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Furthermore, the chance for lapse of mental concentration and attention
is greatly diminished in the single deflection method. In work of great
importance the weighing can be checked by a second weighing in less time
than is needed for one weighing by the conventional methods.

It is certainly not advisable to teach this method to students as their
sole equipment for weighing operations, for a number of good balances
on the market are of the “single release” type; but with proper emphasis
on the limitations of the process the single deflection method can be given
to students with great benefit. An analyst who will weigh out a 3-g.
sample of steel, for determination of phosphorus, with an accuracy greater
than within one mg., has little greater chance of success in the world than
he who will weigh out a o0.2-g. sample of copper foil, for standardizing,
with an acuracy less than within 1 mg.
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The first evidence which indicates that all salts which give, on complete
ionization, 3 or more ions, ionize in steps in such a way as to give inter-
mediate ions, was presented by Harkins® in 1911. The earlier idea was
that intermediate ions are present in aqueous solution of some of the salts
of higher types, but not in all cases. Thus Abegg and Spencer,* in 1905,
considered that thallous oxalate gives rise to an intermediate ion, but
potassium oxalate does not, while in 1911 Jellinek® concluded that inter-
mediate ions are present in solutions of sodium sulfate, but not when
potassium sulfate is the solute. Such salts are mercuric chloride, cad-
mium chloride, and lead chloride were commonly believed to give inter-
mediate ions, but the more ordinary salts were in general supposed to
ionize in one step or else to give only a negligible fraction of intermediate
ions. Perhaps the strongest evidence in favor of ionization in one step

1 This series of papers was begun by the senior author in the Research Laboratory
of Physical Chemistry of the Massachusetts Inst'tute of Technology and has been
continued in the laboratory of the University of Chicago with the consent of Professor
A. A. Noyes.

2 Revised manuscript received April 21, 1919. The paper was completed, except
for minor changes, in June, 1914.

3 TH1s JOURNAL, 33, 1836—72(1911); Harkins and Pearce, Ibid., 37, 2679 (1916).

4 Z. anorg. Chem., 46, 406 (1905).

§ Ibid., 76, 309 (1911).
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was found in the fact that in solutions of uni-bivalent salts the transference
number is independent of the concentration. The work of Harkins in-
dicates, however, that the percentage of intermediate ion is not negligible,
but for salts of the type of potassium sulfate is 189, for 0.01 N solutions,
35% at 0.1 N, and rises to 469 in a normal solution, these being the per-
centages for the KSO,~ ion.

In a study of the solubility of uni-bivalent salts it was found that whereas
the addition of a salt with a common univalent ion decreases the solu-
bility of the uni-bivalent salt very greatly, just as would be expected, the
addition of a salt with a common bivalent ion has an entirely different
effect from what had previously been supposed. In other words, the
solubility curve in the latter case, at least where the saturating salt has a
solubility of 0.05 N or more, has another form than that which would be
predicted from the solubility product principle upon the basis of the usual
assumptions. Instead of falling rapidly as the concentration of the added
salt increases, the solubility of the saturating salt decreases?® at first slightly
but then increases.

When salts of the bi-bivalent type are used as saturating salts it is im-
possible to add a salt with a common univalent ion; but when salts with
bivalent common ions are added to solutions of calcium sulfate (see Fig. 1),
the solubility curves have somewhat the same form as when the saturating
salt is of the uni-bivalent type. The explanation given by Harkins for
the peculiar solubility curve of the uni-bivalent salts, was that it is due
to the presence in such solutions of a considerable percentage of inter-
mediate ions such as XS0O,;~, BaCl+, etc.

It was found that the presence of intermediate ions in solution
could also be easily recognized from the slope of the curve representing
the solubility of the un-ionized part of the saturating salt when the con-
centration of the un-ionized part is calculated on the basis of the usual
assumptions, which are as follows: (1) That the isohydric principle is
valid, (2) that the usual method of calculating percentages ionization is
correct, and (3) that no intermediate ions are present in the solution.
Now, it happens that the deductions obtained by this method of detecting
intermediate ions hold in all probability even if (1), the isohydric principle
is not valid, and (2) if the usual method of calculating the percentage
ionization is incorrect. This is true because no use is made of the abso-
lute values of the solubility of the un-ionized part of the salt as calculated,
and the only essential feature of the method is a proper comparison of
the slopes of the calculated solubility curves for the non-ionized parts of
uni-univalent and uni-bivalent salts. ‘Thus, when calculated in the usual

1 In the case of highly soluble salts of this type this initial decrease is absent,

and the curves have the forin which would be expected if the added salt had no ion in
common with the saturating salt.
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way, such curves for the wuni-univalent salts slope rapidly downward as
the total ion concentration (or the concentration of the added salt) in-
creases. Now, if similar curves are constructed for uni-bivalent salts, it
might be expected that they would have a somewhat similar form, and
this is exactly what is found when the added salts used are such as would
have little effect upon the calculated solubility of the un-ionized part when
intermediate ions are present. The only salts of this kind are those with %o
common ton. In this case the curves for uni-univalent and uni-bivalent salts
lie almost exactly parallel (compare with Fig. 3). However, when the
added salt contains a common bivalent ion, the curves, when calculated
on the basis of the third assumption, 7. ., that no intermediate ions are
present, should not show the same slope if intermediate ions are present
in considerable quantity. From the change in the slope of the curve it
would be possible to form some idea of the amount of the intermediate
ion present, although a quantitative estimate can be made much more
accurately by the use of other methods. Now, if intermediate ions are
present in the saturating salt, the calculated solubility of the un-ionized
part should decrease much more rapidly when the added salt contains a
common univalent ion, and, on the other hand, when a salt containing a
common bivalent ion is added, this solubility should either decrease less
rapidly or if the relative number of intermediate ions is large, the calcu-
lated solubility curve should rise instead of falling, and this latter has
been found to be the case for uni-bivalent salts. It will be seen that this
method of showing the presence of intermediate ions, and also something
of their relative amount, depends upon the deviation of the calculated
solubility curves from the normal slope, since at least the greater part of
the deviation is caused by the false assumption that intermediate ions are
absent.

When it is realized that more than half of the salts commonly used are
higher type salts, it will be seen that it is important to extend this in-
vestigation to a study of types still higher than the uni-bivalent type al-
ready studied.! ‘The next most important type of salts is the bi-bivalent;
and in this type of salts there is a reversion from the tri-ionic
salts previously investigated to di-ionic salts, which, with respect to the
number of ions formed by a simple ionization, would seem to belong to
the same type as the di-ionic uni-univalent salts. Since, by their simple
ionization the bi-bivalent salts would give the same number of ions per
molecule it might be expected that the curve for the solubility of the un-
ionized part should be of the same general form as for the uni-univalent
salts, provided that the ionization of the bi-bivalent salts is entirely a
simple one.

1 Harkins and Pearce, TH1S JOURNAL, 37, 2679 (1016) have shown that uni-trivalent
salts give a large number of intermediate ions in solution.
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In view of these interesting ionization relations of trionic and still higher
type salts, a study of sparingly soluble bivalent salts was undertaken
with calcium sulfate as a type salt of this group. Its solubility and con-
ductance were determined in pure water and also in solutions of various
concentrations of copper sulfate, magnesium sulfate, and potassium ni-
trate. Density determinations were made on all mixtures and all weigh-
ings were corrected to vacuum. In the calculations the atomic weights
for 1910 were used.

Preparation of Salts and Solutions.

The water used for this investigation had in no case a greater specific conductance
than 0.7 X 10™% and the average value in the bottles in which it was stored was
0.6 X 1078,

Calcium Sulfate.—This salt was made by the addition of a very dilute potassium
sulfate solution to to very dilute calcium chloride solution, Kahlbaum’s “Zur Analyse”
salts were used and the work carried out in special vessels of resistance glass. The
calcium sulfate was washed thoroughly and rotated with several successive portions
until the conductivity became constant. This salt was preserved in glass-stoppered
resistance glass bottles.

Gypsum.—For comparison some very clear plates of gypsum were obtained from
Dr. A. D. Brokaw of the Geology Department.

Magnesium Sulfate —Kahlbaum’s “Zur Analyse” salt was twice recrystallized
from conductivity water and a stock solution made up and analyzed by evaporation in
platinum and weighing as magnesium sulfate.

Copper Sulfate.—Kahlbaum’s “Zur Analyse” salt was twice recrystallized from
conductivity water.

Potassium Nitrate.—Baker’s potassium nitrate was recrystallized twice from
conductivity water.

Methods of Analysis.

Calcium.—Calcium was determined by careful precipitation with ammonium
oxalate froin ho: solution; after standing 4—6 hours, the calcium oxalate was filtered,
washed with water containing a little ammonium oxalate, ignited in tared platinum
crucibles and weighed as calcium oxide. Where copper was present it was removed
from a very dilute solution by precipitation with hydrogen sulfide. The separation
of magnesium from calcium presented difficulties because of the well-known fact that
the quantitative separation of small amounts of calcium from much larger amounts of
magnesium is unsatisfactory. ‘The method proposed by Cameron and Bell! leaves
much to be desired from th - standpoint of accuracy A plate of pure gypsum rotated
in 25 cc. of conductivity water showed a loss equivalent to  solubility of 2.067 g.
per 1000 g. solution. The solution from this gave 2.083 g. CaSO; per 1000 g. of solu-
tion by the oxalate method, while the specific conductance was 0.0022115 ohms, almost
the same as tha for the prepared salt (0.0022148). This method was used therefore
only in solutions of comparatively high con entration of magnesium sulfate. For
the more dilute solutions the method proposed by Richards, McCaffery and Bisbee?
was used.

Experimental Methods.

An excess of the calcium sulfate was rotated with water or solution of a salt in a

500 ce. glass stoppered resistance glass bottle which had been “‘steamed out” and

v J. Phys. Chem., 10, 212 (1906).
2 Proc. Am. Acad., 36, 375 (1901).
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thoroughly seasoned. The temperature was measured by a thermometer which had
been compared with a certified Baudin thermometer. For each determination satura-
tion was approached both from under-saturation and supersaturation. The solutions
were filtered in the thermostat and the first so cc. rejected, in order to prevent errors
due to adsorption. In the experiments with copper sulfate the concentration of copper
was determined for each bottle separately. In the other series solutions were care-
fully made up in calibrated flasks from a weighed amount of standard solution. The
calcitm sulfate was finally carefully washed on a platinum cone with a large amount
of the solution, and quickly transferred to the bottle, which was then filled up with solu-
tion and rotated as usual.

The conductivity measurements were made in the usual way with a roller bridge
carefully standardized. The apparatus was similar to that used by Washburn.! Great
care was taken throughout the work to exclude carbon dioxide from the solutions.
The bottles were all filled with carbon dioxide-free air and all solutions and water
carefully protected from contact with the air by soda lime trains.

Experimental Data.

The results of the solubility determinations of calcium sulfate in solu-
tions of copper sulfate are given below in Table I, in Potassium nitrate in
Table IIg, in magnesium sulfate in Table IIb, and those for gypsum in
magnesium sulfate in Table IIc.

The solubility of calcium sulfate in solutions of copper sulfate, magne-
sium sulfate, and potassium nitrate, together with the conductances of
all of the solutions of the pure salts and of the mixtures, were determined
by us, because none of the previous work on calcium sulfate gave exten-
sive enough conductivity data for our purpose. The solubility data are
plotted as undotted lines in Fig. 1, while the dotted lines represent the
work of Cameron with potassium and sodium sulfates as the added salts.
Other data of a similar nature may be found in papers by Sullivan? and by
Cameron? and his associates.

The curves in this figure, which represent the addition of the common
bivalent ions, do not have the form to be expected when a common ion
is added, in fact, as is shown most clearly in Fig. 1, at a very low concen-
tration (o0.15 N) the copper sulfate curve changes to the form to be ex-
pected when a salt with no common ion is added, while that for magnesium
sulfate changes at about 0.35 N. The form of these curves is somewhat
the same as that previously found when a salt with a common bivalent
ion is added to a solution in which the saturating salt is unibivalent and
has a solubility of 0.07 N or more. The principal difference is that the
initial solubility drop is greater in the case of the bi-bivalent salts. This
change in the form of the curves representing the common ion effect has

1 THIS JOURNAL, 38, 177 (1913).

2 Ibid., 27, 532 (1905).

3 Cameron and Seidell, J. Phys. Chém., 5, 643~55 (1901); Cameron, Ibid., 5,
56 (1g9o1); Seidell and Smith, Ibid., 8, 493 (1904); Cameron and Bell, THIS JOURNAL,
28, 1220 (1906); Cameron and Bell, J. Phys. Chem., 10, 212 (1906); Cameron and
Brezeale, Ibid., 8, 337-40 (1904).



TasLg I—SoLUuBmLITYy of CALCIUM SULFATE IN SoLUTIONS OF COPPER SULFPATE.

Copper sulfate,

Calcium sulfate.

Per liter Por 1000 g.  Equivalents Per 1000  Per 1000 g Per liter Equivalent Per 1000 Specitic
of solution. solution per liter g. water. solution. solution, concentration . water, conductance
G. G. of solution, G. G. G. per liter. . of mixture.
0.0 0.0 0.0 0.0 2.0854 2.0835 0.03064 2.0897 0.0022148
1.9963 1.996 0.025010 2.002 1.8435 1.8458 ©.027113 1.8511 0.0031580
7.9758 7.922 0.099925 7.998 1.671 1.6823 0.024711 1.687 0.0061348
16.082 15.842 0.20147 16.128 1.661 1.6860 0.024767 1.601 0.009680
33.810 32.67 0.42358 33.838 1.7468 1.8037 0.026493 1.8003 0.016383
155.01 134.65 1.9420 155.95 1.944 ¥.2333 0.032804 2.252 0.046627
TaBLE II.—SoLuBmLiTy oF Carcium SULFATE (a) v SoLUTIONS OF Porassium NITRATE.
d25 Equivalent .
G. salt added 4 concentration G. added G. added G. Ca G. Ca Equivalent G. Ca
per liter of added per liter salt per salt per 804 per S04 per concentration SOq4 per Specifie
of solution salt of solution 1000 g. 1000 g. 1000 g. liter of er liter 1000 g. conductauce
(KNOs.) solution, (KNOs). water. solution. solution.  solution. CaSOq). water. of mizture.
o o o o o 2.0854 2.0835 0.030604 2.0897 0.0022148
2.786 0.99876 0.027554 2.797 2.7824 2.454 2.4571 0.036002 2.4669 0.0059355
5.326 1.0004 0.052675 5.352 5.3106 2.7268 2.7347 ©.040169 2.7489 0.0090808
10.421 1.0036 0.10307 10.492 10.330 2,862 2.8870 0.42407 2.9002 0.014985
(b) in Selutions of Magnesium Sulfate.
(MgS0.). (MgSO0d).
0.0 e 0.0 0.0 0.0 .. . . e e
0.6027 0.9977 0.1I001I3 0.6044 0.60204 1.9565 1.9557 0.028726 1.9615 0.0026642
1.2168 0.9983 0.020216 1.2I190 1.2167 1.848 1.8482 0.027148 1.8537 0.003139
1.8351  0.999° 0.030488 1.8403 1.8339 1.777 1.7781 0.026119 1.7834 0.0036181
(c) Solubility of Selenite Plates in Solutions of Magnesium Sulfate.
o o o 2.064 0.030317 2.0703 0.0022115
o o o Caes 2.055 0.030185 3.0613 0.00221I15
1.3376 0.022223 1.3413 1.7838 0.026201 1.7886 0.0034042
3.3057 0.054921 3.3161 1.6417 0.024114 1.6469 0.0045499
6.203 0.10455 6.3148 1.5538 0.022823 1.5592 0.0066165
12.336 0.20495 12.385 1.4953 0.021964 1.5912 0.0I0415

25
dy
of mixture,

99911
0010

o.
I.
1.0069
1.0149
1.0324
1.1486

a2’
of mixture.
0.99911
1.0013
1.0029
1.0088

0.99960
1.0001
1.00067

0.99905
0.99905
1.0004
1.0018
I
I
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TaBLE IIT.—EQUIVALENT CONDUCTANCE OF MAGNESIUM SULFATE AT 18° AND AT 25°.
(CONCENTRATIONS IN EQUIVALENTS PER LITER, CONDUCTANCE
N Recrerocar, OHMS.)

Concentration, A1ge, A/A,, A25°, A/A,,

0.00 135.0 100.00 114.4 100.00
0.00050635 123.3 91.33 104.7 91.52
0.0010047 117.4 86.96 100.1 87.50
0.0020094 110.8 82.08 94.67 82.75
0.005023 99.0 73.33 84.35 73.73
0.010047 88.85 65.82 76.15 66.56
0.020004 78.08 58.50 67.23 58.77
0.050235 66.05 48.93 56.54 49 37
0.10047 57.79 42.81 49.58 43.34
0.20094 49.82 36.90 43.12 37.69
0.50235 40.72 30.16 35.25 30.81
1.0067 33.37 24.72 28.81 25.18

TaBLE IV.—CONDUCTANCE OF CALCIUM SULFATE SOLUTIONS. (a) AT 25°.

Equivalents Specific conduc- A, 25
per liter X 103, tance X 105. 1/ohm, 1/ohm, A/Ag. d4 .
0.0 .. 140.0 100.00
0.099955 1.3657 136.63 97.59
0.19055 2.650 132.88 94.91
0.49795 6.343 127.38 90.98
0.9959 12,104 121.57 86.84 ..
1.9975 22.612 13.20 80.86 0.99720
5.011 50.195 100.1§ 71.83 0.99748
10.081 90.17 89.45 63.89 0.99782
30.610 221.48 72.35 51.68 0.999I1
36.408 252.0 69.21 49.44 (Hulett)
() AT 18°, 18,
0.0 . 119.00 100.00
0.10013 1.1644 116.28 97.80
0.19986 2.2670 113.43 95.32
0.49871 5.436 109.0 91.60
0.99755 10.407 103.82 87.24
2.007 19.446 97.19 81.67 .
5.023 43.270 86.20 72.44 0.99895
10.096 77.96 77.21 64.88 0.99897

TaBLE V.—CONDUCTANCE OF COPPER SULFATE SOLUTIONS AT 25°.

Equivalent Specific conduc- A, 25
concentration. tance X 10%. 1/ohm, 1/ohm, d4 .
0.025156 1.7286 86.50 0.99950
0.050202 2.9688 59.13 1.0013
0. 100081 5.0609 50.56 1.0053
0.201085 8.7545 43.53 1.0136
0.41993 15.535 36.99 1.0307
1.9335 46.082 23.83 1.14645



TasrLy VI

Tonization of Salts in Mixtures Containing (a) Copper Sulfate or {b) Maguesinm Salfate in which Calcium Sulfate is the Saturating Salt,
Calculated on the Assumption that Complex or Intermediate Ions are not Present. (Conceutrations in Lguivalents per Liter.)

Specific conductance

Solubility Solubility prod- Couen. of mixture X 103,

Total conen. Solubility. un-ionized. Conen. Zior conen.  uct Cat+ X un-ionized  Concn. ious e

(CuS0s). CaS0.. CaSOa. Catt jons. SO4= ions. S04= X 10t.  (CuSO0y). (Cut+). Cale. Det.

0.0 0.030604 0.014788 0.015816 0.015816 2.503 0.0 0.0 2.2142 2.2148

0.025010 0.027113 0.014353 0.012760 0.02376 3.032 0.01401 0.0I10 3.2393 3.1580

0.09992 0.024711 0.015121 0.009590 0.04587 4.398 0.06365 0.03628 6.1352 6.1348

0.20147 0.024767 0.016197 0.008570 0.07285 6.243 0.13719 0.6428 9.6912 9.6798

0.42358 0.026493 0.018503 0.007990 0.12280 9.811 0.30878 0.1148 16.284 16.383

1.9420 0.032804 - c. 46.627

(MgS04.) (MgSOy) Myt

0.0 0.030604 0.014788 0.015816 0.015816 2.503 0.0 2.214 2.11

0.010013 0.028726 0.014576 0.0I4150 0.01934 2.735 FN 0.00519 2.681 2.664

0.020216 0.027148 0.014303 0.012845 0.02294 2.941 N 0.01005 3.155 3.139

0.030488 0.026119 0,0I4210 0.0119I 0.02655 3.162 0.01585 0.01464 3.645 3.618

0.054921 0.024114 0.014084 0.01003 0.03500 3.510 0.03002 0.0247

0.10455 0.022823 0.01392 0.00890 0.05190 4.630 0.06155 0.0430

0.20495 0.021964

TasLg VII

Tonization of Salts in Mixtures of Calcium Sulfate and Potassium Nitrate in which Calcium Sulfate is the Saturating Salt. (Concentra-
tions in Equivalents Per Liter.)

Zi = Solubil- Specific conduc-
‘Cotal ‘Total Concen. Conen. Conen.  total ion ity prod- Conen. tance X 103,
conen. solubility. CaSO0s Cat+ SO= concen- tict Ca X KNOQOs;un- ———r———
KNOs. CaS0s.  nu-ionized. ions. ions. tration. S04 X 104, ionized. Cx+. CNO:—. C(CaNOyp:. CKaS0s.  Cale. Det.
0.0 0.030604 0.014790 0.01582 0.01582 0.01582 2.503 0.0 0.0 0.0 0.0 0.0 2.2142 2.2115

0.027554 0.036092 0.0I3553 0.01955 0.0IQ55 0.04195 3.82I 0.00I779 0.0224 0.0224 0.00302 0.00348 6.008 5.936
0.052675 0.040160 0.0I1322 0.02I92 0.02192 0.06400 4.805 0.00508 0.04207 0.04207 0.00503 ©0.00550 9.I158 9.081
0.1236 0.04820 0.013125 0.02600 0.02600 ©0.1210 6.760 0.01872 0.0950 0.0950 0.009148 0.00970
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been shown, in previous papers of this series, to be connected with the
formation of complex ions, double salts, or intermediate ions.

Another indication of the presence of intermediate or complex ions is
that the solubility product as calculated from the solubility measurements
increases more rapidly than when such ions are absent. This is because
the calculations of the ionization count a part of the material present as
intermediate, as being in the form of simple ions, and since the concen-
tration of the intermediate ion increases rapidly with the concentration,
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Equivalents per liter of added salt.

Fig. 1.—Solubility of ealcium sulfate in solutions of other salts. Note that the solu-
bility decrease when the concentration of the added salt is only 0.1 equiva-
lents is very much less than corresponds to the solubility-product principle.
At higher concentrations the curves take on the form of non-common ion
curves.

this leads to an apparent rapid increase of the solubility product. It
has been shown in a former paper that when account is taken of the in-
termediate ions in solutions of uni-bivalent salts, the solubility product
as calculated becomes much more constant. Fig. 2 indicates that the solu-
bility product of a bi-bivalent salt, calculated on the wusual assumption
that intermediate and complex ions are absent, increases with extreme
rapidity as the concentration of the solution (the total ion comcentra-
tion) increases. Thus, when copper sulfate is the added salt, the solu-



1164 WILLIAM D. HARKINS AND H. M. PAINE.

hility product is increased to more than 3 times its smallest value before
the total ion concentration has reached o.1 N, so the apparent activity
ol the bivalent ions decreases very rapidly with increasing ion concentra-
tion. Itis, of course, possible that the whole of such a very rapid increase

70 /
6.0 /
N/ Q2
gb‘y‘
5.0 Q/
X o N0
i‘i 3.0
3
2
2.0 \47
QR
Ba (Br|0s), / 5
0.0 Senm— ; " b |
20 40 60 8o 100 120

Total ion concentration (2¢) in milli-equivalents.

Tig. 2.—The solubility product for uni-univalent, uni-bivalent, and bi-bivalent salts,
calculated on the assumption that intermediate ions are absent.

in the solubility product of salts of this class, cannot be explained by the
assumption of the existence of complex ions.

The solubility of the un-ionized part of the salt as calculated on the as-
sumption that intermediate ions and other complexes are absent (Fig. 3)
is much more constant than it was found to be for uni-uni- and uni-bi-
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valent salts, except in the more concentrated solutions in which copper

sulfate is the added salt.

The change in the slope of these curves as com-

pared with those for the uni-univalent salts, is in the same direction as
that for uni-bivalent salts when the common bivalent ion is added, that is
the change in slope is in the direction to be expected if intermediate ions

are present.
1.7
022
1.6 ?,AW
Pb(lz<
§ 1.4 : P *C?
0
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® WMaSPa
2 r/c/ / dgo&
E% 1.2 B Agzs°4§ %
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Log.! total ion concentration =z,
Concentrations in milli-equivalents.
Fig. 3.—The concentration of the un-ionized part of uni-univalent (T1Cl), uni-bivalent
(Ba(I0y);, Ba(BrOs)s, Ag:S0s PbCly) and bi-bivalent (CaSO,) salts in their
saturated solutions in the presence of other salts, calculated on the in-
correct consumption that intermediate ions are absent,

1 The curves for barium iodate should be ten squares lower down and five squares

Surther to the left.
spite of their large displacement.

Note how closely these curves parallel those for bariumi bromate in
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1t is to be specially noted that most of the vesults described above were ob-
tained in dilute solutions, that is below o.1 N total ion concentration,
and that therefore they are not to be considered from the standpoint of
much of the work in the literature in regard to the formation of double
or complex salts in concentrated solutions. The formation of these
latter double and complex salts is highly specific, while that for which
evidence is obtained in this paper will undoubtedly be found to be gen-
eral, just as the similar behavior of uni-bivalent salts described in the first
paper of this series, was later proved to be perfectly general.

As has been suggested in the first part of this paper, a large part of this
abnormal behavior of bi-bivalent salts would be only apparent if complex
bivalent ions are formed. These would have the form

ol sl sl
< 0. N N
SO, “Ca* Mg+ Cut
Mg+ Cu™ S04~ S04~ SOK
SO4< SO‘< Mg< Cu< Cu<
Mg+ Cu* S04~ S04~ SO~

and would form salts of a ring structure:

SO. SO. 0) O
" e el Do el ° Sow el " e
\SO SO/ \SO \SO4K

Since the formation of such intermediate ions or ring or double salts
stores the materials in forms in which they do not enter into the primary
equilibrium between the solid, the un-ionized part of the salt consisting
of single molecules, and the ordinary ions,! it increases what is called the
solubility of the salt by approximately the amount of the material put
into such forms. ‘This is similar to the increase in the solubility of a salt
by metathesis. ‘The complex ions do not enter into the simple solubility
product equilibrium, as it actually is, but since they carry the current,
they make the apparent number of simple ions greater than accords with
the facts, so that the solubility product calculated on the basis of the ap-
parent number instead of the real number of simple ions, comes out too
large, and since the number of intermediate ions increases rapidly with
the concentration, the apparent solubility product, also increases very
rapidly.

The equivalent solubility S, of a salt which dissociates in the above
manner may be given as follows:

So = 2(AB)o + 4(A:Ba)o + 2(Bo) + 2(ABA), + 4(BAB),,
where AB represents the number of mols of the un-ionized single mole-

! When this series of researches was begun in 1910 it was the intention to investi-
gate complex formation in salts of the uni-univalent type. Since that time this prob-
lem has been taken up by G. McP. Smith and his students in a series of comprehen-
sive studies, See THIS JOURNAL, 40, 1802 (1918},
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cules, A:B; of the double molecules, B of the positive ion, ABA of the
negative intermediate ion, and BAB of the positive intermediate ion. A
more complete analysis for the similar case of a uni-bivalent salt has al-
ready been given in a former paper of this series.!

In solutions of uni-bivalent salts, in addition to intermediate ions such
as KSO,, ions of the type of K-SO.SO;~ are to be expected, while in
concentrated solutions of uni-univalent salts, there is much probability
that double molecules such as KpCly, and their complex or intermediate
ions, KyCl+ and KCl,~ exist.!

While the evidence for the existence of complex ions in solutions of
bi-bivalent salts is neither so complete or so perfect as that obtained in
solutions of uni-bivalent salts from the standpoint of the solubility re-
sults obtained thus far, there is an independent line of evidence which
could not be obtained in the latter case; that is the mobility of the ions in
bi-bivalent salt solutions decreases rapidly as the concentration of the solu-
tion increases. This change is in the direction to be expected if complex
ions are present. Such complex ions differ from the complex ions usually
considered in the literature in that the evidence points to their existence
in dilute solutions, just as is the case with intermediate ions. In this re-
spect the complex ions considered in this paper are more like such inter-
mediate ions; and so might well be called intermediate ions, since they are
intermediate between the single and the double molecules of the salt.

Summary.

1. It has been shown in former papers by Harkins and his co-workers
that salts of the tri-ionic and still higher types ionize in steps and give,
even in 0.1 or 0.1 N solutions, a very considerable percentage of inter-
mediate ions. The present paper shows that the solubility relations of
calcium sulfate when common ions are added, are very similar to those
of such higher type salts. This indicates the probability that complex
ions, such as Ca(SO4);~— and CapSO,++ are present in the solutions.
These complex ions differ from what are usually considered under this
designation, since they are present to a considerable extent in dilute solu-
tions, so in this sense they are more like intermediate ions.

2. If it is assumed that such complex ions are absent, the solubility prod-

1 According to the octet theory of Lewis, lately amplified by Langmuir, these

o o
N/
050

salts would have the structure Ca\O >Ca where each bond represents a pair
—5—0

7\
(0] (0]
of electrons, common to two octets.
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uct calculated on this basis is found to increase with great rapidity as the
concentration increases; thus, if the total ion concentration increases
from 0.02 to 0.10 N the solubility product is tripled, so, if only simple
ions are present their activity decreases very rapidly with an increase in
concentration. On the other hand, the solubility found for the un-ionized
part on the basis of this assumption, remains much more constant than in
the case of uni-univalent salts. The change in the slope of these curves
is in the direction which is to be expected if complex ions are present.

3. The percentage concentration of such complexes is much higher in
copper sulfate than in magnesium sulfate solutions, at the lower concen-
trations.

Cuicaco, ILLINOIS,
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A NEW METHOD OF CHEMICAL ANALYSIS.
By A. W. HuiL.
Received April 16, 1919,

Two methods of X-ray chemical analysis are already fairly well known.

The first, which may be called X-ray spectrum analysis, is the result
of the classical experiments of Moseley,* and consists in attaching the sub-
stance to be investigated to the target of an X-ray tube and photograph-
ing its X-ray line spectrum. The X lines belonging to each element
are very few in number as compared with the very large number in the
visible spectrum, and they bear a simple relation to the atomic numbers
of the elements, so that they can be identified quickly and absolutely by
comparison with standard tables. Moseley's measurements have been
extended by Siegbahn? and his collaborators to practically all known
elements of atomic weight greater than sodium, and the lines have been
collected in a table for convenient reference.? This method is applicable
to all substances which can be attached to the target of an X-ray tube,
except those in the first row of the periodic table.? It thus supplements
visible spectrum analysis in being most easily applicable where the latter
is least so, viz., to substances not easily volatilized.

The second method, which may be called the X-ray absorption band
method, is due to the discovery by Barkla* of the X-ray absorption bands
of the chemical elements. The position of the edges of these bands have
tow been measured accurately and tabulated for practically all the ele-

t Moseley, Pkil. Mag., 26, 1024 (1913); 27, 703 (1914).

2 Siegbahn, Jahrb, Radioact. Electronik., 13, 336 (1916).

3 T'he limitation is due to the fact that no crystal is known with atoms far enough
apart to act as a grating for the relativelv long wave lengths characteristic of these

first row elements.
& Phil. Mag., 17, 739 (1909).



