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General Introduction.

wnile the fact that two single salts can combine to
form a third salt with an individuality of its own had long
been known to students of chemistry, yet it was only in
cémparatively recent years that this question received any
~ particular attention.

It is not known with any certainty who first drew
attention to the above fact, for, like many other interesting
cases, we first come across 1t in the literature as an
accepted fact, Berzelius as far back as 1812 cited potassium
alum as an example in support of nis Dualistic Theory, and
Thomas Granam made extensive use of the alkali double sulphates
in his investigation of *Water of Crystallization®.

These, and other cases, go to show that dbuble salts
were well known, though there seems to have been little or
nothing known about the conditions of their formation. The
prevalent idea seems to have been that which still commonly
holds, that these conditions are completely summed up in the
foliowing statement :— equimolecular gquantities of the two
single salts are dissolved in hot water, and on cooling the
double salt crystallizes from the mixed solution. It is seen
in the sequel that these conditions are totally inadequate.

- It was left t0o such investigators as Arrhenius and van't
Hoff to supply a theory of double salt formation,. Tne approach
was Tirst made by investigations and suggestions on the prablem
of the solution of single electrolytes, a very necessary

procedure before any idea as t0 the formation of double salts
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could be evolved, The immense amount of both theoretical and
practical work put forward in the past decade nhas left the
problem.of solution still unsolved, but on the other nand as
regards the conditions of formation of dowble salts the work
done has been of the utmost value, especially when considered
in the light of the Phase Rule. This aspect of the problem
will be dealt with later,

The first point that emerges is that there appear to
be two kinds of salts formed by the chemical union of two single
salts, double salts and complex salts, A double salt is dis-
tinguished by having an individual constitution in the solid
state only, decomposing in solution into its component salts,
A complex salt maintains its individuality in solution.

It would appear, however, that this difference is more
apparent than real, and a consideration of known facts would
suggest that the distinction is one rather of degree than of
kind, Thus complex salts show varying degrees of stability
among themselves, and can be arranged in the order of their
stability., The complex cyanides supply a very good example.
They can be arranged in a table showing several stages of sta-
bility. The least stable are those which, although they can be
isolated in the solid state, are decomposed by dilute acids
with separation of the simple cyanide, The most stable are
those from which the complex acid itself may be isolated.

To the first class belong potassium nickel cyanide and
potassium palladium cyanide, and to the second potassium ferro-

cvanide, Yet 1t is interesting to note that even potassium



ferrocyanide, tné.ﬁOSt stable of the complex cyanides, is
decomposed in solutién 1nt0‘tne.simp1e cyanides to a measurable
degree, It énould_be possible to arrange the double sulphates
in a similér manner , and thus throw some light on the mechanism
of their formation.

However, in spite of the large amount of experimental
work thét has been done, very little correlation between the
work of different investigators is to be found. Koppel (1) in-
vestigated a series of the double salts of sodium sulphate
with the sulphates of the bivalent metals. Benrath (2) has
investigated the thallium double sulphates. Schreinemakers (3)
and hils co-workers have published a large number of papers on
various double salts, and he has correlated these results in
several books, considering them, however, mainly from the poirtd
of view of the Phase Rule, Caven and Mitchell (4,5,8) have
published several papers on various double sulphates, and have
suggested that the double sulphates of the alkali metal type
should be thoroughly studied, By this means the effect of
alteration of alkali metal and of heavy metal could be investi-
gated,

Caven, Ferguson, and Mitchell (6) nave elabhorated this
view, and have put forward a general hypothesis regarding the
formation of double and complex salts in solution. Moreover,
evidence is submitted which indicates the presence of complex
ions in solution and demonstrates the existence and persistence
of 4Aouble sulphates in solution.

The work submitted in the present thesis is a contin-



uation and extension of the work of Caven, Ferguson, and
Mitchell, From investigation of still more of the alkali-heavy
metal sulphates further light is thrown on the above points.
Moreover , the double salts are considered from a general point
of view, that is their formation from solution is studied as
regards relative concentration of the component salts, change

of temperature, andi isothermal evaporation.
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Theoretical,

Vantt Hoff in his classical work *Vorlesungen iuber
Bildung und Spaltung von Doppelsalzen* (Liepzig,1897)
developed his theory of double salt formation from the point
of view of *solubility product®, He recognized that two kinds
of salts can ve formed by the chemical combination of two
single salts, double salts and complex salts. A double salt
is distinguished by having an individual constitution in the
801i4 state only, decomposing in solution into its component
salts; a complex salt maintains its individuality in solution,
0r expressed from the point of view of the ionic theory:-

The ions of complex salts in solution are d4ifferent,
and the ions of double salts are similar to the ions of the
simple salts from which they are derived,

-~ -The mode of formation of the two classes of compounds
brings out a definite distinction between them. The double
salt potassium ferrous sulphate (K2804.Feso4.6H20) is deposited
in the form of crystals from a mixed solution of the two
sulphates, which are both soluble in water. The complex salt
potassium ferrocyanide (K4Fe(cN)6) is formed by the addition
of potassium cyanide to a ferrous salt solution., Ferrous cyanide
is first precipitated, but is dissolved on addition of excess
potassium éianide forming potassium ferrocyanide, which in
sharp confradistinction to ferrous cyanide is readily soluble
in water. This sudden increase in solubility is peculiar to
the formation of complex salts.

These facts can be studied from the view point of
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"golubility product®, Thus consider a saturated solution of a
salt (an eleetrolyte). In such a case there is equilibrium
between the solid salt and the non-ionized salt in the solution,
so that the concentration of the non-ionized salt remains con-
stant at constant temperature. Further, there is equilibrium
in the solution between the non-ionized salt and its ions.
This can be represented by the equation,

A+ B = aB
where AB represents the: salt, and A and B the ions. Applying
the *law of mass action" it follows, for the latter equilibrium,
that,

[x][B]= K[AB] = 8,
where 8 is the product of the concentration of the two ions ---
the so-called solubility product —-— and is constant, since
the right-hand side of the above equation is constant. The
equilibria in the heterogeneous systen ma& be represented as
follows:-

A'+ B'= A? (in solution)

iB (solid)

If by any means the solubility product is exceeded, for
example by adding a salt with an ion in common with the salt
already present, the 1ohs unite to form undissociated salt,
which falls out of solution, and this goes on till the normal
value of the solubility product is reached, A well-known
illustration of this is the precipitation of sodium chloride
from 1its saturated solution by passing in gaseous hydrogen

chloride. In this case the original equilivrium vetween



equivalent amounts of Na' and C1 ions is disturbed by the
addition of a large excess of C1 ions, and sodium chloride is
precipitated till the oriéinal solubility product is reachedqd,
when the solution contains an excess of ol ions and relatively
few Na ions.

When the case of complex salts is considered, however,
this *principle of solubility product® breaks down, or at least
appears to do so., If potassium cyanide is added to a solution
of a ferrous salt, ferrous cyanide is immediately precipitated,
showing that it is very insoluble in water, On the addaition of
a further (excess) quantity of potassium cyanide the ferrous
cyanide is completely dissolved. Thus the addition of the common
ion (GN)'seems t0 increase greatly the solubility of ferrous
cyanide, in sharp contrast to the case of sodium chloride,

The *principle of solubility product* seems, therefore, to
break down, but the increase of solubility is really due to

the formation of the complex ion fFe(GN)BJm:.Tnat is why the
*principle of solubility product® no longer holds for the orig-
inal oN’ions.

This apparent breakdown of the *principle of solubility
product®* 1is peculiar to the formation of many complex salts,
and was taken by vant't Hoff to form a distinguishing feature
between complex and double salts. In his opinion the _
erystallization of double salts from solution is not preceded
by any increase in solubility of one single salt by the addition
of the other. He believed that the addition of a salt with a
common ion dlminished the soluvility of the other salt whether
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double salt ultimately crystallized from the solution or not,
Thus van't Hoff places the case where there are two salts with
a common ion and double salt formation on the same level as
the case of two salts with a common ion and no double salt
formation,

A convenient example Of the latter case 1is given by
sodium acetate and silver acetate, In this case the *"principle
of solubility product® holds good, as each salt mutually
dininishes the solubility of the other., When the effect of this
reciprocal influence is plotted a curve of the type shown in
Pigure 1 is obtained,

Consider now the case of two salts with a common ion and
with double salt formation, such as is given by the sulphates
of potassium and ferrous iron. In this case two states of affairs
must be considered, The first case is where the conditions are
such that no double salt can exist in equilibrium with the
solution, the double salt being more soluble than e;ther of the
single salts., It decomposes in solution, and gives crystals of
'that gingle salt with which the solution first becomes saturated,
The gecond case is where the conditions are such that double
salt can exist., These two cases are represented according to
van't Hoff by Figure 2 and Figure 3.

Thus according to van't Hoff double salt formation is
sipposed to take place in accordance with the "principle of
801ubility product?, being dependent on solubility only,
erystallization of dcuble salt not veing preceded by 1its

formation in solution. The salts are assumed for the sake of
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argument to be wholly ionized in solutions which nevertheless
are saturated.

This view has not been supported by experimental
investigation. Indeed the facts recorded by various observers
have given rise to a different view of the origin of double
salts:-

Double salts appear to exist in solution previous to
crystallization; or, in other words, unstable complex ions are
formed as the result of the contiguity of molecules of the
single salts when a solution of these salts becomes concentrated.
These complex ions are analogous to the ions of complex salts,
and may thus be expected to increase the solubility of the
single salts., The case of potassium and ferrous sulphates may
be studied from this point of view. In dilute soclution these
salts are almost completely disscciated into K, Fe, and SOZ ions.
As the solution is concentrated dissociation is reduced and
molecules of the salts are formed, those of Feso4 being formed

earlier than those of K?So The FeS0 6 molecules then combine

4° 4
(4
with so; ions, to a certain extent, to form ferrosulphate ions
as follows:-

ZK, " - [
+ g
S0, + FeS0, - 2K + [Fe(‘304)2].

The formation of [be(so4)2]”ions may be expected to
increase the solubility of ferrous sulphate as in the case of
the formation of a complex salt such as potassium ferrocyanide,
where the greatly incressed solubility of ferrous cyanide is
due to the formation of the complex ions [Fe(cN)ejﬂq Thus, on

this assumption, when two sulphates are known to form a double
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salt the solubility of one sulphate will be found to be increased
by the presence of the other , due to formation of complex ions
in solution. If no double salt 1is formed, tnen there will be
no increase, Recorded observations confirm this view.

Hittorf (7) was the first to make the suggestion that
the abnormal behaviour of certain electrolytes might be accounted
for by assuning the formation of complex ions in them. In the
course of his study of migration he made the classical discovery
that the migration ratiobfor the anion in solutions of many
double salts and certain single ones increased rapidly with
increase in the concentration of the solution and at high con-
contrations became greater than unity. Hittorf suggested that
this was dAue to tne formation of a *double salt” in the solution,
which gradually dissocilated on dilution.

S8chreinemakers (8) investigated the influence of
ammonium and lithium sulphates on the solubility of ferrous
sulphate at 30, With the rTesult illustrated in Figure 4 and
Figure 5. In the case of ammonium sulphste the solubility of
ferrous sulphate is increased, and in the case of lithium
sulphate the solubility of ferrous sulphate is decreased. It is
a well known fact that ammonium sulphate forms a double salt
with ferrous sulphate while lithium sulphate does not,

--E, Klein (9) reached s similar conclusion regarding the
existence of complex ions in mixed solutions of sulphates. He
investigated the electrical conductivities of copper potassium
sulphate and similar double salt solutions. He found that, in

the case of concentrated solutions, there was a departure from
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the mean of the sum of the conductivities of equimolecular
solutions on mixing the components, while with dilute solutions
the equimolecular conductivity became  practically the mean
of the conductivities of the components. He also showed, by
means of electrical conductivity experiments, that the double
galt in soluticn was dissociated by diluting, or by raising the
temperature,

The conductivity of copper potassium sulphate was
determined at 18°¢ by MacGregor and Archibald (10). The con-
ductivity was calculated assuming non-formation of double salt
by a method due to MacGregor (1l). They found a discrepancy
vetween observed and calculated values, and concluded that the
difference could be accounted for by the presence @f double salt
in solution.

Magnesium potassium sulphate was examined at 18°C by
MacGregor and McKay (12), and they concluded that there was
sufficient evidence to show that in strong solutions the salts
are partly united.

W. Pfanhauser (13) investigated the dcuble salt nickel
ammonium sulphate, and showed that in saturated solutions at
ordinary temperatures the ions are mostly NH; and [hi(so4)2]f

Reiger (14) has also shown that in solutions of copper
potassium sulphate the copper migrates partly to the anode, thus
indicating the presence of complex ions.

Jones and Caldwell (15) showed that the double sulphates
| of ammonium with cadmium,, copper, magnesium, ferrous iron, and

nickel, and the double sulphate of potassium and nickel remain
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partly undissociated in concentrated solution, and even in
dilute solution are not entirely broken into their constituents.

Support for this view 18 algso forthcoming as a result
of solubility measurements by a large mumber of investigators.

Schreinemakers (8) showed that ammonium sulphate increases
thr solubility of ferrous sulphate. He also showed (16) that at
25°c the solubility of manganese sulphate is increased by the
addition of ammonium sulphate.

Roozeboom (17 ) observed an increase of solubility when
anmonium chloride was added to ferrous chloride.

Schreinemakers (18) found that potassium iodide increased
the solubility of lead iodide, and Lipscombe and Hulett showed (I9)
that the solubilities of bvoth zinc chloride and cadmium chloride
were increased by additiocn of potassium chloride,.

Britton and Allmand (20) as a result of investigation
of the system potassium sulphate - glucinum sulphate - water,
and Britton (21) as a result of investigation of the system
aluminium sulphate - ammonium sulphate - water obtained similar
results to the ahove,

Caven and Mitchell (4), in an attempt to discover further
evidence of the existence of double salts in solution, investi-
ggted the systems cupric sulphate — potassium sulphate — water
and cupric sulphate - ammonium sulphate - ﬁater at 252 511 and
1°c. They found that *the solubility of each of the three
simple saltes is contimiously increased up to the triple point,
at which point the double salt separates®. They conclude that

this "increase is an indication of the presence of a consider-
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able amount of the double salt (or its ions) in solution®.

cameron and Breazeale (22) studied the conditions of
formation of the double soalt 0as0 .K S0 .H 0 at 26 and Caven
and Miss Rooney (23) at 0. At both temperatures the influence
of potassium sulphate upon the solubility of calcium sulphate
is most peculiar, At first there 1is rapid diminution in
solubility of calcium sulphate with addition of potassiun
sulphate, but with continued addition of potassium sulphate
this diminution is arrested and is turned into an increase up
to the triple point where double salt separates, Caven and
Miss Rooney interpret this result as follows:— The solubility
of calcium sulvhate is very small, Therefore, at first "when
both salts are present in a highly diluted state s0 as t0o be
greatly icnized the law of solubility product holds®. As the
concentration of potassium sulphate is increased, however,
complex ions of the docuble salt are formed in increasing
numbers until the diminution is overcome and converted into
an incresse.

In this connection it is interesting to note tnat
Sabatier (24) showed that the solubility of cobalt chloride
in water is first diminished and then increased by continuous
addition of hydrochloric acid.

-Caven, Ferguson, and Mitchell (6), while bringing forward
evidence for the existence of double salt moleculné or complex
ions i1in solution, have also suggested a general hypothesis
regarding double salt formation.

Cupric sulphate forms well known double sulphates withn
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ammonium and potassium sulphates, and the solubility of each
alkali salt is increased by cupric sulphate, and that of cupric
sulphate by alkalil sulphate., On the other hand Schreinemakers
(8) has shown that cupric sulphate dces not form a double salt
with 1ithium suliphate, and the solubility of each salt is
Aiminished by addition of the other, In the earlier days of
chemistry this difference between potassium and lithium
sulphates might simply have been referred to as a question of
affinity. Cnhemical union is effected between potassium and
cupric sulphates because there is sufficient chemical affinity
between the two salts, The affinity between lithium and

cupric sulrhates is insufficient because of the less intensely
metallic properties of lithium as compared with potassium,
Van't Hoff considered the formation of double salts only from
the point of view of solubility and the operation of the phase
rule. He ignored this view completely, though it is fundament-
ally true.

Before proceeding to study this point more closely it
may be of interest to glance briefly at the attempts to classify
the elements as regards affinity.

The electro—-chemical classification of Berzelius was
the first, and he used it as the basis of his ¥dualistic theory"
of qnemical compounds., This theory stated that "electricity is
the flrst cause of all chemical activity®, and the varying
degrees of chemiecal affinity were supposed to imply that the
different substances were charged with varying quantities of

eslectricity. By tnis means Berzelius was able to classify the
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elements in a series in which the graduation with respect to
electric character was from positive to negative, This in
reality formed a transition from metal to non-metal,

This method of clasgification culminated in the Electro-
chemical Series of the elements, in which the elements are
arranged in a series representing the potential difference in
volts which is developed between the metals and solutions of
their salts, The series is as follows: -

Metals:- Cs, Rb, K, Na, Ba, Sr, Ca, Mg, Al, Cr, Mn, Zn, Cd,
T1, Pe, Co, Ni, Sn, Pb, H, Sb, As, Cu, Hg, Ag, Pd,
Pt, Au, I», Rh, Os,

Non-metals:- 8i, ¢, B, N, Se, P, 8, I, Br, 01, 0, F,

This order represents also, as regards the metals, the relative

power of displacing other metals from sait solutions, so that

any chosen metal can precipitate from solutions of equivalent

strength any metal that follows it in the 1list, Moreover, com-

bination is most likely to occur between elements widely

geparated in the above series, and this to a limited extent

may apply to compounds of these metals,

This is the point of view taken up by Kendall (25) and
his co-workers, Indeed they have extended this generalization
to include compound formation between elements, compound
formation between molecules of solute and solvent, formation
of molecular compounds, dissociation, and order of solubility.
In the main their contentions are shown to hold, though, as is
to be expected, there are a number of exceptions., Kendall (26)

also draws a parallelism between the electro-potential series
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their bearing on double salt formation is that whilst potassiunm,
ammonium, and sodium sulphates provide sufficient concentrations

of SOZ ions in varied states of dilution to bring about union
with the. sulphate of a bivalent metal, as for example:-
4 i
-
ouso, + so, = [cu(so, )],
lithium sulphate, by resason of its inferior dissociation, does

o

4
take place; so that 4Aouble salt is not formed,

not produce 80, ions in sufficient gquantity for such union to
Koppel (1) nas thrown furtner light on the question of
double salt formation by his investigation of the double salts
formed by sodium sulphate with a series~of bivalent metal
sulphates, These double sulphates differ greatly from those
formed by the sulphates of other alkali metals, Those of zinc,
cobalt ,, nickel, ferrous iron, and magnesium crystallize with
four molecules of water, while those of copper and cadmium
crystallize with only two molecules of water, Moreover, none of
these double salts are formed at 0° from solutions of the
component salts; the transition point in all cases is consider-
ably above this temperature, He also found, with the exception
of the ferrous 4double salt, where an increase occurs at both
ends, that an increase of solubility of sodium sulphate was
caused by the bivalent metal sulphate, but a decrease in the
solubility of the bivalent metal sulphate by sodium sulphate.
3ince lithium forms no double sulphates it seems
Justifiable to infer that a beginning of double salt formation
- 18 being witnessed with sodium sulphate, Further support is

given to this idea when the alums are considered. These snow
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an increage in stability and insolubility with increase in
basigenic properties of the alkali metal.. Schreinemakers and
De Waal (28) have shown that lithium alum is not formed at 30:
and Caven and Livingstone (29) nave found that it is not formed
at 0: Sodium alum is very soluble in water and is difficult to
obtain in a pure crystalline state, Potassium alum is well
known, ammonium alum is less soluble than the potassium compound;
rubidiim alum 1s mich less soluble than either, aﬁd nearly four
times as soluble as caesium alun,.

Moreover,. it would appear that when a double sulphate
begins to be formed, its formation is first shown by an increase
in solubility of the alkali sulphate, caused by the presence in
solution of the sulphate of the bivalent metal, This means that
*the formation of double salt begins when the undissociated
molecules of the bivalent metallic sulphate take to thenasslves
sulphate ions from the alkali sulphate in solution®, Tnué more
of the alkali sulphate dissolves than would dissolve in the
absence of bivalent sulphate,

Under certain conditions the double galt might be formed
in solution but in a quantity insufficient to saturate the
solution., Thus it would not crystallize but its presence would
be indicated by the alteration of the gradients of the two
solubllity curves in the direction of increased solubility. In
this connection, however, one point must be noted. Van't Hoff's
curves were celculated from the law of solubility product on
the assumption of complete icnization, although they referred

to saturated solutions, If the actual ionigzation is taken into
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account the mutual reduction in solubility is less, and the
curves would mee; in an angle nearer to a rignt angle. Thus
it might be difficult to find evidence of the formation of
double: salt apart from its actual crystallization.

caven, Perguson, and Mitchell (6) postulate the follow-
ing hypothesis of double or complex salt formation based on the
above evidence:-

"A double or complex salt is formed in solution from
two salts with a common ion when there is sufficient difference
in pasigenic character hetween the two metals forming the
cations to yield simultaneously sufficient concentrations of
the common anion ang the undissociated salt of tne weaker cation
to cause their union*.

They are careful to point out, however, that the nature
of the common anion as well as of the cations must necessarily
infiluence the result of bringing the two salts together in
solution, Thus, although lithium and ferrous sulphates 4o not
combine to form a double salt, the cyanides of these metals
unite to form lithium ferrocyanide. Indeed the power to cause
union must primarily reside in the common ion, and this is
particularly the case with the complex cyanides, whose
formation is dué largely to the qualitative nature of the
cyanide ion.

Tutton (30) has examined the physical properties of
double salts of the type Mé[ﬁlso4)z].6H20. The crystals are
~monoclinic, and the author has come to the conclusion regarding

them that *“the structural unit of the space lattice will more
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probadbly prove to be simply the chemical molecule, or at most
two molecules®, The same author (31) has analysed potassium
alumy by means of X-rays, and he has shown that the 24 molecules
of water in the molecule K2A12(804)4.24H20 are divided into
six groups of 4H20. These groups are situated witn regard to
the rest of the molecule at the angular points of a regular
octanedron, It is to be expected that the six molecules of
water in the double sulpnates are similarly disposed except
for the modification necessary because of the monoclinic
structure of the crystal,

If the water of crystallization of a hydrated salt be
removed by heat or other dehydrating agency it can be restored
again so that the original crystallohydrate is produced; for
instance in the case of K2804.Cu804.6H20 by absorption of water
vapour from the air, Moreover, it is a well known fact that
the chemical union of the anhydrous salts persists, although
the removal of water destroys the crystal structure of the
nydrate. If the salt K,[0u(80,),].6H,0 is fused at a red heat
and cooled, it is found to retain its blue colour in contra-
distinction to copper sulphate, This fact was first observed
by Graham, and proves that the double salt maintains its identity
when deprived of its water.

Graham (32) also showed that this salt when dried at
1oo°c. retained 2 molecules of water, Caven and Ferguson (33)
have studied the course of dehydration of alkali cupric sulphates
of the type Mglbu(804)é].enzo. They have done 80 by determining

the relative vapour pressures of tne hydrated salts at common
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temperatures, BY this means they have been enabled to compare
the relative strengths in analogous compounds of tne forces of
attraction for water. The reactions studied are those
represented by the equation,

My [17(s0,), 1. 6H 0 == M, fi1 (80, ),].2H0 + 48,0,

They found *that the order of increasing strength of
alkali metals, including thallium and ammonium, as regards the
power they confer on the rest of the molecule to retain BHzo is
K, Rb, T1, NH4, Cs." This is the same order as that found by
Tutton through observations of the physical properties of the
same salts. It is also nointed out *tnat the specific influence
of the alkali sulphate in the cupric double salts is to cause
more water to be retained in the molecule than can be retained
by cupric sulphate alone."

The water of crystallization of the single salis seems
to have a specific influence oh'the degree of nydration of the
double salt, This fact is apparent even on superficial
examination, when it is considered that the double sulphates
of potassium and ammonium crystallize with 6 molecules of water,
while those of sodium crystallize with a maximum of 4 molecules,
andi some with only 2 molecules. Potassium and ammonium sulphates
are anhydrous; that of sodium is decahydrated.

Koppel's (1) work brings this fact out still more clearly.
He concludes, as a result of his investigations, that in the
formation of a sodium double sulphate 13 molecules of water are
- 3plit Ooff in every case, the general equation being,

M S0, x0 + Na,80,.10H0 = M"SO4.N32504.(X—3 JH 0 + 13H,0.
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Thus the formation of the 2zinc salt, which is tetra-
hydrated, is represented as follows:-
ZnSO4mZH20‘f N32804.10H20 = Zn804.N82804ﬂ3§22 + 13H20,
and that of the copper salt, which is dinydrated,
CupB0,.5Ha0 + Nag80,.10Hz0 = CuS0,.Nay80,.2Ha0 + 13Hg0.

- The total water of crystallization of the two single
salts has considerable influence on the conditions of formation
of the double salt, and may even determine,whethsr, at a |
specific temperature, the double salt is formed or not.

Thus , Findlay (34) gives tne following general rule; "In those
cases where the change at the transition point is accompanied

vy the taking up or the splitting off of water then, if the
water of crystallization of the two constituent salts togeiner
is greater than that of the double salt, the latter will be
pro&uced from the former on raising the temperature (e.g. astra-
canite from sodium and magnesium sulphates thus:-

Na,80,.10H,0 + MgS0,.7H,0 = MgS0,.Na,80,.4Ha0 + 13H0. ),
but if the double s&8lt contains more water of crystallization
than the two single salts, railsing the temperature will effect
the decomposition of the doubls s<1t." This rule is connected
with van't Hoff!s law of Movable Equilibrium which states that,
the change which takes place at the higher temperature is that
which 1is accompanied by an absorption of heat,

‘The connection lies *in'the: fact that the heat effect
involved in the hydration or dehydration of the salts is much

greater than that of the other changes which occur, and
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determines, therefore, the sign of the total heat effect.”

The above fact applies with the greatest interest to the
sodium double sulphates, whose transition points all occur at
ordinary temperatures,

Sidgwick (35) under the heading *Solvation® deals with
several points pertinent to the formation of double salts,

Thus he states that *there are numerous double salts
forming solid phases of definite formila, which nevertheless
give no indication of their existence in solution, and it is
doubtful if they have any existence as single molecules.

Rather they consist of two or more molecules packed together

in the crystals.” These molecules are presumed to be held -
together by the weak external fields which surround every atom.
On this assumption can be explained the existence of such salts

as XK. _TaPp *which if represented as a true complex salt

15 20°?
Klsfbanol gives Ta a co-valency of twenty against a normal
maximim of eignht"., It may, however, be considered to consist
of one molecule of Ks[iaFB], and twelve of KF, These form
separate molecules bvut a single cryssal unit. The alums
M'M"(so4)2.12H20 can be explained on the same basis. It is to
be noted, however, that even the above point of view postulates
the formation of complex ions.

He also introduces the question of hydration in soluticn,
and the relation of the hydrated compounds in solution to those
obtained in the solid state,

It is doudbtful in the case of hydrated compounds *whether

all the solvent molecules which appear in the formula really
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form part of the molecular complex*, as is also the common
agsumption that if a solid hydrate of a particular formila
geparates this hydrate also exists as a molecule (or as its
ions) in solution,

cations are hydrated more easily tnan anions both in
solution and in the solid state, but the water of crystalliz-
. ation of a salt is not determined solely by the tendency of

the individual ions to combine with water, though it is an
important factor.. In soluticn the hydration of each ion is
independent of the others, *but in the'crystal the number of
water molecules may be the sum of those combined with the two
lons in soluticn, or a smaller number, and whether it is less,
and if 80 how much less, will depend on both the ions of the
salt,.” The degree of hydration, however, depends more on the
cation than the anion.

The sulphate ion is nydrated thus, 304.H20, ani the
bivalent metal sulphates may be represented, M(Hzo)a.(so4.H20).
The hexahydrated double sulphates given vy these bhivalent
metal sulphates, where one molecule of water appears to be
replaéed by one of aikali sulphate, are remarkable, as it is
not easy to explain this type.

Yhen the hydrated ions separate from solution it is
suggested that there is a kind of competion between the ions
for the water, whnich is more likely to be retained if the
hydration of one ion greatly exceeds that of the other.
contrary to expections the power of forming nydrates, wnile

depsendent on the extent of hydration in solution, doves not



depend on the solublility of the nhydrate,

—
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- Summary. -

A-nunmber of systems of the type, bivalent metallic
sulphate - alkall sulphate - water, have been investigated at
various temperatures, and from the results conclusions regarding
the conditions of formation of the corresponding double
sulphates are 4rawn.. Evidence is also adduced for the existence
of complex ions in solution, |

Three alkali sulpnates were chosen:— potassium sulphate,
ammonium sulphate, and sodium sulphate, It was expected that a
study: of the double sulphates of these compounds would prove
of particular interest, especially in view of the following
facts, ?

Potassium may be regarded as a typical alkalil metsl,
Ammonium is of peculiar interest as regards its remarkable
rosition in the series of alkali metals., Sodium is noteworthy
when the anomalous properties of its compounds are taken into
consideration,. - ”

Various bivalent metallic sulphates have been investi-
gated with each of the alkali sulphates, and by this means,
and by reference to the work of other investigators, not only
have the alkali sulphates been compared as regards the
formation of double salts, but some light has been thrown on
the specific influence of the different bivalent metallic
sulphates,.

These Aouble salts have also been studied from the
general point of view of range of formation a&s regards change

in temperature and relative concentration of the constituent



salts, and also from
The following
Potgssivm sulphate -

Potassium sulphate —

Potassium sulphate

Potassium sulphate -

30
the point of view of isothermal evaporation.
potassium systems have been studied:- '
nickel sulphate - water at 0°and 25 C.
cobalt sulrhate — water at 25° C.
zine sulphste - water at 265°C.

manganese sulphate - water at 0 and 25 C.

Amnmonium system:-

Armonium sulphate - manganese sulphate — water at 0°0,

S8odium systens:—

Sodium sulphate — copper sulphate — water at 0°, 25, and 37.5°C.

Sodium sulphate - zinc sulphate - water at 0° and 2500.

S04ium sulphate — manganese sulphate - water at 0°, 25, and 35°C.

As aresult of

these investigatione it has been shown

that manganese potassium sulphate is tetranhydrated, and that

manganese sodium sulphate. is dihydrated..

- . -
- e T Y L e
- .
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e mm T ae tan tem e Y T e me
......



31
Note on the Method Employed in Setting out Results.

For convenience and for the sake of clearness the
Tfolliowing method in setting out results has been employed.

Lach system is dealt with individually and in detail..
The potassium systems are taken first, followed by the ammonium
systems, and finally the sodium systems, conclusions being
drawn for each particular system.

This is followed by a general discussion of the results,
the whole field of the investigation bveing reviewed. General
conclusions are drawn, and their bearing on the various points
of double salt formation discussed.

Those experimental points, such as apparatus, method of
abstracting phases, etc., which apply throughout the investi-
gation, are dealt with in the appendices, as are also‘tne

Analytical Methods and the Graphical Representation of Results,

-
- -
-
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The Systems,
Nickel Suiphate - Potassium Sulphate - Water at 0°and 25° C.

- The investigation of the system nickel sulphate -
potassium sulphate ~ water was carried out primarily as a
continuation of the work of Caven and Mitchell (4) to determine
the 1limits of existence of double salts of the type
M7S0,.M580,.8H50 in equilibrium with solutions containing their
component salts, and to0 obtain evidence of the existence of the
double salts in these solutions,

caven and Mitchell (4) have shown that the double salts
CuS0 4 M;80,,.6H,0 (M =K'or NH;) are stable over wide ranges of
temperature and relative concentrations of the component salts,
Moreover , the continuous increase in solubility of each of the
three simple salts caused by the addition of the second component
up-t0 eaeh triple point, at which double salt separates, is
believed -to indicate the presence of a considerable amount of
the double salt, or its ions, in solution.

Nickel is well known to form the double salt
Niso4.Kzso4.6H20, and its physical properties have been examined
by Tutton (36), who states that the crystals vary between the
prismatic and the tabular form, Locke (37) determined the
s0lubility of the double salt at various temperatures. Jones
and Caldwell (15) showed that nickel potassium sulphate remains
partly undissociated in concentrated solution, and even in

dilute solution is not entirely broken into its constituents.
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Experimental.

For tne syetem at 0°C. saturated solutions of the two
~salts were made at room temperature, and various proportions
jof the two solutions placed succeseively in a reaction flask,
%fitted with a stirrer, and immersed in ice and water. The
Ehixturee were stirred for 3 days, and then portions of the

solutions were separated and analysed.,

The same procedure was carried out ror the system at

25°C. except that saturated solutions of the two single salts
-were made at 40° and the flask was immersed in e thermostat at
‘25% ,01°C. A _ _
| "mne nickel was estimated by a method suggested by Kelly:
and Conant (38).. This consists in adding an excess of potassium
gcyanide to the nickel eolution and titrating back witn standard
éniekel sulpnate solution 1n presence of ammonia dipnenylglyoxime

being used as 1ndicater. Potaesium sulphate was caleulated after

T FrE

aeter}ainauon of total aulphate.

s
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Table I .
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System NiSO, - K380, — Hg0 at 0°C.

Solid Phase.

Moles of Niso4 Moles of K2804
. per 1000g. Ha0. per 1000g. HZO.
""""" 0 . 46 3
0,008 0.46€
0.0356 0.R214
0.346 0.138
0.821 0.214
1,367 0,307
1.868 ; 0,898 %
1,869 | o.467
1.7654 ' 0.277
1,734 0..837

K2804.

K,80, &
N180,.K,80 , . 6H,0.
N180,.K,80,.6H,0.

;
L

11180 4. K80, . 8Hz0..&..

S N804 TH0,
Ni80 . 7H,0.
"

R e e Lo
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Systen NiSO4 - KZSO4

(-]
- HZO at 36 C.

Moles of Niso4
per 1000g. HZO.

Moles of K2804
per 1000g. H;0.

Solid Pnase.

0,093
0.274
0.765
1.872
1.864
2,128
2,824

2,743
2.638

2.506

0.880

0.724

0.302
0.259
0,376
0,343
0.430
0.559
0,743

K80,
K80, &
N180 .K,80 4. 8Ha0,
N180 4, K80 , . 6H,0.
.
"
"
"
"
N180, K580 . 6 0 &
N180 . 7H,0,

N1304.7H20.

]
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System~ NiS0,-K,80, ~H, 0
at O°and 25°

e

2

%ﬁ
1

!

NiSOs~ moles per 10004 H.20.

0 : A
L
K2 504 ~moles per 10009 H,0

Ficuore 7.
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gonclusions,
(Tables I and II and Figure 7.)

The double salt Niso4.xzso4.enzo is formed over a wide
range of relative concentrations of the component salits at both
e?ﬁnd-25°c. The range of existence at 0 is

from 0.018 to 4,00 moles of NiSO, to 1 mole of Ky80,,
and at 25 1s

from 0.031 to 3.80 moles of N:LSO4 to 1 mole of K2804.

At both temperatures increase of solubility of each salt
occurs previous to the separation of the double salt, and it is
inferred that this is due to the formation of complexviona in
solution.

A remarkable characteristic of the isotherms is theilr
indented shape, in consequence of which the solubility of
potassium sulphate repeats itself as the curve is traversed.
Oonsider, for example, a concentration of potassium sulphate
of 0.7 moles per 1000 grams of water at 25 C. This quantity
may be in equilivrium once with potassium sulphate, twice with
the double salt, and once with nickel sulphate, as the solid
phase, according to the smount of nickel sulphate present in
solution., This is shown by erecting a perpendicular from the
point on the base line representing 0.7 moles of potassium
sulphate.(See Figure 7).

This isotherm indeed differs considerably from the
general form obtained for double salts of the type,

M"So4.M2804.6H20, as for example the systems CuSO, - Méso4 - HzO.
(M= K or NH"I).
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Oobalt Sulphate — Potassium Sulphate — Water at 25 C.

This system was investigated as a continuation of the
" scheme cutlined under the system nickel sulphate - potassium
sulphate - water, and also, since the results for the nickel
- syastem seemed somewhat anomalous, as an unique method of
comparing the two metals, nickel and cobalt,

Tutton (39) investigated the crystalline properties of

Cco80 K S0 .6H20, and Locke (40) determined its solubility at

1 variiuszte:peratures. Locke observed tnat the solubility of
 the dcuble salt was less than that of cobalt sulphate,
Experimental,

Saturated solutions of potasaium sulphate and cobalt
sulpnate were made at 401 and various proportions placed in a
 Tlask, fitted with a stirrer, and immersed in a thermostat at
' 25%,013
The mixtures were stirred for 3 days, and only liquid
~phases analysed. Cobalt was estimated by precipitation as cobalt
ammonium phosphate, and ignition to pyrophosphate, Potassium |

sulphate was calculated after determination of total sulphate.
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Table III,
Q
Systemn COSO4 - K2504 - 20 at 25 C.
Moles of CoSO Moles of K 80
4 2 4 Solid Phase.
per 1000g. HZO' per 1000g. H2°°
—————— 0.680 K 80 .
2 04
0.180 0.737 "
0.239 0.780 Kzso &
00804.K2804.6H20.

0.458 0.531 00804.K2804.6H20.

0,950 0.388 "

1,095 0.361 .

1,372 0,321 "

2,205 0.240 .

2,55 <31 S0 . .

, 657 0.212 00804.K2%04 6H20 &

00804.7Héo.

2,536 0,180 . .
00804 r715[20

2.433 o o v [ ]
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SYSTEM~ Co804 ~ K, 8504 - H O at 25°

*

per 10009g. H20

moles
[rey

COSO4 -~

0 -©

I 4
K250z~ moles per 1000g. H20.

Freure 8.
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conclusions,
The double salt 00804.Ké804.6H20 is formed over a wide
range of relative concentrations of its component salts at 25°C.

The limits sre

from 0.30 to 12,06 moles of CoSO4 to 1 moles of K2304.

The solubility of each single salt 1s increased by the
addition of the other.

The isotherm conforms to the general type, and differs
considerably from that for the nickel system. That some such
difference is to be expected is seen when the following points
are considered, The solubility of potassium sulphate is the
same in both cases, the sclubility of nickel sulphate is onlf
slightly greater than that of cobalt sulphate, but tne solubility
of nickel potassium sulphate is only about half that of cobalt

potassium sulphate.

[ YN Y EREEEERREREERI IS I S I B R RSB A B A B B
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Zine Sulphate - Potassium Sulphate - Water at 25°C.

Zinc sulphate and potassium sulphate are well kKnown to
form the double salt Znso4.KZSO4.6H20. Its preparation nas been
described as follows:- 7ZnSO, is very rapidly soluble in saturated
K,80,+ Aq. with separation of a double salt,* (41).

Tutton (42) examined tne crystals and found them to be
of the short prismatic form,

Lipscomb and Hulett (43) examined the system ZnSO4 -
K580, - Ha0 at 25°C., and found that, while the solubility of
potassium sulphate is increased by the addition of zinc sulphsate,
the solubility of zinc sulphate is decreased by the addition of
potassium sulphate,

Experimental.

The procedure for this system was the same as that for

the nickel and cobalt systems at 25.

Zinc was estimated volumetrically by means of standard

potassium ferrocyanide, and total sulphate determined.
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Systen Zn804 - K

280,

Q

Moles of ZnSO4
per 1lG00g. Hzo.

Moles of KZSO4

per 1000g. HZO.

S0l1id Phase.

0.078

0.136

0.330
0.378
2.170
3.171
3.529
3.587
3.651

3.632

3.579

0.880
0,697

0.721

0.422
0.388
- 0.256
0.202
0.179
0.168
0.172

S
K2 04.

K 80 &
2 4
ZnS0 JK SO .6H 0.
4 2 4 2
80 .K 80 .6H 0.
Zn 04 2 04 2
]
"
"

[}
znSo K 80 .6H 0 &
4 2 4 2
znso ,7H 0.
4 g

zns¢ ,7H 0.
4 2
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SysTeM~2,804-K,804-H,0 at 25°

]

0.
W

per 10009 H2

~

‘§~7ﬂo£es

ZnSO
(N1

0
: i
k2504~ moles per 10009. H,0.

Ficure 9
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Coneclusions,
The range of existence of the double salt ZnSO4.KZSO4.6H20
at 25°C. 1is
from 0.19 to 21,3 moles of ZnSO4 to 1 mole of K2804.

The solublility of each single salt is increased by the
- addition of the other. This is in contradiction to the work of
Lipscomb and Hulett (loc. cit. ).

The isotherm is of the typical form.(see Figure 8 )e
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Manganese Sulphate - Potassium Sulphate - Water at 0°and 25°C.

It is a generally accepted fact that the sulphates of
manganese and potasslium form a double aalt, but there seems
to be some dubiety as to the degree of hydration of this salt.

Most text-books simply state that it conforms to the
general tvpe in bveing hexshydrated,

" Other investigators ° (44) state that finely crystall-
ized double sulphates are obtained from mixed solutions of -
manganese sulphnate and the alkali‘sulphates; these double salts
being of the type MnSO,.M,S0,.4H,0 and Mn30,.M,80,.6H,0, where
M= Na, K, Rb, Co, etc,

According to Pierre (45) this double salt exists in two
hydrated forms, Mnso4.K2304.2H20 and Mn804.Kzso4.4H20, the
tetrahydrate being efflorescent,

By fusion of the component salts Mallet (468) obtained
the double salt zMnso4.K2304.

Tutton (47), who wished to examine all double sulphates

of the type M S0,.K.80 GHzo, was unable to prepare the double

4. 2 4.
sulphate of potassium and manganese containing 6 molecules Qf
water, The only crystals he obtained contained 4 molecules, the

double salt being MnsSo,.K,S0 4H20.

4°7°2774°

The system Mnso4 - KZSO4 - Hzo was therefore examined
to see whether or not it was possible to obtain the hexahydrated
form of the double salt., The system was examined first at 26°¢,
at which temperature it was expected tnhat the tetrahydrate

would be the stable form. Since manganese sulphate itself is
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tetrahydrated at 25°C., and heptanydrated at 0°C., it was also
decided to investigate the hydration of the double salt at 0°0C,,
in the expectation that it might then be hexahydrated, and thus
conform to the general type M"SO4.MQSO4.6H20.

Experimental,

For the system at 0°C., solutions of the two saltis were
made at room temperature, and various proportions of these
solutions were placed successively in a flask, and kept immersed
in ice and water. The mixtures were stirred for 3 days before
portions of the liquid and solid phases were separated and
analysed,

A2 the system MnSo, — Hzo shows a transition point at

4
26° 0., whereafter the solubility decreases, there was no
advantage in preparing solutions of manganese sulphate above
this temperature., Saturated solutions of the two salts were
therefore made at room temperature and mixed in various
proportions, The mixtures were then evaporated isothermally at
25°C, by a filtered current of air ( Appendix II). When sufficient
£0lid phase had separated the solutions were transferred to tne
reaction-vessel and stirred for 3 days.

The manganese was estimated volumetrically with standard
potassium permanganate by the Volhard method, the total sulphate
determined, and the potassium sulphate calculated.

In Tables V and VI the results are expressed as “Grams
per 100 grams of Solution*, and these are used to plot on the

triangular diagram, in order to determine the composition of the

801id phase (Appendix I).
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(]
dystem MnSO4 - K:zso4 - Hzo at 0 C.

Percentage Compusition.

............
............

Solutions. Moist 8olias. Solid Pnase,
Mnso4 K2804. Hzo' MnSO4 K:zso4 Hzo. Trrrririiii
————— 6.82(93.18 e e K,80,.

6.21| 7.75/86.,04 | 1,11|84,.55|14,34 v

8.21] 7.97 és.az 1.52|82.81(15.67 "

11,80 8.48|79.72 | 1.82|86.00|12,18 .

13.68| 8.88|77.44 | 16.90[55.60|87.50 K2804 &

Mnso4.xzso4.4H20.

17.39| 7.69(74,92 | 30.60|30.82|38.58 MnS0 K 80,.4H,0.

23.64| 5.,54|70.82 | 32.98{30.46| 38,66 "

25,50| 5.,00|89.50 | 34,50|32.84]32,.66 .

27.63] 4,48(67,90 | 34,46|30,31|35.22 ’

30.28| 4.00(65.72 | 36,00|33.46|30.54 "

34.30| 3.35(62.35 | 45.53|17.12|37.35 Mnso, .K,80,.4H,0 &
| MnS0 . 7H,0.

34.38| 2.81(62.81 [45.85| 1.24(52.91 Mn804.7H20.

34.53| 1.85(63.82 | 48.00| 0.70|51.30 v

34.49| 1.68(63,83 | 49.31| 0.42(60.27 v

34,78 ~—— 65,22 | | ] e "
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Equitigrivm DijaerA m.
K;80, =~ MnS04 - H,0 at 25 ° C.

‘ Ha0,

Corordinates of D show the composction

of the dovble salt to be MnS0q.Ky S04 4 Hil

Frqgure 11.
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System

MnS0

4

- K_80

274 2

- H,0

at 25°0.

Percentage Composition.

............
------------

Solutions. Moist Solids. 30lid Phase.
MnSO4 KZSO4 Hgo. MnSO4 Késo4 HZO. T
| 10,59]|89.41 |~ il BSOS K80, .

6.30|11,27|82.43 | 1.78|74,62|23,60 "
15,22112.04|72.74 | 3.66|77.48|13.88 .
16.58[12.31|71.11 |20.71|53.33|25. 96 K80, &

| NS0 L K,50 . 4H,0.
13,27(10,06|70.6% | 30.83|30,91|338.26 MRS, .K,80 . 4H,0.
30.47| 5.27|64.26 |35,01[29.02|35,97 "
35.58| 4,30|60.12 | 37.23|31.42(|31.35 v
37.28| 4.20(|58.52 |37,75(28,42(33.83 "
37.92| 4,15|57,93 |47.423(11.88{40.70 MnSO0 JK,80 .4H,0 &

MnSO4.4H20.

38.21| 3,03|58.768 |56.686| 1.25(42.09 MnSO4.4H20.
38.43| 2.46|59.12 [58.42| 0.83(41.75 ¢
38.54| 1.87(59.59 |57.35| 0.66(43,9¢ "
39.03| 0.,43(60.55 |60,01| 0.17(39.82 "
39.10 | ~——- 160,90 |——wem SN P — .




Table VII,.

b2

3 3 - K 8
System Ln 04 o 04

, °

Moles of Mnso4 :
per'loocg.-Hzc.Q

Molea of K 80
2 4

per 1000g. H0.

80l1id Phase,

1.538%7
2.211
2.430
2.688
3.061
3.642

3.624
3,594
3.580

3.533

0.420
0.617
0.546
0.811
0.6569

0.589
0.447
0,413
0.3%7¢
0.349
0,308

0,267
0.187
0.1i61

. e e s

K 80 .
"
”
"
o K SO &... ..
un80 .K 80 .4H 0.
4 2 4 2
8 . 8 «4H *
"
»
Y
.
MnsSO K, 80 . &
nso ., 94 4H20
4 2
80 . .
Mn O4 7H20
"
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Table VIII.
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Systen

Mn8Q0 - K SO
4 2 4

- Ho at 25°C.
2

Moles of Mn30
per 1000g, H_O.

4
2

8
Moles of Kz O4

per 1000g. HZO.

S8olid Phase.

1.806
3.141
3.919
4,218
4,334

4,307
4,304
4,284
4,268
4,252

0.680
0.785
0.951
0.094

0.817
0.471
0.411-
0,412
0.411

0.395
0.240
0.182
0.041

K 80 .
2 4
[ ]

K80 &
2 4

80 K 80 .,4H 0,
Mn 04 Kz 04 z0
Mnso K SO .4H 0,

4 2 4 2
"

&
MnSO4.KZSO4.4H20
Mnso 4.4H20 .
Mn804.4H20.
L]
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SYSTEM ~ Mn504._K1504,“H10
et 0°and 25° C.

o

W
-0

25°

o

OO

MnSO4 ~moles per 7000g. HaO.

N
b

) S 1
K2 504 ~moles per 10009 H,0
Freure 12.
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- - Conclusions,

Manganese potassium sulphate crystallizes with 4 molecules
of water at both 0%and 2570, (Tutton, loe. cit.). (Figures 10 and
413 Tables V and VI),

{gnus 'Tnevrange of existence of the double salt Mnso4.K2304.4H20
‘&t 070, .18

- from 1.77 to 11.82 moles OvanSO4 to 1 mole of K§804,
and at 25%C. is

- from 1.5 to 10.4 moles of Mn80, to 1 mole of xgso

4
(Pigure 12 and Tables VII and VIII),

4.

© . The 1sotherms differ widely from those of analogous systems
‘enhielly on asccount of the large quantity of manganous sulphate
which must be present before the formation of double salt oan
'bbgin.VMereovef,‘a‘dirference is to be expected in view of the
‘aiffetent degree of hydration of this deubdle salt, which points
t¢o the fact that the manganous ion Aiffers from the bivalent -
ions of nickel, cobalt, copper, and zinc in a way that must
ultimately be referred to the electronic constituticns of the
metallié atoms concerned,

The solubility of potassium sulphate is increased at
both temperatures by the addition of manganese sulphate, like-
wise addition of potassium sulphate increases the solubility of
manganous sulphate at both' temperatures. It is interesting to
noYe, however, that there is a more rapid increase in this
golubility at 0°C. than at 25°¢. Some (such)difference would be
#xpected , since at 0°C. the 80114 phase’ is- MnS0,.7H,0, Wnereas
uxfzs°o.'1t 18 MnSO . 4H,0,
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. The most interesting points arise, however, when the
jsotherms are considered from the. point of view of equimolecular
quantities of the two salts. The equimolecular line (Figure 13.)
passes through the potassium sulphate portion of the isotherm
(that is where potassium sulphate is the so;id phase. ) at 0%and
25°0. This means that the double salt cannot be in equilibrium
with an equimolecular solution of its component salts at eitner
temperature. .Such a solution is in equilibrium with potassium
sulphate, |

The temperatures 0°and 25°C. (and all temperatures between
them ), therefore, lie within the *"Transition Interval* for the
double salt manganese potassium sulphate, MnS0, .K,80 ,.4H,0.

The *Transition Interval® (48) is defined as the temperature
range between the *Transition Point* (the temperature at which
double salt is first formed) and the tenperature at which a
stable saturated solution of pure double salt just begins to be
possible, (that is where it ceases to be decomposed by water).

Within this temperature range the double salt is
decomposed by water. Thus if manganese potassium sulphate is
brought into contact with less water than is sufficient to
dissolve it completely it undergoes decomposition. This
necessarily follows from the fact that a saturated solution
containing equimoleculsr proportions of the salts is in equi-
libvrium not with double salt but with potassium sulphate, 80
in order that equilibrium may be obtained more manganese
suinnate tnan potassium sulphate must be dissolved ; therefore,

crystals of potassium sulphate will be deposited. Wnen equi-
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l1ivriun ls reached the s0l1id phase must consist either of pot-—
assiun sulphate and double salt or of potassium sulphate alone,
according to the relative quantities of double salt and water,
Double salt alone cannot be the solid phase, otherwise thne
system wouid not be in equilibrium,.

The true significance of the above facts can only be

fully realised when they are studied from the point of view

of isothermal evaporatien.
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SYSTEM ~ Mn$U 4. ~Kj*S0* ~H20

at 0*did 15°C

HiO
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System- MnS04.~ KiSOa.~ HiOo a.t 0° CR&#+

SYSTEM — MT™SO*-KiS0%i- - HzO «cclt 25° (Black Jnh)
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Isothermal Evaporation and the System Mnso4 - K2804 - Hzo.

In Figure 13 Ao, A’ are tne saturation curves oOf
manganese sulphate; BE, BE the saturation curves of potassium
sulpnate, and CE, OF the saturation curves of the double salt
MnSO4.K2804.4H 0 at 0 and 25 0. respectively. D represents the
composition of the double salt, and WD the equinoleoular line,

An unsaturated solutlon containing the single salts in
equimoleoular prOportions is obtained by dissolving some pure
double salt in excess of water, Let this solution be represented

2
on the ;ine WD, and let this solution be evaporated isothermally

py tne point X (3.78 gns, Mnso4, 4.36 gms; K 804, 91.86 gms, HZO)

at 0°C. It will become saturated when so much water has been
evaporated that its compositlon is represented by tne point ¥

(8.87 ems. MnSO4. 7.92 gus. K,80,. 85. 21 gms, H,0.) Wnich lies

2
on the saturation curve of potassium sulpnate. The solution will,
tnerefore become saturated first with potassium sulphate, and
not with doubvle sait, If tne eraporation is contimued potassium
sulpnate will separate and"tne“oomposition of the eomplex“will

be ‘Tepresented by a point between F and J in the area KBE the
points of which represent complexes of potassium sulpnate and

a solution on the saturation curve BE, As the GOMposition of

the oomplex approacnes that represented bv the point J, the
composition of the solution will be represented by a p01nt 2
whieh traverses the seturation eurve rrom P towards B, When

80 much water nas ‘been evaporated that the composition of the

egmplex 1s given vy the point J (13.05 ems, MnSO,. 15,08 gms,
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K,80,. 71,89 gms. H,0.), formation of ‘the solid double salt
will begin, since points vetween J and D lie in the area KED
and represent complexes of both potassium sulphate and manganese
potassium sulpnatevin equilibrium with the invariant soelution kK.
As evaporation is coentinued double salt will be deposited, and
the composition of the selution will remain unchanged so long
as the two solid phases are present, As can be seen from the
diagram, however, the solution at E contains less of potassiun
sulphate than is contained in the double salt. Deposition of
the double salt at E, therefore, would lead to a relative
decrease in the concentration of potassium sulphate in the
solution, and to counterbalance tnis, the potassium sulphate
which separated out at the commencement must redissolve, and
‘contime to redissolve as long as any liquid is present.
“* . Since the salts were originally present in equimolecular
proportions the final result of evaporation will be the pure
double salt MnSO .K,S0,.4H,0.

If now an unsaturated solution containing equimolecular
proportions of manganese sulphate and potassium sulphate,
Tepresented by the point X, (3.78 gns. MnSO,. 4.38 gms, K,80,,
91.88 gms. H,0.), be evaporated isothermally at 256° 0., the
following is the course of events.

” The solution will become saturated wnen it ¥eaches the
composition represented by F(10.50 gms. MnS0,. 12.10 gms. K,80,.
77.40 gms. Hy0.), on BE, the saturation curve of potassium

sulphate. As evaporation is continued potassium sulphate will

be deposited until the composition of the complex reaches the
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point whose composition is represented by J'(15.70 gms. Mns0,.
18,10 gus, KZSO4. 868,20 gms, Hzo.), when double salt will begin
to be deposited, the composition of the’solution being represent—
ed by E; (16.58 gms. MnS0,. 12.31 gms, K,80,. 71.11 gms. H,0.).

| As at 0°C, the final result of evaporation will be pure
double salt, MnSO,.K,S0,.4H,0.

In'order that the first product of evaporatﬂon should
be MnS0,.K,80,.4H,0 1t 1s necessary that the cryétallization
take place from a solution containing excess of manganese |
sulphats. Thus at 0°C. a solution containing more than 1.77
moles of Mnso4 per 1 mole of‘K2804.wquld be necessary;.for
example.a solution of the following percentage eomposition,

7.00 gms, MnSQ 4,30 gms. K, 804. 88,70 gms. H 0. At 25° . the

40
Bolution must contain more than 1, 50 moles of Mnso4 per 1 mole

Of K2804. for example:— 7, 00 gmns. M nSO . 5.00 gms. K 80

4 4°

88.00 gms, H,0

On evaporation of such solutions pure double salt,
Mnso K so «4H 0 will first be deposited. The separation of
double salt will nowever, cause a Telative decrease in the
concentration of potassium sulphate, and the eomposition of the
solution will, therercre alter in the direction E0 (E%). it
the evaporation is discontinued before the solution has attained
the composition c (o) only double salt will nave separated out,

otherwise comploxes or doubls salt and manganese sulphate will
be obtained
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Manganese Sulphate - Ammonium Sulphate - Water at 0°C.

Since manganese ammonium sulphate conforms to the general
type in being hexahydrated , it was decided to investigate the
system MnS0, - (NH4)ZSO4 - Hy0, in order to compare it with the
systen Mnso4 - KZSO4 - Hgo, manganese potassium sulphate being
tetrahydrated. Schreinemakers (49) investigated the systen

¥nso, - (NH,),80, ~ Hy0 at 26°C. su it was decided to investigate

4)2 4

it at 0° 0. Schreinemakers (49) also studied this system at Sd’c.4
and while the double salt formed at 25 was MnS0,.(NH,),80,.6H,0
that formed at 50 was 2MnSO,.(NH,),80,.

Lepierre (50) found that the double salt ZMnSO4.(NH4)2SO4
was easily decomposed by water, while Jahn (51) showed that
MnSo . (NH, ),80,.6H,0 was deliquescent and readily soluble in
water,

Locke (52) determined the solubility of the hexahydrated
A0uble sulphate at various temperatures,

Experimental,

Saturated solutions of the two salts were made at rooum
temperature, and various proportions of these solutions were
bPlaced in a flask immersed in ice and water. The mixtures were
stirred for 3 days Dbefore portions of the solutions were

Separated and analysed.

Ammonia was estimated by the distillation method, and
total sulphate determined.
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Table IX,

. o
Jysten MnSO4 - (NH4)2SO4 - Hzo gt 0 C.

Moles of MnSO, | Moles of (NH, )580, Solid Phase,
per 1000g, HZO. per 1000g. HZO. srrriiiiiii
----- 5.327 (NH4)2804.
0.017 - 5.3B4 "
J0.081 5.229 (NH )2504 &

MnSO (uH )2804.8H20.

0.075 54135 v MnuO .(NH ),E0 6H 0.

_ 472774
0.138 30883 | "
’7 0.167 3.551 - K
0.377 - 1.864 B "
0.531 | 1.815 yrj. oo
0.788 '1.069:'1?”H | v_ v
1.868 | 0,531' B | »,V "
3.525 o.zéi | | "
3.565 0.260 "

3,665 | 6.251 | Mnsq4.(NH )580,.CH,0 &

. | Mnso,,. THZ0.
3.623

.} o.188 | Mnso . 7H;0.
3 [ ] 5 33 ) —------..-‘ . [ )
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conclusions.

The limits of formation of the double salt manganese
amionium sulphate MnSO,.(NH,),S0,.6H0 at 0°c. are

from 0,015 to 14,60 moles of MnSO4 to 1 mole of (NH4)2304,
(Table IX and Figure 14,)
and at 25°C. are

from 0.036 to 9.25 moles of Mn80, to 1 mole of (NH4)2304.
(schreinemakers, loc.cit., and Figure 14.).

The ammonium isotherms differ greatly from those of the
potassium system, the range of doubdble salt formation in the
case of the former being much greater., This is traceable to
two factors: (a) the mich greater solubility of ammonium sulphate
(b) the fact that manganese ammonium sulphate is hexanhydrated,
whereas manganese potassium sulphate is tetrahydrated,

The solubility of mangsanese sulphate is increased at
both temperatures by addition of ammonium sulphate, but the
increase is more accentuated at 0°C. (cf. manganese potassium
systemn, ).

The solubility of ammonium sulphate is decreased at both
temperatures by addition of manganese sulphate. This decresase.

is more accentuated at 0°C. It is interesting to note that

| Caven and Mitchell (4) obtained a decrease in the solubility
of ammonium sulphate at 25°0, on the addition of copper sulphate..
A more remarkable fact, however, is that, at higher temperatures
(51° ana 61°c) there i1s an increase of solubility of ammonium
with addition of copper sulphate. Thus, with increase in

temperature, the decrease in solubility of ammonium sulphate on
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addiition of copper sulphate gradually becomes less and is

finally converted into an increase. The same appears t0o be the
case for the manganese—ammonium system; for at 25°C, the decrease
in solubility of ammonium sulphate caused by addition of
manganese sulphate is much less than at 0°C. That this ig the

case is fully borne out by Schreinemakers results at 50°C.

Moles of (NH4)2804 Moles of MnSO4 "~ So0lid Phase.
per 1000g. of H,0. per 1000g. of H,0.
6,375 ——— (NH4)ZSO4.
6.416 0.739 (NH4)ZSO4 and

Double salt,

It seems only fair to connect this fact with the increas-
ing quantity of copper or manganese sulphate required-at higher
temperatures before the double salt begins to crystallize. The
amount of bivalent metal sulphate, and, therefore, the amount
of complex ions present is so small at the lower temperatures
that it is insufficient to overcome the effect of "Sclubility
Prosuct",

The fact that manganese potassium sulphate is tetranhydrated
while manganese ammonium sulphate is hexahydrated accords with
data concerning vapour pressures of hydrated double sulphates
containing potassium and ammonium, for Caven and Ferguson (34)
have shown that, when ammonium sulphate is a constituent of a
double salt, the vapour pressure is always lower than the
corresponding potassium salt., That is to say, amaonium sulphate
confers upon the double salt containing it a greater power of

Tetaining water of crystallization than dces potassium sulphate,
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T™is is now seen to apply, then, not only to the relative
stabilities of similarly hydrated salts under the dissoclating
influence of heat, but also in the case of manganese even to
the number of molecules of water which can enter into the

composition of a double salt.
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! -y o
copper Sulphate — Sodium Sulphate — Water at 0%, 35, and 37.5 OC.

It is well known that the double sulphates of copper
sulphate with potassium and ammonium sulphates conform to the
general type in being hexahydrated, and the outstanding feature
concernirg them is the wide limits of their formation, both as
regards tempersature and proportions of the single salts which
may be present in the solutions from which they crystallize.

Regarding the formaticn of a double salt of copper
sulphate and sodium sulphate, however, very different conditions
may be anticipated. For it is an important property of sodium
to Aiffer widely from potassium and ammonium in the solubilities
and other properties of its single salts, as for example the
sulphate and perchlorate, and of its double salts, as for
example the platinichloride and cobaltinitrite. Moreover, sodiunm
Sulphate itself is decahydrated whilst potassium and ammonium
sulphates are anhydrous. It may be on this account that the
study of copper sodium sulphate has already claimed the attention
of investigators.

Diacon (53) investigated the system cuso, - Nag 80, - Hy0
at 0°0., and found that no double salt exists at this temperature
in contact with solutions of its component salts. Nevertheless
the continuous increase in solubility of each of the two single
salts caused by addition of the other salt up to the triple
point indicates the presence of a considerable amount of the

double salt or its ions in solution.

Koppel (54) showed that below 16.7°C. double salt does
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not crystallize from a solution of its component salts, but
above this temperature the double salt cu804.N32804.2H20 is
formed over a rapidly increasing range. Moreover, he showed
that the solubility of the double salt is sligntly decreased
with rise in temperature. He also found that the solubility
of copper sulphate is decreased at all temperatures between
0°C. and 40.15°C. by addition of sodium sulphate, whilst the
solubility of sodium sulphate 1s increased up to the transition
point - Na,y80,.10H;0 = Nag80,+ 10H50 — by addition of copper
sulphate. Above the temperature of this transition point the
solublility is decreased,

Massink (55) investigated the system Cuso, - Na2304— H,0
at 20’0., and found that the double salt was formed over a
short fange at this temperature. However, he obtained only a
single point within the double salt region, and this appears
10 make this isotherm convex, a condition which is highly
improbable. He obtained a continuous increase in solubility
of each of the single salts up to the triple point, on addition
of the other.

In view, therefore, of the conflicting and inadequate
results of previous workers it was decided to investigate tne
system at 0% 25° and 37.5 C. An investigation of this system
was expected to throw much 1light on the conditions of formation
of double sulphates from the point of view of the sodium salts,

and. also to prove extremely interesting in comparison with the

Potassium and ammonium copper sulphates,
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Experimental,

For this system at 0°solutiouns of the two single salts
were made at atmospheric temperature, and varicus proporticns
kept immersed in ice and water,; for the system at 25°and 37.5°
solutions of the two salts were made at temperatures about 15°
above those required, and varicus proporticns kept in a thermo-
stat at 25,017 The solutions were stirred for 3 days before
?portions were separated énd analysed, Copper was estimated

1odometrically and total sulphate détermined.
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Table X.
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syst - N - 0°C.
System CuSO4 Nazso4 Hzo at C

Moles of OuSO4

per 1000g. HZO'

v

Moles ¢f Nazso4

per 1000g. HZO'

S0lid Phase,

s

0.2813
0.415
0.590
1.047

0.998
0.970
0.929

0,324
0,347
0,372
0.392
0,440

0.2b67
0.148

NaZSO lOHzO.I

40
"

Na,80,.10H,0 &

2504 9%
Cu80 , . 6H,0.

GuSO4.5H20.

"




Table XI.
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System Cus0, - Na80, - H,0 at 25°C.

4 2

Moles ofﬂcuso4

per 1000g. Hzo.

Moles of NaZBO4
Solid Pnase.
per 1000g. of HZO.

—r e

0.847
0.979
1,088
1,457

1,449
l.443
1,428

1,972 Na,S80,.10H,0.

2.0086 .

2.038 "

2.063' Na2304.10H20 &

CuSO4.NaZSO4.2H20.

1.439 | .

1.343 "

1.108 v Gu804,N82804.2H20.
. & CuSO4.5d20.

0,642 % Cu804.5H20.

0,272 e "

[N "
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Tavle XII.
a ) . ©°
Sygtenm CuSO4 - NaZSG4 - Hzo at 37.6 C.
Mnlas of r‘.nsn4 Mnles of Na2804 S¢lid Pnase,.
per 1OOOg.VH20. per 1000g. HZO' TriTritiiis
______ 3,408 Na2804.
2 . &
0,18 3.380 Nazso4
Gu804.NaZSO4.2H20.
0.230 2.688 0u804.Nazso4.2H20.
0.678 1.718 "
0.821 1,508 "
1,209 1.177 o
1.402 1,040 .
1,770 0.844 . 2H &
8 Ouso4 Nazso4 2H20
OuSO4.5HbO.
1,764 | —e—— cuso ,5H 0.
4 2
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Conclusions,

The results obtained at 0°C. agree closely with thouse
publishéd'earlier by Diacon (loe.cit.), and they confirm tne
fact that no double salt 1s formed at this temperature, altinougn
a small inerease in solubility of each salt is caused by the
presence of the other. This differs from tne cohclusions of
Koprel (loc.cit.) who found that the sclubility of copper
sullphate was decreased by addition of sodium sulpnate.

At 25°C, the range of formation of the double salt
cuso .Nazso4.2H20 ig fairly wide being,

4

from 0.38 to 1,31 mole of CuSO, to 1 mole of Naoso4.

4
The Aouble salt isotherm, however, is net comparabie
wvith the isotherms for the double salts of copper sulphate with
potassium and ammonium sulphates, which compounds are differently
hydrated. |
The addition of each component increases tne solubility
of the other up to the corresponding triple point where tne
double salt begins to crystallize. In the case of copper sulphate
this increase is slight but definite, in agreement with Massink's
Tesults, but in contradiction to those of Koppel.
At 37.56°C. the range of double salt formation is greatly
increased, the limits being,
from 0,041 to 2.097 moles of CuS0y to 1 mole of Na,80,4.
It is evident that tnis greatly increased range is connected
With the large increase in solubility of sodium sulphate at

this tenperature.

It is t0 be noted that ,. although copper sulphate still
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shows a slight increase in solubility in presence of sodiun
sulphate, sodium sulphate now shows a decrease in solubility
in presence of copper sulphate. A change in the form of the
igotherm here is to be expected owing t¢ the change of nydration
of 20114 sodium sulphate,

The noteworthy fact, however, is the edarly appearance
of the double salt, from whichever end approached, in consequence
of which the isotherm of this salt lies throughout its whole
length within the 25°C. isotherm. That is to say the solubility
of copper sodium sulphate decreases witn‘rise of temperature
from 256°C. to 37.5 C., wnich is in sgreement with the results
of Koppel. (loc.cit, ).

Since the solubility curve of the double salt diminishes
in length from 37.5°C. to 25 C., it may be inferred that at
some lower temperature it will disappear. It has aliready been
stated that according to Koppel this temperature is 16,7°C.,
and it is not difficult to indicate on Figure 15 the point which
marks this dAisappearance. This is done by drawing from tne
points representing the solubilities in water of copper sulphate
and sodium sulphate respectively at 18.7°0., lines approximately
parallel to the corresponding lines for. say 256°C., Such lines
intersect at the point X in the figure, and a curve drawn from
this point in both directions through the pairs of triple points
On the isotherms for higher temperatures would mark out the
region of double salt formation as regards conditions of
temperature and corresponding proportiﬁns between the single

salts in solution.
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Now the point X appears to lie on one side of the line
0A, Arawn at an angle of 45° from the origin, and representing
equimoclecular proporticns of the two salts such as go to form
the doubvle salt; and it seems from the figure that for the
double salt to be formed and exist in the solid state at 16.7 C.
in equilibtrium with a solution of its component salts a slightly
larger molecular proportion of copper sulphate mnan‘of sodium:‘
sulphate must be present in that solution. From this it follows
that the first product of isothermal evaporation of an equi-
molecular solution of the two salts at 18,7°C., or indeed for
a few degrees above this temperature, is not double salt but
sodium sulphate the less soluble of the two single salts.

Sodium sulphate, then, will separate until the compositicn of
the solution corresponds with the co-ordinates of the point X,
Or a triple point representing equilivrium with sodium sulphate
and double salt, is reached.,

The temperature at which double salt can first bve
crystallized from water without decomposition must lie between
18,7°c, and 20°0C. (Massink, loc.cit.), that is the transition
interval must ve very small in contrast to that for the manganese
sulphate — potassium sulphate - &ater systemn,

It is observed that the point X, if rightly placed, lies
very close to the 25°C. isotherm, so that the region in which
the isotherms between 16.7°C. and 25 C. appear must be very
contracted, that is to say the solubiliity of the double salt
between thosa temperatures, although diminishing, is very nearly

constant. This accounts fcr the observations of Massink at 20°cC.,
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whose triple points appear to lie actually upon the 25°C.
isothern,

To test some of the foregoing theoretical conclusions tihe
following experiments were performed:—

An equimolecular solution of copper and sodium sulphates
was made and evaporated in the thermostat at 38°C. until
crystaliization of the double salt took place. The double salt
and mother liquor were then available for the following tests:i-

The equimolecular solution saturated at 38°C, was cooled
rapidly to 0%°C. Pure sodium sulphate crystallized to such an
extent that the mass appeared to be so0lid, Thus from the same
solution from which the double salt crystallized at 38°C.,
Na,80,,10H,0 crystallized at 0°C.

8ome of the crystallized double salt was shaken with a
little water at 0°C. Crystals of sodium sulphate appeared among
those of the double salt, and there was a marked decrease in
the amount of water present because Nazso .10H_O had taken the

4 2.

2804.2}130.

Some of the crystallized double salt was dissolved in a

Place of Cu804.Na

little water at 10°C., and the solution cooled $0 0°0C. Sodium
sulphate again crvstallized.

These experiments all illustrate the non-formation of
double salt at 0°c,

An equimolecular solution of the two salts was evaporated
in a vacuum desiccator at 17.5-18 C. Sodium sulpnate crystalliged

first, showing that this temperature is within the transition
intervail,
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A solution containing the two salts in the molecular
ratio sodium sulphate:copper sulphate::1,00:1.05, shown in the
figure by the line OA: was evaporated in a vacuun desiccator
at 17.5-18°C. Double salt separated first. This proves that
a point representing the above molecular rafio lies on the
double salt isotherm of a temperature between 17.5 and 18°0C.,
and confirms the conclusion that the point X, where the double
salt vbegins to be formed, lies a little on the copper sulphate
side of the line of equimolecular proportions CGA, but very

Near to the line 0OA.
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80.
7ine Sulphate - Sodium Sulphate - Water at 0®and 25°C.

The double salt zinc sodium sulphate was among those
investigated by Graham (56), who states that the double salt
Zn80,.Na 80, .4H,0 1s deliquescent in moist air, and is decomposed
into its constituents by water.

Against this latter statement is to be placed the
following (57 ):~ "Sodium sulphate is slowly but abundantly
soluble in a saturated zine sulphate solution with separation
of a double salt after a few days.” How these two apparently
contradictory statements are reconciled will be seen in the
sequsal.

Koppel and Gumperz (58) have shown that the double salt
Zn804.NazSO4.4H20 is formed from a solution of its component
salts only above 8.7°¢. They also found that the solubility
of the double salt is constant at all temperatures at which
1t is not decomposed vy water. As, however, tney did not examine
the system completely at any given temperature so as to establisn
the isotherm, it was decided to investigate the system at 0° and
25° 0.

It is alsc t0 be noted that these investigators found
that, while the golubility of sodium sulphate is increased by
addition of gzinc sulphate, that of zinc sulphate is .decreased by
addition of sodium Sulphate,

Experimental.
For the system at 0°C. saturated solutions of the two

8 . )
alts were made at atmospheric temperature, and various
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proportions of these solutions were immersed in ice and Water.
Te mixtures were stirred for 3 days before portions of the
solutions were separated and analysed. For thne system at 25°0.
solntions of the two salts made up at 40 were used, énd solutions
as above stirred for 3 days at 25% .01°C.

Z2inc was egtimated by means of standard potassium ferro-
cyanide solution, and sodium sulphate calculated after determin-

"ation of total sulphate,

-
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System ZnS0

4

- Nazso

-

4

(-4

Moleg of ZnSO4

per 1000g. H_O.

2

Moles of Na_80

2 4

per 1000g. 1I_0.

2

Solid Phase.

............
............

0.138
0,414
0.600
0.914
1.886
2,494
2,521

2.568

2,589

0.331
0.347
0.386
0.381
0,388
0.463
0.485
0,492

0,122

N82804.10H 0.

2

Na2804.1OH20 &
7
Zn804..H20.
Znsoé.VHZO.




Table XIV.
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~

Moles of Znso4

per 1000g, H?O.

Systen

-

25°0C.

P e

Moles of Na2804

per 1000g, Hzo.

N

Solid Fhase,

............
------------

0,543
1.073

1,226

1,987
2.669
2.922
3.157

3.483

3.504
3.518

1,972
2.033
2,084

2,027

1,323
0.871
0.745
0.641
0.551

Na SO4

2 .lOHZO.

[ ]
"

Na80 .10H 0, &
2080, .Na_80 . 4H.0.
7080 ,.Na_80 .4H 0.

"
"

440, &
Znsoé.zﬁzo.
Zn804.7H20.

Znso4.Nazso
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SYSTEM ~ Zn S04 - NaL,S'O4_jHAO at

oA

2.504 ~moles per 10009. 0.

2 .
Too |
1 % o
(o] ~ 1 J

W

H\\
BRN

Na, 504 ~ moles per 10009 H:0.

Freure 16.

O°and 25°C.

M,



86
goneclusions,

No dcuble salt is formed at 0°C. This is in agreement
with the work of Koppel and Gumpersz.

The double salt ZnS0,.Nag80,.4Hy0 is formed over a
considerable range at 25°C:-

from 0.592 to 6.28 moles of ZnSO4 to 1 mole of Na2804.

The isotnerm Aiffers considerably from that of the copper
sulphate - sodium sulphate system at the same temperature, the
range being mich wider, It is to be noted, however, that tnis
increased range is mainly due to the much greater solubility
of zine sulphaste as compared with copper sulphate. Indeed, at tie
sodium sulphate end of the isotherm, a much greater concentration
of zine sulphate as compared with copper sulpnate must be present
vefore double salt begins to appear.

At 25°C, the double salt is not decomposed by water, and
consequently the first product of isothermal evaporation of an
equimolecular solution of zinc and sodium sulphates at this tem-
perature is the double salt ZnSO4.Nazso4.4HzQ.

According to Koppel and Gumperz, however, the transition
interval for this double salt is 8.7°to 21°C, Therefore, ordinary
(room) temperatures lie within this interval, and thus at these
temperatures the double salt is decomposed by water, Herein
lies the explanation of the apparently contradictory statements
Already quoted.

Thus, when the double salt is dissolved in water within
this temperature range, it 1s decomposed into its constituents,

¥ith the probable separation of sodium sulphate. On the other
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nand if sodium sulphate is added to a saturated solution of
zinc sulphate it 1s more than likely that the composition of
the resulting solution will lie within the region of double
salt formation (that is the solution will contain a greater
molecular proportion of zinc sulphate than of sodium sulphate).
Thus double salt will gradually be deposited from the solution.

At voth 0°and 25°C. the solubility of sodium sulphate
is increassed by addition of gzinc sulphate, and the solubility:
of zinc sulphate is decreased by addition of sodium sulphate,
This 1s in agreement with the observations of Koppel and

Gumperz,.( loc.cit. ).
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Manganese Sulphate - Sodium Sulphate - Water at 0° 25: and 35°0.

Geiger (59), in a thesis submitted to Berlin University,,
alleged that the double salt of manganese and sodium sulphates
exists in two hydrated forms, the tetrahydrate and the dinydrate:
-Mnso4.Na2804.4H20 and Mnso4.NazSO4.2Hzo.

According to Marignac (80) the dinydrate of manganese
sodium sulphate crystallizes from a solution of its component
salts not velow 36,6°C., and a tetrahydvate by free evaporation
at ordinary temperature. Marignac's results were accepted by
Kbppel (1), although in default of a rapid and accurate method
of estimating manganese he A4id not himself investigate the’
double salt,

‘8chreinemakers and Provije (61) have given the results
of an investigation of the system MnS0, - Nay80, - H,0 at 35°C.,
which show at this temperature two double salts, 9Mn504.lONaZSO4
and MnS0,4.3Nag80,, according to the composition of the mother
liquor,

It was decided to investigate this system at 0°and 26°C.,
and also in view of the conclusions of Schreinemakers and Provije
at 35° o,

Experimental,

For this system at 0°the procedure was as usual, the
mixtures veing stirred for 3 days.

A slightly different'procedure was necessary at 25° C.

The solubility of manganese sulphate decreases above 26°C.,

therefore, there was no advantage in preparing solutions above
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this temperature, Consequently solutions of sodium sulphate
saturated at 40% and of manganese sulphate saturated at 25°
were used, To ensure the presence of a solid phase on the
manganese sulphate saturation curve, solid tetranydrated
manganese sulphate, the hydrate stable at 25°C., was added to
different mixtures of the above solutions., These mixtﬁres
were immersed in a thermostat at 25% ,01°C., and stirred for
4 da&s, after which it was found that equilitrium had been
reached, At the sodium sulphate end of the isotherm different'
proportions of the above solutions were taken, and the mixtures
stirred for 3 days. Botii solid and liquid phases were analysed,

For the experiment at 35°various proportions of solutiouns
of the two salts saturated at 40°were taken, while to ensure
the presence of the appropriate solid phase anhydrous sodium
sulphate was added at the sodium end of the isotnerm, and mono-
hydrated manganese sulphate at the manganese end. These mixtures
were stirred for 4 days. Both solid and liquid phases were
analysed,

Manganese was estimated volumetrically by the Volhard

metho¢, and sodium sulphate calculated after determination of

total sulphate.
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- Table XV,

80 .

—— eeem
System MnS0, - Nay80, — H,0 at 25°C.
Percentage Composition. N SN
3olutions, Moiét 30lids, 3olid Pnase,
Mnso4 Nadso4 Hzo. MnSO4 NaZSO4 HZO' NN
—— 21,89 [78.11 [ ————m| = | Na,80 44 10H;0.
2,81l121.,54 |[75,05 | m~—rmm | oo e "
8.94(21.28 |74.78 | | ~~mmm | v
5.44(21,18 [73.40 —-— "
9,14 20,53 [70.83 | ~~——~|mmmmm [ .
15.15|19.55 65430 | =———— ———mm | "
17,15 |19.26 |83.59 | 24,50 |44.95 |30.55 Na,80,.10H,0 &
| MnS0 . Na, S0, .2H,0.
18.62|17.42 |69.39 | 26.26|24.64 |49.10 NS0 ;. Na480 4. 2iy0.
22.88|Ll3.51 |83.81 | 33.24(26.87 [39.89 \J
26,23 (11.00 |82.77 | 37.26(|28.81 |33.93 y
29,52 | 8.78 |61.70 | 36,58|23,97 |39.45 "
34,69 | 6,23 |59,08 | 39,20 |30,94 |39.86 "
38.94 | 5,09 |57.97 | 45,01[28.10 (28.89 Mn80,.Na,80 . RH,0 &
Mn804.4H20.
38,43 | 1.86 [53,91 | = |[mmmmm e MnSO4.4H20.
39,10 | ——— |[680,90 | === |=—mm- ———— v
.
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' Table XVI.

9%

System MnS0, - NagS0, ~ Hp0 at 35°C.

Psrcentage Composition,

............
............

- —

Soluticng. Moist Solids. 8¢01id Phase,
Mnoo4 N02804 HZO‘ Mnso4 Nazso4 HBO' tesrisiiiie
——--133,83 |87,17 | |~~~ |~———m h32804.

4.25130.49 |65.28 3.26147,92 43,82 L
53,55|29.05 |64.40 5.45]40,.51 |54,04 "
3.35|47.43 |83.16 8.41(38.47 |b3.1%2 Nazso4 &
Mnso4.Na2804.2H20.
10.211285.75 |584.04 ] 20.43(131.06 [48.51 Mnso4.Na?So4.2H20.
12,54 |22,.96 |64,50 | 15.42 (24,90 |59,48 -
15.64 118,70 |64.668 | 23,09125,.73 (51.13 ’
26,56 111.12 |83.32 | 28.87 (15,31 |55.82 o
30.43| 8.49 |61.08 | 32,85(|13,93 |53.42 "
4. 46| 6,82 |53.82 | 45.73| 8.85 |47.62 MnSO4.NaZSO4.2H20,
& Mn004.h20.
37.12 | 3.05 |59.83 | 39.80| 3,01 |57.39 Mnso4.Hzo.
39,66 ——— |60,.44 | ————— ———— | m——— "




Tahle XVIT.

9%

Systen. Mnso4 - Nazoo4

- HéO

at 00 c .

Moles of MnSO4

per 1000g. Hzo.

Moles of NaZSO4

per 1000g. HZO’

3olid Phase,

0.254
0.773
0.897
1.650
2.818

3.413

3.424
3.489
3.533

0.331
0.369
0.389
0.383
0.445
0.5620
0.568

0.509

i e

Nazso .lOHkO.

4

#
L
[
L)

o

470

10H,0 &
0‘. -
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XVIII.
System MnSO, - Na,80, - H,0 at 25° C.
Moles of MnSO, | Moles of Na_50
-4 R 4 80114 Phase.
per 1000g. Hzo.} per 1000g. Héo.
A 1.972 lia 80, . 10H,0.
0.246 2.004 .
0.849 2,003 "
C.491 2,029 "
0.881 2.054 .
1.538 2.108 "
1.788 2,132 NagS0,.10Hz0 &
Mn804.Na580,.2H30.
1,928 1,917 unso, .Na,80 . 2H,0.
2,381 1,494 "
2.787 1.232 "
3.169 1.001 v
3.889 0,742 "
4,220 0.6818 S0, Na, 80, . 2H,0 &
Mn80 . 4H,0.
4,248 0.195 Mnso . 4H,0.

4,262

P




Table XIX.
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System MnSO, - Na,80, - Hg0 at 35 C.

Moles of MnSO,

per 1000g, HZO.

Moles of Nazso4
per 1000g. Hzo.

Solid pnase,

1,085
1.237
1.802
2,821
3.299
3.875

4,109
4,334

3.440
"'3.488
3.175

3.083

2.830
2.504
2,144
1,256
0.978
0.790

NaZSO4 &

Mn804.NaZSO4.3H20.

80 . S0 .<H_ Q.
Mn 04 Naz 4 2O

"
. &
MnSO4.N82$O4 2H20

MnSOi.HzO.

Mn804.HzO.
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. Conclusions,

The 0°C. isotherm'snows that no double salt is formed
at this temperature, (Figure 19 and Table XVII.).

Double salt is formed at 25°C, , the salt being the
dinydrate MnS80,.Na,;80,.2Hs0. (Figure 17 and Table XV.).

Iﬁ is formed a. considerabla-range at this temperature:-

from 0.84 to 8,83 moles of MnSO to 1 mole of Na SO
(Figure 19 and Table XVIIL.).

No evidence of the formation of the tetranydrate at 26°C.
was found, |

The dihydrate MnS0,.Na,80,.2H,0 is also formed a con-
siderable range at 35°0., viz; |

from 0.32 to 4.90 moles of Mn80, to 1 mole of Na,80,.
(Figures 18 and 19, and Tables XVI and XIX.).

NO evidence was found of the tetrahydrate nor of the
double salts gMnSO .1l0Na_S80 , and MnS0 , .3Na 30

2774 4°
A study of the isotherms at 25°and 35 C. shows-the

interesting fact that the double salt portion of the 25° isotherm
is nearly coincident along all its length with the double salt
portion of the 35 isotherm.(PFigure 19.). This indicates that
the solubility of the double salt at these two temperatures
is alﬁost identical, A closer inspection of tne'plaee where
the equimolecular line OA cuts the isotherms shows:that the
80lubility of the double salt MnSO4.NaZSO4.2H20 is slightly
lesg at 35°C, tnan at 250,

At 31l three temperatures the solubility of manganese

Sllphate is decreased by addition of sodium sulphate. This fact
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is of mich greater interest on more particular examination, .-
for the solid phases are all different at the different .
temperatures, The decrease is least at 25°C. where the solid
phase ia Mn804.4H20, and is greatest, being much accentuated,
at 35°C. where the 30lid phase is Mn80,.H,0. An intermediate
4.1H20;
Thus the isotherms show the effect of addition of sodium

decrease is shown at 0° C. where the solid phase is MnS0

sulphate on the solubilities of three nydrated forms of Mnso4:-

MnSO . 7H,0 , MnSO

4 .4H_0, and MnS0,.H_0.

4 2 4°°2

It is to be noted that the solubility of the mono-
hydrate at 35°C. is slightly greater than that of the tetra-
hydrate at 25°0.

At 0°and 25 0. the solubility of sodium sulphate is
increased by addition of manganese sulphate, and at 35 0. is

-mich decreased, Here again there is a8 change of solid phase
from the decahydrated to the anhydrous state.

The double salt is not decomposed by water at either
25°or 35°0. Thus the first product of isothermal evaporation
of an equimolecular solution of the two single salts at these
temperatures is the double salt.

By interpolation of the solubility of sodium sulphate
at 23°0. it can be seen that this temperature is very probably
Just witnin the transition interval. Also by interpolation of
the solubilities of sodium sulphate and manganese sulphate at
8°0; it is seen that the transition point lies very near this
temperature, (Figure 19;).

Therefore, the approximate transition interval for the




to 23° C. Thus this

dt ordinary (room) temperatures.

double salt manganese sodium sulphate is 8°

#alt 1s decomposed by watér
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Discussion of Results.

The results of this investigation may now be discussed
generally in the light of the various theories and hypotheses

brought forward in the introductory part of this thesis,
A, Evidence for the Existence of Complex Iuns in Solutiun..

The results of the investigation of the potassium
sitlphate - bivalent metallic sulphate - water systems give
strong support to the view that considerable amounts of complex
ions are formed in solution.

In all the four systems examined the solubility of each
single salt 1s continuously increased up to the triple point,
vhere double salt begins to appear, by addition of the other
- component. It has already been shown by Klein (9), Reiger (14),
MacOGregor and Archibald.(10), and Caven and Mitchell (4), in
the case of the analogous copper system, that this increase
in soluvility is due to the presence of complex ions in
solution, For this reason and in view of the theoretical points
already Aiscussed it seems justifiable to conclude that this
*increase is an 1ndication~ofitno presence of a considerable
amount of the double salt or its ions-in solution.*

In the case of the manganese sulphate — ammonium sulphate
- Water gystem the increase in solubility of manganese sulphate
by addition of ammonium sulphate indicates the presence of
Complex ions in solution. At first sight, however, the decrease

in solubility of ammonium sulphate by addition of manganese
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sulphate presents a difficulty, . which-disappears, as has. -
already been pointed out} when all the facts are taken into
consideration..

As the temperature is raised tnis decrease is overdoume
and converted into an-increase. A similar state of affairs is
found in the analogous copper system. It was suggested that
this effect was due in each case to the relatively small amount
of vivalent metallic sulphate required at lower temperatures
before orystallization of double salt takes place. Indeed this
effect might be regarded as due to the relatively greater
insolubility of the double salts as compared with the single
salt ammonium sulphate. Thus the amount of double salt or its -
ions is very small and insufficient to overcome the effect due
to soluvility product,. |

As the temperature is raised the solubility of the double
83lt increases relatively much more rapidly than that of the

%, single salt; thus more of the bivalent metallic sulphate is
required before the double salt begins to crystallize. Therefore,
it follows that the amount of double salt (or its ions) in
Solution increases, and as the temperature is raised the effect
0f solubility product is gradually cancelled and finally over-
Come, the result being shown by an increase in solubility of
ammonium sulphate with addition of the bivalent metallic suiphate

A study of the results for tne sodium systems throws
8OmB‘Very interesting light on this problem of the presence of
Complex ions in solution.

The copper sulphate — sodium sulpnate — water system is
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of particular interest, and supplies sirong evidence in support
of the view of the presence of double salt ions in solution..
This at 0°C., though no double salt is formed, the solubility
of each single salt 1Is increased by the addition of the other..
On superficial consideration this would seem anomalous, and
. indeed in direg¢t contradiction to the above viéw. on more
particular examination, however, this apparent anomaly
disappears.. For the double salt, though not formed at 0°C., is
formed at higher temperatures (above 16,7°C.), and the reason
for its non-appearance at 0°C. (or 0~ 16.7°C.) is that its
801ubility is greater than that of the single saits. Indeed,
wvhile the solubility of the single salts 1s decreased by decrease
in temperature, that of the double salt is increased.

At 18.7°C. the solubility of the double salt is just

- equal to that of the single salts, and therefore it can exist
and crystallize along with them at this temperature. Thus it .
would seem fair to infer that below 16.7°0., though the double
salt cannot exist in the solid state in contact with solutions
containing. its component salts, &t is present, in considerable
amount in solution. Indeed it"would be présent'in solution at
temperaturesiconsiderably'1ower than this, and that this is so
sven at 0°c. is shown by the reciprocal increase in solubilities
of the single salts at this temperature.

' "ile the increase in solubility of copper sulphate is
shown at all temperatures, it is to be noted that at- 37.5°C.
the soluvility of sodium sulphate is decreased by addition of

o -]
Copper sulphate, though an increase is shown at O and 26 0.
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Two factors are to be tgken into consideration to account for
this. The first 1s the early appearance of double salt, and
the second is the change in nydration of sodium sulphate abuve
32.5° 0. |

As regards the sodium sulphate - zinc sulphate and
sod ium sulphate - manganese éulpnate gystems 1t is seen tnat,
while the solubility of sodium sulphate is increased by the
addition of the otherfomponent, the solubility of the bivalent
metallic sulphates is decreased by addition o: sodium sulphate.
The increase in solubility of sodium sulphate in each case, even
at 0°0. where no double salt is formed , seems to be clear
evidence of the existence of conslderable amounts of double
salt in solution. The decrease in solubility of the bivalent

metallic sulphates may be due to -the amount of double salt ions

-in solution being insufficient to overcome the effect of

solubility product.

Possibly, however, the explanation may be found in the
suggestion of Caven, PFerguson, and Mitchell (8) "that the
formation of double sslt begins when the undissociasted molecules
of the bivalent metallic sulphate take to themselves sulphate
ions from the alkali sulphate in solution; thus more of the
sulphate dissolves than would dissolve if no bivalent sulphate
were present.”

_ From a consideration of all the facts 1t may be concluded,
a8 far'ng the double salts examined in this investigation ave
concerned, that considerable amounts of ‘the double salts (or

their ions ) exist in solution., Generally the presenge of these
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double salts in solution iz indicated by an increase in
sorﬁbility of either or both single salts previous to crystall-
ization of the double salt, though it may happen that thie effect

is masked by other influences.
B. faven's General Hypothesis.

The résults may now be considered in the light of Cavent's
general hypothesis regarding the formation of double and cumplex
salts in solution (68) :-

*A doudble or complex salt is formed from two salts with
a8 comnion lon when there is sufficient difference in bvasigenic
character between the two metals forming the cations to yield
siimiltaneously sufficient concentrations of the common anion
and the undisscciated salt of thé weaker cation to cause their
- union,*”

‘It may first be considered as regards the alkali sulpihates
It has already been seen, from the point of view of their
electrolytic dissociation in equivalent states of dilution,
that the order of the alkali sulphates is potassium sulphate,
ammonium sulphate, sodium sulphate, and lithium sulphate. In
the electrochemical series of the metals:the order is potassium,
sodium, and 1ithium in the direction of decreasing electro-
negativeness,

_ As far as is known lithium sulphate forms no double
sulphates. Potassium sulphate forms double sulphates with the
Sulphates of Dbivalent metals over a very wide range of

temperature and relative concentration of the component salts,
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Sodlum sulphate does not form any double salts with tae bivalent
metallic sulphates at 0°0., but does so at higher temperatures,
usually considerably abeve 0°C. It would appesr, therefore,
in the casevof potassium, sodium, and lithium- sulphates that
the power of forming double sulphates is a function of affinity,
Power betng the sa&me as decreastn

the order of decreasing~affinity not only as shown by the -
sulphates but also by the metals themselves,

The fixing of the position of ammonium sulphate in the
above series is not quite so simple, From the point of view
of electrolytic dissociation ammonijum sulphate should follow
potassium sulphate, ¥From other considerations, however, it
would appear that it should come before potassiuvm sulphate.

It is known that ammonium sulphate like potassium

sulphate forms double sulphates over a wide range of temperature

-and relative concentration of the two,single salts, and in

both cases these are.of the general type M '804.M5S04.6H50,
(M=K or NHg).

~ Caven and Fergugpn (34) , however,‘as gresult of an
investigation of the digsociation.préssures ol Alkali Cupric
Sulphates, found thet the order of increasing strength of
alkali metals, including thallium and ammonium, as regards the
bPower they confer on the rest of'the molecule to retain 6H20<is
K, Rb, T1, NH

4 08, | |
Thus it is found that, while the double sulphates of

Potassium and smmonium with a large mumber of bivalent metallic

Sulphates such as those of copper, zinc, ferrous iron, and

Nickel all contain 8 molecules of water, the double sulphate
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of potassium and manganese only contains four molecules of
water wvhereas the corresnondlng ammonium salt contains slx.'

Sodium sulphate has 1ess power than potassium sulpnate

of forming dcuble salts, andAtne maxinmam water of crystalllzation S

of sodium double sulphates is four molecules, as compared with
six fdr those OI potaseium. It Wculd appéar, thefefére,ktnét
the amount -of water of crystallization of the dbuble salt is
an indication of the power ofltne component salts to foxm é_
double éalt, or in other words the power of the doubdle sulphate
to retain water in the molecule is a measure of the power of
the component salts to rorn a double salt ' |
Thus Caven and’ Ferguson (34) nave shown tnat, from this
point of view, ammonium tulpﬁaﬁe~isfmore powerful than potassium
sulphate, Purther support is forthcoming from the above-
‘mentioned fact that the double sulphste of amnonium and manganese
is nexanydrated while that of potassium 13 tetrahydrated (
From a oonsideration of the above facts it seems only
fair to eonclude that the order of increasing powey to form
. double sulpnates is litnium sulphate1<sodium sulpnate
potassium sulpnaheiéammonium sulpnate. J
T™is is more clearly dbrought out from a study of the
Tollowing table which shows the‘dduble‘salta of the different -

8lkali sulphates with ‘the same bivalent metallic sulphates:-—

e
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Alkali Zine Copper Hanganese
fulrhate. Double Sulphate,| Double Sulphate.| Duuble Sulinate.
Lithiunm, Not KkKnown, Not known, Hot knuwn.
Sodium, i Triiiiio Triiiiiii

0°6. Not formed, Not forred. Nut furned.
25°0. Zinc sodium Cupper sodium Manganese sudiurn
sulphate formed.| sulphate formed,.| su.rinate Jurced.
Tetrapvirated, Dix ted Sinvdrsted,
Potassgiun, risriiiu trririiii: STl
0" Zine potassium Copper putassium| Manganese putsssiug
0°C. |
o sulphate formed.| sulphate formed, suipnate formed,
25°C, i
dexs e Hexahvdrated. anydrated
Ammonium, NI Titiirvii MM
Zine ammoniun Copper ammoniun Manganese apoonium
0°c¢.
sulphate fornmed, sulrhate formed, gu.pnate Tornes,
25°C,
Hexahydrated, Hdexapydrated, &

It is necessary for a fuller insignt intou tnis matter

to study the effect of the bivalent metallic sulipnate, Tnis is

done by studying tne double salts of different bivalent metvaliliic

Sulphates witnh the same alkali sulpnate, Tabie XXI Turms 8

summary of the various potassium double sulpnates investigated,
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Table XXI. .
Doudblie 9alt, Range of Formation at 26°C. | Solubility.
3 g ¢
Ni80 ,.K,80,.6H,0.| 0.031 %0 3.80 moles of Ni80, | Least.

to 1 mole of KZSO4.

00804.K2804.6H29. 0.30 to 12,08 moles of coSO4 Greatest.,

to 1 mole of KZSO4.

ZnSOA.KbSO4.6HzO. 0.19 to 21.30 moles of ZnSO4 Intermediate.

to 1 mole of KOSO4.
Mnso4.Koso4.4HﬁQ. 1.50 to 10,40 moles of MnS0, | Decompoused.

to 1 ncle of Kzso4.

According to the electro-chemical series the order of tne
four metals in the direction of decreasing electronegativeness
18 Mn, zZn, Co, and Ni. A study of the above summary indicates
that a classification according to Cavents Hypotnesis would
give a different order for the sulphates as regards power of
forming double salts,

IT the power of retaining water in the molecule is an
indication of the power to form double salts, manganese sulphate
has the least affinity since the double sulphate is only tetra-
hydrated, This is also supported by the fact of the relatively
large amount of manganese sulphate (1,50 mole of Mn804‘to 1 mole
of Kzsoa') wvnicn must bYe present in solution before double salt
begins go appear, From the basis on which the hypothesis is
founsed it follows that the greater the affinity between the

component salts the earlier the double salt will make its
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appearance. A study of the dats in this respect gives the order,
in the 4direction of increasing affinity, manganese sulpnate
(1.50 noles to 1 mole of K2804.), cobalt sulphate (0.30 molés to
1 mole of Késo4.), zinc sulphate (0.19 mcles to 1 mole of K2804.)

nickel gsulphate (0.031 moles to 1 moule of K_SO This order

530,44 ).
is confirmed by an examination of the solubilities of the double
silphates, these bYeing a measure of the stabilities of the double
salts, the least soluble being tne most stable, Nickel potassium
sulpnate 1s least soluble, zinc potassium sulphate next, followed
by cobalt notassium sulphate, mangenese potassium sulphate being
decomposed by water,

Thus, while the difference in electronegative character,
and therefore of affinity, between the alkali metallpotassium
and the four bivalent metals 1s given by the electro-chemical
-serles in the order manganese < zinc <cobalt < nickel, the
difference in basigenic character as shown by the double sulpnates
is in the order manganese< cobalt < zinc <nickel. .

Ag only one ammonium system was investigated no conclusions
as regards the influence of the bivalent metallic sulpnates can
be reached.

The following (Table XXII) is a summary of the results

for the sodium salts:—
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Table XXIT.
Double S8alt, Range of Formation, Solubility.
Tirtiiiiiia: At 0°0. At 25°C. tiiiiiiii:
CuSO0 .,Na 80 .2H 0, Not formed, 0.38 to 1.31
4 2 4 2
moles of cuso4
Least.
to 1 mole of
Na 80 ..
2 4
MS .‘as .{ ° ,t ° Y ‘6. :
n 04 1 2 04 2120 Not formed 0.84 to 83
moles of MnSO4
Greatest.
t0 1 mole of
Na 80 .
2 4
Znsc4.Nazso4.4Hé0. Not formed. 0.59 tv 8.28
moles of Znso4
Intermediate

to 1 mole of

Na 80 .
2 4

i e ]

According to the electro-chemical series the order of

the metale in the direction of decreasing electrounegativeness

is manganess, zinc, copper. Other considerations, however,

suggest a Aifferent order for the sulphates, for copper sulpnhate

is oniy pentshydrated whereas zinc sulphate is Leptanydrated.

Thus the order of inereasing power of forming double sulphates

nlght ve manganese sulphate, copper sulphate, zinc sulpréts,

At first sigat the evidence seems to confirm the order
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ai given by the electro-chemical series, Zzinc sodium sulpaate:
is more soluble than copper sodium sulphatz and makes its

appearance later at 25°0. (0.59 moles Zn80 to 1 mole Na_ 50

4
conmpared with 0,38 moles cuso4 to 1 mole Nazso

4
o)
On more particular examination this evidence is dis-

counted for the degree of hydration of the double sulphates is
different., The zinc salt is tetranydrated while the copper salt
is dinhydrated, This indicates that zinc sulphate has a greater
power of forming a double sulphate than copper sulphate in spite
of the fact that copper i3 much less electropositive than zinc..

Coppner sodium sulphate and manganese sodium sulphate
are both dihydrated, and the copper salt is less soluble tnan’
the manganese salt, and 1s therefore more stable. Thus the
order of the thrée sulphates as regards increasing affinity
Or increasing power of forming double sulphates is manganese
sulphate, copper sulphate, zinc sulphate,

To sum up it may be suggested that, whnile the bivalent
metallic sulohates may influence the composition of the double
salt, the determining factor as to whether double salt is formed
or not 1s the alkali sulphate, Thus, while lithium sulphate
does not form double sulphates even witn the sulphates of metals
widely separated from lithium in the electro-chemical series,
80dium, which is next to lithium in the series, forms a series
Of double sulphates with the bivalent metallic sulphates. Ine
1ifference bvetween sodium and potassium sulphates is siown by
the non-formation of the sodium double sulpRates at 0°C., tnese

making their appearance only at temperatures considerably above
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0°C., Ammonium and potassium sulphates are distinguished mainly
by the dAifference in the degree of hydration of certain of their
anglogous double sulphates,

The effect of the bivalent metallic sulphates is mainly
seen in the earlier or later appearsnce and lesser or greater
s0lubility of the double sulphates. Thus the greater the
basigenic difference between the alkali sulphate and the bi-
valent metallic sulphate the earlier the appearance of tne
double salt and the greater its insclubility. Their effect
may also ve traceable in the degree of hydration of the double

sulpnate, and this aspect will now be considered.

C. The Influence of the Water of Crystallization of the Single
Jalte on the Degree of Hydration of the Double Sulphates.

This aspect must first be considered from the point of

view of the alkali sulphates,

Caven and Ferguson (34) showed that "the order of in-
creasing strength of alkali metals, including thallium and
ammonium, as regards the power they confer on the rest of the
molecule to retain enzo, is K, Rb, Ti1, NH4, Cs." Sodium was not
included in the investigations.

Tne position of sodium can be fixed from a consideration
of the water of crystallization of the double sulphates of tne

three alkali metals. (Table XXIII.).
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Table XXIII..

Degree Of Hydration of Alkali Double Sulphates.

in,. CO?‘“““*‘ Ni, cu, Mn,
NH4 6H20° GHZO' 6H20. 6H20. 6H20.
K. GHZO' SHZO. GHZO' 6H20. 4H20.
Na. 4HZO. 4H20. 4H20. ZHZO. ZHZO.

Thus it is seen that sodium has less power of retaining
water in the molecule of the double sulphate than either
potassium or amhonium. Therefore sodium comes before potassium
in the above series,.

Thus as far as the three alkall sulphates investigated
are concerned, ammonium sulphate has most, potassium sulprate
next, and sodium sulphate least power of retaining water in tiae
molecule of the double sulpnate. This power, as already
suggested, is probably intimately connected with the power of
forming double sulphates, otherwise it is 4Aifficult to explain
way the double sulpnates of sodium sulphate, which is deca-
hydrated, should crystallize with a maximum of 4 molscules of
water, wvhile those of ammonium and potassium sulphates, both of
which are annydrous, crystallize with & maximum of € molecules
of water. |

Caven and Ferguson (82), as a result of an extended

investigation of the Aissociation pressures of double sulphates
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of the alkali metals with other bivalent metals, have cone,
among others, to the following conclusions:—

"In the case of the bivalent metals copper, cadmium,
and manganeée, which 4o not form heptahydrated sulphates,
stable at the ordinary temperature, the order of the vapour
pressures of the double salts formed with different alkali
metals decreases with the alkali metals in the order, K, Rb, Cs."

“In the case of the bivalent metals cobalt, nickel,
zine, ferrous iron, and magnesium which form nheptahydrated
sulphates the order is K, Cs, Rb."

They conclude from these facts that *it is only in cases
in which the alkali metal is instrumental in causing a larger
proportion of water to be retained in the double salt than can
he retained by the sulphate of the bivalent metal alone that
-the order of decreasing vapour pressure is the order of increas—
ing metallic intensity of the alkali metals., In other cases
the order of alkall metals instead of being K, Rv, Cs is K, Cs,
Rb, that is to say there is not a complete reversal of the order,
but reversal only as regards Rb and Cs.*

In view of the above it is interesting to see if there
1ls any Aifference between the double sulvhates of copper,
cadmium, manganese and those of the other bivalent metals.

T™he double sulphates of ammonium with copper , cadmium,
manganese, cobalt, nickel, zinc, ferrous iron, and magnesiun
Are all mexanydrated,

The potassium double sulphates of the following bivalent

Netals are hexahydrated, copper, cobalt, nickel, zinc, ferrous
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iron, and magnesium,
Potassium manganese sulphate is tetranydrated, and
Tutton (63) was unable t0 obtain potassiunm éadmium sulpnate
in the hexanydrated form, |
| Koppel and his collaborators (1) nave snown that the
 sodium ddublo sulphates of cobalt, nickel, zine, ferrous iron,
and magnesium are all tetranydrated, while those of copper and
cadmium are dinydrated; moreover, as a result of thig investi-
gation, it has been shown that manganese sodium aulphatc is
also dinhyvdrated. |

‘ ™The abové Tacts are summarized in Table XXIV.

R
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Table XXIV,
3ingle Salts. Hydration of Double Salts.
Salt. Hydration, NH4.' K. Na,

00804. 7H20. BHZO. GHZO. 4H20.
[¥iso,. 7TH,0. €H,0. 6H,0. 4H,0.
ZnSO4f VHZO. GHZO. 6H20. 4Hz°f,
FeSO4. VHEO. BHZO. GHZO' 4Hz0.
Mg804. VHZO. GHZO' 6H20' 4H20'
Ou304. 5H20. 6H20. SHzO. ZHZO.
MnSO4. 4H20. 6HZO. 4H20. 7 ZHZO.
caso,. gnzo. 6330' 7. 2H,,0.

GH,0,

(unknown ),

From a study of the above summary it is seen, in
confirmation of the conclusions of Caven and Perguson, that
. there is a Aistinct difference between copper, cadmium, and
manganese sulphates, and the sulphates of the other bivalent
metals, cobalt, nickel, zinc, ferrous iron, and magnesium,
This difference is first shown in the degree of nydration of
the single salts, and is made apparent in the degree of hRydraticn
of the double salts., This influence is not apparent in tae
ammonium double salts, but is first shown in the rotassium
docuble salts, and is brought out most shkarply in the sodium

double salts.,

Thus it may be concluded that, waile the degree of
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hydration of the bivalent metallic sulphates influences the
degree of hydration of the double sulphates to a éonsidarable
extent, the alkali sulphate has the greater influence, and is
indeed the deciding factor. This is to be expected as the power
of Torming double sulphates lies mainly with the alkali sulphates
D. 8Solvation.

Though the evidence adduced indicates the presence of
complex ions in solution, there is nothing to show whether these
~ions are hydrated or not. In the solid state part of the water
may be regarded as attached to the bivalent metallic radical,
and part to the sulphate ion, thus, Mp[(40Hy)][80,.0H,],.

If the sulphate ion is hydrated in each case, then the single

and double salts may be represented as follows,

[wi( eoxy)1[80, .00 ] . [un( 308, )] [80 4. 0H ..
(NH, ), [i( 40H, )] [80,.0H,]) 5. | (10, ), [bn( 408, )][80,.0H ] ;.
Ky [I1( 40H, )] [80, .0H, 1. K [bin( 20H, )] [50,.0H, ],

Na, [wi(20H, J[80,.0H ] .. e fimf[so sor ],

Tus the presence of the alkali ion causes the bivalent
metallic radical to be hydrated to a less degree than in the
single salt. The ammonium ion has least efrfect, potassium ion
next, (as shown by the manganese double sulphate ), and the sod-—
ium ion most. Indeed the effect of the sodium ion is so great
that in certain of the doﬁble sulphates (those of manganese,
¢oprer, and cadmium.) the bivalent metallic radical is not

hydrated at all.
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I, General Considerations.

A discussion of the results from a general point of
view raisesvschral very interesting points.

A study of the potassium systems brings cut several
noteworthy rfacts, Thus it is found that the double sulphates of
potassium with nickel, cobalt, and zinc all crystallize witha
6 molecules of water, and are formed from solution over a very
wide range as regards temperature and relative concentration
of the constituent salts, Indeed it is particularly noteworthy
that these double galts can be obtained from solutions contain-
ing an extraordinary small amount of the bivalent metallic
sulphate. Moreover, these double salts are not decomposed by
water, isothermal evaporation,not only of equimoleculsr solutions
jbut of solutions whose composition is represented by points
widely separated from the equimoleculsr line, resulting in the
double salts as the first product.

The manganese system is sharply distinguished fron the
Others, The double salt crystallizes with only 4 molecules of
water, and the range of formatiun as regards relative concen—
tration of the constituent salts is much smsaller, The remark-
able fact is the large amount of manganese sulphate wkicCkR nust
be present before doudle salt makes its sppearance, Thus the
double salt is decomposed by water at both 0°and 25°C., the
first product of isothermal evaporation of an equimolecular
solution being potassium sulphate, It therefore folleows that

the transition interval four this system is very large,
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In no case does the addition of one constituent salt
displace the other from solution, the result of such an addition
being an increase in solubility of the other component.

Mangénese ammonium sulphate crystallizes with 6 molecules
of water, nnd is also formed over a wide range of temperature
and relative concentration of the constituent salts, It is not
decomposed by water, While the addition of ammonium sulphate
increases the solubility of manganese sulphate, manganese
sulphate cdisplaces ammonium sulphate from solution both at 0°
and 25°¢,

0f the series studied in this investigation the sodium
double sulphates are of greatest interest. Manganese sodium
sulphate and copper sodium sulphate crystallize with 2 molecules
of water, while zinc sodium sulphate crystallizes with 4
molecules, They are all decomposed by water at O°G., and even
at ordinary sir tenmperatures. All three are undecomposed by
water at 25°C., being formed at this femperature over a
comparatively small range as regards relative concentration
of the constituent salts,

The transition point for copper sodium sulphate is 18,7°C..
and the transition interval is very small possibly 16.7°G. to
about 19°C, The transition point for zinc sodium sulphate is
8.7°C. and by interpolatiocn of the solubilities of the single
salts that of manganese sodium sulphate is about 8°C. The
transition interval for the zine sodium system is 8.7°C. to
21°0,, and for the manganese sodium system, determined by the

interpolation of the solubility of sodium sulphate, is about 8°c.
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to about 23°cC.

A noteworthy point about these double sulpnates is the
rapid increase in range of formation, a@s regards relative
concentration of the constituent salts, with rise in temperature.
This would seem to be partly connected with the corresponding
rapid inerease in solubility of sodium sulphats,

The solubility of sodium sulphate is increased by addition
of each of the bivalent metallic sulphates up to the transitioun
reint for the following reaction:—

Nazso4.10H20 =S Nazso4+1oz{20.
Above this temperaturs (32.5°0.) anhydrous sodium sulphate is
displaced from soliution, Addition of sodium sulphate increases
the soiubility of copper sulphate, but it displaces both zine

sulphate and manganese sulphate from solution.

-—
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Appendix I,
Graphical Representation of Reéults.

Various methods can be employed for the graphical
representation of isotnermal relations in a ternary system,
Indeed it is to be deplored that so many different methods have
been emploved, and therein lies the great dAifficulty of
correlating the results of different investigators.

The results of Aifferent investigators nave been recorded
as,

Grams of salt per 100 grams of solutibn,

Grams of salt per 100 grams of water,

Grams of salt per 100 ces, of water,

Gram-moles of salt per 100 gram-moles of water,

Janecke (64) has also suggested the following method.
The total salt is put equal to 100 and the amounts of the two
salts, xA and (100 - x)B. A rectangular diagram is used, The -
amounts of the salts are measured off along the lower side of
the rectangle, and of water in the solution associated with 100
parts of total salt, is measured upwards along the side of the
rectangle, Britton (85) in an investigation of potassium alum
makes use of this system.,

In the present investigation two metnods of representation
are emploved,

In the first the results are expressed as grams of salt

per 100 grams of solution, and are expressed grapnieallyvon the
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triangular diagram. In the second they are expressed as moles
of salt per 1000 grams of water, and are expressed graphically
on the rectangular diagram; moles of alkali sulphate on the
horizontal cb—ordinates and moles of bivalent unetallic sulpnate
on the vertical co-ordinates.

The triangular diagram is based upon the percentage
compositions of the solutions, and therefore expresses amounts
of the two salts in solution with reference to varying amounts
of water; thus certain solubility relationships are not fully
brought out. For instance consider the following results for
the system manganese sulphate -~ potassium sulphate - water at

25°¢. (Table VI. ).

MnSO4. ‘ . K2804. : H20°
39,10 anms, L m———— gmB8. 60.90 gms,
38,038 " ‘ 0.43 " 80,65 *
38.54 " 1.87 59,6 "
38.43 " 2.46 58.12 "
38.21 " 3.03 * 58.76 "
37.92 " - 4,16 " 57.93 "

It is almost impossible to tell from consideration of
the above results or study of the triangular diagram (Figume 11.)
whether the solubility of manganese sulphate is increased or -
decreased by addition of potassium sulphate. This difficulty
is obviated when the results are expressed as moies per 1000

grams of water, thus;
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MnSO4. K2804.
4.252 moles, -——-- moles,
4,268 " 0.041 "
4,284 * 0.182 "
4,304 v 0.240 "
4,307 " 0.285 “
4,334 . 0.411 "

(Table VIII.)

A glance at the above, or at the rectangular diagram
(Pigure 12.), is sufficient to show that tne solubiliﬁy of
manganese sulphate is increased by thé addition of potassium
sulphate,

7or this reason the triangular diagram is only used wnen
it is Adesired to determine the composition of the double salt
or of the single salt. In this case the composition of both
1iguid and moist solid phases are determined, the results
expressed as grams per 100 grams of solution, and plotted on
the triangular diagram; for example the mangsnese potassiu
and manganese sodium systems.

Ntherwise all results, including the above, are calculatel
48 moles of salt per 1000 grams of water, and results plotted
on the rectangular diagram. Thus the solubilities of the salts
are referred to a fixed quantity of water, and all solubility
relationships can be seen at a glance, for instance the effect

0f each single salt on the solubility of the other.
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Appendix II.
Ixperimental Apparatus.

Pigure 20 shows the thermostat and allied apparatus. The
thermostat consists of a galvanized iron tank, externally lined
with asbestos sheeting. The capacity of the tank is sucnh that
a very large nass of water is required to rill it, and thus
temperature variation is reduced to a ninimim, The water is
kept in circulation by means of a stirrer of the propeller type
driven by an electric motor. The source of heat is a gas burner,
the supply of gas bveing controlled by the autoregulator A, which
is very sensitive to change in temperature. The large bulb is
filled with toluene and the tube with mercury. A by-pass supplies
a pilot flame at the side of the burner. The temperature variation
lies witnin tne 1imit £0.01°C. |

The reaction vessel consists of a large wide-necked round
bottomed flask. This is immersed in the water up to the neck,
the contents being stirred by means of a glass stirrer,

For the abstraction of the liquid phases two types of
filtering apparatus are used., The first one, Figure 21, is used
for easily filtered liquids in conjuncticn with granular solid
phases, the liquid being filtered through cotton wool. The
second, Figure 22, is used for viscous liguids or where tne
801id phase is present in a very fine state; the buchner funnel
gives a wide filtering surface.

Both can be fitted with outer protective vessels sc that
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they can be imnmersed in the thermostat, and allow filtering
pperaticns to be carried out as ithe experinental temperature.

Two methods ere used for the abstraction of the solid phases
In one case the —eaction liquid is rapidly filtescd, and a portion
of the moist g01id phase lmmeilately transferred to a tared
weighing botfle. In the cther the reaction liquid is sinply
shaken up and a porition of the mixed 1igquid and solid phases
poured into the tared weighing boille.

The apparatus shown in Figure 23 is used for the isothermal
evaporation of solutions. The air is drawn through cotton wool
and bubbled through strong caustic potash solution and concentrated
sulphuric acid in ordef to remove anything deleterious to tne‘

solution.
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| Appendix III.
Analytical Methods.,

To ensure the greatest possible accuracy in the
analytical work all the apparatius used was standardized. All
wolghings weré carried out on a sensitive balance with a box
of standardized weights. Silica crucibles were used in the
determination of total sulphate and other gravimetric estimations
where ignition was necessary. The ligquid and solid phases in
every case were made up to 250 ces, in accurately standardized
flasks, and determinations made on aliquot portions, which were
measured out by means of a standard 50 ccs. burettef This
standard burette was used throughout for all volumetric work.

All chemicals used were elther guaranteed analytical

reagents ( A.R.) or Merck!s reagents.
Estimations.

In all cases total sulphate was determined, and in all
but one -~ the anmonium-manganese system — bivalent metal was
also estimated. Thence the amount of bivalent metallic sulphate
Wvas calculated, and b& gubtraction from total sulphate the
amount as alkali sulphate was obtained. (In the above exception
the only difference was that ammonia was estimated and ammonium
Sulphate calculated; bivalent metallic sulphate was then obtained

by difference). The following is a typical calculation.




Weight of solution,

Total SBulphate,

25 ccs, taken.

Weignt of Baso,.

te tio

50 ccs, taken.

180
- Typical Calculation. .-

17.87 gms,

Made up to 250 cecs,

(I) 0.3079 gms. (II) 0.3077 gus.
Average 0.3078 gns,

ine

%6,80 ccs. potassium ferrocyanide solution

required,.(1 cc, = 0,001022 gns, of zine.)

Calculation,
Total Zn. = 0.001022X26,80X5 = 0,1370 gms.
"  Zn804. = 0,1370X 2,489 = 0,3381 " .,
" 30,. = 3,078x0,4115 = 1.,3660 " ,
S0, as ZnS0,. = (0.3381 - 0.1370) = 0,2011 ¥,
— - - "
80, as K,80,. = (1.2260 - 0.2011) 1.0649 .
K,80,. = 1,0849x1.815 = 1,933 ",
Zn804 S0, féigg
(N.B, Factors:- —7-— = 2,469, 53304-0.4115; 30, ~1.815)
From 17.87 gms, of solution 1,933 gms. K2304.
44233 100
" 100 gms, * " 431 ¢ gns. of K,80,.

From 17.87 gms. of
" 100 gns, *

= 10.94 " v .

solution 0.38381 gms, Zn804.
U gms., of Zn804.

17.87
= 1.91 o " o,



131
Therefore, percentags composition of solution is as follows:-

K2804 ZnSO4 20

10.94 Co l.91 - 87.15

) _ 10,04 X1000
ner ;?90 gms.‘of Hz = 171-3)<8?-l5

Moles of K_ 80
, 3 4

]

0.721 moles.

n

R B ,
Moles of ZnS0, per 1000 gms. of H,0 E%i?ﬁf?%%%%g .

= 0,138 moles,
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Detsrmination of Total Sulphate,

The determination of sulphate was carried out as fulluws+
An aliquot portion of the stock solution was diluted to about
250 ccs, with distilled water, and 2 or 3 drups of ccuncentrated
hydrocnloric acid added., This solution was heated tou boiling,
and precipitation of sulphate effected witn a boiling ¥ barium
chloride solution. The barium chloride solution was added droup
by dArop with stirring, If bariun chloride solution was added
too quiekly =0 as to bve present in excess dAuring the precipita-
tion some barium chloride was carried down with the sulphate.
Excess of barium chloride solution was added when precipitation
was conplete, The solution was allowed to settle on a hot plate
until the supernatant liquid was perfectly clear. This liquid
‘was then decanted through a 8Swiss filter paper, and the precipi-
tate waghed out of the beaker by means of a jet of not water, The
precipitate was washed thoroughly with hot water and ignited
moist on the filter paper in a siliea crucible. There was no
reduction of sulpnate in the avbouve method as after-treatment
with sulphuric acid failed tou give any appreciable difference,

All determinations were carried out in duplicate, and the

Tollowing are representative results.

I IT Difference. % Difference.
0.4778 g. 0.4776 g. 0.0002 g. 0.04
1,4370 g. 1.4404 ¢g. 00,0034 g. 0.23
1.7232 g. 1.7212 &. 0.0030 g. 0.12

0.2827 g. 0.26325 g. 0.0002 g. 0.08
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Eatimation of Nickel,

Niokal was estimated by a volumetric method due tou Kelly
and Conant (38), using diphenyl glyoxime as an indicator.

*In outline the metnod cunsists of adding a measured
excess amount of standard potassium cyanide solution to an
ammoniacal zclution of the nickel salt. A quantity of the
indicator ig then added and the excess potassium cyanide titrated
with standard nickel sulphate solution.*

In practice the method was as follows:—~ All titrations
were carried out on a volume of 250 ccs,.,, an aliguct portion
of the stock solution being taken and diluted to this amount.

5 ccg, of 0.88 ammonia were then added, followed by excess
potassium cyanide solution (1 ce. equivalent to 0,001 gm. nickel)
and then 5 ccs. Of Aiphenyl glyoxime solution., This solution

was obtained by dissolving 1 gm. of diphenyl glyoxime in a
solution of 5 gms, NaOH in 100 ces. of water and 4diluting to
1000. ¢cs. The excess cyanide was then titrated with standard
nickel sulphats solution.(Approximately 0.001 gms. nickel per

1 cc. ). This method was very accurate, results being usually

duplicated to within about 0.3%.
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Istimation of Cobalt.

Cobalt was ostimated gravimetrically as follows:-
The neutral cobalt solution was diluted, if necessary, so tnat
its concentration was 0.1 gm. cobalt tu each 50-100 ccs.
Precipitation was then trought about in the cold by adding a
strong solution of amnonivim phospnate in the proportion of
1 to2 gm.,(NH4)2HPO4 for every 0.1 gm. of cobalt. At first tne
the precipitate of cobalt ammonium phosphate was flocculent
and amorphous, but after heating at 70-30°C., for some time it
became crystallins znd settied well., The solution was then cocled
to room temperature, filtered, and the orecipitate washed wiih
cold distilled water.‘It was then dried at 100°Gg, ignited on
the filter paper in a silica crucible, and weighed as cobalt
‘pyropnosphate 002P207. The following duplicates illustrate the
accuracy of the method,

Yeight of Pyrophosphate.

I II
0.2854 g. 1 0.2850 g.
0.2332 g. 0.2338 g.
0.4954 g. 0.4968 g.
0.1128 g. 0.1130 g.

0.1093 g. 0.1089 g&.

€68 20646860648 ¢88034es
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Estimation of Zinc.

Zinc was determined by means of standard potassium
ferrocyanide solution using uranium acetate solution as external
indiecator,

An aligquot portion of the solution was placed in a 500 ces
conical flask, 10 ccs, of a 5% ammonium chloride solution and
10 ccs, of concentrated hydrochloric acid added, and this dilluted
to about 200 ccs. The resulting solution was then neated to about
80° 0., and titrated with standard potassium ferrocyanide solution
until a 4rop gave a permanent brown colour with uranium acetate
solution, A blank experiment, in the absience of zinc, was
performed under the above conditions to determine the volume of
ferrocyanide solution required td give a standard. brown colour
‘with uranium acetate,

The ferrocyanlide was standardized against a standard zinc

sulphate solution.
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Estimation of Manganese,

Manganese was estimated volumetrically with potassium
rermanganate solution by the Volhard method. This methivd depends
primarily upon the following reaction:-

ZKMnO4+-3MnSO4f ZHZO = 5Mno0 +-haoo4f-2H2304
Owing, however, to the acidic function of hydrated manganese
4ioxilde, the reaction is variable, and therefore not quantitative
If, however, a base is present to combine with the manganese
dioxide all the manganese is precipitated in a form corresponding
to this degree of oxidation, and the reaction is a quantitative
one, A suitable base is provided by zinec sulphate, |

The usual procedure is as follows: An alijuot portion
of the manganese sulphate solution is placed in a large flask,
and 50 ces, of 8 20% zine sulpuate solution added. A few drops
of concentrated nitric acid are added; this is supposed to cause
the precipitate to settle vetter, The solution is then diluted
to about 250 cecs., heated to boiling, and titrated whilst hot
with decinormal pernanganate solution ti11l a permaicint pink
tint developes.

Immediate difficulty was met with when the above method
was tried out. A thin dark brown layer formed on the side of the
flasik, and some of the precipitate remained suspended in the
liquid in a very fine state., This rendered it difficult to reach
a definite end point, and impossible to obtain reascnable
duplicates, After considerable experiment the following optimum

conditions were evolved,
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An aliguot portion of the manganese sulphate solution
was dlluied to about 2BO ccs, in a glass beaker, and 4 grams
of #0l1i4 zinc sulphate added.}The solution was then heated to
boiling and titrated with decinormal permanganate solution,
without addition of nitric acid. During titration ths liquid
was contimwously stirred, A »rough titration to within 1 cc.
was first carried ocut, and then repeated very carefully in
duplicate. Near the end point the precipitate settled very
quickly and completely leaving a clear supernatant 1liquid, and
thus the end point could be determined with great exactitude,
a Arop of permanganate being sufficient to give a definite pink
tint. The accuracy of this metnod is shown by the followilyg
results of experiments carried out with mangsnese sulphate

solutions of known strength -

Manganese Sulphate (Mn80, ).

Present. Found,
4,884 4,690
5,932 5.914
2.345 3.340
1,368 1,363

0.454 ' 0.454

® 909?58 0 OSe s0e a0
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Estimation of Ammonia.

Ammenia was estimated by the well-known distillation
metnod, An aliguot portion of tne ammonia solution was heated
with excess caustic soda solution, and the liberated ammonia
absorbved in an excess of normal sulphuric acid., The excess
sulphuric acid was then fitrated with standard sodium hydroxide,

using methyl red as an indicator.
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Estimation of Copper.

'COprr was estimated ilodometrically. The following was
thie procedure:—
A decinormal solution of sodium thiosulphate contains 24.82 gus.
per litre, but its solution is decomposed by carbon dioxide
dissolved in the water. Sou a sclution sligntly stronger tnan
decinormnal was prepared, and allowed to stand for several days
before being standardized, It was then standardized against
pure copper, the copper solution veing prepared as follows:

A weighed gquantity of pure copper foii was dissolved
in a little concentrated nitric acid, the solution boiled to
expel oxides of nitrogen, Finally a little urea was added and
the solution boiled again to destroy nitrous acid,
2HNOg + CO( NH, )5 = 3H50 +C0q * 2N,.

The solution was then diluted to 250 ces. in a standard flask.
An aliquot portion was placed in a conical flask, sodium
carbonate added to give a faint permanent precipitate, and this
precipitate dissolved with a little acetic acid, A few crystals
of potassium iodide were then added, and the dark brown liquid
titrated witn the standard sodium thiosulphate solution, the
titration being finished in the presence of starch solution.

In the estimation of copper aliquot portions of the
copper sulphate solutions were taken, a little sodium carbonate
added, followed by acetic acid, and the titration completed as

above,



The following results indicate the accuracy of the method:.-
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Copper Sulphate (cuso4).

- Present,

21.84 gms,
10.20 *

19,79 " .
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Duplicates,

All estimations were done in duplicate and the following

results taken at random from different systems are typical.

0.819 0,212
. 0.821 moles, 0.214 moles.
0.823 0.216_
2.820 ) o 0.741 - |
2.824 moles, 0,743 moles,
2.828 0,746 .
1.093 0,360
' 1,095 moles, ”} 0.381 moles,
1.097 0,362 f
, Zn.>O4A. | h2804. ;
0.377 o : 0.386 AU
+ 0.378 moles, e ‘} 0,388 moiles,
0.379 0.390
3,524 | 0,177
3.529 moles, 0.179 moles,
3.534 0,181 J
MnSO4. KZSO4'
1,541 ) - 0.990 o o
1,544 moles, } 0.994 nmoles.,
1.6547 0.998
3,620 ) S 0.255 } -
3.824 moles, C 0.25% moles,
3.827 0.259
0,504 ° , 0.781 } . .- .
, 0.508 moles, - 0,785 moles,
0,508 0.789



Mn804.

1.8861 }
1,875

CuSO4.

1.049

j

1.45%4}-
1,480

1.207 }

Zn304.

2.518.}
2,523

1,224
1.228

MnSO4.

} _

1.868

1.047
1,457

1.20¢9

2,521

1,228

3.413
1.536
0.980

1,602

moles,

noles,

moles,

moles,

‘moles,

moles,

moles,
moles,
moles.,

moles.

(NH4)280

0.530
0.532

1.175}
1.1789

Na2804i

0.490 }
0,403

2,083 }
2,091

N828040

® » &0 00 Q909 ST CEE O OSOeSE TS

4.

} 0.5381 moles

0.435 ] - . .
0.440 moles,
0.445

1,105 }
1.113

1.109 moles.

1,177 moles,

0.492 moles,

2,087 moles,

0.568 moles,
2.108 moles.

3.083 moles,

2,144 moles?
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