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ABSTRACT
~ The phase diagram of the system lithium chlorate -

water was determined. The phase diagrams of the system
lithium chlorate - lithium chloride = water at 3.0, 6.0,
8.5 and 25.0%C. were determined.

Lithium chlorate forms three hydrates having the
following formulae :

(1) (LiC103),4+H;0 - stable from 20.5 to 42.0°.

(ii) LiCl0zeH;0 = stable from =0.1 to 2045% 6
(iii) LiC103e3H,0 =~ melts at 8.4°C.
The hydrate having the formula (LiClO3)5.H20, proposed by
Bergy, was shown to have the formula (L10103)4.H20. The
trangition temperature of the transformation
LiCle2H50 = LiCle.H50 + solution

was found to be 12.5* 0.1°%C. confirming the results of
Huttig and Reuscher. Lithium chlorate and lithium chloride
do not form any double salts at 3.0s 6.0, 8.5, Oor at 25.0%C.

Lithium chlorate can exist in two enantiotropic
forms,d.and.F, and the transformationy,~ & p 4 takes place
at 99.800., the « form having the lower density. The ¥ form,
proposed by Kraus and Burgess, does not exist as a stable or
metastable form. The X-ray diffraction pattern of F LiCl04
wage obtained and a method for obtaining the diffraction pattern
of % LiClO3 vas proposed. A crystal structure of LiClOs.SHQO

was also proposed.



A modification of the standard iodometric analysis
of (X0;) was developed and successfully applied to lithium

chlorate, where (X) is any halogen.
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INTRODUC TIOM

Up to the present timey the naturesof the hydrates
and anhydrous modifications of lithium chlorate have been
somewhat controversiale. There have been reported in the
literature a trihydrate, a2 monochydrate, a2 hemihydrate and
a one=third hydrate as well as three allotropic modifica=
tions of the anhydrous salte Several of these reports were
based on unsound experimeﬁtal techniques a8 well as on
analytical methods that were not very accuratee

Much of the earlier work involved the preparation
of the salt followed by a chemical analysis to determine
the composition of the prepared samples A crystallographic
study indicated that three enantiotropic allotropes of the
anhydrous salt and a hemihydrate were capable of stable
existence, The analysis used in this latter study was not
gufficiently accurate té make any such claims. As an added
complication, the anhydrous salt as well as the hydrates
vere extremely hygroscopicy which would render some of the
conclusions, based on the weighing of various samples, invalid.

In the period from 1926 to 1929y Kraus and Burgess
(L7), and Berg (3y445,) published some excellent work om
the phase relations of the binary system lithium chlorate
and watere Almost 2ll of the experimental data in these
vorks compared quite favourably with each other but their

respective interpretations differed slightly. Kraus and



2
Burgess reported the existence of three anhydrous modifi-
cations of the anhydrous salt as well as a trihydrate and o
nonohydrates Bergy; howevery, reported only two anhydrous
modifications and three hydrates containing one=third,
oneg and three molecules of water per molecule of lithium
chlorates The conclusionsy thereforey were the same,
except that Kraus and Burgess cléimed the existence of a garmea
anhydrous form vhereas Berg claimed a ome-~third hydrate
existed in the temperature interval from 22°C. to 44°C,

It was apparent that a definite wncortainty still
existed concerning the nature of the hydrates and anhydrous
modifications of lithium chlorate, even though a substantial
amount of work had been carried out on the subjecte The
object of the present work, therefore, was to remove all
uncertainty involved in @he composition of the hydrates of
lithium chlorate as well ag to investigate the supposed
allotropic modifications of the anhydrous salte

The determination of the complete binary phase
diagram by thermal analysis and isothermal solubility
measurements seemed advisable. This study would not deter=
mine accurately the composition of the hydratess but it
would indicate the temperature interval in which they were
stables It would 2lso indicate the temperature intervals
in vhich the allotropic forms of the anhydrous salt were



stablees The temperature at which a phase change took
place would appear as a break in the solubility curves
in the phase diagraﬁ, provided that the change took place
with the formation of another phases In the case where
a compound melts, the solubility curve exhibits a smooth
maxinum and the composition of the compound would corres=
pond to the maximum on the curvee

To determine the composition of the hydratesy, it
was decided to carry out several isothermal ternary inves-
tigations of the system lithium chlorate - lithium chloride =
water at appropriate temperatures by the Schreinemaker
method of "wet residues" (23). This method was capable of
higher accuracy in the determination of the composition of
incongrvently melting binary compounds than direct chemical
anzlysis because of the difficulty of obtaining a sample
without occluded mother liquore. Since each allotropic
form of a compound has a characteristic crystal structure,
an attempt to obtainan X-ray diffraction pattern of each
form was carried oute To determine the transition tempera-
tures of the anhydrous forms, the method of thermal analysis
and the dilatometer method were useds The dilatometer
was selected hecmuse its accuragcy is limited only by the
relative amounts of salt and indicator liquid and by the
diameter of the eapillary used. Therefore, if the ratio

of anhydrous salt to indicator liquid was made sufficiently



largey and the bore of the capillary fine enough, the
glightest change in lattice dimeﬁsiona between two allo=
tropic modifications could be detected,

The experimental methods mentioned above are all
proven techniques in problems of this type, and therefore,
should be capable of removing the uncertainty which exists

in the literature on the system l1ithium chlorate and water,



THEORETICAL DISCUSSION

(2) The Phase Rule

In heterogeneous systems all states and changes
of equilibrium can be described qualitatively by the use
of Gibbs' Phase Rule and Le Chatelier's Theorem. Gibbs?
deduction of the Phase Rule (12) is quite complicated, and
many alternative methods are now founde Any good text on
thermodynamics will have some method suggested All,
howevery give the Phase Rule in the following form:

F2C =P L2

vhere F = number of degrees of freedom.

C number of componentse.

L}

P number of Phasese.
A comprehensive treatment of the applications and limitations

of the Phase Rule is given by Findlay, Campbell and Smith (9)e

(b) Types of Systems

Since the results of this research are based to

a large extent on the graphical expression of the phase rule
in terms of two types of systemsy these are considered
briefly here.s

(i) Binary systems, or systems of two components,
vhen they exist in one phase would constitute a tervariant
systemy in vhich pressure, temperature and concentration
rmust be known to completly define the systeme When the

system is under atmospheric pressurey, the pressure is
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constant and the system becomes bivariant. Then, two phases
could exist in stable egquilibrium. Binary systems are
usually represented on a plane diagram with temperature as
ordinate and concentration as abscissa, the pressure being
constante The graphical expression is known as a temperature-
concentration curvey, or a t - x diagrem.

Binary systems are usually classified according
to the phases present in order to give a better means of
discussion of the equilibria concernedes

(ii) Ternary Systemsy or systems of three components,

by epplication of the phase rule require the simultaneous
presence of five phases for invariance. Representation of
these systems graphically is somewhat difficult. Iliost
methods use a solid figure with temperature as one axiss
The development of methods was followed by Findlay (10)s
and wvhile geveral of those he mentions are still used, the
most common is the triangular diagram developed by Roozeboom
(22)s It consists of an equilateral triangle with reference
lines ruled parallel to each sidee The sides are divided
into 100 parts, and the same scale is used for the binary
systems on the gide of the triangles The co~ordinates of
a ternary point are then measured parallel to the sides.

There are meny types of ternary systems, but none
will be discussed here since this study was an isothermal

oney and hence simple in conceptione.



(¢) Isothermal Curves

In three component systemsy; the solubility
relationships at constant temperature show clearly the
conditions of formation and stable existence of binary
compounds in the presence of three components, as well
a8 the existence of any ternary compounds,.

Several graphical methods can be employed for the
representation of the isothermal solubilities in a ternary
systems Three of these are discussed by I'indlay (11), one
of which is the triangular diagram mentiomned above. This
undoubtedly is the most useful in this research because tﬁe
compositions of the solid phases saturating the solutions
become apparente In all casesy the "tiee«line" which
Jjoins the composition of the liquid phase and the solid
phase will indicate, in the directiom liquid to solid, what
solid component or compound is saturating the liquide Since
it is impossible to separate compleisly the mother liquor
from the solid phase, the tie-~line will have to be extra=-
polated to give the actual composition of the solid phasee

(d) Methods of Determining the Equilibrium Curve
For determining the equilibrium curve of binary

and ternary systems many methods may be employede The
most common are isothermal solubility measuremenis, and

thermal analysis. In the case of the isothermal solubility



methody it is necessary tc amalyse the liquid and solid
phases in order to arrive at the composition of the liquid
and solid phasese The liqguid phase analyses will give the
curve of solubilitye The method used to determine the compo-
sition of the solid phasesy; in a three component system, is
due originally to Schreinemakers(23) but was developed further
by Bancroft (1,2)e Since it is important in this research,
it will be explained briefly heree

Consider that we are dealing with an agueous
solution of two salts having a common ion (a three component
system) which does not form amy double salts. Representing
the solubility relations in a system of triangular

co=ordinates; we would obtain an isotherm acb (Figel)e

H0

Figure 1. A Typical Isotherm



In Figel, 2 represents the solubility of salt A
in water, b the solubility of salt B, and ¢ represents the
solution in equilibriwm with pure A and B.

Considery; then, that pure A is in equilibrium
with a solutiony at the temperature of this isotherm,
having the composition of point (f)e The bulk of the
solution is separated from the solid nhase, and the'latter9
together with any adhering mother liquor, is analysed. The
composition of this wet residue will correspond to the point
d on the line (fA), vhere A represents the composition of
pure Ae Similarlys the analysis of a2 solution of different
composition in equilibrium with A, will lead to the points
(e) and (g) and hence the line (gA)e The method of finding
the composition of an unknown bimary compound reduces to
finding the position of two lines such as (fd) and (ge)e
The point where these limes intersect represents the
composition of the solid compound saturating the solutione.
In the case vhere the solid phase is a hydrate of A or B the

lines will intersect at a point on the A = HEO or B = Héo
side of the triangles

In certain cases, the graphical solution may not
be sufficiently accurate to determine the composition of the
equilibrium solid phases Since the tie~lines intersect at
the composition of the solid phasey an analytical solution

to the problem can be useds By the geometry of Fig.l, for
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each of the two tie=lines the change in per cent A will be
directly proportional to the change in per cent Be Let the
compositions of (£f) and (g) be given h%A, k%B and r%A and
s7%B respectively, and let the compositions of (d) and (e)
be given by h'%A, k'%B and r'%A, 8'4B respectivelye Also
let the point of intersection of the tie-=lines be given by
x%a and y5Be TFor (df), therefore,

h! « h g X = h

k' =k yeak
and for (eg)

r? = I' s X = 7

g! =« 3 Yy = 8

Solving these two simultaneous equations for X and y wili
give the composition of theequilibrium solid phases If
the equilibrium solid phase is known to be anhydrous or to
be one of the binary hydratesys this information is equiva-
lent to knowing the position of one of the tie=lines, so
that only one tie=line must be determined experimentally,
and only one equation in one unknown need be solvede In
practice, howevery it is better to have more than the
minimum number of tiewlinese.

Since the meﬁhod of thermal analysis was used
extensively by Kraus and Burgess (17),; and Berg (5), in
their work on the binary system lithium chlorate = watery

o, discussion of the method and its practical limitations
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vill be given herees The principle on which the method of
thermal analysis is based is the fact that a phase change
normally talkes place with the evolution of heat with falling
temperature and the absorption of heat when the phase change
tekes place with rising temperatures

When a pure substance is cooled and no change in
state occursy a graph of its temperature against time will
be exponential and continuous, when the surroundings are
maintained at constant temperature in accordance with
FNewton's law of coolinge Ify, however, a change of state
occursy, then the curve will show a "break" at the temperature
at which the change began to take places When this change
involves the crystallization of a pure component from its
melty the curve will be horizontal until complete crystalli=
zation has taken places provided that the rate of crystalli-
zation is fast in comparison to the rate of coolinge

A different form of the curve results vhen the
substance being cooled is a liquid mixture of two components
which are completely misgible im the liquid state and form
no compounds or solid solutiong in the solid state. This
mixture will cool until primary separation of one solid
component occurse Since a solution does not freeze at one
temperatures the curve will exhibit a change in slope at the
temperature of primary separation, Cooling will proceed at

2 lower rate until an invariant temperature is reasched, where
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the temperature remains constant until complete solidifi-
cation of the solution takes place.

A typical cooling curve representing the above
process is shown in Fige(2) where ab represents cooling of
the solutiony, b is the temperature of primary separation,
¢d represents the crystallization of a solution having the
eutectic composition and de represents further cooling of

the solid mixtures

TEMPERATURE
o
o

TIME

Figure 2. A Typical Cooling Curve
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For a particular weight of mixture, the length of be will
be inversely proportiomal to the excess of either compo=-
nent over the eutectic compositiome Therefore, the length
of bc will increase a8 the composition of the liquid
mixture approaches the eutectic composition and will be a
meximum for a mixture having the eutectic compositione

In more complex systems such as when congruently
and incongruently melting compounds are formed, this method
is applicable to the determination of their respective
compositionse In all casesy the cooling curve gives the
temperature at which primary separation takes place, and
if a sample of the solution at this temperature is analysed,
the solubility of the separating component in the second
component is also obtained. The eutectic temperature can
also be obtained if cooling is carried out to a low enough
temperature., When incongruently melting compounds are
formedy there will be a peritectic halt for mixtures having
a2 composition richer in the higher melting component than
that of the peritectic solutions In a binary systemy an
incongruently melting compound decomposes to form another
solid phase and a liquid at a temperature below the
congruent melting point of the compoumde The composition
of the liquid is different from that of the compound and the
point at which this transition takes place is called an

incongruent melting point or a peritectic pointe Therefore,
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the peritectic halt time is the time required for this
type of trangition tc be completed,

To determine the composition of any incongruently
or congruently melting compoundsy, the peritectic halt times
or the eutectic halt times respectively are plotted against
compositions The peritectic halt time will be a meximum and
the eutectic halt time will be zero at the composition of
any incongruently melting compounds o In the case of congru=-
ently melting compounds the halt time will be zero at the
composition of the compound and for the pure componentse
The above principle ié represented in Fige3e The above
mentioned method is due to Tammamm (24), but it is not used
extensively now because of the many sources of error in
determining the halt times accurately. ZIrrors in this measure=
ment often, as im the case of LiClOS investigated by Berg (5).
give misleading results, The triangular curves obtained in

this way are often referred to as Tammann triangless
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38NLIVHIdNIL LIVH 40 3WIL

COMPOSITION

Figure 3. Determinmation of the Composition of Compounds

by Eutectic and Peritectic Halt Times
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REVIEW OF LITERATURE

Lithium Chlorate

This salt appears to have been first prepared
in 1843 by Wachter (26) by the action of chloric acid on
lithium carbonates It crystallizes as long rhombic needles
and, according to wﬁchter, has the composition of a hemi-
hydrate, LiC1lOze3H30, Troost (25), who prepared the salt
in 1857y agreed on the composition of the hydrate and stated
that it melted at 50°C. and decomposed at 100°C. He claimed,
however, that the hydrate crystallized as regular tetrahedrons
or octahedrons. In 1883, Potilitzin (20), prepared the salt
by treating barium chlorate with lithium sulphate. This
method was particularly suitable because the barium
sulphate formed could be readily separated leaving a solution
of lithium chlorate. On evaporating this solutiony he
was able to obtain the amhydrous salt which melted at
124°%C, and the hemihydrate which melted at 50°C. and lost
water at 90°C. He claimed, however, that if the evapora-
tion was carried out at too high a temperature, then
decomposition would occur to a slight extent giving rise
to a product that contained lithium chloride as an impuritye.
In 1887 lylius and Funk (19) determined its solubility in
water; they found that no hydrate existed. They reported
that at 18°C. a saturated agueous solution contained 75.8

per cent lithium chlorates Retgers (21), in 1890, also
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reported that no hydrate was founds In 1912 Mlle. Bruhl (7)
investigated the salt by crystallographic methods and
reported three allotropic modifications of the anhydrous
form A, By and Cy and a hemihydraite Ds,- She prepared the
salt by the method of Potilitzing removing impurities
with alcohol in which lithium chlorate is soluble. The
alcoholic solution proved to be explosive when hot, thereby
making it necessary to evaporate the alcohol at 50°C, She
then crystallized the sirong agueous solution in a dessicator
over sulfuric acid or phosphorus pentoxideo To determine
the composition of the hydratey, several samplea were weighed
and placed in a vacuum dessicator over phosphorus pentoxide
at 100°C. for one dayes Weighing back the samples and
averaging the results,; she found a composition correspond=-
ing to the hemihydratees This methody, howevers is open to
criticisme

It is shown in the present work, that the dehydra-
tiontime of one day ié far too short for complete removal
of the water of hydration, The salt obtained in this way
could quite conceivably be a mixture of anhydrous salt
and occluded solutiomy, or one of anhydrous salt and some
undesignated higher hydrate each in such proportions
that it would indicate the presence of a hemihydrates
Thereforey, if a hydrate does indeed exist, it must have a
higher degree of hydration than the hemihydrates
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TABLE I

Temperature (°C) Remarks
125 « 1275 Melting Point of A
63 =« 65 Melting Point of D

105  Stable form is A

72 Stable form is B

28 =« 60 Stable form is C

22 Stable form is D

L. Berg, in a series of two papers (3y4), took
up the investigation of the hydrates of lithium chlorates
He prepared the salt and made up mixtures corresponding in
composition to that of the one~third hydratey the hemihydrate,
and iptegral hydrates containing one, two, three and five
molecules of water respectivelye On cooling these mixtures,
he found that crystals separated from those having the
compogition of the one=third,; the mono and the trihydrates
He was unable, howevery to find any evidence in support of
the existence of the hemihydratees As a check on the compo-
sition of the crystals which had separated; he subjected them
to analysis and confirmed his observationse

The method of analysis, used by Berg, involved the

action of sulfuric acid on the sample, and evaporation to
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To investigate the optical properties of the
anhydrous and hydrated forms, Mile. Bruhl used a polarizing
microscope and coated the wvery hydroscopic lithium chlorate
with an oil to prevent the taking up of water from the air.

Her results are listed helows

A = Very birefringent, uniaxial negative and most
of ten found in spherolites, either dextro or

laevo about the optical axis.

B = Spherolites are produced with contractione
Optically negative with wezk birefringences.

There is an angle of about 90° between axes.

¢ = Small losange shaped crystals. Very birefring-

enty, guasiternary and optically negativee

D « Less birefringent than Co Gives polarization
colourse Very different from C, because of
numerous hemitropic lamellae that can be

formed by compression of the crystals,

In addition to the optical propertiesy, she also
reported the melting points and temperature ranges in which

the various forms are stables These are listed in Table I,



20
drynesa.. The residue was weighed as lithium sulphate.
He claimed an accuracy of better than X 0.2 per cente
The results obtained by Berg on the transition
temperatures and melting points of the various hydrates,
together with the transformations occuring at these

temperaturesy are listed in Table II.

TABLE IIX
Hydrate Temperature(°C) Transformation
L10103a3H20 8ol LiC1l03z03Ho0 — HMelt
LiC103.Ho0 2260 LiC103eHo0 - (LiC10z) 56Ho0 + s0l'ne
(LiC105) zeHo0 44,0 (LiC103) zeHy0 — LiC103 + 50l'me

In 1927, Kraus and Burgess (17) claimed the existence
of three anhydrous modificationsg« o  and ¥y and two hydrates
containing one and three molecules of water respectively.

These conclusions were based on thermal analysis and
solubility measurementse, In Table III are given the ten
invariant points vhich were observed, together with the concen=
tration of the solutions in weight per cent of salt, the
temperature, and the nature of the transformation. The trans-
formations in parentheses were in the metastable region; The

graphical representation of their data is shown in Figure 4,
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TABLE III
Phases % LiCl0z Tempe. Transformation
ol - Li0103 - Melt . 100.0 127.6° . Fusion
B« LiClO3 -tLLiClOS = gsol'n 94,9 99.0 Peritectic
w= LiCl0gz --pI.iClo5 = sol'n 8666 41,5 Peritectic

¥ = LiCl0z = LiC1l0z3.Hg0 = sol'n 8l.2 21.0 Peritectic

P LiCl0, = LiCl05¢3Hg0 = s0ol'n  8l.0 =25.0 (Eutectic)
¥ = LiCl03 = LiC1l03+3H,0 = sol'n 75,7 = 9.0 (Butectic)
LiC10ze 3H50 = LiClOs.Hzo - sol'n 71.1 1.5 Eutec tic
LiCl0z03H0 ~ Melt 6266 8.0 Fusion
LiC1033H,0 = Ice = sol'n 37,0 =40.0 Eutec tic
Ice = Water 00.0 0.0 Fusion

They determined the solubility of the salt by
noting the temperature at which the solid phase of a
mixture disappeared in the solution. Therefore, any
break appearing in the solubility curves indicated a change
in the solid phase at that temperature. Ope such break
was observed at 999C. and this was checked by thermal analysis.
This technique was not too successful because the trans-

formation was always a suspended one. The transition was
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observed to be reversible, and to lie between 93°C. and 100°C,

1501~

100

50

TEMPERATURE (°C)

— i
20 'é 60 %
WEIGHT % LiCloz

Figure 4, The System: Lithium Chlorate - Water,

by Kravs and Burgess

A third modification,yLiClO~, was also claimed
to exist as a stable phase, a2lthough Berg (3,4) had
published fairly conclusive experimental evidence that the
solid phase was actually a one=third hydrate. Xraus and

Burgess, however, ruled out the possibility of this proposed
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hydrate by claiming that a mixture which contained 6.55 per
cent water showed the presence of solution between the temp-
eratures of 21.0 and 41.5°C. The one=third hydrate would
contain by calculation, 6.19 per cent water; therefore, if
it were the solid phase, it would not supply enough solution
to be observable in this temperature range. In addition,
they claimed a y-—#? transitions but only in the presence
of a solution of the salt and water. They were unable to
obtain the transformation in either direction with the pure
salte This, they claimed, was positive evidence for the
existence of the Yy form.

To show that the mono~hydrate actually contained
one molecule of salt perﬂmolecule of water, they cooled
mixtures containing less than 16.6 per cent water, which is
the composition of LiCl03.H50, to below 21,0°C. and observed
that no solution was present. The trihydrate, from the
gshape of the phase diagram, requires no further comment.

In 1929 Berg (5) took up the problem again,
utilizing the same experimental methods, solubility and
thermal analysis, that Kraus and Burgess had used. His
phase diagram was essentially the same as that of Kraus
and Burgess, but the conclusions reached were the same as
in his previous workse

He was not able to detect any phase transformation

of the type y—»p with the anhydrous salt in the temperature
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region of 41.5°C, When water was addeds however, he obtained
o definite halt by thermal analysis at 43.5°C. to 44.5°C,
Several thermal analyses were carried out on samples of the
salt containing progressively larger amounts of water,
whereby he was able to obtain a Tammenn triangle which
indicated the presence of the one=-third hydrate, He further
argued that if the gamma form were actually real, it would
be impossible for Ehe gamma and beta forms to exist together
except at the transition temperature. Ile prepared samples
of the beta form, the one~third hydratey; and a mixture of
the two, and let them remain at a temperature less than
44°C, and greater than 22°C, for some timee. Later, he
obtained photomicrographs of these samples and showed that
the beta form and the one~third hydrate indeed could exist
togethers. Therefore, the species stable between 22°C. and
4490 . vas (LiGlO3]3.H90 and not the gamma form. IHis work
on the rest of the system agreed with that of Kraus and

Burgesse

Lithium Chloride

In this researchy, lithium chloride appears only
s the monohydrate and the dihydratee The temperature at
which the dihydrate decomposes to form the monohydrate with
the loss of a molecule of water was reported by Bogorodsky (13)

to be 21.5°C., Hﬁttig and Reuscher (13), however, reported

that this transition took place at 12.5°%C.



MATERTIALS AND ANALYSIS

(a) Preparation and Purification of Lithium Chlorate

The salt was prepared by a methed which was
essentially that of Potilitzin (20) and Kraus (17), in which
barium chlorate was treated with lithium sulphates Because
of the difficulty in removing impuritiess it was necessary
to use materials as pure as possibles

Barium chlorate was obtained from the British Drug
Houses limited, and was used without further purification.

A solution of the salt did not show any trace of chloride
when tested with a solution of silver chlorate. The lithium
sulphate was obtained from the Fischer Scientific Company,
and also was used without further purifications The analyses
of these chemicals are listed in Tables IV and V.

A one molar solution of barium chlorate was heated
to about 85°% ., and a one molar lithium sulphate solution
was added slowly to this with a dropping funnel until
equivalence was reached., The precipitated barium sulphate
was removed by repeated filtrations To ensure equivalence
of lithium and chlorate ions, the resulting solution was
titrated with dilute solutions of barium chlorate and
lithium sulphate.

The solution was evaporated slowly, keeping the

temperature below 809% ., up to an approximate concentration
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TABLE IV
Impurities in Boriuwm Chlorate

Chloride(Cl) ==== 040025

AlK2lis mmmmmmmme 063 5

TABLE V
Impurities in Lithium Sulphate

Acidity (11,80,) =====-==<ITone

Alkalinity (LigCO) wanw(s029)
Ammonia (NHz) e===m=====0.001
Chloride (Cl) =m—ma===a=0,000
Heavy lietals (Pbh) ======0e0005
Insoluble lMatter =eew===0.000
Witrate (NO;) ==m=m=====0,000
Tron (Fe) =memmcmmmmea===0,0005
Mognesivm =eeammemmee=ma=0,001
Other Alkelis ==—=mmamm==(ad

Phosphate (PO,) ======-=0.000
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of 50 per cent lithium chlorates To remove all traces of dust
and barium sulphate, the solution was filtered twice through
a sintered glass filter funnel of medium porositye The
filtered solution was transferred to a 250 mlse. Claissen
flasky and dehydration was carried out under az reduced
pressure of less than 5 mms. of mercury, taking up the
distillate in concentrated sulphuric acide Care was taken
to keep the temperature below 85% . since decomposition
began to take place at this temperature when the solution
became very concentratede By this procedure it was possible
to obtain a product containing about 20 per cent lithium
chlorate, the rest being water,

On cooling to room temperature, the salt crystallized
quite rapidly, and was placed under a vacuum over phosphorus
pentoxides After about a2 month, the water content had been
reduced to about one per cente To remove the last traces
of water, the salt was rapidly pulverized to a fine powder
and wes transferred to a special apparatus which had been
built for the purpose. It consisted of two cylindrical glass
tubes, each being 25 cms. long and having a diameter of 4 cmsge,
joined by a stopcocke TXach could be opened by means of a
ground glass joint located near the end of sach tubes The
tube that contained the lithium chlorate was closed off
at one end, whereas the one containing the phosphorus
pentoxide had small tubulaxr openings at both ends. The

lithium chlorate tube was maintained at a temperature of
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about 80°C. and the whole system evacuated. After several
monthsy no further change was found in the melting point

of the salte

(b) Analysis of Lithium Chlorate

Several methods, reported in the literature and
in standard textbooks of analysis, were attempted and shown
to be unsatisfactorye. These methods gave non-reproducible
analyses and results indicating incomplete reduction of the
chlorates Finally, the following procedure was adopted.
A weighed sample of 1lithium chlorate was taken and diluted
to a volume of 250 mlse A ten, twenty, or twenty=five mls.
aliquot was placed in a 250 mls., iodine flask. To this
was added 40 mlse of concentrated ortho-phosphoric scid
(0Oell per cent impurities), followed by the addition of about
0ol grams of sodium carbonate to exclude air from the flasks,
Theny approximately 25 mls. of iodate free potassium iodide
solution (0.2 gmse./mls) was added, and the stoppered flask
allowed to stand at room temperature for 60 to 70 minutese
The free iodine was titrated with sodium thiosulphate (0.012
per cent impurities) using starch solution as indicatore

Standardization of this method, using sodium
chlorate (0.0015 per cent impurities) which had been dried
at 130°C. for several days, indicated an accuracy of better
than £ 0.4 per cent. The precision was found to be far

superior to the accuracy of the method,
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(¢) Analysis of Lithium Chloride

Samples containing more than five per cent lithium
chloride were titrated with silver nitrate solution. A
seventy per cent alcoholic solution of sodium dichlorofluo=
rosceinate was used as an indicator (15)e The silver nitrate
was obtained from the British Drug Houses Limited and subjec ted
to two recrystallizations from water, followed by drying
over sulphuric acide Pure, dry sodium chloride was used to
standardize the silver nitrate solution by the adsorption
indicator method (15).

For samples containing less than five per cent
of lithium chloride, the standard gravimetric method of
precipitation as silver chloride was chosen (16).

The wvolumetric method gave 2 maximum error of £ 0,1

per cent when checked against the gravimetric method.

(d) Mixed Chlorate and Chloride Analysis

A sample containing lithium chlorate and sodium
chloride was weighed and diluted to 250 mlse. The previougly
described methods were applied separately to various
aliquotse Tables VI and VII represent an actual analysis
and indicate the applicability of the methode A sample
low in chlorate content was made up because it is in this
range of concentration that the method itself w#s found to

have the least accuracye.
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TABLE VI

LITHIUM CHLORIDE ANALYSIS

e — - e e -~
—— — ——— —

I

Aliquot Wte of NaCl AgNOB % WaCl %_NaCl
(mlse) (gmse) (mlse) Found Sought
o5 00221 38008 97,01 96498
25 00221 38,06 96,97 96,98
20 0177 3043 96690 96,98
20 0a177 30645 06094 86,98
TABLE VII

LITHIUM CHLORATEE ANALYSIS

e i
—— -——————

1 \ ofT 2 T 2
Wts of LiC1l0z H,PO, KI Time NesS,0, #LiCLO. %LiC10

3
(gmse) (mlse) (gmse)(mins.) (mls.) Found Sought
0069 40 5 60 41,01 2,74 3402
06069 40 5 65 40652 Yt 3402

0,069 40 5 70 40.21 269 302




APPARATUS AND GENERAL PROCEDURE

(a) Determination of Solubility

In order to give accurate data on any system,
isothermal determinations require a very exact temperature
control. Hence it was necessary to ascertain and maintain
the temperature within narrow limits during the attainment
of equilibrium by any binary or ternary system.

A cylindrical glass vessel containing water was
used as a thermostat. To reduce heat losses due to
radiation, the walls of the thermostat were covered with
one and a half inches of heavy felt, At temperatures far
removed from that of the roomy, a three quarter inch wood
cover, with holes for apparatus, was also used The thermo=
stat liquid was stirred by means of a motor driven metal
stirrer,

For solubility determinations below 207 a
secondary thermostat containing a kerosene and diesel oil
mixture was maintained at temperatures about 10°C. lower
than that of the main thermostats To accomplish this,

a cooling coil was immersed in the o0il and connected to

a refrigerating units A metal thermo-regulator placed in
the oil, was used to control the intermittent cooling of the
bathe

The mein thermostat was fitted with a coil of

one gquarter inch copper tubing, which in turn was linked



through a circulatory pump to the colder oil bathe As a
heating sourcey, a twenty~five watt light bulb was used,
The intermittent heating and cooling was
controlled by a two way mercury relay, which was actuated
by a mercury thermo=regulatore The two way relay was
connected to the lamp and to the circulatory pump in such
a wayy, that one of the two was always in operation. This
arrangement of the apparatus reduced the time lag suffi=
ciently to make it possible to control the temperature to
£0.05°Ce A diagram of the above apparatus is shown in

Figure 5,

POWER RECTIFIER &

SUPPLY TRANSFORMER ,-‘-..
STIRRER

i
L THERMOREGUL ATDR ﬂl A ok il
B & ; HEATER
E.- o

THERMOREGULATOR

THERMOMETER

H
L] IT—l SAMPLE

!

i -

" PUMP '«-r..:'; |

i I

u COOLING COIL —p | e |
Dy 9

REFRIGERATOR THERMOSTAT THERMOSTAT |

Figure 5, Constant Temperature Apparatus

32
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For temperatures above 20°C. and below 30°C. the
secondary thermostat was replaced by a coil of very small
copper tubing, through which ordinary tap water was passed
continually. The rate of flowy and hence the rate of cooling,
could be controlled quite easily., In the temperature interval
from 30°C. to 100°C. atmospheric cooling was usede Evapora-
tion of the water became more appreciable as the temperature
was raisede To counteract thisy the water content of the
bath was progressively decreased and mineral o0il was addedo.

In additiony the wattage of the heating lamps was increased,
until at 85°%C. a 100 watt bulb was onlcontinually and another
100 watt bulb was connected to the mercury relay for the
intermittent heating as required, in order to maintain the
degired temperature.

The actual temperature was measured with a mercury
in glass thermometer, graduated in tenths ofa degree, and
calibrated against a standard platinum resistance thermometer.
With this arrangement of apparatus, the temperature was
controlled to X 0.05°% . throughout the researche

The container used to hold the binary and ternary
systems, was a glass cylinder of 250 mls, capacity, with
an inside diameter of one and ome quarter inches, and an
inside tapered ground glass tope Wifh this apparatus, a
mercury seal stirrer, or an ordinary glass stirrer through a

closely fitted rubber stopper, could be used.
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This glass cylinder was part of an all=glass unit
construc ted especially for efficient separation of liquid

and solid phases (Fig.6)

e |
'./-"'_"\ =
SUCTION

TUBE

RECEIVER

\_/

TUBE SUSPENDED IN THERMOSTAT

» FRITTED GLASS FILTER

Figure 6, Sampling Apparatus
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All joints were of standard taper ground glasse When
suction was appliedy; the liquid phase was drawn up
through the sintered glass plug into the receiver. The
solid phase remaining in the cylinder, could be sucked
quite dry in a very short time. Usually sbout sixty seconds
vere required to complete the operation, but in more dilute
samples about thirty seconds were required.

A sample of the liquid phase in the receiver was
poured into a tared weighing bottle provided with a ground
glaess stoppere The wet solid phase was immediately removed
from the equilibrium vessel by means of a long glass rod
with one end flattened in the shape of a spoone. This sample
wa3 placed in another tared weighing bottle, also provided
with a ground glags stopper. The samples obtained in this
weys were diluted to 250 mls, and appropriate aliquots were

subjected to analysise

(b) Thermal Analysis

The method of thermal analysis was not considered
to be good enough for the binary system because of the reluc t-
ance of some of the solid phases to appeare This was
particularly true for the hydrates of lithium chlorate.
For this reason, thermal analysis was used only for the
ice curve, the binary eutectics, and the « = p transition

temperature.
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A thin walled glass tube having a length of 12
cmse and an| ingide diameter of 3.0 cmse. was used to contain
the solutionse. Into the neck of this tube was fitted a
rubber stopper, through which wereplaced a coiled glass hand
stirrer, a sampling device, and a thermocouple encased in a
thin walled glass tubeo. The sampling device was merely a
glass tube in vhich was placed a small mnouﬁt of glass wool.
Then, at any desired time a sample of the solution could be
withdrawn for analysis by application of suction. The glass
wool prevented the sucking up of any crystals in the solution
at the time of samplinge

The solution container was jacketed by another
glass tube, thereby vroviding a dead air space between
the inner tube and the cooling bathe

A solution was then made up to the approximate
desired concentration and placed in the container, which
in turn was placed in its jacket., The whole apparatus was
then placed in an appropriate cooling mixture. The tempera-~
ture of the solution was taken every minute by means of a
celibrated iron-constantan thermocouple in conjunction with
o sensitive Leeds and Uorthrup type K potentiometer, During
the cooling process, the solution was stirred vigorously
until a break in the e llsFe = time readings, indicated that
a so0lid phase had begun to separates When this occured,

suction was applied to the sampling tube. The sample obtained
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in this way represented the solution at that temperature
in equilibrium with the particular solid phase that had
separateds The thermal analysis of a mixture of lithium
chlorate and water is represented graphically in Figure 7
where the composition of the sample taken at =14.2°C. is

that of the solution in equilibrium with ice at that

temperatures
-0l
-0-3
7
-
£
TS
=
1]
-0'5
| SOLUTION SAMPLED {-14:2°) _ "o
-07
0 10 30
TIME (mins.)
Figure 7. Thermal Analysis of a Lithium Chlorate

«a.nd Water Mixture
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The iron-constantan thermocouple used in this
research was calibrated against the freezing points of
pure mercury (=38.87°C.)s pure carbon tetrachloride
(=2209°C.) and pure water (0.0°Ce)e During all thermal
analysess the cold junction of the thermocouple was kept

in 2 bath of melting icee

(¢) X=-Ray Powder Photography

X=ray diffraction photographs serve as a means
of identifying different crystalline substancess A given
pure substance will give rise to its own unique diffraction
patterns if both the position and the intensity of the lines
"or spots in the photograph are considered. Such a unique
pattern is therefore sufficient evidence for the identifi-
cation of the substance as a separate crystalline indiwvidual,

The theory underlying the various aspects of
X=ray powder photography can be found in any textbook on
crystallography (8)es In practice, a monochromatic beam of
X=rays is passed through a2 small specimen of the powdered
samples Numerous cones of diffracted heams emerge from the
specimen, and these are recorded as arcs on a strip of film
encircling the specimene Each arc on the film represents
the combined diffracted beams from 211 the crystals in the
powder specimen which happen to be suitably orisnted for

reflecting the primery X-ray beam from one particular set
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of planes. The fundamental equation of Xe-ray diffraction
by crystalline solids is knowm a8 Bragg's law and is of the
form

ad = n A
2 sin ©
where A = is the wave length of the X-rays in Angstrom units.
d « is the distance between successive identical
planes of atoms in the crystal in Angstrom units.
@ = is the angle between the primary X-ray beam
and these atomic planes.

n = is any whole number, from one upwards.

A measure of linear distance between corresponding
arcs on either gide of the primary beam direction permits
an evaluvation of the angles of diffraction. ©Since the
volue of A is known and constant for all of the lines in
any one photography it is then possible to calculate the
lattice spacings d of the powder specimen under investiga-
tione If the crystal structure of the
substance is knowny it is possible from d values to calcu=-
late the unit cell dimensions. Since this has not been
determined for anhydrous lithium chloratey this calculation
has not been carried out here,

During this phase of the‘investigation, special

precautions were taken to protect the salt as much as
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possible from the atmosphere. A sample of the anhydrous
salt was taken from the vacuum dessicator and reground to
o very fine powdere It was then returned for drying for
several dayse Following thisy, a very fine and thin walled
cepillary tube of outside diameter 0.5mm. 2nd inside diameter
of 003 mmse was filled with the sample and sealed immediately
at both ends with a torche The sample prepared in this way,
was mounted in the camera and irradiated with X-rays for
three hours.

The position of each line in the resulting
photograph was measured and the spacing (d) of the corres-
ponding set of lattice planes was obtained from tables
provided for use with the camera employede The relative
intensity (I), of each line was estimated visuallys. This
intensity estimation was carried out by assigning the
arbitrary value 10 to the strongest line. The intensities
of all other lines were compared to this and were assigned
values that were proportional to their intensities. For
exampley, a line one half as intense as the sirongest, would
have heen aésigned the value fivey, etce The lattice
spacings were expressed in kX units (6), one kX unit being
equal to 1,002 Angstrom unitse

Powder photographs were taken of a sample that
had been in a vacuvum desgicator at room temperature for

seven months, and hence was considered to be the form stable
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at room temperatures The (d) and (I) values for this form
were calculated andarelisted’in TABLE VIII. A quantity of this
form was then placed in another vacuum dessicator, and held
at 80°C. for o week and then photographede The results
obtained were the same as for the unheated sample.

A high temperature camera was available for use
and it was decided to obtain a diffraction pattern of any
other form stable at higher temperatures, A small nichrome
wire coil was embedded in an ashestos mat surrounding the
the samples A space of about 5 mms, was left between two
of the loops of the coil to enable the X=~rays to enter and be
diffracteds In order that the film or the camera dimensions
might not be affected by the higher temperatures, a fine
coil of copper tubing was mounted around and coaxial with
the heating elemente Cold water was passed through this
coile Of necessity, the cameras was somewhat bulkier than
the standard Xeray cameras but, the specimen to film distance
was only 003 cms. largere Suitable resistances were used
to control the temperature of the specimen at 115 5°%,

In theory this method was excellenty but in
practice it had serious shortcomingss It was expected
that most of the weaker lines normally obtained in room
temperature photographs would not appear at elevated _
temperatures., This proved to be the case. In addition,ﬁﬁfi}

the few lines that did appear were quite broad, and hendé} é

g

were unsatisfactory for interpretations These charactdfﬁs%%?s’

it
1 P
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TABLE VIII

X-RAY POWDER DATA

Substance cscese LiClOS
Radiation ..s.ss COpper

Filter essneeans Hitkel

d (kx) I
3.92 10.0
3039 8.0
2481 9.0
2.70 640
2e41 2.0
2627 1.5
2414 158
1.510 0.6
1.439 0.9

1.305 0.7
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were explained on the basis of increased thermal vibrations
of the atoms at higher temperaturese

This problemy, howevery, does not necessarily have
to remain unsolved, At room temperature, several photographs
were taken of specimens mounted in capillaries of various
wall thicknessese It was found that the thinner the wall
of the capillary, the better the photographe Obviously,
this should apply at higher temperatures also. Then, if
a dry box were availabley it would be possible to work
without fear of the sample taking up moisture from the aire.
As a resulit, greater care could be taken in loading a
capillarys and hence;.it would be possible to work with
much thinner walled capillaries. This proposed solutiong
howevery, is beyond the scope of this researche.

A sample of the aﬂwm'ous lithium chlorate was sent
to the lTational Research Council at Ottawa for further
X=ray studye The work was carried out by Dre. LoD, Calvert
and he was able to obtain diffraction patterns of the beta
form up to the melting point of the selte By this technique
he was not able to detect any change in lattice structure
corresponding to the transition from the beta to the zlpha
forme The apparatus used by Dre Calvert was not capable
of close temperature controls At higher temperaturesy, howeverg
he was able to evacuate the camera which reduced the absorp-
tion of X=rays by the air. The capillaries used in his work
had & wall thickness of 00,007 mmse His results are listed

in Table IXe



X-RAY DIFFRACTION PATTERN OF F LiCl1l0g (CALVERT)

TABLE
4

IX
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—_ ]

d (kX) I d (kx) I
3.01 9.5 1.441 4.0
3.79 10.0 14428 0.4
Be4D - 940 1,416 0.5
2,8% © 100 1378 140
2L s 850 1337 & 14
2439 360 s Mo R T
2,26 3ol 1,322 ' 067
- e it o 1,295 3.0
3405 069 1.255 0.9
Teod7. 151 1.236 1.1
1.879 1.3 15295 10
1795 0.9 14213 " Te0
15726 11 1.188 1.0
1,665 3.2 1.153 0.9
1629 1.3 1,140 0.4
1.576 0.9 1.128 0.6
1.549 1.1 14119 0.8
1,639 1,0 1,078 0.7
U510 Tl 1,064 0.6
1.500 2.0 1,060 069
1,469 0.9 1.040 0.9



TABLE IX (continued)
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d (kx) T a (kx) T

1.02%7 BeD 0,836 1ol
1.025 206 0.834 1.0
0.993 1.1 0.831 25
0991 0.9 0.829 20
0.985 0.5 0.824 2ol
0.975 065 0.822 l.1
0972 0.5 0.818 1.4
0969 0«5 0.816 0.4
0967 De5 0.812 0.4
0.954 1.6 0.807 0.2
0933 152 0.805 1.7
00931 1.0 0.803 1D
06926 0.2 0801 l.4
09223 03 0.704 1.6
00920 0.2 0792 l.4
0,901 0.8 0.788 l.4
0.898 0.7 0.787 0.6
0.888 0.6 0784 0.6
0847 1.0 0782 200
0.844 0.9 0780 0.5
0.841 0.8 0.774 2.6

0,839

0,6




(d) Dilatometry

In an attempt to substantiate Kraus® (17) conten=-
tion that a gamma form of lithium chlorate exists at room
temperature and that it exhibits a transition to the beta
form at 41.5% ey use was made of the fact thaty if such a
transition did occur, it would undoubtedly be accompanied
by a change in volumes This fact was also used to attempt
to substantiate the clazim of both Kraus and Burgess (17)
and of Berg (5) that a beta to alpha transition occurred
‘ at 99%Ce - A dilatometer was constructed to measure these
changes in volumes This dilatometer was construected in the
usual mannerys a long cCapillary +tube attached to a bulb
containing the lithium chloratee In addition to this, a
small standard tapered stopper was built into the bulb to
facilitate loadinge

The dilatometer was placed into a dry=-box which
was not as efficient as could be desired. Commercial
nitrogen which had been passed over calcium chloride,
phosphorus pentoxide and silica gel was used to flush out
the dry-box for ome hour., The dry-box also contained dishes
of phosphorus pentoxide in an attempt to reduce the water
content of the air as much as possibles About 100 grams
of anhydrous lithium chlorate, which had been dried vigor=-

ously for five months, was used to fill the dilatometer

bulb to about three~fourths of its capacity. The indicator



liquid was para-xylene which had been dried with sodium
Tor three dayse The height of the indicator liquid was
measured with a cathetometer,

The bulb of the dilatometer was placed in a large
0il thermostate The temperature was controlled to *0.1°C.
by means of a regulating thermometer connected to a mercury
relaye The heating elements were standard light bulbs and
heaters and were connected to the mercury relay. Atmospheric
cooling was usedes The thermostat oil was stirred by means
of a motor driven double blade stirrer and a screw type
stirrer. Temperatures were recorded with a mercury in glass
thermometer which had been calibrated ageinst a certified
platinum resistance thermometera

The temperature was raised one degree every twenty-
four hoursy but in the range from 35%Ce to 50°C. this incre=-
ment was reduced to 05 Coe per twenty-four hourse Therec
were no breaks occurring in the curve of capillary height
versus temperature. The possibility of a very slow trans-
formation was not overlookede The temperature of the bath
was held at 60°C. for as long as o week and no indications
of a gomma to beta transition were observed.

At higher femperatures an a2lpha to beta transition
occurred and was shown to be reversibles A marked expansion
took place on formation of the alpha modification from the

betay and conversely a contraction was observed in the



alpha to the beta transformation. These changes, however,
were accompanied by prolonged hysteresis effectse With
rising temperatures, the transformation took place at 108°C.,
and 106°C. in two cycles, vhereas with falling temperatures
the reverse process took place at 80°C. and 84.1°%C.
respectivelyes This evidence shows that the alpha to Dbeta
transition temperature lies between 84,1°C. and 106°C.

As a further complication in the dilatometric
study, the lithium chlorate slowly decomposedy giving
gaseous products, vhen the temperature was kept above 90°C.,
for any appreciable period of time. The gaseous decompo=
sition products caused such fluctuations in the height of the
indicator liquid that further cycling procedures had to be

abandoneda

(e) The Systems: ILithium Chlorate = Water

The phase relations have been studied by thermal
analysis and solubility determinations.e The range of
composition, which containsg from seventy~five to one hundred
per cent lithium chlorate was of primery interest in this
researche It was felt, however, that a complete investi=-
gation of the phase relations in the binary system might be
of advantagee.

Various eiperimental techniques were used in the

hope that the results obtained would be superior to those
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of previous investigators (3,4,5,17)? Since the part of the
phase diagram where ice and solution were in equilibrium

we.s of little interest, it was outlined by the method of
thermal analysise The compositionsof the solutions in
equilibrium with ice at various temperatures were determined
by chemical analysise With the exception of a few fixed
pointsy the rest of the phase diagram was determined by
isothermal solubility determinations.

The solubilities covered the range of composition
from 45,8 to 9565 weight per cent lithium chlorates The
upper temperature reached was 98.9% e The determinations
were discontinued at this point because the change of
solubility per degree rise in the temperature was less than
the accuracy of the analysise

The stable and metastable binary eutectics were
determined by thermal analysis in the usual waye.

For the investigation of the anhydrous salt by
thermal analysisy a special unit was useds A glass tube, about
10 cms. long and having a dicmeter of sbout 2 cms. was used
to contain the salte This tube could be sealed off from
the atmosphere by means of a standard ground glass cape
Into the 'top of this caps 2 thin walled glass thermocouple=-
well and a glass tube were builte The system could bhe
evaecuated through the glass tube, which had a stopcock

in it, A calibrated copper-constantan thermocouple was
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used in conjunction with a Minneapolis=Honeywell recording
potentiometer to record the heating and cooling curves of
the anhydrous salte

After the salt was placed in the glass tube and
the system evacuatedy it was subjected to slow heating from
room temperature to temperatures above the melting point
of the salte Following this, the molten salt was subjected
to slow cooling and resulting temperature versus time plots
were interpretede This process was repeated several times
to reduce the hysteresis effectse The results of this
investigation are given in Table X« In Figure 8, a thermal
analysis curve from the above study is showne

There was no indication of any other type of
transformation except as reported in the Table IX. A great
deal of care was taken to try and find some change taking

place in the vicinity of 40°C. but none was founde

TABLE X

e ot

P

RISING TEIPLRATURE FALLING TEIMPERATURE

Transformation Temperature Transformation Temperature

{9C3) £9Cs)
A —> Melt 127e4=127e5 Melt — < 12764212765
[5 — X 10661 (= & O {:a 0862

{:I =R 10366 =3 ——;{5 99,8




TEMPERATURE
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(103-6°C.)
P —> o{

(127-4°C) o — MELT

——— — — — — — — — — — — = S -

5l
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TIME

Figure 8o Thermal Anslysis of Lithium Chlorate
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The solubility relations and the results of thermal
analyses are listed in Table XI together with the method
used to arrive at theme The phase diagram is shown in
Figure 99 where the solubilities in weight per cent
lithium chlorate are plotted as abscissaey from left to right;
and temperatures are plotted as ordinatess The broken
lines indicate solubility curves in the metastable regione
A broken vertical line represents the composition of a
compound. Since the solubility of lithium chlorate in water
was not determined at temperatures above 98.9°C.,the region of
the solubility curve representing zlpha lithium chlorate in
equilibrium with solution from 98¢9°%C.« to 127.5°C. was drawn

in 28 a broken lines
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XTI

The System LiCl0z = H50
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Wte %2 Wte % MMethod Temperature Wature of the
LiC1l0, HLO (%C.) 501id Phases
L - 100.0 Thermal Analysis 0.0 Ice
2 10.4 89.6 i . = 605 i
3 20.0 80.0 ) o -14.2 "
4 292 T70.8 L ) -2662 s
5 3062 6948 " o «=28.6 "
6 3660 64.0 o " -40.4 5
7 373 627 " B -43.3 Ice - LiCl03z.3Hs0
(eutec tic)
8 45,8 54.2 Solubility =16.9 LiC1l0z. 3H0
9 52.8 47.2 " - 15 -
10 5647 4363 ) 5.0 "
11 57.9 42.1 o 5.2 "
12 = 5847 41.3 I 660 s
13 60.8 392 L 8.1 L
14 68.1 319 g 5.0 "
15 708 2942 " 360 "
16 73:1 26.9 Thermal Analysis = 0.l LiCl1l0g QSH% -LlClOS.HB
ectic)
17 73.6 26.4 Solubility 30 LiCl03z.H50
18 74.2 25.8 o 5.6 4.
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Wte % Wte % Method Temperature Nature of the
LiC1l05; Hy0 (°%c.) Solid Phases
19~ 1451 2559 Solubility 640 LiC105.H,0
20 75.1 24.9 " 845 "
ATl P By " 1045 "
22 7.5 22.5 " 14.0 "
231 98,0 22,0 L 15.0 L
241 785 21,5 L 16.0 "
2ol = 7953 B0 " 18.0 "
26 81,9 18.1 g 2065 LiC1l03zelig0~(LiC103),
(peritectic
27 82.0 18.0 " 5145 (LiC10z) 4aH0
28 82.6 17.4 " 25,0 "
29 8344 16.6 n 3062 "
30 83.6 16.4 " 32.6 "
31  85.2 14.8 " 3845 "
32  78e7 21.3 Thermal Analysis =10e5 LiC10gze3H,0-(LiC105),.150
) (efitectic)
G = Py A e T " " =25,0 LiC10z.3H,0-B LiC10,
(eutectic)
34 86.7 13.3  Solubility 44,2 P nicio,
35, 872 12,8 " 47,9 B

aﬂzo



TABLE XI {continued)

S5

Wte % Wte % Method Temperature Nature of the
LiC1l05 H,0 (2cs) Solid Phases

36 87.8 12.2 = Solubility 5440 p LiCl04

37 89.5 1045 " 6362 "

38 910 9.0 " 7248 "

39 92s4 7.6 L 81.7 "

40  93.7 6.3 " 86462 n

41 B3.8-- 6+2 " 9047 L

42 94.8 5.2 " 94,2 5

A3 955 4«5 " 97.5 "

44 95,9 4.1 " 98.9 8

45 100.0 0.0 Thermal Analysisl27.5
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(£) The Sygtems Tithium Chlorate — Lithium Chloride - Water

For the determination of the isothermal

solubility curves of lithium chlorate in aqueous lithium
chloridey the solutions were saturated by stirring in
contact with the solid phase in tubes suspended in the
hermostats The stirring time required for equilibrium to
be reached varied considerably depending primarily on the
solid phase with which the solution was in equilibrium.
To show that equilibrium had been reached, it
was approached from two directionse A mixture of appro=-
priate composition was divided into equal varts and was
treated as followse One was heated until all of the solid
phase had passed into solution whereas the other was frozen
until a2ll of the solution had solidifiede These portions
were then stirred in tubes in the thermostats and the time
required for the two liquid phases to become identical
in composition was determined. This interval was considered
to be the time required for a state of eguilibrium to be
reacheds Another method found to give equally satisfactory
results was to continue the stirring until the tie~line
joining the composition of the liquid phase and the
"wet residue" did not deviate from the composition of the
solid phase when extrapolatede
| For solutions up to ten per cent lithium chloride,

the stirring time was found to be from two to three days
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before equilibrium wes reachedes VWhen the solutions were
more concentrated with respect to lithium chloride, and
perticularly when the solid phase in equilibrium with the
solution was the monohydrate or dihydrate of lithium
chloridey equilibrium wes reached only when the sample had
been stirred for five or six dayse

The solubility isotherms were determined at
260% ey 660%C ey 845%C e, and 25°% ., employing Schreinemakers?
method of "wet residues" for the determination of the
equilibrium solid phases The familiar Roozeboom equilateral
triangle method was used to represent the experimentally
_ determined solubilitiese

The data for the isothermal ternary studies are
listed in Tables XIIy, XIII, XIV, and XV, and the data
corresponding to these itables are plotted in ﬁigures 10,
11, 12y and 13, respectivelye In Figure 14 the lithium
chlorate corner of the 25° ., isotherm has been enlarged
to show more distinctly the composition of the equilibrium
solid phasee

As additional evidence that the one~third hydrate
proposed by Berg was actually the one~fourth hydrate of
lithium chloratey a sample of the wet residue from number 7,
Table XV, was prepared for a microscopic examinatione On
comparing these crystals with the photo-micrographs of

Berg (5)s there was no doubt that they represent the same



solid phases A photomicrograph of one of these crystals
from the wet residue of number 7, Table XV, is reproduced
in Figure 15,

Since the dihydrate of lithium chloride was the
stable hydrate in the binary system: lithium chloride = water
8t 350%C ey 6.000., and 805%° e, and the monohydrate was the
stable hydrate at 2500., the transition temperature between
the twec must be between these two limitse A sample of
LiCl.H20 and water, having the composition of the dihydrate,
was cooled until the dihydrate formede The sample was
heated and cooled several times and the point where the
temperature remained constant in this cycling procedure
was notede This corresponded to the transition temperature
between the two hydratess It wes 12.5*0.1°C. which
corresponds to the value of 12.5°% . found by Huttig and
Reuscher (13)e



TABLE XII

ISOTHERM FOR 3.0 X0.05°C .

(610

Solution

Wte B Wt %
LiCl0z LiCl

Vet Residue

Wte %

Wtel

LiClOs LiCl

Nature of the
Solid Phase

({0 Kl o » (RENDECS ILE SN s SO &) MBS - SENEST 2 S o v R ) oo

Y o TR O = B S A
o O » » » H O

56,7 -
55.8 1.3
62.2 4.3
66.0 28
6847 1.5
708 w
7366 -
65.6 7ol
62.4 o4
585 1361
575 137
44,7 19.9
4069 22.1
374 2365
R3e 9 29.1
- 41.0

59.4
627
64,5
64.1
67.0
8067
7804
7602
7306
57.1
279
15.0
17.8

9.6

0.9
07
1.6
0.8

1.9
38
5.6
18.1
38.8
46.0
3963
44,2
49.3

LiC103. 3H 0
:
"
]
"
i
LiC105eHg0
!
:

LiC10z0Ho0 + LiC1.H,0
LiC1.Hg0

LiC1leHy0 + LiC1l.2H,0
LiC1.2H50




Figwe 10s The System: 1LiCl0z - LiCl = Hy0

Isotherm for 3.0%C.

uci

61



TADLE XIII

ISOTHERII I'OR 6.0 £ 0.05°C .

Solution

Wte %

Wt.%

LiCl0, LiCl

Vet Residue

Wte %

i
Wtelo

LiOlO3 LiCl

Tature of the
Solid Phases

(oo o FU AT EAET ) A L 6 TR eI RS e MR oo

e o I~ I R
9 o6 U s K N H O

587
5803
6267
68.1
74.1
700
G9e"7
65.8
6469
G266
6l.4
60«4
57.5
54.8
5369
4542

38.2

207
Sed
7.1l
7e5
9.6
10.7
123
135.7
15.2
15.0
200

257

6l.1

6i.3

0.8
1.0

0.9
1.2
1.9
2.0
3.1
22
15.6
54.3
38.9
435
48.2

420

LiC102. 31,0

2
"
"
"
LiC1l03.Ho0
i

n

LiC105.H50 + LiCL.H50
LiC1.H,0



TABLS XIII (continued)

ISOTHERIL FOR 640 * 0.05°C .

Solution Wet Residue Hature of the
Solid Phases
Wte % . Wt% Wte % Wte?
Li0103 LiCl LiClOS LiC1

0

cn

372 24.0 19,7 46.0 LiCl.Hp0
3662 24.6 222 42,3 #
357 2449 16.6 44.8 LiCl.2H20
34.1 20.4 20.0 378 %
244 2967 15.5 390 i
235 30.0 Q7 45.1 "
1863 325 7ol 46.0 .
16.3 3345 el 42.0 s

- 41,1 = 495 “




Figure 11. The System: L10105 = LiCl = Héo

Isotherm for 6.0°C.

Licl

64



TABLE XTIV

ISOTHERM FOR 8.5 * 0.05°C.

Solution Wet Residue Wature of the
S0lid Phases

Wte ,’); Wt o::g Vite i-'f Wt .ff;
LiClOB LiCl LiCl1l0g4 LiCl

=

L1 EE | S ¥~ U v

(o)}

10
11
12
13
14
15
16
17

7540 - - - LiC103eHs0

734 1.5 M5 (09 "

7240 1.9 80,0 0.8 "

6641 T 79.0 2.0 "

6546 8.8 78e3 245 !

6442 11,2 N0e7 11e9 LiC107¢Hg0 + LiC1eI50
635 B e e R PR By " "
6247 11.6  35.1 38.4 " L
60.5 1263 - 3149 36.7 LiC1.H,0

5048 17.4  24.9 44.9 "

31.3 997 S5 18,8 4645 "

3046 27,8 17,8 4159 LiC1eH,0 +LiC1. 21,0
28.2 28.9  12.8 43.4 LiC1.2H,0

2245 3232 A2 427 "

10.4 373 67 437 "

5.6 39.7 348 45.3 u

- - 42.7 Ly 50.5 "
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LICIOy 3H,0

LICIOgH,0 /-

Liclo3

Figure 12. The System: LiCl0z = LiCl = Hs0

Isotherm for 8.5°C.
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TABLE XV

ISOTHERM FOR 25.0 % 0.05°C.

67

Solution

Wte :5

‘u!’to:c{
Li0105 LiCl

Wet Residue

Wte 5

Wt

LiClO:5 LiCl

Tature of the
Solid Phases

(o)} (%)) =3 W 0o

Ca RS o BT

10
11

13
14
15
16

82.6
787
76.4
76,1
757
75.8
7569
723
71.8
71.6
67.7
41.7
33.8
270
25.5

33
5.0
5.1
5.6
507
5.8
962
9.2
9.2
10.7
R3e3
277
3le3
31.7
45.5

90,0
89.6
86.9
89.9
87.8
907
78.8
781
375
4351
232
13,0
10.1
137

1.0
1.6
21
1.5
203
le4
860

10.8

46.7
32.4
44,4
5308
55.7
52.5

(Lic

(LiC10g) 4ol

n

105) 41,0

"

2O+ LiCl.HBO

LiCl.Hzo




Figure 13. The System: LiClOS = LiCl-H20

Isotherm for 25.0°C.
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% LiClog

(Li0103)4- P'l2 0

LiCIO3

Figure 14. Enlarged Portiom of Figure 13.

r.'.

Figure 15. Photomicrograph of (LiC105) 4'H2°



DISCUSSION OF RESULTS

With the exception of a few slight refinements
in temperature and composition, the solubility curves in
the binery phase diagramy, Figure 9y were essentially the
same 28 those previously determined by Kraus and Burgess (17),
and by Berg (5)e In'generals their results indicated a
lower solubility of 1lithium chlorate in water than that of the
present worke This was most probably due to their not
allowing sufficient time for equilibrium conditions to
be set upe

The existence of the trihydrate was fairly
obvious from the shape of the phase diagram because it
was a congruently melting compounde. Thé flatness of the
solubility curve, however, did not lend itself to an
accurate determination of the melting pointe A direct
determination of the melting point was not successful
eithery because of the difficulty involved in preparing
and maintaining a mixture having the exact composition
of the trihydrate.

In an attempt to solve this problemy the three
isothermal ternary investigations of the system lithium
chlorate - 1lithium chloride — water, at 3.000., 6.000“
and 8.5°Ce were carried oute

Theny because lithium chlorate trihydrate is



71

a congruently melting dbmpound, the curve representing
solutions in equililrium with this solid phasey at these
temperatures, appears as a peninsula on the respective
phase diagramse The solutionsy, on each of these peninsulas,
having a lithium chlorate content of 626 per cent, which
is the compositiom of the trihydrate, would also have a
certain percentage of lithium chlorides These percentages
of lithium chloride then could be plotted as abscissae and
the corresponding temperatures as ordinatese. The resulting
curvey, on extrapolation to zero per cent lithium chloride,
would intersect the temperature axis at the melting point of
the trihydrateo

The trihydratey however, melted at a temperature
less than 8+5°Ce The extrapolation of the line joining the
two figures at 3.0% e, and 600°% ey indicated a melting point
of 80,7°Ces Obviously this method was not suitables

In the binary studys howevery the trihydrate was
found to exist at 8.1°%C, and also did not exist at 8.5%°%.
The meximum on the binary solubility curve of the trihydrate
indicated the melting point to be 8¢4°C e Kraus and Burgess (21)
reported 8,0°C. and Berg (5) reported from 8.1°C. to 8.3°C.
as the melting point of the trihydrate.

The trihydrate alsq formed four eutectics, two
stable at =43.3°Cep ond =0a1%Cep and two metastable at =1045°C.

and =25°C. The solid phages in equilibrium with solution



at these eutectics were listed in Table Xl

It was realized, however, that a binary investi=-
gation of the phase relationsy, by solubility measurements,
would not lead to on accurate determination of the composition
of any incongruently melting compounds. It would merely
indicate at what temperature a change in phase had occurred.
In 2 binory study of this type, involving a salt and water,
the composition of any incongruently melting compound could
only be determined by direct analysis, or by the method of
the peritectic halt time (24)p Both of these methods are
open to serious criticisme The former almost clways gives
misleading resultsy especially if two possibilities are
very close to each other im compositions becouse of the
difficulty in removing 211 the adhering mother liguor
from the hydrates. There is also the possibility of removing
some of the water of hydration in the process of drying the
samplee The latter method, vhich inwvolves the plotting of
the peritectic halt time against the composition of the
mixture being analysed, gives two curves intersecting at the
composition of the incongruently melting compound, The
success of this method depends on the accuracy with which
the composition of the sample is known and on the determination
of the halt timees Because of the many possible sources of
error in the latter determination, the method is seldom used
except to obtain a rough approximation of the composition
of the solid phase undergoing changes or heing formed at this

temperaturee
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The solubility curves indicated that two different
solid phases existed in stable equilibrium with solutions
in the temperature intervals from "0¢1009 to 20.500., and
from 20+5%C e to 42.,0°C. The compositionsof these phases
were determined by isothermal ternary studies of the system:
lithium chlorate - lithium chloride - water, at 3.0%Ce,
660%C ey 8¢5%C ey and 25°Cs The phase diagrams at the three
lower temperatures showed beyond doubt that the solid phase
in the lower temperature interval actually was the monohydrate
of lithium chlorate, This, therefore, substantiates the
work of Kraus and Burgess (17)s; and Berg (5).

The isothermal ternary study at 25°C o proved
to be the most fruitful of the four., The interpretation
of this study refuted the claims of Kraus and Burgess and of
Bergy, and yet it was also consistent with their experimental
datae

It is well known that the successful application
of Schreinermakers?® method of "wet residues" depends
largely on the accuracy of the chemical analyses employed
as well as on the ability to remove as much solution from
the wet residue as possiblees In the 25°C isotherm, the
hydrated lithium chlorate residue never contained more than
11 per cent water. This, by normal standards, could hardly
be improved upon since about 4.7 per cent water was present
in the hydratee

Although the chlorate analysis was claimed to



be accurate to withint 0.4 per centy, the accuracy was
considered to be better than *0.2 per cent, in samples
very rich in lithium chiorate. The standard gravimetric
method of determining chloride, however, was capable of far
better accuracy then thise Therefore this method was used
in this study for the analysis of lithium chloride.
: In Pigure 14, the tie=lines joining the
compositions of the liquid phase and the wet residue cross
the lithium chlorate reference lines at an angle of z2bout
seventy degreese, Thereforey, if there were g maximum possible
error of £ 0.2 per cent lithiuwm chlorate in the analysis
of the wet residuey, this would not lead to an error of
greater than ¥ 0.1 per cent lithium chlorate in the composi-
tion of the equilibrium solid phasee The consequences of
an error in the lithium chloride analysis are far more
serious, because the directions of the tie~lines and the
reference line of lithium chloride approach each othere
The standard gravimetric method was chosen for this reasone
The fact that none of the tie~lines ever crossed
and that they all converged to a single composition when
extrapolatedy, indicated that the analyses were of sufficient
accuracy and that equilibrium had been reached in all caseses
As o check on the possibility of any consistent error in the
procedurey the data were compared with a point which had

been determined about o month beforee. These points indicated
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the seme solid phase and therefore left no doubt that the
hydrate stable at 25°C, had the composition corresponding
to (LiClOS)é.HQOn

In Figure 14, there are no experimentally
determined solubilities representing solutions containing
from 58 to 9416 per cent lithium chlorides In order to
prove that a break did not occur in the solubility curve in
this rengey the wet residues from the two determinsotions,
7 and 8, were investigated with a polarizing microscopee
The golid phase in both cases was the same, although a
slight amount of the monohydrate of lithium chloride was nre-
sent in number 8es Thereforey, the invariont solutionsg 8, O
and 10, were actually in equilibrium with the one=Iourth
hydrate of lithium chlorate and the monohydrate of lithiwm
chloridea

Berg's claim for the existence of z one=third
hydrate has been refuted on the evidence found in this
ternary study at 25%C. In additions photomicrographs of
wel residue 7 and those obtained by Berg of his proposed
one=third hydrate were the samee Therefore, since the
hydrate in this work had the composition of a one=fourth
hydratey, the hydrate isolated by Berg must zlso have had this
compositione The method of the peritectic halt timey; used
by him, was obviouaiy not sensitive enough to determine

he exact composition of the hydrate. Xraus and Burgesss



on the other hand, had apperently eliminated Bergts claim
for the one=third hydrate on the grounds that a mixture
containing 655 per cent water definitely showed the
presence of solution between 21.000. and 41050C¢ If the
solid phase was the one~third hydrates containing Ge2 per
cent vaters the mixture would not supply an observable amount
of solutions A mixture of this compositiony in which the solid
phase was the one~fourth hydrate, however, would supply
the observed solutione

At 42.000., the one~fourth hydrate underwent
a peritectic transition to the anhydrous salt and solution.
The amhydrous salt formed at 4200, is the first of twvo
allotropic modificationss This form was the one stable
at room teuperature and corresponds to the beta form
previously found by Iraus and Burgesss The X-ray diffraction
pattern of this modification was determined and the character=-
istic d and I values are listed in Tables VIII and IX.

The transition from the beta to the alpha form
was investigated by thermal analysis, dilatometry and by
X=ray diffractiones The former was the only method that
yielded satisfactory results, indicating that the transition
took place reversibly at 99.8°Ce This wvalue compared
favourably with those reported by Kraus and Burgess and
by Berge. The latter two methods were found to be unsuccessful,

although the dilatometer showed a marked increasge in wvolume
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when the beta to alpha troangition took places in the range
from 824.1°Ce %o 106°C,

If the hemihydrate of lithium chlarate prepared
by Wachter (26), Troost (25), Potilitzin (20), and Brihl (7)
did indeed existy it would undoubtedly be formed from the
monohydrate in z peritectic transformations The phenomenon
would appear as a break in the anlubility curve on the
binary phose diagrame 170 .such break occurred between -0.100.
and 205°Ce The monohydfate was shoun to be the solid
phase in stoble eguilibriuwm with soluticns in this tempera-
tureco.intervels There was no break in the solubility curve
from 20e5°Ce to 42°%C. eithers The one=fourth hydrate was
showvn to be the stable phase in this temperature intervals
Therefore, there is no doubt that the hemihydrate of lithium
chlorats does not exist as a stoble solid hydrate and there
have been no indicationg of it ever zppearing as a metastable
phacge in this studye

Kraus and Burgess claimed that anhydrous lithiuwm
chlorate could exist in three enantioiropic formse Two of
thesey the alphea and bete, were confirmed by Berg and also
in the present work. Ileither liraus ond Burgess nor Berg
could offer any evidence indicating that o gamme to beta
trensformation hod ever occurreds

In the present work, the techniques of dilatometry,

thermal analysis, sSolubilily, and X-roy diffraction were



used to try and detect the presence of the garma form or
the supposed goma to beta transitione The first two of
these methodes were applied with great cere and no such
phenomenon was detectedes The solubility curves showed
no break that would indicate tiie presence of a gamma to Leta
transitione Finally the X-ray diffraction tecinigue was
used to eliminate the possibility of a monotropic modificae
tione This was accomplished by obtaining a diffraction
pattern of a sample that had never been heateds The sample
vas then heated to 30°% . for one week and allowed to cool
before obtaining another diffraction pattern of the same
samplee These two paitierns were the samoce

If the anhydrous salt had been a monotropic
modificationy prolonged heating would have caused this
form to change to that of the stable Torme Since the
change would have been irreversibles the gtable form
would remain when the {temperature was lowerede Then,
the second diffraction pattern would have been different
from the first because the unit cells of the respective
forms would of nccessity have had different dimensionse

This work, therefore, refuted the claim of
Krous and Burgess that gamme lithium chlarate existed as
a stable allotropic modilfication of the anhydrous salte
It algo eliminated the possibility of Tie gasmma form

existing as o monotropic modificatione
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The isothermal ternary study of the system
lithium chlorate, lithium chloride, water, at 3.0, 6.0
and 8.500, indicated that the stable phase, at these
temperatures, in the binary system lithium chloride and
water was the dihydrate of lithium chloride. The addition
of lithium chlorate to the binary system caused this hydrate
to lose one molecule of water when the solutions reached
the compogitions of the invariant points shown in the phase
diagrams. At 25.000, the stable phase in the binary systen
was the monohydrate of lithium chloride.

The transition temperature from the monohydrate
to the dihydrate of lithium chloride was determined to be
12.5%0.1°%. This corresponded to the valuve given by

Huttig and Reuscher (13).



CONCLUSIONS

le The phase diagram of the system lithium chlorate and

water has been determined.

2« The isothermal phase diagrams of the systen LiClOS -

LiCl = H,0 at 340°Ces Ge0°Coy 845°Ce, ond 25°Ce have
been determined,
3s Lithium chlorate forms three hydrates having the following
Tormulae:
(1) (LiC10,),eH,0 = stable from 20«5°C. to 42°C.
(11) LiC10,.E,0 - stable from -0:1%Ce to 20.5%C.
(1i1) LiC10,e3M,0 ~ melts at 844%C
The hydrate having the formula (LiClOS)S-I-I,)O proposed

by Berg (4,5) was shown to have the formula (L10103)4.1120.

4, The transgition temperature between the mono and dihydrates
of lithium chloride has heen determined to be 12.5:50.100.,

confirming the results of Huttig and Reuscher (13).

5¢ Lithium chlorate and lithium chloride do not form any

double salts 2t 3s0%C e, 660°Cep 8e5 Ceop and 25°C.

6e Lithium chlorate can exist in two enantiotropic forms,
alpha and beta, and the 'tra.nsition,a(;_afj s has been shown
to take place at 99.8°Cs The alpha form has the lower

densitye The gamma form proposed by Kraus and Burgess (17)g



Ce

Te

does not exist as a stable or metastable modification

of the anhydrous salte.

The Xe-ray diffraction pattern of beta LiClOa has Dbeen

obtained and a method for obtaining the diffraction

pattern of alpha LiClO3 has been proposede

A modification of the stendard iodometric analysis of
(IOS) hes been developed and successfully applied to

lithium chlorate, vhere () is any halogena
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