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Abstract: A mathematical model has been set up for current efficiency in a
chlorate cell acting as an ideal electrochemical tubular reactor with a linear
increase in hypochlorite concentration from the entrance to the exit. Good
agreement was found between the results on current efficiency experimentally
obtained under simulated industrial chlorate production conditions and the
theoretical values provided by the mathematical model.

Keywords. chlorate; active chlorine; limiting diffusion current; current effi-
ciency.
INTRODUCTION

During the electrolytic production of chlorate by the electrolysis of con-
centrated sodium chloride solution, chlorine is evolved at the anode by the anodic
oxidation of chlorideions:

2CI” - Cly +2e (D]

The evolved elemental chlorine diffuses through the anodic diffusion layer
towards the bulk solution where it is subject to hydrolysis. The hydrolysis reac-
tion is fast and, therefore, at pH values of the solution above 6.0, almost al the
dissolved chlorine hydrolyses near the anode:1-13

Cl, +H,0 — HCIO+H* +CI™ )

In the solution, equilibrium of the hypochlorous acid dissociation reaction is
established:

HCIO - H" +CIO™ (3)
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678 SPASOJEVIC etal.

In the bulk solution, the resulting hypochlorous acid and hypochlorite (active
chlorine) ions are converted to chlorate:

2HCIO+CIO™ — ClOg +2CI™ +2H™ (%)

Active chlorine diffuses into the anode, where it is oxidised to chlorate in an
undesirable reaction:1-13

6CIO_+3H20—>2CIO3T+4CI_+6H++%02+6e_ )

Maximum anodic current efficiency, 74, is obtained if only reactions (1)—(4)
occur. Reaction (5) in the diffusion-controlled electrochemical production of
chlorate causes anodic current losses. Chlorine diffusion and hydrolysis, and
active chlorine diffusion are determinants of the concentration profile of active
chlorine in the anode diffusion layer. This profile determines the flux of active
chlorine on the anode surface and, hence, the anodic current losses, which are
additionally caused by water oxidation:1-13

2H,0 — Oy +4HT +4e~ (6)

During chlorate production by the electrolysis of concentrated sodium chlo-
ride solutions, current losses due to the anodic oxidation of water are negli-
gible.1.11-14 The relatively high temperature of the solution, t > 80 °C, ensures a
high rate of chemical conversion of active chlorine into chlorate (reaction (4))
and, hence, a relatively low steady-state concentration of active chlorine. In the
chlorate production process, the pH of the solution, 6.1 < pH < 6.5, ensures an
optimal ratio of hypochlorous acid to hypochlorite ion concentrations for the
maximum rate of the chemical conversion of active chlorine into chlorate.1-13

Hydrogen evolution is the primary reaction at the cathode:

4H,0+4e™ — 2H, + 40H" 7)

Apart from reaction (7), the reduction of active chlorine and chlorates may
also occur at the cathode:

CIO” +H,O0+2e — ClI™ +20H" (8

ClO3 +3H,0+6e” — Cl~ +60H™ 9

Cathodic current losses are completely prevented by the addition of 2t0 5 g

dm=3 NayCr,07 to the solution.12:6:7.16-22 Sodium dichromate plays multiple

roles: a) it develops athin layer of chromium oxide and hydroxide on the cathode

surface, thus completely preventing the cathodic reduction of active chlorine and

chlorite, b) it inhibits the corrosion of the steel cathode,23 ¢) its buffering effect

ensures an optimal pH for the chemica conversion of active chlorine into chlo-
rate and d) it has a catalytic effect on the chemical conversion.48
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Industrial systems for the electrolytic production of chlorates consist of cells
and a holding tank, usually in a closed loop. Active chlorine is generated in the
cells, and the chemical conversion of the active chlorine into chlorate occurs in
the holding tank. During the production, a steady-state concentration of active
chlorine is achieved in each volume element of the system (dc, /dz=0). The
anodic current efficiency ranges from 2/3to 1 (2/3<17, <1).1-6 The current effi-
ciency can be lower than 2/3 only if the active chlorine concentration is higher
than the steady-state concentration (non-steady-state conditions). In modern
industrial chlorate plants, the current efficiency is only dependent on the ratio of
the amount of chlorate resulting from the chemical conversion (reaction (4)) to
the amount of chlorate produced by the electrochemical oxidation of active chlo-
rine (reaction (5)). The contributions of the two reactions depend on the pH,
temperature and volume of the solution, total current, current density, hydrodyn-
amic electrolyte flow regime and electrochemical cell design.

The objective of this study was to set up a new mathematical model for
current efficiency in the chlorate cell and experimentally verify the model in a
laboratory chlorate plant.

EXPERIMENTAL

The experiment was conducted using laboratory apparatus composed of an electro-
chemical cell, agas/liquid separator, a holding tank, a thermostat, a pump, a flow check valve
and aflow metre (Fig. 1).

Bt s
| =g LJ

Fig. 1. Laboratory chlorate producing apparatus. C — electrochemical cell; GS — gas/liquid
separator; GH — gas analyser; HL — holding tank; T —thermostat; P — pump; V —flow check
valve; M —flow metre; R —rectifier; A —ammeter and SC; Sh — sampling valves.

The cell case, gas separator and the holding tank were made of Plexiglas and connected
by polypropylene tubing. The holding tank contained 12.0 dm? of the solution. The total
volume of the solution in the apparatus was 13.5 dm3. The anode was a titanium plate
activated by a catalytic 40 mol % RuO,, 60 mol % TiO, (DSA) coating. A titanium plate-
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680 SPASOJEVIC etal.

-shaped cathode 200 cm? in surface area was placed parallel to the anode at a distance of 0.3
cm. Both electrodes were 0.3 cm in thickness. Three different electrochemical cells equipped
with electrodes identical in surface area, but differing in height, L, and width, b, were used in
the experiment: a) L=25cm,b=8cm; b) L =50cm,b=4cmandc) L=100cm,b=2cm.
The electrolyte flow in the apparatus was controlled by both the pump P and valve V. The
flow was adjusted in such away as to ensure the same electrolyte velocity of 50 cm st in the
inter-electrode gap in al cells.

The solution temperature was 80+0.5 °C, and was adjusted by regulating the flow of
water through a cooling coil. The pH of the solution was adjusted to within £0.05 pH units by
the addition of NaOH akali or HCI acid to the solution using an automatic titrator.

The solution was composed of 300 g dm3 NaCl and 3 g dm3 Na,Cr,0;. It was prepared
using reagent-grade chemicals and triple-distilled water. The active chlorine concentration
was determined by titration with sodium arsenite, and the current efficiency for chlorate for-
mation was measured using the composition of the output gas mixture.1>8 The composition of
the mixture was determined by the gas chromatography. Measurements were conducted after
reaching a steady state. The experimental values presented are the mean of ten measured
values.

RESULTS AND DISCUSSION

The diffusion and hydrolysis of the chlorine generated at the anode and the
diffusion of active chlorine can be described by the Danckwerts surface renewal
model.24.25 This model assumes that during turbulent mixing, the elements of the
solution contact the anode surface and spend some time on it. During the elec-
trolysis, some elements of the solution leave the anode surface and go into the
bulk solution to be replaced by new fresh elements. The probability for an ele-
ment of the solution to be replaced on a portion of the anode with another fresh
element is not dependent on the length of its contact with the anode. Under
steady-state conditions, the portion of the element surface that was in contact
with the anode surface in the time interval from 7to #+dris S~Stdr, where S
denotes the portion of the anode surface on which the old element of the solution
was replaced by the new one per unit time. If in an element of the solution
brought into contact with the anode surface ci(x,7)— the concentration of chlo-
rineis at adistance x from the anode surface after atime 7 that elapsed from the
initial contact with the anode, the average chlorine concentration for all elements
of the solution on the anode surface at a distance x from the anode is equal to:

G =S j a(x7)esrdr (10)
0

Equation (10) is the Laplace—Carlson transform of the function c1(x, 7).

Assuming that chlorine hydrolysis is a first-order reaction, the diffusion and
hydrolysis of chlorine in one element of the solution on the anode surface can be
presented using the following equation for non-steady-state diffusion:
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ac 02c
3 = D1 1 kicy (11)
T
and Eq. (12) for the diffusion of active chlorlne.
802 02 C2
=Do—+kiC 12
5 e Hha (12)

The initial and boundary conditions needed to solve the differentia equa-
tions for chlorine are:

fort=0,c1=0 (23
forx=0, -D;— S, _ 11a (14)
dx 2F
forx=ec,c1 >0 (15)
and for active chlorine:
c2=0,forr=0andx>0 (16)
c2=0,forz>0andx=0 a7
C2=cp, for z>0andx — 0 (18)

Applying Laplace—Carlson transforms to Egs. (11) and (12), as well to the
initial and boundary conditions (Egs. (13)—(18)) gives for chlorine:

d2 Cl (ke + s) 5 =0 (19)
forx=0; G = (20)
and forx=0, -D;— dal LY (21)
dx 2F
and for active chlorine:
2_ p—
dc _2—2: &S—@ (22)
dx2 Dy D> D>
forx— e, G, =¢, (23)
and forx—0, ¢, =0 (24)

Asin case with concentration €;, concentration Czis defined using Eq. (10).

Solving Egs. (19) and (22) results in the following expressions for the
concentration profiles of chlarine (Eq. (25)) and active chlorine (Eg. (26)) in the
anodic diffusion layer of the chlorate cdll:

— ina 1 K 0.5
= — = (1+M 25
T K(1+M)°'Sexp[ oy M) XJ )
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M K2 0.5
C= 17 x{exp —(—D ] X |-
2FK(1+M)0'5{(1+M)(D2—1H P1P2
D1 (26)
05 K K2 0.5
—exp| —(1+ M )" —x|+cgil-exp| -| —— X |}
{( ) Dl:l K [DlDZJ
where:
K 05
M=|—=21| & 27
&) @
and
K =( SDl)O'5 _D 29)
Oa
as according to [25]:
s=D (29)

K3

The flux of active chlorine at the anode surface defines the portion (1-775) of
the anodic current density that is consumed for the oxidation of active chlorineto
chlorate (reaction (5)):

17 _p, 9%

=D - 30
= zdx|xo (30)

Combining Egs. (26) and (30) and solving for 77, gives a relatively ssimple
expression for the anodic current efficiency:

1-Dyco F (jdu) ™

k -05
15— o.5(1+ 1 5,3)
D

(31)

a:

Equation (31) is valid for an ideal stirred electrochemical reactor, in which
the active chlorine concentration is invariable within each element of the volume.
The active chlorine concentration at the entrance to the cell, cp ¢ is identical to
thet at the exit from the cell, co .

Equation (31) was used to determine the theoretical dependence of the cur-
rent efficiency on the steady-state concentration of active chlorine (Fig.2). The
same dependence was also experimentally determined (Fig. 2). A cell equipped
with a 25 cm high anode was used in the experiment. The desired steady-state
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concentration of active chlorine was adjusted through changes in the solution pH.
The difference between active chlorine concentration at the entrance to the cell
and that at the exit was less than 2.6 % for ¢y = 0.1 mol dm=3. The current
efficiency presented in Fig. 1 was determined by the mean of the inlet and outlet
concentrations. A difference of less than 0.1 % was found between the current
efficiency calculated from the inlet concentration and that from the outlet con-
centration. This suggests that the electrochemical cell equipped with a 25 cm
high anode acted practically as an idea stirred reactor.

The diagram in Fig. 2 shows the agreement between the experimental values
for current efficiency and the theoretical values calculated using Eqg. (31), which
confirms the validity of the mathematical model.

100

=g
=N
~

Ma

95 1

904

Fig. 2. Anodic current efficiency,
7l» as a function of active chlorine
concentration ¢cg (300 g dm3 NaCl,
3 g dm3 Na,Cr,0;, t =80 °C, j =
=300mA cm?,v=50cmst L =
i i i i i = 25 cm): (—) theoretical values
0.0 0.1 0.2 0.3 , derived from Eg. (31) and e —
Cy/moldm™  experimental values.

85

804

Industrial chlorate cells have considerably larger anodes. Therefore, the
active chlorine concentration in these cells increases from the entrance through to
the exit. Vogt26 set up a mathematical model for the anodic current efficiency in
the chlorate cell process, assuming that the hypochlorite bulk concentration in the
cell exhibited alinear axial increase.

Later, Vogt2 established the true axial concentration profile taking into
account the interaction between the current density and gas volume fraction, the
resulting variation in the flow velocity and the mass transfer of hypochlorite. The
true profile was close to the linear profile, and it could be concluded that the
linear profile assumption is a satisfactory model assumption.

The increase in the amount of gas bubbles of cathode-evolved hydrogen
from the entrance to the exit decreases the local current density in the same direc-
tion.

Inindustrial cells under steady-state conditions, the local densities change by
up to 5 %. In the current density range between 150 and 500 mA cn2, changes
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in current density of 5 % have practicaly no effect on the current efficiency, as
illustrated by Eq. (31).

The above considerations show that the axial concentration profile in a
chlorate cell can be presented using the following equation:

Coh—C,
Cy = fcl +Coc (32)

Combining Egs. (31) and (32) gives an expression for the current efficiency
in the chlorate cell acting as the ideal tubular reactor, where the active chlorine
concentration linearly increases from the entrance to the exit:

. -1
_1-05D,F (j4,) (c2c*c2n)

K -0.5
15- 0.5[1+D115§J

T (33)

Equation (33) was used to determine the theoretical dependences of the
current efficiency of chlorate cells on the output concentration of active chlorine.
Both the theoretical and experimental values for current efficiencies are pre-
sented in Fig. 3.

To ensure identical solution velocity between the electrodes and identical
active chlorine production per unit time, four cells differing in anode size (cells
a—d) were used in the experiments.

The diagrams in Fig. 3 indicate good agreement between the experimentally
obtained values for the anodic current efficiency and the theoretical values cal-
culated using Eq. (33), thus confirming the assumption that the chlorate cell
serves as an ideal tubular reactor with a linear axial concentration profile of
active chlorine.

Combining the expression for the solution flow rate in the cell:

g=vbg = vA_g (34
and the expression for the amount of active chlorine evolved per unit time:
IT
2F (33)
gives the expression for the output concentration of active chlorine:
n jTL
Coh=Coc+—=Cpc+ : (36)
q 2Fvq

Replacing ¢ in Eq. (33) with the expression for ¢,y defined by Eq. (36)
results in the expression defining the anodic current efficiency as a function of
anode height and solution velocity:
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1- DyF (6, )‘1[% + er(4Fvg)_1}

K -05
15— 0.5[1+15§j
Dy

Na = (37)

Equation (37) was used to determine the theoretical dependences of current
efficiency on anode height for different input concentrations of active chlorine.
These theoretical dependences and the experimentally determined current effi-
ciencies are presented in Fig. 4.

-3
Cz,h/ mol dm

0.050 0.052 0.054 0.056 0.058 0.060 0.062 0.064
1 M [ i [ i 1 M [ M 1 M [ i

93.6
y " 96.4
93.57] [ ©
X 1 f063 <=
[4v] - L m©
— 934 =
' " 96.2
93.37] [
' " 96.1
93.27 [
' 96.0
93.17 [
1 " 95.9
93.07] [
1 958
92.97 [
' " 95.7
| ' 1 v 1 v ] T ) T | ' 1

0.100 0.102 0.104 0.106 0.108 0.110 0.112 0.114
Czh/mol dm*

Fig. 3. Anodic current efficiency, 7, as afunction of the output concentration of active
chlorine, ¢, for different input concentrations, ¢, .. Theoretical values derived from Eq. (33)
for: ¢z = 0.05 mol dm NaClO (—); ¢ = 0.10 mol dm3 NaClO (—— - ). Experimental
valuesfor: ¢, = 0.05 mol dm3 NaClO (e); ¢, = 0.10 mol dm3 NaCIO (A ); (300 g dm3
NaCl, 3 g dm3 Na,Cr,0,,t =80 °C, j = 300 mA cm2, v=50 cms1).

The good agreement between the theoretical and experimental values for the
current efficiency in the chlorate cell process suggests that the established
mathematical models could be employed to determine the parameters for the
optimisation of both the electrolyser and chlorate plant design.
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Fig. 4. Anodic current efficiency, 775, asafunction of anode height, L, for different input
concentrations of active chlorine, ¢, . Theoretical values values derived from Eq. (37) for: ¢,
=0.05 mol dm3 NaClO (—); ¢, = 0.10 mol dm3 NaClO (- — —). Experimental values for:
Cpc = 0.05 mol dm3 NaClO (e); ¢, = 0.10 mol dm3 NaClO (A); (300 g dm NaCl, 3 g dm3
Na,Cr,0O7, t = 80°C, j = 300 mA cm2, v=50 cm s1).

CONCLUSIONS

New mathematical models have been developed to describe current effi-
ciency in the chlorate cell process, both for cells serving as ideal stirred reactors
and for those acting as ideal tubular reactors. It was experimentally determined
that chlorate cells equipped with short anodes and exhibiting sufficient electro-
lyte velocity in the inter-electrode gap act as ideal stirred electrochemical reac-
tors. Chlorate cells with a greater anode height behave as tubular reactors with an
axia linear concentration profile of active chlorine. Good agreement was
obtained between the current efficiency values determined by the established
mathematical models and the experimental values.

NOMENCLATURE

¢, — chlorine concentration, mol dm3;

C, — mean chlorine concentration, mol dm-3,

¢, — active chlorine concentration, mol dm3;

©,— mean active chlorine concentration, mol dm3;

Co — active chlorine concentration in the bulk of the solution. mol dmr3;
C,c — active chlorine concentration at the entrance to the cell. mol dmr3;
Con — active chlorine concentration at the exit from the cell, mol dmr3;
C,, —active chlorine concentration at the height | from the entrance to the cell mol dmr3
D; —diffusion coefficient of chlorine, D; = 1.86- 105 cm? s,

D, —diffusion coefficient of active chloring, D, = 1.86 - 10° cm? s1;
6, — thickness of anode diffusion layer, 5, = 1.0 102 cm;

F — Faraday constant, 96487 C mol1;

n —amount of active chlorine;

k; — the rate constant for chlorine hydrolysis, k; = 6.0- 103s7;

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



CURRENT EFFICIENCY IN CHLORATE CELL 687

S— part of the anode surface where old elements of the solution are replaced by new ones per
unit of time,

r—time, s

t — temperature, °C;

ja— anodic current density, mA cmZ;

| —total current in the cell, mA;

L —anode height, cm;

| — coordinate in the flow direction, cm;

b — anode width, cm;

g —interelectrode distance, g = 0.3 cm;

A —anode surface area, A = 200 cm?;

v — electrolyte flow velocity in the interelectrode gap;

g —volumetric flow rate of electrolyte in the interelectrode gap, cmd3 s1;
na— anodic current efficiency.

Acknowledgement. The authors acknowledge the financial support from the Ministry of
Education, Science and Technological Development of the Republic of Serbia, through
Project Nos. 172057 and 172062.

U3BOJ
HCKOPHIIRELE CTPYJE XJIOPATHOT EJIEKTPOJIM3EPA

MHUPOCJIAB 1. CHACOJEBI/I'Bi, JIEHKA J. PABUR-3EJIEHOBHR' 1 BPAHUCIIAB XK. HUKOJIUE

1Aipouomcxu Qaxyninein, Ynusep3uiteii y Kpaiyjesuy, Llapa Jywana 34, Yauax u
ZTexrwJIowxo—MﬁWanypmxu axysniteni, Ynugep3uttieii y beoipagy, Kapneiujesa 4, beoipag
[TocTaBbeH je MaTeMaTUYKH MOJIEJT 33 UCKOpPHULIhewe CTPYje XIOPaTHOT eeKTPOoIru3epa
Ca paBHOMEDHHUM TPaHCJIAaTOPHUM TOKOM pacTBOpa Oy aHOOHE MOBpLIMHE. Mopen Baxu 3a
eJIeKTpoJIM3epe Y KojuMa KOHIIeHTpallija XUIIOXJIOpUTa JIMHEpaHO pacTe Off yja3a [0 U3Ja3a.
YcTraHOBBEHO je HOOpOo cilarawme eKCclepuMeHTanHo oppeheHUX BpPeNHOCTH M BPEAHOCTH
M3payyHaTHX Ha Dasu MaTeMaTHUKOT MOAiena.

(ITpumibeHo 23. oxrodpa 2013, peBunupano 14. janyapa, mpuxsaheHo 16. janyapa 2014)
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