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ABSTRACT: In the present study predictive thermodynamic models including original
UNIFAC, Dortmund-modified UNIFAC (UNIFAC-DMD), NIST-modified UNIFAC (NIST-
UNIFAC), and COSMO segment activity coefficient (COSMA-SAC) were used to predict the
phase equilibrium of binary and ternary mixtures relevant for the description of fast pyrolysis
bio-oils. A total of 3371, binary vapor-liquid equilibrium (VLE) isothermal or isobaric data sets
were used to study the predictive power of the investigated models. Based on the obtained
deviation for VLE of binary mixtures, the NIST-UNIFAC is recommended for class I mixtures
(including bio-oil and non-bio-oil molecules), while the COSMO-SAC model is suggested for
class II mixtures (bio-oil molecules). In sequence, 62 available ternary vapor-liquid equilibrium
(VLE) isobaric data including bio-oil related and non-bio-oil molecules were used to investigate
the models. Results showed that both the UNIFAC-DMD and NIST-UNIFAC provide the lowest
deviation compared to UNIFAC and COSMO-SAC. Also, the COSMO-SAC model requires a
large CPU time (51 minutes) for 62 ternary systems, while the NIST-UNIFAC with a CPU time
of 13.2 seconds is the fastest activity coefficient model. To further compare the models ability,
125 binary LLE systems with 850 binary data sets and 2543 data points were gathered from the
literature. In terms of CPU time, the group contribution models are of the order of seconds, but
the COSMO-SAC model is of the order of hours (1.91 hrs). Also, the NIST-UNIFAC model
provides the lowest deviation (with a slight difference from the UNIFAC-DMD model)
compared to other models. In many cases, the COSMO-SAC model cannot predict the phase
split of binary LLE data. Finally, 157 ternary combinations with 276 experimental ternary LLE
data were collected and the results show that the UNIFAC-DMD and NIST-UNIFAC are the
models with the lowest deviation. In summary, according to the obtained results in VLE systems

for the bio-oil-related molecules with polar and complex structures, the group contribution
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models should be used with more investigation, and the COSMO-SAC model is not

recommended for LLE systems at all.
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1. INTRODUCTION

The current global landscape in terms of energy and chemical consumption presents humanity
with significant challenges. Two key issues are the depleting reserves of fossil fuels and the
ongoing global warming. To address these challenges, there is a growing commitment to achieve
carbon neutrality by 2050, which underscores the need to shift away from relying on fossil fuels
and move towards an economy centered on renewable resources. This shift is further emphasized
by the fact that global energy consumption has increased notably over the past decade, in
contrast to the declining availability of fossil fuel reserves. One promising approach that has
emerged over the past few decades is the concept of a biorefinery.! There are many biorefinery
concepts, and one can be based on fast pyrolysis, where biomass is efficiently converted into bio-
0il.>* During fast pyrolysis, biomass undergoes non-selective, thermochemical reactions, leading
to the formation of a wide range of organic chemical species. The condensation of these vapors
ultimately gives rise to a liquid product commonly referred to as bio-oil or pyrolysis-oil. This
bio-oil is a complex mixture, featuring a multitude of oxygenated species such as water,
alcohols, sugars, acids, aldehydes, ketones, pyrans, low-molecular-weight (LMM) lignin, and
high-molecular-weight (HMM) lignin derivatives.*> To improve the quality of the bio-oil, e.g.
by reducing oxygen content and reactivity, catalytic upgrading® is sometimes employed. This
upgrading process can take place either in situ within the fast pyrolysis reactor or ex sifu in a
separate reactor downstream of the fast pyrolysis reactor.”®

The current use of fast pyrolysis bio-oil (FPBO) is primarily as fuel for industrial-scale boilers. It
is also possible to co-process FPBO in existing oil refineries, directly increasing the share of
renewable carbon in their product range of fuels and chemicals.” Another alternative is to use
FPBO as fuel for a centralized gasifier to produce synthetic fuels e.g. via Fischer-Tropsch
synthesis.!%!3 In order to target higher-value applications, the separation and purification of bio-

oil components become pivotal'* However, separating chemicals from such a complex mixture,



especially when they exist at low concentrations, presents formidable challenges.!> !¢

Consequently, the effective design of separation processes, necessitates the availability of
thermodynamic data, particularly data related to phase equilibria.!” Because of the high cost of
the experimental work and also the nature of bio-oil-related molecules (molecules with high
melting points for vapor-liquid equilibrium study), the availability of experimental phase
equilibria data is limited. Therefore, thermodynamic models are an alternative to experimental

research to reduce costs and save time.'® °

Various Gibbs free energy models have been
developed for phase equilibria calculations of polar and complex mixtures, including correlative,
predictive, and pure predictive models. Notably, the Wilson,?® NRTL,?! and UNIQUAC?? models
are well-established correlative Local Composition models. These models, relying on the
specific components within a mixture, require experimental data to fine-tune their binary
interaction parameters. Local Composition models are recommended when experimental data is
available, but for » number of components, they require nx(n-1)/2 binary interaction parameters
and also the experimental pair data. In lack of experimental data, predictive models such as
Analytical Solutions of Groups (ASOG), UNIQUAC Functional Group Activity Coefficients
(UNIFAC),?* UNIFAC-DMD,?**? NIST-modified UNIFAC,*® and NRTL functional activity
coefficient (NRTL-FAC)3! 32 are used. Although these models are called predictive, the group-
group interaction parameters, first, are fitted to many experimental data. Besides, the quality of
the used experimental data is very important for both local composition and predictive models.
So, when there is a limited set of experimental data, the results of these models must be used
with caution. In this case, purely predictive models based on quantum chemical principles, like
Conductor like Screening Model for Real Solvents (COSMO-RS)* and COSMO-segment
activity coefficient (SAC)** serve as viable alternatives.

The present study aims to evaluate the predictive power of the original UNIFAC, UNIFAC-
DMD, NIST-UNIFAC, and COSMO-SAC models for calculation phase equilibria of bio-oil
related components using a large set of binary and ternary vapor-liquid equilibrium (VLE) and
binary and ternary liquid-liquid equilibrium (LLE) experimental data. Guidance for users to
choose adequate phase equilibrium models is provided in consequence, which is the basis for
designing unit operations in biorefinery plants. At the same time, important shortcomings are

outlined to further advance the field.

2. METHOD



2.1. Models

In the present research the original UNIFAC?, UNIFAC-DMD,' and the NIST-UNIFAC?°
models are applied as predictive activity coefficient models to investigate their prediction power.
Although the details of these models can be found in the literature, a summary of these models
will be given here. The activity coefficient of component 7 (y;) in a mixture is divided into two
parts, including combinatorial and residual. The former is due to the differences in shape and
size of the molecules in the mixture, while the latter is due to the differences in intermolecular

interactions relative to their pure components. So, y; is expressed as:
C, yes
V=Y (0

Here %-C, and 7/ stand for the combinatorial and residual parts of the activity coefficient,

respectively. The combinatorial part of the original UNIFAC? is:
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Here, x; is the mole fraction of the component i in the liquid phase. @; and 6, are molecular

volumes and surface fractions, respectively, and expressed as:
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Here 7, and ¢, respectively, are molecular volume and surface that are calculated from the group

volume (Ry) and area (Qk) parameters:
r= ZU,iRk (5)
x
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U,i stands for the number of group & in molecule i. The values of Rx and QO are calculated from

the Bondi method. The coordination number Z is set equal to 10 and is consistent with the
coordination number of molecules in the liquid phase. The residual part of the activity coefficient

1S:
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I', is the activity coefficient of group k at the solution composition, and rl,; is the activity

coefficient of group £ in the pure component i. In this model, the interaction parameter between

the main groups (z;) is expressed as:

[, —exp [‘FJ ®)

where a; has been regressed using experimental VLE data. The UNIFAC-DMD' and NIST-
UNIFAC?° models have the same formulation, but with different experimental data to regress the
interaction parameters. So, these two models have different values for interaction parameters.

The combinatorial part of these models is given as:
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Also, these models include a temperature dependency of the interaction parameters as follows:

a; +b,T+c,T*
7, =exp 7 (an

The values of R; and Oy in these two models are obtained via regression of the experimental data.



The COSMO-RS method was developed by Klamt>* and is based on the molecular orbital
continuum solvation models. The COSMO-SAC model, then, was developed by Lin and Sandler
based on the COSMO-RS model.** This model performs superior to the COSMO-RS model for
almost all phase equilibria data types.>* In consequence, this study focuses on COSMO-SAC as a
pure predictive model, which will be introduced in the following. This model uses individual
atoms as the building blocks for predicting phase equilibria instead of functional groups in the
group contribution models. Only the chemical structure of the molecules is needed to apply the
model. So, the COSMO-based models provide a considerably larger range of applicability than
group-contribution methods. Although the formulation of the combinatorial term for the activity

coefficient is almost as the original UNIFAC method, the values of 7; and ¢g; are calculated as:

L

=5 (12)
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Here Vi, and A4; are the molecular volume, and molecular surface of component 7, respectively.
Ve, and Aepy, respectively, stand for the standard component volume and surface, and the values

are 66.69 A3 and 79.53 A2 The residual term of the activity coefficient is calculated as:**

A
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where I’ (O' ) is the segment activity coefficient of segment o, in solvent mixture, F,-(Gm) is

m

the segment activity coefficient of segment o, in componenti. py (O'n) stands for the sigma



profile of the solvent mixture, and pi(Gn) is the sigma profile of the component i. ¢ represents

the surface charge density and AW(O'm,O'n) is the exchange energy between segments m and n.

The percentage of average absolute relative deviation (%AARD) for pressure and temperature is
used to compare the predictive power of the original UNIFAC, UNIFAC-DMD, NIST-UNIFAC,
and COSMO-SAC models as:

Exp(i) __ A Pred(i)
%AARD(T):[H)O) [ 7o)
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Here NP stands for the number of data points, and Exp, and Pred are experimental and predictive

temperature or pressure, respectively.

2.2. Used molecules

A total of 200 molecules were used in this study; the molecules were divided into different
homologous including alkanes, cycloalkanes, alkenes, aromatics, aldehydes, esters, ethers,
amines, nitriles, carboxylic acids, alkyl halides, carbon disulfide, mercaptans, etc, and bio-oil
related molecules (water, alcohols, ketones, anisole, phenol, mequinol, etc). The name and CAS
number of the 200 studied molecules are given in supporting information 1. Anisole, Mequinol,
catechols, acetol, guaiacol, vanillin, syringol, syringaldehyde, acrolein, and linoleic acid are
some of the examples of the used bio oil-related molecules in this research. The chemical

structure of these molecules is shown in Figure 1.
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Figure 1: The chemical structure of the used bio-oil-related molecules

3. RESULTS and DISCUSSION



In this section, the results of the original UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and
COSMO-SAC for the VLE of binary and ternary mixture, distillation curve, and LLE of binary

and ternary mixture will be discussed.

3.1. Prediction of VLE for Binary Mixtures

The studied molecules for VLE prediction by the predictive models were classified into two

classes including class I (alkanes, cycloalkanes, alkenes, aromatics, alcohols, ketones, amines,

acids, chlorinated molecules, sulfur-containing molecules, nitrated molecules, halogenated)

molecules, and class II (bio-oil related) molecules.* The predicted results by the models were

compared with the experimental data. These data are categorized into isothermal data (variable

pressure data) and isobar data (variable temperature data). Bubble pressure calculation is carried

out for the former and bubble temperature calculation is done for the latter.

Table 1: The number of experimental isothermal or isobaric data sets used to study the predictive power of the
UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and COSMO-SAC models

Class NO. of isothermal or isobar used data set

Alkanes 54
Cycloalkanes 38
Alkenes 16

. . Aromatics 270
Halogenated molecules 484
Sulfur containing molecules 143
Nitrated molecules 194
Sundries molecules 92
Total data set 2926 (47.88%)
Alcohols 668
Ketones 551
Carboxylic Acids 93

II: Bio-oil molecules

phenol (32), anisole (43), mequinol (3), 1,2-
dimethoxybenzene (7), catechol (20), ethylene
glycol (75), guaiacol (16), acrolein (7), p-
cresol (35), 2-hydroxyethyl acetate (3),
isobutyric acid (7), diacetyl (16), m-cresol
(30), o-cresol (51), furfuryl alcohol (11), furan
(19), 2-methyl furan (20), y-valerolactone
(12), acetyl furan (4), 2,5-dimethylfuran (16),
2,4-xylenol (6), 2,6-xylenol (6), 3,4-xylenol
(1), 3,5-xylenol (5)

Total data set

445 (52.12%)

The deviation of four models based on the %AARD for pressure and temperature is

provided in



Table 2. Similar to Table 1, the results are categorized into two main classes. For binary mixtures
containing bio-oil and non-bio-oil molecules, the NIST-UNIFAC model provides the least
deviation, while the COSMO-SAC gives the most deviation. Also, the difference between the
deviation of the NIST-UNIFAC (%AARD in pressure=3.83, %AARD in temperature=0.30) and
UNIFAC-DMD models (%AARD in pressure=3.78, %AARD in temperature=0.32) are low
enough that it is not possible to distinguish between them (for non-bio-oil molecules). Based on
the obtained results, in about half of the systems, the NIST-UNIFAC performs better than the
UNIFAC-DMD model and vice versa. So, for these types of molecules, both the NIST-UNIFAC
and UNIFAC-DMD are recommended to be used in the conceptual design of processes. These
two models use a wide range of high-quality data in the interaction parameter optimization
procedure, including VLE, LLE, SLE, A%*, Cp®, etc. The original UNIFAC model has been fitted
by Fredenslund et al.* only to the VLE data set. The results of the models for bio-oil-related
molecules are very different. Based on the average deviation for both pressure and temperature,
the original UNIFAC model with %AARD in pressure=11.08 and %AARD in temperature=0.83
performs superior to the other three models. This model provides the best results in seven cases.
The NIST-UNIFAC model ranks second in terms of performance (%AARD in pressure=11.71
and %AARD in temperature=0.87). This model gives the lowest deviation in eight cases. The
UNIFAC-DMD model with %AARD in pressure=12.71 and %AARD in temperature=0.90 and
the lowest deviation in three cases ranks third. Although, based on the average deviation, the
COSMO-SAC gives the highest deviation, it provides the least deviation in six cases including
acrolein, diacetyl, o-cresol, furan, y-valerolactone, and 2,6-xylenol. No logical conclusion can be
made about which model is better, but these differences can be attributed to some reasons. First,

the number of experimental datasets that have been used in the tuning interaction parameters of
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the group contribution models is limited. So, the interaction parameters of the groups in class I1
are not as reliable as in class I. Second, the NIST-UNIFAC and UNIFAC-DMD have a larger
number of parameters than the original UNIFAC model leading to an overfitting of the
parameters with a potential negative effect on prediction results. In light of these, the COSMO-
SAC model with not have much difference compared to other models, and because only the
chemical structure is needed, is recommended to be used for the VLE of the binary mixture at
least containing one bio-oil (class II) molecule in the mixture. The accuracy of the COSMO-SAC
model for the predictions of the VLE may be improved by changing the molecular conformations

that are used to generate the o profiles.®

Table 2: Deviation of UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and COSMO-SAC based on the percentage
of average absolute deviation (%AARD) for pressure and temperature for binary VLE systems

UNIFAC UNIFAC-DMD NIST-UNIFAC COSMO-SAC
Class %AARD(P) %AARD(T)  %AARD(P)  %AARD(T)  %AARD(P) %AARD(T) %AARD(P) %AARD(T)
Alkanes 1.29 0.11 1.18 0.10 1.17 0.10 1.35 0.11
Cycloalkanes 1.29 0.11 0.88 0.08 0.92 0.08 1.30 0.11
Alkenes 0.94 0.08 0.87 0.07 0.98 0.08 1.11 0.09
I: Including ~ Aromatics 1.72 0.14 1.42 0.12 1.53 0.13 2.22 0.18
non-bio-oil  Amines 5.41 0.53 3.52 0.40 3.63 0.32 7.30 0.70
molecules Halogenated molecules 3.84 0.33 2.86 0.25 2.80 0.25 7.44 0.67
Sulfur containing molecules 6.37 0.51 5.95 0.51 5.18 0.42 13.12 1.12
Nitrated molecules 11.25 091 10.93 0.78 8.72 0.81 14.47 1.39
Sundries molecules 10.23 0.94 6.42 0.53 9.50 0.50 5.68 0.48
Average 4.70 0.41 3.78 0.32 3.83 0.30 6.00 0.54
Alcohols 5.15 0.38 4.13 0.28 3.55 0.27 9.42 0.75
Ketones 4.46 0.41 3.54 0.34 4.27 0.35 6.26 0.53
Carboxylic Acids 9.34 0.67 7.70 0.59 6.02 0.44 11.2 0.92
Phenol 4.06 0.34 4.16 0.35 4.82 0.47 8.20 0.79
Anisole 6.76 0.53 5.12 0.43 4.88 0.40 5.16 0.41
Mequinol 1.83 0.11 1.81 0.11 2.03 0.13 4.58 0.29
1,2-Dimethoxybenzene 6.17 0.44 13.32 1.13 9.19 0.78 21.63 1.95
Catechol 11.09 0.66 10.81 0.65 10.38 0.65 14.92 1.22
Ethylene glycol 19.47 2.27 17.44 2.11 17.00 2.11 21.33 2.53
Guaiacol 21.61 1.70 19.10 1.6 18.71 1.67 40.71 4.88
Acrolein 9.01 0.72 19.03 1.58 20.36 1.73 7.96 0.68
2-Hydroxyethyl acetate 11.31 0.67 26.85 1.47 17.95 1.02 32.46 4.01
1I: Bio-oil Isobutyric acid 5.27 0.37 5.18 0.37 4.45 0.31 11.28 0.78
molecules Diacetyl 27.49 1.46 34.52 1.81 33.12 1.75 3.44 0.28
p-Cresol 16.75 1.65 14.83 1.50 14.56 1.64 15.47 1.49
m-Cresol 5.87 0.50 4.78 0.40 5.26 0.46 7.21 0.59
0-Cresol 13.94 0.90 13.13 0.82 11.33 0.86 9.95 0.73
Furfuryl alcohol 11.68 0.64 15.98 0.81 15.67 0.79 12.95 0.99
Furan 44.49 2.98 51.63 233 51.86 2.46 41.08 2.07
2-Methyl furan 6.42 0.61 4.20 0.38 6.82 0.60 - -
y-Valerolactone 12.72 0.92 20.28 1.33 15.15 1.13 8.96 0.77
Acetyl furan 15.49 0.87 15.40 0.87 10.34 0.61 - -
2,5-Dimethylfuran 6.22 0.55 5.61 0.50 4.77 041 - -
2,4-Xylenol 11.37 1.39 12.47 1.70 11.49 1.53 15.83 2.20
2,6-Xylenol 2.94 0.20 3.36 0.23 3.15 0.22 2.29 0.16
3,4-Xylenol 0.61 0.05 0.95 0.08 1.17 0.10 1.03 0.08
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3,5-Xylenol 7.73 0.53 7.81 0.54 7.74 0.53 - -
Average 11.08 0.83 12.71 0.90 11.71 0.87 13.62 1.27

Figure 2 shows the %AARD in pressure of the four UNIFAC, UNIFAC-DMD, NIST-UNIFAC,
and COSMO-SAC models for all the used molecules in the binary VLE study. As is shown, the
%AARD of all models is low enough for alkanes cycloalkanes, alkenes, and aromatics. This is
due to the ideal/nearly ideal and moderate deviation systems from Raoult’s law. The %AARD
for the bio-oil-related molecules is given on the right-hand side of Figure 2, and as is shown
deviation of the all four models almost for all studied molecules, particularly for furans, is higher
than the non-bio-oil-related molecules. The reason for these results is given previously and here

the results are shown graphically.
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Figure 2: The %AARD in pressure of the four UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and COSMO-SAC models for all the used
molecules in the binary VLE study
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3.2. Prediction of VLE for Ternay Mixtures

Of the 200 molecules that are used in section 3.1 for the binary systems, to reduce the number of
three molecule combinations ((200x199x198)/6) only 75 bio-oil related molecules (supporting
information 2) were selected to be used in the ternary VLE calculation with 67525
((75%74%73)/6) possible combinations. To the best of our knowledge, of 67525 combinations,
only 74 ternary VLE systems with experimental data exist, but the quality of the 16 ternary
systems was not enough. So, only 62 combinations (with 79 VLE datasets) remained to test the
predictive power of the models for ternary VLE systems. Both bubble pressure and bubble
temperature were used in the calculations. Table 3 provides the deviation of UNIFAC, UNIFAC-
DMD, NIST-UNIFAC, and COSMO-SAC based on the percentage of average absolute deviation
for pressure (%AARD(P)) and temperature (%AARD(T)) for ternary VLE systems. In summary,
%AARD(P)=7.82 and %AARD(T)=0.67 for UNIFAC, %AARD(P)=5.81 and %AARD(T)=0.48
for UNIFAC-DMD, %AARD(P)=5.89 and %AARD(T)=0.49 for NIST-UNIFAC, and
%AARD(P)=10.48 and %AARD(T)=0.83 for COSMO-SAC were obtained. On the other hand,
the UNIFAC-DMD and NIST-UNIFAC have been found to provide the best results. The
COSMO-SAC as the pure predictive model gives the largest deviation (%AARD(P)=10.48 and
%AARD(T)=0.83) compared to the other three group contribution models. Figure 3 shows the
experimental®® data versus the predicted result by the COSMO-SAC and NIST-UNIFAC models
for n-hexane (1)+benzene(2)+isopropanol(3) ternary system at 101 kPa. As is shown the NIST-
UNIFAC model shows a good agreement between the experimental data while there is a large
deviation between the experimental data and the COSMO-SAC model. Although the COSMO-
SAC model has the largest average deviation, it has the lowest deviation for 12 systems

compared to the other three group contribution models. From the CPU time point of view, the
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COSMO-SAC model requires the largest time to run these 62 ternary combinations in Table 3,
so that it requires 51 minutes (CPU=Intel Core 19-12900k). In contrast, the UNIFAC, UNIFAC-
DMD, and NIST-UNIFAC have an average CPU time equal to 14.7, 16.0, and 13.2 minutes. So,
among these four models, the NIST-UNIFAC is the fastest model. It can be a challenging
problem for multicomponent systems, in particular when the model is coupled with highly non-
linear, thermodynamics, energy balance, mass balance, and other equations in process simulation
software. It should be noted that most of the available ternary systems (Table 3) are conventional

non-bio oil molecules so that the group contribution models provide the best results.
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Table 3: Deviation of UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and COSMO-SAC based on the percentage of average absolute deviation
(%AARD) for pressure and temperature for ternary VLE systems

UNIFAC ___ UNIFAC-DMD _ NIST-UNIFAC __ COSMO-SAC UNIFAC ___ UNIFAC-DMD _NIST-UNIFAC __ COSMO-SAC
=} < —~ —~ —~ —~ — —~ — —~ =} < — —~ —~ —~ — —~ —~ —~
2 kS =) =) =) ) =) =) =) =) 2 kS =) =) =) ) =) =) =) =)
< T = = o =
E g= < < < < < < < < E o% < < < < < < < <
S z S s S SN s S s S Z S s S S = = = =

1-2-3 37 2.71 0.25 2.43 0.23 1.81 0.17 7.90 0.73 10-11-12 14 3.43 0.25 3.18 0.23 3.33 0.24 4.78 0.34
1-2-6 38 0.87 0.08 1.17 0.11 0.86 0.08 3.46 0.33 10-11-15 96 6.43 0.48 6.69 0.50 6.73 0.50 7.8 0.56
1-2-10 7 1.21 0.10 0.81 0.07 0.94 0.08 7.84 0.71 10-12-15 19 1.28 0.09 1.16 0.08 1.30 0.09 3.27 0.23
1-2-12 56 1.18 0.11 0.78 0.07 0.71 0.07 6.47 0.62 10-13-15 125 3.16 0.23 3.15 0.23 3.19 0.23 7.04 0.48
1-2-13 56 1.61 0.13 0.98 0.08 0.86 0.07 10.94 0.94 10-14-15 31 6.89 0.52 6.00 0.49 7.76 0.65 9.77 0.85
1-2-18 15 6.65 0.68 332 0.44 3.06 0.38 2.29 0.27 10-15-24 25 4.44 0.33 2.66 0.20 2.60 0.19 3.51 0.26
1-10-15 45 3.04 0.24 2.59 0.22 2.42 0.20 5.84 0.48 10-15-31 61 35.68 2.85 12.52 0.98 17.60 1.37 11.31 0.86
1-12-15 42 6.81 0.59 6.91 0.66 7.43 0.70 7.99 0.69 10-15-68 37 4.13 0.30 5.34 0.39 5.32 0.38 8.30 0.57
1-15-17 47 11.66 1.05 1591 1.28 6.18 0.55 15.15 1.38 10-15-74 99 4.16 0.31 3.81 0.32 4.20 0.33 15.37 1.01
1-15-20 16 2.44 0.24 5.23 0.54 4.26 0.47 28.64 2.37 11-12-15 42 1.15 0.08 1.43 0.10 1.94 0.14 8.93 0.60
2-3-4 10 6.43 0.63 5.31 0.53 527 0.52 2.74 0.26 11-13-15 41 1.84 0.13 1.98 0.14 1.98 0.14 4.23 0.29
2-3-5 16 11.32 1.03 10.73 0.97 10.72 0.97 9.51 0.82 11-15-31 16 11.14 0.89 3.85 0.31 4.96 0.39 4.74 0.37
2-3-6 46 1.79 0.17 1.06 0.10 1.04 0.10 1.10 0.10 11-15-68 32 241 0.17 0.91 0.07 0.82 0.06 12.29 0.80
2-3-7 6 3.54 0.34 321 0.31 3.15 0.30 1.88 0.17 12-15-68 12 1.81 0.13 2.66 0.19 2.84 0.20 18.91 1.22
2-3-12 28 6.68 0.59 8.48 0.77 8.76 0.80 15.89 1.47 13-15-16 111 8.41 0.66 6.54 0.53 8.45 0.69 10.80 0.82
2-6-7 16 9.17 0.83 10.10 0.91 1022 0.92 13.20 1.16 13-15-31 16 11.23 091 2.89 0.24 6.77 0.52 6.58 0.48
2-9-16 67 2.32 0.19 0.52 0.04 2.43 0.20 12.15 1.08 14-15-16 42 9.93 0.82 14.16 1.34 15.22 1.47 18.96 1.94
2-10-15 60 6.50 0.48 2.67 0.21 2.74 0.21 8.82 0.70 15-16-20 30 6.94 0.54 6.80 0.55 8.10 0.65 10.48 0.90
2-13-15 12 8.19 0.59 2.08 0.16 1.92 0.15 5.48 0.42 15-16-24 110 8.27 0.71 5.56 0.47 9.23 0.80 7.02 0.59
2-20-21 37 3.02 0.27 2.97 0.27 6.85 0.58 4.27 0.37 15-19-20 10 13.28 0.90 9.03 0.67 11.13 0.78 40.97 2.51
3-10-15 27 8.84 0.61 4.88 0.36 5.20 0.38 431 0.32 15-19-68 10 10.06 0.78 6.25 0.49 2.13 0.16 19.64 1.30
3-10-17 32 6.59 0.52 5.40 0.43 3.79 0.30 10.54 0.90 15-20-21 65 14.21 1.00 11.81 0.86 10.37 0.76 16.16 1.12
3-12-15 43 9.22 0.64 3.00 0.24 2.90 0.22 7.40 0.52
3-13-15 34 10.34 0.70 4.65 0.34 4.56 0.33 4.57 0.32
3-15-68 45 45.41 2.45 30.75 2.14 30.73 213 30.97 1.86
6-15-20 37 15.89 1.14 19.91 2.12 22,53 237 13.96 1.24
7-8-23 5 18.78 593 221 0.33 7.03 0.84 30.35 3.97
9-10-11 45 4.42 0.32 3.24 0.24 3.33 0.25 3.33 0.24
9-10-13 28 7.56 0.54 3.19 0.23 2.92 0.21 4.96 0.36
9-10-15 199 19.7 1.47 5.94 0.44 5.13 0.38 10.57 0.77
9-10-16 91 4.76 0.36 1.65 0.13 0.35 0.03 4.79 0.39
9-11-13 12 0.71 0.05 3.68 0.28 3.79 0.29 1.08 0.08
9-11-15 54 5.79 0.44 3.12 0.23 2.43 0.18 5.72 0.40
9-11-16 15 5.28 0.41 3.06 0.25 0.99 0.08 4.33 0.36
9-12-15 11 5.63 0.43 4.20 0.3 3.37 0.24 6.09 0.43
9-13-15 62 6.48 0.48 11.9 0.85 10.13  0.72 19.17 1.32
9-13-16 19 8.59 0.67 4.19 0.34 1.05 0.09 12.38 1.03
9-15-16 295 20.46 1.59 26.03 2.00 233 1.78 24.68 1.97
9-15-20 28 8.66 0.62 7.03 0.52 8.03 0.59 12.02 0.85
9-15-74 93 4.28 0.34 6.54 0.51 6.27 0.47 16.10 1.10

Total average: %AARD(P)=7.82 and %AARD(T)=0.67 for UNIFAC, %AARD(P)=5.81 and %AARD(T)=0.48 for UNIFAC-DMD, %AARD(P)=5.89 and %AARD(T)=0.49 for NIST-

UNIFAC, and %AARD(P)=10.48 and %AARD(T)=0.83 for COSMO-SAC.
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Figure 3: The experimental®® data versus the predicted result by the COSMO-SAC and NIST-UNIFAC models for
n-hexane (1)+benzene(2)+isopropanol(3) ternary system at 101 kPa

3.3.Prediction of LLE for Binary Mixtures

To find the binary LLE data 200 non-bio-oil and bio-oil related molecules were searched to find
the experimental data. Finally, 125 binary systems (see supporting information 3) with 850
binary data sets and 2543 data points were gathered from the literature. Most of the systems form
upper critical solution temperature (UCST) at the studied temperature range, while the systems
of water+diisopropylamine, water+triethylamine, and water+n-propionaldehyde form lower
critical solution temperature (LCST). Among the studied systems, the binary LLE system of

water+methyl ethyl ketone (MEK) forms a phase envelope with UCST and LCST (Figure 4).
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The required CPU time for 125 binary systems for UNIFAC. UNIFAC-DMD, NIST-UNIFAC,
and COSMO-SAC are 17, 22, 22, and 6886 seconds (1.91 hrs). Although there is no significant
deviation in CPU time among the three group contribution models, the UNIFAC model is the
fastest with 17 seconds. The UNIFAC model cannot predict the phase split into two liquid phases
for the binary systems of 5-116 (2-methyl-pentane+nitrobenzene®’, Figure 5a), 12-87, 50-51, 51-
72, 51-87, 51-175, and 51-180 (red color cell in Table 4) while the experimental data show
binary liquid-liquid systems. Also, the UNIFAC model cannot accurately predict the temperature
dependency of the liquid phase mole fractions, in particular for systems where the liquid mole
fraction changes considerably in terms of temperature (water+methyl ethyl ketone (MEK)*3-46,
Figure 5b). Using the UNIFAC model, LCST was obtained for the systems 51-168 (water+p-
cresol*’:*8 Figure 5¢), 51-181, 51-182, 51-189, 51-190, 51-197, 51-192, and 51-191 while these
models have UCST. The percent of average absolute deviation (%AAD) for the UNIFAC model

for these 850 binary systems is 8.44.

e o
400 rWater+methyl ethyl ketone (MEK)
o [ ]

_ 380 ® ®
X 360 @ e
o ®
3340 1
©
Gé_ 320
@ 300

280 (4

59 )
260 | H *
240 : : :
0.2 0.4 0.6 0.8

Water mole fraction

Figure 4: The experimental®®4® binary LLE data for the system of water+methyl ethyl ketone (MEK)
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Figure 5: The experimental binary LLE data (e) and the predicted results by the UNIFAC model (==) for the system
of a) 2-methyl-pentane-+nitrobenzene,’” b) water+methyl ethyl ketone (MEK),*4¢ and ¢) water+p-cresol*’- 48

The UNIFAC-DMD model shows a better performance than the UNIFAC model with a %AAD
equal to 6.18. Also, this model cannot predict the phase split for the systems of n-hexane+
perfluorohexane (4-125), 2-methyl-pentane+nitrobenzene (5-116), n-heptane+perfluorohexane)*
(9-125, Figure 6a), 2,2,4-trimethylpentane+ nitrobenzene (15-116), water+acrolein (51-166), and
water+diacetyl (51-180). These systems are shown with green cells in Table 4. The UNIFAC-
DMD model accurately predicts the phase behavior from the UCST and LCST points

(water+methyl ethyl ketone*®*®, Figure 6b) and also the temperature dependency of the liquid

phase mole fraction (water+m-cresol*”->°, Figure 6c¢).
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Figure 6: The experimental binary LLE data (e) and the predicted results by the UNIFAC-DMD model (==) for the
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system of a) n-heptane+perfluorohexane,* b) water+methyl ethyl ketone (MEK),**¢ and c) water+m-cresol*’-*°

Based on the percent of average absolute deviation (%AAD) given in Table 4, the NIST-
UNIFAC model is the best model for the currently studied binary LLE systems, but similar to the
UNIFAC, and UNIFAC-DMD models, the NIST-UNIFAC model could not predict the phase
split (yellow color cell in Table 4) for 2-methyl-pentane+nitrobenzene (5-116, Figure 7a), n-
octane+ dimethylamine (12-87), 2,2 4-trimethylpentane+nitrobenzene (15-116),
toluene+perfluorohexane (29-125), water+diethylamine (51-79), water+dimethyl sulfide
(51+111), and water+diacetyl (51+180) binary LLE systems. Of the temperature dependency of
the liquid mole fractions, both can be predicted by the NIST-UNIFAC model (water+methyl

ethyl ketone***¢ (Figure 7a), and cyclohexane-methanol*# (Figure 7b)).
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Figure 7: The experimental binary LLE data (e) and the predicted results by the NIST-UNIFAC model (==) for the

system of a) 2-methyl-pentane-+nitrobenzene,’” b) water+methyl ethyl ketone (MEK),** and c) cyclohexane-
methanol’!: 52

The obtained results showed that the COSMO-SAC model with %AAD=12.46 cannot predict the
phase split for a significant number of the studied systems. So, the results for this model are not
provided in this section. Of particular interest is that none of the group contribution and pure

predictive models can predict the phase split of the binary LLE systems of 2-methyl-pentane+2-

nitropropane and water+diacetyl.
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Table 4: Percent of average absolute deviation (%AAD) in liquid phase mole fraction for the UNIFAC, UNIFAC-
DMD, NIST-UNIFAC, and COSMO-SAC models for binary LLE systems

a g a O &) o g a @] &) a g a O &)

Elele 2 2 % [E]|20e 2 £ & |2|2|e 2 £ %

12| ¢ z ¢ ElE|E < 2z ¢ El1EE < 2z ¢

el = < T E e = < y E o < 7 E

g 3 & = B ) g 3 = = = ) g B & = = %

S | z 2 8 S |os z 2 8 S |e z 2 S

Z Z z z S z

151 | 10 | 291 764 764 303 |6is| 13 | 611 220 300 3704 |s-72| 11 [BOMBE 475 634 2981
186 | 2 | 144 174 094 160 |17s1] 1 |o19 043 043 02 |s51-79] 14 |1486 1024 227 2233
187 | 2 | 587 1821 210 151 |is42| 55 |1157 778 368 2717 |siso| 3 |1228 1429 1562 11.59
251 | 5 o003 052 052 005 |1sa8] 8 |o022 030 030 024 |sis2]| 9o 1232 1558 1193 26.15
286 | 1 | 109 172 062 155 |1sss| 16 | 1.84 226 116 238 |si83] 1 |613 158 379 3948
442 | 47 |1210 831 662 2811 |18114] 21 | 296 189 124 273 |s1-86| 100 |21.58 21.17 2065 10.49
451 | 10 | 008 040 o040 o010 |is-1s| 3 |31.63 2483 2481 853 |s187| 14 813 7.79 33.65
486 | 15 | 764 500 629 773 2142 33 | 898 326 224 3142 |s5196| 4 | 107 104 195 224
4125 | 14 | 7.80 [HBEEN 10.00 - 2151 10 o012 013 013 015 |s197] 9 o009 o012 047 022
4126 | 11 | 878 2686 2222 - |21-144] 4 9121 3320 4038 975 |s198| 13 | 030 036 035 1147
4156 9 o018 024 098 072 |2351] 3 |o068 070 082 0.13 |s-t0] 4 | 411 078 075 416
4a83| 1 |1574 251 493 1526 |24t 1 | 100 052 048 008 |st-io1] 3 |829 537 576 147
sa2 | 3 |1436 1073 991 1234 |24-113] 2 [ 296 139 098 4561 |si-ui1] 17 |48.94 19.78 4885 0.84
sst| 2 o002 026 026 001 |2851| 70 | 213 085 085 218 |si-u1s| 25 [1.02 199 168 1.69
st | 22 1379 1381 |2888| 4 |655 340 218 2591 |s-136] 2 | 239 220 1.02 123
642 | 3 [2253 1783 1645 17.83 |28-156] 6 | 500 411 202 1138 |si-i49] 11 | 569 240 230 3455
651 | 2 o002 026 026 001 |20-51| 68 | 341 179 177 323 |s-150] 9 1148 151 133 065
751 | 5 o001 025 025 002 |20-125] 1 | 163 11.98 4885 - si-151] 24 | 1297 995 619 1732
783 | 2 |21.02 214 071 1364 |29-156] 45 | 1.89 166 1.10 641 |si-152] 28 [17.99 225 282 4451
gst | 2 002 026 026 001 |30st| 32 |373 320 319 373 |st-1s9] 2 |4045 950 1291 23.29
992 | 64 | 671 530 339 3258 |31-156] 2 | 083 065 096 46 |si-leo] 8 |1246 983 6.07 -

951 | 15 | 004 047 047 007 |3251] 31 |1072 684 675 988 |s1-163| 11 [19.97 1135 8.14 -

986 | 5 | 095 132 146 174 |32-156] 3 | 047 030 058 347 |s-ie6] 12 | 9.73 BlBON 753 315
9-114 | 27 1077 135 081 1993 |33s1] 21 | 310 140 136 297 |si-168] 9 1095 824 648 3.88
oms| 5 | 524 642 824 4131 |s3156] 7 | 153 147 037 306 |s1-175] 66 274 171 -

9120 | 24 | 547 524 757 3246 |3451] 16 | 066 044 056 034 |s1-179] 86 | 644 188 1256 9.04
9-125 | 12 |10.19 R8N 521 - 3642 | 23 | 1.83 233 196 3571 |si-180] 11 33.41

9-126 | 14 | 7.54 1831 13.31 - 36-126] 9 | 612 868 591 si1s1] 16 | 1134 7.8 549 947
9156 | 15 | 127 124 169 153 |36156] 3 | 072 020 023 - sii82] 9 |11.15 604 446 1051
1051 2 002 026 026 002 |4s551] 206 | 256 890 828 677 |st-188] 1 | 035 0.3 0.02 -
1242 30 | 296 326 258 3647 |46-51| 70 | 3.77 464 414 843 |st-189] 30 [21.99 1097 1191 1886
1251 16 | 006 0.64 064 011 |4951| 44 | 694 7.12 809 493 |[s1-190] 11 |1722 8.01 846 -
814 462 65 255 |s0s1] 58 |HEEEN 535 407 1216 |st-191] 14 |17.99 311 511  15.69

12-83 2
1286 9 | 179 184 170 195 |s160| 122 [11.18 214 328 2887 |[st-192] 3 |2135 1465 1432 631
1287 2 [N 402 767 1846 |ste2]| 15 |11.61 813 663 2613 [s51-193] 9 | 482 692 659 581
2-126] 8 | 8.6 1602 1044 - si-63 | 104 | 155 221 479 2812 |si-i4) 1 | 392 147 241 1346
1551 7 035 063 063 038 |si64| 34 | 1.50 1.02 342 776 |51-195] 100 | 6.04 488 621 672
15-116| 28 | 928 A 15.11 1751 |s165| 27 | 1.00 110 225 526 |[51-196] 14 [1222 668 812 1465
15-156) 3 003 007 054 038 |si67] 2 | 176 115 543 876 |si-197| 4 2144 13.01 1313 -
1642 | 24 | 285 245 290 4138 |s1-69| 47 |12.62 142 179 125 |st-198) 9 3499 1336 1826 -
165t 5 Jo10 130 130 015 |si70| 49 | 335 078 092 867 |s5t-19| 13 | 159 533 484 418
689 ] 2 | 178 192 015 777 |sii| 17 | 365 411 525 4238
%AAD = (ﬂ) > | — x|, %AAD for UNIFAC=8.44, %AAD for UNIFAC-DMD=6.18, %AAD for NIST-UNIFAC=6.08, and
N )=l i

%AAD for COSMO-SAC=12.46.

3.4. Prediction of LLE for Ternary Mixtures
To the best of our knowledge, of 67525 combinations, only 172 ternary combinations (LLE

systems) with experimental data were found, but the quality of the 14 ternary combinations was
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not enough. So, 157 combinations containing bio-oil and non-bio-oil-related molecules were
used to compare the activity coefficient models (supporting information 4). It should be noted
that each combination may have several measured experimental ternary liquid-liquid phase
equilibria data. These 157 combinations have 276 experimental ternary LLE data with 4145 data
points. The percent of average absolute deviation (%AAD) of the liquid phase mole fraction for
the UNIFAC, UNIFAC-DMD, NIST-UNIFAC, and COSMO-SAC models for 81 ternary LLE
systems is given in Table 5. The UNIFAC-DMD model with %AAD=7.22 provides the lowest
deviation compared to the other three models. However, the difference between the results of the
UNIFAC-DMD and NIST-UNIFAC (%AAD=7.50) is very low. Although based on the %AAD
the UNIFAC model (%AAD=7.95) shows weak results compared to the UNIFAC-DMD and
NIST-UNIFAC models, it gives better results for 70 systems than the UNIFAC-DMD model and
64 systems than the NIST-UNIFAC model. It must be emphasized that the missing interaction
parameters in the group contribution models were replaced with zero. Similar to the binary and
ternary VLE systems, and also the binary LLE systems the COSMO-SAC model gives the
highest deviation (%AAD=9.58). So, this model is recommended when the quality of the
interaction parameters of the group contribution models is low, the interaction parameters are

missing or molecules have groups that have not been defined in the group contribution models..
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Table 5: Percent of average absolute deviation (%AAD) in liquid phase mole fraction for the UNIFAC, UNIFAC-DMD,
NIST-UNIFAC, and COSMO-SAC models for ternary LLE systems

%AAD
%AAD %AAD Involved bio-oil-related
molecules
§ a @] @) § a Q @) § [a) Q @)

g 1) g 1) < g 9]

sl 2y 2 £ 3| sl 2 £ 2| 2| :le B8 £ @

£ 5 o ) % o £ ks o Q % ) £ 5 ) @) % o

) S = < ; = 4 < = < . = 5 < = < . =

g =) % | = 1) g = % 2 = 17 g = % = = 17

S| s z 2 8 S| z 2 8| S |g z 2 8

z z z z z z

1-2-9 23 18.68 12.12 1023 6.03 2-13-15 153 ]35.85 36.32 35.18 7.16 14-15-68 29 6.88 443 502 6.00
1-2-23 83 953 778 7.86 1571 2-14-15 10 391 149 094 1.04 14-15-69 54 794 6.17 6.09 1.77
1-2-31 7 056 059 145 26.26| 2-14-31 8 2.07 3.62 265 2629 15-16-24 11 344 2,04 529 5.10
1-2-58 4 16.70 14.81 16.11 39.07 ] 2-15-16 24 444 2,09 387 7.74 | 15-16-74 7 394 443 391 -
1-3-15 2 0.01 027 027 49.60| 2-15-17 11 6.77 738 6.15 623 15-17-60 27 1.60 393 332 -
1-3-23 43 1536 13.12 10.10 64.66 | 2-15-19 14 384 526 198 18.07| 15-17-74 20 491 773 634 -
1-3-24 5 32.88 24.35 2621 30.31] 2-15-20 11 2778 275 245 578 | 15-20-24 5 846 2.10 254 278
1-4-23 5 4.02 355 220 49.71] 2-15-21 6 183 120 1.53 5.08 15-20-68 24 871 11.33 18.89 5.08
1-4-24 4 11.02 15.82 15.65 41.30] 2-15-31 10 122 125 073 1.26 15-20-69 24 1.85 6.64 648 11.55
1-5-58 4 19.83 470 6.33 69.24 ] 2-15-68 26 3.02 373 292 32.08| 15-21-24 61 12.46 2296 2796 4.70
1-6-23 10 9.21 8.78 6.52 62.64 3-6-15 9 0.11 0.16 0.16 0.16 15-21-69 10 2,18 585 835 645
1-6-24 5 1591 632 565 3826 3-8-9 8 082 1.19 1.18 1.79 15-24-50 80 8.08 11.78 14.15 4.17

1-9-13 17 598 481 340 12.10| 3-9-15 71 710 7.08 695 3.76 | 15-24-69 7 21.26 11.17 15.05 -
1-9-15 | 134 | 694 477 6.15 30.10] 3-10-15 160 | 43.28 31.52 37.55 16.90| 15-24-70 8 1.84 205 282 247
1-9-16 23 119.04 1299 11.47 49.77| 3-11-15 11 343 438 436 3.80 | 15-28-69 114 122.00 749 757 4.60
1-9-18 11 849 157 196 873 | 3-12-15 18 210 473 412 1.74 | 15-28-71 33 |17.95 741 1057 4.82
1-10-15 | 161 |16.60 1491 1426 22.02| 3-13-15 30 985 958 875 585 | 15-29-69 72 11513 536 641 297
1-10-18 9 19.58 3.16 432 22.04] 3-14-15 41 13027 2393 2247 1.62 | 15-29-71 30 |17.67 7.63 10.59 4.70
1-12-15 12 059 199 1.70 3.04 | 3-14-31 40 536 556 8.15 12.86] 15-30-69 60 570 498 451 149
1-12-31 | 35 385 332 342 1.05 | 3-15-16 10 369 172 291 1.08 | 15-30-71 33 11740 6.08 8.02 2.56
1-15-17 ] 29 |13.27 504 840 390 | 3-15-17 12 692 461 6.61 3.61 | 15-34-69 57 1495 263 182 453
1-15-20 | 10 098 107 1.08 7.64 | 3-15-20 105 | 753 622 584 228 | 15-48-68 15 123 505 4.17 -
1-15-31 | 28 1.66 157 1.73 751 | 3-15-21 31 |18.64 1536 158 7.44 | 15-48-69 42 11754 521 1091 430
1-15-74 | 21 026 124 105 10.79| 3-15-23 7 621 500 799 11.74| 15-56-69 57 430 3.89 237 853
1-22-23 | 13 |11.30 923 11.01 1434 3-15-24 16 0.18 0.03 006 038 | 15-57-69 30 1.01  3.06 2.08 -
1-24-59 1 22 |23.11 464 1552 5.16 | 3-15-26 16 597 264 171 3.41 | 15-58-60 5 442 515 479 -
2-8-9 9 229 210 157 3.46 | 3-15-31 11 097 1.02 037 0.54 | 15-67-69 40 207 112 035 425
2-9-15 75 116.60 13.43 1348 10.95] 3-15-32 13 238 325 3.13 396 | 15-69-72 40 138 1.62 0.58 -

%AAD = (@) >

N
%AAD for COSMO-SAC=9.58.

x5 — x|, %AAD for UNIFAC=7.95, %AAD for UNIFAC-DMD=7.22, %AAD for NIST-UNIFAC=7.50, and

i

i
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4. CONCLUSION

A very comprehensive study was conducted to evaluate the predictive power of predictive group
contribution and quantum chemistry-based models. An extensive amount of experimental binary
and ternary vapor-liquid and liquid-liquid equilibrium data containing bio-oil-related molecules
and normal molecules were checked. Based on the obtained results for vapor-liquid equilibria
systems, group contribution models are the best option for mixtures without bio-oil molecules,
but for mixtures containing bio-oil species, these models should be used with caution, or the
interaction parameters of these models to be re-fitted to the experimental data. The COSMO-
SAC model can be a good alternative for the prediction of the VLE of mixtures containing bio-
oil molecules. For liquid-liquid systems, all models have limitations in predicting the two-phase
region (phase split), but this limitation is very serious for the COSMO-SAC model, especially in
the case of binary systems, and this model is not recommended in any way. It also has a very
long CPU time. Predictive models provide acceptable results for binary and ternary liquid-liquid
systems. The UNIFAC-DMD and NIST-UNIFAC models give the best results from the CPU
time and accuracy point of view and as a result, these models are recommended for the design of

bio-oil involved units, at least in the conceptual design stage.
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