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NMR                                       Nuclear magnetic resonance 

OTUs                                      Operational taxonomic units  

PCR                                        Polymerase chain reaction 

PD                                           phylogenetic diversity  

QIIME                                    Quantitative insights into microbial ecology  

SDS                                         Sodium dodecyl sulphate 

SDS-PAGE                             Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SMP                                        Soluble microbial product 

TAN                                        Total ammoniacal nitrogen  

TBP                                         Tributyl phosphine 

TCl                                          Total chlorine  

TOC                                        Total organic carbon 

UF                                           Ultrafiltration  

UV                                          Ultraviolet  

WFP                                        Water filtration plant 
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Abstract 

Chloramine is the second most popular disinfectant behind chlorine used in water distribution 

systems. The main advantages of using chloramine over chlorine are; it provides a longer 

lasting disinfectant residual and forms a less amount of the regulated halogenated disinfection 

by-products. However, at times, microbial chloramine decay can overwhelm stability and is 

identified as one of the serious problems that needs addressing. One of the mechanisms of 

microbial chloramine decay is by production of soluble microbial products (SMP), which 

substantially affects the chloramine decay. The SMP are usually composed of proteins, 

polysaccharides, humic acids, fulvic acids, nucleic acids, enzymes and structural compounds, 

but it was suspected that the chloramine decaying SMP could be protein(s) due to the catalytic 

effect that was noted in the samples. It was noted in soluble form in water after the onset of 

nitrification in a chloraminated system. When the SMP was filtered out of the water and was 

run on the SDS page to identify the compound 25 different proteins were seen with weaker 

signals. Therefore, the identity of chloramine decaying soluble microbial products (SMP), 

which microbes produce them and how to control them are not known. 

If SMP was produced by nitrifiers and since nitrifiers could be inhibited by higher organic 

carbon levels when changing dissolved organic carbon (DOC) level in the water, it could alter 

the production of chloramine decaying SMP. Therefore, batch rechloramination tests were 

conducted for reactor sets with variable DOC levels to understand their effect on the impact of 

SMP. The results revealed as the highest production of SMP had been stimulated with low 

DOC level (0-1mg-C.L-1) compared to other DOC levels (2-3, 4-5 and 7-8 mg-C.L-1). To 

recognize microbial community variations with the impression of identifying CDP producing 

micro-organisms, microbial community analysis was also carried out in the same reactor sets. 

Significant differences in bacterial types against DOC variations could not be detected. 

However, some of the bacterial types such as Micobacterium, AOB, Bradyrhizobium sp., 

Methylobacterium and family Sphingomonadaceae recognized in this study are known to 

produce extracellular polymeric substances (EPS).  

My early work has identified that SMP are proteins; hence, named as chloramine decaying 

proteins (CDP). In Relation to the context of these experiments, the proteins consisting within 

EPS can be considered as CDP. Questioning if nitrifiers always produce CDP, two nitrified 

reactors - one with chloramine (chloraminated reactor) and the other with ammonia 

(ammoniated reactor) - were operated using nutrient added Milli-Q water as the feed water in 
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a way nitrification occurs within the reactor. MilliQ was selected since it produced the highest 

concentration of CDP. It was expected that CDP could be easily separated amongst 25 

previously found proteins. Therefore, nitrified bulk water and biofilm samples from both 

reactors were subjected to protein separation (2-dimensional gel electrophoresis and SDS-

polyacrylamide gel electrophoresis) and protein identification (mass spectrometry-MS).  

Furthermore, bacterial community variations on ammoniated and chloraminated reactors were 

characterised by sequencing of 16S RNA. 

The batch rechloramination results obtained from the reactors for the first time established the 

production of CDP as a microbial response to chloramine stress. The bacterial community 

characterisations on each of the reactors did not show major differences in identified bacterial 

strains. However, the EPS producing bacterial strains (AOB, Bradyrhizobium sp. and family 

Sphingomonadaceae) identified in chloraminated reactors were suspected to be responsible for 

CDP production. Chloraminated and ammoniated bulk water samples were not resulting in 

enough concentrations, therefore, for comparison of protein spots and MS analysis, the biofilm 

samples (which are believed to have more CDP) were analysed. The major proteins detected 

were ammonia monooxygenase subunit A and putative porin related to Nitrosomonas sp. and 

Bradyrhizobium sp., respectively. However, their relation to CDP has to be further investigated.  

Conclusively, every aspect of this study is directing towards discovering a better control 

mechanism for the microbial/ CDP induced accelerated chloramine decay. Silver is a known 

inhibitor for several micro-organisms. Therefore, experiments were conducted to reveal the 

optimum dose of silver on inactivating nitrifying microbes and CDP for controlling the fast 

decay of chloramine. Interestingly, 2 µg-Ag.L-1 silver (which is far lower than the 

recommended level- 0.1 mg-Ag.L-1) was found to be effective for improving chloramine 

residuals in tested bulk waters. This study concludes by further emphasising the need for 

extensive study/research in further identification of CDP and bacteria communities responsible 

for chloramine decay in chloraminated drinking water distribution systems.
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1.1  Background 

Chloramine is the second most popular secondary disinfectant used in many countries for over 

90 years due to its stability and formation less regulated disinfection by-products. However, at 

times maintaining a recommended level of chloramine in the water distribution system is a 

challenge due to its fast decay followed by nitrification. 

Several researches have been undertaken to understand the role of nitrification; which was 

conventionally considered as the major cause of diminishing chloramine (Sathasivan, Fisher & 

Tam 2008; Skadsen 1993). Nitrifiers are responsible for the nitrification process, in which 

ammonia is converted to nitrite by ammonia oxidising bacteria (AOB), followed by conversion 

of nitrite into nitrate by nitrite oxidising bacteria (NOB).   

Questioning the traditional belief, Sathasivan et al., 2005 developed the microbial decay factor 

method to measure microbial and chemical chloramine decay in chloraminated samples. They 

noted substantial (about two to three times chemical decay) microbial chloramine decay 

occurring even before the onset of nitrification. Based on further examination of samples 

obtained from chloraminated water supply systems, they noted even faster (about five times 

the total decay before the onset of nitrification) acceleration upon the onset of nitrification. 

This phase was named as severe nitrification. Upon further experimentation, soluble microbial 
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products (SMP) in severely nitrifying water was found to be responsible for the acceleration 

(Krishna, Sathasivan and Sarker (2012).  

Laspidou and Rittmann (2002) explained that extra cellular polymeric substances (EPS) 

produced by bacterial biofilm act as a protective barrier that provides resistance to harmful 

effects. EPS matrix protects bacteria from external stresses (Lewandowski & Beyenal 2013) in 

various ways such as chemically reacting with and neutralizing the antimicrobial agent (Dodds, 

Grobe & Stewart 2000). The soluble component of EPS are considered as SMP (Laspidou & 

Rittmann 2002) and are closely associated with EPS that is bound to bacterial cells (Janga et 

al. 2007).  EPS is generally composed of proteins, carbohydrates, nucleic acids, lipids and 

humic substances (Neu, Flemming & Wingender 1999). However, Majority of EPS consists of 

proteins and carbohydrates (Liu, Yan & Fang 2003; Neu, Flemming & Wingender 1999). 

Considering that chloramine is harmful (an antibacterial agent) for bacteria living in 

chloraminated systems, chloramine decaying soluble microbial products could be a part of 

EPS.  

Chloramine decaying microbial products which is identified as SMP catalyses the auto-

decomposition and nitrite oxidation resulting in much higher chloramine decay when compared 

against nitrifying bacterial chloramine decay (Krishna, Sathasivan & Sarker 2012). Assuming 

this SMP as proteins (proteins are known to have catalytic effect (Cooper 2000)), I have 

conducted several experiments aiming to identify this soluble products decaying chloramine. 

My previous work showed that the chloramine decaying proteins (CDP) in the severely nitrified 

bulk water samples could be separated using 30 kDa and 50 kDa cut off membrane filters. 

There were more than 20 proteins in the range 30-50 kDa, in which some are identified as 

common drinking water bacterial types (e.g. Bradyrhizobium sp., Nitrosomonas sp., 

Acidovorax sp., Family Mycobacteriaceae and Hyphomicrobium sp.). With the intention of 

controlling fast decay of chloramine, it is necessary to identify the specific chloramine 

accelerating protein(s) and/or the microbial strains which produce these proteins in 

chloraminated water distribution systems. 

However, Sarker (2012) reported that there can be situations where CDP type behaviour is not 

noted under nitrifying conditions. Furthermore, chloramine decay promoted by both autotrophs 

(nitrifiers) and heterotrophs were newly reported (Herath, Sathasivan & Lam 2015). However, 

the impact of CDP could not be identified in samples from reactors fed with higher DOC 

concentrations in this study. Furthermore, temperature, pH, the presence of silver and water 
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retention time could also affect the presence/production of CDP. These parameters are usually 

fluctuating in chloraminated distribution systems and variations may host different microbial 

communities being responsible for the behavioural changes of CDP. Therefore, a systematic 

investigation into the effect of these factors on CDP production is essential. 

 

1.2  Research objectives 

Controlling of chloramine decay in drinking water distribution systems is a necessity as it 

consumes substantial resources annually. There are numerous vital factors such as CDP, 

nitrifiers, heterotrophic bacteria which mandates attention for further investigation into this 

type of induced chloramine decay. CDP have been observed under severe nitrification 

conditions, but organic matter could also play a role in controlling the nitrification and thus 

have an impact on CDP. Therefore, this study investigates the effect of natural organic matter 

(NOM) variations on different nitrifying conditions and the related bacterial community 

followed by impact of NOM on CDP. In the past, there were several researches that 

successfully investigated the production of EPS as a resistance mechanism against harmful 

effects and/or external stress. Therefore, the production of chloramine decaying compounds 

was investigated with reactors being maintained under specific conditions. The most significant 

aspect of the research, the identification of CDP, was implemented using CDP rich water 

samples. Furthermore, attributes of silver inhibition on nitrifying organisms and CDP were 

explored for the purposes of controlling chloramine decay. The research objectives were as 

follows: 

 To recognize the microbial community variations in different DOC levels along with 

the identification of CDP focusing on chemical decay. 

 To investigate the CDP production mechanism by providing favourable conditions such 

as low DOC and chloramine stress to induce the CDP impact in nitrified water.  

 To identify the protein(s) and micro-organism(s) which are specifically responsible for 

accelerated chloramine decay. 

 To identify the effect of silver on nitrifying micro-organisms (on severely nitrified 

conditions and on CDP for the better control of accelerated chloramine decay. 
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1.3  Significance of the research 

Chloramine is widely used over 90 years as a safe and effective disinfectant by municipally 

run and privately owned water systems across the United States and Canada. Great Britain is 

one among few European countries which uses chloramines for residual disinfection in the 

distribution network for the reduction of disinfection by-products. Finland, Spain and Sweden 

also occasionally use chloramines for disinfection. Sudden disappearance of chloramine 

followed by the onset of nitrification in the distribution system is the biggest problem, and yet 

a problem to be solved despite the majority of research implemented within the last four to five 

decades. Accelerated chloramine decay in water distribution systems is the result of both 

nitrification and catalytic reaction of CDP with chloramine. As these chloramine decaying 

soluble microbial products could not be identified consistently and during all the time in 

nitrified chloraminated systems, it could be assumed that there could be some limiting factors 

affecting their production. Therefore, this research was conducted, with the aim of controlling 

accelerated chloramine decay. The consequences of the research outcomes are: 

 This research reported that the CDP are produced as a stress response to chloramine. 

One of the major difficulties witnessed in identifying this CDP was the low 

concentration of CDP. Hence, applying chloramine stress, CDP was produced in 

sufficient concentrations for the identification.  

 Nitrified conditions are induced with the presence of free ammonia. In chloraminated 

water, free ammonia is made available with chloramine dosing and chloramine decay. 

Therefore, identifying CDP and microbial community diversities in nitrified conditions 

induced by both environments, one being with only ammonia and the other being with 

only chloramine would help in narrowing down the proteins produced/released due to 

chloraminated conditions. This innovative finding facilitates the application of better 

control mechanisms for CDP induced chloramine decay.  

 Diversity of microbial communities under different DOC levels with respect to various 

water quality parameters (DOC, total chlorine, ammonia, nitrite) was investigated.  This 

helps to manage the chloramine residual level under different seasonal variations as 

DOC levels could vary even in the same location.  

 Different concentrations of silver were applied as an inhibitor on various nitrified 

conditions (mild nitrification and severe nitrification) and on CDP. This will be useful 
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as a chloramine decaying inhibitor for Sydney Water and all other water supply systems 

in the world which use chloramine as their disinfectant.  

 

1.4  Research approach  

With the aim of fulfilling research objectives under laboratory conditions and due to the 

difficulties of obtaining consistent and expected conditions in a full-scale water distribution 

system, the lab scale reactor systems and reactors were operated in the Western Sydney 

University, Kingswood for the purposes of this study. Feed water was regularly collected from 

the Orchard Hills water treatment plant and reactor sets were operated with different DOC 

levels, depending on seasonal differences and induced conditions such as treated with 

biologically activated carbon treated water. Each reactor set consisted of 5 reactors connected 

in series were operated under controlled conditions (initial chloramine residual, pH and 

temperature). Separately, 2 reactors; namely Chloraminated (with chloramine only) and 

Ammoniated (with ammonia only) were maintained using with nutrients added ultra-pure 

water, which were initiated with identical nitrified seed water samples collected from one of 

the above explained reactor sets. The reactors and reactor sets facilitated the investigation of 

unknown factors behind the accelerated chloramine decay in more details (e.g. identification 

of CDP, suspected bacterial types, cause of CDP production and CDP control methods).  

This study comprises of ten chapters. Chapters 4 to 9 are presented as individual chapters which 

have already been published, submitted to journals or prepared for publication as peer-reviewed 

journal publications. However, to facilitate easy reading, common materials and methods are 

detailed in Chapter 3. The experimental design and the outcomes of this research have been 

detailed in Figure 1.1. Chapters 4, 5 and 9 were written on experiments conducted utilising the 

lab scale reactor systems consisting of variable DOC concentrations. Chapters 6 to 8 state the 

core experiments directed with ammoniated and chloraminated reactors based on the 

identification of CDP and the microbial diversity related to CDP production. 

 Chapter 1 introduces the thesis including research objectives, their significance and the 

approach employed in this dissertation.   

 Chapter 2 reviews the literature, which includes prevailing research efforts 

implemented to understand chloramine decay and strategies (corrective and 

preventative) that have been deployed for maintaining an adequate chloramine residual 
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in the system. With the direction of identifying chloramine decaying microbial 

products, protein separation and identification techniques are also embedded in to the 

literature review section. Furthermore, diversity of microbial communities and their 

characteristics were also introduced in this chapter.  

 Chapter 3 organizes the common materials and methods employed in this research, 

which include the sampling methods, operation and maintenance of lab scale reactors 

and reactor sets and chemical analytical procedures.  

 Chapter 4 reveals the effects of feed water NOM variation (as a measurement of DOC) 

on chloramine demand from CDP during re-chloramination by exploring the 

physicochemical parameters (total chloramine, total ammoniacal nitrogen, nitrite, 

nitrite, pH, etc) 

 Diversity and similarity of microbial communities characterised by sequencing of 16S 

RNA under various nitrification conditions on same reactor sets fed with waters 

containing different DOC levels as described in Chapter 4 are presented in Chapter 5.  

 Chapter 6 identifies the production of CDP as a response to stress by investigating 

physiochemical parameters after batch re-chloramination tests were carried out on 

reactors separately maintained with chloramine (Chloraminated reactor) and ammonia 

(Ammoniated reactor).   

 Chapter 7 presents the diversity and similarity of the microbial communities 

characterised by sequencing of 16S RNA in chloraminated and ammoniated reactors 

described in chapter 6.  This helps in understanding the differences between CDP 

producing and non-CDP producing microbial strains.  

 CDP separation and identification techniques are described in Chapter 8. This facilitates 

the narrowing down of identified proteins from my previous study based on CDP 

production as a key finding in this study. 

 Chapter 9 deals with the impact `optimum silver dose on inactivating nitrifying 

microbes, heterotrophic microbes and CDP by batch re-chloramination.  

 Chapter 10 reports the conclusions of this study and recommendations for future study. 
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Figure 1.1: The experimental design and the outcomes of this research 
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2.1  Drinking water disinfection 

Tap water is disinfecting to shield public health from disease causing microorganisms. 

Disinfectants kill bacteria, viruses and other organisms that cause deaths and serious illnesses 

such as typhoid, hepatitis and cholera in water. Most commonly used disinfectant to treat 

drinking water is chlorine. Other disinfectants are chloramine, ozone, chlorine dioxide, and 

ultraviolet (UV) light. While water moves through the pipelines to the consumers, certain 

amount of disinfectant has to be maintained. The disinfectant also needs to comply with other 

regulatory requirements and should be cost effective. Therefore, chloramine and chlorine is 

frequently used in distribution systems. The drinking water standard for chloramines is 4 parts 

per million (ppm) measured as an annual average.  

 

2.2  Chloramine 

Chloramine becomes an attractive secondary disinfection choice over chlorine due to many 

advantages. Mainly; chlorine gives water a taste, form cancer-causing compounds (which is 

called disinfection by-products-DBP) by combining with organic contaminants and reduce the 

effectiveness  with the presence of turbidity (cloudy water) (Okpara, Oparaku & Ibeto 2011). 

However, chloramine offers many advantages such as, improvement of taste and odor, lower 
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concentration of chlorinated DBP formation and ability to reduce total coliform and 

heterotrophic bacteria (Neden et al. 1992; Norton & LeChevallier 1997). Importantly, 

providing longer lasting residuals throughout water distribution systems made chloramine 

applicable for long water distribution systems or systems having a long water retention time. 

Sydney Water, Australia started to use chlorine as a disinfectant in the water distribution system 

since 1940s. Since, the early 1960s the first trial of chloramination commenced in some 

distribution systems of Sydney Water. Currently, Sydney Water has seven chloraminated and 

six chlorinated water systems. Beside Sydney Water, Goldfield and Agricultural Water Supply 

System, Western Australia, water utilities located in country side of South Australia and most 

water utilities in Queensland use chloramine as a secondary disinfectant. Still, there is no 

convincing record of how many water utilities have been using chloramine as a secondary 

disinfection in Australia. However, it is known that most water utilities in Australia that have 

long water retention times or long distribution systems are using chloramine as a secondary 

disinfectant. Chlorination has been practiced in short or small water distribution systems. 

Chloramine is formed by mixing chlorine with ammonia. There are different types of 

chloramines. They are monochloramine, dichloramine, trichloramine and organic chloramines. 

Monochloramine is the most common form used as a secondary disinfectant in drinking water 

systems. Dichloramine, trichloramine, and organic chloramines are formed in lower levels in 

chloramine application (White 2010). 

The pH, the ratio of chlorine to ammonia-nitrogen and to a lesser extent, temperature and 

contact time controls the production of monochloramine, dichloramine and trichloramine and 

hence the decay rate of chloramines. The generalized formation reactions of these three forms 

of chloramine are shown in the following  Eq. 2.1 to 2.3 (Haas 2000). A pH between 

approximately 7.5 and 9.0 is optimum for the formation of monochloramine and ideal pH is 

8.3 (Eq. 2.1) (Hammerl & Klapötke 2006). Dichloramine is formed when the chlorine to 

ammonia-nitrogen weight ratio is greater than 5:1; however, this reaction is very slow (Eq. 

2.2). Organic chloramines are formed when chlorine reacts with organic nitrogen compounds 

(Eq. 2.4). Trichloramine formation does not usually occur under normal drinking water 

treatment conditions (Eq. 2.3) (Hammerl & Klapötke 2006). 

HOCl + NH3                           NH2Cl (monochloramine) + H2O                                     (Eq. 2.1) 

HOCl + NH2Cl                        NHCl2 (dichloramine) + H2O                                           (Eq. 2.2) 
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HOCl + NHCl2                       NCl3 (trichloramine) + H2O                                              (Eq. 2.3) 

HOCl + Organic nitrogen                        R-NHCl (organic chloramine)                         (Eq. 2.4) 

2.3  Possible chloramine decay mechanisms in water distribution systems 

After the formation of chloramine, it starts to decay due to chemical and biological reasons. 

The decay rate is normally controlled by water quality including chlorine to ammonia-N ratio, 

temperature, pH, carbonate, organic matters, bromide, nitrite, atmospheric exposure, iron 

etc.(Vikesland, Ozekin & Valentine 2001; Vikesland & Valentine 2000; Vikesland, Valentine 

& Ozekin 1996). As a result of chemical decay of chloramine, free ammonia is released to 

water which boosts nitrification process in the chloraminated distribution system. Major 

chloramine decay pathways are described below. 

2.3.1  Auto decomposition 

Chloramine decay occurs even without reducing agents called auto decomposition. In auto 

decomposition, chloramine undergoes in the distribution system by a complex set of reactions 

that eventually oxidized ammonia and reduce the quantity of active chlorine in the system 

(Vikesland, Ozekin & Valentine 2001). A simplified form of stoichiometry is presented in Eq. 

2.5 (Vikesland, Valentine & Ozekin 1996).  

3NH2Cl                         N2+ NH3+ 3Cl ̅  + 3H+                                                                (Eq. 2.5) 

This is highly a pH dependant reaction. Low pH levels promote the auto decomposition than 

in higher pH levels. Therefore, maintaining a lower pH level affects negatively on 

chloraminated systems. Apart from the pH, temperature also plays a major role on auto 

decomposition. Increasing temperature by 17 °C can double the chloramine decay rate. 

Additionally, Valentine, RL (1998) reported the amplification of decay rate by 6.5 times when 

the temperature increased 4 °C to 35 °C at pH 7.5. However, there are many other factors relate 

to the decay of chloramine than temperature. Inorganic/organic carbon residuals, chlorine to 

ammonia-N ratio, and initial chloramine concentrations are other major parameters that could 

affect the auto-decomposition process (Vikesland, Ozekin & Valentine 1998; Vikesland & 

Valentine 2000). 

At or over pH 8.3, chlorine-to-ammonia-N ratio is less effective on accelerating chloramine 

decay. However, to control the chloramine decay, chlorine-to-ammonia-N weight ratio should 
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be approximately 3:1 (Vikesland, Ozekin & Valentine 1998). In distribution systems, free 

ammonia residuals can be limited by maintaining chlorine-to-ammonia-N ratio between 4.5:1 

and 4.7:1 (Kirmeyer 2004). Experiments done by Vikesland, Ozekin and Valentine (1998) 

indicated that the role of natural organic matter (NOM) as a catalyst is negligible and the 

reactions with NOM occur due to the redox and substitution reactions with monochloramine. 

Moreover, direct interaction between NH2Cl and NOM matrix could result DBPs formation in 

chloraminated systems. However, bromide ions act as a catalyst in accelerating the auto-

decomposition reaction by producing nitrogen gas and free ammonia (Vikesland, Ozekin & 

Valentine 2001). 

In water distribution systems, chloramine auto-decomposes by air and sunlight when it is 

exposed to the atmosphere and the decay rate is controlled by temperature, sunlight intensity 

and wind velocity (Kirmeyer 2004). 

 

2.3.2  Nitrite oxidation by chloramine 

In chloraminated distribution systems, nitrite is mainly produced via nitrification process. In 

addition, raw water may also contain certain amount of nitrite. It has been shown that the direct 

reaction between chloramine and nitrite is more favourable than other chemical reactions in 

normal water conditions (Margerum et al. 1994; Valentine, R 1985) Nitrite oxidation is 

controlled by pH, temperature, free ammonia, nitrite and initial chloramine residuals. Eq. 2.6 

and 2.7 represent the nitrite oxidation which leads to nitrate production and free ammonia 

(Vikesland, Valentine & Ozekin 1996). Free ammonia is the major component which leads to 

nitrification in chloraminated water distribution systems. 

NH2Cl + NO2
̅ + H2O                         NH4

+ + NO2
̅ + Cl ̅  + NO3

 ̅                                    (Eq. 2.6) 

HOCl + NO2
 ̅                            NO3

 ̅ + H+ + Cl ̅                                                               (Eq. 2.7) 

 

2.3.3  Nitrification 

Nitrification is a two-step microbiological process where ammonia is oxidized to nitrite (NO2
‾) 

by AOB and nitrite is nitrate (NO3
‾) by NOB. A simplified equation for the production of nitrite 

by ammonia and production of nitrate by nitrite is illustrated in Eq. 2.8 and 2.9, respectively. 
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Application of chloramine to the distribution system eventually introduces free ammonia in the 

water. Excess ammonia from chloramine formation and free ammonia release from chloramine 

decay leads nitrification. The existing free ammonia in the distribution system serves as an 

energy source for nitrifying bacteria which result in nitrification during the decay process.  

2NH4
+ + 3 O2                          2 NO2

̅  + 2 H2O + 4 H+                                                      (Eq. 2.8) 

2 NO2
 ̅ + 1 O2                         2 NO3

̅                                                                                 (Eq. 2.9) 

In the United States, it was reported that 63% of water utilities which use chloramine have been 

suffered from nitrification problems (Wilczak et al. 1996). In South Australia, 64% of the tested 

samples illustrate nitrification episodes in chloraminated water distribution systems (Cunliffe 

1991). Nitrification of chloraminated drinking water deteriorates water quality, including a 

decrease in chloramine residuals which could lead to increase in heterotrophic plate count 

(HPC) bacteria and increase in nitrite and nitrate-nitrogen, all of them lead to regulatory 

violations. 

Once nitrification has set in, it is almost impossible to stop it even introducing a high 

chloramine levels like 6.0 to 8.0 mg.L-1 (Odell et al. 1996). In chloraminated water distribution 

systems total chloramine, free ammonia, temperature, pH, light, dissolved oxygen (DO), water 

chemistry and microbial community composition controls the nitrification process. When 

nitrifiers are exposed to minimal concentrations of cyanides, halogenated compounds, phenols, 

mercaptants, thiourea and metals (iron, aluminium, copper, zinc, manganese, lead, and nickel); 

they display severe stress (Ford 1981). 

After the onset of nitrification, both nitrifying bacteria and their products exert chloramine 

demand, decreasing the chloramine residual concentration in the distribution system. The 

presence of nitrifiers and their activity is detected by increased in NOx (nitrite + nitrate) level. 

This is because nitrite can be oxidized by chloramine or NOB to nitrate in a chloraminated 

environment, but there is only one mechanism to produce nitrite, which is by AOB. Sathasivan, 

Fisher and Tam (2008) have observed two distinct stages based on the chloramine decay rate 

and nitrite production in a chloraminated distribution system as mild nitrification and severe 

nitrification. In mild nitrification, chloramine decay is reasonably stable and nitrite level 

normally remained less than 0.010 mg-N.L-1, while in severe nitrification, chloramine decay 

accelerates excessively and reaching a nitrite level of more than 0.1 mg-N.L-1. Severe 

nitrification triggers when the chloramine level reached below 0.5 mg.L-1 (Sathasivan, Fisher 

& Tam 2008). 
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However, both chemical and microbial decay occurs in a full-scale distribution system. In order 

to understand the decay mechanism, separating microbes (including nitrifying bacteria) and 

chemical reactions is required. Sathasivan, Fisher and Kastl (2005) proposed a microbial decay 

factor (Fm) method by summarising the problems of traditional indicators of onset of 

nitrification such as nitrite, nitrate, pH, ammonia and chloramine residuals. It is a simple tool 

which is the ratio between microbial and chemical decay coefficients, that was established for 

separating and quantifying the microbial activities and chemical reactions on chloramine decay 

(Sathasivan, Fisher & Kastl 2005).  The chemical decay coefficient (kc) is affected by 

chloramine residual, total chlorine to ammonia ratio, temperature, total organic carbon, pH, 

nitrite and other agents present in water; while the microbial decay coefficient (km) depends on 

activities of microorganisms. Chloramine stability and an early warning of the onset of 

nitrification can be precisely assessed by this method. 

 

2.3.4  Microbial products 

Soluble microbial products (SMP) 

Soluble cellular components which are released by microorganisms called Soluble Microbial 

Products (SMP). It can be released during microbial cell lysis or cell synthesis and normally 

diffuses through the cell membrane. Furthermore, SMP can be released for other purposes as 

well. They consist of a wide range of high (>50 kDa) to low molecular weight (<0.5 kDa) 

compounds that include proteins, polysaccharides, humic acids, fulvic acids, nucleic acids, 

enzymes and structural compounds (Parkin & McCarty 1981; Rittmann, Bruce Edward et al. 

1987). 

Few studies have been conducted to investigate SMP in drinking water systems except for a 

very few literatures on its formation process (Carlson & Amy 2000). Since the demand of high 

quality drinking water has increased worldwide, SMP in drinking water distribution system 

should be further studied (Jarusutthirak & Amy 2007). Many studies reported that nitrifying 

bacterial activities (especially AOB) release SMP (Noguera et al. 2009; Regan, John M, 

Harrington & Noguera 2002; Wolfe et al. 1990) that could deplete the chloramine residual by 

exerting demand on chloraminated system. Furthermore, if this produced SMP stimulate 

heterotrophic bacterial regrowth, it will be able to detect  using heterotrophic plate count 
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(Allen, Edberg & Reasoner 2004; Bartram, Jamie et al. 2003; Bartram, J et al. 2004; Sartory 

2004).  

Krishna, Sathasivan and Sarker (2012) recently demonstrated that chloramine decaying 

substances which is released or produced in the nitrified chloraminated systems accelerates 

chloramine decay. They also reported that; applying protein denaturing techniques such as 

silver addition (presented in Fig. 2.1), subjecting to high temperature and high pH completely 

terminated the accelerated chloramine loss. This verified the SMP could be a protein-related 

compound; however, further confirmation is essential. Repeated re-chloramination in filtered 

severely nitrified waters demonstrated that the SMP act like catalyst to boost the auto-

decomposition and nitrite oxidation on chloramine decay. However, the identity of SMP (what 

exactly this compound is), source of the compound and the decay mechanism of chloramine 

under severely nitrifying conditions still to be investigated. 

 

Figure 2.1: Total chlorine decay profiles in severely nitrified water samples after addition of 

silver and without addition. ‘Unprocessed’ represents the not filtered samples where ‘filtered’ 

represents the filtered samples through 0.22 μm. 

(Adapted from Bal Krishna et al. 2012) 
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Extra cellular polymeric substances (EPS) 

Due to the increased susceptibility to disinfection in planktonic phase (Simões, M et al. 2003; 

Simões, M, Pereira & Vieira 2005), most of the microorganisms are grow in aggregated forms 

such as biofilms and flocs. In most biofilms major percentage (90%) is accountable for extra 

cellular polymeric substances (EPS) (Flemming & Wingender 2010) which mostly produced 

by bacteria and in which the biofilm cells are embedded. Laspidou and Rittmann (2002) 

describes number of functions of the EPS such as aggregation of bacterial cells in flocs and 

biofilms, adhesion to surfaces, stabilization of the biofilm structure and formation of protective 

barrier that provides resistance to harmful effects. Other than those functions EPS accumulate 

the nutrients from the environment via sorption of exogenous organic compounds, accomplish 

enzymatic activities such as digestion of exogenous macromolecules for nutrient acquisition. 

EPS are divided into the soluble components known as soluble EPS or SMP and into the 

extracellular components that are attached to the biomass known as bound EPS. The 

composition of EPS and SMP could be almost similar or identical as soluble EPS (SMP) are 

dissolution of bound EPS (Nuengjamnong et al. 2005). 

The major components of EPS are polysaccharides, proteins and DNA (Flemming & 

Wingender 2010). Earlier it was believed that the majority of the matrix are accountable for 

polysaccharides. However, protein and nucleic acids as well as amphiphilic compounds 

including phospholipids have also been shown to appear in significant amount or even 

predominate (Flemming & Wingender 2010; Wingender, Neu & Flemming 1999, 2012). As 

described earlier, EPS act as a protective barrier that provides resistance to harmful effects and 

consists of protein. Therefore, there is a high possibility this chloramine decaying agent could 

be a component/s of EPS. Nevertheless, it has to be confirmed.  

In chloraminated water distribution systems, the presence of both autotrophs (nitrifiers) and 

heterotrophs were identified. Furthermore, nitrifiers produce EPS or/and SMP (Jiang et al. 

2008; Rittmann, Bruce E, Regan & Stahl 1994; Sepehri & Sarrafzadeh 2018) in certain 

scenarios. Other than nitrifiers, heterotrophic bacteria such as Mycobacteria (Chapman 2003) 

and Methylobacterium (Tsagkari & Sloan 2018) produce EPS in drinking water systems. 

Therefore, the impact of SMP/accelerated chloramine decay can be accountable for the nitrifies 

or heterotrophs living in nitrified chloraminated condition. 
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Several functions and the EPS component involved can be identified as presented in the Table 

2.1 adopted from Flemming and Wingender (2010). 
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Table 2.1: Functions of extracellular polymeric substances (EPS) in bacterial biofilms 

Function Relevance for Biofilms EPS components involved 

Adhesion   Allows the initial steps in the colonization of abiotic and biotic surfaces by planktonic cells, and the long-term 

attachment of whole biofilms to surfaces 

Polysaccharides, proteins, DNA 

and amphiphilic molecules 

Aggregation of bacterial cells   Enables bridging between cells, the temporary immobilization of bacterial populations, the development of high cell 

densities and cell–cell recognition 

Polysaccharides, proteins and 

DNA 

Cohesion of biofilms Forms a hydrated polymer network (the biofilm matrix), mediating the mechanical stability of biofilms (often in 

conjunction with proteins multivalent cations) and, through the EPS structure (capsule, slime or sheath), determining 

biofilm architecture, as well as allowing cell–cell communication 

Neutral and charged 

polysaccharides, (such as 

amyloids and lectins), and DNA 

Retention of water Maintains a highly hydrated microenvironment around biofilm organisms, leading to their tolerance of dessication in 

water-deficient environments 

Hydrophilic polysaccharides and, 

possibly, proteins 

Protective barrier Confers resistance to nonspecific and specific host defences during    infection, and confers tolerance to various 

antimicrobial agents (for example, disinfectants and antibiotics), as well as protecting cyanobacterial nitrogenase 

from the harmful effects of oxygen and protecting against some grazing protozoa 

Polysaccharides and proteins 

Sorption of organic 

compounds  

Allows the accumulation of nutrients from the environment and   compounds the sorption of xenobiotics (thus 

contributing to environmental and detoxification) 

Charged or hydrophobic 

polysaccharides and proteins 

Sorption of inorganic ions Promotes polysaccharide gel formation, ion exchange, mineral  formation and the accumulation of toxic metal ions 

(contributing to environmental detoxification) 

Charged polysaccharides and 

proteins, thus including 

inorganic substituents such as 

phosphate and sulphate 

Enzymatic activity Enables the digestion of exogenous macromolecules for nutrient    acquisition and the degradation of structural EPS, 

allowing the release of cells from biofilms 

Proteins 

Nutrient source Provides a source of carbon-, nitrogen- and phosphorus-containing   compounds for utilization by the biofilm 

community 

Potentially all EPS components 

Exchange of genetic 

information  

Facilitates horizontal gene transfer between biofilm cells          DNA 

Electron donor or acceptor Permits redox activity in the biofilm matrix Proteins (for example, those 

forming pili and 

nanowires) and, possibly, humic 

substances 

Export of cell components Releases cellular material as a result of metabolic turnover Membrane vesicles containing 

nucleic acids, enzymes, 

lipopolysaccharides and 

phospholipids 

Sink for excess energy Stores excess carbon under unbalanced carbon to nitrogen ratios Polysaccharides 

Binding of enzymes Results in the accumulation, retention and stabilization of enzymes through their interaction with polysaccharides Polysaccharides and enzymes 
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2.4  Factors impacting on chloramine decay caused by nitrification 

As accelerated chloramine decay in distribution systems mostly detected in nitrified water, it 

is vital to examine the triggering factors for nitrification to apply control measures for 

chloramine decay. There are a number of factors that can directly influence the nitrification 

event in the distribution systems include: chloramine residual, total chlorine to ammonia-N 

ratio, ammonia concentration, retention time, characteristics of distribution system hydraulics 

and pipelines, pH, NOM and temperature. 

The presence of free ammonia in drinking water system produced by excess ammonia from 

chloramine formation, released by chloramine decay and formed by reactions between nitrate 

and metals in the system (Zhang, Yan, Love & Edwards 2009). The free ammonia in the system 

provides the favourable condition for nitrification by the existing nitrifying bacteria (AOB & 

NOB). Therefore, excess free ammonia present in the system at low chlorine to ammonia ratio 

tend to encourage nitrification and is one of the primary reasons for high nitrification rate and 

accelerated chloramine decay (Karim & LeChevallier 2006; Zhang, Yan, Love & Edwards 

2009).  

The retention time and pipe materials of the distribution system also proposed to play a role in 

nitrification episode. Long retention time and low chloramine residual in water promote the 

growth of nitrifying bacteria, thus urging nitrification to govern the system. In addition, certain 

type of pipe materials (e.g. iron) used in the distribution system may provide favourable 

environment (stimulate the growth of nitrifying bacteria) for triggering nitrification in the 

distribution system (Zhang, Yan & Edwards 2009; Zhang, Yan, Love & Edwards 2009).  

The pH affect nitrification not only by affecting the growth of nitrifying bacteria, but also by 

affecting the ammonia released from chloramine decay and chloramine inactivation rate on 

nitrifying bacteria (Harrington et al. 2002; Oldenburg et al. 2002). The pH decrease during the 

nitrification episode. At low pH, more free ammonia is released and thus increases the 

chloramine decay rate.   

Low flow and dead ends in the distribution system network provide favourable conditions for 

accumulating materials to form sediment.  Sediment in distribution pipes also exert chloramine 

demand and further enable nitrifying bacterial growth (Odell et al. 1996; Zhang, Yan, Love & 

Edwards 2009). They may also create micro-anaerobic environments where oxygen could be 

limiting. Even though nitrifying bacteria are obligate aerobes, they can use nitrite and nitrate 
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as an alternative electron acceptor in low oxygen circumstances (Alleman & Preston 1991). 

Moreover, sediment provides a surface area for bacteria attachment can enhance the resistance 

of bacteria including nitrifying bacteria to disinfectant (Zhang, Yan, Love & Edwards 2009).  

Atmospheric exposure facilitates chloramine degradation due to the sunlight at varying rates 

depending on the intensity of light (Alleman, Keramida & Pantea-Kiser 1987). Rand and 

Gagnon (2008) reported the deterioration of disinfectants such as free chlorine and 

monochloramine when samples are exposed to UV light. 

 

2.4.1  Effect of temperature on nitrification 

Usually, most water distribution systems are subject to temperature variations between 6 and 

35 °C. Nitrification is highly influenced by water temperature in drinking water distribution 

systems.  The optimal temperature for nitrification and nitrifying bacteria growth is 25 °C  to 

30 °C  (Fisher et al. 2009; Odell et al. 1996). Therefore, nitrification occurrence was higher 

during summer. Higher temperature also increase the rate of chloramine decay and therefore 

provides more free ammonia for nitrifying bacterial growth  (Fisher et al. 2009; Nowlin 2001). 

Hence, reduction of the temperature could slow down the chloramine decay and then the 

nitrification which is responsible for further decaying of chloramine. On the other hand, 

elevated temperature increase the disinfectant efficiency of chloramine, which could help to 

control nitrifying bacteria in some cases (Lieu, Wolfe & Means 1993). Finding a balance is a 

difficult one, but temperature is difficult to control in distribution systems. 

According to the biostability concept (Woolschlager et al. 2001) the bacterial regrowth can be 

prevented if the inactivation rate equals or exceeds the bacterial growth rate at each location 

within the distribution system. Biostable residual concentration (BRC) is the chloramine 

residual below which potential of nitrification occurrence exists. The equation for BRC was 

implemented by Fleming et al. (2005) and further modified by Sathasivan, Fisher and Tam 

(2008) as follows:  

    

μm = The maximum specific growth rate of AOB (d–1); 

.......................………………………..(Eq. 2.10) 
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Free ammonia= Ammonia (NH3) and ammonium (NH4+) concentrations (mg-N.L-1); 

Ks= Half saturation constant for AOB (mg.L-1); 

kd = The rate constant for inactivation of AOB by disinfectant (L.d–1 mg Cl2
–1); 

BRC is measured as total chlorine concentration (mg Cl2 L
–1). 

Sarker et al. (2013) investigated how temperature (6–35 °C) would impact the biostability 

parameters in chloraminated water. It was reported that the temperature more than 17 °C is 

actually controls microorganisms better. Onset of nitrification were noticed above 17 °C due 

to the reduction of μm/kd value and correspondingly chloramine becomes more effective in 

controlling nitrification. On the other hand, with increasing temperature decreases the 

chloramine residual and increases the free ammonia which is suitable for nitrification. 

 

2.4.2  Role of NOM on nitrification 

The NOM is a mixture of complex organic compounds that are formed from decomposing 

plants, animals and microbial materials in soil and water. Total organic carbon (TOC) is often 

measured as an indicator of NOM. In water distribution systems, they can react with 

disinfectants to form DBPs. Now DBPs formation has been a global concern on chlorination 

and chloramination (Rook 1974; Seidel et al. 2005). Many studies (Goslan et al. 2009; Hua & 

Reckhow 2008; Lu et al. 2009; Shah & Mitch 2011) have reported about the formation of DBPs 

in chlorinated and chloraminated systems. The impact of NOM on nitrification is not well 

understood and NOM is not a source for AOB growth (Harrington et al. 2002). However, NOM 

enhances the growth of nitrifying bacteria by liberating free ammonia as a reaction product. 

Consumption and useful effects of the organic carbon on the growth of nitrifiers have been 

reported by Krümmel and Harms (1982). Organic carbon sources such as pyruvate and peptone 

increase the cell yield of the Nitrosomonas strain, while formate and acetate reduce the lag 

phase of the Nitrospira strain. In chloraminated systems growth of AOB can be indirectly 

influenced by TOC. It is assumed that TOC could enhance the nitrification by decreasing the 

chloramine residuals (Zhang, Yan & Edwards 2009).   

Although there are some advantages of NOM on nitrification, it could be toxic to the nitrifiers 

when they live with heterotrophs in chloraminated systems. In the mixed cultured environment, 

nitrifiers could not win the combat against heterotrophs as they compete for surface area, DO, 

ammonia and nutrients (Dolinšek et al. 2013; Hockenbury, Grady & Daigger 1977; Sharma & 
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Ahlert 1977). In the process of producing energy for their cellular functions, nitrifiers must 

reduce carbon dioxide to cellular carbon which results in lower yield and growth rates 

compared with the heterotrophs (Rittmann, Bruce E & Manem 1992). Therefore, nitrifiers have 

a competitive disadvantage with heterotrophs at a high organic carbon level. If there is no 

organics, heterotrophs do not have substrate to grow, then they must be fully dependant on the 

cell lysis and the extra cellular substances such as SMP released by nitrifiers for the organic 

carbon source. This is supported by the finding that at a high organic carbon-to-ammonia ratio, 

nitrifiers are strongly dominated by heterotrophs (Ohashi et al. 1995; Verhagen & Laanbroek 

1991). However, in high DOC levels, chloramine decay promoted by both autotrophs 

(nitrifiers) and heterotrophs were newly reported. (Herath, Sathasivan & Lam 2015). Therefore, 

decrease DOC level by reducing NOM from drinking water is extremely important.  

 

2.5  Removal of NOM from drinking water 

Ultra filtration 

Ultrafiltration (UF) is an established technology in NOM removal in water treatment. In the 

past two decades it has developed rapidly due to the evolution of both membrane 

manufacturing design and operation. UF is mainly applied in surface water treatment, filter 

backwash water treatment and as a pre-treatment for reverse osmosis in desalination (Adham 

& Gramith 2003). This is mainly applied when the NOM content/ colour is high (>30 mg Pt/l) 

and turbidity low (<1 NTU) (Ødegaard et al. 2010). 

Conventional coagulation/ Floc separation method 

This method might be the most commonly used method for the removal of turbidity but some 

NOM is eventually removed. This method is primarily used to remove the turbidity. Most 

commonly used coagulants are aluminium sulphate, pre-polymerised aluminium chloride and 

iron chloride. These processes remove NOM by adsorption onto flocs and can typically achieve 

50 - 80% removal of DOC (Parsons et al. 2002) 

Oxidation 

The colour removal and disinfection is the main target of oxidation. Ozonation normally is the 

preferred oxidation method. The oxidation of NOM by ozone follow two main pathways; 1) 

direct oxidation by ozone which selectively targets mainly activated aromatics and double 
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bonds, and 2) indirect reaction where ozone is decomposed to form hydroxyl radicals which 

are more powerful but less selective oxidants than ozone (Ødegaard et al. 2010). 

Adsorption processes 

Granular activated carbon (GAC) is an effective adsorbent used widely for drinking water 

treatment. Micro pollutants such as pesticides, industrial chemicals, tastes and odours and algal 

toxins are removed by GAC (Newcombe 1999). The adsorption of compounds to the GAC is 

influenced by the structural and the chemical characteristics of the carbon surface. (Karanfil et 

al. 1999; Newcombe 1999).  Over the time, it was found that there are bacteria multiply in the 

GAC filters and contributes to the removal of impurities in the water. After the growth of the 

bacteria in the granular carbon, it is called biologically activated carbon (BAC). It is also well 

known that activated carbon filters are used after the ozonation of NOM-containing waters 

results in increased biological activity in the filter. The run-time of GAC filters increase 

because of “biological regeneration” (Ødegaard et al. 2010). 

Biologically activated carbon (BAC) filters 

BAC filtration has been widely applied to remove biodegradable organic compounds (BDOC) 

similar to sand filtrations (Liu, X et al. 2015). Biological filters eradicate impurities by three 

main mechanisms: biodegradation, adsorption of micro pollutants, and filtration of suspended 

solids. Organic matter is consumed by the microbial growth (biofilm) attached to the GAC. 

Besides, Liu, X et al. (2015) reported that assimilable organic carbon (AOC) also effectively 

reduced by the pilot scale BAC filters with the time. BAC also can be effective for eliminating 

synthetic organic chemicals such as benzene, toluene, and pesticides like atrazine which 

present health concerns. The process also can reduce the concentrations of taste and odour 

causing compounds such as short-chain aldehydes, amines, aliphatic aldehydes, phenols and 

chlorinated phenols. 

 The DOC removal methods, which have been practised in the drinking water treatment is 

summarised in the table 2.2. 
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Table 2. 2: DOC removal methods 

DOC removal method Features References 

Conventional coagulation 

 

Removes organic matter with high MW and low solubility by leaving 

hydrophilic compounds 

in the treated water.  

 

Sillanpää and Matilainen (2014),  Goslan et al. 

(2006),   García and Moreno (2009),   Choi, I-H et 

al. (2007), Kim, H-C and Yu (2005), Korshin et al. 

(2009), Dlamini et al. (2013) 

Enhanced coagulation This is improved coagulation conditions, i.e., a low pH level and high dosage 

of coagulant.  This method maximize the removal of DBPs of the precursor 

Kabsch-Korbutowicz (2005), Wassink et al. (2011), 

Zhang, Yue et al. (2015), Fabris, Chow and Drikas 

(2012). 

Adsorption 

Activated carbon 

Widely applies on decolourization, deodorization and organic matter removal 

including organic micro-pollutants such as algal toxins. pH, temperature, 

surface texture and ionic strength influence the adsorption efficiency. Maintain 

required water quality in terms of e.g., DBP formation. 

Gonçalves et al. (2013), Li, F et al. (2002), 

Daifullah, Girgis and Gad (2004), Newcombe and 

Drikas (1997), Moreno-Castilla (2004), Quinlivan, 

Li and Knappe (2005). 

Oxidation  

e.g., Ozone 

Eliminates taste, odour, colour and certain mineral compounds. Also be used 

for NOM degradation and microorganisms.O3 promotes strong oxidation and 

can oxidize some NOM components directly. 

Ghernaout, Ghernaout and Naceur (2011), Molnar 

et al. (2013). 

Membrane 

 Reverse osmosis (RO)  

 Nano filtration (NF)  

 Ultrafiltration (UF)  

 Microfiltration (MF) 

Removal of NOM and contaminants. The NOM properties, including the high 

MW, negative charge, hydrophobicity and aromatic structure, Higher removal 

has been reported at a lower pH. 

Tijing et al. (2015), Zhao et al. (2011), Gray et al. 

(2011) 

Biological treatment 

Bio-filtration 

Oxidizes the biodegradable fraction of NOM, thus controlling DBPs, 

trihalomethene (THM) and microbial regrowth. Well-designed bio filtration 

improves the reduction of precursors of DBPs, bivalent species of iron and 

manganese.  

Korotta-Gamage and Sathasivan (2017), 

Lautenschlager et al. (2010), Zhang, Yue et al. 

(2015), Dussert (1994), Dong et al. (2014), Hijnen 

et al. (2014). 

Adsorption ( e.g. powdered 

activated carbon (PAC)) 

coupled with coagulation 

Lower removal rate of low MW organic compounds in the NOM at the 

coagulation stage. Reduce the coagulant dosage, reduce sludge production. 

Zhang, Yue et al. (2015), Wang, Hongtao, Keller 

and Li (2010), Uyak et al. (2007), Kristiana, Joll 

and Heitz (2011) 

Magnetic ion exchange 

resin (MIEX®) and 

coagulation 

Removes both organic and inorganic contaminants like sulphate, nitrate or 

phosphate. Able to remove a fraction of NOM recalcitrant to coagulation. 

Increase the DOC and DBP precursor reduction. 

Jarvis et al. (2008), Metcalfe et al. (2015), Mergen 

et al. (2008), Morran et al. (2004). 

Oxidation (ozonation) and 

coagulation 

Elimination of taste, odour, colour and inactivation of micro-organisms. 

Produces some hydrophobic neutral and intermediate macro molecules (NOM 

Morran et al. (2004), Vilve, M, Hirvonen and 

Sillanpää (2007), Vilve, Miia, Törönen and 
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compounds), which are removed efficiently in the following coagulation 

process. 

Sillanpää (2008), Liu, H et al. (2007), Liu, H, 

Cheng and Wang (2009). 

Advanced oxidation 

processes (AOPs) and 

coagulation 

Oxidation changes the characteristics of NOM and degrades towards low 

macro molecule compounds which can be removed easily by coagulation. 

Rämö and Sillanpää (2001), Sillanpää, Pirkanniemi 

and Sorokin (2009), Murray and Parsons (2004), 

Uyguner et al. (2007). 

Membrane Filtration with 

coagulation 

 

 

Reduces the amount of coagulant needed while improving turbidity and DOC 

reductions. Provides an effective hygienic barrier in combination with 

membranes. Removal of NOM has been significantly affected by the type of 

coagulant, coagulation conditions, the type of membrane, filtration conditions, 

and the characteristics of the water to be treated 

Blankert, Betlem and Roffel (2007), Kim, Jaeshin, 

Cai and Benjamin (2008), Cho, Lee and Lee (2006) 

Choi, YH, Kim and Kweon (2008),  Tran et al. 

(2006), Zularisam et al. (2009). 

Adsorption coupled with 

the membrane (hybrid 

adsorption) 

PAC- increase humic acid, tannic acid and hydrophobic NOM.  

GAC-not only lower MW and hydrophilic NOM fractions but also for 

hydrophobic NOM fractions. 

Campinas and Rosa (2010),Kim, Jaeshin, Cai and 

Benjamin (2008), Kim, K-Y et al. (2009) 

Ozone coupled with 

membrane 

Direct oxidation can act with activated aromatics and double bonds, leading to 

higher odour removal and lower TOC removal, while the indirect reaction, in 

which the O3 is decomposed to hydroxyl radicals that are more powerful but 

less selective oxidants than O3, can achieve higher TOC removal efficiency. 

Song et al. (2010), Karnik et al. (2005) 

Adsorption coupled with 

biological processes 

ozonation followed by 

BAC 

Aromatic or hydrophobic organic compounds can be converted to more 

hydrophilic, biodegradable organic compounds, such as aldehydes, carboxylic 

acids, ketones and other organic acids, which can also be further removed in a 

subsequent BAC process. 

Yapsaklı et al. (2009), (Klymenko, Kozyatnyk & 

Savchyna 2010), Seredyńska-Sobecka, 

Tomaszewska and Morawski (2005) 
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2.6  Protein separation and identification 

The key objective of this study is to identify the chloramine decaying microbial products ̶ SMP 

responsible for chloramine decay.  As this microbial product is evidenced as protein/s  

(Krishna, Sathasivan & Sarker 2012), there were several protein identification techniques 

implemented in Herath, Torres and Sathasivan (2018). Additionally, a technique has been 

discovered to concentrate water samples containing chloramine decaying SMP and confirmed 

that, 30 kDa ultra-centrifugal filters are effective in separating them from nitrified bulk water 

samples. Ultra-centrifugation is one of the simple method which can be practiced for the size 

separation and concentration of protein from solutions (Filik & Stone 2009). Therefore, in the 

chloramine decaying SMP identification process, interested proteins can be narrowed down to 

50-30 kDa in size. However, to reduce the complexity of the protein mixture, suitable protein 

separation method has to be selected and practiced.  

 

2.6.1  Electrophoresis 

Electrophoresis is used to separate and compare complex mixtures of proteins (e.g., from cells, 

subcellular fractions, column fractions, or immunoprecipitates), evaluate purity of a protein 

during the course of its isolation, and provide estimates of physical characteristics such as 

subunit composition, isoelectric point, size, and charge (Gallagher 2007). It can also serve to 

purify proteins for use in further applications. In the electrophoresis, generated electric 

potential between two electrodes separate charged particles from one another based on 

differences in their migration speed using a special medium, most often a gel. The most 

common gels use in the electrophoresis are polyacrylamide and agarose. Polyacrylamide gels 

typically provide much smaller pores than do agarose gels (Rio et al. 2010). Therefore, 

Polyacrylamide gels are used typically for the electrophoresis of proteins and relatively small 

nucleic acids. Polyacrylamide electrophoresis separates macromolecular ions based on a 

combination of charge, size and shape (Lehrach et al. 1977). Size (and shape) separation is due 

to the molecular sieving property of the gel. 

 

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

The most common one-dimensional gel methods utilize the detergent sodium dodecyl sulfate 

(SDS) to solubilize, denature, and impart a strong negative charge to proteins (Gallagher 2007). 
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Then the charged, denatured proteins are separated as they migrate based on their molecular 

mass and ultimately separates proteins. Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE), also known as one-dimensional gel electrophoresis is the most 

popular cost-effective method to estimate the molecular mass of protein subunits with 

considerable accuracy. 

Two-dimensional gel electrophoresis (2DE) 

Two-dimensional electrophoresis is performed by combining two different electrophoretic 

methods. Two individually high resolution methods based on isoelectric focusing followed by 

SDS gel electrophoresis is the most common (Harper, S, Mozdzanowski & Speicher 1998). 

Isoelectric point and size separation is combined for protein separation and this yields the 

best separation of complex protein mixtures in comparison to all individual procedures. A 

larger number of protein bands can be made visible easily with this method and this scale 

of separation cannot be achieved in the individual methods (Coligan et al. 1995). In the 

electrophoresis, one-dimensional gels produce rectangular bands while the two-dimensional 

gels are able to create round or elliptical spots of protein after staining (Harper, S, 

Mozdzanowski & Speicher 1998).  

 

2.6.2  Mass spectrometry (MS) 

Since the development of ionisation methods compatible with large, nonvolatile biomolecules, 

mass spectrometry (MS) has become the most useful technique for protein characterisation, 

identification, and quantitation. Mass spectrometry is a technique in which gas phase molecules 

are ionized and their mass-to-charge ratio is measured by observing acceleration differences of 

ions when an electric field is applied. Lighter ions will accelerate faster and be detected first. 

If the mass is measured with precision, then the composition of the molecule can be identified. 

In the case of proteins, the sequence can be identified. Most samples inserted into the mass 

Spectrometry are a mixture of compounds. A spectrum is acquired to give the mass-to-charge 

ratio of all compounds in the sample. Mass spectrometry is also known as 'mass spec' or MS 

for short. Mass spectrometry throws light on molecular mechanisms within cellular systems. It 

is used for identifying proteins, functional interactions, and it further allows for determination 

of subunits. Other molecules in cells such as lipid components can also be defined. 
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A mass spectrometer is composed of several different parts: a source that ionizes the sample, 

the analyzer that separates the ions based on mass-to-charge ratio, a detector that "sees" the 

ions, and a data system to process and analyze the results. Relative abundance of an ion can 

also be measured using mass spectrometry. Different compounds have differential ionization 

capabilities and therefore intensity of the ion is not a direct correlation to concentration 

 

2.7  The microbial community in chloraminated water distribution systems 

The majority of chloramine loss in chloraminated systems occurs due to the chloramine 

decaying SMP and the microbes occupied in the nitrified conditions. There were several 

investigations have been carried out to characterize and quantify nitrifiers, especially AOB in 

chloraminated systems. AOB are slow growing autotrophic (use carbon dioxide to support their 

growth), aerobic bacteria that occupy in a vast range of aquatic environments. Due to the high 

energy consumption for fixing inorganic carbon, nitrifiers show growth rates are slow 

(Rittmann, Bruce E 1984). Particularly, in chloraminated drinking water distribution system, 

to some extent AOB may have chloramine resistance. Further, laboratory inactivation 

experiments also proved the necessity of long time or high chloramine residuals for inactivating 

nitrifiers (Cunliffe 1991; Oldenburg et al. 2002).  

There could be difference in AOB species found in different environments. Furthermore, 

Claros et al. (2010) reported that AOB species are different in lab and pilot-scale systems. 

Dominant AOB in biofilms and bulk waters of pilot and full-scale chloraminated system are 

Nitrosomonas spp., members of the Betaproteobacteria, characterised using the 16S rRNA 

gene-targeted terminal restriction fragment length polymorphism (T-RFLP) and clone library. 

Nitrosospira spp., another subgroup of Betaproteobacteria was found as a small fraction of the 

AOB in the same systems (Lipponen et al. 2004; Regan, John M et al. 2003; Regan, John M, 

Harrington & Noguera 2002). It is also confirmed both Nitrosomonas spp. and Nitrosospira 

spp. are the common strains, they regularly present in the chloraminated distribution systems 

(Hoefel, Daniel et al. 2005). Nitrospira spp. were identified in several studies as the largest 

subgroup of NOB using the 16S rRNA gene clone library (Martiny et al. 2003) and 16S rRNA 

gene-targeted T-RFLP (Regan, John M et al. 2003; Regan, John M, Harrington & Noguera 

2002). Nitrobacter spp. NOB was also detected in chloraminated systems (Noguera et al. 2009; 

Regan, John M et al. 2003; Regan, John M, Harrington & Noguera 2002). 
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Besides the nitrifying bacteria, nitrification can be carried out by some heterotrophs such as 

Alcaligenes faecalis, Pseudomonas, Thiosphaera pantotropha, fungi, and some algae (Bock et 

al. 1992; Watson et al. 1989). Nevertheless, the rate of nitrification is slower than the 

autotrophic nitrifiers.  Apart from the bacteria, Ammonia-oxidizing Archaea (AOA) identified 

in a marine environment and in wastewater treatment plants can carry out nitrification 

(Könneke et al. 2005; Park et al. 2006). Recently, Woolpunda distribution system of South 

Australia have reported the presence of AOA (Hoefel, D 2011) in their  chloraminated system. 

Almost all of these studies were carried out on the community of nitrification bacteria. There 

were limited studies had been accompanied to distinguish the overall microbial community in 

chloraminated systems. For the first time, heterotrophic bacterial community in a 

chloraminated system were reported by Williams et al. (2004). Dominance of 

Alphaproteobacteria was recognized in both model chloraminated and chlorinated water 

distribution systems. Sequences aligned with Alphaproteobacteria including Afipia, 

Sphingomonas, Brevundimonas, Blastomonas, Hyphomicrobium, Methylocystis and 

Bradyrhizobium were reported in the systems. Furthermore, Betaproteobacteria was more 

abundant in the chloraminated water than in the chlorinated water (Williams et al. 2004). 

Despite the detailed investigation of bacterial communities in many chloraminated systems, 

investigation of the microbial community with respect to chloramine residual or nitrification 

stages was largely missing. Krishna, Sathasivan and Ginige (2013) for the first time revealed 

the impact of decaying chloramine residuals and associated nitrification on microbial 

communities in chloraminated distribution system. It was done by setting up a lab scale reactor 

system simulating a full scale chloraminated water distribution system. The study reported that 

some microorganisms appear to resist chloramine concentrations commonly maintained by 

utilities in the distribution systems. Microbial communities changed with changing chloramine 

residuals and nitrification metabolites and diversity of them increased with decreasing 

chloramine residuals. Bacterial classes Solibacteres, Nitrospira, Sphingobacteria, 

Betaproteobacteria were the dominant when the reactor content experiences low chloramine 

residuals (< 0.65 mg.L-1) and high nitrification activities. Classes Actinobacteria and 

Gammaproteobacteria were dominant in high chloramine residual (1.60 - 2.18 mg.L-1) 

maintained reactors. The class Alphaproteobacteria was present in all chloramine residuals 

(0.03 - 2.18 mg.L-1) irrespective of variation in nitrification activities. Nitrifiers and 

biologically induced ammonia oxidation only took place once chloramine had decreased below 

0.65 mg.L-1 and well known AOB with two novel species were identified.  
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In both chloraminated and chlorinated systems, several EPS and SMP producing bacterial 

strains have been identified previously. It is essential further investigating EPS/SMP producing 

microbes to control accelerated chloramine decay due to these microbial products. When 

biofilms are employed as part of a water or wastewater treatment strategy, SMP will be released 

(Carlson & Amy 2000). Interestingly, nitrifiers  produce EPS and/or SMP (Kindaichi, Ito & 

Okabe 2004; Ohashi et al. 1995; Rittmann, Bruce E, Regan & Stahl 1994; Sepehri & 

Sarrafzadeh 2018; Shi, Y et al. 2018) which mainly consist of polysaccharides, proteins, 

nucleic acids and lipids (Flemming & Wingender 2010; Sheng, Yu & Li 2010) in certain 

scenarios. Other than nitrifiers, heterotrophic bacteria such as, Mycobacteria (Chapman 2003) 

and Methylobacterium (Tsagkari & Sloan 2018) produce EPS in drinking water system.  

On the other hand, NOM content of the water greatly impact on nitrification in the water 

distribution systems. It could host different types of microbial community with the variation of 

NOM content in the distribution systems. Besides, SMP accelerated the chloramine decay is 

identified in nitrified chloraminated systems. Studying the microbial community changes in 

different NOM could lead to recognize the responsible bacteria for the production of SMP. It 

could hint for employing measures to control SMP associated chloramine decay in 

chloraminated distribution systems. This would facilitate better opportunities for controlling 

the SMP producing bacterial population rather than controlling the nitrification.  

 

2.8  Strategies in prevention and control of chloramine decay  

Nitrification has to be controlled for cutting down the associated accelerated chloramine decay 

in the distribution systems. This will lead to maintain the water quality in the distribution 

system by controlling the bacterial growth. There are several strategies to control the 

nitrification in chloraminated systems. 

 Increasing chlorine to ammonia ratio 

Seidel et al. (2005) reported that optimizing the chlorine to ammonia ratio is the most common 

nitrification control technique. In this technique nitrification is controlled by reducing the free 

ammonia level (Kirmeyer 2004; Lee, CO et al. 2014). Nevertheless, nitrifiers can grow even 

with small amount of ammonia and therefore is a less effective method. Moreover, there is a 

chance of dichloramine formation while maintaining chloramine at higher chlorine to ammonia 

ratio (5:1), results taste/odour problems and higher DBPs formation (AWW 2006).  
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 Increase chloramine residual 

In the long term approach increasing chloramine residual by adding free chlorine may be an 

effective nitrification control measure, but once nitrification triggers it is almost impossible to 

stop it even with high chloramine concentration of 8 mg.L-1 (Skadsen 1993). In South Australia, 

nitrifiers were found in samples having more than 5 mg.L-1 of monochloramine (Cunliffe 

1991). It was also reported that the nitrification didn’t decrease in most pipe materials until the 

chloramine level was increased to 4 mg.L-1 and maintained at the same level for several weeks 

(Zhang, Yan & Edwards 2009). Once the onset of nitrification started, it is almost impossible 

to stop as increased nitrite concentration decay chloramine even after introduction of high 

chloramine dose. 

 Breakpoint chlorination 

Breakpoint chlorination is one of the most effective control method for inactivating nitrifiers 

(Kirmeyer 2004). It is applied in several water utilities for a period of one week to a month 

once or twice a week. Increase DBPs concentration, unaccepted chlorinous taste ((Ferguson, 

DiGiano & Chandran 2005; Harms & Owen 2004), extensive labour involvement and usage of 

massive amount of chlorine at initial stage are some negative effects of break point 

chlorination. Krishna, Sathasivan and Kastl (2014) reported that, compounds (e.g., SMP) 

responsible for accelerated chloramine decay cannot be destroyed by repeated 

rechloramination (just enough to satisfy breakpoint chlorination demand from ammonia and 

nitrite oxidation). Moreover, chlorine might completely decay before it gets to deactivate 

nitrifiers.   

 Flushing (decrease water age)  

This is a short duration effective method of controlling nitrification. In this method nitrifiers 

could be flushed from the system.  However, with the time they could re-establish between 

flushing intervals. Flushing can also remove tubercles and sediments, thus disinfectant can 

penetrate into biofilms which contain nitrifiers (Harms & Owen 2004). 

 Removal of organic matter  

As NOM accelerate the decay of chloramine, it is an effective method of controlling 

nitrification by removing NOM at the treatment plant which is commonly practised in Europe. 

In a pilot scale study, Harrington et al. (2002) reported that nitrification could be avoided or 

prolonged the onset time by maintaining total chlorine residual above 2.2 mg.L-1 and the 
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chlorine to free-ammonia ratio greater than 1.9. They also observed that the onset of 

nitrification was stopped in high TOC removed samples during a four-day retention time. 

Further, no nitrification events were observed when the retention time was reduced to one day. 

Removal of NOM also controls the heterotrophic bacterial growth in the distribution system. 

 pH adjustments  

Nitrification occurred over a wide pH range (from 6.5 to 9.5). However, many studies reported 

the optimum pH condition for nitrifying bacterial growth as pH 7.5-8.5 (Grunditz & 

Dalhammar 2001; Odell et al. 1996; Painter 2013; Wilczak et al. 1996; Wolfe & Lieu 2003). 

Increase the pH level more than 8 could help in reducing nitrifiers growth and chloramine 

decay. Eventually, it reduces the chloramine inactivation effect. 

 Fm Method  

Fm method was revealed to maintain a sufficient chloramine residual by minimizing microbial 

acceleration of chloramine decay in chloraminated water reservoir of Sydney Water 

Distribution System, Australia (Sathasivan, Fisher & Kastl 2010). This provides the precise 

values of chloramine stability by calculating the decay rate coefficients (chemical and 

microbial) with monitoring chloramine residual.  Therefore, the early warning of onset of 

nitrification (Fisher et al. 2009; Sathasivan, Fisher & Kastl 2010) can be identified and control 

strategies for maintaining the chloramine residual can be applied. 

 Addition of inhibitors 

sodium chlorite  

Several studies reported the application of chlorite as nitrification inhibitor and therefore 

maintain the recommended chloramine level in the distribution systems (Gagnon et al. 2005; 

Karim & LeChevallier 2006; McGuire, Lieu & Pearthree 1999; Rahman, Encarnacion & 

Camper 2011).  McGuire, Lieu and Pearthree (1999) hypothesized that chlorite can stop or 

exclude the potential nitrification. It is also reported that short term application of chlorite ion 

(0.2 mg.L-1) is effective in preventing nitrification in full-scale distribution system (McGuire 

et al. 2006). Nevertheless, chlorite could be converted to chlorine dioxide in an acidic 

environment that could create by oxidation of ammonia during nitrification by biofilm on the 

surfaces (Svecevičius et al. 2005). Chlorite could be toxic if applies in high levels (Harms & 

Owen 2004). 
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Heavy metals 

Addition of copper and silver as inhibitors for controlling nitrification has been attempted in 

the research (Sathasivan, Fisher & Kastl 2005; Zhang, Yan, Love & Edwards 2009). Sarker 

(2012) reported that copper concentrations greater than or equal to 0.25 mg-Cu.L-1 intensely 

withdrawn the AOB activities (nitrite production) in severely nitrifying chloraminated waters. 

Considering those results it was proved that copper alone or with chloramine can inhibit 

nitrification hence can help in sustaining chloramine residual in the distribution system. The 

inhibitory effect on pure cultured nitrifiers of selected metals are shown in Table 2.3. However, 

effect on mixed culture environment could be significantly difference. 

Table 2. 3: Inhibition range of various metals 

Metal Concentration range                

(specific inhibiting extent) 

Culture purity  

(growth condition) 

Reference 

Cu (II) 0.01 ppm had 5% inhibition Wastewater treatment inoculum Waara and Wilander (1985) 

>0.4 ppm Not specified Martin and Richard (1982) 

Ni (II) >0.1 ppm Not specified Martin and Richard (1982) 

0.7 ppm Activated sludge Harper, SC et al. (1996) 

1 ppm had 20% inhibition Activated sludge Ibrahim (2018) 

Cr 0.3 ppm Cr (III) Activated sludge Harper, SC et al. (1996) 

>1 ppm (II) Not specified Martin and Richard (1982) 

1 ppm had 10 % inhibition Activated sludge Ibrahim (2018) 

>0.3 ppm Cr (III) High ammonia, Low 

Biodegradable organic 

Leachate 

Harper, SC et al. (1996) 

Zn (II) 3 ppm had 80% inhibition Wastewater treatment Waara and Wilander (1985) 

11 ppm had 25% inhibition Activated sludge Martin and Richard (1982) 

>10 ppm Not specified Martin and Richard (1982) 

Pb (II) >0.5–1 ppm Not specified Martin and Richard (1982) 

>1 ppm, 1.7 ppm had 90% 

inhibition 

Wastewater treatment 

Inoculum 

Waara and Wilander (1985) 

Cd (II) <75 ppb had <10% inhibition, 500 ppb 

had 85% inhibition 

Wastewater treatment inoculum Waara and Wilander (1985) 

14.3 ppm had 42% inhibition Activated sludge  

 

Martin and Richard (1982) 

 

Krishna, Sathasivan and Sarker (2012) reported that the accelerated chemical and microbial 

chloramine losses were significantly reduced after dosing silver at a concentration of 0.1 mg-

Ag.L-1 to the nitrified water samples obtained from laboratory scale system.  Silver has been 

used for water disinfection and is effective inactivation or killing of planktonic bacteria (Kim, 
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Jaeeun et al. 2004; Silvestry-Rodriguez et al. 2008). Zhou et al. (1997) reported that silver does 

not react with most of NOM in distribution system by resulting minimal possibility of 

producing toxic by-products. With advantages of employing silver in the distribution system; 

more investigation has to be carried out for optimizing the silver dose, dosing location and time 

in the distribution system.  

According to the literature survey, it is indispensable to control chloramine decay in drinking 

water distribution systems for supplying better quality drinking water to the consumers.   

However, numerous essential factors on chloramine decay such as CDP, impact of DOC on 

CDP and heterotrophic bacteria have not been further investigated and reported. Therefore, in 

this study several experiments and protein identification techniques were employed to identify 

the protein(s) and micro-organism(s) believed to be accountable for accelerated chloramine 

decay. Furthermore, this study investigates the effect of  NOM variations on different nitrifying 

conditions and the related bacterial community followed by the impact of NOM on CDP. Silver 

is one of the effective disinfectant controlling micro-organisms in water environment.  

However, there are limited information of silver application on nitrifying bacteria and CDP 

control along with the accelerated chloramine decay. Hence, effect of silver on nitrifying 

micro-organisms and CDP were acknowledged in this study. 
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This chapter includes a detailed description of the material and methods such as laboratory 

scale reactor maintenance and operation, feed water preparation employed throughout this 

dissertation. Each subsequent chapter has a smaller, abridged materials and methods section, 

but the current chapter should be the reference for duplicated experiments. Furthermore, 

common analytical procedures and stock chemical solution preparation practised for the 

conducted experiments all through the dissertation were discussed.   

3.1  Analytical procedures 

Total chlorine (TCl), total ammoniacal nitrogen (TAN), nitrite, and nitrate were measured 

immediately after sample collection. TAN is the summation of NH3-N, NH4
+-N, and nitrogen 

associated with chloramines. A Gallery (Thermo Scientific) high-precision wet chemistry 

automated analyser was adopted for measuring TAN, nitrite, and NOx (nitrite + nitrate) 

concentrations, which performs discrete, spectrophotometric analysis with an optical multi-cell 

cuvette. 

TAN concentration was measured following the salicylate ion method. Available ammonia 

reacts with hypochlorite ions that are generated by the alkaline hydrolysis of sodium 

dichloroisocyanurate to form monochloramine, which reacts with salicylate ions in the 

presence of sodium nitroprusside at approximately pH 12.6 to form a blue compound. The 

compound can be spectrophotometrically identified at 660 nm. Nitrite is measured by reacting 
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it with sulphanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride to form a 

coloured azo-dye. Thus, absorbance is measured spectrophotometrically at 540 or 520 nm 

(APHA 1998). In a mixture of nitrite and nitrate, nitrate is measured by catalytically reducing 

nitrate into nitrite ions using a nitrate-reductive enzyme in the presence of reduced 

nicotinamide dinucleotide). The total nitrite ions are then measured following the 

sulphanilamide method and reported as NOx. Nitrate levels are determined by subtracting 

nitrite from NOx. The analyser has a TAN and nitrite-N detection limit of 0.002 mg.L-1 and 

NOx detection limit of 0.005 mg-N.L-1. Standard curves for TAN, nitrite, and NOx were 

calibrated between 0.0 and 1.0 mg-N.L-1 using stock ammonium chloride, sodium nitrite, and 

sodium nitrate solutions, respectively. The experimental error for TAN and nitrite measurement 

was 2%, but the error for NOx measurement was 5%. 

TCl residuals were measured following the DPD colourimetric method using a HACH pocket 

colourimeter (HACH DR 1900). It was assumed that over 99% of the chloramine was present 

as monochloramine above pH 8.0, and the Cl to TAN mass ratio was approximately 4.0 or less 

(Valentine, R et al. 1987). The TCl measurement had an experimental error of ±0.03 mg-Cl2.L
-

1. A portable pH meter (HACH 40d Multi) was used to measure the pH with a measurement 

error of ±0.1. 

Total organic carbon (TOC) and dissolved organic carbon (DOC) were measured using a 

Shimadzu Total Organic Carbon Analyser (TOC-L CSH/CSN), Japan. (with an experimental 

error of ±5%). Before measuring DOC, the samples were filtered through pre-washed 0.45 µm 

polycarbonate membrane filter papers. After placing the filter paper on the filtration apparatus, 

approximately 100 mL of Milli-Q water was passed through the device to minimise 

contamination into the sample by DOC from the filter paper. 

  

3.2  Preparation of stock chemical solutions  

Stock solutions of all chemicals were prepared using analytical-grade chemicals diluted/ 

dissolved in Milli-Q water.  The expected monochloramine concentration in feed water and in 

decay tests was achieved using 1 g-N.L-1ammonium chloride and 1 g-Cl2.L
-1 sodium 

hypochlorite solutions which were prepared from 99.998% NH4Cl powder and 12.5 % sodium 

hypochlorite solution, respectively. The alkalinity levels of feed water were maintained using 

8 g-HCO3
-.L-1 sodium bicarbonate solution prepared from ≥ 99.9 % NaHCO3 powder. 
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Anticipated silver concentration in decay tests was achievd using 1 g-Ag.L.-1 silver nitrate 

solution prepared from  ≥ 99 % AgNO3 salt. To adjust the pH, 1 M sulfuric (H2SO4) acid and 

sodium hydroxide (NaOH) solutions were prepared from 99.999 % H2SO4 viscous liquid and 

≥ 98 % NaOH pellets, respectively.  Nitrite concentration in samples utilised for conducting of 

chloramine decay tests was adjusted to the same level using a stock solution of 1 g-N.L-1 

sodium nitrite (NaNO2) prepared from ≥ 99.0 % NaNO2 crystalline powder. 

 

3.3  Maintenance of lab scale reactors connected in series  

3.3.1 Feed water sample collection and feed water preparation  

Sydney Water Corporation supplies water to approximately 4 million customers. The Orchard 

Hills Water Filtration Plant (WFP) treats about 70 million litres of drinking water per day for 

supplying drinking water to suburbs in Penrith area. Water mainly from Warragamba Dam is 

treated by coagulation/ flocculation/ filtration, followed by disinfection. From the Orchard 

Hills water filtration plant, 1.0 m3 of filtered water was collected before the disinfectant was 

added, transported to Western Sydney University, and stored in a high-density polyethylene 

(HDPE) tank at room temperature (18–23 °C). To eliminate contamination by indigenous 

microbes in the feed water, chlorine (from the stock 1 g-Cl2.L
-1 sodium hypochlorite solution) 

was added to achieve higher chlorine level (around 0.3 mg-Cl2.L
-1 higher) than the required 

level (about 2.2 to 2.3 mg Cl2.L
-1) at least 3 h before ammonia addition (from a stock 1 g-N.L-

1 ammonium chloride solution). If the chlorine level decreases below the required level at the 

time of ammonia dosing, an additional amount of chlorine was added to achieve the required 

chlorine level. This was kept in a 20 L HDPE feed water tank. The feed water was prepared 

every four days to feed the series of reactors. The TCl to TAN mass ratio of 4:1 was maintained 

to minimise the free ammonia residuals. The feed water TOC level varied according to the 

experimental setup. For The pH in the feeding tank was subsequently adjusted to 8.0± 0.1 to 

provide the optimum condition for monochloramine formation.  

To prepare feed water containing 0–1 mg.L-1  DOC level, the collected water was fed through 

granular activated carbon (GAC) as described in Section 3.3.4. Water containing 2-3 mg.L-1 

DOC concentration was prepared by diluting 4-5 mg.L-1 DOC containing feed water (1:1) with 

Milli-Q water. before the reactors were fed pH in the feed tank was subsequently adjusted to 

8.0±0.1. 
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3.3.2  Laboratory scale system set-up 

The laboratory-scale systems were set up at the Environmental Engineering Laboratory in 

Western Sydney University. The systems (Fig. 3.1) contained five reactors (R-1, R-2, R-3, R-

4, and R-5) that were connected in series through HDPE pipes. Each 5 L reactor with a lid and 

the feed water tank were composed of HDPE. The automatic water flow control devices 

controlled the water flow rate in the system between feeding tank and R-1. Further, the outlet 

and inlet pipe levels of other reactors were adjusted to create gravitational flow along the 

system. Water samples were regularly collected from the outlet for analysis, which was fixed 

at the bottom of each reactor.  

 

     

 

Figure 3.1: Schematic diagram of laboratory scale system setup. Each reactor was 5 L in 

volume and the feed water tank was 20 L. Arrow heads indicate the direction of gravitational 

water flow with a retention time of 24 h. All tanks and pipes were made of HDPE and closed 

by a lid (HDPE). 
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Figure 3.2: Photograph of two laboratory scale systems 

 

3.3.3  Operation of the laboratory scale system 

The reactor sets were operated in a room with a temperature of 20–23 °C. During the start-up 

period, feed water was prepared with a chloramine concentration of approximately 1.10 mg-

Cl2.L
-1 (TCl:TAN mass ratio, 4:1). To achieve 1.10 mg.L-1 chloramine concentration in the 

feed water, initial chlorine concentration was setup at 1.4 mg-Cl2.L
-1 (i.e. 0.3 mg.L-1 more than 

the required 1.10 mg.L-1). After the chlorine concentration dropped down to 1.10 mg-Cl2.L
-1 in 

3 h time period, feed water ammonia concentration was brought up to 0.28 mg-N.L-1 to achieve 

TCl:TAN mass ratio at 4:1. Approximately 5 L of water was fed continuously per day, and the 

water volume was maintained in each reactor to achieve a retention time of 24 h. Different 

nitrification conditions (from no to severe nitrification), which generally occur in a full-scale 

distribution system (Sathasivan, Fisher & Tam 2008) were created along the reactors by 

maintaining 24 h retention time. To facilitate nitrification and acquire a specific inoculum that 

is usually present in a distribution system, chloraminated water samples were collected from 

the Sydney Water distribution system under different nitrifying conditions. A mixture of the 

water samples was placed as a seed for micro-organisms in each reactor, excluding R-1. The 

lab-scale reactor system was continuously operated during the experimental period. Gradually, 

chloramine concentrations in the feed water tanks were increased to 2.10-2.30 mg-Cl2.L
-1, 

Pumps 

Feed water tanks 

Reactors Outlets  Reactor connectors 
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which were maintained until the experiment was completed. Parameters such as TCl residuals, 

TAN, nitrite, and nitrate were continuously monitored along the reactors (R-1 to R-5). 

 

3.3.4  GAC column maintenance 

To reduce the DOC content of the feed water to 0–1 mg-C.L-1; an activated carbon column was 

separately maintained. The granular size of the activated carbon was 2.36 to 4.65 mm, and the 

volume of the column was 160 mL. Water was continuously fed by the pump to maintain a 

retention time of 40 min. The temperature was maintained at 20–23 °C. It is possible that some 

microbiological activities could occur in the column due to the indigenous microbes of the 

water collected from the treatment plant. 

The GAC column was effective at removing organic carbon, but heavy metal removal could 

not be confirmed, although it is assumed that some removal is possible (Korotta-Gamage & 

Sathasivan 2017). Heavy metals, such as copper, can inhibit or stimulate the activity of 

nitrifying bacteria (Sarker, Sathasivan & Rittmann 2015). As the column was operated over a 

long period, it inevitably behaved as biologically-activated carbon.  

 

3.4  Maintenance of free standing reactors  

3.4.1 Reactor operation 

Two sub-reactors were operated at 20 – 23 ○C. The reactors were made of glass and each had 

a capacity of 5 L. Reactors were fed daily with nutrient solution prepared in Milli-Q water 

(DOC<0.1 mg-C·L-1) containing all the necessary inorganic elements. During the first five days 

of the operational period, 1 L of reactor water was replaced manually with 1 L of feed water 

(nutrient solution), daily. The chloraminated reactor was fed with nutrient solution to which 

chloramine (0.85 mg·L-1 chlorine) and ammonia (0.6 mg-N·L-1) were added at a Cl-to-TAN 

mass ratio of 1.4:1. The ammoniated reactor was fed with the nutrient solution to which was 

added only ammonia (0.6 mg-N·L-1). The seed matter (DOC: 4.5 mg-C·L-1, chlorine: 0.35 mg-

Cl2·L
-1, TAN: 0.170 mg·L-1 and nitrite: 0.207 mg-N·L-1) was obtained from the severely 

nitrified reactor maintained in a separate continuously fed laboratory-scale reactor set 

(described in section 3.3.2). 
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After the first five days, 2 L of water within each reactor was replaced with feed water on 

alternate days. At the time of adding the nutrient solution, the chloramine concentration inside 

the chloraminated reactor was reset to 0.45 mg-Cl2·L
-1 (Cl-to-TAN mass ratio of 1.3 :1). That 

is, the chlorine and ammonia concentrations were measured and amounts of ammonia and 

chlorine sufficient to reach 0.45 mg.Cl2·L
-1 were added. Similarly, in the ammoniated reactor, 

the ammonia concentration inside the reactor was reset to 0.35 mg-N·L-1. The reactor contents 

were thoroughly mixed by shaking before draining and after feeding. Parameters such as TCl 

residuals, TAN, nitrite and nitrate were continuously monitored in both reactors.  

 

3.4.2  Feed water (nutrient solution) preparation 

The feed water was prepared using Milli-Q Water to provide the necessary nutrients for 

microbial growth. The feed water contained MgSO4·7H2O (40 mg·L-1); KH2PO4 (100 mg·L-

1); CaCl2 (15 mg·L-1) and a trace elements solution (1.0 mL·L-1). The trace elements solution 

was prepared as described by Lipponen et al. (2004), but Na2EDTA (Titriplex III) was excluded 

to maintain a low DOC concentration in the feed water. To provide an inorganic carbon source 

and to maintain alkalinity, 30 mg·L-1 NaHCO3 was added to the feed water. The feed water pH 

was adjusted to 8.0±0.1. The resultant solution is herein termed ‘nutrient solution’. Depending 

on the reactor (ammoniated reactor or chloraminated reactor), total chlorine or ammonia was 

added to the nutrient solution to prepare the feed for each reactor. 

 

Figure 3.3: Chloraminated and Ammoniated reactor maintenance  

                                                        

Covered water bath (maintained 

temperature -20-23°C)  

Chloraminated 

reactor 

Ammoniated 

reactor 
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4.1  Introduction 

Disinfectants are used to limit the prevalence of waterborne diseases and deactivate pathogenic 

organisms in water supplies. From the early 1900s, a small town in Belgium started to use 

disinfectant in water treatment (White, G 1999). Chlorine gas and reagents have been the most 

common forms of drinking water disinfectant for nearly a century. Due to fast decay and the 

high formation of regulated disinfection by-products, alternative secondary disinfectants have 

received increasing attention. Chloramine is the second most popular disinfectant used in many 

countries, such as the USA, Great Britain, South Africa, France, Canada, and Australia. 

Chloramines are chemical compounds that contain chlorine and ammonia. The specific species 

of chloramine used in drinking water disinfection is monochloramine, as it is more chemically 

stable than chlorine. Despite its benefits, maintaining sufficient chloramine levels in 

chloraminated systems throughout the year is a challenge due to chemical and microbial decay 

in warmer waters. 
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Chemical reactions that decay chloramine include auto-decomposition (Eq. 4.1) (Vikesland, 

Valentine & Ozekin 1996), nitrite oxidation (Eq. 4.2) (Vikesland, Valentine & Ozekin 1996), 

and the reaction with natural organic matter (NOM) (Eq. 4.4) (Vikesland, Ozekin & Valentine 

1998). Reaction Eq. 4. 3 (Vikesland, Valentine & Ozekin 1996) is also reported to occur in 

parallel with the auto-decomposition reaction (Eq. 4.1), but it is supposedly insignificant. The 

reaction with NOM (Eq. 4.4) is primarily via redox and substitution reactions (forms ammonia 

chloride and oxidized organics (NOMox), but the formation of N2 gas through auto-

decomposition reaction (Eq. 4.1) also simultaneously occur in NOM containing waters (Duirk 

et al. 2005; Vikesland, Ozekin & Valentine 1998). Both NH2Cl and HOCl (formed via 

disproportionation of NH2Cl) react in parallel to oxidise NOM  (Duirk et al. 2005; Vikesland, 

Ozekin & Valentine 1998). 

 

3NH2Cl    N2 + NH3 + 3Cl¯ + 3H+                                                                                                              (Eq. 4.1) 

NH2Cl + NO2
¯ + H2O                NO3

¯ + NH4
+ + Cl¯                                                                                    (Eq. 4.2) 

4 NH2Cl + 3H2O     3NH3 + NO3
¯

 +4Cl¯ + 5H+                                                                                   (Eq. 4.3) 

NOM + NH2Cl            NOMox + NH4
+ + Cl¯                                                                                                     (Eq. 4.4) 

 

Nitrifying organisms, especially ammonia-oxidising microbes (AOM), can decay chloramine 

by the production of nitrite, which eventually is oxidised to nitrate by chloramine (Eq. 4.2). 

Changes in NOx-N (nitrite-N + nitrate-N) indicate the activity of AOM, as nitrite-oxidising 

microorganisms, another group of nitrifying microbes, could also oxidise nitrite to nitrate. 

Questioning the traditional belief that nitrite from nitrification is the sole microbial contributor 

to microbial chloramine decay, microbial decay factor method was developed to separate the 

microbial and chemical reactions (Sathasivan, Fisher & Kastl 2005). Upon application of the 

method in many samples from full-scale systems, microbial chloramine decay has been 

observed even before the onset of nitrification (Herath, Sathasivan & Lam 2015; Sathasivan, 

Fisher & Tam 2008) After nitrification begins, decay is approximately five times higher than 

that experienced before it began (Sathasivan, Fisher & Tam 2008). They termed this as severe 

nitrification. Under these conditions (nitrite > 0.02 mg-N.L-1; decay coefficient > 0.006 hr-1), 

contrary to the traditional belief that nitrite was solely responsible for acceleration, higher 

decay than explained by nitrite was experienced (Krishna & Sathasivan 2010). Krishna, 
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Sathasivan and Sarker (2012) provided indirect evidence that the activity of soluble microbial 

products (SMP) could be the major factor in accelerating chloramine decay in filtered severely 

nitrifying water (some of these results are reproduced in Fig. S1). The potential presence of 

SMP is consistent with previous findings in wastewater where SMP could be measured under 

nitrifying conditions (Furumai & Rittmann 1992; Rittmann, Bruce E, Regan & Stahl 1994). 

However, it should be noted that SMP can also be produced under non-nitrifying conditions 

(Korotta-Gamage & Sathasivan 2017) such as in biological activated carbon systems and hence 

cannot completely allocate SMP accelerating chloramine decay to only that from nitrifiers, as 

heterotrophs are found in chloraminated systems under mild and severely nitrifying conditions 

(Krishna, Sathasivan & Ginige 2013; Regan, John M, Harrington & Noguera 2002).  

Sathasivan and Bal Krishna (2012) could explain the reduction in residual chloramine through 

auto-decomposition (Eq. 4.1) and nitrite oxidation by chloramine (Eq. 4.2). Krishna, 

Sathasivan and Sarker (2012) demonstrated that the potential SMP catalyses (i.e., upon 

repeated re-chlorination of filtered severely nitrifying samples, the same decay rate of 

chloramine associated with a rapid loss of total ammoniacal nitrogen (TAN) and nitrite 

persisted for the same initial conditions) both nitrite oxidation (Eq. 4.2) and auto-

decomposition (Eq. 4.1, Fig. A.1 and Fig. A.2). Various protein degeneration treatments (silver, 

high temp, high/low pH) could inhibit the chloramine decay acceleration activity of SMP 

(Aune & Tanford 1969; Dolgikh et al. 1981; Kingston & Haswell 1997; Kronman, Holmes & 

Robbins 1971; Lew et al. 2002; Li, Q et al. 2008). While these results indicated the presence 

of protein(s) within the severely nitrified water sample, it is yet unclear if the causative agents 

were protein(s).  

A wide molecular weight (MW) range of SMP has been reported. The majority of SMP have 

a MW greater than 10 kDa (Jarusutthirak & Amy 2007), as do proteins (Haurowitz & Koshland 

2017). However,  most of the organic compounds within NOM are below 10 kDa in size (Amy 

et al. 1992). Ultra-centrifugation with a higher MW cut-off (>10 kDa) could be used to separate 

SMP from solutions containing NOM (Filik & Stone 2009). 

The impact of potential SMP (hereafter referred to as chloramine-decaying SMP (cSMP) could 

not be always observed in nitrified water samples from chloraminated systems (Sarker 2012). 

This could be due to two reasons. First is the presence of microbes that are not capable to 

produce cSMP under given conditions, such as high organic carbon concentration, which may 

inhibit AOM. The energy derived from reducing carbon dioxide to cellular carbon poses a 
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greater competitive disadvantage to nitrifying microbes than to heterotrophs (Rittmann, Bruce 

E & Manem 1992). Second, the presence of NOM or other agents (silver like substances) in 

the water may inhibit or enhance the reactions or production/action of cSMP. Therefore, it is 

important to understand how different levels of DOC affect cSMP in severely nitrifying 

samples. 

This chapter reports the results from reactors fed with water produced at Orchard Hills Water 

Treatment Plant, Sydney, Australia, over a period of one year. Throughout the different 

seasons, the organic matter concentration varied in the source water, and hence in the treated 

water. The impact of such a change on the amount of cSMP in severely nitrified water was 

analysed. As there is no direct measurement method, the impact of cSMP on chloramine decay 

or nitrogenous species (ammonia, nitrite, and nitrate) in filtered samples was compared 

between nitrified and feed samples incubated under the same initial conditions. To confirm that 

the effect was actually caused by cSMP but NOM, cSMP was isolated and reintroduced into 

water with low NOM. Isolation was achieved by size fractionation with 30, 50, and 100 kDa 

centrifugal ultrafiltration membranes. If accelerated chloramine decay associated with faster 

nitrite oxidation, higher inorganic nitrogen loss should be occurred. In addition, the protein 

concentration was measured in the isolated fraction to confirm its presence. The mechanisms 

were confirmed by conducting stoichiometric calculations in the samples without NOM. 

 

4.2  Materials and methods 

4.2.1 Operation of lab scale reactor systems 

The lab-scale reactor sets were operated as described in Chapter 3, section 3.3 in a room with 

a temperature of 20–23 °C. At any stage, two parallel reactor sets were operated; and after 

those had been fully examined, the next two reactor sets were operated. Each reactor set was 

fed with different DOC contained water (0-1, 2-3, 4-5 and 7-8 mg-C.L-1) as the feed water. 

Each lab-scale reactor system was continuously operated approximately 72 d during the 

experimental period. 
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4.2.2  Experimental design 

The cSMP is often present in severely nitrified water samples, and can pass through a 0.22 µm 

membrane (Krishna, Sathasivan & Sarker 2012). In samples containing cSMP, chloramine 

decay is associated with the increased reduction rates of nitrite and TAN than feed water that 

has not been subjected to nitrification (Sathasivan & Bal Krishna 2012). To quantify the cSMP 

concentration, various samples were prepared and the impact of cSMP on total chlorine, nitrite, 

NOx, and TAN were compared between filtered nitrified and feed water samples collected 

from the reactor sets fed with different DOC levels.  

The subsamples were prepared from R-5 (severely nitrified) and feed (non-nitrified) samples 

by filtering some of the sample through 0.22 µm sterilised 33 mm syringe driven filter units 

[housing limit 150 psi (10 bars), non-pyrogenic, Millipore Express® PES Membrane, 

MILLEX®-GP, MILLIPORE IRELAND Ltd]. The resulting samples were placed in 500 mL 

PET bottles and labelled as R-5 filtered, R-5 unfiltered, Feed filtered, and Feed unfiltered.  

The initial chemical compositions, including residual chloramine, nitrite, and pH, were 

adjusted in each sample using the respective stock chemical solutions. To achieve the expected 

chloramine concentration in the water sample, ammonia was added (maintaining Cl- to- TAN 

mass ratio of 4:1) prior to chlorine addition. The nitrite level was adjusted depending on the 

concentration in R-5 at the time of sampling and the pH was adjusted to 7.9–8.1. The samples 

were incubated at 20 °C in a water bath.  

For each sample, the total chlorine was monitored and the decay coefficient was estimated 

using exponential regression in Excel (Microsoft®). When chlorine was added to the sample, 

the same dose was added to Milli-Q water, and the chlorine concentration was measured to 

ensure that the correct dose was applied. All experiments were conducted in duplicate. 

To separate the role of cSMP from that of NOM, size fractionation (Section 4.2.2) was 

conducted. As cSMP is suspected to be proteins, the protein concentrations of some of the 

solutions were measured (Filik & Stone 2009). 
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Figure 4.1:  Detailed experimental plan for preparation of ultra-centrifugal samples 

 

4.2.3 Size fractionation of cSMP 

To elucidate the role of cSMP in accelerating chloramine decay, centrifugal ultra-filtration was 

conducted to separate the cSMP containing fraction from other organic compounds in the 

nitrified water samples (Fig. 4.2). The reactor set that was fed with water containing 0.1 mg-

C.L-1 of DOC was used to collect the nominated samples. As most NOM has a maximum MW 

of < 10 kDa, the use of > 30 kDa MW ultra-centrifugal filters clearly separated NOM. Three 2 

L aliquots of 0.22 µm filtered samples were filtered through centrifugal filters (x4000 g for 6 

min) of 100, 50, and 30 kDa MW. The filtrates (~1.9 L) and retentate (~10 mL) were collected, 

and the retentate from each filter was mixed with 90 mL of 0.22 µm filtered feed water (DOC 

< 0.1 mg-C.L-1) and named 100, 50 or 30 kDa retentate samples. From the centrifugal filtrates, 

100, 50, or 30 kDa filtered samples were also collected. Similar to Section 4.2.1, the initial 

conditions (chloramine, Cl/TAN, nitrite, and pH) were adjusted in all samples, including R-5 

filtered and feed filtered samples, from the same reactor. cSMP was quantified by comparing 

time series profiles of the respective sample with the low DOC containing feed. 
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4.2.4  Protein quantification 

In this experiment, EZQ (Invitrogen) Protein Assay from Invitrogen was used to determine the 

protein concentration in the filtered nitrified water sample. The retentate (~10 mL) from 

filtering 2 L of the sample through 0.22 µm followed by 30 kDa was used for protein 

measurement. The proteins were further concentrated by lyophilisation. In this procedure, 

proteins were concentrated through freeze-drying, while they maintained their tertiary 

structure. The sample then underwent a highly sensitive EZQ fluorescent assay process to 

determine protein concentration. Known bovine serum albumin (BSA) concentrations were 

used to prepare the standard curve in a 2% sodium dodecyl sulphate (SDS) buffer. The fixing 

step involved incubation for 5 min in 100% methanol under constant shaking at room 

temperature. Incubation was conducted with 50 mL of an EZQ protein quantitation reagent 

(Invitrogen Cat # R33200, component A) for 30 mins under constant rocking (50 rpm). After 

incubation, the sample was washed with a solution containing a mixture of 10% methanol and 

7% acetic acid solution three times, with an interval of 20 s between each wash. Fluorescence 

was detected by a FUJI LAS-4000 scanner using SYBR green fluorescence settings. Image 

analysis and quantification were conducted using Multi Gauge software. The standard curve 

had an R2 value of 0.9967. 

 

4.2.5  Chloramine decay mechanisms 

Eq. 4.1 and 4.2 were used to determine chloramine losses due to auto-decomposition and nitrite 

oxidation, respectively. During TAN loss by auto-decomposition, nitrogen in TAN converts 

into N2 gas. According to Eq. 4.1, 1 mol of N2 gas (28.0 g of nitrogen) is lost due to the decay 

of 3 mol of chloramine (3×71.0 g of Cl2) due to auto-decomposition. Therefore, approximately 

7.50 mg of chlorine is lost when 1 mg of TAN is lost. 

According to Eq. 4.2, 1 mol of nitrite (14.0 g as nitrogen) will result in the loss of 1 mol of 

chloramine (71.0 g as Cl2) by nitrite oxidation. Hence, 5 mg of chloramine would be lost by 

oxidizing 1 mg of nitrite. 
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4.3  Results and discussion 

4.3.1  Performance of the continuous flow reactor sets during sample collection 

The reactors were operated at different times of the year with varying DOC levels as dictated 

by variations in the source water and treatment processes (Table A-1). There were significant 

differences in the total chlorine residuals and associated changes in nitrogenous compounds 

between R-5 and the feed water samples in each reactor set (Table 4.1). These changes were 

due to the increase of nitrifying bacterial activity when water moved from the first (R-1) to the 

last reactor (R-5) in each reactor set. The pH simultaneously decreased from 8±0.1 to 7.6–7.7, 

another indicator of nitrifying bacterial activity (Tuovinen et al. 1980). As noted previously, 

the maximum cSMP production/presence was associated with severe nitrification, such as that 

in R-5, where the highest nitrification was observed (Krishna, Sathasivan & Sarker 2012). 

Therefore, the presence of cSMP was assessed in the samples from the final reactor (R-5).  

The DOC level did not change greatly between the first and last reactors of each set (Table 

4.1). If the cSMP concentration was high enough, the DOC level would have increased when 

the water travelled from R-1 to R-5. Therefore, cSMP must be present at a low concentration 

which may not be measured by assessing DOC, therefore, other means of measurement are 

required. 

Table 4.1: Parameters of the collected water samples before the adjustment for batch 

experiments 

 

 

Parameters 

Reactor set with  

7-8 mg-C.L-1 DOC on day 50 

Reactor set with  

4-5 mg-C.L-1 DOC on day 50 

Reactor set with  

2-3 mg-C.L-1 DOC on day 50 

Reactor set with  

0-1 mg-C.L-1 DOC on day 50 

Feed R-5 Feed R-5 Feed R-5 Feed R-5 

Total 
Chloramine 

(mg-l2.L
-1) 

2.0±0.03 0.0±0.03 1.92±0.03 0.0±0.03 1.95±0.03 0.0±0.03 2.2±0.03 0.0±0.03 

TAN        
(mg.L-1) 

0.500±0.005 0.018±0.004 0.485±0.006 0.012±0.002 0.522±0.005 0.025±0.005 0.522±0.004 0.031±0.006 

Nitrite    

(mg-N.L-1) 
0.0±0.003 0.410±0.003 0.0±0.003 0.320±0.003 0.0±0.003 0.320±0.003 0.0±0.003 0.300±0.003 

Ph 7.98-8.02 7.69-7.72 7.92-7.95 7.61-7.65 8.01-8.05 7.62-7.66 7.98-8.01 7.66-7.68 

DOC  

(mg-C.L-1) 
7.23±0.13 7.28±0.13 4.26±0.08 4.29±0.08 2.50±0.10 2.58±0.10 0.23±0.07 0.29±0.07 
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4.3.2  The impact of DOC on the concentration of cSMP in reactors 

The results of the batch experiments showed two distinct chloramine decay behaviours. The 

samples collected from the reactors fed with water that contained 0–5 mg-C.L-1 DOC behaved 

similarly, whereas those containing 7–8 mg-C.L-1 DOC behaved differently; these were 

denoted as Type I and II behaviours, respectively. 

 

Type I behaviour observed in reactor sets operated with 0–5 mg-C.L-1 

The profiles of total chlorine, nitrite, TAN, and NOx (Fig. 4.2) in water samples collected from 

the severely nitrified reactor (R-5) that was operated with feed water containing 4–5 mg-C.L-1 

DOC exhibits Type I behaviour. To determine if cSMP were present, the same initial conditions 

were applied to all samples, and the behaviours were compared as described in Section 4.2.1. 

Differences between the filtered and unfiltered samples can be attributed to the microbes or 

filterable products present in unfiltered samples. The difference is minimal in the feed water, 

and the profiles obtained from the feed water sample explain the absence of cSMP, i.e., the 

lower TAN loss (0.026 ± 0.03 mg.L-1), slower conversion of nitrite to nitrate, and considerably 

slower decay of chloramine (Figs 4.2a-c). The NOx profile (constancy) also explains the 

absence of nitrification in the feed water sample. This observation is similar to that observed 

in mildly nitrifying samples by Sathasivan, Fisher and Tam (2008). 

In contrast, the difference between the filtered and unfiltered samples of R-5 clearly indicated 

the presence of nitrifier activity (increasing NOx-N) in the unfiltered sample. In the R-5 filtered 

sample, there was no nitrifier activity (constant NOx-N). 
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(a) (b) 

      

(c) (d) 

  

 

Figure 4.2: Decay profiles in the unfiltered and filtered bulk water samples of feed (Initial 

nitrite level adjusted to a similar level as R-5 water) and R-5 collected from reactor set fed with 

4-5 mg-C.L-1 DOC containing feed water (an example of Type I behaviour).  

(a): Total chlorine, (b) TAN, (c) Nitrite and (d) NOx. ΔTAN and ΔNO2-N measure the impact 

of SMP accelerating auto-decomposition and nitrite oxidation. 

 

The differences in the behaviour of filtered samples from the feed and R-5 can be attributed to 

the presence of cSMP, as there was no microbial activity (Krishna, Sathasivan & Sarker 2012). 

The amount and rate of TAN decrease and nitrite conversion were higher in the R-5 filtered 

sample than that in the feed water (Figs 4.2b-c). This was associated with an increased 

chloramine decay. During the initial 30 h, these changes were more noticeable. This suggests 

that cSMP are present in the R-5 filtered sample (Sathasivan & Bal Krishna 2012). After the 
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chloramine level had decreased below 0.40 mg-Cl2.L
-1, the nitrite level remained the same as 

the level of chloramine was insufficient to oxidise nitrite. A gradual decrease in the nitrite level 

was observed in feed water samples until the end of the incubation period, at which there was 

a higher residual chloramine concentration (Figs 4.2a and c). 

 

Table 4.2: The impact of cSMP in filtered severely nitrified samples ΔTAN and ΔNO2-N in 

Type I and Type II samples 

Impact of cSMP in 0.2 µm 

filtered R-5 

DOC (mg-C.L-1) 

Type I Type II 

0-1 2-3 4-5 7-8 

ΔNO2-N (mg.L-1) 0.060±0.003 0.068±0.003 0.085±0.003 0.00±0.003 

ΔTAN (mg.L-1) 0.242±0.006 0.124±0.005 0.129±0.002 0.058±0.004 

 

The change in the total inorganic nitrogen (TIN) of the R-5 filtered sample was 0.129 mg.L-1. 

This is the same as the change in TAN (ΔTAN) from the reactions associated with cSMP as 

there is no net NOx gain in the absence of microbes (Fig. 4.2d). Similarly, the further decrease 

in nitrite (ΔNO2-N) of the filtered R-5 sample is due to cSMP. The ΔTAN (0.129 ± 0.03 mg.L-

1) and ΔNO2-N (0.085 mg.L-1) explain the impact of cSMP on auto-decomposition and nitrite 

oxidation, respectively, over and above the feed water samples (Krishna, Sathasivan & Sarker 

2012). The impact of cSMP, therefore, can be measured using the maximum ΔTAN and ΔNO2-

N values, which are used as a surrogate. Similar values were calculated for the samples 

collected from reactors operated with feed water that contained other DOC values between 0–

6 mg.L-1, and are presented in Table 4.2. 

 

Type II behaviour observed in 7–8 mg-C.L-1 DOC containing reactor set 

The same initial conditions as the Type I batch experiments were maintained in all samples 

(Fig. 4.3). In Type II, the R-5 filtered sample behaved similarly to the Type I R-5 sample with 

few major differences (Fig. 4.3). An absence of ΔNO2-N and less ΔTAN (0.058 mg.L-1) than 

the Type I sample were observed in the Type II R-5 filtered sample. In these profiles, cSMP is 
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present at a lower level. However, the chloramine decay characteristics of the Type II R-5 

unfiltered sample were similar to those of the Type I R-5 unfiltered sample. 

(a) (b) 

  

(c) (d) 

  

 

 

Figure 4.3: Decay profiles in the unfiltered and filtered bulk water samples from feed and R-

5 collected from reactor set fed with 7-8 mg-C.L-1 DOC containing water (Type II behaviour). 

(a) Total chlorine, (b) TAN, (c) Nitrite and (d) NOx. Feed water had nitrite level adjusted to 

nitrite levels in R-5. 

Summary of the impact of DOC on the production of cSMP 

There was a decrease in the impact of the cSMP (ΔNO2-N and ΔTAN) when the feed water 

DOC level increased (Table 4.2). The sample from the reactor that was fed with the lowest 

DOC-containing water was the most affected by cSMP (Table 4.2). For water containing the 

usual range of DOC from many utilities, which is often between 3 and 5 mg-C.L-1, there was 
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no significant difference in the impact of cSMP. In the samples from the reactor fed with the 

highest DOC (7–8 mg-C.L-1), such as those in Type II, cSMP did not accelerate nitrite 

oxidation (ΔNO2-N) and it had less of an effect on ΔTAN. The lower effect of cSMP in high 

DOC reactor samples could be because of two possible reasons; the presence of inhibitors of 

cSMP activity or that of microbes responsible for producing cSMP. DOC itself may not act as 

an inhibitor to cSMP activity. Since unusually high DOC was registered following a significant 

rain event, it is hypothesized that inorganic inhibitors could be present in the water sample. 

Although the DOC values of feed water were noticeably different, impacts by other trace 

elements/substances that are naturally present in collected water could not be ruled out, as the 

water was collected at different times of the year. Furthermore, the feed water containing 0–1 

mg-C.L-1 was prepared by sending the water through biologically activated carbon (BAC), 

which can remove other trace elements in addition to NOM (or biodegradable dissolved organic 

carbon) (Korotta-Gamage & Sathasivan 2017). To relate the impact to production, the impact 

of other agents (such as NOM, nitrite) should be eliminated, or the cSMP should be isolated 

and the behaviour should be characterised. This is discussed further in Section 4.3.3. 

 

4.3.3  Isolation of cSMP and protein measurement 

If cSMP were present in a water sample, an accelerated chloramine decay (associated with 

accelerated auto-decomposition and/or nitrite oxidation) should be observed (Krishna, 

Sathasivan & Sarker 2012). Therefore, the introduction of cSMP into the chemical parameter-

adjusted BAC-treated feed water (< 0.1 mg-C.L-1 DOC) should also decay chloramine. 

Consequently, if cSMP was successfully separated through centrifugal filters, a clear higher 

decay rate associated with additional losses of TAN (ΔTAN) and nitrite (ΔNO2-N) should be 

observed in retentate water samples, as opposed to the filtrate samples. This explanation 

corresponded with the decay results observed from the 30 kDa centrifugal filter units (Fig. 

4.4b, d and f), but not from either the 100 or 50 kDa filter units (Fig. 4.4a, c and e). 

The results for the samples prepared from 30 kDa retentate show that the impacts of cSMP in 

both retentate (concentration factor of 20) and original samples (R-5) were similar (Fig.4.4b). 

This could be due to the low recovery (5%) of proteins during centrifugal filtration as they may 

have been attached to filter papers. Centrifugal filtration uses 10 mL each time, and the filters 

should be replaced every 30 mL. Even though the 100 and 50 kDa retentate samples exhibited 
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a low decay rate, as observed in the feed filtered samples, the 100 and 50 kDa filtrate samples 

exhibited higher decay rates close to those of the R-5 filtered sample (Fig. 4.4a). 

(a) (b) 

   

(c) (d) 

  

(e) (f) 

  

Figure 4.4: Decay profiles of water samples. 5 (a) and (b) Total chlorine, 5 (c) and (d) TAN 

and 5 (e) and (f) Nitrite. 50 kDa and 30 kDa represent the samples tested for respective 

ultracentrifugation. 100 kDa ultra centrifugal samples (data not shown) showed the similar 

results as 50 kDa samples. 
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Similarly, the TAN and nitrite profiles indicated that there was no cSMP in the 100 or 50 kDa 

retentate samples (Fig 4.4c and e). TAN loss was comparatively insignificant from the 

beginning, and there was also no observable rapid decay of nitrite. Nevertheless, the 100 and 

50 kDa filtrate samples confirmed the presence of cSMP due to the additional loss of TAN and 

faster loss of nitrite. 

This observation is probably due to the cSMP passing through the 100 and 50 kDa filters. This 

demonstrates that cSMP are smaller than the pore sizes of 100 and 50 kDa MW membranes. 

The protein concentration in the 30 kDa retentate results was 0.05 mg.mL-1, possibly indicating 

a very low cSMP concentration. These results indicated that cSMP could contain proteins and 

have a molecular size of 30–50 kDa, and it behaves in a similar manner to that observed in 

severely nitrifying water.  

 

4.3.4  Chloramine decay mechanisms by cSMP 

The chloramine demands arising from both auto-decomposition (Eq. 4.1) and nitrite oxidation 

(Eq. 4.2) were calculated as per Section 4.2.4, and compared in Fig. 4.5a for the R-5 30 kDa 

retentate sample with cSMP. The results for all samples examined at 120 h are presented in 

Table 4.3. In the samples containing cSMP, such as R-5 filtered, 100/50 kDa filtrate, and 30 

kDa retentate, the chloramine demand can be explained by auto-decomposition and nitrite 

oxidation. The decay of chloramine was not accelerated in the 30 kDa filtrate samples (Fig. 

4.5b) as there was no cSMP present. The nitrite oxidation in samples that did not contain cSMP 

was slower than that in the samples that contained cSMP. This is because the cSMP-containing 

samples fully oxidized nitrite within the first 45 h, while the samples that did not contain cSMP 

could not achieve the maximum oxidation, even within 120 h of incubation time. 
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Table 4.3: Summary of the nitrogen mass balance and chloramine decay mechanisms in the first 120 h of incubation time 

Parameters 

Feed water1 Nitrified water1 

0.22 μm 

filtration 

0.22 μm 

filtration 

0.22µm followed by 

100/50 kDa filtration 

0.22µm followed by 

30 kDa filtration 

Filtrate Filtrate Filtrate 
Retentate + 

Feed water 
Filtrate 

Retentate + 

Feed water 

TAN loss (mg.L-1) 0.010±0.024 0.153±0.022 0.139±0.022 0.014±0.025 0.014±0.025 0.132±0.021 

Nitrite loss (mg-N.L-1) 0.196±0.008 0.206±0.008 0.216±0.008 0.196±0.008 0.196±0.008 0.216±0.008 

C
h

lo
ra

m
in

e 
d

em
a
n

d
 

(m
g
-C

l 2
.L

-1
) 

Auto- 

decomposition 
0.07±0.17 1.15±0.17 1.04±0.17 0.10±0.18 0.10±0.18 0.99±0.17 

Nitrite oxidation 0.98±0.04 1.03±0.04 1.08±0.04 0.98±0.04 0.98±0.04 1.08±0.04 

Nitrite oxidation 

and auto-

decomposition 

1.05±0.21 2.18±0.21 2.12±0.21 1.08±0.22 1.08±0.22 2.07±0.21 

Measured  1.53±0.10 2.47±0.10 2.29±0.10 1.59±0.10 1.47±0.10 2.19±0.10 

Other reactions 0.48±0.31 0.19±0.31 0.17±0.31 0.51±0.32 0.39±0.32 0.12±0.31 

 

1The feed water and nitrified water contained a DOC of 0.23 and 0.29 mg-C.L-1 respectively  
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(a) 

 

(b) 

 

 

Figure 4.5: Chloramine demand comparison by Auto decomposition and nitrite oxidation. 

4.5a: 30 kDa retentate (representation of cSMP presence). 4.5b: 30 kDa filtrate.  
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As can be expected, the unfiltered samples had a higher chloramine demand than the filtered 

samples, i.e., the cellular products and microbial metabolism (such as nitrite production) in the 

nitrifying samples could be responsible for such additional decay. Further investigation is 

required to elucidate further mechanisms. 

 

4.3.5  Implications for further research and the chloraminated water supply systems 

operation 

Table 4.4 shows the relative contribution of various factors to accelerating chloramine decay 

within the first 40 h of the re-chlorination of nitrifying water collected from reactors fed with 

0-8 mg-C.L-1 DOC. It is evident that cSMP play a critical role in 0-5 mg-C.L-1 fed reactors; 

21–39% of all chloramine demand was induced by cSMP. In these samples, about 40-66% was 

explainable by reactions associated with auto-decomposition and oxidation of NO2 and NOM 

already present in the water at the time of dosing and about 13-21% by filterable matter (>0.2 

µm). In the samples from 7-8 mg-C.L-1 fed reactors, the role of cSMP is subdued at 15%, but 

that of filterable matter accounted for 34%. All possible mechanisms for the chloramine decay 

by the filterable organic matter are explored below for samples from both 4-5 and 7-8 mg-C.L-

1 fed reactors (Figs 4.2 & 4.3), where the measured additional chloramine demand exerted by 

filterable matter is 0.55 and 1.02 mg-Cl2.L
-1. 

Oxidation of nitrite produced from nitrification by chloramine is one possible mechanism. 

Amounts of nitrite oxidised in samples from 4-5 and 7-8 mg-C.L-1 fed reactors are 0.10±0.08 

and 0.19±0.12 mg-N.L-1, respectively (Table 4.5). These could be utilised to calculate the 

chloramine demand, if nitrite oxidising bacteria were not present. However, nitrite oxidising 

microbial community, such as Nitrospira spp., is regularly found in nitrifying samples of 

chloraminated systems (Krishna, Sathasivan & Ginige 2013; Nagymáté, Homonnay & 

Márialigeti 2016; Regan, John M, Harrington & Noguera 2002). 

Proteins associated with biomass or that are released by microbes in the biomass could 

accelerate the chloramine decay. If there are chloramine decaying proteins in the bulk water, 

the biomass can have the same type of proteins but in an insoluble form (Rittmann, Bruce E 

2018). Proteins could be released by microbes as a response to the stress (chloramination). 

(Wang, Z-P & Zhang 2010) reported that stress, such as low pH, induces production of protein-

like substances and that the stress rather than the species determine the release of SMP such as 
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proteins. Chlorination can induce the antibacterial resistance genes in microbes which may also 

be the reason for the observation of additional impact of SMP (protein) in the bulk water (Shi, 

P et al. 2013). Additional nitrogen loss in samples from 4-5 and 7-8 mg-C.L-1 reactors have 

high error (0.12±0.10 and 0.00±0.14, respectively) (Table 4.5) and some inorganic nitrogen 

could be utilised for assimilation. Therefore, additional chloramine loss from nitrogen loss 

cannot be completely elucidated, but needs future experiments to elucidate such mechanisms.
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Table 4.4: The relative contribution of different factors for chloramine demand in the R-5 severely nitrified reactors using reactor sets maintained 

with different DOC levels within first 40 h of the incubation period 

 

  

 

 

Reactor set with 0-1 mg-C.L-1 

DOC level 

Reactor set with 2-3 mg-C.L-1 

DOC level 

Reactor set with  4-5 mg-C.L-1 

DOC level 

Reactor set with 7-8 mg-C.L-1 

DOC level 

Chloramine 

demand 

(mg-Cl2.L-1) 

Contribution 

(%) 

Chloramine 

demand 

(mg-Cl2.L-1) 

Contribution 

(%) 

Chloramine 

demand 

(mg-Cl2.L-1) 

Contribution 

(%) 

Chloramine 

demand 

(mg-Cl2.L-1) 

Contribution 

(%) 

Oxidation of residual 

nitrite, auto-

decomposition and 

reaction with NOM (from 

feed filtered samples) 

1.10 

 

40 

 

 

1.94 

 

 

66 

 

 

1.30 

 

 

47 

 

 

1.50 

 

 

51 

 

Reactions expedited by 

cSMP (difference between 

R-5 filtered and feed 

filtered samples) 

1.08 39 

 

0.60 

 

21 

 

0.93 

 

33 0.44 15 

Other reactions 

(difference between 

unfiltered and filtered R-5 

samples) 

0.57 21 

 

0.39 

 

13 0.55 20 1.02 34 

Total  2.75 100 2.93 100 2.78 100 2.96 100 
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Finally, heterotrophic bacteria could play an additional role to accelerate chloramine decay by 

inducing cSMP production or other means such as direct utilisation. Heterotrophic microbes 

with versatile ability to degrade various compounds are found in chloraminated systems 

(Krishna, Sathasivan & Ginige 2013; Nagymáté, Homonnay & Márialigeti 2016) and a 

complete decay of all chloramine (1.5 mg-Cl2.L
-1) has been noted without nitrification in a 

laboratory scale reactor (Herath, Sathasivan & Lam 2015). 

Table 4.5: Summary of nitrogen mass balance in the unfiltered as opposed to filtered R-5 

(severely nitrifying) sample within the first 40 h 

 

Nitrogen species 

Reactor set with  

4-5 mg-C.L-1 

DOC level 

Reactor set with 

7-8 mg-C.L-1 DOC 

level 

NOx production from nitrification (mg-N.L-1) 0.13±0.07 0.26±0.11 

NO2 increase (mg-N.L-1) 0.02±0.01 0.07±0.01 

Oxidised NO2 (mg-N.L-1) 0.10±0.08 0.19±0.12 

Nitrogen loss (change in total inorganic 

nitrogen) (mg.L-1) 
0.12±0.10 0.00±0.14 

 

The results that almost all chloramine is lost within 40 hr of re-chloramination in all tested 

samples suggest there is not much benefit in removing organic carbon if nitrification is allowed 

to take place (Table 4.4). The removal of organic carbon, however, can produce benefits by 

minimising chemical chloramine decay caused by reactive NOM (Vikesland, Ozekin & 

Valentine 1998), and possibly microbial chloramine loss mediated by heterotrophic bacteria 

(Herath, Sathasivan & Lam 2015) thus postponing the onset of nitrification (Sathasivan, Fisher 

& Tam 2008). Eventually, if chloramine residuals decrease below the biostable residual 

concentration (Sathasivan, Fisher & Tam 2008), higher nitrification rates associated with 

heterotrophic microbial growth (Krishna, Sathasivan & Ginige 2013) and production/impacts 

of protein can be expected, as observed in the reactors fed with low DOC-containing samples. 

Additional chlorine needs to be added to overcome the impact of protein if breakpoint 

chlorination is carried out (Krishna, Sathasivan & Kastl 2014). If DOC can be reduced below 

2.5 mg-C.L-1, the benefits from chlorine may outweigh those of chloramine, especially if the 



Chapter 5   Bacterial community at different DOC levels 

62 

 

water contains a low bromide concentration. Since DOC level is less than 2.5 mg-C/L, chlorine 

is more stable and form less THM in the water. 

4.4.  Conclusion 

Four lab-scale reactor sets were operated using water collected from a water treatment plant 

during different times of the year to understand the impact of DOC level on the production of 

chloramine-decaying SMP (cSMP) under severely nitrifying conditions. The feed water 

contained varying DOC concentrations. Chloramine decay experiments were conducted by 

separating microbial and chemical agents after adjusting the initial levels of chloramine, 

ammonia, and nitrite so that they were the same. The additional acceleration of chloramine 

decay by auto-decomposition and nitrite oxidation beyond that of feed water samples was used 

to understand the impact of cSMP. To confirm that the observed effect was caused by cSMP 

and not NOM, cSMP were separated by 30, 50, and 100 kDa centrifugal filters and tested with 

water containing less than 0.1 mg-C.L-1 of DOC. The conclusions from these two experiments 

are as follows: 

 The impact of cSMP on severely nitrifying samples obtained from each reactor set 

generally decreased as the DOC of the feed water increased.  

 The impact of cSMP was minimal in severely nitrifying samples from the reactor fed 

with the highest DOC concentration (7–8 mg-C.L-1). As this DOC level is unlikely in a 

typical water supply system, it is not practically significant. 

 cSMP is larger than 30 kDa but smaller than 50 kDa, and contains proteins. 

 All chemical chloramine decay in cSMP-containing samples can be explained by nitrite 

oxidation and auto-decomposition. 

 When severely nitrifying water with a DOC of 0-5 mg-C.L-1 is rechloraminated, 

approximately 21–39% of the chloramine is required by cSMP within the first 40 h. 

The filterable material accounted for 13-21%. 
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Chapter 5 

Bacterial community composition on the 

laboratory scale reactor systems 

operated by feeding chloraminated 

water containing different dissolved 

organic carbon (DOC) levels  
 

 

 

 

5.1  Introduction 

Chloramine plays a significant role in drinking water disinfection due to the formation of less 

disinfection by-products (DBPs) and sustaining long lasting residuals in the distribution 

system. There are three different forms of inorganic chloramine (monochloramine, 

dichloramine and trichloramine) and the most desirable form of chloramine in water 

distribution system is monochloramine. However, monochloramine is naturally unstable as it 

tends to auto-decompose by a complex set of reactions (Jafvert & Valentine 1992). Chloramine 

residual is required to be as stable as possible to be in line to meet disinfectant residuals and to 

minimize DBPs formation.  

Conversely, in addition to nitrification, chloramine decaying protein-CDP (previously known 

as cSMP) accelerates chloramine decay much faster by acting as a catalyst for auto 
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decomposition and nitrite oxidation (Heath et al 2018). Nitrification is a two-step biological 

process whereby ammonia is converted to nitrite by ammonia oxidising microbes (AOM) and 

then the nitrite is further oxidised in to nitrate by nitrite oxidising bacteria (NOB).  The impact 

of CDP can be observed notably in severely nitrifying conditions (nitrite > 0.01 mg-N.L-1). 

Exceptional circumstances have been reported by Sarkar (2012) as that the CDP activity is not 

always amply demonstrated in nitrified water samples obtained from chloraminated systems. 

Experiments conducted by Herath, Torres and Sathasivan (2018) had confirmed this 

observation as the nitrified lab scale reactor set comprised of high level of dissolved organic 

carbon-DOC (>7 mg-C.L-1)  did not express CDP impact. Only the nitrified water that 

contained DOC levels of 0-5 mg-C.L-1  have shown CDP activity. Therefore, DOC might play 

an important role on controlling the microbes responsible for CDP production or inhibiting the 

expression of CDP impact. As nitrifying micro-organisms are autotrophs, they do not depend 

on organic carbon sources like natural organic matter (NOM). The survival of heterotrophic 

micro-organisms depends completely on carbon availability. Therefore, heterotrophs could 

play an important role in inhibiting CDP presence or/and activity depending on the carbon 

availability in reactors. However,  Herath, Sathasivan and Lam (2015) reported that as 

heterotrophs could also decay chloramine to the same degree as the nitrifying micro-organisms.   

Identification of micro-organisms present in different DOC containing reactors could help to 

expose the mystery behind accelerated chloramine decay due to CDP, as well as leading for a 

way to control the impact of CDP activity on chloramine decay. Several experiments have 

revealed the community composition in chloraminated drinking water distribution system. In 

both chloraminated and chlorinated water, the most predominant bacterial class was 

Alphaproteobacteria (Williams et al. (2004) whereas the Betaproteobacteria was more sensitive 

to disinfection. The dominant families under chloramination were Methylophilaceae, 

Methylococcaceae, and Pseudomonadaceae (Hwang et al. (2012). Krishna, Sathasivan and 

Ginige (2013) reported the bacterial community changes with decaying chloramine residuals 

in a lab-scale system operated with 2.80-3.0 mg-C.L-1 DOC level. According to the results, the 

dominant bacterial classes were Solibacteres, Nitrospira, Sphingobacteria, and 

Betaproteobacteria with low chloramine residuals (< 0.65 mg.L-1) and high nitrification 

activity. However, when higher chloramine residuals (1.60-2.18 mg.L-1) were maintained,  

classes Actinobacteria and Gammaproteobacteria had been dominant. Presence of class 

Alphaproteobacteria did not depend on chloramine residuals or nitrification activity.  



Chapter 5   Bacterial community at different DOC levels 

65 

 

Therefore, both autotrophs (nitrifiers) and heterotrophs can be identified as dominant in 

chloraminated systems. Furthermore, nitrifiers  produce extra polymeric substances (EPS) 

or/and soluble microbial products (SMP) (Kindaichi, Ito & Okabe 2004; Ohashi et al. 1995; 

Rittmann, Bruce E, Regan & Stahl 1994) which are mainly consisting of polysaccharides, 

proteins, nucleic acids and lipids (Flemming & Wingender 2010; Sheng, Yu & Li 2010) in 

certain scenarios. Other than nitrifiers, heterotrophic bacteria such as Mycobacteria (Chapman 

2003) and Methylobacterium (Tsagkari & Sloan 2018) produce EPS in drinking water systems. 

As CDP is produced/released by micro-organisms living in chloraminated drinking water, they 

can be accountable for EPS.  

The NOM, which is measured as DOC has seasonal variation even on the same location 

(Matilainen, Vepsäläinen & Sillanpää 2010) and the CDP impact varies with DOC 

concentration (Herath, Torres & Sathasivan 2018). Therefore; in controlling CDP, it is 

important to investigate microbial community variations in reactor sets containing different 

DOC levels which represent the real water distribution system. In the current study, bacterial 

community presented in reactor sets operated with chloraminated water containing different 

DOC levels (0-1, 2-3, 4-5 and 7-8 mg-C.L-1) were characterised. The community composition 

was reported with respect to various water quality parameters (DOC, total chlorine, ammonia, 

nitrite).  

 

5.2  Materials and methods 

5.2.1  Sample collection for bacterial community analysis 

Samples were collected from the same reactor sets described in the chapter 4 (section 4.2) at 

the same time when the samples were collected for chloramine decay tests conducted in the 

chapter 4. Feed water collection and preparation for the sample collected reactor sets were 

identical as described in the chapter 4. There were 4 reactor sets fed with different DOC levels 

of 0-1, 2-3, 4-5 and 7-8 mg-C.L-1.  
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5.2.2  Chloramine decay rates and their relation to AOB activities 

Total chloramine decay (decay due to interactions with compounds in bulk water, sediment 

and biofilms) coefficient in each reactor was calculated using Eq. 5.1 as defined by Sathasivan, 

Fisher and Kastl (2010).  

𝐶𝑙𝑜𝑢𝑡 =
𝐶𝑙𝑖𝑛

(1+𝐾𝑅𝑡𝜃)
                        (Eq. 5.1) 

where, Clout and Clin are outlet and inlet chloramine (as total chlorine) residuals respectively, 

kRt is the total chloramine decay coefficient and Ѳ is the water retention time in the reactor. 

 

5.2.3  Determination of AOB activities 

AOB activity was calculated in each reactor using Eq. 5.2. NOx (nitrite and nitrate) production 

in each reactor was used to determine the AOB activity, as only AOB are known to increase 

NOx residuals through ammonia oxidation. Non biological mechanisms of ammonia oxidation 

are not predominant (Valentine, R et al. 1987). 

𝑁𝑂𝑋 𝑜𝑢𝑡 =
𝑁𝑂𝑋 𝑖𝑛

(1+𝐾𝑁𝜃)
                                  (Eq. 5.2) 

where, NOxout and NOxin are outlet and inlet NOx-N concentration, respectively. kN is the AOB 

activity and Ѳ is the water retention time in the reactor. 

 

5.2.4  Sample preparation and DNA extraction 

After the 6 months of the operational period, 2 L of bulk water from each reactor  with different 

DOC levels were collected in a autoclaved  glass bottle. The sampling tap was kept open for 5 

s to remove the water inside the pipe lines prior to the bulk water collection. Total chlorine 

(TCl), total ammoniacal nitrogen (TAN), DOC, pH, nitrite and nitrate were measured 

immediately after collecting the samples. Water samples (2 L) were filtered through a 0.22 μm 

filter paper (Nitrocellulose membrane, GSWP03700, Merck Millipore Ltd, Tullagreen, 

Carrigtwohill Co. Cork, IRL) to concentrate the biomass. The collected biomass on the filter 

paper was carefully scrapped in to an autoclaved 2 mL eppendorf tube. 
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DNA was then extracted from the concentrated biomass using the QIAamp® DNA mini kit 

(Cat. No. 51304, QIAGEN GmbH, D-40724 Hilden) following the manufacturer’s instructions.  

Before the samples were being analysed further, DNA purity was measured using Nano Drop 

2000c spectrophotometer. A ratio of absorbance A260/230 greater than 1.8 is typically 

considered suitable for analysis. This analysis was performed with 1 µL of DNA sample. The 

extracted samples were kept in a freezer (< -20 oC) until outsourced for sequencing.  

 

5.2.5  Bacterial community characterization using Miseq 

The DNA extractions were then stored at -20 °C prior to shipment to MR DNA (Molecular 

research LP, Texas, USA) for Illumina MiSeq sequencing. Shipment was done at room 

temperature on stabilizing the DNA using DNA stable Plus (Biometrica, Diagnostic 

Technology). Sequencing was carried out using MiSeq Illumina sequencing platform. In brief, 

HotStarTaq Plus Master Mix Kit (Qiagen, USA) was used for a single-step 28 cycle PCR 

amplification using 16S universal bacterial primers 515F (GTGCCAGCMGCCGCGGTAA) 

and 806R (GGACTACHVGGGTWTCTAAT). The thermocycler conditions used included an 

initial denaturing followed by 28 cycles of denaturation at 94 °C for 30 s; annealing at 53 °C 

for 40 s; and an elongation at 72 °C for 1 min; and a final elongation step at 72 °C for 5 min. 

After amplification, PCR products were checked in agarose gel (2%) to determine the success 

of amplification and the relative intensity of bands. Multiple samples were pooled together in 

equal proportions based on their molecular weight and DNA concentrations. Pooled samples 

were purified using calibrated Ampure XP beads. Then the pooled and purified PCR product 

was used to prepare Illumina DNA library. Sequencing was performed at MR DNA 

(www.mrdnalab.com) on a MiSeq following the manufacturer’s guidelines. 

 

5.2.6  Post sequencing process 

Post sequencing process of data was carried out using Quantitative Insights into Microbial 

Ecology (QIIME) (Caporaso, Kuczynski, et al. 2010) software package 

(http://www.qiime.org). Maximum sequence length was set at 600 and fast qual and mapping 

files were used as input for split_libraries.py script with default arguments to extract sequences 

relevant to this study. Then all sequences were groups into operational taxonomic units (OTUs) 

using pick_otus.py script in QIIME using USEARCH method (Edgar 2010). The OTUs were 
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defined at 97% sequence similarity and minimum cluster size was 1. Then using the PyNAST 

default method a representative sequence from each OUT was selected and aligned against 

Greengenes imputed core reference alignment using align_seqs.py script (Caporaso et al. 

2010). The gaps of the aligned sequence were removed using script filter_alignment.py. With 

default settings- Fast Tree phylogenetic tree and Ribosomal Database Project classifier and 

Greengenes OTUs data set- taxonomy assignment were constructed using the script 

make_phylogeny.py and script assign_taxonomy.py, respectively.  

To analyse different aspects of microbial community following were derived using 

alpha_rarefaction. py script, assess the bacterial coverage- rarefaction curve, estimate species 

richness- Chao 1, phylogenetic coverage of OUT- phylogenetic diversity (PD), bacterial 

diversity- Shannon index and statistically estimate similarities between clone libraries-  Jaccard 

index.  

Canonical correspondence analysis (CCA) was used to discover how environmental factors 

related to the development of bacterial communities in the reactors.  Matching correspondences 

between three reactors with cluster analysis using PAST software was performed using Bray-

Curtis similarity index (based on shared OTUs having 97% sequence similarity) and revealed 

the differences and similarities of bacterial communities among reactors. 

 

5.3  Results and discussion  

5.3.1  Characteristics of collected water samples  

The corresponding reactors of all lab scale reactor sets behaved in almost similar ways. 

Therefore, the chemical composition of reactors (R-1 to R-5) operated by feeding water with 

4-5 mg-C.L-1 DOC  has been explained. The observed parameters of all water samples tested 

are recorded in Table 5.1. The total chlorine residuals were differing significantly from R-1 to 

R-5 with the associated nitrogenous compounds. Progressive decay of total chlorine residuals 

maintained at 1.61 mg.L-1 in R-1 was observed along the reactors and over a 4-day retention 

period, the residuals had dropped down to 0.05 mg.L-1 on reaching R-5 (Table 5.1). Loss of 

TAN and the production of nitrite and nitrate in all reactors were detected with this pronounced 

drop of chloramine.  
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It was noted that nitrification had mostly commenced from R-2 as rapid changes of NOx 

production had started from R-2. NOx production indicated the degree of AOB activity and the 

changes in concentration along reactors R-1 to R-5 were 0.005, 0.034, 0.194, 0.171 and 0.038 

mg-N.L-1, respectively. Nitrifying activities are also highlighted due to the pH decrease 

(Tuovinen et al. 1980) from 8.00 in R-1 to 7.63 in R-5. As noted previously, the maximum 

CDP production/presence was associated during severe nitrification, such as in R-5, where the 

highest nitrification was observed (Krishna, Sathasivan & Sarker 2012). The DOC level did 

not change greatly between the first (R-1) and last (R-5) reactors of each set (Table 5.1). If the 

CDP is produced at high concentration, the DOC level would have increased when water 

travelled from R-1 to R-5 as an indication of CDP production. However, such indication was 

not expressed along the reactors and; hence, CDP must be present at a low concentration; which 

may not be measured by assessing DOC. 
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Table 5.1: Physicochemical parameters measured along reactors (R-1 to R-5) in 4 lab scale reactor sets with different DOC levels 

 

Reactors 
DOC 

(mg-C.L-1) 

Total Chlorine 

(mg-Cl2.L-1) 

TAN 

(mg.L-1) 

NOx 

(mg-N.L-1) 

Nitrite 

(mg-N.L-1) 

Nitrate 

(mg-N.L-1) 
pH 

7-8 (mg-N.L-1) DOC 

containing reactor 

set 

R-1 7.30±0.37 1.93±0.03 0.56±0.011 0.365±0.018 0.018±0.000 0.347±0.007 8.05±0.10 

R-2 7.28±0.36 1.43±0.03 0.45±0.009 0.479±0.024 0.113±0.002 0.366±0.008 7.85±0.10 

R-3 7.31±0.37 0.63±0.03 0.16±0.003 0.682±0.034 0.292±0.006 0.390±0.008 7.76±0.10 

R-4 7.23±0.36 0.13±0.03 0.05±0.001 0.818±0.043 0.412±0.008 0.406±0.009 7.64±0.10 

R-5 7.35±0.37 0.04±0.03 0.02±0.000 0.864±0.045 0.454±0.008 0.410±0.009 7.61±0.10 

4-5 (mg-N.L-1) DOC 

containing reactor 

set 

R-1 4.35±0.22 1.61±0.03 0.50±0.010 0.381±0.019 0.005±0.000 0.376±0.008 8.00±0.10 

R-2 4.29±0.21 1.37±0.03 0.44±0.009 0.415±0.021 0.034±0.001 0.381±0.008 7.87±0.10 

R-3 4.23±0.21 0.31±0.03 0.21±0.004 0.609±0.030 0.213±0.004 0.396±0.008 7.75±0.10 

R-4 4.29±.021 0.09±0.03 0.07±0.001 0.780±0.039 0.378±0.008 0.402±0.008 7.69±0.10 

R-5 4.28±0.21 0.05±0.03 0.04±0.001 0.818±0.041 0.405±0.008 0.413±0.008 7.61±0.10 

2-3 (mg-N.L-1) DOC 

containing reactor 

set 

R-1 2.65±0.13 2.01±0.03 0.59±0.012 0.401±0.015 0.002±0.000 0.399±0.006 8.01±0.10 

R-2 2.60±0.13 1.46±0.03 0.48±0.010 0.433±0.017 0.030±0.001 0.403±0.006 7.91±0.10 

R-3 2.63±0.13 0.48±0.03 0.099±0.002 0.658±0.035 0.230±0.004 0.428±0.009 7.81±0.10 

R-4 2.58±0.13 0.08±0.03 0.07±0.001 0.751±0.033 0.273±0.005 0.478±0.008 7.85±0.10 

R-5 2.63±0.13 0.03±0.03 0.03±0.001 0.788±0.034 0.293±0.006 0.495±0.008 7.79±0.10 

0-1 (mg-N.L-1) DOC 

containing reactor 

set 

R-1 0.29±0.01 1.78±0.03 0.49±0.010 0.360±0.018 0.002±0.000 0.358±0.007 8.06±0.10 

R-2 0.56±0.03 1.28±0.03 0.36±0.007 0.372±0.019 0.003±0.000 0.369±0.007 7.85±0.10 

R-3 0.23±0.01 0.35±0.03 0.07±0.001 0.677±0.034 0.198±0.004 0.479±0.010 7.71±0.10 

R-4 0.85±0.04 0.05±0.03 0.04±0.001 0.761±0.038 0.283±0.006 0.478±0.010 7.64±0.10 

R-5 0.74±0.04 0.03±0.03 0.03±0.001 0.789±0.039 0.289±0.006 0.500±0.010 7.62±0.10 
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5.3.2 Chloramine decay rates and their relation to AOB activities 

Fig. 5.1 illustrates chloramine decay rates and AOB activities in reactor sets with different 

DOC levels. In all reactor sets, chloramine decay rate coefficients behaved in similar manner 

by increasing up to R-4 and then showing a sudden drop in R-5. AOB activities followed the 

same pattern up to R-3, and then the activity decreased in R-4 and R-5.  Due to the low 

chloramine levels in R-4 and R-5 (0.02-0.07 mg-Cl2.L
-1), the decay rate coefficient recorded in 

low levels (Krishna, Sathasivan & Ginige 2013). In this study, this pattern is followed by the 

R-5, but not by R-4 and instead all R-4 reactors of all sets recorded higher decay rate. This 

unexplainable decay rate could be due to the CDP activity. However, as in higher DOC levels 

did not recorded high CDP activity (Chapter 4), the resulted higher decay rate with R-4 in 7-8 

mg-C.L-1 DOC level could be due to some other unknown activities. As high DOC suppresses 

the CDP activity, the maximum decay rate observed in the reactor sets operated with 7-8 mg-

C.L-1 DOC was only 0.16 h-1 while the other DOC levels recorded more than 0.2 h-1 decay rate. 

Low free ammonia residuals in R-4 and R-5 could be the reason for reduced AOB activities. If 

the chloramine residuals and free ammonia residuals were high in reactors, higher AOB activity 

and decay rate co-efficient could be observed.   

With the reduction of DOC levels in reactor sets, the maximum AOB activity increased. The 

increased in AOB activities with decreasing DOC is more pronounced in R-3 of each set. 

Therefore, AOB activity would be suppressed by the higher DOC levels as heterotrophic 

bacterial colonies would dominate the community composition. 
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(a) (b) 

  

(c) (d) 

  

 

Figure 5.1: Total chlorine decay rate coefficients in each reactor and their relationship with 

AOB activities along reactor (R-1 to R-5) in variable DOC contained reactor sets 

 

5.3.3  Microbial community structure analysis 

Diversity analysis 

The rarefaction analysis (Fig. 5.2) yields insights into the sequencing effort and compares the 

diversity of the observed number of OUTs at 97% sequence similarity in all samples over time. 

The samples analysed showed a steep slope in rarefaction curves suggesting that further 

sequencing would be needed to reach a full taxonomic representation of the microbial 

comminities. A total 15,454,255 sequences were generated from 19 different samples and after 
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processing (removing short sequences and chimera) 3,037,350 sequences (94% of the total 

sequences) were used to examine bacterial diversity.  Diversity or taxonomic analysis for the 

R-3 from 2-3 mg-C.L-1 DOC level could not be generated due to the low concentration of DNA.  

 

Figure 5.2: Rarefaction analysis of microbial communities at 97% sequence similarity of the 

reactors with different DOC levels   

Table 5.2 shows the richness (i.e. number of different OTUs) and diversity (i.e. number of 

different OTUs taking in to account their relative abundance) of the bacterial communities in 

collected samples at 97% sequence similarity. When reactor sets were compared, the highest 

species richness and pylogenic diversity showed in 7-8 mg-C.L-1 DOC containing reactor set 

while 2-3 mg-C.L-1 DOC reactor set indicated the lowest species richness. Species diversity not 

drastically deviate among the reactor sets. However, in 7-8 and 4-5 mg-C.L-1 DOC levels, the 

highest species diversity were recorded in middle 3 reactors (R-2 and R-3 and R-4) while the 

first and the last reactors consisted with the lower diversity.  
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Table 5.2: Bacterial diversity indices of samples collected from different DOC level contained 

reactor sets  

samples 
Chao1* 

(average) 

Shanon 

Index* 

PD* 

(average) 

7-8 (mg-C.L-1) 

DOC containing 

reactor set 

R-1 6028.03 6.49 182.12 

R-2 6503.24 7.20 200.55 

R-3 6508.44 7.60 210.58 

R-4 6251.86 7.74 206.02 

R-5 6153.42 6.83 187.26 

4-5 (mg-C.L-1) 

DOC containing 

reactor set 

R-1 6053.26 6.76 201.39 

R-2 6016.63 7.53 190.09 

R-3 6030.00 7.61 195.25 

R-4 6084.18 7.29 196.93 

R-5 5882.71 6.32 184.59 

2-3 (mg-C.L-1) 

DOC containing 

reactor set 

R-1 5395.96 6.41 167.40 

R-2 5527.16 6.08 180.46 

R-4 5777.51 7.20 187.02 

R-5 6390.24 7.73 203.22 

0-1 (mg-C.L-1) 

DOC containing 

reactor set 

R-1 5775.97 7.43 191.94 

R-2 6097.83 7.35 195.98 

R-3 5509.35 6.82 176.62 

R-4 6201.30 7.11 198.32 

R-5 5887.71 7.86 196.40 

 * Sequence per sample normalized to 59559 

Similarity analysis 

CCA at the genus level (based on the Jaccard similarity matrix at 80% sequences similarity) 

using physiochemical parameters is presented in Fig. 5.3a. The analysed physiochemical 

variables that included in the CCA analysis were DOC, NOx, TAN and total chlorine. 

However, there were no clear correlation can be witnessed between DOC levels and NOx, TAN 

or total chlorine in relation to bacterial community distribution. 
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(a) 

 

(b) 

 

Figure 5.3: A similarity analysis (at 80% sequence similarity) of reactor samples maintained 

with different DOC levels at genus level based on Jaccard similarity index. (a) Canonical 

correspondence analysis (CCA); (b) Cluster analysis. 
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According to the cluster analysis (Fig. 5.3b) at the genus level, there were clear differences that 

were detected based on DOC levels. In most cases, the reactors included in the same DOC level 

containing lab scale reactor set had clustered together with high similarity.  In the samples 

collected from the reactors within the 4-5 mg-C.L-1 DOC level containing reactor set, R-2-R-

5  showed 66% similarity.  However, R-1 was clustered with R-1 and R-2 (with70% similarity) 

of the 2-3 mg-C.L-1 DOC level containing reactor samples. In the samples collected from the 0-

1 mg-C.L-1 DOC contained reactor set, the reactor samples (except R-3) were clustered together 

with 70-75% similarity. Among all samples, R-1 to R-4 of 7-8 mg-C.L-1 DOC level reactor set 

clustered together with the similarly 70%. Even though all 5 reactor samples from the same 

DOC contained reactor set were not clustered together, the majority had stayed together due to 

the presence of similar DOC levels. The feed water for 2-3 mg-C.L-1 DOC level had been 

prepared by diluting the 4-5 mg-C.L-1 DOC water with ultra-pure water in 1:1 ratio. This could 

be the reason for clustering in R-1 samples together from both reactor sets at 65% similarity. 

 

Taxonomic analysis 

The dominant phyla (with relative abundance >2% in any given sample) is presented in Fig. 

5.4. The most abundant bacterial phyla among all reactors with different DOC levels was the 

Proteobacteria. The first 3 reactors having DOC levels of 7-8  recorded more than 88% of 

Proteobacteria . However, R-5 had only 50% relative abundance. All the reactors with 0-1 mg-

C.L-1 DOC had experienced high level of  Proteobacteria (74-90%). Lowest levels of 

proteobacteria were recorded in R-4 and R-5 (48% and 36%) in the 4-5 mg-C.L-1 DOC level. 

In 2-3 DOC level, Proteobacteria and Actinobacteria occupied almost all bacterial phyla in the 

R-1 (55% and 43%, respectively) and R-2 (45% and 49%, respectively). Cyanobacteria had 

been observed in all reactors in range of DOC levels, although in low persentages. Maximum 

Cyanobacterial relative abundance were recorded in R1(8%) and R-2 (7%) in 0-1 mg-C.L-1 

DOC level and R1 in 4-5 mg-C.L-1 DOC level , while in other reactors they wer < 3%. 

Plancomycetes were high within the 7-8 mg-C.L-1 DOC level having a maximum of 24% in R-

5. This could be caused by the presence of high DOC level, which could promote the growth 

of plancomycetes. In all other DOC levels, the plancomycetes levels were at less than 3 %. 

However, It is reported that the members of this bacterial class are phylogenetically  

indecipherable (Chistoserdova et al. 2004). In plyla Bacteroidetes, the only considerable 

abundance was recorded in R-4 (24%) and R-5 (40%) within the 4-5 mg-C.L-1 DOC level, 
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where they were  the second most abundant bacterial phyla.To understand indepth details about 

how these phyla are connected with CDP production and fast decsay of chloramine, bacterial 

communities were further analysed at class level and genera level as described in below.  

 

Figure 5.4: Relative abundance of bacterial communities at Phyla level in 19 reactors operated 

with different DOC level containing chloraminated water. Bacterial community of R-3 (2-3 

mg-C.L-1DOC level) was not reported. 

The decrease of chloramine and TAN residuals and the increase of NOx along the reactors 

resulted with remarkable changes in the bacterial communities in different DOC levels. The 

most abundant bacterial class among all reactors in all DOC levels was Alphaproteobacteria, 

which belongs to the heterotrophic bacterial community. The highest abundance was recorded 
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in 4-5 mg-C.L-1 DOC level (75% in R-2 and 82% in R-3) and 7-8 mg-C.L-1 DOC level (74% 

in R-1 and 73% in R-2) (Fig. 5.5).  

 

Figure 5.5: Relative abundance of bacterial communities at class level in 19 reactors operated 

with different DOC level containing chloraminated water. Bacterial community was not 

reported to R-3 in 2-3 mg-C.L-1DOC level. 

Class Actinobacteria was observed as prominent in R-5 and recorded minor levels in all other 

reactors with 7-8 DOC mg-C.L-1. In all other reactor sets, high relative abundance of 

Actinobacteria were observed in the first two reactors where chloramine residuals were high. 

It is a well-known bacterial class which resist high chlorine residuals (Li, X et al. 2014) and 
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highly dominant  in both  chlorinated and chloraminated distribution systems (Holinger et al. 

2014).  

AOB belongs to class Betaproteobacteria and AOB abundances were higher in the nitrifying 

conditions. However, in 7-8 mg-C.L-1 DOC, Betaproteobacteria was high even with low NOx 

levels (R-1 and R-2, 16% and 19 %, respectively) as all Betaproteobacteria are not nitrifiers. 

The highest abundance of Betaproteobacteria were observed in the reactors of 0-1 mg-C.L-1 

DOC. Moreover, according to the results obtained by Herath et al (2018), the highest impact 

CDP was observed in the reactors maintained with 0-1 mg-C.L-1 DOC. This gives a clue that 

Betaproteobacteria may responsible for this CDP production. However, further investigations 

need to be carried out.    
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Figure 5.6: Relative abundance of bacterial communities at genus level in 19 reactors operated with different DOC level containing chloraminated water. Bacterial 

community of R-3 (2-3 mg-C.L-1DOC) level was not reported. 
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Several bacterial genera are known to contain in reactors with different DOC levels contained 

lab scale reactor sets. Fig. 5.6 shows an array of bacterial genera belonging to 

Alphaproteobacteria (Sphingomonas, genera from order Rhisobiales, Hyphomycrobium, 

Phenylobacterium, Afipia), Betaproteobacteria (Nitrosomonas, Acodovorax, Varouvarax, 

Methylibium, genera from family comamonadaceae), Gammaproteobacteria (Acinetobactor 

and genera from family Legionellaceae), Actinobacteria (Mycobacterium), Plancomycetia 

(genera from family Gammataceae), Saprospirae (Sediminibacterium), Chlamydiia (genera 

from order Chlamydiales) and Virrucomicrobiae (Prosthecobactor). Relative abundance 

differs according to the DOC level, chloramine residual and the microbial metabolites such as 

NOx. 

 In 7-8  and 0-1 mg-C.L-1 DOC levels, Sphingomonas was the prominent bacterial genera 

among all reactors except R-2 in 0-1 mg-C.L-1 DOC. In R-1 with 2-3 mg-C.L-1 DOC level high 

Sphingomonas (17%) was detected. Sphingomonas is gram-negetive, chemoheterotrophic, 

strickly aerobic bacterium, which is commonly isolated in drinking water systems (Koskinen 

et al. 2000). As it survived even with high chloramine contained water (Sun et al. 2013), it 

seems that abundancy does not depend on the disinfectant level. It is also not influenced by the 

DOC level of the reactor water as it was presented in the same abundance in both high and low 

DOC contained water. However, due to the reduction of chloramine and high DOC level  

favouring the growth of other bacterial spp, their abundance had reduced from R-1 to R-5 in 7-

8 mg-C.L-1 DOC.  

In 0-1 mg-C.L-1 DOC level, the low abundance of  Sphingomonas in R-1 and R-2 could be due 

to low DOC level. However, during the reactor operational period, number of dead cells along 

reactors could increased and therefore; high level of assimilable organic carbon (AOC) could 

be produced . Therefore, from R-3 to R-5, Sphingomonas demonstrated increacing abundancy. 

Additionally, in 4-5  and 0-1 mg-C.L-1 DOC levels, the highest relative abundance were 

recorded in the R-3 where the nitrification had commenced. These results are correspondant 

with the results obtained by Krishna, Sathasivan and Ginige (2013). Similarly, it has been 

reported the  dominence of this genus in chloraminated systems ((Noguera et al. 2009; Regan, 

John M et al. 2003; Regan, John M, Harrington & Noguera 2002; Williams et al. 2004). 

Another unclassified bacterial type  belonging to family sphinogomanadaceae was destributed 

in the reactors in the similar pattern.However their precence is almost 4 times lower than the 

Sphingomonas.  
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Novosphingobium was identified as another heterotrophic bacterial genera belonging to the 

same taxonomic family (Sphingomonadaceae) in seed and chloraminated reactor samples. It  

is a genus of Gram-negative bacteria and some genera (e.g. Novosphingobium taihuense, 

Novosphingobium aromativorans) can degrade aromatic compounds such as phenol, aniline, 

nitrobenzene and phenanthrene (Liu, Z-P et al. 2005; Sohn et al. 2004). It has been detected in 

chlorinated drinking water systems as one of the abundunt genera (Gomez-Alvarez et al. 2016). 

In this study, it was the most abundant bacterial genus in R-4 (40%) and R-5 (25%) with 2-3 

mg-C.L-1 DOC. In 7-8 and 0-1 mg-C.L-1 DOC levels, Novosphingobium was detected in lower 

amounts (< 1%) and their abundance was almost equally distributed among all reactors. 

However, their ability to degrade aromatic compounds can be related to chloramine decay as 

they are one of the common bacterial type in drinking water destribution systems.  
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(a) (b) 

  

(c) (d) 

  

 

Figure 5.7: Relationship between total decay rate coefficient and relative abundance of 

identified bacteria  

Many Sphingomonadaceae bacteria can produce abundant EPS (Liu, R et al. 2012), which 

could relate to the CDP. However, relative abundance of the bacteria belongs to family 

Sphingomonadaceae does not idicate strong relationship with the total decay co-efficient (Fig. 

5.7) in reactors of each reactor sets. In overall,  when the total decay co-efficient decreased in 

the last two reactors of each reactor set, relative abundance of bacteria belongs to family 

Sphingomonadaceae also reduced. As there was no cell number details in reactors/reactor sets, 

their relatoinship with DOC level cannot be confirmly demonstrated.  

Other than the bacteria belongs to family sphingomonadaceae, Mycobacterium was prominent 

in R-1 and R-2 with 2-3 mg-C.L-1 DOC level (42% and 47%, respectively) and with 4-5 mg-

C.L-1 DOC level (34% and 10%, respectively) when there was high chloramine level present. 
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Reduction of Mycobacterium from R-3 (˂0.1%) onwards could be due to the invasion of fast 

growing bacteria such as Bradyrhizobium, family sphingomonadaceae according to the current 

study . Similarly, reactors maintained with 0-1 mg-C.L-1 DOC  demonstrated the same pattern 

along with Mycobacterium abundance. However, when the chloramine level dropped below 

0.5 mg-Cl2.L
-1, there were no drastic reduction of  Mycobacterium community from R-3 

onwards as noted in 2-3 and 4-5 mg-C.L-1 DOC levels. Mycobacterium is a widespread 

organism, typically living in water (including tap water treated with chlorine) and soil 

(Torvinen et al. 2004). They are more tolerant of chlorine than many other microbes (Carson 

et al. 1978; Covert et al. 1999; Le Dantec et al. 2002; Pelletier & Stottmeier 1988; Taylor et al. 

2000), and increased abundance of Microbacteria in chloraminated distribution systems has 

been reported by Noguera et al. (2009). They have also been isolated from drinking water with 

free chlorine content up to 2.5 mg.L-1 (Covert et al. 1999). The observed result is consistant 

with the results witnessed by (Krishna, Sathasivan & Ginige 2013) as they also detected high 

Microbacterium relative abundance with high chloramine residuals. Recent studies carried out 

by Wang, Hong et al. (2012) confirmed that Mycobacterium could be existing within drinking 

water systems even in the presence of high chloramine residuals (> 5 mg.L-1). Essentially, they 

were detected as biofilm producing bacteria (Emtiazi et al. 2004), which can secrets EPS. 

The second most abundant genera recorded in 0-1 mg-C.L-1 DOC level was a genus from the 

family of Comamonadaceae. Drinking water, lake water, activated sludge, soil often contain 

members of the Comamonadaceae group. Comamonadaceae use a large variety of substrates, 

hence it is difficult to conclude which substrate was causing the increase in the  

Comamonadaceae population within the drinking water network (Burtscher et al. 2009; 

Pernthaler et al. 1998). However, Pinto et al. (2014)  reported  some species such as 

Hydrogenophaga, Acidovorax from the family Comamonadaceae as one of the abundant 

betaproteobacterial groups in drinking water systems. Varivorax which was detected at higher 

levels in 0-1 mg-C.L-1 DOC also belongs to the family Comamonadaceae. In higher DOC 

levels such as 7-8 and 4-5 mg-C.L-1, Varivorax abundance was < 1%. Varivorax is one of the 

common microbial community members, which is also identified abundanlty in young biofilms 

in chlorine treated drinking water systems ( Douterelo, Fish and Boxall (2018). However, their 

abundancy related to the DOC level is not known. Acidovorax is another major heterotrophic 

bacterial group identified in drinking water biofilms (Critchley et al. 2003) which belongs to 

the family Comamonadaceae. EPS is identified as the major constituent of biofilms and as 

described earlier, CDP can also be accountable for one of the compound in EPS. Therefore, 
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presence of family Comamonadaceae inrelation to the preduction of CDP has to be further 

studied.  

In addition, uncharacterised bacteria from family Bradyrhizobiaceae had presented in all DOC 

levels. Other than this bacterial genus 2 uncharacterised bacterial genera belonging to order 

Rhizobiales were identified with high abundance in R-2 and R-3 maintained with 4-5 mg-C.L-

1 DOC level but recorded less than 1% in all other reactors including all other DOC levels. 

Most importantly,  Bradyrhizobium japonicum  was identified for the heat shock protein 

production (Kishinevsky, Sen & Weaver 1992; Narberhaus et al. 1996). Furthermore, 

Bradyrhizobium strains and Rhizobiales are detected for degrading organophosphorus 

pesticides by producing extracellular proteins (Abd‐Alla 1994). Therefore, in our study they 

could produce CDP to degrade chloramine as a shock response mechanism.  

In many drinking water distribution systems, Methylobacterium was identified as one of the 

most abundant bacterial species  (Simoes, Simoes & Vieira 2010). Methylobacterium sp. has 

demonstrated the most resistant biofilms for chlorine and chloramine disinfection as per 

biofilm removal results they have observed. They are also known to resist free chlorine 

(Furuhata, K & Koike 1993). Halo acetic acids-HAAs (one of the DBP) have been known to 

be degraded by drinking water bacteria including Methylobacterium (Zhang, Yan & Edwards 

2009). Furthermore, chloroform with methane used as available substrate has been capable of 

being degraded by Methylobacterium CRL-26 strain (Cappelletti et al. 2012; Patel et al. 1982). 

The formation of aggregates in drinking water has been suggested by production of EPS by 

Methylobacterium (Sheng, Yu & Li 2010). Methylobacterium species have been previously 

stated to have an enhanced ability to form aggregates when they are present with other drinking 

water bacteria (Ramalingam et al. 2013; Simões, LC et al. 2007). Furthermore, 

Methylobacterium strains are known to be multidrug resistant (Furuhata, Katsunori et al. 2006). 

In this study, Methylobacterium could not be observed abundantly (˂3%) in 0-1 mg-C.L-1 and 

7-8 mg-C.L-1 DOC levels. However, in 2-3 mg-C.L-1 DOC level, R-1 and R-2 were detected 

with the highest abundancy (14% and 13%, respectively) while R-1 in 4-5 mg-C.L-1 DOC fed 

reactors were detected with 5%. 

The observed results could not be interpreted to clearly demonstrate the relationship between 

identified bacterial strains and the DOC level; as only the relative abundance are being 

reported. However, the cell numbers along reactors (R-1 to R-5) are drastically increased in the 

lab scale reactor set experimented by Krishna, Sathasivan and Ginige (2013). Therefore, the 
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actual numbers could be higher than the recorded relative abundance. As high DOC level 

promotes heterotrophic bacterial growth (Fonte et al. 2013; Velten et al. 2011), reactors with 

high DOC levels should facilitate a higher number of cells from each bacterial type compared 

to cell numbers at lower chloramine level. In a situation of high DOC and low chloramine, the 

bacterial count will be further elevated. Therefore, the identified heterotrophic bacterial strains 

with high abundance do not show a correlation with total decay coefficient in individual reactor 

sets (Fig.  5.7). However, the results may be recorded correctly for the reactor set operated with 

low DOC level (0-1 mg-C.L-1).   

(a) (b) 

  

(c) (d) 

  

 

Figure 5.8: AOB activity in relation to their relative abundance  
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The impact of CDP is mainly observed in the severely nitrified water samples. Therefore, 

identifying Nitrosomonas as one of the AOB in tested samples is highly important in this study. 

It was predominantly detected in chloraminated drinking water destribution systems (Krishna, 

Sathasivan & Ginige 2013; Lipponen et al. 2004; Regan, John M et al. 2003; Regan, John M, 

Harrington & Noguera 2002; Williams et al. 2004; Wolfe et al. 1990). In 4-5 mg-C.L-1 DOC 

level, the highest relative abundance were demonstrated in R-2 (6%) where in the other reactors 

their abundance were < 0.6%. There was 0.2-0.3% of Nitrosomonas spotted in 2-3 mg-C.L-1 

DOC level. Nevertheless, all reactors in 7-8 mg-C.L-1 DOC level were detected with 2-3% 

Nitrosomonas abundancy.  According to the results observed, Nitrosomonas bacterial 

community destributed equally with the presence of high DOC level (7-8 mg-C.L-1) without 

considering the chloramine concentration. However, CDP impact cannot be observed when the 

DOC level was as high as 7-8 mg-C.L-1 (Herath, Torres & Sathasivan 2018). Therefore, as per 

the obsereved, the production/release of CDP may not be promoted with 7-8 mg-C.L-1 DOC 

level. 

Additionally, AOB activity and the AOB abundancy do not indicate corelation except in 0-1 

mg-C.L-1 DOC level (Fig. 5.8). Similar to heterotrophs, the AOB  cell number should increase 

from R-2 to R-5 as chloramine is dropped significantly and this effect could not be observed 

on the relative abundance in each reactor .  The positive corelation with abuncance and activity 

in the 0-1 mg-C.L-1 DOC level could be related to low DOC level. 

In summary; apart from few bacterial types, the majority of bacterial types are similar in reactor 

sets with different DOC levels. Therefore, CDP producing microbial strains cannot be 

distinguished by detecting the microbes in variable of DOC levels. However, as it has been 

observed that the impact of CDP in chloraminated water is supressed due to presence of high 

DOC level, the necessity has arisen for an experiment utilising low DOC contained 

chloraminated water. Additionally, production of EPS is boosted when the microbial 

community is exposed to stress conditions (Liu, Y-Q, Liu & Tay 2004) such as starvation, pH 

variations and temperature variations. Some of the bacterial strains (e.g. nitrifying bacteria, 

Methylobacterium, Bradirhizobium, family Sphingomonadaceae) recognized in this study are 

also known to produce EPS. Therefore, an experiment using shock application would help 

recognise the microbes liable for CDP production. 
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5.4  Conclusion 

In parallel to the study carried out to find the effect of feed water DOC variation on CDP 

production, the bacterial community variations were also analysed on the same reactor sets 

operated with chloraminated water containing different DOC levels (0-8 mg-C.L-1 DOC). The 

findings of this study are summarised as below: 

 DOC variation of feed water did not significantly affect the microbial community 

present in chloraminated water and the similarities observed between reactors within 

each reactor set are very high.  

 The AOB activity does not correlate with decay rate co-efficient in individual reactor 

sets. However, AOB activity is highest in the reactor set with lowest DOC level. 

 Mixed culture could be responsible for the chloramine decay in each reactor set as there 

was no single bacterial community could be directly correlated with chloramine decay.  

 Some of the bacterial strains such as Micobacterium, Methylobacterium, Nitrosomonas, 

Bradyrhizobium sp. and family Sphingomonadaceae identified are recognised as EPS 

producing bacteria. 
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Microbes resist chloramine by 

producing chloramine decaying protein  

 

 

 

 

6.1  Introduction 

In the prevention of waterborne diseases important roles are played by disinfectants, the most 

popular being chlorine. Due to the rapid decay of chlorine in drinking water, in addition to 

difficulties controlling the regulated disinfection by-products (Hoigné & Bader 1988) and 

further maintenance of adequate disinfectant residuals in distribution systems with long 

residence times, chlorine is substituted with chloramine as a secondary disinfectant in many 

countries.  

To introduce chloramine into the treated water, ammonia and chlorine are dosed into the water 

to form monochloramine. As chloraminated water travels through a water supply system, a 

gradual decay of chloramine occurs by auto-decomposition (Eq. 6.1) or reaction with natural 

organic matter (NOM) as in Eq. 6.2, and ammonia is released (Vikesland, Ozekin & Valentine 

1998). 

3NH2Cl    N2 + NH3 + 3Cl¯ + 3H+                                                                           Eq. 6.1) 

NOM + NH2Cl         NOMox + NH4
+ + Cl¯                                                                       (Eq. 6.2) 
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NH2Cl + NO2
¯ + H2O              NO3

¯ + NH4
+ + Cl¯                                                            (Eq. 6.3) 

A sufficient increase in free ammonia (food) and decrease of monochloramine (disinfectant) 

provides suitable conditions for nitrification and proliferation of ammonia oxidizing micro-

organisms (oxidise ammonia to nitrite) and subsequent nitrite oxidising microbes (oxidise 

nitrite to nitrate) (Regan, John M, Harrington & Noguera 2002). In chloraminated water 

distribution systems, partial nitrification (ammonia oxidation to nitrite) occurs, resulting in 

high nitrite levels in the system. Nitrite reacts with chloramine (Eq. 6.3) reducing it to 

ammonia. Since high nitrite level is always associated with a sudden drop of chloramine 

residuals, nitrification is traditionally thought to be the only cause of chloramine decay. As a 

result of this, research and operational control has mainly been focused on preventing or 

controlling it.  

Questioning this traditional belief, Sathasivan, Fisher and Kastl (2005) developed the microbial 

decay factor method to measure the microbial and chemical components of chloramine decay. 

By measuring the decay coefficients as the chloramine gradually decayed in bulk water samples 

collected from a distribution system, Sathasivan, Fisher and Tam (2008) identified three 

distinct phases: the first was controlled only by chemical decay; the second contained 

significant microbial decay but nitrification was minimal (nitrite <0.01 mg-N·L-1); the third 

was indicated by high nitrification rates and a sudden drop in chloramine levels. They termed 

the second and third phases as mild and severe nitrification. On further analysing the samples 

from severely nitrifying samples, soluble microbial products (SMP), especially proteins of 30–

50 kDa were found responsible for catalytic acceleration of chloramine decay in filtered, 

severely nitrifying samples and the decay was caused by acceleration of auto-decomposition 

(Eq. 6.1) and nitrite oxidation (Eq. 6.2) (Herath, Torres & Sathasivan 2018; Krishna, 

Sathasivan & Sarker 2012; Sathasivan & Bal Krishna 2012). Hereafter, the proteins 

accelerating the decay of chloramine are termed chloramine decaying proteins (CDP). Krishna, 

Sathasivan and Sarker (2012) and Sathasivan, Fisher and Kastl (2010) reported that the impact 

of CDP can be eliminated by silver (50 µg-Ag·L-1). The presence of CDP in filtered samples 

increased the total ammoniacal nitrogen (TAN) loss and expedited nitrite oxidation. Therefore, 

Herath, Torres and Sathasivan (2018) used these parameters as indicators of the concentration 

of CDP.  

In order to maintain the recommended level of chloramine in the distribution system, it is 

essential to understand what factors affect the production of CDP. In many cases, impact 
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typical of CDP was noted in severely nitrifying samples. Assuming that the impact could arise 

from nitrification and that nitrification could be inhibited by high organic carbon content, 

Herath, Torres and Sathasivan (2018) operated  reactor sets with varying NOM levels. The 

collected samples from  severely nitrified reactors were subjected to re-chloramination. They 

concluded that the maximum impact of CDP in filtered water could be seen in water with the 

lowest DOC (<0.1 mg-C·L-1). In unfiltered samples, however, the NOM levels did not have 

any impact. This raises the question whether that was due to the CDP associated with the 

biomass or due to the production of additional CDP by the microbes present in the biomass of 

unfiltered samples upon re-chloramination. 

The possibility of additional production is hinted at in various findings. (Mir, Morato & Ribas 

1997) explained that increased resistance to chlorine could be due to the synthesis of unique 

proteins or to the aggregation of bacteria. (Ridgway & Olson 1982) showed that biofilm 

attached bacterial colonies survived well in highly chlorinated (>1 mg·L-1) environments by 

covering their body with extracellular mucopolysaccharide or glycoprotein polymers. 

Combining these with the results of other experiments, it was proven that the surface of the 

attached bacteria/biofilm provided the greatest increase in disinfection resistance. Other than 

disinfection, starvation or oxygenation also increased the resistance to chlorine in certain 

bacterial strains such as Escherichia coli (Saby, Leroy & Block 1999). EPS production is 

substantially enhanced when the microbial community is subject to stressful culture conditions 

(Liu, Y-Q, Liu & Tay 2004). Varin et al. (2012) detected bacterial adaptations such as EPS 

production, synthesis of cold shock proteins and membrane modification as a response to the 

environmental stress. Similarly, More et al. (2014) reported that microbes may improve 

function and survival under harsh conditions by enhancing their local microenvironment by 

producing EPS.  

In a water distribution system, chloramine is not only added before water enters the system, 

but also after a certain time has elapsed to maintain certain a minimum chloramine residual. 

This is done to prevent nitrification from occurring by combination of the released free 

ammonia with added chlorine, or to recover from the status of severe nitrification. Because 

chloramine is a stressor, the CDP could be produced or released as a response. However, no 

literature so far has referred to such a phenomenon. 

In this paper, experiments were conducted to identify whether the production or presence of 

CDP was a stress response to monochloramine dosing in a laboratory scale reactor system. 
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Two reactors were operated by adding inorganic substrates to Milli-Q water where the only 

variable was whether chloramine (Chloraminated reactor) or ammonia (Ammoniated reactor) 

was added. Milli-Q water was added to both reactors to maximize CDP production (Herath, 

Torres & Sathasivan 2018). The reactors were seeded from another laboratory scale reactor 

system (of five reactors connected in series) operated with the feed from a local water treatment 

plant (Herath, Torres & Sathasivan 2018). The seed was collected from a reactor undergoing 

severely nitrifying conditions. The impact of chloramine/ammonia on CDP production and 

release in the waters drawn from the chloraminated/ammoniated reactor was analysed. Overall 

fluctuations of nitrogenous species (ammonia, nitrite, and nitrate) and total chlorine (TCl) in 

the reactors and during chloramine decay tests are reported herein. To confirm that the CDP 

was only produced and released by micro-organisms living in the chloraminated reactor, short-

term chloramine stress was applied and the results are reported. 

 

6.2  Materials and methods  

6.2.1  Reactor operation  

Chloraminated and ammoniated reactors were operated as described in Chapter 3, section 3.4 

in a water bath with a temperature of 20–23 °C. Both reactors were continuously operated 

during the experimental period. 

 

6.2.2  Batch rechloramination tests 

Samples from the chloraminated and ammoniated reactors were collected intermittently over a 

period of eight months. A part of each sample was filtered through a 0.22 µm sterilised 

membrane (non-pyrogenic, Millipore Express® polyether sulfone) attached to sterilised 33 mm 

syringe-driven filter units [housing limit 150 psi (10 bars), MILLEX®-GP, MILLIPORE 

IRELAND, Ltd.] for the removal of microbes. Unfiltered and filtered samples were named 

according to the reactor from which the sample was collected: unfiltered and filtered samples 

prepared from ammoniated (and chloraminated) reactors were named RA unfiltered and RA 

filtered (or RC unfiltered and RC filtered), respectively. 
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For the chloramine decay test, 200 mL of sample was placed in a 500 mL PET bottle. The 

bottles were pre-washed by topping up with a concentrated chlorine solution (20 mg-Cl2.L
-1), 

left overnight for disinfection. Afterwards, the bottles were thoroughly washed with Milli-Q 

water prior to sample addition. The initial chemical composition such as chloramine residual 

(maintaining Cl-to-TAN ratio of 4:1) and pH were adjusted in each sample using respective 

stock chemical solutions. The adjusted chemical parameters were: total chlorine (3.35 mg-

Cl2.L
-1), ammonia (0.8 mg-N.L-1) and pH 7.9 – 8.1. If there was nitrite in any of the samples 

collected from a reactor (for example, RC), the same nitrite levels were maintained in the other 

reactor (in this case, RA) for the purpose of comparison. At the time of adding chloramine 

(ammonia + chlorine) to the sample, the same dose was applied to Milli-Q water (and 

measured) to ensure that the desired dose was applied. Samples were incubated at 20 °C, and 

for each sample, total chlorine, ammonia, nitrite and NOx were monitored over time (for 

approximately 6 days), depending on the decay rate. All experiments were done in duplicate. 

 

6.2.3  Short term chloramine stress 

Biomass from each reactor was concentrated by filtering through 0.22 μm filter papers 

(Nitrocellulose membrane, GSWP03700, Merck Millipore, Ltd., Tullagreen, Carrigtwohill, 

Co. Cork, Ireland). The filter paper holding the microorganisms was carefully removed using 

a forceps and added separately to 1 L of nutrient solution. The sample bottles were sonicated 

using an ultrasonic sonicator (50 Hz, FXP14M, Unisonics-Australia) for about 10 min to 

homogenize the collected microorganisms in the feed water; then the contents were divided 

into 4 sub-samples (250 mL each). The sub-samples were subjected to different conditions: 1.5 

mg.L-1 chloramine stress (Cl:NH3 was 4:1), only ammonia (0.375 mg-N.L-1), silver (100 μg-

Ag.L-1) and nothing as control (i.e., nutrient solution only). A short-term chloramine shock (1.5 

mg.L-1 initial dose) was applied and the solution incubated for over 1.5 h at 20 °C. All sub-

samples were filtered through 0.22 μm filter paper to remove micro-organisms. A 200 mL 

portion of a filtered water sample from each sub-sample was separately collected into pre-

cleaned PET bottles to carry out the chloramine decay test. Depending on the origin of the sub-

samples (Chloraminated or Ammoniated reactor) they were named SC or SA. Experimental 

flow chat for applying short term chloramine stress is presented in Fig. 6.1.  
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Figure 6.1: Flow chart for the application of short term chloramine stress for ammoniated 

reactor water. A similar procedure was implemented for the chloraminated reactor water, but 

the subsamples were named SC instead of SA. 
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6.3  Results and discussion 

6.3.1  Operation of the reactors 

 

 

 

 

Figure 6.2: Changes in ammoniated and chloraminated reactors during the operational period. 

At the time of feeding, ammonia and chlorine concentrations were reset to the levels indicated. 

Profiles marked in solid line represent the concentrations just before feeding.  
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Within the first 35 days of the operational period, both ammoniated and chloraminated reactors 

had similar ammonia decay profiles. After feeding, the reset ammonia level (0.35 mg-N.L-1) 

dropped to ≈ 0.20 mg-N.L-1 within a day in both reactors. At the time of adding nutrient 

solution, the nitrite level dropped slightly due to dilution (not shown); however, the level was 

restored on the next day (Fig. 6.2). Similar behaviour was observed by NOx levels and the 

results displayed ongoing partial nitrification in both the ammoniated and chloraminated 

reactors. 

Significant behavioural changes in the ammoniated and chloraminated reactors were observed 

after the first 35 days. The ammoniated reactor shifted from partial to complete nitrification 

resulting in nil nitrite levels and increased NOx levels (≈0.559 mg-N.L-1 to ≈0.89 mg-N.L-1). 

However, the chloraminated reactor indicated partial nitrification with high levels of nitrite 

(≈0.6 mg-N.L-1), with even complete nitrification at times. As a result of the high nitrite level 

(and possibly CDP) observed in the chloraminated reactor, the chloramine level (from the reset 

level of 0.45 mg-Cl2.L
-1) dropped to as low as 0 mg-Cl2.L

-1 within a day. Out of many batch 

tests, two typical results are discussed below to demonstrate the water quality under partial 

(point Y) and complete (point X) nitrifying conditions and how much soluble CDP was present. 

On Day 119 (X in Fig. 6.2), the conditions in both reactors were completely nitrifying. Hence, 

the nitrite concentration was very low (less than 0.096 mg-N.L-1) as almost all nitrite was 

converted into nitrate. A high level of NOx (0.891 – 0.897 mg-N.L-1) and a very high loss of 

ammonia, demonstrated nitrifying microbial activity in both reactors. Although the pH was 

adjusted at each feeding time, it dropped from 8.00±0.10 to 7.62 – 7.71 by the time of sampling 

(Table 1). This further confirmed the presence of nitrifying bacterial activity in both reactors 

(Shammas 1986). The only sample difference observed was a high nitrite level (0.295 mg-N.L-

1) in the chloraminated reactor on Day 183 (Y in Fig. 6.2). 
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6.3.2  Batch re-chloramination test in filtered and unfiltered samples 

(a) (b) 

  

(c) (d) 

  

 

Figure 6.3: Total chlorine (a) and nitrogenous species –TAN (b), nitrite (c) and NOx (d) decay 

profiles of water samples collected from ammoniated (RA) and chloraminated (RC) reactor at 

point X  in Fig 6.1 

Because the initial conditions were adjusted to be the same (Section 6.2.2), the conditions 

among the samples collected can be compared at each point. In general, chloramine decayed 

much faster in unfiltered RC samples than in unfiltered RA samples at both X and Y for the 

same initial conditions (Figs 6.3 and 6.4). TAN reduction and nitrite production observed in 

the RC unfiltered samples were significantly higher than those in the RA unfiltered samples 

(Figs 6.3b and c). 
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To the ammoniated reactor, only ammonia was added (no chlorine); therefore, the microbial 

community living in this reactor was not acquainted with chloramine. Therefore, high 

chloramine concentration (3 mg-Cl2.L
-1) and sustained high chloramine (>1.1 mg-Cl2.L

-1 for 

42 h) in the samples collected from the RA reactor could have been toxic to the existing 

microbes and ensured no nitrification and slower chloramine decay. However, nitrifying 

microorganisms in the chloraminated reactor (RC) fed with chloramine-containing feed water, 

recovered from the shock of the high chloramine concentration, and were capable of producing 

nitrite and decaying the added chloramine significantly. The chloramine disinfection (>1.1 mg-

Cl2.L
-1 for 10 h) in the chloraminated reactor (RC) samples was lower than that in RA due to 

faster chloramine decay. These results demonstrate that nitrifying microbes grown in a non-

chloraminated environment do not survive a high chloramine dose; and that those grown in a 

chloraminated environment do survive, possibly by quickly decaying chloramine using CDP, 

as established previously (Herath, Torres & Sathasivan 2018). 

On the other hand, the unfiltered samples showed much faster chloramine decay than that in 

the filtered samples from both ammoniated and chloraminated reactors, at points X and Y (Figs 

6.3a and 6.4a) There could be three possible reasons for this: the presence of biomass-

associated CDP, the additional production or liberation of CDP after the addition of chloramine 

as a shock response or to other mechanisms of microbial chloramine decay (Herath, Torres & 

Sathasivan 2018; Sathasivan, Fisher & Tam 2008). If the fast decay of unfiltered samples 

occurred as a shock response to chloramine, the long-term behaviour of the reactors and the 

shock response on the reactor biomass has to be investigated. Therefore, the next two sections 

address the conditions in filtered water samples during the operational period and how the 

reactor biomass responded to the stress (chloramine addition). 
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 (a) (b) 

  

(c) (d) 

  

 

Figure 6.4: Total chlorine (a) and nitrogenous species: TAN (b), nitrite (c) and NOx (d) decay 

profiles of water collected from ammoniated (RA) and chloraminated (RC) reactor at point Y 

in Fig 6.1  

 

6.3.3  Concentration of the soluble CDP in filtered water samples at X and Y 

In filtered samples containing soluble CDP, it has been shown that the chloramine decay is 

associated with increased reduction rates of nitrite and total ammoniacal nitrogen (TAN). This 

is in contrast with that decay in feed water that has not been subjected to nitrification and with 

the decay in filtered severely nitrifying samples dosed with silver to inhibit the activity of CDP 

(Fig. B.1 and B.2). The impact of CDP, therefore, can be measured using the maximum 

difference in TAN (ΔTAN) values between two filtered samples, one containing and one not 

containing CDP (or CDP inhibited). Therefore, (Herath, Torres & Sathasivan 2018) suggested 
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that ΔTAN and/or ΔNO2-N could be used as a surrogate measures of CDP in the absence of a 

suitable measurement method. 

More than 71 – 87 % of the dosed chloramine was lost within the first 40 h of incubation in the 

filtered RC sample, while in the filtered RA sample only 17 – 33 % of the chloramine was lost. 

TAN results (Fig. 6.4b) in the filtered samples corresponded with chlorine decay results. 

Within the first 40 h of the incubation period, RC filtered samples demonstrated a sudden drop 

in TAN, corresponding to the chloramine decay results. After this initial drop, a negligible drop 

in TAN was observed during the rest of the experimental period. This initial sudden drop was 

much smaller (Fig. 6.4b) in the RA samples. Moreover, none of the filtered samples indicated 

the production of nitrite or NOx as all those samples were free from nitrifying bacteria (6.3d 

and 6.4d). As there was no nitrite present in the samples collected at point X, only the ΔTAN 

values were considered to confirm the existence of CDP. The RC filtered samples recorded 

higher ΔTAN values and thus higher concentrations of CDP (Table 6.1). All this evidence 

indicates a greater amount of CDP in RC unfiltered, than in RA filtered samples. 

 

Table 6.1: ΔTAN values calculated for filtered samples collected at points X and Y 

 

    Sample ΔTAN (mg.L-1) 

Point X Point Y 

RC filtered 0.298±0.028 0.227±0.021 

RA filtered 0.085±0.031 0.057±0.026 

 

This observation and our previous findings (Herath, Torres & Sathasivan 2018; Krishna, 

Sathasivan & Garbin 2013; Krishna, Sathasivan & Sarker 2012) corroborate other reported 

outcomes of protein production as a disinfectant resistance response. The only difference is 

that the previous researchers reported the production of EPS, but did not report accelerated 

decay of the disinfectant. Flemming and Wingender (2010) showed proteins and 

polysaccharides in EPS which served as a protective barrier and which conferred resistance to 

disinfectants and antibiotics. More EPS with higher protein content were produced by 

antibiotic-resistant bacteria arising from the effect of antibiotics such as sulfadiazine and 

ciprofloxacin (Wang, Haibo et al. 2018). Chapman (2003) reported a possible survival 
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mechanism of Mycobacteria in chloraminated water as being the production of EPS to protect 

cells from direct exposure to disinfectants. The EPS produced by the members of 

Methylobacterium helps to reduce trihalomethene formation by forming aggregates with other 

bacteria in the drinking water (Tsagkari & Sloan 2018). Furthermore, when considering 

biofilms, enzymes present in the extracellular matrix may play a role in neutralizing toxic 

compounds (Habimana et al. 2011). This could also relate to our observation of the production 

or release of CDP due to chloramine toxicity stress. Therefore, it can be concluded that, in the 

presence of chloramine, microorganisms may produce and release proteins into the bulk water 

as a stress response. However, the decay of 17 – 33 % of the chloramine and minor ΔTAN 

noted in ammoniated reactor water samples could also be accountable for the CDP impact, 

which could possibly have been produced or released due to the presence of nutrient-stressed 

heterotrophic microorganisms.  

 

6.3.4  ΔTAN profile over the period of operation in chloraminated and ammoniated 

reactors 

 

 

Figure 6.5: ΔTAN and NOx in RA filtered and RC filtered samples  
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At the beginning, there was no difference in ΔTAN (indicating the soluble CDP concentration) 

in the filtered samples from the chloraminated and ammoniated reactors as both reactors started 

with the same seed (Fig. 6.5). During the first month, the reactor microbes were incrementally 

adjusting to their new conditions. With time, the soluble CDP concentration started to increase 

in the chloraminated reactor. The maximum soluble CDP concentration was reached at 4 

months and remained relatively constant afterwards. By this time, the microorganisms 

responsible for CDP production could have been at their maximum potential under the 

conditions observed. The low DOC level, pH and nutrients added for growth of the nitrifying 

microbes, could be at the optimum levels for their development. However, the soluble CDP 

concentration (ΔTAN) in the ammoniated reactor continuously decreased, although not to zero. 

The ΔTAN behaviour in the chloraminated and ammoniated reactors could be explained by 

two possibilities. With time, production of CDP in the chloraminated reactor could have 

increased due to the application of frequent chloramine stress. On the other hand, microbes in 

the ammoniated reactor did not experience stress from the chloramine; hence the soluble CDP 

should gradually decrease towards zero. However, it showed a low, non-zero value. 

Additionally, the NOx variations in the chloraminated reactor displayed a strong correlation 

with the RC filtered ΔTAN (Fig. 6.5). The ΔTAN in the filtered RC samples increased 

alongside the NOx values of the chloraminated reactor; however, such behaviour was not 

observed in the ammoniated reactor. Because ΔTAN indicates the soluble CDP concentration 

in the bulk water, the presence, production or release of CDP could mainly be attributable to 

the presence of chloramine, in addition to the degree of nitrification.  

Microbial community analysis of the chloraminated drinking water systems revealed the 

dominance of heterotrophic bacteria on several occasions, even with severe nitrification 

(Krishna, Sathasivan & Ginige 2013; Noguera et al. 2009; Williams et al. 2004). Nitrifiers are 

known to produce SMP from substrate metabolism and biomass decay (Barker & Stuckey 

1999; Furumai & Rittmann 1992; Rittmann, Bruce E, Regan & Stahl 1994) . Experiments done 

by  Kindaichi, Ito and Okabe (2004) and Okabe, Kindaichi and Ito (2005) gave evidence that 

SMP produced by nitrifiers provided the sole organic substrate for heterotrophic bacteria since 

there was no external organic carbon added in their experiments. Therefore, there is a high 

probability that the dominant heterotrophic bacterial population in the reactor lives under 

nutrient (carbon) limitation since the ammoniated and chloraminated reactors were maintained 

with no carbon added to the feed water (Milli-Q water with inorganic nutrients). This limited 

nutrient condition could promote EPS production by heterotrophic bacteria as a response to 



Chapter 6   Microbes resist chloramine by CDP 

103 

 

stress from nutrient limitations (Flemming & Wingender 2010; Sutherland 2001). Therefore, 

without having enough evidence from such as pure culture experiments, CDP 

production/release cannot be assigned only to nitrifying micro-organisms: heterotrophic 

bacteria could also play an important role. 

In summary, the results clearly demonstrate not only nitrification but also chloramine stress is 

needed to induce the production and release of CDP, and hence increase the soluble CDP. 

When the same community was exposed to non-chloraminated but nitrifying conditions, the 

soluble concentration of CDP was minimal. 

 

6.3.5  Short term chloramine stress induces CDP production by the biomass in the 

chloraminated reactor 

As confirmed above, the microbes living in a chloraminated environment release or produce 

CDP due to applied chloramine stress. Even though the ammoniated reactor was nitrified to 

the same or greater extent as the chloraminated reactor, CDP production was minimal. 

Therefore, the minimal CDP condition in the ammoniated reactor could be explained by two 

possibilities. One possibility would be that the microbes living in the ammoniated reactor could 

also produce CDP, although it was not released into the bulk water due to no stress condition. 

Another possibility would be that the CDP production did not occur there because no stress 

was applied to the bacteria occupying the reactor. Similarly, the bacteria in the chloraminated 

reactor, which did produce and release CDP, might have been able to release more CDP if 

additional chloramine stress had been applied. These possibilities are discussed with the results 

achieved in the following experiments conducted by harvesting bulk water biomass and 

subjecting them to short-term chloramine stress (1.5 mg.L-1 over 1.5 h). 
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(a) (b) 

  

 

(c) (d) 

  

 

Figure 6.6: Total chlorine (a and c) and TAN (b and d) profiles of the filtered samples obtained 

from chloraminated and ammoniated reactor biomass incubated with nutrient solution 

(SC/SA), nutrient solution with ammonia (SC+NH3 / SA+NH3), nutrient solution with 

chloramine (SC+NH2Cl / SA+NH2Cl) and nutrient solution with silver (SC+Ag / SA+Ag). 

Nitrite is not present in the samples 

To demonstrate the decay profiles with no CDP contribution for ΔTAN derivation, a sample 

from each reactor was incubated with silver. Krishna, Sathasivan and Sarker (2012) showed a 

dose of 50 µg-Ag.L-1 was sufficient to inactivate the CDP in a microbe-free (filtered) sample. 

In our experiment, 100 µg-Ag.L-1 was used as precaution to inactivate the CDP activity. Silver 

has been used as an effective water disinfectant for many decades (Kim, Jaeeun et al. 2004; 
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Russell & Hugo 1994). Among all the heavy metals, silver ions have the highest level of 

antimicrobial activity due to their strong bonding with the disulfide (S–S) and sulfhydryl (–

SH) groups found in the proteins of microbial cell walls (Feng et al. 2000; Slawson et al. 1992). 

Therefore, in the presence of silver, normal metabolic processes are disrupted, leading to the 

death of microbial cells. Silver nanoparticles exert their anti-microbial effect through 

interaction with protein thiol groups (Elechiguerra et al. 2005; Morones et al. 2005; Nel 2005). 

The samples consisting of the biomass extracted from the chloraminated reactor demonstrated 

much higher chloramine and TAN decay profiles than for the biomass from the ammoniated 

reactor. The silver augmented chloraminated or ammoniated samples (SC+Ag / SA+Ag) 

recorded the lowest chloramine loss due to the inhibition of CDP activity by silver (Krishna, 

Sathasivan & Sarker 2012). However, the SC sample incubated only with nutrient solution (not 

with ammonia or chloramine) also indicated the presence of CDP — possibly because the CDP 

was attached to the biomass and desorbed into the solution. The microbial sample incubated 

with ammonia (SC+NH3) led to decay rates similar to that of the SC sample. Among these, the 

chloramine augmented SC showed the highest chloramine decay and commensurate additional 

TAN reduction, indicating additional production of CDP as a response to disinfectant (stress). 

The highest ΔTAN (0.259 mg.L-1) was recorded in the SC+NH2Cl sample while the SC and 

SC+NH3 samples indicated 0.168 and 0.178 mg.L-1 of ΔTAN, respectively.  

 

Figure 6.7: The production/release of CDP by microbial biomass collected from chloraminated 

and ammoniated reactor after the short term chloramine stress (nitrite or NOx were not present 

in the tested samples) 
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The chloramine and TAN decay profiles observed in samples prepared from the ammoniated 

reactor biomass indicated the same decay rates for all samples during the experimental period. 

The ΔTAN values for SA, SA+NH3 and SA+NH2Cl samples were 0.034, 0.034 and 0.023 

mg.L-1 respectively. The resulting SA+Ag sample decay profiles were the same as the other 

ammoniated samples, indicating the absence of CDP activity. On the other hand, chloramine 

addition did not induce the production or release of CDP in the ammoniated samples (SA). 

Such observation also questions the traditionally drawn conclusions, for example by some 

previous authors (Pressman et al. 2012; Sawade et al. 2016). Sawade et al. (2016) concluded 

that the microbial decay factors (Fm) in nitrifying and non-nitrifying samples were the same 

and that Fm was not a good indicator of the degree of nitrification. While the purpose of Fm was 

not to measure the degree of nitrification but to measure the degree of chloramine decay present 

in a sample collected from chloraminated system, applying chloramine to non-chloraminated 

microbes defeats the purpose. By applying chloramine at different Cl-to-TAN ratios to biofilm 

growing in a non-chloraminated environment, Pressman et al. (2012) showed that chloramine 

penetrates completely into deep biofilm layers, but also that inactivation is more effective with 

a higher Cl-to-TAN ratio. They further concluded that biofilm could be controlled by 

maintaining a high chlorine concentration. If the biofilm was grown in the chloraminated 

environment, applied chloramine could have been consumed by the CDP either already present 

in the biomass (biofilm) or by that produced during the exposure to chloramine, thereby 

limiting the effectiveness and penetration of chloramine. Therefore, at what concentration the 

biofilm could be controlled needs re-evaluation, although intuitively a high Cl-to-TAN ratio 

should provide better disinfection. 

 

6.3.6  Implications for further research 

It is essential to maintain a sufficient level of the disinfectant in drinking water distribution 

systems to prevent the regrowth or survival of waterborne pathogens. We have repeatedly and 

consistently shown with nitrification (Sathasivan, Fisher & Tam 2008) as well as without 

nitrification (Herath, Sathasivan & Lam 2015) that chloramine can decay faster when the 

chlorine concentration is lower (Sathasivan, Fisher & Kastl 2010). Various authors have 

observed highly accelerated chloramine decay after nitrification and difficulty in recovering 

chloramine residuals by rechloramination (Harrington et al. 2002; Kirmeyer 2004; Skadsen 

1993; Wolfe et al. 1988), but all authors so far explained the phenomena in relation to the nitrite 
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present in the sample, and more recently, in relation to co-metabolism. In proving co-

metabolism, the authors used Nitrosomonas europea grown under non-chloraminated 

condition to test chloramine decay at a very low chloramine concentration. Whether co-

metabolism exists in a chloraminated system is questionable for two reasons: Nitrosomonas 

europea is not indigenous to chloraminated water supply systems (Regan, John M, Harrington 

& Noguera 2002) and growing in a non-chloraminated environment may not motivate the 

development of appropriate survival mechanisms. 

Under severely nitrifying conditions, the CDPs are present in the bulk water in soluble form 

(Herath, Torres & Sathasivan 2018; Krishna, Sathasivan & Sarker 2012). Now, we have shown 

that CDP could also be present in solid form and could desorb back into bulk water, and that 

CDP is produced as a stress response upon the application of chloramine. We also showed that 

chloramine decay by the CDP is catalytic in nature meaning the rechloramination does not 

reduce the concentration of CDP (Krishna, Sathasivan & Sarker 2012), but excess (free) 

chlorination could only be a better strategy for filtered samples (Krishna, Sathasivan & Kastl 

2014). In this work, we also have shown that soluble CDP could be accountable for up to 70 – 

87 % (Fig. 6.3 and 6.4) of chloramine demand within 40 h, implying that the chloramine 

residual can be recovered only in the absence of CDP and CDP producing microbes. This is 

impossible in a chloraminated environment, which induces the production of CDP.  

Under severely nitrifying conditions, nitrifiers are a minority (1–2%) as opposed to 

heterotrophs (Krishna, Sathasivan & Ginige 2013). Therefore, it is unknown which microbes 

actually produce the CDP under severely nitrifying conditions. Therefore, future research 

should concentrate on identifying the microbes responsible for producing CDP. 

 

6.4  Conclusion 

It is important to maintain sufficient chloramine residuals for the maintenance of disinfection. 

How microbes in chloraminated nitrifying water destroy the chloramine and survive by 

producing chloramine decaying protein (CDP) was studied. Auto-decomposition and/or nitrite 

oxidation were known to induce additionally by CDP and accelerates chloramine decay. In a 

filtered sample with a very low nitrite concentration, additional total ammoniacal nitrogen 

(ΔTAN) loss in a CDP-containing sample was used to measure additional auto-decomposition 

and thus to indicate the CDP concentration. Two laboratory scale reactors were fed 
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continuously to maintain either 0.45 mg-Cl2.L
-1 chloramine at the chlorine-to-nitrogen molar 

ratio of 1:1.4 (chloraminated) or 0.1 mg.L-1 NH3-N (ammoniated) at the time of dosing. 

Chloramine induced CDP production and release were further established by applying short 

term chloramine stress on suspended microbes concentrated from each reactor.  

The conclusions drawn from these experiments are as follows: 

 NOx concentration increased in both reactors, but the soluble CDP concentration 

behaved differently. The soluble CDP concentration increased in the chloraminated 

reactor but decreased in the ammoniated reactor.  

 Application of 1.5 mg·L-1 chloramine for 1.5 h induced the production or release of 

CDP from the biomass collected from the chloraminated reactor, but not from the 

biomass collected from the ammoniated reactor.  

 Microbes in the bulk water from the ammoniated reactor could not bounce back from 

the introduction of high dose (3–3.4 mg-Cl2.L
-1): possibly because chloramine stayed 

high over a longer period, or possibly due to the absence of a defense mechanism for 

producing CDP. 

 Microbes in the bulk water from the chloraminated reactor bounced back from the 

introduction of a high dose of chloramine (3–3.4 mg-Cl2.L
-1) by quickly destroying the 

chloramine (within 30 h). This was possibly due to the defence mechanism that involves 

the presence of CDP in soluble and insoluble forms, and to the ability to produce 

additional CDP as a stress response. 
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Identification of bacteria decaying 

chloramine as a stress response 
 

 

 

 

7.1  Introduction  

Chloramine has been demonstrated to produce lower concentrations of disinfection by-

products (DBPs) such as trihalomethanes and haloacetic acid and it has been noted that 

chloramine has less reactive properties compared to free chlorine (Hua & Reckhow 2008; 

Regan, John M, Harrington & Noguera 2002; Richardson et al. 2000). Therefore, many of the 

drinking water utilities in Australia and USA have implemented chloramination as a means for 

secondary disinfection (Moradi et al. 2017; Sarker, Sathasivan & Rittmann 2015). However, 

due to the excess ammonia produced from chloramine formation and the additional ammonia 

being released from chloramine decay, nitrifying micro-organisms colonise in the 

chloraminated drinking water systems and therefore, start accelerating chloramine decay.  

Nitrification is oxidation of ammonia by two groups of chemolithotrophic bacteria, ammonia 

oxidizers and nitrite oxidizers. Several authors (Cunliffe 1991); Ike, Wolfe and Means (1988); 

(Lieu, Wolfe & Means 1993; Lipponen, Suutari & Martikainen 2002; Odell et al. 1996; 

Skadsen 1993; Wilczak et al. 1996; Wolfe et al. 1988) have identified that the nitrification in 

chloraminated drinking water systems can occur even with high doses of chloramine.  

Identification of nitrifying bacteria in chloraminated drinking water systems have been 
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conducted by many researchers (Krishna, Sathasivan & Ginige 2013; Lipponen et al. 2004; 

Regan, John Michael 2001; Regan, John M et al. 2003; van der Wielen, Voost & van der Kooij 

2009). According to  Regan, John M et al. (2003) the most abundant ammonia oxidising 

bacterial (AOB) genus in chloraminated systems (pilot and full-scale) is Nitrosomonas 

oligotropha while no Nitrosospira is identified. Among nitrite oxidising bacteria (NOB), 

Nitrospira is the most common genus while Nitrobactor has also been found in few samples. 

The biofilm examination in chloraminated drinking water by Lipponen et al. (2004) confirmed 

Nitrosomonas was the most ubiquitous AOB genus.  

Identification of nitrifying bacteria in chloraminated systems has not proven that the primary 

cause for accelerated chloramine decay in chloraminated systems is nitrification. Most recently 

Krishna, Sathasivan and Sarker (2012) reported that a foreign agent present in nitrified water 

accelerates the decay of chloramine at a higher degree when compared with nitrification related 

decay rates. They also provided enough evidence to prove that this chloramine decaying agent 

termed as Soluble Microbial Products (SMP) are protein/s.  However, this SMP currently 

termed as CDP was confirmed as proteins (Herath, Torres & Sathasivan 2018). According to 

our experiments conducted by maintaining chloraminated and ammoniated reactors utilising 

severely nitrified water as the seed water, it has been proved that this CDP can only be observed 

in the presence of chloramine, but not when there is only ammonia present (Chapter 6).  This 

is enough evidence to demonstrate that this CDP is produced or released due to the stress 

induced by chloramine present in the reactors/systems. It is a well-known fact that the 

extracellular polymeric substances (EPS) are produced (or enhance their production) by 

bacteria due to the harsh, stress conditions (Liu, Y-Q, Liu & Tay 2004; More et al. 2014; Varin 

et al. 2012). Therefore, this CDP can also be included in to EPS. However, the responsible 

bacteria for this production/ release of CDP have not yet been identified. 

As CDP has always been seen in nitrified water samples collected from severe nitrification 

stages, it is most likely to be released/ produced by nitrifying micro-organisms. Introducing a 

term as chloramine decay index (C.D.I) to assess the chloramine decay occurrence in the 

chloraminated drinking water systems, Moradi et al. (2017) showed that the formation of 

nitrite/nitrate and/or SMP and/or the release of EPS during nitrification may contribute to the 

C.D.I. increase. Additionally,  in the presence of chloramines AOB produces organic 

compounds (Pan & Umbreit 1972; Rittmann, Bruce E, Regan & Stahl 1994). Rittmann, Bruce 

E, Regan and Stahl (1994) reported that NOB also produces soluble organic compounds which 

can contribute to the heterotrophic bacterial growth. Nevertheless, there are several evidence 
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to prove heterotrophic bacteria produces EPS due to various reasons. Mycobacteria in 

chloraminated-treated water produces EPS as they can protect cells from direct exposure to 

disinfectants (Chapman 2003). EPS produced by Methylobacterium form aggregates with other 

bacteria and reduce the THM content in the drinking water (Tsagkari & Sloan 2018).  

Herath, Torres and Sathasivan (2018) demonstrated the impact of CDP present in nitrified 

water samples generally decreased as the dissolved organic carbon (DOC) of the feed water 

increased. Alternatively, microbes other than nitrifiers could equally decay chloramine 

(Herath, Sathasivan & Lam 2015).  Herath, Sathasivan and Lam (2015) also demonstrated the 

onset of nitrification with low DOC containing water having maximum decay rate. Therefore, 

it is beneficial to be maintaining reactors with low DOC for the identification of CDP 

producing/releasing nitrifying bacterial community.  

For chloraminated drinking water distribution systems, having a precise knowledge regarding 

chloramine decaying micro-organisms are critical to maintain recommended disinfection level 

in order to ensure safe delivery of drinking water to the customers. In the current study, the 

identity of bacteria presents in CDP containing severely nitrified water samples were examined 

by sequencing of 16S RNA. The compared samples were, seed water, ammoniated reactor 

water (without chloramine) and chloraminated reactor water.  Decay characteristics of the same 

water samples were also identified together with the bacterial community identification.  

 

7.2  Materials and Methods 

7.2.1  Reactor operation  

Ammoniated and chloraminated reactors were maintained/operated as described in Chapter 3 

section 3.4. Seed water sample was collected from another lab scale reactor set, which was 

maintained as described in Chapter 3, section 3.3. To initiate nitrifying conditions in the 

ammoniated and chloraminated reactors, this seed water within the severely nitrified stage was 

used. 
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7.2.2  Sample preparation  

Bulk water (2 L) from the severely nitrified reactor which was used to maintain chloraminated 

and ammoniated reactors were collected as the seed water from the sampling tap in to the sterile 

glass bottle. The sampling tap was kept open for 5 s to remove the water inside the pipe lines 

prior to bulk water collection. After 6 months of operational period, 2 L of bulk water samples 

from ammoniated and chloraminated reactors were also collected. Total chlorine (TCl), total 

ammoniacal nitrogen (TAN), DOC, pH, nitrite and nitrate were measured immediately after 

collecting the samples. Water samples (2 L) were filtered through a 0.22 μm filter paper 

(Nitrocellulose membrane, GSWP03700, Merck Millipore Ltd, Tullagreen, Carrigtwohill Co. 

Cork, IRL) to concentrate the biomass. According to the sample collected reactor, extracted 

samples were named as RA unfiltered, RC unfiltered and seed unfiltered for ammoniated, 

chloraminated and seed water collected reactors, respectively. Prepared filtered samples were 

named as ‘filtered’.  
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Figure 7.1: Detailed experimental plan 

 

To perform chloramine decay tests, initial chemical compositions such as residual chloramine, 

nitrite, and pH, were adjusted in each sample using the respective stock chemical solutions. To 

achieve the expected chloramine concentration (3 mg-Cl2.L
-1) in the water sample, ammonia 

was added (maintaining Cl- to- TAN mass ratio of 4:1) prior to chlorine addition. The nitrite 

level was adjusted depending on the concentration in samples at the time of sampling and the 

pH was adjusted to 7.9–8.1. The samples were incubated at 20 °C in a water bath while the 

experiment was in progress.  
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For each sample, the TCl residuals were periodically monitored and the decay rate was 

estimated. When chlorine was added to the sample, the same dose was added to Milli-Q water, 

and chlorine concentration was measured to ensure that the correct dose was applied. All 

experiments were conducted in duplicate. 

The ΔTAN and ΔNO2-N explain the impact of CDP on auto-decomposition and nitrite 

oxidation, respectively. Calculations were carried out considering the no nitrified feed water 

sample (described in section 2.3, Herath at al, 2018) behaviours as the baseline. The impact of 

CDP, therefore, can be measured using the maximum ΔTAN and ΔNO2-N values, which are 

used as a substitute. 

Parallel to the decay tests, DNA was then extracted from the concentrated biomass (̴ 0.5 mL) 

using the QIAamp® DNA mini kit (Cat. No. 51304, QIAGEN GmbH, D-40724 Hilden) 

following the manufacturer’s instructions.  Before the samples were being analysed further, 

DNA purity was measured using Nano Drop 2000c spectrophotometer. A ratio of absorbance 

at 260 nm and 280 nm (A260/230) greater than 1.8 are typically considered suitable for 

analysis. This analysis was performed with 1 µL of DNA sample. The extracted samples were 

kept in a freezer (< -20 oC) until outsourced for sequencing. Detailed experimental plan is 

presented in Fig 7.1. 

 

7.2.3  16S RNA sequencing  

The DNA extractions were then stored at -20 °C prior to shipment to MR DNA (Molecular 

research LP, Texas, USA) for Illumina MiSeq sequencing. Shipment was at room temperature 

on stabilizing the DNA using DNA stable Plus (Biometrica, Diagnostic Technology). 

Sequencing was carried out using MiSeq Illumina sequencing platform. In brief, HotStarTaq 

Plus Master Mix Kit (Qiagen, USA) was used for a single-step 28 cycle Polymerase Chain 

Reaction (PCR) amplification using 16S universal bacterial primers 515F 

(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT). The 

thermocycler conditions used included an initial denaturing followed by 28 cycles of 

denaturation at 94 °C for 30 s; annealing at 53 °C for 40 s; and an elongation at 72 °C for 1 

min; and a final elongation step at 72 °C for 5 min. After amplification, PCR products were 

checked in agarose gel (2%) to determine the success of amplification and the relative intensity 

of bands. Multiple samples were pooled together in equal proportions based on their molecular 
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weight and DNA concentrations. Pooled samples were purified using calibrated Ampure XP 

beads. Then the pooled and purified PCR product was used to prepare Illumina DNA library. 

Sequencing was performed at MR DNA (www.mrdnalab.com) on a MiSeq following the 

manufacturer’s guidelines. 

 

7.2.4  Post sequencing process 

Post sequencing process of data was carried out using Quantitative Insights into Microbial 

Ecology (QIIME) (Caporaso et al. 2010) software package (http://www.qiime.org). Maximum 

sequence length was set at 600 and fast, qual and mapping files were used as input for 

split_libraries.py script with default arguments to extract sequences relevant to this study. Then 

all sequences were groups into operational taxonomic units (OTUs) using pick_otus.py script 

in QIIME using USEARCH method (Edgar 2010). The OTUs were defined at 80% sequence 

similarity and minimum cluster size was 1. Then using the PyNAST default method a 

representative sequence from each OUT was selected and aligned against Greengenes imputed 

core reference alignment using align_seqs.py script (Caporaso et al. 2010). The gaps of the 

aligned sequence were removed using script filter_alignment.py. With default settings- Fast 

Tree phylogenetic tree and Ribosomal Database Project classifier and Greengenes OTUs data 

set- taxonomy assignment were constructed using the script make_phylogeny.py and script 

assign_taxonomy.py, respectively.  

To analyse different aspects of microbial community following were derived using 

alpha_rarefaction. py script, assess the bacterial coverage- rarefaction curve, estimate species 

richness- Chao 1, phylogenetic coverage of OUT- phylogenetic diversity (PD), bacterial 

diversity- Shannon index and statistically estimate similarities between clone libraries-  Jaccard 

index.  

Canonical correspondence analysis (CCA) was used to show how environmental factors related 

to the bacterial communities in chloraminated, ammoniated and seed reactors.  Matching 

correspondences between three reactors with cluster analysis using PAST software was 

performed using Bray-Curtis similarity index (based on 80% sequence similarity) and revealed 

the differences and similarities of bacterial communities among reactors.  

http://www.qiime.org/
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7.3  Results and discussion  

7.3.1  Characteristics of collected water samples  

The chloraminated and ammoniated reactor water samples were analysed for chloramine decay 

characteristics and bacterial community compositions. DNA extraction and chloramine decay 

tests for seed water samples were performed at time of collection of water samples being used 

to feed/maintain the ammoniated and chloraminated reactors. The observed parameters of 

water samples tested are recorded in Table 7.1.  

Ammoniated and chloraminated reactor water samples consisted of low DOC levels (0.1±0.08 

mg-C.L-1) as the reactors were maintained with feed water prepared using Milli-Q water and 

added nutrients. At the time of water collection for the decay tests and microbial community 

analysis, chloraminated water sample consisted of high nitrite levels (0.207 mg-N.L-1) as the 

rectors were in partial nitrifying condition. With high level of NOx and no nitrite, the 

ammoniated reactor demonstrated complete nitrification. The chloraminated reactor was fed 

with chloramine while the ammoniated reactor was fed with only ammonia.  Therefore, the 

ammoniated reactor water sample contained no total chlorine. In the same way, the 

chloraminated water sample demonstrated low TCl level (0.03 mg.L-1) as a result of accelerated 

chloramine decay.  

The DOC level of the seed reactor water was 4.5 mg-C.L-1 since this water collected from 

another reactor set.  In the same was as the chloraminated reactor, seed water also established 

with partial nitrifying conditions having high nitrite levels (0.285 mg-N.L-1) and recognized 

with low TCl (0.25 mg.L-1) 

Additionally, the low TAN readings observed in all reactors indicated severely nitrified 

conditions as all TAN has been utilised. Furthermore, pH also dropped down to 7.61-7.77 from 

adjusted pH 8.0 in ammoniated and chloraminated reactors.  Nitrification can reduce the pH of 

the water and the nitrite produced by nitrification can increase chloramine decay (Zheng et al. 

2016). However, this accelerated chloramine decay along with severely nitrified conditions 

also accountable for the CDP impact (Herath, Torres & Sathasivan 2018; Krishna, Sathasivan 

& Sarker 2012).  
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Table 7.1: Parameters of the collected water samples 

Parameters Seed Ammoniated Chloraminated 

Total Chlorine (mg-Cl2.L
-1) 0.25±0.03 0 0.03 

TAN (mg.L-1) 0.105±0.005 0.031±0.005 0.042±0.005 

Nitrite (mg-N.L-1) 0.207±0.003 0.011±0.003 0.285±0.003 

pH 7.61─7.65 7.71─7.75 7.72─7.77 

DOC (mg-C.L-1) 4.5±0.08 0.1±0.08 0.1±0.08 

 

7.3.2  Batch  rechloramination tests for reactor waters 

In the unfiltered water samples, the Seed unfiltered and RC unfiltered demonstrated 92% and 

98% of chloramine loss from the initial dose within first 40 h of incubation time (Fig. 7.2). 

However, the RA unfiltered water sample resulted only 66% of chloramine decay. Since all of 

the samples were in a severely nitrified condition, the accelerated decay could be resulting in 

all samples due to the nitrifying bacterial activity and the presence of CDP. The chemical 

parameters (increase of nitrite and drop of TAN) of collected water samples confirmed the 

active presence of nitrifying micro-organisms. If all samples consisted with CDP, the filtered 

samples should result in enhanced decay of chloramine. However, the decay results within the 

first 40 h of the incubation period were 74%, 85% and 36% for Seed, RC and RA filtered 

samples, respectively.  
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Figure 7.2: TCl decay profiles of the ammoniated (RA), Seed and chloraminated (RC) reactor 

bulk water. No nitrified Feed water behaviour used for the comparison of above nitrified 

samples. 

Additionally, TAN and nitrite results (Figs 7.3a and 7.3b) demonstrated nitrifying bacterial 

activity in the Seed unfiltered and RC unfiltered samples. Both samples revealed a decrease of 

TAN levels along with an increase of nitrite levels. The rapid decline of TAN and the rapid 

incline of nitrite in RC unfiltered sample compared with the Feed unfiltered sample could be 

due to the increment of favorable conditions (low DOC, a supplement of nutrients) for 

nitrifying micro-organisms in the sample collected reactor. However, the RA unfiltered sample 

did not record any reduction of TAN or an increase of nitrite even when the reactor contained 

nitrifying microorganisms. The TAN and nitrite results in the RA unfiltered sample could be 

due to chloramine toxicity, as the ammoniated reactor did not experience such a condition in 

the operational period. 
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(a) 

 

(b) 

 

 

Figure 7.3: TAN and nitrite profiles of the ammoniated, seed and chloraminated reactor bulk 

water 
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Table 7. 2: The impact of CDP in filtered samples 

 

Impact of SMP Seed filtered RC filtered RA filtered 

Δ NO2-N (mg.L-1) 0.075 N/A N/A 

ΔTAN (mg.L-1) 0.157 0.238 0.079 

 

The ΔTAN and ΔNO2-N values calculated for the collected samples are recorded in Table 7.2. 

In the filtered samples, high ΔTAN values in the Seed filtered sample (0.157 mg.L-1) and the 

RC filtered sample (0.238 mg.L-1) were due to the CDP prompted  auto-decomposition. The 

RA filtered sample recorded the lowest ΔTAN as there was no CDP impact. Similarly, ΔNO2-

N value in the Seed filtered sample (0.075 mg.L-1) indicated CDP induced nitrite oxidation. 

However, due to the fast decay of nitrite in RC and RA filtered samples, ΔNO2-N values cannot 

be calculated.   

 

7.3.3  Bacterial community structure analysis 

Diversity analysis 

A total number of 32,23,047 sequences were generated from 3 different samples (ammoniated, 

chloraminated and seed water) and after removing the short and chimera sequences, 30,37,350 

sequences (nearly 95% of the total sequences) were used to examine bacterial diversity. The 

rarefaction curves generated at 97% sequence similarity highlight that a considerable 

percentage of the bacterial communities in each of the samples have been captured (Fig 7.4). 

Therefore, the results could represent the majority of the bacterial diversity in the tested water 

samples.  
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Figure 7.4: Rarefaction curves generated based on 97% sequences similarity for the 

chloraminated, ammoniated and seed water samples 

The Shannon’s diversity index indicates the species diversity and evenness while the Chao1 

represents the richness of the species in the microbial community. According to the results 

presented in Table 7.3, bacterial species richness (Chao1), PD and bacterial diversity (Shannon 

index) were the highest in the ammoniated reactor. After introducing ammonia with low DOC 

containing water (i.e.; operating ammoniated reactor from the severely nitrified seed water), 

Shannon, Chao 1 and species diversity indices increased when compared with the seed water. 

However, chloraminated reactor increments in similar indices are lower than the ammoniated 

reactor. Additionally, species diversity reduced with the addition of chloramine (i.e. 

maintaining chloraminated reactor started with seed water) compared to the seed water sample. 

As chloraminated reactor maintained with the higher chloramine level than seed water, the 

growth of the bacteria may have suppressed in that reactor. Similar type of observation was 

made by Sathasivan, Fisher and Tam (2008) as they reported decrease of bulk water bacteria 

population with the increase of chlorine concentration.   
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Table 7.3: Bacterial community richness and diversity indices for ammoniated, chloraminated 

and seed water samples 

Sample PD* (Average) Shannon Index* Chao1* Average 

Ammoniated  110.57 6.96 4183.73 

Seed 103.35 6.66 3474.48 

Chloraminated 101.84 6.89 3841.27 

* Sequence per sample normalized to 73018 

 

Similarity analysis 

Figure 7.5a demonstrates the microbial community shifts during DOC reduction and 

chloramine (TCl and TAN) or TAN introduction in the chloraminated and ammoniated 

reactors, respectively, compared to the severely nitrified reactor. Only the severely nitrified 

reactor bacterial community shows the good relation with total chlorine, TAN and DOC. 

Clustering of bacteria is independent of the presence of nitrite.  

(a)                                                                               (b)    

Figure 7.5: Similarity analysis (at 80% sequence similarity) of nitrified water samples 

collected from ammoniated, chloraminated and severely nitrified reactors based on Bray-Curtis 

similarity index (a) Canonical correspondence analysis (CCA), (b) Cluster analysis 



Chapter 7  Identification of chloramine decaying bacteria  

123 

 

According to Figure 7.5b, chloraminated and ammoniated reactors show high bacterial 

community similarity (67%). Even though all three water samples were in severely nitrified 

conditions, severely nitrified reactor shows around 52% bacterial community similarity with 

chloraminated and ammoniated reactors. This could be due to the DOC differences between 

the nitrified reactors. Advance analysis such as sequencing at 97% similarity would be more 

meaningful and could detect further similarity and variability among the reactors. 

 

Bacterial community classification 

The bacterial diversity of the collected samples was spread across a total 24 bacterial phyla. 

However, the highest number of sequences belonged to phyla Proteobacteria followed by phyla 

Chlamydiae (6 to 12%), Bacteroidetes (1.5 to 11%), Nitrospirae (0.5 to 11%), Cyanobacteria 

(1.5 to 2%), Planctomycetes (1 to 2%) and Actinobacteria (0.5 to 1.5%).  

In both chloraminated and seed reactors, more than 80% (Fig. 7.6) of the bacterial population 

belongs to phyla Proteobacteria. The Proteobacteria population is less than 65% within the 

ammoniated reactor. The Bacteroidetes population was significantly high in the ammoniated 

reactor sample (11%) compared to the seed (0.6%) and chloraminated (1%) reactors samples. 

A similar result was recorded for Nitrospirae, they recorded 10, 0.2 and 0.3% for ammoniated, 

chloraminated and seed samples, respectively. All other phyla were recorded in minor values 

and no major differences were observed between all reactors. 
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Figure 7.6: Relative abundance of bacterial phyla in three reactors 

 

The relative abundance of the bacterial community in the ammoniated reactor, in the 

chloraminated reactor and in the seed water collected reactor based on their class level is 

presented in Fig. 7.7. In all three reactors, the dominant bacterial class is Alphaproteobacteria, 

which includes heterotrophic bacteria. Seed water recorded the highest relative abundance 

(67%) of Alphaproteobacteria whereas their abundances were 50% and 34% in the 

chloraminated and ammoniated reactors, respectively. The second largest class in 

chloraminated and ammoniated reactor is Betaproteobacteria whereas Clamydiia (human and 

animal pathogens (Molmeret et al. 2005; Thomas et al. 2008)) is the second largest class in the 

seed water collected reactor. AOB, such as Nitrosomonas spp and Nitrosospira spp belong to 

class Betaproteobacteria. It is also one of the leading bacterial classes in the seed water 

collected reactor as well (the third largest group in the nitrified reactor). In the ammoniated 
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reactor, Nitrospira (NOB) and Saprospirae (fermenting bacteria) were significantly high when 

compared to the chloraminated reactor and the seed water collected reactor. 

Gammaproteobacteria which includes photoautotrophic bacteria (e.g., purple sulfur bacteria) 

and heterotrophic bacteria (e.g., Ecoli, Pseudomonas) abundance is high in the ammoniated 

and chloraminated reactor (8%) when the seed water collected reactor recorded only 2%.  All 

other classes were presented in minor proportions and are belong to classes such as Chloroplast 

(photosynthetic bacteria) and Actinobacteria (terrestrial or aquatic bacteria) and 

Planctomycetia. However, major differences among reactors cannot be seen.  

  

 

Figure 7.7: Relative abundance of bacterial classes in three reactors 

Even with the low DOC level (~ 0.1 mg-C.L-1) in the ammoniated reactor and the 

chloraminated reactor, heterotrophs are high. Assimilable organic carbon (AOC) is one of the 

most significant aspects affecting the re-growth of microorganisms in drinking water (Liu, X 
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et al. 2015).  Therefore, AOC level should be high in all reactors as heterotrophic bacteria can 

be seen as the largest class within all reactors. As ammoniated and chloraminated reactors were 

nourished with the feed water prepared with nutrients added milli-Q water, the only way of 

having abundant AOC is from bacteria grown in the reactors (Fig.7.8).  

 

 

Figure 7.8: Relationship between heterotrophic and nitrifying bacteria for the survival 

 

EPS which are produced by biofilm consist of humic and fulvic acids, polysaccharides, 

proteins, exocellular enzymes, DNA, etc. Similarly, (Herath, Torres & Sathasivan 

2018)confirmed the presence of chloramine decaying proteins (CDP) when severe nitrification 

occurs. When there is no external organic carbon available, SMP produced by nitrifiers 

provided the sole organic substrates for heterotrophic bacteria (Kindaichi, Ito & Okabe 2004; 

Okabe, Kindaichi & Ito 2005).  Therefore, one of the major tasks of these SMP is to provide 

the nutrients for surrounding bacteria. Other than that, it has been a known fact that dead cells 

also provide DOC for bacterial growth  (Duursma 1963; Lee, DY & Rhee 1997; Otsuki & 

Hanya 1972).  Therefore, it can be concluded that the nitrifying bacteria, possibly secretes CDP 

and dead cells facilitate the growth of heterotrophic bacteria by providing the substrate, 

resulting in a high level of heterotrophic bacterial community in the reactors.  

SMP 
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Figure 7.9: Relative abundance of bacterial genera in three reactors  

There were over 394 bacterial genera identified in the chloraminated, ammoniated and seed 

water collected reactors. However, the most abundant bacterial genera belongs to 

Alphaproteobacteria (Novosphingobium, Sphingomonas, unclassified genera from Order 

Rhisobiales, Hyphomycrobium, Phenylobacterium, Afipia), Betaproteobacteria 

(Nitrosomonas, Aquabacterium, unclassified genera from Family comamonadaceae), 

Gammaproteobacteria (Acinetobactor and Cellvibrio), Nitrospira (Nitrospira),  Saprospirae 

(Sediminibacterium) and Chlamydiia (Candidatus Rhabdochlamydia and unclassified genera 

from Order Chlamydiales) as shown in Figure 7.9. 

In chloraminated and seed water collected reactors, the most abundant bacterial genusa was 

Novosphingobium (23% and 32%, respectively). Novosphingobium is a heterotrophic bateria 
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and was detected in chlorinated drinking water systems as one of the abundunt genera (Gomez-

Alvarez et al. 2016). The abundant level in ammoniated reactor was low as 11% compared to 

the other two reactors. Therefore, the chloramine residual could affected the Novosphingobium 

community abundance among the reactors.  

Gram-negetive, chemoheterotrophic Sphingomonas also servived in all three reactors. 

However, the highest relative abundance was detected in the seed water (15%) when they were 

10% and 5% in the chloraminated and ammoniated reactors, respectively. Several authors 

(Krishna, Sathasivan & Ginige 2013; Noguera et al. 2009; Regan, John M et al. 2003; Regan, 

John M, Harrington & Noguera 2002; Williams et al. 2004) reported the dominancy of 

Sphingomonas in chloraminated systems. Furthermore, Liu, R et al. (2012) reported the 

production of exopolysaccharides by family Sphingomonadaceae, which includes the genera 

Sphingomonas and Novosphingobium. 

An unclassified bacteria from family Comamonadaceae were detected with relative 

abundances of 11% and 23% in ammoniated and chloraminated reactors, respectively . 

However, in the seed water, it was <3%. Members of the Comamonadaceae group are often 

found in different environments including drinking water, lake water, activated sludge and soil 

(Lautenschlager et al. 2013). Some species (e.g. Hydrogenophaga, Acidovorax) from Family 

Comamonadaceae was reported as one of the abundant betaproteobacterial groups in the  

drinking water systems (Pinto et al. 2014). According to the observed results,  their abundance 

was high when the DOC level is low. However, presence of chloramine did not affect the 

existance of  family Comamonadaceae. Similarly, Aquabacterium belongs to the same family 

presented only in chloraminated and ammoniated reactor. Aquabacterium mainly presents in 

drinking water systems and forms EPS even under oligotrophic conditions (Manz, Kalmbach 

& Szewzyk 2015). Other bacterial types which only detected in chloraminated and ammoniated 

reactors are Acinetobacter and Candidatus rhabdochlamydia. 

Nitrispira was presented in ammoniated reactor, but not in seed water collected and 

chloraminated reactors. This bacteria has the ability to perform complete oxidation of ammonia 

to nitrate (i.e., it is a complete ammonia oxidizer-comammox) in drinking water systems 

(Daims et al. 2015; Pinto et al. 2016; van Kessel et al. 2015; Wang, Y et al. 2017). Based on 

the chemical characteristics observed (Table 7.1), only ammoniated reactor demonstrated the 

complete nitrification condition and therefore, the results are consistant. Moreover, no 

chloramine condition in ammoniated reactor could facilitated the growth of Nitrospira. Apart 
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from that, Nitrosomonas  was detected in similar abundance in all reactors. Furthermore, 

nitrifiers  produce EPS or/and SMP (Kindaichi, Ito & Okabe 2004; Ohashi et al. 1995; 

Rittmann, Bruce E, Regan & Stahl 1994) which are primarily consisting of polysaccharides, 

proteins, nucleic acids and lipids (Flemming & Wingender 2010; Sheng, Yu & Li 2010) in 

certain scenarios. 

In addition, uncharacterised bacteria from family Bradyrhizobiaceae and order Rhizobiales 

presented in all reactors. The highest relative abundance (7%) presented in the chloraminated 

reactor while seed and ammoniated reactors detected with ≈3%. Bradyrhizobium strains and 

Rhizobiales produce EPS while degrading organophosphorus pesticides (Abd‐Alla 1994) and 

could be relevant to the CDP.  

Sediminibacterium (10%) and Cellvibrio (4%) were only detected in the ammoniated reactor.  

In most of the drinking water biofilm studies (Schwering et al. 2013; Wang, Haibo et al. 2012; 

Wu et al. 2015), Sediminibacterium is a key contributor on forming biofilms. In some 

chlorinated distribution systems Cellvibrio is one of the major bacterial type recognized (Liu, 

J et al. 2017). Ayarza, Mazzella and Erijman (2015) reported Sediminibacterium sp. growing 

under planktonic conditions expresses stress‐related proteins due to the planktonic environment 

rather than growing as in biofilm conditions. However, their absence in the chloraminated 

reactor and seed water is not known.  
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Figure 7.10: EPS producing bacteria identified in the three reactors 

In summary, providing favourable conditions such as low DOC, chloramine stress for the 

production of CDP demonstrated significant difference in the decay profiles (total chlorine, 

TAN, nitrite) related to the presence of CDP. However, when comparing bacterial diversity 

and bacterial classification results, substantial difference cannot be identified in the 

reactor consisted with CDP (chloraminated reactor) and the reactor with no CDP (ammoniated 

reactor). Due to the existence of high chloramine level (0.45 mg.L-1) in the chloraminated 

reactor, the relative abundancy of some bacterial species such as Sediminibacterium, 

Candidatus Rhabdochlamydia was supressed, compared to the no DCP reactor (ammoniated).  

Even though both reactors demonstrated similar type of bacterial species, CDP can be produced 

in the chloraminated reactor by the same bacterial types presented in ammoniated reactor due 

to the chloramine stress. This argument is further supported as some of the bacterial types 

identified in this study which produce EPS (Fig. 7.10). The CDP can also be one of the 

components. Furthermore, due to the absence of disinfectant (chloramine) in ammoniated 

reactor, the number of cells within the tested sample could be higher than the other two reactor 

samples having disinfectant. The results presented are only based on the relative abundance 

and cannot indicate the actual number of bacterial cells present in each sample. Therefore, the 
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tested samples treated with chloramine may consist lower level of total bacterial cells. 

Moreover, it is a known fact some of the bacterial species significantly enhanced the EPS 

production under stress conditions (Liu et al. 2004). Therefore, further studies in relation to 

CDP identification and the EPS producing bacteria (Bradyrhizobium, family 

Sphingomonadaceae, nitrifiers, Aquabacterium) are essential.  

  

7.4  Conclusion 

Decay characteristics and bacterial communities in ammoniated, chloraminated and seed water 

samples were studied. Chloramine decay profiles with TAN and nitrite loss profiles confirmed 

the presence/activity of CDP only in the chloraminated reactor and seed water samples.  Major 

conclusions made from the bacterial community analysis are: 

 DOC level does not interfere the heterotroph bacterial community, as 

Alphaproteobacteria (heterotrophs) is the dominant bacterial class in all three reactors. 

 Nitrifiers could provide the substrate for the heterotrophic bacterial growth, by 

releasing/producing SMP. 

 A major variance in bacterial diversity and species cannot be seen in reactors 

maintained with chloramine (chloraminated reactor) and ammonia (ammoniated 

reactor).   

 Several EPS producing bacterial strains such as Bradyrhizobium, Rhizobiales, family 

Sphingomonadaceae, nitrifiers and Aquabacterium were detected in both the 

ammoniated and chloraminated reactors.  
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Chapter 8 

Identification of proteins from 

chloramine decaying water - 

A proteomic approach  
 

 

 

 

8.1  Introduction 

Disinfection plays a key role in ensuring the supply of high quality drinking water for 

customers, which is the foremost objective in the drinking water industry. Disinfectants 

inactivate pathogenic micro-organisms (primary disinfection) and suppress their regrowth in 

water distribution systems (secondary disinfection). Secondary disinfection needs long-lasting 

disinfectant residual. While chlorine is popularly used around the world as a primary and 

secondary disinfectant, the concern over toxic halogenated disinfection by-products (DBP) 

have made utilities look for alternative disinfectants such as monochloramine (popularly 

termed chloramine), which is the second most popular secondary disinfectant for its minimal 

formation of regulated DBP and the ability to last longer (Duirk et al. 2005; Vikesland, Ozekin 

& Valentine 2001). 

Chloramine faces few challenges from chemical and microbiological agents. Auto-

decomposition (very slow decay on its own) and reaction with any reducing agents decomposes 

chloramine, resulting in release of free ammonia leading to nitrification (Hoefel, Daniel et al. 
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2005; Kim, D-J, Lee & Keller 2006; Pressman et al. 2012; Regan, John M et al. 2003; Regan, 

John M, Harrington & Noguera 2002).    

The nitrifying bacteria, the primary organisms responsible for nitrification are aerobic 

autotrophs and they oxidize nitrogen in to a two-step microbial reaction. Firstly, the ammonia 

is converted to nitrite (Eq. 8.1) by ammonia-oxidizing bacteria (AOB) like Nitrosomonas. 

Secondly nitrite is converted in to nitrate by nitrite (Eq. 8.2) oxidizing bacteria (NOB) such as 

Nitrobactor (Shammas 1986). Other than nitrifying bacteria, some of the archaea are also 

involved in the first equation step, oxidising ammonia in to nitrite (Hu et al. 2010; Schleper & 

Nicol 2010; Verhamme, Prosser & Nicol 2011). It is widely believed that nitrification is the 

main cause for the loss of chloramine in the distribution systems due to the formation of nitrite. 

Recently we have shown that other microbes may also decay chloramine (Herath, Sathasivan 

& Lam 2015). 

1/6 NH4
+ + 1/4O2                  1/6NO2

¯ + 1/3H+ + 1/6 H2O
+                                                                     (Eq. 8.1) 

1/2 NO2
¯ + 1/4O2               1/6NO3

¯ + 3H+                                                                                                        (Eq. 8.2) 

However, bacteria-free severely nitrified water samples from chloraminated drinking water 

distribution systems and the pilot scale systems tested by Krishna, Sathasivan and Sarker 

(2012) demonstrated accelerated chloramine decay. They highlighted evidence that chloramine 

decay could be accelerated mainly due to the presence of soluble microbial products (SMP) 

and could be the major factor of chloramine decay. 

Previous studies clearly demonstrated  that extracellular polymeric substances (EPS) can decay 

disinfection agents such as chlorine or chloramine (Wonoputri et al. 2015; Xue et al. 2013). 

Soluble Microbial Products are considered as soluble EPS and they are closely related with 

EPS that is bound to bacterial cells (Janga et al. 2007).  As per Neu, Flemming and Wingender 

(1999) EPS is generally considered to be composed of proteins, carbohydrates, nucleic acids, 

lipids and humic substances. However, proteins and carbohydrates are the dominant 

components of EPS (Liu, Yan & Fang 2003; Neu, Flemming & Wingender 1999). A biofilm 

can be defined as a community of microorganisms adhering to a surface and surrounded by a 

complex matrix of EPS (Bridier et al. 2011; Laspidou & Rittmann 2002). Therefore, soluble 

chloramine decaying agents could also be detected in the biofilm samples.  

Apart from that, there is enough evidence AOB are able to grow on residual and released 

ammonia in the presence of chloramines and produce nitrite and soluble organic compounds 
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(Furumai & Rittmann 1992; Liu, Yiwen et al. 2016; Pan & Umbreit 1972; Rittmann, Bruce E, 

Regan & Stahl 1994). Herath, Torres and Sathasivan (2018) proved that the chloramine 

decaying SMP or soluble chloramine decaying agents are proteins (30kDa<MW<50 kDa) and 

thus called them chloramine decaying proteins (CDP). They also reported that the impact of 

CDP generally decreased when the dissolved organic carbon (DOC) level of the feed water is 

increased. 

The previous work I had conducted (Herath, Sathasivan & Lam 2015) with nitrified bulk water 

samples enabled the identification of several proteins (more than 25 proteins). Due to the 

identification of several proteins, the protein/s specifically related to accelerated chloramine 

decay could not be pin-pointed. Furthermore, it proved difficult for dedicated proteins (CDP) 

to be captured/separated for the identification process due to their low concentrations. 

Therefore, achieving high concentration for proteins in focus and elimination of unnecessary 

proteins while capturing CDP were the crucial matters that needed resolution.  Furthermore, 

low DOC nitrified water resulted in more CDP impact (Chapter 6). Hence; in this current study, 

bulk water samples collected from the ammoniated and chloraminated reactors maintained with 

nutrient rich milli-Q water were used to extract CDP. Identical proteins observed in both 

reactors can be rejected, as they cannot be included as CDP. As bulk water protein 

concentration was too low for identification, a second experiment was conducted, where 

protein extraction was directed with biofilm samples. The extracted proteins were separated 

and identified using gel electrophoresis followed by Mass Spectrometry analysis. 

 

8.2  Materials and methods  

8.2.1  Sample preparation 

Bulk water samples: 

With the purpose of identifying the proteins from bulk water, 4 L from each reactor 

(chloraminated and ammoniated) were concentrated by filtering through 50 kDa ultrafiltration 

discs (Biomax® Polyethersulfone membrane, 63.5 mm, PBQK06210, Millipore, USA) 

followed by 30 kDa ultrafiltration discs (Biomax® Polyethersulfone membrane, 63.5 mm, 

PBQK06210, Millipore, USA) using the Stirred Ultrafiltration Cell (Millipore, 8200, CAT no 

5123, USA). After ultrafiltration, 5 ml of concentrated sample (retantate sample) was collected 

for protein identification. The 30 kDa ultrafiltration discs used to prepare concentrated samples 
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were washed 5-6 times with 1 mL of milli-Q water to extract the proteins possibly bound to 

the 30 kDa ultrafiltration discs (filter paper washed sample). 

To remove any suspended particles from the prepared water samples, samples were centrifuged 

at 5000 g using table top centrifuge (Allegra 12 centrifuger, Beckman coulter) for 5 min. Then 

all samples were frozen at -80 °C before subjecting to freeze drying process- lyophilisation. 

Lyophilisation was performed on CHRIST freeze dryer (Burkert, Germany) at -42 °C at 10 

mbar for overnight. Resulted dried material from lyophilisation was resuspended in minimal 

volume (50 l) of distilled water for protein concentration determination.  

 

Biofilm samples:  

The bulk water from the Chloraminated and ammoniated reactors that were tested in this 

experiment provided less protein concentrations/spots for the CDP identification process. 

Therefore, the biofilm was extracted from the reactor wall and used to conduct protein 

identification tests. In order to examine the protein profiles from biofilms, samples were 

collected aseptically from the reactor walls using cell scrapers (28 cm length, Greiner Bio-One 

GmbH, 541070, Germany) and stored at -30 °C until further experiments were carried out.  

After the samples were prepared, protein assay was performed on above reconstituted bulk 

water samples and biofilm samples using fluorescent assay method EZQ (Invitrogen) to 

determine their protein concentration. 
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Figure 8.1: Schematic diagram showing the experimental approach to capture the active 

molecules from ammonia and chloramine treated water samples 

 

8.2.2  Protein estimation using fluorescent dye method-(EZ-Q) assay 

High sensitive fluorescent protein detection method (EZQ- Invitrogen Catalogue R33200) was 

used to determine the protein concentrations of the above prepared samples. Standard protein 

bovine serum albumin (BSA) stock (1mg/ml) was prepared in 2% sodium dodecyl sulphate 

(SDS) buffer to generate 12.5, 25, 50, 100, 150, 200, 250 and 300 µg proteins and used to 

generate protein standard graph. 2 µL of each above diluted proteins ware spotted in triplicates 

on a Whitman filter paper and immediately air dried to minimise sample diffusion. Similarly, 

2 µL of 5 times diluted water protein in triplicates were spotted as unknown samples. After 

protein spotting, filter paper was transferred to a plastic container and fixed with 50 ml of 100% 

methanol for 5 min and left in a fume hood to dry the paper. EZQ protein quantitation reagent 

(50 ml) was added to the container and incubated for 30 min on a shaker (50 rpm) under dark 

conditions. Immediately after incubation, excess amount of dye from the filter paper was 

removed by washing the blot with a solution containing a mixture of 10% methanol and 7% 
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acetic acid solution three times, with an interval of 20 s between each wash. The resulted filter 

paper was scanned on ‘2 sec’ settings using FUJI LAS-4000 scanner on excitation and emission 

settings of   ̴ 485/590 nm. Then the protein spot intensities were measured using Multi Gauge 

software (FUJIFILM Corporation, Tokyo Japan) to prepare a standard curve (See table 8.2) for 

determining the protein concentration. After protein estimation, samples were analysed on two-

dimensional gel electrophoresis (2DE) (for bulk water samples) and sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) (for biofilm samples).  

 

8.2.3  Protein separation on bulk water samples 

Two-dimensional gel Electrophoresis (2DE) 

Two-dimensional gel electrophoresis is one of the most widely used tools for separating 

proteins based on their size and charge. As it is very useful to separate two proteins with 

identical molecular weights but different charges, bulk water proteins were separated by 2DE 

for identification process.  

 

First dimension: Isoelectric focusing (IEF)  

According to the protein concentration resulted, buffer containing 8 M urea, 2 M thiourea and 

4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS) was added in to 

each protein sample. Next, a buffer which contains 8 M urea, 2 M thiourea, and 4% CHAPS 

along with 2% ampholytes was added to make the 1% final ampholytes concentration. For 

disulfide reduction, 2.6 mM tributyl phosphine/dithiothreitol (TPB/DTT) disulfide reduction 

buffer was added. Alkylation was conducted with acrylamide monomer stock conc. 5.6 M and 

working conc. 230 mM. Consecutively, this was incubated for 1 h at 25 C.  

For immobilised pH gradient (IPG) rehydration, treated protein was dispensed into the 

rehydration tray and peeled non-linear, 7 cm IPG strips (Bio-Rad, ReadyStrip IPG 7 cm, pH 3-

10NL, Cat no 163-2002) were placed onto the sample with the gel side down, without creating 

any air bubbles. To prevent the protein evaporation, 2-3 mL of mineral oil (Cat no:1632129, 

Bio-Rad) was overlayed each of the IPG strip. The rehydration tray (from Bio-rad) was covered 

with a lid and incubated overnight (no longer than 16 hrs) on a level bench at room temperature 

for loading the protein samples and rehydrating the gel. The final rehydration volume after 
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disulphide reduction and alkylation treatment was maintained to 125 µL for 7 cm IPG strips to 

safeguard the condition that gels used for 2DE were not overloaded.  

Paper wicks (cut from Whitman paper) were placed on a dry PROTEAN® IEF focusing tray 

using forceps at each end of the channels so that the wire electrode is covered. Wicks were 

wetted with 10 µl deionised water. After removing the cover of the IPG strips containing 

equilibrium tray, the strips were held vertically for about 7-8 s and mineral oil was removed by 

gentle blotting of the IPG strip tip. Then the IPG strips were transferred with correct polarity 

in to the corresponding channels in the focusing tray maintaining gel side down and covered 

with 2-3 mL of fresh mineral oil. Finally, focusing try was placed in to the IEF cell (Bio-Rad 

Protean IEF cell), lid was closed and IEF was carried out with appropriate protocol at 20 ˚C.  

A constant current of 50 μA/gel was applied with desalting (250 V for 15 min) and linear 

ramping (4000 V over 2 h) with change of electrode wicks each 30 min during linear ramping 

to ensure trace salt removal and smooth ramping. Then a constant voltage of 4000 V was 

applied for 37500 volt-hours.  

Prior to the second dimension, it is necessary to equilibrate the IPG strips in SDS containing 

buffers. Therefore; the IPG strips were removed from the mineral oil by placing them (gel side 

up) onto a dry filter paper and blotted with a second piece of wet filter paper. Firstly, 2.5 ml of 

pre prepared IPG equilibration buffer 1 (6 M urea, 20% glycerol, 0.375 M Tris-HCl, 2% SDS) 

accompanied with 2% DTT was added on to an equilibration/rehydration tray, using one 

channel per IPG strip. Then the blotted IPG strips (gel side up) were transferred in to the 

equilibration/rehydration tray and shaken (on a slow shaker mode) for 10 min. The used 

equilibration buffer 1 was discarded completely and equilibration buffer 11 (6 M urea, 20% 

glycerol, 0.375 M Tris-HCl, 2% SDS with 2.5% iodoacetamide) was added to each IPG strip 

and shaken for 10 min as previously.  After incubation, the used buffer was discarded and the 

strips were ready for the second dimension.  

 

Second dimension: SDS- PAGE  

It is necessary to prepare the polyacrylamide gel before the rehydration process as it has to be 

left overnight for polymerisation. Therefore, 12.5 % polyacrylamide gel was cast as a 

separating gel (sometimes called resolving or running gel), topped by a stacking gel and 

secured in an electrophoresis apparatus. 
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Polyacrylamide gel preparation 

In the preparation of separating gel process, gels were buffered with 1.5 M Tris buffer (pH 8.8), 

10% (w/v) SDS and were polymerised with 10% (w/v) ammonium persulphate (APS) and 

100% (v/v) tetramethylethylenediamine (TEMED). Catalyst 0.1% (w/v) APS and 0.1% (v/v) 

TEMED was used in the polymerisation process. Using two clean glass plates and two 0.75-

mm spacers, the glass-plate sandwich of the electrophoresis apparatus was assembled 

according to manufacturer’s instructions, before locking the sandwich to the casting stand. To 

prevent the polymerisation of the separating gel in the prepared flask, separating gel solution 

was immediately applied to the sandwich along an edge of one of the spacers using a Pasteur 

pipette until the height of the solution between the glass plates as ∼11 cm. Then the top of the 

gel was covered with the H2O-saturated isobutyl alcohol layer (∼1 cm thick) by gently layering 

the isobutyl alcohol against the edge of one and then the other of the spacers. Formation and 

removal of bubbles were achieved using thinly layered isobutyl alcohol which created and even 

gel surface to form and remove bubbles. Polymerisation of the gels was completed overnight 

at 4 °C. After the polymeration, the gels were gently washed with ultra-pure water using a wash 

bottle, to achieve a flat surface, stacking gel was overlayed until the height of the solution in 

the sandwich was ∼1 cm from the top of the plates. The stacking gel was prepared using 5% 

(w/v) acrylamide (1:37.5 crosslinker: monomer) / 375 mM Tris Buffer (pH 8.8) / 0.1% (w/v) 

SDS / 0.001% (w/v) bromophenol blue. The gel plates were placed for 30 to 45 min at room 

temperature, allowing the stacking gel solution to get polymerized. Excess water remaining 

inside the IPG well on the gel was removed using blotting paper. Then the gel cassettes were 

placed at an angle on the stand for ideal IPG strip loading.  

 

SDS-PAGE 

IPG strips were placed on top of SDS-PAGE gels (12.5% T, 2.6% C acrylamide/bis-acrylamide 

resolving gel and 5% T, 2.6% C stacking gel). Both resolving and stacking gels that had been 

buffered using 375 mM tris-HCl (pH 8.8), comprised of 0.1% SDS. IPG strips were sealed to 

stacking gel with agarose solution (0.5% low-melting agarose, 375 mM tris-HCl (pH 8.8), 0.1% 

SDS) and then electrophoresis was implemented at 4 °C at 150 V for migration into stacking 

gel and later resolved at 90 V. 

Gels were fixed with 10% methanol containing 7% acetic acid buffer for 1 hr with continuous 

shaking after the electrophoresis. After the gel was washed with distilled water for 3x20 min, 
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the gels were stained with a ready–to–use SYPRO Ruby IEF (Bio Rad) sensitive, fluorescent 

stain for 20 h. Sypro ruby protein stain is excited around its two excitation peaks at ~ 280 nm 

and ~ 450 nm and has an emission maxima at ~ 610 nm. The excessive stain was washed with 

a 0.5% NaCl solution, at 5x 15 min intervals and then the gels were ready for imaging. All 

imaging was done at 100 μm resolution using the scanner-based FLA-9000 imaging system 

(FUJIFILM Corporation). After washing with distilled water, gels were again stained with 

colloidal Coomassie Brilliant Blue (cCBB) and followed the same washing procedure before 

imaging on FLA.  

Preparation of colloidal Coomassie Brilliant Blue (cCBB) dye solution: 

Initially a stock solution of phosphoric acid (40%), ammonium sulphate (40%) and Coomassie 

Brilliant Blue (CBB) dye solution (2%) were prepared in distilled water and stored at room 

temperature. Fresh staining solution was prepared by mixing phosphoric acid (fc 2%), 

ammonium sulphate (fc 10%) dye solution (fc 0.1%) and methanol (100% v/v) in distilled 

water before use. 50 mL of this solution was used to stain a single gel. Gels were left along 

with the staining solution, on a shaker for 20 h. Next day, carefully removed staining solution 

from each gel were washed with distaining solution (0.5 M sodium chloride in distilled water) 

to remove excessive dye from the gels, for five times with an interval of 15 min between each 

wash. 

8.2.4  Protein separation on biofilm samples 

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

In the current study, complex mixture of proteins from the samples are separated to identify 

different proteins. Biofilm samples from chloraminated and ammoniated reactors were 

subjected to SDS-PAGE. Before subjected to SDS-PAGE analysis, concentrated water samples 

were defrosted and centrifuged at 3,000 rpm at 4 °C for 10 min (ROTINA 420R 

Ultracentrifuge) to form a pellet. Protein samples were resuspended in sample buffer containing 

0.5 M Tris solution (pH 6.8) with 20% glycerol, 0.2 M DTT, 4% w/v SDS, 0.001% (w/v) 

bromophenol blue dye and denatured by boiling for 2 min at 100 oC in microcentrifuge tubes.  

Precast ready-made gels (mini PROTEIN TGX, Bio-Rad, P 10027885, T64134072, 8-16% 10 

well comb, 25 µL/well) were used in SDS-PAGE. Therefore, before loading the samples, gels 

were rinsed with electrophoresis buffer (0.125 M Tris, 0.96 M glycine and 0.5% w/v SDS) in 

order to remove preservatives and fixed into gel cassettes (Mini-PROTEAN Empty Cassettes 
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from Bio-Rad). The resuspended protein samples were loaded into wells using gel loading tips 

(Eppendorf® Pipette Tips). Similarly, 25 µl of protein standards (Prestained SDS-PAGE 

Standards, broad range, CAT no:1610318, Bio-Rad) was also loaded. Equal volume of sample 

buffer was added to any empty wells to prevent spreading of samples to adjoining lanes. Then 

the sample loaded gel sandwich attached cassettes were inserted in to the vertical 

electrophoresis cell (mini- PROTEAN® tetra cell) following manufacturer’s instructions and 

slowly filled with electrophoresis buffer.  

Gels were run by applying 150 V for 2-3 min initially to allow protein to enter into ready-made 

gels followed by 90V for 3 h or until the tracking dye bromophenol blue front reached to the 

bottom of the gel. Gel cassettes with readymade gel plates were removed from the 

electrophoretic tank, then briefly rinsed with distilled water. 

The gels were carefully removed from the plates and proteins were fixed with a buffer 

containing 10% (v/v) methanol and 7% (v/v) acetic acid for 1 h.  After fixing, gels were washed 

three times with distilled water, 20 min between each wash, on a shaker at 50 rpm. After the 

third wash, gels were stained with cCBB staining solution for 20 h. 

 

8.2.5  Protein identification on Mass spectrometry 

Protein digestion and peptide extraction 

Processing and digestion of gel spots and liquid chromatography-multistage mass spectrometry 

(LC-MS/MS) were carried out using Xevo QTOF (Waters).  The protein spots excised from 

cCBB stained gels were destained by washing twice with 50% acetonitrile/50 mM NH4HCO3, 

pH 9 dehydrated with 100% acetonitrile and rehydrated in 20 µL of trypsin (12.5 ng.µL-1). 

After overnight incubation with trypsin, the peptide solution was collected and 15 µL was 

transferred to an auto sampler vial for analysis. LC-MS/MS analysis was carried out.  

 

MS/MS analysis 

In brief, 3 µL of each peptide solution were loaded onto a Waters Xevo QToF mass 

spectrometer at 5 µL/min a Waters C18 Symmetry trapping column (180 µm x 20 mm) and 

desalted at this flow rate for 3 min using 1% acetonitrile in water (both with 0.1% formic acid 

modifier) as solvent. The peptides were washed off the trap at 400 nL/min on to a Waters C18 

BEH analytical column (75 µm x 100 mm), packed with 1.7 µm particles of pore size 130 Å.  
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After separation, the peptides were analysed using tandem mass spectrometry, implementing 

an emitter tip that tapers to 10 µm at 2300 V. A Data Directed Acquisition (DDA) experiment 

was performed which continuously scanned for peptides of charge state 2+ - 4+ with an intensity 

of more than 50 counts, and a maximum of 3 ions in any given 3 s scan.  Selected peptides 

were fragmented and the product ion fragment masses measured with a MS/MS mass range of 

50-2000 Da.   

 

Database search  

The MS/MS data files were analysed with above mentioned settings using Mascot Daemon and 

checked against the SwissProt and Ludwig databases. The results of the search were filtered 

by including only protein hits with at least one unique peptide, and excluding peptide hits with 

a p-value greater than 0.05. Peptides identified by Mascot were further validated by manual 

inspection of the MS/MS spectra for the peptide to ensure the b- and y-ion series are sufficiently 

extensive for accurate identification. 

 

8.3  Results 

8.3.1  Protein estimation by fluorescent method  

Protein concentrations in bulk water and biofilm samples were estimated using standard curve 

(Fig 8.2) are presented in Table 8.1   

  

Figure 8.2: Standard curve prepared using BSA as a standard protein 
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It was observed that the amount of protein recovered from bulk water was very low (<0.07 

mg.mL-1) when compared with that from biofilm. Furthermore, proteins extracted from the 

ammoniated bulk water were lower in concentration than the chloraminated bulk water in this 

assay.  

Table 8.1: Protein concentrations from various samples. Water samples were prepared as per 

Section 8.2.1 

   

Samples 
Protein concentration 

(mg.mL-1) 

Bulk water 

RC retantate 0.05 

RC filter paper 0.07 

RA retantate < 0.02 

RA filter paper <0.02 

Biofilm 
RC biofilm 3.17 

RA biofilm 1.19 

 

8.3.2  Separation of proteins from bulk water  

In order to visualise the protein differences between two sample extracts, 2DE was performed. 

Proteins were first focussed on a 3-10 border pH gradient followed by separation of proteins 

on 12.5% SDS-PAGE gels were shown in figures 8.3 (stained with Sypro ruby) and 8.4 (stained 

with cCCB). There was a significant protein spot difference between RC filter paper and RA 

filter paper samples as shown by red circles in Figure 8.3 (c).  
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Figure 8.3: Analysis of proteins using two-dimensional gel electrophoresis stained with Sypro 

ruby. (a) RC retantate, (b) RA retantate, (c) RC filter paper and (d) RA filter paper. Red circles 

on RC gel represent the protein spots not detected on RA gel. 

kDa = kilo Daltons, MW =molecular weight marker, pI    = pH 3 to 10 range. 

Gels stained with Sypro ruby clearly showed the ammoniated samples do not show many 

protein spots on both retantate and filter paper extracted samples. On the other hand, the 

chloraminated proteins bound to filter paper showed a increase in protein spot numbers and the 

molecular weights of these proteins were in the range between 30 kDa and 75 kDa and pI range 

between 3.5 to 7.0 range.  

(a) (b) 

  

(c) (d) 
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Figure 8.4: Analysis of proteins using two-dimensional gel electrophoresis stained with cCCB. 

(a) RC retantate, (b) RA retantate, (c) RC filter paper and (d) RA filter paper.  

Similar to the gels results with Sypro ruby staining, cCBB stained gels noticeably showed the 

ammoniated samples do not show many protein spots on both retantate and filter paper 

extracted samples. However, the visible spot numbers on cCCB stained gels are lower than the 

Sypro ruby stained gels. On the other hand, the chloraminated proteins bound to filter paper 

showed increase in protein spot numbers; however, it is not significant as in Sypro ruby stained 

gels. The molecular weights of these proteins were also in the range between 30 kDa and 75 

kDa and pI range between 3.5 to 7.0 range, which are similar to the gels stained with Sypro 

ruby. 

 

(a) (b)  

  

(c) (d) 
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8.3.3  Separation of proteins from bio-films  

Proteins extracted from biofilms of chloraminated and ammoniated reactors showed clear 

separation of protein bands on precast 12.5% SDS-PAGE (Figure 8.4). The molecular weights 

of these proteins ranged from 20 to 250 kDa. 

In chloraminated biofilm sample, 12 protein bands can be clearly visualised while only 9 

protein bands from ammoniated bulk water sample (Fig. 8.5). Furthermore, the protein bands 

recognized from chloraminated biofilm sample are located in different molecular weight 

positions compared to the ammoniated biofilm sample. As an example; between 40-75 kDa, 

the protein bands resulted are C7, C8, C9, C10. However, the correspondent bands cannot be 

identified from the ammoniated biofilm sample. Bands on different molecular weight positions 

(e.g. A7, A8, A9) were identified from ammoniated biofilm sample. These protein bands from 

both waters were cut and identified using Mass spectrometry. 

 

Figure 8.5: Protein from chloraminated and ammoniated proteins were separated on 12.5% 

pre-cast gels and stained with cCBB to visualise protein bands  

Lane 1 represents the molecular weight markers. Lanes 2, 3 and 4 represent the RC samples 

obtained from biofilm loaded as 31.7 µg (10 µL), 47.6 µg (15 µL) and 63.4 µg (20 µL). Lanes 

5, 6 and 7 represent the RA samples from biofilm loaded 11.9 µg (10 µL), 17.9 µg (15 µL) and 

23.8 µg (20 µL). 
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8.3.4 MS analysis 

Mass spectrometer analysis were not conducted with bulk water samples as the detected protein 

spots were not enough for the proper comparison to achieve the specific proteins related to 

accelerated chloramine decay.  Protein samples prepared from biofilms were used to identify 

the protein bands using the mass spectrometer after separation on SDS-PAGE gels (Table 8.2). 

Protein spot numbers such as C1, C 2, C3…and A1, A2, A3… represent the nominated protein 

bands cut from SDS-PAGE gel as shown in Fig. 8.5. 

According to data presented in Table 8.2, most of the proteins identified by MS and later 

matched with the SwissProt data base the and Ludwig database are from bacteria. Score value 

represents the confidence of the match. The higher the score number, the more the confidence 

of the identity of the protein. 

Table 8.3 presents the summary of identified proteins and bacterial species from the 

chloraminated reactor water samples with high score values in interested size range (CDP size 

range of 30-50 kDa).  
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Table 8.2: Protein identification results obtained from MS 

Condition 
Protein 

pot no. 
MASCOT ID 

Name of the identified 

protein 
Score 

MW 

(kDa) 

Calculated 

pI 

% Sequence 

coverage 

Matched 

sequence 
Identified bacterial species 

Chloraminated 

C1 

SDX61716.1 

Ammonia 

monooxygenase 

subunit A 

416 31510 7.6 14 8 
Nitrosomonas 

oligotropha 

Q8RQ49 

Ammonia 

monooxygenase 

subunit A 

247 31486 6.94 8 5 Nitrosomonas sp. 

A0A1B1UFH9 
Uncharacterized 

protein 
208 53779 6.89 7 4 Bradyrhizobium icense 

AAW48508.1 

Ammonia 

monooxygenase 

subunit A 

185 18295 8.61 7 3 proteobacterium 

C2 

SDX60482.1 

Aerobic 

hydroxylamine 

oxidoreductase 

precursor 

742 63912 6.73 24 21 
Nitrosomonas 

oligotropha 

SDX61716.1 

Ammonia 

monooxygenase 

subunit 

300 31510 7.60 17 11 
Nitrosomonas 

oligotropha 

C3 

WP_066646956.1 Hypothetical protein 190 108018 5.69 2 2 Sphingomonas sp. 

WP_028179705.1 Polymerase 151 54677 6.51 5 4 
Bradyrhizobium 

japonicum 

C4 

A0A0K2GIY8 
Putative Nitrite 

oxidoreductase 
1034 131657 8.94 18 24 Nitrospira moscoviensis 

A0A0S4L679 
Nitrite 

oxidoreductase 
807 131698 8.96 15 19 

Candidatus Nitrospira 

nitrosa 

WP_066646956.1 Hypothetical protein 127 108018 5.89 2 2 Sphingomonas species 

C5 
WP_066646956.1 Hypothetical protein 594 108018 5.69 7 11 Sphingomonas species 

OHB30721.1 Hypothetical protein 163 106625 4.64 2 2 Phenylobacterium species 
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A0A0W1I7L3 
TonB-dependent 

receptor 
142 11837 4.75 1 3 Sphingopyxis species 

C6 
WP_066646956.1 Hypothetical protein 455 108018 5.69 5 5 Sphingomonas species 

I0G1G5 Putative porin 176 54475 6.07 5 4 Bradyrhizobium species 

C7 

A0A0K2GIM6 
Uncharacterized 

protein 
263 62308 8.35 7 6 Nitrospira moscoviensis 

WP_043160929.1 

ABC transporter 

substrate-binding 

protein 

207 66615 8.09 9 5 Unknown species 

C8 A0A0K2GIM6 
Uncharacterized 

protein 
295 62308 8.35 7 7 Nitrospira moscoviensis 

C9 

SDW38467.1 
Outer membrane 

protein (porin) 
1073 42240 7.79 37 24 

Nitrosomonas 

oligotropha 

A0A0S4L6A0 
Nitrite 

oxidoreductase 
677 49888 8.77 31 16 

Candidatus Nitrospira 

nitrosa 

F8GKP6 
Porin Gram-negative 

type 
612 41863 7.79 20 15 Nitrosomonas 

C10 

SDW38467.1 
Outer membrane 

protein (porin) 
920 42240 7.79 33 22 

Nitrosomonas 

oligotropha 

A0A0R3NJ37 
Leucine-binding 

protein 
126 43448 8.71 6 3 Bradyrhizobium retamae 

Ammoniated 
A1 A0A0S3AFC8 

Hydroxylamine 

reductase 
94 64057 6.12 3 2 Nitrosomonas ureae 

A2 F8GL04 
Hydroxylamine 

oxidase 
115 63638 6.69 3 2 Nitrosomonas species 

A3 

C5T1E4 
Uncharacterized 

protein 
283 51323 5.73 7 9 Acidovorax delafieldii 

WP_051443358.1 Hypothetical protein 222 59150 5.58 4 3 Curvibacter gracilis 

A0A0Q6ZFD2 Cell surface protein 167 59440 5.56 5 3 Acidovorax species 

S2XNJ4 
Uncharacterized 

protein 
103 36297 9.61 3 1 Delftia acidovorans 
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A4 

A0A0N0K6T2 
TonB-dependent 

receptor 
114 105381 8.79 2 2 Novosphingobium species 

OHB27609.1 Hypothetical protein 114 107529 4.60 2 2 Phenylobacterium species 

A0A0P7A890 
Uncharacterized 

protein 
113 109054 4.31 1 2 Citromicrobium species 

A5 D8P8B0 
Uncharacterized 

protein 
154 61151 8.58 7 3 Nitrospira defluvii 

A6 WP_056745241.1 Porin 568 36004 9.38 30 16 Acidovorax species 

A7 

WP_047149359.1 hypothetical protein 223 13787 10.29 28 3 Escherichia coli 

A0A0U1CSI2 Core histone 164 14095 10.10 18 2 Chlamydia trachomatis 

WP_017454560.1 Hypothetical protein 161 41946 5.29 9 3 Pseudoalteromonas sp 

A0A1C4QRR8 
Sugar kinase of the 

NBD/HSP70 family 
110 41573 8.42 2 3 Streptomyces species 

WP_043113300.1 Porin 109 35380 8.81 7 2 
Pseudacidovorax 

intermedius 
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Table 8.3: Identified proteins that were identified and their related bacterial species from CDP 

fall in the range 30 KDa-50 KDa   

 MW(kDa) 
Name of the identified protein for 

chloraminated reactor 
Identified bacterial species 

31.5 Ammonia monooxygenase subunit A Nitrosomonas oligotropha 

53.8 Uncharacterized protein Bradyrhizobium icense 

63.9 
Aerobic hydroxylamine oxidoreductase 

precursor 
Nitrosomonas oligotropha 

54.7 Polymerase Bradyrhizobium japonicum 

54.5 Putative porin Bradyrhizobium species 

62.3 Uncharacterized protein Nitrospira moscoviensis 

42.2 Outer membrane protein (porin) Nitrosomonas oligotropha 

49.9 Nitrite oxidoreductase Nitrospira nitrosa 

41.9 Porin Gram-negative type Nitrosomonas 

43.4 Leucine-binding protein Bradyrhizobium retamae 

 

 

8.4 Discussion 

According to Herath, Torres and Sathasivan (2018), proteins that were responsible for the rapid 

decay of chloramine fall in 30-50 kDa range. Therefore, among the proteins presented in Table 

8.1, protein bands identified between 30 kDa and 50 kDa with high score value can be 

accountable for the accelerated decay of chloramine in nitrified bulk water samples.  

Several proteins such as ammonia monooxygenase (AMO) subunit A, aerobic hydroxylamine 

oxidoreductase precursor and outer membrane proteins related to Nitrosomonas spp. 

Nitrosomonas are identified as the dominant AOB in biofilms and bulk waters of pilot and full 

scale chloraminated systems identified in this study were also reported by others (Claros et al. 

2010; Lipponen et al. 2004; Regan, John M et al. 2003; Regan, John M, Harrington & Noguera 

2002).  

Enzyme AMO subunit A (band C1 in Table 8.2) is a membrane protein which is responsible 

for ammonia oxidation and experienced adaptation due to extreme pH environments 
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(Macqueen & Gubry‐Rangin 2016). It is also reported that, ammonia-oxidizing archaea (AOA) 

in marine systems produces the A and B subunits of AMO in response to ammonia starvation 

(Qin et al. 2017). As AMO subunit A is produced due to extreme environmental conditions 

(starvation, extreme pH), it could also be produced due to chloramine disinfection as a stress 

response. However, AMO sub unit A or related bacteria (Nitrosomonas europaea) could not 

be detected in ammoniated biofilm samples, which may be due to being present in low 

concentrations rather than the detection limit on MS.  

Enzyme hydroxylamine oxidoreductase (band C2 in Table 8.2) is reported from Nitrosomonas 

europaea and catalyses the aerobic oxidation of hydroxylamine to nitrite and nitrate (Bennett 

et al. 2016). However, nitrate was not produced from nitrite; in the presence of 

diethyldithiocarbamate, hydroxylamine (a  precursor of nitrate) is oxidized to nitrite (Hooper, 

Terry & Maxwell 1977). As hydroxylamine oxidoreductase does not have any evidence of 

being produced as a resistance mechanism, further studies of this production against the 

presence of chloramine need close examination. 

Other than Nitrosomonas sp., proteins such as putative porin (band C6 in Table 8.2), leucine-

binding protein (band C10 in Table 8.2) and polymerase of Bradyrhizobium sp were also 

prominent in the size range of CDP (30-50 kDa) responsible for accelerated chloramine decay. 

Protein porins are located in the outer membrane of gram-negative bacteria and one group of 

gram-positive bacteria (Delcour 2002; Riess et al. 2001). They are also considered as minor 

proteins (e.g. PhoE and LamB); where synthesis in some cases is strongly induced when they 

are needed (Macnab 1999; Soto & Hultgren 1999). de María et al. (2007) reported the 

application of glyphosate herbicide to extracted Bradyrhizobium sp. (Lupinus) in Lupinus plant 

nodules enhanced the expression of a gene to produce putative protein, which is the first porin 

identified in Bradyrhizobium sp. As putative protein production increases under glyphosate 

treatment, it could be accountable as a resistance mechanism to glyphosate herbicide. Similarly, 

outer membrane porin (band C9 in Table 8.2) produced by Nitrosomonas could also be related 

to faster decay of chloramine. 

In our protein identification results, the leucine-binding protein is identified as the 

production/extraction from Bradyrhizobium retamae. This protein is a component of the 

leucine-specific transport system, which is one of the two periplasmic binding protein-

dependent transport systems for high-affinity transport of the branched-chain amino acids in 
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E.coli (Magnusson et al. 2004). However, to establish that this protein production is due to the 

presence of chloramine, more experiments are needed to justify this argument.  

Nitrite oxidoreductase (band C9 & Table 8.2) is an enzyme involved in nitrification found in 

this current study, originated from the bacterium Nitrospira nitrosa. This enzyme is relatively 

abundant (10-30% of the total protein) and forms closely-packed structures on the inner 

cytoplasmic surface of the bacterial membrane surface (Spieck et al. 1996). Nevertheless, the 

relevance to the effect on faster chloramine decay needs in-depth studies. 

There are uncharacterised proteins (band C1 and C7 in table 8.2) identified from 

Bradyrhizobium icense and Nitrospira moscoviensis; which could be of interest regarding 

chloramine decay.  However, these proteins could not be identified from the current data base 

search. In summary, bacteria species that were associated with protein identification also 

comply with bacterial community identification results in chapter 7. The most common 

autotroph bacterial type in community identification resulted as Nitrosomonas. They are Gram-

negative betaproteobacteria that can derive all its energy from the oxidation of ammonia to 

nitrite and live in several places such as soil, sewage, freshwater and the marine. Krishna, 

Sathasivan and Ginige (2013) reported that betaproteobacteria is one of the dominant species 

in severely nitrified reactors maintained in the pilot scale reactor set. Additionally, 

uncharacterized bacterial species from family Bradyrhizobiaceae and order Rizobiales were 

abundantly identified during bacterial community. One of the bacteria that was identified in 

CDP; Bradyrhizobium sp was also classified under the same order and family. 

 

8.5 Conclusion 

The major objective of this study is the separation and identification of active CDP species 

which are responsible for the gradual loss of chloramine in nitrified water distribution systems. 

To achieve this aim in this current study, gel electrophoresis followed by mass spectrometry 

was carried out. The samples used for the experiment were derived from chloraminated and 

ammoniated reactors. There are several proteins identified in the tested water samples.  By 

identifying specific protein(s) responsible for this chloramine decay as a bio-marker would 

facilitate early prediction of drinking water condition and subsequent identification of 

pathogenic bacteria at water storage facilities.  Outcomes of such study will be beneficial to all 

http://en.wikipedia.org/wiki/Gram-negative
http://en.wikipedia.org/wiki/Gram-negative
http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Soil
http://en.wikipedia.org/wiki/Sewage
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chloraminated water supply systems in the world. major conclusions made in this study are as 

follows: 

 Various bacterial proteins are present in both chloraminated and ammoniated reactors, 

but higher in the chloraminated reactor and some of the proteins might be playing a 

major role in decaying the chloramine. 

 With the current bulk water samples used and the methods applied, suspected CDP 

could not be clearly separated and identified from bulk water.   

 Enzyme ammonia monooxygenase subunit A and porin are the main proteins identified 

in biofilm water samples.  The related bacteria; Nitrosomonas spp and Bradyrhizobium 

sp. for the identified proteins in chloraminated reactor in the current study, suggest that 

these bacteria can rapidly grow in chloramine decaying water reactors. 
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Chapter 9 

Silver inhibition on micro-organisms 

and CDP in nitrified chloraminated 

water   

 

 

 

 

9.1  Introduction 

Micro-organisms may enter the water distribution systems through accidental leaks or faults in 

process trains and build up over time, these can negatively affect not only the odour and taste 

of water but also could increase the risk from pathogenic microorganisms. The build-up of 

biofilm in pipes can also cause problems in the flow-rate and longevity of the system. In order 

to ensure that the water is safe to drink and use, water utilities employ disinfectants such as 

chlorine, chloramine, ozone, chlorine dioxide (Lenntech 2004).  

Chloramine is being used increasingly as a substitute for chlorine during secondary disinfection 

of drinking water. The main purpose for the substitution of chlorine to chloramine is that little 

to no regulated disinfection by-products such as, trihalomethanes and haloacetic acids are 

formed during chloramine disinfection. Chloramine remains active for much longer within the 

water system as it takes long time for chloramine to be chemically broken down. Chloramine 

does not give off any taste or smell and it has been regarded being relatively safe.  

A major disadvantage of chloramine is the ability of microbes to decay chloramine relatively 

faster. Both heterotrophs and autotrophs are known to decay chloramine (Herath, Sathasivan 
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& Lam 2015; Sathasivan, Fisher & Kastl 2005; Sathasivan, Fisher & Tam 2008). As 

chloramine is the combination of chlorine and ammonia, ammonia oxidizing microbes (AOM) 

oxidise free ammonia to nitrite and then nitrite oxidising bacteria (NOB) form nitrite from 

nitrate. In the distribution system, high levels of nitrite are usually observed meaning activity 

of NOB is minimal leaving most nitrite to be oxidized by chloramine. Consequently, the most 

frequently observed accelerated decay of chloramine in the distribution system is typically 

accountable for nitrite (AOM). Recent studies of Krishna, Sathasivan and Sarker (2012) 

reported that SMP which is secreted or released during severe nitrification can harm chloramine 

drastically. This is further confirmed by Herath, Torres and Sathasivan (2018) as chloramine 

decaying protein (CDP) produced as a stress response to added chloramine (Chapter 5), decays 

chloramine in an enhanced manner.  Therefore, it is essential to control the nitrification prior 

to it reaching a severe stage. According to Sathasivan, Fisher and Kastl (2005), Microbial decay 

can be controlled by adding silver. As per Lalley et al. (2014), silver has proven to be the most 

efficient and the most commonly inspected disinfecting metal nanoparticle due to its bacterial 

inactivation properties amongst other metals including copper (Cu), zinc (Zn), iron (Fe), lead 

(Pb), aluminium (Al) and gold (Au). Silver by itself has inactivation power on planktonic 

bacteria (Silvestry-Rodriguez et al. 2008). 

Antimicrobial effect of Silver against different types of microorganisms has been confirmed in 

various applications (Cassells et al. 1995; Choi, O et al. 2008; Davies & Etris 1997). A number 

of microorganisms including bacteria and viruses can be inactivated by the use of copper and 

silver ions as disinfectants (Sicairos-Ruelas, Gerba & Bright 2019; Yahya, MT et al. 1991). 

Additionally, the combined effect of copper and silver ions with chlorine results in an improved 

anti-microbial effect compared to the use of chlorine alone (Sicairos-Ruelas, Gerba & Bright 

2019; Yahya, M, Gerba & Rose 1994)  

Similarly, Cassells et al. (1995) demonstrated that the combined activity of silver or copper 

with another disinfectant is highly effective in water disinfection. The no-observed-adverse-

effect level (NOAEL) of total lifetime oral intake for human consumption is 10 g for silver; 

which means that the drinking water contribution to the NOAEL (WHO 2003) is quite 

insignificant. Higher levels of silver, up to 0.1 mg.L-1 (a concentration that yields a total dose 

over 70 years amounting to half the human NOAEL of 10 g), could then be tolerated without 

risk to health. 
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Inhibitory mechanisms of silver on micro-organisms are established by several authors. Ag+ is 

believed to deactivate cellular enzymes and cause disruption to membrane permeability, 

ultimately leading to cell lysis and death due to its sorption to the negatively charged bacterial 

cell wall (Ratte 1999; Sambhy et al. 2006). The cell death of micro-organisms by Ag+ is by 

events of binding onto disulfide or sulfhydryl groups in cell wall proteins (Feng et al. 2000; 

Slawson et al. 1992) and DNA (Thurman, Gerba & Bitton 1989), thereby disrupting metabolic 

processes within the cell. 

Destruction of DNA due to Ag+ has been demonstrated via several possible methods. Due to 

the penetration of Ag+ into the cells by shrinkage or detachment of cytoplasm membrane from 

the cell wall, DNA molecules are damaged turning DNA into a condensed form (Feng et al. 

2000). Klueh et al. (2000) suggest that Ag+ enters the cell, intercalate between purine and 

pyramidine base pairs (which disrupts the hydrogen bonding between the two anti-parallel 

strands) thus, denaturing the DNA molecule. Other than this, Ag+ inhibits the respiratory path 

of sensitive strains, impairs essential enzymes and alters metabolic activity of RNA and DNA 

with the presence of low chloride ion concentrations (Silver 2003; Starodub & Trevors 1989).  

Silver inactivation of proteins (CDP) could lead to prevent the accelerated chloramine decay; 

thereby, it will assist in managing chloramine above the desired level in distribution systems. 

Krishna (2012) reported that the application of silver (0.05 mg-Ag.L-1) on nitrified 

chloraminated bulk water samples largely improved chloramine residual. Moreover, silver was 

found to be greatly effective in controlling additional chemical decay due to microbial products 

(CDP) in severely nitrified waters (Sarker 2012). Inactivation of the enzyme activity by 

interacting with thiol groups in proteins is one of the possible antibacterial mechanisms of 

protein inhibition by Ag+. Thiol group is a vital part of proteins responsible for enzymatic 

activity. Due to the interaction of heavy metals (i.e. Ag+) with proteins and due to the uniting 

of thiol groups, the protein could be inactivated (Liau et al. 1997). Pedahzur, Shuval and Ulitzur 

(1997) explained the destruction of cellular proteins by combined toxic effect of silver and 

hydrogen peroxide on E. coli K-12.  

Hence, silver addition is an encouraging way for controlling of chloramine residual in drinking 

water and it is essential to determine the optimum dose of silver for chloramine decay in 

chloraminated bulk water. Therefore, 2 sets of batch rechloramination tests were carried out 
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for nitrified and micro-organisms removed nitrified bulk water samples for the determination 

of minimum inactivation dosage of AgNO3. 

9.2 Materials and Methods 

The water samples were collected from the reactor set maintained with 4-5 mg-C.L-1 DOC 

level (detailed in Chapter 3 section 3.3). The total chlorine, nitrogenous species (TAN, nitrite 

and nitrate) and pH in R-4 (as nitrified reactor) were measured. The results are presented in 

Table 9.1. TAN is the summation of NH3-N, NH4
+-N and nitrogen associated with chloramine. 

 

Figure 9.1: Experimental design 
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9.2.1  First experiment: Addition of silver to the severely nitrified chloraminated water 

Batch rechloramination test was carried out for severely nitrified (R-4) water with different 

concentrations of silver to determine the effective concentration of silver for controlling 

nitrifying bacteria and decrease of chloramine decay.  

A water sample was collected from R-4, divided into 8 subsamples and placed in 500 ml PET 

bottles. For each of the subsamples, silver was added at 0.5 µg-Ag.L-1, 1 µg-Ag.L-1, 2 µg-Ag.L-

1, 4 µg-Ag.L-1, 8 µg-Ag.L-1, 16 µg-Ag.L-1 and 100 µg-Ag.L-1. The samples were named as 

‘SN’ with the number for added silver concentration such as, ‘SN-0.5’and ‘SN-1’. One sample 

was kept without adding silver as an unprocessed sample (SN-no silver added). Chlorine and 

ammonia were topped up to 2.5 mg-Cl2.L
-1 and 0.7 mg-N.L-1, respectively in all subsamples, 

with the pH value of 8. Afterwards, the samples were incubated in a water bath closed with a 

lid to maintain a constant temperature (20 ˚C). Total chlorine residual in each sample was 

periodically monitored. 

 

9.2.2  Second experiment: Addition of silver to the filtered severely nitrified 

chloraminated water 

As an alternative experiment to understand how much silver is needed to control the soluble 

CDP responsible for the accelerated chloramine decay, different concentrations of silver were 

added into the filtered severely nitrified bulk water samples collected from R-4.  

Microbes were removed by filtering through 0.22 µm sterilised 33 mm syringe driven filter 

units [housing limit150 psi (10 bars), non-pyrogenic, Millipore Express® PES Membrane, 

MILLEX®-GP, MIILIPORE IRELAND Ltd. Filtered samples were placed in eight 500 mL 

PET bottles as sub samples. Silver was added as 0.5 µg-Ag.L-1, 1 µg-Ag.L-1, 2 µg-Ag.L-1, 4 

µg-Ag.L-1, 8 µg- Ag.L-1, 16 µg-Ag.L-1 and 100 µg-Ag.L-1 in to each sub sample. The samples 

were named as ‘SN filtered’ with the number for added silver concentration such as, ‘SN 

filtered-0.5’ and ‘SN filtered-1’. One sample was kept without adding silver as a control (SN 

filtered-No silver added).  Initial chemical compositions such as chloramine residual 

(maintaining Cl-to- TAN ratio of 4:1) and pH were adjusted to 8 in each sample using 

respective stock chemical solutions. Adjusted chemical parameters were; total chlorine 2.5 

mg.L-1, TAN 0.7 mg.L-1 and nitrite 0.30 mg-N.L-1. Samples were incubated at 20 °C. In each 

sample, total chlorine was monitored over time and the chloramine demand was estimated. At 
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the time of adding chlorine in to samples, the same dose was applied to ultra-pure water (milli-

Q water- Millipore) to ensure that the correct dose was applied. All experiments were done in 

duplicate. The detailed experimental plan is illustrated in Fig. 9.1. 

 

9.3  Results and discussion 

The initial quality of the sample collected reactor set is presented in Table 9.1. The water 

quality has changed when water travelled from the first reactor (R-1) to the last (R-4). The 

chemical parameters of R-1 in 4-5 mg-C.L-1 DOC level have been described in chapter 5 and 

chapter 7. Total chlorine residual measured as 1.68 mg-Cl2.L
-1 in R-1 had decreased to 0.0 mg-

Cl2.L
-1 when water reached R-4. Simultaneously, nitrogenous compounds changed. The pH 

had also dropped from 7.9 to 7.69. Changes in pH, nitrogenous compounds and chlorine 

residuals clearly demonstrated the increase in nitrifying bacterial activities between R-1 and R-

4 (Wolfe et al. 1990). Furthermore, the difference in nitrite level (0.28 mg-N.L-1) between R-1 

and R-4 and low chloramine residual in R-4 revealed that the water in R-4 was severely nitrified 

as defined by Sathasivan, Fisher and Tam (2008).  

 

Table 9.1: Parameters of the collected water samples before the experiment 

 Reactors  Total chlorine 

(mg-Cl2.L-1) 

TAN      

(mg.L-1) 

NOx                   

(mg-N.L-1) 

Nitrite      

(mg-N.L-1) 

Nitrate   

(mg-N.L-1) 

pH 

R-1 1.68±0.03 0.622±0.010 0.381±0.019 0.005±0.000 0.376±0.008 7.90±0.10 

R-2 1.37±0.03 0.44±0.009 0.415±0.021 0.034±0.001 0.381±0.008 7.87±0.10 

R-3 0.31±0.03 0.21±0.004 0.509±0.030 0.113±0.004 0.396±0.008 7.75±0.10 

R-4* 0.09±0.03 0.07±0.001 0.686±0.039 0.284±0.008 0.402±0.008 7.69±0.10 

R-5 0.05±0.03 0.05±0.001 0.708±0.041 0.295±0.008 0.413±0.008 7.61±0.10 

  

*sample collected reactor for the silver inhibition test 
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9.3.1  Addition of silver on severely nitrified chloraminated water 

Fig. 9.2 explains the chlorine decay profiles within different silver concentrations. The 

chloramine demand in the first 60 h of the incubation time in SN-no silver added sample is 

88%. There were 77% of chloramine demand recorded for both SN-0.5 and SN-1 samples. 

When the silver concentration increased to 2, 4, 8, 16 and 100 µg-Ag.L-1, 72%, 67%, 62%, 

56% and 49% of the added chloramine decayed in the first 60 h, respectively. 

 

Figure 9.2: Total chlorine decay profiles of not filtered severely nitrified water samples treated 

with different silver concentrations. Numbers on sample names represent the added silver 

concentrations in µg-Ag.L-1. 

Therefore, according to the results, rapid chloramine loss was observed in the SN-no silver 

added sample and then the decay rates gradually decreased with increase in the silver 

concentration. Chloramine decay was well controlled above 2 µg-Ag.L-1 of silver 

concentrations; hence, 2 µg-Ag.L-1 silver can be accountable in the effective regulation of 

chloramine decay.   
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(a) 

 

 

Figure 9.3: Nitrogenous species profiles of not filtered severely nitrified water samples treated 

with different silver concentrations. Numbers on sample names represent the added silver 

concentrations in µg-Ag.L-1. 9.3(a): TAN and 9.3(b): Nitrite profiles. 
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In order to confirm whether the nitrification occurred in the silver added samples, TAN and 

nitrite results were monitored. Nitrite is only produced by AOM (Sathasivan, Fisher & Tam 

2008) in the nitrification processes. In the SN-no silver added sample, the nitrite concentration 

increased with the reduction of TAN (Fig. 9.3) confirming the occurrence of nitrification. 

However, according to the nitrite and TAN decay profiles of silver added samples, no gain of 

nitrite or reduction of TAN were recorded even with the 0.5 µg-Ag.L-1 silver concentration. 

TAN and nitrite levels continuously reduced over the incubation period, the reduction is 

inversely proportional to the added silver concentration. The results concluded that, while 

certain levels of chloramine decay may occur in SN silver added samples, nitrification can be 

completely terminated with minimal (0.5 µg-Ag.L-1) silver addition. The chloramine decay 

which happens after the addition of such a low concentration of silver could be due to nitrite 

and CDP which could possibly be bound to the cell wall of the bacteria, in the bulk water and 

released upon rechloramination. When the silver concentration was increased, these CDP could 

also be destroyed/inactivated.  Nevertheless, further investigation of mechanism and cause is 

necessary.  

 

9.3.2  Addition of silver for filtered severely nitrified chloraminated water 

Different concentrations of silver were added in to filtered severely nitrified water samples 

collected from R-4. The experiment was conducted as an initial trial for computing the soluble 

CDP concentration in severely nitrified water samples. 
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Figure 9.4: Total chlorine decay profiles of filtered (through 0.22 μm) severely nitrified water 

samples and treated with different silver concentrations. Numbers on sample names represent 

the added silver concentrations in µg-Ag.L-1. 

Chlorine decay profiles with different silver concentrations are represented in Fig. 9.4. The 

chloramine loss for the SN-filtered-no silver added sample was 66% in the first 40 h of 

incubation time. Chloramine demand for other samples were 54%, 52%, 46%, 44%, 40%, 38% 

and 39% for 0.5, 1, 2, 4, 8, 16 and  100 µg-Ag.L-1 silver concentrations, respectively. The 

highest decay rate observed was for the nitrified filtered sample (SN-filtered-no silver added) 

where it was assumed to have the highest CDP as there was no addition of silver. Afterwards, 

CDP, the protein responsible for chloramine decay, may have been inactivated by the applied 

silver; the reduced decay rates were being observed in comparison to increasing silver 

concentrations. However, after 8 µg-Ag.L-1 of silver addition, these patterns could no longer 

be observed to be resulting in similar chloramine loss. Similarly, when the added silver 

concentrations were higher than 2 µg-Ag.L-1, the decay rate profiles did not change 

exceptionally. This may hint that all of the protein present in the tested sample had already 

been inactivated by 8 µg-Ag.L-1 of silver. Therefore, it could be concluded that increasing of 

silver concentrations beyond this level would not result in any changes in chloramine decay 

profiles. 
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 (a) 

 

(b) 

 

Figure 9.5: Nitrogenous species profiles of filtered (through 0.22 μm) severely nitrified water 

samples treated with different silver concentrations. Numbers on sample names represent the 

added silver concentrations in µg-Ag.L-1. 9.5(a): TAN and 9.5(b): Nitrite profiles. 
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The highest TAN drop (Fig. 9.5a) was observed in no silver added sample. However, after the 

first 40 h, the TAN decay profile in the sample is almost constant until the end of the 

experimental period (i.e., 224 h). In the 0.5 µg-Ag.L-1 to 2 µg-Ag.L-1 silver added samples, the 

observed TAN drops were almost similar in the first 40 h, and then continuously reduced while 

maintaining minor gaps in-between samples.  

There are no initial drops, nor prominent decays experienced in other silver added samples (4-

100 µg-Ag.L-1) in terms of TAN profiles. Without showing major differences between samples, 

the nitrite levels reduced continuously over the experimental period (Fig. 9.5b). However, no 

silver added and 0.5 µg-Ag.L-1 silver added samples display faster drops in the first 40 h, and 

then their decay levels become slower than the other samples; which had not demonstrated a 

noticeable initial drop. Similar to silver added samples, the TAN and nitrite drop in the no 

silver added filtered sample had the same pattern as that in the no silver added not filtered 

sample (Fig. 9.3) in the first 40 h.   

Considering the faster chloramine decay results of no silver added sample, it can establish the 

presence of CDP in filtered nitrified samples. And it is also confirmed as these decay profiles 

were not due to the microbial presence/activity. Additionally, as there were no differences in 

the decay profiles observed in more than 2 µg-Ag.L-1 silver added samples, all CDP must have 

been occupied by the silver which was added at more than 2 µg-Ag.L-1. Therefore, with 2 µg-

Ag.L-1 of silver; the CDP can be completely eliminated/deactivated in the tested nitrified water 

samples. In conclusion, this method can be used to find the CDP concentration in a given 

nitrified water sample.  

Biologically, silver is an unnecessary, non-beneficial element to humans. There are no 

scientific studies to indicate adverse health due to its presence in drinking water from natural 

sources. However, when ingested and absorbed, silver is held indefinitely within tissue, 

particularly skin, eyes, and mucous membranes. Skin discoloration is a cosmetic effect related 

to silver ingestion (WHO 2004).  

The U.S. Environmental Protection Agency has set a non-enforceable secondary standard for 

silver because of its ability to cause aesthetic discolorations of the skin. This mirrors the World 

Health Organization set a guideline also at 0.1 µg-Ag.L-1 over a lifetime of exposure in drinking 

water. The Secondary Maximum Contaminant Level (SMCL) for silver is 0.10 µg-Ag.L-1. Our 

findings concluded, with 2 µg-Ag.L-1 silver can inhibit the nitrification and chloramine 

decaying protein effectively.  Therefore, applying silver in such concentrations to control the 
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nitrification and related issues is far below than the guideline recommendations for silver 

exposure.  

 

9.4  Conclusion  

Different silver concentrations were applied in to the nitrified not filtered and nitrified filtered 

samples to determine the optimum inactivation concentration which obstruct accelerated 

chloramine decay. The conclusions made are as follows;  

 Addition of silver greatly reduced the accelerated chloramine decay in severely nitrified 

bulk water samples. 

 2 µg-Ag.L-1 silver is effective controlling nitrifying bacteria and completely terminate 

the nitrification process. 

 Optimal concentration of silver controlling CDP can be concluded as 2 µg-Ag.L-1 and 

complete inhibition happened around 8 µg-Ag.L-1.  
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Chapter 10  

Conclusions and Recommendations  
 

 

 

 

10.1  Conclusions  

This research has been undertaken to maintain necessary chloramine residuals throughout the 

chloraminated water distribution systems by understanding microbial factors accelerating 

chloramine decay. It was recently found out soluble microbial products (SMP) suspected as 

proteins present in the nitrified water from distribution systems accelerate chloramine decay. 

Therefore, it is essential to investigate the factors promoting SMP production, and characterise 

and identify SMP.  Knowing the essential characteristics, it is important to evaluate appropriate 

control mechanisms so that impact of SMP can be minimised. The conclusions made in this 

study are as detailed below. 

Initial trials of my previous study indicated that the dissolved organic carbon (DOC) level 

substantially controlled chloramine decay. Those results also indicated that chloramine 

decaying SMP (cSMP) could contain proteins and have a molecular size of 30–50 kDa, and it 

behaves in a similar manner to that observed in severely nitrifying water. Hence, this cSMP is 

termed as chloramine decaying proteins (CDP). Therefore, four chloraminated lab-scale reactor 

sets were operated (fed) with water of different DOC levels (0-8 mg-C.L-1 DOC) to understand 

the effect of DOC level on CDP impact. In parallel, the bacterial community variations were 

also analysed on the same reactor sets. With the increase of DOC level, the impact of CDP on 
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severely nitrifying samples generally decreased. Additionally, all chemical chloramine decay 

in CDP containing samples can be explained by nitrite oxidation and auto-decomposition 

catalysed by CDP.  

The DOC variation of feed water did not significantly affect the microbial community present 

in reactor sets operated with different levels of DOC contained chloraminated water samples 

and the similarities observed between reactors from each reactor set are very high. The 

ammonia oxidising bacterial (AOB) activity does not correlate with the decay rate co-efficient 

in individual reactor sets with varying DOC levels. However, AOB activity is the highest in 

the reactor set with lowest DOC level. As there was no single bacterial community that could 

be directly correlated with chloramine decay, mixed culture could be responsible for the 

chloramine decay in each reactor set. However, there were several bacterial types identified in 

samples that are already known to produce extra polymeric substances (EPS); which can also 

be considered as accountable for CDP as well. Some of the EPS producing bacterial types 

detected were Mycobacterium, Methylobacterium, AOB, Bradyrhizobium sp. and family 

Sphingomonadaceae. 

Two nitrified reactors with chloramine (chloraminated reactor) and ammonia (ammoniated 

reactor) were operated with nutrient added ultra-pure water to understand how microbes 

destroy chloramine and survive by producing CDP. The nitrified conditions were initiated with 

identical seed water samples collected from a severely nitrified reactor. The bacterial 

community variations were also analysed to identify the responsible microbes producing CDP. 

There are three types of CDP that can be presented in the nitrified water samples such as, 

soluble, insoluble and microbial attached. Even though both reactors were in severely nitrified 

conditions, the soluble CDP concentration increased in the chloraminated reactor, but 

decreased in the ammoniated reactor. However, the application of 1.5 mg.L-1 chloramine for 

1.5 h induced the release/production of CDP from the biomass collected from the 

chloraminated reactor, but not for the biomass collected from the ammoniated reactor. 

Furthermore, bulk water microbes in the ammoniated reactor could not bounce back from the 

introduction of high dose of chloramine (3-3.4 mg-Cl2.L
-1), possibly due to the absence of their 

defence mechanism (CDP producing ability). Bulk water microbes from the chloraminated 

reactor recovered quickly by destroying the chloramine due to their ability to produce 

additional CDP as a stress response, possibly due to the presence of their defence mechanism.  
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Conclusions made from bacterial community analysis on the chloraminated and ammoniated 

reactors are as follows. Absence of high DOC level in both the reactors does not interfere with 

the heterotrophic bacterial community and therefore; Alphaproteobacteria (heterotrophs) is the 

dominant bacterial class. Consequently, nitrifiers could provide the substrate for heterotrophic 

bacterial growth and survival by releasing/producing CDP.  Major variances in bacterial 

community composition and diversity could not be seen in the chloraminated, ammoniated and 

seed water collected reactors. However, the EPS producing bacterial strains (AOB, 

Bradyrhizobium sp. and family Sphingomonadaceae) identified in chloraminated reactors are 

suspected to be responsible for CDP production.  

Herath (2014) has evidenced more than 25 proteins in nitrified water samples displaying faster 

chloramine decay; that can pass through 50 KDa membrane and retain on 30 kDa cut off 

membrane. It was hard to separately identify specific CDP from within these proteins and the 

concentration of proteins was also not sufficient for further identification. Therefore, protein 

separation and identification were examined on chloraminated and ammoniated reactors to 

narrow down identified protein numbers by increasing protein concentration. While various 

bacterial proteins were present in both chloraminated and ammoniated reactors, they were 

higher in the chloraminated reactor and therefore; some of the proteins might be playing a 

major role in decaying chloramine. With current bulk water samples used and methods applied, 

the suspected CDP could not be clearly separated and identified from bulk water. Therefore, 

further investigations were conducted using biofilm samples that consisted of more microbes 

and therefore, more CDP.  Enzyme ammonia monooxygenase subunit A and porin are the main 

proteins identified in biofilm water samples in the chloraminated reactor.  The related bacteria 

for these identified proteins are Nitrosomonas spp and Bradyrhizobium sp. respectively. 

Therefore, the current study suggests that these bacteria can rapidly grow in chloramine 

decaying water reactors. 

Furthermore, with the intension of providing safe water for consumers,  silver inhibition on 

nitrifiers and CDP was investigated. Addition of silver greatly reduces the accelerated 

chloramine decay in severely nitrified bulk water samples. 2 µg-Ag.L-1 silver is sufficient and 

effective in controlling nitrifying bacteria and completely terminates the nitrification process. 

Therefore the optimal concentration of silver to control CDP can be concluded as 2 µg-Ag.L-1 

and complete inhibition occurs around 8 µg-Ag.L-1.  
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10.2  Recommendations for future studies  

 

Chloramination is practiced as one of the disinfection method in drinking water distribution 

systems. However, chloramine decays due to chemical and biological reasons. Previously, only 

nitrification was considered as microbial chloramine decay, but our team questioned the 

traditional belief and developed various mechanisms of microbial chloramine decay.  

Heterotrophic bacteria and microbial products secreted by micro-organisms living in the 

chloraminated systems have been found as responsible for major part of this accelerated 

chloramine decay. As microbial decay is more significant than the chemical decay of 

chloramine, it is comprehensively investigated under the ARC linkage project (LP160100909). 

SMP is the most important segment of this microbial chloramine decay. Therefore, my study 

was mainly focused on understanding the nature, its control and which microbes produced the 

SMP. I will therefore focus on how the experiments could be further developed. 

In the pursuit of my experiments, I have succeeded in identifying SMP as protein of size 30-

50 KDa and named it as chloramine decaying protein (CDP) but, the actual nature of protein is 

still not known. In identifying the bacteria responsible, various experiments were conducted by 

creating an environment that may encourage their growth. Reactors were maintained with 

different DOC level in the feed water and reactors with stress condition-chloramine 

(chloraminated reactor) and ammonia (ammoniated reactor). Later, MiSeq was performed on 

these reactors. In my experiments, stress was evidenced as one of the cause of producing CDP. 

When DOC concentration was higher, the CDP was present at low concentration. The 

identification of a particular bacteria was still not possible since all bacteria were present in 

most environment. However, protein analysis indicted number of bands out of which 

Nitrosomonas oligotropha and Bradyrhizobium sp. were suspected to contain the identified 

proteins.   

As the continuation of my work, creating stress conditions with different chloramine levels 

such as 1, 1.5 and 2 .0 mg.L-1 with seeds from original rector. This possibly could narrow down 

the identification process. Furthermore, as Miseq only does community analysis and very high 

diversity witnessed in the microbial communities within the same sample evaluated, Hiseq 

could be verified. Isotopic probing and imaging mass spectrometry in microbial community 

identification will facilitate of identifying the fate of C and N.  
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I have already tested silver inhibition and demonstrated 2 µg-Ag.L-1 can inhibit the accelerated 

chloramine decay. Therefore, effect of the other inhibitory heavy metals (e.g., Cd, Pb, Zn, Mn 

and Ni) should be investigated. 

Evaluating the impact of breakpoint chlorination and rechloramination will lead to a new 

understanding in managing chloramine residuals. Furthermore, chloramine decay mechanisms 

can be predicted, identified and prevented by developing a suitable model by incorporating 

critical issues such CDP and heterotrophs on chloramine decay.  
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Appendix A 

A.1  Evidence of chloramine decaying soluble microbial products (SMP) accelerating 

chloramine decay in filtered severely nitrifying water  

Results extracted from Krishna, Sathasivan and Sarkar (2012) demonstrated cSMP activity in 

severely nitrifying water samples. In their experiment, severly nitrified bulk water samples 

were collected from the reactor and filtered through 0.2µm polycarbonate membranes. Total 

chlorine, TAN, nitrite and pH were adjusted in a similar way to this experiment whenever the 

rechloramination was carried out. In nitrified sample, TAN and nitrite reduction were higher 

than that in the feed water sample (Fig. S1). The ΔTAN (0.100 ± 0.03 mg.L-1) and ΔNO2-N 

(0.05 mg.L-1) could be due to the influence of cSMP on auto-decomposition and nitrite 

oxidation, respectively. 

 

Figure A.1: Evidence of SMP activity on accelerating auto-decomposition (ΔTAN) and nitrite 

oxidation (ΔNO2-N) 
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A.2  Behaviour of repeatedly re-chlorinated samples obtained from severely nitrified 

reactor 

Keeping the first dosing to the severely nitrified sample as in A.1 (Fig. A.1), the sample was 

subjected to repeated dosing by Krishna, Sathasivan and Sarker (2012) to test how chloramine 

decay characteristics change under these conditions. Before each dosing, the nitrite and pH 

were adjusted and same chloramine was dosesd. The results are shown in Fig. A.2.  

 

Figure A.2: Total chlorine decay and nitrogenous species profiles at repeated re-

chloraminationin the sample collected from the reactor filtration. In each re-chloramination, 

nitrite, Cl-To-TAN ration, pH and Cl were adjested the same as the foirst one. The vertical 

arrows show the rechloramination points (Adopted from Bal Krishna et al., 2012). 

Similar to the results observed in our experiment, an accelerated drop of TAN and nitrite levels 

along with rapid chlroramine decay upon consecutive re-chloramination were  recorded in their 

experiment. After each rechloramination TAN loss in the first 25 h was slightly reduced in 

concert with the slightly stable chloramine. Nitrite loss however increased, probably due to 

increased concentrations of chloramine. The authors could not explain this observation at that 

time. Nevertheless,  those results support the theory of two different types of SMP (proteins) 

or two sites of a single protein playing different roles; auto-decomposition and nitrite oxidation, 

although this needs further exploration in the future.  
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A.3  DOC variation in the feed water with time 

 

Table A.1: The variation of DOC concentration in the feed water (2014) 

Month Average DOC level (mg-C.L-1) 

January 7.92 

February 6.83 

March 5.96 

April 5.41 

May 4.12 

Jun 4.00 

July 4.24 

August 4.62 

September 5.10 

October 5.55 

November 6.42 

December 7.10 

 

The feed water DOC concentrations that were collected from the Orchard Hills water filtration 

plant varies according to the season of the year. Higher DOC concentrations (7-8 mg-C.L-1) 

were prominent in the water samples collected from December to February (summer time), 

which could be due to the heavy rain in that time of the year. Water collected in the winter 

season normally resulted in low DOC concentrations (4-5 mg-C.L-1) compared to the water 

collected in summer time.  
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Appendix B 

B.1  Silver inhibition on SMP 

Krishna, Sathasivan and Sarker (2012) recently demonstrated that chloramine decaying 

substances which is released or produced in the nitrified chloraminated systems accelerates 

chloramine decay. However; applying protein denaturing techniques such as silver addition 

(presented in Fig. B.1 and B.2) completely inhibit the accelerated chloramine loss. 

 

Figure B.1: Chloramine decay profiles in severely nitrified water samples after addition of 

silver and without addition. ‘Unprocessed’ represents the not filtered samples where ‘filtered’ 

represents the filtered samples through 0.22 μm. 

(Adapted from Bal Krishna et al. 2012) 
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Figure B.2:  Total chlorine decay profiles in the filtered bulk water collected from the reactor 

and feed waters after application of silver and adjustment of similar initial conditions in all 

samples. Initial condition: Total chlorine, 2.0 mg.L-1; TAN, 0.45 mg.L-1; nitrite, 0.21 mg-N.L-

1; pH, 8.0; and temperature 20 °C. 7a: application of silver. 

(Adapted from Bal Krishna et al. 2012) 

 

 

Fig. B.2 demonstrates that the chloramine decay profile of the reactor bulk water was similar 

to the feed water after the addition of silver. All concentrations of silver reduced the observed 

acceleration present in the reactor bulk water. The minimum dose of 50 μg-Ag.L-1 was 

sufficient to improve the chloramine decay rate.  

 

 

 

 

 

 

 

 




