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Abstract

The three binary mixtures cyclohexane + benzene, cyclohexanol + phenol and
cyclohexylamine + aniline exhibit qualitatively different vapor-liquid phase behavior, i.e.
azeotropic with pressure maximum, azeotropic with pressure minimum and zeotropic,
respectively. Employing molecular modeling and simulation, the COSMO-SAC model and a
cubic equation of state, the root of these effects is studied on the basis of phase equilibria,
excess properties for volume, enthalpy and Gibbs energy as well as microscopic structure. It
is found that cyclohexane + benzene is characterized by more pronounced repulsive
interactions, leading to pressure maximum azeotropy and a positive excess Gibbs energy.
Functionalizing the aliphatic and aromatic rings with one amine group each introduces
attractive hydrogen bonding interactions of moderate strength that counterbalance such
that the mixture is zeotropic. The hydroxyl groups introduce strong hydrogen bonding

interactions, leading to pressure minimum azeotropy and a negative excess Gibbs energy.
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1. Introduction

The fluid phase behavior of the binary systems cyclohexane + benzene (mixture without
functional groups), cyclohexanol + phenol (one hydroxyl group bonded to each of the rings)
and cyclohexylamine + aniline (one amine group bonded to each of the rings) depends
qualitatively on the functional group. Without a functional group, the binary mixture exhibits
a pressure maximum azeotrope® % 3, with the hydroxyl group bonded to the rings, the binary
system exhibits a pressure minimum azeotrope® and with the amine group bonded to the
rings, the binary system is zeotropic®. The goal of this work was to elucidate the causes of

this varying phase behavior.

The six considered cyclic hydrocarbons are also part of many industrial processes, e.g., in the
food, pharmaceutical, paper, petrochemical, plastics, resins, rubber and textile industries, so

that the present findings may contribute to technological aspects.

Benzene is a precursor of numerous products and is found in small amounts in crude oil. It
can be produced by catalytic cracking or reforming, where the associated chemical reactions
involve dehydrogenation of naphtenes or isomerization of alkylnaphtenes®, while
cyclohexane is obtained by catalytic hydrogenation of benzene in liquid or vapor phases’.
Cyclohexane can be used as a hydrogen storage and transport medium or as a precursor of
important chemical products. Efforts are continuing to catalyze the reverse hydrogenation
reaction® and to yield cyclohexanol and cyclohexanone by electrocatalytic membrane

reactorsg.



Cyclohexanol can be produced by oxidation of cyclohexane with hydrogen peroxide, tert-
butyl hydroperoxide or molecular oxygen'. It can also be obtained by catalytic
hydrogenation of phenol in the vapor phase, also yielding cyclohexanol and
cyclohexanone'’. As an innovative route, the direct hydration of cyclohexene by reactive
distillation was recently proposed*. Phenol can be obtained by the Dow process or by the
oxidation of cumene, in which a substantial amount of acetone is produced. In that process,
chlorobenzene reacts at high temperature and pressure with an aqueous solution of sodium
hydroxide to yield sodium phenoxide, which reacts with an acid to yield phenol®. This
substance is used for various products, such as phenol-formaldehyde resins, which are
constituted by phenol molecules linked by methylene groups. However, phenol is considered
as an important environmental pollutant because it reduces the life expectancy of water
ecosystems. Therefore, different methods for alleviating its environmental impact have been

devised, e.g. heterogeneous photocatalysis'® or pervaporation®.

Amines, which are moderately polar substances and are present in a large variety of
biological compounds, can be obtained by reductive amination, where ketones or aldehydes
react with ammonia in the presence of a catalyst or sodium cyanotrihydridoborate. E.g., the
reductive amination of cyclohexanone yields cycIohexyIamineB, which is produced by
pressurized and catalyzed hydrogenation of aniline®®. Cyclohexylamine is used in the rubber
industry to delay the degradation of rubber mixtures and to prevent corrosion in steam
power plants when it is added to water at concentrations of 5 ppm'’. Aromatic amines, such
as aniline or toluidine, can be produced by direct reduction of nitro compounds obtained

from the nitration of aromatic compounds.



I'® and a cubic

In this work, molecular modelling and simulation, the COSMO-SAC mode
equation of state (EOS) were applied to study the vapor-liquid phase behavior. Some studies
on similar mixtures have been carried out in the past with the COSMO-SAC model, e.g. for

the separation of the binary mixture cyclohexane + benzene employing ionic liquids®® or

liquid-liquid equilibria of the ternary mixture aniline + cyclohexylamine + water®.

Molecular modeling and simulation is a versatile approach for studying both dynamic (e.g.
diffusivity, viscosity, thermal conductivity) and static (e.g. phase equilibria, heat capacities,
speed of sound) properties of fluids. It allows for elaborate interpretations of
thermophysical properties from a microscopic point of view that are not possible with
classical models, such as EOS. Simulation results are entirely determined by the underlying
force fields, i.e. the mathematical representation of the molecular interactions™. These are
nowadays developed on the basis of quantum chemical data and by optimization to
experimental vapor-liquid equilibria (VLE)** or transport properties®>. Some simulation
studies have been carried out for phenol and aniline with rigid united-atom force fields** °
or with all-atom force fields with internal degrees of freedom®® or by transfereable
potentials for phase equilibria (TraPPE-EH)?’. However, to the best our knowledge, only one

of the three considered binary systems has been studied by molecular simulation, i.e.

cyclohexane + benzene?®.

2. Methods and computational details

2.1. Force fields for cyclohexylamine, aniline and phenol



Simulations were carried out on the basis of force fields recently published by our group for
cycIohexaneB, cyclohexanol28 and benzene®. Models for phenol (C¢HsOH), aniline (CgHsNH,)
and cyclohexylamine (C¢H11NH,) were developed in this work. The geometrical parameters
of the rings were taken from the quantum chemical database provided by the National
Institute of Standards and Technology (NIST)* in case of phenol, from a force field for
benzene® in case of aniline and from a force field for cyclohexane® in case of
cyclohexylamine. This also holds for the geometrical parameters of the hydroxyl and amine
groups, i.e. the bond angles and the bond lengths between the atoms of the functional
groups and the dihedral angles with respect to the rings>’. In this way, the structure of all
considered force fields is based on quantum chemical information. These properties
between the functional groups and the rings were calculated with the z matrix®. Because
the internal molecular degrees of freedom are of little importance for the present cyclic

molecules, rigid molecular structures were assumed throughout.

The united atoms approach was applied to the rings such that the aromatic rings of phenol
and aniline were represented by five identical methine LJ sites bonded to one carbon atom
LJ site, which is carrying the hydroxyl or amine group. The aliphatic ring of cyclohexylamine
was represented by five identical methanediyl LJ sites bonded to one methanetriyl LJ site,

which is carrying the amine group.

The hydroxyl group was represented by one L site for the oxygen atom and one positive
point charge for the hydrogen atom. A negative point charge was located in the center of
the oxygen LJ site and to maintain electro-neutrality of the molecule, one positive charge

was placed in the center of the carbon atom carrying the hydroxyl group. The amine group



was represented by one U site for the nitrogen atom and two positive point charges for the
hydrogen atoms. In analogy to the hydroxyl group, a negative point charge was located in
the center of the nitrogen L site and a positive charge was located in the center of

methanetriyl group (cyclohexylamine) or carbon atom (aniline) carrying the amine group.

During the optimization procedure of the force fields, which is outlined in Figure 1, the LJ
parameters of the methanetriyl site of cyclohexylamine, the carbon atom site of phenol and
aniline and the LJ parameters of oxygen and nitrogen were kept constant. The LJ parameters

for nitrogen and oxygen were taken from preceding work®? %,

Initial values for the point charge magnitudes were taken from the NIST database®. Then,
the optimization procedure shown in Figure 1 was carried out. Estimates for the saturated
liquid density were obtained by isobaric-isothermal (NpT) ensemble simulations and proper
VLE calculations were done with the grand equilibrium method**. Throughout, the ms2
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code was employed, wherein the intermolecular interactions are considered via the

potential energy U
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where N is the number of molecules and SiL] is the number of LJ sites of molecule i, i.e.
Si”=7 for phenol, cyclohexylamine and aniline. 7;;4,, is the distance between the two U sites

a and b, which belong to molecules i and j. S7 is the number of electrostatic charges of

molecule i, 7j;.q is the distance between the charges ¢ and d of magnitude q;., q;4, which



belong to molecules i and j and ¢, is the permittivity of vacuum. Figure 2 shows the force

fields used in this work and Table 1 lists their parameters.

The VLE properties of all considered substances in their pure state are shown in Figures 3 to
6. The simulation results are compared with the DIPPR correlations®” in case of cyclohexanaol,
phenol, cyclohexylamine and aniline as well as the reference equations of state for
benzene®® and cyclohexane®®. Moreover, the available experimental literature data are

shown.

Deviations between the present simulation results and the DIPPR correlations are shown in
Figure 7. The absolute average deviations for phenol are 3.5% for vapor pressure, 0.3% for
saturated liquid density and 5.6% for enthalpy of vaporization, considering the range where
experimental data are available. The cyclohexylamine force field exhibits absolute average
deviations of 4.7% for vapor pressure, 0.1% for saturated liquid density and 3.3% for
enthalpy of vaporization. The absolute average deviations for aniline are 6.7% for vapor
pressure, 0.4% for saturated liquid density and 7.2% for enthalpy of vaporization. The
simulation results of the saturated vapor density are thermodynamically consistent “°. To the
best of our knowledge, experimental enthalpy of vaporization data are only available for
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cyclohexylamine . Thus, the deviation in terms of the enthalpy of vaporization for

cyclohexylamine and phenol was calculated with derived data®.

The critical points of the six considered pure fluids were calculated as well and they are
shown in Figures 3-4 and Table 2. The critical temperature of phenol was slightly
overestimated with respect to literature data®, while critical pressure and density were

underestimated with respect to literature data ** *°. The deviations are 1.0%, -5.6% and -



15.3%, respectively. Relative deviations of critical temperature, pressure and density with
respect to literature data for cyclohexylamine® are -1.1%, -7.1% and 27%, respectively.

Analogously, for aniline these numbers are -0.7%, -0.7% and -5.9%.

The second virial coefficient was predicted with the force field models considered in this
work. These predictions were made for temperatures between 300 K and 1000 K by
numerically integrating Mayer’s f function. Figure 6 shows a comparison between the

48 49 and phenol44, present

experimental virial coefficient data for cyclohexane’, benzene
predictions and the DIPPR correlations. The results are in a good agreement, i.e. the average
absolute deviation of phenol data with respect to the results of the DIPPR correlation is 0.37

1 . . - 1
I mol™, while analogous values for cyclohexylamine and aniline are 0.22 and 0.13 | mol™,

respectively.

2.2. Molecular simulation

VLE of the binary systems were calculated by the grand equilibrium method*, in which the
pressure dependence of the chemical potentials of the liquid phase ul-L(T, p, X1) is estimated
by a first order Taylor expansion based on simulation results. In a standard grand equilibrium
simulation, the vapor properties are the result of a molecular simulation run in the pseudo
grand canonical (uVT) ensemble as fully explained elsewhere®. In the present study, the
chemical potential of the vapor phase was estimated instead on the basis of the second virial
coefficient B = y;Byy + 2y1y,B12 + ¥5By, by p{ =In(y;p) + 2p(y1Bi1 + ¥2B2). This
approach has statistical advantages because very low density states, as in case of the

present three mixtures, can be difficult to sample by Monte Carlo methods™.



According to Gibbs’ phase rule, two variables have to be specified for the VLE of a binary
system. Specifying temperature T and molar fraction of the liquid phase x;, the chemical
potentials of the liquid phase ,uiL can be sampled by molecular simulation and the second
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virial coefficients B;; can be sampled by integrating Mayer’s f function, as in Ref™. Pressure

and density of the vapor phase are given by p=pkT(1+Bp) and

p = [\/(4Bp/kT)+1—1]/ZB, respectively. The pressure and molar fraction of the
saturated vapor phase were calculated by solving the non-linear system of equations given
by the chemical potentials of the vapor and liquid phases, assuming the equality ,LLLL =

! next to thermal and mechanical equilibrium.

2.3. COSMO-SAC model

The COSMO-SAC model was combined with the PRSV EOS through the Wong-Sandler mixing
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rule for the prediction of binary VLE. The Wong-Sandler mixing rule was used to

determine the energy and volume parameters for the mixtures

-2
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where Cy s = —ln(l + \/f)/\/f is a constant and the excess Gibbs energy gf was obtained

from the COSMO-SAC model. Two versions of the COSMO-SAC model were investigated
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here: COSMO-SAC (2010)*® and COSMO-SAC (dsp)*2. The only difference between these two
versions is that the dispersion contribution to the activity coefficient is considered by a one-
constant Margules equation in the COSMO-SAC (dsp) model. The predictive results from
these two methods are almost identical (with a difference below 0.1 %) for all binary
mixtures considered in the present work. Therefore, only the results of COSMO-SAC (2010)
are presented and this approach is simply denoted as PRSV+WS+COSMOSAC in the

following.
2.4. Cubic equation of state

The PRSV EOS>? describes the pressure-volume-temperature (pvT) relationship by

_RT a (4)
p_v—b v2 + 2bv — b2’

where the energy parameter a the and volume parameter b are determined from critical

temperature T, critical pressure p. and acentric factor w by

2
o T (5)
a=0457235—=|1+x|1- [= ||,
Dc T;
RT
b =0.077796 —, (6)
Pe
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T T (7)
K=Ky+K |1+ T (0.7—;),f0rT<TC,
c c

K =Ko forT > T,, (8)
Ko = 0.378893 + 1.4897153w — 0.1713848w? + 0.0196654w3 . 9)

K, is an adjustable parameter which can be optimized to experimental vapor pressure
data®. Values for numerous compounds were reported in the literature, e.g., for

53
I

cyclohexane, benzene and cyclohexanol® as well as for phenol and aniline®. The parameter

K, was determined for cyclohexylamine in this work by fitting equation (2) to experimental

vapor pressure data, leading to k; = —0.0988.

The PRSV EOS with the van der Waals mixing rule for the energy and volume parameters, i.e.
U = Lioq Xio1 Xixja;; and by, = ¥7_; x;b;, was used as a baseline. It was allowed for a
binary interaction parameter in the quadratic mixing rule of the energy parameter, i.e.
a;j = (1 — kij)m. The binary interaction parameter k;; was optimized by means of the

Nelder and Mead method>® to experimental binary VLE data.

3. Results and discussion

3.1. Vapor-liquid equilibria
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Molecular simulation results of the VLE were compared with PRSV+WS+COSMOSAC, the
PRSV EOS and experimental data. Figure 8 shows the results for the binary mixture
cyclohexane + benzene at 298.15, 323.15 and 403.15 K. The molecular simulation results are
in good agreement with the experimental data for this system. It exhibits an azeotropic
behavior with a pressure maximum, which is described with molecular simulation by fitting

the binary parameter & of the modified Lorentz-Berthelot mixing rules

Oq4 + gy (10)
2 )

Eab = §+/€alh - (11)

Ogp =

The value ¢ = 0.993, which is only slightly different from the predictive case £ = 1, was
obtained by means by adjustment to the experimental vapor pressure. The PRSV EOS is not
able to predict the VLE behavior of this mixture and the binary parameter of the quadratic

mixing rule k;; = 0.027 was optimized by means of the Nelder and Mead method >,

Figure 9 shows the VLE of the binary mixture cyclohexanol + phenol at 403.35 and 433.25 K.
At these temperatures, no experimental data were reported for the saturated vapor phase
composition, however, the results by PRSV+WS+COSMOSAC and molecular simulation
mutually agree. This system exhibits an azeotropic behavior with a pressure minimum, a
behavior described by molecular simulation by increasing the adjustable parameter ¢ of the
modified Lorentz-Berthelot combination rules. Molecular simulation results with £ = 1.07
are in good agreement with the experimental data reported for this system. The PRSV EOS
without a fitted binary parameter k;; = —0.076 of the quadratic mixing rule is not able to

adequately describe the phase behavior for this system.
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Figure 10 shows the VLE of the binary system cyclohexylamine + aniline at 333.15 and 363.15
K that exhibits zeotropic behavior. Molecular simulation quantitatively describes the phase
behavior of this system with ¢ = 1.04 in the modified Lorentz-Berthelot combination rules,
which was determined by fitting to the experimental vapor pressure. The calculation results
from the PRSV EOS with fitted parameter k;; = —0.031 and the prediction results from
PRSV+WS+COSMOSAC are shown as well and both results are in good agreement with

experimental data.

3.2. Excess properties of the liquid phases

Interactions between molecules can be studied on the basis of the excess properties™. In
order to explain the change of shape of the phase envelope upon addition of a functional

Mix — (x,v9 + x,v9) and excess enthalpy hf = hM* —

group, the excess volume vf = v
(x,h? + x,h9) and of the liquid phases were examined for the three systems in the entire
molar fraction range. vlp and h? are the volume and enthalpy of the pure component i at the
same aggregation state, temperature and pressure as the mixture. It was assumed that the
excess properties are not strongly pressure dependent because the excess properties of
liquids primarily depend on temperature and composition®®. Moreover, the pressure
variations along the saturated liquid lines are small in absolute terms (below 0.04 MPa). The
excess Gibbs energy g = gM* — (xyu? + x,u2) — RT[x; In(x;) + x,In(x,)] of the
saturated liquid phase was considered in the same way as well. Specifying temperature and

molar fraction, molecular simulations with the Monte Carlo method were carried out for the

saturated liquid phase in the NpT ensemble at the corresponding saturated vapor pressure.
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The results for excess Gibbs energy, excess volume and excess enthalpy from molecular
simulation, PRSV+WS+COSMOSAC, PRSV EOS and available experimental data are compared
in Figure 11. In general, all approaches provide excess enthalpy and excess Gibbs energy
with similar magnitudes. However, the excess volume from PRSV+WS+COSMOSAC is much
larger than that from PRSV EOS. It has been shown that the quadratic composition
dependence of the second virial coefficient (used in the Wong-Sandler mixing rule) provides
a larger excess volume with a correct sign when comparing with the quadratic composition

dependence of the volume parameter (used in van der Waals mixing rule)™.

As shown in Figure 11, all three approaches show a clear difference of the excess volume
and excess enthalpy between the system without functional group and the hydroxylated and
aminated systems. The binary system without functional group exhibits a maximum for both
excess enthalpy and excess volume. These results suggest that the isothermal mixing process
requires energy to occur (endothermic mixing), which can be attributed to poor packing of
unlike molecules, which results in weakening of the intermolecular interactions. Simulation
results for the excess properties of equimolar cyclohexane + benzene are reported in Table 3
at 298.15 and 403.15 K. The excess volume increases and the excess enthalpy decreases with

increasing temperature.

On the other hand, the hydroxylated and aminated systems exibit a minimum both for
excess volume and excess enthalpy, which is related to dominating attractive interactions
and their isothermal mixing process has to liberate energy to occur (exothermal mixing). The
magnitude of the excess enthalpy reflects that in the case of the hydroxylated system, the

unlike attractive interactions are more important than in the aminated system. E.g.
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according to the numerical data reported in Table 3, the excess volume increases by 24% in
the case of the hydroxylated mixture and 17% in the case of the aminated mixture, taking
into account that the increase in temperature is identical for both mixtures (AT = 30 K). In
addition, the simulation results show that for the hydroxylated and amined systems, the

excess enthalpy increases with temperature.

In a diagram according to Smith et al.>®, where g% /RT is plotted over hf /RT, six regions can
be identified, depending on the sign of the excess properties, cf. Figure 12. The diagonal line
represents s£/R = 0 and regions (1) and (4) are dominated by the excess enthalpy, while
regions (3) and (6) are dominated by the excess entropy. According to the molecular
simulation results shown in Figure 12, the aminated and hydroxylated mixtures reside mainly
in region (4), which is dominated by excess enthalpy. Furthermore, there is a clear tendency
to the region dominated by the enthalpy for increasing temperature for the system without
functional group, i.e. the results tend to move from region (2) toward region (1), which is

dominated by excess enthalpy when the temperature is increased.

3.3. Radial distribution functions

The RDF g,_g(r) stands for the normalized probability of occurrence of a site of type 8 at a
distance r from a site of type a®* and is a measure to characterize the microscopic structure
of matter. RDF of the saturated liquid mixtures and number integrals for hydrogen bonding
systems were determined with Monte Carlo simulations in the NpT ensemble containing

1000 molecules to elucidate the extent of nonrandom mixing®.
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Figure 13 shows the influence of temperature and composition on the RDF of cyclohexane +
benzene. Molecular simulation results suggest that there is a very weak coordination shell
for this system that barely changes under the varying conditions. The hydroxylated mixture
shows a typical hydrogen bonding pattern, cf. Figure 14. The peaks of gg_y(r) are higher for
cyclohexanol-cyclohexanol interactions than those between cyclohexanol-phenol and
phenol-phenol, respectively. The first solvation shell is affected by temperature increase and
the O-H coordination shell is not dependent on composition at the highest temperature.
Moreover, the simulation results suggest that the O-H association pattern of the
cyclohexanol-phenol interaction is between the ones of cyclohexanol-cyclohexanol and
phenol-phenol. It is clear that the association pattern is much stronger between the aliphatic
hydroxyl sites than between the aromatic ones. In the case of the amined system, the
opposite occurs as can be seen in Figure 15, i.e. the association pattern for aromatic amine
sites is stronger than for aliphatic sites. In addition, the simulation results suggest that the
association pattern of aniline-aniline is not strongly affected by increasing temperature. The
first coordination shell for cyclohexylamine-aniline, which is located at ~1.7 A, tends to
disappear with increasing temperatue. The association pattern obtained for cyclohexylamine
is qualitatively similar to the one of cyclohexane, cf. Figure 13 (left), when the molar fraction

of cyclohexylamine is increased.

4. Conclusions

Three different approaches, i.e. molecular simulation, the Peng-Robinson-Stryjek-Vera
(PRSV) EOS and the COSMO-SAC model combined with PRSV EOS through the Wong-Sandler

mixing rule (PRSV+WS+COSMOSAC), were used to study three binary mixtures, i.e.
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cyclohexane + benzene, cyclohexanol + phenol and cyclohexylamine + aniline. Molecular
simulations were carried out by means of the grand equilibrium method in a variant relying
on the second virial coefficient for the vapor phase and by using force fields for benzene,
cyclohexane and cyclohexanol published in previous works by our group. New force fields for
cyclohexylamine, phenol and aniline were devised here on the basis of quantum chemical
information and pure substance VLE data. The VLE of the pure substances obtained with the

new force fields are in quantitative agreement with the available experimental data.

Molecular simulation, the COSMO-SAC model and the PRSV EOS describe the VLE of the
three binary mixtures well. These approaches cover the azeotropic behavior in the case of
cyclohexane + benzene (with maximum vapor pressure), cyclohexanol + phenol (with
minimum vapor pressure) and the zeotropic behavior of the aminated system in a
guantitative way. The excess contributions to volume, enthalpy and Gibbs energy were
studied along the saturated liquid line. Simulation results showed that the repulsive
interactions dominate in case of cyclohexane + benzene, whereas in the other mixtures the
attractive interactions dominate. This leads to a positive excess volume in case of the
cyclohexane + benzene and to a negative excess volume in case of the functionalized
mixtures. However, the attractive interactions are stronger in case of the hydroxylated
system than in case of the aminated one. This is reflected by the excess enthalpy, i.e.

cyclohexane + benzene is endothermal, whereas the other two mixtures are exothermal.

Azeotropic or zeotropic behavior is mainly governed by the excess Gibbs energy. The mixture
without functional group possesses azeotropic behavior with a maximum vapor pressure and

positive values of the excess Gibbs energy. The hydroxylated mixture possesses azeotropic

18



behavior with minimum vapor pressure and negative excess Gibbs energy. The zeotropic
mixture, i.e. the aminated system, exhibits excess Gibbs energy values which are closer to

Zero.

The microscopic structure of the saturated liquids was studied on the basis of molecular
force fields. There is a very weak coordination shell in cyclohexane + benzene and a typical
hydrogen bonding behavior was found in case of the hydroxylated system. A weaker

association pattern is present in the amined system.
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Table 1.

Force field parameters for phenol, cyclohexylamine and aniline developed in this work.

Site x/ A y/A z/A o/A g/k /K q/e
Phenol

CH(1) -0.3341 2.6368 0 3.282 96.9 0
CH(2) -0.9511 4.2308 0 3.282 96.9 0
CH(3) -2.6400 4.4935 0 3.282 96.9 0
CH(4) -3.7120 3.1622 0 3.282 96.9 0
CH(5) -3.0950 1.5681 0 3.282 96.9 0

C -1.4060 1.3054 0 3 95.089 +0.2232
0] -0.9733 0 0 3.149 85.053 -0.5501
H 0 0 0 0 0 +0.3269
Cyclohexylamine

CH»(1) 0 0 0 3.477 86.01 0
CH»(2) -1.9010 0 0 3.477 86.01 0
CH»(3) -1.9011 2.7744 1.4623 3.477 86.01 0
CHy(4) -0.0003 2.7747 1.4625 3.477 86.01 0
CHy(5) 0.6864 1.0022 1.4627 3.477 86.01 0

CH -2.5873 1.7725 0 3.195 59.88 +0.3052
N -4.0510 1.7186 -0.0417 3.310 141.863 -0.7804
H(1) -4.3836 1.3018 0.8276 0 0 +0.2626
H(2) -4.4079 2.6725 -0.0929 0 0 +0.2126
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Aniline
CH(1)
CH(2)
CH(3)
CH(4)
CH(5)
C

N

H(1)

H(2)

-1.7127

-2.5691

-1.7127

0.8563

0.6833

1.6026

0.1764

1.4832

2.9665

2.9665

1.4832

-1.2143

-1.1794

-1.9819

-0.0504

0.3305

0.3307

3.28

3.28

3.28

3.28

3.28

3.35

3.315

0

0

80

80

80

80

80

105

142.147

+0.154

-0.800

+0.323

+0.323
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Table 2.

Critical point from the present force fields for phenol, cyclohexylamine and aniline

compared with experimental data.

Substance Ref. T. /K p./MPa p./moll™
Phenol This work 701 5.6 3.7

e 694.25 5.93 4.3668
Cyclohexylamine This work 608.2 3.9 2.9

46 (@ 615 4.20 2.28
Aniline This work 693.8 4.74 3.48

“ 699 5.31 3.699

@ predicted value
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Table 3.

Excess properties of equimolar mixtures at different temperatures.

Mixture T/K vE/cm3mol™ hf /k]mol™? g% /kJ mol™?!
Cyclohexane + benzene 298.15 0.408 +0.006 0.644 + 0.002 0.777 £0.10
403.15 0.671+0.012 0.518 +0.003  0.354 +0.07
Cyclohexanol + phenol 403.35 -1.160+ 0.060 -1.522 £+ 0.005 -1.019+0.010
433.25 -1.437+0.070 -1.578+0.005 -1.242+0.084
Cyclohexylamine + aniline  333.15 -1.061 +0.005 -1.055 £ 0.003 -0.559 + 0.08
363.15 -1.246+0.007 -1.072+0.003 -0.505 +0.07
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Figure captions

Figure 1 Workflow of the present force field parameterization process.

Figure 2 Force field structures for cyclohexane (a), benzene (b), cyclohexanol (c), phenol (d),
cyclohexylamine (e) and aniline (f): Orange sites represent methyl groups, yellow sites
represent methylene groups, white sites represent hydrogen atoms, blue sites represent

nitrogen atoms and red sites represent oxygen atoms.

Figure 3 Saturated densities: Present molecular simulation results for cyclohexane (O),
benzene (A), cyclohexanol (L1), phenol (green triangles), cyclohexylamine (red squares) and
aniline (blue circles) are compared with experimental data (corresponding cross symbols) for
cyclohexane61 6263 henzene®, cyclohexanol65, phenol*, aniline® and cyclohexylamine65.
Solid lines represent the results from equations of state for benzene by Thol et al.*® and
cyclohexane by Zhou et al.* as well as the DIPPR correlations®’ for the remaining

substances.

Figure 4 Clausius-Clapeyron plots: Present molecular simulation results for cyclohexane (O),
benzene (A), cyclohexanol (L1), phenol (green triangles), cyclohexylamine (red squares) and

aniline (blue circles) are compared with experimental data (corresponding cross symbols) for

|71 72 73 74

cyclohexane® ®, benzene®, cyclohexanol”, pheno , cyclohexylamine and aniline”
78, Solid lines represent the results from equations of state for benzene by Thol et al.*® and
cyclohexane by Zhou et al.** as well as the DIPPR correlations®” for the remaining

substances.
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Figure 5 Enthalpy of vaporization: Present molecular simulation results for cyclohexane (O),
benzene (A), cyclohexanol (1), phenol (green triangles), cyclohexylamine (red squares) and
aniline (blue circles) are compared with experimental data (corresponding cross symbols) for

41 42

cyclohexane77 78, benzene78, phenol, cyclohexylamine . Solid lines represent the results

38 39
l. l.

from equations of state for benzene by Thol et al.”™ and cyclohexane by Zhou et al.” as well

as the DIPPR correlations®’ for the remaining substances.

Figure 6 Second virial coefficient: Present results for cyclohexane (O), benzene (A),
cyclohexanol (L), phenol (green triangles), cyclohexylamine (red squares) and aniline (blue
circles) based on the according force fields are compared with experimental data

48 4 44 | .
849 and phenol™. Lines represent

(corresponding cross symbols) for cyclohexane®’, benzene
the DIPPR correlations®’ for phenol, cyclohexylamine, aniline and cyclohexanol. For

cyclohexane the equation of state by Zhou et al. *° and for benzene by Thol et al. * is shown.

Figure 7 Relative deviations (6z = 100(Zz — Z.ory)/Zcor) Of vapor-liquid equilibrium
properties for phenol (green triangles), cyclohexylamine (red squares) and aniline (blue
circles) from the DIPPR correlations together with experimental data (corresponding cross

symbols).

Figure 8 Vapor-liquid equilibria of cyclohexane + benzene: Blue lines represent predictive
results of the PRSV EOS (kl-j = O), red lines represent results of the fitted PRSV EOS
(k;; = 0.027). Black lines represent predictions with PRSV+WS+COSMOSAC, black circles
represent molecular simulation results with £ = 0.993 in the modified Lorentz-Berthelot
combination rules and crosses represent experimental data at 298.15 K ', 323.15 K * and

403.15 K 3,
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Figure 9 Vapor-liquid equilibria of cyclohexanol + phenol: Blue lines represent predictive
results from the PRSV EOS (kl-j = O), red lines represent results of the fitted PRSV EOS

(kl-j = —0.076). Black lines represent predictions with PRSV+WS+COSMOSAC, black circles
represent molecular simulation results with £ = 1.07 in the modified Lorentz-Berthelot

combination rules and crosses represent experimental data®.

Figure 10 Vapor-liquid equilibria of cyclohexylamine + aniline: Blue lines represent predictive
results from the PRSV EOS (kl-j = O), red lines represent results of the fitted PRSV EOS
(kl-j = —0.031). Black lines represent predictions with PRSV+WS+COSMOSAC, black circles
represent molecular simulation results with ¢ = 1.04 in the modified Lorentz-Berthelot

combination rules and crosses represent experimental data”.

Figure 11 Excess enthalpy, excess Gibbs energy and excess volume of cyclohexane + benzene
(left), cyclohexanol + phenol (center) and cyclohexilamine + aniline (right) along the
saturated liquid line: White and black squares represent simulation data at low and high
temperatures, respectively, i.e. 298.15 and 403.15 K for cyclohexane + benzene, 403.35 and
433.25 K for cyclohexanol + phenol and 333.15 and 363.15 K for cyclohexylamine + aniline.
Red and black lines represent results by PRSV EOS and PRSV+WS+COSMOSAC, respectively,
at same high (solid lines) and low temperatures (dashed line). Blue crosses represent
available experimental data, i.e. excess enthalpy’® and excess volume® at 298.15 K for
cyclohexane + benzene, excess enthalpy®! at 318.15 K for cyclohexanol + phenol and excess

volume® at 303.15 K for cyclohexylamine + aniline.

Figure 12 Excess enthalpy over excess Gibbs energy diagram of the saturated liquid mixtures

from molecular simulation: Squares (green for 298.15 K, yellow for 323.15 K and red for
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403.15 K) represent results for cyclohexane + benzene. Triangles (green for 403.35 K and
yellow for 433.25 K) represent results for cyclohexanol + phenol and circles (green for 333.15

K and yellow for 363.15 K) represent results for cyclohexylamine + aniline.

Figure 13 Radial distribution functions in the saturated liquid state between CH,-CH,, CH,-CH
and CH-CH sites of cyclohexane-cyclohexane, cyclohexane-benzene and benzene-benzene at
different temperatures and compositions: Black lines represent the molecular simulation
results with a=CH, and B=CH,, blue lines represent the molecular simulation results with
a=CH; and B=CH and red lines represent molecular simulation results with a=CH and B=CH.
Dotted lines are results with xcsn12=0.1 mol/mol, short dashed lines are results with
Xcen12=0.5 mol/mol and solid lines with xcgH12=0.9 mol/mol. Plots (c), (f) and (i) are results at

298.15 K, (b), (e) and (h) at 323.15 K and (a), (d) and (g) at 403.15 K.

Figure 14 Radial distribution functions in the saturated liquid state between O-H sites and
number integrals (inset) of cyclohexanol-cyclohexanol (left, black lines), cyclohexanol-phenol
(center, red lines) and phenol-phenol (right, blue lines) at different temperatures and
compositions: Dotted lines are results with xcsH120=0.1 mol/mol, short dashed lines are
results with xcen120=0.5 mol/mol and solid lines with xcen120=0.9 mol/mol. Plots (d), (e) and

(f) are results at 403.35 K, (a), (b) and (c) at 433.25 K.

Figure 15 Radial distribution functions in the saturated liquid state between N-H sites and
number integrals (inset) of cyclohexylamine-cyclohexylamine (left, black lines),
cyclohexylamine-aniline (center, blue lines) and aniline-aniline (right, red lines) at different

temperatures and compositions: Dotted lines are results with xcgn13n=0.1 mol/mol, short
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dashed lines are results with xcen13n=0.5 mol/mol and solid lines with xcen13n=0.9 mol/mol.

Plots (d), (e) and (f) are results at 333.15 K, (a), (b) and (c) at 363.15 K.
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