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ISOTHERMAL VAPOUR-LIQUID EQUILIBRIA 
FOR THE ETHANOL + 1-PROPANOL + 
ACETONITRILE + BENZENE SYSTEM 

I S A M U  N A G A T A  

DlJpurtrnent of Cliemicul Engineering, Dillision of Pliysirul Sciences, Kunu:uua Univer- 
sity, Kodutsuno 2, Kunuzuwu, Ishikuwu 920, Jupun. 

i Rrceriwl I5 Auyut /  1989) 

Isothermal quaternary vapour~ liquid equilibria for mixtures containing ethanol, I-propanol, acetonitrile 
and benzene have been measured using a vapour-recirculating Boublik still at 318.1 5 K. The experimental 
results compare well with those calculated from the UNIQUAC associated-solution model, which assumes 
the association of alsochols and the solvation of unlike molecules and includes binary parameters alone. 

KEY WORDS: Associated solution, molecular complexation, quaternary vapour liquid equilibria 
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binary interaction energy parameter for I-J pair 
second virial coefficient for I-J pair 
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enthalpies of hydrogen bond formation of alcohols A 
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enthalpies of complex formation between unlike 
molecules 
total pressure 
saturated vapour pressure of pure component I 
molecular geometric area parameter of pure 
component I 
universal gas constant 
molecular geometric volume parameter of pure 
component I 
sums as defined by Eqs (14) and ( 1  5) 
sums as defined by Eqs (16) and (17) 
absolute temperature 
true molar volume of alcohol mixture 
true molar volumes of pure alcohols A and B 
molar liquid volume of pure component I 
liquid-phase mole fraction of component I 
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138 1. NAGATA 

Yi 
Z 
Greek letters 
Y I  

61 
O P ?  O T  

0 x 9  0” 

A , C ,  A , D  

Bi  C ,  B i  D 

1, J ,  K 
i, j, k ,  1 

vapour-phase mole fraction of component I 
lattice coordination number equal to 10 

activity coefficient of component I 
area fraction of component I 
standard deviations in pressure and temperature 
standard deviations in liquid and vapour-phase mole 
fractions 
~ X P  (-uIJ/’U 
segment fraction of component I 
monomer segment fraction of component I 
monomer segment fractions of pure alcohols A and B 
vapour-phase fugacity coefficient of component I at P 
and T 
vapour-phase fugacity coefficient of pure component 
I at Pi  and T 

alcohols and active nonassociating components 
monomers of components A ,  B,  C and D 
i-mers of alcohols A and B 
binary complexes 
complexes containing i molecules of alcohol A ,  ,j 
molecules of alcohol B and one molecule of 
component C or D 
complexes containing i molecules of alcohol A and 
one molecule of component C or D 
complexes containing i molecules of alcohol B and 
one molecule of component C or D 
components I ,  J and K 
i , j ,  k and l-mers of alcohols or indices 

INTRODUCTION 

As part of studies on the thermodynamic properties of quaternary non-electrolyte 
solutions including two alcohols, this work has two objectives: ( 1 )  to report 
experimental vapour-liquid equilibrium results for the ethanol + 1 -propano1 + 
acetonitrile + benzene system at 318.15; (2) to investigate the ability of the UN- 
IQUAC associated-solution in data analysis. Six experimental vapour-li- 
quid equilibrium data sets for binary systems constituting the quaternary system have 
been reported in the literature: ethanol + l-propano13 at 313.15 K ;  ethanol + 
acetonitrile4 at 313.15 K;ethanol + benzene5 at 318.15 K ;  1-propanol + acetonitrile6 
at 328.15 K;  l-propanol + benzene5 at 318.15 K;  acetonitrile + benzene’ at 
318.15 K. 
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ISOTHERMAL VAPOUR LIQUID EQUILIBRIA 139 

EXPERIMENTAL 

Acetonitrile and 1 ~ propanol (special grade; Wako Pure Chemical Industries Ltd.) 
were used without further purification. C.P. benzene was subjected to repeated 
recrystallization. C.P. ethanol was fractionally distilled after storage over calcium 
oxide. The densities of these compounds were measured with an  Anton Paar 
(DMA40) densimeter controlled at 298.15 i 0.01 K .  The observed densities and 
vapour pressures compare wel! with literature values*- '() in Table 1. 

Table 1 
ent\ .  

Densities and vapour pressures of pure compon- 

Acetonitrile 0.7766 0.7766 208.3 208.35' 
Benzene 0.8737 0.87370 223.7 223.51 
Ethanol 0.7852 0.78504 172.9 173.00"' 
I-Propanol 0.7997 0.79975 69.5 6Y.53n 

The vapour-liquid equilibrium results were obtained using a Boublik recirculating 
still as described previously. ' ' Vapour and liquid compositions were determined 
using a Shimadzu gas chromatograph (GC-8A) and a Shimadzu Chromatopac (C-  
R3A). The experimental errors involved in the measured variables were estimated as 
0.16 Torr for pressure, 0.05 K for temperature, 0.002 for vapour and liquid phase 
mole fractions. 

The experimental vapour liquid equilibrium results are shown in Table 2, where 
the activity coeficients ; s I  and the fugacity coefficients of component I were 
calculated from Eqs ( I  ) and (2). 

where P is the total pressure. J the vapour~  phase mole fraction, .Y the liquid phase 
mole fraction, P" the pure component vapour pressure, R the gas constant and T the 
absolute temperature. I,', is the pure liquid molar volume calculated from a modified 
Rackett equation" and the second virial coefficients B were estimated using the 
Hayden-O'Connell correlation.13 
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DATA ANALYSIS 

The experimental results were analyzed with the UNIQUAC associated-solution 
A, B, C and D indicate ethanol, I-propanol, acetonitrile and  benzene, 

respectively. The model postulates that in a quaternary mixture containing two 
alcohols and two nonassociating components the association and multisolvation 
reactions of alcohol molecules give open hydrogen-bonded chains of any length, A ; ,  
B; ,  ( A i B j ) k ,  ( B i A  j ) k .  A,(B,A, ) ,  and B , ( A j B k ) , .  The terminal hydroxyl groups of 
alcohol chains and active nonassociating molecules form additional complexes, A,C, 

B , ( A j B k ) , C  and B j ( A i B k ) l D .  All successive chemical reactions are summarized a s  
AiD,  B;C, B;D,  ( A ; B , ) k C ,  ( A ; B , ) k D ,  ( B ; A j ) k C ,  ( B i A j ) , D ,  A i ( B j A , ) , C ,  A i ( B j A , ) , D ,  

where the subscripts i , j ,  k and I take an  integer ranging from one to infinity. The 
equilibrium constants for the above reactions are independent of the degree of 
association and solvation. 

The activity coefficient of component I is given by 

where Z is the coordination number, here equal to 10. and the segment fraction @,, the 
area fraction f l , .  the binary parameter T , ,  related to the interaction parameter m,,, the 
true molar volume of the quaternary mixture V ,  the true molar volume of pure 
component 1 V ,  and the monomer segment fraction of pure alcohol I @,, are given by 
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142 I .  NAGATA 

+ @‘I {I + r C K A C S A  + rcKBcSB 
i’C 

2 K ,  + I - ( I  + 4K1)0 ~ 

2 K :  @ I ,  = (9) 

For acetonitrile mC1 = 1 and for benzene @Ll = 1 .  The monomer segment fractions in 
the mixture, aAI ,  OnI ,  and OD,, are obtained by solving simultaneously the 
following mass balance equations 
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ISOTHERMAL VAPOUR LIQUID EQUILIBRIA 143 

11 + K,,S,i + K R D S R  

where the sums, S,4, S,, S, and $,, are given by 

The pure component structural parameters, r and q, were calculated from the 
method of Vera et ~ 1 . ' ~  The association constants for ethanol and I-propanol at 
323.1 5 K were taken from Brandani.Is The enthalpy of formation of a hydrogen bond 
is -23.2 kJ mol-I. which was obtained from Stokes and Burfitt.16 The values of the 
solvation constant at 323. 15 K and the enthalpy of complex formation are K , ,  = 49.0 
and h , ,  = -23.2 kJ mol - '  for ethanol + I-propanol," K,,. = 50(313.15 K )  and 
h,,  = - 17 kJ mol- '  for ethanol + acetonitrile,' K , ,  = 3 and h,, = -8.3 kJ mol- '  
for ethanol + benzene,' K,,. = 30.0 and hnc = - 17 kJ mo1-I for I-propanol + 
acetonitrile," and K,,) = 2.5 and h,,) = -8.3 kJ mol - '  for I-propanol + benzene.' 
All 17's were assumed to be independent of the temperature and the degree of 
association and fix the temperature dependence of the equilibrium constants via the 
van't Hoff relation. Table 3 gives the structural and association parameters for pure 
components. 

Table 3 Structural and association parameters for pure components 

Acctonitrilc I .50 1.40 
Benzene 2.56 2.05 
Ethanol I .h9 I .55 I 10.4 23.2 
I-Propanol 2.32 I .98 87.0 23.2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
1
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



I44 I .  NAGATA 

Optimum binary parameters were sought using a computer programme, as 
described by Prausnitz rt ul.,'' and minimizing the objective function defined by 

where a circumflex denotes the calculated value and the standard deviations in the 
measured variables were used as: (T,, = 1 Torr; ( T ~  = 0.05 K;  ox = 0.001 ; (T, = 0.003. 
Table 4 shows the energy parameters and the root-mean-square deviations of the 
measured values from the calculated results. Table 5 summarizes the results of 
quaternary prediction based on the binary parameters alone. The magnitude of the 
deviations between the experimental and predicted results of the vapour compositions 
and the total pressure is comparable with that obtained for ternary alcohol 
mixtures, 1 - 2 . 1  ' . l a  and confirms the good ability of the UNIQUAC associated-solution 
model. 

Table 4 The results of fitting the UNIQUAC associated-solution model to vapour-liquid equilibria and 
r.m.s. deviations 6 P .  67: (5.u and ci,. for binary systems. 

-~ 

Ethanol ( A )  313.15 10 0.20 0.00 0.0 66.50 -66.10 

Ethanol ( A )  313.15 14 0.89 0.02 0.6 4.2 520.85 71.20 
+ I -propano1 ( B )  

+ acetonitrile (B) 

+ benzene ( B )  

+ acetonitrile ( B )  

+ benzene ( B )  

+ henzene ( B )  

Ethanol ( A )  318.15 12 0.83 0.02 0.6 3.9 10.38 97.16 

I-Propanol ( A )  328.15 10 1.51 0.00 0.8 4. I 580.27 49.4 I 

I-Propanol ( A )  318.15 I I  0. I4 0.00 0.1 I .4 114.53 -X.23 

Acetonitrile ( A )  318.15 17 0.78 0.02 0.5 3.6 - 10.54 258.38 

Table 5 
benzene (4) system at 318.15 K .  

Quaternary calculated results for the ethanol ( I )  + I-propanol (2) + acetonitrile (3) t 

Absolute mean deviation 2. I 3.4 6.0 3.8 2.3 1 .0 
Root-mean-square deviation 2.7 4.4 6.7 4.x 2.9 1.2 
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