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Anodic Overpotentials in the Electrolysis
of Alumina

B. J. WELCH and N. E. RICHARDS
Reynolds Metals Company, Sheffield, Alabama

Abstraet

Overpotentizals for the anodie reaction In the electrolysis of alumina dissolved in
molter fuoride electrolytes have been measured by a steady state teehnigque using
G, C0: + CO/ALOLI) reference elecirode. Overpotentials for the discharge of oxy-
zen-containing anions in the systems NasAlF; + CaFe + ALO;and NazAlFs 1 Li-
AlFs + AleD; are reported gs a function of current density, temperature, and solvent
scomposition. The linear portion of the Tafel curves extends over a,pprommately 1.5
“powers of ten in current density. The slopes are independent of solvent. The heat of
activation evaluated from the temperature dependence is 13 = 4 keal/mole, which is
in excellent agreement with the value determined by potentiosiatic means. A:theo-
-retical kinetic analysis of possible anodic reactions leading to the evolution of, CO» is
“presented. In éach of the possible rovtes it appears that the rate-determining step is
1 two-electron transfer reaction in which oxide lons or oxygen-containing anions are
_'dlscha.rged

Introduction

-+ 8tudies of anode overpotentials in molten salt systems, in general, and
‘i molten fluoride systems, In particular, have been limited. The pub-
lished data on the anode overpotential in the Hall-Heroult: cell using
_‘molten eryolite-alumina®? can be criticized due to the lack of suitable
‘;_refel enice: electrodes and the inadequate precautions taken to insure the
remioval of 1mpu1‘1t1es from $he eleetrolyte which affect the anode process.
- Earlier mvestlgahons in this program? have established that the refer-
ence— eIec,tmde GOy 4 CO(0.), C\Na,gAll“s + Al,(; is reversible and.can
hé- employed satisfactorily ‘as a reference electrode for overpotential
=*stud1es in the electlolySIS of liquid NazAlFs + Al,Q; mixtures.*

- Anodie pola.rlzatmn eurves for the elecirolyiic decomposition of AlyO;
e, yohtm solvents of different compositions have been determined from
l.-i‘.he‘ measurernent'of the anode-reference electrode potentials over a wide
2 ncre of eurrent den.slty Interpretation of the electrode kinetics is dis-
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cussed with respeet to possible mechanisms for the evolution of COs at
tlhe carbon anode.

Experimental Apparatus

A schematic diagrai: of the experimental assembly used for the over-
potential measurements ig shown in IMigure 1. The cell consisted of the
working anode (4,B,F,/), surrounded by a shell (£,1), the counter
electrode or cathode (D),]), combination suxiliary anode and stirrer
(C H K), and the reference electrode (3 ,N,0,0,R,S). The steady state
reversible potential of the anode and reference elestrode, i.e., under con-
ditions of no net current flow, was established by flowing a gas mixture
of COy and SO through their respective carbon clectrodes (J,S5), and into
contact with the melt. The tube & permitted the coliection of the gases
passing over the anode and led to the infrared analyzing system. The
support rods which also served as elecirical contact leads (B,C,D.N),
were of Inconel tubing, which after initial superficial attack was inert to
the condensate from the electralyte. The support tubes 3 and gas collec-
tion skirt (I7,L) were also made from Tnconel! tubing. An insulated plat-
inum probe A, was used to eliminate the ohinic pofential difference
(p.d.} along the anode support from the anode reference p.d.

The molten clectrolyte was contained in a graphite crucible F. This
was supported by, but insulated from, an Inconel eylinder G- The elec-
trode assembly and loaded erucible were sealed in the tube of a Kanthal
wire resistance furnace. This furnace had a uniform temperature zone
4 in. in length (obtained by means of external resistance shunts) and at
thermal equilibrium the tenperature was controlled to =0.29C by a sys-
tom which included a recording potentiometer fitted with a retrans-
mitting slidewire, a Leeds & Norvthrup C.AT. proportional action unit
with feedback, a magnetic amplifier, and a saturable reactor.

For all experimental measurements the geometry of the exposed anode
surface area was constant. No attempts were made to deterinine the true
surface area and results are reported in terms of apparent (or geometric)
current density. This does not affeet the interpretation of results with
respect to the Tafel equation® since, if 7 1s the ratio between the true and
geonetric surface areas, then we have
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\\\\\: — GRAPHITE whe e is thg lo_ve;potel tial, ¢ and o’ are co! stan_tb, 718 thg rue cu elnt
. density, and 7" is the apparent current density. Since the kinetic consid-

BORON NITRIDE eration of electrode processes depends on the evaluation of BT/ F and
this value is not altered by the ratio of true to geometric surface areas,
1t is apparent that it is not necessary to determine the true surface area
from a mechanistic viewpoint.

Materials

The cryolite was prepared from hand-selected lumps of Greenland
N eryolite which were crushed and washed with HCIL. British Drug House
Analar grade alumina was used. The LiF, AlF; and CaFs were Baker 8
analyzed reagent grade chemieals.

ATl the salts were dried at 110°C prior to use and salt mlxture:. of the
required composition were synthesized by accurate weighing.

The CO» + CO gas mixtures were obtained from ¢ylinders prepared
from specifications submitted by Matheson and Co. The components
were 99.989% and-99.5% minimum purity, respeclively. ‘

AUC grade graphite (National Carbon) was used as anode material
for all experimental measurements. Earlier investigations of overpoten-
tials in the NagAlFs -+ ALOs; system? using anodes of AUC and ZTA
graphites as well as coke carbon gave identical Tafel slopes.’ Because of
its good machining properties, AUC graphite wag chosen as the anode-
o material for this particular researeh. ’

Q . Experimental Procedure

Potential measurements were made by the direct method. The elec-

trical eireuit was fundamentally the same as that used by Janz and

R Saegusa.t In this work, the polarizing current was supplied from a Sola-

volt stabilized adjustable dc power supply. The anode-reference poten-

5 tial was measured on the ¥ axis of & Moseley model 2ZA autograph

X-Y recorder. The p.d. across a current-measuring shunt was fed into &

T Moseley logarithmic converter unit, the output of which was connected-
1/2 INCH to the X axis of the X-Y recorder.

l At all times CO; 4 CO gas mixtures were impressed on both the ref—

erence electrode and the working anode to establish steady state reversi-

ble potentials. *Before polarization measurements were made, the elee-.

N trolyte was pre-electrolyzed using the auxiliary eléctrode to remove ano-:
. o dically deposited impurities from the bath. When this procedure was
Fig. 1. Schematie diagram of the cell. completed, the auxiliary electrode was raised from the bath to prevent

dissolution of impurities. An atmosphere of argon was kept in the’
sealed furnaee $ube at all {imes.

140



EightgMetals]

STUDIES OF THE ELECTROLYTIC PROCESS

Experimental measurements were made by increasing the current in
stepwise inerements and recording changes in anode-reference electrode
p.d. and current density logarithmically.

It had been established earliert that for any change in current, the
anode-reference p.d. attains its steady state value almost instantane-
ously.

Results

" Anodie overpotentials for the electrolytic decomposition of alumina at
a carbonaceous anode were determined with several partial pressures of
(0, in ervolite solvents represented by 3NasAlFs + CaFs, 2Na;AlF;, and
NagAlFe + Li:AlFs. The concentration of alumina was 17.1 mole-% in
‘all of these electrolytes. The experimental measurements were carried
ot in the temperature range of 960 to 1030°C.

The System NagAlFr—CaFAlLO;

y § In the mixture investigated, the Ca¥; to eryolite ratio was similar to
::that used 1n industrial reductmn cells. The eomposition of the liquid
selectiolytes used in these experiments expressed as weight percentages

o8- |-

Casl-

i I ! 1
4XIg2 107 24Xl 1 4

0’3 4 XIO'3 10‘2

: aAlF + 05F2 atb 1010 =+ 1°C with anode gas containing a, 67% COz; b, 55%
=007, 899, C0,3 - and d, 20% €0, Ordinate: overpotential {volts). Abscissa:
current densﬂ:y (amp em—*).
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Pig. 8. Tsotherms of anode overpotential in the electrolysis of ALO: in the solvent
3NaAlFs + CaFe with 65% CO: in anode gas. &, 1625°C; b, 1010°C; ¢, 999°C;

Abscissa: current den-
sity (amp em %)

was 82.62NagAlF;, 7.62CalF., and 9.76AL0;. Overpotential measure-
ments were made as a function of current density (e.d.) at 1010 %= 1°C
with different CO -+ CO.; mixtures impressed on the anode, and the re-
sults are presented in Figure 2, Tafel curves obtained at different tem-
peraturss but with the same steady state gas composition (65% CO; +

TABLE I
Tafel Constants and Exechange Currents for the Anodic Process on Graphite in
the Electrolyte NaAlFe-CaFy-ALO;

Compn. of CO; 4+

Temp., CO pas Tafel constants Exchange current,
°C COs T o b amp em 2
1011 67 0.524 0.335 0.0256
1010 35 0.568 0.315 0.0175
10164 39 0.572 0.320 0.0170
1010 20 0.602 0.330 0.0160
1025 65 0.580 0.340 0.041
1010 - 85 0.596 0.340 0.038
999 65 0.572 0.330 0,036
990 65 0.566 0.320 0.032
973 © 65 €.595 0.325 0.028
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358% CO) at the anode-melt interface are shown in Figure 3. The cur-
rent independent terms of the Tafel equation, 1 = a + b log 4, which
represent the linear portion of the curves in Figures 2 and 3, and the
corresponding exchange eurrents {4) are summarized in Table L.

The current density at which the anode effect oceurs in this electrolyte
was also measured. At 1010°C this phenomenon occurred at 13.5 amp
em~? which corresponds to a limiting current density () of 5.8 amp
em™2

The Systems NﬂfgLiAlFﬁ—AlgOa ared (NaLi)szlFa—"Aleg

The compositions of the two electrolytes containing LiF in which
“anode overpotentials were measured expressed in ferms of weight per-
centage were 65.4Na,AlF,, 12.9A1F, 11.93LiF, 9.77A1,0;, and 49.3Na,-
‘AlFs, 20.9A1F; 19.4LiT, and 10.4, respectively. The experimental n —
Jlog ¢ curves at temperature 1010°C for a series of CO; + CO gas mix-
‘tures on the electrode are reproduced in Figures 4 and 6 in each. of which
“the overpotential ordinate is translated successively by 0.1 to avoid
“superposition. Isotherms of overpotential over a range of current den-
sities are plotted in Figures 5 and 7 for the 27.2 mole-%, Li,AlFs and 41.5

s
T
}

.
!

] I i 1
axig? o X107 3 4

Y P
A0 e Ao R

ot of anode overpotential versus log current density for AlLQ; in 2Nas-
\IFy 26°1010°C with snode gas containing, o, 859 CQ:; b, 67% COy;
s and i€, 18% CO:. Ofdinate: overpotential (volts). Abscissa: current
A ety
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Fig. 5. Isotherms of anade overpotential in the electrolysis of ALO; in solvent
ONazAlF: + Li;AlFs with 456% CO. In anode gas. a, 1030°C; b, 997°C; ¢, 985°C;
d, 960°C; and ¢, 950°C. Ordinate: overpotential (volts). Abseissai current den-
gify (amp cm2); ) )
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Fig. 6. Relation between anode overpotential and log current density for Al
in NagAlPs + LizALFs ot 1010°C with anode gas containing, a, 829 COy; b, 58%;
COs; ¢ 40% COy; and d, 209, CO.. Ordinate: overpotential (volts). Absecissa;™
current density (amp cm™%). ‘ -
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. ."'Fig. 7. Isotherms of anode overpotential in the electrolysis of AlLO; in the solvent
‘NégA}Fs =+ LiAIFs with 40 = 19 CO: in anode gas. e, 1020°C; b, 1015°C; ¢
1989°C; and d, 967°C. Ordinate: overpotential (volts). Abscissa: current densily
..f(amp cm“2)

TABLE II
‘Tafel Consta.nts and Exchange Currents for the Anodic Process on Graphlte n
- Flectrolytes of the System NasAlFeLi;AlFALO;

T Compn. of
~Terap.,, CO: 4 COgas  Tafel constants Exchange eurrent,
_ °C CQs, 9 a b amp cm~?

T2 1010 85 0.522  0.330 0.0290

R 1010 687 0.533  0.335 0.0270

1010 44 0.525 0.330 0.0230

1010 18 0.600 0.335 0.0185

1030 45 0.550 0.340 0.0290

997 45 6.520  0.325 0.0260

il BRB 45 0.503 0.325 0.0250

'- 960 45 0.542  0.320 0.0215

Lo 7950 45 0.57¢ 0.320 0.0185

SEI018 82 0.530  0.320 .0210

10180 58 0.548 0.320 0.0180

JI010. 40 0.560 0.320 0.0170

C1010 20 0.600 0.325 0.0145

21020 - 40 0.575 0.330 0.0185

1015 40 0.560 0.320 0.0170

J989 . . L - 40 0.605 0.325 0.0155

0.640 0.335 0.0140

067 v 4L
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mole-%; 1.i;AlF,, respestively.  For the former plot, a constant CO» con-

tent of 45% was maintained on the anode and in the latter instance, a

mixture containing 40% was used.

The constants for the Tafel equations derived from the 5 — log ¢
curves are summarized in Table II. The exchange current cbiained by
extrapolation of the Tafel curve to g = 0, is given in the fifth column of
Table I1.

The onset of an anode effeet using the Na,liAlFs solvent
at a temperature of 1010°C was observed when the current density
reached 14.5 amp em—? while for the equimolar lithivm-sodivm eryolite
solvent the effect occurred at 13 amp cm~2 At a lower temperature,
960°C, in the former electrolyte the maximum current densfﬁy\ TepTo-
duced for the normal anodie process was found to be 14 amp cm %

Discussion
Comparison af Anodic Overpotentials in Different Electrolytes

- From the results in Figures 2, 4, and 6, it can be conelnded that varia-
tion In the comiposition of the cryolitic solvent for alumina in the Hall-
Heroult cell has negligible effect upon the anodic overpotential by com-
parison with the reproducibility between different experiments.* This
conclusion iz exeémplified by the data in Table III where the overpoten-
tial results for the diffevrent eryolite mixtures are compared with those ob-
tained with pure NasAlls solvent. The anode gas compositions for all
the experimental runs cited in Table I1I were within the range 62 = 5%,
CQs. The current densities at which the anode effect occurs and the
limiting eurrent densities are also listed in Table ITT.

TABLE IIT
Comparlson of Anode Overpotentials for Several Electrolytes Containing
17.1 Mole-75 ALO; at 1010°C

Overpotentials, volis, at given current c¢.d. at anode

Solvent densities, amp cm. "2 affect, iz .
electrolyte. 0.02 005 0.1 0.2 0.5 amp rm™?  amp em ™2

NazAlf . 0.04 . 010 0.195 0.28 0.44 13.3 6.3
SNﬂaAlFs +

CaFs .- 0.04 0.11 0.210 0.30 0.44 13.5 5.8
N ez AlF - - S o , ‘

LizAlF, 0.04 0,10 0.195 0.30 0.44 14.5 6.1
NazAl¥s +

LizAlFs 0.0 0.12 0.220 0.31 0.45 13.0 59
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Therefore, in the composition range investigated, there is no effect in-
duced on the overpotential for the anode process oscurring at a particular
current density when additives are introduced into the electrolyte. Simi-
larly, both the current density at which the anode effect oceurs and the
limiting eurrent are substantially in agreement and hence independent of

‘the cryolite solvent at constant mole fraction of Al:O; in the melt. The
overpotential does decrease with increasing concentration of AlsOj.*

In the region of the Limiting ec.d. the overpotential is largely
‘determined by concentration overpotential, and therefore the limiting
current may be expressed by the equation

1 = Dch/é

‘where D is the diffusion coefficient, z the charge of the amon of concentra-
tion ¢, ' represents the Faraday, and & the thickness of the diffusion
layer. It i reasonable to assume ithat at the same temperature
“all other physical conditions being equal, the limiting current in the di-
jfez ent electrolytes will be proportional to the concentration of reacting

species.  From the good agreement among the experimental values of iz
‘in, Table T1, it is clear that the concentration of the ion participating in
“the anéde reaction is constant and therefore dependent on the alumina
-goncenitration and no$ the solvent composition. The results obtained
“alsh indicate that there is no change in the ratio of diffusion eoefficient to
'thlckness of diffusion layer over the temperature range studied since, for
8 pa,rtlc,ular electrolytic mixture the hrmtmg c.d.’s determined at 960 a.nd
: 10 1.0 °C agl ee. ‘within the expenmental erTor.

Eﬁ"ect of Anodic Gas Composztwn on Overpotentml

In the- system NasAlFs-ALO; it has been found that the effect of dif-
}felent znode gases was most evident in the value of the 7.7 The slope of
]the plot of- Iog Pgg, versus log %) was approximately 0.33, but in many
‘pases there was an uricertainty associated with this relationship.

e plot--of log Peo, against log 4, for the three systems studied at 1010°C
it this whrk is presented in Figure 8. For the solvent 3Na AlFe + CaF,
“the est?loca.tlon of the curve 1s doub‘ﬂful although the value of (d log 4,/

‘ A.L’Oa systems . The relationship of gas composﬂnon is prob—
id 1 =1{:1&150 of the solvent. Until more experimental data have
:;.beeﬂ btamed the. gignificance of the relationship, 4« Peo,/* does not

144

LisAlFs.

. From Extractive Metallurgy of Aluminum 1963, Gary Gerard, P.T. Stroup, Editors —

ALUMINTUM

1.9 T T T T T T T T

e o No,ListF,

S (NoLll ,AlF,

O NagAlFg+ CaF, |

] [ i P '
a2 0.4 06 0.8 [Wel

Fig. 8. Plot of log (exchange current) against log (partial préssure of C(:) in anode

_gas. Ordinate: —log 4. Abscissa: — log Proz

justify theoretical interpretation. --At present such a formulation gives
a good indication of the effect of anode gas on the exchange current.

Temperature Dependence of Overpotential

Assuming the heat of activation (AH) of the rate-controlling reaction
is independent of temperature, then at constant overpotential the tem-
perature dependence of current density may be expressed by

I: dlni ] ]
d /7)1, I

The exchange currents, L.e., n = 0, for the limited temperature range of
this investigation are plotted against the reeiprocal absolute temperature
in Figure 9. Thevalues of AH thus determined are 14.5 = 3.0 keal /mole
for the solvent 3NazAlF; + Calls; 14 = 3 keal/mole for 2NaAlTs +
LizAlFy; and 10.5 = 2 keal/mole for the equimolar mixture of NasAlF; -+
The heat of activation of this anodic reaction détermined by o
potentiostatic method* was found {o be 12.9 = 1.4 keal/mole. As ex-
vected from theoretical considerations, the overpotential at a given cur-
rent density decreased with increase in temuperature. In the equimolar.
mixture of cryolites, this decrease was 80 mv for an increase of 55°
temperature at ¢ = 0.2 amp cm—?
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1 ! i

o Noz AlF, + CaF,
£ No,LiATFg

2 ol | | 1 I
T7 7.8 7.9 80 g1

'--Flg 9. The relationship between log 4, and the reciprocal absolute temperature.
Ordinate — log #p. Abselssa: 1/77 X 10 (°K)2.

The Anodic Reactwn Mechanism

The slope of the Tafel curves is independent of the anode gas and eryo-
i_hte_ bath composition. The measured slopes all lie within the range
.0.327 £ 0.015 which is in excellent agreement with those reported earlier.¢
“The present work indicates that the oxygen-containing anions are the
same I each of the cryolite mixtures. Consequently, the anode reac-
“tion mechanism for the electrolytic decomposition of AlO; will be iden-
“tical in each of the different supporting electrolytes. The Tafel slope is
“telated to the symmetry factor (8) and the number of electrons (n) in-
volved in the rate-determining step of the electrode reaction by the
equation

d__ 2.303(RT/ngF)
_ dlog¢
T these experiments at 1283°XK,
L 0.254
"= Vs
= 0.78

ee the Ta,fel slopes and anionie species here appear identical with
hose of 'the NazAlF, -+ ALO, system, then it is reasonable to accept the
_fa,lly determmed value for 8, 0.44 in which ease the number of
-« elecﬁrons mvolved in the rate-determining equation must be 2.
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In the following presentation of reaction mechanisms it has been as-
sumed that CO; is the primary anode product. This assiomption is con-
sistent with the experiments of Hamlin and Richards® and Pearson and
Waddington.® However, 1t will be seen that the acceptable mechanisms
will hold equally as well for the evolution of CO. -

The several possible anions resulfing from the solvation of alumina,
e.g., AlO,—, ALO.F,"—, AlOF.—, AIOF;2, ete., may be represented by
the general anionic formula, ALOT5=~%7 The following mecha~
nisms would equally well apply to these anions, but for simplicity AlO,—

has been used as a general example.
Mechanasm I: Consider the consecutive processes to be
’ ko
AlQ,™ == AIO* + 0%~
bt
(I
02~ + C"*O*O—k Ze
(H)
C*O =0 + COs
(III)

Assuming reaction 11 is rate determining and the surface coverage by
C*Q is negligible, then it can be shown®12 that the expression for the

" forward rate » of the overall electrode reaction is -

k1 kz C«uoo o2

F/RT
Ga 3/

v =3

henece

CAlG

= 2iK\F e2n8F/RT

for which the Tafel slope would be
on__ BT
S %F ‘
Considering the ease where reaction IIT is rate determining, ie., the
slow desorption of chemisorbed oxide, then the rate expression would be

2 -’&103

i AR KF o o /R

and the Tafel slope would be givenby

on _ RT-
dmi  4F
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Thus, iz these kinetics, reaction II is the only rate-determining step
consistent with experiment.

Mechonism II: Consider the following mechanism of consecutive dis-
charge of oxygen lons:

(Iv)

ke,
AlQ.— + C = Al0+ 4 C*0 4 2e

E;
+ O*Oficoz + AIO* + 2

v

AlOs~

For reaction IV as the rate-controlling process the rate equation is

= 2k F-Care,—-epF/RT
and _
' o _ RT
i . ZpF

H'_':r'éactio_n.v isthe i‘ate—determmiﬁg ste_p it can be showﬁ that

Cai0.-
— ok, 2L + OnF/RT
Z k#’ﬁF Cao+ 2(L + B)aF/
Heinee, -
. on . _RT
: olmz ~ 2(1 + BIF
Thus, for  mechanism II, reaction .IV is the only ac-

'cepté,blé‘ rate-controlling step, in accordance with the- experimentally
‘measured Tafel slopes.

(:»Tt is apparent that reaction IV does not basically differ from reaction
II.of mechamam 1. For each of the anions mentioned above, thermody-
;namlcaﬂy consmtent mechanisms for both the anodie process and overall
eleetrolysis can be formulated. By comparison of the theoretical rate
:equa,trlons _W}th the Tafel slopes, the rate-determining step in every ease
18 the sarne, i.e., a two-electron transfer during the initial discharge of
;cmdetor oxyﬂuonde ions onto the carbon surface to form an mtermedzate

appa.ra,tus a.r_td "VL C C Nance in the experlmentai opera.tmn We are
atefiil Tor'the perniission of Reymolds Metals Co. to publish this worlk.
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Discussion

W. E. Haupin { Alcoa Research Labs, Néw Kensington, Po.): Much of the straight-
iine part of the Tafel curves presented is below the curvents used in cornmerecial cells.
There appears to be a change in the Tafel slope at about 0.5 dmp/em?  Does this
indicate that the reaction you postulate may not apply at current densﬂ;les used in
practical operation? - - : ’

B. J. Welch: Mich of the data, ars within the range of practical operation experi-
enced, particularly for Soderberg cells, eig., the current’ densities shown in the
abseissse are in the range, 1077 fo 2 amp em 2 The deviation from the Tafel line at
the higher current densities is due to concentration polarization being superimposed

‘on"activation overpotential. The slope of the curve at these higher ¢.d.’s is continu-

ally changing and is not indicative of another procsss.






