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A model is developed to enable estimation of chloramine demand in full scale drinking
water supplies based on chemical and microbiological factors that affect chloramine decay
rate via nonlinear regression analysis method. The model is based on organic character
(specific ultraviolet absorbance (SUVA)) of the water samples and a laboratory measure of

the microbiological (F,,) decay of chloramine. The applicability of the model for estimation
of chloramine residual (and hence chloramine demand) was tested on several waters from
different water treatment plants in Australia through statistical test analysis between the
experimental and predicted data. Results showed that the model was able to simulate and
estimate chloramine demand at various times in real drinking water systems. To elucidate
the loss of chloramine over the wide variation of water quality used in this study, the model
incorporates both the fast and slow chloramine decay pathways. The significance of
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estimated fast and slow decay rate constants as the kinetic parameters of the model for

three water sources in Australia was discussed. It was found that with the same water

source, the kinetic parameters remain the same. This modelling approach has the potential

to be used by water treatment operators as a decision support tool in order to manage

chloramine disinfection.

© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction instead of chlorine, particularly in Australia and the USA

(Moradi et al., 2016; Sarker et al., 2015). The main advantage of

Akey goal of drinking water treatment plants is to supply water
that is safe and is also aesthetically acceptable to customers. As
a stage in water treatment processes, disinfection of drinking
water has been regularly carried out since the early 20th century
to destroy pathogenic organisms and prevent waterborne
diseases (Elshorbagy et al., 2000). In order to meet regulations
regarding formation of disinfection by-products (DBPs) in
drinking water, chloramine is commonly used as a disinfectant

* Corresponding author.
E-mail address: r.amal@unsw.edu.au (R. Amal).

http://dx.doi.org/10.1016/j.jes.2017.01.010

using chloramine over chlorine is the slow decay rate of
chloramine since it is less reactive with natural organic matter
(NOM). Therefore, the use of chloramine also reduces the
formation of regulated DBPs, such as trihalomethanes and
haloacetic acids (Goslan et al., 2009; Jafvert and Valentine, 1992;
Vikesland et al., 2001). The dose of chloramine is crucial, to
ensure that the water is safe to drink, but also needs to be
properly considered to prevent taste and odour problems
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arising from the use of high chloramine doses. Chloramination
requires careful control of the chlorine to ammonia ratio,
and pH to avoid nitrification that will deplete chloramine
residuals, particularly in storage tanks and outer extremities
of a distribution system. Maintaining a disinfectant residual
throughout the water distribution system is important in
ensuring microbiologically safe water which is supplied at the
customer’s tap (Fitzgerald et al., 2006). Control of disinfectant
residual in Australian water distribution systems is challenging
due to high levels of dissolved organic matter (DOM) that can be
present (which therefore results in high disinfectant demand),
seasonal variation in flow demands and varying water temper-
atures (Fitzgerald et al., 2006; Hua et al., 1999).

In chloraminated drinking water systems, monochloramine
decay occurs due to chemical and microbiological reactions
(Krishna and Sathasivan, 2010; Sathasivan et al., 2005). In order to
manage disinfection residuals in drinking water, it is important
to discriminate between chemical and microbiological decay
processes. Chemical factors affecting monochloramine decay
include DOM measured as dissolved organic carbon (DOC)
concentration, pH, nitrite, organic nitrogen compounds, chlo-
rine to ammonia ratio and temperature (Cook et al., 2012;
Sathasivan et al., 2005; Zhang et al., 2010). In addition, the
presence of dead microbial cells and abiotic particles in water
may also affect monochloramine decay. The impact of micro-
biological decay on monochloramine decay can be determined
by the analysis of Fy,,. This simple strategy involves comparing
monochloramine decay rates in processed (0.2 pm membrane
filtered) and unprocessed samples (Sathasivan et al., 2005).

Grab sample monitoring of disinfectant residual in drinking
water systems can lead to delay in corrective response in
disinfectant dosing at the treatment plant. Consequently,
applied doses that are either too high or too low are often
identified too late for an operator to react and to take corrective
action (Hua et al., 1999; Rodriguez and Sérodes, 1998). When
considering the tools that operators might utilise to manage
disinfection, models are potential options (Gnos et al., 2013).
Modelling of disinfectant demand in treated water is aimed at
creating a better understanding of the effect of raw water
quality on the disinfection consumption and can serve as a
decision making tool for effective water quality control
(Abdullah et al., 2009; Gnos et al., 2013). Some researchers
developed several models for prediction of chlorine demand
and the formation of DBPs using different methods such as
multiple regression analysis (Abdullah et al., 2009; Uyak et al,,
2007), or neural networks (Janes and Musilek, 2007). In addition,
kinetic models describing the formation of different group of
DBPs during chloramination have been addressed in some
studies (Alsulaili et al.,, 2010; Duirk and Valentine, 2007; Zhai
et al, 2014). Zhu and Zhang (2016) studied the formation
kinetics of DBPs during chloramination through formation of
total organic chlorine (TOCI), total organic bromine (TOBr), and
total organic iodine (TOI). They incorporated a series of
reactions into two kinetic models which provided valuable
insight into reactions that control the formation of DBPs in
chloramination. The formation and decay of bromochloramine
as a function of operating conditions, such as pH and Cl,/N ratio
were examined by Alsulaili et al. (2010), and they refined a
chemical kinetic model to predict haloamine concentrations
over time. Zhai et al. (2014) studied the kinetics of formation of

brominated DBPs during chloramination and developed a
quantitative empirical model based on major reactions
involved.

The development of reliable models is increasingly
recognised as an essential methodological basis for predicting
chloramine demand because it is one of the main factors in
determining the chloramine dosage during chloramination.
Due to the complexity of the chloramine properties, surrogate
parameters have been developed to predict its demand and
estimate its reactivity toward DBP formation. These surrogate
parameters include DOC, ultraviolet absorbance (UVA), and
specific ultraviolet absorbance (SUVA) (Chow et al.,, 2007;
Fitzgerald et al., 2006; Hua et al., 2015). SUVA is defined as the
ultraviolet (UV) absorbance at 254 nm/m divided by the DOC
concentration (mg/L). SUVA represents the average absorp-
tivity at 254 nm from all the organic molecules that comprise
the DOC (Weishaar et al.,, 2003). Strong correlation between
SUVA and different classes of DBPs during chlorination (Chu
et al., 2010), and chloramination (Chu et al., 2013; Hua et al.,
2015) was observed, and therefore SUVA can be a useful
surrogate parameter to characterise NOM during drinking
water treatment. Fitzgerald et al. (2006) predicted the chlorine
and chloramine demand based on chemical water quality
parameters. They found that surrogate chemical water quality
parameters such as DOC and UVA,s, can be used for chlorine
demand prediction. However, Fitzgerald et al. (2006) reported
that chloramine demand did not correlate well with the DOC
or UVAys, for three day demand prediction. Their focus was
just on chemical based water quality parameters. To the best
of our knowledge, a predictive model that considers the
effects of both chemical and microbiological effects together
for the determination of disinfectant demand has not been
developed.

The aim of this study was to develop a model for prediction
of chloramine demand under different water quality condi-
tions using surrogate chemical and microbiological parame-
ters in waters of different quality as measured by DOC and
UVA;ss. A mathematical model to predict chloramine demand
at later times was developed via nonlinear regression analysis
based on chemical and microbiological parameters deter-
mined from 2-day chloramine decay tests. Fast and slow
decay rate constants of three Australian water sources with
different organic matter character (SUVA) and microbiological
decay rate (Fy,) were determined and the model was evaluated
for water samples from these water sources that had not been
included in the regression analysis. This numerical approach
for chloramine demand estimation based on the water quality
and dosing conditions can be considered as a pre-warning
method to control disinfection dosing process in drinking
water system. This has potential to be applied within the
water industry as a decision support tool for drinking water
system management.

1. Experimental
1.1. Sampling locations

Water samples were taken prior to disinfection from different
water treatment plants supplied with water sourced from
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Maryborough, Victoria (VIC), Mundaring Weir in Western
Australia (WA), and Murray River in South Australia (SA)
from 2010 to 2015. The description of water treatment plants,
their water sources and abbreviations are described in
Appendix A Table S1. This selection produced a database of
varying water qualities throughout Australia and incorporat-
ed seasonal variation. The database facilitated the determi-
nation of surrogate parameters for the prediction of
disinfection demand that would hold over a range of water
qualities and seasons. Water samples prior to disinfection have
been taken from different water treatment plants that are
sourced from aforementioned water sources, chloraminated in
laboratory and the rate of monochloramine decay over time
was studied. The chloramine decay tests were completed using
operational conditions as follows: target NH,Cl 4.0 + 0.1 mg/L
as Cl,, Cl, dose 4.0 mg/L, NH;— N dose 0.89 mg/L, order of dosing
is ammonia + chlorine, Cl;:NH;-N ratio 4.5:1, temperature
30 + 1°C, and pH 8.2 £ 0.1.

1.2. Analytical methods

Water samples were chloraminated under laboratory conditions
using a free chlorine stock solution prepared by the addition of
gaseous chlorine to ultra-pure water and analytical grade liquid
ammonia (1000 mg/L as N). Chloramine residuals, pH, tempera-
ture and ammonia concentration for all water samples
were analysed at different times. Free chlorine and bound chlorine
were determined using N,N-diethyl-p-phenylenediamine
(DPD)-ferrous ammonium sulphate (FAS) titrimetric proce-
dure (APHA et al, 1998). Ammonia concentrations were
determined using ammonia-selective electrode Standard
Method 4500-NH; (D) (APHA et al, 1998). UVA,s, was
measured through a 1 cm quartz cell using an Evolution 60
Spectrophotometer (Thermo Scientific, USA). DOC was mea-
sured using a Sievers 900 Total Organic Carbon Analyser (GE
Analytical Instruments, USA). Measurements of pH and temper-
ature were conducted using a portable pH meter with a sealed, gel
filled reference electrode with temperature compensation
(pH 320, WTW, Germany). Ultra-pure water was obtained from
a Milli-Q purification system (Millipore, France). All water
samples were processed to determine the relative contribution
of microbiological mediated monochloramine decay to the
overall monochloramine decay in the bulk water, by determina-
tion of a microbial decay factor (F,,) described by Sathasivan et
al. (2005). Briefly, the microbial decay factor is determined from
the ratio of the monochloramine decay rate of unfiltered water
to filtered (0.2 pm membrane) water. In this test, the filtered
water has micro-organisms removed that are responsible for
monochloramine decay, and represents decay by chemical
means only. Conversely, the unfiltered water will have chlora-
mine decay by both microbial and chemical processes.

1.3. Model development

The kinetic behaviour of chloramine decay has been described
by first-order, second-order, power and parallel first-order
decay functions (Haas and Karra, 1984; Harrington and Noguera,
2003; Yang et al., 2008). Since a significant loss of chloramine
happens in the first few minutes of contact time with NOM,
chloramine decay was assumed to be described by the sum of

two first-order equations, in which the first part describes a
rapid decay and the second simulates a slower decay.

C=Co-x-exp(-kit) + Co - (1-x) - exp(-kat) (1)

In this equation, C is chloramine concentration (mg/L) at
time t (hr), Co is initial chloramine concentration (mg/L), x
is fraction of fast reacting agents with chloramine, and k,; and k,
are rate constants (L/(mol-hr)) for the fast and slow reactions,
respectively. Duirk et al. (2002) assumed that chloramine directly
reacted with both the fast reactive fractions in the NOM structure
through a direct reaction of monochloramine with NOM and the
slow reactive fractions in the NOM structure through reaction of
free chlorine from chloramine hydrolysis. The parallel first-order
decay model assumes that decay proceeds through two mech-
anisms, each consisting of first-order reactions, and involving a
different component of the chloramine residual (that is,
component x with concentration Cpx, is subject to first-order
decay with a rate constant of k; (fast reactive fractions) and the
remainder, the initial chloramine residual without component
x, Co- (1-x), is subject to first-order decay with a rate constant of
ks (slow long-term reactive fractions)-by definition, x is limited
to a range between zero and unity) (Haas and Karra, 1984).

To have two parallel first-order decays for chloramine
residual, the chloramine demand is described in a differential
equation as follows (the derivation of the differential equation
is given in Appendix A):

aCD;%nd =Co - X-ky-exp(-kit) + Co - (1-X) - ky - exp(-kot)  (2)

The strategy here is to predict chloramine demand (Cpemana)
at different times based on chemical and microbiological water
quality data obtained from a 2-day chloramine decay test and
water quality (SUVA). By taking the integral of Eq. (2), and
setting the lower limit of the integral at 2-days, chloramine
demand can be determined according to Eq. (3).

t
Coemana(t) = C52. SO Xk gyl _Co(07%) ks
ka t=2 ks
t
- exp(—kat) 3)
t=2

Itis known thatincreasing the SUVA and F,,, as chemical and
microbiological effects may result in a greater monochloramine
decay rate (Hua et al., 2015; Sathasivan et al., 2005). Therefore, it
is assumed that chloramine demand for water samples after
2-days can be represented by Eq. (4):

Ch2 and =a- Fm +b-SUVA +c - Fp, - SUVA (4)

Deman

By substituting Eq. (4) to Eq. (3), and doing a set of
mathematical operations, the final equation for prediction of
chloramine demand with 3 model variable of F,,, SUVA, and
time is as follows (Eqg. (5)).

Cpemand(t) =a - Fy +b - SUVA + ¢ F - SUVA-Cp - x - exp(—kit)
—Co - (1-x) - exp(—kat) +d
(5)
where, a is the contribution factor of microbiological parameter

on chloramine demand, b is the contribution factor of chemical
parameter on chloramine demand, c is the contribution of
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combined effects of microbiological and chemical parameters,
d=Co-x-exp(-2-ky)+Co-(1-x)- exp(-2-ky), Co is the initial
chloramine residual at time zero,x is the fraction of fast reacting
agents in chloramine demand (0 < x < 1), k, is the fast reacting
kinetic coefficient of chloramine demand, and k, is the slow
reacting kinetic coefficient of chloramine demand.

As shown in Eq. (5), the model output is chloramine demand
at different times. The initial concentration of chloramine, time,
chemical (SUVA) and microbiological water quality parameters
(Fm), measured from a 2-day chloramine decay test were used
as inputs to the model. Model parameters such as fast and
slow reacting kinetic coefficients of chloramine demand were
estimated by regression analysis.

1.3.1. Model calibration and validation

Model calibration was performed by estimating selected
parameters via nonlinear regression analysis of 70% of the
experimental data from one of the water treatment plants of
each water sources (~250 water samples). Model verification
was conducted with experimental data from the other water
samples, which had not been included in the regression
analysis. Residual plots were used to check the validity and
precision of the calibrated models. A multiresponse regres-
sion determinant criterion method was programmed in
MATLAB 8.5 to calibrate the chloramine demand model with
optimal parameters that best matched simulations with the
experimental data based on minimization of the sum of the
square of differences between the experimental data and the
predicted values for the chloramine demand model (Bates and
Watts, 1985). For validation, a plot of predicted values versus
measured values was evaluated through statistical test
analysis and the best fit line was determined from the
coefficient and slope of the regression equation.

2. Results and discussion
2.1. Water quality characteristics of selected water samples

Water samples with a wide range of water quality character-
istics were examined in this study as described in Table 1. It
should be noted that all water samples used for this study
were collected before disinfection. Some raw water samples
before any drinking water treatment steps were used to

expand the range of water qualities examined. The averaged
value of water quality parameters for studied raw and treated
(before disinfection) water samples is presented in Table 1.

2.2. Model calibration and verification

The model uses F,,, SUVA, time and initial chloramine dosage
as independent parameters. The model parameters deter-
mined via nonlinear regression analysis based on 70% of
water samples from Tailem Bend water treatment plant
(T.B.WTP), Mundaring water treatment plant (M.WTP), and
Maryborough water treatment plant (Ma.WTP) that are
sourced from Murray River, Mundaring Weir, and Centenary
Reservoir, respectively are shown in Table 2.

As it can be seen from Table 2, that water samples from
Mundaring Weir (WA) have lower kinetic coefficient for fast
reacting agents (0.01x10* (L/(mol-hr)) but higher kinetic coeffi-
cient for slow reacting agents (5.9 (L/(molhr)) in comparison
with water samples from SA and VIC. WA water is partly treated
water which includes desalinated water, and a small amount of
local run-off, therefore compounds producing faster chlora-
mine decay have been removed in the treated water to a greater
extent than the other two sites using conventional treatment,
as evidenced by a lower x (fraction of fast reacting agents in
chloramine demand). In other words, the percentage of fast
reactive sites in the NOM structure of WA water that can
directly react with chloramine is less than water samples from
SA and VIC. The values for the fraction of fast reacting agents (x)
of the WA and SA samples were similar. In order to determine if
there was any statistical difference in the fraction of fast
reacting agents in chloramine demand (x) between WA water
with water samples from Tailem Bend (SA), a two-sample t-test
conducted, and t results are presented in Appendix A Table S2.
The p-value of «0.05 was obtained, showing that there is less
than 5% chance that the two sets of x values from WA and SA
are statistically the same. The t-value in this study is 6.03, and
the critical t-value (the minimum t-value required to have
p-value less than 0.05) is 2.09. Because the t-value is more than
the critical t-value, it is concluded that the difference between
the x values of WA and SA samples is significant. Less
percentage of fast reactive agents (x), and also higher slow
long-term reaction constant (k,) in WA water implied that there
is more reaction of free chlorine (HOCI) derived from
monochloramine hydrolysis with NOM compared to water
samples from SA and VIC (Duirk et al., 2002; Vikesland et al,,

Table 1 - The averaged value of water quality parameters for studied raw and treated (before disinfection) water samples.

Variable Raw water samples

Treated water samples before disinfection

TB.WTP (SA) MWTP (WA) MaWTP (VIC) T.B.WTP(SA) MWTP (WA) Ma.WTP (VIC)

Turbidity (Nephelometric 120 + 5 805
Turbidity Unit; NTU)

Conductivity (uS/cm) 480 + 20 627 + 20
Colour (Hazen Unit; HU) 555 205
UVAss, (cm™?) 0.477 + 0.05 0.312 + 0.05
DOC (mg/L) 11.8 + 0.2 6.31+ 0.1
Fm 4.8 +0.2 4.01+0.2

85 +5 0.150 + 0.1 0.135 + 0.1 0.175 £ 0.1
553 + 20 526 + 20 688 + 20 571 + 20
35+5 5+1 2+1 4+1

0.187 = 0.05 0.095 + 0.03 0.031 = 0.01 0.085 + 0.02
9.36 + 0.1 5.25+0.1 2.60 + 0.1 4.95 + 0.1
4.25 + 0.2 0.67 + 0.1 0.51 + 0.1 1.23 + 0.1

SA: South Australia; WA: Western Australia; VIC: Victoria; UVA: ultraviolet absorbance; DOC: dissolved organic carbon.
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Table 2 - Coefficients of the proposed model of chloramine demand for water samples from T.B.WTP, M.WTP, and Ma.WTP.

Model parameter a b c X Ry ((mol/L) *-hr?) R, ((mol/L) *-hr?)
T.B.WTP (SA) 1.62 0.40 -0.48 0.85+0.03 0.03x10%+0.005x 10* 4.2+0.05
M.WTP (WA) 1.74 0.53 -1.16 0.82:0.04 0.01x10*+0.004x 10* 5.9+0.06
Ma.WTP (VIC) 1.95 0.35 -0.91 0.98+0.01 0.11x10*+0.007 x 10* 2.4+0.06

SA: South Australia; WA: Western Australia; VIC: Victoria.

1998). In order to check whether calculated model parameters
(presented in Table 2) can predict chloramine demand of water
samples from these three water treatment plants that were not
included in parameter optimisation, the experimentally mea-
sured and predicted chloramine demand at different times for
water samples with different water quality, collected at
different seasons from 2011 to 2015, from T.B.WTP, M.\WTP
and Ma.WTP are compared (as shown in Fig. 1). The comparison
shows that the model can predict the chloramine demand of
water samples with different water quality ranging from raw
water with high F, value to filtered water with lower Fy, over
18-day period. It should be noted that F, value (microbiological
effect) is high for raw water sample prior to any treatment
process, therefore after three or four days the chloramine
residual declined to zero. Once the chloramine residual is
depleted, chloramine demand would remain constant over the
time.

We hypothesise that there is no need to determine
parameters of suggested model to predict chloramine de-
mand at different times for water samples from different
water treatment plants that have the same water source. To
investigate this idea, water samples from other water
treatment plants with different treatment methods, but with
the same water sources were studied. In other words, based
on the model parameters from T.B.WTP, predictability of
chloramine demand for water samples from another water
treatment plant (Morgan WTP (Mo.WTP)) that also draws raw
water from the Murray River was investigated (Fig. 2).

As it can be seen from Fig. 2, the derived model for the
Murray River sourced water is able to predict chloramine
demand for water samples from Mo.WTP using the calculated
model parameters based on T.B.WTP. It should be noted that

the model parameters taken from Mundaring Weir and
Centenary Reservoir were not able to predict chloramine
demand at different times for water samples from Mo.WTP
due to the different water source. To further confirm that the
model can be used to predict the chloramine demand for
water samples from different water treatment plants with the
same water source, the model was re-applied based on the
model parameters from T.B.WTP to predict the chloramine
demand for water samples from different water treatment
plants on May 2011 (all of them draw their raw water from
Murray River, Fig. 3).

According to Fig. 3, it can be concluded that once the model
parameters have been determined for a set of water samples,
the model can be applied to predict chloramine demand of
other water samples that are sourced from the same raw
water. However, different water sources in this study are
shown to have different model parameters such as fast and
slow reacting kinetic coefficients. Therefore, each water
source should have a specific percentage of reactive fractions
within the organic matter that exhibit reactivity directly with
chloramine (for fast disinfectant demand) or HOCl from
chloramine hydrolysis (slow long-term disinfectant demand).

2.3. Model validation via statistical data analysis

To determine how well the derived chloramine demand model
fits the experimental data, a model validation is carried out.
Model validation is a fundamental element to the modelling
process and can often lead to the model being reformulated. In
order to validate the model, analysis of independent set of data
with ~60 water samples is performed. This involved collecting
the new set of data and subsequently comparing the data with

T.B.WTP (SA) M.WTP (WA) Ma.WTP (VIC)
. 4.0
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Fig. 1 - Experimental measured and predicted chloramine demand at different times for water samples with different water

quality from three studied water treatment plants.
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Fig. 2 - The water quality parameters, measured and
predicted chloramine demand at different times from 2011 to
2015 for water samples from Morgan water treatment plant

(WTP).

the model predictions. Using independent set of data obtained
from the same water source, the validation is performed
through the examination of statistical test, as shown in
Appendix A Table S3. Mean square error of prediction is a
parameter of measuring the actual predictive capability of the
model developed by using a new set of data. It was found that
the chloramine demand model had a low prediction error. Fig. 4
illustrates that there was no significant difference between the
experimental and predicted data for studied water sources. In
general, the statistical coefficients of determination of the
model appeared satisfactory (Appendix A Table S3). The R?
(0.82), standard error of the estimate (0.0435) and the F value
(37.799) of the model were found to be statistically significant.
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Fig. 3 - Comparison of the measured and predicted chloramine
demand based on the model parameters from Tailem Bend
water treatment plant (T.B.WTP) for water samples from
different WTPs that are sourced from River Murray on May
2011.
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Fig. 4 - Correlation between the experimental and prediction
model results for independent set of studied water samples
(R* = 0.82).

3. Conclusions

This study was conducted to derive a model to predict
chloramine demand in water samples using chemical and
microbiological parameters that impact on chloramine decay
rate. Based on F,, SUVA, time, and initial chloramine residual
determined from 2-day chloramine decay tests, the model can
be successfully applied to predict chloramine demand for
various water samples from three different water sources,
Murray River in SA, Mundaring Weir in WA, and Maryborough
in VIC, Australia. The model can also be used to predict the
chloramine demand for water samples from different water
treatment plants that are sourced from the same water source
using the same set of model parameters. Each water source
should have a specific percentage of reactive fractions in the
NOM that exhibit reactivity directly with chloramine (for fast
disinfectant demand) or HOCI from chloramine hydrolysis
(slow long-term disinfectant demand). To test the validity and
applicability of this model, new set of data were analysed and
compared to the predictive values. Validation results showed
that there were no significant differences and the errors of
prediction were low between the observed and the predicted
data. The chloramine demand model could be useful for both
the drinking water quality management and treatment plant
operational management. In addition the model could be
used as a guide in decision making to choose the appropriate
strategies to reduce chloramine consumption and improve
the disinfection process.

Acknowledgments

This research was supported under Australian Research
Council’s Linkage Projects funding scheme (LP110100459).
We gratefully acknowledge the provision of in-kind and



JOURNAL OF ENVIRONMENTAL SCIENCES 57 (2017) 1-7 7

financial support from the Australian Water Quality Centre
(SA Water), Water Corporation (Western Australia), and
Central Highlands Water for supplying water samples.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2017.01.010.

REFERENCES

Abdullah, M.P,, Yee, L.F., Ata, S., Abdullah, A., Ishak, B., Abidin, K.N.Z.,
2009. The study of interrelationship between raw water quality
parameters, chlorine demand and the formation of disinfection
by-products. Phys. Chem. Earth A/B/C 34, 806-811.

Alsulaili, A., Speitel, G.E., Katz, L.E., 2010. Monochloramine and
total haloamine decay after a short prechlorination time in the
presence of bromide. Water Sci. Technol. 10, 512.

APHA, AWWA, WEF, 1998. Standard Methods for the Examination
of Water and Wastewater. 20th ed Am. Public Health Assoc,
Washington, DC.

Bates, D.M., Watts, D.G., 1985. Multiresponse estimation with
special application to linear systems of differential equations.
Technometrics 27, 329-339.

Chow, A.T., Dahlgren, R.A., Harrison, J.A., 2007. Watershed sources
of disinfection byproduct precursors in the Sacramento and
San Joaquin Rivers, California. Environ. Sci. Technol. 41,
7645-7652.

Chu, W.-H., Gao, N.-Y., Deng, Y., Krasner, S.W., 2010. Precursors of
dichloroacetamide, an emerging nitrogenous DBP formed
during chlorination or chloramination. Environ. Sci. Technol.
44,3908-3912.

Chu, W, Gao, N,, Yin, D., Krasner, S.W., 2013. Formation and
speciation of nine haloacetamides, an emerging class of
nitrogenous DBPs, during chlorination or chloramination.

J. Hazard. Mater. 260, 806-812.

Cook, D., Morran, J., Mobius, W., 2012. Water treatment plant
generation of rapid monochloramine decay. WDSA 2012: 14th
Water Distribution Systems Analysis Conference, Adelaide,
South Australia.

Duirk, S.E., Valentine, R.L., 2007. Bromide oxidation and formation
of dihaloacetic acids in chloraminated water. Environ. Sci.
Technol. 41, 7047-7053.

Duirk, S.E., Gombert, B., Choi, J., Valentine, R.L., 2002.
Monochloramine loss in the presence of humic acid. J. Environ.
Monit. 4, 85-89.

Elshorbagy, W.E., Abu-Qdais, H., Elsheamy, M.K., 2000. Simulation
of THM species in water distribution systems. Water Res. 34,
3431-3439.

Fitzgerald, F., Chow, C., Holmes, M., 2006. Disinfectant demand
prediction using surrogate parameters—a tool to improve
disinfection control. J. Water Supply Res. Technol. 55, 391-400.

Gnos, G., Cruveiller, L., Chow, C.W K, Fabris, R., Henderson, R.,
Mulcahy, D., 2013. Kinetic modelling approach as a decision
support tool for chloraminated distribution systems. J. Water
Supply Res. Technol. 62, 255-267.

Goslan, E.H., Krasner, S.SW., Bower, M., Rocks, S.A., Holmes, P.,
Levy, L.S., Parsons, S.A., 2009. A comparison of disinfection
by-products found in chlorinated and chloraminated drinking
waters in Scotland. Water Res. 43, 4698-4706.

Haas, C.N., Karra, S.B., 1984. Kinetics of wastewater chlorine
demand exertion. J. Water Pollut. Control Fed. 56, 170-173.
Harrington, G.W., Noguera, D.R., 2003. Ammonia from Chloramine
Decay Effects on Distribution System Nitrification. J. Am.

Water Works AssocRinggold Inc, Portland.

Hua, F., West, J.R., Barker, R.A., Forster, C.F., 1999. Modelling of
chlorine decay in municipal water supplies. Water Res. 33,
2735-2746.

Hua, G., Reckhow, D.A., Abusallout, I., 2015. Correlation between
SUVA and DBP formation during chlorination and
chloramination of NOM fractions from different sources.
Chemosphere 130, 82-89.

Jafvert, C.T., Valentine, R.L., 1992. Reaction scheme for the chlorina-
tion of ammoniacal water. Environ. Sci. Technol. 26, 577-786.
Janes, K.R., Musilek, P., 2007. Modeling the disinfection of waterborne
bacteria using neural networks. Environ. Eng. Sci. 24, 471-482.

Krishna, K.C.B., Sathasivan, A., 2010. Does an unknown
mechanism accelerate chemical chloramine decay in
nitrifying waters? J. Am. Water Works Assoc. 102, 82-90,14.

Moradi, S., Liu, S., Chow, C.W K., Leeuwen, J.V., Cook, D., Drikas,
M., Amal, R., 2016. Developing a Chloramine Decay Index to
understand nitrification: a case study of two chloraminated
drinking water distribution systems. J. Environ. Sci.
http://dx.doi.org/10.1016/j jes.2016.11.007.

Rodriguez, M.J., Sérodes, J.-B., 1998. Assessing empirical linear and
non-linear modelling of residual chlorine in urban drinking
water systems. Environ. Model. Softw. 14, 93-102.

Sarker, D.C., Sathasivan, A., Rittmann, B.E., 2015. Modelling
combined effect of chloramine and copper on
ammonia-oxidizing microbial activity using a biostability
approach. Water Res. 84, 190-197.

Sathasivan, A., Fisher, I, Kastl, G., 2005. Simple method for
quantifying microbiologically assisted chloramine decay in
drinking water. Environ. Sci. Technol. 39, 5407-5413.

Uyak, V., Ozdemir, K., Toroz, I., 2007. Multiple linear regression
modeling of disinfection by-products formation in
Istanbul drinking water reservoirs. Sci. Total Environ. 378,
269-280.

Vikesland, P.J., Ozekin, K., Valentine, R.L., 1998. Effect of natural
organic matter on monochloramine decomposition: pathway
elucidation through the use of mass and redox balances.
Environ. Sci. Technol. 32, 1409-1416.

Vikesland, P.J., Ozekin, K., Valentine, R.L., 2001. Monochloramine
decay in model and distribution system waters. Water Res. 35,
1766-1776.

Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S,, Fujii, R,,
Mopper, K., 2003. Evaluation of specific ultraviolet absorbance
as an indicator of the chemical composition and reactivity
of dissolved organic carbon. Environ. Sci. Technol. 37,
4702-4708.

Yang, X., Shang, C., Lee, W., Westerhoff, P, Fan, C., 2008.
Correlations between organic matter properties and DBP
formation during chloramination. Water Res. 42, 2329-2339.

Zhai, H., Zhang, X., Zhu, X, Liu, J,, Ji, M., 2014. Formation of
brominated disinfection byproducts during chloramination of
drinking water: new polar species and overall kinetics.
Environ. Sci. Technol. 48, 2579-2588.

Zhang, Y.-j., Zhou, L.-1,, Zeng, G., Song, Z.-g., Li, G.-b., 2010. Factors
affecting the formation of trihalomethanes in the presence of
bromide during chloramination. J. Zhejiang Univ. Sci. A 11,
606-612.

Zhu, X., Zhang, X., 2016. Modeling the formation of TOCIl, TOBr
and TOI during chlor(am)ination of drinking water. Water Res.
96, 166-176.



