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INTRODUCTION

This thesis gives an account of the equilibrium conditions

of the following systems:

' : ¢] 0
NaoS0, -Alg(S04)3 -Ho0 at 0C and 25 C
K2504 " 1" " " n "
( NH4) 2304 " i " " " "
T12304 " ] " " L] "
LZ'LZSO4 " " W " " 300 o

The work has been described under four general headings:-
Theoretical, The Systems, & General Discussion of Results, and
an Appendix.,

In the Theoretical portion the theories of double salt
formation are reviewed.

The Systems, under that heading,are then treated separately
and the results obtained in eaéh system dealt with briefly.

Under the section described: Generql Discussion of
Results, the experimental results are discussed in relation
to one another, and their bearing on the theory of practically
complete dissociation of electrolytes in solution.

In the Appendix is given a description of the analytical
methods employed, a development of the Debye theory of the
solubility of strong electrolytes, and a bibliography.
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THEQRETICAL.

When two salts with & common ion are dissolved in water
and erystallisation occurs from the solution, the product
obtained may be

(1) mixed crystals,
(2) @& solid solution,
(3) a double salt, or
(4) & complex salt.
These types are distinguishable from one another.

In the case of mixed crystaels the independent crystals
may be separated mechanically. When a solid solution is formed
there ocan be no mechanical separation, and the composition of
the erystalline mass is dependent on the concentrations of’the
component salts. Further, when recrystallised the composition
of the product changes.

When a double salt is formed the crystals may be recrystal-
lised at the same temperature without change of compositioﬁ.
They may be crystallised from solutions containing one or other
component in excess, without altering the composition of the
erystals in any weay. Solutions of double salts give the re-
actions of the component salts.

A complex salt formation can be distinguished from the
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former cases in that the crystals can be recrystallised without
change of composition, but solutions of the crystals do not give
the reactions of the original solutes.

It is with double salt formation that we have to deal.

Double salts have long been known. Berzelius in 1812 cited
ﬁotassium alum in support of his dualistic theory, whilst Graham
used alkali double sulphates in his investigation on water of
crystallisation.

The conditions governing the formation of this class of
salts, however, were very little understood. It was known, for
example, that if certain salts were dissolved in water in equi-
molar proportions double salts were forﬁed. That double salts
could be formed by using other than equimolar proportions, whilst
reported by Schreinemakers (1),was not generally known, and even
today there seems to be some ignorance on this point.

Up to the time of van't Hoff there had been no outstanding
attempt to explain the formation of these compounds; bdbut van't
Hoff, using the technique of the iomic¢ theory of Arrhenius,
offered in his "Doppelsalz Bildung and Spaltung" rational explan-

ations of many of the phenomena associated with this type of

compound.

Influence of the Ionic Groups.

At the outset it is apparent that the metals forming the



salts as well a8 the acidic radicles have a large influence in
the formation of the double salts. i'or example, sodium chloride
forms no double salt with sodium nitrate, yet, sodium nitrate
forms a double salt with sodium sulphate, thus shewing that the
character of the acidic radicle has some bearing on double salt
formation.

The influence of the metallic radicle is evident in the case
of ferrous sulphate, magnesium sulphate and ammonium sulphate.
ferrous sulphate does not form a double salt with magnesium sul-~
phate, yet forms one with ammonium sulphate, i.e. lMohr's salt.
Also ferric chloride and sodium chloride form no double salt,
whilst ferric chloride and potassium chloride do so. Thus it
may be assumed that there must be a definite affinity between
the two metallic ions for double salt formation to take place.

Difference in affinity between various substances was
explained by Berzelius as due to the substances being charged
with varying quantities of electricity, and on such a basis, he
arranged the then known elements in a series in which the grad-
ation, with respect to the electric character, was from positive
to negative. This really showed a transition from metal to non-
metal.

This method culminated in the electro-chemical series, in
which the metals are arranged in the order of magnitude of the

potentials developed when they are placed in solutions of their



salts. The series may be written:
Cs Rb K Ne Li Ba Sr Ca Mg
Al Cr Mn Zn Cd Tl Fe Co Ni 8n
Pb H Sb As Cu Hg Ag Pd Pt
Au Ir Rh Os

. Nonmmetals Si ¢ B N Se P S I Br Cl1 0O .

This order also represents for the metals the power of
diaplacing other metals from salt solutions, so that any
chosen metal can displace from solutions of a metal which
follows it in the list, an equivalent weight of that metsal.

It is also probable that combination is most likely to
occur between elements widely separated in the above geries; -
and this may apply, to a limited extent, to compounds of these
metals - particularly compounds of the same type, e.g» Ko 304

Fe 804 ete.

Formation of Ionic complexes in solution.

Kendall and his co-workers (2) in U.S.A. have developed
this point of view to a great extent. They have applied this
generalisation to compound formation between elements, between
molecular complexes formed between solutes and solvents, and to
dissociation and ordgf of solubility. These contentions are,

in the main, well upheld by published data, but, as might be



expected, there are numerous exceptions.

Support of the generalisation is furnished by work of
Forbes (3) who determined the solubility of silver chloride in
aqueous solutions of various chlorides.

It would be expected, if by this generalisation complex
ions tend to be formed according to the difference of positions
of the metals in the electro chemical series, that variations in
solubility of & salt in the presence of another with & common
acidic radicle would bear some relation to these differences.
This was found to be the case to a great extent, and the experi-
mental results showed that the order of the increase of
solubility of silver chloride with the various influencing salts
was H < Ca =< Na < Sr < Ba < K or DNHg.

With respect to the sulphates of the alkali metals, it is
suggested by Caven, Ferguson and Mitchell (4) that a definite
order of the powef of forming double sulphates exists. Accord-
ing to their view the chemical affinities of the salts are
associated with, or may be interpreted in terms of their degrees
of electrolytic dissociation at equivalent dilution.

When the degrees of dissociation are plotted as ordinates
against the concentrations in molecular equivalents from data
given in Kohlrausch's "Electrical Conductivity", it is seen “i&.1

<

that there is a different order of dissociation for each metallic

sulphate.






According to these data, the order of decreasing affinity
would be T1l, K, FHy, Ha, 1i.

Ag regards the bearing of these resulis on double salt
formation it is argued that whilst thallium, potassium, ammo-
niwn and sodium sulphates providé sufficient 304“ ions, in
varied states of dilution,to bring sbout union with the suiphate
of a bivalent or trivalent metal, to form metallic complexes
wnich can combine with say alksali catione to form doubvle salts,

e.g- Cu 804 + "SOp —> [Cu (504)5)"

415 (804)5 + "804 —> [Al;(504)4)"
lithium sulphate, oy reason of its inferior dissociation, does
not produce 504“ ions in sufficient quantity for sueh s union.

Koppel (5) has thrown further light on the gquestion of
double salt formation by his investigation of the double salts
formed by sodium sulphate with a series of bivalent sulphates,
e.g» those of Zn, Co, Hi, ferrous irom, Iig, éu,and Ccd. He
found that the solubility of the sodium sulphate was aslways in-
cregged by the addition of the bivalent sulphafe, but the
solubility of the bivalgnt sulphate decreased with the addition
of the sodium sulphate. These double sulphates differ greatly
from those formed by the other alkali metals.

Lithium sulphate forms no double sulphates, and consider-
ing the alkeli group, it appears that double salt formation

first occurs with sodium.
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In the case of the alums, there is an increase in stability
and decrease in solubility with increase in basigenic properties
of the alkali metals. Lithium forms no alum. Sodium alum is
very soluble and difficult to obtain in a pure crystalline state.
Potassium alum is well known. Ammonium alum is less soluble
than the potassium compound. Rubidium alum is much less soluble

then either, but nearly four times as soluble as caesium alum.

Atomic Structure and Dielectic Constant of lMedium,
The question why 1ithium sulphate forms no double salts,
may be connected closely with the structure of the lithium atom.
| It has been shewn (6) regarding the 'salting out' co-
efficient of a series of alkali salts, which have the same
anion, that the series goes

i Na K Rb. Cs

<

K(s)

i.e., there is increase from casesium to lithium, Lithium sslts
shew the greatest’power of precipitating from aqueous solutions,
neutral substances like ether, etce.,, or positive ions, and caesium
the least.

The conunexion between the salting out effecet and atomic
structure is made by HWeckel, who points out (7) that from an

atomistic standpoint, it is clear that the electrical properties

11.



of ions cannot be expressed entirely by the assumption that
jons are simple spheres, upon which electricity is uniformly
distributed - indeed the Bohr theory must be considered for an
explanation of the actions of ions on one snother in salt
solutions. Froﬁ the Bohr theory,it is evident that the orbits’
which electrons describe in an atom,may be deformed to a greater
or & less extent when the ion is exposed to intense electrical
fields set up by the surrounding ions. In a medium of high
dielectric constant such as water (D = 81l) this phenomenon will
result as a rule in a repulsive, as well as the attractive
Coulomb forces between the ions.

As an example (6), consider a charged metallic sphere sus-
pended in air or a vacuum where D = 1. This body will attract
another uncharged sphere if brought near, as it will pieces of
paper, etec., because it induces opposite charges in these
bodies. Thus the neutral bodies on approaching the charged
gphere become subject to forces which tend to drive them to the
point where the absolute value of the electric field is the
greatest. It will be observed that the neutral body becomes
polarised and this polarisation always results in én attractive
force.

Now if the same experiment were carried out in a medium,
the dielectric constant of which was greater than that of the

neutral body, it would be found that a repulsive force was
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exerted between the charged sphere and the neutral body. This
would come about by the medium, as well as the neutral body,
becoming polarised; but since the medium has a much greater
dieleectric constant than the neutral body it will be more eésily
_polariséd and attracted. Hence molecules of the medium would
congregate in the neighbourhood of the charged sphere at the
expense of those of the neutral body, thus causing the charged
spheré and the neutral body to be forced apart.

According to Hlickel a somewhat similar state will hold in
an aqueous solution of ions in addition to the primary;effects,
and he argues that the dielectric constant of the ions depends
on the ease with which the outer electranie orbits can be deformed
by an electric field. The optical data by Heydweiler, shew that
the electron orbits of Cs, for example (8), are more easily
deformed than the smaller orbits of lithium ions, and those of
lithium less easily than those of sodium, i.e. the lithium ion
has the least polarisability of the series.

It may be suggested that this low polarisability of the
lithium ion is closely associated with its deficieney in double
salt forming properties. |

It will be noted that with increase in polarisability, there
is increase in the tendency for double sélt formation, and this
suggestes that double salt formation is

(a) a function of size of the electronie orbits of
the ion

13.



(b) a function of the dielectric constant of the
med ium.

The evidence in support of (a) lies in the similarity of
the order of the salting out properties, and the double salt
forming properties of the metallic ions.

Unfortunately, no experimental evidence can be given in
direet support of (b). If we consider that double salts con-
sist of simple ions held together by static influence, it is
feagible to believe that formation will commence in solution,
i.e. molecular complexes will be formed, and it is evident that
the formation of these complexes will depend on the dielectric
constant of the solution.

This conception of formation of double salt ions in solution
is dealt with later in this paper (page 109) . - in terms of
relative probabilities.

| W. Johnston and R. M. Caven have shown that at 250 C,Zn 30,
and Mn S04 form double salts with Nag S04, (9), but mot at 0° C.
The formation at 25°, is explained on the relative solubility of
the double salt, as will be dealt with later, but it is suggested
here that the alteration of the dieleetric constant of the medium,
influences the formation. Purther arguments in support of this
idea will be presented later.

Purther, if the supposition of Kendall (2) holds, that
molecular complexes are more likely to be formed between salts of

two elements with a common ion placed far apart in the electro-

</
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chemical series, it is feasible that the dielectric constant of
the medium as well as the concentration of the ions will be of

primary importance.

The Influence of the Solubility of the Component Salts

and the Double Salt, on Double Salt Formation.

In the majority of text books double salt formation from
two component salts in solution is described as if it were
necessary that each of the components should be present in
equimolar proportions. The fact that double salts may be
formed when the component salts are present in other than equi-
‘molar proportions does not seem to have been given sufficient
prominencevthough Sechreinemakers(l) and ven't Hoff (1l), by
studying the influence of each component on the éolubility of the
other and the double salt, at specific temperatures, clearly
demonstrated that double salt could be formed from varying
proportions of component salts.

‘The influence of a salt on the solubility of aﬁother has
been the subject of much work and thought; and van't Hoff using
the mechanism of the ionic theory as propounded by Arrhenius
provided laws by which the solubilities of single salts and
double salt formation could be in many cases qualitatively fore-

told.

Van't Hoff applied the theory of the solubility product to
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double salt formation. He assumed that in the case of a sall
in equilibrium with its solution in.water at a certain temperaturej
reversible reactions, such as the following, took place.

AB == (4 B) + [4] + [B]

solid unionised salt ionised
where A B is the salt composed of the radicles 4 and B. spply-
ing the law of mass action, the equilibrium constant K is con-
nected with the concentration of the un-ionised and ionised salt,
by

[4] [B]= (aB) &

Since at constant temperature the quantity of un-ionised
galt in equilibrium with solid salt will be constant, the
expression (AB) K may be written equal to a constant S, referred
to as the solubility product. This postulates that the produoct
of the concentrations of the individual ions at constant tempera-
ture is constant. Hence, if to such a solution under these con-
ditions, a small quantity, let dé say, of salt BC was addec, the
concentration of A in solution would be diminished, as the con-
centration of B was increased - i.e. the sqlubility of the salt
AB would be decreased by the presence of énother salt BC with a
common ion. A well known example of this phenomenon is the
precipitation of sodium chloride, from its saturated solution by
the addition of sufficient hydrochloric acid.

Van't Hoff suggested (1l) that where two salts with & common

16.




HODO/, /STJS  SDf”



jon formed a double salt, at a certain temperature, this was a
funetion of the relative solubility of the doub;e salt, and of
the component salts, at that temperature.

Por example, consider a salt AB, the solubility of which is
decreased by the addition of CB - just as the solubility of CB.
is decreased by the addition of AB, and let these solubilities
at & certain temperature, be represented in ifigure 2.

The line e’f represents the change in solubility of the
salt AB with increasing concentration of CB. Thus the ordinate
Oe represents the constitution of the solution in equilibrium
with solid AB at a specific temperature. With addition of CB,
this value changes along the curve ef, with AB as solid phase,
till the point f is reached. At this point, the solid phase
is a mixture of CB and AB. Similarly., the curve df represents
the change in solubility of CB with increased concentration of
AB., At f solid AB and CB are in equilibrium with a solution
of composition represented by the cosordinates of the point £.

The curve efd is the boundary curve for saturated solutions.

The area e0df represents unsaturated solutions, whilst points

lying outside this area represent either super-saturated solutions,

or mixtures of saturated solutions and solid salt.
How consider the solubility of a double salt AB.CB at the
given temperature. Since the double salt is composed, let us

say, of one molecule oI each of the component salts, its saturated
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solution must be represented by a point which will lie on the
bisector of the angle e0d, e.g., 'c's Fig. 3. )

Wow double salts are not stable at all temperatures. for
each double salt there is a transition temperature - i.e. a
temperature ét which the double salt decomposes. Further, the
double salt may be stable either above or below the transition
temperature.

Let us suppose that the double salt AB. CB is stable above
the transition point, i.e. it can be formed from the single salts
at temperatures above the transition point. (10)

At temperatures below the transition point the solubility
of the double salt is greater than that of a mixture of the two
salts, so that a curve representing its solubility with solu-
tions of varying composition would lie above the point 'f' in
the region representing solutions supersaturated with respect to
the single salts. (See Iig. 2.)

Such solutions would be metastable, and on coming into con-
tact with one or other of the single salts would deposit this,
and finally give & solution represented by the point I, Thus
at this given temperature below the tramsition point, a solubility

curve of the two salts will be of the type efd., (Fig. 2)

At the transition point, the double salt can remain in
equilibrium with its component salts and solution, thus the
curve of its solubility will pass through the point f as in

Figure 4.
18,



& 0%/ // ~ S e



Now if one component, at the transition temperature is
more soluble than the other, the point £ will lie either to the
left, or right of the bisector of e0d as in Figure 4.

Thus the point c representing the composition of a satura-
ted solution of the double salt lies in the area representing
supersaturated solution; and such a solution, being metastable,
would change its composition with deposition of the single salts
until £ was reached. In other words, if excess of double salt
was stirred with water at the transition temperature, decomposit-
ion would take place with deposition of AB, and the concentration
of.CB in the solution would increase, till the point f was reached.

Of course, if the solubilities of the component salts are
identical, as in the case of optical isomerides, the point f will
be on the bisector of the angle e0d, and the pure saturated solu-
tion of the double salt would not be supersaturated with respect
to either of the component salts, so that the double salt would,
therefore, not be decomposed by water.

" The isothermal curve at the transition temperature, there-
fore, consists of two branches ef and fd.

At a temperature above the transition point the solubility
of the double salt will be less then that of a mixture of the two
salts, and conseguently the point f will lie outside the boundary
of the double salt curve as represented by Figure 5, 'f' will

represent a condition of metastability, i.e. a supersaturated
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solution as represented by 'f£', in contact with & mixture of the
two component salts, would change in composition with formation
of the double salt, until the solution reached a composition
represented by some point on the curve beca, when the solid phase
would consisﬂ of double salt only. The points 'b' and 'a' repre-
sent double salt in equilibrium with solution of composition as
given by theco-ordinates of b and with solid salt AB, in the case
of 'd', and of solution represented by the co-ordinates of the
point 'a' and solid salt CB, in the case of 'a'.,

In connexion with the above figure it should be noted that,
at a certain temperature above the transition point, and below
the temperature of the diagram, the points b and f will coincide,
and at such a temperature, and temperaturesabove it, the double
salt will not be decomposed by water. A similar case could occur
with the point a. | |

According to this theory then, the formation of the double
salt is contingent on solubility slone, it being supposed that
the addition of one salt reduces the solubility of the other in
accordance with the solubility product law. In other words this
postulates that the separation of the double salt at b is not pre-
ceded by it§ fofmation in solution, the salt being held to. be
completely dissociated in solution although these solutions are
saturated.

Sgch a theory determines that,if to a salt in equilibrium

with its saturated solution at a given temperature, snother salt
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with an ion common to that of the first salt be added, equilib-
rium will be disturbed in such a way that the solubility of the
solid phase salt will be decreased. Experimental evidence does
not support this view entirely. In fact, in the majority of
cases, the solubility of the solid phase salt is increased.

This phenomena may be capable of two explanations, one on
the basis of complex ion formation, the other on the basis of

the Debye-Hﬁckel theory.

Complex Ion Formation and Splubility.

It has been general to differentiate double salts from
~complex. salts, by thé fact that dﬁuble salts have individuality
in the solid state only, whereas complex salts have character-
istics in the solid state and in solution, i.e, double salts
when dissolved show the reactions of their component radicles
and exhibit no properties not associated with these components,
whilst a solution of complex salts exhibits new chemical prop-
erties, and does not give the cheﬁical reactions of its com-
ponent salts.

Typical examples of double and complex salts are potassium
iron sulphate, and potassium ferrocyanide,’resPectively. The
formation of these salts may be represented

Ko S04 +7Fe S0, + 6 HyO,

4 KCN+ PFe (CNy

K, 80, Fe 50, -6 HyO.

Ky [Fe (cM)g]

21.



A solution of potassium ferrous sulphate exhibits all the
reactions associated with ferrous, potassium and sulphate ions,
but a solution of potassium ferrocyanide does not show reactions
indicating the presence of ferrous or cyanide ions - but those -
indicating the presence of a new ion - the ferrocyanide iomn.

An examination of the methods of preparation of the above
salts shows a further distinction between the two classes.
Potassium snd ferrous sulphates are both soluble in water and the
double salt is formed by crystallisation from their mixed solution;
i.e. the double salt is less soluble than either of its component
salts. Potassium ferrocyanide is formed by adding potassium
cyanide to a ferrous salt solution. At first ferrous cyanide is‘
precipitated, but when excess of potassium cyanide has been added,
the precipitate is dissolved owing to the formation of the complex
salt, potassium ferrocyanide, which is much more soluble in water
than ferrous cyanide. Thus there is a very sharp break in the
continuity of properties in the formation of the complex salt, but
not with the formation of the double salt (Caven (4) ),

Further, formation of the complex salt, i.e. formation of
complex ions in solution, is associated with increase in solubil-
ity, whilst according to van't Hoff, but not as & matter of fact,
the reverse is the case with the double salt.

Now when complex ions are formed, as in the above case, the

prineiple of the solubility product cannot be applied to the
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original cyanide ions since they are no longer present, for
when potassium cyanide is added to a suspension of ferrous
cyanide, the solubility of the ferrous cyanide appears to be
inecreased by the addition of the common ion due to the formation
of the complex ion '”'[Eb(CH)é]-

Thus the formation of complex ions reasonably explains the
sudden increase of solubility in the above case; and conversely,
in similer cases of the influence of a salt on the solubility of
another where an increase in solubility is observed, contrary to
the law of solubility product, this increase in solubility may
be taken as a sign of complex ion formation.

R. 4. Caven and his collaborators (4), on extensive experi-
mental data, offer a convincing theory of double salt formation,
involving the formation of complex ions. In the theory of
van't Hoff, separation of the double salt is not supposed to
have been preceded by its formation in solﬁtion; whilst in the
Caven theory, formation of double salt in solution is assumed to
take place previous to its crystallisation.

Consider the case of potassium and ferrous sulphates. In
dilute solution there will be present the ions K, Fe", and S04".
If the concentration is increased there will be present
un-ionised ferrous sulphate - Fe S504. This will be formed
beforé un-ionised potassium sulphate KgS04, on account of the

lesser polarisability - or degree of dissociation of ferrous
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sulpheate, If the concentration of sulphate radicle ions - 802

is great enough there will be formed ferrosdisulphate ions, i.e.
2 K '+ 504" + Fe 504 > 2 K'+ [Fe (504)z] "

Just as in the case of ferrous cyanide and potassium cyanide.

When the concentration of these ions becomes great enough, double

salt crystallises from solution.

In the case of lithium sulphate and ferrous sulphate where
no double salt is formed, the concentration of S04" ions from
the lithium sulphate is too small to cause the formation of the
[Fe (304)é] " jons. (See Fig. 1).

Similarly the férmation of potassium slum would take place:-

2K +850, + AL5(804); == 2 K'+ [31g(504) 4]
With lithium sulphate there would not be enough lithium and
'sulphate ions to bring about complex ion formation.

It must be pointed out, however, that analytical tests shew
no indication of complex ions being formed in solutions of the
aluoms. A solution of potassium alum for example shows the
reactions of potassium, aluminium and sulphate ions, but no
eanalytical tests indicate the presence of ions of the type
[ a12(504)4]".

This explanation of double salt formation as & function of
the concentration of certain ions 1is in agreement, and is the
complement of the view of Kendall (2) outlined earlier.

It follows, then, from this theory, that double salt
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éeparation is preceded by the formation of double salt ions in
solution, and consequently in cases where douvle salt formation
takes place, the presence of one component salt will produce an
increase in solubility above what the law of solubility product
would allow. In cases where no double salt is formed a decrease
in solubility of one salt by the presence of the other is predicted.

liany experimental data support the theory. Ior example,
Schreinemakers (12) found the solubility of ferrous sulphate at
30° ¢ to be influenced by ammonium sulphate and lithium sul-
phate respectively, as shown in Figure 6.

It will be seen from the above figure that with ammonium
sulphate there is an increese of the solubility of ferrous
sulphate up to the formation of the double salt, as would be
expected from the theory, while the solubility of ferrous sul-
phate is decreased by the sddition of lithium sulphate. Further,
at 35° C, the solubility of manganese sulphate is decreased by
the addition of sodium sulphate, but the decrease in solubility
is less than the solubility product law would allow; the double
salt lin 80, Nas S04 4 HoO is formed at this temperature.  (13).

Thus in cases of an increase in solubility of a salt caused
by the presence of another, this theory favours the explanation
of complex ion formation as the cause of the incresase.

An exsmination of the solubility of data in the light of

the Debye Hlickel theory shows, however, that increase in solu-
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bility of a substance by the addition of another is not neces-

sarily due to complex ion:formation.

1
The Degxe-ﬂﬁckel Theory of Solution of Electrolytes.

Before dealing with these points from the modern standpoint,
it is convenient to describe briefly the development of the
theories of solution leading up to-the.Debye-Hackel Theory and
to give an outline of this theory of solubility from the aspect
of the solubility of mixed electrolytes.

The claessical ionization theory of solution was developed
to account for three properties common to adids, bages,and
salts. These properties were

(1) the almost instantaneous reactions of inorganiec

| chemistry in which radicles were interchanged atvrates
infinitely quicker than in organic chemistry reactions;

(2) the alteration in value of equivalent conduetivities
with dilution to a finite limit;

(3) wvan't Hoff's observation, that the osmotic properties
of this class of substance always exceeded that pre-
dicted by his gas law equation, which he had demonstra-
ted to be valid for non-electrolytes in dilute solution.

To account for the first property, it was suggested by
B. Cleusius and Grotthus (1807 to 1860) that the type of sub-
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stances which we how term electrolytes were partially dissoc-
iated at the moment of decomposition.

In comnexion with egquivalent conductivities many data were
obtained by Kohlrausch, and the values of osmotic pressures of
many electrolytes in solution were obtained by van't Hoff. It
reméined for Arrhenius to propose his famous 'ionic hypothesis'
which seemed to account for many of the results of XKohlrausch
and van't Hoff. Arrhenius put forward the view that the elec-
trolytes, when dissolved in water, were, partially or wholly,
split up into particles which were electrically oppositely
charged. Further, the amount of splitting up - or the degree
of dissociation of the substance appeared dependent on the
concentrations - at low concentrations salts seemed completely
dissociated, and the dissociation decreased as the concentra-
tion was increased, up to a point. It was held that at definite
temperétures an equilibrium was meintained between the un-ionised
salt énd the ions which were split off, to which the law of mass
action could be applied.

Such & hypothesis explained the main features of conduc-
tivity and of the osmotic properties. With the passing of time,
however, and with the accumqlation of data, many discrepancies
between observed and deduced values appeared. Por example, in
conductivity measurements cases were found where the degrees of
dissociation apparently decreased with increase in concentra_
tion up to a point, and then began to increase with increase in
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concentration.

Also in solubility measurements the predictions by the
classic theory were not generally fulfilled. By the theory,
if to a saturated solution of salt

(1) another salt with no ion common to the first was

added, the solubility of the first salt should
be uninfluenced by the presence of the second

or (2) a salt with & common ion was added, the degree of
dissociation of the first salt should be decreased
with consequent decrease in solubility.

An examination of the data of solubilities proved that the
cages which followed the theory were in a minority.

In 1904 Noyes (14) pointed out that N/30 solutions of the
lith;um, sodium, thallium, potassium, zinec, beryllium salts of
o~ bromocamphoronic acid had the same rotary power though con-
ductivity measurements gave 84% dissociation in the case of
univalent salts, and 70% in the case of divalent salts. He
suggested that the salts were completely dissociated in solution.

Bjerrum (15) and Milner (16) were, however, the first to
champion the view that strong electrolytes were a class complete-
ly dissociated - or at least practically so - even at moderate
concentrations, and that the various discrepancies might be
accounted for by the interionic forces arising from the strong

electric fields set up by the charges on the ions.
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The studies of the Braggs (17) and others, on the structure
of erystals, furnished strong supporting evidence of the new
point of view. It was shown that solid sodium chloride consists
of ions arranged in a cubic lattice, in such a way that each ion
is surrounded at equal distances by six chlorine ions, and simi-~
larly each chlorine ion with six sodium ions. In other words
godium chloride in the solid state is completely ionised.
Further, the calculations of Born, Debye, Scherrer, f'ajans, ete.,,
on the magnitude of the space lattice energy (18) showed that
the forces holding the ions together are electrostatic.

Since the suggestion, by Van Laar, (19), Sutherland (20),
and Bjerrum (15), that the fields of the ions must be considered
to account for the properties of solutions of strong electrolytes,
many efforts have been made to calculate the magnitude of the
effects of these fields, from purely physical considerations.
Milner (21) was the first, but his method of calculation was so
complex that he was restricted to uni-univalent saits. Ghosh,
on the other hand, (22), made calculations which were shown to
be theoretically unsound by Kraus (23), Chapman and Géorge (24),
and Kendall (49). |

The calculations of Debye and Huckel are based on the prin-

ciples of thermodynamics and electricity. The fundamenfal idea
underlying the theory of Debye, aé well as that of Milner, is,

that owing to electrical attractions, an ion of given sign will,
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on the average, be surrounded by more ions of unlike sign than
ions of like sign.

When such a solution is diluted in a large volume, the
jons become separated to such an extent that the mutual elec-
trostatic foreces are no longer of significance, and uniform
random distribution of the ions prevails - in other words, the
gas laws become valid. If the excess of electirical work
involved in this isothermal dilution, due to the rearrangement
of the relative positions of the ions, can be calculated, the
extent of the deviation from the gas laws, in terms of what is
known as the activity coefficient of the ions,can be evaluated.

The activity coefficient £; of the ith sort of ion in a
solution containing ions of the ith --- gth sorts, has been

expressed mathematically™ by equation (11).

(11) 203&"‘1/%(1)1:1'22” nz} 1+ 14:::‘
DKT*/Z"J-ZI

elementary quantum of electricity
dielectric constant of the medium (solvent)
absolute temperature
Boltzmann constant
valency of the ith sort of ion
the number of ions of the ith sort per
cubic cm
the mean distance of closest approach of two
ions meesured from centre to centre

where

.EHL? AHEYm

o]
]

x A development of the Debye theory as done by Schirer (25)

up to this equation is given briefly in the appendix. For
ease of reference the same equation numbers as employed in the
appendix are used above.
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This equation is developed by Schirer (25) somewhat
as follows:- s

From this equation, since Z: is taken for all the ions
present fj; depends on the total ionic concentration of the

- solution and the valency of the ions and not on the partial
concéntration of ions of the salt which is present in the
s0lid phase and is therefore independent of the source of
the ions, whether they are from the solid phase salt or the
influencing salt.

Incidentally, f£; will be the same whether the influ-
encing salt has an ion common to the solid phase salt or
not.

Applying t6. a solution containing k sort of ions (k<s)
of completely dissociated salts, the sum under the root in

(11) may be split up into

s
o S (k 2z
f/’_-njz; 2 an‘zf + Zn,'zi2+ R Z.le"zg-k’

1f vi(k’ is the number of ions of the i/th sort formed
from a kth salt molecule, the cohcentration Y of the salt
in mols/litre may be calculated from the value n; of ioms

per ema .

n; &) _ 606 x 102° ’l,my(&)
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Then we may write &)
. 2 ! / (2' . L vy
Zﬂ, 2| = L-Déxww? ZV: Zi 4+ Y 2vjzjt- -+ Y Z ’zrj
Then in expression (ll) by writing '

JE (srrf/mx'o - B

and _ T
SRT o 60 xn’ = C
and putting 2 vjz* for the kth salt ‘with Z (k) we finally
* -
get \ \/yZ +y (S BT

(111) & fi = =% BI'-I'CEK\/)»Z—,'-'-"}’T‘()Z(”
This is a general expression, and we have now to apply
it to the case of one solid phase salt and pne  influencing salt.
If we let Z—V z: of the solid phase salt be expressed
with Z without the index, and the added salt as Z then
for the activity coefficient of the ith ionm,
%f{ - -'ZizB /YZ ":'P’Z
| I + Ca/yS +y'%

(11'*)

NOTE For the variation of the dielectric constant with
temperature of aqueous solutions the formula of P. Drude is
applied (Ann, 4. Phys. 59, 61 1896).

Dg. = 88+23 =~ 04044t + 0°00 1035 t2,
For the temperatures of 0° and 25° B and C are as follows:
B c ,
00 0.811 ~ 2.31 x 10
25" 0 843 2-35 x 107

Taking ¢ = 4-77 x 10-10 and k = 1.37 x 10-16
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Now if we write equation (7) in the form.
Z- v /%ci = % K — Z:V,'%{i
when the sum only extends to the ions of the solid phase salt
(since only a change vy in the number of molecules present
takes place), Zvi%fﬁ % A where A is the activity
product of all the dissolved salts, i.e. A is the multiple of
all the activity coefficients of the single ions together.
" Then let the solubility product L = Zv %ci and from
(7) (see appendix) we obtain
3}L=%K—%A (12)
Then if these explicit values for f; be put in expression
(11), the activity product A of the solid phase salt is

expressed through

%A=—BZ

SrLryZ
|+ Ca/yZ+y'2 (13

It should be observed that the above expression has only

taken this simple form through expressing 'a' as a mean value
for the different iomns.

Now when the solid phase galt is dissolved in pure water

'?E‘"“'%K.- G o (127)

where L9 and AC are the solubility and activity products of

we have

the solid phase salt in pure water. Then to determine the

¥ For equation (7) see appendix.
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increase or decrease of solubility relative to that in pure
water, due to the presence of an influencing salt, equation
(12)' is subtracted from (12) so that
L - - Fa¥

b4 5 - & & (14)
in whieh 1g A° is evaluated from (13) through < °
Sy L
[ + CaJy s

GA- -BY
(13)'
where 7/°is the solubility in pure water, and a is given the
same value as in the general case,
Two cases now exisf
(1) The molecule of the dissolved salt splits up into
vy lons of A, and v, ions of B, and the influencing salt
splits up into v; ions A', and vg' ions of BY., There are no
ions common to both salts.

Then /‘? é = %[(Z‘)Vz+\ﬁ] (15)

(2) Vhen the ions, say, A and A', are identical
L _ y, \¥2 ~n2:+vle>\ﬁ]
% r - /% [({") ( NG y©

or similarly when B and B' are identical.

67 = 5[] L

In the examples with which we shall deal the ions B, B!

(157)

are identical, e.g. T12S04 - Alp(S04)z hence equation (15)'!?
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is that which is applicable.

Before these equations can be used, however, it is neces-
sary to obtain, a value for '&', This cannot be obtained
8 priori but an approximate value may be obtained in the fol-
lowing way. Consider the 1sothermal solubility curve PQRST
(figure 7) where PQ represents the change in solubility of AB
with addition of A'B,the so0lid phase being AB. The curve
QRS represents the double salt AB.A'B. in equilibrium with
solutions containing varying quantities of AB and A'B, whilst
the curve TS represents changes in the solubility of A'B with
different proportions of AB in solution.

With reference to the curve PQ, consider the experimental
values represented by the coordinates of P and Q. The ordi-
nate 0.P, represents the solubility of the salt AB in water,
at the isotherm temperature. Now the point Q represents a
mixture of solid AB, and double salt in equilibrium with a
solution of the composition represented by the ordinate VQ,
and the abscissa OV. The amount of the salt A'B represented
by OV is the greatest amount of A'B that can at the tempera-
ture of the isotherm be cohtained in a saturated solution of
AB when the solid phase still contains AB.

Since the activity (product of concentration and activity
coefficient) of the ions of the salt AB remains constant from

P to Q, and the activity coefficient changes as a result of
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the increase in total lonic concentration, the concentration
will also change. Now it has been seen from the law of mass
action that %, -I'E = ez, ’ﬁ—é (14).
We can therefore obtain a mean value for the Tadius’of all
the ions in solution by'inserting the concentrations of all
the ions present at the points P and @ respectively and
'solving the equation for =.

Since in this case the ions B are identiecal, equation (15")

mey be applied.

It 7/: represents the solubility of AB in mols/1000gHg0
at, say, TOC corresponding to the point P° in the
diagram

It /%‘ represents the solubility of AB in mols'/lOOOgHgo
at T°C in presence of );( mols/1000gH20 of A'B
(point ¢ in diagram)

the salt AB splits up into v; ions of A and “;ions of B,

the salt A'B splits up into ;' ions A' and V3 ions B.

From equations (15'") and (14) and substituting for logA and

log Ay, from equations (13) and (13') we obtain®
BTZ[/ﬁZ-r-);{Z' _ A ]
1+ C 3/74247;2‘ | + C ‘5\/%; >

- 5 R

* For K;S0, F -1%x22+ 2x18:-8 .

" Al (S04 ), z‘ = 3 x 22 + 2x3° =230
56.




Since everything except 'a' is known, the above equation
mey be solved for 'a’, In practice it is better to rearrange
the above equation in quadratic form for 'Ca', and salve for
'0a', and hence find 'a’,

It will be noted that the foregoing does not apply to that
portion of the curve QRS where the solid phase is double salt
AB A'B. This will be dealt with later, it being suitable to
discuss, at this point, the phenomena of an increase or a de-
crease of solubility of AB in the curve PQ. According to
Schdrer (25) the effeets which nay take place in solution may
be explained thus. When we have a solution of a salt in
‘equilibrium with that salt at a definite temperature - i.e. a
saturated solution, and to this we add another salt having no
ion in common with the first, then the solubility always
inereases, contrary to the classical law, This is supposed
to be due to the fact that, owing to the increase of the total
ioniec concentration, brought about by addition of the second
salt, the work of bringing the ions from the solid phase into
the solution is decreased - hence some of the solid phese
passes into solution.

However, if the added salt has an ion in common with the
first salt, there are two independent effects to be considered,
firstly, an increase in solubility due to the increased ionie

concentration as explained above, and secondly a greater proba=
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bility that two oppositely charged ions may strike one another
and fall out of solution. Whichever effect predominates will
decide whether there is a resulting increase or decrease in
solubility. The greater the concentration and the higher the
‘valency, the more likely is it that an increase in solubility
will result.

In the examples which will be dealt with it is apparent
that because of the high valency of aluminium, an incerease in
solubility of aluminium sulphate, with addition of RpSO4 (where
R is Na, K, or Tl1) may be expected. Similarly, an increase
in the solubility of RoSO4 where the aluminium sulphate is the
influencing salt would be probable. Where R = NH,, a decrease
in solubility is obtained, but this also may be explained by
the theory. Similarly, where aluminium sulphate (A12(80,4 )3
18 H20) is solid phase salt and RpSO, the influencing salt, an
increase in solubility of the aluminium sulphate may be
expected.

The case of the system Li SO, - A12(504)5 - Hy0, where
a decrease in solubility is experienced, at both ends of the
curve, is = dealt with under the experimental section.

We now come to éonsider the central curve QRS of figure 8.
This curve represents double salt AB A'B X Ho0 in equilitrium
with solutions containing various proportions of AB and A'B at

the given temperature.






With reference to figure 8, where the curvesPQ, QRS, ST
have the same significance as in figure 7:-

The concentration of the salt AB at @ is kmown
" " " ] " A'Bat Q" n

Then consider the concentration of the salt AB at any
point U near to V. If there were no ionic effects U and V
would fall together,

Thus' -~ at U we are dealing with 'unsaturated' solution
of both AB and A'B. Now the activity of any ion in solution
is a funetion of the total ions in solution (48). For the
larger part of QR (of the curve QRS) the salt AB is in greater
concentration, and we know its concentration, i.e. we can fix
on any concentration of AB represented by any point U, and
then proceed to calculate the effect of the reduction in con-
centration of the salt AB from Q to U on the amount of salt
A'B which remains in a solution of AB with a solid phase AB
A'B (xHs0- ). By so reducing AB, the activity coefficient of
the ion A' of A'B will be altered, and hence its concentration,
since the activity remains unaltered, so that instead of the
concentration of A'B remaining constant along Qq, it will fall
along QR. With no ionic effect p'U should equal p'V, equal
to pQ. So that we have now to calculate the ratio p'u/p'V
representing the change in the concentration of the ions of

A'B due to a fall in the total ionic stremgth of the solution.
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Since AB is much greater than A'B in concentration, the
effect of the reduction in concentration of the ions A'B is
ignored and the ratio p'U/p'V considered as being due to the
fall in concentration of ions of the salt AB from p to p'.

Starting then from ¢ we can calculate the position of U.
Then from the known position of U, and the concentration of AB
at another point W further down, we ma& calculate the concentra-
tion of A'B at W; and so on untii the curve QR is calculated.

Thus | |

Activity of the ith ion of A'B at Q = f ¢,

‘activity of the ith ions at V

= 1 " u on nooony s f’-_ucu
Q v
¢, of salt A'B = fi '
¢ ofsalt A'R £;? (“9)

The value of f; is obtained from equation (11")
PR -
L 1 "' Ci 72.’. lel

Hence the concentration of the ith ion may be obtained.

In
each case the unlike ions are taken, e.g. in the case of system

(N Hy )80, -Als(S04)3 - HgO, the ions (NHy) and (A1) which

are not similar are taken. Then,;/ for (NH,)2S0, and )//
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for Alp(S04)y at Q is taken, and fj for the ion of the salt
A'B is calculated - in this case, say Al. The other end of
the curve indicated by S R may be calculated in a similar way.
As the proportion A'B to AB increases, the influence of
the change in concentration of A'B on fhe activity coefficient
of the ions of salt A'B becomes appreciable, so that the cen-
tral part of the calculated curve can only be regarded as very
approximate,
It should be noted that the above calculation only
applies to the case where a reduction in the concentration
of AB produbes a decrease in the concentration of A'B. In
the case where a reduction in the concentration of AB gives
an increase in the concentration of A'B the solution of the
problem becomes slightly more complicated. SchBrer (25) has
shewn, however, that the theory also applies to such cases.
The value of 'a' used in the above calculation may be
obtained approximately by taking mean values of solubility
along QR, say near Q and R, and substituting in equation (16).
Sinée every constant is then known, the equation can be
solved for '&', . This value may then be used along the entire
part of the curve QR to calculate the variation in solubility
of A'B from point to point of the curve.

A value for 'a' for the part of the curve RS is obtained
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in a similar fashion.

An explanation is necessary as to why the value of 2 used
in ealeulating the curve PQ cannot be applied to the portion
of the curve QR.

The vaiue of @ varies with change in concent?ation, and
the average concentration between P and Q is very much greater
than between Q and R. Hence, whilst that value of & used
between P and Q, can be used to calculate points on QR near
to @ with good agreement with the experimental valﬁes, the
further from Q on QR, the greater}the divergence between cal-
culated and experimental results.

It should be noted here, that the value of a does not change
the direction of the slope of QR -i.e either inwards or outwards

from Q - it merely affects the gradient of the curve.

The Theories of van't Hoff and Caven on Double Salt Formation,

in the Light of Modern Theories of Solution.

From the foregoing it is seen that according to van't
Hoff's theory double salt formation was contingent on solu-
bility alone, On the other hand, Caven explains double salt

formation in a series, as a function of the difference in
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basicity between the cations of the component salts and the
consequent formation of ions of the double salt in solution,
from which the double salt crystallises, if these ions are
formed in sufficient concentrationm. Further, the presence of
"these ions is indicated by an increase in the solubility of
one component beyond what the solubility product law would
allow, by the addition of the other.

It is evident, however, that such an increase in solu-
bility of one salt by the addition of another cannot be regard-
ed as a criterion of double salt ion formation.

Aparf from the suggestion of double salt ion formation in
solution, the theories differ only in two main points:-
van't Hoff's theory preseribes double salt formation as contin-
gent on solubility of the double salt and component salts, and
Caven's theory that double salt formetion in a series is a
function of the difference in basicity between the cations.
Hence, if a direct connexion between solubility and the differ-
ence in basicity of the cations of double salts is established
these theories would become very similar. In this connexion
the theory of Fajans is of interest (28).

Fajans attempts to explain the different solubilities of
inorganic salts by different degrees of deformation of their

outer electronic shells. This hypothesis was shewn to be un-
tenable by Urazovski (29), who has suggested that the solu-
bilities of inorganic salts are related to the difference in
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the atomic numbers between the cation and the anion, and that
the solubility is lowest when that difference is a minimum.

With particular reference to the alkali halides, the
greater the solubility is, the further apart in the periodic
system are the elements which constitute the salt.

Applying this hypothesis to the series Li, Na, K, Rb, Cs
and Tl alums, very interesting and significant results are
obtained. Since the anions are common to both metals 6f which
the alum is composed, we might consider the solubility in re-
lation to the atomic numbers and atomic weights of the alkali
elements. Ammonium's alum cannot be dealt with in this way
because neither an atomic weight nor an atomic number can be
allocated to it.

The following table shews the atomic numbers of the
alkali metals along with the solubilities of the respective
alums at 25° €, whilst the graphs Figure 9 (A) and (B) shew
these values, with solubility of the alum as ordinates, and |

atomic numbers and atomic weights of the alkali metals as

abscissae.
Sol. of

Metal ~Alum Atonmic Atomiec
Peﬁ éOOOg Number Weight
. approx.

at 350 e PP

Li - 3 7

Ne 09 mols 11 ‘ 23

K 139 19 39
RD 03 37 : 85.5
Cs .02 55 132.8

T1 .09 mols 81 204
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From these graphs the solubility of lithium alum would
be infinite - i.e., its formation is impossible on éccount
of solubility, thus providing evidence in favour of van't
Hoff's thedry. Also, since the difference in basicity will
"be approximately proportional to the atomie numbers as used
in the graph, we have evidence that difference in basicity in
this series influences the solubility.

It will be seen that the curves, in the direction T1 to
Ce shew a decrease in solubility, but from Cs to Rb, K, to
Na, there is increase in solubility. If the curve is con-
tinued it would appear that the solubility of lithium alum
(atomic number 3) at 25° would be infinite. Hence its forme-
tion could not be possible.

With reference to the connexion between the solubility
and the structure of the ions, it will be noted that the
lithium ion has an unsymmetrical structure (8) and it has
been suggested by Urazovski, that unsymmetrical structure is
associated with high solubility. (29)

Now K;S0, Al,(S04) 24 HpO has been shewn by Tutton (20)
to consist of either one or two molecules with the 6 groups
of 4 HpO situated round the molecule or molecules as at the
angular points of a regular tetrahedron. This symmetry of
erystal structure may be associated with the regularity of

the structure of the K and Al and S04'' ions, and in particular
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with the K ion. Crystals of sodium alum are more difficult
to prepare than erystals of potassium alum and it is feasible
that & crystal of sodium alum may be less regular in structure
than a cryétal of potassium alum. These differences may be
due to the sodium ion being less symmetrical than the potas-
sium ion, and since the lithium ion is even less symmetricsal
then the sodium ion, lithium alum may not be obtained in the
crystalline or solid state.

It is thus seén that in the case of & simple salt the
solubility is associated with the difference in atomic weights
or numbers of the anions and cations. With double ssalts of
the type of the alums, the solubility is related to the dif-
ference in atomic numbers of the cations, and this difference
is, of course, associated with the basicity of the cations.

We have, therefore, a definite relationship between the 4if-
ference in basicity of the cations and the solubility of the
double salt.

On this association, then, it may be said, that the theor-
ies of Caven and van't Hoff are very similar. Double salt
formation is contingent on the solubilities of the component
and doublé salts, but these solubilities in turn are dependent
on the nature of the ions and the consequent forces between

them, as indicated above.
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Graphical ‘reatment of the Solubility Isotherms of &

Double Salt and Its Components.

In the following a brief account, will be given of some
deductions which may be made from a study of the solubility
isotherms of double salts and their components by a treatment
similar to that evolved by Schreinemakers (1). The matter
will be treated in a general way, and then, in the seection
devoted to the various systems, the general observations will
be applied in each particular system.

The cases which will be considered will be those changes
which take place when

1. a saturated solution in presence of double salt or

one of its components is heated or cooled

2. a double salt is mixed with water

3. one of the components is added at constant tempera-

ture.

A system composed of water and two electrolytes whiech
yield a common ion is a three component system, and the com-
ponents may be conveniently taken as the two electrolytes and
water. The solid phases possible in such & system are, in
- addition to the simple salts and their hydrates, one or more
double salts and one or more series of solid solutions. The
liquid phase msy contain variable proportions of all three

components, hénce if its composition is determined at a defin-
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ite temperature and pressure, the entire system is defined.

The few variable factors in the system are, temperature,
pressure, and the concentrations of the two salts. The
experimental work was carried out under atmospheric pressure,
it being assumed that the slight variations of pressure has
no appreciable effect on the composition of the phases.

Thus with pressure fixed, the behaviour of the system may be
expressed graphically in two dimensions at any definite
temperature.

Under such conditions, the presence of three phases con-
stitutes an invariant system.

In the case of two salts X and Y, (for simplicity X and Y
may be taken as anhydrous) which may form a double salt XY
(Hzo)x, and water, such a case of invariant equilibrium might
be

(1) salt X with double salt zxg(HzoLx and solution
and vapour
(2) salt Y with double salt XXS(Hzohx and solution
and vapour
These are )(3) salt X ,solution containing X only, and vapour
really two; (solubility of X at TOC)
component )(4) salt Y,solution containing Y only and vapour
systems ) (solubility of Y at T°C)

These will be represented by points on the diagram.
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Cases of mono-variant, equilibrium, i.e. where a factor

can be altered without the disappearance of a phase, will be

(1) salt X, solution and vapour
( IT ) n XYS(Hgo 3‘( n " n
( III} ] Y " ] 1]

These states will be represented by = curves.

These states may be repregsented graphically as follows.
Figure 10.

In Figure 10 the number of molecules of X and Y dissolved
in 100 mols of water at the fixed temperature, are represented
by the abscissae and ordinates respectively.

When the solution contains X only, the point representing
this state will be on the axis 0X, and when the solution con-
tains Y only, the point will lie on OX.

The points a, b, 4, e represent conditions deseribed in
(1) (2) (3) and (4), whilst the curves I, II, III repre-
sent the conditions referred to in I, II, III in the discussion.

The point S on the bisector through O represents the com-
position of the double salt hydrate (in the case where 1 mol
of X combines with 1 mol of ¥). The pointsS; and S, similarly
représent the composition, i.e., degree of hydration, of the
component salt hydrates. Should the double salt or the com-
ponent salts, be anhydrous, the points 5, S; or S; would lie,
as before, on OP, OX and OY respectively, but at infinite
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distance from 0.
The behaviour of the system under different conditions

may now be dealt with.

Effect of Change of Temperature of Solution in Eguilibrium

with only one solid phase,

I, Where Double Salt is the Solid Phase.

The equilibrium in this case is monovariant, and the
solution is represented by branch II of the isotherm in
Figure 10. We have to find how the composition of the solu-
tion will change with lowering or raising the témperature.

Let the éomposition of the solution at any point g Dbe
represented by

a mols Hg0, x, mols X, and y, mols Y.
With a change of temperature only two things can take place.

1. Solution ' (or deposition) of n mols XY¥¢ (Hg0),.

2. Evaporation (or condensation) of'ni mols HZO‘

If weconsider that the quantity nj; is very small, com-
pared with a and n, then the constitution of the new solution
is

(a + nK) HoO, (x,+ n} Mols X, (y,“r nd) Mols Y.
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or in 'a' mols Hzo there are dissolved

a (x,+n) & ( y,+ né) |
mols X , and ‘mols Y.

a + n« & + n«

The new solution will go through a point 'r*', whose
co-ordinates are such that

X, = a( Xy +n ) and Y, = a ( Fe+ nd)
a + n« a + n«,

Then by eliminating n from the above equations we obtain

af -Xy | a (y, -8§x)
a + XXt a8 - ch v

(17)

This is the equation of a straight line, which passes

through S, the co-ordinates of which represent the constitu-

tion of the double salt. Thus 'r' will lie on the line ¢S.

It follows then that

1. if a solution, with double salt as solid phase, is
warmed to a higher temperature, the composition of the
solution will change in such a way as may be represgented
by & straight line which passes through a point, the co-
ordinates of whicech represent the constitution of the
double salt,

2. if the double salt is anhydrous, the point S in the
limit will lie on OP, infinitely distant from O,
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3. if the solution is cooled, 'r' will move towards 'q'
along Sq, and double salt will be dissolved.
Incidentally, it might be pointed out that all points

in the area abS represent solutions supersaturated at the

temperature of the isotherm a b. If, at this temperature,

a solution in presence of double salt has the constitution

represented by r 1its constitution will slowly change along

rq with deposition of double salt, till it reaches that of q,

on ab,; oOr a solution repregented by v, will change along

vs, till s on ab is reached, at which point equilibrium will
be attained. Similarly, for eny point in absS.

Incidentally, all points within abS represent all the
constitutions of all possible mixtures of solution and double
salt, at the temperature of the isotherm.

It may be mentioned, in paséing, that this may form the
basis of a method of determining the constitution of the
double salt, (31), where a solution and mixtures of double
salt and that solution are analysed, and by projection the
point S obtained.

II. One of the Components as the Solid FPhase.

Let us consider the curves I and III. ‘In I the =o0lid

phase is X (Hzo)a( and in III Y (H20)/3 .
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In curve I, let the point f represent solution in equil-
ibrium with X(HZO),,( at the temperature of the isotherm. The
constitution of the solution is, say, a mols Hp0, 3% mols X,
and y, mols Y. _

If the temperature is raised, suppose n mols of X (H;0)y
to be dissolved. Then, if we take the quantity of solvent
evaporated to be very small compared with a and o , +the co-
ordinates Xg and Y. of a point 'g', which represent the new

g
solution, are represented by

a (% +mn) | ay
X = "2 and Y = 2
g g

a +n« a8 + nC

from which, by eliminating n, we obtain

Yg (a .-.o(JCg) + XX = ay.

This is the expression of a straight line, which passes
through the point Sl, which represents the constitution of
the component X ( .H;0)y .

Then, as before, if we faisé the temperature of the solu-
tion keeping X (HzO)o(. as the solid phase, the constitution of
the solution will change so that its compénents may be repre-
sented by a straight line passing through a point, the co-ordi-
nates of which represent the composition of the component salt.

Also, the triangle da Sl, represents solution supersaturated
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at the temperature of the-isotherm; and also all possible
stable mixtures of component and solution may be represented
by points within the diagram, as in the case with the double
salt.

All the foregoing may be applied to the curve III with
Y(Hp0)3 as solid phase.

Double Salt and Water at Constant Temperature.

There are three particular cases to be considered, accord-
ing to the shapé and position of the double salt isotherm
relative to the equi-molecular line OP. The double salt is
assumed to consist of equimolar proportions of its component
salts. |
Case I,

Let 'ebad' represent the isotherm (Figure 11) with the
same significande as before.

If a little double salt is brought into contaet with
- water, the double salt will dissolve to give solution, say
'p'. If more double salt is added, it will be dissolved,
and the constitution of the solution will change to 8, and
finally to ec. If more double salt is added when the solu-
tion has a constitution represented by 'e', it may dissolve

to give solution represented by r. This solution, however,
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would be supersaturated and would attain stable equilibrium

by depositing double salt, until its composition would
become that represented by ’6'. If more double salt were
added after this, it would simply remain unchanged.

fe' represents the solubility of the double salt at the
temperature of the isotherm, and the solution contains equal
molecular properties of X and Y.

Case II, |

Let the isotherm have the form ebad Figure 12, where
the line OP cuts the branch eb, where the solid phase is
Y (E;0)z3 . | |

If we bring a little double salt into contact with water,
the double salt would dissolve and we should obtain solution
of composition represented by, say, p, and with more double
salt the solution would finally have a composition repre-
sented by iq'.

Now, from p to q there is no solid phase present, the
solution dissolving the quantity of double salt added. At
q the behaviour changes. If more double salt is added,
sufficient to give solution equivalent to 'r', decomposition
of the double salt takes place, and Y (H;0)3 is deposited
and the solution attains the composition represented by %,
at which composition it remains in equilibrium with the solid

phase Y(Hzo )/3 .
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If further double salt is added to give a mixture repre-
sented by w, decomposition again occurs to give solid
Y (Héo}ﬂ and solution represented by 'b'. If even more
double salt were added to give a solution or mixture of the
composition 'g', this solution would bfeak up to give double
salt, and component Y (H0)3 , and solution of composition
'hr.

Cage ‘111, ‘

Similar to this case is, where the line OP cuts the
branch of the curve d a, where the solid phase is X (Hy0)( .
Such a case is entirely analogous to the foregoing.

There is a special case of the second and third cases,
namely, where the line OP cuts the branch, say, 'a 4' of
the curve in two places, then passes through the branch
'a b', as in Figure 13.

This case does not apply to any of the isotherms obtained
for the alums, and is only mentioned as a possible case.

Addition of double salt in small quantities would first
produce complete solution up to 'r', when the solid phase
X(H;0) would appear, andvfurthei addition of the dduble salt
would cause the'composition‘to change along .: rgs with solid
phase X (Hs0 )kt always present. Further double salt would
give complete solution wifh no solid phase, With more double

salt the composition of the solution would change till c was
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reached, at which composition, double salt would appear as
solid phase, and double salt addition would not change the
composition of the solution, the double salt remaining un-

changed.

Addition of a Component at Constant Temperature.

Consider the isotherm of Figure 10 and suppose the point
w to represent the compositioﬁ of a mixture of component
X(HZO)O( and solution, in equilibrium at the temperature of
the lsotherm. Now let us suppose that to this mixture is
added a quantity of Y, and that the new mixture in composition
is represented by the point 'n'. This mixture will be.
unstable, and will, as,eiplained previously, change into a
solution of the composition represented by*mh end solid .
X(H50)o¢ - If still more of Y is added, a mixture will
be obtained represented by the point t, on the line 'a S;°,
which will break up into solution 'a', and solid X (Hp0)g .

Should further amounts of Y be added, so as to give mix-
tures of composition represented by points between t and z,
these mixtures would finally reach equilibrium by splitting
up into solution 'a' and a mixture of double salt and X(H,0) .
When a mixture represented by 'z' is reached, this would break

up to give double salt only, and solution 'a’'.
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" With further addition of Y, the composition of the solu-~
tion will change along a b, with double salt as so0lid phase;
and when finally,with addition of Y,a mixture is obtained
which might be representéd by a point above the line D S;vthis
mixture would reach a state of equilibrium représented by a
solution of composition 'b', and a mixture of double salt and
Y(HZOLG .

Further addition of Y(H20)jy would not produce a change
in the composition of fhe solution, since any resulting mix-
ture must be represented by a point between S5 bS.

Starting from solution represented by 'e' in equilibrium
with solid Y(Hzo)ﬁ , it is possible to pass along, in a manner
similar to that deseribed above to solution 6f the composition
'af, in equilibrium with solid phase composed of X(Hg0)  and
douﬁle salt. |

It will be observed that these general deductions do not
deciée whether the addition of one component, to a saturated
solution of the ofher, causes solution,‘or deposition of that
other, (or if double salt is the solid phase, deposition or
solution of double salt). Such a poiht is determined by the
gradient of the solubility isotherms, whether it is positive
or negative, a negative gradient indicating that the solid

phase salt is deposited by the addition of the other, and a

58.



‘positive gradient, that the solution of the solid phase salt
takes place.

These general deductions will be applied in the discussion
of thé solubility isotherms of the systems dealt with herein-

after.
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THE SYSTEMS.

The System NapSO, - A15(80,) - Hy0 at 02 and 259,

The existence 6f sodium alum was long ~ the subject
of dispute. It was reported to have been made by Zellner
in 1816 (32) by the spontaneous evaporation of a solution
containing sodium and aluminium sulphates. Ostwald doubted
its existence, but Wadmore (34) and Smith (35) proved its
existence and composition, beyond all doubt.

Smith (35), shewed ﬁhat sodium alum could be represented
by the formula NapS04415(8504)3 2 4-H30, and that it was de-
posited from a hot solution of its components in molecular
proportions, in the form of a pasty mass which became crystal-
line very slowly. .

Its preparation on the manufacturing scale has been the
subject of patents (36 and 37), in which its preparation is
described by preparing a solution)of density of 1-55;of sodium
sulphate and aluminium sulphate in molecular pr0portionsvat
509 - 60° and allowing to cool to about 15° c, when erystals
of alum (NeyS0,41,(S50,)5 24 Hy0) separate out.

The determination of the solubility isotherms of the
system NasSO, - Alp(S04)3-Hz0 at 0°C and 25°C is described below.

61.



Experimental.

Equilibrium nmixtures, in the case of the isotherm at
0°C, were obtained by preparing a saturated solution of one
of the components at 15° - 20°C, and dissolving in it various
quantities of the other component. The resulting solution
was then placed in a flask in a thermostat at 0°C, and stirred
continuously for four or five days. Stirring for shorter
periods failed, with certain mixtures, to produce equilibrium,
as a sample of the solution taken after a further day's stir-
ring shewed a change in composition.‘ (It may be mentioned
here that for the other systems studied, three days' stirring
was sufficient to attain equilibrium.)

At the end of the four or five days the resulting solu-
tion was, within a few seconds, filtered by suction into a
tared weighing bottle at the temperature of the thermostat.
The soiution was then weighed and made up to a known volume.

A similar procedure wﬁs observed with the isotherm at
25°¢ eicept that the temperature of the saturated solutions
was approximately about 30°C. |

The gluminium was estimated volumetrically by the method
uged by Britton (38) in studying the isotherm of KéSO4-A12(S¥5
~Ho0 at 259¢. Total sulphate was estimated by precipitation
with barium sulphate, and the sodium sulphate estimated by

difference.
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It has been noted by Britton (38) that aluminium sulphate
hydrolyses above 30°¢. In the experiments carried out, the
amount of hydrolysis of the aluminium sulphate in the éolutions
from which equilibrium mixtures were prepared was exceedingly
small, and was neglected.

The solutions, where aluminium.sulphate was the solid
phase salt, were exceedingly viscous, and as reported by
Britton, were in some cases cloudy. ‘

Duplicate analyses were done for each point.

Results.

The results obtained are correlated in the following
.tables and Figure 14.

Table 1 gives the solubility data obtained for the
isotherm at 0°C. | |

'Table 2 gives the solubility data for the isotherm at
25+0° C.

Figure 14 shews graphs of these values, with solubilify
of the aluminium sulphate a8 abscissae and solubility of the

sodium sulphate as ordinates.
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TABLE I.
System NagS0, - Al,(80,); - Hy0 at 00C.

Mols NA;S0, - Mols AL, (80,),
1000 eg er Solid Phase
g H20- , 1000g Hz0
0* 352 0° 000 NaoS0,10 Hg0
0°373 0°* 099 ‘ "
0°395 0°163 ' i
0° 409 0°239 "
0r414 0* 309 n
0-489 0°565 "
0°541 0° 763 "
0°560 0° 793 ‘ "
0° 635 0° 807 " ‘
‘N&z 804 10 Hzo
0°689 0824 (Nag 804 Alp(804)3 24 HpO
.0°297 0° 999 "
0°292 1° 052 "
(Nag 304 A12(304)3 24 Hgo
0+341 1+ 090 ( ,
| (Alz(SO4)3 18 Hy0
0°* 317 1°* 095 A12(304)3 18 Hzo
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TABLE 2.

The System NagS50, - Al5(804)z - Hs0 at 25+ 0° ¢.

Mols NasSO Mols Als(S0O,)
erz * Pgr 478 Solid Phase
1000, Hp0 1000, H,0
194 0:00 Na,$0,10 Hy0
1-97 0139 : " "
2:24 . 0574 : ‘ " "
| - Ne,S0,10 H,0
arod 0-678 (x 50,41, (5 ). 24
- | 8250,815150, )5 24 8,0
1°45 ' 0°734 ' "o "
1109 0°832 o
0°90 0°90 "s "( )
NasS0,ALs (SO 24 H,0
0+ 378 1°140 (82504415 (50, 2
' (415(804)z 18 HpO
0+ 347 1'073 Alg(SO4)3 18 Hp0
0* 000 1121 " "
Solubility of the Alum = 0*90 mols.
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Discussion of Results.

Solubility of Isotherm at 25°% : It will be observed

that the addition of 415(804)z to the saturated solution of
Nap80, produces at first only a slight increase‘in the solu-
bility of the solid phase salt. When, however, the concen-
tration of the aluminium sulphate has reached 0°*5 mols, the
gradient of the solubility curve begins to increase, and a
small increase in the concentration of the aluminium sulphate
produces a very great increase in the solubility of the sodium
sulphate. This holds, up to the triple point, where the con-
centration of the aluminium sulphate is approximately 0:69

mols.

Beyond this point, where the solid phase is double salt,
an increase in concentration of the aluminium sulphate pro-
duceé a great decrease in the concentration of the sodium sul-

phate. Between concentrations of aluminium sulphate of *69

to *75 mols the gradient of the curve is such that the addition
of aluminium sulphate, to & solution at 259C of the composition
represented by & point on the double salt portion of the ourve
Just beyﬁnd the triple point would result in & reduction in con-
centration of en amount of sodium sulphate, almost equivalent

to the weight of aluminium sulphate ad@ed.
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At the other end of the curve which represents the
influence of sodium sulphate on the solubility of aluminium
sulphate, it will be observed that while at first the addit-
ion of sodium sulphate produces a decrease in the solubility
0of the aluninium sulphate, the gradient of the curve changes
and an increase in solubility is registered, up to the triple
point. From this point onwards to the next triple point an
increase in the concentration of sodium sulphate is associated
with a deerease in the concentration of the aluminium sulphate.

Double salt is formed at concentrations of éluminium sul-
phate from 069 to 1-14 mols. ... = = & range of 0+46 mols

aluminium sulphate.

Isotherm at 0°C.

This isotherm is similar in form to that at 25°C, though
the range over which the double salt is formed is considerably
less.. It will also be noted that the equimolar line does not
pass through the double salt curve, but passes through that
section representing solid phase sodium sulphate decahydrate
in equilibrium with its solution containing varying amounts of
aluminium sulphate. This state of affairs is in agreement
with the statements in the patent literature (36 and 37), that
if a saturated solution of sodium alum (i.e..a solution con-

taining equimolar proportion of sodium, and of aluminium sul-
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phates) is cooled below 10°C, sodium sulphate hydrate crystals
are obtained as the solid phase, instead of alum. Thus, as
explained heretofore (page 55) if sufficient sodium alum was
stirred with water at 0°C, the alum would decompose +the solid
phase would become sodium sulphate, and the composition of the
solution would be represented by some point on P b (Figure 14).

The double salt is formed between the concentration of
aluminium sulphate of .82 mols - 1.09 mols/litre, - a range
of 0.27 mols of aluminium sulphate,

Qualitative Explanation of Results on the Debye Theory.

Owing to the high concentrations, the equations derived
from the Debye theory of solution cannot be applied quanti-
tatively in this case.

The results obtained, however, may be dealt with quali-
tatively. The increase of the solubility of the sodium
sulphate is in accordance with the principles outlined on
pages 37 and.zs. as 1s the increase in concentration, where
aluminium sulphste hydrate is the solid phase salt, and sodium
sulphate is the influencing salt.

In the double salt section of the isotherms, however, a

different state prevails; here a decrease in concentration of

68.



the sodium sulphate is produced by an addition of aluminium
sulphate, to an almost quantitative extent. The probability
of oppositely charged ions striking one anothgr must be con-
gidered to be so greatly increased that the other ioniec
effects (page 38) become small in compariéon.

The shape of the curves, however, do not rule out the

possibility of ionic complexes being formed.

The System KzS04 - Alz(S04J)3 = Hs0 at 0° C.

and 25° C.

Potéssium alum is perhaps the best known of the alums,
probably on account of its wide application in the dyeing
industry as a mordant, and its use in making showerproof
fabrics. Its manufacture is of great antiquity. Since
the fifteenth century it has been prepared at La Tolfa (32)
from a naturally occurring baéic potassium alum known as
alum stone. It.may also be prepared by the addition of
potassium sulphate to aluminium sulphate solution.

The solubility of the alum has been determined by numerous
investigators (39) (40) (41) @42) 4nd Marine (43) has determined
the composition of solutions which are in equilibrium with two

g0lid phases, alum and potassium sulphate, or alum and aluminium
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sulphate, at various teﬁperatures.

Though the alum itself is well known, only one solubility
isotherm has been worked out for the above system. This was
done recently by Britton (38), who demonstrated the exceedingly
wide limits of formation of the double salt at 25° C. His
results were expressed in a peculiar way, and have been recal-
culated, and expressed in a form suitable for comparison with
the results of the series studied herein. Below is given a
~description of the determination of the isotherm at 0° c.

Experimental.

The equilibrium mixtures were prepared in a manner similar
to those for the Na2304-A12(SO4)5 -H,0 system, except that pure
potassium sulphate of analytical quality was used instead of

sodium sulphate.

The mixtures were stirred for three days in a bottle at
the temperature of melting ice. This period was found by
experiment to be sufficient for the establishment of equilibrium.

The analyses were carried out as described for system
NapSO, - Alp(S0,)z -HpO, and the potassium was estimated by

difference.
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Results.

The results obtained are given in Table 3, whilst Table
4 shews the results obtained by Britton (loec. cit;) for the
solubility isotherm at 25409 C, recalculated for comparison
with the series. Figure 15 shews a graph of these results.

Discugsion of Results.

It will be seen that in both isotherms the addition of
aluminium sulphate to a saturated solution of potassium sul-
phate, produces an increase in the solubility of the solid
phase salt up to the triple point, at which the alum appears
in the solid phase.

Where potassium alum alone is the solid phase, further
increase in the concentration of the aluminium sulphate is
associated with a deciease in the concentration of the potas-
sium sulphate, until the concentration of the aluminium sul-
phate reaches about 0.6 mols.' From this value onwards to the
" point at which the solid phase consists of aluminium sulphate
hydrate, and potassium alum, increase in the concentration of
the aluminium sulphate is attended by a slight inerease in the

concentration of potasgium sulphate.

71.



TABLE 3.
System KX;50, - Alg(S04)z - HyO at 0° C.

Mols of K, SO Mols of Alg(S04)s
per 1000:21:{22; per 1000g HpO. Solid Fhase
0°427 0°000 K550,
0°538 0-018 "
0°589 ~ 0-0158 (Ko80,
§K2804 Aly(50,)5 24 Hy0
107491 | 0°0145 KpS04 Al5(S04)5 24 HpO
0-227 0-026 " o
0-171 0-031 " "
0-058 . 0-058 " "
0+053 0-118 " "
0:047 0-497 o "
00728 0903 " "
0r 072 0963 " "
0+117 1:131 §K2804 Al5(804)z 24 HO
(Alp(804)3 18 Hg0
0095 0° 995 Al5(504)z 18 HoO
0: 000 0- 915 Al,(804)5 18 H,0

72,



System K,S04 - Alp(804)3 - HpO &t 250C.

'TABLE 4 .

Gm H20

indwhi;h Composition Gm R ﬁm ) Mols 12?13)
100g o of Solute = K,S0 80 S0, ALJSQ
solute 2504 Fol%)s B ¥ soua
dissolves % % per per per per
to give a 1000g 1000g 1000g 1000g Phase
saturated KpS04412(S04)3  Hg0 Hs0 HoO HgO
solution = :
830 100°0 0'0 120°5 0°000 0'692 0°'000 K504
73 93+ 4 6'6 1205 850 0'692 0°025 xx2304
679 896 10°4 131:7 150 0:757 0:044 (EKg304
' (K. Alum
731 87.9 12:1 120-4 16°6 0:692 0:049 (K380,415(804)3
24 Hp0
999 79:6 204 79°6 204 0'457 0°059 "
1190 173-8 26°2 62:0 22°0 0'356 0°064 "
1415 537 46°3 381 329 0:219 0+ 096 "
1424 45.5 54°5 31:9 38-1 0-178 0*111 "
1384 33-7 66°3 243 477 0°139 0°139 "
1362 30-2 69:8 22:1 509 0127 0r149 "
1150 232 76:7 203 66°7 0°116 0°195 "
1028 20-1 79:9 19-5. 775 0112 0°227 "
886 16-9 831 18:9 931 0109 0°272 "
754 12-8 87°2 17:0 116°0 0°098 0339 "
685 114 886 16:6 129-4 0°096 0°379 "
508 89 91°1 17:5 179*5 0100 0°525 "
235 6:5 935 277 398°3 0:159 1*165 "
| - (KoS04412(804)3 -
211 6:0 94°0 28+4 445°6 0°163 1'303 ( 24 Hz0
(Alp(sqy)z 18 Hg0
245 3+4 96°6 13°9 394°1 0°080 1'153 (AL(SQy)s,18 HsO
261 0+ 000 10000 (»000 383°0" 0° 000 1°120

The first three columns from the left shew the figures

obtained by Britton

(1oc.ceit. ).

columns asre calculated from those
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At those portions of the curves where aluminium sulphate
hydrate is the solid phase, it will be observed that a com-
paratively small increase in the concentration of the
potassium sulphate produces a large increase in the solubility
of the aluminium sulphate.

Passing along that portion of the curve from the point at
which the solid phase consists of aluminium sulphate hydrate,
and potassium alum, to that at which the s0lid phase is alum,
and the aluminium sulphate concentration is aboﬁt 0.6 mols, it
will be observed that the addition of potassium sulphate to
the solution will actually produce a decrease in concentration
of potassium sulphate as well as of aluminium sulphate, through
the separation of potassium a;um, i.e. potassium sulphate will
deposit from solution more than its equivalent weight of alum.

The concentrations of aluminium sulphate in the solution
within which potassium alum can remain as solid phase, are
from .016 mols to 1.13 mols at 09 C and from .044 mols to 1,30
mols at 25° C, representing an increase in range with rise in
temperature; these figures incidentally are of the same order
as those obtained by extrapolation of curves drawn from data

obtained from Marino's paper (43).%

Z  The composition of the solufion in equilibrium with
Al5(S04 )5 18 HpO and K alum at 0°C is given by Marino as
243,73g Als(S04 )3 18 H20/1000g Hz0; 23.45¢ KQSO4/lOOOg HZO), a
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The forms of the isotherms are similar to those obtained
for the system NapS0, - Alg(S0,)5 - HZO’ except that the
equimolecular line passes through the curve representing alum
in equilibrium with solution, in both isotherms. Thus shew-
ing that potassium alum can exist in equilibrium with a solution
containing molecular proportions of each component at 0° C, in
this respect being different from sodium alum.

The solubility curves for the isotherms at 0° C and
25% C were calculated on the basis of the Debye Theory.

These portions of the curves, representing solubilities
where potagsium sulphate is the so0lid phase, were calculated
as deseribed on pages 34 to. 40.

At the double salt portion of the curves, however, from
the triple point, where K550, and K alum are in equilibrium
with solution, to the point where the double salt curve cuts
the equimolar line, the equation 16 could not be applied
directly, since the slope of the curve is foutward'. A
fiectitious value of 'a' was taken at this part such thgt the
curve obtained is almost parallel to the axis representing

the solubility of potassium sulphate.

value which does not fit in with the aether values given by
‘him, This suggests that the above figure is given by

mistake. _
The composition of the solution at this point as

determined by the author agrees with a value obtained by
extrapolation from the other data given by Marino.
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The values for 'a' at the other portions of the curves
were calculated as previously explained.

No attempt was made to calculate changes in solubility
where aluminium sulphate was the solid phase, as it has been
shewn (44) that the Debye theory gives as a rule impossible
regults when applied to such ions as aluminium at such con-
centrations. , .

The results obtained'are given in Tables 5 and 6.

A study of Figures 16 and 17 shews that there is compars-
tively good agreement between the calculated, and experimental
values, within the concentrations calculated. The middle
portion of the double salt curvé in the isotherm at 25° ¢
could not, as a;ready pointed out on page 41, be calculated
by the method used in the other partsvof the double salt curve

owing to the slope of the curve being outward.
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TABLE S.

The System XpS04 = 41,(S04), - Hy0 at 0% C,

Kzso4 in the solid phaée

a = B34 x 10 =8
Concentration of Concentration of
0.427 (experimental) 0,000
0.587 0.010
0590 calculated 0.016

Solid TFhase KZSO4 Alz( )5 24 H 0

& = 13,0 10~7 (fictitious value)
log £ Concentration of Concentration of
Al K50, Al (s0,)
mols/1000ge Hy0 mols/lOBOg.%HZO
Taken Calculated
~0,2391 589 + 020
~0,2386 «500 *01999
-02378 -400 +01998
-0,2371 #3500 -01996
=0,2364 «200 + 01993
~0.2357 «100 +01990
Solid Phese K30, Al5(SO4) 3 24 H,0
a = 1,89 x 10 -8
Calculated Taken
-1.,252 0,0800 0,900
-1,198 00,0758 0.800
-1l.144 0.,0717 0.700
-1 036 0.0644 0500
0:85 o:46 org00
-0:8 0:8b 0200
-8.8562 0.100
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TABLE 6.

The System K,S0, - A1,(S0,), - H,O at 25° C,

)5
Where K2 S10] 4 is the solid phase.

a = 2.14 x 10-8

Concentration Concentration
Kzsof : Alp(S04)3 Solid phase
mols/ 1000g.H 0 mols/1000g. Hy0
Calculated Taken
0.692 (experimental) 0,000 K504
0,710 0,020 K2504
0.757 0,044 KoS0y Alum
s . 0
Solid Phase KZSO4 Alg(SO4)5 24 H20 at 25" C,
a = 13,0 x 10~7, (fictitious),
log f. Concentration of Concentration of
Al K,S0 A1,(S0,)z
mois/fOOOg Hs0 mols lOOgg Ho0
Taken Cel culated
=0.24906 0,757 0,050
=0,2493 0.600 0,0499
-0,2491 0,500 0.,4998
-0,2489 04400 0,4998
0.2487 06300 00,4997
a = 2,74 x 10-8
log £ Celoulateds Tdcen
""l. OOO 0.120 0.800
-0,9716 0.1175 - 0,700
~0,9087 ’ 0.109 04500
-0,8784 06106 A 06400
-(0,84%79 0,103 06300
-0.8174 0.,0998 0200

These results, along with the experimental values are
shewn in Figs. 16 and 17.
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The System(NHg)p S04 - Al2(S04J)z - Ho0 at 0°C and 25°C.

Although several investigators (39, 41, 42) have deter-
mined the solubility of ammonium alum, no one has apparently
worked out isotherms for the system (NH,J), 50, - A1,(850, ),

- Ho0. Rudorff, however, (45) determined the solubility of
ammonium alum in presence of ammonium sulphate and in presence

of aluminium sulphate in water at 18.5° C,

Experimental.

Saturated solutions containing ammonium and aluminium
sulphate in varying proportions were made up a few degrees
above the temperature of the isothern. These solutions
were placed in bottles fitted with stirrers, and placed in
& thermostat regulated to remain at 25° ¢, or at 0% ¢.
Agitation was continued for a period of three days, when s

portion of the solution about 20 g. - was removed, made up to

250 ces and snalysed.

Method of Analysis.

The most convenient method of analysis in this case was

to estimate the ammonium sulphate by the ammonia evolution
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method; and to determine the total sulphate by precipitation
with barium chloride as beforé. The aluminium sulphate con-

tent could then be obtained.
Results.

‘The results obtained are given in Tables 6 ani 7. Table
6 correlates the solubility values for the isotherm at 0° C
and Table 7 those for the isotherm at 25° C.

Graphs of the isotherms are shewn on Figures 18 and 19.

Discussion of Results.

The isotherms are of a shape somewhat similar to those
obtained for K550, - A4l5(S04)z - HpO, but with certain differ-
ences.,

First, the sdditionsof aluminium sulphate produces &
deerease in the concentration of the ammonium sulphate up to
the point where double salt and ammonium sulphate form the
solid phase. Further addition of aluminium sulphate causes
a further decrease in the concentration of the ammonium sul-
phate, and the gradient of the curve is such that the addition
of sluminium sulphate to & solution, of constitution as repre-
sented by & point on the double salt portion of the curve near
to the triple point, in equilibrium with double salt, would

cause the deposition of a quantity of ammonium alum, greater
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PABLE- 7.

The System (NH,)p 80, - ALy(SO04)z ~ HgO at 0° C.

g mols (NH,)
- per 1l000g Hy0

S04

g mols A12(304)5
per 1000g Hy0

Solid Phase

5:34
5:22

5 06
4°18
1°10
0°213
0°0443
0°0258
0°0165
0°0456
0° 064

0°000

0 00
0:066

0 069
0r 050
0 036
00203

0°0443

+ 04235

0°'485

07307
1'004

0°915

(3, ),
((NHg)2 804
((NH,), 80,41,(30,) 24 H;0

"

804

g(m)so,lAlz(sqL)z 24 Hy0
(41,(80,)5 18 Hy0
41,(s0,), 18 H,0
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TABLE 8.

The System (NHy)p S04 - Aly(SO4)z - Hy0 at 25°0.

- per 1000g Hp0

g-mols (41),(50,),
per 1000g Hp0

Solid Phase

5°802
5+70
5+512

5°37
1-460
0:558
0229
0:190
0-065
- 0049
0:0405

0-034
0° 0425

0:000

0° 000
0:043
0088

0°089
00358
0-0468
00892
0-190
0-388
0:796
0+933
1-068
1:190

1-120

(NH4)2 504
"
}(NH4)2 80,
g(NHQ)z 50, Al,
((804)5 24 H0
N "

"

L

n
"
"
$NH4_2304 A15(50,)524 Hy0
(415(504)5 18 HyO
Al,(80,)5 18 Hy0
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than that, equivalent to the weight of aluminium sulphate added.
In this particular portion of the curve (A - B Figs. 18 and 19)
we have the peculiar phenomenon of the addition of'a salt to a
saturated solution actually decreasing the concentration of
that salt in the solution.

Owing to the high concentrations, the solubility theory of
Debye and Huckel was not applied where the solid phase was
ammonium sﬁlphate. On the other hand, the change in concen-
trationé in the double salt portions of the curves may be
calculated as deseribed on pages38 to 40, The values obtained
are given on Tables 9 and 10.

Figures 20 and 21 shew how closely the calculated and
_ experimental values agree. As in the case of the K,80, -
Alp(S04)3 - Hp0 system, the agreement is better in the case of
the isotherm at 0° C than at 25° C, possibly owing to lower
concertrations. The middle portion of the curve at 259 C was
not calculated for the same reason as in the case of the énalo-
gous curve of potassium alum at 25° C.

At the portion of the curve where aluminium sulphate
hydrate is the solid phase, it will be observed that the
addition of ammonium sulphate produces an increase in the con-
centration of the aluminium sulphate until the double salt
beginé to separate from the solution.  Further addition of

ammonium sulphate produces a decrease in the concentration of

Py
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TABLE 9.

The System (NHy)s SO, - A15(S04)s - Hy0 at 0° C.
Solid Phase (NH,), 80, Al,(S04); 24 Hg0.
a = 7.01x 10 -8+

_ Concentration of Concentration of
log £ (NHg)p SO0, Al2(S04)3
Al, g.mols / 1000g Hs0 g.mols / 1000g Ho0
Taken Calculated
-3+996 4018 040500
-3+ 832 2:00 00424
-3:660 1:100 ' 0° 036
-3-418 0:500 0028
=3+ 177 0:200 0r 022

8 = 0.442x 10 -8

log £ : :

NHy Calculated ' Taken
-2+576 00456 0.730
-2+249 0: 0330 0°500
-2'lé9 0:0290 0°425
-1'616 0-0170 0°200
-1:222 0-0120 Q'lOO

These values are shewn along with the corresponding
eXperimental values, in figure 20.
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TABLE 10,
The System (NH,), S0, 41,(80,)5 - Ho0 at 25° g.
Solid Phase (NHy), SD, - AL,(S04); = 24 HyO.

& = 6,18 x 10 -8

log Concentration of Concentration of
&1, (N, )5 SO, A15(80,)5
mol/1000g. H20 mqls/ 1000g. HZO
Taken . Calculated
-4,581 3400 0.050
-4.,458 2400 0,044
-4,210 1.00 0.0345
-4,052 0.70 0,0295

a = 3.21 x 10-8

log £ '
(NH4) Cel culated Teken
-0,8333 050 0.500
-0,8096 -0488 0,400
~0,7780 0473 04300
-0,7298 0451 ‘ 04200
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the ammonium sulphate, with deposition of double salt.

The range of formation of the ammonium alum is from
0.07 mols to 1.10 mols of aluminium sulphate at 0° C and
from 0.09 mols to 1.19 mols at 25° C. Thus there is a slight
increase in the limits of formation with rise of temperaturé.

The cause of the decrease in the solubility of the ammo-~
nium sulphate with the addition of aluminium sulphate may be
that the decrease in solubility due to the probability of
oppositely charged ions colliding and precipitating is greater
than the tendency to increase in solubility due to greater
total ionic concentration. (Schdrer. 25)

In the double salt portion of the curve the inward slope
is consistent with practically complete dissociation, and
decreased ionic effect with fall of concentration. 1In this
respect the curve for ammonium alum is different from that for

sodium alum and differs from a portion of the potassium alum

curve.

The System (T1l), S04 - Alp(S04)z - HpO.
at 0° ¢ _and 259 C.

Whilst the solubility of thallium alum has been deter-
mined by several workers (41) (42) (46), no one has apparently

determined a solubility isotherm of the system'leso4 - Alp
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(504}5 - H,0. In view of the close chemical relationship
of thallium with the alkali group, a. determination of the
limits of formafion of the,thaliium alum was of interest,
and was accordingly determined at 0° C and 25° C.

Regarding the isotherm at 25° C it must be stated that
owing to the short time available (through the author leaving
to take up a post with Messrs. The Imperial Chemical Industries),
it was impossible to determine the complete isothérm, but in
view of the importance of the results in the light of the
- Debye solubility theory, it was decided to include the work

done on this isotherm in this report.

Experimental.

The procedure followed was similar to that used in the
determination of the isotherm for the system K, 304 - Alo
(304)3 - Ho0. The thallium sulphate used was recrystal-
lised material.

The analytical proeedﬁre was the same as in the potassium
sulphate - aluminium sulphate - water system; the composition
of the solutions being calculated from the analytical determi-
nation of the aluminium, and total sulphate contents of the
éolutions.

A remark is necessary regarding the accuracy of the

results. On a