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Abstract Pseudo two-dimensional finite element models
were developed to predict the hypochlorite (chloric(I))
(HOCI + OCI17) production by electrolysis of near-neutral
aqueous sodium chloride solution, in reactors with (a) an
anode and cathode in the form of plates, and (b) a lead
dioxide-coated graphite felt anode and titanium plate
cathode. The model was used to investigate the feasibility
of using a porous anode to achieve high single pass con-
versions in oxidising chloride ions. For the model reactor
with planar anode, the effects of diffusion, migration and
convection on the mass transport of the reacting species
were considered, whereas with the porous anode, a sup-
porting electrolyte (Na,SO,4) was notionally present to
eliminate the migrational contribution to reactant transport.
For an electrolyte flow rate of 107° m® s™' (Re = 10 for
plate electrodes, Reporous = 0.76 for porous anode), a cell
voltage of 3.0 V and an inlet NaCl of 100 mol m73, the
single-pass conversion of ClI~ was predicted to increase
from 0.45 for the reactor with a planar anode to 0.81 for the
reactor with a porous anode. For the same operating con-
ditions, the overall current efficiency was also predicted to
increase from 0.71 to 0.77 by replacing the plate with the
porous anode.

Keywords Hypochlorite - Chloric(I) - Chloride -
Modelling - Porous electrode
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Concentration of species i (mol m~ )

Inlet concentration of species i (mol m )
Diffusion coefficient of species i (m* s~ ")
Distance between the planar anode and cathode
(m)

Fibre diameter (m)

Hydraulic diameter of felt fibre (m)
Equilibrium electrode potential of reaction k
versus reference electrode (SHE) (V)

Faraday constant (C molfl)

Current density of reaction k (A m?)

Limiting current density (A m?)

Exchange current density (A m™?)

Standard heterogeneous rate constant coefficient
(ms™

Mass transport rate coefficient (m sfl)
Equilibrium constant (rn0171 dm’® )

Superficial flux of species i (mol m~2 s~ ")
Number of electrons involved in a reaction (-)
Universal gas constant (J mol ' K7

Reynolds number for reactor with planar
electrodes (vd/v) (-)

Reynolds number for porous electrode (vegedy/v)
Rate of homogeneous reaction k (mol m’ s
Time (s)

Temperature (K)

Cell voltage (V)

Mobility of ion i in an electric field (z;FD/RT)
m>v1sh

Linear electrolyte velocity (m s~ ')

Solution velocity in the empty cross-section area
ms™h

Number of charge on species i (-)

Subscript i refers to reacting species (—)
Subscript k refers to reactions (—)
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Subscript s refers to solid phase (-)

Subscript 1 refers to liquid phase (-)

Subscript a refers to anode properties (—)
Subscript ¢ refers to cathode properties (-)
Transfer coefficient (-)

Tafel coefficient, i.e. (1—o)nF/(RT) (V™)
Tafel coefficient, i.e. « nF/(RT) (Vﬁl)

Voidage of the graphite felt electrode (-)
Diffusion layer thickness (m)

Effective solid phase conductivity within
graphite felt electrode (S m™")

Effective liquid phase conductivity within
graphite felt electrode (S m™ ")

K10 Pure liquid phase (electrolyte) conductivity
(Sm™)

Permeability of porous material (m?)
Overpotential of reaction (V)

Stoichiometric coefficient (-)

Kinematic viscosity (m2 sfl)

Overall current efficiency (—)

Potential at feeder cathode electrode (V)
Potential at feeder anode electrode (V)
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1 Introduction

The uses of hypochlorite (chloric(I)) (HOCI + OCI ™)
include chemical oxidations, disinfection of drinking
water, sewage, process equipment in food and beverage
industries, and also sterilisation of injection water in oil
wells and of cooling water to prevent fouling of heat
transfer surfaces in power stations. Due to the extreme
hazard of storing and transporting liquid chlorine, aqueous
absorption of which produces hypochlorite species
(HOCI + OCl17), local electrogeneration of hypochlorite is
expected to become mandatory in the future.

There is extensive literature on modelling and experi-
mental studies of hypochlorite (choric(I)) and chlorate
production, which have also been the subject of reviews
[1-3]. Ibl and Vogt [1] developed kinetic models to predict
the concentration profiles of the species involved in the
anode reaction layer in hypochlorite/chlorate electrogen-
eration. The formation of hypochlorite in either
hypochlorite or chlorate electrochemical reactors involves
the initial formation of chlorine, which is hydrolysed in a
reaction layer at the anode. The hypochlorite concentration
profile within the reaction layer leads to some of the
hypochlorite diffusing back to the electrode and being
further oxidised to chlorate. Ibl and Landolt [4, 5] inves-
tigated anodic ClO3 formation in dilute NaCl and
concentrated NaCl solutions on graphite anodes, at which
the rate of CIO3 formation was determined to be
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proportional to OCI™ concentration and the mass transport
of HOCI/OCI1™ towards the anode was the rate-determining
step. Robertson et al. [6] determined experimentally that
the rate of electro-oxidation of HOCI/OCl™ on dimen-
sionally stable anodes (DSAs—Ti/RuQ,) was independent
of electrolyte flow rate and hence, kinetically controlled
and its rate on DSA was lower than that on graphite or
platinised titanium, as the anodic overpotentials required
for CI, evolution on DSAs are much lower than those on
graphite or platinised titanium.

Current efficiency losses due to hypochlorite reduction
at cathodes have been investigated experimentally and
theoretically. At the low potentials of hydrogen-evolving
cathodes, the rate of hypochlorite reduction was found to
be proportional to the concentration of OCl™ and the
reaction rate was limited by the diffusion of OCl™ to the
surface of the cathode, and correlated to the electrolyte
velocity [2, 6, 7]. Rudolf et al. [8] predicted that migra-
tional transport away from the cathode decreased the flux
of OCl™ by up to 50 %, relative to the diffusion flux
alone of OCl™ towards the cathode in a stagnant elec-
trolyte layer.

The objective of the work reported here was to inves-
tigate theoretically the performance of graphite felt,
electrodeposited with lead dioxide [9], as a flow-by anode
to enable high single pass conversions of chloride to
hypochlorite. This was achieved using finite element
models of such a reactor with homogeneous reactions
coupled to the electrode reactions, but for initial model
development and for comparison purposes, a reactor with a
plate anode and cathode pair, as shown schematically in
Fig. 1, was also modelled.

Electrolyte

Electrolyte
T outlet T outlet
DSA Anode Ti Cathode Ti Cathode
500 mm 500 mm
Porous Porous
Anode | 1 separator
(Insulator)
< <
1mm ' 4mm 1mm
T Electrolyte T Electrolyte
inlet inlet
(a) (b)

Fig. 1 Schematic diagram for flow-by reactors with (a) plate
electrodes and (b) porous anode and plate cathode
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2 Chemistry and electrochemistry of chlorine-water
systems

Electrolysis of near-neutral aqueous chloride solutions in
an undivided electrochemical reactor involves the follow-
ing primary reactions [10] with equilibrium equations
calculated for 298 K:

Anode:

Cly(aq) +2e~ « 2CI~ (1)

Ecy,/c-(SHE)/V = 1.396 + 0.0296 log [Cly(aq)]7c1,

i} (2)
—0.0592 log [C1 Jyq,-

where square bracket represents concentration in mol
dm ™ and y, represents the activity coefficient of species i;
for dilute solutions, the activity coefficients were assumed
to be close to unity. In the model calculations all equilib-
rium potentials were defined using concentrations at the
surface of the electrodes.

Cathode:

2H,0 +2e~ — H, + 20H" (3)

Ey,o/u,(SHE)/V = —0.828 — 0.0592 log [OH ]yoy-
—0.0296 log Py,

(4)

The rate of reaction (1) may be kinetically or transport
controlled, depending on the applied current density,
chloride ion concentration, and the prevailing
hydrodynamic conditions, which may also depend on the
rate of anodic gas evolution [11]; hence, these parameters
also control the current efficiency of reaction (1).

In the model described in this paper a sufficient over-
potential (¢, = P2 — ¢ — Ecy,/ci-) was applied to drive
reaction (1) into mixed kinetic and mass-transport control
to ensure high conversion of C1~; the current density (jci,)
can then be estimated by the Butler—Volmer equation,
neglecting the component due to the rate of the back
reaction, as the overpotential was sufficiently high as to
involve minimal error:

C s
Jjai, jo,c12{ (CC1 : > exp[Bey, (Pa — ¢ — Ec12/c1)]}
cI b

| 5)

where ¢ represents the liquid phase potential relative to the
same reference electrode as used to define the equilibrium
potential.

For the electro-oxidation of C1~ on two-dimensional Ti/
RuO, plate or mesh (‘DSAs’) anodes, as used industrially,
an exchange current density (joci,) of 1 A m~2[3, 12] and
a Tafel slope of 30 mV decade™! [13], were used, as

reported in the literature. The Tafel slope was estimated as
ca. 90 mV decade ™' for C1~ oxidation on a planar Ti/PbO,
anode in 500 mol m* NaCl at pH 6.7-8.1 and 296—
298 K, although the behaviour was dependent on the
conditions used for anodic deposition of PbO,. As dis-
cussed below further oxidation of the chloric(I) product in
batch recycle systems and the analytical difficulties of
defining the resulting solution compositions complicate the
determination of kinetic parameters.

The current density of hydrogen evolution (reaction (3))
(Ju,) was under kinetic control, which can be estimated by:

i, =m0 - exp By, (P — ¢ — Enyopm, )] (6)

An exchange current density (ju, 0) of 0.01 A m~Zand a
Tafel slope of 140 mV decade™! were used in the models,
as these values have been reported in literature for hydro-
gen evolution on titanium electrodes in 6 M NaOH at
298 K [14].

If the local concentration of dissolved chlorine exceeds
its solubility then supersaturation will drive the formation
of bubbles:

Cly(aq)=Cly(g) (7)

log[Cl,] = —1.26 + log Pq, (8)

However, aqueous chlorine may also form trichloride
ions as indicated in reaction (9); their concentration would
be insignificant in the models described below but are
important in reactors producing chlorate and chlorine from
more concentrated (>1 M) chloride solutions:

Cl, + CI"=Cl; (9)

log{ [Cl5]/[CL,]} = —0.66 + log[C]"] (10)

As chlorine diffuses away from the anode it hydrolyses
and disproportionates by the reaction:

Cly(yq) + HO=HOCI + CI~ + H" (11)

(12)

According to Spalding [15], reaction (11) is reversible
for pH < 3 and irreversible for pH > 3, with an apparent
forward rate constant of 20.9 s~ at 298 K. Due to the
production of protons by O, evolution (reaction (18)), the
pH close to the anode is predicted to be less than 3 and so
within the anode diffusion boundary layer, the rate of Cl,
hydrolysis (r; mol dm— s~ ') was calculated by:

log{[HOCI]/[Cly(aq] } = pH — 3.33 — log[CI]

ri = kit [Clagaq)] — k1v[HOCI][CI7][H] (13)

and elsewhere in the electrolyte by:
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ri = kir [Claag)|

The forward (k) and backward (k;3,) rate constants for
hydrolysis of chlorine determined experimentally with a
solution of 0.5 mol dm™* ionic strength at 298 K are
223 57" and 2.14 x 10* (mol dm~?)"% s™!, respectively;
hence the equilibrium constant (K;) is 1.04
x 1072 (mol dm ) [16].

If the bulk solution pH is neutral or alkaline, the chlo-
ric(I) acid formed will dissociate to its ions:

(14)

HOCI=H" 4+ OCl~ (15)
lOg{[OCli}/[HOCI]} =pH —-7.55 (16)
ry = kor [HOCI] — kop [OCli][H+] (17)

The equilibrium constant for the dissociation of
chloric(I) acid (K;) calculated by thermodynamic data at
208 K is 2.81 x 1078 [10]. As the kinetics of such de-
protonation reactions are very fast in general, it was
assumed to be at equilibrium and the backward rate
constant (kap,) was chosen to be 1 x 10® (mol dm3)~! s L.
The forward rate coefficient (ko;) was calculated from
(kop, X K5). With this value reaction (15) was close to
equilibrium and the effect of further increasing ky, was
shown to be insignificant.

Figure 2 shows a speciation diagram, summarising the
homogeneous chemistry of ‘active chlorine’ (i.e. Cl, (aq)
+ Cl3, + HOCI + OCI17), which indicates the uncertainties
in the gas/liquid equilibria involving Cl,O and HCIO (g)
[17], the predicted partial pressure of the latter being
unrealistically high.

The following loss reactions also occur to an extent
depending on the conditions:

Anode loss reaction:

_
<

[ 102
L 10—3
- 10-4

L 105

Activity / M

L 10

L 107

C1,0 or HOCI Partial Pressure / atm.

108

10 11 12 13 14

o 1 2 3 4 5 6 7 8 9
pH

Fig. 2 Activity—pH diagram for chlorine-water system at 298 K for
P(Cl,) at 1 atm. Predicted Cl,O (g) partial pressure using data from:
(a) Roth [16]; (b) Ourisson [16]; (¢) [19]
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0, (g) + 4H" 4+ 4e” < 2H,0 (18)

Eo,/i0(SHE)/V = 1.229 — 0.0592 - pH )
+0.0148 - log(Po,)

Jjo, =Jo,0, - exp[Bo, (Pa — ¢ — Eo,/m0) ] (20)

For the kinetically controlled partial current density of
O, evolution (jo,) (reaction (18)), an exchange current
density (joz,0) of 10~® A m~? and transfer coefficient (c0,)
of 0.5 (/302 = %) were used, as reported in the chlorate
production model developed by Byrne [3], but the value of
Jo,0 1s of the same magnitude as reported in [18].

As the hydrolysis reaction (11) and the loss reaction (18)
produce protons, the pH in the anode diffusion layer (thickness
Xp) decreases to values at which chlorine is the primary
product (Fig. 2) and its (fast) hydrolysis occurs within a
reaction layer (thickness Xg), if the bulk electrolyte is near
neutral or slightly alkaline. Some of the resulting HOCI dif-
fuses out to the bulk electrolyte, depending on its bulk
concentration, and some diffuses back to the anode, at which
it is oxidised further, allegedly [19] by the overall reaction:

2C10; +4C1™ + 1.50, + 12H" + 6e~ «— 6HOCI + 3H,0
(21)

More probably, a series of one-electron reactions are
involved in CI' oxidising to ClV, the first of which would
produce CI"; data were reported in the most recent
critically assessed thermodynamic data source [20] only
for C1"O (g) species:

c1"O(g) + H + e~ « HOCI! (22)

Ecio(e)moci (SHE)/V = 1.845 — 0.0592 pH

23
+ 0.0296 log Pcio — 0.0296 log(HOCI) (23)

However, presumably CI" species adsorbed on the
electrode could also be formed as intermediate species in
the overall two electron oxidation:

CIMO; 4 3H' 4 2¢~ « HOCI' + H,0 (24)
Ecio; /noci (SHE)/V = 1.7323 — 0.0887 pH 25)
+0.0296 log(C1O; ) — 0.0296 log(HOCI)

or

CI"O, +2H" +2¢~ « CI'O” + H,0 (26)
Ecio, jci0 (SHE)/V = 1.5089 — 0.0592 pH o)

+ 0.0296 log(CIO; ) — 0.0296 log(OCI ")
This could be followed by:
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CIV0O,(aq) + e « CIMO; (28)  OCI” +H,0+2e” < CI” +20H" (33)
Ecio,/ci0; (SHE)/V = 1.0406 + 0.0592 log(ClO,) (29) Eoci-jci-(SHE)/V = 1.718 — 0.0591 pH (34)

—0.0592 log(C1O;3)

the predicted aqueous solubility of gaseous chlorine
dioxide being high at 298 K:

log(ClOz(aq)) = 0.51 4 log P(ClO,(g)) (30)
Finally:
CIVO; +2H" + e « C1'0,(aq) + H,O (31)

Ecio; ci0,(SHE)/V = 1.2051 — 0.1183 pH

32
+0.0592 log (C103 ) — 0.0592 log(ClO;) (2)

Although there is disagreement in the literature [2, 4, 5,
13, 19, 20] about the rate and route of ClO5 formation by
oxidation of HOCI (reaction (21)), the consensus is that its
rate is of minor importance on DSAs under conditions
typical of those used in hypochlorite reactors. As a result it
is reasonable to omit this reaction from the model for the
parallel plate reactor with a DSA anode.

However, experiments with Ti/PbO, anodes suggested
that the rate of HOCI oxidation may be significant on
PbO, (coated graphite felt), for which electrode potentials
at constant current would be significantly greater than at a
DSA. The equilibrium potentials for the reaction sequence
(24)/(26), (28) and (31) at near neutral pH are less posi-
tive than that for chlorine evolution, according to Eq. 2,
so chloric(I) oxidation at potentials less positive than
those required for chloride oxidation would be expected.
If HOCI oxidation were to be included in the model, more
H* would be produced at the anode and the pH in the
anode diffusion layer would be lower. If the rate of HOCI
oxidation was assumed to be proportional to the con-
centration of HOCI/OCI™, its partial current density
would increase with anode height and hence, current
efficiencies for chloric(I) formation would decrease with
anode height. Due to the complexity of the reaction
mechanism, lack of reproducibility of the kinetics of C1™
oxidation on Ti/PbO, and the lack of reliable kinetic data
on that or any other anode material, HOCI oxidation was
not included in the porous anode model, for which results
are presented below.

At the hydrogen-evolving cathodes reaction (3) results
in a high local pH (ca. 12-13, depending on current den-
sities and mass transport rates), so that active chlorine
species diffusing into the cathode diffusion layer from the
bulk solution are converted to OCI ™ ions, and are reduced
under transport control by the reaction:

Cathode loss reaction:

+ 0.0296 log{[OCI7]/[CI"]}

Due to the very large overpotential for reaction (33) at a
hydrogen-evolving cathode, the reduction of OCl  is
normally under total mass transport control and the
concentration of OCl™ at the surface of cathode is zero.
Its current density can be calculated by the flux of
OC1™ (Nocr-) towards cathode; the contribution from
diffusion and migration to mass transport are both
significant, but migration opposes the diffusional flux,
since hypochlorite anions migrate from cathode to anode in
the electric field. The migration effect was predicted to
decrease the flux of OCl™ towards the cathode by up to
50% with respect to the flux due to diffusion alone [8].

Jocr- = noci- FNoci- (35)

dCocr- d
X _ woar Coar- g (36)

Noc- = —Docr-

The combination of loss reactions (21) and (33) limits the
maximum hypochlorite concentration achievable in
hypochlorite reactors to ca. 0.1 M. [10, 19]. In addition,
further homogeneous loss reactions, such as (chemical)
chlorate formation, may occur in the bulk solution, but can be
assumed to have insignificant rates at ambient temperatures:

2HOCI 4+ OCI™ — CIO; +2C1~ 4 2H* (37)
2C10~ — 2C1™ + 0, (38)
ClIO™ + H, — H,0 + CI” (39)

Lastly, the concentration of protons and hydroxide ions
in the bulk electrolyte were maintained at equilibrium by
the water dissociation reaction:

H,0 < H* + OH~ (40)

VHZO = kHzo,f[HQO] — kHZO,b [OH_HHJF} (41)

The value of the backward rate constant (kp,0p) was
chosen to be 1.4 x 10° (mol dm73)7l s~!, as further
increase had insignificant effect on the model predictions.
The forward rate coefficient (ky,0) was calculated from
(kiop * Ki,0), where (Ky,0) is 1074

3 Model Development

In order to investigate the feasibility of using a PbO,
coated graphite felt as an anode to increase C1~ conversion
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and hypochlorite production, models for flow-by reactors
with parallel plate electrodes were developed to predict the
performance of existing reactors, together with a reactor
with a PbO,-coated graphite felt as anode and a plate
electrode as cathode. Both model reactors were operated
under constant cell voltage with the electrolyte flowing
upwards, as shown in Fig. 1. Since convection was con-
stant and dominated exclusively in the vertical direction,
diffusion and migration terms could be neglected in that
direction, so pseudo two-dimensional models were suffi-
cient to predict the behaviour of the reactors. The species
considered in the reaction system were: Na*, CI-, H',
OH", OCI", Cly(ag), Oz, H, and HOCI. A summary of the
diffusion coefficients is shown in Table 1 [21, 22]. The
reactions included in the models were: (1), (3), (11), (15),
(18), (33) and (40). The schematic diagram of the model
geometry for the reactor with (a) plate electrodes and (b)
porous anode and plate cathode is shown in Fig. 3.

3.1 Reactor with plate electrodes

As gas evolution at both electrodes dominates the hydro-
dynamic behaviour of the reactor, rather than solving the
Navier—Stokes equation, the model geometry of the reactor
with plate electrodes was divided into three regions: the
anode diffusion boundary layer (R1), the bulk electrolyte

Table 1 A summary of diffusion coefficients

Diffusion coefficients at 298 K

2 —1

(R2) and the cathode diffusion boundary layer (R3), as
shown in Fig. 3a. The bulk electrolyte was assumed to be
well-mixed.

The thickness of cathode and anode diffusion boundary
layer (J., 9,) can be estimated by:

Docr- D~
60 _ OCl1 : 5;1 _ Cl
km c km,a

)

(42)

The mass transport was assumed to be controlled by
convective diffusion and the mass transfer coefficient at the
hydrogen-evolving cathode (k) can be estimated from
the correlation:

071 [75+0.24 (%) m}
km,c = aconslant(l~3 + 1.7v™ )10 (43)

where dconsiane 1S @ factor depending on the nature of sur-
face of the electrode, with a value of 1 for aged electrode
and a value of 1.5 for a fresh electrode [11].

It was assumed that the empirical Eq. 43 could also be
used to estimate the mass transfer coefficient at the oxygen-
evolving anode (ky, ,), allowing for the O, bubble evolution
rate being half that of the corresponding hydrogen-evolv-
ing cathode:

540,24 (Ycz) 0'31

Kina = deonstant (1.3 + 1.7V07) 10[ (44)

As an estimate, the average current density was assumed
to be 1000 A m 2. The cathode efficiency was assumed to
be 1 and the (mean) cathode diffusion boundary layer
estimated by Eqgs. 42 and 43 was 50 um. Assuming 5 % of
the anode current density is lost to O, evolution, the anode

Species Diffusion coefficient, D; (m™s ) Reference diffusion boundary layer estimated by Eqs 42 and 44 was
Na* 1.334 x 10~° [21] 125 pm, whereas if chlorine were evolved as bubbles
cl- 2.032 x 10~° [21] rather than being hydrolysed by reaction (11), then the
Claag) 1.83 x 10~° [22] anode diffusion layer thickness would be 80 pm. As an
H 9312 x 10~ 21] initial estimate, the thicknesses of both the anode and
OH™ 5260 x 102 [21] cathode diffusion boundary layers were assumed to be
oCl™ 1.10 x 10*9 [22] 100 pm in this model.
HOCI 128 % 10-° [22] The electrolyte velocity was assumed to be uniform
within the bulk electrolyte (v,ye). The no-slip condition was
Fig. 3 Schematic diagram of (a) B1_B2 B3 B4 (b) B1 32 B.
the model geometries for the [ [
reactors with (a) plate Anode
electrodes and (b) porous anode Diffusion
and plate cathode Boundary
Layer Bulk Cathode Porous Porous
Diffusion Anode Separator
(R1) Electrolyte
Y (R2) Boundary y (R1) (R2)
Layer
(R3)
Q—N—P]Q—P
3, 3 3 > x
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applicable at the surface of electrodes, i.e. where v = 0, and
parabolic flow within anode and cathode boundary layers
was assumed. The hydrodynamics of a reactor with bub-
bles-evolving electrodes is complicated and could not be
predicted accurately by the method proposed here. The
thicknesses of the anode and cathode boundary layers vary
with the height of the electrodes, as the current density
changes. The velocity profile proposed here was used as an
estimate only.

At steady-state (dC;/dt = 0), the concentrations in the
model are governed by the material balance:

oC;

o —V-N; + Zk: vixrx =0 (45)
and electroneutrality:

Z zC;i =0 (46)

In the pseudo two-dimensional model the flux (N;) was
described by the Nernst—Planck equation:

d¢; d
N,‘ = (—Digc — M,C dis) 4+ VC (47)
So Eq. 45 becomes:
d d¢; d
= (—Di 1~ G ¢> Zu,krk (48)

The boundary condition at the surface of the anode and
cathode is given by:

N Vikdk
N2

At the reactor inlet the concentration was specified as:

(49)

Ci=Cin (50)
At the outlet the convective flux is dominant:

N; =v(; (51)
The equations were implemented in COMSOL

Multiphysics software and solved by the finite element
method.

3.2 Reactor with porous anode and plate cathode

The permeability of the porous anode (PbO,-coated graphite
felt) was ca. 10~° m? [23]. Choosing a porous separator
(insulator) with similar structure as the porous anode can
minimise the electrolyte by-passing the porous anode.
Porous structures encourage even distribution of the flow

of electrolyte and hence, the velocity profile was assumed
to be uniform in this model, the geometry of which was
divided into two sub-domains: porous anode (R1) and porous
separator (R2), as shown in Fig. 3b.

As it would be complicated to include migrational
transport within the pores of the electrode, a supporting
electrolyte (500 mol m~> Na,S0,4) was notionally added
to the model solution, to eliminate the migration contri-
bution to transport rates. This would suffice for the purpose
of investigating the feasibility of using the graphite felt as
the anode for hypochlorite production.

As the migrational contribution to the overall mass
transport of C1~ was insignificant in the presence of excess
supporting electrolyte, the current density for the electro-
oxidation of CI™ ions in the porous electrode can be
modified to:

e = Joci, exp (B, (s — ¢ — Eciyci-))
Rt (’.°'C'22) exp (B, (65 — &1 — Eciycr-))

JLCI

(52)

where ji ¢, is the mass transport limiting current density
(by diffusion alone), estimated by:

JouL = neL FknCer b (53)

where Ccr-, is the concentration of Cl™ in the bulk of the
pores of the graphite felt electrode and k, is the mass
transfer coefficient within the pores, estimated from [24]:

0.69
ko = 3. 19(D o ) (—chfdh) P Ve =13
dy v e

g — 4e
T @/ -
Within the porous anode, the solid phase potential (¢)
obeys Ohm’s law and is related to the current density at the
solid/liquid interface by:

(54)

(55)

Ja is the total current density at the solid/liquid interface in
the anode, i.e. jci, + jo,, a is the specific surface area of the
graphite felt, which was assumed to be 10* m? m—> [23]
and «, is the effective solid phase conductivity, calculated
from Bruggeman’s equation:

Ky = Kpb02(1 — 8)1‘5 (56)

where ¢ is the porosity of the porous anode, for which a
value of 0.95 was assumed (Le Carbone Lorraine RVC
2003).

At the feeder anode boundary the solid phase potential
was defined by:
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¢ =P, (57)

At the interface between porous electrode and bulk
electrolyte all current is carried in the liquid phase and so:

do,

=0 (58)

As a result of the presence of excess supporting
electrolyte, the liquid phase potential (¢)) also obeys
Ohm’s law. Within the porous anode, it is governed by:

K| ——= :jaa (59)

and in the porous separator, by:

d*¢
K1 —dle =0 (60)

k) is the effective liquid phase conductivity calculated by
Bruggeman’s equation:

K1 = Ke'"’ (61)
where

272

Zl-F CiDl‘
KI,O = ZT (62)

assuming that dilute solution theory is applicable.

At the feeder anode and cathode all current is carried in
the solid phase and so:

ay _

=0 (63)

In the presence of excess supporting electrolyte the
migration contribution to overall mass transfer rates was
negligible, the diffusion coefficient was modified within
the porous anode, and the material balance became:

d dC, dCl Uikjka
— | —&D; = i
dx( & dx>+vdy zk:vkrk—l-zk:nkF

and in the remaining electrolyte:

d dc;\ . dG
o (—sD,- E) +v O ; Vik Tk (65)

As the surface area of the graphite felt anode was much
greater than that of the anode feeder, most of the
electrochemical reaction occurred within the porous
anode. In order to simplify the problem the flux of
reactants from the anode feeder caused by electrochemical
reactions was assumed to be insignificant and so, at the
feeder anode:

(64)

@ Springer

N;=0 (66)

and at the cathode the flux is governed by:

N = Z Vikjk (67)

T I’lkF

At the reactor inlet the concentration was specified:
Ci=Cin (68)
At the outlet the flux was dominated by convection:

N; =vG; (69)

The equations were implemented and solved by the
finite element method in COMSOL Multiphysics software.

4 Model predictions and discussion

The concentration and partial current density distributions
within the reactors, together with conversions and current
efficiencies, were predicted by the models.

4.1 Concentration and pH distributions

Figure 4 shows the predicted concentrations of (a) C1™, (b)
Cly(aq), (¢) HOCI within the anode boundary layer, and (d)
OCI1™ within the cathode boundary layer; Fig. 5 shows the
predicted pH within (a) the anode diffusion boundary layer
and (b) the cathode diffusion boundary layer, for the
reactor with plate electrodes, operating at an applied cell
voltage of 3.0 V with an average current density of
220 A m 2, an electrolyte volumetric flow rate of 10~°
m® s~ (equivalent to a linear velocity of 107> m s ',
Re = 10) and an inlet NaCl concentration of 100 mol m >,

The concentration of CI~ decreased non-linearly from
its bulk electrolyte value towards the surface of the anode
(Fig. 4a). The non-linearity was caused by the contribution
of migration to mass transfer and by chemical reactions in
the boundary layer. The bulk concentration of Cl1~ was
predicted to decrease from 100 mol m ™ at the inlet of the
reactor to 55 mol m ™~ at the reactor’s outlet, achieving a
single-pass C1~ conversion of 0.45. The C1™ concentration
at the surface of the anode was predicted to decrease rap-
idly along the height of the reactor. However, the surface
CI™ concentration indicates that Cl1~ oxidation by reaction
(1) was not totally mass transport controlled under this
specific set of operating conditions.

Cly(aq) Was produced by the electro-oxidation of Cl™ at
the anode. As CI™ concentrations decreased with height of
the reactor, the production rate of Cly,q, also decreased
with height (Fig. 4b). Cly(,q) concentration decreased with
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Fig. 4 Predicted concentrations
of (a) CI", (b) Cly(,q), (¢) HOCI
within the anode boundary
layer, and (d) OC1™ within the
cathode boundary layer; for the
reactor with plate electrodes
operating at a cell voltage of
3.0 V, an electrolyte flow rate of
107% m® s™! and an inlet NaCl
concentration of 100 mol m™>

—_

CI’ concentration / mol m3

Height of reactor / m

HOCI concentration / mol m=

Height of reactor / m

Fig. 5 Predicted pH within (a)
anode diffusion boundary layer
and (b) cathode diffusion
boundary layer; for the reactor
with plate electrodes operating
at a cell voltage of 3.0 V, an
electrolyte flow rate of

107° m? s" and an inlet NaCl
concentration of 100 mol m™>

Height of reactor / m

Anode boundary layer

distance from the anode as it was converted into HOCI, C1™
and H* by hydrolysis (reaction (11)). In the vicinity of the
anode the hydrolysis of Cly,q) Was reversible, since a value
of pH 2 was predicted (Fig. 5a), as H" was produced by O,
evolution (reaction (18)) at the anode. The H" concentra-
tion decreased with distance away from the anode surface,
as H* was neutralised by OH ™ produced at the cathode and
then transported to the bulk electrolyte. The pH increased

20

10

<

c w2
S s

m

Distance from
anode / mm

Distance from
anode / mm

Height of reactor /

Claag)

Distance from
cathode / mm

Distance from
anode / mm

HOCI OoCr

Height of reactor / m

Distance from
cathode / mm

Distance from
anode / mm

Height of reactor / m

Cathode boundary layer

to 7 towards the bulk electrolyte, where hydrolysis of
Clyaq) Was predicted to be irreversible. The bulk concen-
tration of Cl,(,q) was negligible, which supported reports in
the literature that, due to fast hydrolysis, all Clyq, was
converted to hypochlorite species [19].

Figure 4c shows the predicted concentration of HOCI
within the anode boundary layer. Hydrolysis of Clyq
produced HOCI (reaction (11)), which then dissociated to
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form H" and OCI™ ions (reaction (15)). Due to the low pH,
the HOCI concentration was in equilibrium with Cly,q),
Cl™ and H* within the anode boundary layer. Its concen-
tration was greatest close to the anode, where the Cly,q)
concentration was highest, and HOCl was transferred
towards the bulk electrolyte by diffusion, but undergoing
fast dissociation. In the bulk solution, the HOCI concen-
tration was in equilibrium with the concentrations of OCI™
and H*. Had its further oxidation by the reaction sequence
(24)/(26), (28) and (31) been allowed within the model,
then its concentration at the anode surface would have been
depleted.

OH™ was produced at the cathode due to both H, evo-
lution and the reduction of OCl ™, so the cathode boundary
layer pH was 12-13, as shown in Fig. 5b. Hence, as pre-
dicted in Fig. 2, in the cathode boundary layer all active
chlorine species were converted to OCl™ ions, which were
then reduced at the cathode by reaction (33), resulting in
the peak in concentration shown in Fig. 4d. Due to large
overpotentials for the reduction of OCI , its rate was under
total mass transport control and the OCI™ concentration at
the cathode surface was zero for the entire height of
cathode. However, since hypochlorite anions migrated
from cathode to anode in the electric field, migration
opposed the diffusional flux and hence the flux of OCI™
towards the cathode was smaller than that due to diffusion
alone, as implied by the migrational and diffusional flux
data in Fig. 6a and b, respectively.

Figure 7 shows the predicted concentration profiles of (a)
Cl™, (b) Cly(g), (¢) HOCI within the porous anode, and (d)
OCl™ close to the cathode (region R2 in Fig. 3b), while
Fig. 8 shows the predicted pH within (a) the porous anode
and (b) close to the cathode. Both sets of graphs were for the
reactor with porous anode and plate cathode, at a cell voltage
of 3.0 V, with an average current density of 307 A m~2, and
an electrolyte volumetric flow rate of 107 m?® s™' (equiv-
alent to a linear velocity of 0.002 m sfl) (Reporous = 0.76)
and an inlet NaCl concentration of 100 mol m .

The concentration represents those in the bulk of the
pores of the anode, not on the surface of the porous anode.
The CI™ concentrations were predicted to decrease from
the inlet to the outlet of the reactor, with outlet CI~ con-
centrations <10 mol m > within the porous anode, except
in the region (0.5 mm) close to the porous anode/porous
separator interface (Fig. 7a). As CI~ was not consumed
within the inter-electrode gap, its concentration was higher
in the porous separator region (>4 mm from feeder). In the
region between 0 and 3.5 mm from the anode feeder, the
Cl™ concentration decreased with distance from the feeder;
as that distance increased, the potential difference between
the solid and liquid phase increased and hence, overpo-
tentials and current densities for oxidation of Cl™ ions
increased.
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Fig. 6 Predicted (a) migrational flux and (b) diffusional flux of OCl™
within the cathode boundary layer; for the reactor with plate
electrodes operating at a cell voltage of 3.0 V, an electrolyte flow

3 s~ and an inlet NaCl concentration of 100 mol m >

rate of 107% m® s~

As Cl™ concentrations and, hence, current densities for
oxidation of CI™ were greatest at the reactor inlet, Cly(ag)
concentrations increased at a faster rate closer to the
reactor inlet (Fig. 7b). Since H* was produced by O,
evolution within the porous anode, pH < 2.1 was predicted
within the entire porous anode (Fig. 8a) and the hydrolysis
of Clyaq) Was reversible. As Cly,g) species were hydroly-
sed to form HOCI, HOCI -concentrations increased
(Fig. 7¢) with anode height.

A value of pH 14 was predicted for the electrolyte close
to the cathode (Fig. 8b), due to OH™ produced by H,
evolution at the cathode, so active chlorine species from
the bulk solution were converted entirely to OCl™ ions, as
predicted in Fig. 2. The concentration of OCI™ increased
with HOCI concentration along the height of the reactor
(Fig. 7d), but OC1™ ions were reduced at the cathode under
total mass transport control.

4.2 Current densities

Figure 9 shows the predicted current density profiles of
Cl™ oxidation (jci,), O, evolution (jo,) and total anode



J Appl Electrochem (2007) 37:1203-1217

1213

Fig. 7 Predicted concentrations
of (a) CI", (b) Cly(,q), (¢) HOC1
within the porous anode, and (d)
OCI™ close to the cathode
(region R2 in Fig. 3b); for the
reactor with porous anode and
plate cathode operating at a cell
voltage of 3.0 V, an electrolyte
flow rate of 107® m® s~ and an
inlet NaCl concentration of

100 mol m™>
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Fig. 8 Predicted pH within (a)
porous anode and (b) close to
cathode (region R2 in Fig. 3b);
for the reactor with porous
anode and plate cathode
operating at a cell voltage of
3.0 V, an electrolyte flow rate of
107° m® s™! and an inlet NaCl
concentration of 100 mol m >

Height or reactor / m

current density (j,), and Fig. 10 shows the corresponding
predicted reversible potentials of Cl, evolution (Ecy,/c1-
(SHE)), O, evolution (Eop,/n,0 (SHE)), and the overpo-
tentials (¢, = Pa — ¢ — Eci,yorr)  and (g, = @y—
¢ — Eo,/n,0), along the height of the anode, for the reactor
with plate electrodes operating at a cell voltage of 3.0 V,
an electrolyte flow rate of 10°° m® s™' and an inlet NaCl
concentration of 100 mol m .

The ratio of Cly,q) to CI™ concentration increased with
height of the reactor and so the reversible potential of the
electro-oxidation of CI™ also increased from 1.38 V (SHE)

Porous anode

m
@
(=]
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feeder anode / mm
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feeder anode / mm

cr Clgg)

Height of reactor / m

D
g 3

N W B
o © ©o
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Height of reactor /m

Distance from
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Distance from
feeder anode / mm

-]
Height of reactor / m e

Close to cathode

at the reactor inlet to 1.46 V (SHE) at the reactor outlet.
Although the resulting overpotential increased slightly by
0.015 V, current densities for ClI~ oxidation decreased
from 215 A m 2 at the inlet to 185 A m ™ at the outlet due
to the decrease in C1~ concentrations.

The increase in H* concentration produced by O, evo-
lution at the anode was predicted to have little effect on the
reversible potential for O, evolution; being kinetically
controlled and as its overpotential increased by 0.09 V
from the inlet to the outlet of the reactor, its current density
increased from negligible to 30 A m >,
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Fig. 9 Predicted current density profiles of ClI™ oxidation (jcyp) (X ),
0O, evolution (jop) ([J) and total anode current density (A), along the
height of the anode, at a cell voltage of 3.0 V, an electrolyte flow rate
of 107° m® s™! and an inlet NaCl concentration of 100 mol m—> , for
the reactor with plate electrodes
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Fig. 10 Predicted reversible potentials of Cl, evolution (Egy,/ci-
(SHE)) (1), O, evolution (Eq, /1,0 (SHE)) (A), and the overpotentials
(e, = Pa— ¢ — Eciyyci-) (W) and (o, = @, — ¢ — Eo,/m,0) (A),
at the surface of anode, along the height of anode, at a cell voltage of
3.0 V, an electrolyte flow rate of 107 m?s™! and an inlet NaCl
concentration of 100 mol m ™3, for the reactor with parallel plate
electrodes

Figure 11 shows the predicted current density profiles of
H, evolution (jg,), reduction of OCl™ (joc-) and total
cathode current density. Figure 12 shows the correspond-
ing predicted reversible potential of H, evolution (Ey,0,H,
(SHE)), reduction of OCI™ (Ecio-/on- (SHE)), and the
overpotentials (1, = @ — ¢ — Eg,o/n,) and (4co- =
®. — ¢ — Ecio- jou-), along the height of the cathode, for
the reactor with plate electrodes operating at a cell voltage
of 3.0 V, an electrolyte flow rate of 107 m? s!
inlet NaCl concentration of 100 mol m .

Neglecting the decrease in the reversible potential of H,
evolution close to the entrance of the reactor, caused by the
significant increase in OH™ concentration, the variation in
both reversible potential and overpotential for H, evolution
appeared to be insignificant. The absolute overpotential
decreased by only 0.015 V between the inlet and outlet of
the reactor. However, as H, evolution was under kinetic
control and its current density decreased exponentially with
overpotential and, combined with fast kinetics (an

and an
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Fig. 11 Predicted current density profiles of H, evolution (jy) (X ),
reduction of OCI™ (jcjo) () and total cathode current density (A),
along the height of cathode, at a cell voltage (U.y) of 3.0 V, an
electrolyte flow rate of 107% m® s~! and an inlet NaCl concentration

of 100 mol m ™2, for the reactor with plate electrodes
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Fig. 12 Predicted reversible potential of H, evolution (Ey,o/n,
(SHE)) (00), reduction of OCI™ (Ecio-/on- (SHE)) (A), and the
overpotentials (1, = ®c — ¢ — En,o/n,) (M) and (5o = Pc—
¢ — Ecio-jon-) (A), at the surface of cathode, along the height of
cathode, at a cell voltage of 3.0 V, an electrolyte flow rate of
107° m® s7! and an inlet NaCl concentration of 100 mol m™>, for the
reactor with parallel plate electrodes

exchange current density of 0.01 A m~2 and a Tafel slope
of 140 mV decade™ '), the absolute current density of H,
evolution decreased from —220 A m 2 at the inlet of the
reactor to —124 A m™? at the outlet of the reactor.

The reversible potential of the reduction of OCl™ was
predicted to have a positive value of 0.8 V (SHE), resulting
in a very large absolute overpotential (1oc- = —2V).
Therefore, its current density was under total mass trans-
port control and increased with the reactor height, from
negligible at the inlet, to —94 A m~2 at the outlet, as the
OCl™ concentration, produced by the hydrolysis of HOCI,
increased.

In practice the total current density is expected to
decrease along the electrode due to the accumulation of
bubbles with reactor height. Accumulation of bubbles
decreases the effective conductivity of the electrolyte and
increases the ohmic potential drop within the bulk elec-
trolyte. As the cell voltage is fixed, an increase in ohmic
loss of potential in the bulk electrolyte leads to a decrease
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in the overpotential for electrochemical reactions, so
decreasing current densities.

The fraction of anodic current lost to O, evolution
o,/ (jcr, +jo,)) and the fraction of cathodic current lost as
the reduction of OCl™ (joc1- /(ju, + joci-)) both increased
with the reactor height, as implied by the partial current
density data in Figs. 9 and 11, respectively. The overall
hypochlorite current efficiency (®yyeran), defined as:

Poverat = 1 — jo,/(jcr, +Jjo,) —Jjocr /G, +Jjocr-)  (70)

would also decrease with increase in the height. Therefore,
increasing the reactor height to increase single-pass con-
version of C1~ would not be favourable.

Figures 13 and 14 show the predicted partial current
density profiles of Cl, evolution (jcj,) and O, evolution
(jo,) within the porous anode, respectively, and Figure 15
shows the predicted partial current densities for H, evo-
lution (ju,) and reduction of OCl ™ ions (joci-), and the
fraction of cathode current lost to the reduction of OCI ™,
along the cathode; for the reactor with a porous anode and
plate cathode operating at a cell voltage of 3.0 V, an
electrolyte flow rate of 107®m’ s~' and an inlet NaCl
concentration of 100 mol m >,

The current density for oxidation of Cl™ ions was pre-
dicted to have the same profile as that for CI™
concentrations, as explained earlier in this section. The
current density for O, evolution increased from the feeder
anode towards the bulk electrolyte. Due to high electronic
conductivity of the porous anode, the potential drop within
the solid phase was negligible. As the distance from feeder
anode increased, current was transferred from the solid to
the liquid phase and the liquid phase potential decreased.
Since the equilibrium potential for O, evolution was
approximately constant within the porous anode, its

14
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Fig. 13 Predicted partial current density of Cl, evolution within the
porous anode, at a cell voltage of 3.0 V, an electrolyte flow rate of
107% m® s~! and an inlet NaCl concentration of 100 mol m 3, for the
reactor with porous anode and plate cathode
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Fig. 14 Predicted partial current density of O, evolution within the
porous anode, at a cell voltage of 3.0 V, an electrolyte flow rate of
10~ m® s7! and an inlet NaCl concentration of 100 mol m >, for the
reactor with porous anode and plate cathode
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Fig. 15 Predicted partial current densities for H, evolution ([J) and
reduction of OCI™ ions (X), and the fraction of cathode current lost to

the reduction of OCl™ (A), at a cell voltage of 3.0 V, an electrolyte

flow rate of 107® m> s™! and an inlet NaCl concentration of 100 mol

m ™2, for the reactor with porous anode and plate cathode

overpotential and hence, current density increased with
distance from the feeder anode.

The fraction of anodic current lost to O, evolution
increased from the inlet to the outlet of the reactor. For
higher operating cell voltages, at which CI™ oxidation is
under total mass transport control, the anodic current effi-
ciency will also decrease from the feeder anode towards the
porous anode/bulk electrolyte interface. As a result,
increasing the thickness of the porous anode would
increase Cl~ conversion but it would also decrease current
efficiency.

At the plate cathode, the current density for H, evolution
decreased as the reactor height increased, while current
densities for reduction of OCI™ ions increased, but to
values insignificant compared with those for H, evolution.

The predicted fraction of cathodic current lost to
reduction of OCI™ ions for the reactor with a porous anode
and plate cathode was much lower than that predicted for
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the reactor with parallel plate electrodes, similar to the case
where a decreased area cathode was used [1,6].

4.3 Conversion and current efficiencies

Figures 16 and 17 compare the performance of the two
types of reactor. In order to compare the CI~ conversion
(and the amount of C1~ converted) predicted by the two
models directly, the volumetric flow rate of electrolyte,
instead of linear velocity, was used. Due to the difference
in geometries between the two reactors, the linear velocity
in the reactor with planar anode was five times greater than
that for the reactor with the porous anode.

Figure 16 shows the predicted effects of cell voltage on
CI” conversions for plate anode and porous anode, and
overall current efficiencies for plate anode and porous
anode, at an electrolyte flow rate of 107® m?® s™' and an
inlet NaCl concentration of 100 mol m . Higher Cl~
conversions were achieved for the reactor with the porous
anode, at cell voltages between 2.8 and 3.4 V. For the
reactor with the porous anode, total mass transport for the
electro-oxidation of ClI~ was also achieved at lower cell
voltages, partly due to the lower linear velocity, and partly
due to the increase in overpotential across the thickness of
the porous anode. For cell voltages < 3.0 V, for which the
rate of O, evolution was less significant, the reactor with
the porous anode was predicted to have higher overall
current efficiencies than the reactor with a plate anode. Due
to a higher surface area for both Cl~ oxidation and O,
evolution, combined with the increase in overpotential
within the thickness of the porous anode, at cell voltages
>3.0 V, that reactor was predicted to have lower overall
current efficiencies than those for the reactor with a plate
anode. For the reactor with a porous anode with an elec-
trolyte flow rate of 10°°m? s_l, it was favourable to
operate at a cell voltage of 3.0 V, as both C1™ conversions

CI” conversion
Overall current efficiency

0.0 - T T
2.8 3.0 3.2 3.4

Cell voltage / V

Fig. 16 Predicted effects of cell voltage on C1™ conversions for plate
anode (A) and porous anode (A), and overall current efficiencies for
plate anode (M) and porous anode ([J), at an electrolyte flow rate of
107° m® s7! and an inlet NaCl concentration of 100 mol m—>

@ Springer

1.0 1.0
4 Iy
0.8 | 08 §
c ©
o E
2 0.6 4 06 °
2 g
8 0.4 - 0.4 3
S N
0.2 0.2 §
<)

0.0 + ‘ t 0.0

-7 6 5

Log (Electrolyte flowrate / m®s™)

Fig. 17 Predicted effects of electrolyte flow rate on CI™ conversions
for plate anode (A) and porous anode (A), and overall current
efficiencies for plate anode (M) and porous anode ([J), at a cell
voltage of 3.0 V and an inlet NaCl concentration of 100 mol m

and overall current efficiencies were greater than those for
the reactor with the plate anode.

Figure 17 shows the predicted effects of electrolyte flow
rate on CI~ conversions for plate anode and porous anode,
and overall current efficiencies for plate anode and porous
anode, at a cell voltage of 3.0 V and an inlet NaCl con-
centration of 100 mol m>. At electrolyte flow rates
>107° m® s7!, the reactor with the plate anode was pre-
dicted to have higher overall current efficiencies, and the
opposite was predicted for electrolyte flow rates < 107°
m® s~'. As a result, the optimal operating conditions for
the reactor with the porous anode were a cell voltage of
3.0 V and an electrolyte flow rate of 107 m’ s, for
which high C1™ conversion (0.81) and high overall current
efficiency (0.77) were predicted to be achievable.

4.4 Sensitivity analysis of exchange current density for
CI™ oxidation

As experimental data for the dependence of the exchange
current density for Cl™ oxidation (jci,0) on Cl™ concen-
tration could not be found in the literature, a sensitivity
analysis of the effect of that exchange current density was
carried out by decreasing its value from 1 to 0.1 A m 2.
Figure 18 shows the predicted current densities, C1~ con-
centrations at the surface of the anode, conversions and the
overall current efficiencies with the two different exchange
current densities for the reactor with plate electrodes,
operating at cell voltages of (a) 3.0 V and (b) 3.2 V, an
electrolyte flow rate of 107®m® s™' and an inlet NaCl
concentration of 100 mol m . For cell voltages < 3.0V,
Cl™ oxidation was under mixed kinetic and mass transport
control. A lower value of exchange current density
decreased current densities, conversions and overall current
efficiencies. However, for cell voltages >3.0 V, ClI™ oxi-
dation was under total mass transport control for anode
heights >0.2 m, so decreasing the exchange current density



J Appl Electrochem (2007) 37:1203-1217

1217

C))

. 300 100
D Joo! A M
E Conversion o %
S 250 - Current Efficlency 80 £ 5
z BE
‘@ 200 A c <
5 238
S 150 £2
c C®©
e g%
5 100 - c 9
o 93
- °§
© P
£ 507 6%
g ]
0 T T T T + 0

0 0.1 0.2 0.3 0.4 0.5
3.0V Height of anode / m
(b)
. 500 100
'E Jeizo! AM2 1 0.1 @
< Conversion 0.55 | 0.52 Q £

3 £
~ 400 Current Efficiency polr]
2 SE
g 300 §3
3 5%
£ t8&
S 200 - g
H 96
5 c
° 3 3
S 100 - =8
£ 6%
g ]

0

0 0.1 0.2 0.3 0.4 0.5

32V Height of anode / m

Fig. 18 Predicted effects of exchange current density (jci,0) on
partial current densities for Cl~ oxidation (jci,) (A) and CI™
concentration at the surface of anode (M) for jc, 0 = 1Am=2 ; and
jai, (A) and Cl™ concentration (OJ) for jc,0 = 0.1Am™2, at a cell
voltage (Uce) of (@) 3.0 V and (b) 3.2 V, an electrolyte flow rate of
107% m® s~ ! and an inlet NaCl concentration of 100 mol m 3, for the
reactor with parallel plate electrodes

by an order of magnitude had little effect on current den-
sities, conversions and overall current efficiencies.

5 Conclusions

(a) Pseudo two-dimensional steady-state models were
developed for two flow-by reactors for the production
of hypochlorite, one with two parallel plate electrodes
and the other a 4 mm thick PbO,-coated graphite felt
anode and a plate cathode.

(b) For an electrolyte volumetric flow rate of 10°° m?
s~!, a cell voltage of 3.0 V and an inlet NaCl of
100 mol m 7, the single-pass conversion of Cl~ was
predicted to increase from 0.45 for the reactor with
the planar anode to 0.81 for the reactor with the
porous anode. For the same operating conditions, the
overall current efficiency was also predicted to
increase from 0.71 to 0.77 by using the porous anode.

(c) For cell voltages >3.0 V increasing the thickness of
the porous anode increased Cl~ conversions, but

decreased current efficiencies, due to the potential
variation across the porous anode.

(d) The predicted fraction of cathodic current lost to
reduction of OCI1™ ions for the reactor with a porous
anode and plate cathode was much lower than that
predicted for the reactor with parallel plate electrodes
due to the difference in surface area between the
porous anode and the plate cathode.
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