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The  theory  o f  EC  react ions  at a wall-jet e lectrode is deve loped  using a c o m p u t a t i o n a l  p rocedu re  based 
on the Backwards  Implici t  Me thod .  In par t icular ,  for  the case o f  a reversible e lect ron t ransfer ,  it is 
shown tha t  the var ia t ion  o f  the ha l fwave  poten t ia l  with so lu t ion  flow rate provides  a means  o f  

charac ter iz ing  the EC  mechanism.  A work ing  curve is p resented  which permi ts  the analysis o f  
exper imenta l  da ta  and  the deduc t ion  o f  the rate cons t an t  for  the fol lowing chemical  react ion.  

Kj, k+ 1 

Nomenclature k 
k' 

a diameter of the jet kc 
a; matrix element ( j  = 2, 3 . . . .  , J - 1) /~ 
b; matrix element ( j  = 1, 2, . . . , J - 1) M 
C; matrix element ( j  --- 1, 2, . . . , J - 1) R 
D diffusion coefficient r 
d; vector element ( j  = 1, 2, . . . , J - 1) u/ 
E electrode potential V 
E ~ standard electrode potential of A/B couple v r 
F Faraday constant vz 
g(A) normalized concentration of A z 
g(B) normalized concentration of B ~/ 
I current 
IuM transport limited current 
J number of points in r-direction on finite 0 

difference grid 01/2 

j counter, j = 1, 2, . . . , J v 
K Number of points in z-direction on finite )~ 

difference grid {d}k 
normalized rate constant (Equation 23) {u}k 

1. Introduction 

The wall-jet electrode (WJE) is a well-defined hydro- 
dynamic electrode in which the flow is due to a jet of 
fluid which impinges normally onto a planar electrode 
surface and spreads out radially over that surface, the 
fluid outside the jet being at rest [1]. Whilst the WJE 
has found considerable application in electroanalysis 
[2-12] its application in the study of electrode reaction 
mechanisms, particularly those involving coupled 
homogeneous kinetics, is limited. In part this is 
because of the lack of appropriate theory for the 
interpretation of such experiments [13]. Accordingly 
in an earlier paper [13] we developed a general com- 
putational method for solving mass transport problems 
involving wall-jet electrodes and, in particular, 
developed the theory for the transport limited current/ 
flow behaviour for simple electron transfer reactions, 
and for ECE and DISPI processes. In the former 
case satisfactory agreement with existing analytical 
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counter, k = 1 , 2 , . . . , K  
counter, k' = l, 2, . . . , K 
experimental constant 
first order rate constant 
constant defined by M = k 4 Vf 3/2~3a 2 
electrode radius 
radial coordinate 
vector element ( j  = 1, 2, . . . , J - 1) 
volume flow rate (cm 3 s l) 
solution velocity in r-direction 
solution velocity in z-direction 
coordinate normal to electrode surface 
dimensionless distance parameter (see 
Equation 5) 
dimensionless variable (Equation 25) 
normalized electrode potential 
normalized halfwave potential 
kinematic viscosity (cm 2 s 1) 
dimensionless variable (Equation 26) 
vector {dl.~, d2.k . . . .  , dj_l.~} 

vector {Ul,k+l, HZ,k+ 1 . . . .  , Hj  I ,k+l  } 

approaches was noted [14, 15], and in the latter case 
our computations were shown to be in good agreement 
with experiment [16]. 

In our previous calculations [13, 16] we used the 
backwards implicit finite difference (BIFD) method to 
calculate transport limited currents as a function of 
solution flow rate and electrode geometry. In this 
paper we show how to extend these calculations to the 
computation of the shape of current/voltage curves 
and, in particular, consider the EC mechanism, 

A + e . " B (i) 

B ~ products (ii) 

in which the electron transfer step is assumed to be 
reversible and B decays by first order kinetics (rate 
constant, /~). Specifically the calculation of current/ 
voltage curves in this case allows us to deduce the 
variation of the halfwave potential with electrolyte 
flow rate and this behaviour is shown to be diagnostic 
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of the reaction type. The results are generalized in the 
form of a 'working curve' which relates the shift in 
hatfwave potential, from the standard electrode 
potential E ~, to a normalized rate constant, so that the 
mechanism may be characterized experimentally and 
rate constant,/ , ,  deduced. 

2. Theory 

The convective-diffusion equations relevant to the EC 
mechanism in the WJE geometry, under steady-state 
conditions are: 

v~ ~I[A] + a[A] a*[A] 
ar v, ~ = O &~ (I) 

a[B] a[B] c>'[B] 
% ,-~-- + % = D /7[B] (2) , . ,  & &~ 

where the coordinates r and z are defined in Fig. 1 and 
D is the diflhsion coefficient of A and B (assumed 
equal), The velocity of the solution is described by the 
two components, % for the radial direction, and % for 
the velocity in the direction normal to the electrode 
surface, for which, close to the electrode surface, the 
following approximations may be used [14]: 

"~'"-'~ = 6 • \ 2 - 7 # ]  x ~ (3) 

7 (40Mv'~ ~ 
%,,,-+0 = ~-~ x \ ~ )  x ,1 ~" (4) 

where v is the kinematic viscosity and t/is a dimension- 
less parameter describing distance normal to the elec- 
trode given by, 

( 135M~ TM 
,~ = ~ , ~ )  ~, (s) 

and M = k~ V~/2~a2. In this I/~ is the vohlme flow 
rate (cm ~ s~) ,  k,, is a constant determined by experi- 
ment to be close to 0.90 [14] and a is the diameter of 
the jet. 

We i~ssume that only A is present in bulk solution 
and normalize the concentrations relative to this bulk 
value, [A]0, viz. g(A) = [A]/[A]0 and g(B) = [BI/[A]o- 
The boundary conditions are then: 

(a) at the centre of  the jet, 

r = 0: g(A) = t,  g(B) = 0 (6) 

(b) in bulk solution, 

z ......... > re(t/ -,~ 0.4): g(A) = 1, g(B) = 0 

(7) 

(c) at the electrode surface, 

z = 0: g(A)/g(B) = exp(0), 

Og(A)/& = - @(B)I& (8) 

where the normalized potential, 0 = (F/RT) 
(E -- E~ Notice that, as discussed l~fore, we restrict 
ore- calculations to the range 0 < ~ < 0.4 which is the 
region in which the deviations from bulk concen- 
trations are found [13]. 

0.I0 

0_05 

O } ~ - i  ...................... ~ . . . .  
-0.05 0 0.05 

Di~• along wal~ (cm) 

Fig. 1. S t reamlines  showing  the flow pa t te rn  a t  the wall-jet  elec- 
trode,  ca lcula ted  for an electrode wi th  a = 0.0345 cm, k~ = 0,9 and  
a flow rate  of  0.001 cm 3 s . t  . The d imens ions  given on the d i ag ram 
are in cm. 

4 
d t_  ! 

dj 

ui 

aj 

In order to solve the above equations we employ the 
'expanding grid' BIFD metlhod and proceed exactly as 
in reference [13] using the same notation as in that 
paper: in particular the subscripts or, the normalized 
concentration &k+~ denote distances in the radial 
( j  = t, 2 , . . . ,  J )  and normal (k = 1, 2 . . . . .  K) 
directions and gs.k" represents an interpolated con- 
centration, deduced from ga:k used in the calculation of 
gj.k+ 1 [13]. 

We thus arrive at two matrix equations, one for 
each of A and B such that, 

to} = m . { , }  o) 
where the matrix elements are as in reference [I3] 
except: 
(a) ~latrL~- elements.for A 

= g(A)j,k- j =  2 , 3 . . . , J -  2) (10) 

= g(A),_, .~.  + {~,_,.~+, - ~ ,_ , .~+ ,}  ( l l )  

g(B)l,*+, 
= g(A)ly + 1 + e x p ( - 0 )  "el'k+l (t2) 

= g(A)j.~.+t j =  t, 2 . . . J -  1 (13) 

= - g , , ~ + I  j = 2 ,  3 . . .  j - i ( 1 4 )  

bj = (2~j,k+ ~ - )~,k+~ + l) j = 2, 3 . . .  J - 1 

0 9  

b~ = 2 - -  1 + e x p ( - 0 )  ezk+, -)-j.~+~ + 1 

(16) 
(b) Matrix elements fi)r B 

dj = g(B)s.k, j = 2, 3 . . .  J - 2 (17) 

g(A)~.k+~ (t8) 
d~ = g(B)~,~ + ~-il- exp (0)" et,k+~ 

ui = g(B)j-k+~ j = 1, 2 . . .  S -- t (I9) 

a+ -- --~+,~.+~ j = 2, 3 + . .  J -- 1 (20) 

j = 2, 3 . . . a -  1 (2~) 
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[ ' ] b I = 2 1 + exp (0) ej.k+l - 2j.~+, + 1 + Ks, k+ 1 

(22) 

where )V,k+l and ej.~+~ have been defined in reference 
[13] and 

EAr 
K j ' k + l  - -  vr( j ,  k + 1) (23) 

in which Ar is the size of the simulation grid in the 
radial direction. Notice that the matrix elements b~ 
and d~ arise from Equations 8 in finite difference form. 

The matrix [T] is of  tridiagonal form and this allows 
the use of  the Thomas algorithm [17, 18] to calculate 
{u}x from {d}k provided that we specify a value for the 
electrode potential 0. The boundary condition gj.o 
( j  = 1, 2 . . .  J )  supplies the vector {d}0 from which 
{u}0 is calculated. But {d}k+l is readily determined 
from {u}k (Equations 10-13 or 1%19)so that {U}l may 
then be calculated from {d}~, {u}2 from {d}2, and 
so on until {u}~ is obtained. In this way all the 
values gj,~ ( j =  1 , 2 . . . J  - 1, k = 1 . . . K )  can 
be evaluated. However in comparison with the com- 
putations for simple electron transfer or for the ECE 
mechanism a complication presents itself: as can be 
seen from Equations 12 and 18 some matrix elements 
for A depend on g(B)i,k+l and some of those for B 
depend on g(A)/,k+m. Thus in order to facilitate solution 
of the equations we employ an iterative method. 
Specifically an initial value of g(B)j,k, for g(B)j,~+i 
is assumed in order to permit the calculation of 
a value for g(A)j,k+~. This value is then used to cal- 
culate a 'better '  value of g(B)s,k+~, and the process 
repeated until there is no significant change in either 
g ( A ) j , k + l  o r  g(B)j.k+l on further iteration. The final 
values are then used to start the iterative calculation 
on the next line 'downstream',  i.e. the concentrations 

g j ,  k + 2 . 

Finally the current flowing at the selected potential 
may be found using Equation 41 of [13]. By repeating 
the calculation for different values of  0 the entire 
current/voltage curve can be deduced. 

Computat ions were carried out using programs 
written in F O R T R A N  77 on a VAX 11/785 main- 
frame computer, using N A G  11 library routines. 

3. Results and discussion 

Figure 2 shows typical current voltage curves generated 
as described above. These were calculated for three 
different rate constants: k7 = 0, 0.01 and 0.1 s -~ at a 
volume flow rate, Vr = 0.001 cm3s i, for a wall-jet 
electrode of radius, R = 0.40 cm, with a jet diameter, 
a = 0.0345cm and ko = 0.9. The following par- 
ameters were also used: v = 0.0089cm2s i; D = 
2 x 10-6cm2s 1; [A]0 = 10 6molcm -3. In all cal- 
culations convergence was examined by varying the 
size of  the computational grid used: for/~ = 0 values 
of J = 200 and K = 5000 were sufficient to give con- 
vergence to three significant figures in the computed 
current. These values increase with/~: for/~ = 0.1 s-  

2.0 

7> ~.o 4\ \ \ 

-~'o - ;  o ; ~ ~o 
Normalized electrode potential, 0 

Fig. 2. Computed current/vo]tage curves for k(i 0 = 0 (x), 0.01 (1) 
and 0. l (*) s i for a WJE of the dimensions specified in the text. 

values o f J  = 600 and K = 5000 were needed. This is 
because the B concentration profile is increasingly 
constrained to within smaller distances of  the elec- 
trode due to its shortened lifetime. 

Examination of Fig. 2 shows that, as expected, the 
limiting current is independent of the value of/~ and 
unchanged from that for a simple electron transfer 
process, but that as the rate constant increases the 
voltammetric reduction wave is shifted anodically as a 
result of  the following chemical reaction. In all cases 
the computed transport  limited current was in agree- 
ment with the analytical equation derived by Albery 
[14] for the one electron, no-kinetics case: 

ILIM = 1.59kcFD2/3 v 5112 Vf314 a -  l12 R3/4[A]o (24) 

where Fis  the Faraday constant. The shift in halfwave 
potential was found to be dependent on/~, solution 
flow rate and electrode geometry. The relative con- 
tributions of each can be found by rewriting Equations 
1-4. We define the new variables: 

and 

where 
become: 

oz- ) 

( aZ{B]'~ 
/. = z ~Z 2 

where, 

= (r/R) (25) 

Z = ( 9 C / 8 D )  'i3 (l/R) 3is (z / f /8)  (26) 

C = ([5M]3/216vS) ~/4. Equations 1 and 2 

a[A ]  ~ (27)  = z a L. 

( (~[B] ~ _ K '  414/9 [B] (28) 

6 4  )1/3 
K'  = Fc.R 5/2 81C 2D (29) 

It thus follows that each current/voltage curve is a 
function of the normalized rate constant K'  only. The 
results of our calculations covering a wide range of 
rate constants, flow rates and electrode geometries can 
thus be presented in the form of a plot of the shift 
in halfwave potential, AOw2 = ( F / R T ) ( E l l  2 - E~ 
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~4 -2  0 2 4 6 
In K' 

Fig. 3. A 'working curve' showing the shift in normalized halfwave 
potential, A01/2 = (F/RT")(Et/2 - E ~  as a function of the 
normalized rate constant K' (Equation 29). 

against K'.  Such a 'working  curve '  is presented in 
Fig. 3 where In K '  is used as the abscissa. Da ta  
generated for parameters  in the ranges R = 0.06- 
1.06cm, D = 2 x 10-6-2 • 1 0  -3  c m  2 S -1 and 17 = 

0.0-10.0 s -~ were all found to lie on the curve drawn. 
The curve provides the basis for the analysis o f  experi- 
mental  data: observed shift~ in halfwave potential are 
related to corresponding K '  values should then have a 
flow rate dependence in agreement  with Equat ion  29. 

Finally we note that at high values o f  K '  the slope 
o f  the curve in Fig. 3 tends towards t/2. This behaviour 
can be rationalized [19] on  the basis o f  the concept  o f  
a reaction layer much thinner than the diffusion layer. 
In this case the convective term Z(g[B]/~34) can be 
omitted f rom Equat ion  28. We thus find that, 

[B] = [B], exp ( - K  'I!2 47/9 X) (30) 

where [B], is the surface concentra t ion o f  B. Apply ing  
the boundary  condition,  Equat ion  8, to a point  on the 
electrode at a radius ~ we have: 

{ [ A ] o -  [A],}/Zd = (O[Al/c?g)~=o 

= --(c3[B]/63Z)~=o = K ''/2 4 7/9 [B], 

(31) 

where [A],  is the surface concent ra t ion  o f  A and Zd(4) 
is the diffusion layer thickness at 4. We thus find that, 

- - ( 6 3 [ B ] / 6 3 Z ) ~ =  0 = [A]0/{K '-1/2 exp (0) + ~7/9 Zd (4)} 

(32) 

so that  the total electrode current,  

cc f~ (~?[B]/~3Z)r 0 dz  = I(IuM, K'~ ~/2 exp (0), 4 = 1) I 

so that  for  I = ILIM/2 we find that  

exp { ( F / R  T)  (El/2 - -  E ~  '/2 = 

(33) 

g(4 = 1) 

(34) 

where g is an unspecified function. Hence 

E,/2 - E ~ ~: ( 1 / 2 ) ( R T / F )  In K" 

as observed in Fig. 3. 

(35) 

In conclusion we have demonst ra ted  that  the 
'expanding'  grid B I F D  method can be used to calculate 
current/voltage waveshapes at the WJE.  The results in 
the case o f  the EC mechanism give rise to a 'universal '  
working curve which relates the shift in halfwave 
potential  to a normalized rate constant  and thus 
provides a means for the characterization o f  such 
reactions and for determining the rate constant  17. 
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