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Batch electrochemical reactor models for parallel reaction sequences are developed for cells operat- 
ing galvanostatically. Independent and dependent parallel reactions and a parallel-series reaction 
scheme are considered and emphasis is placed on the development of analytical expressions to 
predict reactor behaviour. Electro-organic synthesis reactions such as the production of beta- 
alanine and glyoxylic acid are considered as examples. Experimental data for the electro-oxidation 
of aqueous oxalic acid and glyoxylic acid solutions are shown to be in reasonable agreement with 
the reaction analysis. 

Nomenclature 
a 
c; 
cj 
Cjo 
CBmax 
CE 
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ip 
iT 
kfp 
kLj 
KL 
np 
S 
t 
V 

Y , , ~ , E  
Tg 
Tp 

Parameter defined in Equation 21 
Surface concentration of species j 
Bulk concentration of species j 
Initial concentration of species j 
Maximum concentration of species B 
Current efficiency 
Electrode potential 
Faraday constant 
Partial current density of step p of reaction scheme 
Total current density 
Forward electrochemical rate constant of step p 
Mass transfer coefficient for species j 
Dimensionless mass transfer parameter 
Number of electrons in step p of reaction scheme 
Electrode area 
Reaction time 
Batch reactor volume 
Constant describing potential dependency of reaction rate constant of reaction step p 
Effective overall resistance factors 
Dimensionless reaction time for galvanostatic operation 
Dimensionless reaction time for potentiostatic operation 

1. Introduction 

In recent years significant advances in electrochemical reactor design and analysis have been made 
by the application and development of well-known concepts in chemical engineering. Reactor 
designs such as fluidized beds, trickle tower cells, shear flow cells, two phase contactors, etc., are just 
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a few examples of this approach as well as the subsequent analysis of contacting patterns using tracer 
techniques [1]. 

The analysis of 'complex' electrochemical reaction sequences in reactors of known contact 
patterns, i.e. mass transport and fluid mechanics, may also be based on accepted chemical reaction 
engineering techniques [2]. Many studies of multiple electrochemical reactions using porous or 
particulate bed electrodes have appeared in the literature and are reviewed in [3]. Theoretical 
considerations of series reactions and parallel reactions in flow reactors with electrodes of approxi- 
mate flat plate configuration have been made by Sakellaropoulos [4, 5]. The effect of interphase mass 
transport was not considered in this work but was included in a later analysis of parallel reactions 
in continuous stirred tank reactors [6]. Previous analyses related to this work have looked at series 
and parallel reactions when mass tranport has a controlling influence on operation [7] and included 
a chemical reaction step [8]. The effect of operating parameters, such as electrode potential and mass 
transport, on reactor selectivity and current efficiency was investigated. The adoption of poten- 
tiostatic control, however, limits the applicability of the analyses. This paper continues the analysis 
of complex reaction sequences, looking specifically at parallel reactions during galvanostatic oper- 
ation. This type of operation is more important industrially because of its relative cost effectiveness 
and ease of control and operation in comparison to potentiostatic operation. To illustrate the 
presented models a number of potentially important industrial electro-organic syntheses are 
analysed. These are the reduction of cyanoacetic acid to beta-alanine and the reduction of oxalic 
acid to glyoxylic acid. One of these is used as an example of the analysis of a parallel-series reaction 
network. 

A number of simplifying assumptions are made in this analysis regarding kinetics, mechanisms 
and transport properties. These include the representation of mass transport by one parameter, i.e. 
a mass transport coefficient, the use of Tafel kinetics and pseudo first order reactions, and the 
disregard of the reaction mechanism being a set of elementary steps. However, using experimental 
data for the electro-oxidation of aqueous oxalic acid and glyoxylic acid solutions, the applicability 
of the analysis is shown. 

2. Experimental details 

2.1. The electro-oxidation of oxalic acid and glyoxylic acid 

The experimental procedures for the electro- oxidation of aqueous solutions of oxalic acid and 
glyoxylic acid are described in this section. This work was undertaken to investigate the purification 
(i.e. removal of oxalic acid) of an aqueous solution of glyoxylic acid. 

Electrolyses were performed in a divided plate and frame flow cell, operating in a batch recircu- 
lation mode. The anode was graphite of area 200 cm 2 and the cathode was lead of area 200 cm 2. The 
anolyte (4 litres) consisted of either aqueous solutions of oxalic acid, varying from approximately 
0.1 to 1.0 M, an aqueous solution of glyoxylic acid, 0.22 M, or an aqueous solution of both acids. 
Anolyte solutions were separated from an aqueous sulphuric acid catholyte by an Ionac cation- 
exchange membrane. Flow characteristics in the cell were turbulent with Reynolds numbers of  
approximately 10 000. 

Batch electrolyses were carried out at constant current densities and at a constant temperature of 
20 ~ C, maintained by a mains water heat exchanger situated in the flow circuit. Polarization data 
were obtained in a similar flow cell in which the electrode area was 10cm 2. 

The analyses of oxalic acid and glyoxylic acid were both carried out volumetrically; oxalic acid 
by titration with potassium permanganate solution, and glyoxylic acid by the back titration (using 
iodine) of the sodium bisulphite solution remaining after the reaction of glyoxylic acid with sodium 
bisulphite to form the bisulphite compound. 
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2.2. The electroreduction of  oxalic acid 

Electrolysis was performed in the same divided plate and frame flow cell and flow circuit as for the 
electro-oxidation of oxalic acid. The cathode was lead of purity 99.99% and the anode either lead, 
thallium alloy or dimensionally stable anode (ruthenium dioxide based composite on titanium) 
supplied by Oronzio de Nora, Milano, Italy. The catholyte consisted of a saturated aqueous solution 
of oxalic acid separated from an aqueous sulphuric acid anolyte by an Ionac cation exchange 
membrane. Batch electrolyses were carried out at constant current densities at temperatures in the 
range 8-22 ~ C. Flow characteristics were again turbulent. 

3. Reactor analysis and results 

The mathematical analysis considers parallel reaction schemes operating in electrochemical reactors 
in a batch mode. The kinetics of the reaction steps are assumed to be of the Tafel type, i.e. 
irreversible, and the reaction rates are influenced by mass transport, which is defined by way of 
a mass transfer coefficient kLj for each species j. Reactor operation is in the galvanostatic mode and 
all reactions are assumed first order. 

Three reaction schemes are considered overall: 

(a) Two independent parallel reactions (one reaction being gas evolution). 
(b) Two dependent parallel reactions. 
(c) A parallel-series reaction scheme. 

The latter is considered to be representative of the electroreduction of oxalic acid to glyoxylic acid 
(the product), which can be further reduced to glycolic acid and glyoxal according to a parallel 
mechanism. The electroreduction of oxalic acid in acidified aqueous media can be written as 

COOH 
§ + + 2e 

- H20 ) 
COOH 

oxalic acid 

CHO CH2OH 
[ +2H+ + 2~ [ 

COOH COOH 

glyoxylic glycolic acid 
acid 

2 ~  CHO 

l 
CHO 

glyoxal 

The following analysis concentrates on limiting situations, with the main assumption that the 
Tafel slopes for competing reactions are integer ratios. This assumption should not significantly 
detract from the use of the equations since a wide variety of reaction schemes fit this situation. 

3.1. Two independent reactions 

The reaction scheme is of the form 

A + nle kr~) B 

k f2 
C q- n2e ~ D 

Following a previous analysis [7], the reaction rates can be expressed as 
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i, CA 
- -  ( 1 )  nl F Y1 

i2 CC 
- ( 2 )  

n2F Y2 

with 

1 1 
y,  _ + m  

kfl kLA 

1 1 

Y2 -- kf 2 -k- kL C 

where CA and Cc are bulk concentra t ions ,  kfl , kf2 are fo rward  electrochemical  rate constants  and kLA 
and kLc are mass  t ransfer  coefficients, kfl and kf2 are of  the fo rm 

kn = kl exp (fi lE) 

where E is the electrode potential .  
Unde r  galvanosta t ic  condi t ions the total  currenty  density iT is cons tan t  and  is given by 

iT = i, + i 2 (3) 

Fo r  a ba tch  reactor  o f  electrode area  S and  vo lume  V, mater ia l  balances for  A and C are 

dt - V (4) 

dt  - V (5) 

Combin ing  Equat ions  3, 4 and 5 we obta in  

with the condi t ions  tha t  

dCc n,(dCA) S ( iT ) 
d----7- + - -  - (6) n2 \--~-J V \nEFf 

The solut ion is 

t = 0 ,  CA = CAo, Cc = Cco 

n, s / iT "x 
Cc - C c o  + - - ( C A  -- CAo) = -- ~ . | ~ ' ~ l t  (7) 

n2 v \n21~ ] 

Dividing Equa t ion  4 by Equa t ion  5 and subst i tut ing (1) and  (2) gives 

dCc - -~  (8) 

This can be solved for  certain simplified situations. I f  bo th  react ions are at  their limiting currents  
then 

Yl kLB 
- - 1 

Y2 kLA 

or if bo th  react ions are kinetically slow, such tha t  mass  t r anspor t  does not  influence per formance ,  
then for  fll = fl: 
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Fig. I. Concentration time characteristics for two indepen- 
dent Tafel reactions. 
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which, coupled with Equation 7, gives 

dCc - \k2J\CcJ (9) 

cA _ ( c ~ )  ~'/~ 
CAo \Cco,] (10) 

CAo + n2-- ~co - 1 - V t (11) 

From Equations 11, 7 and 10 fractional conversions of  A and C, as a function of  time, can be 
obtained. Typical concentration, time characteristics for this system are presented in Fig. 1. The time 
scale is in fact the Faradays per mole of  C passed, i.e. ~g = siTt/Vn2FCco. Two main factors influence 
the decay of concentration of A and C with time: the ratio of  the rate parameters  kl/k2 and the initial 
concentrations of  both species. With equal initial concentrations of  both components,  the step with 
the greater rate constant exhibits the more rapid decrease in concentration. When kl >> k2 the 
conversion of  C is only significant when CA is low. The concentration Cc then follows the expected 
linear decrease in concentration, characteristic of  a single Tafel reaction. 

When the initial concentrations of  the two components  are widely different, e.g. Cco = 10 CAo, 
the conversion of C, as expected, increases for similar ratios of  k 1/k 2.  

I f  the two reactions had unequal Tafel slopes, the conversion of  the component  with the higher 
Tafel slope would become more favourable with time, due to the increase in electrode potential 
caused by galvanostatic operation. 

3.1.1. Gas evolution as the second reaction. A common situation in electrochemical systems is for the 
secondary reaction to be gas evolution, e.g. hydrogen, which can typically occur without mass 
transport  limitations so that the reaction rate can be written as 

i3 
- kf3 = k3exp(fl3 E) (12) 

n3F 
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The total  current  in this system is given by 

nlFCA iT -- - -  + n3Fkc3 (13) 

By combin ing  Equa t ion  13 with Equat ions  1 and 4 the potent ia l  var ia t ion can be obta ined  (see 
Append ix  A) as 

knol kr,1 ~LAI ( iT- n3Fkf3~ ) ~ n~fl--L3(~ (V) + In - -  + ~ d E  = t (14) 
l T n3Fkf3 o ( ' T -  3 kr3) 

where the subscript  o denotes  initial values of  parameters .  
A final in tegrat ion of  Equa t ion  14 to give analytical  expressions for  the potent ia l  var ia t ion as a 

funct ion of  t ime can be achieved for  a n u m b e r  o f  integer rat ios of  f13 to ill. Wi th  the condi t ion 
f13 = fll Equa t ion  14 becomes  

1 1 1 (iT-n3Fkf3o)+n3F(k3/k, In [(kr3)(iT--n3Fkr3o~]= (V) 
kno kn + ~ In ~T n3Fkf3J t~ ~ T~ mFk~/ I  t (15) 

This equat ion  defines the potent ia l  var ia t ion with t ime during electrolysis. 
Substi tut ing Equat ions  1, 3 and 12 into 15 gives the following expression for  the concent ra t ion  

of  A as a funct ion of  E and t. 

[1 n3F(k3/k,)- I [CAo  1 1 [1 
- ~ + In = 

j \ c A ;  k,,o + + 

nF(k3/k,) ( k_~o) (S) + : In - t 
IT 

b 
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BE 
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Fig. 2. Variation of concentration and electrode potential for a Tafel reaction accompanied by solvent decomposition. 
fll = f13; nl = n3; CAo = 100molm-3; k3 = 5 • 10 4molto 2s-L kl/k3: (a-c) 0.02; (~f) 0.04. kEg(mS-I): (a) 10-3; (b) 
10-4; (c) 10-5; (d) 10-3; (e) 10-4; (f) 4 • 10 -5. flEo: (a-c) 0.8; (d) 0.201; (e) 0.382; (f) 0.693. ix/nF(• 103): (a) 3.294; (b) 
3.29; (c) 1.8; (d-f) 3. 
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Hence Equations 15 and 16 can be combined to determine the variation of concentration of  A with 
time. Typical variations in the concentration of A and in the electrode potential are given in Fig. 2. 
At a fixed initial electrode potential [Eo], the influence of  a decrease in mass transport  rate is to slow 
down the rate of  conversion of A, due to the lower applied total current. The rate of  increase of  
electrode potential is also reduced at lower mass t ransport  rates. 

At a fixed total current density, the effect of  a decrease in mass transport  rate is again to reduce 
the rate of  conversion of A. Current  efficiencies for the conversion of A are reduced significantly by 
low rates of  mass transport  (see Fig. 3) and under the conditions considered can be more than 
halved. The expected effect of  an increase in the ratio of  the kinetic rate constants kl/k3,  that is, an 
increase in current efficiency, is shown in Fig. 3. Increasing the current density is also shown in 
Fig. 3 to decrease current efficiency for fixed values of  kinetic and mass transport  parameters.  

Under  kinetic control the resultant expression for the concentration of  A can be written as 

(CA--  Cao) + ~ In ~ -- V n ,F  

In the absence of the secondary hydrogen evolution (k 3 = 0), Equation 17 gives the expected linear 
decrease of  concentration with time during galvanostatic operation. 

The variation of  the concentration of  A with the Faradays per mole of  A passed is shown in Fig. 
4a as a function of the parameter  n3 k3/nl k l CAo. As expected, the higher the value of this parameter  
the slower the decrease in the concentration of  A. The overall current efficiencies for the reaction, 
which are shown in Fig. 4b as a function of  reactant concentration, reflect the poor  conversions 
obtained at high values of  n3k3/n~kl CAo. 

Another  simple limiting case of  this analysis is when the main reaction is operating at the limiting 
current throughout  the electrolysis period. As a consequence of  reactant depletion, the rate of  
hydrogen evolution increases with time due to the inevitable increase in electrode potential. 

The variation of reactant concentration with time is given by 

C A _  e x p (  S~ At) (18) 
CAo 

the classic exponential decrease. The variation of  electrode potential is given by 

n3Fk 3 exp (#3E) = iT -- nlFkLACAo exp (--  kLASt /V  ) (19) 
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Fig. 3. Variation of differential current efficiency with reac- 
tant concentration for a reaction obeying Tafel kinetics 
accompanied by solvent decomposition. #1 = #3; n~ = n3; 
CAo = 100molm 3; k 3 = 5 x 10 4molm-2s-L k~/k3: 
(a-e) 0.02; (f-h) 0.04. kt~(ms-l): (a) 10-3; (b) 10 4 (c) 
3 x 10-5(d) 10 5;(e) 10-4;(f)10 3;(g) 10-4;(h)4 x 10 s. 
ix/nF (x 103): (a d) 3; (e) 6; (f-h) 3. 
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Fig. 4. The effect of solvent decomposition on the concen- 
tration time characteristics and current efficiency for a reac- 
tion under kinetic control. (A) Variation of CA/CAo with 
Faradays per tool (Si T t)/(Vn I FCco ) passed. Values of para- 
meter (n3k3)/(nlklCAo) on figure. (B) Variation of overall 
current efficiency with reactant concentration. Values of 
parameter (n3k3)/(nlk L CAo ) on figure. 

and the overall current  efficiency for the reaction is 

ex ( 
(20) 

SiTt 

Current  efficiencies predicted f rom this expression are presented in Fig. 5 for various values o f  a 
mass transfer parameter  KL = kLAn~ FCAo/iv. This parameter  is the ratio o f  the max imum limiting 
current  to the total current;  and as such, the lower its value the lower the current  efficiency for the 
same charge passed. The anticipated fall in current  efficiency with charge passed is also seen in 
Fig. 5. 

3.1.2. Electro-organic process example. To illustrate the use o f  the above model  equations,  consider 
the reduct ion o f  cyanoacet ic  acid to beta-alanine hydrochlor ide  in aqueou  s HC1 using a deposited 
pal ladium black over graphite cathode.  The published work  o f  Kr ishnan  et al. [9] is relevant to the 
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Fig. 5. Current efficiencies for a Tafel reaction operating at 
its limiting current. Values of mass transfer parameter K L = 
(kLA n I FCAo)/i r given on figure. 

example. The reaction is 

4 H +  + 4e NCCH2COOH ~ HC1H2NCHzCH2COOH 

and occurs simultaneously with the hydrogen reduction reaction. 
The polarization characteristics of  both reactions from [9] are reasonably well represented by the 

following expressions. 

i 1 = 12.8 exp ( 1~0-~2"3 A m -2 

and for hydrogen reduction 

With fll 

i3 = 0.14exp(26--~ --E) 

= fl3/2 Equation 14 can be integrated to give 

St 

VCAo 

A m - 2  

1 1 1 (iT -- n3Fkf3o) 
- -  CA ~ kn ~ CA ~ kn -[- C A  ~ kL----- ~ In t~ ~ n ~  ] 

I {(a) '/2 + exp (/~,E)) 
+ k~ CAo(a) 1/2 In -- (21) \(a)'/2 exp (ill E)J 

where a = iT/n3Fk 3. 
The predicted conversion of  cyanoacetic acid as a function of  time is presented in Fig. 6 for 

current densities varying from 100 to 1500 A m -2 using the values 

S/VCAo = 0.213, and CAokLA = 2 X 10 -3 . 

The behaviour shows the expected trend in this type of  reaction sequence; that is, a gradual decay 
in the rate of production (and current efficiency) as the secondary hydrogen reduction reaction 
becomes more dominant and mass transport limitations become important at low reactant con- 
centrations. 

Experimental data of  Krishnan et al. [9] are also shown on Fig. 6 in the form of  the concentration 
attained after twice the theoretical charge for complete conversion is passed. Considering the 
limitations in a comparison of this nature, especially due to inaccuracies in interpreting polarization 
data, reasonable agreement is achieved at high current densities. 
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Fig. 6. Concentrat ion variation during the reduction of cyanoacetic acid: (a) 100 A m-2;  (b) 200 A m 2 (X);  (C) 500 A m - :  
(11); (d) 1000Am -2 (A); (e) 1500Am -2 (o). Experimental data of Krishnan et  al. e ,  A,  II, •  

3.1.3. The electro-oxidation of  oxalic acid and glyoxylic acid. In electrochemcial technology, one area 
which eludes the classic analysis of  electrochemical kinetics is that of  reactions which occur in the 
absence of excess supporting electrolyte. However, by combining reaction mechanisms and reactor 
models with limiting polarization data, such reaction systems should lend themselves to analysis 
sufficient to generate a reasonable model of  process operation. It is in this respect that the analysis 
of data for the electro-oxidation of aqueous solutions of oxalic acid and glyoxylic acid [10] is now 
considered. 

Polarization curves for the anodic oxidation of  oxalic acid and glyoxylic acid are shown in Fig. 7. 
Tafel slopes for both acids are in the region of  180-190 mV per decade. From this data, the ratio 
of  rate constants for oxalic acid to glyoxylic acid oxidations (k~/k2) is approximately 11, assuming 
reactions exhibit first order dependency. 

Fig. 8 shows some experimental data for the oxidation of  a 10gl 1 solution of  oxalic acid at 
current densities of  500 A m -2 and 1000 A m -2. These data are plotted in accordance with Equation 
17 to try and obtain the ratio of rate constants of  oxalic acid oxidation and oxygen evolution (kl/k3) 
assuming equal Tafel slopes, the absence of mass transport limitations and the concentration 
independency of  oxygen evolution. The data in Fig. 8 are correlated quite well giving a ratio of  
k~/k3 = 32 mol 1-1. Some curvature in the data is exhibited at higher conversion which is probably 
a result of the onset of  mass transport limitations. 

Experimental data for the oxidation of  oxalic acid, from an aqueous solution of  glyoxylic acid 
(80 g 1- ~ ) and oxalic acid (21 g l- ~ ) at current densities of 750 A m -2 and 1250 A m-2 are given in Fig. 
9. These data, in the form of oxalic acid concentration versus charge passed, are in reasonable 
agreement with theoretical predictions, using the above determined ratios of  rate constants in the 
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Fig. 7. Polarization curves for the electro-oxidation of  oxalic 
acid and glyoxylic acid solutions. Temperature 20~ 
Reynolds Number  = 6 000. x ,  aqueous oxalic acid 1.0 M; 
+ ,  aqueous glyoxylic acid 0.22 M. 

following model equation 

S i  T t (22) 
Vnl F 

This equation assumes that the Tafel slopes of the three competing reactions are equal, and is 
derived in Appendix B. 
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Fig. 8. Data  analysis of  the electro-oxidation of  oxalic acid 
solution. Plotted in accordance with Equat ion 17. •  
1000Am-2 ;  e ,  5 0 0 A m  2. O x a l i c  acid concentration 
I 0 g 1- ~, temperature 20 ~ C. 
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3.2. Two dependent parallel reactions 

The reaction scheme is 

B 

A 

R 

and reaction currents are given by 

il 
= kf~ C~ 

n~F 

nl k~ 

i] i 2 

nlF n2F 
- kL(CA--  CA s) 

Combining  these expressions with the batch reactor  design equation,  

"(i 
dt  V n ~  + 

the variat ion o f  electrode potential  with time is obtained (see Appendix  C) as 

(23) 

(24) 

(25) 

(26) 
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{ I ( / 3 2 - / 3 ~ ) ( 1 -  ~ ) 1 - ~  n2 (/32"] k ~ l l  (27) 
k ~  - -  - k - ~ - -  . . . .  _1 l_n~ \ k r ~ J  - = _ 

n2 k~ kf I (1 + ~ 1 ) [  1 _I_ (~1~) (~nl) ] dE ( S )  dt 

which lends itself to numerical integration. Integration of this equation can be simplified by making 
the substitution u = exp (/32 - /31)E. When nl = rt2 a solution may be obtained generally from 
integration tables in the form of an infinite series. For certain ratios of/32//31, e.g. 2 or 1/2, useful 
analytical solutions can be obtained (see Appendix D.) However, with the condition that/31 = /32 
it can be integrated analytically to give 

k2 1 k ~ l o  = - t 

l + k l  

(28) 

where kno is the value of kf~ at t = 0. Substituting for kn using Equation 25 gives the concentration 
variation with time as 

(, § 

Cno - CA = (29) 

The ratio of production of B to R (the selectivity) is given by 

CB kj 

G k~ 
(30) 

With this condition of equal Tafel slopes for the competing reactions the system behaviour is 
similar to that of a single Tafel equation. The conversion of reactant A varies linearly with time and 
the electrode potential increases exponentially with time. The selectivity for this system is constant 
and independent of electrode potential. 

When the Tafel slopes of the competing reactions are not equal, increases in electrode potential 
during reaction will affect reaction selectivity through its influence on the reaction rate constants kfl 
and k~. This is seen in Fig. 10 for the conditions/32 = /3l/2, where point selectivity dCB/dCR is 
plotted as a function of fractional conversion XA = 1 -- (CA/CAo) for a range of kinetic and mass 
transport parameters. 

For fixed values of kinetic constants and mass transport coefficient it can be seen in Fig. 6 that 
increasing the total reaction current favours the selectivity, i.e. favours the step of greatest Tafel 
slope. Here selectivities can be very much greater than for reactions with equal Tafel slopes, 
especially at high conversions. Even when the value of k2 > k~, reaction selectivity can still favour 
reaction to B. 

Unlike the case of equal Tafel slopes, mass transport exhibits an influence on reaction selectivity. 
For systems of unequal Tafel slope the higher the value of mass transfer coefficient (seen in Fig. 10 
as a decrease in kl/kL at fixed kz/k I and iT/nFCAokl the lower the selectivity of the step of greatest 
Tafel slope. In this instance the quest for high rates of mass transport, often sought in electro- 
synthesis, is not desirable on the grounds of selectivity. However, because the rate of reactant 
conversion is slow at low mass transport rates, a compromise between high selectivity and high 
reaction rate may be necessary. 
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Fig. 10. Variation in selectivity with conversion for a parallel 
reaction of unequal Tafel slopes, f12 = ill~2; nl = n2; 
fll = 10V 1; k2 = 10-gms-i .  k2/kl: (a-e) 1; (f) 10; (g) 5. 
kl/kL: (a) 10-3; (b) 2 • 10 3; (c) 2 • 10-4; (d) 10-3; (e) 
10-3; (f) 10-3; (g) 10 -3. ir/(nFCAokO: (a) 100; (b) 100; (c) 100; 
(d) 20; (e) 50; (f) 100; (g) 100. 

3.2.1. The influence o f  a gas evolution reaction. If  this parallel reaction sequence were taking place 
simultaneously with, say, a hydrogen evolution reaction then the total current iT would be 

iT = ii + i 2+  i3 

where i3 is given by Equation 12. 
The influence of this additional reaction on the potential time characteristics, when nl = n2, is 

(following the derivation of Equation 27) given by 

n3 f l fkr3 kf I k L ]  

Following the previous assumption that fl~ = f12, this can be integrated to give 
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Fig. 11. Var ia t ion  of  overall  current  efficiency with conver-  
sion for a parallel  react ion accompanied  by solvent decom- 
position, fit = /32 = /33; k3 = 5 • 10 4mol to  2s t, iT/nF 
= 3 x 10 3 m o l m - 2 s - l ;  kL/k 3 = 0.04. k2/kl: (a) 0.5; (b) 0.5; 
(c) 0.5; (d) 0.1; (e) 0.1; (f) 0.1. kLa ( m s  1): (a) 10-3; (b) 10-4; 
(c) 3 x 10-5; (d) 10-3; (e) 10-4; (f) 3 x 10 5. 

( l -{-  ~1) ( S )  t - kilo kfl--}-~------~-L 7 in Q~ T n3Fkf3 / 

+ n3Ffi3 f;o kn (iT ---- n3Fkf3) dE (32) 

which enables the concentration time characteristics and current efficiencies to be evaluated. 
Typical variations of current efficiency with fractional conversion for this parallel reaction 

accompanied by solvent decomposition are presented in Fig. 11 (fi~ = J~2 = f13). Current efficiency, 
as expected, decreases with conversion and is higher the smaller the ratio k2/kl and the higher the 
mass transfer coefficient. 

3.3. A parallel-series reaction scheme 

Consider the following reaction scheme in which a dependent parallel reaction is preceded by a 
single reaction. 

A kfl ) B 

B ks ) C n I = n 2 ~- n 3 = n 

B k ~ , D  

Reaction currents can be written following [7] as 

i~ CA 
nF Y1 

i2 c 
nF Y1 Y3 kLB 

where 1(1 
Y3 - -  kL B 

i3 - -  

Equation 33 is derived in Appendix E. 

+c_. 

kf~) 1 
+G +k-d 
kB f2 

kf2 

(1) 

(33) 

(34) 
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Batch reactor design equations for this system are 

dt V 

dCB S 
- - - ( i , -  i 2 -  i3) dt VnF 

dCc _ S (i2~ 
dt V \nFJ 

dCD _ S ( i 3 ~  
dt V \nF/  

During constant current operation the total current is 

iT = il + i2 -t- i 3 

and by combining Equations 4 and 35 we obtain generally 

CB + 2(CA - CAo) = - ( SiT~t 
\ VnF) 

(4) 

(35) 

(36) 

(37) 

(38) 

assuming only A present initially, at a concentration CAo. Dividing Equations 35 and 36 gives 

dCc kr2 

dCD kf3 
(39) 

If  Tafel slopes for the production of C and D are equal, i.e. f12 = /~3, then Equation 38 gives 

and combining with Equation 38 gives 

CB + 2Cc ( l  
\ 

= CD (40) 

+ -~2 \ V n r / t  (41) 

However, to take the analysis further and obtain a solution to Equations 33 to 37 under 
galvanostatic operation requires numerical procedures. Under certain conditions it may be reason- 
able to make simplifying assumptions such as 

(i) Reactions are under mass transport control and therefore rates are independent of potential 
which generally increases during electrolysis. 

(ii) Reactions are under kinetic control with equal Tafel slopes. 

The latter of these assumptions will now be considered and applied to an electro-organic synthesis 
from which comparisons with potentiostatic operation can be made. 

If  we now combine Equations 4 and 35 and substitute for reaction current densities we obtain 

which integrates to 

dCB k e + k f 3 ( C B )  (42) 
d C  A - -  1 + kn ~AA 

CAo 1 -- (k2 + k3)/k~ C~oAo 
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when k 2 § k 3 5 & kl, or 

 44) 
CAo ?-2 o 

when k 2 + k 3 = k~. Combining Equations 38 and 43 we can obtain both CA and CB as a function 
of time and with Equation 40, the complete spectrum of products. 

One of the features of this type of reaction sequence is that the intermediate B goes through a 
maximum concentration, CB . . . .  given by 

C B m a x ( k l ' ~  k2+k3/k2+k3kt 
Cao -- ~ + k-~3J (45) 

when k2 + k3 5 & kl, or 

CBmax 1 
CAo exp (1) 

(46) 

when k2 + k3 = k~ and at reaction times given by 

iTS CBmax ICA-''-~ 2(k2+kl k3)- 1 (47) 
nFgCAo(tmax) = 2 -  1 +  

If  B is the desired product and C and D are of no real value then this fixes the maximum electrolysis 
time for this reaction. The greater the value of the ratio k~/k2 the greater the conversion to 
intermediate B and the later it occurs on the conversion or time scale. 

3.3.1. Potential variation. Potential variation during galvanostatic operation is an important factor 
of operation not only because of energy considerations (which will generally be higher than in 
potentiostatic operation) but may give some insight into the applicability of the model by way of 
assessing conditions for solvent decomposition. This variation in potential is given for this model 
as 

E ( ) l SiTt CB k2 + k~ _ 1/2 (48) 
exp [/~(E - Eo) ] = 1 2nFVCAo + ~ao k, 

and up to a time for maximum production of B as 

when k2 + k3 5 k k 1, or 
exp [/?(E --  Eo] = 

/ ~ ( E -  eo)  

t(k2 + k 3 kl)/kl 
1/2 k2 + k~ 

kl 

= 1 - in (2) 

(49) 

w h e n  k 2 § k 3 = k~. 

3.3.2. Process example." the production of glyoxylic acid. In the electrolytic production of glyoxylic 
acid from aqueous oxalic acid solutions it was found that the major loss of efficiency (other than 
through organic byproducts) is due to hydrogen evolution resulting from cathode contamination. 
This means that the reactor performance in terms of the concentration-time characteristics cannot 
be predicted by the proposed analysis, and what is required is some representation of electrode 
deactivation. This experimental finding and an analysis of electrode deactivation is the subject of 
a following paper [10]. 

A feature of interest in this reaction system is the parallel reaction step involving the further 
reduction of glyoxylic acid to glycolic acid (C) and glyoxal (D). Experimental data for the pro- 
duction of these two byproducts are presented in Fig. 12, in terms of their ratio of concentration, 
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Fig. 12. Variation of  the ratio of glycolic acid and glyoxal byproducts with the production level of  glyoxylic acid. Lead 
cathode, temperatures 8 18 ~ C, current densities 500-2500 A m -2. 

Cc/CD versus the production level of glyoxylic acid. The experimental operating conditions relevant 
to these data are given in [11] and [13]. Electrolysis cells and operations were as described in 
Section 2. It is apparent from Fig. 12 that a precise analysis of the mechanism of the parallel reaction 
step is not feasible because of the wide spread in ratios of approximately 3.5 to 6. At best, a value 
of the ratio of rate constants kz/k3 of approximately 5 can be suggested and because of the 
apparently invariable nature of the concentration ratio with respect to glyoxylic acid concentration 
(hence duration of electrolysis), an assumption of equal Tafel slopes, i.e. f12 = f13 can be applied. 

Continuing now with the process example in which the following kinetic data, taken from [11] and 
[12], are representative of the production of glyoxylic acid by the electroreduction of oxalic acid 
solutions acidified with sulphuric acid: kl/k2 = 2.65 with k2/k3 = 5. Tafel slopes for the electro- 
reduction of oxalic acid (A) and glyoxylic acid (B) are both approximately 120 mV-L 

The data in Fig. 13 are plotted as a function of two dimensionless time parameters Zg and zp for 
galvanostatic and potentiostatic operation respectively. These data are valid for any value of current 
density or electrode potential under their respective modes of operation. The maximum concen- 
tration of product glyoxylic acid under either operating mode is identical. The advantage of 
galvanostatic operation is in the shorter reaction times to produce glyoxylic acid, but the conse- 
quence of this is a greater production of byproduct and lower efficiency. 

In this and a large number of similar systems it is likely that two major factors will detract from 
this ideal performance: 

(i) Limitations in mass transport which will become more important at higher potentials. In this 
case the maximum possible conversion to intermediate B will be reduced. 

(ii) Decomposition of solvent which is likely to be more significant at higher potentials and more 
pronounced during galvanostatic operation. 
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Fig. 13. Predicted performance of 
the electroreduction of oxalic acid 
during galvanostatic operation 
showing typical concentration 
time profiles. Galvanostatic 
operation ( ): (a) oxalic 
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operation ~ - - ) :  (p) glyoxylic 
acid; (q) oxalic acid. Zg = (Sir 
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4. Conclusions 

The application of reaction engineering techniques to parallel electrochemical reactions during 
constant current operation has been broadly demonstrated for the case of batch reactions. For flow 
electrolyses operating continuously, the problem should prove no more difficult as we need only 
consider space time as opposed to real time. With recycle operation the models can be readily 
extended to include inlet concentration of all product species from the recycle stream. 

It has been shown that by applying suitable approximations to the kinetics of these parallel 
reaction schemes, useful analytical equations representing reactor behaviour can be derived. The 
main approximation in integer ratios of Tafel slopes frequently occurs in practical situations and 
allows quite complex reaction networks to be analysed using standard techniques. These techniques 
may be extended to reactions involving two or more components, especially if in each step of the 
reaction scheme the second reactant is common. 

Appendix A 

Derivation of Equation 14 

For galvanostatic operation of a reaction obeying Tafel kinetics in the presence of solvent decom- 
position (eg. hydrogen evolution) the total current density is given by Equation 13 which on 
differentiation gives 

n,F (dCA'] n, FCA (dE) 
0 - ~ \ ~ - }  + kn \ d t J ( ~ )  + n3Ffl3kr3(~[) (A1) 

The batch reactor design equation for component A can be written as 

d C  A S 
dt - Vnl F (iT -- n3Fkf3) (A2) 
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Eliminating dCa/dt between Equations A1 and A2 gives 

VYI \ kfl Y~ + n3Ffl3kf3 (13) 

Substituting now for CA using Equation 13 gives 

+ iT -- n3Fkf3,]-~ = t (A4) 

With the initial electrode potential given by Eo, this integrates to give Equation 14. 

Appendix B 

Derivation of Equation 22 

For two independent reactions occurring simultaneously with oxygen evolution, all under kinetic 
control, the total current density is given by 

iT = exp/~E(nlklCA + n2k2Cc + n3k3) (BI) 
F 

Substitution in the batch reactor design Equation 4 for species A gives 

dCA - SiTk' ( CA ) (B2) 
dt VF nlklCA + n2k2Cc + n3k3 

Separating variables and substituting Equation 10 for Cc gives 

I n3 k3 Cc ~ / t ~ \ k2/kl -I 
n, kt + ~_~A + n ,  k2__C~A jdCA - Sk, iTdtvF (B3) 

Integrating this equation gives Equation 22. 

Appendix C 

Derivation of Equation 27 

For the dependent parallel reaction scheme described in Section 3.2, Equations 23 and 25 can be 
combined to eliminate the surface concentration C s to give the reaction current density for step 
A ~ B a s  

il CA 
= ( E l )  

nl F 1 1 kfz 
kC + + k f, k--S  

For galvanostatic operation with i~ + i2 = iT the above equation can be combined with Equation 24 
to give the concentration CA as 

(• 1 *kT;) 
= ( c 2 )  

n2 kf2 
l + - -  

nl kfl 
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which can be differentiated to give 

1 1 kf2 n2 ke (fl: - fl~) kr2 fl~ ] 

_ kLkn kn d_fiE 
at nlF ( n2kc'] 2 1 + - -  

\ . l  + nl kn-----J nl kn 

The batch reactor design Equation 26 can be written in terms of total current density as 

(c3) 

d C A -  ~I1- + kf2/kr'(i~lF~ln2kf 2 (C4) 

dt 1 + nlkf  1 

Combining this with Equation C3 for dCA/dt gives Equation 27, describing the variation of 
electrode potential with time. 

Appendix D 

Integration of Equation 27 (nl = n2) 

Substituting u = exp [(f12 - flOE], we obtain 

- dt = ( f i 2 -  fl,)k~ (1 ~- k2u~ 2 du 

\ k , /  

fil 
(f12 -- fll)kl 

When f12 = /~l/2 this becomes 
f 1// f12/(f12 ill) 

du 

t -1 _ ( S )  dt = ~ 1 + k2uX} 2 d u +  kl - kzu,]2 
k l j J  1 + kl j 

and on integration we obtain 

(D1) 

(D2) 

( S )  kl I k2u ( k2~ ~ -- t = k--~ 1 + ~ 2 l o g  1 + k,J 
1 ~u(,=,) 

1 + (~:u/k,)-L.=0) 

+ k~- log 1 + k l J  + 

1 + ~lu)_tu(t=o) 
which simplifies to 

(D3) 

k1 k2u _1 

1 + k 1/~u(t=o) 

(D4) 
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Appendix E 

Derivat ion o f  Equat ion  33 

For the reaction scheme in Section 3.3, current densities for the three steps can be written as 

il 
- -  k n C s ( E l )  

n F  

i I 
-- kLA(C A -- CA S) (E2) 

n F  

i2 
- k f2C s (E3) 

n F  

i3 
- kr3C s (E4) 

n F  

(il -- i: --  i3) 

n F  
= k L ~ ( C ~ -  G) (ES) 

Combining Equations E1 and E2 to eliminate CA s gives Equation 1. Combining Equations E3, E4 
and E5 to eliminate Ca s and i 3 gives 

) n F  = kLB nffkf2 Ca (E6) 

which rearranges to give 

n--F ~ + ~ 1 + - nFkL B + CB (E7) 

Substituting for i I using Equation 1 and rearranging leads to Equation 33 which gives the reaction 
current density, i 2. 
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