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A general thermodynamic consistency test is applied to analyze phase equilibrium data (TPxy data) for
binary water + congener mixtures found in alcoholic distillation processes. The congeners, substances
that are present at very low concentration in a must, considered in this study are: acetic acid, acetalde-
hyde, ethyl acetate, furfural, methanol, 1-propanol, methyl acetate and 2-butanol. The thermodynamic
test combines the Peng-Robinson equation of state modified by Kwak and Mansoori for correlating phase-
equilibrium data and the Gibbs-Duhem equation to check for consistency. The test is applied to analyze
twenty five isothermal P-x-y data of water-+congener mixtures obtained from the literature. Of the 25 sets
of data, 18 are found to be thermodynamically inconsistent. In several cases, the results are in agreement
with information from the literature in which these same systems are considered to be thermodynami-

cally inconsistent using a test that uses activity coefficients for the liquid phase.

© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Musts and wines employed in alcoholic distillation contain two
major components, water and ethanol, and several substances that
are present at very low concentrations. Despite these low concen-
trations, the presence of these substances, known as “congeners”,
is of paramount importance since they are essential part of the
aroma of a distilled product. Because of the great number of con-
geners and their low concentration, modeling distillation processes
is a difficult task [1,2].

Most processes in which alcoholic beverages are obtained from
musts and wines operate at atmospheric pressure so methods for
the correct modeling of equilibrium data must be carefully cho-
sen. The treatment of low pressure vapor-liquid equilibrium data
commonly use the so-called activity coefficient method, through
the so-called Gamma-Phi (y-¢) method in which the activity co-
efficient y is employed to represent non-idealities in the liquid
phase and the fugacity coefficient ¢ is employed to represent non-
idealities in the vapor phase. The Dechema collection (Gmehling
et al. [3]) presents binary vapor-liquid equilibrium data for many
systems (including most of those analyzed in this paper). The book
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also includes the results of a consistency test for low pressure sys-
tems using the y-¢ method. An alternative approach is the equa-
tion of state method, also known as Phi-Phi (¢-¢) method, in
which non-idealities in both phases are represented by the fugac-
ity coefficient (¢) determined using an equation of state [4,5]. This
is the method used in this work.

Thermodynamic consistency (TC) of phase equilibrium data is
of especial importance for the checking of experimental data used
in process design and simulation of alcoholic distillation [6,7]. That
a set of phase equilibrium data is declared as thermodynamically
consistent means that the data fulfills some rigorous thermody-
namic equations within defined and acceptable limits of accuracy.
Therefore, the data can be accepted as reliable for being used in
other calculations such as in design and process simulation. How-
ever if the data do not pass the consistency test, it does not mean
that the data is erroneous but gives the user a warning about this
situation. It should be also mentioned that since some assump-
tions and arbitrariness are frequently introduced in defining a con-
sistency test, different tests may give different answers, “a situa-
tion that may question their usefulness” according to Wisniak et al.
[8]. These authors defined a set of guidelines to critically analyze
a consistency test and conclude that “as with any approximation,
application of consistency tests requires rigor, reasonable assumptions
and models, and an examination of the data and results of the test”.

To the best of the author$ knowledge, consistency analysis of
water-+congener mixtures using the equation of state method has
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Symbols

ac b Parameter in the PR EoS

am, bm, cm, dm Interaction parameters in the mixing rules

ki; Binary interaction parameter

M Molecular weight

P Pressure

P Critical pressure

PiO Pressure of component “i” in the reference
state

R Ideal gas constant

T Temperature

T¢ Critical temperature

Tr Reduced temperature

Vv Volume

Ve Critical volume

X1 Liquid mole fraction

V1 Vapor mole fraction

Abbreviations

EoS Equation of state

NFC Not fully consistent

PR Peng-Robinson

PR/KM  Peng-Robinson+ Kwak-Mansoori model

TC Thermodynamic consistent

TI Thermodynamic inconsistent

%A Percent deviation

%BAA Area deviation

Greek letters

o(T) Temperature function in the PR EoS

Bij Binary interaction parameter

8ij Binary interaction parameter

y Activity coefficient

w Acentric factor

Super/subscripts

cal Calculated

exp Experimental

i, j Components i and j

not been presented in the literature. During the last years we
have analyzed a number of binary and ternary mixtures con-
taining water+congener, ethanol+congener, water+ ethanol+ con-
gener but consistency analysis as the one presented in this paper
has not been done [9-14]. However some related studies are found
in the literature.

Goéral et al. [15] analyzed VLE data for 36 binary
alcohol+hydrocarbon systems. The method combined ther-
modynamic consistency tests, data correlation, comparison
with enthalpy of mixing data, and comparison of VLE data
for various mixtures. Kurihara et al. [7] evaluated data for 46
alcohol+hydrocarbon systems at low pressures using the PAI test
(Point, Area, Infinite dilution test). The PAI test is combined with
the NRTL equation for the activity coefficient. Kato [16] proposed
a thermodynamic consistency test for binary constant-temperature
VLE data for the systems methanol+water and ethanol+water. The
binary parameters involved in the activity coefficients equations
are numerically optimized to satisfy the Gibbs-Duhem equation.
Kato [17] investigated an empirical consistency test for binary
constant-temperature and for constant-pressure VLE data of the
systems methanol+water, ethanol+water, ethanol+(methanol,
1-propanol, 2-propanol). Alvarez et al. [18] reported isobaric VLE
data at 101.3 kPa for the binary mixtures: methanol+ (methy-
lacetate, ethanol, water) and ethanol+water. The experimental

data were tested for thermodynamic consistency by means of
the Wisniak method and were demonstrated to be consistent.
Susial et al. [19] reported experimental data of the isobaric VLE
for the mixture methyl acetate+ethanol at 0.3 and 0.7 MPa. The
experimental data passed the consistency test of Van Ness. No
application has been found on the use of the Kwak-Mansoori
approach with the Peng-Robinson EoS (PR/KM) to determine
thermodynamic consistency of phase equilibrium data.

In other advances, Marcilla et al. [20] proposed as a method
for evaluating the quality of experimental VLE data the inspection
of the Gibbs energy function for the liquid mixtures, which is
derived from the experimental values for the liquid and vapor
concentrations. This method would be convenient to consider in
addition to the consistency test. In their study they analyze the
experimental data of some binary systems, such as water + bu-
tanol at 760 mmHg and water + propanol at 323 K, among others.
They also discuss situations associated with the distribution of
experimental data, such as water + propanol system, where the
experimental data are very limited to concentrations very close
to both pure components. More recently, Carrero-Mantilla et al.
[21] propose to simultaneously use a test that combines a statis-
tical consistency analysis and a thermodynamic condition estab-
lished by the Gibbs-Duhem equation. The VLE data was described
using the NRTL equation, with two different sets of parameters.

The PR/KM model has been previously discussed in the lit-
erature and has demonstrated to have acceptable accuracy and
adequate flexibility for correlating VLE data of different types of
mixtures, requirements of the consistency test [22,23]. The test
employed to check the thermodynamic consistency of isothermal
P-x-y equilibrium data has been previously described by the
authors for other type of mixtures [24,25].

2. Thermodynamic consistency

As explained in previous papers, the consistency method pro-
posed by the authors is model-dependent; meaning that the
method requires a thermodynamic model that can accurately fit
the experimental to then applying the consistency test. In this
work the chosen model is the Peng-Robinson equations modified
by Kwak and Mansoori [26]. These authors presented an attrac-
tive approach that, according to the authors, is consistent with
statistical-mechanical theory of the van der Waals mixing rules
and is based on the fact that mixing rules in van der Waals type
equations of state are for constants and not for thermodynamic
state function, such as the «(T) function commonly used in the at-
tractive pressure term of van der Waals-type EoS. The approach of
Kwak and Mansoori considers rewriting the Peng-Robinson EoS so
that the transformed equation of state contains three temperature-
independent parameters (Cm, by and dp,). The three EoS parame-
ters are expressed using the classical van der Waals mixing rules,
each one including one adjustable parameter.

The Peng-Robinson model belongs to the so-called van der
Waals type equations of state, and can be written as follows [27]:

_ RT a
“V-b V{+b)+b(V-b)
In this equation “a” is a function of the reduced temperature

(Tg = T/T;) and “b” is a parameter determined using the critical
properties of the substance of interest:

p (1

a=aca(Tg) (2)

R2T?
[

a(Ty) = [1+F(1-T¢*)]? )

ac = 0.4572

3)
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b= 00778 N (5)
P

F = 0.3746 + 1.5423w — 0.2699w? (6)

For mixtures, the PR equation is written as follows:
RT am
V—bn VV+bn)+bn(V—>bn)
In this equation a,; and by, are the equation of state parameters
for the mixture, to be calculated using defined mixing rules.
The PR/KM model
The modified EoS proposed by Kwak and Mansoori that has
been designated as PR/KM is:
RT €+ RTd — 2+/RTcd

P = " vvim bV _D) )

P= (7)

With
c=a.(1+F? 9)
272
ac = 04572 11 (10)
c
F = 0.3746 + 1.5423w — 0.2699w? (11)
b= 0.0778 e (12)
P
a.F?
d= R (13)

For mixtures, the modified PR/KM equation is:

P RT Cm + RTdp — 24/RTcpdn (14)
" V—bn V(V +bpn)+b(V—bn)

and the mixing and combining rules proposed by Kwak and Man-

soori are:

Cn=Y Y XXjGij Cij=
i
b2 b2\’
bn =YY xixjby by=|-"—5-" 3 ) a-8yp
i
RT,

b; = 0.07787“' (16)
Ol(Tc,')P;-Z

ci
FREIIE 3
dij = 4 J 2 J (1 — (SU)
RT

In these equations, x; is the mole fraction of component "i" in
the liquid or gas phase. As seen in Egs. (15-17), the PR/KM model
contains up to three adjustable parameters (kj By, ;), one for
each of the constants, and they are assumed to be the same for
both phases, liquid and gas. Usually the parameter that most affect
the accuracy of the model is k;;, the interaction parameter for “c” in
the PR/KM model, and several mixtures can be modeled with 8; =
;i = 0 [4]. Additionally, the model requires the critical properties
(T. and P¢) and the acentric factor (w) for each of the components
in the mixture.

The relative deviations AP and $Ay; for a set of N data, given
in the tables, are defined as:

100 peal _ pexp
KAP = (W) (18)
1

Jeci(1—kij) ¢ =cq(1+F*)  (15)

dm = ZZX[X]'CIU
i

d; = (17)

100 ygl — y§p )
%Ay 11 (19)
1= N < y?xp ,'

The absolute deviations in the calculated pressure in the binary
system for each point “i” are used to determine the accuracy of the
thermodynamic model:

pcal — pexp|

|%AP| = 100 |Pe"p|l (20)
i

The thermodynamic consistency test can be applied if these
deviations, expressed as [YAP| are within pre-established ranges.
Once the model is accepted, the Gibbs-Duhem equation is applied
as explained elsewhere [28]. The equations that describe the con-
sistency test are as follows.

The Gibbs-Duhem equation in terms of residual properties is
written as [29].

GR HR VR
In terms of fugacity coefficients Eq. (21) is reduced to:
HR VR
> xdLng; = fﬁdT + ﬁdP

and

|:(Z; l)i|dP:x1d(Ln<P1)+X2d(Ln<p2) (22)

And at constant temperature one gets:

|:(Z;U}dP:x]d(Lngo])+x2d(Ln(p2) (23)

Arranging terms:

1dP X (1-x1)

=00t T,
(1—x1)

1 1
L ap = f L dgy + / ) g 24
/PX1 (Z -1y s x1(Z - 1) & %)
The fugacity coefficient for the PR/KM model is [22]:

(2Bi — bp) (Z - 1)

d(pz

Ing; = - —1In(Z-B)
m
i D, _ 2VRT (anDitdnAy) -
B A 2Al + ZRTDl m B (ZBI — bm)
2+/2B ¢ b
Z+B(1+v2
| ZTB(+V2)
Z+B(1-+2)
cP b, P
= B=—m = an+duRT - 2y/and,RT
- N = N n u
A= ijaij B; = ijbij D; = ijdij (25)
j i i

The final test is reduced to the calculation of two integral terms
designated as Ap and A, [30].

Ap—/—dP

(1-x1)
t= [ a0 Do ot [ =t D ¥ (26)

i s

In the equations above, x; is the concentration of component "i
in the liquid or gas phase, ¢; is the fugacity coefficient of compo-
nent "i" in the corresponding phase, HR is the residual enthalpy, VR
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Table 1
Properties for all substances involved in this study. The values for these properties,
were obtained from Daubert et al. [35].

Components M (kg/kg mol)  T. (K) P (bar) Ve (m3/kmol)

Water 18.0 647.1 220.6 0.056 0.3449
Acetic acid 60.1 592.0 57.9 0.180 0.4665
Acetaldehyde 44.0 466.0 55.5 0.154 0.2907
Ethyl acetate 88.1 523.4 38.8 0.286 0.3664
Furfural 96.1 670.2 56.6 0.252 0.3678
Methanol 32.0 512.7 80.8 0117 0.5659
1-Propanol 60.1 536.7 51.7 0.218 0.6204
Methyl acetate  74.1 506.6 47.5 0.228 0.3313
2-Butanol 74.1 536.2 42.0 0.269 0.5768

is the residual volume, T is the temperature, and P is the pressure
of the system.

Thus, if a set of data is considered to be consistent, Ap should
be equal to A, within acceptable defined deviations. To set the
margins of errors the individual relative percent area deviation
%AA; and individual absolute percent area deviation |%AA;| be-
tween experimental and calculated values are defined as:

Ay —Ap
%AA; = 100( 2272 (27)
A )

A, —Ap

A (28)

|%AA;| = 100

In Eq. (26) Ap is determined using the experimental P-x data at
fixed temperature, while a thermodynamic model (an equation of
state), is employed to evaluate A, in Eq. (26). If the data are ad-
equately correlated, meaning that the deviations in the calculated
pressure are within acceptable margins (as defined later here) and
the individual area deviation %#AA; are within defined margins of
errors, then the data set is considered to be consistent.

To evaluate the integrals given by Eqgs. (26), the following must
be defined: (i) an equation of state; (ii) a set of mixing rules; and
(iii) a set of combining rules. In principle, any appropriate equation
of state and any mixing and combining rules can be used to evalu-
ate the pressure. This model must be used to determine the fugac-
ity coefficients ¢; and the compressibility factor Z. Once the model
is defined and the optimum parameters are determined from the
experimental P-T-x data, the area Ay, is calculated. For a set of N
experimental data points at a fixed temperature there are (N-1)
values of the area Ap and (N—1) values of the area A, to be calcu-
lated [28].

To define the criteria for consistency and inconsistency it is first
required to check if the model is able to correlate the data within
acceptable deviations. The model is accepted if the deviation de-
fined by Eq. (20) is lower than 10% for |%AP|. After the model is
found appropriate, it is required that the deviations in the indi-
vidual areas |%AA;| defined by Eq. (28) are all lower than 20% to
declare the data as being thermodynamically consistent. All these
criteria that have been used by the authors for several years are
available in the literature [24,25,28,30-34]. However, not only the
criteria of deviations are considered for determining consistency or
inconsistency, but also the distribution of such deviations. If some
few points (up to 25% of the original points) do not pass the area
test but the rest of the data does pass the test, there is no rea-
son to eliminate the whole set of data. So the rest of the data is
declared consistent, and the original set of data is not fully con-
sistent (NFC). If more than 25% of the data do not pass the test,
then the whole original set is declared to be thermodynamically
inconsistent (TI).

3. Experimental data and classical consistency models

The study considers data of eight binary congener + water mix-
tures at pressures ranging from 0.077 to 4.86 bar and temperatures
ranging from 308 to 373 K. These include 25 isotherms with a to-
tal of 322 data points. The congeners included in these mixtures
are: acetic acid, acetaldehyde, ethyl acetate, 2-butanol, furfural,
methanol, methyl acetate and 1-propanol. Table 1 shows pure com-
ponent properties for all the substances considered in this study.
In this Table, M is the molecular weight, T, is the critical temper-
ature, P is the critical pressure, V. is the critical volume and w is
the acentric factor. The values for these properties were obtained
from Daubert et al. [35].

Table 2 gives some details on the experimental data used in the
study including the literature source for each of the twenty five
data set [3,36]. In this Table, T is the temperature (expressed in
kelvin), N is the number of experimental data, P is the pressure
(expressed in bar), Ax; is the liquid mole fraction range for com-
ponent 1 and Ay, is the vapor mole fraction range for component
1. The component 1 is the congener substance.

As observed in Table 2, most of the data were obtained from
the Dechema collection [3]. This collection not only the data is
presented but also includes two tests to check the thermodynamic
consistency of the data listed. The tests are based on the so-called
y-¢ method for correlating the PTxy data. This low pressure tech-
nique is a method in which the low pressure gas phase is consid-
ered to be an ideal mixture (¢ = 1) and the non-idealities of the
liquid phase are considered using a model for the activity coeffi-
cient (y) [5].

The Dechema method considers a simplified form of the funda-
mental equation of phase equilibrium for low pressure cases and
determines the activity coefficients of each component in the bi-
nary mixture as:

o yP
%=

(29)

“pr

where Pi0 is the pressure of component “i” in the reference state.
The Gibbs-Duhem equation is integrated to obtain:

f |:Lny1i|dx:0 (30)
0 Y2

For the calculation of the activity coefficients using Eq. (30) the
experimental equilibrium mole fractions are used and also exper-
imental vapor pressure of the pure components. Eq. (30) means
that if one plots Ln(y/y,) from x = 0 to x = 1, a positive area
(Ap above the x-axis and a negative area (Ay below the x-axis) will
be obtained and they should have the same value. Since experi-
mental data have intrinsic experimental errors and because of the
assumptions done in obtaining Eq. (30), the integral will not be
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Table 2

Details on the phase equilibrium data for the systems considered in this study. In the table the tem-

perature values have been rounded to the closest integer.

Systems water (2)+  Ref. TK) N

Range of date

P(bar)

AXxq

Ay

0.1414-0.1939
0.1957-0.3045
0.2974-0.4664
0.4297-0.6908
1.2156-4.0520
1.7728-4.8624
0.1710-0.2770
0.2610-0.5250
0.4750-0.9270
0.1112-0.1399
0.2410-0.2559
0.4290-0.5065
0.0770-0.2700
0.0960-0.3400
0.1670-0.5380
0.2695-0.8130
0.3482-1.000
1.3216-3.3630
0.2260-0.3098
0.8090-1.0303
0.3945-1.1009
0.5692-1.7248
0.8304-2.1833
0.2439-0.3146
0.5705-0.7478

0.0300-0.8507
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0250-0.2600
0.0100-0.1500

0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0038-0.0180
0.0038-0.0180
0.0038-0.0180
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0500-0.9500
0.0095-0.9636
0.0095-0.9636
0.0095-0.9636
0.0130-0.8500
0.0130-0.8500

0.0220-0.7824
0.0420-0.9083
0.0415-0.9060
0.0410-0.9010

0.6850-0.9300
0.4800-0.7950
0.5860-0.8960
0.4250-0.8730
0.3740-0.8600
0.0190-0.0530
0.0200-0.0560
0.0209-0.0570
0.2920-0.9850
0.2750-0.9810
0.2960-0.9810
0.2920-0.9800
0.2340-0.9800
0.2360-0.9770
0.3210-0.8500
0.3850-0.8740
0.5121-0.9497

0.4913-0.9420
0.4740-0.9320
0.2550-0.6550
0.2730-0.7020

19

Acetic acid [3] 333 10
343 1
353 1
363 1
Acetaldehyde [3] 348 5
373 5
Ethyl acetate [36] 313 19
328 19
343 19
Furfural [3] 323 7
338 7
353 7
Methanol [36] 308 19
313 19
323 19
333 19
338 19
373 19
1-propanol [36] 333 19
363 19
Methyl acetate [3] 333 8
343 8
353 8
2-butanol [3] 333 6
353 9
zero. A deviation is defined as
%D =100 | Ar A (31)
Ap + AN

Although D is arbitrary and the Dechema collection [3] estab-
lishes that “as a rule it should not be larger than a few percent”,
and fixes %D as 10. When a set of data passes the test (%D<10%) a
plus sign is reported (+) and when the data do not pass the test
(=10%) a minus sign is shown (-).

4. Results and discussion

Table 3 presents the results of the consistency test for the mix-
tures considered in this study. As observed in the table, 2 of the
25 data sets were found to be thermodynamically consistent (TC),
5 sets were found to be not fully consistent (NFC), and 18 sets
were found to be thermodynamically inconsistent (TI). Of the 18
sets found to be thermodynamically inconsistent 17 did not fulfill
the area test and one set was declared TI because the model could
not fit the data in an accurate way (%Pmax greater than 10%).

As indicated in Table 3, the PR/KM model reproduces bubble
pressures of these binary mixtures with mean absolute deviations
below 7.6% for any temperature. In 20 of 25 isotherms studied,
pressure deviations are below 5.0%. With respect to the congener
concentration in the vapor phase y;, this quantity is predicted
in all cases studied, with mean absolute deviations from 3.1% to
13.0%. It should be mentioned that the highest deviations are gen-
erally found for those cases in which the congener concentration in
the vapor phase is very low. For the 2 isotherms considered to be
thermodynamically consistent, for instance the system methanol
(1) + water (2) at two temperatures, the modeling is acceptable
as seen in Table 3 and deviations in the areas are within the es-
tablished limits.

Five cases are declared to be Not Fully Consistent (NFC), for in-
stance the system acetic acid (1)+ water (2) at two temperatures
(353K and 363 K). This is so in these cases because there are some
few points in the original data set that give high area deviations

but the remaining areas give deviations within the established lim-
its. If those points showing high deviation are not considered in
the analysis (one or two points for each one of the systems) the
remaining data give area deviations below the established limits
(20%). Thus, the remaining set is TC but the original set is declared
to be NFC.

For the 18 cases considered to be thermodynamically inconsis-
tent (TI), 17 did not fulfill the area test. For instance for the sys-
tem ethyl acetate+water, at all temperatures, area deviations are
very high for more than 25% of the points of the original data
set, despite that the modeling is acceptable and within the lim-
its established by the method. The system furfural + water at T =
323 K was declared to be TI because the modeling is not accurate
enough; this means that some deviations in the individual pres-
sures are higher than 10%. This is indicated with the symbolx in
Table 3 (TIx in the last column).

Despite these results showing that most of the analyzed data
sets resulted to be thermodynamically inconsistent, it is important
to mention that the same data have been previously tested by oth-
ers using a different consistency test. The mixtures acetaldehyde
(1)+water (2); ethyl acetate (1) + water (2); furfural (1)+water
(2) at 338K are declared to be thermodynamically inconsistent,
in agreement with the consistency test reported by Gmehling
et al. [3] in the Dechema Collection. For the mixture methyl ac-
etate (1)+water (2) and 2-butanol (1)+water (2) the results found
in this work are in disagreement with the analysis of the litera-
ture. These data are found TI, while in the Dechema collection the
data are declared to be TC. The data for the systems ethyl acetate
(1)+water (2), methanol (1)+water (2) and 1-propanol (1)+water
(2) were taken from the compilation by Ohe [36] which does not
report consistency analysis. However some of the sets are also in-
cluded in the Dechema collection and the consistency results are
in agreement with our findings for the mixture ethyl acetate (1) +
water (2) at all temperatures and for the mixture methanol (1) +
water (2) at 333 K.

For the system fulfural (1)+water (2) the data used were those
points at low concentration of furfural in the liquid phase. All these
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Table 3

Results obtained for the modeling and consistency test. In the column designated as Dechema [3], NI means No-Information available in
that collection, and the sings plus (+) and minus (—) mean that the data pass or did not pass the two, respectively.

Systems water (2) +  T(K)  kip Bz 812 |AP%|  Pmax%  |Ay1%| |AA%|  Dechema [3]  This work
Acid acetic 333 0.1643 —0.0921 0.6755 7.5 -9.5 104 47.9 NI TI
343 0.1310 —0.1336 0.6254 4.4 -9.2 10.7 214 NI TI
353 0.0329  -0.1984 04879 5.8 -99 8.1 123 NI NFC
363 0.0081 -0.2730 0.5091 4.0 —-6.4 7.6 19.9 NI NFC
Acetaldehyde 348 0.3157 0.1197 0.7738 29 -6.3 31 299 - TI
373 -0.2108 0.2364 -0.7711 24 43 5.2 251 - TI
Ethyl acetate 313 0.0784 0.4419 -0.3509 3.5 71 3.2 110.3 — TI
328 0.1198 0.5063 -0.3253 4.5 -6.4 4.1 88.7 - TI
343 0.1202 0.5311 —0.3560 4.5 7.3 4.9 140.2 - TI
Furfural 323 0.0261 —0.0188 0.0977 6.9 -18.1 13.0 — + TI*
338 0.0320 -0.0074 0.0905 71 -85 7.8 51.8 - TI
353 0.0284 —0.0181 0.0799 4.3 -9.9 4.9 67.5 + TI
Methanol 308 —-0.1154 —-0.2702 02160 4.0 -6.3 5.9 122 + NFC
313 —0.0639 —0.3349 0.4161 1.6 41 49 15.4 NI TI
323 -0.1154 -0.3237 0.2759 2.6 -3.9 3.6 6.8 - TC
333 —0.0661 —0.1930 0.2126 0.4 -0.7 3.8 6.4 + TC
338 —0.0683 -0.1921 0.2021 0.6 -2.8 5.8 104 — NFC
373 -0.1520 -0.1512 —0.0582 3.2 9.7 54 135 - NFC
1-propanol 333 0.0940 0.1271 0.1931 24 8.1 5.2 236.6 + TI
363 0.0430 -0.1318 0.3601 1.0 6.3 48 98.8 NI TI
Methyl acetate 333 0.2845 0.1525 0.6119 0.9 21 33 49.8 + TI
343 0.5400 0.2942 0.9733 3.6 -8.0 34 151.7 + TI
353 0.1508 0.1247 03094 5.3 9.9 41 2674  + T
2-butanol 333 0.1367 0.2187 0.2011 14 -5.4 10.6 56.7 + TI
353 0.0526 -0.0371 0.3239 14 —-4.5 8.2 90.2 + TI
20
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Fig. 1. Area deviations for the liquid phase %#AA; for the system methanol (1) + water (2) at T = 333K, declared to be thermodynamically consistent (TC).

results and comments are summarized in Table 3. In the Table,
results of this work and those reported by the Dechema collec-
tion [3] are listed. In the column designated as Dechema [3], NI
means that there is no information available in that collection for
the Dechema consistency test, and the sings plus (+) and minus (-)
mean that the data passed (+) or did not pass (-) the consistency
test.

Some examples of the results obtained are presented in
Figs. 1, 2 and 3. Fig. 1 shows the relative area deviations for the
liquid phase %AA; for the system methanol (1) + water (2) at T
= 333K, declared to be thermodynamically consistent (TC). As ob-
served in the figure, all area deviations are below 20%. Fig. 2 shows
the relative area deviations for the liquid phase %AA; for the sys-
tem acetic acid (1) + water (2) at T = 353K, declared to be not
fully consistent (NFC). In this case, one point present area devia-
tions higher than 20%. Fig. 3 shows the relative area deviations for
the system ethyl acetate (1) + water (2) at T = 328K, declared
to be thermodynamically inconsistent (TI). As shown in the fig-

ure, in this case 83% of the original data give deviations higher
than 20%.

Some final remarks are necessary to clarify what would be the
consequences of having inconsistent data and how this can affect
future research. More than thirty years ago Harg [37]| summarized
these aspects in a conference in the USA, speech that was later
published in the journal Fluid Phase Equilibria. Inconsistent data
are not only unreliable but their potential errors may affect good
design of new processes or introducing errors in improving over
existing processes, since calculations are done based on wrong
data. And certainly accuracy of those calculations cannot be better
than the accuracy of the data used in the calculations (unless such
errors cancel each other). According to Harg, at that time (the be-
ginnings of the 1980‘s) the ultimate wish was “to have all the val-
idated, experimental data that we need for the system in question at
the specified conditions”. Harg also added that priority on accuracy
in industrial processes should be given to vapor-liquid equilibrium
data, the type of data analyzed in this paper.
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Fig. 2. Area deviations for the liquid phase %AA; for the system acetic acid (1) + water (2) at T = 353 K, declared to be not fully consistent (NFC).
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Fig. 3. Area deviations for the system ethyl acetate (1) + water (2) at T = 328K, declared to be thermodynamically inconsistent (TI).

5. Conclusions

Based on the results, the following main conclusions can be
drawn: (i) the equation of state method using appropriate mixing
rules such as the one of Kwak-Mansoori can be used to model low
pressure VLE data in water + congener mixtures; (ii) bubble pres-
sures can be correlated with good accuracy with the PR/KM model,
giving absolute average deviations below 7.6% for each isothermal
data set and the overall absolute average deviations is 3.4%; (iii)
the congener concentration in the vapor phase, y;, can be obtained
with good accuracy, giving absolute average deviations below 13.1%
for each isothermal data set and the overall absolute average de-
viations is 6.1%; (iii) the proposed consistency test method allows
to globally analyze P-T-y data; (iv) the method gives an adequate
answer about consistency or inconsistency of a set of experimental
P-T-y data.

Acknowledgments

JOV thanks the University of La Serena and the Center for Tech-
nological Information of La Serena-Chile, for permanent support.
CAF and GAR thank the Direction of Research of the University
of Concepcion for the support through the research grant DIUC
211.011.054-1.0

References

[1] Valderrama ]O, Fatindez CA, Toselli LA. Advances on modeling and simulation
of alcoholic distillation part 1: thermodynamic modeling. Food Bioprod Process
2012;90:819-31.

[2] Valderrama JO, Fatndez CA, Toselli LA. Advances on modeling and simula-
tion of alcoholic distillation part 2: process simulation. Food Bioprod Process
2012;90:832-40.

[3] Gmehling ], Onken U, Arlt W. Vapor-liquid equilibrium data collection 1982.

[4] Valderrama JO. The state of the cubic equations of state. Ind Eng Chem Res
2003;42:1603-18.

[5] Walas SM. Phase equilibria in chemical engineering. Storeham, USA: Butter-
worth Publication; 1985.

[6] Raal JD, Miihlbauer Al. Phase equilibria: measurement and computation 1998.

[7] Kurihara K, Egawa Y, Lino S, Ochi K, Kojima K. Evaluation of thermodynamic
consistency of isobaric and isothermal binary vapor-liquid equilibrium data
using the PAI test II, alcohol + n-alkane, +aromatic, +cycloalkane systems.
Fluid Phase Equilib 2007;257:151-62.

[8] Wisniak ], Apelblat A, Segura H. An assessment of thermodynamic consistency
tests for vapor-liquid equilibrium data. Phys Chem Liquids 1997;35(1):1-58.

[9] Fatindez CA, Alvarez V, Valderrama JO. Predictive models to describe VLE in
ternary mixtures water+ethanol+congener for wine distillation. Thermochim
Acta 2006;450:110-17.

[10] Fatndez CA, Valderrama JO. Activity coefficients models to describe va-
por-liquid equilibrium in ternary hydro-alcoholic solutions. Chin J Chem Eng
2009;17:259-67.

[11] Faindez CA, Valderrama JO. Low pressure vapor-liquid equilibrium in ethanol
+ congener mixtures using the Wong-Sandler mixing rule. Thermochim Acta
2009;490:37-42.

[12] Fatndez CA, Urbina FA, Valderrama JO. Vapor-liquid equilibrium low pressure
water+congener mixtures. Korean ] Chem Eng 2009;26:1373-8.

[13] Faindez CA, Quiero FA, Valderrama JO. Phase equilibrium modeling in
ethanol+congener mixtures using an artificial neural network. Fluid Phase
Equilib 2010;292:29-35.


http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0001
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0001
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0001
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0001
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0002
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0002
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0002
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0002
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0003
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0003
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0003
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0003
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0004
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0004
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0005
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0005
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0006
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0006
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0006
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0007
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0008
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0008
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0008
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0008
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0009
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0009
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0009
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0009
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0010
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0010
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0010
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0011
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0011
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0011
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0012
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0012
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0012
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0012
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0013
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0013
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0013
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0013

22 CA. Fatindez et al./Journal of the Taiwan Institute of Chemical Engineers 68 (2016) 15-22

[14] Fatindez CA, Quiero FA, Valderrama JO. Correlation and prediction of vapor-liq-
uid equilibria of water+congener mixtures using an artificial neural network.
Chem Eng Commun 2011;198:102-19.

[15] Géral M, Oracz P, Skrzecz A, Bok A, Maczyski A. Recommended vapor-liquid
equilibrium data. Part 2: binary alkanol-alkane systems. ] Phys Chem Ref Data
2003;32:1429-72.

[16] Kato S. A thermodynamic consistency test for the binary constant-temperature
VLE data using numerically optimized binary parameters. Fluid Phase Equilib
2010;297:192-9.

[17] Kato S. An empirical consistency test using thermodynamic consistency lines
for the VLE data of 7262 constant-temperature and 5167 constant-pressure bi-
naries. Fluid Phase Equilib 2011;302:202-12.

[18] Alvarez VH, Mattedi S, Iglesias M, Gonzalez-Olmos R, Resa JM. Phase equilibria
of binary mixtures containing methyl acetate, water, methanol or ethanol at
101.3 kPa. Phys Chem Liq: Int ] 2011;49(1):52-71.

[19] Susial P, Rios-Santana R, Sosa-Rosario A. Vapor-liquid equilibrium measure-
ments for the binary system methyl acetate+etanol at 0.3 and 0.7 MPa. Braz ]
Chem Eng 2011;28:325-32.

[20] Marcilla A, Olaya MM, Serrano MD. Liquid-vapor equilibrium data correla-
tion: part I. Pitfalls and some ideas to overcome them. Ind Eng Chem Res
2011;50:4077-85.

[21] Carrero-Mantilla JI, Ramirez-Ramiréz D, Starez-Cifuentes JF. Thermodynamic
and statistical consistency of vapor-liquid equilibrium data. Fluid Phase Equilib
2016;412:157-8.

[22] Valderrama JO, Alvarez VH. Vapor-liquid equilibrium in mixtures containing
supercritical CO, using a new modified Kwak-Mansoori mixing rule. AIChE ]
2004;50:480-8.

[23] Valderrama JO, Urbina F, Fatindez CA. Gas-liquid equilibrium modeling of mix-
tures containing supercritical carbon dioxide and an ionic liquid. ] Supercrit
Fluids 2012;64:32-8.

[24] Valderrama JO, Alvarez VH. A versatile thermodynamic consistency test for in-
complete phase equilibrium data of high-pressure gas-liquid mixtures. Fluid
Phase Equilib 2004;226:149-59.

[25] Valderrama JO, Zavaleta J. Thermodynamic consistency test for high pressure
gas-solid solubility data of binary mixtures using genetic algorithms. ] Super-
crit Fluids 2006;39:20-9.

[26] Kwak TI, Mansoori GA. van der Waals mixing rules for cubic equations of
state. Applications for supercritical fluid extraction modeling. Chem Eng Sci
1986;41:1303-9.

[27] Peng DY, Robinson DB. A new two-constant equation of state. Ind Eng Chem
Fundam 1976;15:59-64.

[28] Valderrama JO, Reategui A, Sanga W. Thermodynamic consistency test of va-
por-liquid equilibrium data for mixtures containing ionic liquids. Ind Eng
Chem Res 2008;47:8416-22.

[29] Bertucco A, Barolo M, Elvassore N. Thermodynamic consistency of vapor-liquid
equilibrium data at high pressure. AIChE ] 1997;43(2):547-54.

[30] Valderrama JO, Fatindez CA. Thermodynamic consistency test of high pres-
sure gas-liquid equilibrium data including both phases. Thermochim Acta
2010;499:85-90.

[31] Valderrama ]O, Robles PA. Thermodynamic consistency of high pressure
ternary mixtures containing a compressed gas and solid solutes of different
complexity. Fluid Phase Equilib 2006;242:93-102.

[32] Fatindez CA, Diaz-Valdés JF, Valderrama JO. Consistency test of solubility data
of ammonia in ionic liquids using the modified Peng-Robinson equation of
Kwak and Mansoori. Fluid Phase Equilib 2013;348:33-8.

[33] Fatindez CA, Barrientos LA, Valderrama JO. Modeling and thermodynamic
consistency of solubility data of refrigerants in ionic Liquids. Int ] Refrig
2013;36:2242-50.

[34] Fatindez CA, Diaz-Valdés JF, Valderrama JO. Testing solubility data of H2S
and SO2 in ionic liquids for sulfur-removal processes. Fluid Phase Equilib
2014;375:152-60.

[35] Daubert TE, Danner RP, Sibul HM, Stebbins CC. Physical and thermo-dynamic
properties of pure chemicals: data compilation 1996.

[36] Ohe S. Vapor-liquid equilibrium data, physical sciences data 37. Tokyo, Amster-
dan: Kodansha Ltd.Elsevier Science Publishers B. V.; 1989.

[37] Harg M. Shortcomings in physical property correlations - an industrial view.
Fluid Phase Equilib 1983;14:303-12.


http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0014
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0014
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0014
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0014
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0015
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0016
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0016
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0017
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0017
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0018
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0019
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0019
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0019
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0019
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0020
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0020
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0020
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0020
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0021
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0021
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0021
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0021
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0022
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0022
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0022
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0023
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0023
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0023
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0023
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0024
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0024
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0024
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0025
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0025
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0025
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0026
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0026
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0026
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0027
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0027
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0027
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0028
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0028
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0028
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0028
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0029
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0029
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0029
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0029
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0030
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0030
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0030
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0031
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0031
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0031
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0032
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0032
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0032
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0032
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0033
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0033
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0033
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0033
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0034
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0034
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0034
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0034
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0035
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0035
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0035
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0035
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0035
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0036
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0036
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0037
http://refhub.elsevier.com/S1876-1070(16)30234-6/sbref0037

	Thermodynamic consistency of low pressure equilibrium data of water + congener mixtures using a versatile equation of state
	1 Introduction
	2 Thermodynamic consistency
	3 Experimental data and classical consistency models
	4 Results and discussion
	5 Conclusions
	 Acknowledgments
	 References


