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The gas solubility of pure oxygen and of pure carbon dioxide as well as of their gaseous mixture are measured in the
ternary liquid mixture cyclohexane 1 cyclohexanone 1 cyclohexanol at 313.6 K with a high-pressure view-cell tech-
nique using the synthetic method. The new experimental data are used to assess the capability of molecular simulation
and conductor-like screening model (COSMO)-SAC to predict multicomponent fluid-phase coexistence behavior. These
methods are also compared systematically on the basis of experimental binary fluid-phase coexistence data. In that com-
parison also the Peng–Robinson (PR) equation of state is included as a reference. Molecular simulation and COSMO-
SAC yield good results and are found to be far superior to the PR equation of state both in predictive and in adjusted
mode. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 2236–2250, 2013
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Introduction

The oxidation of cyclohexane to cyclohexanol and cyclo-
hexanone is an important industrial reaction and a key step
in the nylon production chain. Usually, the reaction is car-
ried out by contacting liquid cyclohexane with air at 398–
438 K and 0.8–1.5 MPa. To avoid oxidative side reactions,
this process step must be carried out at a low conversion
rate of about 10% so that an acceptable selectivity of about
85% toward cyclohexanone and cyclohexanol is achieved.1

Alternative routes are being studied for this process step.
One option is the use of novel octahedral molecular sieves
for the heterogeneously catalyzed selective oxidation of
cyclohexane.2 Another option is the use of supercritical car-
bon dioxide to expand the reactive liquid, which enhances
the mobility of both the reactants and the products, to obtain
a higher conversion rate and a better yield.3 Carbon dioxide

expanded reaction media may have additional benefits, such
as better heat and mass transfer. A detailed review on the
advantages of using supercritical carbon dioxide in such
processes was recently published by Seki and Baiker.4

For a rational planning of catalytic experiments and the
design of carbon dioxide expanded oxidation processes, espe-
cially because they take place at elevated pressures, phase
equilibrium data are needed. For ternary and higher mixtures,
the available experimental data base is very narrow. Thus, gas
solubility and Henry’s law constant data were measured for
carbon dioxide in liquid mixtures of cyclohexane 1 cyclohex-
anone in Ref. 5. These results were compared to molecular
simulation data in Ref. 6. Moreover, experimental and molec-
ular simulation results for the Henry’s law constant of pure
oxygen and of pure carbon dioxide in cyclohexanol were
reported in Ref. 7. Although some important subsystems were
studied with respect to fluid-phase coexistence in our preced-
ing work,5–7 the present study covers all five major compo-
nents involved in the oxidation of carbon dioxide expanded
cyclohexane in a systematic manner.

To the best of our knowledge, for systems containing
more than three of the five relevant components, only a sin-
gle source is publicly available: Esmelindro et al.8 published
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experimental gas solubility data for carbon dioxide in the
equimolar liquid mixture cyclohexane 1 cyclohexanone 1

cyclohexanol at temperatures between 293 and 343 K. For
oxygen or for the mixture oxygen 1 carbon dioxide, no such
data are available in the literature. In the present work, new
experimental results for the gas solubility of oxygen and of
carbon dioxide as well as of their gaseous mixture in the ter-
nary liquid mixture cyclohexane 1 cyclohexanone 1 cyclo-
hexanol are reported that cover a broad range of states.

Molecular modeling and simulation with classical force
fields is a suitable method for the prediction of thermophysical
properties of pure fluids and mixtures.9–13 It is based on mathe-
matical representations of the intermolecular interactions and
has good predictive capabilities. This approach adequately cov-
ers structure, energetics, and dynamics on the microscopic
scale that govern the fluid behavior on the macroscopic scale.
On the basis of given molecular force field models, the full va-
riety of thermophysical properties, such as structural, thermal,
caloric, transport, or phase equilibrium data, can be determined
by molecular simulation. Due to the advent of computing
power as a commodity, molecular simulations are now often
much faster and much cheaper than experiments in the labora-
tory. In addition to yielding information on the properties of
bulk fluids, molecular simulation allows for detailed insights
into a fluid’s structure and kinetics, for example, within nano-
structured catalysts, which are difficult to obtain by experiment
and are inaccessible by continuum models. However, a prereq-
uisite for such studies are validated molecular models.

For quickly generating phase equilibrium data, for example,
in process simulations, aggregated numerical expressions such
as equations of state (EOS) or excess Gibbs free energy gE

models are needed. Conductor-like screening model (COSMO)-
type gE models14–17 and the Peng–Robinson (PR) EOS18 are
widely used to model the phase behavior of multicomponent
mixtures, for example, for process simulations.19 It is of interest
to study the performance of these approaches to describe and
predict fluid-phase coexistence in the present case. Such a study
was carried out here for all 10 binary subsystems and also for
most multicomponent systems up to the pentenary mixture
oxygen 1 carbon dioxide 1 cyclohexane 1 cyclohexanone 1

cyclohexanol. Results from molecular simulation, the COSMO,
and the PR EOS18 with and without one adjusted binary param-
eter were compared to experimental data.

In recent years, the COSMO for real solvents (COSMO-
RS)14,20,21 as well as its variants COSMO-SAC (SAC
denotes the segment activity coefficient model),15,22,23

COSMO-RS(Ol) (Ol denotes the COSMO-RS from
Grensemann and Gmehling at the University of Oldenburg),16

and COSMO-vac17 have gained significant attention. Com-
pared to more traditional predictive approaches such as UNI-
FAC (UNIQUAC Functional-group Activity Coefficients),24

COSMO-type models do not depend on tabulated model pa-
rameters because they solely require the results of quantum
mechanical solvation calculations as an input to provide
phase equilibrium predictions. They, thus, never suffer from
missing parameter values and are applicable to a wider range
of chemical species. This is particularly important for the
industrial environment, where often new or little known
compounds are of interest.

The COSMO approaches determine the activity coeffi-
cients of incompressible liquid mixtures on the basis of
molecular surface interactions that are assumed to be domi-
nated by local electrostatic interactions. This directly leads
to gE data that have to be supplied to an EOS by means of a

mixing rule if compressible fluids are of interest. In this
work, the COSMO-SAC model15,22,23 was selected. It uses
results from quantum mechanical software package DMol3
implemented in Materials Studio.25 A database of the QM
calculation results maintained by the Liu research group26,27

is also freely available to the public.28 The COSMO
approach, in combination with an EOS, is suitable to calcu-
late Henry’s law constant.29,30 The Peng–Robinson–Stryjek–
Vera (PRSV) EOS31 in combination with the first-order
modified Huron–Vidal mixing rule32 was used here.

The PR EOS in its classical form18 with the van der Waals
mixing rule was considered in this work too because it is a
widely used workhorse in the chemical industry. It only
requires three input numbers for each component, that is, the
critical values for temperature and pressure as well as one
vapor pressure that is reformulated into the acentric factor. The
PR EOS18 was considered here to define a cubic EOS baseline.

The performance of these three theoretical approaches was
assessed here on the basis of experimental data in four steps.
First, the capability of molecular simulation, COSMO-SAC,
and the PR EOS to predict and describe mixture VLE data
solely based on information of the pure components was stud-
ied for all 10 binary subsystems that can be formed from the
five components mentioned above (predictive mode). Second,
for each system, one data point was selected to adjust the bi-
nary parameter of each of the three models and the results
were compared (adjusted mode). Third, predictions by molec-
ular simulation and COSMO-SAC (both adjusted to binary
data) were compared for six ternary mixtures. Fourth, the
present experimental data for two quaternary mixtures and the
pentenary mixture were compared to molecular simulation
and COSMO-SAC (both adjusted to binary data).

Experiment

A synthetic method was applied for the present experimen-
tal study of gas solubility, and the employed apparatus was the
same as in previous works of our laboratory.33–37 In the
experiment, the pressure was determined that is required to
dissolve a precisely known amount of a gas in a precisely
known amount of a solvent. The central element of the appara-
tus is a thermostatted cylindrical high-pressure view cell (vol-
ume about 30 cm3) with two sapphire windows on each end.

During an experiment, the cell was initially evacuated.
Then, for pure gases, the gas was charged into the cell from a
gas cylinder. Its mass was determined volumetrically, from the
known volume of the cell and from readings for temperature
and pressure, by applying an EOS for the pure gas. In case of
gaseous mixtures, oxygen was charged first and its mass was
determined volumetrically as described above. Carbon dioxide
was subsequently charged into the cell from a gas cylinder.
The mass of carbon dioxide was determined gravimetrically
by weighing the gas cylinder before and after the charging pro-
cess with a high-precision balance. Solvent mixtures were also
prepared gravimetrically. Next, the solvent mixture was added
into the cell by means of a high-pressure spindle press until
the gas was completely dissolved in the liquid.

After equilibration, small amounts of the solvent were
withdrawn in a stepwise fashion until the first very small sta-
ble gas bubbles appeared. The pressure p at which the
degassing starts is the solubility pressure. The mass of
the solvent was calculated from the volume displacement in
the calibrated spindle press and the solvent density. The
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solvent density was separately measured with a vibrating
tube densimeter (model DMA 4500 M, Anton Paar).

Two calibrated platinum resistance thermometers in the
thermostatting jacket of the view cell were used to determine
the temperature. The solubility pressure was measured with
a pressure transducer (WIKA, full scale 10 MPa) in connec-
tion with a mercury barometer (Lambrecht). All pressure
transducers were calibrated against a high-precision pressure
balance (Desgranges & Huot).

The maximum uncertainty of the present solubility pressure
measurements is due to the intrinsic uncertainty of the pressure
transducers (0.1% of the transducer’s full scale, i.e., 0.01 MPa
here) and an additional contribution of about 0.01 MPa from a
small temperature drift inside the isolated high-pressure tubes
that connect the view cell with the pressure transducer. The
uncertainty of the temperature measurement is 60.1 K.

Oxygen and carbon dioxide (both with a volume fraction
99.995%) were purchased from Messer Griesheim, Germany.
Cyclohexane, cyclohexanone, and cyclohexanol (all with a
purity �99.0%) were purchased from Sigma-Aldrich, Ger-
many and degassed in our laboratory under vacuum.

The mole fraction based Henry’s law constant Hi,j (T,x) of
pure oxygen and of pure carbon dioxide (solute i) in the sol-
vent mixture j with the composition x expressed in terms of
the mole fraction vector x 5 (x1,x2,…) at the vapor pressure
of the solvent mixture pj (T,x) was determined from the pres-
ent experimental data using an extrapolation procedure

Hi;jðT; xÞ 5 lim
p!pj

fiðT; p; yÞ
xi

� �
; (1)

where
fiðT; p; yÞ 5 pyiuiðT; p; yÞ: (2)

The fugacity of the gaseous solute i is fi and its fugacity
coefficient is ui. xi and yi are the mole fractions of the solute
i in the liquid and the vapor phase, respectively. y 5

(y1,y2,…) is the mole fraction vector that characterizes the
vapor phase composition. Note that Hi,j was determined only
for systems that either contain oxygen or carbon dioxide, but
not for systems that contain both gases.

The vapor pressure of the solvent mixture pj was deter-
mined by molecular simulation because of the lack of ex-
perimental data. The employed molecular models were
validated on the basis of other experimental data from the
literature including our own previous work (see below).
As the vapor pressure of the solvent mixture is low, it
was assumed for the calculation of ui that the vapor con-
sists only of the solute gas, that is, yi 5 1. The vapor-
phase fugacity coefficient ui of the pure gases was calcu-
lated with the EOS by Schmidt and Wagner38 for oxygen
and the EOS by Span and Wagner39 for carbon dioxide,
respectively.

Numbers for fi/xi determined from the isothermal experi-
mental data of pure oxygen and of pure carbon dioxide in
two mixtures are shown in Supporting Information. The
extrapolation Eq. (1) was done by linear regression. The
resulting numerical data for the solubility pressure are given
in Table 1 and for the Henry’s law constant in Table 2,
which also contains information on the estimated accuracy
of the experimental data.

Molecular Simulation

All pure substance molecular force field models were
taken from preceding work of our group. Oxygen40 and car-
bon dioxide41 were described with two and three Lennard-
Jones (LJ) sites, respectively, and one point quadrupole.
Cyclohexane6 was modeled with six LJ sites and cyclohexa-
none6 was described with seven LJ sites and one point
dipole. The cyclohexanol model42 consists of seven LJ sites
and three point charges that cover electrostatics and hydro-
gen bonding. All employed molecular models were assumed
to be rigid.

Table 1. Gas Solubility of Oxygen (1) and of Carbon Dioxide (2) in two Ternary Liquid Mixtures (A and B) that are

Composed of Cyclohexane (3) 1 Cyclohexanone (4) 1 Cyclohexanol (5) at 313.6 K from Experiment

Mixture A Mixture B

x1 (mol mol21) x2 (mol mol21) pr (MPa) x1 (mol mol21) x2 (mol mol21) pr (MPa)

0.016 (1) – 2.09 (2) 0.025 (1) – 2.28 (2)
0.025 (1) – 3.34 (2) 0.035 (1) – 3.17 (2)
0.035 (1) – 4.66 (2) 0.046 (1) – 4.25 (2)
0.043 (1) – 5.88 (2) 0.066 (1) – 6.17 (2)
0.064 (1) – 8.86 (2) 0.073 (1) – 6.92 (2)
– 0.093 (2) 1.14 (2) – 0.072 (1) 0.97 (2)
– 0.141 (3) 1.68 (2) – 0.095 (2) 1.24 (2)
– 0.174 (3) 2.04 (2) – 0.109 (2) 1.43 (2)
– 0.187 (3) 2.20 (2) – 0.140 (2) 1.76 (2)
– 0.230 (4) 2.68 (2) – 0.159 (2) 1.98 (2)
– 0.245 (4) 2.80 (2) – 0.249 (4) 2.99 (2)
– 0.316 (5) 3.57 (2) – 0.322 (5) 3.71 (2)
0.024 (1) 0.079 (3) 4.08 (2) 0.083 (1) – 8.07 (2)
0.024 (1) 0.101 (4) 4.19 (2) 0.025 (1) 0.068 (3) 3.05 (2)
0.023 (1) 0.132 (5) 4.45 (2) 0.024 (1) 0.117 (5) 3.57 (2)
0.023 (1) 0.160 (7) 4.64 (2) 0.024 (1) 0.164 (7) 4.02 (2)
0.022 (1) 0.194 (8) 4.94 (2) 0.023 (1) 0.168 (7) 4.06 (2)
0.022 (1) 0.25 (1) 5.36 (2) 0.045 (1) 0.045 (1) 4.59 (2)
0.044 (1) 0.093 (2) 6.73 (2) 0.044 (1) 0.093 (2) 5.06 (2)
0.043 (1) 0.096 (2) 6.58 (2) 0.044 (1) 0.120 (3) 5.39 (2)
0.043 (1) 0.112 (3) 6.81 (2) 0.043 (1) 0.160 (4) 5.68 (2)
0.042 (1) 0.124 (3) 6.82 (2) 0.042 (1) 0.168 (4) 5.74 (2)
0.041 (1) 0.163 (4) 7.08 (2)

Mixture A: x03 5 0:325 mol mol21, x04 5 0:35 mol mol21, x05 5 0:325 mol mol21. Mixture B: x03 5 0:764 mol mol21, x04 5 0:119 mol mol21,
x05 5 0:117 mol mol21, where x0i are the gas free liquid mole fractions. The number in parentheses indicates the experimental uncertainty in the last digit.
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These molecular models show mean unsigned deviations
with respect to experimental data considering the whole tem-
perature range from the triple point to the critical point of
�1% for the saturated liquid density and �5% for the vapor
pressure. Furthermore, the majority of these molecular mod-
els was assessed with respect to numerous other thermophys-
ical properties, partly including transport data. Further details
are given in the original publications.6,40–42

To describe mixtures on the basis of pairwise additive
potentials, molecular modeling reduces to specifying the
interactions between unlike molecules. The unlike polar
interactions were treated in a straightforward manner, fol-
lowing the laws of electrostatics without binary parameters.
For the unlike LJ interactions, the modified Lorentz–Berthe-
lot combination rule with one state-independent binary pa-
rameter n was used43

rAB 5 ðrA1rBÞ=2; (3)

and

eAB 5 n
ffiffiffiffiffiffiffiffiffi
eAeB
p

: (4)

For the predictive mode, the binary parameter n was set to
unity so that Eqs. (3) and (4) coincide with the Lorentz–Ber-
thelot combination rule.43 The resulting molecular mixture
model is then based on pure fluid data alone.

For the adjusted mode, the binary parameter n was fitted to a
single experimental vapor pressure of the mixture or a single
Henry’s law constant per binary system primarily in preceding
work.6,7 In the present work, n was adjusted for the three binary
subsystems oxygen 1 carbon dioxide, cyclohexane 1 cyclohexa-

nol, and cyclohexanone 1 cyclohexanol. Table 3 contains the
experimental data which were used for the adjustment, the result-
ing binary parameter n, and the respective simulation results.

The Henry’s law constant Hi,j is related to the residual
chemical potential l1i of the solute i at infinite dilution in
the solvent j by50

Hi;jðT; xÞ 5 qjRT exp ðl1i =ðRTÞÞ; (5)

where R is the gas constant and qj is the molar density of the satu-
rated liquid solvent. Molecular simulations to determine the Henry’s
law constant were carried out for all systems that contain one of the
regarded gaseous components, that is, six binary systems, six ter-
nary systems, and two quaternary systems. Furthermore, the pente-
nary system that contains both gaseous components was studied
with respect to its vapor pressure, which was determined with the
Grand Equilibrium method.51 The present numerical molecular
simulation results are given in Supporting Information. The techni-
cal simulation details are summarized in the appendix.

COSMO-SAC

COSMO-SAC23 yields the molar excess Gibbs free energy gE

on the basis of quantum mechanical solvation calculations.
Because the studied fluid mixtures are compressible, these gE data
are supplied to a cubic EOS by means of the modified Huron–
Vidal mixing rule. Here, the PRSV EOS31 was used, where pres-
sure p, molar volume v and temperature T are inter-related by

p 5
RT

v2b
2

a

vðv1bÞ 1 bðv2bÞ : (6)

The temperature-dependent energy parameter a is deter-
mined from the critical temperature Tc and the critical pres-
sure pc by

a 5 0:45724
R2T2

c

pc
11j 12

ffiffiffiffiffi
T

Tc

r� �� �2

; (7)

with

j 5 0:37889311:4897153 x20:17131848 x210:0196654

x31j1 11

ffiffiffiffiffi
T

Tc

r� �
0:72

T

Tc

� �
; ð8Þ

where x is the accentric factor. The volume parameter b
was constant and given by

Table 2. Henry’s Law Constant of Oxygen (1) and of Carbon

Dioxide (2) in two Ternary Liquid Mixtures (A and B) that

are Composed of Cyclohexane (3) 1 Cyclohexanone (4) 1
Cyclohexanol (5) at 313.6 K from Experiment and Molecular

Simulation

Mixture j

Oxygen Carbon Dioxide

Hexp
1;j ðMPaÞ Hsim

1;j ðMPaÞ Hexp
2;j ðMPaÞ Hsim

2;j ðMPaÞ
A 132 (8) 122.6 (3) 12.5 (3) 12.4 (4)
B 91 (4) 86.8 (2) 13.8 (3) 12.7 (3)

Mixture A: x03 5 0:325 mol mol21, x04 5 0:35 mol mol21, x05 5 0:325
mol mol21. Mixture B: x03 5 0:764 mol mol21, x04 5 0:119 mol mol21,
x05 5 0:117 mol mol21, where x0i are the gas free liquid mole fractions. The
number in parentheses indicates the uncertainty in the last digit.

Table 3. Binary Parameter n of the Molecular Model, Binary Parameter lij of COSMO-SAC, Binary Parameter kij of the PR

EOS, Experimental Vapor Pressure of the Mixture pexp, or Henry’s Law Constant Hexp
i;j that was used for the Adjustment with

Reference and Simulation Result with Adjusted n

Mixture (i 1 j) n lij kij T (K) xi (mol mol21) Pexp =Hexp
i;j ðMPaÞ Psim=Hsim

i;j ðMPaÞ
Oxygen 1 carbon dioxide 1 20.0526 0.132 223.15 0.117 6.07844 6.22 (6)
Oxygen 1 cyclohexane 0.90 20.0547 0.22 313.15 79.545 79.6 (3)
Oxygen 1 cyclohexanone 0.93 20.0342 0.355 313.15 16146 159.9 (9)
Oxygen 1 cyclohexanol 0.91 20.0266 0.345 313.6 201 (11)7 194.1 (5)
Carbon dioxide 1 cyclohexane 0.95 20.0523 0.217 313.15 16.25 15.8 (4)
Carbon dioxide 1 cyclohexanone 0.985 20.0082 0.049 313.15 8.55 8.7 (9)
Carbon dioxide 1 cyclohexanol 0.918 20.0418 0.225 313.6 27.1 (7)7 27.8 (8)
Cyclohexane 1 cyclohexanone 0.982 20.0228 0.065 348.15 0.442 0.05847 0.058 (2)
Cyclohexane 1 cyclohexanol 0.982 20.0035 0.07 308.15 0.529 0.016548 0.025 (1)
Cyclohexanone 1 cyclohexanol 1 20.0027 0 383.15 0.55 0.02249 0.023 (1)

The numbers in parentheses indicate the uncertainty in the last digits. xi is specified if the vapor pressure was used, otherwise it was adjusted to the Henry’s law
constant.
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b 5 0:0778
RTc

pc
: (9)

For describing mixtures, the first-order modified Huron–
Vidal mixing rule32 is used

a

bRT
5
X

i

xi
ai

biRT
2

1

0:53

gE

RT
1
X

i

xiln
b

bi

� �" #
; (10)

and

b 5
X

i

xibi: (11)

The excess Gibbs free energy gE needed in the mixing
rule (10) was obtained by COSMO-SAC

gE 5 RT
X

i

xiln ci; (12)

where the activity coefficients ci are determined by

ln ci 5 ln
Ui

xi
1

z

2
qiln

Hi

Ui
1li2

Ui

xi

X
i

xili

 !

1
Ai

aeff

XNHB;OH;OT

s

X
rm

ps
i ðrs

mÞ½ln Cs
Mðrs

mÞ2ln Cs
i ðrs

mÞ�:
(13)

The term in brackets before the double summation in Eq.
(13) is the Staverman–Guggenheim combinatorial
model52,53 that accounts for molecular size and shape
effects with

Ui 5
xiriX
i

xiri

; Hi 5
xiqiX
i

xiqi

; and li 5
z

2
ðri2qiÞ2ðri21Þ:

(14)

Therein, z 5 10 is the coordination number, whereas ri and
qi are the normalized volume and normalized surface area of
component i, respectively. Ai is the surface area of component
i and aeff 5 7.25 Å2 is the effective segment area.23

The r-profile pi(r) is a histogram of segments with the
charge density r on the molecular surface of component i.
To achieve a better description of the hydrogen bonding
interactions,54–56 the r-profile is separated into three
contributions

piðrÞ 5 pNHB
i ðrÞ1pOH

i ðrÞ1pOT
i ðrÞ; (15)

where pNHB
i ðrÞ, pOH

i ðrÞ, and pOT
i ðrÞ account for the seg-

ments of nonhydrogen bonding (NHB) atoms, hydroxyl
(OH) groups, and other (OT) hydrogen bonding atoms (i.e.,
O, N, F, and H bound to N and F), respectively. The surface
segments are, thus, also categorized into these three types.
The r-profiles of the five regarded components for the NHB,
OH, and OT types are shown in Figure 1. The r-profile is a
species-specific property that can be seen as a fingerprint of
a molecule. Because cyclohexane is composed of carbon and
hydrogen atoms only, all its segments belong to the NHB
type. Cyclohexanol has also segments of the OH type. The
other three substances have also segments of the OT type. In
case of cyclohexanol, the peaks on its NBH level are similar
to those of cyclohexane, but its hydroxyl group leads to a
strong polarity that can be seen as a large difference between
minimum and maximum charge density of OH type. Cyclo-
hexanol is the only molecule in this study that has a hydro-
gen bonding (proton) donor. For cyclohexanone, its r-profile

of NHB type is slightly shifted toward negative charge den-
sities, which shows that the oxygen atom in ketones has a
strong effect on the surface charge distribution. It should be
noted that a Gaussian-type function ProbðrÞ 5

12expðr2=2r2
0Þ with r0 5 0.007 e/Å2 is used in the current

COSMO-SAC model to consider the probability of OH or
OT segments to form hydrogen bonds. Therefore, only a
small portion of the oxygen segments of oxygen and of car-
bon dioxide are collected on the OT level.

The r-profile of the mixture M is obtained from

ps
MðrÞ ¼

X
i
xiAip

s
i ðrÞX

i
xiAi

; (16)

where the superscript s 5 NHB, OH, OT indicates the sur-
face segment type. Cs

j ðrs
mÞ is the activity coefficient of a

type s segment with the charge density rs
m, where the sub-

script j 5 i indicates a component and j 5 M the mixture

ln Cs
j ðrs

mÞ 5 2ln
XNHB;OH;OT

t

X
rn

pt
jðrt

nÞCs
j ðrt

nÞexp
2DWðrs

m; r
t
nÞ

RT

� �" #
:

(17)

Therein, DWðrs
m;r

t
nÞ is the electrostatic interaction

between segment m (of type s) and segment n (of type t)
with the charge densities rs

m and rt
n

DWðrs
m; r

t
nÞ 5 cESðrs

m1rt
nÞ

2
2cHBðrs

m;r
t
nÞðrs

m2rt
nÞ

2; (18)

with the temperature-dependent interaction coefficient cES/
(kcal�mol21Å4e22) 5 6525.69 1 1.4859�108/(T/K)2 and the
hydrogen bonding coefficient

cHBðrs
m;r

t
nÞ=ðkcal �mol21Å

4
e-2Þ

5

4013:78 if s 5 t 5 OH and rs
m � rt

n < 0;

932:31 if s 5 t 5 OT and rs
m � rt

n < 0;

3016:43 if s 5 OH; t 5 OT and rs
m � rt

n < 0;

0 otherwise:

8>>><
>>>:

(19)

These global parameter values were taken from Ref. 23
without further adjustment. More details of the COSMO-
SAC model can be found in the literature.23

In the predictive mode, which is the usual COSMO
approach, Eqs. (6)–(19) rely exclusively on experimental
pure fluid data that are needed to parameterize the PRSV
EOS. The mixture behavior is described via gE data that
stem from predictive quantum chemical solvation calcula-
tions. The results obtained with the PRSV EOS31 in combi-
nation with the first-order modified Huron–Vidal mixing
rule32 and COSMO-SAC23 are referred to as COSMO-SAC
in the following.

For the adjusted mode, one state-independent binary pa-
rameter lij was introduced into the volume parameter b of
the first-order modified Huron–Vidal mixing rule.32 Equation
(11) was changed in this case to

b 5
X

i

X
j

xixj
bi1bj

2
ð12lijÞ: (20)

The binary parameter lij was fitted to the same experimen-
tal binary vapor pressure or Henry’s law constant data as the
binary parameter n of the molecular force field models
described above, compared in Table 3.
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For the present calculations of the Henry’s law constant
with COSMO-SAC, the same procedure was applied as for
the determination of the Henry’s law constant from experi-
mental data, with the difference that also the vapor phase
fugacity was taken from COSMO-SAC.

Peng–Robinson Equation of State

The original PR EOS18 with the simple van der Waals
mixing rule was considered as a cubic EOS baseline. It is
defined by Eqs. (6)–(9), but it has an acentric factor polyno-
mial j that is simpler than Eq. (8)

j 5 0:3746411:54226 x20:26992 x2: (21)

The van der Waals mixing rule defines the temperature-
dependent energy parameter as

a 5
X

i

X
j

xixjaij; (22)

with aij 5
ffiffiffiffiffiffiffiffiffiffi
aiiajj
p ð12kijÞ: (23)

Therein, kij is an adjustable binary parameter that was fit-
ted to the same experimental binary data as all other models
in the adjusted mode, compared in Table 3. For the predic-
tive mode, kij 5 0. The constant volume parameter b was
defined as usual according to Eq. (11).

Results and Discussion

Binary subsystems

All 10 binary subsystems that can be formed from the
regarded five components were investigated here. Figure 2
shows a schematic of these binary subsystems along with
snapshots of the employed molecular models. Because of the
pairwise treatment of the molecular interactions by all
approaches that were studied here, knowledge on the binary
subsystems is crucial for the multicomponent systems. A
good match of the binary phase behavior is a prerequisite for
good predictions in case of higher order systems.

For all binary subsystems, results from molecular simula-
tion, COSMO-SAC, and the PR EOS were compared to ex-
perimental data from the literature. Critical temperature Tc,
critical pressure pc, acentric factor x, and j1 used for the PR
EOS and the PRSV EOS are listed in Table 4.

Molecular simulation, COSMO-SAC, and the PR EOS
were applied in two different modes: (1) strictly predictive,
that is, n 5 1, lij 5 0, and kij 5 0, and, if necessary, (2)
adjusted to a single experimental binary data point. The PR
EOS results in the predictive mode were omitted in the fig-
ures discussed below to avoid visual clutter and because
they are inferior. Supporting Information contains plots with
these data. Note that the same experimental binary data were
used for the adjustment of all binary parameters to achieve a
fair comparison, compared in Table 3. The single experimen-
tal binary data point was chosen to be around 313 K in case
of Henry’s law constant and near the equimolar composition
in case of VLE.

With respect to VLE data, two isotherms with a tempera-
ture difference of 20–120 K are presented. The Henry’s
law constant was studied over a temperature range of about
120 K.

Oxygen 1 carbon dioxide

The VLE of oxygen 1 carbon dioxide is presented in Fig-
ure 3 for the two isotherms 223.15 and 273.15 K. Oxygen is
supercritical for both temperatures so that the saturated liq-
uid line has a typical concave shape. The present molecular
simulation results, which are predictive with n 5 1, are in
very good agreement with the experimental data44 almost in
the entire studied range. Only near the critical region of the

Figure 1. The r-profiles of the five regarded components
of NHB type (top), OH type (center), and OT
type (bottom): — oxygen; — — carbon dioxide;
– . . . cyclohexane; – – cyclohexanone; . . .
cyclohexanol.

Figure 2. Schematic of the pentenary mixture and its
binary subsystems together with snapshots
of the employed molecular models.
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mixture, the simulation results overpredict the vapor pressure
and the oxygen content of the saturated vapor phase. Com-
pared to the adjusted PR EOS, the simulation results show a
better agreement with the experiment near the critical region
of the mixture. Predictions by COSMO-SAC show a vapor
pressure that is significantly too low for both temperatures;
however, the vapor phase composition is in very good agree-
ment with the experiment. In adjusted mode (lij 5 20.0526),
COSMO-SAC is as good as molecular simulation, except for
the extended critical region.

Oxygen 1 cyclohexane, oxygen 1 cyclohexanone, and
oxygen 1 cyclohexanol

Due to the large difference in terms of the volatility
between oxygen and the cyclic compounds, exclusively data
on the Henry’s law constant are available in the litera-
ture7,45,46,59–61 for oxygen 1 cyclohexane, oxygen 1 cyclo-
hexanone, and oxygen 1 cyclohexanol, compared in Figure
4. With an adjusted binary parameter (n 5 0.91, 0.93, and
0.90), the molecular simulation results are in excellent agree-
ment with the experiment7,45,46,59–61 for all three systems
throughout the entire temperature range for which experimen-
tal data are available. COSMO-SAC underpredicts the Henry’s

law constant with a maximum deviation of around 55% at
low temperatures. However, molecular simulation in predic-
tive mode (n 5 1) is similarly far off. The agreement of the
adjusted COSMO-SAC model (lij 5 20.0547, 2 0.0342,
and 20.0266) with the experimental data is excellent as
well. The adjusted PR EOS yields similarly good results.
Note that the single experimental data point by Cauquil61 for
oxygen 1 cyclohexanol (HO2,j 5 121.3 MPa at 299.15 K)
was not confirmed in a previous work7 and is shown here
for completeness only.

Carbon dioxide 1 cyclohexane, carbon dioxide 1 cyclo-
hexanone, and carbon dioxide 1 cyclohexanol

VLE of the binary systems carbon dioxide 1 cyclohexane,
carbon dioxide 1 cyclohexanone, and carbon dioxide 1

cyclohexanol as well as the Henry’s law constant of carbon
dioxide in cyclohexane, in cyclohexanone, and in cyclohexa-
nol are presented in Figures 5–8. For these three binary sys-
tems, all models were adjusted to the Henry’s law constant,
compared in Table 3. Molecular simulation and COSMO-
SAC (both in adjusted mode) show a similar agreement with

Table 4. Critical Temperature Tc, Critical Pressure pc, Acen-

tric Factor x, and Vapor Pressure Parameter j1 used in the

Present Work for the PR EOS and the PRSV EOS

Component Tc (K) pc (MPa) x j1

Oxygen 154.7731 5.0931 0.0212831 0.0151231

Carbon dioxide 304.2157 7.38257 0.22557 0.0428557

Cyclohexane 553.6457 4.07557 0.2087757 0.0702357

Cyclohexanone 65358 4.058 0.29900658 0.0435
Cyclohexanol 650.158 4.2658 0.36904758 0.5682

The vapor pressure parameter j1 for cyclohexanone and cyclohexanol was
fitted in the present work to experimental vapor pressure data compiled by
DIPPR.58

Figure 3. Isothermal vapor-liquid phase diagram of
oxygen 1 carbon dioxide at 223.15 and
273.15 K: 1 experimental data44; � present
simulation data with n 5 1; - - - COSMO-
SAC; — COSMO-SAC with lij 5 20.0526; . . .
PR EOS with kij 5 0.132.

The statistical simulation uncertainties are within

symbol size.

Figure 4. From top to bottom: Henry’s law constant of
oxygen in cyclohexane, in cyclohexanone,
and in cyclohexanol: 1 experimental
data5,7,45,46,59–61; � present simulation data
with n 5 1; � present simulation data with n

5 0.91, 0.93, and 0.90; - - - COSMO-SAC; —
COSMO-SAC with lij 5 20.0547, 20.0342, and
20.0266; . . . PR EOS with kij 5 0.22, 0.255,
and 0.345.

The statistical simulation uncertainties are within

symbol size.
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the experimental data5,7,45,46,63–67 for HCO2,j of these sys-
tems, compared in Figure 5. The agreement is excellent at
lower temperatures, but at higher temperatures they overpre-
dict. The adjusted PR EOS describes the Henry’s law con-
stant best for these three systems. The predictions by molec-
ular simulation and COSMO-SAC are similarly far off.

Figure 6 presents the VLE of carbon dioxide 1 cyclohex-
ane. In adjusted mode, molecular simulation (n 5 0.95) and
COSMO-SAC (lij 5 20.0523) are in good agreement with the
experimental data5,8 at 313.15 K. However, at 410.9 K, both
predict a higher vapor pressure than the experiment.68 Predic-
tions by molecular simulation and COSMO-SAC show a simi-
larly too low vapor pressure at 313.15 K. The PR EOS, which
was adjusted to the Henry’s law constant (kij 5 0.217), has dif-
ficulties in describing the VLE at 313.15 K. At 410.9 K, the
PR EOS yields a similarly high vapor pressure as the two other
models. None of the studied theoretical approaches is capable
to cover both temperatures consistently for this system with a
state-independent adjustable parameter.

With respect to the VLE of carbon dioxide 1 cyclohexa-
none, all models are at least in good agreement with the

experimental data5,8,69,70 at 313.15 K, compared in Figure 7.
Molecular simulation, the PR EOS (both adjusted), and the
predictions by COSMO-SAC yield a too high vapor pressure
only near the critical point of the mixture at the high temper-
ature (433.5 K). Molecular simulation in predictive mode
yields a somewhat too low vapor pressure. Overall, the pre-
dictions by COSMO-SAC are in good agreement with the
experimental data also for the high temperature.

Figure 5. From top to bottom: Henry’s law constant of
carbon dioxide in cyclohexane, in cyclohexan-
one, and in cyclohexanol: 1 experimental
data5,7,45,46,63–67; � present simulation data
with n 5 1; � simulation data with n 5 0.95,
0.985, and 0.9186,7; - - - COSMO-SAC;
— COSMO-SAC with lij 5 20.0523, 20.0082,
and 20.0418; . . . PR EOS with kij 5 0.217,
0.049, and 0.225.

The statistical simulation uncertainties are not shown if

they are within symbol size.

Figure 6. Isothermal vapor-liquid phase diagram of
carbon dioxide 1 cyclohexane at 313.15 and
410.9 K: 1 experimental data5,8,68; � present
simulation data with n 5 1; � simulation data
with n 5 0.956; - - COSMO-SAC; — COSMO-
SAC with lij 5 20.0523; . . . PR EOS with kij 5
0.217.

The statistical simulation uncertainties are within

symbol size.

Figure 7. Isothermal vapor-liquid phase diagram of
carbon dioxide 1 cyclohexanone at 313.15
and 433.5 K: 1 experimental data5,8,69,70; �

present simulation data with n 5 1; �
simulation data with n 5 0.9856; - - COSMO-
SAC; — COSMO-SAC with lij 5 20.0082; . . .
PR EOS with kij 5 0.049.

The statistical simulation uncertainties are within

symbol size.
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VLE data for carbon dioxide 1 cyclohexanol at 313.6 and
392 K are shown in Figure 8. None of the models is capable
to accurately cover the VLE of this system, where it should
be pointed out that the binary parameters were adjusted to
the Henry’s law constant. The discrepancies are particularly
astonishing for 313 K as the Henry’s law constant for that
temperature is well-described by the models. The available
VLE data are not in contradiction with the Henry data, but
show strong deviations from Henry’s law already at low fi-
nite concentrations. This may be attributed to the existence
of a liquid–liquid equilibrium for this system, as shown by
Esmelindro et al.8 The best results were obtained by
COSMO-SAC in predictive mode, followed by molecular
simulation in adjusted mode (n 5 0.918). Adjusted COSMO-
SAC (lij 5 20.0418) and the adjusted PR EOS (kij 5 0.225)
are similarly far off from the experiment. Predictive molecu-
lar simulation shows a too low vapor pressure at 313 K.

Cyclohexane 1 cyclohexanone

VLE data of cyclohexane 1 cyclohexanone are shown in
Figure 9 at 323.15 and 348.15 K. Molecular simulation (n 5

0.982), COSMO-SAC (lij 5 20.0228), and the PR EOS (kij

5 0.065), all in adjusted mode, are throughout in very good
agreement with the experimental data.47 COSMO-SAC
slightly underpredicts the vapor pressure. The same deviation
was found for the predictive simulation results.

Cyclohexane 1 cyclohexanol

Comparisons for the VLE of this system are shown for the
two temperatures 308.15 and 328.15 K in Figure 10. Note
that the same binary parameter of the molecular model, i.e.,
n 5 0.982, as for the system cyclohexane 1 cyclohexanone
was obtained from the adjustment. The present simulation
results and COSMO-SAC are in very good agreement with
the experimental data.48 The PR EOS with kij 5 0.07 leads

to a qualitatively wrong S-shaped slope of the saturated liq-
uid line, which can particularly well be seen at 328.15 K.
Molecular simulation slightly overpredicts the vapor pressure
at 303.15 K. In adjusted mode (lij 5 20.0035), COSMO-
SAC only slightly better describes the experimental data.48

Cyclohexanone 1 cyclohexanol

Figure 11 shows the VLE of cyclohexanone 1 cyclohexa-
nol at 353.15 and 383.15 K. As for oxygen 1 carbon diox-
ide, the simulation results in predictive mode are in excellent
agreement with the experiment. Only a single VLE simula-
tion point shows significant deviations for vapor pressure or

Figure 8. Isothermal vapor-liquid phase diagram
(saturated liquid line only) of carbon dioxide
1 cyclohexanol at 313.6 and 392 K: 1
experimental data5,62; � present simulation
data with n 5 1; � simulation data with n 5
0.9186; - - COSMO-SAC; — COSMO-SAC
with lij 5 20.0418; . . . PR EOS with kij 5
0.225.

The statistical simulation uncertainties are within

symbol size.

Figure 9. Isothermal vapor-liquid phase diagram of
cyclohexane 1 cyclohexanone at 323.15 and
348.15 K: 1 experimental data47; � present
simulation data with n 5 1; � simulation data
with n 5 0.986; - - COSMO-SAC; — COSMO-
SAC with lij 5 20.0228; . . . PR EOS with kij 5
0.065.

Figure 10. Isothermal vapor-liquid phase diagram of
cyclohexane 1 cyclohexanol at 308.15 and
328.15 K: 1 experimental data48; � present
simulation data with n 5 1; � present
simulation data with n 5 0.982; - - -
COSMO-SAC; — COSMO-SAC with lij 5
20.0035; . . . PR EOS with kij 5 0.07.
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vapor phase composition. These discrepancies are due to
sampling problems at the regarded temperatures that are not
very far from the triple point of both components. The PR
EOS is not capable to describe the VLE, because the vapor
pressure of pure cyclohexanol is poorly represented. A very
good agreement with the experimental data49 was found for
molecular simulation in predictive mode. COSMO-SAC in
adjusted mode (lij 5 20.0027) yields a somewhat too low
vapor pressure, whereas in predictive mode it is too high.

In addition, the isobaric VLE at 0.066 MPa was studied for
this system, see Figure 12. A very good agreement of the predic-
tive simulation data with the experiment was found throughout.
COSMO-SAC shows some deviations and yields in predictive
mode an azeotropic point which was not observed by experi-
ment,71 simulation, or adjusted COSMO-SAC. The PR EOS is
again not capable to describe the vapor pressure of the pure
components. Here, the difference between the PR EOS and the
PRSV EOS (which is part of COSMO-SAC) becomes visible.
The acentric factor polynomial j of the PRSV EOS was
adjusted to several experimental pure substance vapor pressure
data points, compared in Eqs. (8) and (21).

Overview

In the present work, 10 binary systems were studied with
three different models and two types of data (VLE and
Henry’s law constant) were considered. To give an overview
on the results of the comparison of the models with the data
is not trivial. We have decided to try to do this using an em-
pirical classification of the quality of the representation sim-
ply by 22, 2, 0, 1 and 11, which corresponds to 0–4
points, compared in Table 5. The score 22 means that the
approach does not agree with the experimental data at all
and 11 means that this agreement is very good. If both
VLE data and Henry’s law constant data were available for
a mixture, the mean score was assigned. We have not used
quantitative criteria for the classification, but rather the
impression from assessing the results in Figures 3–12.

Table 5 additionally shows the score for the PR EOS in pre-
dictive mode, which was excluded in the figures and the dis-
cussion above due to its inferior performance. Note that these
data are presented in the Supporting Information. The PR EOS

Table 5. Scores of the Studied Modeling Approaches to Predict and Describe Fluid-Phase Coexistence Data for the Binary

Mixtures

Mixture

Molecular Simulation COSMO-SAC Peng-Robinson EOS

Predictive Adjusted Predictive Adjusted Predictive Adjusted

Oxygen 1 carbon dioxide 11 11 – 11 – 11
Oxygen 1 cyclohexane – 11 – 11 – 11

Oxygen 1 cyclohexanone – 11 – 11 – – 11

Oxygen 1 cyclohexanol – 11 – 11 – – 11

Carbon dioxide 1 cyclohexane – 1 – 1 – – 0
Carbon dioxide 1 cyclohexanone 1 11 1 11 0 11

Carbon dioxide 1 cyclohexanol – 1 0 1 – – 0
Cyclohexane 1 cyclohexanone 0 11 0 11 – 11

Cyclohexane 1 cyclohexanol 11 11 11 11 – – 0
Cyclohexanone 1 cyclohexanol 11 11 0 1 – – – –
Final score 22 38 18 37 5 30

The scale ranges from – –, –, 0, 1, and 11 which corresponds to 0–4 points, respectively.

Figure 11. Isothermal vapor-liquid phase diagram of
cyclohexanone 1 cyclohexanol at 353.15
and 383.15 K: 1 experimental data49; �

present simulation data with n 5 1; - - -
COSMO-SAC; — COSMO-SAC with lij 5
20.0027; . . . PR EOS with kij 5 0.

Figure 12. Isobaric vapor-liquid phase diagram of
cyclohexanone 1 cyclohexanol at 0.066
MPa: 1 experimental data71; � present
simulation data with n 5 1; - - - COSMO-
SAC; — COSMO-SAC with lij 5 20.0027; . . .
PR EOS with kij 5 0.

The statistical simulation uncertainties are within

symbol size.

AIChE Journal June 2013 Vol. 59 No. 6 Published on behalf of the AIChE DOI 10.1002/aic 2245



in predictive mode has by far the lowest score with 5 points,
because the predictions show a too ideal behavior in general.
COSMO-SAC in predictive mode has a score of 18 points, fol-
lowed by molecular simulation in predictive mode with 22
points. The difference of 4 points is due to the better descrip-
tion of oxygen 1 carbon dioxide and cyclohexanone 1 cyclo-
hexanol. Otherwise, these two predictive methods showed a
similar performance. The adjusted PR EOS achieved 30 points
and is clearly better than the predictive approaches, but signifi-
cantly worse than molecular simulation and COSMO-SAC in
adjusted mode with 38 and 37 points, respectively.

The effort that is associated with the determination of one
Henry’s law constant value on the basis of calibrated labora-
tory equipment was around 4 working days. Molecular simu-
lation required 6 h and COSMO-SAC around 15 min.

Due to its inferior performance for the binary subsystems,
the PR EOS was excluded from the study of the higher order
systems that are discussed in the following sections.

Ternary Subsystems

Among the 10 possible combinations to form a ternary
mixture from five components, six were selected. These
are the ternary systems containing one of the gaseous
components (oxygen or carbon dioxide) and two of the
three solvents (cyclohexane, cyclohexanone, or cyclohexa-
nol). The study was carried out by molecular simulation
and COSMO-SAC23 in terms of the Henry’s law constant
of the gaseous component at 313.6 K. Unfortunately, ex-
perimental data were available only for carbon dioxide in
cyclohexane 1 cyclohexanone. The models were consid-
ered in adjusted mode only, that is, with n and lij fitted to

binary experimental data, compared in Table 3. In Fig-
ure 13, the Henry’s law constant of both gases in all three
binary subsystems of cyclohexane 1 cyclohexanone 1

cyclohexanol is presented.

Oxygen in binary mixtures

For the Henry’s law constant of oxygen in mixtures of
cyclohexane 1 cyclohexanone, the main variation occurs at
low cyclohexane mole fractions. At high cyclohexane mole
fractions, the slope of HO2,j flattens. The predictions by mo-
lecular simulation and COSMO-SAC agree very well.

For the Henry’s law constant of oxygen in mixtures of
cyclohexane 1 cyclohexanol, the same qualitative behavior
as for the system cyclohexane 1 cyclohexanone was found;
the Henry’s law constant varies most at low cyclohexane
mole fractions. COSMO-SAC predicts a more ideal behavior
than molecular simulation.

In case of the Henry’s law constant of oxygen in mixtures
of cyclohexanone 1 cyclohexanol, a qualitatively different
behavior was found. The Henry’s law constant from molecu-
lar simulation decreases almost linearly on addition of cyclo-
hexanone to cyclohexanol in most of the composition range.
Molecular simulation predicts a little pronounced maximum
at a cyclohexanone mole fraction of around 0.1 mol mol21.
COSMO-SAC predicts a maximum as well, but at a some-
what different composition.

Carbon dioxide in binary mixtures

The Henry’s law constant of carbon dioxide in cyclohex-
ane 1 cyclohexanone varies strongly on addition of small
amounts of cyclohexanone to pure cyclohexane, whereas at
lower cyclohexane mole fractions, it remains almost
unchanged. Molecular simulation and COSMO-SAC yield
very similar results for this ternary system and are in very
good agreement with that experimental data.5

The Henry’s law constant of carbon dioxide in cyclohex-
ane 1 cyclohexanol decreases on addition of cyclohexane to
pure cyclohexanol. The molecular simulation data exhibit a
minimum at a cyclohexane mole fraction of around 0.9 mol
mol21. COSMO-SAC does not predict a minimum, but a
monotonous decrease.

In case of carbon dioxide in cyclohexanone 1 cyclohexa-
nol, a similar behavior as in cyclohexane 1 cyclohexanol
was observed, except that no minimum was predicted. The
Henry’s law constant varies less on addition of cyclohexanol
to pure cyclohexanone, whereas it varies more on addition
of cyclohexanone to pure cyclohexanol. COSMO-SAC and
molecular simulation yield again similar results.

Quaternary and Pentenary Systems

Gas solubility measurements

The solubility pressure of pure carbon dioxide (1) and of
pure oxygen (2) as well as of their gaseous mixture in the
ternary solvent mixture cyclohexane (3) 1 cyclohexanone
(4) 1 cyclohexanol (5) was determined in this work by
experiment at 313.6 K for total pressures of up to 8.8 MPa,
compared in Table 1. Two solvent mixture compositions
were measured: Mixture A, nearly equimolar
(x03 5 0:325 mol mol21; x04 5 0:35 mol mol21; x05 5

0:325 mol mol21) and Mixture B, rich in cyclohexane with
almost the same mole fractions of cyclohexanone and cyclo-
hexanol (x03 5 0:764 mol mol21; x04 5 0:119 mol mol21;

Figure 13. Henry’s law constant from present
simulations of oxygen (top) and of carbon
dioxide (bottom) at 313.6 K in binary liquid
mixtures of: � cyclohexane 1
cyclohexanone plotted over the
cyclohexane mole fraction; w cyclohexane
1 cyclohexanol plotted over the
cyclohexane mole fraction; D
cyclohexanone 1 cyclohexanol plotted
over the cyclohexanone mole fraction; 1
experimental data5; — COSMO-SAC.

The statistical simulation uncertainties are within

symbol size.
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x05 5 0:117 mol mol21), where x0i denotes the gas free liquid
mole fraction of component i. Note that Esmelindro et al.8

have studied mixture A as well. The present experimental
data are plotted in Figure 14. In case of oxygen, the solubil-
ity decreases from mixture A to B, whereas in case of car-
bon dioxide, it slightly increases.

The studied pentenary mixture was based on the ternary
liquid solvent mixtures A and B. By adding oxygen, quater-
nary mixtures with x0O2 5 0:02 and 0.04 mol mol21 were
prepared. Subsequently, carbon dioxide was introduced to
form the pentenary mixture with a varying carbon dioxide
mole fraction. A linear increase of the solubility pressure on
addition of carbon dioxide was observed, compared in Figure
14. The solubility pressure decreases more in mixture A than
in mixture B. The difference is more dominant for the
(carbon dioxide free) oxygen mole fraction of
x0O2 5 0:04 mol mol21 than for x0O2 5 0:02 mol mol21.

The present experimental results for mixture A are com-
pared in Figure 15 to experimental data by Esmelindro
et al.,8 to simulation results, and to COSMO-SAC (both
adjusted to binary experimental data). For the pure gases, a
good agreement was found with both the experimental data
by Esmelindro et al.8 and the present theoretical models.
Overall, the simulation results and COSMO-SAC also agree
very well with the present experimental data for the pente-

nary mixture. Note that analogous data for mixture B, that
lead to the same conclusions, are not shown.

Henry’s law constant

The present experimental Henry’s law constant data of ox-
ygen in the two ternary liquid solvent mixtures A and B are
compared to molecular simulation and COSMO-SAC in Fig-
ure 16. Again, the agreement between present data from
experiment, simulation, and COSMO-SAC is very good. For
the molecular simulations and COSMO-SAC, the depend-
ence of the Henry’s law constant of oxygen on the cyclohex-
ane mole fraction (cyclohexanone and cyclohexanol were
kept equimolar) was studied. The Henry’s law constant of
oxygen varies most strongly on addition of cyclohexane to
the equimolar mixture cyclohexanone 1 cyclohexanol. At
high cyclohexane mole fractions, the decrease of the Henry’s
law constant is less pronounced. COSMO-SAC predicts a
higher Henry’s law constant at low cyclohexane mole
fractions.

Analogously, the dependence of the Henry’s law constant
of carbon dioxide on the cyclohexane mole fraction (cyclo-
hexanone and cyclohexanol were kept equimolar) is shown
in Figure 16. Only a weak influence was found. Starting
from the Henry’s law constant of carbon dioxide in

Figure 15. Solubility pressure of oxygen (1) and of
carbon dioxide (2) in the ternary
[cyclohexane (3), cyclohexanone (4), and
cyclohexanol (5)] solvent mixture A with
x03 5 0:325 mol mol21, x04 5 0:35 mol mol21,
x05 5 0:325 mol mol21 at 313.6 K. Pure
carbon dioxide: � present experimental
data; 1 experimental data by Esmelindro
et al.8 Pure oxygen: � present experimental
data. Carbon dioxide at a constant liquid
mole fraction of oxygen of
x0O2 5 0:02 mol mol21: ! present
experimental data. Carbon dioxide at a
constant liquid mole fraction of oxygen of
x0O2 5 0:04 mol mol21: ~ present
experimental data. Open symbols depict
the present simulation data. — COSMO-
SAC.

The uncertainties of the data are mostly within

symbol size.

Figure 14. Solubility pressure of oxygen (1), carbon
dioxide (2), and mixtures of the two gases in
two ternary [cyclohexane (3), cyclohexanone
(4), and cyclohexanol (5)] solvent mixtures
A (full symbols) and B (open symbols)
at 313.6 K from present experiments:
Mixture A: x03 5 0:325 mol mol21, x04 5 0:35
mol mol21, x05 5 0:325 mol mol21. Mixture B:
x03 5 0:764 mol mol21, x04 5 0:119 mol mol21,
x05 5 0:117 mol mol21: �, w pure oxygen (xi

5 xO2); �,� pure carbon dioxide (xi 5 xCO2);
!, $ carbon dioxide (xi 5 xCO2), and a
constant liquid mole fraction of oxygen of
x0O2 5 0:02 mol mol21; ~, D carbon dioxide
(xi 5 xCO2) and a constant liquid mole fraction
of oxygen of x0O2 5 0:04 mol mol21; — guide
for the eye.

The uncertainties of all data are within symbol size.
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equimolar cyclohexanone 1 cyclohexanol, the Henry’s law
constant decreases slightly on addition of cyclohexane until
a minimum is reached at a cyclohexane mole fraction of
around 0.5 mol mol21. COSMO-SAC predicts a somewhat
higher Henry’s law constant than molecular simulation, but
both agree well with the experiment.

Conclusions

Three theoretical approaches, that is, molecular simulation,
COSMO-SAC, and the PR EOS, were assessed in a compre-
hensive study with respect to their predictive and descriptive
capabilities for fluid-phase coexistence data of an industrially
important pentenary mixture. For binary data, the PR EOS in
predictive mode has by far the poorest performance. Molecu-
lar simulation and COSMO-SAC in predictive mode are
much better. The PR EOS in adjusted mode is satisfying for
most of the 10 binary subsystems, but shows a qualitatively
wrong description of carbon dioxide 1 cyclohexane, carbon
dioxide 1 cyclohexanol, and cyclohexanone 1 cyclohexa-
nol. The best performance was achieved with molecular sim-
ulation and COSMO-SAC in adjusted mode. Both methods
are capable to describe the experimental data over a wide
range of states with an accuracy that is well-suitable for
industrial applications.

For the six studied ternary subsystems, molecular simula-
tion and COSMO-SAC showed a similar performance with
respect to the prediction of the Henry’s law constant of pure
carbon dioxide and of pure oxygen in all three binary solvent
mixtures containing cyclohexane, cyclohexanone, or cyclo-
hexanol. Both methods predicted the same composition
dependence of the Henry’s law constant. A clear advantage
of one method over the other was not found.

Predictions by molecular simulation and COSMO-SAC for
two quaternary subsystems and the pentenary mixture agree
with experimental data at 313.6 K from the present work.
Overall, the performance of molecular simulation and
COSMO-SAC is very similar. The dependence of the
Henry’s law constant of pure carbon dioxide and of pure ox-
ygen was studied for both ternary solvent mixtures by mo-
lecular simulation and COSMO-SAC. It was found that the
agreement with the present experimental data is very good.

It was shown that molecular simulation and COSMO-SAC
have a similar performance for the prediction and description
of fluid-phase coexistence data, despite the fact that the for-
mer carries spatially resolved information on the molecular
interactions, whereas the latter does not. Both methods are
capable to predict multicomponent VLE with an excellent
accuracy, if one state-independent binary parameter is intro-
duced. Beside these satisfactory results, it was found that
improvements are necessary, especially when no experimen-
tal binary data are available. In predictive mode, deviations
up to 50% in terms of the vapor pressure or the Henry’s law
constant were encountered for some systems.

The presented data and models can be used for the optimi-
zation of the reaction conditions for the oxidation of cyclo-
hexane in carbon dioxide expanded liquids. Furthermore, the
considered force field models may be used for molecular
simulation studies of the behavior of this mixture within
nanostructured sieves.72–74
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Appendix: Simulation Details
In this work, the Grand Equilibrium method51 was used for

VLE simulations. To determine the chemical potential in the
liquid, gradual insertion75 or Widom’s insertion method76

was used. For low temperatures near the triple point, gradual

insertion yields results with much lower statistical uncertain-
ties than Widom’s method.

Widom’s method was applied in conjunction with molecu-
lar dynamics simulations in the isothermal-isobaric (NpT) en-
semble using isokinetic velocity scaling77 and Andersen’s
barostat.78 There, the number of molecules was 1372 and the
time step was 1 fs. The initial configuration was a face cen-
tered cubic lattice, the fluid was equilibrated over 60,000
time steps with the first 10,000 time steps in the canonic
(NVT) ensemble. The production run went over 400,000 time
steps with a piston mass of 109 kg/m4. Up to 5000 test
molecules were inserted every production time step.

Gradual insertion was applied in conjunction with Monte
Carlo simulations in the NpT ensemble using 1372 mole-
cules. Starting from a face centered cubic lattice, 15,000
Monte Carlo cycles were performed for equilibration with
the first 5000 cycles in the NVT ensemble and 100,000
cycles for production. Each cycle contained 1372 displace-
ment moves, 1372 rotation moves, and 1 volume move. Ev-
ery 50 cycles, 13,720 fluctuating state change moves, 13,720
fluctuating particle translation/rotation moves and 68,600 bi-
ased particle translation/rotation moves were performed to
determine the chemical potential.

For the corresponding vapor, Monte Carlo simulations in
the pseudo-lVT 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 centered cubic lat-
tice, 25,000 equilibration cycles in the pseudo-lVT 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 Henry’s law constant was determined by calculating
the chemical potential with Widom’s method or gradual
insertion. The technical parameters were the same as those
for the liquid runs during VLE calculations. When gradual
insertion was used, one solute molecule and 999 solvent
molecules were considered to account for infinite dilution.

The cut-off radius was set to at least 15 Å and a center of
mass cut-off scheme was employed. LJ long-range interac-
tions beyond the cut-off radius were corrected as proposed
by Lustig.79 The electrostatic long-range interactions were
approximated by a resulting molecular dipole and corrected
with the reaction field method.77 Statistical uncertainties of
the simulated values were estimated by a block averaging
method.80

All molecular simulation data were obtained with ms2.81

Manuscript received Jun. 12, 2012, revision received Aug. 30, 2012, and final
revision received Nov. 30, 2012

2250 DOI 10.1002/aic Published on behalf of the AIChE June 2013 Vol. 59 No. 6 AIChE Journal


