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Abstract

Data on the interfacial tension and adsorption are reported for the binary mix-
ture of ethanol + carbon dioxide (CO,) as well as for pure ethanol. The data are
obtained from experiments, molecular dynamics (MD) simulations, and density
gradient theory in combination with the PC—SAFT equation of state (DGT + PC—
SAFT). Experimental data of the interfacial tension are reported for 8 temperatures
between 303 K and 373 K and pressures up to 6 MPa. The experimental data are
compared to results from MD simulations and from DGT + PC-SAFT for which
pressures up to 12 MPa are considered. From the experimental data, the relative
adsorption of CO, is obtained via the Gibbs adsorption equation using the PC—
SAFT equation of state. Data on the relative adsorption of CO, is also determined
both from MD and DGT + PC-SAFT. The three data sets show good agreement.
There is a substantial enrichment of CO, at the interface. This is consistently pre-
dicted both by MD and DGT 4 PC-SAFT. The work shows that both MD and DGT
+ PC-SAFT are well suited for detailed studies of interfacial properties and that
the independent methods yield similar predictions for those interfacial properties
which cannot be studied experimentally.
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1. Introduction

The interfacial tension and adsorption play an important role in mass transfer,
nucleation, or wetting and, hence, in industrial process design. For pure liquids,
numerous experimental data on the interfacial tension are available, whereas for
mixtures, the data base is still small [1-3]. Thus, it is desirable to have predictive
methods for the description and the characterization of interfacial properties for
pure fluids and fluid mixtures. Molecular simulation based on force fields as well
as density gradient theory (DGT) in combination with a physically based equa-
tion of state (EOS) are very attractive methods for doing this [4-11]. Further-
more, those methods give detailed insight into the properties of the interface on
the nanoscale which cannot be obtained experimentally.

In the present work, the interfacial properties of the binary mixture of ethanol
and carbon dioxide (CO,) are examined. There are many experimental studies on
the bulk properties of this mixture in vapor-liquid equilibrium [12-19]. Experi-
mental data on the interfacial tension have been reported by Sun and Shekunov [20]
and by Dittmar et al. [21, 22], while no information on the interfacial adsorption
is available in literature.

Experimental data on the interfacial adsorption can be obtained from the cor-
relation of the interfacial tension with the chemical potential using the Gibbs ad-
sorption equation [23]. Different ways have been used to describe the chemical
potential of the adsorbed component. Kahl et al. [24, 25] studied adsorption in bi-
nary systems of organic liquids and used the NRTL activity coefficient model [26]
for the determination of the chemical potential. For systems of a liquid and a su-
percritical fluid, for instance, Masterton et al. [27] modeled the chemical potential
based on the assumption of the gas phase to consist of pure supercritical fluid. That
way, also Mejia et al. [28] recently determined the relative adsorption of CO, at
the interface of n—decane and n—eicosane. Alternatively, the chemical potential
can be obtained from an EOS.

Molecular simulations based on force fields are used here to describe bulk and
interfacial properties of the studied mixture. These force fields are parametrized
solely based on experimental data of bulk properties. Hence, all results for in-
terfacial properties are predictions. Additionally, the Perturbed—Chain Statistical
Associating Fluid Theory (PC-SAFT) EOS is used. Based on a parametrization of
PC-SAFT using bulk properties, DGT is applied for describing interfacial proper-
ties. Thereby, additional parameters are introduced which are fitted to experimen-
tal data of the interfacial tension of the pure compounds ethanol and CO,. Both
theoretical methods have the advantage to give insight into the local properties of



the interfacial region which is presently not obtainable from experiments. In that
situation, it is important to have two independent theoretical methods, which is the
case here.

Interfacial properties of fluid mixtures were studied by MD simulations or DGT
by many authors before, e.g. [10, 11, 29-31, 31-39]. In addition to the interfacial
tension, the two methods yield the component density profiles in the interfacial
region from which the relative adsorption of a component at the interface can di-
rectly be determined [10, 31, 37, 39, 40]. In many mixtures, one of the components
shows a maximum of the component density in the interfacial region. We propose
here to define enrichment of a component as the ratio of the maximum density of
that component in the interfacial region divided by the larger of the bulk densities
of the same component.

Pronounced enrichment was found for systems like water + CO, [30, 40—42],
water + alcohols [11], or N,N-dimethylformamide + alkanes [43] where the max-
imum local density of the low—boiling component exceeds the liquid bulk density
by a factor of more than ten. Low enrichment of less than 1.2 has been observed
for mixtures of some hydrocarbons [32, 44].

Mejia et al. [28] recently investigated the interfacial properties of the binary
mixtures of CO, with n—decane and n—eicosane, respectively, using experiments,
the DGT in combination with the SAFT-VR EOS, and MD simulations with coarse
grained force fields. They compared the interfacial tension and adsorption data
obtained from DGT and MD simulations with the experimental results and good
agreement was observed. The maximum relative adsorption of CO, in the two
systems was on the order of 10 gmol /m?. An enrichment of CO, between two
and three was observed.

In the present work, interfacial properties of the binary mixture of ethanol and
CO, are determined by experimental measurements, MD simulations and the DGT
in combination with the PC-SAFT EOS (DGT + PC-SAFT) at temperatures be-
tween 303 K and 373 K. The article is organized as follows: The experiments are
described in Section 2 and the theoretical methods are introduced in Section 3.
In Section 4, the results of the predicted interfacial tension and adsorption are
compared with the experimental data. Additionally, the enrichment of CO, at the
interface is determined and the results obtained from MD simulations and DGT +
PC-SAFT are compared. Conclusions are drawn in Section 5. The Appendix con-
tains data on the interfacial tension of pure ethanol as well as further information
on the experiments and the MD simulations.



2. Experimental

2.1. Materials

Details of all materials (CAS Number, supplier, purity) are listed in Table 1.
Carbon dioxide was used without further purification. Ethanol was degassed by
vacuum distillation.

2.2. Pendant drop method for the measurement of interfacial tensions

For the determination of the interfacial tension, the pendant drop method (PDM)
[21, 45, 46] 1s used. The method is based on the mechanical equilibrium of a drop
pending at a capillary tube. The mechanical equilibrium which is governed by
gravitational forces and the interfacial tension can be described by [45, 46]

where y is the interfacial tension, R, and R, are the two principal radii of curva-
ture, R, is the radius of curvature at the apex of the drop, Ap = p' — p” is the
density difference between the liquid and the vapor phase, g is the gravitational
acceleration, and z is the height coordinate of the drop as measured from the apex.
From the shape of the drop, the radii of curvature and the height are determined
so that the interfacial tension can be calculated from Eq. (1), if appropriate values
of the density difference are available. Any error in Ap will cause a similar error
in y, c.f. Eq. (1). The uncertainty in the interfacial tension measurement using the
PDM arises from the uncertainty in the density difference Ap and from the repro-
ducibility of the measurements which is quantified in Section 4. For the presently
studied mixture, Ap is obtained from the PC-SAFT EOS which is shown to be in
good agreement with the available experimental data for Ap, c.f. Appendix A.3.

The PDM yields the interfacial tension as a function of temperature and pres-
sure. By using the PC-SAFT EOS, the mole fraction of CO, in the liquid phase
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X, at a given temperature and pressure is determined. In that way, the experi-

mental data for the interfacial tension are related to the liquid phase composition.

2.3. Apparatus and procedure

The apparatus used to determine the interfacial tension is shown in Figure 1.
The view cell is equipped with two sapphire windows and a magnetic stirrer. It is
thermostated by a liquid passing through a jacket. The temperature is measured at
two different locations in the thermostated jacket with calibrated platinum resis-
tance thermometers. The accuracy of the temperature measurement is better than
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+0.1 K. The pressure is measured with two absolute pressure gauges (WIKA,
Germany, 0-25 bar, and 0-100 bar) which are calibrated against a high precision
pressure balance (Desgranges et Huot, France, model 5201). The accuracy of the
pressure measurement is better than 0.025 bar for pressures less than 25 bar and
better than 0.1 bar for higher pressures. The pending drop is formed at a stain-
less steel capillary with a diameter of 1.571mm. The drop is illuminated by the
background light of a diffuse LED luminous field. The drop image is recorded by
a CCD—-camera (Stingray F-046, Allied Vision Technologies GmbH, Germany)
with an objective lens of 70 mm focal length (TELE-XENAR 2.2/70, Jos. Schnei-
der Optische Werke GmbH, Germany). The processing of the drop image and the
determination of the interfacial tension is accomplished at a PC (Software DSA1
vs. 1.92.1, Kriiss, Germany).

The procedure of measuring the interfacial tension is described in the follow-
ing. Prior to a measurement, the chamber and the connected lines are rinsed with
acetone from a liquid reservoir. Then the apparatus is rinsed with pure ethanol
twice. Subsequently, the entire apparatus is evacuated.

For measurements in the binary system of ethanol and CO,, ethanol is degassed
and filled into the evacuated and thermostated view cell with a hand pump so that
a liquid reservoir forms at the bottom of the view cell. Subsequently, CO, is filled
into the view cell from a reservoir container. The pressure in the chamber is ad-
Justed by the amount of CO, added. For the enhancement of the equilibration,
the cell content is stirred with a magnetic stirrer. During equilibration, the stirred
mixture is continuously recirculated with a thermostated dosing pump (HPD Pump
Multitherm 200, Bischoff, Germany). After the equilibration, the dosing pump is
stopped. Via the needle valve, a small portion of the mixed liquid is displaced
so that a drop is formed at the capillary. The drop image is taken after complete
equilibration about 15 minutes after the drop is formed.

The uncertainty in the interfacial tension data that stems from the uncertainty
in Ap is up to 0.6 %, c.f. Section A.3. The random uncertainty of measurement
method was determined from repeated measurements of the interfacial tension of
pure ethanol, where the entire temperature range is covered. For further details see
Appendix A.l1. The random uncertainty of the measurement method is less than
1.3 % and the total uncertainty in the experimental data on the interfacial tension
of the binary mixture is better than 1.9 %.

The procedure for measurements of the interfacial tension of pure ethanol is
analogue and described in the Appendix A.1.



2.4. Determination of the relative adsorption from experimental data of the inter-
facial tension

The adsorption of CO, at the interface F( %) relative to ethanol(EtOH) is de-
termined from the Gibbs adsorption equatlon [23]
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where the chemical potential of CO, at saturation #co is expressed here by the
fugacity of CO, in the vapor phase fé’ = cho CO , with the fugacity coeffi-
cient (,b’C’Oz. The fugacity is calculated by the PC— SAFT EOS at every state point
(characterized by (T, p)) at which the interfacial tension is measured. A value of
the fugacity f, 1s assigned to each value of the experimentally determined in-
terfacial tensmn A polynomial is fitted to the pairs (y, f/, ) along an isotherm
and from this polynomial the derivative in Eq. (2) is obtalned The adsorption data
obtained that way are referred to as experimental data, in the following.



3. Modelling and simulation

3.1. Interfacial Adsorption, Density Profiles and Enrichment

The MD simulations and the DGT + PC-SAFT yield the component density
profiles p,(y) of both CO, and ethanol in the interfacial region. On the basis of
the density profile, the relative adsorption of CO, is computed via the symmetric
interface segregation introduced by Wadewitz and Winkelmann [47]
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where p! and p/’ are the component densities at saturation in the bulk liquid and
bulk vapor phase, respectively.

Another way to characterize the interfacial excess is the interfacial enrichment
E, which is defined in the present work as the ratio between the maximum local
component density of CO, in the interfacial region and the larger of the component
densities of CO, in the two bulk phases, which corresponds to the liquid phase in
the present work.

maX(PCOZ(J’))

! 124
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By definition, the enrichment assumes values equal to or larger than unity. The
adsorption and the enrichment are linked, but do not express the same information.
Adsorption may occur if there is no enrichment (E, = 1), but an enrichment will
generally result in an adsorption.
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3.2. Molecular Model and Simulation Method

The molecular model for CO, is taken from Merker et al. [48]. It is build of
three Lennard-Jones sites, representing each atom and a point quadrupole in the
center of mass. The ethanol model is taken from Schnabel et al. [49] and consists of
three Lennard-Jones sites (for the methylene, the methyl, and the hydroxyl group)
and three partial charges, to account for polarity as well as hydrogen bonding [50,
51]. The molecular models are rigid. The potential energy is given by
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where ¢;;,, and o;;,, are the Lennard-Jones energy and size parameter, r;;,, and
Fijcq @€ site-site distances, g;., q;,, Q;. and Q,, are the magnitude of the electro-
static interactions, i.e. the point charges, quadrupole moments, and f, (®,, ® j) are
dimensionless angle-dependent expressions in terms of the orientation w;,®; of the
point multipoles [52].
The unlike electrostatic interactions, e.g. between charges and quadrupoles,
are treated in a physically straightforward way, following the laws of electrostat-
ics. The modified Lorentz-Berthelot combining rules are used [53, 54] for the

interaction between unlike Lennard-Jones sites
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The parameters of the molecular models of the pure components which are
used here [48, 49] were adjusted to reproduce the saturated liquid density, the vapor
pressure and the enthalpy of vaporization. The relative mean deviations between
the calculated values by the molecular simulation and experimental data are 0.3 %,
3.7 % and 0.9 % for ethanol [55] and 0.4 %, 1.8 % and 8.1 % for carbon dioxide [48].
The surface tension was not considered in the parametrization of the molecular
models. For other pure fluids with a similar parametrization strategy the surface
tension is usually overestimated by about 20 % [56—68]. The binary interaction
parameter & is fitted to experimental data of the vapor-liquid equilibrium of the
mixture of ethanol + CO, at 333.2 K [18], resulting in § = 1.08. For a discussion
see Section 4.1.

For the present series of molecular dynamics simulations, systems were con-
sidered where the vapor and liquid phases coexist with each other in direct con-
tact, employing periodic boundary conditions, so that there are two vapor-liquid
interfaces which are oriented perpendicular to the y axis. The surface tension was



computed from the deviation between the normal and the tangential diagonal com-
ponents of the overall pressure tensor[69, 70], i.e. the mechanical route

y=%/ dy (px — pr) - (8)

(se]

Thereby, the normal pressure py is given by the y component of the diagonal of
the pressure tensor, and the tangential pressure p; was determined by averaging
over x and z components of the diagonal of the pressure tensor. Further details on
the MD simulations are given in the Appendix B.1 .

3.3. Density gradient theory with PC-SAFT EOS
3.3.1. Density gradient theory

Using density gradient theory, originally introduced by van der Waals [71],
later rediscovered by Cahn and Hilliard [72] for pure compounds, then general-
ized to mixtures by Poser and Sanchez [44] and simplified for multi-component
mixtures by Miqueu et al. [73], the interfacial tension of mixtures in VLE can be
calculated as [73]
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p
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}/ = / \/2AQ(,0) Z Z ’J d ; dp Jf dpref’ (9)

ref

where p is the vector of molar component densities, p; and p; are the molar com-
ponent densities of component i and j respectively, «;; is the so-called influence
parameter of the component pair i and j , AQ(p) = ay(p) — Y, p,-y}’“”‘ + p’ is
the grand potential per volume, with a,(p) being the homogenous free energy per
volume at the local density Vector ,ub“‘k is the saturated bulk phase chemical po-
tential of component i and p® is the pressure at saturation, p,.; is a suitably chosen
reference density, which is the density of the high boiling component ethanol in
our case. The summations run over all components and the integration is between
the reference density at saturation in the vapor phase p’ . and the liquid phase p/
The position in the interface as a function of the reference density is calculated

with [73]
pref(y) . d :
dy / AQ_I(p) _Ki‘_ dpre ’ (10)
/ Pref \/ i J 2 ' dpref dpref f

where p?ef is an arbitrarily chosen reference density at the position y = 0 between
the liquid and vapor densities of the reference component. For the remainder of
this article we choose p? - = 0.5(p! ")

ref ref
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For the evaluation of Eq. (9) and (10), p has to be known as a function of
prei- That is in this case, we need peo, (pgon). We assume here, that the mixed
influence parameter ko o, 1S calculated from the geometrical mixing rule

Kgon,co, = \/ Ketoneton Kco,.co,- (11)

Hence, the relation between component densities is obtained from [73]

V/Xco,.co, BHeon(P) = /Keoneon AHco,(P), (12)

where Ay; = p;(p) — u™* is the difference between the chemical potential y; at
the density vector p and the chemical potential at bulk conditions ,u?““‘, calculated
from the PC-SAFT EOS here. Here, k¢ co, = 2.5435 - 1072° Jm’ /mol” is taken
from the literature [74] and kg oy gop 18 fitted to data on the interfacial tension of

pure ethanol resulting in

« 1 020 1'1'10]2 _ T
ELOH.E(OH JmS  99.06 K
We chose here to use a temperature dependent influence parameter for performance

reasons. Leaving this parameter constant does, however, only have minor influ-
ences in the desired temperature range.

+ 2.2828. (13)

3.3.2. PC-SAFT EOS

In this work, the PC-SAFT [8, 9] is used as the EOS. The details of the EOS
are described elsewhere [8, 9]. For non-associating compounds, the PC-SAFT
equation of state has three pure compound parameters, the segment number m,
the segment diameter ¢ and the segment-segment interaction energy €. For as-
sociating compound, also the association volume k42 and the association energy
€48 between two association sites A and B is necessary. Furthermore, in this case
the number of association sites of the different types (here proton donor, 7, elec-
tron donor, ny) has to be specified [75]. Pure component parameters for ethanol
and CO, are taken from the literature [8, 9, 76]. We refrain here from using the
quadrupolar CO, model of Gross [77], even though it is known to give excellent
results for the pure component properties. But taking it into a mixture with ethanol
in a meaningful way would require a polar and associating ethanol model, which
is presently not available. CO, is modeled as a compound that does not form self—
associates. However, it is allowed to cross-associate with ethanol. For this case,
Kleiner and Sadowski [76] give the cross—association energy

AB _ 1 B
€co,E0H = 5 EOHEOH (14)
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and cross—association volume

AB _ B ( ) \/ 00,,c0, OEtOH,EtOH ) s

Kco,mon = XeonEon | < To
0,.co, T OEtOH EtOH

Parameters and references for literature data are given in Table 2.
Aside from the pure compound parameters, there is the binary parameter k;;
for the binary mixture from the modified Berthelot combining rule

;= (1- kl.j)1 (€€ ;- (16)

The Lorentz combining rule, Eq. (6), is applied for the segement size parameter o;;.
The parameter kcq, gon for the binary system of ethanol + CO, is fitted to exper-
imental data of the vapor-liquid equilibrium [16-18]. A temperature dependent
correlation for ko pon = 7.5064 K / T + 0.0545 is obtained. For a discussion
see Section 4.1.
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4. Results and discussion

4.1. Vapor-liquid equilibrium of the binary system ethanol + CO,

The composition of the liquid and the vapor phase at saturation is described
with the PC-SAFT EOS and with MD simulations. Figure 2 shows the results
from MD simulations and the PC-SAFT EQOS for the vapor-liquid equilibrium of
the binary mixture at 303.2 K, 333.2 K, and 363.2 K. Experimental data on the
vapor-liquid equilibrium of the binary mixture are available at 303.2 K and about
333.5 K, but not at 363.2 K. At 303.2 K, the experimental data are well represented
both by MD simulations and by PC-SAFT. At 333.2 K, the PC-SAFT EOS over-
estimates the critical pressure of the mixture which is an often observed deficiency
of EOSs. Nevertheless, the PC-SAFT and the MD simulation results show overall
good agreement with the experimental data of the vapor-liquid equilibrium.

[Figure 2 about here]

4.2. Interfacial tension of the binary mixture of ethanol and CO,

In the binary system ethanol + CO,, the interfacial tension is experimentally
determined at 8 temperatures between 303.2 K and 373.2 K and pressures up to
6 MPa. The experimental results are listed in Table 3. In Figure 3, two isotherms
of the interfacial tension are plotted versus pressure. It can be seen that the in-
terfacial tension y decreases with increasing pressure at a given temperature. At
low pressures, y decreases with temperature and at pressures above about 4 bar,
the opposite trend is observed, i.e. the interfacial tension rises with pressure. The
experimental data of the present work are compared to the experimental data of
Dittmar et al. [21, 22] at temperatures of about 303.5 K and 323.5 K. Good agree-
ment between the two data sets is observed, c.f. Figure 3.

[Table 3 and Figure 3 about here]

The DGT + PC-SAFT results agree well with the present experimental data.
The average absolute deviation is 4.6 % over the entire temperature and pressure
range. The MD simulation results overestimate the interfacial tension in the bi-
nary mixture by a constant factor of about 25 % in the entire temperature and
pressure range which is ascribed to the deviation of the molecular model for pure
ethanol from the interfacial tension of the pure component. To study the influence
of CO, on the interfacial tension of the binary mixture, the reduced interfacial
tension " is introduced by

red __ 14
re = e’ (17)
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where yP"¢ is the interfacial tension of pure ethanol at the same temperature. Fig-
ure 4 shows three isotherms of the reduced interfacial tension of the binary mixture
of ethanol and CO, over the mole fraction of CO, in the liquid phase. The inter-
facial tension decreases non-linearly with the mole fraction of CO, in the liquid
phase. A good agreement between DGT + PC-SAFT, MD simulation and the
experimental data is found for all three isotherms.

[ Figure 4 about here]

4.3. Interfacial adsorption and enrichment

Figure 5 shows the density profiles of the two components ethanol and CO, in
the interfacial region at temperatures of 303.2 K, 333.2 K, and 363.2 K and mole
fractions of CO, in the liquid phase of 0.29 mol/mol, 0.27 mol/mol, and 0.25 mol/mol,
respectively. The component density of ethanol increases monotonously from the
vapor to the liquid phase, whereas the component density of carbon dioxide shows
a maximum at the interface. With increasing temperature, the width of the inter-
facial region increases, as expected, and the maximum in the component density
profile of CO, is less pronounced. The MD simulations and DGT + PC-SAFT
show a similar behavior. The MD simulations, however, predict a larger interfa-
cial width and a smaller maximum of the component density of CO, as compared
to the prediction by DGT + PC-SAFT. This is ascribed to the interfacial fluctu-
ations which are present in the MD simulation, whereas the DGT + PC-SAFT
model assumes a perfectly flat interface. It might, however, also be partly due to
the different methods used.

[ Figure 5 about here]

The interfacial excess of CO, is characterized in the following by two quanti-
ties: the relative adsorption and the enrichment at the interface.

From the experimental data of the interfacial tension, the relative adsorption of
CO, at the interface F(EtOH) is obtained from Eq. (2) in combination the PC-SAFT
EOS. Using DGT + Pé SAFT and the MD simulation, the relative adsorption
F(EtOH) is directly obtained from the density profile, using Eq. (3). The results on
the relative adsorption are shown in Figure 6. The relative adsorption is higher at
lower temperatures and a strong dependence of the relative adsorption of CO, on
the mole fraction of CO2 in the liquid phase can be observed. The relative adsorp-
tion increases with x. co, 02 maximum and a further increase of x(,, leads to a
depletion of the relative adsorptlon such that at the critical point of the mlxture the
relative adsorption is zero. The experimental and MD simulation data show con-
sistently a maximum of the interfacial adsorption of CO, of about 15 ymol/m? at
303.2 K. At that temperature, the DGT + PC-SAFT results are only shown in part,
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as the region in close vicinity to the critical point of CO, is not represented well.
Except for the vicinity to the mixture critical point at 303.2 K, the experimental
data and the DGT + PC-SAFT results agree within about 10 %. On average, the
MD simulation results for the relative adsorption deviate by about 40 % from the
data of the two other methods. Overall, all three methods qualitatively agree with
each other.

[Figure 6 about here]

The enrichment can solely be determined by the component density profiles
which are obtained from DGT + PC-SAFT and the MD simulations. Figure 7
shows the enrichment of CO, at the interface at temperatures of 303.2 K, 333.2 K,
and 363.2 K. Both methods predict a maximum density of CO, at the interface
that is up to about three times higher than the corresponding density in the liquid
phase. The enrichment decreases with increasing temperature and with increasing
mole fraction of CO, in the liquid phase. Close to the mixture critical point, the
enrichment approaches unity. While both methods agree qualitatively, the enrich-
ment determined from MD simulations is consistently lower than the enrichment
determined from DGT +PC-SAFT, except maybe for very low concentrations of
CO, in the liquid phase.

[ Figure 7 about here ]
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5. Conclusion

The interfacial properties of the binary mixture of ethanol and CO, were inves-
tigated experimentally, by MD simulation and by DGT + PC-SAFT. The experi-
mental data on the interfacial tension and the results of DGT + PC-SAFT agree
well for pure ethanol and for the binary mixture. The molecular model of ethanol
overestimates the interfacial tension of pure ethanol. As a consequence, the MD
simulations also yield interfacial tension data of the binary mixture of ethanol +
CO, that are larger than the experimental data. The influence of the addition of
CO, on the interfacial tension is, however, very well predicted by the MD simula-
tion. This is shown by using the reduced interfacial tension, which is the interfacial
tension of the mixture divided by that of pure ethanol.

The data for the relative interfacial adsorption of CO, that were obtained ex-
perimentally, from MD simulations, and from DGT + PC-SAFT show good qual-
itative agreement. The relative adsorption of CO, increases with increasing mole
fraction of CO, in the liquid phase to a maximum of about 15 ymol/m? and on
approach to the critical point of the mixture it decreases to zero. The relative ad-
sorption is most pronounced at low temperatures.

The component density profiles that are obtained from MD simulations and
DGT + PC-SAFT exhibit enrichment of CO, at the interface. The enrichment of
CO, is defined in the present work as the ratio of the maximum density of CO, in
the interfacial region divided by the larger of the bulk densities of CO,. The results
of both methods consistently show an enrichment of CO, at the interface of up
to 3. The enrichment lowers with increasing mole fraction of CO, in the liquid
phase and with increasing temperature. Over the entire range of temperatures and
pressures studied here, the agreement of the two predictions is good.

The work shows that both MD and DGT + PC-SAFT are well suited for de-
tailed studies of interfacial properties and that the independent methods yield sim-
ilar predictions for the interfacial properties which cannot be studied experimen-
tally.
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A. Experimental

A.l. Measurements of the interfacial tension of pure ethanol

For the determination of the interfacial tension of pure ethanol, the density
of the liquid phase was calculated with the EOS according to Dillon and Penon-
cello [78]. The vapor phase density was calculated with the ideal gas law, as the
vapor pressure of ethanol does not exceed 2.5 bar at the temperatures which are of
interest here.

Before the measurement, the liquid is degassed and filled into the evacuated
and thermostated view cell with the hand pump so that a liquid reservoir forms
at the bottom of the chamber. Then, via the needle valve, some more liquid is
displaced so that a drop forms at the capillary. As the drop is initially heating up
in the measuring chamber, the drop image is taken after a steady state is reached
which is about 15 minutes after the formation of the drop.

Each measurement was repeated three times to determine the reproducibility
of the method. The agreement between the three measurements is good: For any
temperature, the three values of the interfacial tension differ less than 1.3 %. A
systematic uncertainty in the experimental data of the interfacial tension arises
from the uncertainty in the saturated density difference between the liquid and the
vapor phase Ap. This contribution to the uncertainty of the interfacial tension is
less than 0.2 % [78]. The overall uncertainty of the present experimental data for
pure ethanol is about 1.5 %.

A.2. Data of the interfacial tension of pure ethanol

The interfacial tension of pure ethanol is measured at temperatures between
303.2 K and 373.2 K. The experimental results are listed in Table A.1. Figure A.1
shows the interfacial tension as a function of temperature. Experimental results
from the literature and the present work are compared to values obtained from
DGT + PC-SAFT as well as predictions by MD simulations. The results from
DGT + PC-SAFT are in good agreement with the experimental data from litera-
ture [1, 79-82] and from the present work. The MD simulation results show higher
values of the interfacial tension as the molecular model for ethanol overestimates
the interfacial tension of the pure component by about 25 %.

[Table A.1 about here]

A.3. Saturated densities in the binary mixture of ethanol and CO,

The results of the PC-SAFT calculations on the density difference Ap are com-
pared with experimental data as found in the work of Tsivintzelis et al. [19]. Fig-
ure A.2 shows the density difference Ap as a function of pressure. The average
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absolute deviation from the experimental data is better than 0.4 % and the maxi-
mum absolute deviation does not exceed 0.6 % in the experimental pressure range
of the present work.

[Figure A.2 about here]

In addition to experimental data from literature, the liquid densities of pure
ethanol and of the binary system ethanol and CO, in vapor-liquid equilibrium are
also measured at 4 temperatures between 303.1K and 333.1K and pressures up to
about 5.5 MPa. The results are listed in Table A.2. The densities of pure ethanol
agree well with the model of Dillon and Penoncello [78], as used in REFPROP
(version 8.0). The deviation in the density is less than 0.06%.

The experimental results of the saturated liquid density of the binary mixture
from the present work are compared to literature data. At 303.1 K, the average ab-
solute deviation from the data of Stievano and Elvassore [14] is less than 1.4 %. At
313.1K, the results agree better than 0.1% with the data of Tsivintzelis et al. [19],
better than 0.6% with the data of Chang et al. [83] and better than 0.8% with the
data of Stievano and Elvassore [14]. At 323.1K, the average absolute deviation
from the data of Stievano and Elvassore amounts 2%. Over the entire temperature
range, the average deviation of the PC-SAFT EOS from the experimental liquid
density data of this work is better than 0.5%.

[Table A.2 about here]

B. Molecular dynamics simulations

B.1. Simulation details

The molecular simulations were performed with the molecular dynamics code
Is1 mardyn [84, 85] in the canonical ensemble with N = 16,000 particles. The
equation of motion was solved by a leapfrog integrator [86] with a time step of At
= 1 fs. The elongation of the simulation volume normal to the interface was 30
nm and the thickness of the liquid film in the center of the simulation volume was
15 nm to account for finite size effects [87]. The elongation in the other spatial
directions was at least 6 nm.

Thermodynamic properties in heterogeneous systems are very sensitive to the
truncation of the intermolecular potential [57, 88-94]. For the Lennard-Jones po-
tential, a large variety of long-range corrections (LRC) exist for heterogeneous sys-
tems to account for the inhomogeneity [95-100]. For polar interactions in most
cases methods based on the Ewald summation are used [95-97], which are not
favorable for large particle numbers due to the scaling with @(N3/?). For large
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systems LRCs based on the density profile are favorable with a linear scaling, i.e.
O(N) [92].

For all of the present simulations, the cutoff radius was set to 17.5 A and a
center-of-mass cutoff scheme was employed. The Lennard-Jones interactions were
corrected with a slab-based LRC [99]. Electrostatic interactions were approxi-
mated by a resulting effective molecular dipole and corrected with a slab-based
LRC [92]. The quadrupolar interactions do not need a LRC as they decay by r~'°
[101].

The equilibration was executed for 500,000 time steps. The production was
conducted for 2,500,000 time steps to reduce statistical uncertainties. The statis-
tical errors were estimated to be three times the standard deviation of five block
averages, each over 500,000 time steps. The saturated densities and vapor pres-
sures were calculated as an average over the respective phases excluding the area
close to the interface, i.e. the area where the first derivative of the density with
respect to the y coordinate deviated from zero significantly.

B.2. Simulation results

The MD simulation results for pure ethanol are given in Table A.3 and for the
binary mixtures of ethanol and CO, in Table A 4.
[Both Tables A.3 and A.4 about here].
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Figure 1: Apparatus for the measurement of interfacial tensions of pure fluids and fluid mixtures
at elevated pressures. A: cylindrical high pressure view cell with sapphire windows and magnetic
stirrer; B: thermostat; C: platinum resistance thermometer; D: pressure gauge; E: pure solvent;
F: hand pump; G: gas container; H: dosing pump; I: needle valve; J: capillary; K: diffuse LED
luminous field; L: CCD—camera with objective lens; N: tank for rinsing solvent; O: solvent outlet;
P: vacuum pump with cooling trap.
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Figure 2: Vapor-liquid equilibrium of the binary system ethanol + CO, at temperatures of: 303.2 K
(O, Secuianu et al. [18]; @, MD simulation; ,PC-SAFT EOS), about 333.5 K ( /\, Galicia—
Luna et al. [17]; A, MD simulation, — - — , PC-=SAFT EOS), and 363.2 K ( [, MD simula-

tion; — — — , PC-SAFT EOS).
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Figure 3: Experimental data for the interfacial tension in the binary system ethanol + CO, as a
function of pressure. This work: O, 303.2 K; V, 323.2 K. Dittmar [22]: @, 303.5K; ¥, 323.7K.
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Figure 4: Isotherms of the reduced interfacial tension yred, see Eq. (17), as a function of the mole
fraction of CO, in the liquid phase at temperatures of: 303.2 K (O, experimental; @, molecular
simulation; , DGT+PC-SAFT), 333.2 K (/\, experimental; A, molecular simulation;
—-— , DGT+PC-SAFT), 363.2 K ([, experimental; [ll, molecular simulation; ——— ,
DGT+PC-SAFT).
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Figure 5: Component density profiles of ethanol and CO, at the interface at 303.2 K and x’C02 =
0.29 mol/mol (top), 333.2 K and xéoz = (.27 mol/mol (middle), as well as 363.2 K and xéoz
0.25 mol/mol (bottom). Symbols: MD simulation; lines: DGT + PC-SAFT.
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Figure 6: Isotherms of the adsorption of CO, relative to ethanol at the interface versus the mole
fraction of CO, in the liquid phase at temperatures of 303.2 K (O, experimental; @, MD sim-
ulation; ———, DGT+PC-SAFT), 333.2 K (/\, experimental; A, MD simulation; — - — ,
DGT+PC-SAFT), 363.2 K ([, experimental; [ll, MD simulation; — — — , DGT+PC-SAFT).
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Figure 7: Isotherms of the enrichment of CO, versus the mole fraction of CO, in the liquid phase at
temperatures of: 303.2 K (@, MD simulation; , DGT+PC-SAFT ), 333.2 K (A, MD sim-
ulation; — - — , DGT+PC-SAFT), 363.2 K (ll, MD simulation; — — — , DGT+PC-SAFT).
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Figure A.1: Interfacial tension of pure ethanol: Comparison of the present experimental and simu-
lation results with experimental data from literature[1, 79-82]. Experimental data: W, this work;
&, Jasper [1]; /\, Muratov [79]; V., Efremov [80]. &, Vazquez et al. [81]; [, Alvarez et al. [82];
MD simulations from this work: @. The solid line is the present DGT + PC-SAFT result.
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Figure A.2: Difference between the saturated liquid phase density and the saturated vapor phase
density Ap in the binary system ethanol + CO,. Experimental results by Tsivintzelis et al. [19] at
temperatures of 313.2 K (O) and 328.2 K (/\). The lines represent the present calculations with
the PC-SAFT EOS at the corresponding temperatures.

39



Tables

Table 1: Description of the chemicals used in the present work.

Chemical name CAS Number Supplier Purity (mole fraction)
carbon dioxide  124-38-9 Air Liquide, France > 0.99995
ethanol 64-17-5 Merck KGaA, Germany > 0.999
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Table 2: Pure component PC-SAFT and DGT parameters.

compound ~ m c elky  10°c48  e4B/ky n, n, Ref.
- 1 A K 1 K 1 1 -
CO, 2.0729 27852 169.21 - - 0 4 [8,76]
Ethanol  2.3827 3.1771 198.24 0.032384 26534 1 1 [9]
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Table 3: Interfacial tension y of the binary mixture ethanol + CO, (experimental data
of this work).?

T/K p/MPa y/mNm! T/K p/MPa y/mNm™!

303.2  0.518 19.78 3432 0.572 16.98
1.024 18.73 1.079 16.23
2.046 16.17 2.049 14.68
3.107 13.35 3.026 13.11
4.019 10.75 4.122 11.43
4.979 7.76 5.067 9.93
6.022 3.69 6.049 8.33
3132 0517 19.43 3532 0.500 16.30
1.053 18.42 1.009 15.63
2.024 15.91 2.049 14.15
3.041 14.11 2.997 12.75
4.027 11.33 3.999 11.32
5.105 8.71 5.052 9.85
6.036 6.23 6.128 8.29
3232 0.521 18.66 3632  0.509 15.74
1.019 17.60 0.994 14.82
2.019 15.52 1.973 13.61
3.020 13.75 3.043 12.22
4.094 11.54 4.024 10.94
5.125 9.40 5.047 9.63
5.976 7.54 5.775 8.67
3332  0.515 18.05 373.1 0514 14.61
1.005 17.25 1.025 13.90
1.993 15.29 2.050 12.84
3.029 13.47 2.983 11.69
3.996 11.74 4.051 10.41
5.078 9.85 5.170 9.05
5.984 8.16 5.818 8.35

2 Standard uncertainties u are u(T) = 0.1 K, u(p) = 0.0025 MPa for
p < 2.5 MPa, and u(p) = 0.01 MPa for p > 2.5 MPa. The expanded
combined uncertainty in the interfacial tension is U, (y) = 0.019 y.
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Table A.1: Interfacial tension
yP¥® of pure ethanol (experi-
mental data of this work).?

T/K y™/mNm!

303.2 21.51
313.2 20.54
323.1 19.66
333.2 18.82
343.2 17.95
353.1 17.21
363.2 16.20
373.1 15.13

2The standard un-
certainty u is u(T)
= 0.1 K and the ex-
panded uncertainty
U,.(yP¢) = 0.015 yPure.
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Table A.2: Saturated liquid densities of pure ethanol and of the binary system ethanol
+ CO, (experimental data of this work). Ateach temperature, the density at the lowest
pressure corresponds to pure ethanol.?

T/K p/MPa p /gcm™ T/K p/MPa p /gcm™

303.1 0.014 0.781 323.1  0.059 0.763
1.121 0.789 1.027 0.770

2.130 0.800 2.119 0.778

3.993 0.826 3.373 0.786

4.688 0.834 4.108 0.791

4.997 0.797

313.1  0.038 0.772 333.1  0.085 0.754
1.135 0.780 1.142 0.759

2.016 0.787 1.974 0.763

2.877 0.795 2.860 0.766

3.958 0.803 3.714 0.767

4.977 0.811 4.737 0.769

5.274 0.813 5.523 0.771

4 Standard uncertainties u are u(T) = 0.1 K, u(p) = 0.0025 MPa for
p < 2.5 MPa, and u(p) = 0.01 MPa for p > 2.5 MPa. The expanded
combined uncertainty in the saturated liquid densities of the binary
mixture is U,(p) = 0.003 p'.
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Table A.3: Molecular simulation results of the vapor-liquid equilibrium of
pure ethanol. The number in parentheses indicates the statistical uncer-
tainty in the last decimal digit.

T/K p/MPa p/gem™ p'/gem™ y/mNm™
303.2 0.008(1) 0.7867(25) 0.0002(1) 27.5(21)
333.2 0.039(14) 0.7585(30) 0.0007(1) 23.6(20)
3632 0.133(22) 0.7242(14) 0.0024(6)  20.4(9)
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Table A.4: Molecular dynamics simulation results of the vapor-liquid equilibrium of mixtures containing Ethanol and CO,. The number
in parentheses indicates the statistical uncertainty in the last decimal digit.

1

T/K p/MPa p/gem™ p'/gem™ xé:oz / mol mol~! xgoz /molmol™" y/mNm™ T/umolm™ Ec,

303.2 0.92(10) 0.7908(12) 0.0175(21) 0.042(7) 0.991(5) 24.5(15) 1.3(3) 2.8(7)
1.21(12)  0.7936(11) 0.0224(22) 0.064(8) 0.993(6) 24.1(23) 1.5(3) 2.5(7)
2.23(10)  0.8007(22) 0.0440(9)  0.123(8) 0.995(4) 19.7(22) 3.4(5) 2.33(34)
3.23(31) 0.8126(35) 0.068(8) 0.215(7) 0.996(4) 16.4(21) 5.6(8) 1.97(16)
4.15(35)  0.8177(26) 0.093(5) 0.298(8) 0.997(3) 13.4(21) 7.2(7) 1.73(10)
5.18(25)  0.8263(41) 0.126(9) 0.386(8) 0.995(2) 10.2(16) 8.6(12) 1.52(8)
5.57(29)  0.834(5) 0.144(13)  0.497(13) 0.997(3) 8.0(16) 11.5(24) 1.36(11)
6.02(39) 0.836(13) 0.169(29)  0.599(33) 0.998(2) 4.9(17) 14.6(34) 1.23(7)
6.38(46)  0.829(9) 0.199(35)  0.695(35) 0.996(3) 4.0(14) 15(5) 1.13(10)

333.2 1.19(8) 0.7607(17) 0.0205(25) 0.042(6) 0.965(12) 21.6(28) 0.93) 2.3(8)
1.62(6) 0.7604(26) 0.0280(12) 0.059(3) 0.966(15) 20.5(22) 1.3(1) 2.20(14)
298(17) 0.7693(3) 0.0537(2)  0.114(11) 0.984(9) 17.0(10) 2.8(7) 2.13(40)
4.63(18)  0.7731(24) 0.0890(33) 0.199(11) 0.986(6) 13.8(8) 3.909) 1.77(23)
597(12)  0.777(17)  0.1232(37) 0.268(10) 0.988(6) 11.2(12) 5.5(6) 1.65(13)
7.58(31)  0.783(8) 0.172(11)  0.339(11) 0.986(7) 8.5(18) 6.0(15) 1.49(8)
8.53(42)  0.782(7) 0.212(16)  0.439(43) 0.986(5) 5.609) 7.7(18) 1.33(27)
9.63(26) 0.774(12)  0.266(9) 0.529(12) 0.985(5) 3.6(20) 8.1(16) 1.23(8)

363.2 1.63(11) 0.7273(14) 0.0252(10) 0.038(5) 0.891(25) 18.2(21) 0.8(1) 2.04(39)
2.07(26)  0.7275(13) 0.0324(38) 0.058(8) 0.926(13) 17.3(25) 1.0(1) 1.90(24)
3.75(11)  0.7333(38) 0.0613(18) 0.116(6) 0.956(15) 14.6(18) 2.04) 1.78(21)
5.94(17) 0.7331(13) 0.1050(36) 0.190(6) 0.964(9) 11.4(16) 3.0(5) 1.63(29)
7.80(16)  0.737(10)  0.1460(49) 0.255(11) 0.965(8) 8.2(19) 4.009) 1.51(10)
9.48(28)  0.733(8) 0.1860(40) 0.345(10) 0.969(7) 6.3(14) 5.2(8) 1.40(12)

11.38(43) 0.728(18)  0.251(12)  0.423(19) 0.960(7) 4.0(10) 4.8(12) 1.25(18)




Nomenclature

Abbreviations

CO, carbon dioxide

DGT density gradient theory

EtOH ethanol

EOS equation of state

LRC long—range correction

MD molecular dynamics

PC-SAFT perturbed chain statistical associating fluid theory
PDM pendant drop method

Latin symbols

Eco, enrichment of carbon dioxide (1);

feo, fugacity of carbon dioxide (Pa)

acceleration constant (m s~2)

Boltzmann constant (J K=1)

binary parameter in the PC-SAFT equation of state (1)
segment number in the PC-SAFT equation of state (1)
number of particles (1)

pressure (Pa)

point charge (C)

quadrupole moment (C m?)

site—site distance (m)

radius of curvature (m)

interfacial area (m?)

time (s)

temperature (K)

mole fraction (1)

length coordinate (m)

drop height (m)

<
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Greek symbols

y interfacial tension (N m™!)
r (CEC;?H) relative adsorption of carbon dioxide
with respect to ethanol (mol m—2)
Ap difference between the saturated liquid phase
and vapor phase mass density (kg m~?)
AQ grand potential per volume (J m~3)
€ Lennard—Jones energy parameter in the MD simulations
and segment interaction energy in PC-SAFT (J)
e4B association energy in the
PC-SAFT equation of state (J)
Kij influence parameter in
density gradient theory (mol? J=! m=)
KAB association volume in the
PC-SAFT equation of state (1)
U, chemical potential of component i (J mol~!)
& binary interaction parameter of the
Berthelot combining rule in MD simulations (1)
p mass density (kg m™3) or molar density (mol m~)
p vector of the molar component densities (mol m™)
o Lennard-Jones size parameter in MD simulations
and segment diameter in PC-SAFT (m)
bco, fugacity coefficient of carbon dioxide (1)
Superscripts
bulk bulk phase
red reduced
pure pure component
! liquid bulk phase at saturation
" vapor bulk phase at saturation
Subscripts
apx drop apex
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ref

component
reference
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