
 

Aspects of electrochemical production of hypochlorite and
chlorate
Citation for published version (APA):
Czarnetzki, L. R. (1989). Aspects of electrochemical production of hypochlorite and chlorate. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR316966

DOI:
10.6100/IR316966

Document status and date:
Published: 01/01/1989

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR316966
https://doi.org/10.6100/IR316966
https://research.tue.nl/en/publications/3aa12552-c3af-4769-b387-3e27f67854d8


ASPECTS 

OF ELECTROCHEMICAL PRODUCTION 

OF HYPOCHLORITE AND CHLORATE 

LR. CZARNETZKI 



ASPECTSOF ELECTROCHEMICAL PRODUCTION 

OF HYPOCHLORITE AND CHLORATE 



ASPECTSOF ELECTROCHEMICAL PRODUCTION 

OF HYPOCHLORITE AND CHLORATE 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN 
DE TECHNISCHE UNIVERSITEIT EINDHOVEN, OP GEZAG 
VAN DE RECTOR MAGNIFICUS PROF. IR. M. TELS, VOOR 
EEN COMMISSIE AANGEWEZEN DOOR HET COLLEGE 
VAN DEKANEN, IN HET OPENBAAR TE VERDEDIGEN OP 

DINSDAG 12 SEPTEMBER 1989 TE 14.00 UUR 

DOOR 

LR. CZARNETZKI 

GEBOREN TE ESPELKAMP, 
BONDSREPUBLIEK DUITSLAND 

df'l .. k w1bro d•sserLat•eórukker'J, hel mond 



Dit proefschrift is goedgekeurd door de promotor: 
Prof. Dr. Ir. F.M. Everserts 

Copromotor: 
Dr. L.J.J. Janssen 



Für meine El tern 



CONTENTS 

I. Introduetion 

1. Electrolysis of sodium chloride 1 

1.1. Bistory 1 

1.2. Reactions 5 

2. Production and utilization of hypochlorite and chlorate 9 

2.1. Hypochlorite 9 

2.2. Chlorate 11 

3. Scope of this thesis 13 

4. References 14 

II. Oxidation of chloride and hypocblorite at Pt and Ru0
2 

electrades 

in a membrane cell 

1. Introduetion 17 

2. Experiment al 19 

2.1. Equipment and experimental conditions 19 

2.2. Analysis of solution by potentiometric titration 20 

2.3. Analysis by means of isotachophoresis 21 

3. Results 23 

3.1. Oxidation products 23 

3.2. Effect of time of electrolysis 24 

3.3. Effect of current density 26 

3.4. Effect of NaCl concentration 29 

3.5. Effect of pH 32 

3.6. Effect of flow ra.te of solution 34 

3.7. Effect of K
2
Cr

2
0

7 
35 

3.8. Effect of temperatnre 35 

4. Discussion 36 

4.1. Chlorate formation in the bulk of electrolyte 36 

4.2. Mass transport in the electrolysis cell 38 



4.3. Formation of hypochlorite 40 

4.4. Electrochemical formation of chlorate 42 

4.5. Formation of oxygen 45 

4.6. Simulation of an electrolysis 47 

5. Conclusions 49 

6. References 50 

m. Generation of hypochlorite, chlorate and oxygen at a Ru0
2
/Ti0

2 
anode 

1. Introduetion 52 

1.1. Properties of the DSA 52 

2. Experiment al 54 

3. Results 55 

3.1. Effect of current density 56 

3.2. Effect of initial NaCl concentration 57 

3.3. Effect of addition of Cl-, CIO- and Cl03 58 

3.4. Effect of the concentration of chlorate ions 60 

3.5. Effect of other anions on the electrolysis 62 

4. Discussion 63 

4.1. Formation of hypochlorite 63 

4.2. Formation of chlorate 66 

4.3. Formation of oxygen 68 

5. Conclusions 68 

6. References 69 

N. O:ridation of hypochlorite at a rotating ring-disc electrode of platinum 

1. Introduetion 71 

2. Experimental 74 

3. Results and discussion 75 

4. 
5. 

3.1. Cyclic voltammograms of hypochlorite 75 

3.2. Voltammograms of Cl-, Cl02, Cl0
2 

and Cl03 77 

3.3. Rednetion of hypochlorite 79 

3.4. Oxidation of hypochlorite 83 

3.5. Rednetion of the species formed by oxidation of hypochlorite 82 

Conclusions 

References 

86 

87 



V. On the electrochemical formation of chlorate 

1. Introduetion 88 

2. Model of Ibl and Landolt 88 

3. Experimental 92 

4. Results 92 

4.1. Hydralysis rate of chlorine 92 

5. Discussion 94 

5.1. Comparison of model and results 94 

5.2. Electrochemical oxidation of chloride to chlora.te 95 

6. Conclusions 96 

7. Reierences 97 

VI. Ohmic interelectrode resistance in a hypochlorite electrolyser 

1. Introduetion 98 

2. Theory 98 

2.1. Conductivity of dispersions 98 

2.2. Distribution of gas bubbles between two electrades 101 

3. Experimental 106 

3.1. Electrolysis cell and electrades 106 

3.2. Measurement of current distribution 108 

3.3. Impedance measurements 108 

4. Results 109 

4.1. Effect of time of electralysis 110 

4.2. Effect of current density 110 

4.3. Effect of hypochlorite concentration 111 
4.4. Cell voltage and current density 112 

4.5. Current distribution 115 

5. Discussion 116 

5.1. Model for the gas-bubble distribution 117 

5.2. Calculation of the current-distribution factor 117 

6. Conclusions 120 

7. Reierences 121 

122 



VII. Electrode current. dist.ribut.ion in a hypochlorit.e cell 

1. Introduetion 

2. Theory 

3. Experimental 

3.1. Electrolytic cell an electrades 

3.2. Mea.surement of current distribution 

3.3. Electralysis conditions 

4. Results 

4.1. Effect of time of electrolysis 

4.2. Effect of the solution flow rate 

4.2. Effect of the interelectrode gap 

4.3. Effect of the temperature 

4.4. Effect of the chloride ion concentration 

4.5. Effect of the pH value 

4.6. Effect of the dichromate eoncentration 

5. Discussion 

6. Conclusions 

7. Relerences 

List of symbols and SI-units 

Summary 

Samenvatting 

Curriculum Vitae 

123 

123 

126 

126 

126 

127 

128 

129 

131 

132 

133 

134 

135 

136 

137 

141 

143 

145 

149 

151 

154 



I. INTRODUCTION 

1. ELECTROL YSIS OF SODIDM CHLORIDE 

1.1. ffistory 

The history of the production and utilization of hypochlorite and chlorate cannot be 

separated from the history of chlorine production. In 1774 the Swedisch chemist K.W. 

Scheele discovered gaseaus chlorine by heating a black oxide of manganese with 

hydrochloric acid, at that time a by-product of the Le Blanc soda process 1: 

(I.l) 

* Chlorine was converted to hypochlorite and used as a bleaching agent from about 

1785 when Eerthollet succeeded in dissolving Scheele's gas in water by a.dding it to a 

salution of eaustic potash. 

In 1868 H. Deacon and F. Hurter improved the manufacture of chlorine gas. They 

heated a mixture of oxygen and hydrochloric acid, and passed this gas mixture over a 

catalyst2: 

(1.2) 

Parallel to this, the basis of the electrochemistry was founded with the discovery of 

electricity sourees by L. Galvani and A. Volta at the end of the 18th century. With the 

earlier known electrastatic machines it was not possible to run an electralysis 

experiment over a long period. 

* The term hypochlorite used in this thesis indudes both hypochlorite ions and 

undissociated hypochlorous acid. 
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In 1834 Farada.y postulated the funda.mentallaws of electrochemistry: 

- the weight of a. given element formed at an electrode is directly proportiona.l to the 

charge passed through the salution (the unit of charge is the coulomb) and 

- the weights of different elements formed by the same quantity of electricity are 

proportional to the equivalent weights of the elements. 

C. Watt pa.tented a process for the electrochemical manufa.cture of chlorine gas in 

1851, but beca.use of the low capacity of the a.vailable current sourees a commercial 

production failed. Another factor influenced the utilization of chlorine: the problem of 

storing the gas. In 1888 it was first discovered that dry chlorine does not attack iron or 

steel. It now became possible to store and transport chlorine gas in steel cylinders 

without great danger. 

At about the same time the mercury-amalgam process and the diaphragm process 

were developed~ In 1892 the first electrolytic plant was started up. However, the 

chlorine gas was a by-product of the eaustic soda. production. A small amount was used 

for the production of hydrochloric acid and for bleaching water. The rest was dumped 

into the rivers. 

Chlorlnated 
methanes and ethanes 17,; 

3,; All other 

11" Pulp and paper 

Fig. 1.1. Cblorine usagein the U.S. 
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Chlorine became important with the introduetion of synthetic rubbers (PVC) and 

with the development of chlorinated organic compounds as solvents. Nowadays only a 

small amount of the chlorine production is used for bleaching. Synthesis of chlorinated 

organic molecules is the main application of chlorine gas. Fig. I.1 illustrates that only 

about fivepercent of the chlorine production is used as hypochlorite~ 

For three quarters of a. century the mercury-amalgam and the diaphragma process 

remained the two important industrial processes for the production of chlorine. At the 

end of the si:xties two discoverles made a cheaper production of eaustic soda and chlorine 

possible. The first, the 'dimensionally stabie anode' (DSA), developed by Beer in 1968, 

is a very stabie electrode in the corrosive chloride/chlorine solution? Furthermore, this 

electrode has a much lower overpotential than the earlier carbon anodes with respect to 

the chlorine evolution. With the discovery of the ion-conducting membrane, the anolyte 

c: 
0 

:;:::; 
0. 
E 
:I 
fll 
c: 
0 
u 

è;l 
.... 
Q) 
c: 
Q) 

0 ..... 
0 

1-

Oiophrogm Mercury Membrone 

Fig. 1.2. Comparison of the energy consumption of the diaphragm, the mercury and the membrane 
cell for chlorine production. 
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Year 

Fig. L3. Development of the membrane proeetlil with reapeet to the world capacity of sodium 
hydroxide production. 

a.nd the catholyte circuits could be separated almost totally from each other. In 

a.ddition, a narrow gap between the electrodes a.nd the membrane could be realized 

resulting in a lower solution resista.nce. 

Both inventions were combined in the so-called membra.ne cell. In 1975 the first 

plant with membrane electrolysers was built. A compa.rison of the costs of the three 

different methods of electrolysis is given in Fig. 1.2~ Although the membra.ne technology 

is the cheapest, the introduetion of this process is rather slow because of the high 

investment costs for a new electrolysis plant. Fig. 1.3 shows the global development of 

the membra.ne process in compa.rison with the other two processes! The three processes 

of industrial chlorine-gas production were reviewed by several authors~·to 
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1.2. Reactions 

The basic reactions involved in the electrogeneration of sodium hypochlorite and of 

sodium chlora.te were formulated by Foerster and Mueller at the turn of the century}h 12 

Chlorine is mainly produced at the anode and hydragen and eaustic soda are generated 

at the cathode: 

anode: 

cathode: 

2 Cl-;:::: Cl
2 

+ 2 e

E0 = 1.35 V 

2 H+ + 2 e- ;:::: H
2 

E0 =OV 

(1.3) 

(1.4) 

Depending on the pH, chlorine gas bubbles are formed or the chlorine molecules react 

with water or hydroxyl ions 13-15: 

solution: Cl
2 

+ H
2
0 ;:::: HClO + Cl-+ H+ {15) 

-4 2/ 6 K
298 

= 3.944·10 kmol m 

HCIO ;:::: ClO- + H+ (1.6) 

K
298 

= 2.618·10-8 kmoljm3 

Using the equilibrium constants at 298 K, the molar fractions of chlorine, 

hypochlorous acid and hypochlorite ions are given versus the pH in Fig. 1.4 for a solution 

containing 1 kmoljm3 chloride ions and 1 kmoljm3 hypochlorous acid. The equilibrium 

constant of chlorine dissociation decreases slightly with decreasing concentration of 

chloride ions and with increasing temperature!6 Hypochlorous acid and hypochlorite ions 

form a weak: buffer salution with a pH value of about 7.5 at 298 K which decreases 

slightly with increasing temperature. 

Chlorate ions are formed a.ccording to two routes - one chemical in the bulk solution 

and the other electrochemical at the anode: 

solution: 

anode: 

2 HCIO + ClO- ;:::: c10; + 2 Cl-+ 2 H+ 

6 c10- + 3 H
2
0;:::: 2 mo; + 4 cc+ 6 n+ + ~ o

2 
+ 6 e

E0 0.46 V {alkaline solution) 

(1. 7) 

(1.8) 

Reaction (17) proceeds slowly at a high pH and at ambient temperature. According 
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toD' Ans a.nd Freund the ra.te ofthis rea.ction is highest at a. pH of about 7.5!7 

The action of light increases the reaction rate whereas impurities such as the oxides of 

nickel, cobalt and copper do not affect the chemical production of chlorate!8• 19 

The electrochemical production of chlorate has been investigated and discussed by lbl 

and Landolt20 and by Jaksic~1• In spite of the results of other authors2M 3 which have 

cast doubt on Equa.tion (1.8), Ibl and Landolt found their experimental results in good 

agreement with this reaction. However, their calculations are based upon some 

simplifying assumptions such as, for exa.mple, that no oxygen is evolved by direct 

meidation of water or hydroxyl ions at the anode. 

For practical purposes, the Foerster equation may be used because of its simplicity. 

The reaction mecha.nism and the stoichiometry are, however, not quite clear, and this 

point shall be discussed in chapters two and three of this thesis. 

f 1.00 
' \ 

\ 
.. 

0.80 \ 
\ : 
\ 

c \ : 
0 0.60 \: :;:; 
CJ t 0 ... 

~ - Cl 2 HCIO CIO-
• I _:, 
ö 0.40 I 
E I 

: \ 
I : \ 

\ 
0.20 I : 

\ 
I \ 

I \ 
I 

' 0.00 "" 
0 2 4 6 8 10 12 14 

pH ...... 

Fig. 1.4. Molar fractions of chlorine (--), hypochloroua acid (- - -) and hypoehlorite ions ( • • • • ) 
in dependenee of the pH. 
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In the production of hypochlorite or chlorate, severalloss reactions occur. First of all, 

oxygen is evolved at the anode according to the following reaction: 

anode: 2 H
2 
0 ~ 0 

2 
+ 4 H+ + 4 e

E
0 

= 1.23 V 

(I.9) 

The reversible potential of this reaction is lower than that of the chlorine evolution. 

Furthermore, it decreases with increasing pH, as shown in the Pourbai:x diagram (Fig. 

1.5). Consequently, the oxygen evolution is favored thermodynamically. The liberation 

of oxygen is, however, restrained kinetically under the electrolysis conditions used in 

chlorine, hypochlorite and chlorate production~4 and for example, chlorine is produced 

at current efficiencies of above 95 % 2~ 

i 

........ 
> .......... 

w 
I 
z 

11) 

> 
w 

2 .--------------------------------, 

0 ------------------------1 L_~~~~--~~~~~--L-~~~~ 

0 2 4 6 8 10 12 14 

pH 

Fig. 1.5. Pourbaix diagram for the OJcygen and the chlorine evolution. 
2 H20---+ 02 + 4 u+ +4 e-
2 ei----+ Cl2 + 2 e-
reference potentia! of SCE ( saturated calomel electrode) 
reference potential of RHE ( reversible hydrogen electrode) 
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At the anode, chlorate ions can also be oxidized to perchlorate if tbe chlorate 

concentra.tion is very bigb26·28: 

anode: c1o; + H2o ;::: ClO~ + 2 H+ + 2 e-

E0 = 1.18 V 

In the solution tbe following loss reactions occur: 

solution: 2 ClO- ;::: 0
2 

+ 2 Cl

ClO- + H
2 

;::: H
2
0 + CC 

(1.10) 

(LU) 

(I.12) 

The decomposition of hypochlorlte according to Reaction (1.11) is very slow, 

especially in alkaline solutions. However, action of light, heat or presence of oxides of 

iron, cobalt, nickel or copper increase tbe reaction rate of Rea.ction (1.11) 

remarkably~8• 29 Consequently, pure solutions of bypochlorlte which are neutral or 

alkaline and stored in the dark are very stable. 

No research bas beendoneon Reaction (1.12). Tbermodyna.mically, tbe rea.ction may 

be possible, but in pra.ctice it does not take place~0 

Hypochlorlte and chlorate are reduced at tbe catbode of undivided electrolysis cells: 

catbode: ClO- + H
2
0 + 2 e- ;::: Cl-+ 2 OH

E0 = 0.89 V (alkaline solution) 

(I.13) 

c10; + 3 H
2
0 + 6 e- ;::: Cl-+ 6 Oir 

E0 = 1.45 V 

(I.14) 

Tbe rednetion of bypochlorite is well described by Hammer31 and Schwarzer~2 In 

practice, tbe rednetion rate depends on tbe diffusion of bypochlorlte to tbe catbode and 

is observed at all common materlals used for cathodes. This rea.ction is inhibited in the 

presence of dichromate ions~3 

Tbe rednetion rate of chlorate is very slow in alkaline solutions at almost all catbode 

materlals34 with the exception of iron~5 But it can be increased by addition of catalysts 

such as osmium or molybdenum36t37 or by acidification of the solution~8 An addition of 

some dichroma.te inhibits tbe rednetion of chlorate in both acidic and alkaline solution~9 
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2. PRODUCTION AND UTILIZATION OF HYPOCHLORITE AND CHLORATE 

2.1. Hypochlorite 

Industrially, hypochlorite is produced via two main routes, viz. the chemica! reaction 

and the electrochemical method. In the first method chlorine gas is bubbled into an 

alkaline solution. Hypochlorite is formed according to the reaction (1.5). This process 

has the great advantage of yielding high hypochlorite concentrations (up to 220 g/1 

* available chlorine )~ 0 However, because of transportation costs and of safety reasons this 

production process is not always favoured. The latter point has been the subject of 

politica! discussion because transportation and storage of chlorine has led to several 

accidentsin the past~ 1 

Therefore, the electrochemical process at the utilization place ( the on-site 

generation) is becoming increasingly important. However, only a low hypochlorite 

concentration is built up by the electrochemical route. Consequently, this processis 

mainly applied when small concentrations are satisfactory andfor when the consumption 

costs of energy and sodium chloride are lower than the costs for transportation and 

storage of chlorine or hypochlorite solution. 

The reactions involved in electrochemical hypochlorite production have been 

discussed above. The main loss reactions are: 

chemica! chlorate formation by Reaction (1. 7), 

electrochemical chlorate formation by Reaction (1.8), 

cathodic hypochlorite reduction by Reaction (1.13) and 

catalytic decomposition at the oxides of cobalt, nickel and copper. 

The extent to which these reactions are dependent on the electrolysis conditions shall 

be the main subject of chapters two and three. 

* The term 'available chlorine' indicates the oxidizing power of the agent as compared 

to elementary chlorine (1 g/1 available clorine = 14.1 mol/m3 NaCIO). 
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The development of the electrochemical hypochlorite cells runs parallel to that of 

cells for chlorine production. About 1900, both carbon anodes and catbodes were used, 

and the cells were not divided into an anolyte and a catholyte circuit. Nowadays, 

catbodes are made of iron, nickel, nickel alloy or bare titanium. The anodes have been 

replaced by electrodes consisting of a substrate of a valve metal coated with noble 

metals or metal oxides~2 Moreover, the cell construction has been improved. The 

monopolar cells were replaced by bipolar cells (see Fig. 1.6) which are more compact and 

involve at the same time lower investment costs~3 Furthermore, divided cells with 

separate anolyte and catholyte circuits have been designed in order to increase the 

current efficiency of the hypochlorite generation. 

Different cell designs have been developed due to the various uses of hypochlorite 

solutions. These hypochlorite electrogenerators have been reviewed by several 

authors~0• 43• 44 

+ 

··----, 
+ 

+ 

+ 

+ 

+ -

+ - -

(a) (b) 

Fig. 6. Monopolar (a) and bipolar (b) cell construction. 
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Hypoduorite is ma.inly utilized in industry for bleaching pulp, paper and textiles~ 5 

The disinfection of water by hypochlorite is the second ma.in application of hypochlorite. 

Besides ozone, hypochlorite has the greatest power to kill germs which can cause 

dangerous deseases like cholera or typhoid fever~M 7 In addition, the stability of 

hypochlorite is much greater than that of ozone. Therefore the last step in disinfection of 

drinking water is often a treatment with hypochlorite. 

The interest in on--fiite production of hypochlorite has grown during the last two 

decades. Small units are used to sanitize swimming pools48 while the disinfection of 

potable water or sewage in municipal water works requires larger units~ 9 Furthermore, 

electrochemical hypochlorite production offers the possibility of using seawater directly 

for the production of disinfected drinking water. The largest seawater electralysis plant, 

built in Kuwa.it in 1980, has a capacity of 60000 kg hypochlorite per day? 0 The fouling of 

cooling units in coastal power stations is also inhibited by hypochlorite formed by this 

process~ 1 Further applications are sanitizing and disinfection in food processing and the 

prevention of the formation of fungi in oil production~ 3 

2.2. Chlorate 

Most of the chlorate is produced by the electralysis of sodium chloride solutions in 

undivided electrochemical cells. Sodium chloride is preferred for the manufacture 

because of the high solubility of sodium chlorate in water?2 

The reactions for chlorate production have been described above. If only reaction 

(I. 7) occurs, chlorate is formed with an efficiency of 100 %. On the other hand, the 

electrochemical reaction (I.8) gives only 66.7 % current efficiency. Both reactions occur 

in the electrochemical reactor resulting in an over-all efficiency of 85-95 % under 

appropriate conditions~3,54 

In practice, the loss of hypochlorite and chlorate by cathodic rednetion can be 

inhibited by the addition of dichromate. However, small concentrations of metal ions in 

the solutions, for instanee formed by corrosion of the frame of the cell, can enhance 

11 



strongly the reduction of these two compounds~5 

The sodium chlorate cell has been improved by the development of noble 

metal-coated titanium anodes. The new electrode material caused a change in electrode 

cell design. This invention led to a great energy saving in the chlorate production. In 

Table 1 the major improvements of the sodium chlorate cell are summarized~6 An 

overview of different chlorate cells is given by lbl55 and Kozia1!7 

Table 1: Comparison of chloratc cclla 

graphite anode noble metal-coated 

titanium anode 

current density [kA/m2
] 0.43 2.7 

interelectrode gap [mm] 6 3 
dichromate concentration [kgjm3] 5 1 

voltage drop per cell [V] 3.7 3.4 
power consumption [kWh/t CI0;1 5800 4535 

current efficiency [%] 85 93 

Chlorate is mainly converted ( to 78 %) to chlorine dioxide which is used as bleaching 

agent in the pulp and paper industry. Bleaching with chlorine dioxide gives a high 

brightness without degrading the cellulose fiber. For this purpose, chlorine dioxide is 

generated on-site because it is too aggressive to be transported?8 

Further uses of chlorate are the production of perchlorates, herbicides, matches and 

as oxidizing agent in ore processing~6 

12 



3. SCOPE OF TffiS THESIS 

As mentioned in chapter 1.2., the reactions in a hypochlorite or chlorate electrolyser 

are explained by Contradietory mechanisms in the literature. Moreover, only a few 

groups have carried out experiments under welt defined flow conditions to exarnine the 

reaction mechanisms~9 -62 It is of utmost importance for the production of hypochlorite 

and chlorate to rationalize these mechanisms. The dependenee of the anodic reactions on 

the different process parameters will be elucidated in this thesis. The mechanisms of the 

reactions are evaluated from these relationships. With the aid of these meehamstic data, 

the electrolysis processcan be optirnized for the desired product concentrations. 

The hydrogen and the oxygen gas bubbles formed during electrolysis cause an 

increase in the ohrnic resistance in the electrolysis cell. This additional resistance gives 

an energy loss in the production of hypochlorite or chlorate. Moreover, the current 

distribuiion at the electrode is affected by the evolution of gas bubbles. The evaluation 

of the energy loss and of the current distribution in a vertical electrolyzer is the second 

main topic of this thesis. A model is proposed for the ohmic resistance in the cell. The 

dependenee of the current distribution on the different electrolysis parameters can be 

explained by this model. 

13 
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II. OXIDATION OF CHLORIDE AND HYPOCHLORITE 

AT Pt AND Rn0
2 

ELECTRODESIN A MEMBRANE CELL 

1. INTRODUCTION 

Although many articles have been publisbed on hypochlorite electrogeneration;-s 

little is known about the production of hypochlorite in divided membrane cells. The 

application of this type of cell is not only of interest for technica} purposes where higher 

yields can be achieved than in undivided cells. The membrane cell has also great 

advantages for fundamental studies because only the oxidation reactions at the anode 

have tobetaken into account, and the analysis of the experimental data is simplified. 

Schematically, a membrane cellis shown in Fig. II.L The electrades are placed close 

to the membrane (5. 2 mm) to rednee the cell resistance. Most of the industrial cells are 

Catholyte Outlel Anolyte Outlet 

Steel 

Catltode 

Catholyte lnlet 

Steel frame 
Titanium lining 

Membrane 

Parlilion Wall 
Titanium 

Anode 

Fig. B.l. Model of an industrial membrane cell 
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equipped with a catbode of perforated nickel or titanium sheets. An expanded-metal 

electrode consisting of a titanium support coated with a noble metal or a mixture of 

metal oxides serves as anode. 

A perfluorinated polymer forms the basis of the membrane. When sulfonic or 

carboxylic groups are attached to the monomers, an ionomer is formed on 

polymerization. Due to the ionic interaction of these groups, ionic clusters (inverse 

micelles) are formed during the preparation~ Models have been proposed to explain the 

structure and the mode of operatien in the membrane. In the most impressive structure, 

Gierke10 assumes that cavities of 4 nm are are linked by small channels of 1 nm diameter 

(Fig. 11.2). 

A cation-exchange membrane inhibits the transport of anions. Consequently, a 

potential difference between the membrane and the bulk solution at each side of the 

membrane has to be taken into account. This potential difference, the Donnan potential, 

leads to an additional resistance in the electrolysis cell. The modern membranes have a 

conductivity of between 10-1 and 10 n-lm-1. 11 A comparison of different industrial 

chlorine cells shows that a cell voltage of between 3.11 and 3.32 V at current densities 

between 4 and 5 A/m2 can be realized~2 For chlorine electrolyzers an energy 

consumption of 2.05 kWh/kg Cl
2 

has been reported! 3 

Fig. n.2. Model of Gierke for the dilliters in a membrane. 
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2. EXPERIMEN'l'AL 

2.1. Equipment and experimental conditions 

The experimental set-up is schematically given in Fig. II.3. An acrylate cell, divided 

by a cation-exchange membrane (Na.fion 117) into an anodic and a cathodic 

compartment, was used for all current efficiency and potential measurements. The 

working electrode was placed against the back wall of the anodic cernpartment at a 

distance of 10 mm from the membrane. A platinum or a titanium plate coated with a 

ruthenium oxide layer, was used as working electrode. The preparatien of the ruthenium 

oxide layer was carried out according to Arikado~4 The working electrode was 76.5 mm 

in length and 20.5 mm in width. lts geometrie surface area was 1570 mm2
. The counter 

electrode was a perforated nickel plate with the same geometrie dimensions as the 

working electrode. It was placed in the counter-dectrode campartment opposite the 

working electrode and pressed against the membrane. 

A hole with a diameter of 2.0 mm was located in the middle of the working electrode. 

A Luggin capillary, placed in this hole, was filled with a NaCl solution of the same 

Fig. ll.3. Experimental set-up. WE: working electrode (anode), CE: counter electrode (ca.thode), M: 
membrane, SCE: sa.tura.ted calomel electrode, GE: glass electrode, T: titrator, MR: ma.gnetic stirrer, 
P: pump. 
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concentratien as the anolyte at the start of the electrolysis and connected to a saturated 

calomel electrode used as the reference electrode. In order to prevent the penetratien of 

gas bubbles into the capillary, a reservoir containing NaCl solution was connected to a 

tube between capillary and reference electrode. The sodium chloride salution from the 

reservoir was pwnped continuously with a volwnmetric rate of 11 mm3/s through the 

capillary into the anodic compartment. 

The potential between the working electrode and the reference electrode was 

registered by a recorder. This potential was corrected for the ohmic potential drop. All 

potentials given are referred to the saturated calomel electrode. 

All current efficiency experiments were carried out at a constant current. Series of 

experiments were started with 2000 cm3 anolyte containing 0.25 to 1.5 kmolfm3 sodium 

chloride. A 750 cm3 1 kmolfm3 sodium hydroxide solution served as catholyte. The pH, 

the temperature and the flow rates of both solutions were adjusted to fixed valnes before 

starting the electralysis and were kept constant during the electrolysis. 

2.2 Analysis of solution by potentiometric titra.tion 

Many methods have been proposed in order to analyse a solution of chlorine-oxygen 

compounds!5-18 The total~nalysis methods have the major disadvantage of taking very 

much time while the measurement of kinetic parameters in the beginning of the 

electralysis requires very short sampling times. However, the sampling time can be 

reduced if the analysis of the salution is restricted to the determination of the 

hypochlorite and the chlora.te concentratien since no chlorite has been detected in 

preceding experiments. 

The hypochlorite concentration was determined potentiometrically using the 

AsOr-/Aso;- redox couple. For this purpose, samples of 5·10-6 m3 were taken during 

the electralysis after periods of about 8 minutes. Directly after the electrolysis, the 

samples are analyzed for chlorate. An excess of Asor- and 30 mg KBr were added to 

the sample and the solution was acidified with an equal volume of 12 kmol/m3 HCl. 
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After a period of 3 to 5 minutes the AsO~- which had not been oxidized by chlorate, 

was titrated potentiometrically with bromate~9 

The average rate of hypochlorite and chlorate formation, x
3 

and x
4

, respectively, 

were obtained according toa method described by Janssen~0 

2.3. Analysis by means of isotachophoresis 

The technique of isotachophoresis (ITP) can be applied for the separation and 

analysis of mixtures of different ions in a solution. Fig. Il.4 illustrates schematically the 

ITP technique for the separation of anions. The sample is injected into a vertical tube 

which is filled with two electrolytes, one with anions of high mobility and the other with 

anions of low mobility. The first ion is called the leading ion (L) and the other the 

terminating ion (T)?1 

The driving force in an ITP experiment is an electric field. After some time of passing 

through the electric current, a steady state is obtained in which the anionic species are 

separated in zones. These zones move with the same velocity towards the anode, and 

a• r-

lE 
s• S2-

s• S1-

s• L-

---r+ 
Fig. U.4. Schematic illustration of an ITP experiment. The migration rates of the anionic species, L, 
Sl, S2, and T 4 deercase in the row m(L -)>m(Sl")>m(S2-)>m(T-). After some time of passing 
through electric current, an steady state with moving zones and boundaries is observed. 
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Fig. IT.5. Response of the conductometer in a.n ITP experiment. L: leading ion, Sl a.nd S2: 
component& to be a.nalyzed, T: terminating ion a.nd h: step height. 

T 

~) 
S2 

S1 
L 

t 

so-ealled moving boundaries between the zones are observed in an ITP experiment. The 

order of the zones is determined by the migration rates of the anions, viz. the zone lying 

first in anodic direction contains the anions with the highest migration rate. The 

resolution of an ITP experiment depends on the ratio of the migration rates~2 

The conductivity of the solution is used to analyze experimentally the zones with 

different anions. Schematically, a curve of an ITP experiment is show in Fig. Il.5. The 

height of the step for an anion is porportional to its conductivity. The ratio of this 

height to the step height of the terminating ion is called the relative step height. The 

length of the zone is a measure for the amount of analyzed species in the sample. 
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3. RESULTS 

3.1. O:xida.tion prodncts 

Chlorine gas, hypochlorite, chlorite, chlorate, perchlorate and oxygen may be the 

o:xidation products formed in the anodic campartment by electrochemical and/ or 

chemica! reactions during electralysis of sodium chloride solutions with a pH of between 

7 and 12. It has been found that the gas in the anodic campartment contained no 

chlorine. Consequently, in alkaline solution all chlorine formed at the anode is converted 

into hypochlorite. 

To investigate the formation of perchlorate, electrolysis of a salution of 0.1 kmoljm3 

NaCl was carried out for three hours at a pH of 8, a temperature of 343 K and a current 

density of 1.91 kA/m2
. Subsequently, the electralysis solution was adjusted to pH of 12 

and cooled to 273 K to stabilize the solution. A sample of this salution (1 f.il) was 

analyzed by means of the ITP technique at a pH of 6 using chloride ions in the teading 

and MES (morpholino-ethane-sulphonic acid) in the terminating electrolytes. The 

result of the analysis of this sample is shown in Fig. 11.6( c ). In Fig. II.6 the analysis of 

a b 

Fig. ll.G. Analysis of three different solutions by means of the ITP technique at a pH of 6 and with 
chloride ions in the leading and MES in the terminating electrolyte. a: no sample/ b: 0.5 J1l sample 
containing 5 mol/m3 NaCl03 and 3 mol/m3 NaCI04 and c: 1 J1l of a 0.1 kmoltm3 NaCl solution 
which has been electrolysed at pH 8, a. temperature of 343 K, a solution flow ra.te of 7.5·10-2 m/s 
and a current density of 1.92 kA/m2 for a period of three hours. 
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an ITP experiment (a) without any sample and (b) with a sample containing 5 mol/m3 

NaC10
3 

+ 3 mol/m3 NaCIO 
4 

(0.5 JL].) arealso shown. A comparison of Figs. II.6(b) and 

6(c) indicates a chlorate concentration of 4.1 mol/m3 in the electralysis sample when the 

difference in sample volume is taken into account. From the potentiometric titration a 

chlorate concentra.tion of 4.0 mol/m3 was found. Since the detection limit of this 

analysis is about 0.1 molfm3, the perchlorate formation can be neglected. 

3.2. Effect of time of electrolysis 

For long-time electrolyses a typical result for the dependenee of the hypochlorite and 

the chlorate concentrations on the time of electrolysis is given in Fig. 11.7. The 

hypochlorite concentration reaches a maximum value and then it decreases slowly with 

time of electrolysis, whereas the chlorate concentration increases at an increasing rate 

with time of electrolysis. 

t 

....... 
I") 

E 
......... 
ö 
E ........ 

80 

60 

40 

4 8 12 16 

t
8 

[ka] 

Fig. U.7. Plot of the hypochlorite and chlorate contentration vs. the time of electrolysis for a Ru02 
anode at j::3.82 kAfm2, vo=0.075 m/s, ct,o =0.5 kmol/m3, pH=lO and at T=343 K. +: ClO" and 
Ä: 0103. 
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Fig. ll.8. Plot of the hypochlorite and chlorate concentration vs. the time of electrolysis for a 
platinum anode at j::::3.82 kAfm2, vo=0.075 m/s, q,o =0.75 kmol/m3, pH=lO and T=298 K. 
+: CIO· and D.: CI03. 
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The total time of electrolysis was usually short, viz. less than ane hour, in order to 

obtain the current efficiency at the start af the electralysis and ta minirnize the effect of 

changing cornposition of anolyte upon the rate of hypachlarite and chlarate formatian, 

x
3 

and x
4

, respectively. Generally five samples of anolyte were taken during the 

electrolysis. A characteristic result is given in Fig. II.8 showing that for t <2.5 ks the 
e 

increase in the hypochlorite concentration with increasing time of electralysis is 

practically linear with the time of electrolysis, t . The chlorate concentration increases 
e 

at an increasing rate with time of electrolysis. 

Taking into account the change in anolyte volurne at the start and the end of a period 

of electrolysis, viz. by the addition of NaOH salution ta the analyte and by the 

transportation of water frorn the anodic to the cathodic campartment through the 

rnernbra.ne (about 1.8 J]J/s), the average rate of hypochlorite and chlorate forrnation, 

x3 and x4 ) respectively, in this period were obtained from the increase in the 
tav ,av 
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hypochlorite and the chlorate concentration. Fig. !1.9 illustrates tha.t x
3 

decreases and ,av 

x
4 

increases linearly with increasing average concentration of hypochlorite. Linear 
,av 

extrapolation of the x
3 

fc3 and of the x
4 

fc
3 

curves to c3=0 gives x3 0 and x
4 0, ,av ,av ,av ,av , , 

respectively. The efficiency of hypochlorite formation at te =0, rp3,0, is given by 

tn -- neFx3,0 
T " {11.1) 

3,0 A j 
e 

where n = number of electrons involved in the reaction, F = Faraday constant, 
e 

A =electrode surface area and j = current density. 
e 

Results for experiments at various initial concentra.tions of sodium chloride are given 

in Fig. !1.10 to illustra.te clearly a linear increase in the rate of chlorate formation with 

increasing hypochlorite concentration. From this figure it follows that x
4 

increases 
,av 

pra.ctically linear with increasing c
3 

. It should be noted that the chlorate 
,av 

concentra.tion is extremely sma.ll so that the occurrence of relatively large deviations is 

explainable. Fig. 11.10 shows clearly tha.t the initial rate of chlorate formation, x4,
0

, can 

be determined and increases with decreasing concentration of NaCl. The efficiency of the 

chlorate formation at t =0 is defined by 
e 

{11.2) 

The slope of the x
4 

fc
3 

curve, h
4

, is determined by transport of hypochlorite ,av ,av 

from the bulk of solution to the anode surfa.ce~0 The rnass-transfer coefficient for 

hypochlorite at a chlorine-oxygen evolving electrode can be calculated from h
4

. 

3.3. Effect of conent density 

Fig. II.ll shows the effect of the current density on the initial current efficiencies for 

the hypochlorite and chloratè formation at a platinum anode in 0.5 kmolfm3 NaCI at 

pH of 7, 10 and 12, at 298 K and a solution flow rate of 0.075 mfs. Fig. 11.11 shows a 

sma.ll decreasein rp3,0 and a sma.ll increase in r,o
4

,0 with increasing current density. The 

comparison of the electrolyses at various pH shows no significant differente between the 
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various concentrations of NaCl. +: 0.25 kmol/m3, .Ó.: 0.5 kmol/m3, o: 0.75 kmol/m3, e: 1 kmol/m3 
and À: 1.5 kmol/m3. 
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Fig. ll.ll. The current efficiencies, (,OJ,o and lf'4,o, are plotted vs. the current density for a platinum 
anode at vo=0.075 m/s, T=298 K, ct,o=0.5 kmol/m3. pH 7: a: IJ'a,o and ~: IJ'4,0· pH 10: c: cps,o 
and •: (j'.C,O· pH 12: 0: (j)a,o and e: IJ'4,0· 

Fig. 11.12. The anode potential is plotted as function of log(j) for electrolyses with the platinum and 
the Ru02 anode. The electrolyses were carried out with 0.5 kmol/m3 NaCl solution at T=298 K and 
vo=0.075 mfs. Platinum anode: a: pH 7j +: pH 10 and o: pH 12. Ru02 anode: C: pH 8. 
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results. Also, no clear effect of the current density on the slope h
4 

of the x
4 

jc
3 ,av ,av 

curve has been found. 

It has been found that the initial current efficiency for the hypochlorite formation on 

a ruthenium oxide electrode was almost 100 % for electrolyses with 0.5 kmol/m3 NaCl 

and at pH=8, T=298 K, a solution flow rate of 0.075 m/s and at current densities 

between 1.27 and 3.82 kA/m2
. The quantities of chlorate formed during these 

electrolyses were extremely low and could not be determined with a reasonable 

reliability. 

In Fig. Il.12 the anode potentlal is given vs. log j for the above mentioned electrolysis 

conditions for the platinum and the ruthenium oxide anode. Due to the catalytic 

activity of the ruthenium oxide, the potentlal of thls anode is 550 m V lower than that of 

the platinum anode. The slope of the E/log j lines is almost the same for both anodes 

and is 130 and 126 mV/dec for the platinum and the ruthenium oxide anodes, 

respectively. 

3.4. Effect of NaCl concentration 

In Figs. II.13 and II.14 the initial current efficiencies of hypochlorite and chlorate 

formation are plotted versus the initial concentration of Na Cl for a platinum anode at 

T=298 K, pH=lO, v
0
=0.075 m/s and j=0.64 and j=3.82 kA/m2

, respectivele. From 

these figures it follows that cp
3

,
0 

increases and tp 
4

,
0 

decreases at a decreasing ra te with 

increasing initial NaCl concentration. For the experiments of Fig. II.lü, the slope h
4 

of 

the x
4 

/c
3 

curve is plotted in Fig. 11.15 versus the initia! NaCI concentration and 
,av ,av 

versus the initia! formation rate of oxygen evolution, x 
0

, where 
ox, 
'A J e 

xox o = (1-<pa o-lf'4 o)-
' ' ' 4F 

Oxygen is formed according to the Foerster's reaction, viz. 

6 CIO- + 3 H
2
0 .= 2 c10; + 6 H+ + 1.5 0

2 
+ 6 e-

(II.3) 

(II.4) 
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and/or according to the reaction, viz. 

2 H
2
0 ~ 0

2 
+ 4 H+ + 4 e- (11.5) 

From Fig. II.15 it follows that the slope h
4 

increases with increasing x 
0

. 
ox, 

Electrolyses with a current density of 0.64 kA/m2 and an initial NaCl concentration 

varying between 0.1 and 1 kmolfm3 showed no reliable results for the slope h
4 

because 

of the low current density. 

For the Ru0
2 

anode at 298 K, well detectable quantities of chlorate are only formed 

during electrolyses of solutions containing a small initial Na Cl concentration ( <0.25 

kmolfm3) and at high current densities (3.82 kA/m2
). In the case of an electralysis with 

c
1 0

=0.1 kmolfm3 NaCl and at j=3.2 kA/m2
, T=298 K and v

0
=0.075 mfs, the initial , 

current efficiencies for hypochlorite and chlorate formation were 0.54 and 0.14, 

respectively. 
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vs. the initial rate of oxygen evolution, Xox1 Q, for a platinum anode at j=3.82 kAjm2, T=298 K, 
vo=0.075 m/s and pH=lû. +: h4 vs. q,o and !::.: h4 vs. Xox.O· 
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In Fig. 1116, the anode potential in the beginning of the electrolysis is plotted vs. the 

initia! NaCl concentration for electrolyses with a platinum anode at v 0=0.075 m/s, 

T=298 K, pH=lO and at a current density of j=3.82 kA/m2 and j=0.64 kAjm2
, 

respectively. In this figure it is shown that the anode potential increases at aD. increasing 

rate with decreasing chloride ion concentration. 

3.5. Effect of pH 

The initial current efficiency for hypochlorite and chlorate formation on a platinum 

electrode in 0.5 kmoljm3 NaCI and at T=298 K, j=3.82 kA/m2 and v
0
=0.075 m/s are 

plottedas a function of pH in Fig. II.17. Moreover, it has been found that the slope h
4 

of 

the x
4 

/c
3 

curve is practically independent of the pH. The anode potential also 
,av ,av 

shows no dependenee on the pH (Fig. 11.18) since the o:xidation of chloride ions is 

independent of the pH and since the pH at the anode surface is low because of 

Reaction (I16). 

1 2.10 

2.00 

1û 
0 
U) 1.90 
lli 
> ,...., 
2. 1.80 

+ 

1û 

1.70 

1.60 
0 2 

Fig. ll.lG. The anode potential is plotted 'vs. the initial NaCl concentration q,g for a platmum anode 
at T=298 K, vo=0.075 m/s and pH=lO . .:1.: j=3.82 kA/m2 and +: j=0.64 kAfm2. 

32 



t 

0 
"; 

100 .....--------------, 50 t 
90 40 

+ 

+ + 
30 ~ 

......... 

s. 70 20 

Á Á 

60 10 

soL_~~-~~~~~~--~~ a 
5 6 7 8 9 10 11 12 13 14 

pH 

Fig. ll.l7. The current efficiencies, tps,o and rp4,o, are plotted vs. the pH for a. platinum anode at 
j=3.82 kAfm2, vo=0.075 m/s, T=298 K, Cf,o=0.5 kmol/m3 and T=298 K. +: \03.0 and Êi: \04,0· 

Fig. ll.18. The anode potentia.l is plotted vs. the pH for a platinum anode at j;;3.82 kAfm2, 
vo=0.075 m/s, T=298 K, q,o=0.5 kmol/m3 a.nd T=298 K. 
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Electrolyses with a Ru02 anode were carried out at two different valnes of pH, viz. 8 

and 12; the other conditions were the same as those mentioned above for the platinum 

anode. It has been found that for both pH valnes the initia! current efficiency for 

hypochlorite formation is 0.97 and the initia! current efficiency for chlorate formation is 

less than 0.005. 

3.6. Effect of :D.ow rate of solution 

In Fig. II.19 the initia! current efficiencies for hypochlorite and chlorate formation on 

a. pla.tinum electrode are plotted versus the flow ra.te of solution. The further electrolysis 

conditions are j=3.82 kA/m2
, T=298 K, pH=8 and c1,0=0.5 kmolfm3

. This figure shows 

pra.ctically no effect of the :D.ow ra.te of solution on the initia! current efficiencies at 

v0>0.015 mfs, but a strong increa.se in the initia! current efficiency for chlorate 

formation and a sharp decline in the current efficiency for hypochlorite formation at 

v0<0.015 mfs. 

A simHarresult was obtained for the Ru02 anode. It ha.s been found that the initia! 
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Fig .• ll.19. The cur:ent efficiencies, fPa,o and /P4101 are plotted vs. the the solution velocity, vo, for a 
platmum anode at J=3.82 kAfm2, T=298 K, q,o=0.5 kmoJ/m3, and pH=lO. +: <pa,o and À: IP4.,0· 

34 



current efficiency for hypochlorite is practically independent of the salution flow rate of 

between 0.004 and 0.075 m/s, the mean value of cp
3

,
0 

is about 0.98. The current 

efficiency of chlorate formation is very small and no significant effect of salution flow 

rate has been detected. 

3.7. Effect ofK
2
Cr

2
0

7 

One experiment was carried out with a 0.5 kmoljm3 NaCl solution containing 7.6 

moljm3 K
2
Cr

2
0

7 
to investigate the effect of the presence of Cr20~- in the sodium 

chloride solution. An electrolysis with a platinum anode at j=3.82 kA/m2
, T=298 K, 

v
0
=0.075 m/s and pH 8, resulted in an initial current efficiency of hypochlorite 

formation of 0.80. Comparison with the experiment without K
2
Cr

2
0

7 
shows that the 

presence of Cr20~- ions does not affect cp
3

,
0 

significantly. The current efficiency for 

chlorate formation was not determined because of the presence of Cr20~-. 

3.8. Effect of temperature 

The initial current efficiencies for hypochlorite and chlorate formation are plotted 

versus the temperature in Fig. II.20 for experiments carried out with an initial NaCl 

concentration of 0.5 kmoljm3 and at pH=8, v
0
=0.075 mfs and vario~s temperatures. 

Obviously, cp
4

,
0 

increases and cp
3

,
0 

deercases with increasing temperature. 

It is well known that the rate of the chemical conversion of hypochlorite into 

chlorate increases strongly with increasing temperature. This conversion is negligible for 

hypochlorite concentrations lower than about 40 moljm3 at temperatures lower than 

about 323 K. 23 The slope of the cp
4 

jc
3 

curve at temperatures higher than 313 K was 
,a.v ,a.v 

about a factor of 5 higher than at 298 K. 

While the platinum anode shows no strong dependenee of the hypochlorite and 

chlorate formation on the temperature, the generation of chlorate at the Ru0
2 

anode is 

practically zero between 298 and 313 K but rises strongly at temperatures greater than 

313 K (Fig. 11.20). 
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Fig. 11.20. The current efficiencies, \0310 a.nd \04101 a.re plotted vs. the temperature, T, for a pla.tinum 
a.nd a rutheniumoxide electrode a.t j=3.82 kA/m2, vo=0.075 m/s, Ct.o=0.5 kmol/m3 and pH= 8. 
Pt: 11: rpa,o a.nd A: \04.0i Ru02: 0: \Os.o and e: \04.0· 
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4. DISCUSSION 

4.1. Chlorate formation in the bulk of deeLrolyte 

Two mechanisms for the formation of chlorate in the bulk of a hypochlorite solution 

are proposed in the litera.ture. Lister24>25, working mainly with alkaline solutions, 

proposed the following second order rea.ction: 

fa.st: 

slow: 

2 HClO;::: HCI + HCI0
2 

HCIO + Clo;;::: Cl-+ HC10
3 

. 

(11.6} 

(II.7) 

However, many other a.uthors26-28 confirm the mechanism proposed by Foerster29: 

2J!Cl0 + ClO-;::: c10; + 2 HCI . (11.8) 

A detailed investigation ha.s been carried out by Tilak28 who exarnined the chlorate 

formation under constant pH conditions in a pH region between 6 and 8.5. He found a 

rate constant which is independent of the pH if a third order reaction is assumed. The 

mean value of this rate constant is k 
3 

= 2.49·10-8 m6moC2s-1 at 298 K. 
c, 
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For a third order reaction, the concentratien of hypochlorite as a function of the 

time, c3 t' is given by 
' 

( ( )-3 -2 )-0.5 ( ) c3,t = 6kc,3t 1 +X X+ c3,0 IL9 

where X= 10(-pKh+pH), t is the time, pKh is the dissociation constant of hypochlorous 

acid and c3,0 is the concentra ti on of hypochlorite at the beginning of the experiment. 

The chlorate concentration can be calculated by c4,t=(c
3

,0- c3,t)/3. At 298 K, pH=8 

and an initia! hypochlorite concentration of 20 mol/m3
, less than 10-2 molfm3 chlorate 

is formed in one hour by the homogeneons reaction. In the electralysis experiments, the 

average hypochlorite concentration in the first hour of electralysis was at most 20 

molfm3
. Conseqnently, the chemica! chlorate formation can be neglected at 298 K 

The reaction rate constant at 343 K has been calcnlated from experimental data as 

follows. The decrease in the concentration of hypochlorite as a function of time was 

deterrnined at a constant pH of 8. According to the method described by Tilak;8 a rate 

constant of k 3=4.66·10~ m6mol-2s-1 has been obtained from these valnes using a 
c, 

dissociation constant of pKh 7.46~ 0 In Fig. IL21 the concentration of chlorate formed 
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Fig. ll.21. The concentration of chlora.te formed by chemica.! rea.ction during one hour is plotted vs. 
the pH of the solution for va.rious ca,O· 20 mol/m3, -: 40 mol/m3,-- -: 60 mol/m3, 

• • • •: 80 mol/m3, -·-·-: 100 molfm3. 
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by Reaetion (11.9) in one houris plotted vs. the pH at a temperature of 343 K and at 

different values of initia! hypoehlorite eoneentrations. Praetieally no ehlorate is formed 

at pH of 10, a temperature of 343 K and fora hypoehlorite eoneentration of 20 molfm3. 

However, a ehlorate coneentration of 0.73 moljm3 is reaehed after one hourat a pH of 8 

and 343 K. 

4.2. Mass transpon in the electrolysis cell 

The mass transfer in the cell is determined by two factors, namely forced convection 

and gas evolution at the electrode. 

First the eonvective flow without gas evolution will be diseussed. The Reynolds 

number, a eharacteristie measure for the salution flow, is given by 

vOdh 
Re=-

V 

(II.lO) 

where il = 4d w /(2(d +w )) represents the hydraulic diameter of the cell, being n wm e wm e 

1.28·10-2 m, and where v = kinematic viseosity, d = distance between electrode and 
wm 

membrane and w = width of the electrode. 
e 

For a 0.5 kmolfm3 NaCl solution at a solution flow rate of 0.075 mfs Re = 960. 

Consequently, the flow conditions in the cell are laminar. The length of the cell is too 

short to allow fully developed laminar flow. For developing flow, the equation of Pickett 

and Ong is applied viz. 31: 

Sli ~ c ~j'·" ae'''sc113
, (11.11) 

where Se = U• Sh = kmDI-'e, Le = characteristic lengthof the electrode, D = dilfusion 

coefficient and k f = rnass-transfer coefficient. 
m, 

The constant C depends ön the distance between the entrance of the cell and the 

leading edge of the electrode. To calculate this constant factor C the rnass-transfer 

coefficient k f has to be determined. Since I1=n F A k f
3 

, the diffusion-limited m, e em, ,s 

current for the reduction of hypochlorite at the electrode under well-defined conditions 
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can be used for this purpose (see chapter IV.3). At a platinum electrode the 

rnass-transfer coefficient k f = 3.003·10-5 m/s is obtained from experiments with a 0.5 
m, 

kmolfm3 NaCl + 30 molfm3 NaCIO solution at a salution flow rate of 0.075 m/s, a pH 

of 10 and a temperature of 298 K. 1nserting the dimensionless numbers and rearranging 

Equation 11.11 to 

C= (II.12) 
D 

and inserting D
3
=1.10·10.....g m2js, v=0.93·10--6 m2js, v

0
=7.5·10-2 m/s, IJe=7.65·10-2 

m and dh =1.28·10-2 m, a constant C of 2.57 is calculated. Inserting this constant in 

Equation (II.12), the rnass-transfer coefficient k fat various electralysis conditions can 
m, 

be calculated. If the same cell geometry and the same flow rate of salution is used for an 

experiment, the mass transfer coefficients of two species i and j in two different solutions 

can be compared by: 

[ ]
1/6[ ]2/a 1/, D. 

k -k ~ ____,! 
m,j- m,i V. D. 

J1V 1 

(11.13) 

which has been deduced from Equation (II.l3) and where i and j indicate the ionic 

species in solutions with a kinematic viscosity v. and v. , respectively. 
11U J1V 

The enhancement of the mass transfer by gas evolution has been investigated by 

Janssen for the present electralysis cell by using the Fe(CN)~-/Fe(CN):- redox couple 

in 1 M NaOH~2 From hls data, the enhancement of the mass transfer by oxygen 

evolution is calculated fora smooth plate at a salution flow rate of 0.075 m/s by 

k F (CN) = 3.9·10-5 j0 ·
75 

m/s (II.l4) m,g, e 6 ox 

where j is in kAjm2
. 

The effect of the oxygen evolution on the meidation of chloride ions can he calculated 

according to Equation 11.13. It follows from calculations of Vogt 3 3 and J anssen 32 tha t 

the overall mass transfer can be written as: 

(11.15) 

In the following discussion the rnass-transfer coefficient, k , will be calculated with 
m 

39 



Equations (11.13)-{IL15). 

4.3. Formation of hypochlorite 

The kinetic parameters for the oxidation of chloride ions can be determined from the 

formation rates of hypochlorite at the beginning of electrolysis where the chlorine 

concentratien in the bulk is zero. Chloride ions are oxidized with areaction order of one 

at a platinum electrode in the applied potential range between 1.8 and 2.2 V. 34135 

Furthermore it is assumed that both the transfer of chloride ions and the oxidation 

reaction determine the reaction rate. Ta.king into account the contribution of migration 

in the rate of mass transfer, the following equations are obtained: 

I = 2 FA k 
1
(c

1 
-c1 ) 

m e m, ,s ,u (II.16) 

I =FA k c e e e,l l,u (II.17) 

where k is the rate constant of electrochernica.l reaction and the subscripts s and u e 

indicate the concentration of chloride ions in the bulk of solution and at the electrode 

surface, respectively. 

The observed current for the formation of hypochlorite is given by: 

I= n FA k
1
c

1 e e ,s (11.18) 

where k
1 

is the apparent rate coefficient. 

It can he deduced from Eqns. (II.16)-{II.18) that the apparent rate coefficient, k
1
, can 

he ca.lculated by 

1 1 1 
-=-+- {II.19) 
kl ke,l 2km,l 

The rate constant for the mass-tra.nsfer coefficient can he calculated from the 

Equations (II.13)-{II.l5). In_ Figs. II.22 and II.23 the rnass-transfer coefficients, km,l' 

and the kinetic rate constant, k 1, are given as a function of the current density and of 
e, 

the initial sodium chloride concentratien for a platinum anode. Both constants increase 

with increasing current density and with decreasing sodium chloride concentration. For 

low chloride concentrations at high current densities ( <0.5 kmolfm3 at 3.82 kA/m2
) the 
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rnass-transfer limited current is reached. In all other conditions the OJcidation of 

chloride is determined by mass transfer and the OJcidation reaction. 

4.4 Electrochemical formation of chlorate 

The rate of formation of chlorate ions depends on the concentrations of chloride and 

hypochlorite ions (Figs. II.9 and 11.10). The dependenee of the chlorate formation on the 

hypochlorite concentration will first be discussed. Since the Foerster reaction (Reaction 

II.5) involves six hypochlorite ions to form two chlorate ions, and it is assumed that 

only the diHusion of hypochlorite from the bulk of solution determines the reaction rate, 

the rate of chlorate formation is given by the equations: 

d(c
4

) 
---=2k

3
c3 A 

d~~;) ,s e 

_ _.;;.._ = k c A 
m,3 3,s e d(t) 

d(c
4
) 

3 _ ___;;__=-
d( t) 

(II.20) 

(11.21) 

(II.22) 

It can be deduced from these equations that 6 k3=km,3. To verify the above 

assumptions, the apparent rate constant, k
3

, for the chlorate formation and the 

rnass-transfer coefficient of hypochlorite were calculated as follows. The apparent rate 

constauts for the formation of chlorate from the concentration of hypochlorite in the 

bulk salution were calculated from the data depicted in Fig. II.lO. The rnass-transfer 

coefficient for hypochloride at various rates of oxygen evolution can be computed from 

the Equations (II.13)-(II.15) using the data from the experiments illustrated in 

Fig. II.ll. The results of these calculations are plotted in Fig. II.24. From this figure it 

follows that the rate of the chlorate formation from hypochlorite in the bulk salution 

only depends on the diffusion of hypochlorite to the anode. 

Since the rate of chlorate formation at the beginning of the electralysis is not zero, a 

part of the chlorate ions is not formed from hypochlorite transferred from the bulk 

solution. This rate of formation strongly depends on the concentration of chloride ions 
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Fig. ll.24. The apparent rate constant of chlorate produced by electrochemical meidation of 
hypochlorite transferred from the bulk of solution, k3, is plotted vs. the initia! sodium chloride 
concentration for the experimental conditions given under Fig. 11.11. These data are compared to the 
rate constants which have been calculated from the diffusion-limited reaction, km,3· +: k3 and 
o: km,3· 
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and decreases at a decreasing rate with the NaCl concentration (Fig. 11.24). There are 

three possible reaction paths to explain this initial formation of chlorate. Since the 

hydrolysis ra te of the formed chlorine is very fast ~ 6 a high hypochlorite concent ration 

might be considered in the diffusion layer - even at in the beginning of electrolysis. So, 

in a first reaction path, chlorate may be formed chemically within the diffusion layer. 

Secondly, Ibl and Landolt 19 proposed another reaction path in which a high hypochlorite 

concentration within the diffusion layer is also considered, and in which hypochlorite is 

oxidized at the anode. The third reaction path involves a direct oxidation of chloride 

ions to chlorate at the anode. 

To distinguish these reaction paths, the thickness of the theoretica! reaction layer is 

calculated and compared to that of the diffusion layer. According to the literature, the 

rate constant for the hydrolysis of chlorine, kh, in water is 20.9 s -l at a temperature of 

298 K and a pH between 3 and 10~ 6 Using this reaction rate constant and the relation 

óh =(D /kh)0·5 described by Vetter~ 7 a reaction-layer thickness of óh =0.0075 mm is 
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ca.lculated for the hydrolysis. 

The thickness of the dilfusion layer is ca.lculated with ó =D /k f where D=l.97 ·10-9 
m m, 

m2fs. The ca.lculated va.lue of 6m=0.066 mm is much greater than 6h. Consequently, 

chlorine can be hydrolyzed within the dilfusion la.yer. 

Assuming that the concentra.tion of hypochlorite within this layer is 20 molfm3
, the 

maximum reaction rate of the chemica.l chlorate formation within the dilfusion layer is 

ca.lcula.ted for a tempera.ture of 298 K. The ca.lculated va.lue of x
3

,
0
=9.2·10-12 molfs is 

a.bout a factor of 104 smaller than the experimenta.l formation rates of chlorate. 

Consequently, the chemica.l chlorate formation within the dilfusion layer can be 

neglected. 

Next, the reaction path considered by Ibl and Landolt will be compared to that of 

direct oxida.tion of chloride ions at the anode. According to lbl and Landolt}9 the initia.l 

formation rate of chlorate should increase with increasing sodium chloride concentration. 

However, the initia.l rate of chlorate formation decreasas with increasing NaCl 

concentration (Fig. 11.14). This result has a.lso been found by Ibl and Landolt78 Jaksic 

explains this by introducing the activity instead of the concentration of the chloride ions 

into the ca.lculations of Ibl and Landolt~9-42 However, he had to use an unrea.listic 

activity coefficient of 0.1 for chlorideionsin a NaCI salution of 4 kmolfm3
. Moreover, a 

considerable effect of the temperature on the formation of chlorate is expected since the 

hydralysis rate of chlorine increases exponentially with the temperature. In fact, only a 

slight effect of the temperature on the initia.l rate of chlorate formation is illustrated in 

Fig. 11.20. From the aforesaid it follows that the reaction path considered by Ibl and 

Landalt is unlikely. 

The mentioned effect of the concentration of chloride ions can be very well explained 

by a direct electrochemica.l oxidation of chloride ions to chlorate. Assuming that 

adsorbed chlorine atoms react with adsorbed oxygen atoms, the reaction rate depends on 

the concentration of adsorbed oxygen at the anode surface. Since it bas been found in 

the literature that the oxygen evolution is inhibited by the specific adsorption of 
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chloride ions~ 3 • 44 the concentration of oxygen atoms at the anode surface decreases with 

increasing chloride concentration at the anode surface. Consequently, the direct 

oxidation of chloride ions to chlorate will also be inhibited because of the decrease of 

adsorbed oxygen atoms. From the above discussion it follows that chlorate is formed via 

two routes, namely the oxidation of hypochlorite transferred from the bulk solution and 

the direct oxidation of chloride ions. 

The initial rate of formation of chlorate at a ruthenium oxide electrode is much lower 

than that at the platinum electrode. Since the limiting current for hypochlorite 

oxidation is reached at the platinum anode, the oxidation of hypochlorite at Ru0
2 

electrades has to be inhibited kinetically. This kinetic limitation has also been observed 

anodes withother types of coatings! 

4.5. Formation of oxygen 

Since hypochlorite and chlorate are the only products from the oxidation of chloride, 

the current efficiency for oxygen evolution can be calculated by cp
0
x =1-cp

3
-cp

4
. In 
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Fig. ll.25. The initia! current efficiency for the oxygen evolution, 'Pox,Q, is plotted vs. the current 
density fora platinum anode at vo=0.075 m/s, T=298 K, q,o=0.5 kmol/m3, and pH=lO. 
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Fig. 8.26. The current efficiency for the initia! oxygen evolution, 1()0 x,o, is plottedas a function of the 
initia! NaCl concentration, q,o, for a platinum anode at j = 3.82 kAjm2, vo=0.075 m/s, T=298 K 
and pH=lO. 
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Figs. 11.25 a.nd 11.26 the current efficiencies of the oxygen formation in the beginning of 

electrolyses, I{) 
0
,are plotted vs. the current density and vs. the initial sodium chloride 

ox, 

concentration for the experimental data given in Figs. 11.11 and 11.14, respectively. The 

current density shows only a slight influence on I{) 
0

. Since the oxidation of chloride ox, 

ions is limited kinetically at current densities lower than 3.82 kA/m2 (Fig. II.22), the 

concentration of chloride ions at the platinum surface is grea.ter than zero, and the above 

mentioned inhibiting effect of chloride ions on the oxygen evolution has to be taken into 

account. Because of this effect the initial current efficiency of oxygen evolution increases 

only slightly with increasing current density. 

The rate of oxygen evolution decreases at a decreasing rate with increasing 

concentration of chloride ions (Fig. 11.26). Since the oxidation of chloride is limited 

kinetically at NaCl concentrations greater than 0.5 kmolfm3 (Fig. II.23), the 

concentration of chloride ions at the anode is greater tha.n zero for c
3 

>0.5 kmolfm3
. 

,s 

Consequently, the oxygen evolution is dependent on the adsorption of chloride ions at 
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the anode for this experiments. If c3 <0.5 kmoljm3, the limiting current for the 
,s 

meidation of chloride ions is reached, and oxygen is formed in increasing rate with 

decreasing c
3 

. 
,s 

4.6. Simulation of an electrolysis 

The reactions occurring by the oxidation of chloride ions in slightly alkaline solution, 

can be described by the following continuity equations: 

2 Cl- 01
2 

+ 2 

k 
01

2 
+ H

2 
0 ~ 010- + CC + 2 H+ 

k 
6 ClO- + 3 H

2
0 #:: 2 Cl03" + 4 CC+ 6 H+ + 3/2 0

2 
+ 6 e-

(II.23) 

(11.24) 

(11.25) 

(IL26) 

where the last equation is attributed to the initia! formation of chlorate ( see chapter V). 

Since kh>>k
1

, Equations (11.23) and (II.24) can be combined to 

k 
Cl-+ H

2
0 ~ 010- + 2 H+ + 2 e- (II.27) 

The apparent rate constant of the formation of hypochlorite strongly depends on the 

concentration of chloride ions. The dependenee of the apparent rate constant of the 

hypochlorite formation on the concentration of chloride ions is calculated from the data 

depicted in Fig. Il.l4. The following equation has been obtained for platinum anode at a 

current density of 3.84 kA/m2
, temperature of 298 K, a salution flow rate of 0.075 mjs. 

(11.28) 
0.08 + 0.48 c

1 

Using this equation and neglecting the chlorate formation in the bulk of solution, the 

concentrations of chloride, hypochlorite and chlorate during an long-time electralysis 

can he calcula.ted from the initia! rate constauts by the following equations: 
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d(c1) A A A * 
---=---ek c + 4-e k c ___ ekl cl 

d( t) V 1 1 V 3 3 V 
d(c

3
) A A 

--=-ek C -6--ek C 
d(t) V 1 1 V 3 3 

(II.29) 

(11.30) 

c4 = c1,0 - c1 - c3, (11.31) 

* where V is the volume of the solution and k
1 

is the rate of chlorate formation by direct 

oxidation of chloride. 

The long-term behavionr of an the electralysis can be predicteded by these equations. 

A solution is obtained numerically by the Runge-Kutta method for differentia.l 

equations. The simulation was carried out for an electrolysis of 0.5 kmolfm3 sodium 

chloride with a platinum anode at a pH of 10, a solution flow rate of 7.5·10-2 m/s, a 

volume of 2·10-3 m3 and a temperature of 298 K. The result is compared to an 

experiment which has been carried under the same conditions for eight hours. Both 

results are depicted in Fig. 11.27 and confirm that the long-term behaviour of the 

electrolysis cell can be predicted from short-time experiments. 
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Fig. ll.27. The concentrations of hypochlorite and chlorate are plotted for a real and a simulated 
electrolysis experiment at a platinum anode, pH 10, vo=0.075 m/s, T=298 K, j=3.82 kA/m2 and 
ct,o=0.5 kmol/m3. o, + and .à.: experimental data of the concentrations of chloride, hypochlorite 
and chlorate, respectively. Concentrations in the simulated experiment: 
--: q, ---:es and -·-·-: q. 
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5. CONCLUSIONS 

The evaluation of the hypochlorite and chlorate generation at a platinum anode has 

shown that the oxidation of hypochlorite has to bedescribed by the equation of Foerster 

- at least for the balance of the chlorine compounds. Chlorate formation in the bulk of 

electrolyte can be neglected in electrolyses of sodium chloride at temperatures lower 

than 298 K and a pH higher than 8. 

The diffusion-limited current in the formation of hypochlorite is not reached under 

the electralysis conditions used (low flow veloeities and current densities up to 4 

kA/m2
). The concentration of chloride ions strongly affects the generation of 

hypochlorite and chlorate. The rate constauts of the formation of hypochlorite and 

chlorate decrease with increasing concent ration of chloride ions. 

Chlorate is formed via two reaction paths, namely by the oxidation of hypochlorite 

transferred from the bulk salution to the anode and by direct oxidation of chloride ions 

at the anode. The direct oxidation of chloride ions to chlorate is affected by the type of 

electrode material. This reaction is much slower at a ruthenium oxide than at a 

platinum anode. 

It has been shown that the apparent rate constants at the beginning of the 

experimentscan be used to simulate an electrolysis. Consequently, the concentrations of 

chloride, hypochlorite and chlorate in long-term electralysis can be calculated from 

short-term experiments. 
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ill. GENERATION OF HYPOCHLORITE, CHLORATE 

AND OXYGEN AT A R"!J.Oll'i0
2 

ANODE 

l.INTRODUCTION 

Due to its stability, its low overpotential and its importance for the chlor.....aJkali 

process, research on the properties of the DSA (DSA is a trade name for 'dimensionally 

stabie anode') and oomparabie anodes has grown inthelast decade!>2 The DSA has been 

characterised for oxygen and for chlorine evolution~-1° Furthermore, the geometry of 

these electrades has been examined to decrease the cell voltage~ 1 However, the 

competitive generation of oxygen, chlorine, hypochlorite and chlorate has not been 

examined. The formation rates of these products depend on electrolysis conditions. An 

evaluation of the influence of the current density and of the nature of different anions on 

the formation rates in a hypochlorite or chlorate cell will be presented in this chapter. 

1.1. Properties of the DSA 

The DSA electrodes are based on a substrate coated basically with a RuOafTi0
2 

layer. These coatings are polycrystalline and their structure is very complex. Besides 

crystals of Ru02 and Ti02, solid solutions of Ti(l-i!.)Run 0 2 are observed in this 

catalytically active layer where n generally lies below 1 although it can vary from 0 to 

2~3 Crystallographically, this mixed oxide forms a rutile structure which is illustrated in 

Fig. III.1~3 

Although titanium oxide is an insuiator with a conductivity of 10-11 o-1m -l at 

room temperature14 the coating has a conductivity which can extend from that of metals 

to those of n-type semiconductors~5 -18 The conductivity of titanium dioxide can be 

increased by doping the oxide with an element having more additional valenee electrons. 
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Fig. m.l. Unit cell of a rutile structure. 0: oxygen and e: titanium. 

The reauiting oxide may however have a much lower stability than pure Ti0
2

. 

The stability of the DSA is another important property of this type of anode for the 

use in sodium chloride electrolysis. The rules for compound stability generally given in 

chemistry are not applicable since the conditions in these electrolyses are very corrosive 

and since the polari.zation of the anode may cause a change in the properties of the 

electrode (i.e. the formation of an insulating layer or the dissalution of a met al oxide). 

The stability depends not only on the composition of the solid solution, but also on the 

morphology of the layer and on the nature of the substrate. Long-term studies with 

titanium supported Ru0
2 

anodes have shown that the degradation is caused by the 

electrochemical dissalution of ruthenium oxide and by the loss of weakly adherent 

crystals by evolving gas bubbles!9 An increa.se in the dissalution rate of about a factor of 

10 is observed when the current is interrupted and switched back on?0 
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2. EXPERIMENTAL 

Basically, the experimental set-up has been described in chapter 11. An industrial 

DSA serves as anode. The surface area exposed to the electrolyte was 1.088·10-3 m2, 

and the distance of the anode to the membrane was 0.008 m. The chemieals used in the 

experiments were analar grade. Hypochlorite solutions were prepared by passing chlorine 

gas through a solution of 1 kmolfm3 NaOH. These solutions were diluted and adjusted 

to the pH used in the electrolysis experiment. Solutions containing 0.1 kmolfm3 NaCl, 

0.1 kmolfm3 NaClO and about 0.2 molfm3 NaC10
3 

were prepared by this procedure. 

In addition to the experiments in the previous chapter, helium gas (99.99 %) was 

passed over the solution in the reservoir and thereafter through a solution of sodium 

hydroxide. The oxygen amount in the gas was measured with a Hersch cell?h22 This 

galvanic cell is equipped with a lead anode and a silver cathode, both separated by a 

diaphragm which is wetted with a solution of 6 kmoljm3 KOH. The reactions in the cell 

are given by 

at lead anode 

at silver cathode 

Pb+ 2 OH-;::::: Pb(OH)2 + 2 e-

02 + 2 H20 + 4 e-== 4 OH-

(III.l) 

(III.2) 

The current of this galvanic cell is proportional to the concentration of oxygen in the 

gas passed through the cell and was registered by a recorder. The Hersch cell was 

calibrated before a series of experiments with a gas mixture of air and helium. Moreover, 

the calibration response was controlled at a fixed ratio of the air/helium flow before each 

experiment. Since the response of the Hersch cell depends on the flow rate of the gas, the 

helium flow for the calibration and the oxygen measurements was always adjusted to 

7.1·10--Q m3 fs. The response time of the Hersch cell and the NaCl electrolyzer was 

examined by injection of 50 cm3 air into the electrolysis cell. A response time of two 

minutes was found. 

In a first series of experiments which were carried out as described in the previous 

chapter, the dependenee of the current efficiencies on the sodium chloride concentration 
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and the current density was investigated. Before the beginning of an experiment the 

solution was adjusted to a temperature of 298 K and a pH of 8. The solution flow rate 

was 0.075 mfs. 

The second series of experiments were carried out with a solution of 0.1 kmoljm3 

sodium chloride at a current density of 2.76 kA/m2
, a solution flow rate of 0.075 m/s, a 

pH of 10 and a temperature of 298 K. The effect of anions in the solution, viz. chloride, 

hypochlorite, chlorate, perchlorate and sulfate ions, on the oxygen formation was 

examined by adding one or two of these components to the solution. A quantity of the 

appropriate salt was were added before the beginning or after a fixed period of 

electrolysis. The exact conditions are described under results. The salution was analyzed 

as described in chapter II. 

3. RESULTS 

The results of the analysis of hypochlorite and chlorate for an electralysis experiment 

were treated as described in the previous chapter. The rates of formation and the 

current efficiencies for hypochlorite and chlorate at the beginning of electralysis were 

obtained from these calculations. 

The change in the oxygen formation rate with time is illustrated in Fig. III.2 for an 

experiment at a current density of 2.76 kA/m2
, a pH of 8 and a NaCl concentration of 

0.1 kmoljm3
. The amount of oxygen in the gas was calculated with the aid of the 

calibration curve. Corrections for the oxygen amount, measured in the helium gas flow 

when no electrolysis was carried out, were made. The current efficiency for the oxygen 

evolution is calculated by 

4Fx 
r.p =~ 

ox . A 
J e 

(II1.3) 
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Fig. m.2. Response of the Herach cell for an electroly&ia experiment at a current density of 2. 76 
kA/m2, a sodium chloride contentration of 0.1 kmol/m.3, a pH of 10, a solution flow rate of 0.075 
m/s and a temperature of 298 K. --: electrolysis experiment and -· - -: oxygen amount in the 
helium gas flow without eiectrolysis. 
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The rate of oxygen formation at the beginning of electrolysis was calculated by an linear 

extra.polation of the x ft curve to t = 2 min. ox e e 

3.1. Effect of current density 

The effect of the current density on the current efficiencies at t =0 is illustrated in 
e 

Fig. III.3 for experiments with a sodium chloride concentration of 0.1 kmoljm3
. The 

average of the sums of the current efficiencies is calculated to 99.4 %. From Fig. 1113 it 

follows that the initial current efficiency for hypochlorite is higher at the DSA than the 

one atthe platinum anode (Fig. 11.11) for current densities lower than 2.76 kA/m2
. On 

the other hand, the chlorate formation at the DSA is rather slow .below this current 

density. 

Oxygen is already formed at relatively low current densities. The initial rate of 

formation of oxygen at 5.51 kAjm2 is about 2.5 times higher than that of chlorate. This 

ratio increases with decreasing current density. Since the oxygen/chlorateratio is 1.5 in 

the Foerster reaction23 (Eqn. (1.8)), oxygen is additionly formed by Reaction (1.9). 
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Fig. ID.3. Effect of current density on the initia! current efficiendes of hypochlorite, chlorate and 
oxygen at a temperature of 298 K, a pH of 8, a solution flow ra.te of 0.075 m/s and a.n inititia.l 
sodium chloride contentration of 0.1 kmol/m3. +: !f'3,0i 11: if'4,0i 0: if'ox,oi 0: sum of current 
efficiencies. 
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3.2. Effect of initial NaCI concentration 

Fig. III.4 shows that the initial concentration of chloride ions clearly affects the 

generation of hypochlorite and chlorate ions in experiments carried out at a current 

density of 2. 76 kA/m2
• A current efficiency of nearly 100 %is yielded for the formation 

of hypochlorite at high NaCl concentrations while the efficiency decreases toabout 60 % 

at concentra.tions of 50 mol/m3 NaCl. On the other hand, chlorate is hardly formed in 

the beginning of electrolysis at high sodium chloride concentrations. The current 

efficiency of chlorate increases with decreasing NaCl concentration. 

The formation rate of oxygen was not determined in these experiments. Since it has 

been shown that the sum of the current efficiencies of hypochlorite, chlorate and oxygen 

is about 100 %, the current efficiency of oxygen can be calculated in these experiments 

by ip = l-1p
3
-1p

4
. The current efficiency, ip , decreases with increasing c

1 0
. The ratio 

ox ox. , 

of the rate of oxygen to chlorate formation is higher than expected from the Foerster 

equation and increases with increasing c
1 0

. 
l 
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Fig. m.4. Effect of the initia! sodium chloride concentration, ct.o, on the initial current efficiencies of 
hypochlorite, chlorate. and oxygen at a temperature of 298 K, a pH of 8, a solution flow rate of 0.075 
m/s and a current density of2.76 k.A/m2. +: r,os,oi Ll: \04.0i o: \Oox,O· 
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3.3. Efl'ect of addiüon of Cl-, CIO- and c10; 
The dependenee of the formation rates of hypochlorite, chlorate and oxygen evolution 

on the concentration of chloride ions, hypochlorite and chlorate ions was investigated by 

experiments in which one or two of these components are added to the solution after a 

10 minutes of electralysis of 0.1 kmol/m3 NaCl at a current density of 2. 76 kA/m2
• 

Since the initial concentration of chloride ions is rather low and the change in this 

concentration affects the reactions at the anode, the concentration of chloride ions was 

held constant in the experiments. So, a quantity equal to the consumed sodium chloride 

tagether with sodium hydroxide was titrated to the salution ( the ratio of hydragen ions 

produced to chloride ions co~umed is about 2:1). 

The influence of the anions on the electralysis is illustrated in Figs. III.5-DI. 7 for 

experiments in which 5·10-4 kmol/m3 salution was added to the electralysis solution. 

The added solutions contained 0.1 kmoljm3 NaCl (Fig. DI.5), 0.1 km~ljm3 NaCl + 

0.1 kmolfm3 NaClO (Fig. DI.6) and 0.1 kmol/m3 NaCl + 0.1 kmol/m3 NaCl03 
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Fig. ID.5. Effect of a a.ddition of 5·10·4 m3 of 0.1 kmoi/ma Na.Cl on Xa (+), Xox (o), and the 
anode potential ( 0) after 70 minutes of electrolysis. The electrolysis is carried out at a temperature of 
298 K, a pH of 10, a solution flow rate of 0.075 m/.s and with a sodium chloride concentration of 0.1 
kmol/m3. 

Fig. ID.6. Effect of a a.ddition of 5·10·4 m3 of 0.1 kmol/m3 Na.Cl + 0.1 kmol/m3 NaCIO on X a ( + ), 
Xox ( 0 ), a.nd the anode potentia.l (o) after 70 minutesof electrolysis. The electrolysis is carried out at 
a temperature of 298 K, a pH of 10, a solution flow rate of 0.075 m/s a.nd with a sodium chloride 
concentration of 0.1 kmol/m3. 
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Fig. m.7. Effect of a addition of 5·10·4 m3 of 0.1 kmol/mS NaCl + 0.1 kmol/m3 NaCI03 on X3 
( +) Xox (o), and the anode potential (o) after 70 minutesof electrolysis. The electrolysis is carried 
out :U, a temperature of 298 K, a pH of 10, a solution flow rate of 0.075 m/s and with a sodium 
chloride concentration of 0.1 kmol/m3. 
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(Fig. III.7). The addition of a salution containing NaCl or NaCl/NaClO gives only a 

slight effect on x.., x and E (Figs. III.5 and IIL6). The formation rate of chlorate was 
" ox 

not affected by the addition of a NaCl solution. If the salution containing chloride and 

hypochlorite was added, the formation rate of chlorate slightly increased at about 

0.2 ·10-6 molfs. 

The addition of chlorate clearly affects the formation rates of oxygen and 

hypochlorite as well as the anode potential (Fig. III. 7). Since the chlorate concentration 

was relatively high after the addition of this solution, reliable results for the formation 

rates of chlorate were not obtained from the analysis of the salution after this addition. 

3.4. Effect of the <X>ncentration of chlorate ions 

The observed effect of chlorate on the oxygen evolution bas been examined for 

electralysis with a different initia! chlorate concentration. Solutions containing 0.5, 2.5, 

5, 25, 100, 500 and 1000 molfm3 NaCI0
3 

and 100 molfm3 NaCl were electrolysedunder 

60 



constant conditions of electrolysis. In Fig. III.8 the dependenee of rp
3

,
0

, rp4,0 and rpox,O on 

c
4 0 

is illustrated. The initia! current efficiency of chlorate formation was calculated by 
' 

rp4,o=l-rp3,0 -rpox,o· 

The initia! rate of oxygen evolution increases strongly at low chlorate concentrations 

and remains nearly constant at concentrations greater than 0.2 kmol/m3
. An inverse 

relationship between the initia! rate of hypochlorite formation and chlorate 

concentration is observed. The current efficiency of oxygen and of hypochlorite at high 

chlorate concentrations is about 60 % and 32 %, respectively. The initial current 

efficiency of chlorate yields about 10 % and seems to be independent from the chlorate 

concentration. 

In Fig. IIL9 the anode potential is plotted vs. the chlorate concentration. The 

potential decreases at a decreasing rate with increasing chlorate concentration. The 

potential remains nearly constant above a chlorate concentration of 100 moljm3
. 
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Fig. m.S. The current effidencies of hypochlorite ( + ), chlorate ( t1) and oxygen ( 0) formation is 
plotted vs. the initia.! chlora.te concentratien for electrolyses with q,o=O.l kmol/m3 and at T=298 K, 
at pH=8, at vo=0.075 m/s and at a current density of 2. 76 kA/m2. 
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Fig. m.D. The anode potential is plotted vs. the initia! chlora.te concentra.tion for the electrolysis 
conditions deàcribed·in Fig. III.8. 
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3.5. Ef'fed of other anions on the electrolysis 

Tbe effect of tbe sa.me concentra.tions of chlora.te, perchlora.te and snipbate ions on 

the oxygen evolution is illustrated in Fig. III.lO. From the beginning of electrolysis, the 

current efficiency of the oxygen evolution is very high in these experiments (above 40 %) 

and increases slightly with increasing time of electrolysis. The effect of tbe addition is 

most clearly pronounced for snipbate ions while chlorate and perchlorate ions show 

nea.rly the same effect. The initial current efficiency for hypochlorite is 50.5 % and 53.2 

%in experiments carried out with NaCl solutions containing 25 molfm3 Na.CI03 or 25 

molfm3 NaCIO 
4

, respectively. cp
3
,
0 

reaches only 31.1 % for electralysis of solutions 

containing 0.1 kmolfm3 Na.Cl and 25 molfm3 Na2S04. The current efficiency of the 

chlorate formation is about 6 % in this experiment. 
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Fig. ill.lO. Effect of an initia! concentra.tion of 25 mol/m3 of NaCl03 ( + ), NaCI04 (L\) and 
Na2S04 ( 0) on the rate of oxygen evolution. The other electrolysis conditions have been given in 
Fig. III.6. 
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4.1. Formation of hypochlorite 

The rate of formation of hypochlorite at the DSA depends on the rnass-transfer of 

chloride ions and on the electrochernical reaction at the anode. The rnass-transfer to the 

anode was deterrnined as described in chapter II. The rnass-transfer coefficient of 

chloride ions in the absence of gas evolution, k f 
1
, has been calculated from that of 

m,, 

hypochlorite. The latter has been determined from the limiting current of the rednetion 

of hypochlorite at the DSA. A coefficient of k f 
3
= 2.995 ·10-5 m/s, which is al most the m,, 

same as the rnass-transfer coefficient of hypochlorite at the platinum anode under 

practically similar conditions. 

In the following, the formation of hypochlorite by electralysis of a pure Na Cl salution 

will be discussed. Sirree the oxidation of chloride ions has a reaction order of one at the 

DSA with respect to the concentratien of chloride ions 5' 7" 0 and si nee the transfer of 
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chloride ions is determined by ditfusion and migration, the following equation, deduced 

in · chapter II, can be used to ca.lculate the electrochemical rate constant for the 

meidation of hypochlorite: 

1 1 1 
rl = Tl - 2'.1t':"l · e, m, 

(111.4) 

The apparent rate constant, k
1
, can be calculated from the experiments illustrated in 

Fig. IIL3 and Fig. III.4. The rate constants for the rnass-transfer and the 

electrochemical reactions are depicted as a function of the current density (Fig. lil. U.) 

and on the concentration of chloride ions (Fig. III.12). Since the concentration of 

chloride ions is low, k 
1 

is always smaller than k 
1 

in the experiments in which the 
m, e, 

current density is varied. If the concentration is varled and the current density held at 

2.76 kA/m2, the rate constant for the rnass-transfer is lower than that for the 

electrochemical reaction. The difference between both constants increases with 

decreasing chloride concentration. Consequently, the reaction is determined by maas 

transfer under the experimental conditions used. 

t 20~---------------------..--. 

...... ., 
15 ........ 

E ...... 
• 0 
)( 

10 -• ~ -Ê 5 .x 

OL_--~==~~==~==~~ 
0 3 4 -

Fig. m.n. The mass-transfer constant ( +) and the constant for the electrochemical reaction ( !:J.) of 
the production of bypochlorite a.re plotted vs. the current density. The electrolysiS conditions are 
given in Fig. III.3. 
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Fig. m.12. The rnass-transfer constant ( +) and the constant for the electrochemical reaction (!::..) of 
the production of hypochlorite are plotted vs. the initia! sodium chloride concentration, q,o. The 
electrolysis conditions are given in Fig. III.4. 
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The effect of the adclition of anions to the electralysis salution will be discussed in the 

following. The addition of chloride and hypochlorite to the salution has only a slight 

effect on the formation rate of hypochlorite, whereas the addition of chlorate clearly 

affects it. The effect of the monovalent ions of sodium chlorate to the migration current 

for chloride ions can be calculated by 24 

Im=2Fkmc1Ae[l+[ c4,0 ]0.5]-1 
c4 o+clO 

' ' 

(III. 7) 

Taking into account the effect of chlorate on the mass transfer, the enhancement of 

the mass transfer by oxygen evolution and the differences in diffusitivities and viscosities 

in the experiments, the theoretica! rate of hypochlorite formation is calculated and given 

in Fig. III.13 as a function of log c
4
,
0
. From Fig. III.l3 it follows that the experimental 

formation rates of hypochlorite are similar to the calculated rates at c
4 0

jc
1 0

<1. The 
' ' 

experimental x3,0 becomes increasingly lower than the calculated x3,0 with increasing 

ratio of c
4 0

jc
1 0

. Since the mass transfer has been taken into account in these 
' ' 

65 



Fig. ill.13. Experimental ( 0) and calculated ( Ll) values of X31 o are plotted vs. log q, 0· 
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calculations, the difference of the experimental and theoretica! values may be attributed 

to an adsorption of chlorate at the electrode. This adsorption catalyzes the oxygen 

formation and inhibits the oxidation of chloride ions. 

The effect of perchlorate on the hypochlorite formation was almost the same and that 

of Na
2
SO 

4 
much stronger than that of chlorate. Even though, this effect can be 

explained in a similar manner than that of chlorate or perchlorate. Since the sulphate is 

a divalent ion, its effect on the migration of chlorideionsis much more pronounced and 

much less chloride is oxidized. 

4.2. Formation of chlorate 

The dependenee of the formation rate of chlorate on the hypochlorite concentration is 

illustrated in Fig. 111.14 for the experimental conditions given in Fig. III.6 before the 

addition of the NaCl/NaClO solution. From Fig. III.14 it follows that x
4 

increases 

linearly with increasing hypochlorite concentration and is already formed at t =0. From 
e 
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the slope of the xic3 straight line the apparent coefficient for the chlorate formation is 

calculated to k
3
=1.69·10-5 mfs. From the mass transfer of hypochlorite to the anode 

and taking into account the Foerster reaction23, a constant of k 
3
=1.75·10-5 m/s is 

m, 

obtained. Consequently, chlorate is formed partly by meidation of hypochlorite 

determined by mass transfer from the bulk of solution. 

Since the rate of chlorate formation is not zero at t =0, chlorate is formed by a 
e 

second reaction - possibly at the electrode. Similar results have been observed at the 

platinum anode and discussed in the previous chapter. The initia! rate of this reaction is 

much lower in the experiments with a DSA electrode than in those with a platinum 

electrode although the ratio of current density to the concentratien of chloride ions 

which may be involved in this reaction, is much higher in this experiment than in the 

experiment carried out with a current density of 3.82 kA/m2 and 0.5 kmolfm3 NaCl 

with a platinum anode. Consequently, an electralysis with DSA gives lower initia! 

formation rates and yields of chlorate than those with the platinum anode. 
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Fig. ID.14. The rate of chlorate formation, X.4, is plotted vs. the hypochlorite concentration, ca, for 
electrolyses with an initia! sodium chloride concentratien of 0.1 kmol/m3 and at pH=lO, T=298 K 
and vo=0.075 rn/s. 
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4.3. Formation of oxygen 

Oxygen can be formed according to the reactions 

2 U
2
0;::: 0

2 
+ 4 u++ 4 e-

and 6 CIO- + 3 U
2
0;::: 2 Clo; + 4 CC+ 6 u+ + ~ 0

2 
+ 6 e-. 

(111.6) 

(111. 7) 

The dependenee of the ra.te of oxygen formation on the hypochlorite concentration is 

given in Fig. TII.5 for an electrolysis at a current density of 2.76 kA/m3 and an initial 

sodium chloride concentration of 0.1 kmol/m3. From the x /c1 straight linea. slope of 
OX 

6.75·10-8 m3/s is calculated. Since the meidation of hypochlorite is limited by mass 

transfer, the formation ra. te of oxygen according to the Foerster reaction can be 

calculated from k 
3 

( see previous chapter ). Taking into account the enhancement of the 
m, 

mass transfer by the gas evolution, a slope of xox/c
1
= 4.76·10-9 m3 fs is found. Since 

this is much lower than the experimental slope, oxygen is mainly evolved according to 

Eqn. (III.6), and it cannot be deduced from these experiments whether oxygen is formed 

according to Eqn. (III. 7). 

5. CONCLUSIONS 

The experiments with a dimensionally stabie electrode have shown that this type of 

anode has a higher current efficiency for the production of hypochlorite than the 

platinum anode at current densities smaller than 2.76 kA/m2
. Both anodes yield nearly 

the same efficiency at higher current densities. 

It has been found that the hypochlorite and chlorate formation is determined by the 

dirfusion of chloride ions and, hypochlorite to the electrode, respectively. Consequently, 

the evolution of oxygen depends indirectly on the mass transfer. 

The addition of chlorate ions or anions other than chloride or hypochlorite leads toa 

change in rnass-transfer of chloride ions and to a decrease in the specific adsorption of 

chloride ions at the anode. This decrease causes a much higher rate of oxygen evolution. 
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IV. OXIDATION OF HYPOCHLOIUTE AT A ROTATING 

RING-DISC ELECTRODE OF PLATINUM 

1. INTRODUCTION 

The discussion in the previous chapters showed that the electrochemica.l chlorate 

formation at a pla.tinum electrode ca.n be described by the overall rea.ction given by 

Foerster~ However, the mechanism of the electrochemica.l formation of chlorate has not 

yet been elucida.ted. 

Here, the technique of the rota.ting ring-disc electrode (RRDE) in combination with 

cyclic voltammetry offers the possibility to examine the oxidation of hypochlorite. 

Fig. IV.l illustra.tes that the disc and the ring electrode are insulated electrica.lly from 

each other. Therefore, the potentia.l of each electrode can be controlled independently. 

1.---- Insuiator 
lXI 1222ZI"IXI 

Fig. IV.l. Schematic plot of a RRDE and of the flow at the RRDE 
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From the flow pattern of the solution, as shown in Fig. IV.l, it follows that a species 

generated at the disc electrode can be detected at the ring electrode. 

The calculation of the hydrodynamic flow shows that the thickness of the diffusion 

layer at the electrades is inversely proportional to the square root of the rotation rate? lf 

an electrochemical reaction at the electrode is only determined by the mass transfer 

through this diffusion layer, a. limiting current can be observed which is calculated by 

the Levich equation: 3 

where 

Ad 

c 
8 

D 

F 

11 

n 
e 

{J 

V 

w 

(IV.l) 

the disc-electrode surface area (m2
) 

the concentration of a reducible or oxidizable species in the bulk 

salution (mol/m3
) 

the diffusion constant (m2/s) 

the Faraday constant (C/mol) 

the diffusion-liinited current (A) and 

is the number of electrans used for the rednetion of hypochlorite 

the geometrie factor 

the kinematic viscosity (m2fs) 

the rotation rate (s-1) 

The geometrie factor {J is 1 for the disc electrode and beoomes for the ring electrode: 

3 3 
r3 - r2 

r3 
. 1 

{J= (IV.2) 

However, if a electrode reaction is only determined by its kinetics, the Butler-Volmer 

equation bas to be applied~. For an irreversible reaction the foUowing equations are 

obtained: 

for an oxidation: 

Ik =n FA c dk0exp((l-a) ~ 11 ) ,a e e re a a nl. a 
(IV.3) 
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and for a reduction: 

Ik =n FA c k0exp(-a ~ 17) 
,c e e ox c c nJ. c 

(IV.4) 

where the subscripts a and c indicate the anodic and cathadie reaction, respectively, 

c d and c are the concentrations of a reducible and oxidizable species in the bulk of 
re ox 

solution, respectively, Ik is the kinetically limited current, k0 the standard 

heterogeneaus rate constant, R the molar gas constant, T the temperature, a the 

transfer coefficient and 17 the the overvoltage. 

In this case, no dependenee of I on the rotation ra te wis observed. 

If the diffusion-limited current is not reached, the kinetics of the electrode reaction 

as well as the mass transport of the component of the electrode reaction have to be 

taken into account: 

1 1 + 1 
-r~-r; 

(IV.5) 

Considering the reaction red ;:: ox + nee- with a given E0, and holding the ring 

electrode at a constant potential where the oxidized species can be detected, 

currentfpotential curves are observed which are schematically plotted in Fig. IV.2. 

I [A] 

Fig. VI.2. Voltammograrns of the disc current, ld, and the ring current, Ir, as a function of the disc 
potential, Ed, in a collection experiment. 
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When the disc current reaches the diffusion-limited current, the ring current is equal to 

Ir=N
0
Id,l' where N

0 
is the collection factor of the RRDE. This factor only depends on 

the geometry of the RRDE. 

An electrode reaction can be evaluated by the described equations. The variation of 

the RRDE experiments offers the possibility to examine the number of electrous n 
e 

involved in the reaction, the diffusion coefficient D, the kinetic constant k
0 

and the 

transfer coefficient a. 

2. EXPERTMENTAL 

The experiments were carried out in a classical three-eompartment electrolysis cell 

with a RRDE assembly 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 compartments with the RRDE and with the counter electrode, a smooth platinum 

sheet 5·10-4 m2 in area, were separated by a sintered glass disc. All potentials were 

measured versus, and referred to a saturated calomel electrode (SCE). 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, E . , by a voltage scan generator ma.:x: · mm 

(Wenking VSG 72). The potential signal was applied to a bipotentiostat (Tacussel 

BI-PAD). The ring current and/or the disc current were recorded as a function of the 

ring andfor the disc potential. The temperature in the electrolytic cell was held constant 

at 298 K. 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 were 

obtained from distillation of a 0.8 M teehuical NaClO solution to which MgSO 
4 

was 

added? The stock solutions were kept at 273 K and used to obtain solutions of about 

0.02 kmolfm3 NaCIO. A 1 kmol/m3 NaCI or 0.5 kmolfm3 Na2SO 4 solution was used as 

the supporting electrolyte. 
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Prior to each series of experiments, the RRDE was cleaned by polishing with a 

0.3 mm Al
2
0

3 
suspension, treating in an ultrasonic bathand subsequent rinsing. 

Table IV.l: Data of the RRDE 

coneetion factor No 0.24 

shielding factor so 0.60 

geometrical factor {Jo 0.48 

ring-sudace area A [m2
] 1.46·10-5 

r 

disc-sudace area A [m2
] 5.02·10-5 

r 

3. RESULTS AND DISCUSSION 

3.1. Cyclic voltammograms of hypochlorite 

In preliminary experiments reproducible voltammograms for oxidation as well as 

rednetion of hypochlorite were obtained, for a potential range from -1.0 V to about 

2.0 V. At constant potentials both the rednetion and the oxidation current decreased at 

a decreasing rate as a function of time. Consequently, the RRDE experiments were 

generally pedormed at changing ring and constant disc potentials. These experimental 

conditions were necessary in order to determine the products formed at the disc 

quantitatively. 

Fig. IV.3 shows the I /E curves during the anodic and cathodic scans for a 1 
r r 

kmolfm3 NaCI and 0.02 k:molfm3 NaCIO solution with pH=8.0 at a disc potential of 

1.0 V, where Id is practically zero. From this voltammogram, it follows that the 

direction of the potential scan clearly affects the I /E curve. The I /E curves for 
r r r r 

Ed=l.3 V, where Id=3.5 mA, are given in Fig. IV.4. Comparing these with the curves of 
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Fig. IV.3. The ring cunent, In is plotted vs. the ring potential, En for a 0.02 kmolfm3 NaCIO + 
1 kmo1fm3 NaCl salution at Ed=l.O V, pH::::8.0, T=298 K and at a rotation rate of 64 rps and a scan 
rate of v'=25 mV/s. 

J, lmAl 
20 

Fig. IV.4. The ring current, Ir, is plotted vs. the ring potential, Er, for a 0.02 kmolfm3 NaCIO + 
1 kmolfm3 NaCl salution at Ed==l.3 V and the same conditions which a.re described under Fig. VL3. 
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Fig. IV.3, it can be concluded that an extra wave with a half-wave potential 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 Ed=L3 V. 

3.2. Voltammograms of CC, c10;, CI02 and c10; 
The question arises as to which species, formed at the disc anode, are reduced at the 

ring. Fig. IV.5 represents the voltammograms for a hypochlorite--free 1 kmol/m3 NaCl 

solution with a pH of 8.0 at Ed=L9 V where Id=12 mA and at 

ld=O mA. A rednetion wave with E1/2=1.11 V clearly occurs for 

V where 

V; it is likely 

that this is the rednetion wave for molecular chlorine. The oxidation branch of the 

voltammograms in Fig. IV.5 is attributed to the oxidation of Cl- to Cl2~ During the 

anodic scan, a compound, for instanee an oxide or a Cl-0 species is formed on the 

platinum electrode surface that inhibits the chloride oxidation~ Consequently, the 

Ir [mAl 

20 

15 

10 

5 : 

,:::;. "." 2.0 -:;:~~~•' 1.0 E, [VI -· 
·5 

ï 

Fig. IV.S. The ring current, Ir, is plotted vs. the ring potential, Er. for a 1 kmolfm3 NaCl solution at 
a pH of 8.0, T=298 K, (W/21r} = 64 rps and at v'::::25 mV/s; solid line: Ed=l.3 V; 
dotted line: Ed=L9 V. 
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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 kmol/m3 Na
2
S0

4 
salution at pH=8.0 the 

rednetion 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 ld=14 mA. Thus, the oxygen-reduction wave does not 

interfere with the extra wave. 

Voltammograms measured with a 0.5 kmol/m3 Na
2
SO 

4 
+ 0.02 kmol/m3 NaCI0

2 

solution at two disc potentials are shown in Fig. IV.6. Chlorite is oxidized at lower 

potentials than hypochlorite and is not reduced at E >0.2 V. 7 Rednetion of chlorine 
r 

dioxide is observed on the ring indicating formation of CI0
2 

by oxidation of chlorite ions 

on the disc at Ed=1.3 V (Fig. IV.6). The wave for the oxidation of Clo; to CI02 has a 

half-wave potential of about 0. 72 V vs. SCE. This value agrees with that found in the 

literature~ The shape and the slope of the I /E curve for the Cl0
2 

rednetion differs 
r r 

Fig. IV.G. The ring çurrent, Ir, is plotted vs. the ring potential for a 0.02 kmolfm3 Na.CIO + 
0.5 kmolfm3 Na2S04 solution at a pH of 8.0, T=298 K, (W/211')=64 rps and at v'=250 mV/s; solid 
line: Ed=0.5 V; dotted line: Ed=1.3 V. 
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strongly with those for the rednetion wave with E 1/2 =0.66 V (Fig. IV.4). Consequently, 

the extra wave with E 1/2=0.66 V shown in Fig. IV.4 is not caused by rednetion of Cl0
2

. 

1t has also been found that chlorate is not reduced at Ed>-1.0 V. From this result 

and from Figs. IV.4-IV.6 it follows that the extra wave in Fig. IV.4 cannot be 

attributed to Cl-, c10;, Cl0
2 

or c10;. It must be concluded that the extra wave is 

caused by the rednetion of another oxidation product of hypochlorite, whereby the 

chloroxyl radical is the most likely species. 

3.3. Rednetion of hypochlorite 

The current-potential curve for the reduction of hypochlorite is very complex. From 

Fig. IV.3 it follows, that the maximum rate of the hypochlorite rednetion occurs in the 

potential range from -1.0 V to --o.s V. The limiting current for the rednetion of 

hypochlorite in this potential range is indicated by I 
11 

for the ring and Id 
11 

for the 
r, ' ' ' 

i 
20 

15 

,......., 
<( 

E ......... 
10 -..: -
5 

-
Fig. IV.7. The ring current of a hypochlorite reduction wave, Ir,t.l. is plotted vs. (W/2n/h for a 
0.02 kmoljm3 NaClO + 0.5 kmoljm3 Na2S04 solution at pH=8.0, T=298 K, v'=25 mV/s and at 
Ed=0.8 V. 
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Fig. IV.8. Influence of the sweep ra.te on the hysteresis of ring current/ring potential curves for a. 
pla.tinum electrode in a. 0.02 kmol/m3 Na.CIO + 1 kmol/m3 Na.Cl solution at pH=6.5, T=298 K a.nd 
Ed=0.8 V; solid line: v'=25 mV/s, dotted line: v'=250 mV/s. 

disc electrode. In Fig. IV.7, I 11 is given as a function of the square root of the rotation 
r, ' 

rate for a O.S kmol/m3 Na
2
SO 

4 
+ 0.02 kmolfm3 NaCIO solution with a pH=8.0 and at a 

scan rate of 25 mV/s. This figure shows, that I 
11 

is a diffusion-limited current for the 
r, ' 

rednetion of hypochlorite. Furthermore it can be concluded that the slope of the 

I 11/(w/27r)
1/2 does notdepend on the pH for the pH range from 5 to 11. 

r, ' 

The current at E =-û.9 V during the anodic scan is equal to or lower than I 
11

. The r r, , 

occurrence of hysteresis depends on the pH, the scan rate and the minimum reversal 

potential. The effect of the scan rate Is illustrated in Fig. IV.8. Strong hysteresis is 

obtained in the voltammogram at pH=6.5 and a scan rate of 25 mV /s. However, 

practically no hysteresis is observed at a high scan rate, viz. 250 m V fs. To investigate 

the effect of the polarization time on the rednetion current of hypochlorite, the ring 

potentialis held constant at a value between -û.S V and -1.0 V. The disc current versus 

the disc potential for subsequent scans is given in Fig. IV.9. The Id/Ed curves changed 

80 



30 

:t 20 
e 

-" 10 

t 
- 0 

l 2.0 Ed [V] 

·5 
c( 
e 

_J:: ·10 

·15 

Fig. IV.9. The ring and disc currents a.re plotted vs. the disc potential, Ed, for a 0.02 kmol/m3 

NaClO and 1 kmol/m3 NaCl solution at pH=8.0, T=298 K, (W/211')=64 rps and v'=lOO mV /s and 
when the ring potential is kept at -0.9 V. 

only slightly by this procedure. Therefore, only one liEd curve is shown. According to 

Fig. IV.9, I decreases with time until a quasi-steady state is reached, where I increases 
r r 

with increasing Id. 

The diffusion constant for hypochlorite, (HCIO + C10), can be calculated with the 

Levich equation for the ring electrode giving 

D 2/s 
hyp 0.62n FA /hw 1hc 

e d hyp,s 

(IV.6) 

Introducing F=96500 C/mol electrons, v=l.23 ·10-6 m2 Js~ n =2, eh =20 moljm3, 
e yp,s 

,8=0.48 and Ad=5.02·10-5 m2 into the Levich equation, it has been calculated from the 

slope of the I 
11

j(w/2?r)
1h straight line (Fig. IV.7) that Dh =1.10·10-9 m2Js. This 

~. w 
value lies in the range of diffusivities, viz. from 1.10·10-9 m2Js to 1.20·10-9 m2Js, 

reported by others~0 • 11 The slight difference between the diffusivities of ClO- and HClO 

can be neglected. Consequently, the limiting current I 
11 

is attributed to the rednetion 
r, ' 
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of hypochlorite to chloride. This agrees with the results of others, found under different 

experimental conditions~2- 18 Since the main aim of this study is to investigate the 

o:x:idation of hypochlorite, the rednetion branch is not discussed in detail. Studies on this 

subject have reported by Schwarzer 10 and Mueller13• 

3.4. O.xidation of hypochlorite 

Fig. IV.3 shows a great hysteresis effect on the oxidation of hypochlorite. The 

hysteresis effect becomes less with increasing minimum scan potential, E . , and is 
mm 

practically suppressed for Emin>O. 7 V. A characteristic liEd curve is given in 

Fig. IV.9. The o:x:idation wave is more clearly distinguished for the anodic than for the 

cathadie scan. In the following, only the results for the anodic scan will be discussed in 

detail. 

If Id is zero, the limiting current for the o:x:idation during the anodic scan, Ir,a,l' is 

about 0.35·1 11 (Fig. IV.3). Since I 
11 

corresponds ton =2, it can be concluded that n 
rt , r, , e 

would be 0.70 for the o:x:idation of one molecule of hypochlorite with one electron. 

Similar results have been obtained for the disc electrode. Fig. IV.lO shows Id 
31 

as a 

function of ( wf2r) '/2 for a 0.02 kmolfm3 NaClO + 0.5 kmolfm3 Na2SO 4 solutio~ ~ith a 

pH of 8.0 and at a scan rate of 100 mV/s in a potential range from 0.7 V to 2.0 V, 

indicating that Id 
31 

is proportional to w
112• The diffusion-limited current for the disc 

'' 
electrode is calculated using the Levich equation, where {:J=L The number of electrous 

required for the oxidation of one molecule of hypochlorite is unknown. From the slope of 

the Id
31

/(w/21f)
1/2 curve and with Dh =1.10·10-9 m2fs, it was calculated that n 

' ' YP e 
would be 0. 71. 

Though the potential scan ranges for the experiments depicted in Figs. IV.3 and 

IV.lO are quite different, viz. -1.0 V to 2.0 V and 0.7 V to 2.0 V respectively, the 

calculated valnes for n are practically equal. Therefore it is very unlikely that poisoning 
e 

of the electrode surface during the anodic sweep causes the low value of n . According to 
e· 

the literature hypochlorite ions are oxidized at potentials lower than 1.4 V and 
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Fig. IV.lO. The disc current of a hypochlorite meidation wave, ld,3,1. is plotted vs. (wf27r) 
1
/ 2 for a 

platinum disc in a 0.02 kmol/m3 NaCIO + 0.5 kmol/m3 Na2S04 solution at pH=B.O, T=298 K, 
v'=lOO mV/s and at Ed=0.8 V. 

hypochlorous acid molecules are electrochemically inactive in this potential range!9-24 

Assuming that the pH in the diffusion layer is not affected by this reaction and that the 

dissociation constant for hypochlorous acid is 25 2.62·10-8 kmoljm3
, it follows that the 

ratio of ClO- to HClO is 72:28 at pH=8.0, and hence the number of electrans for the 

mcidation of one hypochlorite ion is n =0.99. Consequently, chloroxyl radicals are 
e 

formed by the oxidation of exclusively hypochlorite ions. 

3.5. Reduction of the species formed by oxidation of hypochlorite 

The hypochlorite reduction current and the oxidation current decrease with 

increasing time, if the potential is maintained at a fixed value. Therefore experiments 

have been carried out at a constant ring and a changing disc potential. Fig. IV.9 shows 

I 
11 

at E =-0.9 V as a function of Ed for scans at various times. Obviously, in a 
r, , r 

stationary state, Ir,l,l increases continuously with increasing Id in the potential range, 
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where only hypochlorite ions are oxidized. 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 =-().9 V. 
r 

Figs. IV.3 and IV.4 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 radicals, and the latter are 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 

rednetion of the chloroxyl radical and that for HCIO 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 hypochlorous acid is 

independent of on the oxidation current of the disc, when only CIO- ions are oxidized to 

ClO radicals. Thus the limiting current for the rednetion of HCIO at E =0.5 V is 
r 

independent of the disc current, viz. 1° 
2 1 

is constant. 
r, ' 

Table IV .2. Calculation of the limiting ring current of the extra redudion wave vs. the disc current 
fora 0.02 kmol/m3 NaClO + 1 kmol/m3 NaC1 solution with different pH. Parameters: see Fig. IV.ll. 

Salution Ed I Ir 211 Id I Ir,2,11-l 1~,2,11 
I lr

1
2,11-1 1 ~,2,11 

'' I I I r 
pH [V] [mA] [mA] [mA] 

1.0 1.35 0.00 0.00 0 
1.1 1.50 0.70 0.15 0.215 
1.2 2.15 3.90 0.80 0.205 
1.3 2.35 3.60 1.00 0.277 

8.0 1.4 2.50 4.80 1.15 0.240 
1.5 2.95 6.70 1.60 0.239 
1.6 3.45 8.20 2.10 0.256 
1.7 3.65 9.85 2.30 0.234 
1.8 3.85 9.80 2.50 0.255 

0.8 0.30 0.00 0.0 0 
1.0 0.40 0.30 0.1 0.333 
1.2 0.80 2.30 0.5 0.217 

9.5 1.4 1.70 5.40 1.4 0.259 
1.6 2.60 9.60 2.3 0.240 
1.8 3.20 11.1 2.9 0.261 
2.0 4.30 18.6 4.0 0.215 
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Assuming further that a chloroxyl radical is reduced to ClO- at E 

following equation can be derived 

1
1r,4,ll = Nol 1dl 

where I 
4 1 

is the additional ring current at E =0.5 V. 
r, , r 

The totallimiting current for the ring at E =0.5 V is 
r 

1
1r,2,ll = l 1~,2,1l + Nol 1dl 

From this relation it follows that 

I 1° I - I I I r,2,l r,2,1 :::= N 

lidi 0 

r 
0.5 V, the 

(IV.7) 

(IV.8) 

(IV.9) 

In Table IV.2, (I Ir,2,11 - I 1~,2 , 1 1) is given during the anodic scan at various disc 

currents. The graphical representation of these data is depicted in Fig. IV.ll. From the 

slope of the straight line a coneetion factor of 0.25 is calculated, which is practically 

l 4 

....., 
< .3 E .......... 

+ 

e-i + 0 .:: 2 

e-i 
.:: + 

+ 

0 ~~~~~~~~~~~~~~~~ 

0 5 10 15 

Fig. IV.ll. The limiting ring current of the extra reduction wave, I Ir,2,11 - I !~ 1 2,11, is plotted vs. 
the disc current, ld, for a 0.02 lt.mol/m3 NaCIO + 1 kmol/m3 Na.CI solution, whereby the disc 
potential is held a.t fixed values and the ring potential is scanned between -1.0 and 2.0 V. T::::298 K, 
(W/271")=64 rps; +: pH=8.0 and v'=250 mV/s; ll: pH::::9.5 and v'::::25 mV /s. 
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equal to the collection factor of N
0

. From this result it may be concluded that 

hypochlorite ions can be oxidized to ClO radicals on the platinum disc and that 

chloroxyl radicals can be reduced to hypochlorite ions on the platinum ring at E =0.5 V. 
r 

4. CONCLUSIONS 

The RRDE experiments have shown that hypochlorite ions, but no hypochlorous acid 

molecules are oxidized at a. platinum electrode. The first oxidation products are 

chloroxyl radicals which will react with water or with hypochlorite ions to form other 

oxidation species. The chloroxyl radicals can be detected at the platinum ring electrode 

The half wave potential of this rednetion is 0.66 V. Other possible oxidation products 

are not observed at the ring electrode. 
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V. ON THE ELECTROCHEMICAL FORMATION OF CHLORATE 

1. INTRODUCTION 

The results of the previous chapters have shown that ihe rates of formation of 

hypochlorite and chlorate depend on various factors of electrolysis. The mechaninsm of 

the oxidation of chloride to chlorine could usually be deduced from data given in the 

literature. However, the mechanism of the formation of chlorate is not so clear. A model 

for the reactions has been proposed by Landolt and lbl!-3 First, this model will be 

presented in this chapter. The ra te of hydralysis of molecular chlorine plays an 

important role in this model. Therefore, experiments with the rotating ring-disc 

electrode (RRDE) were carried out to examine the hydrolysis rate of chlorine. Then the 

model of Landolt and Ibl will be discussed on the basis of the results obtained from the 

experiments described in this and the previous chapters. 

2. MODEL OF ffiL AND LANDOLT 

Ibl and Landolt observed in their experiments that the formation rates of chlorate 

were between 7 and 65 times higher than those expected from a pure rnass-transport 

controlled oxidation of hypochlorite in electrolyses with a low sodium chloride 

concentration (0.1 kmoljm3). They interpreted these results a kinetic model. The pH in 

the convection-free diffusion layer is assumed to increase linearly with the distance from 

the electrode. Chlorine is hydrolysed in this diffusion layer according to the reaction: 

k 
Cl

2 
+ H

2
0 ~ HCIO + Cl-+ u+ (V.l) 
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The rate constant of thls reaction, kh, has been determined by Spalding who found a 

value of 20.9 s-1 for water at a pH between 2 and 10 and a temperature of 298 K~ Since 

Ibl and Laudolt worked at a temperature of 286 K they used a value of1 kh =5.6 s -l. The 

hydralysis rate is very fast, and depending on the pH, hypochlorous acid and 

hypochlorite ions are formed. A schematic plot of the concentration profiles in 

dependenee of the distance to the electrode is given in Fig. V.l. Hypochlorite ions 

formed in thls layer, are either transferred back to the electrode and oxidized or are 

transported to the bulk of solution. Neglecting the migration of the ionic compounds, 

they based their calculations on the following equa.tion: 

Oe. 2 
1 -U Vc. + D. V c. + IR. 

{Jt I 1 1 1 
(V.2) 

where c. indicates the concentration of species i (mol/m3
), t = time (s), U = velocity 

1 

vector (m/s), D. = ditfusion coefficient of species i (m2 /s) and IR. = rate of production of 
1 1 

species i by chemica! rea.ction (molfm3s). 

,......, 
'E 
.......... 
0 
E ......... 

c: 
0 

:.;:::; 
E -c: 
8 
c: 
0 

(.) 

/ .. ------... .. --... --
,., ... 40'-"' ....................... ---'" 

___________ ,.._ ----· 
..... -----

[HCIO + CID-] 

-----
Distance from anode [m] 

Fig. V.I. Schematic illustration of the concentration profiles of chloride ions (- - -), 
chlorine (- . and hypochlorite (--). 
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Moreover, they made the following assumptions: 

-·a steady state is eonsidered, viz. 8e./ Ot=O; 
1 

- the eonveetion is neglected and only the dimension perpendicular to the electrode is 

eonsidered; 

- the hydrolysis of ehlorine is a first-order irreversible reaetion; 

- the ehlorine eoncentration in the bulk solution is zero since the pH is greater than 7; 

- the diffusion layer is thick eompared to the reaction layer in which the 

hydrolysis reaction occurs; 

- hydrogen ions are generated by hydrolysis of chlorine, electrochemical evolution of 

oxygen and formation of chlorate, but the production of hydrogen ions by the · 

dissociation of hypoehlorous acid is neglected; 

- the eoncentration of hydrogen i ons in the bulk solution is virtually zero since the bulk 

solution has a pH of greater than 7. 

The fiux of dissolved ehlorine is ealculated by integration of the following equa.tion: 

rflc2 
D2 --2 = ~ e2 (V.3) 

öx 
where c

2 
= eoncentration of chlorine (mo1Jm3

), D
2 

= dilfusion eoeffieient of 

chlorine (m2/s), x = distance from the electrode (m) and kh = hydrolysis rate of 

ehlorine (1/s). 

With aid of the boundary eonditions 

at x= 0: (V.4) 

and at x= 6: 

the solution is expressed by 

jlp2 
c2 = 2FD":"ä exp(-ax) (V.S) 

2 

where j = current density (A/m2
), <P

2 
= current efficiency of chlorine production (-), 

6 = thickness of dilfusion layer (m) and a= (kh/D2)0•5• 
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The concentration profiles of hydragen ions and of hypochlorous acid are calculated 

by analogues procedures with the given assumptions. The concentration profiles then 

become: 1 

j<p 2 j( ó-x) <1'2 
eh= 2 FD a[exp(-aó)-EXp(-ax)] + FD (,=+<~'ox) 

h h 
(V.6) 

j<p 2 x j<p 2 
c3 = 2 FD a(l-EXp(-ax)) + -(c3 2 FD a(l-exp(-aó)) 

3 ó ,s 3 
and (V.7) 

where the subscripts h, ox and 3 indicate hydrogen, oxygen and hypochlorite, 

respectively. 

Introducing the experimental data given in Fig. 11.10 for an electralysis with a 

platinum anode and with 0.5 kmolfm3 NaCl at a current density of 3.82 kA/m2
, a 

pH of 10, a salution flow rate of 0.075 m/s and a tempera.ture of 298 K, the 

concentration profiles for chlorine, hypochlorite ions and hydragen ions are depicted in 

Fig. V.2 for hypochlorite concentrations of 0 molfm3 in the bulk solution. 

r 
400 

,........ 
300 .., 

E 
::::. 
0 
E .......... 

200 .., 
0 

èo.i 
0 

~ 100 0 

5 
x x10 [m] 

Fig. V.2. Concentration profiles of hydrogen ions (o), chlorine (+) and hypochlorite (À) in the 
diffusion layer. The concentration profiles were calculated by Eqns. V.5-V.7 for an electrolysis 
experiment, where Ó=6.0·10-5 m, carried out at j=3.82 kA/m2, q,o=0.5 krnol/m3, pH=S, 
vo=0.075 m/s and T=298 K. 
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3. EXPEBIMENTAL 

Experiments have been carried out to determine the rate of hydralysis in a sodium 

chloride solution at a pH of 8. A conventional rotating ring-disc assembly {RRDE) has 

been used. The disc and the ring electrode was made from platinum. The RRDE was 

placed in a three-compartment cell with a volume of 10.-...4 m3 which was equipped with 

a Luggin ca.pillary and with a. counter electrode (a pla.tinum sheet of 5·10-2 m2
) 

sepa.rated from the anode campartment by a Nafion membrane (Nafion 117). The 

salution was adjusted to a temperature of 298 K with a. thermostat. 

4. RESULTS 

4.1. Bydrolysis rate of chlorine 

The hydralysis of chlorine was studied by RRDE experiments with the aid of a 

platinum ring and disc. The disc potential was held at a constant value and the ring 

potential waschangedat a constant scan rate. In Fig. V.3, the ring current is plotted vs. 

the ring potential for experiments with a. disc potential of Ed=l.3 V a.nd Ed=l.9 V. At 

Ed=l.9 V a disc current of 12 mA was observed fora rotation rate of 64 rps. The ring 

current at E =0.95 V where noother products than chlorine molecules can be reduced 
r 

(see chapter IV) is 1.5 mA at this rotation rate. If it is assumed that all formed chlorine 

molecules reach the ring electrode the ring current should become 

(V.8) 

where N
0 

is the collection factor of the RRDE which only depends on the geometry of 

the RRDE~ A collection factor of 0.24 was found by a calculation according to Newman6 

and by experiments with the Fe(CN):-/Fe(CN):- redox couple. However, a collection 

factor of 0.15 is found in the experiment described above. Consequently, about 50% of 

the chlorine formed hydrolyses on its way from the disc to the ring electrode. From the 

theoretica! collection factor, N
0

, and that found for the chlorine electrode reaction, Nk, 
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Fig. V .3. The ring current, Ir, is plotted vs. the ring potential, Er, at a Pt/Pt RRDE for a 
1 kmol/m3 NaCl solution at T=298 K, pH=S and at a rotation rate of 64 rps and a scan rate of 
v'=25 mV /s. --: Ed=l.3 V and ld=O mA;---: Ed=l.9 V and ld=l2 mA. 

the hydrolysis rate constant, kh, for chlorine is calculated. A complicated expression has 

been deduced to describe an electrochemical reaction which is directly followed by a 

chemica! one: M 

N0-Nk::::: ,8' 2/3(1-A~1 'Y-1tanh(A1 'Y)) + 0.5 A~A~1,8' 4/ 3-ytanh(A1 1) 
r2 2 

1.436ln(-)A
2

'Y (V.9) 
rl 

1/ 1/ r 3 1/ -1/ -1; 1/ -1/ 
where A

1
=1.288, A

2
=0.643 D 3v 6, .8'=3ln(r), and 'Y = kh 2w 2D 6v 6(0.51) 3. 

• 2 

With aid of this equation, the hydrolysis constant for chlorine in 1 kmol/m3 NaCl 

and at pH 10 and T=298 K has been calculated to be 4.45 s-1
. Consequently, the 

hydrolysis of chlorine is very fast when the electrolysis is carried out at conditions used 

in this RRDE experiment. 

93 



5. DISCUSSION 

5.1. Comparison of model and results 

The model of Landolt and lbl shows its grea.test effect at te =0, where c
3
=0. 

Therefore, the initia! formation rates of chlorate have to he discussed for the various 

electrolysis conditions. In particular, the effect of the initia! chloride concentration, the 

temperature and the nature of electrode material will he discussed in the following. 

The formation rate of hypochlorite increases and that of chlorate decreases with 

increasing initia! concentration of chloride ions (Figs. II.lO and III.4). In contrast, the 

model of Laudolt and Ibl prediets an increase of chlorate formation with increasing rate 

of chlorine evolution and so with increasing rate of hypochlorite formation. Since Ibl and 

Landolt obtained similar results on electrolysis of a solution of 4 kmolfm3 NaCl, Jaksic 

improved their calculations by introducing activities instead of concentrations. To fit 

the results, he introduced an activity coefficient of 0.1 which is much lower than that 

generally given in the literature fora solution of 4 kmolfm3, namely9 0.518. 

Another factor which affects the chlorate formation is the temperature. The 

hydralysis rate increases by about an order of magnitude with a temperature increase of 

10 K. Following the model of Ibl and Landolt, the concentration profile of hypochlorous 

acid in the diffusion layer changes and the maximum concentration of hypeblorite ions 

gets closer to the electrode with increasing hydralysis rate. Consequently, the flux of 

hypochlorite and the formation rate of chlorate will increase strongly with temperature. 

However, it bas been shown in chapter II that the temperature bas only a slight effect 

between 298 K and 323 K (Fig. ll.20). 

A third factor which affects the formation of chlorate is the kind of electrode 

material. The initial rate of chlorate formation decreasas with Ru02>Ru02/Ti02>Pt 

at current densities less than 3 kA/m2 and temperatures less than 323 K (see Figs. II.11 

and 111.3). However, no dependenee of the initial rate of chlorate formation on the 

electrode material should be expected from the model proposed by Ibl and Landolt. 
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From the aforesaid it follows that their model is questionable. Moreover, it follows 

from the calculations of Ibl and Laudolt themselves, that the pH in the diffusion layer 

increases with increasing current density and becomes less than 2 in the experiment 

whlch is given in Fig. V.2. The hydralysis of chlorine can be neglected at a low pH (see 

Eqn. 1.5 and Fig. 1.4). Consequently, at these high current densities, chlorine is 

transferred in dissolved form or eventually as gas bubbles to the bulk of alkaline solution 

where it is converted to hypochlorite. 

5.2. Electrochemical oxidation of chloride to chlorate 

Since the chemical formation of chlorate is too slow (see chapter II) and the model of 

Ibl and Landolt is contradicted by the experiments, the observed rates of chlorate 

formation can be explained by electrochemical oxidation of chloride and of hypochlorite. 

Firstly, the direct oxidation of chloride ions to chlorate depends on the nature of 

electrode material. Secondly, the rate of this reaction decreases with increasing chloride 

concentration, since it is a parallel reaction to the formation of chlorine. Furthermöre, a 

slight increase with increasing temperature is expected for the rate of thls reaction. 

Consequently, the experimental results can explained by the direct oxidation of chloride 

ions to chlorate. 

The oxidation of chloride may involve the following reactions: 

Cl-;::::: Cl
11 

+ e

H20;::::: 0
11 

+ 2 H+ + 2 e

Cl + 0 ;::::: ClO 
(1 (J 

(V.lO) 

(V.ll) 

(V.12) 

In chapter IV, it has been shown that the rnass-transfer determined oxidation of 

hypochlorite also involves the formation of chloroxyl radicals as a first step: 

ClO-;:::::CIO + (V.13) 

The chloroxyl radkal may react with adsorbed oxygen at the anode or may be 

oxidized by hypochlorite in the bulk solution. Since chloroxyl radicals can be detected in 
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I 
/ 

* c1o + c1o- cro2 +er 

CI02 + CIO- - CIO"J + Cl 

* 

11 ..._ 
cro + c1o- - c1o; + c1 

Cl02 +CID-- CIOJ +er 

2 Cl + 2 011 - c1o- + er + H2o 

Fis- V.4. Reaction schemes of the electrochemical meidation of hypochlorite to chlorate (* indicates 
reactants and productsof the electrochemical reaction). 

RRDE experiments, the latter path may be the most realistic one. Then the reactions 

illustrated in Fig. V.4 may occur in the bulk solution!0 

6. CONCLUSIONS 

The electrochemical formation of chlorate can be ascribed to two reactions, namely 

the meidation of hypochlorite transferred from the bulk solution and a direct meidation of 

chloride ions to chlorate. As intermediate a chloroxyl radical may be formed in both 

reaction paths. This chloroJ?Cyl radical may be o:xidized by hypochlorite in the bulk 

solution. 

It has been shown that the model of Ibl and Landolt cannot explain the results 

obtained in the previous chapters. 
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VI. OBMIC INTERELECTRODE RESISTANCE IN A 

BYPOCBLOBlTE ELECTROLY'ZER 

1. INTRODUCTION 

Oxygen and hydragen gas is liberated at the electrodes in an undivided hypochlorite 

electrolyzer. The gas bnbbles formed are present in the salution between the electrodes. 

These noncondnctive bubbles canse an increase in ohmic resistance of the solution 

between the electrodes. The bubbles attached at the electrode surface, rednee the surface 

area of the electrode available for the electrode reaction and cause a rise of the local 

current density and of the overvoltage. Consequently, the distribution of the current 

density in an electralysis cel1 is affected by high void fractions of gas bubbles. Insight 

into the distribution of void fraction in the cel1 is of utmost importanee to optimize the 

design of gas-evolving electralysis eells and the electralysis process itself. 

Various models have been proposed to explain the dependenee of the electrolytefgas 

bubble dispersion on the electrolysis conditions and on the geometry of the cell. The 

models will be discussed in this chapter. Then the experimental results of an electralysis 

of a sodium chloride salution are presented. A model will he proposed and discussed with 

aid of the experimental results. 

2. THEORY 

2.1. Condnctivity of dispersions 

Several models have been proposed to describe the effect of particles dispersed in a 

solution on the conductivity of the solution~ Maxwell2 considered randomly dispersed 

98 



spherical particles of uniform diameter. The distance between the particles is large 

compared to their radius. The effective conductivity, K., of the dispersion is given by 

K, 2K.d+K. +2f( K,d-1>, ) 
- = P P (VI.l) 
K,p 2K.d+K.p-f(K.d-K.p) 

where K.d is the conductivity of a particle, K.P the conductivity of the particle-free 

solution and f the void fraction of particles which is given by 

f =u /(u +ou0) 
g g 

(VI.2) 

where ug is the volumetrie gas flow rate, u
0 

the volumetrie liquid flow rate and a the 

slip factor which is given by the flow rate of gas bubbles relative to the flow rate of 

solution ( a=v pjv
0
). If the particles are gas bubbles, K.d=O and Equation (VI.1) simplifies 

to 

K, 2-2f 
= (VI.3) 

K, 2+f p 

or in terms of resistances 

R 2+f 
= (VI.4) 

R 2-2f 
p 

Bruggeman 3 extended this model by taking into account the fact that the diameter of 

the particles varles in a broad range. In his model he added one large partiele to a 

dispersion containing much smaller uniform particles. Then he assumed that the 

surroundings of the large partiele can be treated as continuurn since the field around the 

large partiele is not disturbed by the smaller ones. From his calculations he obtained 

K, [ K,d] [K, ] 0.33 K,d 
-;: = (1-f) 1- K,p K,p - K,p 

p 

In the case of gas bubbles, K.d=O and Equation (VI.5) are simplified to 

K, 

- = (1-f)l.S 
K, 

p 
R 
- = (1-f)-1.5 or 
R 

p 

(VI.5) 

(VI.6) 

(VI.7) 

RayleighM considered uniform spheres in a cubic lattice, where the electric field is 
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perpendicular to the side of the cube. For nd=O he obtains 

n 3E 
; = 1-2 + E - 0.392!3.33 (V1.8) 

p 

Meredith and Tobias6 gave a. modilied deriva.tion of Equa.tion (VI.8) and obta.ined for 

nd=O 
n 3 E 
- = 1-------..".-,:-:---

1.315 €3.33 
E - .:;:...::=-=------,=-= i+ 0.409 €2.33 

(VI.9) 

Other a.uthors derived serni-empirical rela.tions for the dependenee of the 

conductivity of the solution on the gas void fraction!-11 However, their equations are 

restricted to a narrow range of gas void fra.ctions. 

The relative conductivity, xfn , is calculated by Equations (VI.3), (VI.6), (VI.8) and 
p 

(VI.9) and given as function of the gas void fraction, e, in Fig. VI.l. From Fig. VI.l it 

follows that the differences between these four equations are very small at gas void 

fractions less than e=0.6 and that the Equations (V1.8) and (V1.9) can only be applied 

at gas void fractions less than f=0.9. 

l 
0.80 

0.60 

0.40 

0.20 

0.00 .___.___,.__~___.-~___._-~__.__,_.......:_,~ 

0.00 0.20 0.40 0.60 0.80 1.00 --
Fig. VJ.l. The relaiive conductivity n/ Kp ia plotted versus the gas void Craction f for electrolyte 
containing non conductive particlea. --: Eqn. (VI.3),-- -: Eqn. (VI.6), • • • •: Eqn. (VI.8) and 
-·-·-: Eqn. (vu). 
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It has been found in the literature12>1 3 that the Bruggeman equation (V1.6) fits the 

experimental data very well and that the Maxwell equation may be applied at gas void 
. MU 

fract10ns less than 0.1. Although these results have been doubted by other authors ' , 

the consideration of Bruggeman is the most realistic one and Equation (VI.6) will be 

used in this and the following chapter to calculate the relative resistances or the gas void 

fractions in the electrolysis cell. 

2.2. Distribution of gas bubbles between two eledrodes 

The distribution of gas bubbles between two electrodes has been discussed by several 

authors~6 -24 In the simplest model the gas void fraction is assumed to be homogeneons 
• • 16-20 

between anode and catbode m vert1cal electrolyzers. However, it has been shown by 

Sillen 
20 

and by Bongenaar-Schlenter ;
4 

that the gas void fraction decreases at a 

decreasing rate with the distance from the electrode. Bongenaar-Schlenter introduced a 

'bubble-diffusion model' in which she made the following assumptions: 

- a rectangular channel is considered in which only the height of the cell and the 

distance to the electrode are taken into account, 

- immediately after detachment from the electrode surface, the bubbles attain the 

steady-state velocity, 

- the electrolyte velocity increases linearly with distance to the electrode, 

the velocity of the gas bubbles is equal to that of the liquid, 

- the diffusion coefficient of the gas bubbles is constant in the entire cell and 

- the number of bubbles generated per surface area and time is constant over the entire 

electrode. 

The dependenee of the bubble density on the distance from the electrode according to 

the calculations of Bongenaar-Schlenter24 is schematically illustrated in Fig Vl.2. From 

this figure it follows that the bubble density at the top of an electrode of 0.5 m height is 

negligible at distances greater than 1.5 mm and for current densities less than 6 kA/m2
. 

Experimentally she found for the same conditions that the gas bubbles were distributed 

101 



Î 
e ......... 

Ä 
\,______ ------·······------···-··-----------~------

x [m] 

Fig. VL2. The bubble density is plotted versus the distance to the electrode according to the 'bubble 
ditfusion model' (--) and a model in whieh the gu void f'raction decrea.ses linearly with dilltanee in 
the bubble layer and is constant in the bulk of' soluiion (-- -). 

over the entire gap between the electrode and a membrane. She asciibed this result to 

flow patterns of the salution which superpose the diffusion process of gas bubbles and 

equalize the bubble density in the bulk of solution. 

Since the bubble--diffusion model could not describe the processes in a gas-evolving 

electrolyzer, she improved the roodels given by Sillen22 and Vogt 21 and distinguished two 

regions between a gas-evolving electrode and a separator, namely, a layer of bubbles 

adjacent to the electrode in which the gas void fraction decreases linearly with 

increasing distance from the electrode, and the bulk of solution in which the gas void 

fraction is constant (Fig. VI.2). The gas void fraction at the electrode, E
0

, is independent 

of the gas void fraction in the bulk of solution, f • The gas void fraction in the bubble 
8 

layer is given by 

Ex= e0-[ f 0-f8
] ~ (VI.lO) 

where x is the distance from the electrode and 6b is the thickness of the bubble layer. 
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Talring into account the Bruggeman equation, the relative resistance between a gas 

evolving electrode membrane or an electrode without gas evolution, r =R/R , is 
s p 

expressed by 

'· ; dI j"[ 1-•xr·' dx + (1-·,>-1.' dw(; 
WC O 

(VI.ll) 

where d is the interelectrode gap. 
wc 

This equation has been solved numerically for an experiment with d =3.2·10-3 m 
wc 

and éb=5·10-4 m. The dependenee of the relative Iesistance I =R/R on e and e
0 

is 
s p s 

plotted in Fig. Vl.3. Fig. VI.3.a shows that I incieases at an increasing rate with 
s 

increasing ~:8 and that the curves for various ~:0 converge. In Fig. VI.3.b it is illustrated 

that the r
9

/ ~:0 curves also converge and that r
8 

increases slightly with incieasing ~:0 . 

In the model of Bongenaar--8chlenter the effect of f on the gas void fraction in the 
B 

bubble layer or on the void fraction at the electrode, f
0

, is neglected. It may be 

considered that this effect is very great at relative high gas void fractions in the bulk of 

3 
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Fig. VI.3. The relative resistance of solution, r5, is plotted as a function of the gas void fraction (a) in 
the bulk of solution and (b) at the electrode surface according to Eqns. (VI.10) and (VI.ll). Assumed 
conditions: dwc=3.2·10·3 mand êt,= 5•10-4 m. 
a: fo=0.4, ---: fo=0.5 and • • • ·: co=0.6. 
b: --: fs=O.l, - -: fs=0.2 and • • • ·: fs=0.3. 
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Fig. Vl • .f. rs is ploited as a fundion of the gas void fraction (a) in the bulk of solution and (b) at the 
electrode surface according to Eqns. (V1.11) and (VI.12). Assumed conditions: dwc=3.2·10·3 mand 
~= 5·10-4 m. 
a: --: !o,o=OA, -- -: Eo,o=0.5 and • • • ·: eo,o=0.6. 
b: --: fs=O.l, -- -: f5=0.2 and • • • •: Es=0.3. 

solution. Assuming that E
0 

is formed by the sum of e
8 

and the gas void fraction at the 

the electrode in the absence of gas bubbles in the bulk solution, e
0

,
0

, the gas void 

fraction in the bubble layer is given by 

(VI.12) 

Inserting Equation (VI.12) into Equation (VI.ll) and taking into account the 

experimental conditions mentioned in Fig. VI.3, the relative resistance is plotted as a 

function of e
8 

&nd of e
0
,
0 

in Fig. VI.4. From this figure it can be concluded that the 

curves diverge contrary to the curves in Fig. VI.3. 

In a third model, the influence of e
8 

on e
0 

is considered in. analogy to the effect of the 

gas bubbles on the rnass-transfer coefficient (see chapter 11.4.2). The gas void fraction 

at the electrode is given by 

(VI.13) 
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The gas void fraction in the bubble layer decreases according to the equation 

[ l 
0.5 

!x = t~,O(l-1;/ +t! (VI.14) 

Fig. Vl.5 schematically shows the dependenee of the gas void fraction on the distance 

to the electrode according to Equation (V1.14) for t =0 and t >0. At f =0, the gas void 
8 s 8 

fraction in the bubble layer decreases linearly from t
0 

to 0. If t
8
>0, the gas void fraction 

in the bubble layer first decreases linearly with increasing distance from the electrode 

and then approaches f in a curve. If the straight line is extrapolated to ë , a 
8 s 

bubble-layer thickness smaller than that at t =0 is obtained. Consequently, the 
s 

bubble-layer thickness decreases with increasing gas void fraction in the bulk of 

solution. 

The relative resistance between an gas evolving electrode and a membrane or an 

electrode without gas evolution is expressed by Equation Vl.ll. Inserting Eqn. Vl.14 

and taking into account the experimental conditions mentioned above, the dependenee 

t 

ea.o 
" " " · . . . . . . . . . . . . . . ~ ... :: .. :-: .. -,..,. ------------1 ": 

~ 
:'-.. 

: " 

Fig. VI.S. Tbe gas void fraction f is plotted vs. the dista.nce to the electrode according to 
Eqn. (VI.l4) for t 5>0 (-)a.nd fs=O (-- -). 
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-
Fig. VI.G. r11 is plottedas a fundion of the gas void fraction (a) in the bulk of solution and (b) at the 
electrode surface according to Eqns. (VI.ll) and (VI.14). ABBumed conditions: dwc=3.2·10-3 mand 
Db=5 •10-4 m. 
a: --: eo,o=0.4, -- -: eo,o=0.5 and • • • ·: Eo,o=0.6. 
b: ---: fs=O.l, ---: E8=0.2 and • • • ·: e8=0.3. 

of the relative resistance on e and E
0 0 

is plotted in Fig. VI.6. Fig. Vl.6a shows that r 
8 > B 

increases at an increasing rate with increasing f • The curves are almost parallel for 
8 

various e
0
,
0
. In Fig. VI.6b it is illustrated that also the r

8
/ e

0
,
0 

curves are parallel and 

that r
8 

increases with increasing Eo,o· 

3. EXPERIMENTAL 

3.1. Eledrolyti.c ceii and electrodes 

The solution circuit consisted of a reservoir of 8000 cm3, a pump, a thermostat, a 

flowmeter and an undivided cell (Fig. VI.7). The height of the Perspex cell was 0.7 m 

from the inlet at the bottom to the outlet at the top. The work:ing and the counter 

electrades were placed in the cell against the two back walls half-way between outlet 

and inlet (Fig. VI.8). The distance between the two electrades was adjusted to 3.2 mm 
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Fig. VI.7. Experimental set-up for the measurement of the ohmic resistance of solution and of the 
current density distribution. C: electralysis cell; H: heat exchanger; F: flowmeterj P: pumpj R: 
reservoir; G: gas outlet. 

Fig. VI.8. Schematic plot of the electric circuit with a part of the electralysis cell. 
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by pla.cing a Perspex frame with a thickness of 3 mm between the two back walls of the 

celland by sealing them with two Teflon sheets of 0.1 mm thickness at each back wall. 

The flat electrodes, 0.50 min height, were divided into twenty segments, each 0.010 m 

in width and 0.024 m in height, with a space of 1 mm between every two segments. A 

segmented electrode consisting of a Ru0
2
/Ti02 layer on titanium was used as anode 

and a segmented titanium electrode as cathode. 

3.2. Measurement of corrent distribution 

The potential difference between each segment of the working electrode and the 

counter electrode was adjusted by a special constant voltage souree with 20 independent 

channels. Each segment of both the working electrode and the counter electrode was 

connected to the constant-voltage souree by two contacts, one for the power supply and 

the other for the control of the potentia.l. The potentia.l range of the constant-voltage 

souree could be varled between 0 and 50 V. The maximum current output was about 

50 A. Per experiment, the current of each segment was subsequently recorded by 

A/~onverters connected to a microcomputer. In order to minimize random errors, the 

segments were scanned up to fifty times within 15 seconds. From these fifty values the 

average current of one segment was calculated by the computer. This procedure is 

considered as a single measurement. The computer was a.lso used to store the potentia.l 

between the working and the counter electrode. The current-density distribution varles 

because of fluctuations in the behaviour of the gas-liquid mixture. This incidental error 

was minimized by repeating the measurements of the current-density distribution 

several times aftereach other, usually within two minutes. 

3.3. Impedance measurements 

The impedanee technique which is well described by Gree:f25 and Janssen26, was used 

to determine the salution resistanee as a function of the current density. Impedance 

measurements were carried out with a Solartron 1250 frequency response ana.lyzer and a 
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IZ'I -
J.i'ig. VI.9. Schematic plot of a complex--plane impedance spectrum. Z': real part of the impedance; 
Z": imaginary part of the impedance and R8 : ohmic resistance of solution. 

Solartron 1286 electrochemical interface coupled with a HP microcomputer. The 

electrochemical interface was connected to the segment pair at the top of the electrode. 

The impedance was measured in galvanostatic mode. 

A schematical plot of an impedance measurement is given in Fig. VI.9 in which the 

imaginary part, Z", is plotted vs. the real part, Z', of the impedance for various 

frequencies?5 The ohmic resistance of the solution is determined from the real part of the 

impedance at high frequencies where Z" is zero. 

3.4. Electrolysis conditions 

The experiments were carried out with average current density up to 6 kA/m2 in a 

solution with an initial concentration of 1.5 kmolfm3 NaCl at pH=9 and a salution 

temperature of 323 K. The difference in temperature of salution between the bottorn and 

the top of the ce1l was negligible at this temperature for the applied current density and 

for the solution flow rate which was adjusted to 0.3 m/s. 
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4. RESULTS 

4.1. Effect of time of electrolysis 

Tbe obmic resistance of tbe solution between tbe segment pair at tbe top of tbe cell, 

R
20

, wa.s mea.sured by tbe alternating current impedance technique whicb bas been 

described by Janssen26 for experiments witb 1 M KOH. From this values tbe relative 

ohmic resistance of the solution, r8,20=~0/R20,p, is calculated. In Fig. VI.lO the effect 

of time of electrolysis on r
8

,
20 

is illustrated for an average current density of 

j
1
_

19
=6 kA/m2 and a current density of j

20
=6 kA/m2

. r
8

,
20 

clea.rly decrea.ses at a 

decreasing rate with time of electrolysis. In Fig. VI.lO the concentration of hypochlorite 

is also plotted versus the time of electrolysis. Tbe concentra.tion of hypochlorite 

increa.ses at a decrea.sing rate with time of electrolysis. Since bypochlorite is reduced at 

tbe catbode at a limiting current (see cbapter IV), the rate of the evolution of bydrogen 
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Fig. Vl.lO. The ohmic resistance of solution, R2o, ( +) and the concentration of hypochlorite { 1:::.) are 
plotted versus the time of electrolysis for an electrolysis of 1.5 kmol/m3 NaCl at a temperature of 
323 K, a solution flow rate of 0.3 m/s, a pH of 9, a temperature of 323 K, an interelectrode gap of 
3.2 mm, and a current density of jt-19=6 kA/m2 and j2o=6 kAfm2. 
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gas decreases with increasing concentration of hypochlorite. Because of the decreasing 

evolution rate of hydrogen, the gas void fraction in the solution and so the ohmic 

resistance of the solution decrease with increasing time of electrolysis. 

4.2. Effect of cu:rrent density 

The effect of the current density on R
20 

has been examined by the following 

procedure. A solution containing 1.5 kmolfm3 sodium chloride was electrolyzed for ten 

minutes at j
1
_

19
=6 kA/m2 supplied by the constant voltage souree and at j

20
=6 kA/m2 

supplied by the electrochemical interface. Then the ohmic resistance between the top 

segments, R
20

, was measured at j
20

=6, 4 and 2 kA/m2 for j
1
_

19
=6 kA/m2

. Thereafter, 

the current on the segments 1-19 was switched off and R
20 

was measured at 

j
20

= 6, 4 and 2 kA/m2
. This prodedure was repeated at te =20, 30, 40, 50 and 60 min. 
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Fig. Vl.ll. R20 is plotted vs. te for the an electrolysis carried out at j1-19=0 kA/m2 and at 
+: ho=6 kA/m2, !:..: ho=4 kA/m2, o: ho=2 kA/m2 and D: j2o=O kAfm2. The latter values have 
been obtained by linea.r e:x:trapolation of the R2oh2o straight line to ho=O kAfm2. For the other 
electrolysis conditions see Fig. VI.lO. 
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In Fig. Vl.ll, R20 for j
1
_

19
=0 kAim2 and for various j20 is plotted versus the time of 

electrolysis. R20 slightly decreases with increasing te. Straight lines have been obtained 

from a plot of R20 versus j20. A linear extrapolation of the R201 j20 straight lines to 

j20=0 kAim2 gives the ohmic resistance of the pure solution, R20,p' which is also plotted 

versus the time of electralysis in Fig. VI.ll. The R20 lt straight line is extrapolated to 
,p e 

t =0, and the ohmic resistance without any disturbance by hypochlorite, R20 0, is 
e ~' 

determined. From this extrapolation a value of R20,p,o= 0. 756 0 has been found. 

Theoretically, the solution resistance R20 0 is calculated by R20 0
=pd I A and by ,p, ,p, wc e 

introducing p=5.55·10-2 Om, dwt=3.2·10--3 m and Ae=2.4·10--4 m2. From this 

equation, the solution resistance is computed to R20,p,o=O. 740 0. Taking into account 

an inaccuracy in the ratio d I A , it can be concluded that the experimental and 
wc e 

theoreticalof ~O,p,O agree reasonably. 

In Fig. VI.l2 the relative ohmic resistance for the segment pair at the top of the cell, 

\ 20=R201R20,p' is plotted versus te at current densities of j 1_ 19= 6, 4 and 2 kAim2. 

The ohmic resistance of the solution for the different j20 clearly decreases in parallel 

curves. It can he deduced from Fig. VI.12 that the ohmic resistance of salution decrease 

linearly with the current density j20. If the r
1

,20lj20 straight lines at different te are 

linearly extrapolated to j 20=0, a curve of r
8

,20 versus te is obtained in which the ohmic 

resistance only depends on the average current density j1_ 19• This curve is also given in 

Fig. VI.12. 

4.3. Effect of hypochlorite coneentra.tion 

In absence of hypochlorite, hydragen gas is evolved at the catbode at a current 

efficiency of about 100 %. At a NaCl concentration 1.5 kmollm3, chloride ions are 

oxidi~ to chlorine at the anode at a current efficiency of more than 95 %. Chlorine 

hydrolyzes to hypochlorite in the bulk of salution (see chapter lil). Since oxygen is 

formed with a current efficiency of less than 5 % and since the electron ratio for one 

molecule of hydrogen and of oxygen is 2:1, the effect of the gas bubbles on the ohmic 
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Fig. VI.12. rs,20 is plotted vs. te for the an eleetrolysis carried out at jt-tg=6 kA/m2 and at 
+: ho=6 kA/m2, /l: hn=4 kA/m2, o: j2o=2 kA/m2 and o: ho=O kA/m2. The latter values have 
been obtained by linear extrapolation of the r8,2o/ho straight line to ho=O kA/m2. For the other 
electrolysis conditions see Fig. VllO. 

resistance of solution, R
20

, can only be ascribed to hydrogen gas. The effect of the 

hypochlorite concentration on the current used for hydrogen evolution can be deduced as 

follows. 

The gas void fraction in the bulk of solution is calculated by introducing the r
20 

valnes at j20=0 and j
1
_

19
= 6 kA/m2 (Fig. V1.12) and r

20
,p into the Bruggeman 

equation. Taking into account equation VI.2, the current used for hydrogen evolution is 

calculated by: 

2 F 2Ff UOO" 
I =-u = 8 

h V g V ( 1-e ) 

where V is the molar gas volume. 
m 

m m s 

(VI.l5) 

The current used for hydrogen evolntion is plotted versus the hypochlorite 

concentration in Fig. VI.13. In this figure it is illustrated that Ih decreases almost 

linearly with increasing hypochlorite concentration. If the Ih/c3 straight line is 
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Fig. VL13. The current used for hydrogen production iB plotted vs. the concentration of &odium 
hypochlorite for the electrolysiB described in Fig. VI.lO. 

extrapolated to c
3
=0, a current of 21.70 A is determined for the hydragen production 

when no hypochlorite is present. The difference between this current and the total 

supplied current of Itot=28.5 A can be ascribed to the presence of a slip of the gas 

bubbles, viz. the slip factor is greater than 1. Using Itot' ~ and equations (VI.2) and 

(VI.l5) the slip factor for the used electrolysis conditions is calculated to o=1.313. 

Only one part of the cathodic current density is nsed for the production of hydrogen 

gas a.nd another one is nsed for the rednetion of hypochlorite at the cathode. The current 

density for the hypochlorite rednetion is calcnlated by I3=Itclt-Ih. Since ~ is linea.rly 

decreasing with c
3 

(Fig. VI.13), it follows tha.t 1
3 

increases linearly with increasing 

hypochlorite concentration. From the slope of the straight line, the mass-transfer 

coefficient for the rednetion of hypochlorite at the na.med electrolysis conditions is 
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calculated by 

13 
k = -- (VI.16) 3 

2FAec3 

Introducing I
3
jc

3
=3.54·10-2 Am3/mol (Fig. VL13), a rnass-transfer coefficient of 

4.02·10-5 m/s has been found for this experiment. 

4.4. Cell voltage and cnrrent density 

The cell voltage and the ohmic resistance of the solution, R
20

, were measured with 

the impedance meter as a function of the current density at temperatures of 298 and 

323 K. In Fig. Vl.14 it is shown that the plots of Ece11-I20R20 versus log j
20 

give straight 

and parallellines with a Tafel slope of b +b = 0.450 V for both temperatures. 
a c 
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Fig. VI.14. The potential corrected for the ohmic drop, E-l2oR2o, is plotted versus log j for an 
electrolysis carried out at a salution temperature of 298 K (+) and of 323 K (Ll). For the other 
electralysis conditions see Fig. VI.lO. 
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4.5. Current distribution 

Straight lines have been obtained from a plot of the current of one segment pair, I , 
S 

versus the height in the cell from the leading edge of the electrode, h (see chapter VII). 
S 

The current density at the top, jt, and at the leading edge of the cell, jb, have been 

obtained by linear extrapolation from these straight lines. From these values the 

current-distribution factor, B=(jt-jb)/j , is calculated, where j is the average current av av 

density in the electrolysis cell. 

In Fig. VI.15 the current-distribution factor B is plotted versus the time of 

electrolysis for an average current density of j
1
_

20
=6 kA/m2

. In this figure it is 

illustrated that the current-distribution factor decreases with time of electrolysis. Since 

the gas void fraction in the bulk of solution decreases with increasing hypochlorite 

concentration, the current-distribution factor becomes more uniform with increasing 

time of electrolysis. Extrapolation of the B/t curve to t =0 gives the 
e e 

f 0.40 

0.30 

ID 

0.20 

+ 

0.10 
0 2 3 4 5 

te [ks] ---;. 

Fig. VI.15. The current distribution factor, B, is plotted versus the time of electrolysis for an 
electrolysis carried out at 6 kA/m2. For the other electrolysis conditions: see Fig. VI.lO. 
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current-distribution factor in the absence of hypochlorite, B
0
, which has been calculated 

to 0.308 for this experiment. 

5. DISCUSSION 

5.1. Model for the gas bubble distribution 

The gas bubble distribution between two electrodes is described in chapter VI.2.2. by 

three different models, in which (1) E
0 

does not depend on t
8

, (2) EO is given by 

t 0=Eo,o +t
8 

and (3) t 0 is given by E0= [ t~,o +E!] 0•
5

, respectively. The relative resistance 

r is calculated by Equation (VI.11) and given as a function of the gas void fraction in 
8 

the bulk of solution in Figs. VI.3a, VI.4a and VI.5a. In this figures it is shown that the 

r / t curves for different t
0 

converge according to model 1, diverge according to model 2 s s 

and are parallel according to model 3. Experimentally it has been shown that the r ft 
s e 

curves are parallel for different to,o (Fig. V1.12). A plot of the experimental r8 versus the 

gas void fraction in the bulk of solution gives also parallel curves. From this qualitative 

discussion it follows that only the third model agrees with the experimental results. 

The gas void fractions at the electrode a.nd the thickness of the bubble layer are 

determined a.ccording to this model as follows. The thickness of the bubble layer has 

been invstigated by Bongenaar-Schlenter for hydrogen evolution in a vertical 

electrolyzer using a 1 kmolfm3 KOH solution at 303 K. From her experiments she found 

the empirica! relation 

(V1.17) 

where jh is introduced in kA/m2
, v

0 
in m/s and h

8 
in cm .. 

Since she carried out the electralysis at a larger gap between an electrode and an 

separator, this equation may only be applied to calculate the bubble layer thickness at 

the leading edge of the electrode, ób b' where the layer thickness is not affected by gas 
' 

bubbles in the bulk of solution. The current density used for hydrogen evolution at 
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Fig. VI.16. The thickneBB of the bubble layer at the leading edge, ÓtJ,b, and at the top of the 
electrode, 6b,t1 calculated by Eqns. {VI.18) and {VI.19), respectively, are plotted versus the current 
density used for hydragen production,jh , for the electrolysis conditions described at Fig. VI.lO. 
+: Ób,b and l:l.: 6b,t· 

j20=6 kA/m2 is calculated by j20,h =lh/(19· Ae) using Equation (VI.15). Introducing 

j20,h' v0=0.3 m/s and h
8
=1.25·10-

2 
m into Equation (VI.17), 6b,b is calculated and 

plotted versus j20,h in Fig. VI.16. 

Assuming that the gas void fraction in the bubble layer at the leading edge of the 

electrode decreases linearly from e0,b to 0 with the distance to the electrode (see 

Fig. VI.5), the relative resistance at the leading edge of the electrode, r b' is given by 
s, 

rsb=-1-J6b,b[l-Eob[l- {Jl-1.5dx + dwc~6b,b 
, d , b ~ wc 

wc 0 , 

(VI.18) 

The relative resistance at the leading edge of the electrode, r b' is calculated using R20 s, ,p 

and R20 at j 1_ 19=0 kA/m2, j20=6 kA/m2 and at various te. Introducing dwc' \ 20 and 

6b b into Equation (VI.18), e0 b can be calculated numerically. , , 
The relative resistance at the top of the electrode according to model 3 is expressed 
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Fig. VI.17. The void fra.ction of gas bubbles atta.ched at the electrode at the leading edge of the 
electrode, t:o,b, and at the top of the electrode, t:o,t. ca.lculated by Eqns. (VI.18) and (VL19), 
respectively, are plotted versus the current density used for hydrogen production, jh, for the 
electrolysis conditions described at Fig. VI.lO. +: fo,b and Ll: fo,t· 

by Eqns. (VII. U) and (VII.14). Introducing t:
8

, ób =ób,b' t:0,0=t:o,b and \t at 

j
1
_

20
= 6 kA/m2 for the electralysis conditions given in Fig. VL12, into this equations, 

the gas void fraction at the top of the electrode, t:O,t' is obtained at various te. Both, fO,b 

and ~:O,t' are plotted versus the current density jh in Fig. Vl.17. From this figure it 

follows that both, t:0 b and t:0 t' increase at a decreasing rate with jh. 
I I 

In Fig. VI.5 it is shown that the gas void fraction in the bubble layer at the top of the 

electrode decreases almost linearly with distance to the electrode. Talring into account 

this linear rela.tionship, the relative resistance at the top of the electrode is given by 

1 Jób,t [ J -1.5 d -6 
rs,t=d 1-t:o,t+[t:o,t-fs]t dx+(1-t:s)-1.5 wdwcb,t 

wco 

(VI.19) 

rs,t is calculated using R20,p and R20 at j1_ 20=6 kA/m2 for the electrolysis conditions 

given in Fig. VI.12. Introducing r t' t:0 t' f and d into Equation VI.19, the bubble 
s, ' s wc 
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layer thickness at the top of the electrode is calcnlated numerically and plotted vs. jh in 

Fig. VL16. 

From Fig. VI.16 it follows that 6h t increases slightly with increasing current density. 
I 

~.b is almost constant and larger than t\,r Consequently and in agreement with model 

three, the thickness of the bubble layer decrea.ses with increasing gas void fra.ction in the 

bulk of solution and with increasing height in the cell. 

5.2. Calcnl&tion of ihe current distribution factor 

The current distribution depends on the kinetics of the electrode rea.ctions a.nd on the 

ohmic resista.nce of the solution between the electrodes. The latter is affected by the gas 

void fra.ction and its distribution over the gap between both electrodes. The solution 

resistance, R , ean be calculated by the Bruggeman equation. The cell potential is given 
8 

by the sum of the reversible cell potential, U 
0

, the overpotentials at the electrodes, 

rr-=b·log UI fj
0
, where b is the sum of the Tafel slopes a.nd j

0 
is the apparent 

exchange-current density for all electrode rea.ctions, a.nd the ohmic potential drop over 

the solution, jA R : 
e s 

U=U0+(b +b) log UI/L +jA R, a c '11 e s 
(VI.20) 

where U
0 

is the reversible cell potential a.nd b and b are the a.nodic a.nd cathodic Tafel 
a c 

constants, respectively. 

Assuming that the cell potential is constant over the height of the electrode, the 

difference between the current density at the bottom a.nd at the top can be calcnlated: 

(b + b ) log~= iA R t- ~A R h' (V1.21) a c Jt "t e s, e s, 

where the subscripts b and t indicate the bottom a.nd the top of the electrode, 

respectively. 

With B=(~ -,\)/jav' it ean be shown that 

(b +b )log H!&·g~l = j A [a t(l-0.5B)-R b(I+0.5B)] a c . av e s, s, (VI.22) 

R t and R t are calculated according to Equations (V1.18) a.nd (VI.19) whereby the 
s. s, 
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the effect of the temperature on the conductivity and on the water vapour pressure has 

been taken into account. Introducing R t and R b and the Tafel slope b +b = 0.450 V 
~ ~ a c 

into Equation (VI.22), the current distribution factor is calculated numerically and 

found to be 0.312. Since the experimental current distri bution factor of 0.308 agrees with 

the calculated one, it can be concluded that B
0 

can be calculated from the resistances in 

the cell and vice versa the ohmic resistance of the solution from the current distri bution 

factor. 

6. CONCLUSIONS 

In this chapter, it bas been shown that the solution between a gas evolving electrode 

and a separator or an electrode at which no gas is produced, are divided in two regions, 

namely a bubble layer adjacent at the electrode and the bulk of solution. The gas void 

fraction in the bulk of solution is constant over the entire gap between the bubble layer 

and the other electrode. The gas void fraction in the bubble layer, E
2

, decreases from the 
x 

electrode surface to the bulk of solution according to the function t:!=f~,0(1-x/ 8b)2 +<;. 

The current available for hydrogen evolution is reduced by the rednetion current of 

hpochlorite formed during the electrolysis process. Consequently, the concentration of 

hypochlorite directly affects the gas void fraction in both layers and equalizes the 

current distribution in the electrolysis cell. 

Tbe current distri bution factor, B=(jb -jt)/ jav' can be calculated with aid of the 

developed model if the contri bution of the activation overpotentlal is taken into account. 
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Vll. ELECTRODE CURRENT DISTRIBUTION 

IN A HYPOCHLORITE CELL 

1. INTRODUCTION 

Severa.l investigators examined the current distribution in a vertical electrolyzer by 

various experimental techniquesl-1° and by theoretica.! ca.lculations 11-13. The majority 

assumed that the gas void fraction between tbe gas evolving electrode and tbe separator 

or tbe counter electrode is uniform. However, it bas been shown in the previous chapter, 

tbat two layers with different gas void fractions have to be considered. 

To optimize the electrolysis process and to minimize energy losses, tbe dependenee of 

the current distribution in a hypochlorite electrolyzer on various electrolysis parameters, 

viz. the current density, tbe flow rate of solution, the interelectrode gap, the 

concentration of sodium chloride, the temperature, the pH and the addition of sodium 

diebramate will be exarnined in this chapter. 

2. THEORY 

In electrocbemistry, generally tbree types of current distribution are distinguished. 

The so--called primary current distribution is observed if overpotentia.ls are negligible. 

This kind of distribution is only affected by the geometry of electrades and cell and by 

the obmic resistance of tbe bubble-free solution. Tbe secondary current distribution 

includes the activation overpotential, and the tertiary distribution the concentration 

overpotentia.l is taken into account!4-16 

Firstly, tbe primary current distribution will be discussed bere for a cell with two 

parallel electrodes. Tbe primary current distribution is given by17•18 

123 



?rH 
whereÇ=--, 

2 d 
wc 

j Ç cosh{Ç)/(C tanh2 
( Ç)) 

-=--=-------=------= 
[(sinh2(Ç) - sinh2(2h-H)e/H)]0

•
5 

C is the first order elliptical integral!9 

d the distance between two electrodes, 
wc 

h height in the cell, 

H the height of the electrodes and 

ja.v the average current density. 

Two limiting conditions are obtained if d >>Hand if d << H20
: wc wc 

L = ~ H2:-Hn--·· d >>H: wc 

[ l
-{).5 

~= 1-exp[-2 :h] 
Ja.v wc 

d <<H: wc 

(VII.l) 

(VII.2) 

(VI1.3) 

These limiting conditions are illustrated in Fig. VII.l for a parallel-plate electrolysis 

cell with short and with long electrodes. The current distribution at long electrodes is 

practically uniform. Only at h=O and h=H, the current density is expected to become 

infinite. 

In a secondary current distribution, the influence of activation overpotentials at the 

anode and the catbode are additionally considered. The derivative d'f//dl is called the 

polarization resistance R'T/. The activation resistance of the anode is in series with the 

resistance of the solution and the activation resistance of the cathode. The ratio of the 

polarization and the solution resistance is expressed by a dimensionless number, the 

so-ealled Wagner number: 

R l}q K.A 
Wa=...Jl.= __ e 

R öi d 
(VII.4) 

8 wc 

where Ae = surface area of the electrode, I = current, R
17 

= sum of activation 
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Fig. Vll.l. Primary current distribution in a cell with dwc> >H 

0.80 1.00 

-
and dwc<<H (-- -). 

resistances, R = resistance of salution and "' ;::: conductivity of solution. 
8 

If Wa = 0 only a primary current distribution is observed in the cell. A large Wagner 

number indicates a rather uniform current distribution in spite of a nonuniform 

geometry of the cellor the electrodes. 

Tertiary current distribution is characterized by the additional contribution of the 

concentration overpotential. The influence of this overpotential depends on the ratio of 

the thickness of the diffusion layer to the distance between anode and cathode. The 

influence of the concentration overpotential is more complicated than the activation 

overpotential since the concentration overpotential depends on the geometry of the 

electrode surface. For a flat plate, for example, the concentration overpotential acts in 

the same direction as the a.ctivation potential, i.e. it tends to make the current 

distribution more uniform. 
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3. EXPERIMENTAL 

3.1. Electrolytie celland electrode& 

The solution circuit has been described in chapter VI.3.1 (Fig. VI.6). The distance 

between the two electrodes was varled from 2 to 7 mm by placing Perspex frames of 

various thicknesses between the two back walls of the cell and by sealing them with 

silicone rubbers of 0.5 mm thickness at each back wall. The flat working electrode, 

0.50 m in height, was divided into twenty segments, each 0.020 m in width and 0.024 m 

in height, with a space of 1 mm between every two segments The counter electrode was 

a flat plate 0.02 m in width and 0.5 m in height. 

Three different combinations of flat electrodes were applied: (1) a segmented 

Ru0
2
/Ti0

2 
anode combined wiih a one-plate titanium cathode; (2) a segmented Ru0

2 

anode combined with a one-plate Pt/Ir cathode; and (3) a segmented sta.inless-steel 

(316 Ti) catbode combined with a one-plate Pt/Ir anode. Titanium servedas a support 

for the Ru02/Ti02, the Ru02 and the Pt/Ir electrodes, respectively. 

3.2 Measurement of current distribuüon 

The potential difference between each segment of the working electrode and the 

counter electrode was adjusted by a special constant voltage souree with 20 independent 

channels. Each segment was connected to the constant-voltage souree by two contacts, 

one for the power supply and the other for the control of the potential (Fig. VII.2). The 

counter electrode had five connections for the current supply to obtain a uniform 

potential distribution over its whole area, and one conneetion for the control of the 

poten ti al. 

The potential range of the constant-voltage souree could be varled between 0 and 

5 V. The maximum current output was about 100 A. The measurement of the current of 

each segment has been described in chapter VI.3.2. 
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voltage 
souree 

Printer 

Fig. vn.2. Schematic plot of the electric circuit with a. part of the electrolysis cell 

3.3 Electralysis conditions 

The experiments were carried out with average current densities between 2 and 

7 kA/m2 and with solution temperatures between 298 and 343 K. The initial 

concentra.tion of the sodium chloride solution was varled between 1.0 and 5.0 kmol/m3. 

The flow rate of the bubble-free solution in the cell at the level of the leading edge of 

the working electrode, v 
0

, was adjusted at fixed valnes between 0.1 and 0. 7 m/s. The 

influence of the pH on the current density distribution was studied at a pH between 9 

and 12. Furthermore, the effect of the Na
2
Cr

2
0

7 
concentration from 0 to 15 mol/m3 was 

examined. 
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4. RESULTS 

A characteristic result for the current distribution is shown in Fig. VII.3. In this 

fi.gure the results for three separate measurements, carried out successively within two 

minutes, are shown by plotting the segment current, I , versus the segment number, n , 
s s 

from the leading edge of the segmented electrode. Segment number 20 indicates the top 

segment. The I /n relation is most accurately fitted by a linear equation. The deviation 
s s 

of the experimental points from the straight line can he assigned to systematic and/or 

incidental errors. Systematic errors arise because of slight differences in the potential of 

the electrode segments and in the geometry of the electrode segments. Fluctuations in 

the bubble/liquid mixture cause incidental errors. These are minimized by repeating the 

measurement of the current distribution several times and subsequently calculating the 

average current density distribution. From the I /n straight line the current density 
s s 

l 5 r-------------------------------~ 

4 

,...., 3 
~ 

UI 

2 

0 ~~~~~~~~--~~~~~~~ 
0 5 10 15 20 

"s -
Fig. Vll.3. The segment current, 18 , is platted versus the segment number, n8 , far an electralysis with 
a segmented Ru02/Ti02 anode and a ane--plate titanium cathode. The electralysis parameters are 
jav=6 kA/m2, vo=0.3 m/s, T=343 K, dwc=2 mm, cl!o=l.5 kmal/m3 and pH 9 (three separate 
measurements) 
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at the top, jt, a.nd at the leading edge of the working electrode, jb, were determined by 

linear extrapola.tion. From this valnes the current distribution factor, B=(jb -jt)/jav' was 

calculated. 

The factor B is used to show the effect of several parameters on the electrode current 

distribution, as time of electrolysis, average current density, flow rate of solution, 

temperature, sodium chloride concentration, sodium dichromate concentration, 

interelectrode gap a.nd pH. 

4.1. Effect of the time of electrolysis 

First the effect of time of electrolysis on the current-distribution factor was 

investigated. After half a.n hour of electrolysis of a 1.5 M NaCI solution at 20 A, the 

current-distribution factor B was determined as a function of the current density at 

decreasing current density. The result is given by curve 1 in Fig. VII.4. Thereafter, the 

l 0.60 

0.50 

0.40 

m 0.30 

0.20 

0.10 

0.00 
0 2 4 6 8 10 

j av [kA/m
2

] --
Fig. Vll.4. B vs. jav curves for a segmented Ru02/Ti02 anode and a one-plate titanium cathode 
after different times of electrolysis, at vo=0.3 m/s, T=343 K, dwc=2 mm, cho=l.5 kmol/m3 and 
pH 9. +: te=30 min, ll.: te=75 min and o: te=l20 min. 
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electralysis was continued with 20 A for 45 minutes and subsequently the 

current-distribution factor was again determined as a function of the current density. 

Curve 2 in Fig. VII.4 shows the results. The electralysis with 20 A for 45 minutes and 

the measurements of the current-distribution factor were repeated. The results are given 

by curve 3 in Fig. VII.4. This figure indicates that B/j curves are straight and parallel 
av 

to each other and that B decreases with increasing time of electrolysis. 

Hypochlorite is formed during the electrolysis. It bas been found that the 

concentration of hypochlorite is 41, 71 and 90 molfm3 in 4·10-3 m3 of solution after, 

respectively, the first, the second and the third period of electralysis with 20 A. The 

decrease in concentration of NaCl can be neglected and the pH remained at 9 during the 

series of experiments. It is likely that the decrease in B with increasing time of 

electralysis is caused by an increase in the rate of hypochlorite rednetion teading to a 

decrease in the rate of the hydrogen evolution. 

Since it is likely that in the absence of hypochlorite, the B/j curve passes through 
av 

the origin of the B/j -plane, the current-distribution factor at the beginning of the 
av 

electrolysis, B0, is given by B
0 
= a1ja.v where a1 is the slope of the B/jav curve and does 

not depend on the time of electralysis (Fig. VII.4). 

Similar results have been obtained for other electrode combinations. Table 1 shows 

B
0 

for three different electrode combinations at a current density of 6 kA/m2 a solution 

flow rate v0 of 0.3 m/s, a sodium chloride concentranon of 1.5 kmol/m3
, a temperature 

of 343 K and an interelectrode gap of 2 mm. 
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Table l. Dependenee of Boon the electrode combination 

Electrode combination 
segmented electrode one-plate electrode 

Ru0
2
/Ti0

2 
anode 

Ru0
2 

anode 
stainless-t~teel cathode 

4.2. Effect of the solution flow rate 

Ti cathode 

Pt/Ir cathode 

Pt/Ir anode 

0.473 

0.440 

0.467 

The effect of the solution flow rate v 
0 

on the current distri bution in the cell is 

illustrated for a segmented Ru0
2
/Ti0

2 
anode and a one-plate titanium cathode in 

Fig. VII.5. Here also, the current-distribution factor was determined after various 

periods of electrolysis. These ex.periments were carried out in the same way as the 

i 
0.50 

0.40 

ID 0.30 

0.20 

0.10 

0. 00 ~...-_.__...____,._ _ _._____. _ _._~..____,__..____J 

0.00 0.20 0.40 0.60 0.80 1.00 

v0 [m/s] --
Fig. VD.5. Effect of the solution flow rate, vo, on the current-distribution factor B at different times 
of electrolysis and at jav==6 kA/m2. For the other experimental conditions see Fig. VI1.4. 
+: curve 1, te==30 min, t:J.: curve 2, te==75 min and 0: curve 3, te=l20 min. 
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experimentsof Fig. VII.4. Fig. VII.5 shows the curves after the first, the second and the 

third period of electralysis with 20 A. From this figure it follows that the 

current-density distri bution becomes more uniform with increasing flow rate of solution 

and with increasing time of electrolysis. 

4.3. Effect of the interelectrode gap 

The in:fluence of the interelectrode gap, d , on the current-distribution factor B
0 

is 
wc 

shown in Fig. VII.6 fora segmented Ru0
2
/Ti0

2 
and a one-plate titanium cathode at 

different current densities. This figure shows that B
0 

decreases at a decreasing rate with 

increasing interelectrode gap. 

r 0.60 

0.50 

0.40 

0 
(IJ 0.30 

0.20 

0.10 

0.00 
0 2 4 6 8 10 

dwc [mm] -
Fig. VIT.&. Dependenee of Bo on the distance between anode and cathode at different current 
densities. +: 6.0 kA/m2, c: 4.5- kA/m2 and o: 3.5 kA/m2. Experimental conditions with the 
exception of the interelectrode gap, dwc1 and the average current density: see Fig. VII.4. 
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Fig. Vfi.7. Bo vs. T curves for different average current densities. +: 5.0 kA/m2, D.: 4.5 kA/m2 and 
o: 4.0 kA/m2. For the other experimental conditions see Fig. VII.4. 

4.4. Effect of the :temperatme 

In Fig. VII.7 the effect of the temperature on the current-distribution factor E
0 

is 

compared for various average current densities for a segmented Ru0
2
/Ti0

2 
anode with 

a one-plate titanium cathode. From this tigure it follows that E
0 

increases at an 

increasing rate with increasing temperature. Sirnilar results have been obtained for the 

other electrode combinations. 

4.5. Effect of the sodium chloride concentra.tion 

To study the effect of the sodium chloride concentration on E the following 

experiment was carried out: a salution containing 1.0 kmol/m3 NaCl was electrolysed for 

150 rninutes at 20 A. Subsequently, every minute the current-distribution factor was 

deterrnined at a current density of 5.25 kA/m2 and a salution flow rate of 0.3 rn/s for a 

period of ten rninutes. The current-distribution factor was constant during this period. 
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Fig. VII.8 Effect of the sodium chloride concentration on the current-distribution factor ( +) and on 
the resiativity of salution (a) for an electrolysia with a egmented Ru02/Ti02 anode and a one-plate 
titanium catbode at .iav=5 kA/m2, vo=0.3 m/s, T=343 K, dwe=2 mm and pH=9 

Thereafter the sodium chloride concentration was increased to 1.5 kmolfm3 by adding 

an equivalent amount ·Of salt to the solution. Due to the lower resistivity of the solution 

the average current density increased, and the current density again was adjusted to 

5.25 kA/m2
• After periods of half an hour the procedure of a.ddition of NaCl and 

adjustment of current was repeated. In Fig. VII.S the current-distribution factor 

obtained by this procedure is plotted versus the sodium chloride concentration at a 

current density of 5.25 kA/m2 and a solution :flow rate of 0.3 mfs. 
The plot illustrates that the current distribution over the anode beoomes more 

uniform with increasing sodium chloride concentration. In Fig. Vll.8 the resistivity of 

the bubble-free solution is a.lso given as a function of the sodium chloride concentration. 

The shapes of both curves indicate that there is a direct relationship between the 

solution resistance and the current density distribution. 
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4.6. Effect of the pH 

After the measurements of the concentration-dependence of B, the same solution was 

used to study the effect of the pH on the current-distribution factor. Again the 

current-distribution factor was measured every minute. After periods of half an hour 

the pH was successively increased from pH 9 to pH 12. No change in B was observed 

during the periods where the pH was constant. 

The results are shown in Fig. VII.9. This figure indicates that the 

current-distribution factor increases slightly with decreasing pH. Consequentely, the 

current density distribution becomes more uniform with increasing pH. 
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Fig. Vll.9. Dependenee of the current-distribution factor on the pH of the bulk solution at 
iav=5 kA/m2, vo=0.3 m/s, T=343 K, dwc=2 mm and q,o=S.O kmol/m3 for experiments with a 
segmented RuOz/Ti02 anode and a one-plate titanium cathode. 

135 



4. 7. Effect of the dichroma.te concentra.tion 

Fig. VII.lO shows the effect of two successive additions of the sa.me a.mount of 

Na.
2
Cr

2
0

7 
tothesodium chloride solution on the current-distribution factor B and on 

the average current density at a solution flow rate of 0.3 mfs, a temperature of 343 K, 

an interelectrode gap of 2 mm, a pH of 9 and a. sodium chloride concentration of 5.0 

kmolfm3
. Na

2
Cr20

7 
concentrations of 7.5 molfm3 and 15.0 molfm3 were reached a.fter 

the first and secoud addition, respectively. 

The data points shown in Fig. VII.lO are due to a single mea.surement of the current 

distribution and are plotted versus the time of electrolysill. Before the first addition the 

average current density and the current-distribution factor were constant, respectively 

5.25 kA/m2 and 0.21. Directly after the first addition, the average current density 

decrea.sed strongly and the current-distribution factor first rose strongly and thereafter 
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Fig. vn.IO. Effect of two subsequ~nt additions ((a) and (c)) of sodium dichromate to a Na.Cl solution 
on the current--distribution factor and on the average current density for a NaCl electrolysis with a 
segmented Ru02/Ti02 anode a.nd a one-pla.te titanium catbode a.t vo=0.3 m/s, T=343 K, 
dwc=2 mm, ct,o=1.5 kmol/m3 a.nd pH=9. Sodium dichroma.te concentration: 7.5 mol/m3 a.fter the 
first addition (a) and 15.0 mol/m3 after the second one (c). Fifteen minutes a.fter the first addition, 
the current density was adjusted to 5.25 kAfm2 (b). The cell voltage before a.nd directly after the first 
addition is 3.35 V a.nd the one before a.nd directly after the second addition is 3.57 V. The values of 
B are determined by a single mea.surement after each minute. 
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decreased to a value greater than the one before the addition. The cell voltage before 

and during 15 minutes after the first addition was 3.35 V. Fifteen minutes after the first 

addition the average current density was adjusted to the same value as before the first 

addition, and the cell voltage rose to 3.57 V and the current distribution factor B 

increased to 0.43. A further slight increase in B to 0.45 was observed after the second 

addition of Na
2
Cr

2
07' The current distri bution remains constant at the same value after 

the second addition. Consequently, only the first addition of Na
2
Cr

2
0

7 
increases the 

non-uniformity of the current distribution. 

5. DISCUSSION 

The current density distribution in the hypochlorite electralysis is mainly influenced 

by the presence of gas bubbles. The evolution of oxygen gas can he neglected because the 

gas volume of oxygen hardly exceeds 5% of the total gas volume under the applied 

conditions?1 Chlorine formed at the anode is transported both as bubbles and in 

dissolved form to the bulk of solution. The efficiency of bubble evolution at an anode in 

an acidic chloride solution saturated with chlorine at a pressure of one atmusphere is 

rather low, viz. about 40 %fora small platinum anode at j = 6 kA/m2
, v

0 
= 0.05 m/s 

and at 298 K?2 Taking into account this result, the small chlorine concentration in the 

salution at the entrance of the cell and the high rate of chlorine hydralysis due to the 

high pH of the solution viz. from 9 to 12, it is likely that almost no chlorine is present in 

the form of gas bubbles. Consequentely, the bubbles in the bulk of the salution can be 

considered as hydrogen bubbles. 

Both electrodes, the anode as well as the cathode, are covered by a layer of adhering 

gas bubbles; the cathode by hydrogen bubbles and the anode by oxygen-ehlorine 

bubbles~• 23 

It has been found that the concentration of hypochlorite increases at a decreasing ra te 
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with time of electrolysis. This is mainly cansed by the rednetion of hypochlorite at the 

catbode and the conversion of hypochlorite to chlorate at high temperatnres and pH < 

10?4>25 Since for a platinum electrode the rednetion is determined by diffnsion at 

potantials even higher than the reversible hydrogen potentia.l~6 it is likely that this is 

also the case for the catbodes used in this investiga.tion, viz. Ti, Ti/Pt-Ir and stainless 

steel, at the current density range from 2 to 7 kA/m2 where the potentialis much more 

negative than the reversible potential. 

From Figs. VII.6 and VII. 7 it follows that the current-distribution factor beoomes 

smaller with increasing time of electrolysis and so with increasing concentration of 

hypochlorite. An increa.se in the rate of hypochlorite rednetion means a decreasein the 

rate of hydrogen evolution. Consequently, the gas void fraction in the cell decreases with 

increa.sing rate of hypochlorite rednction. 

An estimate of the limiting current density of the hypochlorite rednetion can be 

made. The average thickness of the Nernst diffusion layer óN fora 50-cm.long electrode 

is about 27 0.8·10-5 m at v 
0
=0.3 m/s and 298 K. Using the diffusion coefficient of 

hypochlorite28 D=L10·10-9 m2/s it can be ca.lculated that the limiting diffusion current 

is 1.10 kA/m2 at a hypochlorite concentration of 41 mol/m3
. This va.lue of the limiting 

current and the interseet of curve 1 with the j axis in Fig. VIlA are of the same order 
av 

of magnitude. Consequently, the rednetion of hypochlorite significantly affects the 

current distribution over the electrodes. 

This condusion is supported by the effect of sodium dichromate addition on the 

current-distribution factor (Fig. VII.lO). It is well known29 that a chromium oxide layer 

is formed on the catbode during hypochlorite electralysis in the presence of dichromate. 

This diaphragm-like layer diminishes the transfer of hypochlorite to the catbode and so 

the rednetion of hypochlorite~0 The current drop after the first addition of sodium 

dichromate, shown in Fig. VIUO, is caused by diminishing the hypochlorite rednetion 

and by the extra resistance of the chromium oxide layer formed on the cathode. 

Since the intersection point of the B/j curve with the j -a.xis is closely related to 
av av 
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the hypochlorite concentration, it is likely that the current distribution factor B is given 

by B = a
1
j h where j h is the average current density used for hydrogen evolution. 
av, av, 

From Table 1 it can he concluded that the current distribution over both electrades -

anode a.nd catbode - is practically the same. The different nature of the electrode 

material does not significantly affect the current distri bution in the cell. 

The current distribution becomes more uniform with increasing flow rate of solution 

(Fig. VI1.5), dista.nce between both electrades (Fig. VII.6) a.nd concentration of sodium 

chloride (Fig. VII.8) a.nd with decreasing temperature (Fig. VII. 7). 

The current distribution depends on the kinetics of the electrode reactions and on the 

ohmic resistance of the solution between the electrodes. The latter factor depends on the 

gas void fraction and its distri bution over the gap between both electrodes. According to 

the Bruggeman equation, the ohmic resista.nce of solution depends on the gas void 

fraction between both electrodes~ 1 It has been shown in the previous chapter that this 

gas void fraction depends on the evolution of hydrogen gas and decreases with increasing 

distance to the cathode. In a model of the distribution of the gas void fraction between 

both electrodes, two regions ca.n be distinguished, namely a bubble layer adjacent to the 

catbode in which the gas void fraction decreases a.ccording to equation (VI.14) and the 

bulk of solution in which the gas void fraction is constant. Then the relative ohmic 

resista.nce of solution, r , is ca.lculated by equation (VI.ll). Using this ca.lculated r 
s s 

va.lues the current distribution factor B can computed by equation (VI.22). 

When no hypochlorite rednetion occurs, the current-distribution factor is given by 

B=B
0

. Using the mathematica.l treatment described in chapter VI, B
0 

can be ca.lculated 

at various temperatures. It has been found that the sum of the Tafel slopes is 

independent of the temperature a.nd is 0.45 V for a RuOiTi0
2 

anode combined with a 

Ti cathode. The resistivity of a solution of 1.5 kmol/m3 NaCl at various temperatures is 

given in Fig. VII.ll according to literature data~2 Taking into account the temperature 

effect on the molar gas volume and on the water vapour pressure, B
0 

has been ca.lculated 

at various temperatures for a solution flow velocity of 0.3 m/s, an interelectrode gap of 
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Fig. VD.ll. The effect of the temperature on the resistivity, p (o), and on the gas void fra.ction at the 
top of the electrode, fs,t (D) at a current density of 6 kAfm2, a flow velocity of 0.3 m/s, an 
interelectrode gap of 2 mm, and a sodium chloride concentration of 1.5 kmol/m3. 

Fig. VD.12. The experimenta.l (.6.) and the theoretical (V) current distribution factors are plotted as a 
function of the temperature at a current density of 6 kA/m2, a flow velocity of 0.3 m/s, an 
interelectrode gap of 2 mm, and a sodium chloride concentration of 1.5 kmol/m3. 
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2 mm, an average current density of 6 kA/m2 and a sodium chloride concentration of 

1.5 kmol/m3
. A comparison of the calculated and experimental values of the 

current-density distribution as a function of the solution temperature is given in Fig. 

VII.12. From this figure it can be concluded that the current-distribution factor B
0 

increases with increasing temperature for both, experimental and theoretica! values of 

B
0 

and that the calculated and experimental values of B0 agree reasonably. 

The temperature clearly affects two factors which have an opposite effect on the 

resistance of the solution between the electrodes. On the one hand the resistivity of the 

bubble-free solution decreases and on the other one the gas void fraction increases 

(Fig. VII.ll). The current distribution becomes more uniform with decreasing resistivity 

of the solution (Fig. VII.S). Consequently, because B
0 

increases with increasing 

temperature the effect of the temperature on the gas-vapour void fraction is greater 

than that on the resistivity of the solution. 

6. CONCLUSIONS 

It has been shown in this chapter that the current distribution in a hypochlorite 

electrolyzer decreases linearly with increasing height of the cell. The slope of the straight 

line, called current distribution factor B, strongly depends on the hypochlorite 

concentration. Therefore the current distribution factor in the beginning of the 

electrolysis, B
0

, bas been introduced to describe the effects of various electrolysis 

parameters on the current distribution in the electrolysis cell. 

The current distribution becomes more uniform if the current density and the 

temperature decrease and if the flow rate of solution, the interelectrode gap and the 

initial sodium chloride concentratien increase. The addition of sodium dichromate 

inhibits the reduction of hypochlorite at the catbode because sodium diebramate acts as 

a diaphragm at the cathode. Consequently, the rate of hydrogen evolution and the gas 
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void fraction increase, and the current distribution beoomes more non-uniform by 

addition of Na
2
Cr

2
0

7
. 

The model developed in chapter VI has been applied in this chapter to calculate the 

effect of the temperature on the current distribution factor. Since the results of this 

calculation a.gree reasonably with the experimental data, the current distribution factor 

can also be calculated for other electrolysis conditions by the proposed model. 
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LIST OF SYMBOLS AND SI-UNITS 

a constant (-) 

A electrode surface area (m2) 
e 

b Tafel slope (V) 
B dimensionless current-distribution factor (-) 

Bo current-distribution factor at t 0 (-) 
e 

c concentra ti on (molfm3) 

c constant given by Eqn. (II.13) (-) 
d distance, diameter (m) 

dh hydraulic diameter (m) 

d distance width between electrode and separator (m) 
wm 

d distance between anode and catbode (m) 
WC 

D diffusion constant (m2/s) 

e elementary charge (C) 

E electromotive force ( emf) of the cell (V) 

EO standard emf (V) 
F Faraday constant (C/mol) 

h height from the leading edge of an electrode (m) 

h height of a segment from the leading edge of an electrode (m) 
s 

H total height of the electrode (m) 

I current (A) 

Id current of the disc electrode (A) 

II current limited by mass transport {A) 

I current of the ring electrode (A) 
r 

I current of a segment {A) 
s 

j current density (A/m2) 

jav average current density (A/m2) 

jo exchange current density (A/m2) 

k reaction rate constant (m/s) 

k chemical reaction rate constant (m/s) c 
k electrode reaction rate constant (m/s) e 

~ hydralysis rate constant (1/s) 
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k mass transfer coefficient (m/s) m 
K equilibrium constant of a chemica! reaction (-) 

Kd dissociation constant (-) 
Kh hydralysis constant (-) 
L characteristic length of an electrode (m) e 
n number of electrons involved in electrode reaetion (-) e 
n number of segment of a segmented electrode (-) 

8 

No coneetion factor of a RRDE (-) 
N coneetion factor of a RRDE depending (-) r 

on a fast chemica! reaction 
p pressure (Pa) 
r radius (m) 
I relative resistance (r =R /R ) (-) 

8 8 8 p 
R resistance (0) 
R gas constant (m3Pa/molK) g 
R ohmic resistance of the bubble-free eleetrolyte (0) 

p 
R ohmic resistance of the electrolyte (0) 

8 

R'l'/ polarization resistance (0) 
Re Reynolds number (Re=v

8
dh/v) (-) 

Sc Sehmidt number (Se=v/D) (-) 
Sh Sherwood number (Sh=k L /D) (-) m e 
Sii average Sherwood number according to Eqn. 11.12 (-) 
t time (s) 
t time of electralysis (s) e 
T absolute temperature (K) 
u volumetrie gas production rate (m3/s) g 
u volumetrie liquid flow rate (m3/s) 

8 

u' relative mobility of ions (m2/Vs) 
V average rising velocity of a gas bubble (m/s) g 
V liquid flow velocity (m/s) 

8 

vo liquid flow velocity at the leading edge of the electrode (m/s) 
v' scan rate in cyclic voltammetry (V/s) 
V volume (m3) 
V molar gas volume (m3fmol) 

m 
Wa Wagner number (-) 
w width of the electrode (m) 

e 
x elistance from the electrode surface (m) 
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z· real part of the impedance (0) 
Z" imaginary part of the impedance (0) 

Q charge transfer coefficient (-) 
{J geometrica.l factor given by Eqn. (IV.2) (-) 
ó thickness of layer (m) 

ób thickness of bubble layer (m) 

ÓN thickness of Nernst diffusion layer (m) 

f gas void fraction (-) 
f gas void fraction in the bulk of solution (-) 

8 

eo gas void fraction at the electrode surface (-) 
fo,o gas void fraction at the electrode surface at f ==0 

s (-) 
11 electrode overpotential (V) 
cp current efficiency (%) 

/{)0 current efficiency at electrolysis time t = 0 
e 

(%) 
K. conductivity of solution (O-tm-1) 

K. conductivity of bubble-free solution (O-tm -t) 
p 

V kinematic viscosity (m2/s) 

p resistivity (Om) 

pp resistivity of the bubble-free electrolyte (Om) 
(I slip factor ( u==v giv 0) (-) 

x reaction rate (mol/s) 

X a reaction rate of hypochlorite formation (mol/s) 

x4 reaction rate of chlorate formation (mol/s) 

w rotation frequency (1/s) 

147 



Sub - and superscripts 

a auodic 

av average 

b leading edge of the electrode 

c cathodic, chem.ical 

d disc electrode 

e electrolysis, electrode 

g gas 

h hydrolysis, hydrogen, hydrogen ions 

he Hersch cell 

hyp hypochlorite 

1 limited 

m maas-transfer 

ox OxYgen, oxidized form 

p pure 

r ring electrode 

red reduced form 

s segment, bulk of solution 

u surface 

t top of the electrode 

tot total 

0 under staudard conditions, initia! condition, in the beginning 

1/2 half-wave 

1-19 segments number 1-19 

20 segment number 20 

The numbers 1, 2, 3 aud 4 are used according to the scheme: 

concentration (molfm3): c
1 

c
2 

formation rate (molfs): x2 
Cl- ---+ Cl

2 
---+ 

rate coefficients (m/s): 
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SUMMARY 

The electrochemical on-site production of hypochlorite is utilized in the desinfection 

of drinking and waste water, the prevention of fouling in heat exchangers of coastal 

power stations and the sanitizing of swimming pools. Chlorate is produced 

electrochemically on industrial scale and is mainly used for the production of the 

bleaching agent chlorite. The insight in the process of electrolysis of sodium chloride 

solution at pH>6 is of utmost importance for the optimization of the production of 

hypochlorite and chlorate. 

Reaction-kinetical as wellas technological aspects have been examined in this thesis. 

The reaction-kinetical investigation is focused on the electrochemical and rnass-transfer 

parameters of the oxidation of chloride ions and hypochlorite. The technological 

investigation concerns the minimization of energy losses which occur by the evolution of 

hydrogen gas bubbles in an undivided electrolysis cell. 

In the reaction-kinetical part of this thesis, the current efficiency of the formation of 

hypochlorite, chlorate and oxygen at the beginning of an electrolysis has been studied 

with a membrane cell (chapters 11 and lil). The influence of the current density, the 

flow rate of solution, the sodium chloride concentration, the temperature, the pH and 

the sodium dichromate content has been investigated at flat electrodes of Pt, Ru0
2 

and 

Ru0
2
/Ti0

2
. It has been been found that chlorate is already formed at the beginning of 

electrolysis and that the formation rate of chlorate increases linearly with increasing 

hypochlorite concentration. The evolution of oxygen is inhibited by a specific adsorption 

of chloride ions at the electrode surface ( chapter 111). This specific adsorption decreases 

and the rate of oxygen evolution increases with increasing of chlorate concentration in 

the solution. 

The oxidation of hypochlorite and the reduction of possible oxidation products of 

hypochlorite have been examined at a rotating ring-disc electrode consisting of a 

platinum disc and a platinum ring (chapter IV). It has been shown that hypochlorite 
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ions are oxidized to CIO radicals in the first oxidation step. 

From the experimental results, two reaction schemes of the oxidation of choride ions 

to chlorate have been elaborated ( chapter V): 

1 Chloride ions are oxidized to chlorine dissolving into the bulk of solution or forming 

gas bubbles. At a pH>3.5 chlorine is hydrolyzed in the bulk of solution. The formed 

hypochlorite is oxidized in an one-electron reaction to a chloroxyl radical which is 

oxidized to chlorate by hypochlorite molecules in the bulk of solution; 

2 Chloride ions are oxidized to chlorine radicals which combine with oxygen radicals at 

the electrode surface. Chloroxyl radicals are formed which are oxidized to chlorate by 

hypochlorite molecules in the bulk of solution. 

It has been shown that the oxidation of hypochlorite according to the first reaction path 

can ~ described by the Foorster reaction, at least for the balance of chlorine 

compounds. The second reaction path explains why chlorate is formed already at the 

beginning of electrolysis. 

The technological investigation is focussed on the ohmic resistance of solution and on 

the current distribution in the electralysis cell. The increase of the ohmic resistance of 

salution by the evolution of hydragen gas bnbbles in an undivided flow-through 

electrolysis cell is described by a model which is based on two regions between anode 

and cathode ( chapter VI). In the bulk of solution, the gas void fraction between the 

electrode& is constant. In a layer at the cathode, the bubble layer, the void fra.ction of 

gas bubbles decreasas from the electrode surface to the bulk of solution. The gas void 

fraction at the surface of the electrode, E
0
, is clearly affected by the gas void fraction in 

the bulk of solntion, E , and given by 
8 

= ("'2 + 2)0.5 
EO ~0,0 Es 

where Eo,o is the gas void fraction at the electrode at E
8 
=0. 

The cnrrent distribntion in the electrolysis cell depends on the gas void fractions since 

the latter canses an increases of the ohmic resistance of solution. It has been shown that 

the ohmic resistance of solution increases linearly with the height in the cell 
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( chapter VII). The current distri bution becomes more uniform if the current density or 

the temperature decrease or if the flow rate of solution, the interelectrode gap or the 

initia! sodium chloride concentratien increase. 

Hypochlorite clearly affects the current distribution since it is reduced at the catbode 

and the rate of hydrogen evolution deercases with increasing hypochlorite concentration. 

The current distribution becomes more non-uniform if sodium dichromate is added to 

the solution. Since dichromate forms a kind of diaphragm at the ca.thode, the rednetion 

of hypochlorite at the catbode is inhibited, and the evolution of gas bubbles increases. 

The model developed in cha.pter VI is successfully applied to describe the effect of the 

temperature on the current distribution. 

SAMENVATTING 

Het op lokatie elektrochemische geproduceerde hypochloriet wordt toegepast bij de 

desinfektie van drink- en afvalwater die in gemeentes wordt uitgevoerd, bij de 

voorkóming van vervuiling in warmtewisselaars van electriciteitscentrales aan de kust en 

bij de zuivering van zwembaden. Chloraat wordt electrachemisch op industriële schaal 

geproduceerd en wordt hoofdzakelijk gebruikt voor de productie van het bleekmiddel 

chloriet. Inzicht in het electrolyseproces van natriumchloride oplossingen, bij een pH>6, 

is noodzakelijk om de productie van hypochloriet en chloraat te kunnen optimaliseren. 

Zowel rea.ctiekinetische, als technologische aspecten, worden in dit proefschrift 

onderzocht. Het reactiekinetisch onderzoek is gericht op electrachemische en 

massatransport parameters van de oxidatie van chloride ionen en hypochloriet. Het 

technologisch onderzoek is van belang voor de minimalisering van de energieverliezen, 

die ontstaan door de ontwikkeling van waterstof-bellen in een ongedeelde electrolyse cel. 

In het reactiekinetische gedeelte van dit proefschrift wordt het stroomrendement van 

de vorming van hypochloriet, chloraat en zuurstof, in het begin van de electrolyse, 
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bestudeerd met behulp van een membraan cel (hoofdstukken 11 en lil). De invloed van 

de stroomdichtheid, de stromingssnelheid van de oplossing, de concentratie van 

natriumchloride en natriumdichromaat, de temperatuur en de pH wordt onderzocht aan 

vlakke electroden van Pt, Ru02 en Ru02 /TI02. In hoofdstuk 11 wordt aangetoond dat 

chloraat reeds in het begin van de electrolyse gevormd wordt en dat de vormingssnelheid 

van chloraat lineair toeneemt met een toenemende hypochloriet concentratie. De 

vorming van zuurstof wordt geremd door de specifieke adsorptie van chloride ionen aan 

het oppervlak van de electrode (hoofdstuk lil). Deze specifieke adsorptie wordt verlaagd 

en de snelheid van de zuurstofvorming verhoogd als de chloraat concentratie in de 

oplossing toeneemt. 

De oxidatie van hypochloriet en de reductie van mogelijke oxidatieproducten van 

hypochloriet zijn onderzocht aan een roterende ring-schijf electrode, welke bestaat uit 

een platina schijf en een platina ring (hoofstuk IV). Er wordt aangetoond dat 

hypochloriet ionen in de eerste oxidatiestap geoxideerd worden tot ClO radicalen. 

Van de experimentele resultaten worden twee reactie schema's van de oxidatie van 

chloride ionen tot chloraat uitgewerkt: 

1 Chloride ionen worden geoxideerd tot chloor, dat oplost in de oplossing of dat 

gasbellen vomit. Bij een pH>3.5 wordt chloor in de bulk van de oplossing 

gehydroliseerd. Het gevormde hypochloriet wordt in een één-electron reactie aan de 

electrode geoxideerd tot een ClO radicaal, dat door hypochloriet molekulen in de bulk 

van de oplossing geoxideerd wordt tot chloraat. 

2 Chloride ionen worden geoxideerd tot chloor radikalen, welke met zuurstof radikalen 

aan de oppervlakte van de electrode reageren. CIO radikalen worden hierbij gevormd. 

Deze worden geoxideerd. tot chloraat door hypochloriet molekulen in de bulk 

van de oplossing. 

Er wordt aangetoond dat de oxidatie van hypochloriet volgens het eerste reactiepad met 

de Foerster reactie beschreven kan worden, althans wat betreft de balans van de 

chloorverbindingen. Het tweede reactiepad legt uit waarom chloraat al bij het begin van 
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de electrolyse gevormd wordt. 

Het technologisch onderzoek is gericht op de Ohmse weerstand van de oplossing en op 

de stroomverdeling in de electrolyseceL De toename van de Ohmse weerstand van de 

oplossing, door de vorming van waterstof-bellen in een ongedeelde 

doorstroom--electrolysecel, wordt beschreven met een model dat gebaseerd is op twee 

lagen tussen anode en kathode (hoofdstuk VI). In de bulk van de oplossing is de 

gasvolume fractie tussen de electroden konstant. In een laag aan het oppervlak van de 

kathode, de bellenlaag, neemt de gasvolumefractie af vanaf het electrodeoppervlak tot de 

bulk van de oplossing. De gasvolumefractie aan het electrodeoppervlak, f
0

, wordt 

duidelijk heinvloed door de gasvolumefractie in de bulk van de oplossing, f, en wordt 
s 

uitgedrukt door 

( 2 2)0.5 
fo = fo,o + fs 

waarin fo,o de gasvolume fractie bij t:
8
=0 is. 

De stroomverdeling in de electrolyse cel is afhankelijk van de gasvolume fractie 

omdat laatstgenoemde de Ohmse weerstand van de oplossing verhoogt. Er wordt 

aangetoond dat de Ohmse weerstand van de oplossing lineair toeneemt met toenemende 

hoogte in de cel (hoofdstuk VII). De stroomverdeling wordt gelijkmatiger als de 

stroomdichtheid of de temperatuur afnemen of als de afstand tussen de electroden, de 

stromingssnelheid van de oplossing of de concentratie van natriumchloride toenemen. 

Hypochloriet beïnvloedt duidelijk de stroomverdeling, omdat het aan de kathode 

gereduceerd wordt en de snelheid van de waterstofvorming afneemt met toenemende 

concentratie van hypochloriet. De stroomverdeling wordt ongelijkmatiger als 

natriumdichromaat wordt toegevoegd aan de oplossing. De reductie van hypochloriet 

aan de kathode wordt geremd en de vorming van gasbellen verhoogd, omdat dichromaat 

een diaphra.gma-achtig laag op de kathode vormt. 

Het model dat in hoofdstuk VI ontwikkeld werd, wordt met succes toegepast om het 

effect van de temperatuur op de stroomverdeling te beschrijven. 
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