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.qBSTRACT

The density (e.o8e'gms. 
".-f;, 

,ri""o"ity (0.35 poise), surface
ìl¡r,ension (85 ¿¡,ne s cn-r) and electricaf conrluctance (O.ll5 ohï--cn )

¿nd '¿heir tenperature dependence have been determj:red for moLten

lithiuin chloralle. Si¡ril-ar resu-lts have been obtained for l-ithiu¡¿

chlorate rnelts containing snnll quantities of methyl alcohol,

propyl alcohol, lithium rritra'r,e, lithium h¡.'droxide and !,Êter.

The resu.Lts obtained for pure lithíum chl-ora'ue all i¡rdicate

the cornpledty of the nelt constituents. It has been shown that

there is probably considerable association. This is especÌally

evident slightly above the nelting point, for at these temperatr.res

the temperatul'e change of the properties of molten l-ithiurn chforate

is greatest.

A sj¡rllar actilaì,ion energy is found for the c onduetance of

lithiurn chlorate and its lithium nitrate ¡rixtures as for the ¿cti-

vation energy of viscous fJ-ow for a pure lithium melt. Thís shoürs

that the melt constituents are not px'imarily the s imple ions, but

that some form of cohesion exists betrreen the s ìmple melt con-

stituents.

The addition of uater to the fithiu¡n chlorate rneft causes

the nelt propel:tie s to åfter considerably, e specially the t"ansport

properties (viscosity and conductance). These changes are i:r part

due to ¿ breakup of the st¡uctural en'',itíes in the pure rnelt though



the i-ncrease i-,r efectrical condrrction canno.u be eompleteiy explai¡ed

by this. .4- cryoscopic investigation and a lì¡.man spe c.Lrun of the

effects of ¡^:ater additions bcth show that the &eter i-s not present

as a simple writ in the nel-t: in fact the Raman spectru.,n shows the

uater has lost its identity.
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CHN.PTER ]

GENT,A,AT AND THEONETÌCA], TNTRODUCT]ON

The liquid state is the most complex and least understood of

the states of natter. Though the gaseous and sol-id states had been

the subject of i¡nu¡nerable investÍgati crrs, prior to the l-920ts fittl-e

interest was sholvzr il the liquid state, it beilg considered as a

condensed gas retaini-ng complete disorder. Ilue to the resul-ts of

nany X-ray investigati-ons and other observatj-ons on liquids at this

ti.:ne, i-ntere st became stimulated, and røny Fs,pers r^rere publi shed ìl
the following years on the general subject of liquids, notably those

Iof Stel.¡art. Steua¡t e)çlêirled the diffuse halos he obtaj¡ed from

X-ray investigations as caused by temporary crystalline aggregates

call-ed rrCybobatic Groupsrr, wtrich were pre sent in the liquid structure.

Ste artrs hypothesis of the çresence of these c¡ztobatic groups uas

descriptive in nature, and rnny nathenatical treatments of liquids

foLloued which would correspond n:lth this physical situation. For
2

exanple, Be¡nal considered that each liquid retaÍned basically a

crystal structure, such as face cent"ed cubic, but that the position

of each of the coordinating spheres sr:rrounding the atom uas alterilg

continually. These s urr our¡dilg positions were given by a gaussian

distribution, the positi-on of rnaximum probabil-ity beÍng the norrÞl

equilibriun position of the atom jrl the crystal-" Thus, if the

lattice ¡¡as viev¡ed it would appear blurred. Bernal- al.so assumed that



2.

the normal equjl"ibriun position of the coordi¡atiag spheres, and the

nu.nber of spheres in the coordinating shell, r,rere temperature and.

pressure dependent.

Olher ¿uthors attempted to elucidate liquid structure by

explai-ni-ng why there i.s a definite melt ilg poi-nt for a substance"
al.

Studies of alloys"* indicated that a s olid is characterized by two

kínds of order, long range order and short range order. Long range

order in a crystal denands an orderþ spatial arrangement of êtoms

at large distances with respect to the central l¿ttice site, whereas

short range order denands that atoms i¡ the i:¡nediate vicjnity of

another atom be arranged in an orderly pattern with respect to that

atom. As the tenperature of the crystal is raised, the long range

order at first decreases s1ow1y, and then is suddenþ lost cornpletely,

hrhile the short rarige order persÍsts over a temperature range,

gradually decreasilg Lo zero at a temperature r,mch higher than that

å.t which the long range order collapsed. This sudden loss of long

range order is the nelting process; the short rarrge order becoming

essentìal1y zero at vaporization. Lj¡rderup.nn assumed that the

melting process occurred when the anplitude of vibrations of the atoms

in a erystal reached a certain fraction of the lattice energy, whereas
c

i{ott and Gurney- associated the ineltìng process u:ith a breakup of the

crystaL into many poJ-ycrystall5re species.



a

¿
l,ennard-Jones" pictured the atoms of a liquid as being jn

cages, enclosed by theír nearest neighbours, the siøe of the cage

and the mlnber of nearest neighbours bei_ng the sa¡re for al_l ato¡ns

present. The potential energy of the cage r¡¡as considered to be

s¡m[netrical about Ìrhe centre, varying i¡ value fron i-¡lfi-nity at the

edge of the cage to a rn:i¡jmr.r¡n some¡¡¡here j¡rside it. Using this basÍe

nodel, the authors were able to predict tlre critical properties and

boi1jng point for a few simple liquids. The prj$ary advantage of

this approach ¡¡as that the configurational_ jntegral_ coufd be

evafuated reJatively easiþ. The confÍgurational integral is the

terrn j¡ a partition fi:nction correspondjng to the potential- energy.

If the partition function is knor,m, then the other thermod¡manic

pu'opertie s nray be calculated i-n the nanrìer of statistical me chan-ic s.

For the model proposed by Lenr¡ard-Jones the partition function takes

the forrn

1.I r.''... . {= *, lkffÐJcr
where C.J is the c onfigurational jntegral.

0ther attenLpts have been nøde v¡:ith si¡rilar mod-els using various

metlrods for eval-uatÍng the c onfigurational integral, nota;bþ those of

Kirkwood.T and Green. 
S ln general, the ¡esults have been poor. I,fore

satisfactory has been the approach of Etrrj¡g et a1.9 Froá the con-

cept of holes and al.so solid-Ul<e structures v:ith:iri liquids, Eyrirrg

developed a partition function based. on these t¡¡o signifícant



structures:-
?PPr'2;".. J = Iror,d . t qasdþ*s

Irke
Frorn this composite partition firnction he obtai¡ed satisfactory cor-

relation between ÍFlry thernodJmanic and transport properties of

liquids. This function may be siarilarty developed for simple molten

safts. For an afkali hal-ide the partition functior¡ per nol_e has the

forur ¡ -

*(err-.hr)iev 8n.Ikr , 1('-ç¡*
1- -------1y. t
t ¡tt. hr- ,- o- ñ)

rù¡ere ^h= ^(ir-,)
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The concept of hole s being present j¡ a liquid, used by Eyring

in the developrnent of the partition iìr¡"tion of equation (3), tras rnuch

experimentaL support. Ijbbelohde and his 
"o-ro"k"."I0' 

ff h.rr" 
"ho*,

that a typical- vohme j¡crease on fusion for an alkali hal-ide is 20-30

per cent of the ¡nolar volume of the sol-id. From mea surement s oi the

velocity of ul-trasonic vj.brations, Bockris and Richardsl2 calcul-ated

the compressibifity and hence free vol_ume of several mol_ten sal-ts

includíng the hal-ides investigated by Ubbelohde. They found the

free vol-ume increase on meltÍng was 2 per cent of t,he mol¿r volume

compared to the tot¿l volume increase of 30 per cent. The logical

explånation v¡as the forrsti-on of ho1es.

Thus it can be seen that attention has been fo cussed on the

nathenatj-cal uaderstanding of the structure of l-i.guids. l,j.quids

nåy rationally be subdivided jlto a nu¡r¡ber of different classes, the

class being determined by the difference j¡ type and s¡rnnretry of the

intermolecular forces among the constituent pa.rticles, vÍ2. nonpolar

lÍquids, polar liquids, hydro:gr] and hydrogen bonded ìiquids, metallic

liquids and ionis liquids. Nonpolar liquids jr¡cl_ude those forned by

the rare gases, and also the lor^rer lqrdrocarbons such as methane.

PoJar liquÍds are formed fronr substances which have a d.irect electro-

stati-c inter¿ction betr¡¡een permanent dÍpole roonrents superimposed on a

force field which is other¡¡ise a}nost s¡rmnetrical. Al_so incl-uded j:t

this el-ass are liquids formed from moLe cules rith quadrupole mornents
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such as carbon diorride and the mercuric halides. The hydro:<yl and

hydrogen bonded cl.¿ss of liquids are self explanatory, and the metal-l-ic

liçuids are of course the molten metals. ïoruic liquids i¡tcl-ude those

for¡ned from the simple sa1ts, such ê,s the alkal-i halides, and from

other highly c onducting fused salts possessing directional forces. 11

recent years the importance of these iorric liquids in nany fields of

science has j¡creased rapidly. T-r addition to their use il the pro-

duction of nÉ.ny of the rarer netals, ionic melt s often have physical

properties such as high temperature stability, low vapour pressure,

and excellent solvent and conduction powers, which give them further

technologi-cal advantages. For these reasons there has been a vesur-

gence of research activity on the fundamental properties of molten

salts. Moreover, they offer an opportirnity to study that portion of

the liquid state i¡ r+hich charged particles are j¡ inti:nate contact,

and coulornbic forces predorri-nate. Genera l- liquid properties, and the

the oretical- developrnents cited earlier apply eqiralJ.y to fused saft

nnelts, though slight nodificati-ons of the theories may be necessary.

Á compa,rative test of various proposed models for the liquid

state has recently been nade by Bocleis. The nodels e:çamj¡ed were:-

(1) The quasi-l-attice nodel-

(Z) tire hole nodel of Färth

(3) fire crystallite ¡nodel of I'tott

(¿) fire potyhedral hole theory of Be]Ylal
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(5) ttre Jj-quid free vol-une model- of Cohen

(ó) fne signiíicarrt structure the ory of Eyrùe.

The properties calcuJ-ated were volume change on fusion, entropy

change on fusion, compressibility, ex¡n.nsivity, ancl s e Lf-diffusi on.

The results sholred that the hole theory and t¡ìe significant structure

theory were most satisfactory il predicting the value of these

enperÍmental quantities.

The hol,e model for liquids regards the liquíd as a quasi*

crystalli-ne l¿ttice structure consisting of rnoLecuJ-es and hol_es.

The hol-es vary in size and shape with time due to the randqn move-

nents r¡rithin the IÍquid caused by thernal- fluctuations and Bromian

moüion. Si¡ce the lifeti¡ne of a void of mol-ecular di-¡nensions is of

the order of a few l-attice vibration periods, the holes disappear

and reappear again at a neighbouring lattice site c ontinuously.

The static and transport properties of the 1Íquid may be

calculated using these stnrctural for¡ndations. The rne charrism of

moJ.eeul¿r transport is envisaged as the jumpilg of a molecul_e from

one l¿ttice site to a neighbor:ri-ng vacancy in the direction of fl_ow.

Often such motion has been treated successfully by tlre absolute rate
.. 13
lne ory.

Thus the pü'ocess of fusion of a clystal_Ii¡e l¿ttice is thought

to produce a melt consisting of holes and of nelt uni-ts, which nray be

predornìnantly either rooJ-e cul-e s, poJ-¡nneric units or ions, depending on

the type of liquid formed. Often the e Ie cirical conductiv:ity of a
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nolten sal-t is higtr (for sodiurn chloride the equival-ent c ond.uctance

is 143 rìhos), indicatjng an ionic ¡re1t. Low el-ectrical conducàivity

impl:les a high degree of covalency il the rnelt, but this does not

necessarily mean the presence of nol.eeular units in the crystal,

sj¡ce fusion nE J¡ cause a fi¡ndanental- change 5-n bonding. The process

of crystal fusíon represents a transiti on betueen two stabl_e states

of natier, one with a high degree of order and lolù energ'y, the other

ro:i,th a lower degree of o¡der but highe r energy. The latent heat of

fusion, AH¡ rvaries considerably, dependirrg upon the substance under

investigation, it beÍlg the energr required to overcore the attrac-

tive intermolecul..a.r fo¡ces of the crystal. The variation of the

entropy of fusíon, A S¡, is sre.Il, namel-y l-ess than one order of

nagnitude for nearþ all substances, jldÍcatiag that the order-

di-sord.er process is the same fcn al-l fusion processes. The prJ-ncipal

mechanisms contri-buti,ng to this rando¡rizatio¡.:. in mel-tirtg are

cl¿ssifi,ed as:-

(a) Increase in vibrational- entropl¡ due to l-ooser

pecking, and a consequent decrease of characteristíc frequencie s

j¡r tl¡e nel-t ÂSn

(b) I:crease of orientational ¡andomization due to the

ìa.rked reduction of repulsion barriers accompanying the expansion j_n

volume on nel-ting {S..
(c) I:crease in posítional disord.er on nelti.rtg ASf.
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(d) Fandordzation of the internal- configuratíons of

mol-ecules or ions containing flexible groups Á56.

(e) Changes of association or chemical b onding on

melting [S-.
Thus

1.1,)..... ASS = ASv * ASo+ASt + AS" +4ç,o
tl.

l.lbbelohde* postulates that l-ow-rLelting salts containing ions

such as CfÇ forrør melts iJì whieh appu.eciable concentrati-cns of

association complexes are present, and hence ALfra" an appreciable

val-ue.

A knowledge of the species present in a melt, whether for¡ned

from a pure salt or from a mixture, is of prjlrary inportance il the

understanding of its Ìiquid propertíes. The therrnodyoanic principle s

used for ÌÞ.ny years i¡t classical- cheÍListry elppþ also to molten salts,

and often provide valuable infornatj-on on the melt structure, for

oample, the use of cryoscopy. The freezing point depression exhi-

bited by a s olvent -solute system is a quantitative property dependÌng

on the nature of the solvent, and the activity of the soLute particles,

whether íons or molecules. Bloom and Richrrd"l5 have strown from

e.m.f. measureaents that the activity coefficients of mol-ten salt

systerns a¡e al¡ost urrity, and hence the slope of the freeøing poj-nt

depression curve is the constant of the Raoult-Van t t Hoff lawt-
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Solute Ioniza'b:þn

+-
KF

KoTiF,Êo

K. mi

Cryoscopic Depression
Theoretical Observed

--=2l\ ló
Â1. = 

- 

lr1¿

' 10o6 Lo

r¡"¡u ÂT¡i" the freezi.ng poi-nt depression, T6 the freezing point of

the solvent, and rh, the concentration of the s olute in nolality,

ff the solute ionizes or dÍs.sôciates, each particle forûFd acts

independentþ of the others, and the 
"q,,"ïior, 

corresponding to (J)

becomes

L;!q ..... 1T.1 " ' VçKg.'n,¡ '

where )¿ is the number of particles forne d per added nolecule.
16. 1?. 18'

Janz eþ a\ il-lustrate the cornbined use of cryo-

scopÍc and. "o*r*or.r.rc investigations i¡ thej-r study of the

behaviour of KF a¡d K2TiF6 in a KCl-liCl eutectic me1t. Thet-
cornbined results jr¡dicate the following ionization processes!-

KF=K +F I 1
..ÈKrTiF5=zK'+2F +Tíî4 3 3

T"tnp,tdnl9 studied the cryoscopic aspects of thermodJûanrics

and Snterpreted the¡r' structurally. He showed that the freezÍng

point depression èquation is obeyed if the activity of a sal-t ÇAO

jl a mi:rture is gÍven by the relationship

- *r.*

:..1

"1Êsr
ì( --.-?, =

('¡-

1.J-...... CL=
lnl"_ Aj

fo=-n
N*=.n' N^r-
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r,rhere the ion fractíons N"=,* rrrd N¡, ar. given by the ratio of

the amount of a gÍven ionic species to t lre total- amount of ions of

the same sign Ìn the system. The Tempkín model, ideal for molten

ionic salts, ¡^¡hen statistieally interpneted corresponds to the

anions and cs,tions beìrrg randornly distributed amongst themselves,

such that each anion Ís su.rrou¡.ded by catíons, and vice versa.

From these structural concepts, artd tlìe deviations of such

systerLs frouL ideality, studie s have been nade of the relative degree

of ionic or covalent b onding between nearest neighbours. Data on the

heat of fusion and entropy of fusion, both calori.:rtetric ånd cryo-

scopic in origil, ha ve been used to interpret tlle structural changes

of sol"ids on meltìrrg.

ft cãn be seen that both the classÍcal and. modern experimental

te chniques, whích have been used to investigate aqueous solutions

and other media, rnay be equally uelJ- suíted for lrigh temperature

investigations of molten saIts. 0f the nodern techniques, the

applieation of Ra¡ian spectroscopy affords perhaps the nost j¡forrna-

tion relative to nreft structrire. From Ranan absorbtion spectra Ít
is possible to disti:rguish betr¡een several of the possible models of

liquid structure. If the ¡rodel- was that of classical theory, com-

pressed gas havi-ng complete disorder, then a c ontinuous spectnrm

l{ould be obsefl¡ed. If the tiquid had a microcrystaflj¡e structure,

that is, ¡rinute but perfectly crystalline agglegates floatÍng w-ithín

a mediu¡n of non-oriented molecules, then the Rauan lines should decrease
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in intensity on fusion of the solid, but the jr relative width and

position should stay the sa¡le. ff a quasi-crystalline nodel applies,

i¡r which a correl¿tion exists between the mutuaf orientations and

distances of neighbouring rnolecule s, spreading over nìany mole cul-e s

but gettÍng vreaker as distance ircreases, then the Ra¡nan lines should

i¡rcrease i-n breadth and suffer a slight displaeenent to a lower

frequency.

The fact that laman frequencie s persíst il a nelt up to

several hu¡dred degrees above the meltiag poirrt2o is an jndication

that the observed frequencies are not due to vibrations jl the crystal

lattice, but rather are due to osciLlations of molecular c omplexes

havÍ-ng some degree of homopolar bonding. Substances w-ith onþ hetero-

polar bonding shoi{ no Ranan activity. trr general, the pulsation

frequency due to a complex in a ne lt lie s belou that of the pure

compound if the complex is a single molecule, and líe s above this

frequency if the coraplex exlsts in either a highly pol¡aneric or

highl-y associated form, such as i¡ zj¡c chloride. ã

Thus, during the past thjrty years the liquid state has

reeeíved much attention. The r¡athenatical- treatment s proposed

i.rr-itiaIly for non-polar Ìiquids have been adapted and applied in

general to molten salts. No theoretical- relati"onship has yet been

advanced which wÍI1 satisfactorily predict the propertíes of a ne1t,

though c cnsiderable success has been achieved using the hole theory

of firltn and the s ignificant structure theory of Eyri¡rg. This success
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shoûs that the .model of the ¡relt upon lrfnich these theories are based

Ís substantÍa1ly correct--name1y, a b inary rnixture of nelt constituents

and holes, throughout ¡,ùich short range order and l-ong range disorde?

ercists.
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NATUNE OF THT; PROBT,F1VT

No satisfaetoIy theory has yet been proposed ¡rhich can predict

the physical pnoperti-es of concent¡ated aqueous sol-utions. The exbreme

of a concentrated aqueous s olution is one j¡ which uater itself j_s by

far the ninor c omponent, as is observed when a srnall amount of v¡ater

is added to a mel-t. The tenacity with which r.rater is retai_ned by

some molten salts has been notíced by nany 
"o"ku""rl2, 

22' 23' 24

and the solubility of ¡rater vapour in several systems has been

experimentally ur.arirr"d.25, 26 
No attenpt has been nade to conplete

thís investigation of the salt-r¡ater system in the region of the me1t,

nor have there been any theoreticar publications on the conductance of
fused salts to r¡¡hich a littLe inert lrsolventrr has been added. It uas

for this reason that the density, v:Lscosity, surface tension and

conductance of molten lithiurtt chlorate and its rli:<tlrre s containing

srøl-l noLe fractíons of ¡¡ater r,rcre investigated. To correfate the

changes i¡ these properties with the rnelt constituents, organic

compounds and Ínorganic salts were also chosen as additives. The

organic compounds rnethyl alcohol- and propyf alcohol_ were chosen so thåt

the effect of the mol-e cular size of the additive would then be

ap¡e.rent. Lithium nitrate tas ehosen as an inorganic salt additive,

the thernodynamics of lithiun nitrate ÍLixtures beì.g simultaneousry

investigated by r4r. Nagara ¡unr27 in this laboratory. r,ithir:¡o h¡nJro:<ide
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ïas chosen as tlìe second iaorganic substance, si¡ce after a prelirn_inary

survey of the conductance of r,e,ter nixtures, it r,¿as of great i¡terest

to compa.re the pu'operty changes caused by an Íonic hydroxide to those

caused by the uater additions.

The theoretical considerations applied to the results are those

developed for mol-ten sal-ts.
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SUR]TEY OF TI{Ð LITffiATI]RE

Aqueous lühiun chlorate solutions have been Ínvestigated

throughout the complete range of concentration by llraus r and

28 )q 1^
Br:rgessr-" Kl-oschko and Grigorjew r'' and. Campbell et a1.'" The

experimental standards employed by Krauss and Burgéss28 are no

longer considered satÍsfactory. Klotschko and Grígorjefg

compa.red their resul-ts with the plra se diagram of the ¡¡ater-lithium

chl-orate system; hor,¡,rever, the constituents of the solid phase need

not necessari-1y be those of the liqui-d phase, and. any correlation

between specific conductance and the equilibriun diagrån is

arbitrary. The latest ilvestigation of the lithium chl-oratc-1,¡ater

system was that of Ca.rnpbell et al-.30 Thcugh these worker s studied

the conplete concentration range, the experlmental teehniques used

restricted the result s in the 9O-100 per cent lithium chlorate

range, so that only a single observation 18. s lrÞde for these concen-

trations.

Conductance and viscosity isothe rms of the complete concen-

tration range for s j-lver nitrate-r,Jater and arnmoniu¡r nitrate-¡,¡ater

systems'- have also been d.etermj¡ed, though agai-n no particuì-ar

attention vras paid to the 9O-lO0 per cent salt region. K".n*32

studied the cryoscopic behav-iour of snu,Ll amounts of r"¡ater i¡r

a¡¡monium nitrate and showed that the lrrater dissofved lrithout ioníza-
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ti-on or association.

A few surveys of the solubiJ-ity of gases in a melt have been
aÈ aL

undertakenr'2' '" but no flrrther pz'operties of these melts have been

determined. Duke and Doan25 showed that r,later vapour has a strikiågly

greater solubility i¡r nelts containilg l,i+, the solubifity in general

varying as the square of the Li+ concentration.

Even less r¡ork has been publ-ished on systems of molten sal-ts

plus a snafJ. mole fra ction of an organi-c compound, though nÊny

studies have been nade i.rl organ-ic soLvent-sal_t systems i¡ the dil_ute

region of concentration.

This thesis is an extension of an earlier work by nryself on

the conductance of nolten l-ithium chlorate and the effects of

additives, and these results constitute the only knol:n systerratic

study of sal-t-additive systems ilvolving small_ amounts of an i¡.ert

solute of an orgar:-ic r:ature.
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DENSfTOI'IETRY

]. INTRCDUCTION

Ðensity deter¡ninations lrere among the earliest experj-mental-

investigations of molten salts.

The lorowledge of density or molar volume is funda¡oental- i-n

the understandj¡g of c omplex trâ,nsport processes occurrilg withí¡ a

nelt. The variation of density with ternperature serves as a

relationship from which the compa,rative size and type of inter-

molecular force existi¡rg within the melt nay be estimated"

Experinentally the densíty-temperature variation has been found to

be represented either by

4.1 ..... þ=a- -btI
where a and b are einpÍrica1 constants, for example the work of Yaffe

3)+ ^ 35ano van Art.soaten, or 01 .l]ne l orm

)+.2 ..... p -- Po zx.p-o(T
//

where pois a constant for the systen, and o( the expansivity

defined as

t+.3 ..... o( -- - | 4Ê-
PÃT

Generalizations regardÍrg the relationship of density or

molar volurce, and expa.nsivity to the ionic character of the mel-t

were initial-l-y proposed by Biltz .nd Kl-urr.3o They suggested that,

all- other factors bei-ng equal, owing to ¡.¡eak i¡terrnolecular forces,
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molten covalent c ompor:nds have larger molar vol-ume s than those of

ionic rnelts, r*rich have j¡ ccntrast a strong coulombic force field.
Alsorfor the sane reasons, the the¡¡¡al- expansivity of covalent

rneft s is greatex than that of ionic mel-ts.

Of further importance is the accurate evaluation of ttre densíty

of a mol-ten salt for the possible substÍtution of density as a thermo-

d¡rramic variabLe i¡ the radial distribution function. It is possible

to calculate alflost all thermodynaniic properties for a r¿elt

following an evaluation of the rel¿ted radial distributíon fir¡rction.

FinaILy, knowledge of the change in volume on fusion provides

a dj-rect c orrel-ati on bet¡¿een the usually knorrn structure of the solid

and that of the liquid. trr addition, it nny provide an estimate of

the actívation energy for lattice defect fornu¡tÍon in the so1id.

f:r conclusion, accurate density mea surement s and their ten-

perature dependence are necessary for the evaluat ion of nå,ny of the

basic properties of a melt, for exarnple, equivalent conductance, and.

are i¡ themselves an j¡rdication of the type of l_iquid structure

pre sent .

TT. E)CFM,]}IENTAL

The li:r-lting factors encountered in high terperature. densi-

tornetry are those typical of all accu¡ate high tenperature ÍÞastlre-

ments. ltlaintaining a u¡iform temperature over the entire system

becomes diffí cu-It at high temperatwes, as is also the control of

lhis temperature. The ap¡u,ratus Ínrst be constructed of c onpletely
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i¡rert ¡¡aterial, and since ÍF,ny fused salts corrode glass, an optical

¡oethod of density mea surement is not then applicable, Lithiurn

chlo ate, however, does not attack pJÊex glass, and the very 1ow

temperature of the nrelt al-l-o¡,¡s the use of a simple oil-bath therno-

stat. For these reasons the density measurenent of molten l-ithiurn

chl-orate nøy be undertaken using any of the well knom procedures for
low temperature non-corrosive liquids.

Apparatus

The dil-atonetric nethod Ìlas chosen for the determi-nation of

the densities of l-ithium chlorate rytd its uater nixLures. This

method affords both mea sureroent s of high precision, and the ercperi-

mental control of the atmosphere needed because of the hygroscopic

nature of the ¡re1ts.

A therrnostat r,¡as constructed jn which density, viscosity,

and surface tension experiment s c oul-d be perforned. ft ccr¡sisted

of a recta,ngular pyrex glass jar, L5:rJ5y3O cms., surrounded on the

sides and base by 5nrm. transite pLe,tes. This container was placed

in a double r¡¡alled wooden box, 30x30x30 ems., and the out sÍde

covered with a r¿eta1 casi-ng. The 25 cms. spa.ce b etween the contajner

ual-l-s and the wooden box was fil-Ied with ver¡nicu-l-ite. A 7.5 x L2.5

cms. glass Ì',:i.rtdow was i¡stalIed in the front of the the¡:nostat, and

a ó0 r,¡¿tt bufb i-n the rea¡ betr,r'een the doubl-e rmIL, so that it ¡,øs

possible to view directly any apparatus pJ-aced ilside the therrnostat.

Since the. experirnental range of terLperatr:re, 120-l-7OoC is so 1ow, a
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clear silÍcon oif as used as the bath Liquid.

A 5OO l,JatÈ copper i-mmrersion heater conne cted i¡ se¡ies with

variable ohnrite resistors was used tô bring the temperature of the

bath to withj¡r. a few degrees of the erperimental temperatwe

required. The fi¡a1 temperatwe rise was obtained frsn a lol¡

r,,:attage heatirlg coil- nade of nichrome w-ire r¡ou¡d on gl-ass tubjrÌg,

ê.rÌd when used i¡ conjunction with a mercury i.rt glass regulator and

a thlratronlt relay, temperature c ontrol- ¡¡as better than tO.IoC.

The ternperature ¡Jas rnea sured usilg a copper-constantan

thernrocouple co¡¡:ected to a Tinsley vernier potentiometer, type

)+363A, capbLe of mea suri¡rg deflections caused by less than I micro-

vol-t. The thermocouple ilas initially calibrated at the b oiling
poi-nt of pure r,rater, pressure corrected, and the freezÌng point of

tin (231,S5oC. ) . An ice bath 1,¡Ja s used. as the c old junction.

The tenperature fl-uctuations of the therrnostat were aluays

less than ! microvolts, or O.loC.

The dÍlatoneters (Fig. 4.1-) were nade of pyrex glass, and

consisted of a thin-ÏialIed bulb of ab out 1O nle capacity sealed to

a sten of 1 a'ln. precision-bore capillary tubing, 10 cns. long. The

tolerance i¡ the ca,pil1ary bore t¡as .OOOI¡un. A slanted sj-de arrn

r/ú:ith a sna]-l bu.lb bl-own at its tip r,,as attached to the top of the

capillary, and served as a rese¡voj_r for any possible excess l-ithium

chlorate added to the dil¿to¡neter when filli.rrg. Three calibration

marks were rede on the capillary using a Iathe. The marks were
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Fí1ling Ap¡u,ratus and Dil-a.tometer
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approxi-rnat efy 20 mn. apa.rt, and served as reference lines in both the

calibration and i¡r the experiflent.

The dil-atoneters were cal-ibrated r,rith Shaw:inigan redistilled

mercu"y. After cleaning, each diìatoneter hras oven dried. and weighed.

The mercury was then irrtroduced usj-ng a long tlrirl capifLary tube

extendj:rg j¡to the botton bulb, care being taken to avoid trapped

air. The dil¿tometers were then clarnped in position j¡sj-de the

thermostat so that only the fílling exLension was above the therrno-

stat liquid level. This exLension llas plugged r^,:ith a maIL piece of

cotton woo1. After 3-l¡ hours, when thernal equil_ibriurn had been

establ-ished, mercul¡¡ uas removed from thre dilatometers usÍng a fine

sJ¡ringe, unt iJ. the meniscus coincided wíth one of the reference

marks on the capillary. ¡1. Gaertne¡ r¿i-crocathetometer was used to

aid t¡le visual coineidence of the mark and mercury Ievel. Followirlg

this adjustment, which uas compÌeted i¡ the thermostat, the dila-
tometers hrere removed, their outsides cl_eaned and dried thorougtrþ,

aflowed to cool and then vleighed. Using the density of rnercury at

the cal-ibration temperatur. r2T Llu vo}:me of the dilatorneter corues-

ponding to the reference nark ¡,.€,s kno¡n. Thís c onrplete process r,¡,tas

repeated for each reference llÞrk at four different temperatures. A

typical calibration graph ís showr i¡r Fig. 4.2. Cal_jbration i¡r this

rÊ.nner obviated the necessity of a correction factor fo¡ the glass

expansion.



Figure 4.2

Calibration Plot s for Dilatoneter
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A speci-al- fillitng technique had to be used for the lithium

chl-orate mefts due to their hygroscopic nature. Tlie dil_atorneter

'was connected to the appa.ratus shol,¡n i¡r Fig, 4.1_. ft is prinarily

a seríes of gl-a.ss filter discs set ìn glass tubing so that it is

possible to evacu¿,te any of the separate c omparLment s by use of the

sÍde a].m vacuum taps.

The top ccmrpa.rtrnent of the transfer tube was filfed with

sufficient poudered anhydrous líthium chl-orate to fill_ the difa-
tometer. This was done j¡side a drybox in a nitrogen atmosphere.

The combined dilatometer-filter unit uas then evacuated, removed

from the dry-box and placed in the therrLostat. the charge of lithiu¡n

chlorate melted, and slowly fil_tered through j¡to the dil_atometer

bulb. trrlhen suffÍcient fithiurn chlorate had fil_tered, the level of

the apparatus nas adjusted i¡side the therrnostat so that the bath

fluid level r,las just above the lowest fritted disc of the fii-ter
tube. After the Lithiu¡n chlorate above this fevel- had sotidified,

and that bel-ov¡ had drai¡ed cornpletely into the bu1b, the dilatometer

Ì,ùas evacuated and sealed off just above this lower fritted disc,

i^¡lìich then acted as a filter to retain any possible solid products

forrned by decompositÍon durilg sealilg, from entering the dilatometer"

The seal-ed dil-atometer r¡ias nolr c ompleteþ i:¡¡nersed i¡ the

thermostat and clamped i¡ a vertic¿l position. After thernral equili-
brium had been attajned the height of the meniscus above one of the

reference marks ïas measured accurately using the nì-crocathetomete¡.
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This cathetometer ¡oas mounted on a rigid eonerete platform. From

this neasu¡ement the volume of the charge of l-ithium chlorate at the

kno¡m thermostat temperatur"e r,,:as cal-cuLated by interpol-ation from the

calibration grapli. The measurements were repeated at at least six

temperatures betï,reen 130-t6OoC. Several cathetometer readjrrgs were

taken for each temperatr.re, the variat ion 1ìmits being t O.Ol o-.

The cathetonreter uas cafibrated to nea sure t O.OO] *or.

After al-l- cathetometer readi.ngs had been taken, the dil_atcureter

¡¡as removed from the therrnostat, cooled, the outside cleaned ê. nd

dried, and then weÍghed. NexL, lhe butb uas carefully cracked., the

pieces of glass all being retained. The lithium chlorate was removed.

by lra sbìrrg r,rith distilled uater, and all of the dried cleaned glass

uas then ueighed. From the weigtrt of the difatoneter plus l_ithium

chlorate and the sepa,rate weight of the glass only, the weight of

the fithium chl-orate present was obtai¡red.

The reagents used jn the density d.eterninations wexe the same

as usçd for the other jnvestígations. The lithir¡n chlorate i,ra s

prepa.red by the method of Kraus. .nd B',og"""28 as modified by

CanpbeJ-l and Griffithsr3S which uses the rnetatiretícaf reaction

between fithiun sulphate and barium chlorate. The fithir¡:n sulphate,

supplied by Fisher Scientj-fic Company, and the barium chlorate,

obtaj¡ed from the Br-itish Drug Houses Ltd., were of the hÍghest

puri.ty and rnere used without fu¡ther purification"
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A molar sol-ution of barium chl-orate r,¡las heated to !O-IOOoC.,

and an equivalent s ol-ution of lithium sulphate slowþ added. The

lrixture r^ras digested tor 3-L hours before the bårium suJ.phate t¡as

removed by filtration. The solut ion was thren concentrated by

evaporation until it had an oily appearance, and r,¡as then ¡efil-tered.

The absence of sulphate or b¿rir:m ion uas demonstrated by titration
of aliquot parts of thjs stock s oLution ft:ith s olutions of barium

chl-orate and lithiul sulphate. I{here equivalen ce r^ras not fou:d,

this r^¡as obtajned by additÍon of the necessary solution, and the

bulk then refil-tered. The fil_tï.ate uas heated to gOoC. i¡nder a

pressure of 0-10 nns. mercury until, when cooled, crystals of

litÌ:iu¡n chlorate forrned. These crystals were then rapidly filtered
and placed in a vacuum desiccator over concentrated sulphuric acid

for 10-12 weeks. To renove the fj¡ral- traces of ïJater, the l-ithiu¡t

chlorate ø1t¡stals were powdered in a dr¡rbox, and then heated for
ó-8 n¡eeks und.er a high vacuun over anhydrous barium oxid.e.

The resÍduaf rn¡ater was ilitially determi¡ed by gas_chrorø_

tography. A precision Chromofrac VP-? unit was ealibrated for
r¡¡ater detection by injection of samples of O.O1 rnl ethyJ_ al-cohol

eontaíniag knov¡n amounts of r^rater. The l-ower finj-t of detectíon

üas f oul.d to be 1 part of r,¡ater in fOO parts of afcohol- by volume.

The dried powdered lithiu¡n chl_o¡ate uas weighed, n:ixed w:i_th dry

sand, and heated strongly. Under the catal-ybic action of the sand,

the lithiur chl-orate rapidly decomposed. evoJ-ving o:rygen together with
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any nioisture it contaj¡red. These gases were trapped Ín a nitrogen

cold trap. .À test of the residue showed that deconposj-tion uas

ccrepl-ete. The trapped gases ¡rere al-towed to warrn up slowly to OoC.,

and a measured quantity of ethyl alcohol- r¡,¡as then added. This

solution lras then allowed to warrn up to room temperature and a

portion passed through the chroÍìatogt:aph. The re sult showed that

the lithiur¿ c hl-o¡ate contained less than A.OA6'fi waler by weight,

The specific conductivity at l-3I.8oC. of a sampl-e of lithiurn

chl-orate knovm to be anhydrous was found to be O.1l-5O t .OOO2 rto.
For aLL experÍrnents folÌowing, the specÍfic conductivity l¡as used.

as the criterion of the anhydrous r¡ature of the chlorate.

The additives used ïrere uater, methyl a1cohol, propyl

alcohol, l-ithium hydroxi-de and fithium nitrate. The Lithiun hydroxide

supplie d by the Foote ltfi¡eral Company, and the fianalarr grade li riun

nitrate supplie d by the Fisher Scientjfic CotLpany were each oven

dried at 2OOoC. for 24 hours before use.

The nethyl aLcohol and propyl alcohof ffere obtajned from the

Sastrnan Distillatíon Products, and uere of ana\rLica1 quality.

They were used ruith no fìrther purlfication oürer than additional

drying.

The water used l¡as c onductivity uater, prepa,red by bubbling

pure nitrogen through distilJ-ed uater, The specific conductance of

this lvate¡ !,¡as found to be less than l-.5 x lO-7 nhos.
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TTT. P.SSIILTS

The density r,¡as determi-ned for pure lithiurn chlorate, and for

rni:rture s containi¡g 0.046, 0.130 and A.223 mole fractions of liater.

From a consideration of the lengtþ versus volume ratio of the

capillary of the dilatometer used, there is a possible error of

8.0 x 1O-5 m-l-s. j¡l the volume. This l-irút,s the density rneasurements
!l

toÈ2.0 x lO-4gnLs. cc-', all other errors being negtigible. The

resul-ts are sho¡m i¡l Tables )*.I, Lu.Z and Fig. 4.3. The molar volume

of the mjxture s was obtained from the e:q¡ression

\/ _ î,M, *T.fl.
+.¡+ . r... V¡q - ._-.--.----:--

P
The density in each case ïras fou¡d to be l-Ínear io:ith respect

to temperature, r,,r:i-th the coefficient of expansion decreasing with

r,¡ater content. The coefficient of expa.nsion uas calcul¿ted from the

simple expre ssion

t+.5 ..... Vh. = V" (r + x t)
Together with the molar volume, the coefficient of expansion is

shown j¡ Table 4.3 .

Equations of the f orms which have been shown experÌmentally

to represent the density-temperatu¡e retationship in fused salts

have been calculated by a least square fit of tire experi-rnental

¡esul-t s of Tables {.1 and lr.2 usjng a computer. The equations are

sho¡,m j¡r Table 4.4.
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TAET,E 4.1

DDNSITY AND }{OIAR VOLII}IT OF PUNE LIIH]UIII CH],ORATE
AI\iD A LfTHrUi'I CHL0IìATE-.I4IATER I{ï{IURE

I.{OIE FRACTION .0À6

Pure Ï-ithium Chlorate Lithiuin Chl-orate -lvbter
¡,Íijrtu,1'e, lvfol-e Fraction .046

Density Mofar
toc. gm" cc-I Volule_.,

cc mo-Le -

Density Mol¿r
to6. gns cc-1 Volume

cc -,moIè:

2.0858

2.0838

2.08f8

2.O8O9

2.079t+

2.o783

2.0763

2"0742

2.0730

2.0709

2.0700

T33.I

L38.7

L)tO.2

r4J. t

].46.7

149.0

750.5

752.8

I53.)+

4) .)4

42.3e

t+3 .l+2

)+3 . )+l+

l+3 .l+7

l+3.1+9

43.5t+

t+3.5t

t+3.60

43.65

t+3 "67

L30.3 2.0706

131.0 2.a696

L32.O 2.A689

L32.t+ 2.0689

L35.6 2.o66t+

L37.7 2"0649

L39.8 2.063L

144.2 2.0595

u5.6 2.0583

r47.5 2.0568

42.05

l+2.o?

t+2.o8

42.08

t+2.13

42.L6

t+2.27

42.30

t+2.33
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TÁ3IE 4.2

DENSITY AND MTOLAR VOLUME 0F LIIHIIIM CHIORATE-1Ir'ATER ¡4IjmU-;lES
cONTAtj{IltG 0.130 AND 0.223 !i0LE FRACTTONS OF I{ATER

lithiurn Chf orate-lfater
IfixLure, Mol-e Fraetion

ì¡Iater 0.130

Lithiun Chlorate-l{ater
l'{i:cb ure, Mole Fraction

l{ater \22J
^ Ðensity_ I4oLar

-tt u. gms ce-' Vol.¡¡ne _

rc .o1" -1
^ Ðensity- lulolar

-tt -U. gms cc-' Vol_ume
cc mole-'

128.8

L30.4

L35.3

L37 "5

141.8

14¿.Õ

a45.0

ll+5.8

U7"o

lt+9.6

2.o3oo

2.O25t

2.0237

2.O2Ot+

2.0188

2.or78

2.0I72

2.0762

2.ou5

39 "89

2.) ô1

40.00

LA.O2

40.08

40.11

40.14

40.15

i+0.17

40.20

f31.0

L33.o

135.6

139.8

LLLz.2

LLL5.7

rLó.2

LLr7.o

1/+8.1

L50.6

1.9708

1.9688

L.9657

r.9638

1.9618

r.9671+

r.9606

L.9598

1.9580

)t.to

37.78

JT.ó¿

37.88

37.92

37.96

37.97

2? Od

38.00

38.03
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TABLE 4.3

MOI,AB VO],IJME AND CCEF¡'ÌC]EI{T OF E]{PANSTON
OF LI|HÏJM CHLORATE-I{ATER ¡{]:KTURES

l.{ol-e Fracti.on Molar Volurne Coefficient of -. h'ater n2 ccs, at 1JOoC. Expansion deg.-l

o

.ù+6

.130

. L¿t

t+3.26 4.12 x l-o-4

l+2.Ot+ 4.09 x tO-4

39.gL 3.8? x 1o-4

37.?5 3.77 x ::o-!
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TABLE 4.4

ANÁTYTTC¡TT, BSPRESENTATTON OF DENSÏTY-TN'{PMATUNE RNLATIONSHIP
FOR LIT¡IIUII CHI"0Rj,TE-I'ITATER MffTilRES

lt{ole Fraction Equation Type
of l,rlater (1) p7.e:cp-o<T (z) p = a-at

Starldard
Ðeviati on

(1) P = 2.1+63 exp - i¡..12T x 1o-4
I

(2) P : 2.rse - 7.672 xto-Lt
3.5 x ::o-L

3.5 x to-L

.046 (1) P = 2.t+37 exp - 4.09r x l-o-4
I

(2) lc = 2.L?2 - 7.?98 x to-Lt

f.7 x l-0 *

l-.7 x I0 *

.130 (t) p = 2.368 exp - 3.8?r x to-4

(2) lì = 2.::25 - 7.)+29 x to-Lt

3,0 x 1O -

3'O x tO-4

.223 (1) P = 2.2)6 exp - 3.77 x ro-4r
I

(2) f = 2.068 - ?.304 x ro-4t

_t,I.5x1O*

1.6 x l-0-4



Figure {"1
Ðensity vs. Temperature of l,ithium Chforate_llater þIixtures
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]V. DTSCUSSION

The density of lithiiüL chlorate at l-31.8oC, , 2.OB8O gms.ce 1,

is in agreement r,Iith the earl-ier resul-t of Patterson.3o The val-ue

of l-.998 go",""-1 at 12BoC, obtained by Klotschko2g is probably low

due to the presence of roater in the ver¡r hygroscopic saÌt. Tab1e 4.5

compares the density, molar volurne and coefficient of expansion of

several typical moften salts ¡rittr those of Lithiu¡¡r chlorate at

coBesponding t emperatures.

The defj-nition of a temperature at which the absolute rriagni-

tude of properties of molten salts may be cornpa.red is not obvious.

Isother:rp.l comparison is unsatisfactory due to the large differences

in the temperairures of the stabl-e Ìiquid range for Ílany nolten salts.

Moreover the ternperature dependence curves of nnny properties for

d:ifferent salts intersect, and Íaterpretation would depend on the

temperature chosen. The thermodyna Lically s ound c ompe,rison of

properties at equaf fractions of their respective crítical tempera-

ture j-s not applicable, since the precise value of an¡- of the crit,ical

constants is laroun for but a f ew simple molten sal-ts. Si:nitarþ,

though the compa,ri son of properties at equal vapour pressnres i,¡ou_Ld

be meani-ngful, this is not possible due to the lack of the necessary

precise experinental data. hstead, an arbitrary defi¡lÍtion of

corresponding t emperature has been adopted, as initially proposed by
?a

Bloorn and He¡mrann.-' The inel-ting point is knor,rrn accurately f or most

salts, arìd the temperatrres chosen as coruespondilg are lOl above the



TA.BIE 4.5

DE]{SITy, þ10LAR TíOLIJME A,ND COtrFFIC]ENT OF f-rpANsIOi{
FCR SOME T]rPIC.AI MO],TPN SAI,TS

36.

Compound
lletti1g Correspon-

Point t'C. dine
Temperature
'coc.

Density lvlol¿r
grns. Vol-une
õ"-1 cc mofe-1

Coeffücient. HeIçr-oI .uxÞansl-on
oA x lO-a
deg. -1

Lic103

tiN03

t icl
KCr-03

ro03

KCl

AENOI

AgCl

NaCl

NaN03

HgC12

l'27.9

255

6L3

368

334

776

l+55

808

3o?

279

1ó8

308

701

l+32

395

880

260

528

9l6

.1O'

334

2.059

I.7þL

L.l+63

L.943

1.828

L.404

3.909

t+.202

r.494

r.e77

t8.9o

39.60

28.98

6lr.lno

55.3L

50.93

43.46

3L.aL

39.a2

/,Ã to

o4.o¿

l+,L2

3.3L

2.96

?Ão

3.99

3.98

2"78

2.21+

3.63

3.76

6.8r

40

3l+

43

42

3LL

lt]-

l+I

3l+

4l+
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respective Írel-tj¡g poi-nts irr degrees Kel-vj¡. The rnelting point itself
is not suitabl-e because of the possibi-lity of incipient l¿ttÍce

fÕr$ation imrédiateJ-y above the meltÌrlg point. The density of lithiun

chlorate is of the s¿rtie o?der as the Censity of other Group 1

compounds formed with polyatornic anions. There is a finear relation-

ship between the densÍty of molten lithium chl-orate and the tenperature,

which nay be expressed as either

Þ = 2.+6= -xp -t4.12*lo-+T or ,õ = 2.1 88 - 7.61 2 x to-+ E.t,'l
The general trend of increasing density for the chloride,

nitrate and chl-orate of both sodiu,n and potassiun is also present for

the compa,rable lithiun salt s .

36Biltz and Kl-enní showed that: (í) other faetors bei:rg equal,

mol-ten c ovalent compounds havi¡g weak int ermole cula? forces, have

larger molar vofumes than those of ionie ¡nel_ts l,¿hich have i¡r contrast

a strong coulombic force field, (ii) for the same reasons the co-

efficient of expa.nsion is greater for c ovalent mel-ts, (iii) the

nolar vol-ume of molten electrol¡rLes ilcreases as the molecular weíght

increases for covalent chlorides, and fSaally (iv) metts r.r:i_th varying

stages of dissociation fron ionic to coval-ent are possible. For

compol¡nds f ormed from non-spherical polyatomic anions (N03, C103,

ClOl), sonie form of assocj¿tion is thougþt to exist between the nelt
. l+3 .. ,.constl-tuents, - indicating a more covalent character than thât of

mel-t s f ormed from compounds hari-ng spherical anions (Ct-, Br-), The
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molar volume of lithium chforate ()+3.9c;noIe-1), is found to be

linearl-y temperature dependent (FaC. 4.4), and. is in magnitude larger
than that of either lithiu,n chr-oride or r-ithiun nitrate as sho¡¡il in
Table 4.3. The j¡crease i¡ the nofar volume among tlÌe chforides,

nitrates and chlorates of both s odi-um and potassium is repeated for
the li thium sa1ts, The difference in the molar volume of lj.thiun
chl-oríde and cliloâte is f4.9cm3no:.e-1, comtr ¿rabl-e to the difference

beti,¡een the molar voh:¡nes of potassium chl-oride and ehLorate
f3.5cn3no1e-1. This comtrx,ríson is not valid 

',¡hen 
the molar volumes

of the respective nitrates a¡e considered. The molar vol-r¡¡e of
potassium nitrate is considerably snÊller than that of potassiul

chlorate, and onl-y 5"n3note-1 greater ttran that of potassiu.m chloride.
sodirm nitrate and. sodiun chroride also e:chibit the same 5#*ot"-1
d.ifference i¡ molar vol-une, .hrhereas the jncrease in molar vo}¡ne

betrireen Lithiun chloride and l-ithium nítrate is greater than

locin3nole-l. Tliis indicates that lithium chlorate and líthiun
nÍtrate have a greater siniJarity of covalent character than the

eorresponding s odium and potassium sa1ts.

Taffe and Van Artsdalen34 noted that the coefficient of
expa,nsion, d , for the chl-orides, bromides and iodides of cesium,

rubidiun and potassium !,rere al-most equal, whereas a( for the lit hiurn

hal-ides were 30 per cent louer. The coefficient of expansion of
lithiuír chlorate, 4.1 x lO-4 dug.-l, is however larger than that of
potassium chlorate, and al-so larger than that of the Group t hal_ides.
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ft does not compare jn size v-ith the coefficient of expa,nsion of a

purely non-polar Liquid such as carbon tetrachloride,
l, -1o( = 11.4 x 10 *deg. -, in which the Londcn dispersion forces

predorrÌrate, sholl-Jng that coulolnbj-c forces detetmine the general

properties of the lithium chforate rnelt, though the nrelt irøy be

more covalent i¡ character than molten potassium chlorate.

Potassium chloride, nitrate and chl_orate all have similar
coefficients of expansi on, and all are consid.ered to forrn ionic
mel-ts. This is not true for comparabl_e lithÍuni salts, the chlolate

having a much greater expansivity that the chloride or nitrate.
Agail this raay iadicate the lithiu:n chl_orate rnelt is ccrnparatively

l-e ss ionic i¡ character.

The density of fithium chlorate-rmter rnixbure s decreases r.,rith
j-r¡erease of r,rater content. The density-te¡lperatuïe variation of

these mixtures may still be represented by the general- equâ,ti-ons

P = f" -sxP - o(T o, P= o--bL
The deviation fro¡n the Ídea1 l-inear relationstr-ip betlreen molar volume

and mol-e f"r"tioJ9,41r45 i" negligible for the .water ¡¿i:cbures

studied (Fic. 4.5). Since large d.eviations håve been found for
systems in whieh compl-eJr formation o..urr rL'rL6 

r47 probably there

is ]ittle i¡nrnedi¿te association between the l^iater and lithiurn
chlorate. The decrease i¡r coefficient of expansi_on c( î¡:ith the

i¡crease i¡ leter contênt. may in part be due to a¡r i¡rcrease j¡ the
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Õvera]-l ionic character of the mel-t.

A graph of the coefficient of extru.nsi on against mole fraction

of 'water (¡'ie. ¿.¿) curves, shows the slightly greater effect on melt

structure caused by the initial water additions. This is al-so formd

i¡ the viscosity cha.nges as the water content of a lithiun chl-orate

melt is jncreased. (See pase 53).
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CHAHTER V

VÏSCO}ßTBY

r. ]]\ITRODUCTION

All liquids hril-l- ffow under an infinitely srell stress, and

ffow t¡¡ifl c ontínue until- the stress is removed. The coeffici-ent of

viscosity, \ , i" defi¡red as the force per unit area required to

¡'pintain unit djjference in velocity between two parallel layers

l- crn. apart. The reciprocal- of tåe coefficient of viscosity is

cafled the fluídity, /, and is a rneasure of the ease with which a

liquid can f low.

The effect of t emperature on the viscosity of gases and.

ligrid s is strikingly different. lidhereas in the f ormer case the

coefficient i¡creases üri th tenperature, the viscosity of liquids

invariably decreases nìårkedly as temperature ircreases. A wide

variety of liquids exhibit the exponenlial refationship betueen

viscosity årld temperature

5.1 ...., T\ = A 3
r 'eP RÎ

first proposed independently by Arrhenius and de Grrr*n.48

The realization t¡ìat liqui-ds possess a structure over a

short range perrnitted ttre developrnent of viscosity theories Ìrhich

do not i¡volve mol-ecular transfer i¡ order to transfer the trans-

lational energy. Andrade&9 suggested thÂt, the contact between mole-

cules at the exLrenes of theír osciflations could fead to energy



;ì:,: ]:' :j . .: :.': l. :'.:': jj:]-. l .' ] :.,]'':

trh.

transfer, and was able to derive an exl¡ression c ornparable to equation

J.t using this modef. Frenk"150 developed a siraila¡ equation, though

the pre-erponential- term in his equation is t emperature dependent.

E¡'ring et rf3 .ppror"hed the problern as a reaction rate process, and

derived the ec¿uation

r3
5.2 ..... \ : r-oq - 3 l""l 'T ' É'' 

"| ''-r x lo -üElFn^e *P R.
h¡he"e M is the mo]ecular weight, V the moLar vol-ume and Á,\{n 

O.tire
heat of vaporizationl The pre-exponential term j-n this case j-s

again temperature independent. A linear relationship betïreen l-rÌ Ìl
I

ana f, fras been found expe rimentally for rnny fused sal-t systensr5lr5z

and any theoretical equation proposed. fcn viscosity must also predict

this resul-t.

tr: the absence of any sati-sfactory equation from wl¡ich vis-
cosities nay be cafcul-ated, recourse rust be nade to equation J.1.

Fron its form, the equati-on suggests a rate ¡rocess where B is the

activation energy of viscosity, and A a constant of the systen.

Since the bonds between ne ighbouriag molecufes r^¡hích must be

broken in order to form a hole, are the sanæ as those broken in the

process of vaporization, it follows that the energy required to

form a hole is eqrial to the energy of vaporÍzatio" A Ë *, .

The free energy of activation shoul-d thuê be proportional- to the

energy of vaporization. ÞnpiricaÌty it is found that^Ef þ ."

t
The chanqre in T is compensated by changes in4H an¿\/.
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This resul-t indicates that the hol-e size requìred for molecul-ar ¡aotion

i-s onJ.y a fraction of the specific volu¡re of the rao1ecu1e.54

Â furtþer interesti-ng relationship vøs proposed by Batschilski55

=c)') ""' ', u. - u"

wheve Vs is the specific vo}:me, and C and Vo are constants. This

requires the fluidity f to be a linear function of the specific'l
volume, over a range of temperature. Davisr Rogers and Ubbel-ohdelo

found such a linear relationship for molten s i-lver nitrate. Harrap
qA

and HeJnrann- - suggested the constant C is proportional to the

geometric size of the unit of f1ow, but this has not been substan-

tiated by fr:¡ther experimental evidence. An indicatíon of the

relative size of the unit of flor,v in viscosity c om¡:ared to that

invol-ved i¡r electrical conductance, is illustrated by the ratio of

the respective activation ".r""gí.".39 trre ratio ffi usuall-y

lies i¡l the range 2J+ for molten saIts, which suggests that viscous

flow requires a rn-rch greater c onfiguratÍonal change than occurs in

conductance. Since viscous fl-ow derEJlds el-ectrical neutrality, it
u:i1l be governed by the sl-or,,rest ion, whereas efectrical conductivity

may be prirnarily uai-ioníc, the smaller or more mobile ion carryiJ¡g

the current. The approxi:nate equality ofAE anAÂF^ observed for'ì JL

some melts, noticeably nitrates, has been considered as an indication

that the structural units involved in el-ectrical conductance are

larger than the sjinple ion, and compa,rable i¡r size to i:he u¡its
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i-nvolved i¡l viscous fl-ow.

Thus it can be seen that a kno$fedge of viscosity of the raelt

and its temperature dependence gives information regarding the melt

ðtructure, the iniermolecular forces, and the mechanism and units

involved i-n víscous flor,,¡.

]T. EXPËÃ,]MdNTÁ.I

LiquJ-d viscosities vary fron C.00!-1OO,0OO poise, the range

of viscosity deterrnining the basic experimental approach to measure-

ment. Fused sal-ts normafly have viscosities lying between O.OO5-0.5

poise. Numerous rnethods are avail_able for the measurenent of vis-
cosities of thj-s o¡der at room temperature, tlrough their successful

application beco¡¡es progressively rest¡icted as the temperature ís
j¡creased. l,ithiu¡r chiorate, because of its l-or.¡ melting poìlt, lends

itself to a flow ¡¿ethod of viscosity determination, and a modified

fo¡m of a capillary vj-scometer uas constructed for this ptrpose.

The visco¡neter is shotùn jr Figure 5.lrbeing very sinrilar to

those used by Campbell and Debus.5? The ;orjncípal component s are a

srell bulb of approxinntely 10 nùs. capacíty joined through a ó cm.

length of l- Omm. bore capillary tubing to the mai¡ îeservoir. The

capillary entering thj-s reservoir was rade to have a trumpet shape;

thus no Hagenbach kj¡etic energy correction is necessary. The

reservoir I'ø,s joined baek lo the top of the snal_l_ bulb, c ornpleting

the circuit. i. side tube uas joined to this return tube, to r,lhich a

filling appa.ratus simitar to that used i¡i density measurements could
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be attached.. Si-nce pyrex glass i*as used througþout, the viscoineter

i'ras s imple to construct,

TT¡o rp.rks {¡¡e?e nade above and belor,¡ the slal.1- bu-fb to i¡sure

that the same volume of mel-t was tiÍed in fl-ow for eåch experìment.

The viscomete?s were calibrated w:i-th distilled ¡ater at

temperatures bet'ween tlO-f?OoC. First the viscometer was thoroughly

cleaned. A quantity of distilled r,¡ater was then added to the

reservoir, sufficient to overfill the calibrated bul-b. The reservoi¡

l,ras then j¡mersed in a liquid nitrogen bàth untjl- the w¿ter had

frozen. The viscometer l¡as then evacuated, ¡rithdrarm from the

nitrogen ba.th, and allor¡red to stand unt il- the ice had mel-ted. This

process was repeated at least four times, to ensure the removal of

all dissolved gases. The viscometer rlas finally vacuum sealed on

the side filling tube and clamped into a device which woul-d allow

the viscorneter to be rotated through 1600 r,::ithout removal from the

thernostat. In this uay the calibrati.on bufb could be fil_led

inside the thermostat. The viscometer was imrnersed completely ìl

the thermostat until thez:naf equÍ-l-íbriurn uas established, rotated.

to fil-I the rnarked bu1b, and then fixed in a vertical position.

The t ime of ffow of uater between the ti.,ro uarks was recorded on an

el-ectrj-c clock suppl-ied by Tabline Inc., Chicago., and !,ras correct

to 0.1 second. lt was possible to tjme this flow since the water

level coufd be seen through the iflurinated gl-ass wi¡doi¡ of the

thermostat. During this t irne the temperature of the controlled
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thermostat was measured. A series of floh¡ times were observed at

selren di.fferent temperatures betueen ll-O-l?OoC. ancl these are

recorded i¡ Table 5.1 for the visconeter used for: the experirents.

Using the fiterature value s of viscosity ( ¡1terrìationål Criticaf

Tables, Vol. J, pp. 10) and density (Handbook of physics and

Chernistry, I96L-62 ed. ¡ pp. 2,56) af ,..wat er at the experi:nental

temperatures, a factor C = L was calculated, hrheïe Tì = viscosity
¿L ' I

of vùater Ìn n-illipoise, d = density of îtater )n gns/ce. and t = fl-or¡r

tiae i-n seconds. This factor tiãs plotted against ternperature and is
shor'm in FiS. 5 . Z.

TABL0 5.1

WAT;qR }-T.OI{ T IÌ.IE AT DIIFÏÌI]Jf] TE},;PFÃJ.TIIRES
FON VTSCOS]TY ÐETEA}Í]]{^{T IONS

o c.
Ffow of uater

Ti¡e. Sees. gns/ce.
of ïater aì w = Cnillípoise [][]

98.t+5

L05.75

1l-9.85

727.35

a37.70

L46.95

r53.10

266.2

248.3

/-) L. ó

2O4.8

L99.6

o.9594

4.9525

o.9509

o.937LL

o.gzßt+

0.9200

O.9Il+3

1.131 x 1O-2

1.10f x 1O-2
_)

I.043 x t0 *

1-.027 x aO-2
.-)

0.996 x f0 -
.-t

0.976 x 10 -

0,959 x Io-2

2.89

¿-o¿

2.34

3 .3J+

1.96

r. Ò4

L.75



Figure 5.2

Calíbration Plot for Viscometer
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The viscometer was filled ¡¡ith lithiu¡t chlorate using the

technique and filling aÐpãråtus used for dens ity measurernents ' Ït

'ras finally seal-ed under a vacuum just above the smal-l- fritted disc

to prevent the s ol-id decomposition produets from entering, The flotu

tj-ne s of the pure sal-t and of three water rnixtures were measured as

i¡l the calibration. The tínes r.lere reproducible at the sane tem-

pu"rt,o" ¿s * J seconds on an avera.ge of 7r5OA seconds.

The relative viscosi-ty for each nixbure û{as cafcul-ated for

the different experimental temperatures using the relationship
ryì' 4,L,

lz d. t'
where I f: d1, t1 are the vJ-scosity i-n poÍse, the density in gns./cc.

and the flow time j¡r seconds for water, andl 2, d, L2 are the

equivalent value s for the nel-t, iiearrangement of this equation,

and substitution of the calcufated experimental value C gives

5.5 ..... l. = C ¿^Ez

The appropriâte density val-ue s were obtained by the standard

i-riterpolation tech¡ique s f rom the density-composition and dens ity-

temperature graphs.

The accuracy of the viscosity deterininations 'was lin:ited by

the j¡itial- calibration of the viscometer, sínce the uateï viscosities

are knorr,rr only to ! l.O'ñ,n thís temperature range, AII other possibJ-e

er.rors are negligible in comparison.
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Ï]T. RESULTS

The ¡el¿tive viscosity uas determi¡ed for fithium cirforate

and its vrater nj:cbures containing O.79, O.I97 and 0.251 nol-e

fractions of vrater. The viscosity and its temperature dependence

are shown in Tables 5,2 - 5.11, and illustrai;,ed jn Figure 5.3.

To test the valídity of the A¡rhenius equation for the vis-

cosity of lithiu¡n chl-orate and its ni-xture s, loe1 rnias plotted
Iagainst f . h each case a linear relatlonship vras obtained

(figure 5.4). The activation energy of vis cous flow was calculated

fron the slope of these graphs, since ÀÉ1 = -2.3}3vtr,x. slope, and
I

it is given j¡r Table 5.6.

The Arrhenius equations which represent the viseosity-

temperature variation of l-it hium chlorate and its r'rater nrì;ctures

were determi¡ed by a least squares fit of the experimental results.

These equations are given in Tabl-e 5.6.



Figure l.J

Viscosity of Lithiun Chl-orate-i{ater l"li.:rtures vs. Temperature
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Figwe 5.4
l

Log Viscosity vs. ff of Lithium C}]l-orate-trüater þlixLures
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TABI,E 5.2

VTSCOSITY OF PURE LIIHTUH CHLONATE

x lO-J ( for"se )

\
ToK. - 1os rì

131.8

rJJ.J

r35.0

Il+2.7

Lt+4.7

148.4

156.3

L5e.6

162.t-

766.9

l+ol+.9 2.t+698

406.L 2.)+606

406.f 2.)+504

410.ó 2.4355

411.8 2.t+281,

415.8 2.t+O5O

t+L7.8 2.3935

l+2L.5 2.3725

l+25.5 2.3502

t+29.1+ 2.3288

43L.7 2.3r6L

LÞ35.2 2.2978

440.0 2.2727

O.331+

4.32o

a.3a5

o.296

0.277

o.2l+9

o.235

0.218

0.r99

o.r?+

0.L77

0.ró8

o.L55

O.L+763

o.Ì+949

0.5157

0.5287

o.557 5

o.6038

o.6289

o.66t5

0. 7011

0.7122

4.7520

o.77 t+7

0,8097

Result of Mr, I,f. K. IiÞ.gara¡an27 of this deparünent.
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TABI,E 5.3

VISCOSffY CF I,TIHIUM CHLORATE WATIfi. t¿ilXTtitÐ
MOI,E FAACTI0N I^TATER .O?9

.on ^ou f x 1O-3Ì' r,. r I!. TAX-- poise - ros yl

130.5

a36.5

].l+3"7

150.0

L57.6

Ì60"0

162.0

L6ln.e

!+o3.6

l+O9.6

/Ã6.e

L23.L

l+3O.7

B3.r

1.35.L

t+37.9

2.1þ779

2. U+LI+

2.3992

<.)oJ>

2.3218

2.3089

2.2983

2.2836

o.24r 0.ó180

0.21,4 0.6696

0.180 o .71,,t+7

0.1-60 o.7959

o.I39 0.8570

o.r29 0.SSg4

0.1_28 0.egz8

o.tzo o.92og

TTIBLE 5.4

VISCOS]TY O¡' LTÏHÌU-¡.4 CHTORATEìIER, I!ì-]ÏTURE
CONTAINING .197 ],IOI.E FRACT]ON í]'ATEIì

L3o.5

L36.o

Lt+2.0

r45.5

75r.5

759.o

162.O

L66.o

l+03.6

lno9.\

415.1

4fe.6

421+.6

432.1

l+35.I

l+39.L

2.477?

2.441+3

2.ILO?A

2.3889

2.371+2

2.2983

2.2771þ

o.185 o.7328

4.l"67 0.7773

o .rt+7 0 .8327

o.f3g o .g57o

o .723 0.9101

o.roz o.9706

0.101 a .9957

0.094 L.o269



TA3],E 5.'

VÏSCOS]TY OF IIITIIUM CHLORAT; }TATT,R ITI}TUFE
CONTAINING ,251 ¡.{oilq FRACTION I^IATER

.o^L V. ToK. #- " ro-3 ":ìpor-se _ roe1l

131.0

Vl+.5

ll+O.7

14ó.8

l-51,,.5

160.0

168.2

404.1

4o7.6

Lrr3.8

LL9.9

4¿l.o

433.L

l+!L.3

2.L71,,6

2.1+534

2.tÃ66

2.38L5

2.3386

2.3089

2.266A

0.144 0.s4r6

o.L32 o.879t+

0. il-8 0.9281

0.104 0.9830

0.090 t".0458

0.083 l_.0809

o.o73 L.L367

TABI,E 5.6
ANA],YTICAL REPRESE¡JTAT ION OF V]SCOSITY

Mole
Fra cti on
I4later

Amhenius Equation

'ì = A" o^p år
Standard Âctivation
Deviation Enerry of

x I(f Viscous -L,JoÏ,r
K- C¿.1 mol e-f

0

.079

1 0t7

,r1 = L.979 x lo-5exp ?8I3tRT

n = 3.3Lt+ x LO-5exP ML, --ffi

rt = L+,L41+ x tO-5exp ó?4tl( --m-

rll = )+.573 x LO-5 exp 6l+52. -lÍ-

r. o0

ñ .7))

7.r

6.7

6.4
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]V. DTSCUSS]ON

The viscosity of pì.{'e fithium chlorate and its temperature

variation nøy be anal¡rtically rep:,esented by the equation

"1 = r.q7g * ro 
t-^, ftf

The value for the viscosity at l3l-.goC., 33.0 centipoise, is
larger than that proposed by pattersonr3o tt" diff""ence possibly

being due to the j:nproved viscometer teehnique used. Kl-otschko

and Grigorjew29 reported the viscosity of Lithium chlorate as J2.2

centipoise at 136.0oC., ¿l¡rost twice the val-ue obtaj¡ed from this
research. The density of lithiurn chlorate used by these workers

for the cal cuLati on of the viscosity vlas low (as noted earlier,

nage 3f ¡, which wÍl-l- account in part for the high viscosity ualue.

Also, Klotschko and Grigorjerrr did not take any precautions to
exclude any possible jnsofubl_e ciecomposition products fornred j:r

sealing from entering the visco¡¡eter. These particles can inteuupt
the liquid flow through the cont¡o]Ìing capillary, i:rcreasing üre

flow tÌme, and hence ìncreasing the apparent viscosity. This ûEy

conpletely account for the high viscosity of lith iun chlorate rdrrich

they reported, comtrnred to the value obtained jn this research using

a viscotrpter to which a special glass filter disc had been attached.

The viscosity of lithium chl,orate is much faxger than that of
sÍmple ionic sal-ts at correspondilg temperatures. For example, we

rìrêy comlnre the viscosity of silve? nitrate, 2.J centipoise at
450oC. to fithium chlorate, f5 centipoise at l_6goC. Zi¡c chLoride
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also exhibits a high viscosiLy, 35O centipoise at 4O0oC., ïrhich has

recently been lnterpreted on the basÍs of a modef for the zj¡c

chforide Ìiquid structure in rn¡hi ch fragnents of the originaf double
. -)+layers of the crystallirre 7-nCI2t together with individual ZnCI6

i-ons, are the predonrinant "p""i.u.58 A marked d.ecrease in the

actÍvation energy for viscous fl-ow is cbserved for such associated

mel-ts, v,inich is not obse¡ved for ljthium ch¡lorate for which the

activation energy is afmost constant, ?.8k,cal.moJ-e-I between 130-

UOoC. This conpe.re s favourab ly lrith the activatÍon energy for

viscous fJ-ow, uhich is nornally betïreen J-lOk. cal.rnole-l for ionic

mefts.

Yaffe a¡rd Van Artsdalen34 consi-der that tiìe heat of activa-

tion for viscous flow is dependent upon tv¡o opposil6 factors. As a

rnelt expands with rising t empe rature, the total- coulonbic forces

a,'nong the constituent ions tend to decrease, and hence the activation

energy for n'øss nigratíon also decreases. Opposing this effect, due

to the increase i¡l the number of holes i¡ the melt, the average

nurnber of nearest neighbour ions tó a^rìy one particular ion nray

decrease, and thus increase the attractive force per nearest neigh-

bour, and increase the activation energy. In nefts jn r,.¡hich there

is a large disparity of ionic size, such as for lithium chlorate,

tbe fatter effect shoul-d predominate. Fo¡ lithiurn ci:lorate, however,

little change is noticed in the activation enerry, which rnay be due

to the association in the rûelt breaki-ng do¡m as temperature increases.
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Thus fewer bonds need be broken in ¡rpss transfer at higher temperatures,

r''trich Ìù-i11 compensate for the i_ncrease fu ion neighbour attractive
forces caused by the decrease i¡r coordj¡ratíon nu¡ber.

The addition of uater t,o a l-ithium chlorate meft causes a

considerable decrease in the viscosity of the relt. At temperature s

slightly above the meì-ting poÍnt, the decrease in viscosity fotlow:ing

the initial addition of later is greater than that caused by subse_

quent additions. At higher tenperatures thís rarge di-fference is not

noted, each addition causing a sirúlar decrease, thougþ the initial_
decrease is stifl_ slightly larger. This is sho¡n i¡r Figure 5.3.

Over the t ernperature range investigated, the viscosity isotherm

for each mixture shor,rs a negative deviation from ri¡ear dependence on

moJ-ar composition, illustrated in Figure 5.5. Harrap and H"yrrør 52

have found that this negative deviation is exhibited by molten salts
regardless of the systerir.

The viscosity-temperat ure relationship for fithiun chlorate_

rr¿ter mixtures is represented by the Ârrhenius equations of Table J.6.
The a ctivation energy of viscous fforn¡ becomes considerably smal.ler as

the water content increases. The decrease of activatÍon energy is
not a h¡¡ear function of the mo].e fraction of r,,ater, as seen in
Figure f.ó, the initi¿l rate of change decreasiag as r¡¡ater content

increases; however, the decrease itsetf indicates that the average

size of the ¡rass unit of viscous fl-ow is 1owered on the addition of

!,later.



Figure 5.5

Tsotherrnal- Viscosity vs. i,fole }}acti-on -l'later

Figu¡e 5.6

Variation of Åctivation Iùrergy w-ith }lol-e Fraction ilater
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A.t temperati;res slightþ above the mefting point, at which

associated groups nay be present j¡ the I ithiu¡r chl-orate roelt, the

effect of r,r¡ater addition on viscosity is pronounced, probabþ o.lrring

to the j¡mrediate breakup of these groups. At higher temperatures

at whicli the existence of these associated groups is improbable,

the rl¡ater additions l-ower the viscosity to a much snaller extent.

The changes of the activation energy of viscous ffow for these same

ndxtures may al-so be interpreted on the basis of these structurar-

considerations.
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CHAPTER VI

SURFÅCE TEI{STON

r. TNTRCDUTTTON

The importance of surface tensj-on measurements of mol-ten

electrolJrtes is considerable. Severaf empiïj_cal relationships have

been proposed in which surfaee tension is connected .r,,¡:ith other

physical- properties of the nel-t. Surface tension has afso been

ut,ifized i¡¡ calculations of the mean radíus of hol-es i¡r molten

electrolytes, in corrobo"ation of other evidence for the proposed

hole-i-on natr:re of a mel-t.

The theoretical treatment s, which prrovide a means of cal-_

culatj-ng surfa ce tension from fundanental physical constants of the

liquid, are uË.ny and varied ÏÌith respect to the foundations upon

which they are based. These incl-ude the free volume method of
lennard-Jones and Cornerr59 the rarììhl . distribution method of

lr\
Kirkwood and Buffr"" the partitíon function of nornal liquids by

A1
Chang et alr"' the Lennard-Jones Devonshire theory of fiquids, ó2

and an approach based on the Fol,ÌIer partition fun"tion.63 Each of
these treatments is dependent upon an initial modef for the liquid,
from nl:ich a partitj-on function may be derived usi¡rg the well- l¡:rom

pù"incipfes of statistical mechanics. The equation for su¡face

tension obtained Uy Ayrirr*9,64 based on the significant structuïe
theory has the form



6.,. ..... y: [^F. 
sF(t).

AFa i" the excess Gibbs free eners¡ per area over that of the bulk
o.qr6t r V.r!,

liquid., and --V¿ ( Ñ/ is bhe volurne of a layer of

surface l¿ttice l- cm.2 in area.

0f the many other mathematical derívations proposed for surface

tension, that of GuggenrreJ:n63 has proved most useful- in its applica-

tion to molten safts. Guggenheìm assuned that fu a reguJar solution

of two or more components, each and every constituent whether a

mol-ecule of type A or B, has the sarne number of nearest neighbours,

and that the totat jntennolec1rlar poiiential- energy can be regarded

as the sum of contributions froin pairs of cl-osest neighbours. FTom

this model Guggenhei':r r^:as able to show that for an equiraoJ-ar s oluti on

jl which tlre heai; of nÉxing trlras zero, the sr:rface tension is gíven b¡.

the ex-pression

6.2..... I= y- T'"qc-"'hfo.
,"r'"'.!=å({n"Ye) an¿ A :Yo-Yu
For liqu-ids r,¿hich do noL forrl perf ect sol-utions, +, w:ilt probabþ

v
not exceed 0,1, and equation 6.2 wi:l-l- beco¡ne

Ao.6.3..... Y= Y - aEr.T

by the seri.es expa.nsion of I oq co. h fÊnt . lþny *ork"r"35 '65'66

have used deviations from equation 6.3 as a measure of the therrno-

dynamì-c non-ideafity of su.rface tension for mol-ten salt mixtures, and

postulated the presence of c omplex ions j¡ cases where these deviations

6b.
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¿t
'ç,¡here ìI is the specific volume Õf the l-iquid, molecuJ-ar weight 1'{.

Ietegration of equation 6.4 gives
2

T" (¡rt.r;)s 
= k

h,-bt
For many organic substances it rras show-n that k vlas approrLinntely

2.1, åÌrd j-f a lower value uas obtaj¡ed it was considered due to

association. For molten saltsk is often in the region qf 0.5, but

to a ssurne association conflicts strongly .i,,1-ith el-ectrical conductance

o)evidence. Bfoom et al- - do not conside¡ any of the alternative

suggestions ,or a*"lo* value to be satisfactoïy.

A further relationship often used i¡r cl¿ssical physical

cheraistry is given by equation

?=

luiany the oretical relationships

other physícaf constants of the liquíd

include tfre Eåfväs equå,tion

6.)+ .. . . . d [¡ ( M-)É]

where P i,s a constant called

safts the Parachor has been

dependent. This tenperature
1E LE

l¿ted atonic Parachor |)'u)
molten sal-ts.

bet'ùIeen surface tension and

have been advanced. The se

I
t(

t

"ìJ
f,

the nolecular Pa¡achor. Fo" molten

shown to be frequentþ tenperature

variation, and the variation of cal-cu-

invalldates the use of the Parachor for
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The su¡face tension of a liquid is defj¡ed as its sui.face

free energy per unit area
26.7..... Y = È

The su"face entropy per unit årea is given by

ó.6 ..... Es _ _ ¿'t
o-

and the surface heat content pe¡ unit area is thus

6.e.... # = y_T#
si:rce the temperature coefficient of surface tension for molten salts
is constant the su¡face Lreat content is a constant ìndependent of
temperature, and thus provides a fu¡danental- quantity which nÀy be

used to compare different molten salts, or other liquids. The com_

pa.rison betr,reen the mol-ecul¿r character. of the liquid, and its
surface heat content per unit area is ill-ustrated in the followirtg
values for this parameter:

ComþouÌd Benzene Ì,bgnesiurn Sodiun Sodiur¿
Chl-oride Nítrate Chloride

Surface Heat
Content _, 59.2 76.7 re.9 2a6.2ergs/cm. *

LE
Bloom et af' and JanzJ) h^u" used this pa.rarneter as an j¡di-cation

of the mofecular charactet: - of the mel_t. Surface tension phenomena

have been used i¡¡ molten salt systems to substantiate the existence

of c omplex ions.
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?ogether with its temperature dependence, the surface tension

of a meft provides an indication of the mol-ecular charactu_re of melt,

and is also a necessary experimental parameter for use in evaluatilg

other properties of the n:elt, such as conductivity.

tï. lu(PERn{ENTAt

The surface tension of a liquid nøy be measured usjl6 a wide

varíety of technic¿ues. The r¡øxjmum bubble pressure method has been

used extensÍvely for nolten salts, though stu-dies using the drop

weight inethod, the dippÌng cyfinder. method, and the capitlary rise

method have been published. The capillary rise technique requires

a large. area of r¡niforrn temperature, the capitlary musi be ¡Ê.de of

an i¡ert material, and an accur¿te niethod of determj_nj¡g the cåpil-l-ary

rise must be available. These technical- difficulties âre absent in
the ¡a'esent system, since a pJ¡rex gtass capillary arrd an oif thermo_

stat are both satisfactory. Thus, since the capilìary rise technique

has been proven for measurements i¡ the low temperature region, this
vras the method chosen.

The apparatus is show.r in Figure 6.I. The inner tube is a

precision bore capil-l-ary tube, internal diarrete¡ 0.5 t .OOI s¡n. The

capili-ary tube lras l-ightly ítarked in three. places approxinetely 2.0,

4.0 and 6.0 ceni:jmeteïs from the tip, such that they could be easily
seen through the cathetometer. These marks were of ¿ssistance in
measuring the totaf capillary ríse. An extension of .f.O centj¡reter

diameter at the foot of the outer ÉUbe provided a satisfactory readi_ng
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l-evel- for the fower meniscus. The position of the upper meniscus

coul-d be al-tered by applícation of a pressure gradient using either
of the attached vacuìx-,1 taps.

The thernostat used tras that const¡ucted for the previous

density and viscosity deterr¡ri¡ations, A Gaertner ulicrocathetometel

capable of mea suring to 0.Ol Ítm. hras used to measure the capillary
rise.

The conplete cefl was carefully cleaned and oven dried.
Enough powdered lithiurn chlorate was pl-a ced jn the outer tube, so

that when molten the liquid level corlesponded to the naximurn

diameter of the bottom extension, The ileight before and after
filljng !'as used. to carcur.ate the weight of lithiun chr-orate taken.

Duriag these manipulations the tube was covered r,,rith a 8.2+ standard

cap. Additions were then rrad e to the fithiun chlorate iJ necessary,

thre cap replaced by the capillary, and re cefl transferred from the

dr¡rbox to the thermostat. At l_east four hou¡s were a_Llowed for
thermal equilibriur,r to be established. bèfore readings were taken.

The r¡eniscus positÍon ïras nade to fafl and rise severar- tùnes Ín
the capilJary, and the aveïage rise of seve¡af cathetometer readings

considered as the absolute rise at that temperature. The total rise
lrras alnays greater than the total range of the nicrocathetometer, and

l,¡as calculated from the s ur,l of the distances between the upper and

lor,¡e¡ neniscuses and a convenient rnark.
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UsÌlg this apparatus it was found possible to reproduce the

surface tension of distilled lra.ter at 25oC, to t O.5 dyrl"". "r.-f .

TTI. AESULTS

The su¡face tension and its temperature dependence has been

determi¡ed for lithiun chl-orate and several fithíun chforate-wate¡

and lithium chl-orate -]ithiun nitrate rnixtures. The water mixLu¡e s

contained 0.038, 0.090, 0,f55 and 0.2)6 mol-:e fractions of water,

the lithiun nitrate mixbure s O.A32, O.A75, O.I72 and 0.21J noJ-e

fractions of lithiunr nitrate. The resu.fts are given in Tabl-es ó.1-,

6.2, 6"3, a-ncl the temperature dependence ilfustrated in Fígure 6.2.

The analyLical representations of the temperature dependence of

sr¡rface tension for pure l-ithiun chlorate and the mixtr:re s were

Õbtaine d frorn a least squares fit of the experimental resul-ts of

Tabl-es 6.1-, 2 arLd 3, using a computer, and are sholr¡n j¡ Table ó.4,

À surfaee tension measurement of an equimolar l:ithiun

chforate-îùater rnixLure was taken al, lr32.t+o}. and ¡+a s found to be

-'lJ8.d dynes. cm. *. The density of this rnixtr.:re l¡as cal-culated fro¡r

6.10..... /Jmixtr:re- M' tlY¡-
l- Þ,1, , lv1*r,'E

where l), and p- are the densities of the pure componeni; s at this
/t /L

temperatrrre. The su¡face tensj-on for this mixbu¡e cal-cul¿ted from

the ideal su¡face tension relationship proposed by Guggenheím is
ì

ó?.ó d:inres. cn.-'.
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TAB],8 6.1

SURF'ACE TENSION OF LITHTI]M CH].ORATE

uoc.
Surface Tension
d¡'ne s cm. -1

Densitv
gms. cc. *

r32.r

I38.2

L+Z.O

L5o.6

I ÃÃ 
'

162.o

2.O878

2,A828

2.O791!

2.0729

2.0697

2.0635

87.4r

87.3o

86.9t

86.26

8ó.02

85.1+3
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I'igure ó"2

Pl-ot of Su¡fa ce Tension vs:, Temperature for lithium Chlorate

and its ltixLures



FIGURE 6.2
PLOT OF SURFACE TENSION vs
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TAB],0 6.4

AMLYTICAL RtrPNESENTATTON OF THE SURFACE MNS]ON VARIATTOI{-I¡IITH 
Til{PE.,R,ATI]RE FOR ],]THTUIVI CHIORÂTE

¿.ND Í,ITHTUM CHLORATTi-I,{ATER
LÌTHTU},Í CHLORATE-L]THTUII TITTRATE },IITTURES

ådditive þiole
Fraction

Eqlntion of tlre General T¿oe Standard
Y =a-bt Deviation

Pure salt

1¡üater

I¡üater

flai:'er

lrfater

Lithium
nit"ate

Lithiur¿
nitrate

Lithiurn
nitrate

f,ithium
nitrate

o.o3a

o. o9o

o.ï55

0.236

0.032

o.075

0.r72

n ,t2

\=ga.z-6.3xro-4
'[= ee .z - 7.7 x ro-zt

I= ro¡.2 - L3.3 x to-2t

l= lo1.ó - r3.o x 1o-2t

tr:101.? -L3.6xro-2t

'[: gL,.g - 4.6 x :-:o-2t

'[=9?.4-5.6xro-4

[: tz"z - 4.4 x 1o-4

l=100.5-6.ox1o-2t

0.11"

O.l+lL

o.33

o.3r

0.38

0.f7

0.09

0.10

0.09



Figure ó.J

P].ot of Su:'fa ce Tension vs, Mole fua cti_on ,{dditive
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IV. DTSCUSSTOÀI

The surface tension of fithium chforate (85.0 aynes cr.-I)
is typical of Grou-p I sal-ts of pol.yaton:ic anions when compared at

conespondÍng temperatures as seen from Table 6.!. If assocj-ation

occurs r.¡ithi¡r a nel-t it nright be expected that these ltassociates[

would affect the surface energy of tLre melt considerably. If these

rrassociatesrr l-ouer the surface energy they nust be preferentialþ

absorbed on the surface. Table 6.6 record.s the surface tension at

the neltilg poiat for several alkali inetaf salts, obtained by extra-

polation of the results of Jaeger.ó? For the s ùnpJ-e spherical ions

a narked trend is observed Ìn the change of surface tensi-on L¡ith the

increase of cation radius only if the anion is srrall, e.g. the

fluorides. Ior the nitrates this decrease of s urfa.ce tension u:ith

cation radius does not occur, and the su.face tension of aIL Group I
nitrates are similar. The surface tension of lÍthiun chl-orate at

its netting point, 88.6 d¡zre s cm.-l, is almost the same as that of

potassium chlorate at its netti¡rg point, BI.O dyne s cn,-L.l+3 Thj.s

indicates that ttle anion determine s the surface energy in the

Group I chlorates as in the Group 1 nitrates. possibly i¡ these raelts

thre anions pack irt contäct, with the cations i¡r crevices where thei¡

effect on the surface energy is linited. It is of j¡terest to note

that these concepts apply only to salts with polyatornic anions which

have lor¡¡ meJ-tìng points. The surface tensions of lithirxn, sodium and.

potassÍum carbonå.tes uere determj¡ted by Janz and Lorenz.35 These safts



rABr.E 6.5

SURFACE TENSTON AND SURFACE HEAT (AT T.IOT)
OF TÏPÏCA], GROUP 1 SALTS

Conpound ùråb-Licaf
Representation

Surface Surface
Tension Heat
d¡ares cm-r urg" oo-2 Reference

ticl
liNo3

T,ic103

KC]-

KN03

Na Cl-

NaNO3

= 181.å - ?.1 x 1O-2t

= 133.5 - 6.o x lf-4
= 96.7 - 6.3 xl:o-zt

= L55.2 - 7,3 x Lo-4

= L28.9 - 5.78 x Lo-2t

= l-90.8 - 9.3 x 1O-2t

= f31.0 - 5.8 x 1O-2t

1?)

lt-5

86.2

97"O

106

10ó

110

200

r49

l-18

L75

148

216

t?q

67

67

68

69

68

69

TABIæ 6.6

E/,TRAPOLATED VÆILB OF SIITIFÀCE TENSION
Ar rHE r.fil,rrNc po]Nr 0F SFVtrFAI ALK,qtr SALTS

d¡mes cn-'L67.J

Li+ Na+ K+ Rh+

F-

c].-

t-
No3-

c\o3-

25l-

138

88.6

20r

114

87

r20

l'l+2

97

'll?

B3

98

at

r09

i1r....:.,1,':
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melt at 726oC., 858oC., and 899oC., and have surface tension values

almost twice that of the coffesponding chlorides, namely 2d.0"0,

2A5.9 and 161-.? dJ,rres crn. -1 respectively. Thus for salts of sjmple

spherical ions, or salts lühich have high melti:rg poilts (and hence

no association within the nett), the surface tension decreases as

the number of ions per unit length and the polarizJng pohrel of the

cåtion decrease. The surface tensions of the l-olv melting salts

liÌ:hÍurL and. potassium chl-orate are similar, and this shohis the

possible presence of associated groups in these ci?lorate mefts.

The parachor has been cal-cul-ated from the surface tension

results of Tabl-e 6.1, and is sholrrn jrr Table 6.7. A snall but definite

increase in the value of the parachor withr temperature is evident,

approximately tr,ro per cent per 1OOoC. Due to this temperature

dependence of the pa.¡a chor for many molten saltsr35'65 íL ís rrlr-

satisfactory as a comparative property of melts. The surface heå.t

r, - \r'--T¿trlls - 0 ' ;i , of a molten salt is not tenperature dependent,

and is said to provide a measure of the coval-ent character of the
LÊmeft."/ For non-polar liquids the val-ue of the surface heat lies

usnally between lo0-65 erg.cm.-Z. Satts which are essenti-al.ly ionic

have the highest vafues, for e:raarple, s odium chl-oride, 2J-6.f ergs.

-2crn. -, v,r''nerea s molten sal-ts ¡ohich exist largely as covaleni; rnolecufe s

bave lower values approachJrrg those of non-polar liquids, for example,

røgnesium chloride, 76.J ergs. cm.-z. The surface heat of several-

molten salts is shoun in Tabfe 6.5. The surface heat of lithiu¡l
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chforate is 118 ergs.cm.-", interraediate between that of ionic melts

and that of coval_ent melts, shorrring that at least some c ovalent

character exists withi¡r the lithiun chlorate neft-

TABLE 6.7

PÁRACHOR AND SURFACE H&i.T OF ]"ITHIUI.{ CHIOMTE

.o^ Parachor Su¡face Heat

I ?^Oô

14ooc .

t5ooc.

t6ooc.

l?ooc.

I32. r+

a32.6

132.8

733.r

L33.3

118

118

1r8

il-8

rf8

The surface tension of pure lithium chl-orate and. also that of

the lithiurL nitrate and r,later ni:cbures decrease li-nearly with
'

ternperature (Figure 6.1). Á.t any specific temperature the lithium
chlorate-l-ithium nitrate ¡rixture s have a surface tension greater

than that of pi¡Te lithiun chJ_orate, ïrhereas the Ìlråter mi:cLures

exhibit su''face tensions fower than that of pure lithium chrorate.

, tnis rny be accou¡ted for by comparÍng the surface tensions of pure
ì lithium nitrate and pure water exLrapolated to l-3O.OoC, Àt l3O.OoC.

. the surface tension of water is 54.0 d¡r,,,ru " "*. 
-f , and thåt of l-ithiu¡l

ni-trate 126.0 dyne s 
"rn. 

-1, and hence water additions should r-o-wer the

surface tension of lithium chrorate from its vafue of gg.f dynes cn. -f
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at 13OoC., and additions of ljithiun nitraJre s houl-d cause an increase,

The relationship between the isothemal- surface tension and

the mol-e fraction of either lithiu¡i nitrete or water is not linear.

the relationship is shorrn graphicalþ in Figr:re 6.2. The initial-
additions up to 0.05 mofe fraction tend to affect the surface tension

of the melt to a greater extent than subsequent additions of either

J.ithiuln nitrå.te or uater. This greater effect of the first additions

rûay be due Lo the breakup of any association present in the original

¡nelt,

The tempera'Lure coefficient of surface tensíon changes

consíderably as the Tlater content j¡ the l-ithiurn chl_orate-r^tater

rai:'-Lures increases. The temperature coefficient of sr:rface te¡rsion

for water is much higher than that of molten salts, and must account

for the i¡crease in the temperature coefficient of surface tension of

the lithiun chlorate-vater miJcbures as the water content increases.

This is substantj¿ted by the fact that the surface tension temperature

coefficient of the lithium nit¡ate nrixtures re ains ccr¡,stant, Ì,rhich

is anticipated si¡ce the coefficients of pure l-ithiun chl_orate and

pure lÍthium ni-trate are substantially the salne.

The surface tension of an ideaf equimolar rÉ:cLure of lithium

chl-orate-water calculated f¡om the Guggenheim eqiration 6.J does not

compa.re wii;h that deternì¡red experimenLally. This i¡dicates that the

nel-t is not ideal i¡ its surface tension behaviour at h5_gher concen-

trations of Íiater.
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These sr¡rface tension resuJ-Ls il-lustrate t,he partiafly co-

]¡alent, character of the fithium chl_orate melt, and j¡d.icate the

change i^rr bhe r¿el-t constituents is greater for the initial addítion

of hråter than that for subsequent additions.
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CHAPTF.R VfT

ELECTRICA], CONDUCTANCE

]. ]NTRODUCTION

lvleasurement of the el-ectrical- conductivity and its temperature

dependence i¡l molten salt systems ¡rields significant i¡fors¡ation

regarding the ionic cha¡acter of the system, the nature of the

conducti-ng species, and the structure and j¡rtermolecular forces

present j¡ the nelt. I¡fhen used in conjunction ¡rith the values

of other transport pü'operties it is possibte to postuJ.ate the

mechanisrn of these processes i¡l terms of the fattice geometry,

molecuL¿r force fields, and mofecular notion.

trlterpretation of the e1e ctrochetrLical_ properties of a molten

sal-t or mol-ten salt mixture s i-s in no rlaffìer comparable to the

modern theories developed. for aqueous sol-utions. ff typicaf fused

salt parameters are inserted i-nto the eqr.ntions by which the ion-

atmosphere radíus of aqueous ions nay be cal_culated, the result

sholrs a radius of the ord.er of O. 2Ao, srre ILer than the rad.ius of

the ion al-one. }-r view of the faifure of the poisson-Boltznan

equati-on on which the Debye-Huckel theories are based to take

accorx¡t of short range repulsive forces, this ¡esult is not su¡_

prisilg. These short range coulornbi-c forces are of prinary

irportance in a molten sa1t, and determi¡e the transport properties.
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The probJ-em of el-ectricåf conduction j¡l a molten sal_t has been

most successfulþ approached by a consideration of the rnel-t as a dis_

ordered solid, and applying the nathenatical rel-atj_onships developed

from s ol-id state defect theories.

For all- systems the speci-fic conductance is given by

7.r..... R= G.-
xe

where G, is the celf constant, and Rethe measur'ed resistance. The

val,ue of G, is obtained experirnentally usiag solutions of potassium

chl-oride havìag precisely knoun value s of specific conductancu. TO

¡Yom the simple ele ctrodynanú c tire ory for the transfer of charge

through an electrol¡rLe, the specific conductivity of an electrolybe

which dissociates j¡to ionic species is given by

?"2-.... K F n= rooo lc;4f:'
If a binary electrol¡rLe is considered, of concentration C 6.rLo1e

-llitre -, then

7.3..... K = c*" o-FF¡ritooô L/
hrhere A is the degree of díssociation, and'l'te the el-e ctrochemical

valency. Fron the principle of el_ectrical_ neutrafity, Ttofor a

binary electrolybe is given by

7'4""' YL"= ì*ä= l-z-
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)a and l- are the number of cations and anions forued as each elect?o-

1¡rLe nrolecule dissociates, each havilg a chargeT*Qo and, Z-4o .

letroducing the Faraday constant into the nobÍÌity terrn

?.5 ..... 
^ 

= àa-rrron * à.o-8,o", - looo K

cz
Tf the c oncentration is expressed. as moLes.litr.-1, th.r,

cz Eorsvo.lenl-s
/.o ..". looo - -fE*. -

For binary mixtures of molten sal-ts Bl-oom 
"rrd 

H"¡n*no39 repJ-a,ced

lvls, the e quivalent weight of the pure mol-ten salt in the equation

for equivalent conductance

7.7 ..... JL = 4 l'1"A,
I

by the rnean equivalent we ight of the ni:cture, given by

?.s..... l'1M= l'1 
"a¡{<rl+ 

lvlstÐfiz)

lvl ¿{r) , M ¿r^) , fnt, ffr) being the equiva}ent weights and equivalent

fractions of the components of the njxture.

Differentiation of e qr:ation 7.7 ,,tili,in respect to $, and then

takìng logarithms of both sides,

rùhÍch nay be used to cornpa.re either theoreticaf or experimental value s

of specj-fic or equívalent conductance at different temperatures. This

derivation does, however, assume complete dissociation in the molten

sal-t, a condition not always present.
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For nearly a1l- fused salts it uas experimentally shor.tn that a

graph of l¡l K or 1rr.Â agaì-nst I is essentially lirlear, indicating

that the mechanÍsm of conductance is a rate process, qnd the sirnple

Arrhenius expressions are appJ-icable to both equivalent a;nd specific

conductance,
*AE*

z.t-'..... ¡ = ff* e=p ñî
?.1r ."... 

^ 
= A¡- --F *ts

AE* anaÀE^are the empirical activation energtés, ana/l¡..Iì^are

constants for the system. Since electrical conductance occurs at

constant pressure the enpirical activation energies AE*, AEru may

be identified w:ith the ernpirical activation enthalpies AH",AH^ .

A closer inve stigation over an extended temperature regi-on

has sho n nøny of the experi-nental- relationships between l¡ K or

l¡JL and I are Ín fact slightly curved. Corroborating evidence

must be available before structural changes are proposed rr,¡hich are

based on the change of activation enthalpy td:ith temperature, for

fron e quation 7.11

d l.* ¡L I dgr-_ d.lru A*?.r2 ..... äGt =Ho.ppo.r<.,'b = lL-l ' dr ¿(-år)
ff .\is independent of temperature, then the identifi-cation of Êl^

Ï¡ith the apparent heat of activation, H a¡oar..rt, at a certaj¡
d Hr. .temperature adrrrits that¡f- is equal to zero at this t emperature,

regardl-ess of the ternperature dependencu of Happa.rent. Thirs the
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temperature dependence of ln- and Happarent differ c onpletel-y ïrhenever

d- ll a.ppo.re.'.b * O ?L
d-T
I'fany equations have been proposed to predict i;he electrícal-

conductivíty of moften salts, often based on a model for the liquid

si.m-ifar to that of the sofid state. Mention rÊy be sÊde of equations

proposed lry sak"i r72 '73' 
?4 61¿.¡st?5 anil Sundlei:n.76 Bo"kri"?? h."

criticalþ exaraj¡red the c ommonly proposed model-s of ionic liquids

compariag the accuracy of the data predicted for volume and entropy

chanle on fusion, c ornpre ssibili-ty, expansivity and self-diffusion.

The models e:<amj¡ed uere: (a) a quasi-lattice rnodel involving

Schottky defeets, (U) ttre hole rnodel, (c) tne crystallite model- of
4 17ö

Mott and G,,vney r' (a) tne polyhedral hole theory of Bernal, '' (e) tne

free volume raodel of Cohen and trrrnbul-l-r 79 anA (f) the s ígnificant

structure model- of Eyring.9 (C) i¡rOlcates that the crysta].].ites

wou-l-d have to be nolecularly sized, (a) gives good. results for

entropy of fusion i.f rotation is tàken into account, and fair
agreement for change of vol-u¡Le on fusion. O::rly two ¡aodels considered

satisfactory for al-l of the properilies, the hole theory and Eyring t s

significant structure theory, though the latter required an empirical

determj¡ation of its constants. In the hole theor¡r, originally
50 80

advanced by Frenkel-, - Al-tar and others, it vlas proposed that the

liquid consisted- of spherical ior'ls ea elr behaving as a h¡rear harmonic

osciLlator. A number of hol-es are fi:æd in random distribution anong
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the ions. The liquid may be regarded as a qi.ra si-crystal-li-ne structu¡e

consÍsting of a binary mi-xLure of hol-es and ions. The position and

size of the holes vary due to the rand om fluctuations i¡ the neli;

caused by therrnal motion of the molecules. X-ray 
".rid".r"u8l h""

substaniriated the sirort range order and long range disorder which

would be anticípated by this rnodel. The sho¡t range order is si:nilar

to that of the crystalli¡re state.

trrdeed, Bfoom and H"¡*rrrr39 treated the liquid a.s a very dÍs-

ordered solid, using the rel-ationships beti^reen j-onic 
'conductance i¡r

solid salts, and the presence of imperfections in the l-attice. The

high ternpera Lure conductance of a solid salt is l:ù.oportionaf to the

vol-ume concentration of such defects, and to their mobifi.lry. Both

factors vary exponentially rúith the temperature, resulting Ìn the

equation 
-YJ-rr

R= 4...p i'*'(.rJ ..... h.T

v¡here W is the energy necessary for the f ornntion of a lattice

defect, and [t is the height of the potential barríer i-nvolved i¡
the ion nigration. This applies only if the migratj-on of a single

ion is the cause of the c onductance. These workers suggested that

the degree of disorder i¡r ¿ ¡oolten sal-t is so large that the fraction

of mobile ions must also be large. For a pureþ ionic rnel-t the

equation 7,13 beeomes



7.!l+..,..
- -aE. . -aF*

K = 4".¡.,o,,4ÅP ffi + Aon,o* qP ffi-
oo

sir¡ce the contributi-on of each ionic species to the total speeific

conductance is proportional- to an exponentiaJ- terrn j¡vofvj¡g onÌy the

energy barrier of the respective inigrations. ff these energy barriers

âre very different in value, then the ion having the smallest activa-

tion energy becomes the predomilant conductilg species, and equation

7.14 takes the forrn of the original- Á.rrhenius equation. lrtartin82

first shorved t tre refationship betrareen the activation energies of

specific and equivalent cor¡ductance. By substituting tlie definítions

of the therual expansion o( , and of bhe energies of activation lI E¡q

ana Afilto equation 7.9 he found

7.r5 ..,..
^E-,/L 

= AE*r F,Tzx

Henee it can be seen t l:at ÀE*and I C-^nay be equated only for systems

having srøll- tero.perature coefficienÍ;s of expa,nsion, or for systems

at 1ow temperatures.

From the suscessful- application of the A¡rhenius equation,

it seemed probable that a more elegant e quation could be developed

for conductanee from an application of the absolute reaction rate

the ory to ionic motion under a potential gradient. This w.as done

by Bai-rnakov and Samusenkoå3 and Bockri" "t .l-84 r^¡ho found.

_ 2 / FZX¿Z\ hT as+ _aH+
7.L6 ..... JL= 5( Rr /A- *P T **F 

RT
¡rhere X is the effective potential gradÍent on the ion dnen a field
of 1 voJ-t. "r.-f i" app1ied., cL is the half distance between initial
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and final positions of the ion al-ong the coordi¡.ate of motion, and

ASi AH*tnu activation entr:opy and enthâ.fpy. This expression may be

simplified to

?.L7 ..... -^ = 5.t8 ¡ to's(o*¿) zdlt*p€-*, -#

where D is the dielectric eonstant of the medirm.

Bockris, Crook et .185 h.rr" recently applied the Absolute

Reaction Rate theory lro a statistical- model for the liquid state

proposed by Stillinger and Ki-rkhrood and hlojyowicz. 
*6 ,n"t* ,*ut

equation took the form

?.1s ..... Âi= t'fuTån' --, -At-{¡ - ÄFr*
¡a âF 

RT

ruhere l¡ is the vibrationaÌ frequency of the ion, A H.¡ the activation

enthalpy required to move an ion to the next nlattice site, and

.Á Ft tfre free energy of fornation of a vacant ¡rfattj-cef site. This

is a more elegant representation of the relationships b etrn¡een conduc-

tance ¿nd the energy and entropy of activation for ionic movement i¡
a melt ,

In all of these treatments based on the absoLute rate th.eory,

the enthalpy of actÍvation Ah*i" . composite quåntity consistj-ng of

the energy required to form a neê"est neighbour hole, plus the energy

required for the m.igrating ion to surmount the potential bamier

ìmposed by the foree fiel-ds of the nearest neighbour ions, and if the

meLt is not completely ionic, the energy required for the forrnation

of the ion itsel-f nrust also be i¡rcl-uded. i.e.-



7.r9 . .... * 
9L'

^H= ^H 
hol-" * Atjrro,o + A Hionizatíon

Îlhen compa.rison is r¡ade betlreen the activation enthalpies of viscosity

u¡der constant vofurne and constant pressure conditionsr8T the activa-

tión enthalpy at constant vohi¡ne is found to be approlrimately one

tenth that of the corresponding activation enthalpy at constant

pressure. Under constant vol-ume conditions, A njurn t" the only

enthal-py term present, since it may be assumed that there is no

incz'ease in the number of hofes. Thus the ratio l_::lO is the ratio
of 4 H¡*no:, A 

"j.,-o* 
A 

"not". 
From me¿surements of the veloeity

of s ound i¡r molten salts, Bockris and Richard"l2 h.ou also shovm

that the major part of the heat of activation of vj-scous flow consists

of the energy of hol-e fornation. fn the absence of constant vol-ume

conductance measurements the ¡atio of A H¡rrno:, A u¡*op * A H¡ol"

is assumed to be the sanie j¡t conductance as 5n viscosity. An approxi-

mate value for{ HhoI. nay be calculated from considerations proposed

Uy !,úrttr.88 !ürth showed that the potentiaÌ energy of a hofe of

radius r v,¡as

7.2a ..... ÁF,."r" = 4ÏtÌ.tr. årr"(p 
_ pl

where p and 
Fo 

are the e_xternal pressure and the saturated vapour

pressure of the liquid respectively. At ordinary pressures the second

term is negligible, and

7.2r..... ÁFr",. = 4'iÏrzy
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If the temperature coefficient of surface tension ís knoun, then the

heat of hol-e for¡¡stion is given by

7.22 ..... aHr"r. = 4T[r1(¡ - r t*)
Bockris and Richardsf2 utilized Furthrs theory, that the work requíred

to form a hole is eqr:al to that required to produce a surface aree,

equal to the area of the hole, and showed that

7.23 ..... v¡, = o 68 ( l)-'
where V¡, ís the mean volumä of a hol-e. From the difference in

volune, {! , between the molar vol-ìme of the }iquicl and that of the

hypothetical solid at the same temperature, the total mlnber of hol_es

formed .lrtas shor,m to be I
7.21 ..... N." -- #s (*.r)'

which suggests t hal" L/5 to I/6 of the l-attice sites j¡r melts are not

filled, ¡¡hich is in agïeement wíth X-ray .viden".,89 From these

correl-¿.tions of theoretical- and experÌmentaf val_ue s for the energy

of hofe fornration, it seems that the macroscopic concepts of su¡face

tension are applicable to the nicroscopic systern.

Recent theoretíca1 treatments of transport process in

Ìiquids85r9o,91 jo¿i..t" that the pr.e-exponential ter:n of the

Arrhenius-type equation may be temperature dependent to so¡¿e exLent.

Bockris, Crook, Richar¿s and Bloo#5 hu,.r. t""untly developed a theo-

retj-cal- equation for conductance of the form
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7.25 ..... J\- = L n.r -¿:Êp ;i
From this theory, * *rli the mechanism is again based on the hofe

model f or molten salts, it f oll-o',,¡s tt¡at the experìmental heat of

activation for conductan"", .A H*.*p¿, is identified with the enthalpy

of hole f or¡ration and ionic i.rnp A Hholu "rd A Hj.*p, respectiveþ,

by the eqr:ation

AHho," * AH..,n. = At'{l,.rc + R-T

for any particular ioníc species. Compensation between the pre-

exponential factor and activation energy occlüs such that plots of
-À1lnJL versus fr are rendered 1jr¡ear. This suggests that the activation

energi"es defined by the sinple Arrhenius equations are not true

activation energies, and rey i¡cl-ude specÍfic structural_ effects

associated with the systern studied.

It nay be reasoned that the chief câuse of an increase j¡r

diffusivity, fluidity, and el-ectrical conductance as a molten saft

is heated at constant pressure may be ascribed to an increase jl

the statistical number of cavities of molecular size withi¡ the

me1t, rather than to the snaller increase i-n the fractional- number

of rnobile ions arisirtg from the reduction in the force fields due

to ex.pansion. The total- number of mobife ions does h ovever also

deterni¡e the conductivity of the melt. It is not necessary for an

ìlorganic melt to be composed entirely of ions; the rnelt rnay be only

partially ionized. Greenwood and }4artin92 have proposed an approxi.unte
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method for obtainJng a, the degree of dissociation of a melt, Si¡rce

7.27 .. ... Jt -- + = à* * à-
¿-

where 
rÁr.,n 

is the mol-ar conductivity, = toä" , then

,1J-,¡(.4Õ ..... L -_ /
Z (à**à-)

For a nnival-ent eleetrol¡rbe, Z:1, and a ssumÍng that ttre renøi-ni¡g

term in the denominator may be replaced by the average ionic conduc-

hnce, ) ,

,7 .o 'LLr'tt.<7..... 
^ 

= 
ã

ff lfal-denrs Rule Ís obeyed, that is

7.3o..... JL'r¿ -- conshn.t

then the average ionic conductance nay be referred to a standard

reference conductance, à" , fu a medium of r:nit viseosity, and

t-_1"
7.3L ..... ., 

a
which r,¡hen substituted into equation 7.29 shows

7.32 ..... a, - lr"^ tL/-T?.-
Val-ues of àoare l-inited to a narrow range. Reference to ionic

93 ..mobilities - indicates that in any given solvent, al-l mobil-ities líe
l*ithj¡ a facto¡ of ten of each other. Foi el(ample, in v,rater, which

has a vj-scosity of 1.OO centipoise at 2OoC., the value Ñ = 5O otm-l
¿--1cm g.ion - represents ärì average value for all ions, bar the hydronium

and hydroq¡1 ions, witl:i¡ a factor of ti,¡o. This figure may be used as



95.

a plausibl-e standard when melt viscosities are reduced to zero, and

sub st ituti on in equation 7.32 Cives

?.33 .....

The functioglr t has been termed the rrreduced conductivityrr.

Though üIalden I s rul-e has been experimentally estabfished for nâny

systens, it implies a sinil-ar change in ionic rnígration and in

viscous flow. Thus, if this r¿e¡e,Lhe case, the råtio of the activa-

tíon energies for conductance and viscosity should be uaity. The

value of {!1 it"" been found to tíe in the range 2 - 4 for most
ð.tr- ¡*

molten saltsj irrdicating that irlaldenrs rule is not satisfied. If
the viscosity å.rìd nolar conducta.nce are represented by the equations

^E-1 ' 1" -r-xp f;-
_AE,*

f = /--o --LXF Rf-
'h'a !

then we seert^'-'r1 , or /t* f14. is constant, where m = AE"t. This// re;
value for the reduced conductance ,(^^ {¡ afforos an approxx¡åle/\
val-ue of 4, the degree of dissociation, when substituted i¡to
equation '1.)3 and applied to fused salt systems.

At the present ti:ne no silgle theoretical relationship has

been developed whiclr wil-l successfully predict all_ of the transport

properties of a noften salt. QuantitatÍve estimati-ons of the conduc-

Livity of a nelt may be rnade follor"ring the principles developed by
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Biltz and K1"o*,3Ó Yaffe and Van Artsdafen34 and others. These workers

showed that the equivalent conductivity of a rielt increases r,¡ith a

decrease of cation radius and with a decrease of anion radÍus. Large

or rapid decreases of the activation energy of conductance wi-th rising
temperature provide a defi-rìite j-ndication of changes of structure or

coordi¡ratÍon within the melt; however, ilterpretation of the sne,l-l_

variations i-rr activation energ.y, often found over extended. temperature

ranges, must be treated with caution until more rigorous theori-es of

transport properties are developed, rmless supporting evid.ence is
available. No theoretical investigations have been published irr

which the nelt ntirture has included t€ter as one of the minor compo-

nents, though the principles involved. in the conductance of pr:re

molten sal-ts have often been applied successfully to üi;rbures of

mol-ten sal-ts.

f]. EXP.ffR]MENTAI

The el-ectrical conductance of molten salts may be determíned

by the c onventi onal, methods used in studies of aqueous solutíons,

The specific conduetance is often high, and special capillary cells
o/.

may have to be used.'* Tn leny cases much care must be taken in
selecting the rsterial- for the cell, sj-nce fused salts a¡e often

corrosive, the capillaries, íf necessary, being rna ch j_ned frorn single

crystals. A different for¡n of cefl has been used by some workers rSLrgS

i¡ which the eefl has the form of a crucíble, usual-ly nade of pl-atj-num,
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which acts as one el-ectrode a nd. also the cont¿i¡rer for the rnel-t. The

second platilum electrode is then pIâced in the melt, its position

and depth of ir¡rnersion detern[ning the cer] constant. Lithiun chforate

offers no such experimental difficufties, however, and typieal pyrex

glasá cells in a fiquid thermostat are sâtisfactory.

A conventional capillary cel-l (Figure 2.1) !d-th a high cell
constant of the t¡pe recoÍnnended by Jones and Bollingerg6 *" ll""d.
The basic fillÍng tubes and electríca1 connections were wid.ely

se¡x,rated, thus el-i¡rinatÍ-ng possible e¡rors due to the parker erf"ct.97
The el-ectrodes were not platilized, sínee even r,uithout conditioning

with an electrodeposit of platinu:ir bfack the detector showed sharp

changes with snøII changes of resistance .95 tn variation of the

measured resistance w:ith the frequency of the input sj"gnal is about

O"! per cent over the frequency range of 5OO - IOTOOO cycl_.s. uec-l
for rnny molten salts, the l.el-â.tionship being.R" -- R,",o * 

'0,G)L
where R. and R,n. are the measured. resistances at the frequencyþJ,

the polarization-free resistance at infinite frequency, and K a

constant cha¡acteristic of the salt studied. .{ Jackson audio*

oseillator capable of delivering a 1o.r,r viattê.ge input with a selected

frequency of between O - lOOrOO0 cycles. """-f ,"" used for al-f of
the conductance experiments. To ¡reasure the resistance a Leeds and

Northrup Jones cond.uctivity bridge ldas used in conjunction with a
Generaf Radio type 12Jl-B amplif5-er coupled to an oscilloscope.



Figure 7.1

Conductance CelL
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This system proved capable of detecting a resistance change of 1 ohm

jn ]0,000 ohms on the bridge.

The conventionu.f *"r*".98 of deterrnj¡rj-ng the cetl constant of

conductívity cel-ls at high tenperatures uses the data for molten KCI

and t<tu0r.34r42 No standard is availabl-e for the deter¡njnatÍon of

cefl- constants at the temperature t equíred for this research, IOO-

2O0oC. The method chosen !,¡as to deterrn:i¡¡e the cell- constant aL 2JoC.,

and to apply correction factors by the method of litashburn.99 pota"siÌ,m

chforide solutions were madel 
|},c 

c ordo.rr¿s,,¡ith the specifications of

Jones and Bradshawr T0 and a series of resistance measurements al, 25oC"

taken. The cel-I constant h'as calcu-lated from the resistance of each

solution, and rrras found to be 41ó t 0.3 at l3OoC. The correction

factor is very snall jJl eåch case. The themostat designed by E.

Bocklêo was used for these measurements, the temperature recorded

being 2J t .OOOZoC"

Temperature variation during a conductance deterrnination must

a}^ia¡'s be at a mj¡irmirn. The thermostat used for the rneasurements at
13OoC. '¡as that designed for the previous c cr¡ductance irrvestigation

aaof líthium chforate.'/ An i¡ner rectangular copper tank, 30x6OxóO cns.,

nas covered by a pz'i.:nary i¡sulation of rockwool, and placed j¡side a

l¿ooden case. This ljas tlren pJ-a ced inside a second wooden case which

aflowed a further 25 cms. of vermiculite to surround. the inner box.

The theffirostat fl-uid used lvas l4arcol G.X. oil supplied by Imperial Oit

Limited. A 450 uatt j¡ nersion heater Ì¡as used to heat the bath to
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withjn 5oC. of the experimental temperature, the fj-nal heating being

control-l-ed from a 200 r,ratt bulb connected throughr a large mercury

regulator and a magnetic relay. Satisfactory stirring uas provided

by a large archemedian stirrer and a high speed centre drive electric

stirrer. The temperature variation Lhroughout the bath at l-31-.8oC.

ïras no greater than O.OJoC. A Becknan thermometer cal-ibrated ågainst

a platinum resistance thermometer uas used. for the temperature

neasurement at l-31-.8o0. For al-I other temperature nrea surements a

sjrrgl-e junction c opper-eonstantan thermocouple cal-ibrated at the

boiJing poilt of water and the freezing poirlt of tj:r was used. T¿rhen

connected to a Tinsley vernier potentiometer temperature changes of

less than f O.IoC. coul-d be noted, and the temperatures measured. uere

corre ct to j o.loc.

The cell- rvas filled with powdered anhydrous lithium chlorate

j¡rside the drybox, and then transferred to the thermostat at 131.8oC.

Frorn the cell weight before and after fi_lling, the weight of lithium

chlorate taken i^ras knol{rì. After the salt had melted, tLre residual-

gas bubbles left along the capillary were removed by causing the melt

to flow Í¡to either of the bufbous compartments. A special clamp nas

¡¡ade such that this operation r,uas possible without removi-ng the ceIL

from the thermostat. After 2 - J hours, vühen thel'rnal- equil_ibrium had

been establ-ished, the resistance of the cell l,ra s mea,sured usìlg ilput
frequencies of 1000, 2OOO, 5OAO., and IOrOOO 

"y"l-"". uu"-l. From a
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graph of the measured resistance versus ;¡;f]l--- the resistance
v rr.equency

at infj¡rite frecuency nas found for put'e l_ithium chlorate. The

d.ifference betlrcen tlle resi-stance at lOO0 "ycl.s ""c-I and aù jnfi¡ite

frequency uas -0.0ó per c ent ìrrdicating an absence of polarízation

effects. l'hÍs correction of -0.O6 per cent .v,ras applied to the resis_

tance measured at 10OO cyel." sec-l fot ê,1-l other experi:nents.

The specific conductivity of a sample of tithiun chl_orate which

had been analyzed for its $rater content, and found anhydrous uas

deterrn:i¡ed at 131.8oC. The anhydrous nature of subsequent l-ithiurn

chlorate sample s was shor¡n by a c omparison of their respective specific

conductivities with that of the anhydrous saft.

For ex¡reriments ilvolving liquid additives, a ealì-brated

syri-nge ïras filled w-ith the necessary quantity, whÍch was added to

the nelt through the cap" Solid l-íthium nitrate r,las added to the

rnelt j::side the drybox Ìliithout rer,roving the rnel-t frqn the cell-.

A different technJ.que nas used to fonn the lithium h¡rdroxide me1ts.

f¡¡ tkris case a separate mixture uas made i¡sÍde the d.rybox, filtered
through a coarse filter disc, and this mixture then added to the re_

cleaned. conductivity ce1I. This was necessary since the 1ithiun

hydroxide melts pr.epared by the other technique left a slight suspen_

sion in the r¿el-t.
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I]T. RESI]I-TS

The specific conductance at l-3f .8cC, of l-ithium chlorate and

its rri:rbure s containing $rrall quantities of propyl alcohoÌ, lithiu:rL

nitr¿ute and rater are silor,in in Tables 7.L, 7.2, 7.3. Figure ?.2

ill-ustrates the changes in specific conductance vrith Íncreasìlg

mol-e fraction of additive. Also included in Figure 7.2 are tine

changes in specific conductance observed upon addition of methyl

alcohol- and nitrobenzene, resu-Its v,rhich were obtained in earlier
a1

investigations."

Using density values obtained by interpolation of the results

of Chapter ïV for the r,,rater ni-rrtures and the density results of lvlr.

M. K. Nâgarajan for the lithiu¡L nitrate *i-r.t,ou",2? the equivalent

conductance of these -ìJrtures Ì\rere calcul-ated from the expression

JL = Mxr¡-'
I

The e quivalent conductance of an aque ous sofutíon is the conductance

of the vol-ume of solution r¡hich contai¡ls one gram equivalent of the

solute, and M is hence the weight of this volurne of solution.

represents the equivalent conductance of the lithium chlorate-loater

njxtu¡es cafculated for one gram equivalent of lithiuro chlorate,

i.e. as if they represent the exbreme of concentration of an

aqueous sol-ution. The equivalent conductance, JL, , hu" been calcu-

l-ated i¡l the same nanner for the lithiun nitrate nixtures, Bloom and
3g

HeJmann-' deter¡rj¡ed the equ-ivalent conductance of several nolten saft

miirbures, and considered M to be the mean equivalent wejght (equation

?.8);4arepresents the equivalent conductance of the l-ithiur¿ nitrate
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and hrater ¡ai¡tures cal-culated using this concept of Bloon and.

Heymann. Jt, andJl.are given j¡r Tabl-es 7.2, 7.3 for the lithium
chlorate-vlater and lithium chlorate-lithium ni_trate mi:cbure s.

The changes ofJL, and /L.at u1.8og. u-ith mole fraction of additive

are ill-ustrated in Figu¡e 7"3. The anal¡rbical representation of

the dependence of specific and eo¡rivalent conductance on mol-e

fraction of lithium nitrate and rrater shov¡¡r j¡ Table 2.4 were

obtai¡red by a Ìeast sqlrares fit of the results in Tabfes ?.2, 7.3.

The tenperature depend.ence of the specific cond.uctance of

pure ]íthiurn c hl-orate and its mi:rLure s .,dth ve.ter, lithiun nit¡ate
and methyl alcohol have been deter¡nj¡ed and are given in Tables J.!
Lo 7.L5. Figr¡re 7.4 illustrates graphically these results. The

equivalent conductances --lL, and Jl...have been calculated for l_ithium

chl-or"ate and i-ts ater and lithiu¡r nitrate r'i,cbures and are given in
Tables J.J, 7.7 Lo 1.t5, and sho¡¡n in Figures 2.5,7.6, for the

experÍmental temperatures.

Using these experimentaf resul_ts f or K ,JL, , and Â. at the

equivalent temperatures, the Arhenj-us conductance ecluations have

been determj¡¡ed using a computer. They are given in Tabfes 2.16,

?.17, together with the standard deviation fron the given equations,

and the respectíve activation energies of cond.uctance. The lìr¡ea¡
relationship between l-og conductan"u .rra f for these mi:cLures is
shonn graphically in Figures 7.7, 7.5, ?,9.
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The specific conductance of a lithium chlorate-fithium

hydroxide mì:cture, and of two lithium c hl-orate-l_ithium hyd.roxide-

ïater mijctures Ì,iere determilled over the temperature range 130-f?OoC.

The results are given in Tables 7.I8, 19,20. The e quivalent

conductances JL, and -/L"were al-so cafculated for these mi:cbures,

Tables /.18, L9 and 20, using the density of 1ithiurn hydroxide
10freported by lg-eÍ¡rl, - -- and Íaterpolatjng the resu_lts of Chapter IV

to obtairì the densíty of the Ì,rater r¿j*tures. Fígures 7.IO, 7,IL
illustrate the change of specific and equivalent conductances of

tlrese rn-ixtures with temperature, and Figures 7.I2, 7.y and ?.14

the .A.¡rhenius relationship of log cond.uctance against $. The

anal-)¡bical- representation of the Arrheniu_s equations, the standard

deviation and the activation energy of conductance for these lithiu¡n

hydroxide n-ixture s are given in Table f.20.



TABLE 7.f
00NDUCTANcEs At t3t.Boc. 0F LrrHfuM cnLorìATE-

FROPYi ¡IICoHoL i,,lDilURES

105.

Series I

Mole
I?action
Þopyl
ll1cohol

n2

Specific
Conduc- Series II
tance

1'lo1e
Fraction Specific
Propy1 Conduc-
!-lcohol tance

0.004

0.009

0.oi-3

o.026

0.r-150

O.LLI+5

0.L132

o.La27

0.1113

0.1r_08

- n lt,.o

0.005 0.1140

0.0f1 o.LL27

0.015 0.ar25

0.020 0.1115

TÁ,BLE 7.2

CONDUCTANCES AT 131.8OC. OF LTTI{TUM CHLOFT.TE-
L]TTIIUM NITRA,TE M]XTURES

Mole
Fraction
LiNo3 (n2)

Density -gms cc *
Specific
Conductance

K

Equivalent Conductance

À, -/L z_

o

o.067

o.098

o.L2l+

o.L56

o.l_81

o.2o7

2.0881_

2.0841

2.O82+

2.0803

2.0767

2.0727

2.0690

0.1150

0.1163

o.1167

o.L176

0.l-l-82

0.1188

o.r2a6

4,979

5.32r

5.1+41+

). ool-

5.871+

6.056

6.3L8

t+.979

tr.96]

t+.959

l+.960

t+.969

t+.958

5.010



lub.

ÛONDUCIAITCES At 13t.80C.

TABï.8 7.3

OF LITIIIIM CIILORATE-:I¡/À'ÍEß I,.IIXTURES

Mol-e
Fraction
r¡Jater

n2

Density

f
Specific
Conductance

K

Equivalent Conductance

JT, _A-L

0

0.0r3

o.o25

0.038

0.043

0.061

o,o72

0.084

o.r-r-6

o.L26

O.L75

0.216

O.2l+O

.0.256

2.0881_

2.0784

2.073L

2.0708

2.0628

2.o579

2.0523

2.0360

2.0306

2.4022

1.9767

I OÂOO

L.9l+9O

0.t_150

0.11-71

0.l.202

o.1227

O.L2lt3

o.t-268

o,1302

0.7326

0.1368

0.1397

o.L492

o.r5gt+

0.1631

o-1662

4.979

5.o79

5,253

5,393

5.1+7 Ll

5.629

5.804

5.945

o.¿)r

6.393

7.or9

7.693

,t oon

e.æ6

t+.979

5.o29

Â -¡ ôl

5.188

5.237

5"282

5.386

5.Lt+5

5 .5U+

5.590

5.785

6.029

6.077

o.l_JJ_
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TABTE 7.4

AN¿.IYTICÁ], NEPRESEI,iTATION OF TItr CHI.ITGE OF CONDUCTII.NCE
WITH i/io],E FRACTTON oF A,DD]TIVE AT ]-3f.8oc.

----..-_--

Additive
Analytical ReFire sentatf on2
co-nductance=A + Bn2 + Cn2
(n2 = mole fraction additive )

Standard
Ðeviation

;K : o.LL52 + .L9t+rrz + .o238n22 6.g , 1o4
l¡Iater

Ã.a = l+.99 + 9.92n2 + to.8fn22

-y'-2 = L.gg + i"22nz + 2e.2n22

-)3.1+ x LO '
_t2"8x10-

Lithiün
Nitrate

K= .n51 + .OO95n2 + .073?nz2

Ar = 4.çe + 3.73n2+ r2.7on22

Jr-2 - t+.9s - O.5?n2 + 3.Ognz?

2.7xLO*

-t2.1 x10 -

-)1.1- x l-0 *
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r¡,BrE 7.6

TM,TFUR¿.TURE DEFENDENCE OF SPEC]FIC CONDUCTANCE

OF A LTTHIIJI,{ C HLORAIts-T,TETHYI "{ICOHOI MIXIURE

Mole fraction nethyl alcohol : .03

Specific
Condgctance

K
-logK

1l L;. 

- 

x -L(r
^o.,1t\

Lr-"6

r3a.7

L32.O

r4.5
138.5

2.47r

2,1+?L

2.Lr6g

2" l+51+

2.L34

0.1139

0.1141

o.I:.t+7

O.IL97

0.128À

o.9t+35

O.9l+27

o.gl+o5

4.92L9

0.8914



to
c.

 
--

1-
 x

 r
o¡

 
D

en
si

ty
T

O
K

 
P

T
A

B
LE

 7
.7

V
A

R
T

A
T

T
O

N
 

O
F

 S
P

E
C

M
T

C
 A

N
D

 E
Q

U
T

V
A

T
JE

N
T

 
C

O
N

D
U

C
T

A
N

C
S

 
O

F
'A

 ]
,T

IH
T

U
M

 C
H

LO
R

A
T

N
.

I,I
A

T
E

R
 M

IX
T

U
R

}I
 L

\I]
T

H
 T

H
,{

P
E

F
A

T
U

F
T

}

13
1.

8 
2.

1+
70

l-t
+

3.
1 

2.
40

3

r5
2"

r 
2,

35
2

15
8.

7 
2,

3L
6

15
8.

8 
2,

31
6

L6
2.

7 
2.

29
5

l.6
2.

7 
2.

29
5

17
0"

1-
 2

.2
-5

4

l_
7o

.1
 

2.
25

1+

L7
t+

,3
 2

.2
35

2.
01

+
57

2.
03

66

2.
02

99

2.
02

1+
8

2.
02

1+
8

2.
O

2L
5

2.
O

2r
5

2.
ot

56

2.
0]

-5
6

2.
O

L2
2

S
pe

ci
fic

C
on

du
ct

an
ce

K

0.
13

ó1

o.
16

53

O
,T

9L
3

o.
20

69

0,
24

7L

0.
21

81

0.
 2

18
6

o.
24

07

0.
2¿

ef
0

O
.2

1,
,7

0

E
qu

iv
al

en
t 

C
on

du
ct

an
ce

 -
 1

og
 K

Jt
, 

J\
 ¿

6.
rA

3

7.
1L

3

e.
70

3

9.
t3

6

9.
)+

59

9,
96

3

9.
98

6

1r
.0

30

1r
-,

04
1

5.
54

3

6.
68

9

7.
85

2

8.
51

4

8.
53

5

8.
9e

9

9.
01

_l
_

9.
95

L

9.
96

2

LA
.2

28

0.
86

61

0.
78

17

o.
7L

83

o.
68

t+
3

o.
6*

2

o.
66

13

o.
66

03

0.
 ó

]-
8ó

0.
61

80

o.
60

:1
3

to
p 

-À
 -

0.
?8

84

0.
87

70

a.
%

96

o,
97

48

a.
97

58

o.
99

81
+

a.
99

9t
+

r.
oL

,2
5

L.
ol

+
29

L,
O

5l
+

2

o.
82

5t
+

0.
89

50

o.
93

0r

o.
93

L2

0,
95

37

o.
95

t+
7

o.
99

78

o.
99

81
+

l; 
00

98

il :



.o
^

T
A

B
T

,E
 7

.8

V
A

R
IA

T
IO

N
 0

F
 S

P
S

C
IF

IC
 A

I$
D

 A
Q

U
IV

A
LE

N
T

 C
O

IW
U

C
T

¡q
.N

O
E

 o
F

 À
 I

,IT
H

III
M

 C
H

T
.O

R
A

T
E

-
. 

hI
A

T
E

R
 M

T
X

IU
F

-ü
 'W

IT
H

 T
M

q]
ìO

R
.A

T
U

H
T

M
ol

e 
fr

ac
ùi

on
 r

,¡
at

er
 0

.1
75

13
1.

8 
2.

46
9

L3
9.

L 
2.

42
6

T
À

f 
.6

 
2"

1Ã
T

L4
9.

3 
2.

36
7

L5
4"

2 
2.

3t
+

O

15
8"

0 
2.

31
9

1ó
1.

0 
2,

30
t1

L6
5.

3 
2.

28
r

f6
8.

7 
2.

2-
63

D
en

si
ty

rr
2.

A
O

?_
2

L"
99

70

L.
99

5r

'r 
ôo

o¡
i

L.
gs

5g

r.
98

3L

r.
98

09

L.
97

76

L.
97

52

S
pe

ci
fic

 
E

qu
iv

al
en

t 
C

on
du

ct
an

ce
C

on
du

ct
an

ce
 ,

 
^ 

-lo
g(

 
lo

gJ
Lt

 
lo

g 
-À

,
K

 
JL

I 
J\

Z

a.
15

62
 

7.
35

0

o.
r7

ot
+

 
8.

04
2

a.
L7

5L
+

 
8.

28
2

a.
L9

L9
 

9,
22

9

o.
2o

7t
+

 
9.

83
9

o.
22

ot
+

 
10

.4
?1

0.
22

89
 

r-
0.

88
6

A
 ,2

1+
O

l+
 L

I.4
5Z

o.
25

u+
 

11
.9

91

o.
 u

o¿

o.
ôJ

z

6.
83

3

7.
6L

t+

Õ
.r

t1

8.
63

8

8.
96

f

g 
.l+

l+
8

o 
00

?

0.
80

62
 0

.È
66

3

0.
76

86
 a

.9
o5

t+

0.
75

60
 0

.9
r-

81

a.
7l

o3
 

0"
96

5t

0.
68

32
 0

"9
93

0

0.
65

68
 1

.0
f9

9

o.
6t

+
o5

 r
.o

37
t

0.
61

91
 f.

05
88

o.
59

96
 1

.0
78

9

a.
78

26

0.
 B

21
6

o.
83

Lr
6

0.
88

16

4.
90

94

O
.9

36
t+

o.
95

33

4.
97

5t
+

0.
99

53

ts ts P



ol
a

L-
C

. 
îA

? 
* 

fo
: 

D
en

si
ty

 S
pe

ci
fic

 
E

qu
iv

al
en

t 
C

on
du

ct
an

ce
 -

 lo
g 

K
 

lo
g 

-.
lL

 1
 

fo
8 

tr
2

F
 

C
on

du
ct

an
ce

 /
t 

f 
^ 

2

T
A

B
T

,E
 ?

.9

V
A

R
T

A
T

IO
N

 O
F

 S
P

E
C

]T
T

C
.[N

N
 

E
Q

U
]V

Ä
Ifi

I\'
T

 C
O

I{
D

U
C

T
A

N
C

E
 O

F
 A

 L
T

T
H

T
U

M
 C

H
T

O
R

A
T

E
-

W
A

T
E

R
 M

L{
T

U
nn

 }
\r

IT
H

 T
II4

F
E

R
A

T
U

Iiä

lv
io

l 
e 

fi.
ac

ti 
on

 r
'ø

.t,
er

 C
t^

25
6

13
1.

8 
2.

t+
70

L3
9 
"O

 
2"

t+
25

r4
J.

9 
2.

.3
99

l-5
0.

f 
2,

36
3

L5
5.

9 
2.

33
L

l"6
0.

5 
2.

3a
6

16
5,

5 
2.

28
r

16
9.

e 
2.

25
8

17
5.

7 
2,

22
8

!.9
L9

a

L.
qß

8

7.
q+

02

L.
93

58

L.
93

14

r.
92

82

r.
92

1+
6

r.
92

L2

I 
ô1

 .
/a

r

a"
L6

62

0"
 ]

-8
55

0.
19

87

4.
2L

35

0.
22

63

o.
2l

+
I3

o.
25

50

a,
26

75

0.
28

28

8.
23

6

Õ
 

r>
14

9.
 å

9r

ro
,6

52

11
.3

16

12
.0

86

12
.?

96

13
.tl

v7

Lt
+

.2
L7

6.
]-

jr-

6.
s3

L

7.
36

3

q 
o1

0

8.
1+

24

8.
99

7

9.
52

6

10
.0

10

10
.6

06

0.
77

94

o"
7t

&
2

0.
 7

01
-8

a.
67

a6

a.
ô4

>
J

o.
6L

75

a.
59

26

o.
57

27

a.
5L

S
5

4.
91

57

c.
96

t$

o.
99

52

L.
O

27
l+

t.0
53

7

I.0
82

0

r.
 1

06
9

1.
12

85

L.
t5

37

o.
78

67

a.
ü&

+

0.
86

71

o.
t9

92

0.
92

55

o,
95

1+
I

o"
97

89

f.0
00

4

L,
02

59

t,. À
-)



to
c.

 
1*

rd
T

oK

L3
2.

0 
2.

t+
69

L3
6.

1+
 2

.L
l+

2

L3
8.

7 
2.

L2
9

Lt
*2

.6
 

2.
1+

06

14
S

.9
 

2J
65

r5
L.

9 
2.

33
7

t5
9.

3 
2.

3T
)

L6
2.

14
. 

2.
29

7

L6
7.

9 
2.

26
8

L7
0.

9 
2"

25
2

T
A

B
T

fr
 ?

.1
0

V
A

R
ÏA

T
ÏÛ

N
 O

F
 S

F
E

C
ÏF

IC
 À

N
D

 E
C

¿
U

T
V

A
LE

N
T

 
C

O
N

Ð
U

C
ÎÄ

N
C

E
 O

¡'A
i,i

iT
ìT

U
¡,

t 
C

T
T

IO
N

T
T

T
N

-L
IT

H
IU

T
{ 

N
IT

P
Ji

IE
 i

']i
Ü

ilU
F

T
 h

IIT
H

 T
T

M
P

E
A

'A
T

U
R

Ã

D
en

si
ty

P

2.
0?

63
 

0.
11

8ó

2.
A

72
8 

O
.L

?+
3

2.
07

16
 

0.
v9

2

2.
06

97
 

o.
rL

gL

2,
a6

29
 

o.
U

o4

2.
05

81
 

0.
18

33

2"
A

51
,7

 o
.r

98
r

2.
O

53
r 

0.
20

90

2.
04

81
 

0.
22

38

2.
O

l+
57

 0
.2

33
2

S
pe

ci
fic

C
on

du
ct

an
se

E
qu

iv
al

-e
nt

 C
on

d.
uc

ta
nc

e 
- 

1o
g 

K
 

lo
gJ

l,
JL

l

5.
86

8

ô"
br

b

6.
90

3

8.
48

6

9.
15

0

9.
90

5

r0
.4

58

rL
.2

26

Jl
 2

t+
.g

86

).
 o

ro

5.
86

6

6,
30

7

7.
zT

L

7.
7?

t+

8.
4L

6

8.
88

6

ô 
Ã

20

9.
95

r

0.
92

55

0.
87

19

0.
85

61
+

0"
82

56

a,
76

86

a.
rc

68

o.
7o

3f

o.
67

99

a.
65

a2

o,
63

22

a.
76

s5
 a

.6
97

7

o,
82

32
 A

.7
52

5

0.
83

90
 s

.7
68

3

0.
8?

05
 0

.7
99

8

0.
92

87
 0

.8
58

0

o.
96

L4
 0

.8
90

6

o.
99

5e
 o

.9
25

r

1.
01

95
 0

.9
+

87

l-.
05

01
 a

.9
79

5

r.
06

86
 0

.9
97

8

l-o
s 

-A
 ^



¿
O

 ^

T
A

B
LE

 7
.1

1

V
A

R
IA

T
T

O
N

 O
T

t 
S

P
E

C
]F

T
C

 A
,N

D
 N

Q
U

T
V

À
LE

N
T

 C
O

N
D

U
C

T
.II

N
C

E
 
O

F
 A

 ]
,]T

H
III

M
 C

H
I,O

R
A

T
$-

LT
T

H
]II

M
 N

IT
R

A
T

E
 M

Itr
tU

R
E

 I^
T

T
T

I.I
 T

E
M

P
F

,R
A

T
U

R
E

1 
_^

?
T

oK
^-

"

f3
1.

8 
2.

46
9

v5
"9

 
2"

)+
LL

5

ú9
.h

 
2.

t+
25

Ll
+

6 
. 
t+

 
2.

38
4

L5
0.

7 
2'

36
0

r5
L.

7 
2.

33
8

L5
9.

6 
2.

3L
2

15
9.

9 
2.

3r
o

L6
3.

3 
2.

29
2

L6
9.

8 
2.

25
8

t7
L.

'4
 

2.
25

0

D
en

si
ty

 S
pe

cí
fic

C
on

du
ct

an
ce

K

2.
07

27

2,
06

92

2.
06

66

2.
o6

rL

2.
a5

77

2.
05

47

2.
05

08

2.
05

06

2.
d+

77

2.
04

27

2,
O

L+
L3

0.
11

88

o.
r2

9o

ô 
1?

42

0.
15

85

a.
17

72

0.
18

26

0.
19

60

o:
19

77

0.
20

90

o.
22

95

o.
n3

3

E
qu

iv
al

en
t 

C
on

du
ct

an
ce

-/
L1

 
LZ

6.
05

6

ó.
 5

88

7.
LL

?

ó.
I¿

O

8.
 e

o4

g.
3g

L

10
" 

09
9

t_
0.

18
7

r0
.7

85

L2
.0

72

L.
95

e

Ã
 2

02

).
 ó

¿
 (

ô.
o)

¿

7.
20

8

7,
6e

8

8.
26

8

8.
34

0

8.
82

9

o 
¡7

1 
0

9"
88

3

- 
1o

g 
K

 
lo

g 
JI

1 
lo

g'
À

,

a.
92

5r
 A

.7
82

2

0.
88

94
 0

.8
18

7

0.
85

64
 a

.8
.5

23

a.
79

99
 a

.9
a9

9

o,
76

65
 a

.9
L4

?

a.
73

83
 0

,9
72

7

o.
7o

77
 l-

.0
04

0

o.
7o

39
 1

.0
07

ó

0,
67

99
 L

.0
32

7

0.
63

92
 r"

07
45

0"
63

22
 r

.0
81

6

o.
69

52

0.
 ?

3r
8

o.
76

54

a.
82

29

o.
85

78

0.
 8

85
9

a.
9r

7L

^ 
a)

1 
)

o.
94

59

a.
98

76

O
.9

91
+

9

ll

ts F



,o
^ 

l- 
--

 .
^3

r,
 ù

. 
þ-

[ 
* 

rv

T
A

B
r,

rr
 7

.f2

V
A

R
IA

T
T

O
N

 
O

F
 S

P
A

C
T

¡'J
C

 A
N

D
 E

Q
U

]V
A

I,E
I\ü

T
 

C
O

N
D

U
C

T
A

N
C

E
 

O
F

 A
 I,

]T
H

]U
M

 C
}I

LO
R

Â
T

II-
LÏ

T
]-

i]I
]}

{ 
N

IT
N

A
T

E
 }

IT
X

T
U

N
E

 W
IIH

 T
.I¿

1V
ÍP

E
ä,

A
T

U
R

F
;

r3
l-.

8 
2.

t+
7o

13
4"

3 
2.

t+
55

v7
.6

 
2.

t+
35

Lt
+

2.
0 

2.
4L

0

14
6.

0 
2.

38
7

15
7.

3 
2.

.3
57

15
6"

3 
2.

32
9

16
0.

0 
2.

30
9

L6
6.

6 
2.

27
5

r7
r.

t+
 

2.
25

0

D
en

si
by

 S
pe

ci
fic

P
 

C
on

du
ct

an
ce

2.
06

90

2.
06

67

2.
06

37

2.
a6

06

2.
o5

75

t 
^E

aì
.)

2.
O

l+
93

2.
aL

6U

2.
O

LÞ
],$

2.
o3

76

o.
t2

o5

4.
L2

7 
)+

0.
13

óO

o,
L4

79

o.
L5

gr

a.
L7

57

0.
f9

08

o.
20

26

o.
22

28

0.
23

24

E
qu

iv
al

en
t 

C
on

du
ct

an
ce

-À
 1

 
Jt

2

6.
3.

ú 
5.

00
ó

6.
68

2 
5.

29
8

7 
.It

+
3 

5.
66

4

7.
78

0 
6.

t-
69

8.
38

2 
6.

6h
4

9"
27

6 
7.

35
5

70
.0

92
 

8.
00

2

ro
.7

3r
 

8.
50

9

It.
82

8 
9.

37
9

L2
.3

63
 

9.
80

3

- 
lo

g 
K

 
to

g 
JL

, 
1o

g 
.J

L 
,

a\
 o

t 
o^

0.
89

48

o.
86

65

0.
83

00

o.
79

83

a.
75

53

O
"7

I9
Lt

a.
69

33

a.
65

3o

o.
63

38

0.
80

02
 0

.6
99

5

0.
82

t+
9 

0.
72

1+
2

0.
85

39
 a

.7
53

r

0.
89

r-
0 

o.
7g

o2

0"
92

33
 0

.8
22

6

o.
96

7t
+

 0
.8

66
6

Lo
a3

7 
o.

9o
32

\.0
30

6 
0.

92
99

I.4
72

9 
0.

97
2r

1.
09

20
 0

.9
9L

3

ts F



!O
^

t 
u.

 
r 

-^
1

t-
 

t\

T
A

B
I,E

 7
.1

3

V
-A

IT
IA

T
IO

N
 O

¡'S
P

IIC
IF

IC
 /

tN
D

 Ë
Q

U
T

V
lil

Jl
N

T
 C

O
N

IIU
C

T
T

IN
C

E
 0

F
 A

 .
|IT

H
IU

M
 C

H
1,

oP
'A

T
E

-

LI
T

H
T

III
V

I 
N

lT
n-

qT
E

 M
L{

T
U

R
E

 I
rü

IIH
 T

LI
{P

H
A

-{
T

U
IIS

L3
"l 
.7

 
2.

1+
35

14
0.

6 
2.

tJ
8

IL
+

3.
2 

2.
1+

03

L4
6.

t+
 2

.3
84

L)
+

g.
t+

 2
.3

67

15
f.0

 
2.

35
e

L5
3.

L 
2.

34
7

L5
7.

r 
2.

32
5

I5
9.

t+
 

2.
31

3

16
r.

2 
2.

30
3

16
5.

2 
2.

28
2

L6
7,

6 
2.

?-
69

16
9,

5 
2.

26
0

r7
o.

9 
2.

25
3

D
en

si
-t

y 
S

pe
cí

fic
fa

 
C

on
du

ct
an

ce

¿
.v

)o
4

2,
05

42

2.
05

22

2,
O

L9
6

2.
O

lL
58

2.
a4

L7

2.
oL

aö

2.
03

98

2,
C

B
86

2.
a3

36

2.
03

22

2.
03

08

o.
r3

78
 

7.
69

3

a.
r4

65
 

8.
13

4

0.
L5

39
 

8.
55

3

o.
f6

3o
 

9.
07

0

o.
L7

2L
 

9.
5e

7

0.
r?

61
+

 9
.8

3t
+

a.
r8

29
 L

O
,2

02

a.
rg

t+
g 

r_
0.

88
8

o.
2Q

2L
 L

L.
29

9

O
.L

3O
 T

L.
9L

7

o"
22

O
3 

L2
$6

L

0.
22

9r
 l

,2
.8

Ì+
9

a.
23

58
 V

.2
33

o.
2t

+
o2

 v
.L

89

E
qu

iv
al

en
t 

C
on

du
ct

an
ce

-¡
L.

 r 
JU

 2

).
 (

<
(

6.
o5

8

6.
36

8

6.
75

3

7.
88

7 
.5

95

8.
 1

06

8.
1+

73

9,
20

3

9 
.5

66

9.
85

2

ro
.0

8

- 
lo

g 
K

 
lo

gJ
L,

 
Lo

g 
Ju

,

0.
86

0?

0.
83

À
l

0.
81

28

a.
78

7e

0.
7i

l+
3

o.
75

35

0.
73

78

a.
7L

O
2

0.
69

A
.4

o.
66

96

a,
65

7a

o.
64

00

o,
62

3t
+

o.
6l

gt
+

0.
88

6r
 a

.7
5?

9

0.
91

03
 o

.7
82

1+

0.
93

22
 0

.8
04

0

0.
95

76
 a

.8
29

5

0.
98

17
 a

.8
53

5

a.
99

28
 0

.8
6t

+
6

l-.
00

86
 0

.8
80

5

L.
a3

69
 0

.9
08

8

r.
05

31
 0

.9
25

0

L.
o7

63
 0

.9
48

0

L,
O

92
O

 A
.9

63
9

1.
10

89
 o

.9
do

É

r.
l.2

16
 0

.9
93

5

r-
.1

30
0 

r.
oo

33



,r
À

¡L
lt 

7.
14

V
A

R
]A

T
]O

I{
 O

F
 S

U
C

T
F

IC
 ^¡

N
D

 A
Q

U
IV

À
T

,E
IV

T
 C

O
T

]D
U

C
T

A
JV

C
ü 

O
F

 A
. 

LT
IiI

IIJ
-T

{ 
C

H
LO

IìA
T

U
*

L]
T

H
T

U
M

 N
IT

R
i{'

IE
 f

fiN
T

U
F

E
 1

.I]
T

I{
 1

u\
{P

E
,R

À
T

U
R

T
:

[io
le

 f
¡a

ct
io

n 
lit

hi
um

 n
itr

at
e 

O
.3

O
C

.

to
 c

. 
_]

- 
* 

., 
.,3

 
D

en
si

ty
 S

pe
ci

fic
 

tq
ui

va
le

nt
 C

on
du

ct
an

ce
 -

 l-
oe

 +
t 

l-o
g 

-À
 "

 
f 

os
 -

¡L
^

F
T

 x
 lu

- 
þ 

C
on

du
ct

an
ce

 - 
-À

1 
L2

 
2

,,,
l-5

0.
]_

 
2.

36
3

f5
f.1

 
2.

35
8

I5
2,

t+
 

2,
35

1

15
5.

7 
2.

33
3

I5
8.

L 
2.

31
8

L6
3.

L 
2.

29
].

I6
t+

.3
 

2.
28

7

L6
6,

6 
2,

27
i

r7
o,

9 
2.

25
3

L7
3.

A
 

2.
21

+
2

2.
O

t+
O

5 
0.

16
48

?-
.0

39
6 

0.
18

05

2"
q,

86
 

0.
18

4ó

2.
03

62
 

0.
l-9

59

2.
o3

t+
3 

0.
2ô

37

2.
O

3O
7 

A
.2

20
L

2.
o3

Õ
r 

0.
22

27

2.
A

28
4 

0.
22

98

2,
02

52
 

O
,Z

tn
5t

2.
02

37
 

0.
25

1+
5

9.
69

5

Lo
.6

23

ro
,8

70

1r
.5

48

l_
2.

0r
9

13
.0

1_
0

13
.1

68

13
.5

99

|+
.5

2'
.1

L5
.a

96

6.
78

ö

7 
. 
t+

3o

7.
6A

2

8.
07

7

s.
LA

6

o 
^o

o

9.
20

9

9.
5L

L

10
.r

_ó
0

10
. 

55
8

a.
7L

r6

0,
70

22

o.
69

23

a.
66

66

0.
64

98

o.
 6

16
0

0.
ór

08

4.
59

72

a.
56

92

4.
55

30

0.
9e

65
 o

.8
3L

?-

r.
a2

6|
 

0.
87

f0

r.
03

63
 0

.8
80

9

r.
06

?-
2 

0.
9a

73

L.
o7

99
 A

.9
2/

t6

l_
.I1

/j.
2 

O
.g

5g
O

L.
LL

93
 A

.9
6!

t-
2

r.
L3

35
 0

.9
78

2

L.
r6

2L
 r

.0
0ó

6

r.
1?

86
 r

,a
2J

5

P P {



to
 C

. 
I 

-.
',J

 
D

en
si

ty
ro

K
^-

" 
lJ

T
A

D
T

,U
 7

.1
5

V
,{

R
T

A
IT

Û
N

 O
F

 S
F

E
C

IT
'T

C
 A

N
I] 

]ÌQ
U

T
V

.¡
.L

!]N
T

 C
C

N
D

U
C

T
A

N
C

T
] 

O
T

' 
A

 ],
T

1!
IT

IJ
},

{ 
C

F
IL

O
R

A
T

E
-

L]
T

}'I
ru

I'4
 N

IT
fU

IT
U

 I
íjI

{T
U

N
Ï 

hJ
'IT

T
I 

T
II}

{P
E

R
{T

U
P

.E

M
ol

e 
fr

ac
tío

n 
lit

hi
um

 n
itr

at
e 

0-
31

9

f5
8.

0 
.2

.3
20

t"
60

.3
 

2.
30

8

L6
3,

r 
2.

29
3

L6
5,

3 
2.

28
2

L6
6.

2 
2.

27
7

76
8.

7 
2.

26
t+

LO
Y

.¿
 

Z
. 

¿
O

¿

17
0,

9 
2.

25
3

L?
2.

9 
2.

21
+

3

2.
03

18

2.
03

42

2,
02

82

2.
A

26
5

2.
o2

5V

2.
O

21
+

O

2.
aÐ

6

2.
02

23

2.
O

2r
O

S
pe

ci
fic

 
E

ci
ui

va
le

nt
 C

oi
rd

uc
ta

nc
e

C
än

du
ct

an
ce

 - 
JL

 f
 

Jt
 z

K 0.
20

80

a.
2L

69

a.
22

56

4.
23

32

v.
¿

t)
 |

Õ
.2

42
8

0.
2)

+
67

0.
25

08

O
,2

58
2

L?
-.

56
7

13
.1

14

13
.6

5L

Ll
+

.1
26

Ll
+

.2
83

IL
r.

72
6

r4
.9

66

15
,2

21
+

15
.6

81
þ

8.
55

2

8.
92

5

o 
âo

?

9.
61

1+

a 
f7

1'
1

10
"0

2

10
.1

85

ra
36

7

La
.6

74

- 
Lo

g 
K

 
lo

S
 -À

, 
lo

g 
JL

,

0.
68

f9

o.
66

37

u.
 o

4.
oo

U
.O

J¿
4

o.
62

76

0.
61

48

0.
60

É
9

o.
60

07

0.
58

8f

1.
09

9t
 o

.9
32

L

L.
r1

77
 0

.9
50

7

r.
13

51
 0

.9
ó8

r

L.
Lt

+
99

 0
.9

82
8

r.
I5

t+
7 

o.
98

77

r-
.1

68
2 

f.0
00

8

L.
r7

5O
 l-

.0
07

ó

L,
l.8

25
 r,

0r
_5

3

L.
L9

53
 r

.O
28

2

1ì :l i



TABLjI ?.f6

/RRI{ENIUS RSPRTSENTATTCI{ OF CONDUCTA}ICES OF
LITHIIJI"I Cm,ORATE ¡,i\D ITS IÀIATËR i,iTmUnES

119.

Mo].e
Fraction
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Arrhenius Equation Standard Activation
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Figure 7.2

Specific Conductance at 131.8oC. vs. Mol-e Fra ction ,Âdditive
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Figure 7.3

Ðquivalent Conductance of Lithium Chlorate þIixLures vs. Mol_e

F?a ction
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Figure 7.4

Pl-ot of Specific Conductance of Lithiurn Chl-orate llij:cture vs.

Temperature
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Figure 7.5

Equivalent Conduct¿nce vs. Temperature of Lithiul Chl_orate-

l¡later lälçtures
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Figure J.6

Equivalent Conductance vs. Temperature Lithir¡m Chlorate-

Lithiun Nitrate I'ti:ctures
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Figure 7.7

Log Specifie Conductance of Lithium Chl-orate l'fi-rbure "". ,þ
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Figure f.8
T,og Equivalent Concluctance Â, of Lithium Chlorate Ltli:cLures

Ivs. õõ-Ì
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Figure 7.9

Log Equivalent Conductance.A- of Lithium Chlorate lli-xtures

u". -_=L
TUK



LO
G

 E
Q

U
IV

A
LE

N
T

C
O

N
D

U
C

T
A

N
C

E

LO
G

I

E
Q

U
IV

A
LE

N
T

 C
O

N
D

U
C

T
A

N
C

E
 rt

.v
s 

ì.^

I

F
IG

U
R

E
 7

.9
,

O
 W

A
T

E
R

 M
¡X

T
U

R
E

S

O
 L

IT
H

]U
M

 N
¡T

R
A

T
E

 M
IX

T
U

R
E

.':



Figure ?.10

Specific Conductance of Lithiun Chl-orate-Lithíum Hldroxide

l4i:(tures vs. Ternperatr.re
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Figure f.1l
EquÍvalent Conductance of Lithium Chlorate-Lithium Hydroxide

llixbures vs. Temperature
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Figure J.12

Log Specific Conductance of LithirxL Chlorate-Lithium Hydroxide
j

I{ljfLure s vs, ñõl-



i-JJ6.

LOG SPECIFIC CONDUCTANCE vs

zÞao 2.450 2.4oo 2350

@ LIOH, 0.0Z6

9 LroH, 0.069 i r5o, o.o7t

O LroH, 0.069 i Hzo, o.o7z

I

7

-iHO

. uJ
(J
z
Éloo.ct

,3.o
z
oo-lgO

C)

l!
(t
¡¡J-iBO
o.
@

(9
or-:zo

-rÊO

23OO 22æ :,

$"*rto3 
- |

aFOO 2.450

@ LrOH, 0.0Z6

FIGURE 7-12



Figure 7.1-3

Log Equivalent Conductance /L, of Lithium Chl-orate-T,ithium

qydroriide .t"lxtures v". f" 
ToK
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Figure /.Id
Log Equívalent ConductanceÂ. of Lithiun Chl-orate-Lithiu¡n

l_hJ¡drox-r-d e l".Laxiures vs. 
-

" -r%
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ÏV. ÐISOUSSION

The specific conduct¿nce of prre lithiu¡n chlorate, 0.Ì1J0

-l-l^"Ôohm-rcm, -¿ at l-31.8"C. conlÉ.res favourably trith that of Pa{:Lersonr/"

.-lu.-Lruu onm -, but, 1s r-ower than tha'r, proposed Oy älotschko.29 The

higher specific conductanc e, 0.L252 ohm-}crn. -I and lovr denslt¡r

vál-ues of pure Ìithium chl-orate obtained by Klotschko are both

indícative of the presence of water in the sample.

The specific conCuctance and other transport paraneters of

lithium chlora be are complred to those of othes molten sàlts in

Table 7.22. !-or most fused salts in which the dissociation is
1^)

large the val-ues of these pa.rameters-"- are

K=1-Johm-fsln.-l
JL= 3o - L5o ctn.2 ol'n-lequvL-l

4.:.. = r - 5 k. cal. mole-]-K

The values ofK andJlfor lithíu¡n chlorate are slighì:þ lorrer than

those for other salts of pol¡-atonie aníons Ïrhich have fohr raeltilg

points, but are consÍderably Jarger than those of salts which form

covafent melts, such as llgCl2.

The ratio of the actívation energies of viscosity and concluc-

tance normalþ has a l¡alue bet¡¡een 2 - L¡ íor ionic mefts. This ratio

is said to ind-icate that vi-scous flow i¡r these salts involves a

greater configurational- change than does ionic migration caused by

an electric fiefd. ff this activation energy ratio is found to be

smal-ler than this range, this is indicative of association of some
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141.

kÍnd within the r¿el-t. The equality e¡Âf1 ana AfLnotice¿ for many

nitrates erlsts afso for the lithirrrn chlorate melt, and hence as i¡r

tire nitrate nelts the conductjng species are not the si:nple ions

themsel-ves.

Usiag the v:iscosity data of Chapter V and the equívalent con-

ductances given in Table J.l, the degree of ionization of l_ithium

chl-orate has been cå.fculated usj.rlg the method of Greenrlrood and

I[aricut,92 (see page 94) and is shoÌm together with the degree of

dissociation of other sal-ts in Tal:\e 1.2J. It appears as if the

l-ithium chl-orate nrel-t is c ompleteþ ionic, like the melts for:ned

by the Group I nitrates. Though the degree of dissoeiation ca.l-cu-

Lated (0.8) j-s lower than that cal-cufated for the high melting ionic

compounds, in view of the appro:riÍtations invol-ved this is stil-l- in

satisfabtory agreement for a degree of díssociation equal to one,

Thus, though the lithium chlorate mel-t is c ornpletely ionic, the

species i¡volved in conductance are not the simple ions,

A recent theoretical e.¿uation85

-/t = feT-'-,"p-"#
+5

has been proposed (see page )j) and applied satisfaetorily to the

cond.uctance process of the alkali halides, r,r¡hose melts consist of

simple s¡nønetrical- anions and cations. Accordilg to this the ory
+

the e:çerÍmental heat of activation for conductan"" A l-!n_ i"
identified with the enthalpy of hole foïnìation and that of the ionic

junp so that

^Hr,^,"p 
* AHnol. = AHi +ar
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Il+3 .

Using the enthaipy of hole formation cal-cul-ated from ¡'tlrth t s

equaf].on
aH¡. = 4fi+'(t- -r å+)

and consideri¡g A H.¡ to be equat irr val-pe to 0.1ÁH^(see page !l)
then the values obtained for lü;hiu¡r chlorate and l-ithium nitrate

at corresponding temperatures are

fon

_.+
!¿

r1o3-

-_ -+]-a

No3-

Crystallographic ¡Yee F,nersy
lonic Radius of Hole 

^l{l+AHLÂo ForirLation .ì

k.cal.rnole-- k.cal.mofe
0.60 0.55 o.gs

2.oo 6.ü 9.4

.+aHrtR I

-l-

6.5

5.80. óo

t2

4.72

10.6
TI\BLE 7 .21+

4.99

1a 2

The value for the calculated activation enthalpy of conduc-

tion for the lithiurn ion is much l-ot^¡er than the experimental enthalpy

in both cases, whereas the cal-culâted activation enthalpy for the

anions are both larger than the experimental activation enthalpy.

Duke and ûr"rr"lO7 have d eternri-ned the transport nunrber of tire lithir:m

ion jrr the l-ithii:-rL nitrate melt to be 0.84 t .Oó, 
"rl.ri"h 

i¡dicates

the conductance is pri:narily uni-ionic, and it is possible that the

conductance of l:ithium chlorate is afso rini-ionic. Nevertheless, if
the simple ions r,,¡ere the conducting species, the experlnental acti-
vation enthalpy should be close to that cal-cu_l_ated for the Li+ ion..



ILt+.

Since this is not so, as seen j¡ Table 7.21+, lhen the radius of the

ionic species j¡rvolved in ionic rnj_gration in the tithiun chforate

melt is not equal to the crystallographic aad.ius of the lithiurn

ion, but is much ]arger, despite the fact that the cation is the

principa,l conducting species. This evidence together with the

similarity of the åctivation enthal-pie s of conductance and viscous

fl-ow for nolten l-íthium chl-orate j¡dicates that the conducting

species is probably associated in some manner.

Thê j¡ternal consistency of the resufts obtai¡ed for tt¡e
l-ithiurn chforate mel-t is evidenL hften the experinental results are

substituted in the equati on proposecl by t,lartin82 (see page 8!)
AErL = AE** RT2x

ÁE* 1ø.oz) + o( RT2(O.]-6) : 6.16 comparecl w-ith the e;qgerimentat

value for Áfor 6.fz k. cal. mote-l

The specific conductance of a lithirun chlorate melt increases

rapidly hrith the addition of snralf quantitÍes of toater; increases

slightly with the additÍon of slnall quantities of l-ithir:,n nitrate;
and decreases r¡¡ith the addition of propyt alcohol, methyl- alcohol

and nitrobenzene. The stight jncrease of conductance caused. by the

addition of l-ithiun nitrate wíll presumbly be due to the higher

specific conductance of the fatter, while the decrease in conductance

due to the addition of organic compounds rnay be explained as a

dilution effect, The snafl_er decrease i¡ conductance due to the

addition of rnethyl al-cohol_ compared v,i:ith that caused by an equimolar



Ll+5 .

addition of propyl alcohof tÉ.y be due to both the larger size of the

propyl alcohol, and due to a possible breakdoun of the cluste¡ effect

in the presence of meth¡rl al-cohol, especÍally in view of the high

diefectric constant of the fat'r.er. The rapid increase itn conductance

on the addition of r,eter must in part be caused. by the d.ecrease in
viscosity of the medium,

In the study of the conductance of aqueous solutions, the

equivalent cond.uctance is cal-cul-ated from the vol-Ìme of solution

containi:rg I gm. equivalent of the solute. This presumes that the

l:ater itself does not prodnce condueti:rg ions, whereas the method

pnoposed by Bloom and l-leyrLann39 for molten salt rnì-lcLures (see

equation f.6) utilizes the volume of the nj:cLure containihg the mean

equivalent weight of the components, al-l- of hrhich are thus considered

to be involved'in ionic conduction. Seve¡al- workers, e.g. Corbett

et al-., have postulated that if snsl-l amol¡¡t s of .i,,:ater are present

in lithium salt nel-ts, the ¡,vater nay not be in a molecular form,

and üÊy in fact be present as ions and thus would play a. direct

role in the ionic conductance of the melt, Because of the r.rncertainty

as to the nature of the species formed by the uater in the me1t,

the equívalent c onductance for the mixbure s has been calcu1ated using

the methods of Bfoom and the classical methods of aqueous conduction.

The results of Tabl-e f.2 show that the equivalent cond.uction of

lithiuïr chforate-fithiun nitrate mixtures at l3l.Bo0. are independent

of the concentrati-on of lithiurn nitrate r'rhen cal-cu-lated b}i the nLethod



IL6.

Bloorn, J\=, but j:rcreases slightly when cal-cul-ated with respect to

the equivalent weight of tithium chlorateJl, . This aplx.rent con-

sistency of equivalent conduction may be due to the fower c onduction

of the added lithiun nitrate being counterbalanced. by an increase

in the overall conductance of the lithium chlorate present due to

the decrease in i;he vJ-scosity. Neither of these effects, however,

are very.1arge, Since the vi"scosity of the mi;rtures are still-
greater than that of a hypothetical lithium níbrate rnelt at this

temperature, it is not possible to calculate the deviation fro¡t

ideality of the equivalent conductance . The equj-valent conductances

of the l.ithium chlorate-water mixtures, JL, , and ,Â, in"rur""

considerably as the water content jncreases.

The temperatu¡e effect on the c onducte.nce of the l_ithiun

chlorate-rnr¿ter, lithiurn chl-orate-lithium nitrate and Lithium

chlorai;e-propyl alcohof is c onsi-derable, the spe ci-fic conductance

beíng doubled over a 4OoC. ri-se jr:. temperature. The activation

energy of specific conductance decreases as the v,jater content of the

rn-ircbure ilcreases, lùhereas the lÍthium nitrate mjjcLures exhib it an

activation energy comparable to that of pure lith-iun chlorate, though

a slight j-ncrease is noted at mole fraction }ithiun nítrate O,J.

The addition of rnethyl alcohol causes a decrease of activation energ.y,

probably due to a decrease in viscosity,

The linear rel-ationshíp betlnleen the activation energ¡r of

specific conductance ÁE^ utrO- nol-e fraction of additive is shoun i¡l



l.l+7 .

Figure 7.15, and is sho¡m in Figure 7.16 in which ihe activation

energy of equivalent conductance, Á8.., and AË¡¡"are plotted against

mol-e fraction for the water and lithiu¡r nitrate nri:cLures. The

active.tlon energies of conductanc., ÀE* , AË*,, AE,.r, for the lithium

chforate-lithium nitrate mj-¡cLures up to 0.J mole fraction ]ithium

nitrate rernairi constant at a value hÍgher than that exhibited by

either pure lithiu¡r chl-orate or lithium nitrate. The reason for

this i¡lcrease of the activation energy ovey that of both pure salts

is not evident from these conductance results, but lh. 1"1. K.
).7

Nagarajan-' has shor^,n that bridging of the chlorate ani.ons by nitrate

anions may occur in lithium chlorate-l-ithium nitrate mjirtures, This

woufd increase the association present ín the chlorate rnelt and
t

hence i¡crease the activat ion energr for conductance, though the

effect on the magnitude of the isothermal conductance of these

r¿i-:cLure s wilt al-ter only slightly j-f the Li* ion is the íonic species

carryilg the charge.

. ,f08.ldiklshæst--" has deterr:-i¡ed the i¡frared reflectíon spectra

of mol-ten l-ithiun, potassium and sodium hydroxide s. The absorbtion

spectra are consistent with some lattice-Ìike structure i¡r the

liciui.d state ( showing that some cation--anion forces are present),

with the degree of order virtually the same i¡ each þdro:ride rnelt,

The hydro,xÍde ion ítself uas sho¡m to be probably uriassociated å,nd

freeþ rotatÍng. lt was thought that the addition of lithiu¡a

hydroxide to a lithíum chlorate mel-t wou.l-d jncrease the concentration



Figure 7.15

Activation ltrnergy of Specific Conductance vs. lvïol_e Fraction

Additive
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Figure 7.]6

Activation Energy of Equiva"lent Conductance vs. Mole Fraction

Additive
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of l-i+ available for conductance, and wou-ld âlso add free OH- ions to

the melt, which ray themselves participate i¡l ionic migration. The

concÌuctance of a lithium c hlorate-lithium hyd,roxide (mole fraction

.076) is in fact less than that of the prire l-ithiu¡L chlorate (Table

7.1-B), though the activation energr of conductance renains the same

(fa¡fe ?.ef). This indicates that tithium hydroxide i-s more

associated than fithiun chforate under these conditions. The

sir-ilarity of the activation energy of ionic migration in the lithiun

hydroxide rnixture and the pure lithium chforate ¡neft shows the

average erærgr required for ioníc migration is almost the same, and

probably the 0H- ion plays a smafl part in the conduct¿nce process

which is thus depend.ent on the L:i* ion. ff the changes in conduc-

tance of lithiurn chlorate-luater melts compared to the conductan ce of

a pure lÍthium chlorate mel-t were only due io the viscosity reduction,

then the e cluivalent conductaàce of 1 gram equivalent of lithi¡¡n

chlorate should aluays be al-most the same, whether the viscosity

change r'Iê,s caused bl¡ eitkrer the addition of lrater or a temperature

effect. Table 7.25 shows the equivalent conductance of l-ithium

chlorate, fithiu¡r c hl-orate-¡,¡ater and lithium chforate-lithium

hyd.ro:ride mel-ts at equal viscosities:
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T!ßß, 7.25

EQUIV.4.I,ENT CON.DUCTA}ICE ÄT AQUA], VÏSCOSITES

Vis cosity 0.235 poise Viscosity 0.21- poise

I'aelt . ô-t-u. -8iquf-va-Lent
Conductance

JL,: 6¡¡-1"*2_l
-^'n,tl "

NoC. trìctruivatent
Conductanoe
-¡1¡ = o{r¡¡'rcmt '' al otvt-l

Lic103

Licr% + 
I

.a7 H2o

L1CIO3 +

.07 LiOH

Ll+5 6.Lr

Ão

Ão

L32

Il+5

L5O 6.9

L37 6.5

150 6.5

The e quiválent conductance of the lithium chlorate nelt is the largest,

possibly because of the i¡creased mobility of the ions i:r the melt

at the higher temperature. Hor^.ever, this effect is evidently not

large, for the equivalent c ondu-ctance of a lithiu¡r chl-orate-fithiu¡r

hydro,xide mïcbu¡e at the same temperature j-s much slaller than that

of the pwe rnelt. The equiver.lent conductance JL 1 of this l-ithiun

chlorate-lithium hydroxide ni:rture hâs been calculated for the con*

ductanee of I gram ec.iuivalent of lithium chlorate, which presurre s

the l-ithium hydroxíde acts only as a solvent, and pl-ays no part in

the conductance. This can¡ot be trlre, and hence the equival ent

conductance JL 2 woutd probably offer a better compa.rison. The

values for12 for this rni:cbure at these tenperatures are 5.5 and

ó.J. ohm-' cm.'equivt-- respectively, even lower than the vafues of
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rlJLrr and much loin¡er than the e quivalent conductance of a liihiu¡t

chl-orate-uater mi:eture of equal vJ-scosity,

Thus the addition of i,¡ater æ.uses a far greater i¡crease j:r

conductance than i;he addition of an equal rnole fraction of lithium

hyciroxide und-er these círcuflstances. This nêy be due to an ilcrease

in the concent¡aì;ion of free ions available for conductance in the

lithiun c hlorate-r¡¿.ter system, in hlnicÌì case the water will- not only

act as a diluent, but nay al-so play an active part in the conduction

plocess,



G¡I{TIRAI D]SOUSS]OTI Ái[D SLTMMARY



CH.{PTF,N VIIT

GFJ'JERA], DISCUSS]ON

Disintegration by fusion of a crystalljle l-attice produces

a mefi consisting of si..,-aple mole cules, pol¡aneric mits and ions j¡

varying proportions. Àlthough the lattice types of several- salts

nay be al-ike, differences betr.¿een the polarity and polaris ability

of the atoms or ions present ÍraJ¡ become appa.rent on fusion.

l,ttlether si-mple ions, c omplex ions, moì-ecules, or pol¡.meric u¡its

predonrinate i¡ the melt depends upon the relative sofvation energy,

the polarizing por'\¡er and the shielding coefficients of the metal

ions and the polarizability of the anions. The constitution of a

neft thus does not depend solely upon the erystal- fattice structure

of the solid salt.

The process of cr¡rstal fusion represents a transition between

tr,¡o stable stå.tes of natter, the solid and liquid states, of whj-ch

the liquid state is characterized by a statistical short range order.

The l¿tent heat of fusionrAHç, is the energy required to overcome

the overall order r¡ihich exists j¡ a crystal. The mågnitud.e of AH¡

depends upon the type of j¡rtermol-ecular forces r,,¡hich exist ¡ithin
the rnelt, and is related to the iemperature of fusion T- by the

equation t, : A U, sjnce the free energy of the systen remains

ASr
constant. The me.gni'r,ude of A S' the change of entropy on fusion,

is siri-il-ar f or al¡nost al.-L substance s (Z - 9 entropy units), shor,ring
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that the i¡crease of randomizatíon on rLelting is sinilar fot'aff
substances. The entrop¡r of fusion, latent heat of fusion and

temperature of fusion are shor,,m in Table g.l- for several dj-fferent

substances , fucluding l-ithÍu¡i chl-orate.

The l-atent heat of fusi"on of l-ithiurn chlorate was found to be

2.1+? k. cal nole-f127]. Frorr the freezing poi¡lt, l-2?.9oC. the

entl'opy of fusion results as ó.1 e.u. This is sj¡nilar to that of

most jnorganj-c safts, which norrnally have value s between 5 - 9 e.u.

whether they form mole cular or ionic mefts. Ubbelohdel5 ascribes a

l-arge part of the entropy c hange on fusion for low melting sal-r,s

contaj.ning polyanionic units such as ClOr- to the folnÞtj.on of
trassocíationt! complexes within the ¡nel,t. The ]or¡ vafue of^ Hf

shows that the energy necessary to overcome tÀe interionic forces

present jrt the crys'ual-line salt is less than i¡ most Ínorganic

substances, and this nray i-ndicate that the general crystallile

lattice of lithium chl-orate persist to a considerable exLent i¡ the

üoJ-ten ste.teJ possibly j¡ the form of these nassociatedr complexes.

The su¡face tension of fithium chlorate, BB dynes cm,-l at

its melting point, is sj.nilar i-n value to that of potassium chlorate,

81 d;rnes cm.-l, whereas there is a large dj-fference between the surface

tension of the respective fl-uorides (eJl anri 142 dyle s "m.-f), I.r, is
typical of 1or,¡ ¡nelting salts of pot¡ratornic anions that a change ol

cation hä.s l-ittfe effect upon the surface ene rgr of the mel-t. This

is thought to be due to the anions pa c-king closely and touchi:rg eaeh
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TA¡I,E 8.]-

FUS]OI,'I_ PIü,AT,ETERS CT SOI''ifi TYPTCA], SUBSTAiìICES

Type C om,oound
T- AU. AS¿ -- I r foK. k.cal rnol-e-- 

". 
u.

Mole cu,l¡.r HCI-

Heo

_t Ão

4 t.)

o.506

L.)+3

7 "20

5.25

i"rietal ,1d

Hg

r23h

¿t l+

2.60

0.58

2.Lg

2.L8

Na Cl-

fi.CI

ZICI2

NaNO3

ÁeN0a

Licr_03

ra73

roL+3

5L+8

581

L!83

401

6.4L

3.e6

2.76

2"1+7

o.l

10. o

6.6

ó.r

other, r+ith the cations set in the crevices betl,ieen these anion

groups. If bhis view is correct, the properties of the lithíuÍt

chlorate melt wil-1 5n part be deteraj-ned by the aníonic associatíon,

as with rnol-ten lithiu¡n ând potassiur nit¡ates.

The molar volu:ne s of potassium chlora'¡,e and of pÕtassium

nitrate differ by approxi.:nately 2l per cent, c ompå.red to â 10 'Érer

cent difference betrn¡een the molar volurnes of the c orrespondfug

lithium saLts. Thís shows bhat the larger potassium ion (radius:1.JAo)
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has a greater structuraf effect upon the rrelt than has the lithium ion

(radlus = 0.6.A0), and thus it is probable tlrat the associatÍon of the

anions j-rj llthium chlorate is ¡nore evident j_n d_eterminir€ the l-iquid

plooertie s ,

The surface heat of lithiun chlorate (see page 66 ¡, ffe 
"rgs

-2cm. ', is j¡rtermediate betrreen that of covafent rnelts, JO-fO erg cm.2,

and of predonr-irantly ionic nelts, 1J0-2OO erg.cm.-2, and Íltustrates
the observed partially covalent character of moften l-ithiu¡o chlorate

(due to the chlorate group).

Though the Greenwood-1,{artin cal_cufation shol^rs that l_ithiurn

chl-orate is conpletely ionÍsed in its liquid_ state, the electrical
corductivity Ís much for,,rcr than that of rnny melts foraed frorl

either salts having simple sy"nrnetrical anions and cations or salts

havirìg â hígh melting pojlt. There has been considerable controversy

over the experimentaÌ determination of transport nurnbers in a pr.:re

¡nelt due to i;he l-ack of a referenc" 
"ubstancelo9 brrt it is generall¡r

agreed that the result,: of lukufoT for fithium nitrate ft"| o.l
tj\Oo- = 0.1) is of the correct order, Because of the si¡_il_arity irr"-)
size of the nitrate and chforate ions, it may be assumed that rithiuïn
chl-orate ¡¡Í11 also be pri:narily a uri-ionis conductor, the eharge

beirg carrÍed by the lithium ion. The er.perinental activation energy

of l-ithiun chlorate, 6.1 k. cal. ro1"-1, is not however il agreement

Ì':ith that cal-culated for a l-ithir.r¡r ion having its crystaflogl apfìic

radius, 0.98 k. cal. mole-l, and |rence it is improbable that the
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_.+ .sjrpl-e Li. ion is the charge-carryirrg unit; it is probably a much

larger species. Indeed, the ratior of the activation energy for

viscous flow to that of el-ectricaf conductance is almost unity,

which indicates that the structu?al changes involved jl viscous

flow, rrhich are dependent upon the largest species preserrt in the

rne1t, are sjrnil-ar to those invol-ved j¡r electricaf conduction, and

hence the sinpl-e l,i' j-on cannot be the principa.l_ conductor.

The viscosity of l-ithiu¡n chl_orate is very high com¡:ared to

that of other s imple sal-ts, and this also j¡dicates that the con*

stituents of the roeft are conplex. Zinc chforíd_e also ha6 a high

viscosity, due to the forrøtion of l-arge c omplex ions, but this type

of association does not occur within the lithium chlorate meft

si¡rce the activation energy for viscous flow is independent of the

temperati.re, whe¡eas lor zinc chl-oride a considerable temperature

dependence is found.

Thus it appears that the density, surface tension, viscosity

and electricaf conductance of fithiu¡L chlorate al-l indicate that

the rneft has a considerabie covalent character. lt is probable

th¿.t the association v.hich has been postulated to exist irt a

lithiu¡r nitrate mel-t is also present in nolteri ]ithir:rn chlorå.te,

Frorn the properties I have invest,igåted, it is not possible to

deterrni¡e the actual c on stituent s of the melt, nor the nature of

the forces causing the presumed association, though it Ís probabJ-e

that the rnoLten sal-t retaj¡s a considerable rtliquid lattice'r st¡ucture
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forrìed by large entities havi¡g a structure s jinilar to that of the

crystalline salt.

The effect of addìng lithir;¡r nítrate to the lithiurn chfo¡ate

melt has been studied thermodynarnicafly b)¡ I'ir. i,1. K. N.g"tn¡nrl'27

The detailed interpretation of the change of entropy on fusion, the

specific heat of the solid a.'rd liquid nritbures, and i,he heat of

r:-i:cing with j-ncreasing mole fraction of lithium nitrate j¡rdicate

that an i.nteracti-on occurs between the added nitrate ions and the

chLorate lattice of the ne1t. This interaction is probably in the

form of brÍdging betÌ¡een the anion clusters of the 1ithium chlorate

rnelt by the nítrate ions. The large positive devi¡,tÍon from the

ideal c hange of entropy of m::,ing A SXhows that the meft has a lower

enerry and hrence more stable configuration resulti:rg from the nit¡ate

addition. This anionic interaction is evident in the i:rcrease of the

activation energy of viscous flow with increasing fithium nit¡ate

content, whereas the activation energy of ele ctrical- conductance

remains constant. The ratio of these activation energies thus

íncreases, but it is alllrays folrer than that found i-n the sinple ionic

nel-ts. Thus the addition of lithiurn nitrate to molten l:ithium

chl-orate i¡rcreases the partially covâlent character of the mel-t because

of the j¡rteraction of the NO3 ion with the ClO3- ion, that is, the

addition of a dj-ssj¡ú-l-ar ion strengthens the covalent character.

Kl-eppa hå, s fou¡d a si¡ril¿r effect i-n silver nÍtrate-silver hal-ide

110
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The addition of propyl al-cohol or nitrobenzene to a l-ithiura

chforate nælt causes a decrease in the specific conductivity, probabl-y

due to a dilution effect. The smafl-er decrease of specific conduc-

tance due to the acidition of comparabl-e mol-e fractions of methyl

alcohol- naJ¡ be due to the partial- breakup of the assÕciation i¡r lhe

chlorate rnelt compensating Íl part for the diÌution. This breakup

nay be accentuated in this case by thre high diel-ectric c o¡rstant of

methyl alcohoL (32.63 al 25ÕC.), whích is in fact knor,,¡n to be a

solvent with considerable ionJ-zing power. Thus, though the addition

of a dissinil-ar ion increases the covafent character of the melt,

e"g. NO.-, nethyl alcohol nray interact in the opposite rnanner causing)
a decrea se j¡ the association present, and hence a¡r increase i¡ the

ionic character of the melt.

The large decrease i¡r the viscosity of lithiurn chl-orate

slightly above its meltfug point, produced by the additj-on of a

snall quantity of water, compared to the smaller decrease produced

by the sane addiLion at a higher temperature, shows the strong

i¡teraction betr,,ieen r¡ater and the residual erystalline fattice

which is thought to exist in the melt just above its roeltiag point.

The addi'r,ion of lithiun hydroxide câused a slight decrease jn the

specífic conductivity and no change in the activation energy of

conductance, i'trereas the addition of r,later caused a rapid increase

in conductance and a decrease j:r the activation energ¡'. This

jndicates that the overalf energy required for ionic conductance is
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unchanged by the addition of OH ion from lhe lithiurn hydroxide,

and lrhat consequent on the addü;ion of uater there is a genera].

i¡lcrease i:r the ionic character of the neli. The decrease in the

coefficient of expansion of these v,rater ¡nj:itures is also characterj-stic

of this i¡rcrease in ionic character. To unde¡stand fi;r'r,he¡ the nature

of thisldater interaction a cryoscopic investigation using Lithium

chlorate as the sol-vent and ater and fithium nitrai;e as sol-utes

Ì.:as undertaken. The freezi-ng point depression produced by the

addition of l-ithium nilrrate can only be due to the addÍtion of one

foreign specÍes to the melt, either ¡rolecular lÍthium nitl:ate or

the NC"- ion. Pre sun:p,bly the ad"dition of ¡^iater should cause an)'
equal- depression per mole. Iìquilibrium studies of the fithiurn

a.)
chlorate-i,,iate"Ja .rrd. l-ithiun chf orate -lithiu:n nitratelfl sy"t"m=

had j:rd-icated that these free z j-rl6 point depression constants of

the two systerns were not the same. A cryostat similar to that
' 2) rrâ

developed by äeenan'- anC Janz'-' tias used, but the very high

viscosity of ihe rnedlum caused considerable experimental difficulty,

The freezing point depression constants r,lere found to be ó,9oC. p""

mole for Lithiu¡r nitrate additions and 12.i¡o0. per mole foù' hratel:

additions. Tile l¿tent heat of fusion of l-ithiu.n chlorate cal-cufated

from the depression constant of the l-ithiun nitrate addi-tions is
- --t2.2 k. c¿L. mol-e--, cornpa.red to the thermod¡aramic raJ:trc 2.1+7 k. caf .

mole-l. The results i¡rdicate that the adCitÍon of one mole cufe of
.$¿ter forms nore than one parti-cle foreign to the l-ithíum chl-orate
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system. Thus the raater added calmoìl retain its simple rnole cular

character a.fter its strong interaction l,rit h the l-ithiun chlorate

rnel-t.

l! nuclear magnetic resonance spectr"um rrÊs taken of 'uhe proton

resonance in a 0.15 mole fraction iæter mi;cbu::e at l3l-oc., but only

a singfe absorbtion peak r,ra s obtained. This nr;ly indicate that each

proton of 'r,he rater nole cule was in the sane environment l¡ithin the

rnelt, but ít is more 1ikely tløt the rate of excha-nge of protons at

this temperature is so great that the environment is averaged out

on an l,r.i{.È. spe c'r"rum.

Ii; r'ras thought that the IÞnÂn spectrur4 of a Lithiun chl-orate-

water n:-i:cture would provide further ilsight into the nature of ttre

l;ater present irr the melt. The author is indebted to Dr. G.J. Janz

and Ðr. C,3. Baddiel who kindly obtai-ned the high t emperature Raae,n

spectra given in Tabl-e 8.2rll3 no PuånÉn spectrometer being avaitable

at this University. The high tenperature assembly has been described
'rlr.

in the literaturer'* and uses a Toronto t¡'pe mercury arc to provide

the excÍting radiation. Pol-arization ratios were deternrìned by the

irse of polarized sleeves. The spectra were recorded at approxìmately

1500C.
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TABT,E 8.2

Ral'LÀ]{ SPilCTPil 0F I,ÍOLTEI'I L ITHIiJü CHLOPÁTE l"J-IIËi ÂDDED r¡iATIR

A "*-l Àssigrrnent

47L.5

6a7.3

931+.1+

996

It+87 "O

223r"6

2l+96 .l+

2827.6

2870

)a1 )

3L79.4

?+55.o

3t+78.O

3T7.4

clo; (.)*, e )

clo; (rr, o, )

clo; (p) (.r¿,n)

clot (.t¡,e )

clot (.0. + rrn )

(P )

(¿P )

0H- ( s¡rnm str. )



I'leigLrt of Lithiuin
Chlorate

(I/, LIzo i.nitiatly
pre sent )
graÌns

]-l+.23

L3.Ll

14.8

ldeight of l,Jater

In Sanple Added

grams E"aÌns

0.144

o.L35 0.6

o.)_t+g 0.8

TAB],8 8.3

i{ol-e Percent llater

l+.9

t1

25.

The mj--.Lure s exa¡d¡red rn¡ere the folloh'ing:

The resulting spectra r,¡ere found to be independ-ent of the waber

content of the sample, and are given in Tabl-e 8.2. The errors i¡l

deternining the position of the Raman l1-nes were estimated as

t /u 
"ro". 

-1

The Raman spectrum of liquid hater has received considerabl-e
'rt Ã

attention. Typical are the studies by l{ibben**' and the later work
111

by l{aI¡¿¡s¡jr" Figure 8.1- shows the Rå.irE n spect:'um of wate} recorded

by Hibben.

ffi äTr*mËiähiii:t:il{:rili#¡$
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The spectrun obtailed by',rlaÏ.'aên is si¡nj,far but sliows greater detait.

Of note is the shârp band at Ì645 cms.-t which h¿s been assigned. to

the bend1lrg frequenc¡' of the uater molecu.le. l,filmshurst has deter-

nj-ned the spectra of severaf moften chloratu"rffT lncluding lithirrrn

chlorate. The spectra obtai¡ed by iïihshurst (l-ithiun chlorate ) and

u'laltcfcrr (fiquid r,mter) are given i.n Table 6.d together i,¡:ith the infra-

red refl-ection spectrum of fused lithiurr h¡,rlroxide r-hich has also

been deternùned by lrlihshu."t .108

TABLE 8.4

P]ìnVIOUS STUÐI,IS lN l,iOLTEll CHLOP,j.TES,
HYÐROXIDES ÂIID LIQUID l,/'ATilR

.ldilnishur st
l{ol-ten Lithiwi Chlorate

(A cm-]1

lifa l-ra f,9!. ., .
Liquid Vlater

(4 "*-t¡

r¿Jilmshurst
F\rsed l,ithiu¡n
HydroxÍde (A cm-l)

L7e 'ù* (e )

620 \r( o, )

938 a,( q, )

97?
split \"(e )

JJ+9O 13 + ì)a

1900 1960 v, + \l¿

450 rù],i Libration frorn
l{ Bondlng

780 .ùL2 Libration from
H Bonding

L6l+5 !¿q, BendiJlg

2It5 ILl + \,'4,, conbinaòion

3225 Fer.nj- Resonance

34.50 \1, a, S¡nn::¡ret¡i c OH

Stretch

3630 \t3 ' AsJnnetric 0H
Stretch

3990 2\r2or + \lLô
Combination'

4À.1- I¿ttice mode

3t+9o

OH

vibration

3840
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It is j:rrnediately apparent that the spectra obtained from the

lithium c hlorate-r,¡¿ter rni,rcbure s contai:r all of the lines for the

ClOl as present in a pure one cornponent nelt. The 1650 cm,-l lvaterJ'

mode, due to the transverse oscillations or bending motion of the

hydrogen atoms of the rÊter mole cule, is rr:-issing. The CFI- stretching

frequency is present at approxi-rtrât eiLy 35OO "ms.-f ¡u"t as in the

arolten hyiåroxide s (see Tabl-e 8.4). The absence of the r,,ater bendiag

r,rode i¡dicates that j-n all probability the interaction between the

added r¡ater and the lithium chlo¡ate meft is such that no Ì¡ater

molecu.le s as such exist within tbe melt. The appearance of the

spectral lj.rles at 223I, 2l+96, 2783, 282? and, 2912 *".-l ho*"rr.",

shows that this interaction does not lxoduce the simple H+ and OH-

ions.

The effects of dissolved sal-ts on tire st¡ucture of water have

been sumîarized by Frank .rrd E,r..rrfl8 and the applicåtions of the

methods of vibratior¡aÌ spectroscopy to the structure of aqueou_s

electrolybic solutíons clescribed by Yor.-g,flg but j:r neither case

is an effect evident which could cause a shift of the bending mode

of vibration of hrater i¡to íhe 20OO c,n, -1 range. fndeed, Busj-rìg

.L20.and Hornig have foünd that the Jntensity of this bendi,ng is in

fact increased by the addition of KOH, HCl or I(Br, and is very

easily discerned j¡ sol-utions of concentrations up to 15M. This

jlc¡ease in intensity is afso produced by an increase Jrr tempera-

ture of an aqueous solutÍon. Thu_s it is evi-dent that the water
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bending ¡node is j::deed absent in ihe l-ithiu¡n ch-l-orate¡eter ¡d-.¡'tures

investigated.

It is not possible to assign the li¡e s fould betv¡een 22OO-29OO

-lcms. * to any particular vibration ¡¡ithin the ¡nel-t. They trere not

mentioned in an earlier investigatíon of fOM sodíum chlor.te rl2f
nor uas any mention røde of the 1650 crns. -f band at al-l. It is

possible, hol,¡ever, that these l-ine s are clue to a form of hydrogen

bondíng betr,¡een the r,,:ater tÐrdrogen at orns and the titl¡ium chlorate

melt, though the nature of this bond-i-ng ís rmcertain.

Ion pair fornration nay also occur inrithin the fithiu¡n chlorate

melt, but it is not possible to prove ion pa.ir for¡nation from Rarnan

spectra. The iltensity of a vÍbrational line de"oends upon the change

of polarizability with the change of i¡ternuclear distance. The

polarizability of an ion pair is dependent on the distance betv¡een

the ions due to their rnutual effect on each otiler, and so a Ra¡nan

effect associated with the vibration of the ion pair does exist'
L1.¿

ldoodr¡ard- has analyzed this syster,r theoletically, and fou¡d that

the intensity of such an effect for an electrostatic ion pair ia

lùater is at least l-OO times weaker than for a covalent bond, and is

r:nUJrel¡r to be observed. Thus it is not possible to deter¡¡ine

conpleteþ the constituents of a lithium chlorate-t¡ater melt. The

interaction of the added Ïrater does however cause large chånges j.rÌ

the physical .oroperties of the pure rLe1t.
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IÏ. SUI'I"ÍARY

The densities, viscosíties, sr.rface tensions and electrical

conductances have been deternined for molten lithium chl-ora be and

its aqueous solutions, containing 95-100 per cent litb-iun chlorate.

Several- binary mi:rbure s of lithium chlorate have al-so been j¡vesti-

gated, in which propyl alcohol, inethyl al-cohol, }Íthium nitrate or

lithiurL hydroxide has been minor component, with respeit to these

same properties.

The low nreÌting point of pure lithir:irir chlorate has made it

possible to deternine the val-ues of these properties rith a high

degree oÍ accuracy over a range of temperature. Due to their hygro-

scopic nature, lithiurn chlorate melts requj-re careful- control

throughout. Ttre experimental techïr-iques and the appa,ratus used for

the deter¡nination of each property are gíven j-n detail. The results

obtained are discussed jr¿ rel-ation to present theories concerning

molten salts.

The general nature of the I ithirm chlorate meft Ís of a

partially covalent character, caused primarily by the associati-on

of chforàte groups. This is evident in the forr electrical conduc-

tance and high viscosity. The rnelt constituents are not prìmarily

the simple ions.

The changes in the propertíes of the lithium chlorate mel_t

vary in degree and nature when a second cornponent is added. The

addition of lithiirn nitrate enhances the c oval-ent characteristics
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of the nelt, whereas t,he addition of water decreases the viscosity

and increases the electrical conductance, changes which indicate

an increa,se in ionic character. The i¡te¡action of r.¡ater with the

lithium chl-orate melt is not simple, as is show,l by the electrical-

conductance, cryoscopÍc behavlour and Rânran spectrå of these lithiunL

chf orate-i'¡ater melts. Irrdeed, a Eåman spectn.rm shoi,¡s that the urater

added lns lost Íts identity as such.
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