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ABSTRACT 

The phase diagram of the system lithium chlorate -

water \vas determined. The phase diagrams of the system 

li t hium chlorate - lithium chloride - water at 3.0. 6.0, 

8.5 and 25.0 0 C. were determined. 

Li thium chlorate forms three hydrates having the 

following formulae : 

(i) (LiC103)4.H20 - stable from 20.5 to 42.0OC. 

(ii) 

( iii) 

o LiC10 3.H20 - stable from -0.1 to 20.5 C. 
o LiCI03_3H20 - mel.ts at 8.4 C. 

The hydrate having the formula (LiC103)3.H20, proposed by 

Berg, was shown to have the formula (LiCI03)4-H20. The 

transition temperature of the transformation 

LiCl.2H20 ~LiCl.H20 + solution 

\oras found to be 12.51:0.1.°C. coni'irming the results of 

Huttig and Reuscher. Lithium chlorate and lithium chloride 

do not form any double salts at 3.0, 6.0, 8.5, or at 25.00C. 

Lithium chlorate can exist in two enantiotropic 

1"orms,o(. and ~, and the transformation, cc. ~ ~, takes place 

at 99.80 C., 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 r LiCI0 3 

waB obtained and a method for obtaining the diffraction pattern 

of <)( LiC10 3 ,laS proposed. A crystal structure of LiC10 3.3H20 

was also proposed. 

-



A modification of the standard iodometric analysis 

of (X0 3) was developed and sucoessfully applied to lithium 

chlorate, where (x) is any halogen. 
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lllTRODUC TIOll 

Up to the present timeg the naturesof the hydrates 

and anhydrous modifications of lithium ch10rate have been 

same~mat controversial. There have been reported in the 

literature a trihydrate, a monohydrate, a hemihydrate and 

a one-third hydrate as well as three al.lotropic modifica­

tions of the anhydrous salt. Several of these reports 'vere 

based on unsound experimental techniques as well as on 

analytical methods that 1:"lere not very accurate. 

J:.1uch of the earlier work involved the :preparation 

of the sal. t follo,",ed by a chemical analysis to determine 

the composition of the prepared sampleo A crystallographic 

study indicated that three enantiotropic allotropes of the 

anhydrous salt and a hemihydrate t<{ere capable of stable 

existence. The analysis used in this latter study \'las not 

sufficiently accurate to make any such claim. As all added 

complication, the anhydrouB salt as 'Idell as the hydrates 

\'Jere extremely hygroscopic, \,Thich \-1Ould render some of the. 

conclusions, based on the ",eighing of various samples, invalid,.;, 

In the period fram 1926 to 1929, Kraus and Burgess 

(17), and Berg (3,4,5,) published some excellent ",orlc on 

the phase relations of the binary system lithium chlorate 

and water~ Almost all of the experimental data in these 

\'JOrks compared quite favourably \,Ii th each other but their 

respective interpretations differed slightly. Kraus and 
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Bureeas reported the existence of three anhydrOUB modifi­

cations of the anhydrous salt as ",ell as a trihydrate and a 

monohydrate. Berg, ho\>,ever, re:ported only two anhydrous 

modific.:;l.tions and three hydrates oontaining one-third, 

one, and three molecules of' water per mo1eeule of Ii thium 

chlorate. The conclusions, therefore. "rere the same, 

except that Kraus and Burgess cl&imed the existenoe of a gamma 

anhydrous form ~mereaB Berg claimed a one-third hydrate 

existed in the temperature interval from 22°C. to 44°C. 

It ",rae apparent that a definite unccrtuinty still 

existed concerning the nature of the hydrates and anhydrous 

modifications of lithium chlorate, even though a substantial 

amount of \-lor k had been carried out on the subject. 'l'he 

object of the present \'lOrk, therefore, \liaS to remove all 

uncertainty involved in the cOllq)oeition of the hydrates of 

Ii thium chlorate as ",ell as to investigate the supposed 

allotropic modifications of the anhydrous salt. 

The determination of the comple t e binary phase 

diagram by thermal analysis and isothermal aolubilit,y 

measurements seemed advisable. This study "lOtud not deter­

mine accurately the composition of' the hydrates, but it 

would indicate the temperature interval in "lhich they ,,,ere 

sta.ble. It \'loUld also i ndicate the temperature intervals 

in which the allotropic forms of the anhydrous salt were 



stable. The temperature at which a phase change took 

place "1ould appear D.S a break i.n the so~ubili ty curves 

in the phase diagram, provided that the change took place 

ui t h the formation of another phase. In the case where 

a compound melts , t h e solubility curve exhibits a smooth 

maximum and t h e cOII!];losi tiOD of the compound woul.d corres­

pond t o t he maximum on t h e curve. 

To determine t h e composition of the hydrates, it 

\'las d ecided to carry out severa l isothermal ternary inves­

tigations of t h e system lithium chlorate - lithium chloride -

\'!a ter a t aIJpropriate tempera t ure s by t he Schreinemaker 

meth od of ""let residues 11 ( 23). This method was capable of 

higher accuracy in t h e determination of the composition of 

incongruently melting binary compounds than direct chemical 

analys is because of the difficulty of obtaini ng a sample 

wi thout occluded mother liquor. Since each allotropic 

form of a compound has a characteristic crystal structure, 

an attem:pt to obta in an X-ray diffraction pattern of each 

form was carried out. To determine the transition tempera­

tures of the anhydrous forms. the method of thermal anal ysis 

and the di;latometer me.thod were used. The dilatometer 

"/as selee ted bee ause its ace uracy i B I ini ted only by the 

relative amounts of salt and indicator liquid and by the 

di ameter of the caDil1ary used. Therefore, if the ratio 

of anhydrous salt to indioator liquid was made sufficiently 



l arge, and the bore of the capillary fine enough, the 

slighteot change in lattioe dimensions between t\'10 allo­

tropic modifications c ould b e detected. 

4 

The experimental methods mentioned above are all 

proven techniques in problema of thi s type, and therefore, 

should be capable of r emov ing the uncer t a i n t y ~·.hich exists 

in the Ii teruture on t h e system Ii thium chlorate and water. 

-



THEORETICAL DISCUSSION 

(a) The Phase RuJ.e 

In heterogeneouB systems all states and changes 

of equilibrium can be described qualitatively by the use 

of Gibbe' Phase Rule and Le Chatelier's Theorem. Gibbs' 

deduction of the Phnse nuJ.e (12) is quite complicated, and 

many alternative methods are now found. Any good text on 

thermodynamics ",111 have some method snggested. All , 

hO,\>lever, give the Phase Rule in the fol1o\·rlng form: 

F = C - P f 2 

"mere F - number of degrees of freedom. -
C " number of components. 

P - number of Phases. -
A comprehensive treatment of the applications and limitations 

of the Phase Ru1e is given by Findlay, Campbell and Smith (9). 

(b) mes of Systems 

Since the ref5uJ.ts of this research are based to 

a. large extent on the graphical expression of the phase rule 

in terms of tHO types of systems, these are consider ed 

briefly here. 

(1) Binary sys tems, or systems of two components, 

when they exist in one :phase would consti tute a tervariant 

system, in vmich pressure, temperature and conc entration 

must be lcno\om to completly define the system" \'Jhen the 

system is under atmos:pheric pressure, the pressure is 
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constant and the system .becomes bi variant. Then, two phases 

CD1.tld exist in stable equil.ibrium. Binary systems are 

usually represented on a plane diagram 'Hi th temperature as 

ordinate and concentration as abscissa, the pressure being 

constant. The graphical expression is kno~m as a temperature­

concentration otn've, 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 concernedo 

(i1) Ternary Systems, or systems of three components, 

by application of the phase rUle require the simultaneouB 

presence of five phases for invariance. Representation of 

these systems graphically is same\'That difficult. Hos t 

methods use a solid figure 'VTi th temperature as one axis. 

The development of methods was fOllowed by Find1.ay (1.0) , 

and while several of those he mentions are still used, the 

most common is the triangular diagr~ developed by Roozeboom 

(22).. It cons i sts of a n equilateral trianGle ,·ri th reference 

lines ruled Darallel to each side. The sides are divided 

into 100 parts, and the same scale is used for the binary 

systems on t he side of the triangle. The co-ordinates of 

a t ernnry point are then measured parallel to the aides. 

There are many types of ternary systems, but none 

,'1111 be discussed here since this study "Taa on isothermal 

one, and henc e simple in c onc epti on. 



(c) I sotherma~ Curves 

In three oomponent systems, 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 \>le11 

as the existence of any ternary compounds. 

7 

Several graphical. methods c an be employed f or the 

representation of the iaothermal solubilities in a ternary 

system. Three of these are discussed by Findlay (11), one 

of uhich is the triangular diagram mentioned above. This 

undoubtedly is the most useful. in this researoh because the 

compositIons of the solid phases saturating the solutions 

beoome apparent. In all cases, the "tie-line" Which 

joins the composition of the liquid phase and the solid 

phase w1~~ indicate, in the direction ~iquid to so~id, what 

solid component or campound is saturating the liquid. Since 

it is impossible to separate completely the mother l iquor 

from the Bolid Phase, the tie-line wi11 have to be extra­

po~ated to give the actual oomposition of the so~id phase. 

(d) Uethods of Determining the Equil1brium Curve 

For determining the equi11brium curve of binary 

and ternary systems many methods may be emp~oyed. The 

most common are iBothermal solub!l! ty' measurements. and 

thermal analysis. In the case of the isothermal so~ubili ty 
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method, it is neoessary to analyse the liquid and solid 

J;)hases in order to arrive at the oompos! tiOD of the liquid 

and solid phases. The liquid phase analyses will give the 

curve of solubility. The method used to determine the compo­

sition of the solid phases, in a three oamponent systmn, is 

due originally to Schreinemakers(23) but was developed further 

by Bancroft (1 , 2). Sinoe it is important in this research, 

it will be explained briefly here. 

Consider that we are dealing ,d th an :: aqueous 

solution of two sal.ts having a connnon ion (a three component 

system) ~ich does not form any double salts. Representing 

the solubility relations in a system of triangular 

co-ordinates" we \t/ould obtain an isotherm !:!££ (Fig.1) . 

Q 

/ 

/ / 

g,< / 
/ / 

/ 
/ /oe 

y" 
" 

H20 

b 

~ A '-'--------------~ B 

Figure 1. A Typioal Isotherm 



In Fig.l, ~ represents the solubility of salt A 

in water, b the solubility of salt B, and ~ represents the 

so~ution in equll.ibrium with Ilure A and B. 

Consider, then, that pure A is in equilibrium 

wi tl:t a solution, at the temperature of this isotherm, 

having the composition of point (1'). The bulk of the 

9 

so1ution ie separated from the 801 id ~hase, and the latter , 

together ~nth any adhering mother liquor , is ana1ysed. The 

cODllJosi tioD of' this "ret residue will correspond to the point 

S. on the line (fA), ,·Jhere A re:preaents the composi tioD of 

pure A. Similarly, the analysis of a solution of different 

composi tion in equilibrium ,rl. th A, will lead to the pOints 

(el and (g) and hence the line (gA). The method of finding 

the composition of an unknown binary compound reduces to 

finding the position of two lines such as (i'd) and (ge). 

The point where these lines intersect represents the 

composition of the solid c ompound saturating the solution. 

In the case \o,here the solid phase is a hydrate of A or B the 

lines \rill intersect at a point on the A - ~O or B - H2O 

side of the triangle. 

In certain cases, the graphical solution may not 

be sufficiently accurate to determine the composition of the 

equilibrium solid phase. Since the tie-linea intersect at 

the composition of t he solid phase, an analytical solution 

to the problem can be used. By the geometry of Fig. l , for 
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each of the two tie- lines the change in per cent A vlil.l be 

directly proportional to the change in per cent B. Let the 

compositions of (f) and (g) be given !1.%A, k;-tB and r~~A and 

sItE respectively, and let the compositions of (d) and (e) 

be given by h' %A, k'rtB and r'~~A, 6'/~B respectively. Also 

let the point of intersection of the tie-lines be given by 

x%a and y%Bo For (df), therefore~ 

and for (eg) 

h'-har x - h 

k' - k Y - k 

r' - r :: X - ' r 
Sf _ S y - s 

Sol ving these t"10 simu1 taneous equations for x and y will 

give the composition of theeq~ibrium solid phase. If 

the equilibrium solid phase is known to be anhydrous or to 

be one of the binary hydrates, this information is equi~ 

lent to knowing the position of one of the tie-lines, so 

that only one tie-line must be det~ined experimentally, 

and only one equation in one unkno,\>m need be solved. In 

practice, however, it i8 better to have more than the 

mintmum number of tie-lineso 

Sine e the method of thermal. analysi 8 "ms used 

extensively by Kraus and Burgess (17), and Berg (5), in 

their ,,,ork on the binary system lithium chlorate - ,·ro.ter, 

a discussion of the method and ita practical limitations 
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"till be given here. The prine ip~e on which the method of 

thermal analysis is based is the fact t hat a phase ch~.nge 

normally takes place with the evolution of heat \·r1 th falling 

temperature and the absorption of heat "Then the phase change 

to.kee place w1 th rising temperature. 

\<fuen a Ill.:cre substance is cooled and no change in 

state occurs, a graph of its temperature against time ,·Jill 

be exponential and continuous, when the surroundings are 

maintained at constant temperature in accordance with 

Newton's lau of cooling. If, hO\<Tever, a change of state 

occurs, then the curve will shG'W a "break" at the temperature 

at which the change began to take place. "/hen this change 

involves the orystallization of a pure component from its 

melt, the curve will be horizontal until complete crystalli­

zation haa taken placet provided that the rate of crystalli­

zation is fast in oomparison to the rate of cooling. 

A diff'erent form of the ourve resu]. ts when the 

substance being oooled is a liquid mixture of two components 

which are completely miscible in the liquid state and form 

no oompounds or solid solutions in the solid state. This 

mixture will cool until »rimary separation of one solid 

oomponent ocours. Since a solution does not freeze at one 

teDl];>erature, the curve will exhibit a ohange in slope at the 

temperature of primary separation. Cooling ~ll proceed at 

a lower rate until an invariant temperature 1s reached, were 
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the temperature remains oonstant until oomplete solidifi­

cation or the solution takes place. 

A typioal cooling curve representing the above 

process is shown In Fig. (2) where 2h represents cooling of 

the solution, ~ is the temperature of prln~y separation, 

£A represents the crystallization of a solution having the 

eutectio campooition and S! represents further cooling of 

the aolid mixture. 

o 

TIM E 

Figure 2. A Typioal Cooling Curve 
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For a particular "Ieight of mixture, the length of $. will 

be inversely proportional to the excess of either compo­

nent over the eutectic cODpoeition. Therefore, the length 

of $. will increase as the composi t10n of the liquid 

mixture approaches the eutectic oot:nJ;loai tion and will be a 

maximum for a mixture having the eutectio composition. 

In more complex systems such as ~men congruently 

and incongruently melting compounds are formed , this method 

is applicable to the determination of their reepective 

compositions. In all oases, the cooling curve gives the 

temperature at lIdlioh primary separation takes place, and 

if a sample of the solution at this temperature is analysed, 

the Bolubil. i ty of the separating component in the second 

component ia also obtained. The eutectic temperature can 

also be obtained if cooling is carried out to a low enough 

temperature. \</hen incongruently melting compoWlde are 

formed, there will be a peritectic halt for mixtures having 

a com~osition richer in the higher melting oomponent than 

that of the peritectio solution. In a binary system, an 

incongruently melting compoWld decomposes to form another 

solid phase and a liquid at a temperature below the 

congruent melting point of' the compound. The composi tion 

of the liquid 1s difrerent rrom that of the oompound and the 

point at Which t~is transition takes place is called an 

incongruent melting point or a peritectio paint. Therefore, 

-



the lleri tectic halt time is the time required for this 

type of transition to be completed. 

14 

To determine the composition of any incongruently 

or congruently melting compotmde, the peritectic halt times 

or the eutectic halt times respectively are pJ..otted against 

C omposi tion. The peri tee tic halt time "Till be a maximum and 

the eutectic halt time will be zero at the composition of 

9.J1Y incongruently melting compotmds. In the case of congru­

ently melting compounds the halt time "dll be zero at the 

composi t ien of the compoWld and for the pure oOIIll'onenta. 

The above principle is re~resented in Fig. 30 The above 

mentioned method i. due to Tammann (24), but it i. not used 

extensively now because of the many s ources of error in 

determining the haJ. t times accura.tely. Errors in this measure­

ment often, as in the case of LiC10 3 investigated by Berg (5) , 

give misleading results. The triangular curves obtained in 

this way are often referred to as Tammann triangles. 



--- r-· 
I I , , 

COMPOS, TlON 

Figure 3. Determination of the Composition of Compounds 

by Eutectic and Peritectic !fal t Times 

15 
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REVDlW OF LITERATURE 

Lithium Chlorate 

This salt ap~earB to have been first prepared 

in 1843 by Wachter (26) by the action of chlorio acid on 

lithium carbonate. It crystallizes as long rhombic needles 

and, according to \'lachter, has the composi tioD of a hemi­

hydrate, LiC103.~H20. Troost (25). ~no prepared the salt 

in 1857, agreed on the c~position of the hydrate and stated 

that it mel ted at 50oe. and decomposed at lOOoe. He claimed, 

ho\·rever, that the hydrate crystal.lized as regular tetrahedrons 

or octahedrons. In 1883, Potilitzin (20), prepared the salt 

by treating barium chlorate ,rl. th Ii thium aulphate. This 

method ,vas particularly sui table because the barium 

sulphate formed could be readily separated leaving a solution 

of lithium chlorate. On evaporating this solution, he 

\'las able to obtain the anhydrous salt which mel ted at 

124°C. and the hemlhydrate Which melted at 50°C. and lost 

",ater at 90°C. He claimed, however, that if the evaJ)0ra­

tion \'las 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 impurity. 

In 1.887 NyHus and Funk (19) determined its solubility in 

water; they found that no hydrate existed. They reported 

that at laoe. a saturated aqueous solution contained 75.8 

per cent lithium chlorate. Retgers (21), in 1890, also 
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" reported that no hydrate w.a found. In 1912 ll11e. BrUhl (7) 

investigated the salt by crystallographic methods and 

reported three allotropic modifications of the anhydrous 

form A, B, and C, and a hemihydrate D.' She prepared the 

salt by the method of Potll.1tzin, removing impurities 

"lith alcohol in , ... hleh lithium chlorate is soluble. The 

alcoholic solution proved to be explosive when hot, thereby 

making it necessary to evaporate the alcohol at 50De. She 

then crystallized the strong aqueous solution in a dessicator 

over sulfuric acid or phosphorus pentoxideo To determine 

the composi tioD of the hydrate, several samples were \·!eighed 

and :pl.ac ed in a vacuum dessicator D.ver phosphorus pentoxide 

o a t 100 C. for one day. Weighing back the samples and 

averaging the results, she found a composition correspond-

ing to the hemihydrate. This method, however, is open to 

cri tic ism. 

It is sho\'oITl in the present \" ork, that the dehydra­

tiontime of one day is far too ahort for oomplete removal 

of the water of hydration~ The sal t obta ined in this way 

could quite conceivably be a mixture of anhydrous salt 

and occluded so1ution, or one of anhydrous salt and some 

undesignated higher hydrate each in such proportions 

that it' would indicate the presence of a hemihydrate. 

Therefore, if a hydrate does indeed exist, it must have a 

higher degree of hydration than the hemihydrate. 
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TABLE I 

Temperature (OC) Remarks 

125 - 127.5 11el ting Point of" A 

63 65 ]fel ting 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 or two papers (3,4), took 

up the investigation of the hydrates or lithium chlorate. 

He prepared the salt and made up mixtures corresponding in 

compOSition to that or the one-third hydrate, the hemihydrate, 

and integral hydrates containing one, two, three and five 

molecules or ~mter respectively. On cooling these mixtures, 

he :found that crystals separated from those having the 

composition of the one-third, the mono and the trihydrate. 

He was unable, hO\1eVer, to find any evidence in BUl1Port of 

the existence of the hemihydrate. As a check on the compo-

e1 tiOD of' the crystals \tlhich had separated, he subjec ted them 

to analysis and oonfirmed his observations. 

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 fonns, }Ulec BrUhl used a polarizing 

microscope and coated the very hydroscopic lithium chlorate 

with an oil to prevent the taking up of water from the airo 

Her results are listed below. 

A - Very birefringent, uniaxial negative and most 

often found in spherolites, either dextro or 

laevo about the optical axis. 

B - Spherolites are produced with contractiono 

Optically negative with weak birefringenceo 

There is an angle of about 900 between axes. 

C - Small losange shaped crystalse Very birefring­

ent, quasiternary and optically negativeo 

D - Less birefringent than Co Gives polarization 

coloursQ Very different fram C, because of 

numerous hemitropic lamellae that can be 

formed by compression of the crystals. 

In addition to the optical properties, she also 

reported the melting points and temperature ranges in which 

the various forms are stable. These are listed in Table 1$ 



dryness. The residue was ,\,/eighed as Ii thium sulphate_ 

He claimed an accuracy of better than:! 0.2 per cent. 

The results obtained by Berg on the transition 

temperatures and melting pointe of the variouB hydrates, 

together with the transformations occuring at these 

temperatures, are listed in Tabl e II. 

TABLE II 

Hydrate Temperature(OC) Transformation 

20 

L1Cl.° 3·3J%° 

LiCl.°3·H2o 

(LiC10 3) 3·Ir20 

22.0 

44.0 

LiC1.03.H~ .... (LiCl.03)3.H20 + sol'n. 

(LiC103) 3.~O --; LiC103 + sol 'no 

In l.927, Kraus and Burgess (17) claimed the existence 

of three anhydrous modifications, 0( , ~ and }{ , and two hydrates 

containing one and three molecules of '\'roter respectively. 

These conclusions were baaed on thermal anal ysis and 

solubility measurements. In Tabla III are given the ten 

invariant points which were observed, together with the concen­

t.ra tien 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 % LiCI03 Temp. Transformation 

d.. LiC10 3 • I!elt 100.0 12?6oC. Fusion 

~ . LiC10 3 - "- LiC10 3 - sol'n 94.9 99.0 Peri tectic 

lr' - LiC103 . P LiC10 3 - soltn 86.6 41.5 Peri tectic 

'o . LiC10 3 - LiC I 03_H20 - sol tn 81.2 21.0 Peritectic 

~ - LiC10:i - LiC10 3 ·3lf20 - Boltn 81.0 -25.0 (Eutec tic) 

¥ - LiC103 - LiC10 3·31120 - 601'n 75.7 - 9.0 (Eutec tic) 

LiC10 3·31120 - LiC10 3·H2O - sol 'n 71.1 1.5 Eutectic 

LiC10 3·3H2O - J.lelt 62.6 8.0 Fusion 

LiC 1 0 33112° - Ice - soltn 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 ~hange 

in the sol id phase at that temperature. One Buch break 

was observed at 99OC .. and this \olaB checked by thermal analysis. 

This technique was not too successful because the trans­

formation was always a suspended one. The transition \vas 
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observed to b e reversible, and to lie betHeen 93°C. a nd 100°C 0 
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}i'igure 4. 'l.'he System; Li thiuI!l CrQorate \'fa ter, 

by KrE'.US and 'Burgese 

A third modificnt ion ,yLiCl0 3, ""as al.so claimed 

to exist as a stable phase, a lthough Berg (3 ,4) had 

published fairly conclusive experimenta l evidence that the 

solid phase \13.S a.ctual.ly a one-third hydl~ ate Q Kraus and 

Burgess, ho\",-ever , ruled out the possibility of t hi s proposed 
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hydrate by claiming that a mixture which contained 6.55 per 

cent \<1ater showed the presence of solution between the temp­

eratures of 21.0 and 41.5 0C. The one-third hydrate \,/ould 

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 r ~ ~ transi tiOD, but only in the presence 

of a solution of the salt and \'later. They ''lere unable to 

obtain the transformation in either direction \~i th the pure 

salt. This, they claimed, was positive evidence for the 

existence of the ¥ form. 

To shO\IT that the mono-hydrate actually contained 

one molecule of salt per molecule of water, they cooled 

mixtures containing less than 16.6 per cent ~ater, which is 

the composition of LiCI03.H20, to below 2l.oOC. and observed 

that no solution ~res present. The trihydrate, from the 

sha~e 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 ~Iere the same as 

in his previous ~lOrks. 

He was not able to detect any phase transformation 

of the type 't -) ~ vIi th the anhydr OUS sal t in the tempera. ture 
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region of 41.50 C. \'then water was added, hO\'lever, he obtained 

a. definite halt by therr!l.al nna.l.ysis at 4305 0C. to 44.50C. 

Severc.J. thermal a n alyses wel'e cnrriec. out on samples of the 

salt containing progressively larger <JJJlounta of water, 

\{hereby he \VUS o.ble to obtnin a. Tnmmann trianele "/hie h 

indicated the presence of the one-third hydl'ate. He further 

argued that if the gamma form were actually r eell., it would 

be impossible for the gatml<l. and beta forms to exist together 

except at the tro.nsi tion temperature" lIe !Jrepared samples 

of the beta. form, the one-third hydrate, and a r.lixture of 

the t".;o, and let them remain at a temperature less than 

44°C. and greater than 22°C. for some time. Later, he 

obtained photomicrographs of these samples and showed that 

the beta form ~nd the one-third hydrate indeed coul.d exist 

togetiler. Therefore, the species stable bet\'reen 22oC. and 

<14oC. ",ras (LiCI0 3) 3.JI;~O o.nd not the gamma form. His \-lark 

on the rest of the system agreed ",i th that of Kraus and 

Burcess. 

Li t h ium Chloride 

In this research, Ii thitUll chloride appears only 

as the monohydrate and the dihydrate. The temperature at 

which the dihydrate decomposes to form the monohydrate \>lith 

the loss of a. mol ecule of \>oter ,-m.B reported by Bogorodsky (13) 

to be 2l.50C. IIuttig and Reuscher (13), however, reported 

that this transition took plc.ce at 1 2.50 C. 

-



HAT'.i!RIALS AND AlTALYSIS 

(a) Preparation and Purification of Lithium Chlorate 

The salt '\IJaS prepared by a method which "'as 

essentially thnt of Potili tzin (20) and ICraus (17), in which 

barium chlorate '-TaS treated ""i th Ii thitml sUlphate. Because 

of the difficulty in removing impuri ties, it was necessary 

to use mater i als as pure as possible. 

Barium chlorate "/as obtained from the Bri tish Drug 

Houses limited, and .... taS used without further purification. 

A solution of the salt did not shO\·! any trace of chloride 

when tested with n solution of silver chlorate. T.ae Ii thium 

sul phate Has obtained from the Fischer Scientific Company, 

and also t-laS used \'1i thout further purification. The analyses 

of these chemicals are listed in Tabl es IV and V. 

A one mol.ar solution of barium chlorate \-Ias heated 

to about 85°C., and a one mol ar lithium sulphate solution 

vias added Slovll y to this with a dropping fUnnel unti~ 

equivalence \-/as reached. The precipitated bariwn sulphnte 

\'If).S removed b:lr repeated filtration. To ensure equivalence 

of lithium and chlorate ions, the reaul ting solution was 

ti trated \·;i th dilute solutions of barium chlorate and 

lithium sulphate. 

The solution \'/as evaporated slo\·,ly, keeping the 

tempera ture belm·; BOoC., up to an appro;:imnte e one entration 

-. 



l'AllLl:; IV 

Im:puri ties in Bo .. rium Chlorate 

Chloride (Cl) ---- 0.002;; 

Allcal i s ---- - ---- 0.3 jj 

TABLE V 

Impuri ties in Li thium Sulphate 

Acidity (lIZS04) --------ITone 

Alkalinity (Li2C0 3) ----0.02~6 
Ammonia (In'3) __________ 0.001 

Chloride (Gl) __________ 0.000 

Heavy Hetals (Pb) ------0.0005 

Insoluble 'Hatter -------0.000 

Nitrate (1103) ----------0.000 
Iron (Fe) ___________ ___ 0.0005 

11agnes i um ------ .. ----- ... -0.001 

Other Alkalis --------- - 0.5 

Phosphate (P0
4

) ________ 0.000 

26 
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of 50 per cent lithium chlor a te. To remove nll traces of dust 

and barium sulphate, the solution ,·ms filtered hlice through 

a sintered glass filter fUnnel of med i Ul2l porosity. The 

fil tered solution "laS transferred to a 250 mls. Claissen 

flask, and dehydration ,·,ras carried out Wlder a reduced 

pressure of les6 th~n 5 mms. of mercury, taking up the 

distill ate in concentr~ted sulphur ic acid. Care was t aken 

to keep t'he temDsrature below 85°C. since decornposi tion 

begnn to take :place at this tempero..ture when the solution 

bec ame very concentrated. By this procedure it \'las possible 

to obtain a product containi ng nbout 90 per cent Ii thium 

chlorate, the reat be ing water. 

On cooling to room temperature, the salt crystallized 

qui te r apidly, and '.oJaS placed under a voouum over phosphorus 

pentoxide. After about a month, t he \'later content had been 

reduced to about one per cent. To remove the last traces 

of \-lUter, the salt \'TnS rarddly pulverized to a fine powder 

and was trunsferred to a special apparatus which hud been 

bull t for t h e purpose. It consisted of two c ylindrical glass 

tubes, each being 25 cms. long and having a diameter of 4 e ms., 

joined by a stopcock. Each could be opened by means of a 

ground glass joint located near the end of each tube. The 

tube t hat contained the lithium chlorate , ... as closed off 

at one end, '111hereas the one containing the phosphorus 

pentoxide h a d small tubular openings at both ends. The 

Ii thium chlorate tube "JaS maintained at a temperature of 



about BOoC. and the whole system evacuated. After several 

months, no further change \'IaS found in the melting point 

of the salt. 

(b) Analysis of Lithium Chlorate 

Several methods, reported in the Ii terature and 
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in standard textbooks of analysis, were attempted and ShO\rffi 

to be unsatisfactory. These methods gave non-reproduc i~le 

analyses and results indicating incomplete reduction of the 

chlorate .. Finally, the folloHing procedure 'tV-d.B adopted. 

1\. ·~ .. leighed 'sample of Ii thium chlorate was taken and diluted 

to a. volume of 250 mls. A ten, t"lenty , or twenty-five mls. 

aliquot '-las :placed in a 250 mls. iodine flask. To this 

"JaS added 40 mlso of concentrated ortha-phosphoric acid 

(O all per cent impurities), follo\ved by the addition of about 

0.1 grams of sodium carbonate to exclude air from the flask. 

Then, approximately 25 mls. of iodate free potassium iodide 

solution (0.2 gros./ml.) ''laS added, and the stoppered flask 

allowed to stand at room temperature for 60 to 70 minutesQ 

The free iodine "JaS titrated with sodium thiosulphate (0.012 

per cent impurities) using staroh solution as indicator. 

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 ,ms found to be far 

superior to the accuracy of the method. 

-
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(c) Analysis of Lithium Chloride 

Samples conta.ining more than f1 ve per cent Ii thiwn 

chloride were titrated ,11th silver nitrate sol ution. A 

seventy per cent alcoholic sol ution of sodium dichlorofluo­

rosceinate was uBed as an indicator (15). The sil ver nitrate 

was obtained from the Bri tiah Drug Houses :limi ted and 8ubjec ted 

to two recrystal lizllt i ons from ,vater, follow·ed by drying 

over sulphuric ac i d. Pure, dry sodium chloride was used to 

standardize the silver nitrate solution by the adsor~tion 

indicator method (15). 

For samples containing l ess than five per cent 

of 1i thium chloride, tJle standard gravimetric method of 

prec i pitation as silver chloride was chosen (16). 

The Volumetric method gave a maximum error of ± 0.1 

per cent \vhen checked against the gravimetric method. 

(d) Mixed Chlorate and Chloride Analysis 

A sampl e containing lithium chlorate and Bodium 

chl or i de .... laS \·Jeighed and diluted t o 250 rolB. The previously 

described methods were appl ied separatel y to various 

aliquots. Tabl es VI and VII represent an actual anal ysis 

and indicate the applicability of the method. A sample 

low in chlorate content \'laS made up because it is in this 

range of concentration that the method itsel f \'las found to 

have the least accuracyo 



TABLE VI 

LITHI1JH CHLORIDE AnALYSIS 

Aliquot wt. of Nac1 AgN°3 

(role. ) 

% Hac1 

(m1s.) 

25 

25 

20 

20 

wt. of Li C103 

(gIns.) 

0.069 

0.069 

0.069 

(gIllS.) 

0.221 

0.177 

0.1?? 

38.08 

38.05 

30.43 

30.45 

TABLE VII 

Found 

9?01 

96.9? 

96.90 

96.94 

LIl'IlIU!>i CHLORATE AllALYSIS 

KI Time ll a2S203 

(gIlls.) (mins.) (rols.) Found 

40 

40 

40 

5 

5 

5 

60 

65 

?O 

41.01 

40.52 

40.21 

2.74 

2.71 

2.69 

Sought 

96.98, 

96.98 

96.98 

96,98 

30 

Sought 

3.02 
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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 '..ras necessary to ascertain and maintain 

the tem~erature within narrow limite 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 walla of the thermostat were covered with 

one and a half inches of heavy felt. At temperatures far 

removed from that of the room, a three quarter inch wood 

cover, with holea for apparatus ~ ~mB also used. The thermo_ 

stat liquid ",ras stirred by means of a motor driven metal 

stirrer. 

For solubility determinations belou 20oe. a 

secondary thermostat containing a kerosene and diesel oil 

mixture was maintained at temperatures about looe. lower 

than that of the main thermostat. To accomplish this, 

a cooling coil ~ms immersed in the oil and connected to 

a refrigerating unit. A metal thermo-regulator placed in 

the oil, was used to control the intermittent cooling of the 

bath. 

The main thermostat was fitted with a coil of 

one quarter inch copper tubing, which in turn wae linked 



through a circulatory pump to the colder oil bath. As a 

heating squrce, a twenty-five watt light bulb ,ms used. 

The internd ttent heating and cooling \>las 

controlled by a t,vo "ray mercury relay, which was actuated 

by a mere ury thermo-regula tor. The two way relay "las 

connected to the lamp and to the circulatory pump in Buch 

a , ... ay, that one of the two was al".rays in operation. This 

arrangement of t he apparatus reduced the time l ag suffi-

ciently to make it possible to control the temperature to 
· 0 

.!O.05 C. A diagram of the above apparatus is sho"m in 

Figure 5. 

{)::lirr===~ TH~R~O""UL&TO" ~ .... tR "«TO"~" & 
. U" LT TUH"OOw~" 

lb-, 
+4"".''''.W.~<T •• 

ill . 

:: 

Figure 5. Constant Temperature Apparatus 
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For temperatures above 20°C. and belo", 30DC. the 

secondary thermostat was replaced by a coil of very small 

co:pper tubing, through \\!hich ordinary tap \'later \'!as passed 

continually_ The rate of flow, and hence the r ate of cooling, 

could be controlled qui te easily. In the temperature interval 

from 30°C. to lOOoe . atmospheric cooling was used. Evapora­

tion of the \'later became more appreciable as the temperature 

\-Jas raised. To counteract this. t he "Tater content of the 

ba.th ",as progressively decreased and mineral oil \'las addedo 

In additi on , the \<1attage of the heating lamps was increased, 

until at 85°C 0 a 100 \·ratt bulb "JaB on continually and another 

1 00 watt buJ..b \'las connected to the mercury relay for the 

intermittent heating as required, in order to maintain the 

desired t~mperatureo 

The ac tual temperature "/as measured ,·Ii th a mere ury 

in gl ass thermometer, graduated in tenths ofa degree, and 

calibrated against a standard platinum resistance thermometer . 

With this arrangement of apparatuB, the temperature was 

controlled to:t Oo050C. throughout the research. 

The container used to hold the binary and ternary 

systems, ,,'as a glass cylinder of 250 mls .] capacity, ... ,i th 

an inside diameter of one and one quarter inches, and an 

inside tapered ground glass top. \Vi th 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 g lass cylinder t'ms par t of an a ll-glass W1 i t 

construe ted espec i ally r,or effie lent separation of liquid 

and solid phases (F i g.6) 

r===I 
SUCTIO N 

TUBE 

-

RE CEIV ER 

TUBE SUSPENO£D IN THERM OSTAT 

~ ....... FRillED GLASS FILTER 

Figure 6. Sampling Apparatus 



All joints '-lere of st<1ndard taper ground glasa. \fuen 

sue tion \'TaS applied, the liquid phase ",as drawn up 

through the sintered gl ass plug into the receiver. The 

solid phase remaining in the cylinder, could be Bucked 

qui te dry in a very short time. Usually v,bout sixty seconds 

"lere required to complete the operation, but in more dilute 

samples about thirty seconds \'Jere required. 

A sample of the liqu id phase in the receiver "TaS 

poured into a tared ",eighing bottle provided \'/i th a ground 

glnss stopper. The \'Jet solid phase \'las immedi a tely removed 

from the equilibrium vessel by means of a long glass rod 

\vi th one end fl""ttened in the shape of a spoon. This sampl e 

"~las pl aced in another tared ,-,!eighing bottle, also provided 

"Ii th a ground gl ass stopper . The samDles obtained in this 

way, ,,.,ere diluted to 250 mls.- and appropriate uli!,!uots were • 
subjected to analyais. 

(b) 'rhermal Analysis 

The method of thermal anv,lysis \vas not considered 

to be good enough for the binary system because of the reluc t­

enc e of Borne of the solid phases to a.ppear. Tais \'lUS 

particularly true for the hydrates of lithium chlora te. 

For this reason, thermal analysis was used only for the 

ice curve, t he bine,ry eutec tic s, and the ot ~ ~ transi tion 

temperature. 

-

I 
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A thin \mIled gle.ss tube having a length of 12 

emB. a.nd an inside diameter of 3.0 ems. \ '!U8 used to conta.in 

the solut i ons. Into the necle of' this tube was fitted Do 

rul)oer stopper, through \o,hioh wereplaced a coiled alass hand 

stirrer, n sampling device, and 0. therrlOcouple enc a sed in a 

thin \'lO.lled glass tube. The sampling device Has merely a 

glass tube in \111ioh "TaS plac ed a small anount of glass \1001. 

Then, at any desired tiLle a sar!lTll e of the solution could be 

\'.'i thdrmm for analysis by apDlic ation of suction. The glnas 

\ '1001 prevented the suclcing up of any crystals in t h e solution 

at the time of sampling. 

The aolution container \<!as jacket ed by another 

glass tube t thereby providing a dead nir spnc e beh/een 

the inner tube and the cooling bath~ 

A sol ution ,',rae then llade up to t h e approximate 

desired concent.ratio::l 2nd placed in the container, \'lhic11 

in turn "laS r>laced in its jaclcet. The \"hole appara.tus \'las 

then Dlaced in a n appropr i ate cooling mixture. The tempera­

tUre of the solut ion '.-laS taken every minute by means of a 

c<".librated iron-constantun thermocoupl e in conjunction with 

3. sensitive Leeds and Hort1ll"up type K potentiometer. Dur ing 

the cooling process, the solution "JaS stirred vigorously 

until a break in the E.H.F .... time readings, indicated that 

a sol.id phase had begun to separate. 'Jlhen this occured, 

suc tion was applied to the sampl.ing tube~ The sample obtained 



in this \'/ay represented ·the sol ution at that temperature 

in equil ibritun \vith the particular solid phase that had 

separated. The thermal analysis of a mixture of lithium 

chlorate and '\otater is represented graphically in Figure 7 

where the c omposi tion of the sampl e taken at -14. 2oC. is 

tha t of the solution in equilibrium \vith ice at that 

temperature. 

-0'1 

-0,3 

• • , 
• 
> 
w 

-0,5 

- 0,7 

o 10 20 ' 0 
T IME (mint'! 

Figure 7. Thermal Analysis of a Lithium Chlorate 

and water :r.Iixture 

37 



The iron_constantan thermocouple used in this 

research \'laS calibrated against the freezing points of 

pure mercury (-38.8?oC.), pure carbon tetrachloride 

(-22.90C.) and pure "later (O.ooC .). During all thermal 

analyses, the c old june tion of the thermae Duple ,.,ras kept 

in a bath of melting ieee 

(0) X-Ray Powder PhotOgraphy 

X-ray diffraction photographs serve as a means 

38 

of identifying diff'erent crystalline sUbstances. A given 

pure sUbstance will give rise to its own unique diffraction 

pattern, if both the posl tion and the intensity of the lines 

' or spots in t he photograph are considered. Such a unique 

pattern is therefore sufficient evidence for the identifi­

cation of the sUbstance as a separate crystalline individuale 

The theory underlying the various aspects of 

X-ray po\·,der photography can be found in any textbook on 

crystallography (8). In practice, a monochromatic beam of 

X-rays is passed through a small specimen of the powdered 

sample. Numerous cones of diffracted beams emerge from the 

spec i men, and these are recorded as arcs on a strip of film 

encircling the specimen. Each arc on the film r epresents 

the combined diffracted beams from all the crystals in the 

powder specimen \vhich happen to be suitably oriented for 

reflecting the primary X-ray beam from one particular set 
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of planes. The fundamental equation of X-ray diffraction 

by crystalline solids is kno\,m a s Bragg's l aw and is of the 

form 

d :: --,n,-,-,",--
2 sin 9 

"There A .. is the \'m.ve lzngth of the X-rays in Angstrom uni ta. 

d .. is the distance between successive identical 

planes of atoms in the crystal . in Angstrom units . 

9 - is the angle between the primary X-ray beam 

and these atomic planeD. 

n - is any ",hole number, from one upwards. 

A measure of linear distance between corr~Bponding 

arcs on either side of the primary beam direction permits 

un evaluation of the angles of diffraction. Since the 

value of A is lcno\'1ll and constant for nIl of the lines in 

anyone photograph, it is then possible to calculate the 

lattice spacings d of the powder specimen under investiga­

tion. If the crystal. struc ture of the 

8ubsta..'1ce is kno,"lIl, it is possible from d values to calcu­

late the unit cell dimensions. Since this has not been 

determined for anhydrous lithium chlorate, this calculation 

has not been carried out here, 

During this phase of the investigation, special 

precautions '-Tere taken to protect the salt as much as 
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possible from the atmosphere. A sample of the anhydrous 

sal t '-la s taken from the vacuum dessicator and reground to 

D. very fine 1l00·!der. It '.JaS t hen returned for drying for 

several days. Follo\·ring this, a very fine and thin ... /alled 

capillary tube of outside diameter o.5mm. a m inside diameter 

of 0.3 IImlS. "las filled with the sample and sealed immediately 

a t both ends \'lith n. torch. The sample prepared in this "laY, 

was mounted in the camera and irradiated "/i th X-rays for 

three hours. 

The position of each line in the resulting 

photograph "TaS mea sured and the spac ing (£) of the c orres­

paneling set of lattice planes \'las obtained from t ables 

provided for use "lith the c amera empl oyed. The relative 

intensi ty (I), of each line \-l8.6 es timated visually_ This 

intensi ty estimation "!as ca.rried out by assigning the 

arbitrary value 10 to the strongest line. The intensities 

of all other lines \'lere compared to this and \'!ere assigned 

values that were proportional to their intensities. For 

example, a line one half as intense as the strongest, \-Iauld 

have been ass igned the value five, etc. The l a ttice 

spac ings Here expressed in kX units (G), one leX unit being 

equal to 1.002 Angs trom units. 

PO\1der photographs ,·!ere t aken of a sample that 

had been in a vacuum dessic a tor at roam tempernture for 

seven montha, and hence \'Tas considered to be the form stable 
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at room temperature. The (£) and (1) values for thi s form 

Here calculated end arelisted :'.in TABLE VIII. A quantity of this 

form was then placed in another vacuum dessicator, and held 
, 

at eooc. for a "/eek and then photographed. The reaul ts 

obta ined were the same as for the unheated sample. 

A high temperat"..lre c runera \'taS available for use 

and i t ",.ras decided to obtain a diffraction pattern of any 

other form stabl e at higher temperatures~ A small nichrome 
• 

wire coil \1[1.:3 embedded in an asbestos mat surrounding the 

the sample. A space of about 5 rrnns. \-laS left betHeen two 

of the loops of the coil to ena.ble the X-rays to enter and be 

diffr acted. In order tha t the f i lm or the camera dimensions 

might not be affected by the higher temperatures, a fine 

c oil of copper tubing "JaS mounted around and coaxial \'Ii t h 

the heati ng element. Cold \v-ater viaS passed through this 

c oil. Of necessity, the c amera was Gomewhat bulkier than 

t he standard X_r ay camer a; but , the specimen to fi1m distance 

vias only 0.03 ems. larger. Suitable resistances were used 

to control the temperature of' the spec imen at 115:t. 5°C 0 

In theory this method was excellent, but in 

practic e i t had serious shortcomings. It was expected 

that most of the weaker lines normally obtained in room 

t emperature photographs vJould not appear at elevated 

temperatures. This proved to be the case. In addition, t--
J

, .. • the feV! lines tha t did appear were quite broad, and hen 'e t 
). ~ .:... 

were unsatisfactory for interpretation. These churacter} s {iICs' if 

V
~ ,~: 

~ J . 
v v' 



TAllLE VIII 

X-RAY POWDlli! DA'fA 

Substance ............ 
Radiation ...... 4 .... Copper 

F il ter ................ Hickel 

£ (leX) I 

3.92 1 0.0 

3039 8.0 

2.81 9.0 

2.70 .6.0 

2.41 2.0 

2.27 1 .5 

2.1 4 1 .2 

1.510 0.6 

1.439 0.9 

1.305 0.7 

42 
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\'lere explained on the basis of increased thermal vibrations 

of the at"oms at higher temperatures. 

This problem, hov/ever, does not necessarily have 

to remain unsolved o At room temperature, several photographs 

\orere taken of spec imens mounted in c a:pillaries of various 

wall thicknesses. It '.<tas found that the thinner the wal.l 

of the capillary, the better the photographe Obviously, 

this should apply at higher temperatures also. Then, if 

a dry box \Vere available, it would be possible to work 

wi thout fear of the sample taking up moistUre from the a ir. 

As a result, greater care could be tal~en in loading a 

capill.m-y, and hence, it HDUld be possible to \'lork \ . .ri th 

much thinner ' -Jalled capillaries. This proposed solution, 

hO"'8ver, is beyond the scope of this research. 

A sample of the anhydrous lithium chlorate was sent 

to the lTational Research Council a.t Ottn\';a for further 

X-ray study" The \'Tork \·taS carried out by Dr. LoD. Co.l.vert 

and he \'laB able to obtain dlffrE'.ction patterns of the beta 

form up to the melting :point of" the sa.lt. By this technique 

he "Haa not able to detect any change in lattice structure 

corresponding to the tral1si tion from the beta to the a lpha 

form. The apparatus used by Dr. Calvert \-TaS not capable 

of close temperature c ontrol. At higher temper a.tures, ho\-rever D 

he \1aS able to evacuate the camera \-,hleh redl1,ced the absorp­

tion of X-rays by the a ir. The capillaries used in his \"fork 

had a \"tall thickness of 0.007 mms. His results are listed 

in Table IX. 



44 
TABLE IX 

X- RAY DIFFRACTIOlT PATTERN OF f LiCI03 (CALVERT) 

£ (kX) I £ (kX) I 

3.91 9.5 1.441 4.0 

3.79 10 .0 1.428 0.4 

3.42 9.0 1. 416 0.5 

2.81 10.0 1.378 1.0 

2.71 8.0 1 .337 1 . 4 

2.39 3.0 1 .331 1.7 

2.26 3.4 1.322 . 0.7 

2.13 2·7 1.295 3.0 

2.05 0.9 1.255 0.9 

1.947 1.1 1 . 236 1.1 

1.879 1.3 1.223 1.0 

1 .795 0.9 1. 213 1.0 

1.726 1.1 1 . 1 88 1 .0 

1.665 3.2 1 . 153 0.9 

1.629 1 .3 1.140 0.4 

1.576 0.9 1.128 0.6 

1. 549 1.1 1.119 0.8 

1.539 1 ,0 1.078 0.7 

1.510 1,1 1 .064 0.6 

1.500 2,0 1.660 0.9 

1 ~469 009 1 .040 0.9 

-
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TABLE IX (continued) 

d (kX) I d (kX) I 

1 .027 3.~ 0.836 1.1 

1 .025 2.6 0.834 1.0 

0.993 1.1 0.831 2.5 

0.991 0.9 0.829 2.0 

0 .985 0.5 0.824 2. 1 

0.975 0.5 0.822 1.1 

0.972 0.5 0.818 1.4 

0.969 O.~ 0.816 0.4 

0.967 0.5 0.812 0.4 

0.954 1.6 0.807 0.2 

0.933 1.2 0.805 1.7 

0.931 1.0 0.803 1.5 

0.926 0.2 0.801 1.4 

0.923 0 .3 0.794 1.6 

0 .920 0,2 0.792 1.4 

O:J901 0,8 0.788 1.4 

0.898 0.7 0.787 0.6 

0.888 0.6 0.784 0.6 

0.847 1 .0 0.782 2.0 

0.844 0.9 0 . 780 0.5 

0.841 0.8 0.774 2.6 

0,839 0,6 



(d) Di1atometry 

In an attempt to sUbstantiate Kraus' (17) conten­

tion that a gamma f orm of lithium chlorate exists at room 

temperature and that it exhibits a transition to the beta 

form at 41.5 0C., use \'JaB made of the fact that, if such a 

transition did occur, it ",auld undoubtedly be accompanied 

by a c hange in volume. This foot \'las also used to attempt 

to sUbstantiate the claim of both Kraus and Burgess (17 ) 

and of Berg' (5) that a beta to alpha transition occurred 

at 99°C •. A dilatometer "/as constructed to meazu.re these 

changes in volume. This dilatometer ,vas construe ted in t he 

usual manner, a long Capill.ary tube attached to a bulb 

containing the l ithium chlorate. In addition to this, a 

small standard tapered stopper ,</as built into the bulb to 

facili tate loading. 

The dilatometer was placed into a dry-box "lhich 

"las not as efficient as could be desired. Commercial 

ni trogen vlhich had been passed over calc ium chloride, 

phosphorus pentoxlde 'and s ilica. gel "las used to flush out 

the dry-box for one hour. The dry-box al eo contained dishes 

of phosphor us pentoxide in an attempt to reduce the \'later 

content of the a ir as much as possible. About 100 grams 

of anhydrous lithium chlorate. "lhieh had been dried vigor­

ously f or five months, "TaS used to fill the dila tometer 

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

-



liquid \-laB para-xyl ene which had b een dried \'1i th sodium 

for three days. The height of the indicator liquid ~~s 

measured \>lith a c athetometer? 

4.: 

The bulb of the dilatometer was placed in a large 

oil thermolltat. The temperature \'/as controlled to ± O. loC 0 

by means of 0. r egula. ting thermometer c onnec ted to a. mere ury 

relay. The heating elements \'lere standard lieht bulbs and 

heater s and \vere connected to the mercury r el ay . Atmospheric 

cooling waB used. The thermos t at oil \'las s tirred by means 

of a motor driven double bl ade stirr er and a sc rew type 

st irrer . Temperatures were recorded \'1i th a merotll·y i n g l ass 

thermometer \·,hioh had been calibrated aeainat a c ertified 

platinum resistance thermometer . 

The temperature ".ras r a i sed one degree every t Henty­

four hours, but in the range from 35°C. to 50 oC. this incre­

ment '\'TaB reduced to O.5 0 C 0 per t\·;enty-four hours. There 

\'1ere no breaks occurring in t he curve of c apillary height 

versus temperature. The poesibili ty of a very slo", tr ans­

for mation was not overlooked. The temperature of the bath 

\'laB held a t 600C. for as long as D. \-!eek and no indications 

of a gOJnma to beta transi tion 11ere observed. 

At h i gher temperatures an ~~pha to beta transition 

occurred and 1-mB 6ho''.'l0 to be r evers i ble. A marked e:-..-po.ns ion 

took place on forma.ti on of the a l pha modifica.tion f rom the 

beta, and conver sely D. contraction \-,ras observed i n t..i1e 

-
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alpha to the beta transformation. These changes, ho\·,ever, 

Here accompanied by prolonged hysteresis effects. With 

rising: temperatures, the transformation took place at IOSoC. 

and I06oC. in tuo cycles, \mereas with falling temperatures 

the reverse process took place at nooc. and 84. loC. 

respectively. This evidence sho\1S that the alpha to beta 

trans i tion temperature lies bet",leen 84.1oC. and 106°C. 

As a flU~ther complication in the dilatometric 

study, the li thium chlorate slo\'ily decomposed, giving 

gaseous products, when the temperature \'/aS kept a bove 90°C. 

for any appreciable period of time. The gaseous decompo-

si tion products caused such fluctuations in the hei ght of the 

indic ator liquid thD.t further cycling procedures had to be 

abandoned. 

(e) The System, Lithium Chlorate _ water 

The phase relations have been studied by thermal 

analys is and solub ility deter~inations. The range of 

c oroposi tion, '-lhich contains from seventy-five to one hundred 

per cent lithium chlorate "las of primary interest in thi s 

research. It ,·,ras felt, hoy/ever, that a complete investi­

gation of the phase relations in the binary system mi~1t be 

of advantage. 

Various experimental techniques were used in the 

hope th2.t the results obtained would be superior to those 
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of previous investigators (3,4,5,1?)~ Since the port of the 

phase diagram \'.'here ice and solution ,-,er e in equilibrium 

\1i.!.$ of Ii ttle interest, it Has outlined by the method of 

thermal analysis. The composi tiona of the solutions in 

equilibrivm 'di~h ice at vorious temperatures "lere deter mined 

by chemical. analysis q "lith the exception of D. fe"1 fixed 

:point~, the rest of the phase diagram \'laS determined by 

i sothermal solubility determina tions. 

The solubilities covered the ranee of composition 

from 45.8 to 95.5 "leight :per cent Ii thium chlorate" The 

uPDer temperature reached \I,as 98. gOe. The determinations 

",ere discontinued at this point 1)eoause t he change of 

solubil i ty per deg;r-ee rise in the temperature ,,,rae less than 

the aceuro.cy of the analysis, 

The stab1e and lJletastable binary eutectics were 

determined by thermal analysis in the usual way. 

For the investigation of the anhydrous salt by 

thermal analysis, f'~ spec ial unit "ms used. A glass tube, about 

10 ems. long and having: n dir'.lJleter of about 2 ems. \lIas used 

to conta in the snIt. TILis tube could be sealed off from 

the atmosphere by means of a standard grotuld glass cap. 

Into the 'top of this cap, a thin walled glass thermoeouple­

well and a glass tube were built. The system could be 

evacuated through the gl ass tube, to/hieh had a stopcOCk 

in it. A calibrated eODper-constant~ thermocouple was 
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used in C onjunc tion \'Ii th a }finnea:polie-Honeywell recording 

potent iometer to record the heating and cooling curves of 

the anhydrous salt. 

After the salt ' -/'ae pla.c ed in the glass tube and 

the system evacuated, it '\IJaS subjected to alO\'/ heating from 

roam temperature to tempera tures above the melting point 

of the sal t. Follo\oling this, the molten salt was subjected 

to slo\>l c Doling and resulting tempera.ture versus time pl ots 

\'lere interpreted" This process was repeated several times 

to reduce t he hysteresis effects. The resul te of t h is 

investigation are given in Table X. In Figure 8, a thermal 

analysis curve from the above study is shown. 

There was no indication of any other type of 

transformation except as reported in the Tabl e IX. A great 

deal of care "ras taken to try and find some change taking 

pl ace in the viCinity of 40°C. but none was found. 

TABLE X 

R ISI NG T.i!!l,J?b'RATURE PALLI:l:iG 'ITlD?ERATURE 

Transformation Temperatur e Transformation Temperature 

("c.l f OC .l 

ol ---> I{elt 127.4-127.5 Ne1 t ---- ""- 127 . 4-127.5 

~ -. '" 106.1 "'- ->~ 98.2 

P ~ . o<. 103.6 "'- ~~ 99.8 

. -
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The solubility relations and the results of thermal 

analyses are listed in Table XI together \'li th the method 

used to arrive at them. The phase diagram is sho1:JIl in 

Figure 9, ,·,here the solubilities in \-reight per cent , 
lithium chlorate are plotted as abscissae, from left to right, 

and temperatures are plotted as ordinates. The broken 

lines indicate solubility curves in the metastable region. 

A broken vertical line represents the composition of a 

compound~ Since the solubility of lithium chlorate in water 

\-JaB not determined at temperatures above 9S.9Oc. ,the r egion of 

the solubility curve representing alpha lith ium chlorate in 

equilibrium with solution from 98. gOC. to 127 .50 C. ,-me dra,\·m 

in a s a broken line. 
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TABLE XI 

Vlt. % Vlt . % J.!ethod Tempera ture lTature of the 

LiC 10 3 H2O (OC. ) Solid Phases 

1 100.0 Thermal Analysis 0 .0 lee 

2 1 0 . 4 89.6 " " - 6 . 5 " 
3 20.0 80.0 " " -14. 2 " 
4 29.2 70.8 " " -26.2 " 
5 30.2 69.8 " " -28.6 " 
6 36 . 0 64.0 " " -40.4 " 
7 37.3 62.7 " " -43.3 lee - LiClO~ . 31l2O 

(eutee he) 

8 45.8 54.2 Sol ubili ty -16.9 LiCI0 3• 3H2O 

9 52.8 47.2 " - 1.5 " 
1 0 56.7 43.3 " 3.0 " 
11 57. 9 42.1 " 5.2 " 
1 2 58.7 41.3 " 6.0 " 
1 3 60.8 39.2 " 8.1 " 
1 4 68.1 31.9 " 6.0 " 
1 5 70.8 29 . 2 " 3. 0 " 
1 6 7 3~1 26.9 Ther mal Analysi. - 0 .1 LiCI03,3Hi€0-LiCI03·H20 

( eu ee tic) 

17 73.6 26.4 Solubility 3.0 LiC I 03·H20 

1 8 74.2 25.8 " 5 .6 " 



TABLE XI (continued) 54 

\It. % "It. % Nethod Temperature Nature of the 

Solid Phases 

1.9 74.1 25. 9 So1.ubili ty 6.0 J"iC1.° 3· H2O 

20 75.1 24.9 " 8.5 " 
21. 75.7 24.3 " 1.0. 5 " 
22 7?5 22.5 " 14 .0 " 
23 78.0 22 .0 " 15 .0 " 
24 78.5 21.5 " 1 6.0 " 
25 79.3 20 .7 " 18.0 " 
26 81. 9 18.1 " 20.5 LiC I 0 3· lf20- (LiCI0 3l4 .1I20 

( peri tectic 

27 82.0 18.0 " 21.5 (LiC10 3) 4· H20 

28 82.6 17 .4 " 25.0 " 
29 83. 4 16.6 " 30.2 " 
30 83.6 16.4 " 32.6 " 
31 85 . 2 14.8 " 38.5 " 
32 78.7 21 . 3 Thermal. AnalYBis -10.5 LiCI0 3. 3HfiO- (Li CI0 3) 4·H20 

(e techc ) 

33 82. 7 1 7.3 " " -25.0 LiC I03.3H?0- ~ LiC I 0 3 (eutec tic ) 

34 86 .? 13.3 SolubU.ity 44.2 P LiC I03 

35 87.2 1 2. 8 " 4709 " 

--
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TABLE XI (continued) 

l'le thod Tempera ture Nature of the 

Solid Phases 

36 87.8 1 2.2 Solubility 54.0 ~ LiCI0 3 

37 89.5 10.5 " 63.2 " 
38 91 .0 9.0 " 72.8 " 
39 92.4 7.6 " 81 .7 " 
40 93.7 6.3 " 86.2 " 
41 93.8 6.2 " 90.7 " 
42 94.8 5.2 " 94.2 " 
43 95. 5 4.5 " 97.5 " 
44 95.9 4. 1 " 98.9 " 
45 100. 0 0.0 Thermal Analysia127.5 0( LiCI0 3 
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(f) The System! Lithium Chlora.te - Lithium Chloride - \tater 

For the determination of the isothermal. 

solubil ity ourves of lithium chlorate in aqueous lithium 

chloride, the solutions "/ere saturated by stirring in 

contact "li th the eolid phase in tubes suspended in the 

t hermostat. The stirring time required for equilibrium to 

be, reached varied cOl: siderably depending primarily on the 

eolid phase ,·Ii th which the solution "las in equilibrium. 

To sho\-[ that equilibrill!U had been reached, it 

was apDroo..ched from t,·/o directions. A mixture of appro­

priate composition "!as divided into equal :parts and \-laS 

treo.ted 2.6 ro l l0\'/s. One was heated until all of the solid 

phase had passed into solution ",hereaa the other i,ras frozen 

until all of the solution had solidified. These portions 

\'lere then stirred in tubes in the thermostat, and the time 

required for the t\'IO liqui d phases t o become i dentical 

in composition was determined. This interval t'1as considered 

to be the time required for a state of equilibr ium to be 

reached. Anpther me t hod found to give equally satisfactory 

resul ts \'JaS to continue the stirring WItil the tie-line 

joining the composition of the liquid phase and ~~e 

1I\'let residuel! did not deviate from the composi tion of the 

solid phase \vhen extrapolated. 

For solutions up to ten per c ent lithium chloride, 

the stirring time \18.8 found to be from two to three days 
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before equilibrium ,·,rae reached. When the solutions Here 

more cone entrcted "/i th reepee t to Ii thium chloride, and 

pcrticularly ,·!hen the solid phase in equilibrium \'li th the 

solution ,·ras the monohydrate or dihydrate of lithium 

chloride, equilibrium "JaS reached only when the sample had 

been stirred for five or six d~ys. 

The solubility isotherms "Iere determined at 

o 0 0 0 . 3.0 C., 6.0 C., 8.5 C. t and 25 C., employing Schrelnemakers' 

method of "wet residues!! for the determination of the 

equilibrium solid :phase. The faniliax Roozeboom equilateral 

triangle method "~las used to repr e sent the e:<i.perimentally 

determined sol ubilities. 

The data for the isothermal ternary studies are 

listed in Tables XII, XIII, XIV, and XV, and the data 

corresponding to these t~bles are plotted in Figures 10, 

11. 12, and 13, respectively. In Figure 1 4 the lith iwn 

chlorate corner of the 25OC. isotherm has been enlarged 

to sho\'l more distinctly the composition of the equilibrium 

solid phase. 

As additional evidence that the one-third hydrate 

proposed by Berg \'las actually the one-fourth hydrate of 

Ii thium c hlorate, a sample of the Het residue from number ?, 

Tab le XV, ... re.s prepared for a microscopic examination. On 

comparing these crystals "'li th the photo-micrographs of 

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



solid phase. A photomicrograph of one of these crystals 

from the wet residue of number 7, Table XV, is reproduced 

in Figure 15. 
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Since the dihydrate of lithium chloride was the 

stable hydrate in the binary system: 1i thium chloride - vJater 

at 3.0oC., 6.0oe., and a.50C., and the monohydrate ,vas the 
-0 

stabl e hydrate at 25 e., the transition temperature between 

the two must be between these two limits. A sample of 

LiCl.H20 and water, having the composition of the dihydrate, 

was cooled until the dihydrate formed. The sampl e was 

heated and cooled several times and the ~oint where the 

temperature remained constant in this cycl i ng procedure 

was noted. This corresponded to the transition temperature 

bet"een the two hydrates. It ""'s 12.~~ O.loC. Which 

corresponde to the value or 12Q50eQ found by Htittig and 

Reuscher (13). 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2 

13 

14 

1 5 

1 6 

Solution 

\tit. I~ \1t.% 
LiCI0 3 LiCl 

56.7 

55.8 1.3 

62.2 4.3 

66.0 2.8 

68. 7 1.5 

70 . 8 

73.6 

65 .6 7.1 

62.4 9.4 

58.5 1 3. 1 

57.5 1 3.7 

44.7 1 9.9 

40.9 22 .1 

37.4 23.5 

23.9 29.1 

41.0 

TABLE XII 

ISOTHERJI FOR 3.0! 0 . 05 °c • 

\'let Res idue 

In. % Wt.% 
LiCI0 3 LiCl 

59.4 0.9 

62.7 0. 7 

64.5 1 .6 

64.1 0 . 8 

67.0 -
80. 7 

78.4 1 .9 

76.2 3 . 8 

73.6 5.6 

57.1 18. 1 

27 . 9 38.8 

15 .0 46.0 

17 .8 39.3 

9 . 6 44.2 

49.3 

Na ture of the 
Solid Phase 

LiC103 ·3H20 

" 
" 
" 

" 
" 

LiCI0 3 ·H2O 

" 

" 
" 

LiC10 3 .H20 + LiCl. H20 

LiC l .H20 

LiC l.H20 + LiCl ·2H20 

LiCl · 2H20 

" 
" 

60 
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F i gure 10. The SystemL L1C10 3 - LiC1 - lI:zO 

Isotherm for 3.0oC. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2 

13 

14 

15 

1 6 

17 

-

Solution 

\.Jt . % \'It. ~~ 
LiC 1 0 3 LiC1 

G8. ? 

58. 3 2.5 

62.7 1.8 

68.1 

74.1 

70 . 0 2.7 

69.7 3 .4 

65.8 "'1.1 

64.9 7.5 

62.6 9.6 

61.4 10.7 

60 .4 12.3 

57.5 13.7 

54.8 15. 2 

53. 9 1 5.0 

/j,5.2 20 . 0 

38 . 2 23.? 

'l'Anr ... ; XIII 

ISOTHERH ]?OR 6.0 ± 0.05 0 C. 

\le t Residue 

\'It. ~b \'It.;,; 
LiCl0 3 LiCl 

61 . 1 

61 .3 0 . 8 

62.7 1.0 

G6. 1 

81.4 

79.5' 0 . 9 

78.6 1.2 

79.9 1.9 

78 . 8 2 .0 

76 . 5 3.1 

78 . 0 2 .2 

65. 1 15. 6 

16.0 54.3 

31. 4 38.9 

26.2 4 3.5 

20 .0 48 .2 

23.2 42.0 

Ha.ture of the 
Solid Phases 

LiC I0 3 • 3H2O 

" 

" 
" 

LiC I 0 3· H20 

" 
" 

" 

" 
" 
" 

LiC10 3·H20 + LiCl . H20 

LiCl. H20 

" 
" 
" 
" 



18 

19 

20 

21 

22 

23 

24 

25 

26 

-

Solution 

'=It . % 
LiC10 3 

37.2 

36.2 

35. 7 

34. 1 

24. 4 

23 .5 

1 8 .3 

1 6 .3 

\yt.~~ 
LiC1 

24.0 

24.6 

24.9 

25.4 

29.7 

30 . 0 

32.5 

33.5 

41.1 

Tl\.Bru XIII (continued) 

ISOTHEHH li'O}! 6.0 ± O.050C. 

\'Jet Residue 

Ht. S; 
LiC10 3 

19.7 

22.2 

16. 6 

20 .0 

15.5 

9.7 

7.1 

7.1 

\vt.% 
LiC1 

46.0 

42.3 

44.8 

37.8 

39.0 

45.1 

46.0 

4 2.0 

49.5 

nature of the 
Solid Phases 

LiC1.H2O 

u 

LiC1.2112O 

u 

u 

u 

" 
u 

u 
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The System: LiCI03 - LiCl - H
2

0 

Isotherm for 6.0oC. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0 

11 

1 2 

1 3 

1 4 

1 5 

16 

17 

TABLE XIV 

ISOTlIEPJl FOR 8.5' ± 0.05 0 C. 

Solution 

\<It. % \It . ~;~ 
LiCI0 3 Liel. 

75.0 

73.4 1. 5 

72 .0 1.9 

66 .1 7.7 

65 .6 8.8 

64.2 11.2 

63.5 11.2 

62. 7 11 .6 

60.5 12.3 

50.8 17.4 

31.3 27.7 

30,6 27.8 

28.2 28.9 

22.5 32.2 

10.4 37.3 

5.6 39. 7 

- 42.7 

wet Residue 

\/t. % \vt.% 
LiCI0 3 LiCl 

77.5 0.9 

80.0 0.8 

79.0 2.0 

78.3 2.5, 

70.7 11. 9 

73.3 11.2 

35.1 38.4 

31.9 39.7 

24.9 44.9 

18.3 46.3 

17 .8 41.9 

1 2.8 43.4 

1 2.2 42. 7 

6.7 43. 7 

3.8 45.3 

50.3 

lTature of the 
Solid Phases 

LiCI0 3 ·H2O 

" 

" 
" 
" 

LiCI0 3.H20 + LiCl·][20 

" " 
" " 

LiCl.H20 

" 
" 

LiCl.H20 + LiCl.2H20 

LiCl·2HZO 

" 
" 
" 

" 
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Figure 12. The System: LiC103 - LiCl - H20 

Isotherm for 8.5 0 C. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

-

Solution 

vlt. ~~ ""It . ~~ 
LiCl0 3 LiC l 

82.6 

78.7 3.3 

76.4 5.0 

76.1 5.1 

75.7 5.6 

75.8 5.7 

75.9 5.8 

72.3 9.2 

71.8 9.2 

71.6 9.2 

67.7 10.7 

41 .7 23.3 

33.8 27.7 

27.0 3t.3 

25.5 31 . 7 

45.5 

TAJ3IJ~ XV 

ISOTHERJI l!"OR 25.0 ± O.05 0C. 

\'/et Residue 

vlt. ~:~ \v't./~ 
LiCl0 3 Liel 

90.0 1 .0 

89.6 1.6 

86.9 2.1 

89.9 1 .5 

87.8 2.3 

90.7 1.4 

78.8 8.0 

78.1 10.8· 

37.5 46.7 

43.1 32.4 

23.2 44.4 

13.0 53.8 

10.1 55.7 

11.7 52.5 

- -

Hature of the 
Solid Phases 

(LiCl0 3) 4· H20 

" 
" 
" 

" 
" 
" 

(LiC1 0 3) 4 .H
2

0 + LiC1 . 112O 

" " 

" " 
LiC1.H2O 

" 

" 
" 
" 

" 

67 



-

, 

, , , , 
LjCI03L-"---'L!.'_-"-~_Y.. __ "-_-'>L_--'L_--"''---_-'''-_ _ ''-_---'LICI 

Figure 13. The System: LiCl.0 3 - LiCl.-H
2

0 

Isotherm for 25.0 0C. 
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DISCUSSION 0]' RESULTS 

''lith the exception of a £'et'l slight refinements 

in temperature and composition, the solubility curves in 

the binary :phase diagram, Figure 9\i were essentiall.y the 

same as those previously determined by Y~aus and Burgees (17) , 

and by Berg (5). In general, their resUlts indicated a 

lO\1er solubility of lithium chlorate in \vater than that of the 

present \'JOrko This "lae most probably due to their not 

all.owing sufficient time for equilibrium conditione to 

be Bet UP<iI 

The existence of the trlr..ydrate '\-Taa fairly 

obvious from the shape of the phase diagram because it 

wa s a congruently mel ting compound. The flatness of the 

Bolubili ty curve, hovlever, did not lend i taeIt" to an 

accurate determination of the melting point~ A direct 

determina tion of the melting point <Has not suce essfUl 

~ither, bec ause of the difficulty involved in preparing 

and maintaining a I!lixture having the exact composition 

of the trihydrate,: 

In an attempt to solve this problem, the three 

isothermal ternar~t investigations of the system l ithium 

chlorate - Ii thium chloride - ,vater, at 3.0oC., 6.0oC., 

a and 8.5 C. were carried out. 

Then, because 1i thi um chlorate trihydrate is 



a congruently melting compoWld, the curve representing 

solutions in equilibritml '-lith this solid phase, at these 

temperatures, appears as a peninsula on the respective 
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pha se diagrams. TIle solutions, on each of these peninsula s, 

having a Ii thium c}1~orate content of 62.6 per cent, ,-/1110h 

is the composition of the trihydrate, would also have a 

'certain percentage of lithium chloride. These percentages 

of Ii thium chloride then could be plotted as absc isaae and 

the corresponding temperatures as ordinates. The resulting 

curve, on extrapolation to zero per cent Ii thium chloride , 

'·.'Quld intersect the temperature axis at the melting point of 

the trihydratcg 

The trihydrate, however, mel ted ut a tempera tvre 

less t han 8,5°0. The extrapolation of the line joining the 

two fi gures at 3.0oC., and G,OoC., indicated a melting point 

of 8. 7°C. Obviously this method was not sui table, 

In the binary study, hOHever, the trihydrate vJaS 

found to exist at B. l oC. and also did not exist ut 8.50C, 

The maximum on the binary solubility curve of the trihydrate 

indic uted the melting point to be S.4oC 0 Kraus and Bur gess (21) 

reported 8.0oe. and Berg (5) reported from S.loC. to 8.30C. 

as the melting point of the trihydrate. 

The trihydrate a l so fOl~ed four eutectics, two 

o 0 0 stable at .. 43.3 C., and -0.1 C. , and hIO meta stable a t -10.5 C. 

and -25°C. The solid phases in equilibrium \'li th solution 
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at these eutectics were listed ill Table XI. 

It "'us realized, ho",ever, that a binary investi­

gntion of the phase relations, by eol ubi li ty measurements, 

would not lea.d to c.n acClU'i1te determination of the corollosi tion 

of any incongruently mel tine compounds. It ,·!ould merely 

indic ate a t what tempere.ture a change in phase had cecm'red. 

I n a binary study of this type, involving a salt and water, 

tJ.1e cOlopos i tion of any incongruentl y mel tins compound could 

only be determined by direct analysis, or by ~he method of 

the :peritectic halt time (24 )9 Both of these methods are 

open to serious critic ism. The former almost u.l\'lays 6i ves 

misl ead ing results, especic.l1y if t\<,o possib ilities <ll"e 

very close to each other in composi tion, beec-use of the 

difficulty in removing all the ~dhering mother liquor 

from the hydrates. There is a lso the possibility of removing 

some of the water of hydration in the process of drying the 

sample. The latter method, '·.11ich in::.vol vee the plotting of 

the peri tec tic halt time agains t the c oroposi tion of the 

mixture being analysed, gives ttrl0 curves intersec ting at the 

composition of the inconeruently melting compound"\. The 

success of this method depends on the n.ccuracy .. vi th \'Ih1ch 

the composition of t he sal'::1ple is Imo\.,rn and on the determination 

of the halt time . Because of the many possibl e sources of 

error in the l atter determination, the method is seldom used 

except to obtain a rough approximation of the composition 

of the solid phase undergoing change. or being formed at this 

teml)eratUl.'e. 
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The solubility curves indicated that t,vo different 

solid phases existed in stable equilibrium with solutions 
o 0 

in the temperature intervals from -0.1 C ... to 2055 C., and 

from 20.50 C. to 42.0oC. The composi tiona of these phases 

were determined by isothermal ternary studies o~ the system: 
o 

lithium chlorate - lithium chloride - ~~ter. at 3.0 C. , 

6.0 De., a.50C., and 25°C. The phase diagrams at the three 

lO'oJer temperatures showed beyond doubt that the solid pha se 

in the lower temperature interval. actually \'laS the monohydrate 

of lithium chlorate. This, therefore, substantiates the 

work of Kraus and Burgess (1.7) , and Berg (5). 

The isothermal ternary study at 25°C. proved 

to be the most fruitful of the four. The interpretation 

of this study refuted the claims of Kraus and Burgess and of 

Berg, and yet it was also consistent \1ith their experimental 

data. 

It is \'Je11 lrno\'m that the successful. application 

of Schreinernukers ' method of "vret residues" depends 

largely on the accuracy of the chemical analyses employed 

as \-le11. as on the ability to remove as much solution from 

the vlet residue as possible. In the 25°C. isotherm, the 

hydrated lithium chlorate residue never contained more than 

11 per cent water . This, by nor.mal standards, could hardly 

be i mproved upon since about 4.7 per cent \>later \·ras present 

in the hydrate. 

Al though the chlorate analysis \<las claimed to 

'.-' 



be accurate to Hithin t 0.4 per c ent, the accuracy ''las 

considered to be better than ~O. 2 per cent, in samples 

74 

very rich in lithium chlorate. The standard gravimetric 

method of determining chloride, ho,.;ever, was c apable of far 

better accurac y than this. Therefore this method \lTaB u s ed 

in this study for the ~alysis of lithium chloride. 

In F i gure 14, the tie-lines joining the 

compositions of the liquid phase and the wet residue cross 

the lithium. c hlor ate reference l ines at on ongle of about 

seventy degreese T'aer efore, if there \'lere a maximum possible 

error of'::tO.2 per cent lith ium chlorate in the analysis 

of the tvet residue, this \'lould not l ead to an error of 

greater than!: 0.1 per cent Ii thium c hlorate in t h e composi­

tion of t h e equilibrium solid phase. The consequences of 

an error in the lithium chloride analYBis are far more 

serious, b ec ause the directions of the tie-lines and the 

reference line of li t h ium chloride approMh each other. 

The standard gravimetric raethod \ 'JaS c hosen for this reason. 

The fac t that none of fue tie-l.ines ever crossed 

and that they all converged to a single compos ition when 

extrapolated, indicated that the a.nalyses were of sufficient 

accuracy and tbat equilibrium had been renc hed in a ll c ases" 

As 0. checl.: on the p oss i b ility of ~ consistent error i n the 

proc edure , the data \V'ere compared \'ii t h a po int which had 

been deterrnineJ. about a month before. These :points indic a.ted 



t h e so-me solid }lhase and therefore left no doubt t hat the 

hydro.te stable a t 25 °C. had t h e composition corresponding 

"to (LiCI 03)4.U20. 
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I!1 J'igure 1 4, there are no experimentally 

determi ned solubilities represc::1.ting solutions C onto.. ining 

f rom 5 .8 to 9.16 Der c ent li thi um Chlol' ide.. In order to 

D!'ove that a "brec...'l.c did, not occur in the solub ility curve in 

this rC'.ng e, the Het residues fr om the t"IO deterrninc.tions ll 

7 and 8, ",ere investigated ,-lith a polarizing microscol)e. 

The solid pMne i n both c nses Ha.S the so.l'le , a l though a 

slight amount of tb-e monohydrute of lithium chlor ide ~~ys 9re­

sent in number 8. 'l'hcrefore, the invo.ri a.nt solutions, 8 11 9, 

and 10 , ",ere nctuo.lly in equilibrium 1,oli th the one-fourth 

hydrate of Ii thium chlort:. t e a nd t he monohydra te of 1i t h i wn 

chloride. 

Ber g's cla im for t he existence of a one-third 

hydr a te has been refuted on t h e evidence found in thi s 

tern?~y study a t 25°C. In addition, photomicrographs of 

, .. ret r es idue 7 and t hose obtained by Berg of h is proposed 

one-t h ird hydrate "Jere the same . 'Theref ore, s i nce the 

hydrate in this work h<1d the conposi tion of a. one-four t h 

hydrate, the :b..ydrc..te i sol ated by Ber g must also have had this 

composition. The method of the :peritectic h<:ut time, used 

by h i m, Has obvi ously not 3ensi t i ve en oue;t"l. to deter!.line 

the ex.n.c t C OI!lDosi ti on of the hydra.te. Kraus and Bure;ess$ 
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on the other hand, had apparently eliminated B.ergls claim 

for the one-th ird hydrate on the "grounds that a mixture 

containing 6.55 per cent "Jater defini tely showed the 

o 0 
presence of solution between 21.0 C. and 41.5 C. If t he 

solid phuse WG'.S the one-third hydrate~ containing 6.2 per 

cent ,-'rater, the mixture \;!Quld not supply an observable o.mOlmt 

of solution. A mixture of this composition, in which the solid 

pho.se Ivas the one-fourth hydrate, however. \'lould sUPDly 

the observed solution. 

At 42.0oC., the one-f ourth hyd.rate unden'lent 

2. I)cri tee tic transition to the a nhyd.:cous salt und solution. 

The anhydrous salt formed at 42°C. is the first of t,,;o 

allotropic modific D.ti ol1s. This form ''IUS the one stable 

at r oom ter;rperD.ture and corresponds to the beta form 

prev.tously found by l:ro.us and Burgesso The X-ro.y diffrac tion 

puttern of this modificr:.t ion \"las determined und the chD.l"D.Cter-

is~ic u and I vdlucs are listed in Tables VIII and IXo 

The transition from. the beta "1;0 tile alpha form 

\'las investigated by t.hermal analysis, dilatometry and by 

A-ray diffrv.ction. The former 'i:JaS the only method that 

yielded satisfactory results, indicating that the transition 

took place l"eversibly at gg.SoC. This value compor e d 

fav ollI'ably \'1i th those reported by iCraus and Burgess and 

by Eergo The latter t\-JQ methods Here fOWld to be unsuccessful, 

although the dilatometer shoHed a marked incre0.5e in volume 



",!hen the beta to alpha trc.n:;d t i on taol.: l)lace , in the r a.nge 

frOTJ 84.1 DC II to lon De . 

If the hemi hydrate of Ii thium ohler ute prepared 

"" , , 

by 1Ji:i.chter (2G), Troost ( 25), :Potilitzin ( 20) , a.nd Bruhl (7) 

d i d inde ed exist, it ",'anld w1doubtedly be f orl:1ed f rom the 

monohydr".te in ~ per i tee tic transforl:u'.t i on.. The pllenom.enon 

\'fQul d :l:pperu:' as n. brcal;: in the EJ 01 ubili t y curve on the 

, °c binc::.ry phace dingr<'\lIlo :ro such b reak occurred oet\:ecn -0. 1 • 

a nd 20 05 0C. The r.lOllo.hydrc.te "i.ras ehoi:m to be t~le oolid 

ph~se in stc.bl e equilibrium \lith sol u tion::; in t h i:J temperD.-

turc"intervl".l. There M>.tJ no br e::cl..: in the solubility curve 

from 20.S0C. to 420CII either . The one-fourth hydrate \';0.3 

sho"m to be the ot able phase in this te~perature lntervaL~ 

Therefore, t hel"e is no doubt the.t t he hemi hydrate of 1i thitml 

chlo:.~[!,te dOCD not exist <::'13 8. stable solid p..,yclro.te and there 

hnye been no ind ic at ion:J of it ever ::.:.:ppearing 0.0 D. me to.stable 

ph.o.oe in thi 0 c t udy. 

l::rauo a.nd 3:'.Ice03 cl::-.imec.. ·cha.t anhydI.'OUfl Ii t hiuo. 

chlo~'c.te could c::i ::.t in t'TI: ee ena...'ltiotrop ic i'orms . T\IO of' 

t:"'.eoc , the ~'..lphc. and oetc., 1.:ere confi'!"I!led by :Jerg u.nd also 

i n the :proncnt \vorx. ::-ei th.cr l:ro..us cnd B!.U'c;cso nor Berg 

could o::'for <lny evidence ind.ica.t,ing tho.t a G::U:ll:m, to bete. 

tro,nSf Ol'::l::.:.ti on rod ever occurred. 

In t:le present \'lork, t :le teclmi quee of dilatometry" 

thermu.l analysis, sol ubility, and X-r<J.y dif fr ac tion \'Jere 



used to ti~Y u.nd detect the Pl'cc(:nce of the GOJl1!!1f!. forr:l or 

the supposed gUl:nna to b e ta transition. '1'J.le first two of 

tilese !!lethodc \lere applied \Ii th c;reu.t C2,xe and no such 

phenomenon \'las detected. The Golubili t y curves sho\l!'ed 

, .,,\ 
," 

no breu.}:c that \:1ould indicate t~le prcsencl.} of a GanIlIk'1.. to :)eta 

tro.ns i tio!}", j?il1D.lly t:~e X-ray cliffru.ct ioll tec~llli'lue uao 

u3ed to elir.1inate the i'J ossibili ty of 0. monotro:,;. ic nodifica-

tion. This \"/US £:.Co o[apl i shed by obtaining a d i f.fru.c tion 

DD.ttern of D. sample that had never been h~D.ted. The oa~le 

ULl;:) then he<;!. ted to coDe. for one \'/eek and 2.110\led to cool 

bef ore obta..lni:ng another cliffI'<lC ti oD put tern of the s<')J..1e 

5<lmple. ':'hese t\10 :p~ttc:rn::.: ,"/ere the so...rne. 

If t:ld <lllhydl'oUS salt hu.d been 0. n ono tropic 

r.lodification, prolonged lwatinG HOulcl :haye caused t h is 

fOl.1.i to change to th •. l.t of the stable form . Since t:le 

change would have been i rl"cversible, the stable form 

\'Jould ret;'lain "'hen the temperature \'n!.S lower ed. 'l'hen, 

the s0cond J.il'fruction pattel~n \·!Ould have been different 

from the first becau::;e the unit cells of the re3i!ective 

forma would of necessity have lw.d different dii.lensiol1s. 

This ,":a::k, ~~herefore, refuted the clo..im of 

KrC.'..l3 .... nd BurGess that go..l""Jl!",.:c. Ii tlliurn chlora.te exicted a s 

u. sta.ble u.llotr01Jic modif ic at ioll of the arL1Yclrous so.lto 

It :::.l~o elimina ted the possibility of 'C.l e gUilI!:lCl form. 

existing as U :TIano tropic modif ication. 
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The isothermal ternary study of the system 

lithium chlorate, lithium chloride, "Tater, at 3.0, 6.0 

and a.50C, indicated that the stable phase, at these 

temperatures, in the binary system lithium chloride and 

water .... Jas the dihydrate of lithium chloride. The addition 

of lithium chlorate to the binary system caused this hydrate 

to lose one molecule of \-later v/hen the solutions reached 

the compositions of the invariant points shown in the phase 

diagrams. At 25.0oC, the stable phase in the binary system 

"las the monohydrate of lithium chloride. 

The transition temperature from the monohydrate 

to the dihyc:ti:ate of lithiwn chloride vIas determined to be 

o 
12.5' ~O.1 C. This corresponded to the value given- by 

Huttig and Reuscher (13). 

.. 



COllCLUSIOllS 

~(t 'rhe phase diagram of the system I i thiurn chlorate and 

2. 

,.m. ter has been detcrmined~ 

'1'11e is o thermal pho.se ditlc;ro.ms 

LiC l - H
2

0 at 3.0oC., G.oDe., 

been determined. 

of the system LiC I 0
3 

-

o 0 8.5 C .. , f'..]1d 25 C. have 

3. L i thium chlorate forms three hydrates havi ng the fo l lo\·ling 

formulee: 

(i) (UC10 3 ) 4·H20 sta.ble from 20.5 0 C. to 42°C. 

(ii) L iC10 3 · HZO st.:::.bl e from 0 to 20.50 C. - -O.J. c. 

o - n.el ts at 8 .. 4 C. 

The hydrate having the formula (LiC ~O ) .H..,O proposed 
3 3 ~ 

by Ber g (4,5) ,m.s sho\JJ1 to have the formulo. (LiC103)4. Jl20. 

4. The transition tempel·u.ture bahleen the mono and d i hydrates 

of li thium chlor i de has been determined to be 1 2 .. 5 ~ a.loC., 

confirming tl~c re sults of Huttig and Rauscher (1 3). 

5. L i thi um c hlorate and l ithi um c hloride d o n o t form any 

o 0 0 0 
doubl e salts at 3.0 C., 6.0 C., 8 . 5 C., and 25 C . 

6. Lithium chlorate can exist in tuo enantiotropic forms, 

alpha and betv., and the truns i t ion,o{ ~ ~ , has been sho\-nl 

o to truce p l ace nt 99 08 C. The al pha form has the l ower 

density. Tne gamma form proposed by Kruus and Bureess (l?)~ 
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6. does not exist as a stable or n etastable modification 

of the anhydrous salt. 

7. The X ... ray (liffraction pattern of beta LiC 10 has been 
3 

obtained and a met hod for obtaining the diffraction 

pattern of alpha. LiCI0
3 

has been proposed. 

8. A TJodifica.tion of the stnnd<:>..rd iodonetric analysis of 

(~:03) has been developed and successfully applied to 

Ii thium chlorate, )1h01"e (X) is any halogen . 

81 



The convention used in compi ling this bib1iocraphy 

i s t he lSar.ie D.S in t he Canadien Journcl. of Chemistry. 

1.. Bancroft,:I. Ph"{sic[l.l Chcrn", !h 179 (1902). 

2~ Ibid., e. anore .. Chcrn., 40, 148 (1901). 

3. Berg L. , ~. enorh. Chcmo. 155 9 311 (1926). 

4 . I bid., 1 66 , 831 (1927 ). 

5. ~ •• 1Ql. 131 (1939). 

6. Bragg "/.L., ItAto!!lic Structure of Minerals , II Cor!lell 
Uni vcr si ty Preaa, ire,·, York (1937). 

7. BrUhl. E., Bull. §.QQ.. indo miner.:11e, 35 , 1 55 0.912). 

8. Bunn C . 1:1 0 , IIChemic<:'.1 Crystallog:L.~D.phy, II Clr;.r endon 
Press, Oxford (19'18). 

9. 7indlo.y A.., Campbell A.If., and Smith IT.O., li The Phuse 
I{ule and ito ADPlic .r.tiens , II ::inth eeli tien, Dover 
Publishing Inc. (1951). 

10. Ibid., pp .. 277 - 281. 

12. Gi bbs J. \'i., ':.'r::l.l1s . Conn. Ac ad. (1874 - 8) . 

13. Gme1ins TInndbuch der nnorganischen Chemie, Tei1 20, 
Lithium, Ver1ac; ChemieG.m.b.II., Berlin (1926), p.125 . 

14-; ITazle,·,ood E.A., Z .. Kris t ., .2,§., 439 (19.)8). 

15. Kalthoff I .H. , and Sandell E.B., " Q,uanti t a ti ve Inorganic 
Ana1ysis,1I j!aci: i11D.D.~ Third edition (1 952), p .. 543. 

1 6. ~., p~303. 

17. Kraus C.A. o .. l1d Burgess H.:1., l. Am. Chern. Soc., 49, 1 226 (1 927; 



1 8. 1:"r..ct;i11 nvry C .. !T. C'.l1d 'V<'.n :--:cl..:: C .L.r., ~. Trav. Chi:l . , 
62 , 729 (1 943) . 

19.. i:ylius and Funk, TIcr .. 30, 1716 (18C7). 

20. Potilitzin, l. :! UOD w Fhy~. Chem~ Sqc., 12, 840 (1683). 

21. R etger s,~. nhysik. chem., 5 , 449 (1890 )0 

22. TI ooz eboom, ~. phyGicv.l~ chemie .. , 15, 1 45 (1894). 

23. Schreinemakers, I bid. , 11, 76 (1893) D 

24 . TaIIIIUIlnn, ~. anorg .. chem.,. 37, 303 (1903) • 

25 e Troost, Ann.,. Chim. :riki§.., (3 J , a,l 1 30 (1857). 

2G. IlMhter, ;[. prakt. ~., lQ.1' 321 (1843) • 

27 . We:Jt C .. D., ~. liXi st., 88 , 198 (1 9:54) • 

-


	Griffiths, The Ternary1
	2
	Griffiths, The Ternary3

