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Various mathematical models for the electrosynthesis of chlorate are analysed taking into account
that the current efficiency is mainly affected by the distribution of the two competing reactions forming
chlorate, i.e. the anodic oxidation and the autoxidation of hypochlorite. It is shown that the current
efficiency is determined by four dimensionless groups one of which is commonly negligible. Results
are compared with a known current efficiency equation. Two new current efficiency equations,
representing the limiting operating conditions of chlorate systems, are proposed for industrial

application.
List of Symbols N" flux of total hypochlorite (mols™")
Re Reynolds number (—)
tivity (=) S cross-sectional area of fluid flow (m?)
@ acunty ) Se  Schmidt number (—)
A electrode surface area (m?*)
. . s St Sherwood number (—)
¢ concentration of hypochlorite (molm™=) St Stanton number, Equation 32 (—)
C, C’ numerical constants, Equations 19 and 45 ¢ time (s) er, Bquatio
F Faraday constant (F = 96487 Asmol™!) 3
. V  volume (m?)
H electrode height (m) . 1. 3 1
I total current (A) o hquld.ﬂow r ate (m > ) .
I, I, partial currents of chloride oxidation (A) x  coordinate in flow direction (m)

1, partial current of hypochlorite oxidation (A)
1, loss currents (A)
K* equilibrium constant of Reaction 6 (—)
K, anodic oxidation number (—)
ks mass transfer coefficient (ms™")
k, reaction rate constant of chemical hypo-
chlorite oxidation (m® mol=2s71)
K.c autoxidation number of cell (—)
K.z autoxidation number of chemical reactor (—)

1. Introduction

Hypochlorite, understood as total hypochlorite,
ClO~ + HCIO, generated by the anodic oxidation of
chloride

2C1" — 2¢ —> Cl, (1)

may be transformed to chlorate preferably by aut-
oxidation (or chemical oxidation). The mechanism
proposed by Foerster [1] has been confirmed recently
[2] and is now generally accepted:

2HCIO + CIO™ — CIO; + 2H* + 2CI- (2)

The unwanted competing reaction is the anodic oxi-
dation of hypochlorite:

3CI0° + 1.5H,0 — 3¢~
— CIO7 + 3H* + 2CI" + 0750, (3)

The latter reaction requires 50% more current than
the other. These two competing paths of generating
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¢ current efficiency (—)
Subscripts

anodic oxidation of hypochlorite
cell

entrance cell

exit cell

autoxidation of hypochlorite
chemical reactor

A 0 n. O

chlorate have the major affect on the current efficiency
and exceed the effect of other efficiency losses due to
inevitable side reactions. All chlorate systems are
designed and operated to reduce Reaction 3 in favour
of Reaction 2.

The oxidation of hypochlorite, Equation 1, depends
on the temperature and the concentration of hypo-
chlorite and on the available reaction volume. It is
known that the current efficiency of the autoxidation
reaction is affected by further operational parameters,
mainly an appropriate choice of the pH [3]. This effect
was thoroughly studied [4-6] and is taken into account
in all modern chlorate plants. In contrast, the anodic
oxidation, Equation 2, is mass transfer controlled, at
least in concentrated chioride solutions [3, 7, 8], and
depends on the hypochlorite concentration.

The interaction of parameters in suppressing the
anodic oxidation is not as well understood as is
desirable in view of the economical importance of the
process; although numerous investigations of the
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Fig. 1. (a) Electrochemical reactor with external chemical reactor;
(b) électrochemical reactor with integrated chemical reaction
volume. (i) inlet electrolyser, (O) outlet.

problem have been carried out. They include the
.important contributions by Ibl and Landolt to clarify
the mechanisms of anodic hypochlorite oxidation
[9-11] and the papers by Jaksi¢ and co-workers to
consider the interaction of all relevant parameters in
chlorate electrosynthesis [12-14]. (For further details
see [3].) Attempts to describe the current efficiency in
a chlorate system were made by Beck [15, 16], who
idealized the system as being composed of two per-
fectly stirred tank reactors and showed quantitatively
the mutual interaction of the chemical reaction in both
reactors and the mass transfer effect on anodic
hypochlorite oxidation in the cell. Beck presented the
results in dimensionless form [15], and demonstrated
some agreement of the model with empirical data [16].

In industrial plants, flow occurs through the inter-
electrode gap of the cells in a definite direction (mainly
by buoyancy of the gas—electrolyte dispersion unless
a circulating pump -is ‘used). The electrochemical
reactor, at least in modern plants, acts as a tubulat
reactor with varying axial concentration [17]. The
condition in the chemical reactor is somewhat dif-
ferent. In several modern plants this reactor is a
separate vessel, in others it is integrated into the cell
case [3, 18, 19], Fig. 1. In either case the flow lies
between the limiting conditions of plug-flow and
perfect mixing.

The variations of current efficiency are studied in
the following three models:
(A) The electrochemical reactor and the chemical
reactor, including the piping system, act as idealized
tubular reactors.
(B) The electrochemical reactor acts as an idealized
tubular reactor, whereas the autoxidation takes place
in a perfectly mixed reactor.
(C) Both reactors act as idealized stirred tank reactors
with perfect mixing.

2. Current efficiency

For an estimate of the current efficiency the total
anodic current in the electrochemical reactor may be
divided into four components:

I =1L+ L+ 1+ 1 4

The sum (I, + I,) denotes the current required for

indirect generation (via chloride oxidation) of the
hypochlorite fluxes (NT* + Ny ). From Equation 1
together with the reactions leading to the formation of
hypochlorite [3]

Cl, + H,0 — HCIO + H* + ClI~ &)
HCIO — H* + ClO~ ©)

there follows
I+ I, = 2F(N!' + N ™

But only the hypochlorite flux N is subsequently
chemically transformed to chlorate, requiring no
further current, whereas Ny denotes the flux trans-
formed to chlorate by anodic oxidation requiring the
additional current

I, = 1FN? ®)

I, denotes the fraction of the anodic current which
is not productive for chlorate. Chlorine is directly, or
after reaction, lost by any of the loss reactions (the
cathodic reduction of hypochlorite and of chlorate,
the catalytic decomposition of hypochlorite and its
loss with the effluent stream, the anodic oxidation of
chlorate to form perchlorate, and the desorption of
chlorine or chlorine dioxide) in addition to water
decomposition [3, 18]. All these losses are fairly
independent of the distribution of chlorate formation
among the Reactions 2 and 3 in modern plants. In
the present context they will not be distinguished
separately but handled as a whole, particularly since
they are associated with not more than 3 to 4% total
efficiency loss.

The sum (I; + I,) represents the minimum current
required to generate chlorate, and (I, + I,) are the

loss currents. The.current efficiency of the process is

thus defined by

= 9
e=" ©

or when inserting Equation 4 into Equation 9
e = 1 - Zii;;fi (10)

Inserting Equations 4, 7, and 8 into Equation 9 yields
a current efficiency equation

Y

Inserting Equation 8 into Equation 10 results in a
second equation:

(12)

3. Models

Three different models will be used to describe the
fluxes NI and Nj' in Equations 11 and 12 and to
combine both equations into one.

3.1. Model A: Both reactors are tubular reactors

It is assumed that the flow in the chemical reactor is
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idealized plug-flow with concentration gradients in
the main flow direction but uniform concentration
distribution in each cross-section. This assumption is
a good representation in plants, according to the
scheme of Fig. 1a, where the chemical reactor also
comprises the circulation pipes.

For the electrochemical reactor a deviation from the
conventional plug-flow modei is inevitable, because
radial concentration gradients exist, which induce
mass transfer of hypochlorite from the bulk to the
anode surface. The varying concentration in the main
flow direction is the average concentration in the
cross-section.

From the investigations of Ibl and Landolt [9, 10] it
is known that the flux NJ' consumed by anodic oxi-
dation is solely controlled by mass transfer of hypo-
chlorite from the liquid bulk to the electrode surface
and proceeds approximately under limiting current
conditions, at least under industrial operation con-
ditions. It is generally true that

N = [ keda (13)

A locally invariable mass transfer coefficient k; and a
linear axial concentration profile over the total height
H of the interelectrode space between entrance cell,
x = O with ¢ = ¢, and exit, x = H with ¢ = ¢,, are
assumed.
x
¢ = ¢+ (¢ — ¢ H (14)
Both assumptions involve noticeable deviations from
reality in that k4 generally depends on the distance
from the leading edge of the flow channel and on the
flow velocity, which is itself strongly dependent on the
fraction of gas, i.e. mainly of hydrogen formed at the
cathode and oxygen formed by anodic oxidation of
hypochlorite, Equation 3. Furthermore, in every elec-
trochemical reactor with gas evolution, the gas frac-
tion strongly affects the current distribution, which
itself affects the axial distribution of the gas fraction
[20, 21]. The axial concentration profile in the flow
direction is the result of the interaction of various
complex effects. For the sake of simplicity of the
model, a linear profile, Equation 14, and the assump-
tion of invariable mass transfer coefficient, dk;/d4 =
0, are assumed. Integration of Equation 13 yields
the hypochlorite flux consumed through anodic
oxidation.

(¢ + )
2 (19

From Equation 12 the current efficiency results in

coilh biare) g

The total flux of hypochlorite transformed chemi-
cally, N7, is composed of a fraction Ny consumed in
the chemical reactor (including the pipes), i.e. the
space between the positions o and i in Fig. 1, and the
flux Nj¢ consumed inside the cell.

N = Nk + Ni¢

NZ. = de

(17)

The kinetics of autoxidation of hypochlorite can be
described by [3]

de

= = 3
& C'k.c

()
with

K* o
T+ K ey (19

Equation 19 exhibits a maximum C’ = 0.45 [16]. If
the pH of the solution is maintained within narrow
limits, as is the case in modern plants, C’ may be
considered approximately constant.

The amount of hypochlorite oxidized chemically
outside the cell can be expressed by use of the flow rate
of electrolyte in the circulation system, ¥"*:

Ni = WMo — ¢) (20)

The total volume V; available for autoxidation
outside the electrolyser comprises the volume of the
chemical reactor and the volume of the pipes. From
Equation 18, there follows, after integration over the
retention time V3 /" between electrolyser exit and
entrance,

C =3

Mr

&G

1

2
i

1

e

= 2C'k

— 21

- @n
Inserting Equation 21 into Equation 20 introduces the
kinetic parameters into the expression for the flux of
hypochlorite oxidized outside the electrolyser

l.R = Ck, VRC? (22)

(1 + cafeg)efey

The amount of hypochlorite consumed by autoxi-
dation inside the cell is also obtained from Equation 18.
With the linear concentration distribution from
Equation 14 one obtains, by integration over the
volume ¥ of the interelectrode space,

% dc
to= | T (23)

, 1 + ¢fe) [l + (cfcy)?
. Ck,VCc?)( /o)[4 (ci/eo)’]

To simplify the mathematical treatment Equation 24
is approximated by

(24)

s (1 + ¢/c)

Ne = C'k Ve 2 (25)

The ratio of Equations 25 and 24

(1 + ¢fe)’ _ 2
(1 + cle))[1 + (ci/e)] ale + ¢l
(26)

remains within the limits 1 and 2, because 0 < ¢/
¢y < 1. Equation 25 thus gives values of the flux Nt
which are larger than the more accurate Equation 24.
Nonetheless it will be shown below that the flux N7 of
hypochorite consumed through autoxidation inside
the electrolyser, even calculated by use of Equation
25, is negligibly small compared with the flux N}
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consumed outside the electrolyser. This finding
justifies the simplification made by the transition from
Equation 24 to 25.

Combination of Equations 17, 20, and 25 with
Equation 11 connects the current efficiency with the
total flux N consumed through autoxidation:

N' = [15¢ — (1 — L/DIF

(¢ + &)
4

Equations 17, 22, and 27 form a system defining the
current efficiency. Combining these equations and
eliminating the concentrations yields the current
efficiency equation

Ve — ) + C'k. Ve (27)

Ke 15— (1—1Lf
K T (A -LI) =
1.5¢ — (1 — IJT)
x {[1 B [[ T~ LjD) — e
KrR KrC 2 Ka *T KrC !
2 g - MD - 6]]7]] * K,R}

(28)
where the following dimensionless groups are used.
, kVRU[F)

Kp = C V= 29
I 2
Ke = C If_f_KC(_!_F) (30)
%
kA
K, = Wl 31

K and K . represent the autoxidation in the chemical
reactor including the pipes, and in the cell, respectively,
and will be called the autoxidation numbers, K, is
an anodic oxidation number. It equals the so-called
circulation rate number defined by Beck [15]. Intro-
ducing the Stanton number for mass transfer

Sh kq

= — = 32
Re Sc VS (32)
K, may also be interpreted as a modified Stanton
number

St

A

K, = St—
: S
The ratio K, /K, in Equation 28 equals the ratio of
the volume of the interelectrode space of the cell and
the volume of the chemical reactor including the pipes.

KrC __ l'/C
KrR B VR
Values of K,-/K, of industrial systems are commonly
smaller than 0.01. A numerical analysis of Equations 28
shows that such small values are of no significant
effect on the current efficiency and justify neglect of
K. Autoxidation in the electrolyser is, therefore,
negligible. Equation 28 takes the simpler form
1.5¢ — (1 ~ L[I) Ky
[(A-L/h)-¢ K

(33)

(34)

Current efficiency, €

0.1 1 10 102 10® 10t P 10®
-3
KoKy

r

Fig. 2. Model A: Current efficiency as a function of the dimension-
less group K.z K;* and the anodic oxidation number K, Equation 35
setting I,/1 = 3%, Kc = 0.

1.5¢ — (1 — I,/D KTV
-] @
Equation 35 is a reasonable approximation of the much
more complex Equation 28. It is seen that the current
efficiency depends approximately on three dimension-
less groups: € = e(K,, K.z /K:, I,/I). Equation 35 is
shown in Figs 2 and 3 (setting 7,/ = 0.03).

Current efficiency, €

0.6 1 s i | I | I
1078 1074 1072 1 100
KrR

Fig. 3. Model A: Current efficiency as a function of the autoxidation
number K and the anodic oxidation number K,, Equation 35
setting I,/I = 3%, K = 0.
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3.2. Model B: Plug flow electrolyser; stirred tank
chemical reactor

The assumptions of idealized flow behaviour in the
tubular electrochemical reactor from model A are
maintained. Autoxidation inside the electrolyser is
again assumed to be negligble, Nj./Nigx — 0. The au-
toxidation outside the electrolyser is now assumed to
take place in a region of idealized, perfect mixing
without concentration gradients. The assumptions of
the model are representative of plants according to the
scheme of Fig. 1b.

Since the hypochlorite concentration in the chemi-
cal reactor is constant and equals the entrance con-
centration of the electrolyser, ¢ = ¢;, one obtains
from Equation 17, 18, and 20

N' & Nx = Ve — ) = Ck W (36)
and after insertion into Equation 11
I k. Vi
. - _ — C r"R%i
1.5¢ (1 1) T 37

Combination of Equations 16, 20, and 37 with elim-
ination of the concentrations results in a current
efficiency equation

€ =
(=LA +2K ") —2{1.5¢—(1— I‘,/I)]K,}Q}”3
1.5+ 2K!

(38)
3.3. Model C: Both reactors as stirred tank reactors

In the third and most simple of the models to be
discussed, the liquid in the electrolyser, as well as in
the chemical reactor (including the pipes if present), is
perfectly mixed. The hypochlorite concentration is
locally constant, and of value ¢,, in the electrolyser;
autoxidation in the chemical reactor runs at a constant
concentration ¢;. These assumptions have already
been made by Beck [15]. Autoxidation in the electro-
lyser is again neglected.

Equation 37, representing the autoxidation at con-
stant concentration ¢;, remains unchanged. Equation 15
for the anodic oxidation in the cell at ¢ = ¢, takes the

form
Ny = k,Ac, (39

Combining Equations 20, 37, and 39 together with
Equations 11 and 12 and eliminating the concen-
trations yields the current efficiency

€ =

(A=L/DA+ K —{[1.5e— (1 - LDKg'}"
1.5+ K

(40)

Setting I, = 0, i.e. neglecting the numerous loss
reactions mentioned above, Equation 40 coincides
with the efficiency equation presented by Beck [15] for
negligible autoxidation in the electrochemical reactor.

1 T 1 Y
A_C
Ky = 0.01
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1072 1 102 10*
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Fig. 4. Comparison of the models A, B, and C. (A) Equation 35;
(B) Equation 38; (C) Equation 40, setting I,/I = 3%.

, 4. Discussion

4.1. Practicabilty of the models

The assumption of the electrolyser as a tubular reactor
(with negligible mixing in the main flow direction but
distinct axial concentration gradients) as used in the
models A and B is a reasonable approximation for the
narrow interelecirode gaps of modern electrolysers.
The model A is fairly representative of chlorate
systems with separate external chemical reactor
as shown in Fig. 1(a); model B represents systems
with integrated chemical reactors, Fig. 1(b). Both
models describe limiting operation conditions.
Modern industrial chlorate plants are, therefore,
expected to operate under conditions within a range
the bounds of which are given by the models A and B.
Equations 35 and 38 are recommended for practical
application.

Model C, with the assumption of perfect mixing in
both reactors provides an inadequate description of
the real conditions.

It is interesting to compare the numerical differences
of the current efficiency equations of the three models,
Equations 35, 38, and 40. As seen from Fig. 4 the
differences are negligible for all values of K, much
smaller than unity, K, <€ 1. Increasing values of K|
produce distinct differences among the models, par-
ticularly with large values of the autoxidation number
K. The results of model A exhibit the largest effi-
ciency and those of model C the smallest. Since realistic
values of the autoxidation number are of order 0.1 >
K, > 1 the choice of the appropriate model, A or B,
for a particular system may be of importance.
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4.2. Empirical parameters

It is common industrial practice to characterize
chlorate clectrosynthesis systems by a number of
empirical parameters, i.e. the so-called current con-
centration, defined as current per unit volume of
reactor, I/ Vg, the ratio of current and liquid flow rate,
I/'V;™, and, of course, the current density I/4. It can
easily be shown that the autoxidation number K.
contains the first two of these ratios:

£< ; >3 : )l
FPAV) \ W%
The latter two ratios can be found in the anodic
oxidation number:

IN' T

K = k=) —

o (A) 2

Finally, the ratio K,z /K? in Equation 35 contains the
current density together with the current concentration:

- eml) (3)
K FEA\ Vg A
Therefore, the present dimensionless groups do not
upset the validity of the conventional operational
parameters, but combine them with each other and
further quantities without increasing the total number
of variables, aithough the complete system of para-
meters is taken into consideration. In fact, the total
number of independent variables is reduced to 3
including that representative of the loss currents.

Ky =C @1

(42)

(43)

4.3. Effect of the liquid flow rate

From Equation 35 it might appear preferable to use a
combined dimensionless group K /K; instead of K,
and K, because K. /K: is explicitly free of the liquid
flow rate V{*:

Kir , k VR(IFY
s = O ——5—
K; (kqA)

(44)

However, the mass transfer coefficient &y is itself
dependent on the flow rate. The effect of the flow rate
on K, and K /K; is seen from a typical mass transfer
equation for forced flow

Sh = C Re"Sc" (45)

Hence, the effect of liquid flow on the mass transfer
coefficient is

kg ~ (V[S)" (46)
and from Equations 29 and 31
K, ~ (VS 47
and
KelK ~ (F[S)" 48)

In turbulent flow (with velocities ¥*/S = 0.0l ms™!)
the exponent m is approximately 0.8 corresponding to

Ka ~ VLI~0.2 (49)

and
KK ~ V2 (50)

Itis seen that K| is much less affected by the liquid flow
rate V{"* than Kz /K;. Equation 35 and Fig. 2 show
that, at small values of the flow rate (corresponding to
large values of K.z /K2), the current efficiency is only
weakly affected by K,z/K.. But any increase in the
liquid flow rate lowers K,, and thus increases the
current efficiency. At large values of the flow rate (and

- small values of Kz/K?) the action on the current

efficiency is reversed. The anodic oxidation number X,
loses its effect, but increasing liquid flow rate lowers
K /K and, hence, the current efficiency, Fig. 2. The
current efficiency, therefore, exhibits a maximum as
the flow rate is varied. This finding has already been
stated by Jaksic¢ [12] and Ibl [3].

4.4. Effect of the current density

It is known [3, 12, 18, 22] that increasing current
density raises the current efficiency. The finding
is supported by Equations 35, 38 and 40. Since the
anodic oxidation number K, remains unaffected by the
current density, Equation 42, but the dimensionless
group K,z K, * increases strongly as the current density
increases, Equation 43, an increase of the current
density, with all other parameters kept constant,
improves the current efficiency, as clearly seen from
Fig. 2.

5. Conclusions

Equation 28 represents a complete system of four
dimensionless groups Ky, K., K,, and I,/I for
description of the current efficiency of chlorate elec-
trosynthesis systems, where K. can be set equal to
zero without noticeable loss of accuracy in industrial
systems, Equation 35. The current efficiency is thus
shown to depend essentially on three dimensionless
groups containing all empirical parameters used
in industry to characterize chlorate systems. The
dimensionless groups combine these parameters and
reduce the number of independent variables.

Two models, both considering the electrochemical
reactor as an idealized tubular reactor, where the
autoxidation of hypochlorite is assumed to occur
either in a tubular reactor (model A) or in a reactor
with perfect mixing (model B), yield expressions for
the current efficiency, Equations 35 and 38, which are
likely to represent the limiting conditions for the cur-
rent efficiency of industrial plants. The assumptions
used for the third model are less realistic.

Acknowledgement

Thanks are due to Professor Partizio Gallone for his
interest and valuable comments.

References

[11 F.Foerster, E. Miller and F. Jorre, Z. Elektrochem. 6 (1899)
11-23.



CHLORATE ELECTROSYNTHESIS CURRENT EFFICIENCY EQUATIONS

1191

[2]
(31

4
5]
(6]

(71
(8]

5]
{101

fi1]

B. V. Tilak, K. Viswanathan and C. C. Rader, J. Electro-
chem. Soc. 128 (1981) 1228.

N. Ibl and H. Vogt, in ‘Comprehensive Treatise of Electro-
chemistry’ (edited by J. O’'M. Bockris, B. E. Conway,
E. Yeager and R. E. White) Vol. 2, Plenum, New York
(1981) pp. 169-201.

1. E. Flis and M. K. Bynyaeva, Zh. Priki. Khim. 30 (1957)
339; J. Appl. Chem. USSR 30 (1957) 359-65.

M. M. Jaksié, B. Z. Nikoli¢, I M. Csonka and A. B.
Djordjevi¢, J. Electrochem. Soc. 116 (1969) 684-7.

M. M. Jaksi¢, A. R. Despi¢ and B. Z. Nikoli¢, Elektrokhim.
8 (1971) 1573-84; Sov. Electrochem. 8 (1973) 1533-42.

V. de Valera, Trans. Faraday Soc. 49 (1953) 1338-51.

L. Hammar and G. Wranglén, Electrochim. Acta 9 (1964)
1-16.

N. Ibl and D. Landolt, Chemie-Ing.-Tech. 329 (1967) 706-12.

N. Ibl and D. Landolt, J. Electrochem. Soc. 115 (1968)
713-20.

D. Landolt and N. Ibl, Electrochim. Acta 15 (1970) 1165-83.

[12]
i3]
{14]
{15]
{16]
{17]

[18]

{19
(20]
(21]

22]

M. M. Jaksi¢, J. Electrochem. Soc. 121 (1974) 71-9.

M. M. Jaksi¢, Electrochim. Acta 21 (1976) 1127-36.

A. R. Despi¢c, M. M. Jaksié¢ and B. Z. Nikoli¢, J. Appl.
Electrochem. 2 (1972) 337-43.

T. R. Beck, J. Electrochem. Soc. 116 (1969) 1038-41.

T. R. Beck and R. Brinnland, ibid. 119 (1972) 320-25.

K. G. Denbigh and J. C. R. Turner, ‘A Chemical Reactor
Theory’ 3rd edn, Cambridge University Press, Cambridge
(1984).

H. Vogt and P. Wintzer, in ‘Ullmann’s Encyclopedia
of Industrial Chemistry’, Vol. A6, VCH Verlagsges.,
Weinheim (1986) pp. 501-14.

J. E. Colman, A. I. Ch. E. J. Symp. Ser. 77 (1981) No. 204,
244-69.

F. Hine, M. Yasuda and R. Nakamura, J. Electrochem. Soc.
122 (1975) 1185-90.

H. Vogt, Electrochim. Acta 26 (1981) 1311-17; 27 (1982)
1157.

E. Miiller and P. Koppe, Z. Elektrochem. 17 (1911) 421-30.



