
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 28 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Physics and Chemistry of Liquids
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713646857

Isobaric Vapor-Liquid Equilibria in the Systems Ethyl 1,1-Dimethylethyl
Ether Hexane and Heptane
Ricardo Reicha; Marcela Cartesa; Hugo Seguraa; Jaime Wisniakb

a Departamento de Ingenieria Quimica, Universidad de Conceptión, Concepción, Chile b Department of
Chemical Engineering, Ben-Gurion University of the Negev, Beer-Sheva, Israel

To cite this Article Reich, Ricardo , Cartes, Marcela , Segura, Hugo and Wisniak, Jaime(2000) 'Isobaric Vapor-Liquid
Equilibria in the Systems Ethyl 1,1-Dimethylethyl Ether Hexane and Heptane', Physics and Chemistry of Liquids, 38: 2,
217 — 232
To link to this Article: DOI: 10.1080/00319100008030271
URL: http://dx.doi.org/10.1080/00319100008030271

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319100008030271
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Phys. Chem. Liq., 2Mx1, Vol. 38, pp. 217-232 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

ISOBARIC VAPOR - LIQUID EQUILIBRIA 
IN THE SYSTEMS ETHYL 

ETHER + HEXANE AND + HEPTANE 
1 ,l -DIMETHYLETHYL 
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Beer-Sheva, Israel 84105 

(Received 8 November 1998) 

Pure-component vapor pressure of ethyl 1,l -dimethylethyl ether and vapor -liquid 
equilibrium for the binary systems of ETBE with hexane and with heptane have been 
measured at 94 kPa. Both systems deviate slightly from ideal behavior, can be described 
as regular solutions and do no present an azeotrope. The activity coefficients and boiling 
points of the solutions were correlated with its composition by the Redlich-Kister, Wohl, 
Wilson, UNIQUAC, NRTL, and Wisniak-Tamir equations. 

Keywords: Vapor - liquid equilibrium; fuel oxygenating additive; unleaded gasoline; 
ether; ETBE 

INTRODUCTION 

Amendments of the U.S. Clean Air in 1990 have mandated that new 
gasoline formulations be sold in highly polluted areas of the country, 
with oxygenated gasolines being supplied particularly during the winter. 
Most of the oxygenates used in gasolines are alcohols or ethers that 
contain 1 to 6 carbons. These regulations have caused oxygenates like 

*e-mail: rreich@udec.cl 
+Corresponding author. 
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218 R. REICH et al. 

methyl 1 ,I-dimethylethyl ether (MTBE) and ethanol to play a significant 
role as octane improvers. MTBE has been used as a gasoline blending 
agent since 1979, although other oxygenates like ethyl 1 ,I-dimethylethyl 
ether (ETBE) and methyl 1 ,I-dimethylpropyl ether (TAME) are also 
being considered and used in lesser amounts. ETBE has some important 
advantages over MTBE like being chemically more similar to hydro- 
carbons and having a lower solubility in water and solubility of water 
in ETBE. The higher boiling point of ETBE allows incorporation of 
more light feedstocks in gasoline. In addition, ETBE has a Reid vapor 
pressure (Rvp) of 27.6 kPa, one half of that of MTBE, making it an 
attractive oxygenate for gasolines having a low vapor pressure. Phase 
equilibrium data of oxygenated mixtures are important for predicting 
the vapor phase composition that would be in equilibrium with hydro- 
carbon mixtures. 

Vapor-liquid equilibrium data of ETBE in mixture with alkanes 
are scarce, only limiting activity coefficients f' for ETBE with hexane 
at 333.15K and for ETBE with heptane at 348.15K have been 
measured by Delcros et al. [l], using the comparative ebulliometry 
technique. According to their results, the systems under consideration 
deviate slightly from ideal behavior, when concentrated in alkane, 
yielding -f' in the range 1.10 N 1.1 1. According to Delcros et al. their 
results compared very well with those predicted by the DISQUAC [2], 
[3] and the UNIFAC Dortmund group contribution [4] methods. The 
fact that the values of -yr for of both components are very similar 
suggest that the behavior of the almost-ideal liquid phase can be 
represented by a symmetric regular or Porter model [5], although there 
is not enough experimental information to support this conclusion. 

The present work was undertaken to measure vapor- liquid equili- 
brium (VLE) data for the title systems at 94 kPa, for which isobaric 
data are not available or are incomplete. It is part of our experimental 
program to determine the phase equilibria of oxygenates and main 
gasoline components. 

1. EXPERIMENTAL SECTION 

1.1. Purity of Materials 

ETBE (96.0+mass%) was purchased from TCZ (Japan) and was 
further purified to 99.9 + mass% by distillation in a 1-m high x 30 mm 
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ISOBARIC VAPOR- LIQUID EQUILIBRIA 219 

TABLE I 
boiling points t of pure components 

Mole % GLC purities (mass%), refractive index nd at Na D line, and normal 

~~ 

Component (puritylmass %) nD (298.15) TIK 

Hexane (99.73) 1.3730" 341.84' 
1 .37226b 341.89' 

1 .3729d 345.86e 
Heptane (99.57) 1.3851" 371.54" 

1.3851 I' 371.57g 

Ethyl I,l-dimethylethyl ether (99.9+) 1.3730' 345.85" 

a Measured; TRC Tables, fa-I010 [19]; ' TRC Tables, k1440 [19]; DIPPR [lo]; Krahenbuhl and 
Gmehling 1131; TRC Tables, fa-I460 [19]; TRC Tables, k-1460 1191. 

diameter Normschiffgeratebau adiabaticcolumn (packed with 3 x 3 mm 
SS spirals) working at a 1: 100 reflux ratio. Hexane (99.73 + mass%) and 
heptane (99.57 mass%) were purchased from Aldrich and used without 
further purification, after gas chromatography failed to show any 
significant impurities. The properties and purity (as determined by 
GLC) of the pure components appear in Table I. Appropriate 
precautions were taken when handling ETBE in order to avoid peroxide 
formation. 

1.2. Apparatus and Procedure 

An all glass vapor- liquid-equilibrium apparatus model 601, manu- 
factured by Fischer Labor und Verfahrenstechnik (Germany), was 
used in the equilibrium determinations. Concentrations were analyzed 
by gas chromatography on a Varian 3400 apparatus provided with a 
thermal conductivity detector and a Tsp model SP4400 electronic 
integrator. The experimental equipment and pertinent techniques have 
been described in a previous publication [6]. The chromatographic 
column was 3m long and 0.3cm in diameter, packed with SE-30. 
Column, injector and detector temperatures were (323.15, 353.15, 
473.15) K for both systems. Concentration measurements were accu- 
rate to better than f0.001 mole fraction. 

2. RESULTS AND DISCUSSIONS 

The temperature T and liquid-phase xi and vapor-phase yi  mole 
fraction at 94 kPa are reported in Tables I1 and 111 and Figures 1 to 4, 
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220 R. REICH et al. 

TABLE I1 
dimethylethyl ether (2) at 94 kpa 

Experimental vapor-liquid equilibrium data for hexane (1) +ethyl 1,l- 

TIK XI Yl YI 72 

343.47 0.000 0.000 - 1 .000 
342.74 0.064 0.079 1.115 1.007 
342.30 0.124 0.149 1.104 1.008 
342.07 0.165 0.195 1.091 1.008 
341.73 0.218 0.253 1.080 1.011 
341.45 0.268 0.306 1.073 1.012 
341.19 0.319 0.358 1.063 1.015 
340.92 0.378 0.417 1.056 1.017 
340.82 0.405 0.444 1.050 1.019 
340.60 0.459 0.495 1.043 1.023 
340.45 0.499 0.533 1.036 1.028 
340.33 0.531 0.564 1.034 1.030 
340.17 0.580 0.609 1.028 1.035 
340.10 0.607 0.633 1.025 1.040 
340.05 0.624 0.649 1.023 1.042 
339.90 0.674 0.695 1.019 1.048 
339.83 0.707 0.726 1.016 1.053 
339.79 0.725 0.742 1.015 1.056 
339.71 0.759 0.773 1.012 1.063 
339.63 0.804 0.814 1.009 1.073 
339.59 0.826 0.835 1.008 1.079 
339.55 0.866 0,872 1.006 1.084 
339.48 0.929 0.932 1.004 1.096 
339.47 0.977 0.978 1.002 1.107 
339.47 0.967 0.968 1.002 1.107 
339.47 0.950 0.952 1.003 1.106 
339.46 1 .om 1 .ooo 1.000 - 

together with the activity coefficients yi that were calculated from the 
following ideal vapor phase relation [7]: 

y ip  
Ti = * 

where T and P are the boiling point and the total pressure and Pp is 
the pure component vapor pressure. In Eq. (1) no correction of the 
vapor and liquid phase fugacities have been considered because, in one 
hand, the low pressure makes this assumption reasonable and, on the 
other hand, the scarce physical information available for mixtures of 
ETBE does not allow a reliable estimation of the second virial coef- 
ficient. A similar discussion has been pointed out by Arce et al. [8] for 
TAME in their VLE atmospheric measurements of ether and alcohol 
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ISOBARIC VAPOR - LIQUID EQUILIBRIA 22 1 

TABLE 111 
ether (2) + heptane (3) at 94 kpa 

Experimental vapor- liquid equilibrium data for ethyl 1, I-dimethylethyl 

TIK x2 Y 2  7 2  7 3  

369.02 
366.43 
365.01 
364.19 
360.99 
359.42 
358.02 
356.65 
355.42 
353.09 
352.43 
351.58 
350.67 
348.61 
347.69 
346.54 
345.69 
344.90 
343.95 
343.47 

0.000 
0.059 
0.085 
0.114 
0.199 
0.249 
0.295 
0.340 
0.385 
0.483 
0.519 
0.559 
0.604 
0.700 
0.749 
0.813 
0.858 
0.905 
0.959 
1.000 

0.000 
0.129 
0.182 
0.237 
0.370 
0.436 
0.492 
0.544 
0.591 
0.683 
0.7 10 
0.739 
0.769 
0.835 
0.866 
0.902 
0.928 
0.952 
0.980 
1.000 

- 

1.121 
1.126 
1.119 
1.098 
1.082 
1.073 
1.070 
1.063 
1.050 
1.038 
1.028 
1.017 
1.016 
1.012 
1.008 
1.008 
1.006 
1.006 
1.000 

1.000 
1.000 
1.010 
0.997 
1.006 
1.009 
1.012 
1.015 
1.018 
1.013 
1.016 
1.026 
1.045 
1.053 
1.061 
1.075 
1.079 
1.100 
1.119 
- 

mixtures. As shown by Figures 2 and 4, the mixtures under consideration 
in this work are almost ideal, so that activity coefficients become very 
sensitive to vapor phase corrections. In order to illustrate this important 
point, the activity coefficient plot of the system ETBE ( 2 )  + heptane ( 3 )  is 
shown Figure 5 when using the rigorous relation [7]: 

In Eq. (2 )  V :  is the molar liquid volume of component i, Bii and Bii 
are the second virial coefficients of the pure gases, B, the cross second 
virial coefficient and 

The standard state for calculation of activity coefficients is the pure 
component at the pressure and temperature of the solution. Equation 
(2) is valid at low and moderate pressures when the virial equation of 
state truncated after the second coefficient is adequate to describe the 
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FIGURE 1 Boiling temperature diagram for the system hexane (1) +ethyl 1,l-dimethyl- 
ethyl ether (2) at 94 @a. Experimental data (0); smoothed with the zeroth-order Legendre 
polynomial [symmetric regular model, Eq. (511 (-). 

vapor phase of the pure components and their mixtures, and liquid 
volumes of the pure components are incompressible over the pressure 
range under consideration. The molar virial coefficients Bii and B, 
were estimated by the method of Hayden and O’Connell [9] using 
the molecular parameters suggested by the authors and assuming 
the association parameter 7 to be zero. Physical properties of all 
components were taken from DIPPR [lo], assuming that the dipolar 
moments of ETBE and MTBE are equal. The last two terms in 
Eq. (2), particularly the second one that expresses the correction due 
to the non ideal behavior of the vapor phase, contributed less than 2% 
to the activity coefficients in the binary system heptane (2) + ETBE. 
Comparison of Figures 2 and 5 ,  indicates the large sensitivity of the 
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FIGURE 2 Activity coefficient plot for the system hexane(1) +ethyl 1,l-dimethylethyl 
ether (2) at 94kPa. ylcxptl (0); yzexptl (0);  smoothed with a zeroth-order Legendre 
polynomial [symmetric regular model, Eq. (S)] (-). 

data to the correct prediction of the second virial coefficients, no reason- 
able fit of the activity coefficients is achieved when using Legendre 
polynomials of different degrees [ 1 11. Similar conclusions were achieved 
when using correlations for the second virial coefficients other than that 
of Hayden and O’Connel, or when comparing data for the hexane 
(l)+ETBE (2) system reported here and the data for the 2- 
methylpentane + ETBE system at 101.3 kPa reported by Aucejo et al. 
[12]. The data treatment reported in this work is based in the ideal vapor 
phase relation given by Eq. (l), which yields a more reasonable behavior 
of activity coefficients. 

The pure component vapor pressure Pp of ETBE was determined 
experimentally as a function of the temperature, using the same 
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0.0 0.2 0.4 0.6 0.8 1 .O 

FIGURE 3 Boiling temperature diagram for the system ethyl 1,l-dimethylethyl ether 
(2)+ heptane (3) at 94 kPa. Experimental data (0); smoothed with the zeroth-order 
Legendre polynomial [symmetric regular model, Eq. (S)] (-). 

equipment as that for obtaining the VLE data, and the pertinent 
results appear in Table IV. The measured vapor pressures for ETBE 
were correlated using the Antoine equation: 

A relation of the same algebraic structure was used for calculating the 
vapor pressures of hexane and heptane. The Antoine constants Ai, Bi, 
and Ci are reported in Table V. Figure 6 shows that our experimental 
results are in excellent agreement those of Krahenbiihl and Gmehling 
[13], yielding an average percentual deviation of 0.4%. The calculated 
activity coefficients reported in Tables I1 and I11 and are estimated 
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1.05 

1 .oo 

0.98 

225 
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0.0 0.2 0.4 0.6 0.8 1 .o 

FIGURE 4 Activity coefficient plot for the system ethyl 1,l-dimethylethyl ether 
(2)+ heptane (3) at 94 kPa. -yZcxptl (0); ~ 3 ~ ~ ~ t l ( o ) ;  smoothed with a zeroth-order Legendre 
polynomial [symmetric regular model, Eq. (5 ) ]  (-). 

accurate to within f 3%. In addition, the results reported in these Tables 
indicate that both systems exhibit small positive deviations from ideal 
behavior and that no azeotrope is present. 

The vapor-liquid equilibria data reported in Tables I1 and I11 
were found to be thermodynamically consistent by the point-to- 
point method of Van Ness et al. [14] as modified by Fredenslund 
et al. [ I l l .  Consistency criteria ( A y I  was met using a zeroth- 
order Legendre polynomial, which is equivalent to the symmetric 
regular solution model given by 
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FIGURE 5 Activity coefficient plot for the system ethyl 1,l-dimethylethyl ether 
(2)+heptane (3) at 94Wa including vapor phase correction. ~ 2 ~ ~ ~ ~ l  (0); yjcXptl (0);  

smoothed with a zeroth-order Legendre polynomial which gives consistency to the data 
[Eq. (5)1(-). 

The pertinent consistency statistics are shown in Table VI. As can 
be seen in Figures 2 and 4, activity coefficients are well correlated by 
Eq. (9, which gives a consistent correlation of the data. In addition, 
the extrapolated limiting activity coefficients of ETBE are in fair 
agreement with the values of 72" = 1.11 for the system hexane 
(l)+ETBE (2) at 333.15K and 72" = 1.10 for the system ETBE 
(2)+heptane (3) at 348.15K, as measured by Delcros et al. [l]. 
Previously mentioned considerations allow to conclude that both 
systems considered in this work behave like regular solutions. 

The activity coefficients were correlated with the Redlich-Ester, 
Wohl, Wilson, NRTL and UNIQUAC equations [15] and compared 
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TABLE IV 
1,l -dimethylethyl ether 

Experimental vapor pressure data for ethyl 

TIK PJkPa 
~ 

307.05 24.915 
309.84 27.945 
312.39 30.965 
314.72 33.955 
316.91 36.965 
320.23 41.955 
323.32 47.055 
325.98 52.045 
328.59 57.055 
33 1.04 62.135 
333.29 67.125 
335.42 72.135 
337.36 77.155 
339.29 82.185 
341.12 87.205 
342.86 92.205 
344.53 97.225 
345.85 101.325 

TABLE V Antoine coefficients, Eq. (4) 

Compound Ai  B, ci 
Hexanea 6.00091 1 171.170 48.740 
Ethyl 1,l-dimethylethyl etherb 5.96651 1151.728 55.062 
Heptane' 6.02167 1264.900 56.610 

TRC Tables, k-1440 [19]; Measured in this work; TRC Tables, k-1460 1191. 

with those of the modified UNIFAC group contribution method [16]. 
The following expression was used for the Redlich-Kister [17] 
expansion 

ln(ri/-yj) = B(xj - x i )  + C(6xixj - 1) ( 6 )  

The values of the constants B and C were determined by multilinear 
regression and appear in Table VII .A together with the pertinent 
statistics. It is seen that the Redlich-Kister model gives a good re- 
presentation of the data both the systems, with the largest deviations 
occurring at the dilute end of the components. The parameters of the 
Wohl, Wilson, NRTL and UNIQUAC equations were obtained by 
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20 ' 
I I 1 I 

2.9 3.0 3.1 3.2 3.3 

1000 T - I  / K - '  

FIGURE 6 Vapor pressures for ethyl 1,l-dimethylethyl ether. Experimental data of 
Krahenbuhl and Gmehling [I31 (0).  Correlation of the experimental data measured in 
this work, according to Eq. (4) and the parameters shown in Table V (-). 

TABLE VI Consistency statistics for a zero-th order Legendre polynomial 

System 100 x Aya APb/kPa A= -Rd 
1 + 2  0.18 0.17 0.125 1.133 
2 + 3  0.29 0.21 0.134 1.144 

a Average absolute deviation in vapor phase composition Ay = l / N C Y  Lv:"p'p' - Yf""1. N: number 
of data points; Average percentual deviation in bubble pressure AP = l / N C Y  IPf"P"' - Pykl; 

Parameter in Eq. (5). Limiting activity coefficient of ETBE, predicted by Eq. (5). 

minimizing the following objective function (OF): 
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TABLE VIII Coefficients in correlation of boiling points, Eq. (8), average deviation 
and root mean square deviations in temperature, rmsd 

~~ 

System C, C ,  C, maxdevyK avgdevvK rmsdC/K 

Hexane ( I )  + -3.85 0.97 -1.05 0.05 0.02 0.004 
ethyl 1,l- 
dimethylethyl 
ether (2) 
Ethyl 1 , l -  -13.41 5.73 -2.94 0.21 0.77 0.022 
dimethylethyl 
ether (2)+ 
heptane (3) 

* Maximum deviation; 
Average deviation; 
Root mean square deviation. 

and are reported in Table VII.B, together with the pertinent statistics 
of VLE interpolation. Inspection of the results given in Table V1I.B 
shows that all the models fitted well both systems, the best fit 
corresponding to the NRTL model for the hexane + ETBE system and 
ETBE + heptane system. The UNIFAC group contribution method 
[16] yields a fair prediction of the VLE data and shows the largest 
deviations, when compared to the other models. 

The boiling point of the solution was correlated with its composition 
by the equation proposed by Wisniak and Tamir [ 181: 

In this equation TP/K is the boiling point of the pure component i 
and m are the number of terms in the series expansion of (xl - xz). 
The various constants of Eq. (8) are reported in Table VIII, which 
also contains information indicating the degree of goodness of the 
correlation. 
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LIST OF SYMBOLS 

23 1 

Ai 
Bi 
Bii 

Bij 
Ci 
GE 
P 
p" 
R 
T 
V 
x, Y 

= Antoine's equation parameter, Eq. (4) 
= Antoine's equation parameter, Eq. (4) 
= pure component second virial coefficient cm3 x mol-' 
= cross second virial coefficient cm3 x mol-' 
= Antoine's equation parameter, Eq. (4); parameters in Eq. (8) 
= excess Gibbs energy J/mol 
= Absolute pressure kPa 
= pure component vapor pressure kPa 
= universal gas constant J x mol x K-' 
= absolute temperature K 
= volume cm3 x mol-' 
= compositions of the liquid and vapor phases 

Greek 

6, = parameter defined in Eq. (3) cm3 x mol-' 
y = activity coefficient 

Superscripts 

00 = at infinite dilution 
E = excess property 
L = pertaining to the liquid phase 

Subscripts 

i, j = component i, j respectively 
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