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ABSTRACT

This work makes a theoretical-experimental contribution to the study of ester and alkane solutions.
Experimental data of isobaric vapor-liquid equilibria (VLE) are presented at 101.3 kPa for binary systems
of methyl ethanoate with six alkanes (from Cs to Cjp), and of volumes and mixing enthalpies, v* and
hE. An interpretation of the behavior and a verification of structural models proposed previously by the
same group are also given. For the treatment of thermodynamic data a polynomial model is proposed
to obtain a simultaneous correlation of different properties available for a same system. Liquid-liquid
equilibrium (LLE) data at low pressure are also used and CE values, taken from literature, to perform the
correlations described, generating a working procedure which is started on LLE data. The properties used
for correlating are obtained in very different working conditions making it difficult to obtain a single
correlation. However, the procedure followed produces good multiproperty correlations for each of the
systems. An extended version of the NRTL model is also used with the purpose of comparing the efficacy
of the method and model proposed, and produces acceptable results for the isobaric and isothermal
VLE equilibrium but not for the LLE. Specifically, the model does not take into account the variation in
hE = ¢(T), as it does not reproduce the cg. Estimates of the same properties made with the UNIFAC group

contribution method are comparable to those obtained with the correlative NRTL method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In this work, experimental and theoretical contributions to
thermodynamic properties, liquid-liquid equilibrium (LLE) and
vapor-liquid equilibrium (VLE) are presented. First, to justify our
work in relation to its experimental contributions, several years
ago our research group systematically carried out studies into alkyl
alkanoate solutions with different organic solvents, especially with
alkanols, and published a large amount of data on excess proper-
ties [1-3] and isobaric VLE [4-10]. More recently, we started to
work with mixtures of esters and hydrocarbons [11,12] as primary
systems of those above mentioned. Further interest into studies
on esters, in addition to their presence in biofuels, is associated
with their presence in many industrial processes, and their use as
reagents or additives (in the food industry), forming part of solu-
tions with other organic compounds. More detailed knowledge
of the primary systems of esters and alkanes provides valuable
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information that helps us to understand better the systems con-
stituting the applications cited above. The limited experimental
data available for these primary systems explain why the pre-
dictive/correlative methods do not reach the level of precision
currently required in engineering designs.

For this work, isobaric VLE were experimentally determined at
101.32 kPa for six binary systems of methyl ethanoate CH3COOCH3
with one of the six saturated hydrocarbons Cs to Cqg, because no
isobaric studies were found in the literature with the exception of
CH3COOCH3 + C7Hqg system [13]. Many of the mixtures considered
here have also been studied previously using some mixing prop-
erties, such as iso-T VLE [14,15], LLE [16,17], vE, hE [13,14,18-38]
and Cg [29]. Table 1 shows a summary of the properties measured
by other authors, although only some of them are available for our
study, such as is noted in Table 1 and explained in the following
sections. New measurements are reported for vE and hE at several
temperatures.

Estimates are given for different properties for the set of binaries
reported in this study using the UNIFAC group contribution method
[39]. As background information, application of this method to the
corresponding binaries with ethyl ethanoate from a previous work
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Table 1
Thermodynamic properties used in the modelization procedure of the binaries methyl ethanoate +alkanes, references and operating conditions.
CoHpO7 + Property T (K) p (kPa) Ref. Property T (K) p (kPa) Ref.
CsHiz VLE - 101 This work vE 291 101 This work
VLE 298 - [14,15] 298 101 This work
LLE - 0.3 [16] 298 101 [14]2, [24]*
hE 298 101 [14]3, [25]
291 101 This work
CsHig VLE - 101 This work vE 291 101 This work
LLE - 0.4 [16] 298 101 This work
hE 291 101 This work 318 101 This work
318 101 This work 298 101 [19]2, [26]%, [28]?, [32]*
298 101 [19], [33]3, [34]° 303 101 [27]3, [32]2
303 101 [35]2 308 101 [32]°
318 101 [34]2 313 101 [32]°
363 16200 [36]2
413 13760 [36]2
C7Hy6 VLE - 101 This work vE 291 101 This work
VLE - 101 [13]2 298 101 This work
LLE - 0.7 [16] 318 101 This work
LLE - 82 [17] 298 101 [13]2, [24]3, [26]2, [29]?, [30]?, [33]*
hE 291 101 This work o3 298 101 [29]
298 101 [13]3, [22], [34]3, [37]*
318 101 [23]
CgHig VLE - 101 This work vE 291 101 This work
LLE - 1.1 [16] 298 101 This work
hE 291 101 This work 318 101 This work
318 101 This work 298 101 [18]2,[26]%, [28]2, [31]%, [33]*
298 101 [18], [33]3, [38]*
CoHag VLE - 101 This work vE 291 101 This work
LLE - 1.8 [16] 298 101 This work
hE 291 101 This work 318 101 This work
298 101 [21], [38]* 298 101 [24]2,[30]*
318 101 [23] 318 101 [23]°
CyoHaz VLE - 101 This work vE 291 101 This work
hE 291 101 This work 298 101 This work
318 101 This work 318 101 This work
298 101 [20] 298 101 [20]3, [31]3, [33]°

2 Data not used in the correlation procedure of the corresponding system.

[12] produced acceptable estimates for isobaric VLE, although it did
not show the change in hE values with temperature.

Another part of this work, of a more theoretical nature, focuses
on presenting a procedure for the simultaneous treatment of data
on different thermodynamic properties for a given binary system
with a flexible model already used and whose capacity to solve
certain complex cases attempts to be evaluated. In previous works
[40,43], different situations were proposed that initially presented
obstacles to application of the model but that were resolved one-
by-one. The model has been shown to have a good flexibility and
can be used to set and meet increasingly complex goals. Hence, the
presence of LLE and VLE data (iso-p and iso-T), and mixing proper-
ties, hE, gF, vF and cf, for the binary systems selected, gave rise to
new problems that the authors propose to resolve.

1.1. Modeling approach

One of the most interesting approaches in thermodynamic
studies on phase equilibria is to represent/correlate qualita-
tive/quantitative behavior of phase equilibria, which can be used to
estimate characteristics of the phases (pressure, temperature and
composition) when experimental data are not available. Several
attempts have been made in this area to develop thermodynamic
models of the activity coefficients or gE, with Equations of State
(EOS), or combinations of these, EOS/gE, although the application of
these mixing rules often results in a distortion of the model and/or
the EOS. The number of adjustable parameters of the multifunc-
tional model created in this way increases and the representation

obtained is probably limited. In other cases, gt is considered to
be independent of pressure, which is incorrect; these are general
rules because they depend on the nature of compounds studied and
on the working conditions and therefore the utilization of those
presents some limitations. The reality is often complex, as some-
times proposed with the experimental data available.

Before we focus on the experimental data available in this
work, we can describe some unexpected occurrences. On the one
hand, the hE=hE(x, T) curves present an inversion as T advances,
which mathematically corresponds to a minimum of the previous
function, which makes the coefficient cf§ = (3hF/dT), = 0 at that
point. Hence, the succession of curves hE = hE(T) graphically gener-
ates a hyperbolic paraboloid such as that of Fig. 1a. On the other
hand, the presence of LLE data at low pressures for the methyl
ethanoate +alkane systems signifies the presence of data in a plane,
such as the isobaric ps in Fig. 1b, much lower than experimental
values of VLE presented here (at 101.32 kPa), be for example the
plane p3, of the same figure. Hence, the treatment of data does not
correspond to a case of VLLE but rather to the representation of
curves in different planes of constant pressure (VLE and LLE) that
correspond to the same surface, similar to the one represented in
Fig. 1b for a generic case. The observation made about the graphs
clearly reflects the difficulty of finding a single model that repre-
sents the different properties of a binary fluid system considering
all the points mentioned.

The NRTL model [44] is probably one of the most used in the
field of thermodynamics of solutions, so some of its more extended
forms should be used [45-47] to also analyze the goodness of fit
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Fig. 1. (a) Theoretical surface representing the hE = hE(x;, T) of the ester (1) +alkane (2) binary systems. (b) Pressure-composition-temperature for a binary system with LL and

VL phase equilibria.

in these complex cases. Similarly, an important objective of this
research is to provide a detailed explanation of the value of an
extended form of the model previously used by the authors [40-43]
which, implemented on excess Gibbs function for multicomponent
systems gE =gE (p, T, x1), allows a multiproperty representation of
solutions, using the same set of parameters for which we try to
obtain optimum values. A correlative procedure must be designed
for these theoretical models with a thorough analysis of the good-
ness of fit of the correlation/representation of surface areas such as
those in Fig. 1a and b, since the minimization of errors offers more
accurate subsequent simulations of separation processes where
they are used.

2. Experimental
2.1. Materials

The chemical compounds used (methyl ethanoate and alkanes)
are of the highest commercial purity (~0.99w/w) supplied by
Aldrich. They were all degasified with ultrasound for several hours
and treated with a 0.3 nm molecular sieve by Fluka to reduce the
water contents. The quality of all the products was checked by GC
(HP-9850 with FID) and the purity levels are reported in Table 2.
Furthermore, some physical properties were measured for all them,
such as the normal boiling point Tg, ;» the density p, and the refrac-
tive index np, at several temperatures. A comparison of the values
obtained with those recorded in the literature (see Table 3) con-
firms the quality of the substances used in this work. The densities
of nonane are particularly significant as they are used to calibrate
the densimeter as described below. Water used to calibrate the
apparatus was obtained by double distillation in our laboratory and
degasified, giving a resulting electric conductance lower than 1 uS.

Table 2

Description of the material used.
Compound Manufacturer Mass fraction Purification

purity method

Methyl ethanoate Aldrich >0.995 None
Pentane Aldrich >0.990 None
Hexane Aldrich >0.990 None
Heptane Aldrich >0.993 None
Octane Aldrich >0.987 None
Nonane Aldrich >0.990 None
Decane Aldrich >0.992 None

2.2. Apparatus and procedures

The density of all the pure compounds and mixtures of methyl
ethanoate (1)+alkane (2) were measured at several temperatures
using an Anton Paar DMA-55 digital densimeter, with a reading
error of £0.02 kg m~3. The temperature of the oscillator was main-
tained stable at T+0.005K, and the water was circulated using
a 9012 Polyscience thermostatic waterbath. The densimeter was
calibrated with water and nonane at different working temper-
atures following the standard procedure used by our group. To
determine 1¥ values at the different temperatures selected for
this work, samples of known composition were prepared, with
x1 +£0.0002, and the values obtained for volumes had an uncer-
tainty of +£2 x 102 m3 mol~!. In this way, data of (x, p, vF) were
obtained which can be used to define the corresponding represen-
tations. Refractive indices np for each compound were measured
with a Zuzi 320 Abbe type refractometer with a reading error of
+0.0002 units. The refractometer was thermostatized at each of
the temperatures with the previously described circulating water
bath.

The mixing enthalpies hE were measured for the binaries
CH3COOCH3 + C;Hyp4 at different temperatures in a MS80D Calvet
conduction calorimeter by Setaram, Lyon (France). The appara-
tus was electrically calibrated at each temperature for Joule effect
using an EJ3 Setaram power source. Thermograms were recorded
using the Setsoft© commercial software from the same company.
Real temperatures of the cells were adjusted as indicated in a
previous work [40], to achieve the preset values. The apparatus
was tested at the temperatures 298.15K and 318.15K with the
propanol + benzene mixture [51]. A comparison of the curves in the
literature for these cases resulted in a mean value for uncertainty
lower than 1% for hE and of £0.0003 for the mole fraction.

The quantities that define isobaric VLE (p, T, x, y) for the selected
systems were measured in a glass ebullometer of 60 cm3 used with
recirculation of both phases, described previously [52], with addi-
tional elements described in another work [40]. Determinations of
the compositions at equilibrium were obtained using a densime-
ter after reaching stable values for pressure, at (101.32 +0.02) kPa
and temperature at (T+ 0.02) K, which was achieved after an aver-
age time of 15-20min. A sample was taken from each of the
phases and sent to densimeter at T=298.15K. Liquid x; and vapor
y1 compositions were estimated by a recursive procedure with
the equation: p (x1)=[(p1 — P2)X1 + p2]+ [x1(1 — X1 )(ax1? + bx; + )],
where p, p1, and p, are the densities, respectively, of the samples,
of the methyl ester and the alkane; the coefficients a, b and c of
the previous expression are obtained beforehand in the correlation
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Table 3
Properties? of Pure Compounds. Densities and refractive indices were measured at atmospheric pressure.
Component Tl‘)’j (K) T (K) p (kgm—3) np
Exp Lit Exp Lit Exp Lit
CH3CHOOCH; 330.08 329.47° 291.15— 935.92 934.89° 1.3632
329.85¢ 298.15— 927.01 927.90° 1.3589 1.35890.¢.d
927.14¢
318.15—~ 900.07 900.20¢ 1.3488
900.18 1.34854
CH3(CH;)3CHs3 309.30 309.22° 291.15— 628.22 628.28¢ 1.3589
298.15— 621.35 621.39° 1.3545 1.3547°
CH3(CH;)4CHs 341.88 341.89° 291.15— 661.17 661.494 1.3767
341.93f 298.15— 654.84 654.84> 1.3723 1.37226°
654.59"
318.15— 636.50 636.39° 1.3615 1.36154
636.67¢
CH3(CH;)5CHs3 371.56 371.58P 291.15— 685.28 685.56° 1.3886
371.18f 298.15— 679.48 679.46° 1.3852 1.38511°
679.27
318.15— 662.06 661.47° 1.3748 1.37504
662.324
CH3(CH3)sCH3 398.83 398.82° 291.15— 704.13 704.33¢ 1.3994
398.65° 298.15— 698.60 698.62° 1.3952 1.39505
698.39f
318.15— 682.16 682.09" 1.3855 1.3855¢
682.094
CH3(CH;)7;CHs 423.94 423.95b 291.15— 719.25 719.44¢ 1.4062
423.97¢ 298.15— 713.85 713.42° 1.4031 1.40311°
713.85°
318.15—~ 698.07 698.06f 1.3938 1.39394
698.06¢
CHs3(CH;)sCHs 447.30 447.27° 291.15— 731.23 731.39¢ 1.4115
447.30f 298.15— 726.20 726.35P 1.4096 1.40967°
726.19°
318.15— 710.90 711.14f 1.4008 1.4008¢
711.434

2 Uncertainties u are: u(T)==+0.02 K, u(n)=+0.0002, and u(p)=+0.02 kg m3.
b Ref. [48].
¢ Ref. [13].
d Ref. [49].
¢ Ref. [50].
f Ref. [40].
& Ref. [23].

of experimental data of synthetically prepared samples. The same
ebullometer was used to measure the vapor pressures of methyl
ethanoate in the range T=300-350K.

3. Results and discussion
3.1. Presentation and treatment of excess properties

Excess volumes and enthalpies were determined for the
binary mixtures, whose empirical formulation is: CH3COOCH3
(1)+CpH2p42(2) (n=5-10), at the temperatures of 291.15, 298.15
and 318.15K, except for the mixture with n=5 for which the mix-
ing properties were not measured at 318.15 K, a temperature higher
than their normal boiling point. The series of data (xq, p, vF) are
shown in Table S1 in Supporting information (SI) while Table S2 (SI)
shows the pairs of values (x1, hE)at 291.15 K for all the mixtures and
at the temperature 318.15K only for those corresponding to even
hydrocarbons. The values of hE at the temperature of 298.15K for
these mixtures have been presented in previous works [13,18-25].

Both excess properties were correlated with a previously used
polynomial equation:

2

VE=z(1-21)) azh =211 - 210 + a1 +a22}) (1
i=0

where the correlation coefficients are functions of temperature
according to the expression,

3
. A
a(T) =Y AP~ = T +Ap +AsT (2)
j=1

The active fraction of the ester z; depends on its molar fraction
x1 and on a characteristic parameter of each mixture k,

X1

1= ———
! X1 + kx;

(3)

The parameter k is related to a physical magnitude that depends
on vE, hE, or another property. For correlation of the property vol-
ume, this parameter is called ky and is calculated from the quotient
of the molar volumes of both pure components, and its value coin-
cides with that of the volumetric fraction. In the correlation of
enthalpic data, the parameter is called kj,, and it is calculated from
the ratio of the molar surfaces of the components by the expression,

q2 ) 2/3
= (8) (2) :
h T VT1 ( )

where ¢; and r; (i=1, 2) are the parameters for area and vol-
ume calculated by applying a group contribution method proposed
by Bondi [53]. The coefficients A; of Eq. (2) are obtained by a
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Table 4

Coefficients and standard deviation, s, obtained by using Egs. (1) and (2) to correlate v£ =1£(x, T) and hf = hE(x,T) from Tables S1 and S2. Coefficients Vj; and Hj; correspond to

the A;; defined for Eq. (2).

Methyl ethanoate (1)+ Pentane Hexane Heptane Octane Nonane Decane

Vo 1.059E7 7.972E7 1.196E8 5.507E5 3.123E7 5.409E7
Vo2 —3.635E4 —5.324E5 —7.930E5 —1.309E4 —2.102E5 —3.681E5
Vo3 3.657E1 9.241E2 1.351E3 7.849E1 3.981E2 6.725E2
Viy —5.247E6 —1.669E8 —3.663E8 2.903E7 —9.102E7 —2.296E8
Viz —1.088E5 1.096E6 2.410E6 —1.790E5 5.840E5 1.523E6
Viz 3.590E2 —1.854E3 —4.016E3 2.107E2 —1.008E3 —2.602E3
Vo1 —6.802E6 6.840E7 2.963E8 1.709E7 2.750E7 2.157E8
Vo 1.931E5 —4.449E5 —1.950E6 —1.220E5 —1.607E5 —1.423E6
Va3 —5.304E2 7.551E2 3.237E3 2.537E2 2.767E2 2.397E3
ky 1.452 1.646 1.844 2.044 2.245 2.448
109s(vF) (T=291.1K) 44 17 19 30 39 44

109s(vF) (T=298.1K) 41 13 20 16 33 45

10%s(vF) (T=318.1K) - 54 23 19 28 44

Ho1 —7.379E7 —6.959E7 3.981E8 1.048E8 3.372E8 3.542E+08
Hoa 4.635E5 4.724E5 —2.607E6 —6.630E5 —2.186E6 —2.287E+06
Hos —6.955E2 —7.669E2 4.303E3 1.089E3 3.586E3 3.737E+03
Hi1 9.923E8 9.891E8 —7.937E8 1.955E8 —8.761E+08 —9.123E+08
Hi, —6.488E6 —6.511E6 5.230E6 —1.338E6 5.693E+06 5.880E+06
His 1.058E4 1.068E4 —8.651E3 2.231E3 —9.298E+03 —9.538E+03
Hyi —7.768E8 —7.827E8 7.762E8 —1.267E8 9.782E+08 1.007E+09
Ha 5.131E6 5.150E6 —5.114E6 8.789E5 —6.379E+06 —6.519E+06
Has —8.465E3 —8.447E3 8.438E3 —1.488E3 1.042E+04 1.058E+04
kn 1.342 1.523 1.706 1.869 2.076 2.263
s(hF) (T=291.1K) 17 16 7 13 15 33

s(hE) (T=298.1K) 16 9 11 15 5 15

s(hE) (T=318.1K) - 7 18 14 13 21

non-linear optimization procedure using as an objective function
the equation;

,1/2

Yo O e — Vi)

OF — (yE) _ i= l,e;\(Ip i,ca (5)
p

The same mathematical treatment was carried out for the hE
reported here and also for previously published values, which, as
mentioned before were measured at another temperature.

Values of the coefficients A; for each of the systems in the cor-
relation of vE and hE are presented in Table 4 together with the
standard deviations, s(yE), of the fits. The correlation curves for
these properties for each system are represented together with the
experimental values in Fig. 2a—c for the volumes and in Fig. 3a-c for
the enthalpies; the equimolar values are shown in the correspond-
ing insets (yE a x; =0.5), which are compared with values recorded
in the literature as a function of the number of carbon atoms n of
the hydrocarbon. An overall view of the graphs and quantification of
the goodness of fit, s(yE), shows that the simultaneous correlation of
the properties at different temperatures to achieve a single function
yE =yE(x, T) results in a slight reduction in the model’s representa-
tional capacity (especially in the vE vs x; correlation), although for
the group as a whole it may be considered as acceptable.

For the 1%, all cases show that: vE>0 and (dvE/dT)>0, and the
thermal coefficient for mixtures of methyl ethanoate (1) +alkanes
(2) is quasi-linear. No data were found in the literature at
T=291.15K, although at 298.15K the inset figure in 2b compares
our values with those recorded in the literature for the same mix-
tures. The experimental values are almost identical to ones we
recorded and published previously [13,18-24] and are similar to
those recorded by Awwad et al. [28], however they were signif-
icantly different to those of other authors [14,26,29-33]. At the
temperature of 318.15K (see Fig. 2c) there is good agreement for
methyl ethanoate +(C7,Cq) mixtures in comparison with previous
experimental values [23]. Table S2 (SI) shows the experimental data
of (x1, hE) for the systems in the experiment at 291.15K for the
complete set of mixtures and at 318.15 K only for binary mixtures

for which “n” is even, as the others have been reported previously
[18-25]. The resulting parameters for the combined correlations
of hE=hE(xq, T) are shown in Table 4; the corresponding graphs
are shown in Fig. 3a—c, verifying that hE >0 in all cases. In the cor-
responding insets, it is observed a quasi-irregular increase in hE
at x; =0.5, with hydrocarbon chain length, although there are no
data in the literature for the comparison at 291.15K. The com-
parisons made with values found at 318.15K [34] and at 298.15K
[33,34,37] are acceptable, although there are differences in the
measurements at 298.15 K obtained with pentane [14], octane and
nonane [38]. From these graphs, deductions can be made about the
behavior of the systems studied. The hE and v tend to increase with
increasing number of —CH,-groups in the saturated hydrocarbon,
confirming the structural model previously established [12,13] to
describe the behavior of the systems. By contrast, a comparison of
the mixtures containing other ethanoates shows that for the same
alkane, the values of the mixing properties decrease with increased
alkanolic chain length of the ethanoate due to a weakening of the
dipole-dipole interaction, which is one of the causes of the effects
commented.

It is important to emphasize the effect of temperature on the
hE values. In the mixtures studied, the slope (0hE/0T), changes
direction owing to the fact that the variations in hE(x;, T) present a
local minimum where, at least theoretically, cg(xl , T) = 0should be
obeyed. The literature [29] presents cg()q , T) data for the mixture
of methyl ethanoate (1) +heptane (2) at T=298.15K, for which the
fitting function becomes zero at two composition points x; =0.28
and x; =0.89, which could correspond to a maximum and mini-
mum respectively, of the function hE(x;, T), that can generate a
surface like the one shown in Fig. 1a. The mathematical treatment
cannot be carried out with Egs. (1) and (2), since a quadratic func-
tion is required in “T”. Hence, by adding a term in T2 to Eq. (2)
and performing a simultaneous fit of hE (x1, T) and cg(xl, T) with
the resulting Eq. (1), a diagram like the one displayed in Fig. 3d is
obtained, in which the function gives rise to a minimum for the
hE(T) in T=298K and x; =0.525; the maximum would correspond
to T=313 K and x; =0.516. Although quantitatively the experimen-
tal values for cg()q, T) do not appear to have been reproduced, the
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Fig. 2. Plots of vF vs x; of the binaries methyl ethanote (1)+alkane (2) (Cs-Cy) at different temperatures: (a) 291.15K; (b) 298.15K; (c) 318.15K. The corresponding inset
figures show the comparison between the equimolar values (at x; =0.5) obtained in this work (@) and those from literature: @, Ref. [18]; @, Ref. [19]; @, Ref. [20]; O, Ref.
[24]; W Ref. [13]; M, Ref. [23]; ¥, Ref. [26]; A, Ref. [28]; A, Ref. [29]; A, Ref. [30]; A, Ref. [31]; 2\, Ref. [32]; ®, Ref. [33]; ®, Ref. [14].

function produces a significant gradient for the cl';:, hence a slight
variation in T (~0.15K) produces values for this property that are
almost the same as the experimental value [29].

These “singular points” are referred to by some authors [29,54]
as the “omega effect” and are caused by a conformational change
of the esters dissolved in the alkanes. The esters present a confor-
mational equilibrium between the s-trans and s-cis forms, which
signifies a change in its electrical dipole moment [54]. The dipolar
moments of both conformations, calculated using the correspond-
ing values for the C—0 and C=0 bonds, are 1.53 and 3.40 Debye

for the s-trans and s-cis, conformations, respectively. The s-cis con-
formation (u =3-4Debye) stabilizes at high ester concentrations,
while the s-trans conformation (u =1-2 Debye) stabilizes at low
ester concentrations, which causes the omega effect in the heat
capacities, which are also a consequence of the thermal effects
of the enthalpies. In other words, this unusual behavior of the
esters in the mixtures occurs because its dipolar moments change
with temperature. These observations could provoke an interesting
debate about the presence of other singular points in the solu-
tions, such as the azeotropic points, or the critical points (upper
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Fig. 3. Experimental (x1, hE) values of the binaries methyl ethanoate (1)+alkane (2) (Cs-Cjo) at different temperatures: (a) 291.15K; (b) 298.15K; (c) 318.15K. The corre-
sponding inset figures show the comparison between the equimolar values (at x; =0.5) obtained in this work (@) and those from literature: @, Ref. [18]; @, Ref. [19]; @, Ref.
[20]; I, Ref. [23]; M, Ref. [21]; M, Ref. [22]; (], Ref. [25]; @, Ref. [33]; @, Ref. [14]; ®, Ref. [34]; @ Ref. [37]; <, Ref. [38]. (d) Representation in 3D corresponds to the surface
resulting of the simultaneous correlation of the pairs [x;, hf(T)] and [xq, cf, (298.15K)] using Egs. (1) and (2) for the binary methyl ethanoate (1) +heptane (2).

and lower) of solubility, which are also caused by changes in
conformational situations. We will study these points in future
research.

3.2. Vapor pressures

Vapor pressures, or their correlations, influence the deter-
mination and verification of thermodynamic properties of VLE.
Hence, for the series of works planned here for binary mixtures of
ethanoates +alkanes, vapor pressures must be measured for all the
compounds in a broader interval of temperatures and pressures.

The values and corresponding correlations for the alkanes have
been recorded in a previous work [12], so here we have only
included the values of methyl ethanoate. Table S3 gives the
experimental (T, p{) data for the ester in the temperature range
[300-350] K. Experimental values are correlated with a non-linear
regression of Antoine’s equation, obtaining the coefficients shown
in Table 5, where the data are compared with others from the lit-
erature.

The coefficients A, B and C of this equation can be used to indi-
rectly determine the values corresponding to the same equation in
reduced coordinates, in order to obtain the acentric factor w defined
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Table 5
Coefficients A, B, and C of the Antoine equation: log(p? /kPa) = A — B[(T/K) — C] obtained fitting the values from Table S3, and acentric factor for methyl ethanoate.
A B c ) ATIK
6.19788 1155.37 54.48 300-350
(2.4858) (2.2367) (0.112) 0.321; 0.3249; 0.320°
6.1902> 1157.62> 53.43b
6.4934¢ 1329.46¢ 33.52¢
* Between parenthesis: coefficients a, b, ¢, obtained for the Antoine equation in reduced form: log(p?, ) = a — b/[T; —c].
b Ref. [48]. '
¢ Ref. [7].
d Ref. [58].
¢ Ref. [56].
| characterize the VLE. The activity coefficients are calculated by the
: expression:
-1 -
I yip \ | Bi—v)P-pf)  pdip(l —y)
| Iny;=In (X,-p?) + RT + RT (6)
Add4 ME + C, that considers the non-ideality of the vapor phase. Each of the quan-
: ‘““‘““’“‘ME e tities of Eq. (6) are obtained as follows: the vapor pressures p?, by
I g{/ (this work) Antoine’s equation, the molar volumes of the pure compounds v at
I b the equilibrium temperatures, with the modified version of Rack-
?;f | (o ett’s equation [57], using the parameters Zga published in Reid et al.
b0 [58], 812 =2Bj; — B;; — Bj;, from the virial coefficients which, for both
) | the pure compounds B;; and Bj; and also the mixtures Bj;, are esti-
I mated from the Tsonopoulos relationships [59]. With the (x;, In y;)
| values, those corresponding to adimensional excess Gibbs function,
77 gE/RT, can be obtained for each equilibrium stage. All the y; are
e l compiled in Table S4 (SI) for the six systems studied and are shown
I Methyl Ethanoate in Figs. 5-10. The VLE data for this table satisfy the global condi-
I / tion proposed by Fredenslund [60] § = > [y; exp — Vi, call /N < 0.01
a | Ethyl Ethanoate 7 and are considered to be thermodynamically consistent. The y;
2.6 1.=07 values of these mixtures emphasize the deviation from ideality of
\ | the liquid phase, and present a regular variation, with y, increas-
l ing slightly with hydrocarbon chain length, while the y; (for the

T T
1.4 UT, 16 1.8

Fig.4. Representation of the vapor pressures lines in reduced coordinates as a func-
tion of (1/T;) for methyl ethanoate (ME), ethyl ethanoate and alkanes (Cs5-Cyo).
Symbols represent the azeotropic points for ME +Cs (black) and their comparison
with those for ME + Cs (green) and ME + C; (blue). ¥, this work; O, Ref. [61]; [, Ref.
[15]; <, Ref. [14]; V/, Ref. [62]; P, Ref. [63]; <, Ref. [64]; X, Ref. [36]; *, Ref. [13];
A\, Ref. [39].

by Pitzer [55] as: w = —(log p?,r)r,-=o.7 — 1. However, better results
are obtained by performing a direct correlation of the correspond-
ing reduced quantities (T, pﬁr), which gives rise to values for a, b
and ¢, which are recorded in Table 5 (in parenthesis). In this way,
the acentric factor can be obtained from: w = b+ (c —0.7)(a + 1).
The value obtained is found to be acceptable when compared with
others in the literature or with that estimated by Lee-Kesler [56].
Fig. 4 shows the straight lines corresponding to log pﬁr =¢p(1/T;)
for all the compounds of this work using the parameters obtained
and the position sequence.

3.3. Presentation of VLE data

From the direct experimental values of VLE obtained in iso-
baric conditions of p=(101.32+0.02)kPa, (p, T, x1, ¥1), for the six
binary systems CH3COOCH3 (1)+CpHyp+2 (2) (n=5-10), it is nec-
essary to calculate the values corresponding to the quantities that

methyl ethanoate) decreases, as do the relative areas of contact
of the aliphatic portions, and therefore the degree of interaction
between the molecules.

Other characteristic representations of the VLE using compo-
sitions and temperatures are reflected, respectively, in the form
of (y1—x1) vs x; and T vs X1, y1. The comparison with litera-
ture data [13] for the binary with heptane is acceptable. The
azeotropic points obtained, where y; —x; =0, corresponding to
mixtures with methyl ethanoate + Cy,Hyp,42 (n=5, 6, 7) are recorded
in Table S5 (SI), which compares data with those obtained by other
authors [13-15,36,61-64]. Fig. 4 shows the corresponding points
obtained using reduced variables and using as a mixing rule for
the critical properties those determined by: p¢ 12 = \/Pc.1 - Pc,2 and
Tc,12 = \/Tc,1 - Tc,2- This proposal is a result of considering that the
singular azeotropic point is the point of the vapor-liquid satu-
ration curve corresponding to a pure compound, not taking into
consideration its composition. From the graph it is evident that it
is not easy to obtain a mathematical relationship for the different
azeotropes for these mixtures using reduced quantities, although
some aspects that have been studied previously will be addressed
in future works.

4. Procedure used for the multiproperty correlation

4.1. Proposed model

The values obtained for the dimensionless excess Gibbs func-
tion, Table S4 (SI), can be used to create the data base for g&(p, T,
X1,¥1) for each of the systems. The correlation is made of the prop-
erties with a model and procedure previously used by the authors
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in other works [40-43]. The general form of the model, based on
Gibbs function, and dependent on three variables, is as follows:

(7)

g°(x, T, p) = [2(x)(1 — 2(x))][0(T, p) + &1(T, p)z(x) + £2(T, p)2*(x)]
where the active fraction z, is defined by Eq. (3) and g; are
coefficients g; = g; (T, p) of fit. In the isobaric studies the coefficients

are temperature-dependent alone according to a similar relation-
ship to Eq. (2).

3
; G:
gi(T) = E GTI2 = Tﬂ +Gip +GisT (8)
j=1

The derivation of Eq. (7) can produce expressions for other ther-
modynamic properties. For example, the partial molar property

of Gibbs function gives rise to the activity coefficients, which are
calculated from the expression:

- ogt
Ry =g =5~ You ()
K

k+#i

9
P TXj 2 ki

Using Eq. (7) the following expression is given for the activity
coefficients,

2 3 5
RT In y; = 2(1 —Z)Zgjzj +(1-x) [Z(H 1)(g g,-l)zj] k(f) (10)
j=0 j=0

This equation is true when g_; =gz = 0. Another important quan-
tity in studies on solutions is the excess enthalpy:

2 2
agt ; g\ dz
E_ gE _ = _ _ > _ ot i hiad)
h-=g T( P ),p,x_Z(] z) E gz —Tz(1-2) E (aT zZ'—-TY aT
i=0 0

(11)



114 L. Ferndndez et al. / Fluid Phase Equilibria 341 (2013) 105-123

T T T T

(a)

340

(98]
T/KS

330

325

2000

1600

hE/(J-mol-1)

PR
240 £
S
f
230
400
220 120
0 027 2o P/ kP
0.8
0
Fig. 6. Plots of experimental values and curves obtained in the multiproperty correlation process (—, proposed model; — — —, NRTL: — — —, UNIFAC) of the binary methyl

ethanoate (1)+hexane (2). (a) iso-p VLE, this work: (@), Tvs x1, y1; (&), (y1 —X;) vs X1. (b) iso-p VLE, this work: ®, g&/RT vs x1; ¥, y; vs x1. (c) hE data at: 291.15 K (¥), 298.15K

(%), from Ref. [19], 318.15 K (H). (d) Plots of VLE (@) and LLE (O) Ref. [16].

2 2
where: Y =(1- ZZ)Zg,-zi +2(1 —Z)Zig,-z"*1 and z =z[x, k(T)] (12)
i=0 i=0
The third summand of Eq. (11) can be calculated using
(dz/dt)=(0z/0k)(dk/dt), however, as shown in previous works
[12,40], the variation in the parameter k with temperature is min-
imum, nulling the corresponding term in Eq. (11) and the final
expression is simplified as follow:

2
hE = 2(1 —z)z (X;T“Jrciz) zi (13)
i=0

From Eq. (13):

2 2

E L ) z <8zgi ) i <4Gi1 ) i
= = =2z(1-2) -T Z'=2(1-2) b4
P ( ar p.x Z T p.x Z r

i=0 i=0

(14)

When isothermal VLE data are available for the system being
studied, the excess volumes can also be calculated by:

2
p_ (088 _ 3 ogi\ i (dz
! _<8p>T,x_Z(1 Z)i:O (8p) Z+(dp)y (12

T,x

where Y is Eq. (12). If the active fraction z is considered to be
independent of pressure, the entire summand is eliminated from
Eq. (15). The advantage of the parametric model proposed is that
it is useful to carry out correlations of multiproperties, depend-
ing on the demands or the level of accuracy required by the
researcher. This is what gives the model its complexity, and some-
times other relationships are required for g;=g; (T, p), other than
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those appearing in Eq. (8). The most generalized polynomial form
can have the following formulation:

gi(p, T) = g1 + gp* + &i3pT + ngfl +8isT? + gigT° (16)

That is useful to carry out simultaneous correlations of isobaric
and isothermal VLE data [40,41], and also of other mixing proper-
ties, hE and vE, with excellent results. With an even more simplified
form, the model was used for the correlation of LLE data [43] alone.
However, since in this work data were available in the literature for
several properties of the same system, and also for LLE, we decided
to try to carry out global correlations of all the quantities found for
each binary system. Because of the presence in the literature of very
variable conditions of pressure and temperature, it was necessary
to increase the number of terms in Eq. (16), with a cubic term in T.
In a previous paper [40], a more reduced form of Eq. (16) was used
(containing five terms), however the need for an additional coeffi-
cient in this work can be justified by the large temperature range

that the model intends to cover, for one system, from the boiling
points of the VLE to values of UCST of the LLE, in some cases even
lower than 220 K.

The proposed correlation procedure presents an additional dif-
ficulty if we compare it with others described in previous works
[42,43] since the modeling of LLE with the function gE=gE (x4, p,
T) cannot be carried out directly, since experimental values for gt
are not available for these equilibria. Hence, the combined corre-
lation is carried out by setting up a two-stage procedure, with the
following operational aspects:

I. - Initially it would only use the LLE data and would have the
goal of trying to improve the fit of the model, using a similar, but
tailor-made version of Eq. (1), such as:

2
ghp=2(1- Z)ng,vzi (17)
=0
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where now the g; are the coefficients that generate Gibbs func-
tion gELL for LLE, with a similar expression to Eq. (16) as mentioned
previously, but only for the correlation of LLE data.

8ia

8i = 8n +8np? + 83pT + T +8isT% + 86T (18)

The LLE data taken from the literature for five systems were
measured at a single vacuum pressure, so in Eq. (18) only the
temperature is affected. However, the methyl ethanoate + heptane
system offers values at two pressures, and the complexity of the
model increases to fit the data. Since the values corresponding to
both parts of Eq. (17) are not known and the data cannot be fitted
in the conventional way, it is necessary to recur to a procedure
described previously [43]. The isoactivity criterion establishes a

necessary condition for the LLE data of the two compounds, gener-
ating the following relationships for the activity coefficients

}

However, these equations are not a sufficient-condition since
there are multiple combinations of the parameters g; that can
satisfy it with some degree of error. It is, therefore, necessary to
impose two conditions on the correlation procedure: (a) an objec-
tive function that takes into consideration the experimental data
and (b) the guarantee of stability of the phases. To be able to carry
out this procedure, since the experimental LLE data do not include
the compositions of both phases for each temperature, the con-
jugated compositions must be obtained, for the phase of unknown
composition, by interpolation. Now, a first approach is attempted to

I Iyl . T — Wl T
x1v10G; i Ty) = 24,71 (35, 9, T)

(19)
Y| 11 1 l1
X5V (X350 Py Tj) = X5,¥, (%3, 9, )
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0.3

NRTL: = = =, UNIFAC) of the binary methyl

ethanoate (1)+decane (2). (a) iso-p VLE, this work: (@), Tvs X1, y1; (&), (y1 —X1) vs x;. (b) iso-p VLE, this work: @, g8/RT vs x1; ¥, y; vs x1. (c) hE data at: 291.15 K (¥), 298.15K
(%), from Ref. [20], 318.15 K (H). (d) Plots in 3D of the surface hf(x;, T) resulting of the multiproperty correlation for methyl ethanoate (1)+decane (2).

obtain the activity coefficients, using only the isoactivity criterion
through the following objective function:

m 2
I P PP 2
(0F), = > XX, T p) = X il (),

j=1 i=2

T;, p)l (20)

by using the experimental data and also those obtained by inter-
polation as shown here. In this way, the optimization procedure
targets the solution as close as possible to the physical reality. The
purpose of this step is to obtain the optimum value of fit of the
experimental data, recurring to the following objective function

m 2

OF) =Y > [ exp = X ca) = (Kl exp

j=1 i=2

1l
xij,cal )]

(21)

The values of x}] a1 @nd x,'J' ca are obtained by resolving, for a
given value of the §; parameters, the non-linear system of equa-
tions generated by the isoactivity criteria, Egs. (19). Another aspect
to take into consideration at this stage of the calculation is the
condition that guarantees the stability of the phases, which is
verified with the criterion of the second derivative of Gibbs excess

function
) 1
+ PR
X1X2

In this stage of the procedure, the set of parameters g; is calcu-
lated, which generates values for the function defined by Eq. (17),
as the most adequate to describe the LLE.

Pghe

Bx% >0

(22)
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II. - The final step of the multiproperty regression calculation
consists in using Eqs. (7) and (16) but considering in this case a
new set of variables (additional to those of iso-p and iso-T VLE, hE,
vE, c§) provided by the function gf; ;, according to Eq. (17). This last
equation, with the parameters defined by Eq. (18), participates in
an intermediate calculus in order to get the values ongLE.

For methyl ethanoate + decane system (without LLE data) the
expression used for g;(p, T) was a reduced form of Eq. (16). Hence,
the multiobjective function used here is as follows:

OF = cyies(glig) + cvies(goig) + cus(h) + ces(ch) + cys(vF) (23)

where the s(yE) indicate the corresponding standard deviations
between the values of the model and the property yE. The
coefficients “c” are correction-parameters for the different quan-
tities, which permit these to be modulated to obtain the best value
from among the values of the Pareto frontier. Evidently, if data are
not available for a given property, its associated coefficient will be

zero. The physical values of the LLE (T, le'j cal’ Xll']!.cal) are very sensi-

tive to changes in gfLE values, so to ensure a correct reproduction
of the LLEs, the fit of this property must be prioritized using a high
value for the corresponding coefficient ¢ . From the second step,
the final values of the parameters g; for Eq. (16) of the proposed
model, Eq. (7), give rise to a simultaneous representation of all the
properties considered.

4.2. NRTL model

The NRTL model [44] is one of the ones most used in the field
of the thermodynamics of solutions, so it is used as a reference to
validate the application of the proposed model; the procedure is
shown in detail in the previous section. The mathematical form:
gt Ga1721

ﬁ=xl(1—’“)[x1+(lf><1)021 -

G12T12 }
(1 —x1)+x1Gy2

contains two adjustable parameters, G;; and tj;, although both of
these are linked together through a third parameter ¢, that gives it
non-randomness, G;; = exp[—at;(T)], that can also be subjected to
the correlation process described in Section 4.1. However, there are
some limitations to application of the NRTL model in the data treat-
ment, mainly because the successive derived functions of Eq. (24)
are increasingly complex, making correlation difficult. Because of
the complexity of the correlations proposed here, it is necessary to
use a model with a greater number of parameters, resorting to more
extensive forms for the 7(T). Various options were possible from
the literature consulted [45,46] but we chose the one proposed by
Ko et al. [47], to which a final summand has been added, which is
finally expressed as follows:

Agijp

Tj = Agiji + —

+ AgU3 InT + Ag,]4T (25)

There are nine optimizable parameters of the model, eight Agj
and «. To obtain them, a two-step correlative procedure was used
that is described in Section 4.1. First, a function is generated for
(gELE/RT), which is identified with Eq. (24), from where some values

for 7;; and C,-j are determined, with the limitation of the isoactiv-
ity criterion of Eq. (19). In the second step, the theoretical values
obtained for this excess Gibbs pseudo-function are used that will
later be employed in a multiobjective procedure which includes all
the properties available for each system, Eq. (23).

The NRTL model used does not contain terms dependent on
pressure, and its capacity is limited to reproduce systems with LLE
and VLE data at different values of constant pressure, so cannot
be used for the correlation of excess volumes using VLE data in
isothermal conditions.

5. Modeling of thermodynamic data for systems of methyl
ethanoate +alkanes

The procedure indicated in Section 4, both for the proposed
model with Eq. (7) and for the NRTL, Eq. (24), was used to cor-
relate the sets of experimental data studied in this work and
those presented in the literature for different properties of a given
system. The model was practically applied to six binary systems
{CH3COOCH3 (1)+CyHap+2 (2) (n=5-10)}. Although our experi-
mentation was the same in the six systems, the availability of the
data found in the literature for each one was not uniform, therefore,
details of the modeling carried out are given in this section with an
independent analysis for each of the binary systems. Table 1 gives
a summary of the database used for the treatment and modeling
of the mixtures, while Table 6 records the coefficients for the two
models used, together with the goodness of fit for each case.

5.1. Methyl ethanoate + pentane

The properties used for the modeling of each system were taken
from the references shown in Table 1. Fig. 5b shows the quan-
tities corresponding to adimensional Gibbs function gE/RT, and
the activity coefficients y;, obtained in the isobaric (this work)
and isothermal VLE [14,15]. The representation with the proposed
model, Eq. (7), can be considered to be acceptable for the differ-
ent cases of VLE except for those presented in ref [14], which show
much higher values than those calculated. Representation of the
mixing properties hE and vE are acceptable, see Fig. 5¢, and show
the variation in hE = hE(T), which has a negative slope. The correla-
tion is also good for the LLE in spite of the large difference in the
working pressure (0.3 kPa) compared to the value of 101.32 kPa for
the VLE, which is also clearly reflected in Fig. 5d in 3D.

The multiproperty correlation with the NRTL model [44] can be
considered to be acceptable in cases of iso-p and iso-T VLE (see
Fig. 5b) although it does not adequately represent the LLE curve
(Fig. 5d). The hE have also been estimated, in spite of the inversion
produced in the excess property by the rise in temperature, but the
vE could not be estimated because the equation used does not have
terms that include pressure. Finally, the prediction made with the
UNIFAC model [39] is acceptable for the VLE, although it is not good
at distinguishing the influence of temperature on the enthalpies,
since the data hE(298 K) > hE(291 K) evolve in an opposite direction
to the real situation; no deductions can be made about estimation of
vE values either. Fig. 5a and b shows a good estimation of VLE data,
but not of the system’s solubility curve, as can be seen in Fig. 5d.

In summary, the polynomial model proposed here gives a
good correlation of all the properties found for the methyl
ethanoate + pentane system. The NRTL and UNIFAC adequately pre-
dict the VLE (iso-p, iso-T), but not the LLE; the group contribution
method does not represent the inversion of the enthalpies-
temperature slope either.

5.2. Methyl ethanoate + hexane

Table 1 shows the set of data used to model this binary sys-
tem. Here, the LLE data are shown at 0.4kPa and only the iso-p
VLE data are used, presented in Table S4 (SI), since no others were
found in the literature. The polynomial model of the active fractions
z produce acceptable estimates in all cases, including the mixing
property hE; for this system there is no correlation of the v as
no iso-T VLE data are available. All this is shown in Fig. 6a-d, and
3D, of Fig. 6d, represents graphically the quality of fit of the differ-
ent models for the phase equilibria. Observations about the NRTL
are very similar to those made for the methyl ethanoate + pentane
mixture, since they do not reproduce the LLE, and show a very sim-
ilar representation to that produced by the UNIFAC method. This
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Results obtained in the multiproperty correlation process using the proposed model and that of NRTL for methyl ethanoate +an alkane.

Proposed model in this work, Eq. (7) with parameters g; for Eq. (16)

NRTL, Egs. (24) and (25)

i= 8i1 g2 8i3 8i4 8is Si6 i= 1 2 3 4
Methyl ethanoate + pentane
0 1.103E4 —2.200E-4 1.644E-4 —6.190E+5 —9.686E-2 1.285E-4 aqoi 1.965E+3 1.054E+5 —2.454E+2 2.069
1 2.866E4 7.474E-4 —5.195E-4 —4.608E+6 —3.568E-1 6.667E—4 aqi 1.055E+2 —1.534E+5 —1.236E+2 -1.378
2 3.475E4 —5.614E-4 4.016E-4 —3.272E+6 —6.498E—-1 1.317E-3
kg =1.000 kn=1.394 ky=0.362 a=4.98E-6
s(gE[RT) 0.031 0.033
s(v) 0.401 0.479
s(hE) 114 108
s(vE) 55
s(ch) -
S(XEL]_) 0.069
Methyl ethanoate + hexane
0 —6.201E4 1.037 —3.926E-1 9.398E+6 7.370E-1 —1.147E-3 aqgi 4.859E1 —2.050E4 1.205E1 —1.859E-1
1 —8.889E4 1.463 —5.887E-1 1.207E+7 1.060 —1.640E-3 aqj —2.550E1 1.505E4 —9.660 1.267E-1
2 —1.164E5 2.014 —8.049E-1 1.606E+7 1.397 —2.122E-3
kg =0.909 ky, =1.084 a=-1.12E-2
s(gE/RT) 0.006 0.010
s(vi) 0.080 0.225
s(hE) 100 109
s(B)
s(cg)
S(XELL) 0.0141 0.032
Methyl ethanoate + heptane
i= &in 8i2 &i3 8ia 8is 8i6 i= 1 2 3 4
0 —6.141E3 5.141E-1 —1.663E-1 1.913E6 9.668E-2 —1.726E-4 aqoi 8.314E1 —2.271E4 2.734E1 —2.432E-1
1 8.306E2 —1.491 4.888E—1 —6.437E5 6.584E-3 —6.677E-5 aqi —6.995E1 2.159E4 —2.734E1 2.286E-1
2 —2.829E3 1.169 —3.847E-1 7.089E5 2.561E-2 1.976E-5
kg=1.156 ky =1.572 - kc=1.232 a=4.67E-4
S(gE[RT) 0.006 0.007
s(v) 0.099 0.368
s(hE) 268 323
s(vF)
s(cg) 0.02 0.2
S(XELL) 0.114 0.446
Methyl ethanoate +octane
0 —4.424E4 2.224 —8.944E-1 6.210E6 6.282E-1 —8.573E-4 aqgi 9.351E4 5.249E6 1.287E4 2.060E2
1 —1.761E5 —6.456 2.811 3.078E7 1.454 —2.990E-3 ayq; 1.316E1 1.648E2 -2.112 —9.700E-4
2 —8.144E4 1.084E1 —4.557 4.008E6 1.588 —1.687E-3
kg =1.650 ky=1.278 o=6.48E-5
s(gE[RT) 0.021 0.027
s(v;) 0.093 0.830
s(hE) 45 317
S(vE) -
s(cg) -
S(XELL) 0.025 0.046
Methyl ethanoate + nonane
0 —8.661E4 4.516E-1 —6.561E-2 1.470E7 9.067E-1 —1.467E-3 aqoi —3.118E5 4.572E7 —3.516E3 6.194E2
1 —1.226E5 1.043 —6.018E-1 1.469E7 1.580 —2.569E-3 aqi 7.109E1 —1.872E3 —1.147E1 7.240E-3
2 —1.057E5 2.176 —7.355E-1 1.603E7 1.111 —1.604E-3
kg =1.839 kn =1.847 a=247E-3
S(gE[RT) 0.006 0.022
s() 0.514 0.937
s(hE) 61 349
S(vE) -
s(cg) -
S(XgLL) 0.078 0.092
Methyl ethanoate + decane
0 —7.178E4 —8.142E-1 2.066 1.152E7 —1.590E-1 - aqgi 1.113E1 —3.197E2 -1.484 -4.736
1 —5.084E5 —5.954 2.073E1 4.914E7 —2.587 - aqi 1.757E2 -1.670 4.861E-3 7.113E-3
2 —2.771E5 —1.968E1 1.350E1 5.587E7 —1.258 -
kg=2.872 ky, =1.307 oa=-881E-1
s(gE/RT) 0.012 0.007
s(vi) 0.330 0.505
s(hE) 131 245
s(vB) -

s(cg)
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latter does not reproduce the variation in the hE = hE(T) slope that
is reflected by the proposed model. In this and the following mix-
tures, the model presents a maximum in the representations of
i, and these are not always reflected by experimental values; the
maximum is very pronounced in this case (see Fig. 6b).

5.3. Methyl ethanoate + heptane

For the methyl ethanoate + heptane system experimental data
of isobaric VLE have been taken, shown in Table S4 (SI), and
hE data at several temperatures from the references recorded in
Table 1. Moreover, this is the only binary for which cg [29] data
are available, which can be used to define the profile of the func-
tion hE=hE (x, T), this must therefore present a minimum in the
interval [291.15-298.15]K, a single point where it is found that
(0hE/dT), = cf =0, previously mentioned in Section 3.1, which
results in the representation of a hyperbolic paraboloid like the one
shown in Fig. 1a. Moreover, for this system the literature consulted
[16,17] presents two series of LLE data, one measured in a high vac-
uum (0.7 kPa) and the other series measured almost at atmospheric
pressure, for which the references are given in Table 1. The com-
bination of all these properties comprises a database that makes it
difficult to carry out the mathematical modeling.

For this system, our model carries out a combined correlation
of the properties mentioned, which can be qualified as good. The
parameters of fit obtained and the standard deviations of each
property are recorded in detail in Table 6 and the corresponding
representations of these are shown in Fig. 7a-f. The recalculated
values of (T, x1, y1) shown in Fig. 7a are in good agreement with
experimental values, while the LLE at 0.7 kPa are reproduced ade-
quately, although with a slight increase in the UCST value. By
contrast, the LLE curve obtained at 82 kPa is somewhat lower than
that measured by Riccardi et al. [17]. In this case, the model does not
give a good representation of the LLE, perhaps because the exper-
imental behavior of the mixture at 82 kPa is opposite to what one
would expect when referring to the other case, see Ref. [16] (the
increase in pressure usually would correspond to a decrease in the
UCST); which would result in an undesired representation. Finally,
Fig. 7d shows the good estimation of the cl';: curve that produces
two “singular points” close to x; =0.28 and x; =0.89 where CE =0.
Fig. 7f shows the 3D representation of the hyperbolic paraboloid
that the proposed model produces in its multiproperty correlation,
together with other quantities considered for this system. In this
case, there is a loss of precision owing to the extensive correlative
capacity required of the model.

When the NRTL is used, it is noteworthy that the model does
not distinguish the measurements made at different pressures and
provides the same fit of LLE data (see Fig. 7e) producing an overdi-
mensioned curve for T in relation to experimental data. Fig. 7c
shows the results of fitting the hE, in which the NRTL model is inca-
pable of correlating the enthalpies at different T, producing curves
that are very close together, giving rise to an inadequate represen-
tation of cg(x) (see Fig. 7d). Finally, the UNIFAC group contribution
method gives an acceptable representation of the VLE and the hE
from a qualitative perspective, since the slope with the temperature
of hE = hE (T) is positive, and does not show the inversion the prop-
erty produces for this system. Therefore, the heat capacity (Fig. 7d)
is positive and is very different from real values. Representation of
the LLE for this system is similar to that obtained with the NRTL
model, as shown in Fig. 7e.

5.4. Systems methyl ethanoate +octane and +nonane

Details of the modeling of the system of methyl ethanoate with
octane and with nonane are given here in the same section, since

analogous data are available for both systems, as shown in Table 1.
The only differences worth noting are a slight difference in the
working pressure in LLE measurements of 1.1 kPa for octane and
1.8 kPa for the mixture with nonane. Figs. 8a-d and 9-d show the
representations for the corresponding systems made with the poly-
nomial model, Eq. (7), and that of NRTL, Eq. (24), showing a very
different correlation of VLE and LLE data for both of these. The
greatest differences are found with the NRTL model, which does
not represent both equilibria, but this does not happen for the
enthalpies. The UNIFAC model produces an acceptable represen-
tation of VLE data and enthalpies from a qualitative perspective
(without distinguishing working temperatures), but not of LLE, as
can be seen in Figs. 8d and 9d.

5.5. Methyl ethanoate +decane

LLE data were not found in the literature for this system so the
correlation process only uses data produced in this work. Hence,
a smaller number of coefficients were used for the model, Eq. (7),
and gjs used in previous cases was eliminated from the model, as
can be seen in Eq. (16). With the parameters shown in Table 6, the
corresponding representations shown in Fig. 10a-d were produced,
showing a good correlation of all the properties; the quantitative
assessment is confirmed with the deviations shown in Table 6.
The hyperbolic paraboloid representation that shows the surface
hE = hE (x, T) for this system can be seen in Fig. 10d. Similarly, with
the parameters of the NRTL model of the same table, an accept-
able representation is obtained of the VLE data (see Fig. 10a and
b) although the representation of the hE is less complete, owing to
the difficulty of following the variation with T. The UNIFAC method
slightly overestimates the VLE properties, although it gives a good
representation of the values of (x, y, T), as can be seen in Fig. 10a.
As for the remaining systems, the group contribution method does
not establish the variations in hE =hE (T).

6. Discussion

For this work, the authors set an objective based on the multi-
property thermodynamic-mathematical modeling belonging to the
same fluid system, using two models: an extended version of the
NRTL [44-47] and a polynomial model used previously [40-43].
The objective was to study the capacity of both of these to rep-
resent a set of systems for which values of their thermodynamic
properties are presented in significantly different working con-
ditions. These were applied to a set of binary systems of methyl
ethanoate +alkanes (C5-Cqg) and experimental data of the mixing
properties, vE and hE, were provided at different temperatures and
isobaric VLE at 101.32 kPa. Data of other properties were obtained
from the literature: CE for the methyl ethanoate + heptane mixture
[29], iso-T VLEs for methyl ethanoate + pentane [14,15], and LLEs
at low pressures for all the mixtures [16,17] except for decane. The
resulting database is recorded in Table 1. The summary of the appli-
cation of the model for a multiproperty correlation for the systems
chosen is that the proposed polynomial model, Eq. (7), with the
coefficients g; =g;(T, p) expressed by a similar equation to Eq. (17),
reproduces well the general behavior of the selected binary sys-
tems through their different properties. Application of the NRTL
model to the same cases gives an acceptable representation of VLE
and enthalpies but not of LLE or the cg of the only system studied;
NRTL alone does not give values of vE. The parameter « obtained
in this work for the different mixtures (see Table 6) is almost zero
except for the one corresponding to the mixture with decane. How-
ever, this parameter must not be omitted or nulled because then
Eq. (25) would be changed from the initial form. The polynomial
model has the advantage of being flexible, permitting the number of
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parameters to be changed and the number of coefficients to be
optimized to suit different situations. Properties have also been
estimated with UNIFAC, version of Gmehling et al. [39], which,
with the same set of parameters exclusive for the interaction
CH3COO/CH,, presents a similar behavior to the NRTL model, both
in the estimation of isothermal and isobaric VLE, which it does
acceptably, and also in the estimation of LLE and CE for which its
description is not correct.

Future works will aim to extend the model to systems with a
broader database, in an attempt to reproduce part of the surface
representing the pressure-temperature-composition of a given
system (Fig. 1b) to improve the correlative capacity of the proposed
model for multiproperties.

List of symbols

A,B,C  Antoine constants

a,b,c  constants for Antoine equation in reduced form

Ajj coefficients of Eq. (2)

a; coefficients of Eq. (1)

Bii second virial coefficients for pure component i

B;; cross second virial coefficients for mixture i-j

cg excess thermal molar capacity

M correction-coefficients of Eq. (23) for M-property: LLE,
VLE, hE, cf, vF

Gjj coefficients of Eq. (8)

gt excess molar Gibbs function

gi coefficients of Eq. (7)

& particular coefficients for Eq. (18)

hE excess molar enthalpy

k parameter of Eq. (3)

np refractive index

OF objective function

p total pressure

Dc critical pressure

py vapor pressure for component i

pgr reduced vapour pressure for component i

qi surface parameter for component i

R gas constant

T volume parameter for component i

sE excess molar entropy

s standard deviation

T temperature

Tt?,i normal boiling temperature for component i

T critical temperature

v? saturated liquid molar volume for component i

vE excess molar volume.

X; molar fraction in the liquid phase for component i

Vi molar fraction in the vapor phase for component i

Zra parameter of Rackett equation

Zi active fraction for component i

Greek letters

Vi activity coefficient of component i

"zt activity coefficient at infinite dilution of component i
P density

w acentric factor
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