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AS entropy of activation for viscous flow, J/(mol K)
t flow time, s

T temperature, K

v flowing volume, m®

Xa alcohol mole fraction

Az total liquid height, m

n absolute viscoslty, Pa s

v kinematic viscoslity, m?/s

p density, kg/m®

LRerature CHed
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Vapor-Liquid Equilibria for Three Binary Systems Made of Methyl
Ethyl Ketone with Acetone, Methyl Acetate, or N-Amyl Alcohol
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Yapor-liquid equilibria were measured for the three binary
systems made of methyl ethyl ketone with acetone,
methyl acetate, or n-amyl alcohol at 100 kPa of pressure
by the dew-point--bubble-point temperature method. The
dew-point-bubble-point temperature apparatus previously
proposed by the authors was modified in the present
study. Combining the experimental dew-point and
bubble-point temperature curves, vapor-liquid equilibria
were obtained without using any analytical instrument.
The experimental vapor-liquid equilibrium data were
correlated with the Wiison equation and further with the
pseudocubic equation of state previously proposed by the
authors.

Introduction

Vapor-liquid equilibrium relations are required for practical
use, such as in the design and operation of distillation equip-
ment. The dew-point-bubble-point temperature method (7, 2)
is one way for measuring vapor-liquid equilibria (VLE). The
dew-point-bubble-point temperature apparatus previously pro-
posed by the authors (7, 3) was modified in the present study.
The VLE were obtained for the three binary systems of methyl
ethyl ketone with acetone, methyl acetate, or n-amyl aicohol
at 100 kPa of pressure by the dew-point-bubble-point tem-
perature method.

Experimental Section

The dew-point-bubble-point temperature apparatus previ-
ously proposed by the authors (7, 4, 5) was modified as shown
in Figure 1. In the present modification, the liquid volume in
the dew- and bubble-point stills was changed from 15 to 33 cm®
to improve the accuracy of temperature measurements. The
constructions of the feeder and condenser were further mod-
itied to prevent the contamination with water from the air. The
experimental procedures are the same as in the previous pa-
pers (1, 3). Temperature was measured by means of a Hew-
lett-Packard 2804A quartz thermometer with an accuracy of
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0.01 K. The solutions of desired composition were prepared
with an accuracy of 0.001 in mole fraction by use of an auto-
matic balance.

Special-grade reagents were supplied by the Wako Pure
Chemical Industries, Ltd. All reagents were purified by frac-
tional distillation in a 30-plate Oidershaw column. The physical
properties of the materials used are listed in Table I.

The experimental dew- and bubble-point data are given in
Tables 11-1V and shown in Figures 2-4. After the experi-
mental dew-point temperature curve and the bubble-point one
were combined, smoothed VLE data were obtained, as given
in Tables V-VII and shown in Figures 5-7. For the acetone
+ methyl ethyl ketone system, the present experimental data
lie between the data of Othmer et al. (6) and Babich et al. (7),
as shown in Figures 2 and 5. For the methyl acetate + methyi
ethyl ketone system, substantial differences are seen when the
liquid-phase results of this study are compared with the data of
Babich et al. (7), as shown in Figure 3. For the methy! ethyl
ketone + n-amyl alcohol system, large differences are ob-
served between the present experimental data and the data of
Miller et al. (8), as shown in Figures 4 and 7. On the vapor-
liquid equilibrium measurements, Miller et al. (8) and Othmer et
al. (6) determined the equilibrium composition with the refractive
index measurements. Babich et al. (7) analyzed chromato-
graphically. The present experimental data were obtained
without using any analytical instrument. Figures 8-10 give the
calculation results of the conventional area test on consistency.
The VLE data reported in the present study seem most reliable
when compared with the previous data (6-8), as shown in
Figures 8-10.

The VLE data were correlated with the Wilson (9) equation.
The vapor-phase correction was made with that given by
Hayden and O'Connell (70~-12), with use of the parameters
shown in Table VIII. The association parameters of unlike
molecules were evaluated as the arithmetic mean of the con-
stituent pure components. Wilson parameters A, and A,
were determined to minimize the sum of squares of the devi-
ations in bubble-point temperatures, all points weighted equally.
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Table 1. Normal Boiling Points T\, Densities p, and Refractive Indexes ny of the Materials Used

Ty/K p(298.15 K)/(g cm™) np(298.15 K)
material exptl lit. (23) exptl lit. (23) exptl lit. (23)
acetone 329.28 329.44 0.7849 0.78440 1.3564 1.35596
methyl ethyl ketone 352,75 352.79 0.7996 0.79968 1.3764 1.3764
methyl acetate 330.02 330.09 0.9268 0.9273 1.3589 1.3589
n-amyl alcohol 410.92 410.95 0.8107 0.8112 1.4079 1.4079
360

Table II. Experimental Dew-Point T3y and Bubble-Point T,
Data for the Acetone (1) + Methyl Ethyl Ketone (2)
System at 100 kPa as a Function of the Mole Fraction x, of
Acetone

%y T4/K Ty/K xy Ts/K Tw/K
0.000 352.34 0.600 340.22  336.25
0.100  350.57  349.00 0.700  337.77 334.23
0.200 34868 345.97 0.800 335.12 332.38
0.300 346.64  343.09 0900 332.13 330.58
0.400 344.61  340.64 1.000 328.89
0.500 34248  338.39

Table 111, Experimental Dew-Point T4 and Bubble-Point
T, Data for the Methyl Acetate (1) + Methyl Ethyl Ketone
(2) System at 100 kPa as a Function of the Mole Fraction
x, of Methyl Acetate

xn, TJ K Ty/K 5 TJK  TyK
0.000 352.34 0.600 339.84 336.04
0.100 350.38  348.45 0700 33752  334.27
0200 34844  345.30 0.800 33501 332.63
0.300 346.47 342,57 0.900 332.30 33111
0.400 344.42  340.15 1.000 329.64
0500 34210  337.99

Table IV. Experimental Dew-Point Ty and Bubble-Point
T, Data for the Methyl Ethyl Ketone (1) + n-Amyl
Alcohol (2) System at 100 kPa as a Function of the Mole
Fraction x, of Methyl Ethyl Ketone

X Td/K Tb/K X1 Td/K Tb/K
0.000 410.44 0.600 389.24  365.07
0.100 408.18 39847 0.700  383.89  361.30
0.200 405.14  388.65 0.800 37721 358.05
0.300 401.90  380.95 0900 367.65  355.08
0400 398.38 374.67 1.000 352.34
0.500 394.02 369.28
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Figure 1. Experimental apparatus for measuring isobaric dew
points-bubble points: (B) bubble-point still; (C) condenser; (D) dew-point
still; (F) feeder; (J) ball joint; (K) cock; (O) overflow tube; (S) silica gel
tube; (T) thermometer.
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Flgure 2. Experimental dew-point-bubble-point temperatures for the
acetone + methyl ethyl ketone system: (@) this work, 100 kPa; (—)
Wilson equation; (--) pseudocubic equation of state; (A) Othmer et al.
(6), 101.33 kPa; (O) Babich et al. (7), 101.33 kPa.
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Figure 3. Experimental dew-point-bubble-point temperatures for the
methyl acetate + methy! ethyl ketone system: (@) this work, 100 kPa;
(—) Wilson equation; (- -) pseudocubic equation of state; (A) Babich
et al. (7), 101.33 kPa.

Table V. Smoothed Vapor-Liquid Equilibrium Data,
Temperatures T and Liquid-Phase x, and Vapor-Phase y,
Mole Fractions, for Acetone (1) + Methyl Ethyl Ketone (2)
at 100 kPa

T/K Xy Y1 T/K X1 Y1

352.34  0.000  0.000 33750 0.541  0.710
35000 0.068 0.132 33500 0.662 0.805
34750 0.148 0.258 33250 0.795  0.889
345.00 0.232  0.381 330.00 0933 0.967
342.00 0344  0.522 328.89 1.000 1.000
340.00 0.428  0.608

Table VI. Smoothed Vapor-Liquid Equilibrium Data,
Temperatures T and Liguid-Phase x, and Vapor-Phase y,
Mole Fractions, for Methyl Acetate (1) + Methyl Ethyl
Ketone (2) at 100 kPa
T/K X1 Y1 T/K X1 Y1
3562.34 0.000 0.000 337.00 0.550 0.720
350.00 0.057 0.120 334.50 0.685 0.818
347.50  0.128  0.248 332,50 0.808  0.892
345.00 0.210 0.371 330.50 0.939 0.967

342.50 0303  0.485 32964 1.000 1.000
340.00 0.408  0.593
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Figure 4. Experimental dew-point-bubble-point temperatures for the
methyl ethyl ketone + n-amy! alcohol system: (@) this work, 100 kPa;
(—) Wilson equatlon; (- -) pseudocubic equation of state; (A) Miller et
al. (8), 101.33 kPa.
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Figure 5. Vapor-liquid equilibria for the acetone + methyl ethyl ketone
system: (@) this work, 100 kPa; (—) Wiison equation; (- -) pseudocubic
equation of state; (A) Othmer et al. (8), 101.33 kPa; (O) Babich et al.
(7), 101.33 kPa.
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Figure 8. Vapor-liquid equilibria for the methyl acetate + methyl ethyl
ketone system: (@) this work, 100 kPa; (—) Wilson equation; (--)
pseudocubic equation of state; (A) Babich et al. (7), 101.33 kPa.
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Figure 7. Vapor-liquid equilibria for the methyl ethyl ketone + n-amyl
alcohol system: (@) this work, 100 kPa; (—) Wilson equation; (--)
pseudocublc equation of state; (A) Miller et al. (8), 101.33 kPa.
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Table VII. Smoothed Vapor-Liquid Equilibrium Data,
Temperatures T and Liquid-Phase x, and Vapor-Phase y,
Mole Fractions, for Methyl Ethyl Ketone (1) + n-Amyl
Alcohol (2) at 100 kPa

T/K X1 Y1 T/K X1 Y1
410.44 0.000  0.000 374.00 0412 0.836
404.00 0.047 0.235 368.00 0.526  0.897
398.00 0.103  0.408 362.00 0.678 0.941
392.00 0.164  0.542 356.00 0.868 0.978
386.00 0.231 0.661 352.34  1.000 1.000
380.00 0314 0.762
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Figure 8. Calculation results of the conventional area test on con-
sistency for the acetone + methyl ethyl ketone system: (@) this work;
(—) Wilson equation; (- -) pseudocubic equation of state; (A) Othmer
et al. (6); (O) Babich et al. (7).
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Figure 9. Calculation results of the conventional area test on con-
sistency for the methyl acetate + methy! ethyl ketone system: (@)
this work; (—) Wilson equation; (--) pseudocubic equation of state; (A)
Babich et al. (7).
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Figure 10. Caiculation resuits of the conventional area test on con-
sistency for the methyl ethyl ketone + n-amyl alcohol system: (@)
this work; (—) Wlilson equation; (- -) pseudocubic equation of state; (A)
Miller et al. (8).
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Table VIII. Parameters Used for Vapor-Phase Correction

V/(107°
material P./MPa T./K m® mol™) R//A u/D 7
acetone (11) 47.0 509.1 0.0740 2.740 2.88 0.90
methyl ethyl ketone (11) 41.0 535.0 0.0902 3.139 2.70 0.90
methyl acetate (11) 46.3 506.9 0.0799 2.862 1.72 0.85
n-amyl alcohol (12) 38.0 586.0 0.1087 3.504° 1.70 2.20b

¢ Evaluated from its parachor. ®Assumed as 2.20.

Table IX. Wilson Parameters A;;, Interaction Parameter of Pseudocubic Equation of State k;, Mean Absolute Deviations in
Temperature AT, and Vapor-Phase Composition Ay, Obtained from the VLE Data®

Wilson equation

pseudocubic equation

system Au A21 AT/K Ayl kU AT/K Ayl
I 0.6360 1.4101 0.04 0.002 0.001 0.04 0.004
II 0.8119 1.0751 0.02 0.002 0.014 0.07 0.001
I 1.3571 0.4826 0.17 0.007 0.015 0.15 0.005

sSystems: I, acetone (1) + methyl ethyl ketone (2); II, methyl acetate (1) + methyl ethyl ketone (2); III, methyl ethyl ketone (1) + n-amyl

alcohol (2). A;; is defined in ref 9. AT = F|T g — Tegpul/N. Ay, =

Table X. Relative Percentage Densities 5,,(p) between
Calculated and Experimental Liquid Densities at 101.33
kPa and 298.15 K2

bnl(P)
substance Pexpr/ (8 cm™)  PC SRK PR
acetone 0.7849 1.2 21.7 119
methyl ethyl ketone 0.7996 5.3 18.3 8.2
methyl acetate 0.9268 2.8 15.3 4.7
n-amyl alcohol 0.8107 4.3 12.2 1.6
average 3.4 16.9 6.6

8ra1(p) = 100(1pexpns = Peatel/Pezpr). Abbreviations: PC, pseudo-
cubic equation of state; SRK, Soave-Redlich-Kwong equation of
state; PR, Peng-Robinson equation of state.

Table IX shows the Wilson parameters obtained and their ac-
curacies. The solid lines in Figures 2-10 show the calculated
results with the Wilson equation. The vapor pressures of the
pure components have been calculated by using the Antoine
equation, with coefficients estimated by Boublik et al. (73) from
the experimental data of Ambrose et al. (14-17).

The VLE data were further correlated with the pseudocubic
equation of state previously proposed by the authors (78-20).
The interaction parameter a, between unlike molecules is ex-
pressed by

a; = (1 - ky)Xa, &))" (1)

where k, was determined to minimize the sum of squares of
the deviations in bubble-point temperatures, all points weighted
equally. The mean absolute deviation of equilibrium vapor
composition and equilibrium temperature between the experi-
mental data and calculated ones are shown in Tabie IX. In the
present calculations, the critical values T, P, and V, were
obtained from Reid et al. (72). The broken lines in Figures 2-10
show the results calculated with the pseudocubic equation of
state. The activity coefficient v, was evaluated with the fol-
lowing equation.

v = &,/0,° (2)

where the fugacity coefficients ¢,° and ¢, were calculated with
the equation of state. As shown in Figures 8-10, reasonable
values were obtained. Table X gives the accuracies of the

Z|ylulc

Y1exptl/N (N, number of experimental points).

liquid densities calculated with several equations of state. The
pseudocubic equation of state gives better results than the
conventional equations of Soave (27) and Peng-Robinson (22).

The VLE data obtained in the present study were successfully
correlated with the Wilson equation and with the pseudocubic
equation of state, as shown in Tabie IX.
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