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ABSTRACT: The perturbed chain-statistical associating fluid theory (PC-SAFT) equation ( O )
of state (EoS) is applied, and its performance is assessed using a reliable free-to-access B e b =0

benchmark thermodynamic database developed by the authors. A total of 200 non-
electrolytic binary systems are included in the database, which are divided into nine groups @

according to the associating character of the components, that is, their ability to be involved J’SJ— \
in a hydrogen bond. The properties based on which the assessment is performed include two-

phase vapor—liquid and liquid—liquid equilibrium, three-phase vapor—liquid—liquid I X I
equilibrium, critical point, azeotropic point, enthalpy of mixing, and heat capacity of mixing
data. A specific procedure for the calculation of deviations between model predictions and x & b
experimental data and for grading the thermodynamic model is applied based on a previously -
published proposed methodology. The PC-SAFT EoS is implemented with classical mixing
rules, no induced association scheme, and no regressed binary interaction parameters. The SX Y Puv muy B e Pazeo Yazeo 1 cp'”)
results are discussed, and specific characteristics of model performance with respect to
different families of mixtures are analyzed.

1. INTRODUCTION absence of validation against accurate experimental data that
cover a wide range of compositions, temperatures, and pressures
seems to be the major obstacle.”

A contribution toward addressing the relevant issue of model
reliability has been made recently by Jaubert and co-workers.” A
high-quality reference database was built that can be used for
evaluating the accuracy of an EoS (or any other model) or to
directly compare the performances of different thermodynamic
models. In total, 200 binary mixtures (no electrolytes are
included) were selected to cover all types of systems and were

Computer-aided process design has become in recent years the
standard method for the preliminary and detailed design,
simulation, and optimization of chemical processes. Knowing
accurately the conditions of phase equilibrium as well as the
physical properties of the chemical system(s) involved is the
cornerstone of meaningful calculations for unit operations,
sizing of the equipment, and capital and operational cost
estimation.

Equations of state (EoS) have evolved rapidly in the last 20
years and have become the preferred choice for the calculation of
physical properties and phase equilibria of mixtures. Their ability
to predict or correlate the properties of all coexisting or
individual fluid phases as well as the straightforward extension
from pure components to mixture calculations significantly
contributed to their establishment as a key tool. Furthermore,
many models have been developed for the calculation of
transport properties (viscosity, diffusivity, and thermal con-

categorized into nine groups (characterized by the binary
association codes, BACs). The various groups are differentiated
according to the associating character of the components
included, that is, to their tendency to form a hydrogen bond. In
brief:

e The category BAC,—BAC, describes binary systems that
do not show association.

ductivity), which require parameters that can be conveniently o The group BAC; is related to systems that exhibit self-
provided by an accurate EoS.'~* Finally, more sophisticated EoS association (tends to be broken by dilution effect).
models with a strong theoretical basis are being continuously
developed, while a lot of effort is put on the improvement of —
existing ones. Received: March 30, 2021

The adoption rate of new models from the industry is rather Revised:  May 28, 2021 oo
low because the already implemented ones are only updated or Acce}’tEd‘ May 28, 2021 g
replaced if the advantages of new models are very clear-cut.”~’ Published: June 9, 2021 E =l !
This slow transition of models from academic development to T —

industrial application can be attributed to many factors, but the

© 2021 American Chemical Society https://doi.org/10.1021/acs.iecr.1c01234
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Table 1. Overview of the MAPEs between Experimental Data and Model Predictions (PC-SAFT EoS with vdW1f Mixing Rules
and no BIPs) for the 200 Binary Systems Included in the Benchmark Database Proposed by Jaubert Et al.5*®

MAPE on
oM
BAC type of association x y Py ZiLy P, X, P, Xareo s 4
1 (NA-NA) 14.5 11.3 4.2 367.7 6.5 36.1 52 167.5 62.8 190.3
2 (HA-NA) 57.3 27.0 16.3 40.1 - - 71.0 135.0
3 (HD-NA) no association 664  35.0 103 36.0 152 393 784 1844
4 (HA-HA or 329 24.0 19.0 42.1 - - 49.8 95.7
HD-HD)
5 (SA-NA) mixtures in which self-association tends to be 667 219 31 1017.3 474 1314 89 18.7 454  56.0
broken
6 (HD-HA) mixtures in which cross-association takes place 523 437 172 435 259 610 80.0  200.0
alone
7 (SA-HD) _ o - 369 198 61 209 634 1713
8 (SA-HA) mixtures in which both self-association and cross- a9 3145 191 472 406 575 207 495 535 812
association take place
9 (SA-SA) 465 304 - - 97.6  58.7 3.5 29.8 673 1287
a s b 100 NP P;alculated _ Pexpenmental
The mixtures are classified in nine BACs as proposed by Jaubert et al.” "MAPE = —= )., ’PEXT’EM , where NP is the number of

experimental data points and P; is the respective property. The abbreviations used for the associating character of a pure compound are: NA for
“Non-Associating,” HA for “Hydrogen-Acceptor”, HD for “Hydrogen-Donor”, and SA for “Self-Associating.” Blanks indicate that no experimental
data are available in the database for the respective properties, while dashes indicate that all calculations are deemed “out of model.”

e The group BACy contains systems in which the only mark that characterizes the model is the average of the four
association effect is due to cross-association. marks attained previously.

e The category BAC,—BAC, is for systems that exhibit both For further details on the exact methodology used, the reader
cross-association and self-association. is referred to the original publication.8 Finally, the Peng—

Robinson’ (PR) EoS with classical van der Waals one fluid
theory (vdW1f) mixing rules and a temperature-dependent
binary interaction parameter'® (BIP) was graded. The BIP was
regressed from the experimental data available in the proposed
database.”

In this work, the perturbed chain-statistical associating fluid
theory (PC-SAFT)'"'* EoS is applied without the use of any
BIPs, and the predictions of the model are compared against the
experimental data of the benchmark database of Jaubert et al.®
The EoS is graded using the proposed methodology, and the
resulting marks, as well as the behavior of the model, for the
various groups of mixtures are discussed and analyzed.
Comparison against the previously assessed® PR EoS using the
same database is provided.

A specific procedure for the calculation of the deviations
between model calculations and experimental data was
discussed in detail, and a methodology for grading a
thermodynamic model was proposed.” The properties based
on which the assessment of a model is performed include two-
phase vapor—liquid (VLE) and liquid—liquid (LLE) equili-
brium, three-phase vapor—liquid—liquid (VLLE) equilibrium,
critical point, azeotropic point, enthalpy of mixing, and heat
capacity of mixing data.

Jaubert and co-workers® proposed to calculate the mean
average percentage errors (MAPEs) between model calculations
and experimental data for each of the 10 properties included in
the database, as shown in Table 1. The specified properties for
the evaluation of the MAPEs are discussed in detail by Jaubert et
al.® and a brief description is given in Section 2.1 of this work as

well, including the algorithms and platform adopted. The target 2. GRADING OF THE PC-SAFT EOS

is to utilize the calculated MAPEs to give a mark (out of 20) to 2.1. EoS Implementation. Statistical associating fluid
the thermodynamic model adopted, so that its accuracy can be theory (SAFT)-based EoSs are models that are theoretically
evaluated and compared directly against that of other models. A derived by applying rigorous perturbation theory,”~'> while
mark equal to 20 is the highest attainable, and it can be achieved their basis lies in the first-order thermodynamic perturbation
only if the model can reproduce exactly (with 0% MAPE) the theory (TPT1). TPT1 was developed by Wertheim,'°~"* who
entire number of experimental data available in the database. In proposed a model for systems with highly directional forces,
every other case, a score lower than 20 will be given to the model. with a repulsive core and multiple attractive sites. The model of
After the calculation of the MAPEs, the grading of the model Wertheim allows the formation of chains and closed rings, as
starts by giving a mark over 20 to each of the nine BACs. This well as hydrogen bonding. Wertheim expanded the Helmholtz
mark is the average of 10 marks, one for each of the 10 properties free energy in a series of integrals of molecular distribution
calculated. At this stage, the thermodynamic model is functions and the association potential and derived a simplified
represented by nine marks (one for each BAC). Then, their expression. In this way, the Helmholtz free energy of a fluid can
number is reduced from 9 to 4 by grouping the marks obtained be described as the sum of the Helmholtz free energy of a simple
by similar BACs to finally keep only four categories of binary reference fluid, which is known accurately, and a perturbation
mixtures based on their association behavior. These four term, the development of which is challenging.
categories correspond to the four bullet points mentioned A variety of SAFT-based EoSs have been proposed in the
previously, and the reader can also refer to Table 1. The final literature, which differ mainly in the intermolecular potential
8936 https://doi.org/10.1021/acs.iecr.1c01234
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used to model the reference fluid. The hard sphere system was
the one used mainly as the reference fluid in the early proposed
SAFT EoS. Based on this reference fluid, the perturbation terms
were developed to account for dispersion forces, formation of
chains, and intermolecular association phenomena. Later on,
reference fluids that are allowed to interact with different
potentials (square-well, Lennard—Jones, etc.) were employed,
resulting also in different chain and association terms. In this
common framework, SAFT-type EoSs are written as summa-
tions of Helmholtz free energy terms corresponding to different
types of molecular interactions.

A SAFT model that has gained significant industrial
popularity and has been incorporated in most commercially
available process simulators is the PC-SAFT EoS."" To derive
PC-SAFT, the hard chain fluid was used as the reference system
by Gross and Sadowski, who also applied second-order Barker—
Henderson perturbation theory to develop the Helmholtz free
energy term that accounts for the dispersion interactions. The
pair potential used is the modified square well potential,
proposed by Chen and Kreglewski.”’ The chain and association
terms in PC-SAFT EoS are the same as the ones used in the
SAFT EoS proposed by Huang and Radosz.”"** These chain
and association terms were developed by applying TPT1 on the
hard sphere reference fluid. PC-SAFT is commonly written as a
summation of the Helmholtz free energy terms, and the reader
can refer to the original publications'”'” for the exact
mathematical relations:

~RES
a

RT

~DISP
a

RT

~HC
a

~ASSOC
a

— 1

RT RT W
where @ is the molar Helmholtz free energy and the superscripts
refer to the respective molecular interaction contributions. The
expressions for the individual Helmholtz free energy terms used

by the PC-SAFT EoS for mixtures are presented in the following

equations:
™ 1|35, S ( & 5]
RT g"o (S I V-
2)
In(1 — Q)}
gHe 4 s
EZ E— 4 x(m—l)lng (a) 3)
~DISP -
RT = =27pI(n, 771)”'1280'3 — apmCiL,(n, ) @
m’e’o?
zASsOC 1
Z lnX - —) + EMl (5)

where x; is the molar fraction of component i in the mixture, m; is
the number of spherical segments in a chain of component i, i is
the mean segment number, o; is the segment diameter of
component i, d; is the temperature-dependent segment diameter
of component i, ¢ is the dispersion energy, and gi*(d;) is the
radial pair distribution function of hard spheres of component i
at contact, given by the expression:

8937

1 dd; 3¢
gil.{s(di}-) = + 2 e
j 1-¢ di+d)(1-8)
6
dd, ’ 2 «©
+
i+d)1-5p
T .
- gp Z xlmldl (7)
d-al—OlZXexp(—ﬁ) (8)
kT
M !
Xt=l1+ ) ) p XA (9)
j B
AAB = g3,bs B e
)= gg (d)* P exp ot ) 1 (10)

where p is the number density of molecules and I,(7, ) and
L(n, m) are integrals calculated by power series in reduced
density 17 = ;. X" is the fraction of molecules of species i not
bonded at site A, M, is the number of association sites on
molecule i, and A*¥ s the association strength between position
A of a molecule i and position B of a molecule j. €*% is the
association energy, and k% is the association volume.

One of the especially attractive features of the SAFT-type EoS,
which stems from its theoretical origin, is that no mixing rules
are needed in the chain and association terms. These terms are
thus rigorously extended to mixtures. The extension of the EoS
to mixtures requires however mixing rules for the dispersion
term, and the vdW1f mixing rules are usually employed (also in
this work), as proposed by Gross and Sadowski.'' Specific
combining rules (Lorentz—Berthelot) are applied to calculate
the segment dispersion energy and diameter parameters.
Moreover, combining rules are needed for the association
parameters in a mixture of C components according to the
expressions:

c c
E..
2 € 3 z i3

m ——O0 = x,xjmimj — Uij (11)

kg it kgT

2 C C e 2
2| € 3_ ij 3

m| | ot = 20 2 wamm| - T] % (12)

B i=1 j=1 B

m = XM
Z o (13)
1
& = Jag (1 = k) (14)
611 + O}]
0; = T (15)
1

M = ~(eM 4 ) (1)

3

0ii0jj
B = / ABy A, (17)
(6 + a)

https://doi.org/10.1021/acs.iecr.1c01234
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Table 2. Number of “Out of Model” Data Points, i.e., Points For Which the MAPE Cannot Be Evaluated™?

BAC liquid-phase composition  vapor phase (or second liquid phase) composition

1 (NA-NA) 515/3616 (14.2%) 507/3539 (14.3%)
2 (HA-NA) 526/2601 (20.2%) 523/2554 (20.5%)
3 (HD-NA) 442/1393 (31.7%) 442/1393 (31.7%)
4 (HA-HA or HD-HD) 172/1465 (11.7%) 172/1465 (10.8%)
S (SA-NA) 714/1580 (45.2%) 713/1597 (44.6%)
6 (HD-HA) 433/1522 (28.4%) 433/1522 (28.4%)
7 (SA-HD) 121/741 (16.3%) 100/711 (14.1%)

8 (SA-HA) 135/305S (4.4%) 135/3000 (4.5%)

9 (SA-SA) 338/2448 (13.8%) 320/2436 (13.1%)

total

number of “out of model” data points/total number of data points

3396/18,421 (18.4%)

3345/18,217 (18.4%)

“The procedure for characterizing these points is illustrated by Jaubert et a

three-phase line

12/16 (75%)

critical point
19/252 (7.5%)
141/319 (44.2%)
25/49 (51%)
7/60 (11.6%)
87/130 (66.9%)
23/63 (36.5%)

azeotropic point
8/11 (72.7%)
22/22 (100%)
43/44 (97.7%)
7/7 (100%)
5/35 (14.3%)
16/18 (88.8%)
1/13 (7.7%)
1/42 (2.4%)
10/33 (30.3%)
113/225 (50.2%)

16/25 (64%)

3/12 (25%)
13/13 (100%)
44/66 (66.6%)

The abbreviations used for the associating character of a pure

60/193 (31.1%)
31/50 (62%)
393/1116 (35.2%)
1.8 b

compound are: NA for “Non-Associating,” HA for “Hydrogen-Acceptor”, HD for “Hydrogen-Donor”, and SA for “Self-Associating.” Blanks
indicate that no experimental data are available in the database for the respective properties. “Out of model” data points do not occur for enthalpy
and heat capacity of mixing data, because it is always possible to calculate these properties at specified T, P, and z,.

As it has already been mentioned in the introduction, a k;
equal to zero was used in the combining rules in this work, to
grade the pure predictive capabilities of the EoS for mixtures.

PC-SAFT requires three pure component parameters (m;, €;,
and o;) for non-self-associating compounds and five parameters
(my € 05 €M, and K*) for self-associating ones, which are
typically fitted to vapor pressure and saturated liquid density
experimental data. For several components, the pure component
parameters proposed by Moine et al.** which are fitted to vapor
pressure, saturated liquid density, enthalpy of vaporization, and
saturated liquid heat capacity data were used. The pure
component parameters used in this work are summarized in
Table S1 in the Supporting Information. It has to be noted that
no induced association scheme was employed for mixtures of a
self-associating compound and a non-self-associating com-
pound. Introducing induced association and evaluation of the
effect on the accuracy of the PC-SAFT EoS will be the subject of
a future publication.

Calculations with the PC-SAFT EoS were performed with the
Physical Property Library (PPL), which is a collection of
libraries written and compiled in FORTRAN 90/95. The source
code was developed in the Molecular Thermodynamics and
Modeling of Materials Laboratory (MTMML) in the National
Center for Scientific Research “Demokritos” in Athens, Greece.
The method of Topliss et al.”* was used to calculate the density
with the PC-SAFT EoS. The calculation of the properties, based
on which the grading of the EoS is carried out, is performed by
specifying the free variables as proposed by Jaubert et al.* These
specifications are summarized in Table S2 in the Supporting
Information.

For the calculation of the VLE or LLE, a stability test™ is
performed initially and if the result corresponds to a non-stable
mixture, then a PT-flash”® calculation is performed. In this way,
the compositions of the two coexisting phases are determined.
The composition space (0 < z; < 1and z, =1 — z,) is scanned
until the feed phase composition is found to be non-stable. If no
instability is found at a specified temperature and pressure, then
the experimental data point is characterized as “out of model,”
because the model cannot reproduce the experimental two-
phase behavior. A detailed discussion about the characterization
of “out of model” data points can be found in the study by
Jaubert et al.” The same procedure, without the scanning of the
composition space (calculation is performed at specified
temperature, pressure, and composition, as shown in Table

8938

S2), is followed for the enthalpy and heat capacity of mixing
calculation. If the mixture is stable, then the most stable state
(liquid or vapor) for the mixture and the pure components has
to be found. This is done by comparing the residual Gibbs free
energies using the liquid and vapor density solutions of the EoS.
Then, the enthalpy and heat capacity of mixing are calculated. If
the mixture is found to be non-stable, then the procedure
mentioned above is followed for each of the coexisting phases,
and the final enthalpy or heat capacity of mixing is calculated as a
weighted average (phase mole fraction is the weighting factor) of
the enthalpies or heat capacities of mixing of the respective
phases. A discussion around the mixing properties and how the
aggregation states of the pure components and the mixture affect
their calculation can be found in the study by Privat and
Jaubert.””*®

The calculation of the critical and azeotropic points is
performed by sequentially tracing the phase diagrams of the
binary mixtures at specified temperatures. The calculation is
terminated when the compositions of the coexisting phases are
sufficiently close (usually to the third decimal point for the molar
fractions). The calculation of the VLLE is performed in a similar
way. The binary phase diagram is sequentially traced, and if
instability is found, a direct calculation of three-phase
equilibrium is performed, as described in Chapter 12 of
Michelsen and Mollerup.*”

3. RESULTS AND DISCUSSION

3.1. Grading of the Results. For each BAC, the MAPEs on
liquid-phase composition x, gas phase composition (or second
liquid-phase composition) y, three-phase pressure Py, three-
phase composition z; y, critical pressure P, critical composition
x, azeotropic pressure P, azeotropic composition x,,.,,

mixing enthalpy 4™, and mixing heat capacity cpM are presented

in Table 1.

Following the procedure described by Jaubert et al,® a
number of experimental data points are characterized as “out of
model” when the MAPE at these points cannot be calculated
based on the criteria set by the methodology. “Out of model”
points correspond to cases in which the model cannot reproduce
qualitatively the experimental data behavior (for example,
prediction of an inhomogeneous azeotrope instead of a
homogeneous one, etc.), or very large deviations between
model calculations and experiments, especially at compositions
very close to 0 or 1, are observed. Consequently, the number of

https://doi.org/10.1021/acs.iecr.1c01234
Ind. Eng. Chem. Res. 2021, 60, 8935—-8946
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Table 3. Rating of the Nine BACs To Finally Grade the Model (PC-SAFT EoS with vdW1f Mixing Rules and no BIPs)“

mark on:
oM BAC mark (over 20) by type of final

BAC 7 y Puv  zZuv P, o8 Poo %o M P mark association mark
1 (NA-NA) 12.7 14.4 17.9 0.0 15.1 2.0 17.4 0.0 4.3 1.0 8.5
2 (HA-NA) 00 65 78 00 22 65 38

Marky, = 5.5

3 (HD-NA) 0.0 2.5 12.0 2.0 12.4 0.3 0.4 1.6 3.9
4 (HA-HA or HD-HD) 3.6 8.0 5.7 0.0 7.5 10.4 5.9
5 (SA-NA) 00 91 185 00 00 00 155 106 86 144 77 Markgs = 7.7 5.1/20
6 (HD-HA) 00 00 71 00 71 00 00 00 1.8 Marke, = 1.8
7 (SA-HD) 1.5 10.1 16.9 9.6 4.2 29 7.5
8 (SA-HA) 00 42 104 00 00 00 97 00 66 119 43 Mark, , 50 = 5.5
9 (SA-SA) 0.0 4.8 0.0 0.0 18.3 S.1 3.2 7.1 4.8

“The abbreviations used for the associating character of a pure compound are: NA for “Non-Associating,” HA for “Hydrogen-Acceptor”, HD for
“Hydrogen-Donor”, and SA for “Self-Associating.” Blanks indicate that no experimental data are available in the database for the respective
properties, while dashes indicate that all calculations are deemed “out of model.”
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Figure 1. Pressure—composition VLE phase diagrams for the (a) 1,2-dichloroethane (1)—carbon tetrachloride (BAC,), (b) acetone (1)—n-hexane
(BAC,), (c) chlorodifluoromethane (1)—dichlorodifluoromethane (BAC,), and (d) dimethyl ether (1)—sulfur dioxide (BAC,) mixtures.
Experimental data are represented by points, predictions from the PC-SAFT EoS with vdW1f mixing rules and no BIPs by lines and calculations with
the PC-SAFT EoS with vdW1f mixing rules and regressed BIPs by dashed lines. The regressed BIPs are: (a) k; = 0.0275, (b) k; = 0.0625, (c) k=

0.0275 and (d) k; = —0.13.

“out of model” points gives a good insight into the performance
of a model, additionally to the MAPEs. Table 2 summarizes the
“out of model” data points for the PC-SAFT EoS, as
implemented in this work, for the different BACs and different
categories of available experimental data. Furthermore, in Table
2 the total sum of “out of model” data points for each
experimental data category and the percentage of these points
over the total available data for each property considered are
presented.

The calculated MAPE:s are utilized to give a mark (score over
20) to each of the nine BACs by averaging the 10 marks of the
properties considered (%, ¥, Py1v, ZL1vs Po %o Paseor Xageor " and

cpM). Table 3 summarizes these marks. As proposed by Jaubert
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et al.® the marks obtained by BACs 1 to 4 and BACs 7 to 9 are
averaged to only retain four categories (BAC,-BAC,, BAC;,
BAC,, and BAC,—BAC,) of binary systems based on the type of
association they exhibit. By averaging the marks of these four
categories, the PC-SAFT EoS with vdW1f mixing rules and no
BIP scores a final mark of 5.1/20.

3.2. Discussion. In this section, the results obtained with the
implementation of the PC-SAFT EoS are discussed and
analyzed. The most accurately predicted behavior is that of
mixtures belonging to BAC, with a mark of 8.5/20. This
category consists of mixtures where no association takes place
and the individual components do not possess either a hydrogen
donor or a hydrogen acceptor. In the non-associating category
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Figure 2. Enthalpy of mixing—composition diagrams for (a) 1,2-dichloroethane (1)—carbon tetrachloride (BAC,), (b) acetone (1)—n-hexane
(BAC,), (c) chloroform (1)—1,2-dichloroethane (BAC;), and (d) carbon dioxide (1)—dimethyl carbonate (BAC,) mixtures. Experimental data are
represented by points and predictions from the PC-SAFT EoS with vdW1f mixing rules and no BIPs by lines.

also fall the mixtures of BAC,, BAC;, and BAC,. However, the
marks achieved in these cases are significantly lower than the
BAC, mark with scores of 3.8, 3.9, and 5.9/20, respectively. The
average mark achieved for the non-associating systems is marky,
= 5.5. Non-associating systems often belong to type-I systems in
the classification scheme of Van Konynenburg and Scott,”>*"
but some fall into type-III, especially when the two compounds
show a high size-asymmetry.

It has to be noted at this point that the “out of model” data
points for the non-associating systems (BAC,—BAC,) are
around 19% of the available liquid phase and vapor phase
experimental data in the database for these mixtures. However,
regarding the azeotropic point data, the “out of model” data
points are 95% of the total experimental points available for
these mixtures. This shows clearly that the very low marks scored
are mainly due to the inaccurate prediction of the mixtures that
exhibit azeotropy. More specifically, the EoS does not reproduce
even qualitatively the behavior of any mixture included in
BAC,—BAC, that exhibits azeotropy. This result corroborates
what was observed by Jaubert and Privat®* when they tried to
model the carbon dioxide—ethane binary system with the PC-
SAFT EoS and a k; equal to zero. Twenty mixtures in total
exhibit azeotropic behavior in the non-associating group of
mixtures of the 92 available.

More generally, Jaubert and Privat’” showed that the PC-
SAFT EoS with no k;; has a natural tendency to predict negative
deviations from ideality (because, under infinite pressure, the
excess Gibbs energy predicted by the EoS always tends to —co).
However, it should be noted that by moving away from the
infinite pressure domain, the PC-SAFT EoS may predict positive
deviations from ideality with a k;; equal to zero. However, for the
reason previously mentioned, it will more easily predict negative
deviations. In practice, the fact that positive deviations are much
more frequent than negative deviations in real systems could
explain the low score associated with BAC,—BAC,.
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In Figure 1, pressure—composition VLE phase diagrams for
four mixtures of the BACs discussed previously, which exhibit
azeotropic behavior, are presented. The results are characteristic
of all the mixtures in this category that form an azeotrope.
Clearly, the PC-SAFT EoS predicts very small deviations from
ideality (positive or negative) for all mixtures. Considering, all
mixtures in BAC,—BAC,, only the dimethyl ether—sulfur
dioxide mixture forms a negative azeotrope, and the PC-SAFT
EoS predicts nearly ideal behavior. It is also worth noting that
between the four BACs of the non-associating group, the PC-
SAFT EoS performs worse (based on the average BAC mark) for
BAC, and BAC; in which a molecule with a hydrogen donor or
acceptor is mixed with a non-associating molecule. In Figure 2,
enthalpy of mixing—composition diagrams for four mixtures that
belong to BAC,, BAC,, BAC;, and BAC,, groups are presented.
In three out of the four mixtures examined, the model is in poor
agreement with experimental data.

The second highest score, when all BACs are considered, and
the highest one after the averaging in four general groups are
achieved for the BAC; group with markgy, = 7.7. In systems
belonging to this group, a non-associating component is mixed
with a self-associating one so that self-association (partially)
appears in the mixture. Positive deviations from ideality, three-
phase equilibrium at low temperatures, and liquid-phase
splitting are often observed in this family of mixtures. Many of
them belong to type-III systems in the classification scheme of
Van Konynenburg and Scott.”® All binary water—n-alkane or
alcohol—n-alkane mixtures belong to this family, and it is
generally accepted that it is the most difficult family of mixtures
to describe with a thermodynamic model.®

Considering the performance of the PC-SAFT EoS for the
previous BAC:s, it is both interesting but also expected that the
model performs better for this group of mixtures that exhibit a
more complex behavior. This can be predominantly attributed
to the association term of PC-SAFT, because in the previous
cases no self-associating compounds were considered. As it has
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Figure 3. Pressure—composition VLE phase diagrams for (a) n-butane (1)—water (BAC;), (b) propane (1)—methanol (BAC;), (c) methanol (1)—
benzene (BAC;), and (d) diethylamine (1)—benzene (BAC;) mixtures. Experimental data are represented by points and predictions from the PC-

SAFT EoS with vdW1f mixing rules and no BIPs by lines.
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Figure 4. Enthalpy of mixing—composition diagrams for (a) propane (1)—methanol (BAC;), (b) methanol (1)—benzene (BAC;), (c) ethane (1)—1-
propanol (BAC;), and (d) 2-butanol (1)—cyclohexane (BAC;) mixtures. Experimental data are represented by points and predictions from the PC-

SAFT EoS with vdW1f mixing rules and no BIPs by lines.

already been mentioned, in this particular family self-association
(partially) persists in the mixture, and the association term of
PC-SAFT accounts for the hydrogen bonding interactions
between like molecules. Jaubert et al.” have shown that the PR
EoS with vdW1f mixing rules and a temperature-dependent k;
correlates with high-accuracy BAC,—BAC, and BACq, with a
lower accuracy BAC,—BAC, and with the lowest score (8.4)
BAC;. Of course, this mark is higher than the respective one of
the PC-SAFT EoS as implemented in this work but significantly
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lower than the excellent ones achieved for the other BACs.
Jaubert et al.® also stated that the addition of an association term
or the use of more sophisticated mixing rules could help the PR
EoS to quantitatively reproduce the behavior of such systems
(BAC,).

In Figure 3, pressure—composition VLE phase diagrams for
four mixtures of BAC; are presented, including azeotropic
behavior and open and close ended phase diagrams. In contrast
to the previous BACs, there are only 14% “out of model”
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Figure S. Pressure—composition VLE phase diagrams for (a) 1-hexyne (1)—acetonitrile (BAC,), (b) ethanol (1)—chloroform (BAC,), (c)
chloroform (1)—1-propanol (BAC,), and (d) trichloroethylene (1)—2-methoxyethanol (BAC,) mixtures. Experimental data are represented by points
and predictions from the PC-SAFT EoS with vdW1f mixing rules and no BIPs by lines.

azeotropic data points of the total available, which means that
the qualitative prediction of the behavior is more accurate for
this family of mixtures. However, 45% of VLE (or LLE)
predictions are characterized as “out of model,” which is mainly
attributed to the underprediction of the azeotropic pressure in
all mixtures examined. A significant amount of “out of model”
data points are observed for critical points (67%) and three-
phase equilibrium (64%) predictions. This is also reflected in the
respective marks. It is also worth noting that the grades received
for the enthalpy and heat capacity of mixing of BAC; are the best
in general among all BACs. Enthalpy of mixing results for the
BACS group are presented in Figure 4. The agreement between
experimental data and PC-SAFT prediction is fair.

The poorest rating among all BACs (before and after the
averaging in four general categories) is the one achieved for
BAC, with mark, = 1.8. The binary systems that belong to this
group exhibit cross-association, but the individual compounds
do not self-associate. In this case, the association term of the PC-
SAFT EoS was not employed. For such binary systems, the two
components form hydrogen bonds when mixing thus stabilizing
the liquid phase and preventing phase splitting. As a general rule,
mixtures of this family exhibit negative deviations from ideality
and belong to type-I classification.

The qualitative results for BAC are very similar to those of
BAC,, BAC;, and BAC,; that is, the PC-SAFT EoS predicts
small deviations from ideality (positive or negative) for all
mixtures in the group. All the mixtures included in BAC that
exhibit azeotropic behavior form negative azeotropes, a behavior
which the model does not reproduce, except for the
1,1,1,2,3,3,3-heptafluoropropane—sulfur dioxide mixture,
which forms a positive azeotrope. In this particular case, the
PC-SAFT EoS reproduces qualitatively correctly the azeotropic
behavior. The enthalpy and heat capacity of mixing prediction
for BACy are significantly worse both qualitatively and
quantitatively as compared to BAC,—BAC, results, as shown
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both by the difference in MAPEs and the zero marks received for
these two properties.

Finally, mixtures in which both cross-association and self-
association take place (BAC,—BAC,) receive an average
marke, , 54 = 5.5. In these mixtures, hydrogen bonds between
two identical self-associating molecules are broken by dilution
effects, and new hydrogen bonds are formed by cross-
association. Many of these mixtures belong to type-I systems
in the classification scheme of Van Konynenburg and Scott,*’
and some fall into type-IIL.

As it has already been discussed in the previous paragraphs,
mixtures in which self-association dominates are described with
much higher accuracy by the PC-SAFT EoS than those that
exhibit only cross-association. Therefore, it is expected that the
final grades for BAC, and BACg should be in between those
achieved in BAC; and BAC,. This is also verified by the results
presented in Table 3. The average marks received for BAC, and
BAC; are 7.5 and 4.3/20, respectively, showing a relatively
significant difference in the performance of the EoS for the two
groups. However, no three-phase equilibrium and critical point
data are available for BAC,, to deduce direct comparison
between the two groups. Regarding the BAC; group, it is
interesting to note that the mark received by this family of
mixtures is close to the marks received by BAC, and BAC,
groups. By further analyzing the marks, it seems that this
equivalence occurs by a counterbalance between the more
accurate predictions of the azeotropic behavior, enthalpy, and
heat capacity of mixing in BACg as opposed to the more accurate
prediction of critical points in BAC, and BAC;. However, the
“out of model” critical points for BAC, and BAC; are 44 and
51%, respectively, whereas the “out of model” critical points for
BAC; are 31%.

BAC, receives a mark of 4.8/20 scoring in between (closer to
the BAC,; group) BAC, and BAC, groups. The mixtures
included in this group consist of two self-associating
components, and consequently, combining rules in the
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Figure 6. Pressure—composition VLE phase diagrams for (a) acetone (1)—water (BACy), (b) carbon dioxide (1)—methanol (BAC;), (c) methanol
(1)—diisopropyl ether (BACj), and (d) ethanol (1)—ethyl acetate (BACg) mixtures. Experimental data are represented by points and predictions from
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Figure 7. Pressure—composition VLE phase diagrams for (a) ammonia (1)—water (BAC,), (b) water (1)—propylene glycol monomethyl ether
(BAG,), (c) methanol (1)—3-methyl-1-butanol (BAC,), and (d) ethanol (1)—water (BAC,) mixtures. Experimental data are represented by points
and predictions from the PC-SAFT EoS with vdW1f mixing rules and no BIPs by lines.

association term are also applied to calculate the cross-
association energy between unlike molecules. Inclusion of
these combining rules introduces an extra simplification in the
model that tries to capture complex interactions between like
and unlike molecules that strongly associate.

In Figures 5—8, some characteristic results for mixtures
belonging to BAC,—BAC, are presented. Contrary to the
previous BACs in which the predictions of PC-SAFT EoS were
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relatively uniform, that is, small positive or negative deviations
from ideality with accurate or inaccurate results (BAC,—BAC,
and BACy), for mixtures belonging to BAC,—BAC, this is not
the case, with predictions spanning from very accurate ones for
azeotropic mixtures such as methanol—diisopropyl ether
(BAC;,) (Figure 6¢) to under or overprediction of the azeotropic
pressure for other mixtures, such as 1-hexyne—acetonitrile
(BAC,) (Figure Sa) and ethanol—chloroform (BAC,) (Figure

https://doi.org/10.1021/acs.iecr.1c01234
Ind. Eng. Chem. Res. 2021, 60, 8935—-8946


https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c01234?rel=cite-as&ref=PDF&jav=VoR

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(a) T/K = 278.15 P/bar = 1.0132

1000
LI
500
o]
1S
2
E_c 0‘ p
-500
0 0.2 0.4 0.6 0.8 1
(c) TIK=373.15 P/bar=10
600

0 02 04 06

2

0.8 1

(b) T/K = 321.62 P/bar = 1.01

200
0ee o °
°
°

-200
-400
-600

0 0.2 0.4 0.6 0.8 1

(d) T/K = 323.15 P/bar =4
400 *%e
° .
[ ] [
°
200 . *
L4 [}
0 \/\0
°
-200 .
°e®

-400

0 0.2 0.4 0.6 0.8 1

z

Figure 8. Enthalpy of mixing—composition diagrams for (a) water (1)—acetonitrile (BAC,), (b) water (1)—2-butoxyethanol (BAC,), (c) ethanol
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Figure 9. Pressure—composition VLE phase diagrams for the carbon dioxide (1)—ethane (BAC,) mixture at various temperatures. Experimental data
are represented by points, predictions of PC-SAFT EoS with vdW1f mixing rules and no BIPs by solid lines, and calculations with PC-SAFT EoS with

vdWI1f mixing rules and k; = 0.1125 by dashed lines.

5b). Prediction of an inhomogeneous azeotrope in mixtures
where a homogeneous one should have been predicted is also
observed, such as in the acetone—water (BAC,) (Figure 6a)
mixture. This is also the case for mixtures belonging to the BAC,
group, which are composed of two self-associating components.
For example, the PC-SAFT EoS predicts with high accuracy the
VLE of the ethanol—water (BAC,) mixture (Figure 7d), which
forms homogeneous azeotropes at various temperatures, while
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the model consistently overpredicts the azeotropic pressure of
the water—propylene glycol monomethyl ether mixture (Figure
7b).

Moreover, the deviations from ideality that the various
mixtures exhibit do not seem to correlate directly with the
expected accuracy of the results because better or worse
predictions are observed in both ideal or nearly ideal systems
and mixtures in which strong deviations from ideality are

https://doi.org/10.1021/acs.iecr.1c01234
Ind. Eng. Chem. Res. 2021, 60, 8935—-8946


https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01234?fig=fig9&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c01234?rel=cite-as&ref=PDF&jav=VoR

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

exhibited. As shown in Figure 5c, PC-SAFT predicts positive
deviations from ideality for the chloroform—1-propanol mixture
(BAC,), and the VLE results are very accurate for the isotherm
at 328.15 K. However, for the trichloroethylene—2-methox-
yethanol mixture (BAC,) at 341.01 K (Figure 5d), the model
predicts negative deviations from ideality that do not conform to
the experimentally observed behavior. It has to be noted though
that based on the assessment of Jaubert et al.® for the origin of
non-ideality in the mixtures of the database, deviations from
ideality for the chloroform—1-propanol (BAC,) mixture
originate from enthalpic and entropic causes, while for the
trichloroethylene—2-methoxyethanol mixture (BAC,) they
originate only from entropic.

Considerable improvement in the performance of the EoS is
expected by incorporating a non-zero BIP in the combining rules
for the dispersion energy of the model. To showcase this,
representative calculations were performed for the carbon
dioxide—ethane mixture with k; = 0.1125 at various temper-
atures. The results are summarized in Figure 9, together with the
predictions of PC-SAFT (k; = 0) for this mixture at the same
temperatures. As also shown by Jaubert and Privat,”* the PC-
SAFT EoS fails to qualitatively reproduce the behavior of the
mixture without the use of a BIP. Excellent correlation of the
experimental data is achieved however with a temperature-
independent k; parameter. Similar improvement is also observed
for the mixtures presented in Figure 1 (calculations with fitted k;
parameters are represented by dashed lines), when a temper-
ature-independent BIP is fitted to the available experimental
data. Regression of BIPs for the PC-SAFT EoS and grading of
the model using the same methodology applied in this work are
ongoing and will be the scope of a future publication.

4. CONCLUSIONS

The PC-SAFT EoS was applied in this work without the use of
any BIPs, as well as no induced association scheme for mixtures
of a self-associating and a non-self-associating compound. The
performance of the model was compared against the
experimental data of the benchmark database, published by
Jaubert et al® The EoS was graded using the proposed
methodology, and the resulting marks as well as the behavior
of the model for the various groups of mixtures were discussed
and analyzed.

The PC-SAFT EoS, as implemented in this work, received a
low overall score of 5.1/20. However, important strengths of the
EoS, such as the very good performance for BAC; mixtures
(taking into account that calculations are purely predictive),
which are considered very difficult to model, were shown, as well
as the importance of the association term in the general
performance of the model. The significance of the association
term is clearly supported by taking into account that Marky, =
Markc, , sa. Considerable weakness seems to be the case of
mixtures in which only cross-association takes place (BACy), as
demonstrated by the very low mark (1.8/20) received. Another
drawback is the inability to reproduce even qualitatively the
azeotropic behavior of non-associating mixtures (BAC,-BAC,),
which is clearly shown by the very large percent of “out of
model” data points in this case. Finally, a significant number of
“out of model” data points were also observed for three-phase
equilibrium data (66.6%), which highlights the difficulty in
reproducing simultaneously the VLE and LLE behavior.

In the context of benchmarking thermodznamic models,
using the database proposed by Jaubert et al.,,” we propose as
future work the use of an induced association scheme in the PC-
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SAFT EoS for mixtures in which a self-associating compound is
mixed with a non-self-associating one that has the potential to
cross-associate (some mixtures in BAC;, BAC;, BAC,, and
BAC; groups). In this way, the effect of solvation can be
extensively evaluated by directly comparing with the marks
reported in this work. Finally, regression of BIPs for all available
mixtures in the database and comparing with the purely
predictive calculations reported in this work are required to
assess the potential of the PC-SAFT EoS.
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