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ABSTRACT

Digital simulation techniques were employed to calculate the ring and disk
currents at the rotating ring-disk electrode (RRDE) for the cases where the
intermediate generated at the disk electrodes undergoes first- or second-order
processes producing electroactive species: either the original starting material
{a catalytic reaction) or a new sgpecies (an reaction). Working curves
which allow the detection of these mechanisms and the determination of rate
constants of the homogeneous reactions from current-rotation rate data are
provided. The determination of the rate constant of the iron(II)-hydrogen
peroxide reaction by examination of the reduction of iron(III) in a hydro-
chlorie acid medium at a carbon paste RRDE is described.

A digital simulation treatment of the rotating ring-
disk electrode (RRDE} in the absence of following
" chemical reactions has been presented previously (1).
The results of this treatment were in excellent agree-
ment with the work of Albery and Bruckenstein (2).
This digital simulation technioue has also been
applied to those cases in which a following first- or
second-order chemical reaction results in a nonelec-
troactive product {(an EC mechanism) (3). These
results were in good agreement with the approximate
treatments of Albery and Bruckenstein (4-7) within
the range of their approximations. In this paper, re-
sults of the digital simulation of two mechanisms in
which the products of the following chemical reaction
are electroactive at the potential of the disk electrode
are presented.

In the first mechanism, the ECE (electrochemical-
chemical-electrochemical) mechanism, species B,
which is generated at the disk electrode by

Axznme—B [1]

undergoes a homogeneous reaction to yield species D
which immediately undergoes a further electrochemi-
cal reaction at the disk electrode. The homogeneous
reaction may be either first- or second-order. In the
first-order case &
- 1

B—D [21

while in the second-order case

kg
B+C—D+Y [3]

In either case, species D is immediately oxidized or
reduced at the disk by

Dxnge—Z [4]

and species C, ¥, and Z are considered to be nonelec-
troactive at the potentials of the ring and disk elec-
trodes. At the ring electrode, A is regenerated from B
by the reaction

i Bxne— A [5]

The second mechanism is the so-called catalytic
mechanism in which one of the products of the
homogeneous reaction is the initial species, A. In the
common second-order catalytic mechanism, the inter-
mediate, B, reacts with species C, to yield A and Y,
where C and Y are nonelectroactive. That is
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B+C—R3>A+Y (6]

In the limit of large concentrations of species C, the
second-order catalytic case simplifies to the first-order
case given by

ky
B—s A [71

In each case, the chemical reaction is instantaneously
followed by the re-oxidation or re-reduction of A to B
as shown in Eq. [1]. As before, the reaction at the
ring electrode is given by Eg. [5].

Digital Simulation

The ECE mechanism.—The general approach to the
simulations and the notation to be used has been
described in previous communications (1, 3). In the
ECE mechanism, the ring current-dependent param-
eter, ZR, calculated for a given value of the rate
parameter XKT for a first-order reaction or XKTC
for a second-order reaction, is identical with that
calculated for the analogous EC case (3). The dif-
ference in the collection efficiency curves for the EC
and ECE mechanisms is a result of the effect of the
ECE reaction on the disk current parameter, ZD.
Although the EC reaction does not change the disk
current from that observed in the absence of a follow-
ing reaction, the ECE reaction gives rise to increased
disk current. Thus the collection efficiency working
curves for the first- and second-order ECE mech-
anisms can be generated by calculating the ECE disk
current for a specified value of the rate parameter
and dividing the analogous EC ring current by that
dizk current,

The simulation of the first- and second-order ECE
disk currents iz quite similar to the previous RRDE
simulation (1, 3) except that only the K = 1 boxes
need to be considered and thus radial convection ean
be ignored. The dimensionless rate parameters, XKT
and XKTC, are identical to those for the EC cases.
The only major differences between the EC and ECE
caleulations are that in the ECE case, the boundary
conditions at the disk electrode and the current
parameter, ZD, must take into account the fact that
both species A and species D are being consumed at
the disk and that both are contributing to the total
disk current., Thus in this case the parameter, ZD,
will be the sum of the currents due to (i) diffusion
of A into the disk box (J = 1, K = 1), (ii) diffusion
of D into the disk box, and (iii) electrolysis of any D
generated in the disk box. Since the fractional con-
centrations of A and D in the disk box are zero, the
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contribution to the current due to diffusion of A and
D into the disk box will be

[A = DMaFa(2,1) (L/DMa) 12 (8]
IDgy = DMpFp(2,1) (L/DMy)1/2 [91

The contribution to ZD due to electrolysis of D pro-
duced in the disk box will be

IDetee = Fpil,1) (L/DMa)172/2 [10]

The factor of 1/2 oceurs because the disk box is only
x/2 wide, Thus in this case

ZD = 1A + IDair + IDgjec [11]

The simulated limiting disk currents as functions of
the appropriate dimensionless rate parameters for the
first- and second-order ECE mechanisms are shown in
Fig. 1. The first-order curve agrees with that simu-
lated by Feldberg et al. (8). The disk currents have
been normalized by the disk current one would ob-
serve in the absence of any following reactions. These
disk currents were calculated assuming the stoichi-
ometry given in Eq. [3] and assuming that the number
of electrons transferred per molecule is the same for
the A to B reaction and the D to Z reaction. In those
cases where n; == n2 or where the stoichiometry is not
1 to 1, the disk current curves can easily be generated
by multiplying the amount by which the disk current
is enhanced by the appropriate factor. Also shown in
Fig. 1 are the associated ring currents from the EC
valculations for an electrode with IR1 = 83, IRZ =
94, and IR3 = 159. These, too, have been normalized
by the ring current in the absence of any following
reaction. The collection efficiency working curves for
ihe first- and second-order ECE mechanisms are
shown in Fig. 2. As must be the case, the collection
efficiency is lower for an ECE curve than for the
analogous EC curve,

The catalytic mechanism.—In the case of the cata-
Iytic mechanism, the ring current parameters, ZR,
are not the same as the corresponding parameters in
the EC mechanism, because the homogeneous reaction
regenerating A at the disk is followed by reduction of
A to B, so that a greater flux of B to the ring electrode
is observed. The simulation, however, is entirely ana-
logous to the simulation of the EC and ECE cases
except for the appropriate changes in the boundary
conditions and current parameters,

The simulated limiting disk currents for the catalytic
mechanism as compared with those in the absence of a
following reaction are shown in Fig. 3 as functions of
XKT and XKTC. The limiting disk currents for this
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Fig. 1. Simulated limiting ring ond disk currents for the ECE
mechanism for various volues of m = C°¢/C" 4, 0. Disk current:
. first-order; b. disk current: m == 10.0; c. ring current: m = 0.1;
d. disk current: m = 1.0; e. disk current: m = 0.1; f. ring current:
m ==-1.0; g. ring current: m == 10.0; h. ring current: first-arder,
iRl = B3, IR2 = 94, IR3 = 159. XKTC = kC*"pw_ly1/3p-113
(D.51)=2/3, -
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Fig. 2. Simulated collection efficiency vs. (XKTC) im) for the
ECE mechanism for vorious values of m. o, 0.1; b, 1.0; c. 10.0; 4.

first-order. IR1 = B3, IRZ = ™, IR3 = 199, XKTC =
j;i-cﬁﬁ_,—l-,-l.-'ﬂp—l.r.‘l (0.51) =29 m — C*c/C° .
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Fig. 3. Simulated limiting ring ond disk currents for the cotalytic
mechanism for various values of m. a. Disk current: first-order; b.
disk current: m = 10.0; c. ring current: m = 0.1; d. disk current:
m = 1.0; e. ring current: m = 1.0; f. ring current: m = 10.0; g.
ring current: first order; h. disk current: m = 0.1, [R1 = 83, IRZ =
M, IR3 = 159. XKTC = ksC®pw—Wi/3D—1/3(051)- 23 m —
Crc/C .

case have been treated by Koutecky and Levich (9), by
Haberland and Landsberg (10}, and by Beran and
Bruckenstein (11). The treatment by Koutecky and
Levich assumed that the reaction layer thickness was
very small compared with the diffusion layer thick-
ness, that is, it assumed that k/« was large. Beran and
Bruckenstein treated a rather complex system under
pseudo-first order conditions, The simulation results
agree very well with the more general treatment of
Haberland and Landsberg. This is shown in Fig. 4 in
which some of their data for the Fe*3/H;0; system
are compared with points calculated from their data
in the absence of the following reaction, the rate con-
stant which they calculated, and the simulation re-
sults,

While the simulated disk currents are valid for anv
geometry, the limiting ring currents which are also
shown in Fig, 3 were calculated for an electrode with
IR1 = 83, IR2 = B4, and IR3 == 159, From the ring and
disk currents, one can obtain the collection efficiency
working curves shown in Fig. 5.

At this point it is appropriate to compare the simu-
lated collection efficiency working curves for the EC,
ECE, and catalytic mechanisms. In all useful ranges of
the rate parameters, the ECE curves differ signifi-
cantly from the analogous EC and ecatalytic curves.
The collection efficiency found for the ECE mech-
anism for a given value of XKTC and m, where m =
CocfCoy, is always smaller than that found for the
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Fig. 4. Comparison of simulated disk current for the cotalytic
mechanism with results of Haberlond ond Landsberg (10) for the
Fe *3/Hu0s system. . Limiting disk current in the absence of HaOg;
b. simulated limiting disk current bosed on curve o, the homo-
geneous rate comstant (ks = 145 liters/mole sec) calculoted by
Haberlond ond Londsberg and for Craoe = 10 Cre+3, () Experi-
mental limiting currents found by Haoberland and Landsberg for
Chizoe = 1.6 x 10-2M, and Cre+3 = 1 x 10774 in 1M KCI.
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Fig. 5. Simulated collection efficiency vs. XKTCim) for the
cotolytic mechanism for various volues of m. a. 0.1; b 1.0; e
10.0; d. first-order. JR1 = 83, IR2 = 94, IR} = 139, XKTC =
ko pw— Iyl/2D—1/2{051)-2/3, m = C°c/fC°a. = Simulated
collection efficiency for the EC mechanism, m = 0.1, [] Simulated
collection efficiency for the EC mechanism, m = 1.0,

EC or catalytic mechanisms with the same wvalues of
XKTC and m., On the other hand, the EC and catalytic
~ curveg are, for most values of the rate parameters,

-guite similar. In fact, the first-order curves for the
two mechanisms are indistinguishable as are the
analogous curves for m — 10.0. The m = 1.0 and m =
0.1 curves for the two mechanisms are experimentally
indistinguishable for values of (XKTC-m)<0.5. Thus,
. it-is not surprising that Albery et al. (6) obtained
ressonable results when they treated a pseudo-first
order catalytic system with a theory developed for
the EC mechanism. Although the collection efficiency
data are insufficient for differentiating between the
EC and catalytic mechanism, examination of the
limiting ring and disk currents allows the two
mechanisms to. be easily distingulshed. The limiting
disk current for the EC mechanism is identical to that
found in the absence of any following reaction, while
the limiting disk current, fym, for the catalytic mech-
anism is significantly larger and iym/w'/? varies with
w.- Thus, it seems advisable to carry out the RRDE

_experiment in a manner which yields both collection

efficiency and limiting ring and disk current data.

Transient behavior—The simulated ring current
transients for the ECE mechenism are identical
to those for the EC mechanism. For the first-
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and second-order catalytic reactions, the walue of
wt (Dfp) 143(0.51)2/% at which the ring current js one-
half of the steady-state value is observed to be a func-
tion of XKT or XKTC az in the EC cuze, Unlike the EC
transients, however, the catalytic transients do not
exhibit maxima.

Results ond Discussion

To test the simulation results for a second-order
catalytic reaction, the reduction of iron(IIl) in the
presence of hydrogen peroxide was investigated. This
reaction, previously investigated at a RDE by Haber-
land and Landsberg (10), was studied by reduection of
ferric ion at the disk and analysis for the ferrous jion at
the ring, that is

Fe+? 4 g= Fet2 disk electrode

k2
Fe*? 4 1/2Hs03 — Fet+3 L OH-
Fet? — g— Fet?

The electrode was a carbon paste RRDE with dimen-
sions r; = 0.237 em, 1 = 0.268 em, and 13 = 0.455 cm.
It was calibrated by determining the limiting disk and
ring currents in a solution containing 6.4 x 10-3M
iron(III) and 2M HCL Typical results are shown in
Fig. 6, curves b and c. The experimental collection ef-
ficiency, 0.545 = 0.003, compares quite well to that for
the simulation in the absence of perturbing reactions,
0.551. A second determination of the collection effi-
ciency, invelving oxidation of 57 x 10-*M o-di-
anizidine in 1M H:8504 at the disk electrode yielded a
collection efficiency of 0.548 = 0.003.

The limiting disk currents and corresponding
limiting ring currents for the, solution which
was B4 x 10—3M in ferric ion and 0.64 x 10-3N in
hydrogen peroxide were found to be identical to those
obtained in a solution which contained 6.4 x 10-3M
ferric jon and no hydrogen peroxide, This indicated
that at this ratio of the concentration of ferric ion to
hydrogen peroxide, the rate of the ferrous-hydrogen
peroxide reaction was so slow that its effect on the
ring and disk currents could not be detected.

When limiting ring and disk currents were obtained
for the solution which was 6.4 x 10-3N in both ferric
ion and hydrogen peroxide, it was obwvious that the
reaction was significantly affecting the ring and disk
currents. These currents along with the collection effi-
ciencies at various rotation rates are shown in Table I.
Also shown in Table I are the values of XKTC corre-
sponding to the observed collection efficiencies as ob-
tained from the m = 1.0 working curve in Fig. §. The

ring electrode

SO0
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Fig. 6. Experimental |imiting ring ond disk currents for the
ferrous-hydrogen peroxide reoction os compared with simuloted
values. o. Simuloted limiting disk current in the presence of o
catalytic following reaction. b. Limiting disk current in the ab-
sence of o following reaction. ¢. Limiting ring current in the aob-
sence of o following reaction. d. Simuloted limiting ring current
in tll'll presence of o catalytic following reaction, ) Experimental
results.



1520
Table I. RRDE data for the iron{lll)-hydrogen peroxide system™
Disk Ring
eurrenl eurrent
w i ir 1XKTC) ke (liters
Lape-!) {uA) i) Nu# XKTCr ® lwl  mole soe)
214 177 b 0.300 0.58 128 100
d2.6 208 T2 0.351 0.40 131 104
43.9 236 Bl 0,383 0.30: 134 105
336 250 104 0,418 0.23 12.3 a8
B2.8 264 114 0432 0.20 12.8 100
81,4 02 136 0.450 0.18 14.6 118
97.8 297 138 0.458 014 133 108

Avg,k;:ﬁ"_‘ﬁ

u The solution was 8.4 x 109N in both Fe(lll) and HeOr and IM
in HCL The carbon paste RADE had the dimensions vy = 0.23T cm,
ra =Nl:}233 cim, fa = 0.455 em. The temperature was 23°'C,

= —icfia,
e c;:Inuial.ed using simulated curves in Fig. 5.

product of the rotation rate and the value of XKTC
(w) (XKTC) = kaCop (p/Dy)/3(0,51) —24

should alse be a constant. The values of this product
and also the value of k; calculated for each rotation
rate using a value of the diffusion coefficient, Dy, of
5 x 10-% cmf/sec and a value of the kinematic viscos-
ity, », of 1 x 10—2 em?/sec, are also given in Table L
The average valus of ks, 105 lters/mole-sec, com-
pares favorably with reported wvalues which range
from ks = 96 liters/mole-sec in a solution containing
2M chloride ion and 4 x 10—3M hydrogen ion at 35°C
{12}, to k2 = 145 obtained in a 1M potassium chloride
solution (10). This average wvalue of ks, calculated
using the collection efficiencies, can also be employed
to compare the predicted walues of disk and ring
_current to the experimental ones, Curves a and d in
Fig. 6 are the results of simulations of iz and ir at
different values of « employing a ks of 105 liters/mole-
sec and parameters from the experimental ring and
disk currents in the absence of hydrogen peroxide.
Also shown in Fig. § are the experimental values of
ig- and i; from Table I, which are in satisfactory
agreement with the simulated values.

Experimental

The carbon paste RRDE was fabricated from a
eylinder of Quickmount (E. H. Sargent Company,
Chicago, Illinois) molded onto a precision steel shaft
{13). A Motormatic E-550 motor and controller
(Electrocraft Corporation, Hopkins, Minnesota) was
+ used as a rotator, A 1/4-in. chuck was mounted di-
vectly onto the motor shaft and held the RRDE. A
dual-potentiostat similar to that described by Napp,
Johnson, and Bruckenstein (14) was used to control
the potentials of the disk and ring electrodes indepen-
dently,

The standard iron(IIl) solution was prepared by
dissolving ferric chloride in 2M HCL This solution,
standardized by reducing an aliquet with hydro-
quinone and determining the ferrous ion spectro-
photometrically as the ferrous 1,10-phenanthroline
complex, was found to contain 0.064M ferric ion.
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A stock solution of hydrogen peroxide was prepared
by diluting an approximately 30% hydrogen peroxide
solution with water to produce about a 5§ x 10—*M
solution. The hydrogen peroxide concentration of this
solution was determined shortly before the experi-
ment by reacting an aliquot of this solution with an
aliguot of a standard solution of ferrous ammonium
sulfate and determining the amount of ferrous ion
remaining in solution spectrophotometrically. The
hydrogen peroxide solution was found to be 5.0 x
10-4M in hydrogen peroxide, or 1.18 x 10—2N as an
oxidant in the ferrous-hydrogen peroxide reaction.
Test solutions were prepared from these stock solu-
tions.

Solutions more concentrated than 6.4 x 10-3N in
hydrogen peroxide were found to be unstable with
respect to decomposition into oxygen and water. Even
in a solution which was 6.4 x 10-3N in hydrogen
peroxide, bubbles were observed at the electrode
surfaces. This required wiping the electrode hefore
each measurement and making the measurement as
rapidly as possible. All measurements were carried
out at 23* = 0.5°C.
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