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A Model for the Anodic Dissolution of Iron in Sulfuric Acid 

Clarence G. Law, Jr. and John Newman 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Chemical Engineering, University of California, 

Berkeley, California 94720 

May 1979 

Abstract 

Potential and currertt distributions are calculated for a 

partially passivated rotating disk electrode. A discontinuous local 

polarization relation is used to reflect the change from the active to 

the passive state. Results of the model yield a z~shaped polarization 

curve similar to curves measured experimentally by Epelboin et al. 

The limiting cases of mass transfer control and ohmic control are 

treated. Comparison of previous experimental results with the model 

is in harmony with the conclusion that the electrode is mass 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. 
1 . 

In his experim~nts Flade observed a 

potential characteristic of the passive-active state transition. Some-
1 

what later, Osterwald2 considered the potentiostatic measurements of 

·3· Franck. An explanation was presented which relates the oscillating 

current-potential behavior to an ohmic drop in the· solution and the 

stability of an iron oxide film. 4-6 In a series of papers, Hurlen 

presented kinetic parameters important for the description of the iron 

electrode. In this paper a model is developed which corresponds to the 

experimental results obtained with an iron rotating disk electrode in 

sulfuric acid solution. 
7 . 

More recently, Epelboin et al. showed the importance and validity 

of an electronic devide for obtaining polarization curves. Briefly, 

they explained the hysteresis of the current~potentialcurve observed 

with potentiostatic control in terms of the operating characteristic 

of the potentiostat. They also introduced a negative impedance 

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 shaped 

curve. 

In.· this paper the portion of the polarization curve which descends 

from the limiting current plateau to a very small current is called 
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the transition region. In the transition region, active and passive 

states exist on different portions of the disk electrode. 

The polarization curves obtained by Epelboin et a1. with a N. I.C. --
are given in figure 1. The limiting current varies with the square 

root of rotation speed. The dotted region of the plateau is not a 

stable region; here the measured currents were reported to have large 

fluctuations. 

In their paper Epelboin et a1. suggest the applicability of a 

local polarization relation which decreases sharply to a low current 

. density. 

Hodel Development 

A simple model is presented for the passivation of iron in I 

molar sulfuric acid which accounts for the kinetic resistance in the 

double layer and the nonuniform ohmic potential across the disk 

surface. The model does not consider mass transfer of chemical species 

explicitly. However. the effect of mass transfer limitations is 

included in the kinetic expression. 

To characterize the overall response of a disk electrode 

undergoing anodic polarization .• a local polarization curve is needed. 

There are many kinetic expressions from which to choose; however .• we 

have considered an expression which shows a discontinuous change from 

the active to the passive state. For example, in the active region 

a modified Butler';"Volmer relatibnship is presumed to apply. 
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At a characteristic value of the driving force, v - ¢ = (V - ¢) = 
00 * 

0.28 V , a passive film is presumed to form; and the current density 

changes discontinuously to an extremely low value that remains 

The electric driving force is the local potential difference 

V - ¢ ., where V is the potential of the iron rotating disk electrode 
o 

and ¢ is the potential measured by a saturated calomel electrode 
o 

immediately adjacent to the surface but outside the double layer. The 

state of the electrode can be characterized by the value of V - ¢ o 

If V - ¢o at the edge is equal to or less than (V - ¢o)* = 0.28 V • 

then the active state prevails. The passive state exists over the 

entire disk when V - ¢ at the center of the disk is greater than 
o 

(V - ¢o)*' In the transition region which exists between these 

conditions, both states exist simultaneously on the disk. Figure 2 

is a description of the local polarization relationship. 

It is possible to include the effects of mass transfer limitations 

without explicitly calculating the mass transfer of chemical species. 

This is accomplished by including the concentration dependence of the 

limiting reactant in the kinetic expression. Art applicable expression is 

i nFk 
a (CR)P [a F J -~. exp·~ (V - ¢) -

c R cia .RT 0 
.. , 

nFk .c ++ exp [~ac~ (V _ ¢ )] 
c Fe . RT 0 

(2) 
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The ratio cR,oicR,oo is equivalent to 1 - i/il . 
1m 

still presumed to passivate locally for values of 

The electrode is 

v - <1> o greater than 

(V - <1(0)*. However, the shape of the local polarization curve is 

noticeably different. Figure 3 schematically illustrates the local 

polarization curve when the effect of a limiting species is included. 

Results will be presented which fndicate the merits of the two polarization 

relations discussed here. 

We ntust mention that the model presented here considers only one 

of dle possible arrangements of the active and passive state. In 

addition to an active disk with a passive ring outside it, one could 

also consider a passive disk with an outer active ring, and an active 

ring between an inner passive disk and an outer passive ring. All 

three possibilities were observed experimentally by Epelboinetal. 

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: 

(3) 

• 
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r = 0 ¢ is well behaved 

r < r i = f(V - ¢ ) 
p 0 

r = r V ¢ = (V - ¢o)* 
0 p 0 z = 

10...,.4 A/cm 2 
r > r > r i i = 

0 p p 

> r. 
o¢ 

0 r _. - = 
0 oz 

z + 00 ¢ + 0 

where i = f(V - ¢ ) ·refers to equation 1 without mass transfer 
o 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

limitations and to equation 2 when mass transfer limitations are considered. 

One does not hope to find a solution to Laplace's equation subject 

to these boundary conditions in the literature. A solution is 

obtained by superimposing solutions to Laplace's equation subject 

to boundary conditions which are algebraically equivalent to those 

given above. The three solutions are: 

(10) 

where I II ¢ , ¢ , and alL satisfy equations 3, 4, 8, and 9; while 

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

< .1 f(V - ¢ ) .II i .III i (11) r r 1 1 = 1 = p. 0 p P 

.1 
0 

.II i III 
0 (12) r > r 1 = 1 i = . 

P P 

A solution for ¢I subject to the boundary conditions specified 

8 
has been given in rotational elliptic coordinates by Newman and 

takes the form 



,10; 

• 

where 

r = 
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()() 

I BP2 (n)M2 (~) 
n=O n n n 

r nt: . p . 

The current density at the working electrode is given by 

i 
-K ~:Iz=o . 

From the orthogonal properties of Legendre polynomials, the 

coefficients can be expressed as 

B 
n 

B 
n 

It is conveniertt to use the results of Nahis and Kesselrnan9 

for solutions to the second and third terms in equation 10. The 

potential just outside the double layer is the potential of most 

cortcern and is given as 

_!I ~; (~) E[( :SJ r < r 
o 

(13) 

(14) 

(15) 

(16) 

; (~) :0 {E [( r; n [1 (rrO fJ [K{"rO n } r > r 
o 

• (17) 

where K[to nand E[( rrO tJ are respecitvely the complete elliptic 
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integrals of the first and second kind as defined by Abramowitz and 

Stegun. lO (Newmanll quoted the results of Ntmis and Kesselman without 

realizing the difference in the definition of the elliptic integrals.) 

A 0 ·.01 0 1· f it\HI but wl.·th Sl.ml. ar expreSSl.on app l.es or ~ 

Solution Technique 

r 
o 

replaced by 

The current and potential distributions on the a,ctive portion 

bf the disk are determined from the B coefficients given by 
n 

equation 15. To calculate the B coefficients, the n coupled 
n 

r 
p 

equations are solved using a multidimensional Newton:-Raphson iteration 

procedure. 

To obtain a satisfactory initial guess for the most important 

B coefficient, B 
o 

this coefficient was made equivalent to the 

ohmic potential given by the primary resistance relationship for a 

disk electrode. 12 Thus we set B 
o 

TI'r. i
l

. 14K • p l.m 

In the transition from active. to passive state, the point of 

passivation, r ,is unknown. However, a constraint in addition 
p 

to the n orthogonal·constraints for B 
n 

is obtained. The value of 

v - <P is specified at the edge of the active region. Computationally 
o 

it is convenient to replace the unknoWn r with V . 
P 

Therefore the 

point of passivation is presumed to occur at. a specified location~ and 

the potential, V, of the working disk electrode is calculated. Now 

the n + i equations are calculated using the same Newton-Raphson 

technique; 

.... 

• 
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In the completely passive region, no detailed calculations are 

needed as the current density is uniformly equal to i The potential 
p 

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 

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

Results and Discussion 

The principal value of the model and the analysis is an overall 

description of the total current from the rotating iron electrode 

during anodic polarization. The ~inetic parameters used to fit the 

model to the experimental results are :lnc1uded in Table 1. The solution 

conductivity from the literature is also given. To obtain an 

adequate comparison of the experimental results and the model, it is 

necessary to decide exactly how the comparison should be made. For 

example, different results and different values of k 
a 

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 

Epe1boin et al. at a rotation speed of 4500 rpm and the model when 



a a 1.0 a." = 1.0 
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Table 1 

n = 2.0 

t 0'0 107 A/ 2 Fk = 8.32xlO-16 A/cm2 
nFk = 1. x cm , c n 

a * c 

i 
P 

K' 

c ++­
Fe 

s 

Fe 

0.28 V 

, -4 2 = 1.0xlO A/cm 

-1 0.40 (ohm - em) 

4.0 mole/litre 

1/2 
0.17496 '_A_-_s--:e:-c __ 

2 cm 

The reference electrode is positioned in the bulk solution:t 

t This value of k corresponds to an ,exchange current density 
a 

-5 2 
of 9.lxlO A/cm at c ++- = 4.0 mole/litre 

Fe 

ttClaude Gabrielli, personal communication. 

,W 
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the value of k is such that I = I at the point where the 
a calc expr 

disk begins to passivate. The highest rotation speed was chosen 

since mass transfer limitations were less than at the lower speeds~ 

A good agreement in the transition region is obtained at the expense 

of poor agreement in the active kinetic region. 

The transition region shown in figure 4 does not normally occur 

for an active electrode. Normally increases in v - ¢ ref 
result in 

further increases in I. However, froin the viewpoint of the model, 

the transition region occurs as a result of boundary condition 6 

and the ohmic potential drop. As one travels along the transition 

region from A to B, the size of the active portion decreases, 

and the total disk current drops. To see how the electrode potential 

varies in this region it is helpful to recall the simple relationship 

12 
for the primary .resistaIice for a disk electrode given by Newman. 

Since V-¢ 
o 

¢ 
o 

I 
1 

4Kr 
o 

is specified at r = rp , the value of V - ¢ref 

(18) 

approaches 0.28 V as I and r approach zero.· However, since r 
po 

should here be replaced by r 
p 

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 

currerit density specified at the eclge and equation 18. The measured 

.driv:l.ng force can be written as 

• 



'.$ 

v - ¢ . = V - ¢ (r 
ref 0 

or alternatively 

v - ¢ ref 
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r ) + (¢ (r p . 0 
r ) - ¢ ) p . ref 

0.28 + ¢ (r = r ) - ¢ . o p ref' 

It is convenient to express <P (r = r ) 
o p 

as 

¢ (r 
o 

r ) 
p 

EI 
4Kr p 

(19) 

(20) 

(21) 

where E is a number which varies from 1 for a primary distribution 

to 8 2" = 0.810569 
7T 

for a uniform distribution. Since r 
p 

is unknown, 

let us replace it with the average current density i according to 
avg 

I 2. = 7Tr l. p avg 

(with neglect of the small current on the passivated part of the disk). 

The electrode polarization in the transition region can now be expressed 

as 

€J7TIi 
V - ~ = 0 28 + avg - ¢ f" 

~ref' 4K re (22) 

In the experimental system~ the reference eiectrode is in the bulk 

solution, and ¢ 
ref is ~ssentially zero. Then, this relationship 

shows that the calculated transition region curve should be a parabola 

if the average current density on the active portion and E remain 

constant. The experimental curves have approximately this shape, and 

deviations can be explained in terms of variations in iand 
avg 

t: • 
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Returning to figure 4, we observe that both the experimental and 

calculated curves deviate from a .parabolic shape over the range of the 

transition. If point A' represents an entirely active electrode, then 

• the difference between A and A' is attributable to different 

current distributions. Point A' has a more uniform distribution 

than that at the calculated point A. 

Near point B the calculated results approach a disk of uniform 

current density, since the current density approaches that given by 

equation 6. Using equation 22 we can determine that the current density 

at the bottom is greater than at the top of curve B-A. One can also 

conclude that the distortion from a parabola is caused by an increase 

in i from A'to B in addition to changes in £. avg 

To show the calculated variation in current distribution that 

occurs over the course of the transition region, figure 5 is presented. 

Following Newman,13 we have normalized the ohmic potential with respect 

to the primary resistance for a disk of radius r 
p 

The uniform 

current density limit is provided for reference. One notices that as 

the active surface area decreases the current density on the active 

portion becomes more nearly uniform. For example, the ratio of the 

current density at the center to that at the edge varies from 0.07 

when r /r = 1. Oto 1 when r /r 
pop o. O. The current distribution 

approaches the uniform limit as 

when r = r 
p 0 

, 

r /r + 0 and the primary limit 
p 0 

. .; 
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Figure 5. Variation of the ohmic potential across the 
active portion of the disk. 
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Mass transfer limitations 

If one considers mass transfer limitations, a local polarization 

relation given by equation 2 is valid. The results of the model using 

this equation are given in figure 6. Parameters are again given in 

Table 1. S is determined from the data and the defining relation 

SvTI • (23) 

It is also necessary to specify the reaction order, p. of the 

limiting reactant. Levich15 has indicated the effect of the reaction 

order on the approach to a limiting current plateau; for smaller 

values of p the curve follows more closely the kinetic and limiting­

current limits. Figure 7 shows the effects of varying the reaction 

order p of the limiting reactant. 

The calculated transition region shown in figures 6 and 7 

is substantially mass transfer controlled. As. one proceeds from the 

completely active to the completely passive state. the current density 

is uniform across the disk and given by equation 23. The decrease in 

current is completely attributable to the decrease of the active area. 

A discrepancy between the model and the experiments is revealed 

in figure 6. The model yields four distinct curves in the transition 

which are characteristic of the four rotation speeds. In the lower 

portion of the transition, the experimental curves overlap. The 

four distinct curves of the model indicate four different average or 

limiting current densities, although the superimposed experimental 

curves give evidence of the same uniform current density existing for 
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all four rotation speeds. The experimental curves also reflect an 

increase in the average current density as one travels toward the 

passive state. 

Epelboin et al. made measurements of the total current from the 

disk electrode and the dimensions of the active electrode. Figure 8 

presents the results Of these measurements 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 

no noticeable faradaic reaction occurred inside the inner radius or 

beyond the outer radius of the ring, whereas the model considers an 

active disk whose radius decreases as the passive state is approached. 

Therefore, comparison of the model with the experimental results for 

equivalent 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 on the disk (as was the case 

for the calculations shown in figure 4). Here the average current 

density on the disk in the transition region increases markedly as 

the size of the active disk approaches zero, although the increase is 

gradual for relatively large values of the active area. 

The horizontal line on figure 8 is characteristic of a mass 

transfer controlled active-disk region (as was the case for calculations 

shown in figures 6 and 7). The experimental results of EpelboiIi. et a!._ 

appear to resemble closely the behavior typical of a mass transfer 

region. In fact, their results look like two mass transfer regions 

coupled by a steep transition" Most oJ their experimental curve is 
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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 

shows an inconsistency between i avg obtained from and i avg 

obtained from I and measurements· of the active dimensions. An 

explanatiop could be given in terms bf a region existing near AI 

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

density occurs. Of course, the model presented here cannot substantiate 

this. 

Consideration of ring shapes 

Since a significant portion of the transition region is.a ring 

and not a disk, one should consider whether a consideration of rings 

can account for the average current density decreasing as the passive 

state is approached (figure 8). A comparison of the measured potential 

and current with that calculated for rings may clarify this matter. 

Consider a normalized resistance function, 

the important measured parameters. 

g(r./r ) , which contains 
1 p 

g(r./r ) = 
1 P 

K¢ (r = r ) . 
o - p 

(24) 

where 

¢ (r 
o 

r ) 
p 

~l·-rr _ 1m 

v - ¢ ref 0.28 . 
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.. Therefore with choice of a rotation speed, measured potential, and 

current, a value of g(r./r ) 
1. P 

is defined. This measured value of g 

can be compared with functions defined for rings of various current 

distributions. Namely, consider o gdefined bya ring of uniform 

* . current, i avg gdefined by a ring of average current density, 

i = S/Q fer) . avg _ . and. the primary resistance of a ring given by 

M'k' d N . . 16 1. S1.S an ewman. fer) 
- 17 

is defined by Newman as 

* <P (r =r ) 
o· p 

for gO and g are calculated using the results of 

Nanisand Kesselman. g* can be related to gO by 

* g (r./r ) 
1. P 

(25) 

Figure 9 illustrates the behavior of these functions. It is important 

to compare values· of g obtained experimentally with 0*+ g , g , andg 

For example, if we consider a point where n 4500 rpm, I = 0.54 A , 

i 1im = 2.80 A/cm
2

, V - <Pref = 1.42 V , then g(r./r ) 
1. P 

is calculated 

to be 0.37. This is the smallest value of g one can obtain from the 

data. For this example g intersects the + g curve, r./r = 0.85 , 
1. P 

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 current plateau equivalent to a calculated value of 

which corresponds to the primary resistance of a thin ring. 

+ g, g 

An increase 
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in i
lim 

will lower the value of g and it will approach the more 

appropriate values of .0 d g an * g Also, as one travels down the 

transition region, the current distribution becomes more uniform and 

increases in , i must occur. avg 

Summary and Conclusions 

The simple model presented yields a z-shaped curve for the anodic 

polarization of iron in sulfuric acid very similar to that obtained 

experimentally by Epelboin etal. The model accounts for the kinetic 

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

mass transfer limitations. In the transition region the model predicts 

the same general response of the disk electrode for the limit of mass 

transfer control and for the case of kinetic control. However, the 

calculated current density remains constant in the transition region 

when mass transfer limitations are included, whereas the current 

density increases in the transition region as the passive state is 

approached when strictly kinetic factors 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 

concentration of ferrous ions at the electrode surface, 
mole/litre 

concentration of the limiting reactant at the electrode 
surface, mble/litre 

concentration of the limiting reactant in the bulk solution, 
mole/litre 

complete elliptic integral of the second kind 

Faraday's constant, 96,487 elmol 

dimensionless, ratio defined in reference 17 

normalized resistance, defined by equation 24 

normalized resistance, figure 9 

normalized resistance, figure 9 

normalized resistance, figure 9 

2 local current density, A/cm 

average current density, A/cm
2 

limiting current density, A/cm2 

current density on the passive portion of the disk, A/cm
2 

total current on the disk, A 

complete elliptic integral of the first kind 
. . . 2 

anodic rate constant, mole/sec cm 

2 
cathodic rate constant, mole/sec cm 

Legendre function of imaginary argument 

n number of electrons transferred 

P2n Legendre polynomial of order 2n 
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reaction order of limiting reactant 

universal gas constant, 8.3143 J/mol -K 

radial coordinate, cm 

inner radius of the ring, cm 

electrode radius, cm 

radius of the active portion, cm 

absolute temperature, K 

potential of rotating disk electrode, V.· 

passivation potential, 0.28 V 

axial coordinate, cm 

anodic transfer coefficient 

cathodic transfer coefficient 

constant in equation 1/2 2 
,A-sec I-em 

defined by equation 21 

rotational elliptic coordinate 

b lk 1 · d·· h -1 -1 u so utl.on con uctl.Vl.ty, 0 m - em 

rotational elliptic coordinate· 

. solution potential immediately adjacent to the electrode 
surface, V 

rotation speed of the disk 
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