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Mass transfer to tubular electrodes: ECE process
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The mathematical model of mass transport for linear sweep voltammetry under hydro-
dynamic conditions at tubular electrodes has been studied for ECE processes in which an
irreversible chemical reaction is coupled between two reversible charge transfer reactions. The
resulting boundary value problem is converted into system of two integral equations, which is
solved numerically. The effects of axial flow rate, scan rate, potential difference, variation of
chemical reaction rate and the effect of the ratio of number of electrons(n2/n1) involved in
two charge transfer reactions on CV-voltammograms are investigated and shown graphically.
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1. Introduction

In our earlier reported work, we have developed mathematical treatment of mass
transport involved in linear sweep voltammetry (LSV), under hydrodynamic conditions
for EC and CE processes [19,20]. Lately many research workers have used successfully
tubular/channel [15,16], double channel [8], and hemi-cylinder [10] electrode for ana-
lytical and experimental investigations in ECE processes under steady state conditions,
for electrochemical techniques [1–7,9,11–14,17,18].

In the present investigations, the theory of LSV has been extended to the ECE
mechanism in which an irreversible chemical reaction is coupled between two reversible
charge transfers. The mathematical approach used in this work is essentially the same as
reported earlier [19,20]. Using integral transform method, the boundary value problem
defining the convective diffusion-charge transfer kinetic processes has been converted
into a system of two integral equations which were solved numerically using Wagner’s
method [21].

Though the systems in which the reversible charge transfer involves the reduction
process have been investigated but conversion to oxidation processes is obvious. The
theoretical current-potential curves have been obtained solving the integral equations
numerically and the effects of axial flow rate, scan rate, variation of chemical reaction
rate and effect of potential difference on current-potential curves are shown in graphs.
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The effect of ratio of number of electrons involved in two charge transfer reactions on
peak and steady state currents has also been studied and results are shown graphically.

2. Formulation of the problem

The reaction process in which first order homogeneous irreversible chemical reac-
tion was coupled between two reversible electrode charge transfers, referred to as the
ECE mechanism, is generalized as

A + n1 e− ↔ B, (2.1)

B
kf→ C, (2.2)

C + n2 e− ↔ D, (2.3)

wherekf is forward chemical reaction rate constant.
The mathematical model representing the above process in which the reactants are

flowing through a tubular electrode, laminarly, is

∂CA
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∂CA

∂z
= DA

[
∂2CA

∂r2
+ 1

r

∂CA

∂r

]
, (2.4)
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subject to

t = 0, 0 6 r 6 a, 0 6 z 6 1;
CA = C∗

A, (2.8)

CB = CC = CD (≈ 0),

t > 0, r = 0, 0 6 z 6 1;
CA → C∗

A, (2.9)

CB = CC = CD → 0,

t > 0, r = a, 0 6 z 6 1;
DA

∂CA

∂r
= −DB
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= − i1(t)

n1FAr
= −fA(t), (2.10)
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= −fC(t).



R.P. Singh et al. / Mass transfer to tubular electrodes: ECE process 185

For reversible charge transfer reaction at the electrode surface, the boundary con-
dition is governed by Nernst equation:

t > 0, r = a, 0 6 z 6 1;
CA

CB
= exp

[
n1F

RT

(
E(t) − E0

AB

)]
, (2.11)

CC

CD
= exp

[
n2F

RT

(
E(t) − E0

CD

)]
and

E = Ei − vt, (2.12)

whereEi is the initial electrode potential,v is the potential scan rate.
For further analysis, the diffusion coefficients

DA = DB = DC = DD = D (2.13)

which leads to a well-known consequence that

CA(r, z, t) + CB(r, z, t) + CC(r, z, t) + CD(r, z, t) = C∗
A . (2.14)

The significance of various variables and parameters is given in appendix.

3. Solution

Equations (2.4)–(2.7) are decoupled by using the transformations

9 = CB + CC

C∗
A

, (3.1)

8 = CB

C∗
A

exp(kft), (3.2)

and using the same set of non-dimensional variables and parameters as in [20], the model
is transformed to a set of integral equations. For brevity, the assumptions and solution
procedure are not repeated here and one can refer to our earlier work [19,20]. The set
of integral equations involving concentrationsCA, CB, CC andCD can be obtained using
the transformations (3.1) and (3.2) are respectively

CA = C∗
A − 1

3
√

kfD

∫ t ′

0
fA(τ )g

(
ξ, t ′ − τ

)
dτ, (3.3)

CB = 1

3
√
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(3.5)
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CD = 1

3
√

kfD

∫ t ′

0
fC(τ )g

(
ξ, t ′ − τ

)
dτ. (3.6)

Since it is of interest to depict the behavior of current functionf (t ′) with respect
to the known behavior of potential functionE(t ′). Substituting the expressions forCA,
CB, CC andCD from equations (3.3)–(3.6) into the equation (2.11), we get the following
integral equations, which are solved using Wagner method.

e(u1−y)

∫ y

0
χ(z)K2(y − z) dz = 1 −

∫ y

0
χ(z)K1(y − z) dz, (3.7)∫ y

0
Q(z)K1(y − z) dz + eu2−yγ

∫ y

0
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0
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∫ y

0
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where

σ = n1Fv

RTP2 ; y = σ t ′; z = στ, (3.9)

δ = 3−2σ−1 = kfRT

n1Fv
, (3.10)
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RT

(
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)
, (3.11)
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RT
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)
, (3.12)
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1
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K2(y − z) =
∞∑

n=1

1

λn

exp

[
−

(
λn

σ
+ δ

)
(y − z)

]
, (3.14)

χ(z) = fA(z)√
kfD 3C∗

Aσ
, (3.15)

Q(z) = fC(z)√
kfD 3C∗

Aσ
. (3.16)

4. Result and discussion

The current functionsi1(t ′) andi2(t
′) are related to the reductions of substances A

and C by

i1
(
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√
kfD σC∗

Aχ
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σ t ′

)
, (4.1)
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√
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(
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)
(4.2)
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and the total current and potential is given by

i
(
t ′
) = n1FAr3

√
kfD σC∗

A

[
χ

(
σ t ′

) + γ Q
(
σ t ′

)]
, (4.3)

E
(
t ′
) − E0

AB = RT

n1F

(
u1 − σ t ′

)
, (4.4)

E
(
t ′
) − E0

CD = RT

n2F

(
u2 − σ t ′

)
. (4.5)

The integral equation (3.7) involving onlyχ(σ t ′) as an unknown function has been
solved independently and these values ofχ(σ t ′) so obtained have been used in integral
equation (3.8) to obtain values ofQ(σ t ′).

The effects of variation of scan rate and axial velocity on the voltammograms are
depicted in figures 1 and 2, respectively. These effects are of similar and comparable in
nature with our earlier reported work [20]. The effect of sharpness of peak currents or
the repression of waves is on both the waves simultaneously.

The voltammograms exhibit either one or two waves. The exact form of the voltam-
mogram depends on the separation of the waves, which enters in the calculations through
the termsE0

AB andE0
CD. Equation (4.1) indicates that the current of substance A is inde-

pendent of substance C so by considering the currents of the two reactants separately and
taking the total current as the sum of the two currents, a clearer insight to the behavior of

Figure 1. Variation of scan rate (va = 0.5305 cm/s,1E0 = −0.18 V/s,δ = 70,n2 = n1 = 1).

Figure 2. Variation of axial velocity (v = 0.0835 V/s,1E0 = −0.18 V/s,δ = 70,n2 = n1 = 1).
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Figure 3. Variation ofδ = RTkf/n1Fv (va = 0.5305 cm/s, v = 0.0835 V/s, 1E0 = −0.18 V/s,
n2 = n1 = 1).

Figure 4. Effect of potential difference (va = 0.5305 cm/s,v = 0.0835 V/s,δ = 70,n2 = n1 = 1).

the system can be obtained. For the first wave, the current corresponds to the reduction
of substance A and the second wave reduction of C.

As the rate constants of different chemical reactions vary in magnitude, the effect
of variation of the non-dimensional parameterδ = (kfRT/n1Fv) on the peak current
is studied and the results are shown in figure 3. The second wave is strongly affected
by variation in the kinetic parameterδ. With the increase inδ, a broad second wave
appears which is spread over a relatively wide potential range. The peak current of first
wave as well as the difference of peak potentials of both the waves increase with the
increase inδ. The ratio of peak currents of the waves can be used to determine the
rate of the chemical reaction. The second peak is measured to the base line determined
by the extension of the first wave. Two additional factors namely the ration2/n1 and
standard electrode potential difference1E0 = E0

CD − E0
AB also contribute to the shape

of voltammograms. The wave separation of the second wave depends on the magnitude
of 1E0. The general shape of the functioni2(t

′) is essentially constant for a particular
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Figure 5. Effect of ratio of electrons (n2/n1) (va = 0.5305 cm/s, v = 0.0835 V/s, 1E0 = −0.18 V/s,
δ = 70).

value ofδ but the separation from first wave increases with the increase in the magnitude
of 1E0. The separation of waves is caused by the continued production of substance C
during the scan and thus the concentration of the reactant at the electrode surface does
not decrease rapidly as magnitude of1E0 increases.

The number of electrons involved in two charge transfers enters into calculation
in two ways. The first way how the functionsχ(σ t ′) andQ(σ t ′) are defined in equa-
tions (4.1) and (4.2), while the second arises when the kinetics interact with the Nernst
equation. The current for the first wave is proportional ton2

1 and the second wave is
proportional ton2

2. So the peaks become sharper asn1 andn2 increases. The second
effect appears when comparingi2(t ′) values for different values of the ration2/n1. In
addition to the change in peak height which is observed if the ration2/n1 varies, the
relative sharpness of the peaks also changes which is shown in figure 5.

Appendix: Nomenclature

The values of various constants and parameters used for numerical calculations are
given as follows:
a radius of the electrode (0.1 cm),
l length of the electrode (1.0 cm),
C∗

A initial bulk molar concentration (10−7 mol ml−1),
D diffusion coefficient (0.567·10−5 cm s−1),
R gas constant (8.31 J mol−1 K−1),
T absolute temperature (298 K),
F Faraday’s constant (96 487 cal mol−1),
E0 standard electrode potential (−0.063 V vs. SCE),
u1 parameter (= ln θAB) representing the difference of initial potentialEi and stan-

dard electrode potentialE0
AB(8),
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u2 parameter (= ln θCD) representing the difference of initial potentialEi and
standard electrode potentialE0

CD(8),
v potential scan rate (0.5, 1.5, 4, 5, 7 V min−1),
va axial flow velocity (0.5305, 1.0161, 2.2822 cm s−1),
σ nFv/RT P 2, non-dimensional parameter,
n1, n2 number of electrons involved in charge transfer reactions (1),
kf forward chemical reaction rate (44.9 s−1),
δ (kf)/(nFv/RTP 2), a non-dimensional kinetic parameter,
λn magnitude ofnth zero ofA′

i(η) (values of first seventy zeros ofA′
i(η) are

used for calculations),
Ar accessible surface area of the electrode (= πa2l).
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