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Abstract: Polyethylene (PE) pipes have been widely used in drinking water distribution systems
across the world. In many cases, chlorine dioxide (ClO2) is used to maintain a residual
disinfectant concentration in potable water. Practical experiences have shown that the
lifetime of PE pipes is significantly reduced due to exposure to drinking water with
ClO2. Recently, the new European directive on drinking water supports the necessity
to study, with critical risk approach, the formation of secondary compounds in the water
supply system also considering the piping materials. However, a standardized test
method for evaluating the chemical long-term performances of PE pipes is still missing.
This literature review was performed to provide a description of chlorine dioxide uses
and degradation mechanisms of polyethylene pipes in real water distribution systems.
Current accelerated aging methods to evaluate long-term performances of PE pipes
exposed to ClO2 are described and discussed. They may be distinguished in
immersion aging tests and pressurized pipe loop tests. Wide ranges of operational
conditions (chlorine dioxide concentration, water pressure, water temperature, etc.) are
applied, resulting in a great variety of results. It was concluded that pressurized looping
tests applying semi-realistic operational conditions could better replicate the aging
mechanisms occurring in service. Despite this, the acceleration and the evaluation of
the long-term performance are still difficult to determine precisely. Further
experimentation is needed to correlate chemical-mechanical characterization
parameters of PE pipes with their lifetime in service.
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Thank you very much for your comments, which we have addressed carefully to improve the quality 

of the paper. We hope the re+-vised version of the manuscript can meet the standard for publication 

in Water Research and have relevant scientific impact. 

REVIEWER 1  

COMMENTS ANSWERS 

This manuscript presented a literature review of the 
degradation of polyethylene (PE) pipes with the 
exposure of chlorine dioxide (ClO2) in drinking water 
distribution systems. While this is a relatively small field 
with only a few tens of references, the authors overall 
did a nice job in summarizing the key results of literature 
and making critical assessment and comparison. 
Meanwhile, the manuscript may be improved in the 
following aspects. 

We thank the reviewer for his/her valuable 
comments. Please find below our point-to-point 
feedbacks. 

1. In the Conclusions section, the authors only briefly 
mentioned a few future directions. For a critical review 
article, the authors are advised to include a more 
intensive discussion on the knowledge gaps and future 
directions based on their analysis of existing literature. 

Text was added in the Conclusions section, to 
discuss knowledge gaps and future directions of 
research in the investigated field. Page 42-43 rows 
889-898 and 906-912. 

2. In section 4.1 Characterization of polyethylene pipes, 
the authors provided a detailed description of the 
working principles of some characterization techniques 
(e.g., Fourier transform infrared spectroscopy (FTIR), 
oxygen induction time (OIT) measurement, see lines 370 
- 389, 409 - 418), which was redundant. Instead, the 
authors should focus more on the assessment of the 
characterization results from different technologies. 

The section on the characterization of polythene 
pipes has been revised. In particular, part of the 
technical descriptions has been removed, while 
the assessment of the results that can be obtained 
by the application of different methods has been 
extended. Page 17-24. 
More info has been added in Table 3. 

3. In drinking water distribution systems, ClO2 can 
convert to chlorite (ClO2-) and chlorate (ClO3-). Were 
there any experimental studies to distinguish the effects 
of ClO2 from the two by-products (i.e., chlorite and 
chlorate) on the degradation of PE pipes? 

There are not experimental studies reported in the 
literature that distinguished the effects of ClO2 
from the two by-products (i.e., chlorite and 
chlorate) on the degradation of PE pipes. This 
point was indicated as need for future research in 
the conclusion section.  Page 42-43 rows 889-898 

1. Since both Figures 2 and 3 described the setup of 
immersion aging tests, they can be combined in the one 
figure. 

Figure 2 and Figure 3 illustrate the setup of two 
different apparatuses. Although both the tests can 
be classified as immersion aging tests, the 
operating conditions and the set-up configuration 
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of the two apparatuses are different. Hence, we 
prefer to keep the two figures separated.   

2. Once an acronym is shown after the first time, there is 
no need to spell out the full name (e.g., in Lines 510 - 
512, Fourier transform infrared spectroscopy (FTIR) and 
differential scanning calorimeter (DSC) can be simply 
written as FTIR and DSC). Please check throughout the 
manuscript. 

The whole manuscript was checked, and acronyms 
were revised accordingly.  

3. The authors are advised the check the grammar 
mistakes throughout the manuscript. 

The whole manuscript was checked. 

REVIEWER 2  

COMMENTS ANSWERS 

The new European guideline on drinking water supports 
the necessity to study PE pipes exposed to drinking water 
with ClO2 and formation of secondar compounds in the 
water supply system also considering the piping 
materials. This review describes dispropation of chlorine 
dioxide in drinking water, long-term aging mechanisms 
of polyethylene pipes and many factors causing pipe 
failure in water distribution networks. Current 
accelerated aging methods to evaluate long-term 
performances of PE pipes exposed to ClO2 are described 
and discussed. Wide ranges of operational conditions 
(chlorine dioxide concentration, water pressure, water 
temperature, etc.) lead to many kings of results. 
However, the acceleration and the evaluation of the 
long-term performance are still difficult to determine 
precisely. Further experimentation is needed to 
correlate chemical-mechanical characterization 
parameters of PE pipes with their lifetime in service. 

We thank the reviewer for his/her valuable 
comments. Please find below our point-to-point 
feedbacks. 

1. Line154-168: the reaction mechanism of chlorine 
dioxide in water is too simple, lack of detailed index and 
dynamic influence trend of other substances 

The section 2.1 was revised. The reactions 
mechanisms of chlorine dioxide and formation of 
by-products (including influence of other 
substances) were better explained in the text.   
 Page 7-10. 

2. Line169-190: The author cites a 2004 study to show 
that the diffusion of chlorine dioxide in water is affected 
by DOC, pH, T concentration. However, this study is too 
old and simple, so I suggest author to add experiments 
on the basis of the original experiments, which can not 
only verify whether the 2004 study is applicable to today, 
but also enrich own experiments. 

In the new paragraph “2.2 Diffusion of chlorine 
dioxide and its by-product in drinking water 
distribution networks”, real studies about the 
propagation of the chlorine dioxide in drinking 
water distribution systems were added and 
discussed. Page 10-12 

3. Line276-340: The byproduct of chlorine dioxide with 
polyethylene pipes is a long-term safety problem in 
drinking water and I think it needs to be added 

In the new paragraph “2.2 Diffusion of chlorine 
dioxide and its by-product in drinking water 
distribution networks”, the safety problem related 
to the chlorine dioxide by-products formation was 
discussed. Page 10-12. 

4. Line341-357: Accelerated aging tests on polyethylene 
tubes were performed in the laboratory to evaluate 
normal aging tests. What is the error of this acceleration 
experiment from the normal experiment 

In the paragraph “5 Comparison of the accelerated 
aging tests and methods”, the main sources of 
error for the reviewed aging tests were discussed 
and indicated. To sum up, semi-realistic operating 
parameters are recommended to simulate the 



normal degradation of PE pipes and reduce error. 
No experimental studies reported in the literature 
that quantify the errors of acceleration 
experiments from the normal aging of PE in 
drinking water distribution networks.  Page 38. 

5. There are few related articles in this review, so I think 
the author can increase the diffusion mechanism of 
disinfectants represented by chlorine dioxide in water 

In the paragraph “2.2 Diffusion of chlorine dioxide 
and its by-products in drinking water distribution 
networks” the degradation/ formation kinetics of 
chlorine dioxide, chlorite, and chlorate were 
introduced and discussed in order to provide a 
deeper understanding of diffusion mechanisms. 
Page 10-12. 

6. Comparison of specific data of different accelerated 
aging experimental methods is not listed. I think it's too 
vague to just compare experimental abstracts. 

Table 4 and 5 were modified to better highlight 
differences between the reviewed aging methods.  
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Abstract 26 

Polyethylene (PE) pipes have been widely used in drinking water distribution systems across the 27 

world. In many cases, chlorine dioxide (ClO2) is used to maintain a residual disinfectant concentration 28 

in potable water. Practical experiences have shown that the lifetime of PE pipes is significantly 29 

reduced due to exposure to drinking water with ClO2. Recently, many companies have proposed new 30 

PE pipes with a modified formulation, which are more resistant to chlorine dioxide. However, a 31 

standardized test method for evaluating the long-term performances of PE pipes is still missing. This 32 

literature review was performed to provide a description of chlorine dioxide uses and degradation 33 

mechanisms of polyethylene pipes in real water distribution systems. Current accelerated aging 34 

methods to evaluate long-term performances of PE pipes exposed to ClO2 are described and discussed 35 

along with the common technics used to characterize the specimens. Accelerate aging methods can 36 

be distinguished in immersion aging tests and pressurized pipe loop tests. Wide ranges of operational 37 

conditions (chlorine dioxide concentration, water pressure, water temperature, etc.) are applied, 38 

resulting in a great variety of results. It was concluded that pressurized looping tests applying semi-39 

realistic operational conditions could better replicate the aging mechanisms occurring in service. 40 

Despite this, the acceleration and the evaluation of the long-term performance are still difficult to 41 

determine precisely. Further experimentation is needed to correlate chemical-mechanical 42 

characterization parameters of PE pipes with their lifetime in service. 43 

 44 

Keywords: Polyethylene, Aging, Chlorine Dioxide, Disinfection, Drinking Water Distribution 45 

system 46 

 47 

Nomenclature: 48 

PE: polyethylene 49 
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PEX: cross-linked polyethylene 50 

HAAs: haloacetic acids 51 

THMs: trihalomethanes 52 

DOC: dissolved organic carbon 53 

T: temperature 54 

WPS: Water Safety Plan 55 

MP: Microplastic 56 

HDB: hydrostatic design basis 57 

PDB: pressure design basis 58 

LHTS: long-term hydrostatic strength 59 

LTHSp: long-term hydrostatic pressure-strength 60 

SCG: Slow Crack Growth 61 

ASTM: American Society for Testing and Materials 62 

ORP: oxidative reduction potential 63 

tf: time-to-failure 64 

tsd: time for antioxidant depletion 65 

ti: time needed for polymer oxidation until crack initiation  66 

tp: time for crack propagation until the pipe failure 67 

USEPA: united states environmental protection agency 68 

CI: carbonyl index  69 
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FTIR: fourier transform infrared 70 

OIT: oxygen induction time 71 

OOT: oxidation onset temperature 72 

DSC: differential scanning calorimetry   73 

SEM: scanning electron microscopy 74 

IR: infrared radiation 75 

ATR: attenuated total reflectance 76 

EDS: energy dispersive x-ray spectroscopy 77 

XPS: X-ray photoelectron spectroscopy 78 

EIS: electrochemical impedance spectroscopy 79 

UNI: Italian institute for standardization 80 

DIN: German institute for standardization 81 

ISO: international organization for standardization 82 

EN: European norm 83 

PCCL: Polymer Competence Center Leoben 84 

LNE: laboratoire national de métrologie et d'essais 85 

KTH: Sweden royal institute of technology 86 

PPI: plastic pipe institute 87 

TN: technical notes 88 

SDR: standard dimension ratio 89 
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DN: diameter nominal 90 

BS: base stabilization 91 

PVDF: polyvinylidene fluoride 92 

1. Introduction 93 

In the last decade, the use of chlorine dioxide for secondary disinfection to maintain a residual in the 94 

water distribution systems has been widespread in North America and in Europe (Jana Laboratories 95 

Inc., 2010a). ClO2 is preferred to other disinfectants, such as free chlorine (from sodium hypochlorite, 96 

calcium hypochlorite or gaseous chlorine) and chloramine since it has a strong oxidation potential 97 

and is able to remove viruses and pathogens that are resistant to chlorination. Moreover, chlorine 98 

dioxide reacts with the organic matter without forming chlorinate organic compounds, such as 99 

haloacetic acids (HAAs) and trihalomethanes (THMs), which are usually generated by chlorination 100 

(USEPA, 2011). 101 

Although ClO2 residual can persist in distribution systems, the low boiling point (11°C) and the high 102 

reactivity lead to the rapid dissipation of its residual. Chlorine dioxide reacts with organic and 103 

inorganic substances forming chlorite (ClO2
-) and chlorate (ClO3

-) anions. Despite the chemical 104 

speciation of ClO2 depends on several factors, such as dosage, temperature, pH and water quality, 105 

chlorine dioxide is generally converted into ClO2
- and ClO3

- for 68% and 9%, respectively (Sorlini et 106 

al., 2016). Moreover, in the case ClO2 is used together with other disinfectants, such as ozone, the 107 

formation of chlorate can be even more relevant (USEPA, 2011). Chlorite and chlorate are oxidizing 108 

substances and potentially harmful to human health, and the World Health Organization has 109 

recommended for both ions a limit in water distribution systems of 0.7 mg/L (World Health 110 

Organization, 2011). In Europe, typical residual concentration of chlorine dioxide may range from 111 

less than 0.05 mg/L to around 0.25 – 0.30 mg/L. The desired residual concentration of chlorine 112 

dioxide in water distribution systems may depend on either the legislative limit for ClO2 or legislative 113 

limits for by-products (ClO2
- and ClO3

-). The maximum allowed concentration of ClO2 in tap water 114 
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is 0.8 mg/L in the USA, 0.25 mg/L in Belgium and 0.15 in Switzerland (Jana Laboratories Inc., 115 

2010a). In Italy, the recommended residual concentration of disinfectant in the water distribution 116 

systems is about 0.2 mg/L (Decreto Legislativo n.31/2001, 2001). Other countries do not have 117 

standard limits for chlorine dioxide concentration in water, but generally only for the by-products 118 

chlorite and/or chlorate. In December 2020, the European Parliament and Council approved the new 119 

Framework Directive “on the quality of water intended for human consumption” (The European 120 

Parliament and the Council of the European Union, 2020). In Annex I of the Directive, a concentration 121 

limit of 0.7 mg/l was set in drinking water for both chlorite and chlorate ions.  122 

ClO2 is usually employed in medium and large size drinking water treatment plants due to the high 123 

costs of production and management (Earth Tech (Canada) Inc., 2005). Chlorine dioxide is a gas that 124 

is highly soluble in water (70 g/L at 20°C and 1 atm). It cannot be stored or transported in a gaseous 125 

state due to the high risk of explosion, but it must be generated in site. The easier and safer method 126 

for the production of chlorine dioxide solution is through the reaction of sodium chlorite with 127 

hydrochloric acid (USEPA, 2011). 128 

Chlorine dioxide is more aggressive towards plastic pipes, including polyethylene (PE), than other 129 

chlorine-based disinfectants. It has been observed in water distribution systems that PE pipes may 130 

prematurely undergo failure when they are exposed to chlorine dioxide. The possible explanations 131 

could be that ClO2 is a dissolved gas, which diffuses more rapidly into the polymer in respect to other 132 

disinfectants accelerating the degradation reactions (Vertova et al., 2019). To low down the reaction 133 

of ClO2 with PE material, hindered phenols antioxidants are usually added to PE during pipe 134 

manufacturing. However, some studies have hypothesized that reaction of chlorine dioxide with 135 

antioxidants can lead to the production of reactive chlorine species, which may react even more 136 

rapidly than ClO2 with PE nullifying the desired delay of polymer degradation (Yu et al., 2011). 137 

Although PE pipes with new formulations of resins and additives, which are resistant to chlorine 138 

dioxide, have been produced by several companies, there is not a unique and standard method to test 139 
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and evaluate the performances of these materials. Particularly, several methods have been proposed 140 

by researchers to evaluate the aging of polyethylene pipes subjected to chlorine dioxide exposure. 141 

However, these methods involve very different test conditions, including temperature, pressure, ClO2 142 

concentration, etc. Hence, outputs and results are difficult to compare and all these methods present 143 

advantages and limitations for an accurate evaluation of the ClO2 effect on PE pipes degradation. 144 

Particularly, the main issue with these tests is reproducing the aging phenomena occurring in drinking 145 

network pipes in experimental trials that are relatively short in time (Van Der Stok et al., 2018). This 146 

literature review was carried out to critically describe, assess, and compare all the proposed 147 

accelerated aging methods that have been used to evaluate the performances of PE pipes exposed to 148 

ClO2. First, the chemistry of chlorine dioxide and the long-term aging mechanisms of polyethylene 149 

pipes in drinking water distribution systems are discussed. Then, all the existing aging methods and 150 

characterization techniques to evaluate the performance of PE pipes in contact with chlorine dioxide 151 

are critically discussed and compared.   152 

2. Chemistry of chlorine dioxide in water distribution networks 153 

2.1 Dispropation of chlorine dioxide in drinking water  154 

The aging studies of PE exposed to chlorine dioxide can be affected by the chemical transformations 155 

of this oxidant during the experimental tests, which also depend on the conditions used in the test and 156 

on the presence of other dissolved substances in water. Chlorine dioxide behaves as selective oxidant 157 

towards rich-electron moieties such as amines, anilines, phenols, and unsaturated hydrocarbons, and 158 

eliminates certain inorganic ions and microorganisms with elevated efficiency. When chlorine 159 

dioxide reacts with reductant substrates, it is mainly converted in chlorite anion as represented in 160 

reaction (1) (Xu et al., 2022, Lee et al., 2004). 161 

ClO2 + e− → ClO2
−          (1) 162 

The reaction rate constants of ClO2 with inorganic substances were reported by Hoignè and Bader 163 

(Hoignè and Bader, 1994). It exhibits fast reaction rate with iodide, cyanide, nitrite, sulphite, iron (II) 164 
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and manganese (II) ions, while it reacts slowly with ammonia or bromide anion. Therefore, reaction 165 

of ClO2 with Dissolved Organic Carbon (DOC) can generate transient free available chlorine (FAC) 166 

that can oxidize Br− to free bromine, which in turn can generate toxic brominate organic substances 167 

(Li et al, 2022). The complete reactivity of chlorine dioxide towards the substances dissolved in real 168 

water matrices is very complex and strongly depends on the kind of organic material, on the eventual 169 

pre-treatment of water with other oxidants such as chlorine, ozone, persulphate, and on the exposure 170 

to UV and visible light. An in-depth analysis of the chemistry of ClO2 in water disinfection and 171 

decontamination has been recently reviewed by Xu et. al (2022). 172 

Another concern to be considered is that ClO2 is not available as a pure gas, but rather as a mixture 173 

of ClO2 containing various contaminants (Gan et al., 2020). ClO2 can be produced by different 174 

methods, for example through oxidation of chlorites (Qi et al, 2020), reduction of chlorates (Monteiro 175 

et al., 2021) or using electrolytic technologies (Bergmann and Koparal, 2005). Generally, chlorine 176 

dioxide is easily produced in situ by reaction of ClO2
− and ClO3

− in the presence of acids or other 177 

oxidants such as chlorine, hypochlorite or hydrogen peroxide (Ayyildiz et al, 2009). Despite the new 178 

production technologies have considerably reduced the presence of contaminants in the generated 179 

gas, it is inevitable that the use of chlorine dioxide introduces little amounts of other chlorine-based 180 

oxidants in water, mainly chlorite, which can influence the rate and the pathways of the occurring 181 

oxidation reactions in the tested water matrix (Xu et. al, 2022).    182 

The main way of degradation of chlorine dioxide in water takes place by disproportionation giving 183 

chlorite (ClO2
−), chlorate (ClO3

−) and chloride (Cl−) anions with yields that depends on many factors 184 

including chlorine dioxide dosage, pH, temperature, and presence of reactive organic substrates (Lee 185 

et al., 2004). In alkaline solution, chlorine dioxide is disproportionated through a one-step process 186 

(2), while at low pH conditions and in the presence of a reductant substrate the conversion involves 187 

two steps in which the former is the reduction of chlorine dioxide to chlorous acid (HClO2) that 188 

spontaneously decompose into chlorine dioxide, chlorate, and chloride ions (reactions 3 and 4). The 189 
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global rection that gives chlorate and chloride from ClO2 is described by equation (5) (Lee et al., 190 

2004): 191 

2ClO2 + 2OH− → ClO2
− + ClO3

− + H2O       (2) 192 

ClO2 + H+ + e− → HClO2         (3) 193 

4HClO2 → 2ClO2 + ClO3
− + Cl− + 2H+ + H2O      (4) 194 

2ClO2 + 2H+ + 4e− → ClO3
− + Cl− + H2O       (5) 195 

The formation of chlorite and chlorate anions during the treatment of water with chlorine dioxide is 196 

a crucial concern because both chlorite and chlorate have oxidant properties. Indeed, chlorite 197 

generated from ClO2 may be reduced to chloride ions in the presence of several organic or inorganic 198 

substrates (reaction 6) (Gan et al., 2020).  199 

ClO2
− + 4H+ + 4e− → Cl− + 2H2O        (6) 200 

As mentioned above, the formation of ClO2
− and ClO3

− depends on chlorine dioxide dosage, pH, 201 

temperature, water quality, and other variables. Lee et al. (2004) investigated the consumption of 202 

chlorine dioxide and its speciation in drinking water reporting data on disinfectant residual, chlorite, 203 

and chlorate concentration after 120 minutes of exposure under different environmental and 204 

operational conditions. Results of this research are summarized in Table 1. 205 

Table 1. Degradation and speciation of chlorine dioxide in drinking water after 120 minutes of exposure as function of 206 
different affecting parameters (Lee et al., 2004)  207 

Affecting parameter 
ClO2 residual 

(%) 
ClO2 transformed into ClO2

- (%) 
ClO2 transformed into ClO3

- 

(%) 

DOC* (mg/l) 

1.17 66% 15% 12% 

2.91 63% 76% 15% 

6.88  59% 83% 16% 

ClO2
** (mg/l) 

0.5 2% 84% 0% 

1.0 16% 72% 1% 

3.0 63% 76% 15% 

T***(°C) 

10 23% 59% 5% 

20 16% 61% 10% 

30 1% 80% 0% 

pH**** 

4 - 45% 15% 

7 - 61% 10% 

10 - 96% 0% 

DOC = Dissolved organic carbon; T = temperature 208 
*pH = 7, ClO2 = 3 mg/l, T=20°C; 209 
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** pH = 7, DOC = 2.91 mg/l, T = 20°C; 210 
*** pH = 7, ClO2 = 1 mg/l, DOC = 2.91 mg/l 211 
**** ClO2 = 1 mg/l, DOC = 2.91 mg/l, T = 20°C 212 

In the study of Lee et al. (2004), it was observed that the presence of oxidable substrates, such as 213 

organic compounds, tends to increase the conversion of chlorine dioxide to chlorite, while it does not 214 

influence significantly the formation of chlorate. In addition, when the initial concentration of ClO2 215 

is higher than 1 mg/l, the speciation of chlorate can raise up to 15%. On the contrary, with the increase 216 

of temperature is favoured the transformation of chlorine dioxide in chlorite, and at 30°C the 217 

formation of chlorate is reported to be null. Finally, acid pH favours the formation of ClO3
− and basic 218 

pH enhances the production of chlorite (Lee et al., 2004). 219 

Although chlorite and chlorate have lower oxidization potentials than chlorine dioxide and there are 220 

no findings in the literature about their effects on PE pipes, these by-products may in some way 221 

contribute to pipe aging. Therefore, their concentrations in accelerated aging tests should be 222 

monitored and reported. 223 

 224 

2.2 Diffusion of chlorine dioxide and its by-product in drinking water distribution networks 225 

As mentioned in the previous paragraph, the diffusion and the decay rate of chlorine dioxide, which 226 

lead to the formation of chlorite and chlorate, are directly related to the presence of natural organic 227 

matter, pH and temperature of the drinking water (Ammar et al., 2014). Several studies have 228 

investigated the decay of chlorine dioxide during disinfection, while only few articles have tackled 229 

the diffusion of chlorine dioxide in distribution networks. Sorlini et al., (2016) carried out batch 230 

experiments at laboratory scale to determine reaction kinetics for modelling chlorine dioxide, chlorite, 231 

and chlorate propagation in a drinking water distribution system. The decay rate of chlorine dioxide 232 

in drinking water (bulk phase) was described through a first order reaction in exponential form, which 233 

includes the initial concentration of ClO2 at the inlet of the network (C0), contact time (t), and the 234 

bulk coefficient (kb). The kb was determined by batch tests and was assumed equal to -0.288 d-1. The 235 

first order decay equation for ClO2 was described as follow: 236 
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C = C0 e
k
b

 t            (7) 237 

Reaction kinetics of zero order were used to describe the formation of chlorite and chlorate in the 238 

bulk phase, taking into account the initial concentration of ClO2
- and ClO3

- (C0), contact time (t), and 239 

the relative bulk coefficient, which can be obtained from batch tests (0.576 mg/L d and 0.101 mg/L 240 

d, for ClO2
- and ClO3

- respectively). Hence, the zero-order decay equation for ClO2
- and ClO3

- can be 241 

defined as follow: 242 

C = C0 + kbt           (8) 243 

This study showed those kinetic reactions of ClO2, ClO2
-, and ClO3

- determined through batch 244 

experiments can be used to describe the diffusion of these oxidants in the distribution systems. 245 

However, authors pointed out that observed differences between some of the measured and modelled 246 

concentrations were probably related to the decay of these oxidants due to contact with the pipe wall. 247 

This last phenomenon is called wall decay.  248 

Ammar et al., (2014) carried out batch experiments with chlorine dioxide in desalinated water, at 249 

different disinfectant concentrations (0.6 mg/L – 1.4 mg/L) and water temperatures (20°C – 45°C). 250 

The results showed that the diffusion of chlorine dioxide in the bulk phase follows a first order decay 251 

model for all the dosages, with a kb that can be expressed as function of water temperature (T): 252 

kb = 0.8147 e0.0415T          (9) 253 

Hence, the bulk decay coefficient ranges from -1.8 d-1 for 20°C to -5 d-1 for 45°C. These data can be 254 

considered and compared with ones resulted from the accelerated tests. 255 

Research is still required for an accurate determination of the wall decay of chlorine dioxide, chlorite, 256 

and chlorate in drinking water distribution systems. As mentioned above, the formation and diffusion 257 

of chlorite and chlorate is the main long-term safety-problem related to the use of chlorine dioxide in 258 

drinking water networks (World Health Organization, 2011). Indeed, a population-based case-control 259 

study in Northern Italy showed higher risk to have new-borns with renal defects, abdominal wall 260 
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defects, and cleft palate from women exposed to chlorite concentrations in drinking water greater 261 

than 0.7 mg/l. On the other side, women exposed to chlorate level > 0.2 mg/l have higher risk to 262 

generate new-borns with obstructive urinary defects, cleft palate, and spina bifida (Righi et al., 2012). 263 

The new European drinking water directive did set concentration limit of 0.7 mg/l for chlorite and 264 

chlorate in water distribution systems using chlorine dioxide. Furthermore, it requires to water 265 

managers the implementation of a Water Safety Plans (WSP) to assure water safety for humans. 266 

Particularly, a health risk assessment should be accomplished considering all the elements of the 267 

drinking water supply chain, including catchment area, abstraction, treatment and storage systems, 268 

and infrastructures for distribution to the point of compliance. (The European Parliament and the 269 

Council of the European Union, 2020).  270 

Overall, the development of site-specific kinetic models for chlorite and chlorate formation in 271 

drinking water distribution systems is highly recommended to identify and mitigate the human health 272 

risks associated with the use of chlorine dioxide as disinfectant. Although there is no evidence about 273 

the formation of by-products closely related to the degradation of PE pipes exposed to ClO2, some 274 

articles reported that disinfectants residues in drinking water and in contact with plastic pipes may 275 

lead to the formation of microplastics (MPs) (Zhang et al., 2022; Nirmala et al., 2023). Zhang et al., 276 

(2022) reported that ozone-exposed PE pipes after 20 hours of aging may release from 337 to 656 277 

MP/L. Surface crack and fragmentation are considered possible reasons for MPs generation. Hence, 278 

further research is required to study the possible release of MPs from PE pipes due to the contact with 279 

ClO2 or other disinfectants.   280 
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3. Polyethylene pipes aging in water distribution systems 281 

3.1 Long-term aging mechanisms of polyethylene pipes 282 

The mechanisms involved in the aging of PE pipes are fundamental aspects to deepen for the 283 

assessment of long-term performances of pipes in the water distribution system. For plastic pipes 284 

(polyethylene, etc.), the performance envelope is usually defined in terms of the stress versus time 285 

plot as shown in Figure 1. It is used to delimit the lifetime of the pipe under stressed conditions. The 286 

performance envelope involves three stages of failure in function of the aging mechanisms (ASTM 287 

International, 2015):  288 

 Stage I: Ductile-Mechanical failure. This regime involves a long-term visco-elastic creep 289 

where the pipe failure is characterized by a local deformation of the material that is visible 290 

with the unaided eye. 291 

 Stage II: Brittle-Mechanical failure. The pipe failure is purely brittle and is the result of a 292 

single crack from the inside toward the outside of the pipe, without any material deformations. 293 

 Stage III: Mechanical-Chemical failure. In this regime, the failure occurs at lower hoop stress 294 

due to the presence of oxidative condition and is defined by the embrittlement of the inner 295 

wall of the pipe. 296 

 297 

Figure 1. Performance envelope of plastic materials 298 
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The observed mechanisms for Stage I and Stage II are strictly mechanical and affected mainly by the 299 

applied temperature and stress on the pipe. However, the ductile failure mode in Stage I is not 300 

commonly observed in the field since the applied stress to PE pipes in water distribution systems are 301 

way below its yield stress (Jana Laboratories Inc., 2010b). The methodologies for the determination 302 

of performance of pipes in Stage I and Stage II are well defined by standard tests as described below.  303 

ASTM D2837 “Standard Test Method for Obtaining Hydrostatic Design Basis for Thermoplastic 304 

Pipe Materials or Pressure Design Basis for Thermoplastic Pipe Products” is used to assess the 305 

viscoelastic creep (Stage I) (Jana Laboratories Inc., 2010b). This method can be used for determining 306 

either the hydrostatic design basis (HDB) or pressure design basis (PDB). The procedure involves the 307 

assessment of stress-failure time plots of PE pipes under a selected temperature and environment (i.e., 308 

liquid, air, or gaseous bath). The HDB is determined using the long-term hydrostatic strength (LHTS) 309 

of the pipe, that is the expected tensile stress on the pipe circumference leading to the pipe failure at 310 

100000 hours, when it is applied continuously. While the PDB is obtained by measuring the long-311 

term hydrostatic pressure-strength (LTHSp), which is the expected internal pressure that led to the 312 

pipe failure at 100000 hours if it is applied continuously. The test is accomplished using a device 313 

capable to keep a constant internal water pressure on the specimen at fixed temperature. Both LHTS 314 

and LTHSp are measured from the stress versus time-to-failure curve for a testing period of not less 315 

than 10000 hours. Moreover the hydrostatic strength of PE pipes at 50 years may be obtained by 316 

extrapolating the data from the stress versus time-to-failure curves (ASTM International, 2013).  317 

The performances of Stage II are determined according to the ASTM F1473 “Standard Test Method 318 

for Notch Tensile Test to Measure the Resistance to Slow Crack Growth of Polyethylene Pipes and 319 

Resins” (Jana Laboratories Inc., 2010b). ASTM F1473 method is used for the measurement of slow 320 

crack growth (i.e., the slow extension of the crack with time) resistance of PE pipes under accelerated 321 

conditions. It involves the notching of the specimen before applying constant pressure and 322 

temperature conditions. The specimens are made from a compression molded plaque with dimensions 323 
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of 50 mm x 25 mm x 10 mm. Subsequently a main notch and two side notched are produced on the 324 

specimen with a razor blade, the depth of the notches is function of the specimen thickness. The test 325 

is usually performed at 80°C and 2.4 MPa as hoop stress. The trials is carried out until the specimen 326 

undergoes failure resulting in the determination of the time-to-failure (ASTM International, 2001).  327 

On the other side, the long-term mechanisms associated with Stage III are not fully understood, they 328 

are still subjects of studies and research and standardized tests for their determination are not 329 

available. Particularly, the characterization of Stage III aging mechanism is considered a key area for 330 

continuing enhancement of the long-term performance of PE piping materials in potable water 331 

applications. Briefly, it is supposed that the mechanical-chemical failure of pipes in Stage III involves 332 

the antioxidant depletion on the pipe surface, oxidation of the polymer, initiation of microcrack in the 333 

oxidated material and crack propagation through the pipe wall, as occurs for the Slow Crack Growth 334 

(SCG) in Stage II, until failure (Chung et al., 2004; Jana Laboratories Inc., 2010b). Hence, Stage III 335 

aging is not only dependent upon temperature, stress, and pipe material but also on the oxidative 336 

aggressiveness of the transport fluid (Jana Laboratories Inc., 2010b).  337 

To date, two different theories have been proposed to explain the oxidation mechanisms of PE pipes 338 

by chlorine dioxide. Colin et al. 2009 suggested that radical chain reactions that cause polymer 339 

degradation are directly initiated by chlorine dioxide, which causes the hydrogen abstraction from the 340 

polyethylene. After the depletion of the phenolic antioxidants, the PE is directly attacked by ClO2. 341 

Indeed, this latter process is considered to be 1500 times slower than the reaction between chlorine 342 

dioxide and hindered phenols oxidants. On the contrary, Yu et al. (2011) reported that ClO2 may not 343 

be able to abstract a hydrogen atom from a hydrocarbon. Hence, another oxidation mechanism was 344 

proposed, where the reaction between chlorine dioxide and hindered phenolic antioxidants leads to 345 

the formation of the hydrogen abstracting radical ClO•, and the subsequent polymer degradation is 346 

an immediate surface reaction. According to this theory, the reaction of chlorine dioxide with 347 

phenolic antioxidants is the reason of polymer degradation. Both suggested theories have not been 348 

https://www.sciencedirect.com/topics/chemistry/polymer-degradation
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confirmed and the chemistry that lead to polymer degradation is not fully understood. However, 349 

authors in literature tend to prefer the theory proposed by Colin et al. (2009) to explain their 350 

experimental results (Jana Laboratories Inc., 2010b; Kim et al., 2018),. 351 

In accordance with the theory of Colin et al. (2009), the PE pipe failure in water distribution systems 352 

generally involves an initial antioxidant depletion with the following formation and propagation of 353 

cracks (Stage III). Therefore the time-to-failure (tf) for polyethylene pipes can be defined as (Jana 354 

Laboratories Inc., 2010b):  355 

𝑡𝑓  =  𝑡𝑠𝑑  +  𝑡𝑖  +  𝑡𝑝          (10)  356 

Where tsd is the time for antioxidant depletion, ti is the time needed for polymer oxidation until crack 357 

initiation and tp is the time for crack propagation until the pipe failure. The three phases are inversely 358 

proportional to the temperature, which accelerate the aging mechanisms. The time for antioxidant 359 

depletion depends mainly on the kind of antioxidant mixed with the polymer and on the type of 360 

disinfectant used, which induces the oxidative state. The time for crack initiation is function of the 361 

strength of the oxidizing agent and of the applied stress to the pipe. As the oxidation of the polymeric 362 

material occurs, the toughness of the inner wall decreases leading to the crack initiation at a given 363 

stress. Then, such stress continuously applied to the pipe affects directly the time needed for crack 364 

propagation tp. The time-to-failure decreases as the hoop stress rises (Jana Laboratories Inc., 2010b). 365 

3.2 Factors causing pipe failure in water distribution networks 366 

The principal aging parameters of PE pipes in water distribution systems using chlorine dioxide are 367 

described and assessed in this paragraph for a better understanding of their influences on the 368 

degradation mechanisms that can be observed under realistic pipe service conditions. Among these 369 

parameters, chlorine dioxide concentration, water pressure and temperature are directly related to the 370 

mechanical-chemical failure described previously as Stage III. However, other features such as water 371 

pH, pipe size and pipe installation can also influence the time-to-failure of PE pipes. 372 
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The chlorine dioxide concentration in water directly affects the aging mechanisms of PE pipes. The 373 

oxidative aggressiveness of water, expressed in terms of oxidative reduction potential (ORP) is 374 

directly proportional to the concentration of ClO2 in water. Higher ORP tends to decrease the lifetime 375 

of PE pipes (Plastics Industry Pipe Association of Australia, 2019). Colin et al. (2009) stated that the 376 

lifetime of PE pipes, where water is subjected to ClO2 disinfection under real operative conditions 377 

(ClO2 ≈ 0.15 ppm, T ≈ 15°C, hoop stress of few MPa), may be reduced to 10 years instead of the 50 378 

years expected. No studies are available in literature regarding the oxidation effects of the by-products 379 

of ClO2 (i.e., ClO2
- and ClO3

-) on PE pipes degradation. However, as previously mentioned, during 380 

disinfection chlorine dioxide is generally converted into ClO2
- and ClO3

- for 68% and 9%, 381 

respectively (Sorlini et al., 2016). In addition, the oxidation potential of chlorite and chlorate are 382 

typically lower than the oxidation potential of chlorine dioxide. This evidence suggests that oxidation 383 

strengths of ClO2
- and ClO3

- in drinking water distribution system are significantly lower than the 384 

oxidation strength of chlorine dioxide.  385 

Oxidation is a thermally activated process as well as the crack initiation and propagation. Hence, the 386 

chemical-mechanical aging is a thermally activated process with the rate of “aging” increasing with 387 

the increasing of the temperature. Particularly, it was reported that at a given water quality and stress, 388 

the relative aging rate at an average water temperature of 4°C is approximately 5 to 20 times slower 389 

than that at 20°C (Jana Laboratories Inc., 2010b). Overall, annual ground and surface water 390 

temperatures range from 3°C to 29°C, with an average around 15°C (AWWA, 1996). Under typical 391 

water temperatures (< 20°C), the aging mechanism occurs at relatively slow rates. On the contrary, 392 

when the water temperature in the water distribution system is greater than 20°C, the chlorine dioxide 393 

is much more aggressive towards PE pipes and the aging mechanism can be significantly accelerated 394 

(Plastics Industry Pipe Association of Australia, 2019). Particularly, high temperature boosts the 395 

degradation of polymeric material resulting in an increase of the crystallinity and the embrittlement 396 

of the PE pipe (Plastics Industry Pipe Association of Australia, 2019).  397 
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The operating pressure, in water distribution systems, applies hoop stress on the circumference of the 398 

pipe, which directly aids the crack propagation. Particularly, systems with high operating pressure (~ 399 

6 bar) have a higher risk of failure than those at low operating pressure (~ 2.5 – 3 bar). It has been 400 

reported that if the internal pressure of the pipe increases from 2.5 bar to 5.5 bar, the aging mechanism 401 

increases approximately from 5 to 10 times (Jana Laboratories Inc., 2010b). The concentration of 402 

chlorine dioxide and operating pressure are the main parameters found in literature, which affect the 403 

chemical-mechanical aging (Stage III) of PE pipes in service.  404 

The pH of water may also have an impact on the chemical oxidation of pipe by ClO2. However, little 405 

research has focused on this effect until now (Van Der Stok et al., 2018). It is important to note that 406 

the specific ORP/pH/ClO2 relationship is dependent on specific water quality and its constituents, 407 

which may all contribute to determine the overall oxidative strength of the water. The USEPA 408 

guidelines for potable water entering the distribution system are for a pH range of 6.5 to 8.5 (AWWA, 409 

1996; Jana Laboratories Inc., 2010b), and the average values for drinking water in distribution 410 

systems are pH of 7.7. Hence, expected variations of pH in real application are unlikely to 411 

significantly impact on disinfected water oxidative strength. 412 

The pipe size and thickness affect the hoop stress applied to the pipe. Considering the same pipe size 413 

and identical operating pressure conditions, thin pipes are subjected to higher hoop stress than thick 414 

pipes (Jana Laboratories Inc., 2010b). Moreover, the size of the pipe (i.e., diameter of the pipe) is 415 

usually proportional to the pipe thickness, and when the crack is initiated, it will take more time for 416 

propagation in thick pipes compared to thin pipes (Plastics Industry Pipe Association of Australia, 417 

2019). Hence, small and thin pipes are more susceptible to damage than big and thick pipes since 418 

they can offer lower resistance to the applied operating pressure (Plastics Industry Pipe Association 419 

of Australia, 2019). Furthermore, the installation conditions affect the lifetime of the PE pipes. 420 

Particularly, shallow installation and/or a lack of a proper underlying layer significantly increase the 421 

hop stress state of the pipe resulting in one of the most observed causes of pipe failure in distribution 422 
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networks. Generally, pipes with greater diameters are installed with more accuracy than those with 423 

smaller diameters (Plastics Industry Pipe Association of Australia, 2019).  424 

A further factor that may influence pipes failure during ClO2 disinfection is the water age, which is 425 

the time that a particle of water spends in the water distribution system. However, there is no evidence 426 

reported in the literature about the relationship between the water age in the distribution system and 427 

the aging of the PE pipe. Nevertheless, the water age influences the hydrodynamics of the fluid within 428 

the pipe and, hence, the contact between the pipe surface and the chlorine dioxide solution. In a 429 

realistic situation, lower water velocities inside the distribution systems lead to pipes with higher 430 

water ages, which may result in an increased contact of pipe surface with ClO2. 431 

In Error! Reference source not found. are reassumed the effects on the aging mechanisms of PE 432 

pipes with the relative degree of influence of the different parameters that characterize the operation 433 

conditions of pipes in drinking water distribution systems. 434 

Table 2: Parameters affecting pipe aging and related influence in Stage III failure 435 

Parameters Influence in 

Stage III 

failure 

Remarks 

Chlorine Dioxide 

concentration 

High ClO2 concentration affects the oxidative aggressiveness of water. Few ppm of 

ClO2 may decrease the lifetime of PE pipes, from an expected lifetime of 50 years 

to 10 years under natural aging conditions of pipes in service (Colin et al., 2009).  

Operating 

pressure 

High Aging mechanism may increase approximately from 5 to 10 times in systems with 

high operating pressure (~ 6 bar) compared to systems with low operating 

pressure (~ 2.5 – 3 bar) (Jana Laboratories Inc., 2010b). 

Temperature Medium Water temperature higher than 20°C in the water distribution system can 

significantly increase the aging rate of plastic pipes by increasing the oxidative 

potential of ClO2. However, annual average water temperatures in pipes are 

generally < 20°C  (Plastics Industry Pipe Association of Australia, 2019). 

Water pH Low The pH of water influences the disproportion of chlorine dioxide in chlorite and 

chlorate changing water oxidative strength (Gan et al., 2020). However, 

significant changes of pH are not expected to occur in water distribution network 

of drinking water, where average and typical value of pH measured is around 7.7 

(Jana Laboratories Inc., 2010b). 

Pipe thickness and 

installation 

conditions 

High Pipe size and thickness as well as  installation conditions directly affects the hoop 

stress status of the pipe  (Jana Laboratories Inc., 2010b) (Plastics Industry Pipe 

Association of Australia, 2019). Particularly, improper pipes installation is 

believed to be one of the most significant reasons of failure independently of the 

oxidative aggressiveness of water.   

Water age Low Low water velocity within the pipe may increase the contact between pipe surface 

and disinfectant. However, no studies have proved that this condition may have 

a real influence on a premature pipe failure. 

  436 
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4. Accelerated aging tests and methods 437 

Many companies and research centers have developed their own accelerated aging methods of PE 438 

pipes in presence of chlorine dioxide. Studies have applied very different experimental conditions 439 

during testing by using very different chlorine dioxide concentration in water, oxidant exposure time, 440 

pressure within the pipes, temperature of the water in order to accelerate the aging of a PE specimen 441 

(Costa et al., 2016; Vertova et al., 2019). The following techno-scientific literature analysis assesses 442 

and describes the existing aging tests for PE pipes exposed to ClO2, which have been developed until 443 

now. Particularly, the accelerated aging tests of polyethylene pipes by chlorine dioxide exposure can 444 

be distinguished in two groups: 445 

 Immersion aging tests 446 

 Pressurized pipe loop tests 447 

The first group of methods implies the soaking of entire samples, which are usually small 448 

polyethylene pieces of pipes into a chlorine dioxide solution. On the contrary, the second group of 449 

tests is based on the use of loops of PE pipes, where a chlorine dioxide solution is continuously 450 

recirculated under fixed temperature and pressure conditions. In any case, after accomplishing an 451 

accelerated aging test, PE pipes are subjected to a chemical-mechanical characterization to evaluate 452 

the performance of the pipe material under the applied stress conditions. 453 

4.1 Characterization of polyethylene pipes 454 

The objective of the characterization is to provide a clear and scientific description of the condition 455 

of tested specimens after the application of defined stress conditions. The most-used parameters for 456 

the characterization of PE samples after a chemical-mechanical aging test include:  457 

- The carbonyl index (CI), which can be determined through Fourier Transform Infra-Red 458 

(FTIR) spectroscopy. 459 

- The oxidative induction time (OIT), which can be determined by a Differential Scanning 460 

Calorimetry (DSC).  461 
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- The degree of crystallinity, which can be also determined by a Differential Scanning 462 

Calorimetry (DSC). 463 

- A qualitative analysis of the surface by a Scanning Electron Microscopy (SEM). 464 

- An elongation at break by tensile test. 465 

Fourier Transform InfraRed (FTIR) spectroscopy acts on the principle that when infrared radiation 466 

(IR) passes through a sample, some of the radiation is absorbed. The radiation that passes through the 467 

sample is recorded. The molecules with a covalent bond will selectively absorb radiation at specific 468 

wavelengths, and it will change the vibrational energy in the bond. The type of vibration (stretching 469 

or bending) induced by the infrared radiation depends on the atoms in the bond. Because different 470 

bonds and functional groups absorb at different frequencies, the transmittance pattern is different for 471 

different molecules. The spectrum is recorded on a graph with wavenumber (cm–1) recorded on the 472 

X-axis and transmittance or absorbance recorded on the Y-axis. Wavenumber is 1/wavelength and 473 

corresponds to the energy of the vibration of the molecular bonds. The spectral region interested by 474 

the molecular bond vibration is comprised between 2500 and 25000 nm, corresponding to a range of 475 

wavenumber of 4000-400 cm–1.FTIR is carried out to determine the spectra of the polymer where 476 

variation in functional group has occurred due to aging phenomena. On the other side, the  CI is 477 

calculated as follow according to the DIN 53383-2 (DIN 53383-2,1983):  478 

𝐶𝐼𝑒𝑞 =
𝜎1650−𝜎1850

𝜎1330−𝜎1500
          (11) 479 

Where 𝜎1650 − 𝜎1850 is the area under the absorbance peaks attributed to the carbonyl and carboxyl 480 

functional groups between the wavelengths of 1650 and 1850 cm-1, whereas 𝜎1330 − 𝜎1500 represents 481 

the peak area between the wavelengths 1330 nm and 1500 nm, which are the scissoring bending 482 

signals of the methylene groups constituting the polymer chains (Almond et al., 2020). Determination 483 

of FTIR Spectra and of the CI can highlight the formation of carbonylic and carboxylic oxidation 484 

products, which can be related to the degradation of the polyethylene as well as to the consumption 485 
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of the antioxidant. Hence, higher values of CI are indicative of a higher oxidation state of the material 486 

(Bredács et al., 2016; Vertova et al., 2019).   487 

The OIT measurement is a fundamental parameter for the studies of polyethylene aging , and it is 488 

defined as the time to the onset of oxidation of a test specimen exposed to an oxidizing gas at an 489 

elevated temperature. The OIT can be calculated through DSC measurement, which is one of the 490 

main thermal analysis techniques that can be used to characterize many types of materials including 491 

polymers, metals and ceramic materials. Particularly, to estimate the OIT parameter by DSC, the 492 

specimen and a reference material are heated at a constant rate in an inert gas environment (created 493 

by flowing nitrogen). When a target temperature is reached, generally in the range 190 - 210°C, the 494 

atmosphere of the testing environment is changed by supplying oxygen or air at the same flow rate. 495 

The specimen is then held at constant temperature until the oxidative reaction is displayed on the 496 

recorded thermal curve. Hence, the isothermal OIT is determined by measuring the time interval 497 

between the initiation of oxygen or air supply and the onset of the oxidative reaction (ISO, 2018). 498 

There is a linear correlation between the OIT value and the concentration of phenolic antioxidants in 499 

the polymer (Bredács et al., 2016). However, the OIT cannot quantify the performance of stabilization 500 

packages if any components do not have at least one phenolic group (Costa et al., 2016). OIT value 501 

equal to zero indicates that the stabilizer package in the polyethylene is completely depleted by the 502 

oxidant (Kim et al., 2018).  Since the oxidative degradation of a PE pipe occurs only between the part 503 

of the material in contact with the chlorine dioxide solution, profiling the determination of OIT at 504 

various depths of a specimen can be useful to understand the differences between occurred surface 505 

degradation and bulk degradation (Boerakker et al., 2018; Vertova er al., 2019).  The degree of 506 

crystallinity of the material is determined through DSC measurement and calculated by the ratio 507 

between the enthalpy of fusion of the sample and the enthalpy of fusion of 100 % crystalline 508 

polyethylene (Yu et al., 2011). It is considered to be an index of polyethylene degradation, and as the 509 

crystallinity fraction increases the material becomes more stiffer and brittle resulting in cracks 510 
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formations (Vertova et al., 2019). Particularly, studies that investigated the degradation of pipe 511 

material in contact with chlorine dioxide solutions showed that the crystallinity of the exposed surface 512 

increases as a function of the time of exposure. On the other side, along the depth of the wall the 513 

crystallinity is generally less affected by the oxidant due to the limited contact highlighting a lower 514 

degradation of this part of the pipe (Vertova et al., 2019);Yu et al. 2011). 515 

SEM is used to analyse the surface morphology of the degraded specimen, with a visual evaluation 516 

of the cracks formation and propagation, which occur during the chemical-mechanical aging of the 517 

PE and then lead to the pipe failure in Stage III (Bredács et al., 2016). Generally, the obtained 518 

information is exclusively related to the surface of the specimen, which is the part of the sample that 519 

encounters the oxidant solution. However, a more interesting approach sees the possibility to analyse 520 

the transversal section of the pipe, which allows to obtain more information on the depth of the cracks 521 

and its propagation. Surface cracks detected by SEM images have been reported by many researchers 522 

and have been also utilized to support hypotheses on crack propagation mechanisms (Bredàcs et al. 523 

2016; Yu et al. 2011; Vertova et al. 2019). 524 

Finally, elongation at break is measured by tensile test to evaluate the mechanical properties of the 525 

polyethylene before and after the exposure to chlorine dioxide. This test is conducted according to 526 

the ISO 6259, and it is a common industrial practice to evaluate the quality of the products. The 527 

elongation at break tends to decrease with increasing the exposure time with the disinfectant 528 

(Terwyen et al., 2016). Other minor tests are also used for a further understanding of the chemical-529 

mechanical aging of PE pipes. Yu et al., 2001 measured molar mass distributions and crystal thickness 530 

of the polyethylene by size exclusion chromatography, which indicated degradation near the crystal-531 

amorphous interface due to the chemical aging. Vertova et al. (2019) carried out SEM analysis with 532 

Energy Dispersive X-ray spectroscopy (EDS) on the PE pipes to investigate which type of elements 533 

are more abundant on the polymer’s surface at the end of the aging tests. Small quantities of chlorine 534 

were detected on the surface, likely as a result of ClO2 interaction with the pipes themselves. Also in 535 



24 
 

this case, accurate sampling protocols might be adopted to highlight the diffusion of chlorine in the 536 

bulk and the formation of chlorinated organic compounds which can be observed, not only on the 537 

surface, but also along the thickness of the material analysing the cross-section of the pipe. Another 538 

interesting surface characterization technique is reported by Khan et al. (2022), which is the X-ray 539 

photoelectron spectroscopy (XPS) that is used to analyse the change in chemical properties before 540 

and after the interaction of the chloride dioxide with the polymeric materials. The changes in binding 541 

energy of the samples under the disinfectant conditions were evaluated over the range of 280–290 542 

eV, which reflects a change in the atomic composition of the aged and unaged samples, from a 543 

saturated carbon chain to the formation of ketone, aldehyde and carboxylate groups (acids and esters) 544 

according with the increasing of CI values (Khan et al., 2022). 545 

Therefore, a sample that has undergone strong oxidation by chlorine dioxide should have: a high 546 

value of the CI, a lower value of the OIT with a high grade of crystallinity, visible cracks at the SEM 547 

analysis and, low elongation at break. All these parameters have to be compared to the blank, which 548 

did not come in contact with the oxidant solution. Table 3 summarises the main characterization tests 549 

of PE found in literature with their relative parameters measured and their scopes.  550 

Table 3. Summary of test characterization for PE pipes 551 

Test Parameter Measured Scope 

FTIR Carbonyl index (CI)   Index of polymer degradation and can be utilized to 

estimate antioxidant consumption 

Spectra  Highlights changes in the polymer matrix and 

variation in functional groups of the material. Along 

with the CI can be utilized to evaluate antioxidant 

consumption and polymer degradation 

DSC Oxygen Induction Time (OIT) Index of antioxidant consumption  

Degree of crystallinity  Index of degradation and embrittlement  

SEM Observation of pipe surface and 

microcracks and cracks 

Qualitative/visual analysis to monitor crack 

formation and propagation  

EDS Presence of chlorine in the material Diffusion of chlorine dioxide and/or by-products 

from the pipe surface to the bulk 

XPS Functional groups ratio Index of polymer degradation 

Tensile test Elongation at break Evaluation of mechanical properties of the material 

 552 

4.2 Immersion aging tests 553 
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The immersion aging methods involve the dipping of entire samples inside a chlorine dioxide solution 554 

at fixed concentration, temperature, and pH. The specimens are usually small polyethylene sheets, 555 

dog-bones and/or pipes. The chlorine dioxide solution is continuously refreshed in order to keep 556 

constant the exposure concentration. Here below different immersion aging tests are detailed. They 557 

have been proposed by different research institutes, organizations, and researchers.  558 

The laboratoire national de métrologie et d'essais (LNE) in France has developed a standardized 559 

accelerated aging test, called NOL ring creep test. The method involves the soaking of a ring specimen 560 

extracted from the pipe inside a ClO2 solution. The ring is obtained from a 32 mm HDPE pipe and 561 

has a length of 20 mm. The test solution has a chlorine dioxide concentration of 2.0 mg/L and a 562 

temperature of 40°C. During the aging, hoop stress of 7 MPa is applied to the ring specimens. Figure 563 

2 briefly shows the scheme of the NOL ring creep test, the equipment is able to apply a stress on the 564 

circumference of the ring taken from pipes while exposing the polyethylene to the ClO2. 565 

 566 

Figure 2: Schematic illustration of NOL ring creep test 567 

 After the exposure for 250h/500h/1000h, the elongation at break of the aged samples is measured 568 

through a specific tensile test and compared to the samples without aging (Terwyen et al., 2016). 569 

Terwyen et al., (2016) tested four commercial pipes (three PE100, one PE80) and one experimental 570 

through the NOL ring creep test. The elongations at break of the samples without aging were about 571 

1400-1600%. After 1000 hours of aging, two PE100 and one PE80 had about 0% of elongation at 572 
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break. Better results were obtained for the other two pipes, the PE100 and the experimental pipe had 573 

about 100% and 800% of elongation at break, respectively. 574 

The laboratory of IRETI (Italy) has designed an aging unit (an autoclave of 200 L), where tensile test 575 

samples, without hooping stress, are exposed to a ClO2 bath. The solution has a temperature of 40°C 576 

with a pH value of 7.2, the chlorine dioxide concentration is kept constant at a defined value (usually 577 

1 – 5 mg/l) and monitored by means of probes. The solution in the autoclave is renewed through a 578 

circulation flow rate of 2.7 m3/h in order to maintain constant the ClO2 concentration. The scheme of 579 

the aging equipment is illustrated in Figure 3. 580 

 581 

Figure 3: Scheme of the IRETI equipment used for immersion aging tests. 582 

Test specimens are prepared from extruded pipes or from compression molded sheets according to 583 

EN ISO 6259-3. The exposure time varies between 30 and 90 days. The aging effects are evaluated 584 

through tensile tests, which are carried out according to ISO 527 with a test speed of 10 mm/min 585 

(Terwyen et al., 2016). Terwyen et al., (2016) reported two aging tests that were carried out on three 586 

commercial pipes (two PE100 and one PE80) and two experimental. One test was performed at 2 587 

mg/L of ClO2 for 60 days, the other one was performed at 1 mg/L of ClO2 for 90 days at 40°C. In the 588 

first test, the commercial pipes recorded a reduction in the elongation at break from 600% to 50-100% 589 

after 60 days of exposure, while the experimental ones had an elongation at failure around 300-350% 590 

at the end of the trial. The second test was performed at lower chlorine dioxide concentration and 591 
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resulted for the experimental pipes in unchanged elongation at break throughout the whole aging test 592 

(around 600%). After 60 days of aging, the elongation at failure for commercial pipes reduced from 593 

600% to 250-350%, while after 90 days of exposure it dropped around 50%-150%. 594 

In an aging test developed by LyondellBasell, the tensile test samples are placed inside an autoclave 595 

with a solution that has a ClO2 concentration of 20 mg/l, temperature of 60°C and pH value of 6.5. 596 

No stress is applied to the test specimens and the solution is refreshed with a circulating velocity of 597 

1 m/s. The aging apparatus is similar to the equipment shown in Figure 3. The maximum exposure 598 

time is about 500 hours. Viscosity number, melt flow index, degree of oxidation with Fourier-599 

transform infrared spectroscopy (FTIR) and residual levels of antioxidants with differential scanning 600 

calorimeter (DSC) of the samples are determined for the aging evaluation (Vogt et al., 2010). Vogt 601 

et al., (2010) reported that the values of OIT at 210°C of PE specimens are influenced by the presence 602 

of different antioxidants in the polymer. In one case, the OIT of a PE specimens dropped below 10 603 

min after 100 hours of exposure to 20 mg/L of ClO2 and a temperature of 60°C. On the other side, 604 

testing PE specimens with a different stabilizer resulted in an OIT around 30 min after 100 hours of 605 

exposure under the same experimental conditions. In this case the OIT dropped below 10 min after 606 

500 hours of aging. Subsequently to the immersion aging, the pipes were tested through pipe pressure 607 

test according to the ASTM F2023 for the determination of time-to-failure. The ASTM F2023 may 608 

be labelled as pressurized pipe loop aging test, it is specific for PEX pipes and it is similar to the 609 

ASTM F2263 (Van Der Stok et al., 2018). This test is specific for PE pipes and will be described in 610 

the following paragraph. As results of the immersion test, a shorter failure time of the pipes was 611 

demonstrated to be linked to a faster consumption of the antioxidants in the polymer. 612 

Polymer Competence Center Leoben (PCCL) in cooperation with Mechatronik Moharitsch developed 613 

an exposure device of 50 L where the unstressed blocks of PE pipes are placed for 900 hours. The 614 

maximum ClO2 concentration is 10 mg/L, the test temperature is about 60°C with a pH of 6.8 resulting 615 

in an ORP of 650 mV. The recirculation flow rate is about 500 L/h, the device is analogues to the 616 
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device in Figure  3.  After the exposure time, compression molded sheets and dog-bone shaped 617 

specimens are punched out from the PE pipes, according to the ISO 18488. Thereby the samples are 618 

subject to tensile test (load speed of 50 mm/min), scanning electron microscopy (SEM), FTIR for 619 

carbonyl index (CI) calculation and DSC for oxidation onset temperature (OOT) determination 620 

(Bredács et al., 2016). Bredács et al., (2016) tested two commercial pipes with standard antioxidants. 621 

The elongation at break of the first commercial pipe was reduced from 500% to 310%, 220% and 622 

50% respectively for 1 week, 2 weeks and 3 weeks of aging. While in the case of the second pipe, the 623 

elongation dropped from 600% to about 50% only after 340 hours of exposure. Through the SEM 624 

analyses, a surface roughness was observed after only 1 week of exposure, whereas surface micro 625 

cracks appeared after 3 weeks of aging. Both samples showed an increase in the CI from zero to about 626 

25-30 after 900 hours of aging, showing an inverse proportional relationship with the elongation at 627 

break. Moreover, after 900 hours of aging the OOT decreased from 270 °C to 240°C indicating the 628 

consumption of the antioxidant in the polymer. 629 

KTH Royal Institute of Technology reported their accelerated aging test, in which the unstressed 630 

film/tape specimens (0.3 mm thick) made with the polyethylene containing additives are exposed to 631 

a continuous supply of chlorine dioxide solution at 10 mg/L, pH of 6.8 and temperature of 70°C. The 632 

KTH test method is carried out at the laboratory scale with a compact set-up.  Subsequently, oxygen 633 

induction time (OIT) at different exposure times is measured to evaluate the chemical resistance of 634 

antioxidants (Costa et al., 2016). Costa et al., (2016) tested PE specimens and their antioxidants by 635 

the KTH method in order to quickly assess their resistance to the chlorine dioxide exposure. For 636 

instance, the OITs at 210°C of three PE80 and one PE100 specimens with different stabilizer were 637 

compared. In one PE80, the OIT decreases from 30 min to almost zero after only 16 hours of aging, 638 

while the other samples reached OIT values of zero after 80-120 hours of exposure. Subsequently to 639 

the KTH test, the SUEZ aging method, which will be described in the following section, was carried 640 

out in order to deeply understand the performance of the same PE pipes in terms of failure time. The 641 
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limitation of the OIT test is that it may not show the real performance of the oxidants against the 642 

chlorine dioxide if the stabilizer package contains any component without a phenolic group. For 643 

instance, Costa et al., (2016) described one PE80 pipe containing a non-phenolic group in the 644 

stabilizer package with a lower OIT than one PE80 with phenolic groups. However, in the SUEZ test 645 

a higher lifetime was recorded for the first PE 80 pipe. 646 

Table 4 reports a summary of the immersion aging methods found in literature with indication of the 647 

main operating parameters, main findings and the parameters used for studying the aging of 648 

polyethylene pipes due to ClO2 exposure. Although operating conditions are different between the 649 

proposed tests, different techniques can be used to characterize the material, and stabilizer packages 650 

of the PE pipes is usually not specified leading to a lot of variability in the obtained results, it is still 651 

possible to compare some of the described aging tests. Water temperature greater than or equal to 652 

70°C contribute to the sudden OIT depletion in few hours. Comparing NOL ring test and IRETI test, 653 

which are carried out applying the same concentration of ClO2 and water temperature, the effect of 654 

the pressure on the mechanical properties of the PE material may be noticed. The initial elongation 655 

at break of the PE specimen in the NOL ring test is about 1400% and it is reduced to 100% after 41 656 

days of testing. While in the case of IRETI method, the elongation at break of the initial specimen is 657 

about 600% and drops to 100% after 60 days of aging. 658 
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Table 4. Summary of immersion aging tests 659 

 Experimental conditions  Experimental results  

Test ClO2 

(mg/L) 

P 

(bar) 

T 

(°C) 

Exposure 

time (h)  

Parameters Measured    FTIR 

results 

Time-to-zero 

OIT of the 

surface 

Elongation 

at break (%) 

SEM results Other 

results 

Ref. 

NOL 

ring test 

2 8.7 40 250h/ 

500h/ 

1000h 

Elongation at break 

after the hoop 

pressure applied on 

the pipe 

 - - From 

1400% to 

100% for 

PE100 after 

41 days 

- - (Terwyen 

et al., 

2016) 

IRETI 

test 

1-5 - 40 720h - 

2160h 

Elongation at break 

to assess the 

mechanical properties 

of the PE pipes. 

 - - From 600% 

to 100% 

after 60 days 

with 2 ppm 

of ClO2 

- - (Terwyen 

et al., 

2016) 

Lyondel

Basell 

test 

20 - 60 500h Viscosity, melt flow 

index, degree of 

oxidation by FTIR 

and OIT.  

 - 250 hours - - Results not 

discussed 

(Vogt et 

al., 2010) 

PCCL 

test 

1-10 - 60 900h Elongation at break, 

CI, OOT and SEM 

images to compare 

the mechanical-

chemical 

performance. 

Aging performed 

with 1 ppm of ClO2 

 CI is 

around 

25-30 

after 

38 

days 

- From 600% 

to 20% after 

14-20 days 

Larger surface 

micro cracks 

appear after 2 

weeks while 

wider cracks are 

visible after 3 

weeks of aging. 

OOT is 

around 

240°C after 

38 days 

(Bredács 

et al., 

2016) 

KTH 

test 

10 - 70 up to 120 

h 

OIT at different 

exposure times for 

comparing the 

opposition of 

stabilizer packages to 

the depletion.  

 - 16-38 hours - - - (Costa et 

al., 2016) 

 660 
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4.3 Pressurized pipe loop 661 

Pressurized pipe loop tests are the accelerated aging methods which are more suitable to simulate real 662 

conditions in service. Figure 4 shows the schematic representation of a pressurized pipe loop, which 663 

includes a loop of PE pipes where a chlorine dioxide solution is continuously recirculated at fixed 664 

concentration, temperature, and pH for a certain exposure time. The PE pipes are subject to an internal 665 

pressure/hoop stress, and they are studied by means of the previous described characterization tests 666 

afterwards the aging, and/or by obtaining the time-to-failure parameters. Probes and heaters are 667 

generally used to maintain constant ClO2 concentration, temperature, and pH. 668 

 669 

Figure 4: Schematic illustration of a pressurized pipe loop used for aging tests 670 

As for immersion aging tests, pressurized pipe loop tests were proposed by different research 671 

institutes, organizations, and researchers. Although the apparatus used are analogous to the one in 672 

Figure 4, test conditions vary considerable, and here below different pressurized pipe loop tests are 673 

detailed. 674 

American Society for Testing and Materials (ASTM) International proposes the ASTM F2263 675 

method, in which polyethylene pipes undergo pressure testing with water containing chlorine dioxide 676 

until failure. The goal of the test is the determination of the lifetime of PE pipes which are subject to 677 

chemical-mechanical aging. ASTM F2263 was initially developed to test pipes under pressure with 678 

disinfectant. Subsequently, it was revised for application with chlorine in order to evaluate pipes 679 

failure in Stage III (Van Der Stok et al., 2018). Afterwards, it was affirmed that they are also valid 680 
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for ClO2 and chloramine aging tests. ASTM F2263 involves a minimum of twelve trials: the PE pipes 681 

are exposed to the same concentration of chlorine dioxide with three different temperatures until 682 

failure: For each trial at different temperature, two distinct hoop stresses are applied. The chlorine 683 

dioxide solution should have a concentration between 2.5 mg/l and 5 mg/l, and a pH between 6.5 and 684 

8 in such that the ORP is greater than 825 mV. The trial temperatures are usually 90°C, 80°C and 685 

70°C, while the hoop stress varies between 2.48 MPa and 3.31 MPa. Considering a PE tube with a 686 

standard dimensional ratio 9 (SDR9), the internal pressure ranges from 6.2 bar to 8.3 bar. Slightly 687 

lower pressures are recommended to develop a failure mode in Stage III (ASTM International, 2015). 688 

The suggested nominal size for test piping is between 1/2 inch and 4 inches, and the pipe length 689 

should be ranging from 300 mm to 460 mm. The flow velocity must be sufficient to maintain an ORP 690 

greater than 825 mV. Previous tests with a PE SDR9 tube have used a minimum velocity around 0.04 691 

m/s. Hence, the time to failure of the pipes at different trial temperatures and hoop stresses was 692 

determined. The pipe lifetime is calculated through a linear regression multi-parametric analysis 693 

according to PPI-TN-196 method or ISO 9080. The time-to-failure prediction according to the 694 

multiple linear regression of the ISO 9080 may be defined as: 695 

𝐿𝑜𝑔(𝑡) =   𝐶1 + 𝐶2 ∗  
1

𝑇
+  𝐶3 ∗ 𝐿𝑜𝑔(𝜎) + 𝐶4 ∗

𝐿𝑜𝑔(𝜎)

𝑇
+ 𝑒      (12) 696 

Where C1 to C4 are parameters used in the model, t is the time failure, T is the temperature, σ is the 697 

hoop stress and e is the error variable from Laplace-Gaussian distribution. It has been reported time-698 

to-failure of 44-57 days for PE pipes with a trial temperature of 90°C and about 4 bars of internal 699 

pressure (ASTM International, 2015). Hassinen et al., (Hassinen and Svedberg, 2010) pointed out that 700 

extreme conditions of the ASTM F2263 with high stress and high temperatures may result in Stage 701 

II rather than Stage III failure. Moreover, a small change in the extrapolation data will have big impact 702 

on the predictions due to the flat behaviour of the regression lines, resulting in performance 703 

estimations which may be overly pessimistic or optimistic (Hassinen and Svedberg, 2010).  704 
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SUEZ research centre has developed a pressure testing with a chlorine dioxide solution until PE pipe 705 

failure. Different test parameters are changed compared to the ASTM F2263. The trail temperature 706 

is about 40°C with a ClO2 concentration of 1 mg/l and internal pressure of 6 bars for PE pipes. The 707 

loop has a flow rate of 0.2 m3/h. Considering a nominal size of 25 mm as reported in literature, the 708 

velocity in the pipes is about 0.14 m/s (Boerakker et al., 2018). Although the SUEZ method is 709 

qualified to compare different PE pipes resin and provide the pipe lifetime, reported time-to-failure 710 

in literature for a PE pipe DN 25 (thickness of 3 mm) is about 18 months (Costa et al., 2016). Costa 711 

et al., (2016) discussed that although the SUEZ test method is reliable in evaluating the material 712 

performance, it may not be used as accelerated test method for fast qualification of new PE pipes. 713 

Comparing the ASTM F2263 and the SUEZ test method it can be observed that the ASTM F2263 714 

reaches the pipe failure in 1-2 months though the extreme trial conditions may not reflect a pipe 715 

failure in Stage III. On the other side, the SUEZ test is considered to be more representative of real 716 

conditions and reliable to monitor mechanical and chemical aging, but the elevated time to reach the 717 

pipe failure (more than 2 months) may hindered its application.  718 

Yu et al., (2011) proposed a pressure testing of 66 days to investigate the chemical-mechanical aging 719 

of PE pipes due to chlorine dioxide exposure. The test conditions are water temperature of 90°C, 720 

chlorine dioxide concentration of 4 mg/L with a pH equal to 6.8. Since the hoop stress is 1.65 MPa 721 

and the PE pipes have a nominal size of 12 mm and thickness of 2.2 mm, the internal pressure is 722 

around 7 bar. The velocity of the fluid in the loop is about 7 m/s. Such test conditions do not allow to 723 

reach pipe failure within the exposure time. The effects of ClO2 on the PE pipes are assessed through 724 

the determination of OIT at 210°C, mass crystallinity, melting peak temperature, molar mass 725 

distribution as well as SEM and FTIR analysis of the samples. Yu et al., (Yu et al., 2011) reported 726 

OIT profiles along the thickness of the PE pipe showing a rapid consumption of the antioxidant near 727 

the inner wall. After 2 hours of aging, the OIT on the inner surface reaches zero, while the OIT value 728 

for the outer surface goes to 10 minutes after 121 hours. The mass crystallinity profiles through the 729 
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wall showed small variations between the pipes aged for different periods of time at the same depth, 730 

whereas in the inner wall the crystallinity fraction increases from 50% to 55% after 130 hours of 731 

aging. The SEM image showed a region with a crack formed during the aging test, on each side there 732 

are zones with small cracks, which may be highly degraded polymer. Therefore, Yu et al., (2011)(Yu 733 

et al., 2011) proposes that the crack growth mechanism may be defined as a degradation-assisted 734 

crack growth, where the major crack grows until a fresh zone then the chlorine dioxide attacks the 735 

material adjacent to the crack wall leading to the propagation of the major crack. 736 

Vertova et al., (2019) used a test loop where the pipes are placed in parallel inside a thermostat 737 

chamber at 70°C for the investigation of the aging of metal and plastic water pipes due to ClO2. The 738 

recirculated water has a temperature of 70°C, a pressure of 5 bar with a velocity of 0.5 m/s, pH equal 739 

to 7 and chlorine dioxide concentration of 1 mg/L. A purge of the test fluid is advised to prevent the 740 

accumulation of disinfection by-products. The exposure time is about 8 weeks, after which the pipes 741 

are characterized through electrochemical impedance spectroscopy (EIS), FTIR, SEM with EDS and 742 

DSC for determining the change in the crystallinity of the materials. The SEM images reported show 743 

several cracks in the inner wall of PE pipe after 8 weeks of aging, in addition traces of chlorine are 744 

present on the surface, probably from the chlorine dioxide. After 4 and 8 weeks of aging, the FTIR 745 

shows an increase in intensity in the 1750-1735 cm-1 region indicating the formation of carboxylic 746 

and carbonyl compounds. In addition, adsorption band between 1550-1620-1640-3200-3500 747 

appeared. The degradation of the polymer occurred only on the surface of pipes, while at 0.3 mm of 748 

depth within the wall only the depletion of the antioxidant occurred with the disappearance of the 749 

week absorption around 1745 cm-1. Finally, the DSC showed that as the aging time increased, the 750 

crystalline fraction of the polymer raised from 46.5 to 55.4% at the end of the test. After 4 week or  8 751 

weeks of aging, the crystalline percentage at 0.3 mm of depth within the wall was higher than the 752 

surface values.  753 



35 
 

Kim et al., (2018) have studied the effect of chlorine dioxide on different PE resin through a pressure 754 

test at 5 bar, with water containing 1 mg/L of chlorine dioxide. The aging tests are carried out in cold 755 

and hot water, and further details about the trial temperature are not reported. The PE pipes have a 756 

nominal size of 16 mm with a thickness of 2 mm. The exposure time varied from a few hours to 1000 757 

hours for evaluating the accelerated aging effect during the time. The PE pipes were mainly 758 

characterized through DSC for OIT calculation, providing information about the antioxidant 759 

consumption during the time exposure. One PE pipe containing a base stabilization (BS), one 760 

containing the BS plus experimental antioxidant, and another one with BS and a noted formulation 761 

XP 2090 were tested by Kim et al., (2018). On one hand, the OIT of the standard stabilizer dropped 762 

dramatically and reached zero after 1000h of aging at lower temperature and after 500h at higher 763 

temperature. On the other hand, a slower decrease in OIT was obtained for the XP 2090 and the 764 

experimental one. At lower temperature and after 1000 hours of aging, the relative OITs of the XP 765 

2090 and the experimental one were around the 60% of the OIT value for unaged samples. 766 

Castagnetti et al. (2011) have investigated the aging of 100 m pipe coil in polyethylene due to chlorine 767 

dioxide effects. Freshwater with a ClO2 concentration of 5 mg/l, temperature of 40 °C, pressure of 768 

2.5 bars and a velocity of 1.8 m/s is recirculated inside the pipe coil for 1 year. At regular intervals 769 

time, 30 cm of sample is cut from the pipe coil for the chemical-mechanical characterization, which 770 

involves OIT tests at 210°C on the inner wall and on the mid-layer, and tensile tests with a speed of 771 

50mm/min. As a further mechanical characterization, pressure tests on 1 meter of pipe were carried 772 

out according to the UNI EN 921. The pipes were tested for 165, 1000 and 2000 hours at a 773 

circumferential stress of 5 MPa and at constant temperature of 80°C. Furthermore, samples exposed 774 

to neutral water at the same test conditions and samples exposed to ambient air were characterized in 775 

order to provide reference characteristics of naturally aged pipes. In the case of exposure to chlorine 776 

dioxide, the pipes have shown an abrupt decrease of the OIT at the inner of the wall from the second 777 

week of test. The OIT values at inner surface became stable at around 90% less than its initial value 778 
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(almost equal to zero minutes) after two months of aging. The decrease in the OIT on the mid-layer 779 

of the pipe wall was quite low, from 50 mins to 30 mins after 365 days of aging. All the pipe samples 780 

survived the pressure tests at a constant temperature for up to 2000 h, indicating that a high degree of 781 

antioxidant consumption does not necessarily imply a decrease in the mechanical performance 782 

(Castagnetti et al., 2011). 783 

Aliaxis corporate R&D centre has developed a method to assess, in accelerated mode, the resistance 784 

of PE pipe to chlorine dioxide. The test involves a trial loop with PE pipes DN 32 where a ClO2 785 

solution with a concentration of 70 mg/l, temperature of 40°C, 1 bar of pressure, is recirculated inside 786 

up to 4000 hours. After the exposure time, the polyethylene is characterized by FTIR and DSC for 787 

OIT determination (Carmier et al., 2012). Carmier et al., (2012) tested and compared PE100 pipes 788 

with a protective inner layer in PVDF and plain PE pipes by means of the Aliaxis aging method. In 789 

the case of the plain PE, the FTIR showed some oxidation peak at 1720 cm-1 while in the PE100 790 

protected by the PVDF there was absence of oxidation peaks. Moreover, the plain PE showed a very 791 

fast reduction of OIT, which reached zero in 254 hours of aging. On the  contrary, the PE100 protected 792 

by the PVDF remained well above the usual required minimum OIT of 20 mins at 200°C. Finally, 793 

the peel strength of the PVDF layers from the PE structural layer was determined, where the peeled 794 

10 mm strip was pulled at 50 mm/min. Only after 1500 hours of aging the peel strength dropped 795 

below the recommended minimum value of 15 N/cm. 796 

Table 5 reports a summary of the pressurized pipe loop methods found in literature with indication 797 

of the main operating parameters, main findings and the parameters measured for studying the 798 

chemical-mechanical aging of polyethylene pipes due to the ClO2 exposure. 799 

As in the case of immersion aging tests, pressurized pipe loop tests present a lot of variability in terms 800 

of operating conditions and characterization results. Both ASTM F2263 and SUEZ method involves 801 

the aging of the PE until the pipe failure without application of any characterization method. The 802 

ASTM F2263 may reach the failure in a short time (two months), thanks to the high chlorine dioxide 803 
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concentration and water pressure. The SUEZ method, which involves the application of middle aging 804 

parameters, may need more than one year to achieve the failure of the PE pipes. The aging time 805 

needed to reach OIT equal to zero for the inner surface of the pipe, and to affect the  percentage of 806 

crystallinity of the tested material are dependent on the utilized water temperature and chlorine 807 

dioxide concentration. As in the case of immersion aging tests, extreme temperature conditions (T ≥ 808 

70°C) may lead to the OIT depletion of the inner surface and in abrupt increasing of the crystallinity 809 

in few hours. The formation of cracks generally occurs after 40-60 days of aging, and no clear 810 

correlations with other operating parameters may be noticed. 811 
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Table 5. Summary of pressurized pipe loop tests 812 

  Experimental conditions Experimental results  

Test ClO2 

(mg/l) 

P 

(bar) 

T 

(°C) 

V 

(m/s) 

Trial 

time 

(d) 

Parameters 

Measured   

Time-

to-

failure 

(d) 

Crystallinity 

of the inner 

surface (%) 

FTIR results Time-to-zero 

OIT for the 

inner surface 

Elongation 

at break 

(%) 

SEM results Ref. 

ASTM 

F2263 

2.5-5 6-8 70-

90 

Min. 

0.04 

40-60 Time-to-

failure to 

evaluate the 

pipe lifetime 

44-57 - - - - - (ASTM 

International, 

2015), 

(Hassinen and 

Svedberg, 

2010) 

SUEZ 

method 

1 6 40 0.1 270 – 

540 

Time-to-

failure 

270 – 

540 

- - - - - (Costa et al., 

2016) 

Yu et al., 

2011 

4 7 90 7 66 Spectra 

FTIR, OIT, 

Degree of 

crystallinity, 

SEM  

-  from 50% to 

55% after 5 

days 

- 2 hours - Formation of 

cracks and on 

each side, 

there are 

zones with 

small cracks 

(Yu et al., 

2011) 

Vertova et 

al., 2019 

1 5 70 0.5 56 Spectra 

FTIR, 

Crystallinity 

Degree, SEM 

plus EDS 

-  from 46% to 

55% after 60 

days 

Increase in 

intensity in the 

1750-1735 cm-

1 region after 

30 days  

- - Cracks in the 

inner surface 

after 56 days 

(Vertova et 

al., 2019) 

Kim et al., 

2018 

1 5 - - 42 OIT, 

qualitative 

analysis with 

SEM 

- - - 37 days - The pipe 

with BS has 

many surface 

cracks, while 

XP2090 pipe 

shows a clear 

surface after 

aging 

(Kim et al., 

2018) 

Castagnetti 

et al., 2011 

5 2.5 40 1.8 365 OIT, 

elongation at 

break and 

pressure tests 

- - - 60 days from 700% 

to 300% 

after 30 

days 

- (Castagnetti et 

al., 2011) 

Aliaxis 

method 

70 1 40 - 167 OIT, Spectra 

FTIR  

- - Oxidation peak 

of the plain PE 

at 1720 cm-1 

after 166 days. 

10 days - - (Carmier et 

al., 2012) 

 813 
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5. Comparison of the accelerated aging tests and methods 814 

As mentioned above, the aging of the PE pipes in water distribution system due to chlorine dioxide 815 

exposure is a chemical-mechanical process. On one side, the concentration of ClO2 and its by-816 

products affects the depletion of the antioxidant as well as the degradation of the polymer. On the 817 

other side, the applied pressure (hoop stress) on the PE pipe determines the crack propagation time. 818 

Other operating parameters such as temperature, pipe thickness, water pH and contact time contribute 819 

to accelerating the chemical-mechanical aging of PE pipes. Accelerated aging tests should aim to 820 

accurately replicate the normal aging of PE pipes to preserve the degradation mechanisms occurring 821 

in water distribution networks. The main sources of error found in accelerated aging tests a are due 822 

to the either exaggeration or lack of those operational parameters mostly contributing to the PE pipes 823 

aging under real condition service, such as ClO2 concentration, water pressure and temperature. There 824 

are not experimental studies reported in the literature that quantify the errors of the acceleration 825 

experiment from the normal aging of PE pipes in service. However, a qualitative assessment of these 826 

errors is discussed below in this work. Typical chlorine dioxide concentration in pressurized pipe 827 

loops varies between 1 and 5 mg/L, with a maximum pressure of 5-8 bars and trial temperature 828 

ranging from 40°C to 90°C. The applied pressure in the pipe is well-known as one of the main factors 829 

contributing to the crack propagation, after the formation due to the chemical oxidation of the surface, 830 

until the pipe failure (Jana Laboratories Inc., 2010b). Aging tests without applied stresses, as in the 831 

case of many immersions aging trials, may be not considered representative of the chemical-832 

mechanical aging. The range of applied temperature in loop tests is quite wide affecting the exposure 833 

time and the linked effects on the PE pipes. Van Der Stok et al. (2018) pointed out the trial 834 

temperature should remain within certain limits, which are comparable to the practice in water 835 

distribution systems. The physical antioxidant loss is affected by the temperature and should not be 836 

confused with the antioxidation depletion due to chlorine dioxide exposure. Moreover, an elevated 837 

applied temperature likely induces a pipe failure in Stage II, rather than in Stage III (Van Der Stok et 838 

al., 2018). The maximum advised temperature for commercial PE pipes is generally around 60°C 839 
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(DIN 8074, 2011). Although there are no findings about the relation between velocity and aging, 840 

moderate loop velocities are found in the literature (0.04-0.5 m/s), likely resulting in longer contact 841 

time between chlorine dioxide, chlorite, chlorate, and PE pipes. ASTM F2263 and SUEZ methods 842 

imply the aging of the PE pipes until failure with the aim to estimate the lifetime of the pipes. These 843 

tests do not provide information about the degradation mechanisms which lead to the aging of the PE 844 

pipes (Van Der Stok et al., 2018). Hence, both mechanical and chemical characterization are needed 845 

to evaluate the PE pipe aging and verify that the simulated degradation mechanisms are the same of 846 

those occurring in real service conditions (Costa et al., 2016). As mentioned before, subsequently to 847 

the aging test, the most-used parameters for PE characterization are the carbonyl index, oxygen 848 

induction time, degree of crystallinity, qualitative analysis of the surface with SEM and elongation at 849 

break. From the analysis of the literature, no evidence of aging tests with extreme test conditions 850 

leading to pipe failure in short time (e.g.; ASTM F2263) may replicate the chemical-mechanical aging 851 

that occurs in real service conditions (Stage III). On one side, elevated temperature and pressure may 852 

result in a mechanical-brittle failure of the pipe in PE (Stage II). On the other side, aging tests with 853 

too high concentrations of chlorine dioxide, compared to those in real service conditions, may alter 854 

the degradation mechanisms neglecting the synergy between the chemical and the mechanical aging. 855 

In contrast, more realistic test conditions replicate better the chemical-mechanical aging, which 856 

occurs in the water distribution system (Van Der Stok et al., 2018). Although the pipe failure does 857 

not occur during the trial time of these tests, the depletion of the antioxidant on the pipe surface, 858 

increases of the crystallinity degree and the carbonyl index are detected by PE characterization 859 

methods (Bredács et al., 2016; Vertova et al., 2019; Yu et al., 2011). These results and findings may 860 

allow the comparison between PE pipes with different resins and additives, and the determination of 861 

degradation kinetics. In addition, the described aging methods did not assess the consumption of 862 

chlorine dioxide and the formation of its by-products, which occurs during the tests. The comparison 863 

of the bulk and wall kinetics of chlorine dioxide and its by-products during aging tests with the 864 

kinetics obtained in full-scale drinking water distribution systems may be useful to compare the 865 
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accelerated and the normal aging of PE pipes in service. Therefore, the determination of ClO2, ClO2
- 866 

and ClO3
- kinetics for accelerated aging tests is recommended to critically assess and evaluate the 867 

characterization results of the PE pipes and the exposure time to the chlorine dioxide.  868 
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6. Conclusions 869 

In this review paper, aging mechanisms of PE pipes exposed to chlorine dioxide are introduced and 870 

discussed. The macroscopic degradation mechanism between PE pipes and ClO2 is the same of that 871 

occurring with other disinfectants. It generally involves: (i) depletion of antioxidants at pipe surface 872 

in contact with chlorine dioxide, (ii) degradation of the polymer with then micro-cracks initiation and 873 

(ii) cracks propagation until pipe failure. The aging mechanism occurring in service is a chemical-874 

mechanical process that leads to pipe failure in Stage III. High reactivity between ClO2 and 875 

antioxidants of polyethylene (i.e.; phenols) is generally reported. However, it is not clear if the 876 

chlorine dioxide may directly initiate radical chain reactions after antioxidant depletion or it reacts 877 

with hindered phenols in the polymer to produce radicals, which may lead to chain reactions. Further 878 

investigation is needed to understand the roles of antioxidants in the degradation of the PE pipes. 879 

Operating parameters influencing chemical-mechanical aging in real drinking water distribution 880 

systems were discussed. The main factors affecting the degradation mechanisms of PE pipes are the 881 

chlorine dioxide concentrations, water pressure and water temperature. However, other 882 

environmental factors, such as pipe size, pipe installation and water pH may aid the premature failure 883 

of pipes. Subsequently, accelerated aging methods and characterization tests of PE pipes after 884 

exposure to chlorine dioxide are described and critically discussed. Several aging tests are proposed 885 

by standards and developed by research centres. They may be subdivided into immersion aging and 886 

pressurized pipe loop. The main scope of these tests is the assessment of performances of PE pipes 887 

in contact with chlorine dioxide, in a short time, while preserving the degradation mechanisms 888 

occurring in service. The application of unreasonable ClO2 concentration, water pressure and 889 

temperature in accelerated aging tests is found to be the main cause of errors in the replication of the 890 

normal aging of PE pipes. Further research is needed for the quantification of these aging replication 891 

errors, which is currently missing in the literature, and may certainly lead to the improvement of the 892 

PE pipes lifetime prediction. In addition, no accelerated aging methods reported the concentrations 893 

of ClO2 by-products, such as ClO2
- and ClO3

-, and their possible oxidation effects on PE degradation. 894 
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Although chlorite and chlorate have lower oxidation strength than chlorine dioxide, their 895 

concentrations should be monitored and annotated in accelerated aging reports to strengthen 896 

transparency and comparability of methods. Pressurized pipe loop methods are the most reliable tests 897 

to simulate real aging conditions in water distribution systems. Within this category, aging tests with 898 

extreme operating conditions, compared to realistic ones, (i.e. high ClO2 concentration, high pressure, 899 

high temperature) may lead to pipe failure in Stage II rather than Stage III. Therefore, semi-realistic 900 

operating parameters are recommended to simulate the realistic degradation of PE pipes. Chlorine 901 

dioxide concentration ranging between 1-5 mg/l, water pressure from 4-7 bars and water temperature 902 

below 60°C are proposed as operating conditions. Although these aging methods do not reach the 903 

pipe failure in a short time (less than one month), the chemical-mechanical characterization of aged 904 

PE pipes provides a real insight into the degradation mechanisms and allows performances 905 

comparison. None of semi-realistic aging methods attempted to predict the lifetime of PE pipes under 906 

real operating conditions considering the results of material characterization after ClO2 exposure. 907 

This fact limits their possible application for commercial purposes.  It is recommended to validate the 908 

characterization results of PE pipes after accelerated aging experiments by comparing them with 909 

results of the characterization of PE pipes operated under real condition service. Future research 910 

should explore the existence of possible correlations between chemical-mechanical parameters of PE 911 

pipes and their real lifetime in water distribution systems. 912 
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Abstract 26 

Polyethylene (PE) pipes have been widely used in drinking water distribution systems across the 27 

world. In many cases, chlorine dioxide (ClO2) is used to maintain a residual disinfectant concentration 28 

in potable water. Practical experiences have shown that the lifetime of PE pipes is significantly 29 

reduced due to exposure to drinking water with ClO2. Recently, many companies have proposed new 30 

PE pipes with a modified formulation, which are more resistant to chlorine dioxide. However, a 31 

standardized test method for evaluating the long-term performances of PE pipes is still missing. This 32 

literature review was performed to provide a description of chlorine dioxide uses and degradation 33 

mechanisms of polyethylene pipes in real water distribution systems. Current accelerated aging 34 

methods to evaluate long-term performances of PE pipes exposed to ClO2 are described and discussed 35 

along with the common technics used to characterize the specimens. Accelerate aging methods can 36 

be distinguished in immersion aging tests and pressurized pipe loop tests. Wide ranges of operational 37 

conditions (chlorine dioxide concentration, water pressure, water temperature, etc.) are applied, 38 

resulting in a great variety of results. It was concluded that pressurized looping tests applying semi-39 

realistic operational conditions could better replicate the aging mechanisms occurring in service. 40 

Despite this, the acceleration and the evaluation of the long-term performance are still difficult to 41 

determine precisely. Further experimentation is needed to correlate chemical-mechanical 42 

characterization parameters of PE pipes with their lifetime in service. 43 

 44 

Keywords: Polyethylene, Aging, Chlorine Dioxide, Disinfection, Drinking Water Distribution 45 

system 46 

 47 

Nomenclature: 48 

PE: polyethylene 49 
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PEX: cross-linked polyethylene 50 

HAAs: haloacetic acids 51 

THMs: trihalomethanes 52 

DOC: dissolved organic carbon 53 

T: temperature 54 

WPS: Water Safety Plan 55 

MP: Microplastic 56 

HDB: hydrostatic design basis 57 

PDB: pressure design basis 58 

LHTS: long-term hydrostatic strength 59 

LTHSp: long-term hydrostatic pressure-strength 60 

SCG: Slow Crack Growth 61 

ASTM: American Society for Testing and Materials 62 

ORP: oxidative reduction potential 63 

tf: time-to-failure 64 

tsd: time for antioxidant depletion 65 

ti: time needed for polymer oxidation until crack initiation  66 

tp: time for crack propagation until the pipe failure 67 

USEPA: united states environmental protection agency 68 

CI: carbonyl index  69 
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FTIR: fourier transform infrared 70 

OIT: oxygen induction time 71 

OOT: oxidation onset temperature 72 

DSC: differential scanning calorimetry   73 

SEM: scanning electron microscopy 74 

IR: infrared radiation 75 

ATR: attenuated total reflectance 76 

EDS: energy dispersive x-ray spectroscopy 77 

XPS: X-ray photoelectron spectroscopy 78 

EIS: electrochemical impedance spectroscopy 79 

UNI: Italian institute for standardization 80 

DIN: German institute for standardization 81 

ISO: international organization for standardization 82 

EN: European norm 83 

PCCL: Polymer Competence Center Leoben 84 

LNE: laboratoire national de métrologie et d'essais 85 

KTH: Sweden royal institute of technology 86 

PPI: plastic pipe institute 87 

TN: technical notes 88 

SDR: standard dimension ratio 89 
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DN: diameter nominal 90 

BS: base stabilization 91 

PVDF: polyvinylidene fluoride 92 

1. Introduction 93 

In the last decade, the use of chlorine dioxide for secondary disinfection to maintain a residual in the 94 

water distribution systems has been widespread in North America and in Europe (Jana Laboratories 95 

Inc., 2010a). ClO2 is preferred to other disinfectants, such as free chlorine (from sodium hypochlorite, 96 

calcium hypochlorite or gaseous chlorine) and chloramine since it has a strong oxidation potential 97 

and is able to remove viruses and pathogens that are resistant to chlorination. Moreover, chlorine 98 

dioxide reacts with the organic matter without forming chlorinate organic compounds, such as 99 

haloacetic acids (HAAs) and trihalomethanes (THMs), which are usually generated by chlorination 100 

(USEPA, 2011). 101 

Although ClO2 residual can persist in distribution systems, the low boiling point (11°C) and the high 102 

reactivity lead to the rapid dissipation of its residual. Chlorine dioxide reacts with organic and 103 

inorganic substances forming chlorite (ClO2
-) and chlorate (ClO3

-) anions. Despite the chemical 104 

speciation of ClO2 depends on several factors, such as dosage, temperature, pH and water quality, 105 

chlorine dioxide is generally converted into ClO2
- and ClO3

- for 68% and 9%, respectively (Sorlini et 106 

al., 2016). Moreover, in the case ClO2 is used together with other disinfectants, such as ozone, the 107 

formation of chlorate can be even more relevant (USEPA, 2011). Chlorite and chlorate are oxidizing 108 

substances and potentially harmful to human health, and the World Health Organization has 109 

recommended for both ions a limit in water distribution systems of 0.7 mg/L (World Health 110 

Organization, 2011). In Europe, typical residual concentration of chlorine dioxide may range from 111 

less than 0.05 mg/L to around 0.25 – 0.30 mg/L. The desired residual concentration of chlorine 112 

dioxide in water distribution systems may depend on either the legislative limit for ClO2 or legislative 113 

limits for by-products (ClO2
- and ClO3

-). The maximum allowed concentration of ClO2 in tap water 114 
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is 0.8 mg/L in the USA, 0.25 mg/L in Belgium and 0.15 in Switzerland (Jana Laboratories Inc., 115 

2010a). In Italy, the recommended residual concentration of disinfectant in the water distribution 116 

systems is about 0.2 mg/L (Decreto Legislativo n.31/2001, 2001). Other countries do not have 117 

standard limits for chlorine dioxide concentration in water, but generally only for the by-products 118 

chlorite and/or chlorate. In December 2020, the European Parliament and Council approved the new 119 

Framework Directive “on the quality of water intended for human consumption” (The European 120 

Parliament and the Council of the European Union, 2020). In Annex I of the Directive, a concentration 121 

limit of 0.7 mg/l was set in drinking water for both chlorite and chlorate ions.  122 

ClO2 is usually employed in medium and large size drinking water treatment plants due to the high 123 

costs of production and management (Earth Tech (Canada) Inc., 2005). Chlorine dioxide is a gas that 124 

is highly soluble in water (70 g/L at 20°C and 1 atm). It cannot be stored or transported in a gaseous 125 

state due to the high risk of explosion, but it must be generated in site. The easier and safer method 126 

for the production of chlorine dioxide solution is through the reaction of sodium chlorite with 127 

hydrochloric acid (USEPA, 2011). 128 

Chlorine dioxide is more aggressive towards plastic pipes, including polyethylene (PE), than other 129 

chlorine-based disinfectants. It has been observed in water distribution systems that PE pipes may 130 

prematurely undergo failure when they are exposed to chlorine dioxide. The possible explanations 131 

could be that ClO2 is a dissolved gas, which diffuses more rapidly into the polymer in respect to other 132 

disinfectants accelerating the degradation reactions (Vertova et al., 2019). To low down the reaction 133 

of ClO2 with PE material, hindered phenols antioxidants are usually added to PE during pipe 134 

manufacturing. However, some studies have hypothesized that reaction of chlorine dioxide with 135 

antioxidants can lead to the production of reactive chlorine species, which may react even more 136 

rapidly than ClO2 with PE nullifying the desired delay of polymer degradation (Yu et al., 2011). 137 

Although PE pipes with new formulations of resins and additives, which are resistant to chlorine 138 

dioxide, have been produced by several companies, there is not a unique and standard method to test 139 
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and evaluate the performances of these materials. Particularly, several methods have been proposed 140 

by researchers to evaluate the aging of polyethylene pipes subjected to chlorine dioxide exposure. 141 

However, these methods involve very different test conditions, including temperature, pressure, ClO2 142 

concentration, etc. Hence, outputs and results are difficult to compare and all these methods present 143 

advantages and limitations for an accurate evaluation of the ClO2 effect on PE pipes degradation. 144 

Particularly, the main issue with these tests is reproducing the aging phenomena occurring in drinking 145 

network pipes in experimental trials that are relatively short in time (Van Der Stok et al., 2018). This 146 

literature review was carried out to critically describe, assess, and compare all the proposed 147 

accelerated aging methods that have been used to evaluate the performances of PE pipes exposed to 148 

ClO2. First, the chemistry of chlorine dioxide and the long-term aging mechanisms of polyethylene 149 

pipes in drinking water distribution systems are discussed. Then, all the existing aging methods and 150 

characterization techniques to evaluate the performance of PE pipes in contact with chlorine dioxide 151 

are critically discussed and compared.   152 

2. Chemistry of chlorine dioxide in water distribution networks 153 

2.1 Dispropation of chlorine dioxide in drinking water  154 

The aging studies of PE exposed to chlorine dioxide can be affected by the chemical transformations 155 

of this oxidant during the experimental tests, which also depend on the conditions used in the test and 156 

on the presence of other dissolved substances in water. Chlorine dioxide behaves as selective oxidant 157 

towards rich-electron moieties such as amines, anilines, phenols, and unsaturated hydrocarbons, and 158 

eliminates certain inorganic ions and microorganisms with elevated efficiency. When chlorine 159 

dioxide reacts with reductant substrates, it is mainly converted in chlorite anion as represented in 160 

reaction (1) (Xu et al., 2022, Lee et al., 2004). 161 

ClO2 + e− → ClO2
−          (1) 162 

The reaction rate constants of ClO2 with inorganic substances were reported by Hoignè and Bader 163 

(Hoignè and Bader, 1994). It exhibits fast reaction rate with iodide, cyanide, nitrite, sulphite, iron (II) 164 
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and manganese (II) ions, while it reacts slowly with ammonia or bromide anion. Therefore, reaction 165 

of ClO2 with Dissolved Organic Carbon (DOC) can generate transient free available chlorine (FAC) 166 

that can oxidize Br− to free bromine, which in turn can generate toxic brominate organic substances 167 

(Li et al, 2022). The complete reactivity of chlorine dioxide towards the substances dissolved in real 168 

water matrices is very complex and strongly depends on the kind of organic material, on the eventual 169 

pre-treatment of water with other oxidants such as chlorine, ozone, persulphate, and on the exposure 170 

to UV and visible light. An in-depth analysis of the chemistry of ClO2 in water disinfection and 171 

decontamination has been recently reviewed by Xu et. al (2022). 172 

Another concern to be considered is that ClO2 is not available as a pure gas, but rather as a mixture 173 

of ClO2 containing various contaminants (Gan et al., 2020). ClO2 can be produced by different 174 

methods, for example through oxidation of chlorites (Qi et al, 2020), reduction of chlorates (Monteiro 175 

et al., 2021) or using electrolytic technologies (Bergmann and Koparal, 2005). Generally, chlorine 176 

dioxide is easily produced in situ by reaction of ClO2
− and ClO3

− in the presence of acids or other 177 

oxidants such as chlorine, hypochlorite or hydrogen peroxide (Ayyildiz et al, 2009). Despite the new 178 

production technologies have considerably reduced the presence of contaminants in the generated 179 

gas, it is inevitable that the use of chlorine dioxide introduces little amounts of other chlorine-based 180 

oxidants in water, mainly chlorite, which can influence the rate and the pathways of the occurring 181 

oxidation reactions in the tested water matrix (Xu et. al, 2022).    182 

The main way of degradation of chlorine dioxide in water takes place by disproportionation giving 183 

chlorite (ClO2
−), chlorate (ClO3

−) and chloride (Cl−) anions with yields that depends on many factors 184 

including chlorine dioxide dosage, pH, temperature, and presence of reactive organic substrates (Lee 185 

et al., 2004). In alkaline solution, chlorine dioxide is disproportionated through a one-step process 186 

(2), while at low pH conditions and in the presence of a reductant substrate the conversion involves 187 

two steps in which the former is the reduction of chlorine dioxide to chlorous acid (HClO2) that 188 

spontaneously decompose into chlorine dioxide, chlorate, and chloride ions (reactions 3 and 4). The 189 
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global rection that gives chlorate and chloride from ClO2 is described by equation (5) (Lee et al., 190 

2004): 191 

2ClO2 + 2OH− → ClO2
− + ClO3

− + H2O       (2) 192 

ClO2 + H+ + e− → HClO2         (3) 193 

4HClO2 → 2ClO2 + ClO3
− + Cl− + 2H+ + H2O      (4) 194 

2ClO2 + 2H+ + 4e− → ClO3
− + Cl− + H2O       (5) 195 

The formation of chlorite and chlorate anions during the treatment of water with chlorine dioxide is 196 

a crucial concern because both chlorite and chlorate have oxidant properties. Indeed, chlorite 197 

generated from ClO2 may be reduced to chloride ions in the presence of several organic or inorganic 198 

substrates (reaction 6) (Gan et al., 2020).  199 

ClO2
− + 4H+ + 4e− → Cl− + 2H2O        (6) 200 

As mentioned above, the formation of ClO2
− and ClO3

− depends on chlorine dioxide dosage, pH, 201 

temperature, water quality, and other variables. Lee et al. (2004) investigated the consumption of 202 

chlorine dioxide and its speciation in drinking water reporting data on disinfectant residual, chlorite, 203 

and chlorate concentration after 120 minutes of exposure under different environmental and 204 

operational conditions. Results of this research are summarized in Table 1. 205 

Table 1. Degradation and speciation of chlorine dioxide in drinking water after 120 minutes of exposure as function of 206 
different affecting parameters (Lee et al., 2004)  207 

Affecting parameter 
ClO2 residual 

(%) 
ClO2 transformed into ClO2

- (%) 
ClO2 transformed into ClO3

- 

(%) 

DOC* (mg/l) 

1.17 66% 15% 12% 

2.91 63% 76% 15% 

6.88  59% 83% 16% 

ClO2
** (mg/l) 

0.5 2% 84% 0% 

1.0 16% 72% 1% 

3.0 63% 76% 15% 

T***(°C) 

10 23% 59% 5% 

20 16% 61% 10% 

30 1% 80% 0% 

pH**** 

4 - 45% 15% 

7 - 61% 10% 

10 - 96% 0% 

DOC = Dissolved organic carbon; T = temperature 208 
*pH = 7, ClO2 = 3 mg/l, T=20°C; 209 
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** pH = 7, DOC = 2.91 mg/l, T = 20°C; 210 
*** pH = 7, ClO2 = 1 mg/l, DOC = 2.91 mg/l 211 
**** ClO2 = 1 mg/l, DOC = 2.91 mg/l, T = 20°C 212 

In the study of Lee et al. (2004), it was observed that the presence of oxidable substrates, such as 213 

organic compounds, tends to increase the conversion of chlorine dioxide to chlorite, while it does not 214 

influence significantly the formation of chlorate. In addition, when the initial concentration of ClO2 215 

is higher than 1 mg/l, the speciation of chlorate can raise up to 15%. On the contrary, with the increase 216 

of temperature is favoured the transformation of chlorine dioxide in chlorite, and at 30°C the 217 

formation of chlorate is reported to be null. Finally, acid pH favours the formation of ClO3
− and basic 218 

pH enhances the production of chlorite (Lee et al., 2004). 219 

Although chlorite and chlorate have lower oxidization potentials than chlorine dioxide and there are 220 

no findings in the literature about their effects on PE pipes, these by-products may in some way 221 

contribute to pipe aging. Therefore, their concentrations in accelerated aging tests should be 222 

monitored and reported. 223 

 224 

2.2 Diffusion of chlorine dioxide and its by-product in drinking water distribution networks 225 

As mentioned in the previous paragraph, the diffusion and the decay rate of chlorine dioxide, which 226 

lead to the formation of chlorite and chlorate, are directly related to the presence of natural organic 227 

matter, pH and temperature of the drinking water (Ammar et al., 2014). Several studies have 228 

investigated the decay of chlorine dioxide during disinfection, while only few articles have tackled 229 

the diffusion of chlorine dioxide in distribution networks. Sorlini et al., (2016) carried out batch 230 

experiments at laboratory scale to determine reaction kinetics for modelling chlorine dioxide, chlorite, 231 

and chlorate propagation in a drinking water distribution system. The decay rate of chlorine dioxide 232 

in drinking water (bulk phase) was described through a first order reaction in exponential form, which 233 

includes the initial concentration of ClO2 at the inlet of the network (C0), contact time (t), and the 234 

bulk coefficient (kb). The kb was determined by batch tests and was assumed equal to -0.288 d-1. The 235 

first order decay equation for ClO2 was described as follow: 236 
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C = C0 e
k
b

 t            (7) 237 

Reaction kinetics of zero order were used to describe the formation of chlorite and chlorate in the 238 

bulk phase, taking into account the initial concentration of ClO2
- and ClO3

- (C0), contact time (t), and 239 

the relative bulk coefficient, which can be obtained from batch tests (0.576 mg/L d and 0.101 mg/L 240 

d, for ClO2
- and ClO3

- respectively). Hence, the zero-order decay equation for ClO2
- and ClO3

- can be 241 

defined as follow: 242 

C = C0 + kbt           (8) 243 

This study showed those kinetic reactions of ClO2, ClO2
-, and ClO3

- determined through batch 244 

experiments can be used to describe the diffusion of these oxidants in the distribution systems. 245 

However, authors pointed out that observed differences between some of the measured and modelled 246 

concentrations were probably related to the decay of these oxidants due to contact with the pipe wall. 247 

This last phenomenon is called wall decay.  248 

Ammar et al., (2014) carried out batch experiments with chlorine dioxide in desalinated water, at 249 

different disinfectant concentrations (0.6 mg/L – 1.4 mg/L) and water temperatures (20°C – 45°C). 250 

The results showed that the diffusion of chlorine dioxide in the bulk phase follows a first order decay 251 

model for all the dosages, with a kb that can be expressed as function of water temperature (T): 252 

kb = 0.8147 e0.0415T          (9) 253 

Hence, the bulk decay coefficient ranges from -1.8 d-1 for 20°C to -5 d-1 for 45°C.  These data can be 254 

considered and compared with ones resulted from the accelerated tests. 255 

Research is still required for an accurate determination of the wall decay of chlorine dioxide, chlorite, 256 

and chlorate in drinking water distribution systems. As mentioned above, the formation and diffusion 257 

of chlorite and chlorate is the main long-term safety-problem related to the use of chlorine dioxide in 258 

drinking water networks (World Health Organization, 2011). Indeed, a population-based case-control 259 

study in Northern Italy showed higher risk to have new-borns with renal defects, abdominal wall 260 
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defects, and cleft palate from women exposed to chlorite concentrations in drinking water greater 261 

than 0.7 mg/l. On the other side, women exposed to chlorate level > 0.2 mg/l have higher risk to 262 

generate new-borns with obstructive urinary defects, cleft palate, and spina bifida (Righi et al., 2012). 263 

The new European drinking water directive did set concentration limit of 0.7 mg/l for chlorite and 264 

chlorate in water distribution systems using chlorine dioxide. Furthermore, it requires to water 265 

managers the implementation of a Water Safety Plans (WSP) to assure water safety for humans. 266 

Particularly, a health risk assessment should be accomplished considering all the elements of the 267 

drinking water supply chain, including catchment area, abstraction, treatment and storage systems, 268 

and infrastructures for distribution to the point of compliance. (The European Parliament and the 269 

Council of the European Union, 2020).  270 

Overall, the development of site-specific kinetic models for chlorite and chlorate formation in 271 

drinking water distribution systems is highly recommended to identify and mitigate the human health 272 

risks associated with the use of chlorine dioxide as disinfectant. Although there is no evidence about 273 

the formation of by-products closely related to the degradation of PE pipes exposed to ClO2, some 274 

articles reported that disinfectants residues in drinking water and in contact with plastic pipes may 275 

lead to the formation of microplastics (MPs) (Zhang et al., 2022; Nirmala et al., 2023). Zhang et al., 276 

(2022) reported that ozone-exposed PE pipes after 20 hours of aging may release from 337 to 656 277 

MP/L. Surface crack and fragmentation are considered possible reasons for MPs generation. Hence, 278 

further research is required to study the possible release of MPs from PE pipes due to the contact with 279 

ClO2 or other disinfectants.   280 
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3. Polyethylene pipes aging in water distribution systems 281 

3.1 Long-term aging mechanisms of polyethylene pipes 282 

The mechanisms involved in the aging of PE pipes are fundamental aspects to deepen for the 283 

assessment of long-term performances of pipes in the water distribution system. For plastic pipes 284 

(polyethylene, etc.), the performance envelope is usually defined in terms of the stress versus time 285 

plot as shown in Figure 1. It is used to delimit the lifetime of the pipe under stressed conditions. The 286 

performance envelope involves three stages of failure in function of the aging mechanisms (ASTM 287 

International, 2015):  288 

 Stage I: Ductile-Mechanical failure. This regime involves a long-term visco-elastic creep 289 

where the pipe failure is characterized by a local deformation of the material that is visible 290 

with the unaided eye. 291 

 Stage II: Brittle-Mechanical failure. The pipe failure is purely brittle and is the result of a 292 

single crack from the inside toward the outside of the pipe, without any material deformations. 293 

 Stage III: Mechanical-Chemical failure. In this regime, the failure occurs at lower hoop stress 294 

due to the presence of oxidative condition and is defined by the embrittlement of the inner 295 

wall of the pipe. 296 

 297 

Figure 1. Performance envelope of plastic materials 298 
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The observed mechanisms for Stage I and Stage II are strictly mechanical and affected mainly by the 299 

applied temperature and stress on the pipe. However, the ductile failure mode in Stage I is not 300 

commonly observed in the field since the applied stress to PE pipes in water distribution systems are 301 

way below its yield stress (Jana Laboratories Inc., 2010b). The methodologies for the determination 302 

of performance of pipes in Stage I and Stage II are well defined by standard tests as described below.  303 

ASTM D2837 “Standard Test Method for Obtaining Hydrostatic Design Basis for Thermoplastic 304 

Pipe Materials or Pressure Design Basis for Thermoplastic Pipe Products” is used to assess the 305 

viscoelastic creep (Stage I) (Jana Laboratories Inc., 2010b). This method can be used for determining 306 

either the hydrostatic design basis (HDB) or pressure design basis (PDB). The procedure involves the 307 

assessment of stress-failure time plots of PE pipes under a selected temperature and environment (i.e., 308 

liquid, air, or gaseous bath). The HDB is determined using the long-term hydrostatic strength (LHTS) 309 

of the pipe, that is the expected tensile stress on the pipe circumference leading to the pipe failure at 310 

100000 hours, when it is applied continuously. While the PDB is obtained by measuring the long-311 

term hydrostatic pressure-strength (LTHSp), which is the expected internal pressure that led to the 312 

pipe failure at 100000 hours if it is applied continuously. The test is accomplished using a device 313 

capable to keep a constant internal water pressure on the specimen at fixed temperature. Both LHTS 314 

and LTHSp are measured from the stress versus time-to-failure curve for a testing period of not less 315 

than 10000 hours. Moreover the hydrostatic strength of PE pipes at 50 years may be obtained by 316 

extrapolating the data from the stress versus time-to-failure curves (ASTM International, 2013).  317 

The performances of Stage II are determined according to the ASTM F1473 “Standard Test Method 318 

for Notch Tensile Test to Measure the Resistance to Slow Crack Growth of Polyethylene Pipes and 319 

Resins” (Jana Laboratories Inc., 2010b). ASTM F1473 method is used for the measurement of slow 320 

crack growth (i.e., the slow extension of the crack with time) resistance of PE pipes under accelerated 321 

conditions. It involves the notching of the specimen before applying constant pressure and 322 

temperature conditions. The specimens are made from a compression molded plaque with dimensions 323 
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of 50 mm x 25 mm x 10 mm. Subsequently a main notch and two side notched are produced on the 324 

specimen with a razor blade, the depth of the notches is function of the specimen thickness. The test 325 

is usually performed at 80°C and 2.4 MPa as hoop stress. The trials is carried out until the specimen 326 

undergoes failure resulting in the determination of the time-to-failure (ASTM International, 2001).  327 

On the other side, the long-term mechanisms associated with Stage III are not fully understood, they 328 

are still subjects of studies and research and standardized tests for their determination are not 329 

available. Particularly, the characterization of Stage III aging mechanism is considered a key area for 330 

continuing enhancement of the long-term performance of PE piping materials in potable water 331 

applications. Briefly, it is supposed that the mechanical-chemical failure of pipes in Stage III involves 332 

the antioxidant depletion on the pipe surface, oxidation of the polymer, initiation of microcrack in the 333 

oxidated material and crack propagation through the pipe wall, as occurs for the Slow Crack Growth 334 

(SCG) in Stage II, until failure (Chung et al., 2004; Jana Laboratories Inc., 2010b). Hence, Stage III 335 

aging is not only dependent upon temperature, stress, and pipe material but also on the oxidative 336 

aggressiveness of the transport fluid (Jana Laboratories Inc., 2010b).  337 

To date, two different theories have been proposed to explain the oxidation mechanisms of PE pipes 338 

by chlorine dioxide. Colin et al. 2009 suggested that radical chain reactions that cause polymer 339 

degradation are directly initiated by chlorine dioxide, which causes the hydrogen abstraction from the 340 

polyethylene. After the depletion of the phenolic antioxidants, the PE is directly attacked by ClO2. 341 

Indeed, this latter process is considered to be 1500 times slower than the reaction between chlorine 342 

dioxide and hindered phenols oxidants. On the contrary, Yu et al. (2011) reported that ClO2 may not 343 

be able to abstract a hydrogen atom from a hydrocarbon. Hence, another oxidation mechanism was 344 

proposed, where the reaction between chlorine dioxide and hindered phenolic antioxidants leads to 345 

the formation of the hydrogen abstracting radical ClO•, and the subsequent polymer degradation is 346 

an immediate surface reaction. According to this theory, the reaction of chlorine dioxide with 347 

phenolic antioxidants is the reason of polymer degradation. Both suggested theories have not been 348 

https://www.sciencedirect.com/topics/chemistry/polymer-degradation


16 
 

confirmed and the chemistry that lead to polymer degradation is not fully understood. However, 349 

authors in literature tend to prefer the theory proposed by Colin et al. (2009) to explain their 350 

experimental results (Jana Laboratories Inc., 2010b; Kim et al., 2018),. 351 

In accordance with the theory of Colin et al. (2009), the PE pipe failure in water distribution systems 352 

generally involves an initial antioxidant depletion with the following formation and propagation of 353 

cracks (Stage III). Therefore the time-to-failure (tf) for polyethylene pipes can be defined as (Jana 354 

Laboratories Inc., 2010b):  355 

𝑡𝑓  =  𝑡𝑠𝑑  +  𝑡𝑖  +  𝑡𝑝          (10)  356 

Where tsd is the time for antioxidant depletion, ti is the time needed for polymer oxidation until crack 357 

initiation and tp is the time for crack propagation until the pipe failure. The three phases are inversely 358 

proportional to the temperature, which accelerate the aging mechanisms. The time for antioxidant 359 

depletion depends mainly on the kind of antioxidant mixed with the polymer and on the type of 360 

disinfectant used, which induces the oxidative state. The time for crack initiation is function of the 361 

strength of the oxidizing agent and of the applied stress to the pipe. As the oxidation of the polymeric 362 

material occurs, the toughness of the inner wall decreases leading to the crack initiation at a given 363 

stress. Then, such stress continuously applied to the pipe affects directly the time needed for crack 364 

propagation tp. The time-to-failure decreases as the hoop stress rises (Jana Laboratories Inc., 2010b). 365 

3.2 Factors causing pipe failure in water distribution networks 366 

The principal aging parameters of PE pipes in water distribution systems using chlorine dioxide are 367 

described and assessed in this paragraph for a better understanding of their influences on the 368 

degradation mechanisms that can be observed under realistic pipe service conditions. Among these 369 

parameters, chlorine dioxide concentration, water pressure and temperature are directly related to the 370 

mechanical-chemical failure described previously as Stage III. However, other features such as water 371 

pH, pipe size and pipe installation can also influence the time-to-failure of PE pipes. 372 
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The chlorine dioxide concentration in water directly affects the aging mechanisms of PE pipes. The 373 

oxidative aggressiveness of water, expressed in terms of oxidative reduction potential (ORP) is 374 

directly proportional to the concentration of ClO2 in water. Higher ORP tends to decrease the lifetime 375 

of PE pipes (Plastics Industry Pipe Association of Australia, 2019). Colin et al. (2009) stated that the 376 

lifetime of PE pipes, where water is subjected to ClO2 disinfection under real operative conditions 377 

(ClO2 ≈ 0.15 ppm, T ≈ 15°C, hoop stress of few MPa), may be reduced to 10 years instead of the 50 378 

years expected. No studies are available in literature regarding the oxidation effects of the by-products 379 

of ClO2 (i.e., ClO2
- and ClO3

-) on PE pipes degradation. However, as previously mentioned, during 380 

disinfection chlorine dioxide is generally converted into ClO2
- and ClO3

- for 68% and 9%, 381 

respectively (Sorlini et al., 2016). In addition, the oxidation potential of chlorite and chlorate are 382 

typically lower than the oxidation potential of chlorine dioxide. This evidence suggests that oxidation 383 

strengths of ClO2
- and ClO3

- in drinking water distribution system are significantly lower than the 384 

oxidation strength of chlorine dioxide.  385 

Oxidation is a thermally activated process as well as the crack initiation and propagation. Hence, the 386 

chemical-mechanical aging is a thermally activated process with the rate of “aging” increasing with 387 

the increasing of the temperature. Particularly, it was reported that at a given water quality and stress, 388 

the relative aging rate at an average water temperature of 4°C is approximately 5 to 20 times slower 389 

than that at 20°C (Jana Laboratories Inc., 2010b). Overall, annual ground and surface water 390 

temperatures range from 3°C to 29°C, with an average around 15°C (AWWA, 1996). Under typical 391 

water temperatures (< 20°C), the aging mechanism occurs at relatively slow rates. On the contrary, 392 

when the water temperature in the water distribution system is greater than 20°C, the chlorine dioxide 393 

is much more aggressive towards PE pipes and the aging mechanism can be significantly accelerated 394 

(Plastics Industry Pipe Association of Australia, 2019). Particularly, high temperature boosts the 395 

degradation of polymeric material resulting in an increase of the crystallinity and the embrittlement 396 

of the PE pipe (Plastics Industry Pipe Association of Australia, 2019).  397 
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The operating pressure, in water distribution systems, applies hoop stress on the circumference of the 398 

pipe, which directly aids the crack propagation. Particularly, systems with high operating pressure (~ 399 

6 bar) have a higher risk of failure than those at low operating pressure (~ 2.5 – 3 bar). It has been 400 

reported that if the internal pressure of the pipe increases from 2.5 bar to 5.5 bar, the aging mechanism 401 

increases approximately from 5 to 10 times (Jana Laboratories Inc., 2010b). The concentration of 402 

chlorine dioxide and operating pressure are the main parameters found in literature, which affect the 403 

chemical-mechanical aging (Stage III) of PE pipes in service.  404 

The pH of water may also have an impact on the chemical oxidation of pipe by ClO2. However, little 405 

research has focused on this effect until now (Van Der Stok et al., 2018). It is important to note that 406 

the specific ORP/pH/ClO2 relationship is dependent on specific water quality and its constituents, 407 

which may all contribute to determine the overall oxidative strength of the water. The USEPA 408 

guidelines for potable water entering the distribution system are for a pH range of 6.5 to 8.5 (AWWA, 409 

1996; Jana Laboratories Inc., 2010b), and the average values for drinking water in distribution 410 

systems are pH of 7.7. Hence, expected variations of pH in real application are unlikely to 411 

significantly impact on disinfected water oxidative strength. 412 

The pipe size and thickness affect the hoop stress applied to the pipe. Considering the same pipe size 413 

and identical operating pressure conditions, thin pipes are subjected to higher hoop stress than thick 414 

pipes (Jana Laboratories Inc., 2010b). Moreover, the size of the pipe (i.e., diameter of the pipe) is 415 

usually proportional to the pipe thickness, and when the crack is initiated, it will take more time for 416 

propagation in thick pipes compared to thin pipes (Plastics Industry Pipe Association of Australia, 417 

2019). Hence, small and thin pipes are more susceptible to damage than big and thick pipes since 418 

they can offer lower resistance to the applied operating pressure (Plastics Industry Pipe Association 419 

of Australia, 2019). Furthermore, the installation conditions affect the lifetime of the PE pipes. 420 

Particularly, shallow installation and/or a lack of a proper underlying layer significantly increase the 421 

hop stress state of the pipe resulting in one of the most observed causes of pipe failure in distribution 422 
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networks. Generally, pipes with greater diameters are installed with more accuracy than those with 423 

smaller diameters (Plastics Industry Pipe Association of Australia, 2019).  424 

A further factor that may influence pipes failure during ClO2 disinfection is the water age, which is 425 

the time that a particle of water spends in the water distribution system. However, there is no evidence 426 

reported in the literature about the relationship between the water age in the distribution system and 427 

the aging of the PE pipe. Nevertheless, the water age influences the hydrodynamics of the fluid within 428 

the pipe and, hence, the contact between the pipe surface and the chlorine dioxide solution. In a 429 

realistic situation, lower water velocities inside the distribution systems lead to pipes with higher 430 

water ages, which may result in an increased contact of pipe surface with ClO2. 431 

In Error! Reference source not found. are reassumed the effects on the aging mechanisms of PE 432 

pipes with the relative degree of influence of the different parameters that characterize the operation 433 

conditions of pipes in drinking water distribution systems. 434 

Table 2: Parameters affecting pipe aging and related influence in Stage III failure 435 

Parameters Influence in 

Stage III 

failure 

Remarks 

Chlorine Dioxide 

concentration 

High ClO2 concentration affects the oxidative aggressiveness of water. Few ppm of 

ClO2 may decrease the lifetime of PE pipes, from an expected lifetime of 50 years 

to 10 years under natural aging conditions of pipes in service (Colin et al., 2009).  

Operating 

pressure 

High Aging mechanism may increase approximately from 5 to 10 times in systems with 

high operating pressure (~ 6 bar) compared to systems with low operating 

pressure (~ 2.5 – 3 bar) (Jana Laboratories Inc., 2010b). 

Temperature Medium Water temperature higher than 20°C in the water distribution system can 

significantly increase the aging rate of plastic pipes by increasing the oxidative 

potential of ClO2. However, annual average water temperatures in pipes are 

generally < 20°C  (Plastics Industry Pipe Association of Australia, 2019). 

Water pH Low The pH of water influences the disproportion of chlorine dioxide in chlorite and 

chlorate changing water oxidative strength (Gan et al., 2020). However, 

significant changes of pH are not expected to occur in water distribution network 

of drinking water, where average and typical value of pH measured is around 7.7 

(Jana Laboratories Inc., 2010b). 

Pipe thickness and 

installation 

conditions 

High Pipe size and thickness as well as  installation conditions directly affects the hoop 

stress status of the pipe  (Jana Laboratories Inc., 2010b) (Plastics Industry Pipe 

Association of Australia, 2019). Particularly, improper pipes installation is 

believed to be one of the most significant reasons of failure independently of the 

oxidative aggressiveness of water.   

Water age Low Low water velocity within the pipe may increase the contact between pipe surface 

and disinfectant. However, no studies have proved that this condition may have 

a real influence on a premature pipe failure. 

  436 
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4. Accelerated aging tests and methods 437 

Many companies and research centers have developed their own accelerated aging methods of PE 438 

pipes in presence of chlorine dioxide. Studies have applied very different experimental conditions 439 

during testing by using very different chlorine dioxide concentration in water, oxidant exposure time, 440 

pressure within the pipes, temperature of the water in order to accelerate the aging of a PE specimen 441 

(Costa et al., 2016; Vertova et al., 2019). The following techno-scientific literature analysis assesses 442 

and describes the existing aging tests for PE pipes exposed to ClO2, which have been developed until 443 

now. Particularly, the accelerated aging tests of polyethylene pipes by chlorine dioxide exposure can 444 

be distinguished in two groups: 445 

 Immersion aging tests 446 

 Pressurized pipe loop tests 447 

The first group of methods implies the soaking of entire samples, which are usually small 448 

polyethylene pieces of pipes into a chlorine dioxide solution. On the contrary, the second group of 449 

tests is based on the use of loops of PE pipes, where a chlorine dioxide solution is continuously 450 

recirculated under fixed temperature and pressure conditions. In any case, after accomplishing an 451 

accelerated aging test, PE pipes are subjected to a chemical-mechanical characterization to evaluate 452 

the performance of the pipe material under the applied stress conditions. 453 

4.1 Characterization of polyethylene pipes 454 

The objective of the characterization is to provide a clear and scientific description of the condition 455 

of tested specimens after the application of defined stress conditions. The most-used parameters for 456 

the characterization of PE samples after a chemical-mechanical aging test include:  457 

- The carbonyl index (CI), which can be determined through Fourier Transform Infra-Red 458 

(FTIR) spectroscopy. 459 

- The oxidative induction time (OIT), which can be determined by a Differential Scanning 460 

Calorimetry (DSC).  461 



21 
 

- The degree of crystallinity, which can be also determined by a Differential Scanning 462 

Calorimetry (DSC). 463 

- A qualitative analysis of the surface by a Scanning Electron Microscopy (SEM). 464 

- An elongation at break by tensile test. 465 

Fourier Transform InfraRed (FTIR) spectroscopy acts on the principle that when infrared radiation 466 

(IR) passes through a sample, some of the radiation is absorbed. The radiation that passes through the 467 

sample is recorded. The molecules with a covalent bond will selectively absorb radiation at specific 468 

wavelengths, and it will change the vibrational energy in the bond. The type of vibration (stretching 469 

or bending) induced by the infrared radiation depends on the atoms in the bond. Because different 470 

bonds and functional groups absorb at different frequencies, the transmittance pattern is different for 471 

different molecules. The spectrum is recorded on a graph with wavenumber (cm–1) recorded on the 472 

X-axis and transmittance or absorbance recorded on the Y-axis. Wavenumber is 1/wavelength and 473 

corresponds to the energy of the vibration of the molecular bonds. The spectral region interested by 474 

the molecular bond vibration is comprised between 2500 and 25000 nm, corresponding to a range of 475 

wavenumber of 4000-400 cm–1.FTIR is carried out to determine the spectra of the polymer where 476 

variation in functional group has occurred due to aging phenomena. On the other side, the  CI is 477 

calculated as follow according to the DIN 53383-2 (DIN 53383-2,1983):  478 

𝐶𝐼𝑒𝑞 =
𝜎1650−𝜎1850

𝜎1330−𝜎1500
          (11) 479 

Where 𝜎1650 − 𝜎1850 is the area under the absorbance peaks attributed to the carbonyl and carboxyl 480 

functional groups between the wavelengths of 1650 and 1850 cm-1, whereas 𝜎1330 − 𝜎1500 represents 481 

the peak area between the wavelengths 1330 nm and 1500 nm, which are the scissoring bending 482 

signals of the methylene groups constituting the polymer chains (Almond et al., 2020). Determination 483 

of FTIR Spectra and of the CI can highlight the formation of carbonylic and carboxylic oxidation 484 

products, which can be related to the degradation of the polyethylene as well as to the consumption 485 
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of the antioxidant. Hence, higher values of CI are indicative of a higher oxidation state of the material 486 

(Bredács et al., 2016; Vertova et al., 2019).   487 

The OIT measurement is a fundamental parameter for the studies of polyethylene aging , and it is 488 

defined as the time to the onset of oxidation of a test specimen exposed to an oxidizing gas at an 489 

elevated temperature. The OIT can be calculated through DSC measurement, which is one of the 490 

main thermal analysis techniques that can be used to characterize many types of materials including 491 

polymers, metals and ceramic materials. Particularly, to estimate the OIT parameter by DSC, the 492 

specimen and a reference material are heated at a constant rate in an inert gas environment (created 493 

by flowing nitrogen). When a target temperature is reached, generally in the range 190 - 210°C, the 494 

atmosphere of the testing environment is changed by supplying oxygen or air at the same flow rate. 495 

The specimen is then held at constant temperature until the oxidative reaction is displayed on the 496 

recorded thermal curve. Hence, the isothermal OIT is determined by measuring the time interval 497 

between the initiation of oxygen or air supply and the onset of the oxidative reaction (ISO, 2018). 498 

There is a linear correlation between the OIT value and the concentration of phenolic antioxidants in 499 

the polymer (Bredács et al., 2016). However, the OIT cannot quantify the performance of stabilization 500 

packages if any components do not have at least one phenolic group (Costa et al., 2016). OIT value 501 

equal to zero indicates that the stabilizer package in the polyethylene is completely depleted by the 502 

oxidant (Kim et al., 2018).  Since the oxidative degradation of a PE pipe occurs only between the part 503 

of the material in contact with the chlorine dioxide solution, profiling the determination of OIT at 504 

various depths of a specimen can be useful to understand the differences between occurred surface 505 

degradation and bulk degradation (Boerakker et al., 2018; Vertova er al., 2019).  The degree of 506 

crystallinity of the material is determined through DSC measurement and calculated by the ratio 507 

between the enthalpy of fusion of the sample and the enthalpy of fusion of 100 % crystalline 508 

polyethylene (Yu et al., 2011). It is considered to be an index of polyethylene degradation, and as the 509 

crystallinity fraction increases the material becomes more stiffer and brittle resulting in cracks 510 
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formations (Vertova et al., 2019). Particularly, studies that investigated the degradation of pipe 511 

material in contact with chlorine dioxide solutions showed that the crystallinity of the exposed surface 512 

increases as a function of the time of exposure. On the other side, along the depth of the wall the 513 

crystallinity is generally less affected by the oxidant due to the limited contact highlighting a lower 514 

degradation of this part of the pipe (Vertova et al., 2019);Yu et al. 2011). 515 

SEM is used to analyse the surface morphology of the degraded specimen, with a visual evaluation 516 

of the cracks formation and propagation, which occur during the chemical-mechanical aging of the 517 

PE and then lead to the pipe failure in Stage III (Bredács et al., 2016). Generally, the obtained 518 

information is exclusively related to the surface of the specimen, which is the part of the sample that 519 

encounters the oxidant solution. However, a more interesting approach sees the possibility to analyse 520 

the transversal section of the pipe, which allows to obtain more information on the depth of the cracks 521 

and its propagation. Surface cracks detected by SEM images have been reported by many researchers 522 

and have been also utilized to support hypotheses on crack propagation mechanisms (Bredàcs et al. 523 

2016; Yu et al. 2011; Vertova et al. 2019). 524 

Finally, elongation at break is measured by tensile test to evaluate the mechanical properties of the 525 

polyethylene before and after the exposure to chlorine dioxide. This test is conducted according to 526 

the ISO 6259, and it is a common industrial practice to evaluate the quality of the products. The 527 

elongation at break tends to decrease with increasing the exposure time with the disinfectant 528 

(Terwyen et al., 2016). Other minor tests are also used for a further understanding of the chemical-529 

mechanical aging of PE pipes. Yu et al., 2001 measured molar mass distributions and crystal thickness 530 

of the polyethylene by size exclusion chromatography, which indicated degradation near the crystal-531 

amorphous interface due to the chemical aging. Vertova et al. (2019) carried out SEM analysis with 532 

Energy Dispersive X-ray spectroscopy (EDS) on the PE pipes to investigate which type of elements 533 

are more abundant on the polymer’s surface at the end of the aging tests. Small quantities of chlorine 534 

were detected on the surface, likely as a result of ClO2 interaction with the pipes themselves. Also in 535 
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this case, accurate sampling protocols might be adopted to highlight the diffusion of chlorine in the 536 

bulk and the formation of chlorinated organic compounds which can be observed, not only on the 537 

surface, but also along the thickness of the material analysing the cross-section of the pipe. Another 538 

interesting surface characterization technique is reported by Khan et al. (2022), which is the X-ray 539 

photoelectron spectroscopy (XPS) that is used to analyse the change in chemical properties before 540 

and after the interaction of the chloride dioxide with the polymeric materials. The changes in binding 541 

energy of the samples under the disinfectant conditions were evaluated over the range of 280–290 542 

eV, which reflects a change in the atomic composition of the aged and unaged samples, from a 543 

saturated carbon chain to the formation of ketone, aldehyde and carboxylate groups (acids and esters) 544 

according with the increasing of CI values (Khan et al., 2022). 545 

Therefore, a sample that has undergone strong oxidation by chlorine dioxide should have: a high 546 

value of the CI, a lower value of the OIT with a high grade of crystallinity, visible cracks at the SEM 547 

analysis and, low elongation at break. All these parameters have to be compared to the blank, which 548 

did not come in contact with the oxidant solution. Table 3 summarises the main characterization tests 549 

of PE found in literature with their relative parameters measured and their scopes.  550 

Table 3. Summary of test characterization for PE pipes 551 

Test Parameter Measured Scope 

FTIR Carbonyl index (CI)   Index of polymer degradation and can be utilized to 

estimate antioxidant consumption 

Spectra  Highlights changes in the polymer matrix and 

variation in functional groups of the material. Along 

with the CI can be utilized to evaluate antioxidant 

consumption and polymer degradation 

DSC Oxygen Induction Time (OIT) Index of antioxidant consumption  

Degree of crystallinity  Index of degradation and embrittlement  

SEM Observation of pipe surface and 

microcracks and cracks 

Qualitative/visual analysis to monitor crack 

formation and propagation  

EDS Presence of chlorine in the material Diffusion of chlorine dioxide and/or by-products 

from the pipe surface to the bulk 

XPS Functional groups ratio Index of polymer degradation 

Tensile test Elongation at break Evaluation of mechanical properties of the material 

 552 

4.2 Immersion aging tests 553 
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The immersion aging methods involve the dipping of entire samples inside a chlorine dioxide solution 554 

at fixed concentration, temperature, and pH. The specimens are usually small polyethylene sheets, 555 

dog-bones and/or pipes. The chlorine dioxide solution is continuously refreshed in order to keep 556 

constant the exposure concentration. Here below different immersion aging tests are detailed. They 557 

have been proposed by different research institutes, organizations, and researchers.  558 

The laboratoire national de métrologie et d'essais (LNE) in France has developed a standardized 559 

accelerated aging test, called NOL ring creep test. The method involves the soaking of a ring specimen 560 

extracted from the pipe inside a ClO2 solution. The ring is obtained from a 32 mm HDPE pipe and 561 

has a length of 20 mm. The test solution has a chlorine dioxide concentration of 2.0 mg/L and a 562 

temperature of 40°C. During the aging, hoop stress of 7 MPa is applied to the ring specimens. Figure 563 

2 briefly shows the scheme of the NOL ring creep test, the equipment is able to apply a stress on the 564 

circumference of the ring taken from pipes while exposing the polyethylene to the ClO2. 565 

 566 

Figure 2: Schematic illustration of NOL ring creep test 567 

 After the exposure for 250h/500h/1000h, the elongation at break of the aged samples is measured 568 

through a specific tensile test and compared to the samples without aging (Terwyen et al., 2016). 569 

Terwyen et al., (2016) tested four commercial pipes (three PE100, one PE80) and one experimental 570 

through the NOL ring creep test. The elongations at break of the samples without aging were about 571 

1400-1600%. After 1000 hours of aging, two PE100 and one PE80 had about 0% of elongation at 572 



26 
 

break. Better results were obtained for the other two pipes, the PE100 and the experimental pipe had 573 

about 100% and 800% of elongation at break, respectively. 574 

The laboratory of IRETI (Italy) has designed an aging unit (an autoclave of 200 L), where tensile test 575 

samples, without hooping stress, are exposed to a ClO2 bath. The solution has a temperature of 40°C 576 

with a pH value of 7.2, the chlorine dioxide concentration is kept constant at a defined value (usually 577 

1 – 5 mg/l) and monitored by means of probes. The solution in the autoclave is renewed through a 578 

circulation flow rate of 2.7 m3/h in order to maintain constant the ClO2 concentration. The scheme of 579 

the aging equipment is illustrated in Figure 3. 580 

 581 

Figure 3: Scheme of the IRETI equipment used for immersion aging tests. 582 

Test specimens are prepared from extruded pipes or from compression molded sheets according to 583 

EN ISO 6259-3. The exposure time varies between 30 and 90 days. The aging effects are evaluated 584 

through tensile tests, which are carried out according to ISO 527 with a test speed of 10 mm/min 585 

(Terwyen et al., 2016). Terwyen et al., (2016) reported two aging tests that were carried out on three 586 

commercial pipes (two PE100 and one PE80) and two experimental. One test was performed at 2 587 

mg/L of ClO2 for 60 days, the other one was performed at 1 mg/L of ClO2 for 90 days at 40°C. In the 588 

first test, the commercial pipes recorded a reduction in the elongation at break from 600% to 50-100% 589 

after 60 days of exposure, while the experimental ones had an elongation at failure around 300-350% 590 

at the end of the trial. The second test was performed at lower chlorine dioxide concentration and 591 
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resulted for the experimental pipes in unchanged elongation at break throughout the whole aging test 592 

(around 600%). After 60 days of aging, the elongation at failure for commercial pipes reduced from 593 

600% to 250-350%, while after 90 days of exposure it dropped around 50%-150%. 594 

In an aging test developed by LyondellBasell, the tensile test samples are placed inside an autoclave 595 

with a solution that has a ClO2 concentration of 20 mg/l, temperature of 60°C and pH value of 6.5. 596 

No stress is applied to the test specimens and the solution is refreshed with a circulating velocity of 597 

1 m/s. The aging apparatus is similar to the equipment shown in Figure 3. The maximum exposure 598 

time is about 500 hours. Viscosity number, melt flow index, degree of oxidation with Fourier-599 

transform infrared spectroscopy (FTIR) and residual levels of antioxidants with differential scanning 600 

calorimeter (DSC) of the samples are determined for the aging evaluation (Vogt et al., 2010). Vogt 601 

et al., (2010) reported that the values of OIT at 210°C of PE specimens are influenced by the presence 602 

of different antioxidants in the polymer. In one case, the OIT of a PE specimens dropped below 10 603 

min after 100 hours of exposure to 20 mg/L of ClO2 and a temperature of 60°C. On the other side, 604 

testing PE specimens with a different stabilizer resulted in an OIT around 30 min after 100 hours of 605 

exposure under the same experimental conditions. In this case the OIT dropped below 10 min after 606 

500 hours of aging. Subsequently to the immersion aging, the pipes were tested through pipe pressure 607 

test according to the ASTM F2023 for the determination of time-to-failure. The ASTM F2023 may 608 

be labelled as pressurized pipe loop aging test, it is specific for PEX pipes and it is similar to the 609 

ASTM F2263 (Van Der Stok et al., 2018). This test is specific for PE pipes and will be described in 610 

the following paragraph. As results of the immersion test, a shorter failure time of the pipes was 611 

demonstrated to be linked to a faster consumption of the antioxidants in the polymer. 612 

Polymer Competence Center Leoben (PCCL) in cooperation with Mechatronik Moharitsch developed 613 

an exposure device of 50 L where the unstressed blocks of PE pipes are placed for 900 hours. The 614 

maximum ClO2 concentration is 10 mg/L, the test temperature is about 60°C with a pH of 6.8 resulting 615 

in an ORP of 650 mV. The recirculation flow rate is about 500 L/h, the device is analogues to the 616 
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device in Figure  3.  After the exposure time, compression molded sheets and dog-bone shaped 617 

specimens are punched out from the PE pipes, according to the ISO 18488. Thereby the samples are 618 

subject to tensile test (load speed of 50 mm/min), scanning electron microscopy (SEM), FTIR for 619 

carbonyl index (CI) calculation and DSC for oxidation onset temperature (OOT) determination 620 

(Bredács et al., 2016). Bredács et al., (2016) tested two commercial pipes with standard antioxidants. 621 

The elongation at break of the first commercial pipe was reduced from 500% to 310%, 220% and 622 

50% respectively for 1 week, 2 weeks and 3 weeks of aging. While in the case of the second pipe, the 623 

elongation dropped from 600% to about 50% only after 340 hours of exposure. Through the SEM 624 

analyses, a surface roughness was observed after only 1 week of exposure, whereas surface micro 625 

cracks appeared after 3 weeks of aging. Both samples showed an increase in the CI from zero to about 626 

25-30 after 900 hours of aging, showing an inverse proportional relationship with the elongation at 627 

break. Moreover, after 900 hours of aging the OOT decreased from 270 °C to 240°C indicating the 628 

consumption of the antioxidant in the polymer. 629 

KTH Royal Institute of Technology reported their accelerated aging test, in which the unstressed 630 

film/tape specimens (0.3 mm thick) made with the polyethylene containing additives are exposed to 631 

a continuous supply of chlorine dioxide solution at 10 mg/L, pH of 6.8 and temperature of 70°C. The 632 

KTH test method is carried out at the laboratory scale with a compact set-up.  Subsequently, oxygen 633 

induction time (OIT) at different exposure times is measured to evaluate the chemical resistance of 634 

antioxidants (Costa et al., 2016). Costa et al., (2016) tested PE specimens and their antioxidants by 635 

the KTH method in order to quickly assess their resistance to the chlorine dioxide exposure. For 636 

instance, the OITs at 210°C of three PE80 and one PE100 specimens with different stabilizer were 637 

compared. In one PE80, the OIT decreases from 30 min to almost zero after only 16 hours of aging, 638 

while the other samples reached OIT values of zero after 80-120 hours of exposure. Subsequently to 639 

the KTH test, the SUEZ aging method, which will be described in the following section, was carried 640 

out in order to deeply understand the performance of the same PE pipes in terms of failure time. The 641 
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limitation of the OIT test is that it may not show the real performance of the oxidants against the 642 

chlorine dioxide if the stabilizer package contains any component without a phenolic group. For 643 

instance, Costa et al., (2016) described one PE80 pipe containing a non-phenolic group in the 644 

stabilizer package with a lower OIT than one PE80 with phenolic groups. However, in the SUEZ test 645 

a higher lifetime was recorded for the first PE 80 pipe. 646 

Table 4 reports a summary of the immersion aging methods found in literature with indication of the 647 

main operating parameters, main findings and the parameters used for studying the aging of 648 

polyethylene pipes due to ClO2 exposure. Although operating conditions are different between the 649 

proposed tests, different techniques can be used to characterize the material, and stabilizer packages 650 

of the PE pipes is usually not specified leading to a lot of variability in the obtained results, it is still 651 

possible to compare some of the described aging tests. Water temperature greater than or equal to 652 

70°C contribute to the sudden OIT depletion in few hours. Comparing NOL ring test and IRETI test, 653 

which are carried out applying the same concentration of ClO2 and water temperature, the effect of 654 

the pressure on the mechanical properties of the PE material may be noticed. The initial elongation 655 

at break of the PE specimen in the NOL ring test is about 1400% and it is reduced to 100% after 41 656 

days of testing. While in the case of IRETI method, the elongation at break of the initial specimen is 657 

about 600% and drops to 100% after 60 days of aging. 658 
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Table 4. Summary of immersion aging tests 659 

 Experimental conditions  Experimental results  

Test ClO2 

(mg/L) 

P 

(bar) 

T 

(°C) 

Exposure 

time (h)  

Parameters Measured    FTIR 

results 

Time-to-zero 

OIT of the 

surface 

Elongation 

at break (%) 

SEM results Other 

results 

Ref. 

NOL 

ring test 

2 8.7 40 250h/ 

500h/ 

1000h 

Elongation at break 

after the hoop 

pressure applied on 

the pipe 

 - - From 

1400% to 

100% for 

PE100 after 

41 days 

- - (Terwyen 

et al., 

2016) 

IRETI 

test 

1-5 - 40 720h - 

2160h 

Elongation at break 

to assess the 

mechanical properties 

of the PE pipes. 

 - - From 600% 

to 100% 

after 60 days 

with 2 ppm 

of ClO2 

- - (Terwyen 

et al., 

2016) 

Lyondel

Basell 

test 

20 - 60 500h Viscosity, melt flow 

index, degree of 

oxidation by FTIR 

and OIT.  

 - 250 hours - - Results not 

discussed 

(Vogt et 

al., 2010) 

PCCL 

test 

1-10 - 60 900h Elongation at break, 

CI, OOT and SEM 

images to compare 

the mechanical-

chemical 

performance. 

Aging performed 

with 1 ppm of ClO2 

 CI is 

around 

25-30 

after 

38 

days 

- From 600% 

to 20% after 

14-20 days 

Larger surface 

micro cracks 

appear after 2 

weeks while 

wider cracks are 

visible after 3 

weeks of aging. 

OOT is 

around 

240°C after 

38 days 

(Bredács 

et al., 

2016) 

KTH 

test 

10 - 70 up to 120 

h 

OIT at different 

exposure times for 

comparing the 

opposition of 

stabilizer packages to 

the depletion.  

 - 16-38 hours - - - (Costa et 

al., 2016) 

 660 
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4.3 Pressurized pipe loop 661 

Pressurized pipe loop tests are the accelerated aging methods which are more suitable to simulate real 662 

conditions in service. Figure 4 shows the schematic representation of a pressurized pipe loop, which 663 

includes a loop of PE pipes where a chlorine dioxide solution is continuously recirculated at fixed 664 

concentration, temperature, and pH for a certain exposure time. The PE pipes are subject to an internal 665 

pressure/hoop stress, and they are studied by means of the previous described characterization tests 666 

afterwards the aging, and/or by obtaining the time-to-failure parameters. Probes and heaters are 667 

generally used to maintain constant ClO2 concentration, temperature, and pH. 668 

 669 

Figure 4: Schematic illustration of a pressurized pipe loop used for aging tests 670 

As for immersion aging tests, pressurized pipe loop tests were proposed by different research 671 

institutes, organizations, and researchers. Although the apparatus used are analogous to the one in 672 

Figure 4, test conditions vary considerable, and here below different pressurized pipe loop tests are 673 

detailed. 674 

American Society for Testing and Materials (ASTM) International proposes the ASTM F2263 675 

method, in which polyethylene pipes undergo pressure testing with water containing chlorine dioxide 676 

until failure. The goal of the test is the determination of the lifetime of PE pipes which are subject to 677 

chemical-mechanical aging. ASTM F2263 was initially developed to test pipes under pressure with 678 

disinfectant. Subsequently, it was revised for application with chlorine in order to evaluate pipes 679 

failure in Stage III (Van Der Stok et al., 2018). Afterwards, it was affirmed that they are also valid 680 
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for ClO2 and chloramine aging tests. ASTM F2263 involves a minimum of twelve trials: the PE pipes 681 

are exposed to the same concentration of chlorine dioxide with three different temperatures until 682 

failure: For each trial at different temperature, two distinct hoop stresses are applied. The chlorine 683 

dioxide solution should have a concentration between 2.5 mg/l and 5 mg/l, and a pH between 6.5 and 684 

8 in such that the ORP is greater than 825 mV. The trial temperatures are usually 90°C, 80°C and 685 

70°C, while the hoop stress varies between 2.48 MPa and 3.31 MPa. Considering a PE tube with a 686 

standard dimensional ratio 9 (SDR9), the internal pressure ranges from 6.2 bar to 8.3 bar. Slightly 687 

lower pressures are recommended to develop a failure mode in Stage III (ASTM International, 2015). 688 

The suggested nominal size for test piping is between 1/2 inch and 4 inches, and the pipe length 689 

should be ranging from 300 mm to 460 mm. The flow velocity must be sufficient to maintain an ORP 690 

greater than 825 mV. Previous tests with a PE SDR9 tube have used a minimum velocity around 0.04 691 

m/s. Hence, the time to failure of the pipes at different trial temperatures and hoop stresses was 692 

determined. The pipe lifetime is calculated through a linear regression multi-parametric analysis 693 

according to PPI-TN-196 method or ISO 9080. The time-to-failure prediction according to the 694 

multiple linear regression of the ISO 9080 may be defined as: 695 

𝐿𝑜𝑔(𝑡) =   𝐶1 + 𝐶2 ∗  
1

𝑇
+  𝐶3 ∗ 𝐿𝑜𝑔(𝜎) + 𝐶4 ∗

𝐿𝑜𝑔(𝜎)

𝑇
+ 𝑒      (12) 696 

Where C1 to C4 are parameters used in the model, t is the time failure, T is the temperature, σ is the 697 

hoop stress and e is the error variable from Laplace-Gaussian distribution. It has been reported time-698 

to-failure of 44-57 days for PE pipes with a trial temperature of 90°C and about 4 bars of internal 699 

pressure (ASTM International, 2015). Hassinen et al., (Hassinen and Svedberg, 2010) pointed out that 700 

extreme conditions of the ASTM F2263 with high stress and high temperatures may result in Stage 701 

II rather than Stage III failure. Moreover, a small change in the extrapolation data will have big impact 702 

on the predictions due to the flat behaviour of the regression lines, resulting in performance 703 

estimations which may be overly pessimistic or optimistic (Hassinen and Svedberg, 2010).  704 
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SUEZ research centre has developed a pressure testing with a chlorine dioxide solution until PE pipe 705 

failure. Different test parameters are changed compared to the ASTM F2263. The trail temperature 706 

is about 40°C with a ClO2 concentration of 1 mg/l and internal pressure of 6 bars for PE pipes. The 707 

loop has a flow rate of 0.2 m3/h. Considering a nominal size of 25 mm as reported in literature, the 708 

velocity in the pipes is about 0.14 m/s (Boerakker et al., 2018). Although the SUEZ method is 709 

qualified to compare different PE pipes resin and provide the pipe lifetime, reported time-to-failure 710 

in literature for a PE pipe DN 25 (thickness of 3 mm) is about 18 months (Costa et al., 2016). Costa 711 

et al., (2016) discussed that although the SUEZ test method is reliable in evaluating the material 712 

performance, it may not be used as accelerated test method for fast qualification of new PE pipes. 713 

Comparing the ASTM F2263 and the SUEZ test method it can be observed that the ASTM F2263 714 

reaches the pipe failure in 1-2 months though the extreme trial conditions may not reflect a pipe 715 

failure in Stage III. On the other side, the SUEZ test is considered to be more representative of real 716 

conditions and reliable to monitor mechanical and chemical aging, but the elevated time to reach the 717 

pipe failure (more than 2 months) may hindered its application.  718 

Yu et al., (2011) proposed a pressure testing of 66 days to investigate the chemical-mechanical aging 719 

of PE pipes due to chlorine dioxide exposure. The test conditions are water temperature of 90°C, 720 

chlorine dioxide concentration of 4 mg/L with a pH equal to 6.8. Since the hoop stress is 1.65 MPa 721 

and the PE pipes have a nominal size of 12 mm and thickness of 2.2 mm, the internal pressure is 722 

around 7 bar. The velocity of the fluid in the loop is about 7 m/s. Such test conditions do not allow to 723 

reach pipe failure within the exposure time. The effects of ClO2 on the PE pipes are assessed through 724 

the determination of OIT at 210°C, mass crystallinity, melting peak temperature, molar mass 725 

distribution as well as SEM and FTIR analysis of the samples. Yu et al., (Yu et al., 2011) reported 726 

OIT profiles along the thickness of the PE pipe showing a rapid consumption of the antioxidant near 727 

the inner wall. After 2 hours of aging, the OIT on the inner surface reaches zero, while the OIT value 728 

for the outer surface goes to 10 minutes after 121 hours. The mass crystallinity profiles through the 729 
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wall showed small variations between the pipes aged for different periods of time at the same depth, 730 

whereas in the inner wall the crystallinity fraction increases from 50% to 55% after 130 hours of 731 

aging. The SEM image showed a region with a crack formed during the aging test, on each side there 732 

are zones with small cracks, which may be highly degraded polymer. Therefore, Yu et al., (2011)(Yu 733 

et al., 2011) proposes that the crack growth mechanism may be defined as a degradation-assisted 734 

crack growth, where the major crack grows until a fresh zone then the chlorine dioxide attacks the 735 

material adjacent to the crack wall leading to the propagation of the major crack. 736 

Vertova et al., (2019) used a test loop where the pipes are placed in parallel inside a thermostat 737 

chamber at 70°C for the investigation of the aging of metal and plastic water pipes due to ClO2. The 738 

recirculated water has a temperature of 70°C, a pressure of 5 bar with a velocity of 0.5 m/s, pH equal 739 

to 7 and chlorine dioxide concentration of 1 mg/L. A purge of the test fluid is advised to prevent the 740 

accumulation of disinfection by-products. The exposure time is about 8 weeks, after which the pipes 741 

are characterized through electrochemical impedance spectroscopy (EIS), FTIR, SEM with EDS and 742 

DSC for determining the change in the crystallinity of the materials. The SEM images reported show 743 

several cracks in the inner wall of PE pipe after 8 weeks of aging, in addition traces of chlorine are 744 

present on the surface, probably from the chlorine dioxide. After 4 and 8 weeks of aging, the FTIR 745 

shows an increase in intensity in the 1750-1735 cm-1 region indicating the formation of carboxylic 746 

and carbonyl compounds. In addition, adsorption band between 1550-1620-1640-3200-3500 747 

appeared. The degradation of the polymer occurred only on the surface of pipes, while at 0.3 mm of 748 

depth within the wall only the depletion of the antioxidant occurred with the disappearance of the 749 

week absorption around 1745 cm-1. Finally, the DSC showed that as the aging time increased, the 750 

crystalline fraction of the polymer raised from 46.5 to 55.4% at the end of the test. After 4 week or  8 751 

weeks of aging, the crystalline percentage at 0.3 mm of depth within the wall was higher than the 752 

surface values.  753 
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Kim et al., (2018) have studied the effect of chlorine dioxide on different PE resin through a pressure 754 

test at 5 bar, with water containing 1 mg/L of chlorine dioxide. The aging tests are carried out in cold 755 

and hot water, and further details about the trial temperature are not reported. The PE pipes have a 756 

nominal size of 16 mm with a thickness of 2 mm. The exposure time varied from a few hours to 1000 757 

hours for evaluating the accelerated aging effect during the time. The PE pipes were mainly 758 

characterized through DSC for OIT calculation, providing information about the antioxidant 759 

consumption during the time exposure. One PE pipe containing a base stabilization (BS), one 760 

containing the BS plus experimental antioxidant, and another one with BS and a noted formulation 761 

XP 2090 were tested by Kim et al., (2018). On one hand, the OIT of the standard stabilizer dropped 762 

dramatically and reached zero after 1000h of aging at lower temperature and after 500h at higher 763 

temperature. On the other hand, a slower decrease in OIT was obtained for the XP 2090 and the 764 

experimental one. At lower temperature and after 1000 hours of aging, the relative OITs of the XP 765 

2090 and the experimental one were around the 60% of the OIT value for unaged samples. 766 

Castagnetti et al. (2011) have investigated the aging of 100 m pipe coil in polyethylene due to chlorine 767 

dioxide effects. Freshwater with a ClO2 concentration of 5 mg/l, temperature of 40 °C, pressure of 768 

2.5 bars and a velocity of 1.8 m/s is recirculated inside the pipe coil for 1 year. At regular intervals 769 

time, 30 cm of sample is cut from the pipe coil for the chemical-mechanical characterization, which 770 

involves OIT tests at 210°C on the inner wall and on the mid-layer, and tensile tests with a speed of 771 

50mm/min. As a further mechanical characterization, pressure tests on 1 meter of pipe were carried 772 

out according to the UNI EN 921. The pipes were tested for 165, 1000 and 2000 hours at a 773 

circumferential stress of 5 MPa and at constant temperature of 80°C. Furthermore, samples exposed 774 

to neutral water at the same test conditions and samples exposed to ambient air were characterized in 775 

order to provide reference characteristics of naturally aged pipes. In the case of exposure to chlorine 776 

dioxide, the pipes have shown an abrupt decrease of the OIT at the inner of the wall from the second 777 

week of test. The OIT values at inner surface became stable at around 90% less than its initial value 778 
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(almost equal to zero minutes) after two months of aging. The decrease in the OIT on the mid-layer 779 

of the pipe wall was quite low, from 50 mins to 30 mins after 365 days of aging. All the pipe samples 780 

survived the pressure tests at a constant temperature for up to 2000 h, indicating that a high degree of 781 

antioxidant consumption does not necessarily imply a decrease in the mechanical performance 782 

(Castagnetti et al., 2011). 783 

Aliaxis corporate R&D centre has developed a method to assess, in accelerated mode, the resistance 784 

of PE pipe to chlorine dioxide. The test involves a trial loop with PE pipes DN 32 where a ClO2 785 

solution with a concentration of 70 mg/l, temperature of 40°C, 1 bar of pressure, is recirculated inside 786 

up to 4000 hours. After the exposure time, the polyethylene is characterized by FTIR and DSC for 787 

OIT determination (Carmier et al., 2012). Carmier et al., (2012) tested and compared PE100 pipes 788 

with a protective inner layer in PVDF and plain PE pipes by means of the Aliaxis aging method. In 789 

the case of the plain PE, the FTIR showed some oxidation peak at 1720 cm-1 while in the PE100 790 

protected by the PVDF there was absence of oxidation peaks. Moreover, the plain PE showed a very 791 

fast reduction of OIT, which reached zero in 254 hours of aging. On the  contrary, the PE100 protected 792 

by the PVDF remained well above the usual required minimum OIT of 20 mins at 200°C. Finally, 793 

the peel strength of the PVDF layers from the PE structural layer was determined, where the peeled 794 

10 mm strip was pulled at 50 mm/min. Only after 1500 hours of aging the peel strength dropped 795 

below the recommended minimum value of 15 N/cm. 796 

Table 5 reports a summary of the pressurized pipe loop methods found in literature with indication 797 

of the main operating parameters, main findings and the parameters measured for studying the 798 

chemical-mechanical aging of polyethylene pipes due to the ClO2 exposure. 799 

As in the case of immersion aging tests, pressurized pipe loop tests present a lot of variability in terms 800 

of operating conditions and characterization results. Both ASTM F2263 and SUEZ method involves 801 

the aging of the PE until the pipe failure without application of any characterization method. The 802 

ASTM F2263 may reach the failure in a short time (two months), thanks to the high chlorine dioxide 803 
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concentration and water pressure. The SUEZ method, which involves the application of middle aging 804 

parameters, may need more than one year to achieve the failure of the PE pipes. The aging time 805 

needed to reach OIT equal to zero for the inner surface of the pipe, and to affect the  percentage of 806 

crystallinity of the tested material are dependent on the utilized water temperature and chlorine 807 

dioxide concentration. As in the case of immersion aging tests, extreme temperature conditions (T ≥ 808 

70°C) may lead to the OIT depletion of the inner surface and in abrupt increasing of the crystallinity 809 

in few hours. The formation of cracks generally occurs after 40-60 days of aging, and no clear 810 

correlations with other operating parameters may be noticed. 811 
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Table 5. Summary of pressurized pipe loop tests 812 

  Experimental conditions Experimental results  

Test ClO2 

(mg/l) 

P 

(bar) 

T 

(°C) 

V 

(m/s) 

Trial 

time 

(d) 

Parameters 

Measured   

Time-

to-

failure 

(d) 

Crystallinity 

of the inner 

surface (%) 

FTIR results Time-to-zero 

OIT for the 

inner surface 

Elongation 

at break 

(%) 

SEM results Ref. 

ASTM 

F2263 

2.5-5 6-8 70-

90 

Min. 

0.04 

40-60 Time-to-

failure to 

evaluate the 

pipe lifetime 

44-57 - - - - - (ASTM 

International, 

2015), 

(Hassinen and 

Svedberg, 

2010) 

SUEZ 

method 

1 6 40 0.1 270 – 

540 

Time-to-

failure 

270 – 

540 

- - - - - (Costa et al., 

2016) 

Yu et al., 

2011 

4 7 90 7 66 Spectra 

FTIR, OIT, 

Degree of 

crystallinity, 

SEM  

-  from 50% to 

55% after 5 

days 

- 2 hours - Formation of 

cracks and on 

each side, 

there are 

zones with 

small cracks 

(Yu et al., 

2011) 

Vertova et 

al., 2019 

1 5 70 0.5 56 Spectra 

FTIR, 

Crystallinity 

Degree, SEM 

plus EDS 

-  from 46% to 

55% after 60 

days 

Increase in 

intensity in the 

1750-1735 cm-

1 region after 

30 days  

- - Cracks in the 

inner surface 

after 56 days 

(Vertova et 

al., 2019) 

Kim et al., 

2018 

1 5 - - 42 OIT, 

qualitative 

analysis with 

SEM 

- - - 37 days - The pipe 

with BS has 

many surface 

cracks, while 

XP2090 pipe 

shows a clear 

surface after 

aging 

(Kim et al., 

2018) 

Castagnetti 

et al., 2011 

5 2.5 40 1.8 365 OIT, 

elongation at 

break and 

pressure tests 

- - - 60 days from 700% 

to 300% 

after 30 

days 

- (Castagnetti et 

al., 2011) 

Aliaxis 

method 

70 1 40 - 167 OIT, Spectra 

FTIR  

- - Oxidation peak 

of the plain PE 

at 1720 cm-1 

after 166 days. 

10 days - - (Carmier et 

al., 2012) 

 813 
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5. Comparison of the accelerated aging tests and methods 814 

As mentioned above, the aging of the PE pipes in water distribution system due to chlorine dioxide 815 

exposure is a chemical-mechanical process. On one side, the concentration of ClO2 and its by-816 

products affects the depletion of the antioxidant as well as the degradation of the polymer. On the 817 

other side, the applied pressure (hoop stress) on the PE pipe determines the crack propagation time. 818 

Other operating parameters such as temperature, pipe thickness, water pH and contact time contribute 819 

to accelerating the chemical-mechanical aging of PE pipes. Accelerated aging tests should aim to 820 

accurately replicate the normal aging of PE pipes to preserve the degradation mechanisms occurring 821 

in water distribution networks. The main sources of error found in accelerated aging tests a are due 822 

to the either exaggeration or lack of those operational parameters mostly contributing to the PE pipes 823 

aging under real condition service, such as ClO2 concentration, water pressure and temperature. There 824 

are not experimental studies reported in the literature that quantify the errors of the acceleration 825 

experiment from the normal aging of PE pipes in service. However, a qualitative assessment of these 826 

errors is discussed below in this work. Typical chlorine dioxide concentration in pressurized pipe 827 

loops varies between 1 and 5 mg/L, with a maximum pressure of 5-8 bars and trial temperature 828 

ranging from 40°C to 90°C. The applied pressure in the pipe is well-known as one of the main factors 829 

contributing to the crack propagation, after the formation due to the chemical oxidation of the surface, 830 

until the pipe failure (Jana Laboratories Inc., 2010b). Aging tests without applied stresses, as in the 831 

case of many immersions aging trials, may be not considered representative of the chemical-832 

mechanical aging. The range of applied temperature in loop tests is quite wide affecting the exposure 833 

time and the linked effects on the PE pipes. Van Der Stok et al. (2018) pointed out the trial 834 

temperature should remain within certain limits, which are comparable to the practice in water 835 

distribution systems. The physical antioxidant loss is affected by the temperature and should not be 836 

confused with the antioxidation depletion due to chlorine dioxide exposure. Moreover, an elevated 837 

applied temperature likely induces a pipe failure in Stage II, rather than in Stage III (Van Der Stok et 838 

al., 2018). The maximum advised temperature for commercial PE pipes is generally around 60°C 839 
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(DIN 8074, 2011). Although there are no findings about the relation between velocity and aging, 840 

moderate loop velocities are found in the literature (0.04-0.5 m/s), likely resulting in longer contact 841 

time between chlorine dioxide, chlorite, chlorate, and PE pipes. ASTM F2263 and SUEZ methods 842 

imply the aging of the PE pipes until failure with the aim to estimate the lifetime of the pipes. These 843 

tests do not provide information about the degradation mechanisms which lead to the aging of the PE 844 

pipes (Van Der Stok et al., 2018). Hence, both mechanical and chemical characterization are needed 845 

to evaluate the PE pipe aging and verify that the simulated degradation mechanisms are the same of 846 

those occurring in real service conditions (Costa et al., 2016). As mentioned before, subsequently to 847 

the aging test, the most-used parameters for PE characterization are the carbonyl index, oxygen 848 

induction time, degree of crystallinity, qualitative analysis of the surface with SEM and elongation at 849 

break. From the analysis of the literature, no evidence of aging tests with extreme test conditions 850 

leading to pipe failure in short time (e.g.; ASTM F2263) may replicate the chemical-mechanical aging 851 

that occurs in real service conditions (Stage III). On one side, elevated temperature and pressure may 852 

result in a mechanical-brittle failure of the pipe in PE (Stage II). On the other side, aging tests with 853 

too high concentrations of chlorine dioxide, compared to those in real service conditions, may alter 854 

the degradation mechanisms neglecting the synergy between the chemical and the mechanical aging. 855 

In contrast, more realistic test conditions replicate better the chemical-mechanical aging, which 856 

occurs in the water distribution system (Van Der Stok et al., 2018). Although the pipe failure does 857 

not occur during the trial time of these tests, the depletion of the antioxidant on the pipe surface, 858 

increases of the crystallinity degree and the carbonyl index are detected by PE characterization 859 

methods (Bredács et al., 2016; Vertova et al., 2019; Yu et al., 2011). These results and findings may 860 

allow the comparison between PE pipes with different resins and additives, and the determination of 861 

degradation kinetics. In addition, the described aging methods did not assess the consumption of 862 

chlorine dioxide and the formation of its by-products, which occurs during the tests. The comparison 863 

of the bulk and wall kinetics of chlorine dioxide and its by-products during aging tests with the 864 

kinetics obtained in full-scale drinking water distribution systems may be useful to compare the 865 
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accelerated and the normal aging of PE pipes in service. Therefore, the determination of ClO2, ClO2
- 866 

and ClO3
- kinetics for accelerated aging tests is recommended to critically assess and evaluate the 867 

characterization results of the PE pipes and the exposure time to the chlorine dioxide.  868 
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6. Conclusions 869 

In this review paper, aging mechanisms of PE pipes exposed to chlorine dioxide are introduced and 870 

discussed. The macroscopic degradation mechanism between PE pipes and ClO2 is the same of that 871 

occurring with other disinfectants. It generally involves: (i) depletion of antioxidants at pipe surface 872 

in contact with chlorine dioxide, (ii) degradation of the polymer with then micro-cracks initiation and 873 

(ii) cracks propagation until pipe failure. The aging mechanism occurring in service is a chemical-874 

mechanical process that leads to pipe failure in Stage III. High reactivity between ClO2 and 875 

antioxidants of polyethylene (i.e.; phenols) is generally reported. However, it is not clear if the 876 

chlorine dioxide may directly initiate radical chain reactions after antioxidant depletion or it reacts 877 

with hindered phenols in the polymer to produce radicals, which may lead to chain reactions. Further 878 

investigation is needed to understand the roles of antioxidants in the degradation of the PE pipes. 879 

Operating parameters influencing chemical-mechanical aging in real drinking water distribution 880 

systems were discussed. The main factors affecting the degradation mechanisms of PE pipes are the 881 

chlorine dioxide concentrations, water pressure and water temperature. However, other 882 

environmental factors, such as pipe size, pipe installation and water pH may aid the premature failure 883 

of pipes. Subsequently, accelerated aging methods and characterization tests of PE pipes after 884 

exposure to chlorine dioxide are described and critically discussed. Several aging tests are proposed 885 

by standards and developed by research centres. They may be subdivided into immersion aging and 886 

pressurized pipe loop. The main scope of these tests is the assessment of performances of PE pipes 887 

in contact with chlorine dioxide, in a short time, while preserving the degradation mechanisms 888 

occurring in service. The application of unreasonable ClO2 concentration, water pressure and 889 

temperature in accelerated aging tests is found to be the main cause of errors in the replication of the 890 

normal aging of PE pipes. Further research is needed for the quantification of these aging replication 891 

errors, which is currently missing in the literature, and may certainly lead to the improvement of the 892 

PE pipes lifetime prediction. In addition, no accelerated aging methods reported the concentrations 893 

of ClO2 by-products, such as ClO2
- and ClO3

-, and their possible oxidation effects on PE degradation. 894 
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Although chlorite and chlorate have lower oxidation strength than chlorine dioxide, their 895 

concentrations should be monitored and annotated in accelerated aging reports to strengthen 896 

transparency and comparability of methods. Pressurized pipe loop methods are the most reliable tests 897 

to simulate real aging conditions in water distribution systems. Within this category, aging tests with 898 

extreme operating conditions, compared to realistic ones, (i.e. high ClO2 concentration, high pressure, 899 

high temperature) may lead to pipe failure in Stage II rather than Stage III. Therefore, semi-realistic 900 

operating parameters are recommended to simulate the realistic degradation of PE pipes. Chlorine 901 

dioxide concentration ranging between 1-5 mg/l, water pressure from 4-7 bars and water temperature 902 

below 60°C are proposed as operating conditions. Although these aging methods do not reach the 903 

pipe failure in a short time (less than one month), the chemical-mechanical characterization of aged 904 

PE pipes provides a real insight into the degradation mechanisms and allows performances 905 

comparison. None of semi-realistic aging methods attempted to predict the lifetime of PE pipes under 906 

real operating conditions considering the results of material characterization after ClO2 exposure. 907 

This fact limits their possible application for commercial purposes.  It is recommended to validate the 908 

characterization results of PE pipes after accelerated aging experiments by comparing them with 909 

results of the characterization of PE pipes operated under real condition service. Future research 910 

should explore the existence of possible correlations between chemical-mechanical parameters of PE 911 

pipes and their real lifetime in water distribution systems. 912 
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