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required UV−vis spectroscopic data to fit hydrogen bonding,
misfit, and van der Waals energies for a limited number of
compounds and was subsequently able to predict the earlier-
mentioned parameters for many other DES compounds.
Further developments in this direction such as feeding
UNIFAC with group contribution terms based on COSMO-
RS predictions might offer an interesting approach for the
characterization of unparametrized groups. An approach
proposed by ten Kate et al.15 has demonstrated the feasibility
of extracting nonideal behavior information from spectroscopic
information alone. These authors showed, as an example, that
liquid phase activity coefficients and VLE for binary mixtures of
compounds for different molecular family combinations (e.g.,
alkanes−ketones, alcohols−ketones, and alkanes−alcohols)
could be predicted accurately based on measured mid-infrared
(MIR) spectra for these mixtures and a data-driven partial
least-squares (PLS) model connecting the excess absorbance
from the MIR spectrum to the Gibss excess energy (gE) of the
mixture for that molecular family combination calibrated for
only a limited number of different mixtures from the same
molecular family combination.15 For highly nonideal mixtures
(the alkane−alcohol family), predictions appeared to be less
accurate. Alternatively, Sprakel et al.16,17 attempted to predict
VLE behavior using isothermal titration calorimetry (ITC).
Clear guidelines were provided based on experimentally
measured interaction energies using ITC. Nevertheless, for
highly nonideal systems, for which complexation constants
could not be fitted from excess enthalpy (also known as
enthalpy of mixing) data, the connection between the excess
enthalpy data and the descriptive VLE models is still lacking.
This means that there is still room for a shortcut method with
improved VLE prediction for highly nonideal systems.

A next step in the development of a quantitative VLE
description using excess enthalpy data requires that the
measured excess molar enthalpy (hE) is applied to para-
metrizing relations that can predict VLE. Successfully
connecting hE to VLE would allow for a labor-lean approach
to obtain VLE-predictions for systems where a quantitative
description of VLE is missing. Model parameters should in this
approach be retrieved by fitting to excess molar enthalpy data.
For this approach to be successful, it is essential that, next to
accurately measuring hE,17,18 an appropriate thermodynamic
model is selected. Such a model should be able to describe
both hE and VLE with high accuracy. In this work, the
feasibility of a range of models to accurately describe hE and
VLE has been investigated. Among the most reported models
for VLE descriptions are excess Gibbs energy-based models
and cubic Equations of State (cEoS) based models. Other
models, such as cEoS Plus Association (CPA) based models
and models based on Statistical Associating Fluid Theory
(SAFT) including soft SAFT19 and Perturbed Chain Statistical
Associating Fluid Theory (PC-SAFT)20,21 have recently
received more attention.

For the prediction of VLE solely based on hE data, a key
limitation lies in the exponential dependency of activity
coefficients (�), and therefore VLE, on gE, which is a
summation function of excess enthalpy hE and excess entropy
sE. This means that the missing sE information should follow
intrinsically from the thermodynamic relation; hence, not all
available models may be adequate for the proposed method-
ology.

Although several attempts can be found in the open
literature,22−28 mostly focusing on NRTL approaches, the

use of activity coefficient models for correlating Gibbs energy
with hE only is hampered by the nature of these activity
coefficient models. The activity coefficient is, through gE, a
combined function of hE and sE, where its temperature
dependency is set by hE and its absolute value is set by sE
(see also eq 9). It is also manifested through the Gibbs−
Helmholtz relation, showing that gE can be obtained from hE

via steps involving integration, hence requiring information to
set the integration constant. The challenge is to obtain
information pertaining sE.29 In previous literature, some
successes were reported for systems in which hE was low.
Hence, in these cases, gE is mostly determined by sE. The good
fit suggests that the mixture behavior must have been close to
ideal behavior. For example, Hanks et al.23 reported that using
the Wilson model, accurate results can only be obtained when
the absolute hE value was lower than 0.69 kJ/mol mixture,22

confirming conclusions from Voňka et al.24 The use of the
NRTL model has a disadvantage in that the use of extreme
binary interaction parameters (BIPs) (∼106), although quite
uncommon in practice, leads to the transformation of the
NRTL equation toward an ideal solution model, and accurate
predictions can only be made if the absolute hE value is lower
than 0.42 kJ/mol.22 Also, Stevens and co-workers25 showed the
complexity of the Δ-Gibbs surface and the existence of local
minima, while Voňka et al. stated the inability of the NRTL
equation to fit specifically S-shaped entropic contributions.24

These observations direct toward the conclusion that, although
the approach appears to work for systems relatively close to
ideal26 with small hE and a negligible sE, this approach is not
suited for nonideal systems, due to the missing integration
constants in the Gibbs−Helmholtz equation. Similar to the
NRTL equation performance, the UNIQUAC model applies
the same Gibbs−Helmholtz approach and is expected to
encounter similar problems, as Demirel et al.27 highlighted via
correlation of structural UNIQUAC and NRTL parameters
based on hE data. Subsequent prediction of binary liquid
mixture activity coefficients at infinite dilution with UNI-
QUAC results where often even less accurate than the NRTL
results.28

Alternatively, a cEoS- or PC-SAFT-based model may be
applied. Simultaneous representation of the hE and the isobaric
VLE has been shown to be accurate for some systems using
cEoS models.30,31 Since the enthalpic departure function for
mixtures is related to the hE via the cEoS using a mixing rule, it
is directly correlated to the compressibility factor,32 this
approach appears to be better suited for its purpose. Since
there are many cEoS models, we have performed a solution
mapping procedure to further validate the applicability of this
type of model for the purpose mentioned earlier. In this
procedure, the best performing cEoS was selected per specific
system comprising two chemicals from two different
compound families. For those systems where none of the
investigated cEoS worked satisfactorily, PC-SAFT was applied,
as this model is most widely used and available in common
process simulation software.

With this work, we aim to evaluate, for a wide range of
chemical systems, which of the cEoS models are applicable for
predicting VLE from hE data and, if cEoS are not applicable,
whether PC-SAFT may successfully be applied. After para-
metrization of the models by fitting experimental hE data, the
accuracy of both the fitted hE data and the predicted VLE
results for the chemical systems are assessed to validate the
applied method.
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2. THEORY
2.1. cEoS. To accurately describe VLE and hE, there is no

“one model f its all”, and since van der Waals (vdW) published
his dissertation in 1873, numerous adaptions of the vdW cEoS
have been published to include a wider range of conditions
and/or to accurately incorporate increasingly more complex
molecules behaving nonideally. Commonly applied EoS
include the (Soave−) Redlich−Kwong ((S)RK),33,34 Peng−
Robinson (PR),35 and Patel−Teja (PT)36 cEoS. Many other
cEoS are present in literature, and all originate from and follow
the van der Waals mathematical framework. In the current
work, 12 of the most used cEoS have been evaluated for their
applicability to certain families of chemicals. Their general
cubic function of the molar volume37 is given in eq 1, and
expressed in terms of the compressibility factor (Z) in eq 2.
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Their parameters a and b are correlated to the critical
temperature and pressure according to eqs 3 and 4:
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Table 1 contains the values of the � and � parameters for
each of the 12 cEoS, as well as the Ω and � parameters from
eqs 3 and 4. Specific cEoS with more than 2 parameters36,38−41

do not have constant Ω and � parameters. In these 3- or 4-
parameter cEoS, the Ω and � parameters are dependent on the
critical pressure, volume, and temperature. Hence, for these

cEoS the exact root-finding equations for Ωa and Ωb can be
found in the Supporting Information, where Tables S1−S3
gives an overview of all 2-, 3-, and 4-parameter cEoS.

In the mathematical framework of the cEoS, the Z values
allow for the description of departure functions. A departure
function is used to determine thermodynamic properties of
substances based on the departure from a hypothetical state in
which the substances behave perfectly according to a set of
assumptions or models. In thermodynamics, this hypothetical
state is an idealized reference state in which the assumptions of
the ideal gas (ig) law are obayed, as defined according to

= X XXdep
ig

(5)

Hence, a departure function always defines the deviation
between a real fluid and an ideal gas that are either at the same
temperature and pressure (P, T) or pressure and volume (P, v).
For mixtures, next to the pure component departure functions,
also the mixture departure functions are important, and these
can be obtained using the mixing rules (section S2.1 in the
Supporting Information).

For this work, the excess molar enthalpy and fugacity are of
importance. These quantities can be derived from the
compressibility description as a function of id est (i.e.) the
molar volume;32 see eq 7. The derivation of the departure
functions such as the excess enthalpy that is given in eq 6 from
cEoS is described in the Supporting Information.
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In these equations each quantity is a function of the
compressibility factor (Z), the universal gas constant (R), the
temperature (T), and the molar density (�), which is the

Table 1. Summary of the Specific Parameters of 12 cEoS�

cubic Equation of State (cEoS) � � Ω �

van der Waals42 (vdW) 0 0 0.12500 0.42188
Redlich−Kwong33 (RK) 1 0 0.08664 0.42748
Soave−Redlich−Kwong33,34 (SRK) 1 0 0.08664 0.42748
Peng−Robinson35 (PR) +1 2 1 2 0.07780 0.45724

Peng−Robinson−Stryjek−Vera43 (PRSV) +1 2 1 2 0.07780 0.45724
Twu−Sim−Tassone44 (TST) 3 0.5 0.07741 0.47051

Nasrifar−Moshfeghian45 (NM) +1 3
+

2
1 3

0.09445 0.49793

Patel−Teja36 (PT) + +f f g
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Ωb Ωa
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2

Ωb Ωa
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2
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2
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Ωb Ωa

Harmens−Knapp40 (HK)
+ + j( )

2
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2

Ωb Ωa

Trebble−Bishnoi41 (TB) + +f f k

2

2 +f f k

2

2

Ωb Ωa

aFor Ωa and Ωb, see Tables S1−S3. Abbreviations: f = b + c, g = 4bc, h = 2c, i = 4c2, j = 4(c − 1)b2, k = 4(bc − d2)
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inverse of the molar volume (Vm). These quantities are at
isobaric conditions, though isochoric relations can also be
derived.

Mixing rules are introduced to extend the cEoS description
from pure components toward mixtures. There are various
mixing rules, which deviate in the way that the attractive
interaction (a) and/or repulsive interaction (b) terms are
described. The most simple mixing rule is the linear average of
the pure component parameters, which does not include any
binary interaction parameters (BIPs). More complex mixing
rules, which include one or multiple BIPs (being Kij, Lij, or Gij),
are often used. These BIPs can be fitted to describe a specific
mixture property with the highest possible accuracy. The eight
mixing rules evaluated in this study are listed in Table S4.

2.2. PC-SAFT. Ordinary cEoS have several drawbacks, such
as the need for available critical temperature and pressure data.
For several compounds (e.g. for ionic liquids, deep eutectic
solvents, and polymeric solutions), this information is not
always accesable. Furthermore, strong nonideality due to
molecular association is typically not accurately described by
the simple mixing rules.46 Therefore, more complex equations
of state attempt to include the high nonideality of i.e. hydrogen
bonding with an associative term. One of these association
equations of state is PC-SAFT.20 This model is usually
described in terms of the residual Helmholtz energy ares, which
encompasses various contributions,20,21 including the associa-
tive term (aassoc) (see eq 8), which is described by Chapman et
al.47 The residual Helmholz energy in PC-SAFT can be
described by several contributions,20,21 such as the hard-sphere
(ahs), chain (achain), dispersion (adisp),48 polar (apolar), and
association (aassoc) contributions. PC-SAFT may be chosen
with preference as it is one of the most widely used and
available models in common process simulation software.

= + + + +a a a a a ares hs chain disp polar assoc (8)

The cornerstone of the association term is a correlation
between the amount of bonded and nonbonded sites, which is
a way of describing the association between different molecules
that are described as hard-chain fluids. For an accurate
description, physical parameters are required, such as the
number of segments (mi), and segment diameter (� i),
dispersive energy between segments (� i/k). Additionally, for
self-associating compounds, the association energy (A diBdj

) and
the volume (� AiBj) of interaction between sites is required. Ai
and BJ are specified binding sites for the association of
components i and j. To represent association, different
association schemes (see Table 2) can be chosen, which
increases the flexibility of this model even further (but

complicates its parametrization at the same time). This
associative description is an additional interaction term
which complements, within the PC-SAFT framework, the
cEoS interaction term that uses the most simple mixing rule of
the linear average of the pure component parameters.

There are several schemes available, such as the 1A scheme
which assumes a carboxylic acid functionality as a whole, the
2B scheme which solely differentiates between the (alcoholic
or aqueous) proton and the oxygen atom, the 3B scheme
which assumes 3 binding spots, and the 4C scheme (often used
for water) which differentiates between each proton and both
lone electronpairs of the oxygen atom.49,50

2.3. Vapor−Liquid Equilibrium. The nonideal behavior
of a binary mixture can be obtained by correlating
experimentally obtained hE results via a thermodynamic
model (such as cEoS or PC-SAFT), since the same nonideality
behavior that causes the hE also leads to the phase equilibrium
of that specific binary mixture. Since the hE results have been
obtained at a single temperature, a Van ’t Hoff-type correlation
(see eq 9) was used to allow interand extrapolation of the
nonideality to other temperatures. Assuming that the excess
enthalpy and entropy are independent of the temperature, this
correlation can be represented according to
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where h̅i
E and si̅E depend on xi (composition). This is done for

both the activity (� i), and the fugacity (� i) coefficients. By
doing this, the nonideal behavior predicted by the fitted
thermodynamic model is expressed and combined with the
phase criterion of equal chemical potential (or fugacity) in the
gas and liquid phases at phase equilibrium which leads to the
well-known Modified Raoult’s law (gamma-phi approach):

=Py xPi i i i i
o

(10)

3. METHODOLOGY
For a range of systems, 12 cEoS−8 mixing rule combinations
and PC-SAFT have been evaluated regarding their capability to
fit (experimental) excess molar enthalpy (hE) data using eq 6.
Subsequently, it has been evaluated whether implementation of
the fitted optimal binary interaction parameters BIP(s) in eq 7
results in appropriate activity and fugacity coefficients and
proper VLE prediction. This methodology is outlined in Figure
1.

The performance of various cEoS has been systematically
evaluated. Three different possible inaccuracies were identified
and discussed separately. A deviation between the modeled
and experimental hE data points will induce an inaccuracy in
the BIP(s). A large deviation in this early stage of the modeling
methodology is an indication that the thermodynamic model
does not physically represent the binary system sufficiently
well. The second and third inaccuracies are obtained from the
difference between the experimental and the predicted VLE
behavior. In both the concentration profile (xy) and the
temperature profile (Txy), these deviations can occur. Each
deviation will be assessed by the average relative absolute
deviation (AAD� ), as defined by eq 11 or by the average
absolute deviation (AAD� ), as defined via eq 12:

Table 2. Associations Schemes Following the Terminology
of Huang and Radosz50
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In these equations, � represents either the vapor
concentration in the xy-diagram (y), the temperature in the
Txy-diagram (T), or the excess molar enthalpy (hE). The
relative absolute deviation between each experimental data
point (� exp) and the predicted data point (� pred) is summed and
averaged over the number of data points (Ndata).

In the case of a certain function group combination or a
specific EoS and mixing rule combination that includes
multiple binary systems, the overall performance is assessed
by averaging eq 11 over the amount of specific binary systems
(Nsys):
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In the hE fitting procedure based on experimental results and
thermodynamic model predictions, the temperature and
pressure were specified to be identical with the experimental
values. Furthermore, for the isobaric VLE comparisons
between model-based VLE results and experimental VLE
results the pressure was specified, the liquid molar fraction
(composition) was varied over the range between 0 and 1, and
the temperature and vapor phase compositions were
calculated.

The excess molar enthalpy or enthalpy of mixing (hE),
isobaric VLE data, and the necessary constants (e.g., Tc, Pc, and
	) of a total of 204 binary systems have been collected. These
204 systems were the systems for which both hE and VLE data
were found, which is essential information for setting up and
verifying the methodology. Obviously, if we can show that the
proposed methodology works well, only hE will be needed as
input to determine VLE data. In Figure 2, an overview of the

Figure 1. Schematic representation of the methodology used where either a cubic Equation of State (cEoS) in combination with a mixing rule
(MR) with critical constants as pure-component input parameters is used or the PC-SAFT EoS with the necessary input parameters is used to fit
experimental excess molar enthalpy (hE) for the determination of the binary interaction parameter(s) (BIP(s)). This allows for a prediction of the
isobaric VLE which can be compared with the experimental equivalent. The average relative deviation (ARD) of the hE, concentration (y), and
temperature (T) profile was eventually assessed.

Figure 2. Overview of the 204 binary systems for which both (hE) and
experimental isobaric VLE have been found, structured according to
their functional group. The color indication represents the number of
binary systems found in that category. The experimental data was
collected from 913 research articles, a list of which can be found in the
Supporting Information (part E: Data-Analysis).
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types of molecules included is presented, in which all types of
the 204 evaluated binary systems are categorized based on the
functional groups present in either compound.

For the available experimental data set, the assessment was
performed by fitting the hE, whereafter the activity and fugacity
coefficients could be predicted and used in an isobaric VLE
prediction and compared with experimental data (as explained
in Figure 1). Results from this procedure can be found in
section 4.1 (for hE), section 4.2 (for the fugacity and activity
coefficients), and section 4.3 for the comparison between
predicted and experimentally available VLE results.

4. RESULTS
4.1. Results from Enthalpy Fitting. For each of the

binary systems represented in Figure 2 the suitability of all
cEoS models has been investigated by fitting the binary
interaction parameters (BIPs) to describe the hE. The general
results from this investigation are discussed in sections 4.4.1
and 4.4.2. To illustrate and discuss the results from the
procedure described in the “Methodology” section (section 3),
the fits for a single system (n-heptane/2-butanone) fitted with
a single thermodynamic model are shown below. The PR cEoS
with the Stryjek−Vera−Margules-type mixing rule was chosen,
as it was found to be among the best-performing cEoS-MR
combinations (sections 4.4.1 and 4.4.2). The obtained fit of
the experimental hE data51−55 with this model is shown in
Figure 3. The fitting was done by minimizing the overall

absolute deviation between the calculated and experimental hE

results relative to the experimental hE by varying the binary
interaction parameters (BIPs) in the mixing rule, as discussed
earlier.

As can be seen in Figure 3, this fitted thermodynamic model
accurately describes the experimental hE data,51−55 for a case
where hE is practically independent of the temperature in a
temperature range between 298−328 K. This does not

immediately mean that temperature effects on the activity
and fugacity coefficients are insignificant as well.

4.2. Results of Activity and Fugacity Coefficient
Prediction. In Figure 4, the activity coefficients and fugacity
coefficients for the same binary system n-heptane/2-butanone
based on the BIPs determined from experimental hE data using
the PR cEoS with the Stryjek−Vera−Margules-type mixing
rule are shown. It can be seen that there are some differences
in the activity coefficient as a function of the temperature,
whereas a negligible effect of temperature on the fugacity
coefficient is observed. The nonideality for this mixture
decreases as the temperature increases, which is due to the
temperature dependency of the Gibbs energy caused by the
enthalpic contribution.

By fitting a liquid phase thermodynamic entity hE, the model
is parametrized. Subsequently, not only is the (liquid phase)
activity coefficient predicted but also the (gas phase) fugacity
coefficient is predicted simultaneously. As expected, fugacity
coefficients very close to 1 are obtained.

4.3. Vapor−Liquid Equilibrium Prediction. The ob-
tained temperature-dependent activity and fugacity coefficients
are essential for an accurate description of the temperature
(Txy) profile as a function of the composition and the
concentration (xy) profile of an isobaric VLE. In this case, the
fitted temperature-dependent BIPs from the PR cEoS with the
Stryjek−Vera−Margules-type mixing rule combination have
been averaged prior to the VLE prediction, even though these
BIPs vary with temperature but marginally as shown in Figure
3.

Because all parameters in eq 10 are temperature-dependent
and the temperature profile is composition-dependent, this
system has been solved iteratively to obtain a temperature
profile that corresponds to the isobaric situation. These profiles
of the same n-heptane/2-butanone mixture are shown in
Figure 5. Although the prediction is not perfect, still the
azeotropic point is predicted correctly, and only a small
average relative deviation (ARDy) of 7.05%, defined in eq 11,
which corresponds to an absolute average deviation (ARDy) of
1.56% (eq 12), is obtained for the xy-diagram data. A
temperature minimum, a positive azeotrope, is also correctly
predicted in the Txy-diagram, although an absolute average
deviation (ARDT) of 2.0 K is seen.

4.4. Performance of Various cEoS and Mixing Rule
Combinations. cEoS are versatile models as they can quite
easily be adjusted with new PVT-equations that deviate from
the initial van der Waals equation. Furthermore, also the
required mixing rules can be varied (e.g., to better cope with
the association in the system). In an attempt to perform a
general evaluation of the usefulness of cEoS to predict VLE
based on fitting the hE, in this section a total of 12 different
cEoS each combined with eight available mixing rules (MR)
are evaluated. When instability of the methodology, in essence
a convergence issue arising from the cEoS/MR combination
selected and/or experimental data quality, occurred in more
than 10% of the assessed systems for a specific cEoS/MR
combination, the combination is indicated in the following
heatmaps as undesired. The results for the evaluated mixtures
will be divided into two sections, the first describing the results
for non-self-associating mixtures and the second describing the
results for self-associating systems.

4.4.1. Non-Self-Associating Mixtures. In Figure 6 an
overview of the accuracy of the methodology is given using
the heatmap approach. This is done for each average relative

Figure 3. Experimental excess molar enthalpy51−55 of the binary n-
heptane/2-butanone mixture at 298, 318, and 328 K were fitted with
the PR EoS with Stryjek−Vera−Margules-type mixing rule. The BIPs
are at 298 K: Kij = 0.0771 and Lij = −0.0376, at 318 K: Kij = 0.0804
and Lij = −0.0370, and 328 K: Kij = 0.0807 and Lij = −0.0411.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c00804
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

F



deviation of a cEoS/MR system (ARDsys) within the method-
ology and thus for the fitting of the excess molar enthalpy
(ARDsys,hE) and the comparison of experimental VLE results
and the predicted concentration profile (ARDsys,y) and
temperature profile (ARDsys,T) in the VLE behavior. The
PT36 and Esmaeilzadeh−Roshanfekr (ER)39 cEoS show
convergence issues in the fitting of the hE, hence are identified
to be not preferred for this methodology. The Patel−Teja−
Valderrama (PTV)38 cEoS, which is a generalization of the PT
cEoS, is more accurate (and robust) than the PT cEoS. This is
due to the PT cEoS having fewer known parameters for non-
self-associating binary systems included in this work. The PTV
cEoS can, via its generalization of parameters, include all non-
self-associative binary mixtures, and therefore the deviation
shown is an average of more binary systems that are accurately
described. The 4-parameter Trebble−Bishnoi41 is also less
accurate, indicating that this 4-parameters cEoS might be over-

parameterized for describing these systems which would
indicate that cEoS with fewer parameters are preferred.

Regarding the mixing rules, not much difference in hE

accuracy is obtained except for the Huron−Vidal (HV) and
the one-parameter van der Waals (vdW1) mixing rules, which
have a slightly larger ARDh

E and are therefore less accurate. This
is due to the initial guess problems for the HV mixing rule,
since it is strongly associated with the NRTL model and the
overly simple 1-parameter mixing rule for vdW1, which only
describes (almost) symmetric enthalpic behavior for similarly
sized components.58

The prediction of the nonideal VLE behavior for non-self-
associating mixtures is quite accurate as can be seen in Figure
6. It is worth noting that for these mixtures generally a lower hE

is seen compared to self-associating mixture cases. Numerous
cEoS and mixing rule combinations have an ARD of ∼5% and
<1% for the concentration and temperature profile, respec-
tively. However, it can be seen that the HV,59 the van der

Figure 4. Predicted (left) liquid phase activity and (right) predicted vapor phase fugacity coefficients of the binary mixture n-heptane and 2-
butanone at 298, 318, and 328 K was fitted with the PR EoS with Stryjek−Vera−Margules-type mixing rule. These results stem from the fitting
results shown in Figure 3.

Figure 5. Comparison between the experimental VLE data56,57 and the predicted (left) concentration (xy) and (right) temperature (Txy) profile of
the binary mixture n-heptane and 2-butanone which was fitted with excess molar enthalpy data51−55 at 298, 318, and 328 K at atmospheric pressure
was fitted with the PR EoS with Stryjek−Vera−Margules-type mixing rule. These results stem from the fitting results seen in Figure 3, and a
temperature-average BIPs of Kij = 0.07939 and Lij = −0.03855 was used.
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Waals (vdW1 and vdW2),42 and Stryjek−Vera−van Laar-type
(SVvL)43 deviate more than other combinations. The vdW1
mixing rule is most likely an oversimplification, and the other
mixing rules (vdW2, HV, and SVvL) are either over-
complicated or have convergence issues, most likely due to
the occurrence of local minima, which are also seen in the
liquid phase activity coefficient models. Overall, the most
commonly used cEoS, RK or SRK33,34 and PR,35 are the most
accurate, although other cEoS, such as the Twu−Sim−Tassone
cEoS,44 can be used as well. The mixing rule choice has a less
significant impact, although the above-mentioned mixing rules
are less preferred.

4.4.2. Self-Associating Mixtures. In Figure 7, it can be seen
that for self-associating mixtures hE can be correlated with
approximately the same accuracy as non-self-associative
mixtures. Nevertheless, the PT cEoS36 appears to be slightly
less accurate in combination with several mixing rules, but very
accurate in combination with several other mixing rules, such
as SVm. Again the ER cEoS39 is not stable, and the Trebbe−
Bishnoi cEoS41 and the combination of the Nasrifar−
Moshfeghian45 cEoS with the HV MR are unable to converge.
Overall, the HV and vdW1 rules show a slightly larger
ARDsys,hE, due to either complexity for the first MR, or
oversimplicity for the latter MR.

Several equations of state are found to be more accurate in
predicting the nonideal VLE behavior of these self-associating
mixtures (see Figure 7), such as the Peng−Robinson−Styrjek−
Vera (PRSV),43 the PTV,38 and the PT36 cEoS, the latter only
with specific mixing rules. The selection of these cEoS not only

lowers the average relative deviation in the concentration
profile from >60% (seen in various cEoS) to ∼20% but also
leads to the introduction of additional pure-component
parameters.

This limits the applicability of these cEoS, since only for a
limited amount of compounds are both these critical
parameters and the required additional parameters are
available. The PTV-EoS is a generalization of the PT-EoS,
where Valderamma38 generalized the additional parameters in
terms of the critical parameters, hence significantly increasing
the applicability window. For this reason, the PTV-EoS is
preferred over the original PT-EoS.

For several mixtures, the (original) van der Waals EoS
appeared to have a lower overall deviation than the well-known
RK,33 SRK,33,34 and PR35 models for self-associating systems.
However, the vdW-EoS was much more unstable and could fit
a considerably lower number (between 79 and 104) of binary
systems than the other EoSs (between 197 and 201). For this
reason, the cEoS/MR combinations based on vdW-cEoS are
considered undesired for proper VLE prediction. The
inaccuracy of the vdW-EoS can also be seen in the increased
inaccuracy of the systems only containing non-self-associative
compounds (see section 4.4.1).

The higher accuracy of the PRSV and PT(V) cEoS appears
to be accomplished by adding additional pure-component
parameters, especially for highly polar components. However,
this may also be an artifact, as the most inaccurate systems
included in the evaluation for the other cEoS do not have the
additional pure-component parameters available. Hence, these

Figure 6. ARD of the (top) excess molar enthalpy (ARDsys,hE, scale 0−100%), (bottom left) concentration (ARDsys,y, scale 0−10%), and (bottom
right) temperature (ARDsys,T, scale 0−1.6%) for twelve cEoS and eight MR specified for non-self-associating mixtures. The undesired cEoS/MR
combination is indicated with gray boxes.
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systems cannot be evaluated using the PRSV and PT(V) cEoS.
Consequently, potentially inaccurate systems have been
excluded for the PRSV and PT(V) cEoS, giving an optimistic
accuracy for these cEoS compared to the cEoS for which these
systems have been included. Also, the applicability of these
cEoS models is more narrow, as fewer additional pure-
component parameters are known. For that reason, the PR

cEoS was used, instead of the PRSV, PT, or PTV cEoS, for
comparison with mod. UNIFAC (Do) and PC-SAFT.

4.5. Performance of cEoS and mod. UNIFAC (Do) of
Various Functional Groups. The accuracy of the method-
ology for an extended range of binary mixtures from different
molecular families using the same cEoS is discussed below.
The accuracy is dependent on several factors, such as the

Figure 7. ARD of the (top) excess molar enthalpy ARDsys,hE, scale 0−100%), (bottom left) concentration (ARDsys,y, scale 0−100%), and (bottom
right) temperature (ARDsys,T, scale 0−3.2%) for 12 cEoS and eight MR specified for self-associating mixtures. The undesired cEoS/MR
combination is indicated with gray boxes.

Figure 8. Average of all average relative deviation in the predicted and experimental concentration in the isobaric VLE profile (ARDy) for the (left)
PR EoS in combination with the 2-parameter Stryjek−Vera−Margules-type mixing rule and (right) mod. UNIFAC (Do), specified for each
functional group combination. Only systems with, at maximum, a single functional group are considered.
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quality and quantity of the available excess enthalpy data (hE),
the complexity of the model, and the complexity of the
molecular interactions in the system evaluated.

The predictive performance overviews for the PR cEoS with
the 2-parameter Stryjek−Vera−Margules-type mixing rule and
mod. UNIFAC (Do) are represented in Figure 8. Each cell in
this figure represents a combination of two functional groups
that are present on either one of the components in the binary
mixture. The color at the right-hand side of the figure indicates
the predictive accuracy, with green indicating an ARDy of ≤5%
and increasingly intense red indicating an increasingly higher
ARDy. A distinction can be made between functional groups
for which the VLE can be predicted with relatively high
accuracy, and those for which the prediction is considered to
be inaccurate (ARDy > 10%).

From Figure 8, it becomes clear that, although numerous
systems can be described well by the PR EoS in combination
with the 2-parameter Stryjek−Vera−Margules-type mixing rule
(see Figure 6), this cEoS−mixing rule combination has
difficulties in describing mixtures that show self-association
behavior. Physically, this may be due to the hydrogen bonds or
the strong dipolar interactions which are not explicitly
accounted for, though higher inaccuracies may also be a
consequence of a limited amount of excess molar enthalpy data
being available for fitting these cases. Examples of the first
category are mixtures containing water,60 carboxylic acid,61

amine,62 aldehyde,63 alcohol,62,64 amide,65 or nitrile,66 whereas
nitro compounds67 and dimethylsulfoxide68 are examples of
the second category. Additionally, formate esters,69 acetone70

and chloroform71 are also known to self-associate. As this
cEoS−mixing rule combination (as shown in Figure 6) was
among the best-performing combinations, it strongly indicates
that using cEoS as a generic tool for the prediction of VLE
from solely hE has its limitations. As comparison, for all systems
that have been investigated, the performance of the mod.
UNIFAC (Do) has also been evaluated. From Figure 6, it
appears that mod. UNIFAC (Do) is more accurate in
describing composition diagrams than the PR cEoS−2-
parameter Stryjek−Vera−Margules mixing rule combination
for most of the molecules. However, this may be expected as
the BIPs within the mod. UNIFAC (Do) model originates
from a data-rich fitting procedure using various thermody-
namic mixture data, such as � ∞, hE, cp

E, LLE, SLE, azeotropic
data, and most relevantly VLE.

The systems that can be described by the PR cEoS−2-
parameter Stryjek−Vera−Margules mixing rule combination
(see Figure 8 and other cEoS−mixing rule combinations (see
sections 4.4.1 and 4.4.2) with reasonable accuracy comprise

alkanes, aromatic compounds, chlorinated compounds (ex-
cluding chloroform), thiophenes, pyridines, ethers, ketones
(excluding acetone), and esters (excluding formates). All these
molecules do not self-associate, at least not very significantly.
This means that the proposed methodology has value to
predict VLE behavior for these systems when BIPs are in mod.
UNIFAC (Do) and/or experimental VLE results are not (yet)
available.

Although the (correlative) mod. UNIFAC (Do) shows a
higher accuracy for all systems than all cEoS−mixing rule
combinations with BIPs fitted on the basis of experimental hE

data evaluated, there are several systems, especially aqueous
systems, for which mod. UNIFAC (Do) has a relatively low
accuracy. Furthermore, it should be realized that these
methods have different bases, and it is difficult to make a fair
comparison. Mod. UNIFAC (Do) is a method based on a large
experimental database and multiple thermodynamic properties
including VLE and hE for many compounds and systems. The
proposed cEoS-hE method is based on the hE of the specific
system only.

For systems that include highly polar compounds, it would
be desirable to have an alternative besides mod. UNIFAC
(Do). An association EoS or COSMO-RS1,2 could be such an
alternative. In continuation of the cEoS methodology, the
widely used association EoS PC-SAFT has been evaluated for
that purpose.

4.6. Results from PC-SAFT. The severe inaccuracies in the
VLE description observed for the applied hE−cEoS−VLE
models and mod. UNIFAC (Do) when predicting VLE
behavior for self-associative mixtures are expected to be
reduced by using a complex EoS that includes associative
terms. Hence, a preliminary assessment was made to assess the
performance of PC-SAFT. The applicability of this model has
been evaluated for several mixtures, as these mixtures represent
different types of systems. A “simple” system without self-
associative behavior (n-heptane−2-butanone) will be described
first, to confirm that PC-SAFT can also handle systems that are
well described by ordinary cEoS. The other systems assessed
feature highly nonideal behavior by either having a single
(ethanol−n-hexane) or two self-associative compounds
(water−acetic acid). These highly nonideal systems are not
well described by ordinary cEoS; hence, for these systems the
use of PC-SAFT could potentially lead to improved
predictions. Input parameters for pure compounds used in
the PC-SAFT modeling, as obtained from different literature
sources, are listed in Table 3. The validity of these input
parameters was checked prior to fitting by comparing the
predicted pure component boiling point based on these input

Table 3. Pure-Component Parameters of the PC-SAFT EoS

component i association scheme Mi (g/mol) mi � i (Å) � i/k (K) � AiBi � AiBi /k (K) xp dipole moment (D) ref

Apolar Compounds
n-hexane 86.18 3.0576 3.7983 236.77 21
n-heptane 110.21 3.4831 3.8049 238.40 21

Polar Compounds (without Self-Association)
2-butanone 72.11 3.0748 3.689 270.00 0.2074 2.7 48,72

Polar Compounds (with Self-Association)
ethanol 2B 46.07 2.3827 3.1771 198.24 0.032384 2653.4 20

acetic acid
1A 60.05 1.3403 3.6681 279.91 0.003102 5778.9 73
2B 60.05 1.3403 3.0474 190.22 0.368320 2379.0 73

water
2B 18.02 1.0656 2.0526 218.96 0.561417 2045.0 73
4C 18.02 1.0656 1.9701 150.1 0.429973 1523.7 73
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parameters with available boiling point information from open
literature.

4.6.1. n-Heptane−2-Butanone Mixture. For the n-
heptane−2-butanone system (see Figure 9) the isobaric VLE
prediction obtained from the experimental hE data set applying
PC-SAFT resembles the VLE prediction obtained using the PR
cEoS−2-parameter Stryjek−Vera−Margules mixing rule com-
bination. This is not surprising since this system does not
require the specification of an association scheme as no
association takes place. It is clear that mod. UNIFAC (Do)
shows the best prediction of the VLE profile, while the two
equations of state, the PC-SAFT model and the PR cEoS−2-
parameter Stryjek−Vera−Margules mixing rule combination
model, each show similar performance. Again, this was to be
expected as the mod. UNIFAC (Do) BIPs are obtained by
VLE fitting procedures. A larger deviation is seen in the hE

fitting for mod. UNIFAC (Do) though. In a more general case
of alkane−ketone VLE predictions, an accurate alternative
approach from MIR was demonstrated by ten Kate et al.15

4.6.2. n-Hexane−Ethanol Mixture. The second system
evaluated is highly nonideal, as the intermolecular interactions
between the self-associating ethanol molecules are predom-
inantly induced by hydrogen bond formation, whereas n-
hexane is apolar and London dispersion forces dominate.74 As
can be seen in Figure 10, an ordinary PR cEoS−2-parameter
Stryjek−Vera−Margules mixing rule combination is not able to
correlate the asymmetric behavior of the hE. This asymmetric
behavior originates from the highly different natures of these
components. Strongly energetic hydrogen bonds are abundant
at high ethanol concentrations and will result in a significantly
different behavior compared to mostly apolar n-hexane
mixtures where London dispersion forces dominate.75 This
large variation in mixture characteristics result in an
asymmetric hE profile.76 This already indicates an inaccurate
description of the system for this cEoS and is further evidenced
in the inaccurately predicted isobaric VLE diagram. PC-SAFT
(using a 2B association scheme for ethanol) does describe the
hE well, and the strong azeotropic behavior in the VLE diagram
is well predicted, albeit with an overestimation of the

Figure 9. Comparison between experimental (left) excess molar enthalpy (hE)51−55 and (right) VLE56,57 of the binary mixture n-heptane and 2-
butanone which was fitted with the PR cEoS with SVm mixing rule and PC-SAFT. The used PC-SAFT pure-component parameters are shown in
Table 3.

Figure 10. Comparison between experimental (left) excess molar enthalpy77−79 and (right) VLE80,81 of the binary mixture ethanol and n-hexane
which was fitted with the PR cEoS with SVm mixing rule and PC-SAFT. The used PC-SAFT pure-component parameters are shown in Table 3 and
the 2B association scheme was used. The BIPs used in the results are fitted from the experimental hE data.
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temperature by a few degrees. For this system mod. UNIFAC
(Do) provides even more accurate predictions. Also in this
case, the MIR approach of ten Kate et al.15 performed quite
accurately.

4.6.3. Acetic Acid−Water. A particular complex system is an
aqueous system with a carboxylic acid. Both compounds are
strongly self-associating and are known to cross-associate in
different manners. Unlike the previous system, the particular
natures of both components are more alike in polarity.
However, the variations between hydrogen bond self-
association and cross-association makes it a highly complex
system, ultimately, leading to an exothermic and endothermic
region in the excess enthalpy profile.82,83

Hence, in Figure 11, PC-SAFT models with various
combinations of association schemes are used, and the selected
association scheme has a significant effect on the predicted
VLE. In the PC-SAFT approach, two association schemes have
been assessed for water (4C and 2B), while for acetic acid the
1A and 2B association schemes have been evaluated. Based on
the results presented in Figure 11, the most accurate
combination is the 4C-2B (water−acetic acid) association
scheme. This is understandable, as the acetic acid 1A
association scheme assumes dimerization of the acid, which
is less likely in the presence of a strong hydrogen bond
accepting and donating species such as water and is in line with
modeling results from by Nguyen Huynh et al.84 These authors
showed that the liquid−liquid equilibrium (LLE) between
acetic acid and dodecane is described well using the 2B
association scheme but shows inaccuracies when using the 1A
scheme.

These preliminary assessments with PC-SAFT, show that
PC-SAFT can accurately predict the isobaric vapor−liquid
equilibria from a correct description of the excess molar
enthalpy, especially for highly nonideal systems, where other
modeling approaches have difficulties. Appropriate association
schemes can be found by assessing the best hE fitting, although
pure-component parameters of both compounds are required.
The obtained results for PC-SAFT show the potential of this
method for the prediction of VLE of complex systems, which
we hypothesize may also be extended to even more complex
systems such as ionic liquids and deep eutectic solvents. This

would be an important extension of the available modeling
tools for VLE prediction of complex systems, since currently
available tools such as mod. UNIFAC (Do) are (currently)
limited to the previously defined molecular groups. Though
specifically for group contribution methods, extensions toward
more complex system (e.g., ionic liquids) have been made.88 It
is obvious that further investigations would be needed and are
already being done,89 to fully confirm the validity of PC-SAFT
for the prediction of VLE for mixtures containing an ionic
liquid or deep eutectic solvent. Furthermore, the use of
UNIQUAC has hardly been studied, as mentioned earlier.
Since UNIQUAC contains a recombinatorial term it would be
worthwhile to evaluate the feasibility of this model in more
detail, even though first predicted results for activity
coefficients at infinite dilution based on hE as presented by
Demirel et al.28 were less accurate than the NRTL model.
Including an evaluation of the UNIQUAC model within this
approach will complement the current assessment.

5. CONCLUSIONS
It is possible to predict the nonideal VLE behavior based on
excess molar enthalpy data via a thermodynamic cEoS model.
However, not all binary systems can be accurately described by
all models. Mixtures containing at least one highly polar
component, such as water or acetic acid, are not well described
by this method. However, for mixtures containing an apolar or
a slightly polar component, the VLE behavior can be described
with sufficient accuracy. Although it was possible to predict
nonideal VLE behavior using cEoS, it was seen in the majority
of cases that a state-of-the-art group contribution model, like
mod. UNIFAC (Do), is more accurate than the PR cEoS with
the 2-parameter Stryjek−Vera−Margules-type mixing rule if it
was trained on the basis of hE data (even though the
mentioned cEoS is one of the most accurate and widely
applicable cEoS-mixing rule combinations). However, for the
mod. UNIFAC (Do) model there is definitely room for
improvement in the description of several highly polar
mixtures (e.g., aqueous mixtures). For these systems, the
methodology proposed in this work can be a more adequate
alternative.

Figure 11. Comparison between experimental (left) excess molar enthalpy85,86 and (right) VLE87 of the binary mixture acetic acid and water which
was fitted with the PR cEoS with SVm mixing rule and PC-SAFT with various association schemes. The used PC-SAFT pure-component
parameters are shown in Table 3. The BIPs used in the results are fitted from the experimental hE data.
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The results reported here indicate that even highly nonideal
systems can be described accurately by PC-SAFT when using
the appropriate combination of association schemes when
trained on the basis of hE. This selection can be made by
assessing the accuracy of the excess molar enthalpy correlation
for these different association schemes. The next step is to
systematically assess different self-associative molecule families
within the PC-SAFT framework and, where necessary,
determine new pure-component parameters and map appro-
priate association schemes. Future further systematic assess-
ment may include the UNIQUAC model and may be related
to the effect of specifically the recombinatorial term.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00804.

Description and derivation of the departure functions
and the compilation of all literature data (excess molar
enthalpy and isobaric vapor−liquid equilibria) of which
most have been used in the assessments (PDF)

■ AUTHOR INFORMATION
Corresponding Author

����� �����	 − Sustainable Process Technology Group,
Process and Catalysis Engineering Cluster, Faculty of Science
and Technology, University of Twente, 7500 AE Enschede,
The Netherlands; orcid.org/0000-0001-5169-4311;
Phone: +31 53 489 2891; Email: b.schuur@utwente.nl

Authors

����
 �	����	 − Sustainable Process Technology Group,

Process and Catalysis Engineering Cluster, Faculty of Science
and Technology, University of Twente, 7500 AE Enschede,
The Netherlands; orcid.org/0000-0002-3975-4710

������� �� �	�
�� − CICECO − Aveiro Institute of
Materials, Department of Chemistry, University of Aveiro,
3810-193 Aveiro, Portugal; orcid.org/0000-0003-2137-
0564

������ ��� ���� − Research 
 Development, Performance
Formulation Research, Nouryon Chemicals B.V., 7400 AA
Deventer, The Netherlands

����� �� �� �������� − CICECO − Aveiro Institute of
Materials, Department of Chemistry, University of Aveiro,
3810-193 Aveiro, Portugal; orcid.org/0000-0002-3841-
743X

��
��� �� �� ��	
��� − Sustainable Process Technology
Group, Process and Catalysis Engineering Cluster, Faculty of
Science and Technology, University of Twente, 7500 AE
Enschede, The Netherlands; orcid.org/0000-0001-8333-
2649

��		��� ��	����� − Research 
 Development, Nobian
Industrial Chemicals B.V., 7400 AA Deventer, The
Netherlands; Membrane Science and Technology Cluster,
MESA+ Institute for Nanotechnology, Faculty of Science and
Technology, University of Twente, 7500 AE Enschede, The
Netherlands; orcid.org/0000-0002-4035-9064

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c00804

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This has been an ISPT (Institute for Sustainable Process
Technology) project (BL-20-07), cofunded by the Topsector
Energy by the Dutch Ministry of Economic Affairs and Climate
Policy (TEEI314006). This work was also partly developed
within the scope of the project CICECO-Aveiro Institute of
Materials, UIDB/50011/2020, UIDP/50011/2020 and LA/P/
0006/2020, financed by national funds through the FCT/
MEC (PIDDAC).

■ NOMENCLATURE
� i,x_i activity coefficient at concentration xi

[-]
� ∞ infinitely dilution activity coefficient [-]
�, �, Ω, � cEoS-specific parameters [-]
�A iBj association energy [J]
� AiBj association volume [m3]
� molar density [mol/m3]
� i segmental diameter [Å]
� i,yi fugacity coefficient at concentration yi

[-]
	 acentric factor [-]
� exp general experimental data point [-]
� pred general predicted data point [-]
a attractive cEoS parameter
Ai, Bj binding sites for the association of

components i and j
AAD average absolute deviation [-]
ares residual Helmholtz energy [kJ/mol]
aassoc Helmholtz energy associative term [kJ/

mol]
adisp Helmholtz energy disperstion term [kJ/

mol]
apolar Helmholtz energy polar term [kJ/mol]
ahs Helmholtz energy hard-sphere term

[kJ/mol]
achain Helmholtz energy chain term [kJ/mol]
ARD average relative deviation [-]
ARDsys average relative deviation of a system

[-]
b repulsive cEoS parameter
BIPs binary interaction parameters, such Kij,

Lij, Mij, Gij
cEoS cubic Equation of State
COSMO-RS COnductor-like Screening MOdel for

Real Solvents
CPA cubic equations of state plus association
cp

E molar excess heat capacity [J/mol/K]
D dipole moment
ER Esmaeilzadeh−Roshanfekr
f fugacity [-]
gE excess Gibbs energy [kJ/mol]
h̅i

E interaction enhalpy at concentration xi
[kJ/mol]

Hdep enthalpy departure function [kJ/mol]
hE excess molar enthalpy [kJ/mol]
HK Harmens−Knapp
ITC isothermal titration calorimetry
LLE liquid−liquid equilibrium
mi number of segments [-]
Mi molar weight of component i [g/mol]
mod. UNIFAC (Do) modified UNIFAC dortmund
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Ndata number of data points [-]
NM Nasrifar−Moshfeghian
NRTL non-random two-liquid model
P, Pc pressure, critical pressure [Pa]
Pi

o vapor pressure of component i [Pa]
PC-SAFT perturbed chain statistical associating

fluid theory
PLS partial least squares
PR(SV) Peng−Robinson(−Stryjek−Vera)
PT(V) Patel−Teja(−Valderrama)
R universal gas constant [J/mol/K]
(S)RK Soave−Redlich−Kwong
si̅E interaction entropy at concentration xi

[J/mol/K]
SAFT statistical associating fluid theory
sE excess entropy [J/mol/K]
SLE solid−liquid equilbrium
T, Tc temperature, critical temperature [K]
TB Trebble−Bishnoi
TST Twu−Sim−Tassone
UNIFAC UNIQUAC functional-group activity

coefficients
UNIQUAC universal quasi-chemical
vdW van der Waals
VLE vapor−liquid equilibrium
VM molar volume [m3/mol]
X thermodynamic quantity
Xdep general departure function
xi molar fraction in the liquid phase [-]
Xig thermodynamic quantity (assuming

ideal gas)
yi molar fraction in the vapor phase [-]
Z compressibility factor [-]
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