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Abstract Oxidation of hypochlorite has been studied by cyclic voltammetry with a rotating-ring-disc 
assembly. Experiments were carried out with sodium chloride or sodium sulphate solutions with 
hypochlorite present or absent. Hypochlorite is oxidized at the platinum disc anode and the species formed by 
this oxidation are detected with the platinum ring cathode. From the shape of the current-potential curves at 
the ring electrode and from the relation between the ring and the disc currents it has heen concluded that the 
first step of the hypochlorite oxidation is the formation of the chloroxyl radical (CIO). 

INTRODUCTION 

Chlorate can be formed by electrochemical oxidation 
of hypochlorite ions or hypochlorous acid molecules 
or by chemical reaction of these species. Several overall 
reactions have been given[l] for the electrochemical 
production of chlorate. Generally, the one given by 
Foerster[Z] is accepted. However, the mechanism of 
the electrochemical formation of chlorate has not yet 
been elucidated. Only the first step of the oxidation of 
hypochlorite is examined in this investigation. The 
species formed during the oxidation of hypochlorite 
are detected by using a rotating-ring-disc assembly. 

REACTIONS 

Cyclic voltammetric experiments were carried out to 
elucidate the mechanism of hypochlorite oxidation. 
The oxidation and the reduction of hypochlorite are 
both interesting in explaining the results*. According 
to the literature[3], the reduction of hypochlorite ions 
and of hypochlorous acid molecules are respectively 
given by 

ClO-+H++2e- AC]-+OH- (la) 

HClO+2e- -tCl- +OH-, (lb) 

and the oxidation of hypochlorite ions and hypochlor- 
ous acid molecules by 

6ClO- + 3H,O - 2Cl0, +4Cl- 

+6Hf+3/20,+6e-, (2a) 

6HClO- +3H,O + 2C10; +4Cl- 

+12H’ +3/20,+6e-. (2b) 

The ratio between the concentration of hypochlorite 
ions and hypochlorous acid molecules is determined 
by the equilibrium 

HClO +ClO- +H+ 

*The term hypochlorite is used to include both hypo- 
chlorite ions and undissociated hypochlorous acid. 

where the equilibrium constant is 2.9 x lo-* 
moll ‘[4]. 

EXPERIMENTAL 

The experiments were carried out in a classical three- 
compartment electrolysis cell with a rotating-ring-disc 
electrode assembly (RRDE) consisting of a platinum 
disc and a platinum ring which were embedded in 
Teflon. The characteristic data of the RRDE used are 
given in Table 1. 

The compartment with the RRDF and that with the 
counter electrode, a smooth platinum sheet 5 cm’ in 
area, were separated by a sintered glass disc. All 
potentials were measured vs, and referred to a satu- 
rated calomel electrode (see). The potential of the disc 
or the ring was continuously changed at a constant 
scan rate between a maximum value, E,,,, and a 
minimum value, Emi,, by a voltage scan generator 
(Wenking, model VSG 72). The potential signal was 
given to a bipotentiostat (Tacussel, model BI-PAD). 
The ring current and/or the disc current were regist- 
rated by a recorder as a function of the ring and/or the 
disc potential(s). The temperature in the electrolytic 
cell was held constant at 298 K with a thermostat 
(Colora, model Ultra-Thermostat). NaClO solutions 
with an equivalent quantity of chloride were prepared 
by addition of chlorine gas to 1 M NaOH solutions 
and chloride-free NaClO-solutions by distillation of a 
0.8 M technical NaClO solution to which MgSO, was 
added[5]. The stock solutions were kept at 273 K and 
used to obtain solutions about 0.02 M NaClO. A 1 M 
NaCl or 0.5 M NaZS04 solution was used as the 
supporting electrolyte. 

Before each series of experiments, the RRDE was 

Table 1. Data of the RRDE 

Collection factor N0 0.24 
Shielding factor S0 0.60 
Geometrical factor & 0.48 
Ring-surface area A nCcm’l 0.146 
Disc-surface area AD,Ccm’l 0.502 
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cleaned by polishing with a 0.3 pm Alz03 suspension, 
treating in an ultrasonic bath and by rinsing. 

RESULTS AND DISCUSSION 

Cyclic voltammograms for hypochlorite 

In preliminary experiments reproducible voltam- 
mograms for oxidation as well as reduction of hypo- 
chlorite were obtained, when a potential range from 
- 1.0 to about 2.0 V had been applied. When the 
potential was held at a fixed value, both the reduction 
and the oxidation current decreased at a decreasing 
rate as a function of time. Consequently, the RRDE 
experiments were generally performed at changing ring 
and constant disc potentials. This performance was 
necessary to quantitatively determine the products 
formed at the disc. 

Figure 1 shows the i,/E, curves during the anodic 
and cathodic scans for a I M NaCl and 0.02 M NaClO 
solution with pH = 8.0 at a disc potential of 1.0 V, 
where i, is practically zero. From this voltammogiam 
it follows, that the direction of the potential scan 
clearly affects the i,/E,curve. The i,/E,curves for E, 
= 1.3 V, where i, = 3.5 mA, are given in Fig. 2. 
Comparing these with the curves of Fig. 1, it is 
concluded that an extra wave with a half-wave poten- 
tial of 0.66 V occurs for a disc potential of 1.3 V. This 
means that a reducible species is produced on the disc 
at E, = 1.3 V. 

Yoltammograms of CIO; , ClO, and ClO; 

The question arises as to which species, formed at 
the disc anode, are reduced at the ring. Figure 3 
represents the voltammograms for a hypochlorite-free 
1 M NaCl solution with a pH of 8.0 at E, = 1.9 V 
where i, = 12 mA. A reduction wave with E,,, 
= 1.11 V clearly occurs for E, = 1.9 V; it is likely that 
this is the reduction wave for molecular chlorine. The 
oxidation branch of the voltammograms in Fig. 3 are 

is [mAI /I 

Fig. 1. The ring current, i,, is plotted vs the ring potential, 
E,, for a 0.02 M NaClO + 1 M NaCl solution at E, = 1.0 V, 
pH = 8.0, T = 298 K and at a rotation speed of 64 rps and a 

scan rate of u = 25 mVs_‘. 

Fig. 2. The ring current, i,, is plotted DS the ring potential, 
E,, for a 0.02 M NaClO + 1 M NaCl solution at En = 1.3 V 
and the same conditions which are described under Fig. 1. 

;i 

I’\ 
I i i 
I i ; 
; \ ; 

I 

Fig. 3. The ring current, i,, is lotted vs the ring potential, E,, 
for a 1 M NaCl solution at a pH of 8.0, T = 298 K, (w/2n) 
=64rpsandatv=25mVs - I ; solid line: ED = 1.3 V; dotted 

line: En = 1.9 V. 

attributed to the oxidation of Cl- to CI,[6]. During 
the anodic scan, a compound, for instance an oxide or a 
Cl-0 species is formed on the platinum electrode 
surface. This compound slows down the rate of 
chloride oxidation[6]. Consequently, the maximum of 
the anodic peak does not depend on diffusion of 
chloride ions to the electrode surface. 

In experiments with a hypochlorite-free 0.5 M 
Na*SO., solution at pH = 8.0 the reduction of oxygen 
was observed at the ring with a half-wave potential of 
0.16 V, when the disc was held at 1.9 V, where 
i, = 14 mA. Thus, the oxygen-reduction wave does 
not interfere with the extra wave. 

Voltammograms for a 0.5 M Na*SO, f0.02 M 
NaCIO, solution are shown in Fig. 4. Chlorite is 
oxidized at lower potentials than hypochlorite and is 
not reduced at E, > 0.2 V[7]. Reduction of chlor- 
dioxide is observed on the ring indicating formation of 
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Fig. 4. The ring current, i,, is plotted OS the ring potential for 
a 0.02 M NaCIOZ + 0.5 M N+SO, solution at a pH of 8.0.7 
= 298 K, (~/21r) = 64 rps and at v = 250 mV s-l; solid line: 

ED = 0.5 V; dotted line: ED = 1.3 V. 

CIO, by oxidation of chlorite ions on the disc at ED 
= 1.3 V (Fig. 4). The wave for the oxidation of C10, 
to CIO, has a half-wave potential of about 0.72 V us 
see. This value agrees with that found in the litera- 
ture[8]. The slope of the i,/E, curve for the CIOz 
reduction is much higher than that for the reduction 
wave with E,,z = 0.66 V and shown in Fig. 2. 
Consequently, the extra wave with Eli2 = 0.66 V in 
Fig. 2 is not caused by reduction of CIOz _ It also has 
been found that chlorate is not reduced at E, > 
- 1.0 V. From this result and from Figs 24 it follows 
that the extra wave in Fig. 2 cannot be attributed to 
Cl-, CIO; , ClO, or ClO; It must be concluded that 
the extra wave is caused by the reduction of another 
oxidation product of hypochlorite, whereby the chlo- 
roxyl radical is the most acceptable species. 
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Fig. 5. The ring current of a hypochlorite reduction wave, 
iR,,,,, is plotted DS (0/2rr) “’ for a 0.02 M NaClO + 0.5 M 
Na,SO, solution at pH = 8.0, T = 298 K, u = 25 mV s ’ and 

at E, = 0.8 V. 

10 

Reduction of hypochlorite 5. 

The current-potential curve for the reduction of 
hypochlorite is very complex. From Fig. 1 it follows, 
that the maximum rate of the hypochlorite reduction 
occurs in the potential range from - 1.0 to -0.8 V. 
The limiting current for the reduction of hypochlorite 
in this potential range is indicated by i, ,., for the ring 
and i D , ,for the disc electrode. In Fig. 5, ;, ,,,is given as 
a fun&on of the square root of the rotation rate for a 
0.5 M NaZS04 +0.02 M NaClO solution with a pH 
= 8.0 and at a scan rate of 25 mVs_‘. This figure 
shows, that i,,, , is a diffusion-limited current for the 
reduction of hy’pochlorite. Further, it has been found 
that the slope of the i,, ,,,/(u/~R)‘/~ does not depend 
on the pH for the pH range from 5 to 11. 

The current at E = - 0.9 V during the anodic scan is 
equal or lower than i,, ,.,. The occurrence of hysteresis 
depends on the pH, the scan rate and the minimum 

Fig. 6. Influence of the sweep rate on the hysteresis of ring 
current-ring potential curves for a platinum electrode in a 
0.02 M NaClO + 1 M NaCl solution at pH = 6.5, T = 298 K 
and E, = 0.8 V; solid line: v = 25 mV s- ‘, dotted line: v 

reversal potential. The effect of the scan rate is 
illustrated in Fig. 6. Much hysteresis is obtained in the 
voltammogram at pH = 6.5 and a scan rate of 
25 mV s ‘. However, practically no hysteresis occurs 
at a high sweep rate, viz 250 mV s-l. It has been found 
that the current for the reduction of hypochlorite 
decreases continuously, when the potential is held 
constant at a value between - 0.8 and - 1 .O V. The disc 
current at E, = -0.9 V us the disc potential for 
subsequent scans is given in Fig. 7. The i,/E D curves 
changed only slightly by this procedure, therefore only 
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= 250mVs.‘. 
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Fig. 7. The ring and disc currents are plotted as the disc 
potential, E,, for a 0.02 M NaClO and 1 M NaCl solution at 
pH=8.0,T=298K,(w/2n)=f54rpsandv=lOOmVs-’ 

and when the ring potential is kep at -0.9 V. 

one i,/E, curve is shown. According to Fig. 7 i, 
decreases with time until a quasi-steady state is reached 
and i, increases with increasing i,. The diffusivity for 
hypochlorite, (HCIO + CIO- ). can be calculated with 
the Levich equation for the ring electrode giving 

l/6 
D2/3 = 'R,I,I" 

hyp 0.62 n F .4,/3,2’3 UJ’ ‘* Chyp 

where 
n is the number of electrons used for the reduction 

of hypochlorite 
F the Faraday constant 

ZD 
the disc electrode surface (cm2) 
the geometric factor 

(0 the rotation rate (s- ’ ) 
Y the kinematic viscosity (cmz s- ’ ) 
chyp the total concentration of hypochlorite 

(mol cm-‘) 
i,. ,., the limited current of hypochlorite (A) and 
D hYp the diffusion constant of hypochlorite (cm’ s- ’ ) 

Introducing F = 96500 C mol- ’ electrons, v = 1.23 
x lo-zcmzs-’ [9], n = 2, chyp= 2.10-’ molcm-3, 
& = 0.48 and A, = 0.502 cm* into the Levich equa- 
tion, it has been calculated from the slope of the 
iR,l.l/b/2n)“Z straight line (Fig. 5) that D,,,= 1.10 
x 10-s cm2 s-r. This value lies in the range of dif- 
fusivities, viz from 0.82 x 10F5 cm2s-’ to 1.30 
x 10m5 cmzs-t, reported by others[lO, 111. The dif- 
ference between the diffusivities of ClO- and HCIO is 
very slight and is neglected. Consequently, the limiting 
current ia.,,, is contributed to the reduction of hypo- 
chlorite to chloride. This agrees with the results of 
others, found under different experimental con- 
ditions[12, 131. Since the main aim of this study is to 
investigate the oxidation of hypochlorite, the reduc- 
tion branch is not discussed in detail. The reduction 
curve during the cathodic scan is rather straggling. An 
explanation is given by Schwarzer[ lo] and 
Mueller[ 137. 

Oxidatioh of hypochlorite 

Figure 1 shows a great hysteresis effect on the 
oxidation of hypochlorite. The oxidation wave is more 

clearly distinguished for the anodic scan than for the 
cathodic one. So that only the results for the anodic 
scan are discussed in detail. For i, is practically zero 
and the conditions mentioned at Fig. 1, the limiting 
current for the oxidation during the anodic scan, i,.,.,, 
is about 0.35 i =, 1,, (Frg. 1). Smce tR, ,+,corresponds to n 
= 2, it follows that n would be 0.70 for the oxidation of 
one molecule of hypochlorite. It has been found that 
iR,3.1 depends on the nature of the electrode, the scan 
range and the reversal potential. Similar results have 
been obtained for the disc electrode. The hysteresis 
effect becomes less with increasing minimum scan 
potential, E,i,, and is practically repressed for Emin 
> 0.7 V. A characteristic iDlEDcurve is given in Fig. 7. 
Figure 8 shows i,.,,, as a function of (w/27t)“’ for a 
0.02 M NaClO + 0.5 M Na2S0, solution with a pH of 
8.0and at a scan rate of 100 mV s- 1 in a potential range 
from 0.7 to 2.0 V. From this figure it follows that i,,r,, 
is proportional to w “’ The diffusion-limited current . 
for the disc electrode can be calculated using the Levich 
equation, where ,!&, = 1. The number of electrons used 
for the oxidation of one molecule of hypochlorite is 
unknown. From the slope of the i,,3,,/(w/2n)1’2 curve 
and with Dhrp = 1.10 x 10-s cmz/s, it can be calcu- 
lated that n would be 0.71. Though the potential scan 
ranges for the experiments of Figs 1 and 8 are quite 
different, uiz - 1.0 to 2.0 V and 0.7 to 2.0 V respect- 
ively, the calculated values for n are practically equal. 
Therefore it is very unlikely that poisoning of the 
electrode surface during the anodic sweep causes the 
low value of n. According to[14-171 hypochlorite ions 
are oxidized at potentials lower than 1.4 V and hypo- 
chlorous acid molecules are electrochemically inactive 
in this potential range. 

Taking into account that the pH in the diffusion 
layer is not affected by this reaction and the dissoci- 
ation constant for hypocclorous acid is 2.9 
x 10-s mall-’ [4], it follows that the ratio of CIO- to 
HClO is 74:26 at pH = 8.0. Taking this ratio into 
account, it follows that the number of electrons for the 
oxidation of one hypochlorite ion is n = 0.96. 
Consequently, chloroxyl radicals are formed by the 
oxdiation of exclusively hypochlorite ions. 
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Fig. 8. The disc current of a hypochlorite oxidation wave, 
in 3 ,, is plotted vs (42~) ‘I* for a platinum disc in a 0.02 M 
NiclO + 0.5 M Na2S04 solution at pH = 8.0, T = 298 K, v 

= 100 mVs_’ and at E, = 0.8 V. 
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Reduction of the species formed by oxidation of 
hypochlorite 

The hypochlorite reduction current and the oxida- 
tion current decrease with increasing time, holding the 
potential at a fixed value. Therefore experiments have 
been carried out at a constant ring and a changing disc 
potential. Fig. 7 shows i,.,,, at E, = -0.9 V as a 
function of E, for scans at various times. 

From Fig. 7 it follows that, in a stationary state, i, 1 , 
increases continuously with increasing i, in the ‘ib 
range as well, where only hypochlorite ions are oxid- 
ized. This means that hypochlorite is oxidized to a 
“higher” chlorine-oxygen compound, which is then 
transported to the ring electrode, where it is reduced to 
Cl- at E, = - 0.9 V. Figs 1 and 2 also show an 
increasing ring current with an increasing disc current. 
This behaviour can be explained as follows: At the disc, 

hypochlorite ions are oxidized to chloroxyl radical, 
and the latter is reduced to ClO- on the ring, resulting 
in the extra wave with a half-wave potential of 0.66 V. 
The limiting current for the reduction of the chloroxyl 
radical and that for HClO occur in the same potential 
range. Since only hypochlorite ions are oxidized at the 
disc anode, the pH at the disc electrode remains 
constant. This means that the concentration of hypo- 
chlorous acid is independent of the oxidation current 
of the disc, when only CIO- ions are oxidized to Cl0 
radicals. Thus the limiting current for the reduction of 
HClO at E, = 0.5 V is independent of the disc current, 
viz i0 R,Z,I is constant. Assuming further that a 
chloroxyl radical is reduced to ClO- at E, = 0.5 V, 
then 

lis,4.,1 = N0 linl, 

where i R.4.,is the additional ring current at E, = 0.5 V. 

Table 2. Calculation of the limiting ring current of the extra reduction wave OS the 
disc current for a 0.02 M N&IO+ 1 M NaCl solution with different pH. 

Parameters: see Fig. 9. 

Solution 

PH 

8.0 

9.5 

liR.2.d iD li~,2.~l-li~,2,~1 
CmAl CmAl CmAl (li,.2.,l_lio,,,.,l)/liDI 

1.0 1.35 0.0 0.0 0 
1.1 1.50 0.7 0.15 0.215 
1.2 2.15 3.9 0.80 0.205 
1.3 2.35 3.6 1.00 0.277 
1.4 2.50 4.8 1.15 0.240 
1.5 2.95 6.7 1.60 0.239 
1.6 3.45 8.2 2.10 0.256 
1.7 3.65 9.85 2.30 0.234 
1.8 3.85 9.8 2.50 0.255 

0.8 0.30 0.0 0.0 0 
1.0 0.40 0.3 0.1 0.333 
1.2 0.80 2.3 0.5 0.217 
1.4 1.70 5.4 1.4 0.259 
1.6 2.60 9.6 2.3 0.240 
1.8 3.20 11.1 2.9 0.261 
2.0 4.30 18.6 4.0 0.215 

1 2 3 4 5 6 7 g 9 10 

in fmA) 

Fig. 9. The limiting ring current of the extra reduction wave, Ii R.z,,f-)iO, a ,I, is plotted vs the disc current, io, 
for a 0.02 M NaClO + 1 M NaCl solution, whereby the disc potential is held at fixed values and the ring 
potential is scanned between - 1.0 and 2.0 V. T = 298 K, (0/27r) = 64 rps; (X ): pH = 8.0 and 1) 

= 250mVs-‘; (0): pH = 9.5 and o = 25 mVs_‘. 
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The total limiting current for the ring at E, = 0.5 V 

ll,,*,,J = ll0,,2,,l+&lIDI. 

From this relation it follows that 

In Table 2, (Ii,.,,,1 - [ii *,,I) is given during the 
anodic sweep at various disc currents. In Fig. 9 the 
graphical representation of these data is given. From 
the slope of the straight line a collection factor of 0.25 
is calculated, which is practically equal to the collection 
factor of N, From this result it may be concluded that 
hypochlorite ions can be oxidized to Cl0 radicals on 
the platinum disc and that chloroxyl radicals can be 
reduced to hypochlorite ions on the platinum ring at 
E, = 0.5 V. 
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