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I¥TRODUCTION

In a series of papers on cowpound format ion between
orgenic substances, Kendall and his collaborators
investigated many binary systems and found, by examination
of depression of the freezing voint curves, a general
rule that the fornation and stability of addition com-
poundsnincrease with the differences of the charactier
(i.e., the positive or negative nature of the constituent
groups) of its c0mponenta:

For example in systems of the type ester-acid
RCJORI- HX X compound formation increased as the acidice
radical X became more negaiive or as the redicels K
and |.' were made more oasic. In sysiems of the type
aldenyde-acid HCHO - HX i and acid-acid X - HY (where
the wesker acid acted as a base) the diversity rule was
also found to hold.

The investigation vwss then extended to binary
inorganic systems, and an examination of the types
sulphuric ascid-metal sulphate: forumic acid-metal formates

(e,

and the more general systems MK - ﬁ_Xy (i.e. salts



with & common ion) showed the rule to hold alsoc in these
cases, In systeus of the last class (MK - m'xyj
however, although the diversity factor was found to De
the driving force in compound formation, many other
factors had to be considered in accounting for the
results obtained. These were valence of cation,
unssturation, position of the cation of the reference
salt in electrode vpotential series, temperature,
internal nressure differences beiween the two components,
molecular and aiomic volumes, atomic number and
aasociafion.

In general, difliculty is found in examining
binary systems of this type owing to the high freezing
points of most inorganic szlts, and the decomposition
occurring at these temneratures. When a third component,
namely water, is added., the difficulty is avoided, and
Kendall, Davidson and Adler? predicted that the solubility
of the salt AgCl would inecrease more and more, on
addition of & second salt MCl, above the normal value,
a8 i became more electropositive. This was confirued
by the data of Eorbesi and Zendall and 81can9. The
latter pair of investigators also studied the solubility
of lead chloride in aqueous solutions of other chlorides.
and found tha! here aain the stability of an addition
compound is dependent unon the differences in electrode
potential between the two positive radicals of its

components. Thus in the case of the systems



AgCl - MCl - HgO the order of solubility (i.e. a
measure of compound formation see p,36 ) as i was
varied was < Ca < 8r < 8a < K or Ni, whieh is
exactly the order of their electrode potential diveruity
from silver.

The present investigstion wus undertaken in order
to ascertain if this rule holds generally in ternary

1

systeus of the type MK - U AT - lip0. where the salt
ME is Tairly soluble, and to examine to whatl extent
other factors govern compound formation.

Systems Pb(l0z)p - M(NOg) - Hp0 were chosen for
three reasone. Firstly, several systems of this type

, 39,312,480,
have already been investigated; secondly, because

lezd lies about the middle of the electrode potential
series and therefore the metal Kk may be varied widely
in order to test the diversity factor; 1lastly, since
the nitrates are all soluble, the choice of the second
metal ¥ is net restricted. The latier was so chosen,
in the investigated systems as to vary the different

factors as much as possible.

Previous Werk done on Systems Pb(N0O3)g = M(NOz) =~Hg0.

T - e 1
Pb(li0y)p - NalNOg - HgpO. Glasstone and Saunders y

studied the ternary system Po(NOg)p = Nalidg =~ HgpQ
coupletely at 25°C and 50°C, and also partially at 0°C
and 100°C, They found that at all temperatures the

solubility of lead nitrate was lowered by the addition



of sodium nitrate, and as the temperature was decreased
the effect diminished. They suggzested that at still
lower temperatures, in presence of fairly large guantities
of sodium nitrate, the solubility of lead nitrate might

be increased. Thus the tendency for compound formation
to take place increacses with fell in temperature.

18
Pb(nﬁg)g - KNOg - HgO. A« A. Noyes and Le Blanc

found that the sclubility of lead nitrate in an agueous
solution of potassium nitrate was greater than its
solubility in pure water, and atiributed this to coumpound
formation. Glasstone and Saunderslo studied the system
Po(l0g)g =~ KNOg = g0 completely at 25 C and 50°C and
partially at 0°C and 10J°C. The isotherms show in all
cases that the solubility of lead nitrate is increased
on addition of potassium nitrate although no coumpound
was isolaied. Further they show that as the temperature
is raised, the increase in solubility becomes less, and
the curves begin to resemble those of ihe system
Po(li0g)p = Naliog ~ 1lg0. Ehret14 studied the system
completely at 0°C and although the increase in solubility
of lead nitrate was even more marked at that temperature
no compcund was isolated.

Glasstone and Riggsli by the study of the guaternary
system KNOg ~ Pb(N03)g - Ba(li0g)g - HgO,indicate the
existence of the compound ZiKN0g,Pb(l0g)s in a mixed

Gryﬂt&l with Em;ds ,B&(KOa}go
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PU(EOS)QT:NH4EU3 = HgU. This system wae studied at

0°C, 10°C and 20°C vy Malquori*l Examination of the
isotherms shows although there is a small decrease in the
solubility at 20°C and 10°C of lesd nitrate by the
addition of ammonium nitrate when calculated as weight
per cent of saturated solution, there is an increase at

0°C. XNo isolable compound was obtained however.

Pb(hpa)g = LiNJa - Hzg and Pb(N03}2 - CBNOS - HQQL

:.-Ealquori12 also determined the isotherms at 25 C of the

two systems Pb(l0g)p - Lil0g = HpO and Pb(NOgz)g - CsKOg - HgU.
These show that while the solubility of lead nitrate

falls off on addition of lithium nitrate it is increased

by caesium nitrate. This indicates compound formation

with caesium nitrate, although here again no compound

was isolated.

Pb(ﬁos)g *BE(N03)2 - HQQ and Pb(NOs)a - ST(N03JE - HaUs

Fock16 and classtone and Riggs15 showed thaf lead nitrate
and barium nitrate form mixed crystals at 26°C and 50°C,
and according to von Hauer, Ambronn and Le Llanc, and
Fockt? lead and strontium nitrates also form isomorphous
mixed crystals.

The author has continued this series of systeus by
studying the isotherms of the following:
Po(NOg)g = Ca(N0g)a -~ Ha0 ; Pb(NOg)g - Mg(NOg)g - HgO ;
Pb(N0g)g ~ AgNOs - Hp0 and Pb(NOg)g ~ Al(KOg)g - HpO

at 25 0,



Calecium nitrate and magnesium nitrate were cuosen
as second sclts in order to co.plete the series of
systems of lead nitrate - alkaline earth nitrate -~ wuter,
two of whichi had already veen investigzated. Silver
nitrate was used for two reasons, firstly oecause silver
is a pseudo-alkali metzl and could be coumpared with
those systems with alkalli nitrates already studied by
Glasstone and Saunders and by lalquori, and secondly,
because silver has a negative electrode potential. ( its
position in the electrode potential series is on the
o posite side of lead as compared with the other metals
which have been used as the second metallic radical in
the systems already discuased.) The system
Po(N03)g - Al(NO3)g = HpO was finally investigated as
gluminium has a high valency and a very small ionic

radius.



APPARATUS AN D CHEMICALS.

Ll a
Po(NOg)g Aytoun Scott's oure crystazlline lead

nitrate was recrystallised from distilled waler and
dried at 100°C. gualitative tests showed the aodsence
of silver, iron, zinc, alkaline earth metals, potassium

and chloride as impurities.

18
Ca(NOg)gp,4Ha0 was prepared by lorgan’s method from

derck’s pure crystalline calcium nitrate. The salt
was melted in its own water of crystallisation, a small
guantiiy of water added to dissolve impurities, and
recrystallised. As the crystals anpeared they were
ladelled on to a Buchner filter. After two recrystal-
lisations the salt was found to ve pure and free from
strontium, barium, iron, zinc, copper, chloride and

sulphate as impurities.

Ug(h0g )2 6Hg0. This was obtained from Griffin and

" !
Tatlock' s pure crystalline magnesium nitrate by the

same method as that used for Ca(lN0g)g,4H,0. After

two recrystallisa.ions qualitative tests showed the



absence of iron, zine, the alkaline earth metals, and
chloride, A third recrystallisation vweas necessaryqto
get rid of traces of sulphate impurity.

]
Agli0g- B.D.H. ' Anslytical Reagent silver nitrate

was used without further purification as qualitative
tests gave no indication of the following impurities:
copper, iron, lead or sulphate. Its solubility at

25°C was found to be exactly the same velue as that

found by Kazantzev (see experimental results).

Al (}0g)g s9Ha0. Qualitative tesis done on Kahlbaum's

*alkeli and aulphur-free' gluminium nitrate showed that

no iron, alkali, chloride or sulpuate impurities were

present. The salt was used without further puri-
fication.
Apparatus.

An electrically heated thermostat at 25°C was used
throughout. The temperature was controlled to within
* ,01°C and was read vy meszns of & Beckmann thermometler,
which was frequently clecked against a standard
‘ Deutche FReichsunstalt thermometer. During the
rotation of the mixtures containing silver nitrate, it
was essential that they should be unaffected by light
as far as possible. The thermostat cover provided
adequate protection ageinst day-light, and the heating
lamps were completely encased in tin foil and painted

over with black heat-pnroof lacguer to exclude light



from these.

‘he mixtures were shaken in Jena glass Dbottles,
the zlass stoppers of which were naraffined down and
squares of rubver sheetiug tied tightly over them, so
that the soluticns could not ve contaminated with
impurities from the water in the bath. They were then
rotated in the thermostat , the bottles being clamped
to a horizontal stirrer which was driven 0y a small
electric motor. The driving belt which ran under the
water wéa mede of flax line joined by means of a long
splice.

The flasks, nipettes and bureties used were
calibrated accurately at room temperature, while the
pipette and Svecific gravity bottle used in measuring
samples of solution were calibrated at 25°C.

The balance used throughout gave results accurate
to 0001 - (0002 grams for weights up to 50 grauas.

The weights were calibrated ageinst each other and were

found to agree.
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EXPERIUAUENTAL PROCEDURBE.

The Boluhilities of the single salts were
determined by analysis of the sclution formed after
shaking excess of the salt with distilled walLer for
six to seven dayaf Successive portions of the second
salt were then added, shakean for taree to four daysf‘
and samples of the solutions and wet solids anasiysed.

At first quantities of the solution in the system
Pb(li0g)g = Ca(NOg)ps - HyO were measured out by means
of a 256 cc. pipetlte which was kept when not in use in
& long glass tube immersed in the thermostat. A
small piece of filter paver was tied over the end in
order to exclude solid particles féom entering the
pipelte. The sample wae then weighed in a small
stoppered flask. As the solutions became more viseous
it was found that the pipette diéd not deliver its true
volume of solution, so g different method of extracting
samples of solution was adopted and has been used in
every system.

Portions of the solution were transferred to a
specific gravity bottle by a‘wash-bottle’arrangement,

as in the accompanying diagram.

% Constancy of the results of analyses, after extension
of time,showed that equilibrium had been attained during
this period in each system.
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DIAGRAM T

A double thickness of muslin covered the thistle
funnel, blown on the end of the glass tubing, which
entered the solution. A portion of the solution was
run through the glass tubing and rejected, vefore filling
the specific gravity bottle, in order that crystallisation
would not occur in the tubing by cocling.

The specific gravity bottle was placed for about
an hour previously in a stoppered glass jar (weighed
down with lesd shot) which was kept in the thermostat,
in order to attain the temperature of 2500. It was

held in the thermostat during the transference of the
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solution, and, one minute after filiing, the stopper was
gently inserted, the outside carefully dried and allowed
to cool before weighing.

At the same time about 10 grams of the ‘ wet solid’
were transferred to a stoopered weighing bottle by
means of a nickel spatula. This was allowed to ecool
and then weighed.

These samples vere then diluted eitner to 250 cc.
or to 500 e¢¢. in a standard flask and suitable aliguois
(10 cc. or 25 cc. ) were analysed. The methods of
analysis are dealt with separstely under esch system.

The results ?re nlotted on trisngular graph paper
as weights per ceht, and the solid phase in equilibrium
with the solution is determined by means; of Sehreinemaker s
residue methodfg

The specific gravities of the solutions were
determined so that the results could be expressed in

terms of normality if necessary.



13.

EXPERIUENTAL RESULTS.

The System Pb(N0g)s - Ca(NOg)p =~ Hp0 at 256°C.

uethod of analysis. The samples of the solutions and

of the wet solids were diluted to 250 ce. and 10 cec.
aliquots were analysed.

These aliquots were slightly diluted, 5 ce. of
dilute acetic acid were added and the lead determined
a5 onremate. T the Tend ehromate wia selivethd i@ )
a Jena sintered glass crucible (no. IgG ), and dried to
constant weight in an air oven at 120°C.

The filtrate was diluted to 150 cc., 3.5 cec. of
dilute ammonia solution were added and the calcium
precipitated as oxalate. It was then determined
volumetrically with .1 N (or in cases where a large
quantity of calcium was present, .25 N) potassium
permenganate solution in the manner described by
Cumming and Kaya2 and by Scott?3

The potassium permanganate solution, which had
been filtered three times through asbestos, was
standardised withn Iceland spar which was discolved in nitric

acid, and then precipitated as the oxalate and dissolved in
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acid in exactly the same menner, as was done with the
solutions above. In this way no blank experiments
were required. This method of staundsrdisation was
found to be in excellent agreement with that done
against sodium oxalate.

From these determingtions the weighi percentsges
of lead nitrate and cﬁicium nitrate were calculsted and
the percentage of water was found by difference.

The avove method of separaiion was tested on
mixtures made from known weights of pure metallic 1eﬁd
and Iceland sper. The error W;h found to be withinl
one part in & thousand with botu substances on weigﬂ%s

|
of about .1 gram E

10 il
Hesults, Glasstone and Saunders  give the solubility

of lead nitrate at 25°C as 37.17 graus per 100 grams |
of solution and that given by ﬁalquorilz at this |
}emperature waed7. 07 per cent. International Crizid&l
Tables24 give the value to be 1,80 .i per 1000 grans &f
waler i.e. S57.90 per cent. This isst¢ resull is in ex-
cellent agreement with the result cotained here

(37. 34 per cent).

The solubility ef calcium nitrate is given oy

o o=
o

Cameron end ﬁobinsonf a8 139,30 grauns per 100 grams
of water (58.21 per cent), by Bassett and Taylor>®
8 57.98 per cent and by ﬁhret27 a8 58. 35 per cent.
The value given in International Critical Tablesaa

is 8,41 ¥ per 1000 grams of water, The result
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obtained by the author (57.92 per ceni) is in very close
agreement with that of Bassett and Tayloer.

The isotherm shows that the solubility of lead
nitrate fells off on addition of caleium nitrate, !
the slope becoming less as the guantity of caleium nitrate
is increased. The solubility of lead nitrate decredaea
to 1l.14 per cent by weight at the iavariant point. The
eddition of lesd nitrate on the other hand, decreases
the solubility of caleium nitrsate only to a very i
small extent, the value at the invariant point being |
57.01 per cent.

Beginning ot the right hand end of the isotherm,
the sointions are in contact with Pb(NOg)g &s the soiid
plizase, The solid in equilibrium with the solutions
at the left hand end of the curve ie Ca(NOg)g,4HpO
( < variety).

Ho isolable addition compound is forwed, end i

the .course of the curve indicates that little (if an})

exists in solution.
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- TABLE I

The gystem Pb(N0g)g -~ Ca(lilg)s - Hg0 at 25°C

SOLUTION

percentage oy weight

Xo. Pb(N05 )2 Ca(N0s )2 HgQ 32503
1) 37e 54 Qe 0O Gke GG 1.446
2) 27+ 35 6. 49 Gle 16 1. 370
3) 19,73 13,03 67e 24 1. 037
4) 15,95 17. 61 6Ce 44 1 333
5 13. 05 R1. 88 G5e O7 1.341
G) 11. 69 23.96 B4e 33 1. 048
7) 10. 40 26 42 G5, 18 1,367
3) 8. 51 30. 82 60s 87 1. 476
3) 5. 94 56495 57« 11 1,412

10) 2,09 50.71 47,20 1. 524

11) l.82 52. 08 464 10 1.541
2) s 317 56. 58 42. £5 1.586

15) 1.14 5701 41. 85 1. 586

14) l.1% 57400 41,389 1.086

15) 0. 00 57.92 42.08 1. 675
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TABLE 1

The System Po(i0g)a = Ca(l0g)e - Hg0 at 26°C.

WET SO0LID

percentaze By weigant

Noe. [Pb(N0g)g| Ca(Bugzls| Hg0 Solid phase
1) - ~ - . Pu(N0g)g

2) | 80.53 1. 73 17.74

3) | 89,62 1.84 8. 54

4) 59. €9 Lo 37 Te 34

5) 88. 66 Se 14 8., 20 d

G) 3€. 64 Se 85 9. 53 H

11 38, 38 de 38 7.74

8) 84, 97 D. 26 Y. 77

9) | 74413 10. 28 15. 59 .
10) | 48,37 26090 24, 68
11) £6e 52 S$9e 66 546 02
12) | 46.78 30¢ 65 22, 57
13) 3. 98 534086 32,02 | Pb(NOg)g + Ca(N0g)gs4HgO
14) Os 47 65. 01 34, 52 Ca(N0g ) g s4HgO
15) N i ik
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The System Pb(li0g)s = AglOs - Hp0 at 25 C.

llethod of analysis. The vpercentages of lead nitrate

and silver nitrate were obtained by determining the silver
28 chloride and the lead s chromate. The percentage
of water was found by difference.

The weighed samples ¢f the solutions and the wet
solids were diluted to 250c¢c., and 10 ce. aliguots were
taken for snalysis. The silver was determined in the
presence of lead by the method indicated by Scott?9
The aliquots were diluted to 500 cc. and the solution
heated to boiling. A Q.1 per cent solution of
hydroeghloriec acid wae added through a dropning tube till
21l the silver was precipitated, and the beaker was
placed on the steam bath, and stirred freguently,till
the silver chloride was c¢oumpletely coazulated. & Tew
drops of the hydrochloric acid vere added to ensure
complete precipitation, After c¢ooling, the silver
chloride was filtered through & Jena sintered glass

IzG )» washed with water containing a

crucible (¥o.
litile dilute nitric acid and finally washed with
distilled water. It was then dried to coustant weight
in an air oven at 130°C. Dark brown paper was wrapped
round the beakers used in the precipitation of silver
chloride, and the crucibles containing it were cooled

in & desiccator which had been painted black in order to

exclude light.
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The filtrate was evaporated to 100 cces & grams of
sodium acelate were added and the lead determined as
chromate in the same¢ manner as in the previous system.

The separation was lesied guantitatively with
solutions made from known weights of A.Re.silver nitrate
and A.R. lesd scetate. Hesults agreeing to one part
in a thousand werc obtained for silver nitrate on a
weight of 25 grams and to two parts in a thousand for
lezd scetate on a weight of about 7 grame.

Hesults. International COritical Tablesaa give the
solubilit;” of silver nitrate as 14.00 ¥ in 1000 grams
of water (¥ z per cent), that is, 70.41 per cent.
Siedellal jxves the value found by Xszantzev to be 71,8
per cent. The suthor’s result (71.81 per cent) is in
cocmpnlete agreement with this.

EBxamination of the lgotherm for this system shows
that silver nitrate and lead nitrale mutually reduce
each other’s solubility, when they are expressed as
welght percentageés. Silver nitrate however, depresses
the solubility of lead nitrate to a smaller degree than
would be exnected from the addition of & sudstance con-
taining & univelent comuon ion.

The composition of the eutectic solution is
silver nitrate 52.28 per cent, lead nitrate 17.68 per
gent and water Z4.04 per cent.

This indicatees the existence of a compound in

solution, but one which is mnot sufficiently stable to be
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isoclated. This will be dealt with more fully in a 1-!1.01-
- section under : discussion of ruultsf : ey
I
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TABLE 1l.

The System Pb(NOy)p - AgNOs - Ha0 at 25°C.

-

SOLUTION

percentage by weight.

¥o. Po(N0g s AgliOg Hg0 D
25°C

1) 37. 54 0. 90 62+ 66 1. 446

2) 53+ 66 15,93 52, 52 1. 628

5) 31. 09 25616 45.75 1,770

4) 28,15 52,83 39.0% 1. 952

5) 27.79 33,83 58, 58 1.9756

6) 27.72 33,98 38. 30 1.976

7) 234 26 45. 62 31.1% 20210

8) 21.456 49.84 28,71 2. 259

9) 17. 68 58, 28 24,04 2. 487

10) 13.96 61. 32 24.72 Ze 445
11) 84 99 65, 00 26,01 2. 389
12) 3. 89 69+ 08 27.03 2,336
13) £.87 69.76 27.37 Ze 586
14) 0. 00 71. 80 284 20 2., 29%




TABLE 1II.

(o]
The Syﬁt@fﬂ .")0‘.;;\.)3}2 o .’\5503 - Hgo at 25 C.

Wil

SQLID

pereentage by weight

Yo Pb(H0g)g AgNOg HgO So0lid phase
1) - - - Pb(1103 ) 9
2) 83, 51 3.81 12. 68
3) 7625 7. 89 15.86
4) 81. 04 8¢ 94 10.02 .

5) 83. 37 8. 20 3043

6) 82. 39 8. 54 3. 07 .

7) 79.45 12,37 8.18 "

3) 83497 104 40 He 6 y

9) 58.01 58, 17 3482 Po(NO;)s + AgliOg

10} 5. 29 8. 93 6.78 AghiO,

11) 3452 88,90 7+ 68 "

i2) 1. 10 94. 28 4, 62 “

15) 1.01 94.89 4. 10

14) - - -
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The System Pd(N0s)g ~ Mg(NOg)g =~ HgO at 25°C.

A : 5is. The welgned samples oi the
solutions vere diluted to 500 ec. and those of the
‘wet solids’ to 260 eec. aliguots (10 cc.) were
analysed excepl in cases where there were very small
guantities of magnesium nitraile present, when 25 cec.
aliquois were taken Ior analysis.

The lead ves deltermined by the chromate melhod
as vefore, and the magnesiwu as pyronhosphate in the
filtrate. The lalter was evaporated to 10U ec. and
the magnesiuw precipitatea as umagnesium ammonium
phosphate by the method of 5. Schmidt?a and filtered
through a Jena sintered glass crucible (Ne. 143 J
after standing for tweniy-iour hours. The precipitate
was washed with & 2 per cent ammoniaz solution and dried
in an air oven at 120°C for half-an-hour. The glass
crucible wus then placed inside a larger nickel crucibole
and ignited gradually. The temperature was increased
glowly until it wae finally heated with a full ounsen

flaume. Before cooling in & desiccator for twenty-five
minutes, the erucible was placed in an oven at 120°¢C
for five minutes in order to prevent the glass
cracking.

dixtures were made up from known weights of pure
metallic lesd (British Chemical standards) and pure
metallic magnesium dissolved in dilute nitric scid,and

analysed. The results obtained showed errors of



26.

0 to 1 milligrams on .06 grams of lead and the error
on 018 grams of magnesium was & milligrams.

ti, The solubility of magnesiunm nitrate was
found to De 42.08 grams per 100 grams of saturated
solution. This value wag also obitained by Hill and
Eoskowitz?a Jackman and Brcwne34 in 1922z found it to be
43.25 per cent.

The isotherm shows only two branches. Firstly,
solutions in contact with Pb(ﬁqa)z as the solid phase,
and sccondly, solutions in contaset with crystals of
4z(k0a)g »6Hg 04 This curve is very similar to that
odtained in the system Pb(NOgz)g - Ca(lidg)g -~ HpO.

It shows no isolabdle addition compound and if any ve
formed in solution it must ¢nly be to a very small

degree.
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TABLE IIl.

The System Pb(NO0g)e =~ Mg(NOz)p - HpO et 25°C.

S0LUTION

percentaze by weight

Ho. Po(H0g )2 Mg(NO3) g HgO D, o0
1) 57.34 0. 00 e 66 1. 446
2) 29.75 3. 48 66. 79 1. 565
5) 25411 Ge 99 64+ 90 1.310
4) 12,19 16. 09 71.72 1.264
5) 9. 19 20, 85 6ve 96 1. 274
6) 6.01 28. 65 65. 34 1l.319
7) 3.91 57,05 59.06 1. 585
8) Se 17 41. 66 554 15 1.419
9) 2. 09 41.15 B6e 7€ 1.408

10) 0. 00 42,03 57.97 1. 389




TABLE

29.

111,

The System Pb(N0s)z - Mg(N0s)s - Es0 at 25°C.

WAT

SOLID

percentage by weight

Ho. | Pb(N0g)g| Mg(l0s)g Hgo Solid phase
1) - - - Pb(lUa)g

2) | 87.€9 D¢ 56 11.75

3) | 76s66 2. £6 21.08 .

4) | 80.52 3.71 1677 .

5) | 82.69 3091 154 40 ¥

6) | 76.26 Te &9 16. 285

7) | 85.84 5e 34 8.82 "

8) | 47.65 £5. 49 26,86 | Po(li0g)p + 1ig(N0g5)a,6Hg0
9) 1.11 49,79 49.10 Ug (N0, ) g »6HgO
10) i - - 2
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The System Pb(N0g)s = Al(N0g)s - Hp0 at 26°C.

Method of analysis. The weigned samnles of the

solutions anc ‘wei solids’ were diluted to £50cc.,
and 10 ce. aliguots were analysed,

The lead wns determined as lesd chromste in
essentislly the ssue wmanner as in the previous systems,
In this case however, 2 .1 N solution of sodium chromate
(a8 sodium salt; are less easily adsorbed than potassium
salts by aluminium hydroxide) was added, drop by drop,
from & burette to tue boiling solution acidified with
acetic acid, till nmo wore lead chromate was precipitated.
In this way only a very small excess of sodium chromate
was onresent after complete precipitation. The lead
echromate was filtered and washed ez before.

The aluminiuw wes determined as alumina. The
filtrate was eveporsied to 100 cc. and the =luminium
precivitated 28 aluminiwm hydroxide by Blum's methodﬁs
Two »recipitations vere found necessary, and the
precipitates were washed with a hot 2 per cent solution
of aumoniun chloride and slso with & cold 2 per cent
samnonium bicarbonate solution?8 in order to eliminate
traces of chromic acid formed during precipitation of
aluminium hydroxide.

As slight suction was reguired in some of the
aluminium hydroxide filtrations, a perforated platinum

cone was used to strengthen the filter naper,



The perecentages of lead nitrate and of aluminium
nitrate were obtained by calculation from the results
of the analyses, and the percentage of weter was found
by difference.

The method of analysis cescribed sbove was tesied
on solutions made up from pure metallic lead (British
Chemical Standards ) and oure wetalilic aluminium
(British Aluminium Cowmpany). The results for le:ad
were found to agree exactly with the weights used, and
those for aluminiwm were also found satisfactory,
provided that sufficient care wae ilaken to keep the
excess of sodium chromate small during the precipitztion
of lead chromate, and to wash the precipitate of
aluminium hydroxide thoroughly with ammonium bicarbonate
solution.

Results. Inamura’s result for the solubility of
aluminium nitrate at £5°C is given by Seide1l’ amnd
International Critiecal Tableaaa to be 33.0 grams per
100 grems of saturated solution. The suthor obteins
a higher value than thie, namely 49.4 grams per 100
greme saturated solution,

Examination of the isotherm gshows that the

solubility of lezd nitrate is depresscd grestly by the
addition of sluminium nitrate, while that of the latier
is reduced only to & swall extent by the addition of
lezd nitrate. It has only two branches , the

solutions being in equiliorium with 41(H0g)3,9H0 erystals
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at one end znd with Pb(N0g)g al the other end of the
curve.

The composition of the solution at Llhe invariant
point is Pb(NOg)p, 2.39 per cent; Al(NOz)3, 98.86 per
cent; Xp0, 68,75 per cent. There is no formation of

an isolable addition ecompound.
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TABLE 1V

o

The System P0(KOg)g - £1L(NOg)g ~ HoO &l 25 C.
SOLUTION
percentage oy weight

No. Pb(ROys )2 AL{NOg )3 Lgu D25°C
1) 37454 0. 00 6%, 66 le 446
2) 31. 72 e 81 65. 97 1. 588
5) 28443 5678 68. 82 1. 550
4) 18. 57 e 36 7207 1. 285
5) 12. b4 14.70 77.76 l. 261
€) Se 48 £0e75 70 82 l. 268
7} S £9 aS. 586 Gde 16 1.370
8) Ce 99 J0e 86 58,75 1.415
9) 1. G4 e £d 99. 73 1.400

10) 0. Q0 39 40 G 60 1. 590




TABLE IV

The System Po(l0g)g - AL(NOg)s = Hp0 at 25°C.

percentage by weight

No. |Pb(N0g)g4 A1(NOa)s lipu Solid phase

1) i - - . Po(N04),

2) | 75.18 1.19 23, 63

5) | 83,01 1,73 154 26

4) | 84,80 Be k1 12,73

5 81. 06 4,01 14.94

o) B8de H8 Seld 15. 29

1) | 80.21 6e 02 186 77

8) | 11.96 45,59 | 42.45 | PB(NO0g)e + AL(NOg)ge.9HgO

_9) Ou 59 51. 42 48,19 AL (NOg ) 5,9Ha0

10} e i ™ “
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DISCUSSION OF HRESULTS.

Although the lew of the constancy of the ionic
solubility product is only aponroximate in solutions
of moderately soluble salts, it must hold at least
gualitatively in solutions saturaited with lead nitrate.
The equilibrium is exorcessed as follows:

[“b+dj[N09“]B = K (a constant)

Now in every system studied here, the added salt
contains a common ion, namely the nitrate ion. it
follows from the constency of the ionic solubility
product that if the concentration of the nitrate ion
be inereased, that of the lead ion must fall off in
order to maintein eguilibrium, The solubility of lead
nitrate should consequently decresse on addition of a
sa2lt containing a nitrate ion.

If an increase in the solubility be observed, this
nust be due to some of the efiectiive lead ions being
removed as part of a molecular or ionic complex. The
increase in solubility of a salt, on addition of a
second salt containing & univalent common ion, can
therefore be regarded as a measure of the degree of

compound formation in the solution.
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In a previous section under ‘Experimental Results,
it was stated that there werc no isolable addition
compounds formed between lead nitrate and caleium,
magnesium, aluminium or silver nitrates.

In order to see to what extent different factors,
namely the diversity in electrode potential between
lead and the other metal, ionic radii, and valency,
govern compound formation, the results of the above
systems, along with those done by Glasstone and Saunders,
and Mdalquori, have been put in the form of a diagran
(diagram 2). Gram-equivalents of lezd nitrate per 100
grams of water have been plotted against gram-eguivalents
of M(NOg), per 100 grams of water. NMalguori cowmpared
the results of the systems Pb(NOg)p -~ KNOg =~ HzO,
Pb(N0g)p NaNOg - HpO, Pb(1i0g)s - CsNOg - HgO,

Po(l0gz)g - LiNOg - [0 and Pb(N0g)p - NH NOg = HpO,

by simply plotting the weighi per cent of lead nitrate
against weight per cent of alkali nitrate in the solution.
Although it does not seem justifiable to compare

weights of the nitrotes of different metals with each
other, because of their different atomic weights, it

is found that the curves fall in the same order as in

the method adopted here.
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TABLE V.

" (=]
Temperature 25 C

Gram-molecules per Gram-equivalents per
100 grams water 100 grams water
Pb(NOg)g NaNOg Pb(XN0g )2 NalOg
Je 179 0. 00 0. 508 0. 00
Oe 1438 Oe 112 O 296 Os 112
Qs 135 Us 190 0e 270 Oe 190
Ds 125 0. 356 Qe 246 Je 506
0s 119 Os 454 0, 238 Oe 434
0. 113 Q. €95 O 226 Qs 696
0. 109 Oe 918 Oe 218 Oe 918
0e 106 1. 073 Qs 212 1.075
Po(N0g) s KNOg Pb(203)g KNOg
Oe 179 0. Q0 Je 558 0. 00
Q. 188 0. 04566 0e 876 O 0455
0. 200 0. 08438 O« 400 O« U848
Qe 227 Ue 159 0. 454 O. 159
Ue 278 Oe 828 Os 586 Qe 328
Ue 379 Ue 751 Oe 758 0. 751




TABLE V

40 .

Temperature £5°C

Gram-molecules per
100 grams water

Gram-eguivalents per

100 grams water

Po(N0s ) 5 Lil0, Pb(N0s ) g LiNOg
0.178 04 Q0 Os 356 0s 00
O 151 0e 0129 Oe 302 0. 0129
0. 146 0. 0211 0o 2982 0.0211
0e 0636 Oe 214 0.127 Oe £14
0. 0409 Ov 4562 0.0818 0o 452
0. 0141 1. 031 0. 0282 1. 031

Po(N0g) 5 Csli0g Pb(NOs)s Cel0g
0.178 0« 00 0 356 0. 00
Oe 194 0. 0186 0. 384 0.0185
0e 211 0. 0411 0. 422 0. 0411
O 234 0. 0790 O 463 0. 0790
0 282 00 146 0s 564 0. 146

Pb(}‘loa } 2 AgNOs P‘D(Noa )z AgNOs
0. 180 0. 00 0. 360 0s 00
0e 193 0s 156 0 386 0. 156
0e 206 0s 298 Oe 410 0. 298
0. 218 0.495 Ou 436 0. 495
O0u 219 0e 522 0. 438 0e 522
0s 2282 1, 427 Ou 444 Te 427




TABLE V

o
Temnerature 25 C.

Gram-molecules per
100 grams water

Gram-equivalents per
100 grams water

Pb(NOg)s | Ca(NOg)s Pb(NOg)s | Ca(N0Os)e
e 180 0. 00 0e 360 0. 00
0e 125 3. 0598 0 250 0 119
0. 0886 0. 118 Qe 177 0. 256
0. 0605 0e 205 0. 121 0. 410
0. 0497 O 265 0 0994 0. 510
0. 0314 0. 394 0. 0628 0. 788
Po(NOg)p | Hg(NOs)s Pb(NOg)p | Mg(NOg)g
O 180 0. 00 O 560 0. 00
0. 134 0. 0351 O 268 0. 0702
Oe 0998 0. 0674 0. 199 O 134
0. 0513 0. 151 0. 103 0. 502
O 0397 0. 201 0. 0794 0. 402
0e 0174 0 509 0. 0348 1. 018
Pb(IiJ3)9 1.1{1‘303}3 ":“b(kﬁa}g fml(x'.)s]a
0. 180 0. 00 Oe 360 0. 00
00 14-{.) Oo ':.)164 On 290 (.}t 0492
0e 112 0 0392 Os 224 0e 118
0. 0778 0. 0609 0. 165 0. 183
0. 0123 0e 510 0. 0246 0o 930
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TASLE VI

Temperature 20°C.

Gram-molecules per Gram-equivalents per
100 grams water 100 graus water
Ph(N03) o NH,NOg Pb(N0g )2 NH NOg
O« 170 . Q. 540 =

Oe 166 Ue 0509 Je SO0 Je 0359
06 170 Oe X386 O« 540 Oe 136
Qe 202 Us 594 O 404 Qe 894

D 245 Je 781 Qe 490 0. 781

O 341 1, 688 D, 682 1. 686
Po(NOg)g | Cu(N0g)ge Po(N0g)g | Cu(li0g)g
Ou 166 ot Ce 302 =

Oe 119 Oe U411 0. 238 0. O8ZZ
O« 0840 Qs 0302 Use 168 0. 1604
Qe GB78 Os 151 Os 115 Oe €62
U. 0444 0. 177 0. 0888 Oe 504
0. 0398 Ce 202 Q0. Q790 Ue 404
Oe G4 Oe S22 0. 0454 O 644

ae
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Diagram 2 shows the solubility of lewd nitrate &t
2500, in presence of otier nitrates, and at low
concentrations of the s=dded galts, to be in the order
08> K >Ag > Ra> Ga > ligoral > Li. The results
are compared al lov concentrations because under these
conditions, disturbing factors must be at a minimum.

By this method of representing solubilities, we
sece that the solupnility of lead nitrate, when expressed
a8 gram-eguivalents or gram-molecules per 100 gr:oxs of
water, is raised by the addition of silver nitrate.
Compound formation must take »nluce between lead nitrate
and silver nitrate in solution.

Sturenbergdo stated in 1870 that, when a boiling
concentraied soluticon of leud and silver nitrates was
cooled in vacuo, he obtained crystals of & saltl
Po(N03) g 248N g It is very probable, however, that
what he obtained was a mixture of the two salts in
approximetely the proportions of one molecule of leud
nitrate with two molecules of silver nitrate. The
results of ﬁalquoria* and Fedotéeffag are shown in
diagram 3. Addition of ammonium nitrate causes first
a decrease and then an inerease, and cuprie nitrate.&
decrease, in the solubility of lead mitrate at 20°C.
This shows that in sgueous solution there is compound
formation beiween lesd nitrate and amuonium nitrate at
this tempersture, but little, if any, beiween cupriec

nitrate and lead nitrate.
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Diversity fuctox. The following fable gives the

electrode potentisls of the metals which we are
considering: that is the potential diifference
- between the metal snd z normal aqueous solution of
i its ions, referred to the mormul hydrogen electrode

as zZero.

TABLE VI.

14 , 14t = + 2,96 voltse
E , KT = + 8,92

Be , la™ & & 8,713 -

Pp , PbTt = + 0,22

Cu , Cut™ ® = 0,38

AR o AT @ = 0,80 -

Sr , srtt =2 ¢ 2,02 voltafa
Ba o BattT = ¢ 2,00
Ca o Catt = + 2,87 -
Mg , Mgt =+ 2,40
Al o AP TTe w2,

The order of the metals in the electrede potential
series is therefore
Cs, 1i. K and ¥H,, Sr, Ba, Ca, Na, Mg, 4l, Pb, Cu, Ag
Altheough no value for the eloctrode potentisl of caesium
ic given, its position in the series is probably above
that of lithium, because it is the most active of the

43
alkali metals. Abegg = vlaces ammonium close to
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potacsium in the series, although herc¢ sgain the
electrode potential of smmonium cannot be determined.

The diversity factor is undoubtedly here, ae in
numerous examples of binary systems and in the ternary
systems AgCl - NCl, = Hg0 and PbClp - ¥Cl, ~Hp0, &
significant factlor governing compound formatiol. it
is only the nitrates of tiose metals which are very
highlylpositive, €e 2. cuesium and potazesium, or very
highly negative, e.g silver, which cause increases in
tiie solubility of lead nitrete, indicating compound
formation in solution.

However from diagram 2 the increase in solublility
of lexd nitrate at 25°C was found to be in the order
s> K > Ag > Na > Ca > g or A1> Li, When this
series is compared with that of the electrode
potentials, it is obvious that there must be other
factofs acting, nanely ionic mize and valency. For
example lithiuwa nitrate deecreases the solubility of lead
nitrate instesad of inecressing it markedly as would be
expvected from its highly pdsitive electrode potential.
This clearly must be due té the ionic size factor, as
lithium has the ssme valency and aporoximetely the
same electrode potential as potassium, but has & very
smell ionic radius.

Another discrepency ie in the order of calcium and
sodium in this series, when coupared with the electrode
potential series. As seen from diagram 2, caleiun

nitrate decreases the solubility of lecd nitrate to a
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much greater extent than does sodium nitrate, whereas
sodium stancs nearer to lead in the electrode potential
series. The valenecy factor would anpear to account for
this as the ionic sizes of calcium and sodium are
praciieally equal.

We may now procced to discuse these factors in

turn in greater detail.

Ionic size, In order to study this factor separately,
we may teke & series ol metals ﬁhase electrode potentials
are approximately equal, and whose valencies are the saue.
The alkali wetals furnish suck a series as each has an
electrsode potential of about + Z,9 volts (sodium has a
slightly lower value + 2,7 volts) and a valency of one.
T?aulingH gives the ioniec radii of the metals with

which ve are conecerned to be as Iollows:

TABIE VII
137 0,60 A ugtt o.65 A attt 0,60 A
Nat 0,98 - ca Tt 0.99
gt 1.26 - grtt 1,38 -
XET . 338 Batt 1,35
T T pott 1.21

From diagram £ the order of solubiliiy of le=zd nitrate
in presence of the 2lkali nitrates is seen to be
8 > K > W > L, This is exactly in the order of

10

their ionie radii. Glasstone and Saupders and

= 12
Melguori explained this =zs being caused by the different
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degrees in hydrestion of the alkali metsl ions.

Sidgwick‘s regarde hydration as the combination of
water molecules by = co-ordination link to another atom.
In the esse of the hydration of a cation, this is
accomplished by the oxygen of the waier acting as a
donor thus: XT—|X <—-0(§] , and so foruing a
co~-ordinate link. Now weceordinz to Fajans’ theory the
tendency of an ion to form a eovalent link (that is,
here iie co-ordination 1inklbetwaen oxygen and the
cation) will increase (1) as the charge on the cation
ineresses (2) as the size of the cation diminishes.

In the case of the wlkasli metuls the charges on the
cations are the samc, 86. hydration should be in the
following order:. Li > la> X > (s a5t this is the order
of their ionic radii, increasing from lithium to caesium.

Hydration of the cation of the alkali nitrate must
have a two-fold inf;uence on the soluvility of lead nitrate.
In the first place it removés soune efiective solvent,
in the form of water molecules from the lead nitrate and
tuerefore causes a decrease in its solubility. Secondly,
the greater the nydration of the catior the less easily
will it oe able to for. a covaleanl link with the iocuns or
molecules of lead nitrate, as there is a limit to the
number of ecovalent bonde that an ion ec2n possess.

From these considerations it may ve said that the
larger the cation of the added nitrzte, the greater is

the tendency to compound formstion in lead nitrate solutions



other things being ecual,

This explains why lithiwza nitrazte shows no ccmpound
formation with lead nitrste although lithium is highly
positive. The lithium ion is very swall (0.60 i) and,
therefore, will be highly hydrated in sclution.

The alksline earth metals (caleium,strontiun and
oarium) form another series which we may exsmine, as
each has an electrode potential of aporoximstely + Z.9
volte. Magnesium may also be compared with these
metals although its eleetrode notential is slightly lower
( + 2.4 volts) than those of the o;hars. They 8ll have
also the same vzlency of two,

Mixed crystzls are formed in the two systeus
’b(N0g)g = Sr(N04)s ~ HpO and Pb(k0g)s = Ba(llg)s - Hgl,
but this was not found to ve the cuase in the systeus
Po(NOg)p = Ca(l0g)g - Hp0, and Pd(NUg)s = ug(liog)g = HgO.

According to measuremenis made by vagard:e lead
nitrate, barium nitrate, strontium nitrate snd calcium
nitrate form an isomorphous group, and show almuost
complete identity of erystaliine form Some isomorpiious
substances have the property of forming mixed crystals with
another substence in the ssme group, but this is not
pogsessed by all members in an isomorpihous group. For
example, although sodium chloride and potassium chloride
have the same erystalline form, they do not form mixed
crystals.

Kolthoff‘7 points out that if the abspolute size of

the ‘building stones - i,e. if the sizes of the ions are
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the same - in two iscmorpuous substances, then mixed crystal
formetion will take »lace. He states “ it seems that mixed
crystal formation is still possivle if the radii of the
ions de not differ by more than 16 per centr This
explains why sodium and potussium chlorides do not form
mixed erystals (Na' = 0.95 A K" = 1,33 A), as the
difference in their ionic radii is greater than 1b per
cent.

The condition is however fulfilied by the lead and
strontium ions (l.21 A and l.13 A respectively), and by
the lead and barium ions (B&++ = 1,35 i). The
difierence between the sizes of the 1ea& and the calciwa

ions (Cé++'= Ja 99 ﬁ} exceeds 15 per cent and so we
should not expect thai mixed erystals would be formed
in the system Pb(li0g)g = Ca(NOg)p = Ho0. This agrecs
with the experimental evidence.

The difference in the effect of magnesium and
calecium nitrates on the solubility o f lead nitrate must
be due mainly to the difference in hydration of the
magnesium end ealecium ions. The magnesium ioﬁ being
the smallier (lgtt = 0.65 At o0&t = 0,99 E) nust be
more highly hydrated than the caleium ion and
consequently depresses the solubilily Lo a greater
extent.

Valency. Although sodium and calcium stand very
near to one another in the electrode potential series,
and sodium nearer to lead than is calcium, yet the

addition of esleium nitrate causes 2 much greater
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depression in the solubility of leazd nitrate than does
sodium nitrate.

The elecctrode potentials of sodium and calcium are
very close, and their ionie radii approximately equal,
but the charge on the nueleus of the calcium ion is
twice that on the sodium ion nueleus. According to
Fajeng' distortion theory and Sidgwick’s hydration
theory, the hydraiion of the cation will inerease as
the char%e on it becomes greater. Hence the caleciun
ion nmust be hydrated to a greater extent than the
sodium ion, and && their electrode notentials sre very
close it would be expected that calecium nitrate wﬁuld
cause a greater deonrecssion than would sodium nitrate in
the solubility of lead nitrate.

It follows that, if other factors be the same, there
is u greater tendency to cowpound formation between lead
nitrate and other nitrates in agueous solution, the
smaller the valency of the cation of the second nitrate.

We should predict in the. system Pb(NOg)g - Al(HOs)g -
HpoO that as the aluminium ion has a very small radlus
(0. 80 5), and its charge high (valency of three), that
no compound formation would tske place, and tiat the
solubility of lesd mitrate would be greatly depressed.

An examination of isotherm 4 and diagram 2 shows thet
the experimental results agree with this expectation.

The resulis ootained by lalquori on adding
amoonium nitrate are slso those that would be anticipsateds

The ammonium ion must e large, snd we should not
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expeet it to be highly hydrated, ae the nitrogen must be
covalently saturzated. its position in the electrode
potential series is put close to that of potassium, and
it hes o wvaleney of one. These facltors all agree with
the compound formétion that is indicated by the
isotherms of the system Pb(N0g)g - HH EUg - Heoxl and
by diagram 3. ihe eupric ion on the ofhar Lhend has
o valency of two, and is rather closc to lead in the
electrode potential series. From these iwo factors
we snould not expeet compound forgation to take place.
The factors dealt with however ﬁre not independent
of each otuer. The sige of an ion must depend to &
great extent on the nuclear charge, that is on its
valency. The uiguer the charge the gréater will be
the pull on the planetary elecirons and therefore the
greater the tendency for the ion to have a sumall radius.
The relation between ionic size and electrode
potential can be seen when Lhe ionising and electrode
potentials of the alkali metals are compared. From
their ionisging potentials we sce that the easc with
which an electron is removed from the metal
(¥ (gas) = ;+{gua) + B (zas)) is in the order
Ii < ¥a < K < hb < COs. The electrode potential is a
measure ol the eace with which the metals form ions and
electrone in agueous solution. This must invelve also

the hydration of the ion u', The lithium ion being

the suallest attracts the water molecules most strongly.
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This sets free s lurge amount of energy and the
1ithium reacts with water to give a high electrode
potential in sgueous saldtion, instead of a low vulue

as we should expect from ite ionising potential,
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BUMMARY,

The isotherms oi the following ternary systems
have been determined at 25°C @
(1} Pb(N0g)g = Ca(N0g)g = HpO.
AgNOg = HgO.
Hg(NOg)p = HgO.

(8) Pb(NOg)g
(3) Pb(Nog)g

]

(4) Po(NOg)p - AL(NO4)y - HaO.

There is little, if any, compound formution between lead
nitrate, and caleium, magnesium and aluminiwa nitrates,
but there is evidence of compound formation in solution
in the cave of the sycstem Pb(NOgz)g =~ AgliOg ~ HgO.

The fellowing factors have been found to afliect
coupound formation in solutions of lesd nitrale when
another salt containing a nitrate icn is added.

(a) Llectrode notentisl. As a general rule the
greater the diffcrence in electrode potential between
lead and the other metal the greater is the tendency
to coupound formation in solution.

() ionic size. The larger the size of the cation
of the added salit, the greater will be its tendency to
compound formation, as hydration inereases with

diminution in the size of the ions.
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{e) Valency. The greater the valenecy of the
cation of the added salt the less the iendency to

| compound formsation,

In conclusion,the writer wishes to expregs her
thanks to Professor James Kendall for his valuabdle
advice ;md encourzgement dufing the course cof tuis
atudy; and to Dr %W. F. Ehret for his guidance at the

peginning of the research.
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