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ABSTRACT 

Chlorine dioxide (ClO2) is an oxidant used across many different industry sectors for water 

treatment, including for the treatment of drinking water. Chlorine dioxide has been successfully 

applied to drinking water supplies for disinfection, oxidation, colour reduction and taste and 

odour control. 

Historically chlorine, as gaseous Cl2 or sodium hypochlorite solution, has been used as the 

major disinfectant in drinking water treatment plants (DWTP). Research linking the generation 

of trihalomethanes (THM) as by-products from the chlorination of water is causing a slow 

withdrawal from chlorine dosing within the drinking water industry, allowing alternative 

disinfectants to become more widely utilised.   

Alternative chemical disinfectants are also not trouble free. Chlorine dioxide produces chlorite 

(ClO2
-) and chlorate (ClO3

-) inorganic disinfection by-products (DBP). Chlorite and chlorate 

ions are highly undesirable, potentially toxic, by-products formed during the commercial 

generation of chlorine dioxide. Chlorate was relatively unspoken about within the water 

industry until recently as it was found to be a degradation product present in sodium 

hypochlorite solution, a chemical commonly used for chlorination. Increased awareness and 

upcoming changes in regulation concerning disinfection by-products are causing increased 

scrutiny to be placed on all chemical disinfection processes. 

Manufacturers of chlorine dioxide generators commonly base the performance of their 

equipment upon ClO2 output and conversion efficiency of sodium chlorite precursor to chlorine 

dioxide. Conversion efficiencies, expressed as ClO2 percentage yield, greater than 95% are the 

industry standard for commercial ClO2 generators. Conversion efficiency expressed in this way 

only details the ClO2 concentration generated, it gives no additional information on the 

concentration of DBPs produced. The presence of ClO2
- in the product solution is overlooked 

and the formation of chlorate is assumed to be negligible and therefore there was no great 

concern over chlorate transfer to the treated water. Since performance of generators are based 

on these simplifications, the purity of the ClO2 product is an important parameter that is often 

unknown and unspoken of.  

Scotmas Ltd have taken this opportunity to investigate the scale of DBP formation, particularly 

concerned with chlorate, in their ClO2 generators with subsequent optimisation of the process 

to reduced DBPs produced. This entailed an investigation into the purity of solutions produced 
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by a 3.5 ghr-1 ClO2 reactor subject to varying conditions. The effects of increasing chemical 

retention time within the reactor and increasing acid concentrations were investigated. It was 

found that a retention time of greater than 17 minutes was required to produce the highest purity 

ClO2 solutions and that a reduction in acid dose, reduced by 60% in volume compared to 

sodium chlorite dose, continued to generate ClO2 solutions of high purity.  

To satisfy future regulation changes and customer demand a commercial generator able to 

efficiently produce an ultra-pure ClO2 product is required.  Initial research and investigations 

were carried out to design an ultra-pure ClO2 generator. The design concept is to generate ClO2 

inside a reactor which allows the ClO2 gas to subsequently be removed from the reactor and 

absorbed in water to form an ultra-pure ClO2 solution product. Techniques, such as ultrasound 

and aeration, were investigated on a small scale to evaluate their effectiveness at degassing 

ClO2 from solution. The feasibility of incorporating each technique into the reactor design was 

also considered. Ultrasound was found to increase the rate of ClO2 degassing from solution, 

although it was concluded that the technique was not effective enough to be incorporated into 

a commercial ClO2 generator. Aeration of ClO2 solutions dramatically increased the rate of 

ClO2 degassing, although the effects of adding large quantities of air to a process could be 

problematic in real installations. The short trial investigating aeration produced respectable 

results and has been suggested as the technique to investigate further for incorporation in to an 

ultra-pure ClO2 reactor.  
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CHAPTER 1 – INTRODUCTION 
 

Disinfection of drinking water is an important procedure to control bacterial infection and 

maintain water quality. Practically, there are four common disinfectants used: chlorine, 

chloramines, chlorine dioxide and ozone. Chemical disinfectants are integral to modern water 

treatment, but are not trouble free.1 Each of the common disinfectants can produce disinfection 

by-products (DBPs) that pose threats to human health or aquatic ecosystems.2 To balance the 

need for chemical disinfectants with their potential risks, considerable effort has been devoted 

to understanding the kinetics of formation of DBPs, their toxicity and fate in natural and 

engineered systems.3 

Chlorine Dioxide (ClO2) has unique properties that make it an attractive disinfectant and 

oxidant for the treatment of a variety of water sources. It is a powerful, selective oxidant and a 

broad-spectrum biocide. Over the years it has almost completely replaced the use of chlorine 

as a bleaching agent in the pulp and paper industry, and it is successfully being used as an 

alternative to chlorine in drinking water treatment plants4.  

ClO2 is an attractive alternative to chlorination since it does not react with natural organic 

matter (NOM) present in raw water to be treated in drinking water treatment plants (DWTP). 

Chlorine, the most commonly used disinfectant in DWTPs, reacts with NOM to form 

disinfection by-products (DBPs) trihalomethanes (THMs) and haloacetic acids (HAAs) which 

are now known to be hazardous to human health.  

ClO2 does not form THMs or HAAs, however it does form two inorganic DBPs, chlorite (ClO2
-

) and chlorate (ClO3
-). Chlorite and chlorate are produced in varying quantities dependent on 

ClO2 treatment and subsequent ClO2 degradation due to impurities present in the treated water. 

They are also formed as by-products from side reactions that occur during the generation of 

ClO2 solution, this impure ClO2 solution is dosed directly into the water to be treated. The 

presence of ClO2
- and ClO3

- negatively affect the purity of the chlorine dioxide solution, 

therefore understanding potential side reactions occurring during the ClO2 generation is 

necessary to produce a ClO2 solution of the highest purity.  

New World Health Organisation (WHO) guidelines5 from 2020 are likely to place increased 

scrutiny on common disinfection by-products in water supplies due to potential harmful effects. 

Compounds such as chlorate, trihalomethanes and bromate are all likely to be subject to 
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reduced regulatory limits6. Therefore, chemical disinfectants being used in drinking water 

treatment need to be of the highest purity possible.   

 

This report will investigate a commercial Scotmas 3.5ghr-1 ClO2 generator. This technology 

uses the chlorite:acid method for generating ClO2 which is fully aqueous based therefore 

allowing DBPs chlorite and chlorate to be transferred in to the treated water.  The reactor 

performance will be investigated, and the results discussed in detail. Insight in to the purity of 

ClO2 solutions generated by current Scotmas equipment and understanding the parameters that 

affect purity are the main outcomes desired.  

Due to the method of generation of ClO2 used, current Scotmas reactors will not produce an 

ultra-pure ClO2 product, so this report will also investigate methods to produce ultra-pure ClO2 

solutions from ClO2 gas. Generation of ClO2 in solution in a reactor and transfer of its gaseous 

form to a water supply would generate ultra-pure ClO2 since all by-products would remain in 

the reactor.  ClO2 is highly soluble in water so technology to promote ClO2 degassing from 

reactor solution was investigated and the results discussed. Effects on ClO2 degassing by air 

stripping technology and ultrasonic technology were both investigated.   
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CHAPTER 2 – CHLORINE DIOXIDE 
2.1 The History of Chlorine Dioxide 
The discovery of ClO2 occurred in the early 1800s when sulfuric acid was reacted with 

potassium chlorate to produce a yellow gas, now known to be chlorine dioxide. The discovery 

of ClO2 is generally credited to Sir Humphrey Davy who in 1811 named the yellow gaseous 

product from this reaction “euchlorine”.7  Later, the use of hydrochloric acid over sulfuric acid 

was introduced and potassium chlorate was replaced with sodium chlorate. This generation 

method is still used today in large scale production facilities with ClO2 generation occurring 

according to the following reaction, equation (1). 

 2NaClO3 + 4HCl →2ClO2 + Cl2 + 2NaCl + 2H2O (1) 

    

The major use of ClO2 is as a bleaching agent for pulp in the paper industry. It has been used 

in the pulp and paper industry since the mid-1800s with the majority of ClO2 being generated 

on-site from sodium chlorate precursor due to the large quantities required for bleaching.   

In the 1940s, Mathieson Alkali Works pioneered the development of commercially available 

sodium chlorite. They used ClO2 generated from reducing sodium chlorate to manufacture 

sodium chlorite. The first application of ClO2 in the water treatment industry was at Niagara 

Falls water purification plant in 1944, ClO2 was generated from sodium chlorite oxidation by 

chlorine.8 The successful application of ClO2 for taste and odour control at Niagara Falls water 

treatment plant, along with the newly available generation equipment utilising commercially 

available sodium chlorite9 increased the use of ClO2 in potable water treatment plants. By the 

1950s ClO2 began being used more commonly in DWTPs to replace chlorination due its 

effectiveness at controlling taste and odour issues.   

Over the last century, chlorine dioxide has been used within many industries due to the 

knowledge that it is a powerful disinfectant of water. For instance, at the beginning of the 20th 

century ClO2 was used in a spa in Ostend in Belgium to take advantage of its disinfectant 

properties10, it is now commonly used for swimming pool disinfection. It has been applied for 

microbiological control in cooling towers11 since the 1970s. Also in the 1970s the use of 

chlorine dioxide in the oil industry increased due to its superior biofilm removing abilities and 

its ability to react with hydrogen sulphide and other sulphur compounds.12 It has been used as 

a disinfectant in the food processing industry, as an alternative disinfectant for wastewater 

treatment and for sterilisation of medical equipment.13 
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The successes of chlorine dioxide across all industries has resulted in years of investigations 

into the properties and the disinfection efficacy of ClO2. The research also led to the 

development of many different generation methods of ClO2 which are discussed in greater 

detail in Sections 3.1 and 3.2.  

 

2.2 Chemical Properties of Chlorine Dioxide  
Chlorine dioxide is a small, volatile, highly energetic molecule. It is a neutral compound in 

which the chlorine atom is in a 4+ oxidation state. It has 19 valence electrons, one of which is 

unpaired so ClO2 is a free radical. It remains as a free radical in dilute pure aqueous solutions.14 

It is stable in dilute aqueous solutions in a closed container in the absence of ultraviolet (UV) 

light.  

ClO2 has a melting point of -59 oC, above this it exists as a red, unstable liquid which is very 

explosive at temperatures greater than -40 oC. The liquid has a boiling point at 11 oC above 

which it exists as a yellow-green gas15 with a distinctive odour similar to chlorine. As the gas 

concentration increases the colour appears more reddish and at concentrations in air greater 

than 4 % a spark can cause a decomposition reaction to occur which will generate a small 

amount of energy. Chlorine dioxide gas concentrations above 10 % in air may undergo a 

spontaneous decomposition reaction, this will be discussed in greater depth in Chapter 5.2.1.  

Due to the instabilities of ClO2 it is almost always used in industry as a dilute aqueous solution 

generated on-site at point of use. More recently ClO2 has been applied as a gas in several 

applications, for instance to remediate buildings contaminated by Anthrax spores.16 Therefore, 

it is necessary to consider chlorine dioxide properties in its gaseous and its liquid form at all 

times.  

One of the most important properties of ClO2 is its high solubility in water, particularly at lower 

temperatures. ClO2 does not hydrolyse with water to an appreciable extent so it exists as a free 

radical in its gaseous form dissolved in water.17 The solubility of ClO2 in water is inversely 

proportional to the temperature, so as the temperature increases the equilibrium between ClO2 

in solution versus ClO2 gas moves so a greater proportion is present in the gas phase. At 25oC 

and atmospheric pressure ClO2 is approximately 23 times more concentrated in aqueous 

solution than in the gas phase.18 
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The relationship between partial pressure of ClO2 gas above an aqueous solution of ClO2 and 

the ClO2 concentration in that solution has been investigated by several researchers and is 

shown in equation (2)7.  

 p̂ = �
𝑔𝑔
𝐿𝐿
𝐶𝐶𝑙𝑙𝑙𝑙2� 𝑒𝑒[10.717−�3102𝑇𝑇 �] (2) 

 

So the degree of ClO2 gassing off above an aqueous solution is proportional to the 

concentration of the solution. The solubility limit at 20oC and atmospheric pressure has been 

found to be 70 gL-1,13 with aqueous solutions of 60 gL-1 successfully being made.12 

Concentrated solutions can be stored safely for relatively long periods of time in the absence 

of light in a closed container with no air space above the liquid.19 

Since ClO2 decomposes with time as a function of UV light intensity and it gases off out of 

solution as temperature increases it is imperative to store ClO2 solutions under very specific 

conditions. This decomposition of ClO2 leads to unwanted inorganic by-products chlorite ion 

(ClO2
-), chlorate ion (ClO3

-) and free available chlorine (FAC) under varying circumstances. 

 

2.3 Reaction Efficiency and Purity of Solution 
 

On-site ClO2 generation strives to achieve high generator “yield” or “efficiency”. Both yield 

and efficiency are process oriented and do not relate directly to the “purity” of the ClO2 solution 

being generated. Throughout the ClO2 industry there is inconsistency in how the above terms 

are used, often they are used interchangeably or are undefined, which has led to confusion in 

the marketplace and in some literature regarding ClO2 generation technologies.  

The United States Environmental Protection Agency (USEPA) defined the terms of yield and 

purity, but not efficiency, for a ClO2 solution in order to give industry a simple and standard 

way of comparing generation equipment which was product oriented10. The terms have been 

defined for chlorite-based generation chemistries. 

Percentage yield, as defined by USEPA, describes how efficiently equipment converts chlorite 

into ClO2. It is defined by equation (3)  
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% 𝑌𝑌𝑌𝑌𝑒𝑒𝑙𝑙𝑌𝑌 =

[ClO₂]

[ClO₂] + [ClO₂⁻] + (67.45
83.45)[ClO₃⁻]

   ∗ 100 

 

(3) 

Where […] equals a species concentration in mgL-1 and (67.45
87.45

)  is the molecular weight ratio 

of ClO2
- to ClO3

-. 

The percentage yield is not a good representation of the purity of the ClO2 solution produced 

since it does not include the presence of FAC. Free available chlorine is the concentration of 

residual chlorine in water present as dissolved gas (Cl2), hypochlorous acid (HOCl), and 

hypochlorite ion (OCl-). Equation (4) is a process independent definition for the purity of ClO2 

solutions. 

 
% 𝑃𝑃𝑃𝑃𝑃𝑃𝑌𝑌𝑃𝑃𝑃𝑃 =

[ClO₂]
[ClO₂] + [ClO₂⁻] + [ClO₃⁻] + [FAC]

   ∗ 100 

 

(4) 

 

Technology that utilises chlorine-chlorite generation chemistries should also define the 

percentage of excess chlorine present in the generator effluent. This has been defined as shown 

in equation (5) 

𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸 𝐶𝐶𝑙𝑙₂ =
[Cl₂]

[ClO₂] + [ClO₂⁻] + �67.45
83.45� [ClO₃⁻] ∗ 70.91

(2 ∗ 67.45)

   ∗ 100 

 

(5) 

Where […] equals a species concentration in mgL-1. (67.45
87.45

)  is the molecular weight ratio of 

ClO2
- to ClO3

-. ( 70.91
(2∗67.45)

) is the stoichiometric and molecular weight ratio of Cl2 to ClO2
-. 

 

Equations (4) and (5) should be used to demonstrate that ClO2 generators are operating to obtain 

the maximum yield of chlorine dioxide while minimising the production of by-product chlorite, 

chlorate and free chlorine. Each of these species can be determined using the appropriate 

analytical techniques, discussed in section 2.4. 
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2.4 Analytical Methods for Determination of Chlorine Dioxide and its Oxychlorine By-Products 
 

The analysis of ClO2 and its oxychloride by-products in water can be difficult due to the 

volatility of ClO2 and due to interferences from other species potentially present in the sample, 

for example free chlorine. Some of the analytical techniques can be labour intensive, involve 

the use of expensive equipment or require a high degree of technical skill. All of these issues 

combined means the determination of ClO2 and associated by-products can be relatively 

difficult especially outwith the laboratory.  

In 1998 USEPA established monitoring requirements and maximum contaminant levels (MCL) 

for disinfectants and disinfection by-products, which included ClO2 and ClO2
-, 20 in public 

drinking water supplies. Monitoring requirements for ClO3
-
 were not included at the time of 

the final rule as a MCL had not been established for it, however it is still included in the 

Information Collection Rule (ICR) published by USEPA in 1996.21 The objective of the ICR 

is to store research that provides USEPA with information on DBPs and disease-causing 

microorganisms in drinking water.  

Researchers continue to develop new methods for measuring ClO2 and its by-products that can 

be used in the laboratory and outwith. Some methods have previously been approved by 

USEPA for compliance, many other methods are available and are useful in research 

environments.  

Approved methods for chlorine dioxide, chlorite and chlorate determination in drinking water 

supplies include22:  

• Standard Methods – 4500-ClO2 D, DPD Method (no longer approved for compliance 

monitoring) 

• Standard Methods – 4500-ClO2 E, Amperometric Method II 

o Palintest ChlordioX Plus Method, Amperometry using disposable sensors  

• USEPA Method 327.0 V1.1, Colorimetric Lissamine Green method 

• USEPA Method 300.1, Ion Chromatography  

Each method has advantages and disadvantages that will be discussed in more detail in the 

following subsections.  
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2.4.1 DPD Method  
The method uses the indicator N,N-diethyl-p-phenylenediamine (DPD). It is widely used 

within industry even though it is known to suffer from some major interferences, especially 

from ClO2
- and FAC. This method is commonly used to measure both ClO2 and ClO2

-.  

DPD rapidly forms a pink colour, with the development of the colour being proportional to the 

concentration of ClO2 present in the aqueous sample. Chlorine and chlorite ion react with the 

reagents used but the colour development is slower. Interferences from other species have also 

been discovered, for instance samples high in sulfate-reducing bacteria or high in organics react 

with the reagent to cause the development of colour. All of these interferences cause an increase 

in colour intensity that would cause an error in measurement of ClO2 concentration.  

This method of analysis requires the solution to be within a specific pH range, commercially 

available reagents have a buffer incorporated to ensure the pH is within the optimum range for 

colour development. In some samples, pH may be too extreme and cannot be buffered to the 

optimum range required and therefore cause errors in measurements due to slow colour 

development.  

Due to the weaknesses of the DPD method, it is no longer approved by the USEPA for ClO2 

concentration compliance monitoring of finished water, although as mentioned previously it is 

still widely used by many within industry.  

2.4.2 Amperometric Titration Method 
ClO2, ClO2

-, and Cl2 concentrations can be measured in water samples by amperometric 

titration at concentrations of mgL-1. Following specific procedures ClO3
-
 can be measured using 

amperometric titration, although the result is subject to large errors. At concentrations below 1 

mgL-1 for all species the accuracy of results is dependent on the skill of the technician.  

Standard Methods23 include two amperometric titration methods for chlorine dioxide, chlorite 

and chlorate measurements. These methods are Standard Methods 4500-ClO2-C Amperometric 

Method I and Standard Methods 4500-ClO2-E Amperometric Method II. Only Amperometric 

Method II 4500-ClO2-E is approved by USEPA for daily compliance-monitoring. Method I is 

no longer approved for daily compliance monitoring by USEPA due to interferences which 

result in errors in measurements of ClO2 concentrations.  

Amperometric titration is an electrochemical method that measures current flow when a fixed 

voltage is applied to an electrode. By measuring the current while carrying out titrations under 

varying reaction conditions, each oxychlorine species can be quantified.  
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The procedure for Method II involves five sequential steps, the first four steps are commonly 

used but the final step for chlorate measurement is often unused due to the complicated 

procedure required. Free and combined chlorine and one-fifth of the ClO2 present are 

determined at pH 7, the sample is then adjusted to pH 2 and the remaining ClO2 and all ClO2
- 

ions are measured. Adjusting the pH to more acidic conditions of pH < 1, all oxychlorine 

species present can be determined including ClO3
- ions. 

This method of analysis requires a high level of skill of the technicians involved, the quantity 

of steps required causes this method to be relatively labour intensive especially if manual 

titrations are being performed.  

2.4.2.1 Palintest ChlordioX Plus – Amperometry using disposable sensors 24 
ChlordioX Plus instrument evaluations were all compared with the Amperometric Method II 

to obtain USEPA approval.25 Palintest have developed this product to be simple to use while 

providing rapid and reliable results for ClO2, FAC and ClO2
- in water samples. The sensor 

technology is based on quantifying chemical reactions by measuring electrical energy produced 

or consumed by the reaction. The chemical reactions analysed involve the movement of 

electrons that create an electric current that can be measured. Each species test method is 

slightly different although they are all based on similar principles.  

Palintest analysis requires the chlorine species being analysed to react with reagents that have 

been pre-dosed onto the sensor surface. The flow of current measured during the reaction is 

related to the concentration of chlorine species in question and a reading is calculated in 

concentration units of mgL-1. The instrument measures the flow of current generated when the 

sensor is immersed in the water sample, using the calibration data stored in the instrument 

memory it converts the current reading into a direct measurement of concentration. It is 

important to ensure calibration information stored on the instrument matches the sensors being 

used.  

This equipment for measuring ClO2, FAC and ClO2
- is very portable and simple. It can easily 

be used in the field and by operators with little knowledge of the scientific background to the 

technique. Assuming calibration data is correct and manufacturer instructions are followed for 

sample analysis the results are very reliable. This also affords a reliable and portable method 

for chlorite measurement which is normally very hard to obtain outwith the laboratory.  
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2.4.3 Colorimetric Lissamine Green method  26 

This is a spectrophotometric method based on ClO2 decolourising Lissamine Green B (LGB) 

dye, which leads to determination of ClO2 concentrations. This is a direct method of analysis 

for ClO2, although an additional step can be used to determine chlorite ion concentrations. The 

first step is the quantification of ClO2, then a reagent of horseradish peroxidase (HRP) in a 

citric acid buffer containing glycine is added. This reagent converts chlorite ion to ClO2, the 

chlorite ion concentration can be calculated by subtracting the first ClO2 reading from the 

second. 

This method has been described as having a detection limit of 0.03mgL-1 ± 0.01mgL-1.27 The 

method is subject to interference from FAC as it also reacts with LGB to discolour the solution 

if glycine is not dosed correctly, therefore producing erroneous ClO2 concentrations. ClO2
- 

concentrations are calculated after the sample has been de-gassed to remove ClO2, if de-gassing 

is inefficient the residual ClO2 will interfere and higher ClO2
- concentrations will be detected.   

 

2.4.4 Ion Chromatography method 
Ion chromatography (IC) is the method of choice when determining low concentrations of 

chlorite and chlorate ions. It can also be used to determine additional anions of interest that 

may be present including bromide and bromate ions. ClO2 cannot be measured using IC and 

its presence may cause interferences with other anion analysis, so correct sample preparation 

and storage is vital to achieve accurate chlorite ion and chlorate ion concentrations.  

USEPA Method 300.1 Determination of inorganic anions in drinking water by ion 

chromatography28 describes the equipment and chemicals, methods of analysis and sample 

collection, preparation and storage requirements in detail. With respect to samples being 

analysed for chlorite and chlorate, the water sample must be purged with inert gas to displace 

any ClO2 from the sample, it then must be treated with ethylenediamine (EDA) to prevent the 

anions from reacting with metal contaminants in the sample. The sample must be stored in a 

cool, dark environment for a maximum of 14 days until analysis can be carried out.  
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2.4.5 Summary Table  
 

Methodology Species capable of 

detection  

Interferences Comments  

DPD ClO2 

ClO2
- 

ClO2
- 

FAC 
• pH sensitive 

• Simple procedure  

• Portable equipment so 

often used on-site 

Amperometric ClO2 

FAC 

ClO2
- 

Metals i.e Mn, Cu 

Nitrate 

Other oxidants 

ClO2 and FAC if 

procedure not 

followed  

• Can detect ClO3
- but 

large errors associated 

• Adequate for utility use 

and daily testing 

Colorimetric 

Lissamine Green 

ClO2 

ClO2
- 

FAC  

ClO2 
• Adequate for utility use 

along with daily 

monitoring 

• Two step process 

Ion 

Chromatography 

ClO2
-  

ClO3
- 

ClO2 

Chloramine  
• Cannot determine Cl2 

or ClO2 

• Good sensitivity  

• High expertise required  

TABLE 1 - Summary of the common methods of analysis used and the oxychlorine species each 

detects, potential interferences and general remarks about each technique. 
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CHAPTER 3 – CURRENT GENERATION METHODS OF CHLORINE DIOXIDE 
In general, chlorine dioxide is generated using either chlorite or chlorate precursor. On-site 

generation of ClO2 involves the oxidation of chlorite ion or the reduction of chlorate ion 

depending on the chosen reactant. Each method of generation ultimately produces ClO2, 

although the final product composition and purity can be very different. Species including free 

chlorine, chlorite ion, chlorate ion, acid and in some cases peroxide ion are all potential 

impurities. 

ClO2 can be generated as a gaseous product or as a solution. The potential for impurities in the 

product is greater when the generation method is producing ClO2 solution compared to ClO2 

gas. This is due to direct incorporation of impurities associated with precursor chemicals into 

the ClO2 solution product.  

Commercially, there are seven major classes of ClO2 generators available which are discussed 

in sections 3.1 and 3.2. Most commercial generators use sodium chlorite as the precursor for 

ClO2 generation and the technology is mainly used for smaller scale applications and drinking 

water treatment. Chlorite is the more expensive of the two precursors, therefore more 

economically suited to smaller scaler applications. Traditionally, chlorate-based generators 

have been used for large-scale applications especially in the pulp and paper industry. A smaller 

scale chlorate-technology has been developed and application in the drinking water industry 

began around the beginning of the 21st century. 

 

3.1 Oxidation of Chlorite  
Chlorine dioxide can be generated from chlorite by a range of different methods. A common 

generation method uses chlorine gas and chlorite solution as precursors. A second method 

involves acidification of chlorite solution. A three-chemical method has been developed which 

reacts sodium chlorite, sodium hypochlorite and hydrochloric acid. More recently, an 

electrochemical generation method has been developed to convert sodium chlorite to chlorine 

dioxide. The following sub-sections will discuss several of these methods in detail. 

3.1.1 Chlorine Gas – Chlorite Solution  
For some time this ClO2 generation method was the industry standard. In this method, sodium 

chlorite solution reacts with molecular chlorine under vacuum before the motive water is 

contacted. These systems produce a near neutral pH chlorine dioxide solution. Extremely fast 
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reaction kinetics allows for on-site ClO2 generation up to relatively large quantities. The 

reaction can be described by equation (6). 

 Cl2(gas) + 2ClO2
-
(aqueous)  → 2ClO2(gas) + 2Cl-

(aqueous) 

 

(6) 

Generators of this kind are capable of producing ClO2 solutions approaching, or in excess of, 

95% purity assuming the generator is accurately calibrated, it has been properly designed and 

maintained along with high quality precursors being used. To ensure high efficiency, chlorine 

gas is usually dosed in slight stoichiometric excess. This process yields high production outputs 

with low concentrations of residual free chlorine, although this small concentration of free 

chlorine could lead to the formation of trihalomethanes in the treated water. A serious 

disadvantage of this method is the use of gaseous chlorine, which requires additional 

complexity in the system design and operation along with extra safety considerations.  

Gaseous products are transferred from the reactor to the motive water line in this method, 

therefore contaminant chlorite ion or chlorate ion formed through secondary reactions remains 

within the reactor while the gaseous ClO2 and Cl2 are removed. The formation of chlorate by-

product in the treated water is still possible through undesirable side reactions such as equation 

(8). Gaseous ClO2 product and excess gaseous Cl2 are both removed from the reactor and end 

up in the water flow. Gaseous Cl2 dissociates in water to form hypochlorous acid (HOCl) and 

hydrochloric acid (HCl), as shown in equation (7). A secondary reaction involving ClO2 and 

HOCl can produce chlorate ions as described by equation (8).   

 Cl2 + H2O ↔ HOCl + HCl (7) 

 

 2ClO2 + HOCl + H2O → 2ClO3
- + 2H+ + HCl (8) 

 

3.1.2 Chlorine Gas – Solid Sodium Chlorite  
This gas:solid process reacts dilute chlorine gas with solid sodium chlorite in a reactor to 

produce pure ClO2 gas that is free of impurities such as free chlorine and chlorite ion (Equation 

(9)) .  

 2NaClO2(solid) + Cl2(gas)   → 2ClO2(gas) + 2NaCl(solid) (9) 
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This reaction proceeds rapidly to produce high-purity ClO2 gas that can be easily analysed and 

accurately quantified due to there being no interferences from contaminants. Chlorine gas is 

passed through two solid sodium chlorite cartridges to achieve complete conversion. Therefore, 

no chlorine gas should be present in the gaseous chlorine dioxide product and no chlorate ion 

generation via side reactions (i.e equation 8) in the treated water should be possible. Chlorite 

ion and chlorate ion cannot pass out of the reactor as contaminants in the ClO2 product stream 

as they do not exist in gaseous phase. 

One molecule of chlorine gas produces two molecules of ClO2 gas. Since ClO2 production 

relies only on chlorine gas feed rate, these generators are capable of high turndown rates limited 

only by the flexibility of chlorine feed equipment. A large range of ClO2 gas quantities can be 

produced using this method. 

  

3.1.3 Chlorine Solution – Chlorite Solution 
Generators using this method of production were commonly referred to as conventional 

systems. In aqueous solution chlorite ion will react with free chlorine (present as HOCl) to 

produce ClO2, represented by the equation (10). 

 2ClO2
- + HOCl + H+ → 2ClO2(aqueous) + Cl- + H2O (10) 

 

Theoretically, 2 moles of chlorite ion will produce 2 moles of chlorine dioxide. Under ideal 

conditions, the reaction of precursors in stoichiometric ratio will result in a ClO2 solution with 

pH close to neutral, although this ideal reaction is rarely what occurs in practice. Excess free 

chlorine is normally dosed to overcome the alkalinity of chlorite precursor, lower the pH, and 

to drive the reaction more rapidly towards completion. Free chlorine is chosen as the reactant 

in excess as it is the cheaper of the two precursors. Dosing of excess precursor therefore reduces 

the purity of the final product. The product of this generation method is a ClO2 solution, 

therefore contaminants are more easily incorporated in the final product negatively affecting 

the purity of solution. Unreacted chlorite precursor will be present in the product if free chlorine 

dosing is insufficient. Equation (8) is also applicable to this method as hypochlorous acid will 

be present in the product so chlorate ion formation is possible. Chlorate ion is also a common 

contaminant detected in both precursor chemicals, so the direct incorporation from precursors 

to product is possible as this process occurs fully in solution.  
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This generation method is slower than the method utilising gaseous chlorine, although it is 

faster than the direct-acid system discussed below in section 3.1.4.  

3.1.4 Acid – Chlorite Solution 
Commonly referred to as direct-acid systems or direct-acidification generators. ClO2 is 

generated by acidification of sodium chlorite solution, where hydrochloric acid is generally the 

preferred acid. Several stoichiometric reactions have been reported for such processes and are 

discussed in more detail in section 4.4.1. The final ClO2 product composition generated using 

this method depends on several variables including sodium chlorite precursor concentration, 

purity of sodium chlorite, acid concentration, pH of reaction and presence of chloride ion.  

Equations (11) and (12) are the most widely accepted reactions describing sulfuric acid 

activation of sodium chlorite.  

 4NaClO2 + 2H2SO4 → 2ClO2 + 2Na2SO4 + HCl + HClO3 + H2O (11) 

 

 10NaClO2 + 5H2SO4 → 8ClO2 + 5Na2SO4 + 2HCl + 4H2O (12) 

 

As can be noted from the equations (11) and (12), 100% conversion of chlorite to chlorine 

dioxide using sulfuric acid as activator is not achievable. The reaction is also very exothermic. 

This results in a hot ClO2 solution, which due to the volatility of ClO2 leads to rapid off-gassing 

of the ClO2 gas from solution, thus decreasing the final concentration of ClO2 solution 

produced. This production of ClO2 gas could lead to potentially explosive gaseous mixtures of 

ClO2 in air depending on the surrounding environment.  These are reasons sulfuric acid is not 

commonly used as the activator in ClO2 generators.  

The stoichiometry expected when hydrochloric acid is used to activate sodium chlorite is 

described in equation (13).  

 5NaClO2 + 4HCl → 4ClO2 + 5NaCl + 2H2O (13) 

 

The maximum theoretical yield obtainable is 80%. Previous research has shown sodium 

chlorite activation using hydrochloric acid achieves better results compared to sulfuric acid 

activation. The HCl process can yield more than 77% ClO2, it has been reported that the 

reaction is catalysed by the chloride ion.29, 30 
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Excess acid is generally dosed to obtain an output of ClO2 as close as possible to the theoretical 

4 moles of ClO2 from 5 moles of NaClO2. Commercial generators normally dose acid:chlorite 

in a 1:1 volumetric ratio to achieve high yields, this means that hydrochloric acid is dosed in 

greater than 300% stoichiometric excess. This quantity of acid is used to keep the pH below 

0.5 as at pH = 1 the reaction is slower and chlorite is only partially converted.  

Secondary reactions occur when using this method that lead to by-product formation. By-

products detected can include chlorite ion, chlorate ion and free chlorine, equations (14), (15) 

and (16) show several routes of formation of by-products.  

 4HClO2 → 2ClO2 + HClO3 + HCl +H2O (14) 

 

 5ClO2
- + 2H+ → 3ClO3

- + Cl2 + H2O (15) 

 

 4ClO2
- + 4H+ → 2Cl2 + 3O2 + 2H2O (16) 

 

This method also generates ClO2 solution as the product and the entire method is in solution 

phase, so incorporation of by-products directly from precursor chemical is also possible.   

3.1.5 Three-chemical method 
This method of generation takes advantage of the fast reaction kinetics of the chlorine 

gas:chlorite solution reaction while benefiting from chlorine gas cylinder storage not being a 

requirement for site. The chemicals utilised by this method are sodium hypochlorite, 

hydrochloric acid and sodium chlorite solution. The conversion of chlorite to ClO2 can be 

described by equation (6), although the order and manner of mixing of the three chemicals is 

very significant and can drastically affect the conversion efficiency of the reaction.  

Systems that require mixing of all three chemicals in a common reactor vessel also require the 

addition of dilution water to avoid a significant increase in temperature, although this dilution 

leads to an increase in reaction time. There are commercial systems that apply a two-step 

chemical reaction process. Sodium hypochlorite and hydrochloric acid are initially reacted to 

form molecular chlorine and hypochlorous acid in equilibrium, shown in equation (7). 
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Molecular chlorine is then reacted with chlorite ion to form ClO2, which is removed by the 

vacuum created by a water driven eductor at the top of the reactor. By-products present in the 

product for this method will be the same as those discussed in chlorine gas:chlorite solution. 

Since ClO2 is removed in gaseous form the only by-product carried through the reactor will be 

gaseous chlorine, therefore the formation of chlorate ion in treated water is possible as 

described in section 3.1.1 by equation (8).  

3.1.6 Electrochemical  
Electrochemical generation of chlorine dioxide boasts one major advantage in that only one 

chemical is required as precursor, sodium chlorite solution. However, the technology is limited 

to a maximum quantity of ClO2 it can produce, so it is not suitable for larger scale applications 

at the moment, but larger units are in development. 

In principle, the process described by equation (17) appears to be very simple, although many 

chemical reactions other than ClO2 generation are occurring within the electrochemical cell.  

 ClO2
- → ClO2 + e- (17) 

 

Sodium chlorite solution enters the reaction chamber and reacts at the anode via a one-electron 

transfer to convert chlorite to ClO2. This ClO2 is quickly removed, generally through air 

stripping from the anode portion of the reactor to avoid oxidation to chlorate ion, and potential 

further oxidation to perchlorate ion.  

Oxygen is produced at the anode from the electrolysis of water shown in equation (18), while 

hydroxyl ions (OH-) and hydrogen gas (H2) are produced at the cathode by equation (19). The 

hydrogen gas can be removed, whereas the hydroxyl ions react with sodium ions present to 

form sodium hydroxide. The overall reaction occurring at the cathode and anode is shown by 

equation (20).  

 2H2O → O2 + 4H+ + 4e- (18) 

 

 2H2O + 2e- → H2 + 2OH- (19) 

 

 2NaClO2 + 2H2O → 2ClO2 + 2NaOH + H2 (20) 
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2H+ + CO3
2- → CO2 + H2O (21) 

 

 

Contaminants within the ClO2 gaseous product stream will mainly consist of oxygen and 

carbon dioxide. Carbon dioxide is generated, as shown in equation (21), from carbonate ion 

that is present within the sodium chlorite precursor.  

 

3.2 Reduction of Chlorate  
Several chlorate ion reduction chemistries have been used for on-site ClO2 generation. 

Reagents such as hydrogen peroxide, methanol and sulfuric acid have been widely used as 

reducing agents in generation equipment. The following equations describe the principal 

reactions occurring in common commercial generators:  

 2NaClO3 + H2SO4 + H2O2 → 2ClO2 + O2 + Na2SO4 + 2H2O (22) 

 

 NaClO3 + NaCl + H2SO4 → ClO2 + 1/2Cl2 + Na2SO4 +H2O (23) 

 

 2NaClO3 + 4HCl → 2ClO2 + Cl2 + 2H2O + 2NaCl (24) 

 

Equation (22) represents the most commonly used combination of precursors in industry. The 

major benefit of this chemistry, over that involved in equations (23) and (24), is that no free 

chlorine is produced as a by-product in the primary reaction therefore theoretically a very pure 

ClO2 solution could be produced. All three reactions allow for a theoretical maximum molar 

conversion of 100% ClO3
- to ClO2 under optimal operational conditions, but the Cl2 by-product 

generated in reactions (23) and (24) could easily react in side reactions either inside the reactor 

or in the motive water to produce additional by-products that reduce the purity of ClO2 product.   

Practically, it has been found that optimised production of ClO2 via reaction (22) requires 

excess sulfuric acid and hydrogen peroxide for efficient conversion of chlorate ion to ClO2. 

The ratio of H2O2 to H2SO4 was found to be extremely important.31 Since excess reactants are 

used it can therefore be assumed that a greater quantity of by-products are present in the final 

ClO2 product stream resulting in a lower purity product. By-products of concern, especially if 
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this method is being used to disinfect drinking water, include hydrogen peroxide and sulfuric 

acid due to excess precursors being dosed, and perchlorate ion. Perchlorate ion is a probable 

human carcinogen32 and can be present in the final product due to it being an impurity in 

chlorate precursor that could be carried directly through the reactor. It could also be produced 

by the following side reaction, equation (25), when chlorate ion is exposed to highly acidic 

reaction conditions 

 8HClO3 → 4HClO4 + 2H2O + 3O2 + 2Cl2 (25) 

 

Commercial generators using this method, reaction (22), to generate ClO2 transfer all contents 

of the reactor in to the water line,  oxygen is generated as a by-product in the principal reaction 

(22) and side reaction (25) which causes the generator effluent to be a foam10 which is dosed 

directly in to the motive water. This foam will contain the desired chlorine dioxide, along with 

the by-products of excess reactants and perchlorate ion. Due to regulations with respect to 

drinking water, the by-product perchlorate ion and sulfuric acid are of great concern with this 

method of generation. 

3.3 Summary  
 

Generator Type and Main 

Chemical Reaction 

Advantages Disadvantages 

Chlorine Gas – Chlorite 

Solution 

Cl2(g) + 2ClO2
-
(aq)  

↓   

2ClO2(g) + 2Cl-
(aq) 

 

• Near neutral pH 

effluent 

• High purity ClO2 

• Rapid reaction rate 

under vacuum 

• Gaseous Cl2 used, 

gas cylinder storage 

and related safety 

concerns. 

• Potential scaling in 

reactor 

• Slight excess Cl2 gas 

dosed could lead to 

THM production and 

ClO3
- by-product 

Chlorine Gas – Solid Sodium 

Chlorite 

2NaClO2(solid) + Cl2(gas) 

• Rapid reaction rate  

• High purity ClO2  

• Gaseous Cl2 used, 

gas cylinder storage 
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↓ 

2ClO2(gas) + 2NaCl(solid) 
• High turndown so 

large range of ClO2 

quantities achievable 

• Near neutral product  

and related safety 

concerns 

• Cl2 gas is diluted with 

N2 or filtered air 

before contact with 

solid chlorite, ClO2 

gaseous product to be 

kept below LEL of 

8%. 

Chlorine Solution – Chlorite 

Solution 

2ClO2
- + HOCl + H+ 

↓ 

2ClO2(aq) + Cl- + H2O 

• High conversion  

• Theoretical 100 % 

ClO2 yield obtainable 

• Reasonable reaction 

rate 

• Excess FAC used, 

this could lead to 

THM formation and 

ClO3
- by product 

generation  

• In practice yields 80 

% - 90 % achieved 

• Lower pH effluent, 

generally more 

corrosive 

Acid – Chlorite Solution 

5NaClO2 + 4HCl  

↓ 

4ClO2 + 5NaCl + 2H2O 

• No gaseous 

precursors required 

• Safety features 

incorporated to 

generator since all 

liquid chemicals 

involved 

• Maximum yield 80 % 

ClO2 obtainable 

• Excess acid dosed  

• By product carry over 

from generator to 

water line, ClO2
- and 

ClO3
- could be 

present.  

• Lower pH effluent, 

generally more 

corrosive 

Three-chemical method 
HOCl + HCl 

↕ 

Cl2 + H2O 

Then 

• Near neutral pH 

effluent 

• High purity ClO2 

• Rapid reaction rate 

under vacuum 

• Excess Cl2 used, this 

could lead to THM 

formation and ClO3
- 

by product 

generation  



21 
 

Cl2(g) + 2ClO2
-
(aq)  

↓   

2ClO2(g) + 2Cl-
(aq) 

 

• No gaseous 

precursors required 

 

• Two-step chemical 

process, increased 

complexity of 

equipment.  

Electrochemical 

ClO2
- → ClO2 + e- 

 

• Only one precursor 

required 

• ClO2 gaseous product 

is air stripped or 

diffuses through a gas 

permeable membrane 

from reactor to water 

supply, avoiding over 

oxidation to ClO3
-  

• High purity product 

• Relatively new 

technology in water 

treatment industry, 

has been used in pulp 

and paper industry 

• Requires precise flow 

for power 

requirement  

• H2 gas by-product, 

requires dilution to 

below 4 % (v/v) in air 

and vented to 

atmosphere.  

Reduction of Chlorate 

2ClO3
- + H2SO4 + H2O2 

↓ 

2ClO2 + O2 + SO4
2- + 2H2O 

• No free chlorine by-

product  

• Theoretical 100 % 

yield obtainable 

• Chlorate precursor 

cheaper that chlorite 

precursors. 

• Excess acid and H2O2 

used in practice 

• Concentrated 

precursors dosed, 

associated storage 

and safety concerns.   

• By product carry over 

from generator to 

water line, ClO3
- , 

H2SO4 and 

perchlorate anion 

could be present.  

• Lower pH effluent, 

generally more 

corrosive 
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• O2 by-product causes 

foam production in 

reactor 

Table 2 - A summary of the generation methods for ClO2 production, their main chemical 

reaction, advantages and disadvantages relevant to each method. 
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CHAPTER 4 – INVESTIGATION OF SCOTMAS TECHNOLOGY 
4.1 Introduction 
Scotmas Ltd uses the oxidation of chlorite ion generation method to produce ClO2 in all its 

current commercially available generators. Sodium chlorite solution and aqueous acid are 

reacted in a specialised reactor designed to optimise chlorine dioxide production.  

 

A great amount of research has been carried out investigating the kinetics and mechanisms of 

decomposition of chlorite ion. It is apparent from the literature that the production of chlorine 

dioxide from chlorite ion in aqueous solution is a combination of numerous reactions 

potentially involving many inorganic chlorine compounds.29, 33-36 In aqueous solution, chlorite 

ion exists in equilibrium with its acidic form chlorous acid (HClO2), and together they form 

the total amount of chlorine (III) present available for chlorine dioxide formation.  

By optimising reaction conditions, the reaction can be simplified theoretically so that the mass 

of chlorine dioxide produced is proportional to the chlorite mass dosed and therefore 

conversion data can be calculated. There are several factors affecting the optimisation of this 

complex reaction. The following experimentation was focused to investigate the effects of 

decreasing acid dose, compared to industry standard, and adjusting retention time of chemical 

within the reactor on the purity of the ClO2 solution generated.  

  

 4.2 Experimentation 
A 3.5ghr-1 ClO2 reactor was investigated to determine the efficiency and purity of ClO2 solution 

generated under different reaction conditions.  

4.2.1 Scotmas 3.5ghr-1 Reactor Design & Testrig Set up  
It had been concluded in previous Scotmas research37 that the optimum retention time of 

precursor chemicals within the reactor is 20 minutes to produce a high yielding ClO2 solution. 

The retention time of chemical within the reactor can be calculated using the volume of the 

inner reactor and chemical dose rate used, which is dependent on the ClO2 concentration 

required and the water flow rate to be treated with ClO2. This retention time calculation is 

shown in detail below, specific to generating a 1mgL-1 ClO2 in 1200Lhr-1 of water, following 

steps 1 to 5.  

Step 1: The theoretical mass of sodium chlorite required to generate chlorine dioxide is 

calculated as below, assuming the following reaction goes to completion and the sodium 

chlorite is the limiting reagent: 
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5mol NaClO2 + 4mol HCl → 4mol ClO2 + 5mol NaCl +  2mol H2O 

 

𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑔𝑔)

=
𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝐶𝐶𝑙𝑙𝑙𝑙2 (𝑔𝑔) ∗ 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝐹𝐹𝑜𝑜𝑃𝑃𝑆𝑆𝑃𝑃𝑙𝑙𝑀𝑀 𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 � 𝑔𝑔

𝑆𝑆𝑜𝑜𝑙𝑙�

�4𝑆𝑆𝑜𝑜𝑙𝑙
5𝑆𝑆𝑜𝑜𝑙𝑙� ∗ 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑙𝑙𝑒𝑒 𝐷𝐷𝑌𝑌𝑜𝑜𝐸𝐸𝑌𝑌𝑌𝑌𝑒𝑒 𝐹𝐹𝑜𝑜𝑃𝑃𝑆𝑆𝑃𝑃𝑙𝑙𝑀𝑀 𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 � 𝑔𝑔

𝑆𝑆𝑜𝑜𝑙𝑙�
∗ 1000(

𝑆𝑆𝑔𝑔
𝑔𝑔

) 

 

𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑔𝑔) =
0.001𝑔𝑔 𝐶𝐶𝑙𝑙𝑙𝑙2 ∗ 90.44𝑔𝑔/𝑆𝑆𝑜𝑜𝑙𝑙

�4𝑆𝑆𝑜𝑜𝑙𝑙
5𝑆𝑆𝑜𝑜𝑙𝑙� ∗ 67.45𝑔𝑔/𝑆𝑆𝑜𝑜𝑙𝑙

∗ 1000 �
𝑆𝑆𝑔𝑔
𝑔𝑔
� 

 

         𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 = 1.676 𝑆𝑆𝑔𝑔 NaClO2  (to 3 d.p) 

 

Step 2: The mass of sodium chlorite required is converted to volume of sodium chlorite 

required to generate 1mg ClO2 with respect to the concentration of precursor sodium chlorite 

solution utilised. The chemical used in this investigation was Scotmas’ Biox 500 (equivalent 

to 7.035 % w/v sodium chlorite solution [=70.35gL-1 therefore equal to 70.35mgmL-1]), further 

details of this precursor are included in section 4.2.2.1.  

 

𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 (𝑀𝑀𝐸𝐸 𝐵𝐵𝑌𝑌𝑜𝑜𝐸𝐸 500) 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙)

=
𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑔𝑔)

𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 𝐸𝐸𝑜𝑜𝑙𝑙𝑃𝑃𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝐸𝐸𝑜𝑜𝑙𝑙𝐸𝐸𝑒𝑒𝑙𝑙𝑃𝑃𝑃𝑃𝑀𝑀𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 (𝑆𝑆𝑔𝑔𝑆𝑆𝐿𝐿)
 

𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 (𝑀𝑀𝐸𝐸 𝐵𝐵𝑌𝑌𝑜𝑜𝐸𝐸 500) 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙) =
1.68𝑆𝑆𝑔𝑔

70.35𝑆𝑆𝑔𝑔/𝑆𝑆𝐿𝐿
 

 

                     𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 (𝑀𝑀𝐸𝐸 𝐵𝐵𝑌𝑌𝑜𝑜𝐸𝐸 500) 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 = 0.024𝑆𝑆𝐿𝐿 (to 3 d.p) 

 

Therefore 0.024ml of Biox 500 is required to generate 1mg ClO2 when hydrochloric acid is in 

excess. 
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Step 3: Calculate the total volume of chemical precursors required to generate 1mg ClO2 in 

1litre of water. Assuming normal operation of a Scotmas ClO2 generator, the volume of acid 

precursor dosed is equal to the volume of sodium chlorite solution dosed i.e 1ml Chlorite : 1ml 

Acid 

             𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙)

= 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑆𝑆𝑜𝑜𝑌𝑌𝑌𝑌𝑃𝑃𝑆𝑆 𝐸𝐸ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒 (𝑆𝑆𝑙𝑙) +  [𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝐴𝐴𝐸𝐸𝑌𝑌𝑌𝑌 (𝑆𝑆𝑙𝑙) ∗  (
𝐴𝐴𝐸𝐸𝑌𝑌𝑌𝑌

𝐶𝐶ℎ𝑙𝑙𝑜𝑜𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒
𝑅𝑅𝑀𝑀𝑃𝑃𝑌𝑌𝑜𝑜 )] 

             𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙) = 0.024𝑆𝑆𝑙𝑙 +  [0.024𝑆𝑆𝑙𝑙 ∗  (
1
1

 )] 

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙) = 0.048𝑆𝑆𝑙𝑙 

0.048ml of chemical precursor is required to generate 1mg ClO2. Therefore 0.048mlL-1 

chemical precursor is required to generate a 1mgL-1 ClO2 aqueous solution.  

 

As a comparison calculation only, the total volume of precursors required to generate 1mg 

ClO2 when acid dose rate is decreased with respect to chlorite dose rate to 1ml Chlorite : 0.7ml 

Acid is shown below (sodium chlorite is still the limiting reagent in the reaction): 

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙) = 0.024𝑆𝑆𝑙𝑙 +  [0.024𝑆𝑆𝑙𝑙 ∗  (
0.7
1

)] 

         𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙) = 0.041𝑆𝑆𝑙𝑙 (to 3 d.p) 

i.e. only 0.041ml of chemical precursor is required to generate 1mg ClO2 when 30% less acid 

is dosed compared to the sodium chlorite dose rate.  

 

Step 4: Calculate the total chemical precursor flow rate required to generate a 1mgL-1 ClO2 

solution in 1200Lhr-1 of water flow assuming 1:1 volumetric chemical dose rate as calculated 

in step 3: 

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝐹𝐹𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 �
𝑆𝑆𝑙𝑙

min
�

=
 𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑌𝑌𝑃𝑃𝑒𝑒𝑌𝑌 (𝑆𝑆𝑙𝑙/𝐿𝐿) ∗ 𝑊𝑊𝑀𝑀𝑃𝑃𝑒𝑒𝑃𝑃 𝑜𝑜𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 � 𝐿𝐿ℎ𝑃𝑃�

60(𝑆𝑆𝑌𝑌𝑙𝑙ℎ𝑃𝑃 )
 

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝐹𝐹𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 �
𝑆𝑆𝑙𝑙

min
� =

 0.048𝑆𝑆𝑙𝑙/𝐿𝐿 ∗ 1200𝐿𝐿/ℎ𝑃𝑃

60(𝑆𝑆𝑌𝑌𝑙𝑙ℎ𝑃𝑃 )
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𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝐹𝐹𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 = 0.96 𝑆𝑆𝑙𝑙/𝑆𝑆𝑌𝑌𝑙𝑙 

Step 5: Calculate retention time of chemical within the reactor when dosing to achieve        

1mgL-1 ClO2 in 1200 Lhr-1 water flow using the total chemical flow rate determined in step 4 

for a 1:1 volumetric dosing ratio. The reactor used in this investigation had a volume of 55ml: 

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 (min) =
𝑉𝑉𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝑃𝑃𝑒𝑒𝑀𝑀𝐸𝐸𝑃𝑃𝑜𝑜𝑃𝑃 (𝑆𝑆𝑙𝑙)

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑃𝑃𝑃𝑃𝑒𝑒𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑜𝑜𝑃𝑃 𝑜𝑜𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 ( 𝑆𝑆𝑙𝑙min) 
 

 

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 (min) =
55𝑆𝑆𝑙𝑙

0.96 𝑆𝑆𝑙𝑙/𝑆𝑆𝑌𝑌𝑙𝑙 
 

 

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 = 57.29 𝑆𝑆𝑌𝑌𝑙𝑙 

To conclude, the retention time of chemical within the reactor is 57minutes when dosing 

1200Lhr-1 of water to achieve a 1mgL-1 ClO2 residual under normal operating conditions and 

equal dose rates of precursor chemicals.  

 

The equation below was used to calculate the retention times throughout experimentation, this 

equation is a compressed version of step 3 – 5 detailed above. 

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝐹𝐹𝑌𝑌𝑃𝑃ℎ𝑌𝑌𝑙𝑙 𝑅𝑅𝑒𝑒𝑀𝑀𝐸𝐸𝑃𝑃𝑜𝑜𝑃𝑃 (𝑆𝑆𝑌𝑌𝑙𝑙)

=
𝑅𝑅𝑒𝑒𝑀𝑀𝐸𝐸𝑃𝑃𝑜𝑜𝑃𝑃 𝑣𝑣𝑜𝑜𝑙𝑙𝑃𝑃𝑆𝑆𝑒𝑒(𝑆𝑆𝐿𝐿) 𝐸𝐸 60 (𝑆𝑆𝑌𝑌𝑙𝑙ℎ𝑃𝑃 )

𝑇𝑇𝑜𝑜𝑃𝑃𝑀𝑀𝑙𝑙 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝑜𝑜𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 �𝑆𝑆𝐿𝐿𝐿𝐿 � 𝐸𝐸 𝑊𝑊𝑀𝑀𝑃𝑃𝑒𝑒𝑃𝑃 𝑜𝑜𝑙𝑙𝑜𝑜𝐹𝐹 𝑃𝑃𝑀𝑀𝑃𝑃𝑒𝑒 ( 𝐿𝐿ℎ𝑃𝑃)
 

Where ‘total chemical flow rate’ is the total chemical flow rate of chlorite and acid dosed per 

litre of motive water required to achieve a specific chlorine dioxide residual. Chlorite:Acid 

ratio is used to determine to Total Chemical dose rate.  

An example calculation where reactor volume is 55ml, water flow rate is 1200Lhr-1 and 

chemical dose rate (at a 1:1 volumetric ratio) to achieve a chlorine dioxide residual of  

1.01mgL-1 is 0.024mlL-1 per chemical gives retention time as follows: 
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𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝐹𝐹𝑌𝑌𝑃𝑃ℎ𝑌𝑌𝑙𝑙 𝑅𝑅𝑒𝑒𝑀𝑀𝐸𝐸𝑃𝑃𝑜𝑜𝑃𝑃 (𝑆𝑆𝑌𝑌𝑙𝑙) =
55(𝑆𝑆𝐿𝐿) 𝐸𝐸 60 (𝑆𝑆𝑌𝑌𝑙𝑙ℎ𝑃𝑃 )

(0.024𝐸𝐸2) �𝑆𝑆𝐿𝐿𝐿𝐿 �𝐸𝐸 1200 ( 𝐿𝐿ℎ𝑃𝑃)
 

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑒𝑒𝑆𝑆𝑌𝑌𝐸𝐸𝑀𝑀𝑙𝑙 𝐹𝐹𝑌𝑌𝑃𝑃ℎ𝑌𝑌𝑙𝑙 𝑅𝑅𝑒𝑒𝑀𝑀𝐸𝐸𝑃𝑃𝑜𝑜𝑃𝑃 (𝑆𝑆𝑌𝑌𝑙𝑙) = 57.29 𝑆𝑆𝑌𝑌𝑙𝑙𝐸𝐸  

𝑅𝑅𝑒𝑒𝑃𝑃𝑒𝑒𝑙𝑙𝑃𝑃𝑌𝑌𝑜𝑜𝑙𝑙 𝑇𝑇𝑌𝑌𝑆𝑆𝑒𝑒 (𝑆𝑆𝑌𝑌𝑙𝑙) = 57 𝑆𝑆𝑌𝑌𝑙𝑙𝐸𝐸  

 

The Scotmas test rig is installed in the Pinnaclehill engineering workshop in the R&D dedicated 

area as represented in figure 1. 

  

Figure 1- Schematic showing set up and components of the test rig in this investigation.  

 
The water source for the investigation is mains water, which is supplied through a ½-inch line 

with the maximum flow rate achievable of 1m3hr -1. This supply is fed in to a 10 m3 water tank 

stored outside the workshop. Mains water constantly flows in to the tank until it reaches the 

high level cut off determined by a level sensor fitted inside the tank.  

Motive water for the test rig is supplied through a 2-inch line from the 10 m3 water tank. This 

water flows through a diaphragm valve and rotameter, to control the flow, then through a 1/1 
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ARAD water meter to measure flow accurately. The water meter is connected to the chemical 

dosing pumps to achieve proportional dosing of chlorine dioxide. The pumps installed are 

Grundfos DDC Diaphragm Dosing Pumps, one is dedicated to chlorite precursor dosing while 

the other is specific to acid dosing to ensure concentrated ClO2 solution is not generated outwith 

the reactor.  

A Dr Reiss electrochemical probe and flow cell were installed roughly three metres after the 

point of injection of chlorine dioxide into the water supply. The probe measures chlorine 

dioxide in the range of 0-2 ppm, the working range of the probe therefore restricts the 

volumetric range of precursor chemical that can be dosed and tested efficiently.  

Chemical lines are fed through non-return valves (NRV) into the bottom of the reactor, shown 

below in figure 2. The NRVs prevent backflow of chemical into the chemical lines, 

concentrated chlorine dioxide would be formed outwith the reactor if an NRV failed.  

 

Figure 2- Scotmas 3.5ghr-1 ClO2 Reactor Design – 3D version to show all components 

separately. 

 
Figures 2 & 3 show the internal structure within the reactor. The plates and beads are 

incorporated to promote mixing of the chemicals, which helps maximise conversion of chlorite 

ion to chlorine dioxide. The reactor has been designed to produce a maximum of 3.5 ghr-1 ClO2, 

this is based on the reactor volume of 55 ml and a theoretical retention time of precursor 

chemical equal to 20 minutes.  
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Figure 3 - Scotmas 3.5ghr-1 ClO2 Inner Reactor Design – representation of an assembled 

standard Scotmas reactor.  

 

The reactor, shown in figure 3, is surrounded by a water jacket as a safety feature. This water 

jacket is filled by the motive water being treated by ClO2 upon installation. 

4.2.2 Analytical Methods and Materials  
4.2.2.1 Precursor Chemicals 
Biox 500 and Activator P10 were used to generate ClO2, both chemicals are Scotmas 

formulations. Biox 500 is 6.7% (w/w) sodium chlorite solution with an adjusted pH of 9.2. 

Biox 500 is prepared by Scotmas by dilution of 31% (w/w) sodium chlorite solution purchased 

from Brenntag. The concentration of every batch prepared is checked following quality control 

procedures. Activator P10 is a blend of 4.5% (w/w) hydrochloric acid and 4.5% (w/w) 

phosphoric acid. It is prepared in Scotmas by diluting 36% HCl and 80% phosphoric acid 

purchased from Brentagg. The concentration of every batch prepared is checked following 

quality control procedures. 
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4.2.2.2 Ion Chromatography  
Chlorite and chlorate anion concentrations were measured using a Metrohm 883 Basic IC Plus 

equipped with a Metrosep A Supp 5-250/4 column, a Metrosep A Supp 4/5 Guard 4.0 column 

and using a conductivity detector.  The eluent was 3.2 mM Na2CO3 and 1.0 mM NaHCO3 

prepared using sodium bicarbonate analytical grade reagent and sodium carbonate laboratory 

grade reagent from Fisher Scientific and 18.2MΩ water for IC purchased from Sigma-Aldrich. 

0.1M Sulfuric acid for IC was used as purchased from Sigma-Aldrich for conductivity 

suppression. 

Calibrations were carried out on a weekly basis using calibration solutions of specific 

concentrations prepared using 1 gL-1 chlorite and chlorate standards and 18.2 MΩ water for 

IC, all reagents were purchased from Sigma-Aldrich. Calibration checks were carried out daily 

using a 1 mgL-1 chlorite & chlorate standard solution, also prepared using the previous 

reagents.  

Samples for analysis were prepared following the EPA method 300.1 instructions. 28  

4.2.2.3 Palintest ChlordioX Plus  
ClO2, FAC and ClO2

- concentrations were measured using a Palintest ChlordioX Plus kit. All 

species were measured amperometrically in the range 0 to 50 mgL-1 for ClO2 and ClO2
- or 0 to 

10 mgL-1 for FAC. ClO2/ClO2
- test strips, FAC test strips and all reagents were used as 

purchased from Palintest and used according to the manufacturer’s instructions. Readings 

below the lower detection limit (0.02 mgL-1) of the equipment i.e. 0 mgL-1 or 0.01 mgL-1, for 

any species is displayed as less than 0.02 mgL-1 by the equipment.  

Calibration standards, CS180 & CS190, were purchased from Palintest and used following 

manufacturer’s instructions. Equipment was calibrated on a weekly basis.  

Sample analysis entailed taking a 50ml aliquot from a 5 litre water sample collected directly 

from the test rig sample point. The aliquot was treated with 6 drops of glycine, which binds 

with free chlorine present, and analysed for ClO2. After analysis was complete, the sample was 

discarded. A second aliquot was degassed for the amount of time specified by the equipment, 

this time is directly related to the concentration of ClO2 measured previously. FAC was 

measured using free chlorine specific test strips, no reagent is required. The sample from the 

FAC measurement was then treated with reagents CR-1 and CR-2 following the manufacturer’s 

instructions to measure ClO2
- concentration.  
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4.2.2.4 In-line Chlorine Dioxide Probe 
A Dr Reiss electrochemical probe specific to ClO2 measurement was mounted in a flow cell 

and installed in the test rig three metres after the point of ClO2 injection. The probe was 

installed inline to measure ClO2 continuously, data points were recorded every 10 seconds. 

This data was downloaded for each test, converted to a ClO2 concentration versus time graph 

and used to calculate the average ClO2 concentration for the testing period.  

The probe consists of an amperometric 2-electrode measuring system with a protected 

electronic inside and is covered by a PVC-u membrane cap that is selectively permeable for 

ClO2. The probe measures ClO2 present in the range 0.02 mgL-1 to 2 mgL-1. The probe was 

calibrated using a 1 mgL-1 ClO2 standard solution (concentration of solution was checked using 

Palintest ChlordioX Plus). Probe calibration was checked on a regular basis using a 1 mgL-1 

ClO2 standard solution.  

4.2.3 Experimental Procedure  
Sodium chlorite solution (as Biox 500: 6.7 % w/w, 70.35 gL-1) and an acid blend (Activator 

P10) of hydrochloric acid (4.5 % w/w, 51.12 gL-1) and phosphoric acid (4.5 % w/w, 51.28 gL-

1) were dosed proportionally into the 55 ml reactor using Grundfos DDC dosing pumps based 

on the ARAD 1/1 water meter readings communicated via a pulse cable connection. Therefore, 

the precursor chemicals were dosed into the bottom of the reactor at pre-set dose rates (mlL-1) 

on every pulse (1 L water flow) received from the water meter. A constant water flow through 

the test rig was maintained for the duration of the testing. 

The reactor was tested under varying conditions: 

• dose rate of precursor chemicals was varied between 0.012 - 0.042 mlL-1 at a constant 

water flow rate of 1200 Lhr-1 

• water flow rate was varied between 450 – 6000 Lhr-1 at a constant precursor chemical 

dose rate of 0.024 mlL-1  

• chlorite:acid volume ratio was varied at a constant water flow rate of 1200 Lhr-1 and 

constant sodium chlorite dose rate of 0.024 mlL-1 

The maximum theoretical concentration of ClO2 was calculated from the sodium chlorite 

precursor dose for each test. Theoretical maximum ClO2 concentration and the average ClO2 

concentration, calculated from the Dr Reiss probe data, were used to calculate the percentage 

yield of ClO2. The US EPA equation for chlorine dioxide purity, equation (4), was used to 



32 
 

determine the amount of chlorine dioxide produced in comparison to the chlorite and chlorate 

by-products. 

 

4.3 Results and Analysis  
A sample of motive water was analysed daily to determine the starting concentration of ClO2, 

chlorite ion and chlorate ion present in the water before ClO2 injection. Any species detected 

in the base data was subtracted accordingly from subsequent sample analysis results. Each set 

of conditions was investigated twice, the data has been averaged and errors calculated have 

been included in the data incorporated in this section and in the appendix.  

 

4.3.1 Chemical Dose Increase Investigation 
The 55 ml ClO2 reactor was tested at a constant water flow rate of 1200 Lhr-1 and equal sodium 

chlorite and acid dose rates. Precursor chemical dose rates were investigated at 0.012, 0.024, 

0.036 and 0.042 mlL-1 per chemical. These dose rates theoretically generate ClO2 solution 

concentrations of 0.5, 1.01, 1.51 and 1.76 mgL-1 respectively.  

Graphs 1 and 2 and Table 6 (in the appendix) show data gathered from the first investigation 

carried out. The first trial investigated the precursor dose rate at 0.042 mlL-1 and lasted for a 

total of 200 minutes. Graph 1 shows the ClO2, FAC, chlorite and chlorate concentrations 

determined by Palintest and IC measurements for each sample taken over the investigation 

period.  Graphs 15, 16, 17, and tables 7, 8, 9 in the appendix show equivalent data for trials 

carried out at 0.036, 0.024 and 0.012 mlL-1 chemical dose rates respectively.  
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Graph 1 - Oxychlorine species concentrations measured throughout testing at 1200Lhr-1 water 

flow rate and 0.042mlL-1 chemical dose rates. Chemical retention time equal to 33 minutes 

within reactor.  

 

Graph 1 shows that the theoretical maximum of 1.76 mgL-1 ClO2
 concentration was almost 

achieved for all time points. Table 6 in the appendix contains all data gathered and calculated 

relative to this trial. The sample analysed at 35 minutes (refer to table 6) is representative of a 

ClO2 solution which had been stored in the reactor for a prolonged period. This is due to reactor 

turnover taking 33 minutes from start-up and the testing schedule, the solution analysed at this 

point may have been stored in the reactor for greater than 12 hours. Prolonged storage allows 

decomposition reactions, which are normally too slow, to occur within the reactor therefore 

affecting the concentrations of oxychlorine species present. This explains the minor differences 

in data obtained (percentage yield being the most significantly affected) from this sample 

compared with the subsequent samples. All further samples analysed were representative of a 

chlorine dioxide solution freshly prepared with no long storage period due to reactor shutdown.  
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Graph 2 - Concentration of chlorine dioxide detected in-line in motive water throughout the 

testing period at 1200 Lhr-1 and 0.042 mlL-1 chemical dose rates. Chemical retention time 

equal to 33 minutes within the reactor.  

 
Graph 2 shows the concentration of chlorine dioxide detected in real time by the Dr Reiss ClO2 

probe used to measure the concentration in the treated motive water stream. The probe 

measures a range of 0.02 – 2 mgL-1 ClO2 so the chlorite chemical dose rate of 0.042 mlL-1, 

which equates to a theoretical maximum of 1.76 mgL-1 ClO2 residual, was chosen specifically 

so the maximum detectable concentration of the probe was not exceeded.  

Graph 2 shows deviations with time of measured ClO2 concentrations in the motive water. 

These deviations occur due to the use of diaphragm pumps for chemical dosing into the reactor. 

ClO2 solution is injected through the non-return valve on the top of the reactor into the motive 

water as the diaphragm pumps inject precursor chemicals into the base of the reactor. The 

action of the pumps cause the uneven pattern shown in this graph. The probe yields the most 

accurate measurements for ClO2 concentration over the entire investigation, so this data was 

used to calculate the average ClO2 concentration for each trial, results are shown in table 3 

below. 

 

Table 3 summaries the data gathered throughout the four chemical dose rate trials. Experiments 

were run with stable motive flow rate and precursor chemical dosing for long periods in each 

trial, this was to allow equilibration of the reactor. After the initial turnover of the reactor 
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(equivalent to the retention time for the specific chemical dose rate) to discharge all stale 

chemical, all samples taken were representative of the same experimental conditions and 

therefore comparable to one another. The average values below were calculated using data 

obtained from the comparable samples.  
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0.012 115 0.50 0.48 0.07 0.11 0.21 0.12 53.24 95.00 
0.024 57 1.01 0.99 0.07 0.16 0.33 0.21 64.01 98.22 
0.036 38 1.51 1.49 0.06 0.24 0.45 0.30 66.95 98.68 
0.042 33 1.76 1.69 0.11 0.26 0.51 0.41 65.89 96.02 

Table 3 - The average values of oxychlorine species, purity and % yield for trials at a constant 

motive flow rate of 1200Lhr-1 with various precursor dose rates. 

 
The precursor dose rate trial at 0.042 mlL-1 equates to a maximum theoretical ClO2 yield of 

1.76 mgL-1, the average concentration of ClO2 generated was 1.69 mgL-1 giving an average 

percentage yield of 96%, as shown in table 3. Average ClO2
- and ClO3

- concentrations were 

0.26 mgL-1 and 0.51 mgL-1 respectively, where average ClO3
- concentration generated was 

calculated as 0.41mgL-1.  

Average ClO3
- data is the total concentration of ClO3

- detected in any sample. Generated ClO3
- 

represents the concentration of ClO3
- formed directly as a by-product from ClO2 generation or 

ClO2 degradation reactions. Reactions (14) and (15) show potential side reactions that generate 

ClO3
- and reaction (26) represents a potential degradation reaction of ClO2 in a reactor in the 

presence of FAC. 

 2ClO2 + Cl2 + 2H2O → 2ClO3
- + 4H+ + 2Cl-  (26) 
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The additional ClO3
- included in average ClO3

- data is not directly produced from the 

generation process of ClO2, it is already present as impurities in, both, the mains water and 

precursors chemicals. ClO3
- can be present as an impurity in the sodium chlorite precursor 

which flows through the reactor directly in to the motive water. A maximum contaminant level 

of 4 % is acceptable as defined in the BS EN 938 standard.38  

ClO3
- has also been shown to be a degradation product of hypochlorous acid via the equation 

below39: 

 3HClO → 3H+ + 2Cl- + ClO3
- (27) 

 

The motive water supply in this investigation is mains water treated with sodium hypochlorite 

at the DWTP before distribution. The ClO3
- concentration in the pre-treated motive water was 

measured daily and around a 0.1mgL-1 concentration was detected throughout the investigation. 

The exact values for each trial can be found in the results tables in the appendix under Time 0 

data points. The sodium chlorite precursor was analysed showing a residual level of 0.7% 

chlorate ion. This relates to 0.02 mgL-1 ClO3
- ion being transferred directly from the sodium 

chlorite precursor to the motive water for all samples analysed. This 0.12 mgL-1 ClO3
- is 

included in all chlorate concentration data and has been subtracted to calculate the generated 

ClO3
- concentration directly related to ClO2 generation.  

The average chlorite and chlorate concentrations for each trial are all within the WHO 

guidelines of 0.7 mgL-1 maximum contaminant level (MCL). High percentage yields, greater 

than 95%, were achieved for all precursor chemical dose rates investigated. Although the purity 

of solution generated did not achieve any greater values than 67% in this investigation.   
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Graph 3- The change in average chlorine dioxide purity with increasing retention time at a 

constant water flow of 1200 Lhr-1. 

 

Graph 3 shows there is an inverse relationship between retention time and ClO2 solution purity. 

As previously mentioned, prolonged storage was assumed to allow decomposition reactions 

which, under normal circumstances, would be too slow to occur in the reaction mixture. A 

potential decomposition reaction of ClO2, within a reactor or in water, could be the ClO2 

disproportionation to more thermodynamically stable chlorite and chlorate ions, according to 

equation (28): 

 2ClO2 + H2O → ClO2
- + ClO3

- + 2H+ (28) 
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Graph 4 - The change in chlorine dioxide purity with time within a continuous generation 

process. 

 
 
Graph 4 shows the deviations of purity of ClO2 solution generated with time for each trial. 

After the initial turn over of the generator, the purity of solutions generated stayed  constant 

throughout the remainder of the investigation. It was expected that the purity would plateau 

after the initial reactor turn over due to the experimental parameters being kept constant. This 

purity data represents the performance that can be acheived by Scotmas reactors in the field.  

Since the lowest chemical dose will have the longest retention time within the reactor (0.5mgL-1 

ClO2 dose rate equals 115 minutes retention time) there were more samples taken which 

represent a ClO2 solution which may have been stored for over 12 hours. The purity of ClO2 

solution calculated for these samples, refer to table 9 in appendix (samples at 45, 80 and 100 

minutes), are all less than 50%, which is very undesirable. Gathering this data adds to the 

knowledge Scotmas has concerning very long retention times of chemical within the reactor.  

This section of the investigation only studied a small range of chemical retention times, but it 

did provide interesting results especially with respect to longer retention times of chemical 

within the reactor. A retention time of 115 minutes generated a ClO2 solution of high yield at 

95 %, which in the past would have been the only analysis required. With the capability to 
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measure chlorate concentration analysis can be taken a step further to calculate the purity of 

ClO2 solution, which in the case of the 115 minute retention time trial, produced a result that 

was completely unexpected at approximately 53 %. The knowledge that purity of ClO2 solution 

generated decreases substantially, due to decomposition reactions discussed previously, at 

around two hours retention time is very useful in day to day business for Scotmas. There are 

many ClO2 generators currently installed on sites with low water flows, meaning the retention 

time of chemical within the reactor could be around two hours, potentially longer. Awareness 

of this can help when sizing reactors for new sites, or old sites, to give the customer equipment 

capable of producing the highest quality ClO2 product.  

 

4.3.2 Increasing Water Flow  
An investigation of varying water flow rate with constant precursor dose rate of 0.024 mlL-1 

was carried out. Increasing the water flow at a constant precursor dose rate reduces the retention 

time of chemical within the reactor. This investigation allows a larger range of retention times 

to be examined, which will provide more data to help refine minimum and maximum retention 

times allowable before substantially affecting the purity of the ClO2 solution generated.  

 

Analysis of all species was carried out as previously discussed. Tables 10-15 and graphs 18-23 

in the appendix contain data gathered for all flow rate trials carried out. Table 4 summarises 

the data gathered throughout the six motive water flow trials ranging from 450 to 6000 Lhr-1, 

relating to retention times between 11 and 153 minutes. 
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450 153 0.96 0.08 0.16 0.45 0.37 57.93 94.70 
1200 57 1.00 0.07 0.15 0.33 0.25 64.29 98.60 
1500 46 0.95 0.08 0.17 0.33 0.23 62.35 94.12 
2000 34 0.97 0.05 0.14 0.33 0.24 65.30 95.65 
4000 17 0.61 0.02 0.53 0.28 0.20 42.53 60.52 
6000 11 0.47 0.06 0.74 0.35 0.22 31.63 46.29 

Table 4 - The average values of oxychlorine species, purity and % yield for trials at a constant 

precursor dose of 0.024mlL-1 and varying water flows. 

 

Due to constraints on the test rig, namely the 10 m3 water storage tank that can be filled at a 

maximum flow of 1 m3hr-1, relatively short investigations were carried out with respect to water 

flow rate. Previous investigations carried out by the company37 in an attempt to define the 

optimum retention time produced results of 20 minutes. This was concluded based on the 

plateau of chlorine dioxide concentration measured from 20 minutes onwards after the 

chemical reaction had begun. Percentage yield of ClO2 was only taken into account in previous 

investigations as chlorate analysis was not available to Scotmas at the time of previous 

experimentation. 

The results from this 3.5ghr-1 ClO2 reactor testing on the test rig roughly agree with the previous 

conclusion of a 20 minute retention time. A large decrease in yield of ClO2 was measured when 

the retention time of chemicals within the reactor decreased from 34 minutes to 17 minutes, 

refer to table 4. Since percentage yield was only considered previously, comparisons of purity 

of solutions between these investigations is not possible.  

Respectable percentage yields were obtained for all trials where retention time was greater than 

20 minutes. Retention times of less than 20 minutes did not produce high yields of ClO2, which 

is due to inefficient conversion of chlorite precursor, as can be seen in the data in table 4 by the 
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larger concentrations of chlorite ion detected in the 11 minute and 17 minute retention time 

trials.  

 

Graph 5 - The change in average purity of chlorine dioxide as the retention time of the chamber 

is varied at a constant dose rate of 0.024mlL-1 

 
The above results, in table 4 and graph 5, show there is a significant effect on the purity of 

ClO2 solution generated directly related to changing the retention time of precursors within the 

reactor.  

The theoretical maximum ClO2 concentration achievable for all trials is 1.01 mgL-1 due to the 

dose rate chosen for the investigation of 0.024 mgL-1 NaClO2 precursor. Flow rates between 

1200 – 2000 Lhr-1, retention times of 34-57 minutes, produced the highest yields of ClO2 and 

the solutions of highest purity obtained in this investigation.  

Outwith this range the flow rate investigated with retention time of greater than 60 minutes, 

450 Lhr-1 flow rate, resulted in high yield of ClO2 solution at 94.7%, although the purity of the 

solution decreased compared with solutions generated at higher flow rates. The average 

ClO2
- concentration detected is similar to the higher flow rate runs, however the average ClO3

- 

concentration has increased significantly. This increase in ClO3
- suggests ClO2 could be 

decomposing within the reactor following the reaction pathway described by equation (28). 
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If this was the only side reaction occurring in the reactor it would be expected that the ClO2
- 

concentration would have increased also. Since this has not been detected, it suggests that the 

acid concentration present within the reactor is still allowing for conversion of ClO2
- to ClO2 

via the main reaction for ClO2 generation as shown equation (13) discussed in Chapter 3.1.4. 

At a flow rate of 4000 Lhr-1 (17 minutes retention) the ClO2 yield and purity of the solution 

have decreased significantly to 60.52 % and 42.53 % respectively. The average ClO3
- 

concentration calculated was 0.20 mgL-1 and therefore similar to the trials of longer retention 

time. However, the average ClO2
- concentration of 0.53mgL-1 was three to four times larger 

than the concentrations detected in the higher retention time trials. This suggests there is 

insufficient time for acidification of ClO2
- to generate ClO2 at optimum efficiency. The results 

also suggest that ClO2 has not begun to disproportionate at an appreciable rate, via equation 

(28), due to the similar ClO3
- concentration detected. The same conclusions can be drawn for 

6000 Lhr-1 (11minutes retention). 

 

 

Graph 6 - The change in chlorine dioxide purity with time within a continuous generation 

process. 
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Graph 6 is significant as it shows the trend concerning the ClO2 solution purity produced from 

the continuous generation of ClO2, which is relatable to many of Scotmas systems currently 

installed in industry. Since reactors are continuously fed with precursors, a continuous stream 

of ClO2 solution is fed directly in to the water supply at the same rate therefore the purity of 

ClO2 generated would be constant.  

All trials were run for longer than the chemical retention time within the reactor. For instance, 

the 6000Lhr-1 flow rate trial was run for a total of 45 minutes whereas the retention time is only 

11 minutes for chemical within the reactor. This means that the purity was being calculated 

relating to the continuous flow of fresh precursors through the reactor.  

Due to the constraints of the test rig discussed earlier in this section, the higher flow trials were 

unable to be run for long periods, although the low purity and yields calculated in the short 

period of time provides enough data to recommend that the reactors should not be run with 

retention times less than 20 minutes.  

It is suggested that further investigations are carried out studying water flow rates of less than 

450Lhr-1. These trials will give greater insight in to achievable maximum retention times of 

chemical within the reactor before ClO2 decomposition becomes the negative effect on purity 

of solution obtained.  

Similar results for retention times between approximately 30 minutes to 60 minutes were 

obtained in this investigation as were obtained in the precursor dose investigation. ClO2 

solutions of highest yields and purities were produced between these retention times in both 

investigations.  

4.3.3 Adjusting Acid Dose  
In industry the standard dosing ratio of sodium chlorite to acid precursor is a volumetric ratio 

of 1:1. This means that a greater than 300% stoichiometric excess of acid is being dosed in the 

majority of ClO2 generators which use the acid:chlorite generation method.  To investigate the 

effect that reducing acid concentration has on purity of ClO2 solution generated the test rig was 

investigated at 1200 Lhr-1 motive water flow and a constant sodium chlorite dose rate at 0.024 

mlL-1. The acid dose was decreased between tests, beginning at a 1:1 volumetric ratio with 

NaClO2, then reduced in stages to the final trial where acid dose was 20% compared to the 

volume of NaClO2. The results have been summarised in table 5 below, full results for each 

trial can be found in the appendix. Tables 16-23 and graphs 24-31 are relevant for this 

investigation.   
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1:0.2 95.5 0.65 0.03 0.31 0.45 0.34 45.21 64.09 
1:0.3 88 0.53 0.07 0.54 0.43 0.34 34.00 52.67 
1:0.4 82 1.00 0.06 0.10 0.44 0.35 62.64 99.13 
1:0.5 76.4 0.98 0.06 0.14 0.41 0.33 61.75 96.53 
1:0.6 72 1.00 0.04 0.12 0.38 0.29 64.55 99.01 
1:0.7 67 1.02 0.04 0.18 0.36 0.27 64.15 101.29 
1:0.8 64 1.02 0.02 0.14 0.35 0.27 66.64 100.72 
1:1 57 1.00 0.07 0.16 0.33 0.24 64.19 98.93 

 

Table 5 - The average values of oxychlorine species, purity and % yield for trials at constant 

motive flow rate of 1200Lhr-1, sodium chlorite precursor dose rate of 0.024mlL-1 with varying 

acid dose.  

 
Although the retention time of the chemical within the chamber changed slightly between the 

various trials, the significant differences in data obtained in this trial are presumed to be more 

closely linked to the acid concentrations, therefore, for simplicity the retention time will not be 

considered in this discussion.  

Table 5 shows that decreasing acid concentration below 40% volume compared with sodium 

chlorite dosed (1:0.4) negatively affects conversion of ClO2
- to ClO2. Acid doses of 40% and 

above compared to chlorite, all generated ClO2 solutions of similar purity between 62 % and 

67%. A dramatic reduction in solution purity results when the acid dose is decreased to 30% 

compared with chlorite dose. Due to the simultaneous increase in ClO2
- but no deviation in 

ClO3
-, this reduction in purity can be linked with inefficient conversion of ClO2

- to ClO2. Acid 

at these lower doses becomes stoichiometrically closer to being the limiting reagent of the 

reaction, which could allow for self-decomposition of ClO2
- precursor to be the most 
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favourable reaction.  The most commonly referred to pathway for this decomposition is shown 

by equations (29) and (30).  

 ClO2
-
 + H+

 ↔ HClO2 (29) 

   

 2HClO2 → HClO + HClO3 (30) 

 

This would mean that the decomposition of ClO2 would not be the main route of formation of 

chlorate under these reaction conditions, decomposition of chlorous acid (HClO2) would be the 

major route of formation. This could account for the similar ClO3
-concentrations detected 

throughout the investigation.  

As ClO2 yield decreases the purity of ClO2 solution generated decreases simultaneously. Trials 

in which acid dose is greater than 40% compared to chlorite all produced very high yields of 

ClO2 solution, all were calculated greater than 95%. The respective purities of solutions for 

these trials were all in the range of 62 % - 67 %, purity data is presented in graph 7 below.  

 

 

Graph 7 - The change in average purity of chlorine dioxide solution as acid dose rate is 

increased relative to Sodium Chlorite precursor dose rate of 0.024mlL-1. 
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The ClO2 yield and purity are not significantly affected until acid dose gets lower than 40 % 

compared with chlorite dose. Reducing the acid concentration further decreases the purity 

significantly.  

Average ClO2
- concentrations were between 0.10 and 0.18 mgL-1 for acid doses of 40 % to 100 

% compared to ClO2
-, which is similar to the previous investigations where optimum conditions 

for reactions were being met. If we were to only consider percentage yield and ClO2
- by-product 

concentration as was done in the past due to unavailability of chlorate analysis, a reasonable 

conclusion could be made that the acid volume dosed within the commercial generators could 

be halved and the same quality of ClO2 solutions would be generated.  

Since Scotmas now have the IC equipment required for ClO3
- analysis, this can be investigated 

further to include purity of solution generated. As table 5 shows, in general the concentration 

of ClO3
- generated increases with decreasing acid volume. So, although the percentage yield 

and purity of solutions stay relatively similar with decreasing acid dose, the concentration of 

ClO3
- residual in the treated water increases. Considering the increased scrutiny on DBPs 

within treated water, this is not a favourable outcome.  

As acid dose is decreased relative to chlorite precursor dose, the concentration of FAC detected 

remains relatively uninformative. There have been no obvious trends relating to FAC 

throughout this investigation. One explanation could be due to FAC being a strong oxidiser 

therefore it is expected that it would react with ClO2
- and ClO2, through several potential 

reactions previously discussed, including reaction (6) and (26). 

Free chlorine present may be participating in a favourable side reaction, reaction (6), to 

generate the desired ClO2 molecule from ClO2
-
 . It could also be reacting undesirably by 

oxidising ClO2 to form ClO3
- by-product, therefore decreasing ClO2 concentration and 

increasing ClO3
- concentration, which decreases percentage yield of ClO2 obtained and reduces 

purity of solution.  
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Graph 8 - Changes in purity of ClO2 solution generated with decreasing acid concentration in 

reaction (NaClO2 : HCl). Investigation at constant water flow of 1200 Lhr-1 and a constant 

NaClO2 of 0.024 mlL-1.  

Graph 8 illustrates the relationship between acid concentration and purity of ClO2 solutions 

generated in a continuous process. The retention times for these trials varied between 57 and 

96 minutes. The purity of solutions obtained relative to the stream of fresh product, i.e. 100 

minutes and beyond, all stayed relatively constant. This is another positive result in terms of 

real world installations of commercials generators, this provides addition data to confirm the 

quality of chlorine dioxide generated will remain constant when ClO2 generators are installed 

subject to a constant environment.    

Industry standard is to dose equal volumes of sodium chlorite and acid to generate ClO2, in this 

situation acid is dosed in great excess. The investigation has revealed that acid consumption 

can be reduced while continuing to generate ClO2 solution of similar purity. ClO2 generators 

with lower acid consumption have several advantages. Lower acid requirements of the 

generator translate in to reduction in operational costs for the customer. Reduction in acid 

handling, either in quantities or concentration, will be less hazardous compared to higher 

strength acids being regularly delivered to customer sites. Lower acid dose entering the reactor 
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also lowers acid concentration being transferred to motive water lines, which will reduce 

corrosion of pipes caused by acid.  

 

4.4 Discussion  
The purpose of this investigation was to determine the purity of ClO2 solution produced from 

a Scotmas 3.5ghr-1 commercial ClO2 reactor. The effect of retention time and the effect of acid 

concentration on the purity of ClO2 solutions generated were both investigated in detail. 

Commercially, several very interesting results were obtained, such as minimum retention 

should be no less than 20 minutes, maximum retention time of 120 -180 minutes should be 

discussed and investigated further and acid dose could be decreased to 70% relative to chlorite 

dose without negatively affecting the purity of ClO2 solution generated.  

However, a greater insight in to the reactions occurring within the generator is beneficial as 

this knowledge can be transposed on to real world installations and allow for manipulation of 

equipment to give the greatest yield of ClO2 possible along with the greatest purity of solution 

achievable. The following section, 4.4.1, explores reactions taking place within ClO2 

generators and in dilute ClO2 solutions to propose reactions potentially occurring within 

Scotmas ClO2 generates which support the results of this investigation. 

4.4.1 Chlorine Dioxide Generation  
There have been many investigations over the years and it is widely accepted that the presence 

of chlorous acid in solution is the required precursor for ClO2 generation.33, 35  

In aqueous solution, chlorite ion is in equilibrium with its conjugate acid, chlorous acid 

(HClO2), and together they form the total amount of chlorine (III) present. This equilibrium is 

represented by equation (29). 

In an acidic environment chlorous acid further reacts to produce ClO2, shown in equation (31). 

 5HClO2 → 4ClO2 + Cl- + H+ + 2H2O (31) 

 

In the majority of experiments carried out in this investigation, acid was in excess, therefore 

full conversion of chlorite ion to chlorous acid can be assumed. Since chlorous acid is very 

reactive it would be logical to think reaction (31) would occur to completion to produce a pure 

ClO2 solution.  
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If equation (31) was indeed the only reaction taking place, ClO2 would be the only oxychlorine 

species whose concentration would be changing. FAC concentrations would stay constant at 

the concentration measured in the motive flow water base data. ClO3
- concentration would stay 

equal to the sum of ClO3
- introduced directly as an impurity from precursor NaClO2 and ClO3

- 

impurity already present in water due to DWTP chlorination procedures.  

Since this is not the case, secondary reactions could be causing the formation of DBPs. The 

reaction environment is, in most investigations, highly acidic. Chemicals are injected directly 

into the reactor and they are expected to stay within this highly acidic environment for at least 

20 minutes. Therefore, it can be expected that ClO2
-, ClO3

- (precursor impurity) and Cl- ions 

are all present in reaction mixture introduced directly from precursors chemicals. Precursor 

chemicals are aqueous based therefore HClO2 will be present due to it being in equilibrium 

with ClO2
-.  Generation of ClO2 also occurs rapidly, therefore this should also be expected to 

be present in the reaction mixture.  

It is apparent that there will be many different chlorine based species present, all of which are 

capable of reacting with others present in the mixture. To discuss the multitude of reactions 

occurring it would be logical to begin with chlorite, and therefore, chlorous acid 

decomposition. 

4.4.1.1 Potential Side Reactions from Cl (III) Decomposition  
As described above chlorite will exist in equilibrium with its acidic form, chlorous acid, in 

aqueous solution shown by equation (29). Equation (31) illustrates one reaction chlorous acid 

can be involved in, although there are others, including equations (14), (16) and (30).  

If reaction (14) was the only side reaction taking place, only chlorate by-product would be 

detected and FAC concentration would not change. If reaction (16) was the only side reaction 

occurring, only FAC concentration would increase while ClO3
- would stay constant. If only 

reaction (30) was occurring, equal molar quantities of FAC and chlorate would be detected. 

Throughout the trials the average molar quantities for ClO3
- generated were around 5 times 

greater than the average FAC concentration, and approximately four times more ClO2
- ion was 

detected compared to FAC. 

Since in-depth studies were not carried out as part of this investigation, the assumption has 

been made that any, or all, of the above side reactions could be occurring. This would explain 

the detection of chlorate and FAC in most of the trials.  
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However, FAC is a stronger oxidiser than ClO2 and chlorite. FAC produced as a by-product in 

side reactions has the power to oxidise species that it encounters. Therefore, it could become 

involved in more side reactions, which would account for the fact that FAC was never detected 

in any significant concentrations. Considering the pH inside the reactor will be less than pH 3, 

any FAC present will exist mainly in its molecular chlorine form. Potential side reactions 

involving FAC are discussed further in section 4.4.1.2. 

4.4.1.2 Potential Side Reaction due to Cl2 / HOCl  
FAC inside the reactor would be subject to very acidic conditions, therefore discussions will 

be limited to reactions involving Cl2 and HOCl forms as these would be the dominant FAC 

equilibrium species present, represented by reaction (7). 

If FAC is produced as a by-product from Cl (III) decomposition, it would be able to react with 

precursor chlorite ion and chlorous acid. It is known that this is a possible reaction since ClO2 

three chemical generation method uses Cl2 to oxidise ClO2
- in situ, discussed in section 3.1.1. 

Products from this reaction, as shown in equation (6), would be ClO2 and Cl-. This would not 

be an undesirable side reaction as it would not negatively affect the purity of ClO2 solution 

generated. 

However, it is not as simple as this. Equation (6) is thought to go through a reactive 

intermediate, [Cl2O2], to produce ClO2 as the product.40 This two-step reaction is shown by 

equations (32) and (33).  

 ClO2
- + Cl2 → [Cl2O2] + Cl- (32) 

 

 [Cl2O2] + ClO2
- → 2ClO2 + Cl- (33) 

 

If FAC present in the reaction mixture was only reacting via this two-step reaction, the results 

would show an increase in ClO2 only. There would be no change in ClO3
- concentration 

detected compared to the base data and FAC would be close to zero as it would be fully 

consumed by ClO2
- as it is in excess. Since this is not represented in the results of this 

investigation, it suggests additional reactions are occurring.  

[Cl2O2] is a reactive intermediate and the following side reactions, equations (34) to (37), have 

been proposed by several research groups18, 34, 40, 41 from kinetic studies. 
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 2[Cl2O2] → 2ClO2 + Cl2 (34) 

 

 [Cl2O2] + H2O → ClO3
- + Cl- + 2H+ (35) 

 

 [Cl2O2] + HOCl → ClO3
- + Cl2 + H+ (36) 

 

 [Cl2O2] + OH- → ClO3
- + Cl- + H+ (37) 

 

Reactions (34) & (35) show alternative reactions the intermediate could participate in when 

present in the concentrated reaction mixture inside a reactor. Reaction (34) would be preferable 

since products are ClO2 and Cl2 regeneration, ClO2 product would be beneficial to increase the 

yield and purity of solution and Cl2 would be recycled and able to react in another side reaction. 

Reaction (35) would be undesirable since it only generates chlorate ion, therefore only 

negatively affecting the purity of solution.  

Reactions (36) and (37) are unlikely to occur inside the reactor since the pH is below 3, and 

therefore Cl2 should be the dominant species. Although, once the ClO2 product is dosed into 

the water line from the reactor, the pH is approximately neutral which would mean HOCl would 

be the dominant species.  If the kinetics of reactions (36) and (37) are fast enough they would 

occur in the motive water before it reached the sample point therefore by-products would be 

detected in samples analysed. Both reactions generate ClO3
- ion, reaction (36) also generates 

FAC, which negatively affects the purity of ClO2 solution produced.  

FAC, in the form of Cl2 or HOCl, can also react with ClO2 by further oxidising it to ClO3
- ion. 

These potential reactions are shown by equations (26) and (38). 

 

 2ClO2 + HOCl + H2O → 2ClO3
- + 3H+ + Cl- (38) 

 

Reactions (26) and (38) represent possible breakdown routes of ClO2 inside the reactor and in 

the motive water line respectively to generate undesirable ClO3
- ion due to reactions with FAC. 

In essence, any FAC present in the reaction mixture, will likely be involved in the generation 

of chlorate ion following one, or several, of the reactions above. FAC will react rapidly with 
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many species present resulting in a constant low concentration of FAC detected, which agrees 

with the results from the investigation therefore suggesting that many side reactions were 

occurring within the reactor and motive water.  

4.4.1.3 Chlorite Ion Disinfection By-Product 
Chlorite ion is detected throughout the full investigation, mainly at low concentrations. There 

are several reasons chlorite may be detected throughout:  

• Inefficient conversion of chlorite to chlorine dioxide i.e. equipment isn’t optimised, or 

it may be faulty. 

• Generation as a by-product from a side reaction 

Of all the potential side reactions discussed in sections 4.4.1.1 and 4.4.1.2, ClO2
- was not found 

to be a by-product from any of them. Due to the set-up of the test rig, the major source of ClO2
- 

will be due to ClO2 reactions with impurities within the motive water supply in this 

investigation.  

The sample point is approximately 3 to4 metres after the ClO2 reactor injection point on the 

Scotmas test rig. This is to allow for adequate mixing and smoother measurements to be 

obtained for ClO2 concentration in motive water. The motive water is mains water therefore the 

oxidant demand of the water could cause ClO2 to react rapidly with oxidisable species present, 

such as iron. 

 

 Fe2+ + ClO2 + 3H2O → Fe(OH)3 + ClO2
- + 3H+ (39) 

 

The reaction of ClO2 and Fe2+ is rapid, at pH values greater than 5.5 the oxidation of iron to 

form ferric hydroxide occurs within seconds.42 No kinetic studies were carried out, but 

anecdotal evidence confirms this reaction to be taking place in the Scotmas test rig. After a 

short period of using the test rig it was noted that the clear chemical tubing and flow cell for 

the ClO2 probe began to become discoloured and slightly brown, the discolouration increased 

with time. This discolouration is not detected anywhere on the test rig before ClO2 injection. 

The exact soluble iron content of the water was not known, although this rapidly occurring 

reaction could explain the presence of chlorite throughout this investigation and the increase in 

discolouration with time of the test rig components. 

Chlorite may also be present due to ClO2 dissociation in water, shown by equation (28). 
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ClO2 has a slow dissociation rate in water under optimum conditions i.e. low temperature and 

no UV light, although the environment inside the reactor could be very different to this. Inside 

the reactor the temperature could be relatively high due to exothermic reactions occurring, so 

the possibility of dissociation would be more likely therefore resulting in increased 

concentrations of both chlorite and chlorate present in the treated water throughout the 

investigation.  

4.5 Conclusion 

A commercial Scotmas 3.5ghr-1 ClO2 generator was investigated under various conditions to 

determine the purity of ClO2 solution produced. The effect of retention time of chemical within 

the reactor and the effect of decreasing acid concentration were both investigated and their 

effects on product purity have been discussed in detail.  

The purity of ClO2 solution was determined to be dependent on the retention time of precursor 

within the reactor. An exact minimum retention time was not the purpose of the investigation, 

although the results obtained did agree with previous findings that the minimum retention time 

should be no less than 20 minutes, which is standard operating practice for the reactors. 

Retention times of up to 57 minutes produced ClO2 of similar high purity and yield, which is 

very useful information since there are reactors currently installed in industry with retention 

times known to be longer than 20 minutes due to low water flow rates on-site. 

It has been suggested that further investigation into very low water flow rates, i.e. 200 Lh-1, are 

carried out to investigate retention times much longer than one hour in an attempt to formalise 

the maximum allowable retention time before purity of ClO2 solution generated decreases 

significantly. This is a very valid investigation as its results would be representative of the 

performance of many agricultural ClO2 generators Scotmas currently has installed throughout 

the UK. The investigation in to reducing acid dose showed that there is potential to reduce acid 

consumption in the current reactors. Acid doses of 70 %, relative to sodium chlorite precursor, 

were generating ClO2 solutions of similar purity and yields compared with trials of acid dose 

at 100%. It has been advised that further investigation should be carried out on this to fully 

understand the lower acid limit that can be used. Although, further investigations should be 

carried out using 9 % Hydrochloric acid as the acid source instead of Activator P10 (4.5 % HCl 

/ 4.5 % H3PO4 blend), as this could allow for even greater reduction in acid dose. Reducing 

acid consumption, or even acid concentration of precursor chemical to be stored on site, is a 

major benefit to the customer in terms of cost of precursor and onsite safety requirements.  
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CHAPTER 5 – GASEAOUS CHLORINE DIOXIDE PRODUCTION 
5.1 Introduction  
It is known that ClO2 exists as a gas at ambient temperature although its sensitivity to pressure, 

temperature and shock means it is unable to be transported or stored as a compressed gas. 

Onsite ClO2 generation technology is widely utilised to overcome the transportation and 

storage issues associated with the physical states of chlorine dioxide, this allows ClO2 to be 

generated at the point of application usually as a dilute aqueous solution.  

Chapter 4 investigated current technology manufactured by Scotmas to generate ClO2 aqueous 

solution via the acid:chlorite method for dosing at point of use. Due to the concentrations of 

chlorite and chlorate by-product carryover from the reactor to the water line this investigation 

in to generation of a pure ClO2 product is being carried out, with the intentions of developing 

new commercial ClO2 generation equipment in the near future.  

As discussed throughout section 3, ClO2 generation in its gaseous form leads to a purer final 

product as any impurities (except molecular chlorine, if produced) remain in the reactor in 

solution form while gaseous ClO2 is transferred in to the water line. The impurities remaining 

in the reactor can be disposed of via a waste line along with unreacted staring materials, for 

instance excess acid.  

The following investigation will examine two separate technologies and their effects on 

degassing ClO2 from aqueous solution. The technologies under scrutiny are air sparging and 

ultrasound technologies. Air sparging is used throughout industry in many processes for the 

removal of different gases, for example the remediation of volatile organic compounds 

dissolved in groundwater. Ultrasound, although not a mainstream degassing technology, is also 

widely used in industry for degassing and defoaming of liquids.43   

A combination of air sparging or ultrasound along with eductor technology could allow for 

ultra-pure ClO2 solutions to be produced, under ideal conditions due to the transfer of ClO2 gas 

from reactor to the motive water line. A major obstacle to overcome is related to the sensitivity 

of ClO2 and its spontaneous decomposition when subjected to undesirable conditions. The 

spontaneous decomposition of ClO2 is discussed in greater detail in the next section, 5.2.1.  

5.2 Literature Review  
5.2.1 Spontaneous Decomposition of Chlorine Dioxide  
ClO2 exists as a yellow-green gas under ambient conditions. As the concentration of ClO2 gas 

in air increases the colour becomes increasingly reddish. Luckily the presence of ClO2 in 

gaseous state is detectable, even at low concentrations, due to its strong odour which happens 
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to be similar to both chlorine and ozone. As the concentration of ClO2 increases, as a gas in air 

or as a gas dissolved in water, the stability of it begins to decrease.7 This decrease in stability 

of gaseous ClO2 results in decomposition reactions occurring. The energy produced by this 

decomposition reaction increases with increasing gaseous ClO2 concentration. Low gas 

concentrations of 4% ClO2 can decompose when sparked, resulting in the evolution of a small 

amount of energy. Gaseous ClO2 concentrations of greater than 10% can spontaneously 

decompose, the quantity of energy evolved is dependent on the initial concentration. The lower 

explosive limit (LEL) of ClO2 in air is 10 % (v/v) due to its spontaneous decomposition. The 

decomposition reactions of gaseous ClO2 have been investigated with respect to varying 

temperature, pressure, vessel size and the addition of inert gases by several academic groups.44-

49  

It has been noted throughout all investigations that there is an induction time to explosion for 

all experimental variations. The induction time has been found to be of the order of 

milliseconds up to minutes, and in more recent research induction times of up to several hours 

have been measured.44-48 The wide variation of induction periods have been researched in depth 

over the last few decades in the hopes of forming a better understanding of the mechanism of 

explosion of chlorine dioxide. The experimental variations affecting induction times have been 

discussed in more detail in sections 5.2.1.1 to 5.2.1.4. 

The explosive decomposition of chlorine dioxide follows a degenerate chain-branching 

mechanism. The reaction is thought to follow a general scheme outlined as follows46: 

R → x + ….  (initiation) (40) 

R+x → I + …. (propagation) (41) 

I + x → ny + …. (branching) (42) 

R + y → mx + …. (branching) (43) 

y → …. (termination) (44) 

 

Temperature increases immediately before explosion and returns to the stable temperature 

quickly after explosion, therefore the explosion is not of a thermal nature. The presence of an 

induction time suggests the build-up of a stable intermediate at some point in the chain reaction. 

Investigations into the kinetics have been carried out,44-49 so far this research is unable to 

propose any mechanism that would account for the thermal decomposition of the stable 

compounds.  
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Experiments carried out in the literature44-48 to gather data on the spontaneous decomposition 

of ClO2 gas were investigating the gas contained within a vessel over a period of time until 

explosion. The theoretical design of the novel Scotmas gas-lift reactor is based on continuous 

transfer of ClO2 gas from inside the reactor directly into the motive water where it would be 

absorbed instantly upon contact. Continuous transfer of ClO2 gas is expected to reduce the 

likelihood of spontaneous decomposition occurring within the reactor, although great care was 

taken throughout the experimentation and additional safety features on reactors were 

incorporated. 

5.2.1.1 Effect of Added Gases 
The effect on induction times to explosion have been explored with respect to varying chlorine 

dioxide concentration in diluent gas. A variety of inert gases have been investigated, including 

helium, hydrogen, nitrogen and chlorine.44, 45 McHale and von Elbe investigated the effect on 

induction time when adding O2/Cl2/He/N2 to ClO2 in a 1:1 mixture.44 Induction times obtained 

with respect to the four diluent gases all followed the same trend as pure ClO2, although the 

induction times were all shorter with the diluent added to the same pressure. It was found that 

there was no effect on this trend when varying the temperature through the range of 58 oC – 76 
oC.  

The experiments performed by McHale and von Elbe showed that as the amount of inert gas 

added to the mixture increases, the induction time to explosion decreases. The induction time 

decreases by approximately a factor of 10 when increasing the initial partial pressure of ClO2 

from 1 torr to 5 torr. A slight decrease in induction time, no more than 3 seconds, can be seen 

when increasing partial pressure of ClO2 from 5 torr to 10 torr. Above partial pressures of 10 

torr ClO2 the induction time to explosion is relatively unaffected by varying initial ClO2 partial 

pressure, so induction time stayed constant at approximately 9 seconds for all gas mixtures 

tested.  

In comparison to pure ClO2, the inert gas mixtures were shown to have shorter induction 

periods to explosion. This ‘promoting effect’ of added inert gases was observed over the entire 

pressure and temperature ranges studied. This added gas promotion effect is thought to 

decrease induction time by hindering diffusion of radicals to the walls of the vessel, which 

reduces the number of chain termination reactions that are occurring, therefore increasing the 

number of chain-branching reactions occurring, ultimately leading to an explosion. 44, 45   
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Practically, the avoidance of diluent gas within the reactor combined with continuous flow of 

ClO2 gas out of the reactor could be sufficient to avoid explosions, this theory should apply to 

ultrasound technology being investigated in this report as it does not require diluent gas in the 

process. The air-sparging process on the other hand, requires a large amount of air. The LEL 

of ClO2 in air is 10 % (v/v), addition of enough air to dilute ClO2 gas below its LEL, combined 

with continuous flow of gas out of the reactor should avoid explosions occurring in these 

investigations.  

5.2.1.2 Effect of Varying Vessel Size  
Over the years, many different vessel sizes have been used in investigations to determine the 

effect on induction times to explosion. Vessels of volume from 40 cm3 through to 500 cm3 

have been used in experimentation,45, 47 recently a vessel of 20 litres has also been 

investigated.49 In all experiments it has been found that induction times are shorter in smaller 

volume vessels. This is strong evidence that initiation (45,46) and termination reactions (47,48) 

occur on the walls of the vessels, possible reactions are as follows44: 

2ClO2 → 

wall 

ClO + ClO3                (45)  

 

ClO2 → 

wall 

ClO + O   (46) 

 

Cl + ClO2 → Cl2 + O2 (47) 

  

Cl → 

wall 

½ Cl2 (48) 

 

McHale and von Elbe44 noted that packing of an 8mm i.d. U-tube with glass wool actually 

prevented explosions of a highly diluted ClO2 in N2 stream. In the absence of the glass wool, 

an explosion occurred in every trial as soon as the ClO2 stream reached the entrance of the U-

tube. Therefore, increasing surface area promotes explosion to a certain point, but after this 

critical point enough surface area could prevent an explosion.  
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Limitation on available material and equipment for small scale investigations carried out in this 

report meant a basic reactor was constructed and used throughout. The effect of vessel size and 

surface area will be a crucial concept when designing the larger scale prototype gas-lift reactors 

and in the final design of reactor.  

5.2.2.3 Temperature Dependence of Reaction  
At pressures above 15 torr it has been discovered44 that the induction period to explosion 

becomes independent of increasing pressure further. Therefore, pressures above 15 torr were 

used to investigate the temperature dependence of induction time.  

At temperatures above 90 oC the correlation between temperature and induction time can be 

calculated using equation (49) (τ, sec; T, K): 

          𝑙𝑙𝑜𝑜𝑔𝑔𝑙𝑙 =  2420
𝑇𝑇

− 5.56                                        (49) 

Although any slight changes in reaction conditions, i.e. prior handling and storage of ClO2 or 

differences in the reaction surface, could cause subsequent experimental data obtained to vary 

significantly with respect to the above calculation.   

Addition of ClO2 gas to a reaction vessel causes a slight temperature spike that lasts a maximum 

of seconds. The temperature settles back to the original temperature where it remains constant 

until the time of explosion. Self-heating is detected immediately before explosion occurs, this 

temperature increase has not been measured greater than 3 oC in the academic literature45. 

However, the explosion is characterised by a sharp spike in temperature, up to a 20 oC increase, 

followed by stabilising to the original temperature. 

Lopez et al. 47 found that slow decomposition of chlorine dioxide occurred before explosion at 

temperatures less than 60 oC, although above this temperature there was no slow decomposition 

reactions occurring leading up to explosion.  

The experiments, carried out previously by academics i.e. Lopez et al., generated pure ClO2 

gas out with the reaction vessel and added this gas to the vessel at the time of each experiment 

to investigate temperature dependence of explosion. The experimentation within this report 

injected ClO2 solutions into the reactor as the effect on ClO2 degassing from solution by 

ultrasound or air-sparging were being investigated, temperatures of the gaseous phase were not 

measured in these small scale experiments.  
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Temperature effects will have to be considered when designing the large scale gas-lift reactors. 

The gas-lift reactor will be designed to allow mixing of concentrated sodium chlorite and 

concentrated hydrochloric acid within the reactor. The reaction of the concentrated chemicals 

is rapid, violent and exothermic. ClO2 is generated instantly upon reaction, a large portion of 

which can be seen as yellow-green gas and the remainder as dissolved gas within in the reaction 

solution. The gas-lift reactor will transfer the gaseous ClO2 out of the reactor into the motive 

water, while simultaneously degassing ClO2 from solution into the gaseous phase. Temperature 

will have to be monitored continuously and incorporation of temperature controls may have to 

be considered to limit operation at high temperatures.  

5.2.1.4 Effect of Pressure Change on Reaction  
As previously mentioned, at pressures above 15 torr the induction time to explosion becomes 

independent of increasing pressure,44 but at lower pressures the induction times becomes 

sensitive and dependent on slight variations in pressure allowing investigations of pressure 

dependence of induction times to be carried out.  

On admission of ClO2 to the reaction vessel, pressure rises sharply and the system reaches 

equilibrium within seconds of entry. The equilibrium pressure reached is strongly dependent 

on ambient temperature. 

When pressure data is plotted against time, the final shape of the graph follows specific trends 

dependent upon the initial temperature. If the temperature is above 50 oC, the pressure in the 

vessel remains approximately constant at equilibrium until an explosion occurs. An explosion 

is characterised by a sharp rise in pressure following a very slight pressure rise that occurs in 

the preceding seconds of explosion. If the temperature is less than 50 oC, the pressure remains 

at equilibrium only in the very beginning of the experiment. Pressure will slowly start to 

increase with time until close to the end of the induction period where pressure increase 

becomes exponential. The explosion is again characterised by a discontinuous jump in pressure 

lasting seconds.  

It has been established that the final pressure of the explosion and initial pressure are always 

in a 3:2 ratio, which agrees with what is expected from the stoichiometry of the reaction 

equation (50):  

 2ClO2 → Cl2 + 2O2 (50) 

Vacuum gauges are incorporated to monitor the pressure inside the reactor throughout the 

experiments, pressure within the reactor normally stabilised around 0.8 atm, therefore 
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additional safety features were incorporated to minimise damage in the occurrence of an 

explosion within the reactor.  

     

5.2.2 Ultrasound Technology  
The degassing or defoaming of solutions is an interesting application of ultrasonic equipment. 

Ultrasound waves remove small suspended gas bubbles from the liquid to reduce the level of 

dissolved gas below the natural equilibrium level.  

When sonicating liquids, the sound waves that propagate from the radiating surface into the 

liquid result in alternating compression (high-pressure) and rarefaction (low-pressure) cycles 

with rates dependent on the frequency. Small vacuum bubbles are created during the low-

pressure cycle of the ultrasonic waves. Dissolved gas migrates from liquid to the vacuum 

bubbles via the large surface area, which in turn increases the size of the bubble. The sound 

waves support the coalescence of nearby bubbles leading to acceleration in growth of the 

bubbles. The waves also help to disturb bubbles on the vessel surfaces and forces bubbles from 

below the liquid surface to release them into the environment above the liquid surface.  

The ultrasonic degassing of liquid works best if a low pressure, or vacuum, is produced above 

the liquid surface. Avoiding turbulent agitation to the liquid is preferable, and low to moderate 

amplitude of waves through a sonotrode with a large surface area produces the best results.  

Incorporating this technology in the gas-lift reactor should encourage ClO2 to leave the solution 

in the gas bubbles formed. Addition of diluent gas is not required, which is advantageous as 

this decreases the likelihood of spontaneous decompositions of gaseous ClO2 within the reactor 

caused by the promotion effect of added gases. 

 An alternative to ultrasound would be air sparging of the solution to force ClO2 gas to leave 

solution, due to the explosive limit of ClO2 being less than 10% (v/v) in air this method requires 

a great amount of air to be used to assure this lower explosive limit is not breached.  

5.2.3 Eductor Technology  
The water jet exhauster is the type of eductor that can be used to provide suction and 

entrainment of air/gases from its suction side utilising a high pressure motive water stream. 

The high pressure motive water enters the exhauster at its inlet, when it passes through the 

motive nozzle, the high pressure water is converted into a high velocity spray and is sprayed 

into the Venturi diffuser; this action causes the entrainment of air/suction at the suction side. 
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An eductor could be used to achieve ClO2 gas transfer to the motive water line from the reactor 

under partial vacuum conditions. An eductor, as shown in figure 4, works using a specific case 

of Bernoulli’s principle called the Venturi effect. This states that a fluid’s pressure will decrease 

when it flows through a constricted nozzle, this effect is represented by equation (51) which is 

a simplified version of Bernoulli’s equation.  

 

Figure 4 - Diagram outlining the operation of an eductor50 

 

𝜌𝜌𝜐𝜐12

2
+ 𝑃𝑃1= 𝜌𝜌𝜐𝜐2

2

2
+ 𝑃𝑃2                                        (51) 

An eductor has a converging inlet nozzle which increases the velocity of motive water flow 

which causes the pressure to decrease. This creates a low pressure zone at the entrance of the 

eductor, which can entrain another fluid or more often a gas, providing suction. The use of an 

eductor to create a vacuum to provide suction has been used effectively in similar technology, 

including the generation technology for reduction of chlorate as discussed in section 3.2, and 

in technology where gaseous ClO2 is generated from chlorite precursor.  

 

5.3 Gas Lift Experimentation   
5.3.1 Overview 
Small-scale experimental runs were carried out to investigate the effectiveness of the 

technologies discussed above on ClO2 degassing from solution. The commercial outcome of 

developing an Ultra-pure ClO2 generator was to the driving force for this investigation.  
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5.3.2 Experimental  
5.3.2.1 Reactor design and Test Rig Set up  
Air sparging or ultrasound technology were incorporated directly into the reactor vessel to 

promote degassing of ClO2. The air sparging tube or ultrasound probe were incorporated 

through an adapted chemical inlet line where they were in direct contact with ClO2 solution 

inside the reactor for the duration of the experiment. Figure 5 is a basic schematic representing 

the reactor used in these trials. For simplicity, ClO2 solutions were freshly prepared in the 

laboratory for each experimental run. The ClO2 solution was injected into the reactor at the 

start of each experiment, ClO2 gas was drawn up through the reactor vessel and through an 

eductor, where it was incorporated directly into a motive water line that was recirculated 

through a 1 m3 tank. The reaction liquor remained inside the reactor until spent, at this point 

the solution was discarded through a waste line from the bottom of the reactor.  

Pressure gauges were incorporated before and after the eductor, and a vacuum gauge was fitted 

in the reactor vessel. To decrease the potential for ClO2 to spontaneously decompose, the 

pressure was kept below atmospheric within the reactor vessel.  The experimental procedures 

for ultrasound trial with eductor and for air sparging trial with eductor are recorded in sections 

5.3.2.3.2 and 5.3.2.3.3 respectively. 

For ultrasound trials without the use of an eductor a simple test rig was used, consisting of an 

open pot reactor vessel and the ultrasound equipment. Chlorine dioxide gas was allowed to gas 

off into the large area around the test rig for these experiments. A ClO2 gas detector was used 

throughout these experiments to measure gaseous ClO2 concentration in the surrounding area 

to ensure the concentration did not exceed either the short or long term working exposure limits, 

the experimental procedure is recorded in section 5.3.2.3.1. 
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Figure 5 - Basic schematic outline of reactor vessel used for ultra-pure ClO2 generator proof 

of concept testing.  

 

5.3.2.2 Analytical Methods and Materials  
5.3.2.2.1 PRECURSOR CHEMICALS AND CHLORINE DIOXIDE STOCK SOLUTION  
Precursor chemicals used were the same as described in section 4.2.2.1.  

For each experiment, a ClO2 stock solution of specific concentration was prepared using these 

precursor chemicals.  

ClO2 stock solutions were prepared by mixing the required quantity of precursors to the volume 

required for experimentation. Each stock solution was freshly prepared the day before specific 

tests were carried out. It was stored in a dark, cool environment and allowed 24 hours for 

precursors to react fully. The concentration of ClO2 stock solution was measured immediately 

before experimentation using a Palintest ChlordioX Plus kit.   

5.3.2.2.2 ION CHROMATOGRAPHY  
Ion Chromatography equipment, chemicals and sample preparation are as described previously 

in section 4.2.2.2.  
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5.3.2.2.3 PALINTEST CHLORDIOX PLUS 
Palintest ChlordioX Plus equipment and calibration schedule are the same as described in 

section 4.2.2.3.  

Chlorine dioxide concentration was measured using the Palintest equipment. 1 ml samples were 

taken from the reactor throughout the experiment, samples were diluted with deionised water 

so the ClO2 concentration would be within the equipment’s concentration detection range of 

between 0.02 mgL-1 and 50 mgL-1.  

5.3.2.2.4 ULTRASOUND PROBE 
Equipment for introducing ultrasound waves to a solution was purchased from Hielscher 

Ultrasonics GmbH. The equipment was Hielscher Ultrasonic Processor UP200St, which has 

been developed for laboratory scale use.  

Hielscher Ultrasonic Processor UP200St is a complete ultrasonic system consisting of an 

ultrasonic transducer and generator and the glass sonotrode, shown in figures 6 and 7 

respectively. The transducer and generator convert electric power into mechanical oscillations 

and transfers these to the sonotrode which, in turn, transfers the mechanical oscillations to the 

medium being treated. A glass sonotrode was purchased and used throughout testing due to its 

chemical compatibly with strong ClO2 solutions.  

 

Figure 6 - UP200St Ultrasound Process                                   Figure 7 - S26d26G Glass Sonotrode 
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When electrically powered the equipment generates longitudinal mechanical oscillations with 

a 26 kHz frequency.  The processor’s power output can be selected between 20 % and 100 % 

of maximum amplitude. Pulse-duty cycle can be adjusted through 10 % to 100 % of a second, 

in steps of 0.1 second, where 100% relates to continuous operation. The output power can be 

up to 200 W, depending on the amplitude setting of operation.  

The maximum immersion depth of the glass sonotrode is half of the glass cylinder as per the 

manufacturer’s instruction, this immersion depth was used in each experiment.     

5.3.2.3 Procedure  
5.3.2.3.1 ULTRASOUND TRIAL WITHOUT EDUCTOR  
A previously prepared ClO2 solution of known concentration was transferred into the open pot 

reactor vessel. The ultrasound sonotrode was immediately positioned in the centre of the 

reactor, secured and the ultrasonic generator switched on. The power and amplitude settings 

for ultrasound waves were selected accordingly and the experiment allowed to run. 1 ml 

samples were taken from the reactor at specified times throughout the experiment, diluted in 

deionised water and analysed immediately for ClO2 concentration using the Palintest kit. A 

portion of the sample, if required, was treated and stored accordingly until chlorite and chlorate 

concentrations were measured via ion chromatography.  

5.3.2.3.2 ULTRASOUND TRIAL WITH EDUCTOR 
The ultrasound sonotrode was positioned and sealed in the reactor vessel. Motive water was 

recirculated from a 1 m3 tank through the eductor to create a partial vacuum within the reactor. 

The pressure within the reactor was measured using a vacuum gauge throughout the 

experimental run. A previously prepared ClO2 stock solution of known concentration was 

injected into the reactor and the ultrasound generator switched on. Samples were taken via a 

sample line directly from the reactor, diluted using deionised water and analysed for ClO2 using 

Palintest kit immediately. A portion of the sample, if required, was treated and stored 

accordingly until chlorite and chlorate concentrations were measured via ion chromatography. 

 

5.3.2.3.3 AIR SPARGING WITH EDUCTOR 
Air sparing equipment was positioned and sealed in the reactor vessel. Motive water was 

recirculated from a 1 m3 tank through the eductor to create a partial vacuum within the reactor. 

The pressure within the reactor was measured using a vacuum gauge throughout the 

experimental run. A previously prepared ClO2 stock solution of known concentration was 
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injected into the reactor and the air pump was switched on to force 3 or 15 Lmin-1 of air through 

the ClO2 solution within reactor, gases were drawn through the eductor and incorporated into 

the motive water line. Samples were taken via a sample line directly from the reactor, diluted 

using deionised water and analysed for ClO2 using Palintest kit immediately. A portion of the 

sample, if required, was treated and stored accordingly until chlorite and chlorate 

concentrations were measured via ion chromatography. 

5.3.3 Results and Analysis  
5.3.3.1 Ultrasound Trials without Eductor  
Initial trials were proof of concept investigations that were crudely carried out in an open top 

reactor where the evolved ClO2 gas was discharged to an open area surrounding the test rig.  

As discussed in section 2.2, ClO2 gas dissolved in solution will gas off into an air space above 

the solution, therefore a control experiment was carried out in parallel to each ultrasound trial 

to obtain realistic results. 

The ClO2 stock solution used in the control experiments was the same ClO2 batch used for the 

corresponding ultrasound experiment to reduce variability of solution due to preparation and 

storage differences. 

The same open pot reactor design was used for all experiments and the environmental 

conditions of each set of experiments was kept as similar as possible by always running the 

ultrasound trial and control experiment in parallel in the same location within the test area. 

 

Graph 9- Degassing of a 200 mgL-1 ClO2 solution with and without ultrasound technology.  
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Graph 9 shows the ClO2 concentration data obtained from proof of concept trials carried out to 

investigate the effect of ultrasound waves on the time required to degas ClO2 gas from solution. 

Only ClO2 concentrations were tracked with time for the initial experiments to easily determine 

if ultrasound had any effect on the rate of ClO2 degassing before in-depth investigations were 

begun.  

The sharp decrease in ClO2 concentration from 200 mgL-1 to approximately 100 mgL-1 within 

the initial 20 minutes period of investigating suggests ultrasound waves were slightly 

increasing the rate of ClO2 degassing. 

Several experimental runs, using ClO2 stock solution concentrations of 200mgL-1, were carried 

out where each of them produced similar trends, averaged results are shown in graph 9. The 

ClO2 solution subject to ultrasound waves decreased to approximately 10mgL-1 ClO2 quicker 

compared to the control solution. 

Since the proof of concept experiments produced positive results for faster ClO2 concentration 

reduction, the decision was made to continue the ultrasound testing in greater detail. The next 

trials were designed to investigate if the increase in ClO2 degassing rate shown in the proof of 

concept experiments were solely due to ultrasound waves or if the temperature increase of 

solution played an additional role in increasing the rate. ClO2 gas solubility in water decreases 

as the temperature of the water increases so as water temperature increases this would increase 

the rate of ClO2 degassing from water. 

It was found that the temperature of the solution subject to ultrasound waves increased over 

the course of the previous experiments, although the control experiments were carried out at 

room temperature. Therefore, subsequent control experiments were temperature controlled and 

increased in temperature with the increase in temperature shown by the comparable ultrasound 

experiment.   

The following three experiments (graphs 10-12) investigated the effect of ultrasound waves on 

ClO2, ClO2
- and ClO3

- concentrations in solution at high, medium, and low levels of ultrasound 

power and amplitude settings. The control experiments were run in parallel, in the same area 

as the ultrasound trial, immersed in a water bath to control the increase in temperature of ClO2 

solution at the same rate as the ultrasound experiment.   
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Graph 10 - Degassing of a 100mgL-1 ClO2, analysis of chlorite and chlorate concentrations 

with time. Ultrasound settings - 98W Power and 100% amplitude.  

 

Graph 10 shows averaged results obtained from experimental runs in which a 100 mgL-1 ClO2 

solution was subject to ultrasound waves. Graph 10 also shows the data obtained from the 

corresponding temperature control solutions. The ultrasound settings were set to maximum 

capacity, the power output was stable at 98 W and the amplitude was 100 %. This was the 

equipment in continuous mode.  

The temperature of the ultrasound solution increased from 18oC to 50 oC over the course of 

the experiment. A 16 oC per hour average increase was measured for the first two hours, after 

which it stayed stable at 50 oC. The temperature of the control solution increased from 18 oC 

to 51 oC, where a 19 oC average increase was measured in the first hour and 13 oC in the next 

hour. The solution remained at 51 oC for the remainder of the experiment. 

The same sharp decrease in ClO2 concentration in the initial 55 minutes of the experiment can 

be seen for the test solution and the temperature control despite the control solutions 

temperature being 3 oC higher. After this initial decrease, ClO2 concentration detected in the 

ultrasound solution decreased at a quicker rate compared to the control. Within 90 minutes the 
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ultrasound solution had decreased from approximately 107 mgL-1 ClO2 to approximately 15 

mgL-1. Whereas the control solution took greater than 250 minutes to decrease from 

approximately 107 mgL-1 to approximately 23 mgL-1. The results suggest that ultrasound 

promotes ClO2 degassing in a more complicated manner than just increasing the temperature 

of solution, especially considering the control solutions temperature increased slightly quicker 

in the beginning and ended as 1 oC higher. 

Both solutions began with 28.6 mgL-1
 chlorite ion, its presence within the solution due to 

unreacted precursors from the preparation of ClO2 stock solution. Chlorite ion in both 

experiments decreased with time, although the rate of ClO2
- concentration decrease was more 

rapid for the ultrasound solution compared with the control. This suggests that there are 

reactions occurring within the solutions throughout the experiment as ClO2
- anions will remain 

in solution and not gas off as ClO2 molecules do. Potential reactions could involve either the 

oxidation of chlorite anion to ClO2 or the reduction of chlorite anions to hypochlorite or 

chloride anions. The decrease in free available chlorine suggests that this species is also 

involved in reactions. If this was oxidised it would initially show as chlorite ion, if it was to be 

reduced it would show as chloride anion. Since both chlorite and free available chlorine 

concentrations decrease with time  reduction reactions are likely to occurring in solution, since 

chloride anion analysis was not carried out this cannot be confirmed at this time. Chlorite anion 

concentration decrease quicker when ultrasound waves are present suggesting that ultrasound 

promotes the reduction reaction occurring within the solution.  

The starting concentration for both solutions of chlorate ion was 22.3 mgL-1, which is generated 

as a by-product due to side reactions occurring within the method used to prepare the stock 

ClO2 solution. ClO3
- anions detected in the ultrasound trial increased with time by 

approximately 18 mgL-1 over the full 270 minutes of the experiment. ClO3
- concentration 

remained relatively constant throughout the control experiment. This increase in the ultrasound 

solution also suggests that ultrasound waves promote some reactions within the solution that 

ultimately form ClO3
- anions. 

After 270 minutes the ultrasound trial ended with average concentration of greater than 0.02 

mgL-1 ClO2, 2.8 mgL-1 ClO2
- and 39.9 mgL-1 ClO3

-. The control solution ended with average 

concentrations of 23.7 mgL-1 ClO2, 10.7 mgL-1 ClO2
- and 21 mgL-1 ClO3

-. The differences 

suggest that ultrasound does promote ClO2 degassing via more complicated pathways than just 

relying on the temperature increase.  
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In the following experiment, the ultrasound equipment settings were adjusted to investigate the 

effects, if any, on the ClO2 stock solution of decreasing power of ultrasound waves and 

amplitude (pulse rate).  

 

Graph 11 - Degassing of a 81mgL-1 ClO2, analysis of chlorite and chlorate concentrations with 

time. Ultrasound settings - 50W Power and 50% amplitude.  

 

Graph 11 shows results obtained from experimental runs in which an 80 mgL-1 ClO2 solution 

was subject to ultrasound testing. Graph 11 also shows the data obtained from the 

corresponding temperature control solutions. The ultrasound equipment was set to a power 

output at 50 W and amplitude 50 %. This was the equipment in pulse mode where the pulse 

period and rest period were equal. 

The temperature of the ultrasound solution increased from 19oC to 49 oC over the 

experiment. A 6 oC average increase was measured in the initial 30 minutes of the experiment. 

After one hour the temperature was 49 oC where it stayed stable until the end of the run. The 

temperature of the control solution increased from 19 oC to 49 oC, where a 22oC average 

increase was measured in the first 30 minutes. An 8 oC increase was measured after one hour, 

the solution remained at 49 oC for the remainder of the experiment. 
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Similar trends can be seen at these moderate ultrasound settings as were seen previously at 

higher settings for all three oxychlorine species. The solution subject to ultrasound waves 

decreased in ClO2 concentration more rapidly than the control solution, and the ultrasound 

solution also ended with a lower ClO2  final concentration. Within 60 minutes the ultrasound 

solution had decreased from approximately 87 mgL-1 ClO2 to approximately 30 mgL-1, whereas 

the control solution decreased from 87 mgL-1 to approximately 52 mgL-1 in the first 60 minutes. 

Final average ClO2 concentrations measured after 220 minutes were 5 mgL-1 and 16 mgL-1 for 

the ultrasound trial and control trial respectively.  As before, the results suggest that ultrasound 

promotes ClO2 degassing in a more complicated manner than just increasing the temperature 

of solution.  

Both solutions began with 17.7 mgL-1 ClO2
- ion present. ClO2

- concentration decreased with 

time for the ultrasound trial from 17.7 to 10.4 mgL-1 over the entire experiment, while ClO2
- 

concentration in the control solution decreased from 17.7 mgL-1 to 14.4 mgL-1. As was 

mentioned in the in the previous trial, the quicker decrease in ClO2
- concentration for the 

ultrasound experiment suggest that reduction reactions are being promoted by the ultrasound 

waves.  

The starting ClO3
- concentration for both solutions was 30.7 mgL-1. ClO3

- concentration for the 

ultrasound trial increased from 30.7 mgL-1 to 52.4 mgL-1 during the 220 minutes of 

experimentation, whereas the concentration for ClO3
- remained relatively constant in the 

control solution throughout between 30.7 and 32.5 mgL-1. Since the ultrasound solutions 

ClO3
- concentrations increased by approximately 20 mgL-1 while the control solutions 

ClO3
- remained constant once again suggests that ultrasound waves are promoting some 

reactions to occur within the solution phase.  

 

After 220 minutes the ultrasound trial ended with average concentrations of 5 mgL-1 ClO2, 10.4 

mgL-1 ClO2
- and 52.4 mgL-1 ClO3

-.  The control solution ended with average  concentrations  

of 16.1 mgL-1 ClO2, 14.4 mgL-1 ClO2
- and 31.7 mgL-1 ClO3

-. As seen in the previous trial of 

higher ultrasound settings, the differences in the results from the ultrasound test compared to 

the control test confirms that ultrasound does promote ClO2 degassing via more complicated 

pathways than just relying on the temperature increase. The difference in temperature between 

the control and the ultrasound experiments in this trial were much more dramatic than the 

previous trial. Within the first 30 minutes of this trial the temperature of the control solution 
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had increased rapidly by 22 oC compared to the increase in temperature of the ultrasound 

solution of only 6 oC. If temperature was the defining condition for degassing rate of ClO2 gas 

from solution it would have been expected that the control solutions ClO2 concentration was 

lower than the ultrasound solution after 30 minutes, this was not the case as the ultrasound 

solution had decreased by an extra approximately 10 mgL-1 ClO2 compared to the control.  

 

In the following experiment, the ultrasound equipment settings were decreased further to 

investigate the effects on the ClO2 stock solution of low power and amplitude ultrasound 

waves.  

 

Graph 12 - Degassing of a 126mgL-1 ClO2, analysis of chlorite and chlorate concentrations 

with time. Ultrasound settings - 18W Power and 20% amplitude.  

 

Graph 12 shows results obtained from experimental runs in which a 126 mgL-1 ClO2 solution 

was subject to ultrasound testing. Graph 12 also shows the data obtained from the 

corresponding temperature control solutions. The ultrasound settings were set to minimum 

capacity, the power output was set at 18 W and the amplitude was 20 %. This was the 

equipment in pulse mode where ultrasound waves were generated for 200 milliseconds per 

second.  
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The temperature of the ultrasound solution increased from 22oC to 25 oC over the entire 

experiment of 220 minutes. The temperature of the control solution increased from 22 oC to 30 
oC, where a 5 oC average increase was measured in the first 30 minutes. A 3 oC increase was 

measured over the following 190 minutes of the experiment.  

The trends for ClO2 and ClO2
- species remained similar to the previous trials. ClO3

- 

concentration remained relatively constant in the control solution for this trial also, whereas 

ClO3
- concentration in the ultrasound trial increased dramatically. The first samples analysed 

showed an increase from 35.8 mgL-1 to 40.6 mgL-1 in 30 minutes. After 110 minutes, the ClO3
- 

concentration had more than doubled from 35.8 mgL-1 to 85.4 mgL-1. The ClO3
- concentration 

continued to rise until the end of the experiment with readings of 100.7 mgL-1 after 160 minutes 

and the final concentration of 121.7 mgL-1 after 220 minutes. In contrast, the  control  solution  

ClO3
- concentration only increased by approximately 4 mgL-1 in the 220 minutes experiment 

from 35.8 mgL-1 to 41.0 mgL-1. 

The three trials investigating effects of ultrasound settings showed ClO2 concentration 

decreasing with time more rapidly when using ultrasound waves compared to a temperature 

control solution that is a positive result for ultrasound. This decrease could be due to ultrasound 

promoting degassing of ClO2, it could also be due to reactions occurring within the solution. 

Analysing the change in chlorite and chlorate ions during the experiments produces results that 

are not so positive with respect to ClO3
- concentration specifically. Chlorate was the only 

species significantly affected when exposed to ultrasound waves. 

The smallest increase with respect to ultrasound, in ClO3
- concentration of 10 mgL-1 was 

measured in the investigation of highest power and amplitude settings of ultrasound waves. 

Referring to graph 10, the rate of increase in ClO3
- and rate of decrease in ClO2

- suggest that 

there is a relationship between these two species in the reaction mixture. ClO3
- concentrations 

in the control solution remain similar throughout the experiment while ClO2
- concentration 

decreases. Since temperature has been proven not to be the cause of the conversion of ClO2
- to 

ClO3
-, it can be assumed that ultrasound plays a role to some extent. 

As power and amplitude settings decreased, the ClO3
- concentration detected increased 

considerably. At 50 W power and 50 % amplitude settings the concentration of ClO3
- increases 

by approximately 20 mgL-1 while ClO2
- decreases by less than 10 mgL-1 in the same period. 

Since ClO2
- is decreasing slower than ClO3

- is increasing, the oxidation of ClO2 to ClO3
- has to 

be considered as another reaction occurring.  
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The largest increase in ClO3
- concentration was measured in the trial investigating the lowest 

power and amplitude settings of ultrasound waves at 18 W and 20 % respectively. ClO2
- 

concentration is this trial stayed constant while the rate of ClO2
 decreasing is similar to the rate 

of ClO3
- increasing. This suggests ClO2 is involved in the solution phase reactions and under 

these ultrasound conditions it is not degassing from solution.  

Hydroxyl radicals are formed in solution with time when ultrasound waves are applied. 

Hydroxyl radicals formed and ClO2 present within the solution could react to form chloric acid, 

HClO3, which would explain the increase in chlorate concentration detected as each of the 

experiments proceed.  

If the above reaction is occurring within a reaction solution when ultrasound waves are applied 

that means the majority of ClO2 is being consumed in solution phase reactions and therefore 

not being degassed from solution. Ultrasound was being investigated specifically to promote 

the degassing of ClO2 from solution, but low power and amplitude ultrasound waves do not 

meet this requirement. The ClO3
- formation was not significant when high power and amplitude 

ultrasound waves were being used, suggesting that hydroxyl radical presence was not 

significant. Therefore further investigations should be carried out at high ultrasound settings to 

evaluate its performance under vacuum, as this would be the design of the final gas-lift reactor. 

5.3.3.2 Ultrasound Trials with Eductor  
The previous trials in an open pot were not representative of the full design for the reactor. For 

instance, the ClO2 in the previous experiments could have been susceptible to UV light, causing 

breakdown of ClO2 to ClO3
-
, or ClO2 gassing off due to changes in the areas surrounding the 

test rig.  

To remove inconsistences potentially caused by these parameters a new test rig was 

manufactured in which the reactor was sealed from the surrounding environment. The new 

reactor incorporated the ultrasound probe through its base and an eductor at the top. The eductor 

used was designed for gas transfer into a motive water line, therefore the ClO2 gas produced in 

these trials should be transferred from the reactor to the water line while excess acid and by-

products remain in the reactor.  

Initial experiments concentrated on the decrease in ClO2 concentration within the solution as 

simple proof of concept investigations. The combination of ultrasound waves to promote ClO2 

degassing and gas transfer from reactor to motive water driven by the eductor should produce, 
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in theory, faster ClO2 degassing rates compared to the previous experiments investigation 

ultrasound alone. 

 

Graph 13 - Decrease in ClO2 concentration with time when subject to varying ultrasound 

settings. Gas transfer from reactor to motive water via an eductor. Control experiments where 

no vacuum within reactor is present are included.  

Ultrasound waves of high and medium strength settings under vacuum were investigated to 

confirm its capability to promote the degassing of ClO2 from solution. Low power and 

amplitude settings were not investigated based on the previous trial producing poor results for 

degassing of ClO2. 

Graph 13 summaries all the data gathered for the proof of concept trials. Ultrasound waves of 

100 % power (approx. 100 W) and 100 % amplitude were investigated in combination with the 

eductor at 0.8 atm pressure (labelled in graph as vacuum) within the reactor. The control 

experiment (labelled in graph as non-vacuum) was an equivalent experimental set-up at 

atmospheric conditions within the reactor. Ultrasound waves of 60 % power (approx. 55 W) 

and 50 % amplitude were investigated in the same set-up at three different pressures within the 

reactor. Pressures of 0.8 atm, 0.9 atm and 1 atm within the reactor were investigated, these are 

labelled as vacuum, partial vacuum and non-vacuum respectively.  
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Graph 13 shows the reduction of ClO2 concentration over the first 60 minutes of testing. This 

was the maximum time allowed for trials based on estimated commercial product requirements.  

The experiments under, what was assumed to be, ideal conditions of lower than 1 atm above 

the solution surface and avoiding solution agitation, resulted in the least amount of ClO2 

degassing within the 60 minutes trial time. Both, the high and medium strength ultrasound 

trials, ended with ClO2 solution concentrations at least 100 mgL-1 greater than their control 

experiments.  

To justify these unexpected results, initially it was assumed that the lack of degassing from 

ultrasound was due to restriction on the ultrasound probe from to the tight fitting when vacuum 

conditions were being investigated. To investigate this further a loosened fitting was then 

incorporated which also yielded poor ultrasound degassing effects.   

During ultrasound testing in vacuum conditions no turbulence within the reactor was observed, 

the solution was in a static state, as per conditions recommended by the ultrasound equipment 

manufacturer. Being under these vacuum conditions in a test rig not specifically designed for 

ultrasound waves, could have caused dampening of ultrasound vibrations generated by the 

sonotrode. This could potentially explain why the degassing effect wasn’t as effective 

compared to non-vacuum conditions, where slight agitation was observed due to very small 

amounts of air being pulled the loose fitting. 

Incorporation of ultrasound and eductor technology was expected to significantly increase the 

rate of ClO2 transfer from reactor to water line, in practice this was not observed. Since results 

obtained in this trial for ultrasound were not so positive, but the aeration (non-vacuum 

conditions) results unintentionally showed signs of potential, it was decided to move on from 

ultrasound testing to an air stripping investigation.  

 

5.3.3.3 Air Sparging Trials with Eductor 
The test rig was already capable of accepting the ultrasound probe through the base of the 

reactor, it was simple to adapt the reactor to accept a porous PTFE tube connected to an air 

pump. The tube was sealed in the reactor so no loss of ClO2 occurred through the reactor base. 

As discussed in section 5.2.1.1 the addition of diluent air to gaseous ClO2 results in shorter 

induction times before explosion occurs. Explosive conditions can be avoided by diluted ClO2 
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gas below its LEL of 10 % (v/v). This was achieved by using relatively weak ClO2 solutions 

of approximately 2 gL-1 and large air flows through the reactor of 3 Lmin-1 and 15 Lmin-1.  

Samples were taken directly from the reactor and diluted in deionised water to measure ClO2 

concentration remaining in the reaction solution with time.  

 

Graph 14 - Decrease in concentration of a 1800mgL-1 ClO2 solution with time when exposed 

to two different air flow rates through solution.  

As can be seen from Graph 14 a great amount of testing was not required to prove air stripping 

can degas a concentrated ClO2 solution effectively. As discussed at the beginning of this 

chapter, air sparging is used in many applications across industry because it is simple, effective 

and a relatively cheap process. Within as little as 10 minutes, 1.7g of ClO2 gas had been stripped 

from solution within the reactor and transferred through the eductor directly into the motive 

water line when 15 Lmin-1 of air was being forced through the reactor. In comparison, 

ultrasound was taking at least 60 minutes to degas 0.3g ClO2 from the same reactor and test rig 

set up.  

Decreasing air flow rate to 3 Lmin-1 took around three times longer compared to 15 Lmin-1 air 

flow rate to degas 1.8 g ClO2 from solution. Although within 10 minutes the concentration had 

approximately halved and a respectable quantity of almost 1.5 g ClO2 was degassed within 20 

minutes for this trial. 
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It was not challenging to incorporate air sparging in to this small scale batch experiment. The 

quantity of diluent air needed for larger ClO2 generators that continuously generate ClO2 could 

be enormous to keep the ClO2 concentrations below 10 % (v/v), the majority of challenges of 

air striping would most likely be apparent in these situations. 

5.3.4 Discussion and Conclusions 
Designing an efficient method of generating ultrapure chlorine dioxide is the main outcome 

through these experiments. The combinations of ultrasound technology or air sparging with 

eductor technology allows for the conventional solution phase generation chemistry for ClO2 

to be utilised while the advantage of gaseous phase product carry over is very valuable.  

As discussed in sections 3.1.4, 5.2.2 and 5.2.3, the generation chemistry used in this method is 

widely known of and used in many different bespoke ClO2 generation systems. Sections 5.2.2 

and 5.2.3 demonstrate that ultrasound and eductor technology are extensively utilised across 

different industries and sectors as a solution to a wide variety of issues. A major advantage of 

incorporating familiar chemistry and technologies into the design of the ultrapure ClO2 

generating equipment will become advantageous when a commercial product becomes 

available and many consumers will recognise the different components that form it.  

Although ultrasound technology is currently used in industry, there was no documented use of 

ultrasound waves being used to increase degassing rate of chlorine dioxide gas from solution. 

Initial experimentation was carried out, without the use of an eductor, to investigate the effects 

it had on degassing since no data was previously available. It was then investigated in 

conjugation with an eductor to gather comparative data to the air sparging trials. Although 

ultrasound initially showed some positive results, it was concluded that it would not be feasible 

to incorporate ultrasound in to a reactor in the required configuration.  

Air sparging trials, as expected, produced some very good degassing results. The major concern 

with air sparging of ClO2 is due to its spontaneous decomposition, especially with diluent 

gases. It has been suggested that some major investigation in to gaseous ClO2 and its 

spontaneous decomposition is carried out and understood before moving forward with 

incorporating air sparging technologies in to any larger ClO2 reactors. 
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CHAPTER 6 - OVERALL CONCLUSION 
 

The first objective of this work was to investigate current Scotmas Chlorine Dioxide Generators 

with respect to purity of chlorine dioxide solution generated and concentration of generation 

by-products formed. Understanding and quantifying the solutions produced by Scotmas ClO2 

generators is of utmost importance due to stricter WHO guidelines soon to be implemented 

concerning disinfection by-products in drinking water.  

The performance of a commercial 3.5 ghr-1
 ClO2 generator was investigated with respect to 

retention time of chemical within the reactor and acid consumption. The purity of ClO2 solution 

generated, and therefore also by-product formation, has been shown to be linked strongly to 

the retention time of the chemical within the reactor. Retention times of less than 20 minutes 

and longer than 2 hours are not advised due to insufficient time for precursors to reactor 

optimally and decomposition of ClO2 solution respectively. Not allowing enough time for 

optimum conversion of chlorite ion to ClO2 within the reactor allows additional ClO2
- anions 

to pass into the drinking water being treated therefore causing high level of chlorite by-product 

to be detected. A retention time of greater than 2 hours allows the ClO2 solution within the 

reactor to decompose to ClO3
- by-product in noticeable quantities. This ClO3

- would also be 

dosed directly into the drinking water and would be detected as a disinfection by-product.  

The volume of acid used in commercial ClO2 generators is the same as the volume of sodium 

chlorite. This means that a stoichiometric excess of approximately 300% acid is being used 

which inevitably ends up in the drinking water. It was found through these investigations that 

the acid dose of Scotmas generators could be reduced down to 40% compared to the sodium 

chlorite dose without negatively affecting the purity of the ClO2 solution generated or the by-

products produced.  

The second objective of this work to investigate methods to produce an Ultra-Pure ClO2 

solution on a small scale. Current Scotmas ClO2 generators reactor aqueous precursors to 

produce an aqueous ClO2 product that is dosed directly and proportionally into a motive water 

line. The simplest way to separate ClO2 from its by-products is to remove ClO2 gas from the 

reaction mixture. The ClO2 would be removed from the reaction liquor and absorbed back into 

water to form an ultra-pure ClO2 solution while all by-products and excess acid remain in the 

reaction liquor which would be dealt with as a separate solution line to waste.  
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Initially incorporation of ultrasound to a ClO2 solution was investigated to determine if this 

would increase the rate of ClO2 degassing from solution. Ultrasound waves of varying power 

and amplitude did increase the rate of ClO2 degassing but on deeper investigation it was found 

that they also promoted solution phase reactions to occur which increased disinfection by-

product concentrations. Due to the complicated nature of the ultrasound experiments and the 

results obtained it was decided that ultrasound would not be a viable solution for a commercial 

reactor to produce an Ultra-pure ClO2 solution.  

 A second method of air sparging a ClO2 solution was investigated. Results obtained from the 

short experiments carried out were very positive for the proof of concept experiments. Air 

sparging is a common technique used in many different industries and sectors investigation 

was kept short.  

Further research investigations concerning scale up of an air sparging reactor will be required 

due to the spontaneous nature of ClO2 gas decomposition to fully understand the reactions 

occurring. A solution phase Chlorite:Acid ClO2 generator combined with air sparging and 

eductor technology would be the suggested method for generating an Ultra-Pure ClO2 solution 

for used in Drinking Water Treatment.  
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Appendix  
 
Adjusting Chemical Dose Rate  
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0 <0.02 0.07 0.04 0.08 0.00     
35 1.53 0.08 0.27 0.52 0.42 64.00 86.93 
60 1.69 0.09 0.24 0.51 0.41 66.75 96.02 
90 1.65 0.11 0.26 0.51 0.41 65.28 93.47 

120 1.70 0.12 0.26 0.51 0.42 65.78 96.59 
150 1.67 0.12 0.25 0.51 0.42 65.61 94.89 
175 1.69 0.09 0.27 0.51 0.41 66.34 96.02 
185 1.70 0.12 0.26 0.50 0.41 65.71 96.31 
200 1.66 0.11 0.25 0.51 0.41 65.81 94.32 

 

Table 6 - The concentration of oxychlorine species present in samples, the calculated 

generated ClO3
- concentration, purity of solution and % yield. Samples taken for testing at 

1200Lhr1 motive flow rate and precursor dose rate of 0.042mlL-1. Chemical retention time 

equal to 33 minutes within reactor. 
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0 <0.02 0.08 0.00 0.09 0.00     
20 1.24 0.07 0.30 0.60 0.45 56.18 82.12 
30 1.41 0.05 0.25 0.55 0.39 62.60 93.05 
35 1.55 0.05 0.26 0.48 0.33 66.03 102.32 
70 1.55 0.06 0.26 0.46 0.31 66.65 102.65 

120 1.53 0.04 0.25 0.46 0.31 66.84 100.99 
170 1.50 0.08 0.24 0.45 0.30 66.17 99.01 
200 1.55 0.08 0.25 0.43 0.28 67.07 102.65 
250 1.49 0.06 0.23 0.45 0.30 67.00 98.34 
300 1.55 0.06 0.23 0.45 0.30 67.75 102.32 
350 1.51 0.05 0.24 0.45 0.30 67.17 99.67 

Table 7 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.036mlL-1. Chemical retention time equal to 38 minutes within reactor. 

 

Graph 15  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.036mlL-1 chemical dose rates. Chemical retention time equal to 38 minutes within reactor.  
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0 <0.02 0.07 0.01 0.11 0.00     
45 0.97 0.09 0.40 0.38 0.26 52.66 95.54 
75 1.02 0.07 0.18 0.34 0.22 62.97 100.50 

150 1.01 0.07 0.17 0.33 0.21 63.69 99.50 
180 1.04 0.07 0.16 0.33 0.21 64.98 102.97 
230 0.99 0.09 0.15 0.33 0.21 63.56 98.02 
270 1.00 0.08 0.14 0.33 0.21 64.70 99.01 
295 0.99 0.08 0.15 0.33 0.20 64.15 97.52 

Table 8- The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 57 minutes within reactor. 

 

Graph 16  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 57 minutes within reactor. 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350

Co
nc

en
tr

at
io

n 
/ m

gL
-1

Time / mins

Chlorine Dioxide

Free Available Chlorine

Chlorite

Chlorate



87 
 

Ti
m

e 
(m

in
s)

 

Cl
O

2 
(m

g/
L)

 

FA
C 

(m
g/

L)
 

Ch
lo

rit
e 

(m
g/

L)
 

Ch
lo

ra
te

 (m
g/

L)
 

Ch
lo

ra
te

 g
en

er
at

ed
 

(m
g/

L)
 

Pu
rit

y 
(%

) 

%
ag

e 
Yi

el
d 

0 <0.02 0.08 0.00 0.08 0.00     
45 0.29 0.06 0.16 0.34 0.25 34.12 58.00 
80 0.38 0.07 0.14 0.25 0.17 45.24 76.00 

100 0.42 0.04 0.16 0.26 0.17 47.89 83.00 
200 0.43 0.05 0.12 0.22 0.13 53.02 86.00 
230 0.45 0.06 0.12 0.22 0.13 53.13 90.00 
280 0.45 0.07 0.12 0.21 0.13 52.82 89.00 
300 0.46 0.07 0.11 0.21 0.13 53.50 91.00 
320 0.44 0.09 0.12 0.20 0.12 51.92 88.00 
380 0.42 0.06 0.11 0.19 0.10 53.98 84.00 
400 0.46 0.08 0.11 0.20 0.11 54.30 91.00 

Table 9 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.012mlL-1. Chemical retention time equal to 115 minutes within reactor. 

 

Graph 17  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.012mlL-1 chemical dose rates. Chemical retention time equal to 115 minutes within reactor. 
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Adjusting Motive Water Flow Rate  
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0 <0.02 0.06 0.00 0.08 0.00     
200 0.98 0.07 0.16 0.45 0.37 58.82 96.53 
230 0.98 0.09 0.16 0.45 0.36 58.66 96.53 
260 0.99 0.07 0.15 0.45 0.37 59.78 98.02 
320 0.92 0.08 0.16 0.46 0.38 56.90 91.09 
350 0.96 0.07 0.17 0.45 0.36 58.14 94.55 
370 0.98 0.10 0.16 0.47 0.39 57.23 97.03 
390 0.90 0.09 0.18 0.45 0.36 55.95 89.11 

Table 10 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 450Lhr1 motive flow rate and 

precursor dose rate of 0.024mlL-1. Chemical retention time equal to 153 mins within reactor. 

 

Graph 18 -  Oxychlorine species concentrations measured throughout testing at 450 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 153 mins within reactor. 
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0 <0.02 0.06 0.01 0.09 0.00     
45 0.99 0.08 0.37 0.39 0.30 54.31 98.02 
75 1.01 0.07 0.16 0.34 0.26 63.51 99.50 

150 0.99 0.06 0.16 0.34 0.26 63.95 98.02 
180 1.02 0.08 0.15 0.33 0.25 64.58 100.99 
230 1.00 0.08 0.16 0.33 0.25 63.71 99.01 
270 1.00 0.06 0.14 0.33 0.24 65.44 98.51 
295 0.97 0.06 0.14 0.33 0.24 64.55 95.54 

Table 11 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 57 mins within reactor 

 

Graph 19  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 57 mins within reactor. 
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0 <0.02 0.07 0.02 0.10 0.00     
100 0.98 0.08 0.20 0.32 0.21 62.24 96.53 
150 0.97 0.09 0.16 0.34 0.23 62.34 95.54 
200 0.96 0.07 0.17 0.29 0.18 64.90 94.55 
220 0.95 0.11 0.16 0.34 0.23 61.07 93.56 
240 0.95 0.07 0.15 0.33 0.23 63.32 93.56 
260 0.94 0.07 0.16 0.36 0.26 61.34 93.07 
280 0.94 0.08 0.16 0.33 0.23 62.31 93.07 
290 0.94 0.09 0.17 0.34 0.23 61.26 93.07 

 

Table 12 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1500Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 46 mins within reactor. 

 

Graph 20  -  Oxychlorine species concentrations measured throughout testing at 1500 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 46 mins within reactor. 
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0 <0.02 0.04 0.00 0.09 0.00     
120 0.97 0.04 0.15 0.34 0.24 64.99 96.04 
150 0.98 0.04 0.12 0.33 0.24 66.33 97.03 
195 0.98 0.04 0.13 0.33 0.24 65.88 97.03 
210 0.93 0.08 0.14 0.33 0.23 63.27 92.08 
260 0.98 0.03 0.14 0.33 0.24 66.17 96.53 
280 0.95 0.04 0.15 0.32 0.23 65.16 94.06 
300 0.99 0.05 0.14 0.32 0.23 66.11 97.52 
320 0.98 0.05 0.14 0.32 0.22 65.88 96.53 
330 0.95 0.06 0.15 0.33 0.24 63.93 94.06 

Table 13 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 2000Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 34 mins within reactor. 

 

Graph 21  -  Oxychlorine species concentrations measured throughout testing at 2000 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 34 mins within reactor. 
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0 <0.02 0.02 0.00 0.08 0.00     
10 0.63 0.02 0.46 0.27 0.19 45.67 61.88 
20 0.60 0.03 0.54 0.30 0.22 41.07 59.41 
30 0.60 0.01 0.55 0.28 0.20 41.88 59.41 
45 0.62 0.03 0.56 0.29 0.21 41.49 61.39 

 

Table 14- The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 4000Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 17 mins within reactor. 

 

  

Graph 22  -  Oxychlorine species concentrations measured throughout testing at 4000 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 17 mins within reactor. 
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0 <0.02 0.02 0.03 0.13 0     
10 0.52 0.05 0.61 0.30 0.17 45.85 50.99 
20 0.46 0.04 0.74 0.32 0.19 30.09 45.54 
35 0.43 0.06 0.82 0.43 0.30 23.69 42.57 
45 0.47 0.08 0.80 0.34 0.21 26.89 46.04 

 

Table 15 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 6000Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1. Chemical retention time equal to 11 mins within reactor. 

 

 

Graph 23  -  Oxychlorine species concentrations measured throughout testing at 6000 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates. Chemical retention time equal to 11 mins within reactor. 
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0 <0.02 0.05 0.02 0.09 0.00     
45 0.99 0.07 0.38 0.41 0.31 53.78 98.02 
75 1.02 0.06 0.17 0.35 0.26 63.89 100.99 

150 0.96 0.07 0.16 0.33 0.23 63.39 95.05 
180 1.03 0.07 0.16 0.33 0.24 64.63 101.49 
230 1.00 0.09 0.16 0.34 0.24 63.35 99.01 
270 1.00 0.07 0.15 0.33 0.23 64.74 98.51 
295 1.00 0.06 0.15 0.33 0.23 65.12 98.51 

Table 16 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:1. Chemical retention time 

equal to 57 mins within reactor. 

 
Graph 24  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:1. Chemical retention time 

equal to 57 mins within reactor. 
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0 <0.02 0.02 0.00 0.08 0.00     
15 0.41 0.02 0.19 0.86 0.78 27.54 40.10 
20 0.52 0.02 0.11 0.73 0.65 37.75 51.49 
30 0.66 0.03 0.12 0.62 0.54 45.92 64.85 
45 0.86 0.02 0.10 0.53 0.44 56.93 85.15 
50 0.92 0.02 0.11 0.47 0.38 60.65 91.09 
60 0.99 0.03 0.11 0.46 0.38 62.34 97.52 
75 1.01 0.02 0.11 0.39 0.31 65.90 99.50 

100 1.01 0.02 0.14 0.38 0.30 64.94 99.50 
130 1.03 0.03 0.14 0.38 0.29 65.29 101.49 
160 1.05 0.03 0.12 0.35 0.26 67.68 103.96 
200 1.01 0.04 0.14 0.32 0.24 66.62 99.50 
250 1.04 0.02 0.14 0.35 0.26 67.40 102.97 
300 1.00 0.02 0.14 0.32 0.24 67.48 98.51 
320 0.98 0.02 0.13 0.33 0.24 67.38 97.03 
350 1.05 0.03 0.16 0.33 0.25 67.07 103.96 

Table 17  -  The concentration of oxychlorine species present in samples, the calculated generated 
ClO3

- concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow 
rate and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.8. Chemical retention 
time equal to 64 mins within reactor. 

 
Graph 25  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.8. Chemical retention 

time equal to 64 mins within reactor. 
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0 <0.02 0.02 0.04 0.09 0.00     
20 0.96 0.05 0.25 0.54 0.45 53.35 94.55 
40 1.00 0.03 0.24 0.45 0.36 58.46 99.01 
70 1.05 0.04 0.20 0.42 0.33 61.49 103.47 

115 1.02 0.02 0.18 0.37 0.28 63.91 100.99 
150 1.02 0.02 0.18 0.35 0.26 64.81 100.50 
180 1.00 0.04 0.17 0.35 0.27 64.27 99.01 
230 0.99 0.06 0.16 0.35 0.26 63.34 98.02 
260 1.04 0.08 0.17 0.35 0.26 63.15 102.48 
290 1.08 0.02 0.17 0.33 0.25 67.31 106.93 
320 1.02 0.03 0.18 0.34 0.25 65.15 100.99 
350 1.01 0.03 0.17 0.35 0.26 64.88 99.50 
380 1.02 0.05 0.17 0.38 0.29 63.14 100.99 

Table 18  - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.7. Chemical retention time 

equal to 67 mins within reactor. 

 

Graph 26  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.7. Chemical retention 

time equal to 67 mins within reactor. 
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0 <0.02 0.04 0.01 0.06 0.00     
15 0.60 0.02 0.31 0.61 0.51 42.49 59.41 
30 0.80 0.03 0.16 0.51 0.41 57.91 79.21 
45 0.86 0.08 0.15 0.50 0.42 55.35 84.65 
60 0.90 0.03 0.16 0.47 0.38 57.12 88.61 

135 0.97 0.03 0.17 0.38 0.31 60.49 95.54 
165 0.94 0.02 0.15 0.37 0.29 63.02 93.07 
180 0.98 0.07 0.13 0.38 0.29 59.25 96.53 
200 1.07 0.02 0.12 0.38 0.29 69.81 105.94 
220 1.02 0.03 0.13 0.38 0.33 66.54 100.99 
260 1.00 0.03 0.12 0.36 0.28 66.93 99.01 
290 1.00 0.07 0.12 0.37 0.29 63.95 99.01 
320 1.05 0.05 0.11 0.40 0.31 66.71 103.96 
350 1.02 0.03 0.11 0.38 0.30 66.89 100.50 
370 0.97 0.02 0.09 0.36 0.29 66.62 96.04 
390 1.00 0.06 0.09 0.39 0.30 64.82 99.01 
415 1.00 0.12 0.10 0.38 0.27 59.56 98.51 

Table 19  -  The concentration of oxychlorine species present in samples, the calculated generated 

ClO3
- concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow 

rate and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.6. Chemical retention 

time equal to 72 mins within reactor. 

 

Graph 27  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.6. Chemical retention 

time equal to 72 mins within reactor. 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350 400 450

Co
nc

en
tr

at
io

n 
/ m

gL
-1

Time / mins

Chlorine Dioxide

Free Available Chlorine

Chlorite

Chlorate



98 
 

Ti
m

e 
(m

in
s)

 

Cl
O

2 
(m

g/
L)

 

FA
C 

(m
g/

L)
 

Ch
lo

rit
e 

(m
g/

L)
 

Ch
lo

ra
te

 (m
g/

L)
 

Ch
lo

ra
te

 g
en

er
at

ed
 

(m
g/

L)
 

Pu
rit

y 
(%

) 

%
 y

ie
ld

  

0 <0.02 0.02 0.00 0.08 0.00     
60 0.83 0.02 0.12 0.45 0.37 58.80 82.18 
75 0.87 0.03 0.15 0.48 0.40 57.16 86.14 

120 1.00 0.04 0.14 0.42 0.34 62.58 99.01 
160 0.93 0.03 0.13 0.42 0.34 61.69 92.08 
195 1.01 0.18 0.14 0.42 0.34 57.83 100.00 
250 0.97 0.07 0.15 0.41 0.33 60.52 95.54 
280 0.95 0.02 0.13 0.39 0.31 63.49 93.56 
310 1.00 0.02 0.13 0.40 0.33 64.39 99.01 

 

Table 20 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.5. Chemical retention time 

equal to 76 mins within reactor. 

 

Graph 28  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.5. Chemical retention 

time equal to 76 mins within reactor. 
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0 <0.02 0.04 0.02 0.10 0.00     
30 0.67 0.02 0.10 0.52 0.43 50.80 65.84 
60 0.88 0.04 0.09 0.53 0.43 57.10 86.63 
90 0.94 0.06 0.09 0.46 0.37 60.69 92.57 

120 0.94 0.05 0.09 0.46 0.37 60.83 92.57 
150 1.03 0.08 0.09 0.44 0.35 63.05 101.98 
200 1.08 0.07 0.09 0.46 0.36 63.63 106.44 
230 1.03 0.07 0.09 0.44 0.35 63.12 101.49 
250 1.06 0.10 0.09 0.45 0.35 62.59 104.95 
280 1.03 0.08 0.11 0.46 0.36 61.22 101.98 
300 1.01 0.06 0.10 0.44 0.35 62.46 99.50 
320 1.01 0.06 0.10 0.45 0.36 61.92 99.50 
340 0.95 0.02 0.10 0.41 0.31 64.38 94.06 
350 0.97 0.04 0.11 0.41 0.32 63.52 96.04 
400 1.00 0.04 0.11 0.41 0.31 64.21 98.51 

Table 21 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.4. Chemical retention time 

equal to 82 mins within reactor. 

 

Graph 29  -  Oxychlorine species concentrations measured throughout testing at 1200 Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.4. Chemical retention 

time equal to 82 mins within reactor. 
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0 <0.02 0.03 0.00 0.09 0.00     
80 0.60 0.08 0.37 0.43 0.34 40.31 58.91 

150 0.48 0.10 0.47 0.42 0.33 32.65 47.52 
195 0.54 0.07 0.50 0.44 0.35 34.92 53.47 
225 0.55 0.04 0.53 0.42 0.33 35.73 54.46 
240 0.56 0.07 0.57 0.43 0.34 34.03 54.95 
255 0.55 0.07 0.61 0.44 0.35 32.72 53.96 
270 0.54 0.07 0.60 0.48 0.39 31.87 53.47 
295 0.46 0.07 0.56 0.42 0.33 30.43 45.54 
335 0.52 0.07 0.57 0.42 0.32 32.99 50.99 
350 0.54 0.05 0.57 0.42 0.33 34.34 53.47 

Table 22 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.3. Chemical retention time 

equal to 88 mins within reactor. 

 

 

Graph 30 - Oxychlorine species concentrations measured throughout testing at 1200Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.3. Chemical retention 

time equal to 88 mins within reactor. 
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0 <0.02 0.03 0.04 0.11 0.00     
75 0.59 0.03 0.13 0.53 0.43 46.04 57.92 

105 0.58 0.03 0.11 0.57 0.46 44.83 56.93 
135 0.59 0.02 0.42 0.50 0.39 38.69 58.42 
165 0.56 0.03 0.46 0.41 0.31 38.21 55.45 
225 0.65 0.03 0.42 0.40 0.30 43.17 63.86 
240 0.62 0.06 0.36 0.42 0.31 42.69 61.39 
285 0.74 0.06 0.25 0.45 0.34 49.54 72.77 
330 0.76 0.04 0.25 0.43 0.33 51.20 74.75 
360 0.69 0.03 0.28 0.43 0.33 48.22 68.32 
390 0.69 0.03 0.27 0.41 0.30 49.17 67.82 
405 0.63 0.03 0.34 0.39 0.28 45.16 61.88 
420 0.66 0.03 0.34 0.42 0.32 45.31 65.35 
435 0.69 0.03 0.36 0.44 0.33 45.47 68.32 

Table 23 - The concentration of oxychlorine species present in samples, the calculated generated ClO3
- 

concentration, purity of solution and % yield. Samples taken for testing at 1200Lhr1 motive flow rate 

and precursor dose rate of 0.024mlL-1and a chlorite/acid volume ratio 1:0.2. Chemical retention time 

equal to 95 mins within reactor. 

 

Graph 31 - Oxychlorine species concentrations measured throughout testing at 1200Lhr-1 water flow 

rate and 0.024mlL-1 chemical dose rates and a chlorite/acid volume ratio 1:0.2. Chemical retention 

time equal to 95 mins within reactor. 
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