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The theory of collection efficiency measurements (under steady-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 0.5M 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. Good 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’ (V) measurements:

__current at downstream (detector) electrode A
~ current at upstream (generator) electrode 7,

M

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
Lévéque 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

657



658 RICHARD G. COMPTON, GEOFFREY M. STEARN, PATRICK R. UNWIN, ANTHONY J. BARWISE

Flow
/ll
P ///

B S «(Ptne—=X)
Atng ==B=-====-==---= ~Bine==A
AL VA
Upstream Downstream
electrode electrode

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. Theory

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:

M _ amy oy am)
o DuVIM] = 2. 0x Or oy % "5z
@

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

We consider conditions of laminar flow [7] in the
x-direction; v, 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 *cm® s™! < ¥ < 107" cm® s7') that
V2 [M] = 8* [M]/dy* is a good approximation, and
that v, is given by

= @00

Thus, under steady—-state conditions, Equation 2 may

be written as

*M] AN yyoM] _
v Ga () -3)5 =0 o

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

Dy

A+ ne —=8B )

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 = O

_op B _ 04
(A= 0,055 = = DyYpr (O
downstream (x, < x < x;3), y = O
JAl _ L
DGy =~ B0 ()

If species B undergoes a heterogeneous reaction at the
cell wall between the electrodes with rate constant &
(in cms™!), then:

p, 2B

S | = kD ®)

y=0

and thus the boundary condition

: _ o Al _ o Bl _ KB
()C2<)¢<X1),y—0. ay —0’7}/— = DB
©)
follows. The remaining boundary conditions are:
x =0 [A] = [Al,,[B] =0 (10)
_p AAT _ OBl
y=b y - o =0 (11)

where [A],, is the bulk concentration of species A
upstream of the cell.
The collection efficiency, N is given by

v () e
(%) ]

(12)

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.

Convective-diffusion Equations 2 for A and B have
been solved analytically by Braun [3] and Matsuda [4]
to yield collection efficiencies as a function of elec-
trode geometry. This analytical approach involved
the further simplification of linearizing the velocity
profile, v,:

- EE-DEE @

This 1s the Lévéque approximation {18] and is clearly
valid in the region where y < b, or equivalently where
[14]:

D dx, < V;b)2 (14)

In order to produce results of a more general nature,
we have retained the full parabolic velocity profile,
as described by Equation 3, by adoption of a numer-
ical method. The Backward Implicit finite difference
method, identified by Anderson [9] as that most suited
to channel electrode problems, was chosen.

For the purposes of the calculation, the cell is
divided into three regions (0 < x < x;; x; < x <
X,; X; < X < x;) and the Backward Implicit method
applied to each region in turn. For each region the
numerical solution involves covering the xy plane with
a finite difference grid of dimension J x K (Fig. 3).
Values of J and K are chosen such that the numerical
solution converges to the required accuracy. In the
calculations described below, J = 500 and K = 500
were used in each region. Clearly for compatibility, J
must be the same throughout the channel. Increments
in the x direction are Ax and in the y direction Ay
where

Yi

JAY (G =0,1....0), Ay = bjJ
kAx (k =0,1....K), Ax = x*/K

Xi

x*is x;, X, — x; Or x; — x, in the various regions.
Derivatives are approximated to

@ _ g%c«}-l - g]]'\,/}c a‘gl\f _ g}f—l,k-{—l - gj]'\,/11€+1
ox Ax >y Ay
(15)
and
g™ _ ng£1,/¢+1 - 2&%“ —+ g]l'\;l»l,k+1 16

where g™ are normalized concentrations

g" = [AJAL, ¢* = [BJJA] (am

Substituting these expressions into Equation 4 gives
the following J — 1 simultaneous equations:

/1?4 (& it — 2gj¥c+l + g}'ﬁl,kﬂ) = g}fkﬂ - gmm
J=12...J-1 (18)

where

3
2= . DMBAxbd ‘ (19)
6Vj (Ay)’ (b — jAy)
or

g%c = _ﬂv}\/[gjl\il,k-f—l + (2’qu + 1) gjl'\,/}cﬁ — ing/IﬁLkH
(20)

Thus the vector {g}',} is related to {g}'} by a set of
J — 1 simultaneous equations. Application of the
boundary conditions 6, 7, 9 and 11 eliminates the
terms in g%, and in g), ., and permits the expres-
sion of the equations as a (J — 1) x (J — 1) matrix
equation.

The boundary conditions 6, 7, 9 and 11 become

y=0,0 < x < x;:

D
gorer = 0, Zorer = i + bégftk+l (21
B
y=0,x < x < x;:
D
g0A,k+l = glA,k+l + §g5k+l’g3k+l =0 (22)
A
y=0,x < x < x,:
A glxsk ]
ok-1 = gﬁk+1’ g0B,k+1 = ﬁm (23)
y=5h0<x < x;
g?,kﬂ = g?—l,k+1sglja,k+1 = gil,k-u (24)
The equations may then be written as:
(dl" b, ¢ 0 7 w7
d, a, b, ¢ 0 U,
d; =10 g b, ¢ 0 U;
d;_, a; > b.J~2 .CJ~2 Uy s
__dj—l_ L 0 ay b,,u L U1 ]
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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, = 0.6, x; = 0.8, 1.0 and 1.4cm,
b =0lcm, d=06cm, w=04cm, V; = 1072cm® s™', D =
107° cm?s™!.

where a;, by, ¢;, d; and 1, have the following values in

the various regions for species A and B.
In all regions:

M= g jo=1L2..7-1
a}“:——/{?‘ j o= 23..J-1
o= =2 j=1L2..0-2
b}”=2/l?‘+1j=2,3...1~2
M = gk jo=2,3..J-1
M, = A, + 1

M refers to both A and B

0<x<x1:b’,‘=2l’;‘+1,5§5=l‘?+1

A _ A
d = g

df = gh + g1 A Da/Dy

x < x < x:b0 = A+,

B = 1 4 282 — 1/(1 + kAy/Dg)]
dt = g, d’ = g
X, < x < x: bt o= A+ LB = 248 + 1
df = gl + &hks1 A7 Dy/Da,
b = gk

The matrix, being of tridiagonal form may be solved
by a recursion relationship known as the Thomas
algorithm [19] to give {g}’,,} from {g}'}. Thus, know-
ing the vector {g}'} from the boundary condition 10,
{g)"} is obtained an so on up to {g¥}. Then a new grid
is set up for the second region (x; < x < X,), the
computed {g¥} becoming the new {g)'}. The above
procedure is repeated for the second and third regions
so that g and g2, are known for all j and k in each

grid.

The collection efficiency N is then determined by

@) o

In each summation k is summed from 1 to X.

The computation was carried out via a Fortran
program excecuted on a Norsk Data ND540 main-
frame computer. ‘Working curves’ of the collection
efficiency, N vs k, the heterogenecous rate constant for
the ‘gap reaction’, were generated for specified DCE
geometries and flow rates. Typical working curves are
shown in Figs 4-6, illustrating the effect of indepen-
dently varying the length of the gap, detector elec-
trode and solution flow rate, whilst keeping the other
DCE/cell parameters constant. As expected, maximum
sensitivity in the measurement 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 optimal value for the length of the gap, for
fixed detector and generator electrode lengths and
flow rate. In the example given, where x, = 0.2,
X; — %, = 0.4em, V; = 1072 em’s™, D = 107 cm®
s7',d = 0.6cm and b = 0.1cm, this is obtained with
a gap length of around 0.2 cm. Smaller or larger gap
lengths result in a diminution in sensitivity. In the
former case, this arises since an insufficient length of
substrate is exposed to the reactant to cause significant
depletion before detection downstream, whilst in the
latter, a significant proportion of the electrogenerated
reactant is lost to the bulk solution in its transit down-
stream. It is apparent from Fig. 6 that the range of rate
constants to which the technique may be applied
depends critically upon the range of flow rates avail-
able. With the parameters used to generate the data in
Fig. 6 (x, = 0.2, x, = 0.3, x; = 0.7cm, ¥} = 1073,
1072, 10~" and lem®s™', D = 10"7em? s/,
d = 0.6cmand b = 0.1 cm), heterogeneous rate con-
stants in the range 107!'~107° cms~' may be measured.
The general observation to be made is that slower flow
rates favour the measurement of slow rate constants.

3. Experimenta} 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 brief description
will be given here. Experiments were carried out
using the cell shown in Fig. 7, which was fabricated
in Perspex. The channel is 40mm long, 6 mm wide
and approximately 1 mm deep. A precise value for the
latter parameter was found from the slope of a Levich
plot (transport-limited current vs (flow rate ') [20],
obtained from an electroactive species of known
diffusion coefficient.

A cover plate bore the substrate — in this case
a piece of cotton cloth — onto which were cemen-
ted to the electrodes. The electrodes consisted of strips
cut from platinum foil, 0.025mm thick (99.95%,
Goodfellows, Cambridge, UK).
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Fig. 5. (a) N-k behaviour for various gap lengths (x, — x,). Parameters employed in the calculations were x = 0.2cm, (x; — x;) = 0.4cm,
b =01lcm, d =06cm, w = 04cm, ¥; = 1072 em’ s™', D = 10~ em? s~'. (b) The effect on sensitivity (defined as being the difference in

shielding factors for the case when there is no heterogeneous reaction in the gap to that when the reaction is diffusion controlled

s

ie. N_o — N,.,,) of varying the length of the gap for constant generator and detector electrode lengths and solution flow rate. Parameters

employed were those used to generate the data 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 naturs with
respect to the z direction; edge effects (in which o,
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, = 0.2,
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of the upstream and downstream electrodes were of
the order of 2 and 4 mm, respectively, with a gap of
~ 1mm.

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

O~

log k

x, =03, x; =07cm, b =0.lcm, d = 0.6cm, w = 0.4cm and

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 107-3 x
107" cm® 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°C.

3.2. Materials

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

Metal plate
* ‘PTFE masking e e @
Flow
Rubber block
Cover plate
ers=—
=_“ °
Downstream | Upstream ° o d o i Channel unit
detector generator i
electrode etectrode i
Substrate O-ring Reference electrode

Fig. 7. Double channel electrode cell.
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chloride to serve as background electrolyte. Bromide
solutions were approximately 107> 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. Technigues

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,, +0.70 to + 1.10V; Fe(CN);” —
Fe(CN){~, +0.4 to 0.0V 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 I, vs 1., were found to be closely linear and
the gradient afforded a measure of N.

4. Results and discussion

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)'”-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 heterogencous (or homogeneous) reac-
tion during transit to the detector electrode. To this
end, the Fe(CN){ "~ system in aqueous solution
at pH 13 (0.1M 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):~

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)¢~ — e~ — Fe(CN);~.

The experimental results are given in Table 1, and
relate to a DCE geometry defined by x, = 0.255;
x, = 0.394; x; = 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 cor-

Table 1. Collection efficiencies for the transpori-conirolled collection
of ferrocyanide (at a Pt detector electrode) generated via the reduc-
tion of ferricyanide ions at the upstream electrode. Theoretical collec-
tion efficiencies in the absence of ‘gap reactions’ (k = 0) are shown
Jor comparison. The DCE geometry is defined by: x;, = 0.255; x, =
0.394; x; = 0.768cm

Vi(em?® s71) Collection efficiency
Experimental Theoretical (k = 0)

2.14 x 1072 0.351 (£ 0.006) 0.355
0.150 0.346 (£ 0.008) 0.352
247 x 1073 0.365 (£ 0.005) 0.362
224 x 1073 0.357 (£ 0.010) 0.363
272 x 1073 0.367 {£0.010) 0.362
1.32 x 1072 0.348 (4 0.009) 0.356

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]:

N =14+2P11-FO))—-(0+0+ »F°
x [T — FIOOID + 6 + )] — FB/L) (26)

where
0 = (x; — x)/x 27
A= (x3 — x)x (28)

and F(0) is given by [21]:

F®) = —\/Eln {(_l.ﬂ}

4n 1+ 0

3 20" 1 } 1
+ o tan ]: A + 2 (29)
predicts a collection efficiency (independent of flow
rate) of (.350 for the DCE/cell geometiy defined above.
The similarity between this analytical theoretical
result and those predicted numerically in Table I
allows one to conclude that the DCE/cell geometry
and flow rates employed in this particular example are
within the bounds of the Lévéque approximation (vide
supra) to within a few per cent. Thus a plot of I, vs
I, 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, I, m/lorriv- This
fact justifies the choice of boundary condition at the
generator electrode surface stipulated in the theoreti-
cal section. The effect of employing DCE geometries
and flow rates which do not conform to the Lévéque
approximation on the I, vs I, 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 of.
bromide ions

T p 1
Br e~ — 1Br,
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Fig. 8. Direct Red 80.

in 0.5M 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].

iBr, + ¢ — 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]:

[Br,] [Br]

~ 6 x 1072 mol dm™3
[Bry]

(30)
in aqueous solution, we assume that the amount of
Br; 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

o
N=N

S0

0,8
o T
N C/N N=N
Il
0 OH

{calculated theoretically) that would be expected if Br,
was transported to the detector electrode without loss
through reaction. Diffusion coefficients for bromide
and bromine of 1.82 x 10~ and 9.4 x 10~°cm?*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
clectrode geometry allowed the corresponding value
of k to be deduced as listed in Table 2. The degree of
agreement in the values of £ 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 heterogencous 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 1-2mm, a
detector electrode in the range 2-8 mm and flow rates
of 107*-1cm® s~! heterogeneous rate constants in the
range 107°-10"! cm s~' 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 of cotton cloth dyed with Direct Red 80. The data relates to two DCE
geometries. Theoretical collection efficiences in the absence of ‘gap reactions’ (k = 0) are shown for comparison. Measured collection
efficiencies are interpreted in terms of the rate of reaction of bromine with Direct Red 80

DCE geometry Vifen? s7') Theoretical collection Experimental collection 10* k(em s~")

X, X5 X3 efficiency (k = 0) efficiency

0.178 0.280 0.741 222 x 107° 0.434 0.380 (4 0.006) 6.1 (+1.0; —0.8)
1.64 x 1072 0.435 0.380 (4 0.009) 5.7(+1.4; —1.3)
1.14 x 1072 0.436 0.380 (£0.010) 51 (+1.3 —1.1)
2.42 x 1072 0.434 0.386 (£ 0.008) 5.5(+1.1 —1.2)
2.46 x 1073 0.443 0.351 (£ 0.005) 6.3(+0.6)
1.94 x 1073 0.445 0.350 (£ 0.001) 6.0 (£0.1)
1.48 x 1073 0.447 0.343 (+0.006) 6.4 (+0.8; —0.6)

0.301 0416 0.873 202 x 1072 0.386 0.345 (£ 0.007) S1(+1.3 -1
0.198 0.382 0.354 (+0.008) 6.9 (+2.4;, —2.1)
2.64 x 1072 0.394 0.326 (£ 0.010) S1{(+13, —1L1)
224 x 1073 0.395 0.327 (£ 0.011) 49(+13;, —1.2)
1.70 x 1073 0.397 0.321 (£ 0.004) 5.2 (£0.5)
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