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Abstract

Molecular simulation data on the vapor-liquid equilibrium and the Henry’s
law constant of carbon dioxide in mixtures of cyclohexane 4+ cyclohexanone
are presented. The agreement between simulation results and the available
experimental data is good. For the present predictions, new molecular models
for cyclohexane and cyclohexanone are developed. The resulting molecular
models for cyclohexane and cyclohexanone show mean unsigned deviations
with respect to experimental data considering the whole temperature range
from triple point to critical point of 0.4 % and 0.9 % for the saturated liquid
density, 3 % and 2.7 % for the vapor pressure, and 6 % and 5.3 % for the
enthalpy of vaporization, respectively. The carbon dioxide model is taken
from preceding work.
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1. Introduction

Molecular modeling and simulation is a modern approach for the pre-
diction of thermophysical properties of pure fluids and mixtures, both in
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research and industry [1, 2, 3, 4, 5]. This is due to several reasons: Firstly,
the predictive power of molecular models is superior to classical methods as
it allows for accurate results for a wide range of states. Secondly, a given
molecular model provides access to the full variety of thermophysical prop-
erties, such as structural, thermal, caloric, transport or phase equilibrium
data. Finally, through the advent of cheaply available powerful computing
infrastructure, reasonable execution times for molecular simulations can be
achieved, which are crucial for industrial applications.

The oxidation of cyclohexane to cyclohexanol and cyclohexanone is an
important industrial reaction and a key step in the nylon production chain.
Usually, the reaction is carried out by contacting air with liquid cyclohexane
at high temperature and high pressure [6]. Due to the formation of side
products, the process must be carried out at a low conversion rate in order to
allow for an acceptable selectivity towards cyclohexanone and cyclohexanol.

Therefore, alternative routes are being studied. One option are novel
octahedral molecular sieves for the heterogeneously catalyzed selective oxi-
dation of cyclohexane [7]. Liquids expanded by supercritical carbon dioxide
can be used to enhance the mobility of both the reactants and the products,
which is particularly important in such sieves. For a rational planning of the
respective catalytic experiments and the process design, reliable thermody-
namic data are needed. Such data, particularly at elevated pressures, are not
available in the literature.

In this work, the Henry’s law constant for carbon dioxide in liquid mix-
tures of cyclohexane + cyclohexanone was calculated by molecular simulation
and compared to recently published experimental data from our group [§].
Therefore, new molecular models were developed for cyclohexane and cyclo-
hexanone. For cyclohexane, a rigid six site Lennard-Jones (LJ) model and
for cyclohexanone, a rigid seven site LJ plus point dipole model is proposed
here.

The paper is structured as follows. Firstly, the new molecular models are
presented, the corresponding pure substance vapor-liquid equilibria (VLE)
and predictions of the second virial coefficient are compared to experimental
data. Secondly, VLE simulations of the three binary mixtures containing
carbon dioxide, cyclohexane and cyclohexanone are discussed and compared
to experimental data. Thirdly, predictions of the Henry’s law constant of
carbon dioxide in liquid mixtures of cyclohexane + cyclohexanone are pre-
sented and compared to experimental data. Finally, the results are discussed
and a conclusion is drawn.



2. Molecular Models

2.1. Carbon Diozide

For carbon dioxide, a recently published molecular model [9] from our
group was used. This model consists of three LJ sites and a quadrupole in
its center of mass.

2.2. Cyclohezxane

The molecular model for cyclohexane from preceding work of our group
[10] was taken as a starting point here. The electrostatics of that model
[10] was determined by quantum mechanical (QM) calculations resulting in
a weak quadrupole moment of 0.8179 DA located in the center of mass. A de-
tailed description of that calculation is given in [10]. Point quadrupole sites,
located in the center of cyclic molecules, may lead to artefacts in molecular
simulation [11]. Dividing the quadrupole equally into six parts and locating
them at the six LJ sites representing the methylene (CHsy) groups, as done
by Huang et al. [11] for benzene, leads to very small quadrupole magnitudes.
Thus the polarity was neglected in the present cyclohexane model.

To optimize the model parameters to experimental VLE data, the method
of Stoll [12] was employed, followed by the reduced unit method [13]. During
both optimization steps, the size parameter of the LJ sites was slightly de-
creased (-0.2%) while the energy parameter was slightly increased (0.25%).
The overall geometry was also sligthly scaled down (-0.16%). The cyclohex-
ane model is sketched in Figure 1 and the parameters are given in Table
1.

Present VLE simulation results are shown in Figures 2 to 4 in compari-
son with experimental data, an equation of state (EOS) [14] and the model
by Eckl et al. [10]. Despite the neglect of the quadrupole, no significant
differences were found between the present model and the model by Eckl et
al. [10]. The mean unsigned errors with respect to the EOS [14] for vapor
pressure, saturated liquid density and enthalpy of vaporization are 1.7, 0.3
and 6 %, respectively, in the temperature range from 390 to 540 K, which
is about 65 to 97 % of the critical temperature. The numerical simulation
results and deviation plots are given in the supplementary material. The
critical properties were determined through fits to the present VLE simula-
tion results as suggested by Lotfi et al. [15]. Table 2 compares these critical
properties to experimental data. The relative deviations between simulation



and experiment for the critical temperature and density are within 1 % and
around 5 % for the critical vapor pressure.

To validate the predictive power of the cyclohexane model, simulations
in the homogeneous region were performed and compared to the EOS [14]
that was recommended by the National Institute of Standards and Technol-
ogy, cf. Figures 5 and 6. 19 state points were studied, covering the liquid,
supercritical and gaseous state. Relative deviations between simulation data
and the EOS [14] for density and residual enthalpy are usually below 0.6 %
and 3 %, respectively. The highest deviations for the density are in the su-
percritical region with a maximum of 11 %, whereas the highest deviations
for the residual enthalpy are in the liquid region (around 3 %).

The second virial coefficient was predicted by evaluating Mayer’s f-function
as reported by Eckl et al. [10]. It is compared to the EOS [14] in Figure 7,
where a good agreement can be seen throughout the entire regarded temper-
ature range from 350 to 1000 K. The present numerical results are given in
the supplementary material.

2.3. Cyclohexanone

A new molecular model for cyclohexanone was developed here based on
QM calculations. It was optimized using experimental data on vapor pres-
sure, saturated liquid density and enthalpy of vaporization employing the
method of Stoll [12] and the reduced unit method [13]. As the complexity of
a molecular model determines the computing time during molecular simula-
tion, it was attempted to find an efficient solution balancing accuracy and
simplicity. A rigid model with seven LJ sites and one point dipole was cho-
sen. The internal degrees of freedom were neglected, as the cyclohexane ring
predominantly assumes the energetically favorable chair conformation [16].

The geometry of the cyclohexanone model, i.e. bond lengths, angles and
dihedrals, were directly passed on from QM calculations. The geometry
optimization by energy minimization was carried out with GAMESS(US)
[17]. The Hartree-Fock level of theory was applied with a relatively small
(6-31G) basis set. One LJ site was located exactly at all resulting nuclei
positions, except for the hydrogen atoms. The methylene group was modeled
by a single LJ site, i.e. the united-atom approach was used. The coordinates
of the seven LJ sites are given in Table 1 and a schematic of the molecular
model is presented in Figure 1.

To describe the electrostatic interactions, one point dipole was placed at
the arithmetic mean position between the carbon and the oxygen LJ site.
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The point dipole is directed towards the oxygen atom. The coordinates and
the orientation of the point dipole are given in Table 1.

A subset of the parameters for the LJ sites and the point dipole was
optimized to the DIPPR correlations for saturated liquid density and vapor
pressure of pure cyclohexanone [18] in the temperature range from 390 to
620 K. As a starting point for the optimization, the LJ parameters for the
methylene site were taken from the cyclohexane model by Eckl et al. [10].
The remaining LJ parameters for the carbon and oxygen atoms were taken
from a carbon dioxide model by Merker et al. [9]. The point dipole mag-
nitude was taken from a carbon monoxide model by Stoll [12]. During the
optimization, the L.J parameters of the methylene sites, the oxygen site and
the point dipole magnitude were adjusted. The method of Stoll [12] was em-
ployed in the first step of this optimization. In the second step, the reduced
unit method [13] was applied for a subsequent optimization. The final model
parameters are given in Table 1.

VLE data on the basis of the cyclohexanone model are presented to-
gether with experimental data and the DIPPR correlation [18] in Figures 2
to 4. Note that the DIPPR correlation for the saturated liquid density is
based on experimental data that are only available at temperatures below
370 K. The vapor pressure correlation by DIPPR [18] is based on experimen-
tal data below 460 K. The agreement between the molecular model and the
correlation is good. The mean unsigned errors in vapor pressure, saturated
liquid density and enthalpy of vaporization are 2.7, 0.9 and 5.3 %, respec-
tively, in the temperature range from 390 to 620 K, which is about 60 to
95 % of the critical temperature. The relative deviation plot and the nu-
merical simulation results are given in the supplementary material. Table 2
compares the critical properties estimated from simulations to experimental
data. The agreement of the critical properties is good, the highest relative
deviation was found for the critical density (3 %).

The second virial coefficient from the present model is compared to a
prediction by DIPPR [18] in Figure 7. The two data sets differ by around
50 % at low temperatures and by around 30 % at high temperatures. The
present numerical results are given in the supplementary material.

3. Molecular Mixture Models

To describe mixtures on the basis of pairwise additive potentials, molec-
ular modeling reduces to the specification of the interaction between un-



like molecules. The unlike polar interactions were treated in a physically
straightforward manner without using binary parameters. For the unlike
LJ interactions, the modified Lorentz-Berthelot combination rule with one
state-independent binary parameter was used [19]

oap = (oA +0B)/2, (1)

and
€EAB — f\/@ (2>

The binary parameter £ was adjusted to a single experimental data point
(vapor pressure of the mixture or Henry’s law constant). Table 3 contains
the temperature, mole fraction and experimental vapor pressure or the ex-
perimental Henry’s law constant which were used for the adjustment as well
as the resulting binary parameter £ and the respective simulation results.

4. Vapor-Liquid Equilibria of the Three Binary Systems

4.1. Carbon Dioxide + Cyclohexane

The VLE of the binary system carbon dioxide + cyclohexane is shown
in Figure 8. Present simulation results are compared to experimental data
8, 20, 21, 22] and to the Peng-Robinson (PR) EOS [23] for the three tem-
peratures 313.15, 344.4 and 410.9 K. Carbon dioxide is supercritical at these
temperatures. All isotherms exhibit a concave bubble line. At 313.15 K,
the agreement between the simulation results and the two experimental data
sets [8, 21] is very good. Also the vapor phase composition, which is a fully
predictive quantity in the present context, is in good agreement with the
PR EOS [23]. For higher temperatures, the simulation results overpredict
the vapor pressure of the binary mixture with a maximum deviation at the
highest temperature of about 25%. The predicted vapor phase composition
exhibits a slightly too large carbojn dioxide content near the critical region
of the mixture at higher temperatures.

4.2. Carbon Dioxide + Cyclohexanone

The VLE of the binary system carbon dioxide + cyclohexanone is shown
in Figure 9 for a temperature range where carbon dioxide is supercritical. At
313.15 K, an almost straight bubble line and a concave dew line is observed.
At 433.5 K, a typical supercritical concave bubble line is seen. For both
temperatures, the agreement between the simulation results, the PR EOS [23]
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and the experimental data [8, 21, 24, 25| is very good. Only at 433.5 K near
the critical region of the mixture, the vapor pressure and the saturated vapor
mole fraction of carbon dioxide were slightly overpredicted by simulation.

4.3. Cyclohexane + Cyclohexanone

The VLE for the binary system cyclohexane + cyclohexanone is presented
in Figure 10 for the two temperatures 323.15 and 348.15 K. Both isotherms
show a S-shaped bubble line. Throughout, the agreement between the sim-
ulation results, the PR EOS [23] and the experimental data by Boublik and
Lu [26] is excellent.

All numerical simulation results are given in the supplementary material.

5. Henry’s Law Constant of Carbon Dioxide in Cyclohexane and
in Cyclohexanone

Figure 11 shows the present simulation results for the temperature de-
pendence of the Henry’s law constant of carbon dioxide in pure cyclohexane
and in pure cyclohexanone, respectively, in comparison with experimental
data [8, 27, 28, 29, 30, 31, 32]. For both systems, the Henry’s law constant
was overpredicted at higher temperatures with a maximum deviation at the
highest temperature of 10% and 7.5% for carbon dioxide in cyclohexane and
in cyclohexanone, respectively. For lower temperatures, the data from simu-
lation and experiment agree well for both systems.

Predictions of the Henry’s law constant of carbon dioxide in the mixture
cyclohexane 4 cyclohexanone are compared to experimental data by Merker
et al. [8] in Figure 12 and in Table 4 for three temperatures. For the lowest
temperature (315.5 K), the predictions are in an very good agreement with
the experimental data over the whole composition range. For the two higher
temperatures (352.7 and 392 K), the predictions from simulation are too
high. Nevertheless, the qualitative behavior is the same as found by experi-
ment. Note that the deviations between simulation and experiment are due
to the deviations in the binary subsystem of carbon dioxide + cyclohexane
and carbon dioxide + cyclohexanone. The Henry’s law constant of carbon
dioxide varies strongly upon addition of small amounts of cyclohexanone to
pure cyclohexane, whereas at higher cyclohexanone mole fractions an almost
constant Henry’s law constant can be observed for a given temperature.



6. Conclusion

In this work, a modified cyclohexane model, based on the work by Eckl
et al. [10], was presented. The major difference is the absence of the point
quadrupole, the remaining parameters of the new cyclohexane model were
adjusted to experimental pure substance VLE data. It was found to be as
good as the model by Eckl et al. [10] regarding VLE properties. Predictions
of the second virial coefficient as well as of the thermal and caloric properties
are in good agreement with a reference EOS [14].

Furthermore, a new cyclohexanone model was proposed. The geome-
try of the cyclohexanone model is based on QM calculations, whereas the
remaining parameters were adjusted to experimental pure substance VLE
data. The mean unsigned errors for vapor pressure, saturated liquid density
and enthalpy of vaporization are 2.7, 0.9, and 5.3 %, respectively, in the
temperature range from 390 to 620 K. The second virial coefficient based on
this model differs significantly from a DIPPR prediction.

These two pure substance molecular models were used for the simula-
tion of binary VLE data of carbon dioxide + cyclohexane, carbon dioxide
+ cyclohexanone and cyclohexane + cyclohexanone using a carbon dioxide
model from prior work. The modified Lorentz-Berthelot rule with one state-
independent binary parameter ¢ was assumed for the unlike LJ interactions.
The VLE simulations of the binary mixtures carbon dioxide 4+ cyclohex-
anone and cyclohexane + cyclohexanone are in a very good agreement with
experimental data in the entire composition range, covering a large tempera-
ture range. For the binary mixture carbon dioxide 4+ cyclohexane the vapor
pressure was overpredicted at higher temperatures.

The predictions of the Henry’s law constant of carbon dioxide in the
liquid mixture cyclohexane + cyclohexanone shows a very good agreement
with experimental data at 315.5 K. At higher temperatures, the Henry’s law
constant of carbon dioxide was overpredicted, but a qualitatively correct the
composition dependence was found.
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7. Appendix: Simulation Details

In this work, the Grand Equilibrium method [33] was used for VLE simu-
lations. To determine the chemical potential in the liquid, gradual insertion
[34] and Widom’s insertion method [35] were used. For low temperatures near
the triple point, gradual insertion yields results with much lower statistical
uncertainties than Widom’s method.

Widom’s method was applied in conjunction with molecular dynamics
simulations in the NpT' ensemble using isokinetic velocity scaling [36] and
Anderson’s barostat [37]. There, the number of molecules was 1372 and
the time step was 1 fs. The initial configuration was a face centred cubic
lattice, the fluid was equilibrated over 60 000 time steps with the first 10 000
time steps in the canonical (NVT') ensemble. The production run went over
400 000 time steps with a membrane mass of 10° kg/m?*. Up to 5 000 test
molecules were inserted every production time step.

Gradual insertion was applied in conjunction with Monte Carlo simu-
lations in the NpT' ensemble using 1372 molecules. Starting from a face
centred cubic lattice, 15 000 Monte Carlo cycles were performed for equi-
libration with the first 5 000 cycles in the canonical (NVT) ensemble and
100 000 cycles for production. Every 50 cycles, 13 720 fluctuating state
change moves, 13 720 fluctuating particle translation/rotation moves and 68
600 biased particle translation/rotation moves were performed to determine
the chemical potential.

For the corresponding vapor, Monte Carlo simulations in the pseudo-uV'T
ensemble were conducted. The simulation volume was adjusted to lead to
an average number of 864 molecules in the vapor phase. After 10 000 initial
NVT Monte Carlo cycles, starting from a face centred cubic lattice, 25 000
equilibration cycles in the pseudo-uV'T" ensemble were performed. The length
of the production run was 100 000 cycles. One cycle is defined here to be
a number of attempts to displace and rotate molecules equal to the actual
number of molecules plus three insertion and three deletion attempts.

The cut-off radius was set to at least 15 A and a center of mass cut-off
scheme was employed. Lennard-Jones long-range interactions beyond the



cut-off radius were corrected as proposed by Lustig [36]. Statistical uncer-
tainties of the simulated values were estimated by a block averaging method
38].

For the simulations in the homogeneous region and of the Henry’s law
constant, molecular dynamics simulations were made with the same tech-
nical parameters as used for the liquid runs during VLE calculations using
Widom’s insertion method [35] to determine the chemical potential for the
determinationof the Henry’s law constant.

All calculations were performed with the molecular simulation tool ms2
[39].
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Table 1: Coordinates and parameters of the LJ sites in the principal axes system of
the cyclohexane and cyclohexanone models. The orientation of the dipole is defined in
standard Euler angles, where ¢ is the azimuthal angle with respect to the x — z plane and
0 is the inclination angle with respect to the z axis.

Interaction x Yy z o elksg @ 0 W
Site A A A A K  deg deg D
Cyclohexane

CH,(1) 0.2994 -1.5343 -0.8878 3.490 876 — — —
CH,(2) -0.2994  -1.5343 0.8878 3.490 876 — @ — —
CH,(3) -0.3123  -0.0210 -1.8082 3.490 876 —  — —
CH,(4) -0.2988  1.5553  1.0002 3.490 876 — @ — —
CH,(5) 0.2988  1.5553 -1.0002 3.490 876 — — —
CH,(6) -0.3123  -0.0210 -1.8082 3.490 87.6 — — —
Cyclohexanone

CH,(1) 0.5579 -1.5761 -0.5402 3.424 1406 — — —
CH,(2) -0.5078 -1.5582  1.1954 3.424 1406 — — —
CH,(3) 0.3603 0 2.1671 3.424 1406 —  — —
CH(4) -0.5078  1.5582  1.1954 3.424 1406 —  — —
CH,(5) 0.5579  1.5761 -0.5402 3.424 1406 —  — —
C 0.0203 0 -1.1120 2.789 103 —  — —
0] -0.4181 0 -2.2087 3.108 34.1 — — —
dipole -0.1989 0 -1.6604  — — 0 21.79 2.554
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Table 2: Critical properties of the pure substances on the basis of the molecular models

in comparison to experimental data.

R O A T
K K mol/l mol/l MPa MPa

553.8 3.258 3.244 4.299 4.08  [14]
3.122 3216 4.046 3.988 [1§]

Cyclohexane 557
Cyclohexanone 650.85 653
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Table 4: Prediction of the Henry’s law constant of carbon dioxide (1) in cyclohexane (2) +
cyclohexanone (3). x4 is the mole fraction of cyclohexanone (3) (on a carbon dioxide-free
basis). The number in parentheses indicates the uncertainty in the last digit.
T=315.5 K T=352.7T K T=392 K
2y / mol mol™'  Hyy.3 / MPa His.3 /MPa Hs3/ MPa

0 15.8(4) 21.2(3) 25.0(3)
0.1 14.0(4) 19.1(3) 23.6(2)
0.2 12.4(4) 17.8(3) 22.4(2)
0.3 11.6(4) 17.0(3) 21.7(2)
0.4 10.6(5) 16.6(3) 20.9(2)
0.5 10.1(5) 15.7(3) 20.5(2)
0.6 9.7(7) 15.2(3) 20.3(3)
0.7 9.5(7) 14.8(4) 20.0(3)
0.8 9.1(7) 14.6(4) 20.1(3)
0.9 8.6(8) 14.4(5) 20.2(3)
1 8.7(9) 14.4(5) 20.1(3)
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Figure 1: Coordinates of the LJ sites of the present molecular models. Top: cyclohexane,
bottom: cyclohexanone.
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Figure 2: Saturated densities. Present simulation data: O cyclohexane, this work; [ cy-
clohexanone, this work; A cyclohexane model by Eckl et al. [10]; — reference EOS [14]; -
- DIPPR correlation [18]; + experimental data from the DIPPR database [18]. The empty
symbols without error bars indicate the critical point.
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Figure 3: Vapor pressure. Present simulation data: O cyclohexane, this work; [J cyclo-
hexanone, this work; A cyclohexane model by Eckl et al. [10]; — reference EOS [14]; -
- DIPPR correlation [18]; + experimental data from the DIPPR database [18]. The empty
symbols without error bars at the top indicate the critical point.
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Figure 4: Enthalpy of vaporization. Present simulation data: O cyclohexane, this work;
[J cyclohexanone, this work; A cyclohexane model by Eckl et al. [10]; — reference EOS
[14]; - - DIPPR correlation [18]; 4+ experimental data from the DIPPR database [18]. The
empty symbols without error bars at the bottom indicate the critical point.
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Figure 5: Relative deviations between simulation data and reference EOS [14] for the den-
sity (6p = (psim — PEOS)/pEOS) in the homogeneous fluid region of cyclohexane: O present
simulation data; — vapor pressure curve [14]. The size of the bubbles indicates the mag-
nitude of the relative deviations.
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Figure 6: Relative deviations between simulation data and reference EOS [14] for the
residual enthalpy (0h™ = (RLS — hisds)/Pisog) in the homogeneous fluid region of cyclo-

hexane: O present simulation data; — vapor pressure curve [14]. The size of the bubbles
indicates the magnitude of the relative deviations.
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Figure 7: Second virial coefficient. Present data: O cyclohexane; [] cyclohexanone; —
reference EOS [14]; - - DIPPR correlation [18].
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Figure 8: Isothermal vapor-liquid phase diagram of carbon dioxide + cyclohexane at
313.15, 344.4 and 410.9 K: + experimental data by Shibata and Sandler [22]; x experi-
mental data by Esmelindro et al. [21]; A experimental data by Nagarajan and Robinson
[20]; ® experimental data by Merker et al. [8]; O, ©, [ present simulation data with & =
0.95; — Peng-Robinson EOS [23] with k;; = 0.12.
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Figure 9: Isothermal vapor-liquid phase diagram of carbon dioxide + cyclohexanone at
313.15 and 433.5 K: + experimental data by Laugier and Richon [25]; x experimental
data by Esmelindro et al. [21]; A experimental data by Feng et al. [24]; ® experimental
data by Merker et al. [8]; O, O present simulation data with £ = 1.02; Peng-Robinson
EOS [23] with k;; = 0.0325.
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Figure 10: Isothermal vapor-liquid phase diagram of cyclohexane + cyclohexanone at
323.15 and 348.15 K: + experimental data by Boublik and Lu [26]; O, O present simulation
data with £ = 0.982; — Peng-Robinson EOS [23] with k;; = 0.0555.
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Figure 11: Henry’s law constant H; o of carbon dioxide (1) in cyclohexane (2): ® exper-
imental data by Merker et al. [8]; + other experimental data [27, 28, 29, 30]; O present
simulation data. Henry’s law constant H; 3 of carbon dioxide (1) in cyclohexanone (3):
B experimental data by Merker et al. [8]; X other experimental data [31, 32]; U present
simulation data.
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Figure 12: Henry’s law constant Hj 543 of carbon dioxide (1) in the mixture cyclohexane
(2) + cyclohexanone (3) as a function of the mole fraction x% of cyclohexanone (3) (on
a carbon dioxide-free basis) at different temperatures: O 315.5 K; V 352.7 K; [J 392 K.
Open symbols: present simulation data. Full symbols: experimental data by Merker
et al. [8]. Solid lines: guides for the eye. Dashed lines: interpolation according to
In H172+3 = SCIQ In HLQ + :c; In H173.
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Table 1: Vapor-liquid equilibria of cyclohexane: simulation results (sim) are compared to
a reference EOS [1] for vapor pressure, saturated densities and enthalpy of vaporization.
The number in parentheses indicates the statistical uncertainty in the last digit.

T Psim PEOS Psim PEOS Pim Pos Ahysim  Ahypos
K MPa ~ MPa  mol/l mol/l mol/l mol/l kJ/mol kJ/mol
330 | 0.051(3) 0.047 8.807(2) 8.831 0.019(1) 0.017 31.334(4) 31.339
400 | 0.345(5) 0.337 T7.966(3) 7.970 0.113(1) 0.112 27.458(7) 26.944
415 | 0.485(5) 0.467 T7.767(4) 7.767 0.157(1) 0.154 26.441(8) 25.828
450 | 0.933(8) 0.913 7.260(6) 7.247 0.208(1) 0.303 23.84 (1) 22.84
480 | 1.530(9) 1.496 6.746(9) 6.723 0.500(3) 0.520 21.02 (2) 19.65
500 | 2.04 (1) 2.01 6.33 (2) 6.30 0.687(4) 0.744 18.72 (2) 17.03
520 | 2.72 (1) 2.65 5.87 (6) 580 0.983(5) 1.083 1585 (4) 13.79
535 [3.32 (2) 322 542 (7) 528 1315(7) 1.50 13.05 (5) 10.57

Table 2: Vapor-liquid equilibria of cyclohexanone: simulation results (sim) are compared to
DIPPR correlations [2] for vapor pressure, saturated densities and enthalpy of vaporization.
The number in parentheses indicates the statistical uncertainty in the last digit.

T Dsim PDIPPR Psim PDIPPR Peim Poippr Ahysim Al prppr
K MPa MPa mol/l  mol/] mol/1 mol/l  kJ/mol  kJ/mol
350 | 0.0074(6) 0.0076 8.980(1) 9.132 0.0026(1) 0.0026 46.17(4) 42.59
400 | 0.043 (2) 0.0455 8.516(2) 8.644 0.0132(1) 0.0139 42.52(4)  39.81
450 | 0.173 (3) 0.1711 8.034(2) 8.116 0.0485(1) 0.0482 38.96(5) 36.66
500 | 0.489 (6) 0.4764 7.492(3) 7.528 0.1299(2) 0.1292 34.99(5) 32.98
550 | 1.11 (1) 1.0835 6.867(7) 6.846 0.2906(8) 0.2981 30.22(5) 28.44
560 | 1.32 (1) 1.2539 6.740(8) 6.692 0.350 (1) 0.3488 29.26(5) 27.37
570 | 1.49 (1) 1.4437 6.58 (1) 6.529 0.397 (1) 0.4075 28.10(6) 26.23
580 | 1.72 (1) 1.6544 6.43 (1) 6.357 0.460 (1) 0.4758 26.89(7)  25.00
590 | 2.00 (2) 1.8876 6.27 (2) 6.173 0.550 (2) 0.5559 25.52(8) 23.66
600 | 2.22 (2) 2.1449 6.08 (3) 5.973 0.612 (3) 0.6508 24.26(8) 22.18
610 | 2.56 (2) 2.4281 591 (3) 5.753 0.726 (5) 0.7653 22.59(9) 20.51




Table 3: Second virial coefficient of cyclohexane and cyclohexanone: present results are
compared to a reference EOS [1] and a predictive model by DIPPR [2].

Cyclohexane  Cyclohexanone
T B Bros B Bprrpr
K | I/mol 1/mol | I/mol 1/mol
350 | -0.995 -1.030 | -1.732  -3.61
400 | -0.735 -0.768 | -1.220 -2.14
450 | -0.566 -0.592 | -0.914  -1.42
500 | -0.448 -0.470 | -0.721  -1.03
550 | -0.361 -0.380 | -0.569  -0.78
600 | -0.294 -0.310 | -0.464 -0.62
650 | -0.241 -0.254 | -0.382  -0.50
700 | -0.198 -0.208 | -0.318  -0.41
800 | -0.133 -0.135 | -0.222  -0.29
900 | -0.086 -0.079 | -0.154  -0.21

1000 | -0.050 -0.034 | -0.105 -0.15




Table 4: Vapor-liquid equilibrium simulation results for binary mixtures in partial com-
parison to experimental vapor pressure data. The number in parentheses indicates the

statistical uncertainty in the last digit.

T Ty p per Y1 r P Ah,
K mol/mol MPa MPa mol/mol mol/1 mol/1 kJ/mol
Carbon dioxide (1) + Cyclohexane (2)

313.156 0.0 0.025(5)  0.025[1] 0 9.001(1) 0.0097(2) 32.179(6)
313.15 0173 | 2.54 (1) 2.38 [4] 0.994 (1) 9.918(2) 1.094 (5) 26.913(9)
313.15  0.277 | 3.89 (2)  3.61 [4] 0.9899(4) 10.564(3) 1.820 (9) 23.721(9)
313.15 0451 | 549 (3) 521 [5] 0.9886(5) 11.790(4) 2.90 (2) 18.79 (2)
313.15  0.657 | 6.67 (3) 642 [5] 0.9888(5) 13.507(8) 4.01 (2) 13.49 (2)
313.15 0.884 | 7.54 (6)  7.08 [5] 0.9886(4) 15.02 (7) 5.27 (4) 7.66 (5)
3144 0.0 0.078(1)  0.074[1] 0 8.652(1) 0.0282(3) 30.632(6)
3444 0426 | 7.58 (5) 6.87 [6] 0.9709(6) 10.96 (1) 3.66 (3) 17.49 (6)
3444 0481 | 865 (6) 759 [6] 0.9701(7) 11.32 (1) 4.23 (3) 15.79 (2)
344.4 0704 | 107 (2) 999 [6] 0954 (1) 1263 (8) 6.9 (1) 876 (6)
3444 0.803 | 112 (1) 1076 [6] 0943 (2) 126 (2) 81 (1) 55 (1)
3444 0839 | 11.6 (4) 1093 [6] 0.942 (2) 12.6 (6) 8.6 (1) 44 (2)
1109 0.0 0.436(5) 043 [1] 0 7.823(3) 0.142 (2) 26.75 (1)
4109 0147 | 448 (2) 344 [7] 0854 (2) 837 (2) 1481 (6) 2257 (2)
4109 0358 | 10.16 (7)  8.65 [7] 0.888 (2) 9.19 (8) 3.84 (3) 15.56 (5)
4109 0517 | 13.7 (1) 11.05 [7] 0.864 (3) 9.7 (2) 591 (6) 10.05 (9)
Carbon dioxide (1) + Cyclohexanone (2)

31315 0.0 0.0013(1) 0.001 2] 0 0.305(1) 0.0005(1) 46.531(8)
313.15 0127 | 1.16 (1) - 1 10.067(1)  0.467 (4) 41.728(7)
313.15  0.187 | 1.74 (2) - 1 10.465(2) 0.721 (6) 39.415(9)
313.15  0.256 | 2.41 (2) - 1 10.969(1)  1.027 (8) 36.745(7)
313.15 0482 | 4.61 (3) 4.09 [8] 1 12.048(4) 224 (2) 27.89 (1)
31315 0.714 | 673 (4) 619 [8] 1 15.606(7) 3.93 (2) 18.40 (2)
313.15  0.828 | 7.56 (5) 7.12 [8] 0.9997(1) 16.89 (2) 4.99 (3) 13.44 (4)
1335 0.0 0.111 (1) 0.113[2] 0 8.191(2) 0.0321(4) 39.212(9)
4335 0103 | 295 (2) 3.03 [9] 0951 (1) 8.663(2) 0.858 (4) 3547 (1)
4335 0195 | 5.62 (3) 583 [9] 0965 (1) 9.126(3) 1.700 (8) 3177 (1)
4335 0309 | 9.26 (5) 955 [9] 0.966 (1) 9.752(7) 2.95 (2) 27.04 (2)
4335 0528 | 16.65 (8) 1649 [9] 0.962 (1) 11.02 (2) 588 (3) 17.73 (4)
4335 0638 |190.9 (1) 1940 [9] 0.948 (1) 11.54 (7) 7.42 (6) 12.73 (6)




Table 4: continued.

T Ty p pr Y1 o P Ah,

K mol/mol MPa MPa mol/mol mol/1 mol/1 kJ/mol
Cyclohexane (1) + Cyclohexanone (2)
323.15 0.0 0.0018(1)  0.002 [2] O 9.220(1) 0.0006(1) 45.979(8)
323.15  0.096 0.0111(8)  0.010 [10] 0.84 (2) 9.181(1) 0.0041(3) 44.174(6)
323.15  0.275 0.0201(8)  0.019 [10] 0.926 (6)  9.109(1) 0.0075(3) 41.041(7)
323.15  0.565 0.0283(7)  0.028 [10] 0.956 (2)  8.999(1) 0.0107(3) 36.564(7)
323.15  0.892 0.0343(7)  0.034 [10] 0.984 (1)  8.904(1) 0.0129(3) 32.622(5)
323.15 1.0 0.0370(7)  0.036 [1] 1 8.895(1) 0.0140(1) 31.691(6)
348.15 0.0 0.0058(3)  0.007 [2] O 8.995(1) 0.0020(1) 44.456(9)
348.15  0.141 0.031 (1) 0.030 [10] 0.832 (9) 8.932(1) 0.0110(1) 41.874(7)
348.15  0.249 0.045 (1)  0.044 [10] 0.891 (5)  8.882(1) 0.0157(1) 40.007(7)
348.15  0.442 0.057 (1) 0.058 [10] 0.927 (3) 8.791(1) 0.0202(4) 36.937(7)
348.15  0.792 0.075 (1)  0.075 [10] 0.964 (1)  8.656(1) 0.0266(4) 32.381(6)
348.15 1.0 0.0863(9)  0.085 [1] 1 8.608(2) 0.0307(3) 30.418(7)
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Figure 1: Relative deviations of vapor-liquid equilibrium properties between simulation
data and a reference EOS [1] or a DIPPR correlation [2] (6z = (zsim — 2E0S)/2EO0S):
O cyclohexane, this work; [ cyclohexanone, this work; A cyclohexane model by Eckl et

al. [3].
vaporization.

From top to bottom: vapor pressure, saturated liquid density and enthalpy of
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