Mass Transfer with Chemical Reaction
Thin-Layer Electrochemical Reactors

Régine Devaux, Alain Bergel, and Maurice Comtat

Thin-layer electrochemical reactors are analytical reactors where mass transfers are
generally assumed not to affect the overall reaction rate. The validity of this hypothesis
was tested for systems involving a second-order or an enzymatic homogeneous reaction
that consumed the product generated by the electrochemical heterogeneous reaction.
The experiments were performed with the oxidation of hexacyanoferrate Il into hexa-
cyanoferrate 111, coupled with the consumption of hexacyanoferrate III by the reduced
form of nicotinamide adenine dinucleotide, catalyzed or not by a diaphorase. The tools
commonly used for gas— liquid interfaces were adapted to the description of mass trans-
fer in a closed thin film. The theoretical model agreed well with the experimental data
and served as the basis for testing the thin-layer hypothesis. The validity of the hypothe-
sis was plotted as a function of the Hatta and Damkohler numbers. The influence of
concentration and diffusion parameters are discussed with focus on the validity crite-
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Introduction

Description of mass transfers with chemical reaction is a
widely investigated topic in the field of gas-liquid interfaces.
Astarita (1967) and Danckwerts (1970) proposed complete
studies in this area at a very early date. Other authors have
broadened the scope of the investigations (Cornelisse et al.,
1980; Trambouze, 1981; Charpentier, 1981). Electrochemical
engineering can benefit to a large extent from these works
because most of the methods and results can be applied di-
rectly to the description of mass transfers with chemical reac-
tion at electrochemical interfaces. A great similarity exists
between the two kinds of interfaces: in both cases, the essen-
tial phenomena occur in the liquid layer adjacent to the in-
terface, where the concentrations are monitored by equilib-
rium conditions. In gas-liquid systems the interface concen-
trations are determined by the solubility of the gaseous
species; for electrochemical interfaces they are generally de-
termined by the Nernstian equilibrium. As a consequence,
the concepts of surface renewal (Tzedakis et al., 1989), Hatta
number (Weise et al., 1986), or van Krevelen’s representation
(Labrune and Bergel, 1992) are, for instance, commonly en-
countered in electrochemical engineering works.

Nevertheless the case of thin-layer electrochemical reac-
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tors seems to have no similarity in the field of gas—liquid in-
terfaces. They are analytical reactors with a very small vol-
ume of liquid and a large electrode surface area, resulting in
a thickness of approximately the same order of magnitude as
a diffusive layer. In the theoretical representation the bound-
ary conditions of the mass balance equations at the side op-
posite to the electrode indicate that the mass fluxes of all the
species are nil at the wall of the reactor. There is no similar
case for gas—liquid interfaces because mass transfers are al-
ways occurring between the interface layer and the bulk of
the solution. The boundary conditions are then determined
by the concentrations in the solution. However, gas absorp-
tion into a liquid film could be the nearest system to the
thin-layer electrochemical setup, but it is generally treated
assuming that the penetration thickness is very small with re-
spect to the film thickness (Grossman, 1986; Yih, 1986). In
order to perform more efficient absorptions, the film is gen-
erally moving, and consequently the concentration gradients
do not reach the deep layers far from the interface. The
boundary conditions are still determined by the bulk condi-
tions, and they are not affected by the wall that bounds the
system, as is the case of thin-layer electrochemical reactors.

Numerous different configurations have been proposed to
design thin-layer electrochemical reactors. Devices as simple
as porous electrodes, such as graphite felts (Golub and Oren,
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1990) or a cylindrical hole in a carbon electrode (Porter and
Kuwana, 1984), revealed correct thin-layer behavior. Many
reactor setups have also allowed spectrophotometrical mea-
sures to be associated with the electrical information. The
light beam passes through the transparent electrode and con-
tinuously follows the evolution of the spectrum of the solu-
tion during the experiment. Many recent works deal with the
design of this kind of optically transparent cell (Salbeck, 1992;
Brett, 1992). In the current devices the length of the optical
path is equal to the thickness of the reactor and, because this
thickness is slight, the accuracy of the spectrophotometrical
measurements will be affected. This is why numerous at-
tempts are being made in order to increase the length of the
optical path without increasing the volume of the reactor (Gui
et al., 1991; Wei et al., 1992, 1993). Devices have also been
built to allow experiments in organic solvents (Salbeck, 1993)
or IR measurement {Yao et al,, 1989) to be performed. The
method can also be applied, for instance, to the design of
efficient detectors for liquid chromatography (Nagy and An-
derson, 1991).

Numerous advantages make thin-layer reactors very effi-
cient analytical tools. The volume of solution required is very
small and the high value of the electrode surface/reactional
volume ratio ensures a rapid change in the concentrations.
The formation rate of the electroactive species or, when equi-
librium is reached, the ratio of its oxidized and reduced forms
can be finely controlled by the appropriate choice of elec-
trode potential. The electrical information is very easy to
record and can be straightforwardly correlated to the rate of
the reactive process. However, the main advantage of the
thin-layer electrochemical reactors is that the mass balance
equations are commonly simplified assuming that there is no
diffusive limitation (Hubbard and Anson, 1970; Laviron,
1979). The thickness of the reactor is assumed to be small
enough to prevent any concentration gradient occurring in-
side it. All the concentrations are uniform and equal to the
concentration at the electrode surface. By means of this
“thin-layer” hypothesis, the equations become very easy to
solve. Despite the occurrence of an electrochemical step, they
are similar to the equations for a homogeneous process in a
well-stirred reactor. Coupling spectral and electrical data
gives a set of kinetic information that is very easy to process,
and particularly fruitful for studying homogeneous reactions
preceding or following the electrochemical step, which is con-
trolled by the electrode.

The aim of this article is to propose theoretical and experi-
mental approaches to mass transfer with chemical reaction in
a thin quiescent film bounded by an inert wall. The general
model was used to check the validity of the thin-layer hypoth-
esis and to improve the exploitation of experimental data ob-
tained with a thin-layer electrochemical reactor. The model
was validated with experiments involving the electrochemical
oxidation of hexacyanoferrate II into hexacyanoferrate IIL
The hexacyanoferrate 111 formed was reduced in solution by
nicotinamide adenine dinucleotide (NADH) following sec-
ond-order homogeneous kinetics. The reaction was further
catalyzed by the enzyme diaphorase, resulting in higher reac-
tion rates and more complex kinetics. Such an association
between an electrochemical and an enzymatic reaction is of-
ten used in biosensors with amperometric detection (Turner
et al., 1987).
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Theory
Physical description

Most of the reactors have flat electrodes. A classic and
widely used setup consists of two metallic electrodes spaced
by a micrometer (Hubbard and Anson, 1970), but this does
not allow a spectrophotometric measurement to be easily
recorded. Here we preferred to use a transparent electrode
consisting of a platinum grid inserted between two parallel
glass slides bonded together (Heineman et al. 1975). The vol-
ume of the solution retained between the two glass slides was
a few tens of microliters, for a geometric surface area of the
electrode of about 1 cm?. The light beam passed through the
glass slides perpendicularly to the grid electrode. The poten-
tial of the electrode was maintained at a constant value with
respect to a reference electrode. The spectra of the solution
were recorded continuously during electrolysis, allowing the
evolution of the concentration of each species to be plotted
as a function of time. In all the experiments the electrochem-
ical reaction consisted of the oxidation of an electrochemical
mediator (Red) at the surface electrode:

Red <—— > Ox + ne.

The homogeneous reaction was the consumption by a reagent
(S) of the oxidized form of the mediator, which was electro-
chemically generated. The notation S was used for the
reagent because it is called substrate when it is involved in a
biochemical reaction:

yS + Ox - yP +Red.
The reaction was either of the second order

r=k[{SNOx], (1)

or catalyzed by an enzyme, with Michaelis—Menten kinetics

kE]
: KS KOx ’ (2)
(51" [0x]

r=

where k[ E]represents the activity of the enzyme. This is the
maximum rate that would be obtained with high concentra-
tions of § and Ox compared to the Michaelis constants K
and K, respectively. This activity can be expressed in M-
s~!, or in the usual biochemical unit (U/mg) for the specific
activity, which corresponds to the micromoles of NADH con-
sumed per minute and per milligram of enzyme.

Mass balance equations

The simplest representation of a flat, thin-layer electro-
chemical reactor is a film bounded by the electrode on one
side and an inert wall on the other side (Figure 1). Using
dimensionless variables, the general transient mass balance
equations for a second-order reaction were
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Figure 1. Thin-layer electrochemical reactor.

Concentration profiles of the substrate and the mediator are
plotted as a function of the distance from the electrode: dot-
ted and full dashed lines represent, respectively, the thin-
layer model and the diffusive one.
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The Hatta number expresses the ratio of the potential homo-
geneous reaction rate without any mass transport limitation,
to the maximal diffusion rate of the mediator. The same form
was kept for the enzymatic kinetics:

EAY Ddz Ha? Red’ -
or  Uax? M 1+K_’5+K’0x
S Ox
a0x  3*0x Ha'? Red? @
aT  9X? 4 Ks Koy’
1+ — + —=
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k[E)L? K Kox
Ha'? = ———— Kj=—> K =—2 (911)
Dy, [Red] [S] [S]

The strict definition of Ha would lead to

Ha? kJIE]IL? 1
a” = ‘ 7 7 5
D, [Red]’ 1 Ky Ko
+—+
S Ox

but we preferred to use the maximal value Ha’ for the sake
of simplicity.

Initially only the substrate and the reduced form of the
mediator were present in solution:

[Red]®

§°=1 Red’= 7 Ox°=0.

(12-14)

According to this initial condition and assuming that the dif-
fusivities of the reduced and oxidized forms of the mediator
are equal led to:

Ox +Red = Red’ (15)
At the inert wall (X =1) all the mass fluxes were nil:

s d0x

|y = ] - =0. 16-17
ax X ax X (1617
The boundary conditions at the electrode surface (X = 0) are
determined by the electrochemical conditions. At the chosen
potential the substrate was not electroactive:

as
X lx-0=0 (18)
The mass flux of the mediator was controlled by the oxida-
tion rate

4[Ox]

ox—'(;x—ix:() = kf[Red]'x=() - kb[Ox] I x=07 (19)

where k, and k, are the forward and backward constants
relative to the electrochemical oxidation of the mediator.
These variables are monitored by the potential according to:

(1- a)nF ,

k/=koexp T(E—EO) (20)
— anF

kb=koexp[ RT (E—E[))], 1)

where k is the rate constant of the heterogeneous electronic
transfer, o the transfer coefficient, and E| the normal ap-
parent potential. With dimensionless variables, the boundary
condition became
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d0x

a*XIX:0=Da§"[OxlX:O(1+g)*gRedO], (22)
where
3 nF(E B
f—exp[ﬁ — Ly ] (23)
Da = - (24
“T DOI‘ )

The Damkohler number expresses the ratio of the potential
heterogeneous reaction rate without any mass transport limi-
tation, to the maximal diffusion rate of the mediator.

It should be noted that one of the advantages of electro-
chemistry is that it offers the possibility of finely controlling
the value of the Damkohler number, since

koL

Dy (25)

Da
X

In most of the studies the electrochemical reaction is as-
sumed to be very fast compared to the mass transfers and the
homogeneous reactions. This assumption leads to the Ners-
tian equilibrium at the surface of the electrode, expressed by

OX'X=0 kf

—_—= 26
Red|y_y kK, 26)

The equations were solved numerically by a classic finite
difference method. The concentration profiles were inte-
grated inside the cell by a Simpson’s method to calculate the

average concentration value, which was obtained experimen-
tally by the spectrophotometric measure:

5= 'Sax Ox= / 'Oxdx. (27-28)
[} 0

When the “thin-layer” hypothesis is used, it is assumed that
no diffusive step affects the reaction rate, and that, conse-
quently, no concentration gradient occurs in the reactor. The
regeneration of the mediator, Ox, performed by the electro-
chemical oxidation at the electrode, is then very fast com-
pared to the other steps, and results in a constant and uni-
form concentration of Ox being kept during electrolysis. The
mass balance equations for a second-order reaction became:

Ox=0x1y_, (29)
oS —
Froins vHa%0x S, 30)
which led to
Ox=Red°1+ : 3D
S(T) = exp(— yHa’0xT). (32)
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In the same way, the following was obtained for the enzy-
matic catalysis:

Ox = Red®

Y (33)

7

K
~ yHa'*Red"T = (1 =

)(5— D+Kzin§. (34
X
When ohmic drop had to be taken into account, the ex-

pression of the rate constants (Egs. 20 and 21) were modi-
fied:

(1- a)nF
kp=koexp| — RT

(E—-E'y— RQI)] (35)

—anfF ,
ky=kqexp —ﬁ—(E—EO—RQI) , (36)

where Ry, is the uncompensated cell resistance and 7 the
current intensity given by Fick’s law:

d[Ox]

I=—nFAD, —— (37

x=0s
where A is the electrode surface area.

Experiment

Hexacyanoferrate II and III, nicotinamide adenine dinu-
cleotide, and diaphorase from Clostridium kiuyveri (E.C.
1.8.1.4) were purchased from Sigma. All the experiments were
carried out in a phosphate buffer 0.2 M, pH 7.5.

The thin-layer reactor consisted of two parallel glass slides
bonded together with the working electrode inserted between
them. The working electrode was a platinum grid purchased
from Comptoir Lyon Alemand Louyot, 1,024 meshes /cm?
woven with a 0.06-mm-dia. wire. The ends of the slides were
dipped into a 400-uL beaker in which another platinum grid
used as auxiliary electrode was immersed. The saturated
calomel reference electrode (SCE) was connected with the
solution in the beaker by a capillary filled with the buffer
solution (Luggin capillary). The potential of the working elec-
trode was monitored with respect to the reference electrode
by means of a potentiostat (Tacussel, PRT 20x2X). The
thin-layer cell was placed in the compartment of a spec-
trophotometer. The Hewlei-Packard (type 8451) diode array
spectrophotometer allowed a spectrum to be recorded and
stored in only a few seconds. Spectra of the solution were
thus recorded at regular time intervals varying from 10 to 60
s, according to the total electrolysis time.

The solution resistivity ( p) was measured with a conduc-
timeter (Tacussel, CDRV G2) and a probe (Tacussel, XE
153 /230). The resistance (R) was calculated by means of
the equation:

pd
Ro=—,

3 (38)
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where § is the cross section of the thin layer cell (§ =0.15
cm?) and d the distance between the working electrode and
the top of the Lugin capillary (d = 0.5 cm).

The activity of the diaphorase was measured indepen-
dently of the electrochemical experiments. The oxidation of
NADH by hexacyanoferrate I1I was performed in a 600-pL
spectrophotometric cell, with the initial concentrations: 2-mM
NADH; 2-mM Fe(CN); ™. Evolution of the concentration of
hexacyanoferrate III was followed at 420 nm. Only a slow
decrease of the concentration was measured. When the rate
of hexacyanoferrate III consumption had stabilized at a con-
stant value, 10 pL of solution of diaphorase (0.5 mg/mL)
were introduced into the cell. The difference between the
slopes of the absorbance curves as a function of time before
and after the addition of enzyme gave the specific activity of
the diaphorase (A = 25 U/mg), which led to

kJIEl=A.-Cp, (39)
where Cy is the enzyme weight concentration.

The exact volume (V) and thickness (L) of the reactor were
determined by separate experiments carried out with only 30-
mM hexacyanoferrate III in solution. The potential was no
longer maintained at a constant value during electrolysis, but
was varied with a slow constant scan rate (s =1 mV/s) by
means of a signal generator (Tacussel, servovit). The current
was recorded as a function of the potential. The curve exhib-
ited a peak whose intensity (1,) is given by the expression
(Bard and Faulkner, 1980):

n2F2|s| VI Fe(CN) ]

= 40
L 4RT “0)

The experimental value of the peak intensity gave the volume
of the reactor. During this experiment hexacyanoferrate un-
derwent successive complete oxidations and reductions. The
absorbance difference at 420 nm (AA*?) between the two
states was:

A4 =¢e-L-C 4D

with € =1.04 mM~T-cm~! and C =30 mM. This equation
gave the thickness of the cell.

Results and Discussion

The electrochemical mediator (Red /Ox), hexacyanoferrate
Il /hexacyanoferrate III, underwent oxidation at the elec-
trode:

Fe(CN)e™ <—— > Fe(CN)a ™ + e.

The hexacyanoferrate III generated is then consumed by the

coupled homogeneous reaction involving the reduced form of
nicotinamide adenine dinucleotide (NADH):

1 B 1 1
ENADH+Fe(CN)g —_— 5NAD* +Fe(CN)¢ ™ + 5H+.

1948 August 1995

Table 1. Extinction Coefficient of NADH and
Hexacyanoferrate II1

Wavelength (nm) Extinction Coefficient (mM™!-cm™?)
€NADH éhexacyanoferratc I
340 6.22 0.55
420 0.00 1.02

Only hexacyanoferrate 1T (Fe(CN){~) and NADH were ini-
tially present in the solution to prevent any reaction from
occurring before the potential of the electrode was set to
+0.30 V with respect to the reference electrode. The con-
centrations of hexacyanoferrate III and NADH were deter-
mined by means of the absorbance measurements at 420 nm
and 340 nm. They correspond to the maximum absorption of
hexacyanoferrate III and NADH, respectively, with the ex-
tinction coefficients reported in Table 1. The absorbance, at
each wavelength, was the resultant of three components due
to:

e The residual absorbance of the cell: A4, which is gen-
erally not negligible because the light beam passed through
the grid electrode

e Hexacyanoferrate II: A,

e NADH: A4;.

Hexacyanoferrate 1T and the oxidized form NAD™ did not
absorb in this range. The general expressions of the ab-
sorbances at time ¢ were then

340 _ 4340 340 340
AN = 390 4 4300 4 43

rest

(42)

AP = AN+ AR, (43)
Given that A,, =0 at the beginning of the reaction (¢ = 0),
because only hexacyanoferrate Il was in solution, and that
Ag=0 at the end (¢t =), because the reaction was pursued
until all the NADH was consumed, the concentrations of

hexacyanoferrate IIT (Ox) and NADH (S) were given by

A42O A340
[Ox]=—5;  [S]= (44-45)
Lfgio L 340
with
AGY= A - A, 46)
340
AT = A~ AT — A 47
Ox
A=A~ A, (48)

Second-order homogeneous reaction

__Figure 2 represents the concentration evolutions of S and
Ox as a function of time for different values of the concentra-
tion parameter Red®=[Red’/[S’. According to the thin-
layer hypothesis, the concentration of the oxidized mediator
Ox would be constant with respect to time, and equal to the
equilibrium concentration monitored by the potential of the
electrode Red®(£/(1+ £)). The experimental curves showed
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Figure 2. Concentration evolutions of substrate and
mediator.

NADH and hexacyanoferrate III experimental concentra-
tions are plotted as a function of time and are fitted with
the thin-layer and diffusive models (without or with taking
ohmic drop into account). Experimental and adjusted pa-
rameters are gathered in Table 2.

that this hypothesis was not verified at the onset of the reac-
tion. An initiation period was necessary for the electrochemi-
cal reaction to ensure a uniform equilibrium concentration in
the reactor. Without any homogeneous reaction coupled to
the electrochemical step, this corresponds to the establish-
ment of a diffusive layer from the electrode to the wall of the
cell. It is known that the diffusive layer is well-established
after a time ¢, (1;> > L?/2D,.) (Bard and Faulkner, 1980),
Comparison of the experimental curves shows that, during
this time, the higher the Red® value was, the more rapidly
the substrate was consumed. This explains why the thin-layer
model correctly fitted the experimental data for the lowest
values of Red?, while it became less and less valid as Red®
increased. The kinetic constant k& of the homogeneous reac-
tion was adjusted to 1.55 M~ '-s™! using only the curves ob-
tained with low Red® values. On the other hand, the diffu-
sive model based on the general mass balance equations ap-
peared quite correct, since it succeeded in fitting the evolu-
tion of the concentration curves whatever the Red? value.
All the values of the parameters used in the simulation were
extracted from the literature (Table 2), except the kinetic
constant k, which was kept at the same value as found previ-
ously. The heterogeneous constant k, was the only parame-
ter to be adjusted by means of the Da number. An empirical
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Table 2. Experimental and Adjusted Parameters for the
Second-Order Homogeneous Reaction

E E) Dy, D
(mV/ECS) £ o (m?/5) x 1019 D v
300 195" 60 0.5 11837 2.4% 0.2 0.5
Experimental Adj.
LSy Red® L(m)

(mM) X 10% Ha Da
7.5 0.12 3.7 1.16 >1.30
7.7 0.56 3.0 0.95 0.23
8.0 1.00 30 097 0.05
83 1.90 30 0.99 0.02

"Durliat (1975).
tWeast et al. (1987).
tAizawa et al. (1975).

trial and error procedure was used. For the lowest values of
Red?, only high values of k, made it possible to fit the exper-
imental data. The Da number must be higher than approxi-
mately 1; the electrochemical reaction was in this case very
fast compared to the diffusive phenomena, and it did not af-
fect the overall reaction rate. Surprisingly it was necessary to
reduce the value of k, when Red® increased. Actually this
phenomenon has already been shown: the heterogeneous
transfer rate constant of the couple Fe(CN)2~/Fe(CN)? ™~ de-
creases as a function of the concentration (Kawiak et al.,
1983). Table 3 shows some similarity between the variation of
ky as found in our simulation and as reported in the litera-
ture. The discrepancy between the variation ranges is cer-
tainly due to the very different operating conditions that in-
duced very different states of the electrode surface. Indeed
the variation of k is certainly caused by surface modifica-
tions rather than by an intrinsic variation of the electron
transfer rate. Besides, the influence of the surface features
on the apparent rate constant has been extensively studied in
the case of biological molecules (Bond and Hill, 1991).

The influence of ohmic drop was estimated for the experi-
ment performed with the greatest mediator concentration
(Red® =1.9). Equations 35 and 36 were used to calculate the
values of k, and k,, respectively, with the value of the resis-
tance determined experimentally (Rg =160 (1). The two
curves in Figure 2d are fitted with the same parameter val-
ues, with or without taking ohmic drop into account. Because
of the slight effect for the curve obtained with the highest
current, ohmic drop was subsequently neglected.

Table 3. Heterogeneous Transfer Rate Constants for
Hexacyanoferrate System

Conc. kg Background
(mM) (cm-s™ 1) (Electrolyte) Data from
15.8 5.8 1073
8.0 1.6 1074 KH,PO, This paper
43 7.1 1074 02M
0.9 >32 1073
2.0 2.9 1072
0.5 41 1072 MgCl, Kawiak (1983)
02 6.1 1072 0.05M
0.1 8.2 1072
Vol. 41, Neo. 8 1949



In order to check the validity of the thin-layer hypothesis
in general, a criterion had to be chosen. The error in the
halfway reaction time (AT',) was a simple parameter, which
is particularly sensitive to the onset of the reaction, that is,
the greater the time necessary for the Ox concentration to
reach the equilibrium value, the higher the error AT, ,. Fig-
ure 3 reports the variation of the halfway reaction time as a
function of the Hatta number for the thin layer and the diffu-
sive models for a general case, with D=1 and y =1. When
Ha was less than one, the thin-layer approximation was valid.
As shown on the concentration profiles plotted with Ha = 0.3,
no significant gradient occurred in the cell. On the other
hand, for higher values of Ha the rate of substrate consump-
tion no longer increased because the diffusive transfers be-
came rate limiting. Plotting the concentration profiles with
Ha =10 clearly showed the effect of diffusion. The rate of
the electrochemical step also affects the overall rate when
the Damkohler number decreased below approximately 0.1.
It was not possible to recover the limit case of “instanta-
neous” reaction as it is in gas-absorption systems. Because of
the high concentration of substrate with respect to the medi-
ator that is generally used, the reaction plane would be lo-
cated very near the electrode surface. This case would be
similar to a surface reaction on the substrate. The validity
domain of the thin-layer hypothesis is reported in Figure 4 as
a function of Ha and Da, assuming that the hypothesis re-
mained correct and provided that the discrepancy between
the two values of the halfway reaction time was lower than
10%. The frontiers were determined with a numerical di-
chotomy method: for each value of Da, the value of Ha was
calculated, which led to 10% for AT, 2 (Figure 4, curves 1, 2,
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Figure 3. Time of halfway reaction evolutions.

7y, is plotted as a function of the Ha number for the thin-
layer model and the diffusive one with or without the influ-
ence of the Damkohler number. /X and Ox/X curves are
plotted for two values of Ha(Ha = 0.3 and Ha=10). D=1,
y=1, Red"=0.01.

1950 Angust 1995

1000 ¢
E— Red’=0.01 10% a Red® =001 10% %l) —01
—~—= Red’=0.1 10% ® Red?=0.1  10%
[ D=1
- Red®=1  10% z 1
10 F-r Rea®=01 20% ) | 1 '
E 1 | !
P l I ||
[ ! .
Iy Lo 4
10 F ! ] '
5 ! | !
L | | ‘
' [ :
8 1k | | X
o ! l "
- l .
L [' I '
]
01 E ’ )
C ’
E .
i e
L r
001 £
[
0.001 L T L 1 s L N 4
0 0,5 1

Figure 4. Validity domains of the thin-layer hypothesis
with the error AT, , as criterion.

Theoretical Da /Ha curves are drawn for different values of
Red", of D, and of the percentage of the error on Typoy=1

and 3). The validity of the thin-layer hypothesis cannot be
very significantly enlarged if a less severe criterion is used.
When a 20% error instead of 10% error was accepted on the
halfway reaction time, the stability domains were only slightly
shifted to higher values of Ha. The higher validity frontier
calculated for Red’ = 0.1 and D =1 went from Ha = 0.62 to
Ha =095 (Figure 4 curves 2 and 4). It clearly appeared that
the experimental data could be exploited by means of this
hypothesis only in the restricted domain of slow homoge-
neous reactions: a lower value of Red? slightly enlarged the
domain.

In classic systems where mass fluxes occur between the bulk
of the solution and the interface layer, the influence of the
concentration parameter Red” and of the diffusion parame-
ter, D= Dg/D,,, is quite similar, and is taken into account
by means of only one concentration-diffusion parameter
(Charpentier, 1981):

e
vD,, J\ [Ox] vyRed®

Figure 4 shows that the diffusion parameter D had a lesser
influence here than the concentration parameter Red® (curve
1" compared to curves 1 and 2, and curve 2’ compared to
curves 2 and 3). This behavior seems to be specific to mass
transfer in thin closed systems.

The criterion chosen was perhaps not in good agreement
with common practice. As is the case in Figure 5, it is usual

(49)
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Figure 5. Logarithmic substrate concentration as a
function of time.

The logarithmic NADH concentrations are plotted as a
function of time. The linear part of the experimental curves
are extrapolated (lines). Experimental conditions are gath-
ered in Table 2.

to plot the logarithm of the substrate concentration as a func-
tion of time, and to further exploit only the linear part of the
curves according to the thin-layer hypothesis:

. (50)

¢
[s1° a+¢)

ln(—[ﬂ) = — yk[Red]"

This method makes it possible not to take into account the
onset of the reaction. It is thus normal that the extrapolation
of the linear part of the curves does not pass through the
zero point of the graph. With this method it was possible to
calculate the correct value of the kinetic constant k, even
with the experimental data obtained when the thin-layer hy-
pothesis was not strictly valid at the beginning of the reac-
tion. In order to translate this usual operating method into a
numerical criterion, it is assumed that the thin-layer hypothe-
sis is valid when 50% of the equilibrium concentration is
reached for Ox, before half of the substrate has been con-
sumed. According to the strict thin-layer hypothesis, the elec-
trochemical step would ensure the equilibrium value from the
onset of the reaction and throughout the whole reaction time.
Nevertheless, in reality the concentration variation from the
initial state to equilibrium takes a certain time. This criterion
is not very strict because only 50% of the equilibrium is sup-
posed to be necessary to apply the thin-layer model. The C/¢
curves, where the minimum of 50% of the equilibrium is
reached after the halfway reaction time, are rejected for
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thin-layer fitting. It seems valid to exploit at least the second
part of the curve. The validity domain is thus defined as the
domain where the second part of the reaction is performed
with at least 50% of the equilibrium eoncentration for Ox.
The new validity domains are plotted in Figure 6. The do-
mains kept the same overall shapes as previously and the va-
lidity of the thin-layer hypothesis remained quite restricted,
even with a rather relaxed criterion, which is closer to the
usual practice of experimentalists than the previous stricter
criterion.

Enzymatic homogeneous reaction

Thin-layer electrochemical reactors are particularly useful
tools in the field of analytical biochemistry. According to the
thin-layer hypothesis, the Ox concentration would be con-
stant and uniform in the reactor, and the complex enzymatic
kinetics could become:

: k[E]
’ . Ky Ko (1+¢) D
(5] [Red]’¢

In this case, electrochemistry is able to monitor the catalytic
activity of the enzyme. Moreover, if the concentration of S is
high enough for the ratio Ks/[S] to be negligible with re-
spect to one, the catalytic rate becomes constant: the evolu-
tion of the substrate concentration would then be straightfor-

1000 ¢
F
A — - - = Red®=2
) — - — Red°=I
100 E Red°=0.5 ! ! :
E — — =~ Red®=0.1 i ! |
| . ! {
10 ¢ I ! |
3 oo |
8 F [ [ I
I . i |
1 ¢ !
E | ! J
[ : | |
[ | ! !
oo [
0.1 ¢ ‘
s 1))
9 ' / /
L / I,
0.01 . L
0 1 2
Ha
Figure 6. Validity domains of the thin-layer hypothesis

with the criterion: 50% of the equilibrium me-
diator concentration is reached before half of
the substrate had been consumed.

Theoretical Da /Ha curves are drawn for different values of
Red’. D=1,y=1.
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Figure 7. Concentration evolutions of substrate for the
enzymatic reaction.

NADH concentrations are plotted as a function of time and
are fitted with the diffusive models (lines) for different val-
ues of hexacyanoferrate and diaphorase concentrations. D
=02, v=05, Kp,=0.007, and K5 =0.014.

ward as a function of time. It has to be mentioned that the
capability of electrochemistry to ensure a high concentration
of the mediator involved in an enzymatic catalysis has often
been used to drive enzymatic synthesis or to shift enzymatic
equilibrium (Bauer et al., 1981; Lortie et al., 1992; Chen and
Nobe, 1993).

The changes in the substrate concentration as a function of
time when different amounts of enzyme were added in the
reactor are plotted in Figure 7. The activity of the enzyme,
k[ E), proportional to the amount contained in solution, was
experimentally measured. The thin-layer model gives the fol-
lowing equation:

KOx fi] [S]
(1+ [Ox])([S]_[S] )+ Ks ln(ﬁ)

=—vykJ[E), (52)

that is, with dimensionless parameters

Ky, ,
(1+ 0‘; )(S—l)+K’S InS=-vyHa?Red’T, (53)

which leads to Eqgs. 54-55 when K [Ox] or K§ is very small.

1+ Ko AS1-(S1) = — vk [EX (54)
[Ox] em

1952
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that is, with dimensionless parameters

Kox :
(1+ o |(§~ 1D =—vHa?Red"T (55)

with [Ox] or Ox as a constant value [Ox]=[Red]® &/(1+ £)
or Ox=Red® £/(1+¢).

Although all the curves were linear up to conversion ratios
as high as 90%, as indicated by the thin-layer model (Egs.
54-53), it cannot be concluded that this hypothesis is valid.
Let us define the relative error on the slope of the evolution
curves as the ratio (S, - S,)/S,, where S, is the slope pre-
dicted by the thin layer theory, and S, the value calculated
by the diffusive model. Actually this ratio is a theoretical esti-
mation between the two models. It is plotted on Figure 8 as a
function of Ha with the experimental values of the parame-
ter D=0.2 and y = 1/2. The values of Da were those calcu-
lated in the first part of the work for the same hexacyanofer-
rate concentrations. The value of K¢ = 0.1 mM was found in
the literature for various types of diaphorase (Barman, 1985).
It was verified that this parameter only affected the shape of
the curves slightly because the ratio K¢/[S] could be ne-
glected until very high values of the conversion ratio were
reached. The curves indicated that the discrepancy between
the thin layer and the diffusive models was very important for
the values of Ha used in the experiments. Indeed each curve
in Figure 7 was fitted separately by the thin-layer model. For
each curve the value of the kinetic parameter K, was ad-
justed by a least-square method. The results reported in Table

100%

7
_ /
K'0ox=0.01 //
' — — — K'0x=0.005 /
3 !
2 s0% |
2 |
i
0% ; : - - -
0 1 2 3
Ha'

Figure 8. Relative error on the slopes of the §/T curves
between the thin-layer and diffusive models.

Theoretical ratio ((§,, - §,)/S,)/Ha' curves for different
values of Ky, where §,; is the slope detecrmined with the
thin-layer model and S, with the diffusive one. D =02, y =
0.5, Red’ = 0.01, and K =10.014.
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Table 4. Kinetic Parameter K, Determined by the Least-

Square Method Applied to the Thin-Layer Model

kJEXmM-s™1) Koy (mM)
0.017 0.36
0.069 0.95
0.174 1.67

Red? = 0.01.

4 give unreliable values of K. In particular it was not possi-
ble to fit all the curves with the same value of K. As indi-
cated by the theoretical evaluation of the discrepancy be-
tween the two models (Figure 8), the thin-layer hypothesis is
not valid, even if each curve, considered separately, could be
consistent with a thin-layer behavior at first glance. The lines
on Figure 7 represent the theoretical results obtained with
the diffusive model. All the experimental curves were satis-
factorily fitted with the same value of the only parameter to
be adjusted, K, = 0.056 mM.

Conclusion

Thin-layer electrochemical reactors are widely used as ana-
lytical tools. The present results emphasized the restricted
domain of validity of the thin-layer hypothesis when the study
of a homogeneous reaction is concerned. Whatever the
method chosen to process the experimental data, and even
using a sloppy criterion, it was not possible to significantly
broaden the suitability of the thin-layer hypothesis for Hatta
numbers greater than a few units. The best way for process-
ing experimental data by means of the thin-layer model seems
to only take into account the last part of the reaction and
thus avoid the onset where the thin-layer hypothesis is only
valid for the slowest homogeneous reactions. The rate of the
heterogeneous electrochemical reaction could also affect the
overall reaction rate, as demonstrated experimentally with the
oxidation of hexacyanoferrate II, although this mediator is
currently well-known as a fast electrochemical system. The
case of the enzymatic reaction also demonstrated that the
thin-layer hypothesis could be wrong even if the experimental
data seemed to be well-fitted by the model for one experi-
ment. It was found essential that a set of experimental results
obtained under various operating conditions should be taken
into account.

The thin-layer electrochemical reactors can be very effi-
cient for a fast determination of the order of magnitude of
homogeneous kinetics. A finer approach is nevertheless nec-
essary as soon as the kinetics is no longer slow. The general
model used here remained quite simple and led to a very
good agreement with the experimental data. Even in this case,
a thin-layer electrochemical reactor has a lot of advantages:
there is a very low volume of solution required, a very high
surface /volume ratio, electrical control, a coupling of optical
and electrical information. Nevertheless the diffusivities of all
the species involved must be determined prior to the kinetic
study.

Notation

Dy, D, = diffusivity of § and Ox, m*s™!
E = potential of the electrode, V
[ E1= concentration of the enzyme, M
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F = Faraday’s constant, C-eq™"

K§, Ky, = dimensionless Michaelis’ constants, K’ = K/[S]’
n=number of electron exchanged, eq-mol~!
Ox=[Ox1/1S)
r= homogeneous enzymatic rate, M-s ™!
Red={Red]/[S}

8, Ox, Red= dimensionless concentrations S =[S]/[§]°

T=dimensionless time, T =t Dg/L? (T designated the tem-
perature only in Egs. 20-22 and 36)

x= distance from the electrode, m

X = dimensionless distance from the electrode, X = x/L

vy= stoichiometric coefficient

£= dimensionless potential, ¢ =exp [(nF/RT) (E — E})],
where T is the temperature

Superscript

0= relative to the initial time
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