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The present paper is the result of a piece of work undertaken
at the suggestion of Prof. MacGregor, for the summer vacation
of 1899, the object being to find out in the case of mixtures of
aqueous solutions of certain electrolytes with a common ion,
whether or not it is possible, by the aid of the dissociation eon-
ception, to predict the viscosities of the mixtures, when sufficient
data as to the viscosities and conductivities of the constituent
solutions are available,

The salts selected were sodium chloride, potassium chloride,
barium chloride, sodium sulphate, potassium sulphate, and
copper sulphate, the viscosities of simple solutions of these salts
having been determined by ! Reyher and ? Wagner, and that of
mixtures of them by ® Kanitz, and extensive series of observa-
tions on the conductivity by Kohlrausch and by former students
of Dalhousie College, being available. As will be seen below I
found *Kohlrausch’s values of the conductivity sufficient for my
purpose.

1Ztschr. £, phys. Chemie, 2, 744, 1888,

2 Ibid., 5, 31, 1890.

3 Tbid., 22, 336, 1897.

4+ Kohlrausch u. Holborn : Leitvermigen der Elektrolyte, 1898, pp. 159, 160, tab. 2.
Proc. & Traxs, N, 8, IxsT. Sci., Vor. X. Traxs.—H.
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114 ON THE VISCOSITY

*Protessor MacGregor has pointed out that, both on theoretical
grounds and because of the way in which the ionization coeffi-
cients and such physical properties as specific gravity, viscosity,
etc., in general, vary with the concentration in simple solutions,
it is to be expected that the value of any such property, for a
simple solution which is so dilute that the dissociated and undis-
sociated molecules may be regarded as without mutual action,
will be expressed by the formula :

P=Py+k(l—a)ntlan, ...cc.c.covuu.n. (1
where P is the numerical value of the property for tlie solution,
Py that of the same property for water under the same physical
conditions, n the concentration expressed in gramme-equivalents
per unit volume, z the ionization coeflicient of the electrolyte
in the solution, and & and [ constants, called ionization constants.

He has further shown that the value of a property for a
mixture of two electrolytes will be given in terms of the values
of the ionization constants as determined for the simple solu-
tions, by the expression :

P=Py +219[(kl(1—a1) n, + 1, a, fnl) vy

Uy + vy
v
+ (762 (I-ax)n,+1, a“ng)v_—i—_ﬂ; ] .. (2)
1 2

where the »’s are the concentrations of the constituent solutions
(the electrolytes being indicated by 1 and 2), the @’s the ioniza-
tion coeflicients of the respective electrolytes in the mixture, the
v's the volumes of the constituent solutions, and p the ratio of
the volume of the mixture to the sum of the volumes of the
constituent solutions.

The application of the first expression to simple solutions is,
as ?Prof. MacGregor has shown, of little theoretical interest ; but
that of the second to mixtures, because of its being based on
the dissociation theory and involving no arbitrary constants, is
of very considerable interest. It is the applicability of this
expression (2) that the present paper is intended to test with
mixtures of solutions of the above-mentioned salts.

1 Trans. N. 8. Inst. Sci., 9, 219, 1896-07.
2 Trans. N. 8. Inst. Sci., 10, 61 (foot note), 1898-99.
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OF AQUEOUS SOLUTIONS.

The observations of Reyher, Wagner and Kanitz were made
on somewhat stronger solutions than those for which the above
expressions might be expected to hold, but they were considered
as probably sufficiently dilute to warrant the expectation of an
approximate applicability of the expressions.

Simple Solutrons.

For the determination of the ionization constants in expres-
sions (1) and (2), one must know the ionization coefficients for
the four solutions examined in the case of each salt by Reyher
and Wagner. Unfortunately all the observations on the vis-
cosity of these salts were made at 25° C,, while all the available
conductivity data, from which the ionization coefficients are
obtained, were at 18°C., and thus it was necessary either to
reduce the viscosity values from 25° to 18° or the conductivity
values from 18° to 25°. This latter reduction was carried out,
as data for the former were not available. This involved
much work ; because for the determination of the ionization
coetlicients at 25° it was necessary to obtain both the specific
molecular conductivity at 25° and the specific molecular con-
ductivity at infinite dilution for 25°.

Determination of the Specific Molecular Conductivity at
Infinite Dilution for 25°C.

The value of the specific molecular conductivity at infinite
dilution tor 25° for each salt was obtained from * Kohlrausch’s
value at 18° by aid of *Déguisne’s data. These data were
employed in obtaining the specific molecular conductivity at
25° from the values at 18°, for the three weakest solutions
given in ®Kohlrausch’s and Déguisne’s tables; and the ratio
Bos—ts

His
specific molecular conductivity at 25° and 18° respectively.

was then determined, where p,, and p,, are the

Table I gives the values thus obtained. The concentrations
are expressed in gramme-equivalents per litre, and the specific
molecular conductivities in terms of this unit and of 10~* times
* Kohlrausch’s new unit of conductivity (ohm—! ¢m.—1).

1 Kohl. u. Holb., loc. cit., p. 200, tab, 8.
2 I'bid., p. 195, tab. 7.

s Ibid., pp. 159, 160, tab. 2.

4 Ibid., p. 1.
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TABLE L
oot | o aabor | B aS i | s - s
(18) \ (1225) #18
Na. Cl.
L0005 1085 1262 l 163
.0002 1092 1270 163
.0001 1097 1276 163
Kl
.0005 1263 1484 156
L0002 1291 1494 157
.0001 1295 1499 157
:
}Ba Cl,,
L0005 uss | 135 | 162
.0002 1198 1394 163
.0001 1205 1402 163
y K, S0,
.0005 1308 1516 159
.0002 1327 1540 160
L0001 1335 1549 160
i Na g S0 "

L0005 1083 1266 { .169
L0002 1096 1281 169
L0001 1105 1292 169
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As the ratio "2 ”#1® was thus found to be constant for the
Mig

two most dilute solutions of every salt, and as these solutions
are very dilute, this ratio may be assumed to approximately
hold for infinite dilution. Observations on the conductivity of
weaker solutions at different temperatures were not at hand;
and the writer used the value of this ratio for the solution of
concentration .0001 for the ecalculation of the specific mole-
cular conductivity at infinite dilution for 25° C.

The following Table II gives the values of the specific
molecular conductivity at infinite dilution for 25° C. as thus
obtained from the values at 18° C. In the case of copper sul-
phate this method could not be employed for want of data. A
somewhat doubtful value obtained by !Bredig was therefote
used. The conductivities are expressed as in Table I.

TABLE 1I.
Electrolyte. Specific Molecular Conductivity at Infinite

18 C. I‘ 2° C.
NaCl ............ 1103 1283
KOCL.............. 1312 s19
1BaCly, ......... 1232 1433
1K, 80, oo, 1350 1566
3Na, SO,. ........ 1141 1334
3CuSO,..... . e e 1423

Determination of the Ionization Coefficients at 25°C.
for Simple Solutions.

The ionization coefficient for a simple solution is taken to be
the ratio of the specific molecular conductivity to the specific

1 Ztschr. f. phys. Chem., 13, 220, 1894,
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molecular conductivity at infinite dilution. Before this ratio
could be found for 253°C. it was necessary to determine the
values of the specific conductivity at 25° from *!Kohlrausch’s
values at 18° by means of 2Déguisne’s and *Kohlrausch and
Grotrian’s temperature coefticients. The concentrations of solu-
tions of the salts for which Kohlrausch gives conductivity
values, did not in all cases correspond to the concentrations of
solutions for which Reyher and Wagner determined the vis-
cosity. In such cases (concentrations 0.25 and 0.125), the values
of the specific conductivities at 25° were obtained by inter-
polation.

Table IIT gives both the values of the specific conductivity
at 25°C. determined as above from the values at 18° and the
calculated ionization coefficients at 25°.  Only those coeflicients
are given which are necessary in the caleulation of the vis-
cosities, Under copper sulphate are given a few conductivity
values of higher concentration, these being necessary for the
determination of the ionization coefficients in the mixtures by
the method used. The concentrations are expressed as in Table I,
and conductivities in terms of 10—* times Kohlrausch's new
unit.

1 Kohl. u. Holb., loc. cit., p. 159, table2.
2 Loc. cit.
3 Kohl. u. Holb., p. 143, tab. 1.
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TABLE III.
. Specific ‘ Specific l Tonization
Concentration. Conductivity Conductivity Coeflicients
at 18 C. | at 25° C | at 25 C.
Na Cl
1.0 744.0 862 672
0.5 404.5 469 132
0.3 255.6 206 0 | secess
02 | .. ... 252 .786
0.2 176.4 205
0125 | seeess 131 817
0.1 92.5 107 ] ssee
K CL
1.0 982.0 1128 743
0.5 511.5 588 S
03 315.9 363 ik 3
02 | ..., 308 811
0.2 215.4 248 7 ...
0.125 1590 .838
0.1 111.9 12 [ ...
1Ba0l,,

1.0 703 811 566
0.5 388 448 624
0.3 249 2T ] aewees
02 1 ...... 245 .684
0.2 173.4 200 R
0128 | 0 ... 130 726
0.1 92,2 106 5
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TABLE 1II. —(Continued.)

Specific Specific Tonization
Concentration. Conductivity Conductivity Coeflicients
at 18°C. at 25°C. at 25°C.

1K " S0 4
1.0 718.0 827 .528
05 393.5 453 578
0.3 253.2 202 | .....
02 | ...l 251 .610
0.2 177.8 205, ...
012 ;... 135 .690
0.1 95.9 HI ] sevees

1 Na 3 504_
1.0 508 0 591 443
0.5 208.5 37 520
0.3 199.8 230 L e
0.25 wwn 201 .604
0.2 142.8 66 | ...
0125 | ... 110 .662
0.1 8.4 ML | i

i Cu 504_
2.631 455 B34 [ s
2.194 421 489 A AR
1.0 258 297 .209
0.5 154 177 .249
0.3 106.5 122 ..
0.25 s 107 .302
0.2 8.4 89.9 witas g
0125 | ...... 61.7 AT
0.1 45.0 51,6 | ......
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Determinution of the Tonization Constants.

Table IV gives the values of the ionization constants (k and
l) determined by the method of least squares from the data
given in Tables IIT and V, the observed values of the viscosity
of the four solutions of each salt being used. The relative
magnitude and the sign of the ionization constants would seem
to show that the undissociated molecules exert the greater
influence in inereasing the viscosity, while the free ions have
in some cases a diminishing effect.

TABLE 1IV.
Electrolyte. k. L

Na CL £0.11213 +0.089765
K CL +0.30645 -0.12289

1 Ba Cl,,. +0.20327 +10.061009
31 K, S0,. +0.21347 +0.0088236
3 Na2 SO4. +0.30418 +0.13348

3 Cu SO4. +0.46500 - 0.058114

Resulls of Calculations on Simple Solutions.

Table V gives a comparison of the caleulated and observed
values of the viscosity of simple solutions, the caleulated values
being determnined by expression (1) with the jonization coeffi-
cients and ionization constants, as given in the above tables. In
this table all the viscosity results are relaflve to water at 25°C,,
and the concentrations are expressed as in Table L.

TABLE V.
Viscosity AT 25° C.

| -
Concentmtion.l Observed Value. l Calculated Value. ; Difference,

Na CL (Reyher.)

1.0 J 1.0973 1.0971 ~0.0,2
0.5 } 1.0471 ‘ 1.0479 +0.048
0.2 1.0239 1.0236 ~0.053
0.125 ' 1.0126 l 1.0117 ~0.059
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TABLE V.—( Continued).

Concentration. Observed Value. Ca]cula;ted Value. Difference.
|

K Cl. (Wagner.)

1.0 L9872 9874 + 0.052
0.5 L9874 L9871 —0.0,3
0.25 9903 9896 —0.057
0.125 9928 ' 9933 + 0.035

t Ba Clg. (Wagner.)

1.0 1.1228 1.1228 £ 0.050
0.5 1.0572 1.0572 4 0.050
0.25 1.0263 1.0265 +0.0,2
0.125 1.0128 1.0125 —0.0,3

¥ KQSO*. (Wagner.)

1.0 1.1051 1.1054 + 0.053
0.5 1.0486 1.0476 — 0.051
0.25 1.0206 1.0206 £ 0.050
0.125 1.0078 1.0090 + 0 0,12

¥ Na2804- (Wagner.)

1.0 142201 1.2286 — 0035
0.5 1.1058 1.1078 + 0.052
0.25 1.0522 1.0502 — 0.052
0.125 1.0235 E 1.0239 + 0.034

4 Cu SO4. (Wagner.)

1.0 1.85%0 1.3556 —0.0,24
0.5 | 1.1603 1.1675 + 0.0,72
0.25 | 1.0802 1.0767 —0.0435

0.125 1.0384 1.0354 — 0.0230
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As both Reyher and Wagner regard their results as affected
by a possible error of about + 3 in the third decimal place, it is
seen that the agreement between the calculated and observed
values for all the salts except copper sulphate is very satis-
factory, the differences being well within the limit of experi-
mental error. In the case of copper sulphate, the agreement
is not so satisfactory. But it was noticed on plotting the
observed values against the concentration that the points do not
lie on a.smooth curve, and that the point corresponding to the
concentration 0.5 is at quite a distance from this curve, which
leads one to think that this observed value cannot be correct.
The poor agreement in this case might also be partly due to the
doubtful value of the specific molecular conduectivity at infinite
dilution used. Thus it seems that for all the salts examined,
copper sulphate perhaps excepted, expression (1) gives the vis-
cosity of a solution within the limit of experimental error
throughout a concentration range of 1.0 to 0.125.

Mixtures of Solutions.

As there is no change of volume on mixing the constituent
solutions of the above electrolytes of the concentrations given
below?, and as the solutions mixed were of equal volume and
also equimolecular, the expression (2) for the value of a property
in the case of a mixture of two electrolytes with a common ion,
reduces to:

P =Pyt [by(l—a)+ b @ + by (1= a) + 1,4, . 3)

where 7 is the concentration of the solutions and the k's and I's
have the values obtained above for simple solutions of the
respective electrolytes. For the application of this equation to
the calculation of the viscosity of a mixture, all the quantities
required are known except the @’s, the ionization coefficients in
the mixture.

1 See Trans. N. S. Inst. Sci., 9, 125, 189596 ; also 9, 297 and 310, 1897-98.
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Determination of Ionizution Coefficients in the Mixtwre.

The method proposed by *Prof. MacGregor for finding the
ionization coefficients in a mixture of two electrolytes having an
ion in common, is by solving graphically the following equa-
tions :

—t.— 3 . ; ; ; 4
v, oV, ()
NV, +N,V,=1,. . . (5
a
’-V'l‘ =‘f1(‘:r1)! . ' * (6)
1

”-:fn(\’g). R O

where the electrolytes are denoted by 1 and 2, the concentra-
tions (in gramme-equivalents per litre) of the mixture with
respect to them by N, and N, respectively, their ionization
coefficients by @, and «,, and their regional dilutions (in litres
per gramme cquivalent) by V, and V,, the regional dilutions
being the dilutions of the electrolytes in the regions which they
are supposed to occupy in the mixture, or the dilutions of the
constituent isohydric solutions.

=i 8

His graphical mode of solving these equations involves the
drawing of dilution-ionic-concentration curves, which, as they
have great curvature for moderately dilute solutions, cannot be
drawn with great accuracy unless a large number of observa-
tions of the conductivity are available. As mentioned above,
extensive series of observations of the conductivity in the case
of the salts under consideration were available ; but they were
all made at 18° C. and required therefore to be reduced to 25° C.
before they could be used. In order to reduce this labour as
much as possible I devised another mode of solution which
requires only a comparatively small number of observations. It
is based on the fact that the specific-conductivity-concentration

Trans. N. 8. Inst. Sci., 9, 101, 189596 ; also 10, 68, 1898-99.
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curve of an electrolyte exhibits only slight curvature and can
therefore be drawn with fair accuracy from a small number of
observations.

The above equations may be expressed in terms of specific
conductivity and concentration as follows. Since

a, # k,
s B =L . . 8
¥y Vll"wl Moo ®)
a k

and —32 - 3. s . . 9
Vg Fmﬂ ( )

where k, and L, are the specific conductivities of the electrolytes
in the regions which they respectively occupy in the mixture,
and the p’s the specitic molecular conductivities at infinite dilu-
tion for each electrolyte, equation (4) becomes :

by _ ks
M1 HPeoe
Mssy
or, k,= = k,. : . . (10)
o9

From equation (5) we obtain :

.
%i+%:=1, .. .oay

where C, and C, are the regional concentrations. Equations (6)

and (7) are based on the fact that at a definite temperature the

conductivity is a function’ of the concentration alone. They

therefore take the following forms:

k=75 (), . . . . (12)
and ky =1, (C)). . . . ‘ (13)

There are thus four equations (10—13) for the determination of

the four unknown quantities : ki, kg, C,,and C,.

These equations can be solved graphically. Equation (12) is
employed by drawing a curve having as abscisse the values of
the specific conductivities and corresponding values of the con-
centrations as ordinates. Before equation (13) is used the values
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of the conductivities are multiplied by the constant He1 | Then
o
these new values are plotted against the corresponding concen-

trations, on the same coordinate paper, to the same scale as
employed for equation (12). From these two curves one finds
by inspection two points, one on each curve, having a common
abscissa, according to equation (10), and ordinates (C, and C,)
such that by substituting their values in equation (11) it will be
satistied. These points can be found after two or three trials.
Thus one has determined k,, C,, and C,; k, being found by
Mg
Hoo1
from equations (8) and (9) ; for the reciprocals of the C’s give
the V’s.

multiplying &, by the constant - The a’s are now obtained

Results of the Calculations on Mixztures.

The following Table VI contains the requisite data for the
calculation, by formula (3), of the viscosity of mixtures of solu-
tions of the salts under consideration ; and it shows the agree-
ment of the values thus calculated with the observed values
The ionization coeflicients of the salts in the mixture are deter-
mined as above and the concentrations are expressed as in the
tormer tables.
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TABLE VI
ViscosiTY AT 25° (KANITZ).
Concentration Ionization Coefficients
Cerutions, Misture
o ; . Ob d | Calculated | Differ-
—| Values. | Valuen | Differ
KCL Na Cl K CL Na CL
1.0 1.0 145 667 1.0390 | 10419 |+0.0,29
0.5 0.5 175 .728 1.0180 1.0173 |- 0.057
0.25 0.25 807 783 1.0070 1.0069 |- 0.041
KCL 1 Ba Cla. K CL 1 Ba Cly.
1.0 1.0 756 .552 1.0429 1.0533 | +0.0101
0.5 0.5 179 .613 1.0159 1.0220 |+ 0.0,61
0.25 0.25 811 675 1.0049 1.0082 |+ 0.0,33
K3S0y. | 4NagS0y4. | # Kg SO4. | #Nag S04.
1.0 1.0 535 434 1.1660 | 1.1670 |+0.0;1
0.5 0.5 597 517 1.0773 1.0768 |- 0.055
0.25 0.25 .641 604 1.0334 1.0354 |+ 0.052
K3 S04. | $CuS0y4. | 4 Ko SOy l Cu S04.
1.0 1.0 599 1 .152 1.2210 1.2423 |+ 0.0183
0.5 0.5 ' 11060 | 1.1107 |+0.0,47
0.25 0.25 | 1.0485 1.0510 |+ 0.0,25

Kanitz regards his observed values as affected by a possible

error of + 3in the third decimal place.
calculations necesgary to obtain the calculated values

Considering the many
—first, in

finding the specific molecular conductivity at infinite dilution for
25°C., and also ionization coefficients at 25° from data at 18°
and then in the determination of the ionization coefficients of
the salts in the mixture by the graphical method,—the agree-
ment between the observed and the caleulated values (caleulated,
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it should be noted, with the ionization constants obtained for the
simple solutions), is very satisfactory, especially in the case of
solutions of potassium chloride and sodium chloride and solu-
tions of potassium sulphate and sodiumn sulphate, where the
differences are all within the limit of experimental error. In the
case of the stronger solutions of potassium chloride and barium
chloride and of potassium sulphate and copper sulphate, the
differences are not within the limit of error; but a close agree-
ment, as was pointed out in the beginning, could not be
expected. It will be noticed, however, that the differences in
these cases diminish and approach the experimental error as
concentration diminishes. Observations on the viscosity of
weaker solutions of these salts were not available.

From these results, therefore, it may be concluded, that the
viscosity of mixtures of dilute solutions of the salts under con-
sideration can be predicted, by the aid of the dissociation theory,
within the limit of experimental error, from data as to the vis-
cosity and conductivity of the constituent solutions only.
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