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different cell loadings on the propane-ndodecane systems, and 
the standard deviation of the smoothed compositions of Table 
I V  and the raw data was 1.85%. 

The raw data corresponding to the two ethane-solvent 
systems are shown in Figure 1, and the raw data for the two 
propane-solvent systems are shown in Figure 2. These figures 
also present the smoothed composition lines and "ideal" solubility 
lines. From this representation, it appears that there is a high 
degree of linearity of the composition lines at values of 1/ T" 
larger than 1.40 for the systems with ethane as a solvent and 
larger than 1.35 for the systems with propane as a solvent. This, 
in fact, is the region in which Henry's law might be expected 
to hold. Thus extrapolation of the data into even more dilute 
regions would be likely to be reasonably accurate. 

The discontinuities in both ethane solvent binary systems in 
Figure 1 were not exhibited by any of the previously studied 
ethane systems. These discontinuities are caused by the fact 
that the triple point of both solutes exceeds that of the critical 
point of the solvent. For the 2-methylnaphthalene-solute system, 
there is a four-phase solid-liquid 1-liquid 2-vapor point (Q point). 
The compositional difference between the liquid-1 and liquid-2 
phases causes a discontinuity with respect to composition along 
the three-phase solid-liquid-vapor locus. For the naphtha- 
lene-solute system, an even higher solute triple-point tem- 
perature causes a temperature range in which no liquid phase 
exists. Noteworthy in the composition behavior of this naph- 
thalene-solute system is the maximum in the composition which 
occurs at the high-temperature end of the low-composition 
branch of the S-L-V locus. At this point the system, already 
extremely dilute in hydrocarbon solute, is approaching the vicinity 
of the critical point of pure ethane. Apparently the increase in 
molar volume of the liquid phase effects a decrease in com- 

position, in contrast to what one experiences at lower tem- 
peratures. This phenomenon has been observed before in the 
binary systems methane-n-octane and methane-cyclohexane 
(3). 

Glossary 

L1 ethane-lean liquid phase 
L2 ethane-rich liquid phase 
T temperature in K 
TT triple point temperature in K: 307.73 K for 2- 

methylnaphthalene, 353.2 K for naphthalene, 
243.51 K for ndecane, 263.61 K for ndcdecane 

T' T I  TT 
X solute mole fraction 
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Activity Coefficients from Solid-Liquid and Vapor-Liquid Equilibria of 
Some Associated Solutions 

Renzo Carta, Stella Dernini, and Roberto De Santis" 

Istituto di Chimica Applicata e Metallurgia, Facolt2 di Ingegneria dell' Universit2 di Cagliari, Cagliari, Italy 

Solid-liquid and low-pressure vapor-liquid equilibria were 
experimentally determined for blnary solutions of acetic 
acid and carbon tetrachloride, benzene, or chloroform. 
Activity coefficients from vapor-liquid data reduction, 
taking into account vapor-phase dimerization of acetic 
acid, were compared with those derived from the 
solubilitv of solid acetic acid in the liquid solvent. 

Introduction 

Information on the activity coefficients in liquid solutions can 
be obtained from data reduction of vapor-liquid equilibria and 
of solubilities of solids in liquids. Therefore, in principle, the 
activity coefficients obtained from either of the two-phase 
equilibria could be used for the prediction of the other equilibrium 
and vice versa. However, for isobaric equilibria it is necessary 
to know the heat of mixing, mainly in the case of large tem- 
perature ranges or in the case of high thermal effects. 

'To whom correspondence should be addressed at Cattedra di Principi di 
Ingegneria Chimica, Facolti di Ingegneria dell'UniversitH di Roma, Rome, Italy. 

In this note vapor-liquid and solid-liquid equilibrium data are 
reported for solutions of an associated component, namely, 
acetic acid, and a common solvent such as carbon tetrachloride, 
benzene, or chloroform. 

The scope of the work is the comparison of the sets of activity 
coefficients obtained from both types of data. This comparison 
also allows an indirect check of consistency of the procedure 
which evaluates vapor-phase nonidealities of associated sys- 
tems. 

The choice of acetic acid is due to its melting temperature 
(16.6 "C), which allows measurements of solubilities at tem- 
peratures close to ambient. 

Measurements of vapor-liquid equilibrium data are carried out 
at pressures of the order of 100 mmHg, to approach the 
temperature ranges pertaining to both equilibria. 

Experimental Section 

Solubilities of solid acetic acid in the liquids were determined 
by analyzing samples of the liquid phase in equilibrium with the 
solid. 

To this purpose, liquid-solid systems were agitated in a 
thermostatic bath (fO. 1 "C). After equilibrium was reached, 
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Table 111. Vapor-Liquid Equilibrium Data of the System 
Benzene (1)-Acetic Acid (2) a t  80 mmHg 

Table I. Solubility of Acetic Acid in Chloroform, Carbon 
Tetrachloride, and Benzene 

chloroform 
carbon 

tetrachloride benzene 

T, "C x, r o c  x ,  

-3.9 0.685 
-3.0 0.700 

2.2 0.780 
4.3 0.805 
7.9 0.860 

10.0 0.900 
12.5 0.930 

-4.3 0.440 
-2.8 0.495 
-1.3 0.547 

13.7 0.595 
2.3 0.650 
5.2 0.727 
7.5 0.795 

10.0 0.870 
12.0 0.925 

T , "C  x 2  - 
-3.3 0.535 
-1.1 0.595 

2.2 0.690 

5.3 0.770 
6.2 0.780 
7.3 0.815 

10.0 0.880 
11.9 0.915 

w 4.2 0.735 

Table 11. Vapor-Liquid Equilibrium Data of the System Carbon 
Tetrachloride-Acetic Acid at 100 mmHg 

T, "C x2 Y2  

23.5 
23.7 
24.0 
24.4 
25.4 
26.0 
27.1 
27.7 
30.2 
37.1 
43.7 

0.065 
0.110 
0.162 
0.217 
0.344 
0.407 
0.528 
0.656 
0.708 
0.872 
0.932 

0.033 
0.050 
0.062 
0.080 
0.106 
0.128 
0.158 
0.157 
0.215 
0.345 
0.454 

the solid was allowed to settle in the flasks and supernatant 
sample was removed for the analysis of concentration. Each 
determination was repeated five times with good reproducibility; 
calculated standard deviations are of the order of 0.005. 

Vapor-liquid equilibrium data at 100 mmHg for the system 
carbon tetrachloride-acetic acid, at 80 mmHg for the system 
benzene-acetic acid, were determined with a Gillespie still 
modified by the method of Fowler and Norris ( 7 ) .  

To reduce the influence of pressure oscillations on the 
equilibrium temperature, pure acetic acid and the solution were 
boiled in two separated stills, connected through condensers to 
a mercury manometer. The difference between boiling tem- 
peratures was determined by differential measurement of the 
signals of the thermocouiples from the stills. The emf was 
indicated by a Leeds and Northrup recorder. 

Saturation pressures of acetic acid were determined in the 
same way in comparison to distilled water. 

Accuracy of the temperature measurements was f0.05 OC. 
Analyses of mixture samples from both equilibria were carried 
out by means of a precisicin refractometer; at 25 O C  calibration 
curves of the three systems do not deviate much from straight 
lines. The accuracy of niole fraction data was estimated to 
f0.005. 

Purity of the componerits (Carlo Erba) was 99.9 wt % for 
acetic acid, 99.9% for carbon tetrachloride, 99.0% for chlo- 
roform, and 99.5% for blenzene. 

Solubilities of solid acetic acid in the liquid solvents are re- 
ported in Table I ;  vapor-liquid equilibrium data are reported in 
Tables I1 and 111. 

Data Reduction 

Activity coefficients of acetic acid were obtained from the 
experimental solubilities of the solid acid in the liquid solvents 
through the equilibrium relationship (2) 

(1) 

In data reduction, normal melting temperature and heat of fusion 

- T, "C x2 Y2 

23.2 0.050 0.032 
23.8 0.118 0.057 
24.0 0.170 0.073 
24.1 0.180 0.077 
25.2 0.318 0.120 
26.1 0.430 0.165 
27.8 0.560 0.232 
29.8 0.677 0.319 
31.6 0.752 0.309 
36.1 0.848 0.437 
38.6 0.885 0.501 
38.8 0.890 0.494 
49.2 0.963 0.744 

Table IV. Values of the Constants of Equation 5O 

A 5 C D 
CH,COOH -1196.072 2.331 0.005 -2.112 
cc1, - 1934.417 4.404 -0.008 0.1 13  
C 6 H 6  -1672.571 3.318 -0.002 0.027 

Temperatures are in K,  saturation pressures in mrnHg. 

were substituted in eq 1 to the correspondent values pertaining 
to the triple point (2). 

The last term of eq 1 has a negligible effect on the values 
of activity coefficients. 

Literature values (3) of the heat of fusion (2756.9 cal/mol) 
and of the melting temperature (289.8 K) were used. 

Activity coefficients of both components were obtained from 
the vapor-liquid equilibrium data, treating the vapor phase as 
an ideal ternary system containing monomer (acetic acid), dimer, 
and solvent. Mole fractions in the vapor phase and saturation 
pressures of the monomer can be obtained from the temperature 
dependence of the dimerization equilibrium costant, as usual (see 
for example ref 4-6). Without detailing the procedure, the 
equilibrium relationships which allow the evaluation of activity 
coefficients are 

1 ( [ I  + 4KYz(2 - Y Z ) P I ~ / *  - 1)/2(2 - Y ~ ) K  
Y2 = - (2) 

P - P m ( l  + 0,) 

x2 [ ( l  + 4Kps,)1/2 - 11 /2K 

71 = (3) 
XlPSl 

In eq 2 the numerator represents the partial pressure pm of the 
monomer and the denominator the saturation pressure of the 
monomer. 

The dimerization constant is normally derived correlating 
volumetric data of pure associated vapor (acetic acid). In this 
work the dimerization constant was calculated by the following 
equation used by other authors (7). 

(4) 

Accuracy of the saturation pressure of pure components in 
the reduction of vapor-liquid equilibrium data was emphasized 
by Van Ness et al. (8). Therefore saturation pressures were 
calculated with the following equation: 

log K =  -10.4205 + 3166/T 

log p s  = A / T +  Blog T +  CT+ D (5) 
The values of the four constants were obtained by fitting ex- 
perimental data (3, 9 ,  70) in the relevant temperature range 
and are reported in Table IV.  

Discussion 

Figure 1 shows the activity coefficients of the system carbon 
tetrachloride-acetic acid obtained from both phase equilibria. 
Activity coefficients from isothermal and isobaric vapor-liquid 
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Flgure 1. Experimental activity coefficients for the system carbon 
tetrachloride (1)-acetic acid (2) (0, from vapor-liquid data; 0,  from 
solid-liquid data; 0, from vapor-liquid data at 417 mmHg ( 7 ) ;  AA, from 
vapor-liquid data at 40 and 20 O C  (70)). 

equilibrium data of other authors ( 7 ,  70) are also shown. 
It can be observed that the various sets of activity coefficients 

agree practically within the limits of experimental uncertainties. 
The temperature dependence of activity coefficients appears 

to be low; on the other hand this could be predicted from the 
following thermodynamic relationship: 

where y2(0) is the activity coefficient at the temperature T o .  
Equation 6 is valid for negligible temperature dependence of the 
heat of mixing in the considered temperature region. 

The second term of eq 6, calculated from the experimental 
heat of mixing data of Liszi ( If), is 1 order of magnitude less 
than the first term. 

Important, however, is the remarkable agreement between 
the activity coefficients of acetic acid obtained from solid-liquid 
and vapor-liquid equilibrium data. 

This result indicates not only the reliability of the measurements 
but also the essential correctness of the procedure of treating 
vapor-phase nonidealities neglecting the influence of the other 
component on the dimerization of the associated substance. 

Therefore, one equilibrium could be quantitatively predicted 
from activity coefficient data obtained from the other equilibrium 
and vice versa (the values of activity coefficients of the solvent 
from solid-liquid data could be obtained by integrating the 
Gibbs-Duhem equation). 

A similar conclusion holds for the system benzene-acetic acid: 
positive deviations from ideality of the liquid phase are com- 
parable when obtained from both equilibria. 

Good results were obtained when calculating solubilities of 
acetic acid in carbon tetrachloride and in benzene by the Wilson 
equation (see Appendix) with binary parameters obtained from 
vapor-liquid data. Small deviations are due to partial inadequacy 
of the Wilson equation in correlating experimental activity 
coefficients. 

Isothermal ( 12) and isobaric (73, 74) vapor-liquid equilibrium 
data clearly show that chloroform-acetic acid liquid solution is 
ideal if dimerization of the acid in the vapor phase is taken into 

Figure 2. Experimental and calculated solubilities of solid acetic acid 
in chloroform. 

account. In  this case, the enthalpic (75) and entropic con- 
tributions to the excess Gibbs free energy cancel out. 

Therefore solubilities of solid acetic acid in chloroform were 
calculated by eq 1 assuming y2 = 1. The excellent results in 
the comparison between experimental and calculated solubilities 
shown in Figure 2 confirm the ideality of this liquid solution. 
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The Wilson equations are 

In y, = -In (x i  + Al2x2) + 
x2[ - ] (7) 

x1 + ' l I2X2 Ap1X1  + xp 

In y2 = -In (x2 + A,,x,) - 

XI [  222.- X I  + ,l,,x, - "-1 -121x1 + xp (8) 

with 

v2 -(A12 - A i l )  

v i  -&2 - A22)  

(9) 

(10) 

RT 
Ai2 = - exp 

V i  

RT 
-i2, = - exp 

V 2  

Parameters of these equations were obtained by fitting ex- 
perimental activity coefficients from vapor-liquid data reduction. 
For the minimization procedure the following objective function 
(76) was used: 

Values of the binary parameters A and standard deviations cr 
of activity coefficients are as follows: carbon tetrachloride- 
acetic acid A I 2  - A l l  = 13.56 cal/mol, A12 - A 2 2  = 39.73 
cal/mol, u1 = 0.1 17, u2 = 0.121; benzene-acetic acid, A l p  - 
A,, = -2.76 cal/mol, A,, - A22 = 58.57 cal/mol, u1 = 0.075, 
u2 = 0.207. 

Glossary 

A ,  13, 
C, D 

constants in eq 5 



Journal of Chemical and Engineering Data, Vol. 24, No. 2, 1979 103 

t at the triple point AC,, 
solid, cal/(mol K) 

H molar enthalpy, cal/mol 
H partial molar enthalpy, cal/mol 
AH heat of fusion, cal/mol 
K dimerization equilibrium constant, mmHg-' 
P pressure, m8mHg 
R gas constant, cal/(mol K) 
T temperature!, K 
V molar voIurrie, cm3/mol 
X 

Y 
Y activity coefficient 
x 
Subscripts 
1 relative to the solvent 
2 relative to acetic acid 
f at normal melting conditions 
m relative to the monomer 
S at saturation conditions 

difference between specific heat of the liquid and the 

mole fraction in the liquid phase 
mole fraction in the vapor phase 

parameters of the Wilson equation, cal/mol 
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Effect of Morpholine on Vapor-Liquid Equilibrium of the System 
Met h y Ic y c lo h exa ne-To1 u e ne 

Jose Coca* and Jose J. Pis 
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The effect of morpholiine on the vapor-liquid equilibrium of 
the methylcyclohexane-toluene system is reported at 760 
mmHg and molar cornipositions of morphollne of 0.15, 
0.30, and 0.45. An increase in the relative volatility and 
also a small increase in the boiling temperature with 
respect to the binary mixture are found. Vapor-liquid 
equilibrium data are also reported for the 
benzene-methanol and methylcyclohexane-toluene binary 
systems. Data for the! latter systems have been 
correlated by the Wilson equation. 

Vapor-liquid equilibrium data for the methylcyclohexane- 
toluene system have been determined at atmospheric ( 7 )  and 
at lower pressures (i?). Activity coefficients, at constant 
composition, tend to increase as pressure is reduced (2) ,  and 
therefore separation by distillation should be easier at low 
pressures. 

The addition of a solvent to the binary mixture modifies the 
vapor-liquid equilibrium and therefore the relative volatilities, 
making possible the separation by extractive distillation. 
Morpholine and its deriivatives have been used as extractive 
solvents for the separation of aromatic and aliphatic hydro- 
carbons (3). I t  is the purpose of this work to study the behavior 
of this solvent on a mixture of an aromatic and a cyclic aliphatic 
hydrocarbon. 

Selectivities at infinite dilution for the mixture methylcyclo- 
hexane-toluene were determined by a chromatographic 
technique ( 4 )  and results were promising enough (5) to carry 
out a study of the vapor-liquid equilibrium in the presence of 
morpholine as a low volatile component. 

Experimental Section 

Vapor-liquid equilibrium data were determined in an Othmer 
still (6), similar to an apparatus previously described ( 7). Teflon 

stemmed valves were used to avoid greased stopcocks. The 
boiling point temperature was measured within an accuracy of 
f0.05 O C  by using a mercury-in-glass thermometer (0.1 O C  

divisions) calibrated against a standard thermometer. 
To avoid concentration and temperature gradients in the liquid 

phase, magnetic stirring was provided at the bottom of the still. 
A pressure of 760 mmHg was maintained by using a water 
column and pumping through it a small amount of dried air. The 
difference with atmospheric local pressure was measured with 
a butyl phthalate manometer. 

The local pressure in the laboratory was measured by a 
mercury manometer and a cathetometer with an accuracy of 
f0.05 mmHg. All pressures were corrected to the equivalent 
height of a mercury column at 0 O C  and standard gravity. 

The operation of the equilibrium still was checked with the 
binary system benzene-methanol. Analysis of vapor and liquid 
samples was made by measuring densities and refractive indices 
(PAY refractometer of the Abbe type) and by gas-liquid 
chromatography (Hewlett-Packard 57 10, flame ionization de- 
tector). Calibration curves had been previously determined for 
mixtures of known composition. 

Densities were measured with an Ostwald type picnometer 
with an accuracy estimated of ~k0.0002 g/cm3. 

Refractive indices were determined with an accuracy of 
fO.OOO1 at 25.00 f 0.10 O C .  A deviation of fO.0001 in 
refractive index is equivalent to a variation of 0.002 in mole 
fraction. 

For the ternary system studied in this work, gas chroma- 
tography was used as the analytical method, obtaining com- 
positions by the internal standard technique. This method is 
insensitive to changes in sample size and makes it possible to 
check the composition of the extractive solvent in the liquid 
phase. A previous calibration of the chromatograph with 
benzene-methylcyclohexane-morpholine mixtures of known 
composition showed an accuracy in the analysis of liquid and 
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