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ABSTRACT 

A new backoeiaf method for measuring the theniiodynaraic esaf of 

molten salt cells of the type M/MClg in laolten salt solvont/'Cl2 is 

presentedo Decoispo^tion potentials are measured in the course of 

l^e thermodynamic emf determinationo The systems FbCl2 ̂ ^ ^'T.Ol2o 

LiCl - K d eutectic, LiCl - K d - Ndd-* JfeCla in LiCl « KGl and 

HaCl« SaSl^ KC1» and PbCl^ and SnCl^ in Lid •> Ed. eutectic c. The 

themtodynamic emf ̂s obtained by the badc<-«mf method are .in good agree­

ment with values calculated from independ^it therm9t»h«snical datae 

Thus Raoult'8 law is thought to appl^r in these simple ̂ st^ns to within 

a factor of two in the activity coefficient o 
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HISTORICAL INTRODUCTION 

In recent jears there has been much interest in molten calt 

electrolysis as a method for winning metals from there cciipciindSo Per­

haps the two best known examples are the production of Al from fluoride 

melts containing AI2O3 and the electrowinning of ¥.g from molten MgClj; 

Prior to the early 1790 "s the only source of ctirreni for expeirimental 

investigation was the electrophorous machine vdiich delivere<5 small 

currents -at large potentials^ Of coursê , such a sotirce of current is not 

usefiO. in electrolytic measurements.^ In 1791 Galvani ini,roc\uced a better 

source of current, and this was the beginning of the scionce of electro^ 

cheaistry^ Volta (1792) showed that an electric ctirrent flcwed between 

two different metals ̂ e n placed in an electrolytic solubioE. Electrolytic 

cells of this type are termed galvanic cells o Volta also ir>troduced an 

electromotive series of the metals, whore the metal higher in the series 

would cause a positive current to flow in the electrolyte when coupled to 

a metal lov/er in the series^ Hitter (179S) showed ejqperimantally that 

Volta»s series was the same as that of the ability of one raetal to dj-splace 

another froaa solution o 

Prior to ISOO the potentials of the cells used were limited t® 

approximate]^ 1 volt and polarisation effects prevented the deposition of 

many metals from aqueous solutions^ At this time Volta"s pile was intro­

duced and higher potentials were now available to the experimenter.^ 

Nicholson and Carlisle (1800), for the first timej, decomix)sed water int® 

H2 and O20 Hitter recognized that at one electrode an o:dd5zing reaction 

was proceeding and a reduction'at the other 0 In 1308 D&vj prepared !Ia by 

electrolysis of molten NaOHo 

Ohm's law and Faraday's law resulted from the stutJy o? the physj.cal 
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laws governing &h«' flow of current in the e l ecwoly t^ <iUTd~t+ii£ cxt€«v»-'\ 

meta l l ic cxrcui t . nd the r e l a t i o n between tho c l c c t r i t n 5ndl chem: r-. 

j^ienomenar P3rad-\y''s laws ilB3L) s t a t e t r a t the cuarrti+uof natei-p^l de­

posited i s propor'-^ional to the currpnt passed, anc, fc - constant* pncimt 

of current passed, the quanti ty of n a t e r i a l dspoajted «5 roportionfej ^© 

the equivalent wei(;;hts of tho metal deposited-. A', th i 3 %^uue ti<ne i t v/as 

shown tha t oxidat ior occurs a t the anode and reduction <s^ the catnodo 

The galvanic c e l l s used up to t h i s time were very i i , t ab le (po ten t ia l 

was not constant) p and i n 1836 the Daniell cal was i r ti •> h ced which gave 

a much more const art po tpn t ia l Pbggendorf (1341) m t r r Viced a coss-

parison method (the fore-=-runner of the inodem potentiorrp t sr) for accurate 

potent ia l measrremt'Tits, and in 1S43 the Wheatstitia* bric's? for r e s i s t ance 

measurements c£ine/upon the scene 

Both Bunsen and Faraday produced Mg through the '»,lootrolysis ©J" 

molten MgClg Bunson and S t , Claire Deville i n 1.554 \A"Pai'ed Al by 

e l ec t ro ly s i s of molten NaCl-AlCIo mixtvires. In 1555 Jia-thiessen prepared 

Ca e l e c t r o l y t i c a l l y 3"^ Bunsen and Matthiessen olectrcJ.rzed molten LiCX 

in order t o prepere Li metal , Matthiessi»n (18S*>) prepa-ed Na tiy the 

e l e c t r o l y s i s of molten HaCl^ Kohlreusch (IS76) ehowc'l that sKUt conduc-

t i v l t y i s e n t i r e l y ion ic , and in 1387 the dissocja t io ' i theory for s a l t s 

in solut ion was introduced, Lebeai (139S) prepared Bo oy the e l e c t r o l y s i s 

of Be s a l t s of the a l k a l i halides^ 

In recent years the l i s t of metal'.^ produced by i ro lun s a l t e l e c t r o l y s i s 

has expanded rap id ly In the atomic energy fiel5^ UTXTT-IUB, zirconiuB,. and 

hafnitan have been produced e l e c t r o i y t i c a l l y In ether '^e lds b^roDj, 

beryllium, t i tanium and many others have been prochiced .>y the e l e c t r o l y s i s 

of molten sal ts> 
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~ o r t k  and ~ o c k r i s ( ~ ) ,  and Dmssbach(2) have w i t t a n  excell.en% 

reviews on inolten sal t  electrolysis,  The electrolysis of molten s u b s  , 

dif fers  markedly fmz t h a t  i n  aqueous solutions, The main differences 

l i e  i n  the high react ivi ty of the constituents, large so lub i l i t i e s  of 
- 

the metals i n  some of the i r  molten s a l t s  and the high temperatures at 

. which the  reactions are occurring, The ourrent field &.a always law ! 

because the amount of rnqtal  deposited on the electrode i s  decreased 
" 

due t o  the  so lubi l i ty  of the  metal i n  the  molten salt phase and diffusion 

.. of t h i s  metal ( in  solution) t o  the anode where it combines with the! 

evolved gas t o  reform t h e  metal salt., 

The current yield can be increased by preventing the solution and 

back-diffusion of the deposited metal. ~ u b i c c i o t t i ( ~ )  has shown that  

the metal so lubi l i ty  i n  the  molten salt phase can be decreased by de- 

creasing the temperature and by the addition of a second salt i n  which 

the  metal i s  sparingly soluble, The back diffusion can be minimized by 

dividing the  cell i n t e  electrode compartments by a porous diaphragm,., 

Single electrode potentials cannot be meaaured experimentally, sn9y 

t o t a l  c e l l  potantialso The renavibk single pbtentials i n  aqueous. 

solutions have beem evaluated by referring them t o  an arbi trary zero of 

potential f o r  one of the  electrodes (e,g,, the  hydrogen electrode, and 

the calomel electrode) ., This same approach haa been attempted i n  molten 

salt c e l l s  and proven unsuccessful, I n  a DanieU c e l l  of the type 

~fl~a2/&~1~/k~~ s w e  electrode potentials can be approximated by 

giving to" one of the electrodes an emf value of zero (cog,, 

However, t h e  diffusion potential  between solutions A and B cannot be 
/ 

readily evaluated and the resulting single electrode potentials measured 

i n  this way are not exactly additive, 



The decomposition potential is defined as thf mini'in i spplied 

potential neces&ary for continuous electrodepositxon and '.r- svaluated 

by extrapolating the current-voltage relationships to zsr:« cirrento 

The decomposition potential gives the actual applied pott .tial necessary 

to make an electrolytic separation,. 

According to Rortiin and Boclcris' ' for each value of olectrolyzing 

current the applied voltage is comprised of the following jwtentials: = 

E " B4 «= BB • £li • IE 

\diere B4 and % arc the two respective reversible 3in£.lc electrode 

pot«itlals for the sons deposited, ^^ is defined as the summation of 

the overpotentials, and XS is the potential drop through ^he solution 

due to the ohmic resistance-, Thus it can be sem that tl.o decomposition 

potential is dependent upon irreversible reactions and because of this 

has no very simple {iiysical significance ̂ 

The term Sl^ contains three types of over-potentiala Khish are 

activation over«potentials, concentration over^potontialsi and ohmic 

over^potentialc The activation over»potential is related to the rate 

controlling reaction at the electrode and has the form Ŷ '̂ a + b log i 

(the Taf ̂̂ 1 equation) -, The concentration over^^pobontial .is related to 

the concentration gradient of the reacting ions from the bulk of the 

solution to the electrode surface, The ohmic over»potent^,al is caused bj 

the potential drop through the electrolytic bath and any resistive films 

on the electrodes. The activation over<=potential decays exponentially :>rith 

time upon the removal of electrolysis current9 ohmic over -potential 

disappears Instantly, and the concentration over-potential decays slowly 

but follews no simple law'^'o 
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If the over=potontials are zerô , then the deccapoaitlon potential. 

is the same as the thormodynamic potential, but in genej'ai, ihis is net 

the case,. For aqueous solutions, the overvoltage df;creasT3'>-̂ ' rapidly 

with increasing temperattireo In molten salts, the electrode reaction© 

proceed rapidly at the elevated tCTiperatures and the related over-voltages 

are usually smalls The data on decomposition potentials and «af's of 

Daniell cells and cells of the type M/HCI2/CI2 ha^jbeen summarized by 

Kortvm and Bockris^^), Drcssbach^^^, and ConwayO), 

The more promising electrolysis baths are mixtures of chlorideOi, 

fluoŜ Ides containing the oxide of the metal to be deposited, or in some 

cases mixturee of the halides (e^go, chlorides and fluoric.es)^ The 

decoBQMsition potentials of the alkali chlorides and fluorides are the 

largest known and these salts are vexy suitable for use ae molten salt 

solvents in electrolysis cell8„ 

Purpose of Pres^it Work 

Both the dec<xnposition potential and the thermodynamic emf are of 

interest in planning an electrolytic separation or ejctraction operation 

It has been shown that the decomposition potential is the ndnimum applied 

potential necessary for continuous electrodepositionc Thie thennoĉ yi.injc 

emf is a measure of reversible work and is given by the Gibbs free 

energy function AP„ Therefore the difference between the decomposition 

potential and the reversible cell potential measures the irreversible 

electrode phenomena, which is designated as over»potential^ 

The classical, reversible cell method has been used for measiurlng 

the thermodynaoic emf for a number of molten salt cells of the type 

!0JCl2/Cl2 » ^^8 ciethod has also been applied (unsuccessfully) to a 

number of other salts, cblofly salts of the more electropositive metals 

(results suimnarized in KorttSa and Bockris^^^y and Conway^3)) , jn this 
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method it is difficult to ensure reversible electrodes, the measuring 

of potentials is tim»»consuiBing and tedious, and careful purification 

of the salt is necessaryo 

This study was designed to present a method by v^ch the deconposltion 

potential and the thenaodynandc emf could be evaluated in one series of 

measurenentSo This new method, the back-emf method^ has the advantages 

that the metal and gas electrodes are prodaoed by eLectxvdeposition, the 

molten salt is given a preliminary electrolytic purification step, and 

the escperimental procedure is i^orter in duration and experimentally less 

«caeting« Also the deccmposition potential is obtained in the course of 

the themodynamic emf determinatioQe Actually, it will be shewn that in 

the present siystems the deeoiqjosition potential sAiould equal the 

th^modynanicoatU. emfo HoNever, it w i U appear -Uiat the thermodynamic 

cell «nf as obtained by the new baek-«mf method is a much more reliable 

•alueo 
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DISCUSSION OF MEASURING METHODS 

Thenoodynaitdc emf "s for cells of the type 10fCl2 in 3olutio]VCl2 

can be measured by tvo methods^ the classical reversible cell method and 

the present back-emf methodo Decotnposition potentials are obtained in 

the course of the over»potential decay measur^nentso It inill be shown that 

in the present systems the decomposition potential should equal the 

thenaodynamie cell emf o Hoitrevery it will aiv>ear that the bacl&>«Bf method 

is more reliable tar determination of themo^srnamic cell <snif o 

The apparatus for the classical, reversible cell method consists of 

two reversible electrodes, a metal electrode and a gas (e^go, chl<a>ine) 

electrode, iiamersed in the molten metal chloride« The schone can be 

represented by the cell 10fCl2 in aohxiiiOXk/Qlz (grajMte), where the 

cathode is the pure metal and the anode is a graiMt^ rod with the gas 

bubbling over ito The resulting cell eoif is measured by means of a 

potenticmieter and, if the criteria of reversibility are met, gives the 

thermodynanie valuoo 

The new back-emf method is closely related to the standard procedure 

for detenaining decomposition potentialo Figure 1 is a sch^natic repre­

sentation of the current->voltage relationship and the value for s^ixLied 

potential at zero eleetrolyzing current represents the esqjerimental value 

for the decoiqposition potentialo The significance of the decomposition 

potential has been discussed in the Introduetiono The initial portion 

of the curve is due to the electrolysis of minor iuqpurities and/er redox 

reaetionso The linear steeply ascending portion is due to the electrolysis 

of the most readily electrolyzable solute,, Thn slope of this portion ef 

the curve is equal to the reciprocal of the cell resistancoo Extrapolation 
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to zero airrent eliminates the IB drop and gives the applied potential 

^at is Just sufficient for electrolysis to begin, e.g.j, the decomposition 

potentialo In the present systems, v^ere it is demonstrated that the 

activation over-potential is linearly dependent on eleetrolyzing current, 

the decomposition potential should approximate to the thenroî ynamic 

cell emf o 

During electrolysis, as material, metal on the cathode and chlorine 

on the anode, is deposited a cell of the type 10iCl2/Cl2 IB produced D 

This cell esddbits a potential which oi^ses the applied voltage. As 

indicated in Figure 2, a schematic sketch of tiie electrolyais cell, the 

cell is conqprised of three main portions:-

1} the anode compartment where the CI" ion is consumed as Chlorine 

is evolvedo 

2) the cathode compartaent where the H*"̂  ion is depleted as the 

metal is depositedo 

and 3) the connecting reservoir or middle compaximent where the con­

centration of the solute remains essentially eonstanto 

The electrode compartments are separated from the reservoir by a porous 

diaphragn or capillaryo ^ e entire system is blanketed Mlth î irified 

argon to prevent contamination of the melt by air or water vap<»>o The 

concentration of the solute salt in the electrode compartments is less 

than that in the reservoir, which remains .%t the initial concentration, 

due to ionic depletion during electrolysis« 

First let us consider the relationship between cell potential and 

solute conc«itration in the dLectrode eonpartmoxtSo The cell potential 

is a ftinction of the concentration of the solute in the electi*ode compart^ 

BKits idhieh is related directly to the eleetrolyzing current or the 
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current density* For any point on the applied vcltage-eleotrolyzinp 

current curve (figure l)s, the concentration of the soltits in the electrode 

compartments is a steady-state value determined by the rate of depletion 

due to electrodeposition and rate of replenishment of the aolute by 

diffusion from the reservoir into the electrode compartmentso 

The cell potential is related to the solute concentration by means 

of the equation:-" 

(1) - « . . - . » . . E « E^ '- M m ^^^ ^ci-

^M aci2 

vrtiere for the cell !01Cl2 in solution/Clg the electrode reactions are;-

M » M-̂ * + 2e 

and 

CI2 + 2e » 2C1* p 

and the overall reaction is 

M + CI2 • M++ + 2C1- . 

% " ^ ^ 2 "* ^ t)ecau39 both the metal and the chlorine are in their 

standaird states of pure metal and pure chlorine gas at one atmosphere 

pressureo Also in the present systems vrtiere the anion is entirely chloridej, 

it is convenient to take the standard state of tho solute as the puro 

molten condition v<here the mole fraction of the anion that is chloride 

Orn^ • 1 and the mole fraction of the cation that is solute metal Cj5*+ •« lo 

In this standard state of both M** and Cl~, ajj++ » 1 and aci*- " 1 and the 

individual activity coefficients 0 M++ " OCl- * 1° In these systems 

^Cl~" •"• ^*rays, and the activity ratio in equation (l) becomes 

Q • T JI++ • VQi^ * 9M** * ̂ Cjj++ in the instance of a bivalent solute 

cationo 

Equation (1) can be written to give 

(2) E-EO - g 1 „ / - ^ a,c«.. . 
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At each electrolysis characterized by a specifi vsC'.ue ?or the 

electrolyzing current I the solute concentration ia m el3ct-rode comp?.rb-. 

ment can be written, neglecting transferarics of tolr is, .: 3 

(3)=™,^ «„=. {̂ ^̂ . « C^ « CQ m 
nFvc 

r~ T^ material 
deposited 

Jt 
Vc 

^ai i te r ia l .if.ffused" 
in to ec-sp'irtment 

;orvoir from 

Trihere C^ » initial or reservoir concentration, mole fraction of caticn 

that is solute cation., mole fraction of solute ealto 

t - time of electrolysiso 

•Q => volume of compartment^ cco 

V «» volume in cc containing 1 mole of cations, molar volxme of 

salt mixt\3reo 

A " cross-sectional area of connecting capillary. 

and J • solute diffusion current through connecting capillaryo 

Actually, in the present systems \^ere the anion is entirs].y chloride<, 

there is no impoverishment of the anode compartment with respect to chloride 

ion concentration,. Accordingly, the concentration in equation (13) refers 

to solute cation concentrationso Evaluating the d3.ffusion term by applying 

Pick«s law of diffusiono 

(/.) <»<«.,««.<»»«»,» Jn-^AD s^ 

dx 

to the electrolysis scheme pictured in figure 2, where x is the length 

of the connecting capillaryo _ 
(5) -- J - AD 5a. Ct 

Accordingly equation (3) becomes 

X 

U^ * m fCp - Ct 
nPVc ^c 
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For steady state conditions, the concentration is invar:, mt vdth tiiso 

and 

(7)-. «-««» (^)-r - o » » - ^ +.!ES »ii G* 
Vdt/"*- nFvc xvc ŝ c 

or 

(8) »-..-.«- «c 0^ - CQ - ̂ ^ I 

Letting ^ " - ^ 2 equation (8) beccanes 

and placing this result into equation (2) 

(10) ̂  - » - - - » Bĵ  - E° ̂  ̂  In y - g In (C^ » 1̂ 1) 

Applying Taylors expansion about I « 0 for ihe team In ^GQ - 01) 

it can be shovm that 

(n) » « - - - - - In (Co -' ̂ I) - In Co » ^ 1 ^ /5^.^ ̂  
c_ c« 
o o 

and neglecting terms having powers gi>eater than 1 equation (10) becomes 

(12) - - « - - - « Ea-EO»Sin2r»S£3jaC-,* SSj^ I 
n*̂  nP ^ nPCo 

Letting<n- RT/3 /nFCo and OQ - ̂ C Q 

equation (12) may be expressed as 

(13) - - „ - - . « „ E a » E o ^ ^ i n a o * c K I 
nF 

Equation (13)» vdiich expresses the effect of cation depletion in 

the cathode compartment on cell emf, says that for values of current near 

zero the cell potential defined as the value £^ is a linear function of 

the electrolyaing current I« At aero current, equation (13) is the same 

as equation (1) v*iich is the definition for thermodynaitic eoifo ThuSs 

neglecting activation over-potentials for the moment» E^o* ̂ h® value for 

cell potential at sasro current is the thermodynaiHic emf for the cell 

10!Cl2 (in nwlten salt solvent)/-TLa at the initial concentration QQO 

The term *^ I in equation (13) arises entirely from deplstiorcC solute 
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cations in the cathode compartmento Assuming no activation over= 

potentials, it is possible to canpute the diffusion coefficient D of tho 

solute cation from the slope of the plot Ea versus I,, ard the calcu3.r,.tcd 

D«s are equal to 10*^ •=> 10^3 CE^/BBC,^ The D values are highj, probably 

due to convection in the capillaryo 

Kie effect of activation over-potential (usually no E,cre than 

20 millivolts) is beat considered in connection t'fith analysis of the 

back-emf data. However, in anticipation of the results9 vre may point 

OTit that the activation over^potential is essentially linear with 

electrolyzing current lo Accordingly, equation (13) may bo modified 

to take this factor into account by replacdng «n by o><» where o<^ s. *=^'i' ^ 

Here «K relates to diffusion of solute cation through the capillary as 

previously derived, and cK is a factor ejqsressing the dependency of 

activation over-potential on lo Therefore, extrapolation of Ea to I « 0 

gives the thermoĉ ynamic cell emfo 

The determination of therraoctynamic emf's ft"om the back-ranf method 

consists of a three~step analysis of the electrolysis data and is 

shown schanatically in figure 3<3 In part A the decay of the cell 

potential as a function of time is giveoo At 1) steady-state electrolysis 

is occurring, and it is characterized by specific values for voltage and 

electrolyzing current o At 2) the applied potential is renoved, and 3) 

is the decay cxirve for the cell potentialo 

In part B, the values of cell potential from part A are plotted 

as a function of the square root of the time, giving a linear relation-

shlpo 
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A-TYPICAL DECAY CURVE OF EMF VS 
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(0 
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£ 
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The decay of cell potential arises from thret.- sources; J) decay -JK 

activation over-potential at the chlorine anode» 2) furthe.r decay o; 

cell potential due to diffusion of chlorine out of the anodj compart­

ment, and 3) diffusion of solute cation ft'csn sihe reservoir tiirough the 

capillary and back inte the cathode compartment Local concentration 

polarization at the cathode is thought to decay too rapidly to be 

identified in the present decay curves, Also^ it is believed that there 

is no appreciable activation over-potential at the cathode,. This ex­

planation of the decay curve is supported by the following evidences 

1) The early portion (first 30 seconds) of the decay curves;, while 

dependent on electrolyzing current and temperature of the cliloride 

systwnŝ , .Vî  almost independent of solute or solute isoncentrationr 

2) If chlorine is bubbled through the anode compartment in measiuremento 

on pure salts (e.̂ g, PbCl2), *h® decay will stop within several minutea 

and the observed cell emf is the thermodynamic equilibrium emf, 

3) As will be indicated in the following, the slope of apparent cell emf 

Ea versus electrolyzing current I is affected by capillary dimensions 

approximately as predicted by equation (13)-

4) Inasmuch as the plot of E^ versus I is linear, the dependence of 

activation over-potential on electrolyzing current must be linearo 

The value Eĝ  for time equal to zero is the potential of the cell 

M/MCI2/CI2 at the instant that the applied potential is removed and is 

a function of the electrolyzing current as previously shown:, This value 

(E^) is not the true theimodynamic emf but rather an apparent emf viiioh 

differs from the thennodynaraic emf due to the depletion of the solute 

cation in the cathode compairtment and presence of over-potentialso The 

apparent emf (Ea) versus electrolyzing current relationship is shown 
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in part C The value for E^ at zero electrolysing current. (Ea©) has 

been shovm to be the true theri!ied3maiid.c «nf for the cell H/MC12 in 

molten salt solvent/Cl2 at the initial concentration of the solute cation 

When thennodynanic cell emf'a are being measured^ it is necessary 

that the condition ©f reversibility be met., A value laaj be reproducible 

and still not represent a reversible value» A practical test for 

reverEiibility is to displace the cell conditions from equilibrium in 

one direction and then in the other^ If the «mf retuTKfe to the same 

value .'ifter each dispLac^Eisnt^ the emf is considered to represent 

reversible conditions» 

In the present study^ the displacensBnts from equilibriuia were 

obtained by manually changing the setting of the recorder such that the 

potential of the -fiiaibined potentiometer was either greater than or less 

than the cell potential« This method VQ.S used for tw® different casess 

1) Where the rate of decay of cell emt was zero (using a pure 

molten salt, Cogo PbCl2 ̂ ""̂  bubbling chlorine over the anode)o 

and 2) Where the cell emf was still decreasing with tlme^ e go for 

PbClg - liCl » KCa. and LiCl - KCl -» MCl^. In the first casê , for 

PbClgn the emf returned to the thermodynamic value (eogos the same as 

measured by Wachter and Hildebrand^*^') after the potential of the 

measuring potentiometers had been displaced about 2 to 3 nî  In the 

second case after the potential of the measuring potenticmeters had 

been displaced about 2 to 3 mvfrcsmthe trace valuer tho cell potential 

always returned to the value of the emf e3qpected if the rate of decay 

of cell emf were not changed by the slight flow of current through the 

cell. The conclusion to be drawn fr<xn the above sfcv^ is that th« 

chlorine and the metal electrodes behave reversibly^at least within 
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EXPSOMSKTAL PROCEI?JEE 

In measuring potentials associated wrlth eleetrt'olysl s -l molten 

salts it is necasE'.ary thats-

1) The laolton salt be free of vmtej,, 

2) The melt be blanketed with an inert gas to prei?3n". contamination 

from the atraospheroo 

3) There be no back--diffusion of th<3 electrolysis pr̂ t'xicts (eogc, 

diffusion of the metal to the anode, thero ''-^ reac"-. aith ths 

chlorine to reform the metal chloride),. 

4) The cell laaterials be inert with respect to the molten salts 

and the electrolysis products., 

5) No thermal emf"s be present. 

The salts used were CoP.̂  grades tdiich contained watav of crystal--

lization, and it tsas therefore necessary to pre^dxy these salts., hazrj 

of the metal chlorides are hygroscopic and this retailed rnoisture (upon 

heating the wet salt in air) reacts with the osygea preserit to form 

either oxides or osychloridesv Water«free chlorides can be obtained by 

several different methodso One is to start with a watei ir.̂ c oxide which 

is converted to the chloride by reacting the oxide with dty HCl gas at 

an elevated temperature(7)„ 

The hydrated salts caji be vacuum dried„ In this treftraent the 

hydrated salt is heated in a vacuum of the order of lO"̂ ^ rm. of Hg pressure 

at a tengwrature below the melting point of the salto Th& drying time 

depends upon the salt to be dried aitd the water content of the salt and 

must be determined for each individual salto It is necessary in this 

treatment that the drying chamber be flushed with a dry gas prior t© 

heating and evacuation to eliminate the residual osygeis present at the 

small pressures and prevent oxide or oâ ychloride formation,. The wat-er 
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vapor is c(mdensed in the liquid nitrogen freeze-out trap, thus rnain^ 

taining a concentration gradient and ensuring almost complete removal 

of water from the hydrated salt (see flguore 4) a 

In addition, the salts are subjected te a pre^-electrolysis 

purification stagOo The im>lten salts contain small amounts of minor 

impurities vdiich are deposited in tt» initial electrolysis ^riodo 

At the start of ^eetrolysis, for a givm small eleetrolyzing current 

of the order of 10-.20 ma, the applied voltage is in the range of 1 to 2 

volts below the deeon^sition jpotential, and rises continuously until 

the applied voltage reaches a steady value» At this point, the ai^ied 

potential is usually greater than the decaqposltion potential ef the 

major solute saltr> This pre-eleotrolysls step eliminates the miner 

ifflpurities and any residual water from the drying stage and alse saturates 

the eleetzHide compartments with metal and chlorine respectivelyo ^ 

Figure 5 is a schematic sketch of the experimental electrolysis cell. 

The cell is eontprised of three main parts, the cell container irtiieh holds 

the molten salt, the cooling head assembly, and the electrode compartment 

assentbly^ The cell is a closed-end 45 am pyrex, HcDanel, vycor, or 

alumina tube 15 inches long^ The main reqiiireoent of the container 

material is that it will not react with the molten aalt^ Molten ndxtures 

of the alkali haUdes wAted in the above containers have been analyzed 

and ^onr n«glig;!ble amounts of dissolved oxides (as either SIO2 or Al203)<> 

Molten fluorides exhibit no pickup of AI2O3 er Si02 irtien melted in 

alumina and McDanel tubes up to temperatures of 800*0 o 

The cooling head assendaly is of stainless steel and is a "tapered 

ground Joint" typSe The lowmr part is water cooled and sealed to tiie 

cell container by means of apiezon waxo The upper portion, which is 
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tapered to fit into the lower pai"tj has openings for tĥ s :-..tfsrtion o'? 

the tfcio electrode conipartments asid the thermocouple tubo There is 

als© an opening for admittance of the argon atmosp/ierec /- ̂  acuirai 

tight seal between the two parts is made by raeans of silicone stop­

cock grease on the tapered joint; A vacuum seal is made b<̂ tween the 

cooling head assembly and tfie electrode compartments and tiicrmocouple 

tub® with rubber tubing (see figure 5)a 

The electrode assembly is made from 13 mm closed-end pyrex, porcelin, 

or alumina tubes 19 indies longo In order to prevent back-diffusion of 

the electrolysis products^ the electrode compartments are aeppTated from 

the reservoir by a short length of capillary (see Figure 5)« "Phe 

capillary must be long enough to prevent back-diffusion and yet short 

enough that the cell r«!!Sistance is not too large, The water-cooled 

electrode head is used for making electrical contact with th<3 electrode 

and alse as a means of admitting an inert atmosphere to the olectrode 

ccmipartmentso 

Each graphite electrode is made frcaa a 3/8" graphit«i rod 12 inches 

in length, tapped with 6~32 thread at both ends>. Into oxte end is screv/ed 

a 1/8" graphite electrode which extends int© the mclten calt The other 

end screws onto the electrode head. The entire unit is plEC<3d in the 

electrode compartmrait tube and a gas-tight seal is made by msans of rubber 

tubing (see figure 5)0 

This type of gas seal permits an easy and rapid method .for chang­

ing COTipax*tments if necessary and also for raising end lowering the 

electrode compartments into and out of the molten salt bath vathout 

removing the inert atmosphereo It als© allows any gas to be bubbled 

through the melt and permits the purging of th© cell with an inert g&n for 
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melting xmder an inert atmosphere o With the external manifold £jrrange» 

ment, a vacuum can be applied for a vacuum degassing trostmant en the 

molten salto 

In order to prevent contamination fJrom the air a d;?y inort 

atmosphere must be provLdedo In the present study dry pfurif.ied argon 

is uscdo The drying and purification train is ske-î ched in figure 6., 

Seybolt and Burke^°^' describe several methods for removing hydrogen,? 

oxygen, and nitrogen from heliim and argon^ The inpure gas is passed 

over calcium tuâ nings at 6OO-65OOC in one tube furnace and then through 

another at 350°Co The first furnace renraves all gaseous iiipurities but 

hydrogen, and the second furnace (at 350°C) removes the hydrogen, since 

Ca hydride is stable at this temperatureo Ctsygen and nitrof̂ on can be 

removed by passing the gas over Ti chips or powder at 850®G Zr chips 

can be used to remove the oxygen and hydrogen o In this tAiork the argon 

was passed over Ti chips at S50®C to r«iiove the oĵ fgen and rltrogorie 

after the gas had first passed through a P2O5 drying tube to remove the 

water vapor© 

The v^or pressure of many of the molten salts at electrolysis 

temperatures is great enough that if the inert aiano sphere i-mrQ to be 

circulated throu^ the cell the salt vapor would be swept out along ̂rf.th 

the inert gas* For this reason a static cell ateospherc was maintainsdo 

The gas train is shown in figure 6 iirtiere the cell manifold is picturedo 

The stopcock arrangement permits the flushing of the cell iiath inert gasj, 

the bubbling of any gas through the molten salt;p and the application of 

a vacuum© This by-pass system also prevents the back=-diffusion of the 

chlorine gas into the cathode compartmento 
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In analysing the back^emf decay curve it is nocesscry that a 

potentiometric measiû ing circuit be used and that an accurate curve of 

cell emf versus time be recorded for a time interval of 30 to 40 seconds 

after the applied voltage is r«novedo Since the deccmposition potentials 

of the molten halides vary firom 0 to 6 volts and the elactrolysis siiould 

be carried out over a range of applied voltages up to 10 volts, a 

potentiometric instrument with a 10 volt range was construcfcedo The 

overall instrument is a c<xiibination of three potentiometers:» 

1) a 0-10 volt potentiometer in steps of 1 volto 

2) a Leeds and Northrop type K-2 potentiometer which can be 

continuously varied over its full range of lo5 voltso 

and 3) a modified Brown Electronik PotenticMaeter with full scale spans 

of:» 

ao 0-10 mv or OoOl v<lt8 

b, 0-100 mv or OolO volts 

Co 0-200 mv or Oo20 volts 

do 0-500 mw »' Oo50 volts 

eo 0-1000 mv or 1,00 volts 

The wiring diagram of Uie instrument is shown in figure 7^ 

This instrument is quite flexible in operation^ Any applied 

potential from zero to llo5 volts can be read to +, OoOCOl volts and 

recorded versus timee ^ e 0-10 volt potentiometer and the Leeds and 

Northrup type 1U2 potentiometer are adjusted until the difference b©= 

tween the potential to be measxu^ and the sum of the two above potentic=-

meters is less than the range of the Brô cfn Recorder« The applied potential 

is then the sum of the values read from the three potentiometers o The 

Brown Recorder actually functions as a recording galvanometer o If the 
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emf being measured is- changing with time^ this ch£,nge wii.-̂h -.csm is 

recordedo In measurj.ng the decay curve (fi^^re 3 ̂  pari:. B) the K-2 rxitl 

the 0»10 volt potentiometer are adjusted such that the «sntifo decay ciirv© 

can be recorded with just one setting of the potentiomctorp,, If the 

0=100 mv range is not large enough to record the iaoay sxir\'C9 one of the 

larger ranges can be usedo 

Using the 0-10 nv rangvS on the Brown Fiiectronik, 0 setting on the 

0=10 volt potentiomeiver, and adjusting the K=2 until the 3rown Electronik 

reading is on scale, the instnmient can be used to record t-hermocoupl® 

CTifs and thereby call temparatures,. If switch A is ±n the down position 

the potential drop across a known standard resistor cox:, ho recoî iedy and 

with proper calibration^ the clectroXyzing current recorded. 

The Brown Electronik has tw© chart speeds, 24 inches por minute and 

24 inches per houTj, uhich can be changed by a switch mounted on the j)ansl 

bo.u^ which activates a solenoid in the drive mechanisrt The 24 inches 

per minute chart speed is used only when recording the decay curve 

(figure 3 $ part B)., The total elapsed time for the cell oaf decay curve 

is 37o5 seconds^ or 15 inches of chart,. 

Due to the fact that this circuit is a true p^^tentiometric oncj, there 

is no current drain on the cell vdien potentials are being measured„ The 

Brown Blectroni''' needs 10"^ amp to drive the pen full scale in one 

secondo Thus 10 asap is the maxjimmi current draijn possible^ and this 

only for very anall intervals of time^ 

The heating furnace is a 3 inch diameter by 2'+ inch long alundum 

tube wound with nichixsne wire^ Suirounding this tube is 6 inches of 

silocel powder insulation^ The upper temperature limit of the nichrome 

winding is IXO^^Co "̂ le temperature is controlled by a Gelect^Eay controller 
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to within ± Oo5^C t̂ iSOÔ C. 

The free enersy of formation of CCl^ is ^Ive-A hj iCufolisChowski a.-5 

Evans'5) to be 

A? « ~ 26,5CX5 ̂  5ol6 T log T -» 49- 33̂ 'T" 

At the temperature coiTespondj.nf to AP®»» 0 the carbon ard c'llorine will 

no longer i^act to form CCI4 find graphite w311 sei-ve as ax> :j[iert electrode 

with respect to chlorine o The tenyseraturo at ;uhi.ch AF^ ols k97^0g 

such that above this temperature- graphite can be utilised as electrode 

material,> In the present etuĉ ,, l/B" diasEster hy 12" Icm "'spectographic" 

grade gra^^te rode served as electrodes for the alectro?.̂ 'sis of molten 

chlorides^ 

For electrolysis studiep of fused salt mixtai'eoj; ti;p 3*e«.dried salts 

were carefully weighed to give the desired composition anr then introducsi 

int^ the electrolysis cell. The entire cell is tien as->csjbji.ed« but the 

electrode compartments are not lowered into the salto .̂ic frbopcocks on 

the gaa manifold are turned such that the dr.led argon ib io:'ced down the 

electrode compartments, through the capillary ir.to the c*?!! container»i, 

and thence out through the gas outlet in the cooling hesd a-ssembly tiircush 

bubbUng bottles into the atmosphere,, In this manner Vcs loll is parged. 

of aiTo When the cell is purged j the stopcoctein the mem fold are 

turned such that the inert gas ilow b7x>as3ce the cell at d e'.ectrode 

eonq>artments ensuring a static atmosphere 5JI the olect;rcly84.s cello 

The salt mixture is th«i fused under the ^'<TJ inert gas 1:l8nketo After 

the salt is molten^ the electrode cczapartmcnte ar« lowered into the 

bath and the electrolyzing current turned on and adjusted until 5 t© 

10 milliamps of current are flowing through the cell,, The applied 

voltage, however, does not correspond to the valu^ fcr t-he rsteady stats 

3H2 37 



-30^ 

S versus I curve but eschibits a value too low by 1 to 2 volts for a ealt 

with a decomposition potential of about 3 volts^ This corresponds to t he 

decomposition of minor impurities that are present, in tha bathn As the 

minor impurities arei removed by electrolysis» the appliei potential increases 

steadily tp the steadyt-8tst« valna (diaracteristed by a particular 

applied voltage and eleetrolyzing current, aiwi this steady^state electrolysis 

corresponds to the deoomposdtion of the most read3.3y elestrolyzable salt 

in the meLto This initial period when tlM applied potential is steadily 

increasing to the steatî ŝtate value constitutes the pre-electrolysis 

purification stages 

After the applied potential has reached the steady-estate electrolysis 

conditions^ the thermoĉ Tnaioie emf for the cell H/lfCl2 (in solution)/Cl2 

is measured by the baek-emf methods Al»»^ the decomposition potential 

is measuredo For each steadyostate electrolysis level of applied potential 

and electrolyzing current the following inforaiation is recorded?-. 

1) Applied potentials 

2) Electrolyzing current Ir 

3) Decay curve of ceU «nf (Et versus time),, 

4) Apparwit emf <Ea), the value at t - 0 for the plot of B^ versus 

^tT 

5) The temperature and initial concentration of the molten salts 

From these data^ two separate sets of information <iaa be derived: 

1} The dec(«iposition potential £fora the plot of applied potential 

versus electrolyzing current (see figure 1) extrapolated to the intercept 

at I » Oo 

and 2) The thermodynamic emf ( £ ^ of the cell M/VLCI2 (in solution}/Cl2 

at the initial concentration Go> iiMeh is evaluated by the back-emf method 

as pictured in figure 3 o 
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CALCULATION OF THEORETICAL CELL EMF 

The free energies of formation and the heats of fusion of many 

of the metal chlorides have been compiled by Quill ̂*'''9 KubajchewsKl and 

Evans'5', and Kellogĝ *̂  'o These three sources of thenaodynaoic data 

are used here for the calculation of the theoretical cell* ©isf'so 

Using these data for the free energy of formation >and free energy 

of fusion, and assuming ideal solution behavior, the theoretical cell 

emf can be calculated by the following methods 

"nie free energy of formation as a ftinction of t«aperatiire is given 

in two way8:« 

1) Quill^^) tabulates the quantity ^^ "" ^^^98 as a function of 

T 

the tranperatiire together with the value of Aw , 
298 

where AP° « standard free ent»rgy of formation 

T « **K 

AE^ " standard heat of reaction at 298°K^ 
298 

2) Kubfflchewski and Evans^^' fit the free energy versus temperature 

data to an empirical equation of the type 

AP° « A • BT log T + CT 

idiere A, B, azxi C are empirical constantSo This is not the only 

empirical equation î iich could be used but is representative of the 

«opirical approach (KelloggV^^, for instance uses a different equation), 

These equations are only valid over the twnperatvire range of the 

empirical fito 

The first reaction to be considered is the formation ©f the com~ 

pound from its elements trtiere the reaction is written :•» 

M + CI2 - MCI2 
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In the above reaction,the products and r? ectaats are in thc-̂ r stand?,"-i 

states of pur© metal and metal chloride, eifchor in the solid or liquid 

state, and CI2 gas at one atmosphere prensureo The value for the fros 

ener^ of formation must be such that all of the compon^ntoj metal^ 

chlorine, and metal chloride are in their equilibrium state at the 

corresponding temperatures. For example,the previous equation could 

have been written ass-

M(l) * Cl2(̂ -) = MCl2(3) 

where 1 = liquid or molten 

g »= gas at 1 atmosphere pressure 

s = solid 

for teraperat-ures above the Eelting point of the isetal and below the 

melting point of the chloride.. In the present study;,, solute electroly­

ses M£5 conducted on the molten salts at temperatures below the melting 

points of the solute saltsr- Thus the salts are in the liquid state^ and 

therefore the free energy of superceding must be taken into account in 

the calculation of emf's from thermodynamic data. This supercooling 

effect is corrected for by taking into account the free energy of melting 

at the actual electrolysis t^nperature. The reaction t© be considered 

here is then that of the solid to liquid transitions-

MClgCs) = MGl2(lJ 

where the free energy of fusion is given by 

AFf - AHf =" TASf „ 

Making the basic assumption that -AĤ  and ASf are independent of temperature 

over the range of temperatiire between the melting point and the electroly= 

sis temperatures, AS^ can be evaluated by setting AF^O at the equilibj-iuja 

melting temperatureo Assuming AHf to be independent of temperature^, 
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the free energy ««f fusion^ at t'̂ mperatures belcw ihe ae. trag poin''., c m 

be egtimsted by the equation 

AFf » Mf (1 - 111-) 

With the exception of pure aubstancesjthe meial chicrldss re­

present a mixture of salts in a single phase and the co-'.pxjRent 3a3.ts are 

therefore not at unit activity^ In any calculation of ihe emf for 

molten salt systems the free energy of mixing must be taken into accotint, 

It would >•>« best t® calculate the free energy of mixing from the 

activities of the oalt constituentso Since the information is not known 

except for a few simple systemŝ , the free energy of raixinc must there­

fore be estiniatedr. The simplest method is to assume id'̂ al solution 

behavior ( i .Q03, the solute ob^s Raoult' s Law) o The reXationship for 

this computatvion is 

® M " "^^ po » RT In a 

and for ideal solution behavior assumption 

^jl " RT In a- 4. 576 T log H 

vAjere F » partial molar free energy 

F° « free energy at standard stats of N = 3. 

a - activity of metaJ. chloride Ln solution 

N • mol fraction of metal chloride in solution 

The units for all the free energj' -values ai*© calories per aioler. 

In summary, for calculating the theoretical amf's the follovdng 

reactions are considered to have taken place;-

1) M(3) + Cl2<g) - MCl2(s) 

and A P ^ A + BT log T + CT« APj. 
o 

or AFO-° AH2Q8 « tabulated value „ 
T 
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2) MClg^^j ̂ ^ MGlĝ L̂) 

and AP2 ^ Mf ^ TASf » AKf fl »-!__ \ 

3) Assuming ideal solution behavior for 

Ĝl2(l,!J«:l) « ̂ iCl2(i^H) 

IPJ - 4o576 T log Ko 

In the above reaction, the standard states sure the pure setal and metal 

chlorides in either the solid or liquid phase and chlorine gas at 1 

atmosphere pressure o The total fs-ee energy change is eqiirJ. bo 

APy = (AF^) + (AF2) * (SP3) which corresponds to the cell K/HCI2/CI2 

and the cell reactions5 

M « M** •«• 2e 

and Clg + 2® «= 2C1" ̂  where the overall reaction is 

M + CI2 » M** + 2C1°" , 

For reversible cells:-. 

AF^ » ̂  n F*E 

E » - ^ 

nf 

Sine© AF«p is actually negative in valu^ E is positive, widch is in 

agreement with equation 13* page 13o 

Two sample calculations t-jill bo given to show the use of the free 

energy of formation datao The tx-ro examples will be thoso for LiCl and 

KCl at 500^0 in LiCl •= KCl eutectic where the eutectic ccipposition is 

0o48 mol fraction of KCl and 0o52 mol fraction of LiCl,, 

Tlie first calculation will be based on data taken from "Metallurgical 

Thermochemistry" by Kubaschewski and Evansw)^ 
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»3*; 

and 

At 

and 

or 

and thus 

Therefore. 

1) K(i) ̂  I Clg^^j . .XCl̂ ĝ  

^1_ =« - 104s<^X) •> 24,0 T i 1000 cal.-, 

APĵ  is valid for the range 298 - 1043*^ c 

2) KCl(g) - KCl^j 

AFg « 6,700 =0 TAS 

AE2 » 6s70O 1 200 cal/mol, 

T n 1043°S, the melting point of KCl 

AF2 »» 0 

0 « 6700 = 1043 AS 

AS « 6c.4 cal/mol dsgo 

AF2 • 6700 - 6..4T0 

3) KCl(j,-i) » KCl(jj) 

^ 3 » 4o5?6 T log H s and for K - 0cA2 saol f rac t ion 

AF3 • •» lo725 T , tifcere the overa3.1 react ion io noi-r 

KGl(H) - K(i) * 1/2 Cl2(g) o 

»AF^ » „ (AP^ + AF2 + AP3) 

-APT *' + 104,900 - 24oOT «. 6700 -J 6o4T * lc72T 

.̂AF-j, » 98^200 - 15o9T 

-APT - 98*200 ~ 15o9 (773) 

»AP^ » 85,909 

For a galvanic cellg 

AF« 

or 

^er© 

and 

E 

nFE 

El 

n « 1 

f « 23#020 calo/volt« 342 43 



.̂-,36= 

giving E » * S5»909/23^020 » •:- 3u735 volts 

As an estimate of the limits of accuracy of the calculated -/alue 

AE « i 1000 -̂  * 200 ^ * 2^^ 
—— - 23020 

n r 

AE « i O0O52 voltSo 

For the calculation of the theoretical cell etaf of LiCl,, the 

thermoch®nical data is taken from "Chemistry and Metallurgy of 

Miscellaneous Materials: Thermodynamics" t^ Quill̂ ''̂ 'o 

1) U(i) * 1/2 Cl2(g) * LiGl(g) 

AH* = - 97^700 * 2000 calc. 
298 

or AFĵ  • ̂  97»700 + 18„37To 

2) LiCl(3j - LiCl(i) 

AP2 - 3200 - 3o6T 

3) LiCl(jj«i) « UCl(j,) 

^ 3 «• 4<.576 T log N 

where H - Oo52o 

W^ « 4o576 T log 0.52 

SF3 - » lo30 T 

-APij - «- (AFĵ  + AP2 * ^ 3 ) 

* 975700 » l8o37 T » 3200 * 3^6 T + 1.3 T 

» + 94^500 - 13.47 T 

- 94*500 » 13o47 (773) 

-AP^ « 84,088 calo 

and E - ̂  3^2 
nT 



^ 23^020 

E » '̂  3 0655 volts 

and /SE « * ̂ ^/23020 » 1 OoOS? volt©» 

The activity of'the solute is defined by the equatiT.' ̂  

A p o A F ^ - A F O - R T l n f L • 4^576 T log £.. 
a© sP 

where APa *" ~ "̂ ^̂  

and APO a ~ nWSP ,> 

S® can be calculated from thermochendcal datt, \xy ta' in^ into 

account only the free energy of formation and the super-i- c cling effect o 

(Steps 1 and 2 of the previous calculations for tlieoretical cell cmf''s)o 

Thus the activity ratio may be obtained from:-

AP - «nF (E - EO) - RTln ^ 2 ^ . 

a® " Ig therefore 

- nF (E - EO) « fW In ajjcig 

or In aMCl2 » ' (23020) n (E „ £«>) 
ST 

a«<* mcio ' ® ^ P- 23020 n (B - E©) 
RT 

Since T " § the activity coef:^cient is also known. 

Values of theoretical thermodynamic emf's, experiinertal decom--

position potentials^ and experimental thermodynamic emfe are tabulated 

in Table I throû jh IVo 
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DISCUSSION OF RESULTS 

In this section the experimental results of the eLecjtrolysis stx.dies 

on some molten salt systems are given. The data are reported as the 

deeaB^sition potential and the thermodynamic cell &s£ obtained by the 

back-emf methodo Where possible^ the experimental values are ccuoparad 

with thermodynamic eaf^a measured by the dasaical method ^nd with the 

theoretical cell emf calculated from thermoehemical datao In most cases^ 

where the activities of the ecmiponents of the molten salt mixbtires are 

not known* the fx^e energy of mixing is approximated by assuming the 

solutes obeiy Raoult*s law and S^ » ~ RT In Ho 

The {̂ sterns studied were:~ 

1) PbCl2 "• 2nCl2 ^^^ J^l® fractions of PbCLa equal to 1, Oo855i. and 

Oo68d for temperatures between 500^0 and 6OOOC0 The thermodynamic coll 

emf values are ccHî )ared with the experimental results of Wachter and 

Hildebrand'^' (measured hy the classical method) and with c aleulated 

theoretical cell emf o 

2) U C l - KCl eutectic compositions (45 wto % UCl, 55 wto % KCl) 

for temperatures between ^(XPC and 6(X)^o The results of IMs study aid 

in the interpretation of ternary mixtures (eogoj solute chlorides in the 

Lies. - K(XL eutectic solvent) o 

3) Lid « KCl - FbClg o 

4) LiCl - KCl - ZnCl2 o 

5) U C l - KCl - HgCl2 c 

6) IbCl - lIgCl2 • 

7) LiCl - KCl -. BdCl3 o 

8) RaF - KP - IIP eutectico 
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Th© Electrolysis of the PbCl2 °' ZnCl2 System 

Electrolysis measurements x^re made for a series of cojrjpositions 

of PbCl2 ^ various t®!q)erature3 as listed belows= 

1) loO mole fraction of PbClg av 5180G^ 535°C^ 55^Z, 

2) O0855 mole fraction of PbCl2 a'-" 519°C, 533®C, 56?«'Co 

3) 0„688 mole fraction of PbCl2 at 5l6®C, 535°G„ 

Th© measured emf represents the value for the cell Pb/PbCl2 ^ 

Znd2/d2 (graphite) o This ^stem was studied extensively by Wachter 

and Hildebrand(20) and their results are sunanarized in figure 80 

Electrolysis data are presented for the decomposition potential and for 

thermodynamic emf measured by the bsck-emf methodc Figures 9 to 24 

are the experimental curves tsf cell anf versus electrolyzing current 

for the back-emf method and electrolyzing current versus applied potential 

for the deccxaposition potential determinationn Th© results are tabulated 

in Table I along with the corresponding values from Wachter end Hildobrand" ti 

determination at the same compositions and temperatures o The two sets of 

data, Wachter and Hildebrand's and th© values for thermodynaEiic emf"s 

frcan this stu<iy, ar© con̂ jared in figure 8 o 

The values for the thermodynamic cell emf measured by the "back-erif" 

method ar© in excellent agreement with those of Wachter and Hildebrandj, 

while the values for the decomposition potential are quit® erratic« Tho 

experimental data for the back-emf method (E^ vse I) for PbCl2 °* ZnCl2 

are presented in figures 9* 11, 13a 15« 17« 19> 21, 23- The curves for 

pure PbCl2 (N » 1) show only a single line which is characteristic of the 

decoD^sition of Pbd2o However, the curves for the PbCl2 ̂  ZnCl2 mix^ 

tia'es esdilblt two distinct horizontal lineso The lower curve corresponds 

to the decoo^sition of PbCl2 ^'^^ ^^® higjier curve represents the 
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decosoposition of the ZnCl2o The liquid metal i^ase is an allqy for the 

higher curvso This value for the decomposition of ZnCla ̂ ôes not represent 

the thermodynamic vsaue for the cell 'ixi/2iD!Si.2/^Zs for there is a 

depolarization due to the alloying of Zn with the Fbo 

mie decomposition potential plots are given in figuires 10« 12 ̂  14 9 

l6,ld«20,22; 24> niese curves show that there is only a single "break" 

which corresponds to the dec<»^sition pot^stial of FbCl2o Only in 

eases vdiere tiie limiting current density has be«a reached will the 

deeomposition potential curve (V vso I) eadiibit more than one "break"» 

For eleetrolysiSj it is iwcessary that the current be carried by 

ieois and that ions be deposited at the eleotrodeso It is not necessary^ 

however, that tiie cuzrent carrying ion be d«^sitedo Using the conductivi^ 

ty of molten salts as a qualitative measure of the degree of Ionization 

of the salt* it is seen that ZnCl2 ha^ few ions in the.molt«i st^tSo 

Attenqpts to eleotrolyze pore zinc chloride failed because of inability to 

attain a sufficiently high current density to sustain dspositiono 

The electrolysis stud^ of the FbCL^ " Ŝ nCl2 studied by the deeompositi<m 

potential n^thod and by the badc-emf method has 8hown:« 

1) The cell emf* as measured by the new back-eof method* is the 

thermodynamic reversible potential of cells of the type Pb/^>bGl^Cl2o 

2) nie deeompositicm potential* which theoretically- should be the 

same as the equilibrium cell emf in the present aystems* shows no agree­

ment with the eqailJUsrixm cell emf o This indicates that the badk-enf 

method is much raon^ aeeurate than the deconqposltion potential technique 

for dstennining themodynamie oeU enfo 
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TABLE I 
Summary of the Electrolysis Data For the PbCl2='ZE5Cl2 System 

Solute 

PbCl2 

PbCl2 

PbCl2 

PbCl2 

PbCl2 

PbCl2 

PbClg 

PbCl2 

Mole 
Fraction 

loOOO 

1,000 

loOOO 

O0855 

O0855 

0„855 

0o6d8 

0^688 

1 Tea^o 
oc 

518 

535 

550 

519 

533 

567 

516 

535 

Solvent 

PbCl2>2nCl2 

PbCl^-ZnCl2 

PbCl2-ZnCl2 

PbCl2-ZnCl2 

PbCl2-ZnCl2 

Eao 

1.261 

lo253 

lo242 

lo269 
lo28l 

1.259 
lo271 

I-.238 
lo249 

1.280 
lo293 

lo271 
1„282 

Theoo 
®Ef* 

1 2^16 

1. 25I8 

lo2420 

lc2685 

lo2596 

lo2380 

lo2810 

lo2698 

D.Po 

\.2m 

lo279 

1»258 

1»289 

lo250 

lo200 

lo309 

i.3n 

« FVom the best curve through Waehter and Hildebrand datao 
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.59". 

3) In order that measurements be made by the new b;?.ck-emf methcĉ ^ 

the ionic conductivity must be great enough to ensure a svifficicnt 

current density to give a rate of deposition greater than the rate of 

loss through solution, vaporization, etc, 

4) There is a characteristic "break" in the cell eaif versus electro-, 

lyzing current plot corresponding to each cationic species presento 

ELectrolysia of LlCl - KCl Eutectic 

The eutectic mixture of IdCl - KCl (0,42 mol fraction KCl and 

0,58 mol fraction of IdCl) has many properties which mako it an 

excellent molten salt solvents These properties are:-

1) Low eutectic melting point of 355°Co 

2) Large theoretical decomposition potential of the component 

salts, liCl and KClo 

3) Large ionic conductivity, iidiich increases the sensitivity o;? 

both the decGBBfpDsitlon potential msasiir^nent and the back-eiaf analysic« 

4) Many of the metal chlorides esdiibit an appi^cialbe solubility 

in the molten eutectic» 

5) The addition of LiCl and KCl to a metal chloride decreases th© 

solubility of the metal in its molten salt, thereby increasing the current 

efficiency,, 

6) Low vapor pressure of the eutectic mixture, 

This solvent was used in much of the present worko Accordingly, it 

was thought desirable to give it particular study,. The variables studied 

were the decomposition potential and the thermodynamic emf as a function 

of temperature for the range 500°C to 6OOOC0 Since graph3.to is attacked by 

both molten Li and S, an iron rod was used as the cathode while graphite 

served as the anodOo 
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The esperiment^il r e su l t a ara tao'olated in tab:i0 I I n d therssody.iiTfic 

e m f s are compared vrith the calciilatsd tliermoiynaTiic eml""- ' n figure a;>„ 

Decomposition po ten t i a l cxirves sre given in figT:is'es 27,; 2) ^ 33.and th3 

curves of c e l l emf versus e l e c t r o l ^ i n g current i n f igu-es ?6«i SBn 30 o 

The deccsaposition potentiaJ.s are i n poor agi'cemsnt mbh thexrao^yiaamiG 

emf "a.̂  Figure 30 shows "Tireaks'' cha rac t e r i s t i c fr»r the ds-pjsition of 

l i thium ion as well as for potassium ionr> In tha e l e c t ro ly s i s of Idi® 

eu tec t ic of LiCl «. XCl, th© deccanposition potentiJi33 of V'W two s a l t s 

are d o s o together o Thus i t i s possible tha t for the errpt^riments a t 

513®C and 557®C the applied po ten t ia l was above the decoui}josition po ten t i a l 

of both s a l t components and the lower V-realc was missed csriplet-elyo Thore 

i s a double bs^ak in t he Sa versus T cun-e f ^r Ŝ T^G^ but the x'-alue 

corresponding t o tha deconiposition of KCl i s l e s s than tho calcula ted 

theo re t i ca l vain© because tho po^^s^i^™ '*?̂ s not in i t s standard pure 

s t a t e but i n solut ion i n the li'Aium., I t cEa be concluc'sd tha t the 

measured values a ro , i n general,, those for tho eu tec t i c rrd no atteiaj^t 

w i l l be made t o cor re la te the measured values with -ttia dejiosition of 

e i the r catiouo The e:^perimental and thenao^^'iamic emf'̂ r, f a l l within tho 

calculated emf band as given by figure 25 o 

The conclusions tha t can be drawn from oxperimenta I rork on the 

molten LiCl - KCl eu tec t ic a r e s -

1) The measured thersao^mamic emf's show reasonable rgreoment 

with ca lcula ted thenmx^namic emf "s^ 

2) The decay cxii've f i t s the ranpirical r e l a t ionsh ip 3. " E - k t /2o 

E lec t ro lys i s of IdCl ~ KCl » MCI3 

The e l ec t ro lys i s of LiCl - KCl eu tec t i c containing KdCl3 was 

studied a t 513'>C and 5S6°C and for contents up t o 0 .03 nc l f ract ion 
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TABLE I I 
Summary of t he Electrol j ' s is Data for IdCl-KCl E\it?ciic, 

OoZ,2 Mol Fraction KCl and 0.58 IIol Fraction LdCL 

^ao 

3->6080 

3.5335 

3o5S20 
305750 

Theoo em-f (LiCl) 

3«647 * 0O87 vo l t s 

3.620 1 „087 

3n6U ^ "087 

DoP. 

3o55 

3 064 

3 064 

T.jmpo 

513*-'C 1 

5:17 

567 
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of NdClj vjhich corresponds to 15 weight %o The tbermodjmanic eaif i^^^) 

is for the cell SId/KdCl3 in LiCl -» KCl eutectic/Gl2(g) o Toe results of 

this study are given as the decomposition potential and ths thermodjmssiic 

The decourpo^tion potential curves for electrolysis at 513^0 are 

given in figures 359 39» while the curves for evaluating the thermodynamic 

emf are given in figures 34> 3^, 36o The decomposition ]rx>tential curves 

for the electrolysis at 5^®G are given in figures 41« 43» 45* 47» and 

the ciirves for evaluating the theimodjmamic emf are ĵ."̂!© in figures 42^ 

44* 46p 480 

The cell Nd/MCl^ in LiCl - ICl solvent/Gl2 is produced by the 

electrolysis of the molten salt between inert graphite electrodeso la 

analyzing the curves of cell oaf (Ea) versus electrolysing current, the 

"breaks" corresponding to the decomposition of the IdCl and K d are not 

foundo Figure 37 shows the decay curves (cell emf "s (S^) versus the 

square root of time) for 0«002 mol fraction of HdCl^, and the corresponding 

plot of Ea versus I is givaa in figure 36« At the lov/ current densiti<3S» 

the square root of time relationship for E^ is weU-ob^^o lit the higher 

current densities where the applied voltage is greater than the decois= 

position pot^tial of the eutectic constituents, the initial emf lies 

above that predicted by the Et versus >|t'" curve and very rapidly 

"tails into" this curve o A possible explanation of this behavior 

assumes two competing cathodic reactions %Mch are;« 

(1) - - . « » - - « » Kd*** + 30 « Hd® 

(2) - « » - . - « - = «= Li* + e » la9 , 

Since the "break" corresponding to the deposition of the JA is 

absent in the Ea versus I curves (except at very low HdCl3 concentrations) 5 
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the Li may reac t with the MC1<5 ^ ^-^^ mol ton s a l t ac'3crd^;ig to 

(3) ^ ^ ^ ^ ^ ^ .-. « 3 Li * Nt-ca^ '^ M ^ 3 M.C1, 

To explain the initial "tailing in'' effect .-..t tho }'J.ghar current deiinltioon 

reaction 3 is ^ssum^ to be the initi.al rate coati'ollrlâ  reaction aiid 

the initial discrepancy is due f,c the small smonnb of lithiua initisilly 

present.; The duration of this Lniti-il discrepancy is o? the order of 

a few secondso 

If E® can be sither measured directly or calculated from thermo= 

dynamic data^ the activity and rtctivity coefilcients of HdCl3 "^ 

LiCl - KCl eutectic (constant rt.tio of LiCl to KQl.) can be obtainedo 

E** was calculated since HdGl« in a solid ab the t:s:.peralures of inta.'est 

3 

and. hence E* could pot be r.easuredo The .'Vr-o energy data .rare taken 

fron Quill (Chejaistry and Ketaliurgy of MiscollanTousHatGidales 

Thermocfynajaics) and corres|>ondf t o tho equations'; 

(4) «,=,» = =, ^ .== .. M(s5) * 3/2 Cl2(g) -^ MdCl̂ C.'?) 

and 

(5) =. ^ «.= «.=»=, ,̂ NdCl3(s) *• HdCl3(l) 

vrtiich give the overal l reac t ion 

(6) - » =̂  - - ^ - ^ Nd(s) • Gl2(g) » MCl3(l) 

The free energj'' of formation values are given by the relationship 

o 
( 7 ) » = . ^ = . » < = . = . - o AFx '^ AH298 a ^ » iifhere AS" i s a fuict ion of 

T 

teoqjerattirc only and empirically f i t s the equations-

(8) » = = . « « » = . » = AS" - A + ET + CT^ o 

The equation for NdCl3 iss=' 

(9) - c . , » „ ^ AS' - 57o7 " 0-6ljl^1 * 0.014 [X.] ^ s 
and placing (9) into equation (7) the free energy cf foir:at:l.on of 
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NdCl3 is given by:-

(10) - » -. - AP^ » = 254,000 + 577c -rr—- ° 61 T 
WO ^ * .lo4 100 

2 (- ir^o). 
100 

The free energy change corresponding to the fusion of MGI3 ^^ estimated 

by Quill to bes«» 

(11) -.-.«-«.»o. AF2- eoOO - 8T 

and AP^ « APi + AF2 ^^^ *h© reaction (6)^ Since AP^ « ̂  n ^ , the valuo 

for E® at any temperature can be calculatedo The calculated E*̂  values 

for 513^0 and 586^C are 3a0M» volts and 2o999 volts respectively^ 

Estimating the precision of the thenm>dynamic data, the theoretical 

values should be esqxressed as E° •. O0OI4 voltSo 

The thennodyanic emf versus mol flraction is given in figure ̂.2 

and the same infonnation is plotted in figiu-e 33 as emf ver̂ ius log K 

(mol ft'action), whidi is a linear relationship* The values of n in 

the term - 2o3 RT/n p'calculated fran tho slope of the Ê .̂  versus log SI 

curves are about 2o5.* This value for n, while low^ is in reasonable 

agre®nent with the e^^ected value of 3o The slopes of these curves are 

very depentient upon the solute concentration. The values of concentration 

given here were computed Srcas. the known weights of the sa3.t3 in the 

raixtiureSo Spot chemical analysis checks have shown that the computed 

concentrations of the KdCl3 ^^^ ^ ® oore dilute solutiono aro somewhat 

high. It is thought that this is due to depletion of Kd***̂ ion3 in the 

very dilute solutions studied„ Therefore, if this correction is made^ 

the slope of these curves will give a value of & in better agreonent with 

the expected value of 3o As the temperature increases, the slope of 

the Eao versus log H curve should increase, but due to Idie lack of good 

analsrtical determinations of the concentration of the MGI3 this effect 

is not noted in the eiqieidmental results« 

342 79 



-72-

The results of the €lectrcl7si& study on the'CiCX-—KC3,— lldCJ^ 

system can be sunsaariaed ao follows;— 

1) The experimental thenrodynamic cell gaf's are in aasonablc 

agi-eement with Calculated valuirSc, 

2) The measured decoapositiLon potantlalg chew no <5a(rrelation 

with thermodynamic cell ̂ nf ̂s,~ 

3) The thonrocfynamic emf "s measured by the back-eof n.ethod 

exhibit a linear relationship ©f Sg^ versus log Ih 

4) The decay curve shown c linear relafcionohip boivn'^-n. the cell 

eraf and the square root of the time (E^ « E^ - bti^/2) .̂  

5) The init^.al deviation of the decay c\irvo f5-oia the iinear 

relationship of E versus \/t can be eaplained by a secondary reactioji 

of the type 3Li + NdCl3 " 3^^^ * ^^° ^ ® ^ rerb-̂ ining aftor the applied 

voltage is removed is completely reacted in a tiin/j intervaJ. of a few 

secondSo This also esqilains 'tAis' the "break" in the E^ verbis I plot 

characteristic of the eutectic constituents is not usuaJJy foundo 

6) At the lo'.wr solute concentrations, the rate of reduction o ^ 

Nd*** is greater than that of supply to the cathoc© comi>art:ient such 

that the amount of the deposited lithitmi on the cnthodo is suTficienlv 

for a break in the B„ versus I curve characteristic of the eutectic 
a 

constituents (figure 34)o 

7) Due to considerations arising flx)m analysis of th& dsc^ 

curves of St versus ^t7 it appears that the dep^E^ticm of the 

neodyrduB occurs by two separate reactions:« 

a) Direct electrolytic reduction, proceeding at all applied 

potentials above the decomposition potential of the NdQ^o 
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TABLB III 
Susamary of the Electrolysis of FdCl-j In 

LiCl-KCl Eutectic 

At 513°C S® - 3"044 - -014 volts 
At 5860C BO - 2.999 1 o014 volts 

Mol 
Fraction 

OcOOOS 

0.,002 

OoOOS 

aoo3 

0.008 

0„016 

(^028 

^ao 

3.2400 

3.2IC1O 

3oU88 

3.1432 

301250 

3o0940 

3o0825 

Theoo emf 

3. 204 + O0OI4 

3«183 t O0OI4 

3ol52 • O0OI4 

3, U 3 - OoOU 

3 , 1 2 0 1 0OI4 

3 a 0 1 1 . .014 

i 3>0SS 1 .014 

DoPo 

3o210 

^^^ 

3nl65 

3.260 

3.,200 

3 095 

3-090 

.3 1 

>3 

1,2 

l.,0 

0,8 

1,.4 

lo2 

Tcap, **C 

513 

513 

513 

586 

586 

586 

586 
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b) SeccTJcVv̂ - red ie t io i nccordirn ^^ th3 OaithOef© RePiofe-efis" 

L i * - e e " U an43Li <r Hd'Jlj - Md-f3UCX-. 

B) Since ti-ei'̂ a are zi:t dopr.lar^zin,3 3-<?-actlc»', j ocCUirmg Isetejtfe'h 

the neodyE^um and the graphite, grafhit<? olcjbrc. :T are . SMtt^tJlft-ff^r' 

nsodysBXvat s a l t clfctrolysi™ 

Electrolyais of MiscelXaneous Sx;3tsma 

Some theTHudyramlc cmf "s and decompo-iitio.i r. )ten-^5r.,l; ve i l b-s 

given for the systums HgClj - l iCl - KCjî  IfeCffig - HaCl, ?%C%2 - lACl >-* KCli, 

ZnGl2 «° UGL » Kd^ SnGl2» and E d . The data aire aunmarized in Table I7o 

i ) "Hie rtecomtxssition pote-itials for a l l s^r^fccms'elP^ *in poor 

agreement «dth the measured auid calculated theriasiynaElc € ^ ' s (which 

agree reasonably well) » 

2) For Oo40 mol fraction of MgClg in HaCl t lo s y s i ^ ; tends toward 

ideal solution behartor as temporattire increaoeds 

3) The themjodynamic emf for KCO. a t 800*>C i r i g u r © ^ ^ Indicates 

a depolarization of approximately 0,10 vol t s . Xt i s bsi loved that the 

deposit o-?. K was reacting viith the ce l l aaiiierlals ut tb ia h'.gl" teBpesrature 

4) The experimental thermod^jrnaraic eraf for ptspQ SnClX i« about 

1 volt belov the calculated value for the reaction Sniil^-Sfiir CIJJL* 

I f the SnCl2 - LiCl - Kd system i s el6ctrol7zed ' "biPd^fe^ are 

observed in the Eg versus I cun'e a t aboui 0,40 vol ts ai.d SL.TO a t about 

lr,4 voltso The l a t t e r value coj^responds to the calculaie^r t}iermodj,Tnaffiic 

oaf for Snd2-> Tht- lower value may be thr/. for t.?o rea? fcioa 3n***'*"'t- 2e »Sn 

or for the reduction of a sub-halido., 

5) Figure 57 shows the curve for E^ versus ^ii^O»W vol f ract ion 

of Znd2 in Lid—^ Xdo The t.wD curves plotted /I'sre rei)i*fj,'en*y tw® 

separate electrolynis experimentso The values fs* B^^ ^iii<e r/aQrEPdjrTicmiC 
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TA3LB 17 

Svemaxy of- t^e SLectroiysis D%t& for-ti«& MTse«Lian«>My Syst^tS 

Solute 

HgCl2 

MgCl2 

MgCl2 

PbClg 

ZnClg 

Ed 

SnCl2 

Hoi 
Prac. 

OolO 

Oo40 

OoAO 

OolO 

OolO 

loO 

1.0 

Temp 

500 

510 

710 

542 

542 

800 

542 

Solvent 

1 iCl-̂ XCl 

V&Cl 

KaCTL 

UGl-KCi 

LiCl^KCl 

«»..« 

2,8240 

2.7360 

2„5709 

lo3340 

1 7650 

3.302 

0.346 

The .-5 !iaf* 

2.722 t ,028 

2.,669 -̂  .028 

2. 569 * ,033 

lo294 1. .065 

1.632 1 ol09 

3.4i:S - 065 

D«P„ 

2,880 

3»000 

2.677 

1.290 

lo760 

==.̂  

* Aasuning ideal solution behavioro 
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emf) are identical, showing good reproducibility,. 

6) The "brealc" for "Uis decomposition of the solvent cation waa 

again absent for the electrolysis of MgClSs PbCl^j and ZnCl2o The 

explanation here is that the deposited alkali metal reacts vAth the 

solute salt to give the solute oetalo 

Discrepancies Between Ea© ŵid Decomposition Potential Measiirements 

As discussed in the section on Measuring Methods, the escperinsental 

decomposition potential for the gystems studied here should equal the 

thermodynandc emf (E^Q),, But there is, in fact, no correlation between 

these two values» 

In the measurement of theimodynaniic emf"» by ihe b&ck-emf method̂ , 

th© Ba values are determined with,a fairly high precision» Also, the 

slope of the E^ versus I curve is snail, and thus the emf value at 

I " 0 (Eao) ™ ^ ^® accurately detenainedo On the other hsxid, the 

slope of the applied voltage versus electrolysing current curve is naieh 

larger than the slope of the Ea versus I ciurve, and a small error in 

determining this slope introduces a large error in the espcritaental 

decomposition potentials Further, ttie value for the applied voltage 

can be measured only to the nearest one hundredth of a volt, because of 

the somewhat erratic behavior of a cell on electrolysis^ 

Chemical Identi:K.cation of Electrolysis Products 

In general it is difficult to analyse quantitatively the cathode 

electrolysis products because of the small amount of the deposited 

metalo For the PbClg and the PbCl2 "" 2nCl2 mixtures, the constituents 

were quantitatively determined for several different mixtures o For 

pure PbCl2, the metal x*as found to be 99* % ?^<, For one of the 

PbCl2 •" 2nCl2 ndxtures, the final cathode product analyzed 2lf$ Zno 

3H2 



- • * « > . ' 

For the LiCl - KCl misfciuro,;, the metal »hase wist 1 .-̂ht r lihaai •'''•'3 

salt and flovred to the topr. Thus., when the elcĉ î'odo x'-t:.B "d.thdra'.T.-

no deposit was apparentc Hov,'e*/ers, whea th*? elechrode x.as -ipped into 

water, a violent gas evolution occxirred ind;icatin3 thai thj lactals Lij 

S^ or both were present on the slectroder As a further' ch >ek» lithiuia 

and potassium metal were placed in a hollow iron tube^ 5Thi-.h was uned 

as an electrode, and the value of F.̂^̂  was identical wî .h tie result 

obtained when the cathode metaJ. was made by olectrolys:!.ao 

For MgClo mixtures electrolyzed below the melting |X)itt of mar̂ neaiun,, 

the solid deposit was determinod qualitatively to be Mf: me'talr, 

For the NdCl^ electrolysi?jp the cathodic de;x>3it '̂ âs a powder >, 

and not enough was deposited to permit ch^aical ldcntii.'ication., Hcuever^ 

when the electrode v/as dipped into water,, a gas evolution occurred, but 

the reaction was not as vigorous asi for th© Li = K elertrcdeo Thi*' 

electrode also had a distinctive o<tor which was lacking for the other 

metalso 

The distinctive Gig odor was noticablc for the ga:; is I he anoce 

compartment^ and wĥ rn the gas camo into contact with !!iH3 * H2P vapors a 

white cloud was formed (indicating NH4CI formation) o IMrther, when 

CI2 is bubbled over the anodej, the vsuLues for (Ss^) arcs identl'.tAl ̂rith 

the results obtained when the gas electrode is produceu by e lectroJytic 

depositioHo 

Elecftrolvsis of Fluoride Melts 

An attempt was aadb to study the electrolysis of iluoride melts 

in the range of 500'*C to dOCfiC using pyrex glass as thg cell material o 

The pyrex was slowly attacked by the fluorides.. Both graphite and 

platinum anodes were tried and both showed a rafid detoricrationt 
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the B®lt W&8 the eut ::otis ijoEipositioa of 'Aw lorisasy 8s^ » Sr - M? 

systcBto QnsHtatlTc aialyais of ibe eat,! od̂ iai sliswsd that a highly 

reacti"?^ a^tal Jted h--^ n dap^atted ( i ,0« , JsSj Li, X).> 

I t i s l>eli6'^ed tlw^ HumM^ ©leetn^lysia sfc-u l̂es e®u2.d b® 

sufiseessfuUy e«aplf5ted i f a miitayi® aaode aa ter ta l ^cftild b® foando 

fh9 critsridn h©»e i s thsA XAm sti^idard fŝ Sfs a n e t ^ «f fosiaatioa fer 

t l ^ Humriae t^i^srosd of the aa©d# i^i©f4al^ s^g^, <^^ l*t?22 Anf^s ete^s 

be jsssi'Mrf® a t the t©ap©rat^iro of ^U&strdS^&in-^ ?h« ^ e oaei?^ 

versus t^J€r^mr© 4&ta asfia iraetdleaXlj as»»»xl0-te«t f^p the i»s3ibl$ 

@l©ctr^® aateriitls (e«go|, cMtea^ |a.s,tiswjaj «id ^ M ) iit the t^^jefatm*-

raages <SUim to ^S^ *• 0 such that ao ®eti£5at© ©f ^ e t ^ ^ a t t o ? ® a t «toicb 

AF® « 0 could be a^Se Vswa th® dats, a^iilatel®^ i t -mmM appsap tUat 

gold Esay be th© best anode aa te r i s l in fliaorid® ^««ti?o2j^ls ( i e^^ i t 

gives ttm lowest t^Maparattira $m &^ « 0, possibljr atos«t ^©^0)-. . 

AlgOj ifê #©a m tmcU-on w i ^ tli^ liaP --. KF ~ l i f «ut®ctic a t 

80(^0 - ^3000 and would bs a soitsfel® seH satffllal Ssr «l©cti^lysis 

e i^r iaesi te a t tii*peyatUTOs tt|j t© 3̂O®0<. At a t i l l M#®j' iMpSfi^ntsg^ 

i t s^o«ld b® possible to usm a ^ s p h i t e cnscibl© emA a OaF^ aatvjrattd 

sgrstom in i^iieti ^ 0 c^ll seperatofs j^® of solid CeJ'20 

l a mamsst i t ean b© s&M t l i ^ tfe# «st ire proS l̂aE of fesed flxK^ida 

©lectrolyeis i s <me sf fitidiiig aai electod© saterlai. wfeich KiH not 

react triLtit nase^at flaoriii^^ KLnoidds melts C0nta?.ning osddes could 

be studied h^ the bask-ssif msthod i f piLatinisa aaod̂ î* Mer<q Lsedo 

3«+2 
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cells of the %|}e ^^IClg i» fiKsii^a oalt aolvejA/Cf.g i» nres^stisda ^ 

Sc®e th^s«HSpia»i.« «ttf ̂ s measu»*l t^- th is sMtIsM «^s eâ iipar«wi isith , 

calfiijlated t^ i©»t iea l eelJL eat^s m^ th^i-pQ^ps^e ^ i f »s m«i^3^^^ 

by the ^dbassKsaS. «etIio(S {T^mf^ ^^ailable) sm 0nm reasosafel© a^r«»= 

a^fe i a a©^ eaiNs* WilMn the* ; ^ e i a i o a of'•«» tfe^^»KJ3ai^ioal dalfe 

U8«d in tfte «®|«^UMoa of tb# ibeoretiesl ^H^ ' ^ e ^ B t « « 

staidii^ ^fs^ l^i^lt«j* law* J t has beea t\m^ tha t th« -i^ao^f^^Ation . 

pot^i t ia l fca- ttes® «yifc«aKi s!»eiatd e«^al the t%BfiKodpi&s.c anfo 

aowsveapg * l* t » the 1®^ of preeitdon i a the a j p ^ « l %>2tags ©eaeurc-

Bj^it and the iaae»S2?a^ i© the -wltage^^tiraj^sst estrapolstiou^ the 

BfflaS-mfed d ^ i ^ ^ s i t i o n potenMals ^m ao csc«i^latioa ^Ath the 

\h&rm^:S^tm&Xi aaf»sg fhe results for tiss a^0t»» adaditti a?e stasmari-' 

aed in Ta*>l9S I th r®#i If ?md in ftgujpes S ̂  25- 3% 

Kie det«Bliiati<^a «f th®ttMi%?j^ie m^ % the -baok-^f j^^K^d i s 

coEE ŝ̂ sed of thyee st^fjes* 

1) Fc^ each stoSi^-Btats ^ e e t r o l ^ i t at cisy^it I , the ^ c ? ^ of 

^m ce l l « f aftey l*ie a^iilied voltage i s ysaio^ed i s rwjordsd J ^ a 

function of the tiB©« 

2) The decay oas've of stea (1) ia raiiotted 'ag eeH eaf fsrsas 

the square root of tiraBj and tlio resulting linear relations'iip esB* 

trapolated to time eqoal to ssr©. 

3) !Rie iralue of ceH einf ai tlsio oqiial t© â -?a Item step (2) 

ia plotted as a function of tl-® ©lectrolysing ciir/^nt I fhe result-^ 

ing linear relationship i s estrapolatsd to aoro eiirrant^ sad tliis «;fg } 
t 
s 
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designated as S^^j, \s the th©Kiod5maEELc emf a 

The results of tho electrol;fsis stu(fy of tho riiolt3n PbC3^-»2itjC;i^ 

systaa arec-̂  

1) Th© Qxperlaental decoaposition potential3̂ lifl*̂ lteO agreement 

with msasijred or cxLcylated theniodynamic cell^arP^o 

2) The experinsntal tliermodynaioic emf^s show ©xcQilf.'xt agreement x-dth 

tha values Wachter and Hildeb^and^^^' obtained by the cls'snical methodo 

3) kn emf value corresponding to th© decomposition oi ZnCl2 ̂ ^ 

observedo This emf value is much lower than that ̂ atoatfetai, duo to tho 

alloying of Za td.t'i R)o 

4) The decay cui'ves exhibit a linear relationship between the 

cell eraf (Efc) and the squara root of the time. 

The results of the electrolysis of the LiCl -> KCl ^stom are;-

1) The values for the ttermodynamic emf agree well >/i.th the 

calculated values of theoretical cell emf betiireen 500°C to 600®G., 

2) Since the theoretical cell potentials for LiCl and KCl are 

very close together^ the double '̂ break" in the Ea irersus I curve la'as not 

observed in all eas©So 

3) The decay curves exhibit a linear relationship bet-.reen cel3. 

emf (Efc) Bind the square root of timoo 

4) The metal and gas electrodes behave reversibly, and the emf 

values are reproducibleo 

5) Since the decomposition potential for the saolten eatectic is 

large, this syst^a i:>akes a good molten salt solvento 

The results of the electrolysis of the ^stesa fiidQa—IKO. -.IJCQL 

ares«-
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1) The nseasured thenaot̂ smaaic ©afs are in agreement with 

the calculated theoretical potentials to within the accuracy of the 

thermochetaical data^ 

2) Kie measured decomposition potentials show no agrooinent with 

the thermodynaraic emf'So 

3) The therajodynaiaic amf exhibits a linear relationsliip with 

1x1 concentration up to Oo03 mol fraction of HdCl3 ̂ ®^ 513®̂ * and 5^^Co 

The value of n calculated trani the slope of this plot has a value of 

about 2o5» in reasonable agreanent with the value for lid equal to 3o 

4) The "break" in the Eĝ  versus I curve for the decomposition 

of LiCl and KCl were absent except for low NdCl3 concentration wtiere 

the liadting current density for the reduction of Nd***was reached, 

5) At the higher current densities, where the applied potential 

exceeds the decoaposition potential of the eutectic, the decay curves 

depart initially from the linear Et versus ^ t relationship« This 

initial deviation is due to the presence of Li on the cathodoo 

6) The reduction of HdClo proceeds in two wayB:» 

a) Direct electrolytic reduction below the decomposition 

potential of the cutectiCo 

b) Direct reduction and reduction by Li above the eutectic 

decomposition potentials 

Exploratory studies were made on the following systemss~ 

MgCl2 " NaCl, 

MgCl2 - LiCl - ECI9 

KCl, 

PbC38 - KOI - KCI9 
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ZnClg - LiCl » KCI5 

Pure SnClga and SnClg - LiCl - KClo 

The back-asaf method for evaluating the thesaodlynamic emf for molten 

salt cells has the following advantagess«= 

1) It is an esqperim^itally oasi<st> method thaa the classical method 

becauses» 

a) The molten salt is readily purified by a pre-electrolysis 

stage o 

b) The chlorine electrode is î roduced by electrodeposition and 

methods of chlorine purification are not necessazyo 

c) The eleetrodeposited metal cathodes are f^ee of oxide 

filmsp For some of the more electropositive met̂ JjSji, this may be the 

only successftil method for producing reversible metal cathodes o 

2) Analysis of the decs^ curves yields infonnation on possible 

electrode reactions and also values of over-potentials presento 
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