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Table XII. Comparison of the Barker and Mixon
et al. Pressure Fits

max % dev in P% rms for % dev®
Barker Barker

Ethyl Acetate (1) + 1-Chlorobutane (2)
298.15 0.055 0.055 0.033 0.033
348.16 0.018 0.018 0.010 0.011
398.18 0.022 0.019 0.008 0.009

1-Chlorobutane (1) + Acetonitrile (2)
298.69 0.332 0.139 0.158 0.085
348.18 0.386 0.169 0.133 0.074
398.89 0.276 0.156 0.109 0.083

1-Chlorobutane (1) + Nitromethane (2)
298.18 0.160 0.059 0.071 0.025
348.16 0.036 0.047 0.019 0.023
398.16 0.037 0.049 0.020 0.020

Acetone (1) + 1-Chlorobutane (2)
298.16 0.049 0.053 0.029 0.030
348.16 0.068 0.060 0.033 0.029
398.17 0.048 0.038 0.018 0.020

[;"?dev =)11/O(;L|2Pcalcd = Poypt1l/Pexptl]-
5 dev)?/n] V2,

temp, K Mixon Mixon

b rms for % dev =

Table XIII. Compound Constants Used for the Peng-Robinson
Equation of State?

compd T, K P, MPa w
1-chlorobutane 542.0 3.688 0.2180
ethyl acetate 5232 3.830 0.3630
acetonitrile 548.0 4.833 0.3210
nitromethane 588.0 6.313 0.3460

2 The binary interaction constant was set to 0.0 for all three
binaries.

XI11, the results obtained with the Mixon et al. procedure plus
the Peng—Robinson equation of state were chosen for presen-
tation in Tables VI-IX and Figures 5-8. Table XIII lists the
compound constants used for the Peng-Robinson equation.

Registry No. 1-Chlorobutane, 109-69-3; ethyl acetate, 141-78-6;
acetonitrile, 75-05-8; acetone, 67-64-1; nitromethane, 75-52-5. ‘
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Total-Pressure Vapor—Liquid Equilibrium Data for Binary Systems of
1-Chlorobutane with Pentane, Benzene, and Toluene

Jagjit R. Khurma, Ol Muthu, Sarat Munjal, and Buford D. Smith*

Thermodynamics Research Laboratory, Washington University, St. Louis, Missouri 63130

Total-pressure vapor-liquid equiilbrlum (VLE) data are
reported at approximately 2988, 348, and 398 K for each
of three chlorobutane binaries with pentane, benzene, and
toluene as the other component. The experimental PTx
data were reduced to y,, v,, and GE values by both the
Mixon-Gumowski-Carpenter and the Barker methods, but
only the Mixon et al. results are reported in their entirety.
Seven GE correlations were tested in the Barker data
reduction; the flve-constant Redlich—Klister equation gave
the best results. Various equations of state were used to
estimate the vapor-phase fugacity coefficients; the
Peng—Robinson results were used for the values reported.

Introduction

This paper reports total-pressure (PTx) vapor-liquid equilib-
rium data for three systems containing 1-chlorobutane plus a
hydrocarbon (pentane, benzene, and toluene). The apparatus
and techniques for the experimental measurements have been
described in detail in a previous paper (7), along with the de-

0021-9568/83/1728-0093$01.50/0

Table I. Chemicals Used

component vendor stated purity %
1-chlorobutane Burdick and Jackson 99.9+
pentane Burdick and Jackson 99.9
benzene Burdick and Jackson 99.9
toluene Burdick and Jackson 99.9

fining equation for the activity coefficient and the standard
states used.

Chemicals Used

The sources and purities of the chemicals used are listed in
Table I. Activated molecular sieves (either 3A or 4A) were
put into the chemical containers as they were received. Just
prior to being loaded into the VLE cells, the chemicals were
poured into distillation flasks and then distilled through a Vigreux
column (25-mm o.d. and 470 mm long). The first and last
portions of the distillate were discarded. The retained samples
were back-flushed with dry nitrogen and put into amber glass
bottles for transfer to the loading operation. The stated purities

© 1983 American Chemical Society
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Experimental P vs. x, Values for the Pentane (1) + 1-Chlorobutane (2) System
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Experimental P vs. x|, Values for the 1-Chlorobutane (1) + Benzene (2) System
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Flgure 2. Deviation from Raoult’s law for the 1-chlorobutane (1) +

benzene (2) system.

Deviation from Raoult’s law for the pentane (1) + 1-

chlorobutane (2) system.

Figure 1.
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Table IV. Experimental P vs. x, Values for the 1-Chlorobutane (1) + Toluene (2) System
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Table V. Calculated Data for the Pentane (1) + 1-Chlorobutane (2) System at 298.15, 348.25, and 397.30 K
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P vs. x, values to provide the evenly spaced values required
by the finite-difference Mixon—-Gumowski—Carpenter method (2)

for reduction of PTx data.

of the chemicals were verified chromatographically at this point.

None of the compounds exhibited any degradation during the
VLE measurements. The cell pressures were stable with re-

Figures 1-3 show the experimental data in terms of the

pressure deviation P from Raoult's law

spect to time, and all liquids were still perfectly clear when
removed from the cells at the end of the last isotherm.

Po =P - [P, + x4(P, - P,")]

Experimental Data

where P is the experimental mixture pressure and the P, values

The
are the pure-component vapor pressures.

“smooth” pressure values reported there are from the least-
squares cubic splined fits used to interpolate the experimental

Tables II-IV present the experimental PTx data.

The deviation

pressure plot emphasizes the scatter more than the P vs. x,
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Calculated Data for the 1-Chlorobutane (1) + Benzene (2) System at 298.15, 348.16, and 398.20K
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Figure 4. Activity coefficients for the pentane (1) + 1-chlorobutane
(2) system. Curves are from Barker method and points are from Mixon

et al. method.

Figure 3. Deviation from Raouilt's law for the 1-chlorobutane (1) +

toluene (2) system.
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Table VII. Calculated Data for the 1-Chlorobutane (1) + Toluene (2) System at 298.16, 348.18, and 398.22 K

LIQUID MOLAR VCLUMES, CC/MOL: VL(1) = 105,126 VL(2) = 106.859
EXCESS
MIXTURE FUGACITY c1885
TOTAL PRESSURE, KFA CIEFFICIENTS ACTIVITY COEFFICJENTS FUNCTION,
X1 EXPTL , clec, I 2 Y1 1 J/HOLE
.0000 3,835 3,835 .9980  .9977 .0000 .1701 . 0000 0.00
1000 4.890 4.890 29974 .9970 12397 10429 10056 22:11
22000 5,832 5,832 19969  +9964 14669 20016 .0119 24.21
+5000 6.73% 6. 133 13964  .9958 +5987 0.9968 L0133 30.58
<4000 7:169 1.763 19959 9953 16993 0.9981 20125 16.68
5000 8.753 8.753 13953 .9947 27778 0:.9999 L0111 13.55
15000 9:137 9:137 29948 +9941 8403 <0009 <0099 11.09
$ 7200 19.721 10. 721 19943 .99135 18912 0013 +0092 9.02
LT TS O O S O
[] 000 L] . L ] L[] . . L[] L]
1.0000 13.654% 15:89% 19927 19917 1.0000 193335 +8493 0.00
LIQUID MOLAR VOLUMES, CC/MOL: VL(1) = 112.24% VL(2) = 113,129
EXCESS
MIXTURE FUGACLTY . c1885
TOTAL PRESSURE, KFA CIEFFICIENTS ACTIVITY COEFFICIENTS FUNCTTON,
X1 EXPTL o CALC., 1 2 Yl 1 J/MOLE
0000 32,741 32,141 .9884  ,9865 .0000 .1086 .0000 0.060
<1000 38.3170 38.869 19362  .9R40 $2371 20310 10034 17:19
22000 44.586 44.585 19342  .9811 14053 .0081 10069 20.59
+3000 50.391 50+ 3530 19821 .9793 15381 20062 0074 20442
<4000 56.221 564225 29800  .9770 <6441 0056 0078 19.97
5000 62.040 62039 T9779 29746 17301 0038 0093 18.90
<6000 67.850 67.850 19759 9722 <8017 10022 0113 16.71
7000 73:691 73,656 19738 .9699 28625 . 0015 20125 13.79
18000 19.615 13. 614 19717 .9615 L9151 10020 <0109 10.77
19900 85:568 85,568 19696  .9651 29604 10022 <0100 8.73
1.0000 91.319 31.319 13675 L9621 1.0000 20000 10950 0.00
LIQUIC MOLAR VCLUMES, CC/MOL: VL(1) = 121.279 VL(2) = 12€.590
MIXTURE FUGACITY N
TOTAL PRESSURE, KPA COEFFICIENTS ACTIVITY COEFFICIENTS FUNCTION,
x1 EXPTL , cAic, 1 2 Yl 1 2 J/MOLE
. 0000 150,711 150,717 .9629  .9568 0000 0953 .0000 0.00
11000 171.795 111168 $9576  .9508 .2027 20368 10026 19.71
+2000 191:723 91,716 29527 29451 + 3539 0182 0054 26.30
3000 211.347 211.840 $9477 29394 14882 10142 +0067 29.50
14000 232.061 232,054 $9427 19337 05962 20114 .008 31.31
25000 252.266 252. 260 29377 29280 16875 10082 :0]0 31.42
6900 212.523 272.519 29327 19223 $7662 <0054 20143 29:50
+7000 292.33%% 292.9323 29277 9165 18351 20038 L0179 25.63
8000 313.567 313.566 29226 .9108 8363 <0025 <0208 20.18
+9000 334,380 334,380 29175 19049 19508 +0016 <0263 13.48
1:0000 354.866 354,866 19125 18992 1.0000 10000 L0772 0:00

Table VIII. Comparison of the Barker and Mixon et al. Pressure

Fits. Peng-Robinson Equation of State

max % dev in P4 ms for % dev®

Table IX. Effect of Equation of State Choice on v;* Values
Obtained with Mixon et al. Method for 1-Chlorobutane (1) +
Toluene (2) at 398.22 K

©

temp, K Barker Mixon Barker Mixon i
Pentane (1) + 1-Chlorobutane (2) eq of state used . 2
298.15 0.064 0.050 0.027 0.025 ideal gas 1.0668 1.0189
348.25 0.078 0.084 0.037 0.042 virial through B;;, Tsonopoulos 1.0966 1.0801
397.30 0.099 0.061 0.043 0.030 Redlich-Kwong, Lu modification 1.0963 1.0809
1-Chlorobutane (1) + Benzene (2) Peng-Robinson 1.0953 1.0772
298.15 0.045 0.049 0.017 0.018
348.16 0.087 0.090 0.030 0.031 the scatter and the general behavior of the experimental points.
398.20 0.038 0.042 0.016 0.018 For an accurate determination of how closely the splined fits
1-Chlorobutane (1) + Toluene (2) ‘ represent the experimental points, Tables II-IV must be used.
298.16 0.214 0.175 0.085 0.080 The pentane and benzene systems showed positive devia-
348.18 0.094 0.133 0.049 0.050 tions from Raoult’s law at all temperatures at all compositions,
398.22 0.066 0.057 0.030 0.027

@ % dev = 100[ 1Pca1cq - Pexpt1/Pexpt}-

b rms for % dev =

[ZM(% dev)?/n)'2.

plot but has the disadvantage of not indicating whether an
azeotrope exists.

The symbols in Figures 1-3 denote the experimental data
points. The curves approximate—sometimes not very
closely—the cubic splined fits of those data points. Interpo-
lated values (at 0.025 increments in x ;) from the splined fits are
fed to the plotting software which then makes its own fit of the
input values. Those fits are often not very good if the curve
is irregularly shaped. Nevertheless, the curves do help illustrate

and the deviations increased with temperature for both systems,
Netther system formed an azeotrope at any of the three tem-
peratures. The benzene system was close-boiling with low
deviations from Raoult’'s law.

The toluene system was a mixed deviation system. As
shown in Figure 3, the system had very low deviation values at
room temperature but even at that temperature the P curve
sags in the middle. At 348.18 K, the positive deviations have
increased at both ends but the sag in the middle persists. At
398.22 K, the trend toward higher positive deviations continues
at low x , values but the tendency toward negative deviations
in the middle has become much stronger and appears to be
extending toward the high x; values. These trends are clearly
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Table X. Effect of Calculation Method on v;” Values for
1-Chlorobutane (1) + Toluene (2) at 398.22 K¢

o

Yi
calculation method 1 2

Mixon-Gumowski-Carpenter (0.057/0.027)? 1.0966 1.0801
Barker:

“absolute™ Van Laar (0.34/0.26) 1.0472  1.0395

Wilson (0.34/0.12) 1.0472  1.0395

NRTL (0.10/0.04) 1.1359  1.0538

modified Margules (0.16/0.05) 1.1009 1.0782

UNIQUAC (0.26/0.10) 1.0593  1.0412

Redlich~Kister, three constants (0.19/0.07)  1.0708  1.0560

Redlich~Kister, five constants (0.07/0.03) 1.1074 1.0706
Gautreaux~Coates:

splined fits 1.0977 1.0877

Pplx x, plots

¢ Virial equation through Bjj, Tsonopoulos correlation. b First
number in parentheses is the maximum percent deviation in P.
The second number is the root mean square of the percent devia-
tionin P. See bottom of Table VIIL.

visible despite the fact that the toluene system measurements
showed more scatter than usual. No azeotrope was formed
at any temperature.

Reduced Data

The y;, v,, and GE values selected for publication are in
Tables V-VII. Those values were obtained with the Mixon et
al. data reduction method, using the Peng—Robinson equation
of state (3) to estimate the vapor-phase fugacity coefficients.
The “experimental” pressure vaiues tabulated in Tables V-VII
are actually interpolated values from the cubic splined fits of
the experimental P vs. x, values. (The fidelity with which the
splined fits represent the actual experimental P values is shown
in Tables II-IV.) The “calculated” pressure values are from
the Mixon et al. data reduction and show how weil that method
reproduces the original pressure data.

The calculated activity coefficient curves are shown in Fig-
ures 4-6 for both the Mixon et al. and the Barker (4) data
reduction methods. The Barker resuits shown used the five-
constant Redlich-Kister equation for GE and also used the
Peng-Robinson equation of state for the estimation of the va-
por-phase fugacity coefficients. The points in Figures 4-6 are
the evenly spaced Mixon et al. values while the curves are from
the Barker method. (The X10~' notation on the ordinate of
some of the plots means that the decimal must be moved one
place to the left in the ordinate scale numbers.)

Figures 5 and 6 illustrate the difficulties involved in getting
good activity coefficient curves for aimost ideal systems such
as the 1-chlorobutane + benzene system, and for mixed de-
viation systems such as 1-chlorobutane + toluene. Note in
Figure 6 that the temperature dependence of the v, values
at x, = 0.0 is the reverse of that at x; = 1.0. As shown in
Table VIII and in Figures 7 and 8, both the Mixon et al. and
Barker methods reproduce the experimental data very well.
The two figures are resolution error band plots. The 0.0 line
represents the experimental data point values. The boundaries
formed by the large X's represent the maximum plus or minus
experimental errors which could resuit due to the resolution
limitations of the devices used to measure the pressure, tem-
perature, and mole fraction values. The formula used to cal-
culate the maximum possible resolution errors has been given
in a previous paper (5). The resolution error does not include
such errors as operator error, inadequate degassing, chemical
reactions, etc. (Note that the X 10~! notation means that the
decimal must be moved one place to the left in the ordinate
scale numbers.)

1-CHLORABUTANE (1) + BENZENE (2) 1
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Figure 5. Activity coefficients for the 1-chlorobutane (1) + benzene
(2) system. Curves are from Barker method and points are from Mixon
et al. method. Move decimal point one place to left in ordinate scale
values.
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Figure 8. Activity coefficients for the 1-chlorobutane (1) + benzene
(2) system. Curves are from Barker method and points are from Mixon
et al. method. Move decimal point one place to left in ordinate scale
values.
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Figure 7. Comparison of Mixon et al. and Barker resutts on resolution
error band plot for 1-chiorobutane (1) + benzene (2) system at 348.16
K. Peng-Robinson equation of state. Five-constant Redlich-Kister
equation for Barker method.

Figures 7 and 8 are the worst of the three such plots for
each of the two systems but, as can be seen, all the points fall
within the resolution error band which indicates two things.
First, there were no experimental errors greater than the pos-
sible resolution errors and, second, the Mixon et al. and Barker
methods both did a good job of representing the experimental
Pvalues. Nevertheless, the activity coefficient curves in Figures
5 and 6 do not inspire confidence.

There is no certain way to know whether or not the activity
coefficient curves are correct—that is the basic disadvantage
of the total-pressure approach to VLE measurements. The
activity coefficient is a “slope” property; i.e., it is related to the
slope of the P vs. x, curve. When the slopes are unusual—as
they certainly are in Figure 3, and to some extent in Figure 2
also—the activity coefficient curves must take on odd shapes.
However, odd shapes may also resuit from any one of three
areas of possible trouble in the data reduction process. The
first area concerns the basic data reduction method used. The
method must, of course, reproduce the original experimental
P values very closely, but, in addition, it must represent the
shape (slopes) of the P vs. x; curve. The best fit of the P
values is not always synonymous with the best representation
of the slopes. For example, it is easy to overfit the P vs. x,
points with the cubic splined fits by using too many knot points
to reduce the root-mean-squared deviation (rmsd). One has to
watch the dP/dx and d?P/dx? values associated with the
splined fits. Even when the derivatives appear well-behaved,
the activity coefficient curve may still exhibit an unlikely bend
or two due to some slight irregularity in the slope of the fit of
the P vaiues.

The second trouble area is the equation of state used.
However, as illustrated in Table IX for the 1-chiorobutane +
toluene system, the calculated activity coefficient values were
not a strong function of the equation of state for the systems
covered in this paper.
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Figure 8. Same as for Figure 7 but for the 1-chlorobutane (1) +
toluene (2) system at 348.18 K.

The third trouble area concerns only the Barker method.
Table X shows how the infinite-dilution activity coefficients ob-
tained with the Barker method vary with the correlation equation
used to represent GE. The v~ values vary from 1.0472 to
1.1359 while the y,” values range from 1.0395 to 1.0782. The
1.1359 - 1.0472 = 0.0887 variation is 92% of the departure
from Raoult’s law (deviation from 1.0) calculated by the Mixon
et al. value. The Barker curves plotted in Figures 4-6 are
based on the five-constant Redlich—Kister equation. The 398.22
K curve in Figure 6 has the lowest intercept of the three tem-
perature curves at x; = 0.0. Note where the intercepts (y,”
values) for the other GE correlations would fall in Figure 6. The
five-constant Redlich—Kister equation usually fits the P values
best and hence usually agrees best with the Mixon et al. results.

Table X also shows the v, values obtained with the Gau-
treaux—Coates equation (6, 7) using (dP/dx )" values from the
splined fits. Often those values agree well with the Mixon et
al. method; both use the same splined fits. The Py/x 1x, plots
(7) did not provide reliable (dP /dx ,)” values for this system.

Registry No. 1-Chlorobutane, 109-69-3; benzene, 71-43-2; toluene,
108-88-3; pentane, 109-66-0.
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