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to equilibrium pressure changes, can be written as 

n ,  dp, + n2 dp2 + n,  dp, = 0 (All 

where n , and n are the number of moles of salts and n , is 
the number of moles of water. The corresponding chemical 
potentials are p,, p2, and p,. The chemical potentials of the 
salts and water can be written in terms of their activity, and the 
number of moles can be expressed in terms of ionic strength. 
Therefore, for the ternary aqueous mixture eq A1 can be 
written as 

I, I 2  

K l  K 2  
- d In a ,  + - d In a 2  = -55.51 d In a, (A2) 

where 
K k  = j/2(v+k z + k 2  + v-k z - k  2 

the activity of the salt k can be written as (4, 7) 

ak = V * f l v k k y v k h k  

thus 

d In a k  = Vk d In ( m k y + k )  = Vk d In - Y f k  (A3) (: 
WIth we of eq A3 for both electrolytes and with the assumption 
that Harned's rule is valid for both salts, then eq A2 yields 

dYi 55.51 
d In a, (A4) 

I 2  

where Y ,  = I,/ Iand I, = (1  - Y,)I with I = I, + I, con- 
stant. Equation A4 is then integrated at constant I and Tfrom 
Y ,  = 0 (pure salt 2) to Y ,  = 1 (pure salt 1) to give 

- - 55.51 In ($$) (A51 

I 2  

The activity of water can be written in terms of its osmotic 
coefficient (2), thus, at a total ionic strength I 

with 

Thus combining eq A5 with A7 gives 
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Low-Pressure Isobaric Vapor-Liquid Equilibria of EthanoVWater 
Mixtures Containing Electrolytes 
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Experlmental vapor-llquld equlllbrlum data at low pressure 
are prewnted for ethanol/water mlxturer contalnlng 
sodium chlorlde and calcium chloride at constant 
mdalltles. In  addltlon, the results for an ethand/water 
mlxture saturated wlth sodlum chlorlde are glven. The 
raturatlon concentratlonr of dhanoVwater mlxtures at 
bolllng temperature and 123.1 mbar are reported. The 
data are compared wlth the predlcted results uslng an 
extended UNIQUAC model for electrolyte systems 
publkh.d by Macedo et al. 

Introductlon 
In  the past few years, local composition models like NRTL 

and UNIQUAC have been extended for the appllcatlon to va- 
por-liquid equlllbrla of electrolyte systems ( 7-3). The most 
recent model was presented by Mecedo et ai. ( 7 ) .  For several 
alcohol/water/salt mixtures, model parameters dependlng on 
salt concentration have been published. These parameters 
were evaluated from previously published experlmental data 
measured at atmospheric pressure. To verify the applicability 
of the model parameters at other conditbns, low-presswe va- 
por-liquld equilibria were measured. 
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Experhental Method 

Vapor-liquid equilibrium compositions were measured by 
using a Swletoslawski ebulllometer, as described by Rogalski 
et ai. (4). The measurements were taken at constant pressures 
of 123.1 and 199.1 mbar, controlled by a Wallace & Tiernan 
high-precision mercury gauge wlth a resolution of 0.1 mbar. 
The temperature was measured by using a calibrated ther- 
mometer with a resolution of 0.01 OC. Because of slight dlf- 
ficuities in establishing a continuous boiling process at higher 
sa# concentrations, the reliability In temperature data is not 
better than 0.1 OC. 

The analysis of the vapor phase was performed by density 
measurements of a condensed sample with vibrating-tube An- 
ton Paar KG equipment, based on oscillation analysis of a 
sample-filled glass tube. Densities were obtained with an ac- 
curacy of 0.0001 g/cm3. The liquid-phase composition was 
analyzed by evaporation of a sample to obtain the dry weight 
of salt and by density measurement of the condensed vapor. 

I n  this way mole fractions of the vapor phase and salt-free 
mole fractions of the liquid phase were obtained with an ac- 
curacy of f0.001. 

Correlatlon 

1.0 , n 

I n  the extended UNIQUAC model ( I ) ,  the excess Glbbs 
energy Is given as a sum of three contributions: a Debye- 
Huckel expression for the electrostatic interactions due to ion 
formatlon (5),  a combinatorial term, which takes into account 
the form and size of the molecules, and an expression for the 
interactions between the molecules (6). The last term includes 
adjustable parameters for the interaction energies. 

For the calulation of the Debye-Huckel contribution, dielectric 
constants at 25 OC for water and alcohol were taken from the 
literature. Thereby it was assumed that the model parameters 
presented by Macedo et al. have been evaluated with tem- 
perature-independent dielectric constants, since experimental 
values about temperature effects on this property are very rare, 
but this is not clearly specified in their publication. 

Boiling points and vapor-phase compositbns were calculated 
iteratively from the following two equations: 

~/,eXpT/(~J,,exp)P f = P/ (1) 

C P/ = P i = ethanol, water (2) 
/ 

X ~ , ~ ~ ' S  are the experimental liqukcphase compostions with the 
presence of salt being taken into account. The model treats 
every ionic species as a single component so that liquid mole 
fractions have to be calculated in the following way: 

"/ 
x/ = (3) 

For the calculation of the vapor-phase composition of the 
saturated solution, the measured experimental saturation con- 
centrations of NaCl in ethanol/water mixtures were correlated 
empirically: 

"ethanol+ nw,, + "utlon + "mbn 

mba,mt, = 4.611 - 13.42Xj' + 11.29(~1')~ - 
0.61(~1')~ - 1.87(Xj')' (4) 

In  this equation m,,,, is the saturation salt molality in moles 
per kilogram of solvent mixture at bolling temperature and 123.1 
mbar, depending on the salt-free mole fraction of ethanol x ,'. 
ReruHr and Dlscuulon 

Tables 1-111 contain the experimental results for the three 
systems. The boiling temperature, the salt-free mole fraction 

xi (salt  f ree)  

65.  c 

40. 
0.0 0.2 0.4 0.6 0.8 1.0  

xl(salt  free),  yI 

Flgure 1. Vapor-liquid equilibrium data for the system ethanol (1)/ 
water (2) with 0.122 md of NaCllkg of solvent mixture at 199.1 mbar: 
(U) vapor data; (A) liquid data; (-) calculated result. 
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Figure 2. Vapor-IiquM equilibrlum data for the system ethanol (l)/ 
water (2) with 0.974 mol of CaCl,/kg of solvent mlxture at 123.1 mbar: 
(U) vapor data; (A) liquid data (-) calculated result. 

of ethanol in the liquid phase, and the vapor-phase mole fraction 
of ethanol are given. For comparison with the calculated data, 
the differences between experimental and calculated temper- 
atures (9 ) and y1 are also listed. Table I11 also shows the 
measured saturation concentrations at boiling temperature and 
the differences In the calculated data by the given correlation. 

Figures 1-3 show the phase equilibrium diagrams of the 
system. All calculated properties are in good agreement wlth 
the experimental data, although for the system ethanol/ 
water/calcium chloride the predicted boiling points are system- 
atically too low and at the same time the vapor-phase mole 
fractions of ethanol too high. Nevertheless the resutts are qulte 
satisfying, whlch demonstrates the capability of the model and 
the quality of the given parameters. A temperature extrapo- 
lation of the extended UNIQUAC model was successfully per- 
formed. 
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Table I. Vapor-Liquid Equilibrium Data for the System 
Ethanol (l)/Water (2) with 0.122 mol of NaCl/kg of Solvent 
Mixture at 199.1 mbar 

~~ 

boilinn . . ...~. 

point O , ~ O C  xl'a y1 At9,b O C  Aylc 
43.5 0.537 0.693 0.13 0.006 
44.0 0.431 0.651 0.04 0.005 
44.5 0.337 0.620 -0.08 0.007 
44.7 0.304 0.607 -0.14 0.006 
45.2 0.265 0.588 0.02 0.001 
45.5 0.232 0.583 -0.03 0.009 
45.8 0.206 0.566 -0.06 0.005 
46.3 0.174 0.555 -0.07 0.012 
47.5 0.127 0.512 0.00 0.007 
48.7 0.096 0.478 0.03 0.012 
51.6 0.054 0.378 0.20 0.007 
54.8 0.027 0.243 0.25 -0.008 
57.6 0.011 0.120 0.18 -0.009 
58.9 0.005 0.056 0.09 -0.009 
mean absolute deviation 0.094 0.0074 

a Salt-free mole fraction. *Difference between experimental and 
calculated temperatures, At9 = 6,- - t9& 'Difference between 
experimental and calculated vapor-phase compositions, Ay, = ylmp 
- Y 1.d.  
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Figure 3. Vapor-llquld equlllbrlum data for the system ethanol (I)/ 
water (2) sahrated wlth NaCl at 123.1 mbar: (0) vapa data: (A) Hquld 
data; (-) calculated result. 

Glossary 

"t. 

"/ 

P/ 
F: 
P 
x/ ' 
x/ ,exp 

Y/ 
Y/ 
t9 

saturation molality 
mole number of component i 
partlai pressure of component i 
saturation vapor pressure of pure component i 
total pressure 
salt-free liquid-phase mole fraction of component i 
experimental liquid-phase mole fraction of compo- 

vapor-phase mole fraction of component i 
activity coefficient of component i 
temperature 

nent i 

Table 11. Vapor-Liquid Equilibrium Data for the System 
Ethanol (l)/Water (2) with 0.974 mol of CaCl,/kg of Solvent 
Mixture at 123.1 mbar 

boiling 
point 19, O C  x l ' O  Y1 Ad? "C Ay,' 

34.4 0.837 0.922 0.77 -0.004 
34.4 0.775 0.893 0.89 -0.003 
34.4 0.724 0.868 0.92 -0.005 
34.5 0.608 0.814 0.97 -0.010 
34.8 0.409 0.723 1.14 -0.027 
35.1 0.337 0.692 1.32 -0,034 
35.4 0.270 0.664 1.43 -0.038 
36.2 0.185 0.622 1.49 -0.040 
37.2 0.131 0.584 1.34 -0.036 
39.2 0.079 0.491 1.01 -0,052 
41.0 0.056 0.444 0.91 -0.036 
43.6 0.035 0.342 0.79 -0.042 
48.3 0.014 0.144 1.19 -0.066 
mean absolute deviation 1.09 0.030 

Salt-free mole fraction. Difference between experimental and 
calculated temperatures, At9 = de, - 0,. 'Difference between 
experimental and calculated vapor-phase compositions, Ayl = yl,exp 
- Y 1 . d  

Table 111. Vapor-Liquid Equilibrium Data for the System 
Ethanol (l)/Water (2) Saturated with NaCl at 123.1 mbar 

point 9 ,  "C x i n  y1 mol/kg mol/kg At9,C OC Ayld 
boiling mmt, Ammt! 

33.2 0.786 0.825 0.06 0.032 0.02 0.005 
33.4 0.731 0.790 0.08 -0.018 0.05 0.005 
33.5 0.654 0.763 0.12 -0.031 -0.14 0.019 
34.2 0.539 0.722 0.36 -0.044 -0.10 0.018 
34.5 0.504 0.707 0.56 0.044 -0.04 0.006 
34.7 0.425 0.697 0.79 -0.049 -0.27 0.014 
34.8 0.391 0.692 0.95 -0.060 -0.39 0.014 
34.9 0.348 0.679 1.25 -0.005 -0.59 O.OO0 
35.2 0.280 0.672 1.79 0.076 -0.63 -0.008 
35.3 0.222 0.674 2.34 0.163 -0.47 -0.010 
35.7 0.171 0.659 2.72 0.078 -0.24 -0.014 
36.3 0.130 0.643 2.96 -0.095 -0.16 -0.006 
37.0 0.103 0.620 3.19 -0.158 -0.19 -0,006 
38.5 0.072 0.582 3.40 -0.303 -0.34 0.008 
39.0 0.060 0.573 3.84 -0.006 -0.30 0.008 
40.1 0.048 0.529 4.34 0.347 0.09 -0.020 
mean absolute deviation 0.09 0.25 0.01 

a Salt-free mole fraction. Difference between experimental and 
correlated saturation concentrations, Ammt = mmt,erp - mmt,,. 
Difference between experimental and calculated temperatures, 

A 9  = t9,, - Od. dDifference between experimental and calculated 
vapor-phase compositions, Ayl = ~ 1 , ~ ~ ~  - y1,~l .  
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