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Density, Refractive Index, Speed of Sound at 298.15 K, and VapeiLiquid
Equilibria at 101.3 kPa for Binary Mixtures of Ethyl Acetate + Ethyl Lactate and
Methyl Acetate + Ethyl Lactate

JoseM. Resa,* JoseM. Goenaga, and Ana |. Sachez-Ruiz
Departamento de IngeniarQumica, Universidad del PsuVasco, Apartado 450, 01006, Vitoria, Spain

Miguel Iglesias

Departament d’Enginyeria Quica, Escola Tenica Superior d’Enginyeria Qumica, Universitat Rovira i Virgili,
Avinguda P&os Catalans 26, Campus Sescelades, 43007 TarragondaEspan

Densities, refractive indices, speeds of sound, and isentropic compressibility at 298.15 K and isobaric vapor
liquid equilibria data at 101.3 kPa were reported for the binary mixtures ethyl acetetteyl lactate and methyl
acetatet ethyl lactate. Excess molar volumes, refractive index deviations, changes of speed of sound, and changes
of isentropic compressibility on mixing were calculated from the measurement results that were fitted with-Redlich
Kister polynomials. VLE experimental data were tested for thermodynamic consistency by means of Dechema
test and were demonstrated to be consistent. The activity coefficients were correlated with the Margules, van
Laar, UNIQUAC, NRTL, and Wilson equations. The ASOG model also was used for prediction.

Introduction digital platinum 100 resistance thermometer with an uncertainty
of + 0.01 K. For the pressure measurement, a digital manometer
regulator (Divatronic DT1 model) manufactured by Leybold
with an uncertainty ott 0.1 kPa was used. Both vapor- and
In this process, multicomponent mixtures are encountered Theliquid-ph_ase compositions for the two systems were determined
main componénts are water and ethanol, and several r:ninorby denS|metr_y and refractometry. Densmes_ were measured at
compounds such as higher alcohols aldeh)’/des and acetates ar298'15 K_usmg an Ant.on Paar DMA 58 vibrating-tube den-
also present. These minor compounas are caIIe,d congeners Fos%meter with an uncertainty of 0'000(.)1 gcr.n*?’ t.ha.t had been
modeling aﬁd process simulation in which mixtures appe;ar Eallbr_ated at atmospheric pressure W|t_h twice d|st|lled_wat_er and
binary data are needed. By this, it is very important to havé dry air. The temperature of the densimeter was maintained at
available vaporliquid e(.]uilibriun; (VLE) data of mixtures 298.15 K with a uncertainty oft 0.01 K by means a
formed by water+ congeners, ethanok congeners, and semlconductqr Peltier element and measurgd by a calibrated
congenerst congeners. From t’he measurements pérametersplatmum resistance thermometer. Refractl\{e indices were
of some classic correiations such as Wilson i\IRTL and measured with a Mettler RE50 refractometer with an uncertainty
UNIQUAC would be calculated, and results can’be appllied to of + O'OOQOl’ and temperature was controlled, like the den-
study the distillation of wine ’ simeter, with a temperature uncertainty490.01 K. Speeds of
' sound were measured with an Anton Paar DSA 48 sound

analyzer with an uncertainty af 0.1 ms~1, and temperature
was controlled by a Peltier cooler to a uncertaintyt00.1 K.

Materials. Ethyl Lactate X > 99.0) was supplied by Fluka.  Prior to measurements, density calibration, refractive index, and
Ethyl acetateX > 99.9) from Fluka and methyl acetate € speed of sound curves for these systems were obtained to
99) from Riedel-de H&ae were purified by distillation in a  calculate the compositions of the vapor and liquid phases. The
laboratory column of 100 plates. The purity of the material was binary mixtures were prepared by directly weighing the
checked by gasliquid chromatography, and mole fraction constituent components with an electronic balance (Salter model
was higher than 99.6. All products were degassed using ER-182A) that has an uncertainty &f 0.0001 g. Precautions
ultrasound and dried on molecular sieves (pore diameter 3 A were taken in order to minimize evaporation losses during
from Fluka) before use. Densities, refractive indexes, and normal storage and preparation of the solutions. The estimated uncer-
boiling points of the pure substances are given in Table 1 and tainty in the determination of both liquid- and vapor-phase mole
compared with literature values of Riddick etfal. fractions is+ 0.001.

Apparatus and ProcedureThe still used to measure VLE
data was our own design of a dynamic recirculating apparatus
that combines the features of Rock and Siegd those of Density, Refractive Index, and Speed of Soundable 2 lists
Othmer® Figure 1 shows the different parts of this VLE the measured densipy refractive indexp, speed of sound,
apparatus. The equilibrium temperature was measured with aand isentropic compressibility data at 298.15 K with the

corresponding excess molar voluMeé, refractive index devia-
* Corresponding author. E-mail: igpredij@vc.ehu.es. tion dnp, speed sound deviatiabu, and isentropic compress-

This work is part of a research projéct whose objective is
to measure thermodynamic properties for binary systems
involved in the wine distillation processes for further simulation.
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Table 1. Physical Properties of Pure Compounds: Densitieg, Refractive Indicesnp, Speed of Soundu at 298.15 K, and Normal Boiling Points
Th

pl(kg'm~3) o u/(mes™) To/K
obs lit2 obs lit2 obs lit2 obs lit2
ethyl acetate 894.29 894.55 1.36978 1.36978 1138 b1138 350.25 350.261
methyl acetate 926.96 927.9 1.35865 1.3589 1148 4150 330.03 330.018
ethyl lactate 1028.02 1027.2 1.41050 not avaliable 1277 not avaliable 424.98 427.70

aRiddick et al® P Resa et af ©Nandhibatla et al®

—3 Table 2. Densities, Refractive Indices, Speed Sounds, and Isentropic
Compressibility for Ethyl Acetate (1) + Ethyl Lactate (2) and
) Methyl Acetate (1) + Ethyl Lactate (2) at 298.15 K with Excess
= Molar Volume V E, Refractive Index Deviation énp, Speed of Sound
Deviation du, and Isentropic Compressibility Deviation dks

P VE u ou ks Oks
s X1 g-cm3 cmimol? np onp ms! ms?t! TPal! TPal
- Ethyl Acetate (1 Ethyl Lactate (2)

- 0.049 1.02250 —0.019 1.40880 0.000 1267 —1 607 -3
0.100 1.01677 —0.038 1.40722 0.001 1263 —0 617 —6
=Y 0.150 1.01085 —0.044 1.40535 0.001 1256 —0 627 -9

0.200 1.00494 —0.057 1.40357 0.001 1249 0 638 -12
0.251 0.99880 —0.066 1.40168 0.001 1243 0 648 —-15
0.300 0.99268 —0.065 1.40005 0.002 1236 0 659 —17
0.350 0.98640 —0.068 1.39819 0.002 1229 0 672-18
: 0.400 0.97987 —0.057 1.39623 0.002 1222 0 684 -20
C 0.450 0.97359 —0.072 1.39451 0.002 1215 0 696 —20
0.500 0.96698 —0.080 1.39263 0.003 1208 0 709 -21
| 0.550 0.96041 —0.088 1.39060 0.002 1201 1 722 -22
E 0.600 0.95346 —0.078 1.38855 0.002 1194 1 735 -22
L - 0.650 0.94664 —0.082 1.38645 0.002 1188 1 749 -21
U 0.700 0.93960 —0.074 1.38420 0.002 1180 1 764 —19
0.756 0.93141 —0.064 1.38126 0.002 1173 1 781 -18
0.800 0.92484 —0.037 1.37923 0.001 1167 1 794 -16
0.849 0.91772 —0.055 1.37694 0.001 1160 1 810 —13
A 0.900 0.91003 —0.039 1.37470 0.001 1153 1 827 -10
0.950 0.90237 —0.031 1.37220 0.000 1145 0 845 -5

. e . . . Methyl Acetate (1)+ Ethyl Lactate (2)
I_:lgl_Jre 1. !E_qu_lhbrlum recirculation still l_Jse_d to measurement _(v_aﬁor 0.058 1.02462 —0.023 1.40872 0.001 1272 2 603 -6
liquid) equilibrium (VLE). A, heater; B, liquid-phase tank; C, oil jacket; 0.100 1.02103 —0.029 1.40699 0.002 1266 2 611 —7
D, condenser; E, vapor phase tank. 0.150 1.01730 —0.038 1.40595 0.003 1261 3 618 -12
0.200 1.01363 —0.061 1.40379 0.004 1255 4 626 -15
ibility Oks deviation for the binary mixtures of ethyl acetate 0.250 1.00978 —0.071 1.40230 0.005 1250 5 634 -18
ethyl lactate and methyl acetate ethyl lactate. 82(5)8 1-88?4112 *8-823 1-325792873 8-882 iggg g ggg *gg
The excess molar volumes of blnary_mlxtureswer(_a calculated 0400 099659 —0.089 139628 0.007 1232 7 ool _os
from density measurements by applying the equation 0.450 0.99220 —0080 139379 0.007 1226 7 670 —26
£ 0.500 0.98741 —0.082 1.39125 0.007 1220 7 680 —27
V== xM,(1lp — Lipy) + xM,(1/p — 1/p,) () 0.550 0.98234 —0.074 1.38790 0.006 1213 7 692 —26
0.600 0.97725 —0.081 1.38498 0.006 1207 7 703 —26
wherep is the density of the mixturey; andp; are the densities ~ 0:650 0.97203 —0.087  1.38197 0.005 1200 7 714 —26
0.700 0.96630 —0.078 1.37916 0.005 1193 6 727 —25
of the pure substanceldl; andM; are the molar masses, ard 0750 096047 —0.072 137601 0004 1186 6 740 —23
andx; are the mole fractions. The uncertainty in the calculation 0.800 0.95434 —0.060 1.37278 0.004 1180 6 753 —21
of V E from density measurements was estimated te- {001 0.850 0.94787 —0.040 1.36960 0.003 1172 4 768 —17
cm®mol~*. Figure 2 illustrates the excess molar volumes of 0-900 094128 —0.035 136642 0003 1164 3 784 —12
0.950 0.93427 —0.018 1.36248 0.001 1157 2 800 -7

the two binary systems at 298.15 K.
The changes of refractive indednp at 298.15 K from the

linear additive value of the mole fraction is obtained by versus the mole fractior, of the more volatile compound of

each binary system is given in Figure 4.

Onp = Np — (X{Np; + X:Npy) (2 Isentropic compressibility deviation were calculated by equa-
tion
wherenp is the refractive index of the mixture amg; andnp;
are the refractive indices of the pure compounds. The plot of Oks = ks — (Xgkg F XoKep) (4)
. . 1"s1 2

onp versus the mole fractior, of the most volatile compound
of each binary system is given in Figure 3.

In the same way, the changes of speed of sound on mixing
were calculated by the equation

whereks is the isentropic compressibilty of the mixture and
ks1 and ks, are the isentropic compressibilties of the pure
compounds. The plot afks versus the mole fractior, of the

OU= U — (XU + XoU,) A3) more volatile compound of each binary system is given in
Figure 5.
whereu is the speed of sound of the mixture amdandu, are Excess molar volumes, changes of refractive index, speeds

the speeds of sound of the pure compounds. The pl@iuof  of sound, and isentropic compressibility deviation on mixing
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Figure 2. Excess molar volumes of mixtures of ethyl acetate1gthyl
lactate (2)a and methyl acetate (1) ethyl lactate (2)® at 298.15 K.
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Figure 3. Change of refractive indices on ethyl acetate{18thyl lactate
(2) a and methyl acetate (3 ethyl lactate (2)® at 298.15 K.

of the binary systems were fitted to RedlieKister polynomials
of the form

(VEor o, or du or k) = x;x, Zo a — %)<  (5)

wheregy is the adjustable parameters obtained by a least-squares
fit method andk is the degree of the polynomial expansion.

Table 3 lists the parameters with their standard deviations

The coefficientsy were used to calculate the solid curves (see

Figures 2 to 5). The standard deviatienare defined as follows:

_ 2
o= E (anl Zexp)l (6)

N—m

whereN is the number of experimental data,is the number
of equation parameters, aixdis the considered property €
or dnp or du or dkg) as shown in Table 3.

VLE Data. Vapor—liquid equilibrium dataT, X3, y1) for ethyl
lactate (1)+ ethyl acetate (2) and ethyl lactate () methyl

acetate (2) binary systems at 101.3 kPa are presented in Tablevhere x; and y; are the liquid and vapor mole fractions in
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Figure 4. Change of speed sounds on mixing Ethyl acetatet{18thyl
lactate (2)a and methyl acetate (3 ethyl lactate (2)® at 298.15 K.
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Figure 5. Isentropic compressibility deviation of ethyl acetate {1gthyl
lactate (2)a and methyl acetate (3 ethyl lactate (2)® at 298.15 K.

Table 3. Adjustable Parametersa, with Standard Deviations o for
Excess Molar VolumesV E, Refractive Index Deviationsdnp, Speeds
of Sound Deviationsdu, and Isentropic Compressibility Deviation
oks

VE ou Oks
cmé-mol~t onp m-st TPat
Ethyl Acetate (1)t Ethyl Lactate (2)
a —0.315 0.009 2 -85
a —0.064 0.001 2 —-15
a 0.041 —0.004 9 -15
0.109 —0.002 9 —-12
a —0.335 0.002 —-14 17
o 0.007 0.000 0.1 0.2
Methyl Acetate (1)+ Ethyl Lactate (2)
a —0.324 0.027 28 —-103
a —0.149 —0.007 5 —27
a —0.038 —0.016 4 —-13
a 0.439 0.019 2 —6
a —0.300 0.020 2 -2
o 0.013 0.000 0.3 0.4
The activity coefficients; of the components were calculated
from
y®.P
)/i = 0 (7)
%P;

4. TheT—x;—Y1 phase diagrams are shown in Figures 6 and 7. equilibrium,®; is a vapor phase correction factéris the total
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Table 4. Vapor—Liquid Equilibrium Data for Ethyl Acetate (1) +
Ethyl Lactate (2) and Methyl Acetate (1) + Ethyl Lactate (2)
Systems: Liquid-Phase Mole Fractionx;, Vapor-Phase Mole
Fraction y;, Boiling Temperature T, Activity Coefficients y1 and y»
at 101.3 kPa

X1 Vi T/IK Y1 Y2
Ethyl Acetate (1)t Ethyl Lactate (2)

0.000 0.000 424.98

0.015 0.116 421.19 1.371 1.061
0.035 0.238 417.39 1.258 1.055
0.050 0.315 414.54 1.241 1.058
0.098 0.514 405.28 1.244 1.081
0.152 0.624 398.08 1.142 1.145
0.185 0.686 393.89 1.135 1.158
0.202 0.717 391.81 1.141 1.150
0.246 0.765 387.77 1.101 1.175
0.307 0.826 381.69 1.107 1.195
0.350 0.855 378.46 1.091 1.204
0.417 0.890 373.82 1.077 1.226
0.514 0.927 367.89 1.069 1.245
0.556 0.938 365.70 1.064 1.269
0.604 0.948 363.83 1.044 1.292
0.688 0.964 360.36 1.030 1.318
0.727 0.969 359.03 1.019 1.374
0.766 0.975 357.43 1.021 1.387
0.810 0.981 355.93 1.016 1.388
0.855 0.986 354.57 1.009 1.424
0.943 0.995 351.87 1.003 1.461
0.977 0.998 350.84 1.003 1.518
1.000 1.000 350.25

Methyl Acetate (1) Ethyl Lactate (2)

0.000 0.000 424.98

0.011 0.154 419.85 1.511 1.056
0.043 0.401 409.96 1.207 1.071
0.077 0.562 401.45 1.117 1.089
0.112 0.681 393.12 1.106 1.112
0.153 0.775 384.62 1.112 1.132
0.185 0.807 381.00 1.041 1.161
0.261 0.880 370.56 1.035 1.210
0.289 0.898 367.01 1.044 1.239
0.323 0.917 363.53 1.044 1.227
0.350 0.929 360.78 1.050 1.231
0.409 0.947 355.74 1.052 1.261
0.464 0.961 351.45 1.062 1.242
0.540 0.971 347.50 1.035 1.291
0.596 0.978 344.49 1.033 1.285
0.695 0.986 340.14 1.021 1.335
0.743 0.989 338.20 1.019 1.369
0.785 0.991 336.72 1.013 1.440
0.822 0.993 335.33 1.013 1.450
0.914 0.997 332.03 1.020 1.519
0.955 0.999 331.01 1.012 1.019
0.979 0.999 330.48 1.005 2.245
1.000 1.000 330.03

pressure, andP? is the vapor pressure of pure component
These vapor pressures were calculated from the Antoine
equation:

B
TR) €, “

log(P.%/kPa)= A —
The constantg\, Bj, andC; are reported in Table 5, and their
values were obtained from Riddick et®al.
The vapor-phase correction factor is given by

o]

where ¢; is the fugacity coefficient of componentin the
mixture, ¢;%is the fugacity coefficient at saturation, andis
the molar volume of componeitin the liquid phase.

[l
¢Asat

Vi(P — Pio)
- RT

(b,:

(9)
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Figure 6. T—x;—y; diagram for ethyl acetate (3 ethyl lactate (2) at
101.3 kPa: ®, experimental data; - - -, Wilson correlatior;, ASOG
prediction.
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Figure 7. T—x;—Yy1 diagram for methyl acetate () ethyl lactate (2) at
101.3 kPa: ®, experimental data; - - -, Wilson correlatior:, ASOG
prediction.
Table 5. Antoine Coefficients, Equation 7
compound A Bi Ci
ethyl acetate 6.18799 1224.673 215.712
methyl acetate 6.24410 1183.700 222.414
ethyl lactate 7.82690 2489.700 0

The activity coefficients were correlated with the Margles,
van Laart® Wilson* NRTL,*? and UNIQUAC" equations. To
determine the constants of each model, we have used the method
“VLE calc” suggested by Gess et Hl.Estimation of the
parameters for the equation was based on the iterative solution,
using the maximum likelihood regression of the objective
function Q;,1° with the activity coefficients obtained from the
consistency test as experimental values:

Q= Z(V exptl Vcalcd)z

(10)
Vexptl

whereyexpi is the activity coefficients calculated from experi-
mental data andgacq is the coefficients calculated with the
correlations. The parameters, the average deviation(inT),
and the average deviation yn(Ay) are listed in Table 6. Also,
the ASOG® method was used to obtain predictions in Figures
6 and 7.
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Table 6. Correlation Parameters for Activity Coefficients and
Average Deviation for the Studied Systems

equation A1z Az1 AT/IK Ayq
Ethyl Acetate (1)+ Ethyl Lactate (2)
Margule$ 0.275 0.310 0.55 0.006
van Laaf 0.269 0.316 0.54 0.006
WilsorP 4415.1 —3426.1 0.61 0.006
NRTLE (a2 = 0.30) 814.5 149.1 0.56 0.006
UNIQUACH 1195.9 —772.0 0.73 0.006
Methyl Acetate (1)} Ethyl Lactate (2)
Margules 0.118 0.280 0.94 0.006
van Laaf 0.120 0.408 0.85 0.006
WilsorP 3603.7 —2620.7 1.05 0.008
NRTL® (a12 = 0.10) 9047.4 —6455.6 0.82 0.006
UNIQUACH 1857.9 —1186.9 0.87 0.007

aMargules and van Laar constants (dimensionlésgjilson’s interaction
parameters ¢anol-1). ¢ NRTL’s interaction parameters-@ol-1). 4 UNI-
QUAC's interaction parameters-(dol1).

Table 7. Results of the Thermodynamic Consistency Test and of the
Margules Constant Test

avg Margules

system deviationAy; constant

ethyl acetate (1} ethyl lactate (2) 0.008 0.3877
methyl acetate (1) ethyl lactate (2) 0.004 0.2629

The thermodynamic consistency of the experimental data was
checked by means of a modified Dechema'festhere the
fugacity coefficients are calculated by the method of Hayden
and O’Connel® and activity coefficients are calculated by using
the four-suffix Margules equation:

G FIRT = x,%,[Ax%, + Bx, — DxyX,] (11)

with the corresponding activity coefficients
Iny, = %7 A+ 2(B — A— D)x, + 3Dx,’] (12)
Iny,=x[B+ 2(A — B — D)X, + 3Dx,’] (13)

Parameterg\, B, andD were estimated using the error-in-
variables regression maximum likelihood technique. The con-
straint equation for the regression was

o

Here the asterisk (*) denotes a calculated or predicted value.
An experimental value has no asteridk® and f,° are the
standard state fugacities. The errors in the prediction ofere
calculated. Predictegl* values were obtained using the equation

0
X2

®,

0
Xy1*fy

(o)

(14)

0
Xy1*fy
* = 15
yl ¢1P* ( )
An average deviation was calculated from
n
|Ay|
average deviatiorr U (16)
n

HereAy = y; — y;* and n = the number of experimental data
points. To pass the consistency test, a system must have a

2006

We also carried out the Margules constant test using the
program of Gess et &f. The Margules constant can be used to
indicate the ideality of a system. Systems that yield a Margules
constant whose absolute value is less than 0.60 can be
considered ideal, while those which yield an absolute value
greater than 0.60 can be considered nonideal. This criterion for
classification, however, is not rigorous. Table 7, shows the
values of this constant.

Conclusions

New VLE data not previously reported in the literature have
been measured for the systems ethyl acetagthyl lactate and
methyl acetatet ethyl lactate as well as binary parameters,
values of different correlations, and necessary physical properties
for modeling and simulation of wine distillation.

Both systems present ideal behavior. The ASOG method
prediction has good agreement with experimental data in both
cases.

Correlations for the ethyl acetate ethyl lactate system are
very similar except UNIQUAC correlation, with Van Laar
correlation lightly better than the others. Better correlation for
the methyl acetate- ethyl lactate system is NRTL, being Wilson
correlation the one that has higher deviation from the experi-
mental correlation.

Excess molar volume trend is very similar between the two
systems. In fact, we have two compounds (ethyl acetate and
methyl acetate) that are from the same family and have a very
similar aliphatic chain. One of them has an ethyl group, and
the other one has a methyl group. We would anticipate that the
behavior was similar between them. Both systems (ethyl acetate
+ ethyl lactate and methyl acetaté ethyl lactate) have
interactions of London dispersion weak forces. Then \tfe
values are very small, that is very close to zero. They have a
near ideality trend. Our newly designed apparatus of VLE is
presented in this paper.
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