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REDUCTION MECHANTSMS IN FUSED SALT-ALLOY SYSTEMS
.. - ABSTRACT

Reactions between ions in LiCl-KCl eutectic melt
and lead alloys have been studied kinetically between

1370. and 450°C.

Diffusion of the reducing ionic species across the
salt-phase boundary'layer‘was:shown to be the rate
controlling step for the reductions of Pb++i Cd++,_AgT
and In+++uby:lithium and of C;+++-by lead. Values of

the- salt-phase boundary layer thickness were estimated.

»Limited solubility of the reduced metal in the
molten alloy resulted in'@etal deposition at the phase
bdﬁndary‘during the reductions of Co++5 Cf+++»andvTi
by lithium. .

An apparent homogeneous reaction in the salt
occurred during the reductions of Ni++.and Pt++ by
lithium. The mechanisms have not been established but
may involvé solubility of either lithium or a Li-Pb

intermetallic compound in the salt.

The interfacial reattidgs,were primarily electro-

chemical in nature, and never rate-controlling.

) . The diffusion coefficients of é number of ions
in LiCl-KCl at 400 C were determined. The values
showed that ionic diffusion in this eutectic was
influenced primarily by the ionic charge of the

. diffusing species.
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. Supervisor: Dr. Ernest Peters i1,
ABSTRACT

Reactions between ions in LiCl-KC1l eutectic melt and

lead alloys have been studied kinetically between 370 and 450°C.

- DiffﬁsionAoﬁ the'reducing‘ionic species across the
salt—phésé boundary layer Qaé sﬁown.to be the rate controlling
step for the reductions of §b++, Cd*’"‘,.Ag-I-=and"]:n+‘“"'+ by lithium
and of crt*t by lead. Values of the salt phase boundary layer

thickness were estimated.

Limited solubility of the‘reduced metal in. the molten
alloy resulted in metal deposition at the  phase boundary during

‘the reductions of Co++,,Cr+++ and Tit*tt by lithium.

An apparent homogeneous reaction in the salt occurred
. . .+ ++ Ca s
during the reductions of Ni and Pt by lithium. The mech-
anisms have not been established but may invelve solubility. of

either lithium or a Li-Pb intermetallic compound in the salt.

The interfacial reactions were -primarily electro-

chemical in nature, and never rate-controlling.

The diffusion coefficients of a number of ions in
LiCl~KCl at 400° were determined. The values showed that ionic
diffusion in this eutectic was influenced primarily by the ionic

charge of the diffusing species.
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INTRODUCT ION

General
_In métal reduction,processés*at.furnace‘temperatures,

. the chemical reactions-of primary interest are th@se5occu:ring
:bé£ween-a.Slag‘énd.a metal‘phése. The physic&i éhémistrypof;
these.éystems is defined fofféracticaltpurposés'5y*the thermo-
'aynamiclpropertieszéf thé slag and:metal.phaséé,.and.by;ghe
thefmochemiétry‘bf-the component‘réactions-takingjplace. The
rate of: approach £o equilibfiumuof such reactions is generally
- considered to be governéd by méss transfer proceéses. The ¢hem—‘
.ical reactions not’ithlviné mass transfér have usually'béen

considered virtually instantaneous.

This'situation may be contrasted to the physical
chemistry:of»aqueous metal‘producing'processes.v-ﬁere‘the'thérmo—
dynamics afe almosthcompletely understooq.(up to the boiLing
point) and mass transfer'stéfs that miéhf‘be'slow;;an be;acf.
'celéréted by“spitable agitation, but mahyAchémicalvreactions
are-asfonishingly'slow.'jThermdsf ipﬁeresting‘pofgionS“of.thef
‘physical chemistry of these processes are_therefére the kinetics
-and mechanisms-bf the slow homogeneoUs}and hétefogeneous chemical

reactions themselves.



The difference between furnace reductions and equeous
processee is essentially one of temperature. Fused salt proces-
ses lie in an intermediate temperatufe-range, but seem to resemble
the'high temberature furnace systems more than-the hydremetal-

lurgical processes.

A fundamental study of the mechanisms:occurring in
‘metal reductions by alleys from fused salts at the minimum. prac-
tical temperatures thus seemed worthwhile for purposes of com-

pletely defining the phyeical chemistry of such reaction.systems.

-Previous Work

The rate processes leading to highwtemperature equilib-
ria . are not nearlyvas well understood as their thermodynaﬁics
and have- attracted the attention;of investigaters only recently,
with the result that the bedy of literature on metailurgical

. kinetics is small.

Slag-metal reactiens have generally received the most
attention, since they are fundamental to the processing of steel,
lead, nickel, copper and-.other metals. Reactions between iron

l’z‘and

alloys and slags, such as the desulphurization of iron
o ' . .___3-6 '
silica reduction by carbon-saturated J.ron3 +, have been exam-

ined in some detail.



Reactions between metallic phases'and,fused salts(
which are similar to slag-metal reactions,‘have:risen in impor -
tance with the increased production.of reactive metals such  as
titanium, zirconium, uranigm, thoriﬁm, tantalum, niobium, etc.
These‘metals.are usually. obtained by-sodium, magnesium or cal-

cium reduction:of their chlorides.or fluorides.

Henrievand‘Baker7 have studied the mechanism.bf sodium
reduction of tiﬁanium.chlorides in fused salts. The process
iﬁvolves an initial reaction between sodiuﬁ and titanium chlor-
ide vapours producing titaﬁium sqbchlorides, which form-.a cén-
denséd phase with sodium.cﬂléride. Final reaction takes place
electrochemically betweenvtwé salt phases, one-containing free
éodium in sedium chloride and the othef, titaniﬁm.subchlorides

in sodium chloride.

Fused salt—metal reactions alse have appliCétion in
alloy.pfodﬁctionm - Cadmium-lead bearing alloys have been made
commeréially_by £he reaction of a sodium-leadialloy with either
pure CdCl, or a.mixture of CdClz with - other inert chlorides.
Applications of such systems.to metal purification include the
removal .of Pb from tin.by;SnClésuand the removal of In and Zn
Jfrom.lead_with‘PbClzg. The pyrometailurgy of halides has been

,reviewed'by"Krolllo.



- 'Recent developmentslin nuclear- fuel processing have.
"led to the use of fused saltrmgtal reactions fof the‘removal
,of‘fissioh products'from;molteh uranium-and plutonium. Mottall
"has shown that the removal.of‘Pﬁ.ffom.liquid uranium fuel by
,CCntact with UF3 (usually'in a solution with:BaFjy). is about.
90% complete. The saﬁé process removes most of the reactive
fission products, e.g., 99.9% removal of Cs, Sr and.Ce. - Bareis
etall? have examinéd the removél.Of La from bismuth-uranium

fuel via the reaction,
[La] + 3(nicl) —= 3[Li] + (LaCls) | (1)

, The process. involves a continuous removal of reactive fissien
products-from the fuel at 450°C using LiCl-KCl or NaCl-KCl-MgCl,

eutectics.

Martin and Milesl3 pointed out the-possibility?of
first oxidizing fission products to the salt, then contacting
.the salt with liquid lead to reduce these impurities. The

lead alloy can then be conveniently stored.



Kinetics of Heterogeneous Processes

The kinetics of heterogeneous processes have been re-

14 15

viewed by“Wagner and by Darken~~.  These processes involve
three general steps:

(1) Transport'of reactants from the bulk phases;to the
'-reactién.interface. |

(2) Reaction at the phase boundary. 

k3) ‘Transport of reaction.products-from-the-interfaée to

the-bulk phasés.
Ideally,twoilimiting cases»afe‘possible:

V(l) Equilibrium.is virtually established at the  interface,
and the reaction rate is controlled by the mass trans-
port éf-one or more -of thé sﬁecies.involved in:the
reaction.

(2) The_phase boundary reaction is much slower'than any
_of the transport processes, and so.controls the-over-

~all rate.

Transport Control
Transport in liquids involves.both diffusion and con-
vection. The flux of a material in a direction x perpendicular

to the interface is given by

jx = = D e + C UX . - ' ) (2)



where Jj, = flux (mole -cm™2 sec'l)
D ‘= diffusion coefficientv(cmz,seé~l)
Cc .= concentrati§n~(méle-cm'3)
 Ux = flow velocity'(cm:séc“l)

The concept‘thaﬁ significant'concenﬁration differences
-are confined”to'the vicinity of the=interfacé,‘i.e., to a
"boundary layer", has béen shown to be valid in many instances,
-especially in situations where forced convection.(e.g. stirring)

is present.

Considering Figure 1, an "effective” boundary layer

is defined by the thickness 8.

Q-

. 8 C (bulk)

Figure 1: ‘Conceﬁtration.Profile of the
. Boundary Layer



g ¢ -c* _. |
- (98C/3 X)x . (3)

At x =0, U, = 0 (assuming streamline or viscous flow)

X
3x = =D (3¢/3 %)y (4)

Since (E*c/a x)x=0 is proportional to (C* - C), 5 is independent

-of-the values of C*‘and C.

The rate ‘of a transport process, n, in moles sec-l,
is given by
' ' _ DA | A
;1 = Aj = —8_ (C* .~ C) . (6)

where A is the phase boundary area.

In terms of moles cm ° sec™1,
- de " DA
: = =4 C* - C : 7
e v ( ) . | | (7)

where V is the phase volume.

_A transport rate constant is then defined

DA ' .
k = Sv (8)
‘Note that the equations of the virtual maximum rate

concept (see reference 14) are derived from flux relationships

such as equation (5); these maximum rate equations can be used



(in most cases). to calculate transport rates essentially ident-

ical to those predicted by the flux equations.

. The nature of the boundary layer thicknes%, 6_, can
-be qualitatively discussed. The value of g for any particular
system will be a function of the geometry ana.flow conditions
in the bulk‘liquid. Since two phasé metallurgical reactions
generally invoivevcomplex flow conditions it has so far been
\ impoésible to characterize these flow conditioﬁs.by dimension-
less groups.  Qualitatively S‘should be smaller for higher flow
velocities and low viscosities. Bircumshaw and:Riddifordl6, in
a detailed review. of heterogeheoﬁs processes in aQueous systems,
réported that the effect of stirriﬁg"cw1g for manY{of thése
systeﬁs.can.be expressed by the- simple power relation.,
k .cx: (rpm) @ _ ' ’ (é)

-where a < 1.

- Several aqueous investigations\have revealed that
x  oc  pb (10)
with typical values of b from 0.65 -~ 0.75. In terms of the de-
pendence - of S on the diffusion coefficient'D,
§ e p(l-» | | - (11)
' . Transport controlled reactions should show a dependence

-of the rate on convective conditions; this effect may not be



significaqt if natural convective conditions are sufficiently
-effective. .Generally experimental'activation»energies,fof reac-
‘tions of this type are found to be in the same range as those
for diffusion processes, i.e., below 10 .k cal mole'l for fﬁsed

salts and alloys.

Darkenl7

ﬁséd.a value of S.= 0.003 cm .for molten.stéel
in-a calcﬁlétion:of the rate of carbon drep during.the boil.

The célcﬁlation predicted a rate of 0.11% per)hour,.iﬁareason-
ably good agreement with:ébserved rates of 0.12 to . 0.18% per

hour. Darken pointed . out that this value of 6 should actually
“be multiplied by the-rétio of acﬁual slag-metal interface area
.£to the nominal area, in view of the violent disturbancesfof the

interface caused by emerging CO bubbles. A value of 8 for the

slag phase of 0.012 cm was estimated for the same process.

Slag boundary layer thicknesses during the steel re-
fining period have been calculated from the results of Fornander
. 18 . ' . . Cs 8 L .
and Nilsson . With no. induction stirring o = 0.015 cm; this
value decreased to 0.006 cm upon the application of induction

stirring.*

* " The accurate description of a boundary layer thickness should
be in terms of the Reynolds number. In the cases discussed
here, values of § are not quoted in these terms, .and should
be considered at best as crude.approximations. However their
use in calculations of reaction rates often yield surprisingly
good results. . ’
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‘Morkellg

has made an examination of the factors affect-
ing mass transport in exéhange reactions between molten salts

and alloys. The parameters studied included the effeét'of.fluid
flow conditions (stirring rate and geometry), temperature, and
fluid.properties (diffusion coefficient, viécosity , interféqial
tension). The following réactions were studied:

(i) the reduction of BiCi3 athigh concentration-in‘ZﬁClz—
'KCl.sait by Sn, Pb, Cd and Zn at low concentration in
liquid bismuth.

(2) the reduction of BiCljat low concentration in ZnClo-
‘KC1 by pure molten tin.

(3) the reduction of AgCl at high concentration in BaCl,

by Cd and Sn in molten silver.

‘Reactions>of class (l) were controlled by mass trans-
poft of soluﬁes in the metal; those of class (2), by diffusion
of .a proposed bismuth complex in the salt. The rates in class
(3) were partly determined by evaporation  of-one of the reaction
produéts from the salt. Tests involving thé'simultaneous trans-
fer of two solutes indicated that each transferred as if the

other were not present.

Values of the exponent of equation 9 were determined

for various stirrers, and are outlined in Table I.
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TABLE I

VALUES OF. STIRRING EXPONENT FROM REFERENCE 19

.Stirrer ' Baffles Ca
Paddle . No 0.3
Yes 0.3

Propeller (3-blade, one

in each phase) ; No 0.3
‘Yes 1.0
Graphite Rod No 0.6

Values of g_fromll to 5 x 1073 cm were ‘calculated for
the Pb and Sn reductions of BiCl3,,both controlled by diffusion

,ofvthe'solutes in molten bismuth. Measured DA/S values for salt

: o 3 - .
transport control were in the range 4 to 30 cm min l, consis-

‘tent ‘with boundary thicknesses ranging from 5 x 1074 to 1 x 1072
cm, depending.on the value of D assumed for the bismuth complex

in znCl,-KCl.

.Activation energies for transport controlled reactions

in the ‘alloy phase were  in thé-range 4 to 14 k cal mole_l.

Phase Boundary Reactions
In view.of thefgcknowledged ion%c nature -of slags and
Salts) phase boundary reactions unaoubtedly'involve the charge
and discharge ‘of ions at varying anodic and cathodic sites at tﬁe

two-phase inter face.
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Experimental evidence for electrochemical mechanisms
in slag-metél sysﬁems has-recently’beenvpublished. Grimble etal3,
in a study of silica reduction by carbon-saturated. iron, noted:
tl) in a graphite crucible with:a silica sleeve situated
in such a way that the metal phase contacted the gra-
éhite but the'slag‘did‘not,.a current flow was observed
in an extetrnal cifcuit joining the two phases.

(2) reduction ratés were approximately twicg“as fast in -
a pure éraphite crucible as in a sleeved crucible,
indicating that local cell action occurred at the -
'graphite;slag-and'graphiteralloy interfaces. In view.
of the respeqtive aréas,_the-authors concluded‘that
at least 50% of the reaction was electrqghemicai.

(3). éxperiments were conducted: in Which liquid copper
-formed the metal phase; connection was made externally
via a carbon eiectrode~in the slag'and a tungéten wire
.in the alloy. The current flow was measured, and the
»amouﬁt'of silica reductién predicted from Faraday's
laws. The predicted Si concentrations in the-alloy
Aagreed reasonably well with;the chémical analyses,
although large errors were present in both current

measurement and analysis.
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vRawling:and.Elliott4also studied silica reduction, .and
showed that their results from concentration cell experiments
could be successfully explained in terms of consecutive'electré—

chemical processes at the slag-metal interfaces.

The nature of possible rate>controlling‘phase‘bouﬁdary
reactions is open te speculation.  An.activation-type polariza-
tion could result from some sort of homogeneous reaction occur-
ring before the deposition step. For example,.éilicon.deposi-
tion from slags mayvinvolve the dissociationiof silica complexes.
Similarly, fﬁsed salt reductions could involve the dissociation
and reduction . of complex ions. Bloom;and‘Bockriszolhave dis~-

cussed evidence for complex ions in both slags ‘and salts.

In general, most high-~temperature processes are likely
to be transport contrelled. Chemical reactions, with their
higher activation energies, are expected to be much faster than
.diffusive processes. - Indeed a.fairiy'large'volumevof data. in-
dicates that activation overpotentials for metal reductions in
fused salts are relatively insignificant“(e.g.,,see Liu, Johnson

21
).

and Laitinen

Chronopotentiometry

From the preceding discussion it is evident that a

knowledge of diffusion coefficients in the various phases invoiVed
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in reactions of metallurgical interest is essential. Previous
work has been largely concentrated on .liquid metal diffusion,
v

<ahd a significant volume of data has been publishedzz. However

diffusion data for solutes in fused saltsae very limited.

In view: of the ionic nature of fused salts, tﬁe electro-
chemical technique‘of>chronopotentiometry can be conveniently
_appiied to the determination of diffusion coefficients of metal
-solutes at low concentrations in‘fused salts. The techniqge
involves the measurement ef the potential of a polarizable
electrode as a function of time during a constant cufrent electro-
lysis.of an unstirred solution containing a reducible species |
-and a supporting electrolyte. Mass ﬁfaﬁsfer'of the reducing
_species to the electrode surface is assumed to be limited.only

by semi-infinite linear diffusion from a uniform bulk solution.

-The early derivations of the fundamental equations are
due to Sand23, with more recent_theoretical.analyses presented
by'Delahay24. The theory and derivation of the appropriate re-

lations are outlined in Appendix A.

Chronopotentiometry can be used to:
(1) measure diffusion coefficients by studying. the varia-
tion of'l:l/2 (transition time, defined in: Appendix A)

with current density at various concentrations;
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(2) examine the reversibility of metal reduction reactions,
through an examination of the slope of an.appropriate
potential-time function plot; and

(3) elucidate the steps involved in the réductionﬂof ions

: with two or more stable valence states in the solvent.

Comprehensive reviews of the application of chronopoten-

121

tiometry to fused salts have been presented by Liu eta and

by Laitinen and Osteryoungzs.

.Purpose and Scope of the Present Investigation

A study. of the kinetics of reactions between LiCl-KCl
eutectic based fused salts and lead alloys was undertaken. This
systémzwas chosen for the low melting temperature of the salt
eutectic (352°C). The purposes of the study were:

(1) to measure the-rétes of some fused salt-metal reactions
and to aetermine their rate controlling steps.

(2) to correlate these measured rates with diffusion coef-
'ficients where applicable.

(3) to elucidate mechanisms where the simple mass transfer

model appeared -invalid.

Chronopotentiometric measurements were made for the

following purposes:



(1)

(2)

to determine

" processes in

to determinge

not exist or
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the reversibility'of metal reduction
LiCl-KCl eutectic salts;
diffusion coefficients wheré they did

where they were ambiguous.
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EXPERIMENTAL

. Salts
»Drz;Bag
Since many of the salts used in this studyfare»hygrof

scopic, a dry atmosphere was required for all handling procedures.

A simple dry bag was constructed from:a 0.003" thick
polyeghylene'bag, 38" wide by 62" iong,cohtaining.two glove
holes -and a 3" diameter port. Nitrogen (Canadian Ligquid Air),
d;ied by paséage“thfough.silica gel and Linde-moleculér,sieve
columns,,waéiused to inflate the bag. A small flow of nitrogen
wés bled in céntinuously, fhus maintaining '‘a positive pressure
. which.prevented>the inWard diffusionJof'moisture. - The gas was
also.constantly_fecycled.through~the drying columns by means

of a.small circulation.pump.

.Solvent Salt Preparation

Baker and.Adamson reagent grade LiCl and KCl were used
for the preparation of the eutectic mixture :0of B9 mole % (45 w/0)

LiCl and 4§ mole % (BB w/0) KCl1.

LiCl-KCl mixtures normally require some degree of
purification,Aprincipally to remove moisture. These salts undergo

hydrolysis, i.e.,
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Hy0 + Cl7 === HCl + OH , (12)

-when melted if water is present. .These impurities (H,0, OH")
-may cause difficulties particularly during electrochemical

exper iments. Selis and.McGinnis26

have shown that the proton
.of the hydroxide ion is cathodically reducible according to

the reaétion

20H + 2e7 —» H, + 200 | (13)

. which occurs in the potential region ofA—l.6 to -1.7 volts
{against 1M Pt(II)~Pt(0)) and could interfere with any measure-
.ments in this area. 1In addition, the presence of moisture and
its hydrolysis-products may contaminate electrodes - -and affect

the stability of certain. solutions.

Other impurities present in solutions of fused salts
may include organic'matter'(from'LiCl)<and'heavy metal ions

(from impure salt reagents).

.Salt’pﬁrification‘procedures are well documented;
procedures similar to that of Laitinen etal27 are the most
commonly employed. The salt mixture is subjected to vacuum.and
heat to remove most of the moisture. Final traces are eliminated
while keeping the melt saturated with HC1l, thus maintaining'the-

" equilibrium of reaction (12) to the left.



- 19. -

Heavy metal ions can be removed by precipitation with
‘a reactive metal such as Li, Na or Mg. .A final filtration step

successfully eliminates organic and other insoluble material.

Two different salt preparation procedures were used in
this study. For preliminary reduction eXpefiments, the weighed
salts were placed in a -flask and subjected to a prolonged vacuum
treatment accompanied by slow application of heat. This treat-
ment consisted of 24 hours at room temperature, 24 hours atAllOOC
and 24 hours at ZOOQC, all under a vacuum of < 1 mm of”Hg supplied
by a Duoseal vacuum pump. The salt mixture-was.then transferred
to the dry‘bag( melted in a pyrex beaker-on a hotplate, .and the .-
‘required_amoﬁnt-of solute added. The molten mixture was then
vdrawn-up'throqgh.a glass WOol plug and frozen in 5mm pyrex tubing.
This same procedure was also employed to prepare  salt mixtures

for several of the main reduction 'runs.

.A more comprehensive purification scheme was used to
prepare.solvent for the remainder of the reduction runs, and
for the chronopotentiometric experiments. Figure 2 is'a schematic
diagram of the drying apparatus. One hundred and fifty grams of
salt mixture were charged to a 48 mm‘diaméter pyrex tube, closed
at:. one ena, flafed at the other, and fitted with a No. 10 rubber

buné which supported a gas inlet tube (extended to the cell
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bottom) - and a short gas outlet fube. The salt was heated at 120°C
undér vacuum for-24 hours. The temperature was then slowly raised
to 300°C over a four hour period, still under vacuum. At this
time HCl,gaS'(Matheson), dried by bubbling through concentrated
-H5804, was bled into the ce;l and_then flushed througﬁ at- atmos-
pheric pressure. The temperatﬁre was increased in 50° steps,

with - one half hour -at each setting, to SOOOC;.<TheiHCl flow was
haintained for one ﬁour at 500°C, then discontinued,. and the

salt was aspirated (~2 mm.Hg) for about one half hour, wiﬁh
_one-or two argon flushes during_the4aspiration._A final vacuum
treatment of two to three hours duration .removed the last traces

~of HCI.

Salt'purity'was estimated in two ways. The absence: of
etching of the pyrex containers after several days at 400°C in
contact with the molten salt indicated that most of the moisture
jhad been successfully elimiﬁated. vChronopotentiograms for the
solvent alone gaveba semi-quantitative estimatefof-the salt

purity; these will be discussed later.

-Solutes
Baker andedamson.réagent gradeerClz, CdCl2 and_AgCl

were oven-dried at 1509C.
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‘Anhydrous TiClj, M0C15,.Incl3 ‘and Ptclz;,obtained

from A. D. MacKay Co., were used without further treatment.

CrCly, CoCl and Nicl

Anhydrous FeCl 5 2

3 were obtained
by treatment of the hydrated salts (Baker and: Adamson, reagent

grade). with thionyl chleride (Baker and' Adamson).

MCl, + nHy0 + nSOCl, —= MCly, + n SO + 2nHCl  (14)

Solutes were dropped into the purified molten eutectic
in small pyrex tubes. In most cases the salts used for chrono-
potentiometry were brought to the desired concentrations, frozen,

and used for the reduction runs.

;Solutibns;of divalent Cr and Fe were prepared by ano-
dization of Cr and Fe, respectively, against a compartmentéd‘Pt

electrode.

Alloys

Metals were ébtained from: the -following sources:
Li: Foote Mineral Co., 99.9% guarahteed purity
Na: Foote Mineral Co., 99.9% guaranteed‘purit§
}Pb: Consolidated Mining ‘and Smelting Co., 99.99%
guaranteed purity.
Lithium and sodium alloyswere prépared by similar pro-

- cedures. The metal was cut and cleaned of oxide under kerosene.
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Lead was cleaned in a .50-50 mixture of glacial acetic acid and
‘hydrogen peroxide, rinsed in distilled water, then:alcohol,,and

dried in a blast. of air.

:“Lithium {(or sodium) was placed in an iron crucible
under petroleum .ether, and lead added to hold the reactive
metal under the ether. The crucible and coﬁtents were located
on a.pedestél enciosed by a vycor tube, closed at either end
by pressure rubber seals. ,Thé petroleum-efher-Was.drawn off
through a liquid nitrogen:trap with a’Dddseal vacuum-pump,
argon was bled into,the'éhamber, and the metals were melted
using;a'Philips inductioﬁ'unitQ The molten alloy was then either
drawn_up.info'S’mm:quartz tubing, allowed to cool in place;_or

removed and cast into 0.5" diameter iron molds.

Preliminary Experiments

.Furnace

The fufnace shown in schematic detail in Figure 3 was
used for a series of unstirred preliminary reduction experiments.
The main furnace body was: a 14" diametef, 18" long cylinder
filled with insulating brick and vermiculite surrounding a
chromel-wound mullite tube. The}working chamber was a 60 mm
.outside diameter vycor tube. Seals were provided by end plates
with.rubbér riﬁgs,.pressed against the tube-at either end and

- tightened with wing nuts to bolts on the furnace body. As
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shown in Figure 3, the inside of the chamber contained a Cu
cylinder in its center, with insulation brick cylindersffilling
the chamber above and below the copper. 'Six holes, situéted
equidistant from”oﬁe anothef.on.aicommon circle, contained
vycor tubes which.paSsed:£he.fullﬁléngth.of the furnace. . These
six tubes~enclosed-solid.pyrex foas which passed through O-ring
seals in.tﬁe bottom furnace head, and which served asisupports
and lower ing mechanisms for the ctucibles. A seventh hole

down the center contained a.thermocouple protection tube.’

The furnace temperature was maint;ined.with a- Wheelco
Model 402 controller and :a chromel-alumel thermocouple situated
close to thé windings;- Power was supplied through.a 220 volt
variac connected wifh the controller. .The temperature at the
center of-thg copper cylinder could be controlled to approx-
imatély-i‘loc,.ahd the working zone was 3" long,;i‘iOC.

Argon,puiified.by passage through silica gel and molec-
‘ular sieve columns, followed by passage over copper turnings

~at 500°C,‘providedﬂan‘inert furnace- - atmosphere .

Crucibles
Two inch long crucibles were constructed from 3 mm-or
5 mm inside diameter quartz (vitreosil)'tubing,'closed at one

end. Before use they were cleaned in. chromate-sulphuric acid
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solution, rinsed with distilled water:and oven.dried”at»ZOOOC
for at least 24 hours.‘ Six crucibles were used for each run,

-one in each of the six vycor furnace tubes.

Proceduré

Identical weights of cleaned alloijere~placed,inleach
-of six érucibles;.aldhg'with weighed portions of vacuum dried
salt. These tubes were-placed in the furnace on the support
rods whiéh were situated near the furnace top.' Runs were
started by quickly lowering,thé»rods until,thé crucibles were
v=positioned in tﬁe cénter of the Cu cylinder. As samples were
requirea, tubes were lifted to the furnace top. When all
crucibles had been raised; they ‘were transferred to the dry
bag and bxoken 6pen.' The two phases Werevanalyzed for the

appropriate elements.

Zero reaction time was estimated from the curves of
concentratiqn versus time by extrapolating the curves back to
.thevknéwn.sﬁartiﬁg concentrations. This time was also checked
by a blank run in which the cruéibles.were-raised in.one minute
intervals after all six had been lowered. An examination.of
the contents indicated when the phases had both become molten.
The time corrections were usualiy-about two to .three minutes.

7



‘Reduction Experiments

. Furnace
_ The greater portion of the reduction experiments were

nperfdfmed,using the furnade set-up shown in Figure 4; Itlcon—
- éiéted of a chroﬁel wound mullite tube éituatéd in the centre
of an 18" diameter, 25" long steel drum. :The space - surrounding
the'windiﬁg'was filléd with a-castéble refractory material.
This set-up used the same power source and control circuit as
wéS'used,for the preliminary'reduqtions. - Temperatures were
COntrolled4to i2°C,.and an even thermal:zoneﬂofxi}QC‘over a 3"

length was attained.

Theﬁworkiné tube was mullite, fitted with water-cooled
.bréss heads with O-ring. seals. .The crucible'support‘érrange—
ment could be rotated, using a chain and sprocket drive powered
by a 115 watt, 1550 rpm motor (Universal Electric Co.). Dif-
férent stirring speeds in the range. 0-250 rpm were-obtained

by'thé use ‘of a variety of sprockets and reduction gears.

Crucibles
Three types of crucibles were used in these exper iments.
(1) Quartz, 1" diameter (inside), 2 1/2" deep, which were

constructed by closing standard quartz tubing.
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(2) sStainless steel,. 1" inside diameter;:consistiﬁg;of' 

316 stainless steel tubing with welded bottoms.

- (3) . stainless: steel cruCibles-fitted,with'silica;sleéves

of the,séme diameter as the-silica crucibles, shown

~in Figure 5.

"* 1.05"4’ |
' ‘ “Stainless steéel

- !

Quartz

\

)

Figure 5: Quartz Sleeﬁed Stainless Steel
: Crucible :

 Stirrers, -

Twé'typeé,of stirrérS'wéfé'uéed.

(1) vao-biédélglés%-étif:ers=Were'formed.fromr3:mm '
 oﬁ£éide diametef'pyre#‘fubing}  The'bladé.dia£é£ers.
-werevaboutIO.S", énd,the depth énd thickneés10f the

blades were ~ 3/16" and ~ 1/16" respectively.
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(2) A stainless steel paddle was constructed from 1/8"
-diameter tubing and 0.02" sheet. The paddle had

four vertical blades, each 1/4" long, and 3/16" deep.

Temperature Measurement

Temperatures were measured with a chromel-alumel thermo-

couple situated in the stirrer.

Procedure
.All glassware was cleaned in chromate-~-sulphuric acid
solution and oven dried at 200°c. Stainless steel. parts were

cleaned with emery paper and rinsed in alcohol.

The crucibles were placed in the crﬁcible heolder at
the top of the fﬁrnace-about-éne hour prior to a run. .The re-
qgired weight of cleaned alloy was placed‘in the crucible,
which was then lowered to the thermal centre of the furnace.

An hour was 2llowed for the alloy to melt and reach the preset -

temperature.

A weighed amount of purified salt, contained in a 22mm
diameter pyrex tube which had been necked down at one end and
blown.to.a thin bulb of q1ass, was meltea'over a bunsen flame
and raised to a temperature at least SOOC higher than the run

temperature. The tube containing the salt was then placed in
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the furnace, supported in the top head withha.rubber bung bored
to.fit:the tube, and situated so that the salt waé posifioned
just above the crucible dontaining;thevmolten.alloy. The salt
temperature was then allowed to cool to that for the run. The
exper iment was started by punching ‘a small hole in the salt tube
- with a sharpened stainless stéel.or pyrex rod. Time was allowgd
for the salt to drain. into the crucible (< 5 sec.), and the
empty tube was dquickly withdrawn and replaced with the brasé
‘head containing the stirrer. At the same time the stirrer motor

was started.

Periodic samples were taken using 3 mm diameter pyrex
tubing ‘and a small rubber bulb. .Samples were limited té a
.maximum”of 150 to 200 mgm, 8-16 per run. The salt samples were
broken out of the tubing and placed. in weighed giass vials
whiéh were stoppered.and reweighed. The salts were then dis-

solved in an appropriate manner and analyzed.

-Chronopotentiometry

Furnace
Chronopotentiometric tests were conducted in a chromel
wound (700 watts, 110 volts) furnace of brick constructioﬁ,
with a 12" desp by 2 1/2" diameter cavity closed at the bottom.

A steel pipe with a welded bottom, situated in the cavity,
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protected the windings.from salt attack in the event of working
‘tube breakage. This steel liner also reduced ﬁhermal,gradients
in'the furnace cavity. The furnace temperature was regulated
with a Wheelco Model 402 controiler, connected through an ex-
ternal relay and a 110 volt variac. The control.thermocouple‘
was chromel-alumel. . Temperatures were controlled to approx-

imately +2°C, as measured in the molten salt.

Cell

The chronopotentiometric cell was>a‘4é mm outer dia-
meter by 500 mm. long pyrex tube. This tube, filled with the
solvent to a depth.of 55 mm,.was mounted vertically, with 200mm
of the lower'end inéide the furnacg. A number 10 rubber bung
containing three 5 mm holes, two.6 mm holes and two 10 mm holes
:(drilled using regular twist drills after freezing the stopper
in‘liquid nitrogen).closed the top of the container, and sup-
ported within the tube a therﬁocouple sheath, gas inlet anq
outlet tubes and variogé electrodes. The holes were stoppered

‘with glass plugs when ‘not in use.

-Constant Current Source

Constant currents were supplied through‘the-circuit
shown in Figure 6. The circuit consisted of a Heathkit Vari-

able Voltage RégulatedAPower Supply, Model PS-2, and éevefal
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resistors. The current was varied within a certain range . (10-
25 ma) using the power supply controls. A lower current range
(4-10 ma) could be obtained by.closing switéh Si. Current was
run continuously through the circuit. Current determination
involved the measurement of the potential drop across a pre-
cision 5.25 ohm reéistor_with a Pye potentiometer. Switch S;
could be set to apply current through the cell in either direc-
tion (i.e., plating or stripping of indicator electrode).

.Currents were accurate and constant to within 2%.

.Measurements

Curves of the potential of the indicator electrode
against time (chronopotentiograms) were: displayed on a Tektronix
Type 564 storage oscilloscope (Type 3A3 Dual Trace Differential
‘Amplifier, Type'2B67 Time Base). The measurement circuiﬁ.is
shown in Figure 6. Chronopotentiograms were recorded on 35 mm
fiim,vand_the actual measurements made from phoéographic enlarge-’
ments. A discussion .of the measurement of transition_times from

these curves appears in Appendix B.

-Electrodes

Anode
The anodef(working electrqde) in most tests was a 0.002"
- Pt sheet spot-welded to 0.0l1" or 0.02" Pt wire sealed in pyrex.

The anode area was usually 100 to. 200 mmz.
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A gold anode. similar to the Pt electrodes was used

for the MoClg tests.

Indicator Electrodes

Three types of indicator electrodes were used in. this
study.
(a) Platinum: Pt indicator electrodes were fabricated
>from.0.002"'sheet,.spot—welded to 0.01" wires sealed
in pyrex. Areas were accurately determined with a
travelling microscope, and varied between 10 and 100mm?
(b) Tungsten: W electrodes were made from 0.035" or 0.050"
diameter rods. Pyrex-nonex graded seals were used;
the rods either projected below the seal, or were
flush-ground.
(c) Gola: Au electrodes were fabricated from ..003" sheet

spot-welded to 0.006™ Au wire, sealed in pyrex.

Reference Electrodes

Three types of reférence electrodes were used in this
scudy.
(a) 'Ssilver: Silver reference electrodes similar to these

128

developed by Bockris eta were used. These were of

the type:
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(b)
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N

dilute solution glass //ILiCl-KCl _.‘15)
of AgCl in LiCl-KCl // diaphragm/  eutectic (

and were constructed from pyrex tubihg,.with‘a‘thin
glass bulb blown:on. the end. The cells were dried

at 200°C, and filled with a stock solution of AgCl

" in LiCl-KCl (concentrations: 0.3 to 0.6 M). Both

Bockris etal and Yang and Hudson?? have studied this
half cell and found that:

(1) the membrane thickness does not seem to affect
the potential. Bockris etal qﬁote a vaiue of
2000-5000 ohms for the bulb resistance: those
used in the present study were probably some-
what higher.

(2) LiT ‘ions are the predominant current carrier
through the membrane.

(3) the electrode is reversible and obeys Nernst's
equation from 0.2 M up to. AgCl saturation (~2M).

Contact to the electrode melt was made wiﬁh 0.02"
diameter fine~Ag wire. The electrodes were expend-

able and a new.one was prepared for each test series.

Platinum: The platinum reference electrodes were

similar to the silver; a stock solution of PtCly,



0.03M in LiCl-KCl, was used to fill the cells. Con-
tact was made with 0.02" diameter Pt wire. Laitinen
,etal3o.have demonstrated the stability and reversi-

bility of such .electrodes.

A Pt sheet in direct contact with the melt was used
as a reference electrode for the chronopotentiometry

“of Pt(1II1).

. (c) Gold: A gold reference electrode was prepared by
‘anodizing a gold‘foil‘at,a constant current in a
fritted compartment of melt to generate Au(I) coulo-

metrically. The Au(I) concentration was about 0.03M.

Pt in direct contact with the melt was cleaned by
flaming to a red heat. Tungsten was electropolished in NaOH

solution. to a smooth mirror surface.

- Temperature Measurement

Melt temperatures were determined with a chromel-
- alumel thermocouple and a Pye potentiometer. The thermocouple

was located in a pyrex sheath near the indicater electrode.

Procedure
The cell was loaded with 150 grams' of LiCl-KCl eutec-

tic mixture, and the salt was purified. . The electrodes were



placed‘inAposition,.and the desired quantity of solute was
added. After allowing tiﬁe for dissolution of the-solute
(aided;by continuous Ar bubbling), chronopotentiograms were
recorded at a series of current aensities. Generally the cath-
odeS'wére stripped of plated metal after every second test to
prevent excessive deposits, which coﬁld form dendrites -and so
‘alter the electrode area. Ar was bubbled through the melt be-
tween each test; thié bubbling was étopﬁed'30.seéonds before the

next test to allow the melt to become still.

A similar procedure was followed at each concentra-
tion. Samples for analysis were taken at each concentration
for the more volatile solutes, and also in some cases where

dissolution was slow.

.Analysis
Salts
Lead, cadmium .and indium were determined polarograph-

ically with a Sargent Model XII Polarograph.

Other metals were determined colourimetrically using
a Beckman Model B spectrophotometer. The reagents used for
- developing the colour and the wavelengths at which the absorb-

ance was measured are listed in Table II.
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TABLE .II

COLOURIMETRIC ANALYSIS DATA

Element : Colour : Wavelength
Developing Agent -~ ==t L mu
Cobalt - nitroso-R salt 570
Chromium diphenylcarbazide 540
.Nickel ‘dimethylglyoxime - 465
" Iron : 1-10 O-phenanthroline -510
Platinum . stannous chloride - 406
Titanium ‘hydrogen peroxide 410
Molybdenum sodium 2, 3-dihydroxy-
' naphthalene-6-sulphonate 420
‘Alloys

Alloys were dissolved in 1:4 HNO4,. and analyzed for

CLi andwNa'by flame photometry with an EEL Flame Photometer.
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RESULTS

The experiments conducted in this work are summarized
below, and their results will be presented in the same order.
(1) . Preliminary metal ion reduction experiments were
performed'on,the two reactions:
(a) reduction of LiT from the LiC1-KCl eutectic
salt with Na in a Na-Pb alloy.

(k) reduction of pptt

from the same salt with-Li
in a Li-Pb alloy.
(2) Detéiled studies were made of the rates and mechanisms
‘of the following reactions:
(2a) reduction of pbt+ frdm»LiCl-KCl with Li in a
Li-Pb alloy. .Tests showing the electrocheﬁical
nature of this reaction were also performed.
(b) reduction of Lit from LiCl-KCl with Na in a
| ‘Na-Pb alloy.
{c) reductioﬁ,of a nuﬁbér of metal ions from LiCl-
KC1l with either Li in a‘Li-Pb.alloy“or pure Pb.
(3) ' Chronopotentiometric tests were carried.out to measure

ionic diffusion coefficients in LiCl-KC1l, and to

examine the reversibility of the ionic reductions.
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Preliminary Reduction  Experiments

All preliminary reductions were conducted in 5 mm

.inside diameter quartz capsules, unless otherwise noted.

Reduction of Lit with Na

Initial experiments with Na-Pb alloys and PbCl,-KCl-
Licl salts indicated that the mole ratio of oxidized sodium to
" reduced ieéd decreaséd from a value much greater than two to
approximately two during the course of the reaction. Alloey

analysis for Li showed that two reactions were occurring:

‘ K
va] + @i == [i] + (wah | (16)

ﬁ[mél} 1/ —— 17200 -+ { (Na*)} (17a)

[ni (Lih) (17Db)

The results of a reaction between a Na-Pb alloy and
.pure LiCl-KCl are shown in Table III and Figure 7a. The reaction
is fast compared with pb’t reduction. (te be discussed), and the

. \
conclusion can be made that reaction (17b) above is the major

source of PbtT reduction. A plot of log {E\Ta 0 - [wa] ®/[wg —[Nat_lﬁ
versus t, Figure 7b, gave a first order rate constant k = 0.15

4 .025 min7L,
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Figure 7: -Na Reduction of Licl (Run 13, 390°C, 1 gm ;
alloy, 0.61 gm salt, Smm crucibles). !
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TABLE - III

SODIUM- REDUCTION OF 'Li(I)

- Conditions: Run 13
-7 = 390° .
1.25 gm alloy, 0.90 w/o Na
0.61 gm.salt

t E\Iél : [:L;] moles moies N - [vg

min w/0 w/0 Na - Li Li - [i°
: ' x 104 x 10% molar ratio
0 0.90 0 4.80 0 ‘
2 0.51 1 0.12 " 2.72 2.12 ’ 0.98
5 0.28 0.19 1.50 .3.36 0.98
10 0.16 0.22 0.86 3.84 1.03
29 0.13 0.22 0.70 3.94 1.04

69 0.17 0.22 0.91 3.86 1.01

A vélue of K, the equilibrium constant, was calculated,
assuming that:
(1) the activity coefficients of Na and Li in Pb are equal.
This assumption is probably fairly accurate in view
of the similérity of the Na-Pb and Li-Pb phase diagrams;
no thermodynamic data is»availablevon the Li-Pbrsystem.
(2) the activity coefficients of Nat and Lit in the salt
are equal. Bloom and Bockris?? stated that the three
binary systems. KCl-LiCl, KCl-NaCl and LiCl-NaCl all

have relatively small deviations from ideality.
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g = -Wah [ | (18)
' INai (Li*) ‘
= 0,276 at 390°c
AEY = B - E°; = -— 1InK (19)
= 0.073 v.

This value of 0.073 v. can be compared with the value for A E®
31
of 0.02 v quoted by Delimarskii and -Markov  for the pure

chlorides at 700°cC.

‘Reduction. of pb*Tt with Li

- 8toichiometry

‘An examination was made of the stoichiometry of the

reaction
2 L] + (™) — [PH] + 2(zih (20)

' The mole ratio of oxidized Li to reduced Pb was determined for
several runs; the results are shown.in Table IV. These ratios
were measured from plots of oxidized Li versus reduced Pb; each

is then an average of six samples.

Analytical accuracy is such that the ratio cannot be

‘determined to better than +0.1. Run 18, in which LiCl-KCl
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eutectic was contacted with.Li-Pb alloy, showed no evidence -of

Li oxidation over one hour. - The stoichiometry is therefore as

written in equation' 20.

(€3

(2)

(3)

.or 6.6 x 10~

. TABLE IV

STOICHIOMETRY CHECK

‘Run

Li/Pb

16
19
20
- 21
22
.28

2.01
2.12
1.99
2.20
2.10
2.18

Possible sources of extra

reaction of Li with KC1.

lithium loss are:

Measurement of the potas—

sium content of alloys showed a maximum.of 0.025 w/o,

6

stoichiometric ratio would mean a Li loss of 3 x 10~

moles.
reaction of Li with
impurity content of

been estimated as 3

~2 x 10_6-moles of"

solubility of Li in

available; Dworkin

moles.

An error of +0.1 in the molar

5

moisture or OH™ in the salt. The

melted,untreated LiCl-KC1l has

3

x 107° moles cm” , equivalent to

Li.if all the impurities react.

etal32

LiCl-KCl. Very little data is

measured the solubility. of
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pure Li in Licl at 640°C as 0.5 mole%, or ~1 x 10'4_
moles Li. .However the solubility ' of Li. (from Li-Pb)
in LiCl-KCl at 400°C is expected to.be much lower.

(A combinationvof'theée factoré could account for a slightly

high mole ratio.

"Reaction Variables

Several runs which illustrate the effect of the vari-
ables are listed in Table Vv, with the pertinent conditions.
First order rate constants have been determined  from 1log

(Pb)o/(Pb) - time plots.

‘Interface Area

Runs 44 (A = .07 cmZ) and 45 (A = 0.2 cmZ) have essén-
tially identical rate constants. This would be expected if
k =DA/SV =D/§h , since the salt heights are equal for the

two runs.

Alloy Depth

Runs 31, 41 and 49 at one (Pb)o and Runs 45 and 47 at
another show that alloy depth had no significant effect on the

‘reaction rate.
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TABLE V

SUMMARY . OF SELECTED PRELIMINARY
REDUCTION : EXPERIMENTS

Run " TOC Ma ELJ']O' . Ms (Pb\o

D A k

gm w/o ‘gm w/0 mm cm?  min-!
31 392 0.54 0.78 0.60 . 8.6 5 0.2 0.019
41 388 0.53 0.78 0.60 . 8.6 5 0.2 0.015
49 389 1.59 . 0.78 0.60 ' 8.6 5 0.2 0.014
45 388 0.52 0.78 0.60 4.9 5 0.2 - 0.012
47 388 0.94 0.78 0.60 4.9 5 0.2 - 0.011
55 390 0.53 0.78 0.30 4.7 5 0.2 “0.017
56 -390 0.65 0.78 0.90 4.7 5 0.2 '0.008
44 389 0.53 . 0.78 0.22 4.9 3 0.07  0.011
46 384 0.50 0.78  0.60 12.3 5 0.2 . 0.015
59 388 .0.65 0.78 0.60 4.6% 5 0.2 0.015
i3 390 | 1.23 0.90%* 0.61 0] 5 0.2 0.15

*.cd
*k Na -
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Salt Height

Runs 47, 55 and 56 show  a tendency  for decreasing
rate with increasing salt height (h), .as shown in Figure 8.
The dependence is roughly k ©1/h, which supports rate control

“by pb?T diffusion in the salt.

Initial Lead Content‘(Pb‘)o
Runs 41, 45 and 46, for 4.9 w/o‘<(Pb)°<.l2.3 w/o,
indicate that k is,independent of (pb)°, consistent with the

transpoft of PbTt as the rate-controlling step.

Temperature

Several runs, not reported here, were conducted in
an attempt to determine the temperature effect. The points on
a log k - 1/T plot showed considerable scatter, but an experi-

1 waé estimated.

mental activation energy of 12-18 k cal mole™
Run 59 was conducted with CdCl2 in place of PbCl,;
the rate constant k was 0.015 min—l, similar to those measured

for the PbClz.redUCtions{

Two points with respect to these experiments should
be made. First, the precise determination of zero reaction
time was impossible. The assumption was made that a negligible

amount of reaction occurred until the crucibles and contents
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were at the reaction temperature.
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This assumption is probably

-in error, although first order rate plots-are surprisingly good.

Secondly, convective conditions were largely unknown and undoubt-

edly varied from one run to the next.

producibility is thought to be quite acceptable.

Salt Boundary. Layer Thicknesses

~In view.of this, the re-

Boundary layer thicknesses (65);have been calculated

from the relation

-and are shown in Table VI.

TABLE VI

‘"TYPICAL VALUES OF 8 g FOR PRELIMINARY

Pb*Tt REDUCTION EXPERIMENTS

Run T°C h k -1 8 s

cm min cm
47 388 1.83 0.011 0.030
49 389 1.83 0.014 0.024
41 388 1.83 0.015 0.022
55 390 0.92 0.017 0.026
56 390 " 2.75 0.008 0.036 "
59(cad) 388 1.83 0.015

0.021

- (21)

Values .of D used were, in most cases, measured in this study.



- 51 -

Main ReductionmExperiments

The majority of reduction experiments in this work
were conducted in 1;050,1 0.02" internal diameter crucibles:

the reactions were followed by sampling the salt phase.

In stirred runs, the stirrer was situated approxi-

mately 8¥1O mm above the interface.

.Reductionwof.Pb++_with,Li

The reaction
(pb++)  + 2[pi —= 2(zih) + [Py (20)

which was studied,during.the preliminary tests, was extensively
re-examined, with the results summarized in Appendix F,. Tables

F-I and F-II.

Reaction Variables

Initial Lead Concentration (Pb)o

Plots of log‘(Pb)o/(Pb)-versus'time were linear, in-
dicating that the reaction is first order. Typical first order
curves are- shown in Figure 9. Theieffect_of (Pb)0 is examined
in TablesUVIIa and VIIb for quarti sleeved and stainless steel
crucibles respectively. The results show no trend to dependence
of the first order rate constant on initial . lead céncegtration,

as was also shown by the preliminary tests.
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TABLE VII

EFFECT OF (Pb)° ON RATE

Quartz sleeved crucibles .Conditions:

8tainless steel crucibles

unstirred
T = 375 + 3°C
[Li]© = 0.25 + 0.05 w/o

Run (Pb)° k
w/0 min~1
88 3.8 0.061
90 . 6.2 0.068
94 7.7 0.073
- 95 1.22 0.093
98 3.75 0.066

Conditions:
stirred, 112 rpm, with
stainless steel paddle
- 7.= 375 + 2% |
[Lil© = 0.18.+ .02 w/o
Run (Pb)O k
w/0 min~1
112 4.63 0.020
113 4.33 0.022
137 . 4.75 0.020
138 1.57 0.029
139 2.95 0.029
140 6.80 0.023

—Eg-
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"A statistical analysis indicates that both sets of
results (i.e.,. Table VII) have a root mean square error of

approximately 16%.

Initial"Alloy Lithium Concentration lii{o'

Results 'in the two types of crucibles are compared

in Tables VIIIa and VIIIb

TABLE VIIT

EFFECT OF |Li]® ON RATE OF Pb’' REDUCTION

Table VIITa ﬂ , ' Table-VIIIb

Quartz Sleeved Crucibles Stainless Steel Crucibles
Conditions: Conditions:

Stirred, 112 rpm, Unstirred

Stainless steel paddle ' T = 378%°%

T = 3800C . (PL)° = 6.2 w/o

(Pb)° = 4.75 w/o

: == ' ~ O
Run- I-_LJ] k .1 Run [:Lg k _1
w/0 min w/0o min
137 0.24 0.020 ' 90 0.21 0.068
‘141 '0.08 0.023 91 0.27 0.072
92 0.57 0.068

It is concluded from these results that the rate constant k is

independent of the initial lithium concentration of the alloy.



. Alloy Depth d

Results are shown. in Tables IXa and IXb.

TABLE IX

ALLOY DEPTH PARAMETER

Table IXa
Quartz. Sleeved Crucibles

Conditions: Unstirred
T = 378 + 3% .

Run Alloy .a k 1
Mass cm min~
gm

110 50 - 0.95 0.012

108 100 1.90 0.014

99 100 1.90 0.014%*

* -~ (quartz crucible)

-Table 'IXb
Stainless Steel Crucibles
Conditions: Unstirred ‘
T = 376 + 2°C

Run Alloy a k
Mass cm ,min'l
gm

88 100 1.90 0.061
90 50 0.95 0.068
91 60 1.13 0.072
93 80 1.50 0.058

98 100 1.90 0.066

= 55 =
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The alloy depth does not appear to influence the rate constant
Xk, indi¢cating that little or no contribution te rate control

arises from diffusion in the alloy phase.

. Salt Height h

The effect of the salt height on k is illustrated in

Table X.

‘TABLE X-

EFFECT 'OF SALT HEIGHT CN k

Conditions: ‘Quartz sleeved crucibles
Stirred, 112 rpm, S.S. paddle

. T = 375°C
Run ..Mass Salt ) ‘h , kgl -
gm : cm ‘min
137 .20 2.28 1 0.020
142 30 3.42 : 0.015
141 20 2.28 0.023

. 140 20 2.28 0.023

- The results indicate that k is ‘inversely dependent on the salt

height.

Agitation
The results of a variation .of agitation conditions

.on k are shown in. Table XI.
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TABLE XTI
"EFFECT .OF STIRRER: SPEED

_Conditions: Quartz-sleeved crucibles
T = :3759C
Stainless steel paddle
(104 used glass stirrer)

‘Run rpm k
min~1
108 0 0.014
110 ' 0 0.012
104 64 0.010
112 112 .0.020
‘113 112 . . 0.022 "

114 224 0.053

. A plot of log'kAvérsus log. (rpm) for 64 £ rpm { 224 is a straight

line with the slope a = 0.9.+ 0.1.

- Temperature

The temperature series data-are listed 'in Table XII;
.the reduction curves are shown in Figure 10, and the Arrhenius
plot in Figure 1ll1. The apparent activation energy measured

from the- Arrhenius plot is 8.4 + 2.0 %k cal mole—l.
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Temperature Series (Stirred at 112 rpm, 100 gm
0.25 w/o, Li alloy, 20 gm, 5 w/o Pb salt).
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TABLE XIT
TEMPERATURE SERIES
Conditions: Quartz sleeved crucible

- 8tirred, llZIrpm
. Stainless steel paddle

Run TO¢ ok
min'¥
112 : 376 0.020
113 376 0.022
117 390 0.025
118 .~ 405 0.031
119 . 426 0.035

120 450 0.041

The results for Pb*t reduction with Li can be summar-

ized as follows:

(a)
(b)

(c)

(da)

(e)

(£)

First order raﬁe plots are linear.

The first order rate constant k is independent' of
alloy depth and initial alloy lithium content.
First order rate éonstants are independent:of the
initial Pb*t concentration of the salt.

k is inversely dependent on h, the salt height, at

constant interfacial area.

-k increases with increasing agitation.of the salt

phase.
The apparent activation energy of the reduction is
8.4+ 2 k cal mole-l, compared to 7.9 k cal mole_l for

Pb++ diffusion.
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These results are consistent with rate control by transport of

pb™" in the salt phase.

Calculation of Salt”Phase'Boundary‘Layer‘Thicknessesé;s.

Since the Li reduction of PbCl, is controlled by dif-
fusion of Pb'* across an apparent boundary layer, the thickness

- of this layer may be calculated from the relation

"Typical values of Bs calculated in this manner are listed in

Table XIII. -

TABLE XIII

SALT PHASE BOUNDARY LAYER THICKNESSES FOR
Pb*+ REDUCTION WITH Li

Run -TOC rpm k Ss

min'l cm
- 114 376 224 0.053 0.0046
- 113 376 112 0.022 0.0112
110 376 0 0.012 0.0202
99 376 0 0.014 0.0175
117 390 112 0.025 0.0107
118 405 112 0.032 0.0100

Electrochemical Nature -of the Pb*t Reduction
Three types of experiments indicated the electroechemical

nature of the reaction of Pb**t with Li.
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Effect of Crucible

The type-of crucible used in.tﬁese-experiments was
- observed to affect the reduction rate. Ruﬁs 97, 98 and .99 were
all_éohducted underAsimilar cqnditions. "Run 97, in a quartz
-sleeved cruéible,.and Run .99, in a quartz crucible, héd essen-
tially.idehtiCal fate constants. Run 98, in a stainless steel
crucibie, had a ﬁuqh higher rafe.' Figure 12 illustrates first

order plots for these three tests.

The salt-metal interfacial area in each test was 5.3 cmz,

and the salt height was 2.3 cm. Rﬁn 98 was unusual in that the
area of contact between molten salt and electronically conduct-
ing material was a factor~of 4.5 times higher than in the»othef
“two runs'(aréa-of salt-metal interfacé; 5.3 cmz, plus the area

2)

-0of salt-crucible contact, 18.8 cm“). The ratio of rates is,

‘using an average k: of 0.0145 min“l for Runs 97 and 99,

k‘98 = 0.066 = 4.55

kgo7,§99 - 0.0145

This agreement is unlikely to be strictlyvfortuitous but rather
presents good evidence that the reduction of Pb++~occurs pre-

dominantly by an electrochemical mechanism.

Checks were made to ensure that the runs in stainless

steel were valid. Run 66 was performed in which a LiC1-KC1-PbCl,
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melt was contacted with .pure lead. The salt was perioaically
-analyzed for Pb*t content,.and no pb*t reduction was observed
‘up to 110 minutes. The salt from Run.81.wa5’téstedvfor iron

by addition of potassium.thiocyanate to an aqueous solution of

the salt. No iron was detected.

"Tests with Stainless Steel Strips

Several ruhs were conducted in which stainless steel
strips (316, cleaned with emery‘paper, washed . in acetone and
dried) were inserted into both phases; these strips extended

the cathodic salt-metal interface.

The data is sﬁmmarized in Figure 13,which shows k
plotted against the salt-s#ainless steel contact area. The rﬁns
were conducted in.qgartz sleéved crucibles. Points for Runs 97
and 99 (no strips) and Run 98 (stainless steel crucible) are |

- also shoewn in Figure 13.

A linear relation exists between strip.area and k,
the strips giving increased reduction rates. The rate increase
is smaller than.the anticipated effect shown by the dotted line
~Jjeining points 97 and 99 to 98. The difference appeared to
result from.incdmplete wetting of the stainless steel strips by
"the molten salt, which ﬁeans that_the contact area is not the

geometrical area.
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Figure '13: - Stainless' Steel Strip Immersion Tests - First
order k vs. A (377°G, 20 gm, 4 w/o Pb salt; 100 gm, 0.78
w/o Li . alloy).
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These results also indicate electrochemical reduction

of pbtt,

. ~Current Measurement

Current flow in an external circuit was detected in
the following way. A:Cu wire was silver-soldered to a'quaftz
sleeved crucible to provide electrical contéct with the alloy.
A-?uﬁ (109) - was performed in ﬁhe usual manner, except that a
stainleés'steel strip was immersed into.the salt phase, énd
connected thréugh an ammeter to the Cu wire. The current flow
was‘recorded and the melt was sampled at intervals throughout

the test.

Figure 14 shows experimentally measured curves of
Pbtt concentration .and current versus time. A sketch of the

circuit, with the observed. polarity,is shown in Figure 15.

S.S8. Crucible

Quartz
S.S. Strip

Figure 15: Current Measurement Crucible.
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Figure 16 is a first order rate plot of the data,
with k = 0.027 min~1. The results can be compared to.those
‘0of Run 97 (quartz sleeved crucible) , k4=.0.015 miﬁ'l. Thevrafe
’due to the stainless steel strip is thus 0.012 min~l. 1In
figure 16, a:réte plot is constructed with this slope, . and a
curve of concentration versus time‘due~to the stainless steél
strip wasvcalculated. This curve is shown in Figure 14. -Rates

measured from the concentration-time curve,. and those calculated

from .the measured currents using Faraday's law.are compared in .

‘Table XIV.
TABLE XIV
-COMPARISON .OF CALCULATED AND
MEASURED RATES (RUN .109)

t Concentration i - Faraday Difference
min Rate o-ma Rate from average

gm/min gm/min %

o .36 0.00232 +38

- 0.00168
5 . 21 ~0.00135 ~20

This agreement,érovides further evidence that Pb*t reduces

electrochemically.

‘The results on Pbtt reduction with Li can be summarized

as follows:
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(1) Examination of the reaction variables shows that the
rate of this reduction is controlled by diffusion of

pptt

across a boundary layer of thickness és in the
salt,phase.

(2)  The reaction is electrochemical in nature.

-Reduction of Li+-with Na in.a Na-Pb Alloy

This exchange reaction was re-examined in. 25 mm cru-
cibles,.with stirring, at 4OOQC. Runs were conducted .at two
different initial alloy sodium concentrations. ' The results. of

these runs are shown in Table XV -and Figure '17.

TABLE XV
REDUCTION OF Lit WITH Na

Conditions: 20 gm. salt
100 gm. Na-Pb alloy
T = 400°C
Stirred at 112 rpm, glass stirrer

Run [ﬁé{o ' k

w/o min

-1

148 ©1.02+.05 0.134
149 0.49+.05 0.049




'w/o

(Na) ©

(Na) ©-(Na) ©
(Na) -(Na) ©
o

3
~ .4
.2
e | | _ | » I _ & !
0 10 20 30 40 0 ‘ 107 - 20
: t 1min _ t min 1
. Figure 17%: Na Oxidation Curves : . _PFigure 17b: First Order Plots s
' |

-Figure 17: Na - LiCl Exchange-(Runs 148,149, 400°C,112 rpm,
20 gm salt, 100 gm alloy) '
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These results are consistent,with»avreaction rate
that is controlled by diffusion of Na in the alloy. By compar-
ison, the rate determined in the preliminary reductions is
k390 = 0.15 + .03 min'l. Since Run 149 had obviously reached .
equilibriﬁm,:the final alloy was analyzed for Li and Na, and
the eQuilibrium.constant was calculated. The value determined
was Kgqgg0 = 0.38. This constant was used to calculated
£>ﬁo'= 0.056v. These values of K and A E° can-be'compared

with those previously determined in the preliminary tests,

K3900 = 0-28 and AE® = 0.073 v.

The mole ratio of oxidized sodium to reduced lithium
for Run 149 was, from .analysis, about 1.1. The difference of
10% can easily be accounted for by the variation .in E&é}o

_analysis.

These results show that the reduction rate of Li+
with Na under the present conditions is about five to ten'times
faster than the reduction rate of Pb'T with Li, .and the reaction
appears to be contrclled by the diffusion of Na  in the alloy

phase.
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" Reduction of Other'Metal,Ions

The-results for;a number of metal reductions: examined
~are listed in Table XVi. These -runs were conducted under sim-
.ilar conditions of agitatien (112 rpm, glass stirrer) and

temperature (400°C), in quartz sleeved crucibles.

First order rate plots for these runs are shown in

Figures 18 and 19.

Cadmium,'SilVer and Indium:Ion Reductions

The reductions of_Cd++,,Ag+ and Inttt with Li, and

' the reduction of cr™* to crtt with Pb (followed by lead analysis
of salt) appeared to proceed in a manner analogous to the pb*+
reductions. Salt samples were clean.and homogeneous, as

were the solidified salt masses at the end .of the runs. Table
XVII lists boundary layer thicknesses caléulated for the four
k reductions, and for a comparable Pb*t reduction (Run 118).
0.28

These results fit the relation SOC D (with the exception

of Cr(IXI)), in the same range observed in aqueous selutions,

i.e., S ot pQ-25-0.35 (reference 16).



" All Experiments:

TABLE XVI

" METAL REDUCTION RESULTS

- 400°C
112 rpm, glass stirrer
100 gm alloy
- 20 gm. salt (30 gm, Run 126)
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(MRt H)° ELi}° k

-Solute Run ”Metal

‘w/o M cm™* w/0 min~ " Qbsvd.
-x104

Ag(I) 144 1.50 . 2.31 0.30 0.063 ‘No

Pb(II) 118 5.18 4.15 0.25 0.032 No

CcA(TI) 125 1.85 2.73 . 0.30 0.030 .No

cda(1r) 126 1.25 1.84 0.31 0.022 No

In(III) 128 1.90 2.75 0.25 0.017 No

Cr(III) 150 1.00 3.19 0 0.011 No
“Cr(ITI) 131 0.79 2.52 - 0.25 0.04 . Yes
Co(II) 121 1.03 2.90 0.26 0.093 Yes
Co(II) 122 1.03 2.90 0.31 0.105 Yes
Co(II) 124 1.03 2.90 0.37 . 0.118 Yes
: Ni(II) 130 .0.86 2.44 0.23 0.143 Yes
CNi(II) 146 0.86 2.44 0 © 0.057 . Yes
CNi(II) 147 0.70 1.99 : 0 0.052 ~ Yes
S Ti(III) 145 0.43 1.49 0.24 0.050 Yes
Pt (II) - 143 1.20 1.02 0.23 0.22 Yes

* M cm’3

w/o

100

élvﬁ
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: (Mn-h) 0/ (Mn+)

System

150

20 ‘ 40 ' 60
- _ t min

i

-Figure 18: First Order Rate Plots for Several Metal Ion Reductions

Group 1 (400°C, 112 rpm, 100 gm.alloy, 20 gm salt)

O Cr(III)-Pb

O :1n(III)-Li 128

A cd(Ir)-Li 126

A Cca(II)-Li 125

® Pb(II)-Li 118 -

O Ag(1)-Li 144

| ' 1 | 1
.80



(Mn+) 0/ (Mn+) .

log

o
]
/
,
o " System Run —
o Ti(ITII)-Li 145
n
O Ni(II)-Pb 146
A co(1I)-Li 122
B Ni(II)-Li 130 -
O Pt (IT)-Li 143
L ‘ | 1
10 c20 30
' t min

';Figure 19: First Order;Rate Plots for Metal Ion Reductions: -
Group 2 (400°9C, 112 rpm, 20 gm-salt,1l00 gm.alloy)
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TABLE XVIZE

BOUNDARY LAYER THICKNESSES g S

FOR . VARIOUS SOLUTES

Solute kK D x 10° Ss
min"l cmzsec‘l cm
pbtT 0.032 12.6 0.010
ca*tt 0.030 12.1 0.011
AgT 0.063 32 0.013
Tnttt 0.017 6.1 0.009
crtt+t 0.011 5.6 0.013

Two runs for ca*t (125 and 126) at different salt

heights indicate an inverse dependence of the rate constant on

salt height.

The observed results infer that the reductions of Ag,

++

+++ ) . +++
--.Cd . and In with Li and the reduction of Cr with Pb are

controlled by the diffusion.of the respective metal ions in the

salt phase.

~Reduction of Pt++, Ti+++, Co++, Nitt . and crttt

The rates listed in Table XVI for these solutes are

somewhat higher than those predicted based on transport in the

salt phase.

In each of these reductions precipitated metal was

observed in the solidified salts at the end of the runs. Fairly
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large volumes of metallic sponge were noted in some cases during

dissolution of the salts out 6ﬁ the crucibles.

."Blank“ runs were'performed in pyrex crﬁcibles for
each of the cases in which metal was observed. These tests
were cérried out in an identical manner to the kinetic experi-
ments, with the exception that no stifring was applied. The
crucibles and contents were quenched in an air-blast part way
through the reductions; solidification was complete in approxi-
mately 30 seconds. The salts were broken up and an examination
was made of the interfacial region. Photographs were taken
after spraying the salts with acrylic plastic to prevent mois-

ture contamination.

,Co++ Reduction

The run was quenched after 5 min. at 400°C. A photo-
graph of the salt phase is shown in Figure 20. The main portion
of the salt was a turquoise-blue homogeneous phase. A dendritic
growth of reduced.Co metal (checked with a magnet after dissolu=
vtion of the salt in water) is clearly shown in the picture. A
large mass of Co was also observed floating on the salt surface

at the beginning of the quench.

A logical explanation for metal on the melt surface

is the following. Since the salts may contain some moisture,



Figure 20: Salt from Co** Reduction by
Lithium Blank Run

Figure 21: Salt from Ni** Reduction by
Lithium Blank Run

79
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reaction of Li witﬁ this moisture would produce'hydrogen; .A
very small weight of hydrogen could have sufficient volume to
float metal sponge'from.the interface to the salt surface. This
éxplanation is substantiated by the observation that no metal
was present on.the surface.of a Nitt salt reacted with pure

lead (to be discussed).

The reduction rates for three runs. increased with
.increasihg alloy lithium concentration; the relation-between
k and E&fo is linear. This indicates that the rate may be
controlled by diffusion of Li in the alloy, but the reéults
are not.conclusive. The variation in k may be caused by exper-

imental error or by variations in the amount of depoSited cobalt.

.Ni*tt Reduction

-ﬁickel ion reduction experiments were conducted using
both Li {in lead) and Pb as reducing.agents. . The rate of the
reduction with Li was more than twice as high as. those with
Pb. However even the latter runs are faster than would be pre-
dicted from a pure diffusion ﬁechanism. Preciéitated nickel

was observed in both cases.

Blank runs for reduction of Ni'T" with Li were frozen
at 1 1/2 minutes and at 4 minutes. The appearance of the salt

was similar in both cases; the salt from the 4 minute quench-is
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shown in Figure 21. Some reduced Ni is present on the surface,
but no distinct separation of reduced metal from salt in the
interface vicinity occurred. Rather, the whole salt mass was

‘a dark grey colour.

A seven gram sampie of the sgeﬁingly‘homogeneous salt
phase was dissolved in water and filtered through:a Gooch cru-
cible. The undissolved material was weighed, dissolved in di-
lute nitric acid and the resﬁlting solution_analyzed for Ni4and
Pb. . The precipitate weighed 34 mgm (0.5%'o£ total sample), and
contained 70 + 10% Ni and 9% Pb. Thus the grey colour is pro-

duced primarily by a fine dispérsionnof reduced Ni.

The salt sample of a reduction of Nitt with:?b.blaﬁk
run, shown in Figure 22 had a much different appearance,.and
in fact was Verybsimilar to the cott reduction {with Li). The
deposited'Ni.metal aﬁvthe interface does not appear as extensive
as was the cobalt, ana‘thelreduction'rate for nickel isvnot as
high. The identification‘of the material as ﬁi_was confirmed
with a magnet. No metal was observed on the salt surface, as
mentioned previously, and as expected if no H, was generated

in this case.



Figure 22: Salt from Ni** Reduction by Lead
Blank Run

Figure 23: Salt from 7i*t*+ Reduction by
Lithium Blank Run

= 82 =
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_‘I‘i+++ Reduction

+t++ yas somewhat lower

The initial concentration of Ti

-than the average solute concentrations generally used, éince

the solubility in.this*system”appears to be £ 2 x 1074 moles

cm~3 at 400°C. The rate constant for the reduction of Tit++
L _ v

with Li was 0.05 min~—, or approximately three times as fast

++

as the In+ reduction.

The salt sample, frozen after 10 minutes, is shown
in Figure 23. The appearance of the salt is similar to the
Co case, with deposited metal at the interface. The salt was
light grey. - That the deposited material was metallic Ti, and
not Ti subhalides, wasAconfirmed by water dissolution. The
grey maferiél was. insoluble. The greyness of the éalt was
caused by a relatively small amount of Ti metal dispersed through-

out the phase.

Cr"'++ Reduction

Reaction of Crt+t in LiCl1-KCl with-Li resulted in
complete reduction of crtt™ to the metallic state. . The rate
constant of this run for the first seveﬂ.minutes was approxi-
mately 0.043 min_l; this value indicates that the reaction rate
was significantly faster than expected from:a simple diffusion

mechanism. A test frozen at 10 minutes showed the presence of
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metallic Cr. The salt did not break cleanly from the alloy,
but wheﬁ the alloy was placed in water, a black precipitate,
- assumed fo be Cr metal, was observed. The main portion of the
salt was homogeneous, and mauve in colour. Metal was observed

on .the salt surface.

Pttt Reduction

“ The reaction rate for the reduction of Pt*t with Li
was the highest observed in the entire study. The initial (Pt)
was lower than for some of the other solutes because of limited
solubility. The salt sample, frozen after four minutes, is
shOwn'in Figure 24. The salt did not break away cleanly from
the alloy, but Pt metal can be seen at the interface. However
the main portion of the salt was grey, indicating the presence
of reduced Pt. Water dissolution resulted in a precipitate
which was also insoluble in HC1l (Note that PtCl, is relatively
insoluble in water, but dissolves readily in the presence of

HC1) .



Figure 24: salt from Pt** Reduction by
Lithium Blank Run
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To summarize, the reductions.of_these~ions-with either

Li or Pb were fast compared to the reductions of cda™*, pb*+,

+++

-In and,Ag+. Reduced metal was observed in two forms:

(a)

(o)

" the reductions of co™*, cr

metal was found at the salt-metal interface during

+ t++ ang Tittt with Li.and

‘the reduction of Nitt with pb.

‘metal was dispersed throughout the salt phase in the

+

reductions of Ni+ and Pt++ with :Li.
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‘Chronopotentiometry

The basic chronopotentiometric dataiobtainéd in this
study are presented in Appendix C. Listed are -average transi-
tion‘times (for one to three tests)_determined:atfvarious cur -
:gnt deﬁsitieSpand,concentrations for éach solute sfudied,

Table XVIII is a summéry'of the present results.

The procedures used for determining transition times

from the recorded potential-time curves are discussed in Appen-

dix B.
The results will now bé detailed for each solute.

Solvent

Chronopotenﬁiegfams for the purified solvent were
determined. A typical solvent potential-time-curve is shown
iﬁ'Figure 2$a. An examination of this éurve-resulted in the

‘data given in Table XIX.

TABLE XIX

RESIDUAL TRANSITION TIME OF SOLVENT

E(v.) vs. T i’rl/z i/z
. Ag (1) -Ag(0) sec amp cm~? sec
- 0.5 ‘ - negligible
- 1.0 0.03 ' 0.22 x 10™2
- 1.5 0.09 0.38 x 10~2




-TABLE XVIII

SUMMARY OF PRESENT CHRONOPOTENTIOMETRIC RESULTS

C i'tl/z x 102 D x 10°
Ion 7% M cm—3 amp cm™2 secl/2 cn? sec™t
Ag(I) 400  4.95 x 107° 2.31 + 0.10 29.8 + 1.5
400  8.75 4.46 + 0.15 34.5 .+ 2.3
| 400 . 1.40 x 1074 7.70 % 0.25  40.5 + 2.7
Pb(II) 400 6.21 x 107 3,67+ 0.05  12.0 + 0.3
400 = 8.52 5.09 + 0.05  12.3 + 0.3
400 . 2.45 x 1074 15.30 + 0.05  13.4 % 1.0
445  1.10 x 107> 0.81.+ 0.02  18.7 + 0.7
445  1.70 1.29.+ 0.05  19.8 + 1.3
445  2.38 1.77 ¥ 0.02  19.1:% 0.5
In(III) 403 2.38 1.01.% 0.02 6.2 + 0.25
403 5.07 2.11 + 0.05 6.0 + 0.3
429  5.07 2.48.% 0.06 8.3 + 0.45
451  5.07 2.63 + 0.12 9.3 + 1.0
Co(I1) 402  2.26 1.31.+ 0.02  11.6-+ 0.4
402 4.70 2.72.+ 0.10 11.5:+ 0.9
453  4.70 3.29. % 0.10  16.9 % 0.9
493  4.70 3.65-+ 0.10 20.8 + 1.0
402  .7.20 4.61 + 0.15 14.1.+ 1.1
. Ni(IT) 400  2.10 1.34 -+ 0.06  14.0 + 1.4
400  6.70 4.16 ¥ 0.12  13.3.+ 0.8
Pt (I1) 400  1.58 1.00 ¥ 0.02  13.7 % 0.7
400 2.35 1.37.% 0.04 * 11.6 +.0.8
400 .3.28 1.90 % 0.02  11.6 % 0.2
400 ~ .1.01 x 1074 5.59 -+ 0.05 10.5.+ 0.4
Fe (I1) 400 . 2.46 x 107° 1.60 + 0.04  14.6-+ 0.8
400  3.75 2.65 1 0.06  17.2-% 0.8
400  5.06 3.45 % 0.10  16.0 -+ 1.0
400  5.06% 3-00.£ 0.29
Cr(II1) 400 2.60 . 0.51.+ 0.02 5.4+ 0.05
400  8.45 1.73.+ 0.08 5.8.+ 0.45
cr(I1) 400  1.58 1.13-+ 0.05  17.6 + 1.6
400 3.32 2.38 .+ 0.10 . 17.7.%+ 1.5
400  '5.2%% . 2.65 + 0.06

* %k

*}_Solubility_limit apparently reached

(see text).
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(a) Solvent

T = 400°C
i=1.26x10"2 a em™2
W electrode

(b) Silver(I)

400°c

8.75x10™° M cm~3
= ]..SlxlO'l a cm™2
0.085 sec

r{H-O =
[ |

(c) Lead(II)

T 400°c
2 6.21x10—5 M am >
i = 7.44%x1072 a cm~2
TC= 0.23 sec

1l

Il

Figure 25: Typical Chronopotentiograms for Solvent,
Silver (I) and Lead(II)
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The solvent thus has-a‘residual transition time, probany
caused by hydroxyl ion, water, siiicate-and heavy metal ion
contaminations.. Laitinen etal33 have suggested that a transi-
tion time of 0.0l - 0.09 sec. should be assigned to the melt.
In the present work, few solutes were examined at potentials
more than 0.5 V. negative to a Ag{I)-Ag(0) feference,vso no
correctioné weré applied for this effect. At low,fransition
timeé in some tests slight deviations from linearity of T 1/2
vs 1/i plots were observed, undoubtedly due to the residual“ﬁf

of the melt.

Silver (I)

1/2

Figure 26 is a graph of T vs. 1/i for silver; a

typical chronopotentiogram is shown .in Figure 25b.

The diffusion coefficients measured at tHree concen-
trétioﬁé varied from 29.8 to 40.5 x 107® cm? sec”™l. A calcula-
tion of the diffusion léyer thickness for C = 1.40 x 10_4 moles
cm_3, i = 6.88 x lO-zAamp cm;z.and TU= 1.25 sec. {the conditions
for the lowest current density.at this concentration) showed
that this thickness was . about 20% of the electrode dimensions.
Thus thé high value -of D (40.5 x lO_6 cmz sec_l) may be a result
.of.a non-linear diffusion contribution leading_fo larger trans-

port of the reducible species to the electrode than accounted

for by linear diffusion alone.
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Figure 26: Chronopotentiometric Results for Silver (I) at 4000C
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The best average value of the diffusion coefficient

for Ag is probably 32 + 3 x 10-6 cm? sec™. The literature

values for Ag show:a,good deal of scatter; the present result
' ‘ - 34
agrees most closely with that  of Delimarskii etal (see

Mable XXT) .

"Measurements of the slopes.of several potential versus

/2

log (’tl - t;/z) plots gave 0.145 v., compared.tb the theore-

tical Nernst slope of 0.134 v. for a reversible, one-electron

reduction.

‘Lead(II) -
Figures 27 and 28 are plots of ’El/z versus 1/i for

e o
lead at 400 C and 445 C respectively. The average values of

2 -1

the diffusion coefficients are 12.6.+ 1.5 x 10~ cm sec at

400°C, and 19.2 + 1.5 x 10=® cm? sec ~ at 445°C. These two

values indicate an activation energy (admittedly crude)' of 7.5

. _ '
k cal mole ~, in good agreement with the value of 7.9 k cal

1 35

mole - obtained by Thalmyer etal

t1/2

The>potential versus log (1:1/2-— ) slopes for

eight tests averaged 0.07ofir.007 v. This value may be compared

36 of 0.069 v. for the re-

with the result of Inmen and Bockris
duction~of_Pb(II)'onto a liguid lead cathode. This data indi-

cates that Pb(II) reduces reversibly from LiCl-KCl eutectic.
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-Fiqure 27: Chronopotentiometric Results for Lead(II).

at

30



secl/2

—mp 1/2

"Concentration

01.10 x 1075 M em™>

A1.70 x 1077 M em™3

Q2.38 x 1072 M cm~3

20

1/i

| Figure 28: Chronopotentiometric Results for Lead(II) at 445°cC
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. Indium(III)
Two waveg wefe observed for the reduction .cf trivalent
indium solutions; typical'chronopotentibgrams'are shown in
Figure 29. . The potential. of the‘first wave, -0.25v vs. 0.6M
‘;Ag(I)-Ag(OL'agrees reasonably well with thevpoténtial,differeﬁce
130, |

of -0.15 v. estimated from the data of Laitinen‘eta - The

second wave was observed at 0.52 v. less noble than the first.

Measurements for 15 tests showed that rfz/ffl,=
1.25 +'0.1. For two consecutive electrochemical reductions

(see Appendix A):

T2 ., Ea)%f‘.aj
T1 | n ny

Theoretical values of this ratio for various combinations of

nj énd n, are listed in Table XX.

TABLE XX

U/, VALUES

ny o ny - Té/4fl
1 1 3
1 2 8
2 1 1.
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(a) Two In waves plus (b) Two In waves
solvent Ty = 0.274 sec
T, = 0.33 sec To = 0.35 sec
T/Ty = 1.28

(c¢) First wave only (d) Second wave only
Ty = 0.355 sec T, = 0.37 sec

Figure 29: Typical Chronopotentiograms for In(III)
(402°C, 2.38 x 107> M cm-3, 1.90 x 10-2
amp cm=—2)
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The present results are consistent with n; = 2 ‘and n, = 1. The

‘slopes of E versus log (Til/z—tl/z/tl/z), for both species sol-
uble in the melt, averaged 0.071 .+ .004 v., in good agreement
~with the theoretical value -0f 0.067 v. for a reversible two-

electron reduction.

The two waves are thus due to the following reactions:

3t 4 267 w1t (21)

+ _ -

In" + e —> In° _ (22)

Clark etal3’ have prepared pure-InCl, so it is entirely possible
for InT to exist in fused salts, even though no In(I) species

are stable in. aqueous solution38.

Figure 30 shows the plots of ’C}/z versus 1/i. for
indium{III). The measured diffusion coefficient for In(III): is
6.1 + 0.4 x 1070 cmz;sec—l at 400°C. Results at two other temp-

eratures led to an activation energy of 8.8.+ 2 k cal mole_l.

- Cobalt (II)

Graphs of ’Cl/z versus 1/i for divalent cobalt are

shown in Figure 31. The diffusion coefficient of Co(Ii) at 400°c

6

was determined as 12.1 .+ 1.5 x 10~ em? secl. Measurements were

also made of the activation energy so comparison could be made

with the diffusion coefficient determined by Laitinen and Gaur39,
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Concentration T°C
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. -Figure 30: Chronopotentiometric Results

for Indium(III)
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-Figure 31: Chronopotentiometric Results for Cobalt(II)
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(a) Cobalt(II)

T = 400°¢C
i=4.87x10"2 a cm~2
C = 7.20x10_5 M cm—3
T = 0.43 sec

(b) Nickel(II)

400°c 5
= 4.38x10-2 a cm
6.70x10"> M cm™3
0.88 sec

r{O H- =
]

(¢) Platinum(II)

400°c

= 2.37x1071 a cm™2
1.01x10™% M cm~3
= 1.58 sec

r?ﬂ -
]

Figure 32: Typical Chronopotentiograms for Cobalt(II),
Nickel(II) and Platinum(II)
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2

Dg500c = 24.2 x 107® cm? sec”l. E was found to be 6.8~£ 1

6 2 ~1

1 and Dyggoc was 17.+ 1 x 107" cm” sec™ .

~ k cal mole”

l . 1 ‘
The slopes of potential versus log (7T /2—tl/2) plots
‘were on the average 15% higher than the theoretical Nernst.510pe

for a reversible 2-electron reduction.

Figure 32 shows typical chronopotentiograms for Co(II),

Ni{1I), and Pt(II).

Nickel (II)

pDiffusion coefficients measured from the p'lo’cs-of'Cl/2

veréus 1/i in Figure 33 had an average value of 13.7 .+ 1.5 x lO"'6

cm2 sec_l.

Potential ‘versus log'(QZl/z—El/z) slopes ‘are in the
same range as those for cobalt, i.e.,.about 15% higher than

theoretical.

v Platinum(Ix)

Measurements for divalent Pt in LiCl-KCl, plotted in

‘Figure 34, gave an average value of 11.8 + 1.5 X 10"6 cm? secl

for its diffusion coefficient. Pt(II) reduction appears to be
a 'reversible process, since the average slope of E versus log

1/2 ’ )
(7:1/2-t / ) plots was determined as 0.073.+ .007 v.



,'Conéentration
O 2.10 x 1075 M cm™3

O 6.70.x 10° M cn~3

i
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- Figure 33: Chronopotentiometric Results-for'Nickel(II) at 4000cC
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Figure 34: Chronopotentiometric Results for Platinum(II) at.400°C
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Following'tests at ¢ = 1.01 x 1074 moles cm™3, suf-
ficient PtCl, was added to produce a concentratioﬁ'of about

4 x 107 moles em™3. ‘Argon was bubbled through the solution for
24 hours,. and the solution was then sampled and frozen. . Analysis
indicated a maximum cbncentratidn;of Pt{II) of 1.56 x lO_'4 moles
cm_3. Undisso'lved"PtC]-.2 was. observed on the surfaces of the
frozen mass and in the addition tube. The solubility of Pt (II)
in LiCl~KCl_edtectic at,400°C is thefefore approximately

1.5 + 0.1 x_lO"4 moles cm~3. However this value should be treat-

ed with caution; the sample analysis may be high due to drawn

up undissolved PtCl,.

IrongIIIQ

Tests with trivalent iron in solution resulted in .only
one wave, that for Fe(II) reduction, since the standard potential

40

of the Fe(IIX)-Fe(Il) couple is 0.085 v. more noble than the

Pt(II)-Pt(0) reference potential.

Iron{IT)

Four successive anodizations were carried out, with
-chronopotentiometric tests conducted after each. Figgre 35
shows the plots of ’Ul/z versus.l/i:for the first three concen-
trations. From these curves, a diffusion coefficient of

1

15.9 + 1.5 x 107% cm? gec™! was determined. A typical chrono-

potentiogram is shown in Figure 36a. -
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Iron(II)

T = 400°% .

i = 1.65x10 < a cm™2
C = 2.46x10 > M cm™3
T = 0.92 sec

(b) Chromium(II)

T = 400°C
i=4.22x10"2 a cm™>
C = 3.32x107° M cm™3
T = 0.334 sec

I

Figure 36: Typical Chronopotentiograms for Iron(ITI)
and Chromium(II)
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The time of the‘fdurth anodization should have been
sufficient to raise the bulk concentration to about 8 x iO'S
moles cm~3. However tests resultea in approximately the same
-value éfviqjl/g as'was-obtained:before this anodization, indica-

ting that the solubility limit had been reached. The solubility

so determined for Fe(II) in LiCl-KCl at 4OOQC is estimated as

5 3

5 x.10"~ moles cm™”. The point should be made that the diffusion
coefficient caléulatedlfor thevthird‘concentration may be low,
since the énalysis could have beén in error because of undis-
solved FeCl2 (as‘in the Pt case). :However an average D from

the first two concentrations is identical to the average from

three concentrations.

The E versus log (Qfl/z-tl/Z) slopes averaged 0.073

+ 0.006 v. for four tests.

The divalent iron solutions appear to be quite stable
in the present experimental set-up. Analysis of the samples

showed no detectable‘amquhts of Fe(III).

,Chromium(II[),

. . 3+ '

-Two waves were seen in the reduction of Cr "~ onto a
Pt electrode: typical curves are shown in Figure 37. The poten-
tial of the second wave was l.l1 v. more negative than the first,

comparable to the potential difference between the Cr{iII)-Cr(II)
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(2) Chromium(III)

T = 400°C

i= 5.25x10‘§ a cm—2
C = 8.45x10™° M cm—>
T?= 0.09 sec

T,

— = 8.5

T

(b) Chromium(III)

T = 400°C
i = 2.25x%10"2 a cm~2
C = 8.45x10_5 M cm™3

T = 0.59 sec

Figure 37: Typical Chronopotentiograms for Chromium(III)



secl/2 ,

1/2

- 109 -

| 1 T T
— -
B :
- -
.Concentration

L % . O 2.60 x 107> M cm™3

A 8.45 x 107° M cm~3

I ] 1 : 1

. 40 . 80 120 7160
1/i  amp~l cm2

Figure 38: Chronopotentiometric Results for
Chromium(III) ‘
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and Cr(II) -Cr (0) couples30, 0.9 v. The potential. of Cr{Iry)-

Cr(II) is more noble thanaAg(I)—Ag(O) by about 0.22 v.

An average of five determinations :showed that
rfz/qjl = 8.1 + 0.5, in good agreement with the theoretical

value of 8 for n; = 1 and n, = 2.

The diffusion coefficient of Cr(III) at 400°C is‘

5.55 + 0.3 x 10—6 cm2 sec-l, determined from Figure 38.

3

Three determinations of the slopes of E versus log-
étl/z l/z/tl/zxplots gave 0.145 + .003 v., reasonably close
to the theoretical value-of 0.134 v. for a reversible l-electron

reduction.

- Chromium{TI)

The'diffusion;coefficient of Cr(II), evaluated from
the q:l/Z versus 1/i plots of Figure 39 for two_Concentrations,
’ -1

. -6 2 . .
is 17.6 + 1.6 x 10 cm sec . A typical chronopotentiogram

is shown in Figure 36b. .

The apparent solubility limit of Cr (Ii) in Licl-Kcl
is approximately 3.7 x 107> moles cm_3,.indicated by a constant
.1l/2 . : _ ,
iT phenomenon similar to that .observed for Fe(ZIi).

1/2

Slopes of potential versus log‘(qﬂl/z-t ) plets

averaged 0.076 + 0.008 v.
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Figure 39: Chronopotentiometric Results for
Chromium(II)
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Titanium(III) and Molybdenum(V)

Chronopotentiometric data for these solutes was in-

complete, The results are presented in Appendices E -and F.
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DISCUSSION

- piffusion in LiCl-KC1l

A summary of ionic diffusion coefficients in molten
LiCcl-KC1l eut¢c£ic; including both those measured in this work
-and those from-the literature, is given in Table-XXI. The most
striking‘féature of these valﬁes.is the-marked‘dependencé‘of

D on the charge of the diffusing species, illustrated .in Figure 40.

Diffusion in liquid metals, and self-diffusion in

1;41

some molten salts such as NaC is found to approximately

-obey the Stokes-Einstein eguation
D = KkT/61rrn (24)

where r is the radius of fhe diffusing species:and nwislthe
medium viscosity. However Stqkés—Einstein'behayiour is invalid
for simple ions in LiCl-KCl, as shown'byjfhe comparison of dif-
fusion. coefficients with ionic radii made in Tablé"XXII;Aions
with the largest radii (e.g.,.Ag+, Tl+) have the highegt dif-
fusion coefficients., Equation 24 may be valid if.the'diffusing

species is significantly enlarged due to cbmplex formation.
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TABLE XXI

* IONIC .DIFFUSION COEFFICIENTS IN LiCl-KCl :

.Ion T9C E D x 10° . Reference
' ' kcal cm? sec—l
mole~1
Ag(1I) 400 5.8 24 35
400 _ - 32 present study
450 = - 26,21,33,40 33,39,42,34
500 46 43
Cu(l) 450 35 33
500 67 43
T1(T) 450 38.8 39
Pb(II) 400 7.9 8.9 35
400 7.5 , 12.6 present study
450 21.8,22,17 © 42,44
500 | £ 20.3 . 43
ca(IiI) 400 6.5 ’ 12.1 _ 35
. 450 - o - 17,21,18 33,42,44
500 T : 27.5 43
Co(II) 400 . 6.8 . 12.3 present study
450 - 24.2 39
- Pt(Ir) 400 11.9 present study
C 450 15 45
PA(II) 450 - 14 45
Ni{II) 400 _ 13.7 present study
500 - . 41.4 43
Fe(II) 400 15.9 present study
Cr(IT) 400 : 17.6 present sgstudy
Bi{III) 400 . 9.8 ' 6.3 35
450 : 6,28,8 33,42,45
Cr{III} 400 . . 5.6 present study
In{III) 400 8.8 6.1 ' " present study -
Sb{ITII) 450 ‘ 12 45

U(1Iv) 400 7.7 4.9 - 35




- 115 -

O This work
8 . . @® Literature

ol \,

cm2 sec‘l
/////
O

D x 106
O

g
~ e
| . | ]
1. 2 3 4

Ionic Charge

- Figure 40: Dependence of Diffusion Coefficients
' "of Ions in LiCl-KCl on Ionic Charge
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METAL ION ‘DATA
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Ion Radius Atomic D4oo X 106
_R Mass cm sec™t

Ag”’ 1.26 107.87 32
Lit 0.60 6.94
Nat 0.95 22.99
Kt 1.33 39.10 A
1t 1.44 . 204.37 35
cu’ 63.54 33
pptt 1.21 207.19 12.6
co*?t 0.72 58.93 12.3
Nitt 0.69 58.71 13.7
rFett 0.75 55.85 15.9
pt++ 0.52 195.09 11.9
patt 0.50 106.4 11
catt 0.97 112.4 12.1
ittt 1.20 208.98 6.3
Critt 0.65 52.00 . 5.6
nttt 0.81 114.82 6.1
gtt++ 0.89 238.03 4.9
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‘The absorption spectra.of transition metal chlorides
in LiCl-KCl indicate the existence of complex ions; & partial

list is given in Table XXIII.

TABLE XXIIT

COMPLEX SPECTES IN LiCl-KC1%©

Solute Complex Species
TL(III) o Ticlg3T
Cr (III) | crclg 3T
. ' 2~
Fe(II) FeCl,”
- : 2-
Co(Ixn) : CoCl4
. Ni(II) - Nicl,?T
. 2-
cu(1x) - - cucl,

Deviatiéns from ideal activity behaviour observed by ¥ang and
Hudson47 for se§eral solutes in LiCl-KCl have been. interpreted
in terms of complex formation. .PbClz and AgCl form nearly ideal
solutions, suggesting,that complex formation is slight. Signif-

icant negative deviations for CdCl,, MgCl; and ZnCl, may indi-

cate more stable complexes for these solutes.

.A consideration of the available data indicates that

more highly charged ions are-more likely to form complex ions.
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However the effect of complex ion formation on diffusion cannot
be significant unless the degree of complexing is large. In
fact an explanation of diffusion coefficient trends on this
basis would require that ion complexing,be-either éomplete-or
irreversible; ﬁhe latter seems unlikely in view.of electro-
chemical measuremeﬁts in fused salts.

Solid salts have volume expansions on melting of the
order.of 20%;Icompared to 5% or:less for liquid metals. This
overall expansionh, not accbmpanied.by a-éorresponding'iﬁcrease
in nearest neighbour separations, is interpreted in terms of
‘the.formatibn.of'a random.distributionxof free volume,. or holes,
in the liquid salt. Diffusion processes can be interpreted
in terms of the hole theory by assuming that heats of activa-
tion reflect the amount of work required to create a solute
sized hole and the work involved in the jﬁmpxprocess; Bockris
and Hooper48 have shown that the latter is probably quite-small.
The average hole diameter éalculated for molten KCl at 800°C is
about 2.l'g,significantly larger than the simple ionic radius
for the largest solute ion studied in LiCl-KC1l (Tl*, r = l.44fg).
- The assumption of complex ion formation is thus required to

rationalize the present data in terms of the hole theory.
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Diffusion data in other systems is sparse; Table XXIV
lists the available known diffusion coefficients. Data for the
- NaCl-KCl system indicates the same charge effect observed for

LiCcl-KCl, since the coefficients for divalent ions lie in the

TABLE XXIV

IONIC DIFFUSION IN.FUSED SALTS OTHER THAN LiCl-=KCl

Solvent Solute T - Dpx10° E
' cmZsec=l kcal/mole - Ref.
- Nacl-kcl . pbtt 701 24 49
pptt 710 .70
zn™F 710 23 _
ag”’ 710 45 o 50
Nitt - 710 14
cat?t 710 37 |
pbtt 720 = 48+17 ' © 51
LiNO3-NaNO4 zZnt? 160 1.5 9.5 _
-KNO 3 catt 160 1.5 13 52
- pbtt 160 . 1.8 13
Nitt 160 1.2 10
NaNO 3-KNO 5 PbT 263 2.3
catt 263 5.1 36
agt 263 7.2
‘Agt 297 13.0 :
" Ag™T 300 10.6 53

same range (14-40 x 1070 cm? sec~! atm700°C) while Dpg+ is

somewhat higher. The values for féur divalent solutes in the.
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Li~Na-K nitrate melt are each within 20%. of l.5'X'lO-6 cm2 sec'l

at 160°C. Data for NaNO3-KNO,

again indicates that lower charged

ions have higher diffusion coefficients.

The"general conclusion may be made that ionic diffusion
in fused salts, particularly LiCl-KCl eutectic melts, is primarily

influenced by the charge of the diffusing species.

Reversibility of Metal Ion Reductiens in: LiCl-KC1

The»transition metal ions exhibit, in‘manylcases,
subStantiai'ectivationhpolarizafion.during,their deposition
from~aqueou5‘selution54. :Thus it is.expected that these same
solutes would be the ﬁosﬁ likely ions to show irreversibility

upon deposition from fused salts.

2

The ﬁ:esent»resuits indicate that these reductions,
and those for non-transition metals, are reversible. - The slightly
~higher than theoretical Nernst slopes for some of the tests are
most'likely'attributable tolimpurity reduction or electrode
contamination, especially in vieﬁ.of thevexperimental evidence

for reversible reductions listed in Table XXV.



TABLE XXV

REDUCTION SYSTEMS WITH EXPERIMENTALLY

OBSERVED REVERSIBILITY
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. TOC

~Ion - Solvent Electrode . Method Ref.
Pb(II) - LiCl-KCl Liquid Pb 400 Chronopotent - 36
' iometry
ca(IIi) - LiCl-KC1l . Pt 450 Polarography 55
Bi(III) oo " " "
Cr(III) " " " "
Cr(IT) " " " "
Pt (II) Licl-Kcl Pt 450 Impedance 56
Ni (II) " n " [T
Co(II) " " " "
Pb(II) LiCcl-KC1 W ‘500 " Polarography 43
cd(II) " " " " |
Ni(II) " " " "
cu(r) " " " "
Ag(1) " " "
" Pb(II)  PbC1ly Liquid Pb = 530 Polarization 57
" PbClpy-KCl1 " 600 -curves
ca(zrI) Ccdacly, . Liguid cd 590
o CdClpy-KC1l " 590
.8n(IT1) . SnCly Liguid Sn 350
Zn(II) ZnCloy Liguid Zn 490
ZnCly~KCl " - 490
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~Reduction Experiments
- The reduction expériments can be-divided into three
‘basic typeS'accofdiﬁg.to,the depoftment‘of the reduced metal.
(1) The metal dissolves in the lead alloy.
.(2)  The metal férms-as a new phase-at the-alloy—sal£
inter face.
',(3) ‘Some-df the'metél is;dispersed throughout the salt

‘phase.

‘Reductions with Alloy Dissolution

The reductions of Pb**, ca**, in™*t and Agt with Li,
the reduction of Crt*tt with Pb and the reduction of Li+ with Na
are all of the first type and appear to occur by boundarylayer

diffusion without complications.

Pb*t* Reduction

The reduction of PbT™*

with Li was most extensively
examined. In this system the electrochemical effect, illus-

trated by previously discussed experiments, indicates that the

inter face reaction can be described by twoe half-cell reactions:

++

Cathodic: Pb"" + 2e~ —=Pb® (25a)

. Anodic: Li® — it + e~ (25b)

- The cathodic reaction can then occur on all metallic surfaces
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in electrochemical contact with the anodic process,. while the
latter'bccurS'bnly;where there is a source of Lio,-i.e.,.on
the alloy sur face.

The rate expression fdr Pb*t reduction can be written

in the form

a(pbtt) _,
—_— = %k (pbtt 26
Fra— | ( ) (26)
DA ' D
where kX = &~~~ =
Vg Shg

~and. A 1s the total area of the cathodic surface.

The extra éathodic area (e;g., crucible - salt contact)
will be less active in cases where the potential drop due to
the crucible resistance is an appreciable fraction of the re-
action driVihg force. The observations eof Grimble etal3,

described in the Introduction, might be explained on this basis.

+++ +++

‘Reduction of Ag’, ca’, in and Cr

The similarity of boundary layer thicknesses for these
reductions to those for the reduction of Pb++sindidates that
the rate-controlling mechanism in each case is the boundary

layer diffusion of each species in.the salt phase.
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+++

The value of S for Cr reduction is  -somewhat higher

than for the others, possibly since this reduction involves no
metal phase diffusion. The fact that the rate of the cr’’t
reaction is similar to rates for the other cases in.this group

is additional evidence that these reactions are- salt phase

transport controlled.

Nature of the Boundary Layers

.Salt Phase

The effect of agitation on the salt-phase- boundary

layer is shown.in Table XXVI.

TABLE XXVI

EFFECT OF ' AGITATION ON 65

rpm k | § s
min"l cm
0 0.014 0.0175
64 0.014 0.0175
112 0.022 0.0112

224 0.053 0.0046

The negligible effect below 64 rpm can. be attributed to the

effectiveness of natural conveétion. The reduction
(et + 2[1i —» 2(iY) + [PY

involves an appreciable change in phase densities in the boundary
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layers; In the salt, one mole of lead (M.W.207). is replaced by
~two moies-of lithium (M.W. 7)-soAthat the interfacial salt
region-becomeé less dense than,the bulk{ thus contributing to
convecfioh..'The-exothermic heat of reaction, concentrated in
the interfaciél region, would cont;ibute to natural convection
in . a similar manner. .A cémparison of boundary layer thicknesses
for 25 mm._and 5 mm érucibles~shows that 8 for the small tubes

is only a factor of two larger, indicating that density and
thermal effects do‘indeed:provide a significant amount of con-

vection.

- The effect of agitation  above 64 rpm fits the

relétion
g ol .l/(rpm)o'8 (27)

Temperature effects are probably small in view of
the correspondence between-the activation energies of diffusion

and reaction.

As mentioned previously, g depends on DO’3.

The salt phase boundary layer thickness under the
conditions of this study is, then, largely 'a function of the

-flow conditions.
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Alloy Phase

Véry little data waS'ébtained which would lead to
Qalues=of 8 for the metal phase. If the-Liflreduction.experi—
ments are controlled by alloy diffusion of Na, then $ is approx-
imately 0.003 to 0.006 cm*. - The validity of this value can-be
examined with respect to the following evidence:

(1) the viscosity of molten lead, 2.32 cp. at 400°C59,

is less than half that for LiCl—KCl6Q,.5.50,cp, at
the same temperature.

(2) the alloy phase was unstirred‘(s for unstirred salt
is about 0.017 cm).

(3) . the density chaﬁges during the reaction are such

that the boundary region becomes less dense than

the bulk alloy.

In view of thisvinfwrmation the calculated values

.of S seem -somewhat low.

To summarize, reductions of type (1), i.e., those
in which the reduced metal dissolves in the lead alloy, . are
rate-controlled by diffusion of the ionic species across a

boundary layer in the salt phase. The values of the szlt phase

* ' Calculated using Dya = 10x10~% cm2 sec~l at 400° and 3.3
w/0o, determined by reference 58.
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boundary layer thickness é_s;aré in.thegrange 0.005 to 0.02
cm; 8 S'is largely dependent on agitation cenditiens, and
slightly dependent‘on the diffusion coefficient D. These re-

'ductions appéar to. occur electrochémically.

nReductionsrwith'Reduced Metal,at the Interface

+ ++

. The: reductions of co” ,- Cr and Tittt

with .Li and
-the reduc£i0ﬁ~of Nit* with Pb each resultéd in. the deposition
of metal at the sait-alloy interface. Also, the rates of these
‘ reactions are.higher.than those in which the reduced metal.

dissolves in the alloy.

Since these.reactions-aré probably electrochemical,
the depdsited metal effectively increases the'cathodic area¥*
by acting as a conduction path for eléctrons,.and_rates are
increasedvin‘much fhe same manner as the use OfAstainless steel

ptt reduction rates. The

crucibles resulted in increased P
inter facial area may be increased to the extent that diffusion
in the salt,phase ceases to be rate-controlling. The o™ runs

in particular show that the metal deposit has a very large sur--

 face area; the rates at three different initial alloy lithium

* “This assumes that the deposited metal forms dendrites or
' sponge .extending well beyond the normal boundary layer thick-
ness, a condition substantiated by observation (e.g., Fig.20 .
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concentrations indicate that diffusion of Li in the alloy may

_'be the rate-determining step.

The solubilities -of Co,.Ni,‘Pt‘and Cr in liquid lead
X
at 400 C are tabulated in Table XXVII. .Although no data is
available for the solubility of Ti in' lead, the value is assumed

to be very small.

TABLE XXVII

SOLUBILITIES OF METALS IN LIQUID LEAD (40000)

: Element Solubility
, w/o . moles in . Ref.
100 gm Pb
Co 0.044 7.5 x 1074 61
Ni 0.20 3.4 x 1073 62
Pt 13 6.7 x 1072 59
4

Cr 0.01% 22 x 10 63

* Solubility is 0.01 at 900°c

"Each. of the reduction.processes invelved the reaction
.0f approximately 3 to 4 x lO_3 moles of metal. In the cases
of Cr and Ti, the metal solubilities are much too small for

the produced metal to dissolve in the alloy phase, so metallic

Cr and Ti1i are nucleated'at the interface.
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About 20% of the reduced Co and: all of the reduced
Ni should dissolve in the lead phase. Calculations can be made
to determine the-stead? state diffusion fluxes in the two. phases
for these two systems. The»following assumptions are made:
(1) the alloy surface region rapidly becomes saturated
with the reduced metal.
(2) the diffusion coefficients of Co and Ni in liquid

2

lead are 2.5 x 107 cm sec'l.(estimated from the

data of Niwa etal64

for diffusion of Sn, Bi, Sb, and
ca in lead) |

(3) the boundary layer thickness in the~alloy’phase is
about'0.006 crn (as éstimated.previously).

Table XXVIII lists the calculated.fluxes; Figure 41 illustrates

the concentration gradients..

alloy

Fiqure 41: Concentration Gradients Assumed
for Flux Calculation
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TABLE XXVIII

THEORETICAL FLUX CALCULATIONS

Ion or Element . Flux (moles sec-l cm™ %)
| R EX

Co | 3.1 x 1077 3.5 x 1077

6 3.3 x 1077

Ni 1.4 x 107

The-salt—phase fluxes are probably accurate to within 10-20%,

since salt phase diffusion éoefficients-and boundaryflayer thick-
nesses have been determined in this work. The alloy phase fluxes
aré,‘uﬁfortunately,,subject to greater error; diffusion coef- |

ficients and values of 8 could only be estimated.

The calculations show.that the alloy-flux for Co
. reduction is smaller than the  salt phase flux; the-reverse holds

for Ni reduction.

The presence of Co metal is not then surprising, in
view of the small flux and the fairly low soelubility. It is
more difficult to explain the behaviour of Ni. Perhaps the
steady state flux calculations are not valid; for many experi-
ments iﬁ this study the initial reduction rétes are abnormally

fast, because the method of initiating the reactions causes a
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certain amount of phase mixing. The appearance of Ni at the

interface cannot be rationalized in any other way.

. The conclusioﬁ can be made that the appearance of
reduced metal at thé interfacé for these~reduction$ is caused
by‘low ﬁetal solubiiity in the~allqy phasé. Thé-mechanism of
reduction;of nitt with Pb is not fully understood, but.probably
combines alloy surface ﬁickél saturati§nvwith.slow mass trans-

fer of Ni in the alléy.

Reductions with Salt Phase Metal Dispersion

'The'lithium‘reductipns éf Nitt and pttt (and ']:“i+-"'+ to
a small degree) were very ‘interesting cases, since reduced metél
was dispersed throughouﬁ the salt phase. The Pttt reaction also
had reduced metal at the interface. In view of the unusuai be-
haviour of these feductions, a speculative discussion of possible
mechanisms was thought to be worthwhile. Possible homogeneous

reduction mechanisms may involve electronic conduction or metal

.s0lubility in the salt.

Solutions* of metals in their own salts are of two

general classes:’

* These are true solutions, not colloidal suspensions.
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a(l)ﬂfthe dissolvinévmetal impgrts its metallic character
to the melt, thus.providing some degree of electronic.
'cdnductivity; The solution is‘pictured as a random
mixture of anions and electrons within a cation
."lattiée”, with the electrons in shallow traps (ana-
logous to F centers in solids, but the eledtrons-are
not reétricted entirely to the anion'vdlﬁme).
The dissolutign.process may be

M _——-M+ + e~ . (28)
This type - of solﬁtion.is.exhibited by the alkali
métal chlorides and some alkaline earth and. lanthanide
.chlorides. The degree- of electronic conductivity in
systems of this type is not really appreciable. For
example, fhe specific conductance of a 4 mole %«Navin
NaCl solution at 850°C is only 50% larger £han that
of pure NaCl. This can be contrasted'to a sglution
of Na in liquid:NH3Aat;—34QC,Awhere the addition.of
'2 - 2.5 mole % Na increases the condﬁctivity,by more
than 15 times.
(2) the metal may dissolve in such a way as to l@se,its
4 charaéteristic properties,.i.e.,.byvan:oxidation—

reduction reaction with its salt, with the formation

* For detailed reviews on solutions of metals in salts see
Corbett®? and.Bredig66.



- 133 .-

of a subhalide which provides no mobile electrons for
conduction. Most of thé transition -and heavy metals
show this type of behaviour. Conductivity measure-
ments on.thesevsystems usually. indicate slight decreases
. of o&erall_conduc?ivity’Onvaddition;of metal. Con-
flicting evidence for solutions of Pb in PbCl2 has
been presented. Herzog and Klemm67 indiéated by
moving boundary experiments that an equilibrium exists
.between_Pbo,.Pb+f and electrons, with the electron
mobility ~5 times that of the chloride ion relative

to Pb**. However Duke énd.Laity69 réported that the
conductivity of PbCl, does not change on saturatioh‘

with metal at 600°C (0.02 mole%), indicating that if

electrons are present they are not "mobile".

Table XXIX is a selected list of metal solubilities

in fused chlorides.

Experimental evidence indicates that solutions of
vmetals in salts are specific, i.e., the apparent solution, if
any, of a metal in a salt of a different metal can be considered
as a oxidation-reduction reaction‘superimposed‘on the solution

phenomenon.
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-TABLE XXIX

SOLUBILITIES OF METALS IN. FUSED SALTS

Metal . salt TOC Solubility Ref.

mole %
Li ‘Licl 640 0.5 32
‘ ~ 1000 2.0
Na “NaCl 950 8 69
K ‘KC1 : 770 15 .70
Li +'XK = Licl-kcl ' 350 1 71
: » 550 3

- Ag ~AgCl . 520 0.012 72
Ni NiCl2 .980 . 9.1(eutectic) .73
Pb PbCl% 600 - 0.020 74

700 .0.052

800 .0.123
Bi . ‘BiCl, 1202 128.0 75
cd : .CdCl, 550 .14.0 ' .76

Heymann and'W_ébér77 discovered that,. alfhough Bi, Sb,
Tl, Sn, Au,.-Cd and Pb are insoluble in liquid NaBr, in the pre-
sence-of sodium metal the intermetallics Na3Bi, Na3Sb, NaSn. and
" NaAu .are transferred to the salt. At the temperatures of the
e#periments {700-800°C) ' no tfansfer'of a Na-Pb intermeﬁallic
was noted. However Heymann attributed this difference in the
case of lead to_the melting points of the intermetallic com-
pounds. For those cases in which transfer was' observed the
intermetallics have high melting points, close to the experi-

mental temperatures, and thus the intermetallic compound is
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presumably stable in the liquid.  In the sodium~lead system the
intermetallics have low melting points, and so probably do not

exist in the liquid state at 800°cC.

The solubility'of combined Li ana K. in LiCl-KCl has}
been estimated by Bredig7l'as 1 mole %.at.350°c; this value
seems high for thé present expérimental conditioné éince no K
metal is:presént, and Li metai is not at unit'activify in the
alloy. The actual solubility of Li in LiCl-KCl is thus expected
to be significantly less than 1 mole%. 1In view of the magni-
tudes .of the previously_diécussed eleétronic'conductiyities,
and also in view of the fact that_the rates measured for the
reductions of PbTT, catt, Ag+ and InT*" .are consistent with
diffusion control with no homogeneous reaction, the mechanism
..of homogeneous reduction observed for Ni(II)-and Pt(II)-pfo—

bably does not involve electronic conductivity.

Even though the solubility of Li.is small, it is con--
ceivable that the homogeneous reduction may be due to a solu-
bility phenomenon. As shown b? the~Na~reduction eXperiﬁents the
rates of transfer of alkali metals in the systems examined are
quite high. The ﬁechanism may involve a continﬁous flux of
Li intb the salt; homogeneous reaction with Nit*t could prevent

saturation.of the metal-melt system. The solubility of Li in
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thé-salt may not have to bé very significant at all for this 

‘ mechénism.to proceed. However if Li dissolvesiacéording‘to
réaction;28;.a knowledéevof‘theveléctrcn loCation>and mobiiityv
.would be required to assess the mechanism. For éxaﬁple, the

following reactions may occur:

Li al1oy = (Li%) + e~ (29)
e {inter face) -—= e~ (bulk). ' e . (30)
R o | o
M + 26 — M~ (in bulk) - (31)

"élaéinum¢aﬁa nickel.nuéleatioﬁs.are sﬁspectediqf being energeti-
.cailyjeaéiervthan for other ﬁetal nucleation’in,aquebﬁs solu-
tiéﬁs; if the same were true in fused salts, thén réaétion-(3i)
- above may occur for'Ni'andiPt aﬁd not fpf the other solutes
exahinéd hereo' | |

Johnson etal73 ha&e:demonstrated-therhigh~sqlubiliEY‘

3

.of Ni in:.NiCl., and postulated that the freezing point depres-

sion data indicated the possibility of

Ni + Ni2+-——>- anit . ’ (32)

A\

66 . ' ‘ : oy e .
- Bredig 6 states that another possibility is

Ni —= Ni%" o+ 27 (33)
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' The homogeneous reduction may then.involve the reaction of Li
(or an electron) with Ni** to produce Ni', which, on the above
.basis, may be stable. - Upon cooling, the monovalent species
would disproportionate to produoeANi metal. The coriesponding
M* ions for Cr, Mn, Fe and Co are definitoly less_stable~éc—

cording. to data for the respective M-MX, systems7.8

However Cut
has a well-known stability; if the above mechanism involvingi'Ni+

has any validity then the Li reduction of CuCl, should show a

similar homogeneous reduction.

The observations of Heymann. indicate another possible
mechanism. At the temperaturés involved in this work, inter-
metallic compounds of Li:and Pb.may be stable in the liquid
alloy, and may transfer to thée salt phase. As an uncharged
solute; the intermetallic could have qoite a high diffusion
rate. The méchanism would then involve the -reduction of Nit+
by Li from the soluble intermetallic.compound. Interestingly
enough, the insoluble portion: of the Ni salt contained about
10 w/o lead. Also analyses of an expefiment conducted with
LiCl—KCl salt and a Pb-Li alloy indicated the presence:of
0.02 to 0.09 w/o Pb . in the salt phase; this may have been con-
| tamination .of some type,:or it‘may'haQe been caused by Li-Pb

solution.
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The platinum mechanism may be similar to that for Ni.
Certainly the solubility of Pt in lead (~13 w/0) is much too

high to cause precipitation of metal at the: interface.

The - above discussion is,. admittedly, largely specula-
tive. However the author feels that the apparent homogeneous
reduction is the most intriguing aspect of this work, and

indicates some interesting problems for future work. '

In summary; the mechanism of homogeneous reduction
xobserved'during‘the reaction of Nit* and pt** with Li is not

understood, but it may involve the solubility of either Li or

a Li-Pb intermetallic compound in the salt.
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CONCLUSIONS

Diffusion of the reducing ionic species across a salt-
-phase boundary layer was . shown to be the rate-controlling step
for the reductions of Pb++, Cd""*,AAc;j"'-andl.In+++ by lithium, and
' e+ or S ,
of Cr by lead. Values of Qg, the salt-phase boundary layer
thickness, for these reactions were estimated to be in the
range 0.005 to 0.02 cm, .and were found to be dependent primarily
on.agitation conditions and to a lesser extent on diffusion co-

efficients.

Insolubility of the reduced metal in the molten alloy
resulted in deposition'df‘metal at the salt-alloy interface
. . ++ -+++ 4+ L sl
during the reductions of Co™ ', . Cr and Ti by -lithium.
Metal deposition in the case of Ni++'reduction:by'lead is probab-
ly caused by alloy surface saturation combined with slow alloy-

phase mass transfer.

Apparent homogeneous reaction in .the salt occurs during
the reductions of Nitt ana pt*t by lithium. The mechanisms have
not been deduced but may involve solubility of either lithium

.or a Li-Pb intermetallic compound in the salt.

The interface reactions are primarily electrochemical

in nature .
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vin all cases where the reduction rates were different
from.thoée~predictedvfromna boundary layer diffusion model,
the rates were higher than these predictions. indicating that
the chemical reactions at the interface are never'rate—contr;l—
ling. Chronopotentiometric measurements indicate that these
reductioﬁ:reactions are‘reversible under the conditions des-

cribed .in this work.

Tonic diffusion in LiCl-KCl eutectic is influenced
primarily by the ienic charge of the diffusing species, as
shown by the diffusion coefficients of Ag+, Pb++,-CO++,iNi++,

Fe++,.Cr++,:Cr+++ and Inttt measured in this study.
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SUGGESTIONS FOR FUTURE WORK

.The mechanisms.of Ni(II) and Pt(II) reductions have
yet tb be determined; the following measurements are suggested
as possible methods of elucidating these  mechanisms:

(1) a detefmination,of the possible transfer of a Li-Pb
intermetallié compound to LiCl-KCl eutectic at temp-~

- eratures in the regioﬁ.of 400°C. . The techniqués for

measuring metal solubilities in molten salts are well

.:documented65'66.

(2) electrical conductance and Hall measurements.on the
Ni-NiCl, system would indicate the mechanism of ﬁetal
solution.

(3) measurements’of.the solubility of Li in LiCl-KCl
could be made, although.the procedure would be diffi-
cult in view of the probable low value. Electronic
measurements might indicate the solution mechanism.

- (4) the lithiuﬁ reduction. of CuCl, may‘elucidate the role,

. : . .+ .
if any, of monovalent species such as Ni and cut in

homogeneous reduction.

The occurrence of interfacial metal deposition during
the lead reduction of Ni(II) might be explained on the basis of

a series of tests to determine the rate-controlling step of the
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reaction. If diffusion of Ni.ih.the-alloy‘iS'SlOW'then the
alloy surface may become saturated and result in Ni nucleation

at the surface.

Other measurements which could be made include reduc-
tion rates and mechanisms in other fused salt systems (e. g.,
NaCl-KcCcl), and diffusion coefficients in LiCl-KCl,. other salts

,and molten lead (primarily for Li:and.Na).

Perhaps the most interesting éréa for future work
.suggested by the present thesis is that of homogeneous reactions
in molten.salts,_'The reactions of directirelation tO‘thiS’WOIk
are those involving the reduction of Ni(II)' or Pt(II) by lithium
in solution in the salt. A cpufse of study should start wiﬁh
simple, low—meiting systems‘if possible. As an example the ex-
periment might involve injecting a dilute solution of Nicl2 in
‘NaCl into a solution:.of Na dissolved in NaCl, then following
fhe reaction in some manner. The rates of these reactions are
presumably fast, and a technique other than éamplingfwould have

to be applied.
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APPENDIX A

THEORY OF- CHRONOPOTENTIOMETRY

Consider the reduction of a metal ion MRt in a con-
stant current electrolysis in the presence of a supporting
electrolYte. The concentration of Mn+ is assumed to be uniform

throughout the-solution_initially.

' The concéntration of M** at any distance perpendic-
‘ular to the eiectrode surface-at,any time-t after the start of
the electrolysis, assuming semi-infinite linear diffusion, is
given”by‘the solution to Fick's-second law. for the following

‘boundary conditions (assuming D is independent of concentration) :

c(x,0) = cC ’ ' ' (D)
.and
1dctx,t) | _ i (2)
Q x ' nFD
. x=0 :
where C(x,t) = concentration of Mn+ (moles cm"3) at x at t

C = bulk.concentration of Mn+

x = perpendicular distance from the electrode sur face
(cm)

t = ﬁime after start of electrolysis (sec)

n.= pumber.of electrons involved in the reaction (mole—l)

.i.= current aensity (amp cm*z)
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P Faraday (coulombs)

2 —;y

D diffusidn coefficient of Mt (cm“ sec

The solution to this equation:i523:

c.1/2 , 2
21t X ‘
c(x,t) =¢C - e B
nFYTL/2 pl/2 4pt
ix X
+ er fc = (3)
nFD pl/2 ¢1/2 ] :

Figure A-1 shows the variations of concentration of the electro-

lyzed substance at various times t.

6 . T T
oo~
om ,
TE 4
*éo
=
o 2
O )
£ O _
32 o s
i ) 2 4 6. 8
) Distance from
Electrode
(lO‘3cm)

Figure A-1l: Variations-of5gpncentrati8n_of
the-Electrilyzed .Substance.

(The number: on each curve is the
time, in seconds,elapsed since the
beginning of electrolysis)
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For a reversible electrode proecess in which the re-
duced'species is insoluble in the melt, the potential of the
indicator electrode ‘is given by the Nernst -equation:

RT . C 2igl/2 ‘ (4)

E=E°+ — 1n c -
nF nFTrl/2 pl/2

wlhere'Eo is the standard electrode potential of the MRt - M

electrode system (volts)‘

2it1/2 ,

As C —_b anl/Z,Dl:/z

B - SO

In.other:wofds, after a finite time 77,.defined-as the trans-

ition.time, the surface concentration reaches zero.

' 1/2 1/2
T 1/2 - nfFTv 2.-D C (5)
1

Substituting C from equation (5) into equation (4) gives:

‘ RT _
E = Econst. + —;— 1n ('tl/z - tl/Z) (6)
n .



TABLE A-I: CHRONOPOTENTIOMETRIC FUNCTIONS’FOR'REVERSIBLE

PROCESSES (FROM DELAHAYZ24)

Process

. "C Function

Potential Function

:Single Electro-
chemical React.

a) reduced species
insoluble :in melt

:(aR = 1)

| b) both species
- soluble in melt

c1/2 -

—
21

(for both (a) and (b))

‘RT o1/2 . 1/2
/E=l/2+nF ln(’Z:/—-t )

i/z_tl/z)

- RT -

‘Consecutive
Electrochemical
Reactions involving

1/2 1/2
FClDl

2i

1/2 niYTy
T, / = ;

1/2

' 1/2n
(T +Ty) V2 /2= na 1 %ea,

FPirst wave: either of the

two different species above
21
1/2 1/2
1/2  npv T’ FCD
T, /2 _r A 1/24tl/2
.Stepwise Electrode 21 B. = E +5§E'ln 1 !
. Processes > 1 1/2 "n,F L1/2
n2 n2 )
'Tz =Tl 2l —) + —— i
nj ny =
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Chronopotentiometric functions derived by Delahay
and co—workers24 for various electrochemical situations are

summar ized ih,Table~A—I.

.A theoretical chronopotentiometric curve is shown in

Figure A-2 and one experimentally measured is shown in Figure A-3.

' Theoretically the potential rise-at t= T is infinite.
In practice thé potential never becomes infinite but reaches a
value at which'reduction-of thé-electrolyte~occurs} The slope
of the E-t curve at t =T may not be as steep as thebretically
_predicted bécause-of surface-roughness,‘i.e., diffgréntzpoints
-oh.the_surface reach-zero_conéentration-at slightly different

times.

There is also usually' a sharp potential rise near
t = 0 due to the charging.of the electric double layer at the

electrode surface.

Féf'practical.chronopotentiometry the quantities of
equation (5) must be adjusted so that T is:
(1) véry much larger than the time required to chargg the
double layer (i.e., “T should be at least in the

millisecond range) .
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‘Figure -A-3: A Typical-cathodichhrono- -
- potentiogram



(2) small enough. soe that convection does not disturb the
conditions of semi—infinite'linear-aiffusion. In
fused salts, Laitinen and FergusOn33vhave shown that
T should be less than five secondé; the ideal range

is 0.1 to two seconds.
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: APPENDIX .B

-MEASUREMENT OF TRANSITION TIMES

Thevtransition time’t’is-defined as the time interval
between the étart»of a constangucurrent electrolysié and the
complete concentration polaiization:of the electrode. Cﬁroﬁo—
potentiometric waves may be distorted bothét low times{and at
times near [ . Thé initial_distortion,,or‘potential-rise, is
due éeneraliy_té,aouble layer charging and in most cases is not
very significant (i.e., if T» time for double layer charging);
it may also be caused by impurities. -At times near‘2f, a slow
rise of potential indiéates either surféce'rbughness or impuri;

ties in the melt.

Thfeevémpirical methods for determining T from chrono-

potentiometric curves are illustrated in the following sketches

for ‘an ideal experimental curve.

Method l. ‘ Method 2
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' Method 3

Measurements: of fr,ifor a Pt test with ideal shape,

were made by each of the three methods

Method T (sec)
1 . 0.768
2 0.764
3 0.768

As can be seen, the difference between these methods is insig-

nificant.

However if these three methods are applied to' the

following curves the differences become appreciable.
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Method 3 giVes-an abnormally small value of T; T by Method 2 is
- somewhat larger. However the best .and most consistent results
are'obtained_byAusing.Method_l.‘ For example, from one such

curve T = 0.480, T, = 0.308 and T = 0.248 sec.

,Thus'the-foilowing pﬁocedure-was used. Zero .time was
‘taken at the point‘where the potential first changed, if the
time inter§al for the initial rising portion was smali. Other-
wise a parallel line was drawn to this initial_portion,vand,zero
time determined as the point-bf departure of the experimental
curve from this line. The time-t = T was taken.as the point at
which thé experimental curve_coincidéd with a.line drawn parallel

to the‘final rising portion‘of the curve.

This procedure gave the most consistent results through-

out the study.
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-APPENDIX C

CHRONOPOTENTIOMETRIC DATA
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- SILVER

Reference Electrode: Ag(I) - Ag(O)

i ' T av i ~ T av

amp. cm™2 sec. ~ amp. cm™? sec.
C =4.95 x 107> M cn~3 c =1.40 x 107% M cm~3
T = 400°C T = T = 400°C ,
" Ind.Electrode: 0.035"D. W ' Ind.Electrode: 0.050"D. W -
2.56 x 1072 0.820  ° 6.86 x 1072  1.236
02,92 - 0.646 | 8.83 0.779
3.25 . 0.492 1.06 x 107t 0.562
3.7 0.390 . | 1.27 . 0.432
4.10 10.323 1.42 0..298
4.68 0.256 . 1.60 . 0.225
5.20 : 0.188 | 1.87 0.159
5.50 ©0.179 2.17 0.132
6.10 -+ 0.148 - - 2.55 0.092
7.00 - .0.115
8.11 | 0.078
9.19 » 0.068
C =8.75 x 107> M cm™3

T = 400°.
Ind.Electrode: 0.035"D. W'

3.93 x 1072 1.24
5.06 | 0.766
6.74 - 0.434
8.43 0.279
10.12 0.197
11.78 0.144

13.45 : 0.119




LEAD (I

I)

Reference Electrode: Ag{I) - Ag(0)

Ind

Ind

C

i T av
amp. cm sec.
=6.21 x 10°° M em~3
= 400°C _ -
.Electrode: 0.035"D. W
4.80 x 1072 . 0.590
4.85 0.551
5.28 . 0.487
5.68 0.420 -
. 6.57 0.322
7.44 0.298
8.35 0.199
= 8.52 x 107> M cm™3
= 400°C S
.- Electrode: 0.035"D. W
8.00 x 10~2 0.396
9.00 0.320 -
10.2 0.255
11.4 0.202
12.5 0.167
= 2.45 x 1074 M cm™3
= 400°%

Ind.Electrode: 0.035"D.W
4.82 x 10~ 0.103
5.22 0.087
5.83 0.072
6.39 0.057
7.06 0.048
7.65 0.039
8.81 0.030

110.10 0.022
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i T av
amp . cm™2 sec.
=1.10 x 107> M cn™3
T = 445°%C
Ind.Electrode: foil
1.26 x 1072 0.409
1.41 0.339
1.57 0.275
1.72 0.215
1.88 0.179
C,=-l.70 x 107> .M cm™>
T = 445°C
Ind.Electrode: foil
1.24 x 1072 1.10
1.42 0.849
1.56 0.709
1.73 0.556
'1.88 0.440
C =2.38 x 107° M cm~3
T = 445%
Ind.Electrode: Pt foil
1.88 x 10~2 0.876
2.20 0.648
2.64 0.446
3.00 0.352
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INDIUM (III)

Reference Electrode: Ag(I) - Ag(0)
Indicator Electrode: 0.035"D. W

i ‘ T av ' i ' T av
amp.'cm'2 sec. " amp. cm™2 sec.
=2.38 x 107> M cm™3 o . C =5.07 x lO-5 M cm-3
= 403°c . o T = 429%%
1.62 x 10-2 0.387 . 3.57 x 1072 0.480
1.90 0.278 0 3.91 0.400
0 2.25 0.201 4.27 0.345
2.74 0.138 - 4.61 | 0.28
3.28 0.096  4.94 ©0.25
3.90 0.069 C 5.62 0.20
. 4.60 .0.048 6.31 0.15
5.26 - 0.039 . 7.00 0.12
| 7.71 0.10
= 5.07 x 107> M em™3
= 403°C C=5.07x 10°Mem™>
' -9 _ . T = 451%
2.90 x 10° 0.560 - -
3.58 0.360 3.45 x 1072 0.64
4.27 0.240 . ' - 3.91 0.48
4.94 0.180 4.23 0.38
5.62 ' 0.140 - 4.59 ©0.33
6.34 0.110 | 4.92 0.28
.7.06 , - 0.090 o 5.59 0.21
7.82 .. 0.07 . 6.27 0.175
' 7.00 0.14
7.82 0.11




COBALT  (II)

Reference Electrode: - Ag(I) - Ag(o)

Indicator Electrode:

i - Tav
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* amp. cm”™2 sec.

= 2.26 x 1075 M em™?

= 402% .
1.52 x 1072 0.760 °
1.89 0 0.467
2.23 - 0.348 .
2.61 0.247 .

- 3.20 ' 0.162
3.90 0.113
4.91 . 0.071
'5.35 ~ 0.060.

= 4.70.%x 10> M cm™3

= 402°C '
'2.70 x 1072 1.03
3.11° ~ 0.809
.3.51 ©0.616
3.90 0 0.492
4.57 0.368
5.43 0.281
6.43 0.182
7.78 . . 0.109
8.25 . 0.096

= 7.20 x 1075 M cm™3

= 402°C.
5.21 x 10”2 0.756
5.80 0.660

6.79 B 0.434
8.83 = . . 0.274
1.02 x 10-1 0.192
1.29 0.143
1.59. 0.087

1.87 - 0.060

0.035"D. W
i " Tav
‘amp. cm sec.
= 4.70 x 1070 M em™3
= 453°
3.13 x 1072 1.14
3.65 0.800
L 4.12 0.617
4.57 0.553
5.35 0.378
6.18 0.291
7.17 0.209
8.58 0.142
1.01 x 1071 0.106
= 4.70 x 107> M em™3
= 4939 -
3.62 x 10”2 0.975 .
4.31 0.710
5.02 0.508
5.89" 0.373
7.20 0.266
8.62 | 0.180
107t 0.151

. 1.01 x
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NICKEL (II)
. Reference Electrode: ng(I)--»Ag(O)

" Indicator Electrode: 0.035"D. W
Temperature: 400°C

i B T av I ‘i T av

amp. cm”3 . sec. . - - amp. cm sec.
C=2.10x10"Men™> . C=6.70 x 107> M em~3
1.39.x. 100°  0.950 . 3.60. x 10 1.42
1.6 - 0.70 S 4.04 - 1.11
1.95 . 0.48 = 4.38 0.890
2.39 0.33 4.91 10.718
2.94 - 0.23 .. 5.74 0.520
3.49 . 0.125 _ .6.65 _ 0.389
4.38 0.076 7.73 - 0.295
| : | 8.83 0.224
1.00 x 10-1 0.171
1.15 0.127
1.30 0.101

1.49 0.079
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PLATINUM {II)
" Reference Electrode:'th(II){-th(O)

« Indicator Electrode: ‘Pt foil
Temperature: 400°C

i - C av o i Tav
amp. cm™2 - sec. - amp. cm2 secs
C=1.58x10Men3. = ¢c=3.28% 10 Mcm3
1.05 x 1072  o0.882 ©1.79 x 1072 1.10
“l.16 . 0.724 . .1.97 0.908
1.36 0.532 2.14 0.818
- 1.56 . - 0.403 2.34 0.666
o .1.79 - 0.319 _ - 2.65 0.515
- 2:1a . S 0.222 2.91 - 0.437
2.74 - 0.131° - 3.52 . 0.297
3.44 : 0.084 4.00 - .0.230
4.16 0.060 4.63 0.170
5.09 , 0.038  5.55 0.115
. s -3 S 6.37 .0.088
cC=12.35x10>Mem ~ . - 7.57 : 0.062
e .-8.91 . 0.047
1.36 x 1072 1.02 =~ N 4 o
1.45 . 0.876 . C=1.01 x10 M cm 3

1.56 0.748 o ) =
1.76 0.592 -~ 6.32 x 1072 0.768
1.93 ~  0.500 6.87 0.654
2,11 0.420 S 7.17 0.616
2.33 o . 0.342° - 8.07 0.482
2.70" - 0.266 : - 9.25 . 0.366
3.11 ©0.196  1.09-x 107t 0.256
3.52 0.151 - 1.28 - 0.193
4.15 0.114 1.49 0.145
5.12 0.072 1.76 0.104
5.92 0.055 : 2.12 0.070

2.67 0.044
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- IRON . (IT)

' Reference’ Electrode: Pt (II) - Pt(0)
" Indicator Electrode: Pt foil
Temperature: 400°¢

i T av " i T av

amp . cm ™2 S sec. o amp . cm™2 sec.

C = 2.46.x 1072 M em > ' ' C =5.06 x 10-5 M cm'3.
1.65 x 10~2 0.926 3.48 x 1072 0.980
1.77 0.856 . 3.68 B 0.852
1.93 0.680 3.93 : 0.760
22.14 0.558 - 4.22 0.686
2.46 0.414 4.66 0.540
12.76 , ©0.322 '5.20 -.0.430
3.11 - 0.267 . 5.73 0.352
3.58 , 0.196 - ©6.35. 0.304
4.33 0.139 . 7.35 0.228
5.39 0.088 8.54 . .0.173
6.52 0.064 1.08 x 1071 0.108

C = 3.75 x 107°'M cm~3 C~5.06 x 10°° M em™3 *
2.40 x 1072 1.224 .~ 3.53 x 1072 0.984
2.54 - : 1.084 3.96 0.794
2.77 - 0.904 4.34 0.676
12.94 0.812 4.75 : 0.612
3.10 0.724 a 5.40 0.492
3.37 0.624 5.77 0.382
3.73 1 0.530 . 6.05" 0.353
- 4.07 ‘ 0.436 7.00 0.258
4.55 0.324 8.43 0.185
5.32 0.240 1.06 x 10t 0.120

6.03 0.197 ¥

.6.99 0.149 * ‘Solution -anodized for.

8.59 , 0.098 approximately. one hour at
, 100 ma before this series.
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CHROMIUM . (III)

Reference: Electrode: Pt(II} - Pt(0)
! Indicator Electrode: Pt foil :
.. Temperature: 400°c

i . Tav - i B T av

amp. cm2 © secC. amp. cm? sec.
C .= 2.60 x 107> M em™3 - C =8.45 x 107> M cm~3
-3 -2

4.98 x 10°° 1.06 1.25 x 10 ° 1.75
5.56 ~.0.838 1.45 ' 1.40
6.28 0.660 . 1.68 . " 1.056
0 7.22 . 0.518 '1.88 . 0.836
7.38 : 0.453 . 2.25 . 0.588 -
8.69 -0.345 | 2.61 0.437
1.04 x 1072 0.250 2.95 0.340
1.25 0.175 3.51 0.243
1.61 ' 0.108 o 4.24 . 0.170

1.98 0.007 5.26 : 0.113
: - 6.65 0.074
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CHROMIUM (II)
- Reference Electrode: Pt(II) - Pt(0)

' Indicator Electrode: Pt foil
Temperature: 400°C

i T av i, T av
amp. <m secC. . amp. Cm secC.
C=1.58 x 10°° M cm™3 CA~5.22x 10°° M e~ 3 *
1.05 x 1072 1.10 2.58 x 1072 1.06
1.18 . 0.864 ‘ 2.72 1.00
1.32 0.670 2.86 0.84
.1.58 0.488 3.18 0.714
1.87 0.370 3.63 0.538
2.33 '0.252 4.15 ‘ 0.392
2.66 0.171 ‘ 5.01 0.279
3.34 , 0.134 ‘ 6.05 0.200
4.39 0.090 o 7.27 " 0.165
s L 8.55 . 0.12
C =3.32x 10°° M cn 1.04 x 10 0.088
0 2.33 x 1072 1.04 * Solution anodized for
2.49 0.844 approximately. one hour at
2.66 v - 0.774 150 ma before this series.
2.84 . 0.680
3.13 0.558
3,50 0.444
4.22 0.334
5.33 0.218

6.53 0.150
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APPENDIX D

CHRONOPOTENT IOMETRY :OF : Mo (V)

A limited number of chronopotentiometric tests were
conducted in LiCl-KCl at 400°C, with MoCly added as solute.
These tests were done using gold electrodes* since it was

‘thought that the Mo(V) potential could be quite noble.

Chronopotentiograms under these conditions showed

four waves:; some typical curves are shown in.Figure D-1.

Measurements-of the reduction potehtials for each
wave, with:épproximate values of the-transition times, are
shown in Table D-I. Selis79'reported the standard potential
of thevMQ(III)-— Mo(II) couple -as -0.603 v. versus 1M. Pt(II) -

\
Pt(O)."The potential of Au(I) - Au(0) is 0.21 v. on the Pt

scale, so that the Mo{(III) - Mo(II) potential is.about -0.81 v.

on the-Au .scale. The value measured for wave 3 in this work

Chronopotentiograms of the solvent only ‘indicated a maximum
potential rise with a gold indicator electrode of -'1.45 v.
versus Au(I) - Au(0). When a platinum electrode was used,
.the potential rose to - 2.6 v. versuS'Au(I)‘—~Au(O). The
proposed explanation of the low value for Li deposition' onto
Au is that the Li does not deposit at unit activity, but
forms an intermetallic_compound with Au, so depositing . at a
.more noble potential.



- 164 -

(a) Test 11

400°c
2.65x10_§ a cm”
C =1.60x10 ° M cm~

=
I

2
3

H-
Il

(b) Test 15

T = 400°C
i = 1.60x10"2 a cm~2
C = 1.60x10~°> M em™>

(c) Test 22

T = 400°C
i = 5.07x10™3 a cm—2
C = l.60xlO_5 M cm™—3

Figure D-1: Typical Chronopotentiograms for MoCls
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<

is then .in good agreement with.the"Mo(III).-'Mo(IIf potential.

TABLE D-I

‘REDUCTION POTENTIALS FOR:'MoClg

Test 11: i = 2.65 x 1072 amp cm

Wave Potential (V) T
vs. Au(I) - Au(0) sec
1 -0.04 0.024
2 -0.45 - 0.045
3 -0.84 :0.052
4

=1.10 . 0.40

Data from the chronopotentiometric tests are shown in
Table D-II. Although some scatter exists,,the-following calcu-
lations were-made. Using i1:11/2A= 4. x 1073 amp-crﬁ—2 secl/2
.and the equatibn:

1/2 1/2
1/2 nqvyvr FCD
2

v -3
1/2 —2.93 x 10 __1/2
Dl = n]_ cm secC

2 - -1

® cm sec

8.6 x 10~

j
o]
R
o}

=

I
|
o
[

n; = 2, D. = 2.2 X 10'6'cm2 sec™1
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TABLE D-II

‘Mo (V) CHRONOPOTENTIOMETRIC .DATA

Conditions: 400°C
Au electrodes

c = 1.6 x 10”2 moles cm™>
Test T i i?:ll/z
sec , amp cm™2 amp cm™2 secl/2
14 0.048 1.95 =2 -3
0. . 1. x 10 4.28 x 10
15 ~ 0.059 . 1.60 ' 3.89
16 0.108 1.26 4.14
17 0.154 1.05 4.12
18 0.226 8.75 x 1073 . 4.16
19 0. 280 7.03 3.73
20 . 0.450 5.78 3.88
22 0.860 5.07 4.70
23 0.700 5.78 4.78
24 .0.092 » 1.26 x 1072 3.83
25 0.159 8.75 x :10~3 3.49
26 0.218 7.03 | 3.28
27 - 0.274 5.78 3.03
28 0.414 5.04 3.19
29 0.478 4.52 3.12
30 . 0.610 4.00 - 3.13
31 . 0.175 8.75 3.66

Average iT1/2 = 3.79 x 1073+ 0.8
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Plots'were'made-of potential versus log(til/z-tl/z/t%/z)
| 2
/2 _ 1/2

1 .
~and potential versus log Crl‘ ) for Test 30. Both were
linear; the slope of the former was 0.084 v., the latter was

0.140.v. .Recall that‘for'reversible reductions with n .= 1,2 or

-3 these 510pes.woula.be 0.134 v., 0.067 v. and 0.045 v.

The transition time :ratios for the four waves were:

Ty/cs = 1.7
T/ 2 - 1.1
’tg/q;i = 1.87
Theoretical values for successive reactions-are:
‘n_51=l,»r12:=l T2/T1 = 3
nmp =1, n2'= 2 Ta/r1 = 8
ng =2 ,ny=1" . T,/ = 1l.25

Consider these results if the only initial species
were Mo(V). In view of the-reduction~potential.for the third
ane,,andldf the éxperimental q:4ﬁr3;ratio, the third and fourth
waves are undoubtedly those for the Mo(III)~—» Mo(II) and
Mo(II)-» Mo reductions, respectively. Thus the first two waves
should be Mo(V)—= Mo(IV) and Mo(IV)-» Mo(III); T,/ ; would
then be 3, and a plot of E versus logf?tll/z - tl/2/t1/2>would
have a slope-of 0.134 v. From the-results it is obvious that

the system is much more complicated than .assumed here.
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- The following reactionsrmgygbe—considered'as possible
explanations:
(1) disproportionation-of Mo(V), i.e.,
- 2Mo (V) :—_—K Mo (IV) + Mo(VI)
‘The first wave would then be a.combination:-of
‘Mo{VI)—w Mo(IV) and Mo (V) -== Mo (JI\}) .

(2) . oxidation of Au,.i.e.,

‘Mo (V) + Au ;——'-Mo(:[v) + Au(I)

In either of these cases, the reaction of Mo(v) would
produce -at ‘least two additional products. Theoretical treatments
of complex systems such as this are not available, and any

further considerations are beyond the scope:-of this thesis.
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-APPENDIX E

CHRONOPOTENTIOMETRY OF Ti(III)

. One series of chronppotentiometfic tests in LiCl-KCl
eutectic at 400°C was performéd with:TiCl3 added as solute, and
using:Pt electrodes.  The results were somewhat incopclusive
but may  add some-knowledée to the electrochemical behaviour of

Ti in this fused salt.

Previous Work

180 studied solutions: of titanium chlorides

Bockris.eta
in LiCl—KCl polarographically. At 4CO°C they obtained the
polarographic -wave for the reduction of Ti(III) to Ti(II), but
no wave for the Ti(II)—TikO) réduction‘was seen at potentials
less negative than that for decomposition of the melt. How-

ever, under the same conditions Okada etafl have- obtained polar-

-ograms . for both of these reduction .processes.

Redox potential measurements of the Ti(III)/Ti(II)

82

couple in LiCl-KCl were carried out by Menzies et al and by

Smirnov83

. Both used eséeﬁtially the same technique, but ‘values
differed by 0.6 v. at 500°C. Menzies etal found the, standard

potential at infinite dilution to be -1.55)v..on the chlorine

scale.
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Recently Baboian etal®? have applied the methods of
potentiometry and polareography to.a study- of Ti(II) and Ti(III)
in LiCcl-KCl at 450°C and .550°C. The following electrode poten-

tials were determined (versus M. Pt(1I)/Pt):

Ti(II)/Ti .- 1.74 v.
at 450°C

Ti(ITIY/Ti(II) - - 1.43 v.
Polarographic waves for oxidation andAreduction,of,Ti(II), and
for réduction of Ti(III),.wereJobserved. In addition a solu-
bility ‘limit for TiCl, in LiCl-KCl at 450°C' of 5 x :10-5 ﬁole
fraction was detected, which may explain the  absence of an
.observable polarographic wave .for Ti(II)' reduction . in the work -

of Bockris etal.

Henri&?S has suggested that reaction of Ti ions with
$i05 could take>place in these systems. Baboian etal noted
that their Ti(Ii) solutions seemed quite stable for some time,
that no trace of glass attack was observed, and that no silicon-

containing residues were detected in the melt.

Present Study

o
A typical chronopotentiogram obtained at 400 C in
LiCl-KCl for Ti(III) is shown in Figure E-1. The unusual portion

of the curve, occurring just after the initial sharp potential
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(a) Test 31

T = 400°C
i = 3.80 x 10~2
amp cm™2
C =2.70 x 10~°
M cm'3
T+ = 0.20 sec

(b) Test 35

T = 400°C
i = 2.88 x 10~2
amp cm™2
C =2.70 x 107>
M cm'3
qjt = 0.41 sec

Figure E-l: Typical Chronopotentiograms for Ti(III)
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rise, could not be resolved into a more distinct and separate
wave. Measurements made-of the total transition time are listed

‘in;Table~E-I.

3

Using the values of C = 2.70 x 107> moles cm” -and

iTl/2 = 1.68 x 1072 ‘amp cm=2 secl’?,

1 : - ' ' -
D /2 = (7.28 x 10 3)/n - cm sec 1/2

rFor'nA= 3, i.e., for either

3+ - )
Ti +. 3e —» T1

.3+ - .
or :TJ_3 + e — TJ.2+

T12+ + 2~ —e Ti©

D =5.9 x‘lO-6 cmz.sec_l

This value. corresponds very well with diffusion coefficients

for Cr(III) and In(IIT) in LiCl-KC1l at 400°c.

Substituting ‘a value of n = 1 results in D50 x 10_6
cmz.sec'l, i.e., much too high for Ti(III). diffusion. Therefore
the wave observed is not due to a Ti(III) - Ti(II) reduction
élone.

The following observations support the mechanism of

a stepwise reduction.of Ti(III) to Ti(II) to Ti:
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TABLE E-I1

Ti(III)rCHRONOPOTENTIOMETRIC‘DATA

Conditions: 400°¢c
‘Pt electrodes

C =2.70 + 0.2 x l'C)--5 moles cm >
Test T i : iTl/z
© .sec. amp cm™ 2 amp cri~2 secl/2

26 0.27 3.80x102 1.97x10~2
- 27 0.25 ' 3.80 _ 1.90 -

28 0.12  4.56 1.58

29 -0.11 4.56 -1.51

30 .0.15 . ..3.80 .1.44

31 0.20 _ 3.80 .. 1.70

32 . 0.26 . 3.22 1.64

33 0.67 - 2.14 1.75

34 0.54 .2.58 1.89

35 0.41 . 2.88 1.84

42 0.24 3.22 1.58

.43 0.54 2.14 1.57

44 - 0.47 2.14 1.46

45 0.41 2.58 '1.64

Average: 1.68+0.2x107 2
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(1) the potential .diff:erence between the "two" waves is
- roughly 0.3-0.4 V., éomparable te the value of 0.3l v;
measured'by Baboian,A
(2) ‘theoretically 7:2/Vzi\= 8;vfo£‘testg32, T =.O.26.sec
-7 . +;T’2 _ 97:1 y : ,

e T 1 = 0.029 sec

and inl/2~= 0.17 secl/2
'Using this value of Qfll/z,.i = 3.22 x.lO_z,:and n=1,
D was calculated as 5.7 x 107® cm? sec™!, in good

agreement with that determined for n = 3,,and'7ft.

Thus it seems mostvlikely'ﬁhat the observed wave is -

' ~actually a.combination of two.
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APPENDIX F

- REDUCTION DATA

. In the accompanying.Tables the data for the reduction
tests are summarized, with all the pertinent experimental con-

ditions. The following points apply to all runs:

(a) Crucibles (1) .quartz
' (2) quartz-sleeved stainless steel
(3) stainless steel

All crucibles were 1.05 + .02" I. D.
(b) Stirrers situated 8 - 10 mm above salt-metal in;erface.

(c) M Mass of salt

M, = Mass of alloy



TABLE F -1

LEAD REDUCTION .EXPERIMENT. CONDITIONS

(Pb)°

T°

Mg

Run Mg k .
. No. T°C Stir. rpm w/o .gm w/0 gm -+ Cruc. min~1 Comments
66 380 - 0 5.6 20 .0 60 3 *.0 ‘No-Li in alloy
86 373 - 0 4.1 20 0.22 100 3. .040
87 374 - 0 4.8 20 0.12 100 . 3 .034
88 374 - 0 3.8 20 0.23 100 3 .061
89 374 - ) 0 20 0.26 50 -3 0 No Pb. cloride in salt
90 378 - 0 6.2 20 0.21 - 50 3 .068 ' :
91 378 - 0 6.1 200 . 0.27 60 -3 .072
92 378 - 0 6.3 20 0.57 170 3 .068
93 . .379 - 0 7.7 20 0.64 80 3 .058
94 376 - 0 7.7 20 ° 0.38 100 3" .073
.95 378 - 0 ©1.22 20 .0.25 100 - 3 .093
97 373 - 0 .3.64 20 0.35  100u . 2 .015
98 375 - 0 .3.75 20 0.30 100 -3 .066
99. 376 - 0 3.84 20 .0.26 100 1 .014
100 377 - 0 4.74 20 0.28 90 2 .021  -SSvstrips/.A=8cm2
101 379 - 0 4.38 20 0.27 90 2 .027 '8S strips,.A=l2cm?
102 377 - 0 4.23 20 .0.31 90 2 .034 . SS strips,. A=16cm?2
103~ 377 - 0 3.72 .20 0.28 90 2 .009
104 377 = glass 64 3.64 20 0.25 100 - 3 .071
105 375 glass 64 3.60 . 20 0.24 100 2 .010 : .
106 380 - 0 3.69 20 0.30 100 .2 .028 'SS strips,.A=10cm? |
107 . 380 - 0 3.86 20  0.30 100 2 .016 -
108 380 - 0 3.68 20 0.24 100 2 .014 . : >
109 - 370 - 0] 3.60 20 .0.25 85 -2 .027 . Current determination |
110 . 375 - 0 4.77 20 . 0.23 50 2 .012 ‘



TABLE F-I CON'T.

142

4.75

Run (Pb) © Mg fLi°® Mg k ,
:No. TOC . stir. rpm .w/o gm w/0 gm - Cruc. min~1 - Comments
112 376 ‘88 L1112 4.63 20 .0.19 100 -2 .020
2113 376 SS T 112 4.33 20 .0.17 100 2 .022
-114 376 SS - 224 4.40 - 20 0.12 100 -2 .053
117 390 SS 112 4.85 20 .0.24 100 "2 .025
118 405 - 88 112 5.18 20 0.25 100 .2 .032
119 426 - 88 112 '5.03 20 .0.29 100 2 .035
-120 . 450 - 88 112 4.67 20 0.19 100 .2 .041
137 385 SS 112 4.75 20 .0.24 100 .2 .020
.138 - 375 .8s 112 . 1.57 20 0.17 - 100 .2 .029
139 375 88 112 2.95 20 .0.18 100 .2 .03
140 ;375 SSs 112 6.80 20 0.16 100 ;2 .023
141 375 -.88 112 '4.75 20 0.08 . 100 .2 .023
375 . 88 112 30 0.17 = 100 2 .015

LLT =



LEAD REDUCTION ‘DATA

- TABLE F-II
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Run t - (Pb) Run t (Pb) " Run t (Pb)
min w/0o min w/0o min - w/o
66 0 5.56 88 8 1.47 93 0 .7.65
1 5.54 11  0.89 1 6.93
3 5.56 12 0.77 2  6.28
6 5.63 15 0.62 6 .3.36
10 .5.37 20 0.26 8 2.70
15  5.33 .10 . 2.50
24  5.44 90 0 6.20 17 1.58
30 .5.38 1 5.36 26 0.82
49 - 5.55 2 4.62 30 .0.74
69 . 5.39 4 3.18 40 . 0.11
111 5.53 6 2.90
, 8 2.44 94 0 .7.75
86 0 4.13 10 . 2.05 ' 1 .6.32
1 3.30 12 1.95 2  5.65
2 2.92 15 1.52 4 3.73
4 2.58 17 1.27 6 2.01
6 2.16 20 1.11 8 1.94
8 1.69 24 0.93 10 1.49
10 1.51 12 0.58
13 1.24 91 0 6.10 15 0.82
15 0.97 1 5.06 20 .0.34
21 0.59 2 4.54 .
25 0.21 4 .3.02 95 0 1.22
‘ 6 2.64 1 0.94
87 0 4.80 8 1.96 2 0.82
‘1 4.27 10 1.83 4 0.53
2  4.00 12 1.33 6  0.30
4 3.50 15 1.06 8 .0.25
6 .:3.23 17 0.83 10 . 0.30
8 .3.25 25 0.68 12 0.15
10 .2.74 _ 15 0.10
12  2.40 92 0 6.32 21  0.05
15 1.77 1 5.24 .
20 .1.06 2 3.54 97 0 3.64
. , 4  2.65 1 3.13
88 0 3.8 6 2.02 2 2.99
1 3.64 8 1.71 4 2.71
2 3.04 10 .0.86 6 2.60
4 2.08 12 0.93 8 2.44
6 2.02 15 0.81 10 2.21



TABLE F~II CON'T.
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Run t (Pb) Run  t . (Pb) . Run t (Pb)
min w/o min w/0o min w/o
97 12  2.16 101 0 4.38 104 4 1.81
15 2.00 2 3.40 6 1.40
- 20 1.72 5  2.95 8 0.99
30 1.39 7  2.46 10 0.74
10 . 2.00 13 0.47
98 0 3.75 13 1.77 15 0.41
) 1° 3.29 15 1.72 18 - 0.25
2 2.63 18 1.33 20 . 0.18
4 2.18 21 1.37 48  0.05
6 1.72 25  0.90 o
8 1.43 41 0.34 105 0 .3.60
10 0.93 109 0.06 2 2.98
12  0.59 4  2.96
15 0.52 102 0 4.23 6 2.89
17 .0.41 2  3.53 9 2.77
20 .0.24 4 2.48 12 2.56
' 7 . 2.02 15  2.40
99 0 .3.84 9 1.77 20 . 2.15
2 3.47 12 1.53 30 .1.61
5 2.73 15 1.25 51 1.07
7  2.50 18 0.85 .
10  2.19 21  0.68 106 0 .3.69
13 2.02 25  0.53 2  2.86
15 2.04 36 .0.16 4 2.51
200 1.73 103  0.03 6 2.10
26 . 1.58 : 9 .1.64
32 1.29 103 0 .3.72 12 1.48
46 0.79 2 3.40 15  1.16
112 0.20 5  3.18 20 .0.81
8 3.00 25 0.71
100 0 4.74 10 . 2.87 37  0.49
2 4.02 13 2.73 50 .0.19
5 3.76 15 2.59
8 . 3.28 20 1.74 107 0 .3.86
10  3.17 25  2.14 2 3.07
12 2.57 35 . 2.08 4 2.76
15 1.78 49 1.36 6 2.60
19 1.97 102  0.37 8 2.36
25  1.74 10 2.23
35 0.98 104 0 3.64 13  1.98
45 .0.89 - 1 3.08 15 1.91
106 0.14 2 2.43 20 1.52
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0.22

Run t (Pb) Run t (Pb) Run t (Pb)
min w/0 min w/0 min w/o
107 25  1.20 113 0O 4.33 119 5 3.34
42 0.72 2 3.82 8 2.79
5 3.40 11 2.15
108 0 3.68 10  2.66 15 1.58
2  3.26 20 .1.55 20 0.90
4 3.11 30 1.09 25 0.51
6 2.86 40 0.46 : ,
‘9 .2.64 51 0.24 120 0 4.67
12 2.25 60 . 0.20 2 4.09
15 2.27 - 3 3.59
20 1.85 114 0 4.40 ‘5 3.10
25 1.55 2  3.54 8 2.11
32 1.20 5 2.75 11  1.81
58 0.62 10 1.82 15 0.94
‘ 21 1.15 20 0.41
109 0 3.61 30 .0.62
5 2.65 - 40 .0.27 137 0 4.75
11 1.89 3 3.80
16 -0.81 117 0 .4.85 6 3.25
26 0.71 2  4.05 10 .2.72
44 0.21 4 3.58 i6 2.23
60 .0.05 8 .2.93 23 1.67
: 13 2.27 30 .1.08
110 .0 . 4.77 18 1.73 40 0.70
2  4.18 .24 1.18 63 0.17
5 .3.77 32  0.64
10 .3.29 41 0.44 138 0 1.57
20 2.52 2 . 1.09
30 . 1.90 118 0 5.18 4  0.92
40 - 1.52 2  4.66 7  0.71
53 ~1.02 3 4.02 12 0.54
70  0.50 6 3.46 20 0.41
10° .2.57 29  0.17
112 0 . 4.63 15 1.86 40 0.09
2  4.08 20 .1.23
5  3.48 25 0.70 139 0 2.95
10 .2.80 30 0.44 2 .2.29
200 1.78 40 0.28 3 2.38
30 1.15 . : 6 2.08
40 0.73 119 0 5.03. 10 .1.71
50 0.55 2  4.06 15 1.06
61 3  3.84 20 0.61.
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Run t

(Pb) Run - t (PDb) Run t {Pb)
min w/o min w/o min w/o
139 27 0.13 141 0 4.75 142 0 .4.75
' 39 .0.05 2 3.91 2  3.54
o 5 3.23 6 2.89
140 0 .6.80 10 . 2.37 10 2.61
2 5.03 15 1.30 15 .2.40
5 4.36 20 .0.74 .20 1.83
10 3.42 26 0.31 26 0.78
15  2.92 34  0.13 30 - .0.35
20 :2.11 | :
26 1.41
35  0.47
47 0.23




TABLE F~-III

Li(I) REDUCTION DATA

Conditions: T = 4000C
Stirred, 112 rpm, glass stirrer
20 gm .salt (LiCl-KCl)
100 gm .alloy
. Run 148 . - Run 149
[Na]© = 1.02 w/o ' [va]e = 0.49 w/o
t (Na) t (Na)
min .w/0 min w/0
0 -0 0 0
1 1.45 1 0.38
2 1.20° 2 0.71
3 1.74 3 0.73
4.5 2.12 5 1.15
6 2.09 7 1.26
8 2.37 9 1.22
10 12.15 12 - 1.52
15 2.33 16 1.68
22 2.60 .21 1.93
' 41 . 1.95
Run 149: [NaJ©€ = 0.085 w/o
~ [1i°® =0.110 w/o

- 182 -



-METAL R

" All Experiments:

TABLE F-IV

EDUCTION :: CONDITIONS

400°c

112 rpm, glass stirrer

100 gm alloy

20 gm salt (30 gm, Run 126)

+= 183 =~

Solute Run n+ ) © LriJ® " x " Metal
w/o M cm”3* w/0o min~ Obsvd.
x10
Ag(I) 144  1.50 2.31 0.30 0.063 No
cd(II) 125 1.85 2.73 - 0.30 0.030 No
Cd(II) 126 1.25 1.84 0.31 0.022 No
In(III) 128 1.90 2.75 0.25 0.017 No
Cr(IiT) 150 1.00 0 3.19 0 0.011 No
Cr(III1) 131 0.79 2.52 0.25 0.04" Yes
Co(1II) 121 1.03 .2.90 0.26 0.093 Yes
Co(II) 122 1.03 2.90 0.31 0.105 Yes
Co(II) 124 ©1.03 2.90 0.37 0.118 Yes
Ni(I1) 130 . 0.86 .2.44 0.23 0.143 Yes
- Ni{II) 146 .0.86 2.44 0 . 0.057 Yes
Ni{II) 147 0.70 1.99 -0 0.052 Yes
Ti(III) . 145 - 0.43 1.49 0.24 0.050 Yes
Pt(II) 143 1.20 1.02 0.23 0.22 Yes
v Mem-3 = ¥o . 3



METAL REDUCTION ‘DATA

TABLE F-V

- 184 -

Run (M) Run t (M) Run t (M)
min w/o min w/0 min w/o
121 : .1.03 . 126 45 0.12 144 2 .0.95
1.5 0.82 60 0.04 3 - 0.81
2.8 0.52 4 0.70
5 0.31 128 0 1.90 5 0.62
10 0.12 .2 1.63 7 0.47
15 0.05 -5 -1.44 10 .0.30
20 0.02 10 .1.29 12 0.22
30 .0.01 15 1.06 15 0.15
22 0.72
122 .1.03 31 0.49 145 0 .0.43
2 0.58 44 0.29 4 0.33
4 . 0.36 65" 0.14 17 0.07
7 . 0.18 97 '0.06 25 0.02
10 0.10 _ '
15 0.03 130 0 0.86 146 0 .0.86
20 N.D. 1.5 0.47 1 0.67
3 0.35 3 0.52
124 1.03 5 0.15 5 0.41
1 0.72 7.3 0.09 7 .0.31
3 0.49 10.3 0.03 10 0.20
5 0.46 15 0.05 15 0.09
11 0.04 22 N.D. 20 - 0.05
13 0.03 25 0.02
18 N.D. 131 0 0.79
, ' 1 0.71 147 0 -0.70
125 1.85 2.5 0.65 1 0.52
1 1.72 4 0.60 3 0.46
3 1.50 6 .0.49 5.3 0.36
6 1.21 7.5 0.35 8 0.29
10 0.94 11 0.06 11.5 0.12
15 0.80 14 0.06 15 0.19
16 0.03 20 0.04
126. 1.25 .25 0.02
1 1.20 143 0 1.2
3 1.13 1.5 0.59
6 0.94 3.5 0.16
10 0.78 6 0.07
15 0.63 .
20 0.46 144 0 1.50
30 . 0.26 1 1.12
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TABLE F-V CON'T.

. Run t (Pb) equiv. ->,(Cr3-+)
min. w/0 w/0
150 .0 -0 ~.1.00
‘ 5 0.31 0.85
10.5 0.63 0.68
20 .0.92 0.54
31 1.14 ©0.43
45 -1.18 0.41
64 1.57 0.21
82 1.77 0.11
119 2.01 0

142 - 1.99 0
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