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ABSTRACT: Two recent and fully open source COSMO-SAC maodels are assessed for the first time on the basis of very large
experimental data sets. The model performance of COSMO-SAC 2010 and COSMO-SAC-dsp (2013) is studied for vapor-liquid
equilibrium (VLE) and infinite dilution activity coefficient (y;*) predictions, and it is benchmarked with respect to the group contri-
bution models UNIFAC and mod. UNIFAC(DO). For this purpose, binary mixture combinations of 2,295 components are investi-
gated. This leads to 10,897 y;* and 6,940 VVLE mixtures, which corresponds to 29,173 y;* and 139,921 VLE data points. The model
performance is analyzed in terms of chemical families. A MATLAB program is provided for the interested reader to study the models
in detail. The comprehensive assessment shows that there is a clear improvement from COSMO-SAC 2010 to COSMO-SAC-dsp and
from UNIFAC to mod. UNIFAC(DO). The mean absolute deviation of y;* predictions is reduced from 95 % to 86 % (COSMO-SAC
2010 to COSMO-SAC-dsp) and from 73 % to 58 % (UNIFAC to mod. UNIFAC(DO)). A combined mean absolute deviation is
introduced to study the temperature, pressure and vapor mole fraction errors of VLE predictions, and it is reduced from 4.77 % to
4.63 % (COSMO-SAC 2010 to COSMO-SAC-dsp) and from 4.47 % to 3.51 % (UNIFAC to mod. UNIFAC(DOQ)). Detailed error
analyses show that the accuracy of COSMO-SAC models manly depends on chemical family types, but not on the molecular size
asymmetry or polarity. The present results may serve as a reference for the reliability of predictions with COSMO-SAC methods and
provide directions for future developments.

The chemical potential y;, as defined by the Gibbs funda-
mental equation, is the main thermodynamic property in the

1. Introduction
Thermodynamic phase equilibrium properties are of crucial

importance for process engineering applications. Process de-
sign and optimization are only possible with a sufficiently ac-
curate knowledge of thermodynamic properties [1], which are
traditionally determined by experiments. Despite longstanding
efforts, there is only a very limited database available because
experiments are costly, time-consuming or not feasible due to
safety aspects [2]. Furthermore, it is impossible to carry out ex-
perimental studies for all technically relevant mixtures. In addi-
tion, the prediction of phase equilibrium properties is still a
broadly open issue. Thus, suitable computational methods are
required, which become more accessible with progress in com-
puting power and molecular models [3,4]. One advantage of
computational methods over experimental measurements is that
there are no limitations due to difficult conditions (e.g. temper-
ature, pressure, toxicity, component stability etc.).

context of phase equilibria. Since it is the driving force for all
phase conversions, it is of central importance. In the liquid
phase, the deviation from ideal solution behavior in terms of the
chemical potential is given by the activity coefficient. Conven-
tionally, the prediction of activity coefficient data is being made
by group contribution methods, such as UNIFAC (universal
quasi-chemical functional group activity coefficients) [5-8] and
mod. UNIFAC(DO) [9-11]. Activity coefficients estimated by
PSRK [12] and VTPR [13] are used in equations of state mixing
rules and are then also applicable to supercritical mixtures.
Therein, molecules are treated as collections of independent
functional groups and mixtures are built up from these groups.
The activity coefficient is calculated on the basis of the sum of
activity coefficients of the constituent functional groups. It is
thus vital to determine the interactions between these groups,
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which were parameterized to a large collection of experimental
data.

Recently, a quantum chemistry (QC) based thermodynamic
equilibrium method, known as COSMO-RS (conductor like
screening model for real solvents), was developed by Klamt
[14-17]. It presents a remarkable advance in the prediction of
fluid phase equilibria because it contains only a few universal,
species-independent parameters and does not require experi-
mental data as an input. COSMO-RS divides the molecular sur-
face area into segments and their activity coefficients are deter-
mined from screening charges obtained from quantum chemical
solvation calculations, assuming that the solvent is a perfect
conductor. The activity coefficient of each molecular species is
then computed from those of the segments [18-21]. Despite its
success, there are several concerns regarding COSMO-RS that
promoted the development of other COSMO-based models
(such as COSMO-SAC [18-21], COSMO-RS(Ol) [22] or
COSMO-vac [23]). E.g., the initial COSMO-RS model fails to
satisfy thermodynamic consistency relations (Gibbs-Duhem)
[18], which was corrected in the COSMO-SAC (segment activ-
ity coefficient) model of Lin and Sandler [18]. Furthermore, the
COSMO-RS model is a commercial product and not all calcu-
lation details are published. This makes it impossible for others
to independently test and further develop this method.

COSMO-based methods are fully predictive and applicable
to almost any fluid mixture, but they are not yet as accurate as
group contribution methods. Therefore, UNIFAC and mod.
UNIFAC(DO) methods remain widely applied in the field of
process engineering [5-11]. Nonetheless, due to their strictly
predictive character, COSMO-based models are promising can-
didates to address the scarcity of phase equilibrium properties.
Efforts were undertaken to improve their accuracy for different
types of fluid mixtures. E.g., the COSMO-SAC 2010 model
(which will be referred to as COSMO-SAC10) [18-20] im-
proves the description of associating fluids by recognizing the
differing strengths of hydrogen bonding interactions depending
on the type of hydrogen bonding donors and acceptors. The
more recent version COSMO-SAC-dsp [21] contains a correc-
tion term based on molecular simulation data that takes the dis-
persive intermolecular interactions explicitly into account.

The purpose of this work is to examine the performance of
the fully open source COSMO-SAC models based on the
world’s largest phase equilibrium database, the Dortmund Data
Bank (DDB) [24]. Beforehand, those models were integrated
into the DDB software package and were applied to all experi-
mental vapor-liquid equilibrium (VLE) and infinite dilution ac-
tivity coefficient (y;*) data sets. In particular, the accuracy of
QC-based models (COSMO-SAC10 and COSMO-SAC-dsp)
and group contribution models (UNIFAC [5-7] and mod.
UNIFAC(DO) revision 5 [9]) was assessed to determine for
which mixture types (combinations of chemical families) ade-
quate results are obtained. This also includes the identification
of poorly described mixtures because the present results will be
the basis for future developments of the COSMO-SAC models.
Here, the DDB data collection was utilized with its 48,952 pure
components. Of those, only 2,295 components are part of the
freely available UD-database (University of Delaware) that col-
lects COSMO-SAC o-profiles. Nevertheless, this results in
10,897 mixtures for which y;* and 6,940 for which VLE data
are available. This corresponds to 29,173 y;* and 139,921 VLE
data points. It should be noted that the COSMO-SAC models

were analyzed for the first time on such a large data set. Admit-
tedly, the number of y;* and VLE data sets is much smaller
than all theoretically possible binary combinations. First, exper-
imental data are not available for each binary combination. Sec-
ond, only the strict subset of data points which can be calculated
with all four COSMO-SAC and UNIFAC methods were con-
sidered for comparison. Moreover, a quality filter was applied
to remove unreliable experimental data. Due to the large num-
ber of analyzed data sets, a MATLAB program was created to
study the model performance and error distribution for chemical
main-families and their sub-families and the source code of this
program is accessible to the interested reader (cf. Supporting
Information).

This work should serve as an orientation for users, e.g. pro-
cess designers, who are typically not faced with a lack of mod-
els. Instead, numerous models exist for which it is unknown
whether they yield adequate results for a given mixture. The
MATLAB program provided as Supporting Information to this
work sheds light on that aspect, considering the largest possible
experimental database in a fair way.

2. COSMO-SAC models

In this study, two COSMO-SAC models, i.e. COSMO-
SAC10 [20] and COSMO-SAC-dsp [21], were considered. The
only difference between them is that the dispersive contribution
to the activity coefficient is explicitly taken into account in the
COSMO-SAC-dsp model. Therein, the activity coefficient of
component i in mixture S is determined by

Inyy/s = Iny7fs + Iny&me + Iny{yy )
where the superscripts res, comb, and dsp indicate the residual,
combinatorial, and dispersion contributions, respectively. The
details of these three contributions are briefly summarized in
the following and all parameter values are listed in Table 1.

The residual contribution is the key element in the COSMO-
SAC models, which considers the permanent electrostatic inter-
actions between molecules in the mixture. Such interactions are
determined on the basis of the molecular surface screening
charges obtained from QC and COSMO solvation calculations
[15]. Since the QC/COSMO calculation is the most time-con-
suming step, that fortunately needs to be carried out only once
for every molecular species, it is useful to collect its results in a
database (e.g. VT-database [25,26]) for subsequent calculations
of thermophysical properties and phase behavior [27-34]. The
surface charge distribution of molecule i from the QC/COSMO
calculation is averaged through a semi-theoretical equation [18]
and then used to generate the o-profile p;(o,,), i.e. the proba-
bility of finding a surface segment with charge density o, on
molecule i. The o-profile is also known as molecular surface
shielding charge density distribution and is unique for every
molecule. In order to better describe hydrogen bonding interac-
tions, the molecular surface segments are categorized into three
types: nhb (non-hydrogen-bonding surface segments), OH (sur-
face segments on the hydroxyl group), and OT (surface seg-
ments on all other hydrogen bonding atoms, i.e. F, O, N, and H
bonded to N and F). Consequently, the o-profile is also sepa-
rated into three contributions: p;(c) = p™® (o) + pPH (o) +
pPT (o) [20]. Both pM (o) and pPT (o) are hydrogen bonding
o-profiles and the probability of hydrogen bonding segments in
forming a hydrogen bond is considered by a Gaussian-type
function, p?2(0) = 1 — exp(0?/20¢) with g, = 0.007 e/A?
[19]. The a-profile of mixture S is determined from



YixiAipi(o)
o) = 2Lfimiss 2
ps(0) =55 )

where A; and x; are molecular surface area and mole fraction of
component i. Once the o-profiles of all components in the mix-
ture and that of the mixture are established, the segment activity
coefficient of a segment with charge density o,, can be calcu-
lated by

Inl}f (%) =

—{ZmeOROTy Dt (eI} (o)exp [ (3)
where the subscript j can denote either the pure component i or
the mixture S and the segment exchange energy AW is calcu-
lated from the charge density of the interacting segments

AW(Gni O-m) - (AES + BES) (G + Gm)z
Chb (gnﬂ Gm) (G m)z (4)
where Ags and Bg are electrostatic interaction parameters and
cnp IS the hydrogen bonding interaction parameter. The first
term on the right-hand side considers the general electrostatic
interaction between segments and the other term accounts for
additional interactions between hydrogen bonding segments.
The hydrogen bonding interaction coefficients between differ-
ent kinds of segment combinations are given by

coy ifs=t=O0Hando; af <0

cor ifs=t=0Tandos -0}, <0
Con-or ifs =0H,t =0T andg? o}, <0

0 otherwise
(%)

Finally, the activity coefficient of the residual contribution for
component i in a mixture S can be determined from the o-pro-
file of component i p; (o) and the segment activity coefficient
of component i and that of the mixture S by

Inyf§ = 2L ONOTS bl (om) - [N (o) —

InTf (a)] (6)
where A; and a. are the molecular surface area and the surface
area of a standard surface segment, respectively.

The combinatorial contribution considers the molecular size
and shape effects between molecules in the mixture via the
Staverman-Guggenheim (SG) combinatorial term [35,36]

Iny{ = Inyjfi = In> iy qlln— +1;, — _iZj x5l (7)
where z =10 is the coordlnatlon number 0; = x;q;/ % %;q;
¢ = xri/ Xjxm, and [, = (z/2)(r; — q;) — (r; — 1) with the
coordination number z = 10, and g; and r; being the normalized
surface area and volume of component i.

The dispersion contribution to the activity coefficient was
proposed according to molecular simulation results of binary
Lennard-Jones model mixtures from the literature [3,4,21]. For
component i in the mixture S it is calculated by the two-suffix
Margules equation [37]

lny‘ii/ssp = Z]¢l j Z Z]>Lx'xinj (8)
where A;; = Aj; is the binary interaction parameter between
component i and j and is determined from

Aij =w- [(Ei + 81)/2 - fisj]

(9)
where w is an empirical parameter and ¢ is the molecular dis-
persion parameter calculated from eygrecue = (X3, Negr)/
N,. N; and & are number of atoms from type k and its disper-
sion parameter, respectively, and N, is the total number of at-
oms with a non-zero dispersion parameter. For binary mixtures,

chp (03, 08) =

Equation (8) can be simplified to the one-constant Margules
equation.

3. Infinite dilution activity coefficient data

The non-ideality of a mixture is often characterized by the
infinite dilution activity coefficient y;* and its knowledge is
important for many industrial applications. Here, the perfor-
mance of COSMO-SAC10 and COSMO-SAC-dsp for y;* pre-
dictions was compared to the UNIFAC and mod. UNIFAC(DO)
models. Therefore, it is crucial to calculate the errors of each
method in predicting y;* for binary mixtures. Equation (10) in-
troduces the mean absolute deviation (MAD) |3

18] = =X (et = In(r)e” |, (10)
Here, n is the number of considered data points and the abbre-
viations cal and exp stand for calculated and experimental y;*
data. For the present evaluation, 39,349 data points were avail-
able from COSMO-SAC10, 35,837 from COSMO-SAC-dsp,
41,470 from UNIFAC and 42,870 from mod. UNIFAC(DO).
Considering only the strict subset of data points for which all
four models yielded results, the number of y;* data points was
reduced to 29,501. Moreover, two quality filters were used to
remove unreliable experimental data and all experimental data
measured with liquid-liquid chromatography. Thus, the total
number of studied y;* data points was 29,173. These data cor-
respond to an experimental temperature range from 213.13 K to
576.15 K in a y;* interval from -2.53 to 26.40 in natural loga-
rithm, i.e. Iny;®.

3.1 Model performance for chemical families

This section discusses the MAD |&] of each prediction
method according to chemical family combinations for binary
mixtures. For this purpose, all mixtures were hierarchically cat-
egorized into main-family combinations (cf. Table 2 and Sup-
porting Information Sl | for the fully detailed family classifica-
tion) and the MAD of each combination was calculated with a
MATLAB program (cf. Supporting Information SI II). Exem-
plarily, one selected main-family combination is discussed be-
low in detail in terms of the MAD on its sub-family levels. Here,
the model performance is presented for COSMO-SAC-dsp and
mod. UNIFAC(DO) only. The other models are shown in the
Supporting Information.

Figure 1 (top) depicts the MAD of all binary main-family
combinations for the COSMO-SAC-dsp model, which reveals
similarities to COSMO-SAC10. This type of diagram was cre-
ated to give an overview on all main-family deviations (only
main-families which contain data are presented). The horizontal
axis indicates the main-families of all solvents (mentioned first
from now on) and the vertical axis presents all solutes, sorted
roughly according to ascending polarity. The symbol size rep-
resents the amount of experimental data points in one family
combination and its color shows the MAD range. A few family
combinations were predicted very adequately (|§|< 10.5 %), e.g.
Acids + Multifunctionals or Ethers + Esters. The latter main-
family combination shows a significant improvement from
COSMO-SAC10 to COSMO-SAC-dsp. This enhanced predic-
tion indicates the strength of the COSMO-SAC-dsp develop-
ment. Ethers have one oxygen atom with two single bonds (-O-)
and Esters have one double bond between oxygen and carbon
(C=0). Dispersion energy parameters were developed for these
two types of bonded oxygen in the COSMO-SAC-dsp version
(cf. Table 1 b). Moreover, Figure 1 points out that numerous
main-family combinations are predicted well (10.5 % <|§|<



64.9 %), e.g. Alcohols + Alkanes. A few main-family combina-
tions are predicted decently (64.9 % <|§|< 146.0 %), e.g. Mul-
tifunctionals + Alkanes and a few are not described well, e.g.
Acids + Carbonyls (146.0 % <|§|< 266.9 %) or Alkanes + Al-

cohols (|S|> 266.9 %). Moreover, mixtures where water is a so-
lute are not predicted adequately, whereas water as a solvent is
less problematic. Hence, the following section focuses on the
error distribution for all data, where it is distinguished between
aqueous data and non-aqueous data sets, indicating whether wa-
ter is a component of the mixture or not. Furthermore, the im-
provement for the combinations Amides + Alkanes and Amides
+ Alkenes is striking, which is due to the COSMO-SAC-dsp
development. The main-family Amides contains molecules
with an oxygen double bond (=O) and a nitrogen atom (cf. Table
1 b) for which dispersion parameters were introduced. Addi-
tionally, parameters for carbon (sp, sp?, sp®) were implemented
in COSMO-SAC-dsp and all organic molecules contain carbon.
The correlation between errors and polarity is not significant as
similarly seen for COSMO-SAC10.

Figure 1 (bottom) gives the MAD of all binary main-family
combinations for the mod. UNIFAC(DO) model with the 2006
parameter matrix. As expected, this model shows very accurate
descriptions in general. As a result, it was chosen as the stand-
ard for comparison to both COSMO-SAC models. Some main-
family combinations are described very well (|(§|< 10.5 %), e.g.
Acids + Esters, and many other combinations show good results
(10.5 % <|5]|< 64.9 %), e.g. Alcohols + Alkanes. There are sev-
eral combinations which are described decently (64.9 % <|S|<
146.0 %), e.g. Water + Aromatics, and for a few main-family
combinations inaccurate descriptions (|§| > 266.9 %) were
found, e.g. Water + Alkanes. Moreover, this figure points out
the improvement between UNIFAC (cf. Supporting Infor-
mation) and mod. UNIFAC(DO) for the main-families Alkanes
+ Alkanes and Alkanes + Alkenes. It is known that aqueous
mixtures are challenging for mod. UNIFAC(DO) and UNIFAC,
especially Water + Alkanes and Water + Alkenes. The authors
of mod. UNIFAC(DO) explain this issue in Refs. [7,9,38].
Moreover, mod. UNIFAC(DO) performs worse than UNIFAC
for some aqueous systems, e.g. Water + Esters. Some of these
main-family combinations are predicted more adequately by
COSMO-SAC10 and COSMO-SAC-dsp, e.g. Water + Alkenes.
Again, there is no obvious correlation between errors and po-
larity.

From Figures 1 and S.1, S.2 (in the Supporting Information)
it can be seen that there is an improvement from COSMO-
SAC10 to COSMO-SAC-dsp. Those figures show that both
COSMO-SAC models are in general more applicable to aque-
ous mixtures of aliphatic components, particularly when water
is the solvent, compared to both UNIFAC models.

Exemplarily, the first sublevel of the main-family combina-
tion Alkanes + Alcohols is discussed which contains 966 exper-
imental data points. Here, both COSMO-SAC models yield
large MAD (|&]> 266.9 %). An inadequately predicted main-
family combination was chosen to show the purpose of a
MATLAB program, which was developed in this work and is
provided (cf. Supporting Information). With this program, the
user may obtain additional information on the error distribution
and the MAD of main- and sub-family combinations. Thus, it is
possible to determine functional groups which may cause prob-
lems in a model. Based on this, the interested reader can check
the performance of the four models for any molecular species

in detail by himself. Figures S.5 to S.12 (in the Supporting In-
formation) show exemplarily the MAD for the sub-family com-
binations of Alkanes + Alcohols. It is obvious that both
COSMO-SAC models and in some cases also UNIFAC have
issues with alcohols as solutes. The prediction of the sub-fami-
lies xAlcohol_nointra, e.g. 1,4-Butanediol, and xAlcohol_intra,
e.g. 1,2-Propanediol, in Alkanes shows large MAD, whereas
mod. UNIFAC(DO) gives better predictions (cf. Table 3 for
sub-family abbreviations).

3.2 Error distribution

As discussed above, all considered methods are less accurate
for aqueous mixtures, especially when water is the solvent.
Moreover, we were interested in the error distribution of very
asymmetric mixtures, since the COSMO-SAC methods impli-
cate the Stavermann-Guggenheim combinatorial term (cf. equa-
tion (7)). For this purpose, the error distribution over the mix-
tures' asymmetry was investigated. It is necessary to establish a
metric for the system's asymmetry. Here, we used the ratio of
the molecular surface area of the solute Ag,,;,¢. and the solvent
Agovent @S a Measure

— Asolute
Asym = log (—) (11)

Asolvent

In case of a perfectly symmetrical mixture, the solute and the
solvent have the same surface area, thus asym = 0.

Figure 2 shows the error distribution over ay,, for COSMO-
SAC-dsp and mod. UNIFAC(DO). The error distribution of
COSMO-SAC10 and UNIFAC is given in the Supporting Infor-
mation. Data points are depicted with a different color in case
of aqueous mixtures. Those graphics were also created by the
MATLAB program that is provided in the Supporting Infor-
mation. They indicate that the errors of non-aqueous mixtures
(81.6 % of all data sets) are slightly shifted to negative values
(blue points) for all methods. There is a bulge to negative errors
for symmetric mixtures (asym=[-0.2;0.2], i.e., molecular sur-
face area ratio within about 1.6%'). The error distribution is
most uniform for mod. UNIFAC(DO), followed by UNIFAC,
COSMO-SAC-dsp and COSMO-SAC10. Apart from that,
aqueous mixtures (18.4 % of all data sets) show large errors (red
and black points) and it is clear that all prediction methods have
some issues with those systems. COSMO-SAC10 vyields large
errors for mixtures which contain water. The errors tend to have
positive values, which means that calculated y;* are larger than
experimental y;*. COSMO-SAC-dsp exhibits nearly the same
behavior for aqueous mixtures, however, the errors are slightly
better distributed around zero. It becomes clear that UNIFAC
predicts mixtures with water as a solvent incorrectly, whereas it
gives better results for water as a solute. Mod. UNIFAC(DO)
shows a more uniform error distribution than UNIFAC, but the
predictions for aqueous systems are worse than those of
UNIFAC. Initially, it was assumed that the error may correlate
with the mixtures' asymmetry due to a potential problem in the
Stavermann-Guggenheim combinatorial term in both COSMO-
SAC models. However, this cannot be confirmed, as revealed
by Figures 1, S.1and S.2, and it is striking that the performance
of all methods mainly depends on chemical families.

Figure 3 shows the error distribution of all data sets for each
method. It reflects the same behavior as discussed above, how-
ever, featuring a different way of presentation to clarify the sta-
tistical circumstances. Moreover, the error distribution is com-
pared to Cauchy and normal distribution functions. It can be
seen that all methods show an almost Cauchy distributed error,



but both COSMO-SAC versions are closer to a normal distribu-
tion than both UNIFAC models. The stronger Cauchy-like char-
acter of mod. UNIFAC(DO) implies the presence of heavy out-
liers, despite the fact that its error distribution is rather uniform
around zero.

3.3 Summary

The performance of COSMO-SAC10 and COSMO-SAC-dsp
was studied on the basis of y;* predictions for a very large ex-
perimental data set of 29,173 data points. For this purpose,
MATLAB programs were developed. Table 4 summarizes the
y;® errors (converted to percentages) of all data, where it is dis-
tinguished between non-aqueous and aqueous data sets, as dis-
cussed before.

The consideration of all data sets shows that there is a clear
improvement from COSMO-SAC10 to COSMO-SAC-dsp (the
MAD was reduced from 95 % to 86 %) and from UNIFAC to
mod. UNIFAC(DO) (the MAD was reduced from 73 % to 58
%). Moreover, the error becomes more uniformly distributed
around zero from COSMO-SAC10 to COSMO-SAC-dsp (the
mean signed error (MSD) & was reduced from -17 % to -1 %)
and from UNIFAC to mod. UNIFAC(DO) (MSD was reduced
from -30 % to -21 %). For all data sets mod. UNIFAC(DO)
gives the smallest error (58 %), followed by UNIFAC (73 %),
COSMO-SAC-dsp (86 %) and COSMO-SAC10 (95 %). All
prediction methods showed an almost Cauchy distributed error,
whereas both COSMO-SAC versions are closer to a normal dis-
tribution than both UNIFAC versions. In general, UNIFAC
methods are more accurate than the COSMO-SAC methods, but
they yield heavy outliers for some systems. As a result,
COSMO-SAC is closer to a normal distribution than UNIFAC.

Table 4 shows that all methods are more precise for non-
aqueous mixtures (81.6 % of all data). The error distribution for
non-aqueous data sets is slightly shifted to negative values,
most uniformly distributed for mod. UNIFAC(DO), followed
by COSMO-SAC-dsp, UNIFAC and COSMO-SAC10. How-
ever, there is a significant progress from COSMO-SAC10 (79
%) to COSMO-SAC-dsp (65 %) and from UNIFAC (49 %) to
mod. UNIFAC(DO) (27 %). Aqueous data sets (18.4 % of all
data) show very large errors, thus, these systems strongly affect
the MAD of all data. Mod. UNIFAC(DO) gives the largest
MAD (306 %), followed by UNIFAC (232 %), COSMO-SAC-
dsp (203 %), and COSMO-SAC10 (194 %). Hence, COSMO-
SAC models should preferably be used for aqueous mixtures.
The comparison between aqueous and non-aqueous data indi-
cates that all methods perform better for non-aqueous mixtures.
Furthermore, COSMO-SAC10 treats these systems less differ-
ently, followed by COSMO-SAC-dsp, UNIFAC and mod.
UNIFAC(DO). Mod. UNIFAC(DO) treats aqueous vs. non-
aqueous systems most differently (as seen from the MAD ratio
of aqueous to non-aqueous mixtures).

The error distribution study has shown that very asymmetric
non-aqueous mixtures are well predicted by the COSMO-SAC
models and a correlation between the mixtures’ asymmetry and
error is not present. Instead, the performance of all methods
mainly depends on chemical families. Therefore, access to the
errors of all family combinations is provided. Moreover, it was
assumed that the error may correlate with the polarity of differ-
ent families. Thus, the main-families were arranged roughly ac-
cording to their increasing polarity. However, a clear correlation
cannot be seen.

In the following, a few main-family combinations are dis-
cussed, where COSMO-SAC10 and/or COSMO-SAC-dsp are

as good as UNIFAC and/or mod. UNIFAC(DO) or even better,
to emphasize the predictive power of the COSMO-SAC models.
For that purpose, the MAD from Figures 1, S.1 and S.2 were
converted to percentage ranges.

« Water + Alkanes: For this family combination COSMO-
SAC10 and COSMO-SAC-dsp (64.9 - 146.0 %) are much better
than UNIFAC and mod. UNIFAC(DO) (= 266.9 %).

* Esters + Multifunctionals: COSMO-SAC10 and COSMO-
SAC-dsp give the most accurate results (10.5 - 64.9 %) and they
are better than mod. UNIFAC(DO) (64.9 - 146.0 %) and
UNIFAC (= 266.9 %).

« Acids + Multifunctionals: All methods are very good for
this combination. COSMO-SAC10 and COSMO-SAC-dsp (<
10.5 %) are as good as UNIFAC (< 10.5 %) and better than mod.
UNIFAC(DO) (10.5 - 64.9 %).

* Amides + Carbonyls: COSMO-SAC-dsp (< 10.5 %) is bet-
ter than UNIFAC (64.9 - 146.0 %) and mod. UNIFAC(DO)
(10.5 - 64.9 %). COSMO-SAC10 (10.5 - 64.9 %) is as good as
mod. UNIFAC(DO) and better than UNIFAC.

Furthermore, some family combinations, e.g. Ethers + Esters,
emphasize the potential of the COSMO-SAC-dsp development.
This method introduced dispersion energy parameters for the
atom types C, O, N, F, Cl and H. The main-families Ethers and
Esters contain some of those atoms and they illustrate the im-
provement from COSMO-SAC10 to COSMO-SAC-dsp. In
summary, the results indicate that COSMO-SAC-dsp should be
applied instead of mod. UNIFAC(DO) for mixtures where no
parameters are available for one of the groups or group combi-
nations because of its predictive character. Moreover, the error
distribution of mod. UNIFAC(DO) showed some heavy outliers
while COSMO-SAC-dsp is closer to a normal distribution. Fi-
nally, COSMO-SAC-dsp should be used for aqueous systems
and many other mixture types (cf. Figure 1).

4. Vapor-liquid equilibrium data

Information on the two-phase region, where both components
coexist in significant quantities in both vapor and liquid, is cru-
cial for many industrial processes [39]. One VLE state point of
a binary mixture has a specific temperature T, pressure p, liquid
mole fraction x and vapor mole fraction y. At least three of these
properties have to be defined by experiment or model calcula-
tion and there are various property specifications possible, e.g.
T.p.xYy; T.p.x; Tpy; T.XY; p.x,y. The full experimental T,p,x,y
data set was utilized here, since those present the most reliable
data. The data are distinguished into the common isothermal
and isobaric combinations T,x,y and p,X,y.

This section discusses the performance of COSMO-SAC-dsp
for VLE predictions compared to mod. UNIFAC(DO). The
COSMO-SAC10 and UNIFAC model results are shown in the
Supporting Information. To study the performance, it is crucial
to calculate the errors for each method. This error calculation
differs from the y;* study because VLE data contain more
properties and thus different error types (e.g. either in p,y or T,y).
To preserve a good overview for the main- and sub-family fig-
ures, a combined and weighted MAD was defined. The weight
was based on the smallest MAD which was calculated over all
isothermal or isobaric data sets, respectively. The MAD |§] cal-
culation for each VLE property is given by

181, 19%] = 7 Ty [F4=222) 100, (12)
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where n is the number of data points. The smallest MAD was
reached by mod. UNIFAC(DO). Table 5 shows the MAD for all
isothermal and isobaric VLE data. These values were used in
equations (15) and (16) to determine the weight between pres-
sure and vapor mole fraction errors for the isothermal or tem-
perature and vapor mole fraction errors for the isobaric VLE,
respectively. The weight factors a and b for the isothermal VLE
data were calculated by

a 5 %
Bl _seen ) creg) (15)

b |5, 145%
where the vapor mole fraction weight factor a was set to unity
and thus the pressure weight factor b results in 0.3737. The
weight factors ¢ and d for the isobaric VLE data were deter-
mined by

c I8l 137k

Fin E T 1919%
where the vapor mole fraction weight factor c was set to a and
the temperature weight factor d results in 1.3941 % / K. On the
basis of these weight factors, the combined mean absolute de-
viation (CMAD) |A| for VLE data is given by
a-|8|. +b-|8|, isothermal

y p
c-18], +d-15],,
Those CMAD |A| were used to assess the performance of each
model for different chemical family combinations.

For the assessment, 336,291 experimental data points were
available for COSMO-SAC10, 316,046 for COSMO-SAC-dsp,
299,078 for UNIFAC and 298,032 for mod. UNIFAC(DO). Af-
ter filtering for the strict subset of data points which can be cal-
culated with all four considered methods, 268,629 VLE data
points remained. In addition, two filters were used to remove
the edges of the two phase region (x,y = 0 or 1, i.e. pure sub-
stance data) and data with a pressure above 1000 kPa. The latter
filter was applied because all methods treat the vapor as an ideal
gas. As a consequence, 139,921 data points (6,940 mixtures)
were evaluated, containing 45,456 isothermal and 94,465 iso-
baric points. The data can also be divided into 125,888 (90.0 %)
non-aqueous and 14,033 (10.0 %) aqueous data points. These
are in a temperature range from 233 K to 633.4 K and a pressure
range from 0.084 kPa to 1000 kPa.

4.1 Model performance for chemical families

The model performance is discussed here for COSMO-SAC-
dsp and mod. UNIFAC(DO) for chemical families. COSMO-
SAC10 and UNIFAC are shown in the Supporting Information.
All mixtures were again categorized in the same main-family
combinations and their CMAD was calculated with a MATLAB
program. Figure 4 (top) shows the CMAD in percentage ranges
for all main-family combinations for the COSMO-SAC-dsp
model, which reveals similarities to COSMO-SAC10. It should
be noted that the horizontal axis indicates the main-family of
the low boiling component and the vertical axis shows the main-
family of the high boiling component of a given mixture. A few
main-family combinations were predicted very adequately
(IAl< 1 %), e.g. (Iso)Nitriles + (Iso)Nitriles. Many combina-
tions show accurate results (1 % < |A| < 3 %), e.g. Esters + Ar-
omatics or Amides + Carbonyls. Moreover, these combinations
exemplify improvements from COSMO-SAC10 to COSMO-
SAC-dsp. This again shows the potential of the COSMO-SAC-
dsp development. Esters have one oxygen atom with a double

= 0.7173 K/%, (16)

1A1[%] = 1

isobaric.

bond to carbon (C=0) as Amides and Carbonyls have. Further-
more, Amides contain bonds between N and H. Exactly for
those atoms, dispersion energy parameters were developed in
the COSMO-SAC-dsp version (cf. Table 1 b). Several main-
family combinations are predicted decently (3 % <|A|< 5 %),
e.g. Alcohols + Multifunctionals, and some are not described
well (5 % <|A|< 10 %), e.g. Acids + Esters. The number of
poorly predicted (JA|> 10 %) main-family combinations de-
creases from COSMO-SAC10 to COSMO-SAC-dsp. A few
main-family combinations show inconclusive results (JA|> 10
%) (many aqueous mixtures), e.g. Water + Alcohols. Hence, the
next section will focus on the error distribution for all data, dis-
tinguished between aqueous and non-aqueous data. It is clear
that there is no obvious correlation between the CMAD and po-
larity.

Figure 4 (bottom) gives the CMAD of all main-family com-
binations for the mod. UNIFAC(DO) model with the 2006 pa-
rameter matrix. As expected, mod. UNIFAC(DO) shows accu-
rate descriptions for numerous main-family combinations, e.g.
Amines + Esters (|A|< 1 %) or Aromatics + Carbonyls (1 % <
|A| < 3 %). Due to this reliable behavior, it was chosen as the
standard to compare both COSMO-SAC models. Moreover,
this diagram points out the improvement from UNIFAC (cf.
Supporting Information) to mod. UNIFAC(DO) in general be-
cause the number of well described (JA|< 1 %) main-family
combinations increased. There are still a few decently described
(3 % <|A|< 5 %) combinations, e.g. Alcohols + Carbonyls, and
it can be seen that mod. UNIFAC(DO) has problems (JA|> 10
%) with aqueous mixtures, especially with Water + Alcohols
and Water + Multifunctionals (as UNIFAC does). The authors
of mod. UNIFAC(DO) explained this issue in Refs. [7,9,38].
Some family combinations are more adequately predicted by
COSMO-SAC10 and COSMO-SAC-dsp, e.g. Ethers + Esters
or Alkenes + Amines.

Figures 4 and S.3 show that there is an improvement from
COSMO-SAC10 to COSMO-SAC-dsp. Furthermore, Figures 4,
S.3 and S.4 show that both COSMO-SAC models are more
suited for some mixture types, e.g. Ethers + Esters, than both
UNIFAC models. A presentation on sub-family levels is omit-
ted here, however, the interested reader can assess the model
performance in detail himself by using the provided MATLAB
program.

4.2 Error distribution

The error distribution over the molecular surface area ratio
agym Was studied following Equation (11). Because it is not
meaningful to show the error distribution using absolute error
values, the combined VLE error (CMAD) consideration is not
applicable here. As a consequence, the signed error distribu-
tions of VVLE properties temperature, pressure and vapor mole
fraction are more complex and they are given for all models in
the Supporting Information.

Figures S.18 to S.20 and S.24 to S.26 show the temperature,
pressure and vapor mole fraction error distribution over the
asymmetry rate of the COSMO-SAC-dsp and mod.
UNIFAC(DO) models. Data points of aqueous mixtures (10.0
% of all data sets) are depicted in red color. The blue symbols
show non-aqueous data (90.0 %). For the COSMO-SAC-dsp
model, the temperature, pressure and vapor mole fraction errors
are all nearly uniformly distributed around zero, although there
are considerable errors. The temperature errors tend to exhibit



negative values, whereas pressure and vapor mole fraction er-
rors are slightly shifted towards positive values. Most of the
non-aqueous mixtures are symmetric (asym=[-0.2;0.2]), as seen
by the accumulation of blue points. The majority of those sys-
tems have temperature errors in the ranges -3 K to 3 K, and
pressure and vapor mole fraction errors between -10 % to 10 %.
Sizable errors were found for all three VLE properties in case
of aqueous mixtures. The mod. UNIFAC(DO) model has qual-
itatively almost the same error distribution for all three VLE
properties as COSMO-SAC-dsp, however, its error distribution
maximum is closer to zero. Aqueous mixtures also exhibit con-
siderable errors, although they are smaller than in case of
COSMO-SAC-dsp. Aside from this, those figures underline
that the Stavermann-Guggenheim combinatorial term within
the COSMO-SAC models performs well. As revealed by Fig-
ures 4, S.3 and S.4, it is clear that the performance of all meth-
ods mainly depends on chemical families.

Figure 5 shows for COSMO-SAC-dsp and mod.
UNIFAC(DO) the temperature, pressure and vapor mole frac-
tion error distribution of all data sets. They reflect the same be-
haviors of the models as shown in Figures S.18 to S.20 and S.24
to S.26, featured in a different way of presentation to clarify the
statistical circumstances. The error distribution is compared to
Cauchy (black line) and normal (blue line) distribution func-
tions. They point out that all methods lead an almost Cauchy
distributed error, but COSMO-SAC-dsp is slightly closer to a
normal distribution than mod. UNIFAC(DO).

4.3 Summary

The performance of COSMO-SAC10 and COSMO-SAC-dsp
was studied for VLE predictions on the basis of a very large
experimental data set of 139,921 data points. For that purpose,
the CMAD was introduced to allow for a condensed overview
of the VLE properties temperature, pressure and vapor mole
fraction. Table 6 summarizes the VLE errors of all data, non-
aqueous and aqueous data.

The consideration of all data sets shows that there is an im-
provement from COSMO-SAC10 to COSMO-SAC-dsp
(CMAD was reduced from 4.77 % to 4.63 %) and from
UNIFAC to mod. UNIFAC(DO) (CMAD was reduced from
4.47 % to 3.51 %). Mod. UNIFAC(DO) gives the smallest
CMAD (3.51 %), followed by UNIFAC (4.47 %), COSMO-
SAC-dsp (4.63 %) and COSMO-SAC10 (4.77 %). All predic-
tion methods exhibit almost Cauchy distributed temperature,
pressure and vapor mole fraction errors, whereas both COSMO-
SAC versions are slightly closer to a normal distribution than
both UNIFAC versions. As expected, UNIFAC methods are
more accurate than COSMO-SAC methods in general.

All methods are more accurate for non-aqueous mixtures
(90.0 % of all data) than for aqueous mixtures (10.0 %). Mod.
UNIFAC(DO) shows the smallest CMAD (3.30 %), followed
by COSMO-SAC-dsp (4.25 %), UNIFAC (4.30 %) and
COSMO-SAC10 (4.37 %) for non-aqueous mixtures. Again,
these data reveal model improvements. For aqueous mixtures
very large CMAD were found, thus, these systems affect the
CMAD of all data sets. However, this effect is less substantial
here due to the smaller number of aqueous mixtures. Mod.
UNIFAC(DO) gives the smallest CMAD (5.41 %), followed by
UNIFAC (5.98 %), COSMO-SAC-dsp (8.00 %), and COSMO-
SAC10 (8.36 %).

Moreover, no correlation between error and molecular asym-
metry was found (cf. Figures S.15 to S.26). Instead, the perfor-
mance of all methods mainly depends on chemical families.
Furthermore, a clear dependence between error and polarity of
different families is not present (cf. Figures 4, S.3 and S.4).

In the following, some main-family combinations are dis-
cussed where COSMO-SAC10 and/or COSMO-SAC-dsp are as
good as UNIFAC and/or mod. UNIFAC(DO) or even better, to
underline the predictive capabilities of the COSMO-SAC mod-
els. For that purpose, the according CMAD |A| ranges were
used.

« Ethers + Halogenated Hydrocarbons: For this main-family
combination COSMO-SAC10 and COSMO-SAC-dsp (1 - 3 %)
are better than UNIFAC (= 10 %) and mod. UNIFAC(DO) (3 -
5 %).

« Ethers + Esters: COSMO-SAC10 and COSMO-SAC-dsp (1
- 3 %) are both as good as UNIFAC (1 - 3 %) and better than
mod. UNIFAC(DO) (3 - 5 %).

* Iso(Nitriles) + Alkanes: COSMO-SAC10 and COSMO-
SAC-dsp (3 - 5 %) are better than UNIFAC and mod.
UNIFAC(DO) (5 - 10 %).

* Alkenes + Amines: COSMO-SAC10 and COSMO-SAC-
dsp (1 - 3 %) are better than UNIFAC and mod. UNIFAC(DO)
(3-5%).

Some main-family combinations, e.g. Esters + Aromatics or
Amides + Carbonyls, show the potential of the COSMO-SAC-
dsp development (compared to COSMO-SAC10). For some
main-families, e.g. Esters, Amides or Carbonyls, dispersion pa-
rameters were developed. Finally, COSMO-SAC-dsp should be
applied instead of mod. UNIFAC(DO) for mixtures where no
parameters are available for one of the groups or group combi-
nations because of its predictive character (cf. Figure 4).

5. Comparison of y;” and VLE studies

The results of the y;* and VLE analyses were compared.
29,173 data sets were considered for the y;* study, which were
divided into 23,816 (81.6 %) non-aqueous and 5,357 (18.4 %)
aqueous data points. In the VLE study 139,921 data points were
analyzed with 125,888 (90.0 %) non-aqueous and 14,033 (10.0
%) aqueous data points.

The vertical axis of Figure 6 shows the MAD |§] of the y;*
(cf. Table 4) and CMAD |A| of the VLE assessment (cf. Table
6). The horizontal axis itemizes y;* and VLE data, and all data
sets are distinguished between non-aqueous and aqueous Sys-
tems. On this basis, the performance of each method can be seen.
First, all models show nearly the same tendencies for y;* and
VLE predictions, such as model improvements and similar be-
havior for aqueous vs. non-aqueous mixtures. It is striking that
the errors of VLE calculations are much smaller than the y;*
errors. However, this was expected because experimental y;*
data scatter more. Furthermore, this figure documents the model
improvement from COSMO-SAC10 to COSMO-SAC-dsp and
from UNIFAC to mod. UNIFAC(DO) for all types of consid-
ered data sets. The sole exception are y;* of aqueous systems.
Here, the model development shows no improvement, however,
COSMO-SAC10 and COSMO-SAC-dsp are better than
UNIFAC and mod. UNIFAC(DO).

Each method gives the most accurate predictions for non-
aqueous data sets and they are less efficient for aqueous mix-
tures. The model behavior of y;* and VLE calculations for
aqueous mixtures differs remarkably between UNIFAC and
COSMO-SAC models. For these systems, y;* predictions are



most accurately done by COSMO-SAC10, whereas mod.

UNIFAC(DO) showed significant errors for some combinations.

Again, it should be noted that UNIFAC and mod. UNIFAC(DO)
have issues with aqueous mixtures [7,9,38]. On the contrary,
both UNIFAC methods yield better VLE predictions than both
COSMO-SAC methods for aqueous mixtures. In general, the
difference between COSMO-SAC-dsp and mod. UNIFAC(DO)
is smaller for VLE than for y;* calculations.

6. COSMO-SAC10 on a larger data set

This section discusses COSMO-SAC10 without the re-
striction to the subset of experimental data to which all four
models can be applied. It is studied by how much the prediction
accuracy is changed when more data are included. Therefore,
the largest possible COSMO-SAC10 data set was utilized, in-
creasing the y;* data set by about 33 % from 29,173 to 39,014
data points. However, the quality filters to remove little trust-
worthy experimental data were still active (cf. section 3). This
larger data set corresponds to an experimental temperature
range from 126 K to 576.15 K and an y;* interval from -3.91
to 26.40 in natural logarithm. The VLE data increased by about
18 % from 139,921 to 165,943 data points. Again, two more
filters were still active to remove pure fluid data and data with
a pressure above 1000 kPa (cf. section 4). The VLE data cover
a temperature range from 183 K to 638.15 K and a pressure
range from 0.02 kPa to 1000 kPa. Figure 7 depicts the MAD ||
of the y;* data and Figure 8 the CMAD |A| of the VLE data in
percentage ranges for all binary main-family combinations for
the COSMO-SAC10 model. The solid circles show the original
data set discussed above and the open circles the larger data set.

In general, the y;* and VLE results are very similar for most
family combinations, e.g. Alkanes + Esters or Alcohols + Car-
bonyls. For a few family combinations, improvements can be
seen for y;*, e.g. Ethers + Esters or Amines + Esters, and for
VLE, e.g. Carbonyls + (Iso)Nitriles or Water + OtherNitrogens,
when the larger data set is applied. However, there are also some
family combinations where the accuracy is reduced for both y;*
and VLE when the larger data set is used, e.g. Multifunctionals
+ Aromatics or Amines + Ethers. A few combinations that are
not present in the original data set are well predicted, e.g. Al-
kanes + Thiols/Thioethers or Carbonates + Carbonyls, and
some are not adequately predicted, e.g. Water + Sulfox-
ides&Sulfonyls. In some cases, it becomes clear that the method
is inapplicable, e.g. Acids + Alcohols/Water or Multifunction-
als/Carbonyls + Water, which are foremost acid and base mix-
tures. However, it should be noted that the experimental data for
Acids + Alcohols are unreliable because esterification may oc-
cur during the measurement.

It was confirmed that consistent results can be achieved when
a larger data set is considered. Therefore, the above analyses
based on the original data set seem to be representative.

7. Conclusion

The QC based models COSMO-SAC10 [20] and COSMO-
SAC-dsp [21] were analyzed with respect to their accuracy for
y;* and VLE predictions. For that purpose, the COSMO-SAC
models were evaluated for the first time on a very large experi-
mental data set. Both models yield predictions for the chemical
potential without binary parameters. They rely on a few global
and atomic parameters only, which are independent from exper-
iments (complete independence for COSMO-SAC10, whereas
COSMO-SAC-dsp includes 13 global parameters). This is a
major advantage over group contribution methods, like

UNIFAC [5-7] or mod. UNIFAC(DO) [9], which require 1270
parameters or 2484 parameters (public parameter file from 2007
[24]), respectively. These semi-empirical models are highly ac-
curate because their parameters were fitted to all available ex-
perimental data in a longstanding effort.

One aim of this work was to establish a rationale for the fur-
ther development of both COSMO-SAC models, particularly
COSMO-SAC-dsp. The COSMO-SAC-dsp model differs from
its preceding version by consideration of the dispersive inter-
molecular interactions on the basis of molecular simulation data.
In this study, all binary mixtures, which are available in the
DDB, were utilized and both COSMO-SAC models were com-
pared to UNIFAC and mod. UNIFAC(DO) based on chemical
families. Therefore, 29,173 y;* and 139,921 VLE data points
were studied and divided into aqueous and non-aqueous Sys-
tems as well as into chemical families. The 16 main-families
can be studied in more detail on two additional hierarchical lev-
els of sub-families. In order to do this, MATLAB programs
were created for this type of analysis that can be undertaken by
the interested reader.

In general, the y;* and VLE studies showed the same trends.
A clear improvement from COSMO-SAC10 to COSMO-SAC-
dsp as well as from UNIFAC to mod. UNIFAC(DO) was found.
Mod. UNIFAC(DO) performed best, followed by UNIFAC,
COSMO-SAC-dsp and COSMO-SAC10 with only slight dif-
ferences. This assessment emphasized that the COSMO-SAC-
dsp model development was meaningful and that the dispersive
interactions should be taken into account, even though they are
just a small part of the total intermolecular interaction energy.
Mixtures for which dispersion parameters were established
showed an improvement. As a result, the 13 dispersion energy
parameters for the atoms C, O, N, F, Cl and H should be ex-
tended to more atom or bonding types, respectively.

The analysis between aqueous and non-aqueous data sets
showed that each method is more accurate for non-aqueous
mixtures. Mod. UNIFAC(DO) performs poorly in case of y;*
calculations for aqueous mixtures, however, its accuracy is
much better for VLE calculations. As a consequence, both
COSMO-SAC models should be applied for y;* predictions of
aqueous systems and they should give better predictions than
the UNIFAC models for mixtures where no parameters are
available for one of the groups or group combinations because
of their strictly predictive character.

The large errors in predicting data for aqueous systems with
COSMO-SAC10 and COSMO-SAC-dsp occur for highly polar
compounds, most of which are either hydrogen bond donors or
acceptors. Hydrogen bonds in strongly associating fluids, in-
cluding water, are directional. Such directional interactions
should restrict the range of interaction surfaces and are not con-
sidered in the present model. However, the inclusion of these
geometrical constraints in the COSMO-SAC model is in pro-
gress and preliminary results show that the consideration of di-
rectional hydrogen bonding does improve the prediction accu-
racy for associating fluids. As a result, there are further possible
improvements for the COSMO-SAC model development. First,
the explicit consideration of directional hydrogen bonding (in
progress). Second, a more sophisticated model for the disper-
sive interaction, which, however, may result in additional em-
pirical parameters that must be determined by regression to ex-
perimental data. Third, the dispersive interactions may be ob-
tained from molecular dynamics or Monte Carlo simulations
with suitable force fields to describe the interactions. Our recent



study showed that the dispersive term can be directly obtained
from the van der Waals component of the solvation free energy
derived from thermodynamic integration [40].

This assessment indicates that model efficiency strongly cor-
relates with the type of chemical family. No significant correla-
tion between model accuracy and polarity as well as between
error and molecular size asymmetry was found. The y;* study
on the main-family level showed that COSMO-SAC-dsp gives
good predictions for almost all binary mixtures. Admittedly,
several main-family combinations containing Water as a solute
are challenging. The performance of Alcohols as solutes in
combination with the main-families Alkanes, Alkenes and Ac-
ids also indicates issues. Mixtures with Water as a solvent are
predicted decently. UNIFAC and mod. UNIFAC(DO) yield in-
accurate descriptions for aqueous systems with aliphatic hydro-
carbons. The VLE study showed that mixtures with main-fami-
lies OtherNitrogens (several different bonding types of N), Ac-
ids and Water are not predicted well by COSMO-SAC-dsp.
Apart from that, all mixtures with the remaining hydrocarbons
are well predicted. UNIFAC and mod. UNIFAC(DO) perform
well, except for aqueous mixtures, as well as for some family
combinations with HalogenatedHydrocarbons, Ethers, Amines
and Amides (notably UNIFAC).

For the first time both COSMO-SAC models were analyzed
on a very large experimental data set. The COSMO-SAC-dsp
development is encouraging because it requires only a few
global and atomic parameters. With a minor computing inten-
sity, the COSMO-SAC models are capable to provide convinc-
ing phase equilibrium property predictions for a wide range of
mixtures.
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Table 1. Parameter values of the COSMO-SAC models.

(a) Universal Parameters

Parameter Value
Aoff (AZ) 7.25
fdecay (') a 3.57

a, (e/A?) 0.007

r (A% 66.69

q (A? 79.53
Agg (kcal/mol)(A%/e?) 6525.69
Bgs (kcal/mol)(A%/e?)K? 1.4859x108
con-on (kcal/mol)(A%e?) 4013.78
cor—or (kcal/mol)(A%/e?) 932.31
con-or (kcal/mol)(A%/e?) 3016.43
W ()b 10.27027
(b) Atomic Parameters

Atom type , .
(Hybridization type) i/ ks (K) Radius (A) .
C (sp) 66.0691

C (sp2) 117.4650 2.00

C (sp3) 115.7023

O (sp3, -0-) 95.6184 17

0 (sp2, =0) -11.0549 '

N (sp3) 15.4901

N (sp2) 84.6268 1.83

N (sp) 109.6621

F 52.9318 1.72

Cl 104.2534 2.05

H (OH) 19.3477

H (NH) 141.1709 1.30

H (H,O/COOH) 4 58.3301

& The empirical parameter fy...y is Used in the semi-theoretical equation of the molecular surface charge averaging process [18].

b Substances are categorized into three groups in the COSMO-SAC-dsp model: non-hydrogen-bonding (nhb), hb-only-acceptor
(hb-a), and hb-donor-acceptor (hb-da) [21]. w is negative for systems of H,O + hb-a, COOH + nhb or hb-da, and H,O + COOH.

¢ The atomic radii are used in the COSMO solvation calculations.

4 H20 represents water and COOH represents molecules with a carboxyl group, e.g. carboxylic acids.

11



Table 2. Main-family structure that was utilized here; roughly sorted in the order of ascending polarity.

main-family members examples

Gases 7 carbon dioxide, methane, carbonyl sulfide
Multifunctionals 477 3-hydroxy-2-butanone, tetrachloroethylene, vinyl chloride
OtherNitrogens 58 1-nitrobutane, 1,1-dimethylhydrazine, o-nitrotoluene
Alkanes 264 n-butane, biphenyl, cyclohexane

Alkenes 175 1-hexene, cyclohexane, isoprene

Allenes 6 1,2-butadiene, propadiene, dimethylallene

Ketenes 1 ketene

Alkynes 21 2-hexyne, diphenylacetylene, 1,6-heptadiyne

Aromatics 323 benzene, 2-fluorotoluene, anthracene

Carbonates 9 phosgene, ethyl chloroformate, carbonyl fluoride

Epoxies 11 1,2-epoxyhexane, ethylene oxide, 2,2-dimethyloxirane
Esters 154 ethyl acetate, propylacrylate, tetrahydropyran-2-one
Halogenated hydrocarbons 147 butyl chloride, pentachlorofluoroethane, ethyl bromide
Halogens 6 chlorine, iodine, bromine trifluoride

Ethers 78 oxetane, methyl pentyl ether, dibenzo-p-dioxin

Peroxy (no acids) 10 hydrogen peroxide, cyclohexanhydroperoxide, n-butylhydroperoxide
Acids 71 acetic acid, dehydroabietic acid, hydrogen bromide
Anhydrides 7 acetic anhydride, tetrahydropyran-2,6-dione

Amines 126 butylamine, 1,3-diaminopropane, 1-aminononane
Carbonyls 96 3-pentanone, n-decanal, 2-methylbenzaldehyde

Thiols 27 methanethiol, 1-decanethiol, undecyl mercaptan
Thioethers 22 tetrahydrothiophene, diethyl sulfide, tetrahydrothiopyran
Alcohols 127 1-butanol, cyclooctanol, D-glucitol

Amides 29 acrylamide, N-methylformamide, acetanilide

(Iso)Nitriles 28 butanenitrile, benzylcyanide, 1,5-dicyanopentane
Sulfoxides & Sulfonyls 14 dipropylsulfoxide, ethyl isopropyl sulfoxide, dipropyl sulfone
Water 1 water

Table 3. Explanations for sub-family abbreviations.

symbol / abbreviation explanation

+ combinations, e.g. Alkanes+Cyclic: hydrocarbons formed by chains and rings
_ more combinations are allowed, e.g. Alkane_Cyclic: chains and rings are allowed in a family
chain functional group on a chain

ring functional group on aring

conj conjugated double bond

noconj non conjugated double bond

_aromat functional group on an aromatic

prim, sec, tert functional group is primarily, secondarily, tertiary arranged

single only one functional group

X more than one functional group

intra direct intramolecular interaction, e.g. hydrogen bridge bond in ethandiol
nointra no direct intramolecular interaction between two functional groups

& or, e.g. ring&chain: family with rings or chains




Table 4. y;* error comparison, distinguishing between all data, non-aqueous and aqueous data; the errors are converted
from natural logarithm and given in relative terms.

COSMO-SAC10 COSMO-SAC-dsp UNIFAC mod.UNIFAC(DO)

data points 29,173 29,173 29,173 29,173

8/% -17.30 -1.00 -29.53 -20.55

all data min. error / % -99.26 -98.98 -100.00 -99.94
max. error / % 13.26-108 82.03-107 32.36-107 13.59-10%0

|5] /% 95.42 85.89 73.33 58.41

data points 23,816 23,816 23,816 23,816

non-aque- 8/% -29.53 -18.13 -24.42 -10.42

ous data min. error / % -99.26 -98.98 -99.10 -98.53
(81.6%)  max. error /% 49.91:102 56.40-102 32.36:107 88.75:10!

|8] /% 78.60 64.87 49.18 27.12

data points 5,357 5,357 5,357 5,357

aqueous 8/% 66.53 120.34 -49.84 -52.76

data min. error / % -99.22 -98.39 -100.00 -99.94
(18.4%) max. error / % 13.26-108 82.03-107 15.79-10¢6 13.59-10%0

8] / % 194.47 203.44 232.01 305.52

Table 5. Mean absolute deviations for all isothermal and isobaric VLE data.

isothermal VLE isobaric VLE
15],/% 18],/% 5],/ |8, /%
COSMO-SAC10 6.34 211 1.77 2.46
COSMO-SAC-dsp 5.72 1.98 1.74 2.46
UNIFAC 5.29 1.95 1.69 2.39
mod. UNIFAC(DO) 3.88 1.45 1.37 1.91

Table 6. VLE error comparison, distinguishing between all data, non-aqueous and aqueous data.

COSMO-SAC10 COSMO-SAC13dsp  UNIFAC mod.UNIFAC(DO)
data points 139,921 139,921 139,921 139,921
Il dat min. error / % 0 0 0 0
atdatd  ax.error/%  741.28 946.60 396.18 399.20
1Al /% a.77 4.63 4.47 3.51
non-aque- data points 125,888 125,888 125,888 125,888
ous dqata min. error / % 0 0 0 0
(90%) max. error / % 152.06 257.87 152.14 180.32
) |Al /% 4.37 4.25 4.30 3.30
data points 14,033 14,033 14,033 14,033
aqueous min. error / % 0 0 0 0
data (10%) max. error /% 741.28 946.60 396.18 399.20
Al /% 8.36 8.00 5.98 5.41
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Figure 1. Mean absolute deviation |3| (eq. 10) for infinite dilution activity coefficients of all main-family combinations for COSMO-
SAC-dsp (top) and mod. UNIFAC(DO) (bottom); color index: e || < 0.1 (10.5%); e |8] 0.1-0.5 (10.5-64.9%); e || 0.5-0.9 (64.9-
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SI 1. Classification details

This section gives details on the chemical family classification which was applied in this work. In classical
chemistry, substances are categorized into chemical families due to common molecular properties. Such a
classification strengthens and simplifies the study of different substances. Molecular species may belong to a variety of
families, depending on the chosen properties for their classification. Thermodynamic properties are strongly influenced
by the molecular electron distribution, which is also the origin for the formation of functional groups [1]. Because very
large data sets were considered in this work, a MATLAB (version 2013) program was created to analyze and visualize
the results. All figures presented in this work were generated by that program. The classification program contains a
tree structure for all considered chemical families and each chemical main-family has two sub-family levels. Initially,
all substances were classified into main-families and their sub-families. Note that one substance may belong to more
than one family due to its functional groups. The basis for the classification was an already existing family structure
defined by DDB. It classifies 29,357 (60 %) of all 48,952 chemical species contained in DDB according to functional
groups into main-families and sub-families [2]. This detailed classification was used here as a basis, however, it was
simplified to a smaller number of main-families for a better overview. Furthermore, only DDB families that contain
any of the 2,295 molecules for which COSMO-files are available in the UD-databank were applied. Tables 2, T.1 and
T.2 show the present main-family structure together with their DDB-defined families. Table 2 lists 27 main-families,
which contain substances that are part of the UD-database (COSMO-files). However, only 16 main-family
combinations are shown in Figures 1 and 4 because the y;* and VLE data were filtered and only mixtures to which all
four methods could be applied were presented. Table T.2 lists further relevant defined main-families for the MATLAB
program, however, they were not applied because they do not contain UD-database substances. Table T.3 shows the 27

main-families with their sub-families (if existing) on the first and second level.



SIII. MATLAB program

In the following, the procedure of the MATLAB (version 2013) program is described. First, a pure substance data
list was generated. This list contains information on substance name, DDB number, DDB family code, molecular
surface area and molecular volume of all 2,295 molecules. The molecular surface area is used by the analysis program
to examine the error distribution over the mixture asymmetry. In the next step, through the DDB family code, all
substances are classified into main-families and their sub-families. Table T.4 shows such a sub-family structure as an
example for the main-family Alcohols (cf. Table 3 for an explanation of the sub-family abbreviations). Next, the
classified substance data are connected with binary mixture combinations of the y;* and VLE data. These data contain
the errors of all binary mixtures (each mixture has its own ID number) for COSMO-SAC10, COSMO-SAC-dsp,
UNIFAC and mod. UNIFAC(DO). Finally, different analysis programs sample the y; and VLE data with respect to
the accuracy of each method. Consequently, an analysis structure is introduced to evaluate the COSMO-SAC10 and
COSMO-SAC-dsp models. For the interested reader, it is possible to analyze the data in full detail according to the
main- and sub-families. E.g., if a method would perform inadequately on the chemical main-family combination
Alcohols + Amides, it can be studied in more detail explicitly. Therefore, the MATLAB program will give mean errors
for two levels of sub-family combinations. In addition, the error distribution will be given for any chosen combination.
Thus, it can be studied which functional groups cause large errors of a model.
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SI 111. Additional tables and figures

Table T.1. Main-family structure that was utilized here with their DDB-defined families; roughly sorted in the
order of ascending polarity.

main-family containing DDB family codes

Gases 316, 315, 317, 319, 320, 322, 323, 324, 325, 327, 328, 330, 331, 332

Multifunctionals 502, 509, 513, 516, 519, 522, 525, 528, 531, 534, 538, 543, 548, 549, 552,
556

OtherNitrogens 235, 236, 245, 305, 275

Alkanes 12

Alkenes 21

Allenes 29

Ketenes 335

Alkynes 26

Aromatics 49, 255, 309, 336, 337, 4

Carbonates 341, 342, 343

Epoxies 312

Esters 138

Halogenated hydrocarbons 30, 31, 32, 34, 36, 37, 38, 39, 40, 41, 42, 43, 44

Halogens 51,53

Ethers 151

Peroxy (no acids) 159

Acids 50, 52, 111, 121, 125, 158, 370, 222, 334

Anhydrides 102

Amines 162, 186

Carbonyls 85, 97

Thiols 364

Thioethers 366

Alcohols 84

Amides 223

(Iso)Nitriles 271

Sulfoxides & Sulfonyls 365

Water 313




Table T.2. Defined but empty main-families (in terms of the UD-database).

main-family containing DDB family codes
Carbamates 351
Urea 350
Imides 211
Amine_Halogen_Salts 453
AromaticAcidSalts 124
Carboxylates 118
Formiates 126

Table T.3. Main-family structure with their two levels of sub-families; empty lines do not have sub-families.

main-families sub-families (level 1) sub-families (level 2)

Gases

Multifunctionals

OtherNitrogens N-N Nitrogen
N=N N-N_chain
_-N=_ N-N_ring
_-O-N N=N_chain
Cyanate N=N_ring

_-N=_chain_noconj
_-N=_ring_noconj
Carboimide(-N=)
_-N=_conj
Amidine(-N=)
Guanidine(-N=)
Oxim_all(-O-N)
Nitroso_all(-O-N)
Nitro_all(-O-N)
Nitrat_all(-O-N)
Alkoxy_all(-O-N)
HO-N

_-O-N

Alkanes Alkane_chain
n-Alkane
Alkane_cyclic
Alkane+Cyclic
Alkane+Aromatic

Alkane+Cyclic+Aromatic

Alkenes Alkene_ring Alkene_chain_noconj

Alkene_noconj
Alkene_conj

Alkene_chain

Alkene_chain_conj
Alkene_ring_noconj

Alkene_ring_conj

Allenes

Allene_chain

Allene_ring




Ketenes

Alkynes Alkyne_chain(noconj)
Alkyne_ring(noconj)
Alkyne_conj
Aromatics Halogene_on_aromatics Halogen(F)_on_arene
_-N-_in_arom Halogen(Cl)_on_arene
Phenol(Arene+OH) Halogen(Br)_on_arene
O_in_arom_single Halogen(l)_on_arene
xO_in_arom _-N(+)-(Halogene)_in_arom
Aromatics(pureAlkaneBased) N-C_in_arom_single
N-H_in_arom_single
Phenol_single
xPhenol
xPhenol_neighbor
Aromatics(pureAlkaneBased)
O_in_arom_single
xO_in_arom
Carbonates Carbonate_halogene
Carbonate_chain
Carbonate_ring
Carbonate_onlyhalogene
Epoxies Epoxy_single
XEpoxy
Esters Ester_nointra Ester_formic_single

Ester_intra

Ester_chain_single
Ester_ring_single
xEster_nointra
Ester_on_aromat
Ester_aromat
Ester_conj

Ester_1,3

Halogenated hydrocarbons

F+H+C(single_bonds)(lev1)
F+C(single_bonds)(levl)
Cl+H+C(single_bonds)(lev1)
Br+H+C(single_bonds)(levl)
1+C(single_bonds)(lev1)
F+Cl+H+C(single_bonds)(lev2)
F+Cl+C(single_bonds)(lev2)
F+Br+H+C(single_bonds)(lev2)
F+Br+C(single_bonds)(lev2)

Cl+Br+H+C(single_bonds)(lev2)

Cl+Br+C(single_bonds)(lev2)

F+Cl+Br+H+C(single_bonds)(lev3)
F+Cl+Br+C(single_bonds)(lev3)

Halogens

(F_or_Cl_or_Br_or_l)

Interhalogen




Ethers Ether Ether_chain_single
Acetal Ether_ring_single
xEther
Ether_on_aromat_single

Hemiacetal_chain

Lactol
Acetal
Orthoester
Peroxy (no acids) Hydrogenperoxyd
Hydrogenperoxy
Peroxy
Acids Halogenic_acid(F_or_Cl_or_Br_or_I_-_H)  Halogenic_acid(F_or_Cl_or_Br_or_|_-_H)
Halogene_oxoacid(XOOOH) Halogene_oxoacid(XOOOH)
Carboxylic_acid(COOH) Carboxylic_acid_nointra_single
Aromatic_acid xCarboxylic_acid_nointra
Formic_acid xCarboxylic_acid_intra_conj
Peroxy_acid(COOOH) xCarboxylic_acid_intra_1,3
Sulfonic_acid Aromatic_acid_single
Imidic_acid xAromatic_acid
Acylhalide(Acid_with_halogene) Formic_acid
Peroxyacid
Peroxyacid_ester
Lactime_ring(ImidicAcid)
xAmide(ImidicAcid)
ImidicAcid_chain
ImidicAcid_ester_chain
ImidicAcid_ester_ring
Imide(ImidicAcid)
Sulfinic_acid
Sulfonic_acid
Sulfonic_acid_on_arom
Acylhalide(Acid_with_halogene)
Anhydrides Anhydride_chain

Anhydride_arom
Anhydride_conj

Amines Ammonia(NH3) Ammonia
Amine_ring Amine_prim_single
Amine_chain Amine_prim_arom_single
Amine_prim Amine_sec_chain_single
Amine_sec Amine_sec_ring_single
Amine_tert Aziridne
Amine_arom Amine_sec_arom_single
xAmine_chain&ring Amine_tert_chain_single

Amine_tert_ring_single
Amine_tert_aromate_single
xAmine_chain&ring

xAmine_arom




Carbonyls

Carbonyl_nointra
Carbonyl_intra

Formaldehyde

Aldehyde_single
Ketone_chain_single
Ketone_ring_single
xCarbonyl_noconj
Carbonyl_conj
Carbonyl_Arom
Diketone_1,3
Formaldehyde

Thiols Thiol_aliph_single
xThiol_aliph
Thiol_on_arom_single
xThiol_on_arom
Thioethers Thioether_chain_single
Thioether_ring_single
xThioether
Thioether_arom
Alcohols Methanol Methanol
Alcohol_nointra_single Alcohol_chain_single
xAlcohol_intra Alocohol_ring_single
xAlcohol_nointra Alocohol_sec_single
Alcohol_tert_single
xAlcohol_intra_chain(1,2)
xAlcohol_intra_chain(1,3)
xAlcohol_intra_ring(1,2)
xAlcohol_intra_ring(1,3)
Enol
Diole_nointra
Triole_nointra
Amides Amide_chain_all Amide_prim
Amide_ring_single Amide_sec
Amide_ring_conj Amide_tert
Amide_aromat Amide_chain
Amide_on_aromat Amide_chain_conj
Amide_ring_single
Amide_ring_conj
prim_Amide_arom
sec_Amide_arom
tert_Amide_arom
ring_Amide_arom
sec_Amide_on_arom
tert_Amide_on_arom
(Iso)Nitriles Nitril CN_single
Isocynanid xCN
CN_conj

CN_arom_single
XCN_arom

Cyanhydrine



Cyanamine
Isocyanid_single
xlsocyanid
Isocyanid_on_arom_single

xlsocyanid_on_arom

Sulfoxides & Sulfonyls Sulfoxide

Sulfonyl

Water

Table T.4. Sub-families of the main-family Alcohols.

main-family sub-families (level 1)

sub-families (level 2)

Methanol

Methanol

Alchol_nointra_single

Alcohol_chain
Alcohol_ring
Alcohol_sec

Alcohol_tert

Alcohols

xAlcohol_intra

xAlcohol_intra_chain(1,2)
xAlcohol_intra_chain(1,3)
xAlcohol_intra_ring(1,2)
xAlcohol_intra_ring(1,3)

Enol

xAlcohol_nointra

Diol
Triol
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Figure S.1: Mean absolute deviation |3| (eqg. 10) for infinite dilution activity coefficients of all main-family
combinations for COSMO-SAC10; color index: e |5] < 0.1 (10.5%); e || 0.1-0.5 (10.5-64.9%); e |§| 0.5-0.9
(64.9-146.0%); || 0.9-1.3 (146.0-266.9%); e || > 1.3 (266.9%); size index - number of data points:
o < 10; 011-50; O51-150; O151-300; O > 300.
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Figure S.2: Mean absolute deviation |<S_| (eqg. 10) for infinite dilution activity coefficients of all main-family
combinations for UNIFAC: color index: e |§] < 0.1 (10.5%); e |8| 0.1-0.5 (10.5-64.9%);  |§| 0.5-0.9 (64.9-
146.0%); o |8| 0.9-1.3 (146.0-266.9%); e |8| > 1.3 (266.9%); size index - number of data points:
o < 10;011-50; O51-150; O 151-300; O > 300.
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Figure S.3: Combined mean absolute deviation |A| (eq. 17) of all main-family combinations for COSMO-
SAC10; component 1 is low boiling and component 2 is high boiling; color index: e |A| < 1 %; e |A| 1-3 %;
e |A] 35 %; e |A] 510 %; e |A] = 10 %; size index - number of data points:
o <10;011-50; O 51-150; O151-300; O > 300.
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Figure S.5: Mean absolute deviation |5| (eqg. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for COSMO-SAC10 (first level); color index: e |5| < 0.1 (10.5%);
o |8] 0.1-0.5 (10.5-64.9%); o |8| 0.5-0.9 (64.9-146.0%); o || 0.9-1.3 (146.0-266.9%); e || = 1.3
(266.9%); size index - number of data points:o < 10;011-50; O 51-150; O151-300; O > 300.
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Figure S.6: Mean absolute deviation |S| (eq. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for COSMO-SAC-dsp (first level); color index: e |3| < 0.1 (10.5%);
e |8] 0.1-0.5 (10.5-64.9%); e || 0.5-0.9 (64.9-146.0%); * |5| 0.9-1.3 (146.0-266.9%); e |§| > 1.3
(266.9%); size index - number of data points: o < 10; 011-50; O 51-150; O 151-300; O > 300.
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Figure S.7: Mean absolute deviation |5_| (eq. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for UNIFAC (first level); color index: e |8| < 0.1 (10.5%); e || 0.1-0.5
(10.5-64.9%); o | 8] 0.5-0.9 (64.9-146.0%);  |§| 0.9-1.3 (146.0-266.9%); ® |§| > 1.3 (266.9%); size index
- number of data points: o< 10;0 11-50; O 51-150; O 151-300; O > 300.
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Figure S.8: Mean absolute deviation |5_| (eq. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for mod. UNIFAC(DO) (first level); color index: e |3| < 0.1 (10.5%);
e |8] 0.1-0.5 (10.5-64.9%); o |§| 0.5-0.9 (64.9-146.0%); e |&| 0.9-1.3 (146.0-266.9%); e |5| > 1.3
(266.9%); size index - number of data points:o < 10;0 11-50; O 51-150; O 151-300; O > 300.
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Figure S.9: Mean absolute deviation |5_| (eqg. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for COSMO-SAC10 (second level); color index: e |3| < 0.1 (10.5%);
e |8] 0.1-0.5 (10.5-64.9%); e |8 0.5-0.9 (64.9-146.0%); e |§| 0.9-1.3 (146.0-266.9%); e || > 1.3
(266.9%); size index - number of data points: o < 10;0 11-50; O 51-150; O 151-300; O > 300.
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Figure S.10: Mean absolute deviation |5_| (eq. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for COSMO-SAC-dsp (second level); color index: e |3| < 0.1 (10.5%);
e || 0.1-0.5 (10.5-64.9%); e |§| 0.5-0.9 (64.9-146.0%); e |8| 0.9-1.3 (146.0-266.9%); o [§| > 1.3
(266.9%); size index - number of data points: o < 10;0 11-50; O 51-150; O 151-300; O > 300.
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Figure S.11: Mean absolute deviation |5_| (eqg. 10) for infinite dilution activity coefficients of the sub-family
combination Alkanes + Alcohols for UNIFAC (second level); color index: e |8 < 0.1 (10.5%); o |5| 0.1-0.5
(10.5-64.9%); e |8] 0.5-0.9 (64.9-146.0%); © | 8| 0.9-1.3 (146.0-266.9%); ® |8| > 1.3 (266.9%); size index -
number of data points: o < 10; 011-50: O 51-150; O 151-300: O > 300.
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Figure S.12: Mean absolute deviation |(§| (eq. 10) for infinite dilution activity coefficients of the sub-family

combination Alkanes + Alcohols for mod. UNIFAC(DO) (second level); color index: e |3| < 0.1 (10.5%);
e |8] 0.1-0.5 (10.5-64.9%); e |8| 0.5-0.9 (64.9-146.0%);  |§| 0.9-1.3 (146.0-266.9%); e [§| > 1.3
(266.9%); size index - number of data points: o < 10;011-50; O 51-150; O 151-300; O > 300.
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Figure S.13: y;* error distribution over the ratio of the molecular surface area for COSMO-SAC10.
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Figure S.15: VLE pressure error distribution over the ratio of the molecular surface area for COSMO-SAC10.
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Figure S.18: VLE pressure error distribution over the ratio of the molecular surface area for COSMO-SAC-dsp.
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Figure S.21: VLE pressure error distribution over the ratio of the molecular surface area for UNIFAC.
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Figure S.23: VLE vapor mole fraction error distribution over the ratio of the molecular surface area for

UNIFAC.
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Figure S.24: VLE pressure error distribution over the ratio of the molecular surface area for mod.

UNIFAC(DO).
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Figure S.26: VLE vapor mole fraction error distribution over the ratio of the molecular surface area for mod.

UNIFAC(DO).
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