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In the last two Centuries' equations of state (EoSSfVALUATION OF THERMODYNAMIC-MODEL PERFORMANCES
have become a key tool for the correlation and prediction of
thermodynamic properties ofids. They not only can be applied
to pure substances as well as to mixtures but also constit

two models, it is necessary to confront model predictions with
experimental data. In this context, the importance of a reliable free-

to-access benchmark database is pivotal and becomes absolutely necessary. The goal of this paper is thus to present a dat:
specically designed to assess the accuracy of a thermodynamic model or cross-compare models, to explain how it was develc
and to enlighten how to use it. A total of 200 nonelectrolytic binary systems have been selected and divided into nine grouy
according to the associating character of the components, i.e., their ability to be involved in a hydrogen bond (the nature ar
strength of the association phenomena are indeed considered a measure of the complexity to model the thermodynamic proper
of mixtures). The methodology for assessing the performance of a given model is then described. As an illustration, the Pen

Robinson EoS with classical van der Waals mixing rules and a temperature-dependent binary interactightzarauineser (

used to correlate the numerous data included in the proposed database, and its performance has been assessed following

proposed methodology.

1. INTRODUCTION accepted by the industry. It is believed that such a time lapse is

Commercially available computer-aided-process-design sBxtensive because, among other reasons, developers usually do
ware requires thermodynamic models to design, develomt confront model predictions to experimental data that cover
analyze, and optimize chemical processes. As a result of theiide range of compositions, temperatures, and pressures.
great potential, equations of state (EoSs) represent th@oreover, the comparison between experimental data and
comerstone of thermodynamic motiétwleed, combining Lrj?c%gel predictions is often limited to phase equilibria, ignoring

an EoS and ideal-gas heat capacities enables one to calc o . -
not only phase equilibria but also all of the thermodynamiet er properties like enthalpies and heat capacities. For a new

properties needed for energy and exergy balances (entham?,dEL the absence of serious validation seems to be the major
entropy, exergy, heat capacities, etc.). It can be argued thabbstacle to its industrialization. Although scientists spend a
2020, chemical engineering thermodynamicseisl ander  great deal of time building and revising EoS, and much journal

steady growth since new models are continuously undghace s dedicated to introducing these valuable tools, the
development. In the academic community, it is often assumed '
that the accuracy of incoming models is increasing over tioe . )

years, as they become more sophisticated. However, fRgeeived: April 5, 2020
industry sometimes seems skeptical when weighing the vapgised: June 18, 2020
gained using a more complex model and rarely Gpatates Accepted: July 17, 2020
replaces its thermodynamic models with newer ones unlesuplished: July 17, 2020
clear advantage is evident. As a rule of thumb, it takes®10 years

for a new model to be conceived, developed, validated, and

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.iecr.0c01734
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guestion of their accuracy inevitably arises because theseponents, etc.) and data (e.g., vdigoid equilibrium
models are, by daition, a simplication of reality. (VLE) data, liquidliquid equilibrium (LLE) data, etc.) are

In this paper, to address the relevant issue of modebt equitably distributed; an evaluation over these data would
reliability, it was decided to build a high-quality referenckead to biased conclusions about the moa&tecy. Our goal
database usable for assessing the accuracy of a thermodynesmikus to build a subdatabase from these very complete
model or to cross-compare the performances of tererti databases after a strict selection of the systems and data so that
models. the diversity of molecular interactions and all kindsiabf

This work was conducted with the full support of thephase behavior are represented.
working party (WP) on thermodynamics and transport To the best of our knowledge, the unique benchmark
properties I{ttps://wp-ttp.dk)) of the European Federation database for nonelectrolytic and nonpolymeric systems
of Chemical Engineeringttfs://efce.info). In 2010, this available in the literature is the one proposed by Danner and
WP publishetla paper entitledindustrial requirements for Gess in 1990This database that embeds data for 104 binary
thermodynamics and transport propéridesl one of the  systems shows the following characteristics.
many conclusions, which fully juesti this work, wasiew « Only subcritical VLE data are available.

_models are published very frequently, but unfortunately most, , pata quality is ensured by performing consistency tests.
if not all, of these models are tested against only a few data sets, pre compounds are clasdi according to their

Th(_a issue of having large, standardized set pf data against polarity, from nonpolar to strongly polar, leading to
which all models may be tested is a very pertinent one that  {ha denition of nine classes of binary systems.

needs addressing and will be of great heawit will allow « For a given class, binary systems are categorized with

models to be compared on equal fodting. respect to their deviations from ideality and there is an

In the rst part of this paper devoted to the building of a even distribution between ideal and nonideal systems.
benchmark database, a total of 200 nonelectrolytic binary

systems was selected to cover all categories of mixtures arlg OUr opinion, such a database has many desirable features,
divided into nine groups according to the associating characfgfluding the classation scheme of the binary systems.

of the components, i.e., to their ability to be involved in &10WeVer, several weak points can be pointed out: VLE data
hydrogen bond. The nature and strength of the associatiG¢ limited to the subcritical domain and other types of phase
phenomena are indeed considered a measure of the compleZﬂY'“b”um data, e.g., LLE, vafiguid liquid equilibrium

to model the thermodynamic properties of mixtures. In thé/ELE), or derived properties like enthalpies and heat
second part of this paper, it is explained how to assess acities are not included. Moreover, such a database was

accuracy of an EoS and to grade it with the proposed databa{gg.de available by their autiors a 5 1/4 or 3 1/2 in. MS-
In particular, the exact procedure that has to be used t8OS formattedoppy disk and we cannot assert that it is still
unambiguously calculate the deviations between mod@@SSiPle to geta copy orto read this support.
predictions and experimental data is discussed in detail and NS short literature review makes it possible to conclude
emphasis is given to the selection of sgkaind calculated that the time has come to propose4a rgwsed version of the
variables. For illustration purposes, in the last part, the Peng@tabase developed by Danner and @gssh we hope will
Robinson (PR) EoS with classical van der Waals mixing ruf@§ Widely adopted by others for assessing the accuracy of a
and a temperature-dependeris scored after being used to thermodynamic model or cross-comparing two models. To
correlate the various data of the proposed database. The gra@idde the reader over the understanding of the choices we
are then interpreted through a discussion dealing with tf@ade to build this _database, the following sections aim to
accuracy of such a thermodynamic model. address three questions.

1. Which thermophysical properties should be included?
2. CRITERION TO BUILD A BENCHMARK DATABASE 2. Which binary systems?

2.1. Literature Review.Two databases that contain a vast ~ 3- How many systems and how many data?
number of experimental data points are widely used by 2.2. Which Thermophysical Properties Should Be
researchers in the area of applied thermodynamicgsiThe Included? To answer this question, we must be aware of the
one is the Dortmund Data Bank (DDBitp://www.ddbst. industrial needs. The paper by Hendriks “eexglains that
com/ddb.htm)l, which provides the largest data bank world-simultaneous description ofatent thermodynamic proper-
wide for thermophysical properties of pure components ariks and phase equilibrium types (VLE, LLE, VLLE) is of great
their mixtures. In February 2020, the DDB contained 8.1mportance. It is also stated that thermodynamic modelers
million data points for approximately 75 000 components froshould no longer be satéd with EoSs that are capable of
88 200 references. The second one, provided by the Natiomaproducing VLE data with a reasonable accuracy at low
Institute of Standards and Technology (NIST), also containgressures but are either untested or fail to reproduce other
pure-component and mixture data, divided into 90 Mationregions of the phase space and other properties.
Standard Reference Data (SRD) databaisps:{/www.nist. As explained below, we followed these recommendations,
gov/srd. The trustworthiness of the data is assessed byut we have decided to go one step further in the selection of
experts, so that they can be used withdemte to make the thermophysical properties.
signi cant decisions. First, it is indisputable that a good reproduction of phase

Although extremely useful, such databases cannot be used@slibrium data is mandatory to ensure that processes meet
such to assess the accuracy of a thermodynamic model. Fitgtjr compositional specations. However, depending on the
they are so comprehensive that a model evaluation procedtemperature and pressure conditions, phase equilibrium data
accounting for all of the data would require an excessiweay involve two subcritical compounds, a subcritical and a
amount of time. Second, theatent types of systems (e.g., supercritical compound or possibly two supercritical com-
those that form ideal solutions, that contain size-asymmetpounds. In the two latter cases, binary critical points appear on

14982 https://dx.doi.org/10.1021/acs.iecr.0c01734
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the corresponding phase diagrams. For some systerbmary systems, revealing their thermodynamic complexity
azeotropic behavior and three-phase VLLE can occur as wglere, thermodynamic complexity means a measure of the
To consider such a diversity, it was decided to embed all kindenideal character of a system inducingudties for a model
of phase equilibrium data in the developed database, i.e., Vidreproduce thermodynamic macroscopic properties). In the
LLE, VLLE, and azeotropic data points, and to cover a vepaper by Danner and Gess, pure compounds were categorized
wide range of compositions, temperatures, and pressumith respect to their polarity and were cledsis nonpolar,
Binary critical points were also included because we know Weakly polar, strongly polar, or very strongly polar. Such
experience that a good representation of the criticdidatss ~ authors dene polarity as the ability of a molecule to donate or
to an accurate restitution of phase diagrams on the entieecept a hydrogen atom and the presence of hydrogen
temperature and pressure ranges. Such lines inddes bonding. Starting from these four categories of pure
global topologdyof the isothermal and isobaric phase diagramsompounds, Danner and Ges:dd nine classes of binary
for any xed temperature or pressure, respectively. Convincegistems (nonpolar/nonpolar, nonpolar/weakly polar, etc.), and
by the importance of critical points, special emphasis was gifen each class, their database includes a variety of systems
to binary systems for which such data were available. ranging from ideal to highly nonideal. We were totally
A proper reproduction of energetic mixing propertiexonvinced by this approach and decided to propose a
(enthalpy and heat capacity changes on mixing) contributessmehow similar clagsition of binary systems but giving
to a good quanttation of utility needs and energy losses in anore emphasis on the associating character of the pure
chemical engineering process. Such knowledge is typicaliynpounds, i.e., on their ability to be involved in a hydrogen
required for performing heat integration in chemical plant®ond, rather than on their polarity. Indeed, the various
Unlike phase equilibrium pesfies, the calculation of publications devoted to the CPA? or SAFT® * EoSs
enthalpy and heat capacity changes on mixing (hereafdearly indicate that an actual scienthallenge for EoSs is
simply called mixing enthalpy and mixing heat capacity) witheir ability to properly describe the very complex association
an EoS involves the derivative of the EoS expression wjthenomena.
respect to the temperature. Consequehydata help 2.3.1. Denition of the “Associating Charactéof a Pure
determine the temperature dependence of the phag@omponent.In this paper;associatidhmeans association
equilibrium, which supports their value. As a matter of fact,amly by hydrogen bonding. In classical physical chémistry,
good reproduction of experimental phase diagrams does mgtdrogen bonds are ded as an attractive interaction
ensure accurate estimations of mixing properties anbdetween a hydrogen atom from a molecule or a molecular
consequently, of energy-balance terms. The same concludiagment AH in which A is more electronegative than H and
was drawn by Agarwal et’alho wrote:“...if you are  a highly electronegative atom (denoted B) in the same or a
modeling a system with siguint excess enthalpies and youdi erent molecule that possesses a lone pair of electrons. There
have a good VLE, this does not automatically ensure youis no strict cuto for an ability to participate in hydrogen
have a good overall model from an energy balance point lodnding, but nitrogen (N), oxygen (O), aror (F) atoms
view. This highlights the necessity of considering mixingarticipate the mostectively. From the deition above, the
enthalpy and mixing heat capacity data for evaluating modetmation of a hydrogen bond can be regarded as the
performances. In his Ph.D. thesis, QQiaached the same electrostatic interaction between a partial positive chirge (
conclusion but also demonstrated that it was possible for thecated on the labile hydrogen atom and a partial negative
Peng Robinson (PR) EoS with temperature-dependent binargharge ( ) located on B that possesses a lone pair of electrons
interaction parameters (BIPs) to accurately correlate boitseeFigure ). The distance between the atoms H and B is
uid-phase equilibria and mixing properties if both types afassically taken as indication of the hydrogen-bond strength; it
data were included in the regression procedure. Eventually, tyeically varies between 160 and 200 pm.
decided to include both mixing enthalpy and mixing heat

capacity data in the proposed benchmark database. ®
To conclude this section, we want to emphasize that we @ s 5 st
intentionally did not incorporate excess volume data in the A<—H-—B~— &

proposed database. This is because we know by experience that v

volulrre:han%g or: mixing 1S gene{ﬁlly srlnalll t(agddofte_r: VGE)/ ure 1.(a) lllustration of the daition of a hydrogen bond (red
small). S, a direct consequence, the Ca_Cu a e, ensity Ofjned line). The arrows indicate the more electronegative atom, i.e.,
phase mainly depends on the accuracy with which the densf¥ girection in which the shared pair of electrons (of the covalent

of the pure components is calculated but is only slightljond) is shifted. (b) Case of the pentroethanedimethy! ether
in uenced by the mixing rules used. This implies that befoggstem.

grading a thermodynamic model with the proposed database;it
is necessary to provide information on how the model behaves o o
to correlate/predict the properties of pure compounds and in TO create an association by hydrogen bonding, it is needed
particular the vapor pressures, the liquid densities, tfige conjunction of (i) a labile hydrogen atom and (i) a lone
enthalpies of vaporization, and the liquid heat capacities. Pair of electrons. It thus becomes possible to classify the pure
It was also decided to exclude electrolytic systems and §6mponents into four categories according to their associating
only consider uid-state binary systems, meaning that thecharacter, i.e., depending on whether they have a labile
proposed database does not include ligalii, solidsolid, hydrogen atom and/or a lone pair of electrons or none of
or adsorptiohequilibrium data. them.
2.3. Which Binary Systems Should Be IncludedThe e Category 1 (associating character denoted NA for
Danner and Gess database retained our attention as it not only “nonassociatifly The molecule has neither a labile
compiles experimental data but also provides acelamsifor hydrogen atom nor a lone pair of electrons. It is
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Table 1. . Denition of the 10 Families of Binary Systems and the 9 Corresponding Binary Association Codes (BACS)

binary association code

component 1 component 2 (BAC) type of exhibited association
nonassociating (NA) nonpolar nonassociating (NA) nonpolar 1
hydrogen-acceptor (HA) polar but e
nonassociating nonassociating (NA) nonpolar 2
hydrogen-donor (HD) polar but g
nonassociating nonassociating (NA) nonpolar 3

mixtures without association

hydrogen-acceptor (HA) polar but hydrogen-acceptor (HA) polar but
nonassociating nonassociating

4
hydrogen-donor (HD) polar but hydrogen-donor (HD) polar but
nonassociating nonassociating
self-associating (SA) polar and e mixtures in which self-association takes place (but
associating nonassociating (NA) nonpolar 5 tends to be broken)
hydrogen-donor (HD) polar but hydrogen-acceptor (HA) polar but : : : o
nonassociating honassociating 6 mixtures in which cross-association takes place alone
self-associating (SA) polar and hydrogen-donor (HD) polar but 7
associating nonassociating
self-associating (SA) polar and hydrogen-acceptor (HA) polar but 8 mixtures in which both cross-association and self-
associating nonassociating association take place
self-associating (SA) polar and self-associating (SA) polar and 9
associating associating

nonpolar. Molecules like alkanes and monohalogenateeported for HA/HA and HD/HD binary systems than for any
compounds are included in this family. In short, thisother family. The lack of experimental data on HD/HD binary
category includes nonpolar/nonassociating componentsystems can be explained by noticing that HD molecules are
» Category 2 (associating character denoted HA fomostly refrigerants that are generally encountered as pure
“hydrogen-acceptir The molecule possesses a lone compounds in chemical processes. Therefore, it was decided to
pair of electrons (on an electronegative atom) but nanerge HA/HA and HD/HD families, which are both
labile hydrogen atom. Consequently, the molecule isonassociating mixtures, into a single family, thus reducing
polar. Ketones, aldehydes, ether, and ternary amind® number of BACs to nine.
belong to this family. In short, this category includes From Table 1 it is possible to determine at a glance in
polar but nonassociating components. which binary systems hydrogen bonds occur. Indeed, the
« Category 3 (associating character denoted HD forequirement for the existence of a hydrogen bond remains to
“hydrogen-dont). The molecule has a labile hydrogen be the presence of both a labile hydrogen atom and a lone pair
atom but does not possess a lone pair of electrons ad electrons. In the case when the labile hydrogen atom and the
thus is polar. Di- or trihalogenated compounds or thdone pair of electrons originate from twemint species, the
ones with a terminal alkyne group belong to this familyhydrogen bond is said to be formed“drpss-association
The labile hydrogen earns its acidity from the electrobetween compounds 1 and 2. The last colunialé 1
negativity of its closest neighbors. In short, this categohighlights that all types of binary systems (those in which
includes polar but nonassociating components. nonassociation, self-association, cross-association, or both
« Category 4 (associating character denoted Sgefier  cross-association and self-association are taking place) are
associatiriy The molecule possesses both a labileincluded in the proposed database. In other words, four
hydrogen atom and a lone pair of electrons. It is stronglgategories of binary systems based on the type of association
polar. Such molecules fulthe two necessary and they exhibit can be distinguished.
Su Cient ConditionS'tO'estab”Sh a hydrogen bOI’ld. They K Binary Systems having a Sma” BAC Va'ue (from 1to 4)
are thus self-associating. Water, alcohols, and carboxylic  cannot exhibit association and are expected to be easily
acids belong to this family. In short, this category  correlated by any sophisticated-enough thermodynamic
includes polar and associating components. model. In that sense, the BAC plays the role of a
Table Slof the le ie0c01734 si_011.pdf which is part of thermodynamic-complexity degree (for a small BAC
the Supporting Information lists the 107 pure compounds value, the thermodynamic complexity is low, and this
included in the proposed database and indicates for each of complexity increases with the BAC).
them the corresponding associating character among non-¢ In binary systems belonging to the BAdah non-
associating (NA), hydrogen-acceptor (HA), hydrogen-donor associating (NA) component faces an self-associating

(HD), or self-associating (SA). (SA) component so that self-association (at least
2.3.2. Denition of Binary Association Codes (BACs) to partially) persists in the mixture. The nonassociating
Describe Association in SolutioiWith this associating molecules tend to break the hydrogen-bond network,
character coding, the binary systems in the database were while SA molecules tend to resist so that liquid-phase
immediately divided into @hfollowing ten families by partial immiscibility is often observed in this family
performing all of the possible combinations Tséé ), (these two compounds do not like being mixed together

and a binary association code (BAC) was assigned to each and often prefer to be each one in a separate liquid
family. From our experience, much less experimental data are phase). Infable 1 such systems are thus considered as
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Table 2. Overview of How the Deviations from Ideality Are Distributed Among the Nine Binary Association Codes (BACs) for
the 200 Binary Systems of the Proposed Datdbase

nonideal with

binary association code deviations from ideality ideal nonideal with nonideal with  nonideal with enthalpic and nonassessed cafises
(BAC) not assessed%) (%) enthalpic causes (%gntropic causes (%) entropic causes (%) (%)
1 (NA-NA) 38 15 15 4 19 8
2 (HA-NA) 29 29 13 4 17 8
3 (HD-NA) 10 30 15 0 10 35
4 (HA-HA or HD-HD) 32 32 14 5 9 9
5 (SA-NA) 33 11 22 0 22 11
6 (HD-HA) 28 16 4 0 28 24
7 (SA-HD) 44 0 6 25 25 0
8 (SA-HA) 23 15 27 4 23 8
9 (SA-SA) 9 30 22 9 17 13

#The abbreviations used for the associating character of a pure compound are NA for nonassociating, HA for hydrogen-acceptor, HD for hydrog

donor, and SA for self-associafiNgnavailability of subcritical VLE data (reféfigorre . Nonavailability o data (refer td=igure 3.

“mixtures in which self-association tends to be hrokendeviations from ideality is important as many thermodynamic
All binary systems of water + alkane or alcohol + alkarf@odels are built by summing the contributions of an enthalpic
types belong to this family. (related to the energetic interactions in the system) and an
* BAG results from the mixing of a component that has gntropic (related to the size of the molecules) term. To
labile hydrogen atom with another component thatrovide a benchmark database for EoS model evaluation, it is
possesses a lone pair of electrons, causing a cr geessary to include mixture data spanning the whole range of
association phenomenon. The two cc;mponents do r]ﬁeparture—from—ideality types (from ideal to nonideal, includ-
exhibit association when they are pure, but their mixturdd enthalpic, entropic, and combinegcss). Doing so, our
exhibits hydrogen bonding. Consequently, these t atabase will allow the ideaétion of model failures in their
molecules are more attracted to each other in a mixtufdhthalpic and/or entropic modeling patterns. o
than when they are pure; therefore, such mixtures Quantitative information on how deviations from ideality
usually exhibit negative deviations from ideality. were quanted and how the origin of such deviations was
. . assessed is now detailed. To start, it is worth recalling that to
* For binary association codes97 more complex  getermine the magnitude of the deviations from ideality, the
phenomena occur as a self-associating compound ity coecients have to be calculated from experimental

mixed with another molecule likely to generate &, g qata. It can be done easily using the VLE relationship
hydrogen bonding with it. Therefore, it is not alway%temming from the  approach:

possible to determine a priori how the mixture is going

to behave (thermodynamically) and if the mixing leads (T, X) = Ry yexé[ Bt T Xed )

to an intensication or a relaxation of hydrogen bonding.E ion 1h ' _ ation imate th

o I . quation lhowever requires a correlation to estimate the
clazsigngf. gﬁgp;'gsggmmig;\g%[fﬁ: ggg lgﬁ?'&%ﬁ\r/;‘?‘g: i vapor pressure of compongrgo th_at only subcriﬁical VLE
to include in the propésed database a iarge variety of bin data.(l' < Tg) can be use'd. to estimate the deV|at|o.ns from
systems revealing the variety of deviation-from-ideality wp"’}@éallty. In the case subcritical VLE data are not avaqlable for a
This section aims to explain how such deviations were sortI ;ﬁ:; Innoi“;dsig ;2 e%uir sdr&elzts gggg,f;f;estr}::iszasgyegdaa/?rgons from
Iir\?gl]y bgtgyg?eamm'\tatlllvﬁeaggngilézlr';a;“ﬁe:le;v?f 'ir;tsf‘or?nlé%"tg' For each binary system for which subcritical VLE data were
moleéules having (i) similar sizes, (ii) similar shapes, and (i vailable, a set of_four parametpys g, Ps, Py) Of the
showing similar energetic interac’tions (nature and étrengt argules excess G'bbsf energy modeltvmr both VLE
. ata and enthalpy of mixing data (when available).

regardless of the temperature, pressure, and comptSition.
the contrary, a system is considered nonideal if a noticeable E(T, %)
departure from the three aforementioned criteria is observed. If : = XX A(T)
deviations from ideality are the consequence cﬁramrg;e in RT
molecular sizes and/or shapes only, the excess efthadpy ( . .
negligible and the solution is called athermal: consequently, the (T = RS BTS gin T+ Eexp&i @
excess Gibbs energy is proportional to the mixture excess
entropy (f T<) and it is said that deviations from ideality The p, parameters were determined to minimize the mean
originate from entropic ects. In the same way, if deviations average percent error (MAPE) between calculated and
from ideality are solely caused by areice in energetic experimental VLE amdf data. The mathematical expression

interactions, the excess entrogy i negligible and the of hf (and thush™) can be straightforwardly derived feap?®
solution is called regular; consequefitlyhF. In such a case,

deviations from ideality are the consequence of enthalpic . _ FS T QEI
e ects. Naturally, both ects may coexist in a nonideal T @)
solution and, in this case, it is said that deviations from ideality X

are the consequence of combinegtts (of enthalpic and For VLE calculations, the approach was used assuming
entropic natures). Such an overview of the possible causeshatt the gas phase is perfect and by neglecting the Poynting
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Figure 2.Procedure followed to build the proposed database.

factor. In other words, the following classical VLE relation, Once the four parametegs, (%, ps, Ps) have beent, the
especially suitable to correlate subcritical data, was used: magnitude of the deviations from ideality can be estimated. For
- PPty each temperature involved in the regression proagdifre,
= “) and< were calculated at the unique composigien 0.50.

The vapor pressures were calculated by means Bfsed on our experience, a binary system can be considered
correlations extracted from the DIPPR database. ideal (seeTable ) if |f/RT| - o5 < 0.1 for each of the
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Table 3. Overview of the Distribution of the Darent Types of Experimental Data among the Nine Binary Association Codes
(BACs) for the 200 Binary Systems of the Proposed Datdbase

subcritical subcritical vapor- supercritical supercritical vapor- heat
binary liquid- phase (or second liquid- phase (or second capacity three-

association phasg liquid phasg phasB liquid phasg azeotropic critical enthalpy of phase

code (BAC) composition composition  composition  composition point point of mixing mixing line sum %
1 (NA-NA) 1323 1336 2293 2203 11 252 1314 231 16 8979 18.8
2 (HA-NA) 1406 1406 1195 1148 22 319 1532 27 0 7055 147
3 (HD-NA) 1087 1087 306 306 44 49 258 30 0 3167 6.6
4 (HA-HA 904 904 561 561 7 60 454 15 0 3466 7.2

or HD-HD)
5 (SA-NA) 1237 1219 343 378 35 130 1525 155 25 5047 10.5
6 (HD-HA) 1112 1112 410 410 18 63 466 99 0 3690 7.7
7 (SA-HD) 741 711 0 0 13 0 498 26 0 1989 4.2
8 (SA-HA) 2140 2119 915 881 42 193 1408 144 12 7854 16.4
9 (SA-SA) 2299 2287 149 149 33 50 1115 507 13 6602 13.8
sum 12249 12181 6172 6036 225 1116 8570 1234 66 47 849
% 25.6 255 12.9 12.6 0.47 2.33 17.91 2.58 0.14

3The abbreviations used for the associating character of a pure compound are NA for nonassociating, HA for hydrogen-acceptor, HD for hydrog
donor, and SA for self-associaliniguid phase refers indiently to a VLE or an LLE data point. For an LLE, it designates the composition of
the -liquid phas€Second liquid phase designates the composition elidhi phase in the case of an LLE.

considered temperatures. If not, the system is declarédlf of nonideal systems. The nonideal systems should include

nonideal. similar numbers of systems for which the origin of the
For nonideal systems, the origin of the deviations frordeviations from ideality could not be assessed due to a lack of

ideality (entropic, enthalpic, or combined) was only evaluated data or stem from enthalpic, entropic, or (enthalpic +

whenh" experimental data were available and thus included éhtropic) eects. To have a meaningful representation of such

the regression procedure. We indeed noticed that thgdiversity, it was found acceptable to include around 20 binary

calculation of the excess enthalpy and entropy of a binagystems per BAC.

system could be very uncertain when thepiquarameters  ~another key point is to only retain high-quality-eertiata

were determined over VLE data only. For nonideal systems|aining why the consistency of the data was checked with

whenh" data were lacking, the systems were thus declargeh pely of four consistency tests: the point téfss, integral
(seeTable 2: nonideal with nonassessed causes. In turn, Whe[gstzs the di erential test. and the Hite-dilution test® all

h data were available: ] performed with the Data Preparation Package (DPP), which is
1. If|(h RT)/( STR)k=o5> 2 for all temperatures, itwas a software package for the regression of thermophysical
considered that nonideality stemmed from enthalpigroperty models commercialized by Dechema. It is however
e ects. InTable 2 the system is labeled nonideal with \yorth noting that the aforementioned tests only apply to VLE
enthalpic causes. _ data when both compounds are subcritical. As a direct
2. If (WY RT)/(STR)k= 05 < 1/2 for all temperatures, it consequence, among the many data included in our bench-
was con5|det;|ed thﬁt nonideality Isterr|1med from elntr.orf’%ark database, only the quality of the subcritical data can be
gnet:rc(;[ps).ic"::gisgsm e system is labeled nonideal wit guaranteed. For an ideal binary system, passing the point test
3. Otherwise deviétions from ideality are the consequenwas. considered as a sient consistency condition, while fqr .
"of combined eects. ie. both enthalpic and entropic [{Gnideal systems, the point test and two of the three remaining
e ects. and none is’ do%inant.‘l’htble 2 the system is tests had to be passed to I_<eep the e_xp_erlmental da}ta in our
Iabelea nonideal with enthalpic and entropic causes. database. I_n_de_ed, as explained by W|sn|aWehalqual|ty
An overview of how the deviations from ideality arer(:]c the| eqU|I|br|IurT; cri]ata shlog:d be c_hecked using simulta-
Y _ : eously several of the available consistency tests.
distributed among the nine BACs can be fourfdilite 2 In thB(/a end, the proposed database comyprises 200 binary
whereas the dsrent steps that were followed to build the systems and contains about 30 000 experimental data points
proposed database are summarizetjime 2 (around 18 000 VLE/LLE data points, 8&8data, 150@¥

2.4. How Many Systems and How Many Data Should ! : o ' .
Be Included? Commercial databases, especially the Dor data, and 2000 data points relative to critical points, azeotropic

mund Data Bank, report VLE data for tens of thousands &oints, or three-phase lines).

binary systems. It would be impractical to cross-compare Eo '.5' Built Database.An extenswe screening of thousands
on such a huge number of data; therefore, our objective is g Pinary systems wast realized, and a complex strategy was

work with a much smaller number of wisely chosen bina§eVeloped to only keep the 200 systems that met our criteria in
systems to cover all categories of mixtures. For each of the rii@ns of (i) types of association, (i) deviations from ideality,
families of binary systemse ned each by a distinct BAC ~ and (iii) quality, quantity, and diversity of the experimental
our objective is to consider systems, deemed as goé@ta. Indeed, as previously discussed, we made our best in
representative of their family. Among these systems, owiider that the selected systems are such that phase equilibrium
objective is to reach a distribution of one-fourth of systerrdata (VLE, LLE, VLLE, azeotrope) and mixing propemles (
containing high-pressure VLE data (for which deviations frog¥) are abundant in large temperature, pressure, and
ideality cannot be assessed), one-fourth of ideal systems, aachposition ranges.
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As previously stated, an overview of how the deviations fraim determine the temperature, pressure, and composition of
ideality are distributed among the nine BACs can be found the azeotropic point.

Table 2 Similarly, an overview of how thesdint types of
data are distributed among the nine BACs can be found
Table 3 For each BACTables 412 detail the list of the

Table 4. List of the 26 Binary Systems for Which the Binary
Association Code Is BAC = 1 (NA-NA)

origin of the
deviations from
ideality molecule 1 molecule 2 references
deviations from methane propane 31 43
gjsia;istger&m methane n-hexane 41, 44 51
methane n-heptane 41,52 55
nitrogen ethane 56 63
methane n-decane 64 69
ethane n-heptane 70 75
nitrogen n-pentane 76 78
nitrogen n-decane 79 80
methane n-tetracosane 81 84
ethane n-hexatriacontane 85 87
ideal n-hexane cyclohexane 88 100
benzene toluene 101 110
propane isopentane 111
cyclohexane methylcyclohexane39, 11Q
112 115
nonideal with ethane propane 116 128
nonassessed Caus@Sethane n-butane 41,51,
129 133
nonideal with argon methane 134 143
enthalpic causes ppeptane monochlorobenzené44 150

monochlorobenzenkl 3
150 155

cyclohexane

1,2- carbon tetrachloride 156 161
dichloroethane
nonideal with 1,2- toluene 105
entropic causes dichloroethane 162 166
nonideal with nitrogen methane 61, 134 142
enthalpic and 143
entropic causes 167 175
methane ethane 39 41,60 61,
176 180
benzene n-heptane 89 11Q 145
181 197
benzene cyclohexane 91, 10Q 191,
198 215
ethylene xenon 216 218

Such a BAC corresponds to a hinary system involving

nonassociating (NA) molecule + another nonassociating (NA
molecule. Corresponding origin of the deviations from ideality a
list of the references in which the experimental data can be found.

convention, molecule 1 refers to the more volatile component.

Several Exceles are available as Supporting Information.

N« The rst one, nametk0c01734_si_001.xlix a light
Excel le that only contains the experimental data and
the corresponding references. Théscomprises 201
sheets. Therst one, namedReadM¥& provides an
overview of the database and explains how it is
organized. The other 200 sheets each contain the data
related to a given binary system.

e The nine others, one for each BAC, and named
ie0c01734_si_002.xI$BAC,), ie0c01734_si_003.xIsx
(BAC,), ie0c01734 si_004.xI$BAC;), ie0c01734 -
si_005.xIsx(BAC,), ie0c01734_si_006.xI$BAGC;),
ie0c01734_si_007.xI$BAC), ie0c01734 si_008.xlsx
(BAC;), ie0c01734_si_009.xI¢BAC;), i€0c01734 -
si_010.xIsfBAC,) are large-size Exctds that provide
gures to have a visualization of the experimental data
(as a complement to data tables) and the singularities of
the binary systems. Thedes contain several sheets.
Here also, therst one, named ReadMe, provides an
overview of the database and explains how it is
organized, whereas the other sheets each contain the
data related to a given binary system.

3. GRADING OF A THERMODYNAMIC MODEL BY
MEANS OF THE PROPOSED DATABASE TO ASSESS
ITS ACCURACY

This section focuses initially on the methodology that has to be
followed to evaluate the deviations between model predictions
and experimental data (in particular, which property of each
data set must be spexd and which property must be
calculated from the thermodynamic model and compared to an
experimental value). It is then explained how a thermodynamic
model may be graded. The methodology described hereafter to
assess the accuracy of a model is spbat we believe this
approach is necessary to fairly compare the scores obtained by
two thermodynamic models. It is exactly what happens with
the grading of students: the professor establishes a very
detailed marking scheme before marking the examination
papers.

3.1. Evaluation of the Deviations between Model

Igredictions and Experimental Data. To fairly cross-

n&?mpare two thermodynamic models, we are convinced that

e deviations between model predictions and experimental
@gta have to be calculated in the same way, i.e., following the
same procedure. However, in accordance withisGibase
rule, there is no unique way to perform uéd-phase

selected binary systems, specify the origin of the deviatieeguilibrium (VLE, LLE, VLLE, critical point, azeotropic
from ideality, and list the references in which the experimenf#int) calculation. It is always necessarysibdetermine

data can be found. A scan of the 958 original references fr Er‘?
which the data were extracted was realized, and the authors

variance (also called the number of degrees of freedom) of
e system and then to specify a number of intensive variables
fial to the variance ammhlly to calculate the other intensive

committed to sending a copy of an article to any reader of thigrriables (those that will be compared to the experimental
paper that would, e.g., necessitate more details on the uskda). The variables that are smeciand those that are

experimental setup.

calculated can however be freely chosemx.the ideas, let us

information for 225 azeotropic points. Some of them cal
however not be found in the original publications from whicly

[,Fmperaturﬁ, pressur®, and composition of the liquikhX
and gasyq) phases were experimentally measured. For such a
ystem, the number of degrees of freedom (the variance) is

the data were extracted. We indeed decided on somgual to 2 and it is thus necessary to specify two variables
azeotropic systems to interpolate the experimental VLE datmong T,Px;,y;) and to calculate the other two. The arbitrary
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Table 5. List of the 24 Binary Systems for Which the Binary Association Code Is BAC = 2 (HA-NA)

origin of the deviations from ideality
deviations from ideality not assessed

ideal

nonideal with nonassessed causes

nonideal with enthalpic causes

nonideal with entropic causes
nonideal with enthalpic and entropic causes

molecule 1

carbon dioxide
carbon dioxide
methane
carbon dioxide
nitrogen
methane
carbon dioxide
methyltertbutyl ether
ethyl acetate
carbon tetrachloride
methyl ethyl ketone
methyltertpentyl ether
methyltertbutyl ether
1,2,3,4-tetrahydronaphthalene

ethylene
carbon dioxide

acetone
n-pentane
acetone
benzene

carbon dioxide
carbon dioxide
n-hexane
acetone

molecule 2

toluene
n-decane
carbon dioxide
cyclopentane
carbon dioxide
hydrogen sdé
n-dotriacontane
n-heptane
toluene
1,4-dioxane
benzene
n-heptane
toluene
quinoline
carbon dioxide
propane
n-hexane
acetone
cyclohexane
n-methyl-2-pyrrolidone
ethane
n-butane
methyl ethyl ketone
benzene

references

219 233

234 245

35 179 246 255

256 257

58 247 249 253 258 269
270 272

273 275

276 280

281 284

285 290

291 294

295 298

299 302

303 304

305 311

35 42 127, 259 312 320
321 327

321, 325 327 329

98 19§ 330 337

338 343

179 317 344 353

127, 261, 306 316 319 354 361
187, 294 362 365

19§ 286 366 374

@Such a BAC corresponds to a binary system involving a hydrogen-acceptor (HA) molecule + a nonassociating (NA) molecule. Correspondir
origin of the deviations from ideality and list of the references in which the experimental data can be found. By convention, molecule 1 refers to t

more volatile component.

Table 6. List of the 20 Binary Systems for Which the Binary Association Code Is BAC = 3 (HD-NA)

origin of the deviations from ideality
deviations from ideality not assessed

ideal

nonideal with nonassessed causes

nonideal with enthalpic causes

nonideal with enthalpic and entropic causes

molecule 1

ethylene

nitrogen
chloroform
chloroform
chloroform
1,1,1-triuoroethane
ethyl uoride
propylene

uordimethane
tri uoromethane
carbon tetrauoride
pentauoroethane
carbon tetrauoride
hexauoroethane
decauorobutane

chlovadomethane
dichloromethane
chloroform
chloroform

dichloromethane

molecule 2

dichloromethane
chloroduoromethane
benzene
1,2-dichloroethane
carbon tetrachloride
2,3,3,3-tetraropropene
1,1,1,2-tetraoroethane
chlorodioromethane
propane
ethane
chloroduoromethane
propane
tri uoromethane
1,1,1,2-tetraroethane
1,1,1,3,3-pentaobutane
dichlorodioromethane
carbon tetrachloride
n-hexane
n-heptane
n-pentane

references

375

376 379

105 371, 380 386
387 389

390 393

394

395

396

397 401

402 403

404 405

39§ 40Q 406 408
409

396 410

411

412 417

157 16Q 391, 418
419 425

419 422 423 425 427
428 430

@Such a BAC corresponds to a binary system involving a hydrogen-donor (HD) molecule + a nonassociating (NA) molecule. Corresponding orig
of the deviations from ideality and list of the references in which the experimental data can be found. By convention, molecule 1 refers to the mc

volatile component.

choice made in this paper is to spdcéyndP (i.e., to x T

each property available in the proposed datdldse, 13

andPto their experimental values) and to calculate, irxturn, reports the variance and the sgecand calculated variables.
and y;. There are thus no deviations between modeln other wordsTable 13ictates the methodology that has to

predictions and experimental values ahd P but instead

deviations ovey andy;. Specifying andP
andy, are somehow similar toré>- ash

and calculatirg
calculatioti® For

14989

be strictly followed to evaluate the deviations between model
predictions and experimental data by means of the proposed
database.
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Table 7. List of the 22 Binary Systems for Which the Binary Association Code Is BAC = 4 (HA-HA or HD-HD)

origin of the deviations from ideality molecule 1 molecule 2 references
deviations from ideality not assessed carbon dioxide dimethyl ether 431 433
carbon dioxide hydrogen sid 434 437
carbon dioxide ethyl acetate 438 442
carbon dioxide carbon diglé 443 444
carbon dioxide dimethyl carbonate 445 450
carbon monoxide carbon dioxide 451 453
oxygen carbon dioxide 264 265 454 457
ideal pentauoroethane 1,1,1,2-tetraroethane 458 462
chlorodi uoromethane 1,1,1,2-tetraroethane 463 464
di uoromethane 1,1,1,2-tetraroethane 458 459 461, 462 465 469
1,1,1,2-tetraioroethane 1,1-dioroethane 396 47Q 471
ethyl acetate 1,4-dioxane 285 472 474
dimethyl carbonate diethyl carbonate 475 477
1,2-epoxybutane dimethyl carbonate 478
nonideal with nonassessed causes dimethyl ether sulfur dioxide 479 481
tri uoromethane chlorodioromethane 482 483
nonideal with enthalpic causes diethyl ether acetone 383 484 485
carbon disuble acetone 486 488
triethylamine 1,4-dioxane 489 490
nonideal with entropic causes thiophene sulfolane 491
nonideal with enthalpic and entropic causes tetrahydrofuran N,N-dimethylformamide 492 493
n-butyl acetate N,N-dimethylformamide 494 495

@Such a BAC corresponds to a binary system involving two hydrogen-acceptor (HA) molecules or two hydrogen-donor (HD) molecules.
Corresponding origin of the deviations from ideality and list of the references in which the experimental data can be found. By conventior

molecule 1 refers to the more volatile component.

Table 8. List of the 18 Binary Systems for Which the Binary
Association Code Is BAC = 5 (SA-NA)

origin of the
deviations from
ideality molecule 1 molecule 2 references
deviations from  n-butane water 496 500
ideality not water benzene 501 505
assessed
ethane 1-propanol 506 511
nitrogen ammonia 512 514
ethane water 497
nitrogen water 515 525
ideal diethylamine  benzene 145 526 527
diethylamine  monochlorobenzenel45 528
nonideal with ethane methanol 508 529 534
nonassessed  hropane methanol 535 539
causes
nonideal with 1-propanol benzene 20Q 540 548
enthalpic causes gihanol benzene 19Q 193 208
38Q 545
548 558
isopropanol 2,2,4- 559 566
trimethylpentane
2-butanol cyclohexane 567 572
nonideal with 1-propanol  n-hexane 573 579
enthalpic and  gihang n-heptane 580 596
entropic causes
methanol n-hexane 579 588
597 605
methanol benzene 545 548 555
606 616

Table 13highlights that for systems of variance equal to 2
(two-phase equilibrium binary systems), we arbitrarily decided
that temperature and pressure should be egegvhereas
phase compositions should be calculated. For systems of
unitary variance (binary critical point, binary azeotropic point,
binary three-phase equilibrium), we decided that the temper-
ature should be spesil and that other variables (critical
pressure and composition, azeotropic pressure and composi-
tion, three-phase pressure and compositions) should be
calculated.

The calculation of the deviations between model predictions
and experimental data for mixing properties does not need to
make arbitrary choices on the smetiand calculated
variables; there is indeed a unique way to perform the
calculation. For such properties, the temperature, pressure,
global compositiom;, andh (or &) are experimentally
determined. Depending ohRz), the binary system can be
either in a one-phase or in a two-phase region soTiffat a

ash calculation has to best performed at a speil
temperature, pressure, and global composition to determine
the number of phases in equilibrium, their composition, and
their proportions. Once don@! or ¢ can be straightfor-
wardly calculated for the spedi (T,Pz;) values™ It is
worth noting that the experimentalists who perfdithedd
measurements do not mention systematically the pressure at
which the measurements were conducted although such a
value is required to perform the calculation from an EoS. This

“Such a BAC corresponds to a binary system involving a selfsually happens for mixing properties related to a liquid phase
associating (SA) molecule + a nonassociating (NA) moleculgyn which the pressure has a negligibleeirce. When this

Corresponding origin of the deviations from ideality and list of th
references in which the experimental data can be found.
convention, molecule 1 refers to the more volatile component.

14990

fappened, the assumed experimental pressure was determined

E@S/ trial and errors so that the calculated physical state of the

system agrees with the experimentally observed statst The
guessed pressure is always the atmospheric pressure. In the 10
Excel les ie0c01734_si_001.xI{¥eomplete database),
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Table 9. List of the 25 Binary Systems for Which the Binary Association Code Is BAC = 6 (HD-HA)

origin of the deviations from ideality

deviations from ideality not assessed

ideal

nonideal with nonassessed causes

nonideal with enthalpic causes

nonideal with enthalpic and entropic causes

molecule 1

carbon dioxide
carbon dioxide
carbon dioxide
tri uoromethane
chloroform
1,1,1-triuoroethane
chloroform
carbon dioxide
di uoromethane
di uoromethane
ethyl acetate

sulfur dioxide

chlorodi uoromethane
chlorodiuoromethane
pentauoroethane
3-pentanone
dimethyl ether

dichloromethane

acetone
chloroform
chloroform
chloroform
methyl acetate
cyclopentanone
ethyl acetate

molecule 2
chtodethane
1,1,1,2-tetraroethane
1,1,1,2,3,3,3-hejt@propane
carbon disig
diisopropy! ether
dimethyl ether

n-butyl ethyl ether

doromethane
dimethyl ether
sulfur dioxide
trichloroethylene
1,1,1,2,3,G3epepane
dimethyl ether
carbon digié
dimethyl ether
1,1,2,2-tetrachloroethane
1,1,1,3,3,3-hewaopropane
carbodedisul
chloroform
ethyl acetate
tetrahydrofuran
di-n-propyl ether
chloroform
1,1,2,2-tetrachloroethane
1,1,2,2-tetrachloroethane

references

376 377,483 617
618 621

622 623

483

425 49Q 624 625
626

624 627

469 628 630
631 633

634

635

636

637

483

407,638

639

64Q 641

642 643

372 374 384 42Q 425 49Q 644 651
652 655

387 425 656 659
425 624 625 627, 66Q 661
425 652, 662, 663
664 666

667, 668

#Such a BAC corresponds to a binary system involving a hydrogen-donor (HD) molecule + a hydrogen-acceptor (HA) molecule. Correspondin
origin of the deviations from ideality and list of the references in which the experimental data can be found. By convention, molecule 1 refers to t

more volatile component.

Table 10. List of the 16 Binary Systems for Which the
Binary Association Code Is BAC = 7 (SA-HD)

origin of the
deviations from
ideality molecule 1
deviations from chloroform
ideality not
assessed 1-propanol
trichloroethylene
isopropanol
2-butanol
1-hexyne
isopropanol
nonideal with ethanol
enthalpic causes
nonideal with ethanol
entropic causes
chloroform
methanol
trichloroethylene
nonideal with chloroform
enthalpic and ethyl formate
entropic causes
chloroform

n-propyl formate

@Such a BAC corresponds to a binary system involving a s
associating (SA) molecule + a hydrogen-acceptor (HA) Molecul

molecule 2

1-butanol 382 669

670
trichloroethylene 671, 672
1-butanol 672 673
trichloroethylene 671, 674
trichloroethylene 673 674

acetonitrile 675676
chloroform 67Q 677,

678
1-heptyne 679 680
chloroform 382 427,

67Q

681 686
acetic acid 687 691
halothane 692 694

2-methoxyethanob95 696

acetonitrile 697 702
chloroform 652 654
1-propanol 383 67Q
703 704
1,1,2,2- 667 705

tetrachloroethane

references

ie0c01734_si_002.xIBAC,), ie0c01734_si_003.xIsx
(BAC,), ie0c01734 si_004.xI{BAC;), ie0c01734 -

Si_005.xIsx(BAC,),

ie0c01734_si_006.xIS(BACs),

ie0c01734_si_007.xILBAC), ie0c01734 si_008.xlsx
(BAC;), ie0c01734_si_009.xI4BACs), ie0c01734_-
si_010.xIsXBAC,) available as Supporting Information

that contain all of the experimental data, the experimental
pressure appears as unknown and the assumed experimental
pressure is indicated in parentheses. For clarity, an example is
given inFigure 3In this example, the unknown (not stated)
experimental pressure has to be replaced by the atmospheric

pressure (1.0132 bar).

Lastly, for any calculated propeffythe mean absolute
percentage error (MAPE) was selected to quantify the
deviation between experimental and calculated data:

1 Ndata

MAPE, (%)=

ata j=1

100x%

XiEXP é X MODEL

W EXP

i ®)

3.2. Treatment of “Out-of-Model” Data Points. It may
happen that the isothermal or isobaric phase diagram,
calculated with the thermodynamic model we want to grade,
does not have the expected topology.XTihe ideas, it may
happen that a model does not predict the existence of a
homogeneous azeotrope that however experimentally
observed. In such a case, the MAPE,9and x,, cannot

Jie evaluated and the corresponding experimental data point is
said to be out of model (not calculable by the model). When

Corresponding origin of the deviations from ideality and list of théUch a situation arises, the experimental data point must be
references in which the experimental data can be found. Bgjected, i.e., not taken into accourtdrbto evaluate the
MAPE(%). In other words, we simply apilia= Ngata 1

convention, molecule 1 refers to the more volatile component.

14991

https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



Table 11. List of the 26 Binary Systems for Which the
Binary Association Code Is BAC = 8 (SA-HA)

Table 12. List of the 23 Binary Systems for Which the
Binary Association Code Is BAC = 9 (SA-SA)

origin of the origin of the
deviations from deviations from
ideality molecule 1 molecule 2 references ideality molecule 1 molecule 2 references
deviations from carbon dioxide water 706 724 deviations from water ethylenediamine 857 859
ideality not carbon dioxide ethanol 219 242 507 579 ideality not water 1-pentanol 860 863
assessed 725 739 assessed
ethanol methytert 28Q 740 744 ideal methanol 1-butanol 61Q 864 868
butyl ether ethanol acetic acid 824 869 872
carbon dioxide 2-methyl-1- 745 750 methanol ethanol 655 868
propanol 873 879
carbon methanol 751 753 2-methyl-2-  1-butanol 880 882
monoxide propanol
carbon dioxide 1-pentanol 242 747 754 757 ethanol 3-methyl-1- 883 885
ideal diethylamine  ethyl acetate473 474 butanol
diethylamine triethylamine 758 761 methanol %-th]aergg)lll-l- 885 887
2-methyl-2-  methyltert 762 765
oropanol  butyl ether methanol  1-propancl 596833 868
acetonitrile 1,4-dioxane 766 768 888 891
nonideal with dimethyl ether water 433769 772 nonideal with ammonia water 892 901
gglr}saggessed carbon dioxide methanol ~ 22Q 221, 242 433 nonassessed causg$nmonia acetonitrile 902
579 731,736 739
751 773 783 water allyl alcohol 903 904
nonideal with  methanol ethyl acetate 784 791 nonlc:]eeltl with water phenol 905 911
enthalpic causessqpropanol diisopropyl 561, 742 792 793 enthalpic causes  methy| methanol 912 916
ether formate
methanol n-butyl acetate 789 794 796 ethyl formate  water 917918
diethyl ether  ethanol 797 799 ethanol ethyl formate 916 919 921
methanol 1.4-dioxane 800 805 1-butanol nitromethane 879 922 926
methanol thiophene 606 nonideal with water 2-butoxyethanol 927 932
ethanol dirbutyl 799 806 808 entropic causes  water propylene glycol 928
ether mﬁnomethyl
. . N ether
”g’;‘ﬁgg{cwc'guses methanol diisopropyl 742 809 811 nonideal with ethanol water 817,833 874
nonideal with methanol methyert 277,279 28Q 741, enthalpic and 933 953
) ] entropic causes itri
enthalpic and butyl ether ~ 81Q 812 816 P water acetonitrile 954 963
entropic causes methanol water 83Q 936 95Q
ethanol ethyl acetate 7886‘1778892190 808 951 964 981
acetone water 335 610 825 836 isopropanol - water e e
ethanol methyl ethyl 291, 837 844 . ] .
ketone 3Such a BAC corresponds to a binary system involving a self-
ethanol acetone 586 845 850 associating (SA) molecule + another self-associating (SA) molecule.
methanol acetone 331, 335 83Q Corresponding origin of the deviations from ideality and list of the
851 856 references in which the experimental data can be found. By

@Such a BAC corresponds to a binary system involving a s
associating (SA) molecule + a hydrogen-acceptor (HA) Molecu
Corresponding origin of the deviations from ideality and list of th
references in which the experimental data can be found.
convention, molecule 1 refers to the more volatile component.

q«!ﬂg?__nvention, molecule 1 refers to the more volatile component.

|e  he following part of this articl8gction Baims at explaining how

éhe proposed database should be used to grade a thermodynamic
del to assess its accuracy. For illustrative purpesesn 4

clari es the grading of the thermodynamic model: {Foiginson

EoS + classical VAW mixing rules + a temperature-dependent BIP}

and opens a discussion around its accuracy.

in eq 5 Below are detailed all of the cases in which out-of-
model data points could appear. is not properly predicted by the model, is illustrateime
Case 1At speciedT andP (T = T,,,andP = P,,), a two- 4b.
phase system is experimentally observed, whereas the mod€lase 3.A homogeneous azeotrope is experimentally
predicts a one-phase system. All of the experimental dafaserved al = T, whereas the model predicts amint
points for which the model predicts a one-phase system daopology (a zeotropic behavior or a heterogeneous azeotrope).
declared out of model. This case is illustratEdjime 4. The experimental homogeneous azeotropic point is declared
Case 2At speciedT andP (T = T,,andP = P,,), a two- out of model. This case is illustrate&igure ,c.
phase system is experimentally observed and a two-phas€ase 4.A three-phase line (VLLE) is experimentally
system is also predicted by the model. However, it wasbserved al = T, whereas the model does not predict
experimentally found th@te,,> X; exp (reSpectivelyy; oy, < such a behavior. The experimental three-phase line is thus
X1 exg» @nd the model predicts the wrong topology, i.e., predictieclared out of model. This case is illustratédjime 4.
Vical < Xical (respectivelyy; .o > Xpca). All of these Case 5The number of calculated critical poinfg afT ¢,
experimental data points are declared out of model. This di erent from the number of critical points experimentally
case, which typically appears when the azeotropic composita@served. For example, the binary system may exhibit two
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Table 13. Speced and Calculated Variables for the Bient Binary-System Properties Involved in the Database

specied calculated variables (to be compared with experimental data
property variance measured variables variables values)
critical point T,P X T P, X,
azeotropic point 1 T, P, % T P, X,
three-phase equilibrium data (VLLE) T, P, X1, X, V1 T P, Xy, X1, Y1
two-phase equilibrium data (VLE or P, %,y for VLE TP g, Y for VLE
LLE) ,P, % ,% forLLE ’ 4, % for LLE
enthalpy of mixing NAZ T,P, z, M T,Pz M
heat capacity of mixing o T,P oz, TPz I

®Not applicable because global variables (here, global mole fraamidns= 1 z,) are involved. Let us indeed recall that the phase rule that
de nes the variance only considers intensive variables tspene of the phases.

Figure 3.Notation used in thelesdatabase.xlandBACi with visualization of the data.gisx1 9) when the experimental pressure is not
mentioned.

experimental critical points, whereas 1 or 0 are returned by theOnce done, a thermodynamic model is characterized by nine
model (see, e.dzjgure €). The opposite may also happen: marks (one for each BAC). In a second step, the number of
the binary system exhibits a unique critical point, but 2 amaarks is reduced from 9 to 4 by averaging the marks obtained
returned by the model (see, égyure 4. In such cases, the by some BACs to only retain four categories of binary systems
experimental critical points are all declared out of model. based on the type of association they exhibit.

3.3. Grading of a Thermodynamic Model. Our « The marks obtained by BAEBAG, + BAG, + BAG,
objective is to give a unique mark over 20 t0 a given 416 averaged because all of these systems do not exhibit
thermodynamic model to immediately be able to benchmark  as5ociation (seable ). In eq 6 the resulting average

its accuracy against the accuracy of other models. A grade of ,5rk is noted magk (where NA stands for no
20/20 is the highest attainable mark. It is obtained only if the association).

model is gble to exactly rgprodgce (with 0% deviation) all of , The mark obtained by BAG kept as a single mark
the experimental data available in the prpposed database. Inall pocause in this type of system, and only in this one, self-
other cases, a score lower than 20 will be as&gned to the  5sociation tends to be broken &eele ). In eq 6
model. Once the MAPEs are caIcuIatede@éethe scoring mark,g, is noted mag (where SA stands for self-

of a thermodynamic model starts by giving a mark over 20 to o

each of the nine families of binary systems, eacheiddmnti association). ,

its BAC. Such a mark is actually an average over 10 marks (oné 1he mark obtained by BAG kept as a single mark

for each of the 10 calculated propertiesatein the last because in this type of system, and only in this one,
column ofTable 13, which are: cross-association without the presence of self-association

is observed. BAQGefers to binary systems in which

(1) critical pressure, cross-association takes place alond ¢sée ). In eq

(2) critical composition, 6, markg, is noted magk, (where CA stands for cross-
(3) azeotropic pressure, association)
(4) azeotropic composition, « The marks obtained by BA@ BAG + BAG are
(5) liquid-phase compositior(xy), N averaged because all of these systems exhibit both cross-
(6) gas-phase (or second liquid phase) composition)( association and self-associationTabk ). In eq §
(7) three-phase pressure, the resulting average mark is noted dnayk(where
(8) three-phase compositions, CA+SA stands fécross-association + self-association
(9) mixing enthalpy, and The unique nal mark given to a thermodynamic model is
(10) mixing heat capacity. obtained by averaging the 4 marks €se@ relative to (i)
14993 https://dx.doi.org/10.1021/acs.iecr.0c01734
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0.17 ==
g™ 20
(a) out of model Sex ) TP/bar T%a’
, (c)
330.0
1.0
320.0
T
=
2 Exp. homogeneous azeotrope
-1 (out of model)
X1 Y1
v, s100 Exp. azeotrope (out of model)| *» o X1 Y1
> o 0.50 1.00 0.00 0.50 1.00

3600.0 100.0
70.0 TP/bar TP/bar P/bar
60.0 (d) oy (f)

4 % 75.0
50.0 & %
Exp. critical point

40.0

1825.0 50.0 (out of model)
30.0 Exp. 3-phase ling .Af
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oo ( ) |/Y\Calculated
2.0 critical points
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X1, Y1 X1 Y1
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0.00 0.50 1.00 0.00 0.00 0.50 1.00

Figure 4 lllustration of all of the cases in which out-of-model data points can appear. For such exp. data points, the MAPE cannot be evaluated. (
Experimental two-phase data points that are found to be one phase by the model. (b) An azeotropic system is predicted as a zeotropic systen
that the homogeneous azeotrope is declared as out of model. In addition, for small molg dizetiops, whereas the model predicts the

opposite. (c) A homogeneous azeotrope is predicted as heterogeneous. (d) A three-phase line is not predicted by the model. (e) Two critical poir
that are not predicted by the model are experimentally observed. (f) The model predicts two critical points, whereas only one is experimental

observed.

systems without association, (i) systems in which self-(2) Mark in the gas-phasg (©r second liquid-phasg

association tends to be broken, (iii) systems in which cross-
association takes place alone, and (iv) systems in which both
cross-association and self-association take place.

. 1
Final mark ==x| marky, + marks, + markg + markeaiss
f — N——— — A
of athermodynamic model 4 | | oo - ation otion tion
fover 20) + self-association
]
average of 4 marks
markBAC] + markBACz + markBAC3 + markBACA (6)
marky, =

4

. marksy =markgac,

with:
markcy =markgac,

markgac, +markgac, +markgac,

3
The procedure aimed at giving a mark over 20 to a given
BAC (markag) is now detailed. As previously stated, such
mark is, in itself, the average value of 10 marks (in liquid-phase
compositionx (or x ), gas-phase (or second liquid phase)
compositiory (or x ), three-phase pressiey, three-phase
compositiorg, y, critical pressuf, critical compositior,,
azeotropic pressufg, azeotropic compositiog, mixing
enthalpyh™, mixing heat capaciy), each dened below.

(1) Mark in the liquid-phase compositiaridr VLE and
for LLE):

Mark ., = 20S 0.5

APE orx; orx,

markea,sp =

(% MAPEoOR, of, (%)
2 )
where X, (respectivelyy;) is the mole fraction of

component in the liquid phase (respectively, the
liquid phase).

14994

composition:
Mark,, , = 205 0.5
y E\AAPEOW1 oy (%)} MAPEoy ox (%)
2 (®)

wherey; (respectivelyx;) is the mole fraction of

component in the gas or second liquid phase.
RemarkVery small (or close to 1) mole fractions may
lead to huge percent deviations. As an exanTple at
377.59 K an® = 1.379 bar, the solubilityrebutane in
water i x,= 0.000002. In the case a model calculates
x; = 0.000082, the corresponding 4/ @APE onx; +
MAPE onx,) relative to this unique data point is about
2000% even though the absolute deviation is extremely
small (X, exp  X1,cd = 0.00008). Such a data point can
thus have a huge irence on the calculated Mark
(or Mark, o). To avoid such a bias, if

1Lexp< 0.0l 0z, o, 0.99

nd simultaneously:
1/2 x (MAPE onz; + MAPE o1z, )
> 45% 9)

wherez, stands for the mole fraction of component 1 in
the liquid or gas phase of a two-phase system (VLE or
LLE), the corresponding data point is rejected (we here
mean, it is not taken into accourgdnbto annihilate its

in uence on the calculated Mark (or Mark o )).

(3) Mark in the three-phase pressBrg;:

https://dx.doi.org/10.1021/acs.iecr.0c01734
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Mark, = 205 058 MAPEdR., (%) (10)

(4) Mark in the three-phase compositmn,:
= 20S 0.5

Ly

Mark,

2 BMAPE orx. (%) MAPE oR
6

(%) MAPEgn (%)

i=1
(11)
wherex;, X, andy, are the mole fractions of component
i in each of the three equilibrium phases.
(5) Mark in critical pressurg;

Mark, = 205 0.7% MAPEdR (%) (12

(6) Mark in critical compositioR,:
APE orx, . (%} MAPE OR, . (%)

Mark = 205 0.5 E\A 5

(13)
wherex; . is the mole fraction of componérdt the
critical point.

(7) Mark in azeotropic pressurg,

Mark, = 205 0.58 MAPEd®, (%) (14)

(8) Mark in azeotropic compositiog,
Mark,_ = 205 0.5
APE oy o, (%)}+ MAPEOR, ,, ("/g

2 (15)

wherex; 5, is the mole fraction of componerst the

azeotropic point.
(9) Mark in mixing enthalpp:

nhM

Markm = 20S 0.2% 01
MM =g 2
th'EXPS hM,MODEL
&OX hM,EXP + 100
1
M,EXP & M,MODEL|
LTS h
hiM'MODEL (16)
whereny is the number of mixing enthalpy data points.
Remarks

procedure is selected to obtain the same mark
when calculated valuesh¥f aren times (e.g.,
twice) smaller om times larger than the
experimental values. Tx the ideas, let us
assume th&t"#P= 100 dnol *. If the calculated
value is 50 times too small, let ush¥&{PPE- = 2

Jmol 1, theneq 5returns a MAPE (%) of 98%.

In contrast, if the calculated value is 50 times too
large, i.e.pfMMOPEL = 5000 dnol !, theneq 5
returns a MABE (%) of 4900%. As a direct
consequence, the classical MAPAHitien favors

the case whe#MOPEL{s 50 times belohEXF,
However, for both caséd'("°PEL = 2 Imol * or
hM.MODEL = 5000 dnol 1), the average of the two
MAPEs embedded &t 16is exactly the same.
For the selected example,

1&0
2

M,EXP & M,MODEL|
™S h

hiM'EXPS hM,MODEL + 100

hM, EXP

X M MODEL 1: 2499%
1

3. In practicel is used to evaluate molar enthalpies
of the stream$\,e.n= z1y + 2, + M) that are
involved in the energy balance of a given process.
The mark determined g 16thus needs to
capture the iruence o™ on such a balance.
One possibility of reaching this target is to convert
the di erencghM&®  WMMODEY into terms of
the temperature ecf® T, through

hM,EXP - M,MODE
| s e

G 17)
whereg is the molar isobaric heat capacity of the

mixture. T, quanties the error made in the
estimation of thenal temperature of a mixture
obtained by mixing two pure compounds at
isobaric and adiabatic conditions. From our
experience in process simulation, we decided to
consider that T,, = 1.4K was a good reference.

In many cases, such a deviation is reached when
h' is estimated with a deviation of around 20%,
andeq 16is conceived so that with this deviation
the mark is equal to 15/20.

1. ™ goes to 0 when the mole fraction of the studied (10) Mark in mixing heat capacity;

phase ;) goes to O or 1. In such cases, huge

percent deviations and consequently very bad

marks orh™ can be obtained. To avoid such a
bias, if ineq 16

1&)&
2

M,EXP & M,MODEL|
h™Sh

hiM'EXPS hM,MODEL + 100

hM, EXP

X

i> 80%

hM,MODEL

this quantity is set to 80%.
2. Equation 16highlights that we here decided to

make the average between two MAPEs: one

calculated with the classicalnition (seeeq 9
and one obtained by introduciny“°PE: (i.e.,
the calculated value) at the denominator. This

14995

nm

P M,EXP& M MODEL
Marky = 205 0.1 L IHoo« | Mff,;
N =g 2 ey
qgﬂyiEXPé (gl,iMODEL
+ 100 M,MODEL
Gji (18)

whereng' is the number of mixing heat capacity data

points. This mark was developed in a similar manner to
Marky so that the following remarks apply.
Remarks
1. Analogously tb", ¢ goes to 0 when the mole
fraction of the studied phasg) (goes to 0 or 1.
In such cases, huge percent deviations and
consequently very bad marks @hcan be
obtained. To avoid such a bias, #dnl8

https://dx.doi.org/10.1021/acs.iecr.0c01734
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proposed by Peng and Robirfi$bin 1978. An updated
+ 10 version has however recently been developed by Pina-
MartineZ°® and co-workers (including Peng). We thus used

)

R = 8.3144720 md ¥

EXP & ,MODEL
S ¢

o

?

M,EXP

G

EXPé (g/I,FMODEL
i

N =

b

X

@

M,MODEL 1> 200%

G

=[1+ 345 272+ Y4 2R 0.253076587

_ RTc,i S X
= ,—with 5, —— 0.0777960739
P. X+ 3

ci

LRI

this quantity is set to 200%.
2. The choice dfq 18is based on the fact that for
the data points embedded in the proposed

database, we noticed that a deviation of 50% on i _ RT and
¥ leads to an average deviation of only 2% on the R,
molar isobaric heat capacity of the corresponding 8(5X + 1)
Iculated = + + = a, i £ . 0.457235529
stream calculated @Syeam= 2161 + 262 . (D = a; (Jwith B 298 3K

As a consequenas] 18is developed so that a
deviation of 50% od¥' leads to a good mark of
15/20.

Important remarkny mark below 0 is raised to 0.

Moreover, in the end:
Marksag = > 0.491 th3emn = 0.379642 1.48583 0.164423
+ 0.016666,

ark, orx ;Marl§,Orx ;MarlsLLv ;Mar}éw ;Ma%( ;
averag 1)
ark._; Mark,_; Mark_; Marj ; Mank

L = E+ mgé \]TT{E

. 0.491them= 0.37464 154286  0.26892

OO T o

whereP is the pressur& is the gas constarl, is the
(19) temperatureg and b are the cohesive parameter and the

To conclude, 10 marks (at the most) are attributed to dnolar covolume of the pure compornergispectively,is the
given BAC. Obviously, when experimental data are missing f8plar volumeT; is the experimental critical temperatye,
one or several properties, the corresponding mark(s) cannoti§éhe experimental critical pressure, aiscthe experimental
calculated and is(are) removed fregn19 As an example, acentric factor of putie Such experimental properties were
none of the binary systems embedded in, Bé@ain three- ext_racte_d from the DIPI_DR _database, thus avoiding their
phase equilibrium data so that Marnd Mar,_ cannotbe ~ €stimation by group contribution methtss.

. . To apply this EoS to a mixture, mixing rules are necessary to
evaluated. For BAGhe given marle(] 19 is the average of 510 jate the valuesacindb of the mixture. Classical van der
only 8 marks (instead of 10).

. . . . Waals oneuid mixing rulé§°*are used in this study:

It is worth noting that the previous equations (Egrito g y
eq 19 give the greatest weight to the critical pressurexthat

the topology of a binary system and are thus, in our view,

1)

N

N
T.2= 2z & T AL S )T

extremely important, while less attention is given to mixing § i=1j=1

enthalpies and even less to mixing heat capacities. In practicaly N

terms, according teq 12 a MAPE of 13% on the critical = )= zb

pressures leads to a Maok 10/20 and a MAPE of 26% leads & izq 22)

to a Mark of 0/20. By contrast, froat 18§ a similar MAPE

of 13% on the mixing heat capacities leads to & f18.7/
20 and a MAPE of 26% leads to a {faok 17.4/20.

wherez represents the mole fraction of componamdN is
the number of components in the mixture (in this Wbrk,
2). The kﬂ-(_T) parameter is the BIP . charqcterizin_g the
4. ILLUSTRATION: GRADING AND DISCUSSION molecular interactions bgtween moleoul@ugd j- In this
study, the equation that gives the chandesvith respect to
AROUND THE ACCURACY OF THE tem ; ; ;
perature (75&&1 23 is the one used in the well-established
PENG ROBINSON EOS WITH CLASSICAL MIXING ppRr7§002 1007 gnqg PRSRK % models and contains two
RULES AND A TEMPERATURE-DEPENDENT BIP parameters; andB) for the binary systeim j.

4.1. Model. In this section, it was decided to use the

& 2

benchmark database developed in this study to assess the Ai,(%j Bl A4St IS M; IS ﬁi

accuracy and to grade the Pdrapinsor”*?°? (PR) EoS k(T) = T b

with classical mixing rules and a temperature-dependent BIP ™ o x VA Ja

(denotedk;). We found no reason to introduce a volume shift h h (23)

because all of the experimental properties contained in the

database are urezted by a temperature-independent volume(.

translatiori> 399 -
For a pure component, the PR EOS is

4.2. Fitting Procedure. The selected model is a correlative

e., nonpredictive) model, and for a given binary system, the

two parameters involved éq 23have to be tted against

experimental data. In this work, it was decided that the two
RT . a(T parameters would be determined, system by system, to ensure
& S ) the best reproduction of the experimental data available in the

VSR ouvr B+ kS P (20) proposed database by minimizing an objective function
Although nonconsisténit °°” at very high temperatures, it accounting for the deviations between experimental data

was decided to classically use the Soavé‘tyganction (VLE data, LLE data, VLLE data, critical data, azeotropic

14996 https://dx.doi.org/10.1021/acs.iecr.0c01734
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data, heat capacity of mixing data, and enthalpy of mixing data)
and model predictions. The selected objective function
expression is

bix ox + Bojyorx + Boipyt Boiat %bj@i
Fovixe t Fovip,™ Fobixgt  Foot  Foolt

obj =

B r&orx + rl/orx + 2rfriph+ 2Qrit+ 2'32' HNH— @" (24)

Fobjxorx quanties the deviations on the liquid-phase
composition for VLE data and on thkquid phase for

LLE data:
ol 1k,
1,ex}gor X l,e))p

ithl 1(: | Xl,exéorxl,exﬁ X l,ggr X lpcal

™ or x
= 100
i=1

| ¥
X 24 X 2

objx orx

(25)
wheren, o« is the number of data points for which the
liquid-phase compositign(VLE data) or the -liquid
phase composition (LLE data) is known.

Remark As previously explained, very small mole
fractions may lead to huge percent deviations. When this
happens, thetting algorithm is going to change the
parameters to reduce this huge deviation to the
detriment of other compositions. To avoid such a bias,
if X exp< 0.01 (OrXyep< 0.99) and simultaneously

Lk . 1x .i> o ]
SOMMQOHMQp Y 45% the correspond
ing deviation was not included in the calculation of
Fobjxorx-

* Fojyorx Qquanties the deviations on the gas-phase
composition for VLE data and on thkquid phase for

LLE data:
0 | ¥ .
ex§OT %,ex)

] Y= 1 Y O e YeafOT Xcd

n
yorx
=100
i=1

|y 1
X 2.e§9r X Z,Qx i

objy orx

(26)
wheren, o, is the number of data points for which the
gas-phase compositipn(VLE data) or the -liquid-
phase compositioq (LLE data) is known.

RemarkHere also, to avoid biasyif,,> 0.99 (or
Yi,exp > 0.01) and simultaneously

|y |1y
O Kol X 26BN X 23
ing deviation was not included in the calculation of
Fobjyorx-
* Fopjp,, quanties the deviations on the three-phase
pressure (VLLE data):

LLV,expé PLLV,CLI{
F)LLV,exp )

i> 45% the correspond-

r"trlph
FOijPLLV = 100

i=1 @7)

F(ij»ZLLV =

Ntriph

100

P

N L-exp

ol

+uuLi¢ALu+u1
){L,exp )

i=1 X 2,exp Xl.exp X 2,exp yz,ex

(28)
Xl = | Xl,ex§ X1,L5T| X 2,e§p X |2,ca|
Xl = | Xl,e3<§ Xl,LaT_I'l X g,t§p X IZ,caI
V:| YL,expS yl,LaI:I y2,e§p ylz,cal
Nyipn DEINg the number of three-phase composition

data (VLLE data).
Fobjp, quanti es the deviations on the critical pressure:

c,expS Pc,clall
g oo 29)

wheren,,;; is the number of critical pressure data.
Fobjx, quanti es the deviations on the critical composi-
tion:

with

MNerit
Fopjp = 100
i=1

E

Merit )10
bix, = 100 ¥ 0.

+ &i
1,exp Xc2,exp i
| ){c: I Xcl,ex§ Xcllc§| | X 02,§<p X Lz,cal (30)

wheren;; is the number of critical composition data.
Fobjp,, quanties the deviations on the azeotropic
pressure:

Mz g SP
Foijaz - 100 az,exp aZ,(li
i=1 F%\z,exp i (31)

wheren,, is the number of azeotropic pressure data.
Fobix,, quanties the deviations on the azeotropic
composition:

Foo "
obj Xaz i=1 1,exp Xaz2,exp

| Xalzzl Xazl,eg X azllfall X az§,expx |a22,cé(82)

wheren,, is the number of azeotropic composition data.
Fopjn quanti es the deviations on the mixing enthalpies:

S Y @ﬁ@&
hel\ﬂp hc'\gl ;
(33)

whereny is the number of mixing enthalpy data points.
Fobjia' quanties the deviations on the mixing heat

capacities:
0. CI!\’/,IexpMé (lF\{,IcaI + 1
CP,exp A
(34)

whereng* is the number of mixing heat capacity data
points.

=100 = oL + L A}
I

nM
Fobj,hM = 100

i=1

0.

+ |

"
R = 100
i=1

cg,lexpé (gl cal
c'Py,lcal

Wherentriph is the number of three_phase pressure data. |mp0rtant remarlSection 3of this paper, devoted to the

. _ . i i grading of a thermodynamic model, dictates the methodology
Fobjz. qgantl es the deviations on the three phasethat has to be strictly followed to evaluate the deviations
composition (VLLE data):

between model predictions and experimental data by means of
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Table 14. Overview of the MAPE between Experimental Data and Values Calculated with the Model: {PR EoS + Classical
Mixing Rules with &-Dependenk;} for the 200 Binary Systems Included in the Proposed Database That Are €thasi
Nine Binary Association Codes (BACs)

MAPE on
X y Riv 4.y P X Py Xaz h e
binary association code type of association eq 25 eq 26 eq 27 eq 28 eq 29 eqg30 eq31l eq32 eqg 33 eq 34
1 (NA-NA) 7.9% 7.9% 1.3% 42.7%  3.6% 129% 1.0% 5.0% 21.7%  34.7%
2 (HA-NA) mixtures without associatio 8.8% 6.8% - - 2.4% 9.0% 1.0% 6.1% 16.3%  160.3%
3 (HD-NA) r%.9% 5.7% - - 5.2% 158% 0.6% 3.7% 12.5%  70.5%
4 (HA-HA or HD-HD) 7.5% 7.2% - - 4.0% 11.1% 5.6% 9.6% 13.5%  104.5%
mixtures in which self-
5 (SA-NA) association tends to be  40.0% 14.9% 5.2% 69.9% 10.9% 46.0% 4.9% 13.8% 324% 200%
broken
mixtures in which cross-
6 (HD-HA) association takes place 6.0% 6.1% - - 3.5% 21.5% 2.0% 9.6% 23.6% 43.1%
alone
7 (SA-HD) mixtures in which both crosal®2%  12.3% - - 25% 9.6% 84.4%  188.0%
8 (SA-HA) association and self- 249% 157% 245% 39.1% 13.0% 284% 3.9% 11.0% 37.2% 164.4%
9 (SA-SA) association take place 33995 22.6% 6.4%  32.7% 55%  132% 1.1% 24.4% 39.7%  182.4%

3The abbreviations used for the associating character of a pure compound are NA for nonassociating, HA for hydrogen-acceptor, HD for hydrog
donor, and SA for self-associating.

the proposed database. If not, it becomes impossible to fairly 1. Information on how the system deviates from ideality.

compare two thermodyna_mic_ models. _ 2. Values of thA andB optimal parameters (seg 23.
In turn, the parameterization of the tested EoS (in the 3. values of the numerical values of the average deviations
present case, théting procedure described abov&aation between experimental data and model correlation for the

4.2 is not imposed and can be freely chosen. We are of the  ten calculated properties.In thie ie0c01734 -
opinion that a researcher who wants to score a thermodynamic  si_011.pdbf the Supporting Information,

model (dened as the association of an EoS and a  MAPEON X refers td oy, x o  Nkorx (S€€E 29
parameterization procedure) should be free to choose the « MAPEony refers td:obj'yorx/nyorx (seeeq 26
number of adjustable pareters in the model, the « MAPEoN P, refers tcdop; p,./ Nripn (S€€EQ 27

experimental data to which such parameterdtede and

the weighting given for each considered property during the * MAPEonZ, refers tdop; 7,/ Niipn (S€€EQ 2§

tting stage of the model parameters. In the previous section, a » MAPEoN P, refers to, p/ Nt (SE€EQ 29
J! [

correlative model (the PR EoS with classical mixing rules and a « MAPEon x. refers toF... ./ n... (seeeq 3
T-dependerk;) was selected so that the experimental data of X ot/ M (S€€EC 30
the proposed database were usetthe parameters ef| 23 * MAPEon P, refers toFg,; p,/ e, (Se€eq 3)
If our goal were to assess the accuracy of a predictive * MAPEON x,, refers taF,,; « /Ny, (Seeeq 33
thermodynamic model in which the binary interaction » MAPEON h refers tdFyy 1/ ny' (seeeq 33
ParamLErs, are delermined by group, contibution (®9-+ MAPEON ) refers toy, ¢/ (seeeq 39

MHV1-UNIFAC!?'® etc.), the experimental data of the 4. The so-called global phase equilibrium diagram

proposed database would not have been used for parameter- (GPED), calculated by the PR EoS, enabling one to
ization purposes. immediately identify the binary system class according

From the above, an EoS may thus gerefit grades to the scheme proposed by van Konynenburg and
depending on its parameterization. For example, it would be Scott’ . . )
possible in this paper to grade the PR EoS by seitjrg 8l 5. All of the experimental data with the corresponding
By doing so, a lower score than with temperature-depgndent references.

would be obtained. In short, a grade is in fact always given to a6- All of the deviations between experimental data and
model, i.e., to the association of both {an equation of state + a Model correlation graphically illustrated by hundreds of
selected parameterization}. The proposed database can thus be ~ 9ures. Explanations tmow to read the chaltare

used to test the imence of the parameterization on EoS available at the beginning of thle ie0c01734_-
performance, and we know by experigffahat such an si_011.pdfavailable as Supporting Information..
in uence may be huge. 4.4. Grading of the Model: {PR EoS + Classical Mixing

4.3. System-by-System Results of the Fitting Proce-  Rules with a T-Dependent k;}. For each binary association
dure. A system-by-system analysis of the {PR EoS + classicatle, the MAPEs on liquid-phase compositigas-phase
mixing rules with &-dependeritj} performances to correlate  compositiony, three-phase pressubg, three-phase
the data included in the proposed database can be founddompositiorg, , critical pressui, critical compositior,,

Table S2of the le ie0c01734_si_011.pdf, available asazeotropic pressufg, azeotropic compositioq, mixing
Supporting Information. This very detailed analysis (oveenthalpyh, and mixing heat capacfyare resumed ifiable
1000 pages) includes the following. 14. Such MAPEs make it possible to give a score over 20 to
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each of the nine BACs by averaging the 10 magks .y,

Ziv Po %o Pay Xap M, and@¥ (seeeq 19. Such marks can be
found inTable 15 At the end, as previously explained, the
marks obtained by BACs4land BACs 79 are averaged to

only retain four categories (BABAGC,; BAG, BAG;

BAG, BAG) of binary systems based on the type of
association they exhibit. By averaging the marks of these four
categories of binary systems ¢sg8, the model {PR Eo0S +
classical mixing rules witfi-dependerk;} receives thenal
mark of 12.3/20.

4.5. Discussion around the Accuracy of the Model:
{PR Eo0S + Classical Mixing Rules with @&Dependent
kj}. At this step, it is possible to analyze the results obtainedg
with the PR EoS coupled to classical mixing rules Bnd a
dependenk;. The marks reported ireble 15are plotted in
Figure Jor each category of binary systems based on the typ%
of association they exhibit. S

Figure SandTable 15highlight that with an excellent mark &
of 15.6/20, the binary systems that exhibit cross-associatiogf
alone are those that are correlated with the highest accuracy lg
the model {PR EoS + classical mixing rules Wittependent
k;}. For such blnary systems, the two molecules form hydroger@
bonds after mixing, thus stabilizing the liquid phase and®
preventing phase splitting. As a general rule, mixtures of th|§
family exhibit negative deviations from ideality and belong to
type-l in the classiation scheme of van Konynenburg and ,
Scaott. g

With the poorest rating of 8.4/20, binary systems belonglng
to BAG cannot be accurately correlated with the PR EoS evem.
when temperature-dependent BIPs are used. Three marks a@
equal to 0. In such systems, a nonassociating component 1§
mixed with a self-associating compound so that self-associati@
(partially) persists in the ixture. The nonassociating @
molecules tend to break the hydrogen-bond network, but the*?
self- assomatlng compounds withstand so that liquid- phases
splitting is often observed in this family. As previously stated S
such systems were thus cladsas‘mixtures in which self- -
association tends to be brdkéks a general rule, they exhibit T
positive deviations from ideality and three-phase equilibrium aE
low temperature. Many of them belong to type-Ill systems in o
the classtation scheme of van Konynenburg and Scott. All ¢,
binary systems of water + alkane or alcohol + alkane belong t&
this family. They are generally considered by model develope@
as the most dicult systems to correlate. It can be reasonably <
thought that either the addition of an association term or the-2
use of more-sophisticated mixing rules could help the PR Eo@
guantitatively reproduce the behavior of such systems. 2

Mixtures in which both cross-association and self-associatiof}
take place fall into the middle scoring range by receiving ax

entq}®

mark of 9.8/20. This is the result of two antagonisticts i
on the one hand, hydrogen bonds between two identical selfmn
associating molecules are broken by dilutiect and this o
behavior is highly deult to describe with the model {PR EoS =
+ classical mixing rules witfi-dependenk;}, while, on the 2

other hand, new hydrogen bonds are formed by crossS
association; this latter behavior can be modeled accurately
with the selected model, as explained above. Many of thes@
systems belong to type-I systems in the cltgsn scheme of b=
van Konynenburg and Scott (although some may fall into typeﬂf_
).
As expected, systems that do not exhibit association receive‘a

a very good mark of 15.5/20. The idexttiweakness is the =]
inaccurate correlation of the composition of the phases in—

14999
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nal mark of the PR EoS
with classical MR afid

binary

association
code mark

dependent BIPS

mark (over 20) by type of
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eq 8
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originate from entropic ects, but this result is not sigwaint
because in such a case experimental and cald(ilatdges
are both low.

It is thus possible to conclude that deviations from ideality
are not the key parameters to be accounted for when
highlighting the strengths and the weaknesses of a model. A
classication of the binary systems based on the type of
association they exhibit, as the one proposed in this paper, is
much more pertinent.

5. CONCLUSIONS

A benchmark database is presented in this paper to enable a
proposed-standardized assessment of the performance of a
given thermodynamic model or to compare two models. To
classify a datab@aseystems on the basis of their thermody-
namic complexity, 107 pure components w&rdivided into
Figure 5.0verview of the accuracy of the model {PR EoS + classickpur categories according to their associating character and
mixing rules with &-dependenk;} by plotting the marks in 10  nine classes of binary systems wergedecombining these
properties for the four categories of binary systems based on the tfpar pure-component categories. Each of these classes is
of association they exhibit. identi ed by a binary association code (BAC). We are indeed
convinced that binary systems must be eldssicording to
equilibrium when the system exhibits a three-phase line. T tfiEE type of agsgc;agon thley Ieéh'b't' For.e?ch flg_ss of systtems,
weakness highlights the dilty in simultaneously correlating € prop;ose id ala e;]s'ehllnc u e; al \I’ar'ﬁ y Od |kr]1ary SYS erorl15
VLE and LLE data with a unique set of adjustable parameteé%k.ngmg rom ideal to highly nonideal. In the (_afn ,tl € propgse
Nonassociating systems often belong to type-I systems tabase embeds 200 blrjary mixtures uniformly distributed
some fall into type-lll, especially when the two compouna%rm.r.]g the nine BACs and includes for each system both phase
: . equilibrium data (VLE, LLE, VLLE, azeotropic data, critical
show a high size-asymmetry. t d fic dat¥ Gndd? data). F h ¢
This analysis allows one to conclude that, with an over Pa.) and energetic (‘.’m ata). or each property, a
eétalled procedure explaining how deviations between model

score of 12.3/20, the PR EoS with classical mixing rules an . X : ;
temperature-dependdgtcan be safely used in process andpred_lgtlgns and experimental data have to be estimated is
vided.

. B . ; .nDro

product design applications as long as systems in whiti2) . .

hydrogen bonds are broken without the possibility of forming inally, the performances of the P&upinson EoS with
lassical van der Waals mixing rules and a temperature-

new ones are not involved. pendent binary interaction parameter were evaluated over
A similar analysis is possible from the viewpoint of syste he full database. In light of the obtained results, a discussion

ideality.
Figure Gshows that except for the liquid-phase compositiof'iIbOUt the strengths and weaknesses of the model was

, : " o ._conducted. Such a thermodynamic model got an overall
(including the critical composition), all of the other propert|esfc?spectabIe score of 12.3/20. Its main drawback is the poor

are correlated with a similar accuracy for both ideal an . , ;

nonideal systems. It is observed that deviations on mixi§g reiation of systems in which hydrogen bonds are broken

enthalpies can become huge when the deviations from idealffi'OUt the possibility of forming new ones. For such complex
systems, the addition of an association term to the EoS and the
selection of more sophisticated mixing rules could help
improve the model eiency.

Last but not the least, we hope that the proposed database

will be widely adopted by the sciantommunity to identify
the strengths and weaknesses of the many published
thermodynamic models and to identify the remaining scienti
obstacles that need to be overcome. We also hope that such a
database will be used by model developers to test a new
concept. As an example, experimental data of binary systems,
the BAC of which is 7, 8, or 9, could be very useful to test the
in uence of various association schemes.

ASSOCIATED CONTENT

Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.0cQ1734

Numerical values of the experimental data included in
the proposed database with the corresponding refer-
ences (light Excele named: ie0c01734_si_001.xIsx)
(XLSX

*

Figure 6.Marks in eight properties calculated f@r categories of
binary systems based on how they deviate from ideality (marks on
VLLE data are not shown due to a lack of information on some
categories of binary systems).

15000 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



Numerical values of the experimental data included in Bastian Schmid DDBST GmbH, Oldenburg D-26129,

the proposed database with the corresponding refer-

Germany

ences and with a visualization of the experimental datallias K. Nikolaidis Molecular Thermodynamics and Modelling

through graphs. Nine large-size Exegl(one for each
BAC) are provided:

. 1e0c01734_si_002.xIsx (BACKLSR

. 1e0c01734_si_003.xlsx (BACKLSR

. 1e0c01734_si_004.xIsx (BACKLSR

. 1e0c01734_si_005.xlsx (BACKLSR

. 1e0c01734_si_006.xIsx (BACKLSR

. 1e0c01734 _si_007.xIsx (BACKLSA

. 1e0c01734_si_008.xlsx (BACKLSR

. 1e0c01734 _si_009.xIsx (BACKLSH

. 1e0c01734_si_010.xlsx (BACKLSR
List of

O~NO O WNPE

[(e]

vided in Table S1 of thele ie0c01734_si_011.pdf
(PDR

System-by-system analysis of the {PR EoS + classi

mixing rules with d&-dependenk;} performances to

correlate the data included in the proposed databas

Provided in Table S2 of thke ie0c01734_si_011.pdf
(PDR

AUTHOR INFORMATION

Corresponding Authors
Jean-NdeJaubert Laboratoire &ions et @e des
Proas (UMR 7274),d6le Nationale Siguee des
Industries Chimiques, Uniderditeraine, CNRS, 54000
Nancy, Francaprcid.org/0000-0001-7831-5684
Emailjean-noel.jaubert@univ-lorraine.fr
loannis G. Economou Molecular Thermodynamics and

Modelling of Materials Laboratory, Institute of Nanoscie

Nanotechnology, National Center for &Resetirch
“DemokritgsAghia Paraskevi Attikis, Guzensd.org/
0000-0002-2409-68&maili.economou@
inn.demokritos.gr

Romain Privat Laboratoire &#ions et GBe des Prdee
(UMR 7274), €ole Nationale Sigpre des Industries
Chimiques, Univedsté orraine, CNRS, 54000 Nancy,
Francep orcid.org/0000-0001-6174-9160
Email:romain.privat@univ-lorraine.fr

Authors

Yohann Le Guennec Laboratoire &#ions et @e des
Proads (UMR 7274),d6le Nationale Siguee des
Industries Chimiques, Uniderditeraine, CNRS, 54000
Nancy, France; Ypso-Facto, 54000 Nancy, France

Andres Pira-Martinez Laboratoire &gions et @e des
Proads (UMR 7274),d6le Nationale Siguee des
Industries Chimiques, Uniderditeraine, CNRS, 54000
Nancy, France

Nicolas Ramirez-VelezLaboratoire &&ions et @e des
Proaes (UMR 7274),d6le Nationale Siguee des
Industries Chimiques, Uniderditeraine, CNRS, 54000
Nancy, France

Silvia Lasala Laboratoire &#ions et @Be des Prdee
(UMR 7274), éble Nationale Siguee des Industries
Chimiques, Univedsté.orraine, CNRS, 54000 Nancy,
France

15001

the 107 pure compounds included in the
proposed database with their corresponding associati
character: NA, Non-Associating; HA, Hydrogen—Accepté
or; HD, Hydrogen-Donor; SA, Self-Associating. Pro

of Materials Laboratory, Institute of Nanoscience and
Nanotechnology, National Center foc &ésetirch
“DemokritgsAghia Paraskevi Attikis, Gizensd.org/
0000-0002-4816-4616

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.0c01734

Notes
The authors declare no competingncial interest.

ACKNOWLEDGMENTS

The authors would like to present their grateful acknowledg-
ment with thanks to Profs. John M. Prausnitz and Alexey
Uittorov for sending them many scans of papers that the
uthors could noind in Europe. Thanks are also due to all of
the members of the working party (WP) on Thermodynamics
and Transport Propertiektifps://wp-ttp.dk)) of the Euro-
ean Federation of Chemical Engineehitigs(//efce.info)

their continuous encouragement and support during the
development of the database depicted in this paper. Last but
fiot the least, the French Petroleum Company TOTAL, and
more particularly Dr. Laurent Avaullend Freddy Garcia
(experts in thermodynamics), are gratefully acknowledged for
sponsoring this research.

REFERENCES

(1) Kontogeorgis, G. M.; Liang, X.; Arya, A.; Tsivintzelis, I.
Equations of State in Three Centuries. Are We Closer to Arriving to a
Single Model for All Application€hem. Eng. Sci.: 202Q 7,

No. 100060.

(2) Chen, C.-C.; Mathias, P. M. Applied Thermodynamics for
Process ModelingIChE J2002 48 194 200.

réS) Hendriks, E.; Kontogeorgis, G. M.; Dohrn, R.; de Hemptinne, J.-

.‘?E@ nomou, |. G.;ilAik, L. F.; Vesovic, V. Industrial Require-
ments for Thermodynamics and Transport PropérteEng. Chem.
Res201Q 49, 11131 11141.

(4) Danner, R. P.; Gess, M. A. A Data Base Standard for the
Evaluation of Vapor-Liquid-Equilibrium Moddlsd Phase Equilib.
199Q 56, 285 301.

(5) Privat, R.; Jaubert, J.-N. Classification of Global Fluid-Phase
Equilibrium Behaviors in Binary Syst€&hem. Eng. Res. R@%3
91, 1807 1839.

(6) van Konynenburg, P. H.; Scott, R. L. Critical Lines and Phase
Equilibria in Binary Van Der Waals Mixtlrédos. Trans. R. Soc., A
198Q 298 495 540.

(7) Agarwal, R.; Li, Y.-K.; Santollani, O.; Satyro, M. A.; Vieler, A.
Uncovering the Realities of Simulation. P&hdm. Eng. Pragol,

97, 64 72.

(8) Qian, J.Developpement Du MedE-PPR78 Pour dire Les
Equilibres de Phases et Les Grandeuende ke Systes Complexes
dinteet Pearolier Sur de Larges Gammes derdiemgseet de Pressions
Institut National Polytechnique de Lorraine: Nancy, 2011.

(9) Benkhedda, J.; Jaubert, J.-N.; Barth, D.; Perrin, L.; Bailly, M.
Adsorption Isotherms of M-Xylene on Activated Carbon: Measure-
ments and Correlation with Different Mod&l<Chem. Thermodyn.
200Q 32 401 411.

(10) Kontogeorgis, G. M.; Michelsen, M. L.; Folas, G. K.; Derawi, S.;
von Solms, N.; Stenby, E. H. Ten Years with the CPA (Cubic-Plus-
Association) Equation of State. Part 1. Pure Compounds and Self-
Associating Systerited. Eng. Chem. R306 45, 4855 4868.

(11) Kontogeorgis, G. M.; Voutsas, E. C.; Yakoumis, I. V.; Tassios,
D. P. An Equation of State for Associating Flnti<Eng. Chem. Res.
1996 35, 4310 4318.

https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



(12) Kontogeorgis, G. M.; Folas, G.TKermodynamic Models for (32) Wichterle, I|.; Kobayashi, R. Vapor-Liquid Equilibrium of
Industrial Applicationfohn Wiley & Sons, Ltd.: Chichester, U.K., Methane-Propane System at Low Temperatures and High Pressures.
2010. J. Chem. Eng. Dagv2 17, 4 9.

(13) Gross, J.; Sadowski, G. Perturbed-Chain SAFT: An Equation dB83) Price, A. R.; Kobayashi, R. Low Temperature Vapor-Liquid
State Based on a Perturbation Theory for Chain MoldedleBng. Equilibrium in Light HydrocarboMixtures: Methane-Ethane-
Chem. Re2001, 40, 1244 1260. Propane Systemd. Chem. Eng. DA&69 4, 40 52.

(14) Llovell, F.; Vega, L. F. Global Fluid Phase Equilibria and(34) Wichterle, 1.; Kobayashi, R. Vapor-Liquid Equilibrium of
Critical Phenomena of Selected Mixtures Using the Crossover Sdftethane-Ethane-Propane System at Low Temperatures and High
Saft Equationl. Phys. Chem2@06 11Q 1350 1362. Pressured. Chem. Eng. Dagr2 17, 13 18. o

(15) Llovell, F.; Vega, L. F. Prediction of Thermodynamic Derivative(35) Webster, L. A.; Kidnay, A. J. Vapequid Equilibria for the
Properties of Pure Fluids through the Soft-Saft Equation o8 .State.Methane Propane Carbon Dioxide Systems at 230 K and 270 K.
Phys. Chem.2B06 11Q 11427 11437. Chem. Eng. Da2d0] 46 759 764.

(16) Llovell, F.; Peters, C. J.. Vega, L. F. Second-Order(36) Akers, W. W.; Burns, J. F.; Fairchild, W. R. Low-Temperature
Thermodynamic Derivative Properties of Selected Mixtures by thg'ase Equilibria: Methane-Propane SyisigniEng. ChetB54 46,

. . . 31 2534,
fg;t SAFT Equation of Stafiéuid Phase EquillD06 248 115 (37) Reamer, H. H.; Sage, B. H.; Lacey, W. N. Phase Equilibria in

(17) Llovell, F.; Vega, L. F. Phase Equilibria, Critical Behavior a ydrocarbon Systems. Volumetric and Phase Behavior of the

Derivative Properties of Selected n-Alkane/n-Alkane and n-Alkane ethane-Propane Systémd. Eng. Cheit®5 42, 534 539. —_—

Alkanol Mixtures by the G SOft-SAFT Equat f1Stat 38) Watanabe, K.; Kuroki, M.; Ogura, M.; Saito, |. Vapour-Liquid-
Vixtures Dy e Lrossover So quation obState. gqilibrium of LNGTEION KOGAKUL969 4, 292 301.

Supercrit. FluidS07 4]" 204 216'_ N . . (39) Miller, R. C.; Staveley, L. A. K. Excess Enthalpies for Some

(18) Silva, G. M. C.; ‘?l.JSt'no’ s Morgado, P.; Teixeira, M.; Pe_re'rginary Liquid Mixtures of Low-Molecular-Weight Alkanes. In
L. M._C.; Vega, L.' F.; F|I|pe_, E._J. M. Detailed Su_rface Charactenzat@aVances in Cryogenic EngineBrimgerhaus, K. D.: Weitzel, D.
of Hllghly FIuorlnated. quu@ Alools: Experimental Surface H., Eds.; Springer: Boston, 1960; pp 898.

Tgnsmns, Molecular Simulations and Soft-SAFT ThkoMol. (40) Cutler, A. J. B.; Morrison, J. A. Excess Thermodynamic
Lig.202Q 30Q No. 112294. _ _ Functions for Liquid Mixtures of Methane + Propimes. Faraday

(19) Polishuk, I.; Garrido, J. M. Comparison of SAFT-VR-Mie and5001965 61 429.

CP-PC-SAFT in Predicting Phase Behavior of Associating Systems (1) Hutchings, D. J.; Lewis, E. J.; Wormald, C. J. Excess Enthalpies
Methanol Aliphatic Hydrocarbonsl. Mol. Liq.2019 291, of Mixtures of Methane + Each of the N-Alkanes from Ethane to n-
No. 111321. OctaneJ. Chem. Thermod®78 10, 559 566.

(20) Polishuk, I.; Privat, R.; Jaubert, J.-N. Novel Methodology for(42) Roof, J. G.; Baron, J. D. Critical Loci of Binary Mixtures of
Analysis and Evaluation of SAFT-Type Equations ofli8tateng. Propane with Methane, Carbon Dioxide, and Nitrdg&mem. Eng.
Chem. Re2013 52, 13875 13885. Data1967 12, 292 293.

(21) Polishuk, I.; Garrido, J. M. Comparison of SAFT-VR-Mie and(43) Sage, B. H.; Lacey, W. N.; Schaafsma, J. G. Phase Equilibria in
CP-PC-SAFT in Predicting Phase Behavior of Associating Systehglrocarbon Systems Il. Methane-Propane Systeriing. Chem.

I1l. Aliphatic Hydrocarbons - 1-Propanol, 1-Butanol and 1-Pehtanol.1934 26, 214 217.
Mol. Liq.2019 279 492 502. (44) Lin, Y.-N.; Chen, R. J. J.; Chappelear, P. S.; Kobayashi, R.

(22) Polishuk, I.; Garrido, J. M. Comparison of SAFT-VR-Mie and/apor-Liquid Equilibrium of the Methane-n-Hexane System at Low
CP-PC-SAFT in Predicting Phase Behavior of Associating Systemd mperaturel. Chem. Eng. Dagv7 22, 402 408.

Ammonia Hydrocarbonsl. Mol. Liq2018 269 657 665. (45) Kandil, M. E.; Thoma, M. J.; Syed, T.; Guo, J.; Graham, B. F.;

(23) Polishuk, I.; Garrido, J. M. Comparison of SAFT-VR-Mie andarsh, K. N.; Huang, S. H.; May, E. F. Vapquid Equilibria
CP-PC-SAFT in Predicting Phase Behavior of Associating Systeni¥gasurements of the Methane + Pentane and Methane + Hexane
Ammonia Water, Methanol, Ethanol and HydraziheMol. Lig. ~ Systems at Temperatures from (173 to 330) K and Pressures to 14

(24) Gil-Villegas, A.; Galindo, A.; Whitehead, P. J.; Mills, S. J(46) Stepanova, G. S.; Vybornova, V. |. Phase Equilibriums of
Jackson, G.: Burgess, A. N. Statistical Associating Fluid Theory }ffthane-Hexane Systém, Vses. Nauchno-Issled. Inst. Prir. Gazov

) . - . : 1962 203 208.
Chain Molecules with Attractive Potentials of Variable Range. ; : . . —_
Chem. Phy$997 106 4168 4186. (47) Shim, J.; Kohn, J. P. Multiphase and Volumetric Equilibria of

(25) Atkins, P. W.; De PaulaAlking Physical Chemis@xford Methane-n-Hexane Binary System at Temperatures Between -110
University Press: Oxford, 2011. and 150°C. J. Chem. Eng. Dag62 7, 3 8.

. - - . . . 8) Poston, R. S.; McKetta, J. J. Vapor-Liquid Equilibrium in the
(26) Privat, R.; Jaubert, J.-N. Discussion around the Paradigm ﬂthane-n-Hexane SystdmChem. Eng. DAB66 11 362 363.

Ideal Mixtures with Emphasis on the Definition of the Property (49) Gunn, R. D.; McKetta, J. J.. Ata, N. Measurement and
Cging\?s O%M'X'ngh%@ Eng. Sém,\i ?26%39 3:;’{3'E v L .(grediction of High-Pressure Phase Equilibria with a Dilute
( ) an Ness, H. L., Byer, 5. M., GIbbs, R. k. vapor-Liqul omponent in the Gas Phase: The Methane-n-Hexane System.
Equilibrium: Part I. An Appraisal of Data Reduction MethkigisE AIChE J1974 20, 347 353.

J.1973 19, ?38 244_- . . . (50) Marteau, Ph.; Obriot, J.; Barreau, A.; Ruffier-Meray, V.; Behar,
(28) Redlich, O.; Kister, A. T. Algebraic Representation of Eyxperimental Determination of the Phase Behavior of Binary
Thermodynamic Properties and the Classification of Solutibns. pixtures: Methane-Hexane and Methane-Benguid. Phase

Eng. Cheri94§ 40, 345 348. _  Equilib1997 129 285 305.

(29) Kojima, K.; Man Moon, H.; Ochi, K. Thermodynamic (51) Elliott, D. G.; Lin, Y. N.; Chu, T. C.; Chappelear, P. S.;
Consistency Test of Vapor-Liquid Equilibrium Critdd Phase  Kobayashi, RK-Values for the Methamdutane, Methame
Equilib.199Q 56, 269 284. Pentane, and Metham¢iexane Systen®PA Research Report;
(30) Wisniak, J.; Ortega, J.; Fadez, L. A Fresh Look at the Gas Processors Association, 1976; fpp.1

Thermodynamic Consistency of Vapour-Liquid Equilibria Data. (52) Chang, H. L.; Hurt, L. J.; Kobayashi, R. Vapor-Liquid Equilibria
Chem. Thermodp0.17 105 385 395. o of Light Hydrocarbons at Low Temperatures and High Pressures:
(31) Poon, D. P. L.; Lu, B. C.-Y. Phase Equilibria for Systentshe Methane-n-Heptane Syst&nChE J1966 12, 1212 1216.
Containing Nitrogen, Methane, and Proparfd¥ances in Cryogenic  (53) Reamer, H. H.; Sage, B. H.; Lacey, W. N. Phase Equilibria in
Engineerindimmerhaus, K. D., Ed.; Springer, 1995; pp 232 Hydrocarbon Systems. Volumetric and Phase Behavior of the

15002 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



Methane- n-Heptane Systénd. Eng. Chem. Chem. Eng. Data Ser.(75) Singh, H.; Lucien, F. P.; Foster, N. R. Critical Properties for
1956 1, 29 42. Binary Mixtures of Ethane Containing Low Concentrations of N-

(54) Oscarson, J. L.; Coxam, J. Y.; Gillespie, S. E.; Izatt, R. M. Excélk&neJ. Chem. Eng. D220Q 45, 131 135.

Enthalpies of Mixing Methane with Methanol, n-Heptane, Toluene(76) Kurata, F.; Swift, G. \Experimental Measurements of Vapor
and Methylcyclohexane at 255.4 and 310.9 K and 13.&IMé&a. Liquid Equilibrium Data for the Eth&abon Dioxide and Nitrogen
Phase Equilib996 114 161 174. n-Pentane Binary SystéBi®A Research Report; Gas Processors

(55) Chen, R. J. J.; Chappelear, P. S.; Kobaya%haipd®.Phase  Association, 1971; pp 10.

Data for the Binary Systems of Methane with N-Butane, n-Pentan&M-Kalra, H.; Robinson, D. B.; Besserer, G. J. The Equilibrium
Hexane, and n-Hepta®@PA Research Report; Gas Processord’hase Properties of the Nitrogen-n-Pentane Syst@mem. Eng.
Association, 1976; pp 14. Datal977 22, 215 218.

(56) Stryjek, R.; Chappelear, P. S.; Kobayashi, R. Low-Temperatu(@8) Silva-Oliver, G.; Eliosa-Jime, G.; Garciai8#ez, F.;
Vapor-Liquid Equilibriums of Nitrogen-Ethane Systebinem. Eng.  Avendao-Gamez, J. R. High-Pressure Vapimuid Equilibria in
Datal1974 19 340 343. the Nitrogen n-Pentane SysteRiuid Phase Equil#@06 25Q 37

(57) Grausg, L.; Fredenslund, A.; Mollerup, J. Vapour-Liquidi8.

Equilibrium Data for the Systems C2H6 + N2, C2H4 + N2, C3H8 + (79) Azarnoosh, A.; McKetta, J. J. Nitrogen-n-Decane System in the
N2, and C3H6 + NZFluid Phase Equili®77 1, 13 26. Two-Phase Regiah. Chem. Eng. DA863 8, 494 496.

(58) Brown, T. S.; Sloan, E. D.; Kidnay, A. J. Vapor-Liquid Equilibria(80) Garcia-Sehez, F.; Eliosa-Jimee, G.; Silva-Oliver, G.; Garcia-
in the Nitrogen + Carbon Dioxide + Ethane Syskmd Phase  Flores, B. E. Vapor-Liquid Equilibrium Data for the Nitrogen + n-
Equilib.1989 51, 299 313. Decane System from (344 to 563) K and at Pressures up to 30 MPa.

(59) Zeck, S.; Knapp, H. Vaporiquid and Vapor Liquid Chem. Eng. Da2809 54, 1560 1568.

Liquid Phase Equilibria for Binary and Ternary Systems for Nitrogen81) Flaer, E.; de Loos, T. W.; de Swaan Arons, J. High Pressure
Ethane and Methanol: Experiment and Data RedudtimhPhase  Solid-Fluid and Vapour-Liquid Equilibria in the System (Methane +
Equilib1986 25, 303 322. TetracosaneFluid Phase Equili®97, 127 129 146.

(60) Gupta, M. K.; Gardner, G. C.; Hegarty, M. J.; Kidnay, A. J.(82) Huang, C.-P.; Jan, D.-S.; Tsai, F.-N. Modeling of Methane
Liquid-Vapor Equilibriums for the N2 + CH4 + C2H6 System fromSolubility in Heavy N-ParaffidsChem. Eng. Jj®02 25 182 186.

260 to 280 KJ. Chem. Eng. Da@8Q 25 313 318. (83) Arnaud, J. F.; Ungerer, P.; Behar, E.; Moracchini, G.; Sanchez,

(61) Ellington, R. T.; Eakin, B. E.; Parent, J. D.; Gami, D. C.JJ. Excess Volumes and Saturation Pressures for the System Methane +
Bloomer, O. T. Irvapor Liquid Phase Equilibriums in the BinaryN-Tetracosane at 374 K. Representation by Improved EOS Mixing
Systems of GHGHg, and N, Thermodynamic and Transport RulesFluid Phase Equilit®96 124 177 207.

Properties of Gases, Liquids and Solids, Symposium on Therm&4) Suleiman, D.; Eckert, C. A. Phase Equilibria of Alkanes in
Properties, 1959; pp 18D94. Natural Gas Systems. 1. Alkanes in Metha®leem. Eng. Dag95

(62) Guedes, H. J. R.; Zollweg, J. A,; Filipe, E. J. M.; Martins, L. B0, 2 11.

G.; Calado, J. C. G. Thermodynamics of Liquid (Nitrogen + Ethane).(85) Schwarz, C. E.; Nieuwoudt, I.; Knoetze, J. H. Phase Equilibria
J. Chem. Thermod3®02 34, 669 678. of Long Chain N-Alkanes in Supercritical Ethane: Review, Measure-

(63) Yu, P.; Elshayal, I. M.; Lu, B. C.-Y. Liquid-Liguid-Vaporments and Predictiod. Supercrit. FIURI308 46, 226 232.

Equilibria in the Nitrogen-Methane-Ethane Sy€tam.J. Chem. Eng.  (86) Tsai, F. N.; Huang, S. H.; Lin, H. M.; Chao, K. C. Solubility of
1969 47, 495 498. Methane, Ethane, and Carbon Dioxide in n-Hexatriacant@hem.

(64) Koonce, K. T.; Kobayashi, R. A Method for Determining theEng. Datd 987, 32 467 4609.

Solubility of Gases in Relatively Nonvolatile Liquids: Solubility of(87) Gasem, K. A. M.; Bufkin, B. A.; Raff, A. M.; Robinson, R. L.
Methane in n-Decang. Chem. Eng. Da@64 9, 490 494. Solubilities of Ethane in Heavy Normal Paraffins at Pressures to 7.8

(65) Lentz, H.; Nuennerich, P. Die Bestimmung Der ZusammernMPa and Temperatures from 348 to 428 Khem. Eng. Da&89

setzung Koexistierender PhasenmaBivaschungen Aus Nodenlinien 34, 187 191.

Und VolumenChem. Ing. Te@@01, 73 1162 1164. (88) Martin, M.; Youings, J. Vapour Pressures and Excess Gibbs
(66) Reamer, H. H.; Olds, R. H.; Sage, B. H.; Lacey, W. N. Phasgee Energies of Cyclohexane + N-Hexane, + n-Heptane and + n-
Equilibria in Hydrocarbon Systeind. Eng. Ched942 34, 1526 Octane at 298.15 Kust. J. Ched98Q 33 2133.

1531. (89) Benson, G. C.; Benson, G. C.; Anand, S. C.; Kiyohara, O.

(67) Lavender, H. M.; Sage, B. H.; Lacey, W. N. Gas-Liquidhermodynamic Properties of ®or@ycloalkane-Cycloalkanol
Equilibrium Constants, Methane-Decane SyQie@®as J194Q 39, Systems at 298. 15.Deg.KJ.IChem. Eng. Da&v4 19, 258 261.

48 49, (90) Susarev, M. P.; Chen, S. T. Calculation of Vapor-Liquid
(68) Lin, H.-M.; Sebastian, H. M.; Simnick, J. J.; Chao, K.-C. Ga&quilibrium in Ternary Systems from the Data on Binary Systems.
Liquid Equilibrium in Binary Mixtures of Methane with N-Decane,The System Benzene-n-Hexane-Cycloh&usse.J. Phys. Chem. AA.
Benzene, and Toluede.Chem. Eng. DABY9 24, 146 149. 1963 37, 938 943.

(69) Wiese, H. C.; Reamer, H. H.; Sage, B. H. Phase Equilibriums i91) Ridgway, K.; Butler, P. A. Physical Properties of the Ternary
Hydrocarbon Systems. Phase Behavior in the Methane-Propanesgstem Benzene-Cyclohexane-HeXa@dem. Eng. DAB67 12

Decane Syster. Chem. Eng. Da®v(Q 15 75 82. 509 515.
(70) Kay, W. B. Liquid-Vapor Phase Equilibrium Relations in the(92) Myers, H. S. [Vapor-Liquid] Equilibrium for Naphthenes and
Ethane-n-Heptane Systéna. Eng. Chert®38 30, 459 4665. ParaffinsPet. Refil957 36, 175 178.

(71) Cota, H. M.; Thodos, G. Critical Temperatures and Critical (93) Siddigi, M. A.; Lucas, K. An Isothermal High-Pressure Flow
Pressures of Hydrocarbon Mixtures. Methane Ethane-n-Butaf@lorimeter the Excess Enthalpy of (Cyclohexane + n-Hexane) at

SystemJ. Chem. Eng. D4®62 7, 62 65. Different Pressures at 288.15, 298.15, and 313.15 Ghem.
(72) Mehra, V. S.; Thodos, G. Vapor-Liquid Equilibrium in the Thermodyri982 14, 1183 1190.
Ethane-n-Heptane SystdmChem. Eng. Da@65 10, 211 214. (94) Ewing, M. B.; Marsh, K. N. The Enthalpy of Mixing of N-

(73) Ekiner, O.; Thodos, G. Critical Temperatures and Pressures Bexane + Cyclohexane at 288.15 and 31815 Kem. Thermodyn.
the Ethane-n-Heptane Syst€am. J. Chem. Eh@65 43 205 208. 197Q 2, 295 296.

(74) Mehra, V. S.; Thodos, G. Vapor-Liquid Equilibrium Constants(95) Christensen, J. J.; lzatt, R. M.; Eatough, D. J.; Hansen, L. D.
for the Ethane-Butane-n-Heptane System aaB0@B50F.J. Chem. The Effect of Pressure on the Excess Enthalpies of Cyclohexane + N-
Eng. Datd968 13 155 160. Hexane at 298.15 B. Chem. Thermodi®i7g 10, 25 34.

15003 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



(96) Heintz, A.; Lichtenthaler, R. N. An lIsothermal Flow (118) Skripka, V. G.; Nikitina, I. E.; Zhdanovich, L. A.; Sirotin, A.
Calorimeter for Pressures to 600 Baer. Bunsenges. Phys. ChemG.; Betyaminovich, O. A. Liquid-Vapor Phase Equilibriums at Low

1979 83 853 856. Temperatures in Binary Systems Formed by Components of Natural
(97) Gmehling, J.; Meents, B. Excess Enthalpy. Cyclohexane-Hexang Gazov. Prom4©97Q 15, 35 36.
Systemint. DATA Ser., Sel. Data Mixtures, S&9A144. (119) Blanc, C. J.; Setier, J. C. B. Vapor-Liquid Equilibria for the

(98) Gmehling, J.; Krentscher, B. Excess Enthalpies of 12 Binatthane-Propane System at Low Temperatu@hem. Eng. Data
Liquid Mixtures Containing Cyclohexane at Elevated Temperaturgggg 33 111 115.
and Pressures (up to 416 K and 1.9 MBIDATA: Int. Electron. J.  (120) Clark, A. Q.; Stead, K. (Vapour + Liquid) Phase Equilibria of
Phys.-Chem. Daa95 1, 181 190. _ Binary, Ternary, and Quaternary Mixtures of CH4, C2H6, C3HS,
(99) Saito, A.; Tanaka, R. Excess Volumes and Heat Capacities9f410. and CO2l. Chem. Thermody@8g 20, 413 427.
Binary Mixtures Formed from Cyclohexane, Hexane, and Heptane ?i21) Kahre, L. C. Liquid Density of Light Hydrocarbon Mixtdres.
298.15 KJ. Chem. Thermody®88 20, 859 865. Chem. Eng. Data73 18 267 270.
(100) Hissong, D. W.; Kay, W. B. Critical Properties of (155 pg H.: Huemer, H.. Moser, F. Eine Apparatur Zur
Hydrocarbons. Il. Correlational Studimc. Am. Pet. Inst. Refin. Bestimmung von Dampf-§sigkeits-Gleichgewichten Unter Eho
Dig-ll%f 48 397 4‘?3-D_ < L. Vabor-Liouid Equiibria fo€M DruckMonatsh. Che8q 111, 1159 1164,
B('nar) aissm'?grnﬁar - M tnrizp’of .Beipg:elqlfll'ol eqnuél ;'r?d 0r_(123) Mikovsky J.; Wichterle, I. Liquid-Vapor Equilibrium. LXX.
inary y Mixtu zene, u nVapor -Liquid Equilibriums in the Ethane-Propane System at High
Butyraldehyddser. Bunsenges. Phys. CBB&IO0 452 458. Pressure€ollect. Czech. Chem. Cont8dh.40, 365 370.
(10.2.) _Salto, SSeparation of Hydr_ocarbons. 2. _Vlaqurd (124) Matschke, D. E.; Thodos, G. Vapor-Liquid Equilibriums for
Equilibriums of Normal PamaAromatic SystemA&sahi Garasu
Kogyo Gijutsu Shoreikai, 1969; \6).pp 397 407 the Ethane-Propane Syst@nChem. Eng. Da@62 7, 232 234.
’ ’ | . (125) oftt, J. B.; Brown, P. R.; Moore, J. D.; Lewellen, A. C. Excess

103) Jin, Z.; Hu, A,; Liu, K. VLE of Binary and Ternary Systems fo
B(TX IZ/Ii)LtLlres’C#e’m.’E:\ugi. Chingg1, 1;) (6)y 56 60. s Molar Enthalpies and Excess Molar Volumes for (Propane + Ethane)

(104) Schuberth, H. Phasengleichgewichtsmessungen. II. VorausQ¥gr the Temperature Range from 273.15 K to 373.15 K and the
echnung von Gleichgewichtsdaten DampfjeFlssig Idealer ~ Pressure Range from 5 MPa to 15 MP&hem. Thermodi97

Binaer Systeme Und Fumg Derselben Mittels Einer Neuen 29 149 178.

GleichgewichtsapparatlirPrakt. Chert958 6, 129 138. (126) Horstmann, S.; Fischer, K.; Gmehling, J. Experimental
(105) Baud, E. Thermal Analysis of Binary Mix@BudisSoc. Chim.  Determination of Critical Data of Mixtures and Their Relevance for
Fr.1915 17, 329 345. the Development of Thermodynamic Mod&hem. Eng. S2001,

(106) Hsu, K.-Y.; Lawrence Clever, H. The Excess Enthalpies of th§ 6905 6913.

15 Binary Mixtures Formed from Cyclohexane, Benzene, Toluenél27) Van Poolen, L. J.; Holcomb, C. D. Critical Temperatures,
1,4-Dimethylbenzene, 1,2,4-Trimethylbenzene, and 1,3,5-TrimethRtessures, and Densities for the Mixtures CGB8, CO2
benzene at 298.15 K.Chem. Thermodi@75 7, 435 442. NC4H10, C2H6 C3H8, and C3H8NC4H10.Fluid Phase Equilib.
(207) Murakami, S.; Lam, V. T.; Benson, G. C. The Thermody41999 165 157 168.

namic Properties of Binary Aromatic Systems Il. Excess Enthalpi€s28) Uchytil, P.; Wichterle, I. Liquid-Vapour Critical Region of the
and Volumes of Benzene + Toluene and Toluene + Isomeric Xylenost Volatile Component of a Ternary System. |. Vapour-Liquid

Mixtures at 28C. J. Chem. Thermod®69 1, 397 407. Equilibria in the Ethane - Propane - n-Butane SyRigith.Phase
(108) Diaz Pena, M.; Menduina, C. Semicontinuous Calorimeter fCEquiIib.1983 15, 209 217.
Measuring Heats of Mixingn. Quim1973 69, 857 868. (129) Kahre, L. C. Low-Temperature K Data for Methane-Blitane.

(109) Fortier, J. L.; Benson, G. C. Heat Capacities of Some Binaghem. Eng. Dat874 19, 67 71.

Aromatic Hydrocarbon Mixtures Containing Benzene or Taluene. (130) Elliot, D. G.; Chen, R. J. J.; Chappelear, P. S.; Kobayashi, R.
Chem. Eng. Dat879 24, 34 37. N _ Vapor-Liquid Equilibrium of Methane-Butane System at Low
(110) Kay, W. B Hlssqng, D. The Ceritical Proper_tles OfTemperatures and High PressulesChem. Eng. D&t@74 19
Hydrocarbons. I. Simple MixturBsoc., Am. Pet. Inst., Refin. Dep.yq 77

1967, 47, 653 722. (131) Wiese, H. C.; Jacobs, J.; Sage, B. H. Phase Equilibriums in the

(111) Vaughan, W. E.; Collins, F. C. P-V-T-x Relations of the;_| L
ydrocarbon Systems. Phase Behavior in the Methane-Propane-n-
System Propane-Isopentdné. Eng. Chert942 34, 885 890. Butane Systend. Chem. Eng. DA&7Q 15, 82 91.

(112) Zzhang, X.; Zheng, Y.; Zhao, W. Measurement and Correlatio ™ . TR
of Vapor Liquid Equilibrium Data for Benzene Cyclohexane Meth%;grzgcgi)%i’ gys?emg(';kéngéhel&%i%y?)xvlglsspfggsg Equilibria in
Cyclohexane DMF Systeiat. Gas Chem. Id®97, 22, 52 55. %33) Rigas, T. J.: Masoh D. E- Thodos G. Vapor-Liquid

(113) Harsted, B. S.; Thomsen, E. S. Excess Enthalpies from Fl%quilibria Microsampling Technique Applied to a New Variable-
Microcalorimetry 3. Excess Enthalpies for Binary Liquid Mixtures olume Cellind. Eng. Chert058 50, 1297 1300.

Aliphatic and Aromatic Hydrocarbons, Carbon Tetrachloride, 5 - I .
Ch?orobenzene, and CarbonyDisquh]dé:hem. Thermodya75 (134) Sprow, F. B.; Prausnitz, J. M. Vapor-Liquid Equilibria for Five

7, 369 376. Cryogenic Mixture&IChE J1966 12, 780 784. _

(114) Ott, J. B.; Marsh, K. N.; Stokes, R. H. Excess Enthalpieg13%) Calado, J. C. G.; Staveley, L. A. K. Excess Gibbs Energy of
Excess Gibbs Free Energies, and Excess Volumes for (Cyclohexaiti3¢n-Methane Liquid Mixtures at 11574 Chem. Phg872 56,
n-Hexane), and Excess Gibbs Free Energies and Excess Volume$ 4bf 4719. . .

(Cyclohexane + Methylcyclohexane) at 298.15 and 308. Chism, ~ (136) Shatskaya, L. V.; Zhimova, N. A. Liquid-Vapor Phase
Thermodyri98Q 12, 1139 1148. Equilibriums in Two-Component Systems at Low Temperatures. |.

(115) Tamura, K. Excess He@tpacities of the Mixtures Argon-Methane SysteRuss. J. Phys. Chem1®H; 50, 298.
Containing Methylcyclohexane at 298.15I4id Phase Equilib. (137) Kehlen, H.; Schneider, F.-U.; Haufe, S.; Barnitzke, W.
2001, 182 303 312. Auswertung von TaudruckmessungenreBir@ysteme Im Mittel-

(116) Djordjevich, L.; Budenholzer, R. A. Vapor-Liquid EquilibriundruckbereictZ. Phys. Ched083 264Q 801 806.

Data for Ethane-Propane System at Low Temperat@asm. Eng. (138) Christiansen, L. J.; Fredenslund, A. Vapour-Liquid Equilibria
Datal197Q 15, 10 12. of the CH4-Ar-CO Systeiryogenid974 14, 10 14.

(117) Hirata, M.; Suda, S.; Hakuta, T.; Nagahama, K. Light(139) Christiansen, L. J.; Fredenslund, A.; Mollerup, J. Vapour-
Hydrocarbon Vapor-Liquid Equilibrem. Fac. Technol., Tokyo Liquid Equilibrium of the CH4-Ar, CH4-CO, and Ar-CO Systems at
Metrop. UniM 969 19, 103 122. Elevated Pressur€syogenid973 13 405 413.

15004 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



(140) Lewis, K. L.; Saville, G.; Staveley, L. A. K. Excess Enthalpies @59) Baws, |.; Valero, J.; Gracia, M.; Losa, C. G. Conformational
Liquid Oxygen + Argon, Oxygen + Nitrogen, and Argon + Methane. Equilibrium and Calorimetric Behaviour of Systems Containing 1,2-
Chem. Thermody9.75 7, 389 400. DichloroethaneéBer. Bunsenges. Phys. CB8&87, 866 871.

(141) Mosedale, S. E.; Wormald, C. J. The Enthalpy of Mixing 0f(160) Marongiu, B. Excess Enthalpies of Alpha,Omega-Dichlor-
Argon + Methane at 123, 130, 140, and 145 K, at Pressures up to 9gk2kane (C1 - C6) + Tetrachloromethdne.DATA Ser., Sel. Data
MPa.J. Chem. Thermodi@77, 9, 483 490. Mixtures, Ser.¥988 1 6.

(142) Lewis, K. L.; Mosedale, S. E.; Wormald, C. J. The Enthalpiegl61) Wilhelm, E.; Faradjzadeh, A.; Grolier, J.-P. E. Molar Excess
of Mixing of Methane + Argon, Methane + Nitrogen, and Methane Heat Capacities and Excess Volumes of 1,2-Dichloroethane +
Hydrogen in the Gaseous and Two-Phase RediorGhem.  Cyclooctane, + Mesitylene, and + TetrachlorometBar@hem.
Thermodyri977 9, 121 131. Thermodyri979 11, 979 984.

(143) Wormald, C. J.; Lewis, K. L.; Mosedale, S. The Exces$162) Ellis, S. R. M.; Contractor, R. M. Vapor-Liquid Equilibriums at
Enthalpies of Hydrogen + Methane, Hydrogen + Nitrogen, Methangeduced Pressuzhem. Eng. Lori®64 15, 10 13.

+ Nitrogen, Methane + Argon, and Nitrogen + Argon at 298 and 201(163) Rollet, A. P.; Toledano, P.; Elkaim, G.; Sonez, M.
K at Pressures up to 10.2 MR&Chem. Thermody®ir7, 9, 27 42. Ebulliometry of Volatile Solutes. Publ. Sci. Univ. Alger, Ser. B

(144) Paul, H. I.; Krug, J.; Knapp, H. Measurements of VLE, VE anthsg 2, 403 425.

HE for Binary Mixtures of n-Alkanes with ChIoro-AIkbeenzenes.(164) Tschamler, H. ter Binae Flissige Mischungen VI:
Fluid Phase Equili®8§ 39, 307 324. _ ~ Mischungsween, Molwamen, Volumeffekte Und Zustands-Dia-

(145) Bayles, J. W.; Letcher, T. M. Thermodynamics of Some Binagyamme von 1,2-Dichlthan Mit Benzol Und n-Alkylbenzolen.
Liquid Mixtures Containing Aliphatic AminesChem. Eng. Data ponatsh. Chet948 79, 499 507.

1971 16, 266 271. , (165) Ortega, J.; Placido, J. Excess Enthalpies of 12 Binary Liquid

(146) Al-Hayan, M. N. M.; Al-Kandary, J. A. M. Isobaric Vapour \ixtyres of , -Dichloroalkanes (C2, C4, C6) + Benzene, Toluene,
Liquid Equilibria for Binary Mixtures of n-Heptane with Bromo-gyhyihenzene, or Butylbenzene at 298 EGBATA: Int. Electron. J.
benzene, Chlorot_)enzene and Fluorobenzene at Atmospheric Presslb\‘i?s.-Chem. DA1996 2, 111 120.

Fluid Phase EquiltO§ 249 109 113. (166) Wilhelm, E.; Grolier, J.-P. E.; Ghassemi, M. H. K. Molar Heat

V(;S;? ng:(rj)raES;?iiit,;-\r.i;ijegﬁ;e?‘\gfrt%eRg(;/,sFe.rzw(s:hg?éi;iégé Eﬂ%‘?@%pacities of Binary Liquid Mixtures: 1,2-Dichlorethane + Benzene, +
j ) § Tol + p-Xyl .B . Phys. 2
obenzene and Trichloroethylene-Methyl Isobutyl Ketone (MIBK)ggouene' and + p-Xyleriger. Bunsenges. Phys. C8@ma1, 925

Indian Chem. Eip76 18 47 49. (167) Parrish, W. R.: Hiza, M. J. Liqui ilibria |

: . - , W. R,; , M. J. Liquid-Vapor Equilibria in the
(148) Wilhelm, E.; Inglese, A.; Grolier, J.-P. E.; Kehiaian, H. \{: ) I .
Enthalpy of Mixing of Chlorobenzene, 1,2-Dichlorobenzene, and 1 itrogen-Methane System between 95 and 120 AKdvances in

Dichlorobenzene with Some n-AlkaBes. Bunsen-Ges. Phys. Chen}wzogggg_ En%:gggeorigmmerhaus, K. D., Eds.; Springer: Boston,
1978 82 384 388. ' » PP .

(149) Grolier, J.-P. E.; Sosnkowska-Kehiaian, K.; Kehiaian, H. é.lfli/?)\ljan, ﬁ.H'deEangl’.Jf‘]‘; ?ao,hZ.'\\]/l._; Xu, YNQ.;Wang’,\I(ZQ.; Chen,
Enthalpies de Nenge Des Chlorures Organiques Avec Des., . aporLiquid Equilibrium for the Mixture irogen (N2) +
Hydrocarburesl. Chim. Phys. Phys.-Chim.1Bic8 70, 367 373. Methane (CH4) in the Temperature Range of (110 to 129) K.
(150) Bendiab, H.; Roux-Desgranges, G.; Roux, A. H.; Grolier, J__Clt_.hem. Eng. DaIQlZ o7, 1621 1626'. .

E.. Patterson, D. Excess Heat Capacities of Ternary Syste %69) Stryjek, R.; Chappelear, P. S.; Kobayashi, R. Low-Temperature

Containing Chlorobenzene or Chloronaphthalergolution Chem. apor-Liquid Equilibriums of Nitrogen-Methane Syste@hem.
1994 23 307 323. Eng. Datd 974 19 33.4 330. . .

(151) Diaz Pesm, M.; Compostizo, A.; Crespo Colin, A.; Escudero, I. (_170) Cines, M. R.; Roa_ch,_J. T.,_Hogan, R. J.; Roland, C. H.
Activity Coefficients and Excess Gibbs Free Energies at 348.15 KNffogen-Methane Vapor-Liquid Equilib@aem. Eng. Prog., Symp.

; Serl1953 49 1 10.
Cyclohexane+chlorobenzene, +fluorobenzene, and +thiaphene. g - .
Cﬁem. 'Iz(hermodyﬁ).SQ 12Z 1051 10?35_ z ! (171) Bloomer, O. T.; Parent, J. D. Liquid-Vapor Phase Behavior of

(152) Rolemberg, M. P.; Kwenbtl, M. A. VaporLiquid the Methane-Nitrogen Systé&hem. Eng. Prog., Sympl ®e%.49,

Equilibria of Binary and Ternary Mixtures of Benzene, Cyclohexari'é- 24. ) . . . L
and Chlorobenzene at 40.0 KPa and 101.3JKBAem. Eng. Data _(172) Kidnay, A. J; Miller, R. C.; Parrish, W. R.; Hiza, M. J. Liquid-
2001, 46, 256 260. Vapour Phase Equilibria in the N2-CH4 System from 130 to 180 K.

(153) Tanaka, R.; Murakami, S.; Fujishiro, R. Excess Enthalpies{p0genid®73 15 531 540. .

Mixing of a Polar Liquid + a Non-Polar Liquid at 298.15 ®hem. (173) Brandt, L. W.; Stroud, L. Phase Equilibria in Natural Gas
Thermodyri974 6, 209 218. Systems. Apparatus with Windowed Cell for 800 P.S.I.G. and

(154) Amaya, K. Thermodynamical Studies on Binary Systeml€mperatures to 320 F.Ind. Eng. Chet958 50, 849 852.
Consisting of Polar and Non-Polar Liquids. Il. The Measurement of174) McClure, D. W.; Lewis, K. L.; Miller, R. C.; Staveley, L. A. K.
the Heats of Mixing for Binary Systems of Polar and Non-Poldgxcess Enthalpies and Gibbs Free Energies for Nitrogen + Methane at
Liquids.Bull. Chem. Soc. J#61, 34, 1278 1285. Temperatures below the Critical Point of NitrogenChem.

(155) Anantaraman, A. V.; Bhattacharyya, S. N.; Palit, S. R. WebRermodyri976 8, 785 792.

Dipolar Interaction in Solutions. Systems: Cyclohexane+chloroberf175) Klein, R. R.; Bennett, C. O.; Dodgge, B. F. Experimental Heats
zene and Carbon Tetrachloride+chlorobenZemes. Faraday Soc. Of Mixing for Gaseous Nitrogen and MethAh€hE J1971, 17,
1961, 57, 40. 958 965.

(156) Munoz Embid, J.; Berro, C.; Otin, S.; Kehiaian, H. V. (176) Gomes de Azevedo, E. J. S.; Calado, J. C. G. Thermodynamics
Isothermal Vapor-Liquid Equilibria, Excess Enthalpies, and Exceéd-iquid Methane+etharféuid Phase Equilli889 49, 21 34.

Volumes of 1-Chlorobutane + Tetrachloromethane, 1,2-Dichloro{177) Miller, R. C.; Kidnay, A. J.; Hiza, M. J. Liquid + Vapor
ethane + Tetrachloromethane, and 1,2-Dichloroethane + 1-Chldequilibria in Methane + Ethene and in Methane + Ethane from
obutane Mixtures. Chem. Eng. D4@0Q 35, 266 271. 150.00 to 190.00 K. Chem. Thermodi®/7, 9, 167 178.

(157) Azpiazu, Y.; Royo, F.; Gutie Losa, C. Vapour Pressures of (178) Wichterle, |.; Kobayashi, R. Vapor-Liquid Equilibrium of
(Tetrachloromethane +, -Dichloroalkane)). Chem. Thermodyn. Methane-Ethane System at Low Temperatures and High Prissures.
1984 16, 561 565. Chem. Eng. Dat872 17, 9 12.

(158) Sagnes, M.; Sanchez, V. Vapor-Liquid Equilibriums for(179) Wei, M. S.-W.; Brown, T. S.; Kidnay, A. J.; Sloan, E. D. Vapor
Fourteen Systems Consisting of Chlorinated Hydrocarbons and Liquid Equilibria for the Ternary System Methane + Ethane +
AlcoholsJ. Chem. Eng. Dagv1, 16 351 354. Carbon Dioxide at 230 K and Its Constituent Binaries at

15005 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027



Temperatures from 207 to 270JKChem. Eng. D895 40, 726 Three Constituent Binary System&hem. Eng. Dag97 42, 149
731. 154.

(180) Davalos, J.; Anderson, W. R.; Phelps, R. E.; Kidnay, A. §201) Boublik, T. An Estimate of Limiting Values of Relative
Liquid-Vapor Equilibria at 250.00K for Systems Containing Methan¥platility with Help of the Theorem of Corresponding States. II.
Ethane, and Carbon DioxideChem. Eng. D&®v/§ 21, 81 84. Binary Systems of Tetrachloromethane, Benzene, and Cyclohexane.

(181) Werner, G.; Schuberth, H. Das Phasengleichgewssig-Flu Collect. Czech. Chem. Comit68.28 1771 1779.

Flussig Des Systems Benzol/n-Heptan/Acetonitrii Sowie Die(202) Scatchard, G.; Wood, S. E.; Mochel, J. M. M&agoid
Phasengleichgewichte Dampfig-Flgsig Der Entsprechenden Equilibrium. Ill. Benzen€yclohexane Mixtures. Phys. Chem. A.
Binaen Systeme Bei 200. J. Prakt. Chert966 31, 225 239. 1939 43 119 130.

(182) Harris, K. R.; Dunlop, P. J. Vapour Pressures and Exceg203) Dong, J.; Feng, C.; Li, Y. Isothermal Vdpquid
Gibbs Energies of Mixtures of Benzene with Chlorobenzene, Bequilibrium for Methanol and 2,3-Dimethyl-1-Butene at 343.06 K,
Hexane, and n-Heptane at@5). Chem. Thermody®i7Q 2, 805 353.27 K, 363.19 K, and 372.900KChem. Eng. D&@11, 56,

811. 2386 2392.

(183) Sun, Y.; Yen, W. H. Vapor Pressures and Excess Gibbs Fré04) Wisiiewska, B.; Gregorowicz, J.; Malanowski, S. Development
Energies of Benzene-Cyclohexane, Benzene-n-Heptane and GyclabfexVapour-Liquid Equilibrium Apparatus to Work at Pressures up to
ane-n-Heptan&aodeng Xuexiao Huaxue XUEg®7, 54 58. 3 MPa.Fluid Phase Equilit®93 86, 173 186.

(184) Messow, U.; Schuetze, D.; Pfestorf, R.; Kuchenbecker, D(205) Lafuente, C.; Pardo, J.; Santate, J.; Royo, F.; Urieta, J. Use of a
Suehnel, K. Thermodynamische Untersuchungersamgkmittel/ Fischer-Labodest Apparatus to Study the Liquid-Vapor Equilibrium of
n-Paraffin-Systeméeh.Phys. Ched977 258 24 32. the Benzene-Cyclohexane System at Different Prd¥surescad.

(185) Palmer, D. A.; Smith, B. D. Thermodynamic Excess Proper@ienc. Exactas, Fis., Quim. Nat. Zafk@fizd7, 183 190.
Measurements for Acetonitrile-Benzene-n-Heptane Systdtat 45 (206) Rao, V. N. K.; Swami, D. R.; Rao, M. N. Vapor-Liquid
Chem. Eng. Dat872 17, 71 76. Equilibria of Benzena-Hexane and Benzene-Cyclohexane Systems.

(186) Kudryavtseva, L. S.; Viit, H.; Eisen, O. G. Vapor-LiquidAIChE J1957 3, 191 197.

Equilibrium in 1-Heptene-Heptane, 1-Heptene-Octane, Heptanef207) Elliott, K.; Wormald, C. J. A Precision Differential Flow
Octane, Benzene-Thiophene, Benzene-Heptane, and Thiophe@alorimeter the Excess Enthalpy of Benzene + Cyclohexane between
Heptane Binary Systems at 55.[F&gti NSV Tead. Akad. Toim., 280.15 K and 393.15 K.Chem. Thermodi®76 8, 881 893.

Keem., GedP7] 20, 292 296. (208) Yan, W.-D.; Lin, R.-S.; Yen, W.-H. Excess Enthalpies of Seven

(187) Hanson, D. O.; Van Winkle, M. Alteration of the RelativeBinary Liquid SystemEhermochim. Act89Q 169 171 184.

Volatility of Hexane-1-Hexene by Oxygenated and Chlorinated209) Didaoui-Nemouchi, S.; Ait-Kaci, A.; Rogalski, M. Enthalpies
Solvents]. Chem. Eng. Da@67 12, 319 325. of Mixing of Binary and Ternary Mixtures Containing Diisopropy-

(188) Brown, 1. Liquid-Vapour Equilibria. Ill. The Systems Benzendether, Benzene and Cyclohexane at 30311%erm. Anal. Calorim.

n-Heptane, n-Hexane-Chlorobenzene, and Cyclohexane-Nitrob&®05 79 85 88.

zeneAust. J. CheiB52 5, 530. (210) van Ness, H. C.; Abbott, M. M. Excess Enthalpy. Benzene-
(189) Brown, I.; Ewald, A. Liquid-Vapour Equilibria Il. The SystenCyclohexane Systdmi. DATA Ser., Sel. Data Mixtures, 3674
Benzene-Heptankust. J. Cheit951], 4, 198. 1974 160 161.

(190) Nielsen, R. L.; Weber, J. H. Vapor-Liquid Equilibria at (211) Lohmann, J.; Be, R.; Gmehling, J. Excess Enthalpy Data for
Subatmospheric Pressures. Binary and Ternary Systems ContailSegen Binary Systems at Temperatures between 50 4ad J140
Ethyl Alcohol, Benzene, and n-Heptan€hem. Eng. DA&69 4, Chem. Eng. Da2801, 46, 208 211.

145 151. (212) Tanaka, R. Determination of Excess Heat Capacities of

(191) Sieq, L. Fhsigkeit-Dampf-Gleichgewichte inrBm&ystem- (Benzene + Tetrachloromethane and + Cyclohexane) between 293.15
en von Kohlenwasserstoffen Verschiedenen T\gsighkdit-Dampf- and 303.15 K by Use of a Picker Flow Calorim&te€Ehem.
Gleichgewichte in Bima Systemen von KohlenwasserstoffenThermodyrl982 14, 259 268.

Verschiedenen Typgshem. Ing. Ted®5Q 22, 322 326. (213) Paamo, R.; Zouine, M.; Casanova, C. New Batch Cells
(192) Michishita, T.; Arai, Y.; Saito, S. Vapor-Liquid Equilibriums oAdapted To Measure Saturated Heat Capacities of Liq@iem.
Hydrocarbons at Atmospheric Pres€thiem. End971, 35, 111. Eng. Dat2002 47, 441 448.

(193) Wang, Q.; Chen, G.; Han, S. Study on the Vapor-Liquid (214) Darcy, P. J.; Hazlett, J. D.; Kiyohara, O.; Benson, G. C. Excess
Equilibria under Pressure for Binary SyskRantiao Huaxue Xuebao Heat Capacities of Mixtures of Benzene with Cyclohexane at 298.15

199Q 18 185 192. K. Thermochim. Act@77 21, 297 300.
(194) Vilcu, R.; Stanciu, F. Excess Thermodynamic Functions froni215) Grolier, J.-P. E.; Wilhelm, E.; Hamedi, M. H. Molar Heat
Calorimetric DataRev. Roum. Chib®66 11, 175 182. Capacity and Isothermal Compressibility of Binary Liquid Mixtures:

(195) Hammerl, |.; Raetzsch, M. T. Enthalpies of Mixing of NormaCarbon Tetrachloride + Benzene, Carbon Tetrachloride + Cylohex-
Paraffins with Aromatic®Viss. Z. Tech. Hochsch. Ch&al ane and Benzene + CylohexBee. Bunsenges. Phys. CH@g82,
Schorlemmekeuna-Mersebur@73 15 175 178. 1282 1290.

(196) Tanaka, R. Excess Heat Capacities for Mixture of Benzen@16) Calado, J. C. G.; Soares, V. A. M. Thermodynamics of Liquid
with N-Heptane at 293.15, 298.15, and 303.15Ghem. Eng. Data Ethylene + Xenon at 161.38 K Chem. Thermodi®77, 9, 911
1987 32 176 177. 913.

(197) Karbalai Ghassemi, M. H.; Grolier, J. P. E. Excess Hea217) Da Ponte, M. N.; Chokappa, D.; Calado, J. C. G.; Zollweg, J.;
Capacity. Cyclohexane-n-Hexane SyBienDATA Ser., Sel. Data Streett, W. B. Vapor-Liquid Equilibrium in the Xenon + Ethene
Mixtures, Ser.¥976 1976 95 96. SystemJ. Phys. Chem.1B86 90, 1147 1152.

(198) Tasi¢c A.; DjordjevicB.; Grozdanid.; Afgan, N.; Mali®. (218) Lainez, A.; Rebelo, L. P. N.; Calado, J. C. G.; Streett, W. B.;
Vapour Liquid Equilibria of the Systems AcetoBenzene, Zollweg, J. A. Excess Enthalpies of Liquid (Ethene + Xenon) at 162.9
Benzene Cyclohexane and Aceton@yclohexane at Z5. Chem. K.J. Chem. Thermodi®87 19, 35 38.

Eng. Sci978 33 189 197. (219) Wu, W.; Ke, J.; Poliakoff, M. Phase Boundaries of CO2 +

(199) Mentzer, R. A.; Greenkorn, R. A.; Chao, K. C. Bubbl€eloluene, CO2 + Acetone, and CO2 + Ethanol at High Temperatures
Pressures and Vapor-Liquid Equilibria for Four Binary Hydrocarband High Pressurek.Chem. Eng. Da@06 51, 1398 1403.

Mixtures.J. Chem. Thermodi®82 14, 817 830. (220) Naidoo, P.; Ramjugernath, D.; Raal, J. D. A New High-

(200) Kurihara, K.; Uchiyama, M.; Kojima, K. Isothermal Vapor Pressure Vapouriquid Equilibrium Apparatusuid Phase Equilib.
Liquid Equilibria for Benzene + Cyclohexane + 1-Propanol and f@&008 269 104 112.

15006 https://dx.doi.org/10.1021/acs.iecr.0c01734
Ind. Eng. Chem. Re2020, 59, 1498115027


































































