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The theory of  collection efficiency measurements (under s teady-state  conditions) at double channel 
electrodes is extended to include the case where the species generated at the upstream electrode 
undergoes a heterogeneous reaction on the surface of  the gap between the two electrodes. The problem 
is treated numerically using the Backwards Implicit method, which allows the collection efficiency to 
be related to the corresponding value of  the rate constant  for the heterogeneous process for chosen 
double electrode geometries and solution flow rates. The use of  the technique is illustrated with 
experiments in which bromine, generated at the upstream electrode by the oxidation of  bromide', ions 
(in 0.5 M sulphuric acid), reacts with a cloth dyed with Direct Red 80, and is subsequently collected 
at the downstream electrode through transport-controlled reduction to bromide. G o o d  agreement is 
found between theory and experiment. 

1. Introduction 

Hydrodynamic double electrodes - first introduced 
by Frumkin and Nekrasov [1] in the form of the 
rotating ring-disc electrode (RRDE), and later in 
channel form by Gerischer et al. [2] - are unique 
electrode systems with which electrode reaction mech- 
anisms may be studied. These hydrodynamic electrodes 
allow the intermediates and products of reactions on 
an upstream (generator) electrode to be analysed and 
characterized amperometrically after transport to a 
downstream detector electrode, as illustrated in Fig. 1. 
In particular, when the detector electrode is held at a 
potential at which the destruction of species generated 
at the upstream electrode is diffusion controlled, kin- 
etic and mechanistic information is available from 
'collection efficiency' (N) measurements: 

N = current at downstream (detector) electrode Iart 
current at upstream (generator) electrode Ige. 

(1) 

In the case of the double channel electrode (DCE), 
theory has been presented for the cases where the 
electrogenerated intermediate is either stable [2-4] or 
else decays via first-order kinetics in solution [5]. 

Whilst the double electrode technique has found 
widespread application in the investigation of the 
(homogeneous) solution kinetics of electrogenerated 
species [6, 7], the possibility of employing the RRDE 
or the DCE to investigate heterogeneous processes 
involving such species has hitherto been neglected. It 
is the aim of this paper to illustrate how the DCE may 
be modified to facilitate the study of heterogeneous 
reaction rates involving non-conducting substrates. In 
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this context the upstream electrode is used to generate 
the reactant from an unreactive precursor contained 
in the flowing solution. After passing over the sub- 
strate under investigation, located in the gap between 
the upstream and downstream electrodes, the reactant 
is detected amperometrically at the latter electrode. 
The measured collection efficiency allows the deduc-. 
tion of the heterogeneous rate constant of the process 
in question - the faster this reaction, the smaller the 
observed collection efficiency for a given flow rate and 
generator electrode-gap detector electrode geometry. 

The mass-transport equations pertaining to this 
problem are solved using the Backwards Implicit 
(numerical) method, which has previously been suc- 
cessfully applied in the solution of a number of 
channel electrode problems, involving a diversity of 
boundary conditions [8-12]. Since in this appoach the 
convective-diffusion equation is solved with the full 
parabolic velocity profile describing the flowing solu- 
tion under fully-developed laminar conditions (vide 
infra), the theoretical results are applicable to a wide 
range of electrode-gap geometries. In contrast, an 
analytical treatment of this problem, employing the 
L6v~que approximation [4, 5], would necessarily 
impose severe restrictions on the range of electrode-gap 
geometries which could be employed practically, thus 
greatly reducing the applicability of the experiment. 

The method is illustrated with reference to experi- 
ments in which aqueous bromine, generated by the 
oxidation of bromide ions at an upstream electrode, 
reacts with a cotton cloth dyed with Direct Red 80, 
and is subsequently detected at an electrode immedi- 
ately downstream, through transport-controlled reduc- 
tion to bromide. The results of this model system are 
found to be in good agreement with theory, and show 
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Fig. 1. Principle behind hydrodynamic double electrode operation 
under steady-state conditions. A proportion of the species B, 
generated at the upstream electrode, is lost before collection at the 
detector electrode, via diffusion, reaction in solution or reaction at 
the interface between the two electrodes. The collection efficiency, 
N, provides information about these processes. Where the reaction 
product, P is electroactive, it too may be detected amperometrically. 

quantitative comparison with a previous investiga- 
tion which employed an independent experimental 
method [13]. The DCE technique is therefore recom- 
mended for the evaluation of  rate constants of solid/ 
liquid ~ interfacial processes, in general, when the 
solution component can be generated and detected 
amperometrically. 

2. T h e o r y  

The coordinate system adopted for the double electrode 
flow cell is depicted in Fig. 2. The hydrodynamics 
of  solution flow in cells of this geometry is well docu- 
mented [14-16] and the general convective-diffusive 
behaviour of a solution species M is described by: 

a[M] a[M] a[M] 
a[M]al - -  DMV2 [M] -- vx a - x - - -  vy a ~ - - -  vz a---z- 

(2) 

where D M is the diffusion coefficient and [M] the con- 
centration of M. vx, Vy and v, are solution velocities in 
the respective Cartesian directions. 

We consider conditions of laminar flow [7] in the 
x-direction; vy and v~ are zero. It has been shown 
[16, 17] that for cells of the dimensions employed in 
practical experiments (b < d) and with convenient 
flow rates (10 4cm 3 s 1 < Vf < 10 - l c m  3 s -1) that 
V 2 [M] = a 2 [M]/Oy 2 is a good approximation, and 

that vx is given by 

( ,  _ 73 x 

Thus, under steady-state conditions, Equation 2 may 

be written as 

a 2 [M] ( 6 Vf'~ (1 ~[M] _ 0 (4) 

In the double electrode experiment described above, a 
reaction at the upstream electrode converts species A 
to B, i.e. 

A + ne- . " B (5) 

If the electrodes are held at potentials such that the 
above process is transport limited at the upstream elec- 
trode and the reverse process is transport limited at 
the downstream electrode then the following boundary 
conditions apply: 

upstream (0 < x < x~), y = 0: 

~ [ B ]  _ a [ A ]  
[A] = 0, DB @ .  DA ay (6) 

downstream (x2 < x < x3), Y = 0: 

a[A] a[B] 
DA a~- - DB--~-y, [B] = 0 (7) 

If species B undergoes a heterogeneous reaction at the 
cell wall between the electrodes with rate constant k 
(in cm s- 1), then: 

a[B] y=0 Ds-g)-y = k [BI 

and thus the boundary condition 

(x2 < x < x l ) , y  = 0: 

(8) 

~[A] ~[B] k[B] 
- -  O ,  

ay ay DB 

(9) 

follows. The remaining boundary conditions are: 

x =  0: [A] = [A]~,[B] = 0 (10) 

a[Al a[B] 
y = b: ay - ay - 0  (,1) 

where [A]~o is the bulk concentration of species A 
upstream of  the cell. 

The collection efficiency, N is given by 

N - ige~ - DB Y]2 \--~--y ,/y=0 dx 

( tAl] dx} (,2) 
;o' j,=0 

Y 

I I I I 
4 1 I I Flow 
0 x 1 x 2 x3 Fig. 2. Double channel electrode geometry. 
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Fig. 3. Two-dimensional (x-y plane) finite difference grid for the numerical solution of collection efficiencies at the double channel electrode. 

Convect ive-d i f fus ion  Equat ions  2 for  A and B have 
been solved analytically by Braun [3] and M a t s u d a  [4] 
to yield collection efficiencies as a funct ion of  elec- 
t rode geometry�9 This analytical  app roach  involved 
the fur ther  simplification o f  linearizing the velocity 

profile, Vx: where 

( 6 V r )  (1 - ( 6 Vr'~ 
Vx = \ b d ] (  y ) \  b )  ~ \ b d } ( b ) ( 1 3 )  

This is the L6vaque app rox ima t ion  [18] and is clearly 
valid in the region where y ~ b, or  equivalently where 
[14]: 

D dx~ ~ Vfb/2 (14) 

In order  to p roduce  results o f  a more  general nature,  
we have retained the full parabol ic  velocity profile, 
as described by Equa t ion  3, by adop t ion  of  a numer-  
ical method,  The  Backward  Implici t  finite difference 
method ,  identified by Anderson  [9] as that  mos t  suited 
to channel  electrode problems,  was chosen�9 

Fo r  the purposes  o f  the calculation,  the cell is 
divided into three regions (0 < x < xl; x~ < x < 
x2; x2 < x < x3) and the Backward  Implici t  me thod  
applied to each region in turn. Fo r  each region the 
numerical  solution involves covering the xy  plane with 
a finite difference grid o f  d imension J x K (Fig. 3). 
Values o f  J and K are chosen such that  the numerical  
solution converges  to the required accuracy.  In the 
calculat ions described below, J = 500 and K = 500 
were used in each region. Clearly for  compatibi l i ty ,  J 
must  be the same th roughou t  the channel�9 Increments  
in the x direction are k x  and in the y direction Ay 
where 

yj = j a y  ( j  = O, 1 . . . .  J) ,  Ay  = b/J  

xk = k A x  (k =0,  1 . . . .  K) ,  Ax  = x * / K  

x* is x~, x2 -- xl or  x3 - x2 in the var ious  regions�9 
Derivat ives are app rox ima ted  to The 

c~gM M M M t,,I g),k+l -- g).k Og M - -  - -  g)+l,k+l -- g),k+l 
8x Ax  ' 8y 

d l  

4 

and 

4 M M 02g M g~l,k+l -- 2g),x+l + g)+Lk+l 
@2 -- (Ay)2 (16) : 

where gM are normal ized concentra t ions  dj_2 

gA = [A]/[A]o~, gB = [BJ/[A]co (17) . dj_~ 

ay 

05) 

Substi tut ing these expressions into Equa t ion  4 gives 
the following J - 1 s imul taneous equations:  

2M M M M (gk+Le+, -- 2g~+,  + g)~Lk+,) = --- g),k + l g),k, 

j =  1 ,2  . . . .  J - -  1 (18) 

DMAxb3 d (19) 
2~a = 6 Vrj (Ay) 3 (b - jAy)  

o r  

g ~  = --2~g~_i,~+, + (22~ + 1 ) g ~ + ~ -  2)agJ~+Lk+ ~ 

(20) 

Thus  the vector  {g~+l} is related to {g~} by a set o f  
J -  1 s imul taneous equations�9 Appl ica t ion  ,of the 
bounda ry  condit ions 6, 7, 9 and 11 eliminates the 
terms in g~k+~ and in g2k+~ and permits  the expres- 
sion o f  the equat ions as a ( J  - I) x ( J  - 1) matr ix  
equation.  

The  bounda ry  condit ions 6, 7, 9 and 11 become 

y = 0, 0 < x < xl: 

g~o,k+~ O, B B DA A = g0,k+l = gl,k+L + ~--~Bgl,k.1 (2!)  

y = 0 ,  X 2 < X < X32 

A A DB B ]3 
go,k+l = gl,k+l + ~AAgl,k+J, g0,k+l = 0 (22) 

y = 0, x 1 < x < x2: 

B 
A ~ g~l ,k+l  ~ B g l , k + l  g0,k i g0,k+ i (23) 

1 + kA y /D  B 

y = b,O < x < x3: 

g~s,k+, = g~J-,,k+,, gJB, k+, = gL,,k+,  (24) 

equat ions m a y  then be writ ten as: 

- bl cr 0 

a2 b2 c2 0 

o aj bj q 0 

a J - 2  [ ) J - 2  C J - 2  

0 as_ i bj i 

bl 1 

U2 

H j _ 2  
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Fig. 4. The effect on N-k behaviour of changing the length of 
the detector electrode. The data relates to channel electrode/flow 
cell parameters of x~ = 0.2, x 2 = 0.6, x 3 = 0.8, 1.0 and 1.4cm, 
b = 0.[cm, d = 0.6cm, w = 0.4cm, Vr = 10-2cm 3 s -t, D = 
10 -5 cm2s -~" 

where a:, b:, c:, d: and  u/, have the following values in 
the var ious  regions for species A and B. 

In  all regions: 

g),k+l j = 1 , 2 . . . J - -  1 

a M = - 2 ~  j = 2 , 3 . . . J -  1 

# = / = 1 , 2 . . . J - 2  

b~ = 2 2 ~ +  1 j = 2, Y . . J - 2  

4 M = g).~ j = 2 , 3 . . . J - 1  

b~_, = )Y_, + 1 

M refers to bo th  A and B 

0 < x < x , ' b ~  = 22~ + 1, b~ = )t~ + 1 

d A A 
= g l , k ,  

d~ = gl~,k + g~l,k+t2~OA/D8 

X I < X < X2: 

X 2 < X < X3: 

bf  = )r + 1, 

b~ = 1 + 2~[2 - 1/(1 + kAy/DB)] 

d~' A gl,k, d~ = B 
= gl ,k  

b~' = 2 a + 1, b~ = 22~ + 1 

13 2 A D~/DA, 

d~ = glSk 

The matrix,  being of tr idiagonal fo rm may  be solved 
by a recursion relat ionship known  as the T h o m a s  
a lgor i thm [19] to give {g~+, } f rom {gM}. Thus,  know- 
ing the vector  {g0 M } f rom the b o u n d a r y  condi t ion 10, 
{gM } is obta ined  an so on up to {gM }. Then  a new grid 
is set up for  the second region (x~ < x < x2), the 
compu ted  {g~ } becoming  the new {g0M}. The  above  
procedure  is repeated for  the second and third regions 
so that  g~/.k and g)B,k are known for  all j and k in each 

grid. 

The  collection efficiency N is then determined by 

N = DB (25) 
L x2 

In  each summat ion  k is summed  f rom 1 to K. 
The  compu ta t i on  was carried out  via a For t r an  

p r o g r a m  excecuted on a N o r s k  D a t a  ND540  main-  
f rame computer ,  'Work ing  curves '  o f  the collection 
efficiency, N vs k, the heterogeneous rate constant  for 
the ' gap  react ion ' ,  were generated for  specified D C E  
geometr ies  and flow rates. Typical  work ing  cmwes are 
shown in Figs 4-6,  il lustrating the effect o f  indepen- 
dently varying the length of  the gap, detector elec- 
t rode  and  solution flow rate, whilst keeping the other  
DCE/cell  parameters  constant.  As expected, m a x i m u m  
sensitivity in the measuremen t  of  k, via the technique, 
is achieved by maximizing the length of  the detector  
electrode. This is shown in Fig. 4. Figures 5a and 5b 
point  to an op t imal  value for the length of  the gap, for  
fixed detector  and  genera tor  electrode lengths and 
flow rate. In the example  given, where x I = 0.2, 
x~ - x 2 = 0 .4cm,  Vr = 10 -2 c m  3 S =t, D = 10 -5 cm 2 

s -  1, d = 0.6 cm and b = 0. I cm, this is obta ined  with 
a gap length of  a round  0.2 cm. Smaller  or  larger gap 
lengths result  in a d iminut ion in sensitivity. In the 
fo rmer  case, this arises since an insufficient length o f  
substrate  is exposed to the reactant  to cause significant 
deplet ion before detect ion downs t ream,  whilst in the 
latter, a significant p ropor t ion  of  the electrogenerated 
reactant  is lost to the bulk solution in its transit  down-  
stream. It  is appa ren t  f rom Fig. 6 tha t  the range of  rate 
constants  to which the technique m a y  be applied 
depends critically upon  the range of  flow rates avail-  
able. Wi th  the pa ramete r s  used to generate the da ta  in 
Fig. 6 (xl = 0.2, x2 = 0.3, x 3 = 0 .7cm,  Vr = 10 -3, 
10 2, 10-t and 1 c m  3 s - I ,  D = 10 -5 cm 2 s -~, 
d = 0.6 cm and b -= 0. t cm),  heterogeneous rate con- 
stants in the range 10-1 _ 10- 5 cm s -  ~ may  be measured.  
The  general observat ion to be made is that  slower flow 
rates favour  the measuremen t  of  slow rate constants.  

3. Experimental details 

3.1. The flow cell and flow system 

The  flow cell and flow system have  previously been 
described [13, 15], and so only a br ief  description 
will be given here. Exper iments  were carried out  
using the cell shown in Fig. 7, which was fabr icated 
in Perspex. The  channel  is 40 m m  long, 6 m m  wide 
and approx imate ly  1 m m  deep. A precise value for  the 
latter pa rame te r  was found  f rom the slope of  a Levich 
plot  ( t ransport - l imited current  vs (flow rate ~/3) [20], 
obta ined  f rom an electroactive species o f  known 
diffusion coefficient. 

A cover  plate bore  the substrate  - in this case 
a piece of  cot ton  cloth - onto  which were cemen-  
ted to the electrodes. The  electrodes consisted of  strips 
cut f rom pla t inum foil, 0 . 0 2 5 m m  thick (99.95%, 
Goodfet lows,  Cambr idge ,  U K ) .  
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Fig. 5. (a) N-k  behav iour  for var ious  gap  lengths (x 2 -- x 0 .  Parameters  employed  in the calcula t ions  were x I = 0.2cm, (x 3 - x2) = 0 .4cm,  
b = 0.1 cm, d = 0 .6cm,  w = 0 .4cm,  V r = 10 -2 cm 3 s - I ,  D = 10 .5 cm 2 s -I  . (b) The  effect on  sensit ivity (defined as being the difference in 
shielding factors for the case when there is no he terogeneous  react ion in the gap  to tha t  when the react ion is diffusion control led,  
i.e. N~_ 0 -- Nk~ | o f  varying the length of  the gap  for cons tan t  genera tor  and  detector  electrode lengths and  solut ion flow rate. Parameters  
employed  were those used to generate  the da ta  in (a). 

The upstream electrode was located 3-4 mm down- 
stream of  the upstream edge of  the cloth, and the 
upstream region of  the substrate was masked from 
the solution with thin PTFE tape, as shown in Fig. 7. 
The edges of  the substrate and electrodes were treated 
in the same manner,  as illustrated, so that the width of 

the exposed substrate and electrodes was approxi- 
mately 4mm.  This arrangement ensured that flow 
over the reactive interface was of a plug nature with 
respect to the z direction; edge effects (in which v x 
deviates from the expression given in Equation 3), 
occur over distance ~ b/2 [15]. In general, the lengths 
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Fig. 6. N-k behaviour as a function of flow rate, for x t = 0.2, x 2 = 0.3, x 3 = 0.Tcm, b = 0.[cm, d = 0.6cm, w = 0.4cm and 
D = 10-Scmas -I. 

of  the upstream and downstream electrodes were of  
the order of  2 and 4 ram, respectively, with a gap of 

l m m .  
The channel was formed by mating the channel unit 

and cover plate through the application of mechanical 
pressure, the O-ring aroung the channel acting as a 

seal. 
The flow system, into which the cell was plumbed, 

consisted of a glass reservoir, and several metres of  
1.5mm bore PTFE tubing (Anachem, Luton, UK), 
jacketed with an Argon-purged tube to prevent the 
ingress of  oxygen. The standard 'three-electrode' con- 
figuration was achieved by locating a platinum gauze 
counter electrode immediately downstream of the cell 
and incorporating a chloridized silver wire into the 
upstream duct of  the channel, to act as a pseudo- 
reference electrode. 

Connections between the PTFE tubing, the cell and 
the counter electrode were formed with silicone rubber 

tubing. Deoxygenated electrolyte was gravity fed from 
the reservoir via one of several calibrated glass capil- 
laries, which gave a total flow rate range of 10-4-3 • 
10-~ cm 3 s-~. Adjustment of  the rate of  flow with each 
capillary was achieved by varying the height between 
the reservoir and the tip of  the capillary, where the 
electrolyte ran to waste. 

Electrical contact to the two working electrodes was 
facilitated by extending the foils beyond the edge of the 
coverplate as illustrated in Fig. 7. Locating the cell and 
about  1 m of the preceeding tubing within an air ther- 
mostat  allowed temperature control to 25 _+ 0.1~ 

3.2. Materials 

Solution were made up using triply distilled deionized 
water (resistivity > 107 s cm). Ferricyanide solutions 
constituted approximately 5 x 10 .3 M potassium ferri- 
cyanide in 0.1 M sodium hydroxide and 1 M potassium 

: PTFE masking 

Flow I 

Substrata 

Natal plate 

r......~ ~ ~ block 

I I I_ _ Cover lata 

O- r'~ing ~J Reference electrode 

Fig. 7. Double channel electrode cell. 
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chloride to serve as background electrolyte. Bromide 
solutions were approximately 10 -3  M in sodium bro- 
mide, 0.5 M sulphuric acid acting as background elec- 
trolyte. Reagents were BDH AnalaR grade. Cotton 
cloth, stained with the dye Direct Red 80, was 
provided by Unilever Research (Merseyside, UK). 

3.3. Techniques 

Collection efficiencies were measured by changing the 
generator electrode potentials through such a range of  
values as to change the reaction of interest from being 
essentially undriven to a state of almost transport 
control (Br-  --+ Br 2, +0.70 to + 1.10V; Fe(CN)~- --+ 
Fe(CN)~-, + 0.4 to 0.0 V versus Ag/AgCl-reference) 
whilst maintaining the detector electrode at a poten- 
tial so as to drive the reverse reaction at a transport- 
controlled rate. The potential change was effected by 
small stepwise increments (5-10mV). After due time 
for true steady-state conditions to be established, the 
currents at both electrodes were measured directly. 
Plots of Iaet vs Ig~n were found to be closely linear and 
the gradient afforded a measure of  N. 

4.  R e s u l t s  a n d  d i s c u s s i o n  

Preliminary experiments concerning the reduction of  
ferricyanide over a wide range of  flow rates at a short 
( ~  2mm) single platinum electrode were conducted 
to verify that the flow cell hydrodynamics were as 
suggested above. These have been reported elsewhere 
[13] where it was concluded that this indeed was 
the case, transport-limited currents being found to 
be (flow rate)~/3-dependent, as predicted by the Levich 
equation [20]. Subsequent experiments were performed 
in order to demonstrate the validity, or otherwise, of 
the theory developed above for the case when the 
reactant generated on the upstream electrode was 
engaged in no heterogeneous (or homogeneous) reac- 
tion during transit to the detector electrode. To this 
end, the Fe(CN) 4-/3- system in aqueous solution 
at pH 13 (0.1 M NaOH) was studied at a platinum 
DCE. Ferrocyanide was electrogenerated from Ferri- 
cyanide under steady-state conditions at the upstream 
electrode: 

upstream electrode: Fe(CN)~- + e- ~ Fe(CN) 4- 

whilst the downstream electrode was held at a potential 
such that incoming ferrocyanide ions were oxidized to 
ferricyanide at a transport-controlled rate 

downstream electrode: 

Fe(CN) 4 -- e-  -----+ Fe(CN) 3 . 

The experimental results are given in Table 1, and 
relate to a DCE geometry defined by Xl = 0.255; 
x2 = 0.394; x3 = 0.768 cm. The corresponding theor- 
etical collection efficiencies predicted in the absence of  
heterogeneous reactions in the gap using the theory 
given above are provided for reference. The excellent 
agreement between theory and experiment both c o r -  

Table 1. Collection efficiencies for  the transport-controlled collection 
o f  ferrocyanide (at a Pt  detector electrode) generated via the reduc- 
tion o f  ferricyanide ions at the upstream electrode. Theoretical collec- 
tion efficiencies in the absence o f  "gap reactions" (k  = O) are shown 
for  comparison. The D C E  geometry is defined by: x~ = 0.255; x 2 = 
0.394; x 3 = 0.768cm 

V r (cm 3 s -l  ) Collection efficiency 

Experimental Theoretical (k  = O) 

2.14 x I0 -2 0.351 (_+0.006) 0.355 

0.150 0.346 (_+0.008) 0.352 
2.47 x I0 .3 0.365 (_+0.005) 0.362 

2.24 x 10 .3 0.357 (_+0.010) 0.363 

2.72 x 10 -3 0.367 (_+0.010) 0.362 

1.32 • 10 .2  0.348 (_+0.009) 0.356 

N = 1 + 22/3 

x [t - 

where 

roborates our theoretical approach to this problem 
and verifies our method of measuring collection effi- 
ciencies. For  comparison, the Matsuda/Braun analyti- 
cal treatment of this problem, leading to the following 
expression for N [3, 4]: 

[ l  - -  f ( 0 ) ]  - -  (1 + 0 %~ 2)  2/3 

f((O/2)(1 + 0 + 2))] -- F(O/2) (26) 

0 = (x2 - -  x,)/xl (27 )  

2 = (x3 -- x2)/x, (28) 

and F(O) is given by [21]: 

F(O)=S~-31nI(I+OI/3)3 ] 4 n  1 +0 

+ 3 _ t a n _ l [ 2 0 1 / 3 - 1 ]  

22 

1 
+ ~ (29) 

predicts a collection efficiency (independent of  flow 
rate) of 0.350 for the DCE/cell geometry defined above. 
The similarity between this analytical theoretical 
result and those predicted numerically in Table 1 
allows one to conclude that the DCE/cell geometry 
and flow rates employed in this particular example are 
within the bounds of  the L6v6que approximation (vide 
supra) to within a few per cent. Thus a plot of Idet VS 
Igen is predicted to be linear for a reversible couple 
and closely linear for an irreversible one [7, 14], the 
slope being given by the ratio of  the transport-limited 
current at the two electrodes, Igen,LiM/ldet,Ll M. This 
fact justifies the choice of boundary condition at the 
generator electrode surface stipulated in the theoreti- 
cal section. The effect of  employing D e E  geometries 
and flow rates which do not conform to the L6v~que 
approximation on the Iaot vs Igen relationship will be 
reported later [22]. 

We now turn to the use of  the DCE for the evalua- 
tion of  heterogeneous rate constants. Specifically, 
we consider the reaction between molecular bromine, 
generated amperometrically via the oxidation o f  
bromide ions 

Br - e-  - - - ,  �89 a 
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Fig. 8. Direct Red 80. 

-o~s.,~ ..~so~ 

in 0.5 ra sulphuric acid at the upstream electrode of a 
Pt DCE [23-28], and the dye Direct Red 80 irrevers- 
ibly held on a cotton cloth located in the 'gap' of the 
DCE. The structure of  Direct Red 80 is pictured in 
Fig. 8. The rate of the heterogeneous reaction was 
deduced by collecting bromine at a detector electrode 
positioned immediately downstream of the cloth, via 
transport-controlled reduction to bromide [23-28]. 

1Br2 + e -  , Br-  

The homogeneous reaction of bromine with dyes of 
the general class to which Direct Red 80 belongs is 
well documented [29, 30], and preliminary experi- 
ments indicated that the dyed cloth could be slowly 
bleached by bromine water. We have previously shown 
that the dye is not released into aqueous acidic solu- 
tions from the cloth, and that there is no detectable 
reaction between bromine and the cotton substrate 
[13]. In the present work, bromine is generated from 
bromide ions, which are present in solution at the 
1.0mM level. Given the equilibrium constant [31]: 

[Br2] [Br ] ~ 6 x 10 -2 mol dm -3 (30) 
[Brf] 

in aqueous solution, we assume that the amount  of  
Bry present can be considered to be negligible under 
the conditions of  the experiments. Measured collec- 
tion efficiencies relating to this system for two DCE 
geometries and a range of  flow rates are shown in 
Table 2. Also given are the collection efficiencies 

(calculated theoretically) that would be expected if Br 2 
was transported to the detector electrode without loss 
through reaction. Diffusion coefficients for bromide 
and bromine of  1.82 x 10 -5 and 9.4 x 10 -6 cm 2 s -~ 
[28] were used in the calculation. It is evident that the 
experimental values are much lower than the theoreti- 
cal k = 0 values, indicating that bromine is consumed 
by some reaction in the gap between the two electrodes 
before being detected downstream. Working curves 
(N vs k) for each of the flow rates and the relevant 
electrode geometry allowed the corresponding value 
of k to be deduced as listed in Table 2. The degree of 
agreement in the values of k determined using the two 
DCE geometries and a wide range of  flow rates con- 
firm the validity of the proposed DCE technique for 
the investigation of  heterogeneous kinetics. 

The range of rate constants which may be studied 
with the method is identified by considering Figs 4-6. 
For  a channel flow cell 6 mm wide and 1 mm deep, an 
upstream electrode 2mm long, a gap of l -2mm,  a 
detector electrode in the range 2-8 mm and flow rates 
of 10-3-1 cm 3 s i heterogeneous rate constants in the 
range 10-5-10 -1 cm s -I may be measured. It is also 
apparent from Fig. 5 that the accuracy with which a 
particular rate constant may be determined is maxi- 
mized with the appropriate tuning of flow rate and 
cell/DCE geometry. Given the wide range of  rate 
constants which may be evaluated using the techni- 
que, DCE methodology should find application to a 
number of  heterogeneous reaction systems. 

Table 2. Experimental collection efficiencies for the transport-controlled collection of  bromine (at a Pt detector electrode) generated via the 
oxidation of  bromide ions at the upstream electrode, the gap consisting o f  cotton cloth dyed with Direct Red 80. The data relates to two DCE 
geometries. Theoretical collection efficiences in the absence of  "gap reactions" (k = O) are shown for comparison. Measured collection 
efficiencies are interpreted in terms of the rate of  reaction of  bromine with Direct Red 80 

DCE geometry Vf (cm3 s t) Theoretical cotlection Experimental collection 104 k(cm s -I ) 
x I x 2 x 3 efficiency (k = O) efficiency 

0.178 0.280 0.741 2.22 • 10 -2 0.434 0.380 (+0.006) 6.1 ( +  1.0; - 0 .8 )  
1.64 • 10 -2 0.435 0.380 (+0.009) 5.7 ( +  1.4; - 1.3) 
1.14 • 10 -2 0.436 0.380 (_0.010) 5.1 ( +  1.3; - 1.1) 
2.42 • 10 -2 0.434 0.386 (+0,008) 5.5 ( +  1.1; - 1.2) 
2,46 • 10 -3 0.443 0.351 (+0.005) 6.3 (+0.6)  
1.94 • 10 -3 0.445 0.350 (+0.001) 6.0 (+0.1)  
1.48 • 10 -3 0.447 0.343 ( _  0.006) 6.4 ( +  0.8; - 0.6) 

0.301 0,416 0.873 2.02 • 10 -2 0.386 0.345 (+0.007) 5.1 ( +  1.3; -- 1.1) 
O. 198 0.382 0,354 ( +  0.008) 6.9 ( +  2.4; -- 2. I) 
2.64 • I0 -3 0.394 0,326 (+0.010) 5.1 ( +  1.3; -- 1.1) 
2.24 • 10 -3 0,395 0.327 (+__0.011) 4.9 ( +  1.3; -- 1,2) 
1.70 • 10 -3 0.397 0.321 (+0.004) 5.2 (+0,5)  
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