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ABSTRACT 

The UNIQUAC associated-solution theory is used to calculate excess molar enthalpies for 
binary and ternary mixtures including two aliphatic alcohols. The theory postulates that 
linear mixed polymers are formed by consecutive solvation reactions. This approach makes it 
possible to reproduce excess molar enthalpies for binary alcohol-alcohol mixtures well and to 
predict ternary excess molar enthalpies for mixtures containing two alcohols and one 
saturated hydrocarbon from binary parameters alone. 

INTRODUCTION 

In a previous paper [l], the UNIQUAC associated-solution theory has 
been improved to reproduce the vapor-liquid equilibria of binary 
alcohol-alcohol mixtures well and to predict vapor-liquid and liquid-liquid 
equilibria for ternary mixtures of two alcohols with one unassociated com- 
ponent from binary phase equilibrium data alone. The model postulates the 
formation of linear multisolvated complexes from i-mers of two alcohols. 
This paper shows the quantitative quality of the new model in the correla- 
tion of binary excess molar enthalpies for alcohol-alcohol mixtures and the 
prediction of the ternary excess molar enthalpies of mixtures containing two 
alcohols and one saturated hydrocarbon from binary parameters alone. 

THEORY 

A, B and C stand for alcohols and a saturated hydrocarbon. We assume 
that alcohols self-associate and solvate each other to form linear polymers 
and that the equilibrium constants are independent of the degree of associa- 
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tion and solvation. The association constant _KA for the stepwise reaction 

A, + A, = A,+, and K, for B, + B, = B,+t are defined by 

%+I i 
KB=i5&y-- i+l 

0) 

(2) 

We postulate that the solvation equilibria have the following form 

A, + Bj = A,B, B,+A,=B,A, 

A,B, + A, = A,B,A, B, A, i- B, = B,A,B, 

A,B,A, + B, = A,B,A,B, B,A,B, + A,= B,A,BkAt 

The solvation equilibrium constant for these reactions is given by KAB. For 
the A,B,A,B[ forming reaction 

K 
‘A,B,A& ‘A,B,Anfh 

AB = cp 
A,B,AI’B, rA,B,A,B,rAYB 

(3) 

A further assumption is that the structural parameters of complex A,B,A,B, 
are given by those of the corresponding units: rA,,,AbB, = irA +jr, + kr, C Ir,, 

qA,B,A,B, = &?A +.@B + kqA f &B and these relations hold for other com- 
plexes. 

The UNIQUAC associated-solution theory gives the excess molar en- 
thalpy of ternary mixtures containing two alcohols and one saturated 
hydrocarbon as the sum of a chemical and a physical part. 

HE = GLn + HpEhYS (4 

Hctem is defined as 

H&_m = H, - x,HP, - x,H$ w 
where H, is the total enthalpy of complex formation, H$ is the value of Hf 
at pure state of alcohol A and Hi is that at pure state of alcohol B. 
Expressions for H,, Hi and H$ are derived in the Appendix and substitut- 
ing these expressions into eqn. (5) yields 

&‘A 
--& - Gi@;, 

Gtb 

A 

+ - t$$‘;, 
B 
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where gA, VA, t?B and U, are expressed by 

a, = KA@A,/( 1 - KA@A,)2 0) 

u, = l/(1 - K*p,,) 69 

u, = KB@B,/(l - KB@B, )’ (9) 

uB = l/(l - KB@B,) (10) 

The monomer segment fractions of alcohols, QA, and @a,, are obtained by 
simultaneous solution of the following mass balance eqns. (1) 

@A = s,+ rAKABSASB 

(l - rArBK,hlSASB)2 

x 12 + @AaSA(2 - rArBKiBsAsB) + rAKA~sB] (11) 

@I3 = SB + 
%IYABSAgB 

(I - rArBKrhsASB)2 

x [2 + rAKA&(:! - ~Ar~~~BsAs~) + r~KA~SA] 02) 

where the symbols ,!?A, SA, $a and Sa are defined by 

s, = @A,/+ - KA’A,)z WI 

sA = @A,/@ - KA@A,) (14) 

% = @E& - KB@B,)2 115) 

sB = @!& - &@B,) (16) 

Since the saturated hydrocarbon does not form any complexes with the 
alcohol, ac = QT,,. The monomer segment fraction of pure alcohol A, ai,, is 
given by 

@,= [ 1 -I- 2K, - (1 + 4KA)‘/‘],‘2K; 

@p”B, is obtained analogously. 

07) 
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The physical contribution term is derived by applying the Gibbs-Helm- 
holtz relation to the residual term of the UNIQUAC equation [2] 

ceJ arJr 
HpEhys = -R&w, J a (l/T) 

I C@J~JI 

J 

where the surface fraction 6, and the coefficient r,r are given by 

@I = qIxI/ c qJxJ (19) 
J 

TJI = exd-aJI/T) (20) 

and a, could be expressed by a linear function of temperature. 

a,=C,+D,(T-273.15) (21) 

CALCULATED RESULTS 

Binary mixtures 

The association constants at 50°C for pure normal aliphatic alcohols were 
obtained from Brandani [3]: 110.4 for ethanol; 87.0 for 1-propanol; 47.7 for 
l-pentanol; 39.5 for l-octanol; 36.8 for 1-decanol. The enthalpy of hydrogen 
bond formation in pure alcohols is taken as - 23.2 kJ mol-‘, which is 
equivalent to the enthalpy of dilution of ethanol in n-hexane at 25°C [4]. 
This value is assumed to be temperature-independent and provides the 
temperature dependence of the association constant by means of the van? 
Hoff equation. The pure-component structural parameters were calculated 
by using the method of Vera et al. [5]. Table 1 lists the solvation constants 
and enthalpies of complex formation. Table 2 shows the calculated results 

TABLE 1 

Solvation constants and enthalpies of complex formation 

Mixture (A-B) 

Ethanol-1-propanol 
Ethanol-1-pentanol 
Ethanol-1-octanol 
Ethanol-1-decanol 
1-Propanol-1-pentanol 
1-Propanol-1-octanol 
1-Propanol-1-decanol 

KAB -hAB 

at 50°C (kJ mol-‘) 

49 23.2 
21 23.2 
16 23.2 
13 23.2 
22 23.2 
14 23.2 
10 23.2 



T
A

B
L

E
 

2 

B
in

ar
y 

re
su

lt
s 

of
 f

it
ti

n
g 

th
e 

U
N

IQ
U

A
C

 
as

so
ci

at
ed

-s
ol

u
ti

on
 

th
eo

ry
 t

o 
ex

ce
ss

 m
ol

ar
 e

n
th

al
p

ie
s 

at
 2

5°
C

 

M
ix

tu
re

 (
A

-B
) 

N
o.

 o
f 

A
b

s.
 a

ri
th

. 
P

ar
am

et
er

s 
R

ef
er

en
ce

 
d

at
a 

m
ea

n
 d

ev
. 

p
oi

n
ts

 
(J

 m
ol

-‘)
 

G
 

D
A

 
D

B
 

(K
) 

E
th

an
ol

-1
-p

ro
p

an
ol

 
15

 
2.

1 
0 

0 
0 

E
th

an
ol

-1
-p

en
ta

n
ol

 
13

 
4.

2 
0 

0 
0 

E
th

an
ol

-1
-o

ct
an

of
 

20
 

1.
4 

27
0.

30
 

- 
92

.3
5 

2.
73

20
 

E
th

an
ol

-1
-d

ec
an

ol
 

19
 

4.
0 

11
3.

66
 

- 
34

1.
02

 
0.

04
28

 
I-

P
ro

p
an

ol
-1

-p
en

ta
n

ol
 

25
 

3.
3 

0 
0 

0 
1-

P
ro

p
an

ol
-1

-o
ct

an
ol

 
20

 
0.

7 
10

1.
48

 
- 

19
.9

1 
0.

18
34

 
1-

P
ro

p
an

of
-1

-d
ec

an
ol

 
19

 
1.

7 
18

3.
52

 
- 

33
5.

68
 

0.
42

00
 

E
th

an
ol

-c
yc

lo
h

ex
an

e 
20

 
2.

1 
15

.1
9 

- 
16

0.
95

 
- 

0.
54

33
 

E
th

an
ol

- 
n

-h
ep

ta
n

e 
12

 
7.

9 
94

.0
2 

- 
17

.4
2 

1.
39

92
 

E
th

an
ol

- 
n

-o
ct

an
e 

12
 

4.
1 

30
0.

97
 

13
0.

52
 

1.
44

96
 

I-
P

ro
p

an
ol

-c
yc

lo
h

ex
an

e 
18

 
4.

9 
18

2.
97

 
- 

21
9.

29
 

0.
15

87
 

1-
P

ro
p

an
ol

- 
n

-h
ep

ta
n

e 
13

 
7.

1 
50

.5
1 

- 
20

.9
8 

0.
49

14
 

1-
P

ro
p

an
ol

- 
n

-o
ct

an
e 

13
 

7.
7 

27
0.

22
 

- 
11

3.
17

 
1.

18
81

 
1-

P
ro

p
an

ol
- 

n
-t

et
ra

d
ec

an
e 

14
 

7.
0 

84
.0

7 
- 

40
.4

6 
1.

72
24

 
1-

P
en

ta
n

ol
- 

n
-h

ep
ta

n
e 

14
 

13
.2

 
21

5.
35

 
- 

11
0.

50
 

1.
00

58
 

I-
P

en
ta

n
ol

- 
n

-o
ct

an
e 

13
 

14
.2

 
36

3.
60

 
- 

10
0.

01
 

1.
53

11
 

I-
P

en
ta

n
ol

- 
n

-t
et

ra
d

ec
an

e 
13

 
6.

2 
22

1.
89

 
- 

21
2.

91
 

2.
85

04
 

1-
O

ct
an

ol
- 

n
-h

ep
ta

n
e 

20
 

5.
8 

31
5.

20
 

- 
36

.3
0 

1.
29

49
 

1-
O

ct
an

ol
- 

n
-o

ct
an

e 
14

 
11

.9
 

19
.8

6 
- 

17
6.

02
 

-0
.0

41
3 

1-
O

ct
an

ol
- 

n
-t

et
ra

d
ec

an
e 

14
 

16
.5

 
19

2.
18

 
- 

13
.4

8 
0.

08
96

 
1-

D
ec

an
ol

- 
n

-h
ep

ta
n

e 
19

 
6.

9 
28

3.
76

 
-6

1.
73

 
1.

15
87

 
I-

D
ee

an
ol

- 
n

-o
ct

an
e 

20
 

9.
2 

11
8.

10
 

- 
30

5.
49

 
0.

32
67

 
I-

D
ec

an
ol

- 
n

-t
et

ra
d

ec
an

e 
14

 
18

.3
 

10
5.

39
 

14
.8

7 
0.

57
39

 

0 
7 

0 
8 

- 
0.

54
98

 
7 

- 
1.

08
65

 
7 

0 
9 

- 
0.

62
04

 
7 

- 
1.

11
79

 
7 

- 
0.

24
78

 
10

 
- 

0.
89

14
 

11
 

0.
19

41
 

11
 

- 
0.

62
48

 
10

 
- 

0.
38

22
 

11
 

- 
0.

54
23

 
11

 
- 

1.
19

43
 

11
 

- 
0.

52
60

 
11

 
- 

0.
45

15
 

11
 

- 
1.

59
65

 
11

 
- 

0.
21

05
 

12
 

- 
0.

57
31

 
11

 
- 

0.
19

25
 

11
 

- 
0.

29
53

 
13

 
- 

1.
07

21
 

13
 

- 
0.

10
65

 
11

 



212 

i 300 
Z 
E 

-J 

0 
0.0 0.2 0.4 0.6 0.6 

Mole Fraction of Ethanol 

Fig. 1. Comparison of experimental and calculated excess molar enthalpies for mixtures 
containing ethanol at 25°C. Calculated (- ). Experimental: l , ethanol-1-propanol[7]; n , 
ethanol-1-pentanol [8]; A, ethanol-1-octanol [7]; 0, ethanol-l-decanol [7]. 

obtained for binary alcohol-alcohol and alcohol-saturated hydrocarbon 
mixtures. In ethanol-1-propanol, ethanol-l-pentanol and l-propanol-l- 
pentanol mixtures, the physical contribution was neglected and only the 
chemical contribution was allowed for. If alcohols differ significantly from 
each other as to the number of carbon atoms present in their molecules, the 
chemical contribution is not sufficient for nonideality and the physical 
contribution term must be included for good description of the excess 
enthalpy for alcohol-alcohol mixtures. The calculated results are compared 
with the experimental data of alcohol-alcohol mixtures in Figs. 1 and 2. 

Ternary alcohol-saturated hydrocarbon mixtures 

Table 3 presents the ternary predicted results for 18 mixtures containing 
two alcohols and one saturated hydrocarbon by using the binary parameters 
listed in Tables 1 and 2, together with those previously obtained by Nagata 
and Gotoh [6], who assumed only the formation of A,B,. Table 3 shows 
clearly that the present model gives generally the smaller deviations between 
the calculated and experimental excess molar enthalpies than those of the 
previous model [6], except for that of l-propanol-1-octanol-n-octane. 
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Fig. 2. Comparison of experimental and calculated excess molar enthalpies for mixtures 
containing l-propanol at 25°C. Calculated (- ). Experimental: W, 1-propanol-1-pentanol 
[9]; A, 1-propanol-1-octanol [7]; 0, l-propanol-1-decanol [7]. 

Pando et al. [15] proposed an association model for the excess enthalpy of 
binary alcohol-alcohol mixtures and did not apply. the model to ternary 
mixtures containing two alcohols and one saturated hydrocarbon. 

In conclusion, the present model has good quality in the correlation of 
excess molar enthalpies for binary alcohol-alcohol mixtures as well as the 
prediction of ternary excess molar enthalpies for mixtures containing two 
alcohols and one saturated hydrocarbon. 

LIST OF SYMBOLS 

A, B, C alcohols and saturated hydrocarbon 

A,, A, monomer and i-mer of alcohol A 

f&B, complex composed of alcohol A i-mer and alcohol B j-mer 

a, binary interaction parameter 

B,, B, monomer and i-mer of alcohol B 

CD I% coefficients of eqn. (21) 

Hf total enthalpy of complex formation 
HE excess molar enthalpy 

h,, hrz enthalpies of hydrogen bond formation of alcohols A and B 
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enthalpy of complex formation between unlike alcohols 
association constants for pure alcohols A and B 
solvation constant between alcohol complexes 
number of moles of a particular species 
molecular geometric area parameter of pure component I 
gas constant 
molecular geometric volume parameter of pure component I 
sums as defined by eqns. (14) and (16) 
sums as defined by eqns. (13) and (15) 
absolute temperature 
quantities as defined by eqns. (8) and (10) 
quantities as defined by eqns. (7) and (9) 
liquid-phase mole fraction of component I 

Greek letters 

surface fraction of component I 
coefficient as defined by exp( - aJI/T) 
segment fraction of component I 
monomer segment fraction of component I 

Subscripts 

A, B, C components A, B and C 
A,, B,, C, monomers of components A, B and C 
AB binary complex 

A,B, complex containing i molecules of alcohol A and j molecules 
of alcohol B 

them chemical 
I, J components 
i, j, k, 1, m i, j, k, 1 and m-mers of the alcohol 

phys physical 

Superscript 

0 pure alcohol reference state 

APPENDIX 

We consider one mole of the ternary alcohol solution. The total enthalpy 
of formation of the complexes from alcohol A and alcohol B is expressed by 
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Hf=hA C(i-l)nA,fCC(i-l)nA,B,'CCC[(i-l)+ k-dnA,~,Ak 
* i j I j k 

+ c x c c [@ - I> + tk - I>] nA,B,A,B, + . . - 
I J’ k f 

+ CT:(j-l)nB,A,+CCC(j-l)n*,AIBk 
i j I j k 

'CCCC[(j-l)-t(r-l)lnB,A,,~A,+ . . . 
i J k 1 I 

lb,, + L: co - l)%3,A, + c c c iti - 1) 
f J t J k 

+@-dnB,A,Bk +CCCE:[(i-l,+(k-l)lnB,~,BIA,+... 
I j k 1 

'CC(j-l)nA,B,t-CCC(i-l)nA,~,Ak 
ij i J k 

+c~ccbl) + (~-l)]nA,BIAk~,+ . . . 
i j k f 

+hAB C CnA,B,+ 2t3 C C~A,*,A~ + 3C CC CR~,~,~IB, 

i f 1 j k i J k t 

+4C C C C IIn~,~,~,B,~,+ --- 

1 J k 1 M 

+ C C~B,A,+ 2C I3 CnB,~,Bk + 3CC C CnB,*,Bk~, 

z j i j k i J k I 

+4F $ F F ;nB,~,~k~J3m+ a-*) 

=k& f s,) +h,(S,+S,) fkw% (Al) 

where n is the number of moles of a particular complex and we differentiate 
linearly solvated alcohol complexes (A,Bj) k and (B, AJ) k, where the indices 
i, j and k go from one to infinity, because in the former a free hydroxyl 
group is attached to B, which is the tail molecule of (A,B,), and in the latter 
it belongs to A, the tail one of (B,A,),. 

S,, S,, S,, S, and S, are derived as described below. 

S~=~(i-~)nA,=nA,~(i-~)(~A~A,)~-l 
i I 

=KA@A,nA,/(l - KA@Al)2 = EAnAi 642) 
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+ DB,k4,DbACU- l)nA,Cn~m + --. 
i J k 1 m I 

where I$, = rArBKA, and V is the true molar volume of the solution. We 
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insert &, U,, 0, and U, as defined by eqns. (7-lo), QA, = rAn,,/V and 

@a, = rgn B,/ V into the above equation. 

= rBKAB@A,nB,uAuBCi( rArBK:B~A,~B,uAuBj’-l 

+ -$ &nB,Ci(rArBKiB@A,%,uAuBj’ 
A I 

+ uAnA,(2 - rArBK~B~AI~BIuAuBj + 
G”Bn B, 

u 
A 1 

X 
rArB KiB@A,’ B,UAUB 

(I - rArBK:B@A,Q,B,uAuBj2 

Similarly we can derive the sums of S,, S, and S,. 

S,=C(i-l)n,,= KBQB,nB,/(l - KB’B,)2 = u,+B, 

w 

644) 

&=C C(i- ljnB,,, + C C C [Ci - l> + Ck- l>l nB,A,~k 

’ J ’ J k 

I , k I 

+ c c c c c k - l> + ck - l) + cm - ‘11 nB,A,B,A,Bn, + ..* 
I .I k I m 

+c C(j-l)nA,B,+CCC(j- l)nA,~,Al 

’ J 1 J k 
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+ i?BnB,(2-r r K2 Q, @ UU )+ 
UBUAnA, 

A B AB A, B, A B u 
B 

rrK2Q) Cp UU A B AB A, B, A B 
X 

(1-rrK2@ Q> UU)’ 
6451 

A B AB A, B, A B 

%=C En,,,,+ 2X C Cn~,~,~A, + 3C C C CnA,B,~A,B, 

i J k 1 i j k Im 

K’ 2K;; 
= AB @A,n B,uAuB + - 

3KzB 

rA rArB 
'A,@B,nA,uiUB+y 

rArB 
@$)B,nB,u%i 

+ 
4K;‘ K’ 
~@~,@~,nA,u~u~+ . . . +- AB@BnAUBUA+a 
rArB rB 

1 I 
rBrA 

’ QB,'A,nB,u& + 

3K’3 4Ka”, 
2@i,@A,nA,u,fui+- 

&A 

02Q2n U3U2+ B, A, B, B A em. 

nB1 X(2+ l)( 
= KABrA'B, , 

rArBKiB'A,@B,huB)' 

+uAnA,C2i(rArBK~B~A,~B,UAUB)'+ K ':I@ x(2- 1) 

I AB B A, l 

x(rArBKiB@A,@BI&UB)'+ uBnBlC2i(rArBKiB'A,QB,&uB)' 
I 



It is necessary to express nA in terms of (PA,, xA and QA. The following 
molecular balances can be w&ten. 

where 

Nl = xinA, 

4 =c'A, =CnA,rA,/v=CirAn,,/v=~ cinA, 

N2 = k xinA,i, 

I I 

i j 

N3 = z: c c (j + +,,+x, , J’ k 

(fw 

(A9 

(AlO) 

(All) 

w4 

(fw 



221 

F3 = c c c %,B,AkS 
i j k ‘I k 

nA,B,AkrA,B,Ak (i + k)rA 

‘A,+% 

= $ &I & C (i + kbA,B,,* 

1 J k 

and so on. 
Then the ratio of N, to & gives 

4 N2 4 &+&+&+... XA v nA, 
-=- 
Fl F2 = F = Fl + F2 + F3 + . . . = q = < = K 

In the same way as described above, we can obtain 

xB nB~ -- 

K- @B, 

Inserting eqns. (A2-A6), (A15) and (A16) into eqn. (Al) yields 

(AW 

W) 

(fw 

Hf = hAxALi,$ + h,x,i7,> 
A B 

+ 
DBxB%, hcBxA@A, 

@B 
( 2 - rArBKPtB~A,@B,~uB) + ,y @ 

BA 1 (I + rArBKiB@A,@B,u,uB) 

K AB 

GxA’A, UBXB@B, rr K2Q) Cp UU 

+2 
A B AB A, B, A B 

cp + Q, (fw 
A B (1-rrK2@ @ UU)* A B AB A, B, A B 

At pure alcohol states Hf reduces to H& and Hi, respectively. 

Hk= 
hA KA@:f 

(I - KA@:,)2 

=h u”Qo 
AA A, 

H$= 
hBKB’%f 

(I - KB@i,)2 

=h o”@O 
B B B, 

(A18) 

6419) 

The above equations are not equal to those based on an assumption of 
volume change of mixing [16]. 
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