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ABSTRACT 

The UNIQUAC associated-solution theory, proposed by Nagata for liquid mixtures 
containing any number of alcohols, is modified to give improved prediction of phase 
equilibria for ternary mixtures including two alcohols and one nonassociating component 
from only binary parameters. The proposed model assumes that chemical complex multimers 
are formed according to successive solvation reactions between pure i-mers of two alcohols. 
The calculated results show the reasonable quality of the proposed model. 

INTRODUCTION 

A number of chemical theories have been proposed to explain the 
thermodynamic properties of alcohol solutions by postulating that alcohols 
self-associate. Most of these theories have been developed for liquid solu- 
tions containing one alcohol and nonassociating components. Brandani and 
Evangelista [l] critically reconsidered the UNIQUAC associated-solution 
theory [2], clearly demonstrating the physical approximation of the model. 
Nagata [3] presented an extensive study on the phase equilibrium data 
reduction of binary and ternary alcohol solutions by means of the UN- 
IQUAC associated-solution theory. The moderate deviations in predicted 
vapor-phase mole fractions for ternary mixtures containing two alcohols 
were obtained in comparison with those for ternary mixtures including one 
alcohol. This suggests that some improvements on the model will be neces- 
sary. 

This paper presents an improved version of the UNIQUAC associated- 
solution theory for the accurate reproduction of the vapor pressure iso- 
therms of binary alcohol-alcohol mixtures and for the good prediction of 
phase equilibria of ternary alcohols-nonassociating component mixtures 
from binary parameters alone. 

* Author to whom correspondence should be addressed. 

0040-6031/86/$03.50 0 1986 Elsevier Science Publishers B.V. 
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THEORY 

Binary mixtures of two alcohols 

We assume that the structural parameters, rA, and qA,, are given in terms 
of those for the monomer: r, = ir, and qA = iq,, and that two alcohols, A 
and B, self-associate linearly and the association constants of consecutive 
reactions are defined by 

K,= ‘A,+, @A,+, i 
cA,cA,rA = - 

- for A, + A, = A,+* 
‘A,@A, (i + 1) 

C 
K,= 

B,+l @,+I i 

cB,cB,rB = - 

- for B, + B, = B,+r 
‘B,‘B, (i + 1) 

We postulate successive solvation reactions forming complex alcohol 
multimers A!B,, A,BiAk, A,B,A,B, . . . and that the solvation constant of 
various reactions is independent of the degree of association and solvation. 

(3) 
c fD 

KAB= AJBJ =- 
AP, ‘A,‘B, 

CA,CB,rArB ‘A,@B, rA,B,rArB 

for A, + B, = AIB, 

C A,B,A, 0 
KAB = 

A,B,-h ‘A,B,‘Ak 

CA,B,CAkrArB = ‘A B’Ak rA BAkrArB 

for A,B, + A, = A,B,A, (4) 
1 I 1 / 

C A,B,A, B/ 0 

KAB= c 

A,B,AhB/ rA, B,AkrB, 

A,B,AkCB,‘ArB = ‘A,B,Ak@B, rA,B,A,B,rArB 

for A,B,A, + B, = A,B,A,B, 

(5) 

Additionally, B, A,, B,AjBk, B,AjBkA1,. . . are also formed. It is again as- 
sumed that rA B = irA + jr, and qA B = iq, + jq, and so on. In the previous 
approach [3], ‘only eqn. (3) was considered and this assumption may not 
agree with real molecular behaviors of mixtures including two associating 
components. 

The activity coefficients of the components A and B are expressed by 

ln ye = ln( @A,/@i,xA) + rA(l/vi - l/v) 

- ( z/2) qA b( ‘A/eA ) + ’ - ‘A/‘Al 

+qA[+@A + eB7BA) + BBhA/(BA+ ‘B7BA) - ‘Ad’B + eATAB))l 

(6) 

In ya = ln( QB,/@,xB) + r,(l/V,0 - l/V) 

- (z/2h[1n(aB/BB) + ’ - @d&l 

+qB[-1n(eB+eA7AB)+eAA(7AB/(gB+eA~AB)-7BA/(eAAe~7BA)}l 

0) 
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where aA, and @a! are the monomer segment fractions of both components, 
the segment fraction @, the surface fraction 8 and the coefficient 7 are 
defined as follows. 

@A = ‘*x&X4 + WB) 
Q)B=l-@A (8) 

4 = 4&4/(WA + WB) 
8, = i - e, (9) 

‘BA = exp(-aBA/T) 

‘AB = exp( - aAB/T) 00) 

The energy parameters, aBA and aAB, are obtained from experimental phase 
equilibrium data. 

The nominal segment fractions of the two components are related to the 
monomeric segment fractions and the equilibrium constants (see Appendix 

A). 

QA = s, + ‘A 

(I - rArBKbtBSASB )’ 

x [2KABifAsB + rBKiBgAsASB(2 - rArBK:BSASB) + rA~,&?As~] 

(11) 

aB=SB+ 
rB 

(l - ‘ArBK~BsAsB)* 

where the sums SA, SB, SA and SB are defined as follows 

SA = f @A, = a~,/(1 - KA@A,)* 
i=l 

(13) 

sA = f @A,/ = @A,/( 1 - KA’A, ) (15) 

r=l 

sB = E @B,h = @B/c1 - KB’B,) (16) 

i=l 

As shown in Appendix B, the true molar volume of the mixture is given by 

1 sA 
-_=-+ 

2 + sA sB 

r+6 

‘ArBKiBSASB 

’ rA rArB KAB (1 -i-ArBKiBSA&,) ‘2 
(17) 

ai, and l/V,” of pure alcohol A are expressed as 

O;, = [2KA + 1 - (1 + 4KA)“*]/2Kj 

l/V,” = (1 - KA@i,)/rA 

(18) 

09) 
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The corresponding expressions for pure alcohol B are derived by changing 
the subscript A to B. 

Binary mixtures including one alcohol and one nonassociating component 

In this case the component B is a nonassociating component. We assume 
that the alcohol i-mers form chemical complexes A,B with the component B 
by solvation and the solvation constant is defined by 

C Q, 
KAB= A’B =-I 

A,B rA 

CA,CB,rArB @A,@B, ‘A,BrA 
for A, + B, = A,B (20) 

The activity coefficient of the component B is given by putting @p”B, = 1 in 
eqn. (7). 

The monomer segment fractions are obtained by solving the following 
mass balance equations. 

@A = [@A,/@ - KA’A,)2] [I + ‘AKAB%,] 

@B = @B,[l + rBKAB@A,/(l - KA’A,)] 

The true molar volume of the mixture is expressed by 

(21) 

(22) 

I/v= @ApA(l - KAaA,) + @B,/rB)[l + ‘BKAB’AI/tl - KA’AI)] (23) 

Ternary mixtures including two alcohols and one nonassociating component 

Symbols A, B and C stand for two alcohols and nonassociating compo- 
nent. In addition to the preceding reactions to form alcohol i-mers and 
complex alcohol multimers, we should consider that ternary solvation reac- 
tions are of the form 

A,B, + C, = A,B,C B,A, + C, = BiA,C 

A,BjA, + C, ‘= A,B,.A,C B,A,Bk + C, = B,AjB,C 

(A,;,), + C, = (AiB,)iC (B,A,)_ + Cl = (BiA,)mC 

A,(B,A,),,, + Cl =A,(B,A,)mC Bi(A,B,), +Cl =B,(A,Bk)mC 

where the indices i, j, k and m go from unity to infinity. Further, we 
assume that the solvation constant of (A,Bj),C-forming reaction is K,, and 
that for (B,A,),C is KAC. Thus, any ternary equilibrium constants are 
unnecessary in pertinent equations described below. 

The activity coefficient of any component I in the ternary mixture is 

In yr = ln( @#D~,xt) + rt (l/F/p - l/v) - (Z/2)q1M@J&) + 1 - W~II 

(24) 
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where for component C, @, = 1 and 

@I = W,/C ‘,XJ (25) 
J 

4 = 411%/C 45x, (26) 
J 

l/V;” = (1 - K,@$, (27) 

7JI = exd - aJ,/T) (28) 

The monomer segment fractions @,, are obtained from a simultaneous 
solution of the following mass balance equations (see Appendix A). 

x [2KABgASB + rBK,i&ifAsAsB(2 - rArBKiBSASB) + rAKiBgASi 
+@c,( { rAKAc + rBK,,)KA&& + rArBK.iBKACS,SASB 

X (2 - rAr~K~~~A~~~ + rAr*K~*K~~~~~ )] (29) 

Qr, = (1 + rBKBC@C,)$B + 
rB 

(l - rAr13K~BsAsB)2 

X [2KA,SA!fB + rAK&SA!?BS,(2 - rArBK&SASB) + rBKjBSigB 

i-@c,{(lAKAC+rBKBC)KABSAitB+ r r K* K S % S ABA8 BCABB 

’ (2 - rArBK~BsASB) + rArBK&KACs,2s,)] (30) 

@c= @PC, 1-t G&x$% + ‘CKBCs% + 
‘ArBrC Kf&sAsB 

(l - r~r~K~~s~sB~ 

K AC K 
X -+ BC + KAcSA f K,,SB 

htKAB rAKAB 
(31) 

The true molar volume is expressed as follows (see Appendix B). 

1 sA ; sB ; sB 2 + ‘A ‘ArBKiBsAsB 

v- rA rg rArBKAB IA + < (1 - TArBK;BSASB) 

l+rcK~cSA+rcK,S,+ &-- 
3 AB 

‘ArSrCK~BsAsB 

(1 - rAh&BSA&) I 
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DATA REDUCTION 

The association constants of pure alcohols at 50°C are as follows: 173.9 
for methanol; 110.4 for ethanol; 49.1 for 2-propanol. Brandani [4] estimated 
these equilibrium constants for the association of pure compounds from the 
properties of pure substances. The enthalpy of hydrogen bond formation 
was assumed to be -23.2 kJ mol-’ [5] for all alcohols studied here and to 
be independent of temperature and of the degree of association. This value 
fixes the temperature dependence of the association constant according to 
the van’t Hoff equation. The pure-component structural parameters, t and 
4, were calculated from the method of Vera et al. [6]. 

The thermodynamic equation used to reduce experimental vapor-liquid 
equilibrium data is 

+r_Q = Y~wW,S exp[ VW - GMT] (33) 

where y, P and P” are the vapor-phase mole fraction, total pressure and 
pure component vapor pressure, respectively. Ps is calculated from the 
Antoine equation whose constants are available in the literature [7,8]. The 
molar pure liquid volume uL is estimated using the modified Rackett 
equation [9]. 

The fugacity coefficients, +r at P and +\ at Ps, are obtained from the 
relation 

(34) 

where the second virial coefficients B,, are calculated by use of the gener- 
alized method of Hayden and O’Connell [lo]. 

The computer program used is similar to that described by Prausnitz et al. 
[ll], based on the maximum likelihood principle. An optimum set of the 
energy parameters was derived by minimizing the objective function defined 

bY 

F= ~ (Pj-pi)‘+ (~-~)‘+ (X*,-~A,)2 + (Y*,-~~,)* 
2 2 (35) 

r=l [ =P =T 0,’ 4 1 
where a circumflex denotes the calculated true value corresponding to each 
experimental point and the standard deviations in the measured values were 
set as: up = 1.0 Torr for pressure; uT = 0.05 K for temperature; ax = 0.001 
for liquid-phase mole fraction; a,, = 0.003 for vapor-phase mole fraction. 

A set of the energy parameters for a partially miscible mixture is obtained 
by solving eqn. (36) by means of the Newton-Raphson method. 

(%x1)‘= (Y*X,)II (36) 

where the subscripts, I and II, represent two liquid phases in equilibrium. 
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TABLE 1 

Solvation equilibrium constants and enthalpies of complex formation 

Mixture (A-B) KAB (5O’C) - h,, (kJ mol-‘) 

Methanol-benzene 4 8.3 
Methanol-chlorobenzene 2 (55°C) 
Methanol-ethanol 130 23.2 
Methanol-2-propanol 70 23.2 
Ethanol-benzene 3 8.3 
2-Propanol-chlorobenzene l(5S°C) 

CALCULATED RESULTS 

Binary mixtures 

Table 1 gives the solvation equilibrium constants and enthalpies of 
complex formation [3]. The solvation constants for alcohol-alcohol mixtures 
obtained in this work are not so large as the old values reported previously 
[3]. Table 2 shows the results of binary phase equilibrium data reduction. 
Figure 1 compares the calculated results with the experimental vapor-liquid 
equilibria of two alcohol-alcohol mixtures with good accuracy. In these 
calculations KAB is an adjustable parameter and the energy parameters were 
taken as non-zero values. 

Methanol(A)-Ethanol(B) at 25 -C Methanol(A)-?-Pr~panol(B) at 55 C 

125 

s 

"100 

," 
Lz 
: 
Lt 

75 

50 

1.1 

1.0 

09 

0 0.2 0.4 0.6 0.8 1 

Mole fracclon of methanol 

0.8 

0 0.2 0.4 0.6 0.8 1 

Mole fracion of methanol 

Fig. 1. Vapor-liquid equilibria for binary alcohol-alcohol mixtures. Experimental (a), 
calculated (- ). (a) Methanol-ethanol at 25°C [12]; (b) methanol-2-propanol at 55°C 

1131. 
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TABLE 3 

Ternary predicted results of vapor-liquid equilibria obtained from binary parameters 

Mixture Temp. No. of Absolute arithmetic mean Reference 

(“C) data deviations 
points 6y (x 103) SP (Torr) 6P/P (W) 

I” II b I II I II 

Methanol- 6.0 11.9 
ethanol- 25 24 6.7 8.3 3.2 2.2 2.3 1.6 21 
benzene 9.5 16.5 

Methanol- 6.1 12.7 
2-propanol- 55 15 5.2 9.4 4.4 5.1 1.4 1.6 16 
chlorobenzene 4.4 3.9 

’ I, This work. 
b II, Nagata [3]. 

Ternary mixtures 

Ternary predictions of vapor-liquid and liquid-liquid equilibria for mix- 
tures containing two alcohols and one nonassociating component have been 
made with only the binary parameters listed in Table 2. Table 3 presents the 
results of vapor-liquid equilibrium prediction for two mixtures, clearly 
indicating that the proposed model decreases the deviations in vapor-phase 
mole fractions with good success. Table 4 gives a detailed comparison of the 
calculated results with the experimental data of methanol-ethanol-benzene 

ETHANOL 
A 

METHANOL MOLE FRACTION CYCLOHEXANE 

ETHANOL 

METHANOL MOLE FRACTION METHYLCYCLOHEXANE 

Fig. 2. Ternary liquid-liquid equilibria for mixtures containing two alcohols and one 
saturated hydrocarbon. Experimental: tie line (0); solubility (0). Calculated (- ) this 
work; (- - - - - - ) previous work [3]. A, Methanol-ethanol-cyclohexane at 25°C [22]; B, 
methanol-ethanol-methylcyclohexane at 25’C [20]; C, methanol-Zpropanol-n-hexane at 
5°C [19]; D, methanol-2-propanol-n-hexane at 25°C [19]; E, methanol-2-propanol- 
cyclohexane at 25°C [23]. 
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E-PROPANOL 

METHANOL MOLE FRACTION n-HEXANE 

2-PROPANOL 
A A A 

/ 

METHANOL 
0.4 06 -06 

MOLE FRACTION n-HEXANE 

E-PROPANOL 
I, I, A 

METHANOL MOLE FRACTION CYCLOHEXANE 

Fig. 2 (continued). 

at 25°C. Figure 2 shows observed and calculated liquid-liquid equilibria for 
five mixtures. Pando et al. [24] presented an association model for the excess 
Gibbs energy of binary alcohol-alcohol solutions and did not extend the 
model to ternary alcohol mixtures. 

In conclusion, the binary and ternary calculated results confirm the 
reliable quality of the proposed model and our approach for alcohol-alcohol 
mixtures is more reasonable than the previous one [3]. 

LIST OF SYMBOLS 

A, B, C 
C 

UIJ 

F 

h 

K: K, 

alcohols and nonassociating component 
molar concentration 
binary interaction parameter 
objective function of eqn. (35) 
enthalpy of complex formation 
association constants 

K KAC, AB, K,, equilibrium constants of complex formation 
P total pressure 

P,s saturated vapor pressure of pure component I 

41 molecular geometric area parameter of pure component I 
R gas constant 

r1 molecular geometric volume parameter of pure component 
I 

&, gn sums as defined by eqns. (13) and (14) 

sA, & 

T 
sums as defined by eqns. (15) and (16) 
absolute temperature 
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Greek letters 

Yl 
4 
ap, aT9 aX, ay 

Subscripts 

A, B, C 
A,, B,, C, 
Ai, Bi 

A&C 

A,C 

BC 

AB, AC, BC 
I, J, K 
i, j, k 1, m 

Superscripts 

0 
fi 

APPENDIX A 

true molar volume of the mixture 
true molar volume of pure alcohol I 
molar liquid volume of pure component I 
liquid-phase mole fraction of component I 
vapor-phase mole fraction of component I 
lattice coordination number equal to 10 

activity coefficient of component I 
surface fraction of component I 
standard deviations in pressure, temperature, liquid-phase 
mole fraction and vapor-phase mole fraction, respectively 
coefficient as defined by exp( -a,,/T) 
segment fraction of component I 
monomer segment fraction of component I 
vapor phase fugacity coefficient of component I 
vapor-phase fugacity coefficient of pure component I at T 
and Pi 

alcohols and nonassociating component 
monomers of components A, B and C 
i-mers of alcohols 
complex containing i molecules of alcohol A and j mole- 
cules of alcohol B and one molecule of component C 
complex containing i molecules of alcohol A and one 
molecule of component C 
complex containing i molecules of alcohol B and one 
molecule of component C 
binary complexes 
components I, J and K 
i, J, k, 1 and m-mers of alcohols or indices 

pure alcohol reference state 
calculated property 

DERIVATION OF THE EXPRESSIONS FOR THE MASS BALANCE EQUATIONS 

Binary alcohol(A)-alcohol(B)-mixtures 

Note that we distinguish A,Bi from BiAi, because the right hand mole- 
cule of AIBj, B, has a free hydroxyl group, on the other hand, the right hand 
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molecule of B,A, is A, which keeps a free hydroxyl group, and this relation 
holds for other complex multimers. A total mass balance yields 

f c c z@~,h,B~+-& + 7 F; $‘B,A,B+.Br~‘A + **’ (Al) 
I j k I Jk ‘,k I 

where Ci denotes Czl. According to the definition of the solvation constant, 

@ A?,’ @A&I, and %,i$A,B, etc., are expressed as follows 

rA B 
cp A,B, = K.LPA,@B ‘I 

642) 

“A?$ 

Q, A,Bfik = K:Ii@A,@B,‘h 

*A,B,h~ 
“A,‘B/Ak 

Q, 
‘A,B,A,B, 

A,B,A,J+ ’ ‘A, ‘B, rA,rB, 

(A3) 

W) 

where KiB = rAr&AB. 
Inserting eqns. (A2-A4) into eqn. (Al) and recalling rA,$ = r,, + rAk 

yields 

(IA +‘A,) 

a-Ca,‘K;BCa.~~+K;‘BCC~~A~~~A, rA’rBrA 
i I j J a I k f I k 

bA, + 'A,) 

+K:Bc c c c 'h<'B,'hi% rA rB rA rB 
I j k 1 I, k I 

’ I k Im 



+ 

JGB - =sA+- sAsB + 
2K& - 
- SASASB + 

2Ka3, - 

TB rArB 
2 s~sBs~sB 

‘ArB 

+ 3K;; - 
TSA(SASB)~ + . . . + 

KiB - KzB - 
- SAS, + - S& 

rArB rB 4 

2K2B - 
+- 2 sAsBsAsB + 

2KcB - 
~sAs;(sAsB) + . . . (A5) 

rArB rArB 

where gA, sB, S, and S, are defined by eqns. (13-16). The following 
infinite series can be used to summarize terms on the right hand side of eqn. 

(A5). 

’ 2K;,- 
= - s,s, + 

4KcB - 

rB 
-$AsB(sAsB) + . . . (A4 

rArB 

- 

sAsB + 3>~t(sAsB)‘+ . . . (A7) 

’ K$ - 
=-S&+ 

2K$, - 

4 

,SASi(SASB) + . . . (A81 
rArB 

Performing the summation of eqns. (A6-A8) and inserting derived expres- 
sions into eqn. (A5) gives 

QA = s, + rA 

t1 - rArBKiBSASB)2 

[2KAB%AsB + rBKiB&!?ASASB(2 - rArBK.&SAS.B) + rAKiBgA%] (A9) 
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Similarly, we can derive 

@a=&+ rB 

(1 - t4’BG3S,%J2 

x [2KABsAi?B + rA~~B~AifBsB(2 - rArBKiBSASB) + rB~~BS~i&] (AlO) 

Equations (A9) and (AlO) are not identical to those based on an assumption 
of volume change of mixing [25]. 

Ternary alcohol(A)-alcohol(B)-nonassociating component(C)-mixtures 

aA is expressed in the same way as described above. 

i j k I 

where 

(AW 

and 

C ~‘A,B,c~+~ C E@A,B,A~C& 
i j 1 I I J. k 

+ C C C C @A,*,A,B,~ rA’A, Ak + . . . 
i j k I r4B,WW 

+ C E@B,*,c& 
1 i f / 

+ C C Z@,A,B~C;~?- 
i J k 1 / k 

+ C C C C @B,A,B,A,c rBrri c + * * * 
i J k I I ,* I 

= 
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+ 

+ 
f=C 

~~~pBaA@BaA 
: I * 

I J k I irB,rA,rBkrA, 

+ 
3K&KcB - 

2 2 sA(sAsB)2+ *.* 
rArB 

+ 
K&K;, - 

f-B 
sAsB + 

K;, K$ - 

ri 

s,s; + 2K’c~’ s,sB(sAs,) 

rArB 

-kK~c.?A~(ii- 1) 
I 
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Q, G = 

KF2 

i 

2 

- --=SASB 
rArB 

6413) 

where K& = rArCKAC and KL, = rBrCKBC. 
Since the summation of the other terms on the right hand side of eqn. 

(All) is described in eqn. (A9), QA is given by 

x [2KABgAsB + rBKiBSAsAsB(2 - rArBKiBsAsB) 

+rAKiB$& + %, { kAKAc + rBKBC > K~~%s~ 

i-rArBK~,K,,S,SAsB(2 - rArBK&sASB) + rArBK,iBKBC%Si )] (Al“) 
Similarly, we can derive @a and (DC as follows 

QB = (1 + rnKBc@& + 
rs 

(I - rArBK&SASBf2 

x [2K,,S,S, + r~K~~SA~~S~~2 - rArBK&SASB) 

+ ~gK.&,S&, + %, { ( r~K~C + G&-K > lYABSASB 

i-r r K2 K S s S (2 - rArBK&SASB) -I- rArBK,&KAcS~~B)] A B AB BC A B B (A15) 

ac = %, 1 f rcKAcsA + rcKB~S~ + 
‘ArBrC KpfBsAsB 

( 1 - rArBK&%SB) 

K K 
X 

AC 
-+ 
rB KAB 

BC + K,+,SA + K,,S, 
rA rc,B 

APPENDIX B 

DERIVATION OF THE EXPRESSION FOR THE TRUE MOLAR VOLUME 

Binary alcohol(A)-alcohol(B)-mixtures 

(Al@ 

The true moIar volume is expressed by 
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r4 K’ Kt2 
+ *SA( SASB)' + . . . + aS~S~ + +SBSASB 

rArB rBrA rBrA 

+ 

=s,+s,+ 
rA 'B 

&+$+~)~(~s~sB)' 
AB 

rArBK:BSASB 2 

(1 - rArBKiBSASB) r~r~K~B r~ rB 
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Ternary alcohol(A)-alcohol(B)- nonassociating component(C)-mixtures 

l/V is given by 

AnBrAAB,Am + . . . 
r*, B,* A B/An, 

where 

cp 
ArBIAABfC + . . . 

rA,B,Al B,C 

0 fD 

r;;r; + c c c c r;;r”,’ + . . . (B2) 
1 I h r J k ! I ,I I 

(B3) 

‘B,A,B,A,C 
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+ KACsA + KBCSB 

Inserting eqns. (Bl), (B3)-(B5) into eqn. (B2) yields 

1 sA 
+s”+ 

2 -=- 
V rA rB rArB KAB 

Q, 

+ 2 1 + rcKAcSA + rcKBcSB 

+ -++K,,S,+-+ 
‘ArBrC K:BsAsB 

(1 - rArBKiBSASB) I (B6) B AB A AB 
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