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In the two preceding articles, a number of examples of the effect of
salts on the solubility of uni-univalent salts were presented, and it was
pointed out that the solubility-lowering produced by salts with a common
ion was qualitatively in agreement with the principle of the constancy
of the ionic solubility product. The increase of solubility of thallous
chloride in the presence of potassium sulfate is also in qualitative agree-
ment with this principle, and undoubtedly furnishes a typical illustra-
tion of the effect of salts without a common ion. In the present article
these examples will be discussed quantitatively by the method outlined
in the introductory article of this series.

1. The Solubility of Thallous Chloride in the Presence of Various Salts.!

The values of the degree of ionization (y), as given by the conductance
BHAT) _ NG tor o
(BA) (r—=7)
single salt, given in Tables III to VI of the preceding article, were plotted
against the equivalent ion-concentration, (¥¢) = Cy. In the case of
barium chloride the values of y were calculated from the conductance
data of Kohlrausch and Griineisen® at 18°. From these plots were de-
rived the data presented in Tables I and II. The method of extrapola-
tion by which the values of y and & above 0.01 N (Z4) for thallous chlo-
ride and above 0.1 N for TINO, and T1,SO, were obtained was explained
in the preceding article.

ratio 4/ 4

o, and of the ionization function » =

TABLE I.— VALUES OF 100 y FOR VARIOUS SALTS AT 25°.

(F4.) KCL KNOs,. TINO3. TICL BaCly. K804  TIS0,.
0.01 93.7 93.2 92.4 91.0 87.6 85.9 81.7
0.02 91.7 90.7 89.25 86.95 83.8- 81.3 74.8
0.03 90.3 88.85 86.9 83.95 81.2 78.1 70.2
0.05 88.2 86.05 83.2 79.4 77.8 73.9 64.0
0.07 86.65 83.9 80.4 75.9 75.6 71.0 59.8
0.10 84.9 81.3 77 .0 71.75 73.0 67.9 55.4
0.15 82.9 78.3 72.5 66.5 70.0 64.2 50.4
0.20 81.4 75.7 69.1 62.5 68.0 61.5 46.7
0.25 80.0 73.4 66.2 59.4

! For the data see Article III of this series.
2 Landolt-Bérnstein-Meyerhoffer, Tabellen, 745.
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TABLE II.—VALUES OF 100 k£ FOR VARIOUS SALTS AT 25°.
TINO;.

I

KCl. KNO3.
14.8 13.70
22.2 '19.50
28.0 23.85
37.3 30.8
45.5 36.4
56.2 43.5
72.8 54.1
87.7 62.3
00.3 68.9

12,

16

19.
24.
28.
33.
39.
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49.

15
.60
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H Qv b~ 000

TICL.

10.
13.
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29.

33
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10
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25
.00
.40
75
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K250,
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8
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17.
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26
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10
.70
70
15
15
.20
.90
.90

T1,504.

15.
17.

.46
.96
.06
.89
.41
.41

23
52

The composition of the various solutions saturated with thallous chlo-
ride was calculated on the assumption that for each salt the values of
in mixtures with a common ion, and of k in mixtures without a common
ion depend only on the total equivalent ion-concentration (7).
sults of the calculation are presented in the last ten columns of Table
In the first column are given the names and concentrations of the

III.

> Added salt.
(3Ke50y4).

(3T1:804).
0.0
18.99
49.99
99-97

o]
° (ENO3).

20.00
49.97
99.98
300.0
(TINOj).
0.0
25.0
50.0
100.0

I

17.
19.
21.

16

10.

O (zen.

o7
79
42
37

.07
34
77
.68

(2C1).

16
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-3
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TaBLE III.—CoMmposITION OF SATURATED TICl SoLuTIONS.
(Concentrations in milliequivalents per liter.)
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0.0 16.07 14.32 0.0 14.32 14.32
25.0 8.69 29.88 22.58 7.30 29.88
50.0 5.90 48.85 44.15 4.70 48.85

100.0 3.96 88.40 85.5 2.90 88.40
200.0 2.68 166.54 164.8 1.74 166.54
(#BaCly). : '

0.0 16.07 14.32 14.32 14.32
25.0 8.98 28.00 7.59 28.00
50.0 6.18 44.30 4.98 44.30

100.0 4.16 77.97 3.11 77.97
200.0 2.82 142.7 1.89 142.7

Iv. 1675
~ s
+ =S |3)
+ 3] = = X
s g T2 4
SR g & E
0.0 1.755 204
2.42 1.390 218
5.85 1.204 229
14.5 1.061 256
35.2 0.94 2G0.
0.0 0.0 1.755 204.
20.41 4.59 1.392 2I2.
39.32 10.68 1.203 220
74.86 25.14 1.052 242.
140.8 59.2 0.93 270.

O W O\~ O

O .O\(II\O

added salts, and in the second the corresponding solubilities of thallous
chloride (see Tables II and VII in the preceding article). In the third
column are the equivalent ion-concentrations (2¢) X 10%, and in the
last two columns the concentrations of the unionized portion of thallous
chloride (TICl) X 10% and of the jonic solubility product (T1%)(Cl™) X
108,

The specific conductances, L, of a number of these mixtures were cal-
culated from the ionic concentrations by means of the following ionic
conductances: T1¥, 76.2; K*, 74.8; Cl™, 75.8; NO,—, 70.6; 4 SO,~,
80.0; and are compared in Table IV with the experimentally deter-
mined values (see Table IT of the preceding article). The concentrations
of the added salts are given in the first, fourth and seventh columns:

TABLE IV.—SPECIFIC CONDUCTANCES O THE MIXTURES.

1000 L. 1000 L, 1000 L,

(1% KqS0,). Meas. —E;l_: (% T1380,). ;/Ieas. A-—é—afs (KNOj). ;deas. - Cal:
0.01998 4.644 4.647 0.01999 3.620 3.625 0.02000 4.807 4.811
0.04996  7.96 7.99 0.04999  6.05 6.07 0.04997 8.47 8.49
0.0998g 13.02 13.10 0.09997 10.0I 10.05 0.09998 14.18 14.22

0.3000  34.62  34.77

The agreement between the calculated. and the measured specific
conductances is very satisfactory, but this is only another confirmation
of the principle of the conductance of mixtures referred to in the
introduction. The observed agreement is also a check on the ac-
curacy of the experimental data and of the calculations. Another
check on the calculations was obtained by comparing the values of

[(T1+)(C1)] . . (Cry-e
B e A e K = x>
K CTICT) (S0)o-* given with those of Cli—p)
chloride solutions in Table IV of the preceding article.

was complete.

given for thallous

The agreement



Fig. 1b.—Values of
Log. [10® X (T1+)(Ci7)] and log. [10* X (TICD].

Fig. 1a.—Values of

(T1H)(CI") X 10° and (TICI) X 10*.
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In Fig. 1a the values of the iodic solubility product and of the concen-
trations of the un-ionized portion of thallous chloride (Table III) are plot-
ted as ordinates against the total ion-concentrations, (Z7) X 103, as ab-
scissas. In order that the same ordinate scale might be used, the values
plotted are (T11)(Cl™) X 10° and (TICl) X' 10% The diagram thus shows
directly the relative variations of these two quantities with the ion-con-
centration.

In the curves on the right-hand side of the same diagram (Fig. 1b),

Log. [(TIC]) X 104. Log. [(T1T)(CI7) X 10%].
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the logarithms of the quantities [10°(T17)(Cl™)] and 10* (TICl) are plotted
against the logarithm of 10% (24), the data themselves being given in Table
V. The various curves have, of course, the same relative positions in the
two cases, but the logarithmic plot has the advantage of showing the re-
lationships in dilute solutioris more clearly. The points corresponding
to 0.02 N Ba(Cl, and o.05 N TINO, were found to lie above the curves
through the remaining points and were neglected, but the possible er-
rors in the original experimental data were sufficiently great to account
for such variations.
TaABLE V.—DATA FOR THE LOGARITHMIC PLOT, FIG. 1b.
Log 103 X Logi1otx Logied X Added Log 108 X Log1ot X  Log 105 X

Added salt, (Z9). (TICD, (T1H)(CI7). salt. (21). (TICY.  (T1HY ).
None...... 1.1559 1.2443 1.3115 K,S50,... 1.4819 1.1265 1.3243
T1,S0,..... 1.3703 1.6158 1.3183 1.7157 1.0492 I.3401

1.59I1 1.0931 1.3339 1.g296 0.9850 1.3612

1.8090 1.0362 1.3642 2.3030 0.8854 1.4126

TINO;,..... 1.4649 1.1446 1.3345 KNO,... 1.5108 1.1281I 1.3373
1.6709 1.0962 1.3690 1.7608 1.0508 I1.3600

1.9141 1.0386 1.4096 1.9871 0.9859 1.3856

2.3771 0.8893 1.4459

BaCl,...... 1.4472 1.1436 1.3274 KClL..... 1.4754 1.1430 1.3387
1.6464 1.0803 1.3436 1.688¢g 1.0806 1.3610

1.8919 1.0220 1.3846 1.9465 1.0257 1.4088

2.1544 0.9685 1.4314 2.2215 0.9721 1.4624

It will be seen from the figure that neither the concentration of un-
ionized TICl nor the ionic solubility product is constant. In all cases,
as the ion-concentration (Z¢) increases, the value of (TICl) decreases
rapidly, and that of (T1%)(Cl™) increases steadily, although much more
slowly. When we consider that (2s) increases seventeen-fold (from
0.014 to 0.2 38), and that the results are based on experiments with uni-
univalent and uni-bivalent salts with and without a common ion, it is
very remarkable that the curves in each group lie as closely together
as they do. The uniformity ot the results therefore confirms the as-
sumption that it is the total ion-concentration in the mixture which
primarily determins the ionization of uni-univalent salts.

The figure shows the nature of the variation of (TICl) and of (T1%)
(CI—) with (2)). The cnrves obtained by plotting log (TICl) against
log (Z4) are more clearly linear than those obtained by plotting (TICl)
directly against (Z1), but the converse is true for the (T1%){(Cl™) curves.
We will examin the logarithmic curves more closely on account of the
following simple relationship between their slopes and the deviations
from the law of mass action.

Any small portion of ore of the curves may be considered to be a straight

line whose equation is:
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log (T1C1) = m, log (Z7) + log &, or log (T11)(Cl™) = m, log (Zi) + logk,.
These equations when written in another form become:
(TICY) = k,(Zi)™ and (T1)(Cl7) = k (Bo)™;,
and the exponents m, and m,; may be determined directly from the slopes
of the tangents to the curves. It is obvious that the last two equations
corresponid to the general ionization function used in the calculations
(T1+)(C17)
(TICD)

the slope of the curves it is evident that in each case m, is a small posi-
tive number which increases with increasing ion concentration, and that
m,, is a negative number which is numerically greater than m, and there-
fore appears to change less rapidly. The approximate values of m,
for each added salt at the ion concentrations (Z7) = 0.016 and o.100
normal are as follows:

= K(Z)**, and that m,—m, = o.4 and k,/k, = K. From

TABLE VI.—~VALUES OF THE EXPONENT m; IN VARIOUS SALT SOLUTIONS.

103(F1). Log 108(X4). KjSO4. T1,804. BaClsg, KNOg;. KCl. TINO;.
16 1.20 0.03 0.03 0.03 0.07 0.07 0.07
100 2.00 0.12 0.17 0,18 0.I2 0.Ig 0.20

The corresponding values of m, were obtained by subtracting o.40 from
eachh of these numbers and were found to check with those derived di-
rectly from the (TICl) curves. Thus the values of m, at (27) = 0.016
normal are —o0.37 and —o.33 for the unibivalent and the uni-univa-
lent salts, respectively.!

The values of m; decrease with increasing ion-concentration and show
a tendency to approach zero if the curves be produced toward zero
concentration. This signifies that in the case of thallous chloride the

! Reference was made in the previous article to the possible inaccuracy of the
jonization values of thallous chloride obtained by extrapolation, and to the calculation,
by means of the expression (Cy)!35/C(1—y) =K, of values which were larger than those
corresponding to the exponent #» = 1.60. Thus at o.1 normal y was 0.766 instead
of 0.751. The present calculations with K,S0,, T1;SO, and KNO, were repeated,
using these higher values of y for TICl, and the data obtained were plotted in a diagram
similar to Fig. 1. The results and curves did not differ in character from those pre-
sented above. The values of m; were slightly larger than those given in Table VI,
which was to have been expected, since m;—m, = 0.45 instead of o.40.

A change in the ionization values of one of the added saits would, on the other
hand, have specific effects on the results, but such effects are relatively small. Thus
in the o.1 normal KCl solution a 2 per cent. decrease in the degree of ionization of
KCl1 causes a 2.0 per cent. decrease of (34), a 1.7 per cent. décrease of (T11)(Cl™)
and a 1.0 per cent. increase of (TICl); and this would have the effect of only slightly
lowering the (T1+) (CI") curves and slightly rajsing the TICl curves. It is therefore
evident that the conclusions reached in this article would not be appreciably altered
as a result of introducing a correction in the ionization values, stich as that for viscos-
ity, which is negligible in the very dilute solutions and does not exceed a few per cent.
in the more concentrated ones.
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solubility product is more nearly constant in the dilute than in' con-
centrated salt solutions, and furnishes some indications that the solu-
bility product would be more exactly constant for a less soluble sub-
stance than thallous chloride. '

From the result that in the dilute solutions s, is much larger than
m, it follows that the deviations from the law of mass action in the ion-
ization of thallous chloride are more largely due to the abnormal behavior
of the un-ionized substance than to the abnormal behavior of the ions.?
If we make use of the concept of activity, which was explained in the
first article of this series, we may say that the activity coefficient of
un-ionized TICl (Ayq/Crq) increases rapidly as the total ion-con-
centration increases and is proportional to its 0.37 to 0.33 power in di-

Ap+\ rAc—
lute solutions. Similarly the product (—TL) < —i) decreases slowly,
Cpt+/ \Co—

and is at first inversely proportional to the o0.03 to 0.07 power of the
total ion concentration. 1If it is legitimate to distribute this effect equally
upon the two ions, then the activity coefficient of each ion must decrease
in the proportion in which the 0.015 to 0.035 power of the ion concen-
tration increases. This is really only a small deviation from direct pro-
portionality; and if, as seems reasonable, we assume the same law in a
solution of a single uni-univalent salt where the concentration of each ion
is equal to (1), then we may conclude that in dilute solutions (say o.o1
to 0.03 normal) the activity of each ion is nearly, but not quite, propor-
tional to its concentration and increases somewhat less rapidly than
the concentration. By similar reasoning, the increase in s, with in-
creasing ion concentration (shown in Table VI) leads to the similar con-
clusion that in more concentrated solutions of a single salt the activity
coefficient (A/C) decreases more rapidly with increasing comcentration
of the salt.

This conclusion is in agreement with the results of electromotive force
measurements of concentration cells. Lewis and Von Ende? have shown,
namely, in connection with their work with the thallous-ion comncentra-
tion cell, that the ratio A/C for the thallous ion is constant at low con-
centrations and shows a distinct decrease at 0.1 normal. The measure-
ments of Jahn® on the chloride-ion concentration cell show a similar but
more pronounced decrease of the activity coefficient of chloride iom.

In the foregoing discussion the general effects produced by added
salts have been discussed, but a number of interesting specific effects

! Compare Lewis, Proc. Am. Acad., 43, 288 (1907); Z. physik. Chem., 61, 160
(1907).

2 Lewis and Von Ende, TH1s JOURNAL, 32, 737 (1910). See also Bray and Mackay,
1bid., 32, 930, 1213 (1910).

8 Jahn, Z. physik. Chem., 33, 545 (1900).
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may - be easily seen by examining tbe figure and Table VI more closely.
Thus from the effects produced by the first small portions of salts the
six salts fall into two classes, the three uni-univalent salts, KNO,, KCl
and TINO,, and the three umi-bivalent salts, K,80,, BaCl, and T1S0,.
The initial portions of the three curves in each group practically coin-
cide and the values of m, are 0.07 and o.03, respectively, for the uni-
univalent and uni-bivalent salts. In each group of curves, as the solu-
tions become more concentrated, the two curves corresponding to the
salts with a common ion remain very close together, while the curve
corresponding to the salt (KNO, or K,SO,) without a common ion di-
verges and always remains below the other two curves.

The fact that the effect of a uni-bivalent salt is consistently different
from that of the corresponding uni-univalent salt shows that the mere
presence of a bivalent ion has an effect on the ionization relations of
thallous chloride which is somewhat different from that of an equivalent
amount of the univalent ion. While such an effect is not improbable,
it seems strange that the effect is in such a direction as to decrease m;
and thus make the activities of Tl1* and Cl™ appear to be more nearly
proportional to their concentrations in the uni-bivalent salt solution.
On this account, and also to obtain if possible greater simplicity in the
solubility relations of thallous chloride, it seems wortn while to examin
how the original assumptions may be altered in order to bring the two
sets of effects into better agreement. This is the question which was
referred to in the closing paragraph of the preceding article, and it was
shown there that larger values would be calculated for the concentration of
Cl—ino.1 N Ba(Cl, and of Tl in 0.1 N TLSO, if the solubility product
were assumed tobe thesameino. 1 NT1,SO,asino.1 N TINO, and the same
ino.1 NBaCl,asin o.1 N KCl. A study of the (T17)(Cl™) curves shows
that we may now draw the corresponding general conclusion that these
curves for the uni-bivalent salts would be raised if we assumed larger
values for the total ion concentration in the uni-bivalent salt solutions.
The corresponding effect on the concentration of the un-ionized TICl
would be to increase its value and thus bring the two groups of TICl
curves closer together. It is interesting to note that such a result sug-
gests the presence of intermediate ions (TISO,~ or ClBa™) in the solu-
tions of the umi-bivalent salts. The possibility of the existence of such
ions has been mentioned in the introduction, and will be fully discussed
by Dr. W. D. Harkins in a later article of this series.

2. The Solubility at 25° of KCIO, in the Presence of KCl and X,S0,.!

The results of the calculations are given in Tables VII, the arrange-
ment being the same as in Table III. The ionization values upon which
the calculations are based were given in Table V of the second article

T Article 11, A, of this series.
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of this series. It may be recalled that tbe ionization function there as-
sumed for potassium perchlorate was
_€p+ _ (XH(Co)
Ch—)  (RCIO) (=)™t
Table VIII contains the measured specific conductances of the mix-
tures and the values calculated! from the iomic conductances K*, 74.8;
Cl0,—, 68.2; Cl—, 75.8; and 4S80, -, 8o.0.

TaBLE VIIL—CoMPOSITION OF SATURATED KClO, SOLUTIONS.
(Concentrations in milliequivalents per liter.)

Added
salt, Come. (2CIOL). (F)=(K+). (ClO,7). (CI7). (KC). (KC1Oy). (KH)Clos~)
KC....... 0.0 148.1 115.3 I1I5.3 0.0 0.0 32.8 13290

49.73 128.2  139.I 97.7 41.43 8.30 30.5 13590
99.33 112.3 165.7 83.8 81.90 17.43 28.5 13890
(3804 7). (3K2S04).
1/ KSO... 0.0 148.1 115.3 115.3 0.0 0.0 32.8 13290
49.70 131.§5 133.2 100.7 32.50 17.20 30.8 13410
99.22 118.1 152.8 8g.0 63.80 34.42 29.1 13600

TaBLE VIII.—SprEcirFic CONDUCTANCES OF THE MIXTURES.

1000 L. 1000 L.
Added salt. — Added salt, e
(KCl). Meas, Cale. (#K2804). Meas, Cale.
0.04973 20.29 20.21 0.04970 19.46 1G.43
0.06933 24.84 24.31 0.09922 22.63 22.60

It will be seen from the table that as the ion-concentration increases,
the comncentration of un-ionized KClO, decreases steadily and that the
ionic solubility product (K7*)(ClO,~) increases steadily, though much
less rapidly. This is similar to what was found above with thallous
chloride, but in the present case thr relations between (Z7) and (KClO,)
and between (2¢) and (K*+)(ClO,™) are almost linear. On account of
the small range of these experiments, the corresponding logarithmic curves
(shown in Fig. 2) are also almost linear. In order that the same scale
might be used in drawing the diffeient curves the increase of log (K*)
(C10,7) and the decrease of log (KClO,) have been plotted against the
increase of log (¥¢). The data for Fig. 2 are given in Table IX.

TaBLE IX.~—DaTA ForR THE LocarrrHMIC PLoT (F16. 2).

Increase of Increase of Increase of

Added salt. log (J%). log (K+)(Cl0,7).  log (KCIOy).
KClLooooo e 0.0815 0.0097 —0.0316
0.1575 0.0192 —0.0610

KoSOg i 0.0627 0.0039 —0.0273
0.1223 0.0100 -—0.0520

! For the significance of the agreement of the calculated specific conductances
with the measured values see the discussion following Table IV, above. In the
present instancc the disagreement in the o.1 N KCl experiment is undoubtedly due
to an error in the measured value, since this was not checked by a duplicate meas-
urement.
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Since the curves in the figure are nearly linear it follows that the ex-
ponents m, and m,, (in the equations (K*+)(Cl0,™) = k,(Z4)™ and (KCIO,)
= k,(X7)™) are nearly constant in the range of the experiments. When
the added salt is potassium chloride m; = o.11 and m, = —o0.39, while
for small additions of potassium sulfate m; = 0.07 (and increases with
increasing concentration) and m, = —o0.43. These results are thus
seen to be very similar to those obtained with thallous chloride and may
be interpreted in the same way.
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Fig. 2.—Variation of log. (K+)(Cl0,") and log. (KCl0,) with log. (Z'4).

A comparison with Table VI shows that the values of m, in the KCIO,
experiments are greater than the corresponding values for small additions
of salts in the TICl experiments. This is undoubtedly due to the fact
that KClO, is a much more soluble salt than TICl, and corresponds to
the increase, shown in Table VI, of m, with increasing ion concentration
and to the former conclusion that the activity coefficient (4/C) for uni-
valent ions decreases with increasing ion concentration. Furthermore,
if we comsider the solubility product we see that it is more nearly con-
stant in the thallous chloride experiments for small additions of salts
than in the experiments with the more soluble substance, potassium
perchlorate, so that we have further evidence that the principle of the
constancy of the solubility product will hold in the case of difficultly sol-
uble substances for small additions of salts.
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3. The Solubility of TIC1O, and TLSO, in the Presence of Each Other.!
The results of the calculations are presented in Table X:

TaBLE X.—CoMmposITION OF SATURATED TIC10, aND T1,80, SoLUTIONS.
(Concentrations in equivalents per liter.)

(T450,).  (ICI05). (F)=(T1H). (ClOF). (380,=). * (3T1:804).  (TICI0g). (T1H)(ClO5™).

0.0 0.1340 ©0.1073 ©0.1073 0.0 0.0 0.0267 0.0I152
0.1366 o0.1058 o0.1511 ©0.0817 0.694 0.0672 0.0241 0.01234
0.1928 0.0 0.1064 ©.0 0.1064 ©0.0864 0.0 = .....

An examination of the first two lines? of the table shows that with in-
creasing ion conceptration the concentration of the un-ionized TICl,
decreases rapidly, and the ionic solubility product (T1%)(ClO,™) increases
less rapidly. The wvalues of the expoments m; and m, were calcu-
lated to be 0.20 and —o.30 1espectively. The value of m, is larger than
that found in the KClO, experiments, bat is about the same as the values
found in the TICl experiments in the more concentrated salt solutioms
(see Table VI). The three sets of results studied in this article are thus
seen to yield corresponding results.

Discussion of the Results.

The results reached in the cases here investigated, that the concentra-
tion of the un-ionized substance in the saturated solution rapidly de-
creases with increasing concentration, is in perfect agreement with the
conclusions drawn by Arrhenius and Stieglitz from the solubility deter-
minations with the silver salts of certain organic acids in the presence
of salts with common ions. It may therefore be accepted as a general
principle.

The evidence in favor of regarding as a general law the increase of the
solubility product with increasing ion-concentration is somewhat less con-
clusive; but the results presented in this article and the data on the elec-
tromotive force of concentration cells support such a conclusion. Stieg-
litz’s calculations, it is true, show a general increase of the solubility
produet for the silver salts of organic acids, but the increase is much less
rapid than in the TICl experiments, even in the case of the silver salts
which are more soluble than thallous chloride. For the silver salts of
about the same or smaller solubility than thallous chloride the solubility
product remains almost exactly constant over a large range of concentia-
tion of the added salts. We must therefore conclude for the present

T Article II, B. The jonization values are given in Table XI of this article.

% The last two lines of the table show the effect on the solubility of the uni-bivalent
salt T1,5S0, produced by TICIO,, a uni-univalent salt with a common jon. In this case
the concentration of the un-ionized T1,S0, is seen to decrease rapidly with increasing
ion-concentration and the solubility product (T1+)%(SO,=) was found to increase

rapidly. Additional more comprehensive examples will be presented in later articles
of this series.
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that the solubility product for uni-univalent salts remains nearly con-
stant or increases steadily with increasing ion-concentration, and that
the increase will probably be more marked the greater the solubility of
the salt.

The inconstancy of the ionic solubility product has recently been dis-
cussed by Hill,> who concluded that there is a decrease and not an in-
crease with increasing concentration of added electrolyte. His experi-
ments show that the solubility of thallous chloride decreases rapidly in
very concentrated solutions of acetic acid, and that the solubility of
tetramethylammonium iodide decreases rapidly in very concentrated
solutions of potassium hydroxide. -The solubility product must decrease
in these cases with increasing concentration of the added substance;
but it is very doubtful whether Hill is justified in drawing general con-
clusions from these two cases, since acetic acid at least is not a typical
strong electrolyte and since the behavior in dilute solutions has not keen
carefully examined. It seems more probable that these experiments
indicate the mutual insolubility of acetic acid and thallous chlo-
ride, and of tetramethylammonium iodide and potassium hydroxide.
That such “solvent effects’” must be taken into consideration has been
shown in a striking manner by Kendall? in a recent article.

Summary.

In this article the effects of six typical salts on the solubility of thal-
lous chloride, of two salts on the solubility of potassium perchlorate,
and of one salt on the solubility of thallous chlorate have been discussed
quantitatively by the method described in the introduction to this series
of articles. This method consists essentially in calculating, with the
aid of ionization values derived from conductance, the concentration
of the un-ionized portion and the product of the concentrations of the
ions of the salt with which the solution is saturated for the case when it is
present alone and for cases in which another salt is simultaneously pres-
ent.

This “un-ionized’’ concentration and this ““solubility product’’ should,
according to the mass action law, be constant in any saturated solution.
The actual variations of these quantities in the different cases are shown
in the last two columns of Tables III, VII, and X, and in Fig. 1a of this
article. In every case the un-ionized concentration (BA) decreases mark-
edly and the solubility product (B*)(A™) increases slightly, as the total
concentrations of the salts and of the ions in the saturated solution in-
crease.

A study of these variations by means ot the logarithmic plots of Fig.
1b and 2 shows that they can be expressed approximately as a function

I Hill, THIS JOURNAL, 32, 1186 (1910).
? Kendall, Proc. Roy. Soc., 85, 200 (1911).
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of the total ion-concentration (X7) in the solution by the expomential
equations,
(BA) = k (Zi)™ and (BT)(A™) = k(Zi)™,

in which &, &, m,, and m, are constants, which were separately deter-
mined for each substance in the presence of each added salt. These ex-
pressions are evidently closely related to the empirical dilution law
(BT)(A™)/(BA) = K(Zi)* ™, K being equal to k,/k, and the exponent 2-n
equal to m,—m,. In the case of thallous chloride, where the range of
the concentrations of the added salts was very large, these exponential
expressions do not fully express the results. As shown by the curva-
ture of the logarittmic graphs, different values of the exponent m, or
m,, must be assumed at different concentrations.

The values of m,; and m, were found to be as follows:

"y, My,

TICl  + uni-univalent salts at (27) = o0.016.... 0.07 -—0.33

+ uni-bivalent salts at (24) = 0.016.... 0.03 -—o0.37

+ uni-unjvalent salts at (27) = 0.100....0.12t00.20 —0.28 to—0.20

+ uni-bivalent salts at (X7) = 0.100....0.12t00.18 —0.28 to —0.22
KCl0, + KCl1 at (24) = o.12 .... 0.11 —0.39

+ K,S0, at (24) = o.12 .... 0.07 —0.43
TICI0, + T1,80, at (27) = o.12.... 0.20 —0.30

It will be seen that the values of m, at the small concentration o0.016
normal are small and less than those at the higher concentrations. This
seems to justify the conclusion that the solubility product would be prac-
tically constant in the case of less soluble salts in the presence of small
quantities of other salts.

The fact that the values of m, are much smaller than those of m, at
small concentrations shows that the deviation from the theoretical dilu-
tion law (BT)(A™)/(BA) = k is mainly due to abnormal behavior of the
un-ionized substance and only secondarily to abmormal behavior of the
ions.

In terms of the activity concept, these results indicate that the ratio
of the activity to the concentration of univalent ions is nearly constant
below 0.016 normal, but that above this concentration it decreases with
increasing concentration at first slowly and then more rapidly. The
cortesponding ratio for the un-ionized portion, on the other hand, in-
creases very rapidly with increasing concentration throughout the whole
range of concentration investigated.

The nearly uniform effect on the un-ionized comcentration and on the
solubility product exerted by the salts of the two different valence types
and by those with and without a common ion confirms the original as-
sumption that the ionization relations of uni-univalent salts are primarily
determined by the total equivalent ion-concentration. There are,



1686 GENERAL, PHYSICAL AND INORGANIC.

however, consistent differences of secondary order in the effects of the
different kinds of salts, and especially between the uni-uni- and uni-bi-
valent salts.

‘In conclusion, I take pleasure in thanking Piofessor A. A. Noyes for
his assistance in connection with this investigation.
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1. Purpose and Outline of the Investigation.

In undertaking a systematic extension of our knowledge of aqueovs
solutions of strong electrolytes into the region of “concentrated’’ solu-
tioms, it is natural to begin the study with the simplest type of such elec-
trolytes, the uni-univalent salts. The salts of this type range from those
such as cesium nitrate and iodide, which are slightly or not at all hydra-
ted in solutiomn, to those of which lithium chloride is an example, which
are combined with considerable amounts of the solvent. The present
investigation includes the two salts cesium nitrate and lithium chloride,
which represent extremes in this respect, together with one salt, potas-
sium chloride, which occupies an intermediate position.

For investigating the condition of these salts in solution the freezing-
point method was adopted. As pointed out in a previous paper,® this
method possesses the disadvantage that ome is obliged to change two
variables simultaneously, the concentration and the temperature. This
difficulty can be avoided either (1) by combining measurements of heat
of dilution with those of freezing-point lowering, or (2) by replacing the
freezing-point method by the method of vapor-pressare lowering. For
higher temperatures the latter altermative is preferable and a parallel

1 Contributjons Nos. 1 and 2 ‘of this series appeared in THi1s JoURNAL, 32, 653
and 1636 (1910), and 33, 1461 (1911). Owing to the fact that the author was given
no opportunity to correct the page proof of article No. 2, it is necessary to note the fol-
lowing corrections: p. 1462, for G. N. Lewis® read G. N. Lewis?; p. 1472, line 1, for (10)
read (12); p. 1467, for (see p. —) read (see p. 1471); p. 1473, Table IV, for 19° read
18°, and for f, read 7o, p. 1463, Note 2, nex: to last line, the figure 7 is omitted.

2 Presented at the Indianapolis meeting of the Society, June 29, 1911. Abstract
of a thesis presented by Mr. MacInnes to the Graduate School of the University of
Illinois in partial fulfilment of the requirements for the degree of Doctor of Philosophy.

® Technology Quarterly, 21, 379-80 (1908).



