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The Supplementary Material for the publication contains the electronic spread
sheet with the numeric values for the experimental data of the CO5 + Oo mixture
used in this work. The pure component parameters for COy and O for the studied
EOS are reported. The results for the phase equilibria at temperatures below T <
273 K obtained from the EOS are reported. Furthermore, the overestimation of the
critical point by molecular-based EOS and the performance on the 2"d-order derivative
properties by the different EOS is discussed. Additionally, deviation plots for the
homogeneous state densities are shown for all ten studied EOS in the predictive and
adjusted mode.

Electronic Spread Sheet

The electronic spread sheet includes two sheets Information and Literature database.
The sheet Information gives the molar-mass of CO5 and Os used for the unit conver-
sion for the density. Additionally, the assignment of IDs used in the literature database
to the corresponding sources is given. The columns of the sheet Literature database
are the source ID, data type assignment (vapor phase, liquid phase, supercritical
phase, vapor-liquid equilibrium), temperature T /K, mass density p /kg m 2, molar
density p/mol 173, pressure p/MPa, composition zo, /mol mol ™! (in the case of
vapor-liquid equilibrium liquid phase composition zg, ) / mol mol_l), vapor phase com-
position x’c’)2 / mol mol ~* (only for vapor-liquid equilibrium data points), isothermal

compressibility 8/ MPa™!, speed of sound w /m s~! and the outlier identifier.

Pure Component Parameters

The pure component model parameters for COy and O for the SRK, PR, PC-SAFT,
PCP-SAFT, SAFT-VR Mie, polar soft-SAFT, BACKONE, and sCPA are given in
Table S1 to S7, respectively. They were adopted from Refs. [1-9].

The attraction energy parameter a for the SRK, PR, and sCPA is derived by [10, 11]
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where the parameters ag and ¢; are given in Table S7 for the sSCPA. For the SRK EOS
the parameter ag is calculated from

a(T) = ag
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and for the PR EOS by
R*T?
ad™ =0.45724——< (3)

C
with the universal gas constant R and the critical temperature T, and critical pressure
pe given in Table S1. The parameter c; is calculated for the SRK EOS by

SR =048 + 1574w — 0.176 w2, (4)



and for the PR EOS by
PR = 0.37464 + 1.54226 w — 0.26992 w?, (5)

with the acentric factor given in Table S1. Additional, the co-volume parameter b is
calculated for the SRK EOS by

RT;

bSRE — 0.08664 —=, (6)
DPc
and for the PR by
RT.
bPR = 0.07780—=. (7)
Dc

The size parameter ¢ used in the mixing rule of the molecular-based EOS can be
calculated for the BACKONE [12, 13] EOS by

0.1617
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where N is the Avogadro constant and pg is given in Table S6. The energy parameter
ckgy ! is given by the simple relation

ek = Tp. (9)

Table S1 Pure component parameters for the Soave-Redlich-Kwong
(SRK) [14] and Peng-Robinson (PR) [15] EOS for CO2 and O2. The
parameters were adopted from Ref. [1]. The fourth to sixth column give
the acentric factor w, critical pressure pc, and critical temperature T¢.

P
EOS Reference Substance arameters
w pe/MPa  T./K
SRK and PR [ €Oz 0.231  7.376 304.15
(1] 02 0.019 5.08 154.77




Table S2 Pure component par

ameters for the PC-SAFT EOS [16] for

CO2 and Oz. The parameters were adopted from Ref. [4]. The fourth
to sixth column give the chain length m, size parameter o, and the

energy parameter ekgl.

EOS Reference  Substance Parameters
m o/A skgl /K
PC-SAFT (4] CO2 2.6037  2.555  151.04
O2 1.1217 3.210 114.96

Table S3 Pure component parameters for the PCP-SAFT EOS [5, 16] for CO2
and Og. The parameters were adopted from Ref. [5] and Ref. [4]. The fourth to
seventh column give the chain length m, size parameter o, energy parameter akgl,

and the quadrupole moment Q.

EOS Reference Substance Parameters
m o/A ekg' /K Q/DA
PCP-SAFT (5] COq 15131 3.1869  163.33 44
(4] 02 11217 3.210  114.96 .

Table S4 Pure component parameters for the SAFT-VR-Mie EOS [17] for CO2 and

O3. The parameters were adopted from Ref. [6]. The fourth to seventh column give
the chain length m, size parameter o, energy parameter kg 1 and the repulsive

exponent Ar.

EOS Reference Substance Parameters
m o/ A ekg' /K A
SAFT-VR-Mie [6] CO2 1.6936 3.0465 235.73 18.067
> O2 1.4283 2.9671 81.476 8.9218

Table S5 Pure component parameters for the polar soft-SAFT EOS [18, 19] for CO2 and Oa.
The parameters were adopted from Ref. [7] and Ref. [8]. The fourth to eighth column give the
chain length m, size parameter o, energy parameter akgl, quadrupole moment @, and the

fraction of polar segments xp.

P .
EOS Reference Substance arameters
m o/A  ekg'/K  Q/DA  ap
1.571 1 166. 4.4 ]
polar soft-SAFT (7] CO2 57 3.166 66.5 0.333
O2 1.168 3.198 111.5 - -




Table S6 Pure component parameters for the BACKONE EOS [9, 13] for CO2 and Ogz. The
parameters were adopted from Ref. [9]. The fourth to seventh column give the anisotropy
parameter «, characteristic density po, characteristic temperature Ty, and the reduced
squared quadrupole moment Q*2.

EOS Reference  Substance Parameters
« po / mol dm—3 To /K Q*2
BACKONE [9] CO2 1.3919 10.549 291.28 2181
[9] O2 1.0244  13.629 154.58 -

Table S7 Pure component parameters for the sCPA EOS [11, 20] for CO2 and Ogz. The
parameters were adopted from Ref. [2] and Ref. [3]. The fourth to eighth column give the
parameter o, energy parameter ag, co-volume parameter b, association energy parameter £, and
association volume parameter /3. For the critical temperature T¢, cf. Eq. (1),

Te,coo = 304.21K [3] and T¢ 0, = 154.58 K [3] were used. The association scheme 3B was used
for COo.

EOS Reference Substance Parameters

c1 ao/L2bar mol™2 b/Lmol™! &/bar Lmol™! §j
sCPA [2] CO2 0.6703  3.0558 0.0281 51.68 0.0411
[3] O2 0.4754  1.39 0.0216 - -




Mixture Model Adjustment

For the fitting of the phase equilibria, the algorithm was designed to check for reference
data points for which the current model does not yield a phase split and these data
points were removed from the cost function.

Vapor-Liquid Equilibrium

Figure S1 shows the calculated phase envelope by the studied EOS [5, 9, 11, 13-22]
for three different temperatures in comparison to data from the literature [23-27].
Figure S2 shows the adjusted binary interaction parameter {co,,0, as a function of
the temperature in the range 220K < T < 420K.

For most EOS, the deviations of the phase envelope decrease when using the
adjusted parameters, cf. Figure S1-bottom compared to Figure S1-top. The GERG-
2008 EOS [21] with the adjusted binary interaction parameter underestimates the
mixture critical point at low temperatures T' <= 253.15 K, cf. Figure S1. Interest-
ingly, the liquid phase mole fraction of COs is underestimated for most EOS at low
temperatures when using the adjusted parameters. This effect increases with stronger
temperature dependency of the adjusted binary interaction parameter, cf. Figure S2.
The temperature gradient % increases from the SAFT-VR Mie > PC-SAFT > sCPA
> PCP-SAFT EOS.
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Fig. S1 Phase envelope of the system CO2 + Og calculated by different EOS (lines) [5, 9, 11, 13-22]
compared to literature data (symbols) [23-27]. Results from predictions based on pure component
models (top) are compared to results that were obtained after adjusting binary parameters (bottom)
to the training data. The GERG-2008 and EOS-CG results collapse to one line in the top figures

(predictive mode).
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Fig. S2 Adjusted binary interaction parameter {co,,0, as a function of the temperature for cubic

and molecular-based EOS.



Description of the Critical Point

Overall, EOS suffer from a poor description of the critical point, which is due to the
underlying scaling behavior. This is not fixed by introducing a temperature-dependent
binary interaction parameter, cf. Figure S1 and Figure 2 from the main body of this
work. This overestimation of the critical point by EOS can be reduced by the inclusion
of a renormalization group method, e.g. applied to the polar soft-SAFT in Ref. [28], the
sCPA in Ref. [29], and the PC-SAFT in Ref. [30]. This leads to two to three additional
parameters for each pure component and, additionally, the need to approximate an
integral numerically during each calculation of the Helmholtz energy by the EOS.
In this work, no renormalization group method was used. While the phase envelope
prediction for mixtures and the prediction of p(T, p, x) state points are improved by the
renormalization group method, the speed of sound predictions are almost not effected
in the case of COy mixtures [29]. On the one hand the renormalization group method
leads to improvements to the predictive calculations of the phase envelope, but on the
other hand increased evaluation time of the EOS, more pure component parameters,
and more complex mixing-rules.

27d_Order Derivative Properties

For the modeling of 2"4-order derivative properties, the molecular-based EOS and the
cubic EOS yield significantly larger deviations than the GERG-2008 EOS. Additional
tests were carried out for adjusting the binary interaction parameters of the cubic and
molecular-based EOS such that they yield a similar performance for the 2"d-order
derivative properties as the GERG-2008 EOS. We found that the binary interaction
parameter £ has to deviate significantly from unity such that unacceptable large devi-
ations for the other properties are obtained. This was observed after the adjustment
of the binary interaction parameters with equal weight to all objectives. Most likely,
the deviations from the 2"d-order derivatives property data are already introduced by
the pure component models. This is shown in Figure S3 for the speed of sound, where
the calculations from the GERG-2008 EOS are compared with the calculations from
the PC-SAFT, PCP-SAFT, SAFT-VR Mie and the sCPA. The comparison shows the
speed of sound for the binary mixture COy 4+ Oy at T' = 278.15K, cf. Figure S3 (left),
and pure COy at T'= 273.15 K, cf. Figure S3 (right). The mixture experimental data
is described very well by the GERG-2008 EOS. The molecular-based EOS yield larger
deviations from the experimental data, cf. Figure S3 (left). The results for the pure
component speed of sound data at a slightly lower temperature are again described
best by the GERG-2008, cf. Figure S3 (right). The trends of the deviations between
the molecular-based EOS and the GERG-2008 is almost identical for pure CO5 and the
binary mixture of CO5+O5 mixture. Therefore, to improve the prediction of the speed
of sound in a significant way the pure component parameters of the molecular-based
EOS need to be re-parametrized with speed of sound data included.
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Fig. S3 Speed of sound w as a function of the pressure p at the temperature 7' = 278.15 K for the
binary COg2 + Oz mixture (left) and at T = 273.15K for pure CO2 (right). The experimental data
for the mixture are taken from Al-Siyabi [31] and for pure CO2 from Lin and Trusler [32] (obtained
in the original work by extrapolation from mixture experimental data). Experimental results are
compared with the EOS [5, 11, 17, 20, 21, 33] used in the predictive mode.



Homogeneous State Density Deviations

Figure S4 and S5 show deviation plots for the homogeneous state densities for all ten
studied EOS in the predictive mode and adjusted mode, respectively.
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Fig. S4 Deviations between the experimental density data (Ref) [1, 31, 34-39] and calculated density
by each of the ten studied EOS (predictive mode) [5, 9, 11, 13-22] of the binary CO2 + O2 mixture.
The deviations are shown in dependency of the mole fraction of oxygen (Oz2) and are colored by
temperature according to the color bar on the right.
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Fig. S5 Deviations between the experimental density data (Ref) [1, 31, 34-39] and calculated density
by each of the ten studied EOS (adjusted mode) [5, 9, 11, 13-22] of the binary CO2 + Oz mixture.
The deviations are shown in dependency of the mole fraction of oxygen (O2) and are colored by
temperature according to the color bar on the right.
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