPC/E simulation data by Guissani and Guiftéta TIP4P/2005
simulation data by Vega et at® A TIP4P-Ew simulation data by Baranyai et &l.:- experimental
data3®-3" Top: saturated liquid density, center: vapor pressurgpbotenthalpy of vaporization.
Note that simulation data for the enthalpy of vaporizatioae anly available at 298 K for the
TIP4P/2005 and the SPC/E modél.
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Figure 9: Oxygen-oxygen pair correlation function of waae298 K and 1 bar: —goo(r).
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Figure 10: Second virial coefficient; Ethylene Oxidepresent modelp experimental dat&? -
- DIPPR correlatior?® Ethylene glycol:a present model\ prediction by Abusleme and Vef&;
— . — DIPPR correlatior?® Water: l present model; — equation of state by Wagner and PHuss.
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Figure 11: Isobaric vapor-liquid phase diagram of Ethylem&le + Water at 0.4428 MPat
experimental dat&® @ present simulation data with = 1.126;— Peng-Robinson EOS witky;

=-0.1.
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Figure 12: Isothermal vapor-liquid phase diagram of Ethglexide + Water at 350 and 370 k:
experimental dat4° M, ® present simulation data with = 1.126:— Peng-Robinson EOS with

kij =-0.1.
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Figure 13: Henry’s law constant of Ethylene oxide in Wat@rpresent simulation data with =
1.126. The straight line is a guide for the eye. The enthafpgbsorption of Ethylene oxide in
Water in the absence of chemical reactions was found to bé+=%pkJI/mol from this data. The
number in parentheses is the uncertainty of the enthalpipsration.
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Figure 14: Isothermal vapor-liquid phase diagram of Ethglexide + Ethylene glycol at 360.15
and 378.15 K+ experimental datd2 B, ® present simulation data with = 1.016;— Peng-
Robinson EOS witlkjj = 0.01.
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Figure 15: Isothermal vapor-liquid phase diagram of WatEthylene glycol at 383.15 and 395.15
K: + experimental datd3 Hl, ® present simulation data with = 0.8; — Peng-Robinson EOS

with kij = -0.066.
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Figure 16: Henry’s law constant of Ethylene oxide in liquitktares of Water + Ethylene glycol
as a function of the mole fractio»(kG of Ethylene glycol (on a ethylene oxide-free basis) at 350
and 500 K:H, ® present simulation data. The lines are guides for the eye.

T 500 K
30 A
<
[
S 20 1
\o
m
T
350 K
10 + T - B
[
1 L &5 ]
0 T
0.00 0.05 0.10 0.15

-1
x’EG / mol mol

53



