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Les propriétés thermodynamiques molaires particlles du \
chlorure d'argent liquide daps des solutions fondues de chlorure de !
potassium - chlorure de lithiun ont 6té mesurées 3 1'aide d'une cellule .
du t)’pe t - .

~ Ag/AgC1 - KC1 - LiC1/C1,, C # . “

Le domaine de temp&raturc étudié s'étend de 370 i $30°C. Un moddle qui .

rend compte semi-quantitativement du comportement obsérvé a &té appliqué

au systéme ternaire.
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. , ABSTRACT _
. Partial molar thermodynamic properties of liquid silver N
| chloride in ;nolten potassium chloride-1ithium chloride solutions
' . were measured using a cell of the type: b
4
- Ag/AgCl - KCl - LiC1/C1,, C + :
The temperature range investigated was.370 to §35°C, An ionic theory h
was applied which would semi‘-qu'a.ntitativcly account for the observed
' ‘ behaviour. .o~
" B . ‘3
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Since the inception of eIectn;lytic practices in the middle
of the ninetcenth cénfl;ry! they have acquired increasing importance in,
the extraction and refining of metals. At :Qresent electrochemical pro-
cedures' are involved in the production of at least half the common non-
ferrous industrial \metals. The most notable is the electrowinning of
aluminum with a woﬂd production of approximately 10 million tons per
annun. (1) )

. Electrolytic processes may be distinguished by the nature of
thc'elcctrolytes employed; aqu::ous or fused salt. Aqueous electrolytes
arc appropriaté only for re’lative}y noble metals where the discharge of
hydrogen ions cannot compete for thermodynamic or kinetic reasoms with
the discharge of metallic ions. For more reactive metals the discharge
of hydrogen ions virtualiy prevents the deposition of the metal. For
these meta}s fused halide ele‘ctrolytes are generally employed. Fused
electrolytes are particularly appropriate since they have high electrical

~conductivity and permit electrolysis to be conducted at high current den-
sity - one order of ngagnin‘;de greater than that usually obtained with
aqucous electrolytes. These advantages considerably outwecigh the expen-
diture of energy required ‘to ;naintain the electrolyte in }he molten state.

At the present time, the only metals clectrowon on a large scale
from fused electrolytes have melting points lower than that of the elcctro-
lyte. These include sodium, magnesium and aluminum. Since they are con-

sequently reduced in the liquid state there are no difficulties associated




@
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\‘with cathode morphology dr separation of the reduced metal from the

l“selectrolyte.

" Much research has shown that it is possible in principle to
&eposit high melting point metals such as titanium and zirconium from
fused salts. The idea is attractive since it would make these potentially
abundant metals available at low cost. However, deposits of these mctals,
almost without exception, are dendritic in nature especially when the
electrolyte does not contain fluoride. As a result there is considerable
practical difficulty in operating the cell continuously and separating
“the deposit from the electrolyte. In adqition, expensive melting of- the
deposit is required in order to produce it in a form suitable for sub-
sequent p;occssing.

In recént ycars there has been an e;?fort directed towards

)
elucidating the mechanism of dendrite development during deposition from

fused elcctrolytes.(26)

All such theories ultimately require knowledge
of the properties of molten electrolytes and in particular 'ionic structure'.
Consequently, numerous fundamental studies o'f molten salts and mixtures
thereof have been conducted by metallurgists in the past two or three decades.
Of basic importance is a knowledge of the thermodynamic properties of
salt solutions which relate to melt structure. These.are prerequisite to
any theories concernced with electrode kinetic phenomena of which deﬁdritic
growth is but one.

Thermodynamic studies have generaiiy been restricted to binary .

systems in spite of thc importance of temnary solutions in many practical

electrolyte systems. In recent years, Mwever, there has been a systematic

-
;




investigation of the comparatively easy to study silver chloride alkali

chloride ternary= systems; these include the systems silver chloride -

sodium chloride - potassium chloride and silver chloride - sodium chloride -
cesium chloride(Z) and most recently, silver chloride - sodium chloride -
rubidium chloridc.(s) These systems are particularly suited to accurate
study since they are relatively non-hygroscopic, have low vapour pressure
and can be studied by established clectrochemical means. The properties

of all thesc systems are much the same because of the chemical similarity
of the alkali metals from sodium to cesiuh. It is expected that there
would be much different behaviour for a ternary system of silver chloride
containing lithium chloride becausc of th§ small ionic radius of lithium.

Consequently, a study of this melt could contribute significantly to the

general understanding of molten salt solutions.
'.1his report is concerned with the study of the thermodynamic

propcrt%cs of the molten silver chloride - lithium chloride - potassium
v chloride system. This system is somewhat more difficult to study than

those cited previously because of the tendency of lithium chlori&e to *
rcact with atmospﬁeric‘water vapour to form lithium hydroxide and hydro-
chloric acid vapour. For this reason precautions were required in handling
and preparing the melt - practices which as previously indicated are not
necessary when dealing with the other alkali chloride meltsﬂ However, ?n
other respects this system is amcnable to precise study espe&ially becapse
of thé low temperaturc eutectic in the lithium chloride - potassium

chloride binary. This permits useful data to be gathered on the melt

without the necessity of measurements at tomperatures in excess of 535°C.




L | EXPERIMENTAL PROCEDURE

Thermodynami¢ properties of molten silver chloride - lithium
_chloride - potassium chloride eléctrolytes were determined by measuring
the Gibbs free encrgy change for the.reaction
. e By Mgy

in electrolytes of different silver chloride copcentrations over the

-approximate temperature range of 370 to $35°C. The clectrochemical cell

-"Ag / AgCl - LiCl - KC1 / Cl,, C »

was employed exclusively in this work.

The -technique was suitable since the chlorine electrode is

f known to be reversible and, as a result, voltage measurcments are stable

and reproducible; moreover, such cells have been successfully used in

several prior investigations on similar systems.(s’“

Salt Purification o !

1 . * b
Although reagent grade salts were employed for all electrolytes

some purification was required since lit‘\ium chloride reacts with water.

N

0+ LiC1 - LiOH « HC1

H,

Besides directly contaminating the melt, the hydroxide is un-

desirable because it reacts with’ the pyrex containers used throughout )

N 1

the cxperiment.

4

N .
. Refer to Appendix B for a complete flisting of the sources of materials.

]
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The cleetrolyte ]'wns purified by~a method developed by Laitinen,
Ferguson and Osteryoung. (5) This principally involves passing anhydrous
1 HC1 vapour over the lithium chloride to shift the above reaction to the
left. 0
The purification of the salt took place in the apparatus shown
in Figure 1. "l‘l'\is apparatus was con;tructod from pyrex glags and con=
sist;;d of two mnim: parts which were connegted by means of an0-ring joint
and clamp.  This type of design facilitated the ;‘va\'nl of the upper. part
s0 that access to the melt or a change of the upper portion of the apparatus:
cauld be carried out quickly, '
' The lower pm'tio'l;. of the apparatus consisted of a l:ft"go outer
tube 54 ¢m long and 50 mn. in diameter. AL the opcn end of this rtube the
0 ring ball joint 50 mm. 1. was attached. This large tube had pyrex
wool at the bottom, on top of which sat the pyrex crucible which held the
- melt.  This part of the apparntusz was held by a clamp over a central tube
fuﬁmco which was on a track. This enabled the top of- the furnace to be
moved to any position along the outer tube up to the ball joint assembly.
The upper portion of the apparatus copsistml of a head con-
taining three openings and an inner tube slightiy smaller in diancter- than
the head, approximately 4.0 cm. long which ended ib a tapered opening 12 mm.
i diameter.
The largest of the three openings was located in the center. of
the head and consisted of a male ;‘xro;m‘d plass joint. The femnle portion
* of this joint contained an 0-ring scal which in turn accommodated a lance.

An advantage of this type of scali was that it allowed the pyrex lance to

[ 2%
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have its i)osition aitered without any gas escaping through the seal or,

conversely, preventing gas from lecaking into a vacuum. The other two

openings pscd for gas line connection had the ball and socket type joints.

- One of thesc openings gave access to the inner tube; the other led from
the space between the head and the innér tube.

The salt mixturc was purified in the following manner. Class
wool was packed just above the taper of th&:‘inner tube. The lance was
passed through the pyrex wool and out through the taper. The salt mix-
ture was introduced to the chamber through the large central opening and
rested on the pyrex wool. The ground glass joint was closed and .the
appropriate gas line connections were made to the ball joints.

The assembly was then evacuated f;)r a period of two hours at
room taxmcrﬁturc; the temperature was increased, over a period of five
hours, to 300°C. During this time the vacuum w‘a-s maintained at .03 Torr.‘

At 300°C the apparatus was fill_cd with argon, dricd by passing
over magnesium perchlorate, and made virtually oxygen free by reaction
with copper at 500°C. Refer to Figure 2. When the pressure in the
apparatus was ‘slightly greater than atmospheric, _the argon was shut off
and anhydrous hydrogen chloride was passed through the salt mixturc before -
being exhausted to the exit bubbler. ‘

The teaperaturc of the furnace was raised to 500°C while the
anhydrous hydrogen chloride gas passed thmthe salt mixture. In the
tesperaturc rango 352°C and 400°C, the salts fused and trickled through the

pyrex wool filter into the crucible. Insoluble matter present in the

™,
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tube furnace (500°C)

Anhydrous HCI or
Chldrine

o)

\_/ . drying tubes

. - C c
L 0d we O
oA orB == AW/ ° MclLeod <’5
. ; [L/ gauge

A

r ==,

HCL or Cl, .
: to vacuum s
manomefer
vent
bubbler trap - NoOH solution

A - chlorine electrode

B solt purification cell
. C - cell inlet for argon

" FIGURE 2. Schematic diagram of argon purification train and auxiliary k ! 4
equipmént. : ) . )
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salt mixture was not melted and was reEained by the pyrex wool. When
fusion of the salt mixture was complgte the lance was lowered into the
molten salt solution and anhydrous hydrogen chloride gas wa's bubbled
through the melt. To purge the system of hydrogen chloride gas, argon
was bubbled through the melt for two h@s.

Electrochemical Cell

The clectrochemical cell which is shown in Figure 3 was assembled
by. removing the, salt purification chamber from the large pyrex tube con-
taining the ‘cruc‘ible with the purified salt solution, and immediately
replacing it with a cell cover containing five orifices. This pyrex cell
cover was clamped to the 0-ring ball joint; the gas lines were connected
and the argon flow was establisl}ed in order to purge the atmosphere over
the salts of any air that had entered the apparatus‘during the change over.

Of the five openings in the cell cover two were required for

‘inlet and outlet of the argon flow. A third opening t’rovided entry for the

thermocouple well. Silver and chlorine electrodes were installed through
the remaining two openings.

The bpening for the thermocouple well contained the O-ring se;ll,
which allowed the themmocouple to be raised or lowered in the melt. This
was advantagcous in that the positi;m of the couple within the melt could
be adjusted. A chromel-alumel thermocouple calibrated against the melting
points of lcad and antimony was employed for all temperature measure:;cnts.

The silver electrode was a pure silver wire 3 mm. in diameter and

was immerscd approximately 2.5 cm. into the melt. The silver electrode
» ' .
\
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entered the inside of the apparatus through an 0-ring seal.
\b

Chlorine Electrode

¢

At the center of thc cell cover was the male portion of a ground ‘
glass joint the same size as the one used for the salt preparation chamber.
Through this opening was placed the chlorine electrode fitted to an 0-ring
seal. The chlorine electrode basically consisted of a graphite rod in
contact with the electrolyte and a chlorine atmosphere. A detailed drawing
appears in Figure 4.

The graphite clectrodes were 6 mm. in dia:petcr and were special
spectroscopic grade ''SPK' graphite from the National Carbon Company. The
graphite rods were pre-treated by chlorfna’t.ion. Briefly, the method con-
sists of holding the graphite rods at 900°C, under vacuum for 12 hours,
.and then under an atmosphere of chlorine for a total of forty-eight hours.

The pretreated graphite rod was placed inside a pyrex tube which
was closed at thc bottom end with the male portion of a ground glass joint.
The pyrex tube had a few holes located about 35 mm. above the ground glass .
joint. At the top end, the graphite rod was conr;ectcd to t‘l brass plug
which had its inner surface coated with wax to prevent a reaction with
chlorine. This sealed it at the top portion of the tube; it also provided
a contact ;;oint for the potentiometer leads to the graphite. Approxi-
mtely an inch from the top end of the pyrex tubc a ball joint was joined. ‘

This pyrcx tube was placed inside a larger pyrex tube which con-
tained at the bottom end, the female portion of the ground glass joint.

14

At the top side of the outer pfrex tube another small ball joint was affixed.

v
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The inner pyrex tube was capable of moving inside the outer pyrex tube;
an 0-ring senl joined the outer tube to the inner tube.at the top ond
and the ground glass joint connected the tubes together at the bottom
end,

When the chlorine electrode was In position, 1t was made opera-
tional by the following procedure. The chl’orino inlet linc was connected
by the ball joint to the inner pyrex tube. The chlorine exhaust tube was
connected to the ball joint on the outer pyrex tube of the chlorine electrode.
Argon was then introduced into the 1ine to flush the air {rom the electrode.
The electrode was then lowered into the melt and the argon flow stopped.

The imer tube was pushed downward thus opening the tapered joint. The, '
molten clectrolyte Mowed into the inner tube and around the graphite

clectrode.  The outer tube of the electrade was pushed down to close the

ground glass joint and trap o lsmull amount of molten salt in contact with

the graphite electrode.

The resistance the ground glass Joint created in the c¢ell when
c}osad‘s between 500 and 3000 ohms, as measured with a conductivity bridge.
The import.:mco of ¢reating as high a resistance as possible 18 to reduce
the chlorine diffusion from the electrode. 1f chlorine diffused into the
melt it would react with the silver electrode thus increasing the concen-
tration ;vf silver chloride in the melt which would decrease the electromotivo
force betwoen the silver and chlorine electrode.

“Dricd chlorine gas was introduced to the inner tube containing |
the graphite rod and flowed downwards over the trapped melt and passed
through the small holes above the melt into the outer tube. It then flowed .

wpwirds and wag eahausted {rom the electrode.




Al o - = A T x o T S R St S~ A A
. . e R,
° ‘ B

-14 ~

J

Typical Experiment

The clectromotive force moasurcments were cohducted on pure
silver chloride and 13 temarics. The e.m.f. measurcments of the temar):
mixtures were made along linas of constant ratio of potassium and
lithium chloride while the concentration of silver chloride was increased.

The silver chloride was added to the melt directly and anhydrous
hydrogen chloride gas was bubbled through the melt for 1S minutes. Dried
argon gas was then passed through the melt to purge it of the excess h)v'dro-
gen chloride.  This procedure was carried out after ecach addition of silver
chloride to the melt. .

When the e.m. f. measurcments of a ternary composition were com-
pleted; two snmpl‘os of the melt werce taken for silver chloride and potassium
chloride analysis.

The analysis was carried out by dissolving the frozen salt mix-
turc in ammonium hydroxide and distilMed water. The silver cﬁloride was
precipitated from the solution aftclxcxxpclling the ammonium h)'dmxide.'(b)
The precipitate was collected by filtering, then drying and weighing to a
constant weight to give the percentage by weight of silver chloride.

The filtrate was saved and then analyscd, for potassium by using
the perchlorate mtw(7). whgré‘ the potassium is precip‘itated in the form
of potassium perchlorate by reacting it with perchloric acid. The lithim
perchlorate which also forrs is dissolved preferentially in an organic
solvent. The potassium perchlorate is collected by ,filtering. driced and
weighed, to detemine the percentage potassium chloride.

The lithium chloride was dctermined by the differcnce of potassium

chloride and silver chloride from the total sample weighed.




-15 -

During sampling partial "freezing of the electrolyte may occur
resulting in some¢ sample bias due to segregation. This and other systematic
) errors accumulate S\t‘h:: the composition reported should be regarded Coe

as not more accurate t onc mole percent.,

A The e.m.f. readings werc made in the tempera range between
370 and SSSOC, the upper limit being the temperature at which the pyrex
begins to soften. The lower limit is dictated by the freezing point of
the salt. The e.m.f. measurcments were made on increasing th\;n decreasing
the temperature to predetermined values.
The chlorine gas took about 12 m;x‘s to saturate the we}t and
\achicve equilibrium. Once saturated it responded immediately to changes .
in the chlorinc pressure. The chlorine pressure was measured with a mano-
- meter and typically was about 10-12 torr above the atmospheric pressure

]

because of the exit bubbler head.

Voltage was stable to within 0.2 gv for a pcriod of one hour. The
cell responded immediately to changes in temperature. The cell e.m.f. was
mcasured with leeds and Northrup K-4 potentiometer and standardized against
an Eppley cell.

The temperature gradient within the melt was detcrmined to be about
0.4 ® an’l. Since the overall depth of the melt‘was approximately 10 .,

the total absolute crror in temperature mcasurements is about = 2 C°.
™~




EXPERIMENTAL RESULTS AND DATA ANALYSIS “

For tim olec trochemical ccll:
. Ag/AgCl/Clz, Ce
the primary cell procoss is
f“‘('s\) Py - Ay M-

for which tho Nemst expr%ssion is

eertl fn og @

Pa1
2
where the standard states L-e pure solid, gas at 1 atmosphere ?mssure,
and pure liquid for qilver, chlorine and silver chloride respectively
Refer to Appendix A for nomdfnclutum.

The measurcd c.m.f. does not give F directly because of the

thermoelectric effect associated with dissimilar electrodes. ’mé silver

and carbon clectrodes effcct\ivcly'constitute a thormocouple in-series with
the clectrochemical cell. A correction for this effect can be made by

2

applying the equation |
E(mv) = 4.36 - .08802T + .01288T In T 3)

which rclates the thermoelectric voltage to the temperature of the hot
junction. (the melt temperaturce), when the cold junction, (the external
terminal temporaturc), is 25°C. Since this potential has the opposite
polarity to that of the electrochemical ccll the correction is added to

the measured c.m.f, (3).
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Rearranging equation (2)
RT o RT
E - In P =E -=-1na ; 4
F " P, Fit e - 4
* RT
E =E-orln Py (5)

2

*
E is the potential of the cell with respect to the standard
chlorine electrode, that is to say one in which the chlorine pressure

is 1 standard atmosphere,

All experimental e.m.f.'s are tabulated in Appendix C. E.
| is also listed.

. e
P

Formation Potential of Pure Silver Chloride

In order to detemine the thermodynamic properties associated :
with the mixing of AgCl in molten LiCl and KCl, the standard formation B

potential of pure AgCl must be known as a function of temperature. When

) pure silver chloride is used the activity of silver chloride is 1 in which

'y case E'r is E°.

\ 1 Although several investigations have reported values for E°
(8,9,10,11,12,13,14), a rcdetermination was undertaken in order to test

the operation of the cell. These measurements are depicted in Figure 5 .

PAe]

In order to achieve a satisfactory interpolation of the
measurcments, a regression analysis was performed recognizing the known

difference in the heat capacity between silver chloride, silve)r and chlorine

gas.
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This difference causes a slight but significant curvature in the P .

versus T line which is‘ important in extrépolating the measurements to a

higher or lower temperature. Using the tabulated values from Kubaschcwskins)
for silver and chlorine and the measurements of Thompson and Flengns(m)
for liquid silver chloride - ' ,/
(PCP)I‘ - (CP)ASICI(I) - (Q’)'Ag(s) - ’(Q))Clz(s)' (6) g
'a +4.105 - 2,07 x 10737 - .02 x 10° T°2
l*" ' ' cal. g. mle’l K71 C
' / * It follows that
s« a2 ¢ 4.295T - 1.035 x 10717 + 02 x 10°T! )
i N .
| 8s° o 882 ¢ 4,105 InT - 2.07 x 1077 + .01 x 0°TZ (B)
4 ' , where Allg and Asg are ‘integration constants,
Since AG.?. - - FE° ' : - (9)
and’ - Faou AHD - TASO . (10)
it follows that ' : ~
\ FE® = 4.195T + 4.195T InT - 0.01 x 10°7°}
~1.035 x 10572 a1 1)
where .
0 ) .
. L. 8 - TaS) (2)
] X
| ’
I . . la\-" .
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-1

a lincar regression df ¢ versus T gives values o.f -28449 cal. g. mole

for AH and -32.899 cal. g. mole -1 1 for AS° The standard deviation

for this regression analysis wa? 082, .
The variation of E with respect to temperature is displayed

in Figure S. ,

’ The highest repoi‘;cd masuremonts(a) ahd lowest rcported measurc-

ment’(lz) bracket the present work. A fourth line indicating the expected

variation based upon calculation from independent thermochemical data

also is shom: This calculation involves an independent evaluation of’

the integration copstants in equations (7,8).

27 ,
A"g - A"ggs {98 (aCp) 2 df « (AH(f))AgCI

. f (a0p), dT & -28199 a3)
27 ,

: A5298 {;s WP, 4t + (1S (6))pgny

{:., -(A.?’)q ‘“/- - 32.33 (14)

where .

Q

(ap), = (@) - (Cp) ~ Y(Cp) - s)
&Plo AgCl () AR s) Cl

1 _f(s) : -
y . = .370 + 5.87.% 10°°T - .02 x 10°T | !

and the subscript (f) indicates fusion.
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In conclusion within a few mv (3 6) the various doterminations
of E° concur; for all subsequent calculations the following equation
based upon the I function calculation on the present measurements will be
employed. ,

V

E® - 1233.6 - 1.609T + .182T In T - 43.36T° ) - 4.48 x 10757  (16)

" il Relative Partial Molar Propertics

A total of thirtecn different compositions in the silver chloride
lithium chloride, potassium chloride ternary system were studied. The
compositions are depicted on the Gibbs triangle shown in Figire 6. Points
on the silver chloride - potassium chloride binary are those of Pelton(”).
Points on the silver chloride - lithium chloride binary are those of
Panish(m). The compositions studied in this investigation were limited
to the central region of this system because of the pyrex constructié:n of
the apparatus which limited the upper temperature of this investigation
to 535°C. | '

The e.m.f. is measured between a standard chlorine electrode
and a silver electrode and these measurements arekplotted versus tomper-
ature. The resulting graphs are shown in Figures 7.5, .

The general scatter of points is comparable with that of Panish
et al. and Pelton shown in Figures 9 and i.Orespectively. In this respect
it should be pointed out that the voltage and temperature scales are rore
expanded for the present measurements owing to the limited temperature
range. The lines in Figures 7,8,9,and10 represent traces of a regression

analysis performed on all the data at once. The details and implications
of the regression analysis follow.
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Regression Analysis

The difference bctw(:cn the cloct\%\ﬁo force of a'coll in

-

which silver chloride is dissolved in lithium chloride and potassium

o

chloride melt, IE: and that of a cell involving pure silvei‘ chloride, E°.
gives the frce energy of mixing for the following process.
1(ARCL) (3 * n((AR, 14, x)cn(l) + (1) {((Ags Ui, KICLy

where n >> 1
"That is to say, the relative partial molar free cnergy of silver chloride

s ‘
* -0 \
(@MCI = - F(E-L") (17)
The relative partial molar free energy is dependent upon both
. the temperaturc and fomposition but is virtually unaf fcctéd by pressure

changes of a fow atmospheres. At fixed comi;osition.

M

Y AgCl

AGC1 - TaS - (18)

AgCl

where mAgCl and AS'AECI may be regarded as being virtually .indéependent
of temperature over an interval of a fow hundred degrees,

The partial molar enthalpy and entropy, AHAgCl and eS'Ang
however vary significantly with respect to composition and the following
empirical serics may be employed to express this variation

I I

‘_ Bpct * 4oz koo Pyx A )(v") “Rln¥Xyy  (20)
' where Mo QX))

; 5 and vy " XKCI — !

" ' Xia xm




. . The lower limits of summation guarantee Raoultian behaviour ‘

of silver chloride in concentrated solutions. Accordingly: .,

* 1 & & - ) (ad '
E =-p ;.2 k0 @k “jkl(“)(’k)

- Ell;‘: ln‘)(“\gc1 + E° ' | (21)
The unknown cocfficients ajy and by, in the right had side of
this equation were determined by a multiple linear regression analysis
based upon 198 points (103 of which were determined .in this investigation
the balance being obtained from Pelton(n) and Panish(ls).)‘ An arbitrary
truncation of the serics is requircd; the following twelve coefficient
seriecs was found to be adequate.
2 2 2

L 4
’ - E = -3895.7 A" + 5.8202T A" « 3320.4 Ay

-7.2596T A%y - 881.3 A%% ¢ .2054T AZy2
+7114.6 AS

- 6.7819T A3 3
+4.4283T A y - 3883.97 AS¥Z + 3.5212T Ady

~ 3246.2 Ay
3 3,2
-.0862T 1n(1-A) '+ E° (22)

2

The standard deviation for the regress;m analysis is 2.47 mv;
the mean absolute deviation was 1.84 mv. ) ,
As mentioned previously the lines which appear in Figures 7,8,9 and 10
represent the behaviour of equation (22) at the particular compositions in-
volved. The notable feature is that several of the lines ire systomatically
above or below the experimental electromotive force deterninations cor-
rected for pressure and the thermoelectric effect, This is regarded as

~~
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being due to an error associated with the determination of composition.

For example, variation in the AgCl mole fraction of .01, say, from

0.40 to 0.41, consistent with the analytical accuracy discussed pre-

viously causes a chan;;e in E at 500°C of 1.6 mv. This together with

probable tempcrature gradients in the cell are combined to account

for the slight systcmatic deviation most apparent in Figure 8 .’\

Another approach to fitting the experimental measurements would

*  have involved the independent regression of each E versus T and the sub-

sequent smoothing of the enthalpy and entropy lines. However, in view

of the short temperature ﬁnge covered in the present study it was felt
that a single data analysis in which all e.m.f's pertinent to this system

Kwere smoothed at once would provide a more representative empirical
equation.

Bquations (19),(20) & @2) make possible the evaluation of the
change of mAgCl and &TAgCI with respect to composition. The behaviour
of these properties is illustrated in Figures 11 and 12 on the Gibbs
triangle. Included in the plot of the relative partial entropy are dotted

lines representing .the ideal entropy variation as calculated using the

equation

~RInX

AgC1 @3)

(Spgcr)idear =
The behaviour of the partial excess free energy of silver chloride

at 500°C is depicted in Figure 13 . This figure follows from the relative

partial entropy and enthalpy calculation since:

&k . A

AgCl AcC ¢RInX

- T rgc1) (24)

SpeCl
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"distinction betwe;m free silver ions and other silver ions considered to bo
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Figure 14 illustrates the behayiour of the silver chloride : ’
activity at $00°C calculated from the oxtess free energy using

’ A AnC) : | f
BpgC1 " »°"P["R’I""] t Xa (25)

All of the thermochemical calculations follow somewhat indirectly
from an analysis of the entire o.m.f. measurements. This is particularly
true of the entropy and enthalpy calculations which rest on an accurate
knowledge of the diffcrence .in the temperature dependence of the e.m.f.
of the cellls containing silver chloride solutions and pure silver chloride.
Accordingly, these results are not so precise as the free energy calcu-

-
lations based as they gre on simply the differences between E and E°.

DISCUSSION

In recent years there has been considerable success in inter-
preting the thermodynamic behdviour of molten salt solutions with ionic
models that make reference to the existence of complex ims(19,20.21,22,23)&
It is postulated thnt certain cations are more or less strongly bound to
sdjacent anions; these units arc treated as independent entities in the

melt.
4

Dual BondeeI(B) < ]
/

., For the‘case of silver chloride=alkali chloride binary solutions )
Pelton has pmposed a dual bonding model. This treatment recognizes the
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wmore or less strongly bonded to adjacent anions. The model does not re-

"

+
-3
R
¥
¥
$
by

quire pos}ulatcs about the stoichiometry of this arrangement, i.e. it is
immaterial whether the 'bonded" silver exists as AgCl,, AgCly, etc. com-
plex ioﬁs. or, verhaps cven silver chloride molccules. " This treat-
ment has had success in interpreting precisely measured thermochemical
properties for the silver chloride alkali chloride binary melts- from
sodium chloride through to cesium chloride. This is remarkable because
of the few adjustable parameters involved in the theory - one per salt.

An extension of this trcatment to thc ternary melts can be made
as follows. Consider the isothermal formntion of a mole of molten tcmar;'
solution by combining silver chloridé,and 1ithium and potassium chloride

melt of fixed composition. This may be t:epresented as follows:
Xl AgCl(l) * (l-xl)(l.i, K) Cl(l) -+ (Ag,Li,l()Cl(l) - (26) -

For the purpose of subsequent discussion componcnts will be
identificd as follows:

AgCl - component 1

LiCl - component 2

KC1 - component 3

The configurational entropy of the ternary solution is determined

by the mamber of distinguishable ways Lit, K*, Ag®, and Ag~ ("bonded"
silver) can be arranged over the available cationic sites. Let this multi-
plicity be @ . liegarding the number of sites for a mole of solution as
simply Avogadro's number, N, and a as-the fraction of the to:al silver that
cxists as Ag. in the molten solution, the multiplicity is given by the

following cxpression.

/J “
o .
N Y o o -



8 w00, 0 . @n
where a, is the number of distinguishable ways of arranging sz lithium
ions over N positions. Assuming random mixing

2 " TN @)
0, is the number of distinguishable ways of arranging st potassium ions
over the remaining (N-XZN) available positions.

(XN ! .

- TFCNTRTIGNST e
and i; the number of distinguishable ways of arranging tho uxlN
"bonded'' silver ion over the remaining (N-X2N~x3N) available positions.

0 (N-XZN'XSN)! N ¥,
J | m:m (30)
There is no freedom with regard to the distribution of the free silyer

ions or the chloride ions. Simplifying equations (27,28,29 and 30) yields

- for 1 mole of solution. ‘

R = . N. '

The total configurational entropy of the temary solution is

determined by applying Boltzmann's equation:

Sternary = k 1n 8 (32)
Applying the Stirling approximation ,
N N N :
mMN)=1In vi = £ Ini=f Wmid
ie1 1«1 1el
W
» NInN-N ,/ -fc;r large N (33)

i

-




and simpld l‘yiﬁg

S

, .
ternary ° --R(X; In X * Xy In Xy o aX, In ""1,.‘ (1-a) X} In (1-)X,)

) (34)
/ The configurational entropy fgr a mole of pure silver chloride

in, by similar reasoning:

ngc{ o = R (0" Ia® (1-a%) In (1-0)) (35)

L4
where o s a fraction of silver that exists as Ag. in pure molten silver
chloride. 1f the configurational entropy of a mole of the lithium chloride

and potassium chloride melt 18 siimply given by:

. N % Xy X .
(411 Wl (xznrs' In r?:(s-f LA In )rz‘.x;) (36)
whorein it iz assumed that the “mmm and potaxsium fons are randomly
mixed, then it is possible to cvaluate the configurational entropy change
for the mixing process given by equation (26). .

<

‘ X O .
A5 % Stemary * 1 Sager © 0D a0 37

This will be regarded as tho total entropy chm;ge for the process; that
is, vibrational emtropy changes will be neglocted. Accordingly, it is
possible to express A5 in terms of a and o °

The enthalpy change for the reaction expressed by equation (26)
is assumed to be mainly the result of an increase or decrease in the fraction
of silver that is "bonded”. A change in this fraction is expdcted as the

character of the melt is altered by changes in the relative population of

“alkali cations.

Let t'l’ €40 €4 refor to the encrgy per mole associated with

the process
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¢ ‘ in pure silver chloride, pure lithium chloride and pure potassium chloride :
¢ respoctively. Further, suppose that in the ternary solution as a first 4

approximation, the energy for this process is given by:
/

€ = xﬁl * Xpc, ¢ )(.;1:3 ‘ (38)
Regarding the encrgy lit;ernted during the formation of the
solution as being entircly due to tho cnergy associated with. a change in
a, and neglecting the formal di.stinction betweon enthalpy anl internal

energy because the volume change on mixing is small, the enthalpy change

per mole of solution for reaction (26) is given by:
: _ 0
&H -a:X1 (Xl € + XZ €y + XS .t3) a chl (39)
The value of oat any composition is that which results in the minimm

frce cnergy of the solution:
o

3G AN _ TS

Sada Sa 7 O g “o
H 2 : C L (41)
Sa - X1 a1t XXy et XXy eg
, A a (42)
RT Sl ¢ o)
Accordingly:
2 a

"

Rearranging: g .
- " (exp [_- Xi ei 1) ’ . )
C =1 RT . (44)

a = 3
’ 1 S fexp [-Xi ci]
j i=1 !
‘ By similar reasoning a® may be found.

! ' "1
o ‘ o0 = Cxp [11']

. ' (1 + cxp[-—%) )

(45)

r
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® Accordingly G for reaction (26), as well as oH and 4S, is detormined
entiroly by the values assigned to € €y and €y ﬂ\ésq pn-rmton
aro, of course, adjustable for tho purposos of fitting the cxperimontally
obsorved behaviour of tho system. Howover, to be consistent with the
prcvi;)us work of Pelton,™ ¢, and €y Must have tho values -3500 ax! -5500
ul.g.mh-‘%osmctivvly. Thus ¢, was tronted as the ouly adjustable

numher in fitting the experimental data reported in the provious section.

That experiment did not yleld diroct measurcments of AG, AH or AS for
the reaction in Kquation (26); rather, relativo.partinl molar propertics

of silver chloride were measured. However, those aro related to the pro-

pertios of reaction (26); Reforence to Figure 15 will co-ordinate the
following discussion of this rclationship,

The planc tangent to the ternary integral free energy of mixing
surface at composition X intorsccts the silver chloride odge of the right
triangulur‘prism thus defining ACAgCl at the composition X. It may be
shown that along the composition path y that, '

AnAgCl . - A-‘M—?}{!— e AMmix (46)

But this is uquivalent to

WG e - (4 (aGrix - AJAG.th)’ (AGnix - AAG mix)
ApCl ~ dJ.

(47)

" where M\;ix is the molar intcgral froe energy of mixing of the lithium
chloride potdassium chloride melt with the composition falling on line y.
The toerm ( &G mix - A& mix) may be recognized as the &G roforred to

previously in comncction with equation (26),

\
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By the application of equation (47) it is possible to establish
AcAgCl from the dual bonding model that has been developed to relate to
the thermodynamic pr&perties.for reaction (26).

With a value of -500 cal/g mole for ¢,, AUAgCl was calculated
and ‘ the\ activiéy at 500°C was determined, by the following equation:

Y

8Cpocl

3pgeCl " exp 1 (48)

The activity isot/herm appears on the transparent overlay in Figure 16 .

In fegister on the following page appears a duplicate of Figure 14 . To
further the comparison between the theoretical and actual propérties,
ACigCl surface was calculated using the model. This appears on the trans-

parent overlay in Figure '17 . In register, on the following page, is

a duplicate of Figure 13 representing the experimentally observed behaviour.

~
o

It is.possible to compare the calculated and experimental relative -
partial enthalpy and entropy. Calculated values for these properties are
shown in Appendix E. It should be realized that relative partial enthalpy
and entropy werc not determined with high precision and the comparison
might be mislcadifxg; in addition, the model shows some inadequacy even in
the activity and_e;(cess free encrgy and so limitations of the model are
much more apparent in the sensitive enthalpy and entropy functions.

The major drawback of this treatment probably relates to equation
(36) which assumes random mixing of lithium and potassium ions. In view
of the relat'ivcly larpe difference in ionic radius this assumption may not
l;e entirely correct. It is possible to pursuc this porint more fully, in
spite of the fact that, entropies of mixing for the lithium and potassium ‘

chloride have not been measured. : 4
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. Properties of the Lithium Chloride - Potassium Chloride Binary Melts
It &s not possible to establish the thermochemical properties
of 1ithium chidtide - potassium chloride melts using the thermochemical
technique employed in this reséarch owing to thc similay electrochemical .

behaviour of 1lithium and potassium. It is, however, possible to cal-

' cu‘late approximate \:alues fo; the free energy and entropy of mixing {rom the
phgse diagram and enthalpy of mixing determinations which together con-
stitute the only reliable data for this system.

This calculation is best described with reference to Figure 18 .
In the uﬁper portion of this figux:e in solid lines appears the accepted
form of the lithium chloride, potassium chloride phase diagram (25). In
the lower portion of this figure an integral free energy of mixing iso-

them appears. To this curve may be assigned the general equation

* » *
Smix = AHnix ~ T™Spix (49) s
from the calorimetric mcasurements of Marchidan and Telea(u).
o . L . '
%ix is given by: ‘
* .
M. = - 1405 Y+ 1821 ¥2 - 416 ¥ (50)

where Y is the mole fraction of potassium chloride in this instance.

Aﬂ:\ix is here regarded as being independent of temperature. Let ’

as’. = 8s o d-c¥ - av 4 c¥? 4 g¥d (51)
mix ~ ideal

The final grouping in braces represent the assumed form of the

e \_..)"

integral cxcess entropy.
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The constants ¢ and d may he determined as follows. When solid
lithium chlorido is in equilibrium with a lithium chloride - potassium
chloride liquid thon,

mz)(l) s mz)(s) - (G‘z‘) (n) ) (52) h’}
Subtracting from both sides (Gg) oY)

B
r <
¥3
Y
o

arg

1

B
3

[

'

5. Cyy @) » m‘;l,)- (G (53)
' It follows that \ ’ .
T qay ® - W6 ey (54
r - tho subscript (fj"ii\d,icattna fusion.
: Similarly for KC1 saturated melts

(aTy) ) =~ @8 ~ ' (85)

The melt may be simultancously saturated with lithium chloride and po-

tassium chloride at the cutectic tomperature. Since

L]

daG .
(Aﬁa)m " J‘nlx ¢ 06

and a similur cquation applics to (A0;) it follows that at the cutectic

) (s6)

tomperature and composition the tangent drawn to M\;lx curve must intor-
0 sect at the lithium chloride and potassium chloride sides of the freo
| enorgy diagram at minus the free enorgy of fusion of the compononts at
this temporature.
The freo cnergy of fusion of lithium chloride and potassium
chloride may be calculated from the enthapy of fusion and difference in

heat capacity- betweon solid and liquid phnsosu S). R
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‘r .
@)y = - { 8S(g) T
where ® | -
’ T
aH (Cp) (1,-(Op) '
1S5, * ) | L), () d (58)
) Tig)

it follows that
(8G(gy), = 1053.5 & 43.46T + 003212 - 7.00 T InT  (59)

' ' 38500
(4G g))g = 2721.0¢4 37.28T + .0026TZ + A0 - 6.UT 1n T4,

where the results arc cxpressed in cal gm mole’.! Accordingly, at the

eutectic temperature and composition

AG:nix e (17‘)' (AG“))Z * V(Aﬂ(f))3 ‘ (§1? )

Solving these equations ¢ and d were determined as -2.70 and -1.17

cal g mole-l K1, , ,

The adequacy of this procedure for estimating the entropy and

frec energy of mixing may be ji:dged from an examination of the upper

part of Figure 18 whercin is shown the potassi'un chloride and 1lithium
chloride liquidi as dashed lines consistent with the calculated ¢ and d
values in the entropy of mixing expression. The prpcedure involved in this
calculation may be understood with reference to the lower part of Figure 18 .
The points of tangency M and N in the lower figure are the liquidus points

M' and N' in thc upper figure.

&
>
“%
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The bohnviom,' of the enthalpy of mixing, entropy of mixing and
free encrgy of mixing is displayed in Figure 19 . ' The noteworthy point
s the large positive excess m}\trqw exhibited in this binary system.
Considering the nature of the calculations leading to these figures and
the thermochemical data involved, the ’cﬁt;ow of mixing should be regarded
as approximutel. llowever, the conclusion that ASB is significantly posi-«
tive appears cuortnin. It is probable, for this reason, that this entropy
effect, ignored in the development of th‘e dual bonding model for ternary
solutions, is responsible for the discrepancies evident in Fipures 16 and

17 . Nevertheless, in spite of these discrepancies, the dual t{onding

model may be a useful way of understanding the behaviour of the thermochemical
properties in ;ilvor chloride temn'ry melts. It will at least, scmi-
quantitatively gencrate activity isotherms with a minimm mumber of paramoters
(only three) to which must be assigned arbitrary values.

The estimated propertics of the lithium chloride - potassium
chloride binary mclt make possible the calculation of the temary frec .
encrgy of mixing, enthalpy of mixing and entropy of mixing sinco a bounlary
condition for Gibbs-Inthem integration is available. These properties

and discussion of the calculations appear in Appendix D.

Application to Flectrodeposition

It is possible to sf&culatc on the significance of the dual bonding
model with respect to the problem of obtaining smooth cathodic dcposits from
fused chloride melts briefly referred to in the introduction. In this
connection it is worthwhile to review the factors thought to favour a smooth

‘ deposit from aqueous solutions.




- 50 -

Consider the deposit of silver from an aqueous solution. Silver
deposited‘ from nitrate solutions in silver refining cells constitutes’'a
classic example of a dendritic and non-cohercnt deposit. The high con-
centration of free silver ions adjacent to the cathode aided by the action
of the electric field favours growth rather than nucleation. That is to
say, an abundance of dischargeable ions would make it energetically un-
favourable to overcome interfacial energy effects associated with the
establishment of new locations where silver may be deposited. At the
other extreme silver deposited from aqueous cyanide solutions is at least
smooth in a macroscopic sense. In such solutions silver exists almost
entirely as a complex anion in the presence of an excess ‘of alkali cyanide.
Thus the action of the electric field during deposition is such as to
transport the complex silver ions away from the cathode. The supply of

Ag(CN); complex ions to the cathode is controlled entirely by diffusion

processes. At the current densities normally employed this situation

might be expected to favour nucleation rather than growth on established
crathodic sites. )
In the case of deposition of silver from alkali chloride melts
reasoning similar to the abdve would suggest that additions of alkali
chloride that favours the reduction in the quantity of free silver would
tend to promote smooth deposits. Pelton has shown that in the presence
of high concentrations of cesium chloride the a referred to in the dual
bonding model is largest. This conclusion is based on its success in
rationalizing preciscly measured thermodynamic properties of AgCl alkali

chloride binary melts from sodium through cesium and which has as a result



F

of the present research been shown to be semi-quantitatively applicable to

temary melts.

CONCLUSION

“

The thermodynamic proporties of molten silver chloride, lithium

chloride, potassium chloride were studied using a silver chloride forma-

‘tion cell employing a chlorine electrode of unusual design which facilitated

measurements in - ternary melts.

The dnt‘n were treated by analytical methods resilting in the '
generation of activity, the relative partial molar excess free energy,
the relative partial molar enthalpy and the relative partial molar entropy
for silver chlbride at 500°C.

The measured properties were interpreted with the aid of a
melt model which presupposed. the existence of free silver ions as well
as those ""bonded" to adjacent chloride jons. With three adjustable para-
meters it was possible to account, sen;'i-quantitativcly, for the behaviour
and activity of silver. This information is regarded as being significant
in understanding the phenomena associated with dendritic clectrodeposits

from chloride melts. ‘
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List of Symbols

a fraction of bonded silver ions in ternary melt

® fraction of bonded silver ions in a pure silver chloride melt

a activity; regression coefficient
b -regression coefficient

c constant

d constant _

B measurca electrorotive force

B standare electromotive lorce

B clectromotive force corrected to 1 atmospherce chlorine pressute
F Faraday con;tant

G°G standard molar Gibbs free energy

o integral cxcess Gibbs free encrgy

ACHi pnrti:x_l molar excess Gibbs free energy :)f component i
AG(n Gibbs free energy of fusion

#-  standard molar enthalpy

AL inteéral enthalpy of mixing

MH; relative partial molar enthalpy of component i
k Boltzmann's constant

A conposition variable

N Avogadro's number
P pressure
R

ideal gas constant’
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standard molar entropy

relative partial molar entropy of component i

integral excess entropy

absolute temperature

composition variable

multiplicity

mole fraction
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AS  integral entropy of mixing
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_ Lithium Chloride

Potaszium Chloride
Silver Chloride
Argon '

Anhydrous 1IC1
Chlorine Cas
Graphite DRod
Silver Wire

Ant imony

lead
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Reagent Grade
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Results of Electromotive Force Experiments

L

The data used for the binary system AgCl-LiCl were taken
from Panish et al.(ls) and the data used for the binary system
AgCl-KClware taken from Pcltoh("). The experimental results for

the temary Systcm are listed in the following pages.

r

"E(mv) = Experimental e.m.f. reading.

et

E.(mv) = e.m.f. reading which hLas been corrected to 1 standard atmos-
phere of Clz. The thermocouple correction between the silver
and carbon electrode has been added, (refer to page 16)

. R )
(mv) = The E calculated at various temperatures using the sigma
interpolation. (refer to pagec 21)

Bcalc

. - L .
8. . — . g
A . . . ha o
- . . . PR & S . - N N o N S 2
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Temp. (°K)

755.0
738.8
758.3
780.0
788. 2
773.1
807.6

PCIZ(Tbrr)

. 765.2

764.5
764.0
764.1
763.8
763.9
764.0

Pure AgCl

E(mv)
901.6
906.6
900.3
894.0
891.7
| 896.4
886.0

E ()
903.7
908.6
902.5
896.4
894.2
898.8
888.7

Bcalc("y)
903.6
908.3
902.7
896:4
894.1

@s.‘s

888.6
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AgCl
LiC1 ¢
KC1

Temp. (°K)
717.6
766.0
738.2
699.3
675.1
665.0
683.7
719.7

COMPONENT
AgCl .

LiC1
KC1

Temp (°K)

705.6 -
747.0 |
786.6
701.7
678.5
.662.9
731.5
769.1

- 59 ~

MELT COMPOSITION A

WEIGHT PERCENT

53.8730

- 21.9970

24,1300

pCl (Torr) E(mv) -

5.9 968.0
785.6 954.8
780.4 962.5
778.1 971.0
777.8 977.1
778.1 979.6
~778.1 . 974.8
778.3 967.1.

MELT OCOMPOSITION B

WEIGHT PERCENT
44,7060
26.3680
28.8950
P, . (Torr) E(mv)
6.5 979.1 .
778.1 971.9
. 778.7 961.9 -
768.4 980.0
768.1 984.5
768.4 988.4"
. 779.4 7 974 .4
779.4 966. 5

MOLE FRACTION .

0.3085
0.4259
0. 2656

L ]

E (mv)

968.9

956.2

963.8

972.1

978.0

980.4

: 975.8
Vo 968.4

MOLE FRACTION
0.2360

0.4707
0.2933

-
E (mv)
979.9
973.4
963.8
981.5
985.8
989.6
T 968.2

.
-

.
+ g
l:‘
4
¥
M
1
3
.




S A e

RO i
CTE 4T

I
Al
r
'
1

. 60 =

MELT COMPOSITION ¢

COMPONENT ~ ~ WEBICHT PERCENT MOLE FRACTION

C1 . 31,2200 0.1478
Lici 32,7950 0.5248
KCL 35,9750 0.3274
Temp. (%K) Py, (Torr) " B(m) B’ (av)
743.4 790.8 - 991.4 992.4
747.5 790.8 990.6 991.6
749.0 791.3 991.0 992,0
784.5 791.3 984.1 985.4
731.9 792.3 994,1 994.9
706.0 793.1 998.0 998.6
. 666.5 790, 7 1003.2 1003.6
666.2 789.4 ‘1003.3 1003.7
701.6 788.6 997.7 - 998.4
733.6 789.1 993.3 994,2
) MELT COMPOSITION D
COMPONENT WEIGHT PERCINT MOLE FRACTION
AgCl 25.0160 0.1130
LiC1 35,7580 0.5462
KC1 39,2260 0.3407
Temp. (DK) PCI (Torr) B(mv) H' (mv)
686.9 76.1 1007.7 1008.8
780.0 775.1 997.0 998.9
746.1 : 775.6 Yo01.1 1002.
C7M1.6 775.2 1006.0 1007.3%
668.9 774.8 1013.1 1014.1
665.6 772.7 1012.0 1013.0

735.3 771.3 1003.1 1004.8

.ll



COMPONENT

; ' 1
3 Li1Cl1
3 KC1

~ Temp. (°K)

684.5

. 668.9
! v 71208
. 748.5
756.9
704.1

OOMPONINT

. : AgCl
: LiC1
KC1

Temp. (°K)

773.8
745.6
706.3
675.7
652:1

e <
S
o

MELT OOMPOSITION B

oy
5
\
B
&
¥,
T
ds
:f‘.
-
]
X
b
« aph
LU
e 3t el L

WRIGHT PERCENT MOLE FRACTION
16,3360 . 0.0694
39.8970 © o 0.5731
43,7670 0.3875
Py, (Torr) B (mv) B* ()
80.7 1028.9 1029.8
780.5 1030.7 1031.5
771.6 1027.4 1028.9
7.0 1025.5 1027.3
771.4 1023.2 1025.1
7.9 1028.4 1029.8
MELT COMPOSITION F
WEIGHT PERCENT MOLE FRACTION
' 9.8340 0.0400
42.9980 0.5912
47.1680 0.3688
PCiZ(Ton) B(mv) E (mv): S
764.5 1059.5 1061.8
763.6 1057.1 1059, 2
: 762.9 1054.9 1056.7 .
762.5 1053.6 1085.1 .
' 1081.0 1052.3

762.4
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COMPONENT

ta

KC1

Temp. (°K)

791.4
802.0
784.3
763.0
. 741.5
127.0
744.2
767.5
'788.1

AgCl
LiC1
KC1

Temp. (°K)

791.3
776.7.
757.4 |
739.6
757.4
783.5
779.9
799.2

OOMPONENT

' - 62 -

MELT COMPOSITION G

WEIGHT PERCENT

$6.465

20.4760

23.0590

Pc1 (Torr) E(mv)

64.6 953.6
764.6 951.1
764.6 954.4
764.1 958.3
763.9 962.0
763.9 . 964.9
763.7 961.7
763.7 957.2
762.4 953.5

MELT OOMPOSITION H

WEIGHT PERCENT

48,7950
24,0850
27.1200
PClz(Ton) E(mv)
773.3 961.5
773.1 964 .4
772.6 968.1 -
772.6 971.
770.1 967.9
770.1 962.8
*769.9 964.4
961.5

768.6

MOLE FRACTION
0.3321

0.4072
. 0.2607

B'OMV)

956.1

983.7
956.8
960.5
964.0
966.8
963.8
959.5
956.1

MOLE FRACTION

0.2676
0.4465
0.2859

]
E (mv)
963.6
966.4
969.9
973.1
969.8
964.9
966.6
963.9

a
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MELT COMPOSITION I R
COMPONENT WEIGHT PERCENT MOLE FRACTION .
AgCl 82.9500 o 0.6534
LiCl 7.7020 . 0.2051
KC1 9.3480 0.1415
¥
. * -
Temp.(°K) Pey, (Torr) E(mv) E (mv)
806.5 66.4 © 916.0 . *+ 918.6
773.7 766.7 924.5 926.7
758.4 766.9 928.8 930.9
756.8 767.8 928.4 930.5
740.7 768.2 . 933.1 ' 935.0
755.0 767.8 . 929.6 931.6
769.3 767.8 926.1 - 928.2
791’5 767.8 920.6 923.0
' 7
MELT COMPOSITION J
OOMPONENT WEIGHT PERCENT MOLE FRACTION
AgCl © 75.4800 ' 0.5439
LiCl 11.0770 0.2699
KC1 13.4430 0.1862
[ ]
Temp. (°K) PClz(Tor'r) E(mv) E (mv):
766.7 770.1 < 931.4 933.4
.786.9 770.3 926.3 928.5
802.6 770.1 923.6 926.0
780.9 769.9 928.0 930.2.
_759.8 769.9 933.1 935.1
:748.7 770.0 © 936.5 938.4
12467 760.8 941.6 943,2
738.9

769.8 938.1° . 939.9 °
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MELT COMPOSITION K

COMPONENT WEIGIT PERCINT

1 64.8600

Lic1 15.8750

KCl 19, 2650
Temp. (°K) JPCJZ(Tbrr) . .E(aw)
767.9 769.9 950.1
758.9 768.9 . 952.7
735.1 768.6 956.9
744.6 . 768.6 \ 955.2
766.7 768. 6 - 951.3
794.0 768.6 946.1
805.7 767.3 943.4
784.0 , 767.0 947.5

MELT COMPOSITION L

OOMPONENT WEIGHT PERCENT |
A§C1 43.6450 °
Licl 20.0300
KCl 36.3250
Temp. (°K) Pey, (TorT) E(mv)
753.3 71.2 977.9
.735.7 M.1 981.1
767.7 470.4 | 975.5
790.6 770.4 972.0
802.8 770.9 970.3
778.5 771.2 974.1
760.2 © 1.8 976.7
741.5 773.6 - 979.4

¥

\

MOLB FRACTION

0.4169
0.3450
0.2381

®
E (mv)
952.2
954.7
958.7
957.1
953.4
948.5
9‘6.0
9‘908

MOLE FRACTION

0.2409
0.3737
0.3854

R )

E (mv)
979.8
982.7
977.5
974.3
972.6
976.2
978.6
981.0

¥ R
32
;
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A

o
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MELT COMPOSITION M

4
COMPONENT WEIGHT PERCENT MOLE FRACTION
' Afm ‘ 16.7050 0.0759
v ' Lic - 29.6050 0.4549
: X1 $3.6900 0.4691
. Tewp.(°K) Py, _(Torr) E(m) E (av)
755.6 0.9 . 1041.5 1043.4
726.9 770.8 1042.9 1044.5
748.0 770.5 1041.9 1043.7- .
775.8 770.5 1040.9 1043.0
806.2 773.0 1040.9 1043.2
776.8 773.0 1041.0 1043.0
=  763.6 773.0 1041.4 1043.3 -
745.5 ° 773.0 1042.0 1043.7
731.8 773.0 1042.2 1043.8
Y
]
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‘ CALCULATED INTEGRAL PROPERTIES ‘
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Calculated Incegral Properties
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When the partial molar excess properties of AgCl can be ex-
pressed'with an expression of the type given in equation (19) and properties

of the lithium chloride and potassium chloride melts are known, the

integral excess properties may be determined from the following equation :(27) ‘ }
E £ j Kk N
where & (a., - b..T) .
jk_ ik, for j » 2 (64)

kT TN
The coefficients ejk with j = 0 must all be zero since AGF‘ nlust be zero at
pure silver chloride (A = 0). The coefficients e'jk with j = 1 may be
determined from the condition that the integral excess free energy for the
tetnary system must reduce to that for the LiC1-KCl binary (refer to page 44)

when A = 1,

When T is 773.16°K the integral excess free energy is :given »

by the equation: }

aGE « (1540.5 - 6629.89¥ + 2600.57¥%

+ 488.3¥)A
¢ (-604.1 + 2292.7v + 726.7¥jA%
v (-936.3 - 59.6v + 581.2¥%)a> (65)

o

and in a similar manner AHmix can be determined. MechanicaJlly this involves
dropping the bjkT term from equation (64).

Accordingly:

BH_; = (-338.37 « 292.64y - 1002.34¥ - 416.29%°)A

¢ (+3895.69 - 3320.44y « 881.32v%)A _
o (-3557. + 1623.12v + 1941.99¥%)a° © (66) .
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Similarly: ' _ . ~
<P ' w2 3
/ AS" = (=2043 ¢ B.9¥ - 4.665¢" - 1.17¥7)A

~ r¢(+5.82 - 7.25v ¢ .205‘?2)/\2

&

a 4 (-3.39 + 3.22¢ « 1.76¥%)A° (67)

‘ Fquations- (65, 66 and 67) for AGP‘, ;mmix and ASF‘ are plotted on

“the Gihhs‘triang]ef iln l-’i'gu'rcs 20, '21 and 22 .

. : It has heen pointed oit that the integral properties of a ternary
§ystcm‘ can be dctcnnuinq(l') \;;hc;n the paréia.l property of one component is
known at*all cpnqvositions in the system. However, tilis method requires
that extremely gecurate values of the partial propertic's be known in the

region rich in that component. TFor practical purposes the method employed

. in the construction of Fij,vures 20, 21 and 22 is the only suitable technique.
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FIGURE 20. AGUmix of AgCl-LiC1-KC1 at 500°C, /
e . e " The units are cal./g. mole. v
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FICURE 21. atimix of AgCl-LiC1-KC1.
'ln,li units are Ollo/‘o Mh. ! .
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FIGURE 23. all of AgCl as calculated using the dual bonding model.
" The units are cal./g. mole,: : ©
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