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ABSTRACT

Standard potentials of the Fe(II)/Fe(O), Co(I1)/Co(0),
Ni(II)/Ni(O),vand H(I)/Hz(g) eiectrochemioai codples in a
near-eutectic KleNaCI-AlCl3 melt were'deterhibedﬂby direct
measurements of equilibriuﬁ potentials of metal electrodes
* and the hydrogen electrode (H, on polished ft) at concentra-
tians betweeb 0.1 and i mol¥ of the metal (II) or bydrogen

(1) compounds.T |

vVoltaﬁmetric waves recorded with a platibuﬁ micro—'
electrode showed a sllght 1rrever51b111ty of the redox
systems of 1ron, cobalt and nlckel; tbls,‘together W1th the\
corrosive ection of hydrogen compounds present in the melt,
may explain the differences of 0.04 to 010 V between~the
measured deposition and equlllbrlum potentlals of ferrous
‘metals in this molten system.

Hydrogen compounds,probablyaHCl,lare sbo&b to‘cause
the corrosion'of iron, robalt abd nickei Their concentra-
ttlon 1n the melt can 3a81ly be lowered to aporox1mately 0.1
mols by reductlon with alumlnum metal or by electroly51s.

It is, however, not_always possible to reduce their concen-
‘trétion"below this’levei,‘probebly because of slow equilibria
that exist betweeﬁ them;ahd other, oxygen—containingvor
;organic,:impurities in the helt. The remeininé HC1l may . .
account for the residual corr051on of iron whlch was observed

even in the presence of alumlnum metal.
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of haloaluminaﬁi

CHAPTER T

INTRODUCTION"

3

"A. FUSED CHLOROALUMINATES . &

Molten salt systems containing aluminum trichloride,
referred to as chloroaluminate melts, have been studied for

decades. At first this was in conjunction’with the electro-

3 metallurgy of aluminum. Later, practical interest-shiftedn

towards 1sing these melts as electrolytes in fuel cells.
The electrochemlcal propertles of haloalumlnates have there-

fore been studled more often and more thoroughly than other

'propertles of these. substances. One partlcular approach

used by ¥ntema and co-workers [49 82 -84, 86] con51sted in

determining the depoSiti‘n potentlals,of varlous metals in
| | q

e

these melts. This was followed by studles of standard elec—
trode potentlals of some metals by Plambeck and co—workers

[l 2,31,32 64] It ls‘probable that assembllng such data and

comparing them wi igsults obtalned 1n ‘other liquid systems

will contribute d re a&curate phy51cochem1cal knowledge

and help to prepare a basis for their-

NP

-industrial exploitation. ; S lgl
binary,

Although various chloroaluminate melts, of
ternary and more'complex composition, hayelbeen studied, one‘
can divide them into two groups according . to their content

of aluminum chloride [30]. This is the main factor



2
influencing their behavior.. Differences between\sodium~-and
ootassium—containing melts with one and the same percentage
of aluminum’chloride are only of»seoondary importance. One
type of melts can be descrlbed as con51st1ng malnly of fused
tetrachloroalumlnates, MAlCl They result from the meltlng
of mlxtures with approxrmately 50 m019 A1C13 and according to-

hi1

varlous authors [15,67481] their main components are M+ and

' AlCl4 1ons The §art1cular melt in thisrgroup which has been'

studlednmost extensively has the stoichiometric composition

NaAlCl4, or.NaCl:AlCl3.- The othefagroug is represented b%

i.melts w1th a hlgh-content gf alumlnum chlorlde, typlcally

betaefn 60 and 66 mol% A1C13. They are often de51gn€ted as
aJ

»eutectlc melts, becauSe blnary and ternary ‘eutectics' fre=

-

k quently appeaf w1th1n this reglon of the respectlve phase’

dlagram Most measurements in this group were done ln the
KCl—NaCl-AlCl3 eutectlc melts, whose formal comp051tlon is

given as’ 66 mol$ A1C13, 20 mol% NaCl and 14 mol% KC1 by

‘ Wa51lewsk1 et al. [85], 63.5 mol% A1C13, 20. 0 mol$g NaCl and

;16 5 mol% KC1 by Plotnlkov and Shvartsman [66], and as 62.1

C——

mol$g AlCl3, 25 l mol9 NaCl and 12. 8 mol% KCl by Treadwell and o

fst01chlometry MCl 2 A1C13.: In the den51ty and meltlng p01nt

Terebe51 [80]

S

The electrochemlcal studles of Yntema and co-workers

and of Plambeck, Hames and Anders refer to the KCl~NaCl— |

1n Wasilewski's paper [85], whlch corresponds to the.

e T - S

7

A1C13 eutectlc, usually acceptlng the comp051tlon spec1f1ed". %
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-stuydies of Midorikawa [52,53] the comp051tlon of the eutectic'
is glven as 60 molg AlCl3, 26 mol% NaCl .and 14 mol% KC1.

-This melt was also. used by Martln de Fremont and co- workers
o

[50] Retently some electrochemlcal work has been done in
\melts w1th an intermediate alumlnum chloride cunfent [34 35]

\ : Attempts were made by Tors1 and Mamantov [77], by Fannlm, '{
Klng and Seegmlller 118,19] and by Boxall Jones and
Osterﬁoung [9] to‘descrlbe -continuous changes in the chemical

equlllbrla and the elgctrochemlcal properties ‘of chloro- -

AN

valumlnate melts due to- thelf varylng alumfhum chloifde'ﬂ"

conten€' P o § f:
; _ ‘ The experlmental work in thus thesis’ was performed

f’“ln a melt contalnlng @4 molsg glCl3, 22 mol° NaCl ahd 14 molsg ‘
o l KC1, a comgoslt;on very' close to that of the- ternary éutectlc
and sllghtly oh the MC1l side of the, ideal MCl 2 AlCl3 com o~ .
" sition. Other chloroalumlnate melts will therefore,only be
&3 :

’ dlscussed when comparlsons appeér to help in the 1nterpreta—

tion of.experlmental'zesults. fZ some. cases, phyS1caI 4
constants not known for tr-= ekact melt comﬁosition under |

study will be es:imated frem data known for other 31mllar'
~c_omgositions. There is less need.for sygh a procedure today
than 1n earl;er molten 'salt research, but rejectlng it -
tompletely would _impose- unnecessary llmltatlons on the
1nterpretatlon of . experlmental results. Some chemlcal

problems, in partlcular those of acid- base equlllbrla in

chloroalumlnate melts [77 81] were flrst studled for melts

>
iy
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_' l : ‘.‘ ' ™ . ~ ‘ : : ’
. ( S
o M . R . ,. ﬁ . B & \ ,-,. [ .,
"‘b’ S

: ‘ . _with close,to 50 mol% KlClB' The results of such sthdles ~

\ -

w1ll be,summarlzed brlefly prlor to thelr'appllcatlon to the

ternary near eutectlc melt used in thls‘the51s.

Q_/\' DA \ 3 ’ N ) . Q ol>
B o The phy51cal constants of the KCI- NaClquCl3 eutectic '

A

' are- summarlzed by Hames (311, Mldorlkawa [52] found ltSr

meltlng po%nt to be 93 C and this Va;ue is now w1debx .
) accepted Wa51‘eWSk1 s [85]) lowér,value of 70°C belng /
b v '

attrlbuted to,supercoollng.< At the temperature,of our -

“
, measuremehtsﬁ 135°¢C, the meltAdens1ty for - a comp051t10n of 3

.o~
.x ¢

A N ‘_ a!
D 65 mol% AlCl3, 2% molﬁ NaCl and 10 mol% KC1: is l 7 (Madorlkawa
% »

[é/] ‘and 1ts spec1f;c conduct1v1ty approx1mately 0.3 ohm? ¥Cm

&

. . [541. The useful range of potentlals 1s 2. 06 v [1717 the\7

_;" ' acathodlc limit being the dep031t10n of alumlnum and the«anodlc

F ot \ . ;..‘n; ‘_
. one the evolutlon of chlorlne. S ’
. *'} - PR 4 .
N hd : b ik
e N Metal chlorldes and ox1des are generally found to be

N soluble fh the KC1- NaCl—AlCl3 eufeétic [82,83]. Lower
yox1datlon states of some elements are found to be stabilized

i Smelts w1th a hlgh alumlnum chlorlde content [1, 31], but
not necessarlly in other chloroalumlnate melﬁs [9].' Reasons P
for- this- stablllzatlon are dlscussed by Hames [31] and

H

Anders [l] While steric factors, charge den51t1es of _f§

5,
& \I -

anions and even lattlce energles mlght be 1nvolved the S

p &
I

Lew1s a01d character of alumlnum trichlpride se as to be the Coa

maln cause of thls.effect [9] The hlgher the formﬁl charge

I -’

of -a 'metal cation, the more 1ts stablllty would depend on.

proper coordlnatlon, in thlS .case coordlnatlon w1th chlorlde

a
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ions; which have the role of electron donors-, i.e., of a

Lewis base. According to Fannin, King and Seegmilier, théa :

actuai concentration of chloride ions’in a NaCl:2 AlCl, meit

is low, of the order of 1076 mol% [19]. « oy

B. CHEMICAL =EQUILIB‘RIAA IN‘ CH%OROABU@IINATE MELfI‘S

. o Asvmentioned éarliér in.this }ntrodnoﬁion, Trémillon

‘and Letisse [8l1] have succeésfully described chloroaluminate

" melts with closo to 50 mol%ﬁAlcl3 in terms of acid-bhase equf{

libria'betweén various ionized 5pecieé. "Acidity" here is to
‘ vbe understood in ito broadest sense, as defined byiLewié
| [71]: ‘acidsdare acceptors of electron pairs;’?ases donors
of electron pairs. "In chloroaluminate melts,‘whenéver a‘”
chloride ion combines with an aluminum—containing‘species,
an alumlnum—chlorlne bond is formed with the electron palr
for this bond belng donated by the chloride ion. This makes
the chloride ion a base within a Lew1s—type*ac1d—base system

4 ™ .- . . N 3
in a chlporoaluminate melt.. <Trémillon and Letisse [81] then

. define acids,aé acceptors'of C1” ions and bases as either
e /! €17 ions themselves or donors of Cl . A basé is tied to_its

' wconjUgate-acid by an equation of the form -;ﬂ' .

base = acid + Cl1~

i whi'ch can be- con51dered an analogy of the cla551cal Br¢nsted

N

definition , - N

(base) B +.H* = BHV (acid)
. B e Sy ‘
a - and an even closer analogy of acid-base equilibria in oxygen\\_

(

.containing meits, where éccording to Lux [47] and-Flood‘[23]




e

hydroxides '
(base) 2 OH™ = 0 (acid) + 02-

* or

6
the donation of electron pairs prd%eeds‘as a donation of the

oxide ion,voz", so that we can write [10] e.g., for molten

£

and £f3&r molten nitrates [17]
'NO3 = NO3 + 027.

The ideally neutral (50 mol%! NaCl-AiC13 melt can be

/S;;iewed as molten sodium tetrachloroaluminate, NaAlCly,

3
4

ium cations and AlCly

prf ily existing in the form of sod
anions. To a slight eitent, there is d;ssociation:

’2vAlCl4 = A12Cl7_+ Ccl . _
The dissociation’constaﬁt, with concentrations in

mole fraction units, is . M

* | , 2 ' )
K =X - * X __ X %
C (Al2C17 ) C1 / AlClZ. )

Its numerical value is indebendent of the concentration’

units used [77]. Boxall, Jones and Osteiyoung [9] give a

. . (;.v‘\‘
list of K values at0175°C (see first ¢olumn of Table :X)y. 1If

the extent of thisvdissociatién is small and consequently

X - remains éonstant,'a value analogous to the ionic
products of slightly ionizeqrsolvents can be defined as . N
follows:
) )
r = - kX
®s 7 *a,c15) | fer
o ' é
c -1 % - .
KS [A12C17] fc1]



Table I

P
Apparent ~ation Constants K and "Ionic ‘Products"

Kg Equimolar NaCl:AlCly Melt at 175°C

K x 108 , pKS>(KS in molz/kg2) Reference and Authors
13.3£1.5 5.480.05 [81] Tremillon, Letisse
8.0t1.8 5.69:0.06 [77] Torsi, Mamantov
7.77 . [18] Fannin, King, Seegmiller
10.6+0.2 5.56+0.01 {9] Boxall, Jones, Osteryoung
The values o:- are given in reference [9].

The first PKg value is given by Trémillon and Letisse {[81],

the otheér two are calculated from the K value.
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v )
on tﬁe molality scale used in [81]. 1Its numerical value was

determined at 175°C by Trémillon and Letisse {81]:

Kg = (3.4%0.4) x 107® mo12/kg2.

-~

Numeriéal values of PKg ; - iog Kg are listed in the secoﬁd

' column of Table I. _ : : f
Tﬂis dissociation of the tetrachlogoaluminate anion

iség fgrmal analogy of dissociation processes known to occur
in:various other1301vents.* Contrary to;most other cases, —
dissociation here generates two anidns and no cation. This,v
howéver, does not rule'out the application of Lewisiséeneral
theory of acids and bases. An el§ctron pair go:is hgnd in
haﬂd“with the‘Cl_ ion and acids ‘and bases in molten sodium
tetrachloroaluﬁinate:are therefore'quite properly defined as,
respectively, acceptors énd donoré of Cl—Aions. This then

makes pCl = - log Xc1~ @ correct characteristic of the

acidity or basicity of any particular chloroaluminate meiy/
' /

/

The formal analogy with pH in aqueous systems fo.lows
.directly from the definitionsAofi"écid" and "base" és'éiVén
above. wa PCl indicates a high concentration ofvchloriéé

ions and theréby a basic melt.  in practiée,'the 1owest pCl
that can be reached wiii often bé that of a séturated‘
_\sOiution of MC1l in MAlCl4 at fhe giVen témpératﬁreg
fj Trémilién, and Letisse [81] found it tq be 1.31 * Q;OZ at
| 175°C with;M - Na; on our mole fraction scale that would be.

+

pCl = 2.02-L 0.02.
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An acidic melt, or one with a high pCl, is rich in
4 h

species that are acceptors of electron pairs. From the

point of view of formal compdsition we speak about A1C134
rich melts, although the actual acidic species, in the Lewis
sense, is the heptachlorodlalumlnate (III) anion, Al C17.
Even s;stems with substantially more than 50 mol$% AlCl3 as
far as their formelbcomposition is concerned, can be success-
'fully descfibed iulterms of pCl‘.although this. ﬁay be found

less practlcal when the concentratlon ‘of the Lewis ac1d

Al C17'approaches that of its conjugate base AlCl4 because

here one enters a "buffer" reglonAof earlj constant pCl.

Thisfwes_duly recognlzed by Leroy 1 his thesis, as quoted

in [50]vand [81]. A quantftative t eatmeutnof the buffer

system,vhowever, proves to be compllcated because several

aluminum- contalnlng species are preSent, as p01nted out by
v

Mamantov and'cofworkers-[77,79]. The followihg aetual'con4

centrations of various species can be read fr-n a graph in

the paper by Fannin, King and'Seegmiller([lB]:

Species - Approximate Composition

63 molt AlCl; 67 mols AlCI,

Xa1c1y . 0.2 ©0.12
X - . )

Xal,c1; R 0.2 ) 0.25
X . _ -
‘Alyclg | 0.04 . 1 0.12
Xc1- 2 x 10°¢ ' 1078

xAlCl3(m0nomer) 5 x 1072 7 x 107>



.10
Boxall, Jones and Osteryoung [9] improved this set‘E
of data achhev1ng bettor agreement with the experlmentally
determlned electomotive forces of concentratlon cells by .
introducing an activity coeféﬁcient (#1) for alcl,.

\
As we progress from equimolar MCl:AlCl3 or MAIC1

4
melts towards AlC1l —r1ch ones, it is no longer justified to
regard the tetrachloroalumlnate ion as the main solvent
partlcle, v1rtually'neutral'in the‘acid—base sense, with only

P

a formal role of the conjugate base to Al Cl In a melt

2
w1th more than 50 mol% A1C13, the tetrachloroalumlnate ion
acquires a distinctly basic character, being able to donate
chloride ions to any suitable acceptor. The equilibium [9]

2 alc1y = Alzci; + C1-

base ‘ acid ;

is still valid, although»in_AlCl3—rich melts it does not
correspond any more to»the "pure solvent" dissoCiation
~discussed by Trémillon and Letisse'[81] According to
Bonall ~Jones and Osteryoung [97, two other equ111br1a must
be taken into con51derat10n if the presence of al Cl6 and
A1C13(monomer) in the melt is to be accounted for. The
authors_chose ‘» -

2 Alcl, = Al,Clg  and A1c14 + AlCly = Al c17.
' Small amounts of Al3Cl10 are also present in AlC13—r1ch
chloroalumlnate melts at equlllbrlum, but within the range

of melt compositions mentioned in thlS thesis, .they are not

important in determining the p051tlon of chemical equilibria

7
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In spite of this comélexity offthe solvent system, -
changes in the concentration’Qf chloride ions, following
additions of acidic or basic compounds, a;e‘uniform and very
small in‘melts with approximately.SS.mol% or more AlCl3. So
are the changes, in observed equilibrium pofentials'of‘
aluminum electrodes in these méltS-[9,l8,l9], which are
reiated to thé activity of chloride ions throdgh the Nernst
.equation.. Osteryoung and co-workers [9] mention as an
ekample that aftgilan addition.?f'lbq;mg A1C13"per gram of a ?&
'NaC1:2 AlCl, melt;gthe‘potentiai of én aiﬁminumveiectrode in
this. melt would 5hiy increasé by 25 mV. This findi®g is
espeéﬁglly important when mutual comparisons of déta obtained
in slightly different melt compositions are attempted.

'The tendenqyiof AlClz-rich melts, such as the

B
KCl—NaCl—AlCl3,térnary eutectic, to maigtain a constant Cl1~
concentration also is of prime imporﬁance when thé hydrégen
redox systemmis studied: in equimolar'melts Trémillbn and'
Letisse [46] found -that the oxidized fprm of the H(I)/H,
coﬁblelwas HC1l, which would genératé chloride ions'upon
reduction:

HCl + e” = 1/2 Hy + C1~
With.ﬁhe melt,buffér system acting as a trap for chloride

% : . , .
iqn§f6ﬁe might expect the reduction.of HCl to be favored
fhéfmodynamically by acidic (high-pCl) melts. On the other

hand,. the scafcify of chloride iohs’might pfovokebsome.

= N
&
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- dlssoc1atlon of HCl and glve some stablllty to free (i.e in
e way solvated) hydrogen ions. This mtﬂht lead to effects
yhich did hot exiSt‘or were not Signlflcant in the equlmolar

- NaCl:AlCl, melt studied by Trémillon and Letisse [46,81].
C. MELT CONTAMINATION AND PURIFICATION

According to Boston [8] there are three main tyées[of
impurities that are likely to be present in a chlétéaluminate
meit. ‘These are: | | | |

1. heevy metal compounds
2. organic impurities
3. products of melt hydrolysis._

" Heavy metal compounds (mostly those of iron), <ause
no difficulties. They are usually eliminated f -~ commarcial
aluminum chleride duripg its suﬁlimation in'the‘p:eéencevof

finely divided aluminum metal [1 8,35]. . Smalivresidua1
amounts e%ﬂgeavy metals are easily prectpltated from the .

~ melt itself by metallic aluminum. Voltammetrlc CheCkSr
reported in this the51s, confirm the successful ellmlnatlon °
of iron compounds. Once a purlfled:melt is prepa;edrand
placed in an inert (typically,jlass) container inside a dry

‘box, there is little probability of any re-contamination by(

Heavy metals.

{L
‘Organic _mpurities pose much more serious prdblems

[8]. They can be present in commerc1a1 reagents or they can

penetrate 2Into “the melt durlng various operatlons, e.g., by
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4 ' . '
back diffusion from oil pumps. Aluminum chloride and all

"acidic" chloroaluminate melts react with a number of
organic compounds [13], usually with the formation of a
carbonium cation and a tetrahaloaluminate anion:"
R.CHyCL + Al,Cl7 = (R.CH . AlCl)) + AlCl)

Bailey and Prest [3] used NaCl—AlCl3 molten mixtures to
"catalyée halogen exchange or elimination reactions, the
mechanism of whieh involvee carbonium ions.. A reaction

betWeen an organic halide-and an "acidic" melt is basically»

a donation of the electron—rich chloride ion: it is an acid-
base reection in the Lewis sense. It is favored by the
.presence of strong‘electroﬁfpair acceptors in AlCls-rich

melts and.is therefere difficult to ?revent.

The products of reactions between orgahic_cbmpoundsk

and the melt are generally very stable [22,38]-and;chemical ‘>;

methods have ptoved "surprisingly ineffective" [8] in -

attempts to remove them from the melt. Trémillon'and

. Letlsse [46] were able to get and malntaln a. water clear . L
./.

e

(and therefore presumably free from organlcs) equlmolar
NaCl: A1C13$ﬁ21t merely by contact with metallic aluminum.
'For AlCl3 richer melts Tor51 and Mamantov [77]1 specify
dlgestlng of the melt with. pleces of aluminum wire 1n a
sealed quartz tube at 300°C'ﬁQ; several days. In another
paper [78], the‘seme authorgﬁéreferred to circumvent the
"in—melt"’purification step'ty using pure‘alumiﬁum chloride

synthesized from aluminum and hydrogen chloride aqcofding‘
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to.Bjerrum, Boston and Smith (5].

The need for elimination of organic impurities from
the melt was probably first felt by authors who studied the
@,
optical propertles of fused chloroalumlnates Munday and

Corbett [59] as well as Morrey [56] explalned the_ brown

coloration of most AlCl3—conta1n1ng melts by the presence of’

organic compounds. This seems. to be generally accepted [8]

.although occa51onally other reasons for the coloratlon are

given [21].

Workers dealing with the electrochemical propertles‘
of the molten system were less concerned about the color of
their melts; they usually reported it [50], sometimes
statlng that it did not interfere with measurements. fact
it is quite p0851ble that the organic compounds present in
the melt do not 1nterfere directly with electrochemlcal

reactlons. Still, some reactions of carbonlum ions mentioned

in (31, like o | o (

- +
CH3CH2CH2 > CH3CH CH2 + H
could brlng into the melt 51gn1f1cant amounts of hydrogen
ions that are both highly ac1d1c and highly oxidizing.

The most commonly encountered 1mpur1t1es in chloro—

-aluminate melts are products of hydroly81s. ‘Anhydrous_AlCl3

-4

as well as‘fused chloroalumlnates react vigorously with

water and traces of moisture are sufficient to produce

contamination. A formal equation

AlCl; + H30 = 2 HCL + AlocCl,
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shows the important features of such hydrolysis, even if it
does not correspond exactly to *:e real process. Two kinds
of products are formed" a hydrogen compound which is HC1l

1n equlmolar MCl: AlCl3 melts [46] and probably also 1n more

ac1d1c (hlgher pCl) melts, although this has yet to be

proved. Next, a compound with an alumlnum—oxygen bond is

formed, possibly more complex'than-AlOCl. Tremillon and

~Letisse [46] assume that it is AlZOCls, with a structure

analogous to. that of A12C16. The h.gh Al - O bond energy
provides a thermodynamic driving forxce for the reaction.
Grothe and Piel [29] working in a chloroaluminate
melt at 600°C observed a precipitation of_aluminumvoxide,
which they believe resulted from the thermal decomposition

of aluminum oxychloride. One-may conclude from their

findings that at lower temperatures the oxychloride would be

fairly soluble, although possibly unstable thermodynamically.v

Tremillon = and Letisse found that it is "neutral" in the

acid-base sense (i,e},zébout asvbasic as AlClZ and distinctly

\more’so than AlZCl—)."Oxygenscontaining compounds are not

. ellmlnated by the various methods of melt purlflcatlon

(except possibly by electroly51s Ain some cases). . They are.v
not reported to have any direct adverse affect on electro-
chemlcal processes in the melt. Verdieck and Yntema [82]

quote Marshall's thesis [48}»stat1ng that * mol% of'dlssolved

oxygen-conte nlng compounds does not alter the depOSLtlon

,potentlals of metals in the ternary eutectic KCl - NaCl-. ~

4
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alC1, melt.
Hydrogen compounds, in contrast to oxides and

a

oxychlorides, do influghce most chemical reactions‘in fused

chloroaluminatesvy‘ é“Strongﬂoxidizingiagentsn,mTh§mM“w
standard electrode'p@ Ehtial of the H(I)/H2 couple has
been determined in this_thesis for a 64 mol2 AlCljz melt at
135°C (see Table II). It has been known from the Qork of
Yntema [82,83] to be higher than most‘of the‘standard
potentials of M(I)/M(0) couples, including those of silver
and mercury B |
The high ox1du21ng power of hydrogen compounds made

authors working in the field stress the 1mportance of
removing nydroly51s pfbducts from the melts.: There 1s\one
"notable exception: How1e and Macnillan [37] fanr about
0.07 wt.% [0.2 molg] HCl in the melt in order to obtain
smoother cathodic alumlnum dep051ts. Varlous purrflcatlon
procedures have been described, but no dlrect quantltatlve
}determlnatlon of hydrogen compounds has been attempted.
'Most'authors seem to believe that they have eliminated
hydrogen oompounds "compietely" andhthey support this,with
some indirect evidence. Corrosion studies, however; tend to
contradict this, as will be explained in‘the.nestbseétion.

- - Two general methods have been used to’ eizmlnate from
' chloroalumlnate melts the products of thelr hydroly51s.

reduction (by active metals or by electrolysls) and bubbling .

of anvinert gas to eliminate HCl. Reduction by aluminum is -
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the most widely used ,and has been used in the work reported

% : 25 _; :
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in this thesis; stronger reducing agents‘sufh as sodium
would be consumed in dispkacing aluminuﬁ from the melt.
fWhen Howie and Macmlllan [3@] found it necessary at one
stage te use sodlum,'the reasons might hawe been kinetic; \i>

| :
for instance, as’ they had iron in the system, the alumlnum

sUrfaceicould getnblocked by an iron film [43]. 1In AlCl3-
rich’me;ts at lower temperatnres! the'aluminﬁm surface might
also getﬂblocked'by solid aluminum c¢hloride [35]. As a rule,
however, tgg reductlon by flnely divided as well as by
- compact aluminum metal (usually wire) would work [2 82, 84]
The use of nltrogen bubbllng in AlCl3—r1ch melts 1s,b‘
of course, very limited due tb ‘the volatlllty of AlCl3,‘1t'
cagpot be carrled out. without cau51ng’uncontrolled changes
in the melt compos:tion by loss of AlCl3.
Verdleck and Yntema {82, 83] immersed an.alumlnur
{splral in the melt fcr 4- 6 hours and then electrolyzed with
a graphlte anode and 2 pl atlnum cathode at a voltage less
'than 2 Vv until alumlnum c:arted to deposit on the cathode-
this was_rnterpreted)as a sign ofdcomplete removal of
’hydrogen compounds, ; h o o ; 3 . : ;Qi
Wade;“Twellmeyer and Yntemab[84]feliminated hydrogen
compounds by electrolysis'betWeen platinum . electrodes# with

~

an lmpressed&goltage of 1V only hydrogen compounds were

B . -
.av"? .

. 1
reduced (a current of 15- 20 mA was recorded at an 8cm2

auxiliary cathode, rpdlcatlng a-current density of

———



2 - .o mA/cmZ), when the current dep51ty dropped to 0. 5 -
0. 6 mA/cm a marked rise of the potential was observed, and
this was taken as an indication of a _hydrogen-free melt.

~ Anders and: Plambeck [2]'usedfan_aluminum-spiral left
in contac% with the melt for one hour. Hames and Plambeck
321 purif¥ed a filtered KCl—NaCliAlCl3 eutectlc by electro-
flyzing for several hours with platinun'electrodes of 2 cm?
in area and an 1mp05ed voltage of 2'V Thcy observed a.

current density . decrease from 0. 05 to O 01" mA/cm2 durlng
P Lo

~

thlsfélectroly51s

-

7

_ Martln de Fréhont and co workers {501 1n thelr studles

. e .
with the dropplng mercury electrode found thatmhydrogen f -,

i

Y

vcompounds ox1d159 mercury, thlS effect dlsappears after the
melt has been in c0ntact W1th an alumlnum splral for 2 -3

- hours. Bubbling of nltrogen was not found satlsfactory,

.

'because when an alumlnum splral wés 1mmersed 1nto the m

after two hours of . bubbllng, gas bubbles, presumably
hydrogen, could still be seen formlng at the alumlnum

4

surface The authors quote the the51s of M, Leroy,Estatlng
L _
exp11c1tly that hydrogen 1ons are formed w1th1n the melt
. from traces of humldlty
A purlflcatlon procedure for the tetrachloroalumlnate

(50 mol% AlCl3) melt is descrlbed by Tremlllon and Let1s5e'

[46,81], In splte of the hlgher temperature used (175 C)

sSlderably less volatlle than AlCl3—r1ch

"melts: This enables the authors to use bubbllng of dry
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(}inert'gas in order to remove‘voiatile hydrogen compcunds.

?n their'study of the H(I)[HQ redoxlcouple [46] they found

a 1ineaf,relationshié‘between the potential of a hydroge-

electrode and the. pC1l yalue of aAgiven melt, which woulc bhe

predicted by applying the Nernst ‘equation to the reacti-n

| >HQ1 + e = 1/2 Hy, + C17, = |

while a simple-reduction of. hydrogen ions to H, would
,produce no dependence on .the concentration of chloride ions;

From this they cqncluded that‘no free hydrogen ions are

present and ‘that the only oxidized form of hydrogen in the‘

melt is HCl. This is equlvalent to saying that the solvent

exerts-a 1evelllng effect and converts H+ to HCl Bubbllng

" of dry nitrogen for 3 hours reduced the depolarlzlng current .

-

g dﬁn51ty for HC1 on a 1 mm2 rotatlng platlnum,microelectrode

| to 0.15 mA/cm . Bubbllng combined w1th aﬁ//ddltlon of -
alumlnum powder 'as a redu01ng age?t caused a- furﬁher decr: e
1n current density to 0.02 mA/cm2

i Groshev [27] found the solutllltx\of HCl in NaAlCly
tq be 8.5x10~6 mol/cm3, i.e., 5x107% moljfkc 7 0.1 mol%; at

lGOQC\' This, ‘according to his data, isfSOJJC ‘times hlgher
Fl
than the solublllty of chlorlne or noble gases 1n thlS melt,

The heat-of dlssolutlon 1s estlmated as 6-17 kcal/mol. vfhe

reactlon between alumlnum and HCI- lS of first order with

. 1 V B

respect to HC1 and its apparent actlvatlon energy is ll
kcal/mol Al. Unfortunately it is not qulte clear from
-Gioshev s description, whether solubility at an ﬁgl partial

T

\\.),v ' v -‘ " o : ° &
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pressure of 1 atm. was in fact detfe nned.

Howie and Macmillan [37] recommend making use of the

- reaction between hyd ﬁgen chlorlde and’ alumlnum in the melt,

whlch in thelr work was a near-eutectic NaCl- AlCl3 melt, to
obtain smoother cathodic dep051ts of alumlnum and eliminate
dendrltes. -They made no direct HC1 determination and they
estimate a concentratlon of 0.07 wt.% HC1 (O 2 molg) to be
1opt1mal |

\ . _Several authors did consider‘it difficult or impos-

ible to eliminate'nroducts of hydrolysis frOm_molten.

e loroaluminate system.v They would, therefore, try to
cilrcumvent tne 1n—melt" purification step--either by an
especially careful subllmatlon of aluminum chloride, as
described for instance by How1e‘and Macmillan [36], or by an

|
f51tu synthe51s of aluminum chlorlde as descrlbed by
9]

- Bj rrum, Boston and Smlth [5]. This last approach has been

-adgpted .in some papers by Mamantov and co—workers [78]. It
is'worth noting that Bjerrum, Boston and Smith [5], as well

aS Groshev [27] favor the use of hydrogen'chloride rather

" than chlorine in the aluminum.cloride synthesis. Contamina-

tion by HC1l is not regarded'asia problem<(és opposed'to
-conramination by watert) .-

‘The dlfference in (standard electrode) potentlals
between hydrogen and aluminum being of the order of 1 V one

might expect -a fast reduction of hydrogen ions, or dissolved

HCl,rby metallic aluminum;,nevertheless, for reasons which

9@
N
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are not clear and may be’connected with other melt con-
tamiaants (for instance organiés), this does not‘océur, ASN
far as traces of hydrogen compounds are concerned.‘ Wheﬁ"
studying the Pproperties of aluminum'as a‘redﬁcing égent in
_molten chloridés, Kogan and Rabovskiil [45] foﬁnd that freshly
deposited metallic iron could block‘the aluminum surface
preventing further féductionAofNiron compouﬁas dissolved in
the meilt; such an effect, however, cannot be expected in the
case of hYdrogeh. Aléo,>when assessing the reducing power
of metallic. aluminum, it should be noted that in the presence
of heavy‘metals the reduction by alumiﬁum may be more
compiexi Kogan and Rabovskii [43] have, by X-ray diffrac-
_.tion, asdertained-the.presence of FeAl and Fe3A15 in iron
- deposits on aiuminum. vChovnyk and Polyantseva f12] report
some evidénce for the electrgdeposition of CoAl and C02A15
from KBr-AlBr, melts. o

"Chloroaluminate melts afe often §tudied at tempera-
tures well above the eutectic melting point, but still below
the melting»poihts of the éomponents. .(Aluminum trichloride
melts at'abdut 190°C [39]; the KCl-NaCl eﬁtectic at_661°C
[51,63].) Under thése conditions protfacted electrolysis
With an aluminum elg;trode can bring about a‘particular type
of passivation phenomena, deScribed by Holleck and Giner
[35]: the coﬂpositionvof the melt in the vicinity of the
electrode can be altered so much that'the liguid range of

the melt is” exceeded, and solid depos .- of either alkali

\
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chloride or A1C13 then cover and blockhthe electrode surface.

D. CORROSION IN MOLTEN CHLORIDES

Corrosion of metals,in.chloride:meltsh some of them:

containing aluminum trichloride, was studied by ﬁussian

workers [28,40,41,73] and found to depend largely on the
presence of: hydrogen cohtaining compounds, piesumably mainly
HCl. While most authors commenting on melt purity seem to
believe that they have eliminated hydrogen compounds
completeiy" and support this by some indirect ev1dence,
most corrOSion studies [40,41] report a "substantial decrease"-
in metal corrosion rather than its complete_elimination‘-
,Kochergin, Garpinenko and co—workers [41] working at 70636'
in binary.eutectic mixtures of chlorides of group 1 A and

2 A metals, were able to "almost eliminate" corrOSion-by
adding magnesium or zinc metals and thenkrestore the

original corrosic- behavior by saturating the melt with HCl.
gas.. Kochergin and Stoiyarova [42] speak ahout the "ability
of fused salts to add HCi". Working in NaCl-KCl and LiCl-KCl
systems they found that HY could not be removed by;simply
increasing the temperature; it was "almost completel?"
removed by metallic magnesium at 456°C under reduced

pressure (10"_5 mmHg) . |

Groshe&, who-has.studied extensiveiy“the reaction ’

betmeen aluminum metal and hydrogen chioride in fused salts
t25—27] dealt.with the corrosion of iron in fused

P



chloroaluminates in his thesis [28]. Kogan and Rabovskii

[43] quote him giving avrate of corrosion fo;“iron in an

unspecified NaCl—AlCl34helt a£ 200°C as 3.27 g/m2h; - his in
’ .

presence of metallic aluminum decreases to 0.08 g/m2h.

Kogan and Rabovskii themselves [43] believe that the

corrosion of iron causes a periodic 1 “sening.of igon films

from an aluminum surface which occurs in melts containing

AlClj.  They aléo state that chloroaluminate melts are more

corrosive than molten sodium cthride'would be—in comparable

conditions. * - .

Fink and’Soidﬁki_[ZO] report St;ong éorrosion-of
iron in fﬁsed éhloroalumiﬁates, but at the.same~time they
cénsider nickel to be rather immune to cbrrosion. Thié ﬁay
be explaiﬁed by‘the féct that they used a nickel crucible as
a cathode for the depoéition of aluminum; it has been
repeatedly observed here that iron, cobalt and nickel

electrodes, on which more cathodic potentials had been

impressed, revert only slpwly, sometimes during several
. 4\",&/ . N

“hours, to either their equilibrium or corrosion potentials.

:Although‘corrosion in AlCls—containiﬁg melts has
been reported and even measured [28,73], it shquld be kept
in mind that spontaneous dissolution of mefals like iron,
cobalt énd nickel in pure dry chloroaluminate melts is not
favored thermddynamidaily. This can be seen from the-values
of standard eleétrode;ﬁotentials (64]. -Iron, the léaé£ |

"noble" of the three metals, has a standard potential
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approXimately +0.6 V against thHe aluminum_electroae (see
Tabre 11). Ali corrosion must therefore be related to the R
presence of some oxidizing species'in'the melt; eren the
enresidual corrosion in the'preSence of aluminom metal should
be viewed as resulting from incomplete purification. E \
.éorrosion>by hydrogen compoﬁnds, on the other hand,
is perFectly predlctable from standard potentlal data, as
p01nted out by Martln de Fremont et al. [50]. These authors
'aotqally proved that metallic mercury was okidized to the )
monovalent state by*prodocte'of melt hydrolysis. ‘The
assumption that corrosion is caused .by HCL is oompatible with
wmost of the published work, includioé<reports ebout partial P eﬂ
suppre551ng of corrosion by methods: used to purlfy the melt s
[28,46,50]. The use of%nltrogen bubbling, even if its
ﬁsucces% was only partial [46,50], points'to thejfaCt_that
volatile‘hydrogen;containihg‘impurities, maiﬁly HCl are the
ones to be eliminated. Studies of mixed chlorlde fluorlde
melts by Koohergin and Davydova [40] showed, however, some
corrosion of iron aue tovnon—volétile compounds, probabiy :

hydroxides, that could not be removed by vacuum treatment. ‘

E. MONOVALENT ALUMINUM COMPOUNDS IN THE MELT
\ - o :
‘7 -Recent work by Delimarskii et al. [16] and

Storozhenko‘[74] has dealt with the presende of monovalent
aluminum compounds inzchloroaluminate melts. While compounds

-y .
of Al (I) are usually not stable at lower temperatures and
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undergo disproportionation,ﬂit‘would not be surprising to
see them stabilized to some extent in "acidicd chloro-
aluminate melts, which are known to stabilize lower valences
.of metals generally. rReferrinq to the earlier discussion of
the Lewls-acid character of aluminum trichloride .and the
scarcity.of'chloride ions ' (electron donors or Lewis bases)
in AlCl3—riCh chloroaluminate_melts,‘there is no reason to
believe that the stabilizing effect of these melts on low-
’ Valence compounds would be limited to transition metals. 1In
fact the results of aAnders and Planmtck [2] concernlng the
stablllty of monovalent qalllum compounds in the KCl-NaCl- 4
AlCl3 eutectic would qulte logically point towards the
existence of non—negllglble equlllbrlum amounts of monovalent
aluminum compounds in the same melt. Some chemlcal.ev1dence
for the presence of a. reduc1ng aluminum compound in the melt

has been found by Anders [1] and by Mldorlkawa [55] and
"Notoyal[§0], who obserVed metal transport and recrystalliza-
tioniof'aluminum in NaCl-AlClj melts.’ J

It seems more'difficult to accept the quantitatiue

conclusions of’Storozhenko [74], who gives the fractionyof
‘aluminum present in the monovalent state at e%ulllbrlum as
approx1mately 5 mol%. HlS results are based, on determina-
tions of_chemical solubility of aluminum metal in various
NaCl—AlCl3 melts; such determinations would be radically!
affected bv the presence of traces of ox1dlzlng impuritieés

" " or by the ex1st§nce of chemlcal transport caused by a local

l
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temperature gradient. Thonstad [75] investigated the
solubility of aiuminum in Al Br6 and Al »Ig and came to
the conclusion that Al(O) existed in solutlon rather than
AlL(I). 1t 1s probably wise to con51der Storozhenko's values
only as upper limits of aluminum solublllty or of the mole

frajtlon of monoV\Ient alumlnum in the melts concerned.
\

—

therature data are scarce concerning the interaction

of hydrogen compounds and Al (1) compounds in chloroalum1nate~

melts.l Delimarskii and co-workers [16] observed the forma-
ti n of gas bubbles on an aluminum anode, when the chloride-

base’ electrolyte contained some moisture. Belyaev and

_ rleanova [4] state that monovalent aluminum reacts w1th

water,

2 HpO + A1+ = A13* + H, + 2 OH™,
In general, it is to be expected that the pPresence of
hydrogen compounds would lower the'concentration of mono-
valent aluminum. It would therefore also prevent chemical
pnecipitation of aluminum metal by disproportionation of
Al(I) compoundsvand this couid account for the smoother

electrochemical aluminum deposits found by Howie and

Macmillan [37] in the presence of "hydrogen ions.
F. ELECTRODE POTENTIALS

In 1940 Plotnikov Kirichenko and Fortunatov [65]

established an electrochemical series of metals in an

equimolar sodium chloride-aluminum chloride bath at 400-600°C.

ey
SN
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This Wwas followed by a series of quantitative studies by -
Yntgma ang his students [49,82—84,86] involving more than
twepty metals. Most ef their data were later confirmed by
Mar¢in de'Frembnt et al. f50] and by Plambeck_andeco—workers
(1,7.31,32]- ‘ Sl

Yntema's method consisted in determining the
potghtjals of electrodes during thevpr0cess‘of’metalz
depysition on their surface. These.potentiale were measuted
. at varjous currentidensities in a three-electrode a}range—i
men¢ Which prevented polarization of the?reference éiéctfaée f fii

>

and wéye extrapolated to zero current. Yntema and CO*workers

t

werg Using 1 mol% solutions of metal ions.in ‘the KCl—NaClm.

AlQl3 eutectlc melt and thelr data were taken by subsequent7

autpors [50,64] as estlmates of equlllbrlum electrode;"&

potghtjals at that concentratlon and temperature, temperaturé\.
beipyg 156°C in most of Yntema's measurements. Yntema was ;

usiﬂg platinum electrodes' but these ccrtalnly Became coveredh

R Py

by 2 Surface layer of the dep051ted metal durlng the 1n1tLa1
) . L J n*': ,

stage of each run. His current—potentlal curves 1nterSect,

, o

the potentjial axes (i = 0) at values equal to the

equéliprium potentials of the reaction

IR ne = (standard state of pure element)

AppyOXjmate values of standard potentials can then be

cal&ulated from these estlmated equlllbrlum valuey;, using the

-l

‘Nerﬂst eduation, as was. done by Plambeck [64].

Martln de Fremont and. co—workers [50], also worklng



in the ternary eutectic melt, used polarography with a
dropping mercury electrode and determined half -wave
potentials for the reduction of metal ions. Hames and

Plambeck {32] were the first to attempt direct potential

‘measurements, using metal electrodes in equilibrium with

melts containing known amounts of metal ions. Their values
were in very good agréementiﬂith those of Yntema in the cases

of zinc, mercury and silver. -The case of cadmium proved to

2+

be more complex, due to an equilibrium between Ccd?% and Cd2

in the melt The standard potential values for Cd2+/Cd°

&y

reported in- [32], as well as those from direct potential

-
measurements in [31] are Significantly lower than those of
Yntema.

Anders and Plambeck [2], in extending the direct

‘potential measurements to metals of groups I b and IlI b, .

‘usually either confirmed Yntema's values or could well

explain the discrepancies, such as ‘the case of gallium,
where stable univalent gallium'Was not known to exist in
1940 [1l]. “Some irregularities pointing to the formation of

polyatomic ions were observed in the case of silver. Such

polyatomic ions are well known, for instance bismuth forms

- them in chloroaluminatevmelts-[5—7,14,78] and so does

: mercury [76].

Tn .this theSis an attempt was made to apply the
direct pé&@gtial measurement method to the first triad of -

group VIII tranSition metals. iron, cobalt and nickel.
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Quantitative data about the electrochemical behavior of these
metals in chlorocaluminate melts. are rather‘séérce; The only
+ published material on electrode potentials comes fromkthe .
teams of'Yntema‘[82,83] and Martih‘de Fremont [50]. ~Both
groupslof-auﬁhors agreé as far'gsw%ﬁﬁkel is céﬁcerned. The
polarographic wave of nickel is well developed [50] and has
.some characteristics of a fast electrochemical'system. On
the other hand, the polarographic reduction of iron and
cobalt occurred at potentials that were some 0.2 V more
negative‘(cathodic) than.ekﬁected'from {?2] and the-waves
were much.more poorly defiﬁga than in EhélcaSe of nickel. I
While both sets of data have eésentially‘beenfbbtained from
measurements df reduction grocesées of iron and cob;lt ioné,
tho$e of Yntema.j82j should be preferred for two reasons:

l. The ﬁetal deéositién in [82] took place mostly on
surfaces alreédv covered with the metal studied; it is more
credible to take the activity of such a layer as equal to one-
‘than®it is in the case of. [501, whéfe a mercury drop was
involved; the solubilities of iron and cobalt in mercury are
.very small, less than 10_5% [33]. Under‘these conditions,
the éctivities of iron and cobalt become somewhat uncertain.
~ In the cése of nickel; there exists‘a compound NiHgy, stable
beiow 300°C [33]. . o

. 2. Yntema's setlof potential vaiues for iron, cobalﬁﬁahd
nickel fits bétter'with Qalues in other'chloride melts, where

cobalt and nickel always exhibit\; rather similar behavior
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' (see data in [64]) .
Altbough_the experlments of VerdieCk and Yntema [82]
were not repeated'here, estimates of depositlon potentials
\'were madetf: » voltammetric data,iTable VII); these fit well

&

with the,res;lts'inf[82]. Possible implications of this

!

¢will be discussed later. =
7 :

Verdieck and Yntema [82,83] determined the deposition

}

o . ~ &, : A .
‘potential of hydrogen in the KC1-NaCl-AlCl;y eutectic at
. . . O\ i X .

150°C. Their melt had a formal concentration of 1 mol% HT.
Some compenSation of errors might have occurred:. hhydrogen

ions were added as A1C13.6 HZO and con51derable evolutlon of

sth HC1 gas was observed but the amount of h?drated salt used,

‘1.34 g or 0. 07 H equlvalents in 73 g or 0.7 moles of melt
was nearly one‘order of magn;tude_aboye the theoretiqally
- required guantity. A value of 1.05 V was proposed for the
o deposition potential of hydrogeh, iﬁplYing faiily strong
oxidizing properties of the hydssgen’ion. ﬁ- o
Wade, Twellmeyer and . Yntema [84] glve a value closer
to l 15 V. 1In their experlments no watef was added but
“anhydrous hvdroqen chlorlde was passed o%er the melt, whlch
was stlrred to ‘allow dissolution of the das Thelr data
seem‘less rellable because they used a platlnum refeﬁence
electrode, Wthh is sen51t1ve to_chanqes in the concentration
of hydrogen,compounds., Wehtmann‘and Yhtema {86] report a
deposition potential of 1.65 V for hydrogen in'the.ahalggoush

‘bromide melt (66 mol$ AlBr3,v20 mol% NaBr, 14 mol% KBr).

C

;\\
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Martln degfremont et al [50] cOnflrm the ox1d121ng

propertles of hyd o’en 1ons 1n thls melt as reported by

\

- Verdieck and Ynteﬁa.iSZ] They observed the oxidation of - \\

the;mercury.dropplng,electrodeuin melts_which contained

traces of humidity. Mercury«was also oxidized in their .
experiments,by Fe3+; this is in aqreement w1th the polaro-v
graphic reductlon of Fe3+ to Felt reported by Chovnyk and

Myshalov [11]. ,. P

The'results of Trémillon and Letlsse [46 81] have
to be applied w1th some cautlon,'as they were obtalned in an:f
equlmolar NaCl AlCl3 melt and not in an‘"ac1d1c" one.'_Thelr'
reference electrode was alumlnum in a_saturated solution Gf’j-i
‘;Naél in‘NaAlCl4, »The potential of this electrodeée can, ’
however,.be related to the usual reference potential(s)bof o Cf

alumlnum in eutectlc or near-eutectlc melts through the
S ' A

,study of concentratlon cell voltages, done by Fannln, Klng 3
and Seegmlller [18 19]

Tremlllon} and Letlsse found that hydrogen gas is
5}

‘soluble enough in the melt that current- potentlal curves of o
v o
the hydrogen system can'be recorded They also found a barev ZA
p{ ﬁlnum electrode functlonlng satlsfactorlly as a hydrogen
electrode In thelr/e;perlmental work [46, 81] hydroqen was-

produced dlrectly in the. melt by reduc1nq hydrogen compounds

¥

w1t?éplumlnum powder.. When anhydrous barlum hydrox1de was
dded

, its hydrogen was reduced by alumlnum and the'"base



equivalent of the oxide ions introducedicbuld be

cOulométrically.titréted.
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CHAPTER II

L \ ’\ﬁ‘:\
EXPERIMENTAL (

. 1. Reagents

A}UminUm chloride, (certified reagent grade, Fisher
‘Scientific Co., Ltd.) was purified as described by»Anders
1171 in”order to eliminate iron compounds and the bulk
' of hydroly51sbproducts, a%\follows About 250 g of aluminum
chlorlde, covered by a 1 cm tthk layer of Qranular
aluminum metal (reagent grade,.30 mesh, Fisher Sc1ent1f1c
.CO ), were heated in a .J nm long Pyrex ampoule, 5 cm in
diameter, 1solated from the‘surrounding'atmgsphere_by a“
mercury pressure relief —ralve. The,uppervpart,of the
amponle "was cooled by a stream of compressed %1r The / - )
aluminum chloride condensed as a colorless or snow-white
polycrystalline\solid in the part of the ampoule just abcve

the granularvaluminum layer. A slowing of the sublimation

< ?

process was, usually observed after about three hours as- the
dlffu51on of gaseous ‘aluminum chloride was progre551vely
blocked by the mass»of crystals growing from the'ooo}er
ampoule walls'towardsdthe center. After{fourihours the
sublimation was interrupted with usually‘about one quarter'
of the original batch remaining at the bottom of the .

T

ampoule.

33
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ﬁo attempt was made to increcase the yield of this
sublimation process by raising the temperature, because
this might increase the volatility of irormr chlorides and
oxygen—containing compounds and bfing some of them into
the pure product\ The ampouie wae'placed inside a glove ..
box filled with dry nitrogen, and broken.- All of the
sublimed aluminum chlorid. was used ihmediately.for melt
prepara lLon, except a surfaee layer»contaminated with
baked*in elumiggm metal; this w: separated.mechénically
with a knife and:discarded. r
Sodium chloride;(AnalaR, BDH Chemicals, England)

and poﬁassium cbioride (reagent grade, McArthuerhemical
Co.,bﬁentreal)~were dried!at 100°C under Vacuum'for several
hoﬁrs, whenevervnecessary. In some of the experiments,
ho&ever, this was bmitted, because the aluminum chloride
used was'nep completely free of its hydrblysis producte

:-and QaSDby far the greater source of hydrelytic impufities
in the melt. These can, of course, be readily detected by
Voltemmetry.[78].

,i; The electrode metals were obtained in wire form,
about I mm invdiameter,-of 99.99% purity,. from A. D. MaCKay;
New York. Aluminum wire, 1.6 mm in diametef; was obtained
from E. H. Sargent and Co. F%r larger euxiliafy'eleetrodes
at thch no measurements Weregmade, iron,'hickel, zinc and

~« ,aluminum sheet meétals of commercial purity were used after

&~
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cleaning, degrea51ng and drylng.
| . Barium chloride dihydrate (assay over 99%, May and
Baker Ltd., Dagenham, England) ; was used without further
.purification'as a source of-known amounts of water.
Anhydrous barjum hydroxide was prepared'from BDH AnalaR
Ba(OH) -8 HZO (assay 98%) by pumping away the water at .
room temperature for 20 hours and then heating the batch at
100°C‘for 24 hours under continued pumping. This procedure
has been used and recommended by Seward [70]. The purity of
the_product was checked by a citration with standard HC1l and
was found to be 98.8%.

Ferric oxide was prebared from ferrous ammonium
su}fatevFe(NH4)2(SO4)2. 6H20’7which was the purest iron
' compound readily available) by oxidation with 1itric acid}

precrpltatlon by ammonium hydroxide and washirgy with

concentrated amm~~ um chloride followed by distilled water.
' “x

2. Melt'Preparation

The compact sublimed aluminum chloride was ground
inside the glove box and transferred into a tightly stoppered.
conical flask;tthis'was“then removed from the glove bor,
weighed and quickly returned to‘the box. The calculated
amounts of sodium chloride an potassium chloride were then'
added to make up the desired melt comp051tlon.‘ Virtually

all the experlments were run in a mélt whose comp051tlon was

64 mols% A1C13, 22 mol% NaCl and 14 mols KCl. A few
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prellmlnary measurements were done in a melt composed of 1
66 molg AlCl3, 20 mol% NaCl and 14 mol% XCl, whlch had beeh
Used in previous work in this laboratory [1,2,31,32].

The mixture of chlorides was melted in a round-hottomed
flask using an electric heater~and transferred/into the
thermostated electrochemical cell inside the ;love box. A
yellow or. llght brown. coloratlor - f thelmelt was usually
notlced 1n/%g*ttment w1th pre7 uus work '™ [l 50,817, although
once or tw1ce the resultlng liquid was colorless, with a

s

L»amall amount of black pre ipi.ute Wthh could be flltered
offh The cau;e of the zcic at'on _ - not known,flt may. be
due to carbon from orcanlc me erizl L56] or dlssolved
511100n compounds [21]w - Hydrcgen r1lo§1de or chlorlne were
found -to produce- addltlonal nwlt darkenlng [1]. Accordlng
to Boston [8] in the case of hydrogen chlorlde thlS mlght ' ﬁ
:_be dUe to acetylenlc 1mpur1t1es present in the gas Some |
: authors suggest [46] that clearlng up of the liguid phase
\‘Iand adsorptlon of the colored materlal occlirs on contact

with metallic aluminum. 'This‘was'also observed in the

present work, but the clearingfup'took several hours and
. was not complete. - The color.shade~and 1nten51ty were
'unrelated to the resulies of electrochemlcal measurements in
‘these melts.‘

Voltammetrlc tests, in agxeement w1th preV1ously

publlshed data [31 46,50,78], showed that further- purlfl—‘

catlon of melts prepared in this’ way was necessary, malnly
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with regard to thé presence of electroactive compounds,
which presumably érise from the reaction of aluminum
chloride with moisture.“This is discussed in detail later
in this thesis. Immersion of an aluminum spiral into the
melt for three'hours as used by Anders tl], did not eliminate
- these hydrogen comoOunds complétely. Their concentration
did,.howéver, deorease by about one order of maénitude to
a steady—stste value,.which could not be fufther loweréd
by contact with metallic sluminum. In view of this resuio,
a three hour reduction of the melt by an aluminum spiral
inside‘the cell} as well as voltammetric checks on the
presence of hydrogen compounds as suggestea io [78],‘were

- made a part of the staﬁdard.melt preparation procedure
,thch preceded all msasuremeits.

It is possible to filter the melt [31,32],beforeb
 bringing it into the oell.‘ In most of the experiﬁents
reported‘in this thesis, however, filtration was unnecessary,
because tﬁevworking as well as the reference électrodes were
located in separaté compartments whichlthe melt entered

through sealed friﬁs; it was thus filtered automatically.

3. Cell

.

This was contained within the'gloVé]boxﬂéhd is
identical towthst described in detail»by;HameS,[Bl]. An
oll jacket contained circulating paraffin oil from a NB-ELE

thermostat (Colora, West Germany). Temperature was kept

F
P
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at 135 * 1°C unless otherwise specified. Halfjcell
compartments were glass tubes 1.3 or 2.5 cm in diameter
with fritted bottoms (10 - 20 u porosity; Ace Glass Inc.,

'

Vineland, N.J.).

Rt

4. Apparatus

o

Potentials were measured with a 3440A‘Hewlett—
Packard digital voltmeter. Coulometric oxidations and A
reductions were performed With a'Model IV Coulometric L
Current Source (E. H. Sargent and Co.). Polarizing

voltages on the worklng electrode were monitored and

\4'\,;’1;;
coulometric currents adjusted in order 6% remaln w1th1n

the potential limits of the melt.

Avmodified Sargent Model FS polardgranh with a
Model XV notor was used for boltammetric measurements.

A Wenking 66 TS~-1 potentlostat (G. Bank, West
Germany) served to obtain statlonary current- voltage
characteristics in-a three- electrode arrangement.

A Bausch and Lomb Spectronlc 20 31ngle cell visible-

range spectrog?otometer was - used 1n the determlnatlon of

iron. . ‘ ' : -

5. " Electrodes
- Aluminum wire was used as a reference electrode. The
N o : . . :

suitability of such an electrode- was discussed and

demonstrated by several authors [32 65, 82] and 1t is now

0
'y

generally accepted as the standard reference electrode in

»

I
7

(%)
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chloroaluminate melts [9]. Schulze and Hoff [69] give the /

;xchaﬁge curfent density of this electrode as 20.6 A/cmzf:
thisteans that the electrode is essentially unpolarizable.
" The potential of this electrode in axbure chloroaluminate
melt is defined as zero. This potential actually deéends

on the mole fraction of aluminum chloride in the melt; from
the discussion of this problem‘by Boxall, Jones ana
Osteryoung [9] it can be inferred that a 1 molg change in
the formal aluminum trichloride content would correspond to
a pote.itial difference of 3 - 7 mV in near-eutectic (NaC1:
2 A1C13) meits. |

‘ Electrodes for stationar§ poﬁential measurementsi

(iron, coBélt, nickel, zinc, and platinum for hydrogen potential
measurements), which.were also used fo; coulometric generations
of divalent metal ions, were prepared by winding 0.8 mm metal
wires into small spirals. The immersed geometric area of
these electfodes was 2 - 3 cm2;‘:~

For voltammetric measurements a 0.003 cm2 platinum

n .croelectrode was prepared‘by sealing a piece of O.Q mm
platinum wire into a Pyrex glass tube followed by cutting
and grinding both'metal‘and glass to a flat area. This
electrode was régoliShéd with fine'emery cloth whenever
' necessary. | |
Electrodesbused for internal or-as auxiliary electrodes'

were typically.aluminum, iron or nickel plates, 3 x 4 cm,

© .
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0.8 - 1 mm thick..

All electrodes were degreased by chloroform or
carbon .tetrachloride, washed with dilute hydrochloric

acid - and water, and dried before use.

6. Analyticai Methods <
| Direct voltam@etry with a stationary platinum

,migroq}ectrode has the advantage of being appliéaﬁle I
virtually at any time during a sefies of measurements. It
was jnot generally relied upon as a method of quantitative
determination of iron,ébobait and nickel in the melt, due
to the low précision of voltammetricvreductions toiinsoluble
materials on solid. electrodes. It was,‘however, used |
successfully to detect the presence of small amounts of
thése metals iﬁ the mblten systems. Trial voltammograms with
icgylometric generation of the respective metal ions showed -
é_limit‘of detection around 10~4 on the 'mole fraction .
sééle (0.01 mpl%); Because an anodic stripéing’proceduré f
could easilylbe used ét,least semi4quantitdtively in this
systeh,‘the %}mit of deﬁectability for iron,‘cobalt and |
nickel was in fact a mole fraction of 107° (0.001 mol%).,!

In order to get’ comparable results, these voltammetric
runé werevpefformed in a uniform way: cathodic polarizing}
 sweeps (dE/dtv= 100 mV/min.) wereycarried ﬁp to a potential

200 - 250 mV below the cathodic peak value; there, the

electrode potential was kept constant for 30 seconds and
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then anodic stripping started with the same-speed.

The voltammetry of hydrogen compounds is discussed'
in detail elsewhere in thi; thesis.

| Whenever standard additiaopg of chemiqals_be£ween

measurements weré necessary, known amounts of solid reagenﬁs
(usually of-therrder of 100 mg) were placed in small glass
vials, which fit info a hole in théﬁTefion cell stopper.
During such a reagent additioﬂ th; céll would be opened to
the dry-box atmosphere for abqut 1l second, as a glass plug
was takenuou£ and éhe reagent-containing vial brought in.
Water was:added in the form‘pf Ba§12 .2 HZO crystals.

For further analysis outside the glove box, the
;holé content of one compartment or a sample of the bulk
mel%"was transferred into a clean dAry beaker, allowed to
cool and-soiidifyhAtaken out ?f the dry box and weighed
.immediately. It was then dis;olvad in water; sometimes an
additibn of dilute acid proved necessary to speed up
dissolution. | ‘ | |

The standard a, o' - diﬁyﬂidyl method was .used for
the spectrophotometric determination of iron [72]. Only total
iron‘was determined, i.e. feductian by hYdroxylammonium
chloride preéédedtﬂ@ adaition of,the.color~forming reagent.
Large'amognts of aluminum compéuhds are known not to. inter-

- fere with this determinatipn [57,721.
. i) te v .



CHAPTER III

RESULTS AND DISCUSSION

-

/

A. STANDARD STATES, UNITS AND CONVENTIONS USED {/o\ )

When values of standard electrode potentials are -

o

'“reported,‘some conventions regarding standard states are
necessary. In agreement w1th the conventions generally

used [61] the standard states referred to in thlS theSis

are: ' ) B

1. all pure elements and compouhds ¥
(modification), which is the most stable at the given

temperature;

’

14

2. gases at a préSsure of 1 atmosphere (neglecting
" the di%ference between pressure and fugacity); '

| 3. .species in solution in a-hypotnetical state,
which combines unitlcOncentration on the concentretion scale
used {(mole fractions, if’not stated otherwise) with
properties of the species at infinite dilutionvin the molten
solvent. I

It is useful [1] to make an exception tokrule 3 and

stete:

-

\

/ 4. species~that are constituents of the solvent
melt or are linked to such. constituents by a non-electro-

chemical equilibrium ‘(e.g. Al ) are con51dered to be in,

42
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Each chloroaluminate melt, of course, implies a
different Al(III) / Al(OJ potential and therefore'also a
different scale of potentials according to these accepted
rules. Some .empirical correlation among. these scales is
available from recent studies of the voltages of concentra-
tion cells [9,18, 19,771. . P

Fannin et al. [18] as well as Boxall, Jones and
Osteryoung [9] approached the establishing of a true

thermodynamic link among' various chloroaluminate melts by

stué@%nﬁ

chemical equilibria between selected aluminum—

containing species in these melts. They had to use some,

approximations, such as neglecting junction potentials and
assuming t_hatNa+ is the only current carrying species in
NaCl - AlCl3 meltsf but that does, not impair the practical
validity of their results. In ternary melts as the one used
in this thesis, Na© is parti;lly replaced by k'; the aluminum—
containing species,‘however, remain the same [67] and 51m11ar"
electrochemlcal properties may therefore be expected. - ;

The use of empirical relationships between data in
different molten systems has been con51dered justlfled as ’@“
long as this is the only way that makes possible some
comparisons of results obtained in various meltsg‘ In this-
thesis, however; such comparisons were never involved in the
actual presentation of experimental results.

All reportedvnumerical data resulted from measurements

actually performed in the near-eutectic ternary melt composed
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of 64 molg A1c13,"22 mol%’NaCl and 14 mol% KCl, at the

temperature of 135°C. When,as in the prellmlnary stage of

this work, sllghtly dlfferent experlmental condltlons were

‘chosen, the results are reported with an appropriate - ~

explenatory comment. In other words, no mathcmatical trans-

formatioﬂ.of data which would compensate for»@&fferences in
temperature or melt composition has been attempted.
Reterences to various other chlorcaluminate melts
and other temperatures cannot be avoided, if comparrson with
the results of'other'authors! measurements is sought Here
the guestion arlses, what magnltude of change in electrode
potent;als should be expected to result from small changes in
eifher temperature or melt composition. Anders [1] has

measured several electrode potentlals as functlons of

temperature and he usually found a negative slope (more

LS

cathodic potentlals at higher temperatures) of the order of

0.5 mvV/°C. From the work of Boxall, Jones and Osteryoung
(9], although it was done at 175°C in a binary NaCl - AlCl3
system, we may.accept the conclusion that the potential of

an aluminum electrode should increase‘(get more anodic) by

3 - 7 mV, when the amount of AlCl brought ipto‘the'melt

increases by %;mols (in the "eutectic" region, from 64 to
. LN :
65 mol% Alcl )‘ leen the role of temperature as a varlable

-in the Nernst equatlon, the - Shlft might be slightly smaller

at 135°C. 1In our work, we did find small differbnces, of
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<k

composition.)

‘thlS scale is used

46
the order of 5 mV, between potentials of metal electrodes

in 64 mol% and 66 mol$% ALCl3 melts. This result however,

should not be over—emphasizéd, because the melt composition

may have been affected bywa partial evaporation of aluminum

chlorlde'and because both the metal electrode and the

~aluminum reference electrode may respond to changes in melt

4

In the reporting of results, a p~ooer choice of the

concentration scale is of some importance. Molarity, molality

‘and mole fractions have all been used in molten'salt work.

In actual experiments w1th molten salts, concentrations are ,
mostly set or the welght per welght basis; the den31ty of v//ZV
the melt must be known, if the molarlty scals is to be used
and the mean molecular weight of the melt nmust be calculated

if concentratlon is to be given in mole fractlons or mole

_per cent. In the case of chloroaluminate melts, where the
~density is often knowh to only two significant figures, the

_use of .the molarity scale might imply a slight loss of

precision. The other two scales are both perfectly suitable

for work in‘chloroaluminate melts; the molé fraction scale

-was chosen ,in this thesis, because comparisons of the

L
Y X it}

“properties‘of different melts seem more meaningful when'worked 5

out entirely on mole ba51s and because solutlon equlllbrlum

constants are convenlently obtalned as plaln numbers when
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In‘general,‘it will be assumed.in‘this thesis that
all activity coefficients are.constant? this is certainly fﬂ‘
justified as far as metal and hydrogen ions are concerned|{
5

in view. of their low concentration (less than 1 molg) in\all

actual»measurements- The calculated standard potent:alé

N

A
refer to an extrapolated unreal state anyway and for/;he

/
purpose of calculation it is more convenient to base(them

on unit concentration than on unit act1v1ty. Box?i'

v

and Osteryoung [9] used a Variable activity coe*fgvient for
4

the AlCl4 ions, but at the same time rejected ﬁ51ng one for

~ the Alzcl7 species, which is present at abont‘the same -
cOncentration'level. In view of thebdefinition of standard
.states given above, the question of using activity COeffi4
c1ents of these anions for the calculation of. standard
potentials does not arise in this thesis.

According to the IUPAC "Stockholm" sign convention,
aall potentia}s in this the51s ‘are expressed as numerically
vequal to the electromotive force of the electrode half-

reaction, written as a reduction process [44],‘ The tolerances'

shown are stdndard deviations.

Bt
(W]

"’ ~
[ L

. B. METAL - METAL ION ELECTRODES e

1. Measurements of Equilibrium Potentials

Direct measuremehts of the potentials of metal

electrodes agafnst the aluminum referende electrode were
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always made by taking a series of four or mor& points in one
and the same batch of melt. Between two:suocessive
measurements, the concentration of the metal ion in the
oompartment surrou.. -ng the metal electrode.was increased
by.coulometric oxidation of the metal. Before each measurement
enough time was allowed for the system to reach equilibrium
(usually 15 - 25 min.). Potential readings stable for 10
minutes to * 1 mV were taken as an 1ndication that equilibrium
has been established. A value of the standard potential was
calculated from each measurement separately, using the Nernst
equation. The actual equilibrium potentials were plotted'
against the'logarithm of the amount‘of metal ions generated
(Fig. 1, 2, ‘3). Such graphs have the same torm as‘plots of
potentials against the logarithm of concentration (classioal
Nernst plots), because logarithms f the two independent
variables, amount of ions and concentration, differ only by
an additive constant, as long as the amount oﬁ\melt'in'the
compartment does not ohange. In our experimental set-up
this amount of melt mas determined after the completion of
each series of measurements, up to that time it represented
. an unknown constant and thus prevented the use of classical
Nernst plots as working graphs.

As can be seen from Figures 1, 2 and 3, the plots
~ were linear with the exception of points obtained at
fcondentrations below approximately X = 10-3 «(the compartments

. o . 3



Figure 1

S

Equiliprium Potentials_of the;Iron Electrode

Points indicate observed values of equilibrium
potentials in two separate‘experiments;»the two
lines are drawn with the theoretical slope for

n = 2, which is 40.6 mV per log unit.
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Figure 2

’ BN ‘l‘,

Equilibrium Potentials of the Cobalt Electrode

o

Points indicate observed values of equilibrium .
. & : o

potentials}. The line is drawn with the
theoretical slope for n = 2, which is 40.6 mv

per. 1log unit. -
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Figure 3

 Equi1ibrium Potentials of the Nickel Electrode

Points indicate observed values ofﬂequilibriﬁﬁgk
potentials. The line is drawn with the theoretical

slope for n = 2, which is 40.6 mv per log unit.
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usually contained)abo/t 0.1 mole of melt). Only'pointe

that fell within the linear oart of the E vs. log N graph
(N is the number of moles of metal io; generated) were used
in calculating'a mean value of the standard potential in
eacH;series of measurements; ﬁstandard‘potential values

. B} :

reported in this theSlS (Tables II and III) are average

results of two or more such series. - ' -
)

From the slopes ofgthe llnear segments of Nernst
plots one can calculate the number of electrons, n, inVOLVed
. ! .
in the electrochemical oxidation. The following values of

n were found by experiment:

o

Couple R E n

~ Fe(II) / Fe(0) e 2.0+ 0.2
Co(II) / Co(0), L 2.1 + 0.1
Ni(II) / Ni(O) . 2.1 % 0.1
Zn(ii) / gn(03 Eone Nernst 2.0

- plot only)

/ : : e S
" When it became apparent that ferﬁﬁ%g‘metals are -
N o 1 O ~‘£§)'° ’
corroded in contact with the melt as explalﬁed 1n@5ec¢v‘

"B3 of this chapter, it was deC1ded ﬁb flnd the true

concentration of Airon (II) compounds in the electrode.
compartment by an 1ndependent method and in this way 1nclude
in the measurements any iron compound that may be present
in the melt as a result of corrosion. .Iron in the molten

salt phase was then determined spectrophotometrically after
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the termination of in-melt measnrements. The reported
standard potential value in this case. is an average of
eight single%*point measurements. ' ’ .

Standard potentials for the iron, cobalt and_nickel,
couples; as'fbund in this thesis, are shown in Table II.

The table also includes results for the H(I)/H couple that
.is discussed later in the text.

Table III provides a comparison of these and other
direct-measurement results with standard potentlal values
determined from deposition potentials, as measured by  Yntema
and his students [82-84]. A general trend is visible from §?>
this table: :direct potential*measurements usually yield
values of standard potentials slightly (up to 0.05).10wer~
than those predicted from deposition potentials. A reversal
of this trend is observed in the cases of mércury, iron,
cobalt and nickel. At the same time; voltammetric and
‘speetrophotometric analyses of the melt showed that iron,
cobalt and nickel are corroded during’ the experiments. This Y
was further 1nvest1gated and it will be discussed later in
this thesis in more detail. It should be stressed, hbwever,
that a simple inereaSe in the chcentratiOn.of transition'

metal ions, due to’corrbsion§§can in no way account”for the
reported-high Values of standard potentials. This. can be
seen<from”the Nernst equation: at 135°C, the doubling of the

concentration of a-divalent metal ion would cause an increase
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Table II

Standard Electrode Potentialé in the KC1-NaCl-2a1Cl,

Mel: as Determined in thié Thesis

Electrochemical " E°(volts) Standard . Note
Couple ‘ Deviation
H(I)/Hy 1.202 . 0.005 -
H(I) /Hy . 1.226 .  0.006 a
Fe (II)/Fe (0) 0.652 0.003 |
Fe{II)/Fe (0) © 0.645 ” 0.005 ' b, d
. Co(II)/Ce(0) 1 0.841 0.003
CokII)/Co(O)' " 0.827 , 0.002 b, ¢
© - Ni(II)/Ni(O) o - .0.927 0.002
Ni(iI)/Ni(O)‘ ‘ _6.928 _ A 0.005 b
Ni(II)/NiQQ} ' i:o.927' _ 0.003 ;V e

"a. melt not properly satﬁrated with hydroggn gas; see
section C 2 of text ' e

b. .melt cOn§@sted of 66 mol% A1C13,.20 mol% NaCl and 14
molg XKC1l~ 4 :

c. two different batches of cobalt wire were used; control
experiments indicate that the difference in E° m~y be
due to variations in wire quality rather than -differences
in melt composition. The value E° = 02827 is probably
to be preferred: the potential drift was smaller and the
result is closer to the value of 0.820, obtained in one
experiment with a cobalt-plated electrode.

d. from five runs, eath with four or more points:
concentrations calculated from generated amounts of
Fe (II) without a spectrophotometric check

e. overall average of values obtained for this couple; -
there was no significant difference in the potentials
meaSured(%n a 64 or 66 moly AlCl3 melt. ' .
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'©f 12.2 nV i3 the equilibrium potential of a M(IT) / M(0)

couple. Table III shows that the potentials actually found
were 50 - 100 mv higher than predicted while the increase
in concentration of M2+ due to corr051on was deflnltely less
than.twofold. The dlscrepancy between predlcted and found
values of potentials also cannot be related to the sllght
difference in melt compos1tlon between [82] and thls‘the51s.
The expected change of potential caused by this dlfference
1n “composition would be less than 10 mv [9]. Tt would,

of course, involve the aluminum reference electrode and not

the working metal electrode.

2. Coulometric Oxidation of Iron, Cobalt and Nickel

The required concentratlon of transition metal ions
was produced in 51tu by coulometric oxidation of anodes of
‘these metals. This technlque, generally in use in molten
salt systems,‘was successfully used by Hames and Plambeck
[31,32], as well as Anders and Plambeck [1, 2] for a number
of elements in. chloroalumlnate melts; it allows the concen- |
tration to be changed w1thout openlng the ceﬁi When éobéié
Vwas anodlcally dlssolved 1nto the melt, a deep blue color
was_observed in agreement with the spectrophotometricv
meesurements of Pgye and Gruen-[éZ]. No such intense coloration
was observed with iron or nickel.

The curren* =2fficiency of electroehemical okidation

was checked, in the case of iron,:by subsequent
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speotrOphotometric analysis. After a correction was made

for spontaneous corrosion (from a blank not snbjected to
coulometric oxidation) the data, shown in T: TV, indicate
an efficiency of (96:8 + 4.5)%. T

‘A;similar check of the coulometric reduction).which

according to Hames and Plambeck [32] should‘have close to

"100% eff1c1ency for the zinc and mercury systems, revealed

“
that ,in the case of iron (II) the eff1c1ency of coulometric
reduction varies with concentration and can be.sub§tantially
less -than 100%. -

Current densities‘offl.sv— 5.0_mA/cm2 were used in
the ooulometric oxidations; thevaere close to tl.: loser

limit of current density available from the Mouel IV

Coulometrlc Source._ It took typlcally 35 mln. to generate

"0 1 mllll-mole of M(II) ions. The polarlzatlon voltpge

varwed widely between about 1. 8V and’ 1.2V (0.9 vV for 1ron)
Care was taken to av01d hlgher polarlzatlon voltages that -
mlgnt causeysome chlorine evolutlon. Eor‘thls reason hlgher
current dens;ties.were.not used. It should'be.noteg that
the polarizino voltage'often was more'positive (anodic) than

the standard potent;al of the H(I) / Hy. couple, this- could

not be avoided in our experlmental set-up.

3. Drlftlng Potentlals “and Corr051on

As pointed out by Anders [l] certain drlftlng

4

- potentlals have been found by all workers who made.potential
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Table .IV

Coulometric Anodization of Iron

Amount of iron(II) Amount'correéted - Amount.of iron in
generated, ' for corrosion, " the ‘melt found b:
I spectrophotometry

m moles m moles ' . ' m moles
3
0.150 0.26 0.27
0.250 0.36 0.34
0.250 0.36 0.33
0.300 0.41 0.40
0.500 0.61 0.59
©0.2502 0.26 0.57
\ ' o
.

In this éxpgriment 0.350 millimoles of

~iron(II) were generated and O.iOD

millimoles were supposed to be femoved

by coulometric redudtiqn
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measurements in chloroaluminate melts [31;5%]. Usually an
explanation of these driftS'wasigiven in terms,of slow
chemical equilibria, typically anolving polyatomic ions
fiike the subvalent cadmium species in’the studies of Munday
and Corbett [59] or the Ag *ions postulated by Anders [lJ:
Drlftlng potentlals have often been cbserved by one author
in systems con51dered well-behaved by others. -

The ZﬁkII) / 7 (0) electrode potentials may serve
as an example;\While 1mesland Plambeck [31;32] found the
’couple well—behaved, Munday [58] and Anders [1] observed
drifting potentials when zinc ions were generated in the
melt by coulometric oxfdation.’ In this thesis, Zn(II)\/
Zzn (0) potentials were found to be stable‘for nOC:s within
l'mV'in agreementxwith/[3l,32]. When the coul me=ric o ~;

L. .
generation of zinc ions was interrupted, there —-as of course
a- fall in the electrode potentlal due to the leve llng of
‘concentratlon w1th1n the electrode compartment This lasted.
several mlnutes if the system was left resting; mechanical
stirring reduced thlS interval to approx1mately one mlnute.
After that,‘there was no significant change in the e}ectrode

\xpotential with time. ‘ .." ;~u . : | ?: e
The behavior of iron, cobalt and‘nickel'electrodes
was entirely different. After the 1n1t1a1 decrease due to

concentration levelling, ‘the potentlal of these electrodes

'slowly drifted upwards as can be seen from typlcal examples .

o
L
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Ty

shown in Figure 4; iron showed the strongest,d?ift‘of the

three metals. -

7 . L

ThlS, together w1th the large dlscrepancy between

standard potentlal values obtalned for the Fe (II) / Fe (0)

I

couple by dlrect equlllbrlum potentlal measurements and

those obtalned from dep051tlon potentlals, led us to examine

magnltude on the concentratlon of iron (II) and,on the

prev1ous hJstory of the éystem (oxidation-or reductlon prlor

. J
FRRE

5

-‘MOIGWCIQSGIY the cirCumstances5ih which the potential of an

J
J.a_ . e

1rpn elecFrode was drlftlng Dependence of the drift

17 . N
\

\

v / 7

> : Vo y p . .

st

to potentlal measurehegts) was studied.
In theserexperlments, Coulometric generation of

or

iron,(II) proceeded in steps of'lOO neq. After each

. generatlon perlod the equlllbrlum potentlal was followed

LA \

for segeral hours. The concentration levelling was

reSpohsib}e for, a potential decrease, whizh might be felt

'duninq‘thé'first minutes-aﬁter the end of the coulometric
.gepete%;oh._ If the melt is shaken for a few seconds, this .

' N o Az:,f/l . T ! ) .
‘period is reduced to th?}olthree minutes at maximum. An

e~k

¥ $

:increase (upward drift) of the equilibrium potential follows;

RAEN

the magnitude/of this drift decreases with time, but it is

not a clear—cﬁt exponential fall-off; there is rather a

. sudden easing‘of_the.drift after 30 - 35 minutes. When the

equilibrium éotentials were plotted against the logarithm

of elapsed time (see Figure 5), two linear segﬂehts emerged,

_/'



Figure 4
Potential Drift of the Iron Electrode .
The initial downward drift is probably due to

concentration levelling. Compartment B was

agitated slightly at "O" time, immediateiy after

-the'intﬁrruption of the electfdlytic curré%t,by

which iron (II) had been generated in the

compartmént; compartment A was not”agitated.
An acceptable équilibrium value (stable to * 1 ﬁv.
for 10 minutes) would be btéined on both curves

A and ‘B after approximately 30 minutes.

Potential is increasing upwafds in this»Figure.
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'Curve A

Curve B:

Figure 5.

Poténtial Drift of the Iron Electrode

o .

points recorded after a coulometric

‘oxidation of the iron electrode:

El

points recorded after couldmetric
reduction (plating) of iron from the

melt on an iron electrode.. -

o R



TIME (minutes)

11000

iy aTrTT

500

vl

100

50

10

Illlll

]’1 | S | ] 1

|

1 1]

1

053 0.54 0.55
~ MEASURED POTENTIAL, V.

N

. 056 7

67



>

. 68
with slopes about 12 mV/unit log time up to 30 - 35 minutes

and 3 mV/ unit log time thereafter. This feature is

I f -

mel-\%from 0.1 to O 4 mol%). When the coulometric process

was reversed and a charge corresponding to the reduction of
lOO'ueq of Fe (II) to iron metal was passed through the g o
system, the subsequent upward drift of.the electrode potential
was still observed, but the 12 mV slope segment was absent

and the potential values were 30 - 40 mV:lower than for
identical Fe (II) concentrations after the anodic'dissolution
of iron.

Anders [1] observed a downward drift in some measure-
ments‘of the Ag(I) / Ag(0) couple and he assumed the existence
of polyatomic silver ions; ‘The drift, however, was“absent
at lower(concent;ations. In the case'of iron, thefe is an

,QWard drift that does not depend on concentration.  One

could attempt'tolexplain this behavior by assuming a slow
:dissociation~or reduction of some_complex compounds of iron.
It seems, however, more realistic to seek the cause of

s'drlftlng potentlals in the known corrosion progertles of

1

-nchloralumlnate melts.- As was stated ‘in the introduction,

“=Kogan and Rabovsk11 [43] observed a periodic loosening of

1ron fllmS from an alumlnum surface in melts contalnlng

N»alumlnum trlchlorlde.- They concluded that this was due to

corroSion.and quoted the rate of corrosion of iron at 200°C
" . . Q‘ .

ey
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found by Groshev for a NaCl - AlCl melf [28] : 3.27

3
g/ﬁzh“

In order to interpret properly the results of
electrqdé péténtial measurements in this thesis it became
necessary td;confirm or rejéct experiménéally the existence
of corrosion in the systems under stu@y. This led to
the determination of the total amount of dissolved
iron in samples of the melt by the dipyridyl spectophoto-
metric ﬁethod [57,72]. The—variéble amount of iron,'
introducéd in each saﬁple deliberately by coulometric
éxidation, was subtracted from this. The results are shown
"in Table V. The averagé rate of corrosion found in five -
experiments was 0.39 * 0.05 g Fe/mzh@ which is one order of
magnitude less than Groshév's value, but about half an orderv“;
of magnitude greater than the minimum corrosién ;aée_valueuﬂ
0.08 g/mzh found by Groshev [28] in the presence of'metaliEF.

aluminum.

4

Samples of melt from compartments where coniémetricf
reduction waé alternated wit@végiaation seem ﬁd'show aﬂj :
distiﬁctly hiéher rate of corroéion. This, ﬁowevertJis
probably an artifacﬁ, due to.a less than lOO%AéfficiéhCy_éf _
thé'coulometric reduction. Accordingly,‘fhesé d;&? wérév |

omitted when the .average corrosion rate was calculated

(Table V).
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Table V

Iron Introduced intd the Melt by Spontaneous Corrosion¥*

.Experiment and ff:~‘ Millimoles‘fe | Milligrams Fe

Compartment : '
1 N 0.32%x* 17.6%*
2, A 0.09 5.0
2, B 0.10 5.5
2, C 0.12 6.6
3, A 0.11 ' 6.0
"3, B .

. ) ) ‘
H - : LR T
- Average . 0.108%0.013 , 5.920.7

x

 ‘vAverage rate of corrosion: ° 0.39%(%05 g Fe/mzh

SR
?égsk
*60 hours of contact with an?
(geometrical area 2.5 cmz)
**Coulometric reduction was tried “out in Experiment
1; data from this experiment are not included in

average results.
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in two of t:= samples, no coulometric oxidation of
the iron 2lect ode. iaok'place. In one case, an electtode
Jith a visibl& ox- -covered surface was deliberately used.
“n an- ches wu . = electrode was covered tightly with teflon

tape =~ : _nsulated from the gas phasefabove the melt;

'in this way, loss of iron through chemical transport”in the

gas phase was excluded. None of this affected.the;eorrosion
rate significantly, indicating that a chemical dissolution

of iron took place directly in the melt and that it involved

the iron metal itself, net just a surface oxide layer.

-

Separate experiments proved that ferric oxide
dissoltes in the melt to some extent, but reproducibility of
the results was too low to permit- quantltatlve conclu51ons.
This dlssolutlon, llke metal corrosion, is most probably due

to the presence of hydrogen compounds.

4. Voltammetgy of Iron, Cobalt and Nickel’

Both cathodlc and anodic voltammetrlc waves of the

three metals can ‘be observed with a statlonary platlnum

'microelectrode. As an analytlcal tool this method is useful

. for the detection of small amounts of these metals, as was

explained in the eXperlmental section, Chapter II.6.

For the study of the Fe (1) / Fe (0), Co (II) /
co (0) and Ni (II) / Ni (0) redox couples in fused chloro-
aluminates, it is interesting to note the form of these

voltammetric anes'and their location on the scale of
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potentials. All three»metal couples under discuSSion showed
o

the same form of vd}tammetric waves. 'The cathodic wavesJ )
were simple, peak-type curves, similar to the H (I) /.Hé
curve shown as, @farve A in Figure 6 the peaks were usually
sharper tha%fghose of the hydrogen system. The anodic waves
preSented without exception, a shoulder prior to the main-
wave: this indicates some irreversibility of.the charge-
transfer reaction [87]: at a certain point during the anodic ”
sweep,, metal deposition on the microelectrbde‘has ceased
while anodibvdissolution of the metal has not yet begun. 'In
agreement With this interpretation, the shoulder was always_
observed dlose to the zero current line. - Consequently the

' potential atqthe shoulder 1nflection pOint repreSents'a valigd,
th%ggh not very prec1se, estimate of the equilibrium potential

fo% the reaction

M2+ + 2 e . ' »rM (so0lid) o

"

at the local concentration of M2+ in thetneféhborhoqd of the
e%ectrode. It may be taken asva lower limit of ‘the
'equiliﬁrium potential,¢which relates to the bulk concentration
XM2+ . Table VI contains combarisons of.measuredfshoulder
potentials  and equilibrium porentials for the given bulk o

2+ “

concentrations of M™ . These equilibrium potentials were

calculated from the standard potential;data,given in Table II.
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Table VI

Voltammetric Ré%ults compared with Potential Measurements*

X2+ o ‘ : ,
x 103  _Es'(V) Eeq.(v) eq .(YN
“Iron 0.9 0.49" 0.528 © +«0.04
1.8 0.50 0.540 '0.04
2.7 0.52 0.548 7 0.03
3.6 0.50 - 0,553 - . .0.05
4.5 0.50¢g 0.556. -_0;05
) Average 0. O42+0 008
Cobalt 1.1 0.69 - 0.707 0. 02
: - 2.2 0.69 0,719 - .. 0.03
s 3.3 0.71 0.226 "0.02

4.4 0.70 0.731 0.03 -

5.4 0.72 - 0.735 0.015
5.5 0.70s5 . 0.735 0.03
6.3 0.72  0.738 0.02
7 6.6 0.71 . 0.739 0.03
7.2 0.72 0.740 0.02
7.7 0.71 .  0.741 . 0.03

Average 0.024+0.006

Nickel 1.4 0.785g 0.811 ~ 0.02g

2.3 0.815 0.820 0.00g
3.4 0.82 0.827 0.01
4.1 0.80 0.830 0.03
4.5 °© 0.83 0.831 0.00
5.6 © 0.82 ' 0.836 0.02
6.8 0.82 0.839 0.02

Averége 0.016+0.011

-

- - *Shoulder potentlal Eg on the anodic voltammetric
waves compared with values of equilibrium potentials
Eeq calculated from standard potentials in Table IT
ca - for the given bulk concentrations Xy2+.

73
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o TableAVII

Deposition Pdtential_from Cathodic Voltammetric Waves

X*103 Deposition Potential, V
Iron This thesis 1.8 ' - 0.42 .
o 2.7 0.42
. 3.6 0.45
4.5 0.47
Ynﬁema, ref. [82] 10 : co _6717;
‘Cobalt uiTh%s thesis . 4.4 0.66
o 5.4 0.66
5.5 0.67
6.3 0.67
6.6 0.67
7.2 0.68
| 7.7 0.68
Yntema, ref. [82] ~10 - - _ﬁigg—
Nickel  This thesis 2.3 - Q;BD
| ' 7 3.4 0.80
4.1 0;80
4.5 0.81
5.6

Yntema, ref. [82] 10 -
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Estimates of deposition potentials may be obtained
from voltammetric curves by extrapolating}the rising portion
"~ of the cathodic wave to its intersection with thé& zero
currént line. These extrapolated values fit rather‘well
with the‘deposition'potentials determined by Verdieck and'
Yntema (82, 83], as can be seen from Table VII. There is
" a s1gnificant difference,about 60 mv for iron, 40 mv for
cobalt and‘lS mV for nickel, between the shoulder and
deposition potentials. In otheruwords, potentials more -
cathodic than the‘equilibrium‘potentials are needed to
initiate metal dep051tion. the charge—transfer reaction is
sat least slightly 1rrever51ble. The prec151on of voltammetric

potential determlnationsu which is in the order of # 10 mv,

“is' too low to permit a guantitative agsessment of this

N
Lo

irreversibility. it dan be stated that the Ni (II) / Ni (0)
couple is somewhat less irreverSible than the other two, in
._‘agreement with -« findings of Martin de Fremont and
'co—workersp[Sd];

The influenCe of cOrrosion‘on‘direct potential

measurements is linked'to the irrever51bility of the system
An electrode which is being.slowly oxidized and dissolved
cannot_assume a potentral morevcathodio than;that at which
dissolution oan_proceedl'thisiéorrOSion potential may‘be,
and in an irreversible ystem necessarily lS, more pOSitive

than the true equilibrium potential ;If’this/is so,-then
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the potentlals given in Table II are really corr051on
potentlals in the standard state or formal potentlals
relatlng to a slightly impure chloroaluminate melt.i They
constitute the upper limit of true standard poténtials,
while the lower limit is obtained from the shoulder
potentiais of anodic %oltamhetric waves. The two Sets of

limits compare as follows: _
. /, ‘%" . Pl

Upper Limit, V - Lower Limit, V

Iron 0.652 + 0.003 °  0.61 * 0.01
- Cobalt 0.827 + 0.002 0.80 * 0.0L,
Nickel ©0.927 + 0.003 0.91 '+ 0.01
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C. ELECTROCHEMISTRY OF TH.E HYDROGEN COUPLE
;l. General Comments
Y As .Soon as it was ascertained that 1ron, cobalt and

.

',V \'\\
‘nickel are corroded in the melt, it became important to

determine whlch component of the melt or impurity. present in.
it was respon51ble for this corrosion. From the f%pdings of
Kochergin' and Stolyarova [42] and from those of Maétin'de
‘Fremont, Rosset and Leroy‘[SO]vwe know thatrhydrogen
ucoméounds, if present in the melt; ma? be the prime cause .of
”corrosion.' These.compounds.are typically introduced into
the melt during 4its preparation or handling in the form of’
traces of moisture. Trémillon and Letisse [46] found that
traces ot water, or hydrogen ions, react with the meltr
. . components and hydrogen\chloride”is formed. Martin de
Fremont - and co-workerns [50] treat theigorr051on phenomena-: as
\causeg by hydrogen ions dlrectly Kochergln and Davydova
[40], working in molten mlxtures of céaorldes and fluorldes,-
suggest corrosion by non—volatlle hydrogen compounds,
probably hydroxldes§ \
The study of the H\I)/Hz couple in this thesis was

begun w1th the assumptlon that the varlous hydrogen containing
spec1es present in the melt are llnked among themselves by
erapld chemlcal e@u1llbr1a and that whatever corrosive effect —

»‘hydrogen compounds in the melt mlght show would be

"1



proportional to the total hydrpgén (1) congéntraﬁidn ih’thé;/
. A : TR S

’

liquid phase. o o o -

e

2. Potentiometric Study‘of the Hydrogen Couple

l

It is known [46] that bare platinum metal can

)

function as‘é hydrogenjelectrode_in‘chloroaluminate melﬁé
when electroactive hydfogen qompoﬁnds aré presert aﬁd‘the
ﬁelt is‘saturated by hydrogen éas. -in éutectic mixtures of
molten hydfdxides Géret [24] obtained similar voitammétric
curves for the H,0/H) redox system using‘éither.platinized_
or polished platinum electrodés. An ahalygis of these
curves indicated that the exchangeqcﬁrpégt“of the H(I)/H»p
v ¢

couple was large enough.bn bare platinunfnetal at 220°C to
: aliow diffusion_ control of the oxidétion orvreductipn
current.. Trémillon and Letisse [4éfﬁused a polished
ftrotatiné p;a{inum micro-electrode in molten sodium tetra-
Ehloroalﬁﬁinate'at 175°¢C.

'Tfﬁ our experimentaiigiréngement, hydrogen was

broughtﬂin throﬁgh a glass ﬁube of § mm diameter- and bubbled

very slowly {(about 1 ml/min.) thfough the melt; a spiral of

hig .
.

0.6 mm platinum wire was wound around th hydrogen inlet.

The potential of this electrode was stable and its values

well ‘reproducible as long as the hydrogen flow was steédy

and the concentration of electroactive hydrogen compounds

wasAsufficiently high.- Concentrations greater than 2x1073

4

mole fraction, as determined from voltammetric curves,  were
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required. At lower values of X the potential readings

H'

were scattgrea; most often they were considerably higher

than expected (about 150 mV more anodic), which would suggest.

that another electrochemical reactl&n began to control the

electrode potential.

\

The standard potentlal E? was calculated from data

H

recorded in Table VIII using the Nernst equation. = The

resulting value of 1.202 * 0.005 V (see Table.II) is an

average of five single-point measurements: All experimental

valhes.takenvat Kyg<l.7 x 10—3, as determined by voltammetry,

were excluded from the QaL@ulations, because it could not be

\

agsﬁ@ed,that they were due'ondg to the H(I)/H2 redox system..

Aﬁbther,'higher~value for thenstandard potential of the

4

hydrogen couple has also been 1ncluded in Table II. TI% is

B

an average of elght mcasurements, but it is considered less

[ ‘
reliable because the: melt was not comoletely saturated with
v

hjdroqen gas" é rlng that Serées of mcasulements.‘ Some
hxdrogen'was fopmed'wlthln the system, because the mcltﬁwas
infcohtact with metallib aluminum, butathe'aétivity af
‘hydiogén did ﬁot»réach,the‘Value corresponding to l atm.
prgésure over ‘ihe meit and the difference bet@éon the two
values .of Eff was 24.mv, significant a zhe 99.5% confidence
level by t-test [45]. R ‘
Verdieck and Yntema [82]., by rkaordlng elecprode

potcntlals at given currnnt dOnSlthS and extrapolatlng to

zero current, determlhed_the deposition potentlals of "utr
% '
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- Table VIII

)
]
¢

Hydrogen Electrode Potentials
o T i
Case A: Hydrogen pressure is 1 atm.:

Concentration of

"HC1" determined ) Measured E, Calculated E°,
voltammetrically, v v
mol%
0.25 | 0.996 ©1.208
0.23 © 0.981 10195
0.28 o 0.997 1.205
0.23 0.986 1.200 .
0.17 . 0.977 1.202

Mean 1.202%0.005

Case B: Hydrogenlpressure'is the equilibrium pressuré
over a melt in contact with aluminum metal
(compare [46]):

.Concentration of B s Measured E, \ CalculatedLE°,b
. "HC1" determined v .V
- voltammetrically, : o . )
molg . £ _ ) \\
0.66 1.055" o 1.232
1,14 .. 1.064 . 1.222
L0.90 , .- 1.064 1.230 |
. 0230 1.011- v 1.216
1,42 1.080 1.230
2109 1.070 "1.229

0.74
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in a melt with.X + = 0.0l (added as H 50) . In their three-
5electrode arrangement which ‘excluded the polarlzatlon of the
reference electrode,‘a dep051tlon potential is essentlally
the same as an equlllbrlum potential measured dlrectly for a
reversible couple. Using their value Eg. 01 = 1.05 V in the
‘Nernst equation, at t = 156°G, we get Eﬁ ; 1. 22 vV, a value
almost identical w1th the hlgher but less reliable value
given in Table I of this thesis. That is understandable,
beéause.Verdieck and Yntema did not saturate their meltlwith
hydrogen gas. The fdct that HC1l would be the electroactive
soecies instead‘of H+ [46] would in no way 1nvalldate the -~
‘numerical_results)whWhlle Verdleck and Yntema admit some
uncertainty in their Xyt estlmates,‘the logarlthmlc form of
"the Nernst equation dampens the size of the error in the
resulting value of the standard potehtial,

, A
3.> yoltammetrichehavior of Hydrogen Compounds v

A
H
There afé\very few references to the voltammetrlc

behav1or of- the hydrogen couple in fused chloroalumlnates.
RY

“Its high redox potentlal excludes the use- of mercury
electrodes. Tremlllon ‘and Letlsse [46] using a rotatlng

platlnlm micro- electrode found a voltammetrlc wave

correspondlng to the reactlon they write as: ‘a
2 AlpCly + 2 HCL + 2:¢” » 4 alcl, + Hy.

In iﬁ&aCl - AlCl3 melt with a PCl of 4.4, at 175°C, the wave

v
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appears at a potentlal of about l 35 v agalnst a reference
’ electrode of alumlnum in a NaCl saturated chloroalumlnate
melt Thls would correspond to a potentlal of abou¢ l 1v
between a hydrogen electrode 1n a near eutectlc chloro—‘
_ alumlnate melt as used in- thlS the51s.t (The potentlal of
the alumlnum reference electrode 1ncreases by 0 55 \ between
' melts w1th 49 8 and 64 mols AlCl3, accordlng to [9], the‘ ’
potentlal of the hydrogen wave . 1tself would 1ncrease by.
0.28 v due to the change of 3. l unlts in the pCl of the’
lmelt ) 1In fact Torsr and. Mamantov [78] have observed a’
wave at approx1mately l l V whenever thelr melt (w1th 63 mol%
A1C13) contalned traces of m01sture.;” | | | |

It was observed here that w1th a. 51mple statlonaﬁy
Dlatlnum mlcroelectrode a cathodlc peak appeared at 960
‘20 mv whenever hydrogen compounds were present (Flg 6l,‘j
\curve A). ThlS 1ncluded m01sture 1n the melt ’water‘added
41n the form of crystalllne salt hydrates, hydroxyl ions - }
added as Ba(OH)2 as well as gaseous HCl bubbled through the :552
melt. The peak was 51mllar 1n shape to those obtalned for - h !
‘1ron, cobalt and nlckel .‘Peak behav1or is expectedtln a
dlffu51on controlled system w1th a statlonary electrode. As»

an anomaly, 1t should be noted that sometimes, typically in
melts from whlch nost of the hydrogen was eliminated by
reductlon, the peak falled to appear and llnear voltammetrlc

sweeps ylelded waves somewhat 51m11ar to conventional

»polarographlc ones (Flg. 6}.curve~B)., The rising portion of



Figure 6

. @
.Cathodic Voltammetxric Waves of Hydrogen {I)

i

Curve A: 0.12 mols H(I); reducing agents can still lower

¢ 8

this concentration ‘ .

Curve B: 0.03 molsg H(I); steady state has been reached;‘

'reaucing‘agents become ineffective

»

1
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these waves stretched over an interval of 50 - 100 mVon the
potential scale. /)

An anodic Qa&e could also be observed, "although this
was somewhat less well defined than the corresponding wéves
of iron, cobalt and nickel, especially as far as thé sharp
¢rop in current corresponding to the termination of. the
anodic process was concerned. i

In order to relate the height of the‘cathode peak to
thé'concentrétion of hydrogen compounds._in the melt, known
amounts of water or hydroxyl ioné:were added to the molten
, system in the form of BaCl,.2 sz'dfystals or Solid
anhydrous barium hYdroxide,-respec£i§ely. Cathodic
voltammetric curves wére récorded before and af%er these
additions. Two or three véltammetric'sweepsAwere usually
made within_ten‘minﬁtes after each addition. This showed
that a period of 5 - 10 ;inutes was needed for a_hatch 6f
50 = 100 mg of hydrogen—coﬁtaining solid, in order to react
" fully with the melt and produce a maximum voltammetric
effect. Only when this ma#iﬁum peak height was aﬁtained,
was the additionvof hyd;ogen'to the‘system assumed to'beA
complete. | »

Cathodic currents weré”caléalated from the heights
of the voltammetric wave at the pre-selected value of
.E = 960 mV, which usually éo%réspondéd to the'péak potential.
Confining the féadings to one valué of the pofential would

"permit some evaluation of the voltammetric response of the
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system even when the form of the voltamme:iric waveduas
distorted with the peah being shifted towards more cathodic
values or failing.to appear altogether. Possible errors |
introduced by evaluating .in this way curﬁes like that of
Fig. 6 B are not significant; grossly deformed voltammetric
waves were not-used in'quantitative'determinations.

Recording voltammograms prior to the additions of
hydrogen compounds elimlnates the immediate need for complete
purification of the melt with respect to hydrogen——a task
which proved to be very difficult under'these experimental

I conditions, as will be discussed in the foilowing sub-

A section of this thesis. The method of voltammetric deter- |

- - ) ) ;"': . . '
mination of hydrogen compounds, as used here, is then in

fact one of standard additions. The reproducibility of this

e

method isibestjilrustrated by the numerical results,

summarized”inﬂTable IX. Errors in single determinations are

e, of the. order of 100; which lS Stlll acceptable for the

cahcuia lOD of electrode potentials: an error of iflO% in

the concentration determination corresponds to an uncertainty

i+

of *+ 4 mV in the calculated value of the potential.
At concentrations of the order.of 0.1 to 1 mol%, the
increase. in cathodic currert at 960 mV was found to be

proportlonal to the number of equlvalents of hydrogen
J&.
compounds brought into the meltﬁ that is
o . : {

v

i = 15 £ 5 pyA/mol% H, ;&{

‘e
-

ha
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iTable IX

s

Voltammetric Determination of Hydrogen (as HC1)

A. Hydrogen added as BaCl,.2 H,O0:

BaCl,.2 ‘H,O 103 X Wave Height 103 Xgey
added, mg-. calcu?a%ed at 960 mvV; uA
< ——
68 0.82 1.4 ) 0.83
125. 1.50 2.1 1.2
195 2.35 4.1 2.4
282 3.39 5.2 . 3.1
345 4.15 7.0 4.15a
B. Hydrogen added as anhydrous Ba(BH)Z:‘
Ba(OH) 5 103 x Wave Height - 103-XHCi
added, mg. calcu?a%ed at ‘960 mV; uA . :
211 - 2.80 3.2 3.2
466 6.19 6.0 6.0
565 7.50 oA v B.6 8.7 -
773 10.26 *10.2 0.26a

L)

C. Hydrogen added in.alternation as BaCl,.2 H,0 or Ba (OH) 5 :

Ba(OH), 103 X ., Wave Ht. 103"

BaCly.2 H,0 Xuc1
added, mg. added mg. calcu- at 960 found
s ' lated - mV; uMA
73 0 " 0.83 1.2 0.60
73 88 1.54 2.8 1.4
141 - . 88 2.31 . 4.1 2.0
141 182 . 3.07 8.0 3.0
212 182 3.87 7.8 3.872

a. preset value used for callbratlon -
Total—-amount of melt:.

AL, 36 moleSrB 0 88 Toles; C:1. 45 moles;

Callbratlon

@

waA/10- 3

mole fractlon

\

1.686

¢ 994

2.015.
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i
where the chemical symbol\Q 1s\used to denote all hydrogen
‘in the + 1 ox1datlon state. With e constant area-of the

‘microeléctrode 0.003 cm2 taken into account, the current

density 1is
o

i/A = 5.0 + 1.7 mA/cm? mole H.

This value.is high enough to fully account for the

" .
observed rate of corrosion of iron.

4. Purification of the Melt - o . @
As was mentloned in the ekperlmental sectlon,

routine purification of - the melt was accompllshed by
|
lmmer51on of an_elumlnum splyél for three'hours as sugqested

/ .
by Martin de Fremont and cq}workers [50] and by Anders.[;].

P

As far'as the elimination of heavy metals was concerned -

!

thlS procedure ‘proved entlrely satlsfactory No 1ron could ;

be detected by ‘the a,: a'—dlpyrldyl spectrophotometﬂ*c~mefﬁod

[(57] in the.purified melt. The re51dual amount'o lron must

therefore have been less than 0. O2 ﬂllllmolcs in-about 0. l

mole of melt i.e. 'Xfe f ox1074, | Voltammetrlc/checks, too,f
B / ' ‘

showed no iron present ﬁme llmlt of detectlon (see \i

—_—

experlmental sectlon) belng Xpe = lO 4 and even 10, e using
5 m _
the anodlc stripping techniquef- Voltqmmetrlc Chooks i

confirmed the elimination of small amounts of nlchol by tho -

»,
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e

znevcr be completclj suppressed by eyposrng the ﬁ/lt to

. metalllc alumlnum Even after contact with a]umlnum metal

L §

~

for several dd&s some hydrogen compounds were still present.

i

If the 1n1t1al H( ) concentmatlon was about 1 mol%, it would
‘readily.be cutfdown'to the order of’O 1 moly (determlned by
voltammetry) ‘during’the flrst four hours, but there the |
4\purlrlcatlonjprocess\Seemed to stop. Replacrng‘the "used",
alumlnumusurfecef which was often’COVered by a‘blackish
depositm byéatciean'nen one did notffurther reduce the

voltammeétric waves: When a negative enough potential was

impressed’on the~aluminum electrode, the melt started to

decompose and alumlnum metal was - depOSlted "meanwhile the

03

'hydrogen content seemed unchanged

' ~As it wasﬁthought that}paSSivation of the aluminum
metal mrghtjbeLinhibiting the reduction of hydrogen
compounds, the -cathodic ¥H+fH2} and anodic - (Al+al13%)

processes were sep@ratéd by.hﬁving iumersed in the melt both

an aluminum and elther a? iron or a nlckel electrode (area-

1

24 cmz). The two were connected.through an external clrcuit.
Thls amounted"to<351ng electrol'sis%without anhexternal
power source, or internei elec rolys;s. The alumlnum

B electrode could not be consrdered péss1ve, because whenever/

Ly

it was reconnected through the exteéhal c1rcu1t to ‘the 1ron

or nlckel cathode, @n increased current 'was observed



Periodic.checks on the botential of the iren cr_nickel
w’. electrcde with the circuit'disconhected showed that the.
“rode process there continued: the potential was rising
spontanéeously towards the equilibrium, or eteady—state
corrdséqn;fvalues found earliervfor the Fe(II)/FekOj"ot
Ni(II)/ﬁikO):systems. ihe pctential fise was slow and could
last several hours. " (An addition of water, as'BaClszszo
‘*.provoked an almost instantaneous rise of.the'pqtential and
in a few minutesﬁkvcltammog;ams wouid show the presence of

\ -

A metal ions due to corrgsion.) - . ‘ /
’ It is difficult, from these observatlons aloze/ to
discard the p0551b111ty of one particular klnd of §5251vat10n
of the alumlnum electrode, whicl. as descrlbed by Holleck |
and Glner [35] and is due to the solubility of aluminum (Iﬂg)

%

. ‘chlorlde in the molten system belng exceeded in "the immediate
vicinity of an alumlnum anode. In such a case a layer of
solid A1C13 would cover the aluminum anode and sever 1ts
contact with the liquid phaée. Such a pa551vat1ng layer

K\»-umg}d tend to disappear bX dissolving- in thé melt
spontaneously whenever the anodic reaction_stopped (i.e., on

~each interruption«Of the external‘circuit). *
The péssivatipﬁ phenomenon described’by Holleck [35]

;. is, however, strongly temperature~-dependent as a result of the

\ partlcular form of-~the NaCl (or KCl) - 'AlClj phase dlagram.

A If thlS phenomenon was respon51ble for the decrease of the

cel\btroly51s current, the effect should be less pronounced



at higher temperatures‘ In one experlment the internal
electrolys;s was therefore carrled out at 155° C, that is
20° C above the usual temperature. No 1mprovememt in the .
) eff1c1ency of the process could be observed It was then

conc%gded that passivation was not the. llmltlng factor ,

»

elther in the electroleis or in the simple reduction of

hydrogen compoundé 1n the melt by metalllc aluminum.

v

‘ After 4 - 5 hours of internal. electroly51s a steady

current of l - 3 mA (current den51ty'0 08 ~'0.25 mA/cmz) was

v

reached every time. The concentration of h%drogen'compounds;
Vo

N
determlned from the- voltamﬁ%trlc curves, also remained steady:
Xy = 3xlO 4 - 107 -3 (i.e., 0.03 - 0.1 mol%). In one
experiment, values of (l.O + J.2)x10"3 were'obtained'for

three1COnseoutive'timesq having added Hzo_or OH™ and then

electrolyzed.
N In view of the high volatility of ‘aluminum tri-
chlorlde, the bubbling of an thrt gas through the melt. as

suggesteo by Tremlllon and Letlssgrjgé] was not con51dered a ’
S

'promlslng method/of purlflcatlon. According td Fannin, King
and Seegmiller [18] the melt formally composed of 64 mol%
»AlCl3 -and 36 mol% NaCl contains about 5 molg A12C16 (real

equlllbrlum concentratlon at 175°C) while at formally 50

mols AlClg the true concentration of Al,Clg is.negligible,’

below 10-4 mol%. The volatility»wouldvincrease»with

: 2 B . S
ancreasrng XA12C16~ |
‘Nevertheless,'inert—gas bubbling'for brief periods
i ’I/—\ . : . ’ .

- . B
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of time (approximately 1 minute) was carried out. Both
hydrogen and,nitrogen were used with similar results: the
concentration of hydrogen compounds in the melt decreased to
about 5210‘3 mol%_(i.e., Below the detection limit). This,
‘ however, proved to be only a temporary effect and the ' :

”

concentration of hydrogen compounds increased spontaneously
“to levels bet;een 0.01 and 0 1 mol% w1thin about 30 minutes.
SummariZing‘all the observation of the puriflcation
processy it appears that there is within our system’ansource:
'of an electroactlve hydrogen containing Species, which could
be solvated hydrogen ions or undissociated HC1. | (The
-arguments of Trémillon and Letisse [46] in favor of HCl
apply to molten NaAlCl4 and do not exclude the presence of .
‘hydrogen -ions  in A1C13-rich melts ) ThlS sourCc mnlntains-a
steady- state concentration of hydrogen compounds, which 1s~~
estimated from voltammetric curves té:be between 0.03‘and
0.1 mol%. The following possibilities must-be considered:
- ‘ A. The'source is external to the melt. ~There COuld be
,some-HCl in. the dry—box atmosphere, in equilibrium with theu

-A

HC1 dissolved‘in the melt..‘Tt is less probable that small
o / v .
amountsfof oxygen-in the a,mosphere would react w1th the

'e‘melt or with the hydroqcn Wthh As produced by electroly51s

'on metallic cathodes
B. The -ource 1s linked to impurities w1th1n the melt' _
4

thlS would imply that there lS in the melt a larger

concentration of hydrogen compounds w1th only a fraction of

~ g

them being electroactive. One can think here of aluminum

s



- from commerc1al aluminum trichloride. -

5. Kinetics of Reductlon of the’ Hydrogen

complexes containing'hydrogen and oxygen;-formed through the
contact of the melt w1th moisture, or of some organlc

1mpur1t1es, which ‘are known to be dlfflcult\to ellmlnate
C. .The steady state concentration of hydrogenrcontaining
T ’

species is. malntalned by chemlcal equlllbrla 1nvolv1ng the /
{ ) . o > \
-ba51c components of the melt. o . . IR =

All these p0551b111t1es w1ll in turn be dlscussed.

ke

Comp@unds in the Melt

v

The progress of the ellmlnatlon of hydrogen compounds-
from the melt can be followed both by voltammetry and by
direct potential measurements. During the internal

electrolysis described above, the potential of the platinum

splral serv1ng as- hydrogen electrode decreased llnearly w1th
",
N

‘tlme, untll the concentratxon of hydroqen compounds in the

melt became too low (XH < 2x10 3) to 1mpress the equlllbrlum‘

“

potenzfal of the reactlon

HY '+ e” = 1/2 Hy

N
u-]
BN -
bR

-
~

up®n the platinum electrode. A reaction formally(obeying'

'first—order_kinetics would produce such a linear decrease

of potential wlth\timez‘"

- ax = k X at , ; ¢

il
o
joF,
ct

0 _aimx
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and as the differential foem of the Nernst ‘equation gives

“ A . ) .
{(with the pressure offhydfoggn gas being constant)
dE = (RT/nF) d 1nX

~* one may write

o<

- dE = (RT/nF). k dt.

- The value of k (in sec™l) at 135°C, is given by the
o ’ - (‘""\\

followﬂng expression, with E in mv,)
k = -0.028 dE/dt.

Although‘the electrochemical-reaction here nécessarilYfﬁas
yifo be hetefggengous, it may by adeéuately described By',"
formal firstfprdeF kinetics. For sucﬁ a reaction'we.may
calculaﬁe the rate constant k_and.then,zby choosipg\qne
value of'XH,:prédict the rate of gonsﬁmption of the electro-
vaétive séecies; | ‘ |

— : 1

- dX/dt = k Xy

N

[

Workinngith one méle of melt and assumin§ 100% current
efficiency, we can even predict the electrolysis current at
. o . ;
- that particular moment:

. - y
i = do/dt = - nFdN/dt = - nFax/dt-
where F is the Faraday‘and‘N’isvthé number of moles of the

electroactive species; note that N = X, because we: have just

’ .
4
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3

one mole of melt ; and that the%eledtrode rcaetipn invélﬁegff
transfcr of one clectron maklng n = l,'whethbrfhydrogéﬁfidniﬂﬁav

Y

or HCl are belng roiuced - . ;. , A ffﬂf ?‘“

" From the’experlmentai data, sbown 1n Flgure 7 Qﬁﬁ -ﬂ~@.@

'gets K % I.QXlO_% sec™1; taklng the lowest value of KH at 3%’5 ﬁ

-

whlch the graph of" rlgure 7 is Stlll 11near, XH o 2x10 3 o %ﬁé

i A

a current of 38 mA is . predlcted The current obaerved durlng_?f\

the internal electrohy51s was’ much less than thls, 5 mA

-

If the corr051on of 1ron were explalnéble entlrely SRR
P .

,on the basis of the reactrgn with hydrqgen cpmpomnds, the -
rate of iron corrosion should’be the same ‘as thac of hydrog’enj
compounds réduction in terms of electrochemical =quivalents;

in terms of moles, the rate o. disappearance of Hydrogen (1)

»

should be tw1ce the rate of appearance of ‘iron’ (II) A )
f ",

\current of-38 mA corresponds to a rate of iron corroolon of
' ! N '\\? *

. 2.0x10° 7 moles sec’ l/24 cm2 whlch lS 0. 30 moles/mzh or 16 g

Fe/mzh for a hydrogen conoentratlon XH = 2x10 3. At the

.

lowest concentratlon obtalnable, XH 3xlO 4, the cornrosion

[V ) -

Cate would be 2. 5 g Fe/ 2h‘-‘for a current of 38 mA, bu" at

it should be

electrely81s
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~\) ' me’ t and«some hydroaen compounds may be cncmlcally reduced
bwv alumlnum. The current cerresponding to “this dlrect B
rcductlon would not be prcscnt in the ehternal c1rcu1t

' But 1f we analyze the experimental set- -up used, 1in whichwﬁ
the areas of the aluminum and the iren plate were'equal '_4
and the resistance in.thebexternal circuit between them"
only a‘fewiohms{ it becomes clear that one uould haue to.

~ assume theiexistence of a significantly greater.hydrogen“

foverpotential,on‘iron Yhan on aluminum, if‘a'predominant

f zction .0of the hydrogen compounds reduced were to. be

reduced«on‘the aluminum plate. (The -potentials of the
‘iron‘andfaluminum'plate differed,by less than SQ mV.)

ilAssuming such an overpotential does not seem justified,

;@ . _“ifiﬂhecause it is hnown that in aqueous solutlons, hydrogen

g , ”overpotentlals on iron are low. in comparlson to overpoten-

J,tlals on other metals, e.g. zinc. Consequently, the

] ~

ﬂ~dlscrep&nc1 between calculated and observed currents -
j,,lj‘ ' related to the reduction of hydrogen compounds (38 mA and

o @‘mA 1n the example quoted above) is somewhat larger than

fcan 1mmed1ately be explalned : _ ‘

‘nfc@mparing potentﬁimetric and voltammetric data

e g concerning the ellmlnatlon of hydrogen compounds from the
- o AT
T melt we see’ that/5§f€he voltammetric method we can follow

\ . . . -

o N Y ity
ST N )

oy 2 the process‘somewhat‘further. As was 'stated before, the
;;4' . , ) Y 5 R |
! ;\ K ,.J:»w \ .‘7' : « R s ‘
AR L %* B Ly ’
S vl



-

“iLe.oic ¢ dycrcgen- (I) Reduction

Lines ~nd ’~"A:ata¢two séparate runs observed
consecu:ivél ! st ';mpartmenf._ Each time‘watér has
been added as BaCl,., ...« und is being eliminated by
internal electroulysi . From the glopes of lines A‘and B the

. ]
. formal first—-order rate constant is calculated to be

k=1.9 x 1074 sec™l S . -
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platlnum electrode ceases to respond properly to the H I)/H2
‘ 4

couple at about 0.2 mols of hydrogen compcunds in the melt.

The reductlon of these compounds, however, goes on and the
@ ' ' N
Rt . . . . . )
"apparent- equilibrium"” concentration is established between

0.03 and 0.1 mol%.

The kinetic study allows us to estimate the time
necessary for‘a conventional=purificationu/fithe melt.l From*

the above value of the pseudo flrst order rate constant the

half ~time of the reaction, as calculated to be about :one hour,

'_1nd1cat1ng‘that more f£han three bours would‘be requlred to b

lower the hydrogen content by a.factor of ten., : . L

2

. N . anr - :
D. THE QUESTION: OF MELT PURITY : ) .
J ' . - . - ’ B v |
L1, DlS ssion of the’Purification Process ¢ ~ 5 \
. - \} . LN : B3 ' i 1t

. It is clear from what was said in the "introduction -

that different criterla have been used by various authors to-

’

3
assess the degree of purlty of chloroalumlnate melts,

. espec1ally w1th respéct to products of hydrolysis formed by £

the - reaction between melt-components and traces of m01sture. o
y Y ‘ ' 4
) The voltammetric criterion used by Tor51 and

LS

Mamantov [78] se%ms most rellable, from voltammetric curves
reproduced.fn\thélr paper. one can estimate that these authors .«
177,781 uséd melts with less than 0.001 mol% B* (or HCL).
These melts were elther prepared from very pure alumlnudkand

‘hydrogen chloride .[5] or dlgested 1n sealed tubes w1th

pieces of alumlnum wire at 300°C for several days [777.
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It is more dif icult to‘say how"pure werexsome of
the melts prepared in less elahorate Ways;/ Having studied
tqe voltammetrlc behav1or of hydrogen compounds, one can

estimate from the current den51t1es reported by Wade,

~ Twellmeyer and Yntema [84] that their melts might have.

contained about 0.1 mol% H . Similar‘estlmates ‘would .7
LA . .

indicate that Trémillon and Letisse [46] had about.0.03 mols

HCl in their samples of molten NaAldl4 after nitrogen

[

bubbling ang 1ess than 0.004 mol%'HCl after bubbling
comblned w1th reductlon;by alumlnum powder There are some

lndlcatlons,.however, thatugwlten tetrachloroalumlnates are-

easier to purify than AlC13—r1ch melts .[50], which have a
N O L

very low cogpentratlon of chloride ions. o Lo 'fgf

N / . .
In general, there. seems-u>bea lummﬂng 'concentration

s/

of hydrogen comppunds whlcq is relatlvelygeasy to reach
- <
leflcultles arise when further purlflcatlon is attempted’
\

- In our experlments t%ls llmlt was app;ox1mately 0.1 mol% H.

At higher concentratlons, the reductlon of hydrogen compounds \g

by alumlnum presented no dlfflcultles ' Voltammetrlc cur#es

I
: had the shape predlcted by theory and the electrode process

formally followed first order flnethS. It is ObVlOUSiy only
S

at these hlgher concentratlohs ;§~hydrogen compounds/that
A

Martin de Fremons ané co-worxers [50] could/gbserve the

formatlon of hydrOgen bubbles on the surface of aluminum

L.

W1res 1mmersed lnto the melt. Flnally, as was mentloned

earller, How1e and Macmlllan [37] found that a minimum .
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concentratlon of 0. 2 mol% HCl was necessary to obtain smooth

—_— '

< deposrts ofxalumlnum metal by electroly51s /

8 .
Below the llmltlng concentratlon the plcture was

1

dlfferent. Potentlometrlc data were no longer rellable and

voltammetrlc peaksiwere sh-fted to more cathodlc/potentlals.

oo ’ , T o o
Current-voltage charac Tistics, recorded in a,tﬁree—' . o
: ’ . ‘ ",. «7‘¢

'eléctrode arrangement‘ showed ap erratlc behav1of &heir .
3 r

reproduc1blllty was low, the current took one mlnuge or even

s - v ¢ ¥ 4 fT
more to stabilize, ahd there was hystere51s, i.e., the

»
B . P - / .

currents depended not only on the potentlal actually 1mposed
~ ) '\.,’

K
to the working elee;rode, but also on 1ts prev1ous potentlals.

- In contrast to thls, meltsﬁn1th more than 0 1 mol% i showed
: Dy ‘ ﬁ, N ’ f" '

repro;uc1ble current—voltage characterlstlcs conformlng to .
Ohm's law, wrthout hystere51s. Currents became stable w1th1n7

. \

a few seonds after each adjustment oﬁvthe_worklng electrode‘

.

o
fose )

potentlal

.
/

v All these results are*compatlble w1th the assumptlon

stated abovev that there is w1th1n .the, system a source of
: I3 A
electrOactlve hydrogen compounds, whldh 1nterferes with

‘efforts to prepare hydrogen free melts. .When there s ar

hlgher concentratlon of electroactlve hydrogen compounds in

-
v
e

the melt already, this lnterference is not notlced e e

e

1 - o

2. Possible Sourcés of Melt Contamination =
A . © ‘ L d N : .L L aa “

2 1 The Dry—Box Atmo*phere

Contamlnatlon from this source 151§bt yeryﬁlikely,

e

,x-y:.“

@

1

¢
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—

because the cell‘atmosphere is separated froh the rest of

the box by the fitted Teflon stopper. The box atmosphere
consistedtﬁf dry nitrooen}-passed through a molecular sieve
agd maintaining a slight overpreSSure inside the box. Two

%pen dishes with phosphorus pentoxide were kept inside the
: ] : , :
box, providing an exposed .geometrical surfaée of
v A .
approximately 200 cm2 of dessicant. If)some humidivy. did
“ \\ ¥

,enter'the dry-box, either by diffusinéﬁthrough the large

'»area of the rubber ‘gloves [68] or -at the beglnnlng of an

\

“experlment, when equlpment was belng moved in and out, it

would either be absorbed by the dess;cant or react with some

of the solid aluminum trichloride deposit on the! box walls

L~

and be converted'to hydrogen chloride.
A check on the presencevof hydrogen chloride in the'
dry-box atmosphere was made under comparatlvely "adverse"”

conditions a short time after an experiment involving

gaseous HC1 "had been carried out in the box. A trial
g e L '

’analeis_of 1.2 liters Of the box atmosphere (24 hours

contact with a standard carbonate solutfoh and subsequent

tltratlon of the carbonate with HCl) showed the presence of

o

‘not more than 1000 p.p.m. HCl. If Groshev s [27] solublllty

‘data are correct and applicable to the melt used here, then

100 tlmes more HCl (a partial pressure of 0.1 atm) would be

”'needed to.maintain an equlllbrlum concentratlon of 0. 03 mol%
N

HCl_ln the melt, whlch was,obsgrved_ln this the51s.:
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2.2 Impurltles in the Melt

After purification of the meit by protracted contact
with aluminum metal, a steady—state concentratlon ct @

hydrogen compounds of the {order of 0.1 mol% remains "When

internal electrolysis 1is applied, the residual current of

about 3 mA would indicate'a rate of reduction of hydrogen

”compouéds of the order of 10~ -4 mole/hour, consequently the

decrease in XH ovght to be measurable after 2-3 hours, 1f

the h- -ogen contalnlng electroactlve specres were not

LT

stead . regenerated. Moreover, as described above, when -

eall hydrogen compounds were temporarily remcved, they began

~reappearing after a few minutes. This might tentatlvely be

explained in terms of a slow equlllbrlum w1th1n the melt,
which ties the hydrogen containing electroactlve compound to
other species present in the melt.

For.the’sake of simplicity, let us assume that the
actiue compound is HCl1l, as was the‘case in the system
studied by Tremillon and Letlsse [46] These authors found
that hydrogen ions (and therefore 1nd1rectly water and
hydroxyl ions as well) were quantlﬁatlvely converted to
hydrogen chloride. In\the case of hydroxyl ions one could
write o ~] o

| |
OH™ + C1™ + 02~ + HCl ‘ (R)

D

In the system studied by Tremrrlon and Letlsse, - and

Xc1
XHCi were eractically of the same order of magnitude, 10'3,
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. , \
while in the 64 mols A1C13—melt Xc1— has a fixed va;pé of

s}

about 3x1078 o1 ip contrast to XHC1>10-4. It would not,

therefore, ' .sing, if the rate of reaction (R) was
N : .
considefabl‘ .lower under these conditions. It might in

fact be comparabie to the rate of'the.reverse reaction (R+),
.

. which would result in a slow chemical equilibrium ThlS is

not lncompatlble with, the assumption [46] that oxide ions

react with the melt components

2= - -

s +2c1T, (s)

' because one might assume that hydroxyl ions would react

along similar lines and also form an aluminum—containing
complex. It is then possible to speak about the general

equilibrium

(oH™) +C1” = (0%7) + HC1 (R')
free or complexed complexed

and define a constant K (including in it the factor X

. , “c1y
whose value is fixed by the buffering action of the mélt):
. Py *jx
K = “HC1 ;
XoH~
from this we obtain a mathematlcal relatlon between XHCl and’

the overall mole fraction of hydrogen compounds

(h = Xyecy + Xgg-)

)
14 ’
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where g = Xgg- + Xp2- is the overall mole fraction of oxygen

-

'compou%dqp- At higher concentrat_ons of hydrogen chloride,

where Xge1 2 k,‘the expression for h would simplify to

h = Xge1t 9
and;bné therefore finds dh = dXygecp- In terms of chemicéi
processes this means that any lowefring of the overall H(I)
concentration is done at the expense of,HCl{‘no change in
the concentration of hydrogen compounds other than HCl is -

inVolved and consequently it* does not matter whether these

‘compounds are fast or slow to react.

. The situation changes in the case of Xpey < Ki the

expressmon for h now 51mp11f1es to
h = XHCl * (l * g/K)

1mply1ng that under equlllbrlum conditions the overall

change in H should now be larger than the change ié Xy HCl®
/

If the formation of HC1l according to reaction (R) or (R') is

~slow, it might at this point become the rate deter.iining step

in the whole process of hydrogen elimination.

If a hydrogenicontaining organic impurity was

present, ‘it would probably form a carbonium ion [3,13], the
o ' ) N e : '
influence of which could be formally described in the same

way as that of hydgggy;,ionéfr/From an approprigte eQﬁation

like - ‘ ,'. . } . '

H-R* + C17 = R + HC1 (R'')
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one-may again derive an equilibrium constant

. Y Xy

XH R+
and obtain the Same expression as above with g now standing

for the overall mole fractlon of organlc compounds

)

2.3 The P0551b111ty of a Redox Cycle

R ——

;\E;;‘;o;dsxought\to\be _said about the hypothetlcal
case that the steady=state hydrogen ;;;\;;;;;;Z}atlon is
llnked not to other 1mpur1t1es, but to the basic components

. 0f the melt’ 1tself This wo za’SZZQr if-hydrogen gas could
"be oxidized: ‘by aluminum (III or 1f hydrogen (I) could form

a complex w1th a melt compon nt, whlch would drastically
lower the H(I)/H2 redox potentlal -

» , Alumlnum trichloride clearly cannot ox1dlze hydrogen
gas while being 1tsef; reduced to the metal The observatlon
of Belyaev and Flrsanova [4] indicates that even the
reduction of‘alumlnum'(III) to aluminum (I) cann: - »e
-coupled with the ox1datlon of hydrogen into a spontaneous
process- these authors have observed the reverse, oxidation«v
of aluminum (1) by water. Thus alumlnum (I) compounds, which
accordlng to Dellmarskll [16] and Storozhenko [74] are
pPresent in the melt, would more probably be destroyed by HC1l
or ut, Thls would also be in agreement with the flndlngs of

Howie and Macmillan [37]

Under normal condltlons (“vactlon by aluminum metal

or’ internal electroly51s) the cathodlc reductlon of hydrOgen '
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compounds is coupled with the anodic dissolution of aluminum
meta}. Unless the latter was blocked by some kind of
selective passivation, only}reactions with sufficiently
cathodic E°, that is, a negative ﬁ° on the aiuminﬁm scale,
would provide an alternatlve oxiaatlon process. In othen
‘words, complexation would have to shift the formal H /H2

redox potential by more than 1 V, which is very improbable.
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CHAPTER IV -
CONCLUSIONS

‘Direct potential measuFements in fused chioro-‘
aluminates are affected by imourities in the molten
system. These impnrities are very difficult to fenove
and one must assume that in all but some recent work in
these melts, significant amounts of‘impufities were present
during‘the.measurements. |
From £he'electrochemical'point of‘vieh hydrogen
compounds constitute the.nost active impurity. In fused
chloroaluminates, the H(I)/H2 couple has a higher redex
potenﬁial than most-metal—metal\ion couples [50,82}. The
~standard potential of the H(I)/H couple inwavmelt of 64A
mol$ AlélB, 22 mols NaCl and 14 mol% KC1 was determined 1n
this thesis to be 1.202 #* 0 005 Vv agalnst the Al(III)/Al(O)
reference eleotrode in the same melt. \
| Under these circumstances reduction, either ohemical
" or eieCtrochemical, would seem to be'thelobvious'waymof‘
remoVing hydrogen compounds from the melf and\alggfndm metal
has been widely used as a chemical reduc1ng agent In order
to study the kinetics of ‘the reductlon process, an 1nternal SS\\

‘électroly51s arrangement Wlth an iron chthode was chosen.

Flrst-order kinetics were - formally obeyed with a rate

108



N4 ”

SR

109

'

constant’k = 1.9 x 10-4 sec—l. The half-time was about

oné hd&% and conséquently 3 - 4 hours were neéded to lower
“fﬁe’concentration of hydrogen compoundgtby'%faEtor of ten.

Although there i1s no appafent tﬁerméhjhamic reason
that would predict a noticéably inFomplete reducﬁion of
fhydrogen.c;mpog?ds, all experimengg in'this work led to a
steady state w{th a Concentrétibn of H(I), determined by
voltammetry, being 0.1 mél% or slightly leés. It is
probable that this is éaused by the interaction between the
hydrogen redox couple and other impurities in the meit}
either bxygen—containing_or organic ones, both of‘whichaare
difficult to eliminate. -

The question, whether hydrbgen is present as HCI1,
H+, or in some other form, waé not studiéd here. Trémillon
and Letisse [46] found that H' was.coﬁpletely converted :o
HC1l in an quiholar NaCl - A1Cl, melt. This need - : be
guite so.in near-eutectic melts, but résults of potertial
- measurements so far seem coméatible with ﬁhe aésumption
that a conéiderable fraction pf H(I’iis pfeéentvas ﬁCl even
in these melts.

| A guantitative study of the corrosion of iron in é'

melt with 64 mol$ AlCl3 was made. The average fate of

corrosion was 0.39 * 0.05 g Fe/mzh.v The corrosion of ferrous
metals is thermodynamically impossible in'pufe molten |
chlofoaluminates, but it may be easily accounted for by the

_presence of HCl. 1In the determination of standard electrode
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,.pefentials'of iron, cobalt apd ﬁickel by direct potential
measurements,-corrosion was not extensive enough to
invalidate measurements of metal ion concentrations.
However, it may have interferred to some extent w1th the
measurement of the equilibrium electrode potentlals. The
celculated valuesrof standard»potentlals resulting from
these experiments could then best be characterized as
’formalrpotentials at unit concentration in the given molten
syétem. They are the higher limits of true standard
t potehtials ahd may be complemented by lower limits,

e

estimated from anodic voltammetric waves. The numerical

results are as follows:

-

Couple . ‘ DirechMeasﬁrement . Lower Limit
or Higher Limit of of E°
EO
Fe(II) / Fe(0) . 0.652 % 0.003 V 0.61 + 0.01V
Co(II) / Co(0) ' 0.827 '+ 0.002V  0.80 £ 001V _
Ni(II) / Ni(0) 0.927 % .0.003V ' 0.91 #* 0.01V

It is intereéting to note that potential measurements
on ;1nc eli?prodes 1nd1cate that zinc, although. less noble
than the three ferrous. metals, is not corroded significantly.
Tt is known from the work of Hames apd Plambeck [32] that
zinc (II) cantbe coulomefrieally‘reduced in the eutectic -
chloroaluminat melt with clgee to iOO%'efficiency.. This

was found not to be so in thé&€ case of iron.
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Generéted
meq Fe (II)

0.10 °

[ -

-0.20

(&

APPENDIX

Equilibrigm Potentials of Iron
a2 .

3g n.2lt, 66 mol% AlCl,

Mole Fraction
of Fel(II)

6.1 x
1.2 x

2.4 x

: 3.7 b 4

10-4
1073

10-3

10-3

10-3

10-3

5.89 melt,

9.4 x

1.9 x

”2;8,x

10-%

10-3

10-3

10-3

10-3

10~3

10-3

66 mols

10-3

‘1073
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'Eeq N

0.534

0.538
0.546
0.553
0.557

0.561

AlCl,

~0.524

0.530

0.536

0.540

0.544

0.548

0.551

0.557

0.558.

EO

_(calculated)

0.664
0.656
0.652
0.652
0.651

1 0.651

0.651

0.647
0.641
0.640
| 0}638
0.638
0.639
0.640
0.643

0.640

0.640
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5.0g melt, 66 mols alcly

Generated Mole Fraction Eeq ; °

meq Fe (II) of Fe (II) , _(calculated)
.10 | 1.1 x 10-3 0.528 . 0.646
0.20 2.2 x 1073 " g 539  0.643
0.30 | 3.3 x 10-3 .0.542 0.641
0.40 4.4 x 1073 0.548 . 0.642
0.s0 5.5 x 10-3 B 0.552 | 0.642
0.60 6.6 % 1073 - 0.356 0.643
0.70 7.7 x 1073 .7 0.558 0.642
0.80 - 8.8,x 10-3 0.561 0.643
1.00 1.1 x 10-2 ‘0;565 0.643 .

' | 0.642

8.2g melt, 66 molg A1C13

| 0.40 2.7 x 10-3 . 0.541 0.646

' 0.64 43 x 10-3 0.548 0.644
1:00 6.6 x 10-3 Co.554 0.642
1.20 8.1 x 10-3 0.558 A 0.643
0.643

7.5g melt, 66 mols AlClj

0.40 2.9 x 10-3 0.547 0,650
" 0.60 “ 4.4 x 103 | 0.554 . 0.650
1 0.80 . 5.8'x 10-3 . 0.558 | 0.649
1.00 | 7.3 x 10-3 0.561 0.647
1.20° 8.7 x 10‘3 0.566 0.649

. 0.648
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64 mol% AlCl3

‘Weight of = Amount of Fe Mole Fraction E E°
Melt, g (from spectro- of Fe(II) eq‘ (calcu-
photometry) » : lated)
m moles S

11.4 - 0.57 5.4 x 10=3 . 0.555  0.647
11.6 0.40 3.8 x 10-3 0.553  0.651
11.9 0.59 . 5.4 % 1073 0.559 0.650
8.2 0.27 3.6 x 1073 0.747 . 0.651
6.9 ©0.13 2.1 x 1073 0.548 0.656
9.5 0.34 . 3.9 x 1073 0.557 0.655
9.1 0.33 : 3.9 x 1073 0.558  0.656

;3 6g melt, 64 mol% AlCl3

Generated Mole Fraction ‘ E | E°

meq Fe (II) . ~of Fe(1I) ' gq (calculated)
0.10 - 9.0 x 10-4 0.536 0.660
0.20 1.8 x 1073 0.543 '\ 1 0.654
0.30 2.7 x 10-3 0.546 - . 0.650
0.40 | 26 x 1077 0.555 0.653
0.50 435 x 1073 0.558 . 0.652 .

0.652
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Equilibrium Potentials of Cobalt

.7g melt, 66% AlCl,

Generated : Mole Fraction E T E°

meqg Co(II) of Co(II) ed (calculated)
1 0.10 7.9 x 10-4 0.715 0.841
~ 0.14 ‘ 1.1 x 10-3 0.717 . 0.837
0.18 1.4 x 103 0.719 0.835
0.24 1.9 x 1073 . 0.721: 0.832
0.30 . 2.4 x 1073 0.723 0,830
0.40 3.1 x 10-3 0.725 . 0.827
0.50 3.9 x 1073 - 0.729 0.827
0.60 * 4.7 x 10-3 0.733 ' 0.828
0.70 5.5 x 10-3 1 0.736 . 0.828
0.80 - 6.3 x 10—3f 0.738 . 0.827
1.00 7.9 x'10-3 - 0.742 0.828
\& ' ) - 0.828

94 melt, 66% Alcly | |
0.10 7.9 x 1074 ~0.712 0.838
' 0.15 1.2'x 10-3 0.715 0.834
0.20 1.6 x 10-3 " 0.718 0.832
0.25 2.0 x 1073 0.722 0.832
" 0.30 2.4 x 10-3 . 0.724 0.831
0.35 2.7 x 1073 . ; 0.724 0.828
0.40 3.1 x 10-3 0.728 0.830
0.50 3.9 x 1073 - 0.730 ~ 0.828
0.60 4.7 x 10-3  0.733 0.827
0.70 5.5 x 103 ©0.735 ( 0.827
0.80 . 6.3 x 1073 - 0.737 0.826
| X

1.00 7.9 x 103 - 0.740 0.826

0.826



Generat=d
meq Co(II)

0.10

0.20

'8g melt, 66 mol% AlCl3

(Cobalt plated on platjnum electrode)

Mole
" of

Fraction

Co(II)

x 10-4

X

X

10-3

1073

103

10”3

10-3 .

10-3

1073

64 mol%-A1C13, wire "2"

1o3d

Eoq

‘0.694

0.704

0.710
0.716

0.720

0.722

0.728

0.732

0.739
0.741

0.744

. 0.743

0.752

0.756
0.756.

' 0.757

o

0.822
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(calculated)

0.820

0.819'
0.820
. 0.820

'0.819

0.820

0.820 .

0.820

0.863
0.858

0.855

0.845

0.847

0.845

0.843

- 0.840

0.843



Generated

- meq Co(II)

0.10
0.20

4.9g melt, 64 mol% AlCl,, wire "2"

Mole Fraction.

of Co(II)

1.1

X

- X

1073

103

10-3

66 mols AlCly, wire "2"
1074 -

1073

10-3

Eéq

1 0.742

0.742

10.747
0.746
'0.748

0.759

~0.753

0.739

0.737

0.738

0.740

1 0.741
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E° .
(calculated).

0.862
0.850
0.848
0.842

' 0.840
0-.838

0.839

0.839

0.864
'0.850
0.844
0.841 -

0.838

0.839
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J'%

Generatéd
meq Ni(II)

0.04

0.10

).05

ir
0.20
0.30
0.40
0.50

O
0.10
0.20
0.30
0.40
0.50

- 0.60

0.80 -

Equilibrium Potentials of Nickel

4.0g melt, 64 mols%

Mole Fraction

of Ni
5.4 x

1.4 x

(IT)
10-4
10-3
1073
10-3

10-3

10-3

4.8g melt,

5.6 %
1.1 x
2.3 x
3.4 x
4.5 x
.5.6 X

10-4
10-3
103
103
1073
1073

oy
640g melt,

9.1 x
1.8 x
2.7 x

3.6\x
.4;5\xV
5.4 x
7.2 x

10-4
10-3
10-3
10-3
10-3

AlCl,

Eeg

- 0.825

66 mol%

64 mol%

10-3

10-3

)]A

0.833

0.835

0.837 -

0.839

0.840

-

AlCls

0.809
0.813

0.820

0.825

0.830

0.834

A1C13
0.812

.0.819

0.823

0.825

0.831

0.833
1 0.839

~

123

. E°
(calculated)

0.958
0.946
0.939
0.934
0.931

0.928

0.928

0.941
0.933
0.927
0.925
.925
0.925"

0.925

-0.936
0.930
0.927
0.924
0.926
0.925
0.927

0.926
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; - ,

8.2g melt, 66 mol$ AlCljy /

Generated Mole Fraction Eeq E° .
meq Ni (II) of Ni(II) ‘ ) (calculateqd)

0.20 , 1.3 x 1073 0.819 0.936
0.40 2.7 x 1073 0.830 0.934
0.61 4.1 x 1073 , 0.837 | 0.934
0.80 . 5.3 x 1073 0.840 ©0.932

1.00 6.7 x 1073 0.845 1 0.933

| 0.933
5.8g melt, 66 mols ALCls ” ’

0.20 ;1.9 x 1073 o o0.816 0.927

0.30 - 2.8 x 1073 0.822 . 0.926 °

0.40 3.8 x 1073 0.827 _0;92§ﬁf ;?Ljv f,§

0.50 4.7 x 1073 0.831 " oo.e2s &

0.60 5.7 x100%  o.835 0.926..

S

0.70 6.6'x 1073 .~ 0.837 . 0,925 ;"
0.80 - 7.6 x1073 . 0.839 .  0.925 .

F¥a

1.00 9.4 x 1073 0.842 ... - 0.924 .

1.20 1.13x 1072, 0 %46 . . 0.925 &%

M ""'"E&(;'
0 . 92 5.'( };;‘ur) /
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. . 3
Equilibrium Potentials of Zinc ol

' 11.2g melt, 64 mol% AlCl,

Generated - Mole Fraction

Eeq °
meq Zn (II) of Z2n(II) (calculated
0.10 4.9 x 1074 0.163 0.298
v 0.200 9.8 x 107% 0.171 ©0.293
0.30 1.5 x 1073 . 0.174 . 0-289
0.40 1.9 x 1073 0.177 ' 0.287
0.50. 2.4 x 1073 0.180 0.286
L 0.60 2.9 x 1073 0,185 . 0.288 ,
:“‘J 0.70 3.4 x 1073  0.187 © 0.287
0.80 . 3.9 x 1073 0.190 0.288
% 0.0 4.4 x 1073 . 0.192 0.288 o
1.00 4.9 x 1073 0.194  0.288
1.10 - 5.3 x 1073 0.195 | 0.287
\ . " , 0.287
| Estimated 10g melt, 64 mol$ A1c13_
| 0.10 | 5.10-4 0.170 0.30

;.' o
»-’.) .




