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Volumetric and isobaric vapor-liquid equilibrium measurements are reported for 1,4-dioxane +
1-chlorobutane, + 2-chlorobutane, + 2-methyl-1-chloropropane, and + 2-chloro-2-methylpropane. From
density measurements, excess volumes have been calculated and correlated with a Redlich-Kister
equation. The VLE data are thermodynamically consistent and were well correlated with Margules, Van
Laar, Wilson, NRTL, and UNIQUAC equations. The VLE results have been compared to the predictions
by the UNIFAC and ASOG methods.

Introduction

We present here density and isobaric vapor-liquid
equilibrium (VLE) measurements for the mixtures of 1,4-
dioxane with isomeric chlorobutanes. The densities have
been determined at the temperature of 298.15 K; the
vapor-liquid equilibria have been studied at the pressures
of 40.0 kPa (except for 2-chloro-2-methylpropane due to its
low boiling temperature) and 101.3 kPa. In previous
papers, we have reported isobaric VLE of binary mixtures
containing 1,4-dioxane,1 1-chlorobutane,2 or 2-chlorobu-
tane.3 We have found one reference for isothermal vapor-
liquid equilibrium for 1-chlorobutane with 1,4-dioxane,4 but
no references at isobaric conditions. From density mea-
surements, excess volumes have been calculated and
correlated with a Redlich-Kister equation. The VLE
experimental results have been checked for thermodynamic
consistency, and the activity coefficients have been cor-
related with the following equations: Margules,5 Van
Laar,6 Wilson,7 NRTL,8 and UNIQUAC.9 The experimental
results were used to test the prediction capability of the
UNIFAC10,11 and ASOG12 group contribution methods.

Experimental Section

Materials. The liquids used were 1-chlorobutane (>99.5
mol %), 2-chlorobutane and 2-methyl-2-chloropropane (>99
mol %) obtained from Aldrich, and 1,4-dioxane (>99 mol
%) and 2-methyl-1-chloropropane (>99 mol %) provided by
Fluka. The purity of chemicals was checked by gas chro-
matography, and they were used without further purifica-
tion.

Methods. Densities were measured with an Anton Paar
DMA-58 vibrating tube densimeter automatically thermo-
stated within (0.01 K; the precision of density measure-
ments is (5 × 10-6 g‚cm-3, and the accuracy of these
measurements after proper calibration is (10-5 g‚cm-3.
The calibration was carried out with deionized twice-
distilled water and dry air. The still used to study the
vapor-liquid equilibrium was an all-glass dynamic recir-
culating type that was equipped with a Cottrell pump. It
is a commercial unit (Labodest model) built in Germany
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Table 1. Densities at 298.15 K, G, and Normal Boiling
Points, Tb, of the Chemicals and Comparison with
Literature Data

F/g‚cm-3 Tb/K

compound expt lit expt lit

1,4-dioxane 1.027 88 1.02797a 374.52 374.47a

1-chlorobutane 0.880 69 0.88095a 351.52 351.58a

2-chlorobutane 0.867 40 0.8671b 341.26 341.40b

2-methyl-1-chloropropane 0.871 13 0.8717a 342.05 342.0a

2-methyl-2-chloropropane 0.836 45 0.8361a 323.88 323.9a

a Reference 13. b Reference 14.

Table 2. Densities and Excess Volumes of 1,4-Dioxane (1)
+ Isomeric Chlorobutanes (2)

x1 F/g‚cm-3 VE/cm3‚mol-1 x1 F/g‚cm-3 VE/cm3‚mol-1

1,4-Dioxane (1) + 1-Chlorobutane (2) at 298.15 K
0.0422 0.885 61 0.022 0.6082 0.961 08 0.179
0.0947 0.891 80 0.053 0.6587 0.968 92 0.169
0.2055 0.905 35 0.109 0.7939 0.990 92 0.128
0.2766 0.914 45 0.134 0.8940 1.008 37 0.072
0.4083 0.932 02 0.174 0.9509 1.018 71 0.034
0.4852 0.942 87 0.181

1,4-Dioxane (1) + 2-Chlorobutane (2) at 298.15 K
0.0522 0.874 11 0.011 0.6155 0.957 41 0.026
0.0886 0.878 88 0.017 0.7149 0.974 47 0.016
0.1892 0.892 48 0.029 0.8019 0.990 07 0.006
0.2923 0.907 06 0.035 0.9068 1.009 72 -0.004
0.3647 0.917 71 0.036 0.9410 1.016 33 -0.006
0.4928 0.937 42 0.033

1,4-Dioxane (1) + 2-Methyl-1-chloropropane (2) at 298.15 K
0.0529 0.877 81 0.009 0.5945 0.955 19 0.086
0.1009 0.883 95 0.023 0.7005 0.972 78 0.075
0.2001 0.896 98 0.053 0.7926 0.988 80 0.062
0.3003 0.910 79 0.072 0.8978 1.008 04 0.040
0.3957 0.924 50 0.086 0.9371 1.015 61 0.020
0.5022 0.940 58 0.090

1,4-Dioxane (1) + 2-Methyl-2-chloropropane (2) at 298.15 K
0.0563 0.845 77 -0.112 0.6071 0.945 55 -0.486
0.1059 0.853 89 -0.171 0.7113 0.966 40 -0.417
0.2019 0.870 20 -0.290 0.8000 0.984 50 -0.307
0.3134 0.889 71 -0.377 0.9062 1.006 81 -0.131
0.4148 0.908 22 -0.433 0.9554 1.017 73 -0.062
0.5097 0.926 46 -0.489

Table 3. Parameters, Ai, and Standard Deviations σ, for
Equation 1

system A0 A1 A2 A3 σ

1,4-dioxane + 1-chlorobutane 0.733 0.096 -0.062 -0.004 0.001
1,4-dioxane + 2-chlorobutane 0.135 -0.083 -0.076 -0.119 0.001
1,4-dioxane + 2-methyl-1-

chloropropane
0.361 -0.011 -0.047 0.159 0.001

1,4-dioxane + 2-methyl-2-
chloropropane

-1.927 -0.573 0.254 1.195 0.003
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by Fischer. The equilibrium temperatures were measured
to an accuracy of (0.01 K by means of a thermometer
(model F25 with a PT100 probe) from Automatic Systems
Laboratories, and the pressure in the still was measured
with a pressure transducer Druck PDCR 110/W (pressure
indicator DPI201) with an accuracy of (0.1 kPa. The
compositions of both phases, vapor and liquid, were deter-
mined by a densimetric analysis. The estimated uncer-
tainty in the determination of both liquid- and vapor-phase
mole fractions is (0.0001.

The proper operation of the different devices was peri-
odically checked and rearranged if necessary. The com-

parison of measured densities and normal boiling points
of the chemicals with literature values13,14 is shown in
Table 1.

Results and Discussion

The experimental values of density together with the
corresponding calculated excess volumes are given in Table
2, and excess volumes are graphically represented in Figure
1. For each mixture, the excess volumes were correlated
by means of a Redlich-Kister equation,

Figure 1. Excess volumes for 1,4-dioxane (1) + isomeric chlo-
robutanes (2) at T ) 298.15 K as a function of mole fraction x1:
1-chlorobutane (0); 2-chlorobutane (9); 2-methyl-1-chloropropane
(O); 2-methyl-2-chloropropane (b).

Figure 2. T-x1-y1 diagram for 1,4-dioxane (1) + 1-chlorobutane
(2): (0, 9) experimental data at 40.0 kPa; (O, b) experimental
data at 101.3 kPa; (s) Wilson equation.

Figure 3. T-x1-y1 diagram for 1,4-dioxane (1) + 2-chlorobutane
(2): (0, 9) experimental data at 40.0 kPa; (O, b) experimental data
at 101.3 kPa; (s) Wilson equation.

Figure 4. T-x1-y1 diagram for 1,4-dioxane (1) + 2-methyl-1-
chloropropane (2): (0, 9) experimental data at 40.0 kPa; (O, b)
experimental data at 101.3 kPa; (s) Wilson equation.

VE/cm3‚mol-1 ) x1x2∑
i)0

k

Ai(x1 - x2)
i (1)
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Values of the adjustable parameters Ai together with the
standard deviations σ(VE) are presented in Table 3.

The excess volumes for the mixtures containing 1-chlo-
robutane and 2-methyl-1-chloropropane are positive over
the whole composition range, for the mixture with 2-chlo-

robutane VE is positive except at high mole fractions of 1,4-
dioxane, and finally for the mixture containing 2-methyl-
2-chloropropane excess volume is negative over the whole
composition range.

The vapor-liquid equilibrium data, T, x1, and y1, along
with activity coefficients, γi, are presented in Table 4, and
the corresponding T-x1-y1 diagrams are shown in Figures
2-5.

The activity coefficients of the components in the liquid
phase were calculated from the following equations:

where

xi and yi are the liquid- and vapor-phase compositions, P
is the total pressure, pi

o are the vapor pressures of the
pure compounds calculated with the Antoine equation,
where the constants are given in Table 5, Bii are the second

Table 4. Isobaric VLE Data of 1,4-Dioxane (1) + Isomeric Chlorobutanes (2): Temperature T, Liquid-Phase x1 and
Vapor-Phase y1 Mole Fractions, and Activity Coefficients γi

T/K x1 y1 γ1 γ2 T/K x1 y1 γ1 γ2 T/K x1 y1 γ1 γ2

1,4-Dioxane (1) + 1-Chlorobutane (2) at 40.0 kPa
324.94 0.0459 0.0259 1.307 0.997 329.80 0.4315 0.2539 1.117 1.075 338.56 0.8129 0.6135 1.016 1.253
325.49 0.1087 0.0620 1.291 1.007 331.24 0.5225 0.3149 1.079 1.117 341.15 0.9005 0.7393 1.003 1.459
326.44 0.1892 0.1078 1.240 1.017 332.84 0.6099 0.3833 1.056 1.164 343.19 0.9400 0.8368 1.008 1.418
326.73 0.2117 0.1210 1.229 1.020 334.32 0.6822 0.4456 1.036 1.221
327.83 0.3047 0.1744 1.177 1.044 336.55 0.7616 0.5336 1.019 1.269

1,4-Dioxane (1) + 1-Chlorobutane (2) at 101.3 kPa
352.45 0.0424 0.0264 1.265 0.990 358.97 0.5256 0.3567 1.106 1.091 366.68 0.8339 0.6608 1.006 1.326
353.34 0.1031 0.0634 1.212 0.990 360.71 0.6150 0.4180 1.046 1.158 367.43 0.8558 0.7010 1.016 1.320
354.17 0.2075 0.1255 1.158 1.021 361.97 0.6712 0.4858 1.069 1.156 368.33 0.8815 0.7335 1.003 1.397
355.64 0.2931 0.1814 1.127 1.026 363.72 0.7441 0.5475 1.027 1.245 371.01 0.9378 0.8385 0.992 1.503
356.98 0.4225 0.2693 1.110 1.078 364.32 0.7577 0.5590 1.010 1.261

1,4-Dioxane (1) + 2-Chlorobutane (2) at 40.0 kPa
315.61 0.0980 0.0537 1.897 0.997 321.89 0.4779 0.2093 1.153 1.148 332.04 0.7792 0.4451 0.991 1.350
316.96 0.1650 0.0682 1.348 1.009 324.41 0.5845 0.2724 1.104 1.215 334.59 0.8404 0.5413 1.011 1.421
317.92 0.2703 0.1154 1.335 1.058 326.68 0.6429 0.3210 1.076 1.221 337.31 0.8871 0.6248 0.995 1.508
320.14 0.3581 0.1504 1.192 1.067 329.39 0.7167 0.3758 1.012 1.292 340.49 0.9360 0.7440 0.995 1.644

1,4-Dioxane (1) + 2-Chlorobutane (2) at 101.3 kPa
342.05 0.0508 0.0247 1.433 1.002 350.10 0.4805 0.2498 1.146 1.112 358.93 0.7741 0.4970 1.047 1.342
343.80 0.1615 0.0762 1.304 1.020 352.15 0.5745 0.3021 1.079 1.191 361.90 0.8284 0.5634 1.006 1.417
345.38 0.2636 0.1251 1.238 1.049 353.96 0.6201 0.3425 1.065 1.195 363.74 0.8640 0.6216 1.003 1.476
347.17 0.3544 0.1778 1.227 1.067 356.78 0.7162 0.4174 1.022 1.311 367.88 0.9218 0.7533 0.999 1.505

1,4-Dioxane (1) + 2-Methyl-1-chloropropane (2) at 40.0 kPa
316.33 0.0613 0.0246 1.346 1.000 322.93 0.4371 0.1884 1.086 1.091 330.92 0.7357 0.4167 1.028 1.268
317.50 0.1281 0.0523 1.300 1.002 326.12 0.5748 0.2795 1.072 1.147 333.92 0.8101 0.5038 1.002 1.360
319.09 0.2289 0.1011 1.312 1.013 326.83 0.6088 0.3019 1.062 1.178 336.17 0.8530 0.5756 0.996 1.397
320.61 0.3157 0.1361 1.199 1.038 328.99 0.6813 0.3619 1.042 1.228 340.03 0.9226 0.7249 1.001 1.522

1,4-Dioxane (1) + 2-Methyl-1-chloropropane (2) at 101.3 kPa
342.77 0.0601 0.0293 1.399 1.012 349.81 0.4351 0.2124 1.087 1.108 358.34 0.7300 0.4445 1.013 1.287
343.83 0.1254 0.0592 1.303 1.020 353.07 0.5578 0.3068 1.094 1.135 361.10 0.8000 0.5392 1.024 1.337
345.82 0.2256 0.1091 1.242 1.028 354.45 0.6145 0.3453 1.066 1.182 364.16 0.8586 0.6223 0.997 1.430
347.17 0.3074 0.1491 1.186 1.055 356.55 0.6779 0.4033 1.051 1.217 367.96 0.9188 0.7594 1.008 1.438

1,4-Dioxane (1) + 2-Methyl-2-chloropropane (2) at 101.3 kPa
325.60 0.0753 0.0251 1.870 0.997 337.55 0.5173 0.1706 1.151 1.134 351.27 0.8044 0.3971 1.045 1.399
328.79 0.2081 0.0590 1.396 1.017 339.49 0.5741 0.2029 1.146 1.169 357.85 0.8850 0.5245 1.002 1.589
330.36 0.2748 0.0796 1.339 1.036 341.32 0.6200 0.2290 1.118 1.204 359.80 0.8976 0.5710 1.008 1.535
331.47 0.3146 0.0916 1.287 1.046 343.99 0.6795 0.2691 1.087 1.257 365.28 0.9460 0.7083 0.994 1.736
334.33 0.4222 0.1277 1.195 1.094 346.85 0.7345 0.3135 1.056 1.319

Figure 5. T-x1-y1 diagram for 1,4-dioxane (1) + 2-methyl-2-
chloropropane (2): (0, 9) experimental data at 40.0 kPa; (O, b)
experimental data at 101.3 kPa; (s) Wilson equation.

Table 5. Constants of the Antoine Equation for Vapor
Pressures of the Pure Compounds (Temperature in °C,
Pressure in kPa)

compound A B C

1,4-dioxane 6.5564 1554.679 240.337
1-chlorobutane 6.05154 1216.82 222.33
2-chlorobutane 6.1222 1245.2 234.4
2-methyl-1-chloropropane 6.01854 1176.06 224.125
2-methyl-2-chloropropane 5.99201 1114.899 229

γi )
yiP

xipi
o

exp[(Bii - Vi
o)(P - pi

o) + (1 - yi)
2Pδij

RT ] (2)

δij ) 2Bij - Bii - Bjj (3)
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virial coefficients, Bij is the cross second virial coefficient
calculated using a suitable mixing rule, and Vi

o are the
molar volumes of the saturated liquids. The contribution
of the exponential term in eq 2 was important only at very
dilute concentrations.

Antoine’s constants for 1,4-dioxane, 2-methyl-1-chloro-
propane, and 2-methyl-2-chloropropane were obtained from
Gmehling et al.15,16 and for 1-chlorobutane and 2-chlorobu-
tane were taken from Riddick et al.14 The second virial
coefficients were estimated by the Redlich-Kwong equa-
tion.17 The molar volumes of the saturated liquids were
calculated using the Yen and Woods method.18

The thermodynamic consistency of the experimental
results was checked using the Van Ness method,19 de-
scribed by Fredenslund et al.20 using a third-order Leg-
endre polynomial for the excess Gibbs energies. According
to this test, experimental data are considered consistent if

the average deviation in y (∆y) is smaller than 0.01. All
the experimental data are consistent, as one can see in
Table 6.

The activity coefficients were correlated with the Mar-
gules, Van Laar, Wilson, NRTL, and UNIQUAC equations.
Estimation of the parameters for all the equations was
based on minimization of an objective function in terms of
experimental and calculated γi values.21 These adjustable
parameters, A12 and A21 (see definitions in ref 15) along
with the average deviation in T (∆T), the average deviation
in y (∆y), and the activity coefficients at infinite dilution,
γi

∞, are listed in Table 7. Since the average deviation in
temperature is less than 0.5 K and that of the vapor
composition is less than 0.01, all the equations correlated
the activity coefficients quite well.

The systems present positive deviations from ideality.
In the temperature diagrams, it can be seen that the
systems do not show azeotropes.

VLE Predictions

The UNIFAC and ASOG methods were used to predict
the vapor-liquid equilibrium of the systems studied. The
temperature and vapor-phase composition obtained experi-
mentally were compared with the theoretical predictions
using the UNIFAC and ASOG methods; in Table 8 the
average deviations in temperature and vapor-phase com-
position are given. Neither UNIFAC nor ASOG gives
satisfactory predictions, although they are better for UNI-
FAC than for ASOG. It is necessary, therefore, to keep
enlarging the database used to calculate the parameters
of the two methods to attain a better description of the VLE
behavior of these kinds of liquid mixtures.
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