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Abstract

The vapour-liquid equilibrium of acetone-CO. mixtures is studied by computer
simulation at 11 different compositions, ranging from neat CO; to neat acetone, in a 50-100 K
wide range of temperatures at the vicinity of the critical point. The composition dependence
of the critical parameters is determined, for the first time, in the entire composition range. It is
found that while the critical temperature changes monotonically with the composition, the
critical pressure goes through a maximum around the acetone mole fraction value of 0.3, and
the critical density might also exhibit a maximum in the acetone mole fraction range of 0-0.2.
Temperature dependence of the surface tension is also determined in the entire composition
range. The obtained results agree, in general, well with experimental data; their deviation
remains below the range within which different experimental data sets deviate from each
other. Since experimental data in this respect exist, unfortunately, only in limited ranges of
compositions (at low acetone mole fractions) and temperatures (data above about 335 K are
scarce), the present study largely extends the range of thermodynamic conditions in which we
have reliable information on the liquid-vapour equilibrium and critical conditions of acetone-

CO2 mixtures.
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1. Introduction

Supercritical CO2 (scCO>) provides an environmentally friendly alternative to many
toxic solvents in a number of industrial processes. Further, mixing scCO2 with suitably
chosen polar co-solvents can substantially increase the solubility of several targeted solutes,
especially if the weak acid CO: is complemented by a weak base, such as acetone. Further,
physico-chemical and solvation properties of such mixtures, often called as CO2-expanded
liquids [!1], can be fine tuned through their composition. Due to this increasing interest, the
properties of COz-acetone mixtures have been investigated both by experimental [!2-25] and
computer simulation methods [!17,20,26-30] in the past decades. The majority of these
studies focused on the properties of the one-phase mixtures ['6,11-13,18,20,22,23,27,29,30],
including selective solvation of various solutes in such systems [120,30], or on their vapour-
liquid equilibrium in a narrow temperature range, usually between 291 and 313K
[12-5,7,9,10,14,16,17,19,21,26,28]. Experimental data concerning the vapour-liquid
equilibrium above this temperature range is scarce. Stievano and Elvassore measured the
saturated liquid density at four pressures also at 323 K [!14]. Hsieh et al. reported the
composition of the liquid phase in liquid-vapour equilibrium at several pressures along the
313, 333, and 353 K isotherms. [!25]. Traub et al. measured the composition of the coexisting
liquid and vapour phases at a single pressure at 333.K [!3], while Bamberger and Maurer
measured it along the 323 and 333 K isotherms [!10]. Han et al. measured liquid-vapour
equilibrium data in the temperature range between 333 and 393 K [!15]. Sato et al. reported
the bubble point of mixtures of different compositions at temperatures between 313 and
353 K [124], while Wu et al. measured both the bubble and the dew point up to about 480 K
[116]. Little is known about the vapour-liquid equilibrium of these mixtures at near-critical
conditions, and, in particular, about the composition dependence of the location of their
critical point itself. The critical point of the mixture was determined up to the acetone mole
fraction of 0.07 by Reaves et al.[!8], up to 0.10 by Chen et al.[!11], and up to 0.22 by Han et
al ['15]. We are not aware, however, of any study concerning the location of the critical point
in mixtures of higher acetone content, and addressing the vapour-liquid equilibrium at near-
critical conditions in such mixtures. The temperature range relevant in this respect extends
from the critical temperature of neat CO of 304.2 K [110] to that of neat acetone of 508.1 K

[110,31]. Accurate information about the location of the critical point in the entire



composition range would, however, be of key importance in the use of these mixtures in
supercritical fluid technology [!32].

Besides the critical point itself, the surface tension of such systems is also a quantity of
key importance. Clearly, the surface tension of a fluid is a relevant factor in the formation of
vapour-liquid equilibrium. CO.-expanded liquids are often used as extracting agents, and the
capillary rise of the fluid inside the solid carrier, a quantity that is strongly related to its
extracting efficiency, is also governed by its surface tension. Further, such liquids are often
used for aerogel drying, where accurate information about the surface tension would be
essential to ensure preservation of the aerogel structure. [!33,34] However, accurate
prediction of the behaviour of the surface tension is rather difficult to be predicted at
thermodynamic conditions close to the critical point of the mixture. We are certainly not
aware of any surface tension measurement of acetone-CO, mixtures in an about 100 K
vicinity of the critical point.

Computer simulation methods [!35] can offer a convenient tool to complement
experimental investigations in this respect, since they provide such a deep, molecular level
insight into the system studied that cannot be obtained by any experimental technique.
However, computer simulations only access a suitably chosen model rather than the real
system of interest itself, therefore, the reliability of the chosen model needs to be validated
against existing experimental data whenever possible. In this paper, we present results of
extensive computer simulations of the vapour-liquid equilibrium of acetone-CO2 mixtures in
the entire composition range between the two neat liquids, covering an about 80-100 K broad
temperature range below the critical point at each composition. The critical temperature and
density is determined from the temperature dependence of the coexisting liquid and vapour
densities, while the critical pressure is estimated from the temperature dependence of the
saturated vapour pressure. Further, the dew and bubble points of the systems are calculated at
various temperatures and pressures, and the surface tension and its temperature dependence is
also determined in the entire composition range.

The paper is organized as follows. In sec. 2 the details of the simulations performed
and potential models used are provided. Then the obtained results are presented and discussed

in detail in section 3. Finally, in section 4 the main conclusions of this study are summarised.



2. Molecular dynamics simulations

Molecular dynamics simulations of the liquid-vapour interface of acetone-CO:
mixtures of various compositions have been performed on the canonical (N,V,T) ensemble
with a total number of 4000 molecules. The compositions considered cover the entire
composition range from neat CO> to neat acetone with a mole fraction grid of 0.1. At each
composition, a total number of 6-11 simulations have been performed at different subcritical
temperatures, with a temperature grid of 10 K, up to temperatures at which the two coexisting
phases were still clearly distinguishable from each other, i.e., their interface was sharp and
clearly detectable in the basic box. The Y and Z edges of the basic box have been 50 A long,
while the length of the X edge, being perpendicular to the interface, has been set to 250 A up
to the overall acetone mole percentage of 30%, 300 A between 40% and 60%, 400 at 70% and
80%, 450 A at 90%, and 500 A in the case of neat acetone, in order to let a sufficiently wide
vapour phase be present in the basic box.

In the simulations, both the acetone [!36] and CO. [!37] molecules have been
modelled by the rigid Transferable Potential for Phase Equilibria (TraPPE) potential model.
The choice of this model was dictated by the fact that it was parametrized by fitting, among
others, to experimental vapour-liquid equilibrium data, [!36,37] and it reproduces the
experimental critical temperature and density [110,31,38] of the neat systems rather accurately
(see Table 1), although it clearly overestimates their critical pressure, in particular, that of neat
acetone. Further, previously we showed that this model combination reproduces the
thermodynamics of mixing of these compounds considerably better than others [129]. Since
the TraPPE force field is pairwise additive, the total energy of the system (apart from the long
range corrections) is given as the sum of the interaction energy of all molecule pairs. The pair
interaction energy of two molecules has been calculated as the sum of the Lennard-Jones and
charge-charge Coulomb contributions of every atom pairs, given that the centres of the
molecules are closer than 12 A to each other. The interaction energy of the molecule pairs
located farther from each other than this cut-off distance has been truncated to zero. The CH3
groups of the acetone molecules have been treated as united atoms. The interaction
parameters of the molecular models used are collected in Table 2.

The simulations have been performed using the GROMACS 5.1 software package
[!39]. According to the original parameterization of the models [!36,37,40], long-range

correction has been applied for both the electrostatic and the dispersion term. Simulation



parameters have been chosen in accordance with a recent benchmark study of the TraPPE
force field [!41]. Thus, the temperature of the system has been controlled by the Nosé-Hoover
thermostat [142,43] with a coupling constant of 0.5 ps, the molecules have been kept rigid by
means of the LINCS algorithm [!44], cross interactions have been treated using the Lorentz-
Berthelot rule [!'35], and the integration time step of 2 fs has been used. Again, in accordance
with the aforementioned benchmark study [!41], the long-range term of both electrostatic and
Lennard-Jones interactions has been accounted for by means of the SPME method [!45,46]
with a real space cut-off of 12 A, Fourier grid spacing of 1.5 A and spline order of 4. Each
system has been equilibrated for at least 20 ns. The pressure and coexisting density values
have then been obtained from subsequent, 10 ns long equilibrium trajectories. This makes the
total length of the trajectory generated in this study about 3 us. The composition, temperature,
pressure, coexisting density, and surface tension values corresponding to all systems

simulated are deposited to Mendeley Data.

3. Results and discussion

Figure 1 shows the mass density profile o(X) of the systems containing 10%, 50%, and
90% acetone along the interface normal axis, X, symmetrized also over the two interfaces
present in the basic box, at four selected temperatures in each case. As is seen, the profiles
change smoothly between the two phases, and converge well to the bulk phase density value
in the middle of both the liquid and the vapour phase.

To obtain the coexisting liquid and vapour phase densities (o and v, respectively), we

have fitted the hyperbolic tangent function [147]:

W R 2(X _XO)j
p(X)= 5 5 tanh[( i } (1)

to the mass density profile in each system simulated, where the parameters Xo and d are the
position of the Gibbs dividing surface and the interfacial thickness, respectively. The
estimated error of the obtained density values never exceeds 5 x 10 g/cm?®. The temperature
dependence of the coexisting liquid and vapour phase densities, obtained this way, are shown
in Figure 2 for all compositions considered. As is seen, the phase envelope gets progressively
narrower with increasing acetone mole fraction, due to the higher density of condensed CO>



than that of acetone at these state points. The critical density, pc, of these systems has been

estimated through the law of rectilinear diameters [148], i.e.

PlI T Py :Z{PCWLA(]-_TLH’ (2)
c

while for estimating the critical temperature, T, we have used the Wegner expansion
[149-51], i.e.,
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where the critical exponent g = 0.325 [151,52] and A = 0.5 [!51]. In fitting the simulation data
by eq. 3, we used up to three terms of the expansion, depending on when the fit became
instable due to the increasing number of parameters. The estimated error bars of the critical
temperature and density values are below 5 K and 0.005 g/cm?, respectively. The obtained
critical points are also indicated in Fig. 2. As is seen, the critical density is roughly constant
up to the acetone mole fraction, xac, of 0.1-0.2, but further increase of xac leads to its decrease.

To determine also the critical pressure (pc) values, we have fitted the Clausius-

Clapeyron equation [!53] to the po vs. T data at each composition:

a
Inpg =—+c, 4
Po=—7+ 4)

and extrapolated it to Tc. The estimated error bars of the saturated vapour pressure values are
in the order of 0.5 bar. However, due to the fitting procedure, extrapolation, and the
uncertainty of the critical temperature values themselves, the error bar of the critical pressure
values is considerably larger, being still always below 3 bar. (Note that, since in the systems
simulated the vapour and liquid phases are in equilibrium, the pressure of the system is, by
definition, that of the saturated vapour, po.) The simulated po(T) data along with their
Clausius-Clapeyron fits are shown in Figure 3, together with existing experimental data. As is
seen, the simulation results agree with the experimental data within the deviation of different
experimental data sets from each other. It is clearly seen that the critical pressure value goes
through a maximum at Xac = 0.3. Further, the slope of the po(T) curves increases with xac at
low, and clearly decreases at high acetone mole fractions.



It should be noted that although the parameter a of the Clausius-Clapeyron equation
(eqg. 4) usually contains the heat of vaporization [!53], here we do not attribute any physical
meaning to this parameter, since it would assume that the heat of vaporization does not
depend on the temperature, but this is not true at the vicinity of the critical point. To check the
validity of the exponential fitting of the po(T) data, we have also calculated the value of pc
using the generalized form of the Clausius-Clapeyron equation, being free from this
assumption, as proposed by Velasco et al. [!'54], using the lowest temperature data point for
reference. The pc values obtained this way agree within error bars with those obtained through
eq. 4.

The composition dependence of the critical parameters is summarized in Table 3, and
is presented in Figure 4, along with existing experimental data, available only for rather low
acetone mole fractions (i.e., below about 0.2). As is seen, our results agree well with the
experimental data in the very narrow range of their existence. Consistently with our above
findings, while T exhibits a monotonous increase with Xac in the entire composition range, pc
exhibits a maximum around the acetone mole fraction value of 0.3, and pc might also go
through a maximum in the low acetone mole fraction range of 0-0.2. It is also seen that the
Tc(Xac) curve intersects the temperature level of 313 K below the xac value of 0.1, hence, the
anomalies we observed earlier at this temperature concerning the thermodynamics of mixing
these compounds at Xac = 0.05 [!29] can indeed be attributed to the critical fluctuations
occurring in the system.

The composition dependence of the pressure in the liquid and vapour phases are
shown in Figure 5 along five isotherms. Experimental data, obtained at 323 K [!10,14], 353 K
[115,16,24,25], 383 K [!16], 413 K [!16], and 443 K [!16] are also indicated. The simulated
results agree quite well with the experimental curves; their difference certainly remains within
the deviation of the results of various experiments from each other (se, e.g., data at 350 K). As
is seen, at low acetone mole fractions, the p(xac) data get considerably steeper with decreasing
temperature, as the critical point is approached. On the other hand, the p(xac) data are nearly
linear in the liquid phase at each temperature. Finally, the temperature dependence of the
coexisting compositions (i.e., bubble and dew point curves) is shown in Figure 6, as obtained
at five different pressures (within = 2.5 bar), again, along with existing experimental data,
measured within the same pressure interval. These distillation loops, being largely
independent from the pressure, agree well with the available experimental data, and show no

sign of azeotropic composition in any case.



The value of the surface tension, y, has been calculated through the pressure route, i.e.,
as the integral of the difference between the normal and tangential pressure components (pn

and pr, respectively) along the interface normal axis, X [!48]:

y:%_j(pN ~pr(X))dX . ©)

o0

In this equation, the factor 2 in the denominator accounts for the presence of two liquid-
vapour interfaces in the basic simulation box. The temperature dependence of the surface
tension in the different systems simulated is shown in Figure 7. Although the obtained ©T)
data seem to be rather noisy, especially at high acetone mole fraction values, it should be
noted that the error bar of the individual data points is typically just around 1.5 mN/m.
However, since the systems simulated are quite close to their critical point, the corresponding
surface tension values are rather small in magnitude, which makes the data noisy even with
such a small error bar. To check the reliability of the obtained »T) data, we have fitted a
straight line to the simulated values at each composition (as shown also in Fig. 7), and
extrapolated this fitted line to y= 0. The temperature at which the surface tension becomes
zero (i.e., the boundary between the liquid and vapour phases disappears) is the critical
temperature itself. The Tc(Xac) curve obtained this way, indicated also in Fig. 4, agrees very
well with that obtained from the temperature dependence of the coexisting densities; the
deviation of the T values calculated through different routes remains usually below 2%. This
agreement between the critical temperature values obtained in different ways indicates that
the straight lines fitted to the »(T) data are quite robust, being rather insensitive to the noise of
the individual data points, and hence gives us confidence in the accuracy of at least these
fitted lines.

Finally, since on the canonical ensemble, the surface tension is, by definition, the
excess Helmholtz free energy of a unit surface, its temperature derivative (i.e., the slope of the

above fitted lines) is related to the excess surface entropy, S, as

0
gsurf :_(a_;/j _ (6)
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The composition dependence of the surface entropy of the acetone-CO; mixtures is shown in

Figure 8 as obtained from the above linear fits of the (T) data. As is clear, the value of S



decreases upon adding a small amount of acetone to CO2, but remains more or less constant

above the acetone mole fraction value of about 0.2-0.3.

4. Summary and conclusions

In this paper the applicability of molecular modelling for the determination of the
vapour-liquid equilibrium in CO.-acetone mixtures is validated by comparison with
experimental data, which exist, unfortunately, only in rather narrow ranges of both the
composition and temperature. Thus, the present results largely extend the range of
thermodynamic conditions in which reliable information is provided for the vapour-liquid
equilibrium of these mixtures. As a consequence, our data can also be used in the future to test
the validity of existing equations of state in a largely extended range of thermodynamic
conditions. Furthermore, the configurations resulting from these simulations can also be used
to obtain a detailed, molecular level insight into the structure of the mixtures, in particular
about the Lewis acid-Lewis base type interaction, which, up to now, has only been subject of
speculations based on thermodynamic and kinetic data [!18]. Moreover, the structure and
dynamics of the interfacial region can also be investigated in detail, aiming at information that
is rather difficult or even impossible to be obtained either by experimental methods or from
equations of states. Work in this direction is currently in progress.
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Tables

Table 1.
Critical parameters of neat CO, and acetone as obtained from previous experiments and our

simulations
system reference TJ/K plg cm? pe/bar
[110] 304.2 0.4311 73.9
CO2 this work 305.1 0.472 77.3
[110] 508.1 0.2557 47.0
acetone [131] 508.1 0.2624 47.0
[138] 0.278
this work 5134 0.282 65.3
Table 2.

Interaction parameters of the potential models used (o, ¢ and q stand for the Lennard-Jones

distance and energy parameter and fractional charge of the given site, respectively).

molecule interaction site olA &kJ mol* gle
CH3 3.790 0.8144 0
acetone C 3.820 0.3324 0.424
@) 3.05 0.6565 -0.424
C 2.800 0.2244 0.70
CO2
@) 3.050 0.6566 -0.35
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Table 3.

Critical parameters of the systems of different compositions, as obtained from our

simulations.

Xac TJ/K plg cm® pc/bar
0 305 0.472 77
0.1 338 0.476 103
0.2 364 0.472 122
0.3 392 0.451 134
0.4 416 0.416 123
0.5 444 0.376 117
0.6 457 0.358 107
0.7 481 0.334 100
0.8 492 0.315 90
0.9 506 0.297 77
1.0 513 0.282 65
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Figure legends

Fig. 1. Mass density profile of the systems containing 10 mole % (top panel), 50 mole %
(middle panel), and 90 mole % (bottom panel) acetone along the macroscopic surface normal
axis, X, as obtained from our simulations at selected temperatures (full symbols), along with

their fits according to eq. 1 (solid curves).

Fig. 2. Coexisting liquid and vapour phase densities of the systems simulated at various
temperatures (full circles), along with their fits according to egs. 2 and 3 (solid curves). Error
bars are below 5 x 10 g/cm?. The critical points obtained from these fits are also shown
(asterisks). The data corresponding to the overall acetone mole percentages of 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% are shifted up by 50, 100, 150, 200, 250,
300, 350, 400, 450, and 500 K, respectively, for clarity.

Fig. 3. Temperature dependence of the pressure of the saturated vapour in the systems of
different overall acetone mole percentages considered (full circles), along with their Clausius-
Clapeyron fits (eq. 4, solid curves). Error bars are in the order of 0.5 bar (smaller than the
symbols). The critical points obtained from these fits are also shown (asterisks). Open
symbols correspond to experimental data; small squares: ref. [!'9], small up triangles: ref.

[125], large up triangles: ref. [115], large down triangles: ref. [124].

Fig. 4. Composition dependence of the critical temperature (top panel), critical density
(middle panel), and critical pressure (bottom panel), as obtained from the simulations (full
circles). Estimated error bars are in the order of 5 K, 0.005 g/cm?®, and 3 bar, respectively. The
lines connecting the points are just guides to the eye. The critical temperature values
estimated from the temperature dependence of the surface tension data are also shown
(asterisks). Open symbols correspond to experimental data; small pentagons: ref. [111], large
diamonds: ref. [!8], large up triangles: ref. [!15], large squares: ref. [!10], large pentagons: ref.
[138].
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Fig. 5. Coexisting liquid and vapour phase compositions at various pressures along the 320 K
(top panel), 350 K (second panel), 380 K (third panel), 410 K (fourth panel), and 440 K
(bottom panel) isotherms, as obtained from the simulations (full circles). Error bars are
smaller than the symbols. The lines connecting the points are just guides to the eye. Open
symbols correspond to experimental data; large circles: ref. [116], large squares: ref. [!10],
small up triangles: ref. [125], large up triangles: ref. [115], small down triangles: ref. [!14],
large down triangles: ref. [!'24], all measured 3 K above the corresponding simulation

temperature.

Fig. 6. Coexisting liquid and vapour phase compositions at various temperatures (distillation
diagrams) at the pressures 30 £ 2.5 bar (top panel), 40 + 2.5 bar (second panel), 50 £ 2.5 bar
(third panel), 60 + 2.5 bar (fourth panel), and 70 + 2.5 bar (bottom panel), as obtained from
the simulations (full circles). Error bars are smaller than the symbols. The lines connecting the
points are just guides to the eye. Arrows mark the points that have been obtained by
extrapolation along the Clausius-Clapeyron curve (eq. 4, Fig. 3) rather than directly from the
simulations. Open symbols correspond to experimental data; small circles: ref. [15], large
circles: ref. [116], small squares: ref. [19], large squares: ref. [!110], small up triangles: ref.
[125], large up triangles: ref. [!115], small down triangles: ref. [114], large down triangles: ref.
[124], small diamonds: ref. [!3].

Fig. 7. Temperature dependence of the surface tension in the systems of different acetone
mole percentages considered (full circles), along with the straight lines fitted to these data
(solid curves). Error bars are in the order of 1.5 mN/m. Extrapolation of these lines to zero

surface tension provides an alternative estimation of the critical temperature.
Fig. 8. Composition dependence of the surface entropy of the systems simulated, as estimated

from the slope of the straight lines fitted to the surface tension vs. temperature data (symbols).

The line connecting the points is just a guide to the eye.
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Figure 4
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Figure 5
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