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ABSTRACT 

Densities and viscosities were determined at five different temperatures for the systems 
quinohne (Q) with: phenol (P); ortho-chlorophenol (CP); and meta-cresol (MC). From the 
experimental results the excess volumes, excess viscosities, partial molar excess volumes and 
the partial molar volumes were calculated. From the dependency of viscosity on temperature, 
the thermodynamic parameters of activation of flow were also calculated and these results 
were discussed in terms of the type of interaction between the two components in solution. 

INTRODUCTION 

Viscosities of liquid mixtures need to be known for the solution of many 
problems concerning heat transport, mass transport and fluid flow. Recent 
interest in coal-derived liquid fuels resulted in many investigations on the 
strength of interaction between model acids and bases of asphaltenes and 
subfractions of asphaltenes by IR and NMR methods [l-5]. As part of 
program dealing with the investigation of phenol amine systems [6,7], this 
paper deals with the thermodynamic and transport properties of binary 
mixtures of quinoline with substituted phenols. 

EXPERIMENTAL 

Densities of pure liquids and their mixtures were determined with an 
Anton-Paar DMA 45 densitometer with an accuracy in density measurement 
of +O.OOOl g ml-‘. The density measurements at different temperatures 
were carried out using a Sodev temperatures controller with an accuracy of 
f 0.001 O c. 

Viscosity measurements at 25, 30, 35, 40 and 45 OC were made using 

* To whom correspondence should be addressed. 
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modified Ostwald or Cannon-Fenske viscometers and a viscosity bath 
(Koehler Instrumentation). Viscometers were calibrated against nanopure 
water and benzene, and the accuracy was found to be +0.005 cP. All the 
chemicals used (B.D.H. or Aldrich) were purified by the standard procedures 
described by Weissberger et al. [S] and colourless middle fractions were 
collected. All mixtures were prepared by mixing weighed amounts of the 
pure liquids. 

RESULTS AND DISCUSSION 

The values of density and viscosity for all systems are presented in Tables 
l-3. The density and viscosity values for pure compounds agree well with 
the literature values. The excess thermodynamic functions were calculated 
with the following equations 

17E=q-(X,% +X2%) (1) 

VE= V-(X& +x*v*) (2) 

GgE = RT[ln VI’-( Xi In 77,~‘~ +X, In q21/2)] (3) 

where n, n,, q2, V, Vi, Vz are viscosities and molar volumes of the mixture 
and of the pure components, respectively. The molar volume of the mixture, 
V, is defined by 

v= X,M, + X*M, 

P 
(4) 

where p is the density of the solution, and M, and M2 are the molecular 
masses of the components. The excess functions were fitted with a 
Redlich-Kister [9] equation of the type 

X”=X,(l -x,),$j(l -2x,)‘-’ (5) 

where XE represents the excess property under consideration. The least- 
squares method was used to determine the values of the coefficient a,. In 
each case the optimum number of coefficients was ascertained from an 
examination of the variation of the standard error of estimation with n 

9,. = 1 Z( x& - x‘t,)‘/( no,, - !?)I”* (6) 

The values adopted for the coefficients aj were calculated with a Hewlett- 
Packard 3000 computer (using a program with a built-in F-test and various 
options) [lo], and these, along with the standard error of the estimate, u, are 
summarized in Tables 4-6. 

Figures 1-3 show the experimental values of qE, V” and G#” as functions 
of the mole fraction of quinoline, respectively. The continuous curves were 



T
A

B
L

E
 

1 

D
en

si
ty

 a
n

d 
vi

sc
os

it
y 

da
ta

 f
or

 t
h

e 
ph

en
ol

 +
 q

u
in

ol
in

e 
sy

st
em

 

X
Q

 
hi

t 
cm

m
3)

 
v(

cP
) 

29
8 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

28
9 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

0.
00

00
 

1.
07

20
 

1.
06

76
 

1.
06

33
 

1.
05

89
 

1.
05

45
 

9.
41

0 
7.

55
3 

6.
10

6 
4.

97
1 

4.
05

6 
0.

10
54

 
1.

07
78

 
1.

07
36

 
1.

06
94

 
1.

06
51

 
1.

06
30

 
12

.7
04

 
10

.2
04

 
8.

19
5 

6.
72

8 
5.

65
5 

0.
19

99
 

1.
08

46
 

1.
08

05
 

1.
07

63
 

1.
07

21
 

1.
07

02
 

17
.2

86
 

13
.0

94
 

10
.4

72
 

8.
65

5 
7.

15
9 

0.
30

01
 

1.
09

02
 

1.
08

62
 

1.
08

21
 

1.
07

78
 

1.
07

61
 

20
.9

86
 

15
.7

18
 

12
.4

03
 

10
.0

83
 

8.
32

8 
0.

40
04

 
1.

09
36

 
1.

08
96

 
1.

08
56

 
1.

08
14

 
1.

07
96

 
19

.7
71

 
14

.9
84

 
11

.8
66

 
9.

69
4 

8.
05

4 
0.

49
96

 
1.

09
55

 
1.

09
15

 
1.

08
75

 
1.

08
33

 
1.

08
16

 
14

.3
11

 
11

.0
26

 
8.

92
0 

7.
31

0 
5.

88
6 

0.
59

98
 

1.
09

52
 

1.
09

13
 

1.
08

74
 

1.
08

32
 

1.
08

15
 

10
.2

35
 

8.
24

0 
6.

90
2 

5.
79

6 
4.

90
2 

0.
69

97
 

1.
09

35
 

1.
08

97
 

1.
08

59
 

1.
08

17
 

1.
08

01
 

7.
29

5 
6.

11
0 

5.
26

6 
4.

55
3 

3.
99

6 
0.

79
97

 
1.

09
15

 
1.

08
77

 
1.

08
38

 
1.

07
97

 
1.

07
79

 
5.

58
0 

4.
79

7 
4.

14
3 

3.
60

8 
3.

17
2 

0.
90

23
 

1.
08

98
 

1.
08

58
 

1.
08

21
 

1.
07

80
 

1.
07

63
 

4.
05

4 
3.

53
7 

3.
09

5 
2.

71
8 

2.
41

6 
1 .

oO
O

O
 

1.
08

91
 

1.
08

53
 

1.
08

15
 

1.
07

73
 

1.
07

37
 

3.
47

5 
3.

09
2 

2.
77

7 
2.

48
9 

2.
24

3 

T
A

B
L

E
 

2 

D
en

si
ty

 a
n

d 
vi

sc
os

it
y 

da
ta

 f
or

 t
h

e 
m

er
a-

cr
es

ol
+

 q
u

in
ol

in
e 

sy
st

em
 

X
Q
 

p
k
c
m
m
3
)
 

s
t
m
 

29
8 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

29
8 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

0.
00

00
 

1.
02

99
 

1.
02

60
 

1.
02

21
 

1.
01

81
 

1.
01

41
 

13
.1

94
 

9.
87

7 
7.

59
9 

6.
14

6 
4.

96
8 

0.
09

98
 

1.
04

02
 

1.
03

65
 

1.
03

25
 

1.
02

86
 

1.
02

47
 

15
.2

59
 

11
.5

07
 

8.
89

5 
6.

91
2 

5.
58

6 

0.
19

80
 

1.
05

01
 

1.
04

64
 

1.
04

24
 

1.
03

86
 

1.
03

48
 

19
.9

28
 

15
.0

34
 

11
.4

57
 

8.
91

7 
7.

12
8 

0.
30

12
 

1.
05

94
 

1.
05

56
 

1.
05

16
 

1.
04

79
 

1.
04

41
 

25
.2

97
 

19
.2

36
 

15
.0

95
 

11
.9

40
 

9.
59

5 

0.
39

84
 

1.
06

70
 

1.
06

32
 

1.
05

93
 

1.
05

54
 

1.
05

17
 

22
.8

73
 

17
.8

50
 

14
.0

46
 

11
.4

21
 

9.
18

8 

0.
49

84
 

1.
07

28
 

1.
06

90
 

1.
06

50
 

1.
06

13
 

1.
05

74
 

15
.7

94
 

12
.7

11
 

9.
98

6 
8.

11
1 

6.
60

8 

0.
59

85
 

1.
07

70
 

1.
07

33
 

1.
06

94
 

1.
06

56
 

1.
06

18
 

11
.0

25
 

8.
92

5 
7.

26
9 

6.
17

2 
5.

18
4 

0.
69

65
 

1.
08

03
 

1.
07

65
 

1.
07

26
 

1.
06

88
 

1.
06

51
 

7.
37

6 
6.

26
6 

5.
30

1 
4.

51
2 

3.
83

5 

0.
79

80
 

1.
08

31
 

1.
07

94
 

1.
07

55
 

1.
07

17
 

1.
06

79
 

5.
59

4 
4.

87
2 

4.
22

3 
3.

68
6 

3.
20

4 

0.
89

48
 

1.
08

57
 

1.
08

19
 

1.
07

80
 

1.
07

42
 

1.
07

04
 

4.
35

8 
3.

76
1 

3.
29

1 
2.

95
9 

2.
62

0 

1 .
oo

oo
 

1.
08

91
 

1.
08

53
 

1.
08

15
 

1.
07

73
 

1.
07

37
 

3.
47

5 
3.

09
2 

2.
77

7 
2.

48
9 

2.
24

2 



T
A

B
L

E
 

3 

D
en

si
ty

 
an

d 
vi

sc
os

ity
 

da
ta

 
fo

r 
th

e 
ch

lo
ro

ph
en

ol
 

+
 q

ui
no

lin
e 

sy
st

em
 

X
Q
 

P
(
g
c
m
-
3
)
 

o
(
c
P
)
 

29
8 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

29
8 

K
 

30
3 

K
 

30
8 

K
 

31
3 

K
 

31
8 

K
 

0.
00

00
 

1.
25

75
 

1.
25

11
 

1.
24

52
 

1.
23

98
 

1.
23

39
 

3.
37

6 
2.

92
7 

2.
53

2 
2.

19
1 

1.
94

7 
0.

07
61

 
1.

24
90

 
1.

24
40

 
1.

23
82

 
1.

23
30

 
1.

22
75

 
4.

87
1 

4.
06

3 
3.

46
9 

2.
99

8 
2.

61
4 

0.
15

49
 

1.
24

14
 

1.
23

61
 

1.
23

10
 

1.
22

58
 

1.
22

04
 

7.
88

2 
6.

07
3 

5.
00

6 
4.

20
5 

3.
59

0 
0.

23
43

 
1.

23
27

 
1.

22
77

 
1.

22
25

 
1.

21
76

 
1.

21
24

 
11

.6
82

 
9.

04
2 

7.
40

3 
6.

04
8 

4.
97

9 
0.

33
48

 
1.

22
03

 
1.

21
56

 
1.

21
06

 
1.

20
61

 
1.

20
06

 
19

.6
35

 
14

.3
92

 
11

.4
90

 
9.

26
7 

7.
30

6 
0.

42
86

 
1.

20
64

 
1.

20
25

 
1.

19
68

 
1.

19
20

 
1.

18
80

 
26

.3
03

 
18

.1
97

 
14

.0
89

 
11

.0
34

 
8.

78
6 

0.
52

74
 

1.
18

88
 

1.
18

49
 

1.
18

04
 

1.
17

62
 

1.
17

06
 

21
.7

44
 

16
.1

16
 

12
.3

65
 

9.
85

2 
7.

92
7 

0.
63

64
 

1.
16

45
 

1.
16

01
 

1.
15

56
 

1.
15

17
 

1.
14

66
 

12
.9

35
 

10
.2

85
 

8.
40

1 
7.

01
7 

5.
92

2 
0.

74
47

 
1.

14
00

 
1.

13
59

 
1.

13
19

 
1.

12
73

 
1.

12
38

 
8.

20
5 

6.
43

3 
5.

50
6 

4.
76

2 
4.

17
0 

0.
88

98
 

1.
11

12
 

1.
10

70
 

1.
10

31
 

1.
09

88
 

1.
09

53
 

4.
62

8 
4.

05
8 

3.
58

1 
3.

17
1 

2.
82

4 
1 .

oo
oo

 
1.

08
91

 
1.

08
53

 
1.

08
15

 
1.

07
73

 
1.

07
37

 
3.

47
5 

3.
09

2 
2.

77
7 

2.
48

9 
2.

24
3 



T
A

B
L

E
 

4 

C
oe

ff
ic

ie
nt

s 
fo

r 
le

as
t-

sq
ua

re
s 

fi
t 

re
su

lts
 

by
 

eq
n.

 
(5

) 
fo

r 
ex

ce
ss

 
m

ol
ar

 
vo

lu
m

es
 

(c
m

3 
m

ol
-‘

) 

Sy
st

em
 

T
em

p.
 

(K
) 

a1
 

a3
 

a4
 

a5
 

‘6
 

0 

Ph
en

ol
 

+
 

qu
in

ol
in

e 

m
-C

re
so

l+
 

qu
in

ol
in

e 

o-
C

hl
or

op
he

no
l 

+
 

qu
in

ol
in

e 

29
8 

- 
5.

12
5 

30
3 

- 
5.

21
2 

30
8 

- 
5.

26
8 

31
3 

- 
5.

33
3 

31
8 

- 
6.

16
9 

29
8 

- 
4.

80
0 

30
3 

- 
4.

88
1 

30
8 

- 
4.

86
3 

31
3 

- 
5.

03
2 

31
8 

- 
5.

07
5 

29
8 

- 
10

.0
9 

30
3 

- 
10

.3
6 

30
8 

- 
10

.3
4 

31
3 

- 
10

.6
1 

31
8 

- 
10

.4
8 

- 
1.

42
4 

3.
63

4 
1.

44
1 

- 
1.

40
0 

3.
66

7 
1.

18
9 

- 
1.

38
9 

3.
65

8 
1.

24
3 

- 
1.

41
4 

3.
56

3 
1.

32
9 

- 
1.

41
7 

1.
84

2 
1.

48
7 

- 
1.

61
6 

2.
34

5 
0.

88
03

 
- 

1.
58

2 
2.

61
0 

0.
63

19
 

- 
1.

57
2 

2.
33

1 
0.

61
89

 
- 

1.
58

3 
2.

11
5 

0.
87

98
 

- 
1.

67
4 

2.
16

8 
0.

76
05

 
- 

2.
87

3 
10

.5
0 

- 
3.

51
4 

- 
3.

22
8 

11
.8

7 
- 

1.
63

6 
- 

2.
78

1 
10

.9
1 

- 
4.

17
0 

- 
2.

40
3 

11
.7

7 
- 

6.
90

3 
- 

3.
66

5 
10

.0
6 

- 
1.

49
8 

0.
01

8 

0.
02

0 
0.

01
7 

0.
01

7 
0.

02
5 

0.
01

1 
- 

0.
75

34
 

0.
01

2 
0.

01
4 

0.
00

92
 

0.
00

99
 

- 
10

.5
0 

9.
43

6 
0.

02
3 

- 
12

.0
2 

6.
64

7 
0.

04
0 

- 
10

.8
7 

9.
63

5 
0.

06
1 

- 
11

.7
7 

12
.8

9 
0.

06
0 

- 
10

.1
1 

2.
97

9 
0.

05
2 



T
A

B
L

E
 

5 

C
oe

ff
ic

ie
n

ts
 

fo
r 

le
as

t-
sq

u
ar

es
 f

it
 o

f 
re

su
lt

s 
by

 e
qn

. 
(5

) 
fo

r 
ex

ce
ss

 v
is

co
si

ty
 (

cP
) 

S
ys

te
m

 
T

em
p.

 (
K

) 
=

1 
a2

 
a3

 
a4

 
a5

 
a6

 
u 

P
h

en
ol

 +
 

29
8 

33
.6

5 
94

.5
1 

25
.2

5 
- 

18
9.

8 
- 

75
.4

1 
12

6.
5 

0.
40

 
qu

in
ol

in
e 

30
3 

24
.6

9 
66

.5
9 

15
.0

8 
- 

14
2.

5 
~

 4
6.

43
 

10
8.

9 
0.

42
 

30
8 

19
.3

7 
48

.5
5 

12
.5

4 
- 

98
.7

4 
- 

37
.7

8 
74

.1
2 

0.
32

 
31

3 
15

.5
6 

37
.7

3 
12

.9
7 

- 
73

.2
2 

- 
34

.1
4 

54
.2

8 
0.

27
 

31
8 

12
.4

7 
30

.6
2 

14
.4

9 
- 

61
.6

9 
- 

31
.9

6 
50

.0
6 

0.
32

 
m

-C
re

so
l 

+ 
29

8 
32

.9
8 

11
8.

3 
32

.9
2 

- 
26

3.
1 

- 
10

1.
2 

17
6.

4 
0.

40
 

qu
in

ol
in

e 
30

3 
26

.9
8 

89
.7

8 
18

.2
5 

- 
21

3.
3 

- 
69

.8
3 

15
4.

9 
0.

35
 

30
8 

21
.2

2 
70

.2
5 

15
.2

7 
- 

17
8.

7 
- 

57
.4

5 
13

8.
5 

0.
31

 
31

3 
17

.2
4 

54
.8

3 
8.

03
9 

~
 1

46
.5

 
~

 4
3.

02
 

11
3.

4 
0.

53
 

31
8 

13
.7

6 
42

.6
2 

5.
88

6 
- 

11
4.

9 
- 

33
.5

1 
89

.4
7 

0.
45

 
C

hl
or

op
he

no
l 

+ 
29

8 
79

.4
1 

92
.8

2 
- 

21
6.

3 
- 

30
8.

3 
19

0.
3 

27
1.

7 
0.

21
 

qu
in

ol
in

e 
30

3 
55

.5
2 

54
.1

6 
- 

14
7.

8 
- 

15
6.

8 
13

0.
9 

12
2.

1 
0.

16
 

30
8 

41
.6

2 
41

.7
8 

- 
10

0.
5 

- 
12

6.
8 

83
.2

0 
10

3.
7 

0.
14

 
31

3 
32

.1
1 

30
.6

1 
- 

72
.3

7 
- 

93
.9

2 
57

.7
8 

78
.3

9 
0.

13
 

31
8 

24
.8

7 
20

.6
3 

- 
53

.7
4 

- 
62

.3
6 

42
.7

1 
15

2.
10

 
0.

10
 



T
A

B
L

E
 

6 

C
oe

ff
ic

ie
n

ts
 

fo
r 

le
as

t-
sq

u
ar

es
 f

it
 o

f 
re

su
lt

 b
y 

eq
n

. 
(5

) 
fo

r 
ex

ce
ss

 m
ol

ar
 f

re
e 

en
er

gy
 o

f 
ac

ti
va

ti
on

 o
f 

fl
ow

 (
J 

m
ol

-‘)
 

S
ys

te
m

 
T

em
p.

 (
K

) 
aI

 
a2

 
a3

 
a4

 
a5

 
a6

 
0 

P
h

en
ol

 +
 

29
8 

92
27

.0
 

13
11

.0
 

12
18

.0
 

- 
25

24
0 

- 
96

26
.0

 
21

23
0 

42
 

qu
in

ol
in

e 
30

3 
85

03
 

12
50

0 
16

21
.0

 
- 

28
17

0 
- 

90
66

.0
 

27
85

0 
59

 
30

8 
81

30
 

11
56

0 
24

37
 

- 
25

02
0 

- 
10

38
0 

25
43

0 
61

 
31

3 
78

65
 

11
29

0 
36

97
 

- 
23

76
0 

- 
11

86
0 

24
84

0 
67

 
31

8 
75

19
 

11
78

0 
61

77
 

- 
28

50
0 

- 
14

78
0 

32
88

0 
63

 
m

-C
re

so
l 

+ 
29

8 
84

44
 

14
44

0 
40

4.
9 

- 
32

82
0 

- 
11

09
0 

25
76

0 
62

 
qu

in
ol

in
e 

30
3 

83
87

 
14

30
0 

16
2.

4 
- 

34
11

0 
- 

10
66

0 
27

91
0 

76
 

30
8 

80
10

 
14

94
0 

21
96

 
- 

40
12

0 
- 

14
05

0 
36

21
0 

80
 

31
3 

77
99

 
14

73
0 

16
49

 
- 

41
14

0 
- 

13
86

0 
35

56
0 

46
 

31
8 

74
79

 
14

49
0 

19
38

 
- 

40
55

0 
- 

14
09

0 
34

92
0 

74
 

C
hl

or
op

he
no

l 
+

 
29

8 
19

02
0 

13
04

0 
- 

26
80

0 
- 

33
56

0 
24

15
0 

32
05

0 
43

 
qu

in
ol

in
e 

30
3 

17
36

0 
10

07
0 

- 
24

09
0 

- 
16

94
0 

19
79

0 
98

34
 

51
 

30
8 

16
24

0 
10

18
0 

- 
19

72
0 

- 
20

68
0 

13
92

0 
15

05
0 

46
 

31
3 

15
38

0 
95

71
 

- 
16

90
0 

- 
20

68
0 

10
70

0 
16

41
0 

26
 

31
8 

14
46

0 
83

12
 

- 
15

62
0 

- 
18

99
0 

10
18

0 
16

40
0 

43
 



284 

obtained with the aid of a Watanabe (Miplot), PET computer and the 
coefficients in Tables 4-6. The variation of the viscosity of the liquids with 
temperature can be represented by the equation [ll] 

n = $! exp( AH#/RT - ASS/R) (7) 

A plot of In (nV/hN) against l/T should be a straight line with a slope 
equal to AHg/R and an intercept equal to - AS#/R. Utilizing AH# and 
A$, the AG# value (free energy of activation) is calculated at 298 

the equation 

AG’ = AH% - TAS” 

Various parameters were obtained using the least-squares method 

K using 

(8) 

and are 

Fig. 1. Plot of excess viscosity vs. mole fraction of quinoline. 

Fig. 2. Plot of excess volume vs. mole fraction of quinoline. 
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TABLE 7 

Activation parameters AH”. AS”. AGn of viscous flow for the phenol + quinoline system 

&I AH” (kJ mol-‘) A.S#(J mol-’ K-‘) AGP (kJ mol-‘) 

0.0000 32.47 + 0.07 
0.1054 31.53 + 0.54 
0.1999 33.81+ 1.30 
0.3001 35.64 + 1.35 
0.4004 34.68 f 1.27 
0.4996 33.97 f 0.12 
0.5998 28.25 + 0.55 
0.6997 23.12kO.50 
0.7997 21.78iO.14 
0.9023 19.96+0.10 

1 .oooo 16.65 f 0.07 

45.74 + 0.22 
39.88 + 1.74 
44.90 k 4.23 
49.20 i 4.40 
46.23 + 4.11 
46.18k2.34 
29.48 + 1.79 
14.81 f 1.61 
12.24 k 0.47 

8.50 & 0.31 
- 1.55kO.23 

18.X4 * 0.09 
19.65 _+ 0.74 
20.43 k 1.81 
20.9X k 1.88 
20.91 + 1.76 
20.21 _t 1 .oo 
19.46 f 0.77 
1X.71 k 0.69 
1X.14+0.20 
17.43*0.13 

17.11 kO.10 

presented in Tables 7-9. The values of the excess function. Y’#E. were 
calculated by the equation 

YnE= Y”-[x,Y,P+x*Y?] (9) 

where Y#, Yf and Yf are the activation parameters of the mixture and of the 
pure components, respectively. These are presented in Tables lo-12 and 
AGaE is plotted as a function of the mole fraction of quinoline in Fig. 3. A 
plot of qE vs. composition (Fig. 1) shows well-marked maxima for all 
systems. According to Fialkov [12], and Fort and Moore [13]. the composi- 
tion of the intermolecular complexes formed can be fixed at least to a first 
approximation from the molar relation indicated by the maxima. These 
complexes are more stable when the positive values of the maxima of $ are 
large. The stochiometric relations of the complex formed can be obtained 
from Fig. 2. They are 2P. Q, 2MC. Q, 3CP. 24. 

_~-- .___-- 1 
0 ., .? .3 4 .i .6 .I .8 .9 I 

MflLf tHHTTIflN OF WUlNL7l INE 

Fig. 3. Plot of excess free energy of activation vs. mole fraction of quinoline. 
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TABLE 8 

Activation parameters A@. ASa. AGp of viscous flow for the m-cresol+ quinoline 

&I AH” (kJ mol-‘) AS” (J mol-‘) AGP (kJ mol-‘) 

0 .oooo 37.71& 1.21 
0.0998 39.14kO.71 
0.1980 40.08 i 0.63 
0.3012 37.52 k 0.52 
0.3984 35.23 k 0.44 
0.4984 33.98 f 0.40 
0.5985 29.05 f 0.66 
0.6965 25.22 + 0.23 
0.7980 21.40 + 0.22 
0.8984 19.27 kO.51 
1 .oooo 16.65 & 0.07 

59.21+ 3.93 
62.63 i 2.30 
63.47 f 2.04 
52.82 + 1.70 
45.86 + 1.42 
44.55 f 1.29 
31.01+2.15 
21.27 + 0.76 
10.60 & 0.73 

5.54k1.66 
- 1.55 i 0.23 

20.06 +_ 1.68 
20.47 + 0.99 
21.16 +0.88 
21.78+0.73 
21.56 f 0.61 
20.70 & 0.55 
19.81 kO.92 
18.88 f 0.33 
18.24&0.31 
17.62 k 0.71 
17.11 kO.10 

TABLE 9 

Activation parameters AH". ASo. AC”, of viscous flow for the o-chlorophenol + quinoline 

svstem 

XC, AH" (kJ mol-‘) AS” (J mol-‘) AC” (kJ mol ’ ) 
x 

0.0000 21.2OkO.32 15.19* 1.03 16.6X+0.44 

0.0761 23.74 k 0.55 
0.1549 29.96 f 0.44 
0.2343 32.58 i 0.76 
0.3348 37.49 + 1.26 
0.4286 41.88kO.76 
0.5274 39.00+ 1.17 

0.6364 30.07 * 0.77 
0.7447 25.55 + 0.67 
0.889X 18.89 * 0.05 
1 .oooo 16.65 k 0.07 

20.69 + 1.73 
37.66 + 1.4 
43.03 + 2.46 
55.16k4.10 
67.52 &- 2.46 
59.12 + 3.79 
33.26 + 2.51 
21.86 k 2.50 

3.75kO.17 
-1.55kO.23 

17.57kO.74 
18.73 kO.61 
19.76 + 1.05 
21.05 f 1.76 
21.76 k 1.05 
21.38k1.62 
20.16 + 1.08 
19.04 + 1 .oo 
17.77 i 0.072 
17.11 f 0.090 

TABLE 10 

Excess activation parameters for viscous flow for the phenol + quinoline system 

x, AHP” (kJ mol-‘) ASP” (J mol-‘) AC@ (kJ mol ’ ) 

0.1054 0.73 -0.88 0.99 
0.1901 4.48 8.58 1.92 
0.3001 7.92 17.60 2.66 
0.4004 8.55 19.40 2.76 
0.4YY6 9.40 24.00 2.23 
O.SYYX 5.27 12.10 1.66 
0.6997 1.72 2.14 1.07 
0.7907 1.97 4.31 0.68 
O.YO23 1.76 5.43 0.14 
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TABLE 11 

Excess activation parameters of viscous flow for the m-cresol + quinoline system 

x0 AHE (kJ mol-‘) ASaE (J mol-‘) AGsE (kJ mol-*) 

0.0998 3.53 9.49 0.70 
0.1980 6.54 16.30 1.68 
0.3012 6.15 11.90 2.60 
0.3984 5.91 10.90 2.67 
0.4984 6.76 15.60 2.11 
0.5985 3.94 8.17 1.51 
0.6965 2.18 4.38 0.88 
0.7980 0.49 -0.12 0.53 
0.8948 0.40 0.69 0.19 

TABLE 12 

Excess activation parameters for viscous flow for the o-chlorophenol + quinoline system 

XQ AflE (kJ mol-‘) ASfE (J mol-‘) AGgE (kJ mol-‘) 

0.0761 2.88 6.77 0.86 
0.1549 9.46 25.10 1.99 

0.2343 12.45 31.80 2.98 
0.3348 17.81 45.50 4.23 
0.4286 22.63 59.50 4.90 
0.5274 20.20 52.80 4.47 
0.6364 11.77 28.70 3.21 
0.7546 7.84 19.40 2.06 
0.8898 1.73 3.45 0.71 

The negative values of VE in Fig. 2 for all three systems are explained by 
Prigogine [14] in terms of the different sizes of the molecules, or the 
dipole-dipole interactions between them. The intermolecular association 
complex also contributes to these negative values. Since all the chemical 
species are cyclic in the present investigation the differences in the size of the 
molecules are not important in the excess molar volume. From the minimum 
values of VE for these systems, one can conclude that the acid-base 
interactions are stronger in CP + Q than in the other two systems. 

According to Hildebrand’s [15] free volume approach, those systems 
showing large positive viscosity deviations calculated from expression (l), 

also tend to show large negative deviations from volume additivity. If the 
free volume is actually necessary for flow, then shrinkage on mixing, which 
would appear to reduce the free volume, should be associated with an 
increase in viscosity. If one defines H = v/v, where 7 is the experimental 
viscosity and 77, is the calculated value according to the equation 

In 77, = X, In 77] + X2 In 7J2 
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then this quantity should be related to excess volumes according to Stairs 

[I61 

H= Q’(y+ VE) 00) 

where V, is the ideal free volume that would have existed had there been no 
shrinkage. From eqn. (10) one would expect a linear relationship between 
H-’ and VE, however, when H-’ is plotted against VE, the plot is nonlin- 
ear. Stairs [16] obtained a linear plot for several liquid pairs, when In H was 
plotted against Y,Y,, where Y, = [l + (V,/V,)K. (X;’ - l)]-‘, Y, = 1 - Y, 
and K is an adjustable parameter. Instead of using the above approach, in 
the present study when In H is plotted against GgE, a linear plot passing 
through the origin is obtained for all three systems (Fig. 4). Since GgE takes 
into account both the variation of the molar volume with the composition of 
the solution, and explains the viscosity of solutions derived from compo- 
nents differing in size, the observed behaviour is not unexpected, A single 
straight line is obtained for all three systems when GgE is plotted against In 
H. This is not surprising since in all these systems positive excess viscosities 
and negative excess volumes have been observed. Analysis of the published 
viscosity data further substantiates this point [17]. GgE values are positive for 
all three systems (Fig. 3). Following the conclusion of Reed and Taylor [18] 
and Meyer et al. [19] the GgE parameter may be considered a reliable 
criterion to detect, or to exclude the presence of interactions between unlike 
molecules. According to these authors, positive values of GftE can be seen in 
binary systems where specific interactions between unlike molecules take 
place. The magnitudes of these values are excellent indicators of the strengths 
of specific interactions. GgE values for the three systems increase in the order 
CP+Q>P+Q>MC+Q. The GgE values for P + Q are found to be 
higher than those oi the MC + Q system. This situation is the reverse of that 

0.0 1 0 2.0 3.0 4.D 5.0 6.0 

AGtdlKJl 

Fig. 4. Plot of In H vs. GzE. 
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observed in Fig. 1 for qE values. This could be explained considering that 
GgE represents the influence of 77 and V simultaneously [18]. The greater 
contraction for the P + Q system is compensated by its lesser excess viscosity 
when compared with the MC + Q system. 

Partial molar excess volumes were calculated from the equation 

(11) 

Partial molar excess volumes thus obtained (Fig. 5) are used to calculate the 
partial molar volumes of the components (Figs. 6 and 7) by adding together 
the molar volumes, y*, of the pure component and the partial molar excess 
volume, YE. From the analysis of Fig. 6 we may conclude that the addition 

Fig. 5. Plot of partial molar excess volume vs. mole fraction of quinoline. 

Fig. 6. Plot of partial molar volume of quinoline in solution vs. mole fraction of quinoline. 
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Fig. 7. Plot of partial molar volumes of phenols in solution vs. mole fraction of phenols. 

of 1 mol of quinoline in a large volume of the different phenols produces a 
volume contraction in the order phenol < meta-cresol < o&o-chlorophenol. 

From these observations one can infer that the strength of interactions 
increases in the following order: ortho-chlorophenol + quinoline > phenol + 
quinoline > meta-cresol + quinoline. Since the pK, values of these phenols 
increase [20] in the order: meta-cresol > phenol > ortho-chlorophenol, one 
can expect the strength of acid-base interactions between quinoline (base) 
and phenols (acid) to increase in the order: orlho-chlorophenol + quinoline 
> phenol + quinoline > meta-cresol + quinoline. 
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