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ABSTRACT 

A model using a concentration-dependent liquid-phase association constant for acetic acid 
was employed to correlate isothermal vapour-liquid equilibrium data for binary solutions of 
acetic acid with water and 2-butanone. Results of data reduction show that cross-dimeriza- 
tion between acetic acid and water is required to represent satisfactorily two sets of literature 
data. 

LIST OF SYMBOLS 

A, B 
aF'J 

GiJ 
h AB 

K 
K AB 

Kx 

4 
P 

P, 
R 
T 
V,k 

xi 

Yi 

acetic acid and water or 2-butanone 
binary interaction parameter 
objective function as defined by eqn. (14) 
coefficient as defined by exp( - (Y~ J TV J) 
enthalpy of complex formation 
thermodynamic liquid-phase association constant 
liquid-phase mole fraction solvation constant as defined by 

XAB/XA,XB, 

liquid-phase mole fraction association constant as defined by 

xA,/xA,2 

activity coefficient ratio as defined by yA,/yA,* 
total pressure 
saturated vapour pressure of pure component i 

universal gas constant 
absolute temperature 
molar liquid volume of pure component i 
liquid-phase mole fraction of component i or species i 
vapour-phase mole fraction of component i 
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Greek letters 

(Y 

7,” 
non-randomness parameter 
activity coefficient of component i 

uP, uT standard deviations in pressure and temperature 
u X9 =Y 

standard deviations in liquid-phase and vapour-phase mole frac- 
tion 
coefficient as defined by a,,/T 
vapour-phase fugacity coefficient of component i at T and P 

& vapour-phase fugacity coefficient of pure component i’ at T and Pi” 

Subscripts 

A,, A 2 monomer and dimer of acetic acid 
AB 1: 1 complex of acetic acid and water 

Bi monomer of water or 2-butanone 
4 .i, k components 

Superscripts 
A 

calculated property 
* pure-liquid reference state 

INTRODUCTION 

In a previous paper [l] a new model was presented to correlate binary 
isothermal vapour-liquid equilibrium data for solutions of acetic acid with 
benzene, n-heptane, toluene and tetrachloromethane, and to predict the 
ternary isothermal vapour-liquid equilibrium for acetic acid-toluene- 
n-heptane from binary parameters alone. The model uses the liquid-phase 
dimerization constant for pure acetic acid to derive a concentration-depen- 
dent association constant defined in terms of the thermodynamic associa- 
tion, and involves the NRTL equation [2] to describe molecular interactions 
between the chemical species present. Since the thermodynamic association 
constant is defined in terms of the activities of acetic acid monomer and 
dimer and is independent of concentration, it relates the activity coefficients 
of acetic acid monomer and dimer at a specific concentration to their values 
in pure acetic acid. 

In this paper the model is extended to mixtures of acetic acid with water 
and 2-butanone. 

SOLUTION MODEL 

In the liquid phase the model assumes the existence of monomers (A,) 
and dimers (A,) of acetic acid and further that molecules of acetic acid and 
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water (B) interact strongly to form complex AB according to A, + B, = AB. 
The thermodynamic dimerization constant for acetic acid K and the solva- 
tion constant KAB in the liquid phase are defined as 

K=( 

X&Y:, xA2yA, 

xA*,~A:)~ = (XA,YA, )' 

= KxKy (1) 

(2) 

where xA,T x&p XAB and xB, are the true mole fractions of the monomer and 
dimer of acetic acid, the heterodimer of acetic acid and water and the 
monomer of water respectively, YA, and YA, are the XtiVity COeffiCientS Of 
the acetic acid monomer and dimer, K, is the liquid-phase mole fraction 
dimerization constant as defined by xA,/xA,2, K, is the activity coefficient 
ratio expressed by YAJYA,’ and the superscript * refers to pure acetic acid 
state. 

The activity coefficient of any i of the chemical species A,, A,, AB and 
B, is given by the NRTL equation [2] 

C 7jiGJixJ 
I 

c xrqr, 

In ’ = i Gk,xk + F ;;;xk ‘j - i Gk,xk 

k k \ k 

where 

(3) 

rJ1 = a,JT 

Gj, = exp ( - Cyi, pi ) 

(4 

(5) 
and the energy parameter aji and the non-randomness parameter aJ, are 
assigned as follows. In principle, we must take into account an interaction 
for each pair of all the chemical species present. The total number of such 
pairs is six. For each pair three parameters (two energy parameters and an 
aii) could be used. Then, the number of resulting parameters is 18, which is 
too many. We confine ourselves to use a minimum number of three as 
adjustable parameters in fitting the model to experimental results. We study 
four cases to test the suitability of the model. In all cases we assume that the 
interaction energy parameter between the monomer and dimer of acetic acid 
in the mixture is the same as that in pure acetic acid, namely aA,A, = aAzA, 
= - 100 K and (YA,A, = (YA,A, = 0.3 [l]: 

(I) aM-‘, = 2aAZBIy aB,AI=2aB,A2p aA2B,=aA2AB=aAlAB=aABB19 aB,A,= 

aABA2=aABAl=aBIABe In this CaSe aA,B,, aB,A, and (Y are parameters; 

(II) aA,B, = 2aA2B,y aB,A,= 2aB,A,? aA,AB= 2aA,ABv aABAl= 2aABA2T 

aB,AB = aABB,, aA,AB = aABA, = aB,AB and all (Y are taken as 0.3. The adjust- 
able parameters are aAIB,, aA,AB and a,,,,; 
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(III) aA,J% =2aA2B1=aB,A,=2aB1AZ~ (IA,AB= 2aA2ABp aABA,=2aABA29 

aB,AB = aABB,? aA,AB =aABA, and all a are taken as 0.3. Here three parame- 
ters are aA,B,, aA,AB and aB,AB; 

(IV) the parameters are the same as those used in case (I) and the 
solvation constant is zero. 

The liquid-phase mole fraction dimerization constant for pure acetic acid 
changes with temperature [3] as expressed by 

In K,” = F - 6.5197 (6) 

Christensen et al. [4] correlated the excess molar enthalpy data for acetic 
acid-n-heptane [5] and acetic acid-water [6] using the Redlich-Kister 
equation. We obtained the molar enthalpies of infinite dilution of acetic acid 
in these solvents from the same equation: 4.3 kJ mol-’ for acetic acid-n- 
heptane; - 1.4 kJ mol-’ for acetic acid-water. The difference between these 
values provides the molar enthalpy of hydrogen bond formation between 
acetic acid and water, hAB = -5.7 kJ mol-‘. This value fixes the tempera- 
ture dependence of KAB for acetic acid-water according to 

din KAB GAB -- 

d(l/T) = R (7) 

At 20 o C we set KAB = 4 for case I and K,, = 1 for cases II and III. 
The stoichiometric mole fractions of both components are given in terms 

of the equilibrium constants and the monomer mole fractions of the same 
components 

xA, +2KxX~,2 + KABXA,XB, 
xA= 

xA,+2KxxA ,2+ 2K~~X~,XB,+XB, 

xB, + KABXA,XB, 
X B= 

xA,+2KxxAI 2+2K~~X~,X~,+XB, 

(8) 

(9) 

The sum of the mole fractions of all the chemical species must be unity 

xA, + xA, + xAB + xB, = xA, + K,x,,~ + KABxA,xB, + xB, = 1 (10) 

According to a theorem discussed by Prigogine and Defay [7], the 
following equations relate the apparent activity coefficients to the true 
quantities 

01) 

(12) 

For given values of K, aA,A, = 100 K, (YA,A? = 0.3, KAB and the three 
adjustable parameters of the NRTL equation, the true compositions and 
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true activity coefficients at any apparent composition are obtained by 
simultaneous solution of the pertinent equations described above. The 
equations are straightforwardly solved by iterations as described previously 

VI. 

CALCULATED RESULTS 

We reduced the available literature data for the vapour-liquid equi- 
librium for acetic acid-water and acetic acid-2-butanone with our equations 
using the thermodynamic relation given by 

(13) 

where yi and x, are the apparent vapour and liquid mole fraction of 
component i, P is the total pressure, P,” is the pure-component vapour 
pressure taken from the original vapour-liquid equilibrium data set, +, is 
the vapour-phase fugacity coefficient of component i at P and T, # is that 
of pure component i at P,” and T, and uk is the pure-liquid molar volume 
calcaluted from the modified Rackett equation [S]. In systems containing 

) 0.2 0.4 0.6 08 1.0 

Mole fraction of acetic acid 

Fig. 1. Vapour-liquid equilibria for acetic acid-water. Calculated ( -). Experimental: 
(0) 20’ C, (A) 40' C, data of Lazeeva and Markuzin [ll]. 



T
A

B
L

E
 

1 

C
al

cu
la

te
d 

re
su

lt
s 

fo
r 

ac
et

ic
 a

ci
d-

w
at

er
 

an
d 

ac
et

ic
 a

ci
d-

Z
bu

ta
n

on
e 

S
ys

te
m

 (A
-B

) 
T

em
p.

 
N

u
m

be
r 

C
as

e.
 a

 
R

ot
-m

ea
n

-s
qu

ar
e 

de
vi

at
io

n
s 

P
ar

am
et

er
s 

(K
) 

V
ar

ia
n

ce
 

R
ef

. 

(“
C

) 
of

 d
at

a 
S

P
 

S
T

 
6
x
 

po
in

ts
 

S
Y

 
P

A
(l

) 
P

A
(2

) 
P

A
(3

) 
of

 f
it

 b
 

(T
or

r)
 

(K
) 

(X
10

’) 
(X

10
3)

 

A
ce

ti
c 

ac
id

-w
at

er
 

20
 

10
 

I 
0.

21
 

0.
00

 
0.

0 
4.

8 
33

1.
42

 
10

5.
78

 
2.

14
36

 ’
 

II
 

0.
27

 
0.

00
 

0.
0 

6.
3 

45
1.

44
 

II
I 

0.
39

 
0.

00
 

0.
0 

11
.3

 
22

32
.6

0 
IV

 
0.

39
 

0.
00

 
0.

0 
5.

5 
70

2.
15

 
40

 
11

 
I 

0.
31

 
0.

00
 

0.
0 

6.
9 

29
5.

24
 

II
 

0.
47

 
0.

00
 

0.
0 

7.
4 

46
5.

09
 

II
I 

0.
86

 
0.

00
 

0.
0 

12
.8

 
25

64
.9

5 
IV

 
0.

55
 

0.
00

 
0.

0 
2.

8 
10

12
.8

7 
69

.7
 

11
 

I 
1.

95
 

0.
00

 
0.

2 
6.

4 
41

0.
53

 
II

 
0.

75
 

0.
00

 
0.

1 
6.

1 
33

.3
5 

II
I 

0.
80

 
0.

00
 

0.
4 

5.
9 

- 
58

8.
59

 
IV

 
1.

63
 

0.
00

 
0.

0 
19

.7
 

11
7.

31
 

79
.9

 
11

 
I 

0.
24

 
0.

00
 

0.
0 

7.
2 

27
9.

47
 

- 
28

5.
30

 
32

.4
2 

- 
19

4.
25

 
12

1.
31

 
- 

30
0.

64
 

21
.0

1 
- 

57
9.

20
 

30
5.

22
 

74
.6

5 
53

.0
4 

- 
11

1.
98

 
26

4.
62

 

- 
52

3.
45

 
44

8.
31

 
0.

95
78

 ’
 

1.
74

88
 

- 
35

7.
3s

 
84

0.
94

 
0.

30
61

 
1.

83
76

 
- 

59
9.

12
 

- 
59

1.
56

 
1.

06
29

 
1.

61
20

 

3.
78

 
11

 
6.

37
 

20
.4

7 
5.

05
 

7.
4s

 
11

 
8.

68
 

26
.2

1 
1.

66
 

11
.4

6 
13

 
6.

50
 

6.
39

 
62

.8
9 

7.
93

 
13

 



A
ce

ti
c 

ac
id

- 
2-

b
u

ta
n

on
e 

II 
0.

55
 

II
I 

0.
50

 
IV

 
0.

93
 

80
 

10
 

I 
1.

15
 

II
 

1.
76

 
II

I 
1.

68
 

IV
 

1.
67

 
89

.9
 

11
 

I 
0.

91
 

II
 

0.
92

 
II

I 
0.

99
 

IV
 

1.
83

 

68
.5

1 
8 

d
 

IV
 

2.
14

 
78

 
9 

IV
 

2.
29

 

0.
00

 
0.

1 
5.

4 
13

9.
47

 
- 

33
.0

9 
- 

51
0.

43
 

4.
92

 
0.

00
 

0.
0 

8.
1 

- 
88

0.
88

 
62

.3
6 

- 
63

2.
85

 
10

.3
0 

0.
00

 
0.

0 
14

.0
 

25
0.

74
 

- 
92

.2
4 

3.
81

57
 

31
.1

1 
0.

00
 

0.
2 

9.
7 

35
0.

87
 

25
6.

13
 

1.
66

83
 

16
.8

8 
11

 
0.

00
 

0.
0 

6.
8 

41
6.

76
 

- 
26

2.
50

 
- 

12
6.

32
 

11
.7

4 
0.

00
 

0.
3 

8.
6 

- 
11

34
.5

0 
72

.4
1 

- 
77

2.
75

 
15

.8
4 

0.
00

 
0.

1 
5.

7 
49

4.
51

 
- 

22
4.

22
 

1.
10

13
 

9.
12

 
0.

00
 

0.
3 

7.
0 

28
5.

83
 

29
8.

31
 

1.
52

50
 

8.
81

 
13

 
0.

00
 

0.
2 

5.
7 

32
.1

6 
94

.1
9 

- 
52

8.
40

 
6.

26
 

0.
00

 
0.

1 
6.

2 
- 

78
3.

98
 

72
.6

4 
- 

65
7.

31
 

7.
32

 
0.

00
 

0.
3 

15
.8

 
- 

20
.1

5 
- 

14
.7

3 
4.

34
62

 
42

.9
6 

0.
00

 
0.

6 
5.

6 
- 

15
51

.0
4 

24
47

.5
2 

0.
11

54
 

10
.5

7 
15

 
0.

00
 

0.
9 

2.
8 

- 
57

4.
97

 
12

06
.2

4 
0.

49
08

 
9.

27
 

a 
I,

 P
A

(l
) 

= 
~

*,
a,

, 
P

A
(2

) 
= 

a,
,,,

 
an

d
 P

A
(3

) 
= 

(~
*a

; 
II

, 
P

A
(l

) 
= 

~~
,a

,, 
P

A
(2

) 
= 

u
B

,A
, 

an
d

 P
A

(3
) 

=
 a

A
,A

B
; 

II
I,

 
P

A
(l

) 
= 

a~
,a

,’ 
P

A
(2

) 
= 

~A
,A

B
 

an
d 

P
A

(3
) 

=
 ~

a,
~

~;
 

IV
, 

P
A

(l
) 

= 
u

A
IB

,, 
P

A
(2

) 
= 

~a
,~

,, 
P

A
(3

) 
= 

(Y
A

B
 an

d
 K

A
a 

= 
0.

 
b

 V
ar

ia
n

ce
 o

f 
fi

t 
= 

(s
u

m
 o

f 
sq

u
ar

ed
, 

w
ei

gh
te

d
 r

es
id

u
al

s)
/(

 n
u

m
b

er
 o

f 
d

eg
re

es
 o

f 
fr

ee
d

om
) 

= 
F/

(n
u

m
b

er
 

of
 d

at
a 

p
oi

n
ts

 -
 

n
u

m
b

er
 

of
 p

ar
am

et
er

s)
. 

’ 
V

al
u

e 
of

 n
on

-r
an

d
om

n
es

s 
p

ar
am

et
er

 
is

 d
im

en
si

on
le

ss
. 

d
 O

n
e 

er
ro

n
eo

u
s 

ex
p

er
im

en
ta

l 
p

oi
n

t 
w

as
 r

ej
ec

te
d

. 



214 

,- 

Ch 

,- 

7 

IO 0.2 04 06 0.8 

Mote traction of ocet,c acid 

Fig. 2. Vapour-liquid equilibria for acetic acid-water. Calculated ( -). Experimental: (A) 

69.7 o C, (0) 79.9 o C, data of Arich and Tagliavini [13]. 

1 

0.0 02 04 Q6 0.6 IO 
Mole fraction of acetlc ocld 

Fig. 3. Vapour-liquid equilibria for acetic acid-water. Calculated ( -). Experimental: (A) 

data of Lazeeva and Markuzin at 80 o C [ll]; (0) data of Arich and Tagliavini at 89.9 o C [13]. 
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00 02 04 06 06 0 

Mole frQCfiOn Qf acetic QCid 

Fig. 4. Vapour-liquid equilibria for acetic acid-2-butanone. Calculated ( -). Experimen- 
tal: (A) 68.51’ C, (0) ?8O C, data of Rasmussen et al. [Pi]. 

0.0 0.2 0.4 06 0.6 

Mole fracrioh cl acetic acid 

Q- 

0.0 0.2 0.4 06 0.8 

Mole frac+ion of metic Qcid 

0 

Fig. 5. Variation in liquid-phase mole fraction association constant with composition for 
acetic acid-water: A (0) 20° C, (b) 40” C, (0) 80°C, data of Lazeeva and Markuzin [ll]; B 
(0) 69.7’ C, (A) 79.9 “C, (U) 89.9“C, data of Arich and Tagliavini (131. 
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one or more carboxylic acids, the fugacity coefficients +, and & are 
calculated on the basis of chemical theory whose expressions for fugacity 
coefficients are derived from the thermodynamics of chemical equilibrium 

19, IO]. 
The computer program used to obtain optimum parameters, based on the 

maximum-likelihood principle, was similar to that given by Prausnitz et al. 
[lo]. The optimum parameters were obtained by minimizing the objective 
function 

’ 
F= c (pi-lijl)” + (T-t)2 + (xlz-plt)2 + (.Ylz-91i)2 

2 04 
0, 

2 
i=l UT % uY 

2 

I 

where a circumflex indicates the calculated true value corresponding to each 
measured variable, and the standard deviations were assumed for the 
measured variables: up = 1 Torr for pressure; uT = 0.05 K for temperature; 
a, = 0.001 for liquid mole fraction; u,, = 0.003 for vapour mole fraction. 

The experimental vapour-liquid equilibrium data of Lazeeva and 
Markuzin [ll] for acetic acid-water are available from Gmehling and Onken 
[12] and those of Arich and Tagliavini [13] from Gmehling et al. [14]. The 
binary results of vapour-liquid equilib~um data reduction are given in 
Table 1. In case IV where the solvation constant is not included, our model 
reproduces well the data Laveeva and Markuzin [ll], but does not represent 
satisfactorily those of Arich and Tagliavini [13]. A survey of the results 
obtained in cases I-IV indicates that case II provides the best correlation. 
For acetic acid-2-butanone we did not assume complex fo~ation between 

d 

n 

I 

J 
0.2 0.4 0.6 0.8 

Mole fraction of acettc acid 

I5 

IO 

; 

B 

I. 0.2 04 0.6 08 

ktoie fractmn of acetic acid 

0 

Fig. 6. Variation in liquid-phase mole fraction association constant with composition for 
acetic acid-2-butanone: A (0) 68.5 o C; B (0) 78 o C, data of Rasmussen et al. [15]. 
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acetic acid and 2-butanone. Figures 1-4 compare the experimental 
vapour-liquid equilibrium results with the calculated values, where those for 
acetic acid-water is based on case II. The liquid-phase mole fraction 
association constant K, versus liquid composition is plotted in Figs. 5 and 
6. The relation for acetic acid-Zbutanone is markedly different from that 
for acetic acid-water. The concentration of the acetic acid monomer in 
2-butanone is higher than the corresponding value in water. 

In conclusion, the new model is able to correlate accurately the isothermal 
experimental vapour-liquid equilibrium results of the acetic acid-water and 
acetic acid-Zbutanone systems. 
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