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Abstract

Within the drinking water distribution system (DWDS) using chloramine as disinfectant,
nitrification caused by nitrifying bacteria is increasingly becoming a concern as it poses a
great challenge for maintaining water quality. To investigate efficient control strategies,
operational conditions including hydraulic regimes and disinfectant scenarios were
controlled within a flow cell experimental facility. Two test phases were conducted to
investigate the effects on the extent of nitrification of three flow rates (Q = 2, 6, and 10
L/min) and four disinfection scenarios (total Clo=1mg/L, Clo/NH3-N=3:1; total Clb=1mg/L,
Cl2/NH3-N=5:1; total Cl,=5mg/L, Clo/NH3-N=3:1; and total Cl,=5mg/L, Clo,/NH3-N=5:1).
Physico-chemical parameters and nitrification indicators were monitored during the tests.
The characteristics of biofilm extracellular polymetric substance (EPS) were evaluated
after the experiment. The main results from the study indicate that nitrification is affected
by hydraulic conditions and the process tends to be severe when the fluid flow transforms
from laminar to turbulent (2300<Re<4000). Increasing disinfectant concentration and
optimizing Clo/NH3-N mass ratio were found to inhibit nitrification to some extend when
the system was running at turbulent condition (Q = 10L/min, Re = 5535). EPS extracted
from biofilm that was established at the flow rate of 6 L/min had greater
carbohydrate/protein ratio. Furthermore, several nitrification indicators were evaluated for

their prediction efficiency and the results suggest that the change of nitrite, together with
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total organic carbon (TOC) and turbidity can indicate nitrification potential efficiently.
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Introduction

In modern drinking water distribution systems (DWDS), chlorine and chloramine are the
two main disinfectants applied for securing water quality (Gagnon et al., 2004). Compared
with chlorine, chloramine is more persistent in water and hence resulting in better overall
disinfection (Norton and LeChevallier, 1997). However, the disinfection efficiency of
chloramine has been observed to be highly affected by microbial composition in both
biofilm and bulk water (LeChevallier et al., 1990; Zhang and Edwards, 2009). In
chloraminated DWDS, free ammonia released from chloramine decay will serve as an
energy source for indigenous autotrophic ammonia oxidizing bacteria (AOB) and nitrite
oxidizing bacteria (NOB) (Pintar and Slawson, 2003). Growth of these microorganisms
mediates the process of nitrification, resulting in production of nitrite and further decrease
of available chloramine (Hoefel et al., 2005). This process will not only show considerable
influence on the inactivation efficiency of chloramine and subsequently affect drinking
water quality, but also promote microorganism assemblage and hence to increase the
possibility of regrowth events in the distribution system (Kirmeyer et al., 1995).

In order to provide advice on controlling nitrification in DWDS, researchers have
focused on investigating the relationship between the abundance of nitrifying bacteria and
system physic-chemical conditions (Kirmeyer et al., 1995; Odell et al., 1996; Wolfe et al.,
1990; Zhang et al., 2008; Zhang et al., 2009b). Free ammonia concentration, dissolved
oxygen, temperature, light, pH and alkalinity have been observed to be related to the

growth of nitrifiers (Wolfe and Lieu, 2001; Zhang et al., 2009a). Several other factors
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relating to nitrification were identified as well, which include nutrients, pipe materials and
house hold treatment methods (i.e. filtration) (Fleming et al., 2005, 2008; Zhang et al.,
2009a).

Compared with heterotrophic bacteria, nitrifiers are chemoautotrophic and show
relative slow growth rate, especially under oligotrophic condition (Pintar and Slawson,
2003). However, once nitrification is underway and becomes severe, the process is
observed to be difficult to control or inhibit within the DWDS (Cunliffe, 1991; Odell et al.,
1996; Sathasivan et al., 2008; Seidel et al., 2005). Traditional nitrification controlling
strategies are aimed at inhibiting the activity of nitrifying bacteria by optimizing
disinfectant schedules (Skadsen and Cohen, 2006). Utilities normally prevent nitrification
by increasing the chlorine to ammonia nitrogen ratio and hence to limit the available free
ammonium within distribution systems (Odell et al., 1996). Measures such as periodically
flushing and temporally using breakpoint chlorination are also applied to control
nitrification (Lieu et al., 1993; Odell et al., 1996). Though nitrification could be eliminated
for a period within DWDS via these operational management, the event is always recurring.
The persistence of nitrification might be attributed to the support from biofilm, which
enhances the stability and disinfection resistance of nitrifiers (Furumai and Rittmann, 1994;
Volk and LeChevallier, 1999).

It has been suggested that the most possible existence form of nitrifying bacteria in
DWDS is the aggregated bacterial cluster within biofilm (Tarre and Green, 2004; Wilczak
et al., 1996). To control nitrification, factors related to biofilm formation should be
considered as well. Studies have indicated that biofilm accumulated in DWDS is highly
affected by operational conditions (i.e. hydraulics, disinfectants) (Douterelo et al., 2013;
Mi et al., 2015). In addition, the extracellular polymetric substance (EPS), which is a kind
of matrix embed within the biofilm, has been suggested to serve as a protector that prevents
interferences from outer environment (Fish et al., 2016; Xue et al., 2012). This structure
contributes to the resistance ability of biofilm, including the accumulated microorganisms,
to the increasing shear stress or disinfectant dose (Fish et al., 2017; Xue et al., 2013).
Further studies have suggested that biofilm EPS characteristics are impacted by the
hydraulic condition to which the biofilm is exposed (Fish et al., 2016). However, for better
understanding of the further hazards brought by nitrification in chloraminated DWDS,
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research is needed on the relationships between operational effects (hydraulics and
disinfection strategies) on biofilm structure (EPS) and nitrification process.

The aim of this study was to investigate the effects of hydraulic regimes and disinfection
strategies (increasing disinfectant dose and chlorine to ammonia nitrogen ratio) on
nitrification in chloraminated DWDS, as well as on biofilm EPS structure. Additionally,
we aimed to evaluate the change of water quality in association with different experimental
conditions and therefore to provide possible suggestions for utilities in securing water

safety.

1 Materials and Methods

1.1 Experimental setup and operating conditions

To simulate the drinking water distribution system, a flow cell facility was applied in
current study. The details of the design and characteristics for flow cell unit are described
in Shi et al. (2019). Before applying different hydraulic regimes and disinfection schemes,
nitrification was established by introducing dechlorinated tap water with a high
concentration of ammonia (50 mg/L. NH3-N). The operation conditions and monitoring
methods of this stage are described in Shi et al. (2019). After a stable nitrification process
was developed, the facility was adjusted to investigate different experimental conditions.
The schematic diagram is shown on Fig. 1. For the research reported here, two test phases
were conducted, which included three hydraulic regimes and four disinfection scenarios.
Each of the test phases ran for 33 days. The detailed operational conditions are listed in
Table 1.

The feed water was prepared by firstly adding chlorine (from a stock solution of 500
mg/L total chlorine) to dechlorinated water to achieve a final concentration of 1.0/5.0 Cl»
mg/L. After 24 hr, the water was re-adjusted to the required concentration of chlorine and
ammonia (from pure ammonium chloride) was added to maintain a total chlorine to total
ammonia nitrogen ratio of 3:1/5:1.

The pH, dissolve oxygen (DO) and conductivity within each flow cell unit were
monitored every day during the experiment. Water samples were collected regularly from
each unit and analysed for total and free chlorine (Cl»), nitrite-nitrogen (NO2™-N), nitrate-
nitrogen (NOs™-N), free ammonia nitrogen (NH3-N), total organic carbon (TOC) and total

nitrogen (TN). Heterotrophic plate count (HPC) measurement and chloramine decay tests
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were conducted twice a week.

1.2 Analytical methods

1.2.1 Physico-chemical parameter measurement

The measurements of pH, DO and conductivity were made using a benchtop meter
(SevenExcellence S600) and probes. A HACH portable instrument was used for turbidity
analysis in this test (HACH DR 900) based on standard method 2130 (APHA, 1998). Total
and free chlorine, nitrite nitrogen, nitrate nitrogen and free ammonia nitrogen were
measured using a Benchtop Spectrophotometer (DR3900, Hach-Lange) and relevant
standard reagent assays (produced by Hach Lange). TOC and TN were measured by a TOC
analyser (TOC-Vcpu Shimadzu). For each parameter, three subsamples were collected, and
the average was used as the final value.

1.2.2 Bio-parameters

HPC was determined by R2A agar plate following the standard method 9215 (APHA
1998). The microbiological decay factor (Fj;) evaluates the contribution of microbiology
to the overall monochloramine decay in the bulk water, as described by Sathasivan et al.
(2005). The method is outlined herein.

The water sample was divided into two subsamples. One was unfiltered and the second
was filtered through a 0.2 um filter for removal of possible microbiological agents. After
filtration, a microbial inhibitor (AgNO;) was added to the second subsamples at 100pg-
Ag/L, to ensure monochloramine decay was caused by chemical means only. The two
subsamples were then incubated at a constant temperature of 20°C without light. The
monochloramine residual was measured regularly when the total chlorine residual in the
unfiltered sample reached 0.5 mg/L.

First-order reaction kinetics is used to describe all decay rates in this method. The
integrated form is given by Eq. (1):

Cniyer = Cymycr0exp (—kst) (1)

Where CNH,C1,0 is the initial monochloramine concentration in mg/L (i.e., at t=0), CNH,C] is the
monochloramine concentration in mg/L, kg is the first-order decay coefficient of sample S at 20°C, and t is
elapsed time in hours.

The decay coefficients for unfiltered and filtered (0.2 pum) with AgNO; sub-sample are

ktotal and k¢ respectively. The difference between chemical decay (k¢) and total decay
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(ktotal) 1s attributable to microbiological agents including nitrifiers. The difference is
defined as the microbial decay coefficient and is denoted as km (Eq. (2)).

Km = k[ = kc (2)

Fm is the ratio of the microbial decay rate coefficient (kz;) and the chemical decay rate

coefficient (k¢) as shown in equation Eq. (3).

kem
Fn =22 3)

1.3 Biofilm EPS extraction and characterisation

To characterise the biofilm EPS, coupons installed in each discrete flow cell (five for each)
were collected after the experimental phases 1 and 2. In order to remove the attached
biofilm thoroughly, the coupon was immersed into 10mL sterilized phosphate-buffered
saline (PBS) and then sonicated in an ultrasonic water bath (Kerry 2593) for 10 mins at
approximately 50 Hz. After all the five coupons were washed, the 10mL suspended culture
was divided into two subsamples: 9 mL suspension was centrifuged to cell pellets for EPS
extraction and quantification; the remaining 1 mL solution was for HPC counting and

storage (combined with 20% glycerine).

The protocol used within the current study for EPS extraction is as described by Brown
and Lester (1980). From the sub-sample collected in the last step, the cell pellets were
firstly washed with 0.25 mL PBS and then re-suspended in 1.25 mL PBS. Combined with
the 0.25 mL suspension from the washing step, the 1.5 mL suspension was transferred to a
clean centrifuge tube and then 1.5 mL of 2% ethylenediaminetetraacetic acid (EDTA) in
PBS was added. The solution was then sonicated for 30 s (Kerry 2593) and incubated for
3 hr at 4°C. After the incubation period, the solution was centrifuged at 20,000xg for 20
mins to pellet the cells. The supernatant was then filtered through 0.2 pm filters to remove

possible microorganisms before EPS evaluation.

Total protein and carbohydrate were the two components from extracted EPS quantified
within the current study. The total concentration of protein was determined using the
standard Bradford assay (Sigma B6916) with bovine serum albumin (BSA) as standard.
The total carbohydrate concentration within extracted EPS was measured using a standard
phenol-sulphuric acid-based assay kit (Sigma MAK104) with glucose (2.0mg/1 solution)

as standard.
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1.4 Statistical Analysis

Statistical analysis were performed using PASW Statistics 18.SPSS. As the water quality
parameters were not normally distributed, the Kruskal-Wallis test (for comparison > 2
datasets) or Mann-Whitney U test (for 2 datasets, p<0.05 two tailed) were used to identify
whether there was difference in parameter concentrations between each operational
condition. The correlation between each water quality parameter and operational
conditions was determined by calculating the non-parametric Spearman’s rank correlation

coefficients.

2. Results

2.1 On-going nitrification responses to changing hydraulics

2.1.1 Water quality

As shown in Table 2, the pH varied little for all the flow cells running at different hydraulic
regimes. Together with the increase in TOC concentration and HPC number in all flow cell
units, the turbidity in every flow cell at each flow rates increased at the end of the tests. As
the nitrification process had been established before the tests, the concentration of total

nitrogen dropped after the tests in all experimental conditions.

The effect of hydraulic regimes on these five water quality parameters was identified
based on the Mann-Whitney U test (Table S1 and S2). Along with the experiments, there
were statistical differences in pH values and TOC concentrations between each hydraulic
regime when the total Cl> was 5 mg/L. For flow cells fed with water of 1 mg/L total Clzin
test phase 2, pH in the flow cell operated at 10 L/min was observed to be different between
that in flow cells running at other two flow rates. Changing hydraulic regimes resulted in
significant difference in TN levels under several conditions, while there was no statistical
difference in HPC observed between any experimental scenario. When the Cl2/NH3-N
mass ratio was 5:1 in test phase 2, the water was observed to be more turbid in the cell at
flow rate of 6 L/min than that in the units at the other two hydraulic regimes under both
disinfectant concentrations (Table 2). Further explanations for this observation are given
in the discussion section (Sec. 3.3).

Analysis of Fm was made for each flow cell unit. From the results shown in Table 3,
the majority of the Fm values are < 1 and the change pattern during the experiment is

different for each scenario. In most cases, the largest value of Fm occurred during the
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middle stage of the tests (around days 16 ~ 21). However, no significant difference was

found in the ratios between different hydraulic regimes (Table S1 and S2).

2.1.2 Indicators of nitrification

Figure 2 and Figure 3 show the change in concentrations of free Cl2, NH3-N, NO3™-N and
NO>"-N within flow cell units under different scenarios for each test phase. For total Cl»
and monochloramine, the monitoring results are provided in Table S4 and S5 and the
detection limit of total/free chlorine in this study is 0.02 mg/L. As shown in Fig.2 and 3,
the disinfectant residual (free Cl2) under most of the operational conditions decreased
sharply at the early stage of the experiment and the residual was at low level (<0.1 mg/L)
till the end of tests.

No significant difference in free Clo was found between different hydraulic regimes,
except when the total chlorine and Clo/NH3-N ratio were 5 mg/L and 5:1 in the feed water.
Under this condition, the concentration of free Clz in cell running at 10 L/min was
significantly higher than that at 6 L/min (Table S1 and S2).

Although nitrification within each flow cell unit was established under the same
incubating condition, the change in nitrification episodes (NH3-N, NO3™-N and NO>-N)
was not constant under different flow rates during the test phases. Overall, the
concentrations of nitrite increased under different hydraulic conditions, but the pattern of
changes were different (Fig. 2a, b and Fig. 3a, b). In contrast, the concentration of nitrate-
nitrogen within flow cell operated at all flow rates showed a declining trend. It should be
noted that although the concentration of nitrite-nitrogen in flow cell operating at the flow
rate of 10 L/min (Fig. 3¢, f) was maintained at a relative low level during the first 20 days
of the test phase 2, the concentration increased sharply at the later stage of experiment.

Compared with phase 1, hydraulic regimes showed more impact on nitrification related
parameters in test phase 2. As the concentration of NO2-N is commonly applied as an
indicator of nitrification, a boxplot was made to present the data of NO2-N for each
experiment scenario (Fig. 4) and to evaluate hydraulic condition effects on the nitrification
process. Based also on the results from Mann-Whitney U test (Table S1 and S2), the
concentration of NO2-N was found to be statistically higher in flow cells running at the
flow rate of 6 L/min in test phase 2 (Fig. 4). In comparison, the hydraulic regimes did not

show similar impacts on the production of nitrite in test phase 1.



223
224
225
226
227
228
229
230
231

232

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

248
249
250
251
252

2.2 Response to different disinfection strategies

2.2.1 Water quality response

Where the Clo/NH3-N ratio was 5:1, more significant water quality differences were found
between the different hydraulic regimes (Table 2). The concentration of disinfectant dose
in feed water affected the pH and TOC in flow cells operated at the flow rate of 2 and 6
L/min (Table S1 and S3). Under these two hydraulic regimes, pH was lower in flow cell
fed with higher concentration of disinfectant, while the TOC was higher when an
increasing disinfectant dose was applied. Different disinfection scenarios did not show

effect on HPC (Table 2) and the microbiological decay factor (Table 3).

2.2.2 On-going nitrification evaluation

At the end of the two test phases, disinfectant residual declined to a quite low level (<0.1
mg/L) under all disinfection scenarios. In contrast to rapid declines in free chlorine within
all flow cells at the beginning of the experiment in test phase 1, the concentration of free
chlorine in flow cells running at 2 L/min and 10 L/min could be maintained at a reasonable
level (around 1 mg/L) during the first 20 days in test phase 2 (Fig. 3d, f). Throughout the
same period in test phase 2, less nitrite accumulated and ammonia loss were observed in
flow cells operated at 2 L/min and 10 L/min as well. Compared with different disinfectant
dose concentrations, greater reduction in nitrate (average loss of 85%) was observed when
the total chlorine was 5 mg/L in feed water (Fig. 2 and 3).

As shown in Fig. 4, the disinfectant dose did affect the production of nitrite under
several hydraulic conditions (i.e. 6 L/min and 10 L/min). However, this impact did not
show a constant effect under different Clo/NH3-N levels. When the ratio was 3:1, nitrite
accumulation was promoted in flow the cell fed with a lower concentration of disinfectant.
An opposite trend was observed in test phase 2, where the ratio was 5:1 in feed water (Fig.

4).

2.3 Assessment of biofilm EPS structure

Figure S shows the extracellular carbohydrate and protein concentrations of the isolated
biofilm. To compare their properties, concentration is expressed as pg per total organic
carbon (mg) detected within the samples. Within the isolated biofilm, carbohydrate was

the dominant component and varied under different operational conditions. The peak value
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of extracellular carbohydrate was obtained from biofilm isolated from flow cell with flow
rate at 6L/min when the total chlorine in feed water was 1 mg/L. However, when the
concentration of monochloramine was Smg/L in both test phases, the carbohydrate
concentration was found to increase with increasing hydraulic regimes.

Table 4 shows the details of total extracellular protein and carbohydrate content
produced by cell mass, and the ratio of total EPS mass (calculated by adding protein and
carbohydrate together) and cell numbers. The ratio of carbohydrate to protein in sampled
biofilm fluctuated with operational conditions (from 2.73 to 16.07). The EPS production
ability of isolated biofilm was different between different experimental scenarios. There
was a decease (around one order of magnitude) in the EPS-to-cell ratio when the biofilm
was isolated from flow cell units operated in test phase 2, where the Clo/NH3-N ratio was

5:1.

2.4 Correlations between water quality parameters

As shown in Fig. 4, nitrification was observed in each experimental scenario of this study.
In order to identify whether there are correlations between the water quality parameters,
and therefore give possible suggestion for monitoring nitrification, a non-parametric
correlation analysis was performed. Figure 6 provides the results of the analysis, which
include the Spearman correlation coefficients and the statistical significance for each
correlation for the two test phases.

Correlations were identified between most of the selected parameters in the two test
phases. As can be seen in Fig. 6, NO2-N, turbidity and TOC were positively correlated
with each other (p<0.05). NO2-N were observed to be negative correlated with NO3™-N,
NH3-N and TN (p<0.01).

The correlations between NO2™-N and free Cl, were not clear. No statistical correlation
was identified in test phase 1, and was found to be negative in test phase 2 (p<0.01). In
addition, NH3-N was strongly positively correlated with TN (p<0.01), and there were
positive correlations between NO3™-N and NH3-N and TN within these two test phases.

For microbial parameters, HPC or microbial decay factor (Fm) was not correlated with

any water quality parameters measured within this study.

3. Discussion

3.1 Hydraulic impacts upon nitrification



284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314

In this study, three hydraulic regimes were investigated for their impacts on nitrification
within chloraminated flow cell units, which had been incubated with biofilm and had
nitrification established before tests were conducted. Although the same incubation
conditions were controlled in different flow cell units before testing, significant differences
in water quality parameters were found between the cells running at different hydraulic
regimes during the test phases (Table 2). Since biofilm had been established before testing
and the flow rate was the only controlling factor within the single test phase, the hydraulics
could be one of the key factors that contributed to the difference in water quality. In
addition, since nitrification had been established before testing and significant difference
in nitrite concentration was observed after having flow cells operating at different hydraulic
conditions during the test phases, the difference in water quality could also be a result of
the hydraulic impacts on the nitrification process.

Hydraulic condition is considered to be an influencing factor due to its impact on mass
transfer to biofilm, including nutrients, disinfectants, oxygen and microorganisms (Beer et
al., 1996; Beyenal and Lewandowski, 2002; Vieira et al., 1993), and also on biofilm
density, composition and structural characteristics (Abe et al., 2012; Purevdorj et al., 2002).
Both increased mass penetration to biofilm and greater bacterial density were observed
within Pseudomoas fluorescens culture when incubated with increasing flow velocity
(Vieira et al., 1993). Similarly, Lehtola et al. (2006) observed that within pilot distribution
system biofilm formation was favoured by increased flow velocity and accompanied with
increasing consumption of nutrients.

In the current study, nitrification was observed and as nitrification is a microbial
process, the density and activity of both the nitrifiers and heterotrophic bacteria within the
biofilm was considered to affect this process. If the theory described above was true,
nitrification would be promoted under higher flow rates due to the potential increases in
density of nitrifying bacteria in the biofilm. However, as the most common indicator of
nitrification, the accumulation of nitrite was observed to be promoted in flow cells running
at 6 L/min (Fig. 4). In other words, nitrification was suggested to be more severe when the
flow rate was 6 L/min, than that in flow cells operating with other two flow rates. In
addition, nitrification was found to be inhibited to some degree at the beginning of the test

in units running at the flow rate of 10 L/min (Fig. 2 and 3). This might be explained by the
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fact that the increasing flow rate not only promotes the nutrient diffusion (especially
ammonia for nitrification) into the biofilm, but it also increases the detachment of biofilm
to bulk water and hence reduces the available nitrifiers that participated in the nitrification
process. The impact of increasing flow velocity on biofilm removal from surface has been
observed by Lehtola et al. (2006) and Sekar et al. (2012), who both found a positive
correlation between flow velocity and planktonic cell counts in bulk water. To overcome
the detachment force, biofilm tends to respond with an increasing cohesive strength (Paul
et al., 2012) and higher microbial growth rates (Dreszer et al., 2013; Liu and Tay, 2001).
However, researches also observed that the bacterial growth rate in biofilm tended to
increase within a certain flow range but began to decrease when the excessive shear forces
would destroy the biofilm structure (Tsai, 2005; Wang et al., 2013). This is supported by
current observation that the most possible favourable hydraulic condition for nitrification
was the flow rate of 6 L/min. At this hydraulic condition (6 L/min , Re = 3321), the flow
turbulence was under the transition stage from laminar to turbulent and the biofilm/nitrifier
growth could take full advantage of the increasing mass transfer by flow, while their
detachment rate was lower than the growth rate.

It has been suggested that biofilm EPS structure and composition are highly affected by
the environment in which the biofilm is incubated, and the bacterial communities presented
(Ahimou et al., 2007; Simoes et al., 2007). In order to investigate whether the difference
in nitrification potential between different hydraulic conditions was caused by hydraulics
impact on biofilm structure, the characteristics of biofilm EPS were evaluated within the
current study. Carbohydrate was found to be the dominant component of all biofilms from
flow cell units (Fig. §), as has also been reported in other studies (Kilb et al., 2003). The
carbohydrate/protein mass ratios of biofilm’s EPS were all above 1 (Table 4) and the value
varied with different operational conditions. In most cases, without considering the
disinfectant concentration and Cl2/NH3-N mass ratio, a higher proportion of carbohydrate
was observed in biofilm incubated at flow rate of 6 L/min, suggesting that carbohydrate
synthesis was promoted (Table 4). In combination with the observation that nitrite
production was promoted when flow rate was 6 L/min, it is suggested that biofilm EPS
composed of more carbohydrate would be conductive to nitrification. EPS carbohydrate

concentration was reported to be positively correlated with the biofilm cohesive energy (R’
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= 0.9) (Ahimou et al., 2007). A stable biofilm structure would bring benefit to the
aggregated bacteria to overcome outer interference and hence to promote biological related
activity.
3.2 Disinfection strategies effects
Monochloramine was produced by the combination of free chlorine and ammonia at a mass
ratio of 3:1 or 5:1. A 5 to 1 mass ratio would achieve the maximum formation of
monochloramine without free ammonia left, while the 3 to 1 mass ratio would ensure
monochloramine to be the dominant form, but will result in an excess of free ammonia in
the feed water (Fleming et al., 2005, 2008). Due to the nitrifying biofilm been established
during the incubation stage within the current study, the higher Clo/NH3 mass ratio was
supposed to control nitrification due to the limited amount of free ammonia available
(Fleming et al., 2005, 2008). In terms of inhibiting nitrification, neither of these two ratios
could control the process continually, and this is in agreement with an industry survey
made by Wilczak et al. (1996). However, when considering nitrite data in conjunction with
the free ammonia nitrogen data (Fig. 2 and 3), it was noted that at the beginning of test
phase 1 ammonia level dropped after a corresponding increase in nitrite concentration, but
a converse observation was found in test phase 2. The difference is suggested to be caused
by whether free ammonia is the major form of total ammonia within water. When the
Cl2/NH3-N mass ratio was 3:1, the extra free ammonia in bulk water would firstly be
consumed if nitrification process was on-going, and hence a decrease of free ammonia
concentration would be observed. In contrast, due to no free ammonia existing when the
Cl2/NH3-N mass ratio was 5:1, free ammonia would be released from monochloramine
either by auto-decomposition or reactions between organic or inorganic species (Valentine
1998). Once nitrification occurred, the release of free ammonia would be promoted, and
its concentration would increase if the consumption rate was less than the production.
Although the initial increase of ammonia before nitrification was reported in previous
studies (Liu et al., 2005; Yang et al., 2008), no explicit discussion on this has been
provided. From the results of current study, the Clo/NH3-N mass ratio is a factor that should
be considered, especially for utilities using ammonia as nitrification indicator.

When the total Cl> maintained in feed water was 1 mg/L within these two test phases,

the free Cl, dropped significantly (close to 0.1 mg/L) at the beginning of tests and remained
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consistently low (<0.05 mg/L) in all conditions. Considering nitrifying biofilm had been
established before the tests, the rapid loss of disinfectant is suggested to be the result of
reactions involving nitrifiers and heterotrophic bacteria. In addition, the uninhibited
nitrification would further increase the decay rate of chloramine (Cunliffe, 1991) and hence
result in a continuous low level of chloramine. The concentration of total chlorine in feed
water was changed to 5 mg/L for investigating whether nitrification could be controlled by
higher disinfectant dose. Liu et al. (2005) suggested that nitrification rarely occurred when
disinfectant residual was above 1 mg/L and CIl2/NH3-N mass ratio was greater than 5.
However, in the current study though nitrification has been inhibited for a period within
some instances, especially when the Clo/NH3-N mass ratio was 5 (Fig. 3d and f), an
increase of nitrite was monitored after the drop of chloramine residuals. Once nitrification
occurred, the produced nitrite further accelerated the decay of chloramine and the
disinfectant residual decreased to a low level. This could be explained by the high
resistance ability of nitrifiers to disinfectant, which was observed to survive in the system
with more than 5 mg/L. monochloramine dose (Cunliffe, 1991). Furthermore, in flow cells
running at the flow rate 6 L/min, the chlorine residual declined extremely fast at the
beginning of the test and the nitrification process could not be controlled at all (Fig. 3b).
This observation suggested that hydraulic regime could be another factor inhibiting the
disinfection efficiency, as the nitrite production rate is high enough to consume chloramine
and hence accelerate disinfectant decay under a specific range of hydraulic conditions
(Eq.(4) and (5)). The results in the current study showed that increasing chloramine amount
is an inefficient control method, and this has also been reported in full-scaled utilities
experiencing nitrification, where disinfectant residuals could not be regained easily once
lost and the activity of nitrifying bacteria was observed to increase simultaneously (Odell
et al., 1996). The difficulty in controlling on-going nitrification was emphasized in the
current study and a long-term efficient management method is urgently required.
NH; + 0, — NO; + 3H' + 2e~ 4)
NH,Cl + NO; + H,0 — NH; + NO3 + HCl (5)
On the other hand, the disinfectant strategy might influence biofilm biomass and EPS
per cell in terms of bacterial activity and EPS availability. A higher concentration of

disinfectant was hypothesized to have better disinfectant efficiency for controlling biomass
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within biofilm. However, from Table 4, in test phase 2, the biomass in biofilm conditioned
by higher concentration of chloramine (5 mg/L) was greater than that in biofilm from flow
cells fed with lower disinfectant (1 mg/L), while a reverse relationship was observed for
EPS per cell. One of the functions of EPS is to protect biofilm against environmental stress
(Weiner et al., 1995). Xue et al. (2013) suggested two mechanisms of EPS protection role
on bacteria inactivity by both chlorine and chloramine. The authors suggested EPS might
work as either disinfectant consumer (for chlorine inactivation) or limiter that prevents the
access of chloramine to the cell membrane (Xue et al., 2013). In the current study, since
nitrification was observed and this process would accelerate the decomposition of
chloramine to free chlorine and ammonia (Oldenburg et al., 2002), hence the disinfectant
affecting biofilm might be the combination of chloramine and chlorine. If the mechanisms
described above are true, then the increased EPS produced would consume the free chlorine
and also work as protector to increase biofilm resistance ability to chloramine. Once the
available disinfectant residual was consumed by EPS, nitrifiers within biofilm could utilize
free ammonia to create nitrite. This partly explains why the concentration of nitrite

increased when free chlorine dropped to a low level (Fig. 3c and f).

3.3 Water quality parameters related to nitrification

To verify the observation discussed above, other water quality parameters related to
nitrification potential were evaluated. Previous studies suggested parameters including pH,
turbidity, disinfectant residual, NH3-N, NO3™-N, TOC and HPC were related to nitrification
process (Liu et al., 2005; Odell et al., 1996; Wilczak et al., 1996; Wolfe and Lieu, 2003;
Yang et al., 2008). Within this study, parameters including TOC, turbidity, NH3-N, NO3™-
N and TN were observed to have correlation with nitrite production (Fig. 6). The organic
carbon within drinking water system was suggested to be an indirect stimulating factor in
terms of nitrifying bacteria growth, as it could react with chloramine and further reduce the
inactivation of nitrifier and support the formation of biofilm (Kirmeyer et al., 1995; Zhang
et al., 2010). Based on the water quality data from feed water for the current experiment
(Table S3), the TOC within source water was around 1~2 mg/L. During the tests, there
was an increase of organic carbon in bulk water under all operational conditions (Table 2).
The source of increasing organic carbon in drinking water system was thought to be the

result of increasing HPC in water (Table 2), and also the release of microbial metabolism



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

materials (Noguera et al., 2009; Wolfe et al., 1990; Yang et al., 2008). Similar to the
correlation analysis results within the current study, positive correlation between nitrifying
bacteria and TOC level was observed as suggested by Zhang et al. (2010), who fed a
simulated drinking water system with high/low TOC chloraminated water and the results
indicated that nitrification was promoted under higher concentration of TOC. Therefore,
the level of TOC in bulk water might be used as an indicator of nitrification potential.
Turbidity is a water quality indicator, which is caused by the presence of suspended
materials, such as clay, silt, organic or inorganic matter, plankton and other microscopic
organisms (McCoy and Olson, 1986). This was verified from the observation that a
significant positive correlation existed between TOC and turbidity in the current study (Fig.
6). In addition, turbidity was suggested to be an indicator of nitrification as well. Lipponen
et al. (2002) reported an increase of turbidity associated with increasing number of
nitrifying bacteria in an investigation within 15 chloraminated DWDSs. Although the
nitrifying bacteria was not measured within the current study, strong positive correlation
between nitrite and turbidity was found (Fig. 6). Together with the observation of the
change pattern of nitrite, TOC and turbidity in flow cell units running at different flow
rates, these two parameters followed similar trend between different hydraulic conditions
(Fig. S1 and S2). This was different from previous study, which observed increasing
turbidity was associated with the detachment of materials from pipe surface caused by
increased flow velocity (or shear stress) (Husband et al., 2008). This difference might
provide further evidence that the water quality within the current study was mostly affected
by hydraulic impacts on nitrification process, rather than directly by the hydraulics itself.
Microbial decay factor (Fm ratio) was firstly introduced by Sathasivan et al. (2005),
who suggested this factor could indicate the presence of AOB activity by determining
microbial contribution to total chloramine decay (Sathasivan et al., 2008). Based on this,
an increase of Fm ratio would be observed to be associated with the occurrence of
nitrification, and its value could reflect the nitrification potential to some extent. Within
the current study, similar to the results from a batch test made by Sawade et al. (2016), the
increases of Fm ratio was monitored in some cases where nitrite concentration increased
(Table 3), however, no significant correlation was found between its value and nitrite (Fig.

6). In addition, low value of Fm (< 0.1) was observed in cell units with severe nitrification,
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suggesting that this factor might not be an effective tool to predict nitrification. Considering
the mechanism of this method, which assumed AOB activity was the main microbiological
cause of chloramine decay, the results obtained in the current study do not seem to be in
agreement with the suggested mechanism. The low value of Fm ratio in conditions with
severe nitrification (nitrite > 0.05 mg/L) might have resulted from high concentration of
soluble microbial products remaining within the water sample (Krishna et al., 2012), and

oxidation reactions between chloramine and nitrite (Krishna and Sathasivan, 2010).

3.4 Suggestions for controlling nitrification
Combined with the discussion above, the hydraulics was supposed to have an impact on
nitrification, but the influence could not be explained by simple linear relationship.
Nitrification will be more severe when the potential for promoting it from hydraulic to
nitrifying bacteria growth within biofilm was greater than the detachment force brought by
increasing shear force. To better understand the phenomenon, the abundance of nitrifying
bacteria is suggested to be monitored along the test in further research. Based on the results
from this study, the utilities are suggested to pay more attention to maintaining the
disinfectant residuals within the systems when the flow turbulence (Re number) is around
3300, in which case the nitrification is to be more likely to occur and become severe.
Although nitrification was observed under all operational conditions within the current
study, increasing the flow rate to turbulent conditions and increasing the disinfectant dose
concentration with high Clo/NH3-N mass ratio (5:1) simultaneously within chloraminated
DWDSs could still be considered as a joint method for controlling nitrification. Lower flow
rate was not proposed (i.e. 2 L/min) for the reason that other water quality problems could
be associated with increase of hydraulic retention time (Machell et al., 2009; Tinker et al.,
2009), although the level of nitrite produced under the lower flow rate was relatively low
based on the current results. The failure to inhibit nitrification for a long-term in flow cells
operated with flow rate of 10 L/min and fed with 5 mg/LL monochloramine within the
current study was thought to be due to the long water age (3 days), which would increase
the auto-decomposition of disinfectant. This water age was chosen for the purpose of
magnifying the physico-chemical changes of water quality under different operational
conditions. To further verify the proposed management method, shorter water age is

required to minimize the decline in disinfectant residual caused by the extended residence
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time (Machell et al., 2009). In addition, as turbulent flow (flow rate = 10 L/min, Re = 5535)
was suggested to inhibit nitrification process to some degree within the current
experimental facility, this fluid condition could be considered for reducing biologically

mediated monochloramine during the maintenance phase in real systems.

4. Conclusion

This study provided new information on the effect from hydraulic regimes and disinfection
strategies on nitrification process within chloraminated DWDS. The findings highlight the
difficulty in controlling nitrification, but also provide information for water utilities to
propose possible nitrification control methods. The outcomes of this study are summarized
below:

* Hydraulic effects on the nitrification process and nitrite accumulation were
observed and these processes were promoted when the flow rate was 6 L/min, and where
the fluid transforms from the laminar to the turbulent flows.

* Increasing Clo/NH3-N mass ratio was not considered as an effective nitrification
control strategy. The different responses of ammonia to the change of nitrite observed
between these two ratios (3:1 and 5:1) might explain why the changing pattern of ammonia
varied in different utilities before nitrification.

* Increasing total chlorine concentration was found to inhibit nitrification for a short
period in some cases, while it was completely inefficient in the cell running at the flow rate
of 6 L/min. Combined with the less severe nitrification that was observed in the flow cells
operated at higher flow rate (10L/min), a joint action is suggested to control nitrification
by increasing both flow turbulence and chloramine concentration within DWDS with short
water age.

e Water quality parameters including TOC, turbidity, NH3-N, nitrate and TN were
found to be related to nitrification process. Specifically, except monitoring the change of
nitrite, the variation of TOC and turbidity is suggested to be potential effective to evaluate
nitrification extent also.

e Carbohydrate was the dominant composition of the biofilm EPS in this study and
the carbohydrate/protein ratio was found to be higher in biofilm extracted from flow cell
units experiencing more severe nitrification. This suggests biofilm with stronger cohesive

ability would be conductive to nitrification.
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* More biomass, but less EPS per cell was observed in biofilm conditioned under
higher concentration of disinfectant dose (5 mg/L), suggesting the disinfection resistant
ability of EPS to outer interference would be one of the factors that result in the difficulty

to inhibit nitrification within DWDS.
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List of tables

Table 1: Experimental scenarios

Parameters controlled Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6
Test phase 1
Water age (days) 3 3 3 3 3 3
Cl, dose mg/L 1 1 1 5 5 5
Cl:NH3-N mass ratio 3:1 3:1 3:1 3:1 3:1 3:1
Flow rate (L/min) 2 6 10 2 6 10
Shear stress (N/m?) 0.018 0.117 0.286 0.018 0.117 0.286
Reynolds number (Re) 1107 3321 5535 1107 3321 5535
Test code 2A_T1 6A_TI1 10A_TI1 2B_Tl 6B_TI 10B_T1
Test phase 2
Water age (days) 3 3 3 3 3 3
Cl, dose mg/L 1 1 1 5 5 5
Cl:NH;3-N mass ratio 5:1 5:1 5:1 5:1 5:1 5:1
Flow rate (L/min) 2 6 10 2 6 10
Shear stress (N/m?) 0.018 0.117 0.286 0.018 0.117 0.286
Reynolds number (Re) 1107 3321 5535 1107 3321 5535
Test code 2A_T2 6A_T2 10A_T2 2B_T2 6B_T2 10B_T2
Table 2: Water quality parameters measured before and after tests
pH Turbidity (NTU) TN (mg/L) TOC (mg/L) HPC
.. . . Flow rate (logCFU/mL)
Disinfection scenario (L/min)
Day 0 Day 33 Day 0 Day 33 Day 0 Day 33 Day 0 Day 33 Day0 Day33
Total Cl,=1 mg/L 2 7.72 7.732 0 12 291 2.46* 1.68 4.822 4.08 6.75
Total Cl:NH3-N=3:1 7.73 7.65° 2 92 2.92 2.18° 0.54 223 422 6.85
10 791 7.52 0 202 3.00 2.48¢ 2.61 9.59 4.77 7.41
Total Cl,=5 mg/L 7.60 7.443¢ 0 25 5.23 3.36° 0.47 8.8140 3.95 8.02
Total Cl:NH3-N=3:1 6 7.50 7.60b4 0 6 5.23 4.44> 1.38 4.06 1.56 6.58
10 7.60 7.65¢4 0 7 5.06 4.10¢ 0.71 3.57° 3.62 6.38
Total Cl,=1 mg/L 2 7.21 7.74¢ 5 50 2.40 1.544¢ 0.00 2.37¢de 4.08 7.06
Total Cl:NH3-N=5:1 6 7.09 7.73% 0 15b¢ 2.45 1.60"¢ 0.00 5.52¢f 422 7.53
10 7.21 7.79sf 0 4¢ 2.63 1.324£h 1.89 7.134 4.77 7.41
Total Cl,=5 mg/L 2 7.37 7.65M 2 13¢ 3.37 1.60¢ 0.95 2.81eeh 3.95 7.62
Total Cl:NH3-N=5:1 6 7.14 7.532hi 1 32ef 3.52 2.07¢ 0.43 10.28%¢i 1.56 7.97
10 7.31 7.76' 0 13f 3.47 0.99"1 0.43 4.14h 3.62 8.02

Value labelled with the same subscript letter indicates that there is significant difference between the data sets collected from different operational conditions throughout the
test phases. (Mann-Whitney U test, n=22, p<0.05).




Table 3: Monitoring microbial decay factors (Fm) for different experimental scenarios

during the tests.

Day 2A_T1 6A_T1I 10A_T1 2B_.T1 6B_TlI 10B_T1 2A_T2 6A_T2 10A_T2 2B_T2 6B_T2 10B_T2
1 0.92 0.14 <0.1 0.49 491 1.36 N/A N/A N/A N/A N/A N/A
6 0.23 14.82 0.14 2.61 1.76 3.15 0.17 1.65 <0.1 3.67 0.10 0.89
9 0.28 0.26 0.25 6.1 0.12 <0.1 1.05 3.80 <0.1 2.30 0.11 0.89
16 221 2.16 0.22 0.13 2.61 0.16 <0.1 491 <0.1 <0.1 533 1.50
21 743 7.1 7.87 0.34 <0.1 0.11 1.88 6.12 <0.1 1.05 1.56 0.44
27 4.68 451 0.22 0.26 5.79 5.73 1.08 6.38 2.80 0.44 4.28 <0.1
33 <0.1 <0.1 0.32 0.11 2.70 3.72 N/A N/A N/A N/A N/A N/A

Table 4: Values of HPC cell numbers, protein, carbohydrate and concentration ratios (EPS)

in isolated biofilm from different disinfection scenarios and hydraulic regimes.

. . Hydraulic Ratio Mass
Disinfection .
scenarios regimes EPS:cells Carbohydrates: Protein Cells Carbohydrates Protein (jig)
(L/min) (ng/cell) arbohydrates:Proteins ells (ug) rotein (pug
Total 2 1.26E-07 273 1.80E+07 15.74 577
Cl,=1mg/L 6 1.72E-06 3.64 4.86E+07 65.72 18.05
Cl/NH;-N=3:1 10 1.20E-06 1.17 1.98E+08 13.50 11.50
Total 2 4.70E-06 11.59 3.15E+07 87.06 7.51
ClL=5mg/L 6 3.80E-06 14.13 2.34E+07 82.94 5.87
Cl/NH;-N=3:1 10 3.00E-06 5.98 1.98E+07 79.76 13.34
Total 2 4.19E-06 521 5.40E+07 2791 5.36
Cl,=1mg/L 6 2.18E-07 7.66 2.91E+08 55.99 7.30
Cl/NH;-N=5:1 10 6.16E-07 4.44 6.30E+06 21.55 4.85
Total 2 2.03E-07 16.07 3.55E+08 86.13 5.36
Cl,=5mg/L 6 1.14E-07 535 3.97E+08 38.02 7.10
Cl/NH;-N=5:1 10 2.58E-07 6.78 2.33E+08 41.20 6.08




List of figures

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6

Q = Flow meter

@ PVC loops

R CCIC)

PE tank

= s HOIGIGIGIGON =

o @ 9

Fig.1: Schematic diagram of the flow cells during test phases
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Fig. 1: Time-series plots of free chlorine, nitrite nitrogen, ammonia nitrogen and nitrate nitrogen

measured at different hydraulic regimes and disinfection scenarios in test phase 1 (Clo/NH3-N =

3:1). a) flow rate = 2 L/min, total chlorine = 1 mg/L in feed water; b) flow rate = 6 L/min, total

chlorine = 1 mg/L in feed water; c) flow rate = 10 L/min, total chlorine = 1 mg/L in feed water; d)

flow rate = 2 L/min, total chlorine = 5 mg/L in feed water; e) flow rate = 6 L/min, total chlorine =

5 mg/L in feed water; f) flow rate = 10 L/min, total chlorine = 5 mg/L in feed water.
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Fig. 2: Time-series plots of free chlorine, nitrite nitrogen, ammonia nitrogen and nitrate nitrogen
measured at different hydraulic regimes and disinfection scenarios in test phase 2 (Clo/NH3-N =
5:1). a) flow rate = 2 L/min, total chlorine = 1 mg/L in feed water; b) flow rate = 6 L/min, total
chlorine = 1 mg/L in feed water; c) flow rate = 10 L/min, total chlorine = 1 mg/L in feed water; d)
flow rate = 2 L/min, total chlorine = 5 mg/L in feed water; e) flow rate = 6 L/min, total chlorine =

5 mg/L in feed water; f) flow rate = 10 L/min, total chlorine = 5 mg/L in feed water.
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Fig. 4: The concentration of nitrite in different experimental scenarios. The colour represents
different total chlorine concentration in feed water. (Value labelled with the same subscript letter
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Total chlorine = 1 mg/L
. Total chlorine = 5 mg/L
' T Range within 1.5IQR
— Median Line
I O Mean
¢ Outliers
c

hjk

- ik
.
.
d *
ab
J
.
ef - .
- o
o
.
| | | | | |
2 L/min_T1 6 L/min_T1 10 L/min_T1 2 L/min_T2 6 L/min_T2 10 L/min_T2
Flow rate
Test phase 1 Test phase 2

operational conditions. (Mann-Whitney U test, n=22, p<0.05)

Carbohydrate (Protein) ng/mg C

Carbohydrate
Protein

2A_Tl 6A_T1

Fig. 5: Total concentration of carbohydrate and protein within EPS of biofilms collected from
different flow units. a). EPS extracted from isolated biofilm in test phases 1; b). EPS extracted

from isolated biofilm in test phases 2.

10A_T1 2B_T1 6B_T1

10B_T1

6A_T2

10A_T2

2B_T2

6B_T2 10B_T2



== 2 g >
=% = [-% =
= =
2 £
pH 1 e pH 1 =
Turbidity 1 £ Turbidity 1 é
9] O
TN | NS 692 1 S ™ NS 1 <]
, . 4 o
TOC | NS " NS ! = = TOC | NS |osoe*s| NS I = o
o o
8 2
HPC | NS | NS | NS | NS 1 = - HPC | NS | NS | NS | NS 1 = -
Free Cl, 0286 -0.286*| 0.196**| NS NS i 2 - Free Cl, |0.2200 |-0491°¢| 041100417 NS 1 E 5
NO/N | NS |puzres Wi NS | NS | 1 =] NO=N [0315%] o070 |-0.456% 0:572=| NS o [ S
s z z 2 z z
NO;-N | NS | NS |ggages -0.189**| NS |0gises| 0a3se 1 i NON | 0.3770e]-0505| g.sgee] 0:d35=] NS | pavoms| 0616 1 z
NH;-N pe| NS |0g33ee NS | NS |0207%(-0474% 0437 NH;-N | NS | NS |osos*s| NS | NS |04120%|-0255% 0440 E
F, NS | NS | NS | NS | NS | NS | NS | NS | NS 1 F, NS | NS | NS | NS | NS | NS | NS | NS | N§ 1

Fig. 6: Non-parametric Spearman correlations between parameters. a) for test phase 1; b) for test
phase 2. (n=108 for pH, turbidity, TN, TOC, free Cl2, NO2-N, NO3™-N, and NH3-N; n=42 for HPC
and n=36 for Fm; **p<0.01, *<0.05; NS = p>0.05; two-tailed test was used.)



