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Isothermal vapor-liquid equillbrla (VLE); molar excess 
enthalpies HE, at 313.15 K; and molar excess volumes 
VE, at 298.15 K, have been measured for llquld 
1-chlorobutane + tetrachloromethane, 1,P-dlchloroethane + tetrachloromethane, and 1,2-dlchloroethane + 
I-chlorobutane mixtures. The VLE data were reduced by 
applylng the maxhum Hkelllhood prlnclple. The molar 
excess OIbbs energy, GE, derived from the VLE data, and 
the HE compare satlsfactorlly with group contribution 
(DISCIUAC) predlctlons. 

Introduction 

Chloroalkanes represent a class of technically important 
compounds, used in industry as intermediates or as final prod- 
ucts. In view of the variety of possible mixtures, a large num- 
ber of systems should be investigated experimentally in order 
to have the data needed in designing distillation columns and 
other stills for chemical plants. Therefore, the applicability of 
predictive methods is of great interest. However, the occur- 
rence of strong intramolecular effects, especially of the prox- 
imity effect, renders the widely used empirical methods, ASOG 
and UNIFAC, quite inaccurate (3). 

DISQUAC is a group contribution method, derived from the 
lattice model, which improves the quality of the predictions by 
using structuredependent group parameters. I t  has been ap- 
plied to several classes of systems, including also mixtures 
containing chloroalkanes (4, 5). 

In  this work, we have measured the vapor-liquid equilibria 
(VLE) and the molar excess enthalpies HE at 313.15 K of tet- 
rachloromethane + 1-chlorobutane or + 1,2dichloroethane. 
The purpose was to check the previously published (4) DISQ- 
UAC predictions for these two mixtures. 

Moreover, we have measured the VLE and HE of 1,2di- 
chloroethane + 1-chlorobutane at 313.15 K, a system never 
investigated before. The purpose was to calculate the DISQ- 
UAC parameters of 1,2dichloroethane + 1-chlorobutane and 
to estimate therefrom the parameters of other cwdichloro- 
alkane + 1-chloroalkane mixtures. Indeed, the Cllalkane or 
CVCCI, interaction parameters of the CI groups (CI”) in a,w- 
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Table I. Densities pi0 and Vapor Pressure Pio of the Pure 
Components 

pi”(298.15 K)/ PiO(313.15 K)/ 
(g cm-3) (io3 Pa) 

this work lit. (21) this work lit. (21) 
1-chlorobutane 0.880 88 0.880 4 25.873 25.884 
1,2-dichloroethane 1.24558 1.24561 20.740 20.723 
tetrachloromethane 1.584 25 1.584 62 28.439 28.440 

dichloroalkanes, CICH,(CH,), -,CH,CI, vary with the number n 
of C atoms and reach the values of the CI group (CI’) in 1- 
chloroalkanes, CH,(CH,),-,CH,CI, for n I 5 ( 4 ,  5), Le., when 
the distance between the two CI atoms is sufficiently large 
(disappearance of the proximity effect). We expect to obtain 
a similar regular change of the CI’ICI’‘ parameters from a de- 
terminable value, for n = 2 (CICH,CH,CI), to a vanishing value, 
for n 1 5 .  

Experimental Section 

Maferlals. All the chemicals were from Merck. Tetra- 
chloromethane and 1-chlorobutane were “pro analysi” prod- 
ucts, with stated minimum purities 99.8 and 99.7 mol %, re- 
spectively: 1,2dichloroethane was 99.7 mol % “Uvasol” grade 
reagent. 

In  Table I ,  we compare the measured densities and vapor 
pressures of the products with literature values. 

Apparatus and Procedure. Vapor-liquid equilibrium data 
were determined at constant temperature in a still designed by 
Berro et al. (6). 

The temperature inside the equilibrium cell was measured by 
means of a Lauda Model R42 digital thermometer with a plat- 
inum sensor, which has a precision of 0.01 K. The pressure 
was measured by means of a Digiquartz pressure transducer 
of Paroscientific Inc., Model 215A, calibrated in the pressure 
range 0-10 MPa. The estimated precision of the pressure 
measurements is a,(P) = 2 Pa. 

Liquid and vapor mole fractions, x, and y,, respectively, were 
determined by densimetric analysis using an Anton Paar Model 
DMA 60 densimeter equipped with two DMA 601M cells in a 
flow system as described previously (6). The cells were 
thermoregulated to better than 0.1 K, and the temperature was 
measured with the same Lauda Model R42 digital thermometer 
with another platinum sensor. 

The densities were previously determined to better than 
ue(p0) = 0.00002 g ~ m - ~  in the same densimeter. Binary 
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Table 11. Excess Molar Volumes VE at 298.15 K as a 
Function of Mole Fraction xl, Coefficients Ai, Equation 1, 
and Standard Deviations a,( VE), Equation 2 

vel PI p/ 
xl (cm3 mol-') x1 (cm3 mol-') x1 (cm3 mol-') 

1-Chlorobutane (1) + Tetrachloromethane (2) 
0.0578 -0.017 0.3815 -0.121 0.6723 -0.132 
0.0798 -0.027 0.4314 -0.126 0.7061 -0.133 
0.1101 -0.035 0.4542 -0.129 0.7468 -0.127 
0.1407 -0.048 0.5013 -0.135 0.7832 -0.113 
0.1993 -0.068 0.5338 -0.138 0.8264 -0.100 
0.2192 -0.071 0.5638 -0.140 0.8919 -0.074 
0.2626 -0.089 0.5844 -0.142 0.9288 -0.059 

0.3583 -0.114 
0.2971 -0.097 0.6258 -0.140 0.9563 -0.041 

P / x l ( l  - xl)  cms mol-' = -0.5422 - 0.170(2x1 - 1) - 

a,(P)/(cm3 mol-') = 0.0025 

1,2-DichIoroethane (1) + Tetrachloromethane (2) 

0.053(2x1 - - 0.165(2x1 - 

0.0511 0.075 0.4276 0.297 0.7862 0.147 
0.1162 0.152 0.4590 0.291 0.8080 0.132 
0.1727 0.203 0.4979 0.291 0.8466 0.104 
0.1985 0.225 0.5595 0.273 0.8673 0.086 
0.2601 0.261 0.6217 0.246 0.9139 0.052 
0.3085 0.273 0.6559 0.236 0.9376 0.035 
0.3548 0.288 0.6823 0.219 0.9431 0.031 
0.3872 0.293 0.7044 0.204 0.9617 0.020 
0.3948 0.293 0.7653 0.162 0.9677 0.017 

p / x l ( l  - x l )  cm3 mol-' = 1.1557 - 0.355(2x1 - 1) - 
0.080(2x1 - I ) ~  - 0 . 2 ~ 4 2 ~ '  - 1)3 

am( P)/ (cm3 mol-') = 0.0020 

1,2-Dichloroethane (1) + 1-Chlorobutane (2) 
0.0406 0.024 0.3201 0.178 0.6492 0.185 
0.0779 0.050 0.3789 0.191 0.7103 0.171 
0.0815 0.053 0.4297 0.200 0.7317 0.160 
0.1177 0.081 0.4526 0.196 0.7839 0.140 
0.1675 0.110 0.4848 0.200 0.8345 0.114 
0.1775 0.115 0.5155 0.200 0.8911 0.082 
0.2523 0.154 0.5661 0.196 0.9343 0.053 
0.2794 0.162 0.5989 0.196 0.9637 0.031 

p / x l ( l  - xl) cm3 mol-' = 0.8024 - 0.018(2x1 - 1) + 
0.118(2xl - 1)* + o.133(2x1 - 1)3 - 0.213(2x - 1)' 

a,(P)/(cm3 mol-') = 0.0018 

mixtures were prepared by weighing, using the technique de- 
signed by Berro and PQneloux (7) ,  to prevent the partial evap- 
oration of the liquid. VE was calculated from the densities. 

Molar excess enthalpies were determined by using an iso- 
baric and quasi-isothermic calorimeter similar to that described 
in ref 8. Electrical energy was measured to better than 0.5%. 
The temperature in the water bath was controlled to within 
0.002 K. The estimated errors are a&,) < 0.0002 and a,(T) 
= 0.01 K (9). The calorimeter was checked against hexane + cyclohexane, at 298.15 K, the agreement with the data of 
ref 10 being better than 0.5% over the central range of con- 
centration. 

Experlmental Results and Treatment of Data 

Md8f Excess Enthalpies and Volumes. The VE values at 
298.15 K and HE values at 313.15 K are collected in Tables 
I 1  and 111. A smoothing equation of the type 

where Q = VE or HE, was fllted by the method of least squares. 
The AI parameters are given in Tables I1 and I11 together 

with the standard deviations am((,?) calculated as 

Table 111. Excess Molar Enthalpies HE at 313.15 K as a 
Function of Mole Fraction xl, Coefficients Ai, Equation 1, 
and Standard Deviations u,(HE), Equation 2 

HE/ HE/ HE/ 
x l  (J mol-') x1 (J mol-') rl (J mol-') 

1-Chlorobutane (1) + Tetrachloromethane (2) 
0.1010 1 0.5230 0 0.8341 -4 
0.1721 3 0.6543 -2 0.9161 -1 
0.4310 1 0.7720 -1 

HE/xl(l - xl) J mol-' = 0.6 - 25.5(2x1 - 1) 
o,(HE)/(J mol-') = 1.0 

1,2-Dichloroethane (1) + Tetrachloromethane (2) 
0.0873 212 0.4015 637 0.7198 550 
0.1361 304 0.4852 655 0.8050 431 
0.2005 422 0.5311 664 0.8873 274 
0.3173 575 0.6047 634 
HE/xl(l - x , )  J mol-' = 2651.4 + 85(2x1 - 1) + 83(2x, - 1)2 

o,(HE)/(J mol-') = 4.7 

1,2-Dichloroethane (1) + I-Chlorobutane (2) 
0.0998 106 0.3120 311 0.6925 292 
0.1365 145 0.4100 350 0.7793 233 
0.1694 190 0.5287 347 0.8809 155 
0.2410 260 0.5912 326 

HE/xl(l - xl) J mol-' = 1408.9 - 246(2x1 - 1) - 90(2x1 - t 
712(2x, - 

a,(HE)/(J mol-') = 3.7 

where N is the number of experimental values Q and m is the 
number of parameters A/ .  

Vapor-Liquid Equillbrium Data. The experimental vapor- 
liquid equilibrium data are listed in Table I V .  Data reduction 
was performed with use of the "observed deviation" reduction 
method proposed by Neau and PQneioux ( 7 7 ) .  In  this method, 
GE is fitted to a Redlich-Kister polynomial of the form 

GE/X1(l - x ~ ) R T =  C(2 j -  1)A1(2~1 - 1 ) j - l  (3) 

The AI parameters are obtained by applying the maximum 
likelihood principle to the objective function S defined in Ap- 
pendix A of ref 12. Vapor-phase nonideality and the liquid- 
phase Poynting correction were accounted for in terms of the 
molar second virial coefficients SI, estimated by the method of 
Hayden and O'Connell (73), and the liquid molar volumes V,". 
The thermodynamic consistency of the measured VLE data was 
checked by using the weighted root mean square deviation, 
WRMSD, defined as 

WRMSD = [S/(2N - m)] ' I 2  (4) 

The WRMSD found in this way should be equal to 1 for 
perfectly consistent data; a value close to 2 would indicate that 
there are systematic errors of the same magnitude as the 
random errors in measurements (72). Results of the reduction 
of our VLE data are given in Table I V .  

Results 

The experimental VE and HE values are shown in Figures 1 
and 2, respectively, compared with the available literature 
values. The VE of 1,2dichloroethane + tetrachloromethane 
measured in this work at 298.15 K is ca. 10Y0 lower than the 
value reported by Wilhelm et al. (74) at the same temperature. 
The discrepancles with the measurements of other authors may 
be due, in part, to differences in the experimental temperatures. 
No HE or VE data were found in the literature for 1,2dichloro- 
ethane + 1-chlorobutane. 
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Table IV. Experimental Vapor-Liquid Equilibrium 
Pressure Pand Vapor Mole Fraction y, at 313.15 K as a 
Function of Liquid Mole Fraction I,, Coefficients Aj, 
Equation 3, Weighted Root Mean Square Deviation 
WRMSD, Equation 4, Standard Deviations u ( P )  and u ( y , ) ,  
Equation 5, Molar Second Virial Coefficients Bij, and 
Liauid Molar Volumes of Pure ComDonents K,o 

X I  y1 P/( i03Pa)  x1 y1 P/(103 Pa) 
1-Chlorobutane (1) + Tetrachloromethane (2) 

0.0716 0.0742 28.530 0.5669 0.5355 27.749 
0.0850 0.0874 28.543 0.6095 0.5769 27.595 
0.1438 0.1438 28.558 0.6283 0.5954 27.534 
0.2004 0.1967 28.544 0.6429 0.6099 27.477 
0.2299 0.2238 28.519 0.6452 0.6122 27.454 
0.2741 0.2640 28.464 0.6777 0.6449 27.344 
0.3144 0.3007 28.397 0.7225 0.6907 27.163 
0.3520 0.3349 28.333 0.8052 0.7780 26.800 
0.4091 0.3871 28.205 0.8578 0.8356 26.556 
0.4712 0.4447 28.041 0.9116 0.8962 26.331 
0,5232 0.4937 27.886 0.9593 0.9516 26.099 

GE/.tI(l - x1)RT = 0.11562 - 0.01302(2~, -- I )  

0(P)/(103 Pa) = 0.012; ab l )  = 0.00047 
WRMSD = 1.12 

B,,/(cm3 mol-') = -1650; B,,/(cm3 mol-') = -1006; 
BI2/(cm3 mol-') = -1242 

Vlo/(cm3 mol-') = 105; Vzo/(cm3 mol-') = 98 

1,2-Dichloroethane (1) + Tetrachloromethane (2) 
0.0612 0.0731 28.784 0.5496 0.4604 28.017 
0.1331 0.1460 29.073 0.5928 0.4915 27.690 
0.1482 0.1600 29.112 0.6436 0.5302 27.224 
0.1995 0.2048 29.190 0.6904 0.5689 26.720 
0.2241 0.2254 29.198 0.7240 0.5988 26.313 
0.2505 0.2465 29.189 0.7935 0.6676 25.349 
0.3001 0.2843 29.133 0.8357 0.7152 24.621 
0.3415 0.3146 29.049 0.8529 0.7364 24.314 
0.3925 0.3507 28.886 0.8886 0.7861 23.600 
0.4499 0.3906 28.639 0.9085 0.8186 23.137 
0.4968 0.4230 28.384 0.9505 0.8916 22.129 

GE/X1(l - x,)RT = 0.57070 + 0.00857(2~1 - 1) - o.O0168(2X1 - 1)' 
u(P)/(103 Pa) = 0.010; ab1) = 0.00089 

WRMSD = 1.81 
B,,/(cm3 mol-') = -1291; B,,/(cm3 mol-') = -1006; 

BIz/(cm3 mol-') = -1031 
V,"(cm3/mol-') = 80; Vzo/(cm3 mol-') = 98 

1,2-Dichloroethane (1) + 1-Chlorobutane ( 2 )  
0.0589 0.0580 25.783 0.5954 0.5336 24.314 
0.1149 0.1113 25.742 0.6349 0.5693 24.064 
0.1803 0.1717 25.671 0.6665 0.5988 23.912 
0.2340 0.2197 25.591 0.7034 0.6344 23.731 
0.2901 0.2690 25.467 0.7474 0.6770 23.356 
0.3497 0.3207 25.313 0.7875 0.7195 23.034 
0.4013 0.3651 25.153 0.8223 0.7573 22.708 
0.4361 0.3951 25.028 0.8579 0.7995 22.357 
0.4737 0.4273 24.875 0.8923 0.8427 22.107 
0.5086 0.4574 24.726 0.9322 0.8955 21.670 
0.5488 0.4923 24.530 0.9660 0.9437 21.220 

GE/x l ( l  - x1)RT = 0.25093 + 0.01291(2~1 - 1) 
0(P)/(103 Pa) = 0.041; uCyl) = 0.00095 

WRMSD = 1.42 

B,,/(cm3 mol-') = -1291; B22/ (~m3 mol-') = -1650; 
B12/(cm3 mol-') = -1458 

Vla/(cm3 mol-') = 80; Vzo/(cm3 mol-') = 105 

The experimental P-x-y data are shown in Figure 3. VLE 
measurements have been reported in the literature for 1,2di- 
chloroethane + tetrachloromethane only. To the isothermal 
data listed in Table I of ref 4, we must add the recent mea- 
surements of L6pez et al. ( 75) at 298.15 K and several isobaric 
data (see ref 16-18). 
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Figure 1. Excess molar volumes VE as a function of mole fraction 
xl. Curves, smoothed values, eq 1, at 298.15 K (this work); points, 
direct experimental values: (A) (0) 1,2dkhloroethane (1) + CCI, (2) 
at 298.15 K (this work), (0) 1,2dichloroethane (1) -4- 1-chlorobutane 
(2) at 298.15 K (this work), (A) l-chlorobutane (1) + CCI, (2) at 298.15 
K (this work), (0) 1-chlorobutane (1) -4- CCI, (2) at 293.15 K (25); (B) 
1,2dichloroethane (1) -4- CCI, (2) (0) at 298.15 K (this work), (0) at 
298.15 K (74 ) ,  (0) at 303.15 K (26), (V) at 293.15 K (76). 

Comparlson wlth DISQUAC Predlctlons 

Chloroalkanes are regarded as consisting of two types of 
groups or contact surfaces: (i) type a-aliphatic (CH, or CH,) 
and (ii) type d-chlorine (CI). 
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Table V. DISQUAC Interchange Coefficients, Dispersive 
C 3 and Quasi-Chemical C zr (1 = 1, Gibbs Energy; I = 2, 
Enthalpy) for Contacts: a, CH3 or CHI; d, C1 in CCl,; d', C1 
in 1-chlaroalkanes; d', C1 in 1,2-dichloroethane 

c:tY c:ty C dir 
S t c J OL2 

a d  0.093" 0.180" 
a d' 0.093' 0.180" 2.34" 3.75" 
a d" 0.093" 0.1800 1.67" 3.20" 
d d' 1.706 1.996 
d d" 1.086 1.906 
d' d" -0.013c -0.12c 

a Reference 5. Reference 4. This work. 

The aliphatic groups are assumed to exert the same force 
field independent of the n-alkane or chloroaikane. 

I n  the chioroalkane mixtures under investigation, we distin- 
guished three types of CI atoms: d-in CCI,, d'-in CH,(C- 
H,),CH,CI, and d"-in CICH2CH2CI, each with a specific force 
field. 

The relative volumes and surfaces of these groups and the 
related geometrical parameters of the molecules are listed in 
Table I 1  of ref 5. 

I n  DISQUAC, each (SA) contact (s, t = a, d, d', drr)  is 
characterized by two dispersive interaction coefficients, CdJ;b 
and two quasichemical interaction coefficients, C z y ,  where I 
= 1, for the Gibbs energy parameter, and I = 2, for the en- 
thalpy parameter. 

The equations used to calculate GE and HE have been given 
in previous publications (e.g., ref 5) and need not be repeated 
here. 

The four types of surfaces generate six types of (s,t) contact. 
We need, therefore, as many as 24 interaction coefficients to 
describe GE and HE of the investigated mixtures. Most of these 
coefficients have been determined previously, as will be shown 
below. 

The twelve (a,d), (a,d'), and (a,d") parameters (Table V) have 
been determined from accurate experimental GE and HE data 
for tetrachioromethane, 1-chloroaikane, or cwdichioroalkane + n-alkane mixtures (5). DISQUAC describes the nonpolar 
CCI, + n-alkane mixtures in terms of the dispersive coefficients 
only, C$,l = 0.093 and C;!,, = 0.180, with C i y  = 0 (I = 1, 
2). The same dispersive coefficients have been used for the 
polar chloroalkanes. The relatively smaller quasi-chemical 
coefficients C:$; of CICH,CH,CI, compared to the coefficients 
C$?y of CH,(CH,),CH,CI, reflect the proximity effect of the CI 
atoms in 1,2dichioroethane. 

The eight (d,d' ) and (d,d" ) parameters have been estimated 
with the limited amount of available experimental data on GE 
and HE of CCI, 4- 1-chloroalkane or + a,w-dichloroaikane 
mixtures (4). As a matter of fact, we disposed of reliable HE 
data only. No VLE data had been reported for CCI, + 1- 
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Figure 2. Excess molar enthalpies HE at 313.15 K as a function of 
mole fraction x ,  (this work). Continuous curves, smoothed values, eq 
1; dashed curves, DISQUAC predictions; points, direct experimental 
values: (0) 1,2dichloroethane (1) + 1-chiorobutane (2), (0) 1,2di- 
chloroethane (1) + CCI, (2), (A) 1-chlorobutane (1) + CCI, (2). 

chioroalkanes, and the VLE data sets published for CCI, 4- 
cu,wdichloroalkane mixtures were found to yield rather discor- 
dant GE values. The asymmetrical shape of the HE vs x 1  
curves could be well represented assuming that the four qua- 
si-chemical coefficients are equal to zero. We adjusted the two 
dispersive enthalpic coefficients CS,, and Cg,,, and estimated 
the two dispersive Gibbs energy coefficients Cz,, and Cg,,,, 
from the general trend of the other DISQUAC coefficients (4). 
The calculated VLE diagrams and our experimental points are 
shown in Figure 3. 

The standard deviations in pressure, a(P), vapor-phase 
composition, a(y ,), and molar excess enthalpy, a(HE), 

(5) 
where Q = P, y, or HE, between experimental measurements 
and DISQUAC calculations using the parameters of Table V, 

4 Q )  = C(Q - Q , , J 2 / N  

Table VI. Azeotropic Coordinates, Pressure PAz and Composition x ,,A~, and Standard Deviations in Pressure u ( P ) ,  
Vapor-Phase Composition ~ ( y  ,), and Molar Excess Enthalpy u(HE), between Experimental Measurements and Redlich-Kister 
Fit (RK) P - x  Reduction (All Points Weighted Equally) or DISQUAC Calculations (DQ) 

Ph/(i03 Pa) X l A Z  0(P)/(i03 Pa) o h )  u(HE)/(J mol-') 

T/K RK DQ RK DQ RK DQ RK DQ RK DQ 

298.15 0.9" 5 
313.15 28.55b 28.69 0.13Sb 0.177 O . O 1 l b  0.17 0.000536 0.0013 1.06 21 

298.15 15.73c 15.54 0.21OC 0.177 0.020" 0.27 0.3d 5 
303.15 19.81e 19.19 0.196' 0.196 0.036e 0.48 
313.15 29.20b 29.03 0.228b 0.203 0.0083b 0.19 0.00096b 0.0046 4.76 10 

1-Chlorobutane (1) + Tetrachloromethane (2) 

1,2-Dichloroethane (1) + Tetrachloromethane (2) 

29.521 0.21d 0.231 0.32 0.028' 0.030 

1,2-Dichloroethane (1) + 1-Chlorobutane (2) 
298.15 2-18 3 
313.15 no azeotropeb 0.02gb 0.047 0.0017b 0.0010 3.75 27 

"Reference 22. bThis work. cReference 15. dReference 23. 'Reference 19. /Reference 20. #Reference 24. 



270 Journal of Chemical and Engineering Data, Vol. 35, No. 3, 1990 

2 

2 

a" 
0 s 

2 

l I 1 I 

a 

\ 

\ \ 
I I I I 

0.2 0.4 0 .I3 0 .e 
XI, Yl 

26 

24 

28 

26 

k 
0 

24 

22 

I I I I 
B 

I I I I 
0.2 0.4 0 .I3 0.a  

X V Y l  

I I I I 
r c 

2 2  

~ 

I 

0.2 0.4 0.6 0.8 

X V Y l  

Flgure 3. Vapor-liquid equilibrium diegrams at 313.15 K (this work). Presswe, P ,  as a function of mole fraction in liquid, x , ,  or vapor, y, ,  phase. 
Continuous curves, smoothed values; dashed curves, DISQUAC predlctions; points, direct experimental values: (A) 1-chlorobutane (1) -I- CCI, 
(2); (B) 1.2dichloroethane (1) + CCI, (2); (C) 1,2dichloroethane (1) -F 1-chlorobutane (2). 

are presented in Table VI. For a better comparison, we have 
also listed the standard deviations obtained from the Redlich- 
Kister fit of the same experimental data, as well as the coor- 
dinates of the azeotropic points. These were determined by 
regression through minimization of the sum of the deviations in 
pressure, all points weighted equally. It can be seen that the 
DISQUAC predictions agree very well with our VLE measure- 
ments at 313.15 K (Figure 3A,B). I t  follows also that our 
measurements for 1,2dichloroethane + CCI, are in good 
agreement with the VLE results of Azpiazu et al. (19), at 303.15 
K, and of Ldpez et al. (75), at 298.15 K. There is also rea- 

sonable agreement between the data reported by Kireev and 
Skvortsova (20) and our data, at 313.15 K. 

Finally, for the CK;H2CH2CI (1) + CH3(CH2),CH2CI (2) mixture, 
we had to adjust the (d'"'' ) contact parameters. We obtained 
again the best agreement with zero quascchemical coefficients. 
The dispersive coefficients C%p,l (Table V) are negative, in- 
dicating a somewhat stronger CI-CI interaction energy between 
the CI groups of different types, than the average CI-CI inter- 
action energy of the CI groups of the same types. The standard 
deviations with DISQUAC are of the same order of magnitude 
as obtained with the Redlich-Kister fit (Table V I  and Figure 3C). 
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There is excellent agreement between calculated and ex- 
perimental HE at 298.15 K. The a(HE) values at 313.15 K are 
larger but still quite satisfactory (Figure 2). 

Preliminary measurements and calculations for dichloro- 
methane (CH,CI,) + 1-chloroalkane mixtures show that the 
dispersive coefficients C z p , ,  are more negative than for 1,2- 
dichloroethane + lchlorobutane. The parameters of the whole 
series of a,wdichloroalkane 4- 1-chloroalkane mixtures will be 
published in the near future. 

Glossary 

A/ 
B,I 
C 
0 
H 
m 
N 
n 
P 
Q 
R 
S 
T 
V 
WRMSD 

Y 
X 

parameters in eqs 1 or 3 
molar second virial coefficients, cm3 mol-' 
interchange coefficient 
molar Gibbs energy, J mol-' 
molar enthalpy, J mol-' 
number of parameters AI, eqs 1 or 3 
total number of measurements 
number of C atoms in chloroalkane 
total vapor pressure, Pa 
any property 
molar gas constant (8.31451 J K-' mol-') 
objective function, ref 12 
temperature, K 
liquid molar volume, cm3 mol-' 
weighted root mean square deviation, eq 4 
liquid mole fraction 
vapor mole fraction 

Greek Letters 

P liquid density, g ~ m - ~  
a(Q) 
a,(Q) 
6 0  experimental uncertainty 

Superscripts 
dis dispersive term 
E excess property 
quac quasi-chemical term 

pure component 

Subscripts 

Az azeotropic property 
calc calculated property 
i type of molecule (component) 

standard deviation of property 0 ,  eq 5 
standard deviation of property Q, 6q 2 

0 

a, d, d', 
d" 

type of contact surface: a, aliphatic; d, CI in C C l j  
d', CI in 1-chloroalkane; d", CI in 1,2dichloro- 
ethane 

order of interchange coefficient; l = 1, Gibbs energy; 
I = 2,  enthalpy 

l 

s, t any contact surface 
R e g l s t ~  NO. CH,(CH2)2CH,CI, 109-69-3 CCI,, 56-23-5; CICHpCH,CI, 

107-06-2. 
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Solubility of Naphthalene in Mixtures of Carbon Dioxide and Ethane 

William E. Hollar, Jr.,+ and Paul Ehrlich" 
Department of Chemical Engineering, State University of New York at Buffalo, Amherst, New York 14260 

The solubURy of naphthalene In supercrttlcal mlxtures of 
carbon dioxide and ethane has been measured at 
temperatures of 308 and 318 K and over a pressure range 
of 50-300 atm wlth a static solublllty apparatus. The 
resulting solublllty data were correlated wlth the 
Chueh-PrausnRr modifled verslon of the Redllch-Kwong 
equation of state. 

tPressnt address: The Carborundum Co., P.O. Box 832, Niagara Falls, NY 
14302. 

I .  Introduction 

A number of authors have investigated the solubilii behavior 
of solid solutes in contact with a binary solvent mixture that is 
supercritical at the conditions of the experiment (7-3). With 
the exception of one study ( I ) ,  each has examined a polar or 
nonpolar liquid entrainer (cosolvent) at levels of 3-10 mol % 
as the second component of the supercritical solvent mixture. 
Schmitt and Reid ( 1 )  measured the solubility of naphthalene and 
benzoic acid in a mixture of 94 % CO,-6 % CPHB at 308 and 
318 K. These data are the only source of information on the 
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