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Liquid-liquid equilibrium data for the water-sodium 
chloride-triethylamine system are reported at 20, 30, and 
40 'C. 

Strong molecular interactions create a thermodynamic be- 
havior of the water-triethylamine (TEA) solution that is hard to 
interpret quantitatively ( 7). 

The water-TEA system exhibits negative heats of mixing and 
negative excess entropies (2, 3, 72)  and, as a consequence, a 
lower consolute temperature ( 7, 5, 73, 76, 77, 78). 

These occurrences are strongly influenced by the following 
association equilibrium existing in solution ( 7 7 ,  75): 

(C2H&N 4- 2H20 $ (C2H&N*2H20 

with the monohydrate appearing to be an ammonium hydroxide 
derivative and the second molecule of water to be hydrogen 
bonded. 

These features, in conjunction with the sharp changes in 
solubility with temperature and the low solubility in water, indi- 
cated, in the past years, TEA to be one of the most suitable 
solvents for water desalination processes (4, 5, 6, 9, 70, 79). 

Particular thermodynamic behavior and possible industrial 
relevance encouraged the present study on the determination 
of the liquid-liquid equilibrium of the water-sodium chloride-TEA 
system. Previous data on similar systems have been reported 
by Davison et al. (8). 

Experimental Section 

The determination of equilibrium was carried out at 20, 30, 
and 40 OC by 30-cm3 separator funnels with a thermostatic 
jacket (fO. 1 "C). The equilibrium vessels were loaded with equal 
quantities of amine and NaCl aqueous solution at concentrations 
up to the saturation value. 

After an extended period of mixing and quantitative gravity 
separation, samples of each phase were withdrawn for analysis. 
Equilibrium compositions were determined by analyzing amine 
in the aqueous phase and sodium chloride in both phases. Water 
and TEA concentrations in organic phase resulted from mass 
balances based upon starting quantities and compositions. The 
concentration of TEA in the aqueous phase was determined by 

Table I. Liquid-Liquid Equilibrium of the TEA-H,O 
System 

Wt % TEA in 
T ("C) aqueous phase amine phase 

_____ _ _ _ ~ - -  
Wt YO TEA in 

19.0 
20.0 
22 .o 
24.0 
26.0 
28.0 
30.0 
35.0 
40.0 

15.0 
10.0 
8.9 
8.0 
7.1 
6.5 
5.7 
4.5 
3.5 

57.8 
69.4 
79.4 
85.5 
89.4 
91.1 
93.1 
95.5 
96.0 

acid titration ( 74). Salt concentration was measured by weighing 
the fixed residue after slow evaporation, followed by complete 
drying in an oven at 110 OC. Larger samples of organic phase 
were prepared because of the low salt content: several deter- 
minations of each composition were carried out giving sufficient 
reproducibilities (f0.005 as weight fraction). Occasional erratic 
results were discarded. TEA (Carlo Erba), 99.5 wt % pure, was 
distilled before using. 

Results and Discussion 

Determinations of HPO-TEA solubility (Table I) give a sufficient 
agreement with very accurate data of other authors as shown 
in Figure 1. 

Older data ( 76, 77, 74, obtained with a different experimental 

Table II. Liquid-Liquid Equilibrium of the 
H,O-NaCI-TEA System a t  20 "C 

Organic phase Aqueous phase 
Wt TEA/ 

wt salt Wt Yo W t  % Wt % Wt % 
solution NaCl TEA NaCl TEA 

- 1 
0.040 
0.060 
0.070 
0.085 
0.080 
0.085 
0.085 
0.085 
0.080 
0.075 
0.070 
0.065 

0.045 
0.055 
0.075 
0.080 
0.085 
0.085 
0.080 
0.085 
0.075 
0.070 
0.070 
0.065 

3 0.050 
0.060 
0.080 
0.075 
0.085 
0.080 
0.085 
0.080 
0.075 
0.080 
0.070 
0.065 

- 113 

69.4 
83.6 
88.9 
90.9 
91.6 
92.0 
92.6 
92.8 
93.4 
94.0 
94.4 
94.3 
95.5 
69.4 
89.0 
91.9 
92.0 
93.9 
93.9 
94.4 
94.7 
94.4 
95.4 
93.5 
95.3 
95.5 
86.9 
89.3 
89.9 
91.1 
91.8 
92.5 
92.7 
93.0 
94.1 
94.3 
94.4 
94.8 

- 
1.1 
2.0 
3.0 
4.0 
5.0 
5.9 
6.9 
7.8 
9.7 

11.4 
13.2 
15.0 

1.1 
2.0 
3.0 
3.8 
5.2 
6.2 
7.2 
8.8 

10.0 
11.1 
13.4 
14.5 

1.2 
2.4 
3.6 
4.9 
6.0 
7.0 
8.0 
9.0 

11.2 
13.0 
15.0 
16.8 

- 

10.0 
7.5 
6.3 
5.0 
4.6 
4.4 
3.6 
3.3 
2.9 
2.3 
2.0 
2.3 
1.3 

10.0 
7.2 
6.8 
4.9 
5.0 
4.4 
3.5 
3.4 
3.1 
2.4 
2.1 
1.9 
1.2 
7.0 
6.3 
5.0 
4.4 
3.9 
3.6 
2.6 
2.9 
2.0 
1.9 
1.3 
1.6 
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procedure (synthetic method), slightly differ in the region of low 
temperatures for the amine phase. 

The ternary equilibrium data are given in Tables It-IV; mea- 
surements for three weight ratios of TEAIaqueous salt solution 
are reported at 20 OC. 

The noticeable salting-out effect induced by sodium chloride 
on the enlargement of the miscibility gap can be observed. 

Special attention is given to the distribution curves of NaCl 
between the two phases (Figure 2). As temperature increases, 
the salt content is higher in the amine phase; these curves also 
show a maximum at about the same NaCl weight fraction in the 
aqueous phase. 

Data were correlated with the following empirical equation: 

log xo = ksCs( 1 + kC) 
X 

where xo and x are the mole fractions of TEA in water and in salt 
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Figure 1. Miscibility gap of the H20-TEA system. 

Table Ill. Liquid-Liquid Equilibrium of the 
H,O-NaCI-TEA System a t  30 "C  

Organic phase Aqueous phase 
W t  % NaCl W t  '/Q TEA W t  % NaCl W t  % TEA 

- 
0.155 
0.170 
0.200 
0.225 
0.230 
0.230 
0.240 
0.230 
0.240 
0.225 
0.220 
0.210 

93.1 
93.7 
94.5 
95.0 
95.0 
95.2 
95.5 
95.4 
95.7 
95.6 
95.7 
95.7 
95.7 

- 
1 .o 
1.8 
2.8 
3.7 
4.6 
5.7 
6.5 
7.4 
9.4 

11.0 
12.9 
14.8 

5.7 
5.0 
4.1 
3.3 
3.2 
3.0 
2.5 
2.4 
2.1 
1.8 
1.5 
1.2 
1 .o 

aqueous solution, C, and C the molarities of the salt and of the 
nonelectrolyte, and k, and k two constants. 

Values of ks and k are reported in Table V. Equation 1 rep- 

Table IV.  Liquid-Liquid Equilibrium of the 
H,O-NaCI-TEA System a t  40 "C 

Organic phase Aqueous phase 
wt % NaCi wt % TEA wt O/O NaCl wt '/Q TEA 

- 
0.220 
0.230 
0.260 
0.250 
0.260 
0.265 
0.280 
0.275 
0.280 
0.260 
0.260 
0.240 

96.0 
96.4 
96.8 
96.7 
96.8 
96.8 
96.8 
96.9 
96.9 
97.0 
96.9 
97.0 
97.0 

- 
1 .o 
1.8 
2.8 
3.7 
4.6 
5.6 
6.4 
7.2 
9.3 

11.0 
12.7 
14.6 

3.5 
3.1 
2.6 
2.3 
2.2 
2.1 
2.0 
1.4 
1.5 
1.4 
1 .o 
0.8 
0.6 

Table V. Values of Constants k, and k in Equation 1 ___ 
T ("C) ks k 

20 0.360 4.555 
30 0.518 1.917 
40 0.515 1.644 
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Flgure 2. Distribution curves of NaCl between the amine and aqueous 
phase. 

resents the experimental data with average deviation less than 
10%. 

Acknowledgment 

valuable interest in this work. 

Literature Cited 

The author would like to thank Professor A. R. Giona for his 

(1) Campbell, A. N., Kartzmark, E. M., Can. J. Chem., 45, 2433 (1967). 
(2) Campbell, A. N.. Kartzmark. E. M., Can. J. Chem., 47, 619 (1969). 
(3) Copp, J. L.. Everett, D. H., Discuss. Faraday Soc., 15, 174 (1953). 
(4) Davison, R. R., Jeffery, L. M., Whitehouse. U. G., Hood, D. W.. U.S. Dep. 

Inter., Off. Saline Water, Res. Dev. Prog. Rep., No. 22 (1958). 
(5) Davison. R. R., Smith, Jr., W. H., Hood, D. W.. J. Chem. Eng. Data, 5 ,  420 

(1960). 
(6) Davison. R. R.. Isbell, A. F., Smith, Jr., W. H.. Hood, D. W., U.S. Dep. lnter., 

Off. Saline Water, Res. Dev. Prog. Rep., No. 55 (1961). 
(7) Davison, R. R., Hood, D. W., Harris, W. D., AIChEJ., 10, 471 (1964). 
(8)  Davison, R. R., Smith, Jr., W. H.. Hood, D. W., J. Chem. Eng. Data, 11, 304 

(9) Hood, D. W., Isbell, A. F., Davison, R. R., Smith. Jr., W. H., U.S. Dep.  Inter., 
(1966). 

Journal of Chemicaland Engineering Data, Vol. 21, No. 3, 1976 329 



Off. Saline Wafer, Res. Dev. Prog. Rep., No. 35 (1960). 
(10) Isbell. A. F., Hood, D. W.. J. Chem. Eng. Data, 7, 575 (1962). 
(1 1) Kartzmark, E. M., Can. J. Chem., 45, 1089 (1967). 
(12) Kohler, F., Monafsh. Chern.. 82, 913 (1951). 
(13) Kohler, F., Rice, 0. K., J. Chem. Phys., 28, 1614 (1957). 
(14) Mitchell, J. S., Kolthoff, I. M., Proskauer. E. S.,  Weissberger, A,. "Organic 

(15) Pickering, S. U.. J. Chem. SOC., 63, 141 (1893). 
(16) Roberts, L. D., Mayer, J. E., J. Chern. Phys., 9, 852 (1941). 
(17) Rothmund, V., 2. Phys. Chem., 28, 433 (1898). 
(18) Timmermans. J., 2. Phys. Chern., 58, 129 (1907). 
(19) Zeitoun, M. A., Davison, R. R., Chem. Eng. Prog., 60,51 (1964). 

Received for review December 15, 1975. Accepted March 11, 1976. Analysis", Vol. 111, interscience, London, 1956. 

Phase-Equilibria Behavior of the System 
Carbon Dioxide-n-Butylbenzene-2-Methylnaphthalene 

Ho-Ward Yang, Kraemer D. Luks, and James P. Kohn' 
Department of Chemical Engineering, University of Notre Dame, Notre Dame, Indiana 46556 

The phase-equilibria behavior of the ternary system COB- 
n-butylbenzene-2-methylnaphthalene was studied in the 
liquid-vapor, solid-liquid-vapor, and liquid-liquid-vapor 
regions. Detailed pressure, temperature, molar volume and 
composition data for each region and also the selectlvltles 
of COz in the ternary liquid-liquid-vapor region are 
presented. The liquid-liquid-vapor coexistence region for 
the ternary system was found to be bounded by a Q-point 
locus, a K-point locus, and a UCST locus. Also presented 
are the data on the depression In the melting point of 2- 
methylnaphthalene upon the addition of n-butylbenzene 
under atmospheric pressure. 

Phase equilibria behavior of C02-hydrocarbon(s) systems 
have been studied by many investigators. Partial miscibility 
behavior has been observed for some of the systems (2, 5, 6, 
7) and suggests the use of COP as a selective solvent. Its po- 
tential use in this respect is supported by its availability, non- 
toxicity, and noncorrosiveness. The studies of COP selectivity 
with respect to different hydrocarbons between liquid phases 
are needed to evaluate the use of C02 as a selective solvent. 

Huie and co-workers (3) studied the ternary system COP-n- 
decane-n-eicosane and examined the selectivity of C02 for 
lower vs. higher alkanes. The results show that COP selectively 
extracts the lower alkane from the higher alkane. 

The Huie study was extended to systems of C02 with alkanes 
and aromatics by Kulkarni (4) and Zarah (9). Kulkarni studied the 
ternary system of C02-ndecane-2-methylnaphthalene, where 
the aromatic 2-methylnaphthalene has a similar melting point 
to that of n-eicosane. Zarah studied the system Cop-n-butyl- 
benzene-n-eicosane, where the aromatic n-butylbenzene has 
the same carbon number as n-decane. In both systems, CO2 
selectively extracts the compound with lower carbon number. 

The systems of COP with aromatic compounds have been 
studied only by Francis ( 7); all those studies were done at 25 OC. 
There has been no detailed work ever done on COP-aromatic 
systems. Therefore, our earlier work (3, 4, 9) was extended to 
a ternary system of C02-n-butylbenzene-2-methylnaphthalene. 
The relevant phase behavior for this system was studied. The 
selectivity of COP in this ternary three-phase system, as well as 
the compositional and volumetric data, are reported. These data 
could be used for correlative purposes. 

Experiments Performed 

The following experiments were performed in this study: (a) 
The melting point depression of 2-methylnaphthalene upon the 

addition of n-butylbenzene was measured at several composi- 
tions at atmospheric pressure. (b) The liquid-vapor isotherms 
of the ternary system CO~-n-butylbenzene-2-methyInaphth- 
alene were studied at different temperatures at certain mole 
ratios of the two hydrocarbons in the system. (c) The solid-liq- 
uid-vapor equilibria were studied for the same ternary system 
at certain mole ratios of the two hydrocarbons in the liquid phase. 
(d) The liquid-liquid-vapor region of the same ternary system 
was studied in detail, both by stoichiometric techniques and by 
sampling techniques. 

Experimental Section 

Most of the experiments involved in this study were done with 
a P-V-T apparatus which featured a glass equilibrium cell of 
about 10 cm3 in volume and a constant temperature bath. The 
detailed description of this apparatus and the experimental 
procedure is elsewhere (8). This apparatus was used for stoi- 
chiometric experiments. 

The sampling study for the ternary liquid-liquid-vapor phase 
behavior was done by means of a Jerguson cell. There are two 
sampling ports on the cell, one being used to sample the upper 
liquid phase, the other used to sample the lower liquid phase. 

For the stoichiometric experiments, the procedure is briefly 
described as follows: a measured amount of COP is pressurized 
into the glass equilibrium cell which is initially loaded with a 
measured mass of the hydrocarbon components and the amount 
of C02 dissolved into the liquid solution is directly calculated by 
means of a material balance. 

In the case of the two-phase liquid-vapor behavior study, the 
compositional and volumetric data are calculated straightfor- 
ward. In the case of the solid-liquid-vapor system, the solid in 
the solution is kept in a trace account during the experiment, so 
that the amount of solid is negligible (the solid phase can be 
assumed to be pure 2-methylnaphthalene). Therefore the 
composition and molar volume of the liquid phase can be cal- 
culated. 

In the case of ternary three-phase liquid-liquid-vapor be- 
havior, the composition and molar volume of the two liquid 
phases cannot be calculated with a single set of experimental 
data. Two separate runs were done to provide the data needed 
for property determination. In each run, the temperature and 
pressure were the same while one or the other of the liquid 
phases was kept in small amount. 

The terminations (boundaries) for the ternary liquid-liquid- 
vapor loci with given mole ratios of the two hydrocarbons in the 
L1 phase are Q points (coexistence of the four phases V-L1- 
L2-S) at the lower temperature end, and K points (critical point 
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