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ABSTRACT                                                                                    
A mathematical model, describing the dependence of the composition of the va-

pour resulting from the liquid composition for a positive azeotrope 
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is discussed. These models were used for calculating the differential distillation process 
for the material balance of the composition A ydS = d(Sx) and D = S0 – S: 
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α α , where az – azeotropic concentra-

tion, α – volatility coefficient. Results were obtained for 52 systems, and the values of  
α and az are given in Table 1. For the same concentration, adopted by the authors: 
xw = 0.02, xs = 0.22, xD = az – 0.02, thermal state of feed e = (c∆T + r)/r = 1.11, ob-
tained the dependence of the quantity of plates of the rectifying column as a function of 
relative volatility: n = 23.3α–0,64. 
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INTRODUCTION 
The mathematical model describing the dependences of the composition of 

steam (y) from the composition of liquid (x) for binary mixtures was formulat-

ed: 
( )1 1

=
+ −

xy
x

α
α

. 

It can be shown by Trouton’s rule ( 85=
⋅boil

L J
T mol K

) that relative volatility 

( )85∞
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 − 
=  

 

B AA A

B B

T TP exp
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γ

 depends on T temperature of distillation and recti-

fication processes and, according to the authors [1, 2] 
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γ
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 it depends on the composition 

of the liquid (xA = x i xB = 1 – x). 

METHODS 
The mathematical model describing the dependence of the composition of 

the vapour y resulting from the composition of the liquid x for the positive azeo-
trope (Eq. 1) (for example acetone-carbon disulphide) and the negative azeo-
trope (Eq. 2) (e.g., acetone chloroform) is as follows:  
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The volatility coefficient α and azeotrope concentration az were determined 
from (Eq. 1, 2) transforming into the linear forms (Eq. 3, 4): 

 1 11 = + − = + 
  z

x x ax b
y aα α

∧ x ∈ [0, az] (3) 

where: relative volatility α = 1/b and az = (1 – b)/a for the positive azeotrope: 
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where: for the negative azeotrope az = –d/c and relative volatility α = 1/(1 – c – d). 
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The models (Eq. 1, 2) were used for calculating the differential distillation 
process for the material balance of the composition A ydS = d(Sx) and D = S0 – S: 

 
0 0

= ∫
−

x

x

S dxln
S y x

 (5) 

Substitution of y (Eq. 1, 2) into (5) of the following relationship derived for 
the solution of the azeotrope with the minimum boiling range:  
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and for the solution of the azeotrope with the maximum boiling range:  

 

1
1 10

0

11
1

− −  −−  = − ⋅   − −  
z

z

xx aD
S x a x

α
α α

∧ x ∈ [az, 1] (7) 

On the basis of available literature data [3, 4], including a binary equilibrium 
system positive azeotrope, the parameters of Equation 1, i.e., the coefficient of 
volatility α, and azeotrope concentration az were determined. The results of calcu-
lations are provided in Table 1. An example of linear dependence x/y = ax + b  
of the system (benzene – n-heptane under pressure of P = 760 mm Hg) was pre-
sented in Fig. 1.   

 

 
Fig. 1. Linear dependence of distillatory equilibrium x/y = ax + b for benzene – n-heptane 

mixtures at a pressure P = 760 mm Hg.  
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The quantity of theoretical plates was shown in Fig. 2 and counted by the 
method reported in [5, 6] for equal compositions of the liquid, as received by 
the authors: xs = 0.22, xw = 0.02 and xD = az – 0.02, thermal state of feed 
e = (c∆T + r)/r = 1.11 (the number e expresses the relationship of the quantity of 
heat necessary for the vaporization of 1 mole of feed S to the molar heat of the 
evaporation of feed S) as well as for the assumed optimal point of interception 
of operating lines: xz = (xs + xm)/2 and yz = (exz – xs)/(e – 1) calculated the value 
of the number of reflux ratio R = (xD – yz)/(yz – xz) and Rmin = (xD – ym)/(ym – xm), 
where (xm, ym) is the point of interception of line e: y = (ex – xs)/(e – 1) with the 
equilibrium line: y = x/(ax + b). The assumed coordinates (xz, yz) correspond to 
the values R/Rmin ∈ (3, 4) for a majority of equilibrium systems. 

 

 
Fig. 2. Dependence of liquid composition from composition of steam y = x/(ax + b) for 

benzene – n-heptane mixtures at a pressure P = 760 mm Hg with determined op-
erating lines and plates of rectification column. 

 
The example of distillation of mixtures (benzene – n-heptane at a pressure 

of P = 760 mm Hg) with triangles inscribed among the line of distillation equi-
librium and the operating lines (Fig. 2), defining the equilibrium capacities for 
the respective plates of the distillation column. The following vertexes of trian-
gles located on the line of equilibrium as well as on the operating lines were 
determined by means of a computerized method, after preparing the table of co-
ordinates: (x0, y1), (x1, y1), (x1, y2), (x2, y2), (x2, y3) until (xn, yn), where xn < xw. 
On the equilibrium line, the co-ordinates were calculated from the equation 
xn = b/(l/yn – a). However, lying on the operating lines from the equations of 
these lines determined by the points (xw, yw), (xz, yz), as well as the point (xD, yD), 
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where yw = xw, yD = xD. The obtained results of calculation for 52 distillatory 
mixtures were collected in Table 1 and then shown in Fig. 3:  

 n = 23.3 α–0,64 (8) 
 

 
Fig. 3. Dependence of quantity of plates on relative volatility as received for concentra-

tions: xw = 0.02, xs = 0.22 and xD = az – 0.02 and for co-ordinates of a point of in-
terception of operating lines xz = (xs + xm)/2 and yz = (exz – xs)/(e – 1), where: 
n = 23.29α–0.64, R2 = 0.862, a = α. 

 
Moreover, for the process of differential distillation counted from the de-

pendence (6) (D/S) for the concentration (as the process of rectification  
xw = 0.02, xs = 0.22) and put it in Table 1. 
 



Ta
bl

e 
1.

 C
al

cu
la

te
d 

va
lu

es
 o

f m
ix

tu
re

s. 

 
 

Pa
ra

m
et

r 
# 

M
ix

tu
re

s 
a z

 
α

R m
in
 

R 
n 

x s
 

x w
 

D
/S

 
1 

A
ce

to
ne

-c
ar

bo
n 

te
tra

ch
lo

rid
e 

(P
 =

 3
00

 m
m

 H
g)

 
0.

73
8 

3.
99

1 
0.

91
 

3.
28

 
7 

0.
22

 
0.

02
 

0.
71

 
2 

A
ce

to
ne

-m
et

ha
no

l (
P 

= 
76

0 
m

m
 H

g)
 

0.
71

5 
2.

28
5 

2.
20

 
6.

58
 

12
 

0.
22

 
0.

02
 

0.
92

 
3 

A
ce

to
ne

-c
ar

bo
n 

te
tra

ch
lo

rid
e 

(P
 =

 7
60

 m
m

 H
g)

 
0.

75
3 

3.
82

3 
0.

99
 

3.
46

 
8 

0.
22

 
0.

02
 

0.
72

 
4 

A
ce

to
ne

-e
th

an
ol

 (P
 =

 7
60

 m
m

 H
g)

 
0.

81
7 

3.
28

0 
1.

36
 

4.
29

 
9 

0.
22

 
0.

02
 

0.
77

 
5 

A
ce

to
ne

-b
en

ze
ne

 (P
 =

 7
60

 m
m

 H
g)

 
0.

81
3 

3.
09

2 
1.

48
 

4.
60

 
9 

0.
22

 
0.

02
 

0.
79

 
6 

A
ce

to
ne

-w
at

er
 (P

 =
 7

60
 m

m
 H

g)
 

0.
88

3 
29

.5
56

 
0.

07
 

1.
35

 
3 

0.
22

 
0.

02
 

0.
30

 
7 

Et
ha

no
l-w

at
er

 (P
 =

 9
5 

m
m

 H
g)

 
0.

72
1 

7.
46

7 
0.

37
 

2.
05

 
5 

0.
22

 
0.

02
 

0.
53

 
8 

Et
ha

no
l-w

at
er

 (P
 =

 3
80

 m
m

 H
g)

 
0.

72
4 

8.
99

3 
0.

29
 

1.
86

 
5 

0.
22

 
0.

02
 

0.
49

 
9 

Et
ha

no
l-w

at
er

 (P
 =

 7
60

 m
m

 H
g)

 
0.

68
1 

9.
30

3 
0.

26
 

1.
80

 
5 

0.
22

 
0.

02
 

0.
50

 
10

 C
ar

bo
n 

di
su

lfi
de

-c
ar

bo
n 

te
tra

ch
lo

rid
e 

(P
 =

 7
60

 m
m

 H
g)

 
0.

96
1 

2.
90

8 
1.

94
 

5.
56

 
10

 
0.

22
 

0.
02

 
0.

80
 

11
 C

hl
or

of
or

m
-m

et
ha

no
l (

P 
= 

75
7 

m
m

 H
g)

 
0.

65
2 

3.
22

1 
1.

10
 

3.
85

 
8 

0.
22

 
0.

02
 

0.
80

 
12

 M
et

ha
no

l-t
ol

ue
ne

 (P
 =

 7
60

 m
m

 H
g)

 
0.

84
9 

25
.1

29
 

0.
09

 
1.

38
 

3 
0.

22
 

0.
02

 
0.

32
 

13
 C

ar
bo

n 
te

tra
ch

lo
rid

e-
et

ha
no

l (
P 

= 
74

5 
m

m
 H

g)
 

0.
60

6 
6.

29
6 

0.
38

 
2.

13
 

5 
0.

22
 

0.
02

 
0.

61
 

14
 W

at
er

 –
 n

-b
ut

an
ol

 (P
 =

 7
67

 m
m

 H
g)

 
0.

80
6 

7.
34

9 
0.

43
 

2.
15

 
5 

0.
22

 
0.

02
 

0.
51

 
15

 C
yc

lo
he

xa
ne

-to
lu

en
e 

(P
 =

 7
60

 m
m

 H
g)

 
0.

95
5 

3.
11

2 
1.

73
 

5.
06

 
10

 
0.

22
 

0.
02

 
0.

77
 

16
 C

yc
lo

he
xa

ne
-a

ni
lin

e 
(P

 =
 7

60
 m

m
 H

g)
 

0.
99

9 
70

.4
03

 
0.

02
 

1.
22

 
3 

0.
22

 
0.

02
 

0.
23

 
17

 n
-H

ex
an

e 
– 

n-
he

pt
an

e 
(P

 =
 7

60
 m

m
 H

g)
 

1.
05

7 
2.

33
0 

3.
16

 
8.

43
 

13
 

0.
22

 
0.

02
 

0.
89

 
18

 n
-H

ex
an

e-
be

nz
en

e 
(P

 =
 7

35
 m

m
 H

g)
 

0.
82

1 
2.

19
0 

2.
75

 
7.

81
 

13
 

0.
22

 
0.

02
 

0.
92

 
19

 M
et

ha
no

l-w
at

er
 (P

 =
 7

60
 m

m
 H

g)
 

0.
93

7 
6.

37
9 

0.
60

 
2.

49
 

6 
0.

22
 

0.
02

 
0.

52
 

20
 E

th
an

ol
-b

en
ze

ne
 (P

 =
 7

50
 m

m
 H

g)
 

0.
43

6 
7.

12
4 

0.
17

 
1.

83
 

4 
0.

22
 

0.
02

 
0.

68
 

21
 C

ar
bo

n 
te

tra
ch

lo
rid

e-
to

lu
en

e 
(P

 =
 7

62
 m

m
 H

g)
 

1.
00

5 
2.

37
0 

2.
91

 
7.

88
 

12
 

0.
22

 
0.

02
 

0.
88

 
22

 C
ar

bo
n 

te
tra

ch
lo

rid
e-

cy
cl

oh
ex

an
e 

(P
 =

 7
60

 m
m

 H
g)

 
0.

90
3 

1.
17

0 
22

.7
9 

17
2.

03
 

53
 

0.
22

 
0.

02
 

1.
00

 
23

 C
ar

bo
n 

te
tra

ch
lo

rid
e-

be
nz

en
e 

(P
 =

 7
60

 m
m

 H
g)

 
0.

73
1 

1.
19

8 
15

.6
7 

10
6.

02
 

45
 

0.
22

 
0.

02
 

1.
00

 
24

 B
en

ze
ne

-a
ce

tic
 a

ci
d 

(P
 =

 7
60

 m
m

 H
g)

 
0.

86
8 

7.
07

6 
0.

49
 

2.
26

 
6 

0.
22

 
0.

02
 

0.
51

 
25

 B
en

ze
ne

 –
 n

-h
ep

ta
ne

 (P
 =

 7
60

 m
m

 H
g)

 
0.

89
0 

2.
05

3 
3.

41
 

9.
39

 
14

 
0.

22
 

0.
02

 
0.

94
 

26
 B

en
ze

ne
-to

lu
en

e 
(P

 =
 7

60
 m

m
 H

g)
 

1.
01

4 
2.

38
2 

2.
91

 
7.

86
 

13
 

0.
22

 
0.

02
 

0.
88

 
 

66 

Sobczak, et al.    Ars Separatoria Acta 7 (2009/2010) 61-68 



 

 

 Ta
bl

e 
1 

co
nt

in
ue

d 
27

 B
en

ze
ne

-c
yc

lo
he

xa
ne

 (P
 =

 7
59

 m
m

 H
g)

 
0.

50
1 

1.
33

0 
6.

15
 

32
.0

1 
26

 
0.

22
 

0.
02

 
1.

00
 

28
 E

th
an

ol
-a

m
yl

 a
lc

oh
ol

 (P
 =

 7
60

 m
m

 H
g)

 
0.

99
6 

8.
68

6 
0.

43
 

2.
10

 
5 

0.
22

 
0.

02
 

0.
44

 
29

 E
th

an
ol

 –
 n

-b
ut

an
ol

 (P
 =

 7
60

 m
m

 H
g)

 
1.

05
7 

3.
95

2 
1.

32
 

4.
06

 
8 

0.
22

 
0.

02
 

0.
67

 
30

 M
et

ha
no

l-b
en

ze
ne

 (P
 =

 7
60

 m
m

 H
g)

 
0.

60
6 

21
.4

44
 

0.
05

 
1.

37
 

3 
0.

22
 

0.
02

 
0.

43
 

31
 M

et
ha

no
l-e

th
an

ol
 (P

 =
 7

60
 m

m
 H

g)
 

0.
97

3 
1.

74
4 

5.
39

 
14

.7
0 

18
 

0.
22

 
0.

02
 

0.
98

 
32

 C
yc

lo
he

xa
ne

 –
 n

-h
ep

ta
ne

 (P
 =

 7
60

 m
m

 H
g)

 
0.

99
1 

1.
92

0 
4.

39
 

11
.7

9 
16

 
0.

22
 

0.
02

 
0.

95
 

33
 B

en
ze

ne
-a

ni
lin

e 
(P

 =
 7

60
 m

m
 H

g)
 

1.
03

2 
19

.5
64

 
0.

16
 

1.
51

 
4 

0.
22

 
0.

02
 

0.
30

 
34

 n
-H

ep
ta

ne
-to

lu
en

e 
(P

 =
 7

60
 m

m
 H

g)
 

0.
74

0 
1.

76
5 

3.
95

 
11

.5
8 

17
 

0.
22

 
0.

02
 

0.
98

 
35

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 7

60
 m

m
 H

g)
 

0.
95

5 
1.

80
5 

4.
87

 
13

.2
7 

17
 

0.
22

 
0.

02
 

0.
97

 
36

 A
ce

to
ne

-m
et

ha
no

l (
P 

= 
10

0 
m

m
 H

g)
 

0.
84

0 
2.

59
5 

2.
06

 
5.

98
 

11
 

0.
22

 
0.

02
 

0.
86

 
37

 A
ce

to
ne

-w
at

er
 (P

 =
 2

00
 m

m
 H

g)
 

0.
90

3 
45

.1
77

 
0.

04
 

1.
27

 
3 

0.
22

 
0.

02
 

0.
27

 
38

 A
ce

to
ne

-w
at

er
 (P

 =
 3

50
 m

m
 H

g)
 

0.
91

6 
35

.5
12

 
0.

06
 

1.
31

 
3 

0.
22

 
0.

02
 

0.
28

 
39

 M
et

ha
no

l –
 n

-b
ut

an
ol

 (P
 =

 7
60

 m
m

 H
g)

 
0.

99
2 

11
.7

15
 

0.
29

 
1.

80
 

5 
0.

22
 

0.
02

 
0.

38
 

40
 M

et
ha

no
l-a

m
yl

 a
lc

oh
ol

 (P
 =

 7
60

 m
m

 H
g)

 
1.

00
2 

19
.3

11
 

0.
16

 
1.

51
 

4 
0.

22
 

0.
02

 
0.

31
 

41
 M

et
ha

no
l-w

at
er

 (P
 =

 2
00

 m
m

 H
g)

 
0.

94
9 

7.
69

4 
0.

48
 

2.
21

 
5 

0.
22

 
0.

02
 

0.
47

 
42

 M
et

ha
no

l-w
at

er
 (P

 =
 3

50
 m

m
 H

g)
 

0.
93

7 
7.

29
7 

0.
50

 
2.

28
 

6 
0.

22
 

0.
02

 
0.

49
 

43
 M

et
ha

no
l-w

at
er

 (P
 =

 5
00

 m
m

 H
g)

 
0.

92
9 

6.
95

8 
0.

53
 

2.
34

 
6 

0.
22

 
0.

02
 

0.
50

 
44

 E
th

an
ol

-w
at

er
 (P

 =
 5

0 
m

m
 H

g)
 

0.
75

8 
7.

53
3 

0.
39

 
2.

07
 

5 
0.

22
 

0.
02

 
0.

52
 

45
 E

th
an

ol
-w

at
er

 (P
 =

 1
90

 m
m

 H
g)

 
0.

64
6 

11
.4

82
 

0.
18

 
1.

64
 

4 
0.

22
 

0.
02

 
0.

48
 

46
 B

en
ze

ne
-a

ni
lin

e 
(P

 =
 3

50
 m

m
 H

g)
 

1.
03

6 
29

.6
24

 
0.

09
 

1.
37

 
3 

0.
22

 
0.

02
 

0.
27

 
47

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 1

00
 m

m
 H

g)
 

1.
00

0 
1.

39
3 

10
.7

8 
33

.5
3 

29
 

0.
22

 
0.

02
 

1.
00

 
48

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 1

25
 m

m
 H

g)
 

0.
89

6 
1.

81
7 

4.
49

 
12

.4
1 

16
 

0.
22

 
0.

02
 

0.
97

 
49

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 2

00
 m

m
 H

g)
 

0.
98

8 
1.

60
1 

6.
85

 
19

.1
4 

20
 

0.
22

 
0.

02
 

0.
99

 
50

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 2

50
 m

m
 H

g)
 

0.
93

3 
1.

83
6 

4.
57

 
12

.4
8 

16
 

0.
22

 
0.

02
 

0.
97

 
51

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 3

50
 m

m
 H

g)
 

1.
00

9 
1.

71
9 

5.
80

 
15

.7
6 

19
 

0.
22

 
0.

02
 

0.
98

 
52

 W
at

er
-a

ce
tic

 a
ci

d 
(P

 =
 5

00
 m

m
 H

g)
 

0.
98

0 
1.

88
1 

4.
54

 
12

.2
5 

16
 

0.
22

 
0.

02
 

0.
96

 

Ars Separatoria Acta 7 (2009/2010) 61-68           Separation of azeotropic...
 

67



Sobczak, et al. Ars Separatoria Acta 7 (2009/2010) 61-68 

 68 

RESULTS AND DISCUSSION 
52 distillatory equlibria were calculated with the help of dependence (3) 

and the coefficients of correlation were obtained from R2 = 0,945 (carbon tetra-
chloride – benzene, P = 760 mm Hg) to R2 = 0.999 (methanol – amyl alcohol, 
P = 760 mm Hg). On this basis of the process distillation differential was calcu-
lated (D/S with dependence (6)). Moreover, dependence of the quantity of plates 
in a column was determined from the relative volatility of the respective distilla-
tory rectification mixtures (dependence (8)) for the optimum position of the 
operating lines (in half of a section of line y = (ex – xs)/(e – 1)) contained among 
the diagonal y = x and the equilibrium line: 

 
( )1 1

=
+ −

z

xy x
a

α

α
 (9) 
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