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lsobarlc vapor-liquid equilibrium was measured for the 
system n-butanol-sec-butanol-ferl-butanol at 760 mm Hg 
with a Dvorak-Boubllk recirculation still. Liquid activity 
coeff lclents were evaluated for the three components and 
correlated with a Redlich-Kister type equation. Vapor 
composltlon and boiling points were correlated from blnary 
and ternary data and showed good agreement with the 
experlmental Information. 

The butanol isomer system reported here has been studied 
in some detail because it represents a good example for the 
prediction of multicomponent vapor-liquid equilibria from bina- 
ry data where the chemical species differ only in the geomet- 
rical position of the group function. In addition, the possible bi- 
naries present positive and negative excess enthalpies of 
mixing. The vapor-liquid equilibrium data of the three binaries 
have already been determined ( 72). 

Quitsch et al. (7) studied the behavior of the binaries n-bu- 
tanol-sec-butanol and n-butanol-fert-butanol at 100, 300, 
500, and 700 mm Hg and found that both exhibited negative 
deviations from ideal behavior, with no azeotrope formation. 
Similar results were obtained by Wisniak and Tamir at 760 
mm Hg ( 12), including the binary sec-butanol-tert-butanol. 
Wisniak and Tamir also correlated the boiling point of the mix- 
ture with its composition using a two-constant modified 
Swiestolawski equation. Murakami and Benson (5) measured 
the molar excess enthalpies at 25OC of binary mixtures of n- 
butanol with all its isomers and found that the excess enthal- 
pies of mixtures n-butanol and isobutanol were positive, 
whereas those of n-butanol-sec-butanol and n-butanol- tert- 
butanol were negative. 

Experimental 

Purify of Materials. Analytical grade reagents purchased 
from Merck and Fluka were used without further purification 
after gas chromatography analysis failed to show any signifi- 
cant impurities, particularly water. &Butanol was at least 
99.5% pure. Physical properties of the pure components ap- 
pear in Table I. 

Apparatus and procedure. An all-glass modified Dvorak 
and Boublik recirculation still ( 1) was used in the equilibrium 
determinations. The experimental features have been de- 
scribed previously ( 7 7). All analyses were carried out by gas 
chromatography on a Packard-Becker Model 417 apparatus 
provided with a thermal conductivity detector and an Autolab 
Model 6300 electronic integrator. The column was 200 cm 
long and 0.2 cm diameter and was packed with 10% Hall- 
comid M-18-01 on 80-100 Supelcoport and operated isother- 
mally at 7OoC. Injector temperature was 17OoC, and the de- 
tector operated at 150 mA and 18OOC. Calibration analyses 
were carried on to convert the peak area ratio to the weight 
composition of the mixture. Concentration measurements 
were generally accurate to f 0 . 3 % .  

' To whom correspondence should be addressed. 

Results 

Seventy-three constant pressure equilibria determinations 
were made at 760 mm Hg, and most of the experimental re- 
sults appear in Table 111. 

In yi = In (Pyj/Pyxi) 4- (Si-  vy)(P- Py) /RT+ 

Activity coefficients were calculated from the equation 

(p/RT)[(1 - vi)(~+ij + . 9 . Y d i d  - fi~djd (1) 

(2) 

where 

6 j j  = 2 4 -  Si- Si 

Vapor pressures Pio and second virial coefficients Si were 
calculated according to the general equations (2, 9) 

log Py = A 4- B/(C + f) (3) 

log (-Si) = - pi log T (4) 

where the coefficients appear in Table II. 
The mixed virial coefficients Bij were estimated by the cor- 

relation suggested by O'Connell and Prausnitz (6), using the 
molecular parameters given by the same authors. In general, 
the contribution of the last two terms accounted for less than 
6 % of the activity coefficients. 

The thermodynamic consistency test can be performed 
with the McDermott-Ellis (4) point-to-point method or by an 
overall correlation of the data with an equation such as that 
of Redlich-Kister or Wilson. McDermott and Ellis (4) have 
shown that a pair of experimental points a and b are thermo- 
dynamically consistent if the deviation value D1 defined as 

is less than 0.02 if the accuracy of measurement of vapor 
and liquid mole fraction is within fO.OO1. The McDermott-Ellis 
criterion has been modified by Zandjicke (73) to include the 
heat of mixing, as follows: 

Table I. Physical Properties of Pure Compounds 

Index Compound a t  25°C BP, "C 
Refractive index 

1 n-Butanol 1.3975 117.6 

2 sec- Bu t anol 1.3949 99.7 

3 fert-Butanol 1.3850 82.5 

1.3973 (9) 117.66 (9) 

1.3950 (9) 99.6 (9) 

1.3851 (9) 82.4 (9) 

Table I I .  Virial and Vapor-Pressure Constants 

Compound ai pi A B C 

n-Butanol 14.711 4.5 7.47680 -1362.39 178.77 
sec-Butanol 14.678 4.5 7.47431 -1314.19 186.55 
fert-Butanol 15.359 4.8 7.31994 -1154.48 177.65 
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D z = - ( - + $ ) ( T , , -  1 Qa Ta) 
2 Ta 

where 
n 

j =  1 
Qi = C xi In y j  ( 7 )  

According to Zandjicke, the data are consistent if the fol- 

I D1 - 3 Dd I 0.02 (8) 

Ma et al. (3) concluded that if a set of data can be shown 
to be well correlated by a multicomponent thermodynamic 
equation such as that of Redlich-Kister or Wilson, then the as- 
sumption that the data are inconsistent according to the 
point-to-point test is not justified. They set an upper arbitrary 
limit for the rmsd of 1.5% in the vapor phase to indicate a 
good correlation. 

Susuki et al. (9), in their prediction model for quaternary 
systems of alcohols, obtained rmsd in the vapor-phase com- 
positions of between 1.17 and 4.15 mol % and concluded 
that a good correlation had been obtained. 

The data obtained in this work were first tested by the 
McDermott-Ellis method to reject those points that were 
clearly inconsistent. Table 111 reports the points that passed 
the test. The consistent points were then correlated using the 
following Redlich-Kister equation (8): 

In 7 1  = x2x3 [ (BIZ  + 8 1 3  - 8 2 3 )  + C12(2 x1 - x d  + 

lowing criterion is met: 

c13(2 x1 - x3) + 2 c23(x3 - x2) + 
D i z ( X 1  - X Z )  ( 3  xi - xz) D13(x1 - x3)(3 xi - x3) - 

3 D23(x3 - x2)' + c1( 1 - 2 x i ) ]  + 
xz2 [ B I ~  + C12(3 XI - ~ 2 )  + DIZ(XI  - X Z )  (5 X I  - xd1 + 

x3' [ & 3  + ci3(3 xi - x3) + 
Di3b'i - x3) (5 Xi - x3)I (9) 

where Bu, C,, Do are the binary constants, and C1 is a ternary 
constant. The equations for the two'other activity coefficients 
were obtained by cyclic rotation of the indices. Equation 9 
was used with and without the ternary constant to predict the 
values of the experimental activity coefficients and vapor- 
phase composition. For the latter, the rmsd's were 1.44% 
and 1.50 % , respectively, values that indicate that the overall 
correlation is good and that they are not statistically different. 
In other words, the ternary vapor-liquid equilibria of n-butanol- 
sec-butanol-teft-butanol can be predicted from the behavior 
of the different binaries that compose it without the need for 
interaction terms like C1. Table 111 reports the predicted values 
of the activity coefficients and vapor-phase composition and 
Table IV the correlating constants for the three binaries. 

The boiling points of the ternary system were then correlat- 
ed using the equation suggested by Wisniak and Tamir ( 7 2 )  

T =  x iT l0  + x2Ti0 + ~ 3 T 3 '  + 
n k 

0 
w + [ x f i  c k  (xi - + 

~ 1 ~ 2 x 3  [ A  + 4 x 1  - ~ 2 )  + C(x1 - ~ 3 )  + . . .] (10) 

where 

= x In ( ~ i / x i )  + X P  In ( ~ 2 / ~ 2 ) +  x3 In y3/x3) (1 1) . 
The constants of Equation 10 appear in Table V. From the 

value of rmsd, the correlation is very good, considering partic- 
ularly that the last three points in Table 111 contribute 0.15 to 
the rmsd. 
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Table IV. Correlation of Binary Vapor-Liquid Data, Equation 9 

System B ij Cij D ij 
-2.05600.1 0-2 -2.8 2 62 5.1 0 -' 
-1.26499.1 0-' -8.6 7847.1 O-' -4.96390.1 O-' 
-1.24924*10-' 6.80822.1 Ob3 1.59 776.1 0-' 

6.243 75.1 0 n -But an o I-sec - b u t a  n o I 

sec -B u ta n o I --ten - b uta n o I 
n-Butanol-sec-butanol-mr-butanol 

n - B u tan o I-rert- b u t a n 01 

C, = 2.74276.10-' 

Table V. Correlation of Boiling Points, Equation 10 

System CLl Cl c2 Rmsd 

n - B uta no I -see - bu t a  n o I 0.111 
n -B uta n o I -rerr - b u t a n o I -19.3248 4 .41736 6.6263 0.287 
sec -B ut a n 01 - rert - bu t a n ol -1.13340 2.39065 -8.03 177 0.102 
n -B ut a,nol -sec- but a n ol-rerr- bu tan o I 

A = -12.94441 B = 21.7434 0.515 

-5.73859 -0.51795 

Nomenclature 

a, 6, A, B, C = constants 
Bi = second virial coefficient, cm3/mol 
n = number of components 
P = overall pressure, mm Hg 
Pi0 = vapor pressure of component i pure, mm Hg 
R = gas constant 
rmsd = root-mean-square deviation 

t, T = temperature, OC, K 
To = boiling temperature of component i pure at pressure P, 

vi0 = molar liquid volume of component i pure, cm3/mol 
xi, yi = mole fraction composition of component i in the liquid 

y i  = activity coefficient of component i 

K 

and vapor phases 

Subscripts 

exp = experimental 

calc = calculated 
i = component i 
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