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ABSTRACT 
Chlorine dioxide exists as a free-radical monomer and typically reacts with organics as an 
oxidant with little or no chlorination. Chlorine dioxide highly effective at alkaline pH as an 
oxidant and is selective due to its unique ability to extract one-electron during oxidations to get 
reduced to chlorite. Chlorine dioxide is efficient and effective at low concentrations and less 
chlorine dioxide is required to obtain an active residual disinfectant. Based on experiences of our 
research group in various water treatment projects, particularly the oxidative degradation of 
textile dyes, the detailed chemistry and scope of chlorine dioxide as an oxidant in water 
treatment and its wide range of industrial applications will be described.  
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INTRODUCTION 

Across the globe, the water requirements are 
surpassing the supplies and the imbalance is 
increasing with the population growth and 
continued urbanization which accompanied 
industrial growth.  It is estimated that 70% 
of the world’s available fresh water may be 
agriculture, while 30% only be open for the 
other uses.1 The control of water pollution 
has become increasing importance in recent 
years and hence the textile industry which 
generates large quantities of polluted water 
takes a center stage. It is estimated that 17 - 
20 % of water pollution arises from textile 
dyeing and treatment. Many of the dyes and 
chemicals used in textile industry are toxic 
in nature.2 Generally, the industrial waste-
waters are high in both color and organic 
content, wherever the dyes and pigments are 
produced or consumed. There are more than 
one lac commercially available dyes with 
over 7 x 105 tons of dye materials produced 
annually.3 10-15% of these dyes are 
estimated to be released as effluent during 
the dyeing   process.4    Highly colored waste  
discharged into aquatic environment is not 

only unaesthetic, impacts the light penetration,  
thus upsetting biological processes in the water 
system. Many dyes which are toxic nature   
also directly affect the aquatic biota. Thus 
treatment of the toxic organics from waste 
waters is extremely necessary in many 
respects.5 The causes of water pollution are 
located at municipal, industrial and agricultural 
level. Pollution from urban and suburban is 
related to wastewater from human settlements 
and commercial establishments. Industrial 
causes vary as per the biochemical demand, 
suspended solids, inorganic and organic 
substances. These lead to organic and 
inorganic pollutants in surface and river 
waters.6 Water pollution is caused by the 
emission of domestic or urban sewage, 
agricultural waste, pollutants and industrial 
effluents into water bodies. Most municipal 
wastewater treatment plants have primary and 
secondary treatment facilities followed by a 
tertiary processing plant. Primary treatment 
involves physical separation of floatable and 
suspended solids. Secondary treatment 
involves biological removal of dissolved 
solids. Tertiary treatment involves physical, 
chemical and biological treatment.7 The most 
commonly used chemical process in water 
treatment is chlorination and ozone aeration.  *Author for correspondence 
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While ozone initiated oxidation is energy 
intensive, chlorination is a very cost effective 
and reliable technology and gas chlorination is 
a more efficient method of disinfection, except 
for the risk of formation toxic chlorinated 
compounds like trihalomethanes and chlora-
ines, which are known carcinogens.8-10   

AIMS AND OBJECTIVES 
In the light of the above limitations, this 
presentation focuses on tertiary treatment of 
waters another alternative chlorine dioxide.11 

Chlorine dioxide is commonly used as a pre-
oxidant and primary disinfectant during 
treatment of drinking water. As a pre-oxidant, 
it is used mainly as an alternative to chlorine, 
for trihalomethane (THM) control.12,13 It is also 
used for taste-and-odour control, manganese 
and iron oxidation, and color removal. In the 
United States, over 500 water treatment plants 
use ClO2 full time and as many as 900 use it 
either part time or seasonally.12    

MATERIAL AND METHODS 
Methods of preparation of chlorine dioxide 
Most commercial generators use sodium 
chlorite (NaClO2) as the common feedstock 
chemical to generate chlorine dioxide for 
drinking water application. Recently, 
production of ClO2 from sodium chlorate 
(NaClO3) has been introduced as a generation 
method wherein NaClO3 is reduced by a 
mixture of concentrated hydrogen peroxide 
(H2O2) and concentrated sulfuric acid (H2SO4). 
More than 95% of the sodium chlorate 
produced today is used in the pulp and paper 
industry, where it is a primary raw material for 
the production of chlorine dioxide. Chlorine 
dioxide is a strong and selective oxidizer and is 
used in the pulp bleaching process.14,15 The 
most common methods for the generation of 
ClO2 for water treatment involve sodium 
chlorite (NaClO2), either as a solid or in 
solution.16 Sodium chlorite is reacted with 
either chlorine gas (Cl2), hypochlorous acid 
(HOCl) or hydrochloric acid (HCl) in the 
following reactions.17  This method was used to 
generate the  chlorine  dioxide  in  the  current 
study : 

  2NaClO2 + Cl2(g) → 2ClO2(g)  +  2NaCl         (1) 
  2NaClO2+HOCl→NaCl+NaOH + 2ClO2(g)   (2) 

5NaClO2 + 4HCl → 4ClO2(g) + 2H2O + 5NaCl (3) 
In the first two reactions, an unstable 
intermediate, Cl2O2, is formed if the reactants 
are in high concentrations. When chlorite ion 
(ClO2

-) concentrations are low, the 
intermediate decays to chlorate ion (ClO3

-). 
Chlorate ion production can also occur when 
initial reactant concentrations are low or when 
chlorine (or hypochlorous acid) is in excess. 
When initial reactant concentrations are high 
or when ClO2

- concentrations are in excess, the 
intermediate decays to ClO2.18 In reaction 2, 
only 80 percent conversion of NaClO2 to ClO2 
is possible and therefore, this method is not 
popular. Pure chlorine dioxide can also be 
produced by electrolysis of a chlorite solution : 
2NaClO2+2H2O→  2ClO2(g) + 2NaOH + H2   (4) 
High purity chlorine dioxide gas (7.7 percent 
in air or nitrogen atmosphere) can be produced 
by the Gas : Solid method, which reacts dilute 
chlorine gas with solid sodium chlorite : 
2NaClO2 + Cl2   →   2ClO2(g) + 2NaCl    (5) 
Another method for generating high-purity 
ClO2 by reaction of solid NaClO2 with chlorine 
gas has become available.  The chlorine gas is 
first mixed with humidified air and then passed 
through a series of drums containing solid 
NaClO2. No unreacted NaClO2 enters the 
system because the generated ClO2 is in the 
gas phase and ClO3

- is not produced.  
The stock solution of ClO2 was stored in dark, at 
room temperature and was standardized before 
the reaction by iodometric titration with standard 
sodium thiosulfate solution.  All the kinetic 
measurements were conducted with low 
concentration of dye and excess concentrations 
of all the other reagents. The reaction progress 
was monitored using the HI-TECH micro 
volume double mixing stopped-flow apparatus. 
The kinetic data acquired at single wavelength 
was analysed using the KinetAsystTM 3.10 
software which allows the matching of 
experimental results with different rate equations 
and to estimate the rate constants by choosing 
appropriate integrated rate equations. 

RESULTS AND DISCUSSION 
Chemistry of chlorine dioxide  
Chlorine dioxide (ClO2) exists as a volatile, 
energetic free radical and is quite reactive. Due  
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to its explosive nature, ClO2 cannot be 
compressed or stored and must be generated 
on-site. Solutions with concentrations greater 
than 10.0 g/L can pose an explosive hazard16 

and its ignition temperature is about 130 °C.  
Chlorine dioxide concentrations used in the 
water treatment are generally in the range of 
0.1 mg/L to 5.0 mg/L. One of the most 
important physical properties of chlorine 
dioxide is its high solubility in water, 
particularly in chilled water. Chlorine dioxide 
does not hydrolyze in water but remains a 
highly soluble gas above 11°C over a broad 
range of pH (2.0 to 10.0). Solutions are 
greenish - yellow and smell strongly 
chlorinous.18 Aqueous solutions must be 
protected from light as chlorine dioxide is 
subject to photolysis by ultraviolet light19 and 
even fluorescent lights.  
The main reaction product of ClO2 in water is 
the chlorite ion.  Its reduction occurs by an 
electron transfer, forming ClO2

- as shown in 
this half-reaction.17, 20  
ClO2 + e−→ ClO2

−    (6) 
Masschelein21 reported In aqueous solution, 
chlorination by chlorine dioxide is not a direct 
reaction.  However, indirect chlorination by         
dioxide having undergone a previous reaction 
may not necessary be excluded. He attributed 
reports of chlorinated organic by-products 
produced to the presence of chlorine in the 
ClO2 solution that was used. Chlorine on the 
other hand reacts with organic compounds to 
form chlorinated organic by-products.22,23  
Chlorite ion, which also is an oxidant, reacts at 
a much slower rate than ClO2 under conditions 
generally encountered in water treatment. 
Chlorite ion is reduced to chloride ion (Cl-) by 
the following reaction16, 17,21 :  
ClO2 + 4H+ + 4e- → Cl- + 2H2O    (7) 
This reaction does not occur, however, unless 
reduced compounds such as ferrous ion (Fe2

+), 
phenol or humic materials are present.24 
Typically, from 50 to 70 percent of the reacted 
ClO2 appears as ClO2

- with the balance 
forming either Cl- or ClO3

-.25, 26  
In basic solutions, ClO2 disproportionates to 
form ClO2

-and ClO3
- 16 :  

2ClO2+2OH- → ClO2
- +ClO3

- +  H2O            (8) 

Under certain conditions chlorine and ClO2 can 
react to form ClO3

- 
 2ClO2+HOCl+H2O→2ClO3

-+2H+ + HCl         (9) 
When chlorine dioxide is subject to 
photochemical decomposition through a series 
of reactions to Cl- and ClO3

- 19,27,28 here was 
significant formation of ClO3

- (0.36 to 0.97 
mg/L) when water containing from 3.56 mg/L 
to 3.99 mg/L of ClO2  was  exposed to 
fluorescent light. In controlled experiments, 
when water was treated with ClO2 and kept in 
the dark it did not contain ClO3

-.  
Chlorite ion reacts with chlorine in treated 
water to reform ClO2, in the same manner that 
ClO2 is generated (reaction 1.5).  This reaction, 
however, depends heavily on pH and relative 
reactant concentrations. In basic solutions 
when the hypochlorite ion (OCl-) is present, 
greater amounts of ClO3

- are formed by the 
following reaction.12, 26, 29 

ClO2
- + HOCl + OH-→ H2O + Cl- + ClO3

-   (10) 
In acidic conditions more ClO2 than ClO3

- is 
formed. 
2ClO2

- + HOCl + H+ → 2 ClO2  + Cl- +H2O  (11) 
In neutral solutions also chlorine and ClO2 
react to form ClO3

-and Cl-   
2ClO2 + HOCl + H2O → 2ClO3- + Cl- +3H+        (12)     

Chemistry of ClO2 at alkaline pH 9, 30 

ClO2 + OH- ↔ (OClOOH)-                 (13)  
(OClOOH)- + ClO2 ↔ OClOOH + ClO2

-    (14) 
OClOOH + OH- ↔  HOClO + HOO-    (15) 
HOO- + 2ClO2 + OH- ↔ 2ClO2

- + H2O    (16) 
2ClO2 + 2OH- → ClO2

-+ ClO3
-+ H2O    (17) 

ClO2 + R → ClO2
- + R+      (18) 

ClO2 + R + OH- → (ClO2 R OH)-    (19) 
(ClO2ROH)- →ClO2

- + Intermed. + H2O    (20) 
R- Reactant/Reducing reagent 
Advantages and uses of chlorine dioxide 
Chlorine dioxide is less expensive than other 
disinfection methods, such as ozone. Chlorine 
dioxide is used primarily (> 95%) for bleaching 
of wood pulp. As an oxidizer chlorine dioxide is 
very selective. It has this ability due to unique 
one-electron exchange mechanisms. Chlorine 
dioxide attacks the electron-rich centers of 
organic molecules. By comparing the oxidation 
strength and oxidation capacity of different 
disinfectants, chlorine dioxide is effective  at low  
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concentrations. It can be effectively used when a 
large amount of organic matter is present in the 
effluents. It is also used for the bleaching of flour 
and for the disinfection of municipal drinking 
water.  It’s most common use in water treatment 
is as a pre-oxidant prior to chlorination of 
drinking water to destroy natural water impurities 
that produce trihalomethanes to free chlorine.20, 31 

Chlorine dioxide is also superior to chlorine, 
when operated above pH 7.0, in the presence of 
ammonia and amines and/or for the control of 
biofilms in water distribution systems. Chlorine 
dioxide is used in many industrial water 
treatment applications as a biocide including 
cooling towers, process water and food 
processing. Chlorine dioxide is less corrosive 
than chlorine and superior for the control of 
legionella bacteria. It is more effective as a 
disinfectant in most circumstances than chlorine 
against waterborne pathogenic microbes such as 
viruses, bacteria and protozoa.32  

Low-concentration chlorine dioxide gas can be 
used as a precaution against influenza a virus 
infection.33 It can also be used for air 
disinfection and was the principal agent used 
in the decontamination of buildings in the 
United States after the 2001 anthrax attacks.34 

After the disaster of Hurricane Katrina in New 
Orleans, Louisiana and the surrounding Gulf 
Coast, chlorine dioxide has been used to 
eradicate dangerous mold from houses 
inundated by water from massive flooding.35 

Chlorine dioxide is used as an oxidant for 
phenol destruction in waste water streams, 
control of zebra and quagga mussels in water 
intakes and for odour control in the air 
scrubbers of animal by-product plants. 
Stabilized chlorine dioxide can also be used in 
an oral rinse to treat oral disease and 
malodor.36 Fig. 1 shows the typical profiles of 
fast depletion of Amaranth displaying pseudo 
1st order kinetics by different excess initial 
concentrations of ClO2 at pH 9 in <  2 s.9 

 

 
Fig. 1 : ClO2 initiated degradation of Amaranth. Conditions: [AM]0 = 7.0 x 10-5 M with [ClO2]t 

 

/10-3 M = (a = 2.52, b = 3.79,  c =  5.05, d = 6.31 and e = 7.57) at pH = 9.0 

During oxidation of organics, while chlorine and 
hypochlorite can generate chlorinated compo-
unds including carcinogens as by-products, 
chlorine dioxide seldom produces chlorinated 
by-products. Table 1 summarises products 
generated by chlorine dioxide initiated oxidation 
of various organics in aqueous systems. 

Industrial applications 
Pulp bleaching  
Widely used for bleaching pulp.  Effective 
biocide to control process water and waste 
water environmental issues and eliminates 
dioxins in mill waste.  Biocidal properties- 
effective  disinfectant,  algaecide  and oxidizer.  
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Table 1 : Products oxidations for various organics using ClO2 
37 

Substrate Oxidation product 
Organic compounds in water Aldehydes, carboxylic acids, ketones and quinones 

Olefins Aldehydes, epoxides and unsaturated ketones 

Anthracene Anthraquinone  

Phenanthrene Diphenic acid  

3, 4-benzopyrene Quinones  

Phenol Maleic acid, oxalic acid  

Thiophenols Sulfonic acids 

Methionine Sulfone  

2,3-butaneodiol Acetic acid, CO2 

Fe and Mn removal 
Fe and Mn may also accelerate biological 
growths in the distribution system, further 
exacerbating taste, odour and colour problems.  
Pre-oxidation with chlorine dioxide is effective 
for iron and manganese removal and improves 
coagulation and settling, resulting in better filter-
run times.  
For disinfection  
Chlorine dioxide is now recognised as one of 
the safest, most effective biocides and sterilising 
agents available today.  Many of its uses and 
applications are US EPA, FDA and UK 
Government approved. Stabilized chlorine 
dioxide can also be used in an oral rinse to treat 
oral disease and malodor.36 

Odour control 
Controls  odour   controlling   microor-ganisms 
that form odour-causing hydrogen sulfide and by 
destroying hydrogen sulfide odours through 
chemical oxidation.   

Odour scrubbers  
Odour causing compounds include inorganic 
gases and organic gases and vapours generated as 
a result of biological activity.  It may be used to 
wash fruits and vegetables followed by a potable 
water rinse and further processing. 
Sterilization with ClO2  
It is more effective as a disinfectant in most 
circumstances than chlorine against 
waterborne pathogenic microbes such as 
viruses, bacteria and protozoa.32 Chlorine 
dioxide is a powerful biocide that can kill 
fungus, bacteria and viruses at levels of 0.1 to 
1 part per million in contact times of a few 
minutes. The efficacy of disinfection of 
microbes has been reported tested on molds 
and bacteria commonly found in citrus juices, 
namely Aspergillus niger and Peni-cillium 
citrium (molds) and Leuconostocme 
senteroides and Lactobacillus buchneri 
(bacteria). The reported results are sum-arised 
in Table 2. 

Table 2 : Efficacy of ClO2 to kill 90 % of organisms on stainless steel surfaces38

ClO2 (mg/L) 
P. citrium 

(Mold) 
A. niger 
(Mold) 

L. buchneri 
(Bacteria) 

L. mesenteroides 
(Bacteria) 

Log reduction time ± standard deviation (min) 
0.3 13.2 ± 2.7 12.6 ± 2.6 7.2 ± 1.2 10.8 ± 1.8 
0.5 12.1 ± 2.0 12.3 ± 1.5 5.1 ± 0.4 8.6 ± 0.6 
 1 11.6 ± 1.5 11.0 ± 1.3 2.4 ± 0.2 6.2 ± 1.0 
 2 10.2 ± 1.1       9.2 ± 1.3 0.8 ± 0.1 3.3 ± 0.6 
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Limitations of chlorine dioxide 
Ability to reuse of used and waste water is highly 
recommended and desirable.39 When using 
chlorine dioxide with sodium chlorite and 
chlorine gas, safety measures must be taken both 
during its transportation and usage. Sufficient 
ventilation and gas masks are required for 
handling. During chlorine dioxide production 
processes, a large amount of chlorine is formed,40  
Chlorine dioxide and its disinfection by-products 
chlorite and chlorate, if present in water can 
create health problems for dialysis patients.  
Chlorine dioxide is about 5 to 10 times more 
expensive than chlorine.41 The costs depend upon 
the price of the chemicals that are used to 
produce it.42-45  

CONCLUSION 
Chlorine dioxide is a versatile and 
multipurpose chemical with wide range of uses 
and applications which include the algae 
control, food and beverage processing, 
wastewater, process water and drinking water 
treatment, sludge disinfection, rendering plant 
odour control,  hydrogen sulfide destruction, 
leather processing, paper biocide, colour 
removal  and cotton bleaching. 
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