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The purpose of this paper is to address the problem of galvanostatic operation of irreversible
electrochemical series and parallel reactions. The application of a constant current is known to be
the preferred mode of industrial, electrochemical reactor operation. However, variations in product
yields and current efficiencies are not easily predicted for this operational mode, except for simple
limiting situations. By numerical solution of the governing first-order differential equations for
batch and plug flow reactions, product yields have been predicted as a function of reactant
conversion for a wide range of kinetic parameters. The effect of mass transport limitations and
solvent decomposition is an integral feature of the analysis.

The performance characteristics obtained give a general description of the behaviour of most
series and parallel electrochemical reactions. The possibility of a kinetic analysis of these electro-
chemical reactions from experimental yield data has been broadly demonstrated using published
experimental data.

Nomenclature of step i (ms™)
km  electrochemical rate constant for the sol-
C,o Iinitial concentration of species A vent decomposition reaction (m s ')
(mol m~*) ky; mass transfer coefficient for species j
C;  bulk concentration of species j (ms™")
(mol m™?) n;  number of electrons in step i
C, surface concentration of species j t reaction time or residence time (s)
(mol m~?) T  dimensionless time
E  electrode potential (V) X, fractional conversion
F Faraday number (C mol™") o constant describing potential dependency
iy partial current density for solvent of reverse reaction rate constant (V™')
decomposition (A m~?) i constant describing potential dependency
A partial current density of step i (A m™?) of forward reaction rate constant (V')
ir total current density (A m™?) fu  constant describing potential dependency
kg  forward electrochemical rate constant of of the solvent decomposition reaction
stepi(ms ) vV

ky  backward electrochemical rate constant o electrode area per unit volume (m™')

1. Introduction important chemicals are produced by this

means, especially in inorganic synthesis. How-

Electrochemical reductions and oxidations often
proceed via complex reaction sequences involving
electrocatalytic reaction, homogeneous electron
transfer and chemical reaction. A variety of
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ever, only relatively few electro-organic reac-
tions have achieved commercial development
[1], but with the recent interest in this area
several candidate syntheses are emerging [2].
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Two important categories of reaction which fre-
quently appear in electro-organic synthesis, are
multiple competing reactions {3] and consecutive
reactions [4]. Recent reported studies of such
reactions are the electrochemical preparation of
3-bromothiophen [5], the electrochemical reduc-
tion of benzene [6], the synthesis of 2,5-dimeth-
oxyphenyl acetate in a thin film contactor cell [7]
and the electrochemical reduction of oxalic acid
to glyoxylic acid [8].

Fleischmann et al. [7] analysed experimental
data from the synthesis of 2,5-dimethoxyphenyl
acetate in a two-phase batch reactor, giving inter-
mediate product yield versus conversion curves
for both potentiostatic operation and galvano-
static operation. However, three major assump-
tions inhibit the general use of the approach;
that is, the assumption that the Tafel slopes for
both electrochemical steps are equal, that mass
transport resistance effects are absent and that
solvent decomposition does not occur. The
second of these assumptions was also made by
Sakellarapoulos [3, 4] in his plug flow reactor
models, which were additionally restricted to
potentiostatic operation. The inclusion of mass
transport resistance at the electrode surface has
recently been incorporated in batch and plug
flow reactor models of series and parallel electro-
chemical reactions [9], which again was restricted
to potentiostatic operation. Galvanostatic oper-
ation of these reaction types has recently been
described for restricted kinetic conditions, i.e.
equal Tafel slopes [10, 11].

The purpose of this work is to investigate the
general performance of series and parallel electro-
chemical reactions in batch and plug flow reactors
during galvanostatic (constant current) oper-
ation. This method of current supply is known
to be the preferred mode of industrial operation
of electrochemical reactors because of its lower
cost and ease of control. It is also frequently
used for laboratory electrosyntheses. However,
unlike potentiostatic operation where control of
electrode potential and kinetics is inherent, gal-
vanostatic operation gives rise to variations of
electrode potential with time. This inevitably
changes the magnitude of the electrochemical
kinetic ‘constants’ and thus product yields may
well be quite different to those experienced
during potentiostatic operation. The effects of

variation in the parameters of the Tafel equations
of the reactions are considered. Mass transport
resistance close to the electrode surface is
included and so is the influence of simultaneous
solvent decomposition. Brief consideration is
given to the effect of reversibility in the electro-
chemical kinetics.

2. Theoretical reactor analysis

The mathematical description of batch and plug
flow electrochemical reactors during galvano-
static operation is developed below. Reactor
operation will concentrate on only one region of
electrode activity, and reactions at the secondary
electrode are assumed to not adversely affect
performance. For plug flow reactors it is assumed
that variations in current density over the reactor
due to concentration changes etc. are negligible.

The other main assumptions in the analysis
are as follows (others will be noted where appli-
cable).

(i) Steady state, isothermal conditions apply.

(ii) Constant volume conditions prevail.

(iii) Ideal flow characteristics, either plug flow
or well mixed are assumed.

(iv) Mass transport is described through the
use of a mass transfer coefficient k; for cach
species 1 in the following equation

- = ku(G — G)

nkF M

where i is the partial current density and C; and
C, are bulk and surface concentrations of
species 1.

(v) Migration effects are negligible.

(vi) Reactions are first order and Butler—
Volmer kinetics apply.

2.1. Series reactions

The usual three component series reaction
scheme considered is

ke

A+ nme——8B
kb1
kepy

B + me \_.——k—‘ C
b2

The reaction rates for both steps following [9]
are
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i = nFlkyCas — ky Cys) (2)
L = mFlkyCys — kiyCes) 3)
where the rate constants are defined as
kyn = kiexp(B,E) 4)
ky = kiexp(—oE) (5)

for the first reaction step and similarly for the
second reaction step. F is the electrode potential
with respect to any convenient reference electrode
and k, is a constant independent of potential,
though the value will depend on the reference
electrode system chosen.

In this work it is convenient for the purpose of
numerical solution to choose the reference
potential to be such that the electrode potential
at the beginning of the electrolysis is 1/, i.e. B,
E. . = 1. This convention is adopted to allow
the changes in potential to be followed during
the course of the reaction. At any time we have

E k k
= In i) = 1+lnl: “} 6
Eo (/cl Gl ©

where (k;), is the initial value of k.

As a consequence, the values &, and &, have
some potential dependence in that, if the reaction
were 1o be carried out at a different initial poten-
tial, then (kg ), and (k, ), would have changed. If
the Tafel parameters of the two reactions are dif-
ferent this would mean that the ratio k,/k, for a
given electrochemical reaction would be depen-
dent on the starting potential and, hence, dif-
ferent performance characteristics would be
expected if the reaction were operated at a dif-
ferent current density.

By combining Equations 2 and 3 with mass
transport expressions similar to Equation 1 to
eliminate surface concentrations, reaction rates
for both steps following [9] are

i
n“L = a,Cy + ;G + a;C¢
|

()

y

b

mF

bCy + b, Gy + by Ce (®)

where

Koy (L _ )
kfl kLB d
V- ( ki )

k” kLB2

kb] ka

ke Ky [J/Y”kw - <kﬂ hﬁ)}
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"

with

ke

1 {
ki
For electrolysis in a batch reactor or plug flow
reactor of electrode area per unit volume, o, the
reactor design equations are
dC i
A L g 9
de mF

et R S S
dt mF  nF
Here, ¢ represents either the batch reaction time
or plug flow reactor residence time.

The final equation of the analysis is that of
constant total current density, i;, given by

(10)

i = i+ 0 a1
Equation 11 essentially controls the variation of
electrode potential during electrolysis.

These equations are solved using a procedure
illustrated in the accompanying block diagram
for the case of a series reaction with no decompo-
sition of the solvent. Analytical solutions can be
obtained under certain simplified conditions of
no mass transport resistance and equal Tafel
slopes [7], but in general the requirement that
potential (and hence k; and k;) is governed
by Equation 11 precludes analytical solution.
Instead, Runge—Kutta numerical integration is
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used, with each step followed by an iterative
procedure to recalculate ky and k. The analyti-
cal expressions are used to check the accuracy
of the numerical solution under the limiting
conditions.

2.2. Parallel reactions

The concurrent reaction of species A forming
two products B and C by electron transfer is
considered.
ket
A+ nme—=—=B8B
kp
ke
A+ me—C
kba
The reaction rates for the two steps are given by
equations similar to Equations 2 and 3.
For irreversible electron transfers, the reac-
tion current densities following [9] become

L Ca

mF 1 1 k (12)
e+ 2
kLA kfl kflkLA

and

i _ Ca

A D T S
— + — +
kia  kp  kpkia

The reactor design equations for this reaction
sequence are

—d—9=a<—i‘—+i> (14)

dt mF  nF

dGy i
— = ¢— 15
dt ’ mF (15)

For galvanostatic operation the condition of
total current density, Equation 11, applies.

Generally, the solution of the reactor design
equations is achieved numerically as described in
Section 2.1.

2.3. Extension to accommodate solvent
decomposition

A situation which occurs frequently in electro-
chemical reaction systems is decomposition of
the solvent. This simultaneous reaction, which
often results in the generation of a gaseous

product (e.g. H,), invariably causes a negligible
change in the reactant (solvent) concentration
and hence the reaction can be considered to be of
zero order. To accommodate this reaction in the
present analysis the total current density is
written as

(16)

where iy is the current density for solvent
decomposition and is given by a Tafel equation
of the form

ip = Iy~§LH+ 14

iy = nyFkyexp(ByE) )

For convenience, this reaction current density
will often be referred to as that for the hydrogen
evolution reaction.

3. Results and discussion

It is well known that single Tafel reactions in
batch or plug flow reactors exhibit a linear
decrease in reactant concentration with time (or
residence time) during galvanostatic operation.
With reactions giving two or more products, the
behaviour is more complicated as to satisfy the
constant current criterion, electrode potential is
free to vary. This variation is dictated by the
kinetic parameters for all reactions involved.

The inevitable variation of electrode potential
during galvanostatic operation causes the values
of the electrochemical rate ‘constants’ to change
continually and, in most instances, their respect-
ive ratios also vary. Because of this, the variation
of product distribution for multiple reaction
systems is expected to be quite different to that
for the equivalent conditions of potentiostatic
operation. During potentiostatic operation the
values of the electrochemical rate constants are,
in fact, maintained constant. The respective
ratios of the rate constants are governed by the
electrode potential of operation and, hence, so is
the product distribution. The magnitude of any
solvent decomposition is also fixed by the value
of electrode potential.

3.1. Series electrochemical reactions

In the series reaction sequence, the product of
interest will be the intermediate B. The predicted
behaviour will, therefore, concentrate on the
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yield of B (C3/Cao), expressed as a function of
reactant conversion X, (=1 — C,/Cyo).- From
an overall material balance,

Cao = Cr+ G + Co (18)

information, such as current efficiency, the con-
centration of by-product C and concentration
time characteristics, can be readily determined.
The latter can be obtained from the expression

2X, -
. Chro CponF

(19)
obtained from Equations 9, 10 and 16, when
n, = n,. Considering first the situation when the
series reaction takes place in a potential range
outside the region of solvent decomposition and
without mass transport limitation, Fig. 1 shows
a set of yield versus conversion curves for a series
of ratios of Tafel slopes f,/f, from 3 to 0.333
(n, = n,). The main parameter in these charts is
the ratio of initial rate constants k, /k, (The ratio
of initial rate constants (kp),/(k ), is written
now as k,/k,.). As might be expected the yield of
B goes through a maximum under all conditions,
this maximum being greater the smaller the ratio
of k,/k,.

In Fig. 1, two types of behaviour are evident
as the ratio f3,/f,, decreases.

1.01

Cao
0.5

Fig. 1. Intermediate product yield versus conversion for
series Tafel reactions showing the effect of the ratio of Tafel
slopes f§,/B, and rate constants k,/k,. Values of k,/k, are
shown on curves. Values of f,/,: 4+ (———); 3 (-} 1 (—);
2(—==)3(+ + +)

(i) For values of k,/k, < 1, the maximum
yield of B increases and occurs at higher conver-
sions. At very low ratios of §,/8, of 0.33 and
k,/k, = 1/16, the maximum yield of B is in
excess of 0.9 and occurs at almost complete con-
version of A. The behaviour is almost that of a
single Tafel reaction, because the low value of
B,/B, causes the actual ratio of rate constants
ke /Ky to decrease to values less than the initial
ratio k, /k, as the potential increases to maintain
constant current operation.

(ify For values of k,/k, > 1, yields are gener-
ally low, with maximum values decreasing with
an increase in k,/k, and occurring at lower con-
versions. At low values of §,/p,, vields of B may
vary very little over a large range of conversions.

The characteristic behaviour described above
can be readily interpreted from the variation of
electrode potential during operation. This vari-
ation of electrode potential is shown in Fig. 2 for
a wide range of rate parameters. In the case of
values of the initial ratio k,/k; > 1, the poten-
tial must rise continuously during the course of
the reaction to maintain constant current as the
reactants are depleted. Hence when f,/8, < 1,
the value of &, increases less rapidly than &,
leading to the decrease in &y, /k; and the greater
yield of B.

When k,/k, > 1, itis found that there is a fall
in electrode potential over the early stages. This
can be understood by considering times just
after the electrolysis has started. The conversion
of A is X, and all the reacted A has formed B.
If Cyo = 0 then the concentration of B now
present is C,q0X, and the total current is

ir = mFkyCao(l — 0Xa) + mFkyCrodXy
= FCyo(mky + (mkp — nmky6X,)) (20)

Ifn ks > n ke, thenif the rate constants &y and
kp have their initial values, i; is greater than its
original value. To counteract this, and maintain
galvanostatic conditions, the potential must
initially fall. As the total amount of electroactive
species falls with the production of C, this
decrease in potential is eventually reversed.
The fall in potential as the intermediate con-
centration increases towards its peak value causes
the behaviour with different Tafel slopes to be
reversed compared to the case when k,/k, < 1.
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Fig. 2. Variation of electrode potential with conversion in
the course of series Tafel reactions showing the effect of the
ratio of Tafel slopes §,/f, and rate constants k, /k,. Potentials
are measured relative to the reference system described fol-
lowing Equation 5. Values of k, /k, are shown on the figure.
Values of f,/8,:3 (- 1 (—); 2 ().

Thus, when B,/f, < 1, ky, falls less rapidly than
kg, increasing ky,/k; and decreasing the yield
of B.

The two main assumptions applied in obtain-
ing the characteristics in Fig. 1 (i.e., no mass
transport limitations and no solvent decompo-
sition) will now in turn be lifted. Both factors
will be more significant at high conversions.

Fig. 3. The effect of mass transport and solvent decompo-
sition on the yield-conversion curves for series Tafel reactions.
Values of k, /k, are shown on the figure. In addition, for curves
marked mt, k; /kyq = 5and for those marked sd, &y /k; = 1.0
and B, /B, = 1.0. Values of §,/8,: 3 (—-); 1 ( %20

3.1.1. The effect of mass transport. Fig. 3 shows
the typial effect of varying degrees of mass trans-
port on yield conversion behaviour. It is assumed
that the mass transfer coefficients for species A
and B are approximately equal. Two parameters
feature in Fig. 3: the ratio k,/k, and the ratio
B./B,, with the effect of the latter on yield being
highlighted.

The main effect of a decrease in mass trans-
port rate is to reduce the yields obtained under
similar conditions, due to intermediate B being
more susceptible to further reduction. When
ky/k, > 1, the maximum value of B occurs
at higher conversions as mass transport rate
decreases and vice versa for k,/k; < 1. The
poorer yields experienced with low mass trans-
port rates make current efficiencies low.

With low rates of mass transport and at high
conversions, limiting currents for the reactions
are approached. Hence, at some point, the con-
dition of constant total current cannot be satis-
fied. In the performance characteristics this
appears as a cut off in yield. In practice, how-
ever, the reaction will proceed, as the current
balance will be maintained by the onset of sol-
vent decomposition. This is considered in Sec-
tion 3.1.2.

3.1.2. The influence of solvent decomposition. The
influence of solvent decomposition (now referred
to as hydrogen evolution) on the yield of B is
also presented in Fig. 3. Four parameters feature,
the ratio of rate parameters; k,/k,, B./B,, ku/k,
and fy/p,. With equal Tafel slopes for all reac-
tions, yield—conversion characteristics are inde-
pendent of the magnitude of the hydrogen
evolution reaction because the ratio of rate con-
stants kp, /k; is unaffected by changes of elec-
trode potential. When f, < f,, increasing ky
decreases the yield of B because hydrogen evol-
ution tends to hold down the electrode potential
rise, reducing the relative increase in k; with
respect to k. When B, > [, increasing ky
increases the yield of B. The general effect of
increasing hydrogen evolution is to reduce the
variations in yields obtained with reactions of
different Tafel slope ratios. This effect is more
pronounced when fy; > 2f,.

Although there are detectable differences in
yield at varying amounts of hydrogen evolution,
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Fig. 4. The variation of hydrogen current efficiency for a
series reaction accompanied by solvent decomposition:
kylk, = 1.0, By /B, = 1.0, values of k,/k, are shown on the
figure. In addition, for curves marked mt, k; /kyo = 5.

the major effects of this reaction are with regard
to the concentration—time characteristics (dis-
cussed later) and the current efficiency of the
hydrogen evolution reaction (Fig. 4).

From Fig. 4 it can be seen that hydrogen
current efficiency increases as the ratio k,/k,
decreases and as both the value of ky and con-
version increases. As might be expected, hydro-
gen current efficiency rises rapidly when high
conversions are approached.

The effect of Tafel slope ratios is also seen
to have some influence on hydrogen current
efficiency. When k,/k;, = 1 and 1/16, higher
hydrogen current efficiencies are obtained with
smaller f,/f,, owing to kg, increasing faster rela-
tive to ky and kyp. With k,/k, = 16, lower
hydrogen current cfficiencies tend to result, with
smaller f,/8, values. An interesting feature in
this system is the minimum in hydrogen current
efficiency experienced at intermediate conversions
when k,/k, = 16. This low hydrogen current
efficiency corresponds to the region of maximum
yield of B. This behaviour produces a maximum
in overall current efficiency for the reaction of A
to B when &,/k, > 1.

When the Tafel slope of the hydrogen evol-
ution reaction is greater than that of the first
reaction step, hydrogen current efficiency is
greater than that when By = B,,fork,/k, < 1.0.

When k, /k; > 1.0 hydrogen current efficienicy is
lower than that for equal Tafel slopes (8y = 5,).

3.1.3. The effect of solvent decomposition and
mass transport. In most practical cases both
mass transfer and solvent decomposition influ-
ence the course of the reaction, but their com-
bined effects interact to make characterization
of the behaviour with alteration of Tafel slopes
or initial rate constant ratios difficult. Included
in Fig. 4 are examples of the combined effects of
variation in mass transfer coefficients and the
ratios of rate constants of the two reactions of
interest and that for solvent decomposition on
the current efficiency for hydrogen evolution. It
should be mentioned that the effect of mass
transport resistance is to increase the rate of
solvent decomposition and hence decrease the
rate of the reactions involving the species of
interest.

3.1.4. Concentration time characteristics. A typi-
cal set of yield versus time curves (using a dimen-
sionless variable, T = (iyo1)/(nFCyo) for the
condition of equal Tafel slopes of both steps (i.e.
B./B,) are given in Fig. 5. The effect of mass
transport and solvent decomposition has been
ignored. Published experimental data for the
anodic trifluoro-acetoxylation of chlorobenzene
are included in Fig. 5 [12]. Here chlorobenzene

104

32

+

Y16

Fig. 5. Variation of yield with dimensionless time for a series
reaction with equal Tafel slopes. Values of k,/k, shown on
figure. +, Experimental data for the anodic trifluoro-
acetoxylation of chlorobenzene {12].
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Fig. 6. Variation of product yield for a series reaction influenced both by mass transport and solvent decomposition.
(A) Yield versus time; (B) yield versus conversion. (a) ky/k, = 0.17; B,/B, = 0.5; ky /(kp )y = 5.0; ky/k, = 0.05; B,/B, = 0.5.
(0) kytky = 0.09; B, 1B, = 0.5 kpf(kq)o = 2.5 ky/ky = 0.05; B/, = 0.5. (c) kyjky = 0.17; B, = B,. (d) ky/k, = 0.09;
B, = B\. +, Experimental data for the synthesis of 2,5-dimethoxyphenylacetate [7].

undergoes the series reaction to mono-trifluoro-
acetate and then di-trifluoro-acetate (this species
will produce tris-trifluoro-acetates on further
oxidation). In this system, solvent decompo-
sition only occurs at potentials 500 mV more
positive than for the organic reactions and hence
can be ignored. The behaviour of this oxidation
appears to fit approximately into this category
of series reaction with a ratio of k,/k, = 0.015.
This ratio is consistent with experimental polar-
ization curves [12].

As mentioned previously, one of the main
influences of solvent decomposition on series
reactions is with regard to the yield versus time
characteristics. Fig. 6a shows two yield versus
time curves under conditions of solvent decompo-
sition and also mass transport limitations. Also
shown is the equivalent data for the condition
f, = B, with solvent decomposition and no
mass transport limitations. This clearly shows
that the major effect of solvent decomposition is
a tailing in the yield-time curve. The equivalent
yield conversion curves for this system are
shown in Fig. 6b. Little difference in the behav-
iour for the three conditions can be seen. Hence,
accurate mass transport characterization,
coupled with a knowledge of solvent decompo-
sition kinetics, is a pre-requisite of experimental
data analysis or product yield specification.

Even then inherent errors in experimental
procedures may tend to obscure differences in
kinetics. Hence, the yield versus time curves are
likely to prove a necessary feature.

Experimental data for the synthesis of 2,5-
dimethoxyphenylacetate from 1,4-dimethoxyben-
zene [7] are also shown in Fig. 6. A general fit of
these data to predicted behaviour is exhibited,
especially with regard to the tailing in the yield
curve. However, it is not possible to improve the
correlation of the data through manipulation of
electrode kinetics, mass transport, etc. The dif-
ference between experimental data and predicted
behaviour seems to lie in an inbalance of reactant
and products reported in the organic phase. This
first appears at low conversions where, regardless
of the conditions of operation, yield should
approximately equal the consumption of reac-
tant. One explanation of the apparent unac-
counted loss of product is the low solubility of
the product in the aqueous phase to its saturation
level.

3.1.5. Reduction of benzene. The electrochemical
reduction of benzene using a dispersion of hydro-
carbon and aqueous quaternary ammonium
hydroxide has been investigated by Coleman
and Wagenknecht [6]. Benzene reduction pro-
ceeds by a two electron transfer to 1.4-cyclo-
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Fig. 7. Variation of yield and total current efficiency with time Xé _ )
for a series reaction using the following kinetic parameters: ~ Fig. 8. Yield versus conversion curves for series reaction
kyjk, = 0.08; B, = By; ky/k, = L1; Bu/B, = 0.5. (a) Ben-  obeying a symmetric Butler-Volmer rate law. f, = «, =

zene; (b) 1,4-cyclohexadiene; (c) cyclohexene; (d) total cur-
rent efficiency. Model predictions (——); experimental data

(6] (—--).

hexadiene, followed by a further two-electron
transfer to cyclohexene:

CsHg — C;Hy; — CHy

This series reaction occurs simultaneously with
the hydrogen reduction reaction. Typical pub-
lished experimental batch reaction data [6]
obtained at 60°C and 500 A m~? is presented in
Fig. 7 in the form of product distributions and
the total current efficiency. Using the previously
described reaction model the reaction behaviour
is well represented by the following kinetic
parameters (Fig. 7): k,/k, = 0.08; p, = B;;
kylk, = 1.1; By/B; = 0.5.

The ratio ky/k, relating to the hydrogen
reduction reaction was obtained from the initial
reported current efficiency. In the absence of
polarization characteristics, the assumption of
equal Tafel slopes for the two series reaction
steps seemed to be reasonable. However, an
improved fit to the experimental data can be
achieved by adjusting the ratio of Tafel slopes.

3.1.6. Reversible electrochemical reactions. At
low electrode potentials, electrochemical reac-
tions exhibit reversible characteristics, the kinetics
of which can frequently be expressed by the
Butler—Volmer equation. The magnitude of the

B, = a,. Values of (ky,)y/(ky), shown on figure. Values of
kylky: 2.0 («—); 0.5 (——).

reverse reaction in series reactions is likely to
influence product yield and current efficiency as
well as the overall rate of reaction. With poten-
tiostatic operation series electrochemical reac-
tions will exhibit characteristics akin to their
chemical counterparts, i.e. equilibrium concen-
trations will be achieved. However, with gal-
vanostatic operation the application of a constant
current density will force the series reactions to
completion, as conversion increases due to an
ever increasing rise in electrode potential.

Typical yield versus conversion characteristics
for a reversible series reaction following a sym-
metric Butler—Volmer rate law with equal Tafel
slopes (i.e. f§, = 4, = B, = a,) are given in
Fig. 8. Two values of the initial ratio of the
forward rate constants &, /k;; are used, namely
2.0 and 0.5.

The effect of solvent decomposition and mass
transport is not considered. When k&, /k; > 1
the effect of an increasing degree of reversibility
(kvio/kne increasing) improves intermediate
yields, i.e. low potential favours selectivity and
current efficiency. Thus the performance of irre-
versible series reactions (which tend to exhibit
relatively low intermediate yields) can be
improved by operating at low potentials. When
kp/ky < 1 theeffect of increasing reversibility is
to the detriment of product yield. High electrode
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potentials are therefore imperative for good
reactor performance.

3.2. Parallel electrochemical reactions

Consider the irreversible parallel reactions of A
to produce components B and C unaffected by
solvent decomposition or mass transport. Point
selectivity of this parallel reaction is given by the
ratio of the two reaction current densities, I /i,
(assuming equal numbers of electrons transferred
in each step), which is also equal to the ratio
ki [k With potentiostatic operation this is fixed
by the electrode potential. With galvanostatic
operation, where potential varies, point selectivity
varies uniquely with conversion depending on
reaction kinetics. This variation will control
overall selectivity, product yields and current
efficiencies.

Product yields for the parallel reaction scheme
are presented in Fig. 9 as a function of fractional
conversion for a range of ratios of Tafel slopes,
f,/B,, and rate parameters, k,/k;. When §, =
B, product yield varies linearly with conversion
[10]. With ,/8, > 1, curvature in the product
yield behaviour reflects the increase in electrode
potential which increases the ratio kg, (k. More
component C and less component B is formed at
the same k,/k, ratio as the ratio of Tafel slopes
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Fig. 9. Product yields versus conversion for parallel Tafel
reactions, The effect of the ratio of Tafel slopes f,/f, and
rate constants k, /k, . Values of k,/k, shown on figure; §,/f, =
3.0. Cc/Cyo, yield of C (——-); C3/Cypo, yield of B ( ).

10

10

Xa

Fig. 10. The effect of mass transport on the yield of B for
parallel Tafel reactions as a function of fractional conver-
sion. Values of k,/k, shown on figure; §,/8, = 2. K| = «©
() ko (ke o = 10 () ki flkg )y = 5 ().

p,/B increases. At high values of k, [k, , the effect
is small as this ratio already tends to dictate
product distribution.

However, at low values of k,/k, (e.g. 1/8)
product yields at complete conversion are almost
equal when f,/8, = 3.0. Even with a low Tafel
slope ratio of 1.5, the ratio of product yields at
complete conversion is approximately 3.7 (cf. §
when 8, = f8,). Overall, it is seen that the ratio
of Tafel slopes in competing electrochemical
reactions has considerable influence on reactor
operation and product distribution.

3.2.1. The effect of mass transport. The influence
of mass transport on product yield for the parallel
reaction scheme can be seen in Fig. 10. The yield
B is plotted as a function of conversion for dif-
ferent levels of mass transport expressed as the
ratio kp /kyo. When B,/8, = 2, the yield of B is
seen to decrease with decreasing rate of mass
transport. The reverse is true when §,/8, = 1.0,
with a slight increase of B at high conversions.
As with the equivalent situation in the series
reactions there comes a point at which practical
operation (at or near limiting current) cannot be
maintained without the onset of solvent decom-
position. This will now be considered.

3.2.2. Onset of solvent decomposition. The effect
of solvent decomposition on operation will be



REACTOR ANALYSIS OF SERIES AND PARALLEL ELECTROCHEMICAL REACTIONS

935

25
20
154
Current
efficiency
10
5.
0 - -
0 05 1.0

Fig. 11. Variation of hydrogen current efficiency as a func-
tion of conversion for a parallel reaction accompanied by sol-
vent decomposition. Values of k, /k, shown on figure; kyy /k, =
0.1, 54/B, = 1.0. Values of B/B,: 3 (=) 1.O(——); 2.0 (:-).

confined to the variation of the current efficiency
of that reaction (hydrogen evolution) with con-
version. Typical current efficiency curves are
presented in Fig. 11 for a wide range of kinetic
parameters of the parallel reactions. Hydrogen
current efficiency, as expected, increases with
conversion. It is also higher the smaller the dif-
ference between &, and k,, and when the ratio of
Tafel slopes is such that this difference decreases
during the course of the reaction (i.e. §, > B,
when k,/k; < 1 or f, < B, when k,/k; > 1)
this further increases the current efficiency for
hydrogen evolution.

The effect of both a larger Tafel slope for
hydrogen evolution and of the ratio ky/k; is
also, as expected, to increase the hydrogen cur-
rent efficiency.

4. Conclusions

The present work has described the general
behaviour of series and parallel electrochemical
Tafel type reactions operating galvanostatically
in plug flow or batch reactors. Variations in
kinetic parameters, such as Tafel slopes, have
been shown to have a significant effect on
product yield and current efficiency. The initial

electrode potential and its subsequent variation
with time can drastically affect product distri-
bution.

For electrochemical reactors with known
mass transport characteristics the behaviour of
series reactions can be deduced from polarization
characteristics. Where such characteristics are
obscured by solvent decomposition or other-
wise, an analysis of yield versus conversion and
time data can provide the necessary kinetic
information to provide subsequent predictions
of behaviour. For parallel reactions this is a
necessary requirement of any analysis.

It has also been shown that the performance
of series and parallel reactions during galvano-
static operation differs markedly from that
during potentiostatic operation, not least in the
behaviour for reversible reactions where, for gal-
vanostatic operation, the attainment of equilib-
rium concentrations is not possible. The major
application of the work lies in the prediction of
the performance of electrochemical processes
during industrial operation.
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