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ABSTRACT

The density (2.088 gms. ccul}, viscosity (0.35 poise), surface

tension (85 dynes cm—l) and electrical conductence (0,115 ohm cm)
and theilr temperature dependence have been determined for molten
lithium chlorate. Similar results have been obtained for 1lithium
chlorate melts containing small gquantities of methyl alcchol,
propyl alcchol, lithium nitrate, lithium hydroxide and water.

‘'The results obtained for pure lithium chlorate all indicate
the complexity of the melt constituents. It has been shown that
there is probably considerable association. This is especlally
evident slightly above the melting point, for at these temperatures
the temperaturé change of the properties of molten lithium chlorate
is greatest.

A similar activation energy is found for the conductance of
lithium chlorate and its lithium nitrate mixtures as for the acti-~
vation energy of viscous flow for a pure lithium melt. This shows
that the melt constituents are not primarily the simple ions, but
that some form of cohesion exists between the simple melt con-~
stituents.

The addition of water to the lithium chlorate melt causes
the melt properties to alter considerably, especially the transport
rroperties (viscosity and conductance). These changes are in part

due to & breakup of the structural entities in the pure melt though




the increase in electrical conduction cammot be completely explained
by this. A cryoscopic investigation and e Raman spectrum of the
effects of water additions both show that the water is not present
&s a simple unit in the melt: in fact the Raman spectrum shows the

water has lost its identity.
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CHAPTER I
GENERAL AND THEORETICAL INTRODUCTION

The liquid state is the most complex and least understood of
the states of matter. Though the gaseous and solid states had been
the subject of innumerable investigations, prior to the 1920's little
interest was shown in the liquid state, it being considered as a
condensed gas retaining complete disorder. Due to the results of
many X-ray investigations and other observations on ligquids at this
time, interest became stimulated, and many papers were published in
the following years on the general subject of liquids, notably those
of Stewart.l Stewart explained the diffuse halos he obtained from
X-ray investigations as caused by temporary crystalline aggregates
called "Cytobatic Groups™, which were present in the liquid structure.
Stewart'!s hypothesis of the presence of these cytobatic groups was
descriptive in nature, and many mathematical treatments of liquids
followed which would correspond with this physical situation. For
example, Berna12 considered that each liquid retained basically a
crystal structﬁre, such as face centred cubic, but that the position
of each of the coordinating spheres surrounding the atom was altering
continually. These surrcunding positions were given by a gaussian
distribution, the position of maximum probability being the normal
equilibrium position of the atom in the crystal. Thus, if the

lattice was viewed it would appear blurred. Bernal also assumed that




2.

the normal equilibrium position of the coordinating spheres, and the
number of spheres in the coordinating shell, were temperature and
pressure dependent.

Other authors attempted to elucidate liquid structure by
explaining why there is a definite melting point for a substance.
Studies of alloyss’h indicated that a solid is characterized by two
kinds of order, long range order and short range order. Long range
order in a crystal demands an orderly spatial arrangement of gtoms
at large distances with respect to the central lattice site, whereas
short range order demands that atoms in the immediate vicinity of
anocther atom be arranged in an orderly pattern with respect to that
atom. As the temperature of the crystal is raised, the long range
order at first decreases slowly, and then is suddenly lost completely,
while the short range order persists over a temperature range,
gradually decreasing to zero at a temperature much higher than that
at which the long range order collapsed. This sudden loss of long
range order is the melting process; the short range order becoming
essentially zero at vaporization. Lindermann assumed that the
melting process occurred when the amplitude of vibrations of the atoms
in a crystal reached a certain fraction of the lattice energy, whereas
Mott and Gurney5 associated the melting process with a breakup of the

crystal into many polycrystalline species.




Lermard—Jones6 pictured the atoms of a liquid as being in
cages, enclosed by their nearest neighbours, the size of the cage
and the number of nearest neighbours being the same for all atoms
present. The potential energy of the cage was considered to be
symmetrical about the centre, varying in value from infinity at the
edge of the cage to a minimum somewhere inside it. Using this basic
model, the authors were able to predict the critical properties and
boiling point for a few simple liquids. The primary advantage of
this approach was that the configurational integral could be
evaluated relatively easily. The configurational integral is the
term in a partition function corresponding to the potential energy.
If the partition function is known, then the other thermodynamic
properties may be calculated in the manner of statistical mechanics.
For the model proposed by Lennard-Jones the partition function takes

the form

3
Tl veees ?Dr- 717! [(ngkT)zj CI

where C.J is the configurational integral.

Other attempts have been made with similar models using various
methods for evaluating the configurational integral, notably those of
Kirkwood7 and Green.8 In general, the results have been poor. More
satisfactory has been the approach of Eyring et §;.9 From the con-
cept of holes and also solid-like structures within liquids, Eyring

developed a partition function based on these two significant
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structures:-

l20g0.., 'F - ‘fs,,na . ‘quksaﬁus,

ke

From this composite partition function he obtained satisfactory cor-
relation between many thermodynamic and transport properties of
liquids. This function may be similarly developed for simple molten

salts. For an alkali halide the partition function per mole has the

forms-
L
_Eé_(yvj)s _O..Es %5)3
2RT
@ 2 RT
13 veans {: < | + m, L h 2)/\? N
-6\3
(l - 2 T)
z : (-4)»
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5.
The concept of holes being present in a liquid, used by Eyring
in the development of the partition function of equation (3), has much

0
experimental support. Ubbelohde and his co-workers™ °

have shown
that a typical volume increase on fusion for an alkali halide is 20-30
per cent of the molar volume of the solid., From measurements of the
velocity of ultrasonic vibrations, Bockris and Richards12 calculated
the compressibility and hence free volume of several molten salts
. including the halides investigated by Ubbelohde. They found the
free volume increase on melting was 2 per cent of the molar volume
compared to the total volume increase of 30 per cent. The logical
explanation was the formation of holes.

Thus it can be seen that attention has been focugzd on the
mathematical understanding of the structure of liquids. ILiquids
may rationally be subdivided into a number of different classes, the
class being determined by the difference in type and symmetry of the
intermolecular forces among the constituent particles, viz. nonpolar
liquids, polar liquids, hydroxyl and hydrogen bonded liquids, metallic
liquids and ionic liquids. Nonpolar liquids include those formed by
the rare gases, and also the lower hydrocarbons such as methane.
Polar liquids are formed from substances which have a direct electro-
static interaction between permanent dipole moments superimposed on a
force field which is otherwise almost symmetrical. Also included in

this class are liquids formed from molecules with quadrupole moments




such as carbon dioxide and the mercuric halides. The hydroxyl and
hydrogen bonded class of liquids are self explanatory, and the metallic
liquids are of course the molten metals. Ionic liquids include those
formed from the simple salts, such as the alkali halides, and from
other highly conducting fused salts possessing directional forces. In
recent years the importance of these ionic liquids in many fields of
science has increased rapidly. In addition to their use in the pro-
duction of many of the rarer metals, ionic melts often have physical
properties such as high temperature stability, low vapour pressure,
and excellent solvent and conduction powers, which give them further
technological advantages. For these reasons there has been a resur-
gence of research activity on the fundamental properties of molten
salts. Moreover, they offer an opportunity to study that portion of
the liquid state in which charged particles are in intimate contact,
and coulombic forces predominate. General liquid properties, and the
theoretical developments cited earlier apply equally to fused salt
melts, though slight modifications of the theories may be necessary.
A comparative test of various proposed models for the liquid

state has recently been made by Bockris. The models examined were:-

(1) The quasi-lattice model

(2) The hole model of Firth

(3) The crystallite model of Mott

(4) The polyhedral hole theory of Bernal




(5) The liquid free volume model of Cohen

(6) The significant structure theory of Eyring.
The properties calculated were volume change on fusion, entropy
change on fusion, compressibility, expansivity, and self-diffusion.
The results showed that the hole theory and the significant structure
theory were most satisfactory in predicting the value of these
experimental quantities.

The hole model for liquids regards the liquid as a quasi-
crystalline lattice structure consisting of molecules and holes.

The holes vary in size and shape with time due to the random move~
ments within the liquid caused by thermal fluctuations and Brownian
motion. Since the lifetime of a void of molecular dimensions is of
the order of a few lattice vibration periods, the holes disappear
and reappear again at a neighbouring lattice site continuously.

The static and transport properties of the liquid may be
calculated using these structural foundations. The mechanism of
molecular transport is envisaged as the jumping of a molecule from
one lattice site to a neighbouring vacancy in the direction of flow.
Often such motion has been treated successfully by the absolute rate
theory.l3

Thus the process of fusion of a crystalline lattice is thought
to produce a melt consisting of holes and of melt units, which may be
predominantly either molecules, polymeric units or ions, depending on

the type of liquid formed. Often the electrical conductivity of a
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molten salt is high (for sodium chloride the equivalent conductance
is 143 mhos), indicating an ionic melt. Low electrical conductivity
implies a high degree of covalency in the melt, but this does not
necessarily mean the presence of molecular qnits in the crystal,
since fusion may cause a fundamental change in bonding. The process
of crystal fusion represents a transition between two stable states
of matﬁer, one with a high degree of order and low energy, the other
with a lower degree of order but higher energy. The latent heat of
fusion,ZXHf,varies considerably, depending upon the substance under
investigation, it being the energy required to overcome the attrac-
tive intermolecular forces of the crystal. The variation of the
entropy of fusion,[& S¢, is small, namely less than one order of
magnitude for nearly all substances, indicating that the order-
disorder process is the same for all fusion processes. The principal
mechanisms contributing to this randomization in melting are
classified as:-

(a) Increase in vibrational entropy due to looser
packing, and a consequent decrease of characteristic frequencies
in the melt L\SV .

(b) Increase of orientational randomization due to the
marked reduction of repulsion barriers accompanying the expansion in
volume on melting 4_\30 .

(¢) Increase in positional disorder on melting ZXfSF_ .




(d) Randomization of the internal configurations of
molecules or lons containing flexible groups Asc.

(e) Changes of association or chemical bonding on
melting Aga

Thus
1 hdeenns Agg = Agv +ASO+AQP "'Agc +ASa

mmﬁpm%u+mmmﬂwwstmt1mwmﬂmngswxscmmnmmgimw
such as Clognform melts in which appreciable concentrations of
association complexes are present, and hencelxsahas an appreciable
value,

A knowledge of the species present in a melt, whether formed
from a pure salt or from a mixture, is of primary importance in the
understanding of its liquid properties. The thermodynamic principles
used for many years in classical chemistry apply also to molten salts,
and often provide ﬁaluable information on the melt structure, for
example, the use of cryoscopy. The freezing point depression exhi-
bited by a solvent-solute system is a quantitative property depending
on the nature of the solvent, and the activity of the solute particles,
whether ions or molecules. Bloom and Richard515 have shown from
e.m.f, measurements that the activity coefficients of molten salt
systems are almost unity, and hence the slope of the freezing point

depression curve is the constant of the Raoult-Van't Hoff laws-
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—_— 2
AT = — m; = . m .
iooo L,

whérelyrais the freezing point depressimn,-ﬁothe freezing point of
the solvent, andfﬁi the concentration of the solute in molality.

Ir the solute ionizes or dissociates, each par?igle formed acts
independently of the others, and the equi%ion corresponding to (5)

becomes

where Y, is the number of particles formed per added molecule.
16, 17, 18 ) ) .
Janz et al illustrate the combined use of cryo-

scopic and conductometric investigations in their study of the

behaviour of KE'and K2TiF6 in a KC1-LiCl eutectic melt. The

combined results indicate the following ionization processes:-

Solute Tonization Cryoscopic Depression
Theoretical Observed
. _ ;
KF KF =X +F 1 1
KoTiF, - K TiFg = 2K° + 2F + Tiky 3 3

Tempkin19 studied the cryoscopic aspects of thermodynamics
and interpreted them structurally. He showed that the freezing
point depression éqpation is obeyed if the activity of a salt MkAy

in a mixture is given by the relationship

le i"‘,..... m N . ,‘ *;
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where the ion fractions N Mot and N Ay are given by the ratio of
the amount of a given ionic species to the total amount of ions of
the same sign in the system. The Tempkin model, ideal for molten
ionic salts, when statistically interpreted corresponds to the
anions and cations being randomly distributed amongst themselves,
such that each anion is surrounded by cations, and vice versa.

From these structural concepts, and the deviations of such
systems from ideality, studies have been made of the relative degree
of ionic or covalent bonding between nearest neighbours. Data on the
heat of fusion and entropy of fusion, both calorimetric and cryo-
scopic in origin, have been used to interpret the structural changes
of solids on melting.

Tt can be seen that both the classical and modern experimental
techniques, which have been used to investigate aqueous solutions
and other media, may be equally well suited for high temperature
investigations of molten salts. Of the modern techniques, the
application of Raman spectroscopy affords perhaps the most informa-—
tion relative to melt structure. From Raman absorbtion spectra it
is possible to distinguish between several of the possible models of
ligquid structure. If the model was that of classical theory, com-
pressed gas having complete disorder, then a continuous spectrum
would be observed. If the liquid had a microcrystalline structure,
that is, minute but perfectly crystalline aggregates floating within

a medium of non-oriented molecules, then the Raman lines should decrease
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in intensity on fusion of the solid, but their relative width and
position should stay the same. If a quasi-crystalline model applies,
in which a correlation exists between the mutual orientations and
distances of neighbouring molecules, spreading over many molecules
but getting weaker as distance increases, then the Raman lines should
increase in breadth and suffer a slight displacement to a lower
frequency.

The fact that Raman frequencies persist in a melt up to
several hundred degrees above the melting pointZO is an indication
that the observed frequencies are not due to vibrations in the crystal
lattice, but rather are due to oscillations of molecular complexes
having some degree of homopolar bonding. Substances with only hetereo-
polar bonding show no Raman activity. In general, the pulsation
frequency due to a complex in a melt lies below that of the pure
compound if the complex is a single molecule, and lies above this
frequency if the complex exists in either a highly polymeric or
highly associated form, such as in zinc chloride.21

Thus, during the past thirty years the liquid state has
received much attention. The mathematical treatments proposed
initially for non-polar liquids have been adapted and applied in
general to molten salts. No theoretical relationship has yet been
advanced which will satisfactorily predict the properties of a melt,
though considerable success has been achieved using the hole theory

of Furth and the significant structure theory of Eyring. This success




13.
shows that the model of the melt upon which these theories are based
is substantially correct--namely, a binary mixture of melt constituents
and holes, throughout which short range order and long range‘disorder

exists.
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CHAPTER II
NATURE OF THE PROBLEM

No satisfactory theory has yet been proposed which can predict
the physical properties of concentrated aqueous solutions. The extreme
of a concentrated aqueous solution is one in which water itself is by
far the minor component, as is observed when a small amount of water
is added to a melt. The tenacity with which water is retained by

. 12, 22, 23, 24
some molten salts has been noticed by many workers,
and the solubility of water vapour in several systems has been

25, 26 No attempt has been made to complete

experimentally examined,
this investigation of the salt-water system in the region of the melt,
nor have there been any theoretical publications on the conductance of
fused salts to which a little inert "solvent® has been added. Tt was
for this reason that the density, viscosity, surface tension and
conductance of molten lithium chlorate and its mixtures containing
small mole fractions of water were investigated. To correlate the
changes in these properties with the melt constituents, organic
compounds and inorganic salts were also chosen as additives. The
organic compounds methyl alcohol and propyl alcohol were chosen so that
the effect of the molecular size of the additive would then be
apparent. Lithium nitrate was chosen as an inorganic salt additive,

the thermodynamics of lithium nitrate mixtures being simultaneously

investigated by Mr, Nagarajan,27 in this laboratory. Lithium hydroxide
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was chosen as the second inorganic substance, since after a preliminary
survey of the conductance of water mixtures, it was of great interest
to compare the property changes caused by an ionic hydroxide to those
caused by the water additions.

The theoretical considerations applied to the results are those

developed for molten salts.
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CHAPTER III
SURVEY OF THE LITERATURE

Agqueous lithium chlorate solutions have been investigated
throughout the complete range of concentration by Kraus: and
Burgess,28 Kloschko and Grigorjew,29 and Campbell et al.so The
experimental standards employed by Krauss and Burg’ess28 are no
longer considered satisfactory. Klotschko and Grigorjew29
compared their results with the phase diagram of the water-lithium
chlorate system; however, the constituents of the sqlid phase need
not necessarily be those of the liquid phase, and any correlation
between specific conductance and the equilibrium diagram is
arbitrary. The latest investigation of the lithium chloratc-water

30 Though these workers studied

system was that of Campbell et al.
the complete concentration range, the experimental techniques used
restricted the results in the 90-100 per cent lithium chlorate
range, so that only a single observation was made for these concen—
trations.

Conductance and viscosity isotherms of the complete concen-
tration range for silver nitrate-water and ammonium nitrate-water
systemsBl have also been determined, though again no particular
attention was paid to the 90-100 per cent salt region. Keenan32

studied the cryoscopic behaviour of small amounts of water in

ammonium nitrate and showed that the water dissolved without ioniza-
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tion or association.
L few surveys of the solubility of gases in a melt have been

undertaken,25’ 26

but no further properties of these melts have been
determined. Duke and Doan25 showed that water vapour has a strikingly
greater solubility in melts containing Li+, the solubility in general
varying as the square of the Li+ concentration.

Even less work has been published on systems of molten salts
plus a small mole fraction of an organic compound, though many
studies have been made in organic solvent-salt systems in the dilute
region of concentration.

This thesis is an extension of an earlier work by myself on
the conductancé of molten lithium chlorate and the effects of
additives, and these results constitute the only known systematic

study of salt-additive systems involving small amounts of an inert

solute of an organic nature.




DENSITOMETRY




CHAPTER IV
DENSITOMETRY

I. INTRODUCTION

Density determinations were among the earliest experimental
investigations of molten salts.

The knowledge of density or molar volume is fundamental in
the understanding of complex transport processes occurring within a
melt. The variation of density with temperature serves as a
relationship from which the comparative size and type of inter-
molecular force existing within the melt may be estimated,
Experimentally the density-temperature variation has been found to

be represented elither by

bhel euves /) = a - bt

where a and b are empirical constants, for example the work of Yaffe

and Van Artsdalen,34 or of the form35

Lo vauns /) =ﬁo .Q:cla—o(—r

where/ADOis a constant for the system, and 0K the expansivity

defined as

Le3 veeen oL T ———'-/J ZL—L{E

Generalizations regarding the relationship of density or
molar volume, and expansivity to the ionic character of the melt
0
were initially proposed by Biltz and Klemm.3 They suggested that,

all other factors being equal, owing to weak intermolecular forces,




19.
molten covalent compounds have larger molar volumes than those of
ionic melts, which have in contrast a strong coulombic force field.
Also,for the same reasons, the thermal expansivity of covalent
melts is greater than that of ionic melts.

Of further importance is the accurate evaluation of the density
of a molten salt for the possible substitution of density as a thermo-
dynamic variable in the radial distribution function. It is possible
to calculate almost all thermodynamic properties fof a melt
following an evaluation of the related radiel distribution function.,

Finally, knowledge of the change in volume on fusion provides
a direct correlation between the usually known structure of the solid
and that of the liquid. In addition, it may provide an estimate of
the activation energy for lattice defect formation in the solid.

In conclusion, accurate density measurements and their tem-—
perature dependence are necessary for the evaluation of many of the
basic properties of a melt, for example, equivalent conductance, and
are in themselves an indication of the type of liquid structure

present.

II. EXPERIMENTAL
The limiting factors encountered in high temperature densi-
tometry are those typical of all accurate high temperature measure-
ments. Maintaining a uniform temperature over the entire system
becomes difficult at high temperatures, as is also the control of

this temperature. The apparatus must be constructed of completely
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inert material, and since many fused salts corrode glass, an optical
method of density measurement is not then applicable. Lithium
chlorate, however, does not attack pyrex glass, and the very low
temperature of the melt allows the use of a simple oil-bath thermo-
stat. TFor these reasons the density measurement of molten lithium
chlorate may be undertaken using any of the well known procedures for
low temperature non-corrosive liquids.

Apparatus

The dilatometric method was chosen for the determination of
the densities of lithium chlorate and its water mixtures. This
method affords both measurements of high precision, and the experi-
mental control of the atmosphere needed because of the hygroscopic
nature of the melts.

A thermostat was constructed in which density, viscesity,
and surface tension experiments could be performed. It consisted
of a rectangular pyrex glass jar, 15x15x30 cms., surrounded on the
sides and base by 5mm. transite plates. This container was placed
in a double walled wooden box, 30x30x30 cms., and the outside
covered with & metal casing. The 25 cms. space between the container
walls and the wooden box was filled with vermiculite. A 7.5 x 12.5
cms. glass window was installed in the front of the thermostat, and
a 60 watt bulb in the rear between the double wall, so that it was
possible to view directly any apparatus placed inside the thermostat.

Since the experimental range of temperature, 120-170°C is so low, a
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clear silicon oil was used as the bath liquid.

A 500 watt copper immersion heater connected in series with
variable ohmite resistors was used to bring the temperature of the
Eath to within‘a few degrees of the experimental temperature
required. TheAfinal temperature rise was obtained from a low
wattage heating coil made of nichrome wire wound on glass tubing,
and when used in conjunction with a mercury in glass regulator and
a "thyratron" relay, temperature control was better than fO.loC.

The temperature was measured using a copper-constantan
thermocouple connected to a Tinsley vernier potentiocmeter, type
43634, capable of measuring deflections caused by less than 1 micro-
volt. The thermocouple was initially calibrated at the boiling
point of pure water, pressure corrected, and the freezing point of
tin (231.85°C.). An ice bath was used as the cold junction.

The temperature fluctuations of the thermostat were always
less than 5 microvolts, or 0.1%.

The dilatometers (Fig. 4.1) were made of pyrex glass, and
consisted of a thin-walled bulb of about 10 mls capacity sealed to
a stem of 1 mm.precision-bore capillary tubing, 10 cms. long. The
tolerance in the capillary bore was .000lmm. A slanted side arm
with a small bulb blown at its tip was attached to the top of the
capillary, and served as a reservoir for any possible excess lithium
chlorate added to the dilatometer when filling. Three calibration

marks were made on the capillary using a lathe. The marks were



FIGURE 4,1

Filling Apparatus and Dilatometer
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approximately 20 mm. apart, and served as reference lines in both the
calibration and in the experiment.

The dilatometers were calibrated with Shawinigan redistilled
mercury. After cleaning,each dilatometer was oven dried and weighed.
The mercury was then introduced using a long thin capillary tube
extending into the bottom bulb, care being taken to avoid trapped
air. The dilatometers were then clamped in position inside the
thermostat so that only the filling extension was above theAthermo—
stat liquid level, This extension was plugged with a small piece of
cotton wool., After 3-4 hours, when thermal equilibrium had been
established, mercury was removed from the dilatometers using a fine
syringe, until the meniscus coincided with one of the reference
marks on the capillary. 4 Gaertner microcathetometer was used to
aid the visual coincidence of the merk and mercury level. Following
this adjustment, which was completed in the thermostat, the dila-
tometers were removed, their outsides cleaned and dried thoroughly,
allowed to cool and then weighed. Using the density of mercury at

37

the calibration temperature,”’ the volume of the dilatometer corres-
ponding to the reference mark was known. This complete process was
repeated for each reference mark at four different temperatures. A
typical calibration graph is shown in Fig. 4.2. Calibration in this

manner obviated the necessity of a correction factor for the glass

expansion,



Figure 4.2

Calibration Plots for Dilatometer
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A special filling technicue had to be used for the lithium
chlorate melts due to their hygroscopic nature. The dilatometer
was connected to the apparatus shown in Fig. 4.1. It is primarily
a series of glass filter discs set in glass tubing so that it is
possible to evacuate any of the separate compartments by use of the
side arm vacuunm taps.

The top compartment of the transfer tube was filled with
sufficient powdered anhydrous 1lithium chlorate to £ill the dila-
tometer. This was done inside a drybox in a nitrogen atmosphere.
The combined dilatometer-filter unit was then evacuated, removed
from the drybox and placed in the thermostat. The charge of lithium
chlorate melted, and slowly filtered through into the dilatometer
bulb. When sufficient lithium chlorate had filtered, the level of
the apparatus was adjusted inside the thermostat so that the bath
fluid level was just above the lowest fritted disc of the filter
tube. After the lithium chlorate above this level had solidified,
and that below had drained completely into the bulb, the dilatometer
was evacuated and sealed off just above this lower fritted disc,
which then acted as a filter to retain any possible solid products
formed by decomposition during sealing, from entering the dilatometer,

The sealed dilatometer was now completely immersed in the
thermostat and clamped in a vertical position. After thermal equili-
brium had been attained the height of the meniscus above one of the

reference marks was measured accurately using the microcathetometer.
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This cathetometer was mounted on a rigid concrete platform. From
this measurement the volume of thé charge of lithium chlorate at the
known thermostat temperature was calculated by interpolation from the
calibration graph. The measurements were repeated at at least six
temperatures between 130-16000. Several cathetometer readings were
taken for each temperature, the variation limits being T 0.01 mm.

The cathetometer was calibrated to measure & 0,001 mm.

After all cathetometer readings had been taken, the dilatometer
was removéd from the thermostat, cooled, the outside cleaned and
dried, and then weighed. Next, the bulb was carefully cracked, the
pieces of glass all being retained. The liﬁhium chlorate was removed
by washing with distilled water, and all of the dried cleaned glass
was then weighed. From the weight of the dilatometer plus lithium
chlorate and the separate weight of the glass only, the weight of
the lithium chlorate present was obtained.

The reagents used in the density determinations were the same
as used for the other investigations. The lithium chlorate was
prepared by the method of Kraus. and Burgess28 as modified by
Campbell and Griffiths,38 which uses the metathetical reaction
between lithium sulphate and barium chlorate. The lithium sulphate,
supplied by Fisher Scientific Company, and the barium chlorate,
obtained from the British Drug Houses Ltd., were of the highest

purity and were used without further purification.
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A molar solution of barium chlorate was heated to 9O—lOOOC.,
and an equivalent solution of lithium sulphate slowly added. The
mixture was digested for 3-4 hours before the barium sulphate was
removed by filtration. The solution was then concentrated by
evaporation until it had an oily appearance, and was then refiltered.
The absence of sulphate or barium ion was demonstrated by titration
of aliquot parts of this stock solution with solutions of barium
chlorate and lithium sulphate. Where equivalence was not found,
this was obtained by addition of the necessary solution, and the
bulk then refiltered. The filtrate was heated to 80°C. under a
pressure of O-10 mms. mercury until, when cooled, crystals of
lithium chlorate formed. These crystals were then rapidly filtered
and placed in a vacuum desiccator over concentrated sulphuric acid
for 10-12 weeks. To remove the final fraces of water, the lithium
chlorate crystals were powdered in a drybox, and then heated for
6-8 weeks under a high vacuum over anhydrous barium oxide.

The residual water was initially determined by gas~chroma-
tography. A precision Chromofrac VP-7 unit was calibrated for
water detection by injection of samples of 0.01 ml ethyl alcohol
containing known amounts of water. The lower limit of detection
was found to be 1 part of water in 500 parts of alcohol by volume.
The dried powdered lithium chlorate was welghed, mixed with dry
sand, and heated strongly. Under the catalytic action of the sand,

the lithium chlorate rapidly decomposed evolving oxygen together with
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any moisture it contained. These gases were trapped in a nitrogen
cold trap. A test of the residue showed that decomposition was
complete. The trapped gases were allowed to warm up slowly to OOC.,
and a measured quantity of ethyl alcohol was then added. This
solution was then allowed to warm up to room temperature and a
portion passed through the chromatograph. The result showed that
the lithium chlorate contained less than 0.006% water by weight.
The specific conductivity at 131.806. of a sample of lithium
chlorate known to be anhydrous was found to be 0,1150 t .0002 mho,
For all experiments following, the specific conductivity was used
as the criterion of the anhydrous nature of the chlorate.

The additives used were water, methyl alcohol, propyl
alcohol, lithium hydroxide and 1ithium.nitra£e. The Iithium hydroxide
supplied by the Foote Mineral Company, and the "analar" grade lithium
nitrate supplied by the Fisher Scientific Company were each oven
dried at 200°C. for 24 hours before use.

The methyl alcohol and propyl alcohol were obtained from the
Bastman Distillation Products, and were of analytical quality.

They were used with no further purification other than additional
drying.

The water used was conductivity water, prepared by bubbling
pure nitrogen through distilled water. The specific conductance of

this water was found to be less than 1.5 x 10—7 mhos.
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ITI. RESULTS

The density was determined for pure lithium chlorate, and for
mixtures containing 0.046, 0.130 and 0.223 mole fractions of water.
From a consideration of the length versus volume ratio of the
capillary of the dilatometer used, there is a possible error of
8.0 x 10-5 mls. in the volume, This limits the density measurements
to2.0 x lO_hgms. cc_l, all other errors being negligible. The
results are shown in Tables 4.1, 4.2 and Fig. 4.3. The molar volume
of the mixtures was obtained from the expression

MM em, M,
1-}4}-{— cesoo \/m -
P

The density in each case was found to be linear with respect

to temperature, with the coefficient of expansion decreasing with
water content. The coefficient of expansion was calculated from the

simple expression

b5 ceeee Ve o= Vo (14 ot t)

Together with the molar volume, the coefficient of expansion is
shown in Table 4.3.

Bquations of the forms which have been shown experimentally
to represent the density-temperature relationship in fused salts
have been calculated by a least square fit of the experimental
results of Tables 4.1 and 4.2 using a computer. The equations are

shown in Table L.L.
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TABLE 4.1
DENSITY AND MOLAR VOLUME OF PURE LITHIUM CHLORATE

AND A LITHTUM CHLORATE-WATER MIXTURE
MOLE FRACTION .0L6

Pure Lithium Chlorate Lithium Chlorate-Water
Mixture, Mole Fraction .OL6
Densit Molar Densits Molar
£%q. gms cc” Volume +°c. gms cc~ Volume
cc mole -1 ccmole™
133.1 2.0858 43,34 130.3  2.0706 42.05
135.7 2.0838 43.38 131.0 2.0696 42,07
138.7 2.0818 L3042 132,0 2,0689 42,08
140,2 2,0809 L3 44 132.4 2.0689 L2.08
142.2 2. 0794 L3 L7 135.6 2,066l L2,13
143.7 2.0783 43 49 137.1 2.0649 42.16
146,7 2.0763 L3450 139.8 2.0631
149.0 2.,0742 43.58 144.2 - 2.0595 142.27
150.5 2,0730 43,60 145.6 2.0583 42,30
152.8 2.0709 43.65 147.5 2.0568 L2.33
153.4 2.0700 L3.67
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TABIE 4.2

DENSITY AND MOLAR VOLUME OF LITHIUM CHLORATE-WATER MIXTURES
CONTAINING 0.130 AND 0,223 MOLE FRACTIONS OF WATER

Lithium Chlorate-Water Lithium Chlorate-Water
Mixture, Mole Fraction : Mixture, Mole Fraction
Water 0,130 Water\\223
o Density Molar : Density Molar
t-C. gms cc” Volume t%c. gms cc” Volume
ce mole"l cec mole™
128.8 2.0300 39,89 131.0 1.9722 37,76
130.4 2,0287 39.91 133.0 1.9708 37.78
135.3 2.0251 40,00 135.6 1.9688 37.82
137.5 2.0237 40,02 139.8 1.9657 37.88
141.8 2.0204 40.08 142.2 1.9638 37.92
142,6 2.0188 40,11 145.7 1.9618 37.96
145.0 2.0178 LO.14 146.2 1.9614 37.97
145.8 2.0172 40.15 147.0 1.9606 37.98
147.0 2.0162 40.17 148.1 1.9598 38,00
149.6 2.0145 40.20 150.6 1.9580 38.03
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TABLE L.3

MOLAR VOLUME AND COEFFICIENT OF EXPANSION
OF LITHIUM CHLORATE-WATER MIXTURES

Mole Fraction Molar Volume Coefficient of
Water np ces, at 130°C. Expansion deg.”
0 13.26 L.12 x 1074
.0Lb 42,0k .09 x 1074
.130 39.91 3.87 x 1074

.223 37.75 3.77 x 1074




TABLE L.4
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ANALYTICAL REPRESENTATION OF DENSITY-TEMPERATURE RELATIONSHIP

FOR LITHIUM CHLORATE-WATER MIXTURES

Mole Fraction Fauation Type Standard
of Water (1) Ppoaxp =T (2) p = a-bt Deviation

0 (1) [J = 2,463 exp - 4.12T x 1074 3.5 x 107%

(2) P =2.188 - 7.672 x 107 3.5 x 107%

LOL6 (1) {-’ = 2,437 exp - 4.09T x 1074 1.7 x 1074

(2) P =2.172 - 7.798 x 107 1.7 x 1074

.130 (1) F £ 2,368 exp - 3.87T x 1074 3.0 x 1074

(2) P =2.125 - 7.429 x 107 3.0 x 1074

.223 (1) /O = 2,296 exp - 3.77 x 1074 1.5 x 1074

b 1.6 x 1074

(2) /0 = 2,068 - 7.304 x 10 %




Figure 4.3

Density vs. Temperature of Lithium Chlorate-Water Mixtures
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IV. DISCUSSION

The density of lithium chlorate at 131.8°C., 2.0880 ams.cc T,
is in agreement with the earlier result of Patterson.BO The value
of 1.998 gms.cc_l at 12800. obtaiﬁed by Klotschko29 is probably low
due to the presence of water in the very hygroscopic salt., Table 4.5
compares the density, molar volume and coefficient of expansion of
several typical molten salts with those of lithium chlorate at
corresponding temperatures.

The definition of a temperature at which the absolute magni-
tude of properties of molten salts may be compared is not obvious.
Isothermal comparison 1s unsatisfactory due to the large differences
in the temperatures of the stable liguid range for many molten salts.
Moreover the temperature dependence curves of many properties for
different salts intersect, and interpretation would depend on the
temperature chosen. The thermodynamically sound comparison of
properties at equal fractions of their respective critical tempera-
ture is not applicable, since the precise value of any of the critical
constants is known for but a few simple molten salts. Similarly,
though the comparison of properties at equal vapour pressures would
be meaningful, this is not possible due to the lack of the necessary
precise experimental data. Instead, an arbitrary definition of
corresponding temperature has been adopted, as initially proposed by
Bloom and Heymann.39 The melting point is known accurately for most

salts, and the temperatures chosen as corresponding are 10% above the
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TABLE 4.5

DENSITY, MOLAR VOLUME AND COEFFICIENT OF EXPANSION
FOR SOME TYPICAL MOLTEN SALTS

Melting  Correspon- Density Molar Coefficient

Compownd 5 ;¢ +9C. ding oms, Volume . of Expansion — LoioiT
Teggérature ce—l cc mole™t A x&O"}Jr
t°C. deg.

LiC104 127.9 168 2.059 43.90 412

LiNOg 255 308 1.741 39.60 3.31 4O
Licl 613 701 1.463 28.98 2.96 34
KC105 368 432 1.903 6l 40 3.59 43
KNO3 334 395 1.828 55.31 3.99 42
KC1 776 880 1.464 50.93 3.98 3k
Agli0g 212 260 3.909 L3 .46 2.78 41
AgCl L55 528 L.202 34.11 2.2 41
NaCl 808 916 1.49L4 39.12 3.63 34
NaNO3 307 365 1.877 45.29 3.76 42

HgCl, 279 334 1y 202 64,62 6.81 iy
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respective melting points in degrees Kelvin. The melting point itself
is not suitable because of the possibility of incipient lattice
formation immediately above the melting point. The density of lithium
chlorate is of the same order as the density of other Group 1
compounds formed with polyatomic anions. There is a linear relation-
ship between the density of molten lithium chlorate and the temperature,

which may be expressed as either
p= 2463 exp =412 %107 T or P 2.188 —7.672 x 10 “E.

The general trend of increasing density for the chloride,
nitrate and chlorate of both sodium and potassium is also present for
the comparable lithium salts.

Biltz and Klemm_B6 showed that: (i) other factors being equal,
molten covalent compounds having weak intermolecular forces, have
larger molar volumes than those of ionic melts which have in contrast
a strong coulombic force field, (ii) for the same reasons the co-
efficient of expansion is greater for covalent melts, (iii) the
molar volume of molten electrolytes increases as the molecular weight
increases for covalent chlorides, and finally (iv) melts with varying
stages of dissociation from ionic to covalent are possible. For
compounds formed from non-spherical polyatomic anions (NO;, 0105,
ClOl), some form of association is thought to exist between the melt
constituents,43 indicating a more covalent character than that of

melts formed from compounds having spherical anions (C1™, Br ). The
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molar volume of lithium chlorate (43.9cm3mole—l), is found to be
linearly temperature dependent (Fig. L.k}, and is in magnitude larger
than that of either lithium chloride or lithium nitrate as shown in
Table 4.3. The increase in the molar volume among the chlorides,
nitrates and chlorates of both sodium and potassium is repeated for
the lithium salts. The difference in the molar volume of lithium
chloride and chlmate is 1&.9cm3mole"l, comparable to the difference
between the mplar volumes of potassium chloride and chlorate
13.5cm3mole’l. This comparison is not valid when the molar volumes
of the respective nitrates are considered. The molar volume of
potassium nitrate is considerably smaller than that of potassium
chlorate, and only 50m3mole_l greater than that of potassium chloride.
Sodium nitrate and sodium chloride also exhibit the same 50m3mole~
difference inlmolar volume, whereas the increase in molar volume
between lithium chloride and lithium nitrate is greater than
10emole™ . This indicates thet lithium chlorate and 1ithium
nitrate_have a greater similarity of covalent character than the
corresponding sodium and potassium salts.

Yaffe and Van Artsdaleth noted that the coefficient of
expansion, X , for the chlorides, bromides and iodides of cesium,
rubidium and potassium were almost equal, whereas A for the lithium
halides were 30 per cent lower. The coefficient of expansion of
lithium chlorate, 4.1 x lO"LL deg.~l, is however larger than that of

potassium chlorate, and also larger than that of the Group 1 halides.
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It does not compare in size with the coefficient of expansion of a
purely non-polar liquid such as carbon tetrachloride,

A = 11.4 x lO‘Adeg."l, in which the London dispersion forces
predominate, showing that coulombic forces determine the general
properties of the lithium chlorate melt, though the melt may be
more covalent in character than molten potassium chlorate.

Potassium chloride, nitrate and chlorate all have similar
coefficients of expansion, and all are considered to form ionic
melts. This is not true for comparable lithium salts, the chlorate
having a much greater expansivity that the chloride or nitrate.
Again this may indicate the lithium chlorate melt is comparatively
less lonic in character.,

The density of lithium chlorate-water mixtures decreases with
increase of water content. The density-~temperature variation of

these mixtures may still be represented by the general equations

p=f)\,ﬂ_xp“0<—r or P:a-—bt

The deviation from the ideal linear relationship between molar volume

39,41,45

and mole fraction is negligible for the water mixtures

studied (Fig. 4.5). Since large deviations have been found for

) e . 42,46,47

systems in which complex formation oceurs, probably there
is little immediate association between the water and lithium

chlorate, The decrease in coefficient of expansion X with the

increase in water content may in part be due to an increase in the
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overall ionic character of the melt.
A graph of the coefficient of expansion against mole fraction
of water (Fig. L.6) curves, shows the slightly greater effect on melt
structure caused by the initial water additions. This is also found

in the viscosity changes as the water content of a lithium chlorate

melt is increased. (See page $3).
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CHAPTER V
VISCOMETRY

I. INTRODUCTION

A1l liquids will flow under an infinitely small stress, and
flow will continue until the stress is removed. The coefficient of
viscosity,W\ s 1s defined as the force per unit area required to
maintain unit difference in velocity between two parallel layers
1 cm. apart. The reciprocal of the coefficient of viscosity is
called the fluidity, @, and is a measure of the ease with which a
liguid can flow.

The effect of temperature on the viscosity of gases and
liquids is strikingly different. Whereas in the former case the
coefficient increases with temperature, the viscosity of liquids
invariably decreases markedly as temperature increases. A wide
variety of liquids exhibit the exponential relationship between

viscosity and temperature

B

5.1 teene Y\ = Aex[: RT
- . . 48
first proposed independently by Arrhenius and de Guzman.

The realization that liquids possess a structure over a

short range permitted the development of viscosity theories which
do not involve molecular transfer in order to transfer the trans-—
lational energy. Andradega‘suggested that the contact between mole-

cules at the extremes of their oscillations could lead to energy
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transfer, and was able to derive an expression comparable to equation
5.1 using this model. Frenkel5o developed a similar equation, though
the pre-exponential term in his equation is temperature dependent.
Eyring et g&?S approached the problem as a reaction rate process, and
derived the equation

L E)
i3 MET* SN
5.2 vunns wr] = Loq X (O "_"_"“"v% AHV&P ZAP _RT

where M is the molecular weight, V the molar volume and.lx\4wathe
heat of vaporizatioﬁ% The pre-exponential term in this case is
again temperature independent. A linear relationship between 1n ﬂl
and % has been found experimentally for many fused salt systems,5l’52
and any theoretical equation proposed for viscosity must also predict
this result.

In the absence of any satisfactory equation from which vis-—
cosities may be calculated, recourse must be made to equation 5.1.
From its form, the equation suggests a rate process where B is the
activation energy of viscosity, and A a constant of the system.

Since the bonds Between neighbouring molecules which must be

broken in order to form a hole, are the same as those broken in the
process of vaporization, it follows that the energy required to

form a hole is equal to the energy of vaporization A EV“P o
The free energy of activation should thus be proportional to the

ACyop 5
energy of vaporization. Empirically it is found that AE,T»" ‘E‘v‘é’e . ?

X
The change in T is compensated by changes in/AAMH andV/.
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This result indicates that the hole size required for molecular motion
is only a fraction of the specific volume of the molecule.

55

A further interesting relationship was proposed by Batschinski

_ C

5.3 cenes Y‘ = —\Z:'_——-\t—
where Vg is the specific volume, and C and Vo are constants. This
requires the fluidity,% to be a linear function of the specific
volume, over a range of temperature. Davis, Rogers and'Ubbelohdelo
found such a linear relationship for molten silver nitrate. Harrap
» and Heymann56 suggested the constant C is proportional to the
geometric size of the unit of flow, but this has not been substan-
tiated by further experimental evidence. An indication of the
relative size of the unit of flow in viscosity compared to that
involved in electrical conductance, is illustrated by the ratio of
the respective activation energies.39 The ratio %g%it usvally
lies in the range 2-4 for molten salté, which suggests that viscous
flow requires a much greater configurational change than occurs in
conductance. Since viscous flow demands electrical neutrality, it
will be governed by the slowest ion, whereas electrical conductivity
may be primarily uni-ionic, the smaller or more mobile ion carrying
the current. The approximate equality of AE,}andAE;Lobserved for
some melts, noticeably nitrates, has been considered as an indication

that the structural units involved in electrical conductance are

larger than the simple ion, and comparable in size to the units
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involved in viscous flow.
Thus it can be seen that a knowledge of viscosity of the melt
and its temperature dependence gives information regarding the melt
Sstructure, the intermolecular forces, and the mechanism and units

involved in viscous flow.

IT. EXPERTMENTAL

Liquid viscosities vary from C.005-100,000 poise, the range
of viscosity determining the basic experimental approach to measure-
ment. Fused salts normally have viscosities lying between 0.005-0.5
poise. Numerous methods are available for the measurement of vis-
cosities of this order at room temperature, though their successful
application‘becomes progressively restricted as the temperature is
increased. Lithium chlorate, because of its low melting point, lends
itself to a flow method of viscosity determination, and a modified
form of a capillary viscometer was constructed for this purpose.

The viscometer is shown in Figure 5.1,being very similar to

those used by Campbell and Debus.57

The principal components are a
small bulp of approximately 10 mls. capacity joined through a 6 cm.
length of 1 Omm. bore capillary tubing to the main reservoir. The
capillary entering this reservoir was made to have a trumpet shape;
thus no Hagenbach kinetic energy correction is necessary. The

reservoir was Joined back to the top of the small bulb, completing

the circuit. A side tube was joined to this return tube, to which a

filling apparatus similar to that used in density measurements could




Figure 5.1

Viscometer
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be attached. Since pyrex glass was used throughout, the viscometer
was simple to construct.

Two marks were made above and below the small bulb to insure
that the same volume of melt was timed in flow for each experiment.

The viscometers were calibrated with distilled water at
temperatures between 110—17000. First the viscometer was thoroughly
cleaned. A quantity of distilled water was then added to the
reservoir, sufficient to overfill the calibrated bulb. The reservoir
was then immersed in a liquid nitrogen bath until the water had
frozen. The viscometer was then evacuated, withdrawn from the
nitrogen bath, and allowed to stand until the ice had melted. This
process was repeated at least four times, to ensure the removal of
all dissolved gases. The viscometer was finally vacuum sealed on
the side filling tube and clamped into a device which would allow
the viscometer to be rotated through 3600 without removal from the
thermostat. In this way the calibration bulb could be filled
inside the thermostat. The viscometer was immersed completely in
the thermostat until thermal equilibrium was established, rotated
to fill the marked bulb, and then fixed in a vertical position.
The time of flow of water between the two marks was recorded on an
electric clock supplied by Labline Inc., Chicago., and was correct
to 0.1 second. It was possible to time this flow since the water
level could be seen through the illuminated glass window of the

thermostat. During this time the temperature of the controlled
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thermostat was measured. A series of flow times were observed at
seven different temperatures between 110—17000. and these are
recorded in Table 5.1 for the viscometer used for the experiments.
Using the literature values of viscosity (International Critical
Tables, Vol. 5, pp. 10) and density (Handﬁook of Physics and
Chemistry, 1961-62 ed., pp. 2156) of water at the experimental

il

temperatures, a factor C =na?_ was calculated, whereﬁ] = viscosity
t

of water in millipoise, d = density of water in gms/cc. and t = flow

time in seconds., This factor was plotted against temperature and is

shown in Fig. 5.2.

TABLE 5.1

WATER FLOW TIVE AT DIFFERENT TEMPERATURES
FOR VISCOSITY DETERMINATIONS

Density Viscosity
o Flow of water of water fq.w = C
£t C. Time. Secs.  gms/cc. millipoise g
tW dw ) w WXW

98,145 266.2 0.959% 2.89 1.131 x 107
105.75 2L8.3 0.9525 2.62 1.107 x 1072
119.85 231,8 0.9509 2.30 1.043 x 1072
127.35 222.2 0.9374 3.1 1.027 x 1072
137.70 212.8 0.9284 1.9 0.996 x 1072
146.95 20L.8 0.9200 1.8l 0.976 x 1072

153.10 199.6 0.9143 ' 1.75 0.959 x 107<




Figure 5.2

Calibration Plot for Viscometer
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The viscometer was filled with lithium chlorate using the
technique and filling apparatus used for density measurements. It
was Tinally sealed under a vacuum just above the small fritted disc
to prevent the solid decomposition products from entering. The flow
times of the pure salt and of three water mixtures were measured as
in the calibration. The times were reproducible at the same tem-
perature to * 5 seconds on an average of 7,500 seconds.

The relative viscosity for each mixture was calculated for

the different experimental temperatures using the relationship

M, d, k.

"\1 ) Cll tz

where T]l: dl;tl are the viscosity in poise, the density in gms./cc.

5L cuun.

and the flow time in seconds for water, andW\ 25 d2, t2 are the
equivalent values for the melt. Rearrangement of this equation,

and substitution of the calculated experimental value C gives
5.5 venn. My = C d,E,

The appropriate density values were obtained by the standard
interpolation techniques from the density-composition and density-
temperature graphs.

The accuracy of the viscosity determinations was limited by
the initial calibration of the viscometer, since the water viscosities
are known only to ks 1.0% in this temperature range. All other possible

errors are negligible in comparison.
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ITT. RESULTS

The relative viscosity was determined for lithium chlorate
and its water wmixtures containing 0.79, 0.197 and 0.251 mole
fractions of water. The viscosity and its temperature dependence
are shown in Tables 5.2 - 5.4, and illustrated in Figure 5.3.

To test the validity of the Arrhenius equation for the vis-
cosity of lithium chlorate and its mixtures, logr\ was plotted
against % . In each case a linear relationship was obtained
(Figure 5.4). The activation energy of viscous flow was calculated
from the slope of these graphs, sin&allEy\==—2.303xRx slope, and
it is given in Table 5.6.

The Arrhenius equations which represent the viscosity-
température variation of lithium chlorate and its water mixtures

were determined by a least squares fit of the experimental results.

These equations are given in Table 5.6.




Figure 5.3

Viscosity of Lithium Chlorate-~Water Mixtures vs, Temperature
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VISCOSITY vs TEMPERATURE
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Figure 5.4

Log Viscosity vs. of Lithium Chlorate-Water Mixtures
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TABLE 5,2

VISCOSITY OF PURE LITHIUM CHLORATE

.. % . EB“%;”_X 1073 (Poise) - log ) Sl
9
131.8 LOL.9 2.4698 0.334 0.4763
133.3 LO6. L 2.4606 0.320 0.4949
135.0 L08.1 2,450k 0.305 0.5157
137.5  410.6 2.4355 0.296 0.5287
138.7 411.8 2,428l 0.277 0.5575
142.7 415.8 2.4050 0.249 0.6038
1447 417.8 2.3935 0.235 0.6289
1484 421.5 2.3725 0.218 0.6615
152.4 L25.5 2.3502 0.199 0.7011
156.3 429 L 2.3288 0.194 0.7122
158.6 431.7 2.3161 0.177 0.7520
162.1 435.2  2.2978 0.168 0.77h7
166.9 440.0 2.2727 0:155 0.8097

Result of Mr. M. K. Magarajan®! of this department.
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‘TABLE 5.3

VISCOSITY CF LITHIUM CHLORATE WATER MIXTURE
MOLE FRACTION WATER .079

+°c. 7%k, ﬁB%—-X 10—3? ‘paase - leg
130.5 403.6 2.4779 0.241 0.6180
136.5 409.6 24414 0.214 0.6696
143.7 416.8 $2.3992 0.180 0. 7447
150.0 423.1 2.3635 0.160 0.7959
157.6 430.7 2.3218 0.139 0.8570
160.0 433.1 2.3689 0,129 0.889,
162.0 435.1 2.2983 0.128 0,8928
164.8 437.9 2.2836 0,120 0.9208
TABLE 5.4

VISCOSITY OF LITHIUM CHLORATE WATER MIXTURE
CONTAINING ,197 MOLE FRACTION WATER

0, 7oK 1 x107 |
TOK poise - log
130.5 403.6 2.4777 0.185  0.7328
136.0 409.1 2043 0.167  0.7773
142.0 15.1 2.4090 0.147  0.8327
145.5 418.6 2.3889 0.138  0.8570
151.5 L2k.6 2.3551 0.123  0.910L
159.0 432.1 2.3142 0.107 0.9706
162.0 435.1 2.2983 0.101 0.9957

166.0 439.1 2. 2774 0.09;4 1.0269




TABLE 5.5

VISCOSITY OF LITHIUM CHLORATE WATER MIXTURE

CONTAINING .251 MOLE FRACTION WATER

57.

II

.0 o, | 1 -3
% C. K. Tog  * 10 poise - log ‘T\
131.0 LOL.1 24746 0.144 00,8416
134.5 LO7.6 2.453L 0.132 0.8794
140.7 113.8 2.4166 0.118 0.9281
146.8 419.9 2.3815 0.104 0.9830
154.5 427.6 2.3386 0.090 1.0458
160.0 133.1 2.3089 0,083 1.0809
168.2 L41.3 2.2660 0.073 1.1367
TABLE 5.6
ANALYTTCAL REPRESENTATION OF VISCOSITY
Mole Arrhenius Equation Standard Activation
. Fraction "r\ = A, ox c Deviatjion Energy of
Water ° P RT x 1 Viscous Flow
K, Cal mole—l
0 ™ = 1.979 x 10 %exp 7813 1.00 7.8
RT
.079 M = 3.3 x 10 %exp 7124 1.71 7.1
. RT
.197 M = helbh x 10 %exp 6740 0,722 6.7
RT
.251 M = be5T3 x 10™7exp 6452 1.11 6.4
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IV. DIScuUssIon
The viscosity of pure lithium chlorate and its temperature

variation may be analytically represented by the equation

~5 7113
M= M4T9 « 0 exp TT

The value for the viscosity at 131.800., 33.0 centipoise, is
larger than that proposed by Patterson,BO the difference possibly
being due to the improved viscometer technigue used. Klotschko

<9 reported the viscosity of lithium chlorate as 52.2

and Grigorjew
centipoise at 136.000., almost twice the value obtained from this
research. The density of lithium chlorate used by these workers
for the calculation of the viscosity was low (as noted earlier,
page 35‘),vﬂﬁ£h will account in part for the highvviscosity value.
Also, Klotschko and Grigorjew did not take any precautions to
éxclude any possible insoluble'decomposition products formed in
sealing from entering the viscometer. These particles can interrupt
the liguid flow through the cbntrolling capillary, increasing the
flow time, and hence increasing the apparent viscosity. This may
completely account for the high viscosity of lithium chlorate which
they reported, compared to the value obtained in this research using
a viscometer to which a special glass filter disc had been attached.
The viscosity of lithium chlorate is much larger than that of
simple ionic salts at corresponding temperatures. For example, we

may compare the viscosity of silver nitrate, 2.3 centipoise at

450°C. to lithium chlorate, 15 centipoise at 168°C. Zinc chloride
2
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also exhibits a high viscosity, 350 centipoise at AOOOC., which has
recently been interpreted on the basis of a model for the zinc
chloride liquid structure in which fragments of the original double
layers of the crystalline Zn(Cl,, together with individual ZnClgZ+
ions, are the predominant spec:ies.s8 A marked decrease in the
activation energy for viscous flow is observed for such associated
melts, which is not observed for lithium chlorate for which the
activation energy is almost constant, ’7.8k'.cal.'mole—l between 130-
170°C. This compares favourably with the activation energy for
viscous flow, which is normally between 3~lOk.cal.mole_l for ionic
melts.,

Yaffe and Van Artsdaleth

consider that the heat of activa-
tion for viscous flow is dependent upon two opposing factors. 4s a
melt expands with rising temperature, the total coulombic forces
among the constituent ions tend to decrease, and hence the activation
energy for mass migration also decreases. Opposing this effect, due
to the increase in the number of holes in the melt, the average
number of nearest neighbour ions té6 any one particular ion may
decrease, and thus increase the attractive force per nearest neigh-
bour, and increase the activation energy. In melts in which there

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

the latter effect should predominate. For lithium chlorate, however,

little change is noticed in the activation energy, which may be due

to the association in the melt breaking down as temperature increases.
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Thus fewer bonds need be broken in mass transfer at higher temperatures,
vwhich will compensate for the increase in ion neighbour attractive
forces caused by the decrease in coordination number.

The addition of water to a lithium chlorate melt causes a
considerable decrease in thg viscosity of the melt. At temperatures
slightly above the melting point, the decrease in viscosity following
the initial addition of water is greater than that caused by subse-
quent additions. At higher temperatures this large difference is not
noted, each addition causing a similar decrease, though the initial
decrease is still slightly larger. This is shown in Figure 5.3.

Over the temperature range investigated, the viscosity isotherm
for each mixture shows a negative deviation from linear dependence on

molar composition, illustrated in Figure 5.5. Harrap and Heymann52
have found that this negative deviation is exhibited by molten salts
regardless of the system.

The viscosity-temperature relationship for lithium chlorate-

water mixtures is represented by the Arrhenius equations of Table 5.6,
The activation energy of viscous flow becomes considerably smaller as
the water content increases. fhe decrease of activation energy is
not a linear function of the mole fraction of water, as seen in
Figure 5.6, the initial rate of change decreasing as water content
increases; however, the decrease itself indicates that the average
size of the mass unit of viscous flow is lowered on the addition of

water.




Figure 5.5

Isothermal Viscosity vs. Mole Fraction wWater

Figure 5.6

Variation of Activation FEnergy with Mole Fraction Water
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At temperatures slightly above the melting point, at which
associated groups may be present in the lithium chlorate melt, the
effect of water addition on viscosity 1s pronounced, probably owing
to the immediate breakup of these groups. At higher temperatures
at which the existence of these associated groups is improbable,
the water additions lower the viscosity to a much smaller extent.
The changes of the activation energy of viscous flow for these same
mixtures may also be interpreted on the basis of these structural

considerations.
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CHAPTER VI
SURFACE TENSION

I. INTRODUCTION

The importance of surface tension measurements of molten
electrolytes is considerable. Several empirical relationships have
been proposed in which surfasce tension is connected with other
physical properties of the melt. Surface tension has also been
utilized in calculations of the mean radius of holes in molten
electrolytes, in corroboration of other evidence for the proposed
hole-ion nature of a melt.

The theoretical treatments, which provide a means of cal-
culating surface tension from fundamental physical constants of the
liquid, are many and varied with respect to the foundations upon
which they are based. These include the free volume method of
Lennard-Jones and Corner,59 the radialﬁl distribution method of
Kirkwood and Buff,éo the partition function of normal liquids by
Chang et gl,él the Lennard-Jones Devonshire theory of liquids,62
and an approach based on the Fowler partition function.63 Bach of
these treatments is dependent upon an initial model for the liquid,
from which a partition function may be derived using the well known
principles of statistical mechanics. The equation for surface
tension obtained by Eyring9’64 based on the significant structure

theory has the form




O‘q\éb_ V. {‘5; 614"
6.1 vu... Y" [AFL Vi (ﬁ)

ZXFL is the excess Gibbs free energy per area over that of the bulk

o~cue~5‘( \_@)’i

Jiquid, and Ve N is the volume of a layer of

2 in area.

surface lattice 1 cm.
Of the many other mathematical derivations proéosed for surface
tension, that of Guggenheim63 has proved most useful in its applica-
tion to molten salts. Guggenheim assumed that in a regular solution
of two or more components;'each and every constituent whether a
molecule of type A or B, has the same number of nearest neighbours,
“and that the total intermclecular potential energy can be regarded
as the sum of contributions from pairs of closest neighbours. From
this model Guggenheim was able to show that for an eqﬁhnolar solution

in which the heat of mixing was zero, the surface tension is given by

the expression

N LT Do
6.2 vuunn b/: X - locl cosh TS

where Y = &( \(A*‘ Ye,) and O = YA - YG.

\
For liquids which do not form perfect solutions, Al will probably
not exceed 0.1, and equation 6.2 will become

- Ao
6.3 wuuns Y = Y - (_\-g—kﬁ-

35,65,66
by the series expansion of l@q cosh QQ%T . lany workers ~~

have used deviations from equation 6.3 as a measure of the thermo-
dynamic non-ideality of surface tension for molten salt mixtures, and

postulated the presence of complex ions in cases where these deviations
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are large.
Many theoretical relationships between surface tension and
other physical constants of the liquid have been advanced. These

include the Eolfvos equation

6uly ennn. d Ly (M)?] =k

dt

where W is the specific volume of the liguid, molecular weight 14,
Integration of equation 6.4 gives |
% 2
6.5 ess o —Y‘(l\/]m):"‘ - XZ(MUz)a = \(
t‘ - b;_

For many organic substances it was shown that|<'was approximately

2.1, and if a lower value was obbtained it was considered due to
association. For molten saltst( is often in the region of 0.5, but
to assume association conflicts strongly with electrical conductance
evidence. Bloom et @lé5 do not consider any of the alternative
suggestions for this low value to be satisfactory.

A further relationship often used in classical physical
chemistry is given by equation
1
[

6.6 on... P. MY
P

where P is a constant called the molecular Parachor. For molten

salts the Parachor has been shown to be frequently temperature

dependent. This temperature variation, and the variation of calcu-

35,65

lated atomic Parachor, invalidates the use of the Parachor for

molten salts,
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The surface tension of a liquid is defined as its surface

free energy per unit area

6.7 ..... Y <

The surface entropy per unit area is given by

&
a.

6.8 ..... gs _ _dY
Q. aT

and the surface heat content per unit area is thus

6.9 ..... , H® - X-’Ti_z_

a a1

Since the temperature coefficient of surface tension for molten salts
is constant the surface heat content is a constant independent of
temperature, and thus provides a fundamental quantity which may be
used to compare different molten salts, or other liquids. The com-
rarison between the molecular character of the liquid, and its
surface heat content per unit area is illustrated in the following

values for this parameter:

Compound Benzene Magnesium Sodium sodivm
Chloride Nitrate Chloride

Surface Heat

Content 59.2 76.7 138.9 - 216.2

ergs/cm.”

35

6
Bloom‘§§‘§;_5 and Janz”” have used this parameter as an indication
of the molecular charact€l- of the melt. Surface tension phenomena
have been used in molten salt systems to substantiate the existence

of complex ions.
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Together with its temperature dependence, the surface tension

of a melt provides an indication of the molecular characture of melt,
and is also a necessary experimentael parameter for use in evaluating

other properties of the melt, such as conductivity.

II. EXPERIMENTAL

The surface tension of a liquid may be measured using a wide
variety of techniques. The moximum bubble pressure method has been
used extensively for molten salts, though studies using the drop
weight method, the dipping cylinder method, and the capillary rise
method have been published. The capillary rise technique requires
a large-area of uniform temperature, the capillary must be made of
an inert material, and an accurate method of determining the capillary
rise must be available. These technical difficulties are absent in
the present system, since a pyrex glass capillary and an oil thermo-
stat are both satisfactory. Thus, since the capillary rise technique
has been proven for measurements in the low temperature region, this
was the method chosen.

The apparatus is shown in Figure 6.1. The inner tube is a
precision bore capillary tube, internal diameter 0.5 * ooL mm. The
capillary tube was lightly marked in three. places approximately 2.0,
4.0 and 6.0 centimeters from the tip, such that they could be easily
seen through the cathetometer. These marks were of assistance in
measuring the total capillary rise. An extension of &.0 centimeter

diameter at the foot of the outer fybe provided a satisfactory reading




Figure 6.1

Surface Tension Apparatus
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 SURFACE TENSION APPARATUS
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level for the lower meniscus. The position of the upper meniscus
could be altered by application of a pressure gradient using either
of the attached vacuum taps.

The thermostat used was that constructed for the previous
density and viscosity determinations. A Gaertner microcathetometer
capable of measuring to 0.0l mm. was used to measure the capillary
rise.

The complete cell was carefully cleaned and oven dried.
Enough powdefed lithium chlorate was placed in the outer tube, so
that when molten the liquid level corresponded to the maximum
diameter of the bottom extension. The weight before and after
filling was used to calculate the weight of lithium chlorate taken.
During these manipulations the tube was covered with a B.24 standard
cap. Additions were then made to the lithium chlorate if necessary,
the cap replaced by the capillary, and the cell transferred from the
drybox to the thermostat. At least four hours were allowed for
thermal equilibrium to be established before readings were taken.
The meniscus position was made to fall and rise several times in
the capillary, and the average rise of several cathetometer readings
considered as the absolute rise at that temperature. The total rise
was always greater than the total range of the microcathetometer, and
was calculated from the sum of the distances between the upper and

lower meniscuses and a convenient mrk,
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Using this apparatus it was found possible to reproduce the

surface tension of distilled water at 2500. to £ 0.5 dynes. cm._l.

ITT. RESULTS

The surface tension and its temperature dependence has been
determined for lithium chlorate and several lithium chlorate-water
and lithium chlorate-lithium nitrate mixtures. The water mixtures
contained 0.038, 0.090, 0.155 and 0.236 mole fractions of water,
the lithium nitrate mixtures 0.032, 0.075, 0.172 and 0.213 mole
fractions of lithium nitrate. The results are given in Tables 6.1,
6.2, 6,3, and the temperature dependence illustrated in Figure 6.2.
The analytical representations of the temperature dependence of
surface tension for pure lithium chlorate and the mixtures were
obtained from a least squares fit of ﬁhe experimental results of
Tables 6.1, 2 and 3, using a computer, and are shown in Table 6.4.

A surface tension measurement of an equimolar lithium
chlorate-water mixture was taken at 132.400. and was found to be

78.4 dynes. cm.—l. The density of this mixture was calculated from
M ! + M 2

El‘ + ELF

P P

where/ﬂ% and f%Nare the densities of the pure components at this

6.10 ..... /ﬁ) mixture =

temperature. The surface tension for this mixture calculated from

the ideal surface tension relationship proposed by Guggenheim is

67.6 dynes. em. L.
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TABLE 6.1

SURFACE TENSION OF LITHIUM CHLORATE

Density Surface Tension
£°c. gus. cc.L dynes cm.—1
132.1 2.0878 87.41
138.2 , 2.0828 87.30
142.6 2.0794 86.91
150.6 2.0729 86.26
155.2 2.0691 86.02

162.0 2.0635 85.43
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Figure 6.2
Plot of Surface Tension vs. Temperature for Lithium Chlorate

and its Mixtures
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TABLE 6.4 5.

ANALYTICAL REPRESENTATION OF THE SURFACE TENSION VARIATION
WITH TEMPERATURE FOR LITHIUM CHLORATE
AND LITHIUM CHLORATE-WATER
LITHIUM CHLORATE-LITHIUM NITRATE MIXTURES

Additive Mole Equation of the General Type Standard
Fraction ‘{ =3 - bt Deviation
Pure salt Y = 96.7 - 6.3 x 1072 0.11
Water 0.038 Y= 96.2 - 7.7 x 107% 0.4k
Water 0.090 Y=103.2 - 13.3 x 1072 0.33
Water 0.155 Y= 101.6 - 13.0 x 102t 0.31
Water 0.236 y =101.7 - 13.6 x 10~2% 0.38
- Lithium 5
nitrate 0,032 ‘X==94.9 - 4.6 x 107%% 0.17
Lithium
nitrate 0.075 Y =974 - 5.6 1072t 0.09
Lithium _
nitrate 0.172 Y =977 - bl x 102t 0.10
Lithium

nitrate 0.213 X = 100.5 - 6.0 x 10~2% 0.09




Figure 6.3

Plot of Surface Tension vs. Mole Fraction Additive
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IV. DISCUSSION

The surface tension of lithium chlorate (85.0 dynes cm._l)‘
is typical of Group 1 salts of polyatomic anions when compared at
corresponding temperatures as seen from Table 6.5. If association
occurs within a melt it might be expected that these “"associates!
would affect the surface energy of the melt considerably. If these
"associates" lower the surface energy they must be preferentially
absorbed on the surface. Table 6.6 records the surface tension at
the melting point for several alkali metal salts, obtained by extra-
polation of the results of Jaeger.67 For the simple spherical ions
a marked trend is observed in the change of surface tension with the
increase of cation radius only if the anion is small, e.g. the
fluorides. For the nitrates this decrease of surface tension with
cation radius does not occur, and the surface tension of all Group 1
nitrates are similar. The surface tension of lithium chlorate at
its melting point, 88.6 dynes cm.—l, is almost the same as that of
potassium chlorate at its melting point, 81.0 dynes cm._l.l'r3 This
indicates that the anion determines the surface energy in the
Group 1 chlorates as in the Group 1 nitrates. Possibly in these melts
the anions pack in contact , with the cations in crevices where their
effect on the surface energy is limited. It is of interest to note
that these concepts apply only to salts with polyatomic anions which
have low melting points. The surface tensions of lithium, sodium and

potassium carbonates were determined by Janz and Lorenz.35 These salts




TABLE 6.5

SURFACE TENSION AND SURFACE HEAT (AT 1,10T)
OF TYPICAL GROUP 1 SALTS

Compound Analytical Surface Surface

Representation Tension Heat :

dynes cm ergs cm™@ Reference
Licl = 181.8 - 7.1 x 10~ 132 200 67
LiNOg = 133.5 - 6.0 x 10™%t 115 149 67
LiC105 = 96,7 = 6.3 x 1077 86,2 118
KCL = 155.2 ~ 7.3 x 107 91.0 175 68
KNOg = 128.9 - 5.78 x 1072t 106 148 69
NaCl =190.8 - 9.3 x 10™*t 106 216 68
NalNOs = 131.0 - 5.8 x 107% 110 139 69
TABLE 6,6
EXTRAPOLATED VALUE OF SURFACE TENSION
AT THE MELTING POINT OF SEVERAL ALKALI SALTS
dynes cm—lL67J

Lit Nat Kt rpt
F- 251 201 142 133
c1- 138 114 97 98
I” 87 81 g2
05~ 117 120 113 109

88,6 81




79.

melt at 7260C., 85806., and 899°C., and have surface tension values
almost twice that of the corresponding chlorides, namely 240.0,
205,9 and 161.7 dynes cm,"l respectively. Thus for salts of simple
spherical ions, or salts which have high melting points (and hence
no association within the melt), the surface tension decreases as
the number of ions per unit length and the polarizing power of the
cation decrease. The surface tensions of the low melting salts
lithium and potassium chlorate are similar, and this shows the
possible presence of associated groups in these chlorate melts.

The parachor has been calculated from the surface tension
results of Table 6.1, and is shown in Table 6.7. A small but definite
increase in the value of the parachor with temperature is evident,
approximately two per cent per 100°C. Due to this temperature
dependence of ﬁhe parachor for many moliten salts,35’65 it is un~
satisfactory as a comparative property of melts. The surface heat
Hs = X - T %[—'?: , of a molten salt is not temperature dependent,
and is said to provide a measure of the covalent character of the
melt.65 For non-polar liguids the value of the surface heat lies
usually between L0-65 erg.cm._2. Salts which are essentially ionic
have the highest values, for example, sodium chloride, 216.7 ergs.
cm.ﬁz, whereas molten salts which exist largely as covalent molecules
have lower values approaching those of non-polar liguids, for example,
magnesium chloride, 76.7 ergs. cm._2. The surface heat of several

molten salts is shown in Table 6.5. The surface heat of lithium
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chlorate is 118 ergs.cm. , intermediate between that of ionic melts
and that of covalent melts, showing that at least some covalent

character exists within the lithium chlorate melt.

TABLE 6.7

PARACHOR AND SURFACE HEAT OF LITHIUM CHLORATE

t7C. Parachor Surface Heat
-2
ergs.cm.
13006, 132.4 | 118
140°¢C. 132.6 118
150°¢. 132.8 118
160°¢. 133.1 118
170°¢. 133.3 118

The surface tension of pure lithium chlorate and also that of
the lithium nitrate and water mixtures decrease linearly with
temperature (Figure 6.1). At any specific temperature the lithium
chlorate-lithium nitrate mixtures have a surface tension greater
than that of pure lithium chlorate, whereas the water mixtures
exhibit surface tensions lower than that of pure lithium chlorate.
This may be accounted for by comparing the surface tensions of pure
lithium nitrate and pure water extrapolated to lBO.OOC. At 130.0°.
the surface tension of water is 54.0 dynes cm.-l, and that of lithium

nitrate 126.0 dynes cm.-l, and hence water additions should lower the

~1
surface tension of lithium chlorate from its value of 88.5 dynes cm.




gl.
at lBOOC., and additions of lithium nitrate should cause an increase.

The relationship between the isothermal surface tension and
the mole fraction of either lithium nitrate or water is not linear.
The relationship is shown graphically in Figure 6.2. The initial
additions up to 0,05 mole fraction tend to affect the surface tension
of the melt to a greater extent than subsequent additions of either
lithium nitrate or water. This greater effect of the first additions
may be due to the breakup of any association present in the original
melt,

The temperature coefficient of surface tension changes
considerably as the water content in the lithium chlorate-water
mixtures increases. The temperature coefficient of surface tension
for water is much higher than that of molten salts, and must account
for the increase in the temperature coefficient of surface tension of
the lithium chlorate~water mixtures as the water content increases,
This is substantiated by the fact that the surface tension temperature
coefficient of the lithium nitrate mixtures remains constant, which
is anticipated since the coefficients of pure lithium chlorate and
pure lithium nitrate are substantially the same.

The surface tension of an ideal equimolar mixture of lithium
chlorate-water calculated from the Guggenheim equation 6.3 does not
compare with that determined experimentally. This indicates that the
melt 1s not ideal in its surface tension behaviour at higher concen-

trations of water,
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These surface tension results illustrate the partially co-
valent character of the lithium chlorate melt, and indicate the
change in the melt constituents is greater for the initial addition

of water than that for subsequent additions.




ELECTRICAL CONDUCTANCE




CHAPTER VII
ELECTRICAL CONDUCTANCE

I. INTRCDUCTION

Measurement of the electrical conductivity and its temperature
dependence in molten salt systems yields significant information
regarding the ionic character of the system, the nature of the
conducting species, and the structure and intermolecular forces
present in the melt. When used in conjunction with the values
of other transport properties it is possible to pastulate the
mechanism of these processes in terms of the lattice geometry,
molecular force fields, and moleculér motion.

Interpretation of the electrochemical properties of a molten
salt or molten salt mixtures is in no manner comparable to the
modern theories developed for aqueous solutions. If typical fused
salt parameters are inserted into the equations by which the ion-
atmosphere radius of aqueous ions may be calculated, the result
shows a radius of the order of(h2AO, smaller than the radius of
the ion alone. In view of the failure of the Poisson-Boltzman
equation on which the Debye-Huckel theories are based to take
account of short range repulsive forces, this result is not sur-
prising. These short range coulombic forces are of primary

importance in a molten salt, and determine the transport properties.
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The problem of electrical conduction in a molten salt has been
most successfully approached by a consideration of the melt as a dis-—
ordered solid, and applying the mathematical relationships developed
from solid state defect theories.

For all systems the specific conductance is given by

7.1 sesoo K:

where(; is the cell constant, and Rethe measured resistance. The

value of C; is obtained experimentally using solutions of potassium
chloride having precisely known values of specific conductance)7o
From the simple electrodynamic theory for the transfer of charge

through an electrolyte, the specific conductivity of an electrolyte

which dissociates into ionic species is given by
7.2 : | i CiZypu,
o ® 009 0 K - BOOO

If a binary electrolyte is considered, of concentration C g.mole

litre™, then

73 eoun K = —= o F E/‘-L

1000

where Q. is the degree of dissociation, and N, the electrochemical
valency. From the principle of electrical neutrality, T, for a

binary electrolyte is given by

Tebe vuvnn M= V2, = V_Z_
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\)+ and \)__ are the number of cations and anions formed as each electro-
lyte molecule dissociates, each having a charge%eo and Z_%, ,

Introducing the Faraday constant into the mobility term

a5 eene N = ?‘O«-H(On + a¢ca.t’u>r‘l = ‘Of; :
If the concentration is expressed as moles.litre—l, then

7.6 cz  _ Fawvalents

b veoes oo - e

For binary mixtures of molten salts Bloom and Heymann39 replaced
Me , the equivalent weight of the pure molten salt in the eguation

for equivalent conductance

-1
Tl vuenn Ju = K Me/b
by the mean equivalent weight of the mixture, given by

7.,8 MM = Me® f0 + M@ )

Me® , Me@ ) ‘F“) . 'F(l) being the equivalent weights and equivalent
fractions of the components of the mixture.
Differentiation of equation 7,7 with respect to ;T:’ and then

taking logarithms of both sides,

7.9 ceunn da A _ dlak _ 3l
3(F) o(F) d(5)

which may be used to compare either theoretical or experimental values
of specific or equivalent conductance at different temperatures. This
derivation does, however, assume complete dissociation in the molten

salt, a condition not always present.
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For nearly all fused salts it was experimentally shown that a
graph of 1n K or InA against %— is essentially linear, indicating
that the mechanism of conductance is a rate process, and the simple

Arrhenius expressions are applicable to both equivalent and specific

conductance,
-~ 0By
7.10 ..... K= Ag <P TRT
- AEL
711 voee. A= AL exp RT

AEK andAE,_,\_are the empirical activation energiés, and/—\K‘A_,,_are
constants for the system. Since electrical conductance occurs at
constant pressure the empirical activation energies AEK : AE_A_ may
be identified with the empirical activation enthalpies A\-\K'AH L e
A closer investigation over an extended temperature region
has shown many of the experimental relationships between 1In W or
InA and —%— are in fact slightly curved. Corrcborating evidence
must be available before structural changes are proposed which are

based on the change of activation enthalpy with temperature, for

from equation 7.11

d n A -H T ;Tdu-\-__ din A,
appatenl
d (=) FReTe - aT (&)

Ir AJLis independent of temperature, then the identification of H_,\_

7012 ce0 0 00

with the apparent heat c;f‘Hact:Lvatlon, H apparent’ at a certain
temperature admits that—a—_l-f" is equal to zero at this temperature,

regardless of the temperature dependence of H, Thus the

apparent®
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temperature dependence of ﬂh_and Happarent differ completely whenever

d H apparent X0 val
dT :

Many equations have been proposed to predict the electrical
conductivity of molten salts, often based on a model for the liquid
similar to that of the solid state. Mention may be made of equations

76 77

'proposed by Se5L1<:r:L3l,72’73’7LL Oldekop75 and Sundheim. Bockris'' has ‘
critically examined the commonly proposed models of ionic liquids
comparing the accuracy of the data predicted for volume and entropy
change on fusion, compressibility, expansivity and self-diffusion.
The models examined weres: (a) a guasi-lattice model involving
Schottky defects, (b) the hole model, (c¢) the crystallite model of
Mott and Gurney,5 (d) the polyhedral hole theory of Bernal,78 (e) the

79 and (f) the significant

free volume model of Cohen and Turnbull,
structure model of Eyring;9 (e) indicates that the crystallites
would have to be molecularly sized, (a) gives good results for
entropy of fusion if rotation is taken into account, and fair
agreement for change of volume on fusion. Only two models considered
satisfactory for all of the properties, the hole theory and Eyring's
significant structure theory, though the latter required an empirical
determination of its constants. In the hole theory, originally
kadvanced by Frenkel,5o Altarsoand others, it was proposed that the

liquid consisted of spherical ions each behaving as a linear harmonic

oscillator. A number of holes are fixed in random distribution among
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the ions. The liquid may be regarded as a guasi-crystalline structure
consisting of a binary mixture of holes and ions. The position and
size of the holes vary due to the random fluctuatigns in the melt
caused by thermal motion of the molecules. ZX-ray evidence81 has
substantiated the short range order and long range disorder which
~would be anticipated by this model. The short range order is similar
to that of the crystalline state.

Indeed, Bloom and Heymann39 treated the ligquid as a very dis-
ordered solid, using the relationships between ionic conductance in
solid salts, and the presence of imperfections in the lattice. The
high temperature conductance of a solid salt is proportional to the
volume concentration of such defects, and to their mobility. Both

factors vary exponentially with the temperature, resulting in the

equation _~!g‘+ N
K= Aexp -2
7el3 v kT

where W is the energy necessary for the formation of a lattice
. defect, and W is the height of the potential barrier involved in

the ion migration. This applies only if the migration of a single
'ion is the cause of the conductance. These workers suggested that
the degree of disorder in a molten salt is so large that the fraction
of mobile ions must also be large. For a purely ionic melt the

equation 7.13 becomes
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_AE, — AEa

Tellh voees K = Acmhonlxp TR;'F + AamoN LXP - RT

since the contribution of each ionic species to the total specific
conductance is proportional to an exponential term involving only the
energy barrier of the respective migrations. If these energy barriers
are very different in value, then the lon having the smallest activa-
tion energy becomes the predominant conducting species, and equation
7.14 takes the form of the original Arrhenius equation. M&rtingz
first showed the relationship between the activation energies of
specific and equivalent conductance. By substituting the definitions
of the thermal expansion X , and of the energies of activation ﬂ.E\g

and AE‘_into equation 7.9 he found
7.15 oo, AE, = AE, + RT x

Hence it can be seen thatAE_A_andAEKmay be equated only for systems
having small temperature coefficients of expansion, or for systems
at low temperatures.

From the successful application of the Arrhenius equation,
it seemed probable that a more elegant equation could be developed
for conductance from an application of the absolute reaction rate
theory to ionic motion under a potential gradient. This was done

by Baimakov and Samusenk083 and Bockris et g;gh who found
o [ FZXd2\ kT ast —-AH
: T T ) T wXp — «x
7.16 so0o 00 ‘A—- 3 "RT h P 'R F RT

+

where X 1s the effective potential gradient on the ion when a field

of 1 volt. cm. ™ is applied, ol is the half distance between initial
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and final positions of the ion along the coordinate of motion, and
4 +
AS, AN the activation entropy and enthalpy. This expression may be

simplified to

+ +
'8 As ~OH
707 coee. = 508« 10 (D2) Zdiaxp T= axp o=

where D is the dielectric constant of the medium.
Bockris, Crook §§_§l85 have recently applied the Absolute
Reaction Rate theory to a statistical model for the liquid state
o

proposed by Stillinger and Kirkwood and Wojyowicz., Their final

equation took the form

Z. RV, ~AW; ~ AF,
718 e A= TERTT TP R®RT P RT

where \Qtis the vibrational frequency of the i@n,AJ43the activation
enthalpy required to move an ion to the next "lattice" site, and
lSFk the free energy of formation of a vacant "lattice' site. This
is a more elegant representation of the rélationships between conduc~
tance and the energy and entropy of activation for ionic movement in
a melt.

| Tn all of these treatments based on the absolute rate theory,
the enthalpy of activationtﬁ“4is a composite quantity consisting of
the energy required to form & nearest neighbour hole, plus the energy
required for the migrating ion to surmount the potential barrier
imposed by the force fields of the nearest neighbour ions, and if the
melt is not completely ionic, the energy required for the formation

of the ion itself must also be included, i.e.-
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+
719 veeen AH= An, . +Dun. +A§

Jump ionization
When comparison is made between the activation enthalpies of viscosity
under constant volume and constant pressure conditioné,87 the activa-
tion enthalpy at constant volume is found to be approximately one
tenth that of the corresponding activation enthalpy at constant
pressure. Under constant volume conditions,[k Hjump is the only
enthalpy term present, since it may be assumed that there is no
increase in the number of holes. Thus the ratio 1::10 is the ratio
ofA Hjump’: A Hjump+ A Hhole" From measurements of the velocity
of sound in molten salts, Bockris and Richardsl2 have also shown
that the major part of the heat of activation of viscous flow consists
of the energy of hole formation. In the absence of constant volume

: An

is assumed to be the same in conductance as in viscosity. An approxi-

+ A Hpole

conductance measurements the ratio afZS}I Jump

Jump?
mate value for/Z\ Hhole may be calculated from considerations proposed
by‘Eﬁrth.gg Furth showed that the potential energy of a hole of

radius r was
7.20 weee. AR o = 4TT¥ y %Wrs(P‘P°>

where‘b and Fc are the external pressure and the saturated vapour
pressure of the liquid respectively. At ordinary pressures the second

term 1s negligible, and

—_— A
7.21 ..... AF, . = 4T+
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If the temperature coefficient of surface tension is known, then the

heat of hole formation is given by
2 d¥
7.22 ..., AW o = 4T (X“ T oLT)

12
Bockris and Richards wutilized Furth's theory, that the work required
to form a hole is equal to that required to produce a surface area

equal to the area of the hole, and showed that
. RT) 3
Te23 eenns Vh= o 68( ¥ )

where Vh is the mean volume of a hole. From the difference in
volume, AV , between the molar volume of the liquid and that of the
hypothetical solid at the same temperature, the total number of holes

formed was shown to be

L
T2l vuuns N, = -gf\glg(-g-:r)

which suggests that 1/5 to 1/6 of the lattice sites in melts are not
filled, which is in agreement with X—ray'evidence.89 From these
correlations of theoretical and experimental values for the energy
of hole formation, it seems that the macroscopic concepts of surface
ténsion are applicable to the microscopic system.

Recent theoretical treatments of transport process in
liquids85’9o’9l indicate that the pre-exponential term of the
Arrhenius-type equation may be temperature dependent to some extent.

Bockris, Crook, Richards and Bloom85 have recently developed a theo-

retical equation for conductance of the form
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+
-1 — AH
7.25 cuuns Ju = EALT 2xp RT

From this theory, in which the mechanism is again based on the hole
model for molten salts, it follows that the experimental heat of

+
activation for conductance, A H expt, 1s identified with the enthalpy
of hole formation and ionic Jjump A }%mﬂe and ZXHjump’ respectively,

by the equation

+
7.26 ooun. AU, o + OH = AH o +RT

Jump

for ény‘particular ionic species. Compensation between the pre-—
exponential factor and activation energy occurs such that plots of
ani.versus % are rendered linear. This suggests that the activation
energies defined by the simple Arrhenius eqpatioﬁs are not true
activation energies, and may include specific structural effects
associated with the system studied.

It may be reasoned that the chief cause of an increase in
diffusivity, fluidity, and electrical conductance as a molten salt
is heated at constant pressure may be ascribed to an increase in
the statistical number of cavities of molecular size within the
melt, rather than to the smaller increase in the fractional number
of mobile ions arising from the reduction in the force fields due
to expansion. The total number of mobile ions does however also
determine the conductivity of the melt. It is not necessary for an
inorganic melt to be composed entirely of ions; the melt may be only

92
partially ionized. Greenwood and Martin® have proposed an approximate



9.

method for obtaining a, the degree of dissociation of a melt. Since

JLm
7,27 ou.n. N = = = A+l
where /(A.“ is the molar conductivity, = -‘Qéﬁ » then
7-28 © o360 a 2—-—.—-—_—/&"‘
Z(Ae*A-)

For a univalent electrolyte, Z = 1, and assuming that the remaining

term in the denominator may be replaced by the average ionic conduc—

-

tance, ?\ s
2 a- - -é&l
’7' 9 o s 000 2- A
If Walden's Rule is obeyed, that is

7.30 vuu.. JL'\‘I = consfant

then the average ionic conductance may be referred to a standard
(<]
reference conductance, ?\ , in a medium of unit viscosity, and

-

(<]
7.31 vuns A = AL

M

which when substituted into equation 7.29 shows
7.32 ..., a = /i’“z—-'!‘a—'}—

]
Values of A are limited to a narrow range. Reference to ionic
mobiljfoies93 indicates that in any given solvent, all mobilities lie

within a factor of ten of each other. TFor example, in water, which

o -
has a viscosity of 1.00 centipoise at QOOC., the value & = 50 ohm 1

2 -
cm g.lion L represents an average value for all ions, bar the hydronium

and hydroxyl ions, within a factor of two. This. figure may be used as
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a plausible standard when melt viscosities are reduced to zero, and

substitution in equation 7.32 gives

7.33 eu... o = LT

(0O

The functioeﬁ»ﬁl has been termed the 'reduced conductivity".
Though Walden's rule has been experimentally established for many
systems, it implies a similar change in ionic migration and in
viscous flow. Thus, if thiswemrsthe case, the ;étio of the activa-
tion energies for conductance and viscosity should be unity. The
value of 453:& has been found to lie in the range 2 - 4 for most

At

molten salts, indicating that Walden's rule is not satisfied. If

the viscosity and molar conductance are represented by the equations

‘ AE
_
7-324' s06ea ’V’l S ’Ylo ,Q.KP ’RT
~AG.
735 wenns Yol o AXP
RT
M L c
then we sei/bx M , or MM " is constant, where m =Abm,  This
A€
value for the reduced conductance/AAfA4] affords an égﬁroximate

vélue of &, the degree of dissociation, when substituted into
equation 7.33 and applied to fused salt systems.

At the present time no single theoretical relationship has
been developed which will successfully predict all of the transport
properties of a molten salt. Quantitative estimations of the conduc-

tivity of a melt may be made following the principles developed by
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Biltz and Klemm,36 Yaffe and Van Artsdaleth and others. These workers
showed that the equivalent conductivity of a melt increases with a
decrease of cation radius and with a decrease of anion radius. large
or rapid decreases of the activation energy of conductance with rising
temperature provide a definite indication of changes of structure or
coordination within the melt; however, interpretation of the small
variations in activation energy, often found over extended temperature
ranges, must be treated with caution until more rigorous theories of
trans?ort properties are developed, unless supporting evidence is
available. No theoretical investigations have been published in

which the melt mixture has included water as one of the minor compo-
nents, though the principles involvéd in the conductance of pure
molten salts have often been applied successfully to mixtures of

molten salts.

II. EXPERIMENTAL

The electrical conductance of molten salts may be determined
by the conventional methods used in studies of aqueous solutions.
The specific conductance is often high, and special capillary cells
may have to be used.94 In many cases much care must be taken in
selecting the material for the cell, since fused salts are often
corrosive, the capillaries, if necessary, being machined from single
| 84,95

crystals. A different form of cell has been used by some workers,

in which the cell has the form of a crucible, usually made of platinum,
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which acts as one electrode and also the container for the melt. The
second platinum electrode is then placed in the melt, its position
and depth of immersion determining the cell constant. Lithium chlorate
offers no such experimental difficulties, however, and typical pyrex
glasé cells in a liquid thermostat are satisfactory.

A conventional capillary cell (Figure 7.1) with a high cell
constant of the type recommended by Jones and Bollinger96 was used,
The basic filling tubes and electrical connections were widely
separated, thus eliminating possible errors due to the Parker effect. 7
The electrodes were not platinized » since even without conditioning
with an electrodeposit of platinum black the detector showed sharp
changes with small changes of resistance.95 The variation of the
measured resistance with the frequency of the input signal is about

0.5 per cent over the frequency range of 500 - 10,000 cycles. sec~l

for many molten salts, the relationship being

K
R, = R *+ oL

where‘?a andi‘ﬂgare the measured resistances at the frequencypo,
the polarization-free resistance at infinite frequency, and X a
constant characteristic of the salt studied. A Jackson audio-
oscillator capable of delivering a low wattage input with a selected
frequency of between O ~ 100,000 cycles. sec"l was used for all of
the conductance experiments. To measure the resistance a Leeds and
Northrup Jones conductivity bridge was used in conjunction with a

General Radio type 1231-B amplifier 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
in 10,000 ohms on the bridge.
98

The conventional manner’~ of determining the cell constant of

conductivity cells at high temperatures uses the data for molten KC1

3L, 42

and KNOB. No standard is available for the determination of
cell constants at the temperature required for this research, 100-
200°C. The method chosen was to determine the cell constant at 2500.,
99

and to apply correction factors by the method of Washburn. Potassium
chloride solutions were made“;ccordﬁrgewith the specifications of

Jones and Bradshaw,7o and a series of resistance measurements at ZSOC°
taken. The cell constant was calculated from the reéistance of each
solution, and was found to be 416 £ 0.3 at 130°C. The correction
factor is very small in each case. The thermostat designed by E.

Bockl@@

was used for these measurements, the temperature recorded
being 25 % .0002°C,

Temperature variation during a conductance determination must
always be at a minimum. The thermostat used for the measurements at
130°C. was that designed for the previous conductance investigation
of lithium chlorate.33 An inner rectangular copper tank, 30x60x60 cms.,
was covered by a primary insulation of rockwool, and placed inside a
wooden case. Thié was then placed inside a second wooden case which.
allowed a further 25 cms. of vermiculite to surround the inner box.

The thermostat fluid used was Marcol G.X. oil supplied by Imperial 0il

Limited. A 450 watt immersion heater was used to heat the bath to
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within SOC. of the experimental temperature, the final heating being
controlled from a 200 watt bulb connected through a large mercury
regulator and a magnetic relay. Satisfactory stirring was provided
by a large archemedian stirrer and a high speed centre drive electric
stirrer. The temperature variation throughout the bath at 131.800.
was no greater than 0.05°C. A Beckman thermometer calibrated against
a platinum resistance thermometer was used for the temperature
measurement at 131.8°C, For all other temperature measurements a
single Jjunction copper-constantan thermocouple calibrated at the
boiling point of water and the freezing point of tin was used. When
connected to a Tinsley vernier potentiometer temperature changes of
less than = 0.1°C. could be noted, and the temperatures measured were
correct to & o,loC.

The cell was filled with powdered anhydrous lithium chlorate
inside the drybox, and then transferred to the thermostat at 131.800.
From the cell weight before and after filling, the weight of lithium
chlorate taken was known. After the salt had melted, the residual
gas bubbles left along the capillary were removed by causing the melt
to flow into either of the bulbous compartments. A special clamp was
made such that this operation was possible without removing the cell
from the thermostat. After 2 - 3 hours, when thermal equilibrium had
been established, the resistance of the cell was measured using input

frequencies of 1000, 2000, 5000, and 10,000 cycles.secnl. From a
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1
%/frequency

graph of the measured resistance versus the resistance
at infinite frequency was found for pure lithium chlorate. The
difference between the resistance at 1000 cycles secwl and at infinite
frequency was -0.06 per cent indicating an absence of polarization
effects. This correction of -0.06 per cent was applied to the resis—
tance measured at 1000 cycles sec—l for all other experiments.

- The specific conductivity of a sample of lithium chlorate which
had been analyzed for its water content and found anhydrous was
determined at 131.800. The anhydrous nature of subsequent lithium
chlorate samples was shown by a comparison of their respective specific
conductivities with that of the anhydrous salt.

For experiments involving liquid additives, a calibrated
syringe was filled with the hecessary'quantity, which was added to
the melt through the cap., Solid lithium nitrate was added to the
melt inside the drybox without removing the melt from the cell.

A different technique was used to form the lithium hydroxide melts.
In this case a separate mixture was made inside the drybox, filtered
through a coarse filter disc, and this mixture then added to the re-
cleaned conductivity cell. This was necessary since the lithium
hydroxide melts prepared by the other technique left a slight suspen-

sion in the melt.
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ITITI. RESULTS

The specific conductance at 131.8°C., of lithium chlorate and
its mixtures containing small quantities of propyl alcohol, lithium
nitrate and water are shown in Tables 7.1, 7.2, 7.3. Figure 7.2
illustrates the changes in specific conductance with increasing
mole fraction of additive. Also included in Figure 7.2 are the
changes in specific conductance observed upon addition of methyl
alcohol and nitrobenzene, results which were obtained in earlier
investigations.33

Using density values obtained by interpolation of the results
of Chapter IV for the water mixtures and the density results of Mr.
M. K. Nagarajan for the lithium nitrate mixtures,27 the equivalent
conductance of these mixtures were calculated from the expression

o= MK/D_I

The equivalent conductance of an agueous solution is the conductance
of the volume of solution which contains one gram equivalent of the
solute, and M is hence the weight of this volume of solution.
represents the equivalent conductance of thé lithium chlorate-water
mixtures calculated for one gram equivalent of lithium chlorate,
i.e. as if they represent the extreme of concentration of an
aqueous solution. The equivalent conductance,.n_,, has been calcu~
,lated in the same manner for the lithium nitrate mixtures. Bloom and
Heymann39 determined the equivalent conductance of several molten salt
mixtures, and considered M to be the mean equivalent weight (equation

7.8); Jﬂ_zrepresents the equivalent conductance of the lithium nitrate
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and water mixtures calculated using this concept of Bloom and
Heymann. andJ\, are given in Tables 7.2, 7.3 for the lithium
chlorate-water and lithium chlorate-lithium nitrate mixtures.

The changes of_Aﬂ andH/\Zat 131.800. with mole fraction of additive
are illustrated in Figure 7.3. The analytical representation of
the dependence of specific and equivalent conductance on mole
fraction of lithium nitrate and water shown in Table T4 were
obtained by a least squares fit of the results iﬁ Tables 7.2, 7.3.

The temperature dependence of the specific conductance of
pure lithium chlorate and its mixtures with water, lithium nitrate
and methyl alcohol have been determined and are given in Tables 7.5
to 7.15. Figure 7.4 illustrates graphically these results, The
equivalent conductances dﬂ“ andﬂkahave been calculated for lithium
chlorate and its water and lithium nitrate mixtures and are given in
Tables 7.5, 7.7 to 7.15, and shown in Figures 7.5, 7.6, for the
experimental temperatures.

Using these experimental results for K ,~/L,, and—j\zat the
equivalent temperatures, the Arrhenius conductance equations have
been determined using a computer. They are given in Tables 7.16,
7.17, together with the standard deviation from the given equations,
and the respective activation energies of conductance. The linear
relationship between log conductance and % for these mixtures is

shown graphically in Figures 7.7, 7.8, 7.9.
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The specific conductance of a lithium chlorate-lithium
hydroxide mixture, and of two lithium chlorate-lithium hydroxide-
water mixtures were determined over the temperature range 130-170°C.
The results are given in Tables 7.18, 19, 20. The equivalent
conductances.JLland-Jszere also calculated for these mixtures,
Tables 7.18, 19 and 20, using the density of lithium hydroxide
reported ’b:/'Klemm,lO:L and interpolating the results of Chapter IV
to obtain the density of the water mixtures. Figures 7.10, 7.11
illustrate the change of specific and equivalent conductances of
these mixtures with temperature, and Figures 7.12, 7.13 and 7.1}
the Arrhenius relationship of log conductance against %. The
analytical representation of the Arrhenius equations, the standard
deviation and the activation energy of conductance for these lithium

hydroxide mixtures are given in Table 7.20.




TABLE 7.1

CONDUCTANCES AT 131.800. OF LITHIUM CHLORATE-
PROPYL ALCOHOL MIXTURES

105.

Mole Mole
Fraction Specific Fraction ~Specific
Series I  Propyl Conduc-— Series II  Propyl Conduc-
2lcohol tance Alcohol tance
n2 :
- 0.,1150 - 0.1149
0,004 0.1145 0,005 0.1140
0.009 0.1132 0.011 0.1127
0.013 0.,1127 : 0,015 0.,1125
0.022 0,1113 0.020 0.1115
0.026 0.1108
TABLE 7.2
CONDUCTANCES AT 131.800. OF LITHIUM CHLORATE-
LITHIUM NITRATE MIXTURES
Mole k Specific Equivalent Conductance
Fraction Density Conductance
LiNO3(n,) gms cc” K I\, ANy
0 2.0881 0.1150 L.979 L.979
0.067 2.0841 0.1163 5.321 4.961
0,098 2.082L 0.1167 Seldily L.959
0.124 2,0803 0,1176 5.661 L. 960
0.156 2,0767 0.1182 5.874 L.969
0,181 2.0727 0.1188 6.056 L.958
0,207 2.0690 0.1206 6.318 5.010
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TABLE 7.3

CONDUCTANCES AT 131.800. OF LITHIUM CHLORATE-WATER MIXTURES

Mole

Traction Density Specific Equivalent Conductance
Water Conductance
np /O K N N,
0 2,081 0.1150 4979 42979
0,013 2,0831 0.1171 5.079 5,029
0.025 2.0784 0.1202 50253 5.121
0.038 2.0731 0.1227 54393 5,188
0.043 2.0708 0.1243 547k 50237
0.061 2,0628 0.1268 5.629 5,282
0,072 2.0579 0.1302 5,804 5.386
0.08L 2.0523 0.1326 5.945 5o4h5
0.116 2.0360 0.1368 | 6.231 5,504
- 0.126 2.0306 0.1397 6.393 5.590
0.175 2.0022 0.1492 7.019 5.785
0.216 1.9761 0.1594 7.693 6.029
0,240 1.9599 0.1631 7.997 6.077

1.0,256 1.9490 0.1662 8,236 6.131
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TABLE 7.4

ANALYTICAL REPRESENTATION OF THE CHANGE OF CONDUCTANCE
WITH MOLE FRACTION OF ADDITIVE AT 131.8°C. '

Analytical Representation Standard
Additive conductance=A -+ Bnp + Cnp Deviation
(ny = mole fraction additive)
‘ K= 0.1152 + .194n, + .02381122 6.9 x 107*
Water » 5 -
A1 =4.99 + 9.92n, + 10.87n, 3.4 x 10
-A-2 = L4.99 + 5.,22n, + 28‘.2r122 2.8 x 107°
. 2 ok
K= .1151 + .0095n, + .0737n, 2.7 x 10
Lithium
Nitrate
Ay =498 + 3,730, + 12,700, 2.1 x 107°

'JLZ = 4,98 - 0,570y + 3.091'12g 1.1 x 10~
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TABLE 7.6

TEMPERATURE DEPENDENCE OF SPECIFIC CONDUCTANCE
OF A LITHIUM CHLORATE-METHYL ALCOHOL MIXTURE

Mole fraction methyl alcohol = ,03

£°C. Tol x 107 ggzgiiignce - log K
K K

131.6 2,471 - 0.1139 0.9435

131,7 2,471 0.1141 0,9427

132.0 2.469 0.1147 0.9405

1345 2.454 0.1197 0,9219

138.5 2.430 0.1.284 0.8914
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ARRHENTIUS REPRESENTATICON OF CONDUCTANCES OF

TABLE 7,16

LITHIUM CHLORATE AND ITS WATER MIXTURES

119.

Mole Arrhenius Equation Standard Activation
Fraction _ “ARE Deviation Energy
Water Conductance = B exp k.cal mole™
0 K =197.0 exp - 6022 2.08 x 107 6.02
RT
N1, 2 = 10200 exp - 6168 9.2 x 1072 6.17
RT
.098 K= 76,6l exp.- 5122 2.7 x 107 5,12
RT
1 = 4360 exp - 5318 1.2 x 107+ 5,32
RT
My = 3934 exp - 5318 1.1 x 107F 5,32
RT
175 K = 48,21 exp - L5Lb 3.1 x 107 o5k
RT
A | = 3086 exp ~ 4906 8.3 x 1077 1290
RT
Ao = 2549 exp - 4910 9.4 x 1072 b 91
RT
.256 K = 37,0 exp - 4368 1.5 x 107 137
RT
A =273 exp - 4306 7.8 x 1072 L.50
RT
M = 1612 exp - 1502 5.8 x 107° 4250
RT

-1




120.

TABLE 7,17

ARRHENTUS REPRESENTATION OF CONDUCTANCES OF
LITHIUM CHLORATE~LITHIUM NITRATE MIXTURES

Mole Arrhenius Equation Standard Activation
Fygc?lon Conductance = A exp, — 4 B Deviation Energy
Lithium RT
Nitrate N
0.156 K = 231.1 exp - 6132 2. x 1073 6.1
RT
A 1 = 13486 exp ~ 6246 1.2 x 107+ 6.2
RT
A o =11437 exp - 62k 1.0x 10T 6.2
RT
0.181 K = 2,9,7 exp - 619 1.9 x 107 6.2
RT
A | = 15363 exp - 6338 1.0 x 107+ 6.3
RT
A 5 =125 exp - 6330 .3 x 107° 6.3
RT
0.206 K =231.6 exp - 6110 3.0 x 1072 6.1
RT :
A\ = 1056 exp - 6252 1.5 x 10T 6.2
: RT
L o = 11462 exp - 6252 1.2 x 101 6.2
RT
0.255 K = 219.4 exp - 6044 1.7 x 1072 6.0
RT
A\ 1 = 1660k exp - 6302 9.2 x 107 6.3
RT

A o =12682 exp - 632, 7.5 x 107 6.3




TABLE 7,17 (continued)

121,

Mole Arrhenius Bguation Stendard Activation
Fraction ' ) o w  Deviation Energy
Lithium Conductance = A exp - §% K.cal mole™
Nitrate -
0.300 K = 3023 exp - 6310 5O x 107 6.3
RT
A\ = 20668 exp - 6438 2.3 x 107 6.
i RT
N, =121 exp - 6418 1.6 x 100 6.

RT




122.

7969°0 8he6 0 61796°0 G09°g qeeté ANSIAN) 600°2 m@mqﬂ LOTLT
TE2L*0 §906°0  L9€6°0 £90°8 g 68810 €10°2 .22 €*L9T
9640 62L8°0  2€06°0 teuad) T00°8 26LT°0 LT0*Z 662°z  0°29T
62LL°0  T9G8'0  £588°0 08T*. L69°L L89T 0 6T0°2 T G65T
268L°0  M6E3'0  9698°0 606°9 90%7°L, $29T°0 20°2 ZE°2 € LST
L608°0  29TB'0  W8Y8°O0 085°9 750* ., 0550 202 ZHET 0MHST
TGL8°0 ALY 7T8L°0 6£9°¢ G109 €eeT o T€0 2 g6z 8T
gYT6*0  80TL°0  TTHL®O 8ET'S 6056 LTT0 G€0°2 Zete 8bET
9€€6°0  §T69°0  9T2L°0 16°3 892°5 S9TT*0 LE0*2 9€ T HLET
L7€6°0 €889°0  002L°0 L6381 61726 Z9TT*0 6€0°2 oSz 2SET
6656°0  80L9'0  OTOL®O 989 7205 ZTIT*0 6£0°2 ST 0°GET
8696°0  LWS9'0  6%89°0 SIS THe 2L0T*0 o0z 097z WeEeT
0£86°0 €th9rto 9TL9°0 8LE° Y 7691 o%0T*0 ™o‘e oL'r*e 6°TET
> . cAr Ly mogmpo%maoo J v 1
M FoT V¥ SotT V- got 20UBIONPUCY) JUSTBATNDE oTJToedg  AgTsus( mo.m X Ho 0,3

- ———

90°0 SDIXOIpAY WOTUFTL UOTA064] oToN

JUOLXTH HIVHOTHD WATHITT ¥V 404
FONVIONANOD INHIVAINGE NV OTJIDHIS J0 NOILVIUVA FHALVIIIAHL

8T L TIaVL




123.

™60 68L6°0 65690 G0z°g 8256 9TOZ 0 186°T g9z e 0°69T
€eT6°0 LYL6°0 €T0L"0 7218 T8 686T°0 7186°T L9z e 1°89T
T206°0 8996°0 0LOL*0 T86°L 1926 €96T°0 986°T gLeee 0°L9T
€968°0  TI96'0  OYIL'0 ) STT6 260 L86°T 62z 89T
6L98°0 62€6°0 70740 LLE"L L9G°8 88T 0 066°T T0¢°¢ G°T9T
NS0 GCT6°0 €09L°0 ™0*L 9LT°8 LELT O 266°T £Te e G 89T .
£628°0 gh680 GqLL 0 062°9 ors8° L LL9T*O T66°T oce e Z°99T
LY6L°0 96680 61T8°0 geee9 8¢€2 L evsT o 666°T 09¢°e 8°04T
T9LL 0 60180 00€8°0 TL6°S 1€6°9 6LYT°0 000°*2 7Lece [ARLaE
AT 7.T8°0 £€48°0 G49°¢ L9459 2o 0 c00°z A3 9%t
G62L°0 T76L°0 49L8°0 719€°¢ 622°9 AS A0 G00°2 0Th°2 6°ThT
0L0L* 0 0ZLL*0 §L63°0 €60°¢ qT16°g 99eT 0 L00°2 YA T°6€T
6289°0 6LYL0 TT26°0 618" 965°¢ 66TT 0 600°2 orree B°GET
6599°0 60€L°0 8LE6°0 €e9t T8€°¢ 4TI 0 TT0*2 657z 9°¢ECT
6£59°0 88TL°0 L6M6°0 L0S 1€z q SANNe c10°e 69%°2 0°2¢T
Z Vv T s mozmpmmvgoo o/ A ol

mgsrmOH H:Q.mOH 3 doT- 20UBIONPUOY) JUSTBRATNDH oTyroedg  LqTsus(g mOH * T ‘9 9

¢L0°® Jo1BM UOTA0®L) S1OU £g90° @ﬁﬂxo&@>x TMTUTL[ UOLA0BL] SO0

HINIXTW YILYM-HATXOUAAH WOTHITT-HLYYOTHD WATHIIT ¥V 40

JONVIONANOD INHIVATADE ANV OTJATOIIS J0 NOTLVIHYA HUNLVITIITAL

6T°L HTAVL




124,

LE60 TS00"T 429970 L59°8 %50°0T 92120 €86°T 5272 [ARVA
LET6°0 98L6°0  $569°0 L6T"8 616°6 9T0Z*0 986°T ez 8°99T
L668°0 9796°0 €60L°0 LEG® L LT26 €96T°0 L86°T £ge e 0°69T
2L98°0 gze6t0  TTWLUO G9€°L €558 $18T°0 066°1T 0TE"2 6°69T
€nes o €668°0  82lL o 828°9 0€6°/, L8910 G66°T ™ee T*%ST
206L°0 TGG8°0  09T8°0 69T°9 91" L 826T"0 000°2 LLEZ 9 LT
689L°0 €€8°0 TLEB 0 898°¢ ¢18°9 GGt 0 200’z 96€°2 T
LTHL 0 9908°0  09€8°0 9TG"G 90%°9 TLET"O L00°2 612 7°OT
290L°0 CTLLO 6L68°0 180°¢ 06°4 G921 0 6002 e £°9¢T
8699°0 8WeEL 0 9€€6°0 GL9°1 ogh°g G911 0 g1o°e 6972 0°2€T
2L99°0 LOEL®O  £9€6°0 L9t L6ES 89TT°0 2102 (VAT '8 TET
' tr mog@pomwaoo o/ I ol
¢ T\ Sot T V 30T -y JoT - S0URIONPUCY FUSTRATNDS oTJToadg  AqTsue( m@ﬁ * .Iﬁbl °n o}
TLO® J8%BM UOTIORAT STOW T4Q0° SPTXOJDAY UMTUFLL UOTAOBL] SO
HUNIXIH MELYM-TAIYOUIXH RNTHITT-HIVHOTHD WATHITT ¥ 40
AONVIONANOD INITYATADE QNY OTATORAS 40 NOTIYVIUYA MHNLYHELLL
0Z*L FIEYL | |



A
2 -
~
9°G »-0T X 2°¢ 8295 ~ dxo TO8T = "~
Iy
9% 20T X 6°¢ 0795 = dxo £99¢ = Ty
I
¢°g 30T ¥ €°T 167G - dxe 0*NOT = Y T.O® 690° 098°
AR
8°g 50T X L2 098G = dxe 6€09 = € r
L2
8°¢ 50T ¥ 0°€ §78g - dxe 6869 = T r
I
G°g 0T % 477 ToWG = dxe G 92T = 3 zLo® 890° 093°
14
T°9 =0T ¥ 2°9 0509 - dxe 99¢), = 4,
LY
T°9 , 0T X 8°9 0509 - dxo 2878 = L/
RS
676 0T X 8°% 998G — dxe g'¢TT = y 9LO" z6°
.ﬁm%.w,.mmﬁ.ﬁ I Jeqe  epTXOIPLY 23.2J0TU)
Lo o - dyxo Ov — :
£910um UOTIETAS] Ty ~ dxe ¥ = eourjonpuoy N TYFTT umMTYLTT
UOTLBATIOY pIBPURLG UOLAenhE SNTUSULIY . UOTAOBRI] OTOW
STMALXTH YELYM-HATYOULH HOTHIIT
~ELVUOTHD WATHIIT 40 HONVIONNOD HHI 40 NOTIVINHSHUATY TYOTIXTYNY
T2°L TVl




Figure 7.2

Specific Conductance at 131.8°C. vs. lMole Fraction Additive



¢—4 34N9I14

NOILOVYA 3IT10W | o |
. 020 2] o) ol'o *{0N0) 00

olra

126.

ORA N0

J14103dsS

0€1°0
0v10

0510

Wi Wyo 3IINVLONANOD

09107

| IAILIAAY |
NOILOVY¥S 3TOW SAD o811EI LV 3ONVLINANOD D14193dS




Figure 7.3
Bquivalent Conductance of Lithium Chlorate Mixtures vs. Mole

Fraction
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Figure 7.4
Plot of Specific Conductance of Lithium Chlorate Mixture vs,

Temperature
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Figure 7.5
Equivalent Conductance vs. Temperature of Lithium Chlorate-~

Water Mixtures
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Figure 7.6
Bquivalent Conductance vs. Temperature Lithium Chlorate-—

Lithium Nitrate Mixtures
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Figure 7.7

1
Log Specific Conductance of Lithium Chlorate Mixture vs. 55?“

AN
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Figure 7.8

Log Eouivalent Conductance /L | of Lithium Chlorate Mixtures

VS TO K
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Figure 7.9

Log Equivalent Conductance-/LLpf Lithium Chlorate Mixtures
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Figure 7.10
Specific Conductance of Lithium Chlorate-Lithium Hydroxide

Mixtures vs. Temperature
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Figure 7.11

Eguivalent Conductance of Lithium Chlorate-Lithium Hydroxide

Mixtures vs. Temperature
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Figure 7.12

Log Specific Conductance of Lithium Chlorate-Lithium Hydroxide

TOF

Mixtures vs.
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Figure 7.13

Log Eguivalent Conductance/‘.‘ of Lithium Chlorate~Lithium

1

Hydroxide Mixtures vs. 5
K
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Figure 7.14
Log Eqguivalent Conductance/szﬁ’Iithium Chlorate~Lithium

Hydroxide Mixtures vs. L

Tk
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IV. DISCUSSION

The specific conductance of pure lithium chlorate, 0.1150

~1 30

ohm"lcm, atb 131.800. compares favourably with that of Patterson,

0.1180 ohm_l, but is lower than that proposed by‘Klotschko.29 The
higher specific conductance, 0.1252 ohm_lcm.‘l and low density
values of pure lithium chlorate obtained by Klotschko are both
indicative of the presence of water in the sample.

The specific conductance and other transport parameters of
lithium chlorate are compared to those of other molten salts in
Table 7.22. For most fused salts in which the dissociation is
large the values of these parameterle2 are

K.= 1-5 ohm™Lem, ~t
M= 30 - 150 cm.2 ohm—lequvt_l
45, =1 -5k, cal. mole™"
The values of K and /L for lithium chlorate are slightly lower than
those for other salts of polyatomic anions which have low melting
points, but are considerably larger than those of salts which form
covalent melts, such as HgCl,.

The ratio of the activation energies of viscosity and conduc-
tance normally has & value between 2 - 4 for ionic melts. This ratio
is said to indicate that viscous flow in these salts involves a
greater configurational change than does ionic migration caused by

an electric field. If this activation energy ratio is found to be

smaller than this range, this is indicative of association of some
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kind within the melt. The equality of AE'q and AE_L noticed for many
nitrates exists also for the lithium chlorate melt, and hence as in
the nitrate melts the conducting species are not the simple ions
themselves.

Using the viscosity data of Chapter V and the eqguivalent con-
ductances given in Table 7.5, the degree of ilonization of lithium
chlorate has been calculaﬁed using the method of Greenwood and
Martin,?? (see vage 94) and is shown together with the degree of
dissociation of other salts in Table 7.23. It appears as if the
lithium chlorate melt is completely ionic, like the melts formed
by the Group I nitrates. Though the degree of dissociation calcu-
lated (0.8) is lower than that calculated for the high melting ionic
compounds, in view of the approximations involved this is still in
satisfactory agreement for a degree of dissociation equal to one.
Thus, though the lithium chlorate melt is completely ionic, the
species involved in conductance are not the simple ions.

-A recent theoretical equation
- — =l — oWt

A= PAT o 732
has been proposegfksee page 93) and applied satisfactorily to the
conductance process-of the alkali halides, whose melts consist of
simple symmetrical anions and cations. According to this theory

+

the experimental heat of activation for conductance AH 1 is

identified with the enthalpy of hole formation and that of the ionic
Jump so that

A, * OH,,, = AH, +RT

hole
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Using the enthalpy of hole formation calculated from Furthts

equation88 Y
' d

AH, = 4T (Y- T §5)

and considering AHj to be equal in value to 0.1 AH, (see page 91)

then the values obtained for lithium chlorate and lithium nitrate

at corresponding temperatures are

Ton Crystallographic Free Energy 4 -
Tonic Radius of Hole AW +AR AW, +R
A° Formation 1 1
k.cal.mole™ k.cal.mole
1i" 0.60 0,55 0.98 ) 6.5
- )
€104 2.00 6.17 9L )
Li” 0.60 0.72 0.99 ) 5.8
- ‘ )
1105 2.3 10.6 13.3 )

TABLE 7.24

The value for the calculated activation enthalpy of conduc-—
tion for the lithium ion is much lower than the experimental enthalpy
in both cases, whereas the calculated activation enthalpy for the
anions are both larger than the experimental activation enthalpy.
Duke and Owenslo7 have determined the transport number of the lithium
ion in the lithium nitrate melt to be 0,84 = .06, which indicates
the conductance is primarily uni-ionic, and it is possible that the
conductance of lithium chlorate is also uni-ionic. Nevertheless, if
the simple ions were the conducting'species, the experimental acti-

vation enthalpy should be close to that calculated for the Ii" ion.
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Since this is not so, as seen in Table 7.24, then the radius of the
ionic species involved in ionic migration in the lithium chlorate
melt is not equal to the crystallographic radius of the lithium
ion, but is much larger, despite the fact that the cation is the
principal conducting spegies. This evidence together'with the
similarity of the activation enthalpies of conductance and viscous
flow for molten lithium chlorate indicates that the conducting
species is probably associated in some manner.

The internal consistency of the results obtained for the
lithium chlorate melt is evident when the experimental results are
substituted in the equation proposed by'Martin82 (see page 89)

AE, = DE, + RT®
AEK (6.02) + RTZ(O.lé) = 6.18 compared with the experimental
value for AF:A_of 6.12 k. cal. mole™t

The specific conductance of a lithium chlorate melt increases
rapidly with the additiqn of small qﬁantities of water; increases
slightly with the addition of small quantities of lithium nitrate;
and decreases with the addition of propyl alcohol, methyl alcohol
and nitrobenzene. The slight increase of conductance caused by the
addition of lithium nitrate will presumably be due to the higher
specific conductance of the latter, while fhe decrease in conductance
due to the addition of organic compounds may be explained as a
dilution effect. The smaller decrease in conductance due to the

addition of methyl alcohol compared with that caused by an equimolar
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addition of propyl alcohol may be dus to both the larger size of the
propyl alcohol, and due to a possible breakdown of the cluster effect
in the presence of methyl alcohol, especially in view of the high
dielectric constant of the latter. The rapid increase in conductance
on the addition of water must in part be caused by the decrease in
viscosity of the medium.

In the study of the conductance of aqueous solutions, the
equivalent conductance is calculated from the volume of solution
containing 1 gm. equivalent of the solute. This presumes that the
water itself does not produce conducting ions, whereas the method
proposed by Bloom and Heymann39 for molten salt mixtures (see
equation 7.8) utilizes the volume of the mixture containihg the mean
equivalent weight of the components, all of which are thus considered
to be involved in ionic conduction. Several workers, e.g. Corbett
et al., have postulated that if small amounts of water are oresent
in lithium salt melts, the water may not be in a molecular form,
and may in fact be present as ions and thus would play a direct
role in the ionic conductance of the melt. Because of the uncertainty
as to the nature of the species formed by the water in the melt,
the equivalent conductance for the mixtures has been calculated using
the methods of Bloom and the classical methods of agueous conduction.
The results of Table 7.2 show that the equivalent conduction of
lithium chlorate-lithium nitrate mixtures at 131.8°C. are independent

of the concentration of lithium nitrate when calculated by the method
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Bloom,,ﬂ,

. » but Increases slightly when calculated with respect to
the equivalent weight of lithium chlorateJH . This apparent con-

sistency of equivalent conduction may be due to the lower conduction
of the added lithium nitrate being counterbalanced by an increase

in the overall conductance of the lithium chlorate present due to
the decrease in the viscosity. Neither of these effects, however,
are very Jlarge. Since the viscosity of the mixtures are still
greater than that of a hypothetical lithium nitrate melt at this
temperature, it is not possible to calculate the deviation from
ideality of the equivalent conductance . The equivalent conductances
of the lithium chlorate-water mixtures,.n~,; and _A.L increase
considerably as the water content increases.

The temperature effect on the conductance of the lithium
chlorate-water, lithium chlorate-lithium nitrate and lithium
chlorate-propyl alcohol is considerable, the specific conductance
being doubled over a 40°C. rise in temperature. The activation
energy of specific conductance decreases as the water content of the
mixture increases, whereas the lithium nitrate mixtures exhibit an
activation energy comparable to that of pure lithium chlorate, though
& slight increase is noted at mole fraction lithium nitrate 0.3.

The addition of methyl alcohol causes a decrease of activation energy,
prrobably due to a decrease in viscosity.

The linear relationship between the activation energy of

specific conductance ZXER and mole fraction of additive is shown in
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Figure 7,15, and. is shown in Figure 7.16 in which the activation
energy of equivalent conductance, A[iﬁw, and_AfiuLare plotted against
mole fraction for the water and lithium nitrate mixtures. The
activation energies of conductance, AEK R AEJL!, AE—"':.’ for the lithium
chlorate-lithium nitrate mixtures up to 0,3 mole fraction lithium
nitrate remain constant at a value higher than that exhibited by
either pure lithium chlorate or 1lithium nitrate. The reason for

this increase of the activation energy over that of both pure salts
is not evident from these conductance results, but M¥r, M. K.

: Nagarajan27 has shown that bridging of‘the chlorate anions by nitrate
anions may occur in lithium chlorate-lithium nitrate mixtures. This
would increase the qssociation present in the chlorate melt and

hence increase the aﬁtivation energy for conductance, though the
effect on the magnitude of the isothermal conductance of these
mixtures will alter only slightly if the Li+ lon is the ionic species
carrying the charge.

108 has determined the infrared reflection spectra

Wilm;hnrst
of molten lithium, potassium and sodium hydroxides. The absorbtion
spectra are consistent with some lattice-like structure in the
liguid state (showing that some cation-anion forces are present),
with the degree of order virtually the same in each hydroxide melt.
The hydroxide ion itself was shown to be probably unassociated and

freely rotating. It was thought that the addition of lithium

hydroxide to & lithium chlorate melt would increase the concentration




Figure 7.15
Activation Energy of Specific Conductance vs. Mole Fraction

Additive
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Figure 7.16
Activation Energy of Equivalent Conductance vs. Mole Fraction

Additive
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of Li+ available for conductance, and would also add free CH ions to
the melt, which may themselves participate in ionic migration. The
conductance of a lithium chlorate-lithium hydroxide (mole fraction
.076) is in fact less than that of the pure lithium chlorate (Table
7.18), though the activation energy of conductance remains the same
(Table 7.21). This indicates that lithium hydroxide is more
associated than lithium chlorate under these conditions. The
similarity of the activation ehergy of ionic migration in the lithium
hydroxide mixture and the pure lithium chlorate mell shows the
average energy required for ionic migration is almost the same, and
probably the OH ion plays a small part in the conductance process
which is thus dependent on the 1i% dion. If the changes in conduc-
tance of lithium chlorate-water melts compared to the conductance of
a pure lithium chlorate melt were only due to the viscosity reduction,
then the equivalent conductance of 1 gram equivalent of lithium
chlorate should always be almost the same, whether the viscosity
change was caused by either the addition of water or a temperature
effect. Table 7.25 shows the equivalent conductance of lithium
chlorate, lithium chlorate-water and lithium chlorate-lithium

hydroxide melts at equal viscosities:
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TABLE 7.25

EQUIVALENT CONDUCTANCE AT BQUAL VISCOSITIES

Viscosity 0.235 poise Viscosity 0,21 poise

lelt £°c. Bquivalent +C. Fquivalent
Conductance Conductance

M= ohp~ten? JL,=OhWFEmt’

equvt equvt

LiClOB 145 6.4 150 6.9

LiClCg +

.07 Ho0 | 132 5.9 137 6.5

LiCl03 +

07 LiCH|145 5.9 150 6.5

The eguivalent conductance of the lithium chlorate melt is the largest,
possibly because of the increased mobility of the ions in the melt
at the higher temperature. However, this effect is evidently not
large, for the equivalent conductence of a lithium chlorate-lithium
hydroxide mixture at the same temperature is much smaller than that
of the pure melt., The equivalent conductance-ﬁ-l of this lithiun
chlorate-lithium hydroxide mixture has been calculated for the con-
ductance of 1 gram equlvalent of lithium chlorete, which presumes
the lithium hydroxide acts only as a solvent, and plays no part in
the conductance. This cannot be true, and hence the eguivalent
conductance J\ o would probably offer a better comparison. ‘The

values faral.z for this mixture at these temperatures are 5.5 and

6.1 ohm™t cm,gequivt"l respectively, even lower than the values of
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chlorate-water mixture of equal viscosity.

12 and much lower than the equivalent conductance of & lithium
Thus the addition of water causes a far greater increase in
conductance than the addition of an equal mole fraction of lithium
hydroxide under these circumstances. This may be due to an increase
in the concentration of free ions available for conductance in the
lithium chlorate-water system, in which case the water will not only
act as a diluent, but may also play an active part in the conduction

process.
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CHAPTER VIII
GENERAL DISCUSSION

Disintegration by fusion of a crystalline lattice produces
a melt consisting of simple molecules, polymeric units and ions in
varying proportions. Although the lattice types of several salts
may be alike, differences between the polarity and polaris ability
of the atoms or ions present may become apparent on fusion.

Whether simple ions, complex ions, molecules, or polymeric units
predominate in the melt depends upon the relative solvation energy,
the polarizing power and the shielding coefficients of the metal
lons and the polarizability of the anions. The constitution of a
melt thus does not depend solely upon the crystal lattice structure
of the solid salt.

The process of crystal fusion represents a transition between
two stable states of matter, the solid and liquid states, of which
the liquid state is characterized by a statistical short range order.
The latent heat of fusion R AH; , 1s the energy required to overcome
the overall order which exists in a crystal. The magnitude of AH=c
depends upon the type of intermolecular forces which exist within
the melt, and is related to the temperature of fusion Tf by the

equation Ty = ZX He since the free energy of the system remains
A 5¢

constant. The megnitude of L\ Sf , the change of entropy on fusion,

is similar for almost all substances (2 - 9 entropy units), showing
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that the increase of randomization on melting is similar for all
substances. The entropy of fusion, latent heat of fusion and
temperature of fusion are shown in Table 8.1 for several different
substances, including lithium chlorate.

The latent heat of fusion of lithium chlorate was found to be
2.47 k. cal mole™[27]. From the freezing point, 127.9°C. the
entropy of fusion resﬁlts as 6.1 e,u. This is similar to that of
most inorganic salts, which normally have values between 5 - 9 e.u.
whether they form molecular or ionic melts. Ubbelohde15 ascribes a
large part of the entropy change on fusion for low melting salts
containing polyanionic units such as ClOBN to the formation of
"association! complexes within the melt., The low value of A H10
shows that the energy necessary to overcome the interionic forces
present in the crystalline salt is less than in most inorganic
substances, and this may indicate that the general crystalline
lattice of lithium chlorate persist to a considerable extent in the
molten state, possibly in the form of these "associated" complexes.

The surface tension of lithium chlorate, 88 dynes cm.—l at
its melting point, is similar in value to that of potassium chlorate,
8l dynes cm,_l, whereas there is a large difference between the surface
tension of the respective fluorides (251 and 142 dynes cm.ﬂl). It is
typical of low melting salts of polyatomic anions that a change of
cation has little effect upon the surface energy of the melt. This

is thought to be due to the anions packing closely and touching each



TABLE 8.1

FUSION PARAMETERS OF SOME TYPICAL SUBSTANCE

Type Compound Tf A Hf - A Sf
%K. k,cal mole esls

Molecular HCL 159 0.506 3.20
Ho0 273 1.43 5,25

Metal Ag 1234 2.60 2.19
Hg 234 0.58 2.48

sSalt NaCl 1073 .22 6.7
KCl 1043 6.41 | 6.2

ZnCly, 548 5.5 10.0

NaNOB 581 3.86 6.6

Agli03 L83 2.76 5.7

LiClOB 401 2,07 6.1

other, with the cations set in the crevices between these anion
groups. If this view is correct, the properties of the lithium
chlorate melt will in part be determined by the anionic association,
as with moltern lithium and potessium nitrates.

The molar volumes of potassium chlorate and of potassium
nitrate differ by approximately 25 per cent, compared to a 10 per
cent difference between the molar volumes of the corresponding

lithium salts. This shows that the larger potassium ion (radius:l.BAo)
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has a greater structural effect ﬁpon the melt than has the lithium ion
(radius = O.éAO), and thus it is probable that the association of the
anions in lithium chlorate is more evident in determining the liquid
~ properties.

The surface heat of lithium chlorate (see page éé:), 118 ergs
cm. » 1s intermediate between that of covalent melts, 50-70 erg cm.—z,
and of‘predominantly ionic melts, 150-200 erg.cm,"z, and illustrates
the observed partially covalent character of molten lithium chlorate
(due to the chlorate group).

Though the Greenwood-Martin calculation shows that 1ithium
chlorate is completely ionised in its liguid state, the electrical
conductivity is much lower than that of many melts formed from
either salts haVing simple symmetrical anions and cations or salts
having & high melting point. There has been considerable controversy
over the experimental determination of transport numbers in a pure

109

melt due to the lack of a reference substance

agreed that the result- of Dukelo7

but it is generally
for lithium nitrate (th¥ 0.9
tN03~ = 0,1) is of the correct order. Because of the similarity in
size of the nitrate and chlorate ions, it may be assumed that lithium
chlorate will also be primarily a uni-ionic conductor, the charge
being carried by the lithium ion. The experimental activation energy
of lithium chlorate, 6.1 k., cal, mole—l, is not however in agreement
with that calculated for a lithium ion having its crystallographic

radius, 0.98 k. cal, mole”l, and hence it is improbable that the
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simple Li% ion is the charge-carrying unit; it is probably a much
larger species. Indeed, the ratio of the activation energy for
viscous flow to that of electrical conductance is almost unity,
which indicates that the structural changes involved in viscous
flow, which are dependent upon the largest species present in the
melt, are similar to those involved in electrical conduction, and
hence the simple 14" ion cannot be the principsl conductor. |

The viscosity of lithium chlorate is very high compared to
that of other simple salts, and this also indicates that the con-
stituents of the melt are complex. Zinc chloride also has a high
viscosity, due to the formation of large complex ions, but this type
of association does not occur within the lithium.chloraﬁe melt
since the activation energy for viscous flow is independent of the
temperature, whereas for zinc chloride a considerable temperature
dependence is found.

Thﬁs it appears that the density, surface tension, viscosity
and electrical conductance of lithium chlorate all indicate that
the melt has a considerable covalent character. It is probable
that the association which has been postulated to é%ist in a
lithium nitrate melt is also present in molten lithium chlorate.
From the properties I have investigated, it is not possible to
determine the actual constiﬁuents of the melt, nor the nature of
the forces causing the presumed association, though it is probable

that the molten salt retains a considersble 'liquid lattice" structure
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formed by large entities having a structure similar to that of the
crystalline salt.

The effect of adding lithium nitrate to the lithium chlorate
melt has been studied thermodynamically by Mr. K. K. Nagarajan.2
The detailed interpretation of the change of entropy on fusion, the
specific heat of the solid and liquid mixtures, and the heat of
mixing with increasing mole fraction of lithium nitrate indicate
that an interaction occurs between the added nitrate ions and the
.chlorate lattice of the melt. This interaction is probably in the
form of bridging between the'anion clusters of the lithium chlorate
melt by the nitrate ions. The large positive deviation from the
ideal change of entropy of mixingZXSEMOws that the melt has a lower
energy and hence more stable configuration resulting from the nitrate
addition. This anionic interaction is evident in the increase of the
activation energy of viscous flow with increasing lithium nitrate
content, whereas the activation energy of electrical conductance
remains constant. The ratio of these activation energies thus
increases, but it is always lower than that found in the simple ionic
melts., Thus the addition of lithium nitrate to molten lithium
chlorate increases the partially covalent character of the melt because
of the interaction of the NOB“ ion with the 0103— ion, that is, the
addition 6f a dissimilar ion strengthens the covalent character,
Kleppa has found a similar effect in.silver nitrate~silver halide

.. 110
mMIXTUre S,
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The addition of propyl alcohol or nitrobenzene to a lithium
chlorate melt causes a decrease in the specific conductivity, probably
due to a dilution effect. The smaller decrease of specific conduc-
tance due to the addition of comparable mole fractions of methyl
alcohol may be due to the partial breakup of the association in the
chlorate melt compensating in part for the dilution. This breakup
may be accentuated in this case by the high dielectric constant of
methyl alcohol (32.63 at 2500.), which is in fact known to be a
solvent with considerable ionizing power. Thus, though the addition
of a dissimilar ion increéses the covalent character of the melt,
e.g. NOB", methyl alcohol may interapt in the opposite manner causing
a decrease in the assooiation present, and hence an increase in the
iénic character of the melt.

The large decrease in the viscosity of lithium chlorate
slightly above its melting point, produced by the addition of a
smell quantity of water, compared to the smaller decrease produced
by the same addition at a higher temperature, shows the strong
interaction between water and the residual crystalline lattice
which is thought to exist in the melt just above its melting point.
The addition of lithium hydroxide caused a slight decrease in the
specific conductivity and no change in the activation energy of
conductance, whereas the addition of water caused a rapid increase
in conductance and a decrease in the activation energy. This

indicates that the overall energy required for ionic conductance is
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unchanged by the addition of OH ion from the lithium hydroxide,

and that consequent on the addition of water there is a general
increase in the ionic character of the melt. The decrease in the
coefficient of expansion of these weter mixtures is also characteristic
of this increase in lonic character. To understand further the nature
of this water interaction a cryoscopic investigation using lithium
chlorate as the solvent and water and lithium nitrate as solutes

was undertaken. The freezing point depression produced by the
addition of lithium nitrate can only be due to the addition of one
foreign species to the melt, either molecular lithium nitrate or

the NO,  ion. Presumably the addition of water should cause an

3

eqgual depression per mole. IHguilibrium studies of the lithium
; 38 i s s . 111 )
chlorate-water”  and lithium chlorate-lithium nitrate systems
had indicated that these freezing point depression constants of
the two systems were not the same. A cryostat similar to that
: - S ' "o
developed by Keenan”  and Janz was used, but the very high
viscosity of the medium caused considerable experimental difficulty.
0
The freezing point depression constants were found to be 6.9 C. per
0
mole for lithium nitrate additions and 12.4 C. per mole for water
additions. The latent heat of fusion of lithium chlorate calculated
from the depression constant of the lithium nitrate additions is
2.2 k. cal, mole”l, compared to the thermodynamic value 2.47 k. cal.
mole—l. The results indicate that the addition of one molecule of

water forms more than one particle foreign to the lithium chlorate




system. Thus the water added cannot retain its simple molecular
character after its strong interaction with the lithium chlorate
melt.

A nuclear magnetic resonance spectrum was taken of the proton
resonance in a 0,15 mole fraction water mixture at lBlOC., but only
a single absorbtion peak was obtained. This may indicate that each
proton of the water molecule was in the same environment within the
melt, but it is more likely that the rate of exchange of protons at
this temperature is so great that the environment is averaged oub
on an N..R. spectrum. |

It was thought that the Raman spectrum of a lithium chlorate-
water mixture would provide further insight into the nature of the
water present in the melt. The author is indebted to Dr. G.J. Janz
and Dr. C.B. Baddiel who kindly obtained the high temperature Raman

o 2}1:1—3

spectra given in Table &, no Raman spectrometer being available

at this University. The high temperature assembly has been described

L and uses a Toronto type mercury arc to provide

in the literature,l
the exciting radiation. Polarization ratios were determined by the
use of polarized sleeves. The spectra were recorded at approximately

150°¢,
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ABLE 8,2

RAMAN SPECTRA OF MOLTEN LITHIUM CHLCRATE WITH ADDED WATER

A cpt Assignment
L7he5 0105 (Ny,e)
607.3 €03 (N, &)
3Lk €105 (p) (¥s, &)
996 C103 (N, ,e )

1487.0 0105 (V3 + V)

2231.6

2L96 .4

2783.0

2827.6

2870

2912

3348.2 (p )

3419.0 (dp )

3455.0 OH™ (symm str.)

3478.0

3'737.0
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The mixtures examined were the following:

Weight of Lithium Weight of Water
Chlorate
(12 Hy0 initially In Sample Added Mole Percent Water
present)
grams grams grams
14.23 0,144 - L.9
13.4 0,135 0.6 21.
14.8 0.149 0.8 25.

TABLE 8.3

The resulting spectra were found to be independent of the water
content of the sample, and are given in Table 8.,2. The errors in
determining the position of the Raman lines were estimated as

Ty cms. L

The Ramsn spectrum of liquid water has received considerable

‘] g
115 and the later work

attention. Typioal are the studies by Hibben
. N
by'walrafenjlé Figure 8.1 shows the Raman spectrum of water recorded

by Hibben.

F1681(a) The principal Raman bands for water excited
by the 2537A mercury line, namely, A5 150, 445, 1628,
2170, 3220, 3445, which are, from left to right, indicated
by arrows. - o
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The spectrum obtained by Walra®n is similar but shows greater detail.
g¥al ) : ) ) 1 B -1 2 1 . 3

Of note is the sharp band at 1645 cms. which has been assigned to

the bending frequency of the water molecule. Wilmshurst has deter-
L 117 . . i

mined the spectra of several molten chlorates, including lithium

chlorate. The spectra obtained by Wilmshurst (lithium chlorate) and

wal?qfcﬂ (1iqu-id water) are given in Table 8,4 together with the infra-—
o
red reflection spectrum of fused lithium hydroxide which has also

been determined by T./\Ji]_mshurs’t,.108

TABLE 4,4

PREVIOUS STUDIES IN MOLTEN CHLORATES,
HYDROXIDES AND LIQUID WATER

Wilmshurst Welrafen , Wilmshurst
Molten Lithium Chlorate Liquid Water Fused Lithium
(A cn—1) (A cn1) Hydroxide (A cm™Lt)
478 N, (e) 450 NLi Libration from LA41 Lattice mode

H Bonding
620 Np(oy)
780 VL, Libration from

938 N(a,) H Bonding
977 1645 V9%, Bending
split VYy(e)
1018 2115 MLy +3¥,8 combination
1490 N3+, 3225 Fermi Resonance
1900 1960 YV, =V, 34,50 Vi@, Symmetric OH 3490
Stretch
3630\?3 “Asymetric OH CH
Stretch vibration
3990 2V,0 + NL 3840

Combination
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It 1s inmediately apparent that the spectra obtained from the
lithium chlorate~water mixtures contain all of the lines for the
ClO; as present in a pure one cqmponent melt. The 1650 cm.—l water
mode, due to the transverse oscillations or bending motion of the
hydrogen atoms of the water molecule, is missing. The OH stretching
frequency is present at approximately 3500 cms.~l Just as in the
molten hydroxides (see Table 8.4). The absence of the water bending
mode indicates that in all probability the interaction between the
added water and the lithium chlorate melt is such that no water
molecules as such exist within the melt. The appearance of the
spectral lines at 2231, 2496, 2783, 2827 and 2912 cms.ml however,
ststmttmhsHWMﬂdimlmmsnd;mwmmetM3ﬁmﬂeH$am1@f
ions.,

The effects of dissolved salts on the structure of water have
been summarized by Frank and Evansll8 and the applications of the
methods of vibrational spectroscopy to the structure of aqueous
electrolytic solutions described by Young,119 but in neither case
is an effect evident which could cause a shift of the bending mode
of vibration of water into the 2000 cm."l range. Indeed, Busing
and Horniglgo have found that the intensity of this bending is in
fact increased by the addition of KOH, HCL or KBr, and is very
easily discerned in solutions of concentrations up to 15M. This
increase in intensity is also produced by an increase in tempera-

ture of an aqueous solution. Thus it is evident that the water
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bending mode is indeed absent in the lithium chlorate-water mixtures
investigated.

It is not possible to assign the lines found between 2200-2900
Qms.hl to any particular vibration within the melt. They were not
mentioned in an earlier investigation of 10M sodium chlorate,lZl
nor was any mention made of the 1650 cms. ™ band at all, It is
possible, however, that these lines are due to a form of hydrogen
bonding between the water hydrogen atoms and the lithium chlorate
melt, though the nature of this bonding is uncertain.

Ton pair formation may also occur within the lithium chlorate
melt, but it is not possible to prove ion pair formation from Raman
spectra. The intensity of a vibrational line depends upon the change
of polarizability with the change of internuclear distance. The
polarizability of an ion pair is dependent on the distance between
the'ions due to their mutual effect on each other, and so a Raman
effect associated with the vibration of the ion pair does exist.
Wbodward122 has analyzed this system theoretically, and found that
the intensity of such an effect for an electrostatic ion pair in
water is at least 100 times weaker than for a covalent bond, and is
unlikely to be observed. Thus it is not possible to determine
completely the constituents of a lithium chlorate-water melt. The
interaction of the added water does however cause large changes in

the physical vproperties of the pure melt.
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II. SUMMARY

The densities, viscosities, surface tensions and electrical
conductances have been determined for molten lithium chlorate and
its agueous solutions, containing 95-100 per cent lithium chlorate.
Several binary mixtures of lithium chlorate have also been investi-
gated, in which propyl alcohol, methyl alcohol, lithium nitrate or
lithium hydroxide has been minor component, with respedét to these
same properties.

The low melting point of pure lithium chlorate has made it
possible to determine the values of these properties with a high
degree of accuracy over a range of temperature. Due to their hygro-
scopic nature, lithiuvm chlorate melts require careful control
throughout. The experimental techniques and the apparatus used for
the determination of each property are given in detail. The results
obtained are discussed in relation to present theories concerning
molten salts,

The general nature of the lithium chlorate melt is of a
partially covalent character, caused primarily by the association
of chlorate groups. This is evident in the low electrical conduc~
tance and high viscosity. The melt constituents are not primarily
the simple ions.

The changes in the properties of the lithium chlorate melt
vary in degree and nature when a second component is added., The

addition of lithium nitrate enhances the covalent characteristics
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of the melt, whereas the addition of water decreases the viscosity
and increases the electrical conductance, changes which indicate

an increase in ilonic character. The interaction of water with the
lithium chlorate melt is not simple, as is shown by the electrical
conductance, cryoscopic behaviour and Raman spectra of these lithium
chlorate—water melts. Indeed, & Raman spectrum shows that the water

added has lost its identity as such.
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