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homdogous series of ethane + l-akanol mixtures from carbon 
numbers 1 to 10. 

In  contrast, the volatilities of methanol and ldecanol and its 
mixtures are less than that of 1-propanol or 1-butanol. Thus 
we do not see the pronounced maximum in the UCEP (K point) 
temperatures for the ternary mixtures that we saw with the 
homologous series of binary mixtures (70),  also illustrated in 
Figure 5. 

A “fold” in the U V  surface can be observed in Figures 1-4. 
This fold is associated with a pressure minimum. There is m e  
than one three-phase state at a given temperature and pressure 
where the surface overlaps itself. Merrill et ai. (76) mentioned 
that there was probably a (small) fold in the U V  surface of the 
system nitrogen + methane + n-butane. Recent studies by 
our group on carbon dioxide + ethane + n-tetradecylbenzene 
(77) and carbon dioxide + n-butylbenzene + n-eicosane (5) 
report more prominent LLV surface folds. Miller and Luks (78) 
mathematically analyzed these folds and drew general conclu- 
sions about species separability between the fluid phases 
present. 

Figure 4 illustrates the shape of the envelope of consolute 
points at 295.15 K for the L, and L, phases, where a consolute 
point Is the three-phase analogue of a two-phase saturation 
point. In  L,dominant runs for initial methanol mole fraction 
loadings of the order of 0.977 or greater in our experiments, 
the ethane-rich phase (L,) selectively extracted enough meth- 
anol from the L,-solute mixture to make it difficult to obtain L, 
compositions or molar volumes in the region of the fold. These 
portions of the L, data are represented by dashed curves, which 
are meant to imply (only) their existence. 

Glossary 
AAD average absolute deviation 
K 
LCEP 
L, L,, L, liquid phases 
L-L=V 

denotes a K point (herein, the UCEP) where L-L=V 
lower critical end point, or L=L-V 

a three-phase critical end point where the less dense 
L phase and the V phase are critically identical; 
also the UCEP (K point) 

L=L-V 

P pressure 
T temperature 
UCEP 

V 

V gas phase 

a three-phase critical end point where the two liquid 
phases are critically identical; also the LCEP 

upper critical end point, or L-L=V (herein, the K 

molar volume of a phase 
point) 

Reglstry No. C2H,, 74-84-0; CH,OH, 67-551; ldecanol, 112-30-1. 

Literature Cited 

(1) Lam, D. H.; Jangkamolkulchai, A,; Luks, K. D. FluM Phase EquMb. 
1000, 59, 263. 

(2) Lam, D. H.; Jangkamolkulchai, A,; Luks, K. D. FluM Phase Equllb. 
1990, 60, 131. 

(3) Lam, D. H.; Jangkamolkulchai, A,; Luks, K. D. F/uM Phese Equ/Ub. 
1990, 60, 119. 

1QQO. 56. 153. 
(4) Tek, A. S.; Lee, R. J.; Rosenthal, D.; Anselme, M. FbMPhese EqulWb. 

. . - -, . . , . . 
(5) Miller, M. M.; Jangkamolkulchai, A.; Luks. K. D. FluM Phase Equilb. 

1980. 50, 189. 
(6) Huie, N. C.; Luks, K. D.; Kohn, J. P. J. Chem. fng .  Data 1973, 78, 

311. 
(7) Zarah, B. Y.; Luks, K. D.; Kohn, J. P. A I C M  Symp. Ser. 1974, 70 

(140), 91. 
(8) Kulkarni, A. A.; Luks, K. D.; Kohn, J. P. J. Chem. Eng. Data 1974, 

19, 349. 
(9) Yang, H. W.; Luks, K. D.; Kohn, J. P. J. Chem. fng.  Data 1976, 21, 

330. 
(IO) Thin, D. L.; Guzman, G.; Luks, K. D.; Kohn, J. P. J. Chem. Eng. Data 

1978. 23. 203. 
(11) Ma, Y. H.; Kohn. J. P. J. Chem. Eng. Data 1064, 9 ,  3. 
(12) Fall, D. J.; Luks, K. D. J. Chem. Eng. Data 1984. 29. 413. 
(13) Fall, D. J.; Fall, J. L.; Luks, K. D. J. Chem. Eng. Data 1985, 30, 83. 
(14) Jangkamolkulchai, A.; Luks, K. D. J. Chem. Eng. Data 1980. 34, 92. 
(15) Douslin, D. R.; Harrison. R. H. J. Chem. Thwmodyn. 1973. 5 ,  491. 
(16) Merrill, R. C.; Luks, K. D.; Kohn, J. P. A&. Cryog. Eng. 1084, 29, 

949. 
(17) Miller, M. M.; Luks, K. D. FIUMPhase EquM. 1989. 51, 315. 
(18) Miller, M. M.; Luks, K. D. FluM Phese Equilib. 198% 52, 275. 

Received for review August 9, 1990. Revised March 7, 1991. Accepted 
March 13, 1991. Support of thls research was provided by the Natbnai 
Science Foundation (Grant No. CTS-8914725). The apparatus used Is a part 
of the PVTx Laboratory at the University of Tulsa and was purchased wlth 
funds provided by several industries, the University of Tulsa and a Natbnal 
Science Foundation specialized equipment grant (No. CPE-8104650). 
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The T-x data for l,l,l-lrlchloroethane-1-propanol 
mixtures have been measured ebuiiiometricaily at 
101.3-kPa pressure. The system shows positive 
devlationr from Raouit’s law, forming a minimum boiling 
azeotrope. The vapor compositions have been predicted 
by using UNIOUAC and CLC models. 

As part of a continuing study of the vapor liquid equilibria of 
alcohol-chlorohydrocarbon mixtures, the equilibrium tempera- 
ture-composition data of 1 , 1 , 1-trichloroethane- 1-propanol 
mixtures at 101.3-kPa pressure were measured in an all-glass 
ebulliometer. 

Experimental Section 

PufNy of Chemkals. Reagent grade 1 , 1,l-trichloroethane, 
supplied by BDH Chemicals Ltd., Poole, England, and AnalaR 

0021-9568191 I 1  736-031 1$02.50/0 

grade lpropanol, supplied by Renaal, Budapest, Hungary, were 
further purified by distilling In a laboratory packed column. The 
glass distillation column was of k m  diameter and 30cm length 
and was packed with 0.kmdlameter and 0.7cm-length hollow 
cylindrical glass packing. The fraction collected at the boiling 
point for each chemical was used in the study. The physical 
properties of the chemicals are listed in Table I, along with the 
literature ( 7 -4) values for comparison. 

€qu///bf/um St///. The equilibrium temperature-liquid com- 
position data were measured In an allglass Swietoslawskl type 
ebuiliometer of 1 20-cm3 capacity that was standardized earller 
by measuring the T-x data of the benzene-cyclohexane sys- 
tem at 10 1.3-kPa pressure and comparing the data with that 
reported in the literature (5). 

The details of the experimental setup of the ebulllometer and 
Its operation are described elsewhere (6, 7). A solution of 
known composition was prepared by weighing on a precision 
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Table I. Physical Prowrties of Chemicals 
boiling point constants in vapor pressure eq" 

chemical exptl lit. ref A B C ref 
6.94983 1217.00 225.00 3 
7.74416 1437.686 198.463 4 

l,l,l-trichloroethane 74.0 73.90 1 
1-propanol 97.1 97.15 2 

"log P (mmHg) = A - B / ( t  + C). 

Table 11. Vapor-Liquid Equilibria of 
l,l,l-Trichloroethane-1-Propanol at 101.3-kPa Pressure 

temp, "C X YUNIQUAC Ycu: 
97.1 0.000 O.oo00 0.0000 
91.2 0.051 0.2426 0.2440 
88.5 0.082 0.3412 0.3420 
87.0 0.101 0.3896 0.3900 
81.2 0.206 0.5596 0.5590 
80.0 0.237 0.5906 0.5900 
79.4 0.258 0.6085 0.6080 
78.2 0.307 0.6433 0.6420 
76.3 0.412 0.6957 0.6950 
75.1 0.521 0.7339 0.7330 
74.6 0.554 0.7440 0.7440 
74.4 0.582 0.7523 0.7520 
74.0 0.637 0.7689 0.7690 
73.6 0.705 0.7909 0.7910 
73.3 0.782 0.8208 0.8210 
73.2 0.801 0.8295 0.8300 
73.1 0.918 0.9047 0.9040 
73.5 0.956 0.9422 0.9420 
74.0 1.Ooo 1.oo00 1.Oooo 

electrical balance, which had an accuracy of fO.OOO1 g. A 
120-mL aliquot of this solution was charged into the boiling 
chamber. The liquid charge in the ebulliometer was at first 
slowly heated by switching on the external heater, and when 
the temperature of the liquid was reaching the boiling temper- 
ature, the internal heater was also switched on to maintain 
uniform boiling of the liquid. The stream of the partially va- 
porized mixture of liquid and vapor spurted through the Cottrel 
pump and impinged on the thermowell placed In the equilibrium 
chamber. Vapor leaving the equilibrium chamber condensed 
in the water-cooled condenser and returned to the boiling 
chamber, while the liquid from the equilibrium chamber also 
trickled down into the boiling chamber. The pressure in the 
system was maintained at 101.3 kPa by applying a slight pos- 
itive pressure using nitrogen. When steady state was attained 
in about 1 h, the equilibrium temperature remained constant and 
the condition was maintained for 2 h before it was recorded. 
The pressure was measured with a mercury manometer. The 
equilibrium temperature was measured with a standard mer- 
cury-in-glass thermometer, having an accuracy of fO.l O C .  

The vapor holdup In the ebulliometer was neglected, and the 
equilibrium liquid composition was taken to be equal to the liquid 
composition of the charge as the ratio of vapor holdup to the 
total liquid in the ebulllometer was very small. The experimental 
T-x data are presented in Table I I. 

Data Corrolatlon, Results, and Dlscurrlon 

E8ibnadkn of Vapor C" UNIOUAC and CLC 
Mo&/8. The equilibrium vapor composition from T-x data at 
101.3-kPa pressure was predlcted by uslng UNIQUAC and CLC 
models. An iterattve nonlinear least-squares minlmlzatlon pro- 
cedure was employed wlth the objective function 

n 

F = C[1 - cvl,,l+ Y2,cdl)12 (1) 

This procedure optimized parameters of the models while 

calculating the activii coefficients. The activity coefficients in 
each model are calculated using the equations given below. 

UNIQUAC (8) 

In Y1 = In (41/x1) + (Z/2)91 In (61/41, + 
4zV1 - / 2 r 1 / r 2 )  - 91 In (61 + 62721) + 

62(1 1 [721/(61 + 62721) - 712/(6, + 61712)l (2) 

In Y2 = In (42/x2) + (Z/2)92 In (W42) + 
41U2 - /1r2/r1) - 42 In (62 + 61712) + 

61(12[712/(62 + 61712) - 721/(61 + 62721)l (3) 

11 = ( Z / W l  - (Ill - (r1 - 1); 
1 2  = (z/2Xr2 - 92) - (r2 - 1) (4) 

6 2  = x2(12/(x191 + x292) (5) = x191/(x1q1 + x2(12); 

41 = X l r l / (x l r l  + xzr2): 4 2  = x2r2/(Xlrl + X d 2 )  (6) 

712 = exp[-(u12 - u,,)/RTI; 
7 2 1  = exp[-(uzl - ~11)/RTl (7) 

CLC (9) 

In Y1 = (1/RT)(Z/2)[x2l2@2l - 911) + 
x2x22x12(912 - g22)/x11 - In ( X l  + A 12x2) + 

xz[A 1 2 / ( ~ 1  + A 12x2) - Azi/(xz + A21xi)I (8) 

In Y2 = (VRT)(Z/2)[x1,2@1, - 922) + 
x1x11x21(g21 - 911)/x21 - In (x2 + AZlXl )  - 

x,[A,,/(x, + A12x2) - + A21x1)l (9) 

A21= (Vl/V,) exp[-(g,, - 922)/RTl (10) 

[ X l  exp(-g,,/RT) + x2exP(-g,,/RT)I (1 1) 

[ X l  exp(-g,,/RT) + x2exP(-gz,/RT)I (12) 

A 12 = (v2/v1) exp[-(gZl - gll)/RT1; 

x 12 = x 1 eXP(-g 12/RV/ 

X 2 l  = x2 exp(-g,,/RT)/ 

The vapor compositions were calculated by using the expres- 
sion 

K = Y, x/ po/4s / /w/  (13) 

The molar volumes are estimated by using a modified Racket! 
equation (70 )  In the calculations with the CLC model. The 
pure-component vapor pressures were calculated by using the 
Antoine constants presented in Table I. The ratio of fugacity 
coefficients (4s//4v,) was set equal to unity. The above pro- 
cedure to estimate the vapor composition was tested pevlously 
with the experimental T-x data of 50 binary systems ( 7 7). The 
deviations in experimental and calculated vapor compositions 
were within the range of experimental uncertalntles of the data 
taken for the study. 

The comparison between the vapor compositions predicted 
by the UNIQUAC and CLC models is given in Table 11. The 
model parameters obtained from the present experimental data 
are u12 - ua = 433.01, ugl - ull = -47.88 for UNIQUAC and 
g12 - gZ2 = 226.43, gZ1 - gll = 30.98 for CLC. The exper- 
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Flguro 1. T-x-y diagram for the system l,l,l-trichloroethane (1)- 
l-propanol(2) at 101.3 kPa: (0) experlmental data: (-) result cal- 
culated from UNIQUAC. 

imental T-x data are shown along with the predicted vapor 
composition in Figure 1. 

I t  is observed from the activity coefficient data that the 
mixtures of the l,l,l-trichloroethane- 1-propanol system show 
considerable order of nonideality and positive deviation from 
Raoult's law. The system formed an azeotrope at 73.1 OC, the 
composition of the chlorohydrocarbon being 86.5 mol % . The 
experimental data are well correlated by the UNIQUAC and 
CLC models. The vapor compositbns predicted by both models 
are almost Identical. 

Glossary 
A 12, A,, parameters in the CLC model 
F function 
9 ,, g 12, energy parameters in the CLC model 

9219  

9 22 
I bulk factor of component 
n number of data points 
P O  

P total pressure 
Q pure-component area parameter 
r pure-component volume parameter 

vapor pressure of the pure component 

R 
T 
t 
u119 u127 

u211 

u 22 
V 

Y 
Z 

X 

universal gas constant 
temperature, K 
temperature, OC 
energy parameter in the UNIQUAC equation 

molar volume 
liquid composition 
vapor composition 
coordination number 

Greek Letters 
Y activity coefficient 
4 
712, 721 e 
Subscripts 
i any component 
1 more volatile component 
2 less volatile component 
cal calculated 

Superscripts 
S standard state, liquid 
V vapor 
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