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Ideal Solutions of Solids in Liquids. Proposed formulas for the visco-
sities of ideal or chemically indifferent solutions of solids in liquids are 
numerous, among which, however, one attempt only at rational treatment
has been made by Einstein.(1) According to him the viscosity η of a suspen-

soid increases linearly with the concentration expressed in a volume fraction 

zv of the dispersion medium per unit volume of the solution.

η=η0(1+2.5zv),

where η0 is the viscosity of the pure solvent. He deduced 七he formula

from the hydrodynamical equation of motion by assuming (i) the particles 
are rigid spheres, (ii) the particles are few in number and (iii) the 

particles are great in comparison with the action spheres of molecules. 
Hatschek found the constant to be 4.5 instead of 2.5, but his procedure of 
calculation is false, so that his formula is considered to have no general 
meaning.(2) 

A similar form of Einstein's formula is expressed by

η=η0(1十czv),

(1) A. Einstein, Ann. d. Physik, 19 (1906), 289; 34 (1911), 591; Kolloid-Z., 27 (1920), 137. 
(2) M. v. Smoluchowski, Kolloid-Z., 18 (1916), 194.
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where c is a constant which depends only upon the form of particles. 

Though the above formula is theoretically interest, its validity is 

limited for very dilute solutions.

With the object of testing that Kendall's eube-root equation for a

chemically indifferent binary mixture, η1/3=(1-zm)η11/3+zmγ121/3 (where η1, η2 and

η are respectively the viseosities of eomponents 1, 2 and the mixture, and

zm is a molar fraction of component 2) has applicability to ideal solutions of 

solids in liquids, Kendall and Monroe(1) carried out the viscosity measure-

ments on solutions of naphthalene and of diphenyl in benzene and in 

toluene. The calculated values of ƒÅ2, by the formula, for either solute give 

good results for any system, those for benzene solutions are, however, 

different from the corresponding values for toluene solutions, namely, for 

naphthalene 2.25 in benzene and 1.825 in toluene, for diphenyl 3.44 in 

benzene and 2.82 in toluene. The authors pointed out that the ratio [ƒÅ2 on 

benzene basis]/[ƒÅ2 on toluene basis] is practically identical for the two 

solutes. While this agreement is of interest, it is difficult to accept the 

cube-root formula as anything but a further interpolation formula, con-

sidering that these solutions are undoubtedly ideal. 

Application of the Writer's Formula to Ideal Solutions of Solids in 

Liquids. The writer has shown in the foregoing papers(2) that his viscosity 

formula for a binary mixture where there form no new molecular com-

pounds:

(where α and k with suffixes 1 and 2 denote the association degrees and the

field-constants of components 1 and 2, and other symbols have the same 
meaning as above) affords the satisfactorily concordant results with the ex-

perimental data available in the literature. The next problem is whether 
or no the formula has validity for ideal or chemically indifferent solutions 
of solids in liquids. 

For this purpose a transformation is made as in the following:

For a chemically indifferent mixture
 k2α2

/k1α1
 is a constant independent of

concentration, and we have, for two arbitrarily chosen concentrations zm

and z'm and the reSpective visCosities η and η',

(1) J. Kendall and K. P. Monroe, J. Am. Chem.,Soe., 39 (1917), 1802. 
(2) This Bulletin, 4 (1929), 5; 4 (1929), 25; 4 (1929), 149; 4 (1929), 288.
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Now, consider component 1 to be the pure solvent. Component 2

being a solid, η2 is here of course the unknown。 Yet an estimation of It

can be made as follows: 
Rewrite the above expression in the form,

The left-hand side of the expression consists of the factors all experi-

mentally measurable and let it be denoted by q, then we have

The above method of calculation can be also applied for any solution in 

which no abrupt change in molecular state occurs, by taking two concen-
trations close to each other. For the verification of the writer's formula, 

Kendall and Monroe's data will be adopted below.

Table 1.

Naphthalene in Benzene, 25℃.

Table 2.

Naphthalene in Toluene, 25℃.
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Since the values of q in each system and also in both the systems 

happen to be a constant within the limits of experimental error, I have

taken q=1.027 as the mean value, with which calculated η2 for successive

two concentrations and obtained the mean value of them to be 0.02653.

From the η2 thus found (
k2α2

/k1α2) can be calculated for each concentration, the
values being recorded in the fourth column in each table. The constancy

of ( k2α2
/k1α1 ) is quite satisfactory.
Next consider  (k)C6H5CH3/

(k)C6H6
 from the two systems.

This value is in good agreement with the already obtained value 1.23.

Table 3.

biphenyl in Benzene, 25℃.

Table 4.

biphenyl in Toluene, 25℃.



A Viscosity Formula for Binary Mixtures, 51

In these cases the concentrations measured are not so regularly chosen 

as those in the preceding solutions and the following calculations have been 
taken. 

For diphenyl in benzene

and for diphenyl in toluene

( k2α2

/k1α1) calculated from the mean value of the four, 0.05413, are shown in
the fourth column in each table, the constancy of which is also satisfactory. 

From these systems we get as above

which is very satisfactory result. 

Quite recently, Herz and Scheliga(1) made the viscosity determinations 
of the solutions of solids such as iodine, naphthalene and phenanthrene in 
benzene, toluene, carbon tetrachloride, carbon bisulphide and aceton, but 
attempted no stoichiometrical discussion, probably because of no suitable 
formula to represent their results. 

It is interesting to see whether the calculated viscosity of the solutions 
of naphthalene in benzene and in toluene by the formula, whose empirical

constan η2 and (
k2α2

/k1α1
) are the same values obtained above, are concordant

or not with the experimental data given by these authors. 

A further verification can also be tried with their results of naphthalene 

in carbon tetrachloride and in carbon bisulphide, the association degrees 

and the field-constants of these solvents having.been known, for whether 

the following conditions required by the theory are realized or not:

(1) W. Herz and G. Scheliga, Z. anorg. allg. Chem., 169 (1928),161.
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and

In these calculations it must be remembered that between a weight 

fraction z and a molar fraction zm there exists a relation:

where M1 and M2 are the formal molecular weights of components 1 and 2 

respectively. So that

Table 5.

Naphthalene in Benzene, 20°, 40° and 60℃.

and η2=0.02653.

Table 6.

Naphthalene in Toluene, 20°, 40° and 60℃.
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and η2=0.02653.

Table 7.

Naphthalene in Carbon Tetrachloride, 20° and 40℃.

and η2=0.02653.

Table 8.

Naphthalene in Carbon Bisulphide, 20° and 40℃.

and η2=0.02653.

As seen from each table, fair agreement between the observed and 
calculated values is interesting. The most discrepancy among them is 

observed in the case of carbon bisulphide solutions.

According to Thorpe and Rodger(1) the viscosities at 20℃ and 40℃. of

benzene, toluene, carbon tetrachloride and carbon bisulphide are 0.00649,

(1) T. E. Thorpe and J. W. Rodger, Phil. Trans., 185 (1894), 397.
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0・00492; 0・00586, 0・00466; 0・00969, 0・00738; and 0・00367, 0・00319 respec-
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