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‘May 1979

Abstract
" Potential and current distributioné-are’caleﬁlated for a

partially passlvated,retating disk'electrOde, A disContlnuoes local
‘polarization relation is uEed to reflect the change from the active to
the ﬁassive state, ReSults Qf the model yield a z-shaped polerization
cerve similar to cufvesvmeesured eiperimentally by Epelboinvgg_gl. o
The limiting cases of mass transfer control.and ohmle control are
treated; Comparison of pre?ieus exPerlmental results.with the model
is in hermohy with the_conclu3ion that-tﬁe electrode is ﬁass.transfer:

controlled in the transition region.
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Introduction

Passivation of iron in sulfuric acid has been noticed by

- investigators for‘Some time. ~ In his experiments Fladel observed a
- potential characteristic of the passive-active state transition. Some-
what later, Osterwaldz_considered the potentiostatic measurements of

'Franck3. An explanation was presented which relates the oscillating

Curreht-potential‘behaVior to an ohmic drop in'the'solution and the
stability of an iromn oxide film. In a series of‘papers, Hurlena—

presented kinetic parameters important for the description of the iron

 e1eetrode, In this paperHa model is developed which correéponds to the

experimental results obtained with an iron rotatihg disk'electrode in

'__sulfuric acid solution.

More recently, Eﬁelboin_gg'gl.7‘showed the importance and validity:

~of an electronic devide for obtaining polarization curves. Briefly,

théy explained the hysteresis of the current-potential curve observed

with petentiostatic'control in tefms of the oﬁefating'cha;acteristic
of ;he potenfiostat. They also'introdﬁced a negatiVe.impedancef
converter (N.I.C.). -This devide was used to control the current-
potential behavior of the iron electrode without hysteresis but with

a continuous, reversible transition from the active to the passive

- state. Because of its shape, the curve is referred to as a =z shaﬁed

curve.
~ In.this paper the portioh_of the_polarizatioﬁ curve which descends

from the limiting current'plateéu to éIVery smali.current is called



the transition region. In‘the.trgnsition regidn, active and'passi?e
states exist on differént portions of the disk electrode.

Tﬁe polarization curves obtained by Epelboin et al. with a N.I.C.
are given in figﬁre 1. VThe iimiting current varies with»thg square
root of'rotation speedf The ddttgd region:of the plateau is not a
_ Stablé region; herevﬁhé measufed éurrents were'reporfed to have large
_fiuétuations.v' |

In their papgr Epeiboin et al. 5ugge§t’the apﬁlicability of a
.'locélfpolafizationIreiation'which.decreasés sharply to'a‘low‘currént.

~ ~density.

Model Develoﬁmént

.A simple model is presented.for the passivation of iron in 1
 ﬁolar suifuric acid which ACCOunts for the kinetinrésiétance in the
double layer and the nonuniform ohﬁic pqtential.across the disk
- surface. The model:does_nbt consider mass tfansfervof chemical species
expliqitly. .However, the efféct df mass transfer limitétions is
‘included in the kinetic expression.

To characterize the overallvresponse:of'a disk electrode
undérgoing anodic pplarizgtion, a iécal.pdlarization curve i$ needed.
There aré many~kinetic eipreséions from which to choose; however, we
have considereévan-expression which shows a diséontinuous changebfrom
thg_active to‘the‘péssive stéte.,'For_exémple; in the active region-

— modified“ButlerAVplmer relationship is presdmed to_apply.'



06—

0.4

Current, A

—-().ES ) . | () . _ ., ‘().ES ' A | ‘lic); | : I.ES '.:
- V-®gcg. V. o
- | XBL 7812-6335

- Figure 1. Current-voltage behavior of a rotating disk electrode obtained by;Epelboin et al.
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At a charaéteristic value of_;ﬁe driving férce; vV - @6 = (V.- ?o)* =
‘0.28 V,a passive film is presumed to forﬁ; and the currént density
' changes disconfinuousiy to an extremely low value that remains

constant with further increases in v.4 o |

The électfic dri&ing.fOrce ié the.local.potential difference-

\' —~®o;;vwhefe V is the potential of thg iron rotéting disk elect;ode
and @0 'is the potentiél méasured by é satﬁrated_gaiomel electrodéi.
-immediately édjacént to the sufface but outside fhe double 1a§er; The
state éf the electrode can be characterized by the value of V - @o .
1f V - @0 ‘at the gdge is equal to.or.lessbthén (Vv —véd)* = 0.28V ,
then'fhe actiﬁe sfate prevaiié. The passive state»exiéts.over the"
fentifé disk when V - ®6 at-thé center of the disk is greatef than

'(V - @o)* . In tHe transitioq_region which exists between these
chditions,iboth states exist simUltaheou#ly oﬁ the disk. ”Figure 2

is a description'of tﬁe local polarizatién‘relatidnship.

| It is possible to include the effécts of masé t;ansfer 1imitations

"without explicitly calcﬁiatihg'the mass transfer of‘chemical_speciés.
‘vThis is.accomplished by indlﬁding the concehtration,depéhdeﬁce of the
limiting reacfant"in tﬁe kihe;ic.expresSioﬁ. ’An.appliéable expréssion is

S ) bcR.o P uaF7 o '_ ' - o 'veacF - .
AT L) TP LRr 8] mnFke ey exp [mp (V-0)
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Figure 2. Local polarization behavior for kinetic
control. '



The ratio ¢ ‘/c

“R,0’ °R,m *° equivalent to 1 - i/ ihe electrode is

:stiii presqmed to passivate locally for values of V - @O' greater than
kV - ®o)* . However, the shape of the loéal polarization cur?e.is
noticeably different. Figure 3 schematically illustrates the local.
'polarizétion‘curve whgh the effect of a limifing speciés is included;
Resulté will be pfeséntéd.whiéﬁ ihdicate'tﬁe merits'of'ﬁhe two polariéation
relations discussed here. - | | |

We must mention;thatlthe model pfesented heré céﬁsiders 6n1y one
of fﬁé boésiblé afrangeménté 6f the aétive‘énd passive'state; Iﬁ
addition to an aC£ive disk with a passive ring quside it, oné.could
also consider a passive disk with an outer active fing,'and an active
ring between an-inﬂer passive disk and an_outer‘passive_ring. All

three possibilitiés were observed experimentally by Epelboin‘g£ §l.

Analysis

Laplace's equation is solved for the region between the electrode
surface and a counterelectrode well removed from the surface. The

equations describing the problem are:

-0 @
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Figure 3. Local polarization behavior when mass transfer limitations
: are considered., While this curve qualitatively represents the

behavior for a range of parameters, the'curve was actually drawn with

_ ana = 1.0X106'A/cm2, p = 0.01, and ‘Q ='4500 rpm.



b‘ff= 0 . vVA.® iS'Well behaved ' .v 4

T, i=f-0) »1 (5)

L r=r V-0 = (V-0), (6)
r >r > rp = lp = l_()—'4 A/cm2 (N

T > B %%—=VO _ 7 ' : | (8)

2o 00 - L ®

where i =_f(V.—'®O) -refers to équation 1 without mass transfer
limitations and to equation 2 when mass transfer limitations are considered.
One does not hdpe'tb find a solution to Laplacé's equatidn subject
f to:theSe boundary conditions in the 1iteratufe;i A solution is
obtained by superim?osing solutions to Laplace's equation subject
to boundary conditions which are algebraically equivalent to those
given above. “The three 501ufions are: -
R (10)
, . - ITI L o o
where @I, ®II, and @I ~all satisfy equations 3, 4, 8, and 9; while

~on the disk electrode at 2z = 0, they satisfy the following

1
[

-
il
i

£V - 0) iy ST (11

2]
| A
H
[
i

r > v { i; = Q S, iII =1 , »III . (12)

e
]
()

A solution for ¢~ subject to the boundary conditions specified
has been given in rotational elliptic coordinates by Newm_an8 and

takes the form



b =.n£O. Bthn(ﬁ)ﬁzn(E) _ | (13)

- where

‘lr='rp\/(1—n)(l+€),z=_ran-
E “Thé.¢urfeﬁt'denéity at the'workingvélectrode is.given'by‘
i= 2 . (14)

'From'the orthogonal properties of Legendre polynomials, the Bn
coefficients can be gxpreésed as
-~ (4n +'l)rp _ o 'f4 : _
- Bn = Wfl(r])ﬂl’zrl(n)dn . , (15)
2n :
0
It is convenient to use the results of‘Nahisiand Kesselman
for solutions to the second and third terms in equation 10. The
- potential just outside the double layer is the potential of most

" concern and is given as

a ()] e
e bl ) b R e

H!o”

2 _
) ] are respecitvely the complete elliptic

e 4[] e o
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intégrals of_tﬁe first:and.secohd kind aé-definéd by Abramowitz and
Stégun.lo '(Néﬁmanll quofed fhé results of Nénisrénd Kesselman withogt
reaiizing'theﬁifferehcein the,definition’of the ellipticvintegrals.>

A éimilar'expression applies for .®III but with r_- feplaqed by r_

%

SOlﬁtion Technique

The current and potential distributions on the active portion
of the disk are determined from the Bn coefficients given by
. equation 15.'-Tovcalculate'the Bn coefficients, the n coupled
equations are solved using a multidimensiohal Newton-Raphson iteration
procedure.

To obtain a satisfactory initial guess for the most important
B coefficient, _Bo', this coefficient was made equivalent to the
ohmic potential given by the primary fesistance relationship for a

. ' 12 -

disk electrode. Thus we set B = wr_ i, ., [4k .
: y _ o p "lim _

In the transition from active to passive state, the point of
' passivation; :rp ,'isvunknown. However, a constraint in addition

to'tHe  n. orthogonal constraints for Bn,vis obtained. The value of

vV - @o Vis specified at the edge of the-active-fégion; Computationally

it is convenient ﬁ¢>rep1ace the'uﬁknqwn 'fp ‘with V . Therefore the
point of paséivafion is‘pfésumed to occur at a specified iocation, and
vthe poteﬁtial, vV, of the'wofking disk eleétrddé is calculated. Now '
_the,‘n.+'1' equatioﬁé‘aré.galCulatéd using the same»Né&toﬁ—Raphsoﬁ

technigqie.
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In the'chpletelyvpassive'region,vno detailed calculations are

: _needed as the current density is uniformly equal to ip . The potential -

distribution is simply given by equations 16 and 17.

The Newton-Raphson method was found to be efficient, as convergence

- -was obtained within a few iterations. ' For the transition region,
‘calculations were also done using a method of successive approximations.
- Excellent agreement was obtained. However, convergence was very slow

v:for this method, and it was necessary to damp the calculations strongly.

Results and Discussion

The principal value of the'model_énd the analysis is an overall
description of the total current from the rotating iron electrode .

during anodic polarization. The kinetic parameters used to fit the (

model to the experimentél results are included in Table 1. The solution

conductivity from the literature is alsc'given, To obtain an

adequate comparison of the experimentaliresults and the model, it is
necessary to decide exactly how'the'comparison shoﬁld be made;ﬂ For
example, different.fesults aqd_different Vaiues of. ké_ are used if

one decides to match the. experimental and calculated currents at the

" point of passivation versus a good comparison of the kinetically

controlled regime.

Kinetic considerations

Figure 4 presents a'comparison of the experimental results of

Epelboin et al. at a rotation speed of 4500 rpm and the model when
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.rTable 1
@ =1.0 a =1.0 n=20
~a - c . o
anT-= 1;00X107 A/cmz, c nFk = 8.32><10-.16 A/cni2
a v : ++ c .
. .Fe .
(V —_Qo)* =_0.28 \Y
'ip = l.OXIO'-Z"A/cm2 .
K = 0.40 (ohm - cm)
c 4 =4.0 mole/litre
Fe Co
: A o 1/2
B = 0.17496 A= 25C
: o cm

++

" The reference eiectrode is positioned in the bulk solution.

Tro y ’ : 5 .
This value of ka corresponds to an exchange current density -

of 9.1><10—5 A/cmz. at ¢ = 4.0 mole/litre
Fé++ »

++Claude_Gabrielli, personal communication.



06

o

1 — B ' l | | l ]
nFK, 316210 47 /cm?
'an —6569XIO"2 A/ cm?

Uniform

Primary

<
-
O
-
.
0.2
0
Figure 4.

-05 ‘0 B 05 10 1.5
V-Psce.,V
- o - XBL7812-6338

Comparison of experimental results and calculations when kinetic factors control:

it 3

(solid line) calculations, (dashed line) experimental results. The lines marked uniform

and primary refer to the transition region behavior of a completely active disk which
passivates at (V - ®o)* = 0.28 V-at its edge for the respective current density
distributinne : S
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the valﬁg of ka is such that Icalc:= Iex?r at the pdipt Where tﬁe
disk beginsfto passivéte. _The highest rotation speed was éhosen
fsincé:maSS‘transfer'iimitations ﬁere less than af the lowér spéeds;
A‘good agreement in the.transitioh region is obtained at the expénée
of poor;agréeméntlin the active kinetic region.

The transition.region_showh in figqre 4 does not hormally occﬁr
for an.aétiVe‘electrbde. Nofmaliy increases in V - Qfef. result.in
further inéreases in I ; _However, from the viewpoint of.thé ﬁodel,
the transition region occurs as alresult‘bf.boundéry condition 6
aﬁa thevohmié potential drop. As one travels_along the  transition
fegionﬂfrom A'.to Bv,vthe size of the:active portion.décreases,
aﬁd the total aisk current drops. .To see how the electrode’potential
.varies'ip thié‘régidn it is helpful to recall the simple felapidnship

for‘the primary resistance for a disk eleétrode‘givenvby Newman.l

®

4KT
o

"Since V - &  1is specified at r = r_ , the value of V - &__

o - P ‘ 3 ref
approaches 0.28 V as I and. rp approach zero. However, since rd
should here be replacéd by rp';in equation 18, the decreasing part
of the transition is not linear but is bowed outward as shown in
figure.4.

The shape of the transition can be seen in view of the
current density'spedified'at.the edge‘ahd equation 18. The measured

driving force can be written as

o_ 1 ' [ S
T S a4
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V-9 =V~ ®Q(r =vrp) +_(®0(r =,rp) —.@réf) : (19}
. or -alternatively
v - Qref = Of28>+ @o(r f rp) - Qreff - - (20)
It is convenient to express . @o(r'= rp)' as
' _ oy _ el
¢ (r = rp) = AKrp (21)

where € is a number which varies from 1 for a primary distribution
to j%-= 0.810569 for a uniform distribution. Since T, is unknown,
let us replace it with the average current density iavg according to

I =mr. i
p avg

(with neglect of the small current on the passivated part of the disk).
The electrode polarization in the tfansitidn region can now be expressed
as
e/mIi
avg

V-0 . =0.28 +

e . R
ref C (22) -

4y - ref

'In the experimental system, the reference electrode is in the bulk

of iS'essentially-zero; Then, this relationship

~ 'shows that the calculated transition region curve should be a parabola

solution, and @r

if the average current density on the active portion and € remain
. constant. The experimental curves have approximately this shape, and

~deviations can be explained in terms of variations in ian and © €
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Returning_to figure'4,_he observe that_bbth'the éXéeriméntalvapd
caiéulated curves deviéte from a;ﬁarabdiiC1shapé over fhe range of the-
»tfénsitioﬁ.- If point A’ represeﬁts an ehtifely active electrode, tﬁen
the differeﬁge between A and A' is attributable to different |
_cufrenﬁ disﬁributiqns, Poiﬁt' A} has a more unifbrﬁ'distfibution
thaﬁ that at the Ealcﬁlated point A .

.Near ﬁéint B the_calculated_results,approach’a disk of uniform

cﬁrrent density;'since the current_déhsity approaches tﬁaf givén by
'eQUétion 6. USing equafion 22 we can deterﬁine that the éurrent density'
_vat‘thé bott&m isngeater than at the top of curve B-A . One éan.al$o
conélﬁde that the distortion from a paréboia is caused by én increase.
in’ ia&é- from A' to B‘ in.addiﬁidn to chénges in € ..

To show the calculated variation in current dist:ibution that
occurs over the course of the-transitiop'regiong figure 5'is.§resented;
Following Newmah,l3 we hévevnormalized tﬁe ohmié potential with respect
to.ﬁhe primary.fesistancé‘for a'diskvof fadius .rp . The'unifofm
current density limit ié provided for reference. One notices thét as
the active surface area decreases the current dénsity on the active
portion becomes more nearly uniform.‘ For exaﬁple, the ratio of the
current density at ?he.center to that at ﬁhé edgé vafies from’0.07‘
when rp/ro ='i.Q .to 1 When' rp/ro.='0 . The current distribution
épproaches_;he.unifdrm limit as rp/ro > Q and the priméfy_limit

"when r =71. .
. P o .
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' Figure'S. ‘Variation of the ohmic ﬁotential across the
.active‘portion of the disk.
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.Méss trénsfer-limitations

If 6ne'§onéiders mass tfansfer]limitations; a local polarization
relation given by equation 2 ié’vﬁiid. - The resuits of the model uéing“
 £his equation are given in figuré 6. Parametéré,are again given in‘
Table 1. .B is determined from the data and the'defining'rélatioh

ilim=‘f.3/§_2‘._ ' -(23)
It is also neceséaryrﬁé_specify thé reaction order, p , of fhe‘
1imiting reactant. Levich®> haé indicated the effect of the reaction .
border_on the approach.td a limiting current plateau; for smaller
values of p the curve follows more cloéely the kinetiq and limiting-
curreﬁt limits. Figure 7 éhows the effects of varying the reaction
.order p of the limiting reactant.
: The caléulated traﬁsitidn region shown in figureé 6 and 7

is substantially mass transfer controlled. As.one proceeds from the
completely active té the completely passive Staﬁe; the current density
is uniform across the disk and givén by equation 23. The decrease in
current is completgly attributablevto the decrease of the active area.

A'discrepéncy betheén'the'model and the experiments is fevealed
in figufe 6. The'ﬁodél yields fqur'diéﬁinét curves in the-transition
which are characteristic of thé foﬁr.fotation's?eeds. . In the lower
portion of the-transition, the experimental curves overlap. The
“four distinct curves of thé model indicate four different average or
limifing c@rrent densities;balthough the‘superimposedvexperimentél

curves give evidence of the same uniform current density existing for
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Comparison of calculated polarization curves for

different reaction orders of the limiting reactant. .

The four curves for any giVen.value'of p correspond
to rotation speeds of 750, 1600, 3000, and 4500 rpm.
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"all four rotation speeds. The experimental curves also reflect an
“increase in thé aVeragévcﬁrtent'denSity.as'One tfavelé.toward the
'paSSive state.

Eéélboin et al. made measureménts‘of the tofal'current from the
disk eléctrode and the dimensions of the active electrode. ' Figure 8v
presehts fhe résults of these méasureménts and .calculations from the
model.':However, it should:be‘emphaSized.that.some of the experimental
results indicated that the.Current was restricted to a thin ring and
ﬁo nbtiCeable faradéic'reaction.occurred inside the inner radius or>
beyond thé outef fadius of the ring; whereas_the model considers an
active disk whose radiﬁs decreases as the passive sfate is apfroachéd.
Thereforg, comparison of the model’with thevexperimental results for:
equivaleht areas may compare the results of rings with those of.a disk.

' The upper curve on figure 8 refers to the situation where kinetic
factors determine the current distribution oﬁ the diék (as was the case
for the calculations shown in figure 4). .Here the averageFCurrent
dehsity on the disk in the transition region increaseé.markedly és
tﬁé siée of the’actiVe disk_appro;ches zerb; althpugh the incréase is
gradual for relatively 1a£ge values_of the active area.

Thevhorizontal'line on }igure 8 is characteristic of a masé‘
transfer controlled active-disk ;egion (as was thg case for calculations
sﬁown in figures 6 and 7). The experimental results of Epelboin et al.
appear to resemble closely the behayiof_typical of a maés transfer
regién. >In fact, ;heir:results look like two:mass transféf.:égibns

coupled by‘a'steep transition. Most“of_their'experimentalucurve is
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Figuré 8.  Current density on the active portioﬁ of the disk electrode

in the transition region: ( *) experimental results of
Epelboin et al., (dashed line) results of the model when:
mass transfer effects are included, (solid line) results
of the kinetic model. '
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‘shows an inconsistency between iavg obtained from RYQ .and i

-23-

for ring shapes. It is remarkable that a mass transfer controlled

:ring region would have a lower average current density than a disk

_region. One is also surprised that the experimental curve and the

horizontal line do not meet when the disk is completely active as this

avg

obtained from I and measurements of the aétive dimensions. An

explanation could be given in terms of a region existing near A'

+ (figure 6) where the disk remains active and a decrease in the current

density occurs. of course;_the model presented here cannot substantiate

this.

Consideratioﬁ of ring Shaﬁes

Since a significént portion of the-tfansitidn region is a ring
énd not‘a disk, omne Shquld consider whether a consideration of rings
can account for the éverage curreﬁt density decreasing as the passive
state is éppfoached (figure 8).- Avcompariqu of the measured potenﬁial
and currénf_With that calculatedlfor rihgs may clarify'this matter.
Consider a norma}ized résistance fﬁnction, g(ri/rp) R thch contains
the important ﬁeasured parameters.

KO (r = rv)'

-g(ri/rp)-=~—°———l’— ' B 25

V ilim'/i

where

@o(r = ?p) =V _léref f 0.?8 -
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|  gTﬁerefore-With choice of é'rotation spéed, measured poténtial, and-
éurrent,'auvélﬁe of ‘g(ri/rp)  is defined. -This measured value'of‘.g

‘can be compared with funcﬁiohs defined.for rings of §arious current
distributioﬁs. Namely; consider 'go  define& by a- ring of uniform

- current, iavg = B/G 3 g* ..Vdefined‘ by a ring.o_f‘ average c'u?rent den‘sitf.y, :

. iavg = BYQ f(r) and the pfimary resistance of ‘a riﬁg‘giveg by

[H . 3]2/3

@]

. ., > .
[' <p)]

._éo(r =-rp)- for .go:-aﬁd g*' are'calculated using.the results of

' Nénis~and Kesselman. g* can Be related to .go by

a}]
o L
S —

_Miksis and Newman;l6 f(f) is defined by,Néwman1 as -

HI "
=

g /r) = 82 /) A . (25)

Figure 9 illustrates the behavior of these functionms. It is important
' to compare values’ of g obtained experimentally with go, g , and“g+ .
For example, if we‘consider a point where § 4500 rpm, I = 0.54 A,

i, = 2,80 A/cm?, V-0 _=1.42 V , then g(ri/rp) is calculated

1im ref

to be 0.37 . This is the smallest value of_’g one can obtain from the
data. Fo; this example g iﬁtersects_the g+ curve, ri/fp = 0.85 ,
which corresponds to a thin ring near the periphery_of the disk.
However, it is inconsistent to have-a g value obtained near:the
limiting curréﬂt piateau equivalent to a calculated value of g, g+ s

which corresponds to the primaty resistance of a ‘thin ring. An increase



[

Dimensionless _Résistonce Functions, g (r/8), g (n/n), 'g}(rl/rp)
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in ilim will lower the value of g and it will approach the more
appropriate values of g° -and g- .  Also, as one travels down the -

transition region, the current distribution becomes more uniform and

increases in . i must occur.
. o avg .

Sﬁmmary and Conclusions

Thébsimple model.preéented yields a z?shaped'curVe for the anodic

polarization of iron in sulfnric”acid very similar to that obtained
experimehtally by Epelboin EEﬁél- The ‘model QCCOUnts for the kinetic

resistance at the surface, the ohmic potential, and the effect of

mass transfer limitations. 1In the transition region the model predicts

the same general response of the disk‘electrode fof the limit of mass
 transfér control and for the caée of kinefic control. _Howévef, the
caiculated éurrent density remains'constant_in the transition region
when mass tfansfef limitations are iﬁcludéd;_whereas the current
density increases in the tranéition region.és‘tﬁe paésive state is
aﬁproached when strictly kinetic factoré are considered. Epelboin

et al. report current densities which decrease in the transition.

Analysis presented here states that the experimentally obtained average

current density must increase as the passive state is obtained. The

analysis is.Valid'for both disk and ring shapes.
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Notation.

coefficient in the expansion for the potential, V

concentratlon of ferrous ions at “the electrode surface

mole/lltre

concentration of the llmltlng reactant at the electrode
: surface, mole/lltre

oncentratlon of the 11m1t1ng reactant in the bulk solution,

mole/lltre

'completevelliptic integral of the second kind

Faraday's‘constant,_96;487 C/mol

~dimensionless ratio defined in reference 17

 normalized resistance, defined by equation 24

normalized resistance, figure 9

normalized resistance, figure 9

normalized resistance, figure 9

" local current density, Afem?

. 2
average current density, A/cm

L 2
limiting current density, A/cm’

current density on the passive portion Ofythe_disk, A/cmz

total current on the. disk, A

complete elliptic.integral-of the first kind

anodic rate constant, mole/sec cm

. ' : 2
cathodic rate constant, mole/sec cm
Legendre function of imaginary argumentf

number of electrons transferred

'Legendre pol§nomial of order 2n
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'b reaction order of:limiting reactant

R uhiveréal géé constant,'8.3143 J/mol -K
T fadial'coofdin#te, cm

_ti_ inngr radius of the ring, cm.v

r, velectrode radiqs, cm

T, | . radius of the active portion, cm

T "_‘ébsolﬁte teﬁperature, K .

v, vpotential of rofating disk electfode, v

(V_Qo)*‘ -pasSivatioh potential, 0.28 V

z ‘ ‘axial coordinate, cm

aa anodic transfer coefficient

ac cathodic transfer coefficient

: . 1/2

B constant in equation ; A-sec /-cm

€ defined by equation 21

n. - rotational elliptic coordinate

. . ' e -1 ~1

K ~ bulk solution conductivity, ohm - cm

&  rotational elliptic coordinate
I .11 .III L i '
¢ ,077,0 L potential in the soclution, V
® " 'solution potential immediately adjaceﬁt to the electrode

surface, V

Q rotation speed of the disk
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