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Refractive index data for three quaternary liquid mixtures have been analysed after 
extending the mixing rules for index of refraction available in literature. Relative merits 
and interrelations of various important mixing rules for these quaternary liquid mixtures 
have been discussed in detail. Surprisingly the extended equations yield fairly good 
agreement between theoretical and experimental values of refractive indices. 

Key Words: Lorentz-Lorenz relation, polarizability. 

I NTRO D U CTl ON 

A knowledge of refractive index of quaternary liquid mixtures is often 
desirable in many applications of multiphase systems. The only experi- 
mental measurement of refractive index available on quaternary liquid 
mixtures, as far as our knowledge is concerned, is due to Heric and 
Brewer.' In the year 1965, Heller2 for the first time examined and 
scrutinized the relative merits and interrelations of important mixing 
rules for refractive index of binary liquid mixtures. He also proposed a 
new mixing rule while performing the test of various mixing rules for 
binary liquid mixtures. The most widely used relations for the refractive 
index of binary liquid mixtures are those due to Lorentz-Lorenz (L-L), 
Gladstone-Dale (G-D), Wiener (W), Heller (H), Argo-Biot (A-B), 
Eykman (Ek)3 and Oster (0)4. Various drawbacks of most of the 
mixing rules are pointed out r e ~ e n t l y ~ . ~  and binary mixture data of 
density and refractive index were analysed to test their validity. 
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Although nobody has tested the validity of Eykman’s (Ek)3 and Oster 
(0)4 relations discussed earlier along with other mixing relations for the 
binary liquid mixture. Recently this work has been carried out by 
Pandey et aL7, concluding that (L-L), (G-D), (W), (A-B), (H) relations 
performed considerably well whereas Eykman’s and Oster’s relations 
are found to show maximum deviation in comparison to others but 
deviations are not out of the experimental precision. 

No such attempt has been made, so far, on predicting the values of 
refractive index of multicomponent liquid mixtures from the data of the 
pure components. An attempt in this direction has been made recently 
by Bertrand et ~ l . * 3 ~  who developed an equation for the estimation of 
physical properties of multicomponent systems from the properties of 
the various binary combinations of the components and applied it for 
computing the refractive index of some multicomponent liquid mix- 
tures. However, mixing rules of refraction for quaternary liquid systems 
are not available and theoretical predictions of refractive indices from 
the data of the pure components could not be made. 

In the present paper an attempt has been made to extend the existing 
binary mixing rules for the refractive index to quaternary liquid 
systems. The validity of these proposed relations has been tested using 
the only available experimental density and refractive index data of 
Herric and Brewer’ on quaternary liquid mixtures. 

THEORETICAL 

All the theoretical mixing rules tested earlier2*5-6*7 for predicting the 
refractive indices of binary liquid mixtures have been extended for 
quaternary systems after some slight mathematical manipulations. 
Most of the mixing rules are fundamentally based on the electromag- 
netic theory of light with the restriction that molecules may be 
considered as dipoles or assemblies of dipole induced by an external 
field. The important mixing rules used for the present analysis are 
formulated here. 

The Lorentz-Lorenz relation has the widest applicability in predict- 
ing the refractive indices of mixture from refractive index and density of 
the ,pure components. The extension of the (L-L) relation for quatern- 
ary system with the knowledge of binary system requires addition of 
two terms which account for the change in polarizability, P = nz - 
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l/nz + 2, with the volume fraction for third and fourth components 
which can be represented as, 

The above equation may be represented in the form of specific 
refraction i.e. 

Here nm, n,,  n2,  n3 and n4, are the refractive indices of mixture and pure 
components 1 , 2 , 3  and 4 respectively. W,, W,, W3 and W, and p l ,  p 2 ,  p3 
and p4 are the respective weight fractions and densities of the pure 
components in the mixture. The weight fraction, (Wl), of the ith 
component in the mixture may be defined as, 

where the volume fraction, (4J = Ci/pi. 
The Gladstone-Dale relation has wide applicability in predicting the 

refractive index of binary mixtures successfully, especially in the case of 
dilute solution and where n,  zz n2 x n3 w n4 i.e. the difference between 
the refractive index of pure component must be small for the better 
performance of this relation. For quaternary liquid mixtures, this 
relation takes the form 

( n m  - 1) = 4l(% - 1)  + 4 2 ( n 2  - 1)  + 4 3 ( %  - 1) + 44@4 - 1) ( 4  
The above relation may be expressed in the terms of specific refraction 
whch is used for the computational purpose, i.e. 

[Y] = [?]w, + [ ! y ] W ,  + [ F ] w 3  

+ [5]w4 (2) 

Wiener's relation was applied to isotropic body of spherically symmet- 
rical shape assuming volume additivity. Wiener's relation for quatern- 
ary system has been obtained by substituting [l - (4, + 43 + 44)] in 
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place of 41 in L-L relation. With slight rearrangement, one gets 

J. D. PANDEY et al. 

( 4  

On solving the above equation and assuming n ,  # 1, one gets the final 
expression 

On the basis of the above fact, it can be concluded that Wiener’s 
relation is a relatively simple formulation of L-L relation. Wiener’s 
relation as well as the L-L relation give identical results only if the 
solution process is accompanied by neither contraction nor expansion 
i.e. ideal. Heller’s relation is simply limiting form of the Wiener’s 
equation inasmuch as it applies only to dilute solutions. Heller’s 
relation for quaternary system can be obtained by assuming n,  z n ,  
and substituting n2/n l  = m,, n3/n,  = m2, n4/n1 = m3 in Wiener’s rela- 
tion for quaternary system, i.e. 

After some rearrangement and using the approximation, one finds 

The fundamental basis of the above equation lies on the light scattering 
equation of Debye. lo  Wiener’s and Heller’s relation can be distin- 
guished with other relations mainly due to the absence of c$l in the 
formulation. They can, therefore, be strictly valid only in the case of 
volume additivity i.e. 

41 = v:/<v: + v: + vg + v:> 
4 2  = v,”/<v: + v,” + v: + v:) 
4 3  = vg/<v: + v; + vg + v:) 
44 = v:/(v: + v; + vg + v:) 

(f) 

(g) 

(h) 

(0  
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REFRACTIVE INDEX OF LIQUID MIXTURES 34 1 

where superscript zero refers to the volume of the components before 
mixing. 

Argo-Biot (A-B) relation for quaternary system can be obtained by 
adding the contribution of the third and fourth components in the 
binary equation. According to this relation, the refractive index of the 
mixture will be given by 

( 5 )  

A-B relation is nothing but it is the volume fraction average of the 
refractive indices of the pure components which ultimately provides the 
refractive index of the mixture. 

An assumption of volume additivity is the major drawback behind all 
the relations where volume additivity is involved. In the case of volume 
additivity, most widely used G-D relation is found to be identical with 
A-B relation and becomes the limiting case of the Heller’s equation. 

Eykman’s relation can be successfully used to evaluate the refractive 
index of mixtures from refractive index and density of the pure 
components. Eykman’s relation has great experimental verification and 
their extension for quaternary system needed the addition of two terms 
to explain their contribution for refraction. The specific refraction 
equation of L-L relation is very close to Eykman’s relation which may 
be represented as 

n m  = 4lnl + 42n2 + 4 3 n 3  + 44n4 

MIXI + M,X, + M3X3 + M4X4 
P m  

n, + 0.4 n, + 0.4 

n i - 1  M,X, 
+ [ ~ 4 ] ,  

where XI, X,, X 3  and X, are the mole fractions of their respective 
components while MI, M2, M, and M4 are the molecular weights of 
components 1, 2, 3 and 4. All other notations have their usual 
significance. 

Oster4 compiled a review in which he has discussed the application of 
light scattering in chemistry and proposed an equation for prediction of 
refraction in binary system. Oster’s relation is considerably good for 
predicting the refractive indices of mixtures which is quite similar to 
Eykman’s relation. It can be represented by adding two extra terms in 
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their binary equation to explain their contribution for quaternary 
system, i.e. 

(n i  - 1)(2ni + 1) M , X ,  + M 2 X ,  + M 3 X 3  + M 4 X 4  
P m  

(7) 
(ng - 1)(2n: + 1) 

RESULTS AND DISCUSSION 

The validity of all the seven theoretical mixing rules (1-7) has been 
tested using the refractive index and density of pure components. The 
values of the density for pure as well as mixtures have been taken from 
the work of Heric and Brewer’ through the experimental values of the 
refractivity intercept (RP), using the relation i.e. 

p = 2R, - 2n, (8) 
where R, and n, denote the refractivity intercept and refractive index of 
the mixture respectively. The refractive index of mixtures has been 
computed using relations (1 -7) and compared with the experimental 
refractive indices of mixture. The average percentage deviations from 
the experimental values of refractive indices of the mixture have been 
recorded in Table 2 while their percentage deviations from the experi- 
mental values have been recorded in Table 1 for the three quaternary 
liquid mixtures, namely n-hexadecane + n-tetradecane + n-hexane + 
2-bromobutane (l), n-hexadecane + n-tetradecane + 4-methyl- 
cyclohexanone + n-hexane (2), and n-hexadecane + carbon tetrachlor- 
ide + benzene + n-hexane (3), containing aliphatic, aromatic and 
alicyclic liquids having significant difference in their molecular size. 

n-Hexadecane + n-Tetradecane + n-Hexane + 2-Bromobutane (1 ) 

Wiener’s relation which is a relatively simple formulation of L-L 
relation, provides better performance having - 174.9 x per cent 
deviation from the experimental values and this relation is followed by 
Gladstone-Dale (G-D), Argo-Biot (A-B), Lorentz-Lorenz (L-L), 
Heller (H), Oster (0) and Eykman relation. Eykman’s relation has been 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1
 

Pe
rc

en
ta

ge
 d

ev
ia

tio
ns

 f
or

 q
ua

te
rn

ar
y 

liq
ui

d 
m

ix
tu

re
s 

us
in

g 
va

rio
us

 t
he

or
et

ic
al

 m
ix

in
g 

ru
le

s 
re

fr
ac

tio
n 

29
8.

15
”K

. 

V
ol

um
e 

fr
ac

tio
ns

 

4
1
 

lo
4 

x 
Pe

rc
en

ta
ge

 d
ev

ia
tio

ns
 

4
2

 
43

 
L-

L 
G

.D
. 

W
ie

ne
r’

s 
H

el
le

r’
s 

A
rg

o-
 

Ey
km

an
’s

 
O

st
er

’s
 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

B
io

t’s
 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

0.
68

54
 

0.
4i

 64
 

0.
12

45
 

0.
33

25
 

0.
44

37
 

0.
17

79
 

0.
25

47
 

0.
38

62
 

0.
24

72
 

0.
24

77
 

0.
29

03
 

0.
17

50
 

0.
18

52
 

0.
09

29
 

0.
09

22
 

0.
25

67
 

0.
32

89
 

0.
16

77
 

0.
16

77
 

0.
16

55
 

0.
12

25
 

0.
08

33
 

0.
08

34
 

0.
04

82
 

0.
10

91
 

0.
39

44
 

0.
57

64
 

0.
32

63
 

0.
17

12
 

0.
42

91
 

0.
26

60
 

0.
10

12
 

0.
26

44
 

0.
25

74
 

0.
17

85
 

0.
30

92
 

0.
29

28
 

0.
38

11
 

0.
37

97
 

0.
17

59
 

0.
08

52
 

0.
26

90
 

0.
18

50
 

0.
18

78
 

0.
13

23
 

0.
09

54
 

0.
08

43
 

0.
05

37
 

0.
10

41
 

0.
08

52
 

0.
14

51
 

0.
18

09
 

0.
19

34
 

0.
18

61
 

0.1
 8

42
 

0.
40

9 1
 

0.
28

93
 

0.
25

05
 

0.
20

04
 

0.
30

59
 

0.
18

96
 

0.
43

23
 

0.
09

14
 

0.
28

66
 

0.
10

56
 

0.
26

93
 

0.
45

02
 

0.
17

48
 

0.
14

28
 

0.
10

45
 

0.
73

80
 

0.
84

75
 

n-
H

ex
ad

ec
an

e 
+ n

-T
et

ra
de

ca
ne

 +
 n-

H
ex

an
e 

+ 2
-B

ro
m

ob
ut

an
e 

24
.1

62
 

92
00

.0
48

 
-3

2.
13

7 
25

.7
72

 
31

.6
47

 

-
 33

.4
98

 
36

0.
69

6 
13

6.
90

3 
11

3.
20

8 

-
 17

.6
36

 

30
5.

39
1 

-
 20

8.
86

6 
79

.3
05

 
-
 13

5.
97

4 
-
 2.

02
2 

20
9.

08
4 

-
 16

.8
63

 

-3
0.

91
4 

-9
2.

38
0 

-4
1.

73
9 

-
 58

.2
08

 
-
 50

.0
67

 
32

7.
61

 1 
28

7.
04

4 

-
 63

.0
37

 
79

8 1
.9

94
 

-
 14

7.
76

1 
-
 1

08
.7

96
 

-
 11

9.
36

8 
-
 17

4.
73

2 

-1
81

.0
68

 
-
 20

3.
42

1 

-
 36

.5
86

 
-
 67

.0
83

 
-
 26

5.
88

6 
-
 18

1.
58

7 
-
 21

6.
67

2 
14

1.
24

3 
-
 35

5.
13

9 
-
 12

3.
04

5 
-
 29

0.
76

4 
-
 19

6.
98

0 
-2

.6
31

 
-
 21

0.
74

6 
-
 23

2.
66

5 
-
 18

8.
56

6 
17

2.
69

4 
19

1.
01

8 

-5
3.

17
2 

-
 14

3.
76

8 
-
 20

7.
16

8 
-
 1

07
.2

01
 

-
 1

53
.7

01
 

-
 24

0.
08

9 
-
 42

4.
97

7 
54

5.
48

9 
69

.0
42

 
-
 1

23
.3

93
 

-
 42

7.
63

4 
-
 14

.0
07

 
-4

56
.2

72
 

50
3.

55
5 

-
 20

4.
62

5 

-
 30

2.
04

2 
11

8.
62

8 

-8
41

.4
05

 

-
 73

4.
05

6 

-
 61

8.
73

2 
-
 62

7.
14

0 
-5

13
,0

39
 

36
7.

88
6 

38
8.

85
2 

-
 21

89
.1

71
 

-3
82

1.
34

5 

-4
70

3.
8 

16
 

-
 58

88
.0

58
 

-3
93

0.
91

6 
-
 55

52
.9

52
 

-4
63

8.
56

2 
-5

91
8.

68
9 

-5
68

0.
12

6 
-
 52

52
.8

5 1
 

-4
28

6.
68

0 
-4

90
5.

27
8 

-4
39

7.
65

1 
-
 53

20
.0

84
 

-2
60

5.
82

4 
-
 57

59
.7

77
 

-
 74

49
.8

06
 

-
 41

 36
.0

66
 

-3
28

9.
71

9 

-
 10

78
6.

35
5 

-4
30

2.
96

3 

-8
10

3.
71

5 

-2
34

8.
96

3 

-
 12

19
4.

51
3 

-
 79

.0
89

 
-
 16

4.
50

9 
-2

38
.4

66
 

-
 14

6.
57

2 
-
 19

6.
34

4 
27

9.
31

9 
-
 46

5.
77

9 
48

0.
05

4 
14

.5
00

 
-
 17

3.
64

22
 

-
 47

 1.
89

2 

49
7.

84
3 

44
3.

07
1 

-
 86

4.
33

4 

-6
9.

52
9 

-2
60

.5
01

 
-
 76

1.
06

7 
-
 35

4.
69

9 
52

.8
65

 

-
 1

26
6.

00
5 

31
7.

13
5 

35
5.

20
3 

-
 65

9.
08

6 

-5
40

.1
20

 

-9
18

3.
86

1 
-
 19

00
.8

15
 

-8
38

,7
30

 

-
 10

69
7.

05
4 

-
 90

21
.0

33
 

-8
09

5.
55

6 
-
 20

75
3.

26
3 

-
 12

60
0.

00
0 

-
 10

51
7.

19
3 

-
 10

67
.6

57
 

-
 10

36
2.

54
5 

-
 12

41
7.

08
7 

-
 72

85
.9

08
 

-
 18

66
0.

15
9 

-
 40

26
.4

22
 

-
 10

64
9.

43
8 

-4
63

2.
75

4 
-
 94

29
.1

41
 

-
 15

54
3.

61
9 

-2
78

4.
48

0 
-
 13

79
.0

00
 

-
 18

66
5.

68
9 

-
 30

96
.7

23
 

-4
86

2.
55

2 

-
 69

57
.1

38
 

18
39

.2
63

 
-7

10
0.

11
8 

-9
05

3.
94

5 
-
 95

93
.9

18
 

-
 81

04
.8

81
 

-
 18

36
0.

82
3 

-
 11

24
4.

33
5 

-7
31

6.
94

9 

-9
42

3.
32

2 
-7

35
5.

33
2 

-
 11

08
8.

64
0 

-
 65

92
.2

1 5
 

-
 16

52
3.

24
3 

-3
71

4.
38

8 
-9

55
3.

07
3 

-4
24

8.
28

7 
-
 84

84
.0

42
 

-
 1

38
22

.1
37

 
-4

41
8.

53
2 

-2
61

2.
00

9 
-
 13

43
.9

78
 

-
 16

47
6.

36
5 

-
 1

33
82

.8
30

 
W

 
P

 
W

 

(c
on

tin
ue

d 
ou

er
 p

ag
e)

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1 

(c
on

tin
ue

d)
 

V
ol

um
e 

fr
ac

tio
ns

 
lo

4 
x 

Pe
rc

en
ta

ge
 d

ev
ia

tio
ns

 
W

 f? 
41

 
4

2
 

4
3
 

L
-L

 
G

.D
. 

W
ie

ne
r’

s 
H

el
le

r’
s 

A
rg

o-
 

Ey
km

an
’s

 
O

st
er

’s
 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

B
io

t’s
 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

0.
69

16
 

0.
05

72
 

0.
39

21
 

0.
38

87
 

0.
58

58
 

0.
09

06
 

0.
39

87
 

0.
14

86
 

0.
46

05
 

0.
30

42
 

0.
30

77
 

0.
17

93
 

0.
26

74
 

0.
13

79
 

0.
19

44
 

0.
27

29
 

0.
28

36
 

0.
24

39
 

0.
17

59
 

0.
18

21
 

0.
18

84
 

0.
16

84
 

0.
09

28
 

0.
09
04
 

0.
18

27
 

0.
09

27
 

0.
14

29
 

0.
08

89
 

0.
10

57
 

0.
82

89
 

0.
41

45
 

0.
39

61
 

0.
14

66
 

0.
70

36
 

0.
11

02
 

0.
57

67
 

0.
17

57
 

0.
32

73
 

0.
19

90
 

0.
44

48
 

0.
27

54
 

0.
14

77
 

0.
17

75
 

0.
28

77
 

0.
19

82
 

0.
25

40
 

0.
26

14
 

0.
29

62
 

0.
18

02
 

0.
16

11
 

0.
40

41
 

0.
11

09
 

0.
16

97
 

0.
09

20
 

0.
13

35
 

0.
08

27
 

0.
08

87
 

0.
06

03
 

0.
09

32
 

0.
10

21
 

0.
12

97
 

0.
10

02
 

0.
38

60
 

0.
14

38
 

0.
18

53
 

0.
18

22
 

0.
30

24
 

0.
17

55
 

0.
25

76
 

0.
59

01
 

0.
46

84
 

0.
17

89
 

0.
27

90
 

0.
24

16
 

0.
26

72
 

0.
17

61
 

0.
30

59
 

0.
33

04
 

0.
09

34
 

0.
39

82
 

0.
17

40
 

0.
39

72
 

0.
12

99
 

0.
09

92
 

n-
H

ex
ad

ec
an

e 
+ 

n-
Te

tra
de

ca
ne

 +
 4-

M
et

hy
lc

yc
lo

he
xn

on
e 

+ n
-H

ex
an

on
e 

-
 13

.2
92

 
-
 33

.3
67

 
14

4.
62

 1 
42

.4
27

 
50

.7
07

 
-
 57

.9
55

 
99

.5
29

 
-4

0.
88

4 
36

.0
31

 
-
 7.

38
0 

42
.5

58
 

-
 10

5.
28

3 
-
 5.

53
5 

-
 12

1.
36

7 
61

.4
22

 
-
 14

5.
74

8 
40

.0
44

 
-4

8.
25

1 
-
 17

.3
39

 
15

5.
03

2 

54
.2

52
 

17
4.

96
5 

47
.2

55
 

11
8.

04
2 

31
.5

81
 

15
4.

81
 5 

23
0.

86
0 

-
 26

.4
45

 

-
 11

7.
12

3 
-7

8.
10

6 
32

.2
03

 
-
 69

.2
05

 
-8

3.
17

3 
-
 13

9.
19

2 
-9

7.
44

4 
-
 15

5.
07

6 
-
 11

9.
57

3 
-
 15

3.
56

4 
-
 13

4.
20

9 
-
 21

0.
56

6 
-
 17

6.
52

5 
-
 30

2.
75

2 
-
 12

8.
02

5 
-
 27

2.
06

9 
-
 13

6.
24

9 
-
 20

8.
47

 1
 

-
 18

9.
20

9 
-9

.1
99

 
-
 20

4.
99

0 
-
 13

0.
74

5 
50

.7
28

 
-
 13

6.
28

0 
-4

0.
36

5 
-
 15

2.
16

1 
7.

50
2 

10
4.

71
0 

-
 12

9.
49

5 
-6

6.
57

0 
-
 11

8.
77

5 
-
 15

2.
55

2 
-
 16

0.
23

8 
-
 97

.8
20

 
-
 62

0.
37

0 
-
 17

8.
28

2 
-
 13

5.
99

6 
-
 10

3.
15

8 
-
 17

4.
84

1 
-
 66

.3
27

 
-
 18

1.
30

5 
-
 81

3.
39

5 
-
 30

9.
19

8 
17

0.
64

3 

66
.5

76
 

13
5.

67
8 

40
4.

75
4 

21
2.

23
3 

30
9.

17
1 

71
2.

14
1 

53
3.

22
3 

64
6.

93
9 

55
8.

99
4 

72
3.

60
7 

70
0.

98
4 

-
 1.

67
9 

-
 16

67
.2

21
 

-
 17

32
.3

90
 

-
 18

41
.0

15
 

-2
01

3.
35

8 
-
 19

90
.2

94
 

-
 22

47
.3

99
 

-
 13

09
.8

18
 

-
 24

20
.8

 1
4 

-
 24

45
.9

25
 

-2
72

5.
16

7 
-2

40
3.

87
3 

-3
05

6,
23

5 
-2

74
2.

04
9 

-
 34

2.
93

0 
-
 16

58
.9

74
 

-
 34

70
.5

46
 

-2
97

7.
33

6 
-3

37
7.

31
5 

-
 37

56
.2

38
 

-4
47

5.
76

0 
-
 39

10
.5

62
 

-
 39

37
,9

24
 

-
 54

34
.6

79
 

-4
33

9.
32

0 
-
 59

21
.8

31
 

-4
55

5.
12

6 
-
 76

50
.7

28
 

-
 96

63
.3

57
 

-
 15

9.
17

3 
-8

1.
03

3 
-
 14

4.
53

8 
-1

81
.1

72
 

-
 19

5.
63

2 
-
 12

3.
28

0 
-
 65

2.
99

0 
-
 21

0.
45

5 
-
 18

0.
57

4 
-
 14

8.
1 1

2 
-
 22

4.
60

4 
-1

12
.5

04
 

-
 23

 1.
03

4 
-
 34

2.
93

0 
-
 35

6.
07

9 
11

4.
04

2 
-
 59

.2
68

 
7.

39
7 

71
.1

22
 

33
9.

01
 1 

14
1.

57
3 

23
5.

79
5 

61
8.

37
1 

45
0.

35
7 

57
2.

23
0 

47
4.

38
5 

65
2.

33
7 

64
1.

98
3 

33
27

.1
56

 
46

8.
83

3 
79

3.
92

4 
54

1.
57

4 
79

2.
11

3 
21

99
.0

66
 

20
84

.4
79

 
62

2.
15

4 
11

82
.2

46
 

10
69

.6
80

 
18

09
.9

08
 

93
8.

94
9 

15
01

.1
46

 
23

37
.5

49
 

23
06

.6
44

 
11

 14
.4

03
 

18
03

.5
76

 
15

29
.9

84
 

16
90

.3
95

 
14

75
.6

6 1
 

19
23

.6
98

 
20

72
.4

77
 

10
40

.6
48

 
19

24
.4

67
 

15
48

.3
80

 
18

67
.4

44
 

12
54

.1
90

 
90

7.
42

9 

10
2.

83
3 

22
5.

90
7 

17
0.

63
1 

31
0.

17
3 

65
.0

70
 

13
08

.8
96

 
44

17
.3

80
 

57
9.

71
5 

50
7.

13
0 

10
87

.9
90

 
-7

09
03

.3
39

 
83

5.
86

1 
16

12
.3

99
 

15
32

.7
14

 
5 1

6.
18

3 
10

78
.9

53
 

85
4.

75
8 

99
7.

73
 1 

84
1.

18
7 

11
92

.4
93

 
13

37
.9

62
 

52
5.

20
0 

12
82

.2
04

 
92

2.
84

1 
60

6.
88

8 
64

56
.3

60
2 

56
5.

75
42

 

-8
.1

35
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



n-
H

ex
ad

ec
an

e +
 Ca

rb
on

te
tr

ac
hl

or
id

e +
 Be

nz
en

e 
+ n

-H
ex

an
e 

0.
78

71
 

0.
67

20
 

0.
42

23
 

0.
37

66
 

0.
35

92
 

0.
38

00
 

0.
29

94
 

0.
29

25
 

0.
24

63
 

0.
24

89
 

0.
24

84
 

0.
13

91
 

0.
10

88
 

0.
17

16
 

0.
17

10
 

0.
04

72
 

0.
17

74
 

0.
16

48
 

0.
08

28
 

0.
16

70
 

0.
16

31
 

0.
07

83
 

0.
12

55
 

0.
10

12
 

0.
09

22
 

0.
05

64
 

0.
06

45
 

0.
08

99
 

0.
19

61
 

0.
40

05
 

0.
10

19
 

0.
12

00
 

0.
30

44
 

0.
19

81
 

0.
22

57
 

0.
18

13
 

0.
28

32
 

0.
14

36
 

0.
09

25
 

0.
18

35
 

0.
45

81
 

0.
06

8 1
 

0.
28

00
 

0.
18

72
 

0.
38

47
 

0.
33

44
 

0.
20

12
 

0.
69

57
 

0.
16

04
 

0.
39

65
 

0.
1 

14
6 

0.
07

44
 

0.
04

60
 

0.
09

28
 

0.
18

49
 

0.
10

02
 

0.
4o

O
o 

0.
09

31
 

0.
19

52
 

0.
18

06
 

0.
26

91
 

0.
29

53
 

0.
18

41
 

0.
58

18
 

0.
68

85
 

0.
45

62
 

0.
18

62
 

0.
78

73
 

0.
25

34
 

0.
32

90
 

0.
41

19
 

0.
18

00
 

0.
17

29
 

0.
09

95
 

0.
15

56
 

0.
12

10
 

0.
09

62
 

0.
07

26
 

14
5.

40
8 

42
6.

21
2 

73
4.

83
8 

1 1
49

.2
9 1

 
60

6.
54

9 
44

2.
56

0 
11

49
.1

44
 

80
9.

05
2 

10
02

.3
27

 
91

0.
15

8 
96

7.
43

6 
91

9.
34

3 
8 1

3.
44

4 
10

82
.5

19
 

13
 13

.4
56

 
68

6.
25

9 
10

85
.1

84
 

10
58

.2
87

 
13

17
.4

67
 

10
70

.6
97

 
72

7.
62

0 
10

55
.2

99
 

68
8.

55
3 

98
7.

90
2 

79
9.

64
7 

-
 69

.4
24

 

-
 54

.0
80

 
60

.6
37

 
11

4.
89

9 
61

7.
97

7 
-
 17

2.
64

2 
-8

.1
61

 
46

6.
10

2 
13

3.
13

1 
22

1.
69

9 
93

.2
71

 
27

1.
09

8 
16

7.
64

9 
12

1.
12

5 
19

3.
06

9 
67

3.
24

1 
13

2.
06

0 
20

8.
47

7 
17

0.
64

6 
70

5.
65

2 
35

1.
51

9 
7.

64
1 

63
6.

63
7 

32
1.

83
5 

24
8.

60
1 

-7
.1

76
 

-
 39

8.
7 1

6 

-2
97

.3
1 

5 
-
 59

1.
21

 5 
-
 10

57
.6

68
 

-
 87

4.
24

0 
-1

74
4.

91
7 

-
 24

.4
00

 
-
 92

4.
91

 5 
-6

64
.3

19
 

-9
94

.4
54

 
-
 11

11
.1

25
 

-7
65

.1
32

 
-
 10

42
.1

29
 

-
 10

17
.7

78
 

-
 1 1

74
.9

84
 

-
 57

8.
29

1 
-
 58

4.
43

3 
-7

45
.1

05
 

-9
67

.7
41

 
-
 30

5.
90

8 
-
 64

7.
76

7 
-
 56

1.
45

8 
-
 15

0.
14

6 
-4

43
.0

51
 

-
 36

3.
28

7 
-
 93

.2
04

 
-0

.7
71

 

-
 69

4.
79

0 
-
 75

0.
97

2 
35

.6
15

 
11

51
.4

43
 

28
39

.3
03

 

87
2.

56
2 

64
5.

78
6 

45
0.

02
2 

65
01

.5
18

 
8 1

58
.7

49
 

39
97

.6
20

 
21

78
.9

11
 

10
07

2.
97

9 
53

8.
07

1 
50

1.
15

9 
62

78
.7

34
 

-4
74

0.
30

4 

- 
14

98
.4

11
 

-
 43

2.
22

7 

- 
57

3.
01

8 
-
 34

06
.1

 1
2 

34
67

.9
 1

7 
-5

15
7.

64
5 

- 
17

14
.5

59
 

-
 79

83
.0

97
 

-
 99

41
.6

64
 

-
 34

5.
72

9 
-
 67

0.
09

4 
-
 1

18
7.

51
0 

-9
58

.1
71

 
-
 18

99
.4

73
 

-
 1

59
.5

23
 

-
 10

61
.7

55
 

-8
31

.2
54

 
-
 11

71
.0

67
 

-
 1

29
9.

74
0 

-9
25

.3
45

 
-
 12

04
.4

04
 

-
 11

63
.5

33
 

-
 13

57
.9

65
 

-
 70

7.
58

9 
-7

11
.7

36
 

-
 11

81
.8

36
 

-
 81

8.
99

0 

-
 92

8.
91

3 

-4
37

.2
79

 

-7
53

.7
32

 
-2

35
.0

14
 

-
 63

4.
69

1 
-5

31
.7

67
 

-
 24

5.
19

3 
-
 12

0.
93

5 

14
79

.7
20

 
3 1

99
.1

74
 

85
66

.8
28

 
87

35
.7

54
 

17
63

.9
39

 
62

47
.0

52
 

11
95

7.
69

1 
98

94
.3

70
 

11
78

8.
75

0 
10

47
0.

18
 1 

12
12

3.
61

 5 
20

60
.2

01
 

66
 1.

22
4 

8 1
76

.4
26

 
14

29
3.

86
2 

10
5 1

.9
 14

 
13

49
7.

28
8 

10
98

8.
92

9 
34

78
.7

75
 

13
74

2.
28

5 
10

35
 1.

03
 1 

10
88

5.
72

4 
84

89
.8

55
 

14
22

8.
04

3 
59

98
.9

29
 

26
22

.7
78

 

83
2.

18
5 

21
 1

0.
66

4 
63

82
.0

57
 

69
67

.6
94

 
43

35
.4

51
 

46
35

.7
38

 
93

79
.8

37
 

75
31

.0
49

 
89

1 1
.3

65
 

76
1 3

.3
69

 
95

 17
.5

9 1
 

63
1 1

.3
1 I

 
33

35
.3

93
 

81
76

.8
78

 
11

54
8.

 I1
 1 

15
49

.7
07

 
10

50
9.

12
2 

80
19

.8
 13

 
14

37
6.

44
3 

10
95

6.
56

3 
79

72
.3

92
 

64
54

.9
30

 
11

60
1.

09
9 

46
01

.7
14

9 
18

38
.9

05
3 

-
 72

73
.4

70
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



W
 

P
 

m
 

Ta
bl

e 
2 

A
ve

ra
ge

 p
er

ce
nt

ag
e 

de
vi

at
io

ns
 fo

r 
qu

at
er

na
ry

 li
qu

id
 m

ix
tu

re
s 

us
in

g 
va

ri
ou

s 
th

eo
re

tic
al

 m
ix

in
g 

ru
le

s o
f 

re
fr

ac
tio

n a
t 2

98
.1

5”
K

. 

Sy
st

em
 

lo
4 

x 
St

an
da

rd
 a

ve
ra

ge
 p

er
ce

nt
ag

e 
de

vi
at

io
ns

 

L
-L

 
G

.D
. 

W
ie

ne
r’

s 
H

el
le

r’
s 

A
rg

o-
 

E
yk

m
an

’s
 

O
st

er
’s

 
re

la
tio

n 
re

la
tio

n 
re

la
tio

n 
re

la
tio

n 
B

io
t 

re
la

tio
n 

re
la

tio
n 

re
la

tio
n 

1. 
n-

H
ex

ad
ec

an
e 

+ n
- 

43
2.

5 
22

8.
4 

- 
17

4.
9 

-5
31

0.
9 

-2
42

.7
 

-8
99

7.
52

83
 

-6
16

6.
89

81
 

T
et

ra
de

ca
ne

 +
 n-

H
ex

an
e 

+ 
2-

B
ro

m
ob

ut
an

e 

T
et

ra
de

ca
ne

 +
 4-

 
M

et
hy

lc
yc

lo
- 

he
xa

no
ne

 +
 n-

H
ex

an
e 

te
tr

ac
hl

or
id

e 
+ 

B
en

ze
ne

 +
 n-

H
ex

an
e 

2.
 n

-H
ex

ad
ec

an
e 

+ 
n-

 
36

.7
 

-
 10

1.
19

 
94

.0
9 

-
 33

76
.7

4 
44

.0
6 

15
04

.5
77

6 
-1

46
1.

40
19

 

3.
 n

-H
ex

ad
ec

an
e 

+ 
C

ar
bo

n-
 

83
9.

6 
20

6.
78

 
-6

81
.7

6 
41

5.
28

 
-8

28
.5

9 
84

71
.2

15
7 

64
70

.9
96

8 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



REFRACTIVE INDEX OF LIQUID MIXTURES 

found to predict maximum deviation of 0.89 per cent but this is not out 
of experimental precision. L-L and A-B relations predict good agree- 
ment due to minimum change of volume on mixing. The better 
performance of G-D relation is due to the close similarity of the 
refractive indices of their pure components. 

347 

n-Hexadecane + n-Tetradecane + 4-Methylcyclohexanone 
+ n-Hexane (2) 

Lorentz-Lorenz L-L relation provides very good agreement when the 
volume additivity is not considered during mixing. L-L relation 
performs well than all other relations over a small and moderate 
concentration range. The small negative deviations are accounted due 
to the volume dilation without one having to assume a change in 
molecular polarizability on mixing of the components. This relation is 
followed by Argo-Biot (A-B), Wiener’s (W), Gladstone-Dale (G-D), 
Oster (0), Heller (H) and Eykman relations, Eykman relation has been 
found to exhibit deviation of 0.15 per cent. 

n-Hexadecane + Carbontetrachloride + Benzene + n-Hexane (3) 

Gladstone-Dale relation predicts better performance which has been 
observed only under two conditions: firstly due to similar values of 
refractive indices i.e. n, x n, w n3 x n4 and secondly due to the dilu- 
tation of solution. In fact this relation formulated for volume additivity 
is a limiting case of Heller’s equation. Gladstone-Dale relation is 
followed by Heller (H), Wiener’s (W), Lorentz-Lorenz (L-L), Oster (0) 
and Eykman’s relations yielding a maximum deviation of 0.84 per cent. 

On basis of the above discussion, it can be concluded that all the 
theoretical mixing rules (1 -7) are correlated with each other by a simple 
quantitative manner and perform well only at lower concentrations. On 
the basis of the analysis given above it is clear that such cases of 
apparently better performance of equations, other than (l), (2) and (3), 
are purely fortuitous and this is due to compensation of major 
deviations of opposite sign effective over limited range of concentration. 
Thus Eqs (l), (2) and (3) are safest to use at low concentrations 
irrespective of whether volume additivity applies or volume expansion 
occurs on mixing. To conclude, it can be stated that L-L relation alone 
appears to be the most reliable equation over a wide range of 
concentration. Deviations can be minimized to some extent by consi- 
dering the change of volume, V E ,  of the liquid with refractivity during 
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mixing because excess volume is well recognized as a thermodynamic 
property predicting the different types of interactions in liquid mixture. 
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