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Abstract: Rotating disc electrodes are used to analyze electrochemical reactions in
electrochemical cells and various rotating types of machinery. This model contains a
system of fully coupled equations. This paper deals with EC / reaction mechanism arises
in Rotating disk electrode. This mathematical model contains system of reaction-
convection-diffusion equations. Taylor series method is applied to find the analytical
expression of concentration and current. The solutions enable us to obtain the current
response in chronoamperometry and steady-state voltammetry and it is beneficial to study
the behavior of the system. The obtained results are compared with the numerical
simulation. An excellent agreement is observed between the series of solutions obtained by
simulation solution. The effect of the parameters on concentration and current are
discussed and presented graphically.
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1. INTRODUCTION:

In recent years, considerable attention has been paid to the EC catalytic mechanism
problems at the rotating disk electrodes [1]. The present work is widely used in the
experimental study of electrode reaction mechanisms involving homogeneous chemical
processes coupled with electro transfers [2]. An equally important general class of
mechanistic pathways involves the so-called catalytic (EC) mechanism in which an
electrogenerated species (the 'mediator') oxidizes or reduces some other solution species (the
'substrate’) with the regeneration of the original electroactive material which can therefore be
subjected to further electrode reaction.

There is no closed form solution to the RDE system. Several approaches to obtaining a
numerical solution for the RDE system [3] were attempted. For example, Eddowes [4] used
finite difference and orthogonal methods of collocation to solve the system of differential
equations that explain the state of the rotating disks. Von Karman [5] has presented the
steady-state solution for the convective diffusion equation for the RDE system many years
ago. Daniel Okuonghae [6] uses a Galerkin finite element approach to solve convection-
diffusion equations in the EC’' and ECE reactions for rotating disk electrodes. Compton et.al
[1,7,8] conducted an extensive study on the different nuances of the catalytic mechanism (EC")
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at a rotating disk electrode. The basics of rotating disk electrodes are thoroughly outlined in
[9].

Rotating disk electrode is a powerful electrochemical instrument capable of monitoring the
transportation regime of electro-active species to the electrode [10]. Using Pade
approximation, Chitra Devi et.al [11] outlines the steady state solution of rotational disk flow
and heat transfer of power-law fluid over rotating disk electrode. In [12], it describes
convection-diffusion equations in the EC-catalytic pseudo-first - order system at a rotating
disk electrode.

In this present work we propose a simple and well-known method of the Taylor series to
solve the equations of reaction-convection-diffusion that occur at a rotating disk electrode.
For various values of parameters the estimated analytical expression for the concentration and
current is obtained. The approach proposed is accurate and available

for the wider community of natural sciences.

The work done in the next sections is summarized as follows. The mathematical
formulation of the problem is defined in Section 2, following that the approximate analytical
expression is given in Section 3 for the concentrations and the current. In the continued
section 4 numerical simulations is provided which is used to check the accuracy of the
approximate solution obtained using Taylor series process, complete discussion of the
analytical and numerical results is given in section 5, finally in section 6 we draw some
concluding remarks.

2. Mathematical formulation of the problem

The EC’ mechanism can be described as follows:
A+te = F Q)

B+S5A+Y 2)

Where S and Y represent the electro inactive species and k is the rate of the reaction. The
first step is simply a reversible E reaction. The second step represents the species B and S (a
substrate molecule) reacts to forms A (the catalytic cycle) and Y (product). This mechanism
can be described by the following system of linear convection-diffusion equation [13]:

—DA——E 2?2 kB =0 ®)
D L —cx* L4 kB =0 (4)
The boundary conditions are

Alx=0)=0,4(x=L)=A4_ (5)
B(x=0)=A_B(x=L)=0 (6)

where € = 0.51023v72 w2
Using the following the dlmen3|onless varlables[14]

E c % D (7)

a=tib=2r= (L ni= (L Lk=t(2) =2
the Egns. (3) and (4) reduces to the following dimensionless form [14]:

7 da (8)
d$~
:; f“ﬁ—fwb—u ©)
The dlmen5|onless boundary conditions are,
a((=0)=0,a(f=0=1 (10)
b(E=0)=1b(f=0)=0 (11)
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The electrode surface is on ¢ = 9 and the boundary conditions are 2(0) = 1gng b(1) =0
having an interpretation as that obtained for the E reaction. The dimensionless current in this
case is

db (12)

[Efl' = f = —_—

de}- é—’:[}.

3. Approximate analytical solution of the Eq. (8-11) using Taylor series method

By solving the Egns. (8) and (9) using Taylor series method (see Appendix A), the
concentration of species a(€) and 2(Z) can be obtained as follows:

_ I S ¢t LA T T (12n +(2n—p® 1) Jick® (13)
a($) = m{ 2 & S + 120 _+ ] o
b(f] — 1+n¢.+#tf‘+ pkné _I__‘n—.'-Lﬂk :|.'-L§" _ len —,'.Lﬂknjlk%' _ \isp n—i{ k :Ik%' (14)
2 & 24 1z0 720
where,
_ 30K p+360k1 +120kn 17 ~121° kn—21° pkn— 381 k461K pn +1°p k5 + 720 (15)
601 (1%—12)
720 +pukl( 30k 1® 3601 42 K15 —36p 1
n=_1 pkll30p B ut*) (16)

2 (60pk1® —301°% u+ 3% k2 —71° w1+ 3601
The unknown constant “m and n” are obtained using the boundary condition a(( =0)=1
and b(E=1)=0

When Da = Dg or £ =1 from the above equations, it is observed that @(§) + b(§) =1,
The dimensionless current becomes

I J db 1 720%pkl(30pk F+3800+ 2 KT 15— 380 1) (17)
= = - — = —F1 = —= — — —
ECt lrg 2 (Bouki®— 3013 u+30% u2 K2 —715 2 k)14 3601

4. Numerical simulation

MATLAB routine bvp4c/ bvp5c is generated for finding the numerical solution of Egs. (8-
11). This Numerical programme is developed to verifying the accuracy of the approximate
analytical solution obtained by Taylor series method. The comparison between numerical
and analytical results which are obtained for reaction-convection-diffusion equations in the
EC’ mechanism at a rotating disk electrode are shown via figures in the following section.

5. Discussion

The effect of the parameters k (reaction rate), # (ratio of diffusion coefficient) on the
concentration of species a(§) ang b(£) using Eqgn. (13-14) is shown in Figures 1-4. From the

Figures 1-2, it is inferred that concentration decreases slowly when reactant species a(£)
moves to towards electrode surface for all values of parameters. Also due to mass transport of
the electron transfer process, the concentration decreases linearly with | for all values of the

other parameters. The concentration a(€) increases for the increasing value of the reaction
rate rate parameter and for the ratio of the reaction rate, i.e. if species a(f) js directly
proportional to diffusion coefficient D4 and indirectly proportional to Ds. All the above
processes are in the reverse side for the concentration species b($) (refer Fig. 3-4).

Figures 5 and 6 show the current curve for EC’ reaction for different values of the reaction
rate constant and rotation rate (). From the figures, it is inferred that the peak current is
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significantly proportional to the reaction rate inversely proportional to rotation rate. The
dependence of current on rotation rate is usually taken as proof that a process is controlled by
convection and diffusion.
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Fig. 1. Effect of the parameter k on concentration profile r5"f(‘fr]using Egn. (13).
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Fig. 2. Effect of the parameter # on concentration profile f5"(‘7*:]using;; Egn. (13).
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Fig.3. Effect of the parameter k on concentration profile b($) using Eqgn. (14).
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Fig. 4. Effect of the parameter # on concentration profile b($) using Eqgn. (14).
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Fig. 5. Steady-state Current versus Potential for various values of rotation rate using Eqn.
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Fig. 6. Steady-state Current versus Potential for various values of reaction rate using Eqn.

6. Conclusions

(17).

A mathematical model describing the process of convection and diffusion of the pseudo-

first-order EC-catalytic mechanism at the rotating disc electrode under steady-state is
presented. Approximate analytical solutions of the steady-state system of convection-
diffusion equations are solved by using homotopy perturbation method. A simple, straight
forward and a new method of estimating the radial, tangential, axial velocity components
have been reported. The simple closed-form of expressions of concentrations of species and
current are derived for EC’ and ECE reaction at the rotating disc electrode for steady-state
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conditions. The numerical and analytical results for some of the experimental value of the
parameter are plotted. From the figures and tables, it is observed that analytical results are in
good agreement with the simulation result. The analytical results obtained help to understand
and predict the behavior of the system. This analytical result will be useful to know the
behaviour of the reaction system.

Appendix A : Approximate analytical solution of the Eq. (8-11) using Taylor series
method

Consider the Maclaurin series (Taylor's series at 4 = 0) for dimensionless concentration of

a(d),

_ dPa & _ & (A1)
ﬂ-(f:] - ::[}(d%-p é—’:l}); - :ZI}A';:I?J_

. dFn P FP (A. 2)
b[f]_z.::[}. (ﬂ,;p é—’:l});_ '::DE?:J;

From the boundary conditions (Eq. (10)), we get @(0) =0, Let us consider, &'(0) =m
d" a d™ b
=4 =B

#¥le=0 7 #¥l=0 " and from eq. (8 & 9) we can

where ™ is constant and by letting
get the followings

A, =04, =mA, = —k A, =—kB,,A, = —2m— kB, A. = (6 — By)k, A, = (
3)

B, =1,B, =n,B, = muk,B; = pkn,B, = —2un + p*k* B, = —6p*k + p*k*n, B, = (

—14u?kn + p® k3, B, = 40u2n— 2603 k% + P k3n A.
4)

Substituting the above values in eq. (18 & 19) we get

2 nEs ’:m z 4 (E—hum c In :En— 2,2 & A 5
a(®) = mf—i_kj | +ﬂk4 )& G k;iuj.kg [1 + ?f; k ]_}kf _ (A.5)
b(f:] — 1 _|_ nd_— _|_ I'-’”ié"z + f-lk:é”s‘ _ I::?‘!_,'Ajjnjlf-l%"‘ _ |:6H1_fj:n:|k$5 _ I:lq'“zn;fl:knjké-’ﬁ _ ﬂ (A, 6)

Using the boundary conditions a(§ =1)=1 b(f=1)=0 e can find the unknown

constant <M and >
_ e® enl® (2mar®u)t* | (e-mpmini® liifn‘*':in—#?‘kz:'_}kfﬁ (A.7)
a(l) = ml 2 & 24 120 720
pknt®  (2n—p®i® u® (ep®—pfrn)rt® (14p%n—pf® Ju® (A. 8)

_ pki? _
b(l)= 1+4nl+ ; T 24 120 720
By solving the above equations we get,

30 Kt 360kt +120hn 15 -12 15 kn—21% pkn— 3615 ke Tk pm 18 0t k5 H 720 (A. 9)
&01(1%—12) !
720 +uki(30pki® +3600 +u 0 K515 —F6p 1*
n=_1 pki(300 m wi®) (A. 10)

2 60wk 1% —301% p+- 3% u® k2 —715 2 1)1 43601
The current is
db 1 720 + pkl(30ukl® + 3601 + " k*1° —36ul*) (A 11)

I = = — — = = —
e =J dgls g " T 2 (60uki® — 3003, + 31%p%k? — 7154%k)1 + 3601
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Appendix B : Nomenclature and units

Is Symbo Name Unit
A B Concentration of species A, & mol em™®
A Bulk concentration of species A mol cm ™3
D, Dg Diffusion coefficients of species A and B cem?s ™t
w Rotation speed 571
v Kinematic viscosity cm”s~t
C Parameter 1/(em.s)
u Ratio of diffusion coefficient none
k. The standard rate constant of the electrode reaction st
L Distance from the electrode surface where A== cm
x Distance normal to the electrode surface cm
ecr Reaction rate st
Ieciiim The dimensionless current when k=0
Yeertim The limiting current none
Ige, Dimensionless current none
Yevees Dimensionless current for steady state voltamatery
n Potential vV
R The universal gas constant Jm iK1
F Faraday constant cm”~1
T Temperature K
n Number of moles of electrons transferred in the balanced none
equation
Electrode potential vV
E? Standard potential of the electrode reaction vV
a,b Dimensionless concentration of the species A and B respectively none
k Dimensionless reaction rate none
& Dimensionless distance from the electrode surface none
] Dimensionless distance from the electrode surface when
a(®) = 1 none
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